RESEARCH ARTICLE

'.3 Check for updates

ADVANCED
MATERIALS
TECHNOLOGIES

www.advmattechnol.de

Shape Memory Alloy Thin Film Auxetic Structures

Duygu Dengiz, Hauke Goldbeck, Sabrina M. Curtis, Lars Bumke, Justin Jetter,

and Eckhard Quandt*

Auxetic structures provide an interesting approach to solving engineering
problems due to their negative Poisson’s ratio, which allows for elongation
perpendicular to applied stresses, opposite to a conventional structure’s
necking behavior. Thus, they can function well in applications requiring com-
pacting the device into a small volume during the deployment (e.g., implants
inserted with catheters) or stretchability with area coverage (e.g., stretchable
electronics). Fabricating them with shape memory alloys (SMAs) expands the
possibilities. The high strains experienced by auxetic structures may become
reversible compared to ordinary metals due to superelastic or shape memory
effect. This work studies four different auxetic microstructures using thin film
SMAs that are capable of surviving strains up to 57.4%. Since these structures
are fabricated by layer deposition and lithography, other components, such as
microelectronics, can be seamlessly integrated into the fabrication process.
These auxetic thin films are investigated for their mechanical behavior under
tension for their stretchability and stability. Under tension, thin films are
known to show wrinkling instabilities. In two of four designs, the large auxetic
behavior leads to wrinkling, while the other two display stable, non-wrinkling

being investigated for applications such as
energy absorbers, 3! blast panels, filters,!
displays,® and implants.”) In addition
to implants, these structures have also
been used as thin film polymer scaffolds
for cell growth at high strains, providing
an interesting insight into the potential
biomedical applications possible with
these structures.®l The Poisson’s ratio
can be adjusted by introducing patterns
(porosity). Moreover, the in-plane defor-
mations of these structures remain in the
elastic region, the behavior of the modi-
fied Poisson’s ratio is controlled solely
by the geometry and not by the intrinsic
properties of the material.”

In principle, auxetic structures can be
made from all classes of materials, such
as polymericll®1? ceramic,3! and metallic
materials.'> In the case of metals, shape
memory alloys (SMAs) are of particular

behavior. These designs can be candidates for stretchable electronics, wear-
able medical devices (e.g., biosensors), or implants (e.g., stents).

1. Introduction

Auxetic structures (negative Poisson’s ratio) are known for
their ability to enhance energy absorption, indentation resist-
ance, shear stress, and fracture toughness.l!! They also display
synclastic bending and the ability to adapt to various curva-
tures.”l These improvements have led to auxetic structures
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interest due to the large strains these
materials can withstand. They have been
investigated as relatively large-format aux-
etic TiNi antennas® 4D printed ballistic
panels with TiNi,l®l 4D printed Fe-Mn-Si
based SMAs,l and auxetic unit cells made of superelastic TiNi-
CuCo thin-films for stretchable electronics. ™!

SMAs are generally used in two ways: either by employing
the shape memory effect or leveraging superelastic behavior
provided by the thermally or stress-induced martensitic phase
transformations. In TiNi-based SMA, reversible intrinsic
strains up to 8% can be achieved, while using the shape
memory effect heating to the high-temperature phase austenite
is required to recover the deformation reversibly. The revers-
ible pseudoelastic behavior for superelastic alloys is related to
the stress-induced martensitic phase transformation from aus-
tenite to martensite. Reversibility, in this case, is achieved by
simply removing the applied load. Depending on the applica-
tion’s requirements, an SMA’s transformation temperature
may be adjusted through heat treatments or composition
changes.?-22 Chluba et al. have shown that the ternary shape
memory alloy TiNiCu exhibits no fatigue even after 10 million
superelastic cycles,?3l which would make this alloy a good can-
didate for applications such as skintronics (stretchable elec-
tronics applied onto the skin), where a device at the elbows
or knees may be subjected to high numbers of cycles and at
large strains. Conventional metals such as copper embedded in
a polymer were studied for their cycling behavior and showed
cracks up to strains of 5%.24 In applications in the human
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body, biocompatible binary NiTi is a commonly used implant
material. >’ TiNiCuCo free-standing serpentine interconnects
were demonstrated to reach maximum strains (serpentine elon-
gations) of 156% with low electrical resistivity (5.43 X 107 Q m).
TiNiCuCo serpentines were also demonstrated to serve as free-
standing substrates for other stretchable conductors.[2¢!

