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Molecular dynamics simulations are used to provide strong evidence for barrier-free nucleation events
in a heterogeneous solid-solid system. The barrier-free events are characterized by an absence of an
incubation time and a growth rate of the emerging phase that is independent of the system size.
Furthermore, an analysis of the size and shape of the critical nucleus using the Winterbottom construction
indicates that no solution exists for these barrier-free cases. We propose that barrier-free nucleation, which
will have a profound effect on phase transformation kinetics, may be a general phenomenon for any
polycrystalline material.
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Nucleation is the most ubiquitous of all first-order phase
transformations, but a complete theoretical understanding
of the process remains elusive. According to the classical
nucleation theory (CNT), the nucleation rate is extremely
sensitive to material parameters that are difficult to inde-
pendently measure, most notably the surface energy
between nucleating and parent phase [1,2]. In the case
of nucleation from a defect- and impurity-free bulk phase,
which is homogeneous nucleation, careful experiments
have been able to confirm the prediction of the CNT but
only to within an accuracy of 1 or 2 orders of magnitude
[3–6]. In recent years, stringent tests of the CNT have been
provided by atomistic simulation where, instead of the
nucleation rate, the size and work of formation of a critical
nucleus are computed directly [5,7]. Although there exist
several well-known extensions and corrections to the
classical theory [8–10], the basic premise and predictions
of the homogeneous CNTare generally accepted within the
material science community.
In the case of heterogeneous nucleation, several surpris-

ing, and often unexplained, phenomena have been identi-
fied. As an example of so-called nonclassical nucleation
[11], in an iron chloride magnetite precipitation experi-
ment, Baumgartner et al. [12] indicated that the nucleation
process can be conducted through pathways, involving
different metastable clusters. In a study of polycrystalline
colloidal systems, Peng et al. [13] have observed the
grain-boundary nucleation of a second phase by a unique
two-step process, where the grain boundary first undergoes
a premelting event and subsequently the emerging phase
forms by nucleation in the liquidlike film. In 2001,
Offerman et al. [14] utilized x-ray diffraction from a
synchrotron source to monitor grain-boundary nucleation
kinetics of the body-centered cubic (bcc) ferrite (α) phase
from the parent face-centered cubic (fcc) austenite (γ) phase
in steels. The authors found that the experimental nucle-
ation rates were at least 2 orders of magnitude faster than

the predictions of the classical theory. A later paper [15]
hypothesized that nucleation at grain corners or three-grain
junctions may be characterized by a critical work of
formation less than 1kT or by a completely barrier-free
mechanism. Although barrier-free formation of phases
at grain boundaries has been identified in some systems,
most notably the formation of nonequilibrium complexions
in ceramic materials [16], the case of steel represents an
instance where an equilibrium phase forms at certain select
grain-boundary locations in a relatively simple bcc-fcc
system. More importantly, the suggestion of barrier-free
nucleation in steels raises the possibility that the mecha-
nism is quite general and may occur in many examples
of solid-solid transformations in polycrystalline systems.
Since the synchrotron experiments by Offerman et al. [14]
were limited in resolution to nuclei > 2 μm, the critical
nucleus size and shape could not be determined, and a
direct confirmation of the barrier-free process could not be
established. Therefore, the purpose of the present work is to
present results from molecular dynamics simulations that
strongly suggest a barrier-free nucleation event is possible
in polycrystalline Fe. Although results from this study may
be applicable to all polycrystalline materials, it should
be noted that there are other examples of nucleation with
extremely low energy barriers. For example, Rotter et al.
[17] report a critical nucleus size of just one monomer
during the polymerization of deoxygenated sickle hemo-
globin, and Trujillo et al. [18] found that, during crystal-
lization of polycaprolatone, carbon nanotubes are more
potent heterogeneous nucleation sites than seed crystals of
the stable phase.
Using molecular dynamics (MD) simulation, we sys-

