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ABSTRACT
Molecular dynamics simulations were used to study deformation-induced face-centered cubic (fcc)
to body-centered cubic (bcc) transformation during uniaxial compression of an 80Fe-20Ni (at%)
alloy with and without precipitates. Our purpose was to better understand recent experimental
results in an Fe-Ni-based medium-entropy alloy where certain precipitates were found to constrain
the fcc to bcc transformation. We find that larger precipitates and smaller spacings between pre-
cipitates hinder the phase transformation by impeding relaxation of internal elastic strains. These
results deconvolute the individual effects of precipitate size and spacing and help interpret the
experimental results where only their combined effects could be measured.

IMPACT STATEMENT
Using atomistic modelling, we investigate the individual effects of precipitate size and spacing in
phase transition andhelp interpret the experimental resultswhere only their combined effects could
be measured.
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Medium-entropy alloys (MEAs) and high-entropy alloys
(HEAs) have been extensively studied since 2004 [1,2].
Some of them exhibit improved properties such as high
tensile ductility [3,4] and toughness [4,5] compared to
traditional alloys. The introduction of microstructural
features such as twin boundaries [6], grain boundaries
[7] and precipitates [8–10] has been shown to improve
strength. It has been additionally shown that precipi-
tates can interact with thermally induced phase transfor-
mations during heat treatments [11–13]. Recently, Yang
et al. [10] have shown that precipitates can also influ-
ence deformation-induced phase transformation. They
investigated the role of precipitates in fcc to bcc to
phase transformation in an Fe-Ni based MEA subjected
to two different heat treatments. One produced finer,
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closely spaced precipitates while the other produced
coarser, more widely spaced precipitates. The volume
fraction of precipitates was the same in both cases. Their
experimental results showed that smaller precipitates
separated by smaller distances hinder the deformation-
induced phase transition, presumably by imposing a
physical constraint, whereas larger precipitates spaced
further apart allowed the transformation to occur dur-
ing plastic deformation thereby enhancing strength and
ductility by the so-called TRIP effect (transformation-
induced plasticity). However, the individual effects of
size and spacing could not be determined in that
study.

Experimentally it is nontrivial, if not impossible, to
disentangle the roles of precipitate size and spacing on
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deformation-induced phase transformation given that
they are not independent variables if volume fraction is
held constant, as was the case in the Yang et al. study
[10]. On the other hand, if it is not kept constant, there
are other confounding effects that arise from the change
in composition required to alter the volume fraction,
which can potentially change the thermodynamic driv-
ing force for transformation. Therefore, in this work,
we investigate the effects of precipitate size and spac-
ing (the distance between the precipitates) separately
on deformation-induced phase transformation (without
having to keep volume fraction constant), which is possi-
ble in molecular dynamics (MD) simulations. We believe
this is a reasonable approach to understand the main
results of our earlier experiments [10] because there the
volume fraction of precipitates played only an indirect
role, through its effects on precipitate size and spac-
ing. If the effects of the latter two variables are under-
stood, the role of volume fraction will naturally become
clear.

MD simulations are a useful tool for studying the
effects of the precipitate characteristics on phase trans-
formation, because of the ability to separately control the
precipitate size and distance. For example, recent MD
simulations of one precipitate in nickel-titanium alloys
[14,15] have provided useful insights in shape-memory
alloys regarding thermally induced [14] and athermal
phase transformations [15]. Here, we investigate the fcc
to bcc phase transition under uniaxial compression in
a model fcc Fe-Ni alloy, namely 80Fe-20Ni (all compo-
sitions in this paper are in at%) to shed light on the
behavior of Fe-Ni basedMEAs and HEAs, by varying the
size of a single precipitate, or the spacing between two
precipitates of the same size. This alloy was chosen for the
following reasons. It has a thermodynamic driving force
for fcc to bcc transformation at low temperatures [16]
and was therefore expected to undergo a deformation-
induced transformation duringMD compression. It has a
reliable embedded atom potential [17]. Finally, although
the alloy in our experimental study [10] contained Al
and Ti in addition to the principal constituents Ni and
Fe, the Al and Ti partitioned into the precipitate phase
along with some of the Ni to produce Ni3(Al,Ti) type
L12 precipitates, leaving thematrix with a composition of
approximately 73.7Fe-22.3Ni-3.6Al-0.4Ti, which makes
the 80Ni-20Fe binary a reasonable surrogate to simulate
the deformation-induced transformation observed in the
experimental alloy. The goal of the present simulations
is to improve understanding of the previously observed
effects of precipitate size and spacing on deformation-
induced microstructure evolution, which is necessary to
ultimately improve the mechanical properties of alloys
through composition and microstructure optimization

