PHYSICAL REVIEW MATERIALS 8, 014411 (2024)

Insensitivity of nucleation rate to order-disorder interfaces in reversible
thermoelastic martensitic transformations
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Reversible martensitic transformations nucleate from sparse defects that lower the transformation’s nucleation
energy barrier. However, most defects do not serve as potent nucleation sites and, instead, can pin boundary
motion and impede phase growth. Identifying potent defects from the general defect population remains an open
challenge and has important implications for engineering reversible alloys. This study considers the influence
of mesoscale order-disorder domains and the phase boundaries between the L2, and B2 phases on nucleation
kinetics. We use solution heat treatment and secondary annealing in NissCosMnj67Ini33 microparticles to
compare an average L2, domain interfacial area density of 590.6 — 50.6 um~!, measured from transmission
electron microscopy micrographs using the intercept method in ASTM standard E112-13. A total of 131 single
particles with radii between 3.8 and 20.7 um were individually characterized magnetically to measure their
transformation temperatures and the transformation behavior. Overall, the undercooling in each particle ranged
from 11.3 to 59.4 K, with the smallest volumes having the largest magnitude and variance. The nucleation
site potency distributions between the two domain sizes were statistically alike, suggesting that L2, domain
size is not a critical factor in initiating nucleation at the length scales of this experiment. The implications for
microlevel devices include opportunities to heat treat materials to high operational temperatures (e.g., 773 K)

without impacting nucleation behavior.
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I. INTRODUCTION

Thermoelastic martensitic transformations in shape mem-
ory alloys (SMAs) represent shear-dominated, diffusionless,
and reversible processes between austenite and martensite
phases [1,2]. According to classical martensitic nucleation
theory, the martensitic nuclei form heterogeneously on pre-
existing and potent defect sites known as preembryos [2].
Experimental or computational studies employing techniques
such as electron microscopy or molecular dynamics have at-
tempted to provide insights into these preembryos by showing
martensitic domains forming autocatalytically, after the ini-
tial nucleation, on dislocation types [3,4], twin boundaries
[5], stacking faults [5], grain boundaries [6], vacancies [7,8],
helium bubbles/voids [7], and antisite boundaries [8-10].
However, the preexisting defects primarily responsible for
initiating martensitic nucleation and their potency remain un-
resolved due to the time and volume scale involved [11]. At
the small length scales, where the probability of finding a
potent defect is low, identifying and introducing potent defects
could address nucleation limitations. As a result, martensitic
nuclei could form with minimal undercooling and thus en-
hance operational efficiency and energy conversion across
different length scales.

The importance of understanding defect potency in marten-
sitic transformations extends beyond alloys to ceramics [12],
polymers [13,14], and biological organisms [15,16] due to the
shape memory effect (SME) and other multifunctional proper-
ties driven by martensitic transformations occurring in various
material classes. Many SME materials are employed as nano-
or microsized actuators, sensors, and energy harvesters. If
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engineered for low thermal hysteresis values, these devices
could play an essential role in several emergent applications
and miniaturization trends. For example, recent small-scale
applications have included polydimethysiloxane - acryloni-
trile butadiene styrene (PDMS-ABS) nitinol wires as bending
microactuators with high actuation speeds [17], VO, coils
as torsional microactuators with high power densities and
rotational speeds [18], Ni-Ti films as microcooling devices
[19], and Ni-Co-Mn-In magnetic particles as crack detection
microsensors with tailorable thermal hysteresis [20,21].
Regardless of their application, the transition behavior of
multifunctional alloys must be optimized to improve material
performance in both bulk- and small-scale devices. Large
thermal hysteresis widths impact martensitic transformations
across all length scales due to intrinsic and extrinsic factors in
the nucleation and growth of the cooling and heating transfor-
mations. However, the cooling transformation tends to have
a greater impact on thermal hysteresis [22]. This is due to
the heating transformation benefiting from the presence of
retained austenite, which therefore negates the need for nucle-
ation of the austenite phase. Reducing the thermal hysteresis
widths in SMAs is vital to improving fatigue life [23,24] and
thermodynamic efficiency [25-27]. At small scales, hysteresis
scales with a reduction in volume following a power-law re-
lationship creating the need for strategies to reduce hysteresis
widths. For example, this need has been observed in polycrys-
talline Cu-Al-Ni microwires [28] and micropillars [29], which
displayed increasing thermal and stress hysteresis at decreas-
ing sizes. Additionally, Ni-Mn-Sn microfilms [30] and Ni-Co-
Mn-Sn microparticles [31] displayed a power-law distribution
showing increasing thermal hysteresis at decreasing volume.
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The main factors affecting nucleation temperatures and
thermal hysteresis differ in bulk scale from small-scale vol-
umes. In bulk samples, tailoring thermal hysteresis strongly
depends on chemical composition [32,33] and interfacial
compatibility as calculated by cofactor conditions [34]. For
example, large-volume thin films of Ni-Ti-Cu-V achieved
near-zero thermal hysteresis by the combinatorial approach
to composition variation [33], and large-volume thin films
of Vi_,W,0, achieved a 5 K hysteresis by the cofactor
condition approach [35]. However, the cofactor conditions
can also predict large functional reversibility and fatigue
life in small-scale samples despite large thermal hysteresis
widths [36].

