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Understanding the effect of small characteristic length scales on phase transformations requires
microscopic observations to identify mechanisms which may influence the progression of the trans-
formation. Here, we report thickness-dependent hysteresis in electrochemically deposited NieMneSn
Heusler alloy films, as observed by optical microscopy. This approach allows for analyzing size dependent
phase transformation behavior within individual grains from films with decreasing thickness. Hysteresis
is not correlated with grain size, but increases with decreasing film thickness following a power law
relationship. This behavior is attributable to internal friction-induced energy dissipation at the film/
substrate interface in microscale alloy films.

© 2019 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.
1. Introduction

Martensitic phase transformations are responsible for multi-
functional behavior due to changes in shape, magnetization, and
enthalpy associated with the phase transition [1e4]. Over the past
decade, the primary thrust of magnetocaloric material research has
been focused on coupling large caloric effects with low hysteresis
for maximizing the efficiency of a cooling or heat pump cycle
[5e13]. Simultaneously, size effects are becoming increasingly
important as the critical length scale of different morphologies of
caloric effect materials (wires, micro-spheres, films, etc.) are being
decreased in order to enhance heat transfer from the caloric effect
material into a heat transfer fluid [14e16]. Decreasing the charac-
teristic length scales of multifunctional alloys, including sample
grain size or sample dimensions, could impact the behavior of
solid-state martensitic phase transformations and hysteresis by
introducing additional surfaces and interfaces. These additional
surfaces and interfaces modify the surface to volumetric free en-
ergy terms, and also interact with and potentially impede mobile
interphase boundaries. In order to develop micro- and nanoscale
multifunctional devices, a mechanistic understanding of the role of
size effects on phase transformations in multifunctional alloys at
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small length scales is required [17e21]. In particular, it is critical to
distinguish between effects associated with grain size and sample
dimensions in order to decrease the hysteresis loss and improve the
durability of small-scale multifunctional alloys.

Hysteresis, which generally occurs in any process which must
overcome an energy barrier separating an initial state from a
relaxed equilibrium state, results in a deviation from equilibrium
and consequentially, entropy generation [22]. Small critical length
scales in amaterial impact hysteresis by several different previously
observed mechanisms, including 1) the reliance of nucleation on
relatively sparse high-energy nucleation sites, 2) the introduction
of additional frictional work associated with the forward or reverse
phase transformations, or 3) the rate of conductive heat transfer
with a non-negligible critical time associated with sample di-
mensions [22e25]. Decreased sample volume could decrease the
probability of heterogeneous nucleationwithin a given particle due
to the low probability of including relatively sparse high-energy
active nucleation sites within a given volume [24e26]. Internal
frictional work, which is dissipated due to the presence of frictional
barriers opposing the motion of the martensite-austenite in-
terfaces, generally increases with an increase in the density of grain
boundary interfaces or free surfaces [22,23]. Finally, large samples
could show rate-dependent hysteresis due simply to significant
thermal heterogeneities, which result from the finite time required
for a volume to thermally homogenize [23]. While each of these
mechanisms have been observed in different systems, what
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remains relatively unclear are the relative magnitudes associated
with different mechanisms across the characteristic length scales of
a material, most notably with grain size and with sample di-
mensions. This distinction has been difficult to resolve due to cor-
relations between the two variables, as well as a strong reliance on
macroscopic observables, (e.g., strain, magnetization, enthalpy),
rather than microscopic observations.

Grain size has been observed to impact phase transformation
critical temperatures and stresses, as well as transformation hys-
teresis [27e34]. In particular, martensite start temperatures (Ms)
decreased with decreasing grain size in bulk polycrystalline alloys
when grain size was smaller than 130 mm [27e33]. This phenom-
enon was explained by the Hall-Petch relationship based on
enhanced barrier effects of grain boundaries due to dislocation
pileups in small grains [28,31]. In millimeter-scale wires or sheets,
where grain size decreases but the critical sample dimensions are
also small, a relative grain size parameter, the ratio of grain size to
sample dimension, has been introduced [34e39]. It was found that
the martensite start stresses increased with the decreasing of the
ratios [36e39]. Although these works report the impact of grain
size on phase transformation temperatures and stresses, grain size
also impacts transformation hysteresis. With decreasing grain size
in CueAleBe bars and the decreasing of the ratio of grain size to
sample dimension in CueAleMn-based wires, the stress hysteresis
increased [34,35]. These increased martensite start stresses and
stress hysteresis at smaller size ratios were caused by the increased
degree of grain constraint, associated with increased barrier
heights for the transformations to occur based on the Hall-Petch
relationship discussed previously [34e38]. A similar constraint
came from nanoscale grains due to a high grain boundary density
has been presented in nanocrystalline NiTi alloys [40e43].With the
decreasing of grain size, the increased density of grain boundaries
acted as obstacles and impeded the propagation of austenite/
martensite interfaces through a volume [40,41].