Thin film structures under tensile stress can show an addi-
tional phenomenon besides the corresponding elongation,
wrinkling due to buckling. Because the clamped borders pre-
vent lateral shrinkage of the film, which leads to the creation of
the compression regions, and with these compressed regions,
in-plane strain mismatch is generated by the Poisson’s ratio
of the material.’’l This results in structural instability due to
tensile loading and results in local surface wave formations.®!
Furthermore, Su et al. showed that the thickness—width ratio
affects buckling. Below one, they show ultra-thin films wrinkles
for samples’ thickness smaller than 1 um, and with increasing
the thickness, they reported buckling and scissoring regions.
For in-plane deformation the thickness should be higher than
the width.?”l These out-of-plain deformations may lead to
multiple consequences, such as loss of contact with a surface
and/or stress concentration due to shape change. Therefore,
wrinkling and its prevention in free-standing self-supporting
thin films should be well understood. Understanding and con-
trolling wrinkling may allow for use directly in the body as
implants require certain radial forces to prevent implant migra-
tion,3% and auxetics are studied as having high radial forces.l!
Therefore, non-wrinkling auxetics may provide a foundation for
highly stable implants.

Although wrinkling is primarily studied in polymer thin
films,32-34 some literature focuses on metallic thin films on
polymer substratesi®*3% and patterned free-standing Al thin
films as a function of structural parameters. By patterning Al
and using different material properties, Flores-Johnson et al.
revealed that plasticity significantly affects wrinkling formation
and amplitude. They showed that a material’s elastic-plastic
properties play an important role in wrinkling. They found that
purely elastic material displays wrinkling at very high strains
compared to the elastic—plastic material model.’l Using shape
memory alloy with high intrinsic recoverable strains gives the
potential for high stretchability prior to wrinkling deformations.
Adjusting material properties, such as high intrinsic strain
superelastic material, high stretchability, and full recovery could
be achieved in an auxetic thin film. Bonfanti et al. compared
comparatively large polymer thin films where one sample had
a negative Poisson’s ratio (auxetic) pattern and the other with a
positive Poisson’s ratio diamond pattern. They found that the
wrinkling behavior of the sample with a negative Poisson’s ratio
changed drastically compared to the one with a positive Pois-
son’s ratio and that the wrinkling occurred at the edges rather
than in the center of the film as expected from conventional
wrinkling behavior. 8!

MEMS (Microelectromechanical systems) techniques (pho-
tolithography, magnetron sputtering, and etching techniques)
provide the freedom to implement complex film patterns with
different components of microelectronics, as demonstrated by
bioelectrodes*” and sensors.**#ll In this study, the fabrication
and investigation of miniaturized by using MEMS free-standing
binary NiTi thin films are the primary focus, with four different
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auxetic structures adopted from literature to study auxetic and
wrinkling behavior. The thickness—width ratio effect tried to be
avoided in the individual unit cells of the auxetics, so in this
paper, only the macroscopic wrinkling effect is investigated.
The experimental results are discussed in comparison with FE
simulations to allow fabrication-free investigations of auxetic
structures in the future.

