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GEOLOGICAL ENVIRONMENT WITH NANOTECHNOLOGY: ELEMENTAL MIGRATION THROUGH 
OPEN NANOSPACES 

Kiminori SATO a, Koichiro FUJIMOTO a, Masataka NAKATA b, Tamao HATTA c, and Naotatsu 
SHIKAZONO d 

a Department of Environmental Sciences, Tokyo Gakugei University, Koganei, Tokyo 184-8501, Japan 
b Department of Astronomy and Earth Sciences, Tokyo Gakugei University, Koganei, Tokyo 184-8501, Japan 

c Japan International Research Center for Agricultural Sciences, Tsukuba, Ibaraki 305-8686, Japan 
d Department of Applied Chemistry, Keio University, Hiyoshi, Yokohama 223-8522, Japan 

Abstract 

To gain an insight into geological environment, open nanospaces in natural minerals and rocks were 
investigated by positron annihilation spectroscopy. Positronium (Ps) formation occurs with ortho-
positronium (o-Ps) intensities ranging from a few % to 20 %. Size distributions of sub-nanoscale pores are 
evaluated from o-Ps lifetimes. In addition to that, hydration and dehydration processes in clay minerals are 
clearly indentified through the local structural changes in interlayer spaces.  

Keywords: Geological environment, Nanospace, Interlayer space, Positronium, Hydration 

1. INTRODUCTION 

In geological environment, open spaces offer the evolutionary pathway of elemental migration together 
with underground fluid [1]. A series of long-term physicochemical reactions take place between pore wall 
and flowing fluid, influencing the precipitation, transformation, and dissolution of rock-forming minerals. It 
is thus of great significance to investigate open nanospaces in natural minerals and rocks with respect to 
geological environment.  

For estimating the size of pores, mercury porosimetry has been employed in the geology field. This 
technique is however unsuitable for pores with radius smaller than a few tens of nanometer, because quite 
large molecules of mercury have to be penetrated into the pores. In the present study, we employed the 
positron (e+), antiparticle of electron (e-), to investigate open nanospaces in natural minerals and rocks [2-
4]. Open nanospaces associated with geological environment are discussed. Furthermore, nano-scale 
interlayer spaces in synthetic clay minerals are investigated for the purpose of detecting hydration and 
dehydration processes [5]. 

2. EXPERIMENTAL 

The following specimens were examined in the present study: 1. SiO2 quartz crystal, 2. SiO2 fused quartz, 3. 
chert, 4. silicified wood, 5. chalcedony, 6. volcanic glass 1 taken at Tokachi, Japan, 7. volcanic glass 2 taken 
at Wadatoge, Japan, 8. borosilicate glass, 9. soda-lime glass, and 10. sedimentary rock. 

In natural materials and rocks, Ps formation occurs. Singlet para-Ps (p-Ps) with the spins of the positron and 
electron antiparallel and triplet ortho-Ps (o-Ps) with parallel spins are formed at a ratio of 1 : 3 [6]. In 
vacuum, p-Ps annihilates into two γ rays with a lifetime of 125 ps, whereas o-Ps decays into three γ rays 
with a longer lifetime of 142 ns. The o-Ps lifetime is shortened to a few ns, because the positron in o-Ps 
undergoes two-photon pick off annihilation with one of the bound electrons with opposite spin. Since the 
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Fig. 1. Positron lietimes τ3 and their relative 

intensities I3 for 1. SiO2 quartz crystal, 2. SiO2 fused 
quartz, 3. chert, 4. silicified wood, 5. chalcedony, 6. 
volcanic glass, 7. borosilicate glass, and 8. soda-lime 
glass [13]. The solid lines are drawn for guiding the 
eye. 

pick-off annihilation rate is proportional to the 
probability of Ps being in contact with the pore wall, 
the lifetime is correlated with pore size. The size of 
open pore can be thus deduced from the positron 
lifetime of o-Ps [7-8].  

For the lifetime measurements, the positron source 
(22Na), sealed in a thin foil of Kapton, was mounted 
in a sample-source-sample sandwich. The positron 
annihilation lifetime spectra (~ 1 × 106 coincidence 
counts) with a time resolution of 230 ps full-width at 
half-maximum (FWHM) were recorded at room 
temperature. The present positron lifetime 
spectrometer was characterized by the standard 
samples of synthetic fused silica (NMIJ CRM 5601-a) 
and polycarbonate (NMIJ CRM 5602-a) provided by 
National Institute of Advanced Industrial Science and 
Technology (AIST) [9-10]. Typical three-component 
analysis was performed using the POSITRONFIT code 
[11]. Pore-size distributions are evaluated by using 
the MELT code [12]. 

3. RESULTS AND DISCUSSION 

Positron lifetime spectra obtained were analyzed in 
terms of three components of positron lifetimes. 
The longest-lived component τ3 was attributed to 
pick-off annihilation of o-Ps localized in the open 
nanospaces in natural minerals and rocks. The positron lifetimes τ3 and their relative intensities I3 are 
plotted together with the data of glass specimens of borosilicate glass, soda-lime glass, and SiO2 fused 
quartz in Fig. 1 [13]. The lifetime τ3 ranges from 1.0 ns to 2.2 ns, indicating the presence of sub-nanoscale 
pores in natural minerals and rocks. The relative intensities I3 obtained for the natural minerals are 
consistently smaller than glass specimens. No long component of positron lifetime was observed for quartz, 
which has high crystallinity.  

It is found that a typical sedimentary rock of chert contains less nano pores than in volcanic glasses or 
chalcedony. Chert is known to be formed being more compact than other minerals. This compaction effect 
could reduce the amounts of nano pore during its formation process at underground. On the other hand, 
volcanic glasses are known to be formed by quenching the lava, producing porous structures 
macroscopically. Interestingly, this effect of quenching can be nanoscopically seen in the data of I3 (~ 15 %), 
which is significantly higher than other minerals. Chalcedony contains fine particles of quartz crystals with 
interstitial pores, resulting in slightly smaller density (2.55 ~ 2.64 gcm-3) than in quartz crystal (2.65 gcm-3). 
The interstitial pores are thus the most probable candidate for the explanation of higher I3 of ~ 10 %.  
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Fig. 2 shows pore-size distributions obtained 
for chert, silicified wood, chalcedony, volcanic 
glass 1 taken at Tokachi, volcanic glass 2 
taken at Wadatoge [13]. A variety of pore-
size distributions can be seen. It is particularly 
interesting that two kinds of volcanic glasses 
exhibit entirely different size distributions, 
although essentially the same x-ray 
diffraction patterns (x-ray data not shown 
here). It is thus unlikely that the different size 
distributions are caused by chemical reaction 
of o-Ps in volcanic glasses. We therefore 
conclude that the distinct pore size 
distributions obtained for two volcanic 
glasses are solely attributable to the 
difference of local atomic structures. 

Presumably, pore-size distributions are 
sensitively influenced by the environmental 
factor such as a cooling rate of the lava in 
their formation history. 

Fig. 3 shows positron lifetime spectra 
measured for a synthetic saponite (a) under 
atmospheric condition, (b) under vacuum 
condition at ~ 10-5 Torr, and (c) after baking at 
423 K for 8 h under the vacuum condition at ~ 
10-5 Torr [5]. The measurement was again 
performed immediately after exposing to air 
(see the data (d)). The successive changes in 
positron lifetime spectra owing to hydration 
and dehydration can be clearly seen in Fig. 3.  

Positron lifetime spectra obtained under 
atmospheric condition ((a) and (d)) were 
analyzed with respect to three components 
of positron lifetimes. On the other hand, four-
component analyses are accomplished for the 
saponites measured (b) under vacuum 
condition at ~ 10-5 Torr and (c) after baking at 423 K for 8 h under the vacuum condition at ~ 10-5 Torr. The 
longest-lived component τ4 and second longest-lived component τ3 were attributed to pick-off annihilation 
of o-Ps localized in the open nanospaces in the synthetic saponite. Table 1 lists positron lifetimes τ3 and τ4 
together with their intensities observed in the present work. It is of interest that very long positron lifetime 
τ4 of ~ 24 ns appears with the intensity of ~ 8 % when the sample is evacuated at ~ 10-5 Torr. The size of 
open nanospaces evaluated from the lifetime τ3 is ~ 3 Å in radius, whereas the size evaluated from the 
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Fig. 3 Positron lifetime spectra obtained for a synthetic 
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lifetime τ4 is ~ 10 Å. In light of the fact that the basal spacing of smectite clay minerals is ~ 12 Å, the larger 
spaces corresponding to positron lifetime τ4 arise from the interlayer spaces in the saponite. The open 
nanospace increases up to 13 % after baking at 150 °C for 8 h under the vacuum. We reasonably infer that 
desorption of water molecules from the interlayer spaces occurs in the vacuum and it further proceeds 
with baking treatment. Two positron lifetime spectrum measured under atmospheric condition ((a) and (d)) 
are essentially identical to each other. This demonstrates that the absorption of water molecules into the 
interlayer spaces occurs immediately after exposing to air. The present results imply that positron lifetime 
spectroscopy is powerful tool for investigating hydration and dehydration behavior of interlayer spaces in 
clay minerals. 

Table 1. Positron lifetimes τ3 and τ4 together with their intensities (I3 and I4) observed for a synthetic 
saponite. 

 τ3 [ns] I3 [%] τ4 [ns] I4 [%] 
(a) air 1 2.2 21 - - 
(b) vacuum 3.2 7 21.7 8 
(c) vacuum and baking 3.1 6 23.9 13 
(d) air 2 2.2 22 - - 

4. CONCLUSIONS 

To gain an insight into geological environment, open nanospaces in natural minerals and rocks were 
investigated by positron annihilation spectroscopy. It was found that positronium (Ps) formation occurs 
with ortho-positronium (o-Ps) intensities ranging from a few % to 20 %. Sub-nanoscale pores were 
evaluated from o-Ps lifetimes. The results suggest that sub-nanoscale pores in both natural minerals and 
rocks are closely correlated with the environmental factor in their formation history. Furthermore, 
hydration and dehydration processes occurring in nanoscale interlayer spaces of synthetic clay minerals are 
discussed. 
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Abstract 

Nanotechnology is the dynamically developing discipline with important economical impact and both the 
number and quantity of intentionally and non-intentionally produced nanoparticles increase rapidly in last 
years. Despite the fact, that nanotechnology are used because of difference between properties of material 
in the bulk form and nano-size materials, in many cases safety regulations and testing reflect bulk and 
nano-form difference only partly. Nanoparticles have special importance because of their mobility and 
already known biological activity. To cover all aspects of nano-particles safety, we need deeper 
understanding of their environmental fate, new toxicological tests and physical danger testing. Activities of 
OECD, EU and other institutions on the field of nanoparticles safety are discussed in contribution, too.  

Keywords: Nanoparticles, safety, toxicity, testing, regulations 

1. INTRODUCTION 

Nanotechnology has been in last two decades rapidly developing area and it is understand to be a driving 
force of new industrial revolution. Giving one from the best perspectives, nanotechnology attracts 
increasingly important investment (see Fig. 1)  

 

Fig. 1. Total funding for nanotechnology since year 2000 [1] 

Based on this input and forced by massive growth of knowledge, several branches of nanotechnology have 
developed significantly and further perspective is attributed [1] to following sectors:  

Energy/fuels/environment - Catalysts and catalytic processes depending on specific nano-scale structures 
developed to steer chemical reactions, which will provide a wide variety of products, and which will 
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contribute to a cleaner environment (e.g. as car catalytic converters). Additionally, materials for high-
power, fast-charging batteries based on nano-scale architectures. 

Medicine - Nanoparticles based technologies are being used in the treatment of cancer and infectious 
disease as drug delivery agents. A number of nanotechnology-based imaging agents and therapeutics that 
target tumor cells and arterial plaques are in clinical trials. In addition, nanotechnology-based detectors are  

the base of new generations of diagnostic instruments which can detect minute quantities of important 
biomarkers of diseases.  

Materials - Carbon nanotubes are currently being incorporated into high-strength composites and woven 
into yarns to produce significantly lighter and more conductive wires and electrical harnesses. Fullerenes 
are used as lubricant additives. Nanoparticles based materials have extremely good mechanical, chemical, 
electrical and optical properties.  

Consumer products - Nano-scale materials and particles are being used increasingly as ingredients in 
cosmetics, sunscreens, and food products. The nano-sizes of the particles confer various properties, such as 
high sun-blocking power with translucency in sunscreens, stain resistance for fabrics, and self-cleaning 
properties or better color features for paints.  

Expanding market of nanotechnologies and nanomaterials, together with increasing number and growing 
quantity of nanomaterials introduces to the market, imply that we should expect massive exposure of large 
number of people to nanomaterials, their presence in working environment and technologies and the 
introduction of nanomaterials into environment compartments. Nanomaterials are produced because of 
the fact, that small size changes the properties of material and nanoparticles, nanofibres and nanolayers 
exhibit behavior very different from bulk material of the same composition, so we cannot exclude the 
possibility, that nanomaterials will bring new dangers.  

2. RISKS RELATED TO NANOMATERIALS 

2.1. Health and environment 

Epidemiological studies on airborne fine and ultrafine particles produced in industrial processes and 
generated from traffic (diesel exhaust) show a correlation between concentration of these particles in 
ambient air and mortality rates. The health effects of ultrafine particles on respiratory and cardiovascular 
endpoints show the need for research on manufactured intentionally produced nanoparticles, too [2].  

In initial studies, manufactured nanoparticles have shown toxic properties. They can enter the human body 
in various ways including skin and mucous membranes, reach vital organs via the blood stream, and 
possibly damage tissue. Due to their small size, the properties of nanoparticles not only differ from bulk 
material of the same composition but also show different fate and interaction in the human body. Some of 
nanoparticles can enter living cells directly throw membranes.  

2.2. Physico-chemical hazards 

Small size of nanoparticles and their large surface can bring three potential physico-chemical hazards - 
pyrophoricity, dust explosions and high reactivity. High reactivity is frequently accompanied by catalytic 
properties and may cause self-heating of some systems or may start reactions which normally do not occur 
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from kinetic reasons. Example is very finely dispersed platinum, which can, by catalytic effect, cause an 
ignition of mixtures of combustible gases or vapors with air. Pyrophoric properties has the nano-iron, 
widely used for ground water decontamination and other purposes. 

The question of explosivity of mixtures of flammable nanoparticles with air is more complex. Generally, the 
mixtures of fine flammable particles with air in certain concentration range (between lower and upper 
explosivity limit) form the explosive atmosphere and nanoparticles are not an exception. Only a few studies 
were done at the scale of nanoparticles, while the dispersion of them in air is rather complicated because 
of agglomeration to bigger formations. Nevertheless, the study of Dobashi [3] has shown that explosions 
parameters of nanoparticles correspond to the interpolation between explosions of coarse particles and 
gaseous monomer. One exception is lower explosivity limit (LEL), which can reach for nanoparticles the 
mass concentration below LEL of corresponding gas. The review of UK Health and Safety laboratory [4]  has 
also proved that explosive behavior of air-nanoparticles mixtures are relatively well predictable and 
consequently, the associated risks can be managed by techniques known from explosion prevention of 
“classical” dusts.  

One interesting application of nanomaterial is co called nanothermite, i.e. the thermite with aluminum in 
the form of nanoparticles. Such nanothermite ignites at much lower temperature than “classical” one and 
Harit et al. describe its presence in the dust from 11/9 World Centre catastrophe [5] with the theory, that 
such material were present in destroyed buildings.  

2.3. Societal risks  

Beside of the health and environment risks, certain new societal risks appear together with 
nanotechnologies. Wide use of nanotechnology based devices and techniques is envisaged, including 
intelligent chips which can be introduced into human bodies, new miniaturized sensors, new identification 
techniques and quantum cryptography. Even if it is not yet expected to introduce into life the Drexler’s idea 
of self-multiplying nanomachines [6], several implications related to security and human rights exist in 
nanotechnology [7]. Main security concerns are human dignity, nanotechnology-based applications that 
involve the incorporation of electronic devices into the human body and private data collection.  

In future considerations, one important moment will appear, and this is the perception of risk with respect 
to risk-benefit evaluation and risk acceptability. Human beings generally tend to accept more risks in 
situations, which are remote, which bring some profit, which are already known and “old” or which are 
voluntary.  

In the absence of sound science on the safe use of nanomaterials and of technologies and products 
containing them, the chance of unintentionally harming people and the environment increases. At the 
same time, uncertainty and speculation about potential risks threaten to undermine consumer and 
business confidence and to inhibit the use of nanotechnologies. On the other hand, the advantages from 
nanotechnologies and society profit, as new workplaces, better medical treatment and increased quality of 
products will increase the societal acceptability of risk coming out of this branch and such attraction should 
not prevail safety and security rules.  

Consequently, the open and systematic discussion including both positive and negative aspects of 
nanotechnology should be started and should involve not only government, industry and scientists, but 
general public, too.  
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3. RISK ANALYSIS - PROBLEMS AND GAPS 

Keeping in mind the broad range of applications of nanotechnologies, it is evident, that the risks associated 
with nanotechnologies will form a complex risk landscape rather than a homogenous set of risks[2].  As 
explained in previous parts of this paper, the risks resulting from toxicity and eco-toxicity of nanoparticles 
are the most important among various types of potential “nano-risks”. To understand and to assess them, it 
is necessary to fulfill three steps of risk analysis - hazard identification, dose-effect relationship assessment 
and exposure assessment. All of above mentioned steps of risk analysis are not done for nanoparticles at 
scientifically sufficient level [8], [9], and in consequence, real risk may exceed contemporary known values 
significantly. As known from other examples as asbestos or radon carcinogenicity, the image of risk is 
complex and complicated and probably, several agents combine to provoke the final effect, including 
smoking, stress and life style. This fact will complicate both hazard identification and risk assessment. 
Nevertheless, we can draw some ideas from precautionary principle [10] and from some examples from 
historical experience.  

3.1. Hazard identification 

The nano-size is chosen for manufactured nanoparticles because of the fact, that behavior at this scale 
differ from the behavior of bulk material and properties linked to high mobility, active surface and quantum 
effects appear. Not only physical properties, but also behavior in living organisms differs from bulk 
materials [2] which imply medical use of nanomaterials as well as antibacterial use of nano-silver. The 
mobility of nanoparticles in living organisms is high and their fate not fully understood in individual 
organisms and ecosystem. Moreover, the variety of nanoparticles is wide and the transposition of results 
from one type of nanoparticles to other one ambiguous. From contemporary knowledge, we can conclude 
that there is no recognized important new problem of specific nanoparticles hazards linked to acute toxicity 
and standard toxicity tests related hazards, nevertheless we can not exclude unknown long-term hazards 
related to accumulation and transformation of nanoparticles in organisms and environment and new, till 
today unknown biological effects of nanoparticles.  

The experience from toxicological history shows us, that the question of new mechanisms of harmful 
effects must not be neglected. The bioaccumulation and long range transport of persistent organic 
pollutants, biotransformation of mercury to much more toxic alkyl-mercury or discovering endocrine 
disruptors in manufactured materials are some typical cases. Two parallel ways are inevitable: the necessity 
of searching for possible new effects of nanoparticles and the adaptation of existing testing methods to 
nanoparticles-specific conditions. 

3.2. Dose-effect relationship 

Despite of the fact, that it is impossible to set-up dose-effect relationship if hazard is not known, the simple 
term “dose” definition is difficult in nanoparticles research. The metric of dose of nanoparticles is 
ambiguous, because without knowledge on mechanism of action of nanoparticles, proper unit cannot be 
chosen. The question is, whether mass, number of particles or surface of them are proper units for dose 
and probably, the case is different for various action mechanisms. Mass (or mass concentration) is the most 
frequently used because of measurement simplicity and tradition and it is without any doubt the right unit 
in the case of soluble material. Unfortunately, this is the less interesting case, while nanoparticles loose 
their specific properties when solved and no specific approach is needed.  
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Local action of individual particles (or fibers) is expected to be main mechanism. In such cases, number of 
particles should be used rather than mass. Even today, this metric is already used for carcinogenic 
particulates, especially for asbestos, where the number of defined size particles of named chemical 
compounds (mineral fibers) is used.  

In other cases, the action can be surface - specific, either because of specific composition or properties of 
surface or for solubility of acting compounds, which is surface dependent. The latter case has been 
observed for nano-silver.  

Another open question of toxicity measurement is the size of nanoparticles. Different size and shape of 
them has been proved to result to different toxicity and the problem of agglomeration results in 
uncertainty what will be taken as “particle”. The large agglomerate of nanoparticles, which forms one 
airborne particle, can be dissipated in living body back to high number of nanoparticles. 

3.3. Exposure assessment 

To assess the exposure, separate factors have to be discussed, investigated and solved:  
· Uptake route (inhalation, trans-dermal, ingestion) 
· Probability of exposure 
· Extent of exposure (time and concentration) 

Generally accepted, realistic methods for exposure assessments to nanoparticles are still lacking for 
workplaces and environment. These methods must be biologically relevant, which means that they should 
be based on measurement of the most appropriate metric that characterizes the exposure and effect. That 
can be or number of particles  or surface area in the case of airborne particles, but also mass or number of 
particles in the case of dermal exposure or ingestion. Clear relation to dose-effect data is more difficult 
than in classical toxicology, because of size, shape and surface dependence of toxicity effects. Size selective 
sampling methods will be needed to ensure that only the relevant size range is sampled. The question of 
weakly bonded agglomerates again appears. Unsolved problem is the development of reliable and effective 
methods and standards for control. It is probable, that for some nanoparticles it may be necessary to 
measure to very low levels on the order of ng/m3 and the problem of selectivity with respect of 
background concentration of naturally occurred nanoparticles of different composition is still open. 

It is also important to understand the difference between exposure conditions in animal dose/effect 
studies and real exposure conditions in the workplace. For example, dispersed aerosols of individual 
nanoparticles may be measured in animal studies and agglomerates in workplace exposure assessment. 

The currently mostly discussed and investigated exposure route is via respiratory tract. The inhalation route 
has to be treated differently to trans-dermal exposure and ingestion. It is difficult to assess the personal 
exposure to airborne nanoparticles. No personal sampler exists yet to specifically measure the mass or 
number concentration of particles below 100 nm diameter in breathing zone. 

4. POSITIONS OF STAKEHOLDERS 

4.1 Industry 

Without any doubt, the industry is in the favor of nanotechnologies development and this industrial branch 
attracts large investment. Some visions predict that nanotechnology is the industrial revolution of today 
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and it may even change the positions of world’s leading economies. Industry is predominantly aware of 
economical risks and signs of hazards of other types tend to be neglected in similar cases of branch rapid 
economical growth. The health precaution or fear of claims arising from possible nanomaterials related 
occupational diseases are very limited among industrials and probably the difficulty to find explicit evidence 
of relation to nanomaterials is envisaged.  

Without regulatory framework especially focused to nanotechnologies safety, industry in competition will 
concentrate on economical aspect and safety will be neglected. Such framework creation is a challenge for 
governments.  

4.2 Governments 

All governments of leading economies are aware of nanotechnology importance and give important 
subvention to the research and development of this branch. Only USA government itself spent 12 billions of 
USD in last ten years throw the National Nanotechnology Initiative. Governments are aware of possible 
risks and support necessary research either directly or indirectly throw international organizations (OECD, 
international funding, networking…). European Commissions published in 2008 the study of regulatory 
aspects of nanomaterials [11] showing, that general regulatory framework is able to cover nanotechnology 
as any other technology or material; nevertheless, no regulation directly focused on nanomaterials exists. 
The position of governments as regulator is difficult because of lack of knowledge. Similar study has been 
done by OECD [12].  

4.3 Research 

There is a clear role of research in knowledge gap filling and development of proper tools and techniques 
and scientific communities are working on these fields. About 100 000 nano-science publications have 
appeared in scientific citation index during last year. Due to the complexity of problem, networking and 
sharing experience is inevitable and we observe creation of pools of research on this field worldwide. At 
European context, Euro-Nano-TOX initiative and Centre for Nano-Safety at Edinburgh Napier University are 
examples, as well as OECD initiative globally.  

4.4 Insurers 

Interesting and till now underestimated stakeholder is insurance industry, which takes the risk as a business 
opportunity. No specific product for nanosafety is at the market and while insurance strategies are usually 
based on experience and historical records, only few proactive approaches to cover emerging issues of 
nanotechnologies are reported. As a risk related to new technologies, nanotechnology is typical of 
problematic fields in industrial liability insurance. Parallel with scenarios of the asbestos claims comes into 
mind. The three waves of asbestos claims have cost US insurers and re-insurers approximately $135 billion. 
The estimates for the fourth wave of claims are as high as additional 200 to $275 billion [2]. 
The experience from other industrial sectors shows that the role of insurance may play a key role for sound 
risk management.  
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5. CONCLUSIONS 

The proactive approach to addressing potential health, safety and environment impacts of nanotechnology 
is recommendable. By stimulating economic growth, creating jobs, and providing solutions to some of the 
difficulties of modern society, nanotechnology has great potential to be one from key aspects of 
sustainability of our economies. 

On the other hand, we lack basic knowledge about some aspects of nanomaterials safety, especially 
toxicology and environmental fate. There is general agreement, that toxicology of nanomaterials has to be 
developed and further intensive research needed.  

The science still miss proper techniques to study environmental fate of nanoparticles as well as their fate in 
human body, but necessary tools are under development. Till the time, when environmental fate throw full 
life-cycle and complete biological effects of nanomaterials will be known, we are obliged to keep the 
precautionary principle.  
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Abstract 

The topical issue of our current research is a theoretical and experimental study of spontaneous self-
assembly of functional (e.g. electrically conductive and transparent material or the material for advanced 
actuators) networks of nanoparticles particularly by the mechanism of their diffusion limited aggregation. 
The nature of driving forces that create such networks and maintain their structure and functionality is the 
physical background of the research. Our interpretation of the complex evolution of the self-assembled 
structure of the nanoparticles is based on the phase transitions of colloidal systems. The new relevant 
colloidal phase diagram provides a tool to control both the evolution and function of the self-assembled 
structures. The eventual morphology depends on the processing route depicted in the colloidal phase 
diagram. In particular, during the time elapsed in the liquid crystal phase, the structure can reorganize and 
produce various functional systems. 

Keywords: phase transitions of colloidal systems 

1. INTRODUCTION  

Nanoscale materials (nanomaterials), can be defined as materials with at least one dimension that is on the 
nanometer scale, and with its properties influenced by this dimensional confinement. They possess unique 
properties compared to their corresponding bulk or isolated atoms and molecules. These properties are 
dependent not only on size but also on spatial arrangement of its building blocks. The soft and hard tissues 
in our body, such as muscles and bones, are superior nanoscale materials, whose properties cannot be 
matched by any man-made material with the same chemical composition due to the unique architecture on 
the nanometer scale. The ability for us to command and move our body parts, and for the cell to 
communicate, grow and divide, is close related to movement of some molecular machines only a few 
nanometer in size (motor proteins). Nobody has been able to fabricate a functional motor machine with 
such small sizes, not to mention the incredible efficiency of the biological nanomachines approaching 100%. 
Currently, the relevant length scale in the fabrication of many new devices such as computer chips has 
reached the nanometer scale. The tools and methodologies for fabrication of such devices are not ready. In 
the biomedical and human health area, the need to search for better diagnosis and for more effective 
treatment is insatiable. In all these areas, great challenges still remain. The challenges are related to more 
efficient fabrication and production of the nanomaterials. 

It is clear that in order for nanoscale materials to realize their full potential, evolutional progress and 
revolutional breakthrough are needed in the fabrication and synthesis of nanoscale materials [1]. The 
synthesis and fabrication of nanomaterials usually involve two drastically different approaches: the top-
down approach and the bottom-up approach. Currently photolithography, which includes top-down 
process of chemical vapor deposition (CVD), remains the only method accepted by the semiconductor 
industry, but this technique is rapidly reaching its size limit. To further reduce dimension, deep UV 
lithography, e-beam lithography, soft lithography, dip pen lithography, etc., are being investigated.  
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The bottom-up approach, involving self-assembly of molecular species and nanoparticles with controlled 
chemical reactions, is much more efficient and flexible [2]. Natural self-assemblies in biological systems are 
fundamentally different from those of synthetic materials and devices with their required stability to stay 
unchanged regardless of the environment. Self-assembled living systems extract energy from the 
environment to maintain highly ordered and functional structures on every length scale; they are in a 
constant state of evolution, regeneration, and adaptation with respect to changes of environment. 
However, the self-assembly approach in technology still needs to demonstrate the understanding of the 
fundamental properties of such processes and the large scale control required for functional devices.  

2. INTERACTIONS BETWEEN THE BUILDING BLOCKS OF SELF-ASSEMBLED MATERIAL 

The most important driving force for self-assembly is the interaction energy between the building bwlocks, 
hether they are atoms, molecules or particles.  

2.1 Interactions among atoms, ions, and molecules  

These interactions can be classified into three categories, depending on if the species are charged: Coulomb 
long-range interactions (attraction or repulsion) due to the electrostatic effects from the permanent 
charges, van der Waals interactions (attraction) due to instantaneous polarization induced by the 
neighboring molecules (or atoms, ions), and short-range strong repulsion. There are other forms of 
intermolecular interactions, but at a close distance the most important interactions are van der Waals 
forces and the short-range repulsion. These interaction energies are usually summarized in a power law 
equation (Lennard-Jones potential) including a twelve-power repulsive term ξx-12 and a six-power attractive 
term βx-6 

E = ξx-12 - βx-6      where x is separation distance and ξ and β constants.  

2.2 Interactions among particles  

These interactions differ substantially from the interactions among atoms, ions, and molecules.  

Van der Waals attraction energy for particles can be assumed to be the addition of all the contributions 
from individual atoms or molecules. E.g., two spheres of the same composition and radius R have 
interaction van der Waals energy in very simple form Ea = -AR/12x, where A is the Hamaker constant with 
its specific value for each kind of material of the particles in the specific medium. With respect to the low-
order dependence on the distance x, the action radius of van der Waals forces of multi-molecular or multi-
atomic particles is much bigger than that of individual molecules or atoms.  

The electrostatic interactions between particles are more difficult to treat quantitatively than the van der 
Waals interactions. Usually, a charged surface is assumed to be composed of two regions (double layer 
structure): an inner region consisting of the charged surface itself and a layer of adsorbed contrary charged 
ions, and an outer diffuse region in which the contrary charged ions are distributed according to Boltzmann 
distribution function as determined by the electric potential ni = ni0 exp(-zieφ/kT), where ni is the 
concentration of the charged species (number of charges per unit volume), zi is the number of charges on 

the charged species, and φ is the electrical potential. The variation of the surface potential as a function of 
distance from the flat surface and the charge distribution in space satisfies the Poisson equation dφ/dx = -
ρ*/ε, where ρ* = Σni is volume charge density and ε is the permitivity. When the electric potential is low 
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compared to the thermal effect, a simple solution can be derived φ = φ0 exp(-x/κ-1), where κ-1 is called the 
double layer thickness, and for the volume concentration n (m-3) of one kind of contrary charged ions is 
defined as κ-1 = (ε0εRkTe-2z-2n-1)1/2, where ε0 is permitivity of vacuum (8.854 x 10-12 Fm-1), εR relative 
permitivity of medium, k Boltzmann constant (1.38066 x 10-23 JK-1), T thermodynamic temperature, e 
elementary charge (1.602 x 10-19 C), z ionic valence. The effective Hamaker constant A of can be calculated 
using the mixing rule [3].  

When the electric potential of two adjacent particles overlaps, a repulsive potential is produced between 
two surfaces. A variety of solutions have been obtained, depending on the approximation made, including 
whether a constant potential or constant charge is assumed. One of the widely used expressions for two 
identical spheres of radius R was derived by Verwey and Overbeek Er = (32·εRk2T2γ0

2c-2z-2)exp(-κx), where γ0 
is a constant related to the surface potential φ0. For surface potential Y0 > 100 mV, parameter γ0 ®1. 

The total interaction energy is the summation of the electrostatic repulsion and the van der Waals 
attraction. With a high particle surface potential, the repulsion is stronger, and the total interaction is 
positive. The particles will remain separated and forming dispersion because an energy barrier needs to be 
overcome for the particles to approach each other. For a low surface potential, the repulsion is not strong 
and the total interaction energy is mostly attractive. Under these conditions, the particles will come 
together to form aggregated clusters [3].  

3. CONTROLLED AGGREGATION AND SELF-ASSEMBLY 

At moment the particles interact, the randomness of the dispersion is disturbed, and structures are built in 
the dispersion. The mechanics of such structures growth and metamorphosis is not well understood. Usher 
[4] was probably the first to mention the formation of linear aggregates, favored at defined electrolyte 

concentration. Thomas [5] modeled the particle 
chain in aqueous thoria sols by a cylinder and 
showed that the height of the barrier at the head 
was shown to be only 50-60% of that at the sides. 
Sonntag et al [6] studied theoretically the process 
of multiparticle aggregation. He showed that 
chains, which were built by head-to head 
coagulation, became longer during the coagulation 
process. The presence of particle chains decreases 
the critical volume fraction for percolation of 
electrical conductivity. E.g., Schueler et al showed 
that CB-filled resins conduct with as little as 0.06 
vol% [7]. Schueler and Bouda [8, 9, 10] showed 
independently that by applying the theory of 
colloids, the electrical behavior of CB-filled 
polymers could be explained. The following study 
demonstrates that by applying the Derjaguin-
Landau-Verwey-Overbeek (DLVO) theory of 
colloids, a very useful colloidal phase diagram can 

+ A

B + 

C: + 

A

B

B

C

C

C

Fig. 1. Model for the first steps of aggregation. The 

procedure leading to axial arrangement of doublets C 
… C1 represents the general tendency of 1D structure 
of particles formation.  
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be constructed for better understanding of the various 
structures formation.  

When two particles approach each other, the attraction 
occurs and a doublet is created. The same procedure may 
occur between singlets and doublets, doublets and 
doublets, and so on. Three possible first steps are shown in 
Fig. 1. The following steps are more and more complex. 
However, the primary tendency of the particles to form 
wires or compact aggregates may be estimated by the 
interactions between the doublets in the case C. The 
formation of the structure C1 (axial arrangement of 
doublets) means the preferential 1D arrangement of the 
particles (wires). The formation of the structure C3 (lateral 
arrangement of doublets) means the preferential 3D 

arrangement of the particles. Rectangular blocks in Fig. 2 substitute the doublets of particles in our 
approximation. Their length L is the double of the diameter of the spherical particles and their side s equals 
the diameter of the particles. Complex interactions between doublets of colloidal particles are interpreted 
in terms of DLVO approximation of interaction energy for planar surfaces of the blocks as multiplies of 
average thermal fluctuation kT [3, pp. 486, 585]. The interaction energy is a sum of energy of electrostatic 
repulsion and energy of van der Waals attraction in this approximation. The axial EAXI and lateral interaction 
ELAT energies are limited in applicability for the distance d > thickness of double layer of screening ions k-1:   
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Exemplary plots of EAXI/kT (solid line) from 
Equation (1) and  ELAT/kT (dashed line) from 
Equation (2) vs d in Fig.3 show the energy 
barriers to coagulation of high B and the energy 
well with the secondary minimum of depth W. 
The states (Vapour V, Liquid L, Solid S) and the 
transitions of the assembly can be determined: 

STATES TRANSITIONS 

V:   B > 1 |W| < 1 V - S B = 1 |W| < 1 

L: B > 1 |W| > 1 V - L B > 1 |W| = 1 

S: B < 1 |W| < 1 L - S B = 1 |W| > 1 

   T point B = 0 |W| = 1 
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Fig. 3 Interaction energy between two blocks in axial and 
lateral array according to Equations (1) and (2). Carbon plain 
blocks 200x200x400 nm in LDPE 190oC, n =1.5E21 m-3, z =4, 
γo=1.  
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For given colloids (Hamaker constant, the size) and given medium (Hamaker constant and temperature), 
the state depends only on ionic concentration n and parameter of surface potential on colloids g0.  The 
relevant equilibrium phase diagram is shown in Fig. 4. Because the transitions in axial interactions differ 
from the transitions in lateral interactions, the liquid crystal domain is subdivided in specific sub-domains.  

Fig 4. Equilibrium phase diagram of assembly of models of carbon colloids 200x200x400 nm in low density 

polyethylene (LDPE) at 190oC determines domains of vapour (both axial and lateral interactions induce dispersion), 
columnar LC (axial interaction induces dispersion, lateral interaction induces liquid), smectic LC (both axial and lateral 
interactions induce liquid), nematic LC (axial interaction induces solid, lateral  interaction induces liquid), and solid 
(both axial and lateral interactions induces coagulation). 

The thick green arrow represents applications of the diagram: the effective interpretation of the complex evolution of 
carbon black structure in a polyethylene melt (1), the reversible transition of muscle cell from relaxation to 
contraction and vice versa during the reversible change of γ0 and n along the arrow (2), and the possible effect on 
growth of organic structures in natural water with growing ionic concentration (3).    
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4. CONCLUSIONS 

Presented colloidal phase diagram provides an effective interpretation of the complex behavior of carbon 
black structure in a polyethylene melt. The gradual increase of ionic concentration controls the rates of the 
processes. The contraction of mammalian muscle cell may be interpreted as calcium induced phase 
transition of the lattice of protein myosin, which results in relative actin-myosin sliding and force 
generation [11]. The complex combination of similar processes is expected to be effective in generating 
complex organic structures in natural water with a gradual increase (and fluctuation) in ionic concentration 
(Figure 5). The ionic concentration can be easily influenced by external electrical filed and the self-assembly 
process can be controlled by this way. 

 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 5. States of assemblies of carbon colloids in natural water with a rising ionic concentration of Ca2++Mg2+ 
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Abstract 

Structural features and optical properties of micro and nano-porous InP and GaAs substrates used for an 
epitaxial overgrowth of thin films were investigated. Both crystalographically oriented (CO) and current line 
oriented (CLO) pore networks were created by electrochemical dissolution. Heat treatment of InP pores at 
650oC and GaAs pores at 750-850oC converted them into microcavities maintaining almost the same 
crystallographic direction. Mass transport was responsible for the pore conversion. The effect of “anion” 
vapour pressure was proved to be crucial for the microcavity formation since it influenced the mass 
transport during the heat treatment. Electron microscopy and photoluminescence experiments revealed 
the absence of significant extended defects, both after the pore and cavitity formation. The capability of 
improved structural quality homo- and hetero-epitaxially overgrown films on the porous InP, was also 
demonstrated by LPE growth of InP and InAs. Overgrowth of the porous GaAs substrates by ternary GaInAs 
layers with different lattice mismatch was realised by MOVPE technology.  

Keywords: micropors, InP, GaAs, pores formation, heat treatment, regrowth 

1. INTRODUCTION 

Traditional semiconductor epitaxial growth using planar monolithic substrates has progressed from 
homoepitaxy to lattice-matched heteroepitaxy and recently to pseudomorphic, lattice mismatched systems 
where small amounts of strain are accommodated in very thin films. When utilization of the 
heterointerface is not required, one is willing to tolerate various intermediate layers, so long as the top 
working layers are of desired device quality. 

Original theory of Luryi and Suhir [1] demonstrates the possibility of the dislocation density decreasing 
when Si1-xGex on porous Si is grown. This approach has been reformulated as the theory of 
nanoheteroepitaxy in [2], which predicts for nanoradii in the 10 nm to 100 nm range possibility to eliminate 
mismatch defects for heteroepitaxial layers, that are mismatched as much as 4.2%. Epilayers are selectively 
grown on patterned substrate islands. Lateral epitaxy allows the film to coalesce after a sufficient epilayer 
thickness has been grown. The effect of mismatch strain decreases exponentially in the vertical direction 
and is negligible beyond the effective thickness value. In more highly mismatched systems (e.g. GaN on 
sapphire) a significant reduction in defect density was achieved. This theory is currently being tested at 
using MOCVD selective growth on substrates patterned by advanced interferometric lithography and using 
self-assembled island growth.  
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In cases where a large lattice mismatch is unavoidable, then selective nucleation followed by lateral 
overgrowth has also been shown to be successful in limiting the effects of mismatch defects by localizing 
them to inactive regions of the structure [3].  

Porous semiconductors materials are attractive because of their specific properties. Porous GaAs retains 
the monocrystalline structure of the starting material and it has a nonstoichiometric composition with 
considerable arsenic excess, [4]. Recently, many works [5-7] have been directed towards the epitaxial 
growth on porous substrates, because of the demand for more powerful and sophisticated device 
application. One of the reasons for using porous substrate for heteroepitaxy is that the nanopaterned 
porous structure would favor lateral growth, which would lead to reduced extended defects density. 
However, reducing stress in the overgrowth layer leads to a better quality of lattice-mismatched material 
for quantum devices and nanotechnology.  

Another very interesting application of the porous substrates is the deposition of the active materials into 
the pores. In [8] the diamond deposition in silicon pores for diamond photo cathodes and electron 
multipliers is investigated.  

Porous region below the active structure was used [9] for Si solar cell fabrication by layer transfer using 
porous Si.16.6%-efficient and 44.5 µm-thin crystalline Si solar cell from layer transfer using porous silicon 
was achieved [18].  

2. EXPERIMENTAL 

Electrochemical cell with three electrodes configuration was used. Instead of the double cell construction 
the evacuated stainless steel tube mechanically fixed position of the treated wafer on the electrolyte 
surface and simultaneously realized electrical connection to the wafer. The home build potentiostat-
galvanostat was computer controlled. (100) oriented n-InP in aqueous HCl electrolyte and (100) n-GaAs 
samples in aqueous HF and KI electrolyte were used. Free carrier concentration in both semiconductors 
was [ND-NA]~1018 cm-3.  

The area of the samples in majority cases was 0.5 - 1.5 cm2. 

2.1. Micro/nano-pores in InP 

Two types of pores are formed during the process of electrochemical dissolution: a) Crystallographically 
oriented (CO) pores alongside the principal crystallographic axes, b) Current line oriented pores (CLO) 
alongside the applied electrical field. Anodized micropores in the InP substrates have been produced at 
different conditions to realize CO micropores with pores orientations [111], [221] and [322], CLO 
micropores or their combination [11, 13]. Heat treatment of the porous InP samples was realized in the 
hydrogen atmosphere under phosphorus protection. Protection has been necessary at temperatures higher 
than 360oC. Within 60 min. at 640oC both CO and CLO pores produced spherical figures of the different 
shape. In Fig.1 the correspondence between CO pores orientation and final spherical figures (microbubbles) 
is clearly visible. We suppose that Ostwald ripening connected with mass transport works as transformation 

mechanism. The similar situation exists in CLO pores, where spherical figures are vertically oriented. 
Combining different types of the CO pores and CLO pores with optimized pores thickness can modify pores 
geometry for the lateral overgrowth. Transformation of the CLO and CO micropores to microbubbles  is 
briefly described by us in [12]. Experimental observation of the process corresponds to the mass transport 
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during heat treatment which transforms the structure to smoother low energy state [15]. This is a 
manifestation on the more macroscopic scale of the fundamental metallurgical process, and can have a 
wide range of application. However, being a near equilibrium surface process, mass transport is highly  

sensitive to contamination and defect generation that can severely upset the small diminishing surface 
energy driving force. This can severely interfere with the process and hinder practical applications [16]. 

               

a/                                                                                   b/ 

Fig.1 Conversion of the CO <221> pores to the spherical figures during heat treatment and regrowth. 

To understand phosphorus overpressure influence the heat treatment of the porous InP sample was 
realized in hydrogen atmosphere under protective InP plate or “phosphorus shower”. „Phosphorus 
shower“ consisting InP in the Sn melt produces higher P- pressure than InP cover plate. Because of 
potential necessity of the porous structure regrowth, both protections (by InP plate and phosphorus 
shower) have to be integrated to the LPE growth boat. Our construction is evident from original design 
published in [17], regardless to small modification. 

PL spectra was obtained from a reference sample (substrate n-type InP) together with “as prepared pores”- 
layer and a thermally treated porous layer [12].  

2.2. Micro/nano porous GaAs 

Pores anodization in GaAs has been realized at the same experimental set up as in InP. Different electrilytes 
and ilumination of the etched GaAs surfaces was tested and best results were observed with elektrolyte 
composition centaining 4ml HF in 100 ml water and 3g KI, [20]. 

It was established that properties of the initial porous GaAs layer containing excess As and having a lattice 
parameter decreased as compared to that of the initial single-crystalline GaAs (Da/a^ = -2.5.10-4), that 
slightly changed upon preliminary annealing of the substrates. The lattice parameter increased, 
approaching that of the monolithic single-crystalline GaAs, and the excess As atoms coalesced to form 
clusters with asize of 1-10 nm and an atomic density reaching up to 4. 1018cm-3, [19]. At the same time, the 
porous GaAs layer retained single-crystalline structure of the initial monolithic substrate and had a mirror-
smooth surface suited for epitaxial growth.  
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2.3. Photoluminescence measurements 
Photoluminescence measurements (PL) were performed at 3 K with excitation at 653 nm and density of ~3 
W/cm2. The PL spectra were recorded with FTIR spectrometer equipped with cooled GaInAs photodiode. 

The presented PL spectra are not corrected with the photodiode spectral characteristic. The excited GaAs 
layer has a thickness determined by the non equilibrium carrier’s diffusion length, which in the case of non 
treated bulk GaAs can be of the order of 1 µm. So we can expect that at thicknesses of the porous layers of 
the order of  5-10 µm, the light will be absorbed entirely in the porous layer. i.e. the information obtained 
from the PL will be relevant for the properties of the porous material. As the process of pores formation 
creates an extended surface area damaged by the electrochemical process itself the integral PL (IPL) from 
porous samples is as a rule much less (up to an order of magnitude) than in the untreated (reference) 
samples from the same batch crystal. It should be stressed that apart of the reduced IPL the PL spectra 
from the porous samples are almost identical to those of the reference (untreated) samples. The PL line 

with maximum at 1.49 eV 
we ascribe to transitions 
of electrons from the 
conduction band to a 
shallow acceptor band 
with ~ 30 meV activation 
energy. The band with 
maximum at around 1.16 
eV is notoriously known in 
the literature as due to 
presence of the 
complexes (VGa-Donor), 
characteristic for highly 
doped GaAs. Fig 2. 
presents the effect of the 
thermal treatment (TT) on 
the PL spectra of samples 
treated in overpressure of 
arsine at two different 
temperatures, 750 and 
850 oC.  

                          Fig.2 Effect of samples thermal treatment on PL spectra.  

It is apparent that the TT causes dramatic increase in the IPL. The next effect obviously related with the TT 
is marked rise of the intensity of PL band centered at around (Eg-0.54eV). In the reference PL spectrum this 
band is only indicated as low intensity tail. In the literature [Nishizava] this band is associated with the 
additional generation of VAs which forms the complex (VAs-Donor) -in our case this can be Si. The thermal 
treatment at temperatures 850 oC initiates the appearance of two new PL bands with maxima at around 
(Eg-0.12 eV) and (Eg-0.7) eV. The nature of the first one remains for the moment unknown and for the 
second formation of clusters from interstitial As is considered [21]. 
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 Fig 3. shows a comparison 
of the PL spectra from two 
reference (not TT) samples 
obtained by two different 
pores formation 
processes, which differ 
seemingly by the product 
(current density x duration 
of the process).  

 

 

Fig 3. Pl spectra from the 

samples with pores etched et 
different condition. 

 
 

3. POROUS SUBSTRATE APPLICATIONS 

Preliminary experiments with LPE deposition of InAs on non-porous InP substrates resulted in extremely 
poor structural quality films. After pore etching in the InP substrates the large epitaxial monocrystalline 
grains of InAs were obtained. The growth temperature during pore treatment was only 460oC, therefore 

the conversion process of the micropores into 
microcavities was not entirely completed as at 650oC. 
The superior structural quality of InAs also implies that 
the micropore partial conversion into microlamelas at 
460oC may be more suitable for lattice mismatch 
compensation during heteroepitaxial growth. An 
improved structural quality is revealed in Fig 4. 

 

Fig.4. Cross-sectional SEM image, outlining the  

heteroepitaxial growth of InAs on the heat-treated porous 
InP. 

Dislocations density was measured after regrowth of the structure on the as grown surface; than the 
epilayer and micro bubbles were etched off and original dislocation density was etched in depth app. 15 
µm. To fix the area where dislocation densities are compared the small circle with diameter app. 240 µm 
was drawn by diamond pen and dislocations were counted inside of the circle. Dislocations density 
decreased by factor 0.65-0.80. 

MOVPE technology has been used to grow Gax In1-x As layers with InAs content up to more than 30%. The 
process is optimized by changing pores diameter and density as well as porous layer thickness and optimal 
heat treatment process before deposition of GaInAs. 
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Abstract  

This paper reports on properties of the inorganic polymer matrix based on polycondensation reactions in 
aqueous dispersion of aluminum silicate nanoparticles in the initial sol-gel state. Starting substances are 
amorphous soluble silica and metakaolinit in a form of submicron and micron particles, whose structure is 
further decomposed by hydrolysis in alkaline environment. As precursors of polycondensation they enter 
the formatting 3-D polymer network in a form of SiO4 and AlO4 in various ratios connected one to another 
by bridging oxygen atoms. The reaction time of hardening of the gel is 1 to 24 h in dependence on 
temperature. Product is solid with a homogeneous XRD amorphous structure and open porosity of 
mesoporous system corresponding to approximately 30% of the bulk volume. Monomodal pore size 
distribution is dependent on starting composition and determined by the space between clusters of 
condensed nanoparticles. Resulting pore size measured by mercury porosimetry and confirmed by the 
B.E.T. method is 15 nm in diameter and can change its size within the range of 10-120 nm according to 
water content in the starting sol-gel system. The contribution provides results of microstructure by SEM 
and AFM.  

Keywords: inorganic polymer matrix 

1. INTRODUCTION 

The aim of this paper is to provide information about the properties of geopolymer binders as 
nanostructural material to find a response in the nanotechnology use. The combination of geopolymer 
matrix with function nanoparticles may lead to new material properties of the nanocomposite level. 

In the recent decade the research in the field of silicate materials incipient at normal temperatures has led 
to a detailed examination of binders based on the earlier discovered reactivity of silicate substances in 
solutions. Their reaction products differ from the conventional inorganic binders in their structure 
consisting of an amorphous system. The product is inorganic alkali-activated polymer, known as 
geopolymer. The significance of these microporous materials is in the possibility of tuning their properties, 
particularly the mechanical ones. Hardened matrix has sufficient strength, capable to integrate a quantity 
of solid particles of any size inclusive nanoparticles. The curing creates a composite of new properties, 
given by function of its participants and their possible interactions. 

2. GEOPOLYMER CHEMISTRY 

2.1. Precursors 

The starting materials are aluminosilicate substances that can be converted into an aqueous solution, such 
as hydrolyzed metakaolinit. The crystal lattice of the original kaolinite is decomposed by dehydroxylation 
and therefore very reactive. Similar to the natural zeolite, matrix consist form AlO4 and SiO4 tetrahedron 
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and the structure also depends on the ratio of Si/Al. The arrangement is however tight amorphous. 
Experiments showed that the highest strength and durability of the product is achieved at the optimal ratio 
of Si/Al around 1.9. This means that the natural content of SiO2 in kaolinite is necessary to further increase 
by reactive SiO2, which is again in a solution. The transfer of reactants in a solution goes through hydrolysis 
in the highly alkaline environment when metakaolinite releases tetrahedral units on Si and Al coordinated 
of hydroxyl groups, while occupying the positions vacated during the metakaolinite lattice fission by 
hydroxide. Actually it is a shift of bridging oxygens (BO) to noun-bridging oxygens (NBO). Obviously, the 
decay is the more effective the smaller the particles are of dissolving metakaolinite, which should be sub-
micron. Dissolution leads to sol-gel dispersion. It is a shift in a homogeneous system where water is not a 
separated phase but bound in the gel. This gel transfers in curing to solid, in the bulk volume and at the 
same time. 

2.2. Polycondensation 

By dissolving the starting particles the precursors enter the reaction theoretically as monomer units Si(OH)4 
and Al(OH)4, but they may be di- and tri-mers, or oligomers, which polycondensate into larger clusters. 
Conversely to dissolving, polycondensation shifts NBOs to BOs up to the maximum degree of 
polycondensation, which is 4 BO from 4 possibilities in each Si unit. Water is a byproduct of the 
polycondensation reactions. In real the ratio BO/NBO stabilizes on equilibrium of ratios between 3 and 4. 
The structure of the matrix consists of building pattern, described stoichiometric as poly(disiloxo-sial). They 
react with neighboring units into clusters, under a condition that the merging terminals are close enough to 
polycondensate, until the distance is surpassed to bind an oxygen bridge. It consequently initiates 
interstitial space as a pore, because here the excess and evolving water is squeezing making the terminals 
separated. Pore water solution contains other mobile precursors, also involving into the emerging 
molecular structure of the network. Initial conditions such as chemical composition, water content, degree 
of dissolution and polycondensation determine the equilibrium system, which leads to a balanced pore size 
distribution so that the resulting pore structure is in theory mono-modal. 

2.3. Technology conditions 

Theoretically, the required fineness of the starting particles smaller than 1µm is technically difficult. 
Therefore it is calculated with the size 10 -20µm assuming a further fineness by dissolving. Nanoparticles 
dissolve fully. Micron particles are expected to dissolve first on the surface and the entire particle later at 
the reaction mixture standstill. The time required for curing is usually 24 hours at normal temperature. At 
temperatures above 40 ° C may be only minutes. Hardening occurs throughout the whole volume 
simultaneously accompanied by unapparent shrinkage. Since the reaction dispersion is non-Newtonian 
liquid, using vibrations at casting can replicate the form and seep the liquid into microscopic dimensions. 
Dynamic viscosity depending on the dilution of the dispersion is 4,5.103 to 1.104 mPas. The initial alkali 
hydroxide concentration of the dispersion is typically about 10 to 15 M, which is important in a 
combination with the added substances for which geopolymer should serve as a carrier or binder. 

2.4. Properties of matrix 

2.4.1 Pores size distribution 

The usual composition of the initial reaction mixture with 35% water dispersion causes porosity 36% of the 
resulting solid matrix. According to the measurement of high-pressure mercury porosimetry, the further 
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values are the following. Medium size (diameter) of pores is 16 nm (Fig. 1), which denotes that the pores 
belong to mesopores (according to IUPAC nomenclature). The total pore volume is 255 mm3/g, specific 
surface area is 20 m2/g and density 1.43 g/cm3. Increasing the water amount in the dispersion shifts the 
pore volume and pore size distribution towards higher values. The dilution of initial dispersion by water 
amount increased by 30% causes final product porosity almost 50% and pore size up to 100 nm in 
diameter. That is the maximum dilution that still leads to a matrix with measurable mechanical strengths. 
Between these extremes there is a range of possible pore sizes depending on the amount of water in the 
dispersion. 

 

Fig. 1. Comparison of pore sizes in the original geopolymer matrix, resulting from minimum water content, and the 
matrix resulting from the ultimately diluted initial dispersion (the water content increased by 30%) 

2.4.2 Microstructure and matrix composition 

Molecular structure of geopolymer matrix is sometimes compared to zeolite. But the formation is 
fundamentally different in the zeolite crystalline form and because zeolites crystallize hydrothermally from 
diluted solution. Nevertheless, there are given some theoretical interpretations of the structures labeled as 
pseudo-zeolitic, although geopolymer seems XRD-amorphous. Microscopic analysis (Tab.1) using a CAMECA 
microprobe with WDX analyzer showed that the matrix has a relatively uniform composition, which, 
depending on the initial dilution of the sample corresponds to the range of 10-20% Na2O, 30-40% SiO2, 15-
30% Al2O3. 

Tab. 1 Composition of metakaolinite geopolymer matrix  measured by microprobe 

point  Na2O SiO2 Al2O3 K2O CaO FeO Total Wt% 
1 / 5   18,6 35,9 14,4 0,3 17,5 0,4 87,4 
1 / 6   22, 2 30,8 14,9 0,4 11,8 0,4 82,1 
3 / 1   10,9 27,3 15,0 0, 3 22,5 0,2 76,4 

The following picture in high resolution image (HRSEM) is displayed in the environmental mode without a 
conductive layer. It is a fracture surface area with skeleton shape and size apparent of clusters and of the 
pores (Fig. 2). The next AFM image (Fig. 3) shows a surface area of matrix of the original dispersion level 
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without any sample preparation by grinding and polishing; surface roughness is 75 nm. Contrast image in 
Fig. 4 is obtained on the polished sections of the AFM matrix.  

 

Fig. 2. Break-up surface of  geopolymer matrix by HRSM (EM) 

 



12. - 14. 10. 2010, Olomouc, Czech Republic, EU 

 
 

38 

 

Fig. 4. Surface of polished section by AFM with a diagonal profile marked 

The both microscope images by AFM differ slightly in morphology.  Though the matrix after polishing shows 
knobs in morphology sized by the roughness within 100 nm, which is comparably to the surface resulting 
from dispersion level (Fig. 3), the polishing roughness is given by clusters of higher density, whereas the 
dispersion level morphology consist just of crowded clusters. Considering the knobs frequency in the 
polished section, they are probably the consequence of the full polycondensation and thus higher density 
reached inside the clusters. It is confirmed by Raman spectra measuring of stretching vibration bands of 
hydroxyl groups showing areas with a lower degree of polycondensation (not displayed here).  

2.4.3 Mechanical properties 

Three-point bending strength, measured on a sample of a dimension 5x7x60mm whose properties are 
reported in this paper, reached 10 MPa. The compressive strength measured on samples of 40x40x40 mm 
reached 30 MPa. Young’s modulus measured on the same samples as the bending strength reached values 
9 GPa. 

2.4.4 Utility properties  

Matrix is insoluble solid, resistant against bases and acids. It is resistant in the temperature up to 800 °C 
above which it degrades due to the cracks caused by shrinkage. In temperatures above 1000°C, the melt 
begins to emerge. It emits no fume product other than water bound in the structure in the form of hydroxyl 
groups, which represents a total weight loss (by DTA) 19% at 800°C. The amount of physically bound water 
in pores leaving at the temperature 140°C is 5-6%.   

2.4.5 Application options in nanotechnology 

A simple use offers the microporous structure as catalyst, absorbent, carriers, molecular sieves and filters 
that block entry of e.g. bacteria and viruses. As a nanocomposites matrix the geopolymer binder can extend 
the range of organic polymers and clay minerals. The connection with functional nanoparticles is on other 
way than intercalation of clays, because the original layers of clay minerals exist no longer as they are 
decomposed into precursors of polycondensation. Nanoparticles can enter the geopolymer matrix, either 
as non-reactive components or as parts of the molecular structure by the ligands attached to cluster 
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terminals of geopolymer matrix. This can occur in the reaction mixture dispersion composed of all 
reactants, including the added nanoparticles. Functional nanoparticles may participate in the alkaline 
hydrolysis reducing their size, or simply they may be surrounded by the nascent matrix. But it is also 
possible to inject nanoparticles solution into the ready made solid matrix, in which they can easily 
penetrate due to the pore size about 10 to 50 nm. There is again a possibility of a reaction with hydroxyl 
groups on terminal NBOs creating the bonds of bridging oxygens. On this way the polymer precursors with 
hydroxyl terminals might react with the matrix (e.g. ethylene glycol) to create short circuits leading to the 
less brittle structure or other mechanical resistance. Other organic functional connections can lead to e.g. 
photosensitive materials or other ability matter. 

A simple option of geopolymer nanocomposite is matrix with reinforcement created by a parallel skeleton, 
e.g. by calcification. It would compact the matrix interconnecting nanoparticles such as Ca (OH)2 in the 
open mesopores microstructure. In the air these particles are able to grow each to another to form 
carbonate skeletons. Reinforcement is similarly possible through polycondensating alkoxide precursors 
such as TEOS or other organic-silicates, which may also retain some of functional groups on the oxygen 
bridge or directly on the Si atom to the product features such as hydrophobicity of the inner surface. 

Another option is precipitation of functional nanoparticles within the geopolymer mesopores. Geopolymer 
matrix would act as a carrier of the reaction product, but simultaneously as a catalyst of the sizes of 
precipitates, which would be not able to make nanoparticles larger than the pore diameter 10-20 nm. 
These nanoparticles would stay in touch, because the porous system is interconnected. Geopolymer 
features enable to satisfy conditions of these nanoparticles creation by firing up to 600°C, as it is the 
temperature, to which geopolymers operate before a significant shrinkage occurs. But as well extremely 
low operating temperature, such at liquid nitrogen -197 ° C causes in geopolymer substance no changes. By 
now geopolymers were not examined in links with nanoparticles of carbon black, metals or oxides such as 
TiO 2, SnO, ZnO2, Fe3O4, Cr3O4, and other particles giving conductive, magnetic and semiconductor products. 
Macroscopically it is possible to prepare monolith of any dimesion, whose shape can be spatially and 
dimensionally unrestricted. Geopolymer can be used also as a coating. In the case of surface application or 
as multilayered films the matter can be cured into micron thickness. Similarly it serves as an adhesive layer 
for application as a primer, before other paintings to hold them on a desired place. The microporous layer 
of geopolymer is very suitable to anchor the other substance layer. To promote the protective function of 
geopolymer coatings it is possible to create additively a final surface from TiO2. The advantage is that the 
geopolymer gel-sol dispersion is a very adhesive and easy wetting binder, which can create a compact film 
on of all the hydrophilic materials. It is also possible to enhance the finishing by deposition layers by PVD 
and CVD. 

3. CONCLUSION 

Geopolymer nanocomposites are not yet the subject of research. This is because the geopolymer 
properties offer a very wide field for research. By know the binder is very intensively studied as 
construction material. But the molecular structure research reveals a potency promising new unknown 
materials. This paper should stimulate the research to be led interdisciplinary connecting geopolymer 
matrix with nanocomposite functional components. 
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Abstract 

Results of a microstructure assessment, creep and impact testing of polyamide 6 nanocomposites are 
presented in the paper. Polyamide 6 matrix was reinforced by particles on base of a layered 
montmorillonite (MMT) and halloysite nanotubes (HNT). Experiments were focused on influence of 
different structure parameters of fillers on stiffness and toughness of thermoplastics composites. 
Mechanical properties of nanocomposites were compared with neat PA6 matrix in all cases. 
Microstructural investigations were performed using transmission electron microscopy (TEM) and wide 
angle x-ray scattering (WAXS). Experiments indicate relatively good dispersion of nanoplatelets of MMT in 
polyamide matrix. Results of experiments prove increasing of stiffness and strength of PA6 matrix 
reinforced by all types of applied fillers. Uniaxial tension creep tests under constant load at different stress 
levels were conducted. Results of creep tests clearly demonstrate, that a small amount of MMT and HNT 
prevents from growing creep deformation. Rigid nanoplatelets create barrier for conformation changes and 
motion of polymer chains. 

Determination of puncture impact behaviour was conducted at instrumented falling-weight machine. 
Results show a decrease of toughness of PA6/MMT and PA6/HNT nanocomposites in comparison with a 
neat PA6. Immobilisation of polymer chains by nanoparticles in those types of nanocomposites forbids 
growth of plastic deformation, which absorbs fracture energy. Toughness of the both materials strongly 
depends on moisture content. Influence of reinforcing particles and matrix-nanofiller adhesion to an 
embrittlement of nanocomposite will be discussed.  

Keywords: nanocomposite, microstructure, creep, impact properties 

1. INTRODUCTION 

Nanocomposite properties are notably influenced by size and shape of particles, dispergation quality of 
nanoparticles in polymer matrix and effectiveness of bonding between nanoparticles and matrix. Large 
contact surface between nanoparticle and polymer matrix causes effective immobilisation of polymer 
chains. Consequence is increase of modulus, stiffness, yielding point, hardness, toughness, mould shrinkage 
etc in comparison with neat polymer [1]. In addition physical properties such as thermal and electric 
conductivity, barrier properties and surface quality are better. Those positive changes are often linked with 
a decrease of toughness. Immobilisation of polymer chains by nanoplatelets forbids growth of plastic 
deformation, which absorbs fracture energy [2]. Moreover, in case of polyamide reinforced by nanoclay 
gets to transformation failure mechanism from shear yielding at neat PA6 to crazing [3]. 

2. MATERIALS 

Experiments were realised on commercially available nanocomposite SCANCOMP PA6 B140 N6, its 
thermoplastics matrix is PA6, which corresponds with commercial type SCANCOMP PA6 B140. Both 
materials were produced by Polykemi AB. Filler is created by montmorillonite intercalated by quarter 
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ammonium salt. Nanocomposite contains additives for better intercalation and exfoliation of clay and also 
small amount of wax for easier processing too. The producer quotes contents of nanofiler in range 3 - 5 
wt%, this data correspond to contents determined by burning (3.6 wt%). Next studied type of nanofiller 
was halloysite, which occurs in the form of hollow tubules (halloysite nano tubes - HNT) with diameter 15 - 
200 nm and length 0.5 to 10 microns. This mineral is main part of clay soil [4]. Halloysit was acquired in the 
form masterbatch with trade name Pleximer NTM, produced by NaturalNano. Pleximer N is consisted of 30 
wt% HNT in polyamide Ultramid B3K (BASF). This blend can be mixed with additional matrix directly in an 
injection moulding machine. Masterbach was mixed with matrix polymer SCANAMID PA6 B140 and 
composite with 5 wt% HNT was prepared. Testing samples were injection moulded using a Battenfeld 750 
CD injection moulding machine. Basic mechanical properties are presented in table below. 

Tab 1: 

 

 

3. RESULTS AND DISCUSION 

3.1. Microstructure 

Microstructure of tested materials was studied by transmission electron microscopy (TEM) and scanning 
electron microscopy (SEM). TEM samples were prepared by ultramicrotome from injection moulded testing 
samples. Plane of cross-section was perpendicular to melt flow direction during injection moulding. 
Majority of nanotubes is oriented parallel to direction of melt flow, for that reason HNT has elliptic shape 
on cross-section, Fig 1.  

TEM analysis proves very good dispergation and exfoliation of montmorillonite nanoplatelets in polyamide 
matrix, Fig 2. Length of particle was measured with aid of digital image analysis software ACC 5.0. 
Distribution of length particles corresponds to log-normal distribution, the modus is 32 nm, Fig 3. 

TEM provides informations about microstructure only from limited area, in the order of units of mm2. 
Scanning electron microscopy was used for microstructure study in larger volume of materials. Testing 
samples with cross-section 4 x 10 mm were broken in liquid nitrogen and fracture surface was observed 
and documented by SEM. Results showed on existence of coarse aluminosilicate clusters, often larger than 
10 mm, which could act like stress concentrators. This fact was proved at both tested materials, Figs. 4 and 

Material sy  [MPa] Et [MPa] 
PA6 50.0 1570 

PA6/MMT 63.6 2170 
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5. Quality dispersion and exfoliation of aluminosilicate in polymer matrix is still problematic process, even 
in commercial available nanocomposites. 

3.2. Creep tests 

Constant loading creep tests in uniaxial tension configuration were performed on creep machines own 
construction. Sample elongation was observed like change of distance between clamping jaws with 
accuracy 0.001 mm. Creep machines were placed in air conditioned room, where the temperature was hold 
on 23 ± 1°C. For creep testing was used adapted tension testing sample, type A, according to ISO 3167. 
Testing samples were conditioned to equilibrium moisture content about 1.5 wt% before testing. Creep 
experiments were conducted at 23°C and 5 different levels of applied stresses. Applied stresses were in 
range from 8 to 20 MPa in the case of the neat PA6 and 12 to 26 MPa for PA6/MMT and 15 to 23 MPa for 
PA6/HNT nanocomposite. In graphs on Figs. 6, 7 and 8 creep curves are plotted like dependence of creep 
rate on creep strain. All experiments were interrupted in primary creep stage between 2500 to 3500 hours.  

Under those conditions is not possible to leads creep experiments to secondary creep stage. 

Fig 4. PP/MMT Fig 5. PP/HNT 
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Results of creep tests cleary show that small amount of montmorillonite nanoplatelets and halloysite 
nanotubes in PA6 matrix effectively prevents from growing creep deformation, Fig 7 and 8. Neat PA6 matrix 
creeps much easily, fig 6. Reason is giant surface between nanoparticles and polymer matrix. Rigid 
nanoplatelets create barrier for conformation changes and motion of polymer chains [5]. Moreover polar 
character of amide groups in PA6 matrix has good affinity to inorganic reinforcement owing to hydrogen 
bonds. Both composites have got similar contents of reinforcing phase and from chemical point of view are 
identical matters [4], so it is possible to suppose similar bonding between matrix and nanoparticles. 
Reinforcing phases only differ in shape and size of nanoparticles, fig 1 and 2. 

Graphical dependence of creep rate at strain 2% on applied stress is presented on Fig 9 for all tested 
materials. Graph (Fig 9) obviously demonstrates improving influence of organoclays to creep resistance, 
neat PA6 creeps more than two orders of magnitude faster than PA6/MMT and PA6/HNT nanocomposites 
under all loading conditions. Neat PA6 and PA6/MMT don't obey on by Norton's law, it means dependence 
of creep rate on applied stress hasn't linear course in logaritmic axes.  

There is small but quantifiable difference between creep properties of PA6/MMT and PA6/HNT. 
Nanocomposite PA6/HNT creeps slightly easily than PA6/MMT, fig 9. This small difference is possible to 
explain by different shape and size of reinforcing phases. Well dispersed and isolated montmorilonitte 
particles have got much larger interphase surface in comparison wit halloysite and so prevent to 
conformation changes of macromolecules much effectively during long time loading.  

3.3. Impact properties 

Determination of puncture impact behaviour was conducted at own construction instrumented falling-
weight impact machines, in conformity with standard ČSN EN ISO 6603-2. Penetration of test specimen is 
realised by dropping of indentor with diameter 20 mm and weight 20 kg to testing sample. Testing 
specimens with dimension 60 x 60 x 3 mm were during test attached to support ring. Indentor fell down to 
testing specimen from 0.5 m by velocity 3.13 m/s. Dry PA6 as well moist PA6 had high toughness at 
multiaxial impact loading. 

Testing sheets were damaged by ductile fracture associated with high absorption impact energy during 
crack initiation as well as during crack propagation, Fig 10a. Considerable brittlement was observed at 
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PA6/MMT and PA6/HNT composites under the same experiment condition, degree of brittlement depends 
on moisture contents. Dry composites PA6/MMT and PA6/HNT are completely brittle and failure to 
shatters under multiaxial impact loading, red curves on Fig 10b and 10c. Maximum force is seven times 
lower in comparison with neat PA6 matrix. Nanocomposite PA6/MMT with 1.7 wt% H2O absorbed high 
quanta of energy in state of crack initiation, after reaching maximum force the brittle crack growths 
unstably, Fig 10b.  

Main reason of brittlement of PA6/ organoclay nanocomposite is immobilization of macromolecular chains 
by nanoparticles forbid growth of plastic deformation, which absorbs fracture energy [2] 

Composite PA6/HNT with contents of absorbed water above 3 wt% shows completely ductile damage, 
Fig 10c. Results of impact tests indicate on existence of threshold value of moisture. Material demonstrates 
ductile damage above this threshold value, mechanism of moisture like inner lubricant prevails over 
mechanism of brittlement caused by nanoparticles. Next experiment will be realised to complete results.  

4. CONCLUSION 

Polyamide composites filled by nanoparticles on the base organically improved clays prove considerable 
improving of creep properties. Creep rate at selected strain of polyamide composites is about two to three 
order of magnitude lower in comparison wit neat PA6 matrix. This result was achieved at low degree of 
filling of polyamide matrix by clay nanoparticles. Nanoparticles hinder to conformation changes and motion 
of macromolecules during long time loading. Experiments prove, that size, shape and amount of 
nanoparticles and quality of interphase [6] affect the creep resistance. 

Impact properties of neat PA6 are independent on moisture contents in multiaxial impact test.  

Immobilisation of polymer chains by rigid particles prevents from developing of a plastic deformation, 
which absorb fracture energy. Dry nanocomposites are completely brittle, toughness increase with 
increasing moisture contents. Nanocomposites become weaker with increasing moisture contents, 
materials put up lower resistance, which is indicasted by decreasing of maximum force. From certain 
threshold moisture both tested nanocomposites exhibit ductile fracture. 
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Abstract 

Reported nanocomposites of poly(vinyl chloride) have been prepared using bentonite-based clay, Na-
montmorillonite (nature clay) and organophilic clay 30B. Na-montmorillonite is the most widely used type 
of silicate clay in polymer nanocomposites. It is a reinforcing material, naturally abundant, nontoxic, 
inexpensive, chemically and thermally stable. Polymer nanocomposites of differing compositions were 
produced using Buss KO-kneader via melt intercalation method. The effect of different type of plasticizer 
(both low molecular and high molecular) and compounding conditions on the structure of PVC/clay 
nanocomposites was investigated. Different compounding conditions were tested to study their influence 
on nanoparticles dispersion, orientation and exfoliation in PVC/clay nanocomposites. The structure of 
PVC/MMT nanocomposites was observed using X-ray diffraction, transmission electron microscopy (TEM), 
scanning elektron microscopy (SEM) and AFM (Atomic Force Microscopy). It was found that the Na-
montmorillonite offer low exfoliation level, while 30B modified by plasticizer exhibits fine dispersion of 
partial to nearly full exfoliated MMT. Moreover the processing conditions play also important role in 
nanocomposite production. Financial support of the Ministry of Education of the Czech Republic, project 
MSM 7088352101, is gratefully acknowledged.  

Keywords: Polyvinylchloride, nanocomposite, morphology, processing.  

1. INTRODUCTION 

Polymer-layered silicate nanocomposites have experienced an important development over the past 30 
years. The serious exploitation of this technology began in the early 1990s in Toyota, when synthesis of 
polyamide 6 nanocomposite via in situ polymerization had exhibited markedly improved thermal and 
mechanical properties [1]. Next important step performed Vaia et. al. [2], when discover blending layered 
silicate with polymers in the molten state offers a versatile and environmentally benign approach for 
synthesizing nanocomposites. This two pioneering works represents the milestones for the polymer/clay 
nanocomposite research. Some industrial applications have already been established by using this 
technology to provide new products to various markets like automotive, packaging, coating, etc. [3].  

Layered silicates such as montmorillonite, hectorite and saponite have been used for many years by 
industry for preparing conventional macro or micro composites. The most famous is montmorillonite. 
Montmorillonite consist of organically modified nanometer scale, layered magnesium aluminum silicate 
platelets. The silicate platelets are approximately 1 nm thick and 70 - 150 nm across. [4] The platelets are 

modified with an organic agents to allow complete dispersion into and provide miscibility with the 
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thermoplastic systems. There are some unique application areas where the nanofillers improve the physical 
properties of the plastic products. These fillers may enhanced the properties of injection moulded pieces 
for the automotive industry, of flexible and rigid packaging such as films, bottles, trays and also of 
electronics plastics such as wire and cable coatings. [5] 

Nanoclay benefits result from the very high surface area of montmorillonite clay (750 m2/g) and high aspect 
ratio (about 70 to 150). [4] In dry form, clay exists in clusters or aggregates of montmorillonite platelets and 
it exposed little surface area with low aspect ratio. Therefore it is necessary created conditions favourable 
for the exposure of all this potential surface area to the polymer. Two terms are used to describe this 
behaviour: exfoliation and dispersion. Both of them are necessary to realize to enhance performance of 
nanocomposites. 

Polyvinylchloride (PVC) is a polymer, which has a lot of characteristics suitable for industrial applications 
such as good mechanical properties, fire retardancy, good processability and, in addition, it offers the 
advantage of low cost. World PVC production capacity will have more than doubled over the past couple of 
decades. In 1992 22 million tons of PVC were manufactured, but by 2012 this is predicted to rise to 50 
million tons, according to petrochemical consultants CMAI. [6] Despite the fact that PVC is one of the major 
thermoplastic polymers, PVC/clay nanocomposites are still in the introductory phase. This work is based on 
the study of the influence of different processing conditions, and various plasticizers on the morphology of 
PVC/clay nanocomposites. 

2. EXPERIMENTAL 

2.1. Materials and processing 

The suspension type of PVC Neralit 652 (K = 65) from Spolana Neratovice, Czech Republic was used as 
polymer matrix. The samples were stabilized with 3 % Lankromark LZB 968. As the filler was employed 
bentonite-based clay, Na-montmorillonite and organophilic montmorillonite 30B from Southern Clay 
Products, USA. Na-montmorillonite is a sodium type with d spacing 1,2 nm. Montmorillonite 30B is 
organophilic clay with d spacing 1.8 nm. Dioctylphthalate (DOP), dioctyladipate (DOA) and polyester 
Lankroflex PLA (PLA) were used as PVC plasticizer and montmorillonite modifiers.  

The polymer layered silicate nanocomposites were prepared in a Buss KO-kneader MKS 30 (L/D = 18, D = 30 
mm). The screw speed was at 80, 50, 35, 25 rpm. The operating temperature was at range 130-160 °C. 
Selected blends were compounded two or three times. Table 1 shows overview of tested samples and 
conditions. 

2.2. Morphological study 

The morphological study was performed via XRD and Microscopy techniques. X-ray scattering is a non-
destructive analytical technique, which reveals information about the structure, chemical composition, and 
physical properties of materials. X-ray diffraction data were obtained at room temperature by an URD-6 
Diffractometer, the X-ray beam was nickel-filtered CuKα (l = 1,54 Å) radiation.  

The dispersion and delamination of the clays in PVC matrix were observed through microscopic techniques, 
Transmission electron microscopy (TEM) and Atomic force microscopy (AFM). TEM forms a major analysis 
method in a range of scientific fields, in both physical materials and biological sciences. An image is formed 
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from the interaction of the electrons transmitted through the specimen. For the transmission electron 
microscopy (TEM, Phillips PM 120) the specimens were cut using an ultramicrotome equipped with a 
diamond knife.  

AFM is a very high-resolution type of scanning probe microscopy, with demonstrated resolution on the 
order of fractions of a nanometer. For the Atomic force microscopy (AFM, ExplorerTM) were used the same 
samples as for TEM. It was used non-contact AFM method and for profile determination was applied 
software SPM Lab 5.01. 

Dynamical thermo-mechanical analysis was used to confirm the XRD and microscopic study. It is the most 
useful technique for characterizing polymer materials. The equipment DMA DX04T was employed for this 
measurement. The temperature range varied from -10 °C to 100 °C with heating 2 °C/min and frequency 1 
Hz. The samples with thickness 1 mm were tested.  

Table 1.  PVC/Clay Composition and Processing Conditions 

Composition Filler  
(%) 

Screw Speed 
(rpm) 

Retention time 
(times) 

PVC/DOP 50 0 50 t 
PVC/DOA 50 0 50 t 
PVC/PLA 50 0 50 t 
PVC/30B/DOP 80 5 80 t 
PVC/30B/DOP 80 5 80 2t 
PVC/30B/DOP 50 5 50 t 
PVC/30B/DOP 50 5 50 2t 
PVC/30B/DOP 50 5 50 3t 
PVC/30B/DOA 50 5 50 t 
PVC/30B/PLA 50 5 50 t 
PVC/30B/DOP 35 5 35 t 
PVC/30B/DOP 35 5 35 2t 
PVC/30B/DOP 25 5 25 t 
PVC/30B/DOP 25 5 25 2t 
PVC/Na/DOP 80 5 80 t 
PVC/Na/DOP 80 5 80 2t 
PVC/Na/DOP 50 5 50 t 
PVC/Na/DOP 50 5 50 2t 
PVC/Na/DOP 50 5 50 3t 
PVC/Na/DOA 50 5 50 t 
PVC/Na/PLA 50 5 50 t 
PVC/Na/DOP 35 5 35 t 
PVC/Na/DOP 35 5 35 2t 
PVC/Na/DOP 25 5 25 t 
PVC/Na/DOP 25 5 25 2t 

vscrew.....screw speed    t…..retention time 
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3. RESULTS AND DISCUSSION 

3.1. X-ray scattering 

X-ray reflectivity is one of the most powerful techniques to study the structural aspects of intercalates and 
nanostructures. Fig. 1 represents the XRD patterns PVC/30B and PVC/Na mixtures produced with Buss KO-
kneader.  

The XRD measurement of PVC nanocomposites (Fig. 1a) confirms good exfoliation by samples with 
montmorillonite 30B/DOP, 30B/DOA (low molecular plasticizers). It can indicate good level of filler 
exfoliation to polymer matrix, and this result was confirmed by TEM (Fig. 2) and DMA. For the 
PVC/30B/PLA, changes in the structure of clay 30B in presence of plasticizer PLA (high molecular plasticizer) 
were observed, the d spacing increased from 1.83 to 4.3 nm. On the other hand, the compositions base on 
Na-montmorillonite does not show changes in XRD patterns and low level of exfoliation was also confirmed 
by TEM, Fig. 1b. The d spacing was 1.2 nm as for PVC/Na samples as for montmorillonite Na. 

 

Fig. 1.  XRD a) PVC/30B 50 -  t, b) PVC/Na 50 -  t, c)  

              PVC/30B/DOP 50 - t, 2t, 3t 

In Fig. 1c are presented XRD patterns PVC/30B/DOP 
compositions prepared by different retention time t. 
It was noticed, that the composition shows some 
ordered structures, which could be probably 
connected with stacks of several layers which were 
not fully exfoliated. In comparison with PVC/30B the 

materials based on PVC/Na have not shown dramatic changes in d spacing. The d spacing varied from 1,2 to 
1,3 nm.  

3.2. Microscopy 

Next very powerful technique in structural study of materials is microscopy, which is used to confirm the X-
scattering results. 

In Fig. 2 and 3 are presented the TEM pictures of PVC/30B and PVC/Na samples, where the clay was 
modified by different plasticizers. It can be seen that the silicate layers are dispersed evenly in the polymer 
matrix in Fig. 2. The treatment with low molecular weight plasticizers gives better results compare to high 
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molecular plasticizer. Furthermore it was observed that the longer time of mixing in the Buss KO-kneader 
caused regular dispersion and orientation of the nanoparticles in the PVC matrix. On the other hand too 
long retention time leads to the destruction of exfoliated layers. For various retention time t for PVC/Na 
composites, it was not noticed dramatic changes in the structure of PVC/Na/DOP. The d spacing moved 
very slightly, from 1.2 to 1.3 nm. 
 

 

Fig. 2 TEM Pictures of PVC/30B 50 a) PVC/30B/DOP - t, b) PVC/30B/DOA - t, c) PVC/30B/PLA - t 

 

Fig. 3 TEM of PVC/Na 50 Composites a) PVC/Na/DOP - t, b) PVC/Na/DOA - t, c) PVC/Na/PLA - t 

                  
Fig. 4 DMA: E-modulus and tan  for materials based on PVC/DOP  

Further the dynamical thermo-mechanical analysis was performed. The obtained data are in Fig. 4. 
Presented data confirmed good level of exfoliation for samples with 30B and low level of exfoliation for 
composition PVC/Na. DMA results are in a good agreement with XRD and microscopy. At temperature 70°C 
the improvement was around 300 % for PVC/30B/DOP and PVC/30B/DOA. In case of PVC/30B/PLA the 
enhancement was more than 100 %. PVC/Na/DOP and PVC/Na/DOA have shown improvement only about 
40 % at 70 °C. 
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4. SUMMARY 

PVC/clay nanocomposites were obtained via melt compounding of PVC with clay in the presence of low and 
high molecular plasticizers. The type of plasticizer play important role in the process of intercalation or co-
intercalation of montmorillonite and could be helpful during the nanocomposite processing. Better results 
give low molecular plasticizers. 

Next the different processing conditions were tested. It could be concluded, that the lowest screw speed 
had the most positive effect on the reduction of nanofiller agglomerates and exfoliation process. On the 
other hand, this process is hold only for successful intercalate agents. If the intercalation is not fruitful then 
different conditions could not affect the exfoliation process and could not lead to nanocomposite systems. 
Further, as was mentioned above, the dispersion and exfoliation are working together in the 
nanocomposite processing.  
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Abstract 

For polymeric nanocomposite structure it is necessary to use chemically fixed monomer on nanotubes. This 
was the main reason for preparation of functionalized titanate nanotubes by multifunctional monomers. 
Sodium trititanate was prepared by hydrothermal exfoliation of titanium oxide nanoparticles at 
concentrated hydroxide sodium environment. Hybrid monomer - titanate nanotubes was prepared by long 
term solvothermal functionalization of titanate nanotubes using basic or acid of multifunctional 
monomer.Thermal stability and decomposition of organic component was analyzed by thermal analysis 
(DSC/DTA). Bonded organic functional groups were identified by infrared (FTIR) and Raman spectroscopy 
(RS). Composition and structure of nanotube was determined by roentgen diffraction (XRD). 
Nanomorphology of nanotubes was displayed by scanning electron, transmission and atomic microscopy 
(SEM, TEM and AFM). 

Keywords: nanotubes, titanates, sonolysis, solvothermal, hydrotermal 

1. INTRODUCTION 

Electrode materials for field emission must have high density electron structure, narrow energy gap and 
negative electron affinity for electrons tunneling into vacuum. Materials can be produced based on 
metalloid semiconductor basis of TiO2 type 

[1] treated by organic polymers.For polymer nanocomposite 
preparation composited from nanopaticles and macromolecular components it is necessary to modify basic 
properties of titanate nanotubes, functional surface properties and apply reaction of surface hydroxyl 
groups by organic acids and basis. In literature we found only the functionalization by benzoic acid[2], 
metacetonic acid, caproic acid, capric acid, tetradecanoic acid, hexadecanoic acid and stearic acid[3]. Our 
first functionalizations within last year were made using monofunctional organic molecule[4]. In all cases, 
only molecules with long aliphatic chains or aromatic cycles were bonded. Using infrared spectroscopy in 
organic hydroxybasis bonds were identified alkoxides and aroxides reactants. In organic aminobasis bonds 
we detected ammonia bonds and carboxyl groups. 

2. EXPERIMENTS 

2.1. Used methods 

2.1.1. Powdered sample 

Ternary system of starting compound was prepared for six binary compounds of functional titanate 
nanotubes. The first component was nano titanium dioxide P25 (3% weight) and second component was 
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organic monomer (10% mol doping) solubled in water and third component was sodium hydroxide 10M as 
solvent[5], this preparation is in review[6], other preparation of TiNT is in publication[7]. Ternary systems were 
homogenized using sonification by ultrasound and heated in teflon autoclaves (100ml volume) at 
temperature 130°C with 24 hours delay. 

Compound of titanate nanotubes with functional monomer (TiNT with phthalic acid, rezorcinol, carbamide, 
guadinine, ethylenediamine, diethylenetriamine) was prepared by complete ion exchange of sodium after 
protons realized 24 leaching at 0.1 M HCl. Product was centrifuged and dryed at room temperature. 

Tab.1.: Preparation of functionalized titanate nanotubes for nanocomposite polymer by reaction: 
Functional nanotubes     +  molecular phase of monomer       = nanocomposite polymer 

No. Functional 
nanotubes 

Molecular phase 
of monomer 

Polymeric 
nanocomposite 

1 TiNT - Phthalic (P) Ethylene glycol Polyester 
2 TiNT - Rezorcinol (R) Formaldehyde Phenolplastic 
3 TiNT - Carbamide (C) Formaldehyde Aminoplastic 
4 TiNT - Guanidine (G) Formaldehyde Aminoplastic 
5 TiNT - Ethylenediamine (Et2N) Adipic acid Polyamide 
6 TiNT - Diethylenetriamine (Et2N3) Adipic acid Polyamide 

2.1.2. Thin layers 

Thin layers for optical measurement were prepared by coating of aluminium metalized glasses by spin 
coating method and spreading 10 µl micro-drop of titanate nanotube organosol in alcohols at low turns 500 
rpm a consequent increasing during of turns at vaporization of solvent to 5000 rpm. Organosol of titanate 
nanotubes was prepared by sonification of TiNT in butanol during 10 minutes. 

2.1.3. Microscopic samples 

From powdered samples we prepare suspension in distilled water, which was applied in 3 minutes at 
ultrasonic bath. The created drops were put on Cu-net coated by amorphous carbon.  

2.1.4. Pills for infrared measurement 

One milligram of powder sample was pulverized and grinded with 300mg of dry KBr. Homogenized mixture 
was pressed in metallic bottom die using pressure about 10kN. Created transparent pill was put into the 
holder and installed into instrument. 

2.2. Methods of characterization 

2.2.1. Roentgen diffraction (XRD) 

Orienting roentgen powdered diffraction patterns were measured on mini diffractometer Radicon MD-10, 
10 min times, curved PSD detector (CH4-Ar-Xe), CuKα radiation (25kV, 0.4mA). Range of measurement was 
from 16 up 120° 2theta with 0.02° precision. Measured diffraction patterns were evaluated using 
Qualitative analysis software, version 3.00.44, SineTheta, Moscow by comparison with database contained 
in JCPDS PDF2, Newtown, Pennsylvania, U.S.A., 2006. 

Exact roentgen powdered diffraction patterns were measured on PANalytical X´PertPRO instrument. We 
use CuKα radiation (40 kV, 30 mA) and semiconductor detector X´Celerator. Range of measurement was 
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from 4 up 110° 2theta with 0.017° step. Measured diffraction patterns were evaluated using HighScore 
software, version 1.0d, PANalytical b.v., Almelo, NL by comparison with databases in JCPDS PDF2, Sets 1-54, 
ICDD, Newtown, Pennsylvania, U.S.A., 2004. 

2.2.2. Thermal analysis (DSC/DTA) 

Differential scanning calorimetry Netzsch STA 409 PC/4/H Luxx supported by electrochemical gas sensors. 
Measured curves were evaluated using Proteus Analysis software, version 5.1., Netzsch, 2010. 
Differential thermal analysis Netzsch STA 409 supported by quadruple spectrometer QMS 403/4 (Balzers) 
for product analysis released during the heating of sample in dynamical atmosphere. 

2.2.3. Transmission electron microscopy (TEM) 

Transmitted microscopy were used on transmission electron microscope JEOL JEM-3010 during 300kV 
voltage with resolution 1,7Å, which has EDX detector Oxford Instruments INCA X-sight and CCD camera 
with resolution 1024×1024 pixels.  

2.2.4. Scanning electron microscopy (SEM) 

Scanning microscopy was applied on scanning electron microscope JEOL JSM-7001F during 15kV with 
resolution 3.0 nm and SEI detector.  

2.2.5. Atomic force microscopy (AFM) 

Atomic microscopy was applied on atimic microscope Agilent 5100 with 90 and 9 µm scanners with atomic 
resolution 0.2 Å. 

2.2.6. Infrared spectroscopy (IR) 

Infrared spectrums were measured on infrared spectrometer Nicolet Nexus 670 FT-IR from Thermo 
Electron Corporation company. Samples were measured in pills form by tunnel - transmission method. All 
spectrums were measured in infrared area in 4000-400 cm-1 range with 4 cm-1 resolution, 64 numbers of 
scanners, spectrometer detector DTGS KBr and beamsplitter KBr. 

2.2.7. Raman spectroscopy (RS) 

Microraman scatter with HeNe excitation by laser with wavelenght 633 nm, with lens 50x measured by 
Renishaw inVia Raman spectroscope. 

2.2.8. Optical spectroscopy (NIR/VIS/UV) 

Reflected optical spectrums were measured using fibre spectroscopy Ocean Optics S2000, 250 - 850nm. 

3. EXPERIMENTAL RESULTS 

3.1. XRD 

X-ray diffraction patterns have shape of envelope for nanotube’s morphology for all 6 samples (see Fig. 1). 
Phase composition was studied using RTG powdered difraction. On Fig. 2 can be seen the records of: pure 
organic aditives (P/G/R), TiNT prepared without organic aditives (nTiO2-DA5), and final product.  

In all 3 samples we found the presence of H2Ti2O5*H2O (PDF 47-124) characteristics for titanate nanotubes. 
Other phase was not found in any sample. We did not found any organic aditives even secondar phases 
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(Fig. 2). In all 3 samples (TiNT-P, TiNT-G, TiNT-R) we found the reaction of organic aditives (P, G, R) and RTG 
difraction means records which correspond only to TiNT. 

 
 

Fig.1. X-ray diffraction patterns of 6 samples Fig.2. X-ray diffraction patterns of 3 selected samples,  

            pure monomers and TiNT standard. 

3.2. DSC/DTA 

Scanning thermal analysis of samples characterize endoeffects compare to curves of standard TiNT (Fig. 3.) 

During thermal analysis of some TiNT samples with additive of organic items (P, G, R) can be seen (Fig. 4, 5, 
6) that at the beginning are the looses of surface water, it corresponds to endoeffects on DTA curve around 
110 °C. This effect causes weight loses, that is about 15%. On DTA curve DTA can be seen weak exoeffects 
at 300°C, which characterize the burning of organic residues. Mass content is according to 
thermogravimetric curve about 1-2%. Next weak exoeffects were at 550°C up 580°C, which can relate with 
crystallization of TiO2 in solid phase. The presence of organic component is not visible from infrared 
spectrum, where the content of organic components is under detection value (under 5%) and there is no 

difference on TG curve 
up to 800°C, which 
contain only pure TiNT 
(nTiO2-DA5). The 
presence of organic 
component can be 
derived only at TiNT-P 
sample (Fig. 6). At TiNT-G 
sample (Fig. 7) the 
presence of cation was 
detected. The weight was 
about 43 on weight, 
which corresponds to 
fragment guadinine. 

 

Fig.3. DSC/TG - 6 samples 
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Fig. 4. - DTA - TiNT-P  Fig. 5. - DTA - TiNT-G  Fig. 6. - DTA - TiNT-R 

   

3.3. TEM 

Multi-wall TiNT can be seen in TEM (Fig. 7, 8, 9) with crystallographic structure. This structure reflects in 
low intensity and large extension of RTG diffractional lines. Some lines are missing at electron diffraction.  

 

 

 

 

 

 

Fig. 4. - TEM - TiNT-P Fig. 5. - TEM - TiNT-G Fig. 6. - TEM - TiNT-R 

3.4. SEM 

Based on monomer the morphology of nanotubes is changed. Phthalic acid (Fig. 7.) catalyze formation of 
long nanotubes, resorcinol (Fig. 8.) makes inexpressive growth of nanotubes. The carbamide (Fig. 9.) makes 
long nanotubes in contrast to guanidin (Fig. 10.), where can be seen only short nanotubes. The long 
filamentous nanotubes can be seen at polyamides - ethylendiamin (Fig. 11.) and diethylentriamin (Fig. 12.).  

   

Fig. 7. - SEM - TiNT-P Fig. 8. - SEM - TiNT-R Fig. 9. - SEM - TiNT-U 

   
Fig. 10. - SEM - TiNT-G Fig. 11. - SEM - TiNT-EtN2 Fig. 12. - SEM - TiNT-Et2N3 
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3.5. AFM 

Atomic microscope has been used to visualization of surface nanocylinder structure of TiNT (Fig. 13, 14) of 
titanate nanotubes on HOPG. Nanotubes were adhesed only on graphite and after the sonolysis of 
nanotubes in water. The nanotubes become swabbed by AFM 
tip on micaceous basis. 

 

 

 

 

 

 

   Fig. 13. - AFM - TiNT             Fig. 14. - AFM - TiNT 

3.6. IR 

Infrared spectroscopy was used to find the deformations of structures. These deformations demonstrate 
the direct connections of organic additives to TiNT. On Fig. 15, 16 and 17 can be seen the comparisons of 
two spectrums: pure organic additive (P, G, R) and final product.  

The sample TiNT-P, TiNT with 1,2-dicarboxylic acid content, whose spectrum can be seen on Fig.15 is 
different than others. The 
presence of phthalic acid in TiO2 
can be demonstrated based on 
vibrations in ν(C-O) at 1679 cm-1. 
In case of associated form of 
phthalic acid the value of this 
group of vibrations is decreasing. 
Two strong belts 1402 and 1282 
cm-1 born from C-O-H in plain and 

vibrations in ν(C-O), which 
interacts together. Under 1200 
cm-1 can be seen circled 
deformations and deformations 

in plain at C-H. 

             
          Fig. 15.  - IR - TiNT-P     

On Fig.16 is the spectrum of carbonate guanidine and TiNT-G. The characteristic deformation and 
stretching vibrations of O-H group can be seen as well. Under 500 cm-1 the vibration of bond Ti-O is also 
visible. There are no characteristic vibrations of guanidin or guanidine group C(NH2)3+ as it is at basic 
material (1662 cm-1 - C-N and ν(O-H), 1575 cm-1 - δ( N-H) stretching vibration in NH2, 1392 cm-1 - δ( N-H) 
stretching vibration in NH3, 1179 cm-1 - rocking ρ vibration NH2 + ν(C-N) stretching vibration. 
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Fig. 16. - IR - TiNT-G       Fig. 17. - IR - TiNT-R  

The sample TiNT-R, TiNT with resorcinol content (benzen-1,3-diol), whose spectrums can be seen on Fig. 
17, has the same vibrations of O-H groups as it is in previous sample. Other vibrations can be seen under 
500 cm-1 of Ti-O. There are no other characteristic vibrations which mean the presence of resorcinol in 
TiNT.  The spectrum of resorcinol (2640 cm-1 and 2540 cm-1 overton in (C-O) and δ( O-H), 1932 cm-1 overton 
benzene circle, 1489 cm-1 vibrations in benzene halfcircle, 1382 cm-1 vibration δ(C-O-H),  1295 cm-1 in (C-O). 

3.7. RS 

The overview of all spectrums for all samples can be seen on Fig. 18. The signal in Stokes branch was really 
strong, with characteristic vibration bands on plain background. On Fig. 19, 20, 21 can be seen the 
spectrums in lower, middle and higher frequencies. At low frequencies, the vibration structure of all 
samples is similar; the differences are in relative weight of plain background. The location of band around 
447 cm-1 is the same as bulk vibration of crystallographic structure of TiO2. The second major band of rutile 
from Fig. 7 is not present in measured spectrums. There are no vibrations of TiO bonds in measured 
spectrums corresponding to anatase crystal structure of titanium dioxide. High-frequency part of spectrums 
(Fig. 21) is different in terms of size of structure; these bands are missing in samples 1,2 and 4 (with high 
probability it is a vibration of hydrogen ions). In frequency range 1000-1600 cm-1 (Fig. 20) the sample of 5 
strong and sharp bands is the best. This is the same for samples 1, 2 and 6.  
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Fig. 18-21. Raman spectrum of all TiNT samples in all measured region of Stokes shift 

 

 

 

 

 

Fig. 22. Relative size of signal               Fig. 23. Relative size of signal            Fig. 24. Relative size of signal    
reflected/scattered light (n.all)                  reflected/scattered light (n.6)                reflected/scattered light (n.5,6) 
 

4. CONCLUSION 

In this paper, the description of preparation of functionalized titanate nanotubes by multifunctional 
monomers was presented. During our research we passed all necessary measurements for characterization 
this component of nanocomposites. For other preparations of nanocomposites, the concentration of 
multifunctional monomers will be increased and will be reactived with molecular phase of second 
monomers.  
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Abstract 

In the present work, a method for the determination of oxygen species in nanopowders by inert gas fusion 
technique has been developed. The method allows us to determine the content of oxygen in Ta, Mo and Re 
nanopowders, which is present in the form of oxides, H2O and chemisorbed oxygen. The accuracy of oxygen 
species identification was proved by thermo extraction and X-ray diffraction methods. Oxygen was found to 
present in Ta, Mo, and Re nanopowders mainly as the Ta2O5, MoO2, and ReO2 oxides, respectively. The 
content of oxygen in the form of H2O is shown to reach 50 % of the total oxygen concentration in the 
nanopowders. The developed technique can be used for the quality control of nanopowders and 
optimization of their production technology. 

Keywords: oxygen species, inert gas fusion technique 

1. INTRODUCTION 

Modern science is characterized by evergrowing extent of investigations into nanoindustry. The search for 
new applications of nanomaterials and goods produced from them continue. At the same time, a lot of 
works are carried out to develop methods for the quality control of nanopowders. 

Metallic nanopowders are known to be highly reactive owing to their large specific surface area. Thus, 
oxygen is a unavoidable impurity in processing and storing nanomaterials. 

The determination of both total content of oxygen and its species in nanopowders is of interest for 
investigators. Information about oxygen species inside particles and on their surface is necessary for the 
quality control of nanomaterials and optimization of their production technology. The oxygen content can 
indicate the contamination of product with particles of another material or the completion of 
transformation process (for example, of oxide into metal) [1]. 

Owing to the urgency of the problem, the purpose of this work was to develop a technique for the control 
of oxygen species in Mo, Re and Ta nanopowders. 

2. EXPERIMENTAL 

It was shown by authors [2] that water begins converting to CO on the hot walls of graphite crucible only at 
1400 K and completes at 2000 K. In [2] authors succeeded in the determination of oxygen in the form of 
adsorbed water, carbon-oxygen complexes weakly fixed on the surface, and surface oxides (WOx and CoOx) 
in W-C-Co nanopowders. 

In the present study, the size of nanopowder particles was measured by atomic-force microscopy. The 
maximum size of particles is found to be less than 50 nm. 

The oxygen contents in Mo, Re and Ta nanopowders were determined by infrared method after fusion 
under an inert gas atmosphere using a LECO TC-600 analyzer. The determination was performed at the 
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modes of total and fractional analysis. The fractional gas analysis (FGA) is a modification of inert gas 
reducing fusion method at set temperature rate [3]. FGA is based on different thermodynamic stabilities 
and, hence, different temperatures of the onset of carbon reduction in a melt. Thus, when setting 
conditions of monotonic heating of a sample in a graphite analyzer crucible, curves of oxygen evolution in 
the form of CO and CO2 can be recorded. These curves are spectra of peaks corresponding to oxide and 
other oxygen species reduction. The peaks are characterized by specific temperatures of the onset and 
maximum of reduction, based on which compounds can be identified [4]. 

Since the linearity of IR cell graduation for TC-600 was shown in the previous studies, the cells were 
calibrated for a certified reference pure CaCO3 sample. Moreover, the calibration was verified by state 
certified reference samples 502-201 and 501-646 produced by LECO with total oxygen contents of 0.296 ± 
0.009 and 0.0421 ± 0.0014 wt %, respectively. 

The nickel bath was not used in case of fractional gas analysis of oxygen in the Mo and Re nanopowders, 
whereas the FGA of Ta samples was performed using the nickel bath. In the mode of total oxygen analysis, 
all samples were placed in nickel caps and after that droped down in a hot crucible through a load device. 
Before analysis, the caps were preliminarily held in analyzer's furnace at 1273 K for 90 s for removing the 
chemisorbed oxygen and oxygen in the form of thin oxide films from the nickel surface. The conditions of 
fractional and total analysis of nanopowders by the TC-600 analyzer are given in Table 1. 

Table 1  Conditions of fractional and total analysis of nanopowders by TC-600 analyzer 

Sample 
Beginning 

temperature, 
K 

Finishing 
temperature, 

K 

Heating 
rate, K/s Ni caps 

Mean 
sample 
mass, g 

mass of Ni

mass of sample
 

Analysis 
time, s 

FGA mode 
Та 673 2523 3,2 + 0,01 4  
Мо 473 2173 3,5 - 0,01 -  
Re 673 2273 2,7 - 0,15 -  

Total analysis mode 
Та 2473 2473 - + 0,01 4 80 
Мо 2173 2173 - + 0,01 4 100 
Re 2173 2173 - + 0,01 4 80 

The water content in the nanopowder samples was also determined by RC-412 LECO analyzer. The IR-cell 
was calibrated in using the state reference sample 509-091 (calcium oxalate, LECO) with a certified water 
content of 12.21 ± 0.01 wt %. Before analysis, the samples were evenly distributed on the surface of quartz 
boats preliminarily annealed in a resistance tube furnace at 1473 K for 15 min. The temperature and 
analysis time were 448 K and 1200 s, respectively. Such a low analysis temperature allowed us on the one 
hand to prevent the oxidizing of nanopowder particles with water oxygen and on the other hand to 
perform the complete release of H2O from the samples. 

3. RESULTS AND DISCUSSION 

The typical curves of oxygen extraction from the nanopowder samples during fractional gas analysis are 
shown in Fig. 1. It was observed that oxygen releases from the Ta and Mo samples mainly in the form of 
CO, but in analyzing Re up to 873 K - mainly in the form of CO2. 
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Fig. 1. Typical curves of oxygen extraction from the nanopowder samples during fractional gas analysis: 

a) Ta - without Ni bath; b) Ta - with Ni bath; c) Mo; d) Re. Straight lines show the calculated temperatures of the onset 
of reduction of Ta2O5 and MoO2. 

 
As it seen from Fig. 1a, surface oxygen releases from the Ta sample at start of the heating up to 1273 - 1373 
K; oxygen in the form of oxides begins extracting at 1673 - 1873 K, progresses slowly and is not completed 
right up to 2573 K. Since the Ta nanopowder was analyzed with the Ni bath, which made it possible to 
decrease the reduction temperature of tantalum oxides to 1573 - 1673 K (Fig. 1b) and to realize the 
complete oxygen extraction from the samples. 

As of molybdenum, it should be noted there are three main stages of oxygen release from the samples 
during FGA (Fig. 1c): 1 - surface oxygen extraction up to 973 K, 2 - evolving of oxygen present in the form of 
molybdenum oxides consequently the solid-phase reaction at the contact region of the nanopowder 
particles with a graphite crucible at 1023 - 1123 K, 3 - oxygen extraction as result of the oxides dissociation 
at about 1373 K. It is known from the literature [5] that MoO2 dissociates at 1273 K. 

The curve of oxygen released from Re nanopowders is characterized by extraction of both CO and CO2 at 
low temperatures. According to x-ray phase analysis data, oxygen is present in Re samples in the form of 
ReO2, which begins reducing during the FGA at 923 - 1023 K. 

For the purpose of identification of the oxygen species in nanopowders, physicochemical calculations of 
temperatures of the onset of reduction of tantalum and molybdenum oxides with a carbon crucible in 
crucible in a flow helium atmosphere were performed. Previously, we studied the possibility of estimation 
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of the temperatures of iron oxides reduction during the FGA in using IVTANTHERMO data [6]. As a result, 
parameters of a thermodynamic model, which allow the analogous calculations to be performed, were 
obtained. Unfortunately there are no thermodynamic functions for the rhenium oxides in the 
IVTANTHERMO data base. For example, the initial conditions for reducing temperature of MoO2 (reaction 
(1)) were found to be the following: 
· starting composition, mole: MoO2 - 10-3; He - 2∙10-8; C - 0.1 
· equilibrium parameters: P = 1.85 atm. 

MoO2(c) + 2C(c, graphite) + He(g) → Mo(c) + 2CO(g) + He(g)      (1) 

The calculation results are shown in 
Fig. 2. As is see from Fig. 2 the 
beginning temperature of realization 
of the reaction of solid-phase reducing 
of MoO2 under the FGA conditions is 
1050 K. In much the same way, the 
temperature of Ta2O5 reduction was 
estimated to be 1780 K. The presence 
of Ta2O5 in nanopowder sample was 
confirmed by x-ray phase analysis. 

The results of gas analysis of the 
nanopowder samples are given in 
Table 2. 

It was obtained that the total oxygen 
contents determined by TC-600 
analyzer at the modes of total and 

fractional analysis do not coincide. It follows from the quite low beginning temperature of FGA (473 - 673 K) 
to transform water extracting from the samples to CO [2]. This effect allowed us to calculate the oxygen 

content in the form of H2O ( 600TC
OH2

O - ) as the difference between the oxygen content determined by TC-600 

in the mode of total analysis and the total oxygen content obtained by FGA (Table 2). In this study probable 
chemisorbed oxygen except water was ascribed to surface oxygen. Oxide oxygen is oxygen in the form of 
tantalum, molybdenum and rhenium oxides both on the surface of particles and inside them. 

Table 2 Results of gas analysis of the nanopowder samples 

Sample 

Oxygen content / Standart deviation, wt % 
Analyzer 

ТС-600 RC-412 
FGA Total 

analysis 
mode 

600TC
OH2

O -
 

412RC
OH2

O -
 

Surface Oxide Total 
Ta 0.04 / 0 1.81 / 0.02 1.85 / 0.02 1.95 / 0.04 0.10 0.23 / 0.05 
Mo 0.02 / 0 1.07 / 0.01 1.09 / 0.01 1.23 / 0.02 0.14 0.18 / 0.02 
Re 0.05 / 0 0.31 / 0 0.36 / 0 0.67 / 0.01 0.31 0.16 / 0.02 

Fig. 2. Results of thermodynamic calculation of temperature of the 

onset of carbon reduction of MoO2 in helium. 
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The water content in nanopowder samples determined by thermo extraction technique using the RC-412 

analyzer was recalculated to the oxygen content in the form of H2O ( 412RC
OH2

O - ). As is seen from Table 2, 

600TC
OH2

O -  values are in agreement with 412RC
OH2

O -  values only in the order of magnitude. It results from both 

the significant deviation in the case of low concentration determination of water by RC-412 and a IR-cell 
calibration in using the state reference sample with a certified water content of 12.21 ± 0.01 wt %. 

Therefore one should consider the 600TC
OH2

O -  values as more accurate than the 412RC
OH2

O -  values. 

4. CONCLUSIONS 

In the present work, the method for the oxygen species determination in nanopowders by inert gas fusion 
technique has been developed. The method allowed us to determine the content of oxygen in tantalum, 
molybdenum and rhenium nanopowders, which is present in the form of: 1) oxides, 2) H2O, 3) chemisorbed 
oxygen. The accuracy of oxygen species identification was proved by thermo extraction and X-ray 
diffraction methods. 

It was shown that thermodynamic methods can be used for the estimation of the temperatures of solid 
phase reduction of oxides under the fractional gas analysis conditions. The temperature of the onset of 
reaction of solid-phase reduction of MoO2 was calculated using IVTANTHERMO data; it is equal to 1050 K; 
for Ta2O5, the reduction temperature was estimated to be 1780 K. 

It was obtained that, in Ta nanopowder, oxygen presents mainly in the form of Ta2O5; in Mo powder, it is 
found as MoO2; in Re powder, oxygen is in the form of ReO2. The oxygen content in the form of H2O is 
shown to reach 50 % of the total oxygen content in the nanopowders. 

The developed technique can be used for the quality control of nanopowders and optimization of their 
production technology. 
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Abstract 

Severe plastic deformation (SPD) is a perspective method for preparation of ultrafine-grained materials. 
The Al powder was prepared by cold isostatic pressing (CIP) at the pressure of 200 MPa. The granulometric 
powder fraction of a particle size less than 400 µm was compacted via conventional direct hot-extrusion 
(DE) at temperature 450°C by ratio 16:1. This material was then subjected to equal-channel angular 
pressing (ECAP) up to 4 passes by route BC. The microstructural investigations were performed using optical 
microscopy (OM) and scanning electron microscopy (SEM) equipped with an electron back-scatter 
diffraction (EBSD) unit. Creep tests in tension were conducted at temperature of 473 K and at applied 
stresses in the range from 30 to 60 MPa. Some creep tests in compression were performed on material just 
after DE. The paper presents results of study of microstructure and creep behaviour of aluminium powder 
before and after ECAP. It was found that ECAP method does not lead to an additional marked refinement of 
grain size. However, in dependence on number of ECAP passes ECAP method markedly influences creep 
behaviour due to development of high-angle grain boundaries during ECAP process. 

Keywords: cold isostatic pressing, reep tests, ECAP process 

1. INTRODUCTION 

The optimum consolidation process is essential to obtain a fully densified structure of powder materials. 
Conventional powder metallurgy route requires high temperature to remove any porosity and make it 
nearly dense. In this process the microstructure of the sample may coarsen which is not suitable. Usually it 
is desirable to employ a special consolidation process that allows lower processing temperature. It is well 
known that introduction of shear deformation, e.g. by direct extrusion (DE), can result in significant 
refinement of the microstructure of metals and alloys [1]. However, this type of working is accompanied by 
extreme pressing loads and high extrusion temperatures. Equal-channel angular pressing (ECAP) has 
become an important processing procedure for refining microstructure in metallic materials via severe 
plastic deformation (SPD) [2]. It is known [3] that intense shear strain in ECAP is able to disrupt the surface 
oxide layer and creates good bonding between particles. Furthermore, it is an effective method to 
consolidate the powder at relatively lower temperatures and loads than that used in conventional powders 
processing [4]. 

Recent investigations have been conducted to determine the creep properties of aluminium and 
aluminium-based alloys prepared by SPD techniques mostly via ECAP method. Despite considerable 
research effort in the methodology of equal-channel angular pressing (ECAP), only very limited reports 
describing the powder materials processed by ECAP and then tested its creep behaviour under conditions 
of constant stress or constant load. Recently, Sklenička et al. [5] and Dvořák et al. [6] conducted extensive 



 
 
studies of creep behaviour and microstructure of high
then processed by ECAP at room temperature. The authors used the isothermal constant load creep test 
technique and measured the minimum creep strain rates to determine mechanisms of creep. Further, 
Dvorak et al. [7] studied creep behaviour of powder Al before and after ECAP technique. It was found that 
material processed by 1 and 2 ECAP passes embodied higher creep resistance compared
state. In the present paper, the previously published creep data [7] are analysed with the new dates to find 
out, whether creep in ECAP materials occurs by the same mechanism as in the DE state of material.

2. EXPERIMENTAL MATERIAL 

Commercially aluminium powder size less than about 400 µm was used as a raw material. From this 
powder was compacted material which was than subjected to DE and ECAP process up to 4 passes. Creep 
tests in tension and compression were performed at the same tempera
microstructure was observed for all state of material. Full details on the fabrication of aluminium, ECAP 
technique and creep testing are given elsewhere [7].

3. RESULTS 

3.1. Microstructural observation 

Good bonding between particles was obvious with no decohesion observed. The presence of pores in the 
PM material was studied earlier [7]. The optical microstructure of the PM material revealed limited 
occurrence of pores after ECAP passes. It was shown that higher density of DE material was
only one pass of ECAP. Following number of ECAP passes did not cause the change in density of pores.

EBSD pictures of the samples were taken in longitudinal to the extrusion direction. For comparison, the 
microstructures of the DE and ECAP materials are demonstrate on the Fig. 1

Fig. 1a shows EBSD microstructures observed for the samples subjected to DE. It was found that pressing by 
DE leads to reduction of grain size to 6.5 
Subsequent ECAP press (Fig.1b) leads to a substantial reduction in the grain size (
equiaxed microstructure. With further pressings, the grains subsequently evolve into a reasonably equiaxed 
and homogeneous microstructure. The microstru
with an average grain size of the order of 

 

Fig. 1. EBSD images of aluminium (misorientation  

Fig. 2a shows the dependence of number of ECAP passes on the number of high
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studies of creep behaviour and microstructure of high-purity aluminium prepared by ingot metallurgy and 
then processed by ECAP at room temperature. The authors used the isothermal constant load creep test 

imum creep strain rates to determine mechanisms of creep. Further, 
studied creep behaviour of powder Al before and after ECAP technique. It was found that 

material processed by 1 and 2 ECAP passes embodied higher creep resistance compared to material in DE 
state. In the present paper, the previously published creep data [7] are analysed with the new dates to find 
out, whether creep in ECAP materials occurs by the same mechanism as in the DE state of material.

ially aluminium powder size less than about 400 µm was used as a raw material. From this 
powder was compacted material which was than subjected to DE and ECAP process up to 4 passes. Creep 
tests in tension and compression were performed at the same temperature. Simultaneously, 
microstructure was observed for all state of material. Full details on the fabrication of aluminium, ECAP 
technique and creep testing are given elsewhere [7]. 

obvious with no decohesion observed. The presence of pores in the 
PM material was studied earlier [7]. The optical microstructure of the PM material revealed limited 
occurrence of pores after ECAP passes. It was shown that higher density of DE material was
only one pass of ECAP. Following number of ECAP passes did not cause the change in density of pores.

EBSD pictures of the samples were taken in longitudinal to the extrusion direction. For comparison, the 
materials are demonstrate on the Fig. 1 

Fig. 1a shows EBSD microstructures observed for the samples subjected to DE. It was found that pressing by 
DE leads to reduction of grain size to 6.5 mm. The grains are mostly elongated to the extrusion direction. 

bsequent ECAP press (Fig.1b) leads to a substantial reduction in the grain size (~ 3.9 mm) and the more 
equiaxed microstructure. With further pressings, the grains subsequently evolve into a reasonably equiaxed 
and homogeneous microstructure. The microstructure is essentially homogeneous after four ECAP passes 
with an average grain size of the order of ~ 2.5 mm. 

 

EBSD images of aluminium (misorientation  D > 15°) subjected by a) DE, b) subsequent 1 ECAP pass, and c) 

subsequent 4 ECAP passes. 

2a shows the dependence of number of ECAP passes on the number of high-angle grain boundaries 
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ture. Simultaneously, 
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obvious with no decohesion observed. The presence of pores in the 
PM material was studied earlier [7]. The optical microstructure of the PM material revealed limited 
occurrence of pores after ECAP passes. It was shown that higher density of DE material was achieved after 
only one pass of ECAP. Following number of ECAP passes did not cause the change in density of pores. 

EBSD pictures of the samples were taken in longitudinal to the extrusion direction. For comparison, the 

Fig. 1a shows EBSD microstructures observed for the samples subjected to DE. It was found that pressing by 
m. The grains are mostly elongated to the extrusion direction. 

m) and the more 
equiaxed microstructure. With further pressings, the grains subsequently evolve into a reasonably equiaxed 

cture is essentially homogeneous after four ECAP passes 

 

> 15°) subjected by a) DE, b) subsequent 1 ECAP pass, and c) 

angle grain boundaries 



12. - 14. 10. 2010, Olomouc, Czech Republic, EU 

 
 

68 

(HAGB) with misorientation θ > 15°. The relative fraction of HAGBs population is about 61% for DE state 
only. After first pass, the boundaries were predominantly low-angle boundaries in character, and the 
population of high-angle boundaries had considerably increased in sample after following four ECAP passes. 
Further, square area of grains is illustrated on Fig. 2b. For 1 ECAP passes, average area of grain is 11.7 mm2. 

0 2 4
Number of ECAP passes N

48

52

56

60

64

68

72

N
U

M
B

E
R

O
F

H
A

G
B

( Q
>

15
°)

2

3

4

5

6

7

G
R

A
IN

S
IZ

E
d

[ m
m

]HAGB
Grain size

Al 99.7%
DE
DE+ECAP

DE state

       

Fig. 2a. Dependence of number of ECAP passes on the 

number of boundaries with misorientation D > 15° and 
grain size. 

Fig. 2b. Frequency of square grain size for Al processed 

by 1 ECAP pass. 

 

3.2. Creep results 

The results of creep test were summarized in Fig. 3 (tensile tests) and Fig. 4 (compression tests). 
Representative standard creep curves are shown in Fig. 3. The creep testing was conducted on billet after 
direct extrusion and, for comparison purposes, on the same material additionally processed by ECAP 
method by route B (BºBc). All of these plots were obtained at an absolute temperature of 473 K (~ 0.5 Tm) 
and at an applied tensile stress of 50 MPa. The creep tests in tension were running up to the final fracture 
of creep specimens. As demonstrated by Fig. 3 significant differences were found in the creep behaviour of 
the ECAP material when compared to its DE counterpart. First, the ECAP materials after 1 and 2 passes 
exhibits markedly longer creep life (Fig. 3a) than DE material. The highest creep resistance is achieved 
already after first ECAP pass. However, successive ECAP pressing leads to a noticeable decrease in the creep 
properties. The minimum creep rate for the ECAP material is less than that for DE state. Second, application 
of 4 ECAP passes leads to marked deterioration of creep properties. Creep life here achieves only half value 
as compared to DE state. There is also reflected by the minimum creep rate whose value may be up to one 
order of magnitude higher than that of the DE state. Third, the strain to fracture is approximately the same 
for both ECAP and DE state. Nevertheless, slightly higher elongation was observed on material after 4 ECAP 
passes.  
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Fig. 3. Creep curves for samples after DE and additional 2 ECAP passes: (a) standard creep curves,  and (b) creep 

rate vs. time. 

Compression creep test for DE material is illustrated on Fig. 4. The creep tests were performed at 473 K 
under a constant applied stress and interrupted at a true strain of about ~ 0.35. It is clear that no-one of 
the creep curves exhibits a well-defined steady state. In fact this stage is reduced to an inflection point of 
the de/dt versus t curve. Supposing that the instantaneous creep rate de/dt at given stress and 
temperature is a certain measure of the “softness” of the microstructure, then the de/dt-t plots reveal the 
time evolution of this “softness”. 

Inspection of Fig. 4b shows that the samples after applied of 50 MPa exhibit creep curves with a short 
primary stage of creep followed by instantaneous softening. Higher stresses have different process when 
after first hardening the creep rate remains reasonably constant. These constant rates demonstrate that 
the microstructural characteristics are essentially stable at the points where the tests were terminated.  
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Fig. 4. Creep curves for samples after DE and additional 2 ECAP passes: (a) standard creep curves, and (b) creep rate 
vs. strain. 
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An additional difference in the minimum creep rate for the ECAP material and DE state is illustrated by Fig. 
5, which shows the variation of the minimum creep rate with the applied stress for the tension (Fig. 5a) 
and compression test (Fig. 5b). For tensile creep test, the observed values of the stress exponent 

T
n )ln/ln( se ¶¶= &  are approximately 16 for DE and 15 for ECAP material. The same value of n was found 

in compression test for DE material. 
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Fig. 5. Variation of the minimum creep rate with the applied stress for the a) tension and, b) compression test 

4. DISCUSSION 

In this work microstructural investigation of all material examined indicated little differences in the grain 
size produced via ECAP passes. It has been demonstrated that ECAP is capable of producing refined and 
homogenous structures with large fractions of high-angle boundaries. The value of the relative fraction of a 
high-angle (θ >15°) grain boundary population slightly decreases after first ECAP pass and than rapidly 
increases during subsequent ECAP pressing (Fig. 2). The highest creep resistance was achieved already after 
first pass. Thus we attain considerably heterogeneous microstructure with high presence of low-angle grain 
boundaries (LAGBs). Further pressing led to decrease in the creep properties. The coexistence of a 
dislocation climb and grain boundary sliding in creep of ECAP material may explain the observed decrease 
of the creep resistance with increasing number of ECAP passes. A progressively increasing contribution of 
grain boundary sliding to overall creep strain can be probably attributed to the accompanying 
transformation of low angle to high angle boundaries and an achievement of their more equilibrium state 
when the number of passes increased. The higher contribution of grain boundary sliding to the total creep 
elongation is higher in sample subjected to 4 ECAP passes which exhibits lower creep life and higher 
fracture strain in comparison to DE state. 

Stress dependence of the minimum creep rate at constant temperature and at constant grain size can be 
described by the power-law relationship of the form: nAse @& , where A is independent of σ, while n is the 
stress exponent of the creep rate. In our previous works [8] realized on pure cast state Al was found the 
stress exponent of n = 5 which indicates conventional power-law creep. It is consistent with an 
intragranular dislocation process involving the glide and climb of dislocations. We expected the similar 
results on powder material. However, the observed values of n are very high. It could be cost by dispersion 
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strengthening of powder material. In this material cannot be excluded the interaction between moving 
dislocations and oxides particles which are present in the matrix as a result of processing in powder 
metallurgy. This small oxide phases could be responsible for high value of stress exponent through the 
possible existence of the threshold stress for creep at very small values of the applied stress. However, 
lower value of the stress exponent found for ECAP aluminium indicates an enhanced role of grain boundary 
sliding. 

The detailed investigation of fracture surfaces did not revealed any differences between the mode of creep 
fractures. Together with creep results it seems that the similar creep mechanisms are controlling both 
creep behaviour and damage processes. 

5. CONCLUSION 

In this paper, the effect of direct extrusion and following ECAP pressing on the microstructure and 
mechanical properties of aluminium processed by powder metallurgy have been studied. It has been shown 
that DE leads to a decrease of grain size. Further, extrusion by ECAP method does not lead to an additional 
refinement of the grain size. The highest creep resistance is achieved already after first ECAP pass. 
Successive ECAP pressing leads to a noticeable decrease in the creep properties. After 4 ECAP passes 
deterioration of creep resistance represents up to half value of those for DE state. On the contrary, slight 
improvement of strain was observed. Creep in powder Al is probably controlled by the same mechanism for 
both DE and ECAP states.  
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DESIGN AND EVALUATION OF MELT-ELECTROSPINNING ELECTRODES 
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Abstract 

Nanofiber production without need for solvent recuperation is one of the possible ways to transform the 
laboratory scale electrospinning technique to high productivity process. Melt-electrospinning development 
and research is currently bringing first encouraging results as well as challenging demands for new 
engineering solutions. This paper presents the construction and evaluation of two laboratory scale melt-
electrospinning setups. Besides the construction of the spinning chamber, the main feature affecting the 
spinning performance in melt-electrospinning is the design of the spinning and collecting electrode. 
Electrodes might be considered with different shapes, different types of heating, moving or stationary. The 
shape of the electrodes determines the distribution of the non-homogenous electrostatic field created in 
the spinning chamber. As the electrostatic force is the only drawing force stretching the raw polymer 
solution or melt to fibers during electrospinning, it is desirable to concentrate the most of the electrostatic 
field intensity to the spinning region. This is particularly true on the emitting electrode, where the 
electrostatic forces must overcome the capillary forces, represented by the surface tension of the fluid, to 
start the spinning process. Non-homogenous electrostatic field intensity can be modeled by the finite 
element simulation method for known applied electrostatic potential and dimensions of the electrodes. In 
this work, the results of the numerical simulations were compared with experimentally measured critical 
intensities of electrostatic field for polymers with known physical properties. 

