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Abstract

We characterize the role of coherent nanoscale B2 NisoAlso precipitates on the temperature- and
stress-induced martensitic phase transformation in nanocrystalline Nis3Als7 shape memory alloys
using multi-million-atoms molecular dynamics (MD) simulations. We studied two types of
precipitates: one with single crystal precipitates (SXP) and a second where grain boundaries cut
through precipitates (PXP). Simulations reveal that the presence of B2 precipitates stabilizes the
cyclic flag-shaped stress-strain response, characteristic of superelasticity, and reduces remnant
strain. In contrast, single-phase nanocrystalline Nig3Alz7 exhibits degradation of the reverse
transformation during cyclic loading and, eventually, incomplete reversible transformation
within a few cycles. This is consistent with previous experimental findings of ultra-low fatigue in
Ni-Ti-Cu alloys with Ti2Cu precipitates. The simulations reveal that the presence of precipitates
significantly improves the reversibility of the transformation by acting as elastic zones that
partially shield the martensitic transformation and drive the reverse transformation. A detailed
analysis of the MD trajectories reveals that the martensitic transformation of the matrix induces
ultra-large elastic deformation in some of the B2 precipitates (approximately 12%) to the point of

resulting in a martensite-like atomic structure.
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1. Introduction

Shape memory alloys (SMAs) owe their ability to recover their original shape after large
deformations upon heating and superelastic behavior to an underlying solid-state, diffusion-less
phase transformation from austenite to martensite and back [1]. These martensitic
transformations enable solid-state actuation [2], mechanical damping [3], and, recently, emerging
solid-state refrigeration technologies [4], making SMAs attractive for aerospace [4], medical [5],
automobile [6], construction [7], and micro-electro-mechanical systems (MEMS) [8]
applications. Tuning of the underlying martensitic transformation undergirds the design of next-
generation SMAs for specific applications. While the search for new shape memory alloy
compositions remains important [9-11], two-phase shape memory alloys incorporating a non-
transforming coherent second phase have shown great promise.

The incorporation of coherent second phases has been shown both experimentally [12-14] and
computationally [15-19] to significantly alter the characteristics of martensitic transformations
and therefore, the thermo-mechanical response of these composite systems. For example, Ni-Ti-
Cu- based SMAs have been experimentally shown to exhibit ultra-low fatigue up to millions of
cycles in the presence of coherent Ti2Cu precipitates [12]. Tunable Young’s modulus has been
experimentally observed over a wide temperature range in Ti-Nb-based gum metals resulting
from elastically confined martensitic transformation due to nanoscale concentration modulation
[13]. Strength and functional fatigue are shown to improve significantly in the crystalline-
amorphous nanocomposites of nano-crystalline NiTi due to suppression of transformation-
induced dislocations in the crystalline region and shear bands in the amorphous region via
mutual strengthening of the two phases in nanolaminates [14]. Molecular dynamics studies by
Guda Vishnu et al. [15] and Desai et al. [17] have shown that the transformation temperatures
and hysteresis can be tuned significantly by the presence of coherent second phases in
nanolaminates. Moreover, an ultra-low modulus (as low as 2GPa) was observed in the composite
system of Nig3Als7 and NisoAlso [18].

While most of the experimental studies have focused on polycrystalline samples, atomistic
studies have, to date, only characterized the role of the average grain size in polycrystalline
materials [20, 21]. An atomic-level understanding of the role of precipitates and how their
interaction with grain boundaries influences the characteristics of martensitic transformation is

still lacking. For example, ultra-low functional fatigue has been observed in Ni-Ti-Cu-based



SMAs due to the presence of coherent Ti2Cu precipitates [12], however, the underlying atomistic
mechanisms governing the transformation characteristics remain unknown. Several open science
questions persist, which include: do precipitates undergo any structural transition driven by the
matrix? what atomic-level processes are responsible for remnant strain? and how does the
presence of precipitates influence the martensite growth and reverse transformation? To address
these questions is the purpose of this study.

