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ARTICLE INFO ABSTRACT

Keywords: Ni-Mn-Ga shape-memory alloys are promising candidates for large strain actuation and magnetocaloric cooling
Shape-memory alloys devices. In view of potential small-scale applications, we probe here nanomechanically the stress-induced aus-
Nanoindentation tenite-martensite transition in single crystalline austenitic thin films as a function of temperature. In 0.5 ym thin
Eiﬁézt plasticity films, a marked incipient phase transformation to martensite is observed during nanoindentation, leaving behind

pockets of residual martensite after unloading. These nanomechanical instabilities occur irrespective of defor-
mation rate and temperature, are Weibull distributed, and reveal large spatial variations in transformation stress.
In contrast, at a larger film thickness of 2 pm fully reversible transformations occur, and mechanical loading
remains entirely smooth. Ab-initio simulations demonstrate how an in-plane constraint can considerably increase
the martensitic transformation stress, explaining the thickness-dependent nanomechanical behavior. These
findings for a shape-memory Heusler alloy give insights into how reduced dimensions and constraints can lead to

unexpectedly large transformation stresses that need to be considered in small-scale actuation design.

1. Introduction

Metallic materials that can sustain reversible shape changes have
found their way into numerous applications [1-4]. These include not
only classical actuation devices that exploit reversible strains [5-71, but
also potential cooling systems that rely on caloric effects [8,9]. Whilst
traditional shape-memory alloys, such as NiTi [10,11], CuAINi [12], or
CuAlBe [13], offer significant phase-transformation induced strain-
recovery upon thermal and/or mechanical stimuli, ferromagnetic
shape-memory alloys provide further very large magnetic-field induced
strains due to magnetically driven reorientations [14-16].

A particularly promising ferromagnetic shape-memory material is
the Ni-Mn-Ga ternary system, in which L2; ordered compositions un-
dergo a first-order phase transition between an austenitic high-
temperature phase and a low temperature martensite phase [15-17].
Compositional variations and microstructural design allow tuning of the
phase-transition temperature as well as the pseudoelastic switching
strain, which can range between 6% and 24%, depending on the formed

martensitic structure [16,18]. Indeed, different 10 M and 14 M modu-
lated, as-well as non-modulated (NM) martensitic structures can be
observed [17,19], and the occurrence of these structures can be
explained by the so-called adaptive concept, which identifies the NM
structure that exhibits the largest tetragonal distortion, as the ground
state [20]. In addition, complex intermediate pre-martensitic structural
arrangements have been reported, hinting towards a rather broad
spectrum of metastable structures towards the formation of tetragonal
martensite [21], and for which we recently revealed a hierarchical pre-
martensitic microstructure [22].

Considering that the high-temperature austenite can admit sub-
stantial pseudoelastic strains upon mechanical actuation, any mean-
ingful application relies on repeatedly undergoing a large number of
reversible phase changes without functional fatigue. In other words, it
becomes imperative to understand the point at which losses emerge due
to structural damage that cause incomplete phase transformations and
eventually functional fatigue. At the macroscopic scale, this is not
straight-forward due to microplastic processes that are inaccessible to
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Fig. 1. Temperature dependent magnetization under a constant magnetic field
of poH = 0.01 T. The arrows indicate the heating—cooling sequence. The inset in
the lower left corner visualizes via optical microscopy the martensitic micro-
structure below My during cooling of the 2 um film, whereas the upper right
inset shows a smooth surface above A¢ during heating for 0.5 um, indicative of
the austenitic phase.

most bulk deformation experiments [23]. However, small-scale me-
chanical testing offers a sensitive alternative that not only can sample
irreversible components of the underlying first-order transition, but in
addition allows direct probing of the incipient phase transformation. For
example, small-scale deformation of NiTi could reveal how pockets of
residual martensite form within one deformation cycle, representing the
onset of mechanical dissipation in a shape-memory alloy [24]. In
contrast, the situation for Ni-Mn-Ga remains unclear both in terms of
functional fatigue during cycling as well as in terms of incipient phase
transformations upon loading. This is partly due to the fact that earlier
nanomechanical work focused on as-prepared martensitic material [25],
or due to high indentation loads used to study phase transformations via
imaging after deformation [26,27]. Since a first-order transformation
occurs, which also entails the co-existence of both phases, small-scale
actuation may in fact begin at widely varying critical stresses. This in
turn requires a statistical assessment at the small scale as opposed to the
well-averaged bulk case. To this end, we conduct automated nano-
indentation on Ni-Mn-Ga thin films, with a particular interest in
assessing the onset of the martensitic phase transformation and possible
residual martensite after deformation at small length scales.