Keywords: melt-electrospinning, electrode design, FEM, non-homogenous electrostatic field modeling  

1. THEORETICAL BACKGROUND 

Preparation of the nonwoven fabrics by electrostatic spinning from polymer solutions or melts is one of the 
practical examples of the phenomenon known as electrohydrodynamic atomization. In contrast 
toatomization of the simple liquids, where electrostatic charge enforces the splitting of the liquid into fine 
droplets, the chain-like structure of polymers causes production of the fine fibers. Difference in the 
behavior is caused by better resistibility of polymer containing liquids against the Raileigh instability in the 
stable jet region. However, despite of the differences in the elongation of the liquid jet, the principle of the 
formation of the Taylor cones is believed to be universal. The Taylor cone is formed on the liquid surface if 
the electrostatic pressure overcomes the capillary pressure [[1]]. The electrostatic pressure on the liquid 
surface is defined as           , where pe is the electrostatic pressure, ε is relative permittivity of the surrounding gas, and E 

is the intensity of the electric field. Capillary pressure is defined from the Laplace-Young equation in the 
form         , where pc is the capillary pressure, γ is the surface tension and r is the mean curvature of the 

surface. Condition for formation of the Taylor cone can be written as [[2]] 



12. - 14. 10. 2010, Olomouc, Czech Republic, EU 

 
 

73 

     . The most common experimental setup for the electrospinning emitting electrode is the capillary 
electrode. In this case the mean curvature is represented by the inner radius of the capillary. Another 
method is the electrospinning from the free liquid surface. This method is often called “needle-less” 
electrospinning. Advantage of this method is that it allows production of multiple Taylor cones, thus 
significantly increases the productivity of the process. An apparatus for needle-less production of 
electrostatically spun nanofiber layers was developed and patented by Jirsák et al. [[3]]. The definition of 
the stability of the free liquid surface in the strong external electric field is published by Lukáš et al. [[4]]. 
The theory of the self organization of the jets during electrospinning is based on the analysis of the 
dispersion law introduced by Landau et al. [[5]] and postulates the critical parameters of the needle-less 
electrospinning such as critical intensity of the electrostatic field:      ].    

 , where Ec is the critical intensity, γ denotes surface tension, ρ represents liquid density and ε 

is the permittivity of the surrounding gas. Critical intensity is the minimal electrostatic field intensity 
required to overcome the cohesive force of the liquid and start the formation of the jets. The role of the 
mean curvature is in the case of needle-less electrohydrodynamic atomization played by so called “capillary 
length”, which can be expressed in the form:     5] , where a denotes the capillary length. Another important parameter is the inter-jet distance 

called the critical wavelength. This parameter allows estimation of the relative productivity of the 
electrospinning process. Calculation of the critical wavelength λc can be done using the equation     5] . 

2. DESIGN AND CONSTRUCTION OF ELECTRODES 

Electrodes for electrostatic spinning of polymer melts can be 

categorized according to several criteria. Regarding the intended 

use of the electrode one may distinguish laboratory, pilot plant and 

industrial setups. Important factors are heating of the emitting 

electrode and polymer melt supply. In contrast to solution 

electrospinning there is no need to prevent unwanted evaporation 

of the solvent, but thermal degradation of the polymer must be 

considered. In this paper two types of laboratory emitting 

electrodes are described, theoretically and experimentally 

evaluated. 

 

First of the electrodes is the “rod” type electrode, see Fig. 1. Electrode is designed for discontinuous 
laboratory evaluation of the spinning ability of polymer melts and solution at elevated temperature. 
Heating is supplied by cartridge heater and temperature regulation is controlled by PID regulator with 
thermocouple sensor. Polymer is dosed to the top of the electrode in the form of pellets or powder, molten 

Fig. 1 Emitting electrode, the rod“type 
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and spun from the free liquid surface. Advantage of this type of electrode is a low consumption of the 
polymer and simplicity of the process that allows evaluation of the critical parameters of the process 
described at chapter 1.  

Second type of the emitting electrode 
is the “cleft” spinner, depicted in the 
Fig.2. Heating of the electrode is 
designed also by cartridge heater and 
PID temperature regulator. Polymer 
melt is supplied volumetrically to the 
linear spinning cleft from heated 
piston reservoir, in the Fig. 2 
illustrated in the purple color. Width 
of the cleft is defined by metal strip 
inserted in the cleft. Advantage of 
this setup is the relatively easy 
polymer feeding and possibility to 
upscale the technology to industrial  

                     level.    For    the    pilot     plant     and  

industrial machines, piston feeding would have to be substituted by the heated extruder to ensure the 
uniform pre-heating. Linear shape of the cleft is also advantageous for laboratory measurement of the 
inter-jet distance, as have been described in the previous chapter.  

Besides the emitting electrode the laboratory spinning setup consist of the metal plate stationary collector 
with adjustable spinning distance, high voltage supply and spinning chamber. 

3. SIMULATION OF THE ELECTROSTATIC FIELD DISTRIBUTION 

The finite element method simulation was used for determination of the distribution of non-homogenous 
electrostatic field intensity at given potential difference. In this paper simulations were done using the FEM 
software Comsol Multiphysic. The local intensity of the electrostatic field is related to the electrostatic 
spinning ability by equations described in the first chapter. Simulations were done for the comparison in 2D 
and 3D geometry. Advantage of 2D simulation is the simplicity of the geometry definition and significantly 
more detailed meshing of the model. However, in final comparison 3D geometry results provided more 
comprehensive information about the distribution of the electrostatic field  

 

The boundary conditions were identical for all of the 
simulations and are described in the Table 1. The results of 
the 3D model of the electrostatic field distribution for the 
“rod” type electrode can be seen in Fig 3. The field 
distribution is depicted in the form of iso-surfaces. The 
maximal strength of the field is represented by the red 
color. 

Emitting electrode Ground 

Collector Electrostatic potential 
50kV 

Exterior boundary Zero charge / 
Symmetry 

Spinning distance 10 cm 

Fig. 2 Emitting electrode, the „cleft“type 

Table 1 Boundary conditions of the simulations 
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The results of the model are in the good agreement with experimental observations as the maximal field 
strength is observed on the circumference of the top of the emitting electrode. 

The results from the 3D 
simulation of the electrostatic 
field distribution for the cleft 
spinner with the metal plate 
collector are displayed in Fig. 4. 
The coloring and graph type are 
identical as in the previously 
described model. The 
qualitative result of the 
simulation is also in the good 
agreement with the 
experimental observations. 

     The maximal field intensity is   
     concentrated on the outward  
     edges of the cleft. However, for 

the quantitative evaluation of 
the model it is important to 
comment the fact that the 
number value of the intensity 
at the edge depends on the size 
of the integration meshing 
element. Thus, for the infinitely 
small meshing element the 
maximal point value of the 
intensity grows to infinity. In 
this work the value of the 
intensity from the cutting plane  

     placed 1 mm parallel to the  
     edge of the emitting electrode  
     was taken for the calculations.  

4. EXPERIMENTAL MEASUREMENT OF THE CRITICAL PARAMETERS OF ELECTROSPINNING 

The value of the critical voltage and inter-jet was measured directly for the electrospinning setups 
described in the chapter 2 and 3. The spinning distance was set to 10 cm. As the testing materials the 
isotactic Polypropylene with Mn=5 000 and Poly (ε- caprolactone) with Mn=10 000 purchased from Sigma-
Aldrich Co. were used. These polymers were selected to represent the polar and non-polar group of 
polymers. Low molecular weight polymers were chosen to satisfy the sufficiently low viscosity requirement. 
Polymers were used as received. The measurement with the “rod” type electrode is showed at the Fig. 4 

 

Fig. 3 Distribution of the electrostatic field, the “rod” emitting 
electrode, metal plate collector 

Fig. 4 Distribution of the electrostatic field, the “cleft” emitting 
electrode, metal plate collector 
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The measurement of the critical voltage provided the values of 20,2 kV for the polypropylene at the melt 
temperature 230 °C and 21,8 kV for PCL at 180°C. The critical inter-jet distance can be calculated from the 
Fig. 4 knowing the perimeter of the rod is 3,14 cm. Values of the critical inter-jet distance were measured 
as 6,3 mm for PP and 31,4 mm for PCL. The critical voltage for the cleft spinner was measured as 30kV with 
PP and 34kV with PCL. The detailed photos of the inter-jet distances on the cleft spinner are depicted in the 
Fig. 5. 

 

 

5. COMPARISON OF THE SIMULATION AND EXPERIMENT 

The theoretical values of the critical intensity and inter-jet distance can be obtained by calculating the 
equations introduced in chapter 1 for known material properties. The relevant values of the material 
properties of polymers were measured experimentally and results are showed in the Table 2 together with 
the consequential values of the critical intensity, capillary length and critical inter-jet distance. 

 

γ (mNm-1) ρ(gcm-3) g(ms-2) ε(Fm-1.10-12) E(Vm-1 .106) a(m.10-3) λc(m.10-3) 

Polypropylene 23,4 0,75 9,81 8,85 1,72 1,78 11,19 

Poly(ε- caprolactone) 35,07 0,92 9,81 8,85 2,00 1,97 12,37 

Quantitative comparison of the results can be done by introducing the measured critical voltage to the 
simulation comparing the field intensities or inversely computing the voltage from known intensity and 

Fig. 4 The inter-jet distance for the critical and increased voltage, the „rod“ type spinning 
electrode, PP (left), PCL (right) 

Table 2 Material properties and critical parameters of the jet formation 

Fig. 5 The inter-jet distance for the critical and increased voltage, the „cleft“ type spinning 
electrode, PP (left), PCL (right) 
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comparing the voltage to the measured value. The comparison of the calculated and measured critical 
intensities and inter-jet distances for both spinning setups are shown in the table 3. 

 
 

Polymer Temperature 
(°C) 

Ec (Vm-1. 106) λc (m. 10-3) 
Spinning setup 

Theoretical Experimental Theoretical Experimental 

Polypropylene 230 
1,721 1,827 11,19 6,3 “Rod” 

1,721 1,958 11,19 5,2 “Cleft” 

Poly(ε-
caprolactone) 180 

2,005 2,123 12,37 31,4 “Rod” 

2,005 2,240 12,37 8,2 “Cleft” 

6. CONCLUSIONS 

In this paper a method of evaluation of a newly designed electrospinning setups is introduced. The method 
is based on the numerical simulation of the electrostatic field distribution and calculation of critical 
parameters of the needleless electrospinning. The method is in this paper tested on two types of melt 
electrospinning setups and results are evaluated by the direct comparison to the experimental results. 
Coherence of the experimental and theoretically calculated values provides an opportunity for the use of 
the method in the electrospinning equipment design and prediction of outputs of the electrospinning 
process. 
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Abstract 

Multi-wall carbon nanotube networks were prepared by process of filtration of CNT aqueous dispersions. 
CNT dispersions were prepared with help of surfactant system (Sodium dodecyl sulfate with amylalcohol) 
by ultrasonication. Three types of MWCNT tubes were used. The first were pure CNT material delivered by 
supplier. The other were chemically treated in aim to prepare CNT oxidised forms (1. acid solution of 
KMnO4, 2. mixture of acids H2SO4 + HNO3). It was found that chemical modification significantly changes 
properties of prepared carbon nanotube networks (“Buckypaper”). There were observed differences in 
porous structure between all of the forms analysed by SEM microscopy. Further, apparent density of 
prepared “Buckypapers” changes in respect of used CNT material leading to different porosity of 
Buckypapers. Electrical resistance is also affected by process of MWCNT oxidation together with its 
temperature dependence. Effect of compressive strain on electric resistance of multi-wall carbon nanotube 
networks was further tested. It was found that resistance is sensitive to compressive strain both in the 
course of strain growth and when loading/unloading cycles are imposed. 

Keywords: Carbon nanotube network; Compression; Electrical resistence; Stress sensor; 

1. INTRODUCTION 

(CNT) network structures show a great potential for developing high-performance polymer composites and 
enhanced sensors. CNT networks can proportionally transfer their unique properties into reinforced 
composite materials and films for sensors and bring substantial improvements in structural strength, 
electrical and thermal conductivity, electromagnetic interference shielding and other properties [1,2]. 

The first carbon nanotube network was fabricated by Walters et al., who dispersed nanotubes into a liquid 
suspension and then filtered through fine filtration mesh [3].  

The fabrication of CNT network based polymer composite described above is rather laborious. A novel idea 
is to circumvent the laborious technology and to suggest a way leading to continuous and technologically 
easier manufacturing of CNT network based polymer composites. The novel process consists of using the 
non-woven polystyrene (PS) filter on which CNT collect and form a network during CNT suspension 
filtration, as integrating and supporting element. The CNT slightly infiltrate into the filter and adhere to it, 
finally forming CNT layer. The obtained CNT/PS composite is compression moulded above PS melting 
temperature when PS filter transforms into flexible PS polymer film.  
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2. MULTIWALL CARBON NANOTUBE NETWORKS AND COMPOSITES 

The purified MWNT of acetylene type (Sun Nanotech Co. Ltd., China) are used for the preparation of 
aqueous paste: 1.6 g of MWNT and ~ 50 ml of deionized water are mixed with the help of a mortar and 
pestle. The paste is diluted in deionized water with sodium dodecyl sulfate (SDS) and 1-pentanol. Then 
NaOH solved in water is added to adjust pH to the value of 10 [4]. The final nanotube concentration in the 
dispersion is 0.3 wt.%, concentration of SDS and 1-pentanol 0.1M and 0.14M, respectively [5]. The 
dispersion is sonicated in Dr. Hielscher GmbH apparatus (ultrasonic horn S7, amplitude 88 µm, power 
density 300 W/cm2, frequency 24 kHz) for 2 hours. 

3. EXPERIMENTAL TECHNIQUES 

The structure of both principal MWNT networks prepared from pristine tubes and their oxidized form are 
investigated with a scanning electron microscope (SEM)  

Pure MWNT are also analyzed via transmission electron microscopy (TEM) using microscope JEOL JEM 2010 
at the accelerating voltage of 160 kV. The sample for TEM is fabricated on 300 mesh copper grid with a 
carbon film (SPI, USA) from MWNT dispersion in acetone prepared by ultrasonication, which is deposited 
on the grid and dried. The MWNT networks and composites are tested for deformation using a simple set-
up.  

4. RESULT 

4.1. Free-standing entangled MWCNT networks 

To examine the length, thickness, waviness, multi-wall arrangement and possible structural defects of 
MWNT, TEM analysis is used. The diameter of individual nanotubes is determined to be between 10 and 
60 nm, their length from tenth of micron up to 3 µm. The used KMnO4 oxidation procedure of MWCNT 
crude material leads to significant tubes degradation.  

The both types of MWNT aqueous dispersions (using MWCNT pristine tubes and their oxidized forms) are 
filtered thought PU non-woven membrane to form intertwined networks. As follows from Fig. 1 (left), 
Prepared MWNT layer is then peeled of the filter achieving self-standing MWNT entangled network. The 
SEM micrograph of PS filter prepared by technology of electrospinning is shown in Fig. 1 (right). The 
prepared MWCNT layer is not peeled of the filter and remains as a part of PS/MWNT composite.  

 

 

 

 

Fig. 1 SEM micrograph of PU (left) and PS                 Fig. 2 Free-standing randomly   

non-woven filtering membrane at the                entangled MWCNT network (disk same 

magnification (displayed scaler 10 µm).                diameter 75 mm, thickness 0.15 mm). 
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The upper surfaces of both principal MWNT networks were studied, and their SEM micrographs can be 
seen in Fig. 3: a) made of pure MWCNT (MWCNT-N), b) oxidized form (MWCNT-N(KMnO4)). The pictures show 
some differences between both structures; the surface of the buckypaper made of oxidized tubes seems to 

be smoother, with more densely packed tubes and a 
smaller diameter of inter-tube pores. Functionalized 
nanotubes are better individualized from the bundles and 
aggregates because they are shorter and also because 
functional groups tend to push away individual nanotubes 
from each other [6].  

 
Fig. 3 SEM image of the surface of entangled MWCNT network of buckypaper made of a) pure, and b) oxidized  

             MWCNT. 

 

4.2. Effect of compressive strain/stress on electric resistance of multi-wall carbon nanotube networks 

The resistance/compressive strain dependence is shown in Fig. 4 (compressive strain as well as 
compression is defined as positive deformation and loading, respectively). The measurement show that 

compression causes a decrease in MWNT network 
resistance, as clearly visible in the figure. The plotted 
resistance values, R, are normalized with respect to 
the initial resistance, Ri, recorded at the start of the 
test at no load. For each network thickness, i.e. 0.23 
and 0.38 mm, four samples are investigated. Their 
resistance is measured after each compression step 
to the preset deformation and for the subsequent 
unloaded state. The resistance in the unloaded 
states is reduced similarly to the resistance of 
compressed samples. 

Fig. 4 Normalized resistance vs. strain dependence of 

entangled carbon nanotube network. The network 
thickness is 0.23 mm (squares) and 0.38 mm (circles). The 
full and open symbols denote the network with and 
without load, respectively.  

 

 

Fig. 5 Normalized resistance of the entangled carbon 

nanotube network vs. the number of 
compression/relaxation cycles; network thickness 0.38 
mm. The applied compressive strain: 0.21 (circles), 0.47 
(squares) and 0.74 (triangles). Full and open symbols 
denote the network with and without load, respectively. 
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The observed effect of repeated compression on the network resistance is presented in Fig. 5. As can be 
seen, with increasing number of deformation cycles the resistance of MWNT network first declines more 
steeply but after several cycles the decrease is very slight, and eventually no resistance change is observed. 
It indicates that the network rearrangement becomes steady what is favorable for MWNT network use as 
the sensing element of compressive stress sensor when the network is suitably deformed in advance. 
Electrical properties of manufactured structures are followed also in the course of twelve compression and 
relaxation cycles with cyclic accumulation of residual strain (compression as well as compressive strain is 
defined as positive loading and deformation, respectively). The measured data are shown in Fig. 9 as a plot 
of conductivity values σ vs. applied compressive stress τ. Compression causes a conductivity change during 
both the up-stress and down-stress periods due to specific deformation of porous structure. According to 
[21], the local contact forces increase during compression, allowing a better contact of nanotubes, which in 
turn leads to the decrease of contact resistance between crossing nanotubes; in release the dependence is 
just the opposite. At the same time, the possible effect of the distance between contacts on CNT tangle 

resistance is considered in [7]. The distance between contacts 
may decrease during compression owing to evoked relative 
motion of nanotubes, which corresponds to a lower intrinsic 
resistance of nanotube segments between contacts. Last but 
not least, compression may also bend the nanotubes 
sideways, which results in more contacts between nanotubes 
[8]. Since the contact points may act as parallel resistors, 
their increasing number causes an enhancement of MWNT 
network conductivity. 

Fig. 6 Electrical conductivity-compressive stress loops for MWCNT 

network subjected to 12 successive compression/expansion cycles 
(network thickness 0.42 mm). The solid lines (first loading and 
unloading cycle) and dotted lines (twelfth cycle). 

Mechanical properties of manufactured structures are also followed in the course of twelve compression 
and relaxation cycles with cyclic accumulation of residual strain (compression as well as compressive strain 

is defined as positive loading and deformation, respectively). 
The results in the form of compressive stress vs. strain 
dependence are presented in Fig. 7.  

 

Fig. 7 Stress-strain loops in cyclic compression test for MWCNT 

network subjected to 12 compression/expansion cycles (the network 
thickness 0.42 mm). The dotted lines (first loading and unloading 
cycle) and solid lines (twelfth cycle) represent the power law fitting 
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The oxidation of MWNT modifies electrical conductivity of MWNT networks under compression. It follows 
from Fig. 8 where the stress dependent conductivity of pristine and oxidized MWNT networks is plotted for 
4 compression and relaxation cycles. Compression causes a conductivity change during both the up-stress 

and down-stress periods due to specific deformation of 
porous structure.  

 Nevertheless, the conductivity of nanotube network prepared 
from chemically functionalized MWNT in KMnO4/H2SO4 
oxidizing system is lower and less deformation affected than 
pristine MWNT network. It shows a stabilizing character of 
oxidation process. 

Fig. 8 Electrical conductivity-compressive stress loops for MWCNT 

and MWCNT (KMnO4) network subjected to four successive 
compression/expansion cycles (the network thicknesses were 0.41 
mm and 0.40 mm). 

 
 
LITERATURE 

[1] E.T. Thostenson, C.Y. Li, T.W. Chou, Nanocomposites in context, Compos. Sci. Technol. 65 (2005) 491-516. 

[2] Q. Cao, J.A. Rogers, Ultrathin films of single-walled carbon nanotubes for electronics and sensors: A review of fundamental 
and applied aspects, Adv. Mater. 21 (2009) 29-53. 

[3] D.A. Walters, M.J. Casavant, X.C. Quin, C.B. Huffman, P.J. Boul, L.M. Ericson, E.H. Haroz, M.J. O’Connel, K. Smith, D.T. 
Colbert, R.E. Smalley, In-plane-aligned membranes of carbon nanotubes, Chem. Phys. Lett. 338 (2001) 14-20. 

[4] Rasheed A, Howe JY, Dadmun MD, Britt PF. The efficiency of the oxidation of carbon nanofibers with various oxidizing 
agents, Carbon 2007;45(5):1072-1080.  

[5] Ham HT, Choi YS, Chung IJ. An explanation of dispersion states of single-walled carbon nanotubes in solvents and aqueous 
surfactant solutions using solubility parameters, Colloid Interf Sci 2005;286(1):216-223. 

[6] Wang XB, Li SQ, Xu Y, Wan L, You HJ, Li Q et al. Radical functionalization of single-walled carbon nanotubes with 
azo(bisisobutyronitrile). Appl Surf Sci 2007;253(18): 7435-7437. 

[7]  A. Allaoui, S.V. Hoa, P. Evesque, J. Bai : Scripta Mater. 61, 628 (2009). 

[8] O. Yaglioglu, A.J. Hart, R. Martens, A.H. Slocum, Method of characterizing electrical contact properties of carbon nanotube 
coated surfaces, Rev. Sci. Instrum. 77 (2006) 095105/1-3. 

  

0 2 4 6 8

Stress, t [MPa]

8

12

16

20

24

E
le

ct
ri

ca
l c

on
du

ct
iv

it
y,

 s
 [

S/
cm

]

number of cycle
1st

2nd

3rd

4rd



 
 

GRAPHENE NANORIBBONS

Czech Technical University in Prague, Faculty of Electrical Engineering, Technicka 2, CZ
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Abstract 

Graphene, a two-dimensional sheet of sp
candidate for use in future nanodevices. The lateral confinement of the two
graphene nanoribbons (GNR) can tune their electrical properties. 
(DFT) based calculations to obtain electronic structure of both zig
constrictions. The spin-dependent exchange
gradient approximation using the QuantumWise toolkit ATK, which employs local numerical double
polarized basis orbitals. The spin-dependent transport properties of the 
geometry were calculated by means of non
Band structures calculated by the DFT were compared with results of the semi
Huckel model). Our results show that GNRs with the constrictions exhibit novel transport properties. The 
horizontal layout of the GNR constrictions determines main features important for electrical and spintronic 
applications of these structures. The constrictions could be realized by means of local anodic oxidation 
using scanning probe microscope.  

Keywords: graphene nanoribbons, spintronics, density functional theory

1. INTRODUCTION 

During last years huge expectations in the field of all
appeared. Electrical properties of Graphene Nanoribons (GNRs) can be tuned from perfectly metallic, for 
zig-zag edge ribbons, to semiconducting behavior, for armchair ribbons. In this later case, the gap varies 
with the ribbon width, length and topology [1]. Patterned graphene nanoribbons (GNRs) have enabled 
band-gap engineering and the development of effici
been recently realized experimentally [3]. Calculations based on the Density Functional Theory (DFT) [4] 
could give the realistic results of the spin dependent phenomena in GNRs [5

2. STRUCTURES UNDER STUDY  

We analyzed GNRs in two electrode configuration 
(left electrode, device, right electrode) as shown in 
Fig.1. Device geometry includes both zig
armchair GNRs with single and double V
symmetrical and asymmetrical lateral constrictions. 
All GNRs are hydrogen pasivated with C-H distance 
of 1.126 Å and a C-C distance of 1.422 Å. 
Unconstricted GNRs consist from 8 periods for 
armchair GNR with 7 carbon atoms at the cut edge 
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dimensional sheet of sp2-bonded carbon arranged in a honeycomb lattice, is a potential 
candidate for use in future nanodevices. The lateral confinement of the two-dimensional electron gas in 
graphene nanoribbons (GNR) can tune their electrical properties. We performed density-fun
(DFT) based calculations to obtain electronic structure of both zig-zag and armchair GNRs with lateral 
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with the ribbon width, length and topology [1]. Patterned graphene nanoribbons (GNRs) have enabled 
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been recently realized experimentally [3]. Calculations based on the Density Functional Theory (DFT) [4] 
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ac) and 12 periods for zig-zag GNR with 8 carbon atoms at the cut edge (zz). All simulated device structures 
are shown in Fig. 2. 

 

Fig. 2 Device structure of unconstricted GNRs (ac), (zz), GNRs with small single V-shaped lateral constrictions (ac U, zz 

U), GNRs with deeper single V-shaped lateral constrictions (ac V, zz V), GNRs with small double V-shaped lateral 
constrictions (ac UU, zz UU) and GNRs with deeper double  V-shaped lateral constrictions (ac VV, zz VV). 

3. MODELS 

We used the QuantumWise tool ATK [8] based on Density Functional Theory (DFT). The spin-dependent 
exchange-correlation potential was approximated within the spin-dependent generalized gradient 
approximation (SGGA). Local numerical double-zeta polarized basis orbitals were employed. The spin-
dependent transport properties of the electrode-device-electrode geometry were calculated by means of 
Non-Equilibrium Green's Functions (NEGF). Band structures calculated by the DFT were compared with the 
results of the semi-empirical Extended-Hückel Theory (EHT).  

ac VV 

ac UU 

ac V 

ac U 

ac  
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zz U 
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4. RESULTS 

Bandstructures and transmissivities of all GNR devices were calculated by both methods. EHT based model 
is considerably faster than DFT model. Unfortunately spin polarization is not included in EHT. In DFT self-
consistent potential and total-energy calculations the Brillouin zone is sampled by (1,1,30) special k points 
for ribbons. The criteria of convergence for total energy was set to 4.10−4 eV. 

4.1. GNR Bandstructures and Electron Concentrations 

Bandstructures of unconstricted armchair GNRs were calculated by DFT and by EHT. The resulting data are 
in very good agreement (Fig. 3). Both diagrams show the bandgap 1.4 eV. The bandstructures of 
unconstricted zig-zag GNR is shown in Fig. 4. The large difference between spin up and spin down energies 
can be observed here. The difference is approximately 0.5 eV. 

Fig. 3 Bandstructures of unconstricted armchair GNR calculated by DFT (left) and by EHT (right). 

 

 

Fig. 4 Spin dependent bandstructure of zig-zag GNR calculated by DFT (spin↑ black, spin↓ red) 
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Electron concentrations calculated by DFT cannot be compared with the electron difference concentration 
calculated by EHT due to different approach. Only DFT gives the values comparable with real 
concentrations. One example of these results is in Fig. 5. 

Fig. 5 Electron concentration in constricted armchair GNR calculated by DFT and electron difference concentration 

calculated by EHT. 

4.2. GNR Transmissivities 

We analyzed spin polarized electron concentrations and Mulliken populations in zig-zag GNRs. They show 
small, but observable spin polarization. Due to spin polarization along the edges the, zig-zag graphene 
nanoribbons show spin-dependent transport properties in agreement with results in [8]. Dangling bonds at 
the zig-zag GNR edges are assigned as the source of spin polarization in this paper. Hydrogen termination of 
the edge atoms would be important for the structural and electronic stability of the graphene ribbon. Both 
first principles and tight-binding calculations showed that the termination of edges with hydrogen atoms 
removes the electronic states related to the dangling bonds. However, there are no qualitative changes in 
the electronic structure and the magnetic order of the ZGNRs with hydrogen atom termination, except for a 
narrowing of the band gap.  

All zig-zag GNRs show spin-dependent transmissivities in our calculations. Transmissivity peaks are lower 
for deeper constrictions. Only one armchair GNR (ac VV) shows spin dependence. We offer following 
explanation: presence of relatively long zig-zag shaped edges at the constrictions could be the reason for 
spin polarized behavior. Structure ac VV could serve as the example of semiconducting GNR device with the 
spin filtering ability.  

5. CONCLUSIONS 

Our results endorse that for the generation of spin-polarized currents, formation of spin-ordered edge-
localized states along the zigzag edges is the key mechanism. Since GNRs have long spin-correlation lengths 
and good ballistic transport characteristics they can be considered as a promising active material of 
spintronic devices without the need of ferromagnetic electrodes or other magnetic entities. The spin 
filtering structure could be prepared by the nanolithography of GNR. V-shaped constrictions could be 
realised by means of local anodic oxidation using scanning probe microscopy.  

ac VV - DFT ac VV - EHT 
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Fig. 6 Spin polarized electron transmissivities calculated by DFT (↑ black, ↓ red) for all the structures. 
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Abstract 

The biggest advantages of ZnO are a low price, good gas sensing properties, photocatalytic activity, 
antibacterial activity, possibility to prepare structures with interesting optical properties, like photonic 
crystals, catalytic materials, in small amounts ZnO is not toxic, etc. There is a lot of different methods of 
ZnO nanostructures preparation, like MOVPE, high temperature evaporation, gas spraying, pulsed laser 
deposition, sputtering, sol-gel, wet chemical and electrochemical methods. In our laboratory the special 
research type of MOCVD apparatus combining possibility of plasma exciting oxidizer like N2O, separate 
branch with DEZn in Ar, UV irradiation of the deposition area, low pressure operation and inertless infrared 
radiation furnace has been developed. In the study we have investigated the influence of the growth rate 
on the morphology of ZnO deposited on Si (100), GaP (111) as well as nanoporous GaP substrates. The 
same apparatus has been used for ZnO nanoparticles preparation with the diameter of individual 
nanoparticles of about 25 nm. 

Keywords: ZnO, nanoparticles, MO CVD, morphology. 

1. INTRODUCTION 

Zinc oxide is frequently used in several areas of technology. It is worthy to investigate high-quality self-
textured ZnO films synthesized on different kinds of substrates. In this study we investigate influence of 
the growth rate on morphology of ZnO deposited on Si (100) and GaP (111) substrates. Photoluminescence 
study was used for comparison of the growth condition influence on quality of the deposit.  

In the second part of the contribution we try to list some very important new areas of research ZnO. These 
are in particular : the core-shell nanorods for the photovoltaic dye-sensitized solar cells, transparent 
conducting oxide thin films, thin film transistors, removal of the hydrogen sulfide from natural gas 
streams,coal gas and chemical feedstocks, chemical gas sensors, diluted magnetic semiconductors, 
photocatalysis and toxicity. 

2. EXPERIMENTAL 

In our laboratory the special research variant of the MOCVD apparatus combining possibility of plasma 
exciting oxidizer N2O, separate branch with DEZn in Ar, UV irradiation of the deposition area, low pressure 
operation and inertless infrared radiation furnace was developed. In this study we investigated influence of 
the growth rate on morphology of ZnO deposited on Si (100) and GaP (111) substrates. Growth rate was 
adjusted to changing the vapor phase composition and to obtain the highest growth rates, also the 
substrate position in gas stream was optimised simultaneously. In our experiments surface morphology of 
the ZnO/Si (100) and ZnO/GaP(111) structures at relativelly slow growth rate app. 1-3 µm/ hour are 
nanowalls type. The quantity of rods with diameters up to 500 nm in layers morphology increases when the 
growth rate increases up to 80 µm/hour. In the surface morphology of more than 10 µm thick ZnO layers 
on Si (100) and GaP (111) dominates the hexagonal pyramids with diameter up to 3000 nm, [9]. Generally 
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the surface morphologies of the thick ZnO layers on both substrates are very similar. First part of this 
ZnO/GaP structures is polycrystalline with small grains dimension. Low temperature photoluminescence 
studies of the prepared layers confirm significantly deteriorate optical properties ZnO layers prepared on 
GaP substrates. Similarity in final morphology of the ZnO on both substrates corresponds to the 
selforganization of numerous ZnO molecules and long-range spatial correlation under non-equilibrium 
conditions similarly with CdO [1]. It affects morphology of the second stage of the ZnO deposits. Another 
evidence of the same mechanisms illustrates Fig 1, where identical morphology of ZnO was observed on 
two perpendicular planes of the Si substrate. The same apparatus has been used for ZnO nanoparticles 
preparation with the diameter of individual nanoparticles of about 25 nm. 

2.1. Selforganization 

Self-organization as very important phenomena in nanotechnology is often observed in non-equilibrium 
systems as a modification toward the equilibrium. It is very important to know origin, complexity, 
correlation of self-organization phenomena. Recently, many research works on self-organization have been 
reported, especially in the fields of quantum dots, nanowires, nanotubes, and other nanostructures [1]. Seo 
et al. [2] reported a simple, effective, and innovative approach based on ion assisted self-organization. It is 
used to synthesize size-selected Si quantum dots on SiC substrates at low substrate temperatures. 
Nakamura et al. [3] prepared two- dimensional nano-arrays of Ge quantum dots with the ability to self-
repair by self-organization on Si substrate using an ultra-thin SiO2 film technique. Choi et al. [4] reported 
the self-organized pore formation behavior of porous anodic alumina by investigating correlation between 
morphological change at themetal oxide interface and current-time characteristics during anodization. 
Tsybeskov et al. [5] investigated strain- induced lateral self-organization in Si/SiO2 nanostructures, and 
found that the Si nanolayers exhibited a low density of structural defects and were elastically strained with 
respect to the crystal Si substrate. Ruffino etal. [6] studied Au/Si nanodroplets towards Si nanowires 
formation,and discussed characterization of the thermal-induced self-organization mechanism. Self-
organization phenomena at semiconductor electrodes were also found. Foell et al. [7] reported that 
anodically dissolving semiconductor electrodes such as Si,Ge,GaAs,InP,or GaP exhibit a number of self-
organization phenomena                                                       

                          
Fig 1. Identical ZnO morfology on two perpendicular plane sof the Si substráte. 

 ZnO 

Si substrate 
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such as current oscillations in time and/or in space. List of selforganization studies could be very extended. 
We suppose self organization of the ZnO particles at the MOCVD deposition as a more important 
phenomena than substrate pulling effect.  

Fig 2. shows near band edge (NBE) 
photoluminescence spectra at 4 K from ZnO/Si 
films. The spectra are recorded with 325 nm 
HeCd laser and excitation densities of 5 W.cm-2. 
A strong luminescence in the UV region 
corresponds to the known PL lines for epitaxial 
and bulk ZnO. The observed NBE PL has a 
structure corresponding to the lines of bound 
excitons (BE), two electron satellites (TES) and 
their LO phonon replica (~72 meV). In our best 
samples (grown at high growth rate 80 µm/hour) 
the BE peak at 3.36 eV exhibits FWHM of ~4 
meV, while the intensity of the TES peak is 
substantially lower compared to the BE                                                Fig 2. ZnO/Si PL spectra at 4 K.                                                                                                    

The same apparatus has been used for ZnO nanoparticles preparation. Dimension of the idividual 
nanoparticles of ZnO prepared in described apparatus at 15 torr reaction pressure approaches 25 nm. 

3. NEW DIRECTION of THE ZnO- NANOPARTICLE DEVELOPMENT 

The optimal electrode geometry for the photovoltaic dye-sensitized solar cells (DSSC) is provided by a core-
shell nanorod  with the conducting core being coated by a TiO2 or ZnO shell that would support the dye on 
the outside. The roughly parallel nanorod array should be anchored to a substrate that would form the 
collection electrode. The nanorod surface provides as an effectively large heterojunction area, while the 
metallic nanorod cores themselves provide an optimal path for the charge carriers to reach the electrodes 
below. There are till now only very few reports on the fabrication of nanorod arrays with a core-shell 
structure and their use as a DSSC electrode. Chou et al. [9] first reported a new architecture for  DSSCs  
based on indium-tin-oxide(ITO) nanorods coated with a titania layer. Later Joanni et al. [10] also  reported 
the synthesis of ITO-TiO2 core-shell nanorod arrays by pulsed laser deposition to produce photoelectrode 
with very high interfacial area followed by Wang et al. [11] who used electrophoretic deposition.Ye et al. 
[12] have reported the template based fabrication of nanowire- nanotube hybrid array. Latest study of the 
template-based fabrication of Ag-ZnO core-shell nanorod arrays reports a very general strategy for the 
fabrication of aligned nanorod arrays with a metallic core and a metal oxide shell, using a combination of 
electrochemical and wet chemical methods, [13]. 

The demand of transparent conducting oxide (TCO) thin films has been increasing for applications such as 
flat panel displays, solar cells and functional windows. Although the indium tin oxide (ITO) thin film has 
been used in commercial products as transparent electrodes. Research for an alternative material and its 
thin film deposition technique is required because of the high cost of indium and its limited supply. In 
recent years, zinc oxide (ZnO) doped with group-III elements has shown promising properties as an 
inexpensive and alternative TCO material. ZnO films can be modified by the doping of metals, such as 
aluminum (Al) or gallium (Ga) [15, 16]. Among these metal dopants the Ga doping seems to be the 
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most successful and promising due to its advantages, such as the rather similar ionic radius and the 
covalent radius (0.62 and 1.26 Ă ), as compared to those of Zn (0.74 and 1.34 Ă ), respectively [14]. The 
optical bandgap of ZnO-Ga thin films showed the lower blueshift than the theoretical value of the Burstein-
Moss (BM) effect. The shift of bandgap was dependent on the carrier concentration and acquired by 
combining the nonparabolic BM effect and bandgap narrowing (BGN). The modified BM effect equation 
was proposed to substitute the nonparabolic BM effect and BGN. The exponent in the modified BM 
equation was affected by carrier concentration and it was decreased with carrier concentration, [17]. 

Thin film transistor (TFT) operates as an electronic switch, in which the current flow between source and 
drain electrode is modulated by the gate electrode. TFT is regarded as an essential element for liquid 
crystal display, image sensor and many other electric fields. Since future electronics will be a flexible form, 
organic TFT (OTFT) has regarded as a future flexible electronic modulator and received growing attention 
from 1986 when the first OTFT was reported by Tsumura and coworkers [18]. Because of their superior 
compatibility with flexible substrate and easiness of device fabrication,OTFT has another huge advantage 
which is its ability to be fabricated as a plastic electronic by roll-to-roll processing, which will lead massive 
production and reduction of cost. Recent progress has been made toward improved performance and 
stability of OTFT through advanced device architecting and synthesis of new organic material. However, the 
performance of OTFT is still far lower than that of their inorganic counterparts and required properties for 
suitable electronic applications an alternative method to prepare printed TFT should be considered. 
Inorganic oxide semiconductor using solution process has been used to replace organic semiconductors 
because of their superior properties such as atmospheric stability and relatively high mobility [19-21]. Very 
encouraging  results obtained by gravure printed InGaZnO thin films as an active channel layer in thin film 
transistors were obtain in [22]. 

Hydrogen sulfide is a familiar impurity in natural gas streams,coal gas and chemical feedstocks . Due to the 
fact that it is a very hazardous, toxic, corrosive and pyrophoric gas, the  H2S removal has been necessarily 
studied applying various methods - one of the most well-known of which is adsorption . Zinc oxide is among 
the most common and promising materials used in H2S adsorption, since it can ensure a satisfactory level 
of H2S removal [23]. 

Nanostructure ZnO is a promising material for chemical gas sensors because of its large surface-to-volume 
ratio, which improves its response. ZnO gas sensors have been recently studied extensively due to the 
simplicity of its preparation, high chemical stability and it has been prepared by different methods. Many 
studies had focused on the aceton, etanol, hydrogen etc. sensing properties of ZnO. However, sensors 
based on ZnO nanostructures were found to have low response. Despite the fact that much work had been 
offered for ZnO gas sensors, more investigation are still needed, especially to increase the response of the 
ZnO gas sensors [24]. 

In recent years, diluted magnetic semiconductors (DMSs) have been found to play an important role in 
interdisciplinary material science, especially in magneto- and spin-electronics. Spin-electronic devices based 
on DMSs materials, where the spin degree of freedom has been utilized, have potential application in the 
fields of new spin-electronic devices such as spin valve, spin light emitting diodes, spin field effect 
transistors, non-volatile memory, optical isolators, ultra-fast optical switches and quantum computation 
[26]. ZnO-based DMSs in particular, have widely attracted interest for potential applications since the 
recent theoretical predictions [27, 28] assumed transition metal (TM)-dopedZnO as one of the most 
promising candidates for room temperature ferromagnetism.  
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Aside from TiO2, ZnO is one of the most promising materials for remediation of contaminants and 
destruction of microorganisms. Both materials exhibit very similar band gaps (ZnO, 3.37 eV; TiO2,3.2 eV) 
and conduction band edge positions. These semiconductors are well established and there has been 
considerable interest in their applications to the area of photocatalysis [29]. The general scheme for the 
photocatalytic destruction of organic compounds involves the following three steps: (i) when the energy 
hν_ of a photon is equal to or higher than the band gap (Eg) of the semiconductor, an electron is excited to 
CB, with simultaneous generation of a hole in the VB; (ii) then the photoexcited electrons and holes can be 
trapped by the oxygen and surface hydroxyl, respectively, to ultimately produce the hydroxyl radicals 
(•OH), which are known as the primary oxidizing species; and (iii) the hydroxyl radicals commonly 
mineralize the adsorbed organic substances. However, the photoexited electrons and holes can also 
recombine to reduce photocatalytic activity of the semiconductor. To overcome this limitation, 
modification of semiconductors with noble metals is one of the most efficient ways [30]. ZnO/Ag composite 
structure is now an exciting area in research for developing photocatalytic applications. 

ZnO nanoparticles are used in various commercial products such as cosmetics and sunscreens  and are 
known for their anti-bacterial activity. In [25] was shown that semiconductor nano-oxides are much more 
toxic than nano-oxides that are insulators in bulk, and the presence of dopants in the semiconductor nano-
oxides can alter the toxicity. Electronic properties of the nano-oxides, determined by their chemical 
compositions, and can be modulated by crystalline structure, defect, size, shape, and morphology, may play 
an important role in the observed cytotoxicity. 
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Abstract 

Very prospective area of usage nanocomposite systems is paint industry, when addition of small amount of 
suitable nanoparticles leads to positive affecting a number of properties of modified materials. Option of 
suitable nanoparticles, their compatibility with final mediums, eventually suitable option of dispersing 
methods are important for application. For paint industry are very important nanoparticles, which 
positively influence several properties of paint film at once. As a sample of such material it is possible to 
state nanoparticle zinc oxide. Zinc oxide was prepared by precipitation method. Methods acoustic 
spectrometry, atomic force microscopy and transmission electron microscopy were used for evaluation of 
shape and size distribution of ZnO nanoparticles. 

Keywords: nanoparticle zinc oxide, zinc oxide preparation, particle size distribution 

1. INTRODUCTION 

Recently, a great attention is paid to study of preparation and properties of nanomaterials usable in many 
industrial applications. These materials are utilized in various fields of human activities - e.g. in electronics, 
medicine, cosmonautic, car industry etc. Very prospective area of application of nanocomposite systems is 
paint industry, where addition of small amount of suitable nanoparticles positively affects a number of 
properties of modified materials such as weatherability, thermostability, and resistance against different 
solvents. Selection of suitable dispersion methods, types of nanoparticles and their compatibility with 
binders are important factors for effective application. 

2. WORK SCOPE 

For paint industry are very important nanoparticles, which positively influence several properties of paint 
film at once. An example of such material is nano-size zinc oxide, which has two very important functions 
for paint films. ZnO nanoparticles act as an UV filter and shows antibacterial effect at the same time. Our 
attention was paid to preparation of zinc oxide nanoparticles of acceptable price and providing desirable 
physical properties. 

3. EXPERIMENTAL 

For preparation of zinc oxide precipitation method was selected, which was modified for aqueous and 
nonaqueous systems. Used raw materials were solutions of NaOH, Zn(CH3COO)2.2H2O and special type of 

stabilizer. Six colloidal solutions was prepared with increasing concentration of stabilizer (1,21%, 3,54%, 
4,03%, 5,22%, 6,84% a 10,44%). 
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4. RESULTS 

Particle size distribution in colloidal solution is highly influenced by stabilizer concentration. With increasing 
stabilizer concentration distribution curve direct towards lower valuables particle size (Fig.1). 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig.1: Effect of stabilizer concentration on particle size distribution 

Similar results give AFM method also. With increasing concentration of stabilizer decrease particle size of 
ZnO (Fig. 2 and Fig.3). 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig.2: Particle size distribution of ZnO from AFM for      Fig.3: Particle size distribution of ZnO from AFM for  

colloidal solution with stabilizer concentration 1,21%                 colloidal solution with stabilizer concentration 0,44% 

Particle size in sediment is only little influenced by stabilizer concentration (Fig.4 and Fig.5). The amount of 
sediment decrease with increasing stabilizer concentration. In case of highest stabilizer concentration 
(10,44%) was observed only minimal sediment. 
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   Fig.4: Particle size distribution of ZnO from AFM                Fig.5: Particle size distribution of ZnO from AFM  

                for sediment with stabilizer concentration 1,21%                 for sediment with stabilizer concentration 0,44% 

5. CONCLUSIONS 

Fundamental significance for nanoparticle size and polydispersity has suitable type and concentration of 
stabilizer. Acoustic spectrometry, AFM and TEM were utilized as methods suitable to study effect of 
stabilizer concentration on these parameters. The same methods were used to classification of studied 
colloidal system stability. It was observed sedimentation of certain part of zinc oxide particles within 
system, whereas particle size decreases with increasing concentration of stabilizer. Fundamental question 
was, whether the sediment is formed by larger primary particles or by aggregates of them. To explain this 
effect, the shape and size of particles in colloidal solution and sediment were studied by AFM and TEM 
methods. 
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Abstract 

The first reference about electrospinning is more than 100 years old. Inventor Cooley and his patent deal 
with apparatus for electrically dispersing fluids. This topic will refer about electrospinning, preparing 
nanofibrous layers, making nanoyarns and weaving fabric. Electrospinning is the process for preparing 
nanofibers from polymer solution or polymer melts. Electrostatic field created between two electrodes 
draws polymer stream from polymer solutions or polymer melts. This stream is elongated; solvent is 
evaporated between two electrodes. The nanofibers are deposited on opposite electrode, it is called 
collector. This special collector consists of conductive material. Collector is compound from two parallel 
rows, each row consists of cuprum combs. Nanofibrous layer is deposited on the top of combs. Polymer 
polyvinyl alcohol - PVA was used for preparing oriented layer. This layer is oriented in same direction as 
collector. Final nanofibrous layer is taken off from the collector and this layer is twisted by force of 
electromotor. The twisted layers are called nanoyarns and made as fabric. The final area of nanofibrous 
fabric is 2x2 cm. This fabric from nanoyarns can be suitable to use as reinforcement in composites 
materials, in electrotechnics, biomedicine as a scaffold. 

Keywords: electrospinning, nanofibers, nanoyarn 

1. INTRODUCTION 

Cooley patented his first experiment about dispersal fluids in electrostatic field in the 1902. The title was -
“Apparatus for electrically dispersing fluids” [1].  Zeleny introduced his work on “The electrical discharge 
from liquid points, and a hydrostatic method of measuring the electric intensity at their surface” [2] few 
years later in 1914. Electrospinning process uses electrostatic field to produce nanofibers. Nanofibers are 
fibers with diameters about 100 - 500 nm. Basic process of electrospinning Fig. 1 uses high voltage and 
electrostatic field between two electrodes. The first one is roller in a polymer solution and on opposite side 
electrode is collector. Taylor´s cone are generated from the roller surface [3]. From this cones polymer jets 

are formed. These jets are in electrostatic field draw and 
solvents are evaporated [4]. Drawing and evaporation is very 
intensive process. When nanofibers are dry they are 
collected on second electrode (collector). Fibers are collected 
randomly, when the common plate collector is used. It is 
possible to organize nanofibrous layer if special collector is 
used [5]. These ultra fine fibers have large surface area.  
Applications are filtration and medical use as a scaffold.  

 

Fig.1. Nanospider TM, roller in polymer solution and collector. 
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2. TECHNOLOGY 

Electrospinning is the process for preparing nanofibers from polymer solution. Many parameters can an 
effect the main process. Polymer solution and his spinability depends on viscosity, conductivity and surface 
tension. The main role is played by electric parameters like distance between spinning electrode and 
collector, electric potential and a material used for collector (conductivity). Ambient parameters are 
humidity and temperature. These parameters are possible to transform with air conditioning [6]. Some 
types of polymers need higher temperature of polymer solution and prescribed humidity. 

2.1.  NanospiderTM 

All experiments were made using NanospiderTM. This machine is shown in Fig. 2. 

Fig. 2: NANOSPIDERTM technology: 1- high 

voltage source, 2 - engine to motion roller, 3 - 

ground, 4 - basin with polymer solution and 

roller, 5 - polymer nanofibers, 6 - grounded 

collector, 7 - frame with distance / position 

regulation. 

The idea of NanospiderTM is based on a 
slowly rotating roller in a polymer solution. 
The polymer solution is yield on surface of 
the roller. On the top, Taylor´s cones [3] 
rise from this roller and form polymer jets 
and later on nanofibers. Between 

electrodes is a very strong field electro static field. That causes drawing of polymer jets. From polymer jet 
the solvent evaporates and nanofibers rise. Nanofibers are collected on the grounded collector.  

2.2. Special collector 

Nanofibers are deposited on collector having a form of a metal plate. The shape can be circle or square. 
Electric charge is homogenously distributed on this collector. Therefore nanofibers are randomly deposited. 

Special collector was used for experiments 
Fig. 3. This collector has inhomogeneously 
distributed electric charge. On the top of 
special collector is higher intensity of electric 
field [7]. Therefore nanofibers are 
preferencialy deposited on these places. 
Nanofibers are oriented along the collector.  

 

Fig. 3. Special collector with nanofibrous layer on 

the top. Size of special collector is 50 cm. 



12. - 14. 10. 2010, Olomouc, Czech Republic, EU 

 
 

100 

2.3. Used polymer and processing parameters 

For experiment was used water soluble polymer, particularly polyvinylalkohol (PVA) of 16wt% from 
Chemické závody Nováky (Slovakia). This polymer was diluted to concentration 12wt%. Experiments were 
made with NanospiderTM. The distance between roller and the collector was 120 mm and with used voltage 
of 45 kV. The duration of the experiment was 15 minutes, under at ambient humidity about 40%. 

2.4. Vibrodyn 400 

For these experiments five samples of yarns with different fineness were used. Clamping length for each 
sample was 1cm. Individual yarns were measured on the device VIBRODYN 400. Apparatus for measuring 
the strength of fibers VIBRODYN 400 works on the principle of the dynamometer with a constant 
deformation increment. The device is connected to the instrument for measuring the fineness of fibers 
VIBROSKOP 400, which operates on the principle of vibration of the fibers. According to the oscillation 
frequency and bias fibers automatically have a predetermined linear density (denier). Both devices are 
connected to a computer. The software allows statistical evaluation of fineness, strength, tenacity and the 
relative strength. Following table Tab. 1.show the value of elongation, strength and relative strength of 
various yarn fineness.  

         Tab. 1. Elongation, strength and relative strength of various yarn fineness. 

Yarn fineness 221 tex Yarn fineness 505 tex 
elongation 

[%] 
strength  

[cN] 
relative strength  

[cN/tex] 
elongation 

[%] 
strength  

[cN] 
relative strength  

[cN/tex] 
28,2 318,5 1,441 16,6 420,8 0,833 
37,9 224,3 1,015 30,7 541,6 1,072 
51 284,8 1,289 60,2 666 1,319 

30,7 301,5 1,364 88,4 572 1,133 
42,9 233,5 1,057 102,8 665,9 1,319 

38,14 272,52 1,233 59,74 573,26 1,135 
Yarn fineness 229 tex Yarn fineness 539 tex 

elongation 
[%] 

strength  
[cN] 

relative strength  
[cN/tex] 

elongation 
[%] 

strength  
[cN] 

relative strength  
[cN/tex] 

40,4 338,2 1,477 28,5 683 1,267 
61,7 370,8 1,619 66,6 624,6 1,159 
55,2 219,6 0,959 45,2 655,6 1,216 
47,3 475,6 2,077 46,767 654,4 1,214 
58,7 370,7 1,619 

   52,66 354,98 1,55 
   Yarn fineness 474 tex 
   elongation 

[%] 
strength  

[cN] 
relative strength  

[cN/tex] 
   67,5 542,4 1,144 
   72,1 671,7 1,417 
   42 674,4 1,423 
   69,1 476,3 1,004 
   53 665,9 1,405 
   23,7 434 0,916 
   54,567 577,45 1,218 
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      Fig.5 Fractured part of Nanoyarn.                     Fig.6 Detail view on twisted nanoyarns. 

 

Fig.7 Plain weave made from nanoyarns 

3. CONCLUSION 

This paper presents our results obtained with special collectors. On this collector is enabled to produce 
oriented nanofibrous layers. These special collectors used electrostatic charge for deposition. These 
electrostatic charges are not homogeneously distributed on a surface of the collector and hence it is 
possible oriented nanofibrous layer. The lengths were around 50 cm before twisting. After twisting the final 
lengths were shorter, around 45 cm. Twist was given using engine with rotation speed around 750 rpm, 
time duration was 1 minute. From nanoyarns were prepared fabric with plain weave Fig.7. Used polymer 
was PVA for this experiment. It is possible to prepare biodegradable materials for tissue engineering when 
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biodegradable polymer is used. Next use can be in filtration. For better filtration properties on this fabric 
can be placed nanofibrous layer.  
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Abstract 

Ambient parameters include humidity and temperature of surrounding environment of spinning area. 
Many studies have been conducted to examine effects of ambient parameters. Their results show that the 
average fibers diameter decreases with increasing temperature in the needle electrospinning. With 
increasing humidity some small circular pores may appear on the surface of the fibers. In the needleless 
electrospinning, the effect of relative humidity and temperature are different. In this work, poly (vinyl 
alcohol), molecular weight of 80,000 (g/mol), degree of saponification of 88 per cent, as 12 per cent 
solution in water was electrospun on a roller electrospinner. Two sets of humidity and temperature values 
were established to verify the effects of ambient parameters on roller electrospinning. The first set keeps 
the temperature at constant value of 25 degrees Celsius and change humidity in a following series: 20%; 
25%; 30%; 35%; 40%; and 45%. The second set keeps the humidity at constant value of 27.5% and change 
temperature follow series: 200C; 230C; 250C; 270C; and 300C. Some process and product properties such as 
spinning performance, average fibers diameter, fibers diameter distribution, content of non-fibrous 
particles were determined and discussed in relation to ambient parameters. 

Keywords: roller electrospinning, ambient parameters 

1. INTRODUCTION 

Studies have been conducted to examine the effects of ambient parameters (i.e., temperature and 
humidity) on the electrospinning process. Mit- Uppatham [2] have investigated the effect of temperature 
on the electrospinning of polyamide-6 fibers ranging from 25 to 60 °C and found that with increase in 
temperature, there is a yield of fibers with decreased fiber diameter, and they attributed this decline in 
diameter to the decrease in the viscosity of the polymer solutions at increased temperatures. There is an 
inverse relationship between viscosity and temperature. The variation in humidity while spinning 
polystyrene solutions has been studied and shows that by increasing humidity there is an appearance of 
small circular pores on the surface of the fibers; further increasing the humidity leads to the pores 
coalescing [4]. It has been found that at very low humidity, a volatile solvent may dry out rapidly as the 
evaporation of the solvent is faster. Sometimes the evaporation rate is so fast than compared to the 
removal of the solvent from the tip of the needle and this would create a problem with electrospinning. As 
a result, the electrospinning process may only be carried out for a few minutes before the needle tip is 
clogged [3]. It has also been suggested that the high humidity can help the discharge of the electrospun 
fibers [6; 5]. Hence, apart from solution and the others processing parameter, ambient parameters also 
affect the electrospinning process. 

Up to now, we have two popular ways to produce nanofibers using high voltage, those are needle 
electrospinning and needle-less electrospinning. The first way has been used popularly by researchers in 
laboratories. By using needle electrospinning, spinable polymers solutions are easier to be spun and 
controlled to achieve desired products. The other method is called the needleless electrospinning or roller 
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Table 1. Process parameters 
Roller length (mm) 145 
Roller diameter (mm) 20 
Roller angular velocity (rpm) 4 
Distance between electrodes (mm) 120 
Source voltage (kV) 60 

 

electrospinning. Needle electrospinning device has only one jet during electrospinning process and the 
spinning area is very small (0.5-1 mm2). In the needleless electrospinning, there are a great number of jets 
producing nanofibers simultaneously and the spinning area is much bigger than in needle electrospinning 
(around 3000 mm2). This deference causes the effects of ambient conditions in roller electrospinning is 
dominant in comparing to in needle electrospinning. Two figures below show schematic diagram of needle- 
and needleless apparatuses. 

 
Schematic diagram of a needle electrospinning device is shown in fig. 1. It consists of a syringe (a), hollow 
needle (b), feeding mechanism (c), a grounded collector electrode (d) and a supply of high voltage (e). 
Charged solution of polymer is fed through the hollow needle. Due to electric field, Taylor cone is created 
at the tip of hollow needle. A polymer jet moves out of the tip of Taylor cone which is subsequently 
converted into submicron fibers. In needleless (roller) electrospinning (schematic diagram in fig. 2), a slowly 
rotating roller is partially immersed in polymer solution. Polymer solution is connected to a high voltage 
source. Collector is usually grounded. In electrospinning process, polymer solution is taken to the surface of 
the roller because of its rotation. With suitable high voltage, many Taylor cones are simultaneously created 
on the roller surface, and produce nanofibers. The nanofibers are then transported towards the collector 
[1]. 

2. EXPERIMENTAL 

Poly (vinyl alcohol), molecular weight of 80,000 (g/mol), hydrolysis grades of 88 per cent, as 12 per cent 
solution in water was electrospun on a roller electrospinner. Two sets of humidity and temperature values 

were established to verify the effects of 
ambient parameters on roller 
electrospinning. The first set keeps the 
temperature at constant value of 25 
degrees Celsius and change humidity in a 
following series: 20%; 25%; 30%; 35%; 40%; 
and 45%. The second set keeps the 

humidity at constant value of 27.5% and change temperature follow series: 200C; 230C; 250C; 270C; and 
300C. 
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G is weight of nanofibers membrane per area in g/m2. 
v is velocity of running collected fabric, in m/min. 
lF is the width of nanofibers membrane on collected fabric, in m. 
lR is the length of spinning roller, in m. 

The solution will be taken to spin 
by the roller spinning apparatus in 
the laboratory of Technical 
university of Liberec, the process 
parameters were set as shown in 
table 1. 

Pictures of microstructure of 
nanofibers membrane will be 
taken by scanning electron 
microscope (SEM) branded Feico. 

The properties of nanofibers membrane as fibers diameter, non-fibrous area (NFA) will be determined by 
using Nis-Elements and LUCIA software as shown in formula (1); throughput (SP) of those products will be 
determined by weighting nanofiber layer and calculating using formula (2) above. 

3. RESULT AND DISCUSSION 

To get easier to understand, the samples have been named as Tx-Hy, in this, x is value of temperature in 
Celsius degree; and y is the value of humidity in per cent. For example, T25-H30 means the conditions for 
spinning process of the sample is at 250C and 30% humidity. The results show in table 2. 

Table 2. Products properties 

Sample Throughput (g/min/m) Fiber diameter (nm) Non-fibrous area (%) 
T25-H19 0.8 243 0 
T25-H25 0.671 223 0 
T25-H30 0.903 235 0.113 
T25-H35 0.904 254 0.215 
T25-H40 0.621 228 2.216 
T25-H45 0.768 237 6.286 
T20-H27.5 1.168 265 0.162 
T23-H27.5 0.987 247 0.116 
T25-H27.5 0.746 226 0.097 
T27-H27.5 0.485 204 0.09 
T30-H27.5 0.377 186 0.096 

The data from table 2 shows that, throughput and 
fiber diameter have close proportion to temperature 
but they look seem to be independent with humidity. 
Conversely, non-fibrous area shows the strong 
dependence on humidity. These will be illustrated 
clearer following the figures below. 

Fig. 3 shows the temperature dependent of throughput 

and fiber diameter. Both of them decrease with increasing 
temperature. These decreases can be explained by the 
temperature dependent of viscosity of spinning solution. 
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It is obvious that, the viscosity of solution depends strongly on temperature. It is illustrated in equation 3. 
In that, η is viscosity of solution, A is approximately a constant, Q is activation energy, T is absolute 
temperature an R is the molar gas constant. We can see that, the viscosity will decrease with increasing 
temperature. 

Because of this decrease in viscosity therefore the throughput and fiber diameter of the product decrease 

(fig. 8, fig. 9). 

 

Meanwhile, the throughput and fiber diameter do 
not show any dependence on humidity, as illustrated 
in fig. 4.  

Another property of nanofibers membrane from 
roller electrospinning is non-fibrous area properties. 
Data from table 2 shows that, non-fibrous area 
property depends strongly on humidity in spinning 
process. This property almost does not exist at low 
humidity (when humidity is lower that 25%), but it 
increases strongly at high value of humidity (as 
illustrated in fig. 5, fig. 6, fig. 7).  

 

 
During spinning process, it is necessary to have suitable conditions for polymer solution to become solid. 
Another word, it requires conditions for  solvent evaporate easily. There are some factors effect on 
evaporation process of solvent as space of spinning box, distance between roller and collector, and an 
important factor is humidity in spinning process. 
 

In needle electrospinning process has only one jet, 
but in roller electrospinning process has a great 
number of jets. Thus, humidity effects strongly on 
non-fibrous property. With high value of humidity, 
the evaporation rate of solvent becomes slow. In 
case of the other parameters are the same, solvent 
does not enough time to evaporate completely. So 
there is still amount of solution reach to collector. 
This causes non-fibrous area on nanofibers 
membrane. That is the reason why the non-fibrous 
area increases strongly with increasing humidity. Of 
course it only occurs when the humidity is higher 
than some-value (This value depends on the other 
setting parameters as distance between roller and  

                  collector, velocity of the wind and so on).  

)3(. RT

Q

eA=h
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These figures below show some SEM pictures of the samples. 

  

Fig. 6. SEM picture of T25-H19 Fig. 7. SEM picture of T25-H45 

  
  

Fig. 8. SEM picture of T20-H27.5 Fig. 9. SEM picture of T30-H27.5 

4. CONCLUSION 

The results above show that, the product’s properties of roller electrospinning process depend strongly on 
ambient conditions as temperature and humidity. 

The throughput and fiber diameter are temperature dependent but they do not show proportional to the 
humidity in spinning process. With increasing temperature, the throughput and fiber diameter decrease. 

Conversely, the non-fibrous property is humidity dependent but it does not depend on the temperature in 
spinning process. The value of non-fibrous area increases strongly with the increase in humidity.  
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Abstract 

Electrospinnig is a process to create nanofibres by application of high voltage on the polymer solution. It is 
proved that nanofibres keep some amount of charge during their deposition and some of them are charged 
even few hours after that. The contribution discusses an interaction between electrospinning jet and 
ambient air containing Radon. Radon nuclear decay creates progenies which are mainly positively charged 
due to their β decay and these positively charged Radon daughters are then attracted and trapped by 
negatively charged nanofibers. This process can be used in several applications to protect humans against 
charged radio isotopes like for example in the case of terrorist attack or as active filters of radon daughters. 
Several layers containing parallelized nanofibers have been prepared and preliminary tested as filters of 
ionized particles/nuclides.  

Keywords: Radon daughter’s deposition, electrospinning, nanofibers, filters. 

1. INTRODUCTION 

The surface of solution can be positively or negatively charged depending on the polarity of the source. 
Polymeric jets are then created by the destabilization of the surface of the polymeric solution by the 
actuation of electric forces [3].  There is a massive evaporation of the solvent during the jet’s flying, but 
some residual charge has been kept on the fiber. This residual charge has been patent mainly for 
ferroelectric polymers such as for example Polyvinylidene Fluoride (PVDF) which is permanently bipolar. 
They can attract negatively charged radon daughters.  

The description of radiant effects starts here with irradiation caused by Radon. Radon is the chemical 
element with atomic number 86. It is the invisible, radioactive noble atomic gas that in the nature results 
from radioactive decay of some forms of Uranium , U, that may be found in igneous rock formations 
beneath buildings or in certain building materials. Radon is being continuously produced by radioactive 
decay of Radium isotope 226Ra, as the consequence of Uranium decay, spread all over the world. Radon is 
one of the heaviest gases. The most stable Radon isotope, 222Rn, has a half time of 3.8 days, see Remy [1]. 
Radon gas and its solid decay products are recognized and considered to be a serious health hazards since 
they are carcinogens. However, the pathways linking Radon decay consequences to living tissues are not 
direct. The crucial links occur via a deposition mechanism of the radioactive Radon daughters, as 
introduced by Batkin [2]. Detail analysis of toxilogical aspects of Radon was described by Roper [4]. The 
deposition of Radon decay products on electrospun materials and electrodes of electrospinners was 
studied using various detecting technologies ranging from etched-track detectors, proportional counters, 
gamma spectrometers, etc. Radon decay progeny are not gases (Po, Bb, Bi) but solids, viz (Fig. 1). They can 
be attached easily to tiny aerosol particles, and these particles may be trapped in the lungs what results in a 
lung dose from alpha and beta radiation.   
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Fig. 1. The decay scheme of 222R: All 

isotopes are assigned with atomic 
numbers, half times in minutes [m] 
and emitted particles. For example 
218Po has an atomic number 218, half 
time 3.05 minutes and disintegrates 
into 214Pb by emission of 6 MeV 
energetic alpha particle. 

Radon, 222Rn, decay products are 
also intensively deposited onto 
surfaces of electrospun materials 
and electrospinner parts. The 
deposition is caused by an 
attraction between any negatively 
charged solids and positively 
charged radon daughters. Radon 
daughters have the electrostatic 
affinity to negatively charged 
surfaces since they are positively 
created as a result of the stripping 
of electrons from the parent atom 
during their radioactive decays. 
The investigation of the 

deposition of aforementioned heavy metals should be critical for an application of nanofibrous materials in 
tissue engineering due to health hazards of heavy metals. Recent human health hazards increase because 
in modern industrial environment a human body often carries a negative static charge since a body 
potential up to tens of kilovolts can result from everyday activities such as walking across synthetic floors, 
working with plastic materials or from coming into contact with charged objects.  

2. EXPERIMENT 

A series of electrospraying as well as electrospinning experiments have been carried out under special 
conditions to confirm that even scant mass of electrospun nanofibrous layer, not greater than tens of 
grams, can exhibit radioactive activity that should be more than four times higher than the natural 
background (123 ± 8 nSv/h , where SI unit Sv is the Sievert, derived unit of dose equivalent), in which 
samples were prepared, registered by twin Geiger-Müler Tubes of the Radiometer ‘VOLTCRAFT HS - 036‘ 
(Fig. 2). Measurements of this deposition were made with negatively and positively charged collectors, for 
various temperatures, to exclude effects from an electron shell. All deposited nanofibers were stored on 
the bending spunbond textile and taken down from the collector before all dose measurements. For all 
samples we measured the same half-time with various radiation intensities. About one half lower 
irradiation intensities were detected on positively charged collectors, compared with positively charged 
ones under the same conditions.  
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Fig. 2. Deposits of electrospraying and electrospinning materials of a mass around tens of grams exhibit high-energy 

excitations four times higher than the laboratory background (123 ± 8 nSv/h). The activity was registered by twin 
Geiger-Müler Tubes of the Radiometer ‘VOLTCRAFT HS - 036‘. Two independent samples were measured, one heated 

up to 100 °C (red) and second under room temperature to exclude effects from the electron shell. 

Fig. 3. Energy disperse X-

ray analysis (EDS) of Lead 
210Pb amount in sample 
prepared by 
electrospinning. The 
electrospunn nanofibrous 
sample was prepared from 
10% PVA solution in 
demineralised water. The 
immediate sample 
radioactivity was about six 
times higher than 
background. 

Complex measurement 
of this process was done 
too. Results proved that 
radiation observed 
during electrospinning 
was a deposition of 
Radon progeny, what is 

in accordance with the observed asymmetry of observed radiation intensities from positively and 
negatively charged collectors covered by heaps of collected materials.  Positively charged Radon daughters 
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are more attracted by negatively charged bodies. Also was observed that Radon daughter deposits are 
more attracted by a stable negatively charged collector than by a negative jet discharge that results in 
nanofibers. The fundamental general theory which explains process of Radon deposition in details was 
introduced by Batkin et. al. [2].  

It is obvious from (Fig. 1) that at the end of Radon radioactive decay is Lead isotope 210Pb with half time 
22.3 years. This was analyzed by scanning electron microscope JEOL JED-2300 with EDS (energy disperse X-
ray analyzer). One can see, that amount of this isotope is immeasurable (Fig. 3). 

Another idea is to use ferroelectric polymers as active filters for positively charged isotopes. Ferroelectric 
materials demonstrate spontaneous polarization such as for example Rochelle salt. An example of 
polymeric material indicates ferroelectric feature is Polyvinylidene Fluoride (PVDF). Nanofibers made of 
PVDF were electrospun, parallelized and then collected. Their ferroelectric property is clearly demonstrated 
by “ballooning” of stored parallelized nanofibers (Fig. 4). This “ballooning” is due to the nanofiber’s ability 
to keep the residual charge and the repulsion force in between identically charged fibers. For detailed 
explanation of PDVF preparation see chapter 3 “methods”.  

 
Fig. 4: Deposited parallel PVDF nanofibers 

3. METHODS 

The 10% aqueous PVA solution was prepared by dissolving the polymer in distilled water. Polyvinyl-alcohol 
Sloviol-R was purchased from Novacke chemicke zavody, Novaky, Slovakia, having a predominant molecular 
weight of 60,000 g/mol. The temperature during the experiments was 21oC 2± oC and the air relative 

humidity was 40 5± %. As a source of high electrostatic filed, the 300 Watt High Voltage DC Power Supply 
with regulators; model number PS/ER50N06.0-22; manufactured by Glassman High Voltage, INC. with 
output parameters: 0-50 kV, 6mA, was used. The distance between electrodes was 10 cm and voltage of 25 
kV was applied.    

Polyvinylidene Fluoride (PVDF) was purchased from Goodfellow Corporation. After dissolving PVDF in 
dimethylacetamide (DMAC), we measured its molecular weight by dynamic light scattering (Malvern 
Instrument Ltd). The polymer had a broad molecular weight distribution varying between 11,700~41,900 
Da. Polyethylene Oxide (PEO, MW=1,000 kDa) and DMAC were obtained from Sigma-Aldrich. 0.2 g PEO and 
2 g PVDF were dissolved in 10 g DMAC at 55°C. 

Same source of electrostatic field as for solution of PVA was used as well. Two parallel and vertically placed 
cupper wires with distance 10 cm between them were used as a collector. 
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4. CONCLUSIONS 

This process can be used in several applications to protect humans against charged radio isotopes like for 
example in the case of terrorist attack or as active filters of radon daughters. It was proved, that nanofibers 
can attract radon daughters and by this was it can be used as active filters for several applications. Anyway 
many another experiments has to be done in specially prepared radon room where is possible to set exact 
dose of radon disintegration.  
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Abstract 

Nowadays, we can see a strong effort in seeking for highly performing materials for cheap organic 
electronics. Together with the high performance of the materials, the usual second requirement is their 
high photo- and thermal- stability. Therefore we have investigated a several derivatives of 3,6-diphenyl-2,5-
dihydro-pyrrolo[3,4-c]pyrrole-1,4-dione (commonly referred to as DPPs).  

Several different derivatives of DPP with alkyl side groups were synthesized to increase their solubility. 
Simultaneously, groups with various electron donating or withdrawing ability were linked to the basic 
pyrrolinone core to improve some of their optical and electrical properties such as absorption molar 
coefficient, conductivity, photogeneration yield and others. Thermal and thermooxidative stability was 
studied by thermal gravimetry and differential scanning calorimetry in either nitrogen or air. Relationship 
between the molecular structure of DPPs, organic thin film morphology and their optical and 
optoelectronic properties such as charge transport and photogeneration were studied. It was shown, that 
depending on the side groups substitution, studied DPPs exhibit high molar absorption coefficient as well as 
high quantum yield of fluorescence or significant quantum yield of photogeneration. Some derivates exhibit 
good charge transport and electroluminescence properties. These properties together with chemical, light 
and thermal stability predestines them as potential candidates for electronics and optical applications such 
as photovoltaic and lighting devices, OFET transistors, gas sensors and others. 

Keywords: organic electronic, nanomaterials, fluorescence, OLED, OFET, electroluminescence 

1. INTRODUCTION 

Organic semiconductors are poised as never before to transform the world of circuit and display 
technology. After more than 20 years of academic and industrial research worldwide the organic 
semiconductors has reached a very high level of outstanding material properties that are particularly 
attractive for the electronic industry. For this to become a reality, an intensive research has to be done. 
This intense research led to the discovery of the polymer-based light emitting diode (LED) [1] in 1990 by the 
Cambridge group in England. At the same period the high-performance electroluminescent devices made of 
multilayer of vacuum-sublimed dye films at Eastman Kodak [2], field-effect transistors made from 
polythiophene [3, 4] and from small conjugated oligomers [5, 6] were demonstrated. 

Nowadays, there are many potential applications including light-emitting devices, photovoltaic solar cells, 
plastic field-effect transistors, non-linear optical devices. Major electronics enterprises such as Sony, 
Philips, Samsung, Siemens, etc. are now developing the low cost and surprisingly high performance organic 
electronic and optoelectronic devices. Organic solar cells, thin large-scale multicolor displays together with 
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flexible active matrix of organic thin film transistors (OTFT) are now commercially available. Functional 
polymers are applied also in the logical circuits, which give rise to a new branch - ‘Plastic Logic’. 

2. MATERIALS 

2.1. DPP derivatives 

Several different derivatives of 3,6-diphenyl-2,5-dihydro-pyrrolo[3,4-c]pyrrole-1,4-dione, commonly 
referred to as DPPs, were synthesized. The DPPs are mainly used as high 
performance industrial pigments. This requires excelent photostability, high 
absorption coeficients but also low solubility. However, the ability to 
solubilize these materials would open the possibility to use solution-based 
techniques (spin-coating, drop-casting, inject printing, etc.) to prepare 
devices from DPPs. One of the reason for the insolubility is the existence of 
hydrogen bonds between the -NH group and oxygen. Since the basic DPP 
core is perfectly planar, a pi-pi electrons overlap occurs in solid state and also 
contributes to their insolubility. These interactions can be so strong, that 
cause colour change between solid and dissolved form and influence also 
other properties, e.g. fluorescence and Stokes shift [7]. It is therefore clear, 
that to modify the solubility one has to introduce the N-substitution and/or 
break the molecule planarity [8].  

Fig 1. Basic structure of 3,6-diphenyl-2,5-dihydro-pyrrolo[3,4-c]pyrrole-1,4-dione (DPP4), also known as DPP and the 

respective derivatives used in this study. The arrows show the torsion induced by N-alkylation. 
 

Table 1.Examples of the substituents R1-R4 depicted in Fig. 1. 

Derivatives of DPP were synthesized according to the 
procedure described in [9]. Molecular structures were 
confirmed by A Bruker AMX 360 NMR spectrometer, 
ion trap mass spectrometer MSD TRAP XCT equipped 
with APCI, EA 1108 FISONS instrument for elemental 
analysis and Fourier transform infrared spectrometer. 
General structure of derivatives described in this 
paper are illustrated in Figure 1, examples of the 
substituents are given in Table 1. To elucidate the 
influence of the N-alkylation on optical properties two 
symmetrically N-substituted samples ( DPP10 and 
DPP12) and two asymmetrically substituted samples 
(DPP09 and DPP11) were prepared and characterized. 
In   addition  the   structures   with  electron-donating  

                 
(DPP14, DPP29 and DPP30) or accepting (DPP17 and DPP 18) groups substituted in p-position on phenyls 
which fundamentally influence the electronic spectra were prepared and investigated. 

 

 R1 R2 R3 R4 

P4  H H H H 

DPP9 C4H9 H H H 

DPP10 C4H9 C4H9 H H 

DPP11 C7H15 H H H 

DPP12 C7H15 C7H15 H H 

DPP14 H H   
DPP29 C4H9 C4H9   
DPP30 C4H9 H   
DPP17 C4H9 H Cl Cl 

DPP18 C4H9 C4H9 Cl Cl 

N N

N N

N N

R1

O

O

NN

R3

R4

R2

a

b
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2.2. Thermal stability 

Thermogravimetrical analysis (TGA) together with differential scanning calorimetry (DSC) was used to 
characterize the thermal and thermo-oxidative stability of the materials and to recognize the processes of 
evaporation and thermal degradation. Thermogravimetric studies were performed using TA Instruments 
TGA Q5000 device in 100 µl open platinum pans. The samples, typically 5 mg, were heated from 40°C to 
650°C in either nitrogen (thermal stability) or air (thermo-oxidative stability). Calorimetric analyses were 
carried out employing TA Instruments DSC Q200 calorimeter equipped with external cooler RCS90 allowing 
experimental temperature range from -90 to 400°C. 

TGA measurements were assessed using both mass loss and mass/temperature 2nd derivative curves. All 
the samples in both atmospheres showed one or two degradation steps. If occurred, the second 
degradation step was only minor and was not taken for further assessment. The onset of a process in DTG 
is traditionally determined from the 1st derivative mass loss curve. However, it is clear that the determined 
temperature does not indicate if the temperature corresponds to the degradation or to the evaporation. 
The determined onset indicates only the beginning of mass changes which can be attributed to both above-
mentioned processes. 

Whereas the unsubstituted parent molecule (DPP4) shows the first onset at temperature about 380°C, the 
N-alkylation decree as the temperature of the onset of alkylated samples down to 240°C. It was 
demonstrated that the lengths of the substituting alkyl chain is a crucial factor in the stability of N-alkyl 
derivates; the shorter chain the less stable derivate was obtained while the symmetrical derivates were less 
stable than asymmetrical ones. Thermal-oxidative stability results (experiments in air) are similar to the 
thermal stability results (experiments in N2), but show generally a slight shift to lower onset temperatures 
than thermal experiments, therefore the thermal stability of investigated samples is higher than the 
thermal-oxidative stability. Unlike the original molecule, all the derivates showed remarkable sensitivity to 
different cooling regime which revealed the monotropical polymorphism in the symmetrical butyl and 
heptyl derivates crystalline structure.  

In the case of derivatives with electron-donating or accepting groups substituted in p-position on phenyls 
the highest thermal (450°C) and thermo-oxidative stability (around 360°C) showed DPP derivatives 
containing morpholine moieties with no alkyl substitution on NH- group of DPP. Piperidyl group showed 
more stabilizing effect due to its polar character and its influence on p-p- intermolecular interactions of 
neighbouring phenyl groups. The highest stabilizing effect of morpholine moiety on DPP structure was 
explained due to the presence of polar O atom in that group. The detailed results are under preparation for 
publication.Please use the Arial font with size 10 points in subsections. 

3. OPTICAL PROPERTIES  

3.1. Absorption 

The substitution of an alkyl group on the nitrogen on the DPP core decreases molar absorption coefficient 
(hypochromic shift) and simultaneously the longer wavelength maximum is shifted towards higher energy 
region (hypsochromic shift). Furhermore, the vibration structure is less pronounced. As was pointed out in 
our previous paper [10], this is caused by torsion between pyrrolinone central part and phenyl adjacent to 
the alkyl group and consequently, is caused by loss of molecule planarity which is in turn responsible for 
loss of effective conjugation. Since the addition of second alkyl rotates also the second phenyl group, this 
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effect is even more pronounced. The loss of vibration structure can be attributed to the increased dipole 
moment interacting with polar DMSO solvent [11]. The dipole-dipole interaction of bi-substituted 
derivatives with the completely non-planar structure is the most pronounced. No dependency on the 
length of the alkyl used was found in our previous work [10]  

 

 

Fig.2. Example of the molar absorption 

increase due to the electron-donating 
groups substitution of the parent  
             DPP04 by piperidin (DPP14) 
(arrow 1) and subsequent decrease due 
to the alkylation of the molecule by one  
             alkyl (DPP30) and by two alkyls 
(DPP29) (arrow 2). 

 

 

Introduction of electron donating groups to the para position on the phenyls has significant effect on the 
DPP absorption as depicted in Figure 2. An order of magnitude increase of the absorption coefficient was 
observed by introduction of the N,N-dimethylamin in p-position on phenyls, accompanied with strong 
bathochromic shift (up to 55 nm) This behaviour implies that charge separation occurs via electron 
delocalisation leading to creation of permanent dipole moment. Therefore, the central part composed of H-
chromophores behaves as an electron-accepting group. Blurring of vibration structure in case of the mono-
substituted derivative was observed, whereas for the bi-substituted was not. This was explined by the fact 
that due to symmetry of the bi-substituted derivative is its resulting dipole moment smaller than for the 
mono-substituted asymmetric derivative. Similar behaviour was observed also for other electron donating 
groups. 

3.2. Fluorescence 

It was found, that the N-alkylation only does not significantly influence the fluorescence quantum yield 
[10]. On the other hand the Stokes shift is gradually increased going form the monoalkylated to dialkylated 
derivatives. The observed spectra are characteristic by graduate loss of mirror symmetry of absorption-
fluorescence and vibronic structure. It was pointed out, the phenyl torsion due to the N-alkylation is the 
main mechanism for this behaviour in polar DMSO [10]. 

On the other hand, substitution of electron donating or withdrawing groups to the phenyls has dramatic 
efect. The mono-substituted derivatives show smaller fluorescence quantum yield compared to the di-
substituted one. This is in accordance with the values of the absorption coefficient: the polarity of the 
mono-substituted molecule is higher compared to the symmetric. The observed Stokes shifts confirm this 
hypothesis: for the mono-substituted reaches higher values than for di-substituted. Following N-alkylation 
indused to solubilise the derivative causes further decrease of the fluorescence quantum yield 
accompanied with increasing Stokes shift similarly to the N-alkylated only derivatives. The electron-
withdrawing groups cause analogous behaviour [10]. 
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Recently, significant fluorescence signal after two-photon absorption were observed in some polar 
derivatives (not listed in table). The two photon absorption cross section coeficient and the fluorescence 
intensity were find to be significantly higher comparable to Rhodamine standards.  

4. ELECTRICAL PROPERTIES AND APPLICATIONS 

4.1. Organic Field Effect Transistors  

Organic field-effect transistors have been fabricated on commercially available high quality Si/SiO2 
substrate. The most commonly used device geometry is bottom gate with top contact partly because of 
borrowing the concept of thin-film silicon transistor (TFT) using thermally grown Si/SiO2 oxide as gate 
dielectric. Thin DPP dielectric layers were prepared by spin coating from toluene/chloroform solution or 
were vacuum deposited if the derivatives were unsoluble. The OFEt characteristics were measured in 
vacuum cryostat at room temperature. Figure 3 depict the typical OFET characteristics for DPP29 
derivative. The measured characteristic were used for evaluation of charge carrier mobility which ranges 
from , depending on the derivative structure. The detailed results are now prepared for publication.  

 

Fig. 3. Output characteristics of (drain-

source voltage, Vds, vs. drain-source 
current, Ids) of a p-channel OFET 
fabricated with DPP29 derivative. 

 

 

 

 

 

 

4.2. Organic Light Emitting diodes 

A multilayered prototypes of organic electroluminescence devices (OLED) were fabricated onto glass 
substrate covered by ITO which served as transparent anode . Subsequently an hole-transporting layer of 
poly(3,4-ethylenedioxythiophene):poly(styrenesulfonic acid) (PEDOT:PPS) and active EL layer of DPP 
derivative were spin coated. The structure was finished by vacuum deposition of electron-transporting 
layer of aluminum tris(8-hydroxyquinoline) (Alq3) covered by vacuum deposited 100 nm thick aluminium 
top electrode. The electroluminescent characterization of prototypes pf prepared OLED devices showed 
significant electroluminescent behavior of all fluorescent derivatives. However, the EL response depends on 
many material parameters and the optimization of multilayered structure is necessary. Therefore the detail 
studies covering the charge carrier injection and recombination in multilayered structure with respect to 
the electronic structure, morphology and thickness of individual layers of should be done to achieve an 
OLED with high EL efficiency comparable to those of inorganic one. 
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5. SUMMARY 

Several diferent derivatives of 3,6-diphenyl-2,5-dihydro-pyrrolo[3,4-c]pyrrole-1,4-dione possessing alkyl 
groups affecting their solubility and/or electron-donating  or accepting groups affecting the electronic 
spectra were prepared and investigated. The exceptional thermal and thermooxdative stability of selected 
derivatives were observed. One of the key-parameter governing absorption and luminescence is the 
effective extent of the conjugation. This is maximized when the molecule is perfectly planar. Substitution of 
electron-donating or withdrawing groups affected the molecule planarity only slightly. However, 
hyperchromic and bathochromic shift in absorption was observed using electron-donating groups 
suggesting electron-accepting character of the central part. On the other hand, N-alkylation introduced to 
increase the solubility of the DPP derivatives broke the planarity and thus reduced this effect. To 
demonstrate the possibility of application of these materials in organic electronics, the thin layer devices 
such as OFET and OLED devices were prepared. 
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Abstract 

In this study, the relationship between the structure and properties of commercial purity aluminium 
(A1199) was investigated by applying constrained groove pressing (CGP) method. The refinement of the 
coarse grain aluminium (Al) microstructure to submicrocrystalline size by large plastic strain at room 
temperature is defined. The impact of various strains upon microstructure changes is investigated using 
transmission electron microscopy (TEM) and electron back scatter diffraction (EBSD). The tensile properties 
and resulting hardness are related to fine microstructure evolution induced by CGP. A substantial straining 
upon the increase in tensile strength was observed after the first pass. Further strain increase had an 
insignificant effect on tensile strength and was accompanied by ductility loss. The post deformation 
annealing effect was then explored with aim to increase the ductility. The results indicate that changes in 
strength and ductility may be related to formation of a bimodal structure.  

Keywords: Aluminium, constrained grove pressing, microstructure, thermal stability, properties 

1. INTRODUCTION  

Constrained groove pressing (CGP) is a deformation method, in which a metal is subjected to an intense 
plastic deformation through repeated dominant shearing and pressing (flattening) of plate. The severe 
plastic deformation (SPD) method is based on the repetitive corrugating and straightening now known CGP 
[1, 2]. The repetition of the process is needed to reach the desired structural changes and ultrafine grained 
structure (UFG) can be introduced into metals and alloys using this method [3,4]. The CGP process has the 
advantage that large plastic deformation can be applied to the metal in sheet or plate form [5]. By 
repeating CGP, a very large amount of plastic strain can be accumulated in the sample without substantial 
changing the initial plate dimensions. One drawback of this process is the deformation heterogeneity in 
microstructure across the bulk specimen [6].      

Recently, interest has grown in the use of SPD techniques to fabricate UFG structures in different metallic 
materials that have not only high strength but also improved ductility. Results show possibility to obtain 
structures of different grain size ranges, which reduce the strength properties but increase ductility [7-9].  

The purpose of this work is to investigate the effect of CGP conditions on the evolution of deformation 
microstructures during pressing and relate them to the mechanical behaviour of SPD commercial 
aluminium (Al). In particular, the influence of post-deformation structure annealing on the ductility 
improvement of the deformed structure has been subject of this investigation. 

 



 
 
2. EXPERIMENTAL MATERIAL AND PROCEDURE 

Commercial purity Al (A1900) in heat treated condition was used for experimental deformation. The 
starting Al had a fully recrystallized mi
dimensions of 70´50´7 mm, was then pressed by the CGP. In this experiment a series of 1 to 8 passes (1 
pass comprises 4 pressings) of the plate were conducted. The strain ε
corresponds to one pass becomes about 1.16 throughout the sample 
large amount of plastic strain can be accumulated in the workpiece without changing its initial dimensions. 
At experiment the equivalent strain of ε
accumulated in the plate. 

The samples for transmission electron microscopy (TEM) were then selected from pressed plates, in order 
to evaluate the effect of straining on microstructure development. The selection of samples after the first 
pressing was done from the top of the groove, which relates to an “undeformed” region (sample 1A), and 
from the inclined region, which relates to a sheared area, where equivalent strain of
(sample 1B), is shown in Fig. 1. When the work piece underwent the third pressing by grooved dies and four 
by flat dies, i.e. finishing one pass, a relatively homogeneous strain ε
introduced.  The samples for structural analysis were selected from two different positions (2A and 2B), as 
seen in Fig. 1.  

By continued pressing a more advanced deformed substructure was obtained after conducting two 
deformation passes (8 pressings), which yielded
(16 pressings, εef ~ 4.64) and 8 deformation passes (32 pressings, ε
microstructures of specimens processed to various strains were characterized by TEM and by electro
back-scattering diffraction pattern analysis (FE

To verify the phenomenon that a nanostructural metal can be hardened by annealing and softened when 
deformed, the annealing effect on strength and ductility of CGP Al was investigated. The mat
deformed by 4 CGP cycles were annealed for different holds of 0.9 ks, 1.8 ks and 3.6 ks at two different 
temperatures of 150°C and of 200°C. The microstructure analysis of the annealed samples was performed 
by light microscopy and TEM of thin foils. 
longitudinal direction of deformed plates.

The mechanical properties of initial Al and differently strained Al specimens were measured using tensile 
tests performed at room temperature. The

3. RESULTS AND DISCUSSION  

3.1 Deformation microstructure analysis

Analysing the microstructure by TEM in flat top (undeformed 1A area) the structure after first pressing 
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EXPERIMENTAL MATERIAL AND PROCEDURE  

Al (A1900) in heat treated condition was used for experimental deformation. The 
starting Al had a fully recrystallized microstructure with a mean size of ~ 100 µm.  The plate, with 

mm, was then pressed by the CGP. In this experiment a series of 1 to 8 passes (1 
pass comprises 4 pressings) of the plate were conducted. The strain εef, in the deformed region, which 
corresponds to one pass becomes about 1.16 throughout the sample [1]. By repeating the CGP process, a 
large amount of plastic strain can be accumulated in the workpiece without changing its initial dimensions. 

the equivalent strain of εef ~ 4.64 at four passes and εef ~ 9.28 at eight passes was 

The samples for transmission electron microscopy (TEM) were then selected from pressed plates, in order 
icrostructure development. The selection of samples after the first 

pressing was done from the top of the groove, which relates to an “undeformed” region (sample 1A), and 
from the inclined region, which relates to a sheared area, where equivalent strain of εef ~ 0,58 was achieved 
(sample 1B), is shown in Fig. 1. When the work piece underwent the third pressing by grooved dies and four 
by flat dies, i.e. finishing one pass, a relatively homogeneous strain εef of 1.16 regardless of the location was 

.  The samples for structural analysis were selected from two different positions (2A and 2B), as 

By continued pressing a more advanced deformed substructure was obtained after conducting two 
deformation passes (8 pressings), which yielded the equivalent strain of εef ~ 2.32, four deformation passes 

~ 4.64) and 8 deformation passes (32 pressings, εef ~ 9.28). The deformation 
microstructures of specimens processed to various strains were characterized by TEM and by electro

scattering diffraction pattern analysis (FE-SEM/EBSD).   

To verify the phenomenon that a nanostructural metal can be hardened by annealing and softened when 
deformed, the annealing effect on strength and ductility of CGP Al was investigated. The mat
deformed by 4 CGP cycles were annealed for different holds of 0.9 ks, 1.8 ks and 3.6 ks at two different 
temperatures of 150°C and of 200°C. The microstructure analysis of the annealed samples was performed 

 All samples for microstructures observation were cut off from the 
longitudinal direction of deformed plates. 

The mechanical properties of initial Al and differently strained Al specimens were measured using tensile 
tests performed at room temperature. The hardness HV03 was measured to detect the structural changes.

Deformation microstructure analysis 

Analysing the microstructure by TEM in flat top (undeformed 1A area) the structure after first pressing 
consisted of elongated and/or equiaxed subgrains 
segmented by dislocations.  

 

 

 
 

Fig. 1. The design for selection of TEM  

               and tensile test 

, Czech Republic, EU 

Al (A1900) in heat treated condition was used for experimental deformation. The 
crostructure with a mean size of ~ 100 µm.  The plate, with 

mm, was then pressed by the CGP. In this experiment a series of 1 to 8 passes (1 
, in the deformed region, which 

. By repeating the CGP process, a 
large amount of plastic strain can be accumulated in the workpiece without changing its initial dimensions. 

~ 9.28 at eight passes was 

The samples for transmission electron microscopy (TEM) were then selected from pressed plates, in order 
icrostructure development. The selection of samples after the first 

pressing was done from the top of the groove, which relates to an “undeformed” region (sample 1A), and 
~ 0,58 was achieved 

(sample 1B), is shown in Fig. 1. When the work piece underwent the third pressing by grooved dies and four 
of 1.16 regardless of the location was 

.  The samples for structural analysis were selected from two different positions (2A and 2B), as 

By continued pressing a more advanced deformed substructure was obtained after conducting two 
~ 2.32, four deformation passes 

~ 9.28). The deformation 
microstructures of specimens processed to various strains were characterized by TEM and by electron 

To verify the phenomenon that a nanostructural metal can be hardened by annealing and softened when 
deformed, the annealing effect on strength and ductility of CGP Al was investigated. The materials 
deformed by 4 CGP cycles were annealed for different holds of 0.9 ks, 1.8 ks and 3.6 ks at two different 
temperatures of 150°C and of 200°C. The microstructure analysis of the annealed samples was performed 

All samples for microstructures observation were cut off from the 

The mechanical properties of initial Al and differently strained Al specimens were measured using tensile 
hardness HV03 was measured to detect the structural changes. 

Analysing the microstructure by TEM in flat top (undeformed 1A area) the structure after first pressing 
consisted of elongated and/or equiaxed subgrains 
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The presence of subgrains and dislocation cells substructure is evidence that in this region has also 
undergone quite a large amount of plastic deformation and it can not be denoted as an “undeformed” 
area, Fig. 1. Observation over wide areas of the structure, both in flat and sheared areas, suggests that 
dislocation activities concerning the formation of low angle subgrain boundaries were already effective at 
the time of the first pressing, Fig. 2a,b. The development of a deformed substructure in the sheared area 
after completing the pressing and flattening process (εef ~ 0.58) is illustrated in Fig. 2c. The microstructure 
consists of a banded arrangement of elongated subgrains,  

inside with dense dislocation network. Dislocation substructure is more refined and the width of elongated 
subgrains is ~ 1µm and less. The small nuclei of polygonized subgrains were found along banded-like 
subgrains. Their appearance in a structure of pure Al probably results from dynamic recovery and local 
development of adiabatic heat at sheared areas (in bands). 

Completing the first deformation 
cycle, the cumulative strain becomes 
εef ~ 1,16 throughout the sample. The 
microstructure of the deformed plate 
is shown in Fig. 2d. The elongated 
subgrain structure is banded due to 
the dominant shear stress. The 
fragmentation of subgrains is 
apparent as well. The formation of 
new equiaxed “grains”, deposited 
along the subgrains was observed 
inside of deformed structure. The 
interior of new grains is free of  

                   dislocations and grain boundaries are  
                   straight and they have morphology of  
                   polygonized subgrains.  

The poly-gonization process is observed in Al due to more intense plastic straining. The dislocation 
structure recovery and formation of polygonized grains was observed as a local process, which can be 
attributed also to heterogeneous distribution of deformation across the plate. 

When more intense straining was imposed (εef ~ 4,64) or eight passes (εef ~ 9.28) the structural 
characteristics were similar, no matter whether four were conducted. In the severely deformed areas the 
(banded) structure with mixture of deformation subgrains with high dislocation network and well 
developed polygonized subgrains were found, Fig. 3. The dislocation recovery effectively proceeds and 
dislocation annihilation is particularly evident. Locally observed, the more advanced process of 
polygonization contributed to formation of regular equiaxed  subgrains free of  dislocations. These can then 
be the nuclei of new grains with high angle boundaries, Fig. 4. Considering transformation characteristics of 
deformed structure it appears that the mechanisms, which contributes for microstructure refinement, 
excluding primary stage of the large grains subdivision by macroshearing, local dynamic recovery and more 
advance microshearing are active.  

  Fig. 2. TEM microstructures of CGP processed Al by different number  

                  of pressings at room temperature: a) top groove εef ~ 0;  
                  b) top groove εef ~ 0; c) sheared area εef~ 0.58; d) 1 pass 



 
 

rogeneity distribution developed in plate by a
microstructure. The TEM microstructure analysis results provided clear evidence that dynamic recovery and 
local polygonization process contributes significantly to the formation of UFG microstructure. TEM 
microstructure also indicates in structure a very low fraction of submicron grains with high angle grain 
boundaries even in case the strain applied is the highest.

3.2 EBSD microstructure analysis 

In order to obtain more precise information to clarify the efficiency of SPD in refining a structu
strain εef of 2.0 and higher, the microstructure and crystallographic features should be characterized mainly 
by SEM/EBSD analysis. From received orientation mapping data, the boundaries in deformed structures 
were analyzed. Fig. 5 shows the bound
deformed Al    

 

 

 

 

 

 

 

subjected to different strains of εef - 1.16, 4.64 and 9.28 (1, 4 and 8 passes). The orientation maps show the 
low and high angle boundaries where boundaries with different misorientation are marked by different 
colours in the diagrams. The deformed struct
with a mixture of coarse bands present. The bands are divided by the subgrains separated by only low angle 
boundary (LAB). There along large subgrain boundaries some short segments of LAB 
angle around θ ~ 5° can be detected.  

The plate subjected to 4 passes (εef ~ 4.64) shows heterogeneous mixture of low angle boundaries and a 
increasing, but still smaller, volume fraction of high angle boundaries. The distribution of the misorientation 
angles within the deformed microstructure shows the dominance of subgrains wi

 

  Fig. 4
              

    1 µm  

   Fig. 3. The mixture of  subgrains      
                 within deformation bands.   

Fig. 5. EBSD  misorientation maps of aluminium processed by CGP to an  effective strain ε

(1pass), b) 4.6 (4 passes) and (c) 9.3 (8 passes).
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The microstructure 
results 
confirm that
CGP method 
microstructure refining 
in Al plate depends on 
the deformation 
performed, ie. on the 
strain level introduced. 
On the other hand, 
deformation 

developed in plate by applying CGP caused the evolution of a 
microstructure. The TEM microstructure analysis results provided clear evidence that dynamic recovery and 
local polygonization process contributes significantly to the formation of UFG microstructure. TEM 

ure a very low fraction of submicron grains with high angle grain 
boundaries even in case the strain applied is the highest. 

In order to obtain more precise information to clarify the efficiency of SPD in refining a structu
of 2.0 and higher, the microstructure and crystallographic features should be characterized mainly 

by SEM/EBSD analysis. From received orientation mapping data, the boundaries in deformed structures 
were analyzed. Fig. 5 shows the boundary misorientation maps obtained from the EBSD data of the 

1.16, 4.64 and 9.28 (1, 4 and 8 passes). The orientation maps show the 
low and high angle boundaries where boundaries with different misorientation are marked by different 
colours in the diagrams. The deformed structure after the first pass (εef - 1.16) is locally very heterogeneous 
with a mixture of coarse bands present. The bands are divided by the subgrains separated by only low angle 
boundary (LAB). There along large subgrain boundaries some short segments of LAB with misorientation 

~ 4.64) shows heterogeneous mixture of low angle boundaries and a 
increasing, but still smaller, volume fraction of high angle boundaries. The distribution of the misorientation 
angles within the deformed microstructure shows the dominance of subgrains with LABs,  After 8 passes 

     1 µm  

Fig. 4. Polygonized  subgrains  with 
               low angle boundaries, εef - 4.64. 

EBSD  misorientation maps of aluminium processed by CGP to an  effective strain εef:   
(1pass), b) 4.6 (4 passes) and (c) 9.3 (8 passes). 

, Czech Republic, EU 

The microstructure 
results unanimously 
confirm that by applying 
CGP method 
microstructure refining 
in Al plate depends on 
the deformation 
performed, ie. on the 
strain level introduced. 
On the other hand, 
deformation   hete- 

pplying CGP caused the evolution of a non-uniform 
microstructure. The TEM microstructure analysis results provided clear evidence that dynamic recovery and 
local polygonization process contributes significantly to the formation of UFG microstructure. TEM 

ure a very low fraction of submicron grains with high angle grain 

In order to obtain more precise information to clarify the efficiency of SPD in refining a structure above 
of 2.0 and higher, the microstructure and crystallographic features should be characterized mainly 

by SEM/EBSD analysis. From received orientation mapping data, the boundaries in deformed structures 
ary misorientation maps obtained from the EBSD data of the 

1.16, 4.64 and 9.28 (1, 4 and 8 passes). The orientation maps show the 
low and high angle boundaries where boundaries with different misorientation are marked by different 

1.16) is locally very heterogeneous 
with a mixture of coarse bands present. The bands are divided by the subgrains separated by only low angle 

with misorientation 

~ 4.64) shows heterogeneous mixture of low angle boundaries and a 
increasing, but still smaller, volume fraction of high angle boundaries. The distribution of the misorientation 

th LABs,  After 8 passes 

  (a) 1.16 
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(εef ~ 9.28) the orientation map indicates the banding is more refined but heterogeneous with the higher 
volume fraction of LABs observed. The resulting microstructure suggests that grain subdivision proceeds 
but it produces heterogeneous mixture where elongated areas of long bands are clearly distinguishable. 
These are then divided with a networking formation of finer elongated subgrains of ~ 2-5 µm in size. The 
sections of HABs along long bands are present. Small increase in the volume fraction of HAB was observed 
at this highest applied strain. Evaluating misorientation angles within the deformation microstructures, the 
results suggest that using CGP method for refining structure of the Al is of low efficiency. In the deformed 
structure, the subgrain morphology dominates and only a small fraction of the grains (~ 30%) has high angle 
boundaries. 

3.2 Mechanical properties 

The mechanical properties of initial and deformed samples were measured by tensile tests and hardness 
measurements. Tensile specimens were cut off the plate without defining the location, because 
deformation is expecting to be uniform across the plate no matter one pass or multiple pressing was 
performed. The values resulting from the tensile and hardness tests are shown in Table 1. A distinction 
between the values 

 

 for the initial state and the deformed plates 
subjected to the different number of   pressings is   
evident. The difference in strength and hardness 
measured in the annealed and deformed Al plates 
is evident. In the CG strained specimens, the 
strength ranges from 101 to 109 MPa and the 
hardness reached maximum at the 2nd pass. In 
strained specimens is twice as high as for RK Al. 
Finishing the first pass the hardness value is only 

slightly different from that experienced the first stroke (shearing area at 1B). Considering the obtained 
data, the strength values, work of hardening and deformation behaviour, there is no major difference 
between the specimens subjected to different number of pressing. 

In order to clarify the CGP effect on grain refinement, 
transformation of subgrain boundaries to high angle boundaries 
and appearance of a small fraction of dynamically recrystallized 
grains, all these structural changes may substantially contribute to 
modification of plastic deformation of strained Al specimens. The 
ductility values (marked A in Table 1) denote that the region of 
work hardening should be very short in all tests no matter if only 
one pass or more passes are introduced.  

When reaching max. stress value continuous softening resulting 
from local necking sets in. The tensile test deformation records for 
6 and 8 passes are shown in Fig. 6.  

 

Table 1. Tensile results and hardness measurement  
specimen 
property RX 1p 2 p 4p 6p 8p 

εef 0 1.1
6 

2.3
2 

4.6
4 

6.9
6 

9.28 
HV03 (MPa) 25.

1 
37.
6 

37.
8 

31.
3 

28,
4 

25,5 
0.2PS (MPa) 50.

1 
104 127 124 117 120 

UTS (MPa) 59,
3 

105 128 131 121 123 
A (%) 4.2+ 1+ 3.5+ 12.

5 
11 10 

R of A (%) 75* 63* 65* 66* 64 67 

+ failure aside extensometer      * not completely failured 

 

Fig. 6. Stress - strain curves of 
specimens experienced 6 and 8 CGP 

passes. 
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3.3 Annealing effect and deformation behaviour 

The annealing experiment was carried out to evaluate the thermal stability of the deformed Al structure 
when processed to a εeq of 4.64. The microstructure of 
annealed samples in dependence of annealing condition was 
observed from a transverse direction by TEM. Mechanical 
properties of annealed samples were valued  

by tensile tests. The engineering stress-strain curves of post-
deformed and annealed Al are presented in Fig. 7. For 
selected annealing conditions, the deformation behaviour of 
Al was not changed with respect to hardening and ductility 

decrease when hold time did not exceeded certain time limit 
for both temperatures. The degradation of tensile strength 
and improved elongation was apparent only when the hold 

time was extended at higher annealing temperature. The annealing behaviour of CGP processed Al strongly 
depends on the amount of strain applied. Fig. 8 shows TEM microstructures of CGP processed and then 
annealed Al at various temperatures and for different hold times. When TEM micrographs are related to 
strain-stress dependencies they can be used to explain why the hardening effect can be still observed after 
annealing. As shown in Fig. 8a, the recovery process is not complete yet and the structure bears features of 
deformed structure and hardening from deformed structure is still effective, (see Fig. 7 curve 3). As the 
results show there is little or no work hardening period during subsequent deformation. If conditions of 
annealing are more effective due to an increased temperature or hold time extension not only  

 
 

 
 
  
 
 
 
 
  

will the recovery process participate in modification of the polygonization but also the recrystallization 
process will become effective in contributing to the transformation of the  deformed structure to a bimodal 
structure, Fig. 8b. When progress in recrystallization is evident, (Fig. 8c) in the bimodal structure the grains 
with HABs dominate and subsequently the strength is reduced and ductility increased, Fig. 7 (curve 6). In 
the bimodal structure where residues of subgrains are still present, hardening is less effective and the 
strength and ductility will depend only on volume fractions of both the recrystallized grains and the 
recovered structure. 

4. CONCLUSIONS  

The evolution of microstructure during SPD and the effect of strain on deformation behaviour were 
investigated during CGP deformation of commercial Al. The TEM and EBSD microstructure analyses 

 

  0.5 µm  1 µm   1 µm  a   b   c  

Fig. 7. Stress-strain dependences for 
annealed aluminium - 4 CGP passes.   

Fig. 8. TEM microstructures of CGP processed Al subsequently annealed at various temperature for different time; 
a) 150°C / 3.6 ks;  b) 200°C / 0.9 ks; c) 200°C / 3.6 ks.  

 



12. - 14. 10. 2010, Olomouc, Czech Republic, EU 

 
 

126 

confirmed that mechanical grains shearing fragmentation, local in situ dynamic recovery and 
recrystallization were contributing to structure refinement. Introducing very high strain did not satisfied the 
expectations as to structure refinement and only low fraction of HAB in refined structure was detected.   

During post-deformation annealing, in relation to annealing temperature and hold time, the discontinuous 
polygonization and recrystallization process resulted in formation of recovered or bimodal structure. The 
strength and low ductility after performing annealing are in conformity with phenomenon that annealing 
can be effective in the strength increase until recovered structure dominates. The formation of bimodal 
structure of polygonized subgrains and recrystallized grains provided main contribution to softening 
process. 
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Abstract 

Several Al-based alloys were prepared using equal-channel angular pressing. Their sub-microcrystalline 
structure was stabilized by the addition of small amount of Sc + Zr. The paper compares high-temperature 
deformation characteristics of these alloys, especially their potential to exhibit superplastic behaviour. The 
strain rate sensitivity parameter m and ductility were determined as a function of deformation 
temperature and strain rate. The deformation behaviour was correlated with the microstructure 
development. The atom force microscopy was used to verify the operating deformation mechanism.  

Keywords: Al-based alloys, sub-microcrystalline structure, ECAP, superplasticity 

1. INTRODUCTION 

Numerous Al-based alloys exhibit superplastic behaviour at elevated temperatures if prepared with the 
grain size bellow 10 m. The region of superplastic behaviour can be displaced either to much higher strain 
rates or to lower temperatures if the grain size is further reduced, e.g. using the method of severe plastic 
deformation. Equal-channel angular pressing (ECAP) is at present the most efficient method for the 
processing of bulk materials with sub-microcrystalline structure.  

Grain boundary sliding is considered as the main deformation process during superplastic forming and the 
grain boundaries are the most important lattice defects in this case [1]. The high-temperature deformation 
characteristics are influenced not only by the number of grain boundaries but also by their structure - only 
high-angle boundaries can slide. Both the number and the structure of interfaces can be influenced by the 
parameters of ECAP (number of ECAP passes, pressing temperature [2, 3]) and by the thermal treatment 
after ECAP processing. In order to obtain the superplastic behaviour, the sub-microcrystalline structure 
with a sufficiently high fraction of high-angle boundaries has to be retained at temperatures of superplastic 
forming, i.e. the grain growth has to be suppressed or strongly limited. The addition of small amounts of Sc 
+ Zr is a very efficient method how to stabilize the sub-microcrystalline structure. Very fine coherent 
particles of the Al3(ScxZr1-x) phase pin the grain boundaries and retard their migration [4]. These particles 
are very stable and resisting against coarsening.  

2. EXPERIMENTAL MATERIAL AND PROCEDURE 

The chemical composition of the studied alloys is given in table 1. All materials were pressed through a die 
consisting of 2 channels (cross section 14x14 mm at Al-Mg-based alloys and 10x10 mm at Al-7075- and Al-
Mn-based alloys) intersecting at an angle of 90o. The original length of the pressed samples was 140 and 70 
mm, respectively. ECAP was performed at different temperatures (see table 1) with 6 to 8 passes using the 
Bc rotation between subsequent passes. The rate of the crosshead displacement during ECAP was 5 
mm/min. 
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Table 1: Chemical composition of investigated materials in wt. % and the corresponding ECAP temperatures 

Composition in wt. % Mg Zn Mn Cu Sc Zr Fe+Si TECAP [oC] 

Al-1.5 Mg-Sc-Zr 1.5 - - - 0.21 0.18 - 150 
Al-4.5 Mg-Sc-Zr 4.5 - - - 0.2 0.2 - 250 
Al-7075-Sc-Zr 2.5 5.9 0.17 1.3 0.2 0.11 0.7 120,  170 
Al-Mn-Sc-Zr - - 1.35 - 0.27 0.23 0.1 20 

The microstructure was studied using transmission electron microscopy both in the as-pressed (after ECAP) 
and in annealed states. The electron back-scatter diffraction (EBSD) method was used in selected materials 
for the evaluation of the fraction of high-angle boundaries and for the control of the grain shape. The 
deformation behaviour was studied using tensile tests in the temperature range between 300 and 525 oC. 
Flat samples with the thickness of about 1 mm were cut from the pressed materials parallel to the ECAP 
direction. The strain rate sensitivity parameter m defined as  

.
 log / log m es ¶¶=  

(s represents the true stress and 
.
e  the true strain rate) was evaluated by the strain rate change method. 

The sample was pre-strained to 10 % of elongation at the strain rate of 10-3 s-1, afterwards the strain rate 
was reduced to 10-5 s-1 and then gradually increased in small steps (the ratio of successive strain rates was 
from 1.4:1 to 1.7:1) up to the value of 10-1 s-1. For each temperature of straining, the strain rate 
dependence of the parameter m over a broad strain rate range was obtained from the measurement on 
only one sample. The optimum strain rate and temperature conditions for superplastic deformation were 
thus evaluated and used for further tensile tests with a constant crosshead velocity in order to determine 
the values of ductility. Some tensile samples were polished prior to high-temperature deformation and the 
deformation relief of samples strained at superplastic conditions to relatively small elongations (20 to 40 %) 
was studied using atom force microscopy (AFM) in order to find the main deformation mechanism and to 
verify the deformation homogeneity. 

3. EXPERIMENTAL RESULTS 

Figure 1 documents the presence of the sub-microcrystalline structure after ECAP processing in all studied 
materials. Both the individual recrystallized grains and strongly deformed regions can be found. Whereas 
the structure of both Al-Mg-based alloys is nearly equiaxed, the Al-7075- and Al-Mn-based alloys exhibit 
elongated bands of grains containing numerous low-angle boundaries oriented perpendicularly to the 
bands. The finest grain size was observed in the Al-Mn-based alloy, the coarsest one in the Al-4.5 Mg based 
alloy. This result does not probably reflect the influence of chemical or phase composition, but it results 
from the different ECAP temperature (see table 1). Our previous experiments performed on the Al-7075-Sc-
Zr alloy revealed that an increase in the ECAP temperature resulted in a coarser grain size [3].    

Figure 2 brings the strain rate dependences of the parameter m for all studied materials strained at 
different temperatures. A common feature can be found in all materials - the maxima of the strain rate 
dependences of the parameter m are located at strain rates of the order 10-2 s-1. This reflects the sub-
microcrystalline character of all materials. However, there are important differences between individual 
materials. The maximum of m increases with increasing temperature at both Al-Mg-based alloys and 
reaches the values ≥ 0.6. The position of this maximum remains at 10-2 s-1 even at 500 oC. This suggests a 
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very good stability of the fine-grained structure up to very high temperatures. The Al-7075-Sc-Zr exhibits 
the maximum m-values slightly above 0.4 at 450 oC. Similar m-values were also observed at 500 oC, 
however, the curve is clearly displaced to lower strain rates. Such displacement reflects the grain 
coarsening occurring above 450 oC. Finally, the Al-Mn-Sc-Zr alloy exhibits the maximum values of m only 
slightly above 0.3. Such values correspond to the bottom limit of superplastic behaviour. As the grain size 
remains fine (close to 1 m at 400 oC and 2 µm at 500 oC) the lower fraction of high-angle boundaries might 
explain so bad superplastic characteristics. 

 

 

 

Al-1.5 Mg-Sc-Zr, 6 passes at 150 oC  Al-4.5 Mg-Sc-Zr 6 passes at 250 oC 

 

 

 

Al-7075-Sc-Zr, 6 passes at 170 oC  Al-Mn-Sc-Zr alloy, 8 passes at 20 oC 

Fig. 1: Microstructure of the studied materials after ECAP processing 

It is well known from the literature on superplastic deformation (e.g. [1]) that the high values of the 
parameter m usually correlate with high values of ductility. This tendency was also verified in our materials 
(see table 2 and fig. 3). The highest values of ductility were found in the Al-4.5 Mg-Sc-Zr where extremely 
high values exceeding 2000 % of elongation were observed. The Al-7075-Sc-Zr alloy exhibits “medium” 
superplastic ductility values, however, these values are preserved up to very high strain rates of 10-1 s-1. The 
lowest ductility of 350 % was observed in the Al-Mn-Sc-Zr alloy. 
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Al-7075-Sc-Zr, 6 passes at 170 oC  Al-Mn-Sc-Zr alloy, 4 or 8 passes at 20 oC 

Fig. 2: Strain rate dependence of the parameter m for all studied materials 

Table 2: The maximum ductility values of ECAP Al-based alloys and corresponding straining conditions 

 

 

 

 
Al-4.5 Mg-Sc-Zr alloy  Al-7075-Sc-Zr alloy 

Fig. 3: The samples of selected ECAP Al-based alloys after superplastic deformation at various conditions 

 

Alloy maximum ductility [%] temperature [oC] initial strain rate [s-1] 
Al-1.5 Mg-Sc-Zr > 900 437 10-2 
Al-4.5 Mg-Sc-Zr 2130 500 10-2 
Al-7075-Sc-Zr 700 450 6.4x10-2 
Al-Mn-Sc-Zr 350 500 2.10-2 
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In order to explain the deformation characteristics of the studied materials the main deformation 
mechanism has to be elucidated. The method of EBSD yields information on the size, shape, and especially 
crystallographic orientation of grains. The structure of the Al-1.5 Mg-Sc-Zr alloy was studied on samples 
strained under optimum superplastic conditions to 20 and 900 % of elongation. The comparison of pole 
figures obtained from EBSD measurements revealed that the initial texture resulting from ECAP was 
completely destroyed during superplastic straining to 900 % [5]. Additionally, the shape of grains remained 
nearly equiaxed, i.e. the elongation of individual grains along the tensile axis was negligible in comparison 
with the sample elongation. Such texture and grain shape development is typical for the process of grain 
boundary sliding accompanied by grain rotations with no orientation relationship to the sample and with a 
relatively small contribution of dislocation slip in the grain interiors.  

The direct verification of the activity of grain   
boundary sliding was obtained from AFM 
experiments [5, 6]. The perfectly polished 
samples of the Al-1.5 Mg-Sc-Zr alloy were 
subjected to straining at optimum superplastic 
conditions to various elongations. The 
deformation relief revealed displacements of 
neighboring grains along their common 
boundaries and no slip lines in the grain 
interiors. The size of individual grain 
displacements was of the order of 100 nm 
dependent on the elongation and straining 
conditions. The maximum displacements were 
close to the grain size 

 

It follows from the above mentioned 
experiments that the grain boundary sliding is 
the main deformation mechanism during high-
temperature straining of ECAP Al-based alloys. 
The differences in their deformation 
characteristics should be thus explained on the 
basis of different conditions for the 
development of grain boundary sliding. The loss 
of superplastic characteristics of the Al-7075-Sc-
Zr alloy at high temperatures results from the 
grain coarsening. The temperature at which the 
grain coarsening starts depends on    

           Fig. 5: The Al-Mn-Sc-Zr alloy strained at 500 oC        the amount   of  deformation energy  stored 
             during ECAP. Lower ECAP temperature leads to 
larger stored deformation energy and, therefore, to larger driving force for grain coarsening which then 
occurs at lower temperatures. 

 

 

 

elongation 20 %  elongation 900 % 

Fig. 4: EBSD image of the Al-1.5 Mg-Sc-Zr alloy 
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Another important feature is the presence of coarse particles which can be located at grain boundaries and 
retard their sliding. Simultaneously, these particles can serve as places where grain boundary sliding cannot 
be accommodated with a sufficient rate and where cavities are nucleated. This is the case of the of the Al-
7075-Sc-Zr alloy. Similar situation occurs in the Al-Mn-Sc-Zr alloy (fig. 5) where numerous coarse particles 
are located at grain boundaries.     

4. CONCLUSIONS 

All ECAP Al-based alloys exhibit superplastic behaviour at elevated temperatures and strain rates of the 
order of 10-2 s-1. 

The difference in the superplastic characteristics are connected with the conditions for grain boundary 
sliding - number of grain boundaries and the presence of coarse second phase particles at boundaries.    
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Abstract 

Nanocrystalline tungsten carbide powder, having a crystallite size around 37 nm and BET specific surface 
area 4.2 m2/g was sintered using the spark plasma sintering (SPS) technique. Sintered samples were 
investigated using different analytical methods providing detailed information on the microstructure and 
mechanical properties of materials. Density and porosity of specimens were determined using the 
Archimedes’ principle and optical and scanning electron micrographs. The X-ray diffraction (XRD) and high 
resolution transmission electron microscopy (TEM/HRTEM) investigations provided the information on the 
crystal real structure, crystallite size and lattice defects. The electron back-scatter diffraction (EBSD) 
measurements yielded the details about the grain size, frequency and distributions of grain boundaries. 
Finally the essential mechanical properties of sintered samples were obtained from the hardness and 
fracture toughness measurements. The influences of individual sintering conditions; sintering temperature 
and sintering time especially, on the microstructure and mechanical properties of sintered specimens were 
derived. Fully compact samples (relative density ~ 100%) having the Vickers hardness HV10 around 30 GPa 
and fracture toughness KIc approximately 7.3 MPa×m1/2 were sintered from temperatures of 1800°C and 
holding times 180 seconds. Specimens sintered at lower temperatures and shorter times showed lower 
density, which resulted in a significant drop in the sample hardness.  

Keywords: Tungsten carbide, nanocrystalline, binderless, SPS, hardness 

1. INTRODUCTION 

The WC-Co hard metals are, because of their suitable mechanical properties as high hardness and high 
fracture toughness simultaneously, the most commonly used materials for the tooling applications, 
nowadays. Modern trends in the materials engineering leading to the improvement of the materials 
properties, decrease of the production costs and environmental protection tend to the effort to extend the 
serving life-time together with the significant improvement in the materials properties. In the hard metal 
industry this leads to the trend of preparing the materials with sub-micron or nanocrystalline 
microstructure as it has been shown that nanocrystalline hard metals have significantly improved 
mechanical properties in comparison to their coarse-grained counterparts [1, 2]. 

The conventional procedures as a classical liquid phase sintering however reached their limits in the 
preparation of the nanocrystalline materials, especially because of relatively long sintering times in 
combination with high temperatures which are necessary for the sintering of compact fully dense 
materials. The problems of long sintering times are significantly reduced using a modern sintering method - 
spark plasma sintering (SPS). 

The presence of ductile metallic binder phase, most frequently cobalt in the WC-Co hard metals, has 
several important consequences on the mechanical properties of material as well as on the densification 
process. First, the presence of the ductile binder leads to the pronounced drop in the hardness of material 
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and moreover it has in consequence considerable decay of corrosion and oxidation properties, particularly 
at higher temperatures [3]. On the other hand the binder phase significantly helps during the densification 
while sintering close to the melting point of Co, which is extensively lower than melting point of the WC 
(2785°C). Thence it follows that it is nearly impossible to sinter binderless WC using classical sintering 
procedures. For successful specimen densification a simultaneous temperature and pressure application 
together with the WC grains surface activation is necessary. Both of those two conditions are successfully 
satisfied using the spark plasma sintering. 

2. EXPERIMENTAL 

2.1 Powder properties 

The commercially available tungsten carbide powder (H.C. Starck GmbH, Goslar, Germany) having BET 
specific surface area of 4.2 m2/g (corresponding to the mean grain size of dBET = 91 nm) and mean crystallite 
size determined from the X-ray diffraction measurements of approximately 37 nm was used in this work. 
The powder total and free carbon contents due to the vendor specifications were: Ctotal = 6.08 ± 0.03 %, 
Cfree = 0.08 %, respectively. The oxygen contamination measured using the LECO TC-436 analyzer was 
0.33 mass %. 

2.2 Sintering and sintering conditions 

The samples sintering were done by the spark plasma sintering (SPS) technique. The SPS equipment FCT HP 
D 25/1 [4] (FCT Systeme GmbH, Raunstein, Germany) was used for sintering. WC powder was loaded into 
the graphite die having the inner diameter of 20 mm fabricated from high strength graphite. A graphite foil 
was used to avoid the contact of the powder with the die surface. To minimize the radiation heating losses 
and to avoid the creation of possible radial temperature gradients the whole graphite sample environment 
was surrounded with a carbon felt. The specimens were prepressed to 25 MPa and heated up by a pulsed 
electric current with the heating rate of 150°C/min up to 1600°C at which temperature the pressure of 
80 MPa was applied. Consequently the temperature was increased with heating rate of 150°C/min up to 
the sintering temperature. After sintering the specimens were cooled down with the cooling rate of 
150°C/min to the room temperature with continuous releasing of pressure. The samples series with 
sintering temperatures 1700°C, 1800°C and 1900°C and holding times of 1, 3 and 10 minutes at sintering 
temperature was prepared. The whole sintering procedure was done in vacuum. 

2.3 Specimens investigation 

Sintered cylindrical samples having the dimensions of 20´5 mm (diameter and height, respectively) were 
cut on two semi-cylinders. Section plane was carefully polished to remove strained surface of material 
created during cutting and consequently subjected to the detailed investigations. The polishing procedure 
followed the next steps; first, the specimens were mechanically grinded using silicon carbide grinding plates 
with decreasing roughness and subsequently polished with 15, 6, 3 and 1 mm diamond paste. Finally the 
samples were etched for 90 seconds using the OP-S suspension (Struers A/S, Denmark). The density and 
porosity of sintered specimens were determined using the Archimedes’ principle and the image analyses of 
optical and scanning electron microscope micrographs. 
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The XRD measurements were performed using the URD6 diffractometer (Seifert, FPM, Freiberg, Germany). 
The goniometer working in conventional focusing Bragg-Brentano geometry was equipped with the 
graphite monochromator in the diffracted beam and filtered CuKa radiation (l = 0.15418 nm) was used for 
the measurements. Measured diffraction patterns collected in the angular range 2q = 25° - 150°, with a 
step of D2q = 0.04° and time 10 seconds/step were refined using the full powder pattern refinement 
(rietveld method) to obtain the contents of present phases as well as the detailed information on the real 
structure of phases. For the rietveld refinement computer program Maud [5] was used. 