2. Experimental Section

Structured free-standing films were fabricated using
photolithography, wet chemical etching of sacrificial layer
of copper, and magnetron sputtering, described in detail by
Bechtold et al*l The fabrication quality of the edges can
be seen in Figure S1 (Supporting Information). The auxetic
structures pattern was transferred to a 4-in. Si Wafer by photo-
lithography (Karl Suss MAG6, Germany). Depending on the
desired composition and properties (SE or SME), NiTi films
with a thickness of around 45 pm were deposited using a Von
Ardenne CS730S (Von Ardenne, Germany) cluster magnetron
sputter device from a 4-in. TiNig or TiNigs target (Ingpuls
GmbH, Germany) with 2 x 10~3 mbar pressure, 20 sccm argon
flow, and 150 W resulting in a deposition rate of 3.3 pum h.
The elemental composition averaged over a 4-in. Si wafer of the
as deposited films was measured by Energy dispersive X-Ray
spectroscopy (EDS) using a Helios Nanolab 600 scanning
electron microscopy (SEM, FEI, Germany) equipped with a
silicon drift detector (Oxford Instruments, UK). The composi-
tion was determined to TiNis; (SE) and Tis;Nig (SME) with an
error of 0.5 at% using a binary Tisy4Nig ¢ standard. For further
experiments, the samples from a radius of 30 mm around the
center were used in each case to ensure the consistency of the
composition. Amorphous free-standing tensile test structures
were heat treated by rapid thermal annealing (RTA, CreaTec
RTA-6 SY09, Germany) for superelastic samples at 700 °C for
300 s and 500 °C for 300 s. Shape memory effect samples were
treated at 650 °C for 300 s and 500 °C for 300 s, with the first
step contributing to material crystallization and the second step
precipitation. Mechanical properties were analyzed by tensile
testing (Zwick Roell Z.05, Germany) by using 0.5 N pre-load
and a speed of 0.12 mm min~! with a simple dog bone struc-
ture. The same tensile parameters without pre-load were also
employed for the auxetic dog bones. All the experiments were
performed at temperature of 26 + 1 °C to ensure consistent
material properties.

The auxetic designs used within this study, shown in
Figure 1, were adapted from proposed designs from previous
studies. Design 1 was based on rotating triangles,*l and Design
2 was a new type of auxetic with high compressibility called
“s-shape auxetics,”™ which can be advantageous for specific
applications such as stents which require high crimpability
into a catheter. Design 3 was based on rotating squares and
was already used as an implant with laser-cut stainless steel.”
Design 4 was based on a circular auxetic structure that was
used for a piezoelectric energy harvester.*’! Figure le shows a
general arrangement of an auxetic structured tensile test spec-
imen with a total length of 14 mm and a width of 5 mm. The
auxetic structure area was a total of 20 mm? with a length of
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Figure 1. Four different auxetic structures investigated in this study with labeled dimensions: H height, W width, L length, D diameter, and O the angle.
a) Rotating triangles, b) s-shape auxetic, c) rotating-squares, d) circular auxetic, e) auxetic tensile dog bone with lateral and longitudinal dimensions

of 5 mm x 4 mm at equilibrium, respectively.

4 mm and a width of 5 mm. Table 1 shows the dimensions of
the array designs with H height, W width, L length, D diameter,
and O the angle, where the thickness is 45 um and the width W
is 35 um in each case.

Nikon D850 with AF-S micro Nikkor 60 lens was used for
the photos and videos of the auxetic dog bones. A setup was
made for applying displacement with a micrometer head to
the structured dog bones. The data related to Poisson’s ratios
of the samples were obtained with the photos using Image |
(U. S. National Institutes of Health, USA). The Poisson’s ratio
was defined by the change in lateral strains divided by longitu-
dinal strains. The SEM images were performed on specimens
with defined, pre-set strains using Zeiss Ultra 55 Plus (Zeiss,
Germany).

Abaqus (Dassault Systemes) was used to simulate the
behavior of the tensile structures under certain strains using
the built-in superelastic material model for binary TiNi. The
superelastic material model properties E, (Elastic modulus
of austinite), Ey (Elastic modulus of martensite), 6%, (tensile
stress start of loading), 0% (tensile stress start of loading), 6%
(tensile stress start of unloading), o%y (tensile stress end of
unloading), and ¢ (transformation strain), were obtained from
experiments, and v, (Poisson’s ratio of austinite), vy, (Poisson’s
ratio of martensite), 05 (compression stress start of loading),
(00/3T), (Clausius—Clapeyron coefficient loading), (80/07)y
(Clausius—Clapeyron coefficient unloading), and T, set experi-

Table 1. Dimensions of the arrayed auxetic designs seen in Figure 1 with
referred annotations, with thickness 45 um and width W of 35 um.

mental temperature were implemented from Velvaluri et al. for
a binary TiNi thin film.[l These material parameters can be
found in Table 2.

For the wrinkling simulation, the Riks method with arc
length 1 was used with C3D8R linear brick elements for
unstructured dog bones. For the auxetic dog bones, S4R type
shell elements were used. As the structure’s hinges experience
the highest stress, mesh seeding was applied with curvature
control to have finer meshes at those locations. A partition was
also applied to the designs to improve meshing further. The
dog bone was fixed in all directions (encastre) on the bottom
surface, and a 1 mm (16% strain) displacement was applied to
the top to mirror the experiment performed.