To probe nano-scale deviations from purely elastic behavior and to
shed light onto the incipient (pseudo)elastic or plastic response of Ni-
Mn-Ga, we pursue here instrumented nanoindentation of single crys-
talline austenitic thin films as a function of temperature across the
austenite-martensite transition temperature. Two film thicknesses of
0.5 um and 2 um were considered, both of which were austenitic at room
temperature. We selected this state as a promising candidate for pseu-
doelastic and electrocaloric microsystems [28]. Nanoindentation reveals
a marked plastic instability for the thinner film, with a Weibull
distributed transformation stress in the range of 1.4-2.4 GPa that is in-
dependent of temperature and deformation rate. This is not the case for
the larger film thickness that admits fully smooth loading behavior.
Transmission electron microscopy reveals residual martensite at
indentation sites of the thinner film, supporting the argument that the
pop-in behavior stems from a stress-induced phase transition. In
contrast, a fully reversible phase transformation must have occurred in
the thicker film, since no structural changes were identified after
loading. Ab-initio calculations are used to qualitatively rationalize the
thickness-dependent incipient plastic behavior. These findings demon-
strate how constraints can significantly increase the phase-
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Table 1

Transition temperatures of phase transformations for both films. My is the
temperature when martensite formation starts upon cooling from the austenite,
and at M this transformation has finished. Correspondingly, As and Ay are the
austenite start and finish temperatures during heating. The Curie temperature,
T,, is also given for both thin films.

Film thickness M M; As A¢ Tc
0.5 um 268 K 256 K 268 K 281 K 312K
2 ym 274 K 257 K 270 K 285K 332K

transformation stress and contribute to irreversible processes during
transformations, both of which must be taken into account in small-scale
actuator design.

2. Experimental and computational details

As described elsewhere [29], epitaxial Ni-Mn-Ga-films with thick-
nesses of 0.5 um and 2 pm were prepared by DC Magnetron sputtering on
single-crystal MgO (001) substrates with a 20 nm epitaxial Cr-buffer
layer. The substrate temperatures during deposition were 600 °C and
400 °C for the thinner and thicker film, respectively. The sputtered thin
films had compositions of Nis4sMnjgsGagy; (thinner film), and
Nis3 sMnggGagg s (thicker film), as determined by energy dispersive x-
ray spectroscopy (EDX) with 1 at. % accuracy using a NisoMngsGass
standard. Using a vibrating sample magnetometer (Quantum Design-
VERSALAB) with a constant magnetic field (uwH = 0.01 T), the sam-
ples’ phase-changing behavior was examined in the temperature range
of 200 K to 400 K with a heating rate of 2 K/min. The magnetic field was
applied along the MgO [100]-direction. Fig. 1 shows the resulting
magnetization curves for both films, where arrows indicate the heating
and cooling cycles and where the high temperature austenite phase
shows an expected loss of the magnetic moment above the Curie tem-
perature Tc.

Both films reveal minor composition-dependent differences in the
austenitic start (Ag) and finish (Af) temperatures, as well as in the
martensitic start (M) and finish (My) temperatures. The values of these
temperatures are summarized in Table 1 for the 0.5 um and the 2 um thin
film. The insets in Fig. 1 display optical microscopy images that evidence
the featureless austenite state expected above room temperature (upper
right corner, 0.5 um film) and the characteristic patterns of martensite
variants below M (lower left corner, 2 pm film).