tematically studied grain-boundary nucleation events that
occur at the beginning of a solid-state transition in the
isothermal condition. Six nanometer-scale pure Fe poly-
crystalline simulation cells were prepared according to the
procedure outlined in previous publications [19,20] and in
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Supplemental Material [21]. The xy dimension of the cells
ranged from 40 × 40 to 100 × 100 nm2, which accommo-
dates 3–4γ-phase grains in the initial state. Full periodic
boundary conditions were applied to avoid the influence of
free surfaces. In order to reduce the number of atoms in the
simulations, a quasi-2D geometry was chosen with the z
dimension initially set to around 1.5 nm. When combined
with periodic conditions, the small z thickness forces all the
grain boundaries (GBs) and interfaces to be perpendicular
to the xy plane; hence, the nucleus behaves as an infinitely
long cylindrical disk within a single simulation cell. The
interatomic potential used in all simulations was developed
by Ackland et al. [30] (Supplemental Fig. S1), and the
relevant properties, such as the free energy difference
between the α and γ phases, have been computed pre-
viously [31]. Because of an absence of magnetic effects, the
Fe potential cannot capture the correct phase equilibrium
behavior of actual iron [32]. However, like most classical
interatomic potentials, it reproduces quite well the energy
of planar defects, and, as discussed below, barrier-free
nucleation represents an interplay between a bulk driving
force and interfacial energies, and we expect the results to
be largely independent of the interatomic potential.
Consistent with the CNT, we found that nucleation was

preferred at grain-boundary triple junctions in our simu-
lations (no four-grain junctions were present in the quasi-
2D geometry). In three of the total of six polycrystalline
cells, we observed that the formation of a stable nucleus of
the emerging α phase took place after an incubation time
(lag time) of at least 0.5 ns (0.5–60 ns). However, for the
remaining three starting configurations, we captured nuclei
that formed at specific GB triple junctions with virtually
no incubation time. In each of these cases, a nucleus,
distinguished from atoms at the preexisting grain boundary,
was detected within 0.02 ns, followed by a rapid growth of
the new phase. The formation of the stable phase with no,
or a very small, lag time is our first evidence of a barrier-
free mechanism.
Figure 1 and Movie 1 show a typical example of the

barrier-free nucleation process. The initial γ-phase poly-
crystalline system contains 409 600 atoms with a dimen-
sion of approximately 60 × 60 × 1.5 nm3. The simulation
is run in a canonical (NVT) ensemble at 1000 K. Note that,
with periodic boundary conditions, only four γ grains are
present in the simulation cell [Fig. 1(a)]. In the figure,
atoms are distinguished by their coordination number (CN)
[19], and each image is first treated with an energy-
minimization process [33] to remove the effects of thermal
fluctuations. At t ¼ 0 ns, virtually no α atoms are identified
within the small observation window [the black box in
Fig. 1(a)], indicating the nucleation is not activated by
preexisting α clusters. At t ¼ 0.002 ns [Fig. 1(b)], small
numbers of α atoms appear around the center of the GB
junction. Agglomerated α atoms are clearly detected from
0.005 ns, and then the nucleus grows rapidly along the GB

FaFb, as shown in Fig. 1(c) (t ¼ 0.01 ns). The local bcc
atomic fraction (fα), which is the ratio of the bcc atoms to
the total atoms within the observation window, is used to
monitor the nucleation and growth process. As the blue line
shown in Fig. 1(f) indicates, there is no significant plateau
or inflections in the bcc evolution plot, which can be used
to define the nucleation moment [13]. After 0.2 ns, the α
phase almost completely fills the observation region,
leading to a saturation of the fα profile. To test the influence
of stress and GB motion at a high temperature, the simu-
lations were repeated in an isothermal-isobaric (NPT)
ensemble to release the overall simulation cell pressure by
adjusting the cell dimension every 1 × 10−4 ns. Also, at the
simulation temperature of 1000 K, grain growth of the initial
fcc structure takes place. To assess the effects of grain-
boundary motion, as well as stress, additional simulations
were performed where a dynamic box (where only the
atoms within the box were allowed to move; see [20]) was
positioned around the nucleus B1, which restricted the GB
motion. In the nucleation stage (0–0.02 ns), no significant
changes were observed by varying the simulation set-
tings above.
According to the CNT, the time lag is proportional to the