The effects of sample dimensions on martensitic phase trans-
formation behavior have been investigated in several shapes,
including thin films, micro/nanopillars, and microwires
[14,17,23,44e51]. These materials with different shapes could be
categorized into two groups, one group has confinement from
elastically clamped boundaries (e.g., thin films on substrates), while
the other group has free boundaries (e.g., micro/nanopillars).
Correspondingly, the interactions between sample dimension and
transformation behavior are more complicated than the effect of
grain size based on the Hall-Petch relationship. With decreasing
film thickness, epitaxial thin films (10e200 nm) without grain
boundaries showed broader transformation ranges and decreased
phase transformation temperatures, which were explained by
possible residual austenite layers and increased lattice mismatch at
the film/substrate interface [14]. When the film thickness was
smaller than 40 nm, the martensite transformation was inhibited
by the increased lattice mismatch at the film/substrate interface
[32]. For thicker films (<1 mm), thickness effects based on residual
tensile stress in films resulting from growth of these films can also
exhibit additional complications from surface oxide layers, which
introduced a compositional gradient [44,50,51]. With decreasing
film thickness (<100 nm), the residual tensile stress generally
overwhelmed other contributions, resulting in an increase in both
the austenite finish temperatures (Af) and Ms [44].

In contrast, micro/nanopillars with unconstrained structures are
suitable to study intrinsic size effects on superelasticity in the
absence of elastic confinement/substrate effects [17,47e49]. With
decreasing pillar diameter, the stress hysteresis either decreased or
increased in different systems due to the interaction between two
competing phenomena: 1) the strengthening of crystals due to
dislocation starvation, which has been observed in Ni-based pillars
[48], and 2) decreased probability of heterogeneous nucleation due
to the lack of high-energy nucleation sites [47]. Microwires with a
free boundary showed increased thermal and stress hysteresis with
the decreasing of wire diameters, which were attributed to the
internal friction-induced energy dissipation at the free surface with
defects by analyzing Gibbs free energy density change [23].

Here, we report thickness-dependent hysteresis in electro-
chemically deposited microscale NieMneSn Heusler alloy films by
statistical analysis of phase transformation behavior in individual
grains. Electrochemical deposition is used because it is able to de-
posit either thick or thin films with low surface roughness and
controllable composition and microstructure [52e54].
Ni0$48Mn0$40Sn0.12 Heusler alloy films with decreasing thickness,
14.5, 8.7, and 2.9 mm, are synthesized by annealing electrochemi-
cally deposited multi-layer monatomic (Ni, Mn, Sn) films following
a technique described in more detail elsewhere [54]. Phase trans-
formation temperatures and sizes of nearly four hundred grains on
each film are collected optically while the samples are heated or
cooled. While hysteresis is not correlated with grain size within a
given film, it is dependent on film thickness following a power law
relationship. Nucleation-limited transfer motion behavior is not
observed in these films. Rather, we infer that the thickness effects
in thermal hysteresis in microscale alloy films are attributable to
internal friction-induced energy dissipation at the film/substrate
interface.

