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TiNiHf/SiO2/Si shape memory �lm composites for bi- 
directional micro actuation

Sabrina M. Curtisa,b*, Marian Sielenkämper a*, Gowtham Arivanandhanc*, 
Duygu Dengiza, Zixiong Lic, Justin Jettera, Lisa Hankea, Lars Bumkea, Eckhard Quandta, 
Stephan Wul+ngho,a and Manfred Kohlc

aInstitute for Materials Science, Kiel University (CAU), Kiel, Germany; bMaterials Science and Engineering, 
University of Maryland, College Park, MD, United States; cInstitute of Microstructure Technology, Karlsruhe 
Institute of Technology (KIT), Karlsruhe, Germany

ABSTRACT

The martensitic phase transformation in Ti40.4Ni48Hf11.6 shape memory 
alloys is leveraged for bi-directional actuation with TiNiHf/SiO2/Si com-
posites. The shape memory properties of magnetron sputtered 
Ti40.4Ni48Hf11.6 +lms annealed at 635°C – 5 min are in>uenced by +lm 
thickness and the underlying substrate. Decreasing TiNiHf +lm thick-
ness from 21 μm to 110 nm results in the reduction of all characteristic 
transformation temperatures until a critical thickness is reached. 
Particularly, Ti40.4Ni48Hf11.6 thin +lms as low as 220 nm show transfor-
mations above room temperature when deposited on SiO2 bu,er layer, 
which is of great interest in nano-actuation. In comparison, 220 nm 
+lms on Si substrates are austenitic at room temperature, and thus not 
suitable for actuation. Thermal fatigue tests on TiNiHf/SiO2/Si bimorphs 
demonstrate better functional fatigue characteristics than freestanding 
+lms, with an average reduction of 15°C after 125 cycles, with tempera-
ture stabilization subsequently. Experimental bi-directional actuation 
results are promising in the development of bistable actuators within a 
PMMA/TiNiHf/Si trimorph composite, whereby the additional PMMA 
layer undergoes a glass transition at 105°C. With the aid of constitutive 
modeling, a route is elaborated on how bistable actuation can be 
achieved at micro- to nanoscales by showing favorable thickness 
combinations of PMMA/TiNiHf/Si composite.
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1. Introduction

Next-generation of silicon (Si)-based nanophotonic and nanomechanical devices, such as 
optical waveguide switches and routers in advanced communication technology, 
demand for ultra-small (micro and nano) actuators allowing for large displacements 
compared to their footprint size [1]. In particular, bi-directional and bistable actuators 
that could be directly integrated onto Si chips are attractive for such applications [2]. 
Actuators based on sputtered thin-+lm NiTiX (X = Zr, Hf, Pd, Cu, Pt, Au) shape memory 
alloys (SMAs) have the largest power-to-weight ratio among lightweight technologies. 
SMA actuators are known to exhibit limited speed. However, heat transfer scales favorably 
with downscaling allowing for an increase of actuation frequency. At the nanoscale, 
frequencies may reach the kilohertz regime depending on the heat transfer rate and 
fraction of transforming SMA material [3]. This investigation focuses on a route for design 
and fabrication of quasi-stationary bi-directional and bistable switching devices with large 
stroke and force that could be scaled down to nanometer dimensions, which may not be 
achieved by other technologies. Sputtered TiNiHf SMAs are attractive for this investigation 
because they are low in cost, have large transformation temperatures, and o,er high work 
density among various SMAs [4–6]. SMA/Si bimorph nano-actuators have been fabricated 
using standard E-beam lithography, wet etching, and micro-machining with conventional 
plasma etching techniques (e.g. RIE, IBE) [7–10]. These bimorph actuators take advantage 
of the combined bimorph and shape memory e,ect, which arises when SMAs are 
sputtered on a substrate with a di,erent coeKcient of thermal expansion (CTE) [8–10]. 
In the case of this work, this is between the substrate, silicon (αSi = 2.6 � 10–6 K−1) [11], 
and the two di,erent crystallographic phases of TiNiHf (cubic and monoclinic), which are 
dependent on atomic composition. For example, for a TiNiHf20 alloy, austenite’s CTE is 
αA = 49 � 10−6 K−1 and the isotropic polycrystalline CTE value for martensite phase is 
calculated to be αM = 9.5 � 10−6 K−1 [12,13]. Another advantage of TiNiHf/Si bimorph 
actuators is the prospect of developing bistable actuation by adding a third layer of 
polymer with a glass transition temperature (Tg) that falls in between the martensite and 
austenite phase transformation temperatures of the SMA [14–16]. Alternatively, bistable 
actuation can be achieved by adding an SMA with a narrow hysteresis (e.g. TiNiCu) as the 
third layer [9,17,18].

Controlling actuation precisely with Ni-lean TiNiHf is challenging compared to other 
SMAs like Ni-rich TiNiHf, NiTi, and TiNiCu, as they su,er from lower transformation strains 
[6], have unstable transformation temperatures with thermal cycling [19], and have a low 
strength against dislocation plasticity [20]. Furthermore, the large thermal hysteresis 
re>ects poor crystallographic compatibility between the martensite and austenite phases 
[21,22], which is known to lead to unwanted e,ects such as structural/functional fatigue, 
and a change in volume during the phase transformation, known as the volume e,ect 
[12]. The larger thermal hysteresis is detrimental to the lifetime and energy eKciency of 
TiNiHf devices [23]. These problems may be overcome by training TiNiHf SMAs [24,25], 
aging Ni-rich NiTiHf compositions [20,21,26,27], or by designing TiNiHf-based layered bi-/ 
multimorph composites [28]. The functional and structural fatigue properties in TiNiHf can 
be controlled by composition and microstructure (grain size, precipitate size, precipitate 
homogeneity), which is dependent on annealing conditions [4,19]. Even though Ni-lean 
TiNiHf alloys are claimed to have poor functional stability, previously Bechtold et al. [23] 
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showed that 20 μm–25 μm thick Ni49.2Ti31.4Hf19.3 +lms can undergo a phase transforma-
tion for an average of 1.5 × 106 actuation cycles when tested to a maximum critical stress 
of 300 MPa. However, when the maximum critical stress was increased to 450 MPa, the 
number of cycles until failure was reduced to an average of 65 K. Improved fatigue in 
these sputtered Ni-lean TiNiHf alloy samples could be due to small grain size (~100 nm) 
and +nely dispersed small precipitates at the grain boundaries [23]. Another advantage of 
Ni-lean TiNiHf alloys is that they can be heat treated at moderate temperatures for a short 
amount of time to generate +ne, homogeneous distributions of coherent zone structures 
and Ti2 Ni-type precipitates, which can strengthen the lattice against slip [4,29].

