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Abstract

The article presents an innovative method of metallization of ceramics based on detonation spraying process.
New approach consists on exposition of influence mechanical deliver of energy for joining process. In the D-
Gun spraying process the energy necessary for deposition the metallic coating onto ceramic substrate is
delivered mainly in mechanical way. In the described case, the titanium particles, shot from the spraying gun
barrel, impinge onto AIN ceramic surface, and their kinetic energy is transformed into heat delivered directly
to the zone coating/substrate joint being formed. The powder being sprayed is also heated to a high
temperature, however, the high kinetic energy of the particles in the spraying stream is dominant for the
distinguishing properties of the coating.
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1. METALLIZATION OF CERAMICS

Thermal spraying is one of the most effective method to protect the material from wear, high temperature
corrosion, stresses and erosion and increasing the life of materials in use [1-7]. Detonation gun spraying is
one of the thermal spraying techniques known for providing hard, wear resistance and dense structured coating
with compressive residual stresses [8-12]. The proper application of the thermal spraying method can provide
many savings when used in electro-technical, electronic, and electron industry. The metallization of ceramic
materials is often necessary in the advanced technology. But joining of ceramic to metals reveals several
problems resulting from the significant differences in material properties. The ceramic-to-metal joints are used
nowadays in many areas for example: optoelectronics, fuel cells, laser techniques, semiconductors, microwave
lamps, ultrahigh vacuum techniques [13-17]. The metallic coatings deposited by means thermal spraying on
the ceramic substrate can also be used as an interface layer applied for brazing or friction welding with metals
[13]. The difficulties in joining ceramics with metals are associated with the differing properties of two materials,
such as: lack of wettability of ceramics by liquid metals, the lack of chemical interactions between these two
materials, weak diffusion of metals into ceramics, drastic difference in the thermal expansion coefficients a
and in thermal conductivity A (properties especially important from the point of view of the residual stress state
induced in the joint) [18-21]. The diffusion-based processes suitable for joining ceramics with metals must be
conducted at high temperature in vacuum, require additional expensive chemical and active substances to be
used, and the process duration is long. The mechanism of creation of a joint at the interface of two solid bodies
can be considered in thermodynamic approach which assumes that bonding is the transition of a system
composed of two components, which sum of free surface energies (before joining) is higher than interfacial
free energy (after joining). Assuming that every physical system tends to achieve the minimum free energy.
The thermodynamic approach [22] (proposed by Professor Jacek SENKARA) to the bonding process can be
illustrated by the curve in Figure 1. Point 1 represents the metastable state with the free enthalpy G1 of two
free surfaces. In point 2 the joint has already formed, and the free enthalpy G2 is now lower. The force which
drives the transition from state 1 to state 2 is equal to the difference between the level of two free energies
AG. The transition from state 1 to state 2 requires overcoming the energy barrier Q i.e. the activation energy
must be brought and used for removing imperfections of the free surfaces. In situation when the temperature
is lower, a pressure must be additionally applied, which facilitates a plastic behavior of the material and speeds
up the diffusion. These phenomena are utilized in the detonation spraying method described in the present
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article, in which the required activation energy (Q in Figure 1) is delivered to the joining process in a mechanic
way, by means the transformation of kinetic energy into heat energy which is dissipated directly within the zone
of the joint being formed.

Free enthalpy (Gibbs function)

»
>

The progress of the process (e.g. number of atomic bonds)

Figure 1 Variation of the free energy of the system being joined: 1) state before joining,
2) state after the bonding

The aim of the study was to describe and highlight the specific properties and condition of detonation spraying
process could favor and amplify joining of metal coating with ceramic substrate in the context of facilitating
diffusion phenomena and atomic bond formation at the interface.

2. SUBSTRATE AND COATING MATERIALS

The materials to be joined were AIN ceramic as the substrate and titanium (Grade 2) as the coating material.
AIN was selected by way of literature [13] analysis as a widely used material, has the uppermost significance
in technical applications. On the other hand, the choice of titanium as the coating material was based on
literature reports [15,16,18] which describe titanium as the material that actively enhance the wetting of
ceramics by metals. In view of the potential strong chemical affinity of titanium to nitrogen and aluminum new
compounds of the Ti-Al and Ti-N systems are formed.