2. Experimental

Ni0$48Mn0$40Sn0.12 alloy films of thickness, 14.5, 8.7, and 2.9 mm,
were synthesized by post-annealed multi-layer films using elec-
trochemical deposition in multi-pot aqueous solutions. Details of
our processing route were described elsewhere [54]. Briefly,
fifteen-layer (W//[Mn/Ni/Sn]5, 14.5 mm), nine-layer (W//[Mn/Ni/
Sn]3, 8.7 mm), and triple-layer (W//[Mn/Ni/Sn], 2.9 mm) films were
deposited on tungsten substrates by repeated stacking of
monatomic Mn, Ni, and Sn films. Homogeneous single-phase
Ni0$48Mn0$40Sn0.12 alloy films were obtained by annealing the
multi-layer films. Films were heated to 210 �C (30 �C/min) and
annealed for 20min, heated to 900 �C (30 �C/min) and annealed for
20min, then finally heated to 1000 �C (10 �C/min) and annealed for
1min. This sequence promoted chemical homogenization, while
mitigating the tendency for lowmelting point monatomic layers to
melt. A schematic diagram of the cross-section of a homogeneous
NieMneSn alloy film, which comes from electrochemically
deposited nine-layer (W//[Mn/Ni/Sn]3, 28.9 mm) films, illustrates
successful deposition of stacked monatomic layers resulting in a
homogeneous single-phase alloy after annealing (Fig. 1). Film
compositions were verified by energy dispersive spectroscopy
(EDS) (Fig. S1). Phases and crystal structures of alloy films at 45 �C
(martensite with 14M monoclinic structure) and 115 �C (austenite
with L21 cubic structure) were identified by X-ray diffraction (XRD)
(Fig. 2) [55,56]. The crystal structures of martensite and austenite
phases in alloy films with different thicknesses were the same. A
cross-section image of the 14.5 mm thick alloy film showed uniform
film thickness (Fig. S2).

Electrochemical deposition of multi-layer films was performed
with a Biologic SP-150 potentiostat using a standard three-
electrode configuration. Details about deposition solution, elec-
trodes, and current densities were described elsewhere [54]. A tube
furnace was used for annealing multi-layer films with argon (purity
99.999%)-5% hydrogen forming gas at 101 kPa. An in-line desiccant



Fig. 1. a) Cross-section of electrochemically deposited nine-layer (W//[Mn/Ni/Sn]3) films on tungsten substrates (left), including Ni (yellow), Sn (red), and Mn (green) element
mapping by EDS [54]. b) Cross-section of the same film after the annealing sequence described in the text, suggesting a homogeneous single-phase alloy. (For interpretation of the
references to colour in this figure legend, the reader is referred to the Web version of this article.)

Fig. 2. XRD patterns of a) 14.5 mm thick, b) 8.7 mm thick, and c) 2.9 mm thick alloy films
at 45 �C (black) and 115 �C (red) [55,56]. Cubic W substrate reflections were marked
with asterisks. (For interpretation of the references to colour in this figure legend, the
reader is referred to the Web version of this article.)
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and oxygen getter (Restek), titanium sponges (Alfa Aesar), and ti-
tanium envelopes (Alfa Aesar) were used to trap oxygen and water
and purify forming gas.

SEM was carried out on Tescan Lyra-3 equipped with an Oxford
EDS at 20 keV accelerating voltage (secondary electron imaging
mode). XRD measurements were performed by a Bruker D8
Discover with an area detector (VÅNTEC 500), with Cu Ka radiation
equipped with a custom peltier temperature controlled stage
(45e115)± 0.1 �C. A TA Instrument (Q2000 DSC) was used for DSC
tests with 10 �C/min heating and cooling rates under a nitrogen
atmosphere. Optical observation of phase transformation was
performed on a BX53M Olympus upright microscope equipped
with a differential interference contrast (DIC) prism and a Linkam
LTS 120 temperature controlled microscope stage (e25 to
120)± 0.1 �C. JMP Pro 13 software was used to classify grain phase
transformation data for probability histograms and outlier box
plots. ImageJ software was used to obtain grain area.
3. Results

3.1. Phase transformation progression within a grain

Phase transformations were analyzed within individual grains
in order to correlate the nucleation and growth of martensitic do-
mains with the overall extent of phase transformation. Three grains
were selected randomly from each thickness films (14.5, 8.7, and
2.9 mm thick; Table 1) and the area fraction of each grain containing
martensite during heating and cooling was calculated using stan-
dard image analysis techniques (Fig. 3a,b,c). The Af (or Ms) tem-
perature of a grain was defined as the temperature at the last (or
first) observed surface deformation on heating (or cooling) asso-
ciated with twinning in the martensite phase. During both heating
and cooling transformations, contraction or growth of martensite
domains in each grain initiated slowly, followed by a rapid change
in martensite content which tapers off dramatically as the trans-
formation concludes. In all cases, complete transformation
occurred over a span of more than 10 �C for both heating and
cooling transformations. Grains 2 and 8 were used as examples of
large and small grains, respectively, to show the contraction and
growth of martensite domains during grain phase transformation
(Fig. 3d and e). In grain 2, martensite domains shrank slowly from
97 to 100 �C, shrank rapidly from 100 to 102 �C, and shrank slowly
from 102 to 109 �C during cooling (Fig. 3d). Martensite domains
formed slowly from 105 to 98 �C, formed rapidly from 98 to 96 �C,
and formed slowly from 96 to 93 �C during heating. During the
rapid formation of martensite domains, some martensite plates (at
98 �C) dramatically grew in size (yellow dashed line), while other
regions composed of multiple martensite plates abruptly appeared
on the surface (green and red dashed lines). This could suggest
either growth of underlying plates to intersect the surface, or
abrupt auto nucleation and growth in this region. This phenome-
non was also observed in grain 8 (Fig. 3e). This progression is
consistent with previous observations of thermoelastic martensitic
transformation, where continuous nucleation and growth of
martensite domains occurs throughout the region of phase coex-
istence to maintain local thermal and elastic equilibria in the sys-
tem [22,57].

