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Sputter alloying of Ni, Ti and Hf for fabrication
of high temperature shape memory thin films

S. Sanjabi*1, S. K. Sadrnezhaad2 and Z. H. Barber3

In the present paper, the fabrication and characterisation of typical high temperature Ni(TizHf)

alloyed thin films produced by simultaneous sputter deposition from separate elemental Ni, Ti and

Hf targets are presented. Film composition, determined by energy dispersive X-ray spectroscopy,

was controlled by adjusting the ratio of powers applied to each target. Films deposited at room

temperature had an amorphous structure and subsequent annealing at 550uC was carried out in a

high vacuum environment, based on crystallisation temperature evaluation by differential

scanning calorimetry (DSC). High temperature martensitic transformation, confirmed by DSC

and variable temperature X-ray diffraction (XRD), was achieved by deposition of (TizHf) rich Ni–

Ti–Hf films. Any slight change of composition towards Ni rich reduced the transformation

temperature. Atomic force microscopy and XRD illustrated that the films had a fine grain structure

(y100 nm). One way shape memory effect was observed at y200uC in a film with composition of

15.6 at.-%Hf.
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Introduction
A shape memory alloy (SMA) is a material that has
the ability to return to its previous shape following
deformation by applying heat or, in some cases,
releasing the stress. The basis for the shape memory
effect is that the material can easily transform between
martensite and austenite by a solid sate phase transfor-
mation. Shape memory alloys based on nickel and
titanium have to date provided the best combination of
materials properties for most commercial applications1

and, in the past decade, much effort has been devoted to
the growth of Ni–Ti SMA thin films.2

One factor limiting the applicability of shape memory
Ni–Ti thin films is the temperature of the martensite to
austenite phase transformation, which occurs below
100uC, depending on the chemical composition and heat
treatment process.3 A frequently cited limitation to
overcome, if shape memory technology is to become a
major factor in industrial product design, is the alloy’s
maximum transformation temperature and the max-
imum useful service temperature. For many applications
this requires a shape memory transformation in excess
of 100uC (e.g. for activating sensors in fire prevention
devices4). Alloys based on the Ni–Ti system with higher
transformation temperatures have been identified,

although many of them require expensive substitutional
alloying elements such as Pd, Pt and Au.5 However, high
phase transformation temperatures can be obtained
simply by substituting Hf or Zr, with substitution of
Hf for Ti predicted to be the most effective, low cost
option.6 It has been reported that the phase transforma-
tion temperature in Ni–Ti–Hf alloys increases with
increasing Hf content, and that the highest temperature
(y500uC) is reached for 30 at.-%Hf content.7

Several methods have been used to fabricate shape
memory Ni–Ti based thin films, but sputtering has
become the most common.8 Sputtering, and in parti-
cular magnetron sputtering, allows fabrication of highly
homogenous materials that will support supersaturation
of elements in the B2 matrix of Ni–Ti. This is a
significant advantage for generation of a fine, homo-
genous distribution of precipitates, or even a highly
coherent zone structure, which is capable of substan-
tially strengthening the lattice against slip while mini-
mising interference with the shape memory mechanism.5

Ni(TizHf) thin films were obtained by magnetron
sputter deposition using an alloy target.9 Films sputtered
from a 40Ti–10Hf–50Ni (at.-%) target showed no
transformation behaviour above room temperature,
probably owing to an excess of Ni shifting the
transformation below room temperature. This suggested
that there was Ni enrichment in the sputtered film
relative to the target composition and adjustment of the
target by adding pure Hf chips to the wear track
produced a film which showed higher transformation
temperature.

Gu et al. used laser ablation to fabricate Ni–Ti–Hf
with various compositions and found a transformation
temperature Ms as high as 150uC with a Hf content of
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y30 at.-%. However, this is lower than the transforma-
tion temperature seen in bulk material of the same
composition (y500uC), and it was suggested that this
was due to the small grain size of the film, causing
suppression of the martensitic transformation.10

Compositional control is a critical factor in the
development of thin film fabrication processes for ternary
high temperature SMA systems, where performance is
sensitive to even very small variation in alloy composition.
Composition control is essential for control of the working
temperature of a microdevice, because the composition
strongly influences the transformation temperature.

In order to achieve compositional control, Ni–Ti–Hf
thin films were cosputtered from separate elemental Ni,
Ti and Hf targets. The film composition was controlled
simply by adjusting the DC power applied to each target
independently.

Fabrication

Deposition process
Ni–Ti–Hf alloy films were deposited at room temperature
by ultra high vacuum DC magnetron sputtering11 from
three separate Ni, Ti and Hf targets (purity of 99.99%).
The dependence of the film composition on the powers
applied to each target was investigated. Table 1 sum-
marises the deposition parameters. The distance between
substrate and target strongly influences the deposition rate
and composition uniformity at the substrate; a reduction
increases the deposition rate, but the uniformity of film
composition is poorer. A process of optimisation led to a
target–substrate distance of 55 mm, with the substrate
support rotating in front of the targets at 10 rev min21,
and a low Ar sputtering gas pressure (0.6 Pa). Film
adhesion was evaluated on three different substrate types:
Si (100), SiO2 and Al2O3. A clean deposition environment
is essential, because Ti and Hf have a high affinity for
oxygen, which can lead to a brittle alloy; the chamber was
pumped out to the base pressure of ,1026 Pa and high
purity Ar sputtering gas was used.

