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Nucleation is the re-arrangement of a small number of atoms in the structure of a material leading to a
new phase. According to the classical nucleation theory, a nucleus will grow if there is an energetically
favourable balance between the stability of the newly formed structure and the energy costs associated to
the formation of strains and new phase boundary. However, due to their atomic and dynamic nature, nu-
cleation processes are difficult to observe and analyse experimentally. In this work, atomic mechanisms
and thermodynamics of the homogeneous nucleation of BCC phase in FCC iron have been analysed by
molecular dynamics simulations. The study shows that atomic system circumvents the high energy bar-
rier for homogeneous nucleation that would occur according to the classical nucleation theory by opting
for alternative, nonclassical nucleation processes, namely coalescence of subcritical clusters and stepwise
nucleation. These observations show the potential of nonclassical nucleation mechanisms in metals.

© 2022 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.

1. Introduction

Metallic alloys are at the core of existing and emerging tech-
nologies, of which iron alloys are the most manufactured due to
their versatility and low price [1-3]. The wide range of properties
that can be achieved for iron alloys are a consequence of the mul-
tiple microstructures in which these materials can be produced.
These microstructures are created via phase transformations dur-
ing processing, which are controlled by nucleation and growth pro-
cesses [1,4]. Whereas growth phenomena are well understood, nu-
cleation processes remain amongst the most complex and least un-
derstood phenomena in materials science.

Through development and modification for 90 years, the clas-
sical nucleation theory (CNT) has been found able to describe nu-
cleation processes in phase transformations and crystallisation to
a certain extent, but its predictive strength is very limited [1-3,5].
According to the CNT, the Gibbs free energy change AG during a
homogenous nucleation event is given by:

AG = -VAgy + Ay (1)

in which V is the volume of the nucleus, Agy is the Gibbs free
energy difference between the parent and product phases per unit
of volume, A is the area of the interface forming during the nucle-
ation process and y is the interfacial free energy per unit area of
the created interface [6]. In recent years, the universal applicabil-
ity of the CNT has been questioned in the field of nanoscience and
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nanotechnology, where nonclassical nucleation mechanisms have
been proposed, indicated as “aggregation of nuclei” (or “coales-
cence of nuclei”) and “stepwise nucleation” [3,7 12]. Schematics
of the free-energy change AG with the evolution of the nucleus
by different pathways, classical and nonclassical, are indicated in
Fig. 1a c. When the two nonclassical mechanisms take place si-
multaneously during the nucleation of a new phase [7], it is as-
sumed that the corresponding schematic evolution of AG can be
illustrated as in Fig. 1d, which will be discussed in the present
paper. The nonclassical nucleation mechanisms have mainly been
studied for crystallisation processes in solutions or colloids [7,8],
with a limited number of studies focusing on solid-solid phase
transformations [3]. Further investigations are required to deter-
mine whether nonclassical nucleation processes can take place in
solid-solid phase transformations.

Regardless of the long history of experimental and theoretical
studies [13,14], nucleation processes during solid-solid phase trans-
formations are still poorly understood due to the experimental dif-
ficulty of observing small nuclei in bulk materials [1 3]. In the
present paper, homogenous nucleation of the bcc phase in fcc iron
is studied by molecular dynamics (MD) simulation. Understanding
homogeneous nucleation, although often less abundantly occurring
than heterogeneous nucleation in real materials, opens the way to
fundamental knowledge on nucleation [15], which also forms the
basis for heterogeneous nucleation of a new phase at defects, such
as grain boundaries [16]. Besides the analysis of atomic configu-
rations, in the present study the energetics of nucleation and ini-
tial growth of the bcc nuclei are investigated in relation to Fig. 1.
Significant shortcomings in the fit for the CNT are observed, lead-
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Fig. 1. Schematic of the free-energy change due to nucleation AG with the evolution of the nucleus by different pathways. (a) Classical nucleation through atom-by-atom
addition [6,12]. AG goes through a maximum as a function of nucleus size. If a nucleus can overcome the energy barrier, it is stabilised and actually grows into a grain. (b)
Nucleation by aggregation of subcritical clusters [8,10 12]. When two or more subcritical clusters merge to form a nucleus beyond the critical size, as marked by the blue
arrow in (b), the free energy of the system decreases because a certain area of interface is eliminated. Thus, the nucleus is stabilised by aggregation by which the high-energy
barrier is circumvented [8,10,11]. (c) Stepwise nucleation involving an intermediate state between the parent and product phases [3,9,12]. Formation of an intermediate state
reduces the interfacial energy, thus the high-energy barrier for nucleation predicted by the CNT is replaced by lower energy barriers, as indicated by the black solid curves
[3,9]. (d) Nucleation combining coalescence of subcritical clusters and stepwise nucleation. The free energy change due to nucleation follows both nonclassical pathways in a
complementary way, as indicated by the solid curves in (d). Colours of atoms in the inserts in (a d) represent phase structures: green-parent phase; grey-intermediate state;
blue-product phase. The dashed red curves predicted by the CNT are avoided by nonclassical nucleation pathways in (b d).

