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Abstract
Thin sputtered films of binary (Ni–Ti) and ternary (Ni–Ti–Hf and Ni–Ti–Cu) shape memory alloys have been subjected to nanoindentation
over a range of temperature (up to 400 °C), using a small diameter spherical indenter. The load-displacement plots obtained during these
experiments have been interpreted so as to reveal whether the imposed strain was being at least partly accommodated by the martensitic phase
transformation, ie whether superelastic deformation was taking place. This was done by evaluating the remnant indent depth ratio (depth after
unloading/depth at peak load), which is expected to have a relatively small value if superelastic deformation and recovery are significant. It is
confirmed that this procedure, which has previously been validated for bulk material, can be applied to these thin films (~ 2 µm in thickness). The
results indicate that ternary alloys with up to about 20 at.%Hf or 10 at.%Cu can exhibit superelastic behaviour over suitable temperature ranges.
© 2007 Elsevier B.V. All rights reserved.
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1. Introduction
Thin films of shape memory alloys (SMAs) are of growing
interest, particularly for various small scale devices. Thin films
of Ni–Ti binary alloys have been extensively studied [1–17]
and the effects of alloying additions, particularly copper and
hafnium, on the transformation characteristics have also been
subjected to close scrutiny [18–27]. The addition of Hf stabilises the shape memory effect (SME) and superelasticity (SE)
to higher temperatures, generating what are sometimes known
[25–32] as high temperature shape memory alloys (HTSMAs).
These have been quite widely investigated, but the difficulty
and cost of alloying bulk Ni–Ti with such ternary additions has
proved problematic. Compositional control in these systems is
easier with thin films, giving a further incentive for their study.
The addition of Cu to Ni–Ti is also of interest. This does not
increase the transformation temperatures, but it can raise the
stability of the alloy during temperature changes and mechan⁎ Corresponding author.
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ical loading. The mechanism for this effect is thought [33] to
involve inhibiting the nucleation and growth of both R-phase
and Ni4Ti3 precipitates. The addition of Cu also reduces hysteresis effects during thermal cycling. Copper is soluble in NiTi
at levels of up to ~ 20 at.%, replacing the Ni on the lattice sites
[34]. Above this level, other phases form, limiting the SME.
However, the effective upper limit for Cu additions is actually
~ 10 at.%, above which it causes severe embrittlement [33,35].
A number of studies have previously been carried out involving nanoindentation of shape memory alloys, in both bulk
[36–38] and thin film [3,9,39–42] forms. However, only recently has it been clearly shown [43] that, by focussing on the
remnant depth ratio and testing over a range of temperature,
indentation load-displacement data can be interpreted to reveal
whether a (bulk) material is exhibiting SE (deforming primarily via strain-induced phase transformations). A remnant depth
ratio that shows evidence of superelasticity is not revealed
using a Berkovich tip, since the strains beneath a Berkovich
tip exceed the superelastic limit and the resulting deformation
is plastic. Using a spherical tip, where strains can be minimised, deformation can be kept below the superelastic limit and
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Table 1
Compositions and measured transformation temperatures for the thin films studied
Code

Composition

As

Af

Rs

Rf

Ms

Mf

TF1
TF2
TF3
TF4
TF5
TF6
TF7
TF8
TF9
TF10
TF11
TF12

Ni47 · 2Ti52 · 8
Ni49 · 4Ti50 · 6
Ni51 · 2Ti48 · 8
Ni49 · 6Ti45 · 2Hf5 · 2
Ni49 · 4Ti40 · 2Hf10 · 4
Ni49 · 5Ti34 · 9Hf15 · 6
Ni49 · 2Ti29 · 7Hf21 · 1
Ni49 · 3Ti26 · 3Hf24 · 4
Ni49 · 2Ti22 · 1Hf28 · 7
Ni47 · 6Ti51Cu1 · 4
Ni40 · 2Ti51Cu8 · 8
Ni34 · 4Ti53Cu12 · 6