To improve the counting statistics of phase transformations
within individual grains, the thermal hysteresis (DThyst0 ¼ AfeMs) is
adopted in this study as an accessible measure of hysteresis. Thus, it
is important to demonstrate convergence betweenDThyst

0 and other



Table 1
Area, phase transformation temperatures, and hysteresis in select grains.

Grain 1 2 3 4 5 6 7 8 9

Grain area, S (mm2) 1551 2599 2178 201 462 701 87 125 181
Film thickness, t (mm) 14.5 14.5 14.5 8.7 8.7 8.7 2.9 2.9 2.9
Da/t 3.1 4.0 3.6 1.8 2.8 3.4 3.6 4.4 5.2
Af (oC) 92 109 110 105 106 107 94 114 117
Ms (oC) 85 105 106 94 96 99 78 101 107
DThyst

0 (oC)b 7 4 4 11 10 8 16 13 10

DThyst
50 (oC)c 5.6 3.5 3.6 10.9 8.5 8.0 16.1 11.9 10.5

Ediss (J/mold) 17.3 11.1 10.2 32.8 24.9 22.7 45.9 34.7 31.1

a D ¼ ffiffiffiffiffiffiffiffiffiffiffi
4S=p

p
.

b DThyst0 ¼ Af e Ms.
c DThyst50 ¼ A50 e M50, A50 or M50 is defined as the temperature at 50% area of grain containing martensite during heating or cooling, respectively.
d Per mole of atoms.

Fig. 3. The area fraction of the grain containing martensite, f, during heating (line with asterisk) and cooling (line with triangle) in a) 14.5 mm thick, b) 8.7 mm thick, and c) 2.9 mm
thick alloy films. Phase transformation processes of d) grain 2 and e) grain 8 observed by DIC.
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measures of hysteresis, including DThyst
50 ¼ A50 e M50, as well as the

energy dissipated each cycle (Ediss) during the phase trans-
formations. Under the assumptions that 1) frictional work is the
only source of irreversible dissipation, 2) the internal energy
change and the entropy change of the universe (surrounding plus
specimens) equal to zero, and 3) the heat capacity of martensite
equals to the heat capacity of austenite, the energy dissipated each
cycle, Ediss, is given by [22].

Ediss ¼
QM

TM
ðTA � TMÞ ¼ DSMðTA � TMÞ (1)

where DSM is the entropy change, QM is the absolute value of the
heat evolved, and TM and TA are the temperatures during the
cooling (M) and heating (A) transformations. According to Equation
(1), when we use the entropy change and temperature as co-
ordinates, Ediss of grains is represented by the area inside the cycle.
Taking into account the finite transformation width observed on
both the heating (martensite to austenite) and cooling (austenite to
martensite) transformations, Ediss can be generalized as [22].

Ediss ¼ DSM

I
fdT (2)

where f represents the fraction of martensite present around a
complete cycle. The entropy change (DSNiMnSn) of
Ni0$48Mn0$40Sn0.12 alloys with nearly 8.1 valence electron concen-
tration (e/a) is 3.0± 0.3 J/(mol oC) [55,58]. Calculated Ediss using



Fig. 4. Linear fits of Ediss on DThyst0 (solid line) or DThyst
50 (dashed line) of grains in

Fig. 3a,b,c.
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Equation (2) and this entropy change are reported in Table 1. The

linear fits of calculated Ediss on DThyst
0 (Ediss ¼ (2.80± 0.07) DThyst

0 ,

coefficient of determination R2¼ 0.99) or on DThyst50 (Ediss ¼
(2.91± 0.03) DThyst

50 , R2¼ 0.99) are shown in Fig. 4. The linear

models fit with R2z 1, which demonstrate that DThyst
0;50 is linearly

proportional to Ediss, which is calculated by the more complete
mapping determined by the area fraction transformed as a function

of temperature. Thus, the thermal hysteresis, DThyst
0 or DThyst50 , is a

robust measure of the energy dissipated each cycle during the
phase transformations.