3. Results and Discussion

Tensile tests were performed for both unstructured and arrayed
auxetic structure dog bones, with the unstructured samples
used to determine the material parameters, with the results of
the tests displayed in Figure 2.

In Figure 2a, five cycles of the SME composition are dis-
played, showing no recovery of the strains applied in the first
cycle as expected for SME composition alloys. Figure 2b illus-
trates the same experiment using the SE composition. Here,
a full recovery of the superelastic strain is achieved for the
investigated five cycles. The obtained experimental data are

Table 2. Superelastic material model parameters used in the
simulations.

Auxetic orr] H [um] L [um] D [um]

Design 1 60 250 250 - Ex [MPa] Ey [MPa] Var Vm 0% [MPa] 0% [MPa] &5y [MPa]
Design 2 6,=45 ©,=60 350 160 - 25 000 20 000 0.3 440 560 300
Design 3 90 110 100 Dy=45 D,=270 oty [MPa] a 0% [MPa]  (80/8T).  (80/3T)y T, [°C]
Design 4 75 110 110 130 250 0.008 595 8.08 8.58 26
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Figure 2. Five consecutive uniaxial tensile tests (blue line) were performed at 26 + 1 °C for standard dog bone samples to characterize the shape
memory and superelastic behavior of the binary NiTi material used in this study. a) The shape memory effect sample behaves as expected and shows
no recoverable strain. b) The superelastic material model (red dashed line) used for the FEM simulation is consistent with the experiment of the binary

SE NiTi sample.

compared with the simulation results (dashed red line). In the
experimental setup, all the tensile tests are performed with
0.5 N pre-load at a temperature of 26 = 1 °C. The simulations,
however, do not contain a pre-load, which results in a slight

shift of the loading curves.

A total of four designs were

fabricated and investigated in

this study. SEM images of the superelastic samples (Figure 3)

are used to characterize close-up and arrayed unit cells under

0% and 12.5% strains. All unit cells show auxetic behavior
apparent by the elongation in the direction of applied stress

a) 0 % Strain

Design 2 Design 1

Design 3

.\O

‘ | . b1 |
ra - \B\a\

>N

3

Design 4

SRRSO
RIS

c) 0 % Strain close up

d) 12.5 % Strain close up

Figure 3. SEM images of auxetic arrayed structures of the different designs at a) equilibrium (0% strain) and b) applied 12.5% uniaxial strain.

Magnification of a single unit cell from the array at c) equilibrium (0% strain) and d) after 12.5% uniaxial strain.
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and perpendicular to it. Designs 1 and 2 show a more pro- tion data presented in Figure 4a obtained by FEM simulation
nounced auxetic behavior than Designs 3 and 4 (Figure 3c,d).  of the superelastic samples. All the designs have a thickness-
These close-up results show good agreement with deforma-  width ratio above one to avoid the buckling region and to be in

a) Stress on Close up Structures b) FEM wrinkling ¢) Experimental wrinkling
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Figure 4. FEM wrinkling results of the four designs with superelastic model implemented a) a unit cell from the array displaying the von-Mises stress
distribution, b) comparison between simulation and c) experiment for the samples made of superelastic material for wrinkling, U3 (z-direction)
represents out-of-plane deformation compared, both simulations and experiments at 26 + 1 °C.
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the in-plane scissoring region. Design 2 in the close-up image
under 12.5% showed some buckling. Furthermore, to check
thickness-width effect on stretchability, Design 3 is prepared
with different hinge widths with the same thickness to have a
thickness-width ratio. Nonetheless, they have shown the same
non-wrinkling behavior (see Figure S2, Supporting Informa-
tion). For the sake of simplicity, the thickness—width effect is
not further discussed in this study.