In the case of small-scale samples, several size-dependent
mechanisms are responsible for increasing thermal hysteresis
by a power-law relationship, including

(1) an increase in internal friction arising from the interfa-
cial obstacles, caused by the increase in surface area to volume
ratio [37];

(2) changes in martensite and austenite free energy due to
the contributions of interfacial energy terms [30]; and

(3) a probabilistic lack of active nucleation sites at smaller
volumes concurrent with single-domain transformation be-
havior below a critical length L < L [2,11,31,38].

Based on the above three mechanisms, three regimes ex-
plain the rise of thermal hysteresis from bulk- to small-scale
samples [30]. In the first regime, bulk materials have sufficient
active nucleation sites to initiate the transformation. Chemical
composition and phase compatibility are the leading factors
for tuning hysteresis. In the second regime, the friction-
induced regime, the facile motion of interfaces is limited by
obstacles at the surface of samples as the relative surface
area to volume ratio increases. Finally, the nucleation-limited
regime (L < L) occurs due to a lack of potent defects re-
quiring larger driving forces to overcome the activation barrier
associated with the nucleation of martensite domains. In each
of these regimes, size effects at small scales are dependent on
the quantity, type, and distribution of defects that can aid or
impede nucleation formation and growth.

A closer look at the seminal work by Cech and Turnbull
[39] is presented here to better understand the nucleation-
limited regime. Their Fe-Ni small-particle experiments with
diameters 30-90 um characterized irreversible martensitic
nucleation using a quantitative approach. The work found
that nucleation begins on sparse heterogeneous sites. The an-
alytical models presented in this work revealed that smaller
particles require larger degrees of undercooling to initi-
ate. Olson er al. [11] extended this work to formulate
nucleation site potency distributions of the small-particle
experiments using a probabilistic nucleation model. The re-
sult led to calculations of nucleation site densities versus
thermodynamic driving force. This effort concluded that
heterogeneous martensitic nucleation occurs in preexisting
embryos and that sparse nucleation sites drive the transforma-
tion in bulk materials. This technique utilized a probabilistic
Poisson-like distribution of defects, which treats nucleation
as independent, uncorrelated, and random. As a result, the
probability of an active site existing at smaller volumes de-
creases rapidly, leading to poor nucleation potency in small
volumes.
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FIG. 1. (a) Two sets of NissCosMnse71In;33 microparticles with
varying sizes and heat treatments were used to assess the nucleation
potency of L2, domain interfaces. (b), (c) TEM images, adapted from
Bruno et al. [9], demonstrate the extent of secondary annealing (773
K) to increase the L2, domain size. (d), () Changes to the structure
are attributed to the order-disorder transformation.

Since the mid-1980s, several efforts have provided addi-
tional insights into how defects impact nucleation at small
length scales. For example, Ni-Mn-Ga-Co films experienced
low thermal hysteresis after repeated cycling attributed to
defect formation [40]. However, thermal hysteresis remained
high at even smaller volumes of 1.6 um thickness. Trans-
mission electron microscopy (TEM) images could not detect
which defects were potent but elucidated mesoscopic phe-
nomena in the absence of any microstructural differences
between larger and smaller samples. Furthermore, Cu-Al-
Ni pillars less than 2 um showed abrupt and discontinuous
transitions reminiscent of a nucleation-limited regime with
increasing hysteresis at smaller volumes [41,42]. In another
example, Ni-Fe-Ga pillars less than 10 um showed decreasing
martensite start temperatures (M) at smaller scales [43]. At
even smaller length scales, a total lack of active nucleation
sites suppressed the martensitic nucleation of nanometer NiTi
films [44,45]. However, interfacial energies and strain effects
by the substrate interface can also suppress thin films.