Film thickness e,ects on the transformation temperatures of TiNiHf/Si bimorphs must 
be taken into account when designing TiNiHf actuators. This is speci+cally of interest for 
bistable nano-actuators because the SMA transformation temperatures need to be 
coupled to the transition temperatures of the third layer (e.g. polymer, additional SMA). 
Decreasing SMA +lm thickness from micro- to nanoscale is known to decrease the 
martensitic transformation temperatures for several SMA systems [30–32]. Sputtered 
TiNiHf thin +lms are also reported to have lower transformation temperatures compared 
to bulk material of similar compositions, attributed possibly to be due to +ner grain 
structures [29]. Several studies explore the properties of bulk TiNiHf [33–36], freestanding 
TiNiHf +lms [23], TiNiHf +lms on Mo substrates [9,37], and TiNiHf +lms on silicon substrates 
[24,29,38]; however, there are only a few studies that show the properties of sputtered 
TiNiHf +lms on silicon oxide (SiO2) bu,er layers on Si substrates [4].

In this work, thickness e,ects and functional fatigue characteristics are investigated in 
freestanding TiNiHf +lms (21 µm – 5 µm) and +lms 5 µm down to 110 nm on Si substrates 
with and without SiO2 bu,er layers. The in>uence of +lm thickness on the transition 
temperatures of TiNiHf/Si and TiNiHf/SiO2/Si bimorphs is compared, and limits for down-
scaling to a scale usable for nanodevices are discussed. The possibilities of downscaling and 
tailoring the properties make TiNiHf a promising material in the development of bistable 
nano-actuators with an additional PMMA layer to the bimorph. A thermomechanically 
coupled +nite element model is also implemented to guide the design of favorable 
thickness combinations of the PMMA/TiNiHf/Si composite layers to achieve such bistable 
nano-actuators.

2. Methods and materials

2.1 Preparation of freestanding TiNiHf �lms

Structured freestanding amorphous Ti40.4Ni48Hf11.6 +lms were fabricated into dogbone 
geometries through a combination of UV-lithography, DC magnetron sputtering, and a 
wet chemical etching process, as described in detail by Lima de Miranda et al. [39]. A Von 
Ardenne CS730S (Von Ardenne, Germany, base pressure < 3 � 10�7 mbar) cluster magne-
tron sputtering device was used to sputter amorphous Ti40.4Ni48Hf11.6 +lms onto a pre- 
structured substrate using a multilayer sputter deposition approach. A 4-inch Ti42Ni43Hf15 

target (Ingpuls, Germany) was sputtered for 35 s (deposition layer thickness of ~57 nm, 

pressure of 2:3 � 10�3 mbar, argon >ow of 25 sccm, and power of 150 W). Next, an 8-inch 
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pure Ti target was sputtered for 10 s (deposition layer thickness of ~10 nm, pressure of 

2:3 � 10�3 mbar, argon >ow of 25 sccm, power of 100 W). By repeating this multilayer 
deposition sequence, amorphous freestanding Ti/TiNiHf +lms were sputtered with vary-
ing thickness (5 ± 0.5 μm, 10 ± 1 μm, and 21 ± 2 μm). Due to the sputter yield, +lms are 
typically 10–15% thinner at the edge of a 4-inch wafer compared to the center. Rapid 
thermal annealing (Createc Fischer RTA-6 SY09, Germany) was used to crystallize the 
amorphous +lms and homogenize the microstructure. Di,erent RTA temperatures 
between 635°C and 750°C and times between 5 min and 60 min were tested before 
selecting on the +nal heat treatment for all samples of 635°C – 5 min.

The nominal +lm composition was determined using a Helios NanoLab 600 scanning 
electron microscopy (SEM) (FEI, Germany) equipped with an energy-dispersive X-ray 
spectroscopy (EDX) silicon drift detector (Oxford Instruments, UK). Qualitative analysis 
used Ti49.60Ni50.40 binary standard; however, the error on all reported compositional data 
is around ± 0.5 at.%. EDX measurements were taken for sputtered amorphous TiNiHf +lm 
on a 100 mm silicon substrate. The average +lm composition was determined to be 
Ti40.4Ni48Hf11.6 for all samples. Slight compositional variations are expected to be sources 
of error in the following experiments.

2.2 Preparation of TiNiHf/Si and TiNiHf/SiO2/Si bimorphs

TiNiHf/Si and TiNiHf/SiO2/Si bimorph structures were prepared using the same multilayer 
sputter approach described above onto chips with lateral dimensions of 20 mm × 20 mm. 
Amorphous Ti40.4Ni48Hf11.6 +lms of di,erent thicknesses (5 ± 0.5 μm, 2 ± 0.2 μm, 0.88 ± 
0.08 μm, 0.44 ± 0.04 μm, 0.22 ± 0.02 μm, and 0.11 ± 0.01 μm) were deposited and 
annealed on 525 ± 20 μm (100) silicon substrates (Siegert Wafer, Germany) and 1.5 μm 
SiO2/525 ± 25 μm (100) silicon substrates (MicroChemicals, Germany). TiNiHf +lms on 
SiO2/Si substrates are ~10% thicker than the +lms on Si substrates because the SiO2/Si 
substrates were sputtered in the direct center of the device, while the pure Si substrates 
were sputtered adjacent to the SiO2/Si sample. TiNiHf +lms with two di,erent thicknesses 
(2 ±0.1 μm and 0.88 ±0.04 μm) were also sputtered onto 100 nm SiO2/ 300 ±3 μm (100) Si 
substrates (Si-mat silicon, Germany), pre-structured into cantilevers (3.5 mm x 20 mm) for 
bi-directional actuation measurements. All +lm composites were annealed via RTA at 635° 
C – 5 min.