and control of the deformation mechanisms during plas-
tic deformation.

The simulations were performed using the LAMMPS
code [17]. An embedded atommodel (EAM) interatomic
potential [18] was used to describe the forces between
the atoms in the fcc 80Fe-20Ni alloy. To investigate the
effect of the precipitate size on the phase transition, we
compared a pristine system (without precipitates) and
systems containing one precipitate with diameter D of 2,
4 nm or 6 nm. The precipitates’ centers are placed in the
middle of theMD box. In all these cases the system size is
17.5 nm× 11 nm× 11 nm. To investigate the effect of the
interparticle distance d on the phase transition, we com-
pared a pristine system and systems with two precipitates
of 2 nmdiameter at three different interparticle distances,
namely 8, 10 nm or 12 nm, placed in the middle of the
y and z dimensions of the MD box. These systems have
size 24.5 nm× 11 nm× 11 nm. All systems in this work
have periodic boundary conditions. In all simulations
with precipitates, the composition of the precipitates is
pure iron, and their structure is fcc. The Atomsk program
[19] was used for the construction of the structures. The
temperature was 300K for all simulations. All systems
were initially equilibrated under the constant pressure
and temperature (NPT) ensemble, using a timestep of 1
fs. For the uniaxial deformation simulations, the systems
were compressed along the x-direction of the box, which
is the [100] direction of the system. The applied engineer-
ing strain rate is 3× 1010 s−1 and was applied up to 20%
engineering strain. During compression, the precipitates
are stationary (frozen) with only the surrounding matrix
atoms allowed to move in response to the applied strain,
and the volumeof theMDbox is constant, such thatwhen
the x dimension of the MD box decreases the y and z
dimensions increase. TheNPT ensemble was used for the
compression simulations, with 1 fs timestep. Structure
identification was performed using the software OVITO
[20] and the interval common neighbor analysis (CNA)
algorithm. The atomic-level elastic strain was calculated
using the elastic strain calculationmodifier of theOVITO
program. Thismodifier computes the atomic-level elastic
strain and the deformation gradient tensors.

Figure 1 shows the effect of precipitate size on the
phase transition from fcc to bcc as a function of strain.
The percentage of atoms shown in these plots (as well in
Figure 3) include the matrix atoms only, not the atoms
within the precipitate. Figure 1(a) shows the percent-
age of the atoms in the fcc structure as a function of
strain for systems with and without a precipitate. Figure
1(b) shows the increase of the bcc phase as a function of
strain for the same systems, while Figure 1(c) shows the
formation and evolution of atoms with hcp (hexagonal
close-packed) coordination. For low strains, up to about
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Figure 1. Structure evolution with applied strain in systems with and without precipitates. Percentage of atoms in the matrix with (a)
fcc coordination, (b) bcc coordination, and (c) hcp coordination for a system without precipitates (black curve) and systems containing
one precipitate each, with diameter of 2 nm (red curve), 4 nm (blue curve) and 6 nm (green curve).

Figure 2. Snapshots of the x-y plane of the systems at different applied strains. The images shown are for a pristine system (a-e), a
system with a precipitate of 2 nm diameter (f-j), a system with a precipitate of 4 nm diameter (k-o), and a system with a precipitate of
6 nm diameter (p-t). The green atoms represent fcc structure, the blue bcc and the red hcp. The precipitate has the fcc structure, but it is
shown in yellow for clarity.

