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Nucleation during phase transformations plays an important role in the crystal structure, the grain size and the
texture of the forming product phase, and thus determines the properties of the obtained material. In this study,
molecular dynamics simulation is employed to study the heterogeneous nucleation of bce-phase in fec iron. It is
found that the bee-phase nucleates at the dislocations in the fec/fee grain boundaries in a pseudo-cylindrical
morphology. The energy change as a function of the bcc nucleus size conforms to the Cahn’s classical model
with no energy barrier, and provides interface energies and elastic constants comparable to theoretical calcu-

lations and experimental data. Nevertheless, there are aspects that cannot be explained by the classical Cahn
nucleation theory, namely the stepwise “fcc—intermediate—bcc” nucleation process, and the aggregation of
discrete subnuclei. This noclassical nucleation processes contribute to the decrease of energy barrier and the

stabilization of the bcc nucleus.

Main text

Nucleation and growth of a phase in alloys control the microstruc-
tural evolution, which thereby determine the properties of alloys [1,2].
Identifying the nucleation mechanisms is a long-standing problem,
especially in polycrystalline materials such as metals and ceramics,
because it is difficult for experiments to monitor the formation of very
small nuclei at very short time frames in the bulk of materials [2].

The technological importance of steel has induced extensive studies
of phase transformations. Ferrite nucleation (body center cubic — becc)
from austenite (face center cubic - fcc) in steels has been experimentally
studied [2-7] based on the classical nucleation theory (CNT) [8]. Ac-
cording to the CNT [8], nucleation of a new phase needs to overcome an
energy barrier for the subsequent growth. However, discrepancies arose
between those studies [2,3,5,7,8], for example, regarding the critical
nucleus size of the ferrite. Offerman et al. [2] concluded a critical nu-
cleus size of 10-100 atoms while Aaronson et al. [5] estimated it of
about 320 atoms. This discrepancy arises from the indirect estimation of
the critical size from experiments, in which the growth of existing ferrite
grains has already occur.

The identification of nonclassical nucleation pathways, which facil-
itate stabilisation of nuclei by circumventing the high energy barrier

predicted by the CNT, has been one of the most important insights in
recent work both by simulations [9-13] and experiments [4,14-19]. Ou
et al. [13] studied the thermodynamics of the homogeneous nucleation
of bee from fec in Fe by molecular dynamics (MD) simulations based on
the CNT and gave a critical nucleus of 95 + 20 atoms with a
one-dimensional size of about 10 A. However, the CNT overestimated
the energy barrier for the homogeneous nucleation due to the occur-
rence of nonclassical nucleation by the aggregation of neighbouring
nuclei and the formation of an intermediate state between the fcc and
bee-phases [13]. These nonclassical nucleation pathways were also
observed experimentally during the nucleation process in diverse sys-
tems, such as colloidal particles [4,14], small molecules [15,16] and
metallic systems [17,18]. Specifically, a recent study by Hutchinson and
Brechet [19] reported the limitation of the CNT in predicting solid-state
nucleation at low temperatures and proposed a new and complementary
“geometric cluster” model for phase nucleation during crystallization in
metallic systems with low atomic mobility. Heterogeneous nucleation at
defects is more favoured than homogeneous nucleation [20]. Grain
boundaries in the parent phase are eliminated during the nucleation of
the new phase, leading to the reduction of the energy barrier for
nucleation [21]. Specifically, dislocations at grain boundaries can act as
sites for nucleation [22]. Cahn [23] proposed a theoretical model to
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Fig. 1. Free-energy change per unit length of a cylindrical nucleus forming at a
dislocation. No local maximum exists with a greater than 1 (Curve B). A similar
figure can be found in Reference [23]. The insert shows the nucleus with a
cylindrical morphology, r and [ represent the radius and the length of the nu-
cleus, r<l.

Table 1

Information regarding the two simulation systems considered in this work:
System A is represented in supplementary figure Al (a) and System B in sup-
plementary figure Al (b).