Large-scale molecular dynamics (MD) simulations of stress and temperature-induced martensitic
transformation in nanocrystalline NigzAlz; SMAs with nanoscale NisoAlso provide a picture of
these processes with atomic resolution. The Ni-Al system is chosen because there is no reliable
interatomic potential capable of describing the martensitic transformation and precipitates in Ni-
Ti-Cu. In addition, the NisoAlso precipitates are expected to stabilize the austenite phase in
Nis3Als; based on the crystallography and improve the reversibility of martensitic
transformation, like the Ti>Cu precipitates in Ni-Ti-Cu system [12]. The simulations show that
the ultra-fine grain single-phase Nig3Alz7 alloy exhibits a significant degradation of the reverse
transformation during cyclic loading and, eventually, incomplete reversible transformation
within a few cycles. The incorporation of coherent B2 precipitates stabilizes the stress-strain
response and can be utilized to design fatigue-resistant ultra-fine grain shape memory alloys for

next-generation applications.

2. Simulation details

2.1. Interatomic potential model

We used an embedded atomic model (EAM) interatomic potential developed by Farkas et al.
[22] to describe atomic interactions in Ni-Al alloys. The potential was parametrized for the B2
phase of NiAl and NisAls. Material properties like elastic constants were matched with more
than 90% accuracy, and lattice parameters and cohesive energies were matched with 99%
accuracy for the B2 phase. This potential captures the martensitic transformation from B2
austenite to monoclinic martensite for compositions between 61-66 at. % Ni, and it has been
used in prior studies to investigate the martensitic transformation in NiAl based shape memory
alloys [15-18,23]. However, the martensite structure predicted by this potential differs from the

experimentally observed M14 structure, see Ref. [23] for detailed comparisons between



structures. Thus, our simulations should be taken to correspond to model shape memory alloy
only approximately equivalent to NiAl. All molecular dynamics simulations were performed

using large-scale atomic/molecular massively parallel simulator (LAMMPS) [24] in this study.

2.2. Nanocrystalline samples with precipitates

We started by creating a polycrystal of stoichiometric NiAl with random grain orientations and
30 nm average grain size using the Atomsk package [25]. Atomsk package uses Voronoi
tessellation [26] to construct a polycrystal that divides the space into n cells for user-specified n
points (seeds) with the property that any point in a particular cell is closest to its corresponding
seed among all seeds. Simulation cell size and the total number of grains were input parameters
to the code, which then generated random seeds to create a polycrystal with random grain
orientations. Input parameters were chosen such that the average grain size is around 30 nm. Our
simulation cell has ~54 million atoms and 34 grains. Grain orientations and sizes of all grains
are reported in Supplementary Table 1.

Both the single- and multi-phase samples were first constructed with a uniform NigAlz7
composition by replacing 26 % of Al atoms, chosen randomly, to Ni in stoichiometric NiAl. We
decided to study spherical precipitates, 8 nm diameter, and with a volume fraction of 0.12,
similar to the experiments on Ni-Ti-Cu systems [12], showing ultra-low functional fatigue. The
PXP was generated by randomly selecting random places, non-overlapping spherical regions of 8
nm diameter in a 800 K-relaxed Nig3zAls;7 structure and switching the Ni atoms in the Al sub-
lattice back to Al, turning the Nig3Als7 alloy back to stoichiometric NiAl. SXP was generated
starting from the PXP sample via the following steps: 1) each precipitate that cut through one or
more grain boundaries is removed; ii) in its place, single crystal configuration from within the
grain containing the most atoms in the removed precipitate is placed followed by excess Ni
atoms replaced by Al as in the PXP case. We note the possibility of point defects and anti-phase
boundaries (APB) at the interfaces of these replaced single crystal precipitates and the matrix.
All nanocrystalline structures were relaxed using Nosé-Hoover isothermal, isobaric (NPT)
ensemble at 800 K temperature and 1 atm pressure until the change in average energy is less than

0.002 meV/atom-ps. Structures at 600 K were generated by quenching the 800 K structures at



5 K/ps followed by the relaxation at 1 atm pressure with the same convergence criterion.
Coupling constants for temperature and pressure were 0.1 ps and 1 ps, respectively, throughout
the study. Figure 1 shows 2D snapshots of relaxed structures of Nis3Alz7, PXP, and SXP at 600
K. Atoms are color-coded according to polyhedral template matching (PTM) analysis [27] which
is implemented in LAMMPS [24] to identify different phases. PTM classifies structures
according to the topology of the local environment and identifies each atom as BCC (identified
as austenite in this study), HCP (martensite), FCC (stacking fault), and unidentified (grain
boundaries). OVITO [28] is used for visualization. Blue and light blue colors represent atoms
with BCC ordering (austenite) for matrix and precipitates, respectively. Green and light green
colors represent atoms with HCP (martensite) and FCC (stacking Faults) ordering, respectively.