ing to the conclusion that alternative mechanisms occur during nu-
cleation. The occurrence of nonclassical nucleation mechanisms is
then explored and discussed with regard to their role in the stabili-
sation of a bcc nucleus during the fcc-to-bec phase transformation.

2. Methods

In the present work, the embedded-atomic method (EAM) po-
tential from Mendelev et al. [17] is used, which describes the sta-
ble ferromagnetic bcc phase. To investigate the homogeneous nu-
cleation of one bcc particle, it is required that there is enough dis-
tance between the nucleus and its neighbours to avoid their in-
teraction influencing the process. For the Mendelev potential, no
phase transformation occurs in the fcc crystal at or below 100 K
while the fcc structure does transform to the bcc structure at or
above 150 K [18]. At a temperature of 200 K or higher, the density
of bcc nuclei is very high due to the small energy barrier for the
fcc-to-bec transformation along the Bain path (AEg,, <1 meV)
based on the Mendelev potential [19]. The bcc nuclei grow into
contact with its neighbours very fast, which makes it difficult to

analyse the homogeneous nucleation process. Comparatively, only
three stable bcc nuclei that are at an appreciable mutual distance
form inside the fcc crystal at 160 K, which enables the possibility
to track the nucleation process of an individual bcc nucleus with-
out the influence from its neighbouring nuclei (see Fig. 2). There-
fore, the temperature is fixed at 160 K in the present study, which
provides a proper magnitude of the driving force for the homoge-
nous nucleation of bcc particles in view of the short simulation
times.

One cubic simulation system with fcc single crystal is studied
with the x, y and z axes parallel to the [1 0 0], [0 1 O]f, and
[0 0 1]y directions, respectively. The system is built with 864,000
atoms in a box of 60 x 60 x 60 fcc unit cells (219.48 x 219.48 x
219.48 A3). The lattice parameter for the fcc crystal is 3.658 A.
The simulation is performed using a barostat and a thermostat of
the Nosé-Hoover type (NPT ensemble) at a constant temperature of
160 K under a constant pressure of 100,000 Pa. Periodic boundary
conditions are employed in the x, y and z directions. The simula-
tion involves 10,000 steps with a time step of 0.5 fs. Calculations
are performed with the open-source LAMMPS code [20]. The adap-
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Fig. 2. Configurations of bcc nucleation at 160 K. Colours of atoms represent phase structures: blue-bcc; white-unidentified. Atoms in the fcc structure are not displayed.

tive common neighbour analysis (a-CNA) [21] is used to determine
atoms as belonging to either the fcc, hcp, bcc phase or remain-
ing unidentified. The configurations are displayed using the soft-
ware OVITO [22]. The method of the thermodynamic analysis of
the nucleation process during phase transformation is included in
the supplementary materials.

