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Abstract The mechanisms of nanoscale fatigue of func-
tionally graded TiN/TiNi films have been studied using
multiple-loading cycle nanoindentation and nano-impact
tests. The functionally graded films were sputter deposited
onto silicon substrates, in which the TiNi film provides
pseudo-elasticity and shape memory behaviour, while a top
TiN surface layer provides tribological and anti-corrosion
properties. Nanomechanical tests were performed to
investigate the localised film performance and failure
modes of the functionally graded film using both Berko-
vich and conical indenters with loads between 100 uN and
500 mN. The loading history was critical to define film
failure modes (i.e. backward depth deviation) and the
pseudo-elastic/shape memory effect of the functionally
graded layer. The results were sensitive to the applied load,
loading mode (e.g. semi-static, dynamic) and probe
geometry. Based on indentation force—depth profiles,
depth—time data and post-test surface observations of films,
it was concluded that the shape of the indenter is critical to
induce localised indentation stress and film failure, and
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generation of pseudo-elasticity at a lower load range.
Finite-element simulation of the elastic loading process
indicated that the location of subsurface maximum stress
near the interface influences the backward depth deviation
type of film failure.

Keywords Nitinol - Shape memory alloys - Biomedical -
Multiple-loading cycle nanoindentation - Nano-impact
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Introduction

Titanium-nickel (TiNi) alloys and thin films are commonly
used shape memory alloys (SMAs) for biomedical appli-
cations, with two distinctive features of pseudo-elasticity
(or superelasticity) and shape memory effect. Studies of
localised cyclic contact stresses (using multiple-loading
cycle nanoindentation and nano-impact) and their influ-
ences to the SMAs and thin films can provide valuable
information for their component designs and applications.
This can be realised through nanoindentation by control-
ling loading conditions and geometry of contact probes to
investigate deformation behaviours of multilayer structures
at highly concentrated stressed conditions. This paper is
aiming to investigate, for the first time, how by varying
levels of localised contact, the cyclic stresses induced on
the top layer TiN film on a TiNi-based SMA thin film
affect the nanoscale fatigue failure modes and superelastic/
shape recovery behaviour.

TiNi-based SMA thin films, with their shape memory
effect, pseudo-elasticity, biocompatibility, deformation
compatibility and high damping capacity, have found
applications in biomedical and microelectromechanical
systems (MEMS) [1], Fu and Du [2], Fu et al. [3-11].
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Different micro-devices, such as micro-grippers, micro-
mirrors and micro-cages have been designed and demon-
strated using TiNi-based SMA thin films (Fu et al. [12-15].
Concerns, however, remain for the applications of thin-film
SMA materials, because of their unsatisfactory mechanical
and tribological properties, chemical resistance and bio-
logical reliability, such as, potential nickel release [16, 17]
and poor localised corrosion in chloride containing envi-
ronments [18, 19]. Therefore, there have been some pre-
vious studies on the surface and biocompatibility of TiNi
bulk materials [20, 21]. It is generally agreed that the
presence of an adherent and stable TiO, film on TiNi bulk
alloy surface is beneficial to its corrosion resistance and
biocompatibility, but this layer is generally thin (up to tens
of nanometres) [16, 22]. The mechanical properties of TiO,
and TiNi are vastly different, and this thin oxide layer can
easily be damaged during deformation or complex inter-
action involving wear [23, 24]. For medical applications
using the TiNi alloys, it is crucial to optimise the pro-
cessing of their passivation layer, and prevent surface layer
degradation. Ion implantation [25], gas nitriding [26-28]
and TiN coating [18, 29] have been employed to improve
surface properties of the bulk TiNi alloys. Similarly, after
applying a TiN layer on the TiNi films, the shape memory
and pseudo-elastic behaviour of the bulk film are retained,
while the modified surface layer renders new surface
properties (biocompatibility, wear and corrosion resis-
tance). Our previous work [1, 30] explored the deposition
of a functionally graded TiN/TiNi layer to fulfil this pur-
pose. The presence of an adherent and hard TiN layer
(200 nm) on TiNi film (3.5 pm) formed a good passivation
layer which improved the overall hardness, load bearing
capacity and tribological properties without sacrificing the
phase transformation and the shape memory effects of the
underlying TiNi thin-film layer (Fu and Du [30].

During applications, the TiNi films may suffer from
various failure damages during cyclic loading conditions
(tensile, compressive, shear or combination of these stres-
ses). Shape memory micro-devices will be widely used in
micro- or nanoscale loading or actuation functions, which
could cause microscale indentation, scratch, fatigue and
impact, etc., ranging from elastic/plastic deformations to
catastrophic failures. These films should have low residual
stresses to prevent deformation of devices, and have abil-
ities to resist crack initiation/propagation, and surface
scratch and wear.

The current work is aiming to investigate the nanoin-
dentation and nano-impact responses of functionally gra-
ded TiN/TiNi thin films under multiple-loading cycles. In
contrast to a few reports about the nanoindentation of shape
memory thin films primarily focusing on the shape memory
effects, pseudo-elastic behaviour, or mechanical properties,
etc. [31-36], this work sheds new light on the multiple-

@ Springer

loading nanoindentation (low-cycle fatigue) and nano-im-
pact (relatively high-cycle fatigue) performance of func-
tionally graded TiN/TiNi films. The multiple-loading
nanoindentation tests are useful to measure hardness and
elastic modulus versus depth in the cases of thin-film and
thick coatings, whereas, the multicycle tests are performed
at a constant load to investigate the dynamic indentation
response to study localised fatigue behaviour. Since the
indentation fatigue damage starts with deformation, crack
initiation and propagation, the interpretation of the multi-
ple-loading nanoindentation and nano-impact-based fatigue
results will depend on the characteristics of the full loading
cycle (loading—holding—unloading) history. This investi-
gation also identifies the shape memory/pseudo-elasticity
of the TiNi layer on Si substrate under these loading con-
ditions with two different shape indenters. The interfacial
adhesion failure is also performed using three-dimensional
finite-element analysis (FEA) of stress distribution during
indentation contact of the TiN top layer and underlying
TiNi layer on Si substrate.