In this study, our main objective was to clarify the po-
tential role of L2; domain interfaces as potent nucleation
sites by comparing the undercooling of two sets of mi-
croparticles of NigjsCosMnse7In;s 3 subject to different heat
treatments. Prior studies have investigated the significance
of defects formed during the order-disorder transitions (e.g.,
long-range ordering, vacancies, and antisite defects) on the
martensitic transformations in bulk-scale samples [9,21,46].
Many of these studies focus on bulk-scale phenomena that
increase martensitic start temperatures due to autocatalytic
defects instead of the preexisting defect distribution. To gain
a more in-depth understanding of martensitic nucleation, we
investigated different particle sizes at two different heat treat-
ments using secondary annealing at 773 K to increase the
size of the L2; domains and the associated interfacial area
density by a factor of 5, from 60 to 300 um~"! (Fig. 1) [9,21].
To assess the nucleation potency of the domain interfaces,
we quantified the size effects of particle sizes (3.8 <r <
20.7 um) using temperature-dependent magnetization curves.
We demonstrated that the nucleation site potency distributions
suggest that defects associated with the L2; domain inter-
facial area density are not critical in initiating nucleation.
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However, high operational temperatures, indicated by sec-
ondary annealing temperatures of 773 K, may retain the
transformation behavior for microlevel devices by maintain-
ing consistent transformation widths and magnitudes.

II. METHODS
A. Materials

As-received NigsCosMnsg 7In;3 3 (at. %) spherical particles
were fabricated by gas atomization at radii <63 pm. The par-
ticle composition was confirmed using wavelength dispersive
x-ray spectroscopy (WDS) [21]. Heat treatment consisted of
solution heat treatment (SHT) by sealing atomized particles
in a quartz tube under an argon atmosphere (purity 99.999%)
at 1073 K for 24 h, followed by a water quench. The second
set of particles underwent homogenization followed by sec-
ondary annealing (SA) at 773 K for 3 h, followed by water
quenching. No change in the reported chemical composition
is expected due to the heat treatments, as shown in previously
reported literature where samples ranging from 13.3 to 13.7 in
indium content saw no change in the composition using WDS
and in situ x-ray diffraction [46].

B. Characterization

The heat-treated particles were sieved into nine groups of
0-10, 10-15, 15-20, 20-25, 25-32, 32-38, 38-45, 45-52,
and 52-63 um diameters using a vibratory sieve shaker. To
measure the thermophysical properties of the sieved groups,
a TA Instruments Q2000 differential scanning calorimeter
characterized each group at 10 K min~!. Then, from the sieved
groups, single particles were mounted onto 3 x 3 mm poly-
imide tape and stored in glass vials.

An optical microscope under reflective mode measured
the particle diameters and confirmed that only one particle
was mounted per tape. We utilized the diameter of the par-
ticles to determine size effects and to calculate their mass
using the theoretical and experimental values [47] of 8.0 +
0.05gcm™3. In total, 131 individual particles on a polyimide
tape (N;yrar) Were characterized. Of these, 63 were solution
heat-treated particles, and 68 were secondary annealed. Parti-
cle sizes ranged from 3.8 to 20.7 pm in radius.

The magnetic moment of individual particles was mea-
sured using a Quantum Design magnetic property measure-
ment system superconducting quantum interference device
(SQUID) under the vibrating sample magnetometer mode,
offering a sensitivity of less than 8 x 10~ emu at magnetic
fields larger than 2.5 kOe. Temperature sweeps were con-
ducted at 5 K min~! and a constant applied magnetic field of
5 kOe, sufficient to achieve saturation magnetization. Samples
were heated up first to the austenite phase and followed by
temperature cycling. Similarly, magnetic field sweeps were
conducted at 3kOemin~' for the austenite phase at 360 K
and the martensite phase at 220 K.