The morphology and microstructure were investigated using high-resolution scanning electron microscope 
(SEM) LEO 1530 (Carl Zeiss A.G., Jena, Germany) equipped with a field emission cathode, with a detector of 
back-scatter electrons (SEM/BSE) and Nordlys II EBSD detector (HKL Oxford Instruments, Bucks, UK).  

Hardness of sintered specimens was measured using the M4U-025 Vickers hardness tester (EMCO Test 
GmbH, Kuchl, Austria). An indenter load of 10 kg and indentation time 10 s were applied. Fracture 
toughness was determined from the measurements of the Vickers indentation crack lengths applying the 
theory proposed by Shetty et al. [6]. 

3. RESULTS 

3.1 Sintering characteristics, densification and density 

In Fig. 1 the shrinkage rates, corrected for the temperature expansion of graphite sample environment and 
piston, of samples sintered for 10 minutes at three different temperatures are shown. It is obvious from the 
plot that the powder grains surface activation and consequently the sintering process starts at 
approximately 1200°C (black solid arrow), whereas the sharp peaks at 1600°C correspond to the maximum 
pressure application (black open arrow). The steep drop down of the shrinkage rates at the end of sintering 
for samples sintered at 1700°C and 1800°C clearly demonstrates that the powder compaction was not 
totally finished in these two cases, while the smooth decay of shrinkage rate, nearly to zero, for sample 
sintered at 1900°C indicates the end of the compaction procedure.  

In Fig. 2a densities determined using the Archimedes’ principle and the relative densities as a function of 
sintering time for specimens sintered at 1700°C, 1800°C and 1900°C are shown. In samples sintered at 
1700°C a pronounced increase of the density between the sample sintered for 1 and 3 minutes can be seen 
in plot, however the relative density of sample sintered for 10 minutes is still quite low - around 98.5 %. In 
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Fig. 1. Shrinkage rates of samples sintered at 1700°C, 

1800°C and 1900°C as a function of temperature. The 
beginning of the powder grains surface activation at 
approximately 1200°C is marked with black solid 
arrow, the maximum pressure application at 1600°C is 
marked with an open arrow. The red arrow points to 
the shrinkage rate smoothly decreasing to zero in the 
specimen sintered at 1900°C, which means the end of 
sintering procedure and nearly 100% sample density. 
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specimens sintered at 1800°C the density linearly increases with sintering time, while in samples sintered at 
1900°C the density saturates already in the sample sintered for three minutes. The maximal relative density 
of samples sintered at 1800°C and 1900°C approaches nearly 100%. 

In Fig. 2b a scanning electron micrograph acquired in the back scatter electron mode (SEM/BSE) of typical 
polished specimen morphology is shown. Individual grains (different gray scale corresponds to the different 
crystallographic orientation of grains) are clearly visible in the micrograph. The porosity usually determined 
from the optical or scanning electron microscopy is negligible as no clear pores can be found in the 
micrograph. Therefore, the common porosity determination based upon comparison of optical or SEM 
micrographs with standard pictures can not be applied to our samples and the porosity can only be roughly 
estimated from the deviation of the relative density from 100%. 

Fig. 2. Plot of the densities determined using the Archimedes’ principle and relative densities of specimens sintered  

              at 1700°C, 1800°C and 1900°C as a function of the sintering time (a). SEM/BSE micrograph of the specimen  
              sintered at 1900°C for 10 minutes (b). 

 
Fig. 3. Plot of the phase composition (vol.%) as a function of sintering time, open symbols correspond to WC and solid  

             symbols to W2C (a). Evolution of the WC crystallites size as a function of sintering temperature for specimens  
             sintered at 1700°C, 1800°C and 1900°C, respectively. Dotted red line corresponds to the crystallite size of WC  
             in initial powder (b). 

3.2 Phase composition and crystallite size evolution 

The initial powder contained 97 vol.% of WC and 3 vol.% of W2C. During the sintering process the volume 
fraction of minor W2C phase increased to approximately 5 vol.%. As it can be seen in Fig. 3a this process is 
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independent on the sintering temperature and sintering time. We suppose that the phase transform of 
some WC into the carbon poorer W2C phase is a consequence of the powder oxygen contamination. During 
the sintering process the oxygen molecules adsorbed on the WC grains surface react with WC transforming 
some carbon atoms into carbon monoxide and creating carbon poorer W2C phase. 

The size of coherently diffracting domains (crystallite size) of the WC phase determined using the XRD is 
nearly independent on the sintering time, while it strongly depends on the sintering temperature as can be 
clearly seen in Fig. 3b. The crystallite size increases from about 37 nm (in the initial powder) to 
approximately 110 nm, 130 nm and 150 nm in the samples sintered at 1700°C, 1800°C and 1900°C, 
respectivelly. 

3.3 Hardness and fracture toughness 

The measured Vickers hardness values HV10 slightly increases with increasing sintering time in the samples 
sintered at 1700°C. Analogous increase in hardness can be observed in the specimens sintered at 1800°C, 
however between one and three minutes of sintering, only. Hardness values of samples sintered for three 
and ten minutes are within the bounds of erros similar. Finaly the hardness of samples sintered at 1900°C is 
independent on the sintering time and reaches the value of 30 GPa. For details on the hardness 
temperature and sintering time evolution see Fig. 4a.  

 
Fig. 4. Plot of the measured Vickers hardnes HV10 as a function of sintering temperature for specimens under study  

             (a). Plot of the fracture toughness KIc determined from the lengths of the indentations cracks using the Shettys’  
             model (b). 

In Fig. 4b plots of the fracture toughness KIc versus sintering time for samples sintered at 1700°C, 1800°C 
and 1900°C are shown. The fracture toughness smoothly increases with increasing sintering time in all 
specimens under study. The increase in the fracture toughness is most pronounced between one and three 
minutes of sintering time, while it approaches its maxima around 7.3 MPa×m1/2. 

4. DISCUSSION 

The samples relative density strongly depends on the sintering temperature and time. Specimens sintered 
at 1700°C posses a lowest relative density, which corresponds to a highest porosity of samples. Even in 
specimens sintered for 10 minutes the relative density is 98.5%, only. With increasing sintering 
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temperature the dependence of the samples relative density on sintering time decreases and in samples 
sintered at 1900°C the density saturates already after three minutes of sintering. Mechanical properties of 
sintered specimens correlate strongly with relative densities (compare Figs. 2a and 4) - the higher the 
density the better are the values of hardness and fracture toughness.  

The phase composition appears to be independent on the sintering conditions and does neither correlate 
with other microstructural properties nor mechanical parameters. With increasing sintering temperature 
the crystallite size of dominant WC phase increases significantly while the dependence of the crystallite size 
on the sintering time is inappreciable. In all samples under study the crystallite size of sintered samples is 
below 200 nm, which is a value accepted in the hard metal community as a boundary between nano and 
ultra-fine grained materials. 

Due to the clear difficulties concerning the binderless WC sintering, only few works were done so far on the 
sintering of nanocrystalline or fine-grained binderless WC [7-10]. However, it is rather hard task to compare 
published results with ours, since other authors used different starting powders (powders having different 
crystallite size) and various sintering equipments which resulted in diverse definition of sintering conditions 
(for example sintering temperature). Moreover, the mechanical properties of sintered specimens were 
measured using different indentation loads which make the direct comparison of results unreliable. Kim 
and coworkers [7] referred to the binderless WC having the relative density 97.6%, grain size 400 nm, 
hardness of 24.8 GPa and fracture toughness 6.6 MPa×m1/2, while Huang et al. [9] sintered samples with 
relative density 99.9%, grain size 280 nm, hardness of 27.4 GPa and fracture toughness 4.4 MPa×m1/2. In 
comparison to those papers our results published in this work indicate slightly higher hardness (30 GPa) 
and fracture toughness (7.3 MPa×m1/2) as well. This is probably caused by fact that our sintered specimens 
have smaller grain size (below 200 nm) than samples referred in [7] and [9].  

5. CONCLUSIONS 

Binderless WC hard metals were sintered from nanocrystalline powder. The influences of sintering 
temperature and sintering time, on the microstructure and mechanical properties of sintered specimens 
were derived. Correlation between individual determined microstructural and mechanical properties were 
discussed. The fully compact (relative density ~ 100%) samples having the Vickers hardness HV10 around 30 
GPa and fracture toughness KIc approximately 7.3 MPa×m1/2 were sintered from temperatures of 1800°C 
and holding times 180 seconds. Specimens sintered at lower temperatures or shorter sintering times 
showed lower density, which resulted in a significant drop in the sample hardness. The hardness and 
fracture toughness values of fully compact sintered samples were higher than results published in literature 
so far. 
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Abstract 

Contribution discourse about development and studies thin organic coating and their possibilities using for 
short-term anticorrosive protection of material metallurgical performance.  

Aim is study and application of thin coating with zinc-phosphate nano and micro particles. Zinc-phosphate 
is using in paint systems for increasing corrosion resistance. Thin coating is applicated on shot blasting steel 
substrate. Experiments are intent on classification anticorrosive protection of thin coating. The using of 
particles nanosizes has influence on properties of protective coatings.   

Results shows that small amount of nanoparticles increasing corrosion resistance already but important is 
influence a thickness of thin coating. Use of thin coating is presuming in anti-corrosive protection of surface 
steel substrate of mechanical parts. Thin anticorrosive coating has good adhesion to steel substrate. 
Corrosion test is according by standard to ČSN EN ISO 9227. From the experimental test of anticorrosive 
protection was found, that the both coatings resist 24 hours with damage of cut. That is 4 months short-
time anticorrosive protection in real environment C5. Anticorrosive coating with nanoparticles without 
damage resist 120 hours. That is 20 months anticorrosive protection in real environment C5. Anticorrosive 
coating with microparticles without damage resist 240 hours. That is 40 months anticorrosive protection in 
real environment C5.  

Development of organic coating respects decreases VOC matters with using water like solvent components.  

Keywords: thin coating, nanoparticles, microparticles, anticorrosive resistance, steel substrate, properties 

1. INTRODUCTION 

Nanotechnology is burgeoning science at the present time. The field of science and research where is using 
nanotechnology and nanoparticles is very extensive. In present time on world market are paint systems on 
nanoparticles base. Predominantly are this paint systems on TiO and ZnO base. The using of particles 
nanosizes has influence on properties of protective coatings.   

Experimental works are aim at study and application of thin coating with zinc-phosphate particles. Zinc-
phosphate is using in paint systems for increasing corrosion resistance. Thin coating is applicated on shot 
blasting steel substrate. Experiments are intent on classification anti-corrosive protection of thin coating. 
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Results show that small amount of nanoparticles increasing corrosion resistance already but important is 
influence a thickness of thin coating.  

Use of thin coating is presuming in anti-corrosive protection of surface steel substrate of mechanical part.  

2. EXPERIMENTAL MATERIAL 

KOSMALT E300T sheet-steel was used as background material for experimental water-borne transparent 
anticorrosive coating on base of alkyd resin. The samples were shot-blasted to a surface cleanness of Sa 2.5 
according ISO 8501-1 using cut steel wire. The steel sheet was degreased by immersion in a 1:4 solution of 
the Simple Green preparation and water with a temperature of 23.2 °C and a pH of 8.32 for 6 minutes. 
Then it was rinsed by immersion in water with a temperature of 21.5 °C and a pH of 8 for approximately 2 
minutes.  

Experimental water-borne transparent anticorrosive coating was tempered with a white anticorrosive 
pigment of a zinc orthophosphate hydrate with content 4-6 percent by weight. For use were prepared two 
variants of experimental anticorrosive coating. First, with medial size of pigment particle 2 - 3.5 mm, and 
second, in particle size fraction of pigment 4 - 200 nm. The nanoparticles were prepared of WATER JET MILL 
on Institute of Physics, VŠB-TU Ostrava.  Application of layer by painting (100 mm of wet thickness); air-
drying of samples by 2 hours and after drying at a temperature of 80°C for 6 hours and air-cooling. 

 
 Fig. 1.  Zinc orthophosphate - ordinary size (2500x and 6500x magnification, SEM - Scanning Electron Microscope, 

Nanotechnology Centre VŠB-TU Ostrava) 

 
Fig. 2.  Zinc orthophosphate - grinded to nanosize (2500x and 6500x magnification, SEM - Scanning Electron 

Microscope, Nanotechnology Centre VŠB-TU Ostrava) 

Before the application of the anticorrosive paint systems on the surface, we measured the surface 
roughness of background material with Mitutoyo Surftest - 301, according to ČSN EN ISO 4287.  



 
 

Type of samples:  
A - water-borne transparent anticorrosive coating with a nanoparticles of white anticorrosive pigment 
         of a zinc orthophosphate hydrate, thickness of dry layer is 49 
B - water-borne transparent anticorrosive coating with a microparticles of white 
        of a zinc orthophosphate hydrate thickness of dry layer is 55 
1 -  damage by cut , 2 - without damage  

 

 
 
 
 
 
 

Fig. 3. Corrosion tests according to ČSN ISO 9227 after 72 hours

 

 
 
 
 
 
 
 

Fig. 4. Corrosion tests according to 

 
 
 
 
 
 
 
 

Fig. 5. Corrosion tests according to ČSN ISO 9227 after 240 hours
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The adhesion of anticorrosive paint 
systems was solved to cross cut adhesion 
test according to ČSN EN ISO 16276

Graph.1. Comparison of the cross cut 

                   adhesion 

3. EXPERIMENTAL RESULTS

The anticorrosive protection was solved to 
corrosion tests in artificial atmospheres, 
salt spray tests according to ČSN ISO 9227. 

borne transparent anticorrosive coating with a nanoparticles of white anticorrosive pigment 
zinc orthophosphate hydrate, thickness of dry layer is 49 mm 

borne transparent anticorrosive coating with a microparticles of white anticorrosive pigment 
zinc orthophosphate hydrate thickness of dry layer is 55 mm 

 

Corrosion tests according to ČSN ISO 9227 after 72 hours 

Corrosion tests according to ČSN ISO 9227 after 120 hours 

Corrosion tests according to ČSN ISO 9227 after 240 hours 

, Czech Republic, EU 

The adhesion of anticorrosive paint 
systems was solved to cross cut adhesion 
test according to ČSN EN ISO 16276-2.  

Comparison of the cross cut  

AL RESULTS 

The anticorrosive protection was solved to 
corrosion tests in artificial atmospheres, 
salt spray tests according to ČSN ISO 9227.  

borne transparent anticorrosive coating with a nanoparticles of white anticorrosive pigment  

anticorrosive pigment  
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Proposal of the Calculation 
time corrosive resistance in 
environment with degree of 
corrosive aggressiveness C5 

In proposal of calculation is 
presumption for organic 
coating corrosive resistance 
most 10 years in 
environment with degree of 
corrosive aggressiveness C5, 
where this time matches 
720 o ´clock of the 
exposition coating in   

                Graph.2. Comparison of the anticorrosive protection    corrosive chamber with salt  
          fog. 

Table 1. Corrosive resistance in corrosive chamber 

4. CONCLUSION 

The aim of these experiments was to determine 
anticorrosive protection of steel substrate with 
using of thin coating.  

The adhesion of water-borne transparent 
anticorrosive coating with a nanoparticles or 
microparticles of white anticorrosive pigment of a 
zinc orthophosphate hydrate was classified like rate 

number 2. That is good adhesion of anticorrosive coatings to steel substrate. From the experimental test of 
anticorrosive protection was found, that the both coatings resist 72 hours with damage of cut. That is 12 
months anticorrosive protection in real environment C5. Anticorrosive coating with nanoparticles without 
damage resist 120 hours. That is 20 months anticorrosive protection in real environment C5. Anticorrosive 
coating with microparticles without damage resist 240 hours. That is 40 months anticorrosive protection in 
real environment C5.  
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Abstract 

High-energetic water jet (at cross-sectional velocity exceeding 660 ms-1) represents a liquid flow with cross-
sectional power density about/or above 144 kWmm-2. In the experimental Water Jet Mill (WJM) device, 
potent dynamics of disintegration of silicon microparticles develop during the passage of modified 
cavitation water jet through the microparticle dispersion. The main mechanism of this disintegration of 
solid microparticles is the extreme impact pressure of a water-hammer on particle surface in the 
termination phase of the implosion of vapor cavitation bubbles. Around the working temperature of WJM 
about 65°C, cavitation erosion of solid materials in water reaches high intensity. Gradients of flow velocity 
in the disintegration zones of WJM rise up to 1000 ms-1/mm and generate markedly high tensile stresses in 
the liquid, resulting in the creation of vapor cavitation bubbles. The cavitation coefficient reaches values of 
10-4 rank and the cavitation intensity is very high. Moreover, a high value of specific surface of solid 
particles in the fine water micro-dispersion is manifest, thus fostering the process of heterogeneous 
nucleation of cavitation bubbles on individual particles. The impact pressure of liquid in the termination 
phase of the collapse of spherical bubbles reaches values as high as 5.7 GPa at normal pressure of the 
surrounding liquid, namely 0.1 MPa. Due to the rapid process of refinement, it is possible to expect a 
significant influence of crushing mechanisms on the overall process of disintegration with the given energy 
densities. Apart from fundamental specification of the disintegration process, the present paper has 
another major focus, i.e., the presentation of experimental results of disintegration of silicon microparticles 
into the nano-scale.  

Keywords: nanoparticle, cavitation, implosion, disintegration, milling, grinding.  

1. INTRODUCTION 

The technology of high energy Water Jet (abbreviated as WJ) [1-2] was initially developed in NASA (USA) for 
cold cutting of hard fireproof ceramic components of space shuttles [3-4].  Presently, the fundamental issue of 
obtaining stable working pressure in liquids in the range of hundreds of MPa is successfully solved for values 
approximately up to 400 - 600 MPa [5]. Apart from the common use of WJ for cutting processes in 
contemporary industry, there is a remarkable technical potential of WJ in the nanotechnology area, especially 
in the domain of extreme efficacy nanomilling. The promising potential of WJ nanotechnology can be illustrated 
by the applications listed below:   

· Micro-nozzle application - increase in the hydraulic velocity field gradient in the surrounding fluid and 
reduction of the input flux of ballast liquid into the grinding suspension. 

· Exploitation of pure vapor microcavitation - increase in disintegration effectivity of cavitation during 
the implosions in pure vapor microbubbles [6-8]. 

· Application of WJ pulse regime - improvement in dynamics as well as in the maximum impact 
pressure in macroranges by means of the waterhammer effect up to the values of several GPa [9-10].   
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The fundamental physical mechanisms of fine solid particles disintegration in the prototype device  called 
Water Jet Mill (abbreviated as WJM) are described in the present paper. The nanoscale disintegration-
inducing capacity of the WJM prototype device has been verified by performing sample disintegration of 
100 µm silicon particles. The milled particles in the operation area are wafted with a liquid dispersion and 
cyclically pass through a system of cavitation zones. The zones have been generated by ultrahigh energy 
cavitating water jet in the mixing chamber and the cavitation tube. For the first time, the prototype WJM 
has been presented at the 1st Nanomaterials and Nanotechnology Meeting NANO OSTRAVA in 2008 [11]. 

2. PHYSICAL BACKGROUND 

The prototype WJM utilizes high dynamics and power density of the liquid jet interacting with a liquid 
suspension of fine milled particles.  

Mixing chamber with
 water no

 
0,23mm zzle

Control manometer 

Abrasive nozzle 0,9mm 

Top ejector inlet

Cavitation tube 

Mill chamber 

Reflux column 

WC impact target 

Controlled
bypass 

400MPa cavitating water   inlet

Milling 
suspension
reservoir 

>400 nm
separator 

Nano 
dispersion
reservoir 

>40 nm
separator 

Outlet of balast water

          

Fig. 1 General scheme and photo of the first prototype of Water Jet Mill. 

Given the operating pressure of the pump ca. 400 MPa, the cross-section power density amounts to 164 
kW.mm-2 at outlet velocity of the liquid jet around 660 ms-1.  Taking into account the diameter of the WJ 
nozzle (0.23 mm) and the abovementioned cross-section power density, the corresponding cutting energy 
of the water jet cross-sectionally reaches approximately 8kW. Fig. 1 provides an explanation of the basic 
milling regime of the WJM.  The liquid suspension of milled particles leaves the milling suspension reservoir 
to enter the mixing chamber with diamond cavitating water nozzle 0,23 mm. Subsequently, primary 
disintegration takes place in the mixing chamber in contact with the cavitating water jet. The suspension 
enters the cavitation tube after going through the rectification abrasive nozzle, proceeding upward in a 
vertical direction after a stream direction change in the lower target area. The upstream velocity averages 
around 10 cms-1 and is accompanied by intensive turbulence phenomena. Upon reaching the upper orifice 
level of the cavitation tube, a part of the suspension is periodically drifted back to the tube and re-enters 
the milling cycle.  
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Fig. 2 Mechanisms of a microparticle breaking in WJM: A - Rapid dynamic shear stress in an extreme flow velocity  

            gradient, B - Extreme waterhammer effect in an asymmetric cavitation collapse, C - Direct impact of larger  
            particles on the hard target. 

We assume a cyclic repetition of three fundamental disintegration effects as shown in Fig. 2 during the 
milling process. 

2.1. Rapid dynamic shear stress in an extreme flow velocity radial gradient (see Fig. 2.A) 

Direct mechanical destruction of particles is caused by the high dynamics as well as the high value of shear 
stress at the inlet of the liquid suspension to the cavitating flow. Radial velocity gradients in the narrow 
pipe of the primary abrasive nozzle 0.9 mm in diameter can reach extreme values even over 1000 ms-1/mm. 
With maximum characteristic dimension of the microparticle, the bilateral speed difference of the 
circumfluence can amount to as much as 100 ms-1. In quasiglobular particles, the latter velocity gradient 
induces rotation as well as a radial buoyancy force directed the stream axis. Due to particle rotation, the 
shear and buoyancy stresses exhibit high dynamics in the direction and the value of deformation forces.   

2.2. Pure vapor microcavitation bubble implosive collapse (see Fig. 2.B) 

Cavitation growth and collapse at high pressure gradients with characteristic dimensions of the millimeter 
range take place in extremely short characteristic time (in the range of microseconds). This fact assures the 
domination of very small cavitation bubbles with high spherical stability, preventing the creation of inner 
jets. Thus, we can assume that the course of the collapse will be of spherical nature until the final bubble 
destruction by its impact onto the condensate (see Fig.2.B).   

The primary cavitation disintegration of particles takes place with the implosive collapse of pure vapor 
microcavitation bubbles from cavitating water nozzle after their „collision“ with particles in suspension 
[12]. The secondary cavitation particle disintegration occurs in the areas inside the cavitation tube. The 
source of cavitation in current technical arrangement is the extreme velocity gradient of the high energy 
liquid jet mixing with the slow suspension of milled particles. The design of the cavitation tube is optimized 
for ongoing generation of cavitation bubbles based on heterogeneous nucleation right at the phase 
interface between the liquid and the particle [6]. Consequently, there is preferential emergence of 
adhesively-bound couples of particle-cavitation bubble, with the resultant couples undergoing mutual 
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cavitation evolution. The cavitation coefficient amounts to 10-4 ranges under the following conditions: 20°C 
temperature and 0.1 MPa pressure. Nonspherical collapse of cavitation bubble on the particle surface creates 
an extreme shock wave in the area of impact of the liquid. The impact pressure maxp  during the cavitation 

bubble implosion reaches a minimum value of 57 GPa [7] with ambient temperature of 20oC and 
surrounding pressure of 1 MPa. For most disintegrated materials the compression resistance is far below 
the above-mentioned value. 

2.3. Direct impact of larger particles on hard wolfram carbide target (see Fig. 2.C) 

Direct mechanical disintegration of particles by impact to a rigid sintered wolfram carbide (WC) target takes 
place following the outlet of suspension from the cavitation tube. This disintegration zone at the end of the 
cycle destructs especially large particles in which the inertial forces Fi dominate over the hydrodynamic drift 
forces Fh in the stream of fluid. Very small particles are drifted by way of streamline diversion along the 
impact target surface without mechanical contact, which fact is related to the small inertia of the given 
particles.  

3. EXPERIMENTAL DESIGN 

An important factor of the overall disintegration process in WJM is a technical solution enabling multiple 
particle circulation through all the levels of disintegration zones. In the course of the primary turbulent 
filtration, a final submicron fraction <400nm is separated from the milled suspension and accumulated in 
the nano-dispersion reservoir (see Fig 1). The reflux of suspension particles >400nm in size is directed 
through the input pipe back to the milling cycle. Initial experience suggests that the turbulent filter 
throughput can be adjusted so as to compensate the pure liquid inflow via WJ nozzle and to ensure a 
constant volume of circulating suspension in the milling suspension reservoir. The output submicron 
dispersion is further concentrated by the method of turbulent cross flow ultrafiltration and the ballast 
liquid is disposed of in fraction <40nm. With the current experimental design, the ultrafilter throughput 
was not yet capable of compensating the water inflow via WJ nozzle and the separation of outlet 
nanodispersion had to be performed separately under the testing conditions. 

 

Fig. 3 Scanning Electron Microscopy image of the separated drying submicron Si (99,999 w%) powder. 
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In the testing regimen of WJM with an ordinary nozzle, the output nanoparticle suspension product was 
obtained by separation of circulating highdimensional inlet fraction of Si (monocrystalline 99,999 w%) with a 
granulometric maximum of ca. 100 mm. The corresponding sample of submicron particles is shown in Fig. 3 
and Fig. 4, based on Scanning Electron Microscopy and Atomic Forces Microscopy analysis.   

Fig. 4 Atomic Forces Microscopy 

analysis of area 1000 nm x 1000 nm of 
the separated submicron output Si 

powder. 

After a total of 180 s of circulation 
nanomilling in the testing regimen, 
an increase in submicron fraction 
from initial 0 vol% to final value of 
6.4 vol% was observed. The result 
shows a marked dominance of 
submicron particles in the absolute 
size frequency distribution. The less 
frequent excessively large particles 
were separated from the 
suspension by means of turbulent 
cross flow filtration and were 
carried back to the milling process  
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Fig. 5   Size distribution of the separated submicron Si output fraction. The nanomilling test was performed in WJM  

               device at 400 MPa pressure with a standard liquid nozzle 0.23 mm for a period of 180 s. (Data output by Malvern  
              Mastersizer 2000). 

Size distribution of submicron particles was optically analyzed using Mie scattering analysis [13]. The 
resulting distribution (see Fig.5) shows a median around 148 nm in the borderline area of nanoparticles. 
The subsequent disintegration experiment was performed with identical input material but with the 
application of a cavitating water jet. The median of particle size distribution for the fraction in Fig. 6 equals 
d50 = 32 nm. Comparison of particle size distributions for both respective output fractions in Fig. 5 and Fig. 6 
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shows that initiation of the cavitation process in the nozzle exerts a highly positive influence on disintegration 
profundity. In the intensified cavitation regime, the mean size of output fraction nanoparticles ranged below 
100 nm. Presently, an original source of high-pressure demineralized water is under construction in the 
authors´ laboratory for the purpose of further advancement of nanomilling device technology with intense 
cavitation at input pressures of 450 MPa. 
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Fig. 6  Particle size distribution for the Si submicron output fraction. The nanomilling test was performed in WJM device at  

             400 MPa pressure with a cavitation liquid nozzle 0.23 mm for a period of 180 s. (Data output by FRITSCH ANALYSETTE  
             22). 

4. DISCUSION AND CONCLUSIONS 

Preliminary experimental experience has confirmed high disintegration efficacy of the WJM up to the nano 
scale area. In a very short time (180 s) the submicron fraction of Si increased from initial value 0 vol% to the 
final value of 6,4 vol% characterized by a mean diameter of 148 nm. Given the saturation of 1.5 kg of 
circulation suspension by constant fraction of 10 vol.% (i.e., 300 g) of the milled particle material with a 
granulometric maximum around 100 mm, the continual production of submicron output fraction is about 
384 g per hour. This milling efficiency outperforms currently available cutting-edge planetary ball mills [14]. 
The volume of the disintegration zone in the experiment described amounted to ca. 0.1 % of the total 
volume of the circulation suspension in WJM device. In the extreme turbulence and cavitation regimen, 
marked kinematic losses occur in the suspension, corresponding to the absorbed energy of disintegration. 
The analysis of circulation flow intensity indicates a kinetic energy decrease in the milling zone 
approximately to 1% of the initial value (ca. 27 m.s-1). From the identified minor proportion of thermal 
dissipation [7] within the total energy absorbed it ensues that the value of specific milling energy is equal to 
ca. 5,8.105 kJ.kg-1.  Preliminary results under the given condition of short-time operation of WJM (180 sec.) 
in comparison with the milling efficiency of cutting-edge stirred media mills [15-16] suggest the milling limit 
of a continual regimen in the range below 10 nm. We expect a potential increase in milling energy 
absorption effectiveness up to 99.9% after the implementation of a novel construction of the cavitation 
disintegration tube. The conditions considered would suggest the achievement of specific milling energy 
values high enough to produce nanoparticles with median size distribution in the range of individual 
nanometers.  
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Subsequent practical testing indicated that upper filtration separation <400nm is able to fully compensate 
the inflow of new ballast water from the WJ caviting micronozzle and is able to ensure a real-time constant 
volume of circulating suspension in the inlet reservoir. The high potential for efficiency development into 
the nano area consists in the WJM being furnished with cavitating micronozzle of about 70 mm diameter in 
combination with the high power of continual cyclic nanoseparator.  
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Abstract 

Investigations of several yttria-stabilized zirconia (YSZ) pressure-compacted nanopowders are reported. 
Positron annihilation spectroscopy is employed as the main experimental tool. The defects associated with 
grain boundaries (GB’s), the mean grain size and its growth during sintering nanopowders, the 
nanoporosity, an influence of the material composition on the final microstructure and a possible 
segregation of different kinds of atoms at GB’s are discussed. The main attention will be focused on the role 
of chromia addition to YSZ. Positrons are trapped predominantly (i) in the monovacancy-like defects 
situated along GB’s or (ii) at the triple junctions of GB’s. PAS is then used for estimation of grain size. 
A small amount of chromia additive is shown to lead to a lower mean grain size of the initial YSZ 
nanopowders. 

1. INTRODUCTION 

Zirconium dioxide (ZrO2, zirconia) exhibits a high melting point of 2700 °C, low electronic as well as thermal 
conductivities and good oxygen-ion conductivity at higher temperatures. Zirconia possesses, moreover, 
favourable mechanical properties (enhanced strength and fracture toughness) [1]. These features 
predestine zirconia for a variety of applications, e.g., as refractory ceramics, ceramic glazes, thermal-barrier 
coatings, electroceramics, insulators, solid oxide fuel cells, oxygen sensors as well as abrasives, grinding 
media and machining tools. The advantageous characteristics of ZrO2-based materials become improved 
when these materials are manufactured of nanoscopic powders. 

Applications of the pure zirconia at elevated temperatures are strongly limited due to the phase transition 
from the room-temperature monoclinic (m) to the denser tetragonal (t) phase at ≈ 1200 °C [1]. Large 
volume changes take place during this transition, creating cracks within the lattice structure. The pure 
zirconia becomes cubic (c) at temperatures raised above ≈ 1380 °C. The high temperature zirconia phases 
are stabilized at room temperature if a small amount of the trivalent yttrium oxide (Y2O3, yttria) is 
introduced as a solid solution in the ZrO2 lattice [1]. Such a system is referred to as the yttria-stabilized 
zirconia (YSZ). It remains cubic in a wide temperature range when more than ≈ 8 mol. % of the yttria 
stabilizer is added (fully stabilized YSZ). If the yttria admixture amounts ≈ 3 mol. %, YSZ structure becomes 
tetragonal after heating above 1000 °C and the t-phase is metastable below 1000 °C where it coexists with 
the monoclinic one (partially stabilized YSZ). 

Because of stoichiometry violation, an addition of the Y2O3 stabilizer introduces a large amount of native O 
vacancies or their aggregates with a metal atom in the ZrO2 host lattice. Further types of open-volume 
defects become of importance in the YSZ nanomaterials due to a significant volume fraction occupied by 
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grain boundaries (GB’s): GB-associated vacancy-like misfit defects, vacancy clusters at GB’s intersections 
(triple points), voids and pores. It may be expected that such defect structures influence the macroscopic 
properties of YSZ nanomaterials. Currently, there is also a growing interest in ZrO2-based materials 
containing beside the Y also the Cr atoms dissolved in the zirconia lattice. Obviously, more complex defect 
configurations involving new kinds of defects are to be expected in such a ternary solid oxide solution 
compared to the ZrO2 containing only the yttria stabilizer (below, the latter kind of systems is referred to as 
the binary YSZ). 

From the point of designing YSZ materials according to specific industrial demands, the nature and 
behaviour of nanometer-sized open-volume defects are significant factors. Positrons are known to probe 
these kinds of defects with a high sensitivity. Thus positron annihilation spectroscopy (PAS) represents an 
efficient tool of investigations on nanomaterials. In the present Contribution, our recent results [2] of PAS 
characterisation of defects in the m-, t- and c-YSZ pressure-compacted nanopowders and sintered ceramics 
will be briefly reviewed. Then, new data on an effect of the chromia addition to the t-YSZ nanopowders will 
be reported. At the preceding NANOCON Conference, a potential of PAS techniques for studies of ultra 
fine-grained metals has been illustrated [3,4]. The present Contribution is also an extension of these 
attempts giving an illustration of PAS applicability to investigations of the oxide nanomaterials.  

2. OVERVIEW OF PAS 

When an energetic positron (with kinetic energy well above that of thermal motion) is implanted into 
a material to be studied, it will quickly lose its energy until reaching thermal equilibrium with surroundings. 
Then the positron makes thermal diffusion movement through the medium. During thermal-diffusion stage, 
positrons may become trapped in open-volume defects (various vacancy-like structures, dislocations, 
vacancy clusters). In insulators or in materials containing nanometer-sized pores, moreover, positron may 
pick up an electron of the medium to form positronium (Ps) - a bound state of an electron-positron pair. 
The para- or ortho-Ps (pPs or oPs, respectively) are created with formation probabilities constituting a ratio 
of 1:3. Finally, the positron annihilates a surrounding electron. The annihilation event is accompanied by 
emission of two energetic photons which convey information about the electronic structure at the 
annihilation site and about the positron state at the moment of annihilation. The photons escape outside 
the sample to photon detectors what makes PAS to be a non-destructive technique of materials research. 

The two basic PAS observables are the positron lifetime (PLT) and the electron momentum. The latter 
quantity is measured as the Doppler shift in energy of annihilation photons. The PLT is primarily the 
positron response to a local electron density at the annihilation site. Thus the measurements of PLT allow 
for judgement of the type of defects capable to trap positrons, i.e., the size of open volume associated to 
such a defect. Moreover, information about defect concentrations can also be deduced. Typical PLT values 
amount 0.15 ÷ 0.35 ns for vacancy-like defects in semiconductors and insulators, detection threshold for 
monovacancies may appear to be as low as 1016 cm-3. Doppler broadening (typically ≈ 1 keV) due to 
electron momentum distribution provides additional information about the role of positron trapping. The 
coincidence Doppler broadening experiments (CDB) disclose the contribution of the inner electronic shells 
and provide thus unrivalled data on chemical surrounding of the annihilation site (defect). For example, the 
defect - impurity atom complexes may be identified in this way. Positron diffusion is characterized by 
diffusion lengths falling typically in a range of 50 to 200 nm in media with low defects concentrations. 
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Hence in materials with grain size below ≈ 300 nm, positrons may easily diffuse toward GB’s, get trapped at 
defects there and thus probe also their structure. 

Porosity which may rise in nanopowders and nanoceramics can be investigated via observations of oPs 
decays by a two-photon pick-off process characterized with lifetimes above 1 ns. The pore size can be 
estimated from the observed oPs pick-off lifetimes using appropriate semiempirical models, see Ref.  [5]. 

3. EXPERIMENTS 

Samples. The initial YSZ nanopowders studied in the present work were made from stoichiometric 
compositions of water solutions of ZrO2(NO3)2 , Y(NO3)3 and CrCl3 × 6H2O using a co-precipitation process. 
The detailed description of this procedure can be found elsewhere [6,7]. The nanopowders were calcinated 
in air at 600÷700 °C for 2 h (binary YSZ) or 1 h (ternary YSZ) and then compacted under an uniaxial pressure 
of 500 MPa into tablets of ≈ 10 mm diameter and ≈ 5 mm thickness. The binary YSZ powders were 
pressure-compacted also under 250 and 500 MPa in order to examine possible pressure effects. The 
chemical purity of the initial nanopowders was checked by X-ray fluorescence analysis and the results were 
given in the preceding paper [2]. The phase content and the mean grain size of the nanopowders were 
determined by X-ray diffraction (XRD). The composition of the compacted binary and ternary YSZ 
nanopowders studied in this work and the mean grain size from XRD are listed in table 1. 

Sintering process was investigated on the binary t-YSZ sample compacted under 500 MPa. The samples 
were sintered for 2 h in air at three different temperatures TS: 1000, 1200 and 1350 °C. 

In addition, the well-annealed pure 
Fe, Zr, Y and Cr metal samples were 
used as the reference ones in PLT or 
CDB measurements. These 
specimens could be regarded as 
defect-free materials in which 
virtually all positrons are annihilated 
from the delocalized state [2]. 

Apparatus and data taking. The 
positron source (≈ 1.3 MBq of the 

iThemba LABS carrier-free 22Na2CO3 salt sealed between two 4 µm thick Dupont mylarC foils) was 
sandwiched between two identical tablets of the material studied. The sandwich was then put at the 
working position of the PLT or CDB spectrometer. 

The fast-fast modification of a BaF2 spectrometer [8] was used for the PLT measurements. The 
spectrometer exhibited a time resolution of 160 ÷ 170 ps (FWHM for 22Na) and a peak-to-background ratio 
better than 103. At least 107 coincidence events were recorded in each PLT spectrum. Decompositions of 
measured PLT spectra into individual components was performed using the maximum-likelihood method. 

A two-detector (HPGe-HPGe) spectrometer [9] was employed in the CDB measurements. The spectrometer 
exhibited an energy resolution of 1.1 keV (FWHM at 511 keV g-ray energy) and a peak-to background ratio 
of ≈105. At least 108 coincidence events were accumulated in each two-dimensional CDB spectrum. The 

Table 1 The basic characteristics of the binary and ternary YSZ 
nanopowders studied in the present work. 

Sample Phase Mean grain 
size [nm] composition abbrev. 

pure ZrO2 Z0Y m 23.2 
ZrO2+3mol.% Y2O3 Z3Y t 17.6 
ZrO2+8mol.% Y2O3 Z8Y c 15.6 
ZrO2+3mol.% Y2O3+0.3mol.%Cr2O3 Z3Y0.3C t  
ZrO2+3mol.% Y2O3+0.7mol.%Cr2O3 Z3Y0.7C t  
ZrO2+3mol.% Y2O3+1.5mol.%Cr2O3 Z3Y1.5C t  
ZrO2+3mol.% Y2O3+2.9mol.%Cr2O3 Z3Y2.9C t  
ZrO2+3mol.% Y2O3+5.0mol.%Cr2O3 Z3Y5.0C t  
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CDB results are represented below as the ratios of the Doppler-broadened profiles (DBP’s) shown by the 
samples studied to the DBP of the pure Zr reference specimen. 

4. RESULTS & DISCUSSION 

Binary YSZ’s. The results of the PLT measurements on the pressure compacted binary and ternary YSZ 
nanopowders were summarized in table 2. The four-component PLT spectra were exhibited by the binary 
YSZ nanopowders and were treated in details in our preceding paper [2]. Since no pronounced dependence 
of PLT data on compacting pressure was observed [2] we confine in table 2 to the data obtained for 
500 MPa. Below, we review main results of that study: (i) The shortest positron lifetime, t1 ≈ 0.185 ns, 
obviously originates from positron trapping in monovacancy-like defects. (ii) The medium lifetime, 
t2 ≈ 0.375 ns, results from positron trapping by larger defects of open volume comparable to a few-vacancy 
aggregates. (iii) The two longest lifetimes, t3 ≈ 2.0 ns and t4 ≈ 30 ns, testify that the Ps formation and 
subsequent oPs annihilation. in voids and nanopores, respectively, occur in the sample. 
 
Table 2 Positron lifetimes ti and relative intensities Ii observed in compacted YSZ nanopowders. Data for the binary 
systems are taken from ref. [2]. Normalization of I1+I2+4(I3+I4)/3=100% is used and the pPs contribution is not 
shown. The standard deviation errors are givenn in parentheses in the units of the last significant digit. 

Sample t1 [ns] I1 [%] t2 [ns] I2 [%] t3 [ns] I3 [%] t4 [ns] I4 [%] 

Z0Y 0.187 (3) 42 (2) 0.377 (4) 48 (2) 1.8 (1) 1.5 (1) 31 (2) 5.7 (3) 

Z3Y 0.174 (3) 27 (2) 0.373 (3) 63 (2) 1.6 (1) 1.4 (1) 30 (2) 5.9 (3) 

Z8Y 0.185 (3) 30 (2) 0.365 (4) 60 (2) 2.2 (1) 2.1 (1) 26 (2) 5.0 (3) 

Z3Y0.3C 0.191 (3) 31.4 (9) 0.381 (2) 68.6 (9)     

Z3Y0.7C 0.191 (3) 26.0 (8) 0.390 (2) 74.0 (8)     

Z3Y1.5C 0.190 (4) 20.6 (8) 0.387 (2) 79.4 (8)     

Z3Y2.9C 0.209 (2) 20.0 (10) 0.398 (5) 80.0 (10)     

Z3Y5.0C 0.259 (14) 20.0 (20) 0.393 (4) 80.0 (20)     

Note that no components belonging to annihilation of the delocalized positrons were observed in PLT 
spectra. Such a picture seems to be expected, because a majority of positrons which got thermalised inside 
grains (≈ 20 nm size) of the compacted YSZ nanopowders will diffuse to GB’s and get trapped there. Thus it 
is natural to attribute the two shorter components identified in measured PLT spectra to positron trapping 
in two kinds of defects associated to GB’s [2]: (i) the monvacancy-like defects, either the open-volume 
misfit defects present at GB’s due to their disordered structure or the defects resembling a Zr vacancy, and 
(ii) the larger defects situated probably in triple points. It was also shown in Ref. [2] that the ratio of 
intensities observed in PLT spectra, I2/I1, follows the inverse proportionality to a square of mean grain size d 
and the proportionality constant was deduced there from a fit to the data on binary YSZ nanopowders.  

One can see in table 2 that a portion of ≈ 8 % of positrons form Ps in binary YSZ nanopowders. The principal 
oPs component (t4≈30 ns) should be attributed annihilations of oPs localized in larger cavities of ≈3 nm size 
which may exist between primary particles of ≈ 20 nm diameter. The shorter and much weaker oPs 
component is likely an artifact of a nanopore size distribution. 



12. - 14. 10. 2010, Olomouc, Czech Republic, EU 

 
 

155 

The analysis of the CDB measurements on binary YSZ 
nanopowders allowed to draw several conclusions 
supporting the above interpretation of PLT data, see 
Ref. [2] for details: (i) The local chemical environment of 
monovacancy-like defects associated to GB’s resembles 
that of Zr vacancies. (ii) Positrons trapped in triple points 
are annihilated mainly by Zr electrons. (iii) A pPs 
contribution is clearly visible in the region of zero 
electron momenta. On the other hand, no decisive 
conclusion could be made about migration of Y atoms 
toward GB’s which was reported by others [10]. 

 Sintering experiments revealed that residual porosity 
(i.e., the oPs components) becomes negligible after 
sintering at TS=1000 °C and a significant grain growth 
occurs during sintering above this temperature [2]. 

Ternary YSZ’s with chromia addition. The two PLT 
components exhibiting lifetimes well below 0.5 ns were 
identified in the ternary YSZ samples, see table 2. By 
analogy with the binary YSZ’s, the shorter component 
can be attributed to annihilations of positrons trapped in 
the monovacancy-like defects adjacent to GB’s, while 
the longer of the two components arises from positrons 
trapped at triple points. An increase of lifetimes with 
increasing chromia content, pronounced especially for 
t1, is likely an effect of a smaller Cr atomic radius 
compared to Y or Zr which leads to a larger open space 
associated with monovacancy-like defects neighbour to 
a Cr atom. 

Intensity I2 is increased with chromia content at the 
expense of I1, see table 2. The correlation between the 
I2/I1 ratio and mean grain size d, as disclosed for the 

binary YSZ’s [2], was used here to estimate the mean grain size in the ternary YSZ’s. The results of such 
procedure are presented in figure 1. Clearly, the increasing content of chromia leads to a smaller mean 
grain size. This is in accordance with recent findings [7] that Cr dopant inhibits particle clustering during 
calcinations and shifts the onset of particle coalescence toward higher temperatures. The most distinctive 
feature of the PLT data for the ternary YSZ’s seen in table 2 is a complete vanishing of the oPs components 
below the detection limit of 0.5 % even for a chromia addition as small as 0.3 mol.%. This happens 
obviously due to paramagnetic centres associated with Cr substituting Zr atoms in the ZrO2 lattice, rather 
than due to a disappearance of nanopores. Such paramagnetic centres are expected to be efficient 
inhibitors of Ps formation on internal surfaces of nanopores in compacted nanopowders. The DBP ratios 
measured for the ternary YSZ compacted nanopowders with various chromia concentrations are plotted in 
figure 2. The analysis of these data was conducted in the lines similar to those used [2] in the case of the 
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Fig. 1. Mean grain size d in the ternary YSZ 
nanopowders as a function of  Cr2O3  content 
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DBP ratio discussed in the text. The thin solid lines 
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binary YSZ’s. The DBP ratio measured for the pure Cr metal was plotted in fig. 2, too. It exhibits a peak 
centred almost at the same position as that arising from 2p oxygen electrons in YSZ’s [2]. Thus it is difficult 
to identify an effect of chromium addition to the ternary YSZ’s by means of the CDB experiments. Despite 
of this difficulty, the observed DBP ratios for the ternary YSZ nanopowders appeared to be reasonably 
approximated assuming that there is a significant contribution (≈ 20 %) of positron annihilations with the Cr 
inner electrons in triple points, while the chemical surroundings of the monovacancy-like defects remains 
unchanged (see the thick solid lines in fig. 2). It indicates that a strong Cr segregation at GB’s takes place. 
Finally, one should note that the peak around zero electron momenta characteristic for pPs annihilations 
vanished in the DBP ratios measured for the ternary YSZ nanopowders. 

5. SUMMARY 

In the present paper, main results obtained recently [2] for the binary YSZ nanopowders and 
ceramics were reviewed. New data on the ternary YSZ nanopowders with small additions of 
chromia were presented. These data show that an increasing amount of the chromia additive to 
YSZ nanopowders leads to a smaller grain size. A segregation of Cr atoms at GB’s was indicated by 
the CDB technique. Even the smallest amount of chromia suppresses Ps formation in YSZ’s below 
the detection limits of the PLT and CDB techniques.  
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CHARACTERIZATION OF OPEN NANOSPACES IN NANOMATERIALS 
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Abstract 

In this paper, we describe how to characterize open nanospaces in next-generation materials as e.g. 
polymers. The pick-off process of the triplet bound state ortho-positronium (o-Ps) with electrons at the 
walls of the open nanospaces is focused. Pore-size disctributions are evaluated from the lifetimes of o-Ps 
pick-off annihilation. The momentum distribution exclusively associated with o-Ps pick-off annihilation is 
found to probe different light atoms such as O and Cs that constitute the surface of open nanospaces in 
materials.  

Keywords: Nanospaces, ortho-positronium 

1. INTRODUCTION 

Characterization of nanometer-sized open spaces (open nanospaces) are getting important for next-
generation materials, because they are closely correlated with optical and mechanical properties. In 
intermetallic compounds and compound semiconductors, vacancies on element-specific sublattice govern 
atomic diffusion, plastic deformation, and structural phase transformation [1]. In polymers and inorganic 
glasses, free volumes with definite affinity play an important role in gas permeation and ionic conduction 
[2-4] such as Li+ diffusion associated with oxygen atoms in polymer electrolytes [5].  

Positron annihilation spectroscopy has great potential for the characterization of open nanospaces in 
materials [6]. In metals, the vacancy size and chemical environment around the vacancy can be explored by 
the measurements of positron lifetime and element-specific momentum distribution of positron-electron 
annihilation photons [1], respectively. In next-generation materials as, e.g., polymers, glasses, minerals, and 
ceramics, a fraction of energetic positrons forms the bound state with an electron, positronium (Ps). Triplet 
ortho-Ps (o-Ps) with antiparallel spins of an electron and positron undergoes two-photon annihilation with 
one of the bound electrons with opposite spin in free volumes. This process is known as o-Ps pick off 
annihilation and provides information on the free volume size. In Ps-forming materials, there exist three 
states of positrons: para-Ps (p-Ps), o-Ps, and a free positron. Each of them individually contributes to the 
annihilation photons in its own manner so that the elemental information involved in their momentum 
distributions is obscured. Furthermore, Ps-forming materials are composed of light atoms compared with 
common metals, the momentum distribution being less element specific. 

In this paper, we describe how to analyze open nanospaces for Ps-forming materials [7-9]. Particular 
emphasis is placed on the application of positron-age-momentum correlation (AMOC) spectroscopy for 
probing the local chemical environment around open nanospaces. 

2. EVALUATION OF PORE-SIZE DISTRIBUTION 

As mentioned above, Ps formation often occurs in next-generation materials as, e.g., polymers, glasses, 
minerals, and ceramics. Singlet p-Ps with the spins of the positron and electron antiparallel and triplet o-Ps 
with parallel spins are formed at a ratio of 1 : 3. In vacuum, p-Ps annihilates into two γ rays with a lifetime 
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of 125 ps, whereas o-Ps decays into three γ rays with a longer lifetime of 142 ns. The o-Ps lifetime is 
shortened to a few ns, because the 
positron in o-Ps undergoes two-photon 
pick off annihilation with one of the 
bound electrons with opposite spin. 
Since the pick-off annihilation rate is 
proportional to the probability of Ps 
being in contact with the pore wall, the 
lifetime is correlated with pore size. The 
size of open pore can be thus deduced 
from the positron lifetime of o-Ps [10-
11].  

For the lifetime measurements, the 
positron source (22Na), sealed in a thin 
foil of Kapton, was mounted in a 
sample-source-sample sandwich. The 
positron annihilation lifetime spectra (~ 
1 × 106 coincidence counts) with a time resolution of 230 ps full-width at half-maximum (FWHM) were 
recorded at room temperature. The present positron lifetime spectrometer was characterized by the 
standard samples of synthetic fused silica (NMIJ CRM 5601-a) and polycarbonate (NMIJ CRM 5602-a) 
provided by National Institute of Advanced Industrial Science and Technology (AIST) [12-13]. Pore-size 
distributions are evaluated by using the MELT code [14]. 

Fig. 1 shows pore-size distributions evaluated for unloaded and Cs-loaded SiO2 glasses [7]. It is clearly seen 
that open nanospaces in amorphous SiO2 get partially occupied by Cs atoms upon Cs loading.  

3. PROBING THE ELEMENTAL ENVIRONMENT AROUND OPENNANOSPACES 

Positron annihilation momentum spectroscopy is based on the principle that if the positron-electron 
annihilation accompanies a longitudinal momentum p, the resulting annihilation γ rays are Doppler shifted 
from m0c2 by ± cp/2. Here, m0 and c are the electron rest mass and velocity of light, respectively. 
Measurements of the Doppler shifts by γ-ray energy spectroscopy make it possible to obtain information 
on the momentum distribution of the positron-electron annihilation pairs. The momentum of p-Ps 
annihilation has a narrow distribution, because p-Ps self-annihilates after losing the initial energy. In 
contrast to that, the momentum distribution of free positrons is significantly broadened due to the large 
momenta of electrons participating in the annihilation. The momentum distribution of o-Ps is also 
broadened because the pick-off annihilation is influenced by electrons bound to the surrounding molecules 
[8-9]. In polymers, glasses, and minerals, p-Ps, free positrons, and o-Ps all contribute to the overall 
momentum distribution of the annihilation pairs. In order to obtain information specific to the free volume, 
the momentum distribution of o-Ps pick-off annihilation has to be extracted. Below, we show that time 
resolving the annihilation photons with positron-age-momentum correlation (AMOC) spectroscopy 
provides the element-specific momentum distribution exclusively associated with o-Ps [15-16]. Fig. 2 shows 
a typical AMOC spectrum for amorphous SiO2, in which coincidence counts are plotted in logarithmic scale 
as functions of both the positron age and momentum of the annihilation pairs. Positron-age dependent 
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Doppler broadening spectra are analyzed as the S parameter (S(t)), which is defined as the ratio of 
integrated counts over ±1 keV from the center of 511 keV peak to the total integrated counts over ±5 keV 
from the center of 511 keV peak after subtracting the background 

Fig. 3 shows the S parameters obtained by 
AMOC spectroscopy as a function of positron 
age (S(t)) for unloaded and Cs-loaded 
amorphous SiO2. The S parameters indicate 
high values around t = 0. They rapidly decrease 
with increasing positron age up to 0.5 ns and 
then level off above 2.0 ns. In Fig. 3, the 
average lifetimes of p-Ps, free positrons, and o-
Ps are indicated with thick arrows pointing to 
the corresponding positron ages of the 
horizontal axis. At younger positron age, p-Ps, 
o-Ps, and positrons all contribute to the 
momentum distributions of positron-electron 
annihilation. Around t = 0 ns, high values of S 
parameters are observed due to the narrow 
momentum distribution of p-Ps self 
annihilation. At the positron age above 0.4 ns, 
more than 90 % of the shortest-lived p-Ps has 
already disappeared. Above 1.2 ns, the 
positrons have mostly disappeared as well 
and, as a consequence, o-Ps dominantly 
contributes to the momentum distribution. 
The saturated values of S(t) at older positron 
age thus reflect the momentum distributions 
of o-Ps pick-off annihilation.  

The saturated values of S(t) are significantly 
higher for Cs-loaded amorphous SiO2 than for 
unloaded one. This demonstrates narrowing 
of the momentum distribution of o-Ps pick-off 
annihilation in the former. Higher S 
parameters after Cs loading in the older 
positron age region indicate the narrower 
momentum distribution of o-Ps pick-off 
annihilation in free volumes partially 
surrounded by Cs atoms. S parameters at 
older positron age are thus sensitive to the 
chemical environment around free volumes. 

 

Fig. 2. Positron-age-momentum correlation (AMOC) spectrum 

observed for amorphous SiO2 [7]. The coincidence counts are 
plotted in logarithmic scale as functions of both the positron age 
and momentum component of annihilation photons. 
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4. CONCLUSIONS 

We demonstrated that o-Ps probes pore surfaces as well as size distributions of open nanospaces in Ps-
forming materials. Chemical environment analysis by positron age-momentum-correlation (AMOC) 
spectroscopy combined with hole-size measurements by o-Ps lifetime spectroscopy will be highly useful for 
the characterization and fine control of free volumes in next-generation materials.  
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Abstract 

Densification mechanism of gadolinium-doped ceria (GDC) caused by sintering are nanoscopically 
investigated by XRD, laser scattering particle size analyzer, and positron lifetime spectroscopy. XRD reveals 
that the crystallite size grows with increasing sintering temperature. The average particle size reachs 
1.88µm by sintering at 1273K. Positron lifetime spectroscopy reveals the densification of interfaces among 
crystallites. The results suggest that both crystallite interfaces and particle-grain boundary contribute to the 
densification in GDC.  

1. INTRODUCTION 

Solid oxide fuel cells have been intensively studied due to their high power conversion efficiency. There has 
been a long-standing problem of extremely high operating temperature for solid oxide fuel cells. 
Gadolinium-doped cerium oxides are one of the most promising candidates as the electrolytes operated at 
intermediate temperature [1-3]. The total ionic conductivity of GDC is governed by the local atomic 
structure of transgranular [4], which is expected to be correlated with sintering. Zhang et al. [5] showed 
that the loading of transition metal oxide has an influence on sintering behaviour and ion conductivity of 
GDC. In the present paper, the densification mechanism is discussed on atomic scale based on the data by 
XRD, laser scattering particle size analyzer, and positron lifetime spectroscopy.  

2. EXPERIMENTAL 

Gadolinium-doped cerium oxides (GDC) were prepared using oxalate coprecipitation method [6]. The 
cerium and gadolinium nitrate mixed solution at a molar ratio of Ce3+/ Gd3+= 4/1 was dropped into a stirred 
oxalate acid solution to produce the oxalate precipitate. The precipitates were calcined at 873K for 1 h in 
the air to form oxides. They were compacted into a pellet by uniaxial pressing (20MPa) and sintered in the 
wide temperature range (873 - 1273K) for 6 h in the air. The lattice constants of GDC and CeO2 were 
determined by XRD using NaCl internal standard. The crystallite sizes of samples were estimated from (111) 
peak broadening using Scherrer’s equation. The grain size distribution analysis was conducted by laser 
scattering particle size analyzer. Positron lifetime spectroscopy was conducted using 22Na positron source 
at room temperature. The positron lifetime spectra were numerically analyzed using the POSITRONFIT code 
[7].  

3. RESULTS AND DISCUSSION 

Fig.1. shows the XRD patterns of GDC sintered at 1073K for 6h in the air. The XRD pattern indicates that 
GDC has a fluorite type structure without any other phases. All peaks of GDC are shifted to low angle region 
against to the corresponded ones of CeO2 indicating the expansion of interplanar spacing for GDC by Gd 
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temperature and reaches ~50nm at sintering temperature of 1273K (see Fig.2). Average grain sizes are 
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Fig.1. XRD patterns of GDC and CeO2 sintered at 1073K for 6h.

       

 

 

 

 

 

 

 

 

 

 

 

 

Fig.3 Positron lifetime spectra for GDC sintered at 873K, 973K, 1073K, 

Fig.3 shows positron lifetime spectra for GDC sintered at 873K, 973K, 1073K, 1173K, 1273K, 1373K, and 
1473K. With increasing sintering temperature, positron lifetime spectra decay more rapidly indicating the 
densification of local atomic structure. The average sizes of GDC crystallites evaluated from XRD data are by 
far smaller than the typical positron diffusion length in solids of ~ 300 nm [9]. Positrons implanted in GDC 
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doping. The lattice constants calculated for GDC and CeO2 are 0.5429 nm and 0.5415 nm, respectively. The
estimated with Scherrer’s equation increases monotonically along with sintering 

temperature and reaches ~50nm at sintering temperature of 1273K (see Fig.2). Average grain sizes are 
1.47µm  and 1.88µm at sintering temperatures of 873K and 1273K, respectively, being increased by ~28%.

sintered at 1073K for 6h. Fig.2. Crystallite sizes of GDC and CeO

               at 873K, 973K, 1073K, 1173K, and 1273K.
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crystallite can thus efficiently diffuse out and annihilate at interface among crystallite. We therefore 
conclude together with larger average particle sizes evaluated by laser scattering particle size analyzer that 
positron are annihilated at interfaces among crystallites. Similar observations were reported for yttria-
stabilized zirconia by Cizek et al. [10].  

In the present work, the densification of particle grain-boundaries presumably associated with the neck is 
clearly observed by which is generally discussed for sintering mechanism. In addition to that, positron 
lifetime spectroscopy evidences the densification of crystallite interfaces. It is therefore inferred based on 
the present observation that the crystallites interfaces contribute to the densification as well as the 
particle-grain boundary.  

4. CONCLUSIONS 

Densification mechanism of gadolinium-doped ceria (GDC) induced by sintering are nanoscopically 
investigated by XRD, laser scattering particle size analyzer, and positron lifetime spectroscopy. XRD reveals 
that the crystallite size grows with increasing sintering temperature. The average size of particle reachs to 
1.88µm by sintering at 1273K. Positron lifetime spectroscopy reveals the densification of interfaces among 
crystallites. The results suggest that both crystallite interfaces and particle-grain boundary contribute to the 
densification in GDC.  
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Abstract 

This work deals with a new prospective technology for wastewater treatment applying tailor-made 
microorganisms with the ability to create a natural biofilm. The technology utilizes the natural 
immobilization of special xenobiotic biodegraders in the form of a natural biofilm on a carrier in a fluid bed. 
Natural immobilization increases the resistance of microorganisms to toxic compounds and extreme 
physiological conditions. To optimize the existing commercial technology an alternative approach to the 
use of polymeric nano-fibrous carriers was created which offers many benefits, in particular a large active 
specific surface, higher resistance of the created biofilm against external toxic incidence, high tolerance to 
physical-chemical parameters of the environment and the rate of carrier colonization. The development of 
a modern and original technology (nano-fibrous carrier) represents a partial and parallel solution for 
microbiology and material engineering, as well as bio-engineering. The evaluation of this technology was 
performed through laboratory research with real wastewater containing aniline, difenylguanidine, 
cyanides, accompanying organic compounds and extremely high salinity. The basic technological 
characteristics were verified and the limits of the given technology (such as minimal residence time, 
maximum and minimum temperature) were identified, whilst maintaining the effectiveness of the process. 
For an evaluation of the effectiveness of the process we used the chemical oxygen demand in terms of the 
amount of substance (especially concentration of organic materials) and image analysis of biofilm for the 
determination of the growth and development of the biomass (immobilized on the carrier). 

Keywords: nano-fibrous technology, industrial wastewaters, carrier of biomass, immobilization 
microorganisms, biodegradation. 

1. INTRODUCTION 

For biological wastewater treatment there are many different biofilm systems in use, such as trickling 
filters, rotating biological contactors, fixed media submerged biofilters, fluidised bed reactors, etc. They all 
have their advantages and disadvantages. For this reason, the moving bed biofilm reactor (MBBR) process 
was selected. MBBR have several advantages over other methods. These advantages include high biomass 
concentration, high treatment efficiency, no clogging of the carrier, utilization of the whole tank volume for 
biomass growth, no need for any sludge recycling, lower capital and operating costs and a smaller area is 
required (Kargi and Eyiisleyen, 1995).  

In the MBBR, various carrier particles are used for the microbial film development. These carrier particles 
may be natural materials such as sand, stone, glass, or metal mesh particles (Hermanowicz and 
Ganczarczyk, 1983). Synthetic polymer materials such as polyurethane, polyethylene and polyvinyl alcohol 
have been also successfully applied in recent years (Powel, 1990). It is appropriate to use a unique design 
carrier to maximize the active biofilm surface area in the reactor. Microorganisms grow on the surface of 
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the carrier particles either in the form of a biofilm or inside the porous structure of the particles (Jane-Yii 
Wu et al., 2003). The application of immobilization techniques to industry, especially in biological 
wastewater treatment systems, offers considerable protection to the cells despite of the surrounding 
environment; allows for high cell concentrations in the reactor tank whereby increasing efficiency; and 
facilitates the separation of liquid and solid in the settling tank (Brodelius and Vandamme, 1987). 

Nanofibers are a generally used material in all fields, and most recently also in microbiology, tissue 
engineering and medicine. One of distinguishing properties of nanofibers that can improve cell behavior is 
adhesiveness (improved compared to other material). It is necessary to use a material that is hardly 
perishable, especially for wastewater treatment (organisms are highly invasive and can destroy a carrier) 
and is an easy-to-use material for cell culture (simple production, low cost, without toxic effects). The 
combination of a carrier, a microbial biofilm and the adjustable parameters of the surrounding 
environment (temperature, flow rate of wastewater etc.) has a major influence on removal of pollutants. 
This paper describes the removal of organic matter in the presence of a bacterial biofilm growing on the 
surface of a nano-fiber compared with the commercial technology of AnoxKaldnes carriers. 

2. MATERIALS AND METHODS 

2.1 Reactors  

Several MBBR were made for the laboratory test. Each reactor was used for one type of biofilm carrier. 
Each of them was constructed in the same way and had the same input parameters (volume, flow rate, 
type of micro-organisms, temperature). The reactors were cylindrical glass beakers and had an empty-bed 
volume of 2000 ml. They were set up on the principle of continuous cultivation and were placed in a 
ventilated fume hood (in case of harmful gases). The reactors were designed as being aerobic because of 
the microorganisms. The turbulent streaming is important to obtain a homogeneous state in the whole 
reactor, to keep the carriers moving in the water, to transport the substrates to the biofilm, to maintain a 
low thickness of biofilm by shearing forces, and also for water oxidation. Aerators producing medium-sized 
bubbles are located at the bottom of the reactor. Freely moving carriers are kept in the reactor by a sieve 
that is placed on the reactor outlet. The inlet wastewater was continuously fed into the reactor and the 
flow rate was changed over time.  

2.2 Reactors  

The commercial AnoxKaldnes carriers (precisely the type of K3) are made of polyethylene with a specific 
biofilm surface of 500m2/m3 (Bjorn et al., 2006). The technology using AnoxKaldnes carriers is designed by 
Veolia Water Solutions & Technologies (www.veoliawaterst.com). 

The nanofiber carrier technology was developed at the Technical University of Liberec (www.tul.cz), in 
cooperation with several faculties. The development of nano-carriers has been ongoing for several years 
and is still under development. The nanofiber carriers are made up of three parts. The basic carrier thread 
is polyethylene, the coating consists of polyurethane nanofibers (electrospinning method) and everything is 
double-wrapped together with threads of polyethylene (providing less disintegration of the nanofibers). For 
the nanofiber the specific biofilm surface is more than 1000m2/m3. Both types of carriers are 25mm in 
diameter. The filling fraction of carriers is 30%, in order to be able to move the carrier suspension freely. 
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Fig. 1. The AnoxKaldnes type of K3 carrier 

and detail of the biofilm on this carrier. 

The nanofiber carrier and detail of the 

biofilm on this carrier. 

 

 

 

 

2.3 Microorganism 

The microorganism was chosen at the Institute of Chemical Technology, Prague, Czech Republic. It is a 
bacterial strain of the genus Rhodococcus erythropolis. Rhodococcus has been compared with several other 
species of microorganisms. Rhodococcus excels in several properties - efficacious biodegradation activity (a 
huge amount of organic matter, most poorly degradable and toxic substances), capability to withstand 
large temperature variations (10-40°C), to adapt to high salinity load. The microorganisms rapidly multiply 
and can easily colonize the surface of the polymer carrier.  

2.4 Waste-water 

Water from real application at Lučební závody Draslovka Kolín, was used in the laboratory tests. The 
company produces diphenylguanidine (accelerator of rubber vulcanization, 500-800mg/l) and it currently 
produces about 20% of the worldwide production. The wastewater contains also cyanides (100-200mg/l), 
aniline (500-1000mg/l), toxic organics and it has extremely high salinity. The representations of individual 
components have changed over time. Overall, the load is expressed as a value of chemical oxygen demand 
(COD in mg/l). Micronutrients are present in excess in the system, only phosphoric acid was supplied as the 
main source of macronutrients. The temperature of inlet wastewater was about 20°C. 

2.5 Measuring of parameters / Analytical methods 

Key parameters were continually monitored in reactors. The pH, ORP, temperature, dissolved oxygen and 
salinity was determined using the appropriate sensor (measuring instrument WTW Multi 350i). Single-
purpose COD tests of HachLange producer, based the dichromate method were used for the determination 
of chemical oxygen demand (COD). The flow rate of wastewater has been secured through-flow peristaltic 
pumps.  

2.6 Biomass estimation 

An optical microscope type of Olympus BX51M was used to determine the immobilized biomass on the 
carriers. The photo can clearly distinguish the background, carrier and microbial biofilm which have been 
captured on the carrier. The photo can be evaluated by image analysis (black = background, white + light 
shades = carrier, different shade = microbial biofilm, Zbigniew and Beyenal, 2007). This assessment can only 
be used in the early days of colonization when the biofilm is a thin layer of microorganisms. Over time, 
(approximately one/two months) this method cannot be used because the biofilm is composed of several 
thicker layers. 
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3. RESULTS AND DISCUSSION 

The carrier biomass is a determining factor for the wastewater treatment technology. The carrier material 
must be biochemically inert, chemically and physically stable, and also morphologically acceptable. It is also 
strived to maximize the specific surface of the carrier. The specific density of the carrier must be 
comparable with the wastewater, even after an increase in biomass or sediment. The price acceptability of 
the carrier is implicit for the sale of the technology. All of these points of view are fulfilled by the carriers 
used today. The primary objective is to develop a more technically effective and reliable type of carrier. 

3.1 Assessing the ideal amount of nanofiber layers 

The primary objective was to determine the minimum amount of nano-layer fiber filling. Too small a layer 
would not support microbal growth, too large a layer would be too costly to manufacture. Four types of 
carrier were made with no, minimal, medium and large layers. For each time each type of fiber was 
sampled six times. The values mentioned are the average of these six values. From the visual evaluation of 
the temporal development of the growth of biofilm on the carriers we can state that the best combination, 
from the point of view of the speed of colonization, is the nano-yarn marked “Layer of nanofibers 2”. 

We studied the effect of the presence of nanofiber layers, whether the layer is actually essential or the 
colonization of the bacterial population on the carrier or not. In general, the nanostructure is used for its 
high contact point with the surface. This provides the bacteria with high surface adhesiveness which 
simplifies the cohesion of the bacteria, in particular in the initial stages of colonization of the surface of the 

carrier. This high adhesiveness is also 
very important for revitalizing the 
carrier during the operation of the 
reactor, for example in extreme 
situations (e.g. unexpected 
temperatures or flow volumes), which 
often occur in practice. 

 
Fig. 2. Time evolution of biofilm growth on  
             various types of nano-carriers 

 

3.2 Comparison of the commercial and nanofiber carriers from the point of view of colonization 

The main requirement is to assess the packing of the surface of the biofilm during the colonization of the 
bacterial population, in relation to the type of carrier and its properties. Microscopic observation of the 
carriers took place during the first month of colonization. From the evaluation we have come to the 
following conclusions. 

The bacterial biofilm is captured very slowly on the commercial polyethylene AnoxKaldnes carriers. This 
slow growth is caused by a lack of adhesion of the microorganisms to the surface of the carrier. Slightly 
better results are shown by the pre-colonized carrier as the bacteria do not have to spend time and energy 
disturbing the surface. For an identical type of carrier it is possible to provide a greater colonization ability 
of the microorganisms by modifying their surface (e.g. by disturbing the upper layers for example in acid).  

In the first few days of colonization the microorganisms settle directly on the layers of the nanofiber. The 
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presence of these layers is essential for rapid colonization. The growth of biofilm on a carrier without 
nanofiber layers is up to two times better than commercial AnoxKaldnes technology. A marked increase on 
the carrier is shown on carriers using nano-layers, where the biomass settles up to four times better. After 
a longer period of colonization the microbial biomass naturally increases even without nanofibers. A 
significant advantage of the nanofiber technology is the possible growth of the bacterial biofilm not only on 
the surface of the fiber but also near the center (within the fibers), where the bacteria are more protected 
against the toxic effects of the surrounding environment and also it is still possible to provide substrate and 
oxygen to the microorganisms. 

 
Fig. 3. Time evolution of biofilm growth on various types of carriers 

3.3 Comparison of commercial and nanofiber carriers from the point of view of the effectiveness of the 
treatment 

The objective of the laboratory verification was to find the boundary conditions and limits of the 
technological parameters in a real wastewater treatment plant. These parameters negatively affect and 
disturb the operation of the treatment plant with long-term results. The set input parameters are feed 
water (retention time), COD of feed water and temperature. Fig 4 illustrates the effectiveness of the 
process (from the values of COD) in relation to the temperature and retention time. Verification of both 
technologies took place under laboratory conditions for approx. one year. The average COD value of the 
raw water added was 3600mg/l. The nanofiber technologies are optimal from a long-term point of view, by 
on average 10% to 42%, in particular in extreme cases in the reactor. Immobilized microorganisms display 
greater resistance when nanofibre carriers are used. The adaption time for the AnoxKaldnes technology is 
69 days, for the nanofiber technology it is 53 days. The nanofiber technology permits more rapid treatment 
of the carrier and a reduction in the cultivation time and in particular a much greater resistance of the 
bacteria to the surroundings in the presence of nano-layers. The minimum verified temperature which 
caused no further major problems was 10°C. The effectiveness of the process was for Anoxkaldnes - 82%, 
Nanofibers - 92%, for 48 hours retention period. The maximum recommended temperature of the given 
reactor is 40°C. The effectiveness of the process was for AnoxKaldnes - 9%, Nanofibers - 50%, for 64 hours 
retention period.  

No further measurement parameters displayed any effect on colonization of the carriers. It is important to 
point out the following. It is an advantage to provide as much oxygen as possible i.e. proper construction 

1,670,68
2,74

5,58

9,21
14,39

17,9

23,15

4,04
2,281,85

8,334,96 5,62
8,27

10,25

0

5

10

15

20

25

0 5 10 15 20 25 30Time [days]

B
io

fi
lm

 o
n 

th
e 

su
rf

ac
e 

+
of

 th
e 

ca
rr

ie
rs

 [%
]

Commercial technology AnoxKaldnes _ new carrier Modern Nanofiber Technology _ with nano-fiber

Commercial technology AnoxKaldnes _ 1x used carrier Modern Nanofiber Technology _ without nano-fiber



12. - 14. 10. 2010, Olomouc, Czech Republic, EU 

 
 

170 

and location of the aerators, shape of air distributor, and size of the air bobble etc. Rapid changes in pH of 1 
or 2 units can inhibit the microbal activity. Considering the possibility of leaking cyanides it is recommended 
to maintain the pH level as neutral or lightly alkaline. Increase or de crease in temperature of 1°C may 
cause changes in conductivity of 2%. In the verified temperature interval was the increasing of conductivity 
of approximately 60%. 

 
Fig 4. The dependence of the effectiveness of wastewater treatment on the flow rate and temperature for both 

verified technology 

4. CONCLUSIONS 

Implementation of new type of biological treatment brings the following benefits. It is possible to 
decreased consumption of chemicals, together achieve high efficiency. This novel method leads to a 
decrease in wastewater discharge levels and a decrease in the production of waste sludge also allowed to 
increase production and increased turnover of the company. Biofilm develops very well on both types of 
technology. The nano-layer carrier, however, seems to be the best for bacteria because the biofilm grows 
several times faster than on the PE carrier, which has a major significance for processing the system and for 
regeneration after extraordinary events which in practice are a very possible risk. 
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Abstract 

The electrospinning nanofibres from PUR have been mainly used for air filtration. This study describes 
experiments that verify the possible use of nanotextile materials for bacteria-contaminated water filtration. 
For the experiment, nanotextile materials made from PUR with different material characterisctics were 
chosen. Through these materials, 100ml of bacteria contaminated water was filtrated during constant 
pressure, using the designed filtration equipment. Bacteria E. Coli were used for the experiment, that are 
mostly examined as they can cause health problems. Microbiological contamination analysis was carried 
out after the filtration acording to the hygienical standards. Filtration parameters were noted for each 
sample (time of filtration, the amount of filtrate - 100ml, the number of bacteria before and after filtration, 
filtration efficiency). The study follows up the NANOCON 2009 conference contribution - Water Filtration by 
Nanotextiles. Unlike the previous tests results, a considerable increase in filtration efficiency was achieved. 
The filtration efficiency reached over 90% at most materials. These results indicate the possible use of PUR 
nanotextiles for liquid filtration, although more experiments need to be carried out to get an objective 
evaluation. 

Keywords: contaminated water filtration, PUR nanotextiles 

1. INTRODUCTION 

High porosity, small pores‘ dimensions and excellent mechanical qualities in respekt of thein weight - these 
are the main advantages of nanotextile materials, which can be used for filtration materials production. 
Recently, nanotextiles are used mainly for filtration of air or perhaps aerosols. Nanotextile materials 
suitable for filtrating contaminated water are being developed and studied [1],[2]. The bacteria size ranges 
in micrometres, nanotextile pores size ranges from tens to hundreds nanometres. Therefore, bacteria 
should get captured in the web of nanofibres. It has not been verified whether the pores dimensions in 
nanotextile expand with the higher pressure influence to that extend that the bacteria could get through. 
The nanotextile behaviour during the high pressure filtration needs to be examined by experimantal 
measuring. Nanotextiles that are able to filtrate the unwanted elements from contaminated water - 
bacteria etc., could show the direction of development of different water purification technologies. Current 
water purification technologies use chemical means for the decontamination, which kill all microorganism. 
By using a very effective filtration, the amount of chemicals could be reduced or they could be possibly fully 
replaced. 

We tested the filtration qualities of different nanotextile materials using the experimental filtration 
equipment under the constant pressure of 1 Bar. 
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2. MATERIALS AND METHODS  

2.1 Used materials 

Materials from table 1 were used for the experiment. The sample was a circular section of 48mm diameter. 
The functional part of the filter was 38mm. The nanotextile was sterilized by the UV radiation for 4 hours.  

Table 1. Materials  

Material / matrix Area weight [g.m-2] Average fiber diameter [nm] 
109 F1N ZV245 / viscose 0,43 155 
58C M60 / PP spunbond 1,40 161 
74 1A M60+ZV / viscose 1,60 144 
97FA / viscose 0,98 104 

2.2 Methodology  

Bacteria Escherichia coli from CCM were used as tested microorganism. These bacteria are one of the faecal 
contamination of water indicators and they are characteristic for a serious water contamination. When 
consumed, these bacteria can cause serious health problems and that is why the presence of bacteria 
Escherichia coli is in water very carefully monitored.  

The size of bacteria: 

Escherichia coli: 1,1 - 1,5 x 2-6µm [1] 

Nutritive media: 

Nutritive bouilon no. 2  (Imuna, Šarišské Michaľany) 

Endo - agar (Merck, Germany) for Escherichia coli definition 

The sterile bouilon was inoculated with E.coli. After 24h cultivation at 37°C, 10ml of culture was inoculated 
into 1000ml of sterile destiled water. This solution was poured into the filtraton device (see fig. 1) through 
the filling hole in the upper part of the equipment. The pressure air was led in through the filling valve and 
the overpressure of 105Pa was set on the manometerby the air regulation valve. Nanotextile material on 
the supporting medium was fastened onto the filtration head. The liquid was tranported onto a filter 
through the draining valve in the lower part of the device and after filtration of 100ml of the filtrate, the 
draining valve was closed. The time of filtration was noted for an approximate calculation of flow rate 
through the filter. Both filtrated and non-filtrated medium was microbiologically analized for E. coli. After 
decimal dilution of the samples, 1ml of relevant dilution was inoculated into sterile Petri bowl and filled 
with nutritive medium. Endo - agar (Merck, Germany) was used as a nutritive medium, afterwards the 
samples were incubated for 72h at 37°C. After the cultivation time, the grown colonies of E. coli were 
deducted and the number of bacteria was defined in KTJ/ml. Two microbiological analysis were carried out 
for each sample. This practice was applied during every measuring. Three measurements were carried out 
for each material. 



 
 

                 

3. RESULTS 

The comparison of used materials is in Table 2.

Table 2. Results 

Material 
/suported 
material 

Area 
weight 
[g.m-2] 

Time of 
filtratio

n [s] 
(100ml 
liquid) 

Average 

volume 
(100ml)

[l.s

109 F1N ZV245 
/ viskóza 0,425 

4 
3 
3 

0,028
0,034
0,032

58C H60 / PP 
spunbond 1,4 

4 
6 
2 

0,025
0,015
0,066

74 1A M60+ZV 
/ viskóza 2,5 

14 
12 
78 

0,007
0,008
0,001

97 FA / viskóza 0,98 
8 

77 
10 

0,012
0,001
0,010
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Fig.1 Filtration device 

materials is in Table 2. 

Average 
flow 

volume 
(100ml) 

[l.s-1] 

Bacteria 
quantity 
before 

filtration  
[KTJ.ml-1]  

Bacteria 
quantity after 

filtration  
[KTJ.ml-1]  

účinnost 
filtrace 
[%] pro 

jednotlivá 
měření 

0,028 
0,034 
0,032 

2 655 000 
121 364 
121 364 
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39 214 
37 832 
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účinnost 
 

[%] pro 
jednotlivá 

 

průměrná 
účinnost 
filtrace 

[%] 

72,25 

90,43 

99,83 

98,91 



12. - 14. 10. 2010, Olomouc, Czech Republic, EU 

 
 

174 

4. DISCUSSION 

The values from individual meassurements and the calculated avarege filtration efficiency are shown in 
table 2. The tested materials, except for 109 F1N ZV245, showed relatively big filtration efficiency. The 
average filtration efficiency ranged between 72,25 - 99,83%. Thus the theoretical assumptions of the 
experiment were verified, based on the pores dimensions in nanotextile material and the dimensions of 
bacteria E. coli. The results confirmed that the layer of nanotextile material 109 F1N ZV245 was insufficient, 
it enabled the penetration of a great amount of bacteria. The best filtration efficiency was noted with the 
use of material 74 1A M60+ZV where it reached nearly 100%. However, the filter was getting blocked very 
fast, which can be seen in table 2 - parameter of filtration time and average flow rate of 100ml of liquid. 
The fundamental paremetres influencing the efficiency and speed of filtration are area weight (nanofibres 
thickness) and average size of nanofibre diameter. This is proved by the meassured values in table 2 at the 
other materials. The optimal values of these parametres need to be experimentally verified for given 
filtration medium. 

After the filtration, the pictures of filters with the captured bacteria were taken by the electron microscope.  

 

Fig.2. Escherichia coli captured on nanotextile from 74 1A M60+ZV (scaling factor 4000x) 

 

Fig.3. Escherichia coli captured on nanotextile from 58C H60 (scaling factor 4000x) 
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 Fig.4. Escherichia coli captured on nanotextile from 109 F1N ZV245 (scaling factor 4000x) 

The pictures show captured bacteria on nanotextile layer. Bacteria are the grey longish shapes. They got 
misshaped during the filtration and they lost the three-dimensional projection because of drying. It is 
obvious that in case of material 74 1A M60+ZV Fig.2. the nanotextile got covered by a continuous layer of 
bacteria and the filter got clogged. The pictures of materials 58C H60 Fig.3 and 109 F1N ZV245 Fig.4 show 
not fully covered surface of the nanotextile, the filter is not clogged. The material 109 F1N ZV245 Fig.4 also 
shows noticeably bigger dimensions of pores in nanotextile web, caused by smaller area weight, which can 
enable the bacteria penetration through the filter. 

There was no distinctive influence on filtrating parametres by using different supporting textiles (viscose, 
PP spunbond). The fundations made from viscose can be recommended due to better manipulation and 
better nanofibres adhesion on the supporting textile. 

The hyhienic limit for E. coli content in drinking water is 0 KTJ in 100 resp. 250 ml. (Regulation č. 252/2004 
Sb.).  

Marendiak and others [4] states the limits of E. coli in 1000 ml and the totals of microorganism (CPM) in 
1ml for classification of surface water. Very clean water contains 1000 KTJ/1000 ml of E.coli and less than 
106 CPM, clean water contains 10 000 of E. coli in 1000ml and 5.0 x 106 CPM in 1 ml, contaminated water 
contains 100000 of E. coli  in 1000 ml and up to 25.0 x 107 CPM in 1 ml. Similar values, but for coliform 
bacteria in 1l in individual saprobits, are also given by Lellák and Kubíček [5], xenosaprobe water up to 
10000/l, oligosaprobe up to 50000/l, beta-mezosaprobe up to 100000 in 1l. 

The numbers of E. coli in our filtrated samples would therefore put the water into contaminated category. 
However, if we consider the E. coli the only contaminating organism, than the water can be classified as 
very clean.  

Ambrožová (2004) [6] states 100 KTJ/ml as a limit value for coliform bacteria in bathing-suitable water in 
nature and then guiding and non-compulsory figure of coliform bacteria in 100ml of fresh water for 
individual categories of standart methodology for fresh water purification into drinking water. These values 
are 50 KTJ/100 ml for category A+, 5000 KTJ/100 ml for category A2 and 50000 KTJ/100 ml for category A3. 
The lowest number of E.coli that we found at material 74 1A M60+ZV after the 121 364 KTJ/ml 
contaminated water filtration got reduced to 100 KTJ/ml which fall to A2 category. 
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The bacteria E. coli contaminated water purification with the use of materials used in this experiment is not  
sufficient for drinking water. Another purification by chemical means would be probably necessary for 
safety reasons, much smaller amounts would be needed though. The results show that the use of 
nanotextile membranes for utility water purification is realistic and for the drinking water purification, 
more experiments and analysis need to be carried out, or perhaps supplementary purification of water 
needs to be suggested, that will provide hygienic safety of the purificated water. 

The theoretical presumptions for an absolut capture of bacteria with the nanotextile materials with very 
soft structure were not verified. According to microbiological analysis of the filtrated liquid, the tested 
materials let a certain amount of bacteria through. The filtration efficiency reached at least 72% at material 
109 F1N ZV245/ viscose. The best filtration values of 99,83% were reached by material 74 1A M60+ZV / 
viscose from PUR nanofibres with the diameter of 144nm and area weight of 2,5 g.m-2. The results of these 
initial experiments are a good presumption for nanotextile materials application in liquid filtration area. The 
results can be used for Newton liquids filtration contaminated by particles with the comparable size as 
bacteria, i.e. 1- 6 µm. 
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Abstract 

New type of humidity sensor based on TiO2 nanoparticles and sodium salt of sulfonated AlOH 
phthalocyanine is presented. The sensor shows high sensitivity due to the high surface area of TiO2 
nanoparticles, good long-time stability and sensitivity in the range from 20 to 80 % RH. The response is 
linear in semilogarithmic plot - logarithm of impedance vs. RH and fully reversible. 

1. INTRODUCTION 

Humidity sensors have attracted considerable attention of engineers due to their useful applications in 
industry and environmental monitoring [1,2]. Sensors based on Al2O3 are very often used [3]. Cheap 
humidity sensors are often based on thin films of polymers consisting of saturated main chains and 
ionizable groups [4,5]. Sensitivity to humidity is based on the dissociation of side groups of the type A+B-, 
e.g., COO-Na+ and SO3

-Na+. The films can be prepared by cold technologies, like spin coating polymer 
solutions, casting, doctor blading, etc. Another group of polymers with sensitivity to humidity represent 
conjugated polymers. However, both groups of the polymers often show low temperature and humidity 
stability.  

Many commercially available humidity sensors are based on ceramic materials [6-8] due to low cost and 
quite good performance. They offer major advantages with high resistance to chemical attack, thermal 
stability and mechanical strength. However, some problems can be mentioned, like insufficient sensitivity 
over wide humidity range in some types of sensing elements, reversibility and drift in base line with time 
due to the chemisorption of various gasses. 

To improve the sensitivity nanoscale structures can be used. As a typical example we can mention thin 
layers prepared from TiO2 nanoparticles which are characterized by sufficient sensitivity for many 
applications. The sensitivity to other vapors than water can be limited by hydrophilic layer coverage. It has 
been expected that this structure would have adequate sensitivity to water vapors and limited sensitivity to 
other gas molecules. This type of the humidity sensors is presented in this paper. Sodium salt of sulfonated 
AlOH phthalocyanine was used as a covering layer. 
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2. EXPERIMENTAL 

2.1. Materials 

TiO2 nanoparticles were applied in the form of paste (Solaronix, Switzerland, Type: HT/SP). Sodium salt of 
sulfonated AlOH phthalocyanine, (AlOH)Pc(SO3Na)x [AlPcS in further text] was synthesized in the way 
described below. Its chemical structure is shown in Scheme 1. The material used in this work consisted 
mainly of di- (x = 2) and tri- (x = 3) sulphonated molecules.  

OH

NaO3S

NaO3S

Al
N

N

N

N
N

N

N

N

SO3Na
 

Scheme 1. Sodium salt of sulfonated AlOH phthalocyanine AlPcS 

AlPcS was synthesized from hydroxyaluminium phthalocyanine (AlOH)Pc. The sulfonation process was 
carried out in the four necked glass flask, which was heated in an oil bath, equipped with reflux cooler, 
agitator, thermometer and dosing funnel. 300 g of fuming sulfuric acid was charged into the flask and 
subsequently 30 g of (AlOH)Pc was gradually  charged through the dosing funnel into the agitated fuming 
sulfuric acid. The mixture was agitated at 30 °C until all the (AlOH)Pc was fully dissolved. After that the 
dosing funnel was removed and an inlet of nitrogen was installed instead of it. The process of sulphonation 
was then carried out under the nitrogen blanket. The reaction mixture was agitated and heated up to 
temperature from 115 to 125 °C and subsequently kept for 30 minutes at the adjusted temperature. The 
concentration of fuming sulfuric acid and the temperature of the sulfonation were chosen according to the 
target level of the sulfonation. The lower sulfonated (AlOH)Pc(SO3H)1-2, mostly mono- and di-sulfonated 
ones, were obtained when 5 % fuming sulfuric acid was used at the temperature of 115 °C; the contents of 
mono-sulfonated and di-sulfonated (AlOH)Pcs, as determined by high pressure liquid chromatography 
(HPLC), were 35,7 and 53,0 %, respectively. The higher sulfonated (AlOH)Pcs, mostly di- and tri-sulfonated, 
were obtained when 6 % fuming sulfuric acid was used at the temperature of 125 °C. The contents of di-
sulfonated and tri-sulfonated AlPcS, as determined by HPLC, were 28,3 and 54,5 %, respectively.  

After the finishing of the sulfonation process, the reaction mixture was slowly cooled down to the 
laboratory temperature and subsequently charged with a dropping funnel into the vigorously agitated 
mixture of 2000 g of ice and 1000 g of water. The water suspension was then filtered with a Buchner 
funnel, the filter cake was washed with distillated water until no sulfate anions were detectable in the 
filtrate. Thoroughly washed filter cake of sulfonated (AlOH)Pcs was dried in laboratory dryer at the 
temperature of 105 °C until the constant weight. The contents of particular sulfonated (AlOH)Pcs were 
determined by HPLC. The dry product of (AlOH)Pc sulfonation was always amixture of mono-, di-, tri- and 
tetra-sulfonated moieties; no changes in the conditions of the sulfonation process were not able to control 
the process in such a way, to get the particular sulpho-derivatives as pure products. In order to prepare 
quasi-pure mono-, di-, tri- and tetra-sulfonated (AlOH)Pc(SO3H) the mixtures of sulphonated derivatives, 
prepared by the above described processes, were separated by column liquid chromatography, the purity 
of each dry product was determined by HPLC method. 
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2.2. Thin films preparation 

Thin films of TiO2 were prepared from the paste by screen printing on glazed ceramic substrates with gold 
interdigital electrodes (electrode gap was 50 mm). After the deposition the layers were annealed at 450 °C, 

60 min.  The microscopic image of TiO2 layer (laser 
confocal mode magnification 7200´) is shown in Fig. 
1. Then, AlPcS  was deposited from a water solution 
by dipping (concentration 200 mg AlPcS per 1 l of 
water) for 60 min and dried at 80 °C. Note, the 
higher annealing temperatures (up to 500 °C) and 
longer annealing time (up to 12 h) did not influence 
the sensor properties too much. 

Fig. 1. Microscopic image of TiO2 layer - Solaronix HT/SP 

paste, magnification 7200 times, laser confocal mode. 

 

2.3. Response detection 

The response on humidity exposure was monitored by means of impedance change and detected as the 
change of frequency (f) obtained in impedance-frequency converter.    

3. RESULTS AND DISCUSSION 

The aim of this work was to improve the sensitivity and stability of humidity sensor with high surface area 
based on the layer of TiO2 nanoparticles. 

The dependences of the frequency (f) on relative humidity (RH) are shown in Fig. 2. From the figure it 
follows that TiO2 layer seems to be good humidity sensor, linear in the semilogarithmic plot of log f vs. RH 
(curve 2). However, the response of the sensor is not constant in long time due to the sorption of various 
pollutants from environment as it follows from Fig. 3, cycles set 2, full line. We were not able to 
compensate this drift. 

Thus, the TiO2 layer was modified by phthalocyanine AlPcS. It must be noted that AlPcS alone is not suitable 
for the sensor fabrication, as follows from Fig. 2, curve 3: 

(i) The course of the log f vs. RH dependence was not linear and frequency shows a saturation for 
humidities higher than about 50 % RH. 

 (ii) The film is not stable at higher humidities and is washed out from the electrode system due to its water 
solubility. 

The advantage of the hybrid sensor is that the responses are stable in time as it follows from Fig. 3, cycles 
set 1, dashed line. The dependence of the log f vs. RH of the TiO2 with adsorbed AlPcS is shown in Fig. 2, 
curve 1: The response is linear in log f vs. RH coordinates. The weak sublinearity above 75 % RH does not 
influence the accuracy of the humidity detection too much. The device sensitivity S = D ln f /D RH (f in Hz 
and RH in %) was increased from S = 0.087 to S = 0.19. 
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Fig. 2. The dependences of the detection frequency on relative humidity. Curve 1 - layer TiO2 annealed at 450 °C for 

60 min with adsorbed phthalocyanine AlPcS; curve 2 - TiO2 layer annealed at 450 °C for 60 min; curve 3 - film of AlPcS. 

 
Fig. 3. The dependences of the detection frequencies on time at 40 °C. Testing cycle consists of a stepwise humidity 

change to and from 20 and 90 % RH in about 2 % RH steps. The courses in the plot illustrate the behavior of the three 
types of sensor during six cycles. Cycles set 1 - layer TiO2 annealed at 450 °C for 60 min with adsorbed phthalocyanine 

AlPcS; cycles set 2 - TiO2 layer annealed at 450 °C for 60 min; cycles set 3 - film of AlPcS. 

AlPcS is very stable organic compound. The substitution with SO3Na groups makes it hydrophilic. The ability 
of the substituent to dissociate results in the improved electrical (ionic) conductivity. It allows to increase 
the sensitivity of TiO2 layer to humidity. 

4. CONCLUSION 

TiO2 represents a good material for humidity sensors. The sensitivity can be improved by the increase of 
surface are a using nanoparticles. However, these humidity sensors are not stable in time. This 
disadvantage was diminished by the AlPcS adsorption.  

To summarize: TiO2 layers prepared fm the Solaronix paste with adsorbed phthalocyanine AlPcS show good 
stability and sensitivity to humidity in the range from 20 to 80 % RH. The long-time stability is very good. 

1 

2 

3 
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The response is linear in semilogarithmic plot - logarithm of detection frequency vs. RH and fully reversible 
which introduces a good background for the humidity sensors fabrication.  
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Abstract 

Depositions on surfaces of semiconductor wafers of InP and GaN were performed from isooctane colloid 
solutions of Pd nanoparticles in AOT reverse micelles. Metal nanoparticles in the colloid were monitored by 
SEM and by optical transmission spectroscopy. Deposited Pd nanoparticles were characterized by SEM and 
AFM. Diodes were prepared by making Schottky contacts with colloidal graphite on Pd deposited 
semiconductor surfaces and ohmic contacts on blank surfaces. Forward and reverse current-voltage 
characteristics of the diodes showed high rectification ratio and high Schottky barrier height giving 
evidence of small Fermi level pinning. It was found that several ppb of hydrogen in nitrogen gas can be 
detected by monitoring the change of diode current at a constant bias voltage. Properties of diodes made 
on GaN were compared with those made on InP. 

Keywords: Electrophoresis, InP, GaN, Pd nanoparticles, Schottky barrier, Hydrogen sensor 

1. INTRODUCTION 

Various gas sensors are being used for controlling industrial processes, for detections of toxic 
environmental pollutions or for prevention against leaking of hazardous gases. Protection of human health 
against such gases as nitrogen oxides and the need of monitoring explosive gases like hydrogen in industrial 
production, distribution and traffic stimulate research oriented to finding new gas sensors. Large 
dimensions and high costs are the main disadvantages of conventional gas sensors. Besides, most of them 
are passive elements needing additional equipments or convertors for signal analysis or amplification. Thus, 
conventional sensors cannot work as intelligent ones and research of new sensitive, efficient sensors of 
active type has become an important topic in order to satisfy the needs of modern industry. Gas sensors 
utilizing Schottky type interface between metal and semiconductor play a significant role in the research 
due to their small sizes and expected low expenses.  

Palladium or platinum are metals suitable for making hydrogen sensors based on Schottky barriers. The 
reason is in catalytic affectivity of these metals for atom dissociation of hydrogen molecules adsorbed on 
metal surfaces. Part of polarized hydrogen atoms can diffuse through the metal to the interface with the 
semiconductor and change the barrier height and thus change the electrical properties of a sensor. 

Hydrogen sensors made by deposition of metals in vacuum show lower sensitivity at higher deposition 
energy [1]. It is caused by fixing the barrier height due to Fermi level pinning explained by a model of 
disorder-induced gap states (DIGS) [2]. Larger deposition energy causes larger disorder at the metal-
semiconductor interface which induces larger density of gap states and hence stronger Fermi level pinning. 

Interfaces of Pd or Pt with n-type InP are suitable for making sensitive sensors of hydrogen provided they 
are not subjected to a strong Fermi level pinning. Electroless plating is a better method for making sensitive 
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Pd/n-InP hydrogen sensors than thermal evaporation [3]. However, the best sensors were made by 
electrophoretic deposition of Pd nanoparticles (NPs) from colloid solutions prepared by reverse micelle 
technique [4]. The sensors show very good rectifying current-voltage characteristics and large Schottky 
barrier height 0.83 eV in comparison with 0.60 eV reached by electroless plating. Even larger barrier height 
of 1.07 eV was achieved by electrophoretic deposition and partial surfactant removing in our lab [5]. 

Herewith we report on our research of layers of Pd NPs deposited on single crystal wafers of InP and GaN 
by electrophoresis from reverse micelle colloid solutions. The obtained results should be useful for finding 
new efficient sensors and other electronic and optoelectronic devices 

2. EXPERIMENTAL 

2.1. Materials 

Colloid solutions of palladium NPs in isooctane were prepared by reverse micelle technique with surfactant 
of sodium bis-(2-ethylhexyl) sulfoccinate (AOT) from water solutions of Pd chloride (PdCl2) and a reducing 
agent hydrazine [5]. The chemicals PdCl2, hydrazine, AOT and isooctane were purchased from Sigma- 
Aldridge Company, USA. 

Wafers of intentionally not doped InP of 0.5 mm thickness, polished on one side for epitaxial growing were 
purchased from Wafer Technology Ltd., USA. They were of n-type conductivity with the concentration of 
shallow donors 2.5x1016 cm-1, as we determined from capacitance-voltage characteristics of prepared 
Schottky diodes. Wafers of intentionally not doped GaN of 0.5 mm thickness, polished on both sides were 
purchased from Kyma Technologies, USA. They were of n-type conductivity with the concentration of 
shallow donors 2x1017 cm-1. 

Colloidal graphite in water was produced by Agar Scientific Ltd., England.  

2.2. Apparatus and procedures 

Spherical shapes and dispersions of NPs radii were checked by transmission electron microscopy (TEM) in 
film samples prepared by evaporation of isooctane from a drop of the colloid solution on a thin copper 
Athene grid. Typically, palladium nanoparticles measured by TEM were of 10 nm in diameter with 10 % 
dispersion [5]. Optical absorption spectra due to surface plasmons in metal nanoparticles dispersed in 
colloid solutions were checked on a split-beam photo-spectrometer Specord 210, Analytic Jena, Germany. 
The absorption peak due to palladium surface plasmons appears at the wavelength  of about 280 nm [6]. 

Layers of metal nanoparticles on polished semiconductor wafers were prepared by electrophoretic 
depositions in the cell made from teflon with a graphite electrode plan-parallel to the sample wafer [7] with 
the 1 mm gap. The applied voltage of 150 V (electric field 300 V/cm) was chopped with 1:1 stop-go ratio at 
10 Hz frequency. The deposition was made onto bulk InP or GaN polished semiconductor wafers of 
dimensions 1×1 cm2, 0.5 mm, placed on the negative potential (cathode).  

Diodes were prepared as follows. A semiconductor wafer of 1×1 cm2 was provided with a whole area ohmic 
contact on the back side and the front side, deposited with nanoparticles, was punctuated with small spots 
of colloidal graphite to making Schottky barriers.  

Current-voltage (I-V) characteristics of prepared diodes were measured using the Keithley Source-Measure 
Unit 237, by using special software made in LabView programming. The sensitivity of diodes to hydrogen 
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was detected by measuring time dependence of current at an adjusted voltage after alternative switching 
flow of hydrogen-nitrogen-calibration-gas and air. Both, the compressed calibration gas and compressed air 
were purchased from Linde Gas, Cesko. 

3. RESULTS 

3.1. InP 

 

The SEM image of InP surface after 2 hours of electrophoretic deposition of Pd NPs can be seen in Fig. 1. It 
is obvious that the surface is not fully covered with Pd NPs. Also, most NPs are not separated but they are 
grouped in small clusters of about ten spherical particles with the diameter about 10 nm. It is not clear 
whether the groups were present already in the colloid or they arise during the electrophoresis process. By 
increasing the time of deposition by a factor of ten to about 20 hours, fully covered surface was obtained. 
The layer of Pd NPs of the fully covered surface was electrically conductive in lateral directions while the 
layer of partly covered surface, shown in Fig. 1 was not conducting in lateral directions.   

The AFM phase image of Pd NPs on the same sample is shown in Fig. 2. It confirms the result of the SEM 
measurements, only the individual Pd NCs in clusters are not resolved. The dimensions of the clusters are 
slightly larger on the AFM image than on the SEM one. It can be explained as follows. AFM pictures Pd NPs 
including their soft covers made of AOT, remains of reverse micelles in colloid solution, while in SEM images 
these soft organic parts are not seen. Smaller amount of large clusters seen in AFM image in Fig. 2 are not 
seen in SEM image in Fig.1, because the last image is more detailed and no large cluster was in the 
snapshot. In other images with smaller magnification (not shown) cognate large clusters were observed as 
well. 

To make Schottky diodes, contacts were painted with colloidal graphite onto the surface of InP, partly 
covered with Pd NPs. In Fig. 3 the SEM image shows a magnified graphite spot near its edge. Graphite 
contact is seen on the left side of the image while the smaller right part shows InP surface partly covered 

Fig. 1. SEM image of InP after 2 hours of 
electrophoretic deposition of Pd NPs. The scale 
10 nm is shown with the bright bar at the botom. 

Fig. 2. AFM phase image of InP after 2 hours 
of electrophoretic deposition of Pd NPs. The 
scale 310 nm is shown with the bar.  
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with Pd NPs. It can be seen that the graphite contact does not form coherent whole piece but it consists of 
irregular particles of sizes in the range of about one micrometer, with openings (pores) among them.  

Current-voltage characteristics of a diode made on InP wafer with the graphite Schottky barrier on the side 
with Pd NPs and the ohmic contact on the other side are shown in Fig. 4. The diode possesses a very good 
rectification ratio, about 107 at 1.5 V bias voltage. The linear part of forward I-V characteristic gives a large 
Schottky barrier height 0.85 eV, close to the Schottky-Mott limit (vacuum level alignment) for Pd metal 
work-function and InP electron affinity, which shows on a negligible Fermi-level pinning. It gives a good 
chance for sensitive detection of charged atoms diffusing to the metal-semiconductor interface.  

The response development of a InP diode with Pd NPs 
to the flow of gas containing 0.1 % hydrogen in 
nitrogen can be seen in Fig. 5. The diode was forward 
biased with the constant voltage 0.1 V. The current 
changed from the value 4.2×10-10 A in the air ambient 
to 2.3×10-5 A in the flow of H2/N2. It represents a 
change of 55000 times; It means that the diode 
detection limit of hydrogen should be in the range of 
15 ppb. The responce and recovery times are of the 
order of tens seconds. However, there is seen a 
distinctly slower process in the final part of the 
recovery development. We suggest that the slower 
process is due to slow release of hydrogen diffused 
into the crystal lattice of Pd NPs during the flow of 
H2/N2 [7]. It takes about ten hours for the full recovery 
to the original current value. 

 

Fig. 3. A part of Schottky contact made by 
painting colloidal graphite onto the surface of InP 
covered with Pd NPs. The scale 1 mm is shown 
with the bright bar at the botom. 
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Fig. 7. Current-voltage characteristics of 
a Schottky diode made on GaN with Pd NPs: 
i) forward (circles), ii) reverse bias (squares). 
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Fig. 5. Current of a diode made on InP with a 
layer of Pd NPs as a function of time after 
alternative opening and closing the flow of the 
blend 0.1 % H2 in N2 and air. The diode was 
forward biased with the constant voltage 0.1 V. 
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3.2. GaN 

 We deposited Pd NPs and prepared the Schottky diodes on GaN wafers by using the same procedures as 
described above in the case of InP. The AFM phase image of Pd NPs on the GaN surface is shown in Fig. 6. 
By comparing the image in Fig. 6 with the one in Fig. 2, we can see some differences. Larger contrast 

between images of NPs and the semiconductor 
surface in the case of GaN can be explained by its 
larger reflectivity. However, there is a difference 
between shapes of clustered NPs on InP and on GaN. 
Clusters on GaN are nearly circular while those on InP 
are distinctly elliptical. Difference of cluster shapes on 
different kinds of surfaces could indicate that the 
clusters grow during the deposition. The origin of NP 

clusters has to be clarified by a more detailed study.  

Current-voltage characteristics of a diode made on 
GaN wafer with the graphite Schottky barrier on the 
side with Pd NPs and the ohmic contact on the other 
side are shown in Fig. 7. The diode possesses a very 
good rectification ratio, more than 107 at 1.5 V bias 
voltage. The linear part of forward I-V characteristic 
gives a large Schottky barrier height 1.1 eV 

The response development of a GaN diode with Pd NPs on the flow of gas containing 0.1 % hydrogen in 
nitrogen can be seen in Fig. 8. The diode was forward biased with the constant voltage 0.1 V. The current 
changed from the value 7.4×10-11 A in the air ambient to 1.4×10-5 A in the flow of H2/N2. It represents a 
change of 190000 times; it means that the diode detection limit of hydrogen should be in the range of 
5 ppb. The responce and recovery times are of the order of tens seconds. 

4. DISCUSSION 

It is obvious that the Schottky barriers made by contacts of colloidal graphite and Pd NPs on InP or on GaN 
polished surfaces possess very good electrical properties. The rectification ratio of about 107 at 1.5 V bias 
voltage represents excellent result, in particular in the case of InP. We assume that its merit is in the 
separation between the conductor (Pd metal and graphite) and semiconductor (InP or GaN) by membranes 
of organic substances. Membranes are formed by remains of AOT reverse micelles in the case of Pd NPs 
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Fig. 8. Current of a diode made on GaN with a 
layer of Pd NPs as a function of time after 
alternative opening and closing the flow of the 
blend 0.1 % H2 in N2 and air. The diode was 
forward biased with the constant voltage 0.1 V. 

Fig. 6. AFM phase image of GaN after 2 hours 
of electrophoretic deposition of Pd NPs. The 
scale 310 nm is shown with the bar.  
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and by a substance used for producing the commercial colloidal graphite in water. The values of Schottky 
barrier heights are close to the Schottky-Mott limit which is the condition for a negligible Fermi-level 
pinning. It gives a good chance for sensitive detection of hydrogen diffusing to the metal-semiconductor 
interface and dissociated by the Pd metal NPs. 

Reported Schottky barriers act as excellent detectors of hydrogen with the detection limit about 5 or 15 
ppb H2 in N2 for the case of GaN or InP, respectively. The merit of this result is, besides exquisite electrical 
properties of the Schottky barriers, mentioned above, in porosity of the contacts made by the colloidal 
graphite. Hydrogen can diffuse through the whole area of the contact due to its porous nature and fill the 
whole interface between conductor and semiconductor of the Schottky barrier, thus maximally affecting its 
height. 

5. SUMMARY 

Colloid solutions of Pd NPs in reverse micelles in isooctane solvent were prepared and used for deposition 
of Pd NPs on surfaces of n-type InP and n-type GaN single crystalline wafers. Deposition was provided by 
electrophoresis during 2 hours with chopped 1:1 go-stop applied voltage 150 V (electric field 300 V/cm) 
with the negative pole on the sample. It was found by SEM and AFM that surfaces were not fully covered 
with Pd NPs and most NPs were coalesced in small clusters. Contacts with Schottky barriers were made on 
surfaces with deposited Pd NPs by application of colloidal graphite and ohmic contacts were made on blank 
surfaces to make rectifying diodes. Prepared diodes showed excellent rectification with high Schottky 
barrier heights and they acted as very sensitive hydrogen sensors with the detection limit in the order of 
ppb units. Detection limit of GaN diodes was about three times better than that of InP diodes.  
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Abstract 

Over the past few years, fluorescent nanodiamonds (FNDs) have been recognized as potential fluorophores 
for use in bioimaging, owing to their unique and attractive chemical and particularly spectral properties. 
The source material for their preparation, synthetic nanodiamond (ND), is non-expensive and commercially 
available. Notably, NDs have the highest biocompatibility of all carbon nanomaterials and their surface can 
be chemically modified by various techniques. 

FNDs are capable of fluorescing with almost quantitative quantum yields from point defects of crystall 
lattice - nitrogen-vacancy (NV) centers. In particular, the long-wavelength emission, high brightness, no 
photobleaching, no photoblinking, and an exceptional resistance to chemical degradation make them 
almost ideal core for development of fluorescent bioimaging probes.  

Here we show an integrated approach for creation of NV centers in ND, aiming for the development of 
intracellular chemo- and biosensors. NV centers are prepared using high energy beam irradiation in 
cyclotron and subsequent thermal annealing of NDs. The influence of surface chemistry on their 
photoluminiscence is explained using a novel surface band bending model. The NDs are further modified 
using groups intended for detection of the chemical and molecular recognition events ongoing on the ND 
surface. 

Keywords: Nanodiamond, sensor, biosensor, fluorescence, bioimaging, surface modification 

1. INTRODUCTION 

Over the past few years, fluorescent nanodiamonds (FNDs) have been recognized as an potential 
fluorophores for use in bioimaging, owing to their unique and attractive chemical and particularly spectral 
properties. The source material for their preparation, synthetic nanodiamond (ND), is non-expensive and 
commercially available. NDs can be chemically modified by various techniques, e.g. oxidation by strong 
oxidative acids or in air affording surface carboxylate groups, silanization, hydroxylation, halogenation and 
Suzuki coupling, among others.1 Notably, NDs have also the highest biocompatibility of all carbon 
nanomaterials.2 
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FNDs are optically transparent and capable of fluorescing from point defects of crystall lattice - negatively 
charged nitrogen vacancy centers, (N-V)-. They absorb strongly at 560 nm and emits at 638 nm with almost 
quantitative quantum yields Φ ~ 1.3 In particular, the long-wavelength emission, high brightness and 
quantum yield, large effective excitation and emission Stokes shifts, no photobleaching, no photoblinking 
and an exceptional resistance to photo- and chemical degradation make them almost ideal core for 
development of fluorescent bioimaging probes. 

In contrast to NDs, FNDs still belong to comercially unavailable experimental materials. (N-V)- centers in 
NDs can be produced by irradiating of synthetic diamond nanocrystallites with charged particles e.g. 4He+ 
ions with the energy ~ 40keV or 3MeV protons at a dose approx. 1016 particles/cm2. Due to the low energy 
range of ions (~300 nm in case of 4He+ or ~52 µm for protons) only a thin layers of nanodiamonds can be 
irradiated. Up to now, the production of higher amount of FNDs is possible only in special acceleration 
device equipped with a movable metal strip with sputtered layer of nanodiamonds.4  

2. METHODOLOGY FOR PREPARATION OF SURFACE FUNCTIONALIZED FNDs. 

2.1. The preparation of fluorescent nanodiamonds 

A thin layer of commercial NDs was irradiated using an external proton beam of the isochronous cyclotron 
U-120M (beam energy 5.4 MeV). The irradiated ND was thermally annealed in high vacuum at 710 °C for 2 
h and then oxidized in a mixture of concentrated H2SO4-HNO3 (9:1, vol/vol) at 80 °C for one week.3 The 
reaction mixture was diluted by deionized water, the NDs were separated by centrifugation and washed 
subsequently by 0.1 M NaOH, 0.1 M HCl, and finally three times by water. NDs prepared in this way form 
a stable colloidal dispersion in water (after 2 months with neither sedimentation nor aggregation was 
observed). 

2.2. Chemical modification 

The graphene layers present on surface of commercially available NDs can be selectively removed by 
oxidation by air at 425 °C (Figure 1).5  

 

Fig. 1: The photographs of a) commercially available NDs (Microdiamant) b) oxidized NDs (425 °C in air stream). 

Using subsequent oxidation and hydroxylation of the surface there is possible to introduce various chemical 
functinalities on the particle surface (Figure 2).1 

b a 
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Fig. 2: Sequential chemical of ND surface enabling introduction of various chemically reactive groups. 

3. INFLUENCE OF ELECTRICAL POTENTIAL ON PHOTOLUMINISCENCE 

The fluorescence intensity of FNDs is dependent on changes of electrical potential as well as on surface 
chemistry. This phenomenon is useful for construction of chemo- and biosensors and its theoretical 
description using surface band bending model will be shown in detail elsewhere. 
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Abstract 

The objective of this study was to investigate the effects of different UV exposure time on the mechanical 
properties of a commercially available ORMOCER resin and relate these properties with the level of 
polymerization within the test samples. Coupons were tested in compression to obtain the mechanical 
properties as a function of light exposure time. The extent of resin crosslinking (degree of curing), at 
applied exposure times, was obtained using the recordings of a fiber optic sensor (FBG) embedded in 
freestanding block specimens. 

Keywords: biopolymer, mechanical properties, UV-curing, exposure time, degree of curing 

1. INTRODUCTION 

Organic copolymers - defined as polymers from more than one species monomer - have found many 
applications as polymer materials. They are prepared by the sol-gel process starting from liquid precursors. 
This leads to molecular composite materials which cannot be prepared by conventional means. These 
materials have the potential to combine certain structural properties of different classes of materials in 
ways not accessible by mixtures of macroscopic phases as in the case of classical composites. ORMOCER®s 
resins belong to the so-called hybrid materials while biological assays have shown that are nontoxic and 
biologically inert. Due to the possibility of UV-curing these resins can be used as dental materials. Their 
biocompatible nature has attracted a growing interest for microfabrication applications in biomedicine, 
sub-micron medical device structures and tissue engineering.  

Photofabrication of functional components via the utilisation of advanced rapid prototyping systems has 
comprised a highly challenging task for the past decade. The technologies employed for the creation of 
such entities include techniques like stereolithography, three-dimensional printing, direct deposition etc. 
Concurrent technological evolution of micro-fabrication systems as well as custom engineered materials 
has lead research work into a whole new range of topics and applications [1, 2]. Many, well documented [3, 
4], approaches utilising the aforementioned technologies rely upon the utilisation of prototype 
multifunctional materials within the context of specially developed rapid fabrication system apparatuses [5-
10]. 

Experimental techniques capable of monitoring the curing shrinkage and mechanical changes during the 
polymerisation process are increasingly attracting attention. In recent years, the use of optical Fibre Bragg 
Grating (FBG) sensors has been considered as one of the most effective methods for in-process monitoring, 
as well as post-process determination of the micro curing strain state induced to the material. Apart from 
being inexpensive and electromagnetic interference resistant, fibre-optic sensors are extremely small 
possessing unique embedding characteristics in relation to a variety of host polymeric as well as composite 
materials. The fact that the mechanical behaviour of the glass fibre that contains the grating is not affected, 
leads to the conclusion that the technique is well suited for the determination of non-uniform axial stains 

development due to the shrinkage of the resin during polymerisation.  Scientific works have been reported 
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that use Fibre Bragg Grating sensors (FBG) for simultaneous monitoring of the fabrication strain and the 
cure temperature in epoxy resins and fibre reinforced composites [16 - 18]. 

This work investigates the photopolymerisation induced shrinkage strains in a commercial photopolymer 
commonly used in microfabrication. A fibre optic sensor is utilized for the effective determination of the 
resulted shrinkage strains throughout the consolidation process upon exposure to UV light of specific 
irradiation intensity. Another objective of the undertaken work was to report on the mechanical behaviour 
(as expressed by Young’s modulus) of the material as exposed to ultraviolet light (UV). 

2. FIBER BRAGG GRATING PRINCIPLES 

Fibre Bragg Gratings are specific regions along the length of an optical fibre’s core where spatial periodic (or 
quasi-periodic) modulation of the refractive index has been conducted [19]. The basic principle of operation 
of the FBG sensor is based upon the refractive signal’s (centre wavelength λΒ of the back-reflected light 
from the Bragg grating) changes which depend upon the core’s effective refractive index (neff ) and the 
periodicity (Λ) of the grating [20]. This means that Fibre Bragg gratings operate as wavelength selective 
filters [21]. Their main property is to reflect light transmitted from a broadband source over a narrow 
wavelength range and at the same time transmit without changing the remaining wavelengths giving a local 
steep reduction in the transmitted spectrum. Therefore, the Bragg wavelength is expressed by the 
following formula:  

λB = 2neffΛ          

When the FBG sensor in embedded into a host material and both experience temperature changes, the 
Bragg equation is modified to account for the thermally induced axial strains in the fibre as a result of the 
mismatch in the coefficients of thermal expansion between the optical fibre (αf) and the host material (αm). 
Therefore, a more generalized equation can be written as: 

                    

 
In the case where the embedded sensor and the host material are not subjected to any temperature 
variations, the precious equation can be further simplified to the following form: 

     

 
 
3. MATERIALS AND EXPERIMENTAL PROCEDURE 

The investigated resin was an ORMOCER® photopolymer by Micro Resist Technology [20]. In general, 
ORMOCERs® consists of a highly crosslinkable organic network [21] as well as inorganic components which 
lead to high optical quality. The resin is used in two photon polymerisation [5, 10]. Several studies and 
experimental works [4] have been conducted incorporating ORMOCER® leading to the creation of a variety 
of components and structures. It has to be noted that the material’s biocompatibility in addition to its 
polymerisation effectiveness in the micro-scale contribute towards the continuous extension of micro as 
well as nano-scale research including applications in the medical sector [22].  

Specimens of 10mm x 10mm x 40mm (width x height x length) were fabricated at room temperature in a 
custom made aluminum mould, where its open top surface was exposed to UV radiation. The mould cavity 
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 was coated with a thin layer of liquid release agent in order to minimize bonding of the solidified 
photopolymer to its surfaces. Furthermore, the mould design allowed for immediate and easy specimen 
removal at the end of the solidification process. The utilized UV source (UVP, Inc), produced a constant 
ultraviolet radiation of 365nm of wavelength and in order for the open surface of the cast resin to be 
uniformly exposed to UV radiation, a linear actuator (Instron 5848 Microtester), incorporating a small 
mechanical grip to hold the UV light probe, was also used. The grip’s reciprocating travel along the length of 
the specimen was performed at a constant velocity of 5mm/sec. The experimental procedure incorporated 
intermediate Bragg wavelength measurements at the end of pre-selected time intervals of UV exposure, 
with the UV light source being switched off, as well as after partial and total demoulding of the solidified 
specimens. It is mentioned that specimen de-moulding took place only when the recorded wavelength 
maximum peaks and spectra did not change with additional specimen exposure to UV radiation. The 
contribution of any constraining effects from the mould on the FBG recordings was also investigated at the 
end of UV curing process. 

4. RESULTS AND DISCUSSION 

The evolution of the reflected spectrum at the selected time intervals during UV exposure is shown in 
Figure 1. Initially a single peak is obtained before photopolymer casting. Then, as the resin is exposed to UV 
radiation the recorded spectra exhibit multiple peaks demonstrating a non-homogeneous axial strain along 
the embedded FBG sensor. As the UV induced consolidation of the resin specimen advances, the 
wavelength value corresponding to the Bragg peak of the reflected spectra is subjected to additional 
changes. Using the calibrated value for λB0(z) = λΒ0 = 1300.0 nm and the maximum recorded wavelength 
value of  λΒ = 1297.22 nm, a compressive strain value of 2743 με is calculated. At this stage and as the 
resultant spectrum did not reveal any additional shift of the intensity peak value recorded at 20 min, the 
UV source was left switched-on overnight for 14.5 hours. It was found that specimen consolidation had 
advanced considerably leading to a calculated strain value of 4102 με. Following the demoulding 
procedure, it is seen from Table 1 that casting of the Ormocer® resin into the used aluminum mould is 
associated with the introduction of considerable constraining effects on the recorded spectra.  

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 1: 3D representation of FBG spectra measured at selected UV-exposure times. 
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Table 1. Measured maximum wavelength and corresponding calculated shrinkage strain at selected 
recording points for the ORMOCER® photopolymer. 

Recording Stage - ORMOCER® Maximum Wavelength 
(nm) 

Shrinkage Strain  
(με) 

Before FBG placement into mound  1300.00 - 
After FBG alignment into mould  1300.00 0.0 
After 20min. of UV exposure  1297.22 -2743.0 
After 30min.of UV exposure  1297.22 -2743.0 
After 15h of UV exposure  1295.83 -4102.0 
Demoulding - on base  1295.56 -4378.7 
Demoulding - freestanding  1294.70 -5226.8 
After thermal treatment at 75ºC   1292.49 -7406.3 
After 30 days in R.C.  1291.41 -8471.4 

In a recent work, where a FBG sensor was embedded in an epoxy cylindrical specimen, it has been shown 
that after curing and at room temperature the only significant strain on the FBG is that due to shrinkage 
which gives the following equation form: 
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where αchem is the chemical shrinkage coefficient and Δγ is the degree of curing at a given cycle. The αchem 
can be evaluated by assuming the volume change of a fully cured isotropic resin material, expressed as 
αchem =(ΔV/V0 + 1)1/3 - 1 [34]. In this work a value of 5% volume shrinkage (ΔV/V0), which leads to a value for 
αchem = 0.0164, for Ormocer® was considered as drawn from the material’s specification sheet [20]. Actually, 
from the material provider a shrinkage range of 5 to 7% is given. In our calculations the smaller shrinkage 
percent (5%) was selected since in our experiment the speed of curing was slow (faster curing results in 
higher shrinkage). The results of the calculations for Δγ are presented in Table 2. It is noted that after 
demoulding the degree of conversion is small (~ 32%) which is supported by the observed sticky nature of 
the specimen surfaces when taken out of the mould. Thermal treatment resulted to an additional 
consolidation of 13.2%, corresponding to a total Δγ of 45.1%. Finally, after a month at room temperature 
and light conditions, an additional 6.5% consolidation is calculated. It is worth noticing that these calculated 
values for Δγ depend highly on the accuracy of the αchem data. 

Table 2. Measured maximum wavelength and corresponding calculated degree of cure at selected 
recording points for the ORMOCER® photopolymer. 

Recording Stage - ORMOCER® Maximum Wavelength 
(nm) 

Δγ 
(%) 

Demoulding - freestanding  1294.70 31.89% 
After thermal treatment at 75ºC   1292.49 45.10% 
After 30 days in R.C.  1291.41 51.59% 

The stress - strain curves and the measured Elastic Moduli for compressively loaded prismatic test 
specimens are presented in Figure 2 and Table 3 It is noted that the results correspond to two groups of 
prismatic specimens, been subjected to different durations of UV exposure, namely 40 min and 21 hours. It 
is seen that all group specimens demonstrate a repeatable behavior when compressively loaded. For the 40 
min cured specimens the calculated mean value of the Elastic Modulus was E = 1.16 GPa and corresponds 
to a 63% degree of polymerization. For the as considered fully cured specimens (21 hours of light exposure 
and 83% of curing degree) the calculated mean value of modulus was E=1.6 MPa. It is worth noticing that 
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the Young’s Modulus for the investigated Ormocer ® resin was 36% lower than the Modulus reported in [23] 
for a non-biocompatible Ormocer hybrid polymer used in the micro-fabrication of cellular structures. 

 

Fig 2: Characteristic stress-strain curves of compressively 

loaded prismatic specimens; fabricated at different UV 
exposure times: a) 40min and b) 21 hours. 

 
 
 
 
 

Table 3. Young’s Modulus data from compressively loaded prismatic specimens. 

SpecimenNo. UV exposure time  Elastic Modulus(GPa) 

1 40min  1.16 

2 40min  1.19 

3 40min  1.13 

  Mean value: 1.16 

4 21hours  1.58 

5 21hours  1.62 

  Mean value: 1.60 

5. CONCLUSIONS 

In this work, results are presented on shrinkage strain evolution during the UV-activated 
photopolymerisation and on the Elastic Modulus of a photopolymer commonly used in micro-fabrication.  It 
is demonstrated that the followed experimental procedure based on the utilization of a fibre optic sensor 
can provide important information on the magnitude of cure-induced strains. It was found that the 
measured consolidation strains were of significant magnitude at the end of the curing process. The 
measured elastic modulus of the studied Ormocer® material was found to be 36% lower than the one 
reported in the literature. 
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Abstract 

This paper presents current results of experiments with the photocatalytic TiO2 coating - in reduction of 
gases concentration (ammonia, methane, nitrous oxide), odour and microbiological contamination in a 
stable environment. Experimental measurements are performed in a laboratory and simultaneously in a pig 
house of experimental farm (pilot plant experiment). The pilot plant experiment is performed in two 
identical mechanical ventilated sections of the pig house. In one of the sections, the walls were painted 
with the photocatalytic TiO2 coating and effect on indoor air quality (gases concentration, microbiological 
contamination of air and areas, odour, air temperature and humidity) is regularly monitored. The 
laboratory tests are conducted in the plexiglass containers with pig liquid manure samples from pig house, 
active area with photocatalytic TiO2 coating and with the source of radiation. Monitoring of gaseous 
emission, odour and microbiological contamination changes depend especially on the radiation source and 
on the time. The partial results of laboratory tests are used for optimalisation of pilot plan experiment. 

