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We derive a theory that describes homogeneous nucleation of grain boundary (GB) phases. Our
analysis takes account of the energy resulting from the GB phase junction, the line defect separating
two different GB structures, which is necessarily a dislocation as well as an elastic line force due to
the jump in GB stresses. The theory provides analytic forms for the elastic interactions and the core
energy of the GB phase junction that, along with the change in GB energy, determine the nucleation
barrier. We apply the resulting nucleation model to simulations of GB phase transformations in
tungsten. Our theory explains why under certain conditions GBs cannot spontaneously change their
structure even to a lower energy state.

The nucleation of a different phase of matter from a
parent phase is one of the most basic phenomena studied
within the physical sciences, and has tremendous impact
on a range of technologies from the efficiency of steam
engines [1] to engineering alloys [2]. Classical nucleation
theory describes the energetics of homogeneous nucle-
ation of a solid phase in a liquid phase using only two
parameters: the difference in free energy between the
two phases and the interfacial energy of the two phases
[3]. The description of solid-solid phase transformations
becomes more complicated due to the presence of elastic
contributions to the nucleation energy [2], such as the
elastic effects from an Eshelby inclusion [2, 4, 5] and dis-
location strain fields[6].

Similarly to bulk materials, interfaces can also ex-
hibit phase-like behavior [7–9]. For interfacial phases in
fluid systems, the conditions of equilibrium and stability
were first derived by Gibbs [10]. In solid systems, phase
transformations and grain boundaries (GBs), interfaces
formed by two misoriented crystals of the same material,
has recently become a topic of increased interest due to
the accumulating experimental and modeling evidence
of first-order transitions at such interfaces [11–23]. GB
phase transitions are important because they result in
discontinuous changes in grain-boundary properties such
as mobility, diffusivity, and cohesive strength. [16, 24–
29]. These changes in turn can have a tremendous impact
on macroscopic properties of materials such as creep and
ductility by affecting a material’s microstructure [30–36].

While GB phase transformations have now been seen
in many different materials [9], the thermodynamics and
kinetics of these transformations is not understood. In
principle, a grain boundary with multiple possible struc-
tures of nearly the same energy should be able to sample
its different states at finite temperature, making the GB
structure an ensemble of different configurations [27, 37].
However, in experimental and modeling studies GBs be-
have more like conventional 3D phases: only one GB
phase is observed at a time or, when a transformation
occurs, the two GB phases are separated by a sharp
1D interface [11, 20, 23, 38, 39]. Moreover, GB phase
transitions can be sluggish or delayed even when they

are not limited by solute diffusion [23, 40, 41]. Time-
Temperature-Transformation (TTT) GB diagrams de-
scribing these kinetics have been proposed as a new strat-
egy for GB engineering and optimization of materials
properties [40, 41].

No nucleation theory currently exists explaining GB
phase transformation behavior. A major gap is the poor
understanding of the role of GB phase junctions, the 1D
interfaces separating two different phases within a GB
[42–46]. In this work, we use the classical nucleation
theory (CNT) approach to describe GB phase transfor-
mations. The resulting theory recognizes that GB phase
junctions are dislocations as well as elastic line forces and
for the first time quantifies the contribution of their elas-
tic interactions and core energy to the nucleation barrier.

Consider nucleation of a new GB phase α from a parent
GB phase β, as shown in Fig. 1a. For simplicity, we
assume that the nucleus is circular. Figure 1b shows the
side view of the system in 1a which also includes the two
misoriented crystals. GB phase junctions are dislocations
as well as line forces, arising from the imbalance of the
grain boundary stresses τβ and τα: f = (τα − τβ) · r̂,
where r̂ is the radial unit vector. The GB phase junction
indicated on the figure as a contour C forms a closed
circular loop, which is a dislocation loop of Burgers vector
b [42] and line force f . The energy of the nucleus is given
by

Enuc(R) = πR2∆γαβ+2πRΓ̄αβ+Edd(R)+Edp(R)+Epp(R),
(1)

Here the first two terms are the usual CNT contributions
describing the driving force for the transformation due to
the reduction in the GB free energy per unit area ∆γαβ =
γα−γβ and the increase due to the perimeter energy, Γ̄αβ ,
the effective orientation-averaged core energy per unit
length of the GB phase junction. The last three terms
on the right hand side of Eq. (1) describe the elastic part
of the GB phase junction energy. Edd(l) is the elastic
self-energy of the dislocation loop, Epp(l) is the elastic
energy of the line force loop, and Edp(l) is the interaction
between the dislocation and line force loop. A detailed
derivation is given in the Supplemental Materials. Each
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FIG. 1. Panel a depicts a top view of the GB plane showing
a circular nucleus of GB phase α inside the parent GB phase
β. The contour C represents the GB phase junction. Panel b
shows a side view of a slice through the nucleus of GB phase
β showing the misoriented bulk crystals and GB phases. Two
GB phase junctions are indicated by dislocation symbols. The
imbalance of GB stresses τβ and τα at GB phase junctions
also produces line forces.