Temperature-dependent and rate-dependent nanoindentation was
carried out using a Bruker-Hysitron TI980 instrument. For experiments
conducted only at room temperature, a cono-spherical diamond tip with
a radius of 890 nm was used. All experiments were done in load-
controlled mode with a maximum load of 1 mN and at room tempera-
ture four different loading rates (1 mN/s, 0.1 mN/s, 0.01 mN/s, and
0.001 mN/s) were used. A holding time of 10 s at the maximum load was
applied and all unloading segments had a loading rate of 0.1 mN/s. All
indents were spaced 4 pm apart and at least 400 indents were done at
each rate or temperature. The temperature-dependent nanoindentation
experiments of both films followed the same testing protocol, but using
the instruments Xsol-stage, another cono-spherical tip was necessary,
which had a tip radius of 1 pm. A temperature range between 242 K and
313 K was covered, including both the martensitic phase at low tem-
peratures and the austenite at higher temperatures (Fig. 1). For any
temperature-dependent testing, the thin films were first placed inside its
testing environment including thermocouples, heaters, and liquid ni-
trogen coolers, after which the sample was heated to 313 K. Stepwise
cooling was followed to probe the nanomechanical response at lower
temperatures. The sample environment was continuously purged with
nitrogen gas to prevent water condensation on the sample surface.

Atomic force microscopy (AFM, MFP-3D Asylum instrument), a dual
beam scanning-electron (SEM) and focus ion beam (FIB) microscope
(Quanta 3D FEG from ThermoFischer) were used to map selected
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Fig. 2. A set of 70 load—displacement curves obtained at room temperature on
the 0.5 um thick film. Clear pop-in behavior is seen after an elastic loading
segment that follows the Hertzian contact model. The inset displays an AFM
image of an indent that is surrounded by line features marked by arrows that
evidence residual martensite after deformation.

indentation sites prior and after nanomechanical testing. Transmission
electron microscopy (TEM, JEM-2200FS) samples were extracted from
indentation sites following standard FIB lift-out methods to investigate
the microstructure underneath the indents.

Complementary to the experiment, ab-initio calculations were con-
ducted. Specifically, spin-polarized density functional theory (DFT)
calculations were performed with the Vienna ab initio simulation
package (VASP) [30-33]. The plane-augmented wave (PAW) method
[34,35] is used with GGA-PBE (Generalized gradient approximation as
parametrized by Perdew-Burke-Ernzerhof) functionals [36] to describe
the electron-ion interaction and exchange—correlation. A I'-centered k
point grid of 11 x 11 x 11 was used to sample the Brillouin zone. The
energy and force convergence criteria were set to 108 eV and 0.01 eV/
A. A conjugate-gradient algorithm was used for relaxing and optimiza-
tion of structural parameters. An energy cut-off of 500 eV was used for
the representation of the Kohn-Sham wavefunction and truncation of
plane-wave basis sets.

As indicated in the introduction, the martensitic transformation in
the NizxMn;y.<Ga1.y system is characterized by a change of the cubic
unit cell to an orthorhombic one. Usually, the energy of the crystal
structure as function of the c/a ratio is used to characterize the structural
transformation. To evaluate the bulk thermodynamics, these calcula-
tions are often performed by keeping the volume fixed to the value of the
austenite, since only small volumetric changes are observed in experi-
ments across the transformation [37,38]. In order to consider the shape
changes enforced by nanoindentation in the present manuscript, the
assumption of constant volume is no longer justified. Instead, we are
discussing a uniaxial compression along the ¢ axis. For the in-plane
lattice parameters, for which only the case a = b is considered,
different scenarios can be calculated: on the one hand, they can adapt to
a value that minimizes the energy of the overall unit cell. As long as we
describe a single phase, this will be determined by the Poisson ratio. On
the other hand, they can be constrained by external boundary condi-
tions, such as the lattice constant of the substrate onto which the thin
films have been grown. Relying on these two scenarios, the potential
energy for a range of different c/a and a = b values for the stoichiometric
NioMnGa alloy was calculated and will be discussed in terms of the
resulting potential energy surface (PES). At this stage, we note that the
PES only captures the NM variant of the martensite, while experimen-
tally observed martensite structures such as 10 M and 14 M are for
simplicity not explicitly calculated. They are modulated variants of the
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Fig. 3. A complementary cumulative distribution function (CCDF) of the first
pop-in stress of the 0.5 pm thick film for different loading rates at room tem-
perature and for at 0.1 mN/s at 243 K and 260 K. All data can be well described
with a Weibull distribution. The corresponding fitting parameters are summa-
rized in Table 2.

NM martensite and due to the low energy of the involved twin-
boundaries energetically similar to NM [20]. An important difference
for the upcoming discussion is, however, that the modulated structures
have an effective c/a < 1.