A comparison of the FEM simulation with experimental
results for the arrayed designs and microscopic and macro-
scopic mechanical response is presented in Figure 4. These
experiments and simulations were performed uniformly for
the superelastic alloy SE under 16% strain to ensure being in
the wrinkling regime. In the figure, the left column shows the
FEM simulations of the close-up of a unit cell, colored with
the von-Mises stress experienced. The middle column contains
the FEM simulation of the whole structure. Here the color
map displays out-of-plain deformation (U3). The right column
includes the corresponding photos of the experiments. Designs
1 and 2 have a high overall negative Poisson’s ratio, leading to
wrinkling after critical strains, as discussed later. The corre-
sponding Poisson’s ratio values can be found in Figure 7a. The
wrinkling is due to the large negative Poisson’s ratio of the unit
cells, which results in an expansion in the direction perpendic-
ular to the tensile stress. Above critical stress, unit cell blocking
leads to evasive movements due to buckling in the direction
perpendicular to the structure plane, as in-plane deformation
is prevented by already deformed unit cells. Designs 3 and 4
exhibit a Poisson’s ratios close to zero, and consequently, very
little stress or strain has to be compensated perpendicular to
the tensile direction. Therefore, no wrinkling occurs. Video S1
(Supporting Information) shows Design 1 initially compressed
goes under tensile stress and superelastic behavior after
unloading till initial compressed state. This shows these struc-
tures can have cycling behavior with recovery.

Figure 5 shows the strain recovery of superelastic arrays of
Design 1 with wrinkling and Design 4 without wrinkling by
applying strains up to 12%. Design 2 and Design 3 show sim-
ilar results under the same strain conditions to Designs 1 and 4,
respectively. Thus, for simplicity, they can be found in Figure S3
(Supporting Information). Also, the occurrence of the hys-
teresis loop confirms the utilization of the stress-induced
martensitic phase transition. The recovery of the four designs

a)
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s
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Z 4
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0 2 4 6 8 10 12
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shows similar behavior. It can also be seen that residual strain
remains due to remnant martensite in the material. For Design
1 and Design 4 the residual strain after the 5th cycle is 1.2%
and 1.6%, respectively. However, for application requiring high
number of cycles, fatigue (residual strain) could be overcome
by using another type of shape memory alloy such as TiNiCu.
It has been shown that SMA can withstand 10 million cycles
with extremely low fatigue.l?®l In Figure 5, both designs show
different force values, this is due to the design of the unit
cells. For example, using similar TiNi thin films, Loger et al.
have shown that simple rhombic designs exhibit different hys-
teresis loops when unit cell orientation is changed. This leads
to different stiffness of the overall design, which in turn leads
to different material amount undergoing stress-induced phase
transformation.[*’]

Superelastic SMAs still show mechanical advantages to use
as substrate compassion to conventional materials. Bossuyt
et al. studied the cycling behavior of typical substrate material
copper embedded in a polymer for stretchable electronics. They
found that Cu leads to failure with up to 5% strains.[*"

In Figure 6, photos of the two designs (Design 1 and Design
4) are shown, made from the SME alloy, studied at tempera-
tures of 26 £ 1 °C. The other designs, Design 2 and Design 3,
show similar results to Designs 1 and 4, respectively. Thus, for
simplicity, they can be found in Figure S4 (Supporting Informa-
tion). Here, the structures in the unloaded state are in the mar-
tensite phase. For strain recovery, the specimens would have to
be heated to undergo a phase transformation to austenite. From
left to right, the first column shows the initial state, the second
column is a snapshot just before wrinkling, the third column is
an intermediate strain state within the wrinkling regime, and
the fourth is the maximum strain just before structural failure.
The differences in total strains can be explained by the geomet-
rical properties of the designs. Design 1, with the largest strains,
has a more compact initial state, and by expansion, it can cover
large angles to be fully open up.¥! Furthermore, combining
auxetics with SMAs also shows importance compared to typical
metals; the higher the intrinsic strain, the larger the total strain.
In Figure 6a, Design 1 shows very high strains, up to 574%,
just before failure. SMA auxetics show high strains compared
to single-layer auxetic polymer thin films are reported up to
25% strainsl® and stainless steel auxetic thin films up 18.79%M
without recovery. The recovery of the ruptured Design 3 by

b)

10

Force (N)

0 - 2 4 6 8 10 12
Strain (%)

Figure 5. Hysteresis loop of auxetic arrays at 26 £ 1°C a) Design 1 and b) Design 3. The inset shows the designs of the arrayed structures.
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Figure 6. Two designs are shown made out of alloy SME under tensile load photos taken at 26 £ 1 °C. a) Design 1 photos left to right display initial
state, right before wrinkling, wrinkling start, and before fracture, respectively and b) Design 4 display initial state, right before necking, necking start,

and before fracture, respectively.