The microparticles were categorized as gradual (i.e.,
smooth), abrupt (i.e., sharp onset), or hybrid (i.e., a com-
bination), depending on their heating/cooling transformation
behavior. In gradual, abrupt, and hybrid transformations,
the change in the magnetic moment (AM) was measured
by forming tangent lines at the fully austenite (7,) and
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FIG. 2. Magnetic field sweeps M(H) at constant temperatures
(isothermal magnetization curves). The black solid curve is a solution
heat-treated particle with a 37.0 & 0.5 um diameter. The red dashed
curve is a secondary annealed particle with a41.4 £ 0.5 um diameter.

martensite (7i,,,) portions of the signal. These lines were used
to construct a midway (Tiidway) line measured by Tigway =
(Taus + Timar)/2. A horizontal line representing thermal hys-
teresis was constructed at the intersections of the midway line
with the signal, as shown in Fig. 4 by the gray line. Then a
perpendicular line to the thermal hysteresis was constructed
to measure the moment. The change in the magnetic moment
was defined at the intersection with T,,s and T,,.. On the
other hand, for abrupt and hybrid particles, the nucleation
start temperature and the austenite finish temperature were
measured at the discontinuity drops that accounted for at least
10% of the total signal response. Therefore, for the abrupt
and hybrid transformations, the degree of undercooling was
measured by AT, = Ar—M;,.

III. RESULTS

A. Magnetic behavior of heat-treated alloy particles

The alloy NigsCosMns67Ini33 (NiCoMnln) was selected
for its ease of changing transition temperature at the bulk
scale using heat treatments and for its low thermal hystere-
sis near room temperature. The NiCoMnln microparticles
employed in this study are soft ferromagnets in the high-
temperature austenite phase (Fig. 2) and paramagnetic in the
low-temperature martensite phase, resulting in a temperature-
and magnetic-field-induced shape memory effect also known
as the metamagnetic shape memory effect [48]. Its parent
structure is the NisoMnso_, X, (X = In, Sn, Sb) family [49],
a Ga-free Heusler-based ferromagnetic shape memory alloy.
Cobalt was added to form the NiCoMnlIn alloy to achieve a
higher Curie temperature, magnetic saturation, Zeeman en-
ergy, and a near room temperature transformation [50,51].
Our group previously studied the NigzCosMns3oSn;; alloy
in the NiMnX family to explore SQUID magnetometry and
the magnetic behavior of microparticles to formulate nucle-
ation site potency distributions in thermoelastic martensitic
transformations [31]. In this study, we extend our knowledge
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of the NiMnX family of Heusler alloys to explore the role of
heat treatments and order-disorder defects to nucleate marten-
sitic phases.

We describe austenitic and martensitic phases depicted in
Fig. 2 by their coupled magnetic and structural transitions
and focus on their long-range order-disorder as the primary
distinction between the two particle groups of this study
(SHT and SA groups). The magnetic field sweep of Fig. 2
reveals a magnetic saturation near 2.5 kOe. This implies that
temperature-dependent magnetization should be performed
at constant applied magnetic fields higher than 2.5 kOe to
maximize magnetic moments.

The high-temperature austenite phase is a ferromagnetic
high-symmetry cubic L2; structure (Fm3m space group)
[9,46,52], which exhibits ordering on the Mn/In sublattices.
However, a small fraction of any sample has a combination
of L2, with the B2 phase (Pm3m), which exhibits disorder
among the Mn/In and Ni/Co sublattices [9,21]. As shown in
Fig. 1, the size of the L2; domains can be tailored by sec-
ondary annealing at 773 K for 3 h, increasing the domain size
from 3.2 to 54.2 nm (measurement shown in Supplemental
Material Fig. S1 [53]), as shown by the TEM micrographs
using selected area electron diffraction microscopy. Using
ASTM standards E112-13 and E562-19, we measured the in-
terfacial area densities of 590.6 um~! for SHT and 50.6 um~!
for SA (Fig. S1 [53]), which serve as sources for defects.
Atomic-level defects such as antisites and vacancies can form
at the interfaces of the L2; domains and function as potential
nucleation sites for the paramagnetic martensitic phase.

The martensitic paramagnetic structure has a lower sym-
metry, treated as a Bain distortion from the L2; cubic phase,
and is a body-centered tetragonal structure (I4/mmm space
group) [9,46,52]. Similarly, the B2 phase transforms to the
paramagnetic and martensitic P4/mmm space group. Addi-
tionally, martensitic structures can be modulated using a wave
vector and referred to as 6M, 10M, 14M, or NM (nonmodu-
lated) phases due to metastability from adaptive nano twins or
from atomic shuffling [54-56].