interfacial area of the critical nucleus. In order to test this
dependence, we have repeated the simulations described
above but increased the thickness of the simulation box in
the z direction. At the largest thickness studied z ¼ 9 nm,
the emerging nucleus no longer threads through the thin
dimension and is entirely embedded within the interior
of the cell. In other words, a fully 3D nucleation event is
achieved. The curve labeled 3D in Fig. 1(f) shows the
results of the 3D simulation, and it is clear that once again a
very short or no incubation time exists. The fact that there is
no dependence of early-stage nucleation kinetics on the

FIG. 1. Barrier-free nucleation at a triple GB junction. (a)–(e)
Progress of nucleus B1, atoms distinguished by CN, green (γ),
orange (α), yellow (GB), and blue (defect). (f) bcc atomic ratio
(fα) vs time for nucleus B1 for an NVT ensemble (blue line with
circles), an NPT ensemble (black), in a fully 3D environment
(magenta), and isolated in the dynamic region (green).
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system thickness is the second important indication that the
process observed is barrier-free.
In contrast with the barrier-free phenomena, we also

analyzed some nuclei forming at the GB junctions that
showed classical behavior, two examples of which are
shown in Fig. 2 (B4 and B5). Nucleus B4 (Movie 2) was run
in a quasi-2D system with dimension 65 × 65 × 1.4 nm3

(462 400 atoms). The simulation focused on a single GB
junction; thus, it was restricted in a dynamic region
[Fig. 2(a)] [20] to avoid the influence of barrier-free
nucleation events at other three-grain junctions. Four
separate MD runs were performed in NVT at 1000 K
but with altered initial atom velocities. The results are
plotted as red solid lines in Fig. 2(c). Note that the scales of
the x and y axes in Fig. 2(c) are changed from the barrier-
free case plotted in Fig. 1(f). After at least 1.0 ns of lag
time, a rapid increase of the bcc atoms indicated an α
particle is nucleating in the dynamic region [Fig. 2(c)]. The
size of the critical α nucleus is estimated from the plateau
region (shaded area) immediately after the rapid increase,
because a critical nucleus is in unstable equilibrium
and tends not to grow or shrink [13]. We also find that
the nucleus sizes measured within these plateau regions
are fairly steady (�0.2 nm2) from run to run. Figure 2(b)
shows a snapshot of nucleus B4 in the critical time region
(1.60 ns), and the critical nucleus size was measured to
be 2.9 nm2 (Supplemental Fig. S3.2). According to the
quasi-2D system geometry, the nucleus behaves as a thin
cylindrical disk, whose nucleation energy should be related
to the nucleus thickness. By repeating the simulation for
different cell dimensions along the z periodic boundary,
the nucleus volume and surface area are changed without
influencing its cross-sectional area within the xy plane.

The blue dotted line shown in Fig. 2(c) shows the results
obtained for a z dimension, which is double that of the
previous MD run (red curves). As expected from the CNT,
the incubation period of nucleus B4 is approximately
doubled. Moreover, no nucleation was observed within
100 ns of simulation time for cell thicknesses greater than
twice the original size.
Nucleus B5 (Movie 3) was performed in a much thicker