3. Results and discussion
3.1. MD simulation of the bcc nucleation

MD simulation in Fig. 2 shows that homogeneous nucleation of
the bcc phase takes place in the fcc iron at 160 K. In Fig. 2 all
atoms with the fcc structure have been removed. The largest three
bce nuclei are labelled by the yellow arrows as N1, N2 and N3. In
the present study, the bcc nuclei N1 and N2, which provide funda-
mental information on nucleation mechanisms, are chosen as rep-
resentative for the process and are extensively discussed in the fol-
lowing sections. Details regarding the evolution of nucleus N3 are
included in the supplementary information.

Besides the atoms in the bcc structure, a number of atoms,
which are neither in the fcc nor the bcc structure and therefore
unidentified by the a-CNA method [21], are present around the nu-
cleus clusters, as shown in Fig. 2. One reason for atoms to have
an unidentified structure may be that those atoms are located at
the bcc/fcc phase interfaces, where the local structure is neither
the one nor the other. Another reason may be that the atoms with
unidentified structure are not in the crystallographic configuration
of either the bcc or fcc lattice, but form an intermediate state.

3.2. Analysing nucleation of bcc phase from fcc bulk in the CNT
framework

We employ the mathematical expression of the CNT to study
the homogeneous nucleation process at the atomic scale in MD
simulations. By incorporating an effective size d (d = V!/3) of a nu-
cleus into Eq. (1), the CNT can be interpreted in MD simulations

with the expression:
AG = —d*Agy + fd?y (2)

where Agy is the potential energy difference per unit volume be-
tween the fcc and bcc phase, f is the shape parameter of the
nucleus (f = A/V23) and y is the interfacial energy (the detailed
derivation process is included in the Supplementary Materials,
which shows that AG can be represented by the potential en-
ergy change AU with good accuracy). The nucleus will be con-
sidered as either existing of atoms in a bcc structure only or ex-
isting of bcc atoms and unidentified atoms. The effective nucleus
size is calculated as d; =V;/3, with i being the structure of the
atoms considered in the calculation of this size. Thus, dy,.. consid-
ers only the atoms that are identified as bcc and dyec,ypn; consid-
ers also the unidentified atoms to be part of the nucleus. The free
energy change AG is plotted as a function of the size of each in-
dividual nucleus forming inside the fcc crystal in Fig. 3 and Fig.
Al. It should be noted that the contribution of elastic strain en-
ergy, which ranges from 0.00044 to 0.00066 eV/A3 [23,24], to the
non-chemical driving force is neglected in Eq. (2), because it is too
small compared with the chemical driving force Agy (equalling to
0.01013 eV/A3) at the low temperature of 160 K to have a signifi-
cant effect on the process.

Regardless of fluctuations, the energy change due to a nucle-
ation event initially shows an overall increasing trend and then
decreases with increasing nucleus size. The energy change AG is
fitted as a function of the size d;.. according to Eq. (2) (the red
curves in Fig. 3a,b and Fig. A1), in which Agy is taken equal to
the value resulting from the potential (Agy = 10.13 meV/A3). It is
seen that the CNT reasonably describes the energy change during
the stable stage of the nucleus, i.e. the initial growth period. How-
ever, it predicts a high activation energy for nucleation (see inserts
in Fig. 3a,b and Fig. A1), which is not followed by the nucleus en-
ergy. This will be discussed in more detail in the following section.
Fitting to different values of the size range d,.. does not result in
a better match between the model curves and the thermodynamic
data points. In order to make optimal use of the available data,
the fits have been performed over the maximum range of dy.. The
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Fig. 3. Plots of the energy change as a function of nucleus size from MD simulation and based on CNT. (a d) Energy change for nucleus N1(a,c) and nucleus N2 (b,d). The
energy change for nucleus N3 is given in Fig. Al. The size d,. in (a) and (b) only considers atoms in the bcc structure, while the size dpec,yn; in (c) and (d) involves atoms
in both the bcc and unidentified structures. The inserts in (a d) are the enlarged views of the nucleation stage for each individual nucleus. The black open dots represent
the thermodynamic MD-data. MD-data in (a) and (b) is fitted according Eq. (2) with fixed Agy=10.13 meV/A3 (red curves), while that in (c) and (d) is fitted according

Eq. (2) without fixing Agy.

bee nuclei N1, N2 and N3 reach the size of approximately 28.0 A,
23.8 A and 382 A, respectively, at around 3250 fs, after which
the nuclei grow into contact with each other. Thus dp. =23.8 A
is chosen as the cutoff of the fitting range. The only fitting pa-
rameter is the product fy, the coefficient of the quadratic term
in Eq. (2), which is represented in Supplementary Table Al. Note
that these parameter values do have a realistic meaning, since the
initial growth stage is, contrary to the nucleation stage, accurately
described.