System A System B
Lattice parameter for the  3.658 A 3.658 A
fee
Total number of atoms 443,520 669,456
Box size (A%) 161.52 x 146.32 x 286.75 x 124.16 x
230.21 230.55

describe the thermodynamic features for nucleation at dislocations. In
that model, the nucleus is assumed to be a cylinder lying along the core
of the dislocation with a circular cross-section perpendicular to the
dislocation line, as indicated in Fig. 1. The free-energy change AG due to
the formation of the nucleus per unit length can be divided into three
terms:

(a) the strain-energy term (the distortion energy stored in the dis-
locations), A In <%),

(b) the volume free-energy term (the energy difference between the
parent and product phase), 7AgyT>;

(c) the surface free-energy term (the energy required for creation of
new phase interfaces), 27yr.

In these expressions A is equal to % for edge dislocations and to

2 . . . . .
% for screw dislocations; y is the elastic shear modulus, b is the length of
Burgers vector and v is the Poisson ratio. ry is an effective parameter
taking into account both the core radius r. and the core energy of a

dislocation G. =A In (};) .ris the radius of the nucleus, y is the interface

energy, and Agy is the volume free-energy difference between the parent
and product phases per unit of volume.

In this approach, the planar faces of the cylinder are neglected.
Therefore, the free-energy change AG of the nucleus per unit length is
expressed as:

AG = -A lan — gy + 2myr )
0
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When the parameter a = % is less than 1, a local maximum AG* in
AG(r) exists at a value of

=7 <1+ 12AA2gV> @

" T ongy

y

2AA
(14,)1-222%
2AgvTo zy?

7y? [ 2AAgy A
—(1+4+2,/1- -
+3 gy ( + o +3 3

This corresponds to Curve A in Fig. 1. No local maximum of AG exists
when @ > 1 (Curve B in Fig. 1). For the details of the thermodynamic
analysis, please refer to the supplementary material.

The present work considers the classical Cahn nucleation model in
studying the thermodynamics of heterogeneous nucleation of bec-phase
at dislocations in fcc/fcc grain boundaries in iron by MD simulations.
The overall aim is to better understand the nature of heterogeneous
nucleation during solid-solid phase transformations in metals.
Nonclassical nucleation mechanisms are also considered.

In this study, two simulation systems with fcc/fcc grain boundaries
in pure iron are studied: System A includes two low-angle grain
boundaries (LAGB) composed of an array of edge dislocations with the

AG'=-Aln

Burgers vectors biags = %(101>fcc; System B includes two {111} twin
boundaries, one is a coherent twin grain boundary (CTGB) and the other
is a semi-coherent twin grain boundary (STGB) involving 5.7° rotation
around the [lTO]ﬂC direction from the (111);, twinning plane (see
Table 1, Fig. 2 and supplementary figure Al). Both systems are relaxed
and isothermally treated at 100 K in LAMMPS [24]. For details of the
simulations, please refer to the supplementary materials.

Fig. 2 shows the bec nuclei on the LAGB at different simulation times.
Edge dislocations, indicated by the unidentified atoms in Fig. 2(a),
appear periodically at the fcc/fce grain boundaries and act as hetero-
geneous nucleation sites. The enlarged views of the regions inside the
red rectangle in Fig. 2(b) illustrate the nucleation process. Fig. 2(c)
shows atoms that are not in the fcc structure. An individual bee nucleus
forms at the core of each dislocation extending along the dislocation
line. These nuclei impinge during the subsequent growth into the fcc
parent grains after 500 fs. Note that after 250 fs some of the atoms that
initially were in an unidentified structure have been relaxed to the fcc
structure.