Experimental and Simulation Work
Test Specimen Preparation and Characterisation

TiNi films of 3.5 um thickness were prepared on a 450-pum-
thick (100) silicon substrate by co-sputtering a Ti0.5Ni0.5
target with an RF power density of 8.8 W/cm? and a Ti
target at a DC power density of 0.3 W/cm”. During
deposition, the silicon wafer was heated to 450 °C for
in situ crystallisation. Following deposition of the TiNi film
without breaking vacuum, a layer of ~200-nm-thick TiN
was prepared by sputtering the Ti target at a DC power
density of 4.4 W/cm? for 30 min with Ar/N, gas ratio of
1/1. The argon pressure was 1.0 mTorr.

The Ti/Ni ratio in the film was determined as 49.8/50.2
by energy dispersive X-ray spectroscopy (EDX). Marten-
sitic transformation behaviour was analysed using a Philips
PW3719 XRD at different temperatures from 20 °C to
75 °C. The phase transformation temperatures of the TilN/
TiNi film were obtained using a differential scanning
calorimetry (DSC, Perkin Elmer) at a heating/cooling rate
of 5 °C/min. Surface roughness was measured using an
atomic force microscope (AFM, Nanosurf® Nanite, SPM
S50, Liestal, Switzerland) with a scan range of 5x5 pum?.
The obtained roughness value, R,, from AFM analysis was
approximately 30—40 nm, indicating a very smooth film
surface.

X-ray photoelectron spectroscopy (XPS) analysis was
performed on film surface using a Kratos-Axis spectrom-
eter with monochromatic Al Ko (1486.71 eV) X-ray radi-
ation and hemispherical analyser. The survey spectra in the
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range of 0-1100 eV were recorded in 1 eV steps for each
sample, followed by high-resolution spectra over different
elemental peaks in 0.1 eV steps, from which the detailed
composition was calculated. Curve fitting was performed
after a Shirley background subtraction by a nonlinear least
square fitting using a mixed Gauss/Lorentz function. To do
a depth analysis, Ar ion bombardment was carried out
using a differential pumping ion gun with an accelerating
voltage of 5 keV and a gas pressure of 10~/ mTorr. The
bombardment was performed at an angle of incidence with
respect to the surface normal to 45°. The ion gun flux was

14 - 2 -1
about 10" ions cm™ “ s .

Single-Loading Cycle Nanoindentation Testing

Nanomechanical measurement (hardness, H, and elastic
modulus of specimen surface, E;) at a normal load of 100
uN was characterised using a NanoTest™ system (Micro
Materials Ltd., UK) by employing a Berkovich diamond
indenter. The indentation procedures were programmed as
three segments of a trapezoidal shape. For the first seg-
ment, the load was increased to a maximum value with a
loading rate of 2 mN/s, following by a 5-s holding segment
(second one) at the maximum load. For the third segment,
the indenter tip was unloaded from the sample with an
unloading rate of 2 mN/s. The area function for the Ber-
kovich indenter was calibrated on a standard fused silica
reference sample. The force—displacement (P-h) profiles
were analysed per the Oliver and Pharr method to deter-
mine the hardness and elastic modulus [37]. For the cal-
culation of the thin-film elastic modulus (E,), the elastic
modulus of the diamond indenter (E;) and Poisson’s ratio of
the diamond indenter (v;) were used as 1140 GPa and 0.07,
respectively, and the Poisson’s ratio of the top layer of the
TiN thin film (vs) was 0.22. Post-indentation residual cra-
ters were mapped using an atomic force microscope (AFM,
Nanosurf® Nanite, SPM S50, Liestal, Switzerland) at a
scan rate of 1 Hz.

Multiple-Loading Cycle Nanoindentation Testing

A multiple-loading cyclic nanoindentation with a trape-
zoidal function was programmed into three segments
which are the same with the above-mentioned single-cycle
measurement. The first segment comprised a peak loading
in 10 s followed by a 5 s holding segment at the peak load.
The third segment retrieved the indenter tip from the
sample in 10 s to the 30% of the test load before reloading
for the next cycle. The applied loads were 0.1-1, 1-10,
10-100, and 100-500 mN. Each test was conducted for a
total of 10 incremental multiple-loading cycles using two
types of indenters (Berkovich and conical). The conical
indenter with 10 um tip radius was used. Two different

indenter types were used to obtain different stress con-
centrations and generate cracking or deformation in the
film. Five repeated tests were done for each load range to
ensure repeatability of the experimental data. An equal
displacement approach [38] was used to keep the loading
force larger than the unloading force (i.e. Py > Py). Post-
test craters were mapped using the above-mentioned AFM
at a scan rate of 1 Hz.

Nano-Impact (Fatigue) Testing

Nano-impact (localised contact fatigue) experiments of the
thin film were conducted using the aforementioned Nano-
Test™ system and both Berkovich and conical indenters
with four different impact forces (i.e. 0.5, 1, 10 and 100
mN) for 1000 impact cycles at each load. The loading and
unloading cycles for the nano-impact tests involved a linear
loading of the specimen to a full load in one second and
then a full unloading in another second with a zero-hold
time at the peak load (each run with total test time of
2000s). A total of five repeated tests for each indenter
shape were conducted at each load. The evolution of sur-
face impact response was recorded in situ by monitoring
the changes in the positions of the indenter (depth vs. time).
This technique was adapted to understand the mechanisms
of nano-impact (low-cycle fatigue) failure [32, 33] of the
constraint TiN/TiNi bilayer which could be different from
those of free-standing films due to constraint effect of the
substrate, stress gradient effect and existence of residual
stress. The failure was defined as a sudden change in depth
amplitude with time or number of impacts. All the above
nanomechanical tests and measurements were done in the
instrument chamber at an ambient temperature of 23 °C.

Finite-Element Simulation of Indentation Contact

This simulation section by no mean presents constitutive
model for simulating the rate-dependent pseudo-elastic
shape memory alloys, but presents a finite-element (FE)
elastic simulation to understand the contact mechanics of
indentation in a residual stress free (pre-existing) bilayer
coating—substrate system. This indentation loading has
been performed to investigate the location of subsurface
maximum stress near the interface (and not the shape
memory features) which can influence film failure. Because
of their complex nature and film properties which vary with
depth and materials of varying toughness, FE simulations
of indentation testing (under Berkovich and conical
indenters; with 10 pm tip radius for conical indenter) of
TiN (200 nm) on TiNi (3.5 pm) on 7.5-pum-thick Si sub-
strates can provide valuable information to ascertain the
dominant stress fields.
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The FE simulations were conducted using ANSYS
Parametric Design Language (APDL) program. All the
materials are assumed to have elastic behaviour. The
symmetrical nature of the indentation has been considered
during the creation of the models, and thus, in the case of
Berkovich indentation, only half of the entire model was
considered with the half plane acting as the plane of
symmetry. Similarly, one quarter of the geometry has been
modelled in conical indentation as there are two symmetry
planes in this case. The elastic modulus and Poisson’s ratio
of the Si substrate were considered as 150 GPa and 0.17
[39], respectively. The corresponding values for the TiNi
coating were taken as 55 GPa and 0.33, respectively [39],
and for the TiN coating, they were 132 GPa and 0.22 [39],
respectively.