3. Results and discussion
3.1. Constraint-induced intermittent phase transformations

Nanoindentation on the 0.5 um thin film at a rate of 0.1 mN/s reveals
a clear plastic instability, also known as a pop-in that marks a deviation
from the elastic contact. Fig. 2 displays a set of 70 nanoindentation
curves on the 0.5 um film together with the elastic solution of a Hertzian
contact model, which was fitted according to P = 1, VRR3/2 [39],
where P is the applied load, R is the indenter tip with radius of 890 nm, h
is the penetration depth, and E; (79 GPa) is the reduced modulus. Similar
to indentation on single crystalline single element metallic materials, the
first pop-in is significantly larger in displacement magnitude than any
subsequent higher-order events [40-43]. Specifically, the first pop-in of
the Nis45MnigsGagy thin film typically exceeds 4 nm, whereas any
higher-order instabilities are mostly 0.6-1.5 nm in size. In addition to a
clear first pop-in signature, Fig. 2 also reveals a remarkable super-
position of the continued loading curves after the first event. As such, the
magnitude of the first pop-in scales with applied load, which is a feature
known for a variety of metallic materials, including metallic glasses
[44], superalloys [45], and intermetallics [46] that finds its origin in the
stressed-volume indentation-depth scaling inherent to the experiment
[47]. However, the rare occurrence and small size of additional pop-ins
after the first, sets the data in Fig. 2 apart from dislocation plasticity or
shear-localization and leads to indentation curves that fall well onto
each other.

In case of the present shape-memory alloy, the clear pop-in signature
after the elastic response could either originate from a stress-induced
phase change from austenite to martensite or from plastic deformation
involving dislocation activity. Whilst little data on incipient plastic
behavior of shape-memory alloys exist, earlier work on NiTi has indeed
revealed pop-ins [24]. In-situ SEM investigations at much higher loads
(50 mN for a tip radius of 5 um) and therefore displacements, suggested
that the pop-in signature in NiTi originates from a phase transformation.
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Table 2
Weibull shape parameter K and scale parameter A across loading rates at room
temperature and at 260 K for the corresponding distributions depicted in Fig. 3.

Loading rate (mN/s) 1 0.1 0.01 0.001 0.1 (260 K)
Shape parameter K 10.09 10.23 11.13 14.94 14.94
Scale parameter A 0.47 0.49 0.48 0.48 0.39
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Fig. 4. Temperature dependent nanoindentation measurements done at 313 K
to 243 K covering the fully austenite and martensite phase regime for the 0.5
um thin film. Pop-ins are observed across all testing temperatures.

If this also holds for Ni-Mn-Ga, the large variation in the pop-in stress
visible in Fig. 2 indicates a large statistical variation of the local phase
transformation and its critical stress in epitaxial films, which is markedly
different to a bulk single crystal.

To quantify this further, the pop-in force, P,, ranging across all
curves from ca. 100 to 600 pN, is converted to a shear stress via Tpax =

0.31 (6;2’:52)1/3, using 79 GPa for E,. This approach approximates the
Poissons ratio of the tested material to 0.3 and is widely used for the
statistical assessment of shear-stress statistics in metals [40,41]. Fig. 3
summarizes the obtained shear stresses using a complementary cumu-
lative distribution function (CCDF). A CCDF, which is 1-CDF, where the
latter is the cumulative distribution function, is preferred over the often-
used probability density distribution (PDF), as it avoids binning and
therefore reveals subtle but important properties of the distribution.
Indeed, the CCDF emphasizes the lower-probability events and therefore
highlights extreme stress-scale values of the probed mechanism. It is
found that the room-temperature data is essentially distributed identi-
cally across all applied loading rates, with some deviations in the
extreme value tail at low probabilities.