2.3 Tensile testing

The mechanical properties of TiNiHf +lms were determined using a high-temperature 
tensile test on freestanding TiNiHf +lms. The dogbone geometry has been chosen with a 
width and length of 500 µm and 4 mm, respectively. The tensile tests were conducted 
using a displacement-controlled micro-tensile setup equipped with a load cell (KM26z- 
0.2kN, ME measuring systems) for force measurements and a digital camera (Pike 505, 
Allied Vision Technology) to record images for measurement of corresponding strain 
values using non-contact digital image correlation method. The cross-correlation of 
images with speckle patterns is evaluated using MATLAB code.
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2.4 Di erential scanning calorimetry (DSC)

Thermal analysis and thermal cycling on freestanding SMA +lms (thickness of 5 μm, 
10 μm, 21 μm) were conducted on a DSC 204 F1 Phoenix (Netzsch, Germany) with a 
heating and cooling rate of 10 °Cmin−1. The transformation temperatures and latent heat 
of the SMA are determined using the software Proteus 7.1.0 by the tangent method. 
Thermal hysteresis is calculated according to ΔT ¼ As þ Af � Ms � Mfð Þ=2, where As/Af 

correspond to austenite start and +nish temperatures and Ms/Mf correspond to marten-
site start and +nish temperatures.

2.5 Electrical resistance measurements

Four-point resistance measurements were carried out inside a cryostat to determine the 
temperature-dependent electrical resistance of TiNiHf +lms constrained by Si and SiO2/Si 
substrates. Quasi-stationary conditions guaranteed that in>uence of temperature change 
is negligible during measurement. For +lms of micrometer thickness, probes contacting 
the +lm surface were used to connect to the setup, and for +lms of nanometer thickness, 
+lms were connected by wire bonding. Phase transformations were determined by 
change in resistance with temperature, and transformation temperatures were calculated 
using the tangent method.

2.6 X-Ray Di raction (XRD)

The martensitic crystal structures and transformation temperatures of TiNiHf +lms on Si 
and SiO2/Si substrates were con+rmed using temperature-dependent XRD with a 
SmartLab 9 kW di,ractometer (Rigaku, Japan), CuKα radiation (λ = 1.5406 Å), and 2-D 
Hypix3000 detector operated in 1D mode. θ-2θ scans in the range of 10–100° were 
conducted with a step size of 0.02° and a scan speed of 20°/min. A heating stage 
(AntonPaar DHS 1100, Germany) and cooling stage (AntonPaar DCS 350, Germany) was 
used in the temperature range between –100 °C and 130 °C.

2.7 Cantilever de/ection measurements

Functional fatigue behavior in bi-directional actuators was characterized by measuring 
cantilever de>ection as a function of temperature. The cantilever de>ection measurement 
setup contains a laser, a mirror for directing the laser onto the surface, a position-sensitive 
detector (PSD) to detect de>ection, a Peltier element for heating and cooling, and a 
thermocouple.

The actuator’s stroke, D, of a cantilever can be calculated using Equation (1): 

D ¼
Δxl

4a
(1) 

where Δx corresponds to laser dislocation on the PSD surface, l is length of the cantilever 
beam, a is the distance between cantilever tip and PSD (a = 117 mm), and de>ection is 
measured as volts on the PSD (V) which is converted to displacement (mm) by using a 
factor dx/dU = 0.794 mm/V. Each cantilever has a size of 3.5 mm × 20 mm, with a 
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freestanding cantilever length of 14 mm. The experiments were performed under vacuum 
(10−4 mbar) for each sample with a 10°C/min heating/cooling rate within a temperature 
range of 30°C–170°C.

2.8 Constitutive modeling

The model used to describe the SMA is in line with the model by Sedlak et al. [40], 
extended to the +nite strain case with inhomogeneous temperature +elds. The model 
details regarding numerical procedures are given in [41]. In contrast to other phenomen-
ological +nite strain SMA models, it makes use of a projection method to satisfy the 
inelastic volume preservation constraint [42,43]. Further, we assume a multiplicative split 
of the deformation gradient in the form of F ¼ FeFiFθ, where Fe is the elastic, Fi the 

inelastic, and Fθ the thermal part of the deformation gradient F. Moreover, the volume 

fraction of martensite � 2 0; 1½ � and the inelastic right Cauchy–Green tensor Ci ¼ FiTFi are 
used as the internal variables of the model at hand. Additionally, the model is implemen-
ted into the framework of generalized standard materials [44], which ensures thermo-
dynamic consistency when carefully choosing the potentials. This framework is then 
extended to non-constant temperatures θ using a variational formulation [45].

Thus, the total potential is given by π ¼ _ψ þ ϕ, where _ψ is the rate of the Helmholtz 
free energy density and ϕ is the dissipation potential. This potential is integrated into the 
system and minimized to solve the energy balance as well as the linear momentum 
balance in the bodies considered. We assume ψ to be the sum of an elastic, a chemical, 
and a hardening-type energy. The elastic energy is given by 

ψe ¼
λ �ð Þ

4
Je2 � 1 � 2 ln Je
� �

þ
μ �ð Þ

2
tr beð Þ � 3 � 2 ln Jeð Þ (2) 

where λ �ð Þ and μ �ð Þ are the Lamé parameters determined by a Reuss-like rule of mixture 
and Je is the determinant of Fe. Further, the Kirchho, stress τ is given by τ ¼ 2be@ψe=@be, 

where be ¼ FeFeT is the elastic left Cauchy–Green tensor. For the chemical energy, we 
assume a standard relationship [46,47]: 

ψc ¼ uA
0 � θsA

0 þ � θ � θ0ð ÞΔsAM þ c θ � θ0 � θ ln
θ

θ0

� �� �

(3) 

with the volume-speci+c internal energy of the austenite phase uA
0 , the speci+c entropy of 

the austenite phase sA
0 , the speci+c heat capacity c, the di,erence in speci+c entropy of 

the austenite and martensite phase ΔsAM, the equilibrium temperature θ0, and the 
absolute temperature θ. Since the inelastic strains vanish with � ! 0, the inelastic strain 

Ei ¼ 1
2 Ci � I
� �

is assumed to be given by Ei ¼ �Et, where Et is a measure for the e,ective 

transformation strain in twinned regions. Additionally, the hardening-type energy is given 
by (compare to Sedlak et al. [40]) 

ψh ¼ kEint �Et2

1 � Et4
þ H tr Ci

� �

� 3
� �

; Et ¼

ffiffiffi

2
3

r

k Et k

k
(4) 
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where k is the maximum transformation strain and Eint and H are hardening parameters. 
The thermal strains and jump in volume between martensite and austenite cells are 

modeled by Fθ ¼ det Fθ
� �

1
3I ¼ 1 þ εθ �; θð Þ

� �

I with the thermal strain 

εθ ¼ �αM θ � θrefMð Þ þ 1 � �ð ÞαA θ � θrefAð Þ (5) 

where αA=M are the coeKcients of thermal expansion and θrefA=M are the reference 
temperatures of austenite and martensite. To model the inelastic behavior, we de+ne 
the dissipation potential, depending on the direction of the transformation, to be 