Approximately the same values for the fitting parameter (the
product fy) are obtained for the three nuclei (Table A1l). Based
on the product fy, the interface energy y can be estimated for
a nucleus with a specific shape parameter f. From the analysis
of the atomic configurations it follows that the nuclei have an
ellipsoidal morphology with an average shape parameter f~ 12
(Fig. A2). The interface energy is therefore approximately 134 to
139 mJ/m? for the bcc nuclei (Table Al). It has been reported
that coherent phase interfaces in metals and alloys have an in-
terface energy less than 200 mJ/m2, while semi-coherent inter-
faces have an energy in the range of 200 to 500 mJ/m? [3,25].
The low interface energy of less than 150 mJ/m?2 thus indicates
coherency between the nucleus and the fcc phase, which can be
seen from the alignment of atoms in the bcc nucleus and fcc

phase on a monolayer of the (1 1 0) scc plane for N1, N2 and N3
(Fig. A2).

Fig. 3 shows that the nucleus enters the range of stable growth
at a size of 6 to 7 A, which corresponds to approximately 20 to
30 atoms in the critical bcc nucleus (Table Al). Offerman et al.
[1] used X-ray diffraction at a synchrotron source to study the
heterogeneous nucleation rate of ferrite grains as a function of
temperature during the austenite-to-ferrite transformation in steel.
Based on the CNT these authors estimated the critical ferrite nu-
cleus to consist of 10 to 100 atoms. From our MD simulation it re-
sults that the energy barrier is largely overestimated by the CNT, as
shown by the inserts in Fig. 3a and 3b. Offerman et al. [1] found
experimental values for the activation energy for nucleation that
are also far lower than predicted by the CNT assuming any con-
ceivable nucleus shape.

However, when the unidentified atoms are considered as part
of the nucleus, it is seen that the calculated energy barrier from
the fitting curves decreases to a value ranged between 0.22 and
0.35 eV with the fitting driving force Agy between 2.13 and 2.32
meV/A? (Fig. 3c,d, Fig. A1 and Table A2). This implies that the pres-
ence of unidentified atoms as part of the bcc nuclei decreases the
driving force, because the unidentified atoms have higher potential
energy than the atoms with bcc structure. Nevertheless, they ap-
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Fig. 4. Nucleation process by aggregation of neighbouring clusters. (a,b) Nucleation process for nucleus N1(a) and nucleus N2 (b) (nucleus N3 in Fig. A3). n* represents the
occurrence of the critical nucleus size. Colours of atoms represent different phase structures: blue-bcc; white-unidentified. Atoms in the fcc structure are not displayed in

(a) and (b).

pear to play a crucial role in the nucleation process, as will also
be discussed later. Additionally, the MD simulations by Song and
Hoyt [26,27] suggest the probability of the barrier-free nucleation
events besides the classical nucleation events during the solid-solid
fcc—bcc transformation initiating from grain boundaries in pure
Fe. Their results present an activation energy lower than 0.068 eV
for the barrier-free case and an activation energy ranging from 1 to
6 eV for the classical nucleation case [26 28]. The magnitude of the
energy barrier for the homogeneous martensitic nucleation in the
present study lies in between that for the barrier-free nucleation
case and the classical nucleation case in Fe [26 28]. This consis-
tency further reflects the reliability of the relatively low nucleation
energy barrier obtained in the current simulation compared to that
estimated from the CNT.

As explained, the energy barrier for homogenous nucleation is
overestimated by the CNT. It is shown that the CNT describes the
growth period of a postcritical nucleus but not its nucleation stage
(Fig. 3a,b). Therefore, the calculated activation energy is not rel-
evant for the nucleation process in the MD simulation. Since the
CNT, which does not consider the unidentified atoms, fails to de-
scribe the bcc nucleation events, alternative interpretations will be
discussed in the following section.