Subsequently, the maximum likelihood estimator (MLE) method
[48] was used to quantitatively determine the appropriate distribution
function for the pop-in stress data. This approach allows comparing
various distribution models, being here a truncated power law, a log-
normal distribution, and a stretched exponential (Weibull) distribution
that are quantified via a log likelihood ratio (here between 1.4 and 2.9)
and a significance value (here consistently smaller than 0.05) to eval-
uate which model is the best match to the actual data. All room-
temperature data is best described by a Weibull distribution, of which
the shape and the scale parameters are listed in Table 2. Identifying a
Weibull distribution as the most suitable distribution for the pop-ins
indicates a weakest-link scenario, which is often observed for strongly
stress-driven microstructural mechanisms [49]. We therefore probe the
statistics of the first critical stress for a given fluctuation in Fig. 3. This
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Fig. 5. (a) Bright field STEM image of the as-deposited austenite 0.5 ym thin
film, revealing a pure single crystalline thin film. (b) the corresponding SAD
pattern of image a), with beam direction B = [100], demonstrating the
austenitic film structure. (c) Bright field STEM image underneath one of the
indents. The corresponding SAD pattern is shown in (d) revealing both
austenite and residual martensite. Austenite and martensite reflections are
indicated by circles and squares, respectively.

would be very much compatible with a diffusion less and often weakly
rate-dependent transformation from austenite to tetragonal martensite.

Before we turn our attention to the microstructural change that ad-
mits the plastic instability, the pop-in response of the 0.5 um film is also
examined across the temperature range of the first order transition upon
heating from the martensitic regime (Fig. 1). Fig. 4 displays typical
indentation curves measured for temperatures between 313 K and 243
K.

In comparison to the room-temperature data, the noise level has
increased from a standard deviation of 0.2 nm at 313 K to 0.6 nm at 243
K. This is expected due to the applied gas flow of the liquid nitrogen gas
used for cooling. It is important to note that the low-temperature mea-
surements were conducted with a larger tip radius, leading to reduced
depth values at an identical maximum force in comparison to the before
discussed room-temperature data. The lowest temperature in this series
is probing a pure martensitic phase according to the magnetization
curve (Fig. 1), but yet a very similar pop-in signature is present. Inter-
estingly, the statistical signature of the pop-in at 243 K is also Weibull
distributed, but significantly shifted to higher stress values than at room
temperature (Fig. 3). This is not due to the marginally larger tip radius,
which actually reduces the stress at otherwise identical load conditions.
As such, the shifted CCDF is a clear indication for higher activation
stresses for the underlying stress-relaxation mechanism that allows
abrupt displacement increments. Given that the Nis4 sMng5Gayy is in
its martensitic state at 243 K, the change in stress scale must be linked to
twin-variant reorientation [50] and twin-thickening [24] instead of
originating from a austenite-to-martensite transition possible at higher
temperatures. To further substantiate this conclusion, it is instructive to
conduct a nanomechanical testing series at a temperature slightly higher
than 243 K, such that one probes the material within the co-existence
temperature of both martensite and austenite. When sampling the ma-
terial at a number of random locations, one would thus expect a stress
range of pop-ins at a given probability that now covers both the range of
the austenite as well as the martensite. This is indeed the case for the
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Fig. 6. Temperature-dependent nanoindentation measurements for a 2 pm
thick film covering the dual phase austenite and martensite phase regime. No
plastic instabilities can be identified across the entire temperature regime.

pop-in behavior at 260 K (Fig. 3), now yielding a CCDF that contains
plastic instabilities across a stress range of both the austenite-to-
martensite transformation and the twin-variant formation. In other
words, both structural mechanisms follow Weibull statistics and can
here be distinguished by their corresponding stress scale.

Whilst it is experimentally almost impossible to directly characterize
the structural changes during low-temperature indentation, the residual
imprint after indentation at room temperature can be assessed with both
AFM and TEM to clarify if the pop-in is a signature of dislocation activity
or of a phase transformation. The inset in Fig. 2 shows an AFM image of a
298 K-indentation imprint, exhibiting line contrast features that are
reminiscent of residual martensite. To gain further insights into possible
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microstructural changes associated with the pop-in, a TEM analysis of
the undeformed thin film and the structure underneath the indents was
undertaken. Fig. 5a demonstrates the as-deposited microstructure
viewed in bright-field STEM (BF-STEM), for which selected area
diffraction (SAD) reveals a pure austenitic phase with a film normal of
[001] (Fig. 5b). No pre-existing defect structures or pockets of
martensite could be detected along several micrometers of the cross-
sectioned thin film.