ϕ _�;Di; �
� �

¼ f

_�ΔsAM θ0 � Msð Þ þ � Ms � Mfð Þð Þ þ
ffiffi

2
3

q

σreo k Di _� � 0 ^ tr Di
� �

¼ 0

_�ΔsAM θ0 � Afð Þ þ � Af � Asð Þð Þ þ
ffiffi

2
3

q

σreo k
_�
� εi k þ k Di �

_�
� εi k

� �

_�< 0 ^ tr Di
� �

¼ 0

1 else

(6) 

where Di ¼ sym _FiFi�1
� �

is the symmetric part of the inelastic ‘velocity gradient,’ εi ¼
1
2 ln bi� �

with bi ¼ FiFiT and σreo the stress at which reorientation occurs. Furthermore, the 

heat conduction is assumed to follow Fourier’s law with thermal conductivity κ. After 
further numerical treatment of the volume preservation constraint and di,erentiability 
problems of the dissipation potential, we solve the problem using an active set algorithm, 
which is embedded into the +nite element analysis software FEAP [48]. The material 
parameters employed are given in Table S1 (in the Supporting Information).

3. Results

3.1 Functional properties of freestanding TiNiHf �lms

3.1.1 Thermal fatigue evaluation

The characteristic martensitic phase transformation temperatures, austenite start (As), 
austenite +nish (Af), martensite start (Ms), martensite +nish (Mf), and latent heat of 

transformation of forward (ΔHMA) and reverse transformations (ΔHAM) are determined 
by DSC. Figure 1(a) shows the +rst DSC cycle of 21 µm, 10 µm, and 5 µm thick freestanding 
+lms depicting a reduction in all characteristic transformation temperatures, with decreas-
ing +lm thickness. The thermal transformation temperatures, latent heat, and thermal 
hysteresis (ΔT) are given for all samples in Table 1. Only a minor in>uence on thermal 
hysteresis is noticeable with a reduction in TiNiHf +lm thickness from 21 μm to 5 μm. 
However, the transition temperatures, latent heat of transformation, and thermal hyster-
esis width of TiNiHf +lms can also be slightly increased by annealing the +lms at a higher 
temperature as shown in our previous work [49].

Bi-directional and bistable SMA-based micro- and nano-actuators ideally should last for 
thousands of actuation cycles with little functional fatigue. The wide thermal hysteresis of 
~ΔT = 57 °C indicates poor crystallographic compatibility between the martensite and 
austenite phase for the fabricated TiNiHf alloy [21]. Figure 1(b) shows functional fatigue of 
5 μm thick +lm after 150 thermal cycles between 0 °C and 140 °C. A decrease in all 
characteristic transformation temperatures can be seen where the largest change occurs 
within the +rst ~20 cycles. The As, Af , Ms, and Mf temperatures continue to steadily 
decrease with every cycle without stabilization up to 150 cycles. A decrease in transition 
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temperatures with thermal cycling is expected in TiNi-based alloys due to the introduc-
tion of dislocations that compensate for the crystallographic compatibility between the 
martensite and austenite phases [21]. This fatigue behavior is observed in fabricated 
freestanding TiNiHf alloys indicated by a slight increase in ΔT with every cycle. 
Decreasing +lm thickness and thermal cycling lead to a signi+cant reduction in the latent 

heat of both the forward and reverse transformation (ΔHAM, ΔHMA), which might be 
bene+cial for SMA actuation [50].

3.1.2 Tensile testing

Figure 2 shows a comparison between experimental and simulated stress–strain char-
acteristics of 21 µm thick freestanding TiNiHf +lms annealed at 635°C – 5 min, structured 
into a dogbone geometry, at various temperatures in the phase transformation regime. 
The samples are investigated at three di,erent ambient temperatures of 120 °C, 135 °C, 
and 155 °C at a constant strain rate of 1 � 10�3 s−1. Simulation results are +t to the 
experimental results to obtain mechanical parameters such as elastic modulus, maximum 
transformation strain, critical loading stress, and critical unloading stress values for the 
stress-induced martensitic transformation.

At 120°C, one-way shape memory behavior is obtained upon loading/unloading the 
samples up to 3.5% strain, indicating the material is in the martensite phase [51]. 
Reorientation of the martensite variants (detwinning) is suggested to introduce the slip 
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Figure 1. (a) First DSC cycle showing Ni47.7Ti40.7Hf11.6 freestanding films annealed at 635°C – 5 min 
with decreasing film thickness from 21 μm to 5 μm. (b) Change in characteristic transformation 
temperatures in 5 μm freestanding sample in first 150 thermal cycles.

Table 1. Thermal transformation properties of fabricated freestanding TiNiHf films, determined by DSC.

Cycle # Thickness /µm As=
�
C Af=

�
C ΔHMA /J·g−[1] Ms=

�
C Mf=

�
C ΔHAM /J·g−[1] ∆T=�C

1 21 127.3 132.6 17.5 71.9 74.5 21.9 56.8
1 10 119.0 122.2 14.7 65.3 63.5 19.5 56.2
1 5 118.7 122.4 9.2 63.6 60.2 15.8 58.7
50 5 101.9 106.6 15.0 41.0 38.6 17.0 64.4
90 5 96.3 99.6 12.1 32.8 30.4 16.9 66.4
120 5 91.9 96.1 10.3 28.6 26.2 15.9 66.6
140 5 88.7 93.3 11.4 25.0 22.4 14.2 66.9
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of dislocations. The lack of a stress plateau in Ni-lean TiNiHf alloys is characterized by their 
low critical stress for slipping [21], strong work hardening behavior, and continuous 
yielding [25]. The open hysteresis loop with a residual strain of 2.4% indicates the retained 
stress-induced martensite that is known to form when loading an SMA at a temperature 
Ms < T < Af [51]. At 135°C, the critical stress (σcrit) for phase transformation to martensite is 
about 430 MPa and a maximum tested strain of 3.4%. The open hysteresis loop with a 
residual strain of 1.8% indicates the sample is not fully transformed to the austenite phase 
by 135°C. Upon loading and unloading at 155°C, the critical stress for martensitic trans-
formation shifts to 490 MPa, and the reverse transformation starts at 260 MPa. As a result, 
a superelastic behavior is obtained with recoverable strain up to 2.6%. The simulated 
model +t for the 135°C tensile test shows a certain discrepancy with experimental data. 
Upon unloading, the simulation model overestimates the recoverable strain from 1.8% to 
0.95%. However, the superelastic and martensitic forward transformation behavior for all 
three test conditions is well described by the simulation model. The small discrepancy 
could be due to microstructural and grain size e,ects which currently are not captured by 
the model. This includes the hardening e,ect that is responsible for the steep slope 
instead of a stress plateau for TiNiHf +lms.