elastic term is given as:

(2a)
Edd(R) =

µR

4(1− ν)

[(
2b23 + (bp)2(2− ν)

)
ln

(
4R

ρ

)
− 2
(
b23 + (bp)2(2− ν)

)]
,

Edp(R) = − (f1 + f2)b3R

2(1− ν)

[
(1− 2ν) ln(4R/ρ)− 3 + 4ν

]
,

(2b)

(2c)
Epp(R) = − R

32µ(1− ν)

[ (
f2(13− 16ν)

− 2f1f2
)

ln(4R/ρ)− 4f2(7− 8ν)
]
.

(bp)2 = b21 + b22. ρ is the core radius of the dislocation,
and is b. b3 is the ê3 component of the Burgers vector;
and f2 = f21 + f22 , f1 = (τα11 − τ

β
11), and f2 = (τα22 − τ

β
22).

Equations (1) and (2) describe the energetics of GB
phase nucleation by predicting the energy of the nucleus

as a function of its size. Equation (1) incorporates the
elastic energy due to the GB phase junctions and can be
used to predict the size of the critical nucleus. In the 3D
system considered here, the perimeter of the GB phase
junction changes with the radius of the nucleus; as a re-
sult, the core energy Γ̄αβ cannot be calculated directly
from MD using this 3D model, but could be treated as
a fitting perimeter. Before we proceed to the MD part
of this study, we show that Γ̄αβ can be calculated di-
rectly from molecular statics simulations of quasi-2D nu-
cleation.

Consider a GB phase transformation in a quasi-2D sys-
tem such as a thin film, schematically shown in Fig. 1b.
Here the length of each GB phase junction is fixed and
set by the film thickness, L. In this 2D case, the two GB
phase junctions are dislocations and line forces, and the
energy of the system per unit thickness as a function of
nucleus width l is given by

E

L

2D

= ∆γαβl+
E

L

dd

(l) +
E

L

pp

(l) +
E

L

dp

(l) + 2Γαβ , (3)

This is the 2D analog of Eq. (1). In Eq. (3) the
core energy Γαβ is decoupled from the elastic energy
terms. Since E2D and ∆γαβ can be calculated directly
from molecular statics calculations and the elastic energy
terms can be evaluated using the elasticity theory, Eq. (3)
and quasi-2d MD simulations of nucleation can be used
to calculate Γαβ .

The three elastic energy terms are derived in the Sup-
plemental Materials:

E

L

dd

(l) =
µ

2π

(
b22 +

(be)2

1− ν

)
ln

(
l

ρ

)
+ Cdd + Γdd, (4a)

E

L

dp

(l) = −f1b3(1− 2ν)

2π(1− ν)
ln

(
l

ρ

)
+ Cdp + Γdp, (4b)

E

L

pp

(l) = − f
2
1 (3− 4ν)

8πµ(1− ν)
ln

(
l

ρ

)
+ Cpp + Γpp, (4c)

where Cdd, Cdp and Cpp are elastic terms that are not
dependent on l and the Γ terms are the core energy terms
associated with each interaction.

Combining the three elastic interaction terms together
with the difference in grain boundary energy between the
two phases, the nucleation energy is expressed as

(5)

E

L

2D

= ∆γαβl +
1

8π(1− ν)

(
4µ
[
(1− ν)b22 + (be)2

]
− f21 (3− 4ν)

µ
− 4f1b3(1− 2ν)

)
ln

(
l

ρ

)
+ 2Γαβ + C,

with C being the elastic terms not dependent on l.
Equation (5) predicts that when the elastic interactions

are included, the quasi-2D nucleation energy is no longer



3

a decreasing function of l for a negative ∆γαβ , but it
increases first for small nuclei resulting in a nucleation
barrier. This nucleation barrier allows GBs to remain
in a metastable state even in quasi-2D systems like thin
films. The critical length of the α nucleus is determined

by solving dE2D(l)
dl = 0 for l, which gives an analytical

solution:

lc =
4
[
(1− ν)b22 + (be)2

]
µ2 − 4µf1b3(1− 2ν)− f21 (3− 4ν)

8πµ∆γαβ(ν − 1)
.