The interfaces between the Si substrate and TiNi coating
and those between the TiNi coating and TiN coating have
been assumed to be perfectly bonded. All the geometrical
entities except the Berkovich indenter have been meshed
using Solid185 hexahedral elements for maximum accu-
racy of the results. The Berkovich indenter has been
modelled with Solid185 tetragonal elements as the hexa-
hedral elements cannot be used in this case. The contact
between the indenter and the TiN film surface has been
modelled using a contact pair with contact 174 and target
170 elements.

These elements were used to model the contact between
the indenter and target TiN surfaces as a series of high
stiffness springs which transmit the load between the two.
The contact stiffness has been chosen to be sufficiently
high so as not to allow any penetration between the two
surfaces but still ensuring faster convergence of the solu-
tion. The number of elements and nodes used in the case of
the Berkovich indentation were 72736 and 82621, respec-
tively (excluding the contact and target elements), which
gave accurate results. Similarly, in the case of conical
indentation, the number of elements and nodes were 56128
and 64908, respectively (excluding the contact and target
elements). The mesh density has been increased at the
expected high stress concentration zone. For the FE sim-
ulation, the maximum load applied was 500 mN. The von-
Mises stress and strain criteria were used in identifying the
failure locations.

Results and Discussion

Thin-Film Characterisation

Results from the DSC shown in Fig. la confirmed the
occurrence of the martensitic transformations during heat-

ing and cooling and that a thin layer of TiN did not change
the phase transformation behaviour [39]. Transformation
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from martensite to austenite was observed during heating,
whereas a two-stage transformation among austenite,
R-phase and martensite was found during cooling. During
heating, the austenite start and finish temperatures are
57 °C and 68 °C, respectively. During cooling, the R-phase
start and finish temperatures are 39 °C and 32 °C, and the
martensitic transformation start and finish temperatures are
25 °C and 16 °C, respectively. Clearly, the transformation
finishing temperature from R-phase to martensite phase is
well below the room temperatures of 23 °C. XRD analysis
results of the graded film at different temperatures are
plotted in Fig. 1b. It reveals the existence of a mixture of
martensite and R-phase (based on DSC results) as well as
TiN phases at the room temperature of 23 °C. With the
increasing temperature, the remaining martensite gradually
changes to austenite (cubic) during heating, and vice versa
during cooling, demonstrating the occurrence of marten-
sitic transformation.

The composite depth profiles of TiN/TiNi films obtained
from XPS analysis are shown in Fig. lc. As expected, Ti
and N elements dominate the surface of the sample.
Inspection of the profiles shows three different regions. The
first region is near the surface, and is characterised by C-
and O-contaminated layer (<20 nm thick). Since the
samples were exposed to atmosphere prior to measurement,
the surface contaminants, i.e. O and C, were introduced due
to the adsorption. With ion bombardment, C and O can be
removed quickly. The second region presents the compo-
sition of TiN layer in which the atomic ratio of Ti over N is
about 1.2-1.5:1. It should be noted that XPS has a better
sensitivity for determining low concentrations of nitrogen,
oxygen and carbon elements, but underestimates their
amounts at higher concentrations [40—42]. During sputter-
ing process, effects such as preferential sputtering of dif-
ferent atomic species may take place. Argon ion sputtering
was found to be selective for the TiN, favouring a slight Ti-
enriched results for the surface region [43]. Therefore, in
the TiN layer, the nitrogen concentration could be slightly
higher than the XPS determined values. The third region is
a 200-nm-thick intermediate layer in which TiN phase is
gradually changed to TiNi phase (from a depth of about
150-320 nm). Due to the high temperature during deposi-
tion, there is significant inter-diffusion of Ti, N and Ni
elements in this intermediate layer. Nitrogen was detected
at a depth of ~300 nm into the TiNi film. Surface of TiN-
coated TiNi films is nickel free. Traces of Ni element can
be detected only 150 nm below the surface. It is thus
expected that this TiN layer could act as a nickel diffusion
barrier. Ni increases from zero to TiNi composition and N
decreases to trace amount, while Ti gradually reduces to
TiNi composition.

Figure 1d shows Ti 2p spectra of TiN layer and then the
TiNi film layer, both showing the Ti 2p% and Ti 2p*?
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Fig. 1 Characterisation results: a DSC result of the TiN-coated TiNi
films, indicating transformation from martensite to austenite during
heating (M-A); and transformations from austenite to R-phase (A-R)
and R-phase to martensite (R-M); b XRD showing crystalline phases
changing with temperature, and XPS analysis showing, ¢ composition

peaks. These two peaks can be deconvoluted into sub-
peaks. On the TiN layer, the dominant peak is Ti" peak,
with a broad range of combined peaks of Ti-X (consisting
of stoichiometric and non-stoichiometric TiN phases, tita-
nium oxide, titanium oxy-nitride). As shown in Fig. 1d, the
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changes with the increase of depth for TiN-coated TiNi film obtained
from XPS analysis, d comparison between Ti 2p peaks in TiNi and
TiN layer (in arbitrary units), and e N 1s spectrum on surface layer of

TiN-TiNi graded coating

detailed deconvolution of Ti components in the TiN sur-
face layer is quite difficult because there could be over-
lapping among different components [30, 40-44].
However, the dominant Ti 2p' and Ti 2p3/2 peaks in the
TiNi layer are linked with metallic Ti states in the TiNi
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phase, and the binding-energy values are slightly lower
than those of the Ti 2p peaks in the TiNi phase. This is
mainly due to the charge transfer caused by the Ti—N bond
formation. For the Ti 2p peaks in the TiNi layer, there is
also a broad range of combined peaks of Ti-X (consisting
of stoichiometric and non-stoichiometric TiOx phases).