3.3. Nonclassical nucleation of bcc phase

As shown in the inserts of Fig. 3a,b, the CNT strongly overes-
timates the energy barrier to form a stable nucleus. In the view
of the CNT, the bcc nucleus grows through atom-by-atom addi-
tion and develops with a distinct shape and well-defined, sharp
bcee/fec interfaces separating the product bcc phase and the parent
fcc phase. Reality is, however, more complex. The simulations show
that in the nucleation stage atoms in the bcc structure are located
in several clusters, with unidentified atoms linking them into a sin-
gle nucleus (Fig. 4). Therefore, the shape and size of the nucleus
are not unambiguously defined. This complexity in the nucleation
behaviour is not captured by the CNT. In fact, with this more com-
plex behaviour the system chooses a lower-energy route in the nu-

cleation event, circumventing the high activation energy predicted
by the CNT. This section describes the homogeneous nucleation of
bce phase in the frame of nonclassical nucleation mechanisms.

3.3.1. Coalescence of subcritical clusters

During the nucleation of colloidal nanoparticles in solutions [8
10,29], aggregation of nearby subcritical clusters has been observed
to play an important role in the formation of a stable nucleus.
Similarly, aggregation of nearby subcritical clusters is observed in
the formation of a stable bcc nucleus in the present MD simula-
tion (Fig. 4 and Fig. A3). The interaction of two neighbouring sub-
critical clusters enables the survival of both. In this process, the
two clusters combine, effectively forming a larger nucleus, which
leads to stability. This can take place regardless of whether the two
clusters have the same crystallographic orientation or not (Fig. 5).
Identical orientations of neighbouring subcritical clusters lead to
a single-crystalline nucleus after aggregation. Otherwise a bcc/bcc
grain boundary forms inside the obtained aggregate but still the
overall interfacial energy is lowered by the aggregation process.

Each bcc nucleus initiates with a single subcritical cluster. This
primary cluster is variable in size and morphology before reach-
ing the critical size. During the nucleation process, the number
of atoms in the cluster fluctuates (Fig. A4). In addition, there are
small neighbouring clusters forming and disappearing around the
primary cluster. In the present paper, we focus on the period in
which nuclei are stabilised by aggregation of the primary clus-
ter and a neighbouring subcritical cluster (Fig. 6a,b and Fig. A5).
The nucleation process is thus divided into three stages (Fig. 4
and Fig. A3). The schematic picture illustrating stages 1 to 3 is
given in Fig. 6¢. Stage 1 represents the period before the forma-
tion of the neighbouring subcritical cluster close to the primary
cluster. At Stage 2, the neighbouring subcritical cluster forms near
the primary one. At Stage 3, the primary subcritical cluster ag-
gregates with the neighbouring subcritical cluster to form a larger
cluster.

Due to this aggregation, the energy change caused by the for-
mation of the combined nucleus decreases to a negative value with



X. Ou, J. Sietsma and M,J. Santofimia

YAVAYAY, VA
AN/
uu YAVAYAYAVAAYAYA

: 'AVAVAVAY,
1750 fs AW YAYAYAYAYA‘YAYAYAYAYA

Acta Materialia 226 (2022) 117655

Fig. 5. The orientation of the aggregated clusters for nuclei: (a) N1, (b) N2 and (c¢) N3. For nucleus N1, one subcritical cluster has the Nishiyama-Wassermann (NW) orienta-
tion relationship (OR) [30] with the fcc phase, while its neighbour has the Kurdjumov-Sachs (KS) OR [31]. Due to their different ORs, a bce/bee grain boundary forms inside
the obtained aggregate. For nucleus N2 however, the two subcritical clusters merge into a single nucleus after aggregation, because they have the same crystallographic
orientation, the KS OR with the fcc phase. For nucleus N3, both clusters also have the KS OR with fcc, but in different variants, leading to a bcc/bec grain boundary inside
the aggregate. Illustration of the NW and KS OR are highlighted in light blue in (d). The view direction is parallel to [1 1 0] scc- Bonds are created between atoms within the
cutoff distance of 3.2 A. Colours of atoms represent different phase structures: blue-bcc; green-fec; white-unidentified.