60 °C
75 °C
10 °C
−25 °C
85 °C
150 °C
220 °C
385 °C
N400 °C
70 °C
45 °C
50 °C

70 °C
85 °C
20 °C
35 °C
110 °C
160 °C
250 °C
415 °C
N400 °C
75 °C
55 °C
60 °C

70 °C
50 °C
40 °C
25 °C
100 °C
125 °C
–
–
–
–
–
–

40 °C
40 °C
30 °C
10 °C
70 °C
100 °C
–
–
–
–
–
–

40 °C
40 °C
− 40 °C
− 45 °C
70 °C
100 °C
200 °C
360 °C
N400 °C
50 °C
40 °C
50 °C

35 °C
20 °C
− 50 °C
− 55 °C
50 °C
80 °C
170 °C
330 °C
N400 °C
40 °C
30 °C
40 °C

superelasticity can be studied. Moreover, no studies of this
type have previously been applied to thin films or to Ni–Ti
alloys with ternary additions. In the present work, these procedures are applied to thin Ni–Ti–X films with a range of
compositions.
2. Experimental procedures
Thin films, either binary alloys of Ni–Ti or ternary alloys of
Ni–Ti with Cu or Hf additions, were produced by ultra high
vacuum DC magnetron sputtering onto unheated Si (100) substrates with dimensions of 10 × 5 mm. Deposition was under
a constant flow of Ar (99.999%) and the substrate was rotated
at 10 rpm during deposition. More details concerning preparation of these films, and some characterisation work, are described elsewhere [16,27,44–46]. The films were typically about
2 µm in thickness. The alloys studied, and the code numbers of
these specimens, are shown in Table 1. Film compositions were
verified by energy dispersive X-ray analysis, using a JEOL
5800 LV scanning electron microscope (SEM). Transformation
temperatures were determined by differential scanning calorimetry (DSC), using a Q1000 Thermal Analysis instrument.

Fig. 1. DSC data for binary Ni–Ti thin films. (See Table 1 for film compositions).

Both room temperature and high temperature X-ray diffraction (XRD) were performed, using a Siemens D500 X-ray
diffractometer with a CuKα(λ = 1·54056 Å) X-ray source. All
indentation experiments were performed using a MicroMaterials machine, employing the NanoTest pendulum. Indentation
was undertaken using a spherical tip (r = 10 µm), fitted with
a heater to allow high temperature indentation, in conjunction with a sample heating stage. Indentation was to depths of
up to 10% of the film thickness which was generally 200 nm,
with an indentation rate of ~ 3–5 nm s− 1. Experiments were
conducted (in air) at up to 400 °C. Neither tip nor specimen
exhibited any significant oxidation or other degradation during
these operations.
3. Results and discussion
3.1. Phase transformations and hysteresis behaviour
DSC results for the binary alloy thin films, TF1 (Ti-rich),
TF2 (approximately equiatomic) and TF3 (Ni-rich), are shown

Fig. 2. XRD spectra for binary Ni–Ti thin films, obtained at two different
temperatures.
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Fig. 3. DSC data for ternary Ni–Ti–Hf thin films. (See Table 1 for film
compositions).

Fig. 5. DSC data for ternary Ni–Ti–Cu thin films. (See Table 1 for film
compositions).

in Fig. 1. These clearly demonstrate that all three films
undergo shape memory transformations in the range − 100 °C
to 100 °C. Furthermore, it can be seen that, while TF1 and
TF2 are primarily martensitic at room temperature, the Nirich (TF3) specimen is in the parent phase at this temperature. XRD data (Fig. 2) confirm this, and also indicate that,
on heating to 100 °C, all three films become primarily parent phase. Superelastic behaviour would thus be expected
from all three films at around 100 °C. The compositions and
transformation temperatures of these three films are listed in
Table 1.
Similar results were obtained for the Ni–Ti–Hf thin films,
as shown in Figs. 3 and 4. The DSC plots in Fig. 3 confirm
that transformation temperatures can be raised by Hf additions.
However, it can be seen that a small addition of Hf (5.2 at.%),
specimen TF4, actually reduces the transformation temperatu-