3.2 Functional properties of TiNiHf/Si and TiNiHf/SiO2/Si bimorphs

3.2.1 Electrical resistance

The +lm thickness dependencies of the phase transformation properties of TiNiHf +lms on 
Si and SiO2/Si substrates are investigated to understand their impact on bi-directional 
actuation performance. The transformation hysteresis curves are compared in Figure 3 for 
all investigated thicknesses from 5 μm down to 0.11 µm on both substrates. Decreasing 
+lm thickness leads to a signi+cant increase in resistance with a similar thermal hysteresis 
width until a critical +lm thickness is reached for very thin +lms.
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Figure 2. Experimental and simulated stress–strain curve of the investigated 21 µm thick TiNiHf 
freestanding films of dogbone geometry size of 500 μm � 4mm (see inset). The tests are performed at 

three different ambient temperatures of 120 °C, 135 °C, and 155 °C with a strain rate of 1 � 10�3 s−1.
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Figure 4 summarizes the corresponding thickness dependence of transformation 
temperatures and thermal hysteresis width ΔT of bimorph +lms. Data is not shown for 
the 0.11 µm +lm on Si substrate as electrical resistance measurements revealed only a 
partial phase transformation (Ms = −157.4 °C and Af = −23.4 °C) when cooling the sample 
from room temperature to −160 °C. According to Figure 4, ΔT witnesses a dramatic 
increase when the +lm thickness is below 0.44 µm for +lms on Si substrate and below 
0.22 µm for +lms on SiO2/Si substrate, which appear to be critical thicknesses on the 
corresponding substrates. When the +lm thickness is below this critical value, the thermal 
hysteresis shifts to a lower temperature range and the hysteresis width nearly doubles. In 
contrast, when the +lm thickness is larger than the critical thickness, the thermal hyster-
esis width and transformation temperatures show only minor variations.

3.2.2 Structural properties

TiNiHf is known to undergo a solid-to-solid phase transformation from a low-symmetry, 
low-temperature, martensite phase (monoclinic, B19’) to a high-symmetry, high-tempera-
ture, austenite phase (cubic, B2). The crystal structures of all TiNiHf +lms (between 110 nm 
and 5 μm) on Si and SiO2 substrates were evaluated at room temperature with XRD. Figure 
5 shows XRD results at 30 °C for 110 nm, 220 nm, and 440 nm TiNiHf +lms on both Si and 
1.5 μm SiO2/Si substrates. The preferred orientations of martensite and (110) austenite 
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Figure 3. Comparison of resistance–temperature curves of TiNiHf films of different thicknesses on (a) 
Si and (b) SiO2/Si substrates of 5 mm × 10 mm (see inset for the schematic). Hysteresis width gets 
significantly larger when films are below critical thickness, which are 0.44 µm for films on Si substrate 
and 0.22 µm for films on SiO2/Si substrate.
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Figure 4. Transformation temperatures and calculated thermal hysteresis width ΔT of TiNiHf films with 
different thicknesses on (a) Si substrate and (b) SiO2/Si substrate. Data is not shown for 0.1 µm-thin 
film on Si substrate, as transformation hysteresis is not fully seen in the temperature range −160 °C to 
200 °C. All films were annealed at the same condition 635°C – 5 min.

Figure 5. XRD results at 30°C for 110 nm, 220 nm, and 440 nm TiNiHf films on (a) Si substrates and (b) 
on 1.5 μm SiO2/Si substrates. Samples were 20 mm × 20 mm in size.
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peaks are labeled. Two dominant peaks arise for the martensite phase at 40° for the (002) 
B19’ phase and 44° for the (020) B19’ phase. The dominant peaks for the austenite phase 
are located at 42° for the (110) B2 phase and 91° for the (220) B2 phase. The absence (or a 
weak signal) of these two austenite peaks is the indication that the sample is in martensite 
phase at room temperature. The large signal at 69° is the peak related to the (100) Si 
substrates. There were a handful of unidenti+able secondary phase peaks for TiNiHf +lms 
on Si substrates that were not observed for TiNiHf +lms on SiO2/Si substrates. The 
additional peaks could be due to a (Ti,Hf)2Ni phase that occurs when using Ti-rich TiNi 
+lm compositions [4,21]. For a more precise study on the precipitate phases, additional 
TEM measurements are necessary, which are out of scope for the current study.

To realize many applications, the main criterion for selecting the +lm and +lm compo-
site for martensitic phase transformation has to be above room temperature transforma-
tion. Figure 5(a) shows that 110 nm and 220 nm TiNiHf +lms on Si substrates are in 
austenite phase at room temperature. However, Figure 5(b) for 220 nm +lms on SiO2/Si 
bu,er layers, XRD shows the SMA is composed of martensite B19’ phase with some 
residual austenite at room temperature. XRD results indicate the minimum +lm thick-
nesses required to obtain a transformation above room temperature are ~220 nm on 
SiO2/Si substrates and ~440 nm on Si substrates. This con+rms both the dramatic +lm 
thickness e,ect below critical +lm thicknesses and the substrate dependence of this +lm 
thickness e,ect observed in electrical resistance measurements. Fig. S1 (Supporting 
Information) shows all TiNiHf +lm thicknesses above the critical thickness value on SiO2/ 
Si substrates transform from the martensite phase at 30°C, to the austenite phase upon 
heating to 110 °C. 220 nm and 440 nm +lms on SiO2/ Si substrates were fully transformed 
to the austenite phase by 110 °C. Films with a thickness greater than 880 nm on SiO2/Si 
substrates still showed weak (200) and (020) martensite peaks indicating that these 
samples are still partially martensite at 110 °C.

Temperature-dependent XRD measurements were used to determine the transformation 
temperatures of TiNiHf +lms with thicknesses of 110 nm, 220 nm, 440 nm, 880 nm, and 5 μm 
on Si substrates and a 440 nm thick TiNiHf +lm on 1.5 μm SiO2/Si substrates. The samples 
were heated and cooled in 5°C increments between 30°C and 130°C at a heating rate of 10° 
C/s. By monitoring the change in peak intensity of the B2 austenite peaks at 42° and 91° and 
using a Rietveld re+nement on the (110) B2 cubic austenite phase, it was possible to 
determine the SMA transition temperatures [52]. The results of the transformation tempera-
tures for all tested +lms are given in Table 2. 110 nm +lms on SiO2/Si substrates were in the 
cubic austenite phase, with no transformation taking place in the temperature range 
between 30 °C and 130 °C. 220 nm +lms on Si substrates were also found to be in the 

Table 2. Transition temperatures of TiNiHf films on Si substrates and SiO2/si substrates for different 
thicknesses determined by XRD.