(6)
The analysis presented so far shows that in both 3D

and quasi-2D cases, the elastic interaction energy due to
GB phase junctions can increase the GB transformation
barrier. These nucleation barriers stabilize metastable
GB structures from transforming to their ground states.
They can also prohibit sampling of other GB states with
the same or higher energy by fluctuations at finite tem-
perature. The energy of the elastic interactions can have
a significant influence on the transformation behavior
away from GB critical points and near the equilibrium
coexistence where ∆γαβ is small. To test the predictions
of our theory we performed MD simulations of GB phase
transformations. Using the derived theory we extract the
GB phase junction core energy from the MD data, cal-
culate the elastic energy contribution to the nucleation
barrier, the critical nucleus size and make a direct com-
parison with the MD results.

As an example we have selected the Σ29(520)[001]
symmetric tilt grain boundary in tungsten (W) modeled
with the EAM potential developed by Zhou et al. [47].
W was chosen because it is elastically isotropic, so its
elastic energy should be described well by the developed
theory. The shear modulus and Poisson ratio were found
to be µ = 160.0 GPa and ν = 0.280 respectively. Pre-
viously, grand-canonical GB structure searches demon-
strated multiple GB phases in several different W GBs
[48, 49]. We selected this particular boundary because
the GB structure search identified two distinct GB struc-
tures that correspond to two different grain translations,
but are composed of the same number of atoms [50–52].
The latter property is convenient for our analysis because
it allows us to create nuclei of a new GB phase at 0 K to
calculate their energy and study GB phase transforma-
tions on the short MD times scale.

The α phase is the ground state with the 0 K en-
ergy γα = 2.342 J/m2 and the β phase is metastable
with energy γβ = 2.418 J/m2. To study the finite-
temperature stability of both GB structures we per-
formed MD simulations of each boundary using the NVT
ensemble at temperatures of 1500K, 2000K and 2500K.
Initially we used relatively large GB areas with dimen-
sions of 30

√
29a0 × 10a0.

The structures of the two grain boundary phases are
shown in Fig. 2. In these simulations both GB structures
remained stable and did not transform even after 120 ns

of simulation at the highest temperature of 2500K. This
already suggests that the transformation barriers are sig-
nificant compared to the driving forces for nucleation and
growth, such as those associated with GB free energy dif-
ference or the thermal fluctuations.

FIG. 2. Atomic structure of the two grain boundary phases.
Panel a shows the α phase (ground state) and panel b shows
the β phase (metastable).

To observe the GB phase transformations in MD we
reduced the ê2 dimension of the simulation block to the
smallest possible value equal to just one lattice parameter
making it quasi-2D. In this case the nucleation barrier is
reduced significantly and after only 8 ns of MD simulation
at 1500K the β phase transformed into the α phase by
nucleation and growth. The same behavior was observed
at higher temperatures, confirming that the β phase is
metastable within the entire temperature range. These
simulations clearly demonstrate that the GB structure
observed in MD and GB phase transformation behavior is
very sensitive to the choice of GB area, because for small
dimensions periodic boundary conditions artificially in-
fluence the nucleation barrier. We used the simulation
block containing both phases to calculate the Burgers
vector of the GB phase junction following the methodol-
ogy described in Ref. [42]. The Burgers vector was found
to be b = 0.600Åê1+0.423Åê3, which has the same order
of magnitude as a disconnection for this grain boundary:
bDSC = −0.416Åê1 − 0.416Åê3 [53, 54]. The tangential
component of b is due to the different grain translations
(or excess GB shears[55]) of the two GB phases and the
normal component is equal to the difference in GB ex-
cess volumes [42–44]. The details of the Burger circuit
analysis are included in the Supplemental Materials.
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TABLE I. The relevant grain boundary properties for the two
W GB phases. The other material properties are µ = 160.0
GPa, ν = 0.280 and Γαβ = 0.383 - 1.73 eV/Å.

grain boundary γ (J/m2) τ11 (J/m2) τ22 (J/m2)
α 2.342 3.926 3.609
β 2.418 0.138 5.775

To explain the surprising stability of the metastable
GB phase β observed in the full 3D MD simulations, we
could use our theory and predict the nucleation barri-
ers. This would require calculations of finite-temperature
elastic constants and free energies of all the defects in-
volved including the free energy of GB junction cores.
Some of those calculations are nontrivial and are be-
yond the scope of this study. However, we can still
get valuable insights into the energetics of the GB phase
transformation and validate our nucleation model by per-
forming molecular statics calculations at 0 K. Knowing
the Burgers vector of the GB phase junction from the
MD analysis, GB energies, GB stresses and the mate-
rial’s elastic constants allows us to predict the nucleus
energy as a function of its size. The last missing in-
gredient of the nucleation theory is the core energy of
the GB phase junction Γαβ . To obtain Γαβ we start
our molecular statics analysis from the quasi-2D geome-
try. The simulation block with the GB had dimensions
120
√

29a0 × a0 × 10
√

29a0. With the small dimension
along the GB tilt axis as before. By applying the appro-
priate initial translations to the upper and lower grains
followed by an energy minimization we prepared bicrys-
tals with the parent phase β containing a nucleus of phase
α of different sizes. The method for constructing the
grain boundary nucleus of size l is described in the Sup-
plemental Materials. The nucleation energy is then cal-
culated as the difference between total energies of the
system with and without the nucleus.