Figure le shows N 1s spectrum in the TiN layer of TiN-
TiNi graded film. The strongest peak is attributed to N-Ti.
There are two peak components related to N-O and N-C
bondings. As shown in Fig. le, the presence of small peak
at around 402 eV is due to chemisorbed nitrogen [30]. The
fact that a short-time sputtering eradicated these small
peaks indicates that they are from surface contaminants.
There is a peak at 395.7 eV which can be attributed to the
binding energy of nitrogen atoms in interstitial tetrahedral
position in TiN lattice [41]. The ratio between on-site N in
TiN lattice and interstitial N was found to vary from 6/1 to
7/1, indicating most nitrogen atoms are in the TiN lattice.
There are certain amounts of interstitial nitrogen existing
persistently in the TiN layer.

Single-Loading Cycle Nanoindentation

Figure 2a shows the indentation curves during loading/
unloading processes using the Berkovich indenter with an
indentation load of 100 uN load. From the experimental
nanoindentation results, the hardness (H) and elastic
modulus (E;) of the surface layer at 100 uN load were
obtained as 7.8 & 4, and 83 + 42 GPa, respectively (with
average maximum indentation depth of 32 + 6 nm). A
nanoindentation load of 200 mN was also chosen (single
run, Fig. 2b), which corresponds to a relative indentation
depth (RID) of 0.4 using the combined film thicknesses
(3700 nm). The measured hardness (H) and elastic modu-
lus (E,) were 5.05 and 116 GPa, respectively (with a
maximum indentation depth of 1453 nm). Figure 2¢ shows
the corresponding AFM image (inset: an optical micro-
scope image without scale marker). Due to the large
indentation stress, significant plastic deformations occur in
both the TiN and NiTi layers, and thus, the recovery ratio is
not very high. Figure 2c also shows the occurrence of a
moderate fracture and film delamination around the
indentation edge possibly due to cohesive and adhesive
failures.

As shown in Fig. 2(a), it should be noted that the loading
curve (OA) and the holding curve (AB) are forward pro-
gressing during each indentation cycle, and the unloading
curve (BC) is backward progressing. This type of nanoin-
dentation cycle profile is typical in nanoindentation testing.
Hereafter, it is defined as forward depth deviation (FDD)
(Faisal et al. [45, 46]. In this case, using the ‘equal dis-
placement approach’ [38], the loading force in P profile is
larger than the unloading force (i.e. P, > Py). Atsuch alow
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Fig. 2 Typical single-cycle nanoindentation testing (Berkovich
indenter): a 100 pN load, b 200 mN, and ¢ corresponding AFM
image (inset plan view optical microscope image at x 40 magnifi-
cation) at 200 mN load. Forward depth deviation, Py > Py, where P
and Py are loading and unloading forces, respectively, at equal
displacement

load (e.g. 100 pN, Fig. 2a), the tip of the Berkovich indenter
is in contact with both the top TiN layer as well as TiNi
layer, and the deformation of the composite layer is a
combination of elastic/plastic deformation of TiN layer as
well as the pseudo-elastic and martensitic detwining of the
underlying TiNi layer (as the phase is a mixture of R-phase
and martensite). This results in a significant overall recov-
ery ratio in the P-h unloading profile (post-indentation
AFM image could not be obtained, as there was no apparent
indentation mark observed).
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It is known that the evaluations of hardness (H) and
elastic modulus (E;) of the thin film require careful
assessment of the test parameters. This is because such
measurements may sometime represent a combined prop-
erty of the top layer film (TiN), sub-layer thin film (TiNi)
and the Si substrate rather than the film alone. A general
rule of thumb that the indentation depth should be 1/10 of
the film thickness (RID = 0.1) is widely applied (e.g.
Faisal et al. [45, 47] to avoid plastic deformation of the
substrate. In the current investigation, the nanoindentation
tests were done in a force control mode with a fixed
maximum load of 100 puN, which corresponds to an RID of
0.16 (if only the top layer TiN film thickness of 200 nm is
considered) and 0.01 (if the combined TiN top layer film
thickness of 200 nm and 3500-nm second layer was con-
sidered). It is important to note that these rules are often not
practical for film thickness values below 1 um (as dis-
cussed in Faisal et al. [32, 33, 45, 46]. The values of
hardness (7.8 £4 GPa) and modulus (83 £+ 42 GPa)
measured in this investigation are, however, much lower
than those observed for TiN coatings of similar thicknesses
deposited by unbalanced magnetron sputtering [48], where
typical hardness and modulus values were 22.8 + 3.4, and
276 £+ 41 GPa, respectively. The values recorded here for
the TiN film is closer to those of TiNi coatings which
generally have values from 7.2 to 9.2 and 113 to 132 GPa,
respectively [49]. Hence, the values of hardness and
modulus measured are actually a combined one from the
graded layer of TiN/TiNi film response.

Multiple-Loading Cycle Nanoindentation
Berkovich Indenter

Figure 3 shows the P—h profiles of multiple-load cycle
Berkovich nanoindentation (from Fig. 3a(i)—d(i)) and their
corresponding AFM images of indented marks (from
Fig. 3a(ii)—d(ii)) obtained at various load ranges of 0.1-1,
1-10, 10-100 and 100-500 mN.

As shown in Fig. 3a, b(i) for load range (0.1-1, 1-10
mN), the multiple-load cycle nanoindentation profiles
indicate maximum displacements in each cycle during
indenter loading, due to the hysteresis of forward and
backward loading depths, whereas in the P—h profiles in
Fig. 3¢, d(i) for load range (10-100, 100-500 mN), the
profiles indicate maximum displacements in each cycle
during indenter loading due to the hysteresis of forward
loading depth, thus showing a clear forward depth devia-
tion. A small pseudo-elastic recovery can be observed in
each cycle of the P-h profiles, which causes hysteresis
loops as shown in the inset of Fig. 3d(i) to appear in the
loading and unloading profiles, for each repeated cycle at

the studied load range (more dominant for 0.1-1 and 1-10,
less dominant for 10—-100 and 100-500 mN).