The magnetic behavior of each particle was also measured
under heating and cooling using the SQUID at a constant
applied field of 5 kOe, which is above the saturation level
seen in Fig. 2. In general, as the particle size decreases,
the change in moment also decreases, as total magnetization
is proportional to the volume of material present (Fig. 3).
We also expect this behavior to hold in the length scales
of this experiment. Large deviations from this relationship
can suggest significant fractions of retained austenite and
untransformed regions. Because we use the change in a mag-
netic moment as a proxy for phase fraction transformed, we
validated our use of magnetization curves by establishing a
relationship between the change in moment as a function of
particle radius (Fig. 3). For the gradual, abrupt, and hybrid
transformations a relationship was obtained using an empir-
ical relationship, log(AM) = 3log(r) + b, which linearizes
the correlation between the moment, AM = M, ,—M . and
the particle volume, V = (4/3)7r>.

The change in the magnetic moment for both the SHT
and SA particles correlated well with the calculated mag-
netic moment from bulk magnetization values, indicating
near-complete transformation and thereby supporting the
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FIG. 3. Difference in magnetization versus particle size (radius)
for gradual, abrupt, and hybrid particles. SA-treated particles are
shown as blue squares and SHT as red circles. The solid black line
represents an ideal scenario using the slope of an SHT particle of
radii 19.0 £ 0.5 um (230 ng).

claim that magnetization is a good proxy for the extent of
phase transformation (Fig. 3). The largest deviation observed
in the model corresponded to smaller particle sizes and arose
from noise, limitations of the measurement system, and some
possible incompleteness in the transformation. Any degree of
incomplete transformation is similar in both sample sets, and
overall does not contribute to changes in martensitic nucle-
ation between the two heat treatments. Therefore, the extent
of total transformation in the particles is the same in both heat
treatments, and neither treatment changes the range of mag-
netization observed (0.008 to 22.5 x 107> emu + 6.1 x 1078
emu; Fig. S2 [53]).

B. Phase transformation behavior of individual particles

By measuring the transition temperatures, the undercooling
of individual spherical particles was characterized using mag-
netization curves under an applied temperature field AM(T).
The temperature sweeps revealed abrupt, hybrid, and gradual
transformations in the single-particle measurement (Fig. 4).
Abrupt transformations occur when a sharp drop occurs in the
magnetization. This behavior is shown in the black curve in
Fig. 4 in the particle of size 6.2 um (radii) with an under-
cooling of 58.5 K. In this particle, the heating and cooling
curves display a sharp discontinuity. However, the red and
blue curves are only abrupt during cooling (hybrid transfor-
mations). Notably, the blue and red heating curves are not
entirely smooth but have a multistep transition affected by
interface friction or defect pinning.

A total of 131 particles of sizes 3.8-20.7 pum in radii
were measured using a magnetometer (63 SHT and 68 SA
particles). Of these, 58.6% of SHT particles and 46.9% of SA
particles displayed an abrupt transformation in cooling but not
in heating (Table I). A total of 20.7% of SHT particles had
abrupt transformations in both cooling and heating, and 25%
in SA particles.
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FIG. 4. Temperature sweeps AM(T) of single particles display-
ing a particle of 12.4 £ 0.5 um in diameter (black, 8.0 ng), 26.4 £+
0.51 um diameter (blue, 77.1 ng), and 38.0 & 0.5 um diameter (red,
230.0 ng). The black curve was displaced down by 30emug~' for
ease of comparison.

In literature, abrupt transformations are observed in bulk-
size single crystals or oligocrystallines [57-59]. In our
experiments, the microparticles are single crystals driven
mostly by observable single-domain nucleation. When there
are two or even three sharp jumps, this signifies the activation
of additional nucleation domains within the particle or a dis-
rupted multistep transformation. We can capture these sharp
changes to the magnetic moment because of the sensitivity
of the SQUID magnetometer (8 x 1078 emu) and the nature
of the small-particle experiment. As the probability of finding
a potent defect decreases drastically at smaller volumes, the
potent defects activated at higher driving forces eventually
lead to distinguishable single interface motion.

Measuring the undercooling in nucleation-limited particles
requires both the nucleation start temperature of the initial
nuclei (i.e., taken at the onset of abruptness) and the equi-
librium temperature. However, the equilibrium temperature of
the martensitic transformation, 7., varies from one particle to
another and is difficult to measure. Three models are presented
in the literature for the determination of T [57,60,61]: (1)
frictionless transformations and therefore T, > Ay, (2) elastic
accommodation and friction, Ti; ~ A, and (3) plastic accom-
modation and considerable friction, T, ~ (M; + Af)/2.