4.5%, the response of all systems is similar, and no tran-
sition takes place. Subsequently, for strains up to 10%,
the transformation from fcc to bcc takes place faster as
the precipitate size increases. At 10% strain, a crossover
is observed, after which the transformation is faster for
smaller precipitate size.

To understand this behavior, we provide snapshots
at different strains in Figure 2. Movies of the whole
simulation length for all four systems can be found in the
Supplementary Information. The plane of Figure 2 is the

x(horizontal)-y(vertical) plane with the z-direction per-
pendicular to this plane. The snapshots in Figure 2 show
cross-sections along the x-y plane through the center of
the precipitates located in the middle of the z dimen-
sion of the MD box. The snapshots shown correspond
to 6%, 9%, 12%, 15% and 20% strain. The green color
indicates fcc structure, the blue bcc and the red hcp coor-
dination. In the pristine system (Figure 2(a-e)), the fcc
to bcc transition takes place homogenously throughout
the simulated volume. When a precipitate is present, the
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transformation nucleates heterogeneously at the inter-
face between precipitate and matrix (Figure 2(a,f,k,p)),
which has a more profound effect for larger precipitates
due to the larger interface area. Because the energy bar-
rier for homogeneous nucleation is greater than that for
heterogeneous nucleation, and the number of potential
heterogeneous nucleation sites increases with increasing
interfacial area between precipitates and matrix [21], bcc
nucleation occurs at lower strains in systems with larger
precipitates. At larger strain, the energy barrier of homo-
geneous nucleation is overcome, and since there aremore
potential nucleation sites (i.e. overall volume) available in
the matrix of the pristine system than in systems with
a precipitate, bcc formation occurs faster in the pris-
tine system than in systems with a precipitate. As the
deformation further increases, hcp-coordinated atoms,
and then areas, are formed. Their amounts increase in
a sequential order, first in the pristine system Figure
2(c), then in systems with a 2 nm (Figure 2(h)), 4 nm
(Figure 2(m)) and 6 nm (Figure 2(m)) precipitate. The
hcp-coordinated regions seem to nucleate at the interface
between fcc/bcc regions or between precipitate/bcc. In
the pristine and 2 nm-precipitate systems hcp coordina-
tion first increases then decreases with strain, suggesting
it is a transient, but in the 4 and 6 nm precipitate systems
it continues to increase with strain. This suggests that
larger, immobile, precipitate/fcc interface areas promote
the formation of large areas with hcp coordinationwhich,
unlike the small hcp areas in pristine or 2 nm precipitate
system, are difficult to transform into bcc coordination.
Thus, our findings show that the systemwith the smallest
precipitate (D = 2 nm) behaves similarly to the pristine
one, indicating that a single, tiny precipitate does not
have a significant effect on the phase transition compared
to the pristine system. Larger precipitates cause larger
deformation, resulting in larger areas of hcp coordinated
atoms as the precipitate size increases, as seen in Figure
1(c) and Figure 2(n,o) and Figure 2(s,t). In summary, the
larger the precipitate, the larger the immobile interface
area, the more the number of atoms with hcp coordina-
tion, the more difficult the fcc to bcc transition; that is,
the phase transition from fcc to bcc is hindered as the
precipitate size increases (Figure 2(s,t)). Overall, when
only heterogeneous bcc nucleation is activated, systems
with larger precipitates accelerate the fcc to bcc transfor-
mation due to the availability of more nucleation sites
at precipitate/fcc interfaces, while when both homoge-
neous and heterogeneous nucleation are activated, this
behavior is reversed, and the systems with no or small
precipitates undergo faster fcc to bcc transition due to
more homogeneous nucleation sites being available. The
fcc to bcc transition becomes more difficult with increas-
ing precipitate size because more hcp coordination is

formed due to more constraint from immobile precipi-
tate/fcc matrix. From these simulations it can be inferred
that, if the precipitate is less mobile than the matrix, as
the precipitate size increases, the spatial confinement of
the matrix increases due to the larger less-mobile inter-
faces between the matrix and precipitate and the induced
stresses from the deformation cannot be relaxed, and so
the transformation to bcc is hindered.