heating can be seen in Video S2 (Supporting Information). Fur-
thermore, Designs 3 and 4, with an overall close to zero Pois-
son’s ratio, showed strains up to 33.9%, which is higher than
single-layer zero Poisson’s ratio polymer thin films up to 20%

without wrinkling, reported in the literature.l

Figure 7. Poisson’s ratio changes by applied strain for Designs 1-4 with obtained from the tensile testing photos analyzed using Image) for a) super-
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Image] is used to extract the longitudinal and lateral strain

values and Poisson’s ratios of the experiments. Poisson’s ratios
are calculated from those strains. Figure 7 displays the change
in Poisson’s ratio as a function of applied strain for both mate-
rials. Designs 1 and 2 show a negative Poisson ratio, while
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elastic samples and b) shape memory effect samples.
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Designs 3 and 4 exhibited a close to zero Poisson’s ratio rather
than a negative one. This can be explained by the cancellation
effect seen by two competing mechanisms: the material inher-
ently wants to exhibit conventional behavior as seen by positive
Poisson’s ratio materials but at the same time the auxetic unit
cells expand. The interplay between these mechanisms create
this apparent net zero (or close to zero) Poisson’s ratio. After
the design reaches certain strains, Poisson’s ratio eventually
and gradually increases as seen in Figure 7 This is an indica-
tion where the designs tend to show conventional behavior
(i-e., necking) which leads to positive Poisson’s ratio. This may
occur due to higher strains on the hinges resulting in the mate-
rial's deformation and buckling. This is validated by studies
that have reported the change of Poisson’s ratio as a function
of strain.”*! The SME sample results, illustrated in Figure 7b,
are characterized by higher intrinsic strains (see Figure 2). This
leads to higher stretchability compared to superelastic material,
and the results are shown in Figure 7a. This is not a general
statement of whether superelastic or shape memory alloys are
used. The Poisson’s ratio increases with increasing strain since
wrinkling occurs as instability within the structures lead to a
sudden collapse in the neighboring cell after critical strains due
to fixed boundary conditions caused by the tensile clamps. With
further stretching, the wrinkled structures stabilize and con-
sequently also the Poisson’s ratio. This leads to a reduction in
Poisson’s ratio with the start of wrinkling and stabilization after
certain strains. The critical strains for wrinkling for Designs 1
and 3 are 8.6% and 4.3%, respectively.

Furthermore, for both types of SMAs, length (longitudinal
length see Figure 1)-to-width (lateral length see Figure 1) aspect
ratio can have an effect on wrinkling formation. An increase in
L/ W reduces the number of wrinkles. However, this increases
the amplitude of the waves. In this paper, L (5 mm)/W
(4 mm) = 1.25, Zhu et al.’” and Kumar et al.>" showed that
an aspect ratio closer to 1 can show a lower inflection point,
means that they wrinkle at lower strains. In simple words,
the tensile area gets close to a square L < W than a slender
rectangle L << W, and the wrinkling strains reduce. Our
structures show wrinkling stability with having aspect ratio L
(5 mm)/W (4 mm) = 1.25, close to a square. This shows that it
can get stability by structuring the thin films with specific aux-
etic designs.

4, Conclusion

This paper investigates four different auxetic mechanisms
with the miniaturization technique offered by MEMS using
free-standing shape memory metallic thin films. As a shape
memory alloy, TiNi binary alloy is used with two different com-
positions, one showing superelasticity and the other the shape
memory effect. Depending on the application, the superelastic
or shape memory effect could be used for full recovery by
unloading or heating.

Our results show wrinkling stabilization can be achieved
under very high strains, up to 33.9%, by implementing auxe-
tics designs. Adjusting the Poisson’s ratio close to zero can be
achieved by compensating the necking strains with the auxetic
strain in the opposite direction, thus preventing wrinkling.
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For future work and design development, a finite element
superelastic model can be used with the Riks method to check
the stability of the design for wrinkling without the need to per-
form experiments. Special attention is needed to develop stable
stretchable structures. However, the insights provided by the
FEM results may improve thin film behavior and design for
applications such as stretchable electronics, medical patches,
implants, and MEMS applications.
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