In the ideal scenario, if you consider a martensitic plate that
forms as a single domain and grows abruptly, the transforma-
tion is frictionless, and T is to the right of A ;. In this scenario,
the plastic accommodation method would not be appropriate.

TABLE 1. Fraction of SHT (N,yu = 63) and SA particles
(Nt = 68) that have abrupt, hybrid, or gradual transformations.

Transformation SHT SA

Abrupt 0.207 0.250
Hybrid 0.586 0.469
Gradual 0.207 0.281

However, for nucleation-limited and thermoelastic particles, a
certain degree of friction is observed by multiple sharp drops
in the magnetic moment and by an increase of interface fric-
tion due to an increasing surface area to volume. Therefore,
the second model is best suited to measure undercooling as
AT =A f = M.

The transition temperatures of 96 abrupt and hybrid parti-
cles were quantified and analyzed to determine the nucleation
potency of the L2; domain interface. An asymmetry was ob-
served in the austenite to martensite transition temperatures
[Fig. 5(a)]. At higher degrees of hysteresis, it is observed that
the depression of the M, temperature is primarily responsible
for increasing thermal hysteresis rather than an increase in
Ay. This is attributed to residual austenite found in between
variants and confined spaces caused by martensite distortions
and shear [22]. The retained austenite serves as preexisting
nuclei for the heating transition. Additionally, from Fig. 5(b),
we can see additional evidence of the asymmetry in the change
between transition temperatures as particle size decreases. A
greater number of martensitic start temperatures at smaller
sizes trend towards lower values, and at the same time, lower
M values are associated with greater undercooling.

In order to calculate nucleation site potency distributions,
the chemical driving force as a function of particle vol-
ume was sampled to the smallest volume measurable by
the instrumentation, revealing the extent of size effects. The
sampling distribution displayed increasing undercooling as
particle size decreased [Fig. 5(c)]. At the smallest of volumes,
similar-sized particles had undercooling values near bulk lev-
els (<15 K), and others with large values near 60 K & 1.2
K (Fig. S2 [53]). This suggests that at volumes less than
5000 um?, some particles contained highly potent nucleation
sites, whereas others were starved of defects. On the other
hand, at even larger volumes, the variance in the undercooling
values is expected to decrease until bulk levels are reached.

The observations of the undercooling size effects shown in
Fig. 5(c) display a trend from the bulk regime to the friction-
induced regime and to the nucleation-limited regime. The bulk
level places a floor or limitation on the minimum hysteresis
achievable. Thereby, none of the particles show an undercool-
ing of less than 10 K. This is attributed to bulk samples already
having the highest potent defect present. As the volume de-
creases, the required driving force for nucleation increases due
to surface interface motion at larger surface-to-volume ratios
in the friction-induced regime. Then, at around 24-28 pum
in diameter, the undercooling climbs steeply as the particles
enter a regime limited by an even lower probability of finding
a potent defect (i.e., starvation of defects). At smaller sizes,
martensitic suppression is known to occur in the absolute
absence of sufficiently active nucleation sites [62].

IV. DISCUSSION

A. Nucleation-limited particles and nucleation potency

Statistical nucleation analysis aims to understand the role
of some processing variable or structural descriptor on the
density of active nucleation sites (sitescm™) by quantifying
nucleation statistics in populations of particles of different
volumes. In principle, particle volume could vary broadly and
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FIG. 5. Abrupt and hybrid transformation behavior. (a) A, tem-
perature for SHT (red circles) and SA (blue squares). (b) Transition
temperature for SA (A red diamonds and M, blue squares) and SHT
(A s orange open circles and M, light-blue circles). (c) Undercooling
for SHT (red circles) and SA (blue squares). The red band indicates
the critical size of the transition to the nucleation-limited regime.

is restricted only by the sensitivity of the technique used to
observe the nucleation phenomena. In this study, abrupt and
hybrid transformations were used to measure M, temperatures
required to assess the nucleation potency of order-disorder
interfaces.

Cumulative Fraction Transformed

0 0.5 1 1.5 2 2.5 3

Cumulative Fraction Transformed

0 'l 'l 'l 'l 'l
0 0.5 1 1.5 2 2.5 3

Volume (10* gm?)