system (45 × 45 × 9 nm3 and 1 382 400 atoms), which can
be considered 3D. Unlike the 3D result shown in Fig. 1(f),
there were no barrier-free nucleation events in this simu-
lation cell, and all atoms were mobile during the simu-
lation. A 4 × 4 nm2 observation window was located on the
first nucleation spot [Fig. 2(d)] to record the bcc atomic
profile, which is shown in Fig. 2(f). A nucleation event
was captured around 1.44 ns for the NVT ensemble with
the cross-section image of the critical nucleus shown in
Fig. 2(e). Since the new forming interfaces were not
restricted to be perpendicular to the xy plane in 3D, the
morphology of nucleus B5 is much more complicated.
In addition, as shown in Fig. 2(f), there is a significant
difference in nucleation behavior for an NVT vs NPT
simulation. Nevertheless, in either case there exists a
nucleation lag time of at least 0.8 ns.
Our third indication that the process observed in the MD

simulations is indeed barrier-free arises from an analysis
from the CNT. The equilibrium shape of a nucleus for a
given total area (volume in 3D) can be found using the
Winterbottom construction [34,35] extended to the case of
a three-grain junction [36,37]. The construction applied to a
barrier-free nucleus B1 is illustrated in Fig. 3(a). The blue
curve represents the Wulff plot valid for homogeneous
nucleation in the grain Fb. The anisotropic interfacial
energies are determined by a procedure outlined in our
previous publication [20] (also see Supplemental Fig. S2).
The center of the blue Wulff plot is positioned at the
intersection of the lines labeled σFbFc

and σFaFb
. Also as

shown, the lengths of these lines are proportional to the
corresponding grain-boundary energies and are drawn
perpendicular to the two boundaries FbFc and FaFb.

FIG. 2. Classical nucleation processes at triple GB junctions.
(a) A quasi-2D system (z ¼ 1.2 nm) of nucleus B4. (b) Image of a
critical nucleus. (c) bcc atomic ratio of nucleus B4 (Z × 1) and
twice the z thickness (z ¼ 2.4 nm) (Z × 2). (d) and (e) show the
nucleus B5 that forms in a 3D system (z ¼ 9 nm). (f) bcc atomic
ratio of nucleus B5 run in an NVT ensemble (green lines) and in
an NPT ensemble (magenta lines).
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FIG. 3. (a) Winterbottom construction for nucleus B1. A perfect
wetting condition occurs at the GB junctions (inset). (b) Analysis
of the uncertainty in the nucleation energies (see the text).
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The red and green curves in Fig. 3(a) represent the Wulff
plots describing the equilibrium shapes in the remaining
two grains Fa and Fc, and their centers are found by a
similar procedure as described above. According to the
Winterbottom construction, the equilibrium nucleus shape
is described by the region of overlap between the blue,
red, and green curves. As clearly seen in the inset, for our
best estimate for grain-boundary and interfacial energies
(Supplemental Fig. S3.1), there is no overlap for the case
of nucleus B1, indicating that its formation requires no
activation energy barrier. In computing the critical work
of formation, we have neglected effects of Eshelby strain
arising from the molar volume difference between the fcc
and bcc phases. This assumption has been discussed and
verified in several previous studies [38–41]. In addition,
it should be noted that we have computed the excess GB
and interfacial energies (i.e., at T ¼ 0 K) and not the
free energy. However, since these interfacial energies are
known to decrease with an increasing temperature, includ-
ing the actual σ values at the simulation temperature of
T ¼ 1000 K will lead to a decrease in the nucleation
activation energy barrier, and the main conclusion, that
is, an observation of a barrier-free event, is unchanged.
Although the results of Fig. 3(a) indicate a barrier-free