Till now obtained results from measurements in the pig house as well as in the laboratory show some 
differences between values measured in experimental section with the apllied photocatalytic TiO2 coating 
(or in the plexiglass container with photocatalytic TiO2 coating) and values measured in the control section 
(or in control plexiglass container). These differences may depend on many factors (light spectral 
distribution, air humidity, etc.). 

Keywords: photocatalytic TiO2, gaseous emission, odour, microbiological contamination, pig house 

1. INTRODUCTION 

Agriculture is a significant source of environmental pollution. Ammonia (NH3), methane (CH4), carbon 
dioxide (CO2), nitrogen oxides (NOx) are among the gases emitted from agriculture that pose great 
environmental concern. High concentrations and emissions of agricultural air pollutants are related to 
human and animal health and ecological damage. Therefore an effort has been developed to keep seeking 
new ways to reduce the production of pollutants created as by-products of especially animal production. 

One of the aims of realized experiments is testing of commercially available photocatalytic TiO2 coating for 
improving the welfare of bred animals and verification of its potential in reducing the negative impact of 
animal production on the environment. Titanium dioxide (TiO2) is well known as a useful photocatalyst for 
elimination of environmental pollutants [1], [2], [3], [4].  
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2. MATERIAL AND METHODS 

2.1. Laboratory measurements 

Laboratory measurements have been going on at the shared laboratory for measurement of ammonia 
emissions and greenhouse gases of the Research Institute of Agricultural Engineering (RIAEng) and the 
Czech University of Life Sciences in Prague (CULS) since August 2009. One of the main aims of these 
measurements is to obtain more detailed information for optimization of the pilot plant experiment. 
Samples of the pig liquid manure are measured in two identical experimental vessels. An experimental 
vessel (Fig. 1) consists of the cylindrical vessel and the inner cylinder. Samples to be measured are placed in 
a uniform layer, applied on the dish, to the vessel bottom. Constant flow of air through the vessel is 
maintained by an axial fan. The air, together with desorbed molecules of the monitored compounds, is 
drawn off by the inner cylinder, passing by the gas analyzer filter located outside the vessel. The vessels are 
located in chemical hoods. The air from the chemical hoods is carried away from the building through a 
duct. 
Pig liquid manure samples are taken at the Institute of Animal Science (IAS) farm in Netluky. The same 
amount of homogenized sample is placed into every vessel; thus identical input material is available in both 
vessels for every individual measurement. At the same time, a plasterboard wall coated according to the 
manufacturer’s instructions with two layers of the coating material DETOXY COLOR Interior containing an 
active photocatalyser based on TiO2 is placed in one of the EXPERIMENT labelled vessels. A light source 
represented by a linear fluorescent tube is also inserted in this vessel. The other vessel contains no 
plasterboard wall or a light source and is used as CONTROL. The probes of gas analyzers are installed at 
outlet points of the vessels. 

Continuous measurement of ammonia (NH3), methane (CH4), and nitrous oxide (N2O) emissions is 
performed pursuant to approved RIAEng methodology, using the gas analyzer 1312 Photoacoustic Multi 
Gas Monitor with 1309 The Multipoint Sampler. The principle of gas analyzer is based on photoacoustic 
spectroscopy. Mass flows of emissions of individual observed gases in mg.s-1 are then calculated from the 
measured concentration values.  

 

Fig. 1 Experimental vessel 
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The odour concentrations are determined using a dynamic olfactometer ECOMA T08-8 pursuant to ČSN EN 
13 725. Waste gas samples are taken at the outlet point of the vessels using a sampling device, and they are 
placed into sample bags. Every sample is submitted to an Evaluation Committee in the laboratory of 
dynamic olfactometry . Mean mass concentration of odour (in OUE.m-3; OUE = European Odour Units) and 
the flow of the odour are then calculated based on the evaluation results.  

Microbiological qualitative parameters are evaluated by means of determining indicator organisms in the 
swine liquid manure - numbers of thermotolerant coliform bacteria and numbers of enterococci. 
Thermotolerant coliform bacteria are those of the family Enterobacteriaceae which form blue colonies 
under aerobic conditions, during 24 hours at 44 °C, on a selective differentiation medium with lactose. 
Enterococci are bacteria that reduce 2,3,5-triphenyltetrazolium chloride to formazan and hydrolyze esculin 
on selective media at 44 °C. 

Temperature and air humidity and pressure are continuously measured during all laboratory experiments, 
and lighting intensity is controlled throughout the experiments. 

Air temperature, humidity and pressure are registered during the laboratory experiments on the 
continuous basis. Furthermore, lighting intensity is observed, microbiological assessments of the measured 
samples are undertaken, and pH value of these samples is also observed. 

2.2. Pilot plant experiment - testing of photocatalytic TiO2 coating at the experimental farm  

Pilot plant experiment have been going on since July 2009. Testing of the photocatalytic TiO2 coating 
DETOXY COLOR Interior is done in two identical sections of the masonry experimental swine fattening 
station, at the Institute of Animal Science (IAS) farm in Netluky. There are 6 pens in every section, divided in 
two rows. The manipulation corridor is found between the rows; the floor is of the all-grid type. 
Underpressure ventilation is applied in the section. Air is sucked into the section through side slots with 
ventilation flaps and exhausted through two exhaust fans located in exhaust shafts in the section ceiling. 
The liquid manure is collected in the subgrid pit, discharged from the fattening station once a week. The 
section capacity is 90 pigs and its area amounts to 77 m2. The pigs in both sections are fed with moist 
feeding mixtures of identical composition. 

In the first, experimental section, one layer of concentrated penetration material ROKOGRUND SILIKÁT was 
applied in accordance with the manufacturer’s instructions on the walls and ceiling, having the total area of 
198 m2, and then the coating material DETOXY COLOR Interior layer. The other section remained free from 
any coat in order to serve as the control.  

Environments of the experimental and control segments are monitored at regular intervals by determining 
the degree of microbial contamination, and composition of microflora of the surfaces and atmosphere. 
Contamination of the walls and fences is determined by means of the wiping method using cotton swabs 
from the area of 10 cm2. Samples in the transport medium are subsequently processed and cultivated on 
selective media. The number of microorganisms in the atmosphere is determined using microbiological 
analyses of the samples obtained by means of the sedimentation method, where microorganisms bound to 
the sedimenting particles are captured on the nutrient substrate. For every monitoring activity, Petri dishes 
are placed at the same points, thus at the entrance, in the middle, and at the end of the segment, and they 
are left open for 10 minutes. After the exposure period, the dishes are closed, transported to the 
laboratory and incubated according to the microorganisms to be determined. The total number of 
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microorganisms, the total number of yeast and mildews, the number of thermotolerant coliform bacteria, 
the number of bacteria of Enterobacteriaceae family and enterococci is determined in the taken samples. 

The analyzer 1312 Photoacoustic Multi Gas Monitor with 1309 The Multipoint Sampler was used to 
measure the emissions of NH3, CH4, and N2O and dynamic olfactometer ECOMA T08-8 to odour 
measurement. Temperature, humidity, air pressure and lighting intensity are observed in both segments; 
air conditioning parameters are determined and the weight of the pigs is checked at regular intervals. 

3. RESULTS AND DISCUSSION 

3.1 Laboratory measurements 

All values measured in the laboratory experiments were statistically processed. NH3, CH4 and N2O emissions 
of both experimental containers were one of the main laboratory measurement outputs observed. Until 
today, 8 series of laboratory measurements to determine the concentrations of the observed gases have 
been performed, while at least 3 repetitions were done in every series. Individual measurements were 
performed using the same methods, and every individual measurement lasted 5 days at the minimum. The 
light source used was the main variable. Three different linear fluorescent tubes were gradually tested. Two 
commonly used ones - one linear fluorescent tube with the “daily light“ colour, one linear fluorescent tube 
with the “cold white” colour, and the third one with UV-A 30% and UV-B 5%. Reduced emissions of the 
observed gases were found in container EXPERIMENT compared to container CONTROL by 7 % - 29 % for 
NH3; 6 % - 15 % for CH4; and 4 % - 11 % for N2O. The highest reduction (upper limit of the intervals above) 
was achieved using the tube with the addition of UV rays.  

The values of temperature, air pressure and relative humidity were measured continuously and registered 
in both experimental containers for the whole course of the laboratory measurements. The differences 
between the observed quantities were not statistically significant, any possible influence of the 
aforementioned results by these quantities is thus minimal. The situation was similar in the measurement 
of air flow velocity above the observed liquid manure samples; the value of the velocity did not exceed 0.2 
m.s-1 in any of the measurements. 

Liquid manure samples were taken at selected measurements to determine microbiological contamination, 
thus after 24, 48 and 72 hours. Considering the length of any particular measurement, the 4th or even 5th 
collection was also performed - as a rule, the last collection was taken at the end of the given 
measurement. Quantitative microbiological determination of the number of colony-forming units of 
thermotolerant coliform bacteria and enterococci is demonstrated by the disinfecting efficiency of TiO2. 
The number of microorganisms in container EXPERIMENT decreased compared to container CONTROL by 
up to 3 log orders (depending on the type of the linear fluorescent tube used). Differences in the dry mass 
values and pH values between the containers EXPERIMENT and CONTROL were not statistically significant 
during individual measurements. The liquid manure dry mass ranged between 4,5 % - 8,7 %, and the pH 
value ranged between 6.8 - 7.7 during the whole time of the laboratory measurements. 
The results of observing the concentrations of odorous substances still remain inconclusive. 

3.2. Pilot plant experiment 

A similar trend was found for measurements at the experimental farm to that for laboratory experiments in 
terms of the values of the quantities observed. On the average, half reduction of emissions of the observed 
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gases occurred in the experimental segment compared to the laboratory experiments. Reduction of the 
number of the observed microorganisms by up to 1 - 2 log orders was also achieved in the experimental 
segment. A more distinct difference in microbial contamination of the premises was shown using the 
sedimentation method than when the contamination was determined using the wiping method.  

Less distinct differences between the experimental and control segments compared to laboratory 
experiments may be caused by many various factors (placement of light sources, higher uncertainty of 
measured observed quantities, etc.). Considering that linear fluorescent tubes with an addition of UV rays 
were installed in the experimental segment for the next stage of the pilot plant experiment, better results 
can be expected in the semi-operational experiment, as well. 

The results of observing the concentrations of odorous substances still remain inconclusive, similarly as 
those of the laboratory experiments. 

4. CONCLUSION 

Laboratory testing of photocatalytic TiO2 coating for elimination gaseous emissions, odour and 
microbiological contamination in stable environment, implemented until present, show following: 

· reduction of gaseous emissions by 7 % - 29 % for NH3, 6 % - 15 % for CH4 and 4 % - 11 % for N2O 

· reductin of the number of microorganisms by up to 3 log orders 

· the results of observing the concentrations of odour still remain inconclusive 

A similar trend was found for measurements in the pilot plant experiment to that for laboratory 
experiments in terms of the values of the quantities observed.  
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Abstract 

Quantum dots (QDs), semiconductor inorganic nanocrystals, have a big importance in immunofluorescent 
labeling. We have prepared water soluble QDs in the size range from 2.8 to 4.4 nm with 3-
mercaptopropionic acid (MPA) as a hydrophilic surface ligand. To reduce their cytotoxicity, QDs are coated 
by two epitaxial layers of CdS and ZnS. For the immunofluorescent labeling we used cadmium telluride QDs 
of size 3.7 nm with maximum emission wavelength at 610 nm conjugated with various proteins, antibody to 
membrane CD3 protein, antibody to proliferating cell nuclear antigen and annexin V. From a variety of 
techniques described in literature, we have chosen the conjugation using the zero-length cross-linkers such 
as 1-ethyl-3-(3-dimethyl-3-aminopropyl) carbodiimide hydrochloride and N-hydroxysulfosuccinimide, which 
bind molecules via carboxyl and primary amino groups. This method is compared with the so called 
oriented conjugation method where an amine group of modified QDs reacts with oxidized antibody glycans 
on the heavy chain of an antibody. The formation of conjugates is checked by capillary zone electrophoresis 
with laser-induced fluorescence detection. Under the optimum conditions, the zones of conjugates and 
unreacted QDs are well separated and reliably quantified. 

Keywords: quantum dots, conjugation, antibody, immunofluorescent labeling, cell labeling, tissue labeling 

1. INTRODUCTION  

Semiconductor nanocrystals (NCs), well known as quantum dots (QDs) are of an increasing interest of many 
scientists, because of their unique properties and wide application possibilities. The main advantages of 
quantum dots, when compared with the conventional organic fluorescent dyes, are practically no 
photobleaching, wide excitation and narrow emission spectra and size dependent emission maximum 
wavelengths (See figure 1). QDs are widely used as efficient fluorescent probes in biology and medicine for 
bioimaging and biodetection [1, 2]. 

Bioconjugation reactions link two or more molecules to form a compound with new desirable properties. A 
lot of biologically active molecules with various reactive groups can be conjugated using a variety of 
different cross-linkers such as zero-length, homo or heterobifunctional cross-linkers. The simplest are zero-
length cross-linkers, which can bind molecules without some other spacers. The most popular are 
carbodiimides and succinyl imides. Homo or heterobifunctional cross-linkers are used for binding two 
molecules with some spacer between them [3].  

Fluorescent probes prepared by conjugation reaction of QDs and biomolecules can be used for multicolor 
cells labeling and imaging. Cells can be labeled in two ways. One mechanism is non-specific pinocytosis, the 

second one is specific reaction between QD-conjugate and target protein in cells after pynocytosis [4, 5]. 
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2. QUANTUM DOTS 

QDs are semiconductor inorganic 
nanocrystals in size range from 1 to 10 nm. 
Typical materials for the preparation of 
quantum dots are elements of II - VI or III - V 
group. Widely used are cadmium telluride or 
selenide QDs, often coated with epitaxial 
layers as CdS or ZnS [6, 7]. Water soluble QDs 
are prepared with hydrophilic surface ligands 
usually bearing a thiol group for their 
covalent attachment to the metal element of 
the QD crystal at one and a charged group at 
the opposite end of the molecule. Thus, as 
surface ligands can be used thioglycolic acid 
(TGA), 3-mercaptopropionic acid (MPA), 
cysteamine (MA) etc. 

2.1 Quantum dots - preparation 

Nowadays, there are two ways for the 
preparation of semiconductor QDs, aqueous 
and non-aqueous. Non-aqueous synthesis 
requests a high boiling point solvent, such as 
trioctylphosphine (TOP) and dodecylamine 
(DDA). This way prepared QDs, however, are 
insoluble in water and they are useless for a 

bio-labeling [1, 8]. The aqueous synthesis is cheaper, less toxic and bio-compatible. Classical route for CdTe 
preparation is utilization of the reaction between Cd2+ and NaHTe in the presence of a required ligand. The 
optimum molar ratio of these chemicals is Cd2+:HTe─:ligand = 2:1:4.8. The reaction proceeds in boiling water 

Fig. 1. A) Excitation and emission spectrum of  CdTe QDs, B) Fluorescence spectra of  aminated CdTe QDs 

with dif ferent maximum emission wavelength (emission maximum wavelength at 530 nm and at 610 nm) 

BA
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and the smallest QDs are formed in 
several minutes of refluxing [9]. The size 
of QDs increases with the refluxing time. 
Common pH value for the preparation for 
carboxylated QDs is 8.5 - 9.  

3. BIOCONJUGATION TECHNIQUES 
TO LINK QDS AND BIOMOLECULES 

Conjugation reactions can be divided into 
non-oriented and oriented ones. The 
frequent non-oriented technique is 
reaction via zero-length cross-linkers 
such as 1-ethyl-3-(3-dimethyl-3-
aminopropyl)carbodiimide hydrochloride 
(EDC) and N-hydroxysulfosuccinimide 
(Sulfo-NHS). This conjugation reaction 
bonds carboxyl groups on the QDs 
surface and any of primary amino groups 
of a protein. Often used oriented 
conjugation method is techniques via 
oxidation of antibody glycans. In this 

case, glycans on the heavy chain of an antibody are oxidized, form aldehyde groups and bond with 
hydrazide groups of modified QDs [3].  

3.1. Conjugation of QDs and proteins 

Two conjugation techniques to link QDs and proteins were tested. The first one was the non-oriented 
conjugation via EDC/sulfo-NHS. QDs were conjugated with antibody to membrane CD3 protein (anti-CD3), 
antibody to proliferating cell nuclear antigen (anti-PCNA) and annexin V. The formation of covalent bond 
between carboxylic group of MPA from QDs and amino group of an antibody is shown in Figure 2. The 
method was optimized, the molar ratios were QD/sulfo-NHS = 1:2, Sulfo-NHS/EDC = 1:4, QD/Ab = 1:1 of 
reactants. Mixture of QDs, EDC and NHS was left in an Eppendorf microtube reacted for 30 minutes. This 
way modified QDs were mixed with required protein and this solution was kept to incubate at a room 
temperature for 1 hours. 

As the second conjugation was used oriented method for binding QDs and anti-CD3. At first, the antibody 
was oxidized through NaIO4 during 30 minutes. At second, QDs were modified via dihydrazide adipic acid 
(ADH). Mixture of QDs and ADH reacted for 4 hours at room temperature. At the end the mixture of both 
reactants was kept overnight in dark at 4°C. Reaction scheme is shown in Figure 3. 

4. CAPILLARY ZONE ELECTROPHORESIS 

Nowadays, the capillary zone electrophoresis (CZE) is one of the most widely used analytical separation 
techniques especially in biochemical and biomedical field. CZE is a method with a high selectivity, high 
separation efficiency, short analysis time etc. [10, 11]. CZE has been successfully used for the separation of 
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various nanomaterials, including latex 
particles, inorganic oxide particles, silver or 
gold nanoparticles [11, 12]. Thus, CZE with 
laser induced fluorescence (CZE-LIF) detection 
can be used to check the conjugation 
efficiency between QDs and proteins. 

4.1. CZE-LIF of conjugation reaction 
products 

The efficiency of the conjugation was analyzed 
by the separation of reaction products in bare 
silica-fused capillaries (total lengths - 25 cm, 
separation length - 15 cm and internal 
diameter - 75.5 µm), filled with 100 mM 
TRIS/TAPS buffer, pH 8.3, as a background 
electrolyte. Before each analysis the capillary 
was flushed with 1M HNO3, 1M NaOH, 
deionized distilled water and running buffer. 
Separation voltage and voltage for electro-
kinetic injection was 6kV. Excitation 
wavelength was 488 nm (Ar-ion laser) and 
emission was recorded at 610 nm. Uncharged 
molecules of coumarin were used as a marker 
of electro-osmotic flow (EOF). The results of 
analyses of crude reaction mixtures of 
conjugations of QDs and anti-PCNA or annexin 
V are demonstrated in Figure 4. QDs and 
conjugate with anti-CD3 was analyzed the 

same way with the exception of the capillary with the total length of 20 cm, and separation length - 12 cm 
(See figure 5). As a background electrolyte was used 50 mM CAPS, pH 11.2. 

5. CELL LABELING 

A selective or non-selective labeling can be used for a cellular imaging. Non-selective labeling is based on 
pynocytosis, one form of endocytosis in which small particles (QDs) are brought into cells within small 
vesicles [13]. The selective labeling is realized by QDs conjugated to proteins (mostly antibodies) with a high 
specific affinity to biologically important molecules (antigens) inside cells. As a result, an easily detected 
immunocomplex between labeled antibody and antigen is formed. 

5.1. Selective immunofluorescent labeling of tissues and free cells via QDs-protein conjugates 

Conjugate of annexin V and QDs was used for labeling of apoptotic lymphocytes Annexin V is sensitive to 
phosphatidylserine, which is extrernalized on the surface of cells during apoptosis. Before labeling, 
lymphocytes were induced by adding mitomycine C and incubated 24 hours unde rmixing. Apoptotic 
lymphocytes were mixed with required conjugate and were incubated at room temperature for 10 minutes. 
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Cells of mouse duodenum were labeled by 
conjugate of QDs-annexin V, too. Firstly, mouse 
duodenum was dissected and after functioning 
of Biotase enzyme for 30 min by 37°C was 
prepared for labeling. Then pre-prepared 
mouse duodenum was mixed with QDs-annexin 
V conjugate and the mixture was incubated for 
10 min at room temperature. 

Results of labeling were observed by 
epifluorescence microscopy and TIRF 
microscopy (Total Internal Reflection 
Fluorescence). Examples of selectively labeled 
apoptotic lymphocytes, free cells and tissue of 
mouse duodenum are shown in Figure 6. 

QDs and anti-PCNA conjugate was used for selective labeling of tumor tissue. Tumor tissue was mixed with 
conjugate and was kept to incubate for 10 minutes at 37°C. Results of labeling are shown in Figure 
7.Conjugate of QDs with anti-CD3 was used for labeling of human T-lymphocytes and B-lymphocytes. 
Conjugate was mixed with of T- and B-lymphocytes. T-lymphocytes were labeled immediately after mixing, 
because contain CD3 membrane protein, which is antigen to anti-CD3. B-lymphocytes were not labeled at 
all, because do not contain this protein (See figure 8). Results of labeling efficiency were observed by 
epifluorescence microscopy.  

 

 

The background fluorescence in panel B (B-lymphocytes) was caused by long exposition time. It is caused by 
the fluorescence of unattached quantum dots in solution. 

Fig. 6. Epif luorescence microscope image of  cells and tissue selectively labeled via QDs-annexin V conjugate 

A) apoptotic lymphocyte, B) cell of  mouse duodenum, C) mouse duodenum tissue and 

D) TIRF image of  labeled mouse duodenum tissue by QDs-annexin V conjugate.

A B C D



12. - 14. 10. 2010, Olomouc, Czech Republic, EU 

 
 

208 

  

6. CONCLUSIONS 

Cadmium telluride QDs were prepared. These QDs were used for bioconjugation reaction. Non-oriented 
and oriented conjugation method was used to link QDs and several proteins e.g. annexin V. As oriented 
method was used technique via oxidation of antibody glycans, in non- oriented method were invoked 
EDC/sulfo-NHS cross-linkers. Successfully conjugation was checked by CZE with LIF detection. The QDs 
conjugates with proteins were applied to selective labeling of biologically important molecules in cells and 
tissues. Efficiency of selective labeling was observed by epifluorescence microscopy and TIRF microscopy. 
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Abstract 

There are several possible ways of fixation of titanium implants in human bone. One of them is direct 
contact of implant with bone i.e. theirs osseointegration. However, this process could be, depending on 
material’s surface properties, both long term and complicated. Research aimed at applications of metallic 
biomaterials is therefore focused on “bioactivation” of the implant surface. One of possible procedures is 
nanostructuring of the surface that means covering of the implant surface by a layer of nanotubes. 
Titanium dioxide can be prepared in the form of tubes with diameter in nanometres and lengths ranging 
from several nanometres to micrometers. Such nanostructure may be created on titanium by its 
electrochemical - anodic oxidation in fluoride containing electrolytes. Growth of nanotubes is in this case 
result of two simultaneous processes. First of them is anodic oxidation of the surface and the second one is 
a local dissolution of the growing titanium dioxide by fluoride ions.  

First part of the presented work will be focused on theoretical background of titanium nanostructuring in 
fluoride-containing electrolytes. Influence of electrochemical parameters on nanotubes morphology will be 
discussed. Results of theoretical analysis will be subsequently compared with experimental data. Titanium 
grade 2 was used for experiments. Exposures were done in aqueous electrolytes containing fluoride ions. 
The influence of electrochemical parameters on the shape and degree of nanotubes organization will be 
presented.  

Keywords: titanium dioxide, nanotube, self-organisation, anodization, medical applications  

1. INTRODUCTION 

1.1. General 

Titanium and its alloys are commonly used in many medical applications. Reasons are especially mechanical 
properties and high corrosion resistance in human body environment. Surface of these materials is covered 
by thin passive layer (approximately 10-9 m) based on titanium dioxide and surfaces are bioinert. Implants 
aren’t usually rejected by the organism nevertheless they could be encapsulated by soft tissue. Direct 
connection with bone could be, because of this effect, long term and difficult process. Research in 
biomaterials field is therefore nowadays focused on improvement of surface properties. Many processes 
leading to increase of osseointegration were tested; inter alia modification of surface by DLC, ZrN and TiN 
layers [1-3]. The other way is formation of nanotubes on the surface. It is a layer of titanium dioxide (or 
other transient metal oxide) in the form of tubes with diameter in nanometers range and length from 
several nanometers to hundreds of micrometers. Structure of the tubes is amorphous and it is possible to 
modify it tune bioactivity (e.g. doping of the structure by phosphorous and calcium) [4-6]. Bioactive surface 
stimulate a deposition of the osteoblast cells which leads to easier interaction of the implant with a bone.  
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1.2. Nanotubes formation by anodization 

The anodic growth of titanium oxide nanotubes is, in simplest approach, governed by a competition 
between two reactions. The first one is an anodic oxidation, which leads to formation of compact passive 
layer of TiO2: 

Ti + 2 H2O → TiO2 + 4 H+ + 4 e-  (1) 

The second one is a chemical dissolution of the oxide as soluble fluoride complexes, e.g.: 

TiO2 + 6 F- → [TiF6]2- + 2 O2- (2) 

The reaction (1) describes the 
oxide growth on an anodized 
metal surface, as schematically 
showed in Fig. 1 in a fluoride-
free electrolyte (for example 
NH4SO4). Oxidized metal 
species react with O2- ions 
(from H2O) to form an oxide 
layer. The oxide growth is 
governed by ion transport 
through the growing oxide. As 
the system is under a constant 
applied potential, the field 
within the oxide is 

progressively reduced by the increasing oxide thickness, the process is self-limiting. The current density 
converges to limit value close to zero (Fig. 2) [7]. 

Situation becomes less simple in the presence of fluoride ions. This is mainly caused by two effects of the 
fluoride ions: (i) the ability to form water-soluble TiF2-6 complexes according to reaction (2), and (ii) the 
small ionic radius that makes them suitable to penetrate through the growing TiO2 lattice and thus 
competing with O2- transport. The complex formation ability leads to a continuous chemical dissolution of 
formed TiO2. The current response of system under applied potential is shown on Fig. 5. There are three 
stages of process: At the first stage, growth of compact titanium dioxide occurs (Fig. 1). The current 
response of the system is similar with that of the system without fluorides (Fig. 5-a). The second stage (Fig. 
5-b) represents an initial stage of the nanotubes formation. The fluoride ions interact with titanium dioxide 
and selective dissolution on the high-energy places begins (Fig. 3). The increasing current is a consequence 
of competition between oxidation (electrochemical process) and chemical dissolution of the oxide layer. At 
the third stage, the equilibrium between oxidation and dissolution is reached. The current flow is constant 
(Fig. 5-c) and nanostuctured surface begins to form (Fig. 4) [7]. 

1.3. Influence of electrochemical parameters on surface geometry 

The key factor controlling the tube diameter is the anodization potential. In the case of TiO2 nanotubes 
layers, a wide variety of nanotube diameters can be achieved. For anodization experiments carried out in 
1 M H3PO4 + 0.3 wt.% HF it has been shown that the tube diameter can be achieved in the range of  15-
120 nm in the potential range between 1 and 25 V [8].  

 
 

Fig. 1. Growth of TiO2    

             in fluoride-free  
             electrolyte  
            (based on [7]). 

Fig. 2. Current response of system under applied  

                potential in fluoride-free electrolyte (based  
                on [7]). 

 



12. - 14. 10. 2010, Olomouc, Czech Republic, EU 

 
 

211 

 
 

Fig. 3. Second stage of  

             nanotubes growth  
             - nucleation(based  
             on [7]). 

Fig. 4. Regular TiO2 nanotubes growth ¨ 

             (based on [7]). 
Fig. 5. Current response of system under  

               applied potential in electrolyte with  
               fluoride ions (based on [7]). 

The nanotubes length is influenced by anodization time, however, only to the moment, when the 
equilibrium state is reached. Then the diffusion control of the process occurs (transport of fluoride ions and 
corrosion products) [9]. The nanotubes with length from 500 to 600 nm grow in the electrolytes containing 
fluoric acid (or acidic mixtures of fluorides). In buffered solutions, with respect to the pH gradient in tubes 
can be achieved length up to 2 µm. In viscous or water-free electrolytes 7 µm length tubes with smooth 
walls can be growth [7]. 

2. EXPERIMENTAL 

Experiments were conducted with specimens of titanium grade 2 (0.23 wt.% O, 0.01 wt.% N, bal. Ti). 
Specimens were wet ground (up to FEPA P2500 paper) and polished by diamond paste with particles 
diameter 0.7 m. The samples were sonicated in deionised water, isopropanole and acetone, and then 
dried in an air stream. Anodization was realised in electrolyte containing 0.2 mol/l (NH4)2SO4 and 0.5 wt.% 
NH4F. Experiments were carried out in standard three electrode setup with platinum gauze as a counter 
electrode, sample as a working electrode and silver/silver chloride (3 mol/l KCl) reference electrode. All 
potentials presented at this paper are related to this electrode. The electrochemical measurement 
consisted of a potential ramp from open circuit potential to the end potential 20 V with a chosen sweep 
rate and followed by holding the potential at the end potential for 1, 2 and 3 h. All anodization experiments 
were carried out at room temperature. After the electrochemical measurement, the samples were rinsed 
with deionised water and then dried in the air stream.  

High voltage potentiostat Jaissle Potenciostat-Galvanostat IMP 88 PC-200V with controlling unit PGU-AUTO 
Extern was used at this work. For a morphological characterization of the samples, a scanning electron 
microscope (SEM) Hitachi S-4700 was used.  

3. RESULTS AND DISCUSION 

In the first part of the study, the influence of the potential sweep ramp on the surface morphology was 
explored. Time dependencies of current densities are shown on Fig. 6. Growth of nanotubes wasn´t 
observed at the polarization rate 10mV/s. Titanium oxide layer wasn´t ordered and only nuclei of tubes 
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were observed (Fig. 7). Different situation occurred with the polarization rate 100 mV/s. The nanotubes 
covered most of the surface, however degree of its organisation was low (Fig. 8). Highly ordered structure 
was observed after anodization with potential sweep ramp 1000 mV/s (Fig. 9). Nanotubes covered the 
whole surface and its diameter was approximately 100 nm. 

In the second part of the study, the influence of the total time on preselected potential was studied. After 
1 hour of anodization at 20 V with the potential sweep ramp 1000 mV/s, the surface was covered by 
titanium dioxide in an amorphous disorganized form. Nuclei for subsequent nanotubes growth weren´t 
observed (Fig. 10). Some nanotubes were detected after 2 hours of anodization. However, they were 
randomly distributed on surface. The major part of the surface was composed of the amorphous titanium 
dioxide (Fig. 11). Highly ordered structure was achieved after 3 hours polarization to 20 V (Fig. 9). 

  
Fig. 6. Time dependencies of current density for 

different potential sweep ramps. 
Fig. 7. SEM image of TiO2 layer formed at 20 V in 0.2 

mol/l (NH4)2SO4 and 0.5 %wt. NH4F electrolyte with 
potential sweep ramp 10 mV/s. 

  
Fig. 8. SEM image of TiO2 layer formed at 20 V in 0.2 

mol/l (NH4)2SO4 and 0.5 %wt. NH4F electrolyte with 
potential sweep ramp 100 mV/s. 

Fig. 9. SEM image of TiO2 layer formed at 20 V in 0.2 

mol/l (NH4)2SO4 and 0.5 %wt. NH4F electrolyte with 
potential sweep ramp 1000 mV/s. 
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5. CONCLUSION 

The major steps of the anodization process leading to the nanostructuring of the titanium surface were 
shown in this work. The influence of the electrochemical parameters on surface state was demonstrated. It 
was found, that the polarization rate 1000 mV/s, final potential 20 V and at least 3 hours delay are 
necessary to obtain ordered nanostructure on titanium in the sulphate based electrolyte.  
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Fig. 10. SEM image of TiO2 layer formed at 20 V for 1 h  
                with potential sweep ramp 1000 mV/s. 

Fig. 11. SEM image of TiO2 layer formed at 20 V for 2 h  
                 with potential sweep ramp 1000 mV/s. 
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Abstract 

The following derivatives of phthalocyanine (Pc) were synthesized: HOAlPc (SO3H)2,  

ZnPc (OC2H4N+CH3)4 I-
4, nPc(SO3H)0-1 (SO2NHCH2 CH2N(C2H5)2)1-3, 

HOAlPc(SO3H)0-1(SO2NHCH2CH2NH CH2CH2OH)1-2, and Ag2Pc  

These phthalocyanine derivatives were incorporated into polyurethane solutions and subsequently 
electrospun into nanofibrous layers. Thus, nanotextiles containing 1 weight per cent of phthalocyanine 
derivatives were prepared. Photodynamic bactericidal action of nanotextile samples modified with the 
particular phthalocyanines were tested by exposing to the daylight and in the dark, respectively, by using of 
Gram-positive bacteria Staphylococcus aureus. All the samples of nanotextile performed antimicrobial 
effect. The best results were obtained with the nanotextile sample modified with ZnPc (OC2H4N+CH3)4 I-

4 

1. INTRODUCTION 

Nanotextiles have attracted considerable interest and have been found to be highly promising candidates 
for a variety uses, among others for removing bacteria1 by filtration from the stream of air. In the process, 
the stream of air is passing through the filter, made from nanotextile, while bacteria are kept on the surface 
of filter. On the other hand, phthalocyanines and their metal complexes also have attracted considerable 
interest, owing their capability, by so called photodynamic effect, after the suitable illumination change 
diatomic oxygen into various reactive oxygen species. As the reactive oxygen species are highly bactericidal, 
they could be used for combating bacteria2 on the surface of nanotextile. Both the effects mentioned 
above, have become a base for the lower described study, aimed towards the new filtration material, 
capable by the photodynamic process kill the bacteria kept on its surface. 

2. EXPERIMENTAL 

2.1 The following phthalocyanine derivatives were prepared by Center of Organic Chemistry Ltd. 

1. HOAlPc (SO3H)2 

2. ZnPc (OC2H4N+CH3)4 I-
4 

3. ZnPc (SO2NHCH2CH2CH2N(C2H5)2)1-2                                                                          

    (SO3H)0-1  

4. HOAlPc (SO2NHCH2CH2NH CH2CH2OH)1-2 

    (SO3H)0-1    

5. Ag2Pc      
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1. Was prepared by sulfonation of hydroxyaluminium phthalocyanine with fuming sulfuric acid. 

2. Was prepared  by methylation of zinc tetrakis-(3-pyridyloxy)phthalocyanine3 with methyl iodide       

3. Was prepared by chlorosulfonation of zinc phthalocyanine with chlorosulfonic acid and subsequent   
condensation of zinc phthalocyanine sulfochloride with 3 -(diethylamino)-propylamine  

4. Was prepared by chlorosulfonation of hydroxyaluminium phthalocyanine  and subsequent  
condensation of hydroxyaluminium phthalocyanine with N-2-oxyethyl- etylendiamine 

5. Was prepared  by reaction of lithium phthalocyanine with AgNO3 in ethanol.4     

  
       M =  Ag2 , Zn, HOAl       

       R1, R2, R3, R4 = indepedantly H, -SO3H,  -OC2H4N+CH3)4I-
4,   

                                                          -SO2NHCH2CH2CH2N(C2H5)2,  

                                                         - SO2NHCH2CH2NH CH2CH2OH                                   

2.2  Preparation of nanotextiles containing the phthalocyanine derivatives shown above 

Phthalocyanine derivatives were incorporated into polyurethane solutions, which were subsequently 
electrospun into nanofibrous layers at the Technical university of Liberec. Nanotextiles, made this way on 
polyurethane basis (PUB), contained 1%  of phthalocyanine derivatives.  The control sample of nanotextile, 
containing no phthalocyanine, was prepared on polyurethane basis by the same way. 

2.3  Photodynamic antimicrobial effect of nanotextiles containing derivatives of phthalocyanine in 
nanofibres 

The nanotextiles modified with phthalocyanine derivatives were tested in photodynamic antimicrobial 
activity at the Faculty of Pharmacy of Charles University. 

The strain of Staphylococcus aureus (CCM 4516) was used for tests of photodynamic antimicrobial effect of 
nanotextiles modified with phthalocyanine derivatives. Two methods of tests were used.  

By the first method the pairs of nanotextile samples modified with phthalocyanines were inserted into Petri 
bowls and overlapped with Baird Parker agar base containing Staphylococcus aureus (SA) After agar base 
had got stiffen, always one sample of the pair was kept in the dark 3 hours, the other sample of the pair 

N

N N N

N

N N N

M R2

R3

R4

R1
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was kept on the day light 3 hours. All the Petri bowls were subsequently incubated 24 hour at 350 C and 
evaluated. 

By the second method the pairs of nanotextile samples modified with phthalocyanines were inserted into 
Petri bowls and inoculated on surfaces with physiological saline suspension of Staphylococcus aureus (SA). 
Afterwards always one sample of the pair was kept wet in the dark 3 hours, the other sample of the pair 
was kept wet on the day light 3 hours. All the samples were subsequently overlapped with Baird Parker 
agar base, incubated 24 hour at 350 C and evaluated. 

The pictures below illustrate the results of tests realized with the control sample 0 of nanotextile (PUB)  
prepared without phthalocyanine and 5 samples of nanotextiles (PUB), modified with 1%  of 
phthalocyanine derivatives. The evident black flecks are collonies of proliferated Staphylococcus Aureus. 

2.4  Evaluation of photodynamic antimicrobial test of nanotextiles modified with phthalocyanine 
derivatives. Samples: 

1. PUB nanotextile modified with  1,0 %  HOAlPc (SO3H)2 

2. PUB nanotextile modified with 1,0 %  ZnPc (OC2H4N+CH3)4 I-
4 

3. PUB nanotextile modified with 1,0%   ZnPc (SO2NHCH2CH2CH2N(C2H5)2)1-2                                                                          
                                                                        (SO3H)0-1  

4. PUB nanotextile modified with 1,0 %   HOAlPc( SO2NHCH2CH2NH CH2CH2OH)1-2 
                                                                          (SO3H)0-1                 

5. PUB nanotextile modified with 1,0 %    Ag2Pc   

6. PUB nanotextile without Pc  the control sample    

                                                                                                                                                  

 T
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e 

Samples overlapped with SA suspension in 
Parker agar base  

Samples inoculated with SA suspension in 
physiological saline and subsequently 

overlapped with Parker agar base  
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3. CONCLUSIONS 

The following conclusion can be done from evaluation of photodynamic antimicrobial tests of nanotextiles 
modified with phthalocyanine derivatives. 

The samples of nanotextiles overlapped with Baird Parker agar base, containing Staphylococcus aureus, 
kept  in the dark and on the light 3 hours respectively, performed after incubation of 24 hours at 350 C 
practically none bactericidal effect both on the light and in the dark. The similar result was obtained with 
the control sample 0. 

The samples of nanotextiles inoculated on its surfaces with physiological saline suspension of 
Staphylococcus aureus, and kept wet in the dark and on the day light 3 hours respectively, and afterwards 
overlapped with Baird Parker agar base performed, after incubation of 24 hours at 350 C,  bactericidal effect 
on the light for the samples 1 - 5. The best one was the sample 2, zinc tetrakis- (3- methylpyridyloxy) 
phthalocyanine, the worst one was the sample 5, silver phthalocyanine. The  samples 1 - 5 kept in the dark 
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performed, when compared with the samples kept on the light, worse bactericidal effect except of the 
samples 1 and 2. The control sample 0 kept both on day light and in the dark performed none bactericidal 
effect. 

For the good photodynamic bactericidal effect is therefore necessary to get bacteria in the close contact 
with nanotextile, modified with suitable phthalocyanine derivatives. Special filtration membranes, based on 
nanotextile, modified with phthalocyanine derivatives, may be developed on the base the results 
mentioned above. Such filtration membranes might be useful in various industrial installations and also in 
health care.  
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Abstract 

Networked cellulosic (NC) material was prepared in a gel form via sulfuric acid dissolution and hydrolysis of 
microcrystalline cellulose (MCC) and then regeneration in ethanol. The regenerated material was utilized as 
tablet excipient. Prepared tablets have shown interesting properties regarding hardness. Tablets were 
prepared via slip casting of formulas mixed with different NC gel concentrations. The hardness of prepared 
tablets was measured using tablet hardness tester. It was noticed that the hardness of the tablets increased 
over a wide range and up to 420 N. The hardness was mainly controlled by the concentration of the NC gel 
material. Despite of their high hardness, prepared tablets have shown full drug release capabilities. The 
new technique to prepare these tablets can be implemented in a continuous process that minimizes the 
disadvantages of batch processing. 

Keywords: Cellulose, Sulfuric acid, Hydrolysis, Hardness, Drug delivery. 

1. INTRODUCTION 

Cellulose is an abundant, sustainable, and biodegradable biopolymer.[1] It exhibits very interesting 
properties that can be utilized in many applications in addition to extra ones that can be gained by 
modification and derivation. Therefore, scientists are paying attention to this inexhaustible material. Also 
pharmacists have been utilizing cellulose in tablets formulation for a long period of time.[2]  It is 
biocompatible cheap material and widely used as filler and binder in the excipient matrix.[3] 

Tablets are the most popular dosage forms because they can be produced easily and accurately dosed, 
easily administered by patients, and have good chemical and mechanical stability.[4] But there are many 
challenges that face tablets production such as formulation difficulty, batch processing problems, and 
active ingredients sensitivity. Tablets are required to be hard enough to tolerate the stresses to which they 
are exposed during packaging and transportation. Such requirement can badly affect the main purpose of 
tablet production, i.e. drug delivery. Tablets have to disintegrate in the place of action to deliver the active 
ingredients they contain. Preparing tablets with suitable hardness and drug delivery requires the 
pharmacist to prepare large number of formulas to achieve this target. Also optimized formulas mostly 
consist of more than one material which raises the problem of product homogeneity. Manufacturing 
problems, wasted time and effort in addition to the varying quality of the finished product are important 
concerns in the formulation process. 

Tablets are currently prepared using solid-state mixing of active ingredients with excipients such as starch, 
gelatin, and sugars. Wet or dry granulation is then performed to prepare the mixture for tablet 
compression using punch machines. This current technology of production of granules is based on batch 
processing.[5] Batch processing has many disadvantages including the variety of required equipments and 
batch-to-batch differences.[6] Continuous processing is a promising technology that is used mainly in the 
food industry. It is expected to be more economical and uses less equipment, labor and utilities.[7]  
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Tablets are produced by the compression of active ingredients with some excipients. The compression 
requires high pressures that may increase the temperature of the formula. Degradation of active 
ingredients can be a consequence for such thermal stresses which will affect the tablets content and 
uniformity. Also the related substances produced due to this degradation could be harmful materials for 
human and environment. Consequently, Temperature-sensitive active ingredients are not producible in the 
tablet form but in the capsule form or as injection. On the other hand,   capsules production is very 
expensive compared to tablet production and the injections are not preferable to patients. These issues 
promoted scientists to look for tablet production techniques that do not include any thermal stresses. A 
work done by Pachulski et al. showed that the casting of formulas of gel material of colloidal silica and 
binding agents with Paracetamol, without the need for a pressure, can be used to prepare tablets with 
good properties.[8] Another work done by Hashaikeh et al. showed that cellulose can be hydrolyzed and 
processed to a gel form of networked cellulose. The properties of the resultant gel are controlled by the 
hydrolysis process. This gel material was suggested as an interesting material that can be used to 
continuously fabricate tablets.[9] In this paper we will investigate the preparation of networked cellulose gel 
material and its utilization in tablets fabrication via slip casting. The proposed method for tablet fabrication 
promises to produce uniform product that can be prepared easily. The proposed method can facilitate 
introducing continuous manufacturing into the pharmaceutical industry while maintaining control over the 
properties of the finished product.  

2. EXPERIMETAL METHODS 

2.1. Cellulose Hydrolysis 

Microcrystalline Cellulose (MCC) powder was mixed with 70% (w/w) H2SO4 using Varian Dissolution System 
(VK7010) at 5°C with 250 rpm agitation. The mixing ratio is 1g cellulose for each 10 ml of H2SO4. After 30 
minutes, a white material was precipitated by adding equivalent volume of cold ethanol (-17 °C) as anti-
solvent. The product was collected and centrifuged at 4ºC three times for 10 minutes at 4700 rpm using 
Allegra™ 25R Centrifuge. The precipitate was collected again and dialyzed for three days until the pH is 
almost neutral. The resultant white suspension was weighed then sonicated using Hieschler Ultrasonic 
Processor UP400S for 30 minutes. After dialysis the yield was calculated by withdrawing a known amount 
of small sample and obtaining its oven-dried weight. The yield is calculated based on the solid product 
weight after hydrolysis and drying compared to the starting weight. The yield was 97.1%. NC suspensions, 
with different concentrations, were prepared either by drying or diluting to a given weight. 

2.2. Placebo Tablets Preparation 

Placebo tablets were prepared by mixing 75g of each of the previously prepared NC suspensions with 15g 
of MCC. The concentration of the NC suspensions were 2.00%, 4.72%, 6.25%, 8.02%, 9.20%, and 11.66%. 
The formulas were slip-casted and left to dry for one day.  

2.3. Paracetamol Tablets Preparation 

Paracetamol tablets were prepared by mixing 75g of 2% NC suspension with 12.6g of MCC and 2.4g of 
Paracetamol. The formulas were slip-casted and left to dry for one day. The tablets were prepared in order 
to have a label claim of 30mg Paracetamol.  
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2.4. Evaluation of Tablets 

The hardness of the prepared tablets was measured as per USP XXIV monograph for uncoated tablets using 
Dr.Schleunger® Pharmaton 8M Tablet Tester. Friability testing was conducted by Erweka® TA220 as per USP 
XXIV monograph. As per USP XXIV monograph, twenty tablets were weighed individually to measure the 
weight variation. 

For content uniformity, the tablets were powdered and 30mg equivalent weight of Paracetamol was 
transferred into a 250mL volumetric flask. 200mL of water was added to the flask and sonicated for 5 
minutes and then completed up to volume with water. 10mL of the stock solution was transferred into a 
50mL volumetric flask and completed up to volume by water. A portion was filtered using 0.2µm PTFE filter. 
The absorbance of the filtrate was measured at 243nm using Thermo UV spectrophotometer with a cell 
length of 1.0cm. The Paracetamol content was measured against standard with the same final 
concentration. The test was performed to 10 tablets. 

Paracetamol tablet release was studied using Varian VK7010 Dissolution System connected to Cary 50 Bio 
UV-Visible Spectrophotometer by Fiber Optics Cords. The release was measured in 900mL of water at 
37.0°C using paddle agitation of 50rpm. The absorbance of the medium was measured directly from the 
vessel at different time intervals at 243nm using cell length of 1.0cm. Accordingly, the percentage 
Paracetamol release was measured against standard with a concentration of 0.033mg/mL. The test was 
performed to 6 tablets. 

3. RESULTS AND DISCUSSION 

Previous work done by the authors [refer to the paper in carbohydrate polymers] the conditions for 
networked cellulose (NC) production were optimized to produce the NC material in a high yield. Also the 
NC suspension was characterized using X-ray diffraction, transmission electron microscopy, 
thermogravemetric analysis, and nanoindentation.  The material showed a network behavior and the 
cellulose crystallinity changed from cellulose I to the more stable cellulose II. It is believed that cellulose II 
crystals are the joinings of amorphous network of randomly distributed fibers.[9] 

Fig. 1. shows the hardness - concentration curve for 
the prepared placebo tablets. It is noticed that the 
hardness of the placebo tablets increased over a 
wide range and up to 420N, which is a high value for 
a cellulosic material. Also the hardness was mainly 
controlled by the concentration of the NC 
suspension. Such characteristics make the properties 
of the finished product easily controlled. The curve 
exhibits a plateau at 420N since it is the maximum 
limit for the tablet tester. Tablets prepared by mixing 
MCC with water disintegrated directly during the 
drying process. 

 

 
Fig. 12. Hardness curve for the placebo tablets. 
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This behavior shows the significance of introducing the NC particles in the tablet formula. Also the tablets 
showed shrinkage in volume that depended on the concentration of the used NC suspension.  

Using the 11.66% NC suspension, the resultant tablets’ average diameter was 7.7mm compared to 10.8mm 
for the tablets produced using the 2.00% NC suspension. 

The high hardness values, which can achieved by low concentrations, is the reason behind introducing MCC 
in the formula. MCC can dilute the tablets to enhance their size and weight in one hand. In the other hand, 
it can decrease the hardness of the tablets to suit some drug deliveries. MCC is already used as diluent in 
pharmaceuticals. Furthermore, it has some lubricant and disintegrant properties that make it useful for 
tablet production.  

The hardness of the Paracetamol tablets showed an increase in the hardness values. The tablets showed an 
average hardness of 58N, which is 31N higher that for the placebo tablets. This change, due to the 
replacement of some of MCC by Paracetamol, obtained hardness values that can be explained by looking at 
the diameter difference between the two tablets formulas. Paracetamol tablet’s diameter reduced to 
9.6mm compared to 10.8mm for the placebo tablet. This reduction in diameter increased the density of 
fibers network and consequently increased the hardness of Paracetamol tablets. A friability test was 
conducted on Paracetamol tablets. The weight loss percent was significantly less than 1%. 

Mass variation and content uniformity are very 
important to evaluate the efficiency of the 
production technique. The average weight of 
twenty Paracetamol tablets was 178.2mg and the 
RSD was 1.5%. The average measured content of 
ten Paracetamol tablets was 99.8% and the RSD was 
0.56%. The very small RSD values of mass variation 
and content uniformity prove the high homogeneity 
of the tablets produced by slip casting. The RSD 
values are not easily achieved by the current tablets 
production technology especially with low label 
claims like the one we prepared in this paper.  

Fig. 2. shows the dissolution profile for the 30mg 
Paracetamol tablets. Despite of their hardness, 

Paracetamol tablets showed a full and gradual drug release in six hours. This delivery rate can be important 
for many active ingredients where there is a need for gradual release over a long period of time. Also we 
can notice the precise data we got from the six tablets. This is another proof for the excellent homogeneity 
of the finished product. 

It is expected to have different drug release profiles for different NC suspensions since the hardness 
significantly varies with concentration. Furthermore, changing the mixing ratio can vary the drug release. 
For example, introducing more MCC in the tablet formula can increase the release rate and make it more 
suitable for immediate delivery systems. As conclusion, the drug release can be controlled over a wide 
range of time by changing the concentration of the used NC suspension and the ratio of MCC in the 
formula. 

Fig. 2. Dissolution profile for Paracetamol tablets. 
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4. CONCLUSION 

NC gel material was prepared via sulfuric acid dissolution and hydrolysis of MCC and then regeneration in 
ethanol. Tablets, prepared using this gel as an excipient, have shown interesting hardness values. Tablets 
were prepared via slip casting of MCC mixed with different NC gel concentrations. It was noticed that the 
hardness of the tablets increased over a wide range and was mainly controlled by the concentration of the 
NC gel. Despite of their high hardness, prepared tablets have shown full drug release capabilities that can 
be suitable for different active ingredients. The precise content, uniformity, and mass variation values 
proved the slip casting of gel formulas as a useful technique for the production of homogeneous tablets. 
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Abstract 

In this study, commercial polycaprolactone (PCL) was used for preparing a porous and non-porous fibers. 
Porous PCL fibers were formed by the solvent/non-solvent evaporation method via electrospinning. 
It was compared the hepatocyte growth on PCL nanofibrous layers with different morphology. The cell 
growth was evaluated using Phaloidin/DAPI staining. On the porous PCL nanofibres, the hepacotyte 
attached well and showed a better growth than cells grown on non-porous PCL nanofibres. 

Keywords: polycaprolactone, electrospinning, porous nanofibers, hepatocytes, nanofibrous scaffold 

1. INTRODUCTION 

Nanofibrous scaffolds have many advantages that make them well suited for tissue engineering 
applications. The higher surface area of nanofibrous layers leads to better cellular attachment 
in comparison to smooth fibers. The aim of the present study was preparation of porous and non-porous 
PCL fibers via electrospinning in one step [1]. Three necessary conditions required for production of porous 
nanofibers were found: (i) application of mixture of solvent/non-solvent for preparation of the spinning 
solution, (ii) difference of the evaporation rate between solvent/non-solvent and (iii) correct ratios 
of solvent/non-solvent (v/v). 

Cultures of hepatocytes are studied both for the design of bioreactors for in vitro investigation of hepatic 
metabolism of drugs and for bioartificial liver support devices (BLADs) for temporary, extracorporeal 
therapy for patients with liver failure bridging to liver transplantation. The nanofiber matrix is known to be 
suitable growth substrate for different cells [2]. 

The viability of hepatocytes' growth on the three different nanofiber layers PCL was examined. The results 
presented in this paper show that the nanofiber matrix is a suitable biocompatible support for functional, 
hepatocyte cultures in modern BLAD's and that the morphology of nanofibrous layers influences 
the hepatocyte growth on these substrates. 

2. EXPERIMENT 

2.1. Preparation of the nanofiber layers 

Commercial PCL with molecular weight (Mn) 60 000 g/mol was purchased from Aldrich. A several spinning 
solutions were prepared by dissolving PCL in a different type and quantity solvents and their mixtures, e.g. 
tetrahydrofurane (THF)/dimethylsulfoxide (DMSO) (9/1 v/v), ethylacetate/DMSO (9/1 v/v), 
chloroform/methanol (9/1 v/v) and aceton/ethanol (7/3 v/v), see Tab. 1. The total polymer concentration 
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High voltage 
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was fixed at 16 or 18 wt.%. PCL solutions in solvent mixtures were prepared by magnetic stirring at room 
temperature overnight. 
Table 1. Solvent mixtures used for dissolving of PCL 

 

 

 

 
A schematic representation of the equipment used in laboratory for electrospinning is depicted in Fig. 1. 
Electrospinning process of PCL solutions was carried out at a voltage of 30 kV and the electrode-to-collector 
distances were fixed at 10 cm. The nanofibrous layers were deposited on a polypropylene non-woven 
fabric. 

Fig. 1. Schematic of a simple  

             electrospinning experiment;  

1 - electrode grounding shield,  
2 - nanofibrous layer,  
3 - direction of nanofiber formation,  
4 - a polymer solution,  
5 - a positive electrode 

 

2.2. Characterization of the nanofiber layers 

The morphologies of the nanofibrous layer were observed using scanning electron microscope (SEM). 
It was found, that the electrospinning of PCL led to porous or non-porous fibers. Examination of SEM 
images (Fig. 2) indicates that the PCL fibers obtained from THF/ DMSO (9/1 vol.) and ethylacetate/ DMSO 
(9/1 vol.) posses a highly porous structure. These pores have eliptical shape and covered entire surface of 
the fibers. In case of PCL from chloroform/ methanol (9/1 vol.) and aceton/ethanol (7/3 vol.) solvent 
mixtures, electrospinning led to non-porous fibers. The SEM images showed in Fig. 2 imply that the 
tendency of emerging of the porous structure of fibers is observed only for the mixtures solvent/non-
solvent. A difference of the evaporation rate between solvent/non-solvent was very important too. 

 

 

 

 

 

 

Fig. 2. SEM images of PCL nanofibers prepared from: a) 18 wt.% THF/ DMSO (9/1 vol.) - layer 1, b) 18 wt.% 

ethylacetate/ DMSO (9/1 vol.) - layer 2, c) 16 wt.% chloroform/ methanol (9/1 vol.) - layer 3 and d) 16 wt.% aceton/ 
ethanol (7/3 vol.) - layer 4 

Solvent mixture Polymer concentration [wt.%] Layer 
THF/DMSO (9/1 vol.) 18 1 

ethylacetate/DMSO (9/1 vol.) 18 2 
chloroform/methanol (9/1 vol.) 16 3 

aceton/ethanol (7/3 vol.) 16 4 
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Nanofibers were compared with the respect to fiber diameter and morphology of prepared fibrous layers       
1 - 4. Average fiber diameters of the layers were determined from SEM. Histograms of the fiber diameters 
measured by the image analysis LUCIA G are shown at the Fig. 3. They demonstrate a smallest fiber 
diameter for nanofibrous layer 4. The average fiber diameters are shown in Table 2. 

 

Table 2. The average fiber diameter of the nanofibrous layers 1 - 4 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 3. Histograms of the fiber diameter of PCL nanofibrous layer; a) layer 1, b) layer 2, c) layer 3, d) layer 4 

The specific surface area (SSA) and the pore size distribution were measured by instrument ASAP 2020. 
SSAs were obtained from the nitrogen adsorption branch, using the method of Brunauer--Emmet-Teller 
(BET) and the pore size distributions were obtained by the Barrett-Joyner-Halenda (BJH) method. The result 
is shown in Table 3 and Fig. 4. 

 

Table 3. The specific surface area and pore volume of the PCL nanofibrous layers 

 Layer 1 Layer 2 Layer 3 Layer 4 

The specific surface area  (BET) [m2/g] 3,1 2,6 2,7 3,7 
Pore volume (BJH) [cm3/g] 1,3 ∙ 10-4 2,9 · 10-4 - - 

 

 Layer 1 Layer 2 Layer 3 Layer 4 

The average fiber diameter [nm] 830 740 1580 290 
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Fig. 4. Pore diameter distribution of the PCL nanofibrous layers 

The peak of distribution curve for the layer 1 demonstrates maximal volume of pores with diameter 11 nm. 
The distribution curve for the layer 2 has very similar shape as distribution curve for the layer 1. 
The maximal volume reflects pores with diameter 12 nm. The distribution curve of the layer 3 and 4 doesn´t 
show any peaks. 

2.3. Growth of the hepatocytes on porous and non-porous PCL fibers 

Rat parenchymal hepatocytes were isolated from the liver of male Wistar rats, weighing 180-220 g, 
by a modified two-step in situ collagenase (Serva) perfusion technique [3, 4].  Routinely, 2.5-3.0 × 108 
hepatocytes were obtained from a single isolation with a viability of 75-90% as determined by exclusion 
of Trypan blue dye. Isolated hepatocytes were suspended at 1 × 107 cells/ml in cold Williams’ medium E 
(GIBCO BRL). Growth of hepatocytes was examined at the Institute of Experimental Medicine - Department 
of Neuroscience. 

The PCL fibrous layers 1, 2 and 4 were washed in distilled water for 4 days in order to remove potential 
residuals, then dried and sterilized under the UV light. The fibrous layers were fixed in 24-well plates 
in the Scaffdex® (CellCrown) and seeded with 1×106 living hepatocytes per square cm. The hepatocyte 
growth was studied by WST proliferation assay and immunohistochemical staining with phalloidin 
and DAPI. Cells were cultured at the temperature 37 °C and atmosphere 5 % CO in an incubator during the 
time of 1 to 6 days.  

It is possible to subjectively estimate the viable cell count from the Fig. 5. The viable cells have stained 
nuclei (blue DAPI) and around it is situated red stained cytoskelet (Actin-phaloidin). On the other hand, 
dying cells are characterized by bright stained nuclei without clearly stained  cytoskeleton. The results of 
cell survival after 1 and 3 days are shown at Fig. 5. 

Cell viability was determined using the WST-1 assay. Tetrazolium salt (WST-1) is cleaved to soluble 
formazan dye by the succinate-tetrazolium reductase, which exists in mitochondrial respiratory chain 
and is active only in viable cells. Total activity of this mitochondrial dehydrogenase in a sample rises 
with the increase of viable cells. As the increase of enzyme activity leads to an increase of the production 
of formazan dye, the quantity of formazan dye is related directly to the number of metabolically active cells 
in the medium. The formazan dye formed by metabolically active cell can be quantitated by measuring 
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its absorbance. The absorbance of formazan dye solution is in the direct proportion to the number of viable 
cells. The cell proliferation assay interestingly showed, that the hepatocytes survived (their metabolic 
activity increased) on porous PCL fibers better in comparison to non-porous PCL fibers (Fig. 6). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 5. Hepatocytes stained with phalloidin (red) and DAPI (blue) on a three tested fiber layers.               Layer 1 - 

 a) after 1 day, b) after 3 days; layer 2 - c) after 1 day, d) after 3 days; layer 4- e) after 1 day, f) after 3 days 
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Fig. 6. The cell proliferation assay of hepatocytes on PCL nanofibrous layers after 6 days 

3. CONCLUSION 

In this study, two types of PCL nanofibers (i) porous and (ii) non-porous were prepared. These PCL 
nanofibrous layers were compared with the respect to the fiber diameter and porosity. It was found, 
that the BET isotherm is not suitable method for investigation of surface area of nanofibrous layers. Finally, 
the hepatocyte growth was compared on porous and non-porous PCL nanofibers. It was proved, that PCL 
nanofibers are efficient for cultivation of rat hepatocytes, moreover the growth could be influenced 
by the morphology of the nanofibers. The cells attached well on the porous PCL nanofibers and showed 
a better growth than cells grown on non-porous PCL nanofibers. We conclude that the nanofiber structure 
supports the growth of hepatocytes and might be a promising candidate for use in the laboratory 
bioreactor. 
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Abstract 

Hydroxyapatite [HA, Ca10(PO4)6(OH)2] is one of the types of calcium phosphates, which has extensive 
applications in the healing of bone and tooth, due to biocompatibility and bioactivity and also similar 
composition to the natural bone. One method to control of stability of HA is substitution of OH- by F- in HA 
structure and formation of fluor-hydroxyapatite [FHA, Ca10(PO4)6(OH,F)2]. Calcium deficient 
Hydroxyaptite (CDHA) particle is suitable as carriers for drug-delivery systems.  

In this study, FHA containing CDHA nanoparticles were synthesized via sol-gel method. Triethyl phosphite, 
calcium nitrate tetrahydrate and ammonium fluoride were used as P, Ca and F precursors. The synthesized 
powders were heat-treated at different temperatures. The phase composition, chemical structure, 
morphology and particle size measurement were performed by using X-ray diffraction (XRD), Fourier 
Transform Infrared Spectroscopy (FT-IR), Scanning Electron Microscopy (SEM), Transmission Electron 
Microscopy (TEM) and Zetasizer measurement. The results of XRD and FT-IR studies proved the presence of 
fluorapatite (FA), HA and CDHA in the powders heat-treated at 550 °C and above. Also, XRD patterns 
indicated that the crystallinity of apatite structures gradually became well crystallized with the increasing of 
the temperature. Heat treatment at higher temperatures led to the improvement in the atomic 
arrangement of the apatite structure. The average crystallite size and particle size values of heat-treated 
samples, estimated by Scherer equation and Zetasizer instrument were found to be between 10-20 nm 
(confirmed also by TEM) and 130-160 nm, respectively. 

Key words: Fourapatite; Hydroxyapatite; Fluor-hydroxyapatite; Calcium deficient hydroxyapatite; Sol-gel; 
Nanoparticle. 

1. INTRODUCTION 

Hydroxyapatite [HA, Ca10(PO4)6(OH)2] is one of the types of calcium phosphates, which has extensive 
applications in the healing of bone and tooth, due to biocompatibility and bioactivity and also similar 
composition to that of natural [1,2,3]. When HA is implanted inside the body, no poisonous effect, swelling 
or negative response (rejecting HA) is seen from the body [4]. Biocompatibility and good histological 
response of HA is principally attributed to its structural and chemical similarity to bone [5]. 
Pure fluorapatite [FA, Ca10(PO4)6F2] has more chemical and structural stability in comparison to HA [6, 7] 
and form the outer layer of tooth [8]. Most new investigations of the fluorine ion effects are focused on 
healing teeth [7]. In addition, F- encourages the mineralization and crystallization of calcium phosphates in 
bone formation process [9, 10]. One method to control the stability of HA is therefore the substitution of 
OH- by F- in hydroxyapatite structure and formation of fluor-hydroxyapatite [FHA, Ca10(PO4)6(OH,F)2] [11]. In 
spite of the great advantages of FA and FHA, few investigations have taken place in the synthesis and 
characterization of these materials [12-15].  
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Nonstoichiometric Ca-deficient HA particles (CDHA) has the ratio of Ca/P<1.667 [16]. CDHA seem 
particularly suitable as carriers for drug-delivery systems [17]. Kasten et al. showed the resorbable ceramic 
CDHA which characteristically has a high surface area per volume has properties comparable to β-tricalcium 
phosphates with regard to the support of osteogenic induction of cells. They proved cells can adhere more 
easily to CDHA than to β -TCP due to its high specific surface area [18]. The degree of non-stoichiometry 
depends on the synthesis method and is usually characterized by the Ca/P ratio [19]. 

Some of the synthesis methods of apatite compounds are solid state reaction [20], co-precipitation [21], 
hydrothermal [22], hydrolysis of other calcium phosphates [23], emulsion and fine emulsion methods [24], 
electrochemical deposition [25] and sol-gel [26-31]. Sol-gel method exhibit advantages such as high purity, 
homogeneous composition and low synthesis temperature comparing with other methods [32, 33].   

In this study, FHA powders composed of CDHA particles were prepared via sol-gel method and heat-treated 
at different temperatures (400, 550, 700 and 800 °C). The phase composition, chemical structure and 
morphological aspects of the powders were investigated. 

2. EXPERIMENTAL 

In order to prepare the sol, the solutions of (TEP, [(C2H5O)3P]; Merck), (NH4F; Merck), (Ca(NO3)2.4H2O; 
Merck) were prepared in ethanol as the precursors of P, F and Ca. First, NH4F was added to TEP in ethanol 
and a small amount of distilled water (P/F=6) and in a separate container, calcium nitrate tetrahydrate was 
dissolved in ethanol. The resulted solutions were vigorously agitated for 24 h. Subsequently, the Ca-
containing solution was added to the P-containing one drop wise (Ca/P=1.67). The concentrations of both 
solutions were 2M. The resulted sol was kept at room temperature for 72 h and then aged at 40 °C for 24 h. 
The samples were dried at 70 °C for 3 days and heat-treated at 400, 550, 700 and 800 °C for 1 h. The 
flowchart of our sol-gel process is summarized in Fig. 1. The samples heat-treated at 400, 550, 700 and 800 
°C are designated as FHC400, FHC550, FHC700, and FHC800 respectively. 

Phase composition and crystallinity were studied by XRD (D4, Siemens, Bruker Co, Germany). The chemical 
structure was studied with Fourier transform infrared (FT-IR, D4, SIEMENS, Bruker Co, Germany) analysis 
using KBr as a standard. The crystallite sizes were estimated from XRD patterns. Particle size values were 
measured by Malvern Zetasizer, model 3000 HAS in which the data were taken on each particle sample in 
double distilled water. Triton X-100 with a concentration of 0.03 (v/v) was used as dispersant. To 
investigate morphological characteristics of grains and crystallites, scanning electron microscope (SEM, 
XL30, Philips, Holland) and transmission electron microscope (HRTEM, CM200FEG, Philips) along with 
selected area electron diffraction (SAED) were used.  

3. RESULTS AND DISCUSSION 

3.1.  Chemical structure analysis and phase evaluation 

X-ray diffraction patterns of the powders heat-treated at different temperatures are given in Fig 2. The size 
of the crystallites was estimated by Scherrer equation [34]: 

)1(
2

1 q
l

CosB
KD =  
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with D, the size of the crystallite in Å, K, the shape factor of the average crystallite (approximately equals 

0.9), λ, the wavelength of the X-ray i.e. 1.54056, θ, the Bragg angle of the diffracted peak and 
2

1B , the 

parameter calculated in radians as the below: 

)2()( 2/122

2
1 sm bBB -=  

Where Bm, is the peak width at half-maximum of the sample and bs is the peak width at half-maximum of 
the standard sample. 

The degree of crystallinity was calculated via equation below [35]: 

)3()(1 300300/112 IVXc --=  

In this equation, XC is the degree of crystallinity, V112/300 is the depth of the valley between the characteristic 
peaks corresponding to the planes of (112) and (300) and I300 is the intensity of (300) planes. 

The characteristic peaks of apatite such as HA, FA and CDHA phases in the range of 2θ= 25-35° were 
identified according to JCPDS File Cards nos. 09-0432, 15-0876 and 46-0905 respectively. The pattern 
corresponding to the sample FHC400 (Fig. 2 A) revealed that it was often amorphous. The intensity of the 
characteristic peaks in the sample FHC550 (Fig. 2 B) were higher than those of FHC400. The intensity of 
these peaks at 700 and 800 °C exhibited even more significant increase (Fig. 2C and 2D). Accordingly, the 
increasing of the temperature led to the high degree of crystallinity (Fig.3A). XRD analysis of the samples 
FHC700 and FHC800 showed also the presence of a little β-TCP phase which is considered as a 
bioresorbable component of biphasic calcium phosphate (BCP) bodies [36]. 

The size of the crystallites (Fig. 3B) did not have significant changes with increasing the temperatures from 
550 to 800 °C and were found to be in the range of 10 to 20 nm. Considering the fact that this method was 
not exact, TEM was used to observe directly and measure the crystallite size that will be presented in the 
next section. 

Fourier Transform Infrared spectroscopy (FTIR) spectra are shown in Fig. 4. The typical characteristic P-O 
bands of apatite structure (550-610 and 950-1100 cm-1) were identified in all samples. The peaks 
corresponding to OH group of apatite structure in 632 cm-1 was appeared in all samples whereas its other 
peak in 3500-3550 (3541) cm-1 was only found in samples FHC700 and FHC800. This latter peak has not 
been reported by Kim et al [12]. It seems F ions could replace more OH ions with increasing the 
temperature especially after 550 ºC. As reported by Rodrigo [37], the main difference between IR spectra 
of HA and FA is the bond 3500 - 3650 cm-1 and in the absence of F ions, the peak of OH group should 
appear in 3573 cm-1.The P-O peak in 964 cm-1 has been hidden in the broad P-O peak in 1044 cm-1 for the 
sample FHC400. The absence of P-O peak in 603 cm-1 for the sample FHC400, the sharpening of the peak in 
1044 cm-1 for the sample FHC550 and the presence of P-O peaks in 400-500 cm-1 for the samples FHC700 
and FHC800 would indicate an improvement in the atomic arrangement of the apatite structure [38] which 
is confirmed by the variation of crystallinity (Fig. 3A).  

In addition, the specified small peak in 866 cm-1 is related to the HPO4
2- bond [39, 40]. That suggests the 

synthesized FHA could contain CDHA which is confirmed by Ca/P ratio of 1.59 (sample FHC550) measured 
by ICP. The incorporation of the carbonate group is believed to be correlated to the non-stoichiometric 
nature of apatite structure [12].  
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In spite of the peak in 866 cm-1, absorbing bond in 1360-1460 cm-1, corresponding to the C-O bonds of the 
carbonate groups, decrease with the temperature. That confirms the sample FHC400 contained carbonate 
groups within the apatite structure to a higher degree. The peak intensity decrease and sharpening of the 
C-O bonds with the heat treatment temperature can be also attributed to the liberation of carbonate 
groups contained in a higher ordering of atomic structure. 

The peak in 1638 cm-1 and the large peak in 3435 cm-1 corresponding to the bending modes of H2O bond of 
water decreased significantly with the increasing of temperatures. The bond of 821 cm-1 for the nitrate 
group in dried gel, disappeared gradually with the increasing of temperature. 

3.2. Particle size distribution 

Fig. 5 shows the distributions of dispersed particles in the Zetasizer experiment conditions for the powders 
heat-treated at temperatures 550, 700 and 800 ºC. 

The average particle sizes of the samples FHC550, FHC700 and FHC800 were 136, 156 and 155 nm (Fig. 6). 
Zetasizer experiments showed that the sample FHC400 contained the particles with sizes ranging from few 
nanometers to several micrometers. The samples heat-treated at temperatures 550, 700 and 800 ºC 
displayed monomodal distribution. The samples heat-treated at temperatures 700 and 800 ºC contained 
the same average particle sizes which were higher than that heat-treated at 550 ºC.  

3.3. Morphological investigation 

The morphology of powder samples was studied by SEM at different magnification. Fig. 7 shows that an 
important agglomeration has been occurred between the temperatures of 550 and 700 and 800 ºC. By 
comparing the particle size ranges (Fig. 5 and 6) and related SEM images, it seems the agglomerates were 
sufficiently dispersed in the Zetasizer testing conditions.  

Fig. 8 shows the results of TEM studies of FHA/CDHA powders heat-treated at 550, 700 and 800 °C. Some 
overlapped crystallites with an average size of about 15-20 nm is observed in Fig. 8A. Crystalline planes 
resulted from the impact of electron beam can be observed in Fig. 8B. Similar to findings of Kim et al. [12], 
SAED brought in Fig. 8C demonstrates a weak crystalline structure in comparison with pure crystalline 
structures such as simple metallic or ceramic materials. It can be deduced from Fig. 8 that the increasing of 
heat treatment temperature led to crystallite growth somewhat. Diffraction patterns were became more 
intense and the crystallites have been shown to have a tendency to change theirs spherical morphology 
distributions with the temperature. 

4. CONCLUSION 

FHA nanoparticles containing CDHA was successfully synthesized via sol-gel method. The typical 
characteristic FA, HA and CDHA structures were observed in the FTIR spectra and XRD patterns. The 
crysatllinity and crystallite size increased with the temperature. Heat treatment at higher temperatures led 
to the improvement in the atomic arrangement of the apatite structure.  

It is expected that the samples heat-treated at higher temperatures can exhibit better bioactivity due to 
their higher degrees of crystallinity. Taking into account the role of chemical composition, choosing the 
Ca/P ratio of less than 1.67 in the starting materials might be considered as an alternative to investigate in-
situ preparation of the powders containing bioactive TCP/CDHA/FHA nanoparticles. The company of 



12. - 14. 10. 2010, Olomouc, Czech Republic, EU 

 
 

234 

chemical composition factor to control the bioactivity and feasibility of preparing very fine particles 
increases the hope for the production of suitable bioactive powders for dental tissue applications.  

Figure Captions: 

Fig. 1. Flowchart of the preparation of fluor-hydroxyapatite via sol-gel 

Fig. 2. X-ray diffraction patterns of samples FHC400 (A), FHC550 (B), FHC700 (C) and FHC800 (D). 

Fig. 3. Crystallite sizes and degrees of crystallinity for the FHA samples heat treated in different 
temperatures. 

Fig. 4. FTIR spectra of the samples FHC400 (A), FHC550 (B), FHC700 (C), FHC800 (D). 

Fig. 5. Particle size distribution of the samples FHC550 (A), FHC700 (B), FHC800 (C). 

Fig. 6. The average particle sizes of the samples FHC550, FHC700 and FHC800. 

Fig. 7. SEM images of the samples FHC400 (A), FHC550 (B), FHC700 (C), and FHC800 (D). 

Fig. 8. TEM images and SAED of the samples FHC550 (A, B), FHC700 (C, D) and FHC800 (E, F).  
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Fig. 1. Flowchart of the preparation of fluor-hydroxyapatite via sol-gel 
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Fig. 2. X-ray diffraction patterns of samples FHC400 (A), FHC550 (B), FHC700 (C) and FHC800 (D). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 3. Crystallite sizes and degrees of crystallinity for the FHA samples heat treated in different temperatures. 
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Fig. 4. FTIR spectra of the samples FHC400 (A), FHC550 (B),  Fig. 5. Particle size distribution of the samples 

             FHC700 (C), FHC800 (D).                 FHC550 (A), FHC700 (B), FHC800 (C). 

 

 

Fig. 6. The average particle sizes of the samples FHC550, FHC700 and FHC800. 
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Fig. 7. SEM images of the samples FHC400 (A), FHC550 (B), FHC700 (C), and FHC800 (D).
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SEM images of the samples FHC400 (A), FHC550 (B), FHC700 (C), and FHC800 (D).
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SEM images of the samples FHC400 (A), FHC550 (B), FHC700 (C), and FHC800 (D). 
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Fig. 8. TEM images and SAED of the samples FHC550 (A, B), FHC700 (C, D) and FHC800 (E, F). 
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Abstract 

Laboratory experiments aimed at reducing ammonia, methane and carbon dioxide concentration and 
emissions in the air of stables were made using a sealed cylindrical container from plexiglas with a diameter 
of 0.48 m. Experiments were conducted to simulate the real environment conditions in the stables and they 
were aimed to find the reasons affecting the ammonia and methane concentrations in stables’ 
environment. The container consisted of: the source of radiation - fluorescent lamp, the active surface 
coated by DETOXY COLOR with photocatalytic TiO2 and a specific measured amount of litter from the 
stable. The same amount of air flew through the sealed container as there was in the ventilation stable. At 
the output of containers there were placed sensors to measure gas concentration, relative air humidity and 
air temperature. The spectrum of light radiation falling on the active area with photocatalytic TiO2 coating 
depended on the type of fluorescent lamp. The different types of lamps were used. The change of intensity 
in illumination of active area was made by shift of the opaque cover on the lamp cover. The uniformity of 
illumination across the surface was measured by photometer. It was found that the reduction of ammonia, 
methane and carbon dioxide concentration in the container atmosphere depends on the spectral 
distribution of light radiation, illumination of active area and partly on the type of litter as a source of 
measured gases as well. Rate of concentration decrease both gases is not the same for both types of litter. 
On the basis of obtained results from concentration rates we can state that the concentrations of the both 
gases differed from each other depending on the types of litter. 

Keywords: photocatalytic TiO2, spectrum of light radiation, ammonia, methane, emission, litter 

1. INTRODUCTION 

The emissions of noxious substances are still current as well as the question of their impact on the 
environment and perspective for their limitations. Agriculture always was, still is, and presumably, will be 
one of a major source of undesirable polluting substances, in particular gaseous pollutants. It is therefore a 
worldwide effort to reduce the quantities of these emissions. This effort is more noticeable in developed 
countries with stronger economies by that time. The most effective method to reduce emissions is to cut 
them at the source. There is a myriad of processes and procedures for achieving this goal. Lately, much 
attention has been focused on the function of TiO2 and its photocatalytic properties for degradation 
organics and inorganic compounds. The photocatalytic properties of the TiO2 are used in different 
applications [1], [2], [3], [7].   

The photocatalytic process efficiency depends heavily on the specific conditions of TiO2 applications. These 
are noticeably different at each individual of animal production facility. As the most important parameters 
influencing photocatalytic process of the TiO2 can be indicated:  

· illumination of the TiO2 layer in the view of its space application in the building  
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· the active area size treated by TiO2 

· TiO2 application method and the surface quality 

· indoor humidity and temperature 

The above mentioned conditions do not take into account the eventual variable properties of the TiO2 layer 
and their impact on the final results includes its preparation and technological refinements [4]. 
Experimental activity concentrated on the impact of outside parameters on the total effect (mainly 
influence of illumination of the TiO2 layer). There have been therefore carried out some detail laboratory 
experiments with illumination of the active layer of TiO2 in experimental vessels and with the animal 
production facilities as a source of the emissions. The experiment used commercially available paint 
DETOXY COLOR Interior with active photocatalyst based on the TiO2.  

The main aim was to obtain more detailed information about the properties and ways to illuminate areas 
coated with the TiO2 in relation to the characteristics of used radiation source.   

Some partial findings obtained from the experiments in the laboratory are on the trial base implemented in 
the production facilities, where monitoring is still proceeding [7]. Not all of the above mentioned conditions 
have a major impact on the TiO2 photocatalytic efficiency. Due to lack of time for the experiments, it is not 
possible at the present time to provide more complex and reliable model of TiO2 impact on the 
photocatalytic process related to particular conditions in laboratory and spatially on farm premises. 

2. MATERIAL AND METHODS 

All laboratory experiments were running in the joint laboratory for measurement of ammonia emissions 
and greenhouse gases (CULS Prague and RIAEng Prague). The laboratory is equipped for continuous 
monitoring of concentration of selected gases. It is possible to measure concurrently no more than four air 
samples (gas mixtures) maximum, because only four experimental vessels (Fig.1) located in the digesters 
are available. Each vessel comprises of two acrylic cylinders. The outer cylinder with attached bottom has 
inner diameter 485 mm and height 500 mm and inside on the floor is a dish with the sample (source of 
emissions). The internal sliding cylinder, also from acrylic, extends to the sample dish, carries ventilation air 
over the sample on the big cylinder bottom and delivers air with emissions from the vessel to the sensors. 
The air velocity inside the cylinder is the same or very similar to the air velocity on the premises. Inner 
cylinder is connected via sliding gasket to the top cover which encloses external cylinder and thus the entire 
vessel. 

For the purposes of monitoring the TiO2 photocatalytic process, it was inserted a vertical piece of drywall 
double coated with paint DETOXY COLOR Interior on one side at a height that space between the sample 
dish and top cover was fully blocked. To better cope with the cylinder shape, the drywall was partially cut 
into the vertical stripes 12 cm wide from outside. This way it was achieved good fit to the big cylinder and 
drywall perimeter was one half of big cylinder perimeter. Thus there was created circa 0,20 m2 area with 
active layer with TiO2 included in the used coating paint.  

The illumination source (short fluorescent lamp - lenght 0.38 m, 14 W, 30 % UV-A radiation, 5 % UV-B 
radiation) was placed vertically inside the big cylinder. The lamp is fix connected with cylinder of vessel. 
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The setup inside the vessel (illumination and drywall 
with TiO2) was given by its structure design (physical 
dimensions and possibilities of the vessel), and by 
requirement an homogeneity of illumination the 
illuminated area with TiO2. 

 It is necessary to point out that for this experimental 
configuration in the vessel most of the light radiation 
was used for direct illumination area with TiO2 with 
the fact that the difference in the area illumination 
amounted ratio 1:12 (in horizontal direct), depending 
on the lamp distance from the illuminated area. This 
illumination is bigger than on the premises where real 
area different in size has much smaller illumination. 
Spectrum of the used fluorescent lamp is on Fig.2.  

 

Fig. 1 Experimental vessel with a source of light radiation 

 

 

Fig.2 Spectrum of light emitted from a fluorescent lamp 
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3. RESULTS 

The output of all experiments in laboratory was information about concentrations of NH3, CH4 and CO2 for 
two different litter (pig manure and dry poultry litter), with the focus on NH3 emissions. The differences in 
concentration of CH4 (in each experiment and for the different litter) were smaller, than differences in 
concentrations of NH3. Concentrations of all mentioned gases were measured with analyzer 1312 
Photoacoustic Multi Gas Monitor and with multiple channels sampling and dispensing apparatus 1309 D 
Multipoint Sample; concentration of NH3 was simultaneously measured with semiconductor sensors SP 53 
(FIS Inc.). In all series of measurements with fluorescent tubes were concentrations of NH3 in all 
measurements lower in vessel with TiO2 on and the relevant lamp, compared to the concentration in the 
reference vessel (without TiO2 and no illumination by the fluorescent lamp).  

The bigger difference in concentrations of measured gases was observed at concentrations of NH3 and CH4 
only. The smaller differences in concentrations level were recorded in CO2. For the other measured gases; 
their concentrations were the same or with no significant differences in both vessels. 

Small scale experiments were carried out with another type of fluorescent lamp as well. Their spectrum 
content is “soft”. The results (decreasing of concentration of methane and ammonia) were similar but the 
differences between concentrations of both gases were smaller. It means that photocatalytic effect is 
running. The decrease of concentration was observed for both type of litter in both gases.  

The findings can be briefly summarized such as functioning method/way of reducing NH3 emissions 
(considering the conditions of the above mentioned experiments) although it has not yet been reliably 
demonstrated under the same experimental conditions to work as well for light spectrum of another 
fluorescent lamps, with too different spectra. It was observed that both linear fluorescent lamps as light 
sources cause visible changes on the surface of the pigs manure sample in the vessel with TiO2. Similar 
results were obtained from experiment in stable. Both places (the laboratory and the experimental stable) 
used the same source of light. Only intensity of illumination the area with active form of TiO2 was different. 
Only one drywall plate with the active form of TiO2 was used for all measurements and during visual surface 
inspection before each measurement. 

4. DISCUSSION 

Concentrations of NH3, CH4, and CO2 were measured under laboratory conditions and the differences in 
their values were observed in connection with the change of experiment conditions (application of the 
different sources lighting-radiation and type of litter). That fully well simulates actual conditions on 
premises and possibilities to change these conditions. The experiments used an area with an active form of 
TiO2, which has been 1.5 times greater than the area of manure sample or litter in a dish. On real-life 
premises the situation is similar, but this ratio may be inverted (in any cases). It depends on the premises 
and technology used. For the treatment of areas with TiO2 we may almost always use a ceiling and parts of 
the vertical walls. Lighting in the premises aims almost always to the floor (often source of emissions) and 
not on the area treated by TiO2, as it was in the laboratory experiments. This may be a major difference. On 
the contrary it is relatively easy to adapt lighting in the premises with appropriate spectral composition to 
ensure the function of TiO2 as a photocatalytic. The main restriction here is the effect of this spectrum on 
the health of cattle and tending personnel; safety rules have to be respected in any case [5]. It seems that 
choice of the appropriate lighting or radiation source, and the minimum conditions for functioning of the 
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photocatalytic process is a priority before examining other conditions that influence this process. Despite 
the short period of time and limited scope of the experimental measurements carried out, particularly in 
the laboratory and partly in the field, it appears that the process of photocatalysis implemented with TiO2 
operates under the conditions in particular for NH3 emissions. Continuation of the experimental work will 
therefore focus on active area illumination, surface characteristics, source of light radiation and the safety 
of animals and tending personnel. 

5. CONCLUSION 

· Both type of light radiation causes photocatalytic effect with active form TiO2 and causes decrease in 
concentration of NH3 and CH4 mainly. 

· Decrease of mentioned gases was observed for both source of light radiation and in both type  
of litter. 

· Decrease of mentioned gases was greater for poultry litter in comparison with pig manure.  
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Abstract 

Aflatoxin is a fatal toxin that causes liver tumor and hepatitis, and is produced mostly by Aspergillus flavus 
on food and culture media. In this in vitro lab trial study we used nanocomposite MgO-SiO2 for aflatoxin 
adsorption in wheat flour samples. 

A.flavus was isolated from decaying bread, and incubated for one week in room temperature. The produced 
aflatoxin was extracted by chloroform, and thin-layer chromatography was carried out for aflatoxin 
detection. Ten titers (5-1000 ppm) of extracted aflatoxin were prepared and added to 1 gram of wheat flour 
in separate tubes and incubated at room temperature for 30 min. Then 1 mL of nanocomposite MgO-SiO2 
was added to each tube, shook for 30 min, and washed 3 times with saline.  The amount of aflatoxin in each 
sample was measured by high performance liquid chromatography method. 

It showed that nanocomposite MgO-SiO2 was an effective adsorbing agent for aflatoxin, and the amount of 
reduction is related to aflatoxin concentration, i.e., 100% removal for 5-20 ppm, about 95% removal for 40-
100 ppm, and about 80% removal for 200-1000 ppm. If the results could be repeated by other investigators, 
it is hoped that MgO-SiO2 may become industrially and medically of widespread use for removal of 
aflatoxin in stockpiled wheat and flour. Other mycotoxins may be treated by similar methods. 

Keywords: Nanocomposite, Aflatoxin, Adsorption, MgO- SiO2 

1. INTRODUCTION 

Many fungi in the nature may easily grow on the food stuff which is used by humans or animals (1). Some of 
these fungi can produce toxins, hence causing mycotoxicosis, the consequences of which range from 
headache and nausea to hepatitis (inflammation of liver), hepatic cirrhosis (liver failure), cancer, and even 
death (2). Estimates made by Food and Agriculture Organization (FAO) show contamination of 25% of 
cereals with mycotoxins each year. This huge amount shows its importance and need for global solutions 
(3). 

Aflatoxin is a lethal poison mainly produced by A.flavus and A. parasiticus on food or culture media. It may 
induce liver failure and malignant tumor (hepatocellular carcinoma) (4). Four main types of this toxin are 
B1, B2, G1, and G2. Aflatoxin B1 has the most toxicity and carcinogenicity (5), and is rapidly absorbed in the 
gastrointestinal tract (6). Through the blood circulation, it is distributed in the body, including milk, in which 
it is known as aflatoxin M1, and can harm the babies of human and other animal species (7). 
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The growth of A.flavus and aflatoxin production depends on temperature and humidity. When the storage 
conditions in cereal pools (as in silo) are not standard, this toxin will be accumulated on them (8). The 
economic effects of this contamination on the agriculture sector is enormous, because it results in reduced 
nutritional value of foodstuff, decreased meat production from animals, and toxicity in users of dairy 
products. Since the people use large amounts of milk or its derivatives each day, the adverse consequences 
of aflatoxin are of utmost importance from a medical point of view (9, 10). 

The preventive measures include providing suitable piling conditions for cereals, use of chemicals (like 
ammonia) for fight against fungi, and boiling the milk. However, despite all of them, there is still some 
aflatoxin in dairy products (11). Aflatoxin-adsorbing agents, which bind it and prevent from its uptake by 
gastrointestinal cells, are apparently useful for decreasing blood exposure to this toxin. Adsorbent agents 
for aflatoxin include aluminosilicates, activated charcoal, cell walls of fungi and bacteria, and polymers (12). 
Also, some microorganisms are capable of changing aflatoxin to some harmless compounds by special 
enzymes, collectively known as mycotoxin biotransformers (13, 14). 

There have been few studies using nanoparticles for adsorption of aflatoxin. The purpose of this in vitro 
laboratory trial research was to evaluate the capacity of nanocomposite MgO-SiO2 for adsorbing aflatoxin in 
contaminated wheat flour samples. The potential applications of such composites, if found in future studies 
to be hygienic and devoid of bioenvironmental hazards, may include its routine use in storage pools of 
wheat and flour. 

2. MATERIALS & METHODS 

2.1. Preparation of aflatoxin 

We isolated the fungus A.flavus from decaying bread, and inoculated it on potato dextrose agar medium in 
room temperature for one week. After microscopic confirmation of the proper fungal genus and species, 
then chloroform was used for extraction of the produced aflatoxin. Determination of the presence of 
aflatoxin was done by thin-layer chromatography (TLC), in which 10 microliters of the extract was placed on 
silica gel plates, and after drying it was transferred to the TLC tank (containing 50 mL of 
chloroform/methanol with the ratio of 98/2). After passage of the solution on the plate, it was allowed to 
dry, and was studied under ultraviolet light at 365 nm. A blue fluorescence was proof for presence of 
aflatoxin. 

2.2. Titration of aflatoxin and mixing with wheat flour 

 Ten titers (5-1000 ppm) of the aflatoxin extract were prepared in test tubes by 95% ethanol, and 1 mL from 
each dilution was added to 1 gram of wheat flour obtained from the main silo in Yazd, Iran.  

2.3. Preparation of the nanocomposite 

Nanoparticles of MgO and also SiO2 were purchased from NST company, China, and were mixed to the ratio 
of 40/60. A homogenous solution of 100 grams of this composite was added to distilled water, to prepare a 
final volume of 1000 mL (0.1 g/mL concentration). Atomic force microscopy (AFM) was used to confirm the 
molecular structure of the nanoparticles. 
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2.4. Aflatoxin adsorption test 

After 30 minutes incubation of aflatoxin-contaminated wheat flour in room temperature which allowed it to 
dry (i.e., all of the aflatoxin was absorbed by the flour), 1 mL of the nanocomposite MgO-SiO2 was added to 
each tube and shook for 30 minutes. To remove extra (unused) nanocomposite, a saline (9 g/L NaCl) 
solution was added to each tube for 3 times, the tube was centrifuged and the supernatant was discarded. 
Then 1 mL of distilled water was added to the contents of each tube, and they were studied by high 
performance liquid chromatography (HPLC) method to determine the amount of unadsorbed aflatoxin. To 
validate the whole process, the concentration of aflatoxin with and without nanocomposite was 
determined and compared, that is, we used the same series of 10 tubes containing wheat flour and 
aflatoxin, but without nanocomposite, to act as positive control. Also, another tube containing wheat flour 
and nanocomposite, but without aflatoxin, served as a negative control. All of the tests were duplicated to 
increase the accuracy of results. 

For HPLC method, 1 mL of the HPLC-grade 40% methanol was added to each of the above-mentioned test 
tubes, vortexed, and the contents were passed through 0.45 micrometer filters to yield a clear solution. A 
100 microliter extract from each tube was injected to the HPLC system (model Waters 695, USA) which was 
equipped with a fluorescent detector (excitation wavelength=360 nm, emission wavelength=420 nm). The 
speed of the moving phase was 1 mL/min, at 100 µA flow intensity. All samples passed the columns in the 

HPLC system, and the curves for each specimen 
were plotted. The area under each (according to 
the standard curve) curve was calculated to 
determine the amount of aflatoxin. 

3. RESULTS 

3.1. AFM 

In the images taken by AFM (model DMF, 
Denmark), the size of nanoparticles was between 
50 and 150 nm.  

 

Fig. 1. AFM photomicrograph of nanocomposite MgO- 

             SiO2. 

 

3.2. HPLC 

The results obtained by HPLC before and after addition of nanocomposite were as follows [Table 1]: 

Table 1. The amount of reduction of aflatoxin in wheat flour samples. 

Concentration of aflatoxin(ppm)  
without addition of aflatoxin 

5 10 20 40 80 100 200 400 800 1000 

Concentration of aflatoxin(ppm)  
with addition of nanocomposite 

0 0 0 1.5 3.7 4 28.6 76 163.5 250 

Percent reduction 100 100 100 96.2 95.3 94 85.7 81 79.5 75 
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The formula for calculation of the percent reduction of aflatoxin is: 

% reduction= [without nanocomposite]-[with nanocomposite] / [without nanocomposite] x 100 

Figure 2 demonstrates the reduction curve on a linear-linear paper. 

 
 

 

 

 

 

 

 

 

 

Fig. 2. The graph of reduction of aflatoxin in wheat flour samples. 

The results show that the MgO-SiO2 nanoparticles are efficiently capable of adsorbing aflatoxin, and 
reducing it in wheat flour. However, the adsorbing capacity depends on (is roughly inversely proportional to) 
the amount of aflatoxin, so that in concentrations of 5-20 ppm it is 100%, but it falls to 75% in 
concentrations of about 1000 ppm. 

4. DISCUSSION 

One of the main applications of nanoparticles has been theirs use for adsorbing various compounds, 
because of their high surface area compared to larger molecules. The adsorption characteristics of the 
nanocomposite MgO-SiO2 depends on the concentration of aflatoxin in the specimens, and may reach a 
saturation level. Since the surface-to-volume ratio in nanoparticles determines the adsorption capacity, it 
seems possible to achieve higher capacities by decreasing their size. Also, it may be possible to increase that 
capacity by using higher concentrations of nanoparticles (we used 0.1 g/mL). 

There has been no previous report on usage of MgO-SiO2 nanoparticles for aflatoxin, but montmorillonite 
nanocomposite (MMN) was applied. Findings suggested that MMN particles can effectively reduce the 
toxicity of aflatoxin and be a potential ameliorator of aflatoxicosis in broiler chicks (15). The current study 
depicted that liquid-phase nanoparticles also have high potency for adsorption of aflatoxin. If these results 
could be repeated by other investigators, it may be that MgO-SiO2 becomes industrially and medically of 
routine use for removal of aflatoxin in stockpiled wheat and flour. Obviously, other mycotoxins may be 
treated in the same way, and other cereals could be managed in a similar manner, hence increasing food 
safety in the world. 

The most important aspect of usage of nanocomposite on foodstuff is their safety and biocompatibility, 
since they become attached to food, and can be released or adsorbed in the intestines. So, future research 
is needed to assess the effects of these nanoparticles on the alimentary tract, blood cells, and other cells. 
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Abstract 

The scope of use of fullerenes and their derivatives, thanks to their material and bonding properties, is 
increasing, including their application in biological systems. The possibility of their use as substances 
affecting resistance to the effect of ionising radiation was examined experimentally in vivo in individual of 
Danio rerio in juvenile age (2.5 months) without differentiated sex and in vitro in tissue cultures in 
primoculture of guinea pig kidney cells and in melanoma cells B16-F10, parallel to the toxicity tests.  

In order to achieve the accessibility of fullerenes for living organisms the reaction of C60 fullerene with 
peracetic acid and followed by hydrolysis of oxo-fullerene prepared in water-soluble fullerene derivative 
characterised by its FTIR spectrum, and in its solution at a concentration of 147 mg/l individuals of the 
juvenile form of Danio rerio can survive for a long time without signs of toxic effects. A radioprotective 
effect was shown in fish after their five-day stay in its solution. The period of survival increases after 
radiation by 10 to 70 Gy doses and up to 70%, and the LD50 value for various periods of survival roughly 
doubles. The effect shown is preventive and is probably associated with the ability of fullerenes to be able 
to eliminate free radicals and oxidants appearing by water radiolysis.  

Unlike fish, the prepared derived fullerene solutions for tissue culture in vitro are toxic in unit 
concentrations of up to tens of mg/l, whereas free cells are roughly 5 times more sensitive. No protective 
effect was observed in tissue cultures exposed briefly before radiation to the effects of the fullerene 
derivate solution. This may be the consequence of brief contact with fullerene nanoparticles before 
radiation when there was no time for them to penetrate the cells. 

Keywords: C60 derivative, radioprotectivity, toxicity, Danio rerio, in vivo, in vitro 

1. INTRODUCTION 

Thanks to their specific properties fullerenes have found their use not only in an entire line of technologies, 
but also in living systems. The study of the biological application of fullerenes is attractive and has a 
growing trend despite the need to overcome problems with low solubility of the actual hydrophobic carbon 
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sphere in physiological media, accompanied by the formation of aggregates, so-called clusters. Fortunately 
the appropriate derivatization of fullerenes helps increase their solubility through the interaction of linked 
hydrophilic functional groups with water. It is also obvious that the dimensions, hydrophobicity, three-
dimensional structure, ability to form unusual complexes and electron effects predetermines fullerenes to 
be used in medical chemistry where they have already found their use as contrast substances [20] and their 
antiallergic action has also been described [21].  

In water polyhyrdoxylated fullerene (fullerenol - FRL) shows the ability to eliminate superoxide O2
- radicals, 

OH and H radicals and other oxidants such as H2O2, HO2  which attack lipids, proteins, DNA and other 
macromolecules. The protective activity of fullerene and its derivatives, including C60(OH)n (n=12-26), is 
based on the ability to react with radical forms of acid which reduces damage to the organism by free 
radicals [8,9]. In the publication [10] the antioxidising property of C60(OH)24 FRL is tested prepared by the 
already extended method of synthesis of C60Br24 and complete substitution of the atoms of bromine with 
hydroxyl groups. The author in [10] proposes the possible mechanism of the antioxidising activity of FRL by 
the radical addition reaction of 2n OH. Radicals in the remaining double bond of the fullerene core, while 
C60(OH)24 + 2nOH (n=1-12) appears. A further expected mechanism lies in the possibility of separating the 
hydrogen atom from the group to FRL hydrolyxated radical from the group to FRL, which results in 
structuring into a relatively stable and biologically non-aggressive C60(OH)23O FRL radical. In the work [11] 
the authors propose a mechanism where the hydrolyxated radical may separate one electron from the FRL 
with the formation of a radical C60OH24

+ cation. This mechanism does not exclude the abovementioned 
antioxidative effect. The summary of possible mechanisms for the capture of free radicals is found in [12].  

The action of ionising radiation on the organism and post-radiation changes at molecular level are 
associated especially with the formation of reactive particles arising from water radiolysis. The probability 
of the direct intervention of the organic molecule (its excitation and ionisation) during radiation is relatively 
small as compared with the cascade of degrading radical reactions or oxidising effects which will cause 
reactive particles arising from water radiolysis (OH., H., H2O2, HO2). Hydrogen radicals and free (hydrated) 
electrons are practically immediately captured by molecular oxygen with the formation of the superoxide 
O2

- iont. The hydroxylated radical is extremely reactive which in close proximity to the place of formation 
reacts with accessible biomolecules (saccharides, amino acids, phospholipids, nucleotides and organic 
acids), when it removes hydrogen from them. This triggers a chain radical reaction resulting in damage to 
membranes. OH with deoxyribose in DNA reacts in the same way. It is also capable of addition reaction 
with aromatic circles of purine and pyrimidine bases which are part of DNA and RNA [13].  

The fact that soluble fullerene derivatives show an effective ability of eliminating radicals and antioxidising 
effects in combination with the fact that the mechanism of the ionising radiation effect on living organisms 
contains the formation of radicals, peroxides and superoxides as a key mechanism implies the possibility of 
the use of fullerenes as radioprotective agents. In order to verify this hypothesis the radioprotective effect 
was tested in water of the soluble polyhydroxylated C60 fullerene derivative. In view of the fact that direct 
exposure of protected organisms by relatively high concentrations of a polyhydroxylated C60 fullerene 
derivative is necessary for possible radioprotective use and basic toxicological experiments were added to 
the incomplete knowledge of the biological effects of the derivative used.  
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2. MATERIALS AND METHODS USED 

2.1 Fullerene Derivative Feed Solution 

The reaction of C60 fullerene (99.5%, Houston, TX 77092) with peracetic acid and followed by oxo-fullerene 
hydrolysis was prepared in water resulting in partially soluble fullerene derivative [14]. In view of the fact 
that it was not shown that this concerns a purely chemical individual and that it does contain a not 
altogether precisely determined number of functional groups of -OH and -COOH, FTIR is characterised by 
the spectrum shown in fig. 1 and the method of preparation and is also marked “DF” (derived fullerene).  

 
Fig. 1 FTIR spectrum of fullerene derivative (DF) with which tests were carried out 

About 65 litres of feed water DF solution was gradually prepared. The individual fractions before being 
added to the total volume was characterised by a mutually identical FTIR spectrum. In concentrated 
solutions, including a solution with maximum achieved solubility of 443.2 mg/l (at pH of 6.79 ± 0.2 and a 
temperature of 20.5ºC ± 1ºC) the formation could be observed after several days of clusters, sediments and 
aggregates settling on the walls or on the bottom of the vessel. That is why a feed solution was used for the 
experiments with a concentration of 147 mg/l ± 0.1 mg/l DF (with pH  6.79 ± 0.2 at a temperature of 20.5ºC 
± 1ºC). This colloidal solution is stable for a long time without noticeable formation of clusters and 
aggregates. Its FTIR spectrum and mass concentration was regularly monitored and remained constant 
throughout the period of the experiments, i.e. for about a period of one month.  

2.2 Testing Organisms 

Two types of organisms were used for the experiments. Main attention was focused on tests on 
vertebrates which, as a model, are closer to the potential use of radioprotective effects in humane 
medicine and enables a more complex view of the reaction (both radiological and toxicological) of the 
entire organism. These tests are supplemented by experiments on tissue cultures representing the reaction 
to the cellular level with a large representation of cells in the phase of separation.  

Danio rerio fish Hamilton - Buchanan (Teleostei, Cyprinidae), known also under the synonyms Brachydanio 
rerio, Cyprinus rerio, Nuria rerio or Barilius reri, and the English common name (zebrafish) was chosen as 
the model organism for tests in vivo. This small form of vertebrate has become a successful model system 
for the study of human diseases because many key genes incorporated into the process of development, 
the cellular cycle, proliferation and separation are preserved in both groups. Unlike many other species of 
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vertebrates, this fish breed quickly and abundantly and are easy to keep in a laboratory, while the embryos 
and adult fish are optically transparent which facilitates direct observation of the effect of toxic substances 
on the internal organs. The radiation toxicity was assessed in Danio rerio embryos and it was shown that 
the commercially used radioprotective agent amifostine shows protective effects in Danio embryos just as 
in people [15]. 

The characteristics of testing organisms: fish of a total length of 30 mm ± 5mm were used in the tests which 
corresponds to the piece mass of 0.3 g ± 0.1 g. The fish used were from the population of uniform origin in 
juvenile age (2.5 months) with differentiated sex. The feed population was acclimatised and at least 7 days 
before the start of the experiments was kept in water with values of pH 7.76 ± 0.2, at a temperature of 
20.5ºC ± 1ºC, aerated by air bubbles and with an oxygen content of 78 ± 3.5 %, in the same water and 
lighting quality conditions as during the actual tests. In cases when air bubbles were not applied to the 
solutions, the contact was maintained of the open water surface with the atmosphere at a space of 150 
cm2, which ensured adequate transition of oxygen to the water so that the water saturated by oxygen did 
not fall below 60 %. The fish were fed daily during the test with aquarium fish food flakes.  

The following were used as model organisms for in vitro tests: 

a) Primoculture of guinea pig kidney cells (ML) and  

b) B16-F10 melanoma cells. 

The cells were cultivated in the same conditions - in a RPMI 1640 medium containing 10% of fetal calf 
serum (FCS) and antibiotics (Sigma). The cells were kept at 37°C in humidified air with 5% of volume carbon 
dioxide. 

2.3 Toxicity tests 

An orientation test was carried out as the initial experiment for determining DF toxicity for Danio rerio to 
achieve maximum DF solubility in water with values of pH 6.79 ± 0.2 and a temperature of 20.5ºC ± 1ºC, i.e. 
for 443.2 mg/l,. Two fish were tested during this test in a volume of 0.5 l of concentrated DF, which under 
these conditions forms a non-transparent brown solution. Within several hours the organism was covered 
by a visible brown DF film accumulated especially in the area of the gills and both tested organisms died. 
Based on this result the possibility was excluded of the further application of the concentrated DF solution 
and a stable solution at a concentration of 147 mg/l ± 0.1 mg/l was tested which was also adequately 
transparent for observing the behaviour and viability of the fish.  

Subsequently a prolonged toxicity test was carried out of the DF water solution in the following way: 
Always 7 Danio rerio individuals were placed in 3 three-litre testing tanks, each containing 2 litres of DF 
water solution (147 mg/l ± 0.1 mg/l). The length of exposure of the fish was 28 days. Simultaneously, 
control fish were placed in 3 tanks with settled tap water under otherwise identical conditions. During the 
test the water was not aerated, the fish were fed daily with dried aquarium fish food and their behaviour 
and food intake was monitored. The pH value of the oxygen-saturated water and the temperature were 
measured in two to three-day intervals. The water was replaced for the fish in seven-day intervals and after 
28 days the test ended. The temperature of the breeding medium during the tests was 20.5ºC ± 1ºC, the 
water pH value in the control tanks was 7.76 ± 0.2; in the test tanks it was 6.79 ± 0.2; the oxygen-saturated 
water in the control tanks was 78  ± 3.5  %, in the test tanks it was 77.5 ± 7.5  %.  Once their exposure 
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ended the tested fish were transferred to a tank with settled tap water and their behaviour, food intake 
and possible mortality were monitored for a further 14 days.  

In view of the fact that the chosen environment was shown to be non-toxic in terms of increased mortality 
of the experimental fish, no further experiments with lower concentrations were carried out.  

The testing of toxicity in vitro was carried out in NUNC well plates with a flat bottom and 96 wells. All the 
experiments were carried out in four parallel ways, the results being assessed statistically with the use of 
the Student Test. The medium and conditions of the cultivation were used in the same way as when 
cultivating the cultures. The experiments for assessing the toxicity were carried out in two types of cultures, 
on adherent cells attached to biofirm on the bottom of the wells and on freely floating (nonadherent) cells.  

In case of experiments using nonadherent cells, cells were transferred to the plate of the culture numbering 
20 thousand guinea pig kidney cells (ML) or 25 thousand B16-F10 melanoma cells to the well, the selected 
quantity of DF solution (0 to 40 µl) added and the volume replenished to 200 µl with RPMI 1640 medium 
with 10% FCS. The number of living cells was ascertained after 24 hours of cultivation.  

In the adherent cells the procedure taken was that the same quantity of cells as in the previous case, i.e. 20 
thousand ML cells or 25 thousand B16-F10 cells, was transferred to the plate and 200 µl RPMI 1640 
medium was replenished with 10% FCS. After 24 hours of cultivation and the bottom being covered with 
adherent cells (confluent culture) the medium was sucked away and replaced by RPMI 1640 with 10 % FCS 
and with 0 - 40 µl DF with a total volume of 200 µl. A sterile physiological solution was used in the control in 
place of DF.  

After 24 hours of incubation the medium was sucked away followed by rinsing twice with PBS, suction, 
adding 50 µl of trypsinizing mixture (EDTA + trypsin in PBS or only EDTA), 5 mins. incubation at 37°C, adding 
150 µl RPMI with 10 % FCS, 15 times extended by the tip of an automatic pipette, mixed with a solution of 
trypan blue (1:1) and a count made in a Bürker chamber. Only living cells were counted as the dead ones 
disintegrated when handled. 

2.4 Conditions of radiation and radioprotectivity tests 

The application of ionising radiation was carried out by a Clinac 2100 CD linear accelerator, 6X, input of 600 
MU/mins., water phantom RW3, distance of the level of occurrence of the exposed organisms from the 
source was 100 cm. The size of the field for experiments with Danio rerio was 32x32 cm, for experiments 
with tissue cultures it was 15x15 cm2. The rate of spatial homogenity of radiation is depicted in the form of 
isodose for the fish tests in fig. 2.  

The DF effect was monitored in Danio rerio individuals exposed for five days before radiation to a solution 
of 147 mg/l DF and in fish which were not exposed to fullerenes before the radiation and the results 
achieved were compared. 

The actual radiation took place in Petri dishes of 15 cm in diameter and a height of 1.8 cm filled with the 
water medium where 6 fish were always placed. The fish were covered with a lid without air bubbles with 
regard to the homogenity of the distribution of the dose in the irradiated volume. The individual dishes 
with the fish were irradiated by selected doses (10 to 70 Gy). One group of six fish was the control group; 
all the fish were handled in the same way but were not irradiated. 
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Fig. 2 Geometric structure of radiation Danio rerio, isodoses in percentages of the planned dose 

The fish moved around in about one-third of the height of the Petri dish from its bottom. The chart in Fig. 2 
shows a perceptible distribution of the planned dose in the irradiated volume. In view of the fact 100 % of 
the planned dose was achieved in the entire volume, the movement of the fish was negligible. 

Immediately after the radiation each set of irradiated fish and the control group were transferred to 
marked glass vessels with 2 litres of suctioned tap water, mixed with water from a feed breeding tank (1:2). 
The water was changed after 7 days, now without air bubbles. The fish were fed daily with aquarium fish 
food flakes.  

In the next 35 days the death of organisms was recorded in the sets depending on the period that had 
passed from radiation. The dead fish were continuously removed and their number was recorded. The 
behaviour and food intake was monitored in the individuals that had survived.  

In vitro experiments were limited to adherent cultures in view of the results of the toxicity tests when a 
large sensitivity was shown of nonadherent cultures to DF. Radiation was performed as in the case of the 
tests on Danio rerio, a small field of 15x15 cm was used, a neglected height of the cultivating plate. In 
preliminary orientation tests resulting in finding appropriated doses of radiation for target experiments, 
effective doses of radiation were used for both types of the abovementioned cells (ML and B16-F10), 
commencing with 5 Gy (without the observed effect), and ending with 75 Gy.  

In the final tests three plates were used, the first control plate was not irradiated; a 40 Gy dose was applied 
to the second and a 80 Gy dose to the third. On each there were B16-F10 melanoma cells and the cells of 
primocultures of guinea pig kidneys (primarily 25 000 cells in a well, RPMI 1640 medium with 10 % FCS). 
After 24 hours when a continuous layer of cells (confluent culture) was formed, the medium was sucked 
away and everywhere 180 µL RPMI 1640 with 10 % FCS was added. 20 µL of physiological solution (control) 
or 20 µl of DF solution was added to part of the wells of both cultures. 

This was followed by immediate radiation of 40 and 80 Gy (control sample not irradiated) and 24 hours of 
cultivation. Then the number of living cells was determined in the way described in Chapter 2.3.  
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3. RESULTS  

3.1  Fullerene derivative (DF) toxicity 

Toxicity to Danio rerio: Based on the carried out prolonged toxicity test it can be stated that the 28-day 
exposure of Brachydanio rerio fish to the DF solution at a concentration of 147± 0.1 mg/l did not affect 
their behaviour or food intake compared with the control group. No perceptible changes were recorded in 
the behaviour of the fish compared with the control group even during the exposure, and in the period to 
follow when the tested fish were transferred to water free of the DF. So it can be stated that the 28-day 
exposure of fish to the DF solution with a concentration of 147± 0.1 mg/l had no evident negative effect on 
their medical condition.  

By a limit toxicity test of the DF solution with the maximum achieved solubility in water, i.e. 443.2 mg/l, 
acute toxicity was observed within several hours associated with the visible cover of the organism with a 
brown film of DF accumulated especially in the area of the gills. The concentrated solution is subject to the 
formation of clusters and aggregates which build up on the organism’s surface and evidently critically affect 
the function of the organism.  

Toxicity to tissue cultures: results are found in tables 1 and 2: 

Tab. 1 B16-F10 melanoma cells, survival of cells after 24 hours of cultivation in DF compared with control 

Applied DF quantity DF concentration Nonadherent cells Adherent cells  

40 µl 29,4 mg/l 0% 1% 
20 µl 14,7 mg/l 0% 61% 
10 µl 7,35 mg/l 0% 79,5 % 

After a 24-hour incubation period all the nonadherent cells were killed already at a concentration of 7.35 
mg of DF in a litre of living medium. In adherent cells it cannot be decided whether this effect was 
antiproliferative or cytotoxic, nevertheless the action of DF was about 5 times weaker on more resistant 
adherent cells, than on nonadherent melanoma cells. The sensitivity of nonadherent melanoma cells does 
not depend on the method of trypsinization. In the test when the cells were harvested without trypsin only 
using EDTA, they were equally sensitive to DF. 

Tab. 2 Primoculture of guinea pig kidneys, survival of cells after 24 hours of cultivation in DF compared with 
the control 
DF applied quantity  DF concentration Nonadherent cells Adherent cells  

20 µl 14,7 mg/l 0% n.a. 
10 µl 7,35 mg/l 20% 90,8% 
5 µl 3,68 mg/l 50% n.a. 

What arises from the comparison of the results shown in Tab.1 and Tab.2 is that: 

After the 24 hours of incubation 100% of nonadherent ML cells were killed at a concentration of 14.7 mg/l 
DF. 100% of nonadherent B16-F10 cells were killed at 7.35 mg/l DF. At the exposure of 7.35 mg/l DF 90.8 % 
of adherent ML cells remained and 79.5 % of melanoma B16-F10 cells, compared with the control. The used 
guinea pig kidney primoculture is more resistant, although insignificantly, to DF than melanoma cells.  
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3.2  Radioprotective effects of fullerene derivative (DF) 

Effects of radiation on Danio rerio without previous DF exposure:  

The results of the test of the time dependence of the effect of the dose on fish organisms which were not 
exposed to the effects of DF are evident from fig. 3 and 4.  

The effect of lower doses of 10 and 15 Gy did not result in the death of even 50% of individuals during the 
period of observation. The fish that did not die survived without any visible signs of damage. So it can be 
stated that applied doses remained without effect; the threshold value for the deterministic effect of 
radiation was always exceeded and was less than 10 Gy. With the increasing doses from 25 Gy the onset of 
the lethal effect appeared sooner, always with 100% mortality. In the area of mortality of 30-70% a linear 
regression was carried out and the LT50 value was deducted (the time in which 50% of the population died) 
for individual doses. Fig. 4 shows that in the area of low and high doses with the finer stepping of doses of 5 
Gy, LT50 values do not differ much because the difference is ± 0.5 day. The acceptable error in the 
monitoring of the time dependence of mortality may be a max. of ± 1 day which arises from a one-day 
interval of readings.  

For further DF radioprotectivity tests doses of 10, 30, 50 and 70 Gy were selected, i.e. boundary doses and 
values stepped at 20 Gy in this interval. 

 

Fig. 3 Effect of individual doses depending on the time since radiation for Danio rerio living in water without DF 

Impact of the effects of radiation on Danio rerio with previous DF solution exposure 

The progress of the death of organisms kept before radiation in the DF solution for the selected applied 
doses of radiation of 10, 30, 50 and 70 Gy was recorded in the same way as is depicted in fig. 3. After the 
deduction of LT50 the values were observed for organisms kept only in water and kept in the DF solution 
five days before radiation. The increase of LT50 by the effect of DF is evident from fig. 5. 
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Fig. 4 LT50 for applied doses on Danio rerio, without previous DF exposure. It was not possible to determine LT50 

with doses under 25 Gy 

Fig. 5 LT50 comparison for Danio rerio exposed to DF before radiation and without previous DF exposure 

With a dose of 10 Gy the death of the fish in the water environment was a maximum of 10%, LT50 was 
therefore not determined. There was no death of the fish which were exposed to the DF solution at 10 Gy. 
The highest protective effects of DF were shown with doses of radiation of 30 Gy and 70 Gy when the 
increase of values with the increase of LT50 compared with the values of LT50 fish without previous 
exposure was 71.4% and 77.5 % respectively. With a dose of 50 Gy the values of LT 50 increased by 46.5 % 
in fish exposed to DF. For fish in DF the LT50 value in doses of 50 and 70 Gy is almost the same as part of 
observation error (max. ±1 day). 

By a probit analysis (using SW), i.e. an analysis of quantal data determined by the relative frequency of the 
reacting (killed) individual depending on the logarithm of the dose (the s-shaped regression curve is 
approximated by the distribution function of normal separation) the LD50 were calculated (radiation doses 
which caused 50% fish mortality in the selected time period (in five-day intervals) after the radiation. 
Values were compared for organisms kept in water and in the DF solution and as it is clear from fig. 6, the 
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radioprotective effect of DF is unquestionable because in almost all the cases the LD50 values increased 
after the application of DF. The only exception and this was for deaths within 5 days, the depicted size of 
LD50 for individuals kept in the DF solution determines the minimum value ascertained by calculation and 
the actual value is evidently considerably higher.  

 
Fig. 6  Calculated LD50 values for Danio rerio bred in water and in DF solution, five-day intervals from time of radiation. 

The additional experiments showed that the progress of death of the organisms is not dependent on the 
length of the action of the DF solution after radiation. The results of the tests are identical (±1 day) for 
organisms kept in the DF solution for the entire monitored period, transferred to water after one week of 
the radiation and placed in water immediately after radiation. The effect of the DF is clearly preventive and 
cannot be considered “curative”. 

Results of radiation in cell cultures 

In view of the high toxicity for nonadherent cells, experiments were carried out only with adherent 
cultures. The following tab. no. 3 show the results of the survival of B16-F10 and ML cells after the 
application of ionising radiation in the DF solution environment and without it. The statistical significance 
always related to the relevant value of 0 Gy 

The table shows that the DF solution does not demonstrate any perceptible effect with the radiation of the 
primoculture of guinea pig kidneys or B 16-F10 melanoma. It is also shown that the primoculture of guinea 
pig kidneys was more resistant to radiation than the B16-F10 melanoma.  

Tab. 3 Numbers of living cells after the application of doses 0.40 and 80 Gy with 20 µl DF, or 20 µl of 
physiological solution: 

Applied dose ML guinea pig kidney primoculture  B16-F10 melanoma cells  

 20 µl  DF 
14.7 mg/l DF 

20 µl of physiol.l 
solution 

20 µl  DF 
14.7 mg/l DF 

20 µl of physiol. 
solution 

0 Gy 49 666 ± 5132 46 666 ±1528 76 000 ±7071 75 500 ± 5500 
40 Gy 37 666 ±14572 38 000 ± 2646 

P≤0.05 
30 500 ±9192 

P≤0.05 
29 500 ±707 

P≤0.005 
80 Gy 41 750 ±1061 45 000 ± 7071 30 500± 4950 

P≤0.05 
31 500± 4950 

P≤0.01 

91

76

39

22 18 15 15

>70 

112 (+47%)

80 (+105%)

65 (+195%)

44 (+144%)
(+100%)

30 30.6 (+101%)

0

20

40

60

80

100

120

L
D

 5
0 

[G
y]

ve vodě v DF

within  5 days       10 days       15 days       20 days     25 days     30 days      35 days

in water in 



12. - 14. 10. 2010, Olomouc, Czech Republic, EU 

 
 

261 

4. DISCUSSION  

Derived fullerene (DF) in the form of a solution provided a series of interesting results in the area of toxicity 
and in the actual radioprotectivity. As regards the toxic effects of DF on the tested organism of Danio rerio, 
it was shown that DF emits a very low toxicity and the organisms in its solution with a concentration of 147 
mg/l survive for a long time without problems. However, it is obvious that the fullerene derivative must 
penetrate the fish organism right into the internal cellular level. The reasons are as follows: The expected 
mechanism of the effect lies in the elimination of active radicals and oxidants arising from water radiolysis 
and damaging the internal cellular structure, mainly the DNA. In view of the small distance by which these 
substances are able to act, the agent resulting in their elimination must be present in the place it is to 
effect, i.e. in the cell. The experiments confirmed that the manifestation of radioprotective effects requires 
the possibility of penetration into the organism before radiation, and that the presence of DF after 
radiation does not influence the effects of radiation. This not only results in the preventive DF effect, but 
also in clearly confirms its presence inside the organism.  

The concentrated DF solutions show a significant toxicity which, however, is probably caused more by 
physical than chemical effects which is indicated by the formation of the brown layer on the surface of the 
fish and mainly on their gills. The saturated DF solution is metastable in principle, and so in the places 
where the initiation centre is found, which may be places of interaction with living organisms, their 
aggregation arises which resulted in the sealing up of the gills. This phenomenon, displayed as the toxicity 
of otherwise inert substances, is described also in other cases of the exposure of fish to the suspensions of 
fine particles of high concentrations [23].  

It is also worth discussing the fact that DF toxicity is very low for the relatively complicated organisms such 
as fish, and that higher toxicity (more than the order), was recorded for adherent cellular cultures. It would 
sooner be assumed that it would be fish which would show the highest vulnerability. But the further 
increase in toxicity for isolated cells complies with the observations that cells placed in biofilms are 
generally more resistant than freely floating ones [22]. To explain the observed paradox of high toxicity for 
isolated cells, smaller for tissue cultures and low for complicated organisms, it is possible to accept the 
hypothesis that layers of polysaccharides and other exopolymers forming layers and also even more 
perfected barriers on the surface of vertebrates, are able to regulate the penetration of DF to the centre of 
the organisms or their colonies. However this hypothesis will require experimental verification.  

It can be considered that the radioprotective effects of DF are clearly shown in the case of Danio rerio 
opening the way here to the prospects of therapeutic application. However the negative results of the 
radioprotectivity tests on tissue cultures cannot be considered a complete exclusion of the possibilities of 
their effects. The reason is that the tissue cultures were in contact with the DF only for a short period 
before radiation and if, in compliance with the abovementioned hypothesis, the fullerenes must penetrate 
the exopolymer layer of biofilm and the cellular membrane before achieving the protective effects, then it 
is possible that the period of contact with the DF solution was insufficient. So it will be appropriate in future 
to supplement the experiments with tests carried out with the DF solution at lower concentrations with a 
longer (several hour) contact of the DF solution with the cells.  

The mechanism of the radioprotective effects of DF remains unknown, although the most probable 
possibility for an explanation is the elimination of free radicals and oxidants.  
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5. CONCLUSIONS 

A solution of C60 fullerene hydroxy derivative was prepared which is stable and remains homogenous for a 
long time. This solution is practically nontoxic for the juvenile form of Danio rerio, with the exception of 
solutions about high concentrations of close saturations (443 mg/l), when toxicity begins associated with 
the mechanical action (settling) of coagulated particles on the gills and surface of the fish. Danio rerio 
individuals could survive for a long time in a solution with a concentration of 147 mg/l. Unlike fish, 
prepared derived fullerene solutions are toxic for tissue cultures in concentrations of units of up to tens of 
mg/l, while free cells are more sensitive. The prepared fullerene derivative has a clearly radioactive effect 
after the fish have been immersed in its solution for five days, it increases the survival period after radiation 
by a dose of 10 to 70 Gy by as much as 70% and the LD50 values for various survival periods are roughly 
doubled. The proven preventive effect is probably associated with the ability of fullerenes to eliminate free 
radicals and oxidants arising from water radiolysis. A protective effect was not observed in tissue cultures 
exposed briefly before radiation to the effects of the fullerene derivative which may be due to the short 
contact of cells with the DF solution before radiation, i.e. this being insufficient for the penetration of 
fullerene nanoparticles into the cells.  
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Abstract 

This study deals with the ability of nanoscale zero-valent iron particles (NZVI) to decompose chlorinated 
ethylenes. Chlorinated ethylenes are common contaminants found on many sites in the Czech Republic. 
The application of NZVI suspension is a very useful technique for cleaning up these sites. In the study, batch 
experiments were performed to simulate an in situ chemical reduction remediation technology. We studied 
an interaction of an aqueous suspension of nanoiron particles RNIP-10APS (TODA Kogyo Corp.) with 
tetrachlorethylene (PCE) and trichloroethylene (TCE). 