respect to the initial fully fcc state (Fig. 6a,b and Fig. A5,A6). In
other words, the aggregation with a neighbouring subcritical clus-
ter stabilises the primary cluster by overcoming an energy bar-
rier that is much lower than predicted by the CNT. The number
of atoms in the nucleus monotonically grows after aggregation, i.e.
when entering into stage 3 (Fig. A4). The bcc nuclei are stabilised
by effectively increasing in size and reducing the interfacial en-
ergy by aggregation, which circumvents the necessity to overcome
the high energy barrier for the homogeneous nucleation envisaged
by the CNT [7,29]. This explains the energy barrier being lower
than the one predicted by the CNT for the bcc nuclei (Fig. 3a,b,
Fig. 6 and Fig. A1,A5).

Besides the eventually stable nuclei, there are a number of bcc
nuclei that fail to reach the critical size: they disappear. The num-
ber of atoms in such nuclei reaches a maximum of about 20 atoms
in the unidentified and bcc structures, which then gradually dimin-
ishes if no aggregation with neighbouring subcritical clusters takes
place. Therefore, it is deduced that bcc nuclei fail to surpass the
critical size through atom-by-atom addition, as envisaged by the
CNT. The aggregation of neighbouring subcritical clusters provides
the opportunity for the primary cluster to reach and surpass the
critical size and to circumvent the high CNT-predicted energy bar-
rier for homogeneous nucleation.

Besides, previous literature by Olson and Cohen [23] also men-
tioned that coherent nucleation of the bcc structure from the fcc
phase is thermodynamically impossible, because the elastic strain
energy is an order of magnitude higher than the chemical free-
energy change when the martensitic transformation occurs in fer-
rous alloys. Nonetheless, the elastic strain energy can be reduced
significantly provided that the nucleus is made semicoherent by
an array of anticoherency dislocations (or misfit dislocations). Sim-
ilarly, in the present study the subcritical bcc nuclei form inside
the fcc crystal due to thermal fluctuation, which involves homo-
geneous deformation and the formation of coherent interfaces be-
tween the subcritical bce nuclei and the parent fcc crystal. This can
be seen from the disordered atomic displacements for individual
subcritical bcc nucleus in Fig. A7 (b, e, h). As a contrast, the co-
herent bcc/fcc interfaces for an individual subcritical bcec nucleus
evolve into semicoherent bcc/fcc interfaces in the NW/KS OR for
the corresponding postcritical bcc nucleus (Fig. 5). This can be seen
from the shear movement of the {111} invariant plane by the slip
of Z(112) Shockley partial dislocations at the bcc/fcc interface in
Fig. A7 (c, f, i). Additionally, the simulation results in the present
paper indicate that the CNT overestimates the energy barrier for
the martensitic nucleation, which may be partially attributed to
the coherency conversion of the interfaces during the nucleation
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Fig. 6. The energy change as a function of the nucleus size at different stages for bcc nuclei. (a,b) The energy change of nucleus N1 (a) and nucleus N2 (b). The energy
change of nucleus N3 is in Supplementary Fig. A5. The red line indicates the fit according to the CNT, also shown in Fig. 3(a,b). (c) The scheme illustrates the three stages
(see Fig. 4) in (a) and (b). The energy change AG involves the atoms in both the bcc and unidentified structures, which correspond to the blue and grey regions in (c). The
energy change AG at stage 1 and 2 is only contributed to by the primary cluster while that at stage 3 is contributed to by the aggregate.

process. The coalescence of two neighbouring subcritical bcc nuclei
may account for the introduction of extra lattice dislocations that
dissociate into &(112) Shockley partial dislocations. The movement
of the partial dislocations then converts the coherent interface to
a semicoherent one. As a result, the elastic strain energy of the
initially fully coherent interface is reduced and the bcc nucleus is
stabilized.