3.2. Thickness-dependent hysteresis

Phase transformation behavior of grains in alloy films
(Ni0$48Mn0$40Sn0.12) with decreasing thickness, 14.5, 8.7, and
2.9 mm, was optically observed using DIC, while the samples were
heated or cooled at 1 �C/min. This process was illustrated in one
grain in a 14.5 mm thick alloy film as an example. 108 �C was
recorded as Af temperature when the last twin disappeared
completely on this grain and 105 �C was recorded as Ms tempera-
turewhen the first twin formed abruptly on this grain (Fig. 5). More
detailed images containing the entirety of the phase trans-
formation process of this grain are shown in Fig. S3.
Fig. 5. Formation and disappearance of martensite domains (observed by DIC) in one grai
temperature and 105 �C was recognized as Ms temperature.
Statistical analysis of Af and Ms temperatures, which were
collected for nearly four hundred grains in each film thickness,
shows thickness-dependent hysteresis. Af and Ms temperatures of
382, 428, and 470 individual grains (in 14.5, 8.7, and 2.9 mm thick
alloy films, respectively) were collected and binned in four degree
increments during heating and cooling (Fig. 6a,b,c). For the 14.5 mm
thick alloy film, the distributions of both collected Af and Ms tem-
peratures are unimodal. They are left-skewed with skewness co-
efficient e1.0 and e0.9 and the outlier box plots indicate numerous
outliers. For 8.7 and 2.9 mm thick alloy films, the distributions of
both collected Af and Ms temperatures are also unimodal. They are
left-skewed with skewness coefficient e0.7 (Af, 8.7 mm), e0.6 (Ms,
8.7 mm), e0.6 (Af, 2.9 mm), and e0.5 (Ms, 2.9 mm). Here, median Af
andMs temperatures are used as they are less sensitive to skewness
and outliers in the data (Fig. 6a,b,c).

Representative hysteresis for each film (DThyst
0 ¼ Af e Ms) in-

creases with decreasing film thickness. Using the median Af andMs
temperatures for each film,DThyst

0 of 14.5, 8.7, and 2.9 mm thick alloy
films are 4.9, 9.7, and 15.7 �C, respectively. DSCwas used tomeasure
film hysteresis width, DThystDSC , which was calculated by subtracting
exothermic peak temperature from endothermic peak tempera-
ture.DThyst

DSC of 14.5 and 8.7 mm thick alloy films are 5.0 (101.3e 96.3)
and 9.1 (99.9 e 90.8) oC, respectively (Fig. S4). For the 2.9 mm thick
alloy film, it is difficult to identify the endothermic and exothermic
peak temperatures from DSC curves. DThyst

0 , which is proportional
to energy dissipation during transformation, is close to DThyst

DSC for
14.5 and 8.7 mm thick alloy films. Thus, the collective thickness-
dependent hysteresis of the entire film determined by DSC is in
good agreement with the hysteresis determined from population
statistics of individual grains. Besides, XRD measurements of
each alloy film between 60 �C and 115 �C at each 5 �C during
heating and cooling were performed for observing macroscopic
martensitic phase transformation processes (Fig. S5). The fraction
of martensite during heating and cooling, fXRD, is calculated by
(Fig. 6d,e,f):

fXRD ¼
bIMbIM þbIA (3)

where bIM represents the normalized combined intensity of
martensite peaks (14M(10 11),14M(1110),14M(1 2 -6),14M(2 0 -5),
and 14M(1 2 7)), and bIA represents the normalized intensity of the
n in 14.5 mm thick alloy film during heating and cooling. 108 �C was recognized as Af