Fig. 3 shows the configurations of the bcc-phase at the STGB in
System B at different simulation times. The enlarged view of the area
marked by the red rectangle is included in the insert in Fig. 3(a). No
nucleation takes place at the CTGB, which parallels the {111}, plane
and exhibits an hep structure. The STGB is 5.7° rotated from the (111)
plane, leading to the alternating appearance of coherent (hcp structure)
and incoherent (unidentified structure) regions at the grain boundary.
The nucleation of bcc initiates from the incoherent part along the
dislocation line at the STGB (Fig. 3(b)). The bcc nuclei are therefore
separated by the coherent parts. Every single bcc nucleus is exempted
from the influence of its neighbouring nucleus during the time range
considered in the present study. The neighbouring bcc nuclei overlap
after 1500 fs. The bce nuclei grow in multiple directions by consuming
the two fcc parent grains and the STGB.

Figs. 4(a) and (b) show the evolution of the dislocations at the LAGB
and STGB, respectively. From Fig. 4(a), the dislocations present at the
LAGB mainly have the Burgers vector 1(110) c and are nearly parallel to

cc

the y axis in the first 200 fs. After that, the parallel dislocation lines are
interrupted due to the bee nucleation at the LAGB. The dislocation lines
become discontinuous with the growth of bcc and disappear after
around 600 fs. At the STGB in Fig. 4(b), there are mainly Shockley
partial dislocations with the Burgers vector %(112>fcc. Rather than
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Fig. 2. (a) Time evolution of the bee nucleation at the edge dislocations at the LAGB at 0 fs, 250 fs, 500 fs and 1000 fs; (b) Enlarged view of the regions marked by the
red dashed rectangle in figure (a); (c) Time evolution of the bce nucleation at the LAGB 2, as marked by the yellow dashed rectangle in figure (a), the fcc atoms are
not shown. Colours of atoms represent different phase structures: blue-bcc; green-fec; red-hep; white-unidentified.

straight, the dislocation lines at the STGB are curved and intersect at
multiple locations. Similar to the LAGB, dislocations vanish as the
nucleation and growth of bcc at the STGB progress. Nearly no disloca-
tions are detected after 1000 fs.

Two bec nuclei, namely Nucleus 1 and Nucleus 2, are included in the
selected volumes marked by the red rectangle in Figs. 2 and 3, respec-
tively. Table 1 indicates the number of atoms in the selected volumes.
Figs. 5(a) and (b) show the relationship between the energy change AG
and the effective radius r of Nucleus 1 and 2, respectively. The red curves
are fitted to the thermodynamic data of Nucleus 1 and 2 according to the
classical Cahn nucleation model in Eq. (1), with the values of the fitting
parameters in Table 2. The energy change as a function of the radius for
both nuclei agrees well with Cahn’s model, which corresponds to a
shape described as “B” in Fig. 1. The parameter a for both nuclei is
greater than 1, which means that no activation energy is involved in the
bece nucleation at the dislocations in the LAGB and STGB. In such cases,
the sum of the removed strain energy and the volume energy change due
to the formation of the bce nucleus surpass the interface energy [23].
Similar results are obtained for a second nucleus in each system, Nucleus
1" and Nucleus 2, as indicated by the fitting parameters in Table 2 and
supplementary figure A2.

The elastic shear modulus p and Poisson’s ratio v for cubic structures
are related to the elastic constants C; through [25]:

C11 — Cig +3Cyq
St it R ] 4
5 @

v— C11 +4C12 — 2Cy4 (5)
2(2C11 + 3Ci12 + Caq)

For the fcc Fe crystal, the elastic constants Cj at different tempera-
tures from either theoretical calculations or experiments [26-31] are
included in Table 3. By substituting the elastic constants into Eq. (4) and
(5), the corresponding shear modulus yu, Poisson’s ratio v and thus the
coefficient A are calculated (Table 3). A ranges between 1 x 1071° J/m
and 7 x 1071° J/m, which is comparable to the fitted coefficient for the
nuclei in System A in Table 2. The fitted coefficient A for the nuclei in
System B is larger than for System A and equals to 16 x 1071° J/m. This
may result from the complex dislocations existing at the STGB.