3. DETONATION SPRAYING PROCESS

Thermal spraying, in its various versions [1,8-10], is widely used for modifying or regenerating the surface of
many products. Detonation sprayed coatings can play important role in protecting materials and alloys from
wear and corrosion phenomena. Detonation spraying is based on controlled detonation of a mixture of gases,
such as energetic (most often acetylene and propane) and oxygen, triggered by an electric discharge between
the electrodes of sparking plug. The detonation of the energetic gas generates a shock wave, which heats up
the individual particles of the coating material and accelerates them in the barrel of a special gun to velocities
in range of about 600+1200 m/s. Coatings sprayed by the D-gun method have usually high parameters of
properties, and comparatively high adhere to the substrate. In the detonation spraying process, the coating is
deposited in a discrete (discontinuous), during each detonation cycle hot coating material particles impinge on
the substrate, they are fixed to its surface on a certain area about 20 mm in diameter forming a layer about 10
pm thick. The frequency of the detonations can be controlled and mainly ranges from 1 to 10 Hz, thanks to
which the heat generated in the previous cycle can be dissipated within the substrate before the subsequent
layer is deposited. The Table 1 shows the parameters of the spray process used in this experiment.

The temperature at which the metal-ceramic joints forms is here the lowest among all the HVOF methods,
which is advantageous from the point of view of the residual stress induced in the coating/substrate system.
D-gun process proceeds in the pulsed way. The heat delivered to the joint being formed is mainly due to the
transformation of the kinetic energy of the spraying powder particles which impinge in the ceramic substrate.
The participation of diffusion in the formation of the ceramic-metal joints could be substantial since it is
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enhances by the high dislocation density, the impact character of the load imposed, by the detonation wave,
and the high rate of sever plastic deformation of the material of the growing coating within the coating-substrate
region.

Table 1 Arc spraying parameters

Parameter Value (unit)
Frequency of detonation 4 (Hz)
Propane pressure 0.08 (MPa)
Oxygen pressure 0.12 (MPa)
Nitrogen pressure 0.6 (MPa)
Ti powder particle size 325 MESH
Distance between the barrel end and the substrate 160 (mm)

4, MODELLING THE PHYSICAL PHENOMENA THAT OCCUR DURING THE IMPACT OF TI
PARTICLE ONTO ALN SUBSTRATE SURFACE

The models used in the present experiments simulated the changes of the geometrical shape of the Ti particle
when it was plastic deformed during its impact onto the substrate, and the instantaneous distributions of the
stress and temperature inducted in the border particle-substrate during and as the effect of impact. Because
from the point of view of the formation of the joint the ceramic-metal boundary is important, the analysis was
limited with what happened when a single metal particle impinged on the ceramic substrate at a certain velocity.
The numerical simulation was performed in dynamic systems using the ANSYS Autodyne v.13 software. The
temperature and stress state prevailing in the region of the joint formation, and the degree of deformation of
the metallic particle were modeled. Figure 2a presents the adopted model of the particle/substrate system.
The average particle diameter 44 ym was assumed to be equal to the average size of the particle used (MESH
325). The thickness of the AIN substrate was 200 um. The temperature of the particle moving in exhaust gases
after the detonation was adopted in medium level, 2773 K and its average velocity to be 700 m/s. The finite
element mesh (element size - 0.5 ym) was constructed in the Euler domain. Its fragment is shown in
Figure 2b. Figure 3 shows the results concerning the Ti particle deformation. We can see that, in the
successive time moments after the Ti particle impinges onto the ceramic substrate and takes part in the
formation of the joint (Ti particle/AIN substrate) it is being heavily deformed (becomes flattened), and its edges
can be separated from the substrate (Figure 3a). The final height of the deformed particle is about 15 ym and
its diameter is about 116 pym.
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Figure 2 Schematic representation of the particle/substrate model: a) Ti particle detonation sprayed on
an AIN substrate; b) Fragment of the finite element mesh

Figure 3b shows the distribution of the temperature on a transverse cross-section of the deformed Ti
particle at 50 ns after beginning of contact in collision. The red-colored area represents the small zone
with the highest temperature, about 3500 K.
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Figure 3 a) Deformed Ti particle deposited on the AIN substrate, b) temperature distribution in cross-section
of deposited particle at time of 50 ns after the particle impact

Figure 4 shows the temperature distributions along the axis of the particle/substrate system recorded at the
time when the temperature value was the highest i.e. 50 ns after beginning of the impact. The temperature
and its gradient are the highest at the Ti/AIN interface and, then, it quickly decreases along the depth of the
ceramic substrate.
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Figure 4 Temperature distribution along the axis of symmetry of the particle/substrate system measured
at s time of 50 ns after the particle impact