Black color is used for atoms with no ordering (grain boundary).
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Figure 1. Snapshots of the 2D section of relaxed structures corresponding to (a) Nis3Als7, (b)
Nig3Alz7 + NisoAlso (PXP), and (c) NiszAlz7 + NisoAlso (SXP) at 600 K. Blue and light blue colors
represent atoms with BCC ordering (austenite) for matrix and precipitates, respectively. Green
and light green colors represent atoms with HCP (martensite) and FCC (stacking Faults)

ordering, respectively. Black color is used for atoms with no ordering (grain boundary).

2.3. Stress and temperature-induced phase transformation

The stress-induced martensitic transformation was characterized by elongating the simulation
cell along the tensile axis (chosen to the z cartesian direction) up to 4% strain with a strain rate of
5x107 s7'. The lateral dimensions and angles in the simulation cell were evolved to maintain a

stress of 1 atm using a Nosé-Hoover barostat, and the temperature was controlled using a Nosé-



Hoover thermostat. The subsequent unloading and equilibration simulations were performed
under stress-controlled conditions to unload the stress to 1 atm over 800 ps followed by
relaxation for additional 1000 ps. These unloaded and relaxed structures were used for
subsequent cycles of loading. To characterize the role of the stress-strain history on the
martensitic transformation, we performed five cycles of loading-unloading-relaxation, totaling
13 ns of simulation time for each sample.

To characterize irreversible processes responsible for plastic slip, we examined the evolution of
the relative displacement of every pair of first and second nearest neighboring atoms at the
beginning of each loading cycle, using a cutoff of 3.5 A. In these systems, the peaks
corresponding to the first and second nearest neighbors in the radial distribution function (g(r))
overlap, therefore, the cutoff was chosen corresponding to the first minima in g(r) that includes
the first and second nearest neighbors. Details of the method can be found in Ref. [29]. To study
the temperature-induced martensitic transformation, the relaxed structures at 600 K and 1 atm
were cooled down to 1 K at a rate of -0.5 K/ps using an isothermal-isobaric ensemble. Cell
parameters, including angles, were allowed to vary independently to maintain a stress of 1 atm.
The low-temperature structures were heated above the austenite finish temperature at a heating
rate of 0.5 K/ps. We studied the temperature-induced martensitic transformation on the initial
structures and the relaxed structures after completion of the fourth loading-unloading-relaxation

cycle for all three systems.

3. Stress induced transformation

3.1. Stress-strain response during cyclic loading

In all simulations, we observe significant evolution in the stress-strain and martensitic fraction
behavior as a function of strain from cycle 1 to cycle 2, as shown in Figure 2 for various
loading/unloading cycles at 600 K. We attribute this to incomplete relaxation of the initial
structures due to the timescales achievable with MD and additional relaxation occurring during
loading, especially at grain boundaries. Therefore, all subsequent analysis focuses on cycles 2 to

5.
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Figure 2. Stress (a, ¢, e) and martensite fraction (b, d, f) as a function of strain for various
loading/unloading cycles of Nis3Als7 (a, b), PXP (c, d), and SXP (e, f) at 600 K. Direction of

arrows represent loading (upward) and unloading (downward) directions.

We observe significant degradation in the stress-strain response of single-phase Nis3Als7, and

this is consistent with experimental observations on fine-grain (110 nm) NiTi SMA [15]. The



presence of precipitates results in significant stabilization of the stress-strain response upon
cyclic loading compared to a system with no precipitates. This is consistent with experimental
results on Ni-Ti-Cu shape memory alloys showing ultra-low functional fatigue [12] with the
incorporation of TioCu nano-precipitates.