Fig. 6. Overlapping probability histograms calculated for Ms (blue) and Af (red) for a) 14.5 mm thick, b) 8.7 mm thick, and c) 2.9 mm thick alloy films and the fraction of martensite of
d) 14.5 mm thick, e) 8.7 mm thick, and f) 2.9 mm thick alloy films during heating (black line with asterisk) and cooling (blue line with triangle). Box plots forMs and Af are included for
each alloy film. In each outlier box plot, the middle vertical line and diamond show the median and mean, respectively, while the box spans the 1st to the 3rd quartile. Points are
potential outliers (disconnected points). The red brackets define the shortest half of the data (the densest region). (For interpretation of the references to colour in this figure legend,
the reader is referred to the Web version of this article.)
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austenite peak A(220) (Fig. S5) [55,56]. Peak intensity is measured
by fitting each peak with a Gaussian peak, which resulted in
excellent agreement with observed data. bIM and bIA are normalized
by the total integral area of the measured martensite peaks at 45 �C
and by the integral area of the single austenite peak at 115 �C,
respectively. Alloy films have residual martensite at 115 �C, which is
potentially caused by residual stress at the substrate interface, but
also may reflect the limited maximum temperature available in the
temperature-XRD experiment. In relation to microscopic trans-
formation data, XRD results indicate both: 1) Ediss associated with
the transformation hysteresis increases with decreasing film
thicknesses (Fig. 6d,e,f), and 2) the macroscopic martensitic phase
transformation in each thickness film occurs over very similar
temperature ranges as that observed in the microscopic population
statistics of individual grains.

Af and Ms temperatures of nearly four hundred grains in each
film thickness show linear correlations, while DThyst0 just shows
negligible correlations with Af and low correlations with Ms tem-
peratures. The Af temperatures of the analyzed grains were plotted
against their respective Ms temperatures (Fig. 7). The distribution
ranges of Af orMs temperatures are less than 48 �C, which are likely
caused by small composition or stress gradients between grains.
Linear fits of Af on Ms temperatures of grains from 14.5, 8.7, and
2.9 mm thick alloy filmswith fixed slope 1 are Af¼ (4.84± 0.10)þMs
(R2¼ 0.89, Pearson's correlation coefficient r¼ 0.94), Af ¼
(10.00± 0.13)þMs (R2¼ 0.86, r¼ 0.93), and Af¼ (14.22± 0.15)þMs
(R2¼ 0.88, r¼ 0.94), respectively, which correspond well with
DThyst

0 , calculated from medians of overall populations within each
film (4.9, 9.7, 15.7 �C). DThyst0 of collected grains is plotted against Af

or Ms temperatures and shows the random distribution of grain
DThyst

0 (Fig. S6). The correlations between grain DThyst0 and Af or Ms

temperatures in each film are illustrated by Pearson's correlation
coefficient (r) (Table 2), when we assume that all variables are
normally distributed based on diagnostic plots of their normal
probabilities (Fig. S7) [59]. We only consider the absolute value of r.
According to the interpretation of the size of correlation
coefficients, grain DThyst
0 is almost independent of Af temperatures

and shows low correlations withMs temperatures in each film [59].

4. Discussion

4.1. Mechanisms of size effects

Size effects in hysteresis of multifunctional alloys are potentially
attributable to multiple mechanisms, including 1) interfacial en-
ergy, 2) surface energy, 3) acoustic emission, 4) stored elastic en-
ergy, 5) heat transfer, and 6) internal friction-induced energy
dissipation during transformation [22,23,60e64]. Interfacial en-
ergy and surface energy will increase transformation stresses
associated with motion of phase boundaries between martensite
and austenite. Both interfacial energy and surface energy effects are
generally too small to significantly impact hysteresis in microscale
alloy film systems during phase transformation. For the NieMneSn
alloy film, the interfacial energy is around 0.08e0.80 J/mol, when
we take the interfacial energy per unit area gi¼ 1 J/m2, and the
interfacial area density Ai¼ 104e105m�1 [60,61]. The surface en-
ergy is around 0.56 J/mol for the NieMneSn alloy film with thick-
ness t¼ 14.5 mm, whenwe take the difference in surface energy per
unit area of martensite and austenite Dgsf¼ 1 J/m2, and the specific
sample surface area Asf¼ 1/t [64]. Compared with the energy
dissipated each cycle, Ediss (Table 1), both the interfacial energy and
surface energy are negligible [55].

Acoustic emission, which is a kind of elastic wave in the ultra-
sonic range and is generated during the motion of interfaces be-
tween martensite and austenite, is very small and negligible in
small-scale multifunctional alloys [23,65,66]. Stored elastic en-
ergy, which is related with the change in shape and volume upon
the formation of martensite and elastic mismatch stresses, affects
transformation stresses. This mechanism is ruled out in the
NieMneSn alloy films because that stored elastic energy is recov-
erable after forward transformation and does not contribute to
hysteresis [23].