Substrate Thickness /µm As=
�
C Af=

�
C Ms=

�
C Mf=

�
C ∆T=�C

Si substrate 5 88.2 114.2 72.7 50.4 39.6
0.88 95.3 110.1 69.3 56.9 39.6
0.44 95.4 108.7 67.9 56.5 39.9
0.22 No transformation between 30 °C and 130 °C
0.11 No transformation between −100 °C and 130 °C

1.5 μm SiO2/Si substrate 0.44 92.9 108.3 68.2 50.9 41.1
0.11 No transformation between 30 °C and 130 °C
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cubic austenite phase at 30 °C with no transformations taking place between 30 °C and 130 ° 
C (Fig. S2, Supporting Information). 440 nm TiNiHf +lms on Si substrates were martensite at 
room temperature and displayed a high temperature phase transformation with As= 95.4 °C 
and Af = 108.7 °C. (Fig. S3, Supporting Information). There was not a signi+cant change in 
transformation temperatures for 440 nm on Si versus 440 nm +lms on 1.5 μm SiO2/Si 
substrates. Scanning electron micrsocopy cross-sectional images of di,erent TiNiHf +lm 
thicknesses (5 μm, 2 μm, 880 nm, and 440 nm) on Si substrates are shown in Fig. S4 
(Supporting Information).

Temperature-dependent XRD data was used to estimate the CTE for austenite phase of 
the Ti40.4Ni48Hf11.6 alloy by monitoring the change in the cubic lattice parameter while 
cooling the SMA over a temperature range of 120°C–85°C [53]. The CTE of the austenite 
phase (αA) was calculated to be 30 � 10�6K�1± 5 � 10�6K�1 from XRD measurements. 

This value falls between the austenite CTEs reported for binary NiTi (αA ¼ 13 � 10�6K�1) 

[54] and for a Ti29.7Ni50.3Hf20 alloy (αA ¼ 49:6 � 10�6K�1 � 3:4 � 10�6K�1) [13]. For com-

putational simulations, the calculated value from XRD data is used (αA= 30 � 10�6K�1), 
and for simplicity, the CTE value for martensite is estimated to be half the value of 

austenite (αM= 15 � 10�6K�1).

3.3 Bi-directional actuation based on TiNiHf/SiO2/Si bimorph �lm composites

Cantilever deflection measurements

Actuation in SMA/Si bimorph cantilevers arises from the combined shape memory 
e,ect and CTE di,erence between bimorph layers [6]. The di,erent stress states in 
the bimorph cantilever that lead to desirable de>ection arise when heating the 
composite to temperatures above Af and cooling the composite below Mf: The 
maximum actuation stroke is determined by the y-de>ection obtained between the 
martensite and austenite phases using CDM.

Figure 6(a) shows 145 cycles of de>ection for 0.88 μm TiNiHf/100 nm SiO2/300 μm Si 
cantilever composite. The transition temperatures, thermal hysteresis, and maximum 
stroke upon thermal cycling are given in Table 3. A decrease in transformation tempera-
tures and a slight decrease in the actuation stroke are observed with increasing cycles. 
Figure 6(b) shows the change in characteristic transformation temperatures as a function 
of thermal cycles for 0.88 μm TiNiHf/100 nm SiO2/300 μm Si bi-directional actuator. The 
thermal–mechanical hysteresis stabilized after ~120 cycles, with minor shift in transforma-
tion temperatures between cycles 120 and 145. After ~60 cycles, the Mf temperature 
dropped below minimum test temperature of 30°C; therefore, the material was not fully 
transformed. The Mf temperature is marked with a green open symbol in Figure 6(c) to 
indicate Mf < 30 °C. Very small reduction in maximum actuation stroke from 32 μm to 
31.5 μm within the +rst 40 cycles (i.e. an indication of functional fatigue) is observed which 
then stabilized in the subsequent cycles.
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3.4 Bistable actuation based on PMMA/TiNiHf /Si trimorph �lm composites

3.4.1 Bistable actuation principle

The unique properties of TiNiHf/Si bimorph +lms of large hysteresis and an Af temperature 
larger than 105 °C open the opportunity for the design of bistable actuation using a 
polymer layer on TiNiHf/Si composite. As depicted in the schematic in Figure 7(a), SMA/Si 
bimorph structures can become bistable if combined with a polymer with matching glass 
transition temperature (Tg). That means the glass transition temperature of the polymer is 
required to fall within the thermal hysteresis of the SMA (Ms < Tg< As) [55]. Assume the 
composite is in stable state I, as shown in Figure 7(b). In order to switch to stable state II, 
the composite is heated above austenite +nish temperature (Tg < Af < T2), allowing the 
polymer to soften and adapt to the de>ected shape of the composite. Upon cooling 
below Tg, the polymer will become hard and, thereby, +xes the de>ected shape that 
corresponds to stable state II. In order to recover stable state I, the composite is heated to 
intermediate temperature T1 (Tg < T1 < As), and the polymer becomes soft again and 
adapts to the initial shape in martensite phase, which will be +xed upon cooling to room 
temperature. The +xation e,ect will be e,ective if the thickness of the polymer is large 
enough.

Figure 6. (a) Deflection versus temperature measurements of bi-directional TiNiHf/SiO2/Si actuators 
with TiNiHf film thicknesses of 0.88 μm on 100 nm buffer layer of SiO2 on 300 μm Si substrates (see 
inset for the sample picture). (b) Influence of functional fatigue on transition temperatures for the 
0.88 μm TiNiHf/SiO2/Si composite. Cantilevers were 3.5 mm × 20 mm in size, with a freestanding 
cantilever length of 14 mm during measurement.

Table 3. Influence of functional fatigue on bi-directional stroke and characteristic transformation 
temperatures of different TiNiHf thicknesses on 100 nm SiO2/Si substrates.