In all samples, we observe a reduction in both the martensite start stress (o ) (forward

transformation) and austenite finish stress (g, f) (reverse transformation) during cyclic loading,

indicating the relative stabilization of martensite with loading history. However, the relative

change in 0, is significantly larger in single-phase Nie3Als7; this eventually leads to incomplete

reversible transformation for the fifth loading/unloading cycle. Contrarily, the presence of
precipitates stabilizes the stress-strain response, especially during the reverse transformation, and

a minimal change in g, p is observed between cycle 2 and cycle 5 for the PXP and SXP samples.

The extent of martensitic transformation during loading increases with increasing cycles, see Fig.
2(b, d, f). This phenomenon is commonly observed in experimental studies and is known as pre-
training. By design, both types of precipitates stabilize the austenite phase, and their presence
reduces the extent of martensitic transformation relative to single-phase NigzAls7. Importantly,
the presence of precipitates significantly increases the austenite finish stress, improving the
reversibility of the pseudo-elastic deformation. The effect of precipitates on the gy, is less
dramatic. The atomistic mechanisms behind these trends will be discussed in Section 3.2.

At 800 K, the increase in temperature reduces the extent of martensitic transformation and
superelasticity due to the increased austenite stability, as shown in Supplementary Figure 1 by
the stress and the martensitic fraction as a function of strain for various cycles at 800 K. Like at
600 K, the extent of martensitic transformation during loading also increases with increasing
loading/unloading cycles, and the presence of precipitates stabilizes the austenite phase and
reduces the extent of martensitic transformation. However, at 800 K, the effect of temperature on
austenite stabilization dominates, and the effect of precipitates on the reversibility of the pseudo-
elastic deformation is minimal. We will focus on the results at 600 K in the remainder of the
paper.

Figure 3 compares the stress and martensite fraction as a function of strain between the three
samples for the fifth loading/unloading cycle at 600 K. The presence of precipitates significantly

reduces the rate of martensite propagation during loading but has a minor effect on the initiation



of the transformation. Importantly, precipitates have a pronounced effect on the reverse

transformation. The stress-strain response for PXP and SXP are rather similar.
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Figure 3. (a) Stress and (b) martensite fraction as a function of strain during the fourth cycle of
uniaxial deformation to 4 % strain for various samples followed by unloading to 1 atm stress at

600 K. Direction of arrows represent loading (upward) and unloading (downward) directions.

Experimental studies [12, 30] have shown that the presence of coherent precipitates in SMAs can
reduce mechanical hysteresis. To confirm this behavior and understand the effect of cyclic
loading on mechanical hysteresis for all three systems, we compare the area encircled by the
cyclic stress-strain curves for various cycles, see Figure 4. As expected, both types of
precipitates reduce the hysteresis. In addition, we observe a reduction in hysteresis with
increasing cycles and a decrease in the relative change between cycles with increasing cycle

number.
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loading/unloading cycles (Cycle-2 to Cycle-5) at 600 K

The presence of remnant strain is indicative of irreversible processes and can be observed in
stress-strain response during cyclic loading for all the systems, see Fig. 2 (a, c, e). There are two
possible origins for this irreversibility: i) remnant martensite that does not transform back to
austenite, and ii) irreversible processes at the atomic scale via dislocation slip and/or grain
boundary sliding. To quantify the second possibility, we examined the evolution of the relative
displacement of every pair of first and second nearest neighboring atoms as discussed in Section
2.3. Figure 5 shows the histogram of the distances after a single loading-unloading cycle for
various cycle numbers at 600 K. The pairs undergoing displacements of more than 1.6 A (first
minima of the number of pairs vs distance) are considered as irreversible plastic events [29]. We
find that the total number of irreversible events decreases with increasing cycles. To
quantitatively compare the relative impact of irreversible processes for various systems during
cyclic loading, we define the total displacement in irreversible atomic events (Diag) as the sum of
distances for all the pairs which undergo irreversible processes. We note that this is a scalar
quantity that does not provide information about the total plastic slip on individual systems.