Figure 5 and Figure 6 show the distribution of the reduced stress inducted in the substrate according to the
Huber hypothesis. The variations of the stress magnitude and distribution with time were analyzed for 50 ns
from the moment of the particle impact. Figure 5 shows the time variation of the stress induced in the substrate
as a result of the impact of the Ti particle. It can be seen that the stresses propagate from the point of the Ti
impact mainly into the depth of the ceramic but also throughout the expanding contact plane. Figure 5 shows
the distribution of reduced stress in the ceramic from side of the Ti-AIN interface to the opposite surface,
according to the Huber-von Mises hypothesis, in the axis of symmetry of the particle/substrate system
measured at time of 50 ns after the particle impingement.

AUTODYN-2D v13.0 from ANSYS
MISES STRESS (kPa)
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Figure 5 Distribution of the reduced stress generated in the ceramic substrate mapped during 50 ns
after the particle impingement
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The high amplitude of the stress variation versus the distance down through the thickness is probably
associated with the short time, which elapses from the particle impingement and with the elastic response of
the ceramic substrate. The deep oscillations of the stress magnitude visible in the ceramic to a depth of about
150 um (Figure 6) can be attributed to the elastic vibrations induced by the particle impingement.
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Figure 6 Distribution of the reduced stress generated in the ceramic substrate mapped during 50 ns
after the particle impingement

Modeling of the physical phenomena, which occur in dynamic systems is significant difficult and the results
must always be referred to the time instance during the process at which they have been obtained. Presented
results indicate that characteristic parameters of the detonation spraying process, i.e. temperature,
temperature gradient and pressure, are the highest at about 50 ns after the impingement of the Ti particle on
the AIN ceramic substrate. These results are significant from the point of view of joining a metallic coating with
the ceramic substrate, both in the solid state, using the detonation spraying technique.

5. MICROSTRUCTURE OF THE TI COATING AND INTERFACE WITH THE SUBSTRATE

In the first phase, the analysis was done via optical microscope produced by the Olympus company. An
observation was conducted of metallographic sample of the Ti sprayed coating, under x100 mag. It is seen
that the structure of deposited layer is uniform and consists of multilayered squeezed and tightly packed
particles of coating material. The coating shows continues contact with the substrate and good adhesion. The
microstructure (Figure 7) of titanium coating sprayed onto the AIN substrate was analyzed as well via scanning
electron microscope JEOL (USA). The coating shows continuous connection to the substrate filling each visible
surface micro roughness. The linear element distribution profiles indicate that there was not a deep mutual
penetration of AIN and Ti. There are however no signs of the visible presence of a transition diffusion layer
which would form during the D-gun spraying process. However, result of adhesion test according to EN ISO
14916 shows than tensile strength of the sprayed coating reached a mean value of 23.33 MPa (standard
deviation 1.81 MPa)
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Figure 7 The microstructure of titanium coating deposited onto the AIN substrate by means the D-gun
technique with linear distribution of Ti and Al elements
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6. CONCLUSIONS

Investigations and simulations have shown that the energy delivered to the metallic coating - ceramic substrate
system in a mechanical way plays a very effective role in joint formation during metallization of ceramic
materials. The specific advantage of this method lies in that it permits delivering a specified portion of energy
to a precisely defined place where the coating/substrate interface is to be formed. In the light of presented
results and in agreement with the respective theory concerning the effects of the temperature, pressure,
deformation degree, and time on the formation of a joint, it could be concluded that the conditions that prevail
during the proposed detonation-spraying process are favorable for the formation of a strong and durable joint
between the Ti coating and the AIN ceramic substrate. The transformation of the Ti particle kinetic energy into
heat energy results in a high temperature being locally generated at the interface between the Ti particle and
the AIN ceramic substrate. Described conditions favor the formation of high-quality adhesive joint, even though,
because of the very short duration of thess phenomena, the formation of a narrow diffusion-type transition
zone in the joint is little probable. The significant advantage of the proposed solution over the traditional
methods is that the only region heated during the process is the surface of the modified substrate. Taking into
account the results obtained in described experiments and the advantages of the proposed, inexpensive
method we believe that it can be successfully used in a variety of industrial applications as an alternative
method of metallization of AIN ceramics with titanium.
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