In order to understand how the distance between the
precipitates affects the transition, we focused on changes
happening in the volume between two precipitates of
2 nm diameter size, in three systems with different pre-
cipitate spacings. Before deformation, these volumes have
sizes of 8 nm× 11 nm× 11 nm, 10 nm× 11 nm× 11 nm
and 12× nm× 11 nm× 11 nm where the distances
between the precipitates (8, 10 and 12 nm) are along the
x-direction of the MD box. During deformation, the x
dimension of this volume is constant (consistent with the
precipitates being stationary), while the y and z dimen-
sion change (such that the volume of the whole MD box
is constant). The x-y planes of these volumes are shown
in Figure S1 of the Supplementary Information. In Figure
3, the evolution of the structure in the volumes between
the precipitates is shown as a function of strain, in terms
of the percentage of fcc (Figure 3(a)) and bcc (Figure
3(b)) atoms. Figure 4 shows snapshots of the structures
in the aforementioned volumes between the precipitates,
along the plane through the center of the precipitates (x-
y plane) at the middle of the z dimension of the MD
box, at different strains. In this figure, the atoms outside
the volume we examine (namely, the volume between the
precipitates) have been omitted for clarity; the full MD
box can be seen in Fig. S1. Again, the green color indi-
cates fcc structure, the blue bcc, and the red hcp atom
coordination. The movies showing the response of these
volumes with strain can be found in the Supplementary
Information. As seen in Figure 3 and Figure 4(a-c), the
matrix starts to transform at about 6% strain, which is
consistent with the observation in the pristine systems
and the systems containing one precipitate. Thereafter,
until about 10% strain, the material between the precip-
itates responds similarly for all three distances, as seen
in Figures 3 and 4(d-f). In this regime, the transforma-
tion takes place mainly in the vicinity of the precipitates,
which delays the transition at other locations within the
interparticle volume. It can be seen, however, that the fcc
to bcc transition starts sooner in the case of the larger
interparticle distance (12 nm), where the matrix volume
between the precipitates is larger compared to the smaller
distances. This effect continues for larger strain and can
be also seen in Figure 4(g-i) and (j-l). At very high strain,
for the small distance of 8 nm, as seen in Figure 3 (b) the
transition reaches a plateau, due to the volume restriction
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Figure 3. Structure evolution with applied strain in systems with different interparticle distance, where the precipitate has 2 nm diam-
eter. Percentage of (a) fcc structure and (b) bcc structure in the volume between the precipitates in systems with 12 nm (black curve),
110 nm (red curve), and 8 nm (blue curve) interparticle distance.

and the formation of hcp coordination, while larger pre-
cipitate distances (10 and 12 nm) allow the continued
transition to bcc of the volume between the particles
(4(m-o)). Overall, larger distance between the precipi-
tates facilitates thematrix transition from fcc to bcc, while
shorter distance hinders it.

In addition to analyzing the structure, we also ana-
lyzed local strains in the system as described earlier. Fig-
ures S2 and S3 of the Supplementary Materials present
the εxx component, given that the uniaxial deformation
in our simulations is along the x-axis. These images show
snapshots at the same applied strains as in Figures 2
and 4, respectively, except that they represent local-strain
maps rather than local-structure maps. A comparison of
these figures shows that regions with greater compressive
strain (shown in blue) remain as untransformed fcc while
regions where some of the compressive strain has relaxed
(shown in lime green) have transformed to bcc. This is
consistent with the notion that spatial confinement hin-
ders the phase transition. Larger matrix volume (space)
around the precipitates, in the case of both one or two
precipitates, facilitates the strain release and therefore the
transition from fcc to bcc.