To understand the mechanisms that dominate the remnant strain, Figure 6 compares remnant
strain, remnant martensite, and Diag during cyclic loading for all three systems. Interestingly, the
remnant strain increases with increasing cycles for systems with no precipitates, but it decreases

for PXP and SXP, see Figure 6 (a). The increase of remnant strain in the system without
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precipitates is dominated by the degradation of the reverse martensitic transformation since the
Diag decreases with cycle number. Quite interestingly, the presence of precipitates stabilizes the
reverse transformation, and the remnant martensitic fraction is relatively constant with cyclic
loading.

The irreversible atomic processes in Fig. 5 can be further subdivided into dislocation glide and
grain boundary sliding. Figure 7 highlights (in red) the atoms involved in irreversible processes
during cycle 4 for the three systems at 600 K. The snapshots reveal that most irreversible events
occur at grain boundaries, these grain boundary processes account for approximately 95% of all
pairwise irreversible events and dominate the irreversible processes during cyclic loading.
Interestingly, in the SXP, we also observe the presence of atoms involved in irreversible
deformation at the incoherent interfaces between precipitates and the differently oriented matrix
grain, see Figure 7 (c). The presence of precipitates suppresses atomic-scale irreversible events
(number of pairs of atoms undergoing irreversible atomic processes) for both PXP and SXP
compared to a single-phase system, see Supplementary Figure 2. However, the increase in the
grain boundary area in the SXP case results in an increase in the pairs of atoms undergoing

irreversible events compared to PXP.
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Figure 5. Histogram of the distances in structures after loading-unloading cycle for various

cycles of (a) Nis3Alz7, (b) PXP, and (c) SXP at 600 K
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Figure 7. Snapshots of (a) Nig3Als7, (b) PXP, and (c, f) SXP showing atoms involved in
irreversible atomic processes during Cycle-4 at 600 K. Red color is used for atoms involved in
irreversible events. For remaining atoms, black color represent atoms with no local ordering
(grain boundary); blue and light blue are used for the rest of the atoms in the matrix and

precipitate, respectively.

3.2. Atomistic mechanisms underlying martensitic transformation

To understand the effect of precipitates on stress-strain stabilization, we now focus on the
atomic-level processes underlying the nucleation and propagation of the martensitic and reverse

transformations. More specifically, we seek to address the following questions: What are the
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atomic processes responsible for the increase in transformation reversibility under the presence

of precipitates? Why do precipitates have a smaller effect on gy, than on g, f?

3.2.1 Martensite start and nucleation of the martensitic transformation

To understand the relatively minor effect of the presence of precipitates on gy, we focus on the
nucleation of the martensite phase. Figure 8 shows the process of martensite nucleation in a
representative grain for all three systems at 600 K. We show snapshots at various times during
cycle 4. Blue and light blue colors represent atoms with BCC ordering (austenite) for the matrix
and precipitate, respectively. Green and light green colors represent atoms with HCP (martensite)
and FCC (stacking faults) ordering in the matrix, respectively. Red and light red colors represent
atoms with HCP (martensite) and FCC (stacking Faults) ordering in precipitates, respectively.
Black is used for atoms with no crystalline ordering (grain boundary). We observe similar
behavior in other grains. The snapshot at /=0 shows the remnant martensite and stacking faults

from prior loading/unloading cycles, predominantly located near grain boundaries.

Martensite nucleation starts at =240 ps for the selected grain, and we observe that the martensite
phase nucleates at the grain boundaries for single-phase Nis3Alsz; and PXP while for SXP grain
boundaries and incoherent interfaces between the precipitates and differently orientated grains
act as nucleation sites. We note that only a fraction of grain boundaries (those in contact with the
matrix phase) will act as martensite nucleation sites for the systems with precipitates. We
computed the effective grain boundary area for nucleation as the fraction of grain boundaries in
the matrix phase, including the incoherent interfaces between precipitates and the matrix for
SXP. The presence of precipitates, both in PXP and SXP, affects the effective grain boundary
area for nucleation, however, due to the small number of precipitates lying on grain boundary,
the change is relatively minor compared to single-phase Nig3Alz7: an 11% reduction for PXP and
2% increment for SXP. This is consistent with the relatively minor effect of precipitates in gy,
and the observation in Fig. of earlier nucleation in the SXP system than in PXP. We note that the
prior MD studies using the current interatomic potential and others, see Refs. [20,21], reported
the martensite nucleation within grains as opposed to at grain boundaries. A possible reason for

the discrepancy is that identifying nucleation events is challenging in large-scale MD
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simulations. Most 2D views of the system indicate martensite within grains, identifying

nucleation requires a 3D visualization of grains.