Fig. 7. Linear fits of the Af onMs temperatures of collected grains from 14.5 (black solid
line), 8.7 (blue solid line), and 2.9 (red solid line) mm thick alloy films. (For interpre-
tation of the references to colour in this figure legend, the reader is referred to the Web
version of this article.)

Table 2
r between grain DThyst0 and Af or Ms temperatures in each film.

r DThyst
0 and Af DThyst0 and Ms

14.5 mm film 0.19 0.47
8.7 mm film 0.17 0.49
2.9 mm film 0.02 0.31
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Slow rates of heat transfer in a system that is undergoing a
process associated with a discontinuous enthalpy (e.g., release of
latent heat) can limit the rate of that process due to development of
non-uniform temperature distributions within that system. When
the transformation is observed using a dynamic observation, this
can result in perceived hysteresis. Sluggish heat transfer is unlikely
to contribute to observed hysteresis in our microscale alloy films
because of high thermal Fourier numbers (Fo) which characterize
transient heat conduction in this system. A characteristic time, t0, is
defined using the following equation,

t0 ¼ L2

a
¼ rCpL2

k
; (4)

from which a Fo may be calculated.

Fo¼ texpa
L2

¼ texp
t0

; (5)

where L is the length through which conduction occurs, a is ther-
mal diffusivity, Cp is specific heat capacity, is density, a is thermal
conductivity, and texp is the experimental equilibration time (60 s)
for each temperature step before capturing an image. The charac-
teristic time for heat diffusion out of alloy films during phase
transformation (t

0
film) are 7.06� 10�6 s (L¼ 1.45� 10�5m),

2.54� 10�6 s (L¼ 8.7� 10�6m), and 2.82� 10�7 s (L¼ 2.9�
10�6m), when Cpz 420 J/(kg$K), rz 8� 103 kg/m3, kz 100W/
(m$K) [67]. According to Equation (5), the Fo of the NieMneSn
alloy film, Fofilm, is 8� 106 [ 1. Thus, time for heat to conduct
through NieMneSn alloy film is not limiting. Similarly, we consider
the effect of thermal diffusion from the temperature stage through
the tungsten substrate. The characteristic time of the tungsten
substrate for heat to conduct between the temperature stage and
alloy films (t

0
w) is 4.00� 10�5 s (L¼ 5.0� 10�5m), when Cpz 135 J/

(kg$K), rz 1.93� 104 kg/m3, kz 163W/(m$K). The Fo of the
tungsten substrate, FoW, is 1� 106 [ 1. Thus, the time for heat to
conduct through the tungsten substrate also is not limiting, and
would not contribute significantly to measured hysteresis. Size ef-
fects in hysteresis of microscale samples, which have high heat
exchange rateswith their environment and do not undergo thermal
excursion, are attributable to the enhanced internal frictional work
during transformation, associated with an increase in surface area
and volume ratio [23].

Generally, internal friction represents a resistance to interface
motion due to the existence of internal defects which are associated
with energy barriers during phase transformation [68]. Defect
induced internal friction includes a diffusive redistribution of point
defects under an applied stress and dislocation motion associated
with an elongation of dislocation line [68]. Overcoming energy
barriers at interphase boundaries and grain boundaries could
induce internal friction [69]. As other potential origins of hysteretic
effects have been discounted, we conclude that internal friction
represents the dominant contribution to hysteresis, and proceed to
interpret thickness-dependent hysteresis under this paradigm.

4.2. A model of thickness-dependent hysteresis

Size effects in film hysteresis during phase transformation are
strongly correlated with film thickness. Logarithms of area (S)
(Fig. 8a), volume (V) (Fig. 8b), and thickness (t) of hundreds of
grains with known Af and Ms temperatures, show linear correla-
tions with corresponding log DThyst

0 . However, for grains within a
single film (constant thickness), the correlations between grain log
DThyst0 and log S or log V are illustrated by r (Table 3), when we as-
sume that all variables are normally distributed based on diagnostic
plots of their normal probabilities (Fig. S8). These r< 0.50 and show
low correlations [59]. Besides, linear fits of log S on log t (log S ¼
(1.12± 0.03)e 1.49 log t, R2¼ 0.65, r¼ 0.81) (Fig. 8c) or log V on log t
(log V ¼ (1.15± 0.03) e 2.47 log t, R2¼ 0.84, r¼ 0.92) (Fig. 8d) show
that grain area and volume are strongly correlated with grain
thickness, which is equal to film thickness. Therefore, apparent
correlations between grain area or grain volume and DThyst

0 are
primarily attributable to film thickness, and the fact that film
thickness itself strongly correlates with grain area and volume.