In Fig. 3a(ii), at such a low load range (0.1-1 mN), due
to the pseudo-elasticity and elastic deformation effects
from both the TiNi and TiN layers, shape is almost
recovered, as observed for all runs. The final cycle coor-
dinate, C (as defined in Fig. 2a), appears to be located at
hy > 0, Py > 0 (where h; is the final displacement and P; is
the corresponding residual forces). In Fig. 3b(ii) for the
load range (1-10 mN), due to a combined pseudo-elasticity
and elastic—plastic deformation of the film (martensite
detwinning as well under this large pressure), shape is
partially recovered, as observed for all runs, and the final
cycle coordinate, C, is located at (hs = 0, P> 0). In
Fig. 3c, d(ii) for the large load range (10-100, 100-500
mN), the indentation shapes are partially recovered, as
observed for all runs, and the final cycle coordinate, C, is
located at (A = 0, P¢ > 0). The corresponding AFM ima-
ges show residual indentation impressions after the final
cycle, including film failure around the indentation edge
(Fig. 3d(ii)). It should be noted that significant indenter
penetration has occurred immediately with the onset of
indentation using the Berkovich indenter. This is well
beyond the top TiN layer thickness of 200 nm, i.e. after
cycle 4 at the load range of 1-10 mN as shown in
Fig. 3b(i), and during cycle 1 for the load ranges 10-100
and 100-500 mN as shown in Fig. 3c(i) and d(i),
respectively.

Multiple-load cycle nanoindentation experiments using
the Berkovich indenter indicated that the deformation of
the composite film (i.e. TiN on TiNi on Si substrate) can
occur for the lowest load range (0.1-1 mN) to mid-level
load range (1-10, 10-100 mN). However, moderate frac-
ture (possibly both cohesive and adhesive, including film
delamination around the indentation edge) can occur at the
highest load range (100-500 mN) (e.g. Fig. 3d(ii)),
observed for each of the five repeats. However, in all these
examples, the AFM images of indented surface did not
show significant film and substrate failure. At the lowest
load range (0.1-1 mN), the indentation measurement
mainly includes thin film, but at higher load range (1-10,
10-100, 100-500 mN), the measured property represents a
combination of film/substrate properties.

Conical Indenter

Figure 4 shows the P—h profiles of multiple-cycle loading
using the conical nanoindenter (from Fig. 4a(i)-d(i)) and
their corresponding AFM images of indented marks (from
Fig. 4a(ii) to Fig. 4d(ii)) obtained at 0.1-1, 1-10, 10-100,
and 100-500 mN loads.

The multiple-load cycle conical nanoindentation P—
h profiles (Fig. 4(i, ii)) indicate broadly similar behaviour
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«Fig. 3 Typical multiple-load cycle nanoindentation testing (Berko-
vich indenter). Note: upward arrows in a(i) indicate maximum
displacement in each cycles during indenter loading (hysteresis-based
forward and backward depth deviation starts); downward arrows in
c(i) indicate maximum displacement in each cycles during indenter
loading (forward depth deviation starts)

to Berkovich indenter results (Fig. 3(i)) at different depth
magnitudes. In Fig. 4b, c, d(i), a small pseudo-elastic
recovery can be observed in each cycle of the P—h profiles,
which causes hysteresis loops (shown in inbox, Fig. 4b(i))
to appear in the loading and unloading profiles, observed
for each repeat cycles at the studied load range (more
dominant for 1-10 mN, less dominant for 10-100 and
100-500 mN). Multiple-load cycle nanoindentation
experiments using the conical indenter indicated that the
deformation of the combined film (i.e. TiN on TiNi on Si
substrate) can occur at a load range of 1-10 mN, observed
for each of the five repeats. However, moderate fracture
(clearly seen as pop-ins in Fig. 4c(i), possibly due to both
cohesive and adhesive failures, including film delamination
and substrate fracture) can occur at a higher load range
(10-100 mN), observed for just one of the five repeats. No
such pop-ins were observed during any repeats for the
highest load range (100-500 mN), as shown in Fig. 4d(i).
However, in all these cases, the AFM images are not
indicative of significant film and substrate failures.

Nano-Impact (Fatigue)—Berkovich and Conical
Indenters

Nano-impact (fatigue) experiments of thin film were con-
ducted using both the Berkovich and conical indenters with
four different impact forces (0.5, 1, 10 and 100 mN; and
1000 impact cycles for each load). Figures 5a(i) and a(ii)
show typical depth versus time curves of nano-impact
obtained at a load of 100 mN under Berkovich and conical
indenters. Figures 5b(i) and b(ii) show the corresponding
AFM images of impact marks (showing some wear around
impact), and Fig. 5c(i) and c(ii) show cross-sectional
morphologies of the centre of the impact craters. During
this fatigue test, it was noted that each hysteresis curve
(depth vs. time) was forward progressing during an early
stage of impact and then the increment was linearly
increased for many cycles at 0.5 mN load. At the moderate
loads (1 and 10 mN), each hysteresis curve was forward
progressing during an early stage of impact, reached its
maximum penetration, and then the depth decreased
(backward depth deviation) linearly for much of the cycles.
Backward depth deviation for Berkovich indenter (e.g.
Fig. 5a(i)) indicated a sudden film delamination (not
observed for conical indenter) for two runs (out of five) at
100 mN load between 200 and 550 impact cycles.

Table 1 summarises the different types of depth—time
profiles of nano-impact (fatigue) and Fig. 6 presents the
schematics (simple hypothesis) of thin-film behaviour
during nano-impact (fatigue) under Berkovich (or conical)
indenter, revealing the different types of depth deviations.
The backward depth deviation at the final impact cycle
indicates two types of deviations (Types I and II). Type I
indicate that the final impact depth (at the 1000th impacts)
is below zero, hy < 0; however, Type II indicates that the
final impact depth is above zero, h; > 0 (Fig. 6). As
observed from AFM images (e.g. Fig. 5(b)), no surface
cracking and delamination of the film occurred at this load,
but some amount of wear around the impact can be
observed. From Table 1, the co-ordinates of the depth at
the final 1000th impact (%¢) at all four loads can be below
zero (backward depth deviation of Type I), above zero
(forward depth deviation; or backward depth deviation of
Type II) or equal to zero (no depth deviation).