To capture the influence of precipitates on martensite growth, Fig. 8 also shows snapshots at
various times (=280 ps, 320 ps, 360 ps, 400 ps, 600 ps, and 800 ps) during loading following
nucleation. As mentioned above, the austenite-stabilizing effect of precipitates reduces the rate of
martensitic propagation during forward transformation and enhances the rate of reverse

transformation. gy y does not depend on the martensite nucleation site density and is only affected

by the rate of reverse transformation or the austenite stabilizing behavior of precipitates.

Therefore, we observe a significant change in g, y due to the presence of precipitates in both PXP

and SXP unlike gy, . We discuss the partial structural transition in B2 precipitates driven by the
martensitic propagation in the matrix and the influence of the precipitates on martensitic

transformation in their surrounding matrix in Section 3.2.2.
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Figure 8. Snapshots of grain-1 at various times during the fourth loading cycle of (a) Nis3Als7,
(b) PXP, and (c) SXP at 600 K. Blue and light blue colors represent atoms with BCC ordering
(austenite) for matrix and precipitate, respectively. Green and light green colors represent atoms
with HCP (martensite) and FCC (stacking faults) ordering in the matrix, respectively. Red and
light red colors represent atoms with HCP (martensite) and FCC (stacking Faults) ordering in the
precipitates, respectively Black color is used for atoms with no ordering (grain boundary)
Here, austenite in matrix and grain boundary atoms are made 98 % transparent for better
visualization of martensite nucleation. The austenite atoms in precipitate are made 85 %

transparent.

3.2.2 Effect of precipitates on martensite propagation

Figure 9 shows snapshots of the structures before loading, after loading, and after unloading
during cycle 4 at 600 K, and the color scheme is used that of Figure 8. The snapshots clearly
reveal the shielding effect of the precipitates on the martensitic transformation, see center panels
in Figure 9 (b, e, and h). The shielding effect was also observed around Ti>Cu precipitate in Ni-
Ti-Cu SMAs, where both austenite and martensite phases were found in the matrix near the
precipitate/matrix interface compared to only martensitic phase in the matrix far from the
interface [12]. However, quite surprisingly, regions within certain precipitates (composed on
non-martensitic NiAl) are identified as martensitic. Thus, the transformation of the matrix
induces ultra-high strains (approximately 12% deviatoric strain is needed to be identified as
martensite) on some NiAl precipitates. This value of deviatoric strain was determined by
deforming a 2,000 atom single-crystal supercell of B2 NiAl towards the martensite until 95% of
the atoms are identified as martensitic by the PTM [27] analysis. A similar process was observed
in coherent nanolaminates and core-shell nanowires [16]. Movies during loading and unloading
showing forward and reverse transformation for cycle 4 at 600 K for all the systems are included
in the Supplementary Material for better visualization of the shielding effect of the precipitates.

To further characterize and quantify the shielding effect and the ultra-high deformation of
precipitates, we quantify the martensite fraction identified in three regions: precipitates, bulk
matrix, and the matrix surrounding the precipitates (denoted as near-precipitate matrix (NPM))
within a cutoff of 5.58 A. The cutoff is chosen to match the force cutoff in the Ni-Al EAM force