In the original NZVI suspension, the particles agglomerate quickly after preparation. Therefore, we 
proposed an environmental friendly and cost effective method of NZVI stabilization by silicate stabilizing 
agent. This method prevents the particles from aging and agglomerating. 

The main goal was to compare the ability of the original NZVI and the Si-stabilized NZVI to decompose 
selected contaminants. The used stabilizing Si-agent forms protective barrier around the NZVI particles so 
they stay dispersed and in submicron size. This fact was confirmed by SEM analysis. The conditions of the 
batch experiments were set up to simulate a full-scale in situ NZVI application. The NZVI concentration was 
in experiments approximately 2.5 g/L. During the experiments, we obtained kinetic parameters of the 
decomposition which we used to evaluate the ability of both NZVI suspensions to decompose the studied 
contaminants. In the case of the original NZVI suspension, the degradation rate of TCE was higher than the 
degradation rate of PCE. In the case of stabilized NZVI, limited degradation ability was observed in some 
cases. 

1. INTRODUCTION 

Soils and groundwater contaminated by chlorinated ethylenes represent a worldwide problem. The 
chlorinated ethylenes are widespread because of their extended industrial use as a solvent. They are 
harmful for both the environment and human health because of their high toxicity. The nanoscale zero 
valent iron particles (NZVI) could provide a cost effective, fast and efficient solution to the contamination of 
chlorinated ethylenes. With contribution of their large specific reactivity, the NZVI particles chemically 
reduce the chlorinated ethylenes to less or non toxic carbon compounds. The NZVI particles tend to form 
aggregates in the aqueous suspension used for remediation. The agglomeration reduces the reactivity of 
the particles and causes technical difficulties in an in-situ application. In our previous work [1], the 
stabilization of the NZVI particles by a silica agent was investigated. The silica agent provides a suitable 
stabilization for the NZVI particles. 

In this study, we investigated the degradation ability of both the original and silica stabilized NZVI particles. 
We studied a commercially available aqueous suspension of reactive nanoscale iron particles RNIP-10APS 
(TODA Kogyo Corp.) We chose tetrachlorethylene (PCE) and trichloroethylene (TCE) as model 
contaminants.  
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Fig.1: NZVI structure and surface reaction[3]. 
NZVI 

2. THEORETICAL SECTION 

The NZVI particles have a great reactivity because of a larger 
specific surface area when compared to a classic iron powder. 
The large specific surface area supports the mass transfer 
 on the particle surface and increases the adsorption  
and reduction capacity for the degradation of the 
contaminant. The NZVI reactivity also depends on the 
structure and composition of the particle. The typical NZVI 
particle consists of a zerovalent iron core and a ferrous 
oxide/hydroxide shell (the so called core-shell structure) [2].  

Because of the highly reactive specific surface area, NZVI 
particles adsorb to the surrounding soil matrix, tend to 
agglomerate and oxidize. Surface coatings are applied to the NZVI particles in order to overcome these 
effects and to get a stabilized dispersion of NZVI. Suitable coatings enhance subsurface mobility and have 
no negative impact on the reactivity. Silica species could be used as a useful stabilized coating agent. 
Because of its high affinity towards ferric oxides, the silica can sorb on the Fe2O3 on the surface of the NZVI 
particles. The adsorbed silica can influence the surface chemistry, particle mobilization, coagulation and 
iron corrosion. The silica coating is environmental friendly and cost effective [4]. 

A reductive dechlorination of chlorinated ethylenes by NZVI in a water solution is an electrochemical 
corrosion process. The oxidation of NZVI provides electrons for the reduction of the chlorinated ethylenes. 
The reductive dechlorination is mainly a direct reduction during which the contaminant is adsorbed on the 
metal surface to form a chemisorption complex. Because of their high reactivity, NZVI particles also react 
with dissolved oxygen and water under aerobic conditions. The reduction of water produces gaseous 
hydrogen and hydroxide anions. The hydroxide anions increase pH of the solution which contributes to a 
long-term particle stability [5]. 

The degradation process of chlorinated ethylenes is described by a kinetics of a pseudo-first order. This 
kinetics was chosen because the NZVI is often in excess and the concentration of NZVI almost does not 
change during the reaction. The observed pseudo first order kinetics constant is used to assess the 
degradation rate [6].In general, the degradation rate increases with increasing number of chlorine atoms in 
the molecule of the chlorinated ethylene [7]. The carbon atoms in TCE are in a lower oxidizing state than in 
PCE. That is why the TCE is degraded more slowly than the PCE. 

3. EXPERIMENTAL SECTION 

3.1. MaterialsA commercially available suspension of nanoiron particles RNIP-10APS (TODA Cogyo Corp.) 
was used for the experiments. The concentration of the total iron in the NZVI stock suspension was 
approximatelly 168.8 g.L-1 (deviation 7.5%). RNIP are prepared by a gas phase reduction of an iron oxide in 
a H2 atmosphere at a high temperature. The prepared particles have α-Fe0 core and a protective Fe2O3 shell 
[2]. Tetrachloroethylene and trichloroethylene (p.a., Penta) were used as contaminants. Degradation 
experiments were performed in a batch system which was constituted by set of glass bottles with PTFE caps 
(Fischer, total volume 310 mL). 



12. - 14. 10. 2010, Olomouc, Czech Republic, EU 

 
 

265 

3.2. Stabilization of NZVI particles suspension 

For the experiments with the stabilized suspension Si-RNIP, the stabilized suspension of the NZVI particles 
was prepared at once for the whole experimental set of two contaminants. Nine bottles were prepared for 
the PCE experiment and eight bottles were for the TCE experiment. The silicate agent was prepared by slow 
mixing of water glass (Na2O.nSiO2, 34-38 %, KMplus) and distillated water in the volume ratio 1:8. During 
the mixing, sulphuric acid (p.a., Lachema) was added dropwise to the solution. A gel with a pH of 
approximately 10.35 was formed which was afterwards used as the silicate agent. The stock suspension of 
NZVI was added to the silicate agent in the volume ratio 1:5 (the silicate gel considered in liquid state). This 
mixture was mixed for 5 minutes at 13,000 rpm. After the mixing, the mixture of silica gel and NZVI was 
diluted by distilled water in volume ratio 1:2. This mixture was mixed for 30 minutes at 10,000 rpm. The 
mixture was then diluted by distilled water to achieve 3,400 mL. The mixing for 20 minutes at 360 rpm 
followed out. The succession of mixing helped to disintegrate the agglomerates and to support the 
stabilization process. The pH of the final prepared suspension was 10.16. SEM micrographs (Quanta200 
FEG) of the NZVI particles of both suspensions were obtained. 

3.3. Degradation experiments 

During the experiments with the original suspension five milliliters of the original RNIP stock suspension 
was added into each bottle. In the experiments with stabilized suspension, 200 ml of the prepared 
stabilized suspension was added into each bottle. The bottles were filled completely with distillated water 
to achieve the concentration of approximately 2.5 g.L-1 of total iron. The contaminant dissolved in methanol 
was added to the required number of bottles to get the concentration approximately 20 mg.L-1. It means 
that the molar concentration was 152.22 µmol.L-1 for TCE and 120.6 µmol.L-1 for PCE. The bottles were 
capped without headspace immediately and shaken in a rotate shaker. Experiments contained a control 
series of solutions without NZVI to verify the leak of the contaminant. Control and degradation samples 
were sampled after different incubation periods with respect to the rate of the degradation of the 
contaminant. 

3.4. Analysis 

The samples were extracted by hexane (n-hexane 95+, p.a., Penta) in a volume ratio 1:1 (vortex shaker) for 
20 minutes. The hexanes extracts were analyzed by GC/ECD. In every bottle, the pH was measured by GHM 
3530 measuring instrument. Total amount of iron was analyzed by the method of flame AAS after sulfuric 
acid mineralization. From the experimental data both reaction order and kinetic constant was evaluated 
using ERA3.0 program. 

4. RESULTS AND DISCUSSION  

Both the original (RNIP) and stabilized (Si-RNIP) suspensions were scanned by the SEM microscopy. Some 
samples of the stabilized particles were covered by carbon instead of platinum (figure. 2 B)) because the 
stabilized NZVI particles can be easily mistaken for artifacts of platinum. In the figure 2 A), the micrographs 
showed aggregates of the NZVI particles in the original suspension. The size of aggregates ranged from 
several nanometers to micrometers. They were formed in the clusters of an irregular sharp shape. In 
the Fig. 2 B), individual particles with regular shape and bigger clusters formed from these particles are 
depicted. In the Figure 2 B), the particles have a spherical shape with size of approximately several 
hundreds of nanometers.  
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Fig. 3: Measured concentrations of PCE and model 
curves for both the original suspension RNIP  

and silica stabilized suspension Si-RNIP. 

Fig. 4: Measured concentrations of TCE for both  
the original suspension RNIP and silica stabilized 

suspension Si-RNIP. The model curves fit only RNIP. 

   

Fig. 2: SEM micrographs of NZVI particles. A) Aggregates in the original suspension RNIP. B) Particles  

of the stabilized suspension of NZVI by the silica agent (Si-RNIP). 

Figure 3 shows the degradation of TCE by the original suspension RNIP (full triangle) and the silica stabilized 
suspension Si-RNIP (full diamond). In the Figure 4, the results of the degradation TCE by the original 
suspension RNIP (full circle) and the silica stabilized suspension Si-RNIP (full square) are depicted. The 
measured concentrations of both the PCE and TCE after the degradation by the original suspension RNIP 
have an exponential form which is characteristic for the first-order reaction.  

   

 

 

The concentration data were fitted by the kinetics of n-order to evaluate a reaction order and an observed 
kinetic constant kobs using ERA program [8]. The evaluated kinetic models of n-order are indicated by the full 
lines. The dash lines represent the assumed first-order kinetics from the literature sources [6]. The kinetic 
parameters for both contaminants are summarized in Table I. On the basis of small differences between the 
evaluated and the first-order kinetics, we can consider the first order reaction for the degradation of TCE 
and PCE by the original suspension RNIP. Moreover, we used the large excess of total iron (2.5 g.L-1).  
In order to compare the reaction rates, we calculated the values of half-lives T1/2 (Table I). The calculated 
half-lives of PCE and TCE degradation by the original suspension RNIP showed that PCE is decomposed 
slower than TCE. One of the possible explanations is that the agglomerates of the original suspension could 
partially influence the reaction properties of the iron particles. A greater part of PCE was then probably 
adsorbed on the nonreactive sites of the agglomerated particles and thus did not take part in the 
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Table I: Evaluated kinetic parameters from degradation PCE and TCE by both the original RNIP and silica 
stabilized suspension Si-RNIP. Experimental conditions presented by pH and total final concentration of 
iron (average values from all bottles). 
 

degradation reactions. Because TCE is not as hydrophobic as PCE (log KowPCE = 2.88, log KowTCE = 2.42) TCE 
sorption could have been less significant [9]. The degradation of both contaminants with stabilized 
suspension Si-RNIP exhibited a different character. The PCE concentrations decrease linearly which 
indicates a zero-order reaction (Figure 3). These PCE concentrations were fitted by an n-order and the 
presumed zero-order kinetic models. The obtained kinetic parameters are shown in Table I. On the basis of 
similar trends of PCE fitting by both evaluated kinetic models, the zero-order reaction for the degradation 
by the stabilized suspension Si-RNIP is proposed. The presence of the silica agent could have caused a 
change of the reaction order. According to the half-life values T1/2, the reaction rate of the degradation of 
PCE by Si-RNIP is approximately four times lower that with the original RNIP. The TCE concentration almost 
did not change in the first 24 hours. The exponential decrease was then observed. The usage of the silica 
agent probably extended the time necessary for the total decomposition of TCE up to 1-2 days, as seen in 
the Figure 4. These experimental data were not evaluated by a kinetic model because of a complicated 
character of the concentration trend.  

 

 

 
The presence of the silica layer on the surface of the particles could have limited the transport of PCE or 
TCE molecules to the surface of the iron particle and thus change the kinetic parameters of the reaction. 
Another possible reason could be found in limited available surface of particle for reaction [10] Thus, the 
measured TCE concentration (Figure 4, full diamond) has an exponential character following a first-order 
reaction with an initial time delay. The change of the reaction order and reaction rate for the PCE (Figure 3, 
full circle) could be explained by the adsorption ability described previously and the already presented 
reasons. 

During the experiments, the initial molar concentration of both the contaminants was not same because 
the mass concentration (20 mg.L-1) was assumed. According to the literature [11], for TCE water 
concentration below 0.46 mmol, the reaction rate should be the same. This condition was realized in our 
experiments thus we could compare our evaluated kinetic parameters of the TCE and PCE measurements.  

All of the monitored experimental conditions before and/or during the tests are summarized in Table I. The 
average values of Fetotal in degradation suspensions slightly varied from the intended 2.5 g.L-1. The 
differences were probably caused by the heterogenenity of the agglomerated stock suspension. The pH 
values were in the alkaline range during the experiments (Table I). The alkaline pH can be convenient to 

contaminant/ 
suspension 

pH susp. 
initial 

pH susp.  
samples 

rate order kobs T1/2 

[hour] 
Fetotal [g.L-1] 

PCE/RNIP 11,11±0,05 10,93±0,10 
1.29 0,342  (mol.L-1)-

0.29/h 
32.03 

2.6±0.6 
1 0.020  h-1 34.96 

PCE/Si-RNIP 10,07±0,01 10,17±0,06 
0.07 7.21E-7  (mol.L-1) 

0.93/h 
141.55 

2.1±0.2 
0 3.24E-7 (mol.L-1)/h 148.77 

TCE/RNIP 11.05±0,03 10,94±0,07 
0.82 0.007  (mol.L-1) 

0.18/h 
19.56 

2.3±0.3 
1 0.038 h-1 18.33 

TCE/Si-RNIP 10,07±0,01 10,17±0,05 - -  - 2.2±0.1 
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keep the stability of the silica agent. During the degradation process with RNIP and Si-RNIP suspensions no 
significant change of pH was observed.  

5. CONCLUSION 

The results of the batch experiments confirmed the degradation ability of the original suspension RNIP to 
decompose both of the chosen contaminants according to assumed first-order reaction. The reaction rate 
of TCE degradation is higher in comparison with PCE (T1/2,PCE ≈ 32.03 h, T1/2,TCE ≈ 19.56 h). Our experiments 
with the silica stabilized suspension Si-RNIP revealed that the presence of the silica agent partially limited 
the degradation of both contaminants. In the case of the TCE degradation, we observed a delay in the 
concentration trend of 1-2 days. On the other hand, the PCE degradation exhibited a change from the first 
to the zero-order reaction. According to the value of the half-lives, the reaction rate of the degradation of 
PCE by the original suspension was four times higher than for the stabilized suspension. The influence of 
the silica agent on the NZVI degradation ability will be further studied. Moreover, the effect of the 
adsorption of the contaminants on the surface of the particles and the effect of this adsorption on the 
degradation ability of NZVI has to be properly investigated. 
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Abstract 

The presentation will summarize the existing strategy of the European Commission in the field of 
nanotechnology published in the documents „Towards a European Strategy for Nanotechnology (2004)“, 
„Nanosciences and Nanotechnologies, An Action Plan for Europe 2005-2009: Integrated, Safe and 
Responsible Approach to Nanotechnology (2005)“ and „A Code of Conduct for Responsible Nanosciences 
and Nanotechnologies Research (2008)“. Further the presentation will discuss conclusions of the 
documents „Nanosciences and Nanotechnologies, An Action Plan for Europe 2005-2009 - Second 
Implementation Report (2009)“ and „Report on the European Commission´s Public Online Consultation 
Towards a Strategic Nanotechnology Action Plan (SNAP) 2010-2015 (2010)“. A special attention will be 
given to discussions on potential nanotechnology risks in comparison with nanotechnology benefits held in 
the European Parliament (e.g. the seminar „Opportunities and Risks of Nanotechnology“, 9 June 2010), in 
EU projects (e.g. NanoCode, ENRHES, NanoCom, NanoFate), at several OECD meetings, in different 
publications etc. 10 biggest global companies manufacturing products containing engineered nanoparticles 
and exploiting nanotechnology processes will be introduced (e.g. Bayer, DuPont, BASF etc.).   

The presentation will also show activities in the Czech Republic initiated by the CzechInvest and the 
Technology Centre ASCR and targeted on closer mutual cooperation of Czech companies and institutions in 
the field of responsible  applications and commercialization of nanotechnologies and nanomaterials.   

Keywords: Nanotechnology strategy, nanotechnology risks, nanoparticles, nanotechnology applications, 
Code of conduct for responsible nanosciences and nanotechnology research 

1. NANOTECHNOLOGY STRATEGY OF THE EUROPEAN COMMISSION 

The European Commission (EC) started to support projects in the field of nanosciences and 
nanotechnologies in the 6th Framework Programme (2002 - 2006). In 2004 EC adopted the document 
“Towards a European Strategy for Nanotechnology” [1] and in 2005 announced the more detailed 
document “Nanosciences and nanotechnologies: An action plan for Europe 2005 - 2009” [2]. 
Implementation of this plan was evaluated after two years in 2007 and published as the „First 
implementation report“ [3]. Final evaluation took place in 2009 and is subject of the „Second 
implementation report“ [4]. At present EC is preparing a new “Action plan for nanotechnologies in Europe 
for 2010 - 2015” addressing the technological and societal challenges of the next five years and 
strengthening the research and innovation efforts, with increased emphasis on sustainable development, 
competitiveness, health, safety and environmental issues. 

1.1. Public consultations, seminars and discussions on nanotechnology topics 

In order to invite views on the needs in nanotechnology in the next five years, as perceived by the experts 
as well as the public, the EC launched a public consultation (18 December 2009 - 19 February 2010). Results 
of this action were summarized and published in 2010 in the “Report on the European Commission´s Public 
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Online Consultation TOWARDS A STRATETEGIC NANOTECHNOLOGY ACTION PLAN 2010 - 2015” [5]. The 
main conclusions are as follows: - ICT and energy are seen as the areas of application where benefits far 
outweigh any potencial risks. - Applications in healthcare are considered very promising but potentially 
risky. - Applications in aerospace, construction, chemistry, security and environment seem to bring high 
benefits. - Applications in agriculture, food and household are seen with some skepticism. - Major concerns 
regarding nano policy relate to the safety of nanomaterials and more action is expected to ensure this 
safety. There is overwhelming demand for an inventory of the types and uses of nanomaterials which 
would include safety aspects and high demand for requirements to ensure that adequate information is 
provided on consumer products containing nanomaterials. 

Sustainable nanotechnology research, development and exploitation are subject of interest and discussions 
of different ad hoc expert groups, NGO´s and even political alliances. For instance a seminar  „Opportunities 
and Risks of Nano Technology“ organized by ALDE (Alliance of LIBERALS and DEMOCRATS for Europe) was 
held in the premises of the European Parliament on 9 June 2010 [6]. Main speakers were top managers of 
Nanotechnologies Industry Association, BASF, BEUC - European Consumers´Organisation and EC - DG 
SANCO. The seminar aroused great interest, there were about 150 participants. 

Another example may be an ad hoc meeting Nanotechnologies for sustainable development of nearly 100 
delegates organized in Brussels by the EC under the auspices of the Swedish EC presidency on 12 November 
2009 [7]. Experts expressed their opinions on the development of nanotechnologies in the future. Among 
them F. Besenbacher from the i-NANO - The interdisciplinary nanoscience centre at Aarhus University, 
Denmark spoke about the growing global consumption of energy which is supposed to double by 2050 and 
triple by 2100 and said that an increased R&D in nano could help to solve this demand. He showed that 
nanomaterials and devices could markedly improve the efficiency of wind turbines and solar cells and that 
energy production and storage in the form of fuel cells and batteries based on nanomaterials would be 
promising. Further he said that at present catalysis remained the major application of nanotechnology 
providing greater process efficiency in many chemical processes due to relatively great surface of 
nanoparticles. As an example he mentioned application of catalytic nanoparticles in the process of 
desulphurization of mineral oils which provides valuable savings in the period before more radical energy 
strategies can be adopted.  

P. Krüger from Bayer Material Science AG, Germany remarked on the massive growth rate predicted for 
nanotechnology as a major force for industrial transformation in the 21st century and like F. Besenbacher 
identified energy conversion, storage and efficient usage as prime nanotechnology application areas and 
other resources such as water and raw materials as very important nanotechnology exploitation. 

1.2. Exploitation of nanotechnology & nanomaterials in products  

As mentioned above sustainable nanotechnology research, development and exploitation are subject of 
interest and discussions of a row of NGO´s (nongovernmental organisations). For instance consumer 
organisations ANEC (The European Association for the Co-organisation of Consumer Representation in 
Standardisation) and BEUC (The European Consumers´ Organisation) participated in the EC public 
consultation on nanotechnologies and besides that developed additional activites, namely elaborated  their 
opinion on commercial exploitation of nanomaterials and nanotechnology and published in June 2009 as 
the paper „Nanotechnology: Small is beautiful but is it safe?“ [8]. In the executive summary is written: “We 
acknowledge that nanotechnologies have a potential to offer benefits in particular to consumers and the 
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environment. They could be used to improve the resource and energy efficiency of appliances, the storage 
capacity and loading time of batteries, lead to new medical treatment opportunities or products of better 
performance. However, these technologies and materials may also present new risks which have never 
been evaluated. We are therefore concerned about the increasing number of products containing 
nanomaterials which are already and will be sold on the EU market without having been subject to a proper 
safety assessment. This paper aims at presenting the consumer point of view on nanotechnologies and 
nanomaterials.” ANEC and BEUC prepared in 2009 a non-exhaustive inventory of products claiming to 
contain nanoparticles available on the EU market. Among these 100 products are kitchen and laundry 
appliances, automotive maintenance products and accessories, food and drink supplements, products for 
children, clothing products, cosmetics, sporting goods, cleaning products for home and garden, 
construction materials etc.  

Number of products containing nanomaterials is growing rapidly. The web site NANOCOLORS - THE 
NANOTECH 2.0 HUB [9] contains lists of top 10 big global producers of such products in different branches: 

Chemical companies: DuPont, BASF, Bayer, Mitsubishi Chemical Holding, Dow Chemicals, Evonic Industries, 
Akzo Nobel, SABIC, Air Liquide, LyondellBasell Industries 

Cosmetics companies: L´Oréal, Procter & Gamble, Henkel, Unilever, Kao Corp, Avon, Shiseido, Beiersdorf, 
Estée Lauder, Johnson & Johnson 

Pharmaceutical companies: Merck, Pfizer, Novartis, Abbott, GlaxoSmithKline, Roche, Sanofi-Aventis, Eli 
Lilly, AstraZeneca, Johnson & Johnson  

Semiconductor companies: Samsung, Sony, Intel, Toshiba, Infineon, Hynics, STMicroelectronics, Texas 
Instruments, Renesas, Qualcomm. 

Further the same web site discusses the nanotechnology patent creation in different countries and finds 
out that the most productive countries in this respect are China, USA and Korea followed by Taiwan, Japan, 
Germany, Great Britain, France, Canada and Spain.  

1.3. Safety and regulations  

Current and future applications of nanotechnology are expected to hold immense societal and 
environmental benefits. But concerns have been raised about the safety and regulation of nanomaterials 
following a number of studies which indicated that some nanomaterials can cause adverse effect on 
laboratory animals. Therefore discussions are being held whether existing regulations on nanomaterials are 
adequate.  

The EC holds an opinion that nanomaterials are covered by REACH (European Community Regulation on 
chemicals and their safe use) [10] as this regulation addresses chemical substances in whatever size, shape 
or physical state, though no special provisions referring to nanomaterials are given there. REACH entered 
into force on 1 June 2007. It provides an over-arching legislation applying to the manufuture, placing on the 
market and use of substances on their own, in preparations or in articles. REACH is based on the principle 
that manufacturers, importers and downstream users have to ensure that they manufacture, place on 
market or use such substances that do not adversely affect human health or the environment. Its 
provisions are underpinned by the precautionary principle. Regulatory aspects of nanomaterials under 
REACH are in detail discussed in the Commission Staff Working Document [11] published in June 2008. 
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On the contrary the European Parliament disagrees with EC conclusions that the risks relating to 
nanomaterials are, in principle, covered by current legislation and that HSE (Health, safety and 
environmental issues) protection should be enhanced mainly by improving its implementation. There is 
thus a call to address nanomaterials explicitly. Parliament also requests the introduction of comprehensive, 
science-based definition, an inventory of types and uses of nanomaterials on the market, including safety 
aspects, and a better consumer information in the form of mandatory labelling indicating „nano 
ingredients“ regardless of risks. In accordance with it the Regulation on cosmetic products [12] issued in 
November 2009 contains a special article (No 16) on nanomaterials. 

1.4. Code of Conduct for responsible nanosciences and nanotechnologies research (CoC) 

Code of Conduct is a complementary measure to existing regulation. It is a EC recomendation [13] for 
stakeholders in the member states published in 2008 how to undertake nanosciences and 
nanotechnologies research in a safe, ethical and effective framework, supporting sustainable economic, 
social and environmental development. CoC is based on seven general principles: Meaning, Sustainability, 
Precausion, Inclusiveness, Excellence, Innovation and Accountability. (Explanation of these principles goes 
beyond this paper and can be found in [13].) A number of companies and institutions elaborated and 
accepted their own version of CoC, for instance the company BASF. Also outside Europe some companies 
prepared internal regulations for sustainable nano research, for instance DuPont. 

2. NANOTECHNOLOGIES IN THE CZECH REPUBLIC 

R&D in the field of nanosciences and nanotechnologies is quite broad and considerably successful, also in 
the international context, as it follows from the monitoring the participation of the Czech subjects in EU 
Framework programme projects. This monitoring is being performed by the Technology Centre AS CR and 
forms a part of the annual report „An analysis of the current state of research, development and innovation 
in the Czech Republic and comparison with the situation abroad in 2009“ published by the Office of the 
Government of the CR, R&D Council. There is no Czech specific national nanotechnology programme, 
research is supported through different national and international programmes. At present the research 
infrastructure in the field of nanotechnology is improving and broadening due to Structural funds and 
specialized nano clusters start and/or intensify their activities. CzechInvest and Technology Centre ASCR are 
making joint efforts to create a Czech Nano Forum which could network Czech nano companies and 
research centres and provide them information services in areas which are common,necessary and new for 
them all. One of these tasks could be safety aspects of nanosciences and nanotechnologies research, 
development and commercial exploitation. Thus can be better German used experiences of Czech and 
foreign experts participating in EU projects aimed at nanomaterials HSE issues. The following projects with 
Czech participation can be named as examples: NANOCODE, FRAMINGNANO, OBSERVATORYNANO, 
NAMETECH, NANOBAK, CAMINEMS, NANOBIOTOUCH, NANOLYSE, NANOFATE, FRACFIX, DINAMO, 
HIGHTECH EUROPE etc,  

3. CONCLUSIONS 

Due to a limited space of the paper it is not possible to pay attention to European leading countries in 
nanosciences and nanotechnologies and their action plans. It is a pitty because both Great Britain and 
Germany elaborated perfect actions plans. „UK Nanotechnologies Strategy - Small Technologies, Great 
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Opportunities“ [14] and „Nano-Initiative - Action Plan 2010“ [15]. Certainly other countries also have good 
action plans which could be taken for inspiration. 
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Abstract 

In the work we present new laser measuring system for precise calibrations of length measuring 
transducers. This gauge is called nano-comparator because the resolution of the positioning of the 
measuring probe is in order of nanometers. The gauge works fully self-controlled and it is equipped by 
control software which is able to calibrate wide area of transducers. We put main stress to compensating of 
thermal dilatation of the gauge body and to eliminating of imperfection of linear guide ways which are used 
for positioning of the testing probe of the gauge. The work presents the first records of scale calibration of 
an incremental transducer.  

Keywords: nanoscale, precise measurement, laser, interferometer 

1. INTRODUCTION 

The high-resolution laser interferometers are used as an even more precise length measuring devices in 
production of semiconductor microchips, nano-components like MEMS, optical lithography, and calibration 
services for testing of scale linearity of capacitive or inductive sensors [1]. They use a wavelength of the 
laser beam like a fundamental unit of the length. In the metrology practice we can find two main causes of 
possible distortion of the scale non- linearity in laser interferometers [2]. The first is an imperfect 
adjustment (non-aligned) of the interferometer optical set-up or non-ideal geometrical dimension of the 
optical components which both produce distorted interference fringe. These effects can be called as 
“static”. And the other is a change of the shape of the interference fringe in dependence with measured 
distance. It includes i.e. possible systematic or random angle deviations of the measuring mirror from the 
axis of measurement, changes of the refractive index of air (if measurement is provided in the air) etc. This 
other group of the scale distortion can be called as “dynamic”. The following presented method 
investigates this “dynamic” group of the scale distortion.  

2. METHODOLOGY 

The schematic diagram of this type of the laser interferometer is presented in Fig. 1. The configuration of 
laser beam in measuring arm eliminates a tilting of the measuring mirror. The beam from the laser is split 
into two arms: one measuring and the other reference. The measuring beam is passing quarter wave-plate, 
which makes the circular polarization. A measuring (plane) mirror back into the beam-splitter reflects this 
beam. Thanks to wave-plate the circular polarization changes to linear polarization again, but in orthogonal 
with respect to the original beam. Then the beam passes trough the beam-splitter and the corner cube 
mirror reflects back it to the measuring mirror again. The mirror steers the beam back and the second 
quarter wave-plate changes the polarization plane of the beam to plane as before. In this case the 
measuring beam meets the reference beam reflected from the second corner cube mirror.  
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Fig. 1. The schematic diagram of the double passes interferometer of the calibrating gauge where a semitransparent 

plane mirror works as the measuring probe. Q1, Q2: position sensitive photo detectors which indentify the place of 
light incidence of two passes of laser beam, Ix, Iy: interference signals with phase difference 90°. 

Main advantage of the set-up is in self-compensating of possible deviation of the mirror from the axis of 
measurement. If the mirror is tilted little bit, then the first pass of the beam is reflected to the corner cube 
mirror with angle deviation. But corner cube mirror reflects back the beam as the second pass and with the 
same direction of propagation. Two position sensitive photo detectors equip the optical set-up of the 
interferometer. They are placed behind the semitransparent measuring mirror which works like a probe of 
the gauge. They monitor possible fluctuations of position of two spots of the laser beam in the measuring 
mirror. The measuring mirror is displaced by linear guide ways with ball carrier bearings and stepper motor. 
During the calibration process, the first detector (Q1) detects position of the first pass of the laser beam. A 
detected deviation with respect to displacement of the measuring mirror indicates mutual non-alignment 
of the input laser beam and the axis of displacement of the measuring mirror. The second detector (Q2) 
detects position of the second pass of the laser beam in the measuring arm of the interferometer. It 
indicates two effects. The first is the same as Q1 detector and the other is possible fluctuation of the angle 
of the measuring mirror with respect to axis of displacement (calibration), due to imperfection of guide 
ways. For elimination of dynamic distortion, an active tilting of the holder of the measuring mirror must be 
controlled. The fluctuation is caused by linear guide ways with ball carrier bearings that have some angle 
tolerances of the positioning stage. Therefore we used three piezoelectric transducers (PZT) with 5 m 
elongation. A servo-loop controller controls the length of each PZT on basis of signal from the position 
sensitive detector Q2. The process of the stabilization has two steps: the first is a manual alignment of the 
input laser beam into the axis of displacement of the measuring mirror as was mentioned before. If the 
detector Q1 indicates no changes of the spot in the mirror plane when displacement is running, then the 
stabilization loop with Q2 detector and PZTs can be switched “on”. Then the position of the second spot 
detected by Q2 is very stable too and we can consider the interferometer as fully aligned. The 
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interferometer is equipped by a method of scale-linearization of the interferometer scale to order one 
nanometer [3]. 

3. EXPERIMENTAL RESULTS 

The experimental set-up of the interferometer with active stabilization of spatial position of laser beams is 
presented in Fig. 2. There is a description of each part of the interferometer. The control electronics with 
servo-loop controller is not shown but it is covered in one 19” rack mount chassis. It includes fast AD/DA 
multichannel cards for digital control of the whole system, three high-voltage amplifiers for PZTs and servo-
loop driving, amplifiers for processing of signals from position sensitive photo detectors Q1 and Q2, card for 
interference fringe real-time detection, card for measurement of the refractive index of air on basis of 
Edlen formula [4], and set of power supply sources. 

 

Fig. 2. The final experimental setup of the laser calibrating gauge for testing scales of distance measuring transducers. 

Measured and control data are collected by a personal computer PC and LabView industrial control system.  
An example of the experimental record is presented in Figure 3 where scale linearity of the incremental-
rule transducer measured by the laser calibrating gauge is shown. It is Heidenhain CERTO length gauge, 
type CT2501. As is visible the linearity of the scale of the transducer is better then 30 nm for 25 mm 
distance measurement. For smaller distances the linearity is better then 15 nm. 
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Fig. 3. The record of the scale linearity measurement by presented laser calibrating gauge. Li and L: distance 

measured by the laser calibrating gauge, Ls: distance measured by the transducer. 

4. CONCLUSION 

The work describes a novel method of control of spatial position of laser beams in the interferometer. The 
special configuration of Michelson interferometer with double passes of the laser beam in the measuring 
arm of the interferometer eliminates possible fluctuation of the angle between measuring mirror plane and 
axis of displacement. With comparison to an optical set-up of an interferometer with single pass and corner 
cube mirrors the presented interferometer has very small sensitivity to this fluctuation. 

The method of the active stabilization of the spatial position of laser beams in the interferometer was 
experimentally verified. Thanks to this method the positioning of the measuring (plane) mirror of the 
interferometer is very stable with high degree of repeatability. It leads to stable profile of each interference 
fringe in the range of 100 mm displacement of the measuring mirror. Therefore developed calibrating 
gauge is very useful for calibration of inductive, capacitive sensors or incremental rule-position sensors. 
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Abstract 

Nanoindentation instruments are commonly used to study hardness and related mechanical properties at 
the nanoscale. However, traceability and uncertainty aspects of measurement process remain often left 
aside. For most of the cases, no uncertainty calculation is performed by instruments nor users, or only the 
ideal accuracy and resolution values given by manufacturer are used for estimation of the measurement 
uncertainty. As the nanoindentation instrument is a very complex device, usually at the state of art of 
present instrumentation, it can be expected that there are many effects affecting the measurement 
uncertainty. Proper instrument calibration and proper uncertainty propagation within the calculations is 
therefore important for both metrologists and normal users.   

Keywords: nanoindentation instruments 

1. INTRODUCTION 

The key task of metrology is to provide measurement traceability, to obtain right results, and to determine 
proper uncertainties. At the nanoscale, this can be quite complicated, as both the instrumentation and 
measurands are very complex. Here we present an approach for traceability and uncertainties used for 
nanoscale hardness measurements using a commercial hardness tester (Ultra Nano Hardness Tester from 
CSM Instruments).    

In this contribution an AFM cantilever is used to transfer force traceability for measurement of small forces 
in nanoindentation experiments. A cantilever is not primarily concerned as a force sensor or transfer 
standard, however we can benefit from its small size and wide range of force constants available on 
market. The cantilever is first calibrated on a mass comparator, which is traceable to the national mass 
standard, and is then used to calibrate the force sensor of a CSM UNHT instrument. The uncertainty of the 
loading curve measurements is analysed and the resulting uncertainties for quantities, that are computed 
from loading curves such as hardness or elastic modulus, are studied. The standard procedure for obtaining 
Young's modulus and the indentation hardness is the Oliver-Pharr method [1], which involves a significant 
amount of data processing, such as fitting procedures etc. Due to its complexity the standard Guide to 
Uncertainty Measurements (GUM) [4] is difficult to use and not reliable. The Monte Carlo method for the 
evaluation of uncertainties offers a suitable alternative.  

It is shown that the uncertainty of nanoindentation results cannot be based only on errors of least-squares 
fitting or other data processing procedures but that it is inherently connected to the nanoindentor itself 
and that the nanoindentor calibration uncertainty plays a key role in the whole measurement uncertainty 
budget. 

2. METHODS 

The depth sensor of the hardness tester was calibrated by comparing the data it returns on a set of small 
indents with the depths measured by an atomic force microscope (Veeco). A matrix of 16 indents was made 
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for different values of the indentation force ranging from 0.1 mN to 10 mN. The residual depth obtained by 
the Oliver-Pharr method directly from the UNHT was used.  

The force sensor was calibrated using an AFM cantilever as a transfer standard. The AFM cantilever 
stiffness was determined using a mass comparator, which is traceable to the national standard, and a 
piezoelement, which was calibrated by an interferometer. The calibration of the force sensor itself is based 
on the analytic description of an ideal, rectangular cantilever under an applied force. This can be 
determined analytically and is described in standard textbooks, e.g. [2]. The deflection of a cantilever of 
length L and stiffness k under a force F applied at a distance from the fixed point y is  

z= F
k yL

3

. 

This relation can be used for a least squares fit to find the stiffness or to calculate the theoretical force from 
a known deflection. The position of the fixed point is hard to determine and can contribute significantly to 
the total uncertainty. As shown in [3] it is better to introduce the (unknown) position of the fixed point y0 
and fit y as a linear function of the inverse cubic root of the loading curve slope c = dF/dz. This determines 
both the stiffness and the shift. Since the length, the position and the shift are known for each depth value 
a theoretical force value can be calculated. These values together with the measured values provide a 
calibration curve.  

The evaluation of uncertainties arising in the calibration of both the depth sensor and the force sensor 
cannot be treated by the standard methods described in the Guide to Uncertainty Measurements (GUM) 
[4]. The models are non linear and involve quantities with non-Gaussian distributions. This often leads to 
incorrect best value estimates, uncertainty estimates or coverage intervals. On the other hand, there are 
almost no restrictions on use of the Monte Carlo method [5]. The basic concept of Monte Carlo method is 
to model the input data by a suitable probability distribution function (PDF), process the generated data, 
statistically evaluate the outcome. Care is needed to choose the correct PDF, in our work we used a normal 
distribution for experimentally measured data with statistical uncertainties of type A and uniform 
distributions for quantities whose uncertainties had to be estimated (type B). 

3. RESULTS 

 The data both from the UNHT and the AFM are shown in fig. 1. The ratio of the depth values was fitted as a 
linear function of the applied force. Relaxation effects, method dependent effects and surface roughness 
are not taken into account.  

Three types of cantilevers were used for the calibrations LRF, PPP-SEIHR from Nanosensors and All-in-One 
from Budget Sensors. A set of force distance curves was measured at different positions along the 
cantilever, at each position several force distance curves were taken. The load was kept low so that the 
loading would be elastic, usually between 50 and 70 µN. Each force distance curve was fitted using the 
ordinary least squares method with a straight line. The slopes were used for a total least squares fit of the 
distance y and the inverse cubic root of the slope c-1/3 in order to find the value of the shift y0. The value of 
the depth sensor was corrected according to the depth sensor calibration and then inserted in the equation 
above. Calibration curves were measured for several cantilevers. They could be fit by e.g. a linear relation. 
However, we prefered to use all calibration curves in our Monte Carlo evaluations.  
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Fig 1. Depth data as measured by the nanohardness tester and the AFM. 

As for the uncertainty of the force value, the largest contributions come from the uncertainty in the 
stiffness of the cantilever, the position of the indent along the cantilever and the uncertainty of the depth. 
The dependence of the relative uncertainty is shown illustratively in fig. 2 for two positions A,B along a 
chosen cantilever 

Fig 2. Uncertainty contributions arising from the stiffness, position and depth uncertainties, respectively, for two 

positions A,B along the cantilever. 

The Oliver-Pharr method involves the contact surface. This has been calibrated within the nanoindenter 
device itself for each indenter. The assumed shape is 

 Ac=α2 h
2+α1h+α1/2 h

1 /2+α1/4 h
1/4+α1/8 h

1 /8+α1 /16 h
1/16

. 
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No uncertainty analysis of the coefficients was performed so far and will be subject to further work.  

As an example, the hardness and Young's modulus were measured on copper (Cu) by the UNHT. The Monte 
Carlo method was used for the whole data processing: including the correction with respect to depth and 
force calibration and the Oliver-Pharr analysis. The resulting indentation hardness was found to be  (1956 ± 
275) MPa. The resulting elastic modulus was found (146 ± 25) GPa.  The relative uncertainties are 14 %, 
resp. 17%. The dominant source of this is the uncertainty in the cantilever stiffness (approx. 11 %), which 
affects the force calibration. The larger value for the elastic modulus uncertainty reflects the fact that the 
its calculation is more involved than the calculation of the nanoindenation hardness. It also includes a 
fitting procedure and the slope of this linear fit contributes also siginificantly to the overall uncertainty 
budget.  

4. CONCLUSIONS 

In this contribution the calibration procedure of a nanoindentor was discussed. This procedure can be also 
used to calibrate AFM cantilevers in a fast, simple and traceable way.   

it was shown how indentation hardness and elastic modulus can be measured traceably and an estimate of 
the resulting uncertainty is given. A Monte Carlo method of uncertainty evaluation is a fast and simple 
method to determine uncertainties which cannot be determined by standard means. 
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Abstract 

Electrospinning is very progressive method for nanofibrous layer’s creation. Here is the exploitation of self-
organisation of matter for formation of the nanofibers and the nanofiber’s structures, having one 
dimension bellow 1 µm. Electric energy is necessary for creation of nanofibers and its quantity had been 
measured as a time dependence of quantity of the electric current in liquid jet, by the changing of the 
pulses of  oscilloscopic measurement. Quantity of the charge, the velocity growth of the discharge channel 
and other parameters were characterized by the shape of these pulses. Electrospraying/electrospinning 
transition was studied by the oscilloscopic and speed camera record. It is possible to find length of the 
spinning and estimation of the quality of the fibers by the oscilloscopic measurement. The quantity of the 
energy measured by the oscilloscope can be helpful for understanding of the thermodynamics 
processes.These experimental data are very important for the theoretical description of electrospinning. 

Keywords: electrospinning, electrospraying,  nanofibers, current measurement. 

1. INTRODUCTION 

Electrospinning is a method of producing sub-micron fibers. In the electrospinning process, polymer 
solution or polymer melt is formed into thin fibers in electric field.   

Various electrospinning techniques have been described in papers, namely needle and needleless process. 
In the needle electrospinning [1], a charged polymer solution is pumped through a hollow needle. Sub-
micron fibers are formed between the tip of the needle and a grounded collector electrode creating a layer 
on the latter. In the needleless electrospinning [2], Taylor cones are created on the surface of polymer 
solution. Typically, the polymer solution is placed on the surface of a slowly rotating metal roller partly 
immersed in a reservoir (Fig. 1 a). Many Taylor cones are created on the surface of the roller (typically 
5,000 - 50,000 per square meter) which gives a high spinning throughput and makes the process industrially 
interesting. In a laboratory scale, needleless electrospinning can be profitably studied using a metal rod as a 
spinning electrode (Fig. 1 b). If the diameter of the metal rod (and that of polymer solution droplet) is 
greater than 8 mm, 1 - 6 Taylor cones occur on its surface or circumference. Only one Taylor cone usually 
occurs if the rod diameter is 3 mm or less. 

Measurement of electric current during electrospinning was suggested by Rutledge [3,4] as a method to 

study electrospinning mechanism.  The authors measure voltage on a resistor 1.0 M W  using a digital 
multimeter Fluke 85 III. The voltage is converted into current using Ohms law. Volume charge density in the 
polymer jet is expressed as I/Q, where I is measured current and Q is flow rate. 

 It is the aim of present work to measure electric current in polymer jets during needleless electrospinning 
process, to analyse it and to discuss relations between the current and the mechanism of electrospinning . 
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2. EXPERIMENTAL 

Laboratory spinning device including the measuring circuit is shown in Fig. 2. It consists of a steel rod (1), 
diameter 3 mm, as a spinning 
electrode, and a steel collector 
electrode (2). Spinning electrode is 
linked with a source of high voltage 
(3). Collector electrode is grounded 
through a resistor adjustable to 10 - 

100 k W  (4). Voltage is measured on 
the resistor using a memory 
oscilloscope (5). Current is 
calculated using Ohms law (typically 
10-6 Amps). 

urement consists of following steps: 
A droplet of a polymer solution (6) 
is placed on the spinning electrode. 
High voltage is switched on. In the 
initial stage, only the current is 
measured corresponding to 
conductivity of ionized air. After a 

Taylor cone is developed on the surface of the droplet, the current increases and a trigger automatically 
initiates its recording. The development of the Taylor cone needs the time between several hundreds of 
second to several seconds. A typical record of the electrospinning of a spinnable polymer solution is shown 
in Fig. 3. In this picture is shown many waveformes. Firstly, peaks of corona discharges. A typical rise time 
about these peaks is about 10-7 - 10-8 seconds. The peaks represent recording of the course of the electric 
current during the discharge construction. Secondly, the elevation of oscillogramme baseline up to zero line 

+ 

a) 

+ 

b) 

Fig. 1. Needleless electrostatic spinners. A roller spinner (a) and a rod spinner (b) 

+ 

~ 
1 

2 

3 

4 

5 

6 

Fig. 2. Experimental setup 
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represent the electric current going through the liquid jet. Thirdly, the area under the line of oscillogramme 
represent the used energy of electrospinning. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 3. A typical record of the current during electrospinning of a spinnable polymer solution 

 

Very important is comparation of the current record to the optical record of the spinning. The time 
dependent current is compared with the Taylor cone development and than with the jet development 
using high-speed camera in (Fig. 4). 

 

 

 

 

 

 

 

 

 

 

Fig.4. The time dependent current is compared with the Taylor cone development and the jet development using 

high-speed camera. 
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There is shown a growth of one Taylor cone and its decrease in the Fig.4. The frequency of corona 
discharges is decreased too, as the consequence of an increase of the polymer solution viscosity. It is clear, 
that the electric discharges are related with any small droplets of the solvent. We present the hypothesis, 
that every peak of electric discharge reflects the very small moving liguid droplet. Consequently, the 
polymer solution is inspissated during the process. The liquid jet may arise only when the polymer solution 
has the right viscosity,  

The other way of the documentation of this process is shown in the Fig. 5. There is an area of initial 
waveformes and after that is obvious the elevation of the oscillogramme baseline. This elevation 
corresponds to the presence of the liquid jet (see Fig. 3. and Fig. 4.). 

 

Fig. 5. Record of electric current during the electrospinning. 

The area of initial waveformes is enlarged in the Fig. 6. In the small pictures a) to f) is shown the progressive 
enlargement of the distance among peaks. In picture f) is recorded the „strange“ waveform. The basic 
waveform is the record of the attenuated oscillations. A time constant RC of this waveform (14ms) is  
similar as the time constant of the spinner circuit. The capacitance of spinner is cca 1,5-12 F and resistance 
of the liquid jet is cca 109 Ω. That „strange“ waveform is probably the response of the system to a unit jump 
after switch-on of the high voltage source. This process occurs every time, when the electrodes are 
connected because of the corona discharge. 

On the background of the „strange“ waveform are obviously shown another sharp peaks as probably other 
corona discharges. This corona discharges reflect probably other very small droplets of solvent. 
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a)                                                    b) c) 

d) e) f) 

Fig. 6. Enlarged initial area of waveforms of Fig. 5. 

3. CONCLUSION 

Movement of charged substance is shown as an image of electric current on oscilloscope. This record 
shows the motion of substance in time. The peaks on the start of record are the same as those of corona 
discharge. The rise time of the start edge is about 10-7 seconds in corona discharge as well as in 
electrospinning. The electric current in liquid jet corresponds to the work needed to create nanofibers  and 
their transport towards the collector. 
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Abstract 

We present a system for dimensional nanometrology based on scanning probe microscopy techniques 
(primarily atomic force microscopy, AFM) for detection of sample profile combined with interferometer 
controlled positioning. The interferometric setup not only improves resolution of the position control but 
also ensures direct traceability to the primary etalon of length. The system was developed to operate at 
and in cooperation with the Czech metrology institute for calibration purposes and nanometrology. The 
interferometers are supplied from a frequency doubled Nd:YAG laser stabilized by linear absorption 
spectroscopy in molecular iodine and the interferometric configuration controls the stage position in all six 
degrees of freedom. 

Keywords: nanometrology, interferometry, local probe microscopy, nanopositioning 

1. INTRODUCTION 

Dimensional metrology dealing with objects in the micro- and nanoworld relies predominantly on AFM 
(Atomic Force Microscope) and related local probe microscopy techniques where the object topology, 
dimensions and other properties are examined by scanning the sample. Positioning of the probe in AFM 
microscopes through piezoelectric (PZT) transducers offers sub-nm resolution but small range over several 
tens of micrometers. More, PZT transducers suffer errors of repeatability, non-linearity and hysteresis. 
Metrological AFM can be calibrated using etalon gratings or samples of height staircase type in the scale of 
hundreds or thousands of nanometers. 

The problem of traceability [1] is a complex one where a system independent on an etalon samples should 
be linked directly to the primary etalon of length. This means employment of laser interferometry 
techniques for measurement of the probe position and taking care for all other sources of error starting 
with the uncertainty of the laser optical frequency [2]. Systems designed to follow this demand represent a 
setup mostly consisting of an AFM head, positioning stage and displacement measuring arrangement 
where a multiaxis laser interferometers dominate [3,4,5] but other approaches based on optical methods 
may represent suitable solution [6]. Measurement of the sample position in three orthogonal axes is 
sufficient when the guides of the stage can ensure negligible angle errors. Full control of the stage position 
should engage evaluation of tilting of the stage where non-contact optical methods a preferred [7]. A more 
complex interferometric measuring system needs also a complex approach to all sources of errors caused 
by angle deviations from orthogonality of the measuring beams, angle errors of reflecting surfaces, etc. [8]. 
Interferometric measuring techniques in dimensional metrology are well established and represent a link 
between the fundamental etalon of length and mechanical measuring systems. Significant effort has been 
invested into improvement of their performance in the nanoscale through linearization of the fringe 
interpolation [9].  
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Transforming the local probe microscope from an imaging tool into a measuring system for metrological 
purposes means replacement of the often small scale positioning of the probe with an external stage 
moving the sample and interferometric monitoring or even control. 

Laser interferometry seems to be a solution not only due to its direct traceability to the fundamental etalon 
of length but also the incremental interferometer in its fringe counting mode gives an excellent dynamic 
range limited only by the fluctuations of the refractive index of air and offers nanometer or even 
subnanometer resolution over large range. We concentrated onto a small range flexture three-axis 
nanopositioning stage equipped with closed-loop motion control with capacitive sensors embedded in a 
frame with six-axes interferometric system supplied from a stabilized single-frequency frequency doubled 
532 nm Nd:YAG laser. 

2. THE STAGE DESIGN 

In the design presented here we concentrated on a commercial positioning stage with 200 x 200 x 10 m 
travel and its enclosure into a frame containing interferometric displacement monitoring system. Full 
control of the stage and evaluation of all its positioning errors needs six-axis measurement. In our 
arrangement we equipped the stage with a top plate - a sample holder and a set of flat mirrors. It overlaps 
the stage and makes possible the measurement of the vertical displacement around the stage by three 
interferometers pointing upwards. Together with the mount of the local probe microscope the side view is 
in Figure 1. Thus the vertical position in the z-axis together with pitch and roll angles can be evaluated. 

      Fig. 1. Side view of the stage with vertical 

interferometers, B: baseplate, MI: microscope, S: 
sample, F: fiber light delivery, C: collimator, H: 
sample holder, T: stage, I: interferometer, D: 
homodyne detection unit, M: mirror. 

Horizontal measurement of x- and y- axes is 
ensured by three interferometers which 
allow also evaluation of the yaw. 
Interferometers are with flat-mirror 

reflector and a fixed corner-cube reflector in both reference arm and measuring arm. Double-pass 
arrangement enhances resolution in simple fringe-counting regime to l/4 (Figure 2).  

The resolution of the interferometric detection and data processing system here is 10 bit with 1 LSB being 
the 1/1024 of one cycle of the interferometric signal. Together with the double beam pass it results in 
/4096 which means for the 532 nm wavelength resolution 130 pm. 

Compensation for the fluctuations of the refractive index in interferometric systems is traditionally ensured 
through the evaluation of the Edlen formula and under laboratory conditions results in relative uncertainty 
between 10-6 and 10-7. Here when due to small dead length (0.1 mm) and travel range the maximum 
lengthof the measuring arm is 0.3 mm. The influence of the refractive index of air may prove significant 
only at the 0.3 nm level. The small range of positioning ranging within 200 mm in the horizontal plane and 
only 10 mm in the vertical axis enhances the importance of the linearity of the scale.  
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Linearity of the fringe division is further 
improved by software linearization algorithm 
embedded directly into the signal processing of 
the interferometer signal [10,11]. With the 
shorter wavelength of the green laser 
(compared with the traditional 633 nm red He-
Ne laser of commercial interferometers) 
another small resolution improvement was 
achieved. 

 

Fig. 2. Top view of the interferometric configuration 

with measurement in the x- and y-axes, SM: beam 
steering mirror, others see Figure 1. 

 

The chance to evaluate the angle deviations offers a good opportunity to compensate for them. Angle 
deviations of the reflective mirrors in a plane-mirror interferometric design results in angle-induced errors 
due to difference between the returning beam path and the axis of motion. We introduced a set of three 
piezoeletric transducers (PZT) each with two directions of motion: vertical and sheering horizontal (Figure 
3). Their arrangement around the centre of the table with the horizontal axes of motion being oriented 
tangentially gives a chance to control all the angle errors. 

 

 

 

 

 

 

 

 

Fig. 3. Arrangement of the additional three PZT transducers compensating for the angle errors. x, ya, yb, za, zb, zc:  

              orientation of interferometers. 

3. EVALUATION AND TESTING 

The system performance was tested through calibration grating at the Czech Metrology Institute in Brno. A 
two-dimensional grating with 2 mm steps was selected. The evaluation of overall uncertainty included 
verification of the laser wavelength by a calibrated wavemeter and comparison of the grating dimensions 
derived from measurement via the metrological AFM and through laser diffraction technique. The image of 
a fraction of the grating is in Figure 4 together with a typical profile in the x-axis. 
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Fig. 4. Image of the grating under test together with a cross-section of the profile. 

Evaluation of the grating spacing was done by comparing of the position derived from built-in capacitive 
sensors and position measured through the interferometric frame. Laser based diffraction technique 
allowed measurement of the overall value of the groove spacing with small uncertainty compared to 
statistical evaluation of average value from AFM measurement. Results are summarized in table 1. 

Table 1. Spacing of the measured grating with estimated statistical uncertainty 

 capacitive 
sensors 

interferometer diffraction 

x-direction 3995 ± 6 nm 4001 ± 6 nm 3996.7 ± 1.8 nm 
y-direction 4002 ± 10 nm 4001 ± 10 nm 3994.2 ± 1.1 nm 

Statistical uncertainty associated with the AFM measurement either through capacitive sensors or 
interferometers includes angle errors caused by non-linear motion of the stage. Together with uncertainty 
of the coincidence of the measuring tip and measuring axes of the interferometers this introduces 
additional errors. Further improvement towards closed-loop operation derived from the interferometers 
will help significantly. Especially the correction of angle deviations which needs introduction of small-range 
PZT transducers controlling pith, roll and yaw angles. 
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4. CONCLUSION 

Interferometric system presented here represents a nanometrology tool still under development. 
Interferometric monitoring represents significant improvement for calibration of grating-type etalons 
through local probe microscopy where the resulting image can be referenced to the interferometer 
measured position. First experiments showed that the six-axis interferometric monitoring with a wide base 
for independent angle evaluation can give information about angle errors with a resolution on the level of 
few tens of nanoradians. Overall angle deviations over the whole range of motion did not exceed 10 rad. 
Introduction of small-range PZT transducers for real-time control (Fig. 3) and closed-loop operation is able 
to eliminate all the angle deviation errors. This configuration eliminates also the need to ensure 
coincidence of the measuring interferometric beams with the AFM tip because of precise straightness of 
sample positioning. 
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Abstract 

Mechanical properties of hard amorphous and nanocrystalline films with dominant covalent bonds are 
nowadays the subject of enhanced interest. Such films can be harder than corresponding bulk material due 
to peculiarities of structure and numerous growth defects.  

The present study is focused on the interdependence of the mechanical properties, structure and 
deposition conditions of silicon, silicon carbide and boron carbide thin films. Series of amorphous and 
nanocrystalline films were prepared by magnetron sputtering on Si(111) substrates. Mechanical properties 
were measured using nanoindentation technique; structure was studied by means of Raman spectroscopy. 

Deposition at temperatures up to 600 °C produces amorphous Si films, the crystalline structure begins to 
form at approx. 700 °C. Hardness and elastic modulus of all the amorphous Si films is always lower in 
comparison to the single crystal Si(111). The values of mechanical properties of crystalline Si films are close, 
but do not exceed values of Si(111). In the case of SiC the partial crystallization takes place inside 
amorphous matrix forming nanocrystalline structure at approx. 750°C. These films are characterized by 
hardness values of approx. 40 GPa, whereas a-SiC(001) single crystal hardness is 36 GPa. Raman spectra 
show that the carbon, silicon, and SiC clusters coexist in all amorphous and even partially crystalline films. 
Crystalline B4C phase appears above 900 °C. Beside B4C phase the films contain carbon clusters as can be 
seen from Raman spectra. The hardness of nanocomposite film deposited at 970 °C locally exceeds the 
value of bulk boron carbide material. 

Presented results show that for two-component substance, it is possible to reach such a specific 
nanostructure, the mechanical properties of which exceed those for appropriate single crystal, contrary to 
one-component substance.  

Keywords: Hardness, Elastic modulus, Silicon, Silicon carbide, Boron carbide, Thin films 

1. INTRODUCTION 

The investigation of the mechanical properties of hard amorphous and nanocrystalline films with dominant 
covalent bonds is nowadays the subject of enhanced interest. The hardness of such films can exceed that 
for corresponding bulk material due to a specific microstructure and/or numerous grow defects. 

It is well known that grain size affects deformation mechanism of materials. Reducing the grain size 
decreases the dislocation activity and leads to the strengthening of material [1,2,3]. However, further 
decrease of grain size (tens of nm) results in the deformation mechanism change from dislocation 
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controlled slip to grain boundary sliding increasing plasticity [4]. Thus, maximum hardness is realized at 
certain optimal grain size of several nanometres. Such behaviour of hardness in dependence on the grain 
size is well investigated for metal and alloy films e.g. [5,6]. However, the mechanical properties of 
substances with covalent bonds in amorphous or nanocrystalline state have not yet been investigated in 
sufficient extent up to now.  

The hardness dependence on the film nanostructure can be different for single- and multi-phase materials 
and for one- and two-atom simple substances as well. The film nanocomposites with strengthened 
boundary of grains/clusters can possess very high hardness that considerably exceeds the hardness of the 
components [7].  

The presented study of the mechanical properties of silicon, silicon carbide and boron carbide thin films 
was driven by both the scientific curiosity as well as by the technical importance of hard and superhard 
materials. It is attractive from several points of view, because it encompasses several fields of materials 
research. Silicon is an ideal object for disordered one-atom compounds with the covalent bonds, whereas 
SiC is a hard and B4C is a superhard material.  

In this work we study the interdependence of mechanical properties (hardness, elastic modulus and 
internal stress) and nanostructure of different amorphous and nanocrystalline films of Si, SiC and B4C 
prepared by magnetron sputtering. We also compare the hardness of the films with that of corresponding 
single crystal measured at the same conditions in order to avoid the discrepancy in data obtained using 
different indentation techniques. 

2. EXPERIMENTAL PROCEDURE 

Amorphous and crystalline thin films of Si, SiC and B4C were deposited by DC magnetron sputtering using a 
Leybold-Heraeus Z 550M sputtering plant. The targets (75 mm) were sputtered in argon (purity 99.999 %) 
at pressures of 0.25 and 0.5 Pa for Si and SiC,B4C films respectively. The target-substrate distance was 
50mm. The discharge power was typically 300W.  

The films were deposited on grounded or biased Si(111) substrates preheated to temperatures up to 750 °C 
for Si and SiC and up to 970°C for B4C films. A bias voltage ranging from 0 to -200 V was applied at 
deposition to unheated substrates using 13,56 MHz power source. All the substrates were pre-cleaned in 
(1:1:1) solution of acetone, toluene and isopropylalcohol in ultrasonic tube prior the deposition.  

The film structure was studied by micro-Raman spectroscopy (l=514.5 nm, Renishaw Ramascope, Model 
1000). The polarization of the scattered light was not analyzed; the frequencies of the Raman features 
observed were taken directly from the spectra without any deconvolution. 

The intrinsic stresses of the films were calculated using Stoney’s classical equation [8]. The radii of 
curvature of the substrate before and after coating deposition were measured by Alfa-Step profilometer as 
well as the film thickness. The composition of the films and material target was determined from the 
electron probe X-ray microanalysis.  

The nanoindentation experiments were performed using NanoTest NT600 instrument equipped with 
Berkovich indenter at load of 10 mN for Si and SiC and of 50 mN for B4C films [9]. The hardness and reduced 
elastic modulus were determined from indentations curves according to the analysis developed by Oliver 
and Pharr [10]. The reduced elastic modulus that takes into account the effect of diamond indenter is 
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defined as Er=E/(1-n2), where E and n are the Young’s modulus and the Poisson’s ratio. The maximal 
penetration depth of indenter did not exceed ~15 % of the film thickness for all examined films. Thus the 
Si(111) substrate does not have any pronounced influence on the measured values though depth of the 
indenter penetration is large enough to reduce possible errors. The average values of hardness and 
reduced elastic modulus were calculated from 5 independent measurements. 

3. RESULTS AND DISCUSSION 

3.1. Silicon films 

Silicon thin films with different structures were used as an ideal model system of disordered material with a 
covalent bond. Hydrogen-free amorphous and crystalline silicon films were prepared by magnetron 
sputtering [11] with thickness of 4.5 - 6.5 mm. The summary of their mechanical characteristics is presented 
in Table 1., where Td is deposition temperature, U is negative bias voltage, s  is compressive internal stress, 
H is nanoindentation hardness, Wt and Wp is total and plastic indentation work, respectively. 

Table 1:The summary of mechanical properties of amorphous and nanocrystalline silicon films 

Td[°C] U[V] structure s [GPa] Er[GPa] H[GPa] H/Er Wp/Wt 

25 -200 a-Si 0,43 141±1 8,8±0,1 0,063±0,001 0,585±0,015 

25 -160 a-Si 0,54 140±2 9,6±0,1 0,069±0,002 0,555±0,004 

25 -100 a-Si 0,76 151±1 9,9±0,1 0,065±0,001 0,567±0,007 

25 -85 a-Si 0,86 144±1 10,3±0,2 0,071±0,002 0,548±0,022 

25 0 a-Si 1,31 167±1 11,1±0,1 0,067±0,001 0,555±0,006 

270 0 a-Si 0,94 168±1 11,6±0,1 0,069±0,001 0,533±0,013 

350 0 a-Si 1,01 174±2 11,6±0,1 0,066±0,001 0,522±0,007 

500 0 a-Si 0,81 178±1 11,3±0,1 0,064±0,001 0,538±0,010 

600 0 a-Si 0,87 182±2 10,6±0,1 0,058±0,001 0,508±0,014 

710 0 c-Si 0,65 198±3 11,9±0,1 0,060±0,001 0,510±0,016 

   Si(111) 191-203 12,0-12,3 0,062±0,002 0,486±0,022 

The hardness, compressive stress and elastic modulus decrease with increasing negative substrate bias and 
Ar pressure due to decrease of short range ordering caused by intense ion bombardment. It can be seen 
from broadening of corresponding band at ~480 cm-1 in Raman spectra (not presented here). The increase 
of deposition temperature is accompanied by the increase of short range ordering. The film structure is 
amorphous up to 600 °C, whereas the crystalline structure begins to form at deposition temperature of 
approx. 700 °C. The increasing deposition temperature results in reducing compressive stress and 
increasing hardness and elastic modulus. The hardness and elastic modulus of c-Si film reach values of 
~11.9 GPa and ~198 GPa, respectively, and are almost the same as for the single crystal (111) substrate. In 
general, the hardness of amorphous films deposited at elevated temperatures is slightly higher (11.4 - 11.6 
GPa) in comparison with films deposited at room temperature (~11.1 GPa) and especially with films 
deposited at intense ion bombardment (8.8 - 10.6 GPa). 
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Table 1 shows that hardness and elastic modulus for all the amorphous films were always lower than those 
for single crystal. For crystalline Si films, the values were close to monocrystalline Si(111). In all the cases, 
the hardness and elastic modulus of different thin films do not exceed values typical for the single crystal. 
Thus, in the case of one-component substance, we could not form the nanostructure (amorphous, 
nanocrystalline or the mixture of amorphous and nanocrystalline phases) the hardness of which would be 
higher than those for Si single crystal. 

3.2. Silicon carbide films 

The Si/(Si+C) atomic ratio for all of the SiC films ranges within 0.474 - 0.485. Ar concentration is very low 
and depends on the substrate bias and temperature. The oxygen content in the films is 0.1 at. % or less. 
The film thickness is in the range of 3.2 - 4.4mm in dependence on substrate bias and temperature. [12] 

 

Fig. 2. Raman spectra for films obtained at 25, 600 and 750 °C and for a-SiC single crystal and sintered SiC target. 

Raman spectra for films deposited at 25, 600 and 750 °C, as well as for the a-SiC single crystal and 
polycrystalline target in the middle of the erosion zone are depicted in Fig.2. As can be seen the films are 
amorphous up to 600 °C and their spectra show three bands of vibrational modes characteristic for 
amorphous carbon (~1440 cm-1), silicon (close to 500 cm-1) and SiC (around 800 cm-1). It means that the 
carbon, silicon, and SiC clusters coexist in all amorphous and even partially crystalline films. It is due to the 
fluctuations of atomic fluxes during sputtering that results in the local inhomogeneity of the film. 

The crystalline structure starts to be formed at approx 750 °C, partial crystallization of SiC takes place inside 
the amorphous matrix as can be seen from Raman spectra in Fig.2. The broad band at ~800 cm-1 splits into 
two components centered at ~ 780 and ~ 920 cm-1. One observes also an evident broadening of the carbon 
band preceding its splitting into D and G bands, whereas the silicon-related band remains almost 
unchanged. It may indicate that some ordering starts also in the carbon clusters.  

In the case of silicon carbide thin films, the hardness and elastic modulus of a-SiC decrease with increasing 
negative substrate bias, similarly to a-Si films. The summary of mechanical properties is presented in Table 
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2. In contrast to a-Si or a-C films [13] the growth of compressive stress is not accompanied by the growth of 
hardness. This means that relationship between negative substrate bias, compressive stress and hardness is 
a complex issue for substances with dominant covalent bonding.  

The increasing deposition temperature leads to reducing compressive stress and Ar concentration. It results 
in improvement of atomic short-range order and bonding between clusters, which leads to the increase of 
hardness and elastic modulus.  

Table 2:Summary of mechanical properties of amorphous 

Td[°C] U[V] structure Er [GPa] H [GPa] H/Er Wp/Wt 

25 -160 a-SiC 251±2 20,4±0,6 0,081±0,003 0,448±0,008 

25 -100 a-SiC 247±1 21,2±0,1 0,086±0,001 0,448±0,004 

25 -50 a-SiC 285±2 22,9±0,3 0,080±0,001 0,458±0,006 

25 0 a-SiC 286±2 22,3±0,2 0,077±0,001 0,468±0,006 

200 0 a-SiC 292±3 25,5±2,2 0,087±0,008 0,420±0,043 

400 0 a-SiC 290±1 27,0±1,4 0,094±0,005 0,392±0,033 

600 0 a-SiC 296±3 30,5±0,3 0,103±0,002 0,338±0,012 

750 0 a-SiC + b-SiC 378±5 40,0±1,0 0,106±0,004 0,306±0,023 

  a-SiC(001) 500±5 36,9±0,6 0,074±0,002 0,428±0,017 

  b-SiC(111) 440±30 32,1±2,1 0,073±0,010 0,454±0,017 

  Sputtered silicon carbide target 311±12 21,6±0,9 0,069±0,006 0,514±0,028 

One can see that film deposited at 750°C shows a hardness values of approx. 40 GPa, whereas a-SiC(001) 
single crystal hardness is 36 GPa. Such enhanced film hardness with respect to the single crystal may be a 
result of improvement of the short-range order in amorphous matrix and especially due to a partial 
crystallization of the film with the increase of the substrate temperature. In fact the structure of this 
nanocrystalline film can be considered as nanocomposite consisting of nanograins of b-SiC and clusters of 
a-Si, a-C and a-SiC (b-SiC/a-Si/a-C or b-SiC/a-SiC/a-Si/a-C) where grain/cluster boundaries are enhanced. It 
should be noted that these films have only very small compressive stress that is important for practical 
applications. 

3.3. Boron carbide films 

The film composition is close to stoicheiometric B4C and does not depend practically on the substrate 
temperature and bias. Therefore the differences in the mechanical properties are the result of the 
differences in the microstructure. The oxygen content in the films is £ 0.1 at. The thickness of the films 
varies in the range of 1.1 - 1.6 mm in dependence on substrate bias and temperature. [14] 

All the films deposited at temperatures below 900 °C are amorphous, whereas polycrystalline structure 
appears above 900 °C as can be seen from Raman spectra in Fig.3. Data for sputtered polycrystalline boron 
carbide target are presented as well. The spectra from the polycrystalline films deposited at ~940 °C and 
970 °C correspond well to those from the target with the features broadened. As expected, this broadening 
decreases as the deposition temperature increases from 940 to 970 °C. In addition to the B4C related 
features, there is a strong sharp peak at 520 cm-1 originating in the silicon substrate. That indicates that 
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transparency of crystalline films is considerably higher in comparison to amorphous films. Besides a small 
broad band appears at about 1600 cm-1 that indicates the presence of carbon clusters in the film. 

 

 

 

 

 

 

 

 

Fig. 1. Raman spectra for films obtained at temperatures up to 970  C and polycrystalline boron carbide target. 

Hardness, reduced elastic modulus and other mechanical characteristics are summarized in Table 3. It is 
clear that the increase of the negative substrate bias results in the decrease of compressive stress, 
hardness, elastic modulus and H/Er ratio.  

Table 3:The summary of mechanical properties of B4C thin films 

Td[°C] U[V] structure Er [GPa] H [GPa] H/Er Wp/Wt 

25 -220 a-B4C 277±3 22,6±0,2 0,082±0,002 0,416±0,011 

25 -165 a-B4C 257±2 20,8±0,2 0,081±0,001 0,430±0,007 

25 -100 a-B4C 259±3 21,0±0,2 0,081±0,002 0,432±0,010 

25 -50 a-B4C 299±2 25,8±0,5 0,086±0,002 0,381±0,011 

25 0 a-B4C 324±7 27,3±0,5 0,084±0,003 0,390±0,011 

300 0 a-B4C 305±4 26,6±0,5 0,087±0,003 0,381±0,013 

500 0 a-B4C 322±6 28,7±0,9 0,089±0,004 0,369±0,011 

700 0 a-B4C 345±2 33,0±0,3 0,096±0,001 0,344±0,008 

800 0 a-B4C 341±5 33,0±0,7 0,097±0,004 0,344±0,024 

900 0 a-B4C 351±4 33,8±0,4 0,097±0,002 0,337±0,012 

940 0 c-B4C/a-B4C 344±5 35,4±1,3 0,103±0,005 0,309±0,032 

970 0 c-B4C 402±28 41,9±2,5 0,104±0,007 0,260±0,050 

Sputtered boron carbide target 518±11 41,4±0,9 0,080±0,004 0,344±0,039 



12. - 14. 10. 2010, Olomouc, Czech Republic, EU 

 
 

299 

The increase of deposition temperature leads to gradual improvements of atomic structure and is 
accompanied by the growth of hardness and elastic modulus. But they remain lower in comparison to 
polycrystalline bulk B4C (~41 GPa) up to deposition temperature of 940 °C. The increase of deposition 
temperature up to 970 °C results in more perfect structure. As a consequence the film hardness is in 
general close to bulk boron carbide but locally exceeds significantly this value and reaches about 60 GPa. 
The reduced elastic modulus for this film approaches that for bulk B4C. Such behavior of mechanical 
properties may be caused by inhomogeneous film microstructure, namely by a specific local 
nanocomposite structure due to some segregation of locally excessive free carbon. Such increased values 
may even indicate the possible limit of the mechanical properties in the B-C system.  

4. CONCLUSION 

The presented results suggest that in the case of one-component substance (Si), we could not form the 
nanostructure (amorphous, nanocrystalline or the mixture of amorphous and nanocrystalline phases) the 
hardness of which would be higher than that for appropriate single crystal. Contrary, in the case of two-
component ceramic substance (SiC, B4C) it is possible to reach such a nanostructure the mechanical 
properties of which exceed those for appropriate single crystal.  

The hardness enhancement in two or more component system is mainly the consequence of special 
nanocrystalline composite structure with strengthened atomic bonds especially along cluster (grain) 
boundaries if the crystallite size remains small enough to prevent dislocation activity. Furthermore it is 
beneficial if the product of difference of elastic moduli of individual structural segments is as high as 
possible according to the Koehler concept of strong solid [15]. Both of these presumptions are satisfied for 
nanocrystalline thin films of SiC and B4C with hardness exceeding the appropriate bulk material. Unlike this, 
the hardness of nanocrystalline silicon films is always lower or equal to that for Si single crystal, including 
films in which the small Si crystallites are distributed inside the amorphous matrix. Even if we consider Si 
film as two-phase material consisting of small crystallites inside the amorphous matrix the short-range 
order of Si atoms is inevitably the same along the boundaries of adjacent amorphous and crystalline phases 
that facilitates crossing such boundary by dislocation. 

Extrapolating these results on others two or more-component substances allows to predict new harder 
nanocomposite films. 
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Abstract 

Extensive studies of the 1D nanostructures (nanotubes, -pillars, -cabels, etc.) made of various materials 
revealed their unique chemico-physical properties due to quantum phenomena. However, very few 
attempts have been undertaken to prepare 2D nanostructures so far though theoretical studies indicated 
very interesting features of those nanoobjects. 

The nanostructure deposits containing free standing nanoplatelets were prepared using Low Pressure CVD. 
The deposits were grown onto copper substrates at temperature 500-550 °C. Ethylsilane EtSiH3 and 
hexamethyldigermane Ge2Me6 were chosen as precursors. Typical platelet areas reach up to several 
hundreds of µm2 and thickness ranges from 50 to 80 nm. 

The nanoplatelets possess composition corresponding to Cu3(Si0.5Ge0.5). The 3D collection of electron 
diffraction patterns has shown that the room-temperature structure of the nanoplatelets corresponds to 
the -Cu3Si phase. Evaluation of the diffraction patterns shows that the structure has trigonal symmetry 
with long period incommensurate modulation. It can be approximately described in a 36-fold 
superstructure with trigonal unit cell and cell dimensions a = b = 16.1 Ǻ, c = 21.8 Ǻ. 

Keywords: nanoplatelet, silicon, germanium 

1. INTRODUCTION 

Germanium along with silicon was from the very beginning the semiconductor element used in large scale 
production. However, some advantages in electronic structure and better technology boosted up silicon as 
a favorit in electronic industry. Last decade germanium have been regaining the interest due to 
nanolotechnology aspects. Germanium nanowires (GeNWs) seem to be an appropriate candidates owing 
better germanium mobility and lower band gap than those of silicon and their low dimensions. One 
dimensional GeNWs challenges researchers for advanced electronic applications [1-3]. 

Germanium and silicon nanowires have been prepared by various methods, some successful attemps have 
been made in synthesis of SiGe nanowires so far. However, there are very few references about synthesis 
of freestanding nanoplatelets containing silicon and germanium. The theoretical study [4] using ab initio 
calculation showed interesting electronic and optoelectronic properties e. g. remarkable anisotropy of Î2. 
The direct synthesis of Si nanosheets has been evidenced in [5]. The Si nanosheets grown along [111] 
direction has lateral dimensions up to several hundreds of microns, and thickness of 20-70 nm. 
Photoluminescence measurements revealed visible emission bands ranging from green to red. 
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In our preliminary experiments we succeeded to prepare freestanding 2D nanoplatelets whose thickness 
ranged 40-80 nm. Perfectly flat nanoplatelets are promising substrates for photonics and Surface 
Enhanced Raman Spectroscopy (SERS). 

2. EXPERIMENTAL 

Nanoplatelets were deposited by LPCVD of hexamethyldigermane (GeMe3)2 (Aldrich, tech., 993-52-2) onto 
Cu substrates. Ethylsilane was from our stock. The reactor was evacuated by a Pfeiffer Vacuum TCP 380 
turbopump to a base pressure ~10-4 Pa. The CVD procedure proceeded in a furnace (Thermolyne 21100) for 
about 60 minutes in the flow mode at temperature of 500 °C or 520 °C and pressure of 90-150 Pa. 

Electron microscopy analyses were performed using three instruments: 

Field Emission Scanning Electron Microscopy (FESEM) instrument JEOL 7500F was equipped with low angle 
backscatter imaging, image automation, r-Filter and GB mode. A resolution was up to 1.4 nm at 1 kV.  

High Resolution Transmission Electron Microscopy (HRTEM) was carried out on a JEOL JEM 3010 
microscopewith EDS unit. It was operated at 300 kV (LaB6 cathode, point resolution 1.7Å). Images were 
recorded on a Gatan CCD camera with resolution 1024x1024 pixels using the Digital Micrograph software 
package. Deposits were transferred onto a holey-carbon-coated copper grid by brushing the grid dipped in 
ethanol against the substrate plate containing the deposit. 

3. RESULTS AND DISCUSSIONS 

The deposits contain flowerlike aggregates of micrometer-size Cu3(Si,Ge) platelets (Fig. 1-3) and Cu3(Si,Ge) 
(Fig. 4) nanowires. The platelets exhibit various shapes from hexagonal to elongated serrated blades. They 
are up to several micrometers in size but have thickness of only about 40 nm. Changing the deposition 
temperature to 520 °C resulted in preparing net-like nanoplatelets (Fig. 5, 6). 

The nanowires are about 10nm thick and several micrometers long. They are single crystals and contain no 
defects. Some nanowires are wrapped in an amorphous jacket (formed most likely by Ge-oxides). In 
addition, some nanowires are decorated with isometric Ge nanocrystals about 5 nm in diameter. 

 

 

 

  

 

 

 

  

  

 

Fig. 1 - Up side FESEM view of nanoplatelets 
population 

Fig. 2 -Side FESEM view of nanoplatelets 
population 
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Fig. 5 - FESEM image of net-like nanoplatelets 
Fig. 6 - Net-like nanoplatelet as a transition 
structure between nanowires and a regular 
nanoplatelet 

 

 

 

 

 

 

According to Electron Dispersive Scattering (EDS) analysis the nanoplatelets have composition 
corresponding to Cu3(Si0.5Ge0.5). 

The 3D collection of electron diffraction patterns has shown that the room-temperature structure of the 
nanoplatelets corresponds to the '-Cu3Si phase. The exact structure of the '-Cu3Si is not known yet. '-
Cu3Si phase is stable approximately between 500 and 600 °C. 

The presence of Ge in the structure seems to stabilize the structure at room temperature. Selected Area 
Electron Diffraction (SAED) patterns revealed that the material exhibits an incommensurately modulated 
structure [6]. It is composed of slabs of modulated Cu layers separated by graphene-like sheets of SiGe. The 
structure can be approximately described in a 36-fold superstructure with trigonal unit cell and cell 
dimensions a=b=16.1A, c=21.8A. The modulation leads to an extreme distortion of the Cu-containing 
honeycomb layers that results in a pentagonal instead of hexagonal arrangement of Cu atoms, and as a 
consequence to icosahedral Cu clusters. 

 

 

Fig. 3 - Single nanoplatelet with clearly 
distinguished thickness of 40 nm 

Fig. 4 - FESEM image of nanowires growing 
among nanoplatelet populations 
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4. CONCLUSIONS 

Synthesis of Cu3(Si0.5Ge0.5) nanoplatelets and nanowires was accomplished using copyrolysis of two starting 
precursors. The nanoplatelets possess an unique incommensurately modulated structure. 
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T.I.IVANOVAa1, YU.S. KOSHKIDKOb, K.P. SKOKOVb, D.YU. KARPENKOVb,  
A.YU. KARPENKOVb, YU.G. PASTUSHENKOVb S.A.NIKITINa 

a.Moscow State University, Faculty of Physics, Moscow, Russian Federation 

b.Tver  State University,Faculty of Physics,Tver, Russian Federation 

Abstract 

The results of investigation of magnetocaloric effect in microcrystalline and nanocrystalline TbFe11Ti and 
GdFe11Ti intermetallic compounds are presented. It was found that the dependence between the reduction 
of the grain size below a single domain size and value of magnetocaloric effect has a complicated nature. 
Appearance of this dependence has been explained by the influence of intergrain exchange interaction in 
nanocrystalline alloys. 

Keywords: magnetocaloric effect ; nanocrystalline rare-earth compounds; 

1. INTRODUCTION 

Nanocrystalline intermetallics and alloys are novel materials which provide great opportunities for 
researchers to develop many important technical applications such as magnetic refrigerators, magnetic 
recording et cetera. The interest in research on nanocrystalline rare-earth intermetallic compounds has 
increased considerably since it was found that these compounds are suitable materials for magnetic 
refrigerant over a large temperature span. Magnetic refrigeration based on the magnetocaloric effect 
(MCE). The MCE is a magneto-thermodynamic phenomenon, in which a reversible change in temperature 
of a material is caused by exposing this material to a changing magnetic field under adiabatic conditions. 
Here, we report a result of the experimental MCE research for the microcrystalline and nanocrystalline 
TbFe11Ti and GdFe11Ti compounds. 

The magnetic properties of TbFe11Ti and GdFe11Ti compounds have been studied earlier [1-5]. As it is 
known, the magnetocaloric effect has maximum magnitude in the area of the magnetic phase transitions. 
These compounds have the Curie temperatures near room temperatures, which allow hoping for 
occurrence a considerable МСЕ in the region of the magnetic phase transitions and for theirs applications in 
cryogenic magnetic refrigerator devices. Besides, the RFe11Ti compounds with ThMn12 crystalline structure 
have a wide homogeneity region. 

2. EXPERIMENTAL 

The measurements were performed on the single crystals and noncrystalline of the RFe11Ti compounds, 
where R =Gd,Tb. The cast alloys were prepared by means of high-frequency induction melting in the 
atmosphere of pure argon. The method of synthesis made it possible to obtain coarse-grained ingots. The 
single crystal grains were separated from these ingots. 

The rapidly quenched alloys were prepared by crystallization of the melt on the horizontally rotating copper 
disk, which has the linear velocity of about 6.53 m/s. 
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The method of X-ray diffraction analysis was used to attest the obtaining nano- and micro-crystalline 
samples. 

The dimensions of grain were determined by the methods of atomic- power microscopy. Measurements of 
МCE have been carried out by a direct method by means of the copper-constantan thermocouple, which was 
placed in the sample surrounded by an adiabatic envelope. The values of MCE (ΔТ) were defined in the range 
of temperatures 80 - 700 K and in the static magnetic fields up to 18.5 kOe. 

The observation of domain, micro- and nanostructure of the cast and rapidly quenched samples were 
performed using optical microscopy (magnification up to 1000) and atomic force microscopy (magnification 
up to 50000). 

3. RESUTS AND DISCUSSION  

The domain structure of TbFe11Ti single crystals was studied using the magnetooptical Kerr method. 
Microstructure of the nanocrystalline TbFe11Ti sample was observed by methods of the atomic force 
microscopy. The obtained results represent in Fig.1 (a) and Fig. 1(b) respectively. 

As shown in Fig. 1(a) and Fig.(1 (b) grain size of the cast alloys approximately equal to 200 microns, while  
the nanoparticle  size of rapidly quenched alloys approximately equal to 50 nanometer. 

The microstruture image of nanocrystalline GdFe11Ti sample (not shown) received by methods of atomic 
force microscopy similar to the one of nanocrystalline TbFe11Ti alloy. The nanoparticle size of the  

GdFe11T alloy was estimated to be ≈ 80-100 nanometers.  

 

 

 

 

 

 

 

Fig.1 Kerr microscopy images showing the domain and crystalline structure of microcrystalline TbFe11Ti alloys (a) 

and atomic force microscopy images showing microstructure of nanocrystalline TbFe11Ti alloys (b). 

Fig. 2 shows the magnetocaloric effect change versus temperature curves for TbFe11Ti single crystals and 
for nanocrystallalline state TbFe11Ti alloy. The obtained results indicate that the MCE maximum of micro- 
and nanocrystalline samples of TbFe11Ti alloy equal to1.23 K and 0.91 K respectively. Furthermore the shift 
of the MCE maximum approximately on 15 К towards low temperatures is observed for the nanocrystalline 
sample. 

Temperature dependence of the magnetocaloric effect in magnetic field 18.3 kOe is shown in Fig. 3 for the 
GdFe11Ti single crystals and for nanocrystallalline state GdFe11Ti alloy. As seen from Fig. 3, the MCE 
maximum of the single crystal GdFe11Ti alloy equal to 1.47 K while the one for nanocrystallalline state 
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GdFe11Ti sample to become substantially smaller ΔТ≈ 0.8 K. Besides, the MCE nanocrystallalline maximum 
shifts almost by 100 K with regard to the one for the GdFe11Ti single crystal. 

All of the above experimental results show that the value of magnetocaloric effect of the TbFe11Ti and 
GdFe11Ti alloys essentially depends on the grain size. The change of MCE in nanocrystalline alloys can be 
explained by the influence of intergrain exchange interaction. It is known when the exchange interaction 
between grains with a size below the single-domain particle size takes place; these grains participate in the 
formation of interaction domains [6, 7]. Our analysis of MCE and the magnetic microstructure evolution of 
the rapidly quenched alloys in dependence on the grain size shows that for alloys with grain size more than 
200 nm no interaction domains and no changes in the magnitude of MCE are observed. But, below critical 
grain size about 150 nm the interaction domains appear in a specimen and the change of MCE become 
essential. 
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Fig. 2. Magnetocaloric effect in field 18,3 kOe of micro- 
and nanocrystalline TbFe11Ti  alloys. 

Fig. 3. Magnetocaloric effect in field 18,3 kOe of micro 
and nanocrystalline GdFe11Ti  alloys. 
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Abstract 

The Sn-Ag and Sn-Au alloys are widely considered as a promising alternative for the replacing of lead-based 
solder. We have examined a novel approach to gas-phase deposition of nanosized Sn-Ag and Sn-Au alloys 
embedded in a carbonaceous phase based on IR laser ablation of Ag or Au in a plume (dielectric 
breakdown) of tetramethyltin (TMT). In this approach, Ag/Au nanoparticles are propelled from the target 
and mixed with Sn clusters produced in the gas phase by the decomposition of TMT. The resulting Sn-Ag or 
Sn-Au structures are during their formation subject to heating and subsequent cooling within some ms. The 
decomposing TMT, serving as a carbon source, may provide additional stabilization of these metastable 
structures. 

We obtained thin Sn-Ag-C and Sn-Au-C films that were characterized by scanning electron microscopy 
(SEM), Raman spectroscopy, micro X-ray diffraction (µ-XRD) and high-resolution transmission electron 
microscopy (HRTEM). We revealed that the deposits consist of nanostructured metastable mostly 
amorphous Sn-Ag-C and Sn-Au-C phases containing nanoparticles of tetragonal Sn. The β-Sn nanoparticles 
in the Sn-Ag-C deposit are covered with crystalline shell whereas the Sn-Au-C film contains β-Sn with 
amorphous shell.  

Keywords: tetramethyltin, IR laser, ablation, Sn-Ag, Sn-Au, nanoalloys, dielectric breakdown 

1. INTRODUCTION  

Increasing environmental and health concerns over the toxicity of lead-based solders have provided an 
inevitable driving force for the development of lead free solders. Among these new lead-free solders 
belongs Sn-Ag and Sn-Au alloys which are a promising alternative due to its higher strength and superior 
resistance to creep and thermal fatigue from the formation of fine Ag3Sn [1,2,3] and eutectic 80Au-20Sn [4, 
5,6] in intermetallic compound.  

This work brings a novel approach for nanoalloy synthesis consisting in a highly focused pulsed IR laser 
irradiation of gaseous organometallic precursor at a metal target. The irradiation induces ablation of metal 
target in adjacent dielectric breakdown of organometallic gas. As a result, the gas-phase produced clusters 
of two different metals are allowed to interact and deposit from the gas phase as mixed nanosized 
structures whose formation and stabilization are feasible due to very short (several µs) time intervals of 
pulse heating and post-pulse cooling [7, 8]. We have examined the above approach for suitability to gas-
phase deposition of carbon coated nanosized Sn-Ag and Sn Au alloys. The pulsed IR laser ablation of Ag/Au 
in a plume (dielectric breakdown) of tetramethyltin (TMT) allowed gas-phase formation of Ag/Au 
nanoparticles that were propelled from the target and mixed with Sn clusters produced in the 
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decomposition of TMT. The decomposing TMT served also as a source of carbon fragments which can 
provide additional stabilization to produced metastable structures.  

2. EXPERIMENTAL  

The highly focused laser irradiation of TMT (total pressure 0.5 Torr) and of Ag and Au target leading to 
dielectric breakdown was accomplished with the TEA CO2 laser (Plovdiv University, model 1300 M) 
operating with a repetition frequency of 1 Hz at the P(20) line of the 0001→1000 transiぼon (944.19 cm-1) 
and pulse energy 1.8 J. Irradiation was achieved in a Pyrex reactor (520 ml in volume, Fig. 1) that consisted 
of two orthogonal positioned Pyrex tubes (both 3 cm in diameter, one 9 cm and the other 13 cm long) 
fitted with KBr windows and furnished with PTFE valve connecting to vacuum manifold and pressure 
transducer. The laser pulse was focused with a NaCl lens (f. l. 15 cm) at the surface of metal target (Ag or 
Au) to generate a elliptical spark expanding from position of focusing, above which was accommodated a 

silicon substrate. The configuration is shown in Fig.1. TMT and 
Ag/Au target were irradiated by 60 pulses and the thin film on 
the Si substrate was deposited through 8 cycles.  

Fig. 1. Top view of the irradiated Pyrex reactor. 

1- KBr window, 2- PTFE valve, 3- substrate situated at the top of pyrex 
tube in the touch with the luminescence zone of breakdown spark, 4- 

plume, 5- laser pulse, 6- lens, 7- metal target.  

We obtained thin Sn-Ag-C and Sn-Au-C films that were 
characterized by scanning electron microscopy (SEM) Philips 
XL30 CP equipped with EDX (energy dispersive X-ray), Robinson, 

SE (secondary electron) and BSE (back-scattered electron) detectors and Raman spectroscopy. Micro X-ray 
diffraction (µ-XRD) patterns were obtained by Siemens D5005 instrument using CuKα radiation (40 kV, 30 
mA) and diffracted beam monochromator. Qualitative analysis was performed with the Eva Application and 
the Xpert HighScore using the JCPDS PDF-2 database. High-resolution transmission electron microscopy 
(HRTEM) JEOL JEM 3010 and Selected Area Electron Diffraction (SAED). 

3. RESULTS 

The unfocused TEA CO2 laser irradiation of TMT (total pressure 0,5 Torr) does not lead to direct 
multiphoton excitation and decomposition of TMT (TMT does not posses absorption band coinciding with 
P(20) line of the 0001→1000 transiぼon (944.19 cm-1) of CO2 laser) but the highly focused radiation at the 
surface of Ag or Au target in solid state induces non-resonant interaction leading to dielectric breakdown (a 
visible spark) [7, 9] and results in a decomposition of TMT and simultaneously in ablation/etching yielding 
elemental metals in the gas phase and allowing deposition of ultrafine solid on the Si substrate.  

SEM images of the deposits (Fig. 2a, b) show spherical and fluffy morphology of deposited particles ranging 
from sub-µm-sized bodies to several µm large agglomerates. 

Raman spectra of the deposits (Fig. 3a,b) shows broad bands around 1584 cm-1 and 1400 cm-1 and a sharp 
band at 520 cm-1 which are respectively assigned to characteristic G and D peaks of graphitic carbon and Si-



 
 
Si bond in the silicon substrate. A very broad band centered around 624 cm
an amorphous phase.  

Fig. 2. SEM images of the

Fig.3. Typical Raman spectrum of the Sn

The µ-XRD analysis of the deposit (Fig. 4a bifurcated signal of SnAg1) does not reveal any crystalline 
features except the suggestion of the phas
which agrees with tetragonal β-Sn. The µ
signal of SnAg2) is in accordance with completely amorphous structure. The analysis by 
these µ-XRD results. The m-XRD analysis (Fig. 4b) of deposit 
oC does not indicate presence of any crystalline phases and reflects amorphous phase.

Fig. 4. µ-XRD analysis of the Sn-Ag-C (a) deposit before (SnAg1) and after (SnAg2) heating to 180°C; Sn

deposit before (SnAu1) and after (SnAu2) heating to 180°C
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Si bond in the silicon substrate. A very broad band centered around 624 cm-1 (Fig. 3a) suggests presence of 

a    

SEM images of the Sn-Ag-C (a) Sn-Au-C (b) deposit 

a  

Typical Raman spectrum of the Sn-Ag-C (a), Sn-Au-C (b) deposit 

XRD analysis of the deposit (Fig. 4a bifurcated signal of SnAg1) does not reveal any crystalline 
features except the suggestion of the phase with the unit cell parameters a = 0.5831 nm and c = 0.3182 nm 

Sn. The µ-XRD analysis of the deposit heated to 180°C (Fig. 4a bifurcated 
signal of SnAg2) is in accordance with completely amorphous structure. The analysis by TEM agrees with 

XRD analysis (Fig. 4b) of deposit before (SnAu1) and after (SnAu2) heating to 180 
does not indicate presence of any crystalline phases and reflects amorphous phase. 

a

C (a) deposit before (SnAg1) and after (SnAg2) heating to 180°C; Sn

deposit before (SnAu1) and after (SnAu2) heating to 180°C 

, Czech Republic, EU 

(Fig. 3a) suggests presence of 

 b 

 b 

XRD analysis of the deposit (Fig. 4a bifurcated signal of SnAg1) does not reveal any crystalline 
e with the unit cell parameters a = 0.5831 nm and c = 0.3182 nm 
XRD analysis of the deposit heated to 180°C (Fig. 4a bifurcated 

TEM agrees with 
before (SnAu1) and after (SnAu2) heating to 180 

b 

C (a) deposit before (SnAg1) and after (SnAg2) heating to 180°C; Sn-Au-C (b) 
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The TEM images of both Sn-Ag-C (Fig. 5a) and Sn-Au-C (Fig. 6a) reveal irregular agglomerates consisting of 
amorphous matrix containing rare spherical crystalline (10-50 nm-sized) nanoparticles. EDX analyses 
indicate great amounts of Sn and Ag/Au and C elements and a small contamination by O element.  

The HRTEM image of Sn-Ag-C film (Fig. 5b) shows a crystalline spherical nanoparticle growing on a bigger 
amorphous particle. The interlayer spacing of d = 0.279 nm relates to tetragonal Sn (PDF 04-0673) and 
corresponds to the distance between (101) crystal planes. The crystalline nanoparticles (Fig. 5b, c) are 
covered by crystalline shell which is not possible to analyze and which can be tentatively ascribed to an 
oxidized Sn or a thin C shell. The HRTEM image in (Fig. 5d) consists of a blend of amorphous and crystalline 
phase which is, in agreement with the values of interlayer spacing of d = 0.279 nm, due to tetragonal Sn 
and fits the distance between (200) crystal planes. The (Fig. 5c) shows the HRTEM image of a spherical 
crystalline particle whose interlayer spacing of d = 0.279 nm corresponds to tetragonal Sn (PDF 04-0673). Its 
surface is covered by an unknown crystalline phase which could be very tentatively assigned to Sn oxides or 
to C shell. These spectral and electron microscopy data are thus compatible with two different species, an 
amorphous Sn-Ag-C alloy and the crystalline nanobodies of β-Sn covered with an unknown crystalline shell. 

 

Fig.5. TEM (a) and HRTEM (b-d) micrographs of the deposit. 

The HRTEM micrographs of Sn-Au-C (Fig.6b,c) of crystalline nanoparticles show the interlayer spacing of d = 
0.279 nm (Fig. 6b) and d = 0.289 nm (Fig. 6c), the values are assigned to tetragonal Sn (PDF 04-0673) and 
respectively correspond to the distance between (101) and the distance between (200) crystal planes. The 
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spherical (Fig. 6b) is surrounded by an amorphous Sn-Au-C phase. The crystalline Sn particle (Fig.6c) is 
covered with an amorphous shell. 

 

Fig.6. SEM (a) and HRTEM (b) and (c) micrographs of the deposit. 

4. CONCLUSION  

We have demonstrated that the IR laser irradiation method allows gas phase deposition of nanostructured 
metastable films consisting of mostly amorphous Sn-Ag-C and Sn-Au-C phase containing nanoparticles of 
tetragonal Sn. Sn nanoparticles obtained in the presence of Ag ablation are covered with crystalline shell 
while the ablation of Au and simultaneous decomposition of TMT results in the formation of Sn 
nanoparticles covered with amorphous shell. These nanostructures are in keeping with the co-occurrence 
of the decomposition of TMT and ablation of Ag or Au target both of which being followed by 
clustering/intermixing of extruded Sn, Ag/Au and CHx in the gas phase. 
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Abstract 

TiO2 is being used in photocatalysis for its higher photocatalytic efficiency and chemical stability. TiO2 in 
anatase form has band gap Eg=3.2 eV. Wavelenghts shorter than 390 nm (UV light) excite valence electrons 
to conductive band. One way for maximizing photocatalytic efficiency is modification of TiO2 nanoparticles 
using noble metals. Using sol-gel method we prepared undopped and Ag dopped TiO2 nanoparticles. 
Titanium tetraisopropoxide was used as TiO2 precursor and silver nitrate as source of Ag, sodium citrate 
tribasic dihydrate was used as reduction agent. Precursors reacted in acidic solution under vigorous stirring 
at elevated temperature. Obtained white gel was dried and homogenized to powder. Samples were 
characterized using XRD, SEM.  Photocatalytic activity was studied under UV and visible light irradiation by 
the means of acid orange7 discoloration. Acute toxicity test of prepared nanoparticles according to the 
OECD 201 algal growth toxicity test with organism Desmodesmus subspicatus. EC50 and NOEC values were 
determined. The EC50 value was higher for undoped TiO2 than for Ag doped TiO2 nanoparticles, which 
means higher toxic effect for Ag doped nanoparticles. 

Key words: TiO2, phytotoxicity, photodegradation 

1. INTRODUCTION 

Since the 20 th century Titanium dioxide is being widely used  as a white pigment. In civil engineering, in 
pharmacy (tablet coating), in cosmetics (such as sunscreens) and as a food additive. After its photocatalytic 
properties were discovered in the 80s its importance has grown even more. It is used in semiconductor 
industry, sensitized solar cells, accumulators, self-cleaning surfaces, for superhydrophilicity coatings, water 
purification, decomposition of organic and inorganic compounds, antifogging glasses, sanitary ceramics, 
etc. 

TiO2 is being used in photocatalysis for its higher photocatalytic efficiency and chemical stability. TiO2 in the 
anatase form has band gap Eg=3.2 eV. After absorbing photon with efficient energy (wavelenghts shorter 
than 390 nm) one of the valence electrons is excited to the conductive band. Electron-hole pair is 
generated. One way for maximizing photocatalytic efficiency is modification of TiO2 nanoparticles using 
noble metals. 

When using products enhanced by nanoparticles, we should be aware of a possible risk of adverse effects 
on our population and/or entire ecosystem. That is why we stress taking toxicity tests in account before 
releasing the actual product. Also potential risks due to chemical accidents should be assessed. Since water 
is essential component of our ecosystem, toxicity tests addressing this issue has to be performed. One way 
to determine possible risks to water ecosystems is the acute toxicity test using exponentially growing 
freshwater green algae.  

In generall, OECD guidelines [1] are used for the algal growth inhibition assay. Though the test is originally 
intended for chemicals, Hund-Rinke and Simon [2] showed that it is principally possible to be used for 
nanoparticles toxicity testing. Currently, there is a lack of information on acute toxicity of nanoparticles to 
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freshwater green algae species. First toxicity study on TiO2 nanoparticles to green algae was carried out by 
Hund-Rinke and Simon [2] on organism Desmodesmus subspicatus where they found out EC50 value for 25 
nm particles to be 44 mg/l. In another study [3], the testing was performed on Pseudokirchneriella 
subcapitata.The results showed only a little difference between fine particles (EC50 = 16 mg/l; ~ 99% TiO2 
core with ~ 1% Al surface coating) and ultrafine particles (~ 100 nm average primary size; EC50 = 21 mg/l; 
90 wt.% TiO2, 7% alumina, and 1% amorphous silica). Aruoja et al. [4] also studied P. subcapitata and 
determined EC50 for TiO2 nanoparticles to be 5.83 mg/l. 

2. EXPERIMENTAL  

2.1 Materials 

Titanium tetraisopropoxide (TTIP) was purchased from (Fluka) and used as a titanium precursor for the 
preparation of TiO2 and Ag doped TiO2 ultrafine particles. Silver nitrate served as a source of Ag, sodium 
citrate tribasic dihydrate was used as a reduction agent, both compounds were of analytical grade (Merck). 
Deionized water was used for preparation of all the solutions and conc. HNO3 (Mach chemicals) of 
analytical grade was used for pH adjusting. 

2.2 Synthesis 

The synthesis of the TiO2 particles was performed according to the procedure described by Lee et al. [5]. 
Sodium citrate tribasic dihydrate (0.2500 g) dissolved in deionized water (250 ml) was mixed with silver 
nitrate (0.0860 g). The reduction of Ag+ to Ag0 took place at a higher temperature (80°C) under vigorous 
stirring and was completed when the colour of the solution changed from colourless to violet/brown. In the 
next step, the TTIP (50ml) was added to the prepared solution of Ag0 together with approx. 5 ml of conc. 
HNO3. Subsequently, the temperature was lowered to 50°C and the mixture was left for 24 hours for aging 
under vigorous stirring. The white gel prepared was dried at ambient temperature to obtain the final 
sample assigned as a Ag-TiO2. Undoped titanium dioxide assigned as TiO2 was prepared the same way as 
the Ag-TiO2 sample without the step of AgNO3 addition.  

2.3 Characterization 

2.3.1 The X-ray powder diffraction 

XRD patterns were recorded under CoKα irradiation (l = 1.789Å) using Bruker D8 Advance diffractometer 
(Bruker AXS, Germany) equipped with fast position sensitive detector VÅNTEC 1. The measurements were 
carried out in the reflection mode, the powder samples were pressed in a rotational holder. The phase 

composition was evaluated using the database PDF 2 Release 2004 (International 
Centre for Diffraction Data). The average size of anatase crystallite was calculated 
using equation (1) proposed by Scherrer [6]. 

2.3.2 Scanning electron microscopy 

The morphology of composite particles was observed using SEM Philips XL 30. Samples were coated with a 
Au/Pd film and the SEM images were obtained using a secondary electron detector. The elemental 
composition of the samples was determined by the EDX analysis (EDAX). 
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2.4 Photocatalytical measurements 

The prepared sample (50mg) was mixed with deionized water (65 ml) and acid orange 7 solution (5 ml, 
c=6.10-4 mol/L). The mixture was stirred in a sealed reactor for 1 hour in darkness. A UV lamp (Pen Ray 
356 nm by UVP) was placed inside the reactor. Approx. 2 ml of colloid suspension was taken in 5-minute 
intervals. While measuring the absorbance of a sample using fiber optics spectrometer USB4000 
(OceanOptics), the Pen Ray lamp was placed out of the reactor. After the absorbance measurement the 
sample was returned to the reactor and the procedure of the UV illumination continued. The average time 
for the complete degradation was 30 minutes.  

2.5 Phytotoxicity testing 

The acute toxicity of TiO2 nanoparticles aqueous suspensions was carried out according to the OECD 201 
guideline for algal growth inhibition test. Green algae Desmodesmus subspicatus was used as a detection 
organism. The biomass of exponentionally growing algal culture was measured using a light microscope 
with a counting chamber. Microsoft Office Excel 2007 was used to calculate the effective concentration 
causing the 50% growth inhibition after 72 hours of exposure (EbC50(72)) and no-observed effective 
concentration (NOEC). 

3. RESULTS AND DISCUSSION 

3.1 Phase composition 

The presence of silver in the Ag-TiO2 sample was not proved using the EDX analysis due to the theoretical 
amount of silver being under the EDX detection limit. The XRD patterns of the prepared samples are 
compared in Fig. 1.  

Table 1 The crystallite size 

Sample w(Ag)* wt.% crystallite size (nm) 

TiO2 0 4.5 

Ag-TiO2 0.20 4.6 

* presumed Ag content 

 

 

 

 

 

Fig. 1 The XRD patterns of TiO2 and Ag-TiO2 samples, where A is anatase and R rutile. 
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The comparison of the XRD patterns of both samples TiO2 and Ag-TiO2 showed no evident difference 
between both prepared samples in the phase composition. Due to the nanosized character of the 
crystallites, the diffraction peaks are broad and of low intensity. The crystallite size was calculated using 
formula (1). Where d is the crystallite size, l is the X-ray wavelength, b is the width of the peak (the full 
width at half maximum (FWHM) or the integral breadth corrected for the peak broadening caused by the 
instrument alignment), θ is the Bragg angle, K is the Scherrer constant. 

 

Fig. 2 SEM image of TiO2 particles agglomerate.         Fig. 3 SEM image of Ag-TiO2 particles agglomerate. 

3.2 Morphology of the prepared samples 

There are no major differences in the morphology of the two prepared samples. The details of larger 
particles aglomerates are shown in Fig. 2 and Fig. 3. Larger formations were formed during the drying 
process of the prepared gel. The dried gel was subsequently powderized. Since the particles in the 
suspension did not sediment during a four-day period and passed through a filter with pores 0,45 µm 
diameter, we suppose that the dissolution of aglomerates formed during the drying process takes place in 
stirred suspension. 

3.3 Photodegradation activity 

The progress of dye degradation after the exposure of the suspension to the UV light is shown in Fig.4. Both 
samples showed remarkable catalytic properties. Four times lower absorbance values were measured after 
25 minutes of irradiation, which means that the acid orange 7 was significantly photodegradated. The Ag 
doped sample shows greater photocatalytic activity than the undoped one.  

Table 2 The toxicity of samples described by EbC50(72) and NOEC values [mg sample/L] 

sample EbC50(72) NOEC 

TiO2 7.59 0.61 

Ag-TiO2 4.12 0.72 

3.4 Phytotoxicity  

Table 2 shows the results of the acute toxicity to green algae of the two prepared samples. The EbC50(72) 
for the undoped TiO2 was determined to be 7.59 mg TiO2/dm3 and 4.12 mg Ag-TiO2/dm3 for the Ag doped 
TiO2. Nonetheless, it is difficult to obtain consistent experimental data due to inhomogeneities in the 
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aqueous suspension of the sample. Thus, further assessment should be performed using sonication of 
theresults of the doped sample show the influence of the presence of Ag. Our experimental results are 
consistent with data measured by Navarro et al. [7] who tested the acute toxicity of silver nanoparticles 
only. The toxic effect of TiO2 nanoparticles is probably not given by the released titanium ions from TiO2 

particles, which was 
experimentally proved by limited 
dissolution of Ti from a TiO2 
sample. According to the 
literature review, the exact 
mechanism of the toxic effect of 
TiO2 nanoparticles is still 
unknown. 

Fig. 4. Dye degradation expressed 

as absorbance values for 484 nm 
wavelenght. 

4. CONCLUSION 

The sol-gel method was successfully used for the preparation of the TiO2 and Ag-TiO2 samples. The XRD 
analysis proved the presence of anatase and rutile phases. The silver doping does not affect the crystallite 
size in comparison with the undoped sample. The Ag-TiO2 sample shows more efficient photocatalytic 
activity than the undoped TiO2. The acute toxicity to the green algae expressed as EC50 values was 
determined for both the prepared samples - the undoped TiO2 and the Ag doped TiO2. The EC50 value was 
7.59 mg sample/L for the undoped TiO2 and 4.12 mg sample/L for the Ag doped TiO2.  
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Abstract 

Accumulative roll bonding (ARB) process has been used for pure copper (99.9%). The ARB process up to 6 
cycles was performed under unlubricated conditions. Texture and microstructure evolution during 
accumulative roll bonding (ARB) of samples has been investigated. The grain size after six pass is 310 nm.  
The results indicate that with increasing the number of cycles, the overall texture intensity increases even 
up to the six rolling pass and a strong texture develops. The main textural components are the brass, TC 
and Dillamore of which the intensities increase with increasing number of cycles. Grain refinement is 
slightly decreased after 4 cycles. Evolution of strong texture with very sharp components during the ARB 
leads to the formation of a band-like structure and prevents the full grain refinement. 

Keywords: Accumulative roll bonding; Nano grained Copper; Texture evolution 

1. INTRODUCTION 

With the rapid development of electronic industries, high strength and high electrical conductivity copper 
alloys as conducting materials are in increasing demand. Conventionally, high strength in copper alloys has 
been achieved by the processes inherently lower conductivity compared to the unalloyed counterpart. In 
order to overcome this inherent shortcoming associated with the conventional Cu alloys, the development 
of pure Cu with the nano-sized grains has been being explored by employing a severe plastic deformation 
(SPD) principle [1, 2]. 

In SPD processes, high strain is introduced within the samples without significant change of the specimen 
dimensions. Among SPD processes, ARB is considered the most favorable process for practical applications, 
because it is feasible by conventional rolling techniques and applicable to sheet bulk materials in large 
quantity [3]. 

Pure aluminum [3, 4] together with the alloys AA5083 [3], AA8011 [5,6], AA6061 [7], AA8090 [9] as well as 
Ti-IF steel [11] are the materials which have been already successfully processed with different ARB cycles.  
Although extensive studies have been conducted regarding the mechanical properties and micro structural 
evolution of materials processed by ARB, there is only limited quantitative information available on the 
texture evolution during this process. Texture analysis is a powerful technique to investigate the micro 
structural evolution of materials after deformation. It provides information about the previous processing 
history of the material. 

It has been shown that evolution of texture is different during ARB when compared to that of 
conventionally rolled sample [12]. The ARB processed materials contain a lot of interfacial layers parallel to 
the sheet surface. In commercially pure Al, it has been shown by Heason and Prangnell [13] that most of 
the shear texture rotated to Cu and S textures when incorporated into the center during ARB.  Kim et al. 
[14] also observed presence of ideal Cu and Dillamore {4 4 11} <11 11 8> orientations at the center during 
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ARB in A8011 alloy. They also pointed out that the texture of the ARB processed sheet has more complex 
features than that of conventionally rolled sheets.  In commercially pure Al, it has been shown from {1 1 1} 
pole figures that texture developed after ARB is asymmetric and very weak [15]. 

The texture of the last cycle of ARB has been studied by researchers and the results indicate that there is a 
texture gradient through thickness due to shear strain distribution and deformation mode.  That most of 
the shear texture rotated to Cu and S textures when incorporated into the center during ARB [1, 3, 5].  In 
the first 2 cycles of ARB, dislocations accumulate in grains and produce sub-grains with low (<15◦) angle 
grain boundaries. By increasing the strain, distance between these low angle boundaries decreases and the 
misorientation angle of them increases [16].  

Severe plastic deformation by ARB causes grain refinement by formation of incidental dislocation 
boundaries (IDBs) and geometrically necessary boundaries (GNBs) and finally leads to a ultrafine grained 
structure and equilibrium grain boundaries [17].  The aim of this study was to investigate the texture and 
micro structure evolution in a pure copper sheet during subsequent ARB rolling passes. 

2. EXPERIMENTAL METHODS 

Experiments were carried out on copper Cu 99.95 annealed at 773 K. These sheets were continuously 
accumulative roll-bonded at room temperature with a 
rolling ratio of 50 %, ensuring that the total thickness 
of the bonded sheet remained constant. Specimens 
were annealed at 200 °C for 15 min after each pass.  
Fig. 1 shows a schematic illustration of the ARB 
process. The ARB process consists of rolling of sheets, 
cutting them into stacks and then rolls bonding. One 
side of the surface of the sheets was degreased by 
acetone and wire-brushed by steel wire. Two sheets 
were stacked so that the brushed surfaces were in 
contact and were fixed to each other tightly by steel 
wires. 

Fig. 1. Schematic illustration of the ARB process 

The thickness, width and length of each sheets, were 1 mm, 30 mm, and 300 mm, respectively. In the 
present study, the ARB process up to 6 cycles was performed at the room temperature without lubrication.  
Texture measurement was performed by X-ray diffraction using a Philips X’pert apparatus, and four pole 
figures of (2 0 0), (2 2 0), (3 1 1) and (1 1 1) were obtained. A pole figure is a two-dimensional distribution of 
a crystal direction (e.g. pole to a lattice plane h k l) relative to sample coordinates.  Orientation distribution 
functions (ODF) were calculated and plotted by X’pert software. In each case, four pole figures were used 
to determine the ODF. Pole figures are expanded with spherical harmonics series in the Fourier space. The 
expansion is carried out up to a finite order, usually between 16 and 32, providing an angular resolution of 
about 10-15◦. Euler angles which correlate the orthogonal sample coordinate system and the crystal 
coordinate system are defined by three rotations. Corresponding rotations ϕ1, ϕ and ϕ2 are used in the 
Bunge convention. All texture results were to the midplane sections of the samples. 
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3. RESULTS AND DISCUSSION 

For a better understanding of the texture evolution, the main FCC Fibers were calculated and plotted in Fig. 
2. Generally, with increasing the number of cycles, the intensity of Goss component decreased while the 
intensity of the rolling textures increased.  The alpha fiber, running from Goss to brass in Fig. 2a indicates 
how the brass component increased during the ARB process.  The major components in final samples are 
the brass {011} <211>, TC {123} <634> and the Dillamore {4411} <11118> components.  

 

(a)                                                                                      (b) 

 

                                                          (c) 

Fig. 2. Fibers developed during ARB processing: (a) alpha-fiber; (b) beta-fiber and (c) gamma-fiber. 

It has been reported by Huang et al. [5] that in comparison to conventional cold rolled sample, the ARB 
processed sample of similar strain has lower boundary spacing.  The misorientations developed after ARB 
also shows evolution of larger angles and the saturation of that after a certain strain.  Therefore, the ARB 
processed sample experiences a combination of rolling strain and a shear strain. The evidence of this 
additional strain component was reported in the literature [12]. This may increase the local strain above 
the nominal strain corresponding to the thickness reduction. 

Fig. 2c, shows that the shear component such as Y presents at the initial passes but there was no evidence 
of any {111}<uvw> component at the end of ARB process, which is known as the shear component . 
Therefore, the destruction of the shear components is prominent from the second pass. 
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During deformation, the grains might be getting subdivided by the formation of deformation bands due to 
orientation splitting or micro shear bands. As mentioned previously, the center of the sample in the present 
state had been the surface till the previous pass. Therefore, the large shear texture is getting easily 
destroyed in the subsequent rolling deformation. The introduction of shear strain may also alter the slip 

pattern from that of conventional rolling strain. This 
was also supported by the observation of significant 
deviation in textural evolution during ARB.   

Fig. 2c indicates that due to additional strain arising 
from the ARB, these components may rotate towards 
the Dillamore and S components. Furthermore, Shear 
bands, are caused by local plastic instabilities, have 
been shown to nucleate the S {1 2 3}<6 3 4> 
component. 

High intensity of TC component in second pass (Fig. 
2c), is evidence of mechanical twinning. The 
sequences of twinning in the medium SFE materials 
such as Copper are as follows: Copper component is 
changed to TC {2 5 5}<5 1 1> by twinning, which is in 
turn transferred toY{1 1 1} <1 1 2> component by 
abnormal slip. Formation of shear bands leads to 
appearance of G component. Another abnormal slip, 
finally, results in the formation of Bs component. 

Fig. 3. Schematic of sequences of twinning in the            Evolution of strong texture with very sharp components  
             medium FE materials           during the ARB leads to the formation of a band-like  
             structure and prevents the full grain refinement to a  
             submicron scale. 

Fig.4 shows the TEM microstructures observed at the TD plane of the specimens produced by one, two, 
four and six cycle ARB.  The specimen after one cycle shows a typical dislocation cell structure (Fig.4 (a)). 
For the specimen after two cycles, the dislocation density in cells decreases and the cell size become fine, 
comparing to that after one cycle. The ultra-fine grains are also seen in the specimen after two cycles (Fig. 
4(b)). The fraction of these ultra-fine grains increased with the number of ARB cycles. 

The specimen after four cycles was covered with the ultra-fine grains of 350 nm in average diameter 
surrounded by clear boundaries (Fig.4(c)). The specimen after six cycles also showed an ultra-fine grained 
structure with average grain size of 310 nm, nearly similar to grain size after four cycles and grain 
refinement is slightly decreased after 4 cycles (Fig. 4(d)). These ultra-fine grains began to appear at second 
cycle.  It is observed that the ultra-fine grains, in which the dislocation density is very low, are surrounded 
by clear boundaries. This is quite different from that after two cycles shown in Fig. 4(a). The specimen after 
four cycles also shows primarily a dislocation cell structure, but some ultra-fine grains surrounded by clear 
boundaries as seen in Fig. 4(b). The specimen after four cycles shows an ultra-fine grained structure 
covered by the grains elongated to the rolling direction over almost all regions.  Therefore, it is thought that 
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the ultra-fine grains formed after four-cycle ARB in the present study have large misorientations to each 
other.  

 

Fig. 4. TEM microstructures observed at the TD plane of the specimens produced by(a) one, (b)two,(c) four and(d) six 

cycle ARB. 

Tsuji et al. suggested the formation mechanism of these ultra-fine grains in ARB process [10,17]. The 
materials ARB-processed by many cycles have severely strained structures with large local misorientations 
consisted of geometrically necessary (g-n) dislocations. There lies a critical strain after which this the 
transition to high angle grain boundary takes place and there is formation of ultra-fine grain structure.  Tsuji 
et al. also explained that the continuous changes in misorientation are converted into the planer 
boundaries by rearrangement of the g-n dislocations by short-range diffusion [10,17]. The short-range 
diffusion is possible even at ambient temperature due to the temperature rise by plastic work. The 
deformation induced high-angle grain boundaries which subdivide the grains consist of GNDs until recovery 
occurs to form equilibrium grain boundaries [18].   

4. CONCLUSIONS 

The ARB process up to 6 cycles has been performed successfully for pure copper.  The results indicate that 
with increasing the number of cycles, the overall texture intensity increases even up to the six rolling pass 
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and a strong texture develops. It is also obsereved that the major components in final samples are the brass 
{011}<211>, TC {123}<634> and the Dillamore {4411},<1118>.  High intensity of TC component is evidence 
of mechanical twinning.  Grain refinement is slightly decreased after 4 cycles. Evolution of strong texture 
with very sharp components during the ARB leads to the formation of a band-like structure and prevents 
the full grain refinement. 
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Abstract 

This contribution deals with synthesis and characterization of conductive nanotubes suitable for 
preparation of active layers of chemical gas sensors. Polypyrrole nanotubes were synthesized by chemical 
polymerization using soft-template method. Soft-templates were created by various azo dyes (methyl 
orange, methyl red, congo red, Acid RED 1). The aim was to clarify the mechanism of nanotubes formation 
using chemically and structurally similar molecules of azo dyes. The effect of different synthesis conditions 
(temperature, reaction time) on geometry of nanotubes was also investigated. Morphology of prepared 
structured and unstructured polypyrrole (PPY) was observed by scanning electron microscope (SEM). There 
were also determined geometric dimensions of prepared nanotubes by means of image analysis (width ~ 
hundreds of nanometers, length ~ units of micrometers).  

Keywords: Polypyrrole, Nanotubes, Soft-template method, Azo dyes 

1. INTRODUCTION 

Conductive polymers (CP) are very popular for many scientific teams for more than 35 years, since their 
rediscovery in the 1970s. The reason is their high electrical conductivity (up to 105 S·cm-1 [1]), which is  
typical mainly for inorganic substances, combined with mechanical properties and flexibility of organic 
materials. Conductive polymers have been used in many experimental and practically usable applications, 
such as: biosensors [2], sensors [3], packaging [4], organic transistors [5], supercapacitors [6], batteries [7], 
surface coating [8] or anti-static envelope [9]. 

An innovation in CP is finding that under certain conditions are able to create uniform structured shapes 
with nanometers sizes (nanostructures). In particular, nanowires, nanorods or nanofibers are interesting. 
They are often collectively called 1-D structures of conductive polymers. The description is based on the 
widely used simplification that assumes that structural properties of 1-D polymer structure are 
predominantly determined by the longest dimension (which is always orders of magnitude larger than the 
other two). The fundamental advantage of these structures is their high specific surface. In the context of 
sensor technology, on which this research is focused, the 1-D structured CP are expected to offer mainly 
one advantage. We expect that polymer sensors would respond faster to the detected gas because of its 
easier diffusion into the polymer material volume and higher number of active centers for the production 
of donor-acceptor complex between the reference gas and material. Higher sensor sensitivity would 
thereby achieved.  

Noticeable advantage of 1-D structured CP over their unstructured counterparts is also a higher electrical 
conductivity and the fact that preparation of CP with 1-D structures, using advanced methods of synthesis 
is relatively easy. 

Synthesis of 1-D structured polypyrrole (PPY) may be performed using template or special template free 
procedures.  



 
 
There are two means of template synthesis, so
method uses zeolites and membranes as a hard template. After the synthesis, this form cannot be easily 
removed without damaging the 1-D structure and so hard template stays in the solution. Methods using 
hard template are not the subject of this contribution. Their detailed descript
Much information about template free synthesis such as interfacial polymerization, radiolytic synthesis or 
electrochemical approach can be found in [11].

Soft-template method is currently being intensively studied. It is used in t
contribution. This method involves the creation of support structures made of auxiliary materials that are 
used to route the procedure of polymerization in the synthesis of CP. Soft
previous methods, has certain advantages: (i) change in temperature of synthesis, time of synthesis or 
molar ratio of reactants may influence the geometric dimension of the prepared 1
effective, cheap and simple method, (iii) template autonomously degr
can therefore be easily removed from the solution  

Basically there are two methods of preparation of 1
method uses surfactant as the soft template. Surfactant is a 
chain ending in a polar group. In a non
molecules create reverse micelles (hydrophobic part of the molecule is oriented to the non
environment and hydrophilic part is hidden inside the micelles). Reverse micelles create hollow cylindrical 
shapes in this environment.  After adding the monomer to the solution with soft template, polymerization 
begins inside this soft template. The polymer nanotubes ar
nanotubes, the most often used surfactant is bis(2

The second and newer method uses wires of complex created by azo
One example of these azo-dyes able to form complex is methyl orange [12] (Fig.2a). Azo
complexes create fibrous structures. After addition 
the surface of the fibers, which gradually degrade during reaction. Therefore, azo
soft-template is sometimes called self-degraded method. 1
of soft template. After polymerization remaining degraded soft template must be removed from 1
polymer structures by long-washing, suitable is Soxhlet extraction. 

The aim of this contribution was: to explore this new way in the synthesis of 1
(PPY), to determine the dependence of geometric dimensions of prepared nanotubes at a temperature of 
synthesis and test four different azo-dyes for preparation of 1
Red, Congo Red, Acid RED 1 (Fig. 2a,b,c,d). 
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of template synthesis, so-called hard and soft template method. The hard
mbranes as a hard template. After the synthesis, this form cannot be easily 

D structure and so hard template stays in the solution. Methods using 
hard template are not the subject of this contribution. Their detailed description may be found in [10]. 
Much information about template free synthesis such as interfacial polymerization, radiolytic synthesis or 
electrochemical approach can be found in [11]. 

template method is currently being intensively studied. It is used in the experimental part of this 
contribution. This method involves the creation of support structures made of auxiliary materials that are 

route the procedure of polymerization in the synthesis of CP. Soft-template method, unlike 
certain advantages: (i) change in temperature of synthesis, time of synthesis or 

reactants may influence the geometric dimension of the prepared 1-D structures, (ii) it is 
effective, cheap and simple method, (iii) template autonomously degrades after the reaction is over and 
can therefore be easily removed from the solution  [12]. 