nucleation process, there is considerable uncertainty in
the computed values of all interface and grain-boundary
energies. Therefore, to test if our conclusion is robust,
we have performed the following error analysis. Once
the shape of the critical nucleus is found from the
Winterbottom construction, the work of formation (ΔG)
vs some measure of the nucleus size can be plotted. For a
representative size, we will use the radius of curvature,
denoted R, of the surface with the greatest interfacial
energy (B1Fa in nucleus B1). We then plot ΔG vs R for
a total of 50 000 samples, where in each case the value of
each interface and grain-boundary energy was selected
randomly from a Gaussian distribution whose variance is
equal to the uncertainty in each energy computation. The
results of this Monte Carlo process are shown in Fig. 3(b).
In 96% (gray) of the samples tested, there is no barrier to
nucleation; that is, the work of formation is negative for all
size nuclei. The small 4% of trials that resulted in an
activation energy barrier are shown by the red curves in
Fig. 3(b). The blue data points indicate the position of the
critical size and critical nucleation energy (ΔG�). For
energies within the red band, although positive, most
(3% of total samples) are quite small, i.e., less than 1kT,
which can be easily overcome by thermal fluctuations and
can be considered barrier-free [15]. Less than 1% of the
results fall into the classical nucleation regime, and the
maximum nucleation barrier computed was 5kT.
Similarly, the critical size and shape based on the

Winterbottom construction were computed for classical
nucleus B4 (Supplemental Fig. S3.2), which formed from a
quasi-2D structure with z ¼ 1.2 nm. Figure 4(a) plots the

free energy of nucleus B4, with varying R. In Fig. 4(a), each
individual contribution to the work of formation is plotted,
the energy due to the α-γ interfacial energy is the top curve
(blue), the GB energy, which is subtracted from the total, is
shown in the dashed curve (pink), and the decrease in
energy arising from the volume free energy difference
between austenite and ferrite is given by the lowest (black)
curve. The total work of formation is the solid green curve.
As a result, the maximumΔG value 3.6 eV is defined as the
critical nucleation energy (ΔG�), with the corresponding
nucleation size 3.0 nm2. Both the shape and critical size
of nucleus B4 predicted by the CNT are compatible with
the observation from the MD simulations [Fig. 4(b)]
(also see Supplemental Fig. S3.2). Again, an error analysis
was performed [the red curve in Fig. 4(a)], and no test
computations (out of 6000) revealed an entire downhill
trajectory of ΔG. The possible nucleation energy barriers
(blue þ) are found to lie between 15 and 90kT.
Recent experimental studies of solid-state phase trans-

formations in steels have proposed that some nuclei with
extremely low energy barriers [42,43] may generally form
and their rate of formation cannot be described using
the CNT framework. Since this barrier-free mechanism
depends on the interplay between grain boundaries and
new interfaces, we proposed the term structural barrier-free
nucleation. In short, once the energy released from the
vanished GBs completely compensates the energy cost to
form new interfaces, the structural barrier-free nucleation
occurs [21,44]. With an extremely small or nonexistent
critical work of formation, the structural barrier-free phe-
nomenon should occur rapidly at all undercoolings or even
create prenucleating particles in a small range above the
transition temperature. Meanwhile, the particular low
energy interface structure characteristic of the barrier-free
phenomenon should be ubiquitous in different heterophase
polycrystalline material (e.g., hcp-fcc, diamond-wurtzite)
or homophase grain boundaries (e.g., recrystallization
[45]). Although the probability of a barrier-free nucleation
event may be small, the growth rate of these nuclei is very

FIG. 4. (a) The free energy analysis of nucleus B4, with a
calculated nucleation energy barrier 3.6 eV and critical size
3.0 nm2. (b) Comparison of the model results (solid and dashed
lines) with MD observation (colored points, distinguished by
potential energy). The critical size measured from the MD
simulation was 2.9� 0.4 nm2.
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rapid, such that the overall transformation rate may depend
to a large extent on the barrier-free mechanism, and
including this contribution may explain the discrepancies
between theory and experiment observed in previous
studies.
In summary, MD simulations strongly suggest that, in

pure Fe, the nucleation of the body-centered cubic phase at
the grain boundaries of the face-centered cubic phase can
occur in the absence of an activation energy barrier. The
results of this study provide support for the previously
proposed explanation for the long-standing disagreement
between theory and experimental observations of the fcc-
bcc phase transformation kinetics in steels, and we propose
that structural barrier-free nucleation may occur in any
polycrystalline material.
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