The film composition was measured by energy dis-
persive X-ray spectroscopy (EDS, JEOL LV5800) at 15 keV.
The Noran Voyager software package gave atomic
concentrations from the X-ray peak intensities of the Ti
and Ni Ka and Hf La lines. Figure 1a shows the EDS
spectrum of a film with composition of 15.6 at.-% Hf.
The standard deviation in composition across the
substrate surface area (1065 mm) was 0.2 at.-%. As
deposited films exhibited smooth, featureless surfaces,
without any cracking; Fig. 1b shows the film cross-
section, which illustrates fibrous, columnar growth.

For film thickness measurements, a platinum strip was
placed across the centre of a substrate before the depo-
sition, leaving a step in the film which was subsequently

measured by profilometry (with a sensitivity of y10 nm).
The growth rate was y16.6 nm min21 (or 1 mm h21)
under the deposition parameters used. The as deposited
film thickness was y2 mm.

Film growth rate and quality are dependent upon target
power. In the present case the power applied to the Ni
target was fixed at 27 W and the Ti and Hf target power
ratio was varied. Hf content was shown to be proportional
to the power applied to the Hf target and the Ti content
dropped proportionately.12 Consequently, the relative
powers applied to the Ti and Hf could be determined
for the required composition, ensuring that the (TizHf)
to Ni ratio remained .1.

Heat treatment
Figure 2 shows the XRD traces for an as deposited and
annealed 49.5Ni–34.9Ti–15.6Hf thin film. The broad

Table 1 Deposition parameters

Base pressure ,1026 Pa
Ar gas pressure (purity 99.999%) 0.6 Pa
Target powers Ni527 W, Ti and Hf varied
Target–substrate distance 55 mm
Substrate support rotation speed 10 rev min21

Deposition rate 1 mm h21

Substrate Si (100), SiO2, Al2O3

Film thickness 2 mm
Deposition temperature Room temperature
Annealing 550uC for 1 h, with heating and cooling rate of 50 K min21

1 a energy dispersive X-ray spectroscopy spectrum of

49.5Ni–34.9Ti–15.6Hf as deposited film and b film

cross-section indicating columnar growth
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and low intensity peak of trace (a), at a 2h value of
41u, suggests that the as deposited film is amorphous and
a heat treatment is required to give a crystalline
structure. A differential scanning calorimetry (DSC)
measurement illustrated that the crystallisation tem-
perature was slightly .500uC (see Fig. 3). The crystal-
lisation temperature was found to be dependent upon
the film composition, increasing from 472uC for near
equiatomic Ni–Ti (Ref. 13) to 520uC with an Hf
content of 27.8 at.-% (more details have been published
elsewhere14).

Based on these DSC results, the as deposited 49.5Ni–
34.9Ti–15.6Hf film was annealed at 550uC for 1 h. The
vacuum was maintained at ,1025 Pa throughout the
annealing and cooling processes to avoid oxidation of Ti
and Hf. The substrates were placed on a tantalum
resistive strip heater (thickness 0.05 mm), and the
current was controlled to give heating and cooling rates
of 50 K min21. The temperature was monitored with a
thermocouple on a dummy substrate.

After annealing the XRD trace indicates the dominant
martensite structure at room temperature (see Fig. 2b),
with peaks at 2h5(37.5, 38.2, 38.9, 44.4, 45.3 and 60.1u),
indexed as 110, 002, 2111, 020, 012 and 022 planes.

Characterisation

Adhesion
The adhesion of Ni–Ti–Hf films to the three different
substrate types (Si, SiO2 and Al2O3) was assessed. The as
deposited films adhered well to the Si substrate, but were

easily peeled away from SiO2 and Al2O3 substrates.
After annealing films maintained excellent adhesion to
Si and poor to other substrates.

Thermal analysis
The phase transformation behaviour associated with the
shape memory effect of an annealed 49.5Ni–34.9Ti–
15.6Hf thin film was characterised by DSC, as shown in
Fig. 4. A minimum mass requirement of 0.8 mg was
required to obtain sufficiently large peaks (a specimen of
y2 mm in thickness, approximately 1065 mm in area).
Heating and cooling rates were 10 K min21. Exothermic
and endothermic peaks were clearly observed at the
martensitic and reverse martensitic transformation on
cooling and heating respectively. (Here Ms and Mf

represent the starting and finishing temperature of the
martensite transformation respectively, and As and Af

those of the reverse martensitic transformation.)
During cooling, two upward exothermic peaks indi-

cate the appearance of the R phase during the
transformation. The energy released in the first and the
second exothermic transformations were 0.9 and
8.7 J g21 respectively, and the total energy released
was almost the same as the value for Ti–Ni–Hf bulk
material with the same composition reported by Olier
et al.6 During heating one downward endothermic peak
appears, starting at a temperature y130uC, owing to the
reverse martensitic transformation to austenite parent
phase (total energy511 J g21). The hysteresis between
the martensite and austenite transition temperatures was
y85uC.