Cycle # Thickness/µm As=
�
C Af=

�
C Ms=

�
C Mf=

�
C ∆T=�C Stroke =μm

1 2 110 134 85 59 50 39
40 2 101 127 74 45 54.5 35
1 0.88 100 125 78 45 51 32
40 0.88 92 117 67 37 52.5 31.5
140 0.88 88 110 60 <30 54 31.5
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Here, we use PMMA as the polymer in a PMMA/TiNiHf/Si trimorph composite. PMMA is 
a standard resist material in various lithography methods such as X-ray lithography, deep 
UV-lithography, and E-beam lithography techniques 49,56–58]. The glass transition tem-
perature of PMMA is 105 �C, which ful+lls the criteria for bistability.

3.4.2 Polymer and Si model

Since the PMMA in mind does not exhibit shape memory e,ects, the polymer is modeled 
as a passive material. This is done by using a thermally coupled viscoelastic Maxwell 
model for +nite strains [59], where the viscosity is 107MPa � s at low temperatures below 
Tg ¼ 105�C and 1MPa � s at high temperatures. Thus, the polymer is soft above Tg, while 

still being sti, at colder temperatures. For simplicity, the CTE 70 � 10�6K�1
� �

[60,61,62], 

Young’s modulus (500 MPa), and Poisson’s ratio (0.4) of the PMMA polymer are held 
constant in simulations. The Si layer is modeled using a thermally coupled Neo-Hookean 
elastic model with Young’s modulus of 130 GPa and Poisson’s ratio being equal to 0.278 
[61]. The CTE of Si is 2:6 � 10�6K�1 [11]. The SiO2 bu,er layer is neglected in simulations 
as it is not expected to in>uence the mechanical properties of the composite.

3.4.3 Actuator geometry and boundary conditions

The modeled actuator has a length of 1 mm and a width of 100 µm. The Si and SMA +lms 
have a thickness of 2 µm and 1 µm, respectively. The geometry is discretized by 20 
elements over its length and 6 over its width, whereas each layer of material is discretized 
by 4 elements over the thickness. At the left side, it is clamped, i.e. the displacements on 
the left side are constrained to be zero. Additionally, at the top and bottom of the thin 
+lm, a Robin boundary condition with a convective heat transfer coeKcient of 

70Wm�2K�1ð Þ[63] is used to model heat convection with the surrounding air, which has 
a temperature of 20�C. Furthermore, Joule heating is realized through a heat source term 
in the TiNiHf. The actuator model is shown in Figure 7(b).
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Superimposed stable states (I) and (II) for comparison. The cross section of the trimorph layers 
(PMMA/TiNiHf/Si) is sketched.
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3.4.4 Optimization of polymer thickness

The actuator’s maximum bistable stroke is strongly dependent on the polymer layer 
thickness. If the layer is too thin, it is not able to hold the austenite-related shape at 
room temperature. If the polymer layer is too thick, it hampers the stroke and limits the 
actuation speed as well as power consumption. Additionally, larger body forces and less 
freedom for the thermal hysteresis of the SMA limit the design space of the actuator. 
Therefore, we optimize the polymer geometry by simulating several thicknesses. For 
clarity, only two polymer thicknesses of this sweep are shown in Figure 8(a), where the 
achieved vertical displacement and the temperature in the middle of the SMA at the end 
of the beam are plotted over time. In the beginning, we start with the actuator at room 
temperature, which is held by the polymer in stable state (I). Subsequently, the actuator 
undergoes a low heat cycle (1–2) in Figure 8(a), in which the polymer softens and releases 
the stress, which results in the >attened, stable state (I). After that, the actuator is heated 
above Af (3–4). Next, it is cooled down to room temperature again (5), at which it returns 
to stable state (II) again.

When reaching Mf , depending on the polymer thickness, it can hold the shape 
(e.g. for 25 µm) or release most of the actuation (e.g. for 7.5 µm, shown in Figure 8 
(a)). Additionally, since the area moment of inertia depends in a cubic manner on 
the polymer layer thickness, any thinner layers result in less achievable stroke. The 
in>uence of the polymer layer onto the achievable bistable stroke is depicted in 
Figure 8(b), where the di,erence between the vertical displacement of stable states 
(I) and (II) is compared. Furthermore, favorable thickness combinations for smaller 
actuator geometries and stack sizes are listed in Table 4. The maximum relative 
bistable strokes (∆y/L) show a scaling-dependent decrease when reducing the 
lateral dimensions L � w from 1000μm � 100μm down to 20μm � 2μm. Yet, even 
for the smallest bistable device, a considerable bistable stroke of 4% is expected, 
which is of special interest for actuator applications at ultra-small scales. Because 
the model at hand does not inherit any size e,ects, further model re+nement 
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Figure 8. (a) Demonstration of bistable actuation of PMMA/TiNiHf/Si through simulation assuming a 
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might be required considering additional e,ects such as grain size, oxidation, 
compositional or other in>uences a,ecting the actuation behavior. Furthermore, 
the Tg of PMMA is dependent on parameters such as +lm thickness and polymer 
molecular weight. Additionally, both the Tg and CTE are dependent on the inter-
facial energy between the polymer +lm and substrate and the exposure dose used 
during structuring [56–58]. These processing and scaling e,ects are not captured 
by the model and must be taken into account when designing bistable actuators 
with PMMA/TiNiHf/Si trimorph composites.

4. Discussion

The shape memory properties of TiNiHf/SiO2/Si bimorph composites were characterized 
experimentally for use as micro and nano bi-directional actuators. Controlling functional 
fatigue characteristics upon thermal cycling in Ni-lean TiNiHf is pivotal in the develop-
ment of bi-directional actuators. DSC and CDM results showed that the transition tem-
peratures of fabricated TiNiHf freestanding +lms and TiNiHf/SiO2/Si bimorph composites 
decrease with thermal cycling. The change in transition temperatures with cycling is 
reduced for TiNiHf +lms bound to an SiO2/Si substrate compared to the functional fatigue 
DSC results reported for freestanding +lms from Table 1. An average reduction in transi-
tion temperatures of 12 °C–18 °C is obtained for 0.88 μm TiNiHf/SiO2/Si composites after 
140 cycles compared to an average reduction in transition temperatures of 29 °C–38°C for 
5 μm freestanding TiNiHf +lms after 140 cycles. Additionally, XRD and CDM show thermal 
hysteresis width is also reduced for TiNiHf +lms constrained by SiO2 and Si substrates 
compared to freestanding +lms of similar thicknesses. This might imply an improvement 
in the compatibility of the austenite and martensite phases for +lms constrained by a 
substrate. The Si and SiO2/Si substrates cause an inhomogeneous stress pro+le at the 
+lm–substrate interface, which may a,ect phase transformation temperatures as it poses 
an additional energy barrier for the formation of martensite upon cooling [8].