A different picture emerges when imaging the microstructure un-
derneath an indent location. As can be seen in Fig. 5c, approximately
45°inclined lines appear that have a repeat length scale of around 20 nm
and that likely represent martensite variants and remind of the surface
topography resolved with AFM. No dislocation structures were identi-
fied at indentation locations. SAD from the microstructure underneath
the indents reveals the presence of both austenite and an additional
phase. In fact, the weaker austenite reflections (hkl) = (200), (420),
etc.) become too weak to be clearly distinguished and the SAD pattern of
the austenite (circles, Fig. 5d) is super positioned with reflections
(squares in Fig. 5d) closely located to the austenite peaks positions.
These additional reflections suggest the presence of a minor phase which
has i) a lattice parameter similar to the austenite phase in the growth
direction, ii) a shorter lattice parameter normal to this direction, and iii)
arotation of ~ 6° counterclockwise. For a stoichiometric Ni;MnGa-alloy
or higher Mn-containing systems one would expect the formation of
modulated martensite (10 M or 14 M), which consists of a periodic
stacking of the tetragonal unit cell disrupted by twin boundaries to
minimize the strain energy. These modulated structures distinguish
themselves with different crystallography, being a tetragonal unit cell
with a > ¢ for 10 M and an orthorhombic unit cell with a > b > c for 14
M. The presence of either 10 M or 14 M martensite would give rise to
weak additional diffraction spots along the (110) directions, which
however are absent in Fig. 5d. Instead, the SAD pattern in Fig. 5d can be
identified as belonging to a non-modulated (NM) martensite, which is in
good agreement with Lanska et al. [51] if one extrapolates to the here
investigated alloy composition. This NM martensite exhibits a larger

. ©
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Fig. 7. Bright field STEM overview image of the top part of the 2 um thick film, including indented regions. No residual indentation structures are present. (b) Zoom-
in from (a), highlighting FIB curtaining and isolated defects. These can be found in as-deposited film regions and indented regions. (c) SAD pattern of a defect-free
region with B = [100]. (d) SAD pattern of a region containing defects as shown in (b).
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indentation) and the a-axis (in the surface plane). (b) Energy profile along
the highlighted path where the lattice parameters a = b is allowed to adapt for
each indentation depth (red) and where the lattice parameters a = b remain
constant (pink).

tetragonal distortion and can thus accommodate a higher strain than
modulated martensite [52] at the high triaxial stress state underneath
the indenter tip.

3.2. Unconstrained smooth phase transformations

To better understand the formation of the residual NM-martensite
underneath the indents in the 0.5 pm thick film, additional tempera-
ture dependent nanoindentation experiments were conducted on a 2 pm
thick film. Fig. 6 summarizes indentation curves for the temperature
range from 243 K to 313 K, where the tests were conducted upon heating
from below M. Irrespective of temperature, plastic instabilities or pop-
ins cannot be identified.

In addition, and in direct comparison to the thinner 0.5 pm film, a
significantly softer response is observed. At a displacement of 40 nm
upon loading, the thicker film only exhibits a resistance of approxi-
mately 200-250 pN (equivalent to a maximum shear stress of 1.83 GPa).
The same force or stress level was reached at only 15 nm by the 0.5 ym
film. Similarly, the detectable residual depth at unloading is
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approximately 3 times larger for the thicker film than the 0.5 um thick
film. These differences persist across all temperatures, but the hardest
response of the thicker film is expectedly obtained at 243 K, when
martensite is probed. The markedly softer mechanical response suggests
microstructural phenomena that admit displacement. Since the thin
films are free of initial dislocations, any line-defect mediated displace-
ment accumulation can be excluded, leaving austenite-to-martensite
driven pseudoelasticity above Mf and twin-boundary motion below Mg
as possible mechanisms.

TEM microstructure investigations of the 2 pm film are summarized
in Fig. 7. A montage of BF-STEM images of the film including indenta-
tion regions is shown in Fig. 7a. Only some vertical streaks due to FIB
curtaining can be identified. This is more apparent in higher magnifi-
cation images, as in Fig. 7b, along with planar defects superficially
similar to those in Fig. 5c. SAD patterns from the non-indented regions
show only single-phase austenite, with the characteristic alternating
weak and strong reflections along the [01 0]-type directions (Fig. 7c). In
areas containing the planar defects depicted in Fig. 7b, SAD reveals some
additional weak spots displaced in the [110]-directions relative to the
austenite reflections. Such signatures were distributed throughout the
film in both non-indented regions and underneath indentation locations,
leading to the conclusion that they are not originating from any nano-
mechanical testing. This, plus the observation that the curtaining lines
were deflected by these defects, lead to the conclusion that they are
spurious features formed in the thick films during or after lamella
preparation.