Basically there are two methods of preparation of 1-D structured CP with the soft template. The first 
method uses surfactant as the soft template. Surfactant is a substance characterized by a non
chain ending in a polar group. In a non-polar environment in the presence of an oxidant, surfactant 
molecules create reverse micelles (hydrophobic part of the molecule is oriented to the non

hydrophilic part is hidden inside the micelles). Reverse micelles create hollow cylindrical 
shapes in this environment.  After adding the monomer to the solution with soft template, polymerization 
begins inside this soft template. The polymer nanotubes are created. When preparing the 1
nanotubes, the most often used surfactant is bis(2-ethylhexyl)sulfosuccinate (AOT) (Fig.1.) [2,13]

 

Fig. 1. Structure of AOT 

The second and newer method uses wires of complex created by azo-dye and oxidant as soft
dyes able to form complex is methyl orange [12] (Fig.2a). Azo

complexes create fibrous structures. After addition of the monomer, 1-D structure of the polymer form on 
the surface of the fibers, which gradually degrade during reaction. Therefore, azo-dye-oxidant complex 

degraded method. 1-D polymer structures are created on the su
soft template. After polymerization remaining degraded soft template must be removed from 1

washing, suitable is Soxhlet extraction.  

The aim of this contribution was: to explore this new way in the synthesis of 1-D structures of polypyrrole 
(PPY), to determine the dependence of geometric dimensions of prepared nanotubes at a temperature of 

dyes for preparation of 1-D structured PPY - Methyl Orange, Methyl 
(Fig. 2a,b,c,d).  

, Czech Republic, EU 
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Methyl orange 

d)

Fig. 2. Structure of a) methyl orange, b) methyl red, c) Acid RED 1, d) kongo red

2. EXPERIMENTAL 

Pyrrole, FeCl3, Acid RED 1, Methyl Orange, Methyl Red were purchased from Sigma
without any modifications.  

Typical reaction proceeded as follows: in 1.62 g (10 mM) 
azo-dye and deionized water. Azo-dyes, which were used, are on the figure 2. Molar ratio of reactant of 
reactants monomer : oxidant : azo-dye was 10:10:1 for all reactions. 0.7 ml pyrrole was added dropwise in 
the first two hours of synthesis to the tempered solution. The mixture was stir
constant speed.  Information about synthesis are given in Tab. 1. Prepared PPY 1
with deionized water and ethanol. Due to complex structure of prepared PPY restraining the remnants of 
the template was necessary to use long-washing. The best washing method seemed Soxhlet extraction. The 
mixture was extracted with methanol until extraction reagent was colorless. Prepared PPY structures were 
dried at 22 °C. 

Table 1 

Reaction Azo-dye 
A Methyl red 
B Congo red 
C Acid RED 1 
D Methyl orange 
E Methyl orange 
F Methyl orange 

a) b)
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Methyl red 

Acid RED 1

 

Kongo red 

Structure of a) methyl orange, b) methyl red, c) Acid RED 1, d) kongo red 

, Acid RED 1, Methyl Orange, Methyl Red were purchased from Sigma-Aldrich and were used 

Typical reaction proceeded as follows: in 1.62 g (10 mM) FeCl3 was dissolved in 200 ml of 5 mM solution of 
dyes, which were used, are on the figure 2. Molar ratio of reactant of 
dye was 10:10:1 for all reactions. 0.7 ml pyrrole was added dropwise in 

the first two hours of synthesis to the tempered solution. The mixture was stirring during synthesis of a 
constant speed.  Information about synthesis are given in Tab. 1. Prepared PPY 1-D structures were washed 
with deionized water and ethanol. Due to complex structure of prepared PPY restraining the remnants of 

washing. The best washing method seemed Soxhlet extraction. The 
mixture was extracted with methanol until extraction reagent was colorless. Prepared PPY structures were 

Table 1 Conditions of synthesis 

Temperature of synthesis (°C) Time of synthesis (h)

5 24 
5 24 
5 24 
5 24 

45 24 
90 8 

c) b) 

, Czech Republic, EU 
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Aldrich and were used 

was dissolved in 200 ml of 5 mM solution of 
dyes, which were used, are on the figure 2. Molar ratio of reactant of 
dye was 10:10:1 for all reactions. 0.7 ml pyrrole was added dropwise in 

ring during synthesis of a 
D structures were washed 

with deionized water and ethanol. Due to complex structure of prepared PPY restraining the remnants of 
washing. The best washing method seemed Soxhlet extraction. The 

mixture was extracted with methanol until extraction reagent was colorless. Prepared PPY structures were 

Time of synthesis (h) 



 
 
For comparison, there was prepared unstructured PPY from pyrrole (1 mM) and oxidant 
aqueous environment.  

Prepared PPY 1-D structures were dispersed in small amount of deionized water using ultrasound. 
amount of each solution was placed on a microscopic covering glass and then observed using the scanning 
electron microscope (SEM) JEOL model JSM

3. RESULT AND DISSCUSION 

Figure 3 shows SEM image of unstructured PPY which was prepared by standard chemical polymerization. 
The structure of this PPY has characteristic fruticose formations that create highly disordered system. 

Fig. 3. SEM image of unstructured polypyrrole

Figure 4 shows SEM images of structured PPY prepared by the template made up of different 

Fig. 4. SEM images of structured polypyrrole prepared from a) methyl orange, b) methyl red, c) congo red, d) Acid 

It is apparent that used azo-days in all cases significantly affect the structure of the prepared PPY, but only 
in two cases, 1-D structure was formed. Best result was achieved using methyl orange at low temperature 
of synthesis of up to 50 °C (Fig. 4a). Nanowires are relatively uniform without significant defects; their sizes 
are approximately 80 nm diameter and hundreds of nm
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For comparison, there was prepared unstructured PPY from pyrrole (1 mM) and oxidant 
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of synthesis of up to 50 °C (Fig. 4a). Nanowires are relatively uniform without significant defects; their sizes 
D structure also appeared in the volume 
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of PPY synthesized in the presence of Acid RED 1. Nanowires are often deformed and without significant 
transitions in 1-D structures.  

Another character has PPY synthesized in the presence of methyl red and congo red. Using methyl red, 
round fruticose units were formed, their structure is similar to PPY on the figure 3. Using congo red, solid 
PPY material creates thin scales.  

The two last mentioned azo-dyes are thus proved to be unsuitable for preparation of 1-D structure of PPY. 
The reason can be incapability of the two azo-dyes create a sufficiently large oligomeric structures when is 
used given concentration, which would create usable template.  

The synthesis using methyl orange showed the best results. Therefore, it has been tested for the effect of 
temperature on the synthesis nanowires generated. Literatures suggest that 1-D polymer structures 
formed at lower temperatures [14,15]. It was found that 1-D structures formed at higher temperature too. 
Figure 5 shows nanowires which were prepared at 45 °C. With increasing temperature of synthesis, 
however, occurs formation of defects. At high temperatures around 90 °C structures completely disappear 
and there is compact porous mass.    

   

Fig. 5. SEM images of PPY prepared at a) 5, b) 45, c) 90 °C 

4. CONCLUSIONS 

The contribution deals with preparation of 1-D structured PPY by chemical synthesis in presence of azo-
dyes which form soft matrix (methyl orange, methyl red, congo red, Acid RED 1). It was found that under 
similar conditions synthesis using methyl orange has the best results. It is necessary to carry out additional 
research for the other azo-dyes which would see the limit concentration of these substances necessary for 
creating a sufficiently large functional nanostructures template. The research of the temperature 
dependence showed that 1-D structures can be prepared at elevated temperatures up to 50 °C.     
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Abstract 

Magnetic rod-like particles have been prepared through two type hydrolysis. The influence of different 
conditions during synthesis on the size (length and diameter), structure and magnetic properties of the 
prepared nanoparticles was studied. The molar ratio of the reactants affects structure, shape and magnetic 
properties of particles. The prepared samples were characterized by a variety of methods: infrared 
spectroscopy, magnetization measurements, Transmission electron microscopy and Scanning electron 
microscopy. 

Keywords: magnetic particles, nanorods, chemical synthesis, magnetic properties 

1. INTRODUCTION 

Properties of magnetic nanoparticles significantly depend on their size, shape and structure. Controlling the 
shape and size of nanoparticles is an ultimate challenge of modern material research. A number of 
techniques have been developed to synthesize magnetic nanoparticles such as the sol-gel method, 
hydrothermal method, co-precipitation in normal or reverse micelles, sonochemical reactions, microwave 
radiation, ball milling [1-9]. Up to date, magnetic nanoparticles have established their wide applications. 
These magnetic particles can be made so small that each particle becomes a single domain, exhibiting 
abnormal magnetic properties, known as superparamagnetism. Superparamagnetic particles have been 
widely studied and used in biomedicine and biotechnology as contrast agent in magnetic resonance 
imaging (MRI), as drug carriers for magnetically guided drug delivery, hyperthermia [10]. Many such 
superparamagnetic particles are metal ones which are not stable at room temperature and easily oxidized. 
Then their potential applications are greatly limited. On the contrary the corresponding metal oxides can 
overcome the limit and develop the applications further. In addition, the metal oxides are relatively inert 
and their magnetic properties can be controlled by controlling the size and shape through chemical 
synthesis. Of all the metal oxides, magnetite (Fe3O4) and hematite (α-Fe2O3) or maghemite (γ-Fe2O3) have 
aroused great interest in the magnetic material field. 

Magnetite nanoparticles can be produced by co-precipitation of Fe(II) and Fe(III) ions by a base, usually 
sodium hydroxide or aqueous ammonia or they may be produced by thermal decomposition of alkaline 
solution of Fe(III) chelate in the presence of hydrazine and by sonochemical decomposition of hydrolyzed 
Fe(II) salt followed by thermal treatment. Direct synthesis of magnetite nanorods is difficult because of the 
great difference in deposition rate of Fe(II) and Fe(III) ions in aqueous solution. In addition, the isotropic 
structure of magnetite also cause difficulties in anisotropic growth of nanocrystal. 
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We report synthesis of magnetic rod-like particles (nanorods) through two type hydrolysis (A) of ferrous 
and ferric solutions containing urea and (B) ferrous solution containing urea. The influence of different 
conditions during synthesis on the size, morphology, structure and magnetic properties is described. 

2. EXPERIMENTAL 

(A) Nanorods with diameter from 3 to 20 nm and lengths from 20 to 110 nm were synthesized through 
hydrolysis of FeCl3 and FeSO4 solutions containing urea (different molar ratio Fe2+/Fe3+/urea) (Table 1). In 
a typical experiment FeCl3·6H2O, FeSO4·7H2O and (NH2)2CO were dissolved in demineralised water. To this 
mixture an oleic acid was added and then sonicated for 30 min. Amount of the oleic acid was the same in 
all experiments. This mixture was added to a flask with reflux condenser. They were heated in water bath 
for 12 hours at 85 - 95ºC. The dark precipitate was formatted. Sample was cleaned several times by 
demineralised water, and then the sample was dried in a lower pressure at 50°C for 3 hours. 

(B) The second type of synthesis was similar to the first but without using Fe3+ salt (Table 2). The nanorods 
with diameter from 2 to 70 nm and lengths from 6 to 400 nm were prepared by this method. 

The morphology and size distribution of the prepared nanorods were determined by Transmission electron 
microscopy (TEM Tesla BS 500) and Scanning electron microscopy (SEM, JEOL 7000F). The Infrared (IR) 
spectroscopy was used to characterise the prepared nanorods. Attenuated Total Reflectance (ATR) 
measurements were carried out with an FTLA2000 instrument (ABB, resolution 4 cm-1, Diamond window). 
Their magnetic properties were investigated by SQUID magnetometer (Quantum Design MPMS 5XL). 

Table 1. The reactant ratio, size of the prepared particles, structure and magnetic properties. 

Sample Molar ratio 
Fe2+ : Fe3+ : urea 

Length 
(nm) 

Thickness 
(nm) Composition 

Saturation 
magnetization 

(emu/g) 
Hc (Oe) 

HA 1.0 : 2.0 : 8.0 30 - 60 7 - 10 Fe(OOH) para 60 

HB 1.0 : 0.5 : 1.7 20 - 100 3 - 20 Fe(OOH), 
Fe3O4 

0.5 
(+para) 

43 

HC 1.0 : 1.0 : 2.4 110 15 Fe(OOH) para 60 

HD 1.0 : 1.0 : 2.7 20 - 60 4 - 10 Fe(OOH), 
Fe3O4, Fe2O3 22 22 

Table 2.The reactant ratio, size, composition and magnetic properties of obtained nanorods. 

Sample Molar ratio 
Fe2+ :  urea 

Length 
(nm) 

Thickness 
(nm) Composition 

Saturation 
magnetization 

(emu/g) 

Hc 
(Oe) 

HE 1.0 : 2.7 6 - 50 2 - 4 Fe(OOH), 
Fe3O4 0.7 33 

HF 1.0 : 1.5 230 - 400 9 - 14 Fe(OOH), 
Fe3O4 43 32 

HH 1.0 : 3.0 170 - 350 50 - 70 Fe(OOH), 
Fe3O4, Fe2O3 35 32 

 



 
 
3. RESULTS 

At the beginning of the reaction, urea after heating over 70°C decomposes to CO
reflux condition, CO2 can be released, so only NH

(NH2)2CO + H2O   →  2NH3 + CO2  

NH3 + H2O  →  NH4
+  + OH-   

Than Fe3+ reacts with OH- ions and yellow precipitate can be observed, indicating the generation of Fe(OH)
(Eq. 3).  

Fe3+ + 3OH- →  Fe(OH)3    

Fe(OH)3 is transformed into goethite Fe(OOH) (Eq. 4), which is usually in the shape of needle:

Fe(OH)3  →   FeOOH + H2O   

Since the solubility of Fe(OH)3 is much smaller than Fe(OH)
first precipitated.  

Fe2+ + 2OH- →  Fe(OH)2    

After reaction of goethite with hydroxide 

2FeOOH + Fe(OH)2  →  Fe3O4 + 2H2O  

During these processes, hematite Fe2O
decomposition of goethite (Eq. 7., 8). 

4Fe3O4 + O2  →  6Fe2O3    

2FeOOH  →  Fe2O3 +  H2O   

In Table 1 and Table 2 are summarised molar ratios of used reactants
properties of prepared samples by first and second synthesis, respectively. The size distribution was 
obtained from TEM, composition was determined from IR spectroscopy. 

Fig. 1 TEM image of rod-like particles - sample HA.
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At the beginning of the reaction, urea after heating over 70°C decomposes to CO2 and NH
can be released, so only NH3 reacts with water and produces hydroxyl ions (Eq. 2).
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is much smaller than Fe(OH)2, with enhancement of the pH value, Fe(OH)

       

 magnetite is formed (Eq. 6). 

       

O3 can be formed by oxidation of magnetite, but also by 

       

       

In Table 1 and Table 2 are summarised molar ratios of used reactants, the size, composition and magnetic 
properties of prepared samples by first and second synthesis, respectively. The size distribution was 
obtained from TEM, composition was determined from IR spectroscopy.  

 

     

 

 

 

 

 

 

 

 

sample HA.    Fig. 2 TEM image of needle-like particles HB.
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and NH3 (Eq. 1). In the 
reacts with water and produces hydroxyl ions (Eq. 2). 

  (1) 

  (2) 

yellow precipitate can be observed, indicating the generation of Fe(OH)3 

  (3) 

is transformed into goethite Fe(OOH) (Eq. 4), which is usually in the shape of needle: 

  (4) 

, with enhancement of the pH value, Fe(OH)3 is 

  (5) 

  (6) 

can be formed by oxidation of magnetite, but also by 

  (7) 

  (8) 

the size, composition and magnetic 
properties of prepared samples by first and second synthesis, respectively. The size distribution was 

like particles HB. 
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Fig. 3. TEM image of sample HF.                Fig. 4. SEM image of sample HH. 

Rather short yellow paramagnetic particles (sample HA) have been prepared by hydrolysis of Fe2+ and Fe3+ 
in presence of urea (Fe2+/Fe3+ = 1/2). Figure 1 shows TEM image of the prepared particles. It can be seen 
that the product is composed of uniform rod-like structures with the diameter of 7 - 10 nm and length of 30 
- 60 nm. IR spectroscopy confirmed goethite (FeOOH) structure in the sample HA. Longer needles-like 
FeOOH/ Fe3O4 particles, with length up to 100 nm (sample HB, Figure 2), were obtained by using ratio 
Fe2+/Fe3+ = 2/1. IR spectroscopy confirmed goethite as main component. By changing reactant ratio 
Fe2+/Fe3+ to value 1/1 (sample HC) uniform rod-like goethite particles with the diameter of 15 nm and 
length of 110 nm were obtained. In the next sample HD, increased urea amount caused formation of 
smaller FeOOH/ Fe2O3/Fe3O4 rod-like particles (Fe2+/Fe3+ remain the same as in the case HC) with the 
diameter of 4 - 10 nm and length of 20 - 60 nm. 

 
Fig. 5. Infrared spectra of sample HH, oleic acid and sample HH coated by oleic acid. The spectra are shifted vertically 

for clarity. 

3500 3000 2500 2000 1500 1000 500

 ROD HH 
 oleic acid
 ROD HH coated with oleic acid

 
 

T
ra

ns
m

ita
nc

e 
(a

rb
. u

.)

Wavenumber (cm-1)



12. - 14. 10. 2010, Olomouc, Czech Republic, EU 

 
 

334 

In the next (B) series of the prepared samples as reactant were used only Fe2+ ions and different urea 
amount (no Fe3+ ions). Fe2+/urea ratio was changed from 1/1.5 to 1/3. The longest needle-like particles and 
the highest value of the saturation magnetization was observed in the sample HF (Figure 3) with molar ratio 
of Fe2+/urea was 1.0/1.5. In the sample HF was found also small fragment of the spherical particles. The 
long needle-like particles were obtained also by using reactant ratio Fe2+/urea = 1/3 (sample HH). In all 
samples presence of FeOOH/Fe3O4 was observed. 

Figure 5 shows infrared spectra of sample HH prepared without  oleic acid, oleic acid and sample HH coated 
with oleic acid. The absorption bands in region from 793 cm-1 to 891 cm-1 corresponds to goethite. The 
absorption band at 586 cm-1 and shoulder at  434 cm-1  refer to magnetite and maghemite. Oleic acid is 
obvious in the sample.  The absorption band at 1713 cm-1 refers to the stretching C=O vibration of the 
undissociated (COOH) carboxyl group. 

The magnetic measurements of the prepared nanorods reveal the significant dependence of the magnetic 
properties of the samples on the synthesis conditions. The results of these measurements realized at 
temperature 295 K are collected in Table 1 and Table 2 and in Figure 6. 

The saturation magnetization clearly depends on the length of the nanorods in opposite to the coercive 
field Hc, which vary very lightly excluding sample HA. By IR measurements the sample HA is composed from 
goethite which is paramagnetic at room temperature. This fact is confirmed by magnetic measurements 
(see inset in Figure 6), but existence of coercive field indicate also small amount of the ferromagnetic phase 
in this sample. The results of sample HB reveal the mixture of two phases - ferro and paramagnetic with 
significant part of the ferromagnetic phase. The decrease of the magnetization with increasing of the 
magnetic field at sample HE is due to the diamagnetic contribution of the sample capsule which absolute 
value is comparable with the small value of the sample signal. 

 

Fig. 6. The hysteresis loops of the nanorods measured at temperature 295 K. 
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4. CONCLUSION  

The nanorods were successfully synthesized through hydrolysis of FeCl3 and FeSO4 solutions containing 
urea with oleic acid as stabilizer (different molar ratio Fe2+/Fe3+/urea) or hydrolysis of FeCl3 solution 
containing urea (different molar ratio Fe2+/urea). Depending on the experimental condition, nanorods of 
different size, composition and magnetic properties were prepared.  
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Abstract 

During the last decade, the EU legislative regulations enforced lead-free solders and hence initiated an 
extensive search for the best replacement of lead-containing solders. Parallel to new binary and ternary 
bulk solders, metal nanoparticles are also considered as potential candidates for solder materials. It is 
known that physical, electric and thermodynamic properties of nanoobjects are significantly different from 
those of the bulk materials. The oxidation, high reactivity of the surfaces and aggregation are frequent 
problems of nanotechnology applications. The nanoparticles of pure metals and alloys exhibit the 
depression of the melting point compared to bulk material, hence they are able to aggregate and to form 
firm interlayer joints at low temperatures. Exploiting this effect can save energy, work and materials. 

In this work we study the quality of bulk materials produced of Ag nanopowders annealed at various 
temperatures. Ag nanoparticles were prepared by the chemical wet synthesis and studied in a transmission 
electron microscope. Sandwich structures were prepared of Cu disks and a layer of Ag nanopowder. The 
sandwiches were annealed in the range 200-350 °C, metallographic cross sections were prepared from 
annealed samples and the microstructure and quality of joints was studied by analytical electron 
microscopy and depth sensing indentation technique. 

Keywords: solder, nanopowder, nanoindentation 

1. INTRODUCTION 

Since 2006, when regulations enforcing lead-free solders were implemented into the EU legislation, there is 
an ongoing strong drive to find the best lead-free alternatives. Those presently used have often reliability 
problems caused by worse mechanical properties, higher tendency to oxidation, higher occurrence of 
undesirable intermetallic phases and higher melting temperature. They are generally either more expensive 
(e.g. Sn-Ag based solders) or their use leads to higher technology expenses. After some years of research in 
this field it turns out that there is no single replacement for the lead containing alloys, which would cover 
all technical applications. 

Melting temperature of a (prospective) solder is of the primary concern for both economical and 
technological reasons. The melting temperature of classical Sn-Pb solder is as low as 183 °C. Several 
eutectic lead-free solder systems attempt to approach this point (e.g. Sn-Cu: 227 °C, Sn-Ag-Cu: 217.5 °C, 
Sn-Ag-Bi-In: 210 °C, Sn-Zn-Bi: 193 °C). The melting point of bulk silver (as an example of low-toxic 
material) is 962 °C, which is far too high even in a category of high-temperature solders (defined by 
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Tm³230 °C and limited usually by about 350 °C due to polymer materials in substrates used in electronic 
industry). 

The general effect of lowering melting point of powders with decreasing particle size can be utilized to 
subscribe to the solution of the high melting point problem of presently used soldering materials [1-6]. For 
this work, we have synthesized a silver nanopowder, as a potential low toxic constituent of novel solders. 
We have prepared model joints and studied their microstructure and local mechanical properties. 

2. EXPERIMENTAL 

Silver nanopowder was prepared by a chemical wet synthesis from chemicals of high purity and its 
characteristics were studied using a Philips CM12 STEM transmission electron microscope (TEM). Copper 
(99.9 wt%, metal base) disks 5.5 mm in diameter were punched from a sheet 0.127 mm thick. Then they 
were etched in acid ethanol (0.5 ml 98 wt% H2SO4 and 100 ml 95 wt% ethanol) at 60 °C and finally washed 
in 60 °C ethanol to remove surface oxides. A layer of silver nanopowder suspension in toluene was put on 
one of the Cu disks and covered by another one. The sandwich structures were annealed at temperatures 
200, 250, 300 and 350 °C for 1.5 hour in the furnace LAC1200. Metallographic cross-sections were prepared 
from annealed samples and studied using a JEOL JSM 6460 scanning electron microscope (SEM) with 
Oxford Instruments INCA Energy analyser (EDX). Microhardness and other mechanical properties of 
sintered Ag layers were measured by depth sensing indentation technique using a Fischerscope H100 
tester. 

3. RESULTS AND DISCUSSION 

Ag nanoparticles prepared by wet synthesis were deposited on holey carbon film supported by Cu grid and 
studied in the TEM. The results are in Figure 1. It is seen that the size distribution of particles is markedly 
bimodal: the majority of particles have diameter around 20 nm, other particles are substantially larger with 
diameter around 100-200 nm. 

 

 

Fig. 1. TEM micrographs of Ag nanoparticles prepared by wet synthesis. 
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The results of SEM observations are summarized in Figure 2. The samples are named in accordance with 
the annealing temperature as S200, S250, S300 and S350. It was found, that the microstructure of Ag layer 
in S200 shows fine grains and pores, whereas the higher annealing temperatures in S250, S300 and S350 
produce smooth Ag layer without fine features and with decreasing amount of pores. The Cu-Ag interface 
is prone to formation of Cu oxide layer, which was also shown in our previous work on similar samples with 
commercial Ag nanopowder [7]. The SEM resolution does not allow imaging of the oxide layer in S200 
(Figure 2a), however the EDX analyses reveal slightly increased oxygen level at the interface. S250 
micrograph (Figure 2b) shows a hint of oxide layer; samples S300 and S350 have a well-developed Cu2O 
layer about 1.5 mm and 2.5mm thick, respectively (see Figure 2c,d). 

Fig. 2. SEM micrographs of Ag layer and Cu-Ag interface in samples S200 (a), S250 (b), S300 (c), S350 (d). 

Depth sensing indentation tests were performed on cross sections to characterize local mechanical 
properties of sintered Ag layers. Loading-unloading curves in Figure 3 clearly show the gradually improving 
quality of Ag layers with increasing temperature of annealing. Table 1 sums up the mean values of 
indentation hardness and Young modulus of the Ag layers. The comparison of these values with the results 
obtained previously on samples prepared of commercial Ag nanopowders [7] shows better mechanical 
properties of the recently produced Ag layers. 
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Fig. 3. The loading-unloading curves of depth-sensing indentation tests of Ag layers. 

 

Table 1. Mechanical properties of Ag layers produced at various annealing temperatures. 

sample HIT [MPa] Y [GPa] 
S200  810 ±   30 30 ± 2 
S250 1070 ±   70 54 ± 2 
S300 1080 ± 150 40 ± 4 
S350 1700 ± 200 40 ± 2 
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Abstract 

Electro hydrodynamic atomization EHDA belongs to the methods that are utilized for particle production 
and defined thin surface layers with final proportions in nanoscale range. The laser light based visualization 
method Particle Tracking Velocimetry - PTV has significant benefit of feasibility studies of the particle 
formation mechanism and rising particles movement in outer electric field. This paper is focused on the 
application of the PTV for the EHDA of glycerol and its mixtures with ethanol and NaCl. These chemical 
substances differ in their properties such as conductivity, surface tension and dielectric constant so we can 
observe different spray characteristics and geometries. Observation by help of this visualization technique 
performed on the chosen kind of aerosols could enable the prediction of the total behavior of this 
phenomenon.  

Keywords: electrostatic spraying, particle tracking velocimetry, IPI, PIV, PTV, EHDA, glycerol 

1. INTRODUCTION 

The transformation of bulk liquid into sprays and other physical dispersions of small particles in a gaseous 
atmosphere are of importance all over industrial processes or technologies. Sprays may be produced in 
various ways, such as the pressure, rotary, ultrasonic atomizers, etc.  

Electrostatic spraying process is in these days very commonly used for creation of beads in submicron range 
size. The electrostatic sprays have very accurate utilization such as food processing, medical facilities 
(encapsulated drugs), or energetic industry. All these application requires the uniform size of droplets or 
particles. 

1.1 Theoretical background 

Electro hydrodynamic spraying is caused by the disruption of a liquid surface by electrical forces resulting in 
the formation of charged droplets. The physics of electrostatic spraying was first systematically examined 
by Lord Rayleigh in the late 1800’s. He also calculated the critical amount of charge that is necessary to 
destabilize a spherical droplet and observed the resulting instability that leads to the liquid jets production. 
These jets break up forming small stable charged droplets. Further motion of these droplets and their 
velocity is influenced by the electrostatic field. According to the applied high voltage the monodisperse 
droplets of micrometer diameter can be produced. Final droplet size is also a function of the liquid feed 
rate and physical and chemical properties of working liquid.  

The basic principle of the electrostatic spray technique can be briefly described as a linear pumping system 
with variable feed rate that is used to eject a liquid solution from a reservoir and fill the capillary. The 
electrical system consists of two electrodes axially placed in a certain distance, the gap. When a high 
voltage is applied on one of the electrodes, the electrostatic force acting on the ejected droplet overcomes 
the surface tension of the solution and a straight jet erupts from the apex of the Taylor cone at the nozzle 
and travels toward an oppositely charged electrode, generally named as a collector.  
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The collecting mechanism at the target electrode can be explained using a dielectrophoresis force. The 
force directs the sprayed droplets toward the highest voltage gradient and is closely dependent on the 
droplet diameter, conductivity and applied voltage.  

The disintegration of the liquid jet can occur in many different forms. As there is still not any mode 
definition, the classification follows the criteria of geometrical form and the type of the jet behavior. The 
mode depends on the applied potential and the feed rate of liquid. In electro spraying these mode are 
known: jet, multi-jet, drop, droplet, spindle, multi-spindle and fragments.  

For the most industrial and technical application the single jet mode is required. In this mode the liquid 
forms a regular cone at the outlet of capillary. A stable thin jet flows along the capillary axis or under a 
small angle. This mode is axially symmetrical and not moving in any way. The aerosol is spread out off the 
axis, nearly uniformly in the spray cone. Here we can find droplets of mean diameter from 1 to 30µm. [1] 
The spray characteristics can be easily influenced by the small changes of the liquid properties or the 
apparatuses setup.  

This article is focused on the spray characteristics influenced by the liquid properties: surface tension and 
conductivity. The setup of spray device was unchanged and all measurements were run under same 
external conditions. 

The optimal setting of the feed rate is mostly based on the experimental dataset.  Basically each author 
determines the relations that describe the behaviour of certain liquid. Here we came out from the formulas 
(1) that derivate Jayasinghe [2]. This term involves the equilibrium between electrical relaxation time te, 
hydrodynamic relaxation time of the liquid th and the capillary geometry. For the stable single jet mode 

this condition has to be he tt << .  From this equilibrium we ge the expression for optimal feed rate Q: 

, where b is a relative permitivity, e0 permitivity of vacuum, K electrical conductivity, lk 
and dk are nozzle parameters, the length and diameter. 

A critical voltage for needle spraying apparatus that is needed to disintegrate the droplets can be calculated 
correspondingly with Rayleigh theory about a disintegration of liquid bodies and is set along the equitation: 

, where f is the optimal feed rate of solution, d is the prediction of droplet 
diameter, q is the suitable voltage that should be applied, g is liquid-gas 

surface pension and r the density of the solution, e is the permittivity of the solution, h is the distance from 
the needle tip to the collector in centimetres, R is the needle outer radius. 

We found that this term express the lower limit of the voltage that is needed for good start of electrostatic 
spraying. 

1.2 Measurement methods 

So far the resultant micro beads were morphologically investigated only with SEM or optical microscope. 
For the prediction of these parameters the visualization of process and description of this item is highly 
necessary.  

Here we present the application of Particle Tracking Velocimetry method (PTV). This measuring system was 
evolved as unique, oriented technique for mapping the spray characteristics. The method is based on 
principles of Interferometric Particle Imaging method (IPI) calculates the size of raising droplets and enables 
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mapping their motion and velocities across the electrostatic field. This multi-dimensional technique 
samples the scattered light in the far-field by means of a defocused imaging system. Combined with a 
pulsed laser it allows the velocity of the particle to be determined, similar to known technique of Particle 
Image Velocimetry (PIV). Additionally to this visualization method we can also easily get information about 
the spray morphology and particle counts. This visualization method is designed for industrial spray 
valuations, where the quick response on the system setup is necessary.  With optical adjustments allows 
measurement of micron size droplets. 

The IPI method is an important part of the PTV system. It is based on one defocused capturing camera, and 
set together with PIV system; we use the second focused 
camera illuminating the particles from the same angle. By 
knowing reflection and first-order refraction of the 
particles this method provides measurements of the 
particle diameter. Once the particle is out of focus, the 
interference fringes appear, arising from the two 
scattered rays. The shape of the defocused image of each 
glare point depends only on the shape of the aperture, 
whereas the size of the defocused images depends on 
the degree of defocusing. Large particles exhibit more 
fringes in the defocused image than small particles. The 

particle size limits of the IPI technique are fixed by the aperture size and the working distance of the 
camera. Small particles with interference fringe distances larger than the aperture size cannot be 
measured.  

2. MATERIALS AND METHODS 

The droplets produced by electro hydrodynamic sprays reach the size distribution from 3 to 50 
micrometers. The EHD spray distribution was confirmed by picture analysis that was done by SEM 
microscope. For the purpose of image analysis the particles were colour with dark red dye. On the SEM 

pictures is visible that this dye is precipitated on the 
droplet surface (Fig. 2.) With this presumption we 
set the macro 60 mm lens system to reach the 
highest possible spatial resolution.  

For the IPI measurement we used New Wave 
Gemini Nd:YAG pulsed laser of each pulse 120mJ 
and duration 10ns. The light sheet used in this study 
was 1mm thick. The image records were captured 
by two CCD cameras of the spatial resolution 
1280x1024px. The cameras were aligned to observe 

the same area in the same optical axis, for this arrangement we used special IPI lens fitting adapter. Each 
camera was fitted with a lens of focal length 60mm; the one for focused image and one for de-focused.  
The cameras setting was placed under 150 ° angles to laser sheet. Using the IPI setup the serious of focused 
and defocused images were taken. The focused images were cross correlated and validated using the 

Fig. 1. IPI measurements: a) focused image, b) 
defocused image of glare sprayed particles. The 

second picture displays the fringes that appear on 
the particles. 

Fig. 2.  SEM picture of glycerol particles on the rough 
paper surface. 
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section of validation methods. Defocused images were analyzed by Interferometric calculating algorithm. 
The optical setup enables measure particles from 1.4 up to 30um.  

The EHD spray was generated using 22 gage blunt 
needle connected directly to a single syringe pump 
with controlled feed rate. The feed rate was in 
agreement with physical and chemical property of 
the liquid. Here we changed the properties so the 
optimal feed rate varied. The optimal feed rate was 
set from 1 to 10ml/h.  

The liquid was charged with positive high voltage 
power supply FX50P06, Glassman. The spray 
characteristic was evaluated for the voltages from 
6kV to 23kV on the tip-tip electrode distance 
110milimeters. The upper limit 23kV corresponds 
with the preservation of single jet mode.  

As a working liquid was used glycerol. In the first 
part of the experiments glycerol was mixed with 
NaCl powder to increase the conductivity. The NaCl 
features with very small molecules that are easily 
associated with the liquid. In the second stage the 
ethanol was added to decrease the surface tension.  
All mixtures underwent the estimation on surface 
tension and conductivity changes as well as 
variation in density or viscosity of the final liquid.  

3. RESULTS AND DISCUSSION 

Using the Particle Tracking Velocimetry (PTV) the 
characteristics of the electro hydrodynamic sprays of glycerol solutions were investigated. The software 
DynamicStudio from Danted Dynamic Company was used for data processing. The first parts of outputs 
from this software are related to spray characteristics such as 'Vector statistics' that describes the droplets 
velocity field in investigated area. This data presentation instruments describe the spray velocity profiles as 
well as its geometry in space resolution. The next part of the results is concerned on droplets 
characteristics. The results are 'Diameter statistics' that are formed in histogram plots. 

The electro hydrodynamic spray can be investigated in three main areas. The areas distribution 
corresponds with its characteristic behaviour. The first part is close to the capillary. This area involves the 
ejected pendant droplet that merge into Taylor cone formation. The second part implies the stable part of 
the liquid jet that ends with the disruption into the droplets. In the third part we can map the droplets 
motion in the electrostatic field and the collecting mechanism at the target collector. 

The changes of liquid properties influence the electro hydrodynamic spraying mechanism in all three part 
of the process.  

 

Fig. 3. Experimental setup of The Interferometric Particle 
Imaging method (IPI). 

Table 1. 

 
Surface 
Tension 
[m/Nm] 

Conductivity 
[mS] 

Pure glycerin 64 3 

+ 0,1% ethanol in w. 57 3 

+ 0,2% ethanol in w. 43 3 

+ 0,3% ethanol in w. 35 3 

+ 0,2% NaCl in w. 67,5 26 

+ 0,6% NaCl in w. 67,5 41 

+ 0,8% NaCl in w. 67,5 100 
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We observed the changes in Taylor cone formation relative to the liquid properties. Increasing conductivity 
elongated the Taylor cone. The reverse behaviour - withdrawal of the cone was observed with decreased 
surface tension. The quantitative comparison is shown on the complex chart Fig. 4. In all cases the Taylor 
cone withdrawal was intensify together with raised voltage. 

 

Fig. 4. The Taylor cone withdrawal response to the increasing voltage. The chart on the left side describes the 

behaviour of the enriched mixture with NaCl to increase the electrical conductivity. The chart on the right side shows 
the reaction of ethanol mixtures. 

   

Glycerol + 0,2% NaCl in w., 7kV 14kV 21kV 

   

Glycerol + 0,2% ethanol in w., 7kV 14kV 21kV 

Fig. 5. On vector maps of the spray motion is visible the variations in spray geometry in agreement with increasing 

voltage. In case of higher concentration ethanol that was used to decrease surface tension the spray started to be very 
unstable and chaotic even within higher voltage. 
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7kV 14kV 21kV 

Fig. 6. The size distribution of the pure glycerol solution. 

 
Fig. 7. Comparison of the modus sizes of spray distribution. There is a significant influence of applied voltage on 

droplet diameter. 

4. CONCLUSION 

In this paper, feasibility study of electrostatic spraying using PTV measurement method was presented. This 
method was used for establishing the size of the electrostatically raised droplets. It is supposed the further 
application of this method for mapping the movement of various particles in electrostatic field. There is a 
presumption of using this technique as a comparable method for measurement nanofibres motion 
velocities. In abeyance with the energetic industry the PTV method can be comfortable used for tracking 
particles of the recommended size distribution. 
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Abstract 

Temperature and time dependences of crystallization of amorphous thin films and microstructure evolution 
of nanocrystalline films were studied on post-annealed samples and by in-situ laboratory measurements in 
X-ray diffraction (XRD) high-temperature chamber. Films with different thickness in the range of 50−2000 
nm prepared by magnetron sputtering were analyzed. Phase composition, lattice parameters, crystallite 
size and microstrain were obtained by XRD total patern fitting and density, thickness and roughness by X-
ray reflectivity. Stress/texture analysis revealed the presence of tensile stresses after the crystallization of 
amorphous films. The stresses increase rapidly with decreasing film thickness and inhibit further 
crystallization that is consequently also dependent on film thickness. XRD indicates quite rapid growth of a 
few crystallites which means that preparation of nanocrystalline TiO2 films by annealing of amorphous films 
is not well possible unlike powders for which this is a technique of preparation of nanocrystals of 
predefined mean crystallite size (by variation of annealing temperature and time). Microstructure of as-
deposited nanocrystalline films (~ 10 nm) is stable to much higher temperatures (~ 400-500 °C) before the 
crystallites start to grow, microstrains are relaxed and transformation from rutile to anatase occurs.  

Keywords: Titanium dioxide, thin films, X-ray diffraction, crystallization 

1. INTRODUCTION 

Titania - titanium dioxide (TiO2) is of great interest from several reasons as low cost, good chemical stability, 
nontoxicity, mechanical hardness and optical transmittance with high refractive index, and because of its 
photo-induced properties. It is a unique material that connects two distinct photo-induced phenomena: 
photocatalytic activity [1, 2] and photo-induced superhydrophilicity [3-5], after UV light illumination. 
Therefore, this material offers various applications: (a) in the photocatalytic decomposition of 
environmentally unfriendly compounds [5, 6], (b) as an antibacterial and self-cleaning material [7, 8], (c) as 
an anti-fogging coating [9], (d) in solar cells [10] or (e) possibly in clean hydrogen generation from water 
and sunlight [11]. 

However, these desired properties of TiO2 thin films are strongly influenced by phase composition (anatase, 
rutile, brookite), the crystallinity (amorphous, crystalline, nanocrystalline), and/or their particular 
microstructure (crystallites size, density of structural defects). The microstructure can be strongly affected 
by processing conditions. In some cases, residual stresses can be generated which can also influence the 
properties. For example the introduction of a large tensile stress in the film can enhance its photo-induced 
hydrophilic behavior significantly [12]. 

The films can be prepared as amorphous or nanocrystalline in dependence on the deposition conditions. 
Entirely amorphous films do not have required properties (hydrophilicity, photocatalytic activity) and  
crystalline or nanocrystalline form is preferred. In principle, this could be obtained either by finding of 
suitable deposition parameters or by annealing of amorphous films. At the same time, because of a need of 
deposition onto substrates like polymers, lower temperatures are required for the preparation. Therefore, 
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temperature evolution of the film structure and microstructure is of high interest. In this contribution, our 
investigations in this field during last few years are reviewed and compared with the behavior of 
amorphous and nanocrystalline powders. 

2. EXPERIMENT 

2.1 Samples 

Most of studies of thin films were performed on the films deposited by dual magnetron equipped with two 
Ti(99.5) targets of 50 mm in diameter and supplied by a dc-pulsed Advanced Energy Pinnacle Plus+ 5kW 
power supply unit (PSU) operating in bipolar asymmetric mode [13], in University of West Bohemia, Faculty 
of Applied Sciences, Department of Physics.  Films were deposited on unheated microscope glass slides (26 
× 26 × 1 mm3) and on silicon single crystal plates. Deposition parameters were varied and are described in 
the corresponding references below. For comparison, commercial nanocrystalline powders (rutile + 
anatase, pure anatase) and amorphous TiO2 powders were studied as well. The amorphous powders TiO2 
were prepared by precipitation of titanium (IV) n-butoxide in the ice-cooled solution of hydrogen peroxide. 
The prepared peroxo-polytitanic precipitate was converted to amorphous TiO2 powder by calcination at 
250°C for 2 hours. The synthesis was described in [14]. 

2.2 Measurements 

X-ray diffraction measurements were performed on three diffractometers - XRD7 (FPM-Seifert), Philips 
X'Pert MRD and Panalytical X’Pert Pro in parallel beam setup, 2θ scans with angles of incidence 0.5-3° , 
parallel plate collimator in the diffracted beam and the Goebel mirror in the primary beam (Philips). Phase 
analysis, lattice parameters and X-ray line profile analysis were studied. Detailed measurement of residual 
stresses was carried out on the Eulerian cradle by the sin2ψ method for several peaks. In addition, X-ray 
reflectivity curves were measured for all the samples after annealing at each temperature. 

In-situ high-temperature measurements were performed in MRI high-temperature chamber with both 
radiant and direct heating and vertical Panalytical X’Pert Pro theta-theta goniometer. Two anatase peaks - 
101 and 004 were analyzed only during the in-situ measurements. The peaks were fitted with the Pearson 
VII function and the peak positions, integrated intensities and integral breadths were determined. All the 
diffraction patterns taken at room temperature were evaluated by the method of total pattern fitting with 
the aid of the program MStruct developed in our laboratory. More details can be found in [15, 16]. 

3. RESULTS 

3.1 Amorphous films 

The first studies were performed on a set of as-deposited amorphous films with different thickness [17]. 
They were annealed in the air in the range 200-500 °C with a step 50 °C for 30 minutes at each 
temperature. It was found that the amorphous TiO2 films can be crystallized at about 250 °C. The diffraction 
peaks were quite narrow and crystallite size of anatase was estimated to be larger then 100 nm 
immediately after the onset of crystallization. In thicker films, small amount of rutile appeared as well. It 
was also found that the films with the thickness below 200 nm crystallized at higher temperatures (up 350 
°C for the films below 100 nm). Texture was usually absent in these films except the thinnest ones where a 
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weak (101) fiber texture was detected. Tensile residual stresses of 200-300 MPa have been found in all the 
crystallized films and relaxed after annealing at 500 °C. 

For further investigations, in-situ studies were performed in high-temperature chamber with both 
isochronal and isothermal annealing.  

Isochronal annealing experiments starting at 180 °C with a step of 20 °C up to 500 °C confirmed the results 
obtained on post-annealed samples. The 101 anatase diffraction peak was measured and it was clearly 
shown that the crystallization temperature for thinner film is higher. With respect to the parameter, we 
should call it “temperature of fast crystallization” where the “fast” means here appearance of the 
diffraction peak within a few minutes. This temperature was refined to 220 ºC for the films thicker than 300 
nm. However, for thinner films the temperature of fast crystallization increased to 240 ºC (180 nm), 260 ºC 
(100 nm) and 280 ºC (48 nm), respectively. XRD line broadening of all the peaks was relatively small 
immediately after peak appearance which indicates that large crystallites of the size higher than about 100 
nm were formed quickly.  

After these studies we selected lower temperatures than those of the so-called fast crystallization 
temperature for detailed time dependence studies [18]. Then, the crystallization still occurs but it is rather 
slow and can also be studied well in laboratory conditions. The selected temperatures were 180 ºC and 215 
ºC, for two groups of samples. 

On Fig. 1, integrated intensities of 101 anatase peak are shown for different film thickness. The intensities 
were normalized with respect to their maximum value reached for each sample after full crystallization. 
Huge difference between crystallization rate and crystallization onset of thicker and thinner films can 
clearly be seen. The process is very slow for very thin films. The solid lines in the figure correspond to 
theoretical calculations (fits) with the well-known Johnson-Mehl-Avrami-Kolmogorov (JMAK) equation [19, 
20], modified as I = 1-exp[-k(t-t0)n)], where k is the rate of the process and n is the transformation index 
related to the dimensionality of the growth and on the kinetic order of nucleation, t0 is the crystallization 
onset that had to be included in the equation for fitting. Experimentally, this corresponds to the first 
appearance of any significant diffracted intensity above background in the position of the expected 

 
 

Fig. 1. Dependence of normalized integrated intensity of 

anatase on annealing time for the films with different 
thickness. 

Fig. 2. Dependence of tensile residual 
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diffracted peak. Net integrated intensities I of the diffraction peaks are directly related to the crystallized 
fraction of the film with corresponding crystallographic orientation. The values of n slightly increase with 
the film thickness and it is in the range 2−2.5 that is much lower than for 3D growth. The crystallization 
onset t0 increases rapidly with the decreasing thickness, while the rate k increases for the thicker films, see 
[18] for more. 

It was found that XRD peak intensities varied with the annealing time and the ratio of two measured peaks  
101 to 004 was increasing up to certain saturation corresponding roughly to random distribution of 
crystallites. This means that at the beginning of crystallization the grains oriented with the planes (001) 
parallel to the surface are preferentially developed but with the proceeding time this preferred orientation 
is suppressed. XRD line broadening is, in general, quite small already from the very beginning of 
crystallization and does not change with the annealing time. This indicates fast growth of relatively large 
crystallites already at the beginning of crystallization. 

Significant shifts of diffraction peaks with the time were observed. The lattice spacing was decreasing with 
the time to some saturated value. This corresponds to the evolution of tensile stress during the annealing. 
Detailed studies of tensile residual stresses on post-annealed samples measured at room temperature were 
performed by analysis of the d-spacing variation with the lattice plane inclination for several diffraction 
peaks [21]. By the sin²ψ method it was found that the stresses significantly decrease with the increasing 
film thickness (Fig. 2). The results were confirmed by total pattern fitting of 2q scans [16]. Elastic anisotropy 
of anatase which could be predicted from the calculated single crystal elastic constants was confirmed 
([00l] soft, [hk0] hard directions, respectively). 

3.2 Nanocrystalline films 

Studies of the deposited nanocrystalline films with different thickness on glass and silicon substrates [15] 
showed that rutile phase grows on the interface with the substrate and it is replaced with anatase with 
increasing distance from the substrate. This was confirmed by coplanar grazing incidence depth profiling. 
Therefore thinner nanocrystalline films contained mainly rutile while in thicker films anatase was 
dominating. By total pattern fitting (Fig. 3) microstructural parameters were determined and it was shown 
that the fine microstructure is relatively stable. The crystallite size remain small (below 10 nm) below 400 

  

Fig. 3. Example of total pattern fitting for nanocrystalline 

powder. 
Fig. 4. Dependence of anatase crystallite size (red) on 

annealing temperature for two different film thickness 
(930 nm - open circles, 2000 nm full circles) and 

microstrain for the thicker film (triangles, right axis). 
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°C and increased significantly up to 100 nm only at 800 °C (Fig. 4).  Transformation of anatase into rutile 
started at about 700 °C. 

3.3 Powders 

Annealing of amorphous powders [14] showed behaviour clearly different from amorphous thin films. At 
lower annealing temperatures the diffraction peaks are broad indicating small crystallite size and the 
broadening decreases with increasing temperature (Fig. 5). At each temperature saturated value of the 
crystallite size is reached after certain time (Fig. 6). Then the temperature must be increased in order to 
obtain larger crystallites. Therefore, powders with predetermined crystallite size can be obtained by 
annealing of amorphous powders for specific time at specific temperature. Nanocrystalline powders 
showed good temperature stability up to about 400 °C, similarly to nanocrystalline films (Fig. 7). It seems 
from the intensities of anatase (Fig. 8) and rutile peaks that the pure anatase nanocrystalline films are more 
resistant to the phase transformation into rutile above 700 ºC. 

4. SUMMARY 

A strong influence of film thickness on composition and crystallization of TiO2 thin films was found. In 
amorphous films the crystallization is very slow. The effect is most probably related to the rapid increase of 
residual tensile stresses with the decreasing film thickness. The tensile stresses are generated continuously 
from the beginning of crystallization and then they inhibit the process of crystallization. Relatively large 
anatase crystallites grow quickly from the very beginning of crystallization and therefore it is difficult to use 
annealing of amorphous films for preparation of nanocrystalline films unlike amorphous titania powders. 
By contrast, nanocrystalline powders and thin films are relatively stable with the temperature and small 
crystallites (< 10 nm) remain up to 400-500 °C. 

 
 

Fig. 5. Evolution of diffraction peak 101 of anatase with 

annealing at different temperatures. 
Fig. 6. Dependence of mean crystallite size of anatase 

(determined by the total pattern fitting) on annealing 
time and three different temperatures. 
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Fig. 7. Dependence of half width of 101 anatase peak 

on annealing temperature for three different 
nanocrystalline powders (mixture of rutile and anatase 

- green D, anatase - blue circles, nanocrystalline 
anatase - red circles). 

Fig. 8. Dependence of integrated intensity of 101 

anatase peak on annealing temperature for 
nanocrystalline anatase (red circles) and mixture of 

anatase and rutile (green D).. 
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Abstract 

Extension rheological characteristics belong to the principal description of polymer jet formation during a 
process of electrospinning.  However, in spite of nearly absence of shear deformation of polymer solutions 
during the process of their spinnability, it seems that shear electrorheological characteristics can serve as 
an indicator of good or bad quality of electrospun templates. The experiments were carried out with four 
polyvinylbutyral (PVB) solutions where as the solvents were consecutively used methanol, ethanol, 
isopropanol, and butanol in concentration of 10 wt% at 25°C. Shear viscosities in absence (η0) and presence 
(η) of electric field were measured using an Anton Paar rotational rheometer MCR 501 equipped with an 
electrorheological cell C-PTD200/E (bob and cup arrangement). The electrospun fibres were obtained from 
the solutions at 30kV with a tip-to-collector distance of 10 cm (=300 V/mm). The surface characteristics of 
the prepared nanofibre sheets were observed with a scanning electron microscope Vega TS 5130. It was 
shown that the good solvents of PVB (butanol, isopropanol) exhibit an almost constant curve of η/η0 vs. 
electric field strength, whereas the viscosity curves for the poor solvents (methanol, ethanol) exhibit 
enhancement. This enhancement corresponds to better quality of electrospun templates (obtained for 
polymer solutions of PVB with poor solvents).  

Keywords:  electrospinning; elongational viscosity; polyvinylbutyral (PVB)  

1. INTRODUCTION 

The process of electrospinning is based on electrical charge the application of which enables drawing 
micro- or nano-fibres from a polymer solution or melt. The electric field is generated between a tip and 
grounded collector by a high-voltage power supply. The drop of polymer solution is stored on a tip, from 
where there is created a Taylor cone in presence of electric field, and then a single fluid jet is ejected from 
the apex. As the charged jet travels in air, its diameter decreases due to high extension rates and 
simultaneous effect of stretching of the jet and evaporation of the solvent. A typical electrospinning 
process (Fig.1) is described extensively in the literature [1-4]. With respect to their small diameters, the 
electrospun fibres have a large specific surface and the potential application of fibres is in various areas 
such as tissue scaffolds, filtration, nanocomposite material and protective clothing [3,5,6]. Viscosity, 
conductivity, concentration, surface tension of polymer solution, molecular weight, intensity of electric 
field strength, tip-to-collector distance, temperature, humidity range among the principal parameters 
affecting fibre formation. 

The viscosity of polymer solution has an impact on diameter of fibres, morphology and path of jet, this 
parameter can be varied by molecular weight of polymer, concentration of solution, type of solvent, 
temperature and additives. The effect of viscosity, conductivity and surface tension has been investigated 
by Fong et al. [7]. They demonstrated that a usage of the polymer solution with low viscosity results in the 
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formation of beads caused by the capillary breakup of the jet during the electrospinning due to dominating 
surface tension. Higher viscosity favours the formation of fibres without beads, however if viscosity of 
solution is too high, electrospinning is no longer possible. Wang et al. [8] performed elongation rheology 

measurements with polymer solutions and they found that a 
slower rate of capillary thinning is expected to correlate with 
better spinnability of the polymer solution. Chuangchote et al. [9] 
applied several different solvents to electrospinning of poly(vinyl 
pyrrolidone) fibres and studied an influence of concentration and 
viscosity of solutions on a fibre diameter. Drew et al. [10] 
demonstrated that the effect of viscosity on fibre morphology is 
independent of polymer concentration (for the values exceeding 
a minimum concentration). They showed that electrospun fibres 
of polyethylene oxide can be successfully fabricated consisting 
only of 25 wt% polymer, the remainder of the fibre weight 
consisted of titanium dioxide.  

Fig. 13. Sketch of an electrospinning apparatus. 

Winslow [11,12] was the first who started research of rheological behaviour of liquids under a presence of 
electric field. Especially viscosity η as a main characteristic of so-called electrorheological (ER) fluids is 
studied. Generally, ER fluids are suspensions for which viscosity in presence of electric field increases 
intensively. Using quasielastic light scattering (QELS) Price et al. [13] analyzed the effect of external electric 
field on the dynamics of polymer chains. They found that in presence of an electric field there is a 
polarisation effect which is dependent on a difference in permittivity between the polymer segments and 
solvent. Wang and Huang [14] applied dynamic light scattering (DLS) for a qualitative comparison when a 
non-polar polymer (polystyrene) is solved either in polar or non-polar solvent. They revealed that in the 
latter case the effects from the externally applied electric field were negligible. This motivated Chen et al. 
[15] who carried out molecular dynamics simulation to predict the effects of external electric field on the 
diffusion dynamics of a polar or non-polar chain in polar or non-polar solvents.  

This contribution describes the suitability (characterised by structure and dynamics of polymer chains in a 
solution) of various polyvinylbutyral (PVB) solutions for the process of electrospinning. As a criterion shear 
rheological behaviour of these materials is taken into account, viz. a course of a curve viscosity ratio η/η0 
vs. electric field strength E. The symbols η and η0 represent shear viscosities of a solution in the presence 
and absence of an electric field, respectively. In spite of high elongation rates that are imposed on jets 
during electrospinning, the present work focuses on a correlation between shear rheology of a polymer 
solution and its electrostatic spinnability. 

2. EXPERIMENTAL 

The polyvinylbutyral (PVB) was chosen for this experiment, the commonly used polymer as the mesopore 
template, which is non-toxic, odourless and environment friendly. PVB (Mw=60,000 g/mol; Mowital, 
Kuraray Specialities Europe (KSE)) was consecutively dissolved in methanol, ethanol, isopropanol, and 
butanol as 10wt % solution (basic characteristics in Table 1) at 25°C. For viscosity measurements there was 
used an Anton Paar rotational rheometer MCR 501 equipped with an electrorheological cell C-PTD200/E 
(bob and cup arrangement, diameter of 17 mm). The electrospun fibres were obtained from the solution at 
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30kV with a tip-to-collector distance of 10 cm (=300 V/mm). The surface characteristics of the prepared 
nanofibre sheets were observed with a scanning electron microscope Vega TS 5130. 

Table 1. Basic characteristics of the solvents used and PVB. 

 Relative 
permittivity[-] 

Specific conductivity 
[S/m] 

Surface tension 
[mN/m] 

Density 
[g/cm3] 

Methanol 32.7 1.5*10-7 22.12 0.789 
Ethanol 24.5 1.35*10-7 21.90 0.785 
Isopropanol 19.9 58*10-7 21.38 0.781 
Butanol 17.5 9.12*10-7 24.50 0.806 
PVB 3.60 1*10-9 - 1.090 

The shear viscosities of all solutions were measured in the ramp mode using bob and cup arrangement, 
diameter 27mm. Fig.2 depicts shear viscosity of PVB dissolved in alcohols as 10 wt% solutions. PVB 

dissolved in good solvents (butanol, 
isopropanol) show shear thinning behaviour 
at high shear rates >100s-1 and their zero 
shear viscosities are higher. On the contrary, 
for poor solvents (methanol, ethanol) the 
viscosities are constant, zero shear viscosities 
are lower. For each solution there were 
carried out the experiments relating the 
viscosity ratio η/η0 to the electric field 
strength E (Fig.3). The good solvents of PVB 
exhibit an almost constant curve of η/η0 vs. E, 
whereas the viscosity curves for the poor 

solvents exhibit enhancement. 

Fig. 2. Shear viscosity of PVB solutions (absence of electric field strength). 

Consequently, the quality of electrostatic 
spinnability of these materials was evaluated 
using SEM analysis. For 10 wt% PVB solutions 
the fibres were exhibited for ethanol and 
methanol only (Fig.3). It was shown that with 
increasing curve η/η0 vs. E the spinnability of 
the respective solution improves. Based on the 
above findings it was shown that, unlike 
butanol and isopropanol, ethanol and 
methanol as the solvents of PVB are suitable 
for electrospinning. 

 

Fig. 3. Dependence of viscosity ratio η/η0 on electric field strength for PVB solutions. 
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a)                                    b)                                   c)                                  d) 

Fig. 4. SEM micrographs of PVB electrospun from 10 wt% solution: 

a) PVB in butanol,  b) PVB in isopropanol,  c) PVB in ethanol, d) PVB in methanol. 

3. RESULTS AND DISCUSSION 

Impact of the solvents on electrostatic spinnability is validated through the SEM images. There were 
obtained no fibres for PVB dissolved in butanol and isopropanol (good solvents), whereas for PVB dissolved 
in ethanol and methanol (poor solvents) there were developed fibre sheets, see Fig.4. The shape of the 
polymer chain depends on solubility of polymer in a solvent. If the individual polymer chains in good 
solvent are free to uncoil and stretch, they exhibit relatively extended conformations, viscosity of solution 
is high. On the contrary when polymer chains stay coiled and grouped together into microscopic clusters 
then this topology reflects in lower viscosity. If the external electric field is applied, the polymer chains 
uncoil and stretch, therefore the viscosity of solution increases and the process of electrospinning is much 
easier. If the polymer chain in good solvent is uncoiled and stretched then in presence of electric field 
polymer chain will not react. 

For electrorheological fluids a rapid and reversible change in viscosity is observed after application of an 
electric field. In this case there was observed a moderate increase of viscosity of a polymer solution, it is 
dependent on the time and intensity of treatment of an electric field. Accordingly it is possible that a 
polymer chain changes its shape - uncoils and stretches. Presumably, this movement is very important for 
the process of electrospinning.  

4. CONCLUSION 

The electrospinning process is affected by a number of the parameters. This contribution focused on the 
impact of an electric field on shear viscosity of the polymer solutions. It was shown that PVB dissolved in a 
poor solvent exhibited viscosity enhancement in the presence of an electric field. From this effect it can be 
deduced that these solvents are suitable for electrospinning. The electrorheological properties of the 
individual solvents play a substantial role in the process of electrospinning. It was found the correlation 
between shear viscosity and electrostatic spinnability. Structure of nanofibres was documented by the SEM 
images.  
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Abstract 

This work deals with electrical and dielectrical properties of polymer - carbon black composites prepared 
from the solution directly poured into Petri dishes and by the method of spin coating. The solution of 
polystyrene in toluene and polyvinyl alcohol in water were used for polymer matrix. The carbon black 
agglomerates were pulverized and dispersed by mechanical rotational homogenizer in the speed 20000 
rpm and by ultrasonic homogenizer with the power of 40 W. The time of evaporation was controlled by the 
concentration of toluene or water in the solutions and by the concentration of the solvent vapor under the 
sample. Two kinds of carbon black were used for the samples preparation. 1. Dry carbon black. 2. Carbon 
black without ions which were extracted in water. Measurements were carried out on the samples with the 
thickness 0,05 - 0,2 mm with carbon black content from 2 w% to 8 w%. When the concentration of carbon 
black reaches the percolation value, the electric properties of the sample transform from insulating to 
conductive due to formation of continuous conductive network built up from carbon black particles. 
Electrical measurements were carried out at temperatures 20 - 100 °C by the method of impedance 
analysis in the frequency region 102 - 106 Hz both in normal and planar direction and by the method of van 
der Pauw. The carbon black agglomerate structures were studied by optical and AFM microscopy. 

Keywords: carbon black, polymer composites, resistivity, dielectrics 

1. INTRODUCTION 

Polymer composites are intensively studied for the new properties which are given by the combination of 
the properties of the both polymer matrix and the filler respectively. When the concentration of the filler in 
the composite reaches the percolation value, the continuous bulk network structure is formed. If electrical 
conductive filler (carbon black (CB)) is used, the composite properties can change from insulator to 
conductive ones. Electrical conductivity can change in the magnitude of the several orders [1]. It is applied 
for heating cables or screening desks and so on. The PTC (positive temperature coefficient) effect is widely 
used for self-controlling heating cables. The composites of conductive polymers with fullerenes are 
intensively studied for solar cells applications [2]. The dependence of conductivity on CB concentration 
shows the sharp rise [1] (percolation threshold). Also, the network in the bulk increases the viscosity [3] of 
the composite.  

The main problem of the CB network formation is van der Waals interaction between CB agglomerates. The 
interactions can be affected by many parameters. In summary, it can be pointed out that there are four 
principal ways to influence the resulting structure of CB in the composite. 1. Effect of polymer [2] - side 
groups or chains, tacticity, crystalline content, solubility (when the samples are prepared from solution), 
thermo-plasticity (when the samples are prepared from the melt), network density (when the structure is 
fixed in gels). 2. Effect of carbon black [4] (density, surface area, composition). 3. Effect of external field - 
electrical [5,6] (when applied the CB particles agglomeration is preferred in the direction of the electric field 
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force lines and results to the CB chains), centrifugal (when the samples are prepared by spin coating 
method), gravitational (when the sedimentation is possible) and external conditions (temperature, 
pressure, humidity). 4. Effect of sample preparation technique - mechanism of pulverisation (mechanical or 
ultrasonic [7]), the speed and time of dispersion. 5. Effect of added or extracted ions or pH value. There are 
a small amount of different ions inside CB particles or on their surface resulting from the production 
procedure. 

In this work we concentrated to the effect of ion concentration to the structure and electrical properties of 
the composites polystyrene - carbon black composites prepared from the both solution with CB and 
deionised carbon black (DCB) respectively. The composites of polyvinyl alcohol - carbon black from water 
solution were prepared by the same way. In the first analysis no reasonable differences were observed. The 
more detailed study will be presented in the next work. 

2. EXPERIMENTAL 

The carbon black (CB) Chezacarb (Chemopetrol, Inc., Litvínov) and standard granulated non-expandable 
polystyrene (PS) (Kaučuk, Inc., Kralupy nad Vltavou) were used. The water content in CB was measured by 
drying on the hot plate HP 01 at 120 °C up to the constant weight using the analytical balance. The amount 
of water in CB was about 1,5 w%.  

2.1 Extraction 

Second series of the samples were prepared with CB which was soaked in distilled water for several days 
before mixing with the polymer solution. Other effects as absorption of CO2 were eliminated by the parallel 
measurement of the distilled water at the same conditions. Then CB was separated by filtration and dried 
on the HP 01 and mixed with PS. After soaking and drying as described we obtained partially deionised 

carbon black (DCB). The extent of extraction was measured by 
the conductance of the water (Fig. 1.). The original 
conductance of distilled water was 2 S (conductivity 2 10-4 S m-

1 due to electrode constant 100 m-1). The highest conductivity 
increase was observed after the first extraction (curve ex1 in 
Fig. 1.). The curves ex2 - 1, ex2 - 2 and ex2 - 3 show the water 
conductance increases after second extraction in new water 
after different time (7, 14 and 21 days). No next increases 
were observed for the longer time. The new water was used 
for third extraction (curve ex3).  All curves represent the 
dependence of conductance as a function of the CB amount. It 
is seen that all curves are not linear. It can be explained by 
different diffusion conditions of unlike mass of CB in the same 
beakers. 

2.2 Sample preparation 

Firstly, 5 g of PS (granulated solid) were mixed with the defined amount of CB or DCB. They were prepared 
the samples with CB (DCB) content from 2 to 8 w%. 2. The thickness of the layers after evaporation was 
from 0,05 to 0,2 mm. For optical observation the samples with CB content more than 3 w% had to be 
prepared from the more diluted solution. For the first preparation the concentration 5 g PS in 75 ml of the 
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Fig. 1. The dependence of the water 
conductance as a function of CB amount. 
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solution was used. After the first sample pocket preparation the beaker was filed to 75 ml again. It 
represents the dilution approximately 2 g per 75 ml of the solution. 

The dry CB immediately soaks water vapour from air during the CB 
transport from the hot plate on the analytical balance and to PS. It 
results to small differences from the weight measured. The weight 
increase of the dry CB is shown in Fig.2. Therefore, the toluene was 
immediately added and the solution was formed in approximately 
24 - 48 hours. CB agglomerates were sediment. For pulverisation 
and homogenisation the rotational homogenizer IKA (speed 20000 
rpm for 2 min.) and ultrasonic homogenizer Sonopuls UW 3200 
(Bandelin with the power 40 W for the time 3 x 1 minutes) were 
used. During pulverization and homogenization the composite had 

to be cooled because the temperature of the non-cooling sample rose up to 50°C after mechanical 
pulverisation and up to 80°C after ultrasonic homogenisation.  Then the liquid composite PS -CB - toluene 
was coated on the cover glass 18x18 mm on the spin coater and directly into the Petri dishes with diameter 
70 mm. After evaporation the plate composites CB - PS with the diameter 40 mm and the thickness from 
0,05 and 0,2 mm with the CB loading 2 w% to 8 w% were prepared from the dry plates in order to eliminate 
the non-homogeneous structures  on the dish boarder. 

2.3 Electrical measurements 

The impedance - phase analysis in the frequency region 100 Hz to 1 MHz was carried out with the PM 6306 
RLC meter FLUKE with 1 V measurement voltage. DC conductivity was measured as a function of 
measurement voltage in the region from 0,5 to 2 V. In normal direction the plate condenser with micro 
shift was used. In planar direction the dot contacts of aluminium of the area about 10 mm2 on the boarder 
of the circle were steamed and the conductance G (S) and the capacity C (F) were evaluated in parallel 
scheme. In normal direction measurements we obtained the rigorous quantities as resistivity  (m) for 
DC measurement and complex permittivity (relative) components e´ (-) and e´´ (-) for AC response in the 
form: 

dG
S
×

=r     
S
dC

×
×

=¢
0e

e    
S

dG
××

×
=¢¢

we
e

0

,   Eq. 1 

where e0 is permittivity of vacuum, w  is angular frequency and d and S are the thickness and area of the 
sample respectively. Imaginary part can be increased by DC conductance GDC and then we can express e´´ in 
the form: 

( )
S

dGG DC

××
×+

=¢¢
we

e
0

 or  ( ) ( ) wee log1loglogloglog 0 ×-×-++=¢¢ SdGG DC  Eq. 2 

in double logarithmic scale. When GDC is dominant and dielectric G can be neglected, the function log e´´ 
versus log w is linear function with the slope -1.  

In planar direction measurements we can not establish rigorous physical quantities. Therefore we defined 
simplified quantities to make the correction for the sample thickness. From analogy with Eq. 1 for dielectric 
measurements we established the quantities as follows: 

Fig. 2. The amount of water vapor 
absorbed into 1 g of dry CB as a 
function of current time. 
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e .  Eq. 3 

where D is the sample diameter (0,04 m). 

3. RESULTS AND DISCUSSION 

All measured quantities (1/r, 1/r´, e´, e´´, e1 and 
e2) show reasonable increase with CB (DCB) 
concentration higher than 4 w%. The results for e2 
and 1 kHz measurement frequency are presented in 
Fig. 3. and represent analogy of percolation 
threshold. The increase is not so big as that in a bulk 
samples because the sample thickness is 0,1 mm. 

The frequency dependences of the complex 
permittivity components show the monotonically 
decreasing curves with increasing frequency 
(Fig. 4.). It can be seemed that e1 expresses the 
classic Debye response with the sharp decrease 

after 10 kHz, but there is no parallel Debye response 
of e2. The decrease of e2 at the frequency near 1 
kHz is typical for space charge polarization and DC 
conductivity (Eq. 2.). The dependences of log e2 
versus log f (Fig. 5.) are practically linear with the 
slope near the value -1. Qualitatively the same 
results for all temperatures and CB loading were 
observed. Therefore it can be pointed out that the 
major role is played by DC conductivity and relative 
large polarized agglomerates which are separated 
by the polymer.  

The DC conductivity (resistivity) values depend on 
measuring voltage (Fig. 6.). The resistivity measured 
in normal direction decreases with increasing 
measuring voltage. It is seen from Fig. 6. that the 
composites with CB show higher resistivity than that 

with DCB. Nevertheless, both curves for CB and DCB respectively are the same in trend and shape. The 
resistivity dependence on the measuring voltage show that the mechanism of charge transport is not Ohm 
type (ohmic) and V - A curve is not linear. It can correspond with other charge transport mechanisms as 
quantum mechanics tunnelling effect or micro - local breakdown between CB agglomerates insulated by 
the polymer. The samples measured in planar direction were heated from 20 °C to 80 °C (Fig. 7.). It can be 
pointed out again that the “planar resistivity” (quantity r´) is higher at all temperatures for the samples 
with CB in comparison with the composites with DCB. It is in good agreement with the normal direction 
measurements (resistivity r). Also, it is clear that the shape of the temperature dependences of r´ for the 
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Fig. 7. The temperature dependences of r´ 
(“planar resistivity”) on temperature for the 
samples with 4 w% CB and DCB at the 
measuring voltage 0.5 V and 2 V. 
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composites with CB and DCB is different. The PTC effect (in this case of planar measurements) can be 
observed predominantly in the samples with CB. The weak changes of r´ for the samples with DCB can be 
interpreted by the more compact structure of the DCB network in comparison with CB one. 

 The PTC effect takes place up to 60 °C. The decrease of 
r´ for higher temperatures can be interpreted as a 
result of more intensive micro-breakdowns or tunneling 
due to increase of the polymer chains movement and 
decrease of the distances between CB agglomerates. 

The results of electrical measurements were compared 
with the optical observation and with the pictures from 
AFM microscope. In Fig. 8. the AFM scans are shown for 
the samples with 4 w% of CB (DCB). It is clear that the 
surface of DCB sample is finer in comparison with CB 
one. DCB particles are seemed more compact. Similar 
phenomena can be seen in electrical potential (Fig. 9.).  
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Fig. 6. The resistivity r of the samples with 6 w% 
CB and DCB as a function of measuring voltage. 
 

Fig. 8. AFM microscope scan of the samples CB (left) and DCB (right)  
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4. CONCLUSIONS 

The CB - PS and DCB - PS composite layers were studied in this work. The main results can be summarised 
as follows. 

The reasonable increases (e´, e´´, e1 and e2) or decreases (r, r´) of the measured quantities with CB (DCB) 
concentration take place above the 4 w% CB (DCB) loading. Therefore the conductive CB (DCB) network 
formation was observed in layer samples. 

The sample resistivity decreases with higher measuring voltage. It indicates non - ohmic mechanism of the 
charge curriers transport. Probably, the micro breakdowns and quantum mechanics tunnelling take place. 

The planar PTC effect was observed for the samples with CB only up to 60 °C. It is connected with breaking 
of the CB network, therefore it can be suggested that the DCB network is more resistant during the 
temperature changes. 

The frequency dependences of both real and imaginary component of complex permittivity express that 
there is no Debye orientation relaxation mechanism. All AC results show to the space charge polarisation 
with dominant part of DC conductivity.    
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Abstract 

Structure and properties of Al-Cr-Fe-Ti alloy produced by powder metallurgy are described in this paper. 
Rapidly solidified powder alloy was prepared by the pressure nitrogen melt atomization. The granulometric 
powder fraction of less than 45 µm was consequently hot-extruded. Microstructures of the initial powder 
and of the as-extruded material were observed by transmission electron microscope. The matrix fcc-Al 
grains coarsened during compaction of the material. The fcc-Al grains of the compacted material were 
recrystallized and neither residual stress nor texture were observed. No further grain coarsening took place 
by annealing of extruded material at 400°C. 

Keywords: powder metallurgy, nano-crystalline alloy, aluminium, Al-Cr alloy 

1. INTRODUCTION 

Aluminium alloys prepared from rapidly solidified material by powder metallurgy are very promising 
materials. They are characterized by a refined and homogeneous structure positively affecting strength and 
thermal stability of mechanical properties [1,2]. Because of this reason, they have significantly higher 
mechanical properties and thermal stability than common aluminium alloy, which can be utilized up to 
approximately 250°C [3,4]. 

Powder metallurgy (PM) processing includes in general two steps: 1. powder preparation 2. powder 
compaction [5]. In the case of described material, the powder preparation was done by melt atomization. 
The compaction was done by hot extrusion at 450°C. It was documented that such temperature leads to 
significant changes in phase composition of Al-Cr-Fe rapidly solidified alloys [6]. The question is if the 
material keeps the superior properties during compaction.  

In this paper, the structure evolution, changes in phase composition and hardness of Al-Cr-Fe-Ti alloy are 
described. 

2. EXPERIMENTAL 

An alloy with composition 91 wt.% Al-6 wt.% Cr-2 wt.%Fe-1 wt.% Ti was prepared by melting in a resistance 
furnace. Afterwards, the alloy was remelted in an induction furnace in nitrogen atmosphere and then 
atomized by nitrogen. A granulometric fraction of <45 mm was separated for compaction by hot extrusion 
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at 450 °C. A rod of 6 mm in diameter was produced in this way. A common metallographic procedure 
(mounting, grinding, polishing, and etching in 0.5%HF) was used to characterize the microstructure of both 
(powder and compactized) materials. Light microscopy (LM-Neophot 2), scanning electron microscopy 
(SEM Hitachi S-450 with EDS Noran), and transmission electron microscopy (for compactized material: TEM-
JEOL JEM 1200 EX operating at 120 kV and for rapidly solidified powder: JEOL JEM 3010 operating at 300 
kV) were used. Thin foils required for TEM were prepared from compactized material by electrolytic 
polishing in a solution of 75% methanol and 25% nitric acid at -20 °C and 10 V. The TEM samples of rapidly 
solidified powder were prepared by mounting the powder in G2 epoxy in the brass tube with external 
diameter of 3 mm. Cylinders with high of 0.5-1 mm were cut from this tube. Consequently, the cylinders 
were ground, dimpled by Gatan Dimple Grinder, Model 656 to the final dimple thickness of 10 mm. 
Consequently the samples were precision ion polished by Gatan PIPS, the Model 691. X-ray diffraction 
(XRD) (X’Pert PRO PANalytical) was employed to determine phase composition, grain size, and biaxial 
residual stress of the alloy. Texture was investigated by the Debye-Scherrer back-reflection diffraction 
patterns taken on an X-ray SEIFERT ID 3003 equipment.  

3. RESULTS AND DISCUSSION 

The morphology of rapidly solidified powder particles is shown in Fig. 1. The particles have spherical shape 
typical for materials prepared by melt atomization. The structure of cross-sectioned particles is illustrated 
in Fig. 2. The structure of all powder particles is not the same. Mostly common is the structure with 
spherical intermetallics, in Fig. 2 marked by “1”. The other plentiful part of particles has a “flake like” 
structure of intermetallics, in Fig. 2 marked by “2”. 

  

Fig. 1. Morphology of rapidly solidified powder (SEM) Fig. 2. Structure of rapidly solidified powder (LM) 

Compact material with no observed porosity was produced by hot extrusion of rapidly solidified powder, 
see Fig. 3 and 4. In the cross section the material is very homogenous, as shown in Fig. 3. In the structure, 
the particles of initial powder are only slightly visible. On the other hand, the longitudinal section exhibits 
structure shaped parallel to extrusion, see Fig. 4. The “stripes” in structure are caused by different 
structure types in initial powder. 
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Fig. 3. Structure of extruded material, cross section (LM)      Fig. 4. Structure of extruded material, longitudinal  
                   section (LM) 

TEM was used for more detailed observation. Fig. 5 shows the very fine structure of rapidly solidified 
powder. The structure of compacted material is documented in Fig. 6. All the fcc-Al matrix grains in 
compacted material are recrystallized and are surrounded by particles of intermetallic phases. The matrix 
extruded materials grains also coarsened during compaction, but the compact material still has very fine 
microstructure. Perhaps, the grain growth stopped in the moment when all grain boundaries were locked 
by intermetallic particles. This idea is in agreement with our previous research, which showed that no grain 
coarsening took place during annealing of extruded material at 400°C [7]. 

  

Fig. 5. Structure of rapidly solidified powder (TEM) Fig. 6. Structure of extruded material, cross section  
             (TEM) 

The grain coarsening was quantified by image analysis and the results are given in the plot in Fig. 7.  

DSC heating curves of rapidly solidified powder and extruded material are shown in the graph in Fig. 8. DSC 
curve of powder exhibits an exothermal peak at temperature 450-500°C. In the curve of extruded material, 
this peak was not observed. The reason is that temperature of 450°C is the temperature of hot extrusion. 
All metastable phases already decomposed during compaction. This idea was verified by XRD. The initial 
powder was formed by fcc-Al matrix (1), metastable phase (2) and Al13Cr2 intermetallic phase (3), see 
diffraction pattern in Fig. 9. The metastable phase is (according to XRD) probably decagonal quasicrystalline 
phase Al-Cr-Fe. The extruded material composed only of fcc-Al (1) and Al13Cr2 intermetallic phase (3). 



 
 

Fig. 7. Grain size distribution of rapidly solidified 

powder and extruded material 

Fig. 9. XRD patterns of rapidly solidified powder and extruded material: 1 

Diffraction patterns obtained by XRD in Debye
intensity of powder diffraction pattern is lower, because of lower amount of material used for experiment.

The diffraction circles of extruded material are absolutely homogenous. This means that no texture 
evolution took place during compaction. The grain recrystallization, which is 
micrograph in Fig 6, was confirmed by XRD residual stress measurements along the rod axis. The obtained 
stress value was 22 ± 11 MPa which, with respect to the experimental inaccuracy, corresponds to a strain
free material. 
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Grain size distribution of rapidly solidified Fig. 8. DSC curves of rapidly solidified powder and 

extruded material 

 

XRD patterns of rapidly solidified powder and extruded material: 1 - fcc-Al, 2 - metastable phase, 3 

Al13Cr2 

Diffraction patterns obtained by XRD in Debye-Scherrer back-reflection mode are given in 
pattern is lower, because of lower amount of material used for experiment.

The diffraction circles of extruded material are absolutely homogenous. This means that no texture 
evolution took place during compaction. The grain recrystallization, which is perceptible from TEM 
micrograph in Fig 6, was confirmed by XRD residual stress measurements along the rod axis. The obtained 
stress value was 22 ± 11 MPa which, with respect to the experimental inaccuracy, corresponds to a strain

, Czech Republic, EU 

DSC curves of rapidly solidified powder and 

metastable phase, 3 - 

reflection mode are given in Fig. 10. The 
pattern is lower, because of lower amount of material used for experiment. 

The diffraction circles of extruded material are absolutely homogenous. This means that no texture 
perceptible from TEM 

micrograph in Fig 6, was confirmed by XRD residual stress measurements along the rod axis. The obtained 
stress value was 22 ± 11 MPa which, with respect to the experimental inaccuracy, corresponds to a strain-
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Fig. 10. Debye-Scherrer back-reflection diffraction patterns a) rapidly solidified powder and b) extruded material 

4. CONCLUSION 

Structural changes took place during the compaction of rapidly solidified alloy. The fcc-Al matrix grains 
coarsened from approximatelly 210 nm to 960 nm. The metastable phase was decomposed during hot 
extrusion. On the other hand, the compact material still has very fine microstructure formed by 
recrystallized grains and Al13Cr2 intermetallic phase particles, which inhibit the grain coarsening. The 
extruded material exhibits no texture and no residual stress. 
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CONDUCTIVE CARBON PARTICLES 
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Abstract 

Solution of constriction phenomenon in polymer composites filled with conductive carbon particles is 
presented it this paper. Constriction phenomenon in polymer composites filled with conductive carbon 
particles is solved in plane at use of two models. 

1st Model: Contact of spherical particles. It is assumed that carbon particles in composites can not only 
contact each other (as metals) but also grow through each other. 

2nd Model: Connecting of two spherical particles by means of conductive bridge. 

Those models were solved both in the analog devices with conductive graphite paper, and numerically in 
the program COMSOL - Multiphysics. 

Keywords: polymer composites, carbon black, modelling, constriction phenomenon, resistivity, contact of 
conductive particles, COMSOL - Multiphysics 

1. INTRODUCTION 

Solution of constriction phenomenon in polymer composites filled with conductive carbon particles is 
based on theory of contacts transient resistance [2]. 

Proper contact points of printed contacts represent only a minor part of total contact surface. Inputting 
into the so called constriction point, current lines narrow themselves and the current flows only through a 
small contact surface. A constriction space is of certain active resistance. Its amount is determined for pure 
metals in vacuum. If some electric current flows through the constriction space, the following voltage 
within the so called RCR constriction resistance originates 

If a cylindrical conductor of L length is considered, some voltage drop on R0 
resistor occurs at I current flow through the conductor. If the conductor is 
mechanically divided and newly originated parts are put together again, a small 

S contact surface forms, at concurrence of F compressive force, in the conductor centre. Voltage drop 
within the conductor of the same length and including a break point increases from U0 to U because total 

resistance increased to CRRRR += 0 ;   ( )CRRRIU +×= 0 . 

Certainly, measuring of transient resistance value amount represents the simplest method of its detection. 
It can be realized by means of a number of more or less exact methods (V-A method, Thomson bridge, etc.). 

2. MODELS 

Constriction phenomenon in polymer composites filled with conductive carbon particles is solved in a plane 
at use of two models. 

IRU CRCR ×=  (1) 
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2.1 1st Model: Contact of spherical particles 

It is assumed that carbon particles in composites can not only contact each other (as metals) but also grow 
through each other [1, 3]. 

Cross-hatched surface is of high-
conductive varnish and R' = 10-4 R, 
semicircular segment of conductive paper 
is of ρ resistivity. Electrode contact is of D 
width while particle one of d width. The v 
value varies from 0 to D. D and d widths 
match with overlay of both particles. 

By measuring on the model (Fig. 1), 
distribution of current field within the 
semicircular segment as well as shape 
resistance arisen from field deformation 
are detected. 

2.2 2nd Model: Connecting of two spherical particles by means of conductive bridge [1, 3] 

D particle diameter, w bridge width, l bridge length. 

Bridge surface is the same as spherical particle cross-section:  
4

2D
wl p=×  

Particle and bridge resistivities are of square resistance R. 

  

Fig. 2. Connecting of two spherical particles by means of conductive bridge 

Cross-hatched surface is of high-conductive varnish and R' = 10-4 R, semicircular segment and bridge are of 
conductive paper and R resistance. Semicircular segment is of D diameter.  

Graphite bridge is of w×l sizes and R resistance. 

By measuring on the model (Fig. 2), distribution of current field within the semicircular segment as well as 
shape resistance arisen from field deformation are detected. Bridge slenderness changes during measuring. 

3. SOLUTION 

3.1 Analog solution 

Model conductive environment 

For realization of planar field analogous model, it is used direct current field in a layer of graphite paper of 
constant h thickness. 

w

l v 

D

d

0 to D
v

D particle diameter 
d overlay length 
R conductive paper square resistance 
R' conductive electrodes square resistance 
 

Fig. 1. Contact of spherical particles 



12. - 14. 10. 2010, Olomouc, Czech Republic, EU 

 
 

370 

Aside from model site, supply voltage or current is also affected by ρ specific resistance of used 
environment and its dependence on temperature or current density. In this case, the layer thickness h is 
not exactly known and, therefore, so called R square resistance is introduced in place of ρ specific 
resistance [6]. It represents square resistance of sample of h thickness and arbitrary a side length. 

R is measured on rectangle band of l length and b width with 
connected conductive electrodes. If U is voltage on electrodes and I is 

total current flowing through the band then:   
lI
bU

R
×
×

=o . 

One-sided graphite paper (R = 1.58·103 Ω) was used for building of analogous models for our analogous 
facility. Silver varnish Degussa 200 (R' = 0.4 Ω) proved as the best for building of conductive parts of models 
edges (electrodes). 

Measuring apparatus 

The analogous apparatus consists of a controllable voltage supply fed on the model electrodes created on 
the graphite paper by high-conductive silver varnish. The 20-turn exact spiral potentiometer ARIPOT is used 
as specific redundancy. A scale of this device is of millesimal division and enables to set voltage on a rider 
with 0.1% resolution of total range of connected U0 voltage. A micro-ampere meter of mA10·5 6-±  range 
and resolution controlled by a serially connected potentiometer is used as a zero indicator [7]. A sound with 
a connective tip is connected with the indicator. In the model, it enables to find equipotential lines of the 
value set on the spiral potentiometer. 

3.2 Numerical solution 

For the numerical solution, we will use the equation defining the electric current field in a conductive 

environment UJ grad
1
r

-=
r

 and 0div =J
r

, where U is electric potential, J is current density and r resistivity. 

From these we derive the Laplace differential equation for non-dimensional electric potential U* for the in-
plane electric field in models. 

The boundary conditions for this equation are mixed: Dirichlet type on 
electrodes, i.e. U1* = 0 or U2* = 0 respectively, and Neumman type on the 
remaining boundaries, i.e. zero derivative of potential in the direction of the 
normal towards the boundary. 

The COMSOL Multiphysics program environment was used to resolve the stated boundary conditions for 
the same variants as for the analog models. The resistance between electrodes is derived from the formula 

for 
current I flowing through electrode                E1

 
.
 

Resistance R´ is then        .
 

The COMSOL program enables the numerical evaluation of this integral directly in the offered “Boundary 
Integration” procedure.  
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4. RESULTS 

1st Model: Contact of spherical particles 

Table 1: Magnitudes of DC (direct-current) resistances R, RT and RA measured between E1 and E2 electrodes 

Measured values:        
Sample № v v (cm) A (cm2) R (kΩ) R' (kΩ) d (cm) RT (kΩ) RA (kΩ) 

1.1 0.1D 0.8 6.32 0.16 0.16 7.8 0.162 0.16 
1.2 0.2D 1.6 12.64 0.32 0.32 7.7 0.328 0.32 
1.3 0.3D 2.4 18.96 0.48 0.48 7.5 0.506 0.48 
1.4 0.4D 3.2 24.89 0.63 0.66 7.2 0.702 0.65 
1.5 0.5D 4.0 30.10 0.81 0.84 6.7 0.943 0.84 
1.6 0.6D 4.8 36.40 0.96 1.02 6.3 1.203 1.00 
1.7 0.7D 5.6 40.95 1.20 1.27 5.7 1.552 1.21 
1.8 0.8D 6.4 44.03 1.58 1.57 4.5 2.247 1.47 
1.9 0.9D 7.2 46.80 2.34 2.06 3.0 3.792 1.75 

v - horizontal electrodes distance      D = 8 cm         d - overlay length (measured)      A - area of the sample (measured) 
R - resistance measured on the models. It respects the electric field shape of samples for model 1. 
R' - resistance calculated by the COMSOL numerical program 
RT - transverse resistance between electrodes E1 and E2 without the constriction phenomenon influence (Eqn. (3)) 
RA - average resistance corresponds to the resistance calculated at rectangular sample of the same length v and the 
same area as the model (Eqn. (4)) 

  
d
v

RRT ×= o              (3)   
A
v

RRA

2

×= o   (4) 

 

 

Fig. 3. Resistances R', R, RT and RA measured between E1 and E2 

electrodes as functions of the electrode distance v. 
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The electrical field on Fig. 4 and Fig. 6 is mapped by means of dimensionless equipotential lines frameworks 
U* = const and electrical streamline W* = const where W is so called current function. Dimensionless 
potential is standardized by U0 = U2 − U1 difference of E2 and E1 electrodes. Then, a dimensionless potential 
value matches with U = const. equipotential line. 

 

Electric streamlines form an orthogonal network to equipotential lines, i.e. 
stream density vector is tangential to streamlines. The current flowing 
between two streamlines is directly proportional to current functions 

difference. Like for potential, a dimensionless potential value matches with W = const equipotential line, 
where W1 and W2 are values on P2 and P1 streamlines. Their difference is directly proportional to the total I 

current flowing between of E2 and E1 electrodes. 10% of total current flows 
between adjacent streamlines because W* values on maps are chosen with 
∆W* = 0.1 equidistant difference. Streamlines field is received in the 

inverse model where P2 and P1 streamlines are created as conductive electrodes and original E2 and E1 
equipotential lines as non-conducting edges. The electric fields in Fig. 4 and Fig. 6 were obtained by 
measuring in the analog model with conductive paper. 

It is possible to consider equivalency of the equipotential lines and the stream lines of solved 2-D model 
and of potential and current situation on the cross-section of two intergrowing spherical particles or 
spherical particles connected by cylindrical bridge. Conclusions of the 2-D modelling can be applied to the 
3-D problems [4]. 

 

12
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UU
UU

U
-
-

=  (5) 

12
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-
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=  (6) 
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Fig. 4. Electrical fields on Model 1 samples 
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2nd Model: Connecting of two spherical particles by means of conductive bridge 

Table 2: Magnitudes of DC resistances R, RT and RA measured between E1 and E2 electrodes: 
Measured values:        

Sample № w (cm) w/D A (cm2) R (kΩ) R' (kΩ) v (cm) RT (kΩ) RA (kΩ) 
2.1 7.5 0.94 69.80 2.85 2.88 9.40 1.98 2.0 
2.2 6.5 0.81 84.45 3.24 3.21 12.45 3.03 2.9 
2.3 5 0.63 90.14 4.87 4.80 16.20 5.12 4.6 
2.4 3 0.38 97.04 10.20 10.03 23.90 12.60 9.3 
2.5 2 0.25 100.01 19.32 20.00 32.90 26.00 17.1 

w/D - generalization (bridge width/particle diameter) 
R - resistance measured on the models. It respects the electric field shape of the samples for model 2 
RT - transverse resistance between electrodes E1 and E2 without the constriction phenomenon influence (Eqn. (7)) 

 
Fig. 5. Resistances R', R, RT and RA measured between E1 and E2 electrodes as 

functions of the conduction path width w. 
 

Five samples with different w bridge width were created. R resistance is measured for each of them. The 
graph demonstrates exponentially decreasing dependence of R to w.  
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Fig. 6. Electrical fields on Model 2 samples. 

5. CONCLUSIONS 

The two models of carbon particles connection show the electric field shape and electric resistance of the 
carbon particle/insulating matrix system. It can be derived from the relations in Fig. 3 and Fig. 5 it: 

1.  The electric resistance of the system studied depends on the square resistance (resistivity) of the 
conductive component. But it is impossible to determine the composite resistivity only from the 
conductive component resistivity and its concentration even in the ideal clusters structure (without 
loops and dead ends). The constriction phenomenon influence is visible mainly at the high values of v 
and small values of w (see R, RT and RA in Fig. 3 and Fig. 5). The constriction resistance is connected 
with non-homogeneous field at particles connections therefore the total composite resistance 
depends on the number of particles contact and on their junction resistance values. 

2.  The electric fields of some samples are in Fig. 4 and Fig. 6. The shape of equipotential lines and 
streamlines shows the current and the potential relative values of conductive clusters. The places 
with greatest current densities exhibit the greatest potential gradient and greatest local electric 
resistance. That fact influences calculated square resistance (resistivity) of the composite and non-
homogeneous Joule heat evolving at certain current density also. From this follows that carbon 
particles of smaller diameter are more convenient for the low resistivity composites applications. 

3.  The results of analogical solutions are in very good congruity with the numerical solutions, as 
demonstrated by resistances R and R´ on Fig. 3 and Fig. 5. The greater deviance for the small 
coverage of spherical particles is most likely caused by inaccurate production of the analog model. 
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Abstract 

Kaolinite/TiO2 (KATI) and quartz/TiO2 (SITI) composites with 20 wt% of TiO2 were prepared by the 
suspension hydrolysis of titanylsulphate (TiOSO4) in the presence of both carriers (kaoline and quartz). 
Obtained composites were thermally modified at the 600 °C. In the case of the KATI composite the 
dehydroxylation of kaolinite structure leads to metakaolinite formation at temperatures higher than 500 °C, 
so obtained composite shows photocatalytical properties as well as also latent hydraulic properties. The 
SiO2 matrix does not undergo any changes during calcination of the SITI composite and this composite 
serves as indifferent photoactive filler. All the prepared composites were studied by X-ray fluorescence 
spectroscopy (XRFS), X-ray powder diffraction analysis (XRPD) and scanning electron microscopy (SEM). 
Their photodegradation activity evoked by the 1 hour of irradiation using UV lamp with maximum at 
365 nm was determined by the means of discoloration of acid orange (AO7) solution. The decrease of the 
AO7 concentration was determined after filtration using changes in absorption maxima of the AO7 at 
450 nm. The results obtained for both composites were evaluated and compared with each other. 
Supposed utilization of both composites falls to area of industry of building materials and paint industry. 

Key words: kaoline, quartz, TiO2, composite, photoactivity 

1. INTRODUCTION 

The importance of research in the field of utilization of titanium dioxide (TiO2) as efficient photocatalyst is 
reflected in many published works, whereas their number has increasing tendency. Nanosized TiO2, namely 
in its anatase form is relatively unexpensive and chemically stable photocatalyst and general information 
can be found in number of review works e.g. [1, 2]. Due to its unique electronic, optoelectronic, and 
catalytic properties, photo-degradation of organic contaminant becomes one of the most important 
applications of nanosized TiO2 [3]. TiO2 nanoparticles can be utilized in “as received state” that means in its 
powderized form or can be deposited on a substrate by various techniques, such as sol-gel dip-coating [4, 
5], spin-coating [6] and spray pyrolysis [7]. Titanium (IV) tetraisopropoxide (TTIP) is probably the most 
utilized precursor for photocatalyticall active TiO2 nanoparticles or nanolayers preparation [5, 6]. The TTIP 
belongs to the group of organotitanates which are rather expensive precursors. Other precursors comprise 
titanium tetrachloride (TiCl4) and titanyl sulphate (TiOSO4) which are significantly cheaper in comparison to 
organotitanates. 

The manipulation with nanoparticles is troublesome and their fixing on the surface of suitable matrix 
presents elegant way how to overcome mentioned difficulties. The substrates can represent indifferent 
part [8], or can bring additional functions [9,10]. Number of substrates has already been tested for 
anchoring of the TiO2 on their surface. Preparation of TiO2 thin layer on glass substrates by dip or spin 
coating is widely studied [11]. The resulting glass shows superhydrofilicity which is reflected in anti-fogging 



 
 
and self-cleaning properties. Silica particles (SiO
authors showed, that prepared SiO2/TiO
model pollutants [12,13]. Kaolinite (Al2Si
matrix for TiO2 nanosized particle growing. Th
metakaoline/TiO2 photocatalyst which in addition shows latent hydraulic properties, what allows its 
utilization as active admixture to cement based building materials.

Two laboratory prepared composites i) quartz/TiO
of TiO2 approx. 20 wt.% were prepared and characterized using XRFS, XRD and SEM. Photodegradation 
activity of the dried samples (SITI12 and KATI12) as well as samples thermally treate
KATI62) was evaluated by the means of AO7 discoloration after irradiation with UV light.  

2. EXPERIMENTAL 

2.1 Sample preparation 

Kaoline SAK47 (KA) supplied by LB minerals company was 
preparation. The sample of quartz (SI) was used without any other treatment. Chemical composition of 
both raw materials (KA and SI) is shown in Tab.1. Titanyl sulphate (TiOSO
containing 102 g of TiO2 per 1 dm3 of TiOSO
precursor. The typical experiments are carried out mixing 50 g of K
colloid suspension to give 20% of TiO2 in final composite. The procedure scheme for the 
composite is shown in Fig.1.  

Fig. 1. The scheme of synthesis procedure for composites KATI, SITI

2.2 Characterizations methods  

X-ray fluorescence spectroscopy (XRFS) 

Chemical composition of prepared samples was determined using energy 
spectrometer (XRFS) SPECTRO XEPOS equipped with 50
pressed tablets (wax was used as binder) for this measurement.

Measurement of specific surface area (SSA)

BET surface area measurements were carried out on the Sorptomatic 1990 (Termo
adsorption of nitrogen at 77 K. 

Scanning electron microscopy (SEM) 

The morphology of composite particles was observed on SEM Philips XL 30. Samples were coated with an 
Au/Pd film and the SEM images were obtained using a secondary electron detector. Elemental composition

12. - 14. 10. 2010, Olomouc, Czech Republic, EU

376 

cleaning properties. Silica particles (SiO2) were also studied as a matrix for TiO2 growing and many 
/TiO2 composites have improved photodegradation activity against 

Si2O5(OH)4) becames to 1:1 phyllosilicate and represents suitable 
nanosized particle growing. Thermal treatment of this composite leads to formation of 

photocatalyst which in addition shows latent hydraulic properties, what allows its 
utilization as active admixture to cement based building materials. 

es i) quartz/TiO2 (SITI) and ii) kaoline/TiO2, both with presumed amount 
wt.% were prepared and characterized using XRFS, XRD and SEM. Photodegradation 

activity of the dried samples (SITI12 and KATI12) as well as samples thermally treated at 600
KATI62) was evaluated by the means of AO7 discoloration after irradiation with UV light.   

Kaoline SAK47 (KA) supplied by LB minerals company was dried at 105°C for 3 h, before kaoline/TiO
preparation. The sample of quartz (SI) was used without any other treatment. Chemical composition of 
both raw materials (KA and SI) is shown in Tab.1. Titanyl sulphate (TiOSO4) in a form of colloid suspension 

of TiOSO4 suspension was supplied by Precheza a.s. and utilized as TiO
precursor. The typical experiments are carried out mixing 50 g of K (SI) with appropriate volume of TiOSO

in final composite. The procedure scheme for the preparation of the 

The scheme of synthesis procedure for composites KATI, SITI 

Chemical composition of prepared samples was determined using energy dispersive fluorescence 
spectrometer (XRFS) SPECTRO XEPOS equipped with 50 W Pd X-ray tube. Samples were prepared in form of 
pressed tablets (wax was used as binder) for this measurement. 

Measurement of specific surface area (SSA) 

ents were carried out on the Sorptomatic 1990 (Termo-

The morphology of composite particles was observed on SEM Philips XL 30. Samples were coated with an 
SEM images were obtained using a secondary electron detector. Elemental composition

, Czech Republic, EU 

growing and many 
composites have improved photodegradation activity against 

) becames to 1:1 phyllosilicate and represents suitable 
ermal treatment of this composite leads to formation of 

photocatalyst which in addition shows latent hydraulic properties, what allows its 

, both with presumed amount 
wt.% were prepared and characterized using XRFS, XRD and SEM. Photodegradation 

d at 600 °C (SITI62 and 

dried at 105°C for 3 h, before kaoline/TiO2 
preparation. The sample of quartz (SI) was used without any other treatment. Chemical composition of 

) in a form of colloid suspension 
uspension was supplied by Precheza a.s. and utilized as TiO2 

(SI) with appropriate volume of TiOSO4 
preparation of the 

dispersive fluorescence 
ray tube. Samples were prepared in form of 

-Finnigan) using 

The morphology of composite particles was observed on SEM Philips XL 30. Samples were coated with an 
SEM images were obtained using a secondary electron detector. Elemental composition 



12. - 14. 10. 2010, Olomouc, Czech Republic, EU 

 
 

377 

of samples was determined using EDX analysis (EDAX). 

X-ray powder diffraction 

The XRD patterns were recorded under CoKα irradiation (l = 1.789Å) using Bruker D8 Advance 
diffractometer (Bruker AXS, Germany) equipped with fast position sensitive detector VÅNTEC 1. 
Measurements were carried out in reflection mode and powder samples were pressed in rotational holder. 
Phase composition was evaluated using database PDF 2 Release 2004 (International Centre for Diffraction 
Data). 

UV-VIS spectroscopy 

Changes in absorption of the filtrates after photegradation experiment were measured using UV-VIS 
spectrometer CINTRA 303 (GBC). 

2.3 Evaluation of photodegradation activity 

The method used for testing of the photodegradation activity of prepared composites is based on the 
degradation of model organic compound Acid Orange 7 (AO7) after irradiation with UV light. In the first 
step two identical testing suspension containing 50 mg of composite, 65 ml of deionized water and 5 ml of 
AO7 aqueous solution (c0 = 6.259∙10-4 mol∙dm-3) were stirred in the dark for 60 min to achieve absorption 
equilibrium. After this period one suspension was filtered and obtained filtrate was stored in the dark. The 
second suspension was subjected to 60 min long irradiation using Pen Ray lamp (intensity of the irradiation 
measured at 365 nm is 2mW∙cm-3) and subsequently filtered.  The values of absorbance of filtrates at 
450 nm were measured using UV-VIS spectroscopy. 

3. RESULTS AND DISCUSSION 

The chemical composition of raw kaoline and quartz as well as prepared composites KATI12 and SITI12 is 
shown in Tab. 1. Although the proportion of both matrices (kaoline and quartz) was set to give 20 wt.% of 
TiO2 in final composite, this value was achieved only for kaoline matrix. 

Table 1 Chemical composition of K and prepared composites KATI12 and KATI62. 

Sample Al2O3 

(wt.%) 
SiO2 

(wt.%) 
SO3 

(wt.%) 
K2O 

(wt.%) 
TiO2 

(wt.%) 
Fe2O3 

(wt.%) 
LOI 
(%) 

SSA 
(m2/g) 

KA 32.40 52.10 <0.00050 1.45 1.15 0.64 10.90 9.5 

KATI12 23.5 40.4 1.56 0.85 19.81 0.35 12.5 59.6 

SI 1.41 97.1 0.05 0.14 0.04 0.03 0.2 < 1 

SITI12 1.19 79.99 0.07 0.13 13.00 0.02 4.50 10.3 

The SSA values of the prepared composites SITI12 and KATI12 are higher in comparison with raw SI and KA 
samples. TiO2 particles captured on the surfaces of both matrices make their surface rougher what is 
reflected in increase of the SSA values.  

Morphology of the prepared composites calcined at 600 °C is shown in Fig. 2 and Fig. 3. The surface of 
quartz particles (SITI62 composite) is completely covered by TiO2 layer in comparison with particles of 
kaolinite (composite KATI62) where TiO2 is deposited at the edges of kaolinite particles. 
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Fig. 2 Morphology of particle of composite KATI62           Fig. 3 Morphology of particle of composite SITI62 

 

Phase composition of both composites was revealed using X-ray powder difraction method. Powder 
diffraction paterns registered for composites SITI12 and SITI62 is shown in Fig. 4, powder diffraction 
paterns registered for composites KATI12 and KATI62 is shown in Fig. 5. 

 

Fig. 4. XRPD patterns of the sample compozite SITI dried at 105 °C (SITI12), calcined at 600 °C (SITI62). Q - quartz,  

              A - anatase, R - rutile. 
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Fig. 5. XRPD patterns of the KATI sample dried at 105 °C (KATI12), calcined at 600 °C (KATI62).  

                   K - kaolinite, Q - quartz, M - muscovite, A - anatase. 

Extent of the AO7 degradation caused by UV irradiation of suspension containing given composite and 
aqueous solution of AO7, is clearly depicted in Fig. 6. Obviously higher photodegradation activity achieved 
with composites KATI can be ascribed to higher amount specific surface area. 

 

 

 

 

 

 

 

 

Fig. 6  Comparison of photodegradation activity of prepared composites after 1h long irradiation with UV light. 

Obviously higher photodegradation activity achieved with composites KATI can be ascribed to higher 
amount of titanium dioxide in nanosized anatase form and to higher value of specific surface area. 
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4. CONCLUSION 

Quartz/TiO2 and kaolinite/TiO2 composites were successfully prepared using TiOSO4 as a TiO2 precursor. 
Although the photocatalytic activity of the SITI12 composite is low, its value increases after the calcination 
when the SITI62 composite and this composite can be used as photoactive filler. The photoactive 
composite KATI12 shows higher photodegradation activity in comparison to the SITI62 composite and can 
be used also as photoactive filler. After the calcination of the KATI12 kaolinite the matrix undergo 
dehydroxylation process and the KATI62 composite with enhanced photoactivity originates. In principle the 
KATI62 composite is formed by nanosized anatase particles captured on the surface of metakaolinite and in 
sum the composite KATI62 represents photoactive material with latent hydraulic properties which 
predetermine this composite for utilization in industry of building materials. 
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Abstract 

Pulsed IR laser-irradiation of titanium monoxide (TiO) leads to ablation and when carried out in gaseous 
benzene (1-5 Torr) to simultaneous dielectric breakdown of benzene into low molecular carbonaceous 
species. Both processes allow carbothermal reduction of ablated TiO particles with agglomerating 
carbonaceous species and deposition of carbon-coated TiO nanoparticles remarkably stable towards 
oxidation in air. The reported results suggest potential for protection of reactive gas-phase produced 
nanoparticles by carbon phase. 

Keywords: titanium monoxide nanoparticles; laser-induced carbothermal reduction; carbon-protection in 
air. 

1. INTRODUCTION 

Carbothermal reduction of titanium oxides for synthesis of titanium oxycarbides represents a current field 
of interest in ceramics and hard materials research. The past studies were mainly concerned with synthesis 
and properties of bulk Ti carbides (final products of carbothermal reduction) under thermodynamically 
equilibrium conditions and were restricted to the use of elemental carbon as reductive reagent. 

We now report on pulsed IR laser-induced carbothermal reduction of Ti monoxide to “intermediary” 
titanium oxycarbides by decomposing gaseous benzene in dielectric breakdown adjacent to TiO surface. 
The short IR laser pulses bring about hydrocarbon decomposition to reactive C/H species that react with 
ablated/reduced TiO to yield nanosized TiOx and TiOxCy structures stabilized towards oxidation in air by 
excess of simultaneously produced and deposited nanostructured carbon phase. This work is related to our 
previous studies on IR laser carbothermal reduction of silicon oxides and the first synthesis of nanoscopic 
silicon oxycarbides [1-4] 

2. EXPERIMENTAL 

IR-laser irradiation experiments were conducted in a Pyrex reactor (70 mL in volume) in the presence of 
benzene (1 and 3 Torr) by using by a pulsed TEA CO2 laser (model 1300 M, Plovdiv University) operating 
with a frequency of 1 Hz on the P(20) line of the 0001-1000 transition (944.19 cm-1) and a pulse energy of 
1.8 J. This radiation was focused with a NaCl lens (f. l. 15 cm) on the titanium monoxide pellet (Aldrich) 
positioned in the centre of the reactor above copper substrate. The reactor was described elsewhere [1] 
and it was a tube fitted at each end with KBr windows and having a valve connecting to vacuum manifold 
and pressure transducer (Fig. 1). (1, Pyrex vessel; 2, valve to vacuum; 3,NaCl window; 4, laser pulse; 5, lens; 
6, TiO pellet; 7, Cu substrate; 8, visible luminescence.) 
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Fig. 1. A reactor for IR laser carbothermal reduction of titanium monoxide. 

The progress of benzene decomposition and volatile decomposition products were analyzed directly in the 
reactor by FTIR spectrometry (an FTIR Nicolet Impact spectrometer, resolution 4 cm-1). The deposited films 
were analyzed with Raman spectroscopy (a Nicolet Almega XR Raman spectrometer, excitation wavelength 
473 nm and power 10 mW), X-ray Ti 2p and C 1s photoelectron spectroscopy (an ESCA 310 Scienta electron 
spectrometer using Al-Kα radiation (1486.6 eV) for electron excitation) and by scanning electron 
microscopy (a Philips XL30 CP scanning electron microscope) and transmission electron microscopy (a 
PHILIPS EM 201 microscope) on samples dispersed in ethanol and applied on a Cu grid. 

3. RESULTS AND DISCUSSION 

The highly focused pulsed IR laser irradiation induces TiO ablation and when carried out in gaseous 
benzene, a non-resonant interaction leading to dielectric breakdown (a visible spark) and decomposition of 
benzene. This decomposition leads to formation of transient species (observation of optical emission from 
neutral and ionic C and atomic H as well as molecular Swan C2 bands, [5]) and of gaseous hydrocarbons 
(ethene, ethyne, butadiyne, phenylethyne) together with CO (and less CO2) which prove the occurrence of 
carbothermal reduction of TiO (Fig. 2). The black films concomitantly deposited on Cu substrate (and a 
majority of inner reactor surface) were analyzed by a number of techniques and revealed by EDX-SEM 
analyses to contain carbon together with almost equal amounts of Ti and O.  

 

Fig. 2. FTIR spectrum of benzene (5 Torr) and decomposition products upon laser irradiation (250 pulses) of TiO 

surface. Designation: 1, butadiyne; 2, ethyne; 3, phenylethyne;  4, ethene; 5, carbon monoxide. 
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Typical Raman spectra of the deposit show G and D bands positioned at 1540 and 1360 cm-1 (Fig. 3) which 
respectively reflect bond stretches of all pairs of sp2 atoms in rings and chains, and breathing modes of 

rings, and are assignable to graphitic a-C:H 
carbon. 

Fig. 3. Typical Raman spectrum of deposit obtained  

             by laser ablation of TiO in presence of 1-5  
            Torr of benzene. 

The SEM images show remarkably different 
morphology for the deposit obtained by 
ablation of TiO in vacuum and in the presence 
of benzene (Fig. 4). The former consists of 
irregular several mm-sized agglomerates, 

whereas the latter reflects smaller one up to several mm-sized and almost uniformly distributed particles 
that have spongy structures. 

 

Fig. 4. SEM images of laser-ablated deposit from TiO in vacuum (a) and from TiO in presence of 1 Torr of benzene 

(b,c). 

The TEM analysis and electron diffraction of these 
particles is seen on Fig. 5 and are consistent with 
amorphous several tens nm-sized bodies. These 
features have been also found in several other gas-
phase obtained sediments obtained with IR laser 
pulsed irradiation of metal (Co, Ni, Ga) targets in 
feasibly carbonizing gaseous hydrocarbons 
(benzene, ethyne) [5,6]. 

Fig. 5. TEM image and diffraction of laser ablated  

             deposit from TiO in presence of 1 Torr of benzene 

The XPS Ti 2p spectra of the deposit are compared 
to those of the commercial and Ar+ sputtered TiO 

samples (Fig. 6). These spectra respectively indicate the prevalence of the Ti 4+ state and almost equal 
populations of Ti2+, Ti3+ and Ti4+ states. Further analyses indicate that the samples obtained by ion 
sputtering and subsequently exposed to air (Fig. 6b) recover the spectra of Ti4+(Fig. 6a), which indicates fast 
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atmospheric oxidation of the topmost layers. Remarkably, such oxidation is almost hindered in samples 
obtained by the laser ablation in the presence of 1 and 3 Torr of benzene (Fig. 6c), which confirms that 
nano-sized TiOx particles are efficiently enveloped and protected by the carbonaceous phase. 

 

Fig. 6. Spectra of Ti 2p photoelectrons of TiO  

             (commercial sample), the sample after Ar+  

                   ions sputtering (b) and of TiO sample  
             obtained by laser ablation in presence of 1  
             Torr of benzene (c). 

4. CONCLUSIONS 

Pulsed IR laser-irradiation of titanium 
monoxide (TiO) carried out in gaseous benzene 
(1-5 Torr) allows carbothermal reduction and 
coating of ablated TiOx nanoparticles with 
carbon layer, the process of expected 
importance in synthesis of reactive 
nanoparticles produced in the gas phase.  
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Abstract 

Multiwalled carbon nanotubes (MWNTs) were grown on aluminosilicates, through anchoring on Fe 
nanoparticles. The starting aluminosilicates are commercial montmorillonite and zeolite (clinoptilolite) in 
which the intercalated original ions were exchanged for Fe(III) ions via ion-exchange reactions and 
impregnation methods. Appropriate aluminosilicate was immersed into an aqueous solution of Fe(III) salt 
with 0.04 M concentration. The suspensions were deposited on a Si wafer by sedimentation and allowed to 
dry quickly by an infrared lamp. MWNTs were synthesized by catalytic decomposition of methane on the 
surface of aluminosilicates at 600-700°C by hot filament chemical vapour deposition process. These Fe(III) 
loaded aluminosilicates were used as catalysts. The nanotubes were bridging-cross both single parts of 
aluminosilicates and micro-cracks which had been formed during the quick drying of aluminosilicates. The 
carbon nanotubes (CNTs) formed a three-dimensional CNTs/aluminosilicate network.  

Keywords: Multiwalled carbon nanotubes, montmorillonite, zeolite 

1. INTRODUCTION 

The fabrication of well-defined and organized arrays of CNTs, in sufficient quantities and at a low cost, is of 
high importance, due to their unique properties and promising applications. Many parameters can affect 
the nature of the carbon deposits in the resulting material. In particular, the choice of the metal particles 
and the catalyst support may strongly influence the structure and the morphology of the carbon deposits 
[1, 2]. In this work we studied the influence of the type catalytic support upon the morphology, quality and 
structure of the final products, especially carbon nanotube bridges. Information regarding the carbon 
nanotubes ability to form bridges could be important for the manufacture of CNTs-based nanodevices [3, 4] 
or for improvement of mechanical properties of nanocomposites [5]. 

2. EXPERIMENTAL 

We used natural aluminosilicates (namely montmorillonite, zeolite - clinoptilolite) as a catalytic support for 
the metal catalytic centres (Fe nanoparticles). The metal impregnated samples were prepared by 
immersing appropriate aluminosilicate into an aqueous solution of FeCl3 · 6H2O or Fe(NO3)3 · 9H2O with 
0.04 M concentration. The suspensions were stirred for 12 hours. The suspensions were finally deposited 
on a Si wafer by sedimentation and allowed to dry quickly by an infrared lamp. Deposition of CNTs was 
carried out in the HF CVD reactor, where the precursor is activated by five tungsten filaments heated up to 
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2200°C. The working atmosphere was a mixture of methane and hydrogen. The pressure and temperature 
during deposition were 3000 Pa and » 600°C, respectively. The growth time was 30 minutes. 

3. RESULTS 

Carbon nanotubes were obtained on all prepared aluminosilicate substrates. It was found that the 
concentration of metal ions as well as the nature of the aluminosilicate support were crucial for the yield, 
structural quality and morphology of the synthesized carbon structures. The yield of carbon nanotubes was 
improved by increasing the content of Fe-catalytic centres in all cases. However, the morphology and 
quality of the produced nanotubes was shown to be dependent on the type of aluminosilicate. 
Montmorillonite and zeolite produced carbon nanotubes with a high degree of graphitization but these 
CNTs contain also other forms of carbon, mainly amorphous carbon. The quality and nature of carbon 
deposited on the aluminosilicate surface were examined by scanning electron microscopy and Raman 
spectroscopy. SEM images provide an overview of the range of synthesized carbon nanostructures. SEM 
measurements showed images of carbon nanotube bridges on Fe-zeolite and Fe-montmorillonite. Raman 
spectra of the synthesized samples show the main characteristic graphitic Raman signals, at ~1300 and 
~1580 cm-1 corresponding to graphite D- and G-bands, respectively. Raman spectroscopy revealed the 
presence of amorphous carbon on the surface of MWNTs. 

 
Fig. 1.  SEM images of the CNT bridges grown on Fe-montmorillonite pre-treated with Fe(NO3) 3 ∙ 9H2O  

 
Fig. 2.  SEM images of CNT bridges grown on Fe-zeolite pre-treated with Fe(NO3)3 ∙ 9H2O 

 
Fig. 3. SEM images of CNT bridges grown on Fe-zeolite pre-treated with FeCl3 ∙ 6H2O  
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4. CONCLUSION 

The SEM images revealed the presence of carbon nanotube bridges. The nanotubes were bridging-cross 
both single parts of aluminosilicates and micro-cracks which had been formed during quick drying of 
aluminosilicates. The carbon nanotubes formed a three-dimensional CNTs/aluminosilicate network. The 
length of these nanotubes was in a range from several nm to nearly 10 µm. Diameters of the grown 
MWNTs were in a narrow range but the nanotubes contain also other forms of carbon. Raman 
measurements showed the presence of amorphous carbon on the surface of MWNTs and moreover, the 
position of the D and G bands are characteristic for CNTs. Consequently, formation of carbon nanotube 
bridges in the material can provide a promising way to produce new nanocomposites with improved 
mechanical properties. 
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Fig. 4 Raman spectra of the CNTs grown on Fe-aluminosilicates 
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Abstract 

Magnetite labeled carbon nanotubes were prepared by precipitation method in nitrogen atmosphere at 
60°C. For the preparation were used single-walled carbon nanotubes with diameter from 1 to 2.0 nm and 
length in the range of 500 - 2000 nm, and multi-walled carbon nanotubes with outer diameter from 20 nm 
to 30 nm, wall thickness from 1 nm to 2 nm and length from 500-2000 nm. Magnetic properties of the 
prepared samples investigated by a SQUID magnetometer show significant changes in comparison with non 
labeled samples. Transmission electron microscopy was employed to obtain structural and size information. 
Infrared spectroscopy proved the presence of magnetite in the CNT/Fe3O4 product.  

Keywords: Carbon nanotube; magnetic nanoparticle 

1. INTRODUCTION 

Carbon nanotubes (CNT) and magnetic nanoparticles (MNP) have attracted wide interest in many areas of 
science, technology, and medicine. Carbon nanotubes are molecular-scale tubes of graphitic carbon with 
outstanding properties. The simplest carbon nanotube is composed of a single sheet of a honeycomb 
network of carbon atoms, called graphene, it is rolled up seamlessly into a tubular form. Single-wall carbon 
nanotube (SWCNT) was discovered in 1993 by Iijima [1], however carbon nanotubes as multi-tubes 
(MWCNT) nesting in a concentric fashion were discovered already in 1991 [2]. SWCNT have diameter from 
0.4 to 2.0 nm and length in the range of 20-1000 nm, while MWCNT are bigger objects with diameter in the 
range of 1.4-100 nm and length from 1 to several µm. The exact structure of a nanotube depends on the 
different angles and curvatures in which a graphene sheet can be rolled into a tube and is determined by a 
vector, which is called a chiral vector and discriminates CNTs into “zigzag", "armchair”, and “chiral” forms. 
The electronic properties of a nanotube change in correspondence to its structure; thus armchair 
nanotubes are metallic, while zigzag and chiral can be either metallic or semiconducting [3]. In general, 
SWCNT are a mixture of metallic and semiconducting material, depending sensitively on their geometrical 
features, while MWCNT are regarded as metallic conductors. 
CNTs are insoluble in all solvents due to strong van der Waals interactions that tightly hold them together, 
forming bundles. CNT can undergo chemical functionalization to enhance solubility in various solvents and 
to produce novel hybrid materials potentially suitable for applications. The main approaches for the 
functionalization of CNT can be grouped into two main categories: (a) the covalent attachment of chemical 
groups, through reactions on the conjugated skeleton of CNT, and (b) the noncovalent supramolecular 
adsorption or wrapping of various functional molecules onto the tubes.  

In this paper we report the preparation of a novel composite object that is a CNT covalently functionalized 
by MNP. As magnetic nanoparticles we used magnetite (Fe3O4).  
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2. EXPERIMENTAL 

2.1 Materials 

Chemical vapor deposited multi-walled carbon nanotubes (MWCNT) were purchased from Sigma Aldrich 
Co. (length from 0.5 µm to 2 µm, outer diameter from 20 nm to 30 nm, wall thickness from 1 nm to 2 nm). 
SWCNT and SWCNT functionalized with carboxyl group (SWCNT-COOH) were commercially available from 
Cheap Tubes Inc. They were produced by catalytic chemical vapor deposition technique and purchased as 
purified materials. SWCNT were of mixed chirality. About 60% of SWCNT were semiconducting and 40% 
were metallic. Their length ranged from 0.5 µm to 2 µm, outer diameter from 1 nm to 2 nm, inner 
diameter: 0.8-1.6 nm. Other reagents (FeCl3.6H2O, FeSO4.7H2O, NH4OH, HNO3, and H2SO4) were of 
analytical grade. Deionized water was used. 

2.2 Synthesis  

MWCNT/Fe3O4 was prepared in two steps; a) functionalization of MWCNT with carboxyl groups and b) 
subsequently labeling with MNP. In the case of the SWCNT/ Fe3O4 synthesis we used purchased SWCNT-
COOH. 

a) Functionalization of MWCNT: 0.1 g of MWCNT was added to a mixture of concentrated nitric acid 
(10 ml) and sulfuric acid (30 ml) and ultrasonicated over 8 hours. Then 90 ml of water was added into the 
mixture. The dispersion was then centrifuged, washed with water until it turned neutral and dried at 50 0C 
overnight. The scheme of the functionalization is shown in Fig.1. 

b)  Synthesis of CNT/Fe3O4 (Fig. 1): About 0.1 g of MWCNT-COOH or SWCNT-COOH was dissolved in 60 
ml of water by ultrasonic irradiation for 20 min. The mixture was further stirred vigorously for 30 min at 60 
0C under nitrogen atmosphere. 

 

 

 

 

Fig. 1: The scheme of two step CNT/Fe3O4 preparing. 

Then 153 mg of FeCl3.6H2O were added under stirring and reacted 30 min. Thereafter 80 mg of FeSO4.7H2O 
was added, what was followed by stirring for additional 30 min. At last 30 ml of 6% NH4OH aqueous 
solution was added into the mixture drop by drop at 60 0C during 1 hour and reacted for another 2 hours. 
The whole process was performed under nitrogen atmosphere. The reaction mixture was then several 
times centrifuged; the product was washed with water to neutral pH and dried at 50 0C for 24 hours.  

 

2.3 Experimental methods 

The total iron concentration of the CNT/Fe3O4 was determined spectrophotometrically after HCl/H2O2 
induced oxidation of FeII to FeIII and an addition of 1% ammonium thiocyanate followed by absorption 
measurement of the thiocyanate complex at λ = 495 nm. The amount of MNP in the prepared samples was 
25% w/w. The morphology and size distribution of the prepared CNT and magnetically labeled CNT were 
measured by transmission electron microscopy (TEM Tesla BS 500). The sample dispersed in diluted ethanol 
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was dropped on a copper grid and dried on the air. Fourier-transform infrared (FTIR) spectra of CNT, 
carboxyl functionalized CNT (CNT-COOH), and magnetite labeled nanotubes (SWCNT/Fe3O4, MWCNT/Fe3O4) 
were collected using KBr pellets with an FTLA2000-100 instrument (from ABB) acquiring 32 scans per 
specimen at a nominal resolution of 4 cm-1. A spectrum of a pure KBr pellet was used as a background to 
generate the sample spectra. The baselines were subtracted and seven-point central moving averages were 
calculated to get smoothed spectra. Magnetization measurements were recorded by a SQUID 
magnetometer (Quantum Design MPMS 5XL) at room temperature. Samples were prepared by wrapping a 
few tenths mg of sample in about 15 mg of cling film. The known diamagnetic contribution of the film was 
subtracted from the magnetization curve of each sample. 

3. RESULTS AND DISCUSSION 

a) Transmission electron microscopy analysis. 

Fig. 2 shows typical TEM images of MWCNT, and MWCNT/Fe3O4. As is shown, the used MWCNT contained 
few defects in sheets of nanotubes. It can be seen from Fig. 2b that the magnetite nanoparticles were close 
to spherical and the particle size distribution was from 10 to 20 nm, and the mean particle size was about 
16 nm.                                         

 

 

 

 

 

 

 

 
           a)                       b)                                                        c) 

Fig. 2: TEM images of MWCNT: dark field (a) and bright field (b), and dark field of MWCNT/Fe3O4 (c). 

Fig. 3 shows typical TEM images of SWCNT and SWCNT/Fe3O4. It can be seen from Fig. 3b that the 
magnetite nanoparticles were close to spherical and the particle size distribution was from 10 to 25 nm. 
Electron diffraction (Fig. 3c) pattern reveals the presence of graphite and Fe3O4 nanoparticles in the 
samples. 

 

 

 

 

 

Fig. 3: TEM images of SWCNT (a) and SWCNT/Fe3O4 (b), electron diffraction of SWCNT/Fe3O4 (c). 
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b) Infrared spectroscopy. 

