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Abstract

The aim of the present work was to study the dependence of mechanical properties of Ti/Ni multilayer thin
films on the thicknesses of constituent Ti and Ni layers. The multilayer thin films were synthesized by deposition
of Ti and Ni layers alternately on single crystalline silicon substrates using direct current magnetron sputtering
method. Thicknesses of Ti and Ni layers varied from 1.7 nm to 100 nm. The micro-structure of the multilayer
films was studied using X-ray diffraction technique, scanning electron microscopy with focused ion beam
technique and transmission electron microscopy. Mechanical properties obtained from nanoindentation
experiments were discussed in relation to microstructural observations.
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1. INTRODUCTION

TiNi shape memory alloy (so-called nitinol) exhibits two closely related properties: shape memory effect (SME)
and superelasticity (SE), which are derived from a martensitic transformation from a simple cubic structure
(austenitic, B2 phase) to a monoclinic crystal structure (martensite, B19’ phase). This phase transformation is
reversible and instantaneous. Due to twinning [1,2], the B19’ phase can withstand a limited deformation, which
is recovered after transformation to B2 phase and the original shape of the sample is restored and self-healed.
The transformation can be achieved by annealing [3,4] or by applying stress [5-7]. Thanks to the SE and SME
properties, TiNi alloys has considerable technological relevance - they can be used in medical applications
such as artificial bone joints [8,9] or as sensors and actuators in MEMS [10,11].

The nanoindentation technique is a promising method how to study the SE, SME or the phase transformation
processes at nanoscale. In the past years, researchers employed both Berkovich [12-14] and spherical [15,16]
indenters to study the mechanical properties of TiNi material in both bulk and thin film forms. It was shown that
residual idents made with spherical indenter can be fully recovered upon annealing to 400 °C [16] because by
using blunter tips the TiNi material is deformed primarily via strain-induced phase transformation and the plastic
deformation plays minor role.

For MEMS application it is necessary to produce TiNi thin films with thickness of several um, for which standard
methods of production as rolling and melt-spinning are unsuitable and insufficient. The TiNi thin films with low
thickness are thus mainly synthesized by DC magnetron sputtering of a TiNi target [17]. On the other hand,
other methods as e-beam evaporation [18] or pulsed laser deposition [19] are reported. Although TiNi thin films
deposited by DC magnetron sputtering exhibit excellent SME and good mechanical properties, the martensitic
transformation temperature of TiNi SME is strongly affected by chemical composition [20] which cannot be
perfectly controlled by using these conventional methods. As an alternative, which controls the chemical
composition more precisely, the dual-head sputtering system with Ti and Ni targets can be utilized for
fabrication of Ti/Ni multilayer films consisting of alternating nanolayers of pure Ti and Ni. Afterwards, this
system can be converted into the TiNi alloy thin film through solid state amorphization by using a heat treatment
[21-24]. The final chemical composition is controlled by the deposition time of an individual nanolayer which
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sets its individual thickness. By using this fabrication method, the resulting TiNi shape memory alloy has
comparable mechanical properties and its SME occurs for lower temperatures compared to TiNi prepared by
sputtering of a single TiNi target [25].

In this study we focused on the evaluation of mechanical properties of Ti/Ni multilayers prepared by dual-head
magnetron sputtering of Ti and Ni targets. Coatings composed of nanolayers of Ti and Ni with different
individual thicknesses were compared by means of nanoindentation with Berkovich tip. The grain size was
calculated from X-ray diffraction. The deformed area of the residual indents was analyzed in cross-sections by
combination of focused ion beam (FIB) and post-mortem transmission electron microscopy (TEM) techniques
and the prevailing deformation mechanism was found.