Despite the clear FIB-introduced curtaining, there is thus no evidence
of any dislocations or other phase than austenite in the thick film both in
non-indented regions and underneath the indents. That means, all
displacement accumulated throughout the curves in Fig. 6 is reversible
within the resolution of the experiment. This must further mean that the
afore mentioned case of the 0.5 pym film may exhibit the particular
incipient pop-in response and formation of NM martensite due to a size
and/or constraint effect.

3.3. Ab-initio calculation of stoichiometric NizMnGa

Investigating this further, we resort to ab-initio calculations that
were introduced in Section 2. Of particular interest is the change in
phase-transformation behavior upon the introduction of lateral con-
straints, as manifested in the 0.5 pm film. Fig. 8a provides quite gener-
ally for the stoichiometric material NioMnGa and various c/a values the
potential energy for a range of different a = b values. Under rather un-
constrained conditions, transformation-energy minimization corre-
sponds to the red dashed line, whereas the scenario of constant in-plane
lattice constants is given by the pink dashed line. For clarity, the energy
profiles along the two highlighted lines are additionally provided in
Fig. 8b.

In other words, the results of the 0.5 um film are best described by the
scenario of constant in-plane lattice parameters a = b. As highlighted by
the pink line in Fig. 8b, this scenario only yields a single minimum,
without the chance of a martensitic transformation. This means that a
coherency constraint to the substrate will enforce that the material re-
mains austenitic for small indentations. Only above a much higher
activation stress than for the unconstrained case, the elastic energy will
overcome the coherency condition, resulting in a shift into the global
minimum at the PES and the pop-in event in the nanoindenter. In
contrast, if we assume that the 2 pm thick film corresponds to the sce-
nario of fully adapted lattice parameters a = b (red line in Fig. 8b). We
observe in this case a smooth energy profile connecting the austenite and
the martensite. Hence, the system can easily undergo the martensitic
transformation, once exposed to the mechanical load of the nano-
indenter. As such, the computational insights qualitatively support the
conclusion that a significantly higher transformation stress is needed
under constrained conditions, which manifests itself in the experiments



A. Fareed et al.

as a pop-in signature at a stress level between approximately 1.4 and 2.6
GPa, being substantially higher than the few hundred MPa otherwise
expected for the phase transformation of bulk crystals [52,53]. We note
that such a dramatic increase of the transformation stress is not captured
by the Clausius-Claperyon equation, which otherwise can describe
temperature-dependent variations of the transformation stress for alloys
with different M-temperatures.

4. Summary

In anticipation of future small-scale actuation applications of Ni-Mn-
Ga shape memory alloys, we have nanomechanically probed the incip-
ient elastic-to-plastic transition of room-temperature austenitic thin
films. At a film thickness of 0.5 um, clear deviations from purely elastic
behavior emerge as pop-ins at a stress scale about an order of magnitude
larger than for the bulk counterpart. These pop-ins follow Weibull sta-
tistics with a shape and scale parameter that is rate and temperature
insensitive. Transmission electron microscopy demonstrates that the
observed pop-ins originate from an austenite-martensite phase trans-
formation, leaving behind residual martensite underneath indentation
sites that based on recent results, can likely be transformed back via
thermal cycling [27]. At a larger film thickness of 2 pm, no such nano-
mechanical instability is observed upon loading and the microstructure
underneath indents remains fully austenitic after unloading. Suggesting
a strong constraint effect on the phase-transformation behavior, ab-
initio calculations were performed. These demonstrate a significant
potential energy increase for the martensitic phase transformation when
in-plane lattice parameters are constrained and give therefore a ratio-
nale for the thickness-dependent incipient phase transformation. Our
findings highlight how dimensional constraints may significantly in-
crease the austenite-martensite transformation stress and therefore
actuation behavior of Ni-Mn-Ga shape-memory alloys.
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