The plastic zone around an impact zone can drive a
lateral crack along a weak film/substrate interface, leading
to film delamination. Residual stresses in the film can
exaggerate the delamination by causing buckling of the
film. The delamination is usually evident as the surface
uplift around the impact, enabling indication of the crack
size and calculation of interface toughness. As mentioned
above, results of depth versus time curve indicate occur-
rence of both forward and backward depth deviations. For
both the indenters, no cracking in the thin film was
observed at the given AFM resolution. The interfacial
delamination (buckling or surface uplift around the impact,
as shown in Fig. 5b(i)) is associated with the distinct fea-
tures in depth versus time curves (as shown in Fig. 5a(i))
indicating the backward depth deviation (at 100 mN loads).
This backward depth deviation has been previously
investigated [47] in nano-impact (1000 impacts at 1 mN
load using NanoTest™ system) testing of 100-nm-thick
DLC film. It has been indicated that the film delamination
at the interface is possible without surface cracking and
significant reduction in contact depth (i.e. backward depth
deviation) (Ahmed et al. [50]. Also, the failure can start as
a crack perpendicular to the film—substrate interface which
is followed by film decohesion from the interface. It has
also been observed during nano-impact (Zhang et al. [51]
of other thin films (with interlayer of 15-50 nm Ni or Cr
prior to the deposition of 250 nm Pt—Ir films on binderless
cemented carbide tools). Without the interlayer of Ni or Cr,
the indenter depth continued to increase dramatically as the
repetitive impact test progressed, but the films with inter-
layer were more impact-resistant with the best impact
resistance occurring in a Pt-Ir film with a 50 nm Cr
interlayer. However, in the current investigation, the large
differences in mechanical properties of shape memory film
(ductile and pseudo-elastic) with substrates, the film can
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«Fig. 4 Typical multiple-load cycle nanoindentation testing (conical
indenter). Note: upward arrows in a(i) indicate maximum displace-
ment in each cycles during indenter loading (backward depth
deviation starts)

deform significantly, but the substrate will not, thus there is
fatigue-induced delamination or interfacial separation of
TiNi films with substrates.

The depth—time curve for impact test shows a forward
depth deviation during the early stage of impacts. For each
impact, the absorbing energy will be different due to
degradation of materials (indicated by changes in impact
depths) in the contact and subsurface zones. After attaining
a critical mismatch in the interfacial strain, the depth—time
curve shows a backward depth deviation during the later
stage of impacts. This is contrary to the expected behaviour
where contact depth should increase with the number of
impact cycles.

Based upon the observations discussed above related to
depth—time, the film—substrate behaviours during nano-
impact (low-cycle fatigue) for both the indenters can be
summarised as (a) forward depth increases leading to plastic
deformation or delamination in the thin film and substrate,
(b) mismatch in the interfacial strain leads to thin-film
delamination or cracking from the substrate, and (c) depth
decreases due to backward depth deviation (Type I or II) in
the delaminated thin film. It is clear from the above dis-
cussion that the occurrence of backward depth deviation
was load dependent. Due to the pseudo-elasticity of the
TiNi film, the indented patterns can be partially recovered
in such nanomechanical cyclic-loading process [31].

Influences of Contact Load and Indenter Shape

Contact stresses were introduced in the TiN/TiNi layered
system by the means of load-controlled multiple-cycle
nanoindentation. Berkovich and conical diamond indenters
were pressed on to the sample at different loads. From the
results shown in Fig. 3 (for Berkovich indenter) and Fig. 4
(for conical indenter), the thin film does not show signifi-
cant surface failures (e.g. film cracking). However, defor-
mation behaviours with different magnitudes can be
observed for each load range investigated. The Berkovich
indenter was expected to initiate cracking failure at the
concentration zone of the high tensile (normal) stress thus
leading to interfacial film delamination, in such nanome-
chanical loading process [31]. Under the Berkovich
indenter when penetration depth is larger than the film
thickness, the indenter penetrates much deeper into the
substrate in each load cycle.

As shown in Fig. 3a, b(i) for the multiple-load cycle
nanoindentation (Berkovich) profiles at 0.1-1 and 1-10

mN load range, each loading cycle appears as hysteresis-
based forward and backward depth deviations, indicating
significant shape recovery strain (related to sub-layer TiNi
due to pseudo-elastic effect) during each indentation
cycles. Under the same load range (Fig. 4a, b(i)), the
multiple-load cycle nanoindentation (conical) profiles has a
much larger recovery strain, which have been widely
reported [52]. At a higher load range (at 10-100 and
100-500 mN) under the Berkovich indenter in Fig. 3c,d(i),
each loading cycle appears to have less hysteresis-based
forward and backward depth deviations, indicating signif-
icant plastic deformation during each indentation cycle.
Under the same load range (Fig. 4c, d(i)), the multiple-load
cycle nanoindentation (conical) profiles will cause severe
deformation, the film could lose the properties of pseudo-
elasticity. It is important to note that the Berkovich
indentation P-h profile features for higher load range (at
10-100 and 100-500 mN, Fig. 3c, d(i)) are less distin-
guishable (i.e. not much different) compared with the
conical indentation P-h profile features (Fig. 4c, d(i))),
except the depth of indenter penetration (lower for conical
indenter). The sharpness of the indenter (Berkovich) gen-
erally produces enhanced stresses (i.e. stress concentra-
tions) and strains around the contact compared with
relatively round-shaped indenter (conical). This can be
useful in producing cracks around indentation impressions
in brittle thin films (e.g. diamond-like carbon (Ahmed et al.
[50], Faisal et al. [45-47, 53]). However, in the current
investigation, the TiN/TiNi graded system appears to have
significant resistance to apparent cracking due to its
superelasticity and martensitic detwinning processes (as
seen from AFM images shown in Figs. 3, 4). Such resis-
tance to cracks (even under sharp Berkovich indenter) can
be important in developing coating materials for localised
stress-sensitive applications.