2, EXPERIMENTAL

A set of Ti/Ni multilayered coatings with different thicknesses of individual Ti or Ni layers were prepared by
magnetron sputtering of titanium and nickel targets in an argon atmosphere. Prior to the deposition the single
crystalline silicon substrates were cleaned and etched by ion bombardment for 5 minutes. The floating potential
on a substrate holder was used and the substrate rotation was turned on to ensure good spatial homogeneity
and constant thickness of individual layers. The deposition conditions as applied power on targets, deposition
pressure and substrate rotation speed are presented in Table 1 for each design of Ti/Ni multilayered coatings.
During the deposition the power on targets were periodically turned on and off depending on which layer was
currently deposited. The growth rates of Ti and Ni were found to be 0.75 nm/s and 1.52 nm/s, respectively,
and the deposition time varied depending on the desired thickness of an individual layer h. The first described
film in the Table 1 is composed of Ti + Ni without multilayered microstructure and was synthesized by
sputtering of Ti and Ni targets together.

Table 1 Summary of deposition conditions for all designs of Ti/Ni multilayered coatings.

h [nm] Overall thickness | Power on Ti Power on Ni Deposition Rotation [rpm]
[nm] target [W] target [W] pressure [Pa]
No multilayer 500 350 350 0.30 3.0
100 500 350 350 0.30 3.0
50 500 350 350 0.30 3.0
10 500 350 350 0.30 3.0
5.0 1000 300 200 0.16 4.8
2.5 1000 300 300 0.16 4.8
1.7 1200 300 300 0.16 4.8

The depth sensing nanoindentation method performed on Hysitron TI950 Triboindenter equipped with a
Berkovich tip was used for measurement of indentation hardness and reduced elastic modulus. The mounted
nanoscale measuring head with resolution of 1 nN and load noise floor lower than 30 nN allow to measure in
the load range from 50 nN up to 11 mN. Several quasistatic tests, each containing 20 segments of partial
unloading which provided hardness and modulus as functions of indentation depth, were carried out in load
controlled regime using a constant loading rate of 0.2 mN/s. The partial unloading segments were fitted and
evaluated according to standard procedure proposed by Oliver and Pharr [26] and values of indentation
hardness and reduced elastic modulus were obtained from a region where the substrate influence as well as
tip rounding and surface effects were negligible.

The micro-indentation tests used for microscopic evaluation of deformed area were performed by a Berkovich
tip (tip radius ~ 200 nm) with applied load of 1 N. Thin lamellar cross sections for TEM observations on a Philips
CM12 STEM transmission electron microscope operating at 120 kV and a JEOL 2100F high resolution TEM
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were prepared using a focused ion beam in Tescan LYRA 3 XMU SEM x FIB scanning electron microscope.
The measurements of X-ray diffraction (XRD) were performed on a Rigaku Smartlab X-ray diffractometer with
a grazing angle of incidence configuration and the grain sizes for Ti and Ni layers were calculated using
Scherrer formula [27].

3. RESULTS AND DISCUSSION

The XRD patterns presented in Figure 1 show polycrystalline microstructure of Ti/Ni multilayers. The
microstructure is composed of hexagonal (hcp) Ti and cubic (fcc) Ni grains of different sizes. For the case of
Ti/Ni system with thick layers (here 50 nm), dominant reflections from a hcp Ti lattice (002) and from fcc Ni
lattice (111) and (200) were observed. For thinner layers, the Ti (002) peak gets wider and for h = 2.5 nm it
disappears. For h = 5 nm, another peak emerged at 41.4 ° for which the reflection of Ti (101) is responsible.
This peak also contributes to the observed wide band observed for the sample with h = 2.5 nm. With decreasing
the individual layer thickness h, a peak broadening is obvious for Ti as well as for Ni layers indicating finer
grains for thinner layers. For smaller thickness of an individual layer, the grain growth is suppressed and finer
grains are dominant.
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Figure 1 Diffraction patterns for Ti/Ni multilayers with individual layer thickness h = 50, 5.0 and 2.5 nm

The dependencies of grain sizes of individual Ti and Ni layers are presented in Figure 2. The mean grain size
gradually decreases with decreasing h from ~ 15 nm for h = 100 nm down to ~ 3 nm for h = 2.5 nm of thickness.
The diffraction peaks Ti (002) and Ni (111) for samples with layers of 2.5 and 1.7 nm thickness were overly
wide so the precise calculation of mean grain size was difficult and presented values are only estimations.