Thickness-dependent hysteresis is quantified by a power law
model (DThyst

0 ¼ a$tb, a¼ 24.73, b¼�0.50, R2¼ 0.57,
2.9 mm� t� 14.5 mm) (Fig. 8e). Log t of grains show a linear corre-
lation with corresponding log DThyst

0 . Thus, the power law model is
chosen to elucidate scaling relationships that govern size depen-
dent hysteresis in Heusler alloy films. In a previous study,
CueAleNi microwires showed size dependent thermal hysteresis,
which was calculated by endothermic peak temperature minus
exothermic peak temperature in DSC test [23]. Microwire di-
ameters (D) are transformed to film thickness by an equation t¼D/
4, because the surface area and volume ratio is 4/D in microwires
and 1/t in alloy films, and are plotted with the corresponding
thermal hysteresis beside our thickness-dependent hysteresis
model (Fig. 8e). The relation between hysteresis and transformed
diameters in microwires could also be quantified by a power law
model (DThyst

0 ¼ a'$tb', a'¼ 23.66, b'¼�0.25, R2¼ 0.75,
39 mm� t� 117 mm). Thus, power law models are suitable to
elucidate size dependent hysteresis in Heusler alloy films with
thickness in the range of (2.9 to nearly 100) mm.

3. Size effects based on defects induced internal friction

Thickness-dependent hysteresis, which has been attributed to
the internal friction-induced energy dissipation in microscale alloy
films, is caused by pinning effects of defects at the film/substrate
interface [23]. As we discussed previously, size effects in hysteresis
of microscale samples are attributable to the internal frictional
work. According to the linear fit of calculated Ediss onDThyst0 in Fig. 4,
the internal frictional work (Efr) of NieMneSn alloy films during
phase transformations is quantified by the following power law



Fig. 8. Linear fits of a) log DThyst
0 on log S, b) log DThyst

0 on log V, c) log S on log t, d) log V on log t, and the power law fit of e) DThyst
0 on film thickness for 14.5 (black square), 8.7 (blue

circle), and 2.9 (red asterisk) mm thick alloy films. Green stars with uncertainty show the hysteresis of CueAleNi microwires on transformed diameters [23]. (For interpretation of
the references to colour in this figure legend, the reader is referred to the Web version of this article.)

Table 3
r between grain log DThyst0 and log S or log V in each film.

r log DThyst0 and log S or log V

14.5 mm film 0.45
8.7 mm film 0.37
2.9 mm film 0.20
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model (Equation (6)),

Efr ¼ Ediss ¼ ð2:80±0:07Þ･DThyst0 z2:80･24:73･t �0:50

¼ 69:24･t �0:50 ðJ=molÞ: (6)

We envision that the defects are caused by residual stress, which
is generated due to thermal expansion mismatch, and concentrates
at the film/substrate interface. The thinner the film is, the smaller
the grain size is, and the stronger the pinning effect is at the film/
substrate interface. Thus, with the decreasing of film thickness,
more energy is dissipated during phase transformations by the
enhanced internal frictional work, which increases hysteresis.

5. Conclusions

Thickness-dependent hysteresis in NieMneSn Heusler alloy
films is demonstrated by analyzing the correlations between ther-
mal hysteresis and grain size or film thickness. Microscale
Ni0$48Mn0$40Sn0.12 alloy films with decreasing thickness were
synthesized by post-annealed multi-layer films using electro-
chemical deposition in multi-pot aqueous solutions. By observing
phase transformation behavior of nearly four hundred grains on
each film, the thermal hysteresis and size of the grains were ob-
tained. By analyzing the correlations between hysteresis and grain
area or volumewithin a single film, it was found that hysteresis was
not correlated with grain size, but it increased with decreasing film
thickness following a power law relationship. After eliminating the
negligible or recoverable effects, thickness-dependent hysteresis in
microscale samples was attributed to the internal friction-induced
energy dissipation at the film/substrate interface.
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