Structural analysis
The crystal structure transformation was confirmed by
temperature controlled XRD, as shown in Fig. 5. The
XRD peaks indicate martensite and austenite during
heating and cooling in a temperature range of 50–250uC.
The presence of the R phase was not detected by XRD
evaluation.

Atomic force microscopy (AFM) of the film after
annealing showed a surface feature size of less than
y100 nm (Fig. 6). The crystallite domain size was also
estimated from the width of the XRD peaks, assuming
no nonuniform strain, using the Scherrer formula15

L~0:9=B cos h

where L is the average crystallite domain size

2 Room temperature XRD of 49.5Ni–34.9Ti–15.6Hf film a

as deposited and b annealed at 550uC for 1 h

3 Differential scanning calorimetry trace showing crystal-

lisation of 49.5Ni–34.9Ti–15.6Hf film

4 Differential scanning calorimetry traces showing trans-

formation temperatures of annealed 49.5Ni–34.9Ti–

15.6Hf film
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perpendicular to the reflecting planes, l is the X-ray
wavelength, B is the full width at half maximum, and h
is the diffraction angle. From the width of the austenitic
peaks at 250uC, this domain size (for the 49.5Ni–34.9Ti–
15.6Hf film) was estimated to be ,100 nm.

Composition sensitivity
The most challenging requirement for depositing Ni–Ti
shape memory alloy thin films is the control of the
composition.16 For growth of Ni–Ti–Hf SMA thin films,

it is important to keep the Ni content near or below
50.0 at.-%, because the transformation temperature
decreases rapidly with higher Ni content, as illustrated
in Fig. 7. Here Ap and Mp (the temperatures at
which maximum heat flow occurs, see Fig. 4) corre-
spond to the transformation temperatures during heat-
ing and cooling respectively. These results are in
agreement with those of AbuJudom7 and Angst17 for
bulk Ni–Ti–Hf material.

Shape memory effect evaluation
Following deformation, shape memory materials return
to their high temperature shape upon heating and may
retain this shape upon cooling (the one way shape
memory effect). Alternatively, they may spontaneously
return to their low temperature (deformed) configura-
tion upon cooling (two way shape memory effect). This
two way shape memory effect is often the result of
defects, such as dislocations and precipitate interfaces,
leading to internal stresses during the deformation
or training treatment.1 In the present case the
martensite formed upon cooling is no longer fully self-
accommodated, but adopts a preferred configuration
with regard to the stress distribution. As a consequence
there is a shape change on cooling (to form martensite)
as well as heating (to form austenite).

Figure 8 illustrates the observed shape memory effect
in a free standing 49.5Ni–34.9Ti–15.6Hf film. After
removal from the Si substrate the film was observed to
curl up, owing to strains resulting from the deposition
and annealing treatments. To illustrate qualitatively the
shape memory effect, the film (in the martensitic state)
was deformed into a flat shape at room temperature

6 Atomic force microscopy surface morphology of

49.5Ni–34.9Ti–15.6Hf film after annealing at 550uC

7 Effect of Ni content on peak transformation tempera-

tures for Ni–Ti–Hf thin films

5 X-ray diffraction evaluation of phase transformation

during heating from 50uC to 250uC and cooling to

50uC

a RT; b .200uC
8 Free standing 49.5Ni–34.9Ti–15.6Hf film exhibiting the one way shape memory effect

Sanjabi et al. Ni–Ti–Hf shape memory thin films

990 Materials Science and Technology 2007 VOL 23 NO 8



P
ub

lis
he

d 
by

 M
an

ey
 P

ub
lis

hi
ng

 (
c)

 IO
M

 C
om

m
un

ic
at

io
ns

 L
td

(Fig. 8a). By heating to y200uC it returned to its curled
shape (Fig. 8b) and remained curled when cooled back
to room temperature, showing one way shape memory
behaviour.

The shape memory effect can be quantified using a
bending test, as reported for bulk Ni–Ti–Hf materials.18

Further work is required for quantification of the shape
memory effect on the thin films. DSC was used to assess
the reproducibility of the transformation, and the
authors found negligible change (in the transformation
temperature and in the heat input/output) following two
complete thermal cycles. Again, further work is required
to assess the effects of many cycles.

Conclusions
Thin film fabrication of Ni–Ti–Hf alloys was achieved
using simultaneous sputter deposition from separate Ni,
Ti and Hf targets. Films showed strong adhesion to Si
and poor adhesion to SiO2 and Al2O3. The crystal-
lisation temperature of a 49.5Ni–34.9Ti–15.6Hf film was
determined to be slightly .500uC. The phase transfor-
mation behaviour was investigated by DSC, showing
a high transformation temperature, confirmed by vari-
able temperature XRD. The crystal structure of the
annealed film was martensitic ,100uC and austenitic at
a temperature .150uC. Films exhibited the one way
shape memory effect.
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