res, when compared with the equivalent binary Ni–Ti film. This
is consistent with previous observations. It is not until the Hf
level reaches 10.4 at.% (specimen TF5) that the transformation
temperatures exceed those of the equivalent binary alloy. The
magnitude of the transformation peaks diminishes with increasing Hf content. This is expected, since the volume of transformable material is known [18] to decrease as the Hf content is
raised. Specimen TF9, containing 28.7 at.% Hf, did not exhibit
any detectable transformation peaks. The XRD data (Fig. 4)
show that, while specimen TF4 (5.2 at.% Hf) is in the parent
phase at room temperature, all other Hf-containing films are in
the martensitic phase at that temperature, and will thus require
heating in order for any SE to be observed. The peak broadening observed in films with high Hf contents is presumably
caused by the introduction of defects, with the Ni–Ti lattice
structure becoming distorted as substitution of Ti by (larger)

Fig. 4. XRD data for ternary Ni–Ti–Hf thin films, obtained at room temperature.

Fig. 6. Load-displacement plots obtained during indentation carried out at
various temperatures around and below Af, using a small spherical (r = 10 µm)
indenter. The dwell period at maximum load was 10 s.
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Fig. 7. Plots of remnant depth ratio as a function of test temperature, for the three
different binary Ni–Ti alloys. The maximum indentation depth was 200 nm in
all cases. Corresponding Af temperatures are about 70 °C, 85 °C and 20 °C
respectively for specimens TF1, TF2 and TF3.

Fig. 9. Plots of remnant depth ratio as a function of test temperature, for ternary
Ni–Ti–Cu alloys. The maximum indentation depth was 200 nm in all cases.
Corresponding Af temperatures are about 75 °C, 55 °C and 60 °C respectively
for specimens TF10, TF11 and TF12.

3.2. Indentation
Hf atoms takes place. A reduction in Ni–Ti–Hf crystallite size,
as a consequence of a limitation on the concentration of (Ti,
Hf)2Ni precipitates [28,47], may also be contributing to this
effect.
The DSC data for the Ni–Ti–Cu thin films (Fig. 5) show that
all three compositions would be expected to exhibit shape
memory transformations between room temperature and 100 °C.
As discussed above, unlike Hf substitution for Ti, Cu substitution for Ni does not increase the transformation temperatures, but rather stabilises the alloy and reduces the hysteresis.
In fact, the values of As and Ms are approximately coincident
(at about 50 °C) for TF12 (12.5 at.%Cu). The transformation temperatures and compositions of these films are listed in
Table 1.

Fig. 8. Plots of remnant depth ratio as a function of test temperature, for ternary
Ni–Ti–Hf alloys. The maximum indentation depth was 200 nm in all cases.
Corresponding Af temperatures are about 35 °C, 110 °C, 160 °C and 250 °C
respectively for specimens TF4, TF5, TF6 and TF7.

As mentioned above, it was shown in previous work [43]
that SE can be detected experimentally in bulk shape memory