Experimental data suggests about 800 mJ/m? for the bec/fec inter-
face energy, which is an average of values obtained for incoherent,
semicoherent and coherent interfaces [32]. Peng et al. [4] reported that
the incoherent interface energy in metals ranges from 500 to 1000
mJ/m?, for semi-coherent interfaces from 200 to 500 mJ/m? and for
coherent interfaces below 200 mJ/m?. Based on the MD simulations
[33], the present authors calculated the interface energies to be 530
mJ/m? and 686 mJ/m? for the semi-coherent bee/fee interfaces in the
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Nuclets 2

1000 fs 1500 fs

Nucleus 2

Fig. 3. (a) Time evolution of the bcc nucleation at the edge dislocations at the STGB at different simulation times; (b) Time evolution of the bcc nucleation at the
STGB, the fcc atoms are not shown. The inserts in figure (a) are the enlarged view of the corresponding area marked by the red dashed rectangle. Colours of atoms
represent different phase structures: blue-bcc; green-fec; red-hcep; white-unidentified.
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Fig. 4. Time evolution of the dislocation lines at: (a) LAGB 2, (b) STGB, respectively. Colours of the dislocation lines represent different dislocation types, with

Burgers vector: blue - 1 (110); green — 1(112); red - other.

Nishiyama-Wassermann (NW) [34] and Kurdjumov-Sachs (KS) [35]
orientation relationship (OR), respectively. Thus, from Table 2, the
interface energy 567 mJ/m? for Nucleus 1 indicates a semi-coherent
interface, while 1031 mJ/m? indicates an incoherent bec/fec interface
for Nucleus 2.

Besides, the radius of the dislocation core r, can be approximated to
two times the length of a Burgers vector [36]. For the lattice parameter
age = 3.658 10\, the shortest length of Burgers vector b = %(1 1 0), is
2.587 A. According to Eq. (1), the core energy G, ranges between 7 x
1071 J/m and 16 x 1071° J/m, which is of the same magnitude as the
fitting values of A for Nucleus 1 and Nucleus 2 in Table 2.

The bec nuclei consist of a bee-structured core and a shell composed
of unidentified atoms (Figs. 2 and 3, figures A3 and A4). Generally, the
phase/grain boundary consists of one (or two) atomic layers with
structural disorder. The unidentified atoms between the bec core and fec
phase, however, extend over a distinctly broader range of atomic layers
(4 or more layers) than a normal monolayer between the parent and
product lattices [37]. Thus, those unidentified atoms with structural
disorder not only act as the phase interface but also as an amorphous
intermediate phase between the fcc and bec structures. The formation of
such an intermediate phase during the nucleation process was also
observed previously in other materials [17,37-39].

Figs. 5(c) and (d) show the time evolution of the number of atoms
with different structures for Nucleus 1 and 2. The number of atoms in the
bce and unidentified structure shows an increasing trend with time,
indicating that the fcc-phase transforms partly to the bce-phase and
partly to the intermediate state. Furthermore, the number of atoms in
the intermediate state is higher than that in the bcc structure during the
nucleation process. Fig. 5(e) and (f) show that the energy change AG of
individual nucleus mainly results from the unidentified atoms, with

minor effects from the bcc atoms, especially in the initial nucleation
stage. The energy change of the unidentified atoms (or the intermediate
state) decreases with time, while that of the bcc exhibits an energy
barrier during the nucleation process (inserts in Fig. 5(e) and (f)).