Based on the analysis of our experimental results, we can infer a pronounced substrate 
in>uence as well as a dramatic +lm thickness e,ect below a substrate-dependent critical 
+lm thickness on the phase transformation properties of TiNiHf +lms. Freestanding TiNiHf 
+lms show a thickness-dependent decrease of all characteristic transformation tempera-
tures of ~10 °C when reducing thickness from 21 µm to 5 µm. Similarly, decreasing the 
SMA’s thickness was found to decrease the martensitic transformation temperatures for 
SMA wires (e.g. NiMnGa [63]), freestanding +lms (e.g. TiNiCu [32], NiTi [30,31]), and 
sputtered bimorph systems (e.g. NiMnGa/Si [8], NiTi/Si [31], NiTi/Pt [64,65], Ti2NiCu/Pt 
[32]). This thickness e,ect can also be seen for TiNiHf with decreasing +lm thickness from 
5 µm down to 110 nm constrained on Si and SiO2/Si substrates. There is a critical thickness 
of TiNiHf +lms on both Si and SiO2/Si substrates, below which the thermal hysteresis width 

Table 4. Simulated stroke of downsized trimorph actuator geometries.

Length L Width w

Layer thicknesses t

Bistable stroke ∆y Relative bistable stroke ∆y/LSi SMA Polymer

1 mm 100 µm 2 µm 1 µm 20 µm 116 µm 12%
100 µm 10 µm 2 µm 1 µm 20 µm 4.4 µm 4.4%
20 µm 2 µm 0.4 µm 0.2 µm 4 µm 0.8 µm 4%
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increases signi+cantly. Temperature-dependent electrical resistance measurements and 
XRD measurements are in agreement that these values are between 110 nm and 220 nm 
for +lms on SiO2/Si substrates and between 220 nm and 440 nm for +lms on Si substrates.

This shows evidence that the interface between the substrate and TiNiHf +lm plays an 
important role in the phase transformation and is more pronounced below a critical 
thickness. The existence of the observed critical thickness values could also be ascribed to 
a change in the composition of the TiNiHf +lm due to di,usion at the surface and interface 
of the substrate during the annealing process. One explanation of the change is a TiOx 

oxidation layer on the surface of the SMA +lm [31,65], which is claimed to a,ect +lms with 
a thickness below 1 µm [32,65]. The oxidation layer will create a Ti-lean zone beneath, 
which is much thicker than the oxidation layer, changing the composition of the +lm. The 
e,ect of the SiO2 bu,er layer on the change of the critical thickness to lower values might 
be attributed to the e,ect of di,usion as well. Jarrige et al. [65] propose that for binary 
NiTi systems, there is an additional TiOx oxidation layer between the +lm and SiO2/Si 
substrate, and this layer can hinder the di,usion of Ni and Si atoms between the +lm and 
the substrate, as was observed for +lms annealed on Si substrates. Furthermore, the stress 
at the TiNiHf/Si interface might be reduced due to stress release by the intermediate SiOx 

layer, which a,ects phase transformation at small SMA layer thicknesses. These considera-
tions help to understand that the critical thickness of TiNiHf +lms on SiO2/Si substrate 
could be smaller than that on Si substrate. However, further investigations on the layer 
sequence (addition of bu,er layers and di,usion barriers like Si3N4 or Ta) of bimorph 
sample sections are needed for better understanding.

The transition temperatures deduced from di,erent experimental methods of DSC, 
XRD, electrical resistance, and bi-directional de>ection reveal systematic deviations. The 
di,erent length scales and di,erent loading conditions may cause major di,erences. 
While XRD probes undergo phase transformation at the local scale, electrical resistance 
reveals average values of the whole test specimen. Bi-directional bending re>ects the 
non-uniform stress pro+les during beam bending, which is absent in DSC. Another 
di,erence is ascribed to the di,erent time scales of temperature cycling in the phase 
transformation regime. In particular, electrical resistance measurements have been per-
formed by providing suKcient waiting time between data points to enable quasi-sta-
tionary equilibrium conditions, while DSC experiments have been conducted using a +xed 
heating and cooling rate. However, these details are not the focus of this investigation. 
Conclusions are drawn based on the dependencies observed by each experimental 
method independently, while direct comparisons are avoided.

The experimental results shown in this work envisage a possible route for developing 
bistable actuators using additional polymer layer to TiNiHf/Si bimorphs. The biggest 
challenge in experimentally realizing such bistable devices is tailoring transformation 
temperatures of TiNiHf to match the Tg of PMMA. Simulations incorporated the experi-
mental results on TiNiHf phase transformation properties accounting for substrate in>u-
ence and +lm thickness e,ects that arise when downscaling to nano+lms. Simulation 
results indicated that trimorph PMMA/TiNiHf/Si +lm composites exhibit large bistable 
actuation with scaling-dependent bistable stroke per length Δy=Lð Þ. The simulation 
results should be considered as an outlook and guideline for future experimental work.

310 S. M. CURTIS ET AL.



5. Conclusions

For the investigated chemical composition of Ti40.4Ni48Hf11.6 and optimized annealing con-
ditions of 635°C – 5 min, it is found that decreasing the layer thickness of TiNiHf in bimorph 
composites decreases the phase transformation temperatures. A large reduction of Ms/As by 
more than 100 °C is observed when TiNiHf +lm thickness drops below a critical thickness. The 
onset of the +lm thickness e,ect depends on the substrate. For Si substrates, critical thickness 
occurs between 440 nm and 220 nm, while for 1.5 μm SiO2 bu,er/Si substrate it occurs 
between 220 nm and 110 nm. Functional fatigue was improved for TiNiHf +lms in bi- 
directional TiNiHf/SiO2/Si composites as compared to freestanding TiNiHf +lms. The fabri-
cated bi-directional actuator demonstrated a stable actuation stroke after 40 thermal cycles 
and thermal stability after 125 cycles. Freestanding +lms, on the other hand, achieved were 
not stabilized in the +rst 150 thermal cycles. Tailoring the substrate and +lm properties of 
TiNiHf +lms above room temperature leads to the possibility to use these +lms for advanced 
nano- or micro-actuation. To further investigate the utility of these +lms for the actuation, 
simulations were carried out by adding an additional PMMA layer to show that with this 
material system, bistable actuation can be achieved at nanoscales. Once functional fatigue is 
controlled in sputtered TiNiHf/SiO2/Si +lm composites, these results show they are promising 
materials for nanoscale actuation to enable novel applications in nanomechanics and 
photonics.
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