field [21] used in this study. Figure 10 shows the martensitic fraction as a function of strain for
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precipitates, NPM, and matrix for the fourth cycle of loading/unloading of PXP and SXP at 600
K. The results for cycles 2, 3, and 5 can be found in Supplemental Material. The curves for the
matrix and NPM show the expected hysteresis, with NPM exhibiting a 30% reduction in
transformation relative to the matrix. Quite interestingly, even when the precipitates are severely
deformed into the martensitic phase, they experience negligible hysteresis. That is, the highly but
elastically deformed precipitates spring back into their unstrained austenite phase and help drive
the reverse transformation of the system. We note that Chluba et al. [12] did not find any
structural transition in the Ti»Cu precipitate during cyclic deformation of Ni-Ti-Cu SMAs
experimentally, however, they only show analysis for a single precipitate. We also observe that
approximately 30% precipitates undergo negligible structural transition, the histogram of
identified martensitic fraction in precipitates for SXP during the fourth cycle is shown in
Supplementary Figure 4. We did not find any correlation between the fraction of martensitic
precipitates and various characteristic properties of the crystals they belong to like crystal
orientation, stress invariants, potential energy, and the fraction of atoms with no ordering (grain

boundary) for the precipitates.
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Figure 9. Snapshots of the structures at (a, d, g) before loading, (b, e, h) after loading, and (c, f,
1) after unloading during cycle 4 for (a, b, ¢) Nig3Als7, (d, e, f) PPT-PX, and (g, h, i) PPT-SX at
600 K . Blue and light blue colors represent atoms with BCC ordering (austenite) for matrix and
precipitate, respectively. Green and light green colors represent atoms with HCP (martensite) and

FCC (stacking faults) ordering in the matrix, respectively. Red and light red colors represent
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atoms with HCP (martensite) and FCC (stacking Faults) ordering in the precipitates, respectively

Black color is used for atoms with no ordering (grain boundary)

Cycle 4
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Figure 10. Martensite fraction as a function of strain in precipitates, near-precipitate matrix

(NPM), and matrix during fourth loading/unloading cycle for (a) PXP and (b) SXP at 600 K

4. Temperature induced transformation

Section 3 showed that both kinds of precipitates stabilize the austenite phase during stress-
induced transformation. Here, we characterize the effect of precipitates on the temperature-
induced transformation and the influence of prior mechanical loading history for all three
systems. Figure 11(a) shows martensite fraction as a function of temperature during cooling and
heating for Nis3Alz7, PXP, and SXP using the relaxed structure at 600 K before Cycle-1 as initial
conditions. We find a thermal hysteresis of approximately 300 K in single-phase NigzAls7; this is
significantly higher than experimentally reported values for various SMAs. For example, the
values of thermal hysteresis are 15 K for NigsAlse and Nigo 8Tis0.2 [31,32], 50 K for Ti74Nbzs and
MgsosScio2 [33,34], 21 K for NisgAlxsFeis [35], and 150 K for Fes3sMnzs4AlisNizs [36].
However, our value is consistent with a previous MD study of nano-crystalline NigzAlz7 SMA
[20]. The larger hysteresis in MD can be attributed to a significantly higher heating/cooling rate
(0.5 K/ps), which is expected to suppress the martensitic start (M;) and increase the austenite
finish (Af) temperatures. Our goal is to characterize the effect of precipitates and mechanical

history on transformation characteristics rather than predicting the absolute values.
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As expected, precipitates stabilize the austenite phase, and the extent of martensitic
transformation during cooling is significantly lower than the single-phase system. SXP is found
to have a slightly higher M than single-phase NiszAl37, which is unexpected since the
precipitates are austenite stabilizing and expected to reduce both M and Ar . We attribute this
increment to relatively more nucleation sites arising from the presence of only partially relaxed
incoherent interfaces between precipitates and differently oriented grain. As expected, the
presence of precipitates in PXP and SXP significantly reduces the At.