FIG. 6. Martensite cumulative fraction transformed as a function
of volume at different driving forces. (a) The solution heat-treated set
(solid circles). (b) The secondary annealing set (open squares).

To measure the nucleation site potency distribution, we
adopt, based on a Poisson-like distribution of nucleation loci
per particle, the probability (P) such that at a given volume, at
least one active nucleation site exists [11]:

P=1—¢VraO (D

where P is the cumulative percentage of particles transformed,
V is the particle volume, p is the density of the active nucle-
ation site as a function of AG, and AG is the molar Gibbs free
energy change.

We measure the cumulative number of particles that have
transformed at a given size bin and temperature bin taken from
the data in Fig. 5(c). A set of temperature bins is derived from
the intervals of AT, = 20, 25, 30, 35, 40, and 50 (K). For
the size bins, four intervals are used: volume = 2, 4, 9, and 25
(10 um?). The binning from the selected intervals was used to
calculate the cumulative probability distributions (Fig. 6). At
each cumulative fraction transformed curve, the probability
function [Eq. (1)] is fitted to determine the nucleation site
potency (p) governing that driving force. Furthermore, the fol-
lowing power-law function is fitted to the calculated potencies
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FIG. 7. Nucleation site potency distributions of solution heat-
treated in red and secondary annealed in blue using a 95% confidence
interval.

(Fig. 7):
p =aAGP, 2

where p is the density of nucleation sites, « is a proportional-
ity constant, AG is the nucleation barrier, and 8 is the fitting
exponent. To measure the chemical driving force, AG = AS
(T — T), we use the temperature interval (T, — T') associ-
ated with the calculated potency and the entropy change of
fusion (19.7 for SHT and 18.37Jkg~' K~! for SA) measured
by calorimetry of a sample of particles within the sizes of
53-75 pm in diameter.

The power-law function [Eq. (2)] for the two sets of sam-
ples displayed a goodness of fit of R> = 0.98 (SHT) and
0.94 (SA). According to this relation, both potency curves
have similar fitting exponents (8) at 5.0 and 4.5 (Fig. 7).
The solution heat-treated potency curve (Fig. 7) is given
by psur = 3.0 x 1078 (AG*?) in (sitescm™>). On the other
hand, the secondary annealed curve is given by psa = 2.2 x
1077 (AG*).

The extremes in large and small undercooling observed in
the measurement of transformation behavior (Fig. 5) is due
to the higher probability of more potent defects occurring in
the large particles due to their size and the relatively small
probability of these defects occurring in smaller particles. In
the smallest volumes, the sparseness of the most potent defect
is greater, resulting in a greater thermochemical driving force
required to activate nucleation from less-potent defects. Even
at small chemical driving forces, the concentration of nucle-
ation sites (approximately 1 x 108 sitescm™>) is one order of
magnitude greater than the Fe-Ni particles studied by Olson
et al., which were investigated at much larger driving forces
[11]. However, it represents a similar potency distribution
to Ni-Co-Mn-Sn [31] particles. The subsequent magnitude
of the potency distribution (Fig. 7) depends on the smallest
volume measured based on the available defect potencies,
the distribution of sample sizes considered in the study, and
instrumentation capability. Overall, the nucleation site density
power law depends on the range of relevant sample sizes

measured and the underlying Poisson-like defect distribution
that leads to the sampling distribution of nucleation events
[Fig. 5(c)].

Ultimately, based on Fig. 7, the potency distribution be-
tween the two heat treatment conditions was statistically
equivalent. This conclusion considers the margin of error
using a 95% confidence interval that overlaps the two data
sets. Therefore, the L2, interface and corresponding antisite
boundaries and defects do not represent potent nucleation
sites for the initial formation of nucleation domains. While
structural defects at the interface may be sufficient to nucleate
under some large chemical driving force, there exist other
preexisting defect states that are different from the defects
associated with L2; domains which are more potent. This
observation can be extended to any defect formed by the
interface, as well as any changes in concentration change or
lattice mismatches by the L2, or B2 domains which do not
serve as potent nucleation sites. Importantly, a potential study
in the future can further investigate other impacts induced by
the interface strain on the thermoelastic properties of Ni-Co-
Mn-In and related alloys.