Fig. 10. Indentation load-displacement plots above and below Af for (a) specimen TF10 (Af = 75 °C) and (b) speciment TF12 (Af = 60 °C).
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materials. This is most effectively done by using a spherical
indenter and focussing on the dependence of the measured
remnant depth ratio on temperature, across the range over which
the contribution of SE to the total plastic strain is expected to
change from substantial to negligible. This is illustrated by Fig. 6,
which shows the change in indentation response with temperature for a binary shape memory alloy (Ti — 50.2 at.%Ni), with
Af ~ 100 °C. As the temperature is increased (below Af), the
indentation depth gradually increases, as would be expected.
Above Af, the indentation depth drops to below the level seen at
room temperature, as expected given the phase transformation.
The remnant depth ratio, however, also drops dramatically (ie
the indent recovers much more significantly above 100 °C),
demonstrating the superelastic recovery of the indent. Plots
of remnant depth ratio against temperature thus give a good
indication of whether superelasticity is taking place.
In the present work, indentation experiments were conducted first on the binary thin films, in order to verify that it was
indeed possible to observe SE in thin film samples, despite the
low depths and loads required. The measured variation in
remnant depth ratio with temperature for these three films is
shown in Fig. 7. As was observed for bulk materials [43], a drop
in remnant depth ratio is seen on increasing the temperature
above Af. This regime of low remnant depth ratio reflects
conditions favourable for SE to occur (an initial structure
which is predominantly parent phase and the stress required
for this phase to deform by conventional dislocation motion
being higher than that needed to induce formation of the martensitic phase). Specimen TF3, which was in the parent phase
at room temperature, shows a decay of SE with increasing
temperature from the start, manifest as an increase in remnant
depth ratio, as competing modes of plastic deformation (notably
dislocation motion) become energetically more favourable than
the (reversible) SE transformation to the martensitic phase.
This also occurs with the other two films, but the onset of SE
is delayed in those cases until the temperature is sufficently
high to ensure that the starting material is predominantly in the
parent phase.
Indentation of the Ni–Ti–Hf ternary films showed clear
evidence of this transition to SE deformation as the starting
material became predominantly parent phase (Fig. 8), at least
for those samples containing less than 20 at.%Hf. Specimen
TF4, which was in the parent phase at room temperature, and
specimens TF5 and TF6, all demonstrate an increase in remnant
depth ratio as the temperature is increased above Af and dislocation mechanisms start to dominate. For specimen TF7
(21.1 at.%Hf), however, the behaviour is slightly different, with
less change in remnant depth ratio on heating through Af. It
may be that the SE effect cannot operate effectively at these
relatively high temperatures. In any event, the DSC and XRD
data suggest that high Hf contents reduce the volume of material capable of exhibiting SE. This is consistent with previous
work [18] and the high content of precipitates reported at high
Hf levels is certainly expected to inhibit SE transformations.
Similar behaviour was observed for the Ni–Ti–Cu ternary films (Fig. 9). While evidence of SE deformation is observed above Af for specimens TF10 (1.4 at.%Cu) and TF11
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(8.8 at.%Cu), no evidence of SE is seen for specimen TF12
(12.6 at.%Cu). Copper is soluble in Ni–Ti up to 20 at.% but
the material becomes very brittle [33,35] above 10 at.%. It
therefore seems likely that, while SE might have been expected
in TF12 above Af (60 °C), permanent deformation mechanisms
(probably including microcracking) are likely to dominate throughout. Study of the individual load-displacement plots for TF10 and
TF12 provides evidence for this — see Fig. 10. While the difference between the responses of the parent and martensitic phases
is obvious for TF10 (Fig. 10)(a), there is no noticeable difference
in the response of TF12 as it is heated through and above Af
(Fig. 10)(b).
4. Conclusions
The following conclusions can be drawn from this work.
(a) Thin films of binary Ni–Ti alloys and ternary Ni–Ti–Hf
and Ni–Ti–Cu alloys have been studied in terms of their
phase transformation characteristics and subjected to indentation over a range of temperature. The remnant depth
ratio (unloaded indent depth/maximum indent depth) can
be used as a parameter to explore whether the plastic strain
imposed by the indentation is being primarily accomodated by superelastic deformation (parent-martensite phase
transformation). A low ratio (substantial recovery) suggests that superelasticity is occurring. A spherical indenter has been used, which generates relatively low peak
strains in the indented material, and hence favours superelasticity, which is unable to accommodate large strains.
(b) Indentation of the binary alloy films confirmed that this
technique can reliably reveal whether superleasticity is
occurring during particular indentation experiments,
with films of this thickness (~ 2 µm). Typically, a noticeable drop in remnant depth ratio is observed as the
testing temperature is raised sufficiently to ensure that
the starting material is predominantly in the parent phase.
(c) Indentation of the ternary alloy films containing Hf confirmed that they can exhibit superelasticity with up to
~ 20 at.%Hf. Above this level, it appears that little or no
superelastic deformation occurs, probably because the
microstructure contains a high volume fraction of nontrasformable precipitates.
(d) Indentation of the ternary alloy films containing Cu showed that superelastic behaviour is possible with up to about
10 at.%Cu. Above this level, superelasticity seems to be
inhibited. It is suggested that this is attributable to the
brittleness known to be introduced by such high Cu levels, leading to high levels of fine scale microcracking,
or other defect generation, and thus inhibiting superelastic deformation and recovery during indentation.
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