The FTIR spectra of the samples are shown in Fig. 4. The band observed near 1580 cm-1 in all samples shows 
the presence of the cylinder like carbon structure (rolled graphene sheet). According to the work of Jishi et 
al. [4], several infrared active modes may have a wavenumber near 1580 cm-1, while the wavenumbers 
depend on the geometry of the CNT. In addition, infrared wavenumbers are dependent on the nanotube 
diameter. As a MWCNT comprises several diameters, broad bands can be expected that are built up of 
several component bands. The broadness of the band observed at 1580 cm-1 for SWCNT samples can be 
explained by the polydispersity in the geometry of nanotubes. The stretching C=O vibration of the carboxyl 
(COOH) group is visible in the spectra of the modified carbon nanotubes. It was observed at 1713 cm-1 for 
MWCNT-COOH, and at 1724 cm-1 for MWCNT/Fe3O4 and SWCNT/Fe3O4. This band was reduced in the 
spectrum of MWCNT/Fe3O4 compared to MWCNT-COOH. This reduction was ascribed to the linkage 
between magnetite particles and nanotubes, which was formed by a reaction of carboxyl groups with the 
surface of magnetite particles. In the spectra of MWCNT/Fe3O4 and SWCNT/Fe3O4, the broad band around 
ca. 585 cm -1 showed the presence of iron oxide, primarily magnetite. 

 

 

 

 

 

 

 

Fig. 4: FTIR spectra of the samples. 

c) Magnetization measurements 

The magnetization hysteresis loops of CNT functionalized by MNP (Fig. 5a) and non functionalized (Fig. 5b) 
samples were measured at room temperature. The obtained values of saturation magnetization Ms and 
coercive field Hc are summarized in table 1.  
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Fig. 5: Cut-out of magnetization curves of a) MWCNT/Fe3O4 and SWCNT/Fe3O4, b) MWCNT and SWCNT measured at 

room temperature. 
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Table 1.: The summarization of magnetic properties. 
The saturation magnetization is 
significantly higher at 
functionalized samples due to 
presence of nanoparticles of 

Fe3O4 with relatively high magnetic moment that were formed on the wall of CNT. In the opposite way the 
coercivity of these samples is noticeably lower in comparison with non functionalized one. This could be 
attributed to the small magnetic anisotropy of the nanoparticles. The nanoparticles could play role as 
starting centre for change of magnetization of whole nanotube. This result is in good accordance with the 
TEM observation of the small sizes of the magnetite nanoparticles mentioned above. 

 
              Fig. 6: The images  

              of SWCNT (a) and  
              SWCNT/Fe3O4 (b)  
              observed by 
                             polarization  
                 microscope in the  
              presence of an  
              external magnetic  
              field. 

a)                                                                               b) 

Fig. 6 shows the behavior of SWCNT and SWCNT/Fe3O4 in thin film created with polyvinyl alcohol (PVA). 0.1 
mg of sample was dispersed in 0.05 % PVA and taken into a magnetic field of 0.8 T. The thin film was 
studied by polarizing microscope. In the case of SWCNT/Fe3O4 the particles are organized into the direction 
of magnetic field (Fig. 6b), while SWCNT particles are organized randomly (Fig. 6a). 

4. CONCLUSSIONS 

We report here the synthesis of CNT/Fe3O4 nanostructures. FTIR spectroscopy confirmed the presence of 
the expected chemical structures, CNT, carboxyl groups, and magnetite, in the corresponding prepared 
samples. The magnetite nanoparticles were close to spherical and the particle size distribution was from 10 
to 25 nm. Finally, tethered Fe3O4 magnetic nanoparticles on the surface of CNT imparted magnetic 
properties to the composite material. The aim of the future work will be characterization of the anisotropic 
electrical properties by creating thin films of oriented CNTs or embedding them in polymer matrices to 
form anisotropic nanocomposites. 
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Abstract 

Al-Fe-Cr-Ti-based alloy is highly promising structural material for automotive and aerospace industry due to 
advantageous weight-strength ratio and in comparison with commercially used Al alloys also good thermal 
stability because of presence of reinforcing icosahedral quaiscrystals in the structure.  In the present work 
the mechanical properties and especially fatigue behaviour of this type of nanoquazicrystalline material 
obtained in bulk form are described. Material was prepared by consolidation of gas atomized powder 
having a nominal chemical composition of Al93Fe3Cr2Ti2 (at.%). Microstructure of material contains 
spherical particles of icosahedral i-phase up to 250nm in diameter embedded in a-Al matrix. Consolidation 
of powder was achieved via hot extrusion.  

For cyclic loading the cylindrical specimens with gage length 10 mm and diameter 4 mm were machined 
from two type of extrudates with different powder particle size (PPS), 0-25 mm and 50-100 mm respectively. 
Fatigue properties were studied using servohydraulic MTS machine and cyclic loading was performed at 
constant stress amplitude with positive mean stress (the stress ratio R = 0.1). Measured stress-strain data 
were evaluated and fatigue life in form of S-N curves was obtained. Fracture surface of broken testpieces 
was observed by means of optical and electron microscopy, fractographic analysis was performed and 
fracture mechanism was studied. 

Keywords: Nanostructured materials, Mechanical properties, Fatigue, Aluminium alloys, Quazicrystals, 
Fractography 

1. INTRODUCTION 

For commercial utilization of Al-based alloys is necessary that these light-weighted materials have to be 
also high-strength. It could be achieved by different conventional strengthening mechanisms, i.e. solid 
solution strengthening, precipitation strengthening, grain size refinement strengthening, dispersion 
strengthening, work strengthening, etc. [1] In order to develop a new type of Al-based alloy with higher 
tensile properties even at elevated temperatures a more efficient strengthening mechanism has to be used. 
Solution can be seen in use of icosahedral phase (I-phase). Quasicrystalline I-phase possesses high hardness 
but extreme brittleness. It can contain dislocations; however it is very difficult for dislocations to move in 
this kind of lattice[2]. 

If the nanoscale I-phase particles are dispersed homogeneously as a reinforcing phase in a ductile fcc-Al 
matrix, the resulting material is expected to exhibit high strength together with good ductility. Thermal 
stability of I-phase also indicates the possibility of high strength at elevated-temperature of resulting 
nanostructured material. 

In recent years some papers was concerned to a structural characterization of nanostructered Al-based 
alloys especially for quaternary A-Fe-Cr-Ti system containing a spherical nanoquasicrystalline phase [3-6] 
and/or thermal evolution of the microstructure of this type of material [7].  
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Material with mentioned alloy composition was in the literature previously explored only as a ribbons or 
powders obtained by various rapid solidification routes (for example melt spinning [8] or gas atomization 
[9]). Studies concerned to the evaluation of mechanical properties (ie. strength, yield stress, young 
modulus, ductility ie. engineering material characteristic from the tensile test necessary for structural 
design) of this kind of material in form of rapid solidified ribbons [10,11] as well as in bulk form are limited 
or rare [12-17]. It is probably due to a difficulty in production of bulk by conventional solidification 
processing. As a convenient method for preparation of material in bulk form is used in most cases a hot 
extrusion [2] or recently a spray forming technique [18]. 

This paper is intended to present the mechanical properties and especially fatigue behavior at load 
controlled cycling with positive mean stress of Al-based nanostructured material prepared by hot extrusion 
of gas atomized quasicrystalline powder of Al-Fe-Cr-Ti alloy. 

2. EXPERIMENT 

2.1 Material 

An Al-based master alloy of chemical composition of Al93Fe3Ti2Cr2 (at.%) was used for preparation of 
powder by gas atomisation method under helium atmosphere and high pressure. The powder was graded 
into different groups depending on powder particles size (PPS) and then consolidated by cold compacting in 
an Al can, without degassing, and hot extruded with extrusion ratio 10:1 at extrusion temperature 400°C. 
From extruded bars the cylindrical testpieces with thread ends were machined. From obtained amount of 
material it was possible to produce 6 testpieces for PPS = 0-25 mm and 5 for PPS = 50-100 mm) having a 
gauge length diameter of 4 mm, a nominal gauge length of 10 mm and total length 60 mm. The surface of 
testpieces at gage length was polished.   

2.2 Loading 

Fatigue experiments were conducted in ambient air at room temperature using an INSTRON 8801 servo-
hydraulic testing system with a load capacity of 100 kN. For gripping and loading of testpieces were used 
thread adaptors and INSTRON pull rods. Deformation was monitored by an EPSILON capacitive 
extensometer with gauge length 10 mm. For computer controlling of performed tests the DAX simple 
fatigue software was used. Tests were carried out under load control at frequency 5 Hz with sinusoidal 
wave shape. The positive mean stress was applied and the load ratio was R = smin/smax = 0.1 (i.e. tension-
tension loading).  

2.3 Observation 

Post-fatigue observations of fracture surface morphology and crack aspects were studied using a Nikon 
optical microscope equipped with a SPOT-INSIGHT digital imaging system. SEM facilities (SEM - JEOL and 
field emission FEG SEM - Hitachi S4300) were applied for initial fractographic study of interesting details 
revealed by OM and for chemical analysis of the inclusions present on some of the fracture surfaces. 

3. RESULT AND DISCUSSION 

Results of fatigue tests are presented in Fig.1. Fatigue characteristic in form of S-N curves was determined 
from a minimum of five testpieces for each material (two materials having different PPS ranges, i.e.  



 
 
0-25 mm, and 50-100 mm). Despite of limited amount of material the main trend for fatigue behaviour was 
obtained and interesting results were reached. Generally reduced PPS conduces to an enhancement in the 
fatigue strength and an elongation of fatigue life.  

 

 

Prior fatigue testing of each testpiece the modulus of elasticity 
showed type II behaviour and therefore only fatigue strength 
The value of fatigue strength proved the expectation that material with smaller PPS will exhibit better 
fatigue properties i.e. it will cause increase of fatigue life (
Mechanical properties obtained from tensile test (i.e. tensile strength 
performed earlier [14] are in Table 1 as well. M
mechanical properties except ductility.  

Table 1: Data evaluated from fatigue loading (E,

PPS [mm] Code E [GPa]
0-25 K ~ 95

50-100 M ~ 90

In the Fig. 2 is the comparison of S-N curves for nanostructured material with different PPS (
marked with code K, and 50-100 mm marked M) and for commercially produced Al alloys with coarse
grained structure. It is evident that there is no big difference in low
comparable; nevertheless in high-cycle region is a s
fatigue strength. 

Asymmetrical load controlled cycling results in cyclic creep sometimes called as ratcheting. It is the 
combination of the cyclic plasticity and the monotonic plasticity (full max
quarter of the first cycle).  

Ratcheting is characterised by a shift of hysteresis loop during loading. Thorough acquisition of 
loops during loading provided very important data for further evaluation. 
evaluated from stress-strain records as a shift of the centre of individual hysteresis loop from the centre of 
the first, not fully closed loop. Resulting cyclic creep curves, i.e. dependencies of cyclic creep strain on 
number of cycles elapsed for some of the testpieces are in Fig.3 and 4.

Fig. 1: Fatigue life curves for Al93Fe3Ti2Cr2

different PPSs tested at room temperature and stress 
ratio 0.1. 
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m). Despite of limited amount of material the main trend for fatigue behaviour was 
resting results were reached. Generally reduced PPS conduces to an enhancement in the 

fatigue strength and an elongation of fatigue life.   

 

Prior fatigue testing of each testpiece the modulus of elasticity E was analysed (see Table 1). The S
showed type II behaviour and therefore only fatigue strength sf could be evaluated (no fatigue limit 

the expectation that material with smaller PPS will exhibit better 
fatigue properties i.e. it will cause increase of fatigue life (Nf) and increase of fatigue strength 

obtained from tensile test (i.e. tensile strength Rm, proof stress Rp

are in Table 1 as well. Material with the smaller PPS exhibits the higher values of 

: Data evaluated from fatigue loading (E, sf) and basic tensile properties (Rm, Rp0.2, A) [

[GPa] sf [MPa] Rm [MPa] Rp0.2 [MPa] A [%] 
~ 95 ~170 660 540 4,5 
~ 90 ~130 480 380 9 

N curves for nanostructured material with different PPS (
m marked M) and for commercially produced Al alloys with coarse

grained structure. It is evident that there is no big difference in low-cycle regime and all materials are 
cycle region is a significant shift toward a longer fatigue life and/or higher 

Asymmetrical load controlled cycling results in cyclic creep sometimes called as ratcheting. It is the 
combination of the cyclic plasticity and the monotonic plasticity (full maximum stress is applied in the first 

Ratcheting is characterised by a shift of hysteresis loop during loading. Thorough acquisition of 
loops during loading provided very important data for further evaluation. The cyclic creep strain was 

strain records as a shift of the centre of individual hysteresis loop from the centre of 
the first, not fully closed loop. Resulting cyclic creep curves, i.e. dependencies of cyclic creep strain on 

cles elapsed for some of the testpieces are in Fig.3 and 4. 

2 with two 
different PPSs tested at room temperature and stress 

Fig.2: Comparison of S-N curves for nano
commercial Al-alloys tested at same loading conditions 

(stress ratio). 

, Czech Republic, EU 
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resting results were reached. Generally reduced PPS conduces to an enhancement in the 

was analysed (see Table 1). The S-N curves 
could be evaluated (no fatigue limit sc ). 

the expectation that material with smaller PPS will exhibit better 
) and increase of fatigue strength (sf). 

p0.2, ductility A) 
aterial with the smaller PPS exhibits the higher values of 

0.2, A) [14]. 
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cyclic creep strain was 

strain records as a shift of the centre of individual hysteresis loop from the centre of 
the first, not fully closed loop. Resulting cyclic creep curves, i.e. dependencies of cyclic creep strain on 

N curves for nano-Al and 
alloys tested at same loading conditions 



 
 

 

Fig.3 shows in semi-logarithmic coordinates that the creep deformation for material with PPS = 
increases, nevertheless for material with PPS = 50
stronger. Similar difference between materials with two values of PPS was observed for all levels of applied 
load. The effect of different applied load on cyclic creep deformation for material with one P
examined as well. An example of results for material with PPS = 0
graph it is obvious that for increasing value of maximum stress of cycle the effect of ratcheting (i.e. cyclic 
creep) increases. 

From early fractographic observation it results that supposed fracture mechanism in this nanostructured Al 
alloy is the ‘weakest link’ mechanism. The crack propagation progressed from the initiation point to the 
surface of the testpiece contrary to the typical fatigue mec

On the basis of detailed fractographic studies, it would appear that satisfactory consolidation was achieved 
for production conditions (i.e. extrusion ratio and temperature). Notwithstanding the apparent satisfactory 
consolidation, in most cases the fracture initiation occurred at locations where small voids were present. A 
typical example where small void are present at the vic
on Fig.5. However, in a number of cases fracture initiation occurred at inhomogeneous inclusions. The 

Fig. 3: Dependence of cyclic creep strain on number of 
elapsed cycles for materials with different PPS tested at 

same conditions. 
 

Fig. 5: Initiation on a void. 
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logarithmic coordinates that the creep deformation for material with PPS = 
increases, nevertheless for material with PPS = 50-100 mm the increase of creep deformation is significantly 
stronger. Similar difference between materials with two values of PPS was observed for all levels of applied 
load. The effect of different applied load on cyclic creep deformation for material with one P
examined as well. An example of results for material with PPS = 0-25 mm is presented in Fig.4. From the 
graph it is obvious that for increasing value of maximum stress of cycle the effect of ratcheting (i.e. cyclic 

ographic observation it results that supposed fracture mechanism in this nanostructured Al 
alloy is the ‘weakest link’ mechanism. The crack propagation progressed from the initiation point to the 
surface of the testpiece contrary to the typical fatigue mechanism, when crack initiates at the surface.

On the basis of detailed fractographic studies, it would appear that satisfactory consolidation was achieved 
onditions (i.e. extrusion ratio and temperature). Notwithstanding the apparent satisfactory 

consolidation, in most cases the fracture initiation occurred at locations where small voids were present. A 
typical example where small void are present at the vicinity of conglomerate of powder particles is shown 
on Fig.5. However, in a number of cases fracture initiation occurred at inhomogeneous inclusions. The 

Dependence of cyclic creep strain on number of 
elapsed cycles for materials with different PPS tested at 

Fig. 4: Different curves of cyclic creep strain for 
material with one PPS tested at different conditions.

Fig. 6: Initiation on an extraneous particle.

, Czech Republic, EU 
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nature and origin of these inclusions are points of interest of ongoing studies. So far it seems to be 
associated with impurities and inclusions introduced into material during sieving, compaction and 
consolidation of powder. A typical example of extraneous particle is shown on Fig.6.  

4. CONCLUSION 

Characterisation of fatigue properties of bulk nanostructured material reinforced by icosahedral phase 
prepared by hot extrusion was performed. The expectation that this material will exhibit longer fatigue life 
than commercially available aluminium alloys loaded at similar conditions was proved. Fatigue life curves at 
room temperature were measured and the effect of PPS on fatigue behaviour was described. Fatigue 
endurance for the finest microstructure under investigation (i.e. PPS = 0-25 mm) reached the fatigue 
strength of 170 MPa. Modulus of elasticity was established on the level of 95 GPa and 90 GPa for the 
material with the fine and coarse microstructure, respectively. The effect of ratcheting for fatigue loading 
with positive mean stress was evaluated with respect to PPS and applied stress. The material with PPS = 0-
25 um was found more ratcheting resistant. Fractographic analysis of fracture surfaces revealed the 
weakest link mechanism as the governing fracture mechanism involved in failure of this type of 
nanostructured materials.  
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Abstract 

Thin films of vanadium-titanium complex oxides were prepared by ArF excimer laser ablation of TiO2 and 
VO2 targets. The light grey films with thickness of 155 nm were grown on glass and Au substrates and 
characterized by microscopy, spectroscopy and diffraction techniques. The as-prepared films were 
nanocrystalline and heating at 450 oC in vacuum led to formation of mixture of crystalline V0.95Ti0.05O and 
TiO nanoparticles. The film shows reversible thermochromic behaviour between 3.0 and 1.4 micrometers. 
The films, annealed in air oxidize and the colour of the film changes to light yellow. Electrical and optical 
properties of the films are demonstrated.  

Keywords: vanadium-titanium oxide, thermochromic effect 

1. INTRODUCTION 

Thermochromic effect is a temperature-dependent structural transformation of various transition metal 
compounds (usually oxides or sulfides). The transformation is accompanied with a remarkable change of 
their optical and electronic properties. Most widely studied material is vanadium dioxide, which changes at 
transition temperature from monoclinic, semiconducting and IR transparent form to tetragonal, metallic 
and IR reflecting one. The transition temperature 68 oC is too high for practical application as smart 
windows. The transition temperature can be decreased by doping with tungsten [1,2] or titanium oxides [3-
5] or with magnesium [3]. Vanadium has various valence states resulting in many oxide forms. A lot of them 
were widely studied for their optical, electrical, electrochemical, thermochromic or thermal switching 
properties. In this work, vanadium titanium oxide films were deposited by excimer laser ablation of 
VO2/TiO2 targets in a vacuum. The deposited film was characterized and its thermochromic and electrical 
properties were studied.  

2. EXPERIMENTAL 

Thin layers of titanium-vanadium oxides were prepared by ArF laser ablation of VO2 and TiO2 targets (Dia 13 
x 2 mm), mounted on a rotating holder. The experiments were conducted in a 1l Pyrex reactor equipped 
with a quartz entrance window, a rotating target holder and a substrate holder. The ArF laser (Semento, 
Estonia) was operated with a repetition frequency 10 Hz and an energy (55 mJ/pulse, 193 nm). The laser 
beam was focused by a quartz window (focus length 17 cm) on the surface of the targets. Glass and gold 
were used as substrates for deposition of thin films. For resistance measurements a gold electrode array on 
the 2 x 2 cm glass substrate was used. The electrode spacing was typically 0.2 mm. The ablation was 
conducted under vacuum (10-3Pa, Pfeiffer HiCube turbostation). 
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The deposited films were analyzed and characterized by FTIR (a Nicolet Impact 400 spectrometer), Raman 
(a Nicolet Almega XR spectrometer, excitation wavelength 473 nm) and UV-VIS (Shimadzu UV 1601) 
spectroscopies. Scanning electron microscopy and EDX elemental analysis were performed on XL30 CP 
instrument (Philips) using accelerating voltage in the range from 5 to 25 kV. The chemical composition was 
taken from several m2. Transmission electron microscopy and selected area electron diffraction was 
measured using a Philips EM 201 microscope.  ProcessDiffraction V 4.3.8.B software was used to solve the 
diffraction patterns [6]. 

Atomic force microscopy (XE-100 Park Systems) was used to measure a deposit thickness and surface 
roughness. The thermochromic properties were studied using 30o specular reflection equipment (Nicolet 
Impact 400). Thin films were studied as prepared and annealed in vacuum and in air. Thermal treatment 
was performed in a Tube furnace 21100 (Thermolyne). A quartz tube with deposit was evacuated by a 
turbostation (Pfeiffer Vacuum TCP 380) and a temperature ramp was set at 10 oC/min. The samples were 
maintained at the desired temperature (450 oC) for 90 min and then they were cooled to the room 
temperature. 

3. RESULTS AND DISCUSSION 

The thin films were prepared using ArF laser pulses, highly focused on a target surface. The ablation was 
performed for 12 min and both VO2 and TiO2 targets were ablated alternately by rotation of target holder. 
The VO2 target was ablated for 18 seconds and TiO2 one for 12 seconds which means that film was formed 
by 24 layers of vanadium and titanium oxides. The chemical composition of the films was studied by the 
EDX technique. The bulk composition shows vanadium/titanium ratio 0.59/0.41 for the as-prepared sample. 
This result is in a good agreement with irradiation time of the targets, which means that ablation of the 
both targets has a similar efficiency. Heating to 450 oC at pressure 10-3 Pa has no influence on a sample 
stoichiometry. The reactor was evacuated to 10-3 Pa before the ablation and in the course of irradiation a 
pressure increase to 10-2 Pa was observed. It means that the highly energetic laser beam evaporates the 
targets, decomposes oxides and the film is enriched in heavier components [7] (vanadium and titanium), 
resulting in formation of suboxides. 

The films prepared are light grey and possess extremely good adhesion to the glass substrate. Annealing at 
450 oC in vacuum has no influence on colour and adhesion, whereas air annealing at changes the colour to 
light yellow as a consequence of the oxidation.  

The as-prepared deposit is very compact and transmission electron microscopy shows that it forms a flat 
plates (Fig. 1a). The deposit shows very poor degree of crystallization, as demonstrated by broad diffusion 
rings in the electron diffraction pattern (Fig. 1a, inset). Annealing at 450 oC for 1.5 hrs in the vacuum leads 
to the pronounced crystallization. The nanocrystalline film (Fig. 1b) shows the discrete rings in the SAED 
pattern (Fig. 1b, inset).  

The software used to solve the SAED data produces a XRD-like distribution from the measured SAED ring 
patterns. Comparison of the electron diffraction results with a PDF 2 data library revealed presence of 
V0.95Ti0.05O nanocrystallites together with TiO. Both metals have a lower valence state in the oxides 
prepared by ArF laser ablation. This result was expected due to observed pressure increase, caused by 
releasing of gaseous oxygen. Both vanadium-titanium oxide (PDF 77-2174) and titanium monoxide are 
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cubic (PDF 29-1361, hongquiite). Weak reflections should be ascribed to the titanium dioxide probably as a 
consequence of a surface oxidation. 

Fig. 1. TEM images of the (a) as-prepared sample, (b) the sample annealed at 450 oC in vacuum; insets are 

corresponding electron diffraction patterns and (c) ED spectrum of the annealed sample (red line) with cubic 
V0.95Ti0.05O 

The AFM analysis was performed on the as-prepared sample deposited on the glass substrate. A small part 
of the sample was removed by a cutting edge. The thickness of the sample was found to be 155 nm (Fig. 
2a), which means that growth rate of the deposit is about 13 nm per minute. The surface is very smooth 
with mean roughness less than 15 nm, as demonstrated by the three dimensional AFM image (Fig. 2b). 

a b

 
Fig. 2.  AFM (a) profile and (b) topography of the as-prepared deposit on the glass substrate 

The Raman spectrum of the deposit (Fig. 3b) revealed bands 995, 700, 413, 290 and 145 cm-1. Such bands 
are typical for vanadium oxide material and represent a different stretching and bending vibrations of the 
V-O-V framework [8]. The VO2 and TiO2 targets alone were used for ablation and vanadium oxide and 
titanium oxide films were prepared separately. The Raman spectra of the resulted films are depicted in the 
Fig. 3c (vanadium oxide film) and Fig. 3d (titanium oxide film). Comparison of the spectra shows, that only 
vanadium oxide bands contribute to the V/Ti/O spectrum. The vacuum annealed film shows a set of 
different bands between 125 - 760 cm-1, that is attributable to V0.95Ti0.05O (Fig. 3a). 

The optical measurements were carried out using the FTIR and UV spectrophotometers in the UV-VIS and 
IR regions. Optical transmission in the UV-VIS region shows no change with increasing temperature, while 
in the NIR region the deposit exhibits a strong dependence on the temperature in the range from 22 to 88 
oC. Fig. 4 shows the optical changes induced by increasing of the substrate temperature. The maximum 

a b c
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change of the transmission is located at 1.47 mm. The changes observed are reversible, but much slower 
than that reported in the bulk VO2 films.  

Fig. 3. Raman spectra of the films                                         Fig. 4. Transmission spectra of the as-prepared film in the 

                     NIR region 

Electrical resistivity of the as-prepared sample was measured from 22 to 88 oC. The film was deposited on 
the gold electrode array situated on the insulating glass substrate. The measurements were performed in 
an apparatus under dry nitrogen in a dark and a temperature ramp was set to 0.5 oC/min. The resistivity of 
the as-prepared sample was 190 MW and heating up to 88 oC led to a remarkable deceasing of this value 
(Fig. 5, blue markers). A subsequent cooling process has followed a different curve (Fig. 5, red markers), and 
the initial resistivity has not been reached within a two hours cooling cycle. Further two hours at room 
temperature were needed to achieve the initial resistivity. The same hysteresis effect was observed in the 
NIR transmittance of the film and it is a sign of the phase change proceeding between room and increased 
temperatures or the strain appearing in the multilayer structure of the film [3]. 
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Fig. 5. Dependence of the electrical resistance on the temperature 

4. CONCLUSION 

V/Ti/O based multilayer thermochromic films were prepared by the excimer laser ablation onto glass, gold 
and electrode substrates. The oxide films were characterized by electron diffraction and Raman 
spectroscopy. NIR spectrum of the as-prepared film shows the decrease of the transmission in the 
temperature region from 22 to 88 oC. Electrical resistance drops with increased temperature and the 
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hysteresis behaviour was observed. The temperature related changes both optical and electrical are found 
to be reversible. Annealing at 450 oC leads to structural changes resulting in formation of V0.95Ti0.05O and 
TiO nanocrystallites. 
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Abstract 

The work is focused on thin film technologies especially on sputtering of dielectric thin film layers. The set 
of thin film capacitors was created on silica glass substrate. Aluminum electrodes of separated capacitors 
are deposited by method of vacuum evaporation. The AlN dielectric layer was prepared by reactive high 
frequency sputtering from aluminum target in nitrogen atmosphere. Dielectric layers were deposited at 
different conditions of sputtering. The power plasma generator and time of sputtering were changed in 
useful range. Partial pressure of Ar and N was constant for all samples. Part of work is concerned to 
investigation of dependence of electrical capacity of thin film capacitors on thickness of dielectric layer. The 
permittivity of dielectric layer does not constant but can be varied with thickness for layer with low 
thickness (ones or tens nm). Thickness and thus electrical capacity are depending on distance between 
target and substrate. Thickness of dielectric layer was measured by using of confocal microscope. 

1. INTRODUCTION  

The increasing integration and miniaturization give possibility of usage of thin film layers for numerous 
applications. Dielectric thin film layers can be used for dielectric layer of thin film capacitor or sensor etc. 
The sputtering is one of most used methods for deposition of thin film layers. The reactive high frequency 
sputtering is possible to use for preparation dielectric layers from corundum or aluminum nitride. The 
properties of dielectric thin film layer can be influenced by conditions of process of layer deposition. 

Physical parameters such as relative permittivity, specific conductivity of bulk materials is influenced by 
temperature, frequency etc. but not by their size. The parameters of thin film layers are influenced by their 
thickness in addition to bulk material. Thickness of thin film layer is usually ranged from tens of nm to tens 
of mm. 

2. TEST SAMPLES PREPARATION 

The set of thin film samples was prepared on silica glass substrates 
with width of 25 mm and length of 80 mm. Fig. 1 shows substrate 
with set of thin film capacitors. The areas marked by numbers from 
1 to 10 are thin film capacitors. The first layer on substrate 
represents separated conductive electrodes for individual 
capacitors (in fig. 1 black lines oriented vertically). The dielectric 
layer is deposited on substrate as second layer. Last layer is 
electrode common to all 10 capacitors (in fig. 1 black line oriented 
horizontally). Thus the 10 separated capacitors are created by 
crossing of bottom and upper conductive electrodes.  

Fig. 1 Substrate with 10 thin film 
layer capacitors. Numbers 1 to 10 

marked separated capacitors 
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Electrodes of capacitors are created by method of vacuum evaporation of aluminum. The middle dielectric 
aluminum nitride layer is prepared by method of reactive high frequency sputtering from aluminum target 
at nitrogen atmosphere. Sputtering of AlN layer was realized at pressure of 2 Pa in recipient. The ratio of 
inert gas argon to reactive gas nitrogen Ar : N was 19:1. Sputtering process was carry out in time durative 
from 25 to 45 minutes. The value of power plasma generator was changed in range from 75 W to 125 W for 
separated experiments. 

3. MEASURED PARAMETERS 

3.1 Measurement of electrical capacity 

Measurement of electrical capacity was realized by using the RLCG meter. The measurement with RLCG 
meter is based on principle of indirect measurement of impedance by ohms method. The electrical 
capacitance was measured at frequency of 1 kHz and at voltage of 0,5 V.  

3.2 Measurement of thickness of dielectric layer 

The confocal microscope was used for determination 
of thickness of thin film AlN dielectric layers. 
Determination of thickness by confocal microscope 
belongs to group of optical methods. The mentioned 
device is scanning the cross-section of plane of 
sample. Final image is generated by reconstruction of 
single cross-sections. Example of image of sample 
interface between substrate and dielectric layer from 
confocal microscope is shown in fig. 2. Detailed 
information is possible to found in [1]  

3.3 Relationship between electrical capacity and 
thickness 

The relationship between parameters of capacitor is 
defined by well-known equation: 

t

S
C r ××

=
ee 0                (1) 

Where C is electrical capacity, e0 is permittivity of vacuum (8,854∙10-12 F∙m-1),  er is relative permittivity, S is 
area of planar capacitor equal to 0,64 mm2 (0,8 mm × 0,8 mm) and t is thickness of dielectric layer of 
capacitor. 

4. RESULTS DISCUSSION 

4.1 Influence of sputtering conditions on electrical capacity 

The dependence of electrical capacity of dielectric AlN layer on conditions of sputtering was analyzed. The 
duration of sputtering process and power plasma generator belong to monitored parameters. Power 
plasma generator is ranged from 75 W to 125 W. Lower powers are insufficient for formation of aluminum 

Fig. 2 Image of sample from confocal misroscope 
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nitride layer by reactive sputtering. The excess of aluminum atoms is generated at powers higher than 
150 W approximately. Thus all aluminum atoms shot from target during sputtering do not react with 
nitrogen. Many individual atoms of aluminum can be present in layer and then layer become more 
conductive. 

The dependence of electrical capacity on 
power plasma generator is shown in fig. 
3. The dependence show expected 
decreasing character. Capacity at the 
beginning decrease more rapidly. Slow 
drop we can observe for higher power 
plasma generator.  

4.2 Analysis of thickness in relation to 
measured capacity 

Thickness of thin dielectric AlN layers 
was evaluated experimentally by 
confoncal microscope. Thickness 
determined from values of measured 
electrical capacity and size of thin film 
capacitors was taken in analysis too. The 
thickness value was calculated by using 
relationship 1. The value of relative 
permittivity of aluminum nitride of 4,5 
was taken for calculation [2]. Both types 
values of thickness (measured and 
calculated) were compared each other. 

Fig. 4 shown dependence of thickness on 
electrical capacitance. There the thickness 
is expressed as percentage deviation of 
calculated value of thickness from measured 
value. Measured thicknesses were ranged 
from 100nm to 300nm approximately. The 
dependence in fig. 4 indicate increasing 
tendency. The dependence of relative 
permittivity on thickness of dielectric layer 
for thin film layers with low thickness can be 
the one of reason of increasing course. 

4.3 Influence of thickness on relative 
permittivity 

The dependence of relative permittivity of 
thin film AlN dielectric layer on thickness of layer is shown in fig. 5. The relative permittivity er is 

Fig. 3 Dependence of electrical capacity on sputtering conditions 
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enumerated from measured electrical capacitance, measured thickness and area of planar capacitor with 
using relationship 1. The dependence tend to slow growth. Reason for such behavior is mentioned above in 
chapter 4.2. Values of relative permittivity move around the value 5,5 approximately.  Value of relative 
permittivity of 4,5 noted in [2] was used for determination of thickness. Other publication mention other 
values, for example value of 8,5 in [3].  

4.4 Electrical capacity in relationship to configuration of capacitors on glass substrate 

Thickness and thus electrical capacity are depending on distance between target and substrate at process 
of sputtering. An example of dependence of electrical capacity on distance of sample from target is shown 
in fig. 6. Graph represents set of capacitors prepared at value of power plasma generator of 75W and 
duration of process of sputtering 45 
minutes. 

Substrate with set of thin film capacitors 
was relatively long (80 mm). The 10 
capacitors are created on one glass 
substrate. The distance between target 
and centre of glass substrate is 50 mm. 
The behavior of displayed dependence is 
agreeing with theoretical assumption. 
Electrical capacity is inversely proportional 
to thickness. Thus the thickness of 
dielectric layer does not constant along 
length of substrate. Most thin sputtered 
layer is directly opposite to target. 
Thickness is decreasing toward to edges of substrate.  

5. CONCLUSION 

Otherwise the results obtained from analysis of experimental data correspond to theoretical assumptions 
however they must be confirmed by larger experiment with larger quantity of samples. The preparation of 
samples of thin film capacitors structure is relatively time-consuming process. Thus experiments were 
performed in little of number of samples.  
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Fig. 6 Dependence of electrical capacity on 
distribution of capacitor on substrate 
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Abstract 

Composite materials, two- and three-component in particular, have been used in the field of power 
engineering for a few decades. Mechanical properties are ranked highest among monitored two-
component composite materials. Three-component composite materials are further great at their electrical 
properties. These materials are composed of carrier component, binder and in the case of three-
component material also of filler. A glass cloth or PET foil is ranked among the most often used carrier 
component. We most often see modified epoxy resins as a binder. Electric barrier is almost entirely 
provided by mica fillers. Modification of basic resin by nanofillers brings another possibility how to modify 
and improve parameters of these materials, which are widely used in the field of power engineering, 
especially for insulating systems of electric machines. Epoxy resin filled by POSS nanoparticles is examined 
in our workplace in co-operation with the Academy of Sciences. POSS nanoparticles are more complicated 
elements forming closed structures. This basic scaffold is formed by silicon and oxygen. Number of 
substances, the most often hydrocarbons, can be linked by this basic scaffold. Epoxy resin examined by us is 
based on bisphenol-A and contains two kinds of POSS nanoparticles with different level of filling. Two types 
of hardener were used to their setting. DC and AC measurement and thermal analysis were done. Electrical 
measurement included observation of dielectric absorption and resorption and out of this findings, 
rezistivity was calculated. Furthermore, power loss factor tg δ depending on frequency and temperature as 
well as permitivity was measured. Simultaneous Thermal Analysis - Thermogravimetry (TG) and Differential 
Scanning Calorimetry (DSC) - was realized. Finding optimal filling and testing effects of new fillers on electric 
and mechanical properties are the next steps planned for this area in the near future.  

Keywords: nanocomposite, POSS, epoxy resin, insulating system, power engineering 

1. CURRENT INSULATING MATERIALS OF HIGH-VOLTAGE MACHINES 

Insulating systems belong to the most stressed parts of high-voltage machines and devices. The stress is 
present mainly in electrical and thermal form. However, the effect of both of these parts on an insulating 
system is often impossible to separate. The failure of an insulating system leads to a temporary outage, in 
the better case. Commonly, more remarkable failure happens, leading even to the machine destruction. As 
the power equipment (such as transformers, generators or grommets) belongs to the key elements of the 
electricity supply system, damage (especially economical) can be considerable. 

It is possible to prevent this damage by suitable design of insulating system and technological discipline 
during manufacturing. It is important to pay attention to operating and diagnostic indicators (on-line 
diagnostics) during work and to shut the machine down on time if needed. It is necessary to respect 
diagnostic measurement (off-line diagnostics) and specified maintenance during planned shutdown.  

Formerly used composites containing nature materials (asbestos, shellac, cotton) were replaced by more 
resistant, rotating machines especially. Present composites in the field of power engineering contain 
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modified (epoxy, silicone, polyester) resins, fibre cloths or polymeric foils in most cases. Only mica is the 
nature material which was not surpassed and it is used in the field of high-voltage insulations continually.      

2. MEASURED PARAMETERS OF INSULATING SYSTEMS 

There are two main diagnostic approaches to power equipment diagnostics - classical and structural. 
Classical measurement methods focus on the reaction of diagnosed object onto applied input diagnostic 
signals. This method is historically older and there researchers have a lot of experience with it. For example, 
it includes measuring resistivity, loss tangent, permitivity or partial discharge. Structural measurement 
methods pay attention to process in diagnosed system. This gives richer data and results have lesser value 
variance. Costlier measurement device and specially trained staff is necessary. For example, this approach 
includes Thermogravimetry (TG), Differential Scanning Calorimetry (DSC), Differential Thermal Analysis 
(DTA), Thermo Mechanical Analysis (TMA), IR spectroscopy. [1]     

2.1 Experiment measurement method 

For a complex classification of a dielectric material in the terms of dielectric properties, it is desirable to use 
both DC and AC evaluation methods. Therefore DC electric measurements including study of absorption 
and resorption characteristic, polarization indexes and resistivity were performed. These measurements 
were implemented using High Voltage Supply 240A - Keithley, Solid State Electrometer 610C - Keithley. 
Special three-electrode system (30 millimeters diameter) consisting of measuring, voltage and shielding 
electrode were developed. Measurement took place using volt-ampere method requiring precise 
measuring equipment. Dielectric phenomenon was evaluated till 900 seconds of applied voltage. 

AC measurements were performed using Schering bridge VKB BN3520 - Rohde & Schwarz for dissipation 
factor tan δ (-) and permittivity εr (-) frequency dependences (42 Hz - 300 kHz). Again three-electrode 
system was used to suppress outer noise. Temperature dependence (30 - 160 °C) of dissipation factor was 
measured by automatic four-capacity bridge - High Volt, measuring computer LDV-5 - LDIC and heated 
electrode system - Tettex Instruments. 

Thermogravimetry (TG) was a part of Simultaneous Thermal Analysis (STA) whereat DSC and FT-IR were 
performed at the same time. STA was performed with the analyzer SDT Q600 - TA Instruments. All samples 
were tested in air atmosphere at 5°C/min temperature increase. Result of these measurements is 
dependence of percent mass loss by temperature increase. When considering using such tested samples as 
electrical insulation, the evaluation criteria for TG was set up as three percent mass loss.  

Differential Scanning Calorimetry (DSC) - part of STA, was performed on glassy samples only because 
rubbery didn’t show satisfactory properties. Result of these measurements is dependence of power 
(relative to 1 gram) necessary to ensure isothermal conditions, on temperature increase. Thermal-oxidative 
peak is evaluated. 

3. USED MATERIALS IN OUR EXPERIMENT 

Composite materials filled particles or elements sized from tens to hundreds micrometers are commonly 
used in the field of power engineering. The next logical step in the field of high-voltage insulating materials 
is checking of composites, which contain particles or elements sized from one to tens nanometers. 
Polymeric nanocomposites are composed of polymeric matrix (thermoplastic, thermoset or elastomer) and 
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reinforced filler - nanoparticles in our case. Evidently, it may not be only nanoparticles, but also fibers or 
area elements, for example. It is necessary pay attention that the nanoparticles needn’t have spherical 
shape as well as the shape of nanoparticles affect properties of nanocomposites. Size of nanoparticles is an 
important factor, because only material with at least one dimension less than 100 nm can be labeled as 
nanofiller. [2] 

Samples of nanocomposite containing nanoparticles were measured at our department in co-operation 
with Institute of Macromolecular Chemistry of Academy of Sciences of the Czech Republic. Modified epoxy 
resin based on bisphenol-A (DGEBA) was used as a polymer matrix. Two types of a hardener were applied. 
Samples, either glassy or rubbery, were obtained in accordance to applied hardener. Two types of POSS 
nanoparticles are used as the filler - POSS,E8 and POSSph,E1. Size of the delivered samples was circa 45 x 45 
x 0,5 mm.      

3.1 POSS nanoparticles 

In the next part, I am going to deal with nanoparticles called polyhedral oligomeric silsesquioxane (POSS). 
Nanomaterials with POSS filler represent merger of chemical and filler technologies. It can be used as 
multifunctional polymeric additives acting as reinforcement at the molecular level, agent of production and 
fire retardant. These fillers are produced by Hybrid Plastics, Inc. from Hattiensburg, Mississippi. [3] 

POSS particles have unique structure properties. Firstly, chemical composition is hybrid, the group (RSiO1,5) 
originates from silicon oxide (SiO2) a silicones (R2SiO). The letter “R” stands in for a nonreactive organic 
group. Secondly, size of POSS molecules is about 1 - 3 nm. These materials are more thermal and chemical 
robust than silicones. Their shape and size is given to nanostructure, which yields unique properties due to 
molecular movement controlling at the molecular level. POSS molecules are extreme flexible, they are 
enabling rich creation of new nanomaterials, which are designed and synthesized in the way of “bottom 
up”. Chemical structure of POSS particle is showed in the Figure 1. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 1. Chemical structure of POSS molecule [4]   
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4. RESULTS OF MEASUREMENT 

It has been necessary to eliminate less promising samples after the first checking measurements. This 
dividing happened in several steps. The first step showed that rubbery samples have lack of electro-
insulating properties. The second step showed, with the help of structural measurement methods, that 
samples filling POSS,E8 have better properties than POSSph,E1. Target of third step was finding optimal 
filling. Another measurements showed, that:  

· samples filled POSS,E8 seem more hopeful  

· high filling (14 and 36% in our case) leads to decrease of electrical properties, with high temperature 
especially  

· rubbery nanocomposites are short of electro-insulating properties 

· unfilled resin achieves only ordinary values in comparison with other samples in the set 

· DGEBA/POSS,E8 filled 1,1 to 10 % wt. yields optimal properties    

4.1 Classic measurement method 

Regarding this article dimension, influence of loss tangent on temperature was chosen like representant of 
classical measurement method, see Figure 2. Two samples with the highest tangent loss are highlighted - 
highly filled with POSS,E8 filler and the other filled 8% POSSph,E1. Stronger blue curve belongs to unfilled 
sample.      

 
Fig.2. Influence loss tangent on temperature 

4.2 Structural measurement method 

Structural measurement methods are represented by Thermogravimetry, see Figure 3. The figure “3% 
material loss” was chosen as the criterium for evaluation. This material loss is generally considered 
limitation when insulating system damage is starting. Samples filling POSSph,E1 and the unfilled sample 
achieve this limit obviously as the first ones. 
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Fig.3. Thermogravimetry graph 

5. CONCLUSION 

Electrotechnical materials and their improvement is one of the possibilities leading to increase of power 
machines property. Nanotechnologies can become the answer to this challenge, which have potential to 
bring new materials for our field of power electro-insulating materials. Our aim is now to research and to 
evaluate possibilities of several polymeric nanocomposites. Notorious problem of these fillers is their 
higher cost and more difficult availability for the present. It is balanced by benefits like defined linking 
particles to the polymeric matrix and it can lead to prevent agglomeration of particles. 
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Abstract 

Vitreous enamel coats are glassy inorganic coatings, which ensure perfect protection of metal materials 
against corrosion, thereby modify properties of surface background material. We can use this coating in 
energy-, ecological-, agricultural- engineering, further in architecture industries and on consumer goods. 

Contribution studies effect size of clay component like input raw material on mechanical properties of 
vitreous enamel coatings. Used clays are sizes 400nm in 1D size. Experimental results shows, that clay 
components have different influence on mechanical properties of vitreous enamel coatings. Microhardness 
and fracture toughness at the first.  

Key words: enamel coating, finely ground clay, aging clay, mechanical properties, nanosize    

1. INTRODUCTION 

Vitreous enamel coating is one way of surface protection, which ensures good resistance to highly 
aggressive environments and corrosion. Enamels seems very reasonable, even though their use is limited 
by high labor input of production, intensity of compliance with the prescribed technologies and energy 
costs. Enamels have many excellent properties such as chemical resistance to acids, wholesomeness or 
abrasion resistance. On the other side, however, also disadvantages. The low value of fracture toughness 
caused by low resistance to cracking and cracking enamel coating.  

2. EXPERIMENTAL MATERIAL 

For the experimental tests was used background material with commercial name KOSMALT E300T. The 
samples were shot-blasted to a surface cleanness of Sa 2.5 using cut steel wire according to ISO 8501-1. The 
steel material was degreased by immersion in a 1:10 solution of the Simple Green preparation and water. 
Samples No. 1 was degreased by immersion with a temperature of 23.2 °C and a pH of 9.32 for 5 minutes. 
Then it was rinsed by immersion in water with a temperature of 23.2 °C and a pH of 8 for approximately 1 
min. Samples No. 2 was degreased by immersion with a temperature of 24.2 °C and a pH of 9.16 for 5 
minutes. Then it was rinsed by immersion in water with a temperature of 24.4 °C and a pH of 8.28 for 
approximately 1 min. Samples No. 3 was degreased by immersion with a temperature of 25.0 °C and a pH 
of 9.44 for 5 minutes. Then it was rinsed by immersion in water with a temperature of 21.7 °C and a pH of 
8.92 for approximately 1 min. 

Vitreous enamel slurry was applied to degreased experimental material by hand spraying using a pressure 
spray gun. Drying of samples was at a temperature 100°C for 5 minutes. Burning enamel coating was 
carried out at a temperature of 820 - 840°C for 8 minutes and after air-cooling of enamel coating. On 



 
 
samples No. 1 were used two types of vitreous
with 1D size of 400 nm (basic and cover). 
with clay component size smaller than 5  
component was used after two years since 
slurry with clay component size smaller than 5  
component was used after three years since 
Sturtevant. 

The tests were carry out on experimental samples with vitreous enamel coating, which was contained by 
clays one, two and three years old.   

 Sign 

Sample no. 1 A. 

Sample no. 2 C. 

Sample no. 3 E. 

 

Vickers microhardness test by ČSN EN ISO 4516

For measuring microscope was used to NEOPHOT with Hanemman microhardness tester. Indentor loading 
force was 1 N for 10 s. 

Fig. 1. Microhardness of basic and cover enamel coating

Calculation of Fracture Toughness 

Measurements microhardness coating and calculation by equation 
of enamel coatings. 
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. 1 were used two types of vitreous enamel slurry with clay component size smaller than 5 
with 1D size of 400 nm (basic and cover). On samples no. 2 were used two types vitreous

smaller than 5  mm with 1D size of 400 nm (basic and cover), where the clay 
component was used after two years since grinding. Specimen no. 3 were used two types vitreous
slurry with clay component size smaller than 5  mm with 1D size of 400 nm (basic and cover), where the clay 
component was used after three years since grinding. Grinding of clay was carried out on a Jet vertical Mill 

The tests were carry out on experimental samples with vitreous enamel coating, which was contained by 

Basic enamel Sign Basic + cover enamel

Finely ground clay - 
used after one 

years 
B. 

Finely ground clay 
used after one

years
Finely ground clay - 

used after two 
years 

D. 
Finely ground clay 

used after two
years

Finely ground clay - 
used after three 

years 
F. 

Finely ground clay 
used after three

years

by ČSN EN ISO 4516 

measuring microscope was used to NEOPHOT with Hanemman microhardness tester. Indentor loading 

Microhardness of basic and cover enamel coating 

Measurements microhardness coating and calculation by equation [1] was determined fracture toughness 

Microhardness of basic enamel 

ϕ
H

v0
,1

 [M
P

a]

Microhardness of cover enamel 
coating

B. D. F.

, Czech Republic, EU 

slurry with clay component size smaller than 5 mm 
no. 2 were used two types vitreous enamel slurry 

m with 1D size of 400 nm (basic and cover), where the clay 
Specimen no. 3 were used two types vitreous enamel 

ic and cover), where the clay 
Grinding of clay was carried out on a Jet vertical Mill 

The tests were carry out on experimental samples with vitreous enamel coating, which was contained by 
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ground clay - 
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measuring microscope was used to NEOPHOT with Hanemman microhardness tester. Indentor loading 

 

was determined fracture toughness 

Microhardness of cover enamel 



 
 

..�� . ..ß� ........ .......... ......... .    

c - lenght of crack  
r - half the length of the indentation diagonal
E - Young's module elasticity 
Hv - Vickers microhardness 
k - constant 

Fig. 3. Fracture toughness of basic and cover enamel coating

3. CONCLUSION 

Experimental tests showed that the clay component of ground two and three years old, and after this time 
applied to the enamel coating, significantly exert influence up the fracture toughness of both basic and 
cover enamel.  

Results of microhardness measurements on the basic and cover vitreous coating in Fig. no 1. showed on 
value rise in dependence on time out of clay ageing. 
enamel coatings with clay component used in
The growth of values was recorded for measurement of fracture toughness of experimental samples.

Only the basic vitreous enamel coating was recorded appearance of Palmqvist cracks  also after three ye
By the cover enamel coating, when clay was aged for three years from grinding the cracks wasn´t found. 
This experimental results are very important for using enamel coating in practice, especially for wheel the 
enamel construction. 
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Fracture toughness of basic and cover enamel coating 

Experimental tests showed that the clay component of ground two and three years old, and after this time 
applied to the enamel coating, significantly exert influence up the fracture toughness of both basic and 

Results of microhardness measurements on the basic and cover vitreous coating in Fig. no 1. showed on 
value rise in dependence on time out of clay ageing. This rising of  microhardness is evident in both vitreous 
enamel coatings with clay component used in enamel slurry after a time out of two and three years.
The growth of values was recorded for measurement of fracture toughness of experimental samples.

Only the basic vitreous enamel coating was recorded appearance of Palmqvist cracks  also after three ye
By the cover enamel coating, when clay was aged for three years from grinding the cracks wasn´t found. 
This experimental results are very important for using enamel coating in practice, especially for wheel the 
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Experimental tests showed that the clay component of ground two and three years old, and after this time 
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Abstract 

Mechanisms of capture of dust particles, two- and three dimensional modelling of properties of filtration 
materials and effect of selected variables on electrospinning of polyurethane (PU) solutions are discussed 
with the aim to prepare a nanofibre structure capable of capturing ultrafine particles. The two-dimensional 
modelling is used to gain an idea of the effect of mass per square area, thickness of nanofibre layers and 
nanofibre diameter on filtration efficiency of ultrafine particles. Values of filtration efficiency calculated at 
the three-dimensional modelling of the filtration process are compared with experimental measurements 
for sets of filtered particles 100 nm in diameter or bigger. The most important characteristics affecting 
quality of nanofibre materials are nanofibre diameter, porosity and homogeneity of nanofibre layers. The 
method making possible to achieve the required diameter of the nanofibres is demonstrated on the 
influence of relative humidity and solvent type on the fibre-forming process taking place in an electrostatic 
field. The effect of homogeneity of the nanofibre deposition on the collecting substrate is assessed 
employing images from scanning electron microscopy (SEM) and tests of filtering abilities of the nanofibre 
layers. Also, some measurements obtained when nanofibres were used in filtration of air, liquids and 
dispersions of carbon nanotubes in a liquid are presented. 

Keywords: diameter, porosity and homogeneity of nanofibre layers, SEM 

1. INTRODUCTION 

Elimination of very small dust particles, bacteria and viruses from the ambient air and drinking water is 
becoming increasingly relevant in the present world and is connected with a growing number of respiratory 
tract diseases in industrial agglomerations and with a threat of various pandemics.  

For use in filters it is necessary to consider both filtration efficiency and the admissible pressure drop (∆p). 
It can be assumed that nanofibres will find use primarily in the area of microfiltration (i.e. for removal of 
particles ranging from 100 nm to 15 µm) and ultrafiltration (for particles ranging from 5 to 100 nm). 

2. METHODS 

2.1 Material 

PU solution in dimethylformamide (DMF) based on 4,4’methylenebis(phenylisocyanate) (MDI), 
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poly(3-methyl-1,5-pentanediol)-alt-(adipic, isophtalic acid) (PAIM) and 1,4 butanediol (BD) was synthesized 
in molar ratio 9:1:8  (PU 918) at 90°C for 5 hours (per partes way of synthesis starting with preparation of 
prepolymer from MDI and PAIM and followed by addition of BD and remaining quantity of MDI). The 
prepared solutions were suitable for electrospinning and had a PU concentration of 13 wt%, viscosity of 
1,5 Pa.s and conductivity of 150 µS/cm. 

2.2. Filter sample preparation by electrospinning process 

Nanofiber layers were prepared from polyurethane solutions with a commercially available NanoSpiderTM 
machine (Elmarco s.r.o. Liberec, Czech Republic, http://www.elmarco.com/) equipped with patented 
rotating electrode with 4 cotton cords spinning elements (PCT/CZ2010/000042). The experimental 
conditions were as follows: relative humidity 25 - 36%, temperature 22oC, electric voltage applied into PU 
solution 75 kV, distance between electrodes 180 - 210 mm, rotational electrode speed 7 rpm and speed of 
supporting textile collecting nanofibers was 0,16 - 0,32 m/min. Nanofibres were collected on polyester 
fabric, polypropylene (PP) or viscose nonwoven textiles (NT). 

2.3. Filter sample characterization 

Nanofiber based filter, prepared through the electrospinning process, has been characterized by the 
Scanning Electron Microscope (Vega II, Tescan, Czech Republic). For the 2D and 3D modelling of filtration 
efficiency the obtained SEM pictures have consequently been used for the determination of fibre diameter, 
nanofibre layer thickness and fibre diameter/pore size distribution by using recently proposed digital image 
analysis technique [1]. 

For the very precisely description of the characteristics of the filtration phenomenon was used quality 
factor qF = ln(1/P)/∆p where P = permeability [2]. When nanofibre filtration materials are laid on each 
other the capture efficiency will increase by the multiple of the values (geometrically) and the pressure 
resistance by the sum of the values (arithmetically). However, the resultant quality factor will not change. 
Hence this fact can be used for assessing homogeneity of nanofibre layers during the electrospinning 
process. 

2.4. Filtration efficiency measurement  

All manufactured nanofibre based filtration materials were measured for aerosol (di-ethyl-hexyl-sebacate 
with geometrical average of particle diameters 0,45 µm) penetration at constant air flow rate 30 l/min. 
(face velocity 5,7 cm/s) by means of filter measuring system LORENZ (Germany) adjusted for EN 143.  

Experimental particle penetration efficiency of fabrics in case of 3D nanofibre layer characterization was 
determined applying the principles of standard EN 779. Aerosol particles were produced from di-ethyl-
hexyl-sebacate by a pneumatic aerosol generator. Size distribution of particles was measured before and 
after the fabric with the optical particle analysers - particle counters LAS X, manufactured by Particle 
Measuring Systems, USA, for small particles 0,1 - 0,4 µm and APS, manufactured by TSI, USA, for bigger 
particles 1,2 - 8,3 µm. The measurement results were reported as the collecting efficiency of fabric (%). The 
measured filtration efficiency curves are depicted in Figure 4 (face velocity 5,7 cm/s, pressure drop 316 Pa). 

In the ultrafine particle size range, the filtration efficiency was determined as a function of particle 
diameter (results presented on Figure 10). The 1 g/l ammonium sulphate solution was nebulized (AGK, 
PALAS, Germany), a monodisperse size fraction was selected using an Electrostatic Classifier (EC 3080, TSI, 
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USA), and particle concentration upstream and downstream the filter (face velocity 5,7 cm/s) was recorded 
by a condensation particle counter (UCPC 3025 A, TSI, USA). The filtration efficiency was determined at nine 
mobility diameter fractions: 20, 35, 50, 70, 100, 140, 200, 280 and 400 nm. 

The measurements of vehicle emission (particle sizes based on their electrical mobility 5 - 560 nm) were 
made by means of classifier EEPS model 3090, TSI, USA. The compression ignition (Diesel) engine Cummins 
ISBe4, four-cylinder system CommonRail (engine capacity 4,5 l, power 130 kW) running at mean speed 
1 500 rpm and 25% load (173 Nm) was used as the particles source. Measurement was made at face 
velocity 4,9 cm/s over the filter surface (Figure 11). 

3. RESULTS 
3.1 Modelling the effect of the nanolayer structure on particle capture - 2D model 

An idea of filtration capabilities of nanofibre planar structures can be obtained on the basis of relationships 
expressing filtration efficiencies for three most important particle capture mechanisms (interception on the 
fibre (Figure 2), inertial impaction and diffusion) and on the assumption of the Kuwabara flow field [3]. 

The resultant filtration efficiency given by the separate filtration mechanisms can be established from the 
relationship as follows: 

)πdtαE4exp(1E fΣ--=  
where  

)E)(1E)(1E(11E DIRΣ ----=  

For calculation of separate efficiencies (ER, EI, ED) corresponding to the separate filtration mechanisms 
relationships are used, which calculate the above efficiencies from the specific structure properties of the 
filtration layer, properties of the particles being captured, size of the particles and also properties and 
velocity of the flowing medium. 

Single fibre efficiency of the mechanism of the particle capture on the fibre (interception) ER is given by 
the following relationship: 

2)R)α(12)α(1R))(11(α1R)ln(1Ku(22R)(1E 22
R +--+++-++=  where  

Ku = Kuwabara's hydrodynamic coefficient, 4αα432lnαKu 2-+--=  

R = particle size/fibre diameter ratio, fp ddR =  

α = SVF (Solid Volume Fraction) [4, 5]. 

Single fibre efficiency of mechanical inertial impaction EI is given by the following relationship:  

2
I Ku2J(Stk)E =  where  

2,820,62 R27,5R)α28(29,6J --=  

Stk (Stokes number), fcpp ηd18VCdρStk =  

ρp = particle density  

dp = particle diameter 

η  = air viscosity 



 
 
V = flow velocity 

Cc = Cunningham correction slip factor, Cc

Knp= Knudsen number = 2λ/dp, 

where λ = mean free path of molecules of air [4, 5].

Single fibre efficiency of mechanical diffusion (Brownian Diffusion) E
relationship: 

3231
D PeKu)α)12,6((E --=  where  

Pe = Péclet number, DVdPe f=  

D = diffusion coefficient [4, 5]. 

From dependencies of filtration efficiencies on the size of the 
apparent that the efficiency of the particle capture is growing with decreasing nanofibre diameter (Figure 
1). For a comparison, fibre diameters of 320, 160 and 80 nm capable of being prepared by a suitable 
combination of separate variables of the electrospinning process were chosen for calculation.

 
 
 

3.2 Modelling the effect of the nanolayer structure on the particle capture 

Penetration of the actual structure of the nanofibre layer by the particles captured 

For assessment of the filtration efficiency achieved on actual nanofibre structures produced we used a 3D 
analysis of SEM images. The analysis was based on an examination of the change in richness of grey 
halftones caused by a change in the thickness of 
nanostructure was divided into several layers (Figure 3) and sieved through fractions of model spheres 

Fig 1. Calculated V curves for changing diameters of 
nanofibres 
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)e0,4(1,257Kn1 pKn1,1
pc

-++=  

= mean free path of molecules of air [4, 5]. 

mechanical diffusion (Brownian Diffusion) ED is given by the following 

From dependencies of filtration efficiencies on the size of the particles being captured (V curves) it is 
apparent that the efficiency of the particle capture is growing with decreasing nanofibre diameter (Figure 
1). For a comparison, fibre diameters of 320, 160 and 80 nm capable of being prepared by a suitable 

tion of separate variables of the electrospinning process were chosen for calculation.

  

Modelling the effect of the nanolayer structure on the particle capture - 3D model 

Penetration of the actual structure of the nanofibre layer by the particles captured  

For assessment of the filtration efficiency achieved on actual nanofibre structures produced we used a 3D 
analysis of SEM images. The analysis was based on an examination of the change in richness of grey 
halftones caused by a change in the thickness of nanofibre nonwoven textiles (nNT) [1, 6]. Thus the 
nanostructure was divided into several layers (Figure 3) and sieved through fractions of model spheres 
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apparent that the efficiency of the particle capture is growing with decreasing nanofibre diameter (Figure 
1). For a comparison, fibre diameters of 320, 160 and 80 nm capable of being prepared by a suitable 
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identical with aerosol size fractions used in experimental measurements of filtration efficiency. The 
agreement of calculated values and measurements obtained is presented in Figure 4. So far, the model 
used did not consider the aerodynamic slip flow.

 
 

 

Effect of variables on electrospinning process, structure of nanolayers formed and nanofibre diameter

The most important requirement for quality of nNT with respect to their use in filtration products are 
homogeneity of the layer and preparation of nanofibres having the smallest possible 
the preceding modelling of particle capture effi

While optimising the structure of the nanofibre layers it is absolutely essential to monitor many variables 
connected with the polyurethane synthesis proper [7, 8], properties of the solutions prepared and the 
electrospinning process proper. 

3.3  Nanofibre structure defects produced during electrospinning

The most frequent complication worsening service properties of nNT is formation of holes (Figure 5), which 
occurs usually in case of excessively diluted solutions due to impact of solvent drops on nNT,
accumulation of the nanofibres around conductive microfibres of the collecting substrate (Figure 6).

3.4 Preparation of homogenous nNT comprising small

The solvent used - dimethylformamide (DMF) or dimethylacetamide (DMAA) 
the electrostatic process belong to two most important variables by which a marked decrease of nanofibre 
diameters can be achieved (Figure 7). Combinations of almost 20 variables were used to prepare PU 
nanolayers with requested homogeneity (Figure 8). 

 

Fig 3. Distribution of nanolayers based on 
intensity of grey tones 
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identical with aerosol size fractions used in experimental measurements of filtration efficiency. The 
reement of calculated values and measurements obtained is presented in Figure 4. So far, the model 

used did not consider the aerodynamic slip flow. 
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The most important requirement for quality of nNT with respect to their use in filtration products are 
of the layer and preparation of nanofibres having the smallest possible diameter

the preceding modelling of particle capture efficiency. 

While optimising the structure of the nanofibre layers it is absolutely essential to monitor many variables 
connected with the polyurethane synthesis proper [7, 8], properties of the solutions prepared and the 

ibre structure defects produced during electrospinning 

The most frequent complication worsening service properties of nNT is formation of holes (Figure 5), which 
occurs usually in case of excessively diluted solutions due to impact of solvent drops on nNT,
accumulation of the nanofibres around conductive microfibres of the collecting substrate (Figure 6).

Preparation of homogenous nNT comprising small-diameter nanofibres 

dimethylformamide (DMF) or dimethylacetamide (DMAA) - and relative humidity during 
the electrostatic process belong to two most important variables by which a marked decrease of nanofibre 
diameters can be achieved (Figure 7). Combinations of almost 20 variables were used to prepare PU 

ed homogeneity (Figure 8).  

Fig 4. Theoretical and experimental data of 
filtration efficiencies for two types of 

polyurethane (nNT) 

, Czech Republic, EU 

identical with aerosol size fractions used in experimental measurements of filtration efficiency. The 
reement of calculated values and measurements obtained is presented in Figure 4. So far, the model 

 

ffect of variables on electrospinning process, structure of nanolayers formed and nanofibre diameter 

The most important requirement for quality of nNT with respect to their use in filtration products are 
diameter as shown by 

While optimising the structure of the nanofibre layers it is absolutely essential to monitor many variables 
connected with the polyurethane synthesis proper [7, 8], properties of the solutions prepared and the 

The most frequent complication worsening service properties of nNT is formation of holes (Figure 5), which 
occurs usually in case of excessively diluted solutions due to impact of solvent drops on nNT, and an 
accumulation of the nanofibres around conductive microfibres of the collecting substrate (Figure 6). 

and relative humidity during 
the electrostatic process belong to two most important variables by which a marked decrease of nanofibre 
diameters can be achieved (Figure 7). Combinations of almost 20 variables were used to prepare PU 

Theoretical and experimental data of 
filtration efficiencies for two types of 
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4. EXAMPLES OF SPECIFIC APPLICATIONS OF NANOFIBRE LAYERS 

4.1 Air filtration 

The most requested properties of filtration materials is their capture efficiency for nanoparticles sizes tens 
of nanometers, e.g. for more dangerous sizes from the unhealthy aspects. Two various PU nanostructures 
and influence of their folding on filtering properties are presented in Figure 10. Comparison of PU 
nanostructure with filtering material from glass microfibers (Figure 11) shows that by means of PU nNT can 
be reached the same filtration efficiency for vehicle emission at lower pressure drop (∆p = 640 Pa in 
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Fig 7. Growth of nanofibre diameter with increasing 
relative humidity as a function of the solvent used. 
Polyadduct spinned = PU 918, collecting substrate = 

viscose NT 

Figs 8 and 9. Planar and sectional views 
on homogenous layer of PU nNT prepared 
at 25% relative humidity 



 
 
comparison with ∆p = 170 Pa). More and more frequently information appears on dangerousness and 
health hazards of submicron particles with respect to possibility of penetration of the particles through 
tissues, etc. We believe that PUs, thanks to their elasticity, will be a more suitable material, for instance for 
manufacture of filters, than the brittle glass fibre filtration materials used at the present time. 

 
 

4.2 Filtration of liquids 

The PU nNT (PU 918 prepared in DMAA, mass per square area AM = 1,6 g/
P = 0,0014% (measured at air flow rate of 30 l/min.), which corresponds to 
PP NT support was used to filter 1,7.106 CFU/ml of Escherichia coli bacteria in 100 ml of water at a pressure 
of 105 Pa. After 30,7 s of filtration (average flow rate = 3,3 ml/s), only 65 CFU/ml of bacteria were detected 
(filtration efficiency = 99,996%). Dimensions of the E. coli bacteria range between 1,1 

4.3 Targeted filtration of nanoparticles

Besides separation of solid particles from gases the filtration of multiwall carbon nanotubes (MWCNT) 
aqueous dispersions via nNT can be used, for instance, for preparation of porous structures that become 
electrically conductive after deformation (sensors

 

 

Fig 10. Filtration of (NH4)2SO4 aerosols 
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More and more frequently information appears on dangerousness and 
health hazards of submicron particles with respect to possibility of penetration of the particles through 

s, thanks to their elasticity, will be a more suitable material, for instance for 
manufacture of filters, than the brittle glass fibre filtration materials used at the present time. 

nNT (PU 918 prepared in DMAA, mass per square area AM = 1,6 g/m2, df = 133 nm, ∆p
= 0,0014% (measured at air flow rate of 30 l/min.), which corresponds to qF = 37 1/kPa) on an antistatic 

CFU/ml of Escherichia coli bacteria in 100 ml of water at a pressure 
Pa. After 30,7 s of filtration (average flow rate = 3,3 ml/s), only 65 CFU/ml of bacteria were detected 

ration efficiency = 99,996%). Dimensions of the E. coli bacteria range between 1,1 - 1,5 x 2,0

Targeted filtration of nanoparticles 

Besides separation of solid particles from gases the filtration of multiwall carbon nanotubes (MWCNT) 
aqueous dispersions via nNT can be used, for instance, for preparation of porous structures that become 
electrically conductive after deformation (sensors - MWCNT buckypapers) [9, 10]. 

Fig. 11. Filtration of vehicle emissions
 

, Czech Republic, EU 

More and more frequently information appears on dangerousness and 
health hazards of submicron particles with respect to possibility of penetration of the particles through 

s, thanks to their elasticity, will be a more suitable material, for instance for 
manufacture of filters, than the brittle glass fibre filtration materials used at the present time.   

 

∆p = 298 Pa and 
= 37 1/kPa) on an antistatic 

CFU/ml of Escherichia coli bacteria in 100 ml of water at a pressure 
Pa. After 30,7 s of filtration (average flow rate = 3,3 ml/s), only 65 CFU/ml of bacteria were detected 

1,5 x 2,0 - 6,0 µm.  

Besides separation of solid particles from gases the filtration of multiwall carbon nanotubes (MWCNT) 
aqueous dispersions via nNT can be used, for instance, for preparation of porous structures that become 

Filtration of vehicle emissions 
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5. CONCLUSIONS 

Employing two- and three-dimensional modelling of the filtration process a clear idea of the effect of the 
most important variables and characteristics of non-woven textiles from nanofibres with respect to 
optimum filtration efficiencies and pressure drops can be obtained. Based on this knowledge the method of 
preparation of PU based nNT by electrospinning was optimised, which showed positively on filtering and 
service properties of the textiles. 
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QUALITY EVALUATION OF APPLIED PHOTOACTIVE NANOPARTICLE TIO2 ON TEXTILE FIBRES. 

Lada KOVAŘÍKOVÁ, Petr PIKAL 

CZECH TECHNOLOGY CENTRE FOR INORGANIC PIGMENTS, Czech Republic 

Abstract 

The rapid development of the utilization of photoactive TiO2 particles, (of about 100 nm in size), and their 
application onto natural or synthetic textile fibres in addition to glass fibres is the subject of extensive 
research. The application and particles adherence onto fibres is achieved in various ways. Methods for the 
monitoring and maintenance of the quality of performance of the particles following application are based 
on various assessment systems, the majority focusing upon the degradation of organic dyes. The paper 
describes a method which enables the visualisation of uniformly deposited photoactive TiO2 nanoparticles 
on the surface of the textile, and at the same time allows quantification of the performance of the particle. 
This method is based on the ascorbic acid - dehydroascorbic acid system; during the reaction of ascorbic 
acid with free radicals generated by the photoactive TiO2 particles, the yellow-brown coloured 
dehydroascorbic acid is produced. It is possible to measure the colour parameters of the textile in colour 
space CIE lab, (change of yellowness index), or statistically evaluate the colouration change.  

Keywords: organic dyes photoactive, TiO2 nanoparticles, dehydroascorbic acid system 

1. INTRODUCTION 

It is possible to use textiles with an effectively bound photoactive TiO2 nanoparticle layer in many areas for 
functional industrial textile production, (textiles for automobiles, water and atmospheric purification 
systems etc.), as one-off textile products for use in medicine, textile fabrics for use on public transport, in 
accomodation, in schools and hospitals, in domestic textiles and clothes featuring anti-bacterial, fungicidal 
and deodorising properties [[1], [2]]. 

The uniform distribution of nanoscale particles on the textile fibre and their fixation on the textile surface is 
the most important process for functional textile production [[3]]. It is possible to produce a multifunctional 
textile by the fixation of TiO2 nanoparticles with special impregnating agents. At the same time it is 
necessary protect the textile substrate against photocatalytic degradation and conserve the activity of TiO2 

particles. Methods for the monitoring and maintenance of the performance quality of the particles 
following application are based on various assessment systems, the majority focusing upon the degradation 
of organic dyes. These methods for the monitoring of photocatalyses on textile fibres are complicated by 
the efficiency of the textile substrate to absorb matter, which is quantified in photocatalysis tests. 
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The degradation of ascorbic acid is utilized for the monitoring and maintenance of the performance quality 
of the particles. Ascorbic acid is easily converted by interaction with free radicals to form the yellow - 
brown coloured dehydroascorbic acid [[4]].  

This method is based on the absorption of the yellow - brown coloured dehydroascorbic acid onto the 
fibres which allows the visualisation of the TiO2 nanoparticle textile covering and simultaneously an 
evaluation of the function of the particle coating.  

2. EXPERIMENT 

Materials 

During research experimentally prepared TiO2 nanoparticles, (samples from CTC IP laboratories) were used. 

The particles were applied in a thin layer upon a polyester and cotton substrate (100% Polyester SPOLSIN 
95 kg/m2, Cotton denim 2/1 AMANDA).  

The particle coating was applied by water dispersion, the particles being fixed by impregnation in a water 
bath with binding additives, or alternatively in a bath with hydrophobic additives (samples from INOTEX 
laboratories). 

Test method 

A standard solution of 10% L-ascorbic acid (CAS #  50-81-7, p. a., PENTA) in 50% isopropyl alcohol (CAS #  
67-63-0, p. a., PENTA) was prepared. 

The textile sample, (a circle of 5 cm in diameter), was immersed in 10 ml of ascorbic acid solution and 
agitated mechanically for 2 hours. The isopropyl alcohol solution provided the wetting of the textile 
samples with the hydrophobic treatment.  

The textile samples were then air-dryed. The appearance of these textile samples following termination of 
test is seen in Fig. 1.  

3. EVALUATION 

· Visual comparison 

The textile samples were visually compared according to the intensity of the colouration (sequence in Table 
1; where value 1 equates to the lightest sample and value 10 the darkest). The number of tested samples 
was relatively small (10) as the subjective comparison remained very difficult due to a lack of uniformity in 
the coloration.  

Measurement of colour values 

The colour values of the textile samples were measured using a spectrophotometer -UltraScan Hunter Lab 
(calibration RSEx, CIE Lab colour space). The delta b* (db*) parameter was evaluated, it being the difference 
between the b* value of the sample and a standard; (the standard used being a textile sample without TiO2 
particles). Results are shown in Table 1. 
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Fig. 14: The appearance of textile samples 
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Statistical evaluation 

The coloured textile samples were scanned and the colouration was evaluated using statistical software R 

version 2.11.0. Prelease (rimage package) [[5]]. 

The rimage library (imagematrix function) from statistical software R allows the evaluation of the ‘density’ 
of the textile colouration; this function produces an imagematrix, (the number matrix), from the primary 
data of a rgb image. Yellow colour is optimal using the blue channel (the additive colour). The image of the 
numeric matrix (rs) is seen in Fig. 2. 

 

Fig. 15: Image of the numeric matrix (rs) 

The special math function produces the total colour depth values in each row and each column, and the 
average (mean_row, mean_col ) and standard deviation (sd_row, sd_col) of the colour depth. The higher 
the intensity of the colouration the lower the value of the average, (the closer to black, then the closer to 
zero). Greater variation of the colouration produces a higher value of standard deviation. Results are 
presented in Table 1. 

Table 1: the row and column averages and the standard deviation of the colour depth; visual comparison 
according to colouration intensity. 

textile 
sample ID db* sequence of 

samples1 mean_row sd_row mean_col sd-col 

I 8,08 9 227,04 5,57 227,04 4,83 
II 8,69 7 241,06 4,09 241,06 5,25 
III 0,91 1 276,58 3,26 276,58 5,66 
IV 4,3 2 260,55 5,65 260,55 3,2 
V 11,3 10 213,91 8,29 213,91 6,25 
VI 4,28 4 263,55 6,12 263,55 3,01 
VII 8,7 8 244,42 6,81 244,42 3,17 
VIII 2,75 5 263,45 10,85 263,45 8,84 
IX 4,11 3 263,51 1,72 263,51 2,04 
X 6,76 6 242,45 5,98 242,45 5,11 

                                                           
1 value 1 equates to the lightest sample and value 10 the darkest 
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We compared both numerical evaluation and the subjective comparison of samples in the series according 
to colouration intensity, by way of the matrix graph (Fig. 2). 

 

Fig. 16: matrix graph 

The matrix graph (Fig. 2 ) illustrates that 

- the b* value, the average colour depth and the sequence of visually evaluated samples both 
correlate strongly 

- the b* value and the sequence of samples do not correlate with the standard deviation 

- the standard deviation by rows and by columns shows no close correlation (correlation coefficient 
being only 0.67) 

Both ways of evaluation, (colour value measurement and statistical evaluation of colour depth), quantify 
the textile colouration intensity well. The higher db* value or the lower average colour depth value relate 
to a higher colouration intensity and so a more effective photoactive TiO2 nanoparticle layer. 

From the db* value can not be evaluated the non-uniformity of the colouration. The uniform coating of the 
photoactive TiO2 layer on the textile substrate is noticeably evaluated and quantified by the standard 
deviation of the colour depth, expressed by the rows and columns, (whereby bigger and more frequent 
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stains, thereby a higher standard deviation and also the difference between the deviation across the rows 
and columns). 
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Abstract  

All metal and non-metal materials enclose their surface, which is in contact with Environment. Character  
of surface has a large influence on adhesion of protective paint system. Surface of background material has 
to be modified before application of protective coating. At the first like a mechanical surface finish 
treatment is using blasting. Important is also complete degreased by immersion of surface material. These 
technologies remove impurities from surface of material, create acceptable anchor pattern, makes better 
adhesion and corrosive protection of paint systems. 

Experimental works are aim at study on surface finish material and application of thin coating. Paint system 
is content by zinc-phosphate particles in nano and micro size. Experiments are intent on classification 
anticorrosive protection of thin coating. The using of particles nanosizes has influence on properties  
of protective coatings. Development of organic coating respects decreases VOC matters with using water 
like solvent components.  

Keywords: surface finish material, thin coating, nanoparticles, microparticles, anticorrosive resistance 

1. EXPERIMENTAL WORK 

The experimental works are aim at study of influence roughness surface of steel material on applied paint 
system content of small particles ZP 10. Paint systems are on base of alkyd resin. As a anticorrosive pigment 
was used zinc phosphate in micro size and nano size. The surface of test materials were differently 
prefinishing with differently roughness of surface (blasting grit, blasting copper slag, cold rolling, cut and 
hot rolled tubes).  

2. BACKGROUND MATERIALS 
Before application of paint systems was measured surface roughness all types of surfaces.Measurements 

was taken by use of touch profilometer Mitutoyo Surftest 301, according to standard ČSN EN ISO 4287. 

The measured values are processed in graph.  

2.1 Surfaces of background materials 

On picture No. 1 are SEM pictures of individual surfaces, provide by Scanning Electron Microscope - Philips 
XL-30 Series, Nanotechnology Center, VŠB-TU Ostrava. 
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      a)               b)  

 

                  c)                    d)  

 

        e)  

Fig. 1. Photographic documentation of surfaces background materials  
a) Blast surface - steel grit G (80x magnification), b) Blast surface - copper slag S (50x magnification), c) 

Cold-rolled steel V (50x magnification), d) Ground surface B (80x magnification), e) Hot-rolled seamless pipe 
T (350x magnification) 

 



 
 
2.2 Graphic presentation of average values roughness of surfaces background materials

Graf 1. Comparison of average 

3. APPLICATION OF PAINT SYSTEMS 

On steel surfaces were applied paint systems with low content of particles ZP10. The content of zinc 
phosphate in paint systems about particle sizes was in range 3 until 5 % in micro size and 0
in nano size. Content of particles was determine by experimental theoretically calculation with assumption, 
that the particles cover surface of steel substrate and fill dry thickness of paint system in ¼. The dry 
thickness of paint systems was round 50 µm. Paint systems are intended for short
protection. 

       a)    

Fig. 2. Photographic documentation of particles ZP10 
aglomeration of particles ZP 10 about size 4x100x200 nm (5000x 
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Graphic presentation of average values roughness of surfaces background materials

Comparison of average roughness of background materials 

 

On steel surfaces were applied paint systems with low content of particles ZP10. The content of zinc 
phosphate in paint systems about particle sizes was in range 3 until 5 % in micro size and 0
in nano size. Content of particles was determine by experimental theoretically calculation with assumption, 
that the particles cover surface of steel substrate and fill dry thickness of paint system in ¼. The dry 

s round 50 µm. Paint systems are intended for short-time anticorrosive 

             b)  

Photographic documentation of particles ZP10 a) particles ZP10 about sizes 3 - 5 µm (3500x magnification
aglomeration of particles ZP 10 about size 4x100x200 nm (5000x magnification) 
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Graphic presentation of average values roughness of surfaces background materials 

 

On steel surfaces were applied paint systems with low content of particles ZP10. The content of zinc 
phosphate in paint systems about particle sizes was in range 3 until 5 % in micro size and 0,1 until 2 %  
in nano size. Content of particles was determine by experimental theoretically calculation with assumption, 
that the particles cover surface of steel substrate and fill dry thickness of paint system in ¼. The dry 

time anticorrosive 

 

magnification), b) 
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3.1  Corrosion tests in artificial atmospheres - Salt spray tests according to the ČSN EN ISO 9227  

 

 

 

 

 

 

 

 

 

 

 

a)           b)  

Fig. 3. Photographic documentation of samples before insert to the Corrosion chamber a) paint system with micro 

particles ZP10, b) paint system with nano particles ZP10 

 

      a)                   b)  

Fig. 4. Photographic documentation of samples after 120 hours in Corrosion chambera) paint system with micro 

particles ZP 10, b) paint system with nano particles ZP 10 

4. CONCLUSION 

Presumption is, that 720 hours of exposition in the Corrosion chamber matches 10 years of corrosive 
protection about the agression of corrosion C5. For short-time protection, that is 6 months, has to resist 
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paint system 36 hours in Corrosion chamber about the agression of corrosion C5. This assumption realized 
paint system stuffed nano particles ZP10 on all background materials.  

With next exposition corroding samples with paint systems in Corrosion chamber. Paint system stuffed with 
nano particles ZP10, applied on background material from hot-rolled pipe, resist 120 hours in Corrosion 
chamber. That is 20 months short-time anticorrosive protection in real environment C5. Paint system 
stuffed with nano particles ZP10, applied on background material from Cold-rolled steel, after 120 hours 
exposition in Corrosion chamber showed corrosion only in cut without next diffusion and degradation of 
paint system.  

First appearance of corrosion paint system, content of nano particles ZP10 and applied on blast surface  
of copper slag and steel grit, was after 48 hours exposition in Corrosion chamber. This corrosion attack can 
be faster of secondary contamination surface with blast medium.  

Paint system with particles ZP10 in nano size had higher corrosive resist than paint system with particles 
ZP10 in micro size.  

Character, surface roughness and cleanness of surface are very important factors, which influencing 
corrosive resist of applied thin-film paint systems.  
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Abstract 

Diamond-like carbon (DLC) exhibits useful properties such as wide band gaps, high thermal conductivities, 
high hardness and low friction coefficient. Technical difficulties due to inherent internal stress in 
preparation of DLC films on metallic substrates are the cause of it's poor adhesion. Nitrogen doped 
diamond-like carbon (DLC:N) films were deposited by plasma enhanced chemical vapuor deposition 
(PECVD) using capacitively coupled rf discharge at 13.56 MHz in the mixture of methane, hydrogen and 
nitrogen on silicon, glass and metallic substrates (stainless steel). Gas mixture, bias and discharge frequency 
were changed to modify the parameters of the deposited films. The optical properties of the deposited 
films were investigated by: reflectometry, ellipsometry and FTIR transmittance measurement. Depth 
sensing indentation technique was used to determine hardness and elastic modulus. To improve adhesion 
on metallic substrates and create a hard film, they were optimised in order to improve adhesion, by the 
preparation of multilayer-structures with different deposition conditions.  

Keywords: DLC films on metallic substrates, PECVD, multilayer-structures 

1. INTRODUCTION 

The DLC (Diamond-Like Carbon) also named - amorphous hydrogenated carbon (a-C:H) - thin films are a 
very promising type of coating, with interesting range of properties, especially if we consider the coatings 
with different impurities (N,Ti) [1] offering the possibility to choose the best performing coating for 
concrete use. The nitrogen was preferred in the PECVD deposition technique because of the difficulty in 
obtaining metallic precursors [2]. These primes help improve the functional properties of carbon layers in 
terms of reducing the internal stress, increasing the temperature resistance and improving the adhesion. 
DLC coatings can be created as smooth and compact thin films, reaching a hardness of up to 30 GPa, a low 
coefficient of friction and good abrasion coefficient. The films are chemically quite inert and can be used as 
a passivation layer. The development of binding layer is necessary for this kind of applications. Multilayered 
thin films can be especially used for a better adhesion and lubrication.  

Amorphous hydrogenated carbon films can be used, besides tribological applications, in photonics [3]. It 
can include such applications like antireflective coatings, photosensitive materials or thickness monitoring. 
The optical properties are important parameters for these applications, especially possible tuning of 
refractive index and decrease of absorption in visible range.  

Plasma-enhanced chemical vapor deposition (PECVD) is a process used to deposit thin films from a gas 
state to a solid state on a substrate. The plasma is generally created by RF frequency between two 
electrodes, the space between which is filled with the reacting gases. This method can be used successfully 
for deposition of DLC on different substrates with low melting point, where the other traditional hard 
coatings can not be deposit because of the high temperatures required.The advantage of the PECVD 
method is the lower deposition temperature combined with the precision of the coating. Another 



 
 
advantage is the relative low cost of the deposition (use of hydrocarbons like methane, ethylene or 
acetylene). 

2. EXPERIMENTAL 

Diamond-Like Carbon thin films were deposited in radio frequency (rf) capacitively coupled plasma (CCP) 
discharge driven at the frequency of 13.56 MHz. The reactor [4
- showerhead type is used for precursors distribution and is grounded. The bottom electrode is connected 
to a CAESAR 133 13.56 MHz rf generator trough a matching unit. The distance between the electrodes is 
55mm. In figure 1 is presented the reactor scheme. The pumping unit is composed from a rotary pump and 
a turbomolecular one. The gas flow was controlled by electronic flow controllers. The pressure in the 
reactor in controlled by a throttle valve. The base p
was under 0.03 sccm. Deposition conditions are showed in Table 1.

For substrates, double-side polished crystalline silicon (Si), glass, stainless steel (SS) and stainless steel with 
titanium nitride (TiN) layer prepared by PECVD were used and placed on the bottom electrode. This 
electrode is DC self-biased. The bias Ub  determined the energy of the ions bombarding the film. 

Table 1

Sample CH4 

[sccm] 

H2 

[sccm] 

CH16 8.5 2.5 

CH17 8.5 2.5 

CH30 8.5 5 

The samples were previously cleaned in ultrasonic bath for 15 min in a solution of isopropyl alcohol and 
cyclohexane with a ration of 1:1. The substrates were treated in H
of 10 and 3 sccm respectively, for 10 min
was 100 W and the self-bias -150 V.  

Another set of samples (Table 2) was made to confirm the decrease of the in
constant bias was used, to eliminate the differences between films.
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of the deposition (use of hydrocarbons like methane, ethylene or 

Like Carbon thin films were deposited in radio frequency (rf) capacitively coupled plasma (CCP) 
discharge driven at the frequency of 13.56 MHz. The reactor [4] has two parallel plate electrodes, the upper 

showerhead type is used for precursors distribution and is grounded. The bottom electrode is connected 
to a CAESAR 133 13.56 MHz rf generator trough a matching unit. The distance between the electrodes is 

mm. In figure 1 is presented the reactor scheme. The pumping unit is composed from a rotary pump and 
a turbomolecular one. The gas flow was controlled by electronic flow controllers. The pressure in the 
reactor in controlled by a throttle valve. The base pressure in the reactor is below 10-3 Pa and the leak rate 
was under 0.03 sccm. Deposition conditions are showed in Table 1. 

 

Fig. 1 - Reactor scheme 

side polished crystalline silicon (Si), glass, stainless steel (SS) and stainless steel with 
titanium nitride (TiN) layer prepared by PECVD were used and placed on the bottom electrode. This 

determined the energy of the ions bombarding the film. 

Table 1 - Deposition conditions  

 

N2 

[sccm] 

Power 

[W] 

Self-
bias 

[V] 

Pressure 

[Pa] 

Time

[min]

2.5 100 -130 12 60

2.5 50 -50 12 60

0 100 -75 12 30

The samples were previously cleaned in ultrasonic bath for 15 min in a solution of isopropyl alcohol and 
cyclohexane with a ration of 1:1. The substrates were treated in H2 and Ar mixture plasma with a flow rate 
of 10 and 3 sccm respectively, for 10 min before deposition. Total working pressure was 8 Pa. The power 

Another set of samples (Table 2) was made to confirm the decrease of the internal stress. For this batch a 
constant bias was used, to eliminate the differences between films. 

, Czech Republic, EU 

of the deposition (use of hydrocarbons like methane, ethylene or 

Like Carbon thin films were deposited in radio frequency (rf) capacitively coupled plasma (CCP) 
] has two parallel plate electrodes, the upper 

showerhead type is used for precursors distribution and is grounded. The bottom electrode is connected 
to a CAESAR 133 13.56 MHz rf generator trough a matching unit. The distance between the electrodes is 

mm. In figure 1 is presented the reactor scheme. The pumping unit is composed from a rotary pump and 
a turbomolecular one. The gas flow was controlled by electronic flow controllers. The pressure in the 

Pa and the leak rate 

side polished crystalline silicon (Si), glass, stainless steel (SS) and stainless steel with 
titanium nitride (TiN) layer prepared by PECVD were used and placed on the bottom electrode. This 

determined the energy of the ions bombarding the film.  

Time 

[min] 

60 

60 

30 

The samples were previously cleaned in ultrasonic bath for 15 min in a solution of isopropyl alcohol and 
and Ar mixture plasma with a flow rate 

before deposition. Total working pressure was 8 Pa. The power 

ternal stress. For this batch a 
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Table 2 - Deposition condition for the second batch 

Sample CH4 

[sccm] 
H2 

[sccm] 
N2 

[sccm] 
Power 

[W] 
Self-
bias 
[V] 

Pressure 
[Pa] 

Time 
[min] 

CH50 8.5 5 0 45 -80 12 30 

CH51 4.7 2.5 2.5 35 -65 12 30 

CH53 4.7 2.5 2.5 35 -65 12 30 

CH54 4.7 2.5 2.5 50 -65 12 120 

CH55 4.7 2.5 2.5 50 -65 12 120 

Characterization of the samples was performed by: 

· Ellipsometry in UV-NIR range (Jobin Yvon UVISEL phase-modulated variable-angle spectroscopic 
ellipsometer) at five angles of incidence from 55o to 75o 

· Ellipsometry in VUV-UV range (BESSY II synchrotron rotating analyzer) at an angle of incidence was 
67.5o 

· Reflectance in UV-NIR range (PerkinElmer Lambda 45 spectrophotometer) 
· Transmitance in IR range (Bruker Vertex 80v Fourier transform spectrophotometer) equipped with a 

parallel beam transmittance accessory 
· Hardness and elastic modulus (Fischerscope H100) using depth sensing indentation technique 
· Atomic composition (RBS - Rutherford backscattering spectroscopy) 
· Hydrogen content (Elastic Recoil Detection Analysis) 

3. RESULTS AND DISCUSSIONS 

3.1 Optical characterization 

All data was fitted simultaneously by a single, consistent structural and dispersion model [5,6]. Dispersion 
models used for fitting were Kramers-Kronig consistent in the entire spectral range. A schematic diagram of 
the density of states (DOS) of A-C:H:N films is given in Figure 2, which is similar to the one of pure DLC but 
with the addition of nitrogen in the 1s core level state.  

 

Fig. 2 - Schematic diagram of the density of states 



12. - 14. 10. 2010, Olomouc, Czech Republic, EU 

 
 

437 

The density of states is similar to a-C:H film because 2s and 2p valence electrons of carbon and nitrogen 
form common valence and conduction bands. Only valence and conduction bands were used for dielectric 
response. The dielectric function of transition layers was modeled by parametrized joint DOS (PJDOS). In 
the case of the high relative thickness of the samples (100-200nm) the informations are provided mostly by 
the a-C:H:N films. For a correct measurement, very thin films are required. 

Fig. 3 - Real and imaginary parts of the dielectric function at their top and bottom interfaces 

In the IR spectrum the relative transmittance was calculated by dividing the measured transmittance to the 
transmittance of the substrate. This transmittance was used to find the film absorbance, proportional with 
Lambert-Beer law. The IR transmittances were fitted together with the other optical data using a Kramers-
Kronig consistent model. The joint density of states (JDOS) correspond with phonon absorption and they 
are described by Gaussian peaks. 

 

Fig. 5 - Chemical structure from IR spectrum - imaginary part of dielectric function 
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Transmittance below 1200 cm-1 are related to substrate absorption, and for that was neglected. From IR 
spectra we were able to locate CH stretching between 3000-3080 cm-1 for sp2 and between 2855- 2960 cm-1 
for sp3; CH deformation between 1375-1460 cm-1. Wide peaks were observed between 2949-3493 cm-1 and 
were attributed to OH radicals, the peak at 3372 cm-1 to NH and the one at 2205 cm-1 to CN bondings [7]. 
Another peaks were induced by nitrogen content: at 1248 cm-1 and between 1513-1553 cm-1 are sp2C; pure 
sp2C bonds were observed at 1300, 1600 and 1680 cm-1. 

Because of different values of self-bias from the first set of samples were not the same, a new batch was 
made with a constant bias (-65 V) to better compare the nitrogen role in the films. Refractive index and 
extinction coefficient were calculated for this samples and given in Figure 6. 

Fig. 6 - Refractive index n and extinction coefficient k of the new sample batch 

The measurements revealed two groups - with lower and respectively higher indexes. This change can be 
due to the heating of the substrates because of longer deposition time, but showed a good reproducibility 
when using same deposition parameters. 

3.2 Mechanical characterization 

The hardness was obtained from analysis of loading and unloading curves. The load and the corresponding 

Fig. 7 - Loading-unloading dependences and dependence of the differential hardness on the indentation depth for  

                CH30 
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indentation depth were recorded as a function of time for both loading and unloading processes. Maximum 
load was 100 mN and the accuracy of depth measurement was ±1 nm. The indentations were repeated for 
16 times. 

The “pop-in” can be observed on the loading curves. This effect is related to creation of indentation 
induced cracking and delamination. The critical indentation depth (i.e. critical load) interfacial crack 
creation increased after annealing (440oC), also observed in the differential hardness dependence on the 
indentation depth.The differential hardness mathematical expression is: ûâ  ûâûâ  ûâûâ     
(L is the load, A is the contact area, k is geometric constant, h is indentation depth) is the ratio of the small 
load change and the corresponding change in the contact area. The differential hardness dependence on 
the indentation depth is used to visualize the indentation induced changes in the tested material such as 
creation of cracks or delamination. 

 

 

 

 

 

 

 

 

 

 

Fig. 8 - Differential hardness on the indentation depth for CH16 and CH17 

 

3.3 Chemical composition 

Complete chemical composition (Table 3) was performed by RBS in combination with ERDA. The 
measurements revealed also some trace of argon (0.3%) explained by incorporation during treatment time 
and oxygen caused by aging effect in atmosphere. 

Table 2 - Elemental composition 

Sample C 

[%] 

H 

[%] 

N 

[%] 

O 

[%] 
CH16 56 28 13 3 

CH17 46 38 10 6 

CH30 65 34 0 1 
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4. CONCLUSIONS 

DLC films were successfully prepared by capacitively coupled rf discharge. Samples were measured with a 
wide range of optical means, which concluded in good quality results. Pure DLC films were not stable on SS 
or TiN substrates. The problem was also their high compressive stress combined with rough surface of 
metallic samples. DLC:N films could be used as intermediate layer on SS but their adhesion was even better 
on PECVD-TiN layers. The hardness decreases with the nitrogen incorporation from 21.7 Gpa (CH30) to 18.5 
Gpa (CH16). 
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Abstract 

Electrospining is a simple, versatile and widely accepted technique to produce ultra fine fibers ranging from 
nanometer to micron, mostly in solvent solution and some in melt form. Recently there has been great 
interest in developing this technique to produce nanofibers with novel properties and functionalities, such 
as core/shell composite fibers, multi channel tubular structure and porous fibers. With introducing porous 
to the nanofiber structure or roughen the fiber surface, the final surface area is effectively increased, thus 
nanofiber  potential for application in chemical filtration, fuel cell membrane, tissue engineering, catalyst 
sensor would be improved. There are different methods for introducing pores in the nanofiber structure, 
such as Thermally induced phase separation, selective dissolution, rapid phase separation, selective 
pyrolyzate composite formation. In this paper, a comprehensive review would be presented on the 
research and development’s related to produce porous nanofibers.  

Keywords: Electrospinning, Nano fiber, Porousity 

1. INTRODUCTION 

When the diameter of polymer fiber materials decrease from micrometers to sub microns or nanometers, 
surface area, flexibility in surface, functionalities and mechanical performance improves   greatly, compared 
with any other known form of the material. It make polymer nanofibers suitable for many important and 
interesting applications.   

A number of processing techniques such as drawing [1], template synthesis [2,3], phase separation [4], self-
assembly [5,6], electrospinning[7,8], etc. have been used to prepare polymer nanofibers. Electrospinning is 
a simple, convenient and unique process for producing ultra fine fibers with diameter range of 100 nm to 5 
µm. More than 50 polymers have been successfully spun into fibers through this technique [9]. In 
electrospinning an electric field draws a polymer melt or polymer solution from the tip of a capillary to a 
collector. A voltage is applied to the polymer, which causes a jet of the solution to be drawn toward a 
grounded collector, while the liquid jet is drawn to the collector, rapid evaporation of solvent serves to 
solidify the fiber and prevent varicose breakup. 

Recently there has been much interest to produce nanofibers with some exceptional structures such as 
core/shell composite fibers, multichannel tubular structure and porous fibers. porous materials have much 
potential for applications in fuel cell membranes, tissue engineering, catalysis, sensors, separations, 
electrochemical cells, drug delivery, chemical filtration, etc [10-15]. Many applications of electrospun 
nanofibers could be greatly improved by increasing the surface area and porosity of the fibers. So 
producing porous nanofibers in a versatile and inexpensive way was tried by a number of researchers 
[16,17]. In this work, we have a review on different methods for producing porous nanofibers.  
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2. ELECTROSPINNING AND POROUS NANOFIBERS 

Versatility in spinning a wide range of polymeric fibers and the consistency in producing fibers in submicron 
range, make electrospinning as a very famous method for producing nanofibers. In electrospinning process 
a high voltage electric field is applied to produce electrically charged jets from polymer solution or melts, 
with evaporation of the solvent, nanofibers are produced, a SEM image of nanofiber produced by this 
method is shown in figure 1. A flat surface or rotated collector with opposite charge is used to collect the 
fibers. A schematic of the electrospinning process is shown in Figure 2. To produce wide variety of 
nanofibers with different structure this apparatus could be changed with some modifications. 

  

 

 

Fig.1. Electrospun nanofibers [16] 
Fig.2. A schematic of electrospining process 

Recently novel properties and functionalities of porous nanofibers make more attention to produce these 
fibers. Porous structure and rough surface makes more interesting applications for nanofibers, porous 
surface features are preferred for deposition of nanoparticles on the fibers substrate and for controlling 
drug molecules release also they facilitate diffusion of nutrients in tissue engineering [18]. 

3. PRODUCING POROUS NANOFIBERS  

Porous fibers of a variety of polymers were prepared through different methods, with different pore 
structures. Porous nanofibers could be obtained by thermally induced phase separation (TIPS), (TIPS) 
between the solvent-rich and solvent-poor regions in the fiber during electrospinning, followed by removal 
of solvent in vacuo, also porous fibers or nanoscaled structures were obtained when a highly volatile 
solvent is applied in the electrospinning process [19]. Some approaches considered electrospinning of 
mixtures composed of two immiscible polymers and a common solvent and Selective dissolution could be 
employed to produce highly porous nanofibers, [20,21].  

3.1  Thermally induced phase separation (TIPS) 

A novel method for producing porous nanofibers is developed by Xia et al. In his work thermally induced 
phase separation (TIPS) happen between the solvent-rich and solvent-poor regions in the fiber during 
electrospinning by immersing the collector in a bath of liquid nitrogen. Finally with removing the solvent in 
vacuum, porous poly(styrene) nanofibers are produced. In this method, phase separation into solvent-rich 
and solvent-poor regions is induced when the remaining solvent is frozen in nitrogen bath before reaching 
the collector. These porous fibers are promising for use in the encapsulation of active substances, as 
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supports of catalysts, lightweight reinforcement, and hydrophobic coatings. The electrospinning setup with 
the modified collector used in this method is shown in figure 3, and SEM images of poly(styrene) porous 
fibers prepared by electrospinning into liquid nitrogen, followed by drying in vacuum is shown in figure 4. 
Nanofibers produced by this method have larger diameters than those collected without the use of a liquid 
nitrogen bath, since the fibers are drawn in shorter distance. The SEM image shows that the fibers are not 
interconnected, and that the morphology of individual fibers is not degraded by this method. This method 
can be readily used with nonvolatile solvents and does not require selective dissolution of phase-separated 
polymers [22]. 

Fig.3.Electrospinning set up for TIPS method [22] Fig.4. SEM images of porous fibers prepared by TIPS 

method [22] 

3.2.  Selective dissolution 

A facile method for the preparation of porous ultrafine nanofibers is selective dissolution technique that 
was used by number of groups. Ma et al, produced highly porous PAN nanofibers, via this technique, 
PAN/NaHCO3 composite nanofibers were electrospun, and then NaHCO3 was removed by a selective 
dissolution and reaction with the solution of hydrochloric acid, Different content of NaHCO3 had significant 
effect on the morphology of the final porous fibers. The SEM image of the final porous nanofiber is shown 
in figure 5[23]. In the other work, You et al used this technique to produce porous ultrafine poly(glycolic 
acid) (PGA) fibers, thus ultrafine PGA/poly(L-lactic acid) (PLA) blend fibers were electrospun and then the 
PLA was removed by dissolving with chloroform. The resulting PGA fibers had three dimensionally 
interconnected pores with a circular shape and the very narrow pore size distribution. Ultra fine porous 
PGA fibers are shown in figure 6 [24]. 

  Fig.5. SEM image of porous PAN nanofiber [20]                    Fig.6. SEM image of ultra fine  porous PGA fibers [23]  
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3.3.  Selective pyrolyzate composite formation 

Peng et al used a facile method to obtain carbon nanofibers with a nanoporous structure using selective 
pyrolyzate composite formation. A blend of polyacrylonitrile and a copolymer of acrylonitrile and methyl 
methacrylate in dimethylformamide was electrospun into nano fibers with a microphase-separated 
structure. With pyrolyzing the copolymer domains in oxidation process, nanoporous structure was 
obtained, and preserved after carbonization. 

Rapid solvent evaporation and solidification of the electrospun fibers during electrospinning, decreases the 
domain coarsening, so there are fine and stretched phase domains in the nanofibers, and carbon 
nanofibers with a large amount of nanopores throughout the surface and the interior of the fibers were 
obtained. The nanopores in the fibers at about several tens of nanometers in widths are continuous. A 
resulted porous fiber is shown in figure7. Great potential of the nanoporous carbon fiber obtained in this 
study make many interesting applications for them in different fields [24].  

Fig.7. SEM image of resulted porous fiber by selective 

fiber by a pyrolyzate composite formation method[24] 
Fig.8. SEM image of resulted porous ternary 

system of nonsolvent/ solvent/ polymer[25] 

3.4.  Electrospinning a ternary system of nonsolvent/solvent/polymer 

In the work, presented by Zhu et al, a facile method for fabricating fibers with micro- and nano-porous 
structure by electrospinning was introduced. Poly L-lactic acid was dissolved in a mixture of 
dichloromethane (solvent) and butanol (nonsolvent) with a certain ratio. Phase separation happens during 
the electrospininng, due to different evaporation ratio of solvent and nonsolvent. Thus the jet yielded to 
different phase separated structures, and further evaporation of the residual nonsolvent would lead to 
porous fibers. Porous biodegradable polymer fibers with large surface area and rough surface structure are 
so ideal candidates for drug delivery and tissue engineering. The resulted porous fibers are shown in figure 
8 [25]. 

4. CONCLUSION  

Electrospinning is a simple and convenient method to produce nanofibers. With modifying nanofibers 
surface morphology, by introducing pores, their surface are to volume ratio increases greatly, so nanofiber 
potential for application in chemical filtration, fuel cell membrane, tissue engineering, catalyst sensor 
would be improved. There are several methods for producing porous nanofibers, of a variety of polymers, 
with different pore structures. Thermally induced phase separation can be readily used with nonvolatile 
solvents and does not require selective dissolution of phase-separated polymers, however Some 



12. - 14. 10. 2010, Olomouc, Czech Republic, EU 

 
 

445 

approaches considered electrospinning of mixtures composed of two immiscible polymers and a common 
solvent and Selective dissolution could be employed to produce highly porous nanofibers, in the other 
method when a highly volatile solvent is applied in the electrospinning process, porous fibers or nanoscaled 
structures were obtained. Nanofibers are produced in different methods have different pore structures. 
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Abstract 

Biomedical uses of magnetic nanoparticles are mostly focused on tumor cells investigation and treatment 
while in the next we present new antibiotic coated Fe3O4 nanoparticles intended as magnetically 
controllable pharmaceutical agents for the recovery of bacteria loaded tissues and organs. We described 
the stable magnetic colloid prepared by an adapted co-precipitation method, with further magnetite 
stabilization by oleic acid and second layer of biologically active molecule (rifampicin - a broad-spectrum 
bacteriostatic antibiotic efficient in lung infectious diseases). Physical investigations of the double-layer 
coated magnetite nanoparticles were carried out by X-ray diffraction (XRD), and Vibrating Sample 
Magnetometry (VSM) and capillary viscosimetry that evidenced good crystalinity, granularity, magnetic and 
rheological properties of the submicron magnetic particles. The mean particle size calculated from Fe3O4 
diffraction peaks according to the Debye-Scherrer formula was equal to 11.9 nm while the magnetic core 
diameter was found equal to 8.5 nm. Ferrophase volume fraction was equal to 2.56 % while viscosity was 
found equal to 2.03.10-3 Kg /ms. The issues of product efficiency but also of its stability and preservation led 
to the utilization of chloroform in the step of double coating with rifampicin - due to high solubility level, 
considering further possible lyophylization and resuspension in water prior utilization. 

Keywords: co-precipitation, magnetite, oleic acid, rifampicin, biocompatibility, stability 

1. INTRODUCTION 

Superparamagnetic nanoparticles have been intensively studied due to their diversified applications, in 
both technical and biomedical fields. Magnetic nanoparticles can be dispersed in carrier fluids due to 
specific interactions between the particle surfaces and surfactant shells as well as between the coating shell 
and the carrier fluid. Complex structure type magnetic core/non-magnetic shell is required for the stability 
of the nanoparticle dispersions in the carrier liquids (to prevent ferrophase particles agglomerations) for 
most types of applications. Magnetic nanoparticles intended for biomedical applications are usually 
biocompatible ferrite powders coated with organic molecular shell able to ensure active pharmaceutical 
agents grafting on the functionalized surface of magnetic nanoparticles. Iron oxides, such as magnetite 
(Fe3O4) are rather stable against oxidation and display significant magnetization, being preferred in various 
applications due also to their lack of toxicity [1-3].  

Several studies reported various procedures of coating iron oxide nanoparticles either with double layers 
based on of fatty acids [4] or by capping the magnetic cores with a carboxylic acid shell such as oleic, lauric 
or myristic acid with further dispersion in a non-polar carriers [5, 6] or in polar media containing biologically 
active molecules [7] or polymers [8]. One common efficient technique for magnetite nanoparticles 
synthesis with convenient size distribution is the aqueous co-precipitation method. Based on this type of 
protocol, we report the preparation routine and physical characterization of submicron-sized magnetite 



 
 
particles, stabilized with oleic acid and further functionalized with antibiotic molecules (rifampicin) 
dispersed in organic solvent (chloroform) aiming lyophylization preservation, in order to develop a stable 
magnetic fluid based on double-layer coated magnetite nanoparticles, intended for drug delivery toward 
tissues and organs loaded with bacterial germs. 

2. EXPERIMENTAL 

Ferrous chloride tetrahydrate (FeCl2 x 4H
(NaOH), oleic acid, ethanol and chloroform used in this experimental protocol (all pure reagents) were 
purchased from Sigma-Aldrich. Distilled deionized water was used throughout the whole experiment to 
prepare the solutions. Rifampicin pure crystalline powder
spectrum bactericidal antibiotic of the rifamycin group, typically indicated for the treatment of lung 
bacterial infections, such as tuberculosis.  

In this work, we performed the synthesis of magnetite nanoparticles based on chemical precipitation of 
mixed trivalent and divalent iron ions (2:1 molar ratio) in alkaline medium at relatively high temperature 
(80ºC) and in atmospheric conditions; the preparation prot
seems to be rather difficult to control), is summarized in Figure 1. 

Fig. 1. Preparation steps of the double
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dispersed in organic solvent (chloroform) aiming lyophylization preservation, in order to develop a stable 

layer coated magnetite nanoparticles, intended for drug delivery toward 
tissues and organs loaded with bacterial germs.  

x 4H2O), ferric chloride hexahydrate (FeCl3 x 6H2O), sodium hydroxide 
H), oleic acid, ethanol and chloroform used in this experimental protocol (all pure reagents) were 

Aldrich. Distilled deionized water was used throughout the whole experiment to 
Rifampicin pure crystalline powder (C43H58N4O12), provided by Sigma, is a 

spectrum bactericidal antibiotic of the rifamycin group, typically indicated for the treatment of lung 
 

, we performed the synthesis of magnetite nanoparticles based on chemical precipitation of 
mixed trivalent and divalent iron ions (2:1 molar ratio) in alkaline medium at relatively high temperature 

) and in atmospheric conditions; the preparation protocol (which is not a complicated process but it 
seems to be rather difficult to control), is summarized in Figure 1.  

 

Preparation steps of the double-layered magnetite nanoparticles (NP- nanoparticle)

, Czech Republic, EU 

particles, stabilized with oleic acid and further functionalized with antibiotic molecules (rifampicin) 
dispersed in organic solvent (chloroform) aiming lyophylization preservation, in order to develop a stable 

layer coated magnetite nanoparticles, intended for drug delivery toward 

O), sodium hydroxide 
H), oleic acid, ethanol and chloroform used in this experimental protocol (all pure reagents) were 

Aldrich. Distilled deionized water was used throughout the whole experiment to 
), provided by Sigma, is a broad-

spectrum bactericidal antibiotic of the rifamycin group, typically indicated for the treatment of lung 

, we performed the synthesis of magnetite nanoparticles based on chemical precipitation of 
mixed trivalent and divalent iron ions (2:1 molar ratio) in alkaline medium at relatively high temperature 

ocol (which is not a complicated process but it 

 

nanoparticle) 



12. - 14. 10. 2010, Olomouc, Czech Republic, EU 

 
 

448 

Chemical co-precipitation consists of two processes: nucleation (formation of centers of crystallization) and 
subsequent growth of particles; the co-precipitation process (Massart’s procedure [9]), was carried out by 
dropwise addition of 100 ml NaOH solution 25% into the mixture of the aqueous solutions of iron salts 
(0.358 g FeCl3 x 6H2O in 100 ml deionized water and 0.183 g FeCl2 x 4H2O in 100 ml deionized water), 
brought at the temperature of 80°C, and maintained at this temperature under continuous vigorous 
magnetic stirring, following the reaction: 

8NaOH + 2FeCl3 + FeCl2 → Fe3O4 + 8 NaCl + 4 H2O 

The solution turned from brown to black indicating the formation of magnetite (Fe3O4). Nucleation and 
growth of magnetite particles were allowed to occur for 60 minutes under continuous magnetic stirring. 
Following the precipitation process, the separation of two phases can be easily observed: solid phase and 
supernatant liquid. First, the black solid phase was magnetically decanted (while the supernatant was 
carefully removed) and repeatedly washed with deionized water (in order to ensure the elimination of 
residual salts); further washing with 2 ml ethanol was needed for water traces removal as well as 
subsequent heating for five minutes to ensure the ethanol evaporation. Ferrophase was sterically stabilized 
with 6 ml oleic acid (OA), the mixture being heated up to 80°C on a water bath, under intense stirring for 30 
minutes. Excess oleic acid was phase separated by dropwise addition of 4 ml of water, then the OA-coated 
magnetite was washed twice with 30 ml ethanol [10]. The OA-coated iron oxide nanocrystals were further 
dispersed in 6 ml of chloroform containing 30 mg rifampicin (RIF), with vigorously magnetic stirring for one 
hour. The result of this multi-step procedure was 10 ml stable magnetic fluid based on double-layer coated 
magnetite nanoparticles that could be further transferred into water prior the utilization.  

The particle size, fluid viscosity, as well as the saturation magnetization, are of great importance for the 
magnetic fluid behavior. Thus, the main features such as volume fraction of the nanoparticles and the 
viscosity of the fluid were measured using standard laboratory techniques: the density and volume fraction 
were assessed by gravimetric method using a PW 254 balance with 10-4 g accuracy, while viscosity was 
determined by capillary method using an Ubbelohde viscometer.  

X-ray diffraction (XRD) investigation of the sample was accomplished using a Shimadzu 6000 X-ray 
diffractometer using Cu-Kα radiation at l = 1.5406 Å. The crystallite size was determined from the full width 
at half medium of the 311 peak based on Debye-Scherrer formula. The magnetization curves were obtained 
with a Quantum Design 600 vibrating sample magnetometer (VSM) at room temperature. 

3. RESULTS AND DISCUSSION 

The aqueous magnetic fluid obtained through the dispersion of double layer coated magnetite 
nanoparticles was characterized by rheological investigation (data presented in Table 1).  
 

Table 1. The rheological properties of double shell coated magnetite dispersed in chloroform 

Fluid type Density 
(Kg/m3) 

Volume fraction 
(%) 

Viscosity 
( x 10-3 Kg/ms) 

Magnetic fluid sample 1.47 2.56 2.03 
Chloroform 1.43 - 0.54 

 



 
 
The XRD pattern (Fig. 3) of the synthesized magnetite nanoparticles displayed characteristic peaks, having 
positions and relative intensities consistent with the spinel structure of magnetite crystals. 

The mean particle size calculated from Fe
(equation 1) was equal to 12 nm (Table 2):

   (a)    

Fig. 2. (a) The XRD patterns  (b) The magnetization curves of the magnetite nanoparticles with OA
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where K is the shape factor (K = 0.9), the X
maximum intensity (FWHM) in radians and 

The magnetic properties of the resulted magnetite nanopartic
and susceptibility curves (Fig. 4). The double
saturation magnetization being as high as 9.518 kA/m. Using magnetization data, the average size of 
magnetic diameter (dM) and the concentration of the coated nanoparticles in the sample was calculated 
using Langevin’s equation (Table 2):  

 

3 =Md
pm

 
n

In the above relations, dM is the magnetic particle diameter, 
nanoparticles in the fluid, kB is Boltzmann’s constant (
m0 - vacuum magnetic permeability (m0 = 1.26 × 
MB - saturation magnetization of the bulk magnetite (

Table 2. The dimensional analysis data

DXRD (nm) 
11.90 
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The XRD pattern (Fig. 3) of the synthesized magnetite nanoparticles displayed characteristic peaks, having 
positions and relative intensities consistent with the spinel structure of magnetite crystals.  

The mean particle size calculated from Fe3O4 diffraction peaks according to the Debye-Scherrer formula 
(equation 1) was equal to 12 nm (Table 2): 
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= 0.9), the X-ray wavelength, λ = 1.54 Å, β is the line broadening at half the 
maximum intensity (FWHM) in radians and θ is the Bragg angle. 

The magnetic properties of the resulted magnetite nanoparticles were estimated from their magnetization 
and susceptibility curves (Fig. 4). The double-layered nanoparticles exhibit superparamagnetic behavior, the 
saturation magnetization being as high as 9.518 kA/m. Using magnetization data, the average size of 
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is the magnetic particle diameter, n is the concentration of magnetic 
is Boltzmann’s constant (kB = 1.38 × 10−23 Nm/K), T - the absolute temperature, 

1.26 × 10−6 N/A2), MS - saturation magnetization of the sample and 
saturation magnetization of the bulk magnetite (MB = 0.92 x 106 A/m). 

The dimensional analysis data of the investigated magnetic fluid samples

dM (nm) n ( x 1023 /m3) 
8.53 0.32 
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Experimental investigations, including XRD and magnetometry studies, suggested that the relatively low 
saturation magnetization of coated nanoparticles is possibly due to their surface characteristics, in our case 
being most likely attributed to the existence of surfactants non-magnetic coatings. Further improvement of 
the experimental procedure is intended to enhance magnetic control possibilities in the antibiotic coated 
magnetic nanoparticles toward the bacterial loaded organs where classical treatments failed.   

4. CONCLUSIONS 

Following the investigation of the nano-sized magnetite particles, we assume that the resulted magnetic 
fluid based on double-layer coated nanoparticles obtained by co-precipitation method, could be used for 
biological applications. Manufacturing such type of nanomaterials, could be also useful in cell therapies by 
targeting cell-delivery systems loaded with magnetite nanoparticles in the presence of uniform magnetic 
fields. The use of chloroform as carrier liquid was motivated by the ability of this solvent to dissolve 
biodegradable molecules forming an organic phase that can be emulsified in an aqueous solution followed 
by organic solvent evaporation. Thus, the resulted magnetic nanoparticles can be resuspended in deionized 
water, and further used in various biomedical applications. 
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Abstract 

The work deals with study of photodegradation and biodeterioration of concrete blocks with the addition 
of the photoactive kaoline/TiO2 (KATI) composite. Three types of concrete blocks were evaluated: concrete 
with addition of the KATI (10 wt%, 20 wt%), concrete with addition of metakaoline (MK) (10 wt%) and 
concrete without  addition of the composite. Biodeterioration tests were studied in an aqueous medium in 
the presence of algal culture of Chlorella vulgaris. To determine the effects of irradiation spectra, two 
lamps differing in spectral ranges were used to simulate light conditions similar to sunlight and artificial 
light with higher portion of UVB. For the evaluation of the tested blocks image analysis software “analySIS 
Docu” was used. Quantification of the chlorophyll amount of the algae cells was carried out according to 
the regulation CSN ISO 10260. Acute aquatic ecotoxicity of aqueous extracts of the material was also 
assessed in accordance with the CSN EN ISO 8692 regulation. 

Keywords: biodeterioration, freshwater algae, aquatic toxicity, composite materials. 

1. INTRODUCTION 

Biodeterioration (biocorrosion) can be defined as any adverse change in material properties, which is 
caused by the activities of living organisms. The most important parameters that cause the growth of 
organisms, are: humidity, temperature, light conditions and chemical composition of the material [1, 2].  

Among the organisms that cause biodeterioration are bacteria, algae, lichens, mosses, fungi (molds), higher 
plants and animals. Our experiment was focused on studies of green algae growth inhibition. Algae growth 
is influenced by light, air moisture and nutrients. They grow very well in places where water is detained 
(windows, cornices, balconies, etc.), on wet surfaces and in pores and crevices of stones. Algae are able to 
vegetate even under extremely adverse conditions [3]. Their biodeterioration effect is given by the 
production of metabolites (e.g. organic acids, dyes), which aggressively work with building materials and 
causing undesirable changes of their properties [1, 3, 4]. 

It pursued to slow down the course of biodeterioration process using biocidal agents because any change in 
the material can lead to a deterioration of its utility properties [5, 6]. Titanium dioxide shows photocatalytic 
properties after exposure of UV radiation, which can be demonstrated by capabilities of photodegradation 
of number of chemical substances. Photodegradation may be used for removal of organic pollutants, but 
also it can be used for growth inhibition of bacteria and algae. In this work we studied the process of 
biodeterioration of hardened cement paste blocks containing photoactivite composite metakaoline/TiO2, 
the sample without composite and sample with metakaoline served as standard without photocatalyst for 
comparison of the effect of metakaoline/TiO2 composite on grow inhibition of studied green algae. 
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2. EXPERIMENTAL 

2.1 Tested materials 

Tested samples represented hardened cement pastes: i) two sets of samples containing 10 or 20 wt.% of 
the photocatalyticaly active metakaoline/TiO2 composite (KATI) developed under the project FT-TA4/025 
granted by Ministry of industry and Trade of Czech Republic, where the TiO2 nanoparticles are fixed on 
metakaolinite surface; ii) one set of samples containing 10 wt.% of metakaoline (MK) and iii) one set of 
reference samples presenting cement paste without any admixtures. 

Prepared composites KATI61 and KATI66 were used for preparation of the testing samples (S1 and S2) of 
cement pastes based on the Portland cement binder. At the cement pastes containing KATI or MK 
admixtures, the appropriate amount of cement (CEM I 42.5R) was replaced by these materials. The 
obtained mixtures were mechanically homogenized and deionized water was added in the appropriate 
amount to obtain water to solid ratio 0.35.  

The prepared mixtures were formed into the moulds (50 x 100 x 10 mm) and stored in moist environment. 
After 24 hours the samples were taken out of the moulds and then stored for 28 days in moist 
environment. After this period samples were stored for 30 days at ambient conditions. The example of the 
members belonging to each group of samples in the state before testing is shown in Fig. 1. 

 

 

        

 

 

 

 

 

 

2.2 Biodeterioration experiment 

Biodeterioration studies were monitored in an aqueous aerobic environment in the presence of algal 
suspension. For this experiment apparatus (see Fig. 2) was designed where the autoclaved cement paste 
blocks were placed in. The blocks were sprinkled by nutrient medium with the green algae cells (Chlorella 
vulgaris). At regular intervals (weekly) the culture medium was supplemented. 

As a source of irradiation the 18 W lamp (Juvel) that simulate daylight and 20W lamp (Repti Glo) with a 
higher proportion of UVB radiation were used. Once a week pH and conductivity values of the algal 
suspension were measured and photographs of exposed blocks were continually taken. After the expiry of 
the experiment duration (four weeks) the blocks were removed from the test apparatus and photographed 
with a digital camera. Photographs obtained were then analyzed using image analysis „Docu analysis“, 
where the biofilm growth was evaluated on each block. 

10 wt% KATI 20 wt% KATI CEM 10 wt% MK 

Fig. 1 Tested materials 
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2.3 Methods utilized 

2.3.1 Image analysis „analySIS Docu“ 

Image analysis is nondestructive and rapid method that allows obtaining a quantitative evaluation of 
characteristic parameters of the examined material. Tested concrete blocks were captured using the 
Olympus digital camera placed on a tripod. Images were saved in JPEG format and evaluated using the 
image analysis. 

2.3.2 Determination of the amount of chlorophyll - a  

Determination of the chlorophyll - a amount was carried out according to the ISO 10260 - Water quality: 
Measurement of biochemical markers. Chlorophyll - a is essential photosynthetic pigment present in all 
green plants. Chlorophyll content in surface water is an indicator of the trophic levels. Determination of the 
chlorophyll concentration can provide information on the quality and potential photosynthetic activity of 
algae [7].  

2.3.3 Algal toxicity bioassay  

Evaluation of acute aquatic toxicity was performed according to the Czech Standard EN ISO 8692: Water 
quality - Test for inhibition of growth of freshwater green algae organism Desmodesmus subspicatus. The 
organism is commonly found in freshwater aquatic ecosystems and is therefore suitable for the aquatic 
toxicity screening [8]. This test was performed for the aqueous extracts prepared from samples (10 wt.% 
KATI10, 20 wt.% KATI10, 10 wt.% of MK and CEM) which were not used for biodeterioration tests: i) in their 
original solid state and ii) after their micronization using milling. 

For the milled samples the extracts were prepared according to the Regulation No 294/2005 Coll. In the 
case of as prepared solid samples the preparation of their extracts have been followed by the Directive 
89/106/EEC COUNCIL. For the determination of acute toxicity it was necessary to adjust the pH of aqueous 
extracts to reach the value 8.1 ± 0.3. Thus, prepared aqueous extracts were  vaccinated with organism 
along with control and supplemented nutrient medium. Tested samples were cultivated in a culture 
chamber for 72 hours under constant aeration, temperature, and lighting conditions. Every 24 hours algal 
growth in suspension was assessed by using optical microscope and counting chamber. Number of cells was 
determined after 24, 48, and 72 h exposure [8, 9, 10]. 

Fig. 2 Designed tested apparaturs 
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3. RESULTS AND DISCUSION 

3.1 Quantification of biofilms overgrow using image analysis  

The photographs of the samples after the 30 days exposure to algal culture with simultaneous exposure 
with a lamp simulating day-light conditions are shown in the Fig.3. The photographs of the samples after 
the 30 days exposure to algal culture with simultaneous exposure using lamp with higher portion of UVB 
are shown in the Fig.4.  

The results of image analysis are shown in Tab. 1. The parameter “Blocks overgrow” represents area 
covered by biofilm related to the total area of sample surface exposed to green algae culture. 

Table. 1 Results of biofilms overgrowth 

3.3 Results of acute aquatic toxicity 

Tab. 2 shows the test results of growth inhibition of Desmodesmus subspicatus in aqueous extracts 
obtained for milled samples. The results were evaluated according to the ISO 8692. Growth inhibition of 
green algae was proved for the extracts prepared from all of the tested materials. Sample which contained 
20 wt% KATI (36%) showed the highest growth inhibition and the lowest growth inhibition was detected for 
the sample of pure cement paste (11%). The results of the method were comparable with the method of 
evaluation by the image analysis "Analysis Docu“. 