Despite this observation, order-disorder defects are known
to tailor thermal hysteresis at larger length scales [21], sug-
gesting that their principal role is in affecting the motion
of grain boundaries during the phase transformation. For
example, the thermomagnetic characterization of bulk and
agglomerated particles (25-63 pum in diameter) showed a
reduction in thermal hysteresis after secondary annealing near
773 K [21]. Therefore, secondary annealing is an effective
strategy to tailor the thermal hysteresis of samples at the bulk
scale and the friction-induced length scales (average diameter
of 44 ym, assuming a Gaussian distribution). Molecular dy-
namics studies in stress-induced NiTi [8,63] may support the
idea that antisite defects neither promote the nucleation start
temperature (preexisting distribution) nor cause a large inhibi-
tion of the martensitic transformation. A random distribution
of antisite defect was attributed to having least martensitic
suppression caused by boundary motion pinning compared
to vacancies, interstitials, and vacancy clusters. This outcome
was attributed to antisite defects having the smallest stress
distortion fields when compared to the other defects. How-
ever, molecular dynamic studies of thermally induced Ni-Al
showed that martensitic nucleation can initiate by larger and
more complex defects such as dislocation dipoles [4]. The
stress field surrounding the dislocation dipole was found to
contribute to the lattice distortion required to form martensitic
domains.

When comparing within the NiCoMnX family, the potency
curves of NiCoMnln for both heat treatments are shifted
slightly to the right of the Nigj3Co7Mn39Sn;;, implying that it
takes a larger chemical driving force in NiCoMnln to excite an
equivalent density of nucleation sites as in Nigjz3Co7Mn39Sny;
(Fig. 8). This correlates with the lower thermal hysteresis
in bulk Nigj3Co7Mn39Sn;; approximately 8 K) compared to
NigsCosMnse.7In33 (approximately 12 K), thus requiring
lower driving forces even at the bulk scale. Furthermore, mi-
croparticles of VO, [64] (V < 28.0 um?) and nanoparticles of
VO, [65], along with the NiCoMnX family, lie to the left of
the < 20 K boundary line, while Al,O3 + ZrO,, Ni-Al, and
Fe-Ni lie to the right. This boundary separates thermoelastic
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FIG. 8. Nucleation site potency distributions compared to sev-
eral other material classes, including Niyj3;Co;Mns39Sny; [31], VO,
[64,65], NiAl [66], FeNi [11,39], and Al,O5; + ZrO, [67], adapted
from [31].

transformations that require lower energies for nucleation
from those material systems that display larger thermal hys-
teresis values at the bulk scales or irreversible transformations.

V. CONCLUSIONS

This study contributes to our understanding of nucle-
ation potencies in reversible thermoelastic transformations
impacted by heat treatments, order-disorder interface defects,
and the relative sizes at which samples transition to the
nucleation-limited regime. Here, SQUID magnetometry is
employed as a high-fidelity technique to quantify nucleation
site potency distributions and we experimentally consider
order-disorder interfaces as potential preexisting defects. We
concluded that the variation in L2; domain interfacial density
at the length scales observed did not contribute to an increase
in martensitic potency across the length scales. However,

we discovered that postprocessing at secondary annealing
(773 K) for 3 h represented an insensitivity of nucleation rate
to order-disorder interfaces in NiCoMnln particles.

Additionally, we made several key observations about the
transformation behavior of alloy particles and how it re-
lates to the potency distributions. Based on Figs. 4 and 5,
the particles under study were nucleation limited on cooling
due to starvation of defects at smaller sizes, measured in
this study by abrupt transformations characteristic of single-
domain transformations. We also observed that at radii below
12-14 pum, a transition from the friction-induced regime to
the nucleation-limited regime occurred (L < L) [Fig. 5(c)].
However, the attributes of the sampling distributions making
up the nucleation potency curves need to be measured case by
case due to the current difficulty in computationally predicting
the preexisting defect state unique to each material class and
various processing techniques.

We also observed particles below 10 um radii with near
to bulk hysteresis, indicating that even in the smallest of
volumes, stable high-potency nucleation sites can exist, sug-
gesting the plausibility of intentionally introducing potent
defects to small volumes of shape memory alloys, with the
goal of improving energy conversion and fatigue life in SME-
based nano- and microscale devices. In contrast, similar small
sizes with the largest undercooling near 60 K are good candi-
dates for a different type of application requiring large energy
damping or metastable “latching” type behavior. The future
directions in this research should investigate additional defect
sizes, types, and potencies that may serve as potent nucleation
sites in nucleation-limited thermoelastic martensitic transfor-
mations.
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