The evolution of hardness as a function of h is plotted in Figure 3. The layer with thickness of 0 nm was
assigned to the Ti + Ni sample without the multilayered microstructure. Hardness increases with decreasing
the layer thickness from 100 nm down to 10 nm. While the peak hardness of ~ 9 GPa was reached at 10 nm,
which is in accordance with literature [28], a gradual drop of hardness is observed for further decrease of h.
Generally, for polycrystalline multilayer thin films, both fine grains and small individual layer thickness can
contribute to material strengthening due to dislocation-mediated deformation mechanisms. The evolution of
hardness in the thickness region between 100 nm and 10 nm can be described and explained by Hall-Petch
mechanism [29, 30], which states that material with finer grains contains more grain boundaries providing more
barriers to dislocation movement.
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Figure 2 The mean grain size evolutions for Ti and Ni grains calculated by Scherrer formula
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Figure 3 The dependency of hardness H on individual layer thickness h

The Hall-Petch mechanism can also be applied for multilayered systems if the grain size in the Hall-Petch
equation is replaced by the individual layer thickness [28, 31]. The dislocation strengthening is then caused by
dislocation pile-up on interfaces between individual layers. System with thinner layers then correspondingly
suppress more easily the dislocation motion than multilayers consisting of thicker layers. The empirical Hall-
Petch mechanism is applicable for layers of thickness higher than 50 nm. In the range of approximately 10 -
100 nm [28, 32, 33], the dominant deformation mechanism is confined layer slip which is based on a single
dislocation bowing between two interfaces. Both, Hall-Petch law and confined layer slip mechanisms, predicts
the hardness increase with decreasing h.

The hardness in the region h > 10 nm gradually decreases. This behavior can be interpreted as a shift from
confined layer slip deformation mechanism to interface crossing of single dislocations [28]. In Figure 4 a cross-
sectional TEM image from the deformed region after a 1 N micro-indentation is presented for a multilayered
coating with h = 5 nm from which it is clear that interfaces near the deformed region are smeared and broken
which supports the explanation of dislocation motion through interfaces. The resistance of an interface to
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transmission of a single glide dislocation is largely independent of h and decreases only if the layer thickness
approaches the size of dislocation core dimension (approximately ~ 1 nm) [33, 34]. However, in this situation
the onset of the hardness decrease is at h between 5 and 10 nm which is higher than the typical size of a
dislocation core. Therefore, although the glide dislocation motion through interfaces may be a partial
explanation of hardness drop for very low layer thicknesses, other mechanisms need to be sought for.

Figure 4 The cross-sectional transmission electron microscopy images of a) central region and
b) edge of the deformed area under the micro-indentation imprint for the sample
with layer thickness h = 5.0 nm

As it was shown by XRD (see Figures. 1 and 2), the Ti/Ni multilayers exhibited a polycrystalline microstructure
with the mean grain size increasing with h and, thus, a grain boundary sliding can be considered as another
softening mechanism. Also, a slight stress induced recrystallization of Ti and Ni to nitinol (TiNi) close to the
interface can introduce a new stress which can lead to subsequent decrease of interfacial resistance to
dislocation transmission (see Figure 4) resulting in the observed decrease of hardness.

4, CONCLUSION

Several Ti/Ni multilayers with different individual thickness of Ti and Ni layers were synthesized by magnetron
sputtering. From the XRD results it was concluded that all synthesized coatings have polycrystalline
microstructure and that the mean grain size decreased gradually for thinner layers. The hardness evolution
with layer thickness was explained in detail. The maximum value of 9 GPa was found for the individual
thickness of 10 nm. For higher thicknesses down to 10 nm, the changes in hardness follow rules of Hall-Petch
and confined layer slip mechanisms. The decrease of hardness for thicknesses below 10 nm was explained
by a combination of several factors. While for very small thicknesses the transmission of single glide dislocation
is dominant, for thicknesses in the region between 5 to 10 nm, where the onset of the hardness decrease lies,
other mechanisms as grain boundary sliding within individual layers or stress induced recrystallization to TiNi
play more important role.
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