Table. 2 Toxicity results of aqueous extracts to green algae Desmodesmus subspicatus 

Sample 
Number of cells in 1 ml after 

72 hours 
Average inhibition (stimulation) of algal 

growth [%] 
AQUEOUS EXTRACTS 

Desmodesmus 
subspicatus 

10 wt% KATI 386 250 Inhibition (33%) 
20 wt% KATI 326 250 Inhibition (36%) 
10 wt% MK 498 750 Inhibition (28%) 

CEM 1 266 250 Inhibition (11%) 

Samples  Blocks overgrow [%] 
 (Lamp simulating daylight)  

Blocks overgrow [%] 
(Lamp with higher proportion of UVB)  

10 wt% KATI 39 20 

20 wt% KATI 7 3 

10 wt% MK 17 9 

CEM 57 32 

   10 wt% KATI   20 wt% KATI  CEM 10 wt% MK 10 wt% KATI 20 wt% KATI 10 wt% MK  CEM 

Fig. 3 Testing samples after 30 day exposure to algal 
culture, lamp simulating daylight 

Fig. 4 Testing samples after 30 day exposure to algal cultures, lamp 
with higher proportion of UVB 
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Tab. 3 presents the results of aquatic toxicity for initial solid samples. These results were evaluated in 
accordance with the Council Directive 89/106/EEC COUNCIL. The observed results indicate that the samples 
tested did not show greater inhibition than 30%, and therefore they meet the criterion set out by the 
Council Directive 89/106/EEC [10].  

Table. 3 Results of toxicity bioassay on green algae Desmodesmus subspicatus of original solid samples 

Sample 
Number of cells in 1 ml after 

72 hours 
Average inhibition (stimulation) of algal 

growth [%] 
ORIGINAL SOLID SAMPLES 

Desmodesmus 
subspicatus 

10 wt% KATI 1 156 250 Inhibition (16%) 
20 wt% KATI 1 115 000 Inhibition (17%) 
10 wt% MK 1 621 250 Inhibition (10%) 

CEM 1 850 000 Inhibition (8%) 

4. CONCLUSION 

During the experiments three types of hardened cement pastes: 1. with the addition photoactivite 
kaoline/TiO2 composite (10 wt% KATI, 20 wt% KATI); ii) metakaoline (10 wt% MK) and 3. without any 
admixture (CEM) were studied with respect to their ability to protect their surface against the green algae 
overgrow. The image analysis shows that the use of lamp with a higher proportion of UVB component 
protects green algae overgrow more effectively in comparison to experiments with lamp simulating day-
light. The aqueous extracts prepared from the milled samples show inhibition of Desmodesmus subspicatus 
growth. The largest inhibition 36% was evaluated for extracts from sample with 20 wt% KATI and the 
lowest inhibition were evaluated for aqueous extracts from pure cement paste (11%). Tests of acute 
aquatic toxicity performed for original solid samples shown the inhibition lower than 30 %. 
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Abstract 

Cisplatin magnetosomes (Target MAG-cis-Pt) have in an alternating magnetic field with frequency 3.5 MHz 
and induction 1.5 mT special heating capabilities. The magnetosomes are heated due to Néel-Brown 
phenomenon. As has been found, relaxation losses are able to heat super-paramagnetic suspension to 60°C 
in about 40 minutes. Heat-up to 42°C is very important for local hyperthermia achievement. After 
introduction of magnetic nanoparticles as anticancer drugs delivery vehicles these are responsible for drug 
concentration increase at the tumour surrounding, so reduce the unpleasant site effects associated with 
chemotherapy.  

Keywords: magnetosomes, cisplatin, electromagnetic fluid hyperthermia, chemotherapy, combined 
therapy 

1. INTRODUCTION 

1.1 Ferrofluid in electromagnetic fluid hyperthermia 

Ferrofluids are highly viscous magnetic fluid compounds of nanometre-scale magnetic particles evenly 
dispersed in a carrier liquid. In most ferrofluids it can be either water-, or oil-based carrier. As of the 
ferromagnetic nanoparticles are mostly used molecules of magnetite (Fe2O3) of average diameter about 10 
nm; coated with surfactant layer to prevent their agglomeration (due to van der Waals forces and magnetic 
forces). Hence ferrofluids are stable colloidal suspensions of ferromagnetic particles which randomly rotate 
from each other, but in the presence of magnetic field become strongly polarised. For keeping suspended 
magnetosomes in space of liquid their small (single-domain) dimensions are necessary, and are too heavy 
for Brownian motion, thus will settle over the time due to the inherent density differences between the 
particle and its carrier fluid. When ferrofluids are exposed to alternating magnetic field, they are heated [1]. 

Mechanisms of heating is based on two relaxation processes 
Fig. 1.: 

· Néel relaxation- orientation of the magnetic dipole  
              moment thermally rotated 

· Brownian motion- the rotation of the whole magnetic  
              particle according to external magnetic field. 

The sub-domain ferromagnetic particles produce substantially 
more heat per unit mass than 1000 times larger multi-domain ferrite particles of similar composition when 
exposed to an alternating electromagnetic field. Due to superparamagnetic properties they are potential 
candidates as agents for electromagnetic hyperthermia (heating tissues to 41-45°C) [2]. 
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Electromagnetic hyperthermia is the method of heating body tissue for therapeutic purposes using 
ferromagnetic particles. In this process ferrofluids introduced to the tumour surroundings are subjected to 
an oscillating magnetic field that will cause the material to heat. Electromagnetic hyperthermia causes the 
local overheating and necrosis. In our experiments we have used high-frequency magnetic field at 3.5 MHz 
frequency, which is preferentially absorbed by magnetic nanoparticles and compared to the other 
frequencies is more universal in given practice field. The uniqueness of electromagnetic hyperthermia is in 
42 cm penetration depth and in advanced heating-up of magnetic particles [3]. 

1.2 Cisplatin magnetosomes in combined therapy 

Cisplatin (cis-diamminedichloroplatinum (II)) is 
chemotherapeutic drug used to treat various types of 
cancer as testicular, ovarian, bladder, and small cell lung, 
as well as head and neck cancer. Molecular mechanism of 
its cytotoxic action is the ability to form irreversible 
crosslink with bases in DNA. Most notable among the DNA 
changes are 1,2-intrastrand crosslink with purine bases. 
Other adducts include interstrand crosslink and 
nonfunctional adducts that have been postulated to 
contribute to cisplatin activity [4]. It is now well 
recognized that when systematic chemotherapy is used 
for the treatment of solid tumours, it is almost impossible 
to achieve therapeutic levels of drug at the tumour site 

without damaging healthy tissues [5]. One solution is to bind the cisplatin to magnetosomes Fig. 2., which 
after injection into the blood stream preferentially accumulate in the tumour. Using high-frequency 
electromagnetic field breaks the cisplatin-magnetosomes bond and accumulated cisplatin and heated 
magnetosomes provide combined chemotherapeutical-hyperthermia therapy. In addition, using magnetic 
nanoparticles helps to deliver drug right into tumour site [6].  

2. EXPERIMENTAL 

The experimental setup for evaluation of the thermal properties of superparamagnetic colloid Targed MAG-
cis-Pt is based on RF generator GV6 (ZEZ Rychnov, Czech Republic) and was adjusted to the following 
parameters: oscillation frequency f = 3.5 MHz, maximum high frequency output power Pmvf = 6 kW, (Pmvf a 
Umvf possible to regulate), maximum input power Pmax = 10 kVA, maximum high frequency potential in 
resonance coil Umvf = 450 V, magnetic induction B = 1.13 mT. 

C6 rat glioma cell culture was provided by Dr. Planck (Institute of experimental oncology, TU Munchen, 
Germany) supplemented with 10 % fetal calf serum in 5 % CO2 humidified atmosphere at 37°C. The viability 
of cells after therapy (chemotherapy, hyperthermia, combined therapy) experiments was assessed using 
Trypan blue dye exclusion assay despite some drawbacks of this method. 2.5 x106 cells were plated on 6 cm 
Petri dish with experimental media containing cisplatin with magnetosomes at various concentrations. The 
antiproliferative effects of various treatments (including electromagnetic hyperthermia) were determined 
after   two days incubation period. Relative number of dead cells was determined as a relative cell number 
(%) = (number of dead treated cells/number of control cells) x 100. 
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3. RESULTS 

First task was to investigate the effect of high frequency magnetic field (3.5 MHz) on heating of ferrofluid 
with various magnetic nanoparticles concentrations. We determined temperature of ferrofluid for 
magnetosomes concentrations: c1=7,5 mg/ml, c2=15mg/ml, c3=30 mg/ml and c4=60 mg/ml. 

Heating up of ferrofluid was 
made in four independent 
experiments and its 
dependence of high-frequency 
action time is showed in Fig. 3. 
From the plot we can see the 
temperature rise with the 
high-frequency field action 
time for all magnetosomes 
concentrations. We can also 
notice more rapid increase in 
temperature for higher 
magnetic particles 
concentration at given high-
frequency field action time. 
Such heating effects can be 

explained by Brown and Néel relaxation mechanisms. It is clear, that the more magnetosomes are in action 
with high-frequency field, the more temperature increase is observed.  

Once we convinced ourselves 
that magnetosomes suspension 
is heated in high-frequency 
field, we carried on with the 
next experiment which was to 
investigate the effect of various 
therapy treatments on 
mortality of tumour cells. 
Single hyperthermia 
experiment has shown to have 
lower efficiency in killing 
tumour cells than 
chemotherapy at given 
concentration of cytostaticum. 
However we have observed 
increase in dead cells with 
respect to cytostaticum 

concentration. When using combined therapy (hyperthermia and chemotherapy) we have found synergic 
effect of ferrofluids and cisplatin.  

Fig. 3. Dependence of heating of ferrofluids at different concentrations 
of magnetosomes on magnetic field action time. 

Fig. 4. Tumour cells mortality with respect to therapy treatment and 
cytostaticum concentration. 
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In our work we have shown that it possible to increase efficiency of chemotherapy using magnetic 
nanoparticles. We observed 98 % of dead tumour cells in combined therapy. In addition magnetic 
nanoparticles can be attracted directly into the tumour which is an advantage in cancer diseases treatment.  
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Abstract 

Nanoparticles of metals (e. g. Zn2+, Cu2+,  Ag+) have antibacterial properties. Antiprotozoale effects were 
testing much less.The present work studies the antibacterial and antiprotozal effects of 
metalnanoparticles.For immobilization nanoparticles were using  fylosilicates (clay minerals 
montmorillonites and vermiculites). Cations Na+, K+, Ca2+, Mg2+ in the interlayer position of  clay minerals 
are substituted through the use of cations Zn2+, Cu2+,  Ag+ during  intercalation.Clay minerals samples with 
nanoparticles  Zn2+, Cu2+ a Ag+ were proved  from 10 % solutions ready for use via dilution 1:3 (suspension 
micromethod). Bacterial suspensions were after a period 24 hrs for five days transferred to the fresh 
glucose solutions. Being used bacterial strains Enterococcus faecalis CCM 4224, Escherichia coli CCM 3988 
and Pseudomonas aeruginosa CCM 1960 in bacterial density 108. The tests with nanoparticles in 
richomonas vaginalis 106 culture were performed by method tube tests (inoculate potion of protozoa 15 
microlitres). Protozoal counts were evaluated in the interval 24 hrs for five days. Labory tests proved 
antibacterial effect of nanoparticles: Zn2+ in dilution from 10 % till 3,3 %,  Cu2+  from 3,3 % till 0,041 and 
Ag+  from 0,37 % till 0,12 % in bacterial cultures.Nanoparticles caused a killing of Trichomonas vaginalis in 
cultures with concentration of solution Zn2+ from 0,37 % till 0,12 %, with Cu2+  0,37 % and Ag+  from 0,041 
%  till 0,014 %.Check samples of clay minerals montmorillonite and vermiculite without of nanoparticles 
have not neither the antibacterial or antiprotozoal effects. 

Keywords: Nanotechnology; Zinc, Cooper, Silver nanoparticles; Montmorillonite,vermiculite; antibacterial 
and antiprotozoal effects. 

1. INTRODUCTION 

Nanoparticles of metals (e. g. Zn2+, Cu2+,  Ag+) have antibacterial properties. Silver was first used clinically to 
prevent eye infections in newborns. The effectiveness of silver revolves around its low propensity to select 
for resistance, its broad spectrum of aktivity. Silver is biocidal in the ionic form and, unlike many antibiotics, 
has at least six mechanisms of action: Ribosome (m-RNA) (t-RNA)--Silver binds disallowing polypeptide 
initiation, sulfhydryl compounds (Oxidation)-sulfur amino acid is inactivated to the disulfide form, protein 
denaturation (Ag-salts) -coagulation of enzymatic and other proteins, nucleic acid interactions-interaction 
with DNA,disrupting mRNA synthesis,  cytoplasmic membrane-disruption and leaching of metabolites, 
interference with electron transport in cytochrome system. The multiple targets suggest that at least six 
mutations are required for organisms to become resistant. Most antibiotics, on the other hand, have one or 
two mechanisms of action, usually involving binding to a ribosome or inhibiting some aspect of 
metabolism.(1). At the present time begin use of nanoparticles silver in wound care products, orthopedic 
and orthodontic (dental implants) products (2). A range of silver-coated or -impregnated dressings are now 
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commercially available  against burn-wound pathogens, namely resistant Staphylococcus aureus (MRSA) (3).  
Biomedical devices colonized by bacteria may cause infection or mortality. To prevent such infections, an 
effective strategy is to develop novel biomedical devices with antibacterial abilities via various surface 
modification processes. Biofilm formation is a recurrent complication in implant surgery and may result in 
loss of implants. Silver nanoparticle may be used as an implantable biomaterial. 

Nanoparticles Ag+, Cu2+, Zn2+, Mn2+, or Fe2+ was individually loaded onto chitosan nanoparticles. Their 
particle sizes and zeta potentials were measured. Antibacterial activity was significantly enhanced by the 
metal ions loaded, except for Fe2+ (4). 

Antimicrobial materials based on copper and zinc-doped hydroxyapatite are attractive in a wide variety of 
medical applications. (5). 

Antiprotozoale effects were testing much less.  The effect on the viability of Leishmania promastigotes was 
assessed. The aphidicolin nanosuspension was directly transferred into antiparasitic test systems.(6). 

The present work studies the antibacterial and antiprotozal effects of metalnanoparticles. For 
immobilization nanoparticles were using  fylosilicates (clay minerals montmorillonites and vermiculites). 
Clay minerals have continuously attracted attention for the possibility of modifying their layered structure 
by intercalation (9-12). Cations Na+, K+, Ca2+, Mg2+ in the interlayer position of  clay minerals are substituted 
through the use of cations Zn2+, Cu2+,  Ag+ during  intercalation. 

2. MATERIALS AND METODS 

2.1. Materials  

2.1.1. The natural Mg-vermiculite and Ca-montmorillonite was ground in a planetary mill, then passed 
through a 0.045 mm sieve and fraction <40 lm was utilized for experiments. 

2.1.2. Bacteria 

Enterococcus faecalis CCM 4224, Escherichia coli CCM 3988 and Pseudomonas  aeruginosa CCM 1960 were 
obtained from the Czech Collection of Microorganisms (Brno, Czech Republic - CCM).   

2.2. Methods 

2.2.1.  Antibacterial activity test 

Clay minerals samples with nanoparticles  Zn2+, Cu2+ a Ag+ were proved  from 10 % solutions ready for use 
via dilution 1:3 (suspension micromethod). Bacterial suspensions were after a period 24 hrs for five days 
transferred to the fresh glucose solutions. The minimum inhibitory concentration (MIC) of prepared 
montmorillonite and vermiculite was determined by their lowest concentration that completely inhibits 
bacterial growth. The dilution and cultivation were preceded on the microtitration plate with 96 hollows. 
The first set of hollows on the plate contained 10% (w/v) montmorillonite and vermiculite. This dispersion 
was further diluted by a threefold diluting method in glucose stock in such manner, that second to seventh 
set of hollows contained sample dispersed in concentration of 3.33%, 1.11%, 0.37%, 0.12%, 0.041% and 
0.014%. The eight set of hollows contained pure glucose stock as check test (control). A volume of 1µl of 
glucose suspensions of E. faecalis CCM 4224 (9.3x108 cfu ml-1), E. coli CCM 3988 (1.1x109 cfu ml -1) and P. 
aeruginosa CCM 1960 (6.3x108 cfu ml-1), was put into hollows. Bacterial suspensions was after the elapse of 
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30, 60, 90, 120, 180, 240 and 300 min and then during 5 days always in 24 h interval transferred from each 
hollow to 100 µl of the fresh glucose stock and bacteria were incubated in thermostat at 37°C for 24 and 48 
hrs.   

2.2.2. Antiprotozoal activity test 

The tests with nanoparticles in Trichomonas vaginalis 106 culture were performed by method tube tests 
(inoculate potion of protozoa 15 microlitres). Protozoal counts were evaluated in the interval 24 hrs for five 
days.   

3. EXPERIMENTAL RESULTS 

Labory tests proved antibacterial effect of nanoparticles: Zn2+ in dilution from 10 % till 3,3 %,  Cu2+  from 3,3 
% till 0,041 and Ag+  from 0,37 % till 0,12 % in bacterial cultures. 

Table 1: : Enterococcus faecalis - effective concentrations of nanoparticles Zn (II) Cu (II), Ag (I) in MMT and  
                 VMT after 5 days 

Table 2: Escherichia coli - effective concentrations of nanoparticles Zn (II) Cu (II), Ag (I) in MMT and VMT  
               after 5 days 
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Table 3: Pseudomonas aeruginosa - effective concentrations of nanoparticles Zn (II) Cu (II), Ag (I) in MMT  

              and VMT after 5 days 

Table 4 Trichomonas vaginalis - effective concentrations of nanoparticles Zn (II) Cu (II), Ag (I) in MMT and  

              VMT after 5 days 

Nanoparticles caused a killing of Trichomonas vaginalis in cultures with concentration of solution Zn2+ from 
0,37 % till 0,12 %, with Cu2+  0,37 % and Ag+  from 0,041 % till 0,014 %. Check samples of clay minerals 
montmorillonite and vermiculite without of nanoparticles have not neither the antibacterial or 
antiprotozoal effects.   

4. CONCLUSIONS 

Montmorillonite (MMT) and vermiculite (VMT) were prepared via intercalation technique. Intercalated 
nanoparticles Zn (II) Cu (II), Ag (I) in MMT and VMT after 5 days have antibacterial activity.  
Antiprotozoal activity is higher. 

The results from this study may be used for future development of new types of biomaterials with 
antibacterial and antiprotozoal activity. 
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Abstract 

Biotechnology in Poland is in the initial phase of development, promising a positive hopes for its rapid rise. 
Subject matter is growing rapidly, but despite this is visible distance that separates us from the countries of 
Western Europe, not to mention the undisputed leader, which are the United States. 

The annual income of the Polish companies of the biotechnology industry is about $100 million. Generate 
the biggest actors in health care, then the biotech industry (mainly biofermentation) and companies related 
to agricultural production. The main directions of development of agricultural biotechnology to plant 
protection products, veterinary products (vaccines fertilizer, feed formulations, diagnostic and preventive, 
enzymes), and transgenic. Its strong growth is also noticeable in environmental protection, where is used in 
water treatment, waste neutralization and bioutilization, as well as biogas production. In addition, the 
achievement of biotechnology is also used in medicine and pharmacology (the production of antibiotics and 
vaccines), food (dairy), chemistry, and even power. In these sectors of biotechnology income structure is 
distributed heterogeneously. 

Biotechnology is one of the few innovative and rapidly developing scientific fields related to the 
bioindustry. In GB biotechnology is hailed as science of the XXI century. Scientific and technological 
achievements biotechnologists are an opportunity to improve living conditions and improve the quality of 
products. Let us hope that we will witness more and more discoveries and achievements of modern 
biotechnology, and the next generation on their own skin will feel unfulfilled dreams of our ancestors. 

Keywords: biotechnology, innovation, innovativeness.  

1. INTRODUCTION 

In the last century witnessed two very important dates for biotechnology pharmaceuticals. The first of 
them - 1940s, when production of grate industrial  natural antibiotic - penicillin G started. This initiated the 
development of new technologies for the biosynthesis of the next antibiotics and other bioproducts. The 
second date, marked the beginning of modern biotechnology, was in the early eighties, and exactly the year 
1982, when recombinant human insulin, the first pharmaceutical obtained by genetic engineering, was 
introduced into medical practice. Later, in 1985 the first recombinant growth hormone was registered. In 
1986, the first two recombinant cytokines and interferon, and the first recombinant vaccine against 
hepatitis B. 

Until recently, pharmaceutical companies were only introduced to the markets of medical biotech drugs, 
drawing on the achievements of research of, in general, smaller biotechnology companies, examining the 
possibilities of technology and new applications of therapeutic proteins based on gene recombination. 
Many of these companies, called “platforms” because it formed a bridge between research and registration 
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of medicines in the process of commercialization of scientific discoveries, have expanded its development 
strategy, and also became product companies. The reason for this transformation has become a strong 
growing market position of modern biotechnology and medicine more and more possibilities for their 
therapeutic applications. 

From that moment, thanks to the rapid development of molecular biology and recombinant DNA 
technology and monoclonal antibody technology was launched on an industrial scale production of drugs 
polypeptide-protein structure. 

2. INNOVATIVNESS OF ORGANISATION 

An organization’s success in the market, the accomplishment of its development goals depends on the 
process of creation and diffusion of innovation. Nowadays, it is difficult to find an organization that does 
not notice the growing role of innovation today, and still more in the future. On the other hand, nearly all 
organizations must answer the question: if innovations can be managed, then how to do it? This problem 
results from the nature of innovation; namely, from the fact that many specialists of different scientific 
fields with a different scope of responsibility participate in the process of creating an innovation and finding 
an optimal manner of its use in products and processes. Also in the realization of innovation itself there are 
major differences of opinions between business partners as to the range of objectives and methods. 

The development of innovation comprises the effort of people and the capital necessary for the 
development and introduction of new products, processes and organizations into the market. Thus, 
innovation has become an issue for companies and public authorities - the state and the region, which 
currently assemble human resources and appropriate capitals. Innovation is based, above all, on the 
complex interaction between individual units, an organization and environmental factors [3]. 

The innovation process is defined as a combination of activities making up the creation, and the first 
introduction of new technical, technological and organizational solutions into practice. This process can be 
regarded as the transformation of an idea into a new or improved product introduced to the market, into a 
new or improved operational process used in industry and trade or into a new approach to a social service. 

The importance of comprehension of innovation as a process determines a method thanks to which we are 
trying to manage this process. In the practice of innovation process management, the key element is the 
interaction comprising both demand-supply relations as well as macro- and micro-environment relations 
with the internal environment of a company. 

The optimization of the innovation process is about finding the most appropriate manner of managing the 
innovation process and using it to the best advantage in the conditions in which a given organization 
operates. Thus, the particular solutions to the problem of innovation process management will be specific 
for each organization. There are two key issues in innovation process management: 1) how to properly 
structure the innovation process? 2) how to develop effective models that would demonstrate how the 
entire innovation process would proceed. 

In the classical approach we have individual employees making plans and transferring their results to the 
next unit. Such an approach, prevailing for a long time, is more indicates that success is more or less 
accidental, since it depends on the effective operation of all the functions of an organization. Moreover, 
some functions of an organization (e.g. production) were predominant, which did not produce the 
expected results and so the innovation was largely an unpredictable process [3]. 
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In the modern approach it has been assumed that innovation must become predictable in every aspect. 
This means the necessity to introduce objectives for each stage of the innovation and to make different 
functional units of an organization apply a “multi team approach”. This approach, also known as a “rugby” 
approach, means that different functional units of a company pass on their first conceptions to the next 
units; the latter move backwards if necessary but, in consequence, they quickly adapt themselves and 
move forward again. The above ensures the company’s activities to head towards the final result which has 
been has been set at the very beginning. All the units must utilize their resources well and create new 
combinations as soon as possible. Rugby pundits know that the strategy is concealed in the game even if it 
sometimes appears to be chaotic. In this approach the process is also constantly adapted to the needs of 
the market and technological possibilities [3].  

It is too often that organizations use the classical model of the innovation process. This becomes evident in 
the light of the facts showing that different functional organization units willing to become involved in the 
innovation strive for different goals. The research department perceives innovations through the prism of 
study results, the implementation department perceives the innovation as project to realize, whereas the 
production department as a new manner of manufacturing a product. 

3. THE BIO MARKET OVERVIEW 

Most biopharmaceuticals are produced using recombinant bacteria (mainly Escherichia coli) and yeasts 
(mainly Saccharomyces cerevisiae), as well as recombinant cell lines of higher organisms. 
Biopharmaceuticals include an extremely valuable group of drugs such as recombinant hormones, 
interferon, interleukins, hematopoietic growth factors , tumor necrosis factor, blood coagulation factors, 
thrombolytic preparations, therapeutic enzymes, monoclonal antibodies and vaccines. From a clinical point 
of view, they were used in the treatment or prevention of several diseases, including: diabetes, growth 
deficiency in children and adults, heart attacks, congestive heart failure, stroke, multiple sclerosis, 
neutropenia, thrombocytopenia, anemia, hepatitis, rheumatoid arthritis, Crohn’s disease, asthma and 
leukemia, and a whole range of cancers [2]. 

The use of recombinant DNA technology to produce human proteins, solved problems of limited quantity 
of raw materials from natural sources, as well as reduced the possibility of such side effects as Creutzfeld-
Jacob disease, hepatitis B or HIV as a result of contamination of proteins isolated from natural sources. 

New branches of science that make up modern biotechnology - genomics, proteomics and transcryptomik - 
gave the researchers involved in the process of commercialization of new medicines new tools for their 
rational design. Understanding the human genome - a milestone in the meaning of a very complex 
interaction of genes and their encoded proteins and peptides - brings us closer to applying this knowledge 
to treat diseases, not only by genetic. The progress of science, based on the mechanism of action of 
biologically active compounds on the cellular and “omiks” technologies, leads constantly to the 
development of new medicines, new areas of treatment and improved the properties of their new 
pharmaceutical forms. Today there are new biopharmaceuticals that meet specific clinical criteria and in 
excess of native protein pharmacokinetic properties, stability, security, selectivity, reduced immunogenicity 
or increased specificity of substrates.  
In this way the science of biopharmaceuticals abolished the restriction to a simple imitation of the normal 
physiological role of the protein. Created in this way, a continuously growing biopharmaceuticals 
therapeutic applications are becoming more prominent position on the world drug market. 
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4. THE POLISH CASE 

In Poland, apart from the production of erythromycin by classical fermentation, only biopharmaceutical - 
biosynthetic human insulin is produced. In year 2000 the Institute of Biotechnology and Antibiotics, and the 
company Bioton developed the technology of producing recombinant human insulin - the active substance 
and forms of medicine - and implemented it into industrial practice. 

The basis for the production of a strain of Escherichia coli containing a plasmid with a fragment of DNA 
encoding the modified human insulin precursor. Synthesized in E. coli fusion protein - a mini-pre-mini-
Proinsulin - in the form of cells subjected to folding, and then modifies cytracon anhydride, is converted by 
trypsins and purified by ion exchange chromatography. Purified peptide is treated, consisting of 
disconnected modifying lysine acyl groups. After this stage, apply subsequent purification by column 
chromatography. It is then subjected to enzymatic transformation, and then formed recombinant insulin, 
identical to the hormone produced in the human pancreas. The product is finally purified by precipitation 
of crude insulin and then by preparative high pressure chromatography (HPLC). At the end of the protein is 
crystallized and dried under vacuum conditions to ensure apyrogty and microbiological purity of the 
product. 

The effects of the implementation of the production and sale of new biopharmaceuticals run to the 
national economy consist of taxes, related to running a new manufacturing and reduce the State budget 
expenditure, resulting from a reduction in the price, generally reimbursed medicines, and, and, above all, 
thanks to increased access to drugs with difficult to calculate on the basis of emerging pharmacroeconomic 
only reduce medical costs of complications illnesses untreated or inadequately treated with other drugs. 
Social impact is increasing access to medicines, the development of national industry and the integration of 
environmental biotechnology and link it with the national industry [2]. 

5. SUMMARY AND CONCLUSIONS 

The biggest limitation in project implementation for biopharmaceutical start-ups are complex registration 
procedures. It is important to distinguish between the process of registering an innovative biotech drug 
from biopharmaceutics already used in medicine. Under the law of the European Union biotech drugs are 
subject to a centralized registration procedure (Centralized Procedure). According to this procedure every 
biotech drug is regarded as an innovative and the manufacturer applying for admission to trading is 
required to submit a full registration dossier to the registration authority, in this case, the EMEA (European 
Agency for the Evaluation of Medicinal Products), [1]. 

According to the Polish and European legislation the complete dossier of innovative medicine should 
include properly planned and carried out preclinical studies conducted in GLP certified laboratories and 
clinical studies, conducted in accordance with GCP (research on which the registration (the so-called 
“pivotal studies”) must also meet the high demands of EBM - Evidence Based Medicine - A randomized, 
double-blind, placebo-controlled, or drug reference) Full registration dossier should include a summary and 
evaluation of observed adverse effects identified after marketing medicinal product in other countries. 

Recently, however, the European regulatory authorities and the registration made some concessions to the 
biotechnological preparations long known and thoroughly studied biological substances. Given appropriate 
guidance to simplify centralized registration procedure. Prepared guidelines (CPMP/BWP/3207/00 Note for 
Guidance on Comparability of Medicinal Products containing Biotechnology-Derived Proteins as Drug 
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Substance. Annex on Non-Clinical and Clinical Considerations - draft 2003) includes cases of post-
registration in the documentation of biotech drugs, approved by existing regulations and test procedures 
for drugs showing similar to those already present in the pharmaceutical market (products claimed to be 
Similar to another one Already marketed). This problem appears earlier in the document FDA - Guidance 
Concerning Demonstration of Comparability of Human Biological Products, Including Therapeutic 
Biotechnology-derived Products (CBER / CDER, April 1996) and recently also in the Directive 2003/63/EC, 
which gives e.g. definition of  “Similar Biological Medicinal Products” [1]. 

Product which is equivalent to another, the current market (so-called “bio-Similar Product”) does not have 
to be a full assessment of the quality, efficiency and safety. Therefore, it is not necessary to repeat all the 
tests necessary for registration of an innovative product. Recently approved guideline CPMP (Committee of 
European scientific agencies EMEA): “Guidance on comparability of Medicinal Products containing 
biotechnology-derived proteins as drug substance (Non-Clinical and Clinical Issues)” 
(EMEA/CPMP/3097/02), contains guidelines for conducting preclinical and clinical products, which include 
familiar substances derived through biotechnology. According to this guideline, a comparison with the 
preparation of the preparation prepared in the current market, in the initial stage must be based on a 
comparison of chemical and pharmaceutical properties and appraisal activity in vitro. The detection of 
significant similarities allows to carry out further preclinical and clinical studies on a limited basis. 

According to these documents the scope of preclinical and clinical trials, “restorative” biotech medicine can 
be reduced in appropriate cases and under certain conditions:  

· mandatory central marketing authorization procedure (CP)  

· required to obtain scientific advice, which means the need for discussions with the registering agency 
(EMEA) at an early stage of product development - Because the information typically used in the 
process of registration of generic medicines (essentially Similar) do not support a finding of similarity 
between two biological preparations should be carried out additional studies , especially the pre-
clinical toxicological testing and research describing the profile of clinical medicine, needs to 
demonstrate the similarity with the drug reference at both active substance and the product; 

· develop documentation biogenerics drug - technically the same as for a new biopharmaceutics (CTD 
need all the modules, including modules 1 - 3 the same as for a new biotech drug) - registration 
records can not be limited to Modules 1 - 3 CTD and bioequivalence studies  

· it is a biosimilar specific approach based on comparative studies at any stage of development - The 
procedures, including the nature and scope of pre-clinical and clinical trials is the custom, on the 
basis of individual consideration of cases (case-by-case), depending on the results previous studies 
and clinical analysis in accordance with the related detailed guidelines. 

Fulfilling these requirements means a difficult planning and timing of costs and substantial expenditure on 
early stage - especially difficult for small and medium enterprises. This implies a need a global approach to 
drug sales, since the local market does not guarantee the payback, the desirability of conducting the final 
stages of projects - preclinical and clinical trials, registration - by large, specialized companies. At the same 
time the first steps - technology from the laboratory to pilot scale, chemical and pharmaceutical 
documentation can and should be developed in specialized research centres [2]. 
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Another determinant is the type of organization of projects and their link with the economy - economic 
mechanisms conducive to using their modern technology are highly inadequate. Need to intensify efforts to 
create a system of commercialization of biotechnology and the use of the most advanced research and 
implementation projects. 

In the absence of a coherent practical, current, active and trigger feedback between expenditure on science 
and biotech practical effects of their use, creating a clear, simple, transparent and functioning system is a 
major task and a key to the development prospects of biotechnology in Poland. This should be a system 
designed by professionals. The system must be logical, triggering environmental initiative that takes into 
account the specificity of biotechnology and to ensure coordination and cooperation of all organizations 
involved in this process. Additionally, in an environment of this system can not operate (always much more 
efficient) mechanisms over substantive preferences, vested or corruption, as is the case in such an alarming 
degree in the distribution of medicines and medical materials. This system should be extended to the realm 
of science achievements of all implementations, however, it is advisable to begin the process of 
biotechnology because of its importance in the development of a modern economy [2]. 
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Abstract 

Venture capital funds play an important role in financing of biotech. In the current financial crisis a lot of 
attention focuses on cyclical development of venture capital, which in a great deal is connected to the state 
of capital markets. It is however also worth to mention another cyclical aspect of venture capital - changes 
in sector focus. With large share of investments in biotechnology companies during the last decade the 
attention of venture capital funds is likely to switch to other sectors and business models. Similar changes 
occurred in the past in computer hardware, software, telecommunications and internet. Although most of 
the changes seem inevitable and beyond the decision scope of managers and entrepreneurs involved in 
biotech ventures some new ideas especially related to business model formulation seem to offer 
interesting alternatives. The author aims to forecast the changes in venture capital financing and outlines 
possible alternatives to existing business models of biotechnology companies. 

Keywords: biotechnology, venture capital, CEE.  

1. INTRODUCTION 

Innovation is often perceived as a key to national competitiveness and prosperity, and is promoted through 
various policy initiatives in many countries. The globalization of the world economy and the vigorous 
pursuit of national innovation policies by developing countries have led to the rise of new centers of high-
technology manufacturing and knowledge-intensive service industries [2]. Life sciences and biotechnology 
is a fast-evolving area with direct or potential significance for European businesses and European 
policymakers [3]. The industrial landscape in Europe is steadily being transformed by the use of life sciences 
and biotechnology by a large number of industries, resulting in a wide range of products. 

New research results indicate that benefits resulting from innovations are not evenly distributed. In high 
technology ventures most of the value remains in the country or region that provides for technology, 
product design, product management and marketing [4]. Location of production, assembly and 
transportation costs are currently associated with lower profit margins and lower value. This sheds new 
light on a long term discussion on the importance of location of businesses and production capacities 
[5],[6]. 

Many research and development initiatives in Central and Eastern Europe countries end with developing 
patents or platforms, later sold to large corporations. High potential ventures end up as takeover targets, 
before even testing the scope of their product life cycles. Developing new ventures into large scale 
corporations should be the target not only for EU policies but also for countries, regions and even local 
business communities, as they in particular could benefit from outsourcing, spill-over effects, 
infrastructure, etc. The role that venture capital could play in developing such businesses is unquestionable, 
yet entrepreneurs should take into account some very important factors if they are to succeed.   
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2. BIOTECHNOLOGY VENTURE CAPITAL 

Biotechnology, as defined by the OECD is “the application of science and technology to living organisms as 
well as parts, products and models thereof, to alter living or nonliving materials for the production of 
knowledge, goods and services".   

The European Venture Capital Association (EVCA) defines venture capital as “professional equity co-
invested with the entrepreneur to fund an early-stage (seed and start-up) or expansion venture. Offsetting 
the high risk the investor takes is the expectation of higher than average return on the investment. Venture 
capital is a subset of private equity”. Private equity is defined as “providing equity capital to enterprises not 
quoted on a stock market”. In the United States (National Venture Capital Association, NVCA) venture 
capital is currently also regarded as a subset of private equity asset class (statistics however are prepared 
for each class independently).  

Venture capital is believed to be a major source of financing for young, rapidly growing, high technology 
companies.  

3. DATA DESCRIPTION 

Unfortunately the division into financing of early stage of growth and financing of mature companies within 
private equity statistics isn’t entirely transparent. Especially comparing EU and US statistics can be 
misleading as EU statistics include large scale private equity investments (treated separately by US 

statistics). US statistics 
regarding private equity 
investments, on the 
other hand, are not 
limited to not quoted 
companies. EU statistics 
are also impacted by 
growing number of 
member states. 
Therefore in this paper 
EU and US statistics are 
treated separately and 
conclusions are drawn 
from historical changes 
(in      EU    limited  to  the   

                   Fig. 1. US venture capital investments 1995-2009. Data: Thomson Reuters        period 2003-2009).  Data 

on US venture capital investment used in this research are from Thomson Reuters, published in MoneyTree 
survey, a quarterly study of venture capital investment activities in the United States. Data on EU and 
Central and Eastern Europe (CEE) venture capital investment are from the European Venture Capital 
Association. 

4. VENTURE CAPITAL MARKET CYCLES 

Growth of venture capital markets is cyclical. Years of dynamic growth are usually followed by periods of 
decreased fundraising and investment (Fig.1).  
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Growth and decline on this market is cyclical and has been observed in the past. Gompers and Lerner 
attribute it to periods of overinvestment followed by disappointing results [1]. The timing of two of the 
lately observed venture capital cycles follow stock market cycles.  

Apart from widely observed cycles with data based on total investments there are cycles that refer to 
investments in particular industries (Fig.2.) 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 2. US venture capital investments by industry 1995-2009. Data: Thomson Reuters 
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Venture capitalists actual return on investment largely depends upon investment exit possibilities. It is a 
long established phenomenon of capital markets, that in certain periods, certain industries attract more 
attention and higher valuations based on higher expectations. Venture capitalists try to foresee the future 
“hot” industries and increase their involvement in those areas. In the 1990s these areas included 
telecommunications and networking. During the first decade of this millennium the “hot” sectors were: 
software, biotechnology, medical devices and equipment and rapidly rising industrial/energy. Areas such as 
IT services, semiconductors and networking seem to be in decline. For entrepreneurs this means that 
timing is a very important factor if they want to use venture capital funding. 

Biotechnology, medical devices and equipment investments have suffered relatively less during the 2001 
and 2002 downturn and seem to be examples of industries attracting focus of venture capital funds in the 
first decade (Fig. 3). This may indicate that in some periods cyclical trends related to particular industries 
may be stronger than the general venture capital market trends. The last two years seem to indicate a 
decrease in venture capital funding in those areas. It is however still too early to state, whether those 
changes are caused by general decrease in spending or decreasing interest of venture capital funds in 
particular industries.   

 
Fig. 3. US venture capital investments in Biotechnology, Healthcare Services and Medical Devices and Equipment 

1995-2009. Data: Thomson Reuters 

 

 

 



12. - 14. 10. 2010, Olomouc, Czech Republic, EU 

 
 

475 

5. VENTURE CAPITAL AND PRIVATE EQUITY IN CENTRAL AND EASTERN EUROPE 

After four years of continuous development private equity investments in Central and Eastern Europe are 
slowing down (Fig.4). In 2008 and 2009 funds acquired significantly lower commitments (fundraising). That 
suggests that investments may slow down in forthcoming years, as was the case after the dotcom bubble at 
the turn of the millennium.  

 

 

 

 

 

 

 

 

 

 
 

Fig. 4. Investments and Fundraising for CEE private equity 2003-2009 Source: data EVCA/Thomson 

Reuters/PricewaterhouseCoopers 

The slowdown has already significantly affected venture investments (early stage of growth). In 2009 only 
34 young, growing companies were financed (compared to 108 in 2008 and 81 in 2007) [9]. Private equity 
investments in Europe and Central and Eastern Europe in particular, since many years, are largely 
dominated by late stage of development investments (replacement and buyots). Early stage investments 
also seem to be more susceptible to shifts in economic conditions. 

Summarizing the characteristics of venture capital, it is: 
· Return on investment oriented. Achieving high return on investment is by definition the only goal of 

venture capital funds seeking to justify high risk associated with their investments. This unfortunately 
is still often misunderstood by entrepreneurs who seem not understand that venture capital is a 
relatively high cost source of financing compared to traditional sources. 

· Cyclical. For venture capital as a hole peaks of investment activity were observed in 2000 and 2007 
(and previously in 1983 and 1987). Current development is showing signs of short or medium term 
decrease in operations, following the global financial crisis.  

· Industry cyclical. Venture capital funds focus on selected industries. This focus changes on a cyclical 
basis. The effect of those cycles may be stronger than venture capital market cycles as a whole. 
Entrepreneurs should observe those cycles and benefit from periods of growth. 
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· Geographically concentrated. Although most venture capital funds declare a country, or even a group 
of countries as the area of their operations, research results indicate that current investments are 
positively associated with historical investments in terms of regions of countries [1]. This is 
particularly visible in biotechnology venture capital investments [11].  

In addition to these characteristics CEE venture capital funds are: generally oriented (as opposed to 
industry oriented), late stage of development focused (as opposed to early stages venture capital). 

6. CHANGES IN BUSINESS MODELS AND STRATEGIES 

In order to utilize the concept of venture capital, high tech entrepreneurs, operating in CEE countries 
should investigate certain steps and incorporate them in their business models and strategies: 

1. Financing of companies in early stage of development requires the existence of funds oriented at this 
type of investments, operating in the given region. Such funds require continuous dealfow, which in 
turn requires a stable supply of new businesses operating in the given area. This problem is clearly 
visible in CEE, as there are very few early stage investment and industry oriented funds. Large, 
private equity funds may not be interested and even capable of financing early stage high technology 
investments. The problem may be based on the difficulty in assessing (or even understanding) the 
potential of a given technology. Companies should create communities presenting their 
achievements and success stories globally. A good example of such cooperation is the Czech portal 
Gate2biotech.com. It is however limited to Czech companies while CEE orientation might provide for 
stronger leverage taking into consideration that most financial institutions regard CEE (and EU new 
member states from CEE) as their area of operations. 

2. Few high tech businesses financed by venture capital funds in CEE acquire second or third round of 
financing. Venture capital funds stage their investments in rounds to decrease investment risk. 
Therefore a continuously growing company is designed to receive two or three rounds of financing 
from a private equity fund. It seems however, that entrepreneurs and venture capital fund managers 
operating in CEE are oriented at creating “multimillion” company and selling it to corporate 
investors. This behavior is unlikely to lead to the creation of corporations based and financed from 
CEE countries, that could benefit from value driven by their innovations. Those new, high tech 
corporations could provide foundations for further growth of spin-offs, suppliers and research 
centers in the region. 

3. The third level of development is the creation of local business communities capable of assessing the 
potential of new ventures and financing them. Many companies from the famous Silicon Valley 
(Yahoo!, Google, YouTube, Cisco Systems, Amazon.com, Genetech) were financed by founders and 
former shareholders of Intel, Apple, and Fairchild Semiconductor. Success stories of those 
entrepreneurs and funds were the foundations of further development of both high-tech 
entrepreneurship and venture capital funds in this region. Successful entrepreneurs may also be used 
in forming advisory bodies that could help new ventures with issues such as: forecasting cash flows, 
identifying and constructing alliances, increasing scale through mergers and acquisitions and of 
course contacting and negotiating with venture capital funds. Given the complexity of relations 
between companies and venture capital funds this kind of advise may is very valuable.  Those groups 
in time may transform to venture capital funds. 
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7. CONCLUSIONS 

Venture capital financing is a vital source for young, high technology companies. Currently it is difficult to 
obtain as most funds, operating in CEE, are focused on buyouts, replacement and expansion of large scale 
businesses, paying relatively little attention to early stage of development, high technology companies. This 
may change following success stories of such ventures in the region. Such success stories should include 
multiple rounds of financing supporting a process of business expansion from research results to large scale 
corporation. This can be achieved through managing regional resources, forming alliances, mergers and 
acquisitions. The value of innovation is in a combination of: research results, processes, design and 
marketing activities. Additional value provided by venture capital funds, operating in CEE is limited (due to 
limited knowledge of high tech industries). Venture capital should be perceived as a tool rather than a 
product or service rendered to a business. Both knowledge and experience is necessary to use and expand 
this tool and high tech entrepreneurs should form think tanks to accumulate these assets. This process 
should start with creating ventures that explain and promote the potential of their ideas, followed by 
forming alliances, mergers and leading to the creation of local venture capital funds. 
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Abstract 

The theory of nonlinear regression models along with the statistical theory of design of experiment have 
been employed to investigate the dependence of magnetization of γ-Fe2O3 nanosystem on an external 
magnetic field. Two analytical functions, each having different physical background, have been chosen to fit 
the experimental data and a degree of suitability of a particular function for a correct description of the 
magnetic response of the studied γ-Fe2O3 nanosystem has been then evaluated. Utilizing the approach of 
experiment design, an optimized measuring procedure of the hysteresis loop of the investigated γ-Fe2O3 
nanosystem has been further proposed in order to improve the accuracy of estimations of nanosystem 
hysteresis-loop parameters and to reduce the financial costs and time consumption of the experiment. 

Keywords: Magnetization, Langevin function, simplified Brillouin function, nonlinear and linearized 
regression models, D-optimal design of experiment. 

1. INTRODUCTION 

Nanomaterials raise a significant attention due to physico-chemical properties that make them promising 
for diverse practical applications. These nanomaterials characteristics often evolve as one of space 
dimensions of a given material falls down below approximately 100 nm [1]. In other words, every physical 
or chemical phenomenon driving a particular material physico-chemical feature is characterized by a typical 
length (usually of order of units or tens of nanometers) below which it ceases to exist and/or is significantly 
suppressed not participating on the overall physico-chemical behavior of the material any longer. Below 
such material sizes, phenomena, typical of atomic world or “nanoworld”, thus become dominant and often 
compete among themselves to finally establish a physico-chemical properties, exhibited by a nanomaterial, 
that are strongly size dependent. It is well known that nanomaterial characteristics are governed by finite-
size and surface effects. While finite-size effects (or sometimes named as quantum effects) happen to be a 
consequence of a material size restriction causing electrons to be caught on energy levels inside quantum 
wells intensifying their significance with a fall in a nanomaterial size, surface effects arise from enhanced 
surface-to-volume ratio when bigger portion of nanomaterial atoms lie in its surface layers on lowering the 
nanomaterial size [1]. Surface atoms then suffer broken crystal symmetry and weaken bonds among their 
neighbors leading to disordered surface states having a parasitic effect on several physical properties of 
such a nanomaterial. On the other hand, enhanced surface-to-volume ratio is considered to be a 
fundamental aspect in nanomaterial reactivity and binding strategies. Thus, a compromise is always needed 
taking into account the nanomaterial requirements of an application for which a given nanomaterial is 
intended. 
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Nowadays, magnetic nanomaterials deserve much attention. Besides their technological utilizations 
including permanent magnets or recording information media, they have recently entered a realm of 
medicine where they have become indispensable assistants in diagnostics and treatment processes. Among 
magnetic nanomaterials, iron oxides (mainly maghemite - γ-Fe2O3, and magnetite - Fe3O4) constitute the 
most important compounds owing to their unusual magnetic features such as superparamagnetism 
coupled with suitable biochemical characteristics (i.e., biocompatibility, biodegradability and non-toxicity) 
[2]. Utilizing classical magnetization measurements, the magnetic properties of nanomaterials are derived 
from the measured temperature dependence of magnetization and their magnetic responses under 
external magnetic fields. The latter magnetization dependence is better known as a hysteresis loop. 
Analyzing hysteresis loops acquired at various temperatures, one can draw a conclusion on important 
magnetic features exhibited by a nanomaterials including, for example, superparamagnetism at a given 
temperature and time window of the measurement technique, exchange bias phenomenon, degree of 
interparticle magnetic interactions, etc. Knowledge of these magnetic phenomena then finalizes a magnetic 
“picture” of a given nanomaterial on which basis one can decide whether it meets the magnetic 
requirements of the application or not. However, due to a complex mathematical function describing the 
magnetization vs. external magnetic field profile, the analysis of the hysteresis loop is sometimes simplified 
(often linearization of certain hysteresis loop regions) manifesting in inaccurate hysteresis parameters. 

In this work, we present a new approach intended for analysis of acquired data from magnetization 
measurements of nanomaterials. This mathematical procedure employs statistical apparatus which serves 
as an evaluation mean for obtaining the values of the hysteresis loop parameters. The two analytical 
functions, i.e., Langevin (L-function) [3] and simplified Brillouin function - “Arrott” function (A-function) [4], 
describing the behavior of the material magnetization under an external magnetic field, are taken and 
analyzed within the framework of the theory of the regression models and methodology of the design of 
experiment. We particularly discuss the suitability of usage of the so-called D-optimal design criterion since 
it finally brings the most precise estimators of unknown values of the hysteresis-loop parameters. Within 
the experimental part, the proposed statistical approach is then tested with data originating from 
magnetization measurements carried out on the nanosystem composed of γ-Fe2O3 nanoparticles. As a 
result, we find out the values of the hysteresis-loop parameters and degree of suitability of a particular 
function for a correct description of the magnetic response of the studied nanosystem under an external 
magnetic field. 

2. MATHEMATICAL BACKGROUND 

The hysteresis loop measurement has been performed at 300 K and in 150 deterministic points xi selected 
from the interval from - 70 000 to 70 000 Oe. The magnetization of γ-Fe2O3 nanosystem (synthesized 
according to [5]) has been recorded and three times under each value of the intensity of the external 
magnetic field and the three measurements in each point have been then averaged. Within mathematical 
approach, the L-function and A-function is given by 
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respectively, where ψ1 and ψ2 are unknown parameters representing certain physical parameters, yi 
denotes magnetization measured at a point xi representing the intensity of the external magnetic field and 
εi stands for the measurement error. 

2.1 Nonlinear regression models 

The theory of nonlinear regression models offers various approaches to fit the experimental data with 
given nonlinear curves. Within this work, we applied a procedure based on a linearization-ability of a given 
nonlinear function which secures that the parameter estimators found from a resulting linearized model 
are identically efficient as those acquired from the starting nonlinear model constructed on a basis of the 
known nonlinear function describing the given experiment [6]. In general, the nonlinear model is given by 

( ), ,
n

f s 2é ùë ûy x ψ V: , 

where y is the observation vector of the measurement, n  represents the number of observations, ψ = (ψ1, 
ψ2) stands for the vector of indirectly measurable parameters, f(x, ψ) denotes the known nonlinear 
function and σ2V represents the diagonal covariance matrix of y in the form of Var(y) = σ2V = 
0,0022Diag{1/3,…,1/3}; here σ2 is the error of the measuring device and V stands for the known positively-
definite matrix [6]. 

Based on the knowledge of the initial solution ψ(0) and utilizing the Taylor series expansion with the 
second- and higher-order terms excluded, the nonlinear model is transformed into a linearized counterpart. 
Then, the i-observation is described by 
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where δψ = ψ - ψ(0) and F is the known design matrix acquired on the basis of the Taylor series expansion. 
In particular, the i-th row of the design matrix for the L-function is given by 
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and the i-th row of the design matrix constructed for the A-function is given by  
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where i = 1,…,n. Thus, we have constructed two almost identical linearized models of the indirect 
measurement of the vector parameter without constrains that differ only in the structure of the design 
matrix F due to different input functions (L-function and A-function). The results of these two models were 
then compared and were used to decide which function is better suited to fit the experimental data. 

It is well-known that the best linear unbiased estimator δψ can be obtained from δ ψ̂  = (F´V-1F)-1F´V-1Y 

when the value of the parameter ψ̂  is subsequently calculated from ( )ˆ ˆ 0d= +ψ ψ ψ [5]. The covariance 

matrix of this estimator can be then obtained from Var(δ ψ̂ ) = σ2(F´V-1F)-1. 
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If we construct the linearized model, we not only get the required estimations of the unknown physical 
parameters but we are also able to state the accuracies with which these estimations have been 
determined. In order to achieve an utmost optimization of the performed measurement, we have 
employed the theory of optimal design of experiment. 

2.2 Optimal Design of Experiment 

Before the experiment performance itself, it is necessary to determine the so-called goal parameters, i.e., 
the quantities of which values we want to obtain. If these parameters are not directly measurable 
(unknown physical parameters) we have to have a sufficient amount of other directly  measurable 
quantities (the values of the magnetization) which are bound by the known function (L-function and A-
function) with these goal parameters. This is mathematically described within the two models constructed 
above. The design of experiment (DOE) then determines the measurement frequency of each directly 
measurable parameter in order to get an optimized result taking into account the selected criteria of 
optimization [7]. To do so we have to construct a function δ given by δ: {e1,…,er} → á0,1ñ and known as the 
experiment design function which represents a mapping from the set of directly measurable parameters. 
This function fulfils conditions such as δ(i) = δ(ei) ≥ 0, i = 1,…,r, and 

( )
1

r

i

id
=

= 1å . 

where δ(i) represents the relative number of replications of the i-component belonging to the vector of 
directly measurable parameters. The experiment design function is then used to construct the information 
matrix of experiment M(δ) taking the form of 
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where fi´ = f´(ei) denotes the i-th row of design matrix F, λi is the i-th row of the diagonal matrix Λ, 
constructed as an inverse matrix to the covariance matrix V, and Sp(δ) denotes the so-called support of 
experiment design, which is defined as Sp(δ) = {ei: δ(ei) > 0}. Thus, the information matrix of experiment 
works only with points from the set of directly measurable parameters to which a nonzero value has been 
assigned by the experiment design function δ. 

There are several types of commonly known criteria of optimization [7]. Since our aim is to estimate the 
values of the unknown parameters as accurately as possible, we have chosen a criterion of D-optimal 
design of experiment which results in a minimum volume of the confidence ellipsoid and, consequently, 

minimization of covariance matrix of the estimator of the unknown vector parameter ψ̂ . The whole 

process runs in an iteration manner when we look for a such index i*, representing a point at which the 
sample magnetization is measured, for which the expression given by {λifi´M-1(δ}fi: i = 1,...,r} reaches its 
maximum value. 

3. RESULTS AND DISCUSSIONS 

The iteration process is used to find the statistically significant points among which the total number of 450 
measurements N is the distributed following the ratio determined from resulting relative frequencies ri 
calculated as ri = δ(i)N. 
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Employing the D-optimal design of experiment (see Fig. 1), we have found two statistically significant points 
for the L-function (i.e., - 70000 and - 20000) and two statistically significant points for the A-function (i.e., - 
70000 and - 18000). Since both functions are symmetric around the origin (even functions), the 
measurements have been also carried out in the two other points, i.e., 20000 and 70000 in the case of the 
L-function and 18000 and 70000 in the case of the A-function. Thus, for both functions, we have 4 points at 
which the sample magnetization has been measured with a determined relative frequency. 

The results are then summarized in Table 1. As one can see, the above-mentioned linearized model for 
both functions has been firstly constructed both before implementation of DOE (initial observation vector y 
has been composed of 150 values when each value has been obtained as an average value of 3 
measurements performed at each of 150 points xi). We got estimations of the unknown vector parameters 
which have been then used for a construction of the D-optimal design of the experiment. Bearing in mind 
the results of the D-optimal design, for both functions under investigation, we have constructed new 
models of indirect measurement of the vector parameter without constrains. These new models involve 
only points proposed by a procedure of the D-optimal design (new observation vector y has been 
composed of only 4 values resulting from averaging of 112 or 113 measurements at 4 points xi selected by 
DOE). 

 

Fig. 1. D-optimal design of experiment for (a) L-function and (b) A-function. 

Table 1. - Summary of results of approximation of the L-function and A-function where xi* are optimal 
points and their relative frequencies, r(xi*) represents the number of performed measurements at points 

xi*, ψ̂  denotes the estimator of the unknown vector parameter before DOE, Var( ψ̂ ) stands for the 

covariance matrix of the estimator ψ̂ before DOE, ˆ dψ  denotes the estimator of the unknown vector 

parameter after DOE, Var( ˆ dψ ) stands for the covariance matrix of the estimator ˆ dψ  after DOE and Se 

represents the residual sum of squares after DOE. 

The resulting values of the estimators of the vector parameters were then introduced into the L-function 
and A-function to perform the approximation of the experimental data (see Fig. 2). Finally, we have 
calculated the value of the residual sum of squares Se for both functions. Since lower value of Se has been 
found for the A-function, this function seems better for description of magnetization behavior of γ-Fe2O3 
nanosystem under external magnetic field. Since the A-function is derived on quantum physics bases, one 
can conclude that the magnetic properties of the investigated γ-Fe2O3 nanosystem are most probably 
predominantly driven by finite-size effects. 
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Table 1 

Variable L-function A-function 

xi* δ* (- 70000) = δ* (- 20000) = δ* (20000) = δ* 
(70000) = 0.25 

δ* (- 70000) = δ* (- 18000) = δ* (18000) = δ* 
(70000) = 0.25 

r(xi*) r- 70000 = r70000 = 112, r- 20000 = r20000 = 113 r- 70000 = r70000 = 112, r- 18000 = r18000 = 113 
ψ̂  351.27519

ˆ 10
0.07940
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è ø
ψ  4432.02105

ˆ 10
0.12137

-æ ö
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è ø
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0.08877 0.00034

--æ ö
= ´ç ÷-è ø

ψ  ( ) 101295.068 0.86053
ˆVar 10

0.86053 0.00077
--æ ö
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ˆ dψ  350.97120
ˆ 10

0.08696d
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ψ  4464.92008
ˆ 10

0.10891d
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ψ  

Var( ˆ dψ ) ( ) 917.00963 0.05071
ˆVar 10

0.05071 0.00024d
--æ ö

= ´ç ÷-è ø
ψ  ( ) 111327.716 0.61802

ˆVar 10
0.61802 0.00048d

--æ ö
= ´ç ÷-è ø

ψ  

Se Se = 1.54641 × 10-10 Se = 1.46906 × 10-10 

 

Fig. 2. Approximation after DOE for (a) L-function and (b) A-function. 

4. CONCLUSIONS 

We have shown how the theory of nonlinear regression models in combination with DOE enables us to 
decide which function is better to use to fit the experimental data. Based on the physical background of the 
function describing the magnetic response of nanosystem under an external magnetic field, one can 
identify effects driving the magnetic properties of the investigated nanoassembly as demonstrated in the 
presented case of γ-Fe2O3 nanosystem. In addition, it has been shown that the employment of DOE brings a 

significant improvement of accuracy of estimators of the vector parameter ψ̂ on one hand and appreciable 

reduction of financial and time requirements of the experiment on the other hand. Thus, the proposed 
mathematical approach opens up a doorway on a way to precisely find the critical size parameter of the 
given nanosystem below which the finite-size (i.e., quantum) effects entirely govern the magnetic behavior 
of the assembly of nanoobjects. 
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Abstract 

The study of innovation region or country based on the measurement of numerous growth factors that 
stimulate the level of innovation in the region. These factors include structural conditions influencing the 
innovation, financial outlays on R&D, innovation of private enterprises, employment in high-tech industries, 
or even the number of patent applications. The most popular rating in EU is Summary Innovation Index 
(SII). 

Disturbing is the fact that only less than 20% of the innovative solutions created by the process R&D. The 
remaining 80% of innovation is borrowed or purchased from outside. 

Keywords: biotechnology, Poland, innovation, innovativeness, company.  

1. INTRODUCTION 

Biotechnology is actually a combination of science and engineering applications in order to obtain 
organisms, cells or their parts for the acquisition of relevant products. There are actually two types of 
biotechnology. The first is the traditional biotechnology, and the second is modern biotechnology. 
Traditional biotechnology has been known for several thousand years and uses the basic biological 
processes. Modern biotechnology is identified with genetic engineering, which moves or modifies the 
genes between different individuals using specialized laboratory techniques. Traditional biotechnology, 
gene transfer as well, but without precisely defining what. Modern biotechnology is a more detailed field of 
science (it has more resources available to the technical specifications, excellent analytical apparatus) 
because to go into the construction of genes and their molecular structure, while the traditional uses and 
adapts to living organisms in a natural way, although not always consistent with the nature [2]. 

However, you can also meet other biotechnology divisions made by the representatives of EuropeBio, 
which is an organization whose main task is to promote innovative and rapidly growing bio-industry. 
According to the organization EuropeBio, the national organization associating 24 biotech, biotechnology is 
divided into three sections [1]: 

· white - Industrial biotechnology uses biological systems in industrial production and environmental 
protection. It is based on biocatalyst and bioprocesses, using renewable resources, mainly 
agricultural products, which are transformed cells using the mold, yeast, bacteria or enzymes derived 
from them into valuable chemicals, drugs, biopolymers, energy factors, functional food ingredients, 
etc. 

· red - biotechnology in health care, linked to the production of new biopharmaceuticals, the 
development of genetic diagnosis, or gen therapy and ksenotransplantology,  
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· green - biotechnology related to agriculture, including genetic engineering methods to improve crop 
production and livestock, whose key area is of transgenic plants for the production of vaccine and 
recombinant proteins, and the use of plants as renewable resources in biorefineries (e.g. rape). 

Biotechnological processes compared to chemical processes are much less energy-intensive, low-waste or 
waste-free, cheaper and more efficient, and pollution arising from them are generally less burdensome for 
the environment [5]. 

2. THE ESSENCE OF INNOVATIVENESS 

The liberalization of the world economy leading to its globalization is an irreversible process. This 
phenomenon concerns, first of all, the well-developed part of the world but the other countries, including 
Poland, hoping for the acceleration of development, are trying to join this process. The manifestation of the 
above is the gradual removal of barriers in the flow of capital, commodities and services as well as 
workforce. The capital flow process - searching for a growing return rate - is an inherent characteristic of 
the market economy. Investors try to allocate the capital in countries, regions, sectors, branches and 
enterprises of the possibly highest growth potential. Nowadays, the process of migration - of capital, 
commodities, services and workforce - is intensifying also due to direct and fast information that renders 
communication and the realization of transactions easier on the growing global market [4]. 

The essence of the globalization process is taking advantage of the market laws to increase the productivity 
of the world economy, not only of some selected regions or countries. In their efforts to acquire the capital 
necessary for new investments and the restructuring of enterprises, chances of those that ensure a higher 
return rate on investment than capital cost are growing. Thus, in the manner of conducting business, 
globalization focuses on increasing the value of a company. This happens so, because in the global market 
conditions, development chances are better for those enterprises (regions) that can increase value for their 
shareholders. The added value is generated by firms having a competitive advantage. In the global market 
conditions, companies of a high growth potential, e. g. the ones that are able to increase the company’s 
value, among others, through innovation, have better chances of development.  

In their pursuit of the acquisition of capital necessary for new investments, companies that have allocated 
their products in low-growth potential branches have no chances. At the same time, their chances for 
restructuring in the traditional sense of the word are also diminishing. These firms can be a target for 
mergers and takeovers, where an increase in the market share or the takeover of a new market come into 
play. 

Innovation process globalization is shaped by many factors of different origins, characters, strengths and 
ranges of action. However, these factors can be included in the following main groups [4]: 

· innovation development through the development of the R&D sphere and an increasing importance 
of technology transfer; 

· the development of modern branches of production and services; 

· international competition, an increasing demand for innovations on the part of globally competing 
enterprises; 

· the economic policy, including the innovative policy of the state. 
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The aforementioned factors are interrelated, and the effect of their stimulating activities on the 
organization development process should be considered using a synergetic approach, since technology 
development stimulates the globalization process. The knowledge being generated exceeds the limits of 
scientific branches of organization and management to an increasing extent. 

The principal directions of the innovativeness policy in the EU member states aim to: stimulate scientific 
research conducted by companies, improve innovation financing, and promote the assimilation of 
technology and innovation management in a group of small and medium-sized firms [4]. 

Recently the priority lists have been expanded to contain: 1) intensification of cooperation between 
research centres, universities and companies; 2) promotion of new forms of cooperation between 
companies and other participants of the innovation process. 

3. BIO IN POLAND 

The annual income of the Polish national companies of the biotechnology industry is about $100 million. 
Generate the biggest actors in health care, then the biotech industry (mainly biofermentation) and 
companies related to agricultural production. The main directions of development of agricultural 
biotechnology to plant protection products, veterinary products (vaccines fertilizer, feed formulations, 
diagnostic and preventive, enzymes), and transgenic.  

Its strong growth is also noticeable in environmental protection, where he is used in water treatment, 
waste neutralization and bioutilisation, as well as biogas production. In addition, the achievement of 
biotechnology is also used in medicine and pharmacology (the production of antibiotics and vaccines), food 
(dairy), chemistry, and even power. In these sectors biotechnology income structure is distributed 
heterogeneously. Almost 50% spent on health care, biotech industry itself is in second place with a score of 
34%, followed by agricultural production - about 15% and finally, protecting the environment - 1%. In 
regard to both research teams and companies, the direction of development of biotechnology has 
appointed Poland entry into the European Union. Accession to the EU was strongly associated with 
participation in the European Innovation Strategy, where he took a leading position biotechnology. What is 
the Polish potential of biotechnology? Now, gene banks in Poland remain around 73 thousand. of usable 
genotypes. Under the program, financed by the Ministry of Agriculture and Food is protected by about 55 
thousand. objects. For that over 49 thousand. a sample of seeds, which are located in the National Centre 
for Plant Genetic Resources IHAR, and about 1800 genotypes is stored in the Botanical Garden of the 
National Academy of Sciences. In addition, biotechnology is not just a sample, but also education [5].  

In Poland, education and biotechnology is carried out in an already over 20 universities, 7 of which carries a 
PhD. Accreditation in the teaching of biotechnology has 10 schools: seven universities and three 
polytechnic. In total during the year, at a study day and evening, begin studies of more than two thousand 
biotech. students, and ends around 1500-1700 people. Biotechnology is a very attractive direction, despite 
the lack of information on professional qualifications and suitability of graduates for whom the labour 
market is as limited in Polish conditions. Although eager for a place in the direction of biotechnology, there 
are many, are graduates so far have little chance of employment in good company. Situation in the biotech 
job market is not satisfactory, due to the fact that the number of companies based on highly advanced 
technologies in the area of biotechnology in the country is small [1].  
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Employment situation in this industry should significantly improve the introduction of appropriate policies 
and development of state innovation policy, which of course was missing and the missing money. An 
alternative to the graduates of biotechnology may be a trip to the centres of advanced technologies that 
are outside of our country. There will be happy to take well-educated Poles, who can count on a high 
salary, career and development associated with the possibility of developing new inventions. In 2008, the 
Patent Office were 393 patent applications for biotechnological inventions, among which 41 were reported 
by Polish entities. In the same year, the Patent Office has granted 92 patents for inventions in the field, 
while seven Polish related inventions. For comparison, in Europe in 2009 there are over 4.5 thousand. 
patent applications for biotechnological inventions. 

4. EURO BIO TECHNOLOGY 

Biotech market in the UK is the largest in Europe and second in the world after the United States. In 2001 
the UK biotechnology market was at USD 5.4 billion and is projected that by the year 2006 should increase 
to U.S. $ 18.6 billion, an increase of almost 200% from 2002. Employment in the biotechnology industry in 
the UK is increasing annually by about 20% and is currently working with over 42 thousand. people. This 
sector benefits the most from the pharmaceutical industry, which in terms of sales is the fifth largest 
market in the world, and third in terms of exports. Almost 10% of the global pharmaceutical market 
accounts for spending on research and development. This wealth of resources and expertise gives national 
biotech firms embedded in international competitive advantage over rivals [3].  

In the UK there are over 450 biotech companies, of which 46 listed on the stock exchange, which was 
significantly more than in other European countries. Together they are responsible for around three 
pharmaceuticals used in clinical trials in Europe. UK companies account for almost a biotechnology 
company in Europe, a sector that has built up on strong foundations. The strength of this sector, suited to 
such factors as: a world-class science, strong and well-organized financial services sector and the relentless 
support of the government. British scientists in the past of 50 years have been awarded up to 40 Nobel 
prizes in the field of biological sciences and medical devices that are connected together innovative 
technologies. The largest biotech centres in the UK are: Oxford, Cambridge, London, Edinburgh and 
Manchester and Liverpool, and the largest company in this industry is Oxford Glycosciences (OGS) and 
Celltech. 

In 2002, revenues in 1980 biotechnological companies in Europe rose by 2% to 20.7 billion, while 
expenditures on research and development increased by 11% to 12.4 billion Euros. As a result, the total net 
loss tripled to 6.7 billion. Between 102 public sector undertakings loss quadrupled to 2.6 billion. The 
European biotech industry is like a desolate patch of supplement. Some companies generate profits, others 
lose their invested money, but still unsustainable balance of biotechnology carried forward, despite the fact 
that for the first time in 2003 did not increase the number of biotech companies in Europe compared with 
2002. Shortly after the UK in second place to follow the German biotech sector. In this country is 360 
biotech companies. Therefore, only 13 are public. Total revenues of the German biotech companies in 2002 
exceeded 500 million. 

The German public companies have used in 2002 only 15 of biopharmaceuticals in preclinical and clinical 
trials, while at the same time, Switzerland was used in 1979, while in Britain until the 194th Germany is 
experiencing a financial crisis, which primarily comes by small biotechnology companies efficiently 
absorbed, or eliminated by giant corporations. A good example for the Germans in this sector is 
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Switzerland, which has five public strongest players in this market, comparable to those in 1946-five in the 
UK. Among them, the largest and most financially stable in the industry are: Serono (the largest European 
company in terms of market capitalization), Actelion and Roche. Small and medium enterprises (SMEs) are 
holding much better than their counterparts in Germany, despite the fact that they do not receive support 
from state authorities, as it has in Britain [3].SMEs maintain close contacts with universities, which provide 
them the opportunity to use laboratory and knowledge of both biochemical and engineering. The activity is 
involved, of course, there are scientists whose research is funded by these companies, and geared to 
obtaining patents. This creates ethical problems, which are not new, but have a very grown (e. g. animal 
cloning). Modern medicine also can not do without biotechnology. Many modern medicines are obtained 
biotechnological methods, where some intermediates are produced by a properly selected, and now 
modified by genetic engineering microorganisms. These are usually fungi (Penicillium and Cephalosporium), 
as well as in the case of some drugs and vaccines - yeast (Saccharomyces) or bacteria (Escherichia coli). 
North America, Japan and Europe account for 80% of the pharmaceutical market, hence the intense studies 
on biotechnology, which for many pharmaceutical companies can be a source of enormous profits. In 
addition to the pharmaceutical industry is also actively operate in the market for biotechnology companies 
producing medical apparatus. Together with the scientific and research units conduct research on 
biosystems that combine silicon with DNA, being able to develop sensors to detect specific disease [2]. 

5. SUMMARY 

Biotechnology is one of the few innovative and rapidly developing scientific fields related to the bio-
industry. In Britain, hailed as science, biotechnology is the XXI century. Scientific and technological 
achievements of biotechnologists are an opportunity to improve living conditions and improve product 
quality. Biotechnology gigantic influence the environment clean. Microorganisms and other living 
organisms are used in sewage treatment plants, which remove impurities. Used in filters purify the air, 
water and gas. They are also used for cleaning the soil. Microorganisms are able to degrade many 
pollutants such as oil, detergents and pesticides. 

Biotechnology in the near future can help in increasing the quality of products by extending their durability. 
It can help in raising additives and agents supporting food production and reduce the cost of processing. 
Medical sciences should play a dominant role in the production of biopharmaceuticals, which are currently 
very expensive. The future boundaries of biotechnology is still unknown, but some may soon be clarified by 
ambiguities and mysteries of nature. Can Genetic engineering contribute to making the world a better 
place, without spreading diseases? Let us hope that we will witness more and more discoveries and 
achievements of modern biotechnology, and the next generation on their own skin will feel unfulfilled 
dreams of our ancestors. 
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EFFECT OF UNIT CELL LENGTH ON YOUNG’S MODULUS OF ZIGZAG SINGLE WALLED CARBON 
NANOTUBES 

Mehrdad ARJMAND, Ali SHOKUHFAR, Mohammad AMINI SARABI 

Department of Mechanical engineering, K.N.TOOSI University of Technology, Tehran, Iran, 
mehrdadarjmand@sina.kntu.ac.ir 

Abstract 

A new theoretical method has been implemented to study the effect of length on Young’s modulus of 
zigzag carbon nanotubes (CNTs). In this model, a combination of continuum mechanics and molecular 
mechanics methods has been used to find the Young’s modului of intact and defective CNTs. The Young’s 
modulus of an intact CNT unit cell, length = 6.39 angstrom, was calculated about 940 GPa that shows a 
good agreement with experimental and theoretical results. Increasing the length of unit cell to 7.81nm 
causes a reduction in the modulus and it becomes 887 GPa, while a smaller unit cell with length of 4.97 
angstrom has the modulus about 1040 GPa. By increasing the diameter, the huge difference between the 
young’s moduli decreases and for long nanotubes, the moduli of all unit cells with different lengths 
approaches to 940 GPa. 

Keywords: SWCNT, Young's modulus, length, vacancy 

1. INTRODUCTION 

During recent years, mechanical characterization of carbon nanotubes (CNTs) has been one of the top 
issues in mechanical and materials engineering. In order to predict the mechanical behavior of CNTs, 
various methods have been developed. Theoretical studies [1-4] such as continuum mechanics (CM) [5-7], 
molecular dynamics, molecular mechanics [8] and quantum mechanics [9] have been improved in parallel 
with  numerical computational simulations [10,11], semi-empirical and the experimental methods [12-15]. 
Scientists have always had an eye on theoretical approaches in comparison with numerical computational 
simulations and empirical methods, because theoretical methods are easy to use due to their parametric 
structure in spite of high computational costs of numerical simulation methods and difficult procedures of 
experimental methods for nanomaterials. Therefore, new improvements in this field are always welcomed.  

The outstanding mechanical characteristics of CNTs hold for nearly perfect CNTs. However, if CNTs have 
defects in their atomic network, one can expect that due to their quasi-one dimensional atomic structure 
even a small number of defects will result in some degradation [16] in their characteristics. Therefore, to 
fully understand the behavior of CNTs with defects, it seems essential to know the effect of defects on 
mechanical properties of CNTs, especially the Young’s modulus. Until now, numerous researches have been 
done to predict the elastic modulus of intact CNTs. But no major results have been reported yet indicating 
development of CM theory for CNTs containing vacancies.  

Vacancies are the most common defects in CNTs and therefore have attracted the attention of many 
scientists [17-19]. Lu and Pan [17] performed a calculation on single vacancies in SWCNTs and obtained a 
relation between the formation energy of defective CNT and radii of vacancy. Sammalkorpi et al. [20] 
derived an analytical expression, with coefficients parameterized from atomistic computer simulations, 
which relates the Young’s modulus and defect density in CNTs. 
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In this article, we are going to study the effects of length on the elastic modui of CNTs. We assume that a 
CNT is consisted of several unit cells. Studying a unit cell in order to estimate the modulus of a long CNT 
requires knowing the effect of length on modulus of each section. Xiao et al. [21] have already studied the 
case and have shown that the length of nanotube affects the modulus.  

2. MODELING 

Some theoretical calculations have previously been conducted to predict the moduli of perfect CNTs 
[1,22,23]. Calculating the modulus for a section instead of whole CNT seems to be a wise solution which has 
been proposed by Sammalkorpi et al. [20]. But the effect of cell’s length on the Young’s modulus has never 
been studied. Are we allowed to select any part of a CNT as a unit cell to find its modulus? Does the 
variation in length have any effect on Young’s modulus of a CNT? Xiao et al. [21] have shown that there is a 
relation between the modulus and length for small lengths.                          (1)          

It is assumed that a CNT has    vertical bonds and    diagonal bonds as shown in Fig. 1. It is obvious that 

in pristine CNTs, all the bonds have the same length b. b  shows the total length of each CNT while   equals 

to 
  . Fig. 1 shows the unrolled sections with different lengths:                     to                to         (2)                        to                    to        (3)                        to                    to        (4)  

All the three possible configurations of CNTs 
have been shown in Fig. 1. First picture 
explains a case in which there are equal 
numbers of vertical and diagonal bonds and 
we call it the basic model T. In second picture 
we have one more diagonal bond than 
vertical bonds that represents model Max, 
while in third picture there is one more 
vertical bond named model Min. The 
relations between total displacement and 
displacement of bonds are indicated below. 

 
Fig. 1 Structure of unrolled sections (a) basic 

model T (b) reduced model Max (c) extended 
model Min 

 ,     ,   Min      ,            (5)        Min                 (6)  

a 

b 

c 
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Where ûâ  shows total displacement of the tube and ûâ  is the elongation of each bond. Here, total 
displacements of three models are shown below.           ûâ     493               (7)            ûâ             ûâ            (8)            ûâ             ûâ           (9)  

By substituting the Eqs. (7-9) in Eqs. (2-4) and then in Eqs. (8-10), we have:                                  /               /           (10)  

                                         /                    /           (11)  

                                                                           (12)  

Where                   (9)       .    represents the chirality,   shows the thickness,   is 

the radius and   Is the modulus of the CNT. It is obvious in these formulations that for short CNT sections, 
even one carbon bond is important. 

3. RESULTS AND DISCUSSION 

Already mentioned in the modeling section, there were no suggestions available for the length of CNT 
sections. Based on our research, it is not always correct to divide a CNT with arbitrary length to N sections. 
What we suggest is that a CNT should be built by putting together specific unite cells called sections. 
Knowing that each section only consists of a few carbon atoms, we can almost build any desired CNT. The 
main model T in Fig. 1 has already been studied. By adding and removing n atoms at the end of the section 

(n is the chirality), we have two new structures with 
different lengths shown in Fig. 1. Remarkable 
difference between their moduli as shown in Fig. 2 
approves the assumption that the length of each 
cell plays an important role. The black lines in Fig. 2 
show the moduli of intact CNT sections.  

Fig. 2 moduli of different CNT models containing 
vacancies varying with diameter 

The greatest modulus, 1040 GPa, belongs to the 
section with smallest length (4.97 angstrom) shown in Fig. 1b, while the longest CNT section (7.81 
angstrom) has the least modulus about 887 GPa demonstrated in Fig. 1c. The moduli of defective sections 
are also shown in Fig. 2. As expected, the moduli of defective sections tend to the moduli of intact sections 
by increasing the diameter. Fig. 2 also shows that effect of defects are more remarkable for shorter cells.  

Table 1. has classified some details about different vacancy types and also shows the differences between 
sections. The Young’s moduli for (4,0) and (20,0) CNTs clearly explain the fact that defects have stronger 
effect on CNTs with smaller diameters. In additions, it is shown that the difference between elastic moduli 
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of intact and defective CNTs for Max model is more than the difference for T model while the difference is 
the least for the Min model. 

Table 1. Comparison between (4,0) and (20,0) nanotubes using three models 

Model Length of the 
section (Angstrom) 

No. of transverse 
vacancies/section 

Modulus (GPa) 
(4,0) 

Modulus (GPa) 
(20,0) 

T-0 6.39 0 940.9 940.9 
T-1 6.39 1 901.1 932.9 
T-2 6.39 2 861.3 925 
T-3 6.39 3 NA 917 

Max-0 4.97 0 1040 1040 
Max-1 4.97 1 981.6 1028.3 
Max-2 4.97 2 923.2 1016.6 
Min-0 7.81 0 887.1 887.1 
Min-1 7.81 1 867 883.1 
Min-2 7.81 2 846.8 879.1 

After studying three different models with different lengths and finding out the variations in modulus 
caused by length, a question may come to the minds that which one is correct and how this difference 
could be explained. To answer this question, a study has been done on three intact CNTs based on the 
three proposed models. We have chosen three intact CNTs with different lengths as shown in Fig. 1. It is 
shown in Fig. 3 how the moduli of all models approach to that of the main model, T, with increase in length. 

It also shows that the effect of 
added or reduced carbon bonds 
smoothly decreases for longer 
CNTs , for lengths more than 50 
angstrom, while the effect is 
remarkable for smaller ones. It can 
be concluded that the effect of 
some added or removed carbon 
bonds is negligible for long CNTs 
which is really in good agreement 
with our common sense.       

     Fig. 3 moduli of intact CNTs with different models varying with length 

4. CONCLUSION 

A theoretical formulation has been derived to predict the Young’s modulus of intact and defective CNTs. 
Combining CM with atomistic potential functions has made this research unique. Proposing 941 GPa 
obtained for the Young’s modulus of an intact CNT is in good agreement with most recent research and is 
an indication of the value of the theory. This model predicts that the elastic modulus of a CNT decreases 
with vacancies, which has also been predicted in the literature. To define a unit cell, it is important to know 
effect of length on modulus of CNTs. The elastic modulus of a defective CNT greatly changes by adding or 
removing one carbon atom to the boundary atoms, especially for small CNTs. Min model predicts the 
modulus of a (5,0) CNT with a T-2 vacancy about 855 GPa. Meanwhile, Max model calculates 947 GPa as 
the modulus and T model approximates the modulus about 877 GPa. But for long CNTs, Max and Min 
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models approach to the main model T. All the defective CNTs have the moduli less than an intact one, but 
by increasing the length, effect of defects reduces and modulus of a defective CNT approaches that of an 
intact one. 
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Abstract 

An analytical molecular structural mechanics model is developed for the prediction of Young’s modulus of 
zigzag single walled carbon nanotubes with single vacancies by combining continuum mechanics with 
modified Morse potential function under tensile loading. Defects, especially vacancies, cause a remarkable 
change in the Young’s modulus, especially when they are numerous. Effects of defect concentration in the 
axial direction (length of defective section(s) /total length of the tube) and defect concentration in the 
transverse direction (number of vacancies in circumference) on Young’s modulus have been studied. 
Defective CNTs have smaller moduli than an intact CNT, but by increasing diameter the effect of defects is 
decreased and modulus of defective CNTs approaches that of an intact CNT.  

Keywords: single walled carbon nanotubes, Young’s modulus, vacancy, continuum mechanics 

1. INTRODUCTION  

Since the discovery of carbon nanotubes (CNTs) in 1991 [1], CNTs have attracted much attention because of 
their outstanding physical and mechanical properties. High axial modulus and tensile strength [2,3], low 
weight, small size, low density, high stiffness [4] and excellent thermal [5] and electrical properties [6] have 
encouraged many scientists to work on the issue. During recent years, mechanical characterization of CNTs 
has been one of the top issues in mechanical and materials engineering. Scientists have always had an eye 
on theoretical approaches in comparison with numerical computational simulations and empirical 
methods, because theoretical methods are easy to use due to their parametric structure in spite of high 
computational costs of numerical simulation methods and difficult procedures of experimental methods for 
nanomaterials. 

Vacancies are the most common defects in CNTs and therefore have attracted the attention of many 
scientists [7-9]. Wong [10] has studied the elastic properties of imperfect armchair and zigzag single-walled 
carbon nanotubes (SWCNTs) under axial tension by molecular dynamics (MD) simulations. Sammalkorpi et 
al.[11] derived an analytical expression, with coefficients parameterized from atomistic computer 
simulations, which relates the Young’s modulus and defect density in CNTs. They showed that the tensile 
strength and critical strain of SWCNTs decrease by nearly a factor of 2 in presence of an unreconstructed 
vacancy.  

Our study is based on continuum mechanics (CM) combined with atomistic potential function to predict the 
elastic modulus of defective CNTs. A CNT is consisted of several unite cells called sections. Each section can 
only have one vacancy in axial direction at most, but may contain more vacancies in transverse direction. 
To calculate the modulus of a CNT, we have used an existing method [11] explains how to find the modulus 
of a CNT, knowing the modulus of its sections. To have a good perspective about the modulus of a CNT 
containing vacancies, we have studied the defect concentration in axial and transverse directions on 
Young’s modulus of the section and the whole tube.  
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2. MODELING 

2.1. Modulus of intact unit cell 

In this research, CNT sections are going to be studied instead of the whole tube. Each section has a 
constant initial length and may or may not contain vacancie(s). Fig.1a shows unrolled intact and defective 
sections while a rolled section is shown in Fig.1b. It is assumed that each section can only have one vacancy 
in axial direction while it may have more vacancies in transverse direction. In Fig.1a, we can remove either 
a green or a blue atom, but we are not allowed to remove two neighboring atoms. Using this method, we 
are likely to present a formulation to predict the Young’s modulus of CNTs with vacancies. The modulus of 
the whole tube can be calculated using an existing method developed by Sammalkorpi et al. [11]. In this 
study, it is assumed that the modulus of an intact CNT is independent of the diameter. Firstly, we are going 
to derive the formulation for an intact CNT section. The model exhibited in Fig.1 is named ‘T’. The number 
follows model’s name shows number of vacancies in transverse direction. For instance, T-2 indicates the 
model T having two vacancies around the circumference. 

 

 
 
 
 
 
 
 
 
 
 
 
 
 

Fig.1 (a) Intact and defective unrolled structures (b) Tube unite cell (section) 

 NG       �ú‡     NG                 (1)  NG      (1)              

Where W NG  is the length of intact section as shown in Fig. 2a and  NG  is its coefficient.     (1)  NG  is the 

carbon-carbon bond length and -  is the angle between a vertical and a diagonal bond as shown below. 
Under quasi static condition, it is possible to write equilibrium equation for each carbon bond. Firstly, an 
approximation has been made using linear part of Taylor expansion as follows:               ßò      ßò          (2)  ß ò                                                                                         (3)  

 

  

a b 
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Where   ûâ  ûâ            12.  ûâ  ûâ  , ,  is the bond streach and   is the force on each 
boundary atom. There are two different kinds of bonds in a zigzag structure, the diagonal and vertical 
bonds marked by ‘1’ and ‘2’ in Fig. 2a.  

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 2 Structure of (a) an intact (b) defective unit cells 

For zigzag CNTs we have:                         (4)   

Where   is the force on each boundary atom as mentioned before,   is the total force and    is the 
chirality of CNT.Writing the displacements for the bonds in selected area, shown in Fig. 2a and by 
substituting the displacements and force equations in Eq. (4) we have:              ‡1 ‡1            (5)  

Where   ‡1  is the displacement of unit cell and  ‡1  equals 
‡1 . Using the following equation, we have: 

σ  ε         π       δ           (6)  

Where   represents the stress,   shows the strain and   is the modulus.   is the length of cell, while  ß  is 
the displacement and   shows the thickness. Comparing Eq. (5) and Eq. (6), the modulus will be found as 
follows:    ò  β         ò    π     ò     β       

π             (7)  

2.2. Modulus of defective unit cell  
A few researches have been done in which theoretical calculations are led to an approximation for the 
modulus [7] and [11-13]. To study a defective section, it is necessary to analyze the carbon bonds near the 
vacancy as shown in Fig. 2b. First, the length of structure should be calculated. The process to find the 
modulus of a defective CNT is the same as the method done for an intact CNT. After calculating the length 
and displacement of defective area and substituting in Eq. (5), the modulus of defective area will be found. 

Considering � �  possible vacancies in a section, the modulus of a defective section will be calculated as 
follows:  

 
 

a b 
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 ûâ  β       
π    ûâ                   (8)                                                                                    

Where     is the length of unit cell and     is a coefficient. Here,   equals to zero It is important to 

remember that    varies between zero and  
   .  

3. RESULTS AND DISCUSSIONS 

To have a basement to judge the theory, the modulus of intact CNTs is calculated. The predicted value is 
about 941 GPa as shown in Fig. 3 which is in good agreement with numerous reports in the literature [2,3] 
and [14-20]. As mentioned before, it is assumed to only have one vacancy in axial direction per section 

because we are only studying 
single vacancies as shown in Fig. 
1, while the number of 
vacancies in transverse direction 
varies between zero and n/2, 
where n is the chirality of zigzag 
CNT. All the mathematical 
calculations are done for these 
unit cells called sections. Then, 
these sections are put together 
to find out the modulus of a 
desired CNT. This formulation              

                 Fig. 3 The modulus of intact and defective sections                                   enables    us    to   calculate   the  
                                                                         modulus of a CNT with various 
vacancies distributed in axial and circumferential directions. Fig. 3 compares the moduli of an intact CNT 
section ‘T-0’ and a defective CNT section with one vacancy ‘T-1’. The model predicts abrupt decrease in 
modulus by decreasing the diameter for small diameters. In Fig. 3, the point with the smallest diameter 
represents the modulus of a defective (4,0) section , 901 GPa. The trend of this diagram seems correct, 
because the vacancy is sensed less by increasing the diameter due to more atoms around the 

circumference. The variation 
of moduli of CNT sections T-1, 
T-2 and T-3, containing one, 
two and three vacancies 
along the circumference 
respectively, with diameter 
are exhibited in Fig. 4.  
 
Fig .4 Moduli of CNTs with  

                 different transverse  
                 defect concentrations                   
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The moduli of all sections approach to that of an intact CNT by increasing the diameter. But it should be 
mentioned that even for big diameters, we still see a tiny difference between the moduli of intact and 
defective CNTs which can be named the permanent effect of vacancies. The diagram shows that for small 
diameters the moduli drastically drop. The modulus of a (4,0) T-1 CNT section is 901 GPa while that of a T-2 
section is 860 GPa. Knowing that the maximum number of vacancies can be n/2 where n is the chirality, a 
(4,0) zigzag structure can contain two vacancies in its circumference at most. Consequently, the first red 
point in Fig. 4 representing three vacancies for a (4,0) zigzag structure is not existent and is only depicted to 
be comparable with other diagrams. 

Fig. 5 depicts the variation in modulus of a CNT having two vacancies in each section ‘T-2’. The axial 
concentration changes between zero to 48%. The gap between two bounds in Fig. 5 will be filled with 
defective CNTs with defect percentages more than 48%. Comparing with T-1 model, the modulus of a T-2 
CNT is less, and the difference is more evident for smaller diameters. For (4,0) CNT, a T-2 vacancy (L=200 

Angstrom) will reduce 
the modulus about 2 
GPa while the 
reduction is more for  
shorter CNTs. Effect 
of length on defective 
and intact CNTs will 
be discussed in 
following sections. 

 

 

  Fig. 5 moduli of T-2 CNTs with different axial defect concentrations 

4. CONCLUSIONS 

A theoretical formulation has been derived to predict the Young’s modulus of intact and defective CNTs. 
Combining CM with atomistic potential functions has made this research unique. Proposing 941 GPa 
obtained for the Young’s modulus of an intact CNT is in good agreement with most recent research and is 
an indication of the value of the theory. This model predicts that the elastic modulus of a CNT decreases 
with vacancies, which has also been predicted in the literature. An important question answered in this 
paper is how the modulus changes with axial or transverse defects, diameter, length and the thickness. The 
moduli of intact and defective sections are considered as the upper and lower bonds respectively, while the 
moduli of all defective CNTs are placed between these two bonds. The modulus of a fully defective (10,0) 
CNT with T-2 vacancies is 909 GPa, while the modulus of a CNT with 45% axial defect concentration is  
about 926 GPa. In addition to vacancy numbers, their position is also important. The modulus of (4,0) CNTs 
with 13 nm length containing either two axial vacancies or two circumferential vacancies differs about 2 
GPa, proving the assumption that circumferential vacancies cause more degradation in the modulus 
comparing with axial vacancies. The modulus of a CNT with compound vacancies, containing one T-1 
vacancy in a section and one T-2 vacancy in another section, is bounded between the moduli of CNTs 
having either two T-1 vacancies or two T-2 vacancies.  
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Abstract 

The main goal of the presented paper was to describe deformation behaviour of the commercial purity 
titanium during the ECAP method. Attention was paid particularly on reached mechanical properties of 
above mentioned material. Design of experiments rested in extrusion at temperature in range from room 
temperature up to 280°C. The way of approach was planned in investigation of imposed strain 
accumulation ability. Among used methods for determination of intended aims were tensile tests, TEM, 
SEM. Mechanical properties were evaluated using standard tensile tests as well as small punch tests. 
Correlation between mechanical properties from tensile test and punch test was developed. Depending on 
imposed strain (e = 2 up to 8) was found that mechanical properties (namely tensile strength) have 
increased up to 960 MPa. Developed ECAP process enables controlling morphology of microstructures 
constituents and workability of titanium Grade1. Obtained findings can be used in process of preparing 
materials for medical application such as dental application where is very important factor their sensitivity 
to strain.  

Keywords: test TEM, SEM, ECAP method - purity titanium 

1. INTRODUCTION 

It is required that a material for dental implants is bio compatible, it must not be toxic and it may not cause 
allergic reactions. It must have high ultimate strength Rm and yield value Rp0,2 at low density r and low 
modulus of elasticity E. Metallic materials used for dental implants comprise alloys of stainless steels, 
cobalt alloys, titanium (coarse-grained) and titanium alloys. Semi-products in the form of coarse-grained Ti 
or Ti alloys are used as bio-material for medical and dental implants since the second half of the sixties of 
the last century. 

Titanium is at present preferred to stainless steels and cobalt alloys namely thanks to its excellent bio-
compatibility. Together with high bio-compatibility of Ti its resistance to corrosion evaluated by 
polarisation resistance varies around the value 103  R/Wm. 

It therefore occupies a dominant position from this viewpoint among materials used for dental implants. In 
the past years a higher attention was paid also to titanium alloys due to requirements to higher strength 
properties. The reason was the fact that titanium alloys had higher strength properties in comparison with 
pure titanium. Typical representative of these alloys is duplex alloy ((a and b Ti-6Al-4V. After application 
of dental implants made of these alloys toxicity of vanadium was confirmed. 
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During the following development of dental implants the efforts were concentrated on replacement of 
titanium alloys the toxic and potentially toxic elements by non-toxic elements. That’s why new alloys of the 
type Ti-Ta, Ti-Mo, Ti-Nb and Ti-Zr began to be used. Single phase b Ti alloys were developed at the same 
time, which are characterised by the low value of the modulus of elasticity. Ti alloys with elements with 
very different density and melting temperature (Ti-Ta, Ti-Mo) require special technology of manufacture, 
by which they significantly increase production costs and price of semi-products for dental implants. 

The problem at the development of metallic bio-materials consists not only in their real or potential 
toxicity, but also in their allergenic potential. Sensitivity of population to allergies keeps increasing. Allergies 
to metals are caused by metallic ions which are released from metals by body fluids. Share of individual 
metals on initiation of allergies is different. What concerns the alloying elements for dental implants special 
attention is paid namely to Ni and Co, as their allergenic effect varies around (13,5%) and Cr (9,5%). Some 
titanium alloys also contain the elements classified as allergens. These are e.g. the following alloys: Ti-13Cu-
4,5Ni; Ti-20Pd-5Cr; Ti-20Cr-0,2Si. Sensitivity of population to Ni is increasing.  

For these reasons pure titanium (CP) still remains to be a preferred material for dental applications. 
Development trend in case of this material is oriented on preservation of low value of the modulus of 
elasticity and on increase of mechanical properties, especially strength. According to the Hall-Petch relation 
it is possible to increase considerably strength properties of metals by grain refinement. That’s why it is 
appropriate to use for dental implants rather fine-grained Ti instead of coarse-grained Ti. Use of 
nanomaterials concerns numerous fields including medicine. Bulk nano-structural metallic materials are 
used for dental applications. These are materials with the grain size smaller than approx. 100 to 300 nm. 
High-purity titanium is used for dental implants. Chemical composition of CP Ti for dental implants must be 
within the following interval.  

The paper should begin with the introduction in which the present state of the issue relevant to the paper 
will be presented generally and concisely. It is necessary to quote references taking into consideration the 
remarks included in the section “references”. It is necessary to present the aim of the research included in 
the paper and clearly point out the originality of solutions and content-related approach to the issue 
worked out and described by authors. 

2. PROPERTIES OF ULTRA FINE GRAIN TITANIUM  

Ultra-fine grain titanium is characterised by exceptional mechanical properties, among which high ultimate 
strength and high yield value are of utmost importance. Strength properties of ultra-fine grain titanium 
must have the following values:  Rm > 1000 MPa, Rp0,2  > 850  MPa. Apart from the tensile strength, another 
important property of dental implants is their so called specific strength (strength related to density). 
Mechanical properties of metallic material for implants are evaluated in relation to its density as so called 
specific properties. In case of classical coarse-grained titanium the relation (Rm/r) varies around 70 to 120 
(N∙m/g), for the alloy Ti6Al4V it varies around 200 (N∙m/g), and for titanium it is possible to predict the 
values Rm/r = 270 (N∙m/g). As a matter of interest it is possible to give the specific strength also for some 
other dental materials: steel AISI 316 L: Rm/r = 65 (N∙m/g), cobalt alloys: Rm/r = 160 (N.m/g), bTi 
(Ti15Mo5Zr): Rm/r = 180 (N∙m/g). Disadvantage of dental implants based on steel or cobalt alloys is their 
high tensile modulus of elasticity: E = 200 to 240 GPa, while in case of titanium and its alloys this value 
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varies between 80 and 120 GPa. At present only few companies in the world manufacture commercially 
bulk ultra-fine grain materials.  

3. EXPERIMENTAL DETAILS 

The average grain size of the as-received CP titanium is ASTM no. 4. Tensile specimens with a gauge of 50 
mm length, 10 mm width and 3,5 mm thickness were machined with the tensile axis oriented parallel to the 
final rolling direction. The specimens were deformed at room temperature with different initial strain rates. 
Microstructure of deformed specimens after testing is shown in Fig. 1- 2. Specimens were sectioned along 
the gauge and grip parts of the deformed sample. The samples were then polished etched using 10 % HF, 
10 % HNO3 and 80 % H2O for 20 second.  Chemical analysis and mechanical properties commercially pure 
(CP) titanium are given in the Table 1-2.  

Table 1.  Chemical analysis titanium Grade 1, [weight %] 

N O C Fe Al Cr Ti 
0.004 0.068 0.008 0.03 0.01 0.01 Rest. 

 

Table 2. Tensile properties of  titanium Grade 1 after annealing 649 Co/1 hour (ASTM E8) 

Rm [ MPa] Rp0,2 [ MPa] A [ %] Z [ %] 

375 230 51 71 
 

 
 Fig. 1. Initial microstructure of titanium                                     Fig. 2. Microstructure of titanium after cold rolling 

4. RESULTS AND DISCUSSION 

Samples from individual heats were processed by the ECAP. The samples for mechanical tests and for 
micro-structural analyses were prepared from individual variants of processing. On the basis of the results 
of standard tensile tests (Fig. 3), particularly the obtained strength values, several variants were chosen for 
more detailed investigation of developments occurring in the structure at application of the ECAP and 
subsequent drawing after heat treatment.  

 



 
 

a) 
Fig. 3. Stress - strain curve titanium:  a) initial sample,  b)  after 6  passes

Structure of ultra-fine grain titanium after application of the ECAP process is shown in the Fig. 4 and Fig.5. 

The structure was analysed apart from light microscopy also by the X

  Fig. 4. Microstructure titanium after ECAP    

Figure 6 summarises effect of number of passes on mechanical properties. From samples after ECAP were 
also manufactured specimens for small punch tests (8 mm in diameter, 0,5 mm
new correlation between standard tensile tests and small punch tests for titanium. Small punch tests were 
carried out in MATERIAL & METALURGICAL RESEARCH, Ltd. according to accredited procedure at stroke 
rate 0,2 mm/min [2]. Results were correlated with tensile test results and are presented in Fig. 7 for yield 
stress and in Fig. 8 for tensile strength of titanium.
steels (dashed line), that have been developed for 12 years
correlation for steel can not be used for evaluation of mechanical properties of titanium by punch test, new 
developed correlation changed significantly probably due to friction
is still continuing to evaluate reason of this effect as well as to get a more results for titanium and Ti alloys.

12. - 14. 10. 2010, Olomouc, Czech Republic, EU

505 

 
 b) 

strain curve titanium:  a) initial sample,  b)  after 6  passes 
 

fine grain titanium after application of the ECAP process is shown in the Fig. 4 and Fig.5. 

The structure was analysed apart from light microscopy also by the X-ray diffraction. 

                           Fig. 5. Microstructure of titanium after ECAP 12 passes

Figure 6 summarises effect of number of passes on mechanical properties. From samples after ECAP were 
also manufactured specimens for small punch tests (8 mm in diameter, 0,5 mm in thickness) to evaluate 
new correlation between standard tensile tests and small punch tests for titanium. Small punch tests were 

& METALURGICAL RESEARCH, Ltd. according to accredited procedure at stroke 
lts were correlated with tensile test results and are presented in Fig. 7 for yield 

stress and in Fig. 8 for tensile strength of titanium. In the Figures 7 and 8 is also presented correlations for 
steels (dashed line), that have been developed for 12 years. From both figures is clearly seen, that origin 
correlation for steel can not be used for evaluation of mechanical properties of titanium by punch test, new 
developed correlation changed significantly probably due to friction coefficient effect or lattice
is still continuing to evaluate reason of this effect as well as to get a more results for titanium and Ti alloys.
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    Fig. 6. Effect of number of passes on mechanical                 Fig. 7. Correlation for titanium  yield stress 
                                  properties  of Ti 
 
 

4.1  SEM a TEM analyse of fracture surfaces 

For detailed investigation of the samples after tensile test SEM JEOL JSM 6490L was used. Details of 
fracture areas at selected grains size are shown in Fig. 9. The evolution of damage and final fracture in 
ultra-fine grains titanium is only beginning to be understood. The absence of substantial macroscopic 
tensile ductility in ultra-fine grains titanium together with the observation of dimpled rupture on fracture 
surfaces leads to the hypothesis that deformation is localised). Fracture surfaces resulting from tensile tests 
have frequently shown dimpled rupture in microcrystalline titanium. Further, it has been shown that the 
dimple size is significantly larger than the average grain size; in addition (Fig. 9), a pair  of mating fracture  
surfaces was shown that clearly illustrated the presence of significant stretching of the ligaments between  

the dimples that was taken  to be  indicative 
of  appreciable local plasticity [3]. An 
example of a fracture surface obtained from 
a tensile specimen of ultra-fine grained 
titanium with a grain size of around 250 - 
300 nm is shown Fig. 5.  It reveals dimpled 
rupture with the dimple depth (3-4 m) 
being an order of magnitude larger than the 
grain size (Fig. 9). Furthermore, the dimple 
size is uniform and extends across most of 
the specimen cross-section. When the grain 
size is reduced to 0,1 m or less an in the 
case of titanium after 8 passes ECAP.     

         Fig. 8. Correlation for titanium tensile strength 

The resulting fracture surface from a tensile specimen still continues to show what appears to be dimpled 
rupture with the important difference that the dimple diameter on an average is finer in size relative to 
those seen in Fig. 10 and Fig. 11. 
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Fig. 9. Fracture area after 6 passes ECAP                              Fig. 10. Substructure of titanium in the initial state 

5. CONCLUSION  

Technology of manufacture of ultra-fine grain titanium was 
proposed and experimentally verified. Grain refinement in 
input materials was obtained using the equal channel angular 
pressing process. In conformity with the Hall-Petch, relation 
the strength properties of commercially pure titanium 
increased significantly as a result of grain refinement. The 
obtained mechanical properties correspond with the declared 
requirements. Ultra-fine grain has higher specific strength 
properties than ordinary titanium. To evaluate mechanical 
properties of Ti standards tensile tests were carried out as well 
as very potential method (small punch test) were used. New 
correlation has been found for titanium that differs 

significantly from correlation using for steels. Further work is necessary to get more data for new 
developed correlation on titanium and Ti alloys. Based on the experimental results can be seen that small 
punch tests can be using to evaluate for titanium especially in the case, when small amount of 
experimental materials is expected.  
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Abstract 

To obtain high quality product with predetermined operational properties, it is advisable to use 
nanotechnologies, permitting at the atomic-molecular level to manage cement stone and concrete 
structure formation. 

Investigation of the local materials, as of the matter of concrete nanotechnology is the most important. 
First of all it relates to Tedzami-Khandaki quarry zeolite. Zeolite is volcanic sedimentary rock with zeolite 
containing tuff. Clinoptilolite may be considered as its basic mineral, 80% of which is Tedzami tuff. Zeolites 
are distinguished by high porosity, have the capability of absorption and ion exchange, can absorb and 
extract different substances without structure collapse. 

Mineral spongolit has the similar properties, which represents comparatively light sedimentary rock of 
organogenic origin, containing, mainly, of spicule silicon sponges, so called ,,spongia’’, the name 
,,spongolit’’ is originated from it. 

Spongolit is in the western part of Georgia, namely, near the city Kutaisi in Ajameti. Spongolit deposits are 
widely distributed to the East and to the West from Ajameti field. Outwardly, spongolit is white fine-
grained porous rock, like sandstone. Microscopic investigation has shown that spongolit consists not only 
spicule sponges, but shapeless opal often is of great importance in it.  

Application of nanotechnology will be accompanied by conversion from microcosm to nanocosm. 

Keywords: quarry zeolite, spongolit 

1. INTRODUCTION 

The recently shoved increased interest in the work programs in sphere of nanotechnology caused the 
appearance of the term nanoconcrete. 

As it is known, the nanotechnology is the manufacturing of the materials and structures in the scale up to 
100 nanometers, i.e., this is the technology of work with the atoms and molecules and assemblage some-
thing new  of them. 

The use of the techniques of nanotechnology allows the control of the processes of structure formation of 
the cement stone and the concrete on the atomic - molecular level with the aim of obtaining of high quality 
product with the a priori required operation properties. 

The manufacturing of many building materials is related to the processes of coagulatory- crystallization 
structure formation. The regularities of micro- and macro-structure formation and the methods of the 
management of these processes in the compositions of the dispersion phase - the liquid environment, 
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remains complex enough. This is explained by the presence of the phase transfers that is related to the 
significant changes not of dispersity only, but of the form of the disperse phase as well. Just here, besides 
the coagulatory structure, the crystallization occurs. The processes itself of the enough complex  
reformation of the initial coagulatory structure are related to  the chemical processes between the solid 
phase of the disperse system and the liquid phase on the level of the atomic- molecular interaction, i.e. on 
the level of nanoparticles. 

The task of improving of the concrete as a composite, developing the ideas of nanotechnology considering 
the modern knowledge, can be solved at the expense of the maximum use of possibilities of the cement, 
whose reserves, as a rule, are short used . This problem can be solved by way of use of additions of certain 
nature, for example, the ashes, characterized by the high surface energy and the colloidal (nano) measure 
of the particles (1-100 mm). 

2. BASIC PART 

In the concrete production the technological methods of the use of nanostructures can be divided into 
three groups: 1) dispersion, diminishment; 2) condensation, aggregation of the atoms, ions, molecules, 3) 
the use of the natural fullerenes, as a structures allied to nanotubes.  

In nanotechnology of the concrete, the use of the anisotropic inorganic or polymeric structures of the 
different dispersity, (to which the fullerenes belong) has the big significance. The particle of the fullerene 
looks like the shell of the football, consisting of 20 hexagonal carbonic cycles and 12 pentagonal ones with 
the total number of the carbonic atoms equal to 60. 

As far as the bringing in of the nanoinitiators into the cement and concrete mixture contributes to 
improvement of physical-mechanical properties of the composites, the investigation of the natural 
fullerenes  actual.   In Georgia they are represented by the natural zeolites, tuffs of Tedzamy origin. For this 
purpose can be used the diatomites of the Kisatb origin, as well as the spongolite of Adjameti origin. All of 
them contain in their composition the fullerene-like nano-particles. 

The Tedzami tuff is fine-grained sediment of the volcanic origin. Its volume weight in the natural dry 
conditions consists 1140 - 1300 kg/m3.  The Tedzami tuff contains the SiO2 up to 67 %.  Judging from the 
amount of the active SiO2, the Tedzami tuff is considered as suitable for the use in the cement production 
as a hydraulic addition. The nano-modification still more increases the activity of the tuff as an addition.  

The main strength of the composites is ensured by the crystals and joints of the crystals of hydrated new 
formations whose dimensions range in the limits 10 -7 - 10-9 m. In intervals between the crystals the 
hydration products are placed, whose dimensions are less than 10-9 m. They cork up the free space, as if 
bonding together all the new formations. In this process the nano-addition of the tuff actively participates. 
The physical-chemical processes of formation of hydration products themselves represent the typical form 
of the nano-technological process, as far as they run on the atomic-molecular level.  

Note, that the bowels of the earth in Georgia contain the inexhaustible resources of the high quality 
building raw materials, whose use has the centuries-old history. Among the rocks, existing in Georgia, 
thanks to its favorable geographical location, parallel with the Tedzamy tuff the Adjameti spongolite 
attracts the attention by its meaningful sources and good physical-mechanical properties.  
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The spongolite represents the relative light sediment of the organic (zoogenic) origin, consisting, mainly, of 
spicules of flinty sponges of the microorganisms, so called ‘spongia’, that is the basis of the formation of the 
name ‘spongolite’. The spongolite contains big amount of the SiO2. Its amount ranges from 85,5 to 87,7 %. 
Beside this the spongolites contain the following oxides: Al2O3 (3,4 - 7,0%), Fe2O3 (1,2 - 5,2 %) etc. The 
volume mass of the spingolite ranges from 1200 to 1400 kg/m3; the porosity - 40%. It is interesting, that the 
volume mass of the spongolite powder consists 700 kg/m3. It is evident, that the containment of the silica 
in the Tedzami tuff and Agjameti spongolite is high enough, at that, in both cases this silica is of heightened 
dispersity, i.e., it represents the micro-silica. With the appearance of super-plasticizers and materials of 
high dispersity, containing the silica, first of all, the micro-silica, in the concrete technology the 
fundamental change had place. The optimum combination of mentioned additions,  nano-modifiers, gives 
possibility to control the reological properties of the concrete mixtures and to modify  the structure of the 
cement stone on the level of micro-particles the way that to give to the concrete the properties ensuring 
the high operation reliability, strength, the low permeability, increased corrosion resistance and durability.  
The complex colloid-chemical and physical processes running in the cement system those comply to the 
influence of the modifiers, underlie the sharp change of the concrete properties. 

The possibility of the use of the local materials, containing the quantity of micro silica quite actual. Highly 
essential the fact that the Tedzami tuff and Adjameti spongolit contain the dioxide of silica mainly of 
amorphous modification and high dispersity that predetermine their high pozzolanic activity. 

The investigations conducted by us have shown that the complex action of these additions and super-
plasticizers on the stone system is expressed in the fact, that the cement stone is characterized by the 
particular structure and combination of the properties: the increased containment of the fine-grained 
crystal hydrates, and, at that, the containment of the helium pores increases and the volume of capillary 
pores grows short.  All this are confirmed by the data radiographical and thermal analysis and infrared 
spectroscopy.  

3. CONCLUSION 

The use of such modified cements with the additions of the Tedzami tuff and Adjameti spongolites gives 
possibility to obtain the concretes having the complex of unique characteristics:  high and super high 
strength, low permeability, high corrosion resistance. The sphere of use of such concretes quite wide, they 
can be used in both civil and industrial structures and buildings. 
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Abstract 

Satisfactory carbon nanotubes dispersion in any matrix (metallic, ceramic or polymeric) represents a major 
problem for the nanocomposites manufacturing technologies. The aim of this paper is to realize a better 
compatibility between MWCNTs and the unsaturated polyester matrix by their surface modification using 
the “plating” technology with iron (III) oxide as the coated material, followed by purification and separation 
process from the aqueous dispersion. The coating efficiency by chemical deposition of carbon nanotubes 
was analyzed by XRF and FTIR analyses. The iron (III) oxide plated carbon nanotubes dispersion was realized 
by a mechanical blending followed by ultrasonication and finally a tension state maintenance by a vibrant 
magnetic field introducing in the unsaturated polyester matrix reticulation process. At this stage of the 
process it’s hard to interfere with another different dispersion technique due to the increased viscosity 
value of the dispersed system till the induration point. It was utilized different carbon nanotubes 
concentration values and analyzing the primary system reinforcement-matrix viscosity before the 
reticulation point, the optimum concentration value was determined in this way. In accordance with the 
percolation theory, the target is to reach a maximum viscosity value at that concentration when the matrix-
reinforcement interactions have the highest value. Considering this requirement, it was determined the 
optimum concentration value for the iron (III) oxid plated carbon nanotubes and further more it was 
realized different technological versions, in order to relieve the vibrant magnetic field influence at a good 
dispersion accomplishment, with increased composite material properties as the final result. 

Keywords: dispersion, MWCNT, polyester. 

1. INTRODUCTION 

The compatibility process supposes the interactions and nanotube bonds decrease in the first stage, 
followed by a uniform distribution, realizable due to some energy intromission, usually of mechanical 
nature and some chemical systems limiting the interactions at reinforcement level with/without increased 
modifications of the reinforcement - unsaturated polyester matrix interactions realizable by changes at 
reinforcement surface level [1]. It was demonstrated by recent scientific papers that a satisfactory carbon 
nanotubes dispersion is obtained using different strategies including physical and chemical methods. 
Physical methods consider nanotubes direct mixing using a mechanical force. Chemical methods are carried 
out by surfactants action, functionalization and carbon nanotubes surface modification, and polymer 
wrapping technology [2]. The aim of this paper is to realize a good compatibility between MWCNTs and the 
unsaturated polyester matrix by their surface modification due to iron (III) oxide “plating” process 
chemically deposited as well as the optimum enthalpy/entropy value obtaining by a suitable physical and 
chemical processes succession in the dispersed system iron (III) oxide/MWCNT (that means MWCNT-F3). In 
this way, the target was an iron (III) oxid thin layer obtaining on carbon nanotubes surface, a 
monomolecular layer ideally, which could act like a failure on carbon nanotubes agglomerates. In fact, this 
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is the main chemical process used in this dispersion strategy. It will be followed by physical and physical - 
chemical processes that quantitatively represent the most popular dispersion processes. [3] These 
technological steps choosing have to consider both the efficiency and the real conditions offered by the 
dispersed system whose properties are changing from a step to another. Considering this assumption, it 
was proposed a model of the global dispersion process for carbon nanotubes in an unsaturated polyester 
matrix schematically represented in fig.1. 

 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig.1 A schematically representation of a dispersion model for the coated MWCNTs using iron (III) oxide in an 

unsaturated polyester matrix 

MWCNT are dispersed in water by mechanical stirring and ultrasonication using an appropriate surfactant 
(SDS) in process (1). In process (2) is realized Fe2O3 ∙ H2O chemical deposition in a molecular layer on 
MWCNT surface resulting MWCNT-F3 dispersed system in aqueous solution. Process (3) starts with water 
removal by centrifugation, washing process using distilled water and ethylic alcohol followed by drying in 
the oven at 298 K for 8 hours. This is the end of first stage of carbon nanotubes functionalization process, 
which means MWCNTs transformation in MWCNT-F3. The second stage of a nanocomposite with polymeric 
matrix obtaining starts with process (5) of the initiator catalyst introducing into the system, this process has 
the reticulation effect by styrene bridges in radical polymerization. The first effect is the system viscosity 
fast increase that don’t allows the dispersion or dispersion maintaining using the elder used techniques. At 
this stage it was proposed a new dispersion technique by a vibrant magnetic field inducing process using a 
permanent magnet in-line with the matrix which contains the reactive substance containing MWCNT-F3 
(fig.3). The external magnetic field interacts with MWCNT-F3 own magnetic field due to iron (III) oxide and 
maintains the dispersed state in optimum conditions [4]. This fact is demonstrated by a comparative study 
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of the same nanocomposite material realized in the same conditions but without the vibrant magnetic field 
presence [5]. 

2. EXPERIMENTAL 

2.1. Materials 

In order to obtain satisfactory carbon nanotubes dispersion in a polyester matrix, it was used the following 
materials, with the justification of their individual choosing: 

· unsaturated polyester resin AROPOLTM M105 was used because it is one of the most current plastic 
material with large applications. Moreover, it represents a model that can be used with an extension 
for other different resins with similar physical, chemical and rheological properties. There are many 
preparation methods starting from the type of precursor catalyst, in this case being 2-ethyl-cobalt 
hexanoat, the promoter catalyst (P-MEK) ant the reticulation agent (styrene); 

· MWCNTs from Cheaptubes Inc. USA were used due to the remarkable properties offered by their 
nanometric dimensions and furthermore the structural variety of C-C bonds; 

· iron (III) oxide is included in ceramic materials category with important magnetic properties used in 
the dispersion process in a stage where it is difficult to interfere with a supplementary energy 
without causing damages to the future nanocomposite material; 

· sodium dodecyl sulphate (SDS) is well-known as one of the most used wet surface-active agent and 
was utilized for carbon nanotubes dispersion in the aqueous solution in order to be coated by iron 
(III) oxide. 

2.2. Working steps 

· Carbon nanotube “plating” process using iron (III) oxide 

A method of modifying carbon nanotubes surface for an increased compatibility with the polymeric matrix 
consists in covering technique with a molecular layer of Fe2O3 [6].  

The first step of this method is represented by carbon nanotubes dispersion using a solution of 1% sodium 
dodecyl sulphate (SDS) as surfactant agent followed by ultrasonication process for 10 minutes with 
BANDELIN HD3200, having 40% amplitude. Subsequently, a solution of FeCl3 1mol/L was quantitative 
added under a magnetic stirring for 5 minutes and the resulted solution is ultrasonicated for 10 minutes 
using the same ultrasounds generator, at the same parameters. After that, it was quantitative added a 
solution H3 1mol/L till pH = 8,5, followed by the same ultrasonication process. The final stage consists in a 
step to step washing process of the nanotubes covered by a molecular layer of Fe2O3 particles using 
bidistilled water till pH = 5,5, followed by a centrifugation process of the nanotubes from the solution at 
6000 rpm, the final washing with anhydrous ethylic alcohol, the oven drying for 8 hours at 443K and finally 
the dry milling process. The obtained nanotubes using this method were coded with MWCNT-F3. 

· WCNT-F3 dispersion into unsaturated polyester matrix 

In order to present carbon nanotubes optimum concentration value in the polyester matrix, it was 
considered five types of concentration: 0,05; 0,10; 0,15; 0,20; 0,25% . MWCNTs optimum concentration 
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value in polymeric matrix can be determined using a viscosity variation study in relation to nanotubes 
concentration from the polymeric resin, in accordance with scientific literature. 

Experimentally the optimum concentration value is determined at an important viscosity increasing 
moment, after that a constant value is registered or even a decreasing value is possible. The experimental 
values are synthetically presented in fig.2. 

 

In MWCNT-F3 case, Fe2O3 presence can 
determine contradictory effects, which 
mean: Van der Waals and π-π interactions 
decline between carbon nanotubes due to 
oxide layers “arrow effect” that interpose 
themselves and, the most important effect 
would be the magnetical interactions that 
are responsible of clusters generation in the 
matrix added with covered nanotubes. That 
is the reason because new dispersion 
energy must be introduced in order to block 
clusters formation; this target is 
technological realizable due to an external 
vibrant magnetic field introduction. 

Fig.2 Viscosity variation depending on MWCNT-F3 Concentration 
 

It was realized the dispersion process considering a self-technology represented by two different types of 
stirring, starting with a mechanical one and followed by a ultrasonic type of stirring. At the end of these two 
different types of stirring, it was realized a dispersion process in a vibrant magnetic field. It was realized two 
experimental series coded with A and B considering the optimum concentration value for carbon 
nanotubes covered with a molecular layer of Fe2O3. The samples coded with B are different from the 
samples coded with A due to the fact that the dispersion technology contains an extra-phase represented 
by a supplementary dispersion in a vibrant magnetic field. The samples were molded in rubber mould 
realized using a water - cutting technology. After this process, the samples were dimensional and chemical 
stabilized using a thermal treatment at 278K in a drying chamber for 8 hours.  

3. RESULTS AND DISCUSSIONS 

The critical evaluation of MWCNTs surface modifications due to iron (III) oxid plating having the final result 
MWCNT-F3 coded samples was realized by X ray fluorescence analyses (XRF) and IR transmission spectrum 
(FTIR). These analyses confirmed the quantitative and qualitative carbon nanotube surface transformations.  

3.1.  XRF analysis 

Carbon nanotubes analysis by X-ray fluorescence was carried out by NITON XLt 793 apparatus. It were 
realized 10 determinations and the average value of the obtained data are schematically presented in table 
1. This analysis demonstrates the elementary changes appeared as a result of the chemical treatments 
applied for surface modifications. 
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Table 1 Metallic elements concentration (ppm) determined using XRF analysis 

Material Fe Ni Co Mn Cr V Ti Ca K 
MWCNT 1120,15 7185,23 157,55 47,47 1302,86 424,23 1027,25 1901,15 225,16 

MWCNT-
F3 55167,66 4109,67 27,85 244,58 610,21 437,52 3277,15 1255,14 2889,62 

Fe concentration in MWCNT-F3 is about 5,52%. The result is 50 times increased compared to MWCNT 
concentration that is 0,112%. This increase represents the iron (III) oxide layer enough for generating 
magnetic properties in the composite material structure, useful for the manufacturing technology and for 
the general properties of the composite material. The following elements present a decreased 
concentration (Ni, Cr a 50% decrease, Co ~ 5-6 times and a slowly decrease for Ca) due to Fe concentration 
increase. The increased Mn concentration of about 5 times, Ti of about 3 times and K of 12 times is the 
result of contamination due to the chemical reagents used, also to the distilled water and finally to their 
low concentrations in MWCNT. 

3.2. FTIR analysis 

FTIR spectrum was realized using an IR transmission spectrometer JASCO 660 Plus. A comparative study of 
IR absorption spectrum for carbon nanotubes unmodified (fig.3) with the same IR absorption spectrum for 
carbon nanotubes plated with iron (III) oxide (fig.4) relieves the following modifications: 

 
 

Fig.3 FTIR spectrum of MWCNT Fig.4 FTIR spectrum of MWCNT-F3 

· 1209 cm-1 band of MWCNT is more reduced in MWCNT-F3 and moreover, it was observed the 
appearance of a two new peaks, at 1159 cm-1 and 1119 cm-1 explained by new bonds C-O formation 
at carbon nanotubes level with oxygen from iron (III) oxide chemically deposited on their surfaces; 

· 598 cm-1, 625 cm-1 and 685 cm-1 bands appear at MWCNT-F3 and they could be resulted from 609cm-1 
band that disappears or is moved; 

· 500 cm-1 and 460 cm-1bands are two very strong bands that could be attributed to iron (III) oxide 
presence chemically bonded by carbon nanotubes; 

· comparing MWCNT-F3 with MWCNT it was observed a band intensification at 1539 cm-1 and 1514 
cm-1; 
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· at the both carbon nanotube types it was seen the characteristic band for water, that is 3440 cm-1; 

· at MWCNT-F3 it was observed a band around 1700 cm-1 that could be attributed to C-O bond. 

4. CONCLUSIONS 

The comparative study of these three types of analyses conclude on the optimum enthalpy/entropy 
equilibrium maintenance of the dispersed system carbon nanotubes / polymeric matrix, technological 
realizable due to the synergism obtained using carbon nanotubes surface modification in order to realize 
the compatibilization process with polymeric matrix and the gradually introduction of dispersion energy 
into the system. This target is possible by a coating process with a molecular layer of iron (III) oxide on 
carbon nanotubes surface that was confirmed by XRF and FTIR analysis followed by a technological chain 
that offers the possibility to efficiently transfer the dispersion process energy to the reactive system. This 
characteristic was confirmed by SEM analyses.  

ACKNOWLEDGEMENT  

This work was supported by CNCSIS - UEFISCSU, project number PNII - IDEI 519/2008 9/2008. 

LITERATURE 

[1] GUO, Z., LEI, K., LI, Y., WAI, H., PRIKHODKO, S., THOMAS HAHN, H. Fabrication and characterization of iron oxide 
nanoparticles reinforced vinyl-ester resin nanocomposites, Composites Science and Technology 68 , 2008, 1513-1520. 

[2] MACKAY, M. E., TUTEJA, A.,  DUXBURY, P. M., HAWKER, C. J., VAN HORN, B., GUAN, Z., CHEN, G., KRISHNAN, R. S. General 
strategies for nanoparticle dispersion, Science 24, Vol. 311., 2006, no. 5768, 1740 - 1743. 

[3] COOPER, S., FLEISCHER, C., DUFFY, M., WAGNER, A. Polymeric composite including nanoparticle filler, Int.CI.C08K 9/04, 
2006. 

[4] ASGARI, S. Composite materials containing carbon nanoparticles, Provisional applications No.60/643.842, 2005. 

[5] ABRAHAM, M. Nanoceramics,Nanotubes and Nanocomposites Paving the Way for Nanotechnology Revolution-A Review of 
the Industry and Markets. Surfaces and Interfaces in Nanostructured Materials and Trends in LIGA, Miniaturization, and 
Nanoscale Materials. Materials Processing and Manufacturing Division Fifth Global Symposium, ed. M. Mukhopadhyay et al. 
,Warrendale, PA: TMS, 2004, 247-269 p. 

[6] DESIE, G., VANMAELE, L., DEROOVER, G. Method to improve the quality of dispersion formulations, Pub. No.: US 
2005/0235740 A1;  

 

  



 
 

 

 



 
 
 

 



 
 

  

 



 
 

  
 



 
 
 

 



 
 
 

 