Figure 7 and Table 2 summarise schematic presenta-
tions of distinct P—h profiles during an instrumented
indentation test using the equal displacement approach.
Linking of the P-h profiles with the pseudo-elastic effect
will strongly depend on the nature of the indentation’s
unloading profile. As mentioned earlier, this is based on the
location of the final unloading co-ordinate (k¢ Py): (a) Type
I with (b = 0, Py > 0), (b) Type II with (hy = 0, Py = 0),
(c) Type ITIA with (hs > 0, P; > 0) and Type IIIB with
(hf =0, P;>0), and (d) Type IV with (hy <0, Py =
Prax)- The Type IIA is a profile where the last unloading
force is above the first loading curve, and Type IIIB is a
profile where the last unloading force is below the first
loading curve (where Py and Py are loading and unloading
forces, respectively, at an equal displacement), &, is the
maximum displacement, 4. is the equal displacement, A is
the final displacement and P is corresponding force).
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Table 1 Summary of nano-

impact (fatigue) depth-time Imapet load, P (mN)

Berkovich indenter

Conical indenter

profile characteristics FD out of 5 BD out of 5 FD out of 5 BD out of 5
0.5 0 5; *(3+, 2—-) 0 5; *(0+, 5-)
1 5 0 0 5; *(0+, 5-)
10 0 5; *(4+, 1-) 0 5; *(3+, 2-)
100 0 5; *(3+, 2-) 1 4; *(4+, 0-)

FD forward depth deviation, BD backward depth deviation (data in the asterisk marked brackets indicate
the occurrence and the type of backward depth deviation where minus sign (—) indicate that the final impact
depth is below zero, & < 0; plus sign (+) indicate that the final impact depth is above zero, & > 0)

Forward depth
deviation (2>0) (a)

Plastic deformation

Backward

deiith (b)
deviation:

Type I (h<0)

Large delamination gap Plastic deformation

Backward
depth

deviation: (C)

Type II (2>0)

Low delamination gap Plastic deformation

Fig. 6 Schematic of thin-film behaviour during nano-impact (fa-
tigue) under Berkovich (or conical) indenter showing the types of
depth deviation: a Forward depth deviation. b Backward depth
deviation of type I. ¢ Backward depth deviation of type IL. f film,
s substrate, i indenter

Comparison of Simulation and Experimental
Results for Nanoindentation Contact

The simulation results of indentation contact have been
obtained to understand the stress distribution at the graded
layer/substrate system during indentation contact. Owing to
the elastic behaviour assumption in the simulation models
(Fig. 8a), the stress concentration is quite high at certain
locations in the models. These locations can be treated as
the failure initiation zones (Fig. 8b, ¢). One such zone is
the TiN-TiNi interface along which the stress is highly

concentrated underneath the Berkovich indenter diagonal
as seen in Fig. 8c(i). Also, there exists a large stress gra-
dient across this interface, and the stress is highly tensile
towards the top of the interface and a lower magnitude
tensile under the interface. This might lead to delamination
upon unloading because of the stress relief and consequent
strain mismatch (Fig. 8b(i)). In the case of thin-film coat-
ings, this translates to interfacial cracks initiating at the
indenter centre and then propagating along the diagonal.
The stress concentration has been observed more fre-
quently at the interface between the TiNi—TiN coatings and
not at the interface between the silicon substrate and the
TiNi coating.

In conical indentation simulations, a large tensile stress
was observed at the interface between the TiNi-TiN coat-
ings and not much between the Si substrate and the TiNi
coating interface (Fig. 8c(ii)). Hence, subsurface cracks
can be expected to form at high loads. Similarly, a com-
parable magnitude of tensile stress was seen to be acting at
the TiNi-TiN interface too. The Si-TiNi interface was at a
larger differential stress state when compared to the Ber-
kovich indentation. From Fig. 8b, there exists a large strain
between the TiNi coating and the TiN across the interface.
Compared to Berkovich indentation in which the strain
mismatch is localised to a zone underneath the indentation,
the strain mismatch appears over a larger volume in conical
indentation. Similarly, the Si-TiNi interface is at a higher
stress state when compared to the Berkovich indentation.

The subsurface stress and strain fields as seen is Fig. 8
can lead to interfacial strain and delamination without
surface cracking. The above model does not include plas-
ticity or any defects within materials and assumes the film
is residual stress (pre-existing) free and perfectly bonded to
the substrate; however, it provides an estimate of the elastic
stress distribution to mimic the experimental results
(“Single-Loading Cycle Nanoindentation, Multiple-Load-
ing Cycle Nanoindentation”, and “Nano-impact (Fa-
tigue)—Berkovich and Conical Indenters” sections). Based
on this model, it is expected that at loads lower than 500
mN, the indentation or impact behaviour will also be dic-
tated by the film adhesion properties and the underlying
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Fig. 7 Schematic presentation
of distinct force—displacement P
profiles during an instrumented
indentation test using the equal
displacement approach based on
final unloading co-ordinate (hy,
Pg): a Type I with (he = 0,

P; > 0), b Type II with (h; = 0,
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substrate. Regardless of some theoretical limitations (e.g.
considering elastically deformable material, ignoring sur-
face roughness, and taking coating and substrate as solid
and homogeneous materials, excluding pseudo-elastic
features in the model), the FE simulations of Berkovich
and conical indentation on bilayer coating—substrate sys-
tems are in good agreement with the experimental findings
to the observed surface features under AFM.

Mechanical Response of Functionally Graded Thin
Films

Published research on the multiple-cycle nanoindentation
and nano-impact (fatigue) response of TiNi films with a
thin TiN top layer is limited, and this investigation pro-
vides insight into their failure mechanisms. Some recent
examples for the similar work include nano-impact testing
on NiTi/Pb(Zrg 5,Ti 43)O3 thin film (Choudhary et al. [54].
Temperature- and superelasticity-dependent phase trans-
formations in bulk TiNi materials have, however, been a
topic of research for several investigations (e.g. [55-57].
These investigations in bulk TiNi materials have concluded
the importance of their fatigue resistances for industrial
applications, which need to be considered in conjunction
with the strain rate and temperature [56]. The experimental
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studies considered here in terms of multiple-cycle
nanoindentation and nano-impact (fatigue) did not include
the influence of temperature (or thermally)-induced phase
transformations, as these tests were conducted at room
temperature if the frictional heating at the indenter/film
interface was below the austenitic transformation temper-
ature. However, pseudo-elasticity still contributes to the
deformation behaviour. By modelling the indentation as an
elastic model (not elastic—plastic and superelastic), the FE
simulations (Fig. 8) based on continuum mechanics indi-
cated highly stressed (and hence highly strained) contact
zone. Further studies that include temperature-induced
shape memory and martensitic/austenitic phase transfor-
mations at nanoscale fatigue and multiple-cycle nanoin-
dentation are therefore necessary to further develop the
concepts of failure mechanisms concluded in this
investigation.