To understand the effect of loading history on temperature-induced martensitic transformation,
we performed the same cooling-heating cycles on relaxed structures at 600 K after mechanical
cycle-4. The martensite fraction as a function of temperature is shown in Figure 11 (b). The prior
loading history results in the stabilization of the martensite phase, increasing the Ms and Ar.
Moreover, the effect of incoherent interfaces between precipitates and differently-oriented grains
diminishes because the initial structure has undergone various relaxation cycles during prior
cyclic loading. Therefore, both PXP and SXP have reduced Ms and Aftemperatures compared to
single-phase Nig3Als7. Like the case of the stress-induced martensitic transformation, the effect is
less dramatic for Ms. Compared to single-phase Nig3Als7, the presence of precipitates reduces the
thermal hysteresis by 42% (37%) and 50% (50%) for relaxed structures at 600 K after Cycle-4
(before Cycle-1) for PXP and SXP, respectively. Figure 12 shows the snapshots of structures at
various temperatures (600 K, Ms, 1 K, and Af) during cooling (600 K and Ms) and heating (1 K
and Ay) for the initial structure relaxed at 600 K after Cycle-4 of cyclic loading. At 600K (Figure
12(a, e, 1)), all the structures are predominantly austenite with some remnant martensite at grain
boundaries and at the interface of precipitates and differently oriented grains (latter only for
SXP). Like the stress-induced transformation, martensite preferentially nucleates at grain
boundaries in the temperature-induced transformation, see Figure 12 (b, {, j), and the precipitates
shield the martensite propagation in their surrounding matrix while they undergo a partial
structural transition (Figure 12 (c, g, k)). During heating, all the systems revert back to the

austenite phase above Ar temperature.
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Figure 11. Martensite fraction as a function of temperature for heating-cooling cycles of

Nis3Alz7, PXP, and SXP for relaxed structure (a) before Cycle-1 and (b) after Cycle-4 during

cyclic loading. The direction of arrows represents cooling (upward) and heating (downward)

directions.
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Figure 12. Snapshots of Nis3Als7 (a-d), PXP (e-h), and SXP (i-1) during cooling at 600 K
(initial) (a, e, 1), Ms (b, f, J), 1 K (c, g, k) and during heating at At (d, h, 1) for initial structure
relaxed at 600 K after Cycle-4 of cyclic loading. Blue and light blue colors represent atoms with
BCC ordering (Austenite) for matrix and precipitate, respectively. Green and light green colors
represent atoms with HCP (Martensite) and FCC (Stacking Faults) ordering in the matrix,
respectively. Red and light red colors represent atoms with HCP (Martensite) and FCC (Stacking
Faults) ordering in the precipitates, respectively Black color is used for atoms with no ordering

(grain boundary)
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5. Discussion and Conclusion

We characterized the role of nanoscale precipitates on martensitic transformation and super-
elasticity in nano-crystalline samples for the first time with atomic resolution using molecular
dynamics. In particular, we studied the effect of nanoscale spherical NisoAlso precipitates on
stress- and temperature-induced martensitic phase transformation in nanocrystalline NigzAls7
shape memory alloys using multi-million-atoms molecular dynamics simulations. While these
simulations are not without limitations, our model system captures the key features observed
experimentally. We note that the predicted martensite crystal structure by the interatomic
potential is very similar but not identical to the experimentally observed M14 one,[23] thus the
simulations should be taken as corresponding to a model system similar to NiAl. In addition, the
rates of deformation and heating/cooling used in the simulations are significantly higher
compared to the experiments. This is true for all MD simulations of martensitic transformations
and will affect the quantitative prediction of critical stresses and transformation temperatures.
We believe their influence on the mechanistic processes and our conclusions on the precipitates’
role on the martensitic transformation and superelasticity is minimal given that our simulations

capture the key experimental observations as discussed in Section 3.

The presence of B2 precipitates results in a stable stress-strain response, while single-phase
nanocrystals exhibit degradation of the reverse transformation during cyclic loading. Simulations
revealed that the precipitates shield the martensitic transformation in the matrix and partially
deform to an unstable martensite-like structure in an elastic manner. Both kinds of precipitates,
one where the grain boundaries cut through precipitates (PXP) and a second case where
precipitates are single crystals (SXP), are austenite stabilizing, and their presence reduces the
extent of martensite transformation. Martensite nucleates at the grain boundaries, and the grain
boundary area influences the stress and temperature associated with the start of martensitic
transformation. While the remnant martensite fraction originating from poor reversibility
determines the remnant strain for single-phase nanocrystalline Nis3Alz7, irreversible plastic slip

(grain boundary sliding) dominates for systems with nanoscale precipitates. In conclusion, our
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results provide detailed insight into the experimentally into the origins of experimentally

reported characteristics of phase transformation in the presence of precipitates.
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