3.3.2. Stepwise nucleation

The bcc nuclei are composed of a core consisting of atoms in
a bcc structure surrounded by a number of unidentified atoms
(Fig. 2,4,5 and Fig. A3). The unidentified atoms do not only act
as the interfaces dividing the fcc and bcc structures, but also as
an intermediate phase existing between the clusters, which will be
discussed later in this section. Note that the unidentified atoms ex-
tend over a distinctly broader range than can be envisaged for an
interface (Fig. 4,5 and Fig. A3). In a later stage, they bind the dis-
tinct bee clusters to form a single nucleus.

The energy change of individual bcc nuclei in Fig. 6 is con-
tributed to by both the bcc and unidentified atoms (Fig. A5). Re-
gardless of local fluctuations, the energy change of the unidentified
structure goes through a maximum value first, which is followed
by a maximum for the bcc structure for each nucleus (Fig. 7 and
Fig. A8,A9). Both maxima are much lower than predicted by the
CNT. Furthermore, the energy change of each of the three nuclei
N1, N2, N3 is dominated by that of the unidentified atoms. Thus,
it is inferred that the nucleation of the bcc phase in the fcc bulk
essentially follows a stepwise “fcc — intermediate — bcc” process
instead of a single-step “fcc — bcc” transformation. This is similar
to the role of metastable intermediate phases in many precipita-
tion sequences. The fcc phase transforms into the metastable in-
termediate state first, because of the lower barrier for its nucle-
ation than the direct nucleation of the stable bcc phase. By us-
ing single-particle-resolution video microscopy of colloidal films of

diameter-tunable microspheres, Peng et al. [3] also found a two-
step nucleation process with an intermediate liquid forming during
solid-solid phase transitions. In our case, the unidentified structure
that acts as the shell of the core bcc structure is similar to such an
intermediate state.

Peng et al. [3] proposed two low energy barriers for the two-
step nucleation during the solid-solid phase transitions, based on
the Ostwald step rule. The first refers to the barrier for the nucle-
ation of the intermediate state in the parent solid phase and the
second for the nucleation of the product solid from the generated
intermediate state. This is similar to the nucleation during precip-
itation sequences in the solid state [12]. Also in the present study
the high energy barrier of homogeneous nucleation predicted by
the CNT is replaced by two lower energy barriers (Fig. 7c). Since
the stepwise nucleation coincides with the aggregation of subcrit-
ical clusters, the overall energy change during the nucleation pro-
cess becomes more complex. The energy change of the nucleus ex-
hibits the characteristics as proposed in the schematic picture in
Fig. 1d when both nonclassical nucleation mechanisms take place
simultaneously during the nucleation event.

4. Conclusion

The present research pioneers in the analysis of the mecha-
nisms involved in homogeneous nucleation by molecular dynamics
simulations, for the particular case of nucleation of bcc phase in
a fcc matrix in pure iron. Our investigations show that the high
energy barrier predicted by the classical nucleation theory can
be circumvented by nonclassical nucleation mechanisms such as
step-wise nucleation and aggregation of subcritical clusters. These
mechanisms have been originally reported for nucleation in crys-
tallisation processes in solutions or colloids. In the present study
they are for the first time shown to be a nucleation process in
physically simulated solid-solid phase transformations. Their occur-
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Fig. 7. Contributions of different structures to the energy change of bcc nuclei. (a,b) Contributions of the bcc (blue triangles) and unidentified (red circles) structures to the
energy change of the bcc nuclei (black squares) as a function of the nucleus size: (a) N1, (b) N2 (N3 in Fig. A8). The solid red curves in (a) and (b) show the prediction by
the CNT. (c) Schematic picture of the energy change AG in (a) and (b). The labels “uni” and “bcc” in (a c) represent unidentified and bcc structures (For interpretation of the
references to color in this figure legend, the reader is referred to the web version of this article.).

rence explains low values of the nucleation barrier in solid-state
transformations, which have been experimentally observed in the
past. This study shows the complexity, but also the versatility of
solid-state nucleation processes.
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