This work concentrates on the phenomena which occur
during nanoindentation and nano-impact and how the
examination can be used to study more fundamental
behaviour of materials such as deformation and fracture
[58] (e.g. Fig. 9, only one example observed). The SEM
image (Fig. 9) of nano-impact residual impression of
functionally graded TiN/TiNi on Si substrate at 100 mN
load shows some distinct features of top layer tearing
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Table 2 Summary of multiple-loading cycle nanoindentation P—h profile characteristics

Indenter Indentation (load No. of repeating  No. of P-h profile characteristic P-h types
type range, mN) cycles repeats
Berkovich 0.1-1 10 5 Hysteresis-based forward and backward depth Type HI(A): (he > 0,
deviation P:> 0)
4 final residual co-ordinate (ks > 0, Py > 0) Type HI(B): (hy = 0,
1 final residual co-ordinate (ks = 0, Py > 0) P> 0)
1-10 10 5 Hysteresis-based forward and backward depth Type HI(B): (he = 0,
deviation Py > 0)
5 final residual co-ordinate (b = 0, Py > 0)
10-100 10 5 Forward depth deviation Type I: (hs = 0,
Viscoelastic rebound during each loading cycles Py>0)
for each test runs
5 final residual co-ordinate (b = 0, Py > 0)
100-500 10 5 Forward depth deviation Type I: (hs = 0,
Viscoelastic rebound during each loading cycles Pe>0)
for each test runs
5 final residual co-ordinate (hs = 0, Py > 0)
Conical 0.1-1 10 5 Backward depth deviation Type HI(A): (he > 0,
4 final residual co-ordinate (hy < 0, Py = Ppax) Pr>0)
1 final residual co-ordinate (hs > 0, P; > 0) Type IV: (he < 0,
Pi=P mux)
1-10 10 5 Hysteresis-based forward and backward depth Type II(B): (hy = 0,
deviation Py > 0)
4 final residual co-ordinate (hy = 0, Py > 0) Type II: (hy = 0,
1 final residual co-ordinate (b = 0, Py = 0) Pr=0)
10-100 10 5 Forward depth deviation Type I: (hs = 0,
Viscoelastic rebound during each loading cycles Pi>0)
for each test runs
5 final residual co-ordinate (ks = 0, P; > 0)
100-500 10 5 Forward depth deviation Type I: (hs = 0,
P:> 0)

Viscoelastic rebound during each loading cycles
for each test runs

5 final residual co-ordinate (s = 0, Py > 0)

leading to significant residual stress relaxation, revealing
some other features existing at the nano-impact edge due to
high concentration of impact tensile stresses.

There are two aspects of applications of nanomechanical
techniques which make it unique: (i) enhancing the
understanding of the evolution of material behaviour, and
(ii) qualitative and quantitative evaluation of mechanical
properties such as deformation and fracture. Both aspects
have the potential to improve our understanding of the
structure—property relationships of current and future gen-
eration shape memory alloy materials. In addition, the
knowledge developed here can be incorporated to improve
the nanomechanical-based condition monitoring systems
for stress-critical applications. However, with some limi-
tations, it is summarised here that nanomechanical testing
has considerable scopes to assess complex deformation and
fracture properties of nitinol-based materials. With the

advancement of thin-film nitinol and their composites, it is
anticipated that the materials’ responses measured during
nanomechanical testing will be critical for enhancing our
understanding of future-generation shape memory alloy
applications [59].

Conclusions

Microstructures of the graded TiN/TiNi thin films have
been studied using DSC, XRD and XPS. Their nanoin-
dentation and fatigue properties were studied using multi-
ple-load cycle nanoindentation and nano-impact tests. The
following conclusions were drawn:

(i) DSC profile confirmed the occurrence of the
martensitic transformations during heating and
cooling and that a thin layer of TiN did not change
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(i) Berkovich indentation (ii) Conical indentation
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Fig. 8 3D elastic finite-element modelling at 500 mN load shown for TiN (200 nm) on TiNi (3. 5 um) on 7.5-um-thick Si substrate:
(i) Berkovich, and (ii) conical diamond indenters (Stresses are in MPa)
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Tearing of top layer TiN thin film
in the tensile zone (leading to
significant residual stress
relaxation)

Indent edge (conical

nano-impact)

Some effect of tensile
stress around the nano-
impact edge in the top
layer
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Fig. 9 SEM image of nano-impact residual impression of function-
ally graded TiN/TiNi at 100 mN load: a showing some distinct
features top layer tearing leading to significant residual stress
relaxation, including some other features at the nano-impact edge
due to high concentration of impact tensile stresses, and b magnified
view of the region (boxed)

the phase-transformation behaviour. With the TiN
protective layer on TiNi films, oxidation of the Ti
has been prevented. XRD profiles confirm that the
thin crystalline TiN layer physically resides on top
of the TiNi film without noticeable phase distur-
bance to the underneath TiNi layer. XPS depth
profile of the coating system indicates that a
100-nm-thick top layer is of pure TiN, beneath
which, a 200-nm transition layer exists on the
original TiNi film. In the transition layer, compo-
sition grading occurs as Ti reduces to that in TiNi,
and N gradually vanishes off. In the TiN top layer,
certain amounts of N atoms are found to exist in
the interstitial site of the TiN structure.

(ii) The geometrical shapes of the indenter test probe
(Berkovich or conical) and the indentation load
range were critical in inducing localised

indentation cyclic stress, leading to distinct film
failure mechanism and pseudo-elastic effect at a
lower load range. Based on the depth deviation,
and supplemented by AFM observations of inden-
tations, four types of the P-h profiles were
observed. In all cases, no surface cracking in the
films was observed under any indenter tips.
However, there may be some subsurface delam-
inations between TiN and NiTi layers and between
NiTi and Si substrate, including cracking in the Si
substrate at higher loads.

(iii)  Indenter shape and nano-impact load had little
influence on the type (forward or backward) of
depth deviations. Due to nano-impact, the failure
of films starts from delamination at the film—
substrate interface, resulting in decrease in contact
depth (backward depth deviation), and the delam-
ination failure indicates the release of elastic
stored energy (residual stress).

(iv)  The elastic finite-element stress results are in good
agreement with the experimental nanoindentation
failure features of the top layer TiN film. The
highest tensile stress occurs at the indentation
corners, which can induce the edge cracking first
in the coating surface. The location of maximum
stress (von-Mises) near the film/substrate interface
can indicate backward depth deviation using
conical indenter. Other film properties such as
localised adhesive strength, through-thickness
residual stress profile, microstructure, and consti-
tutive model for the comprehensive representation
of the evolutionary response of SMAs also need to
be considered in future studies for achieving
improved indentation modelling.
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