Nonclassical pathways occur during the bee nucleation in fec iron in
the present study. The fcc-phase transforms firstly to an amorphous in-
termediate state, the nucleation of which initiates from the dislocations
and follows the classical Cahn’s model with no energy barriers. Then,
the bee-phase nucleates either from the intermediate state or from the
fce-phase. The energy barrier exists for the stabilization of each nucleus
(inserts in Fig. 5(e) and (f)). Besides, multiple discrete bce subnuclei
forming along the dislocation line are bound by the intermediate state as
a continuous aggregate. The bcc subnuclei located on opposite sides of
the dislocation (yellow mark) evolve in the NW and KS OR, respectively
(figure A5(c,d), figure A6(c,d)). These nonclassical pathways, namely
stepwise nucleation and aggregation of subnuclei, have been observed
previously in diverse materials [4,13-19,37-39]. During the pre-
nucleation period of the synthesis of nanoparticles in metals such as gold
[17,38,39] and CdSe [40], the formation of an amorphous intermediate
phase (or nanoclusters) reveals the presence of local minima in the en-
ergy landscape and lowers the energy barrier for nucleation with respect
to the one predicted by the CNT [16]. While the stepwise nucleation
involves thermodynamic stabilization via structural change, the role of
aggregation in stabilising nuclei correlates to kinetic origin by abruptly
increasing nucleus size and “tunneling” through the high energy barrier
of the CNT [16,18]. Evidence by high resolution electron tomography
reveals multiple crystal domains in a single platinum nanoparticle,
which originate from the aggregation of smaller nanoclusters during the
prenucleation period of the nanoparticle formation process [18].

In summary, this paper performs a thermodynamic analysis of
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Fig. 5. The relation between the energy change AG per unit length along the core of the dislocation and radius r of the nuclei: (a) Nucleus 1 and (b) Nucleus 2. The
black open dots in (a, b) are the MD data. The red curves are fitted according to Eq. (1). (¢, d) Time evolution of the number of atoms with different structures in the
selected volume for Nucleus 1 and Nucleus 2, respectively; (e, f) Contribution of the bec (triangles) and unidentified atoms (circles) to the free-energy change AG
(squares) of the bee Nucleus 1 and Nucleus 2, respectively. The inserts in (e) and (f) show the enlarged view for the energy change of the bee atoms during nucleation.

Table 2

The fitting parameters of the curves for the nuclei in two systems in Fig. 5 and
supplementary figure A2 according to Eq. (1). ng represent the number of atoms
in the selected volume for individual nucleus, as shown in Fig. 2b and 3a,
respectively.

Nucleus  np A0 Auy ymJ/ r G. (101  «
J/m) (meV/ m?) @A  Jm)
A%
1 7000 7 10.23 567 1.8 7 2.1
1 7600 8 10.23 663 16 9 2.0
2 26,928 16 10.23 1031 1.9 16 1.6
2 28,171 16 10.23 941 31 8 1.9

heterogeneous nucleation by MD simulations. Two fcc/fcc grain
boundaries are studied: a low-angle grain boundary and a semi-coherent
twinning boundary. Heterogeneous nucleation of the bcc-phase occurs
at the dislocations on both fec/fce grain boundaries. The energy change
of the nucleus as a function of the nucleus size conforms to the classical
Cahn’s nucleation theory in absence of energy barrier. The estimated

Table 3
The elastic constants, shear modulus and Poisson’s ratio for fcc Fe from Refer-
ences [26-31]. y, v and parameter A are calculated and included.

Reference T (K) Cn Cra Cua u v A (10710
(GPa) (GPa) (GPa) (GPa) J/m)

[26,27] 0 67 40 10 11.4 039 1

[31] 298 230 135 117 89.2 027 7

[28] 1428 154 122 77 52.6 032 4

[29] 1428 154 143.9 78.4 49.1 035 4

[30] 1428 181 156 83.3 55.0 035 5

By assuming the lattice parameter a = 3.658 A, the square of the Burgers
vector b* = 6.69 A2,

elastic constants and interface energies are comparable to published
values.

However, simulations show aspects that are not considered by the
classical Cahn’s nucleation theory. The fcc-phase transforms to an in-
termediate state before the nucleation of the bcc-phase. The
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intermediate state initiates from the dislocations without energy barrier.
This is followed/accompanied by the nucleation of the bcc-phase from
the intermediate state or from the fcc-phase, where a nucleation energy
barrier is involved. The bec-nuclei are aggregates of discrete subnuclei,
which are bound by the intermediate state. Such neighbouring subnuclei
may have different crystallographic orientations.
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