It is instructive to compare the present MD simula-
tion results with some experimental results obtained in
an Fe-Ni MEA [10]. Figure 5(a) shows a precipitate (in
yellow) of 2 nmdiameter and thematrix structure around
it (fcc in green, bcc in blue and hcp in red color) after
6% applied strain in the MD simulation. The precipitate-
matrix interface facilitates heterogeneous nucleation of
bcc in the originally fcc matrix surrounding the precip-
itate. Additionally, the relatively large blue area towards
the top indicates where the nucleated bcc has grown

into a region that is associated with relaxed compres-
sive strain, as discussed above. For comparison, a scan-
ning transmission electron microscope (STEM) image is
shown in Figure 5(b) where an L12 precipitate facilitates
heterogeneous nucleation of bcc at its interface with the
fcc Fe-Ni-basedmatrix. Upon deformation to 6.8% strain
(see Supplementary Information for details of the exper-
iment and Fig. S4 for details of how the composite image
was created), the bcc regions grow and consume increas-
ing amounts of the originally fccmatrix. The experiments
also showed that when the precipitates are smaller and
more closely spaced than in the above example, nucle-
ation of the bcc phase is entirely suppressed, both during
the thermal quench and during subsequent deformation.
Our MD simulation results are thus broadly similar to
the experimental results. But they provide a couple of
additional insights that are helpful in developing a bet-
ter understanding of the experiments. We find that both
increased precipitate size and decreased precipitate spac-
ing contribute to spatial confinement and thus impede
the deformation-induced fcc to bcc transformation (in
our previous experimental study, we could not separate
effects of size from those of spacing). Additionally, we
find that regions where the fcc to bcc transformation
occurs are associated with lower compressive strain, that
is, the transformation is associated with strain relaxation.

Our simulation results help us better understand
recent experimental results showing L12-structured pre-
cipitates in an fcc matrix of a Fe-Ni based complex
alloy affect the propensity of the matrix to undergo
deformation-induced fcc to bcc transformation: fine,
closely spaced precipitates prevent the transformation
whereas coarse, widely spaced precipitates allow it [10].
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Figure 4. Snapshots of the x-y plane of the systems at different applied strains. The images show the structure between two precipi-
tates of 2 nm diameter in a systemwith 8 nm interparticle distance (first column), for a systemwith 10 nm interparticle distance (second
column) and for a systemwith 12 nm interparticle distance (third column). The green atoms represent fcc structure, the blue bcc and the
red hcp. The precipitates are shown in yellow. The atoms outside this volume between the precipitates have been omitted for clarity.

Here, atomistic modeling allows us to investigate sepa-
rately the effects of precipitate size and spacing to gain
insights into fundamental mechanisms of the phase tran-
sition from fcc to bcc in an 80Fe-20Ni alloy, which in turn

sheds light on phase stability and deformation-induced
phase transformation in medium-entropy alloys such as
in the aforementioned study. Our findings indicate that
larger precipitate size accelerates the initiation of the fcc
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Figure 5. Comparison of MD (a), and STEM (b). The image in panel (a) shows a precipitate (in yellow) of 2 nm diameter after 6% applied
strain and thematrix structure around it (fcc in green, bcc in blue and hcp in red). The STEM image in (b) shows an overlay of a high-angle
anuular dark field image and RGB composites of inverse Fourier transforms of diffractograms obtained from L12 precipitates (green) and
the matrix structures around it, where the fcc areas are in blue and bcc in red showing the result of the phase transformation induced by
6.8% strain.

to bcc transformation at low strain, while at high strain,
this behavior is reversed, and the transition is hindered
because of the larger precipitate size. Additionally, we
found that smaller distance between the precipitates hin-
ders the phase transition, with this hindrance decreas-
ing as the distance between precipitates increases until,
at large enough separation, the phase transformation
behavior is similar to that of a pristine system without
any precipitates. Finally, we observe that strain relaxation
facilitates the transition to bcc. These results indicate
that the precipitate size and spacing can be systematically
varied to tune the propensity for deformation-induced
phase transformation. These results provide fundamen-
tal understanding of the mechanisms that inhibit or
facilitate phase transition and phase stability in Fe-Ni
alloys, and further investigation of the interplay between
matrix and precipitates is needed in order to fully under-
stand these mechanisms and ultimately control them
through the design of new microstructures and pre-
cipitates by tuning the composition and the heat treat-
ment of the systems. Complex alloys can exhibit certain
unique and desirable behaviors. Identifying and under-
standing new mechanisms that affect their microstruc-
ture and mechanical properties and how they corre-
late with their unique chemical compositions is crucial
for the development of novel materials with improved
functionality.
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