Figure 3a shows an excellent agreement between the
nucleation energy calculated directly from molecular
statics (discrete blue points) and the predictions of the
nucleation model (solid line) developed in this work.
The critical nucleus for Σ29(520)[001] from the molec-
ular statics simulations was found to be lMD=17.0 Å.
lc = 21.6 Å is predicted from Eq. (6). More importantly,

Eq. (5) and the MD data predict Γαβmin = 0.383 eV/Å for
this geometry when the GB phase junction is parallel to
the tilt axis. Similar to regular dislocations, the core
energy Γαβ may strongly depend on the line direction.
By performing several quasi-2d calculations changing the
GB phase junction direction, we found that Γαβmin = 0.383

eV/Å and Γαβmax = 1.73 eV/Å, where Γαβmin corresponds
to ξ = [001] and Γαβmax corresponds to ξ = [2̄50]. To the
best of our knowledge, these are the first reported val-
ues of GB phase junction core energy, and its directional
anisotropy.

FIG. 3. Energy of the GB phase, α, nucleus created inside
metastable GB phase, β, as a function of its size for a) quasi-
2D and b) fully-3D geometries at 0K. The blue points corre-
spond to the direct calculations using molecular statics, while
the nucleation energy predicted by the model developed in
this work is shown as a solid line.

Next, we tested the accuracy of the 3D model, by com-
paring its predictions to results of molecular statics sim-
ulations of circular nuclei. The computational details of
these simulations are given in the Supplemental Mate-
rials. In this case, the GB had a roughly square shape
with the block dimensions. The system contained 8.7
million atoms. The results of the analysis are shown in
Fig. 3b. The nucleation energy predicted by Eq. (1) com-
pares extremely well with the simulation results. For in-
stance, the critical radius of the nucleus is predicted to
be Rc = 299 Å, from the MD data the critical nucleus
is found to have a radius of approximately 375 Å. The
large nucleation barrier and critical nucleus size are con-
sistent with the observation that GB transformation did
not occur in our fully 3D simulations even at higher tem-
peratures.

The critical nucleus sizes of the quasi-2D and fully 3D
cases are vastly different with lc = 21.6 Å (2D) compared
to the critical diameter Dc = 598 Å(3D). This differ-
ence is not surprising because the contributions to the
nucleation barrier scale differently with the nucleus size
for these two geometries. However, this stark difference
in critical radius points to the importance of simulat-
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ing fully three dimensional systems for grain boundary
phase nucleation. The consequences are borne out by
MD simulation. In a thinner quasi-2D system, the trans-
formation behavior depends strongly on the GB phase
junction length. The α phase will nucleate at 1500 K
after 8 ns with a repeat length of a0 along ê2, but no nu-
cleation is seen even after 120 ns, when the repeat length
is increased to 2a0.

FIG. 4. The evolution of a dual-phase grain boundary system
in MD simulation at T=1500K in a quasi-2D geometry. Pan-
els a and b depict the shrinkage and ultimate annihilation of
a subcritical length nucleus. Panels c and d depict the growth
of a supercritical length nucleus. These simulations confirm
the presence of nucleation barrier due to elastic interactions.

To further show that predictions of our nucleation
model are not merely applicable to 0 K, we also per-
formed high-temperature MD simulations. Specifically,
using the quasi-2D geometry we prepared a dual phase
system with a nucleus of the lowest free energy phase α
embedded inside the metastable phase β. In one system
the length of the α phase was less than the critical nu-

cleation length and in the other it was greater than the
critical length estimated at 0 K; cf. Figure 4a and 4b,
respectively. We then allowed the systems to evolve at
1500 K. As shown from Fig. 4a, the α nucleus of subcrit-
ical length shrinks and ultimately disappears from the
simulation over the course of 40 ns. On the other hand,
the nucleus of supercritical size grew, transforming the
metastable boundary into its ground state α, as shown
in Fig. 4b. These simulations confirm the presence of a
nucleation barrier due to elastic interactions and show
that the GB phase β can remain metastable even in a
quasi-2D geometry.

Here we have derived a theory that describes homoge-
neous nucleation of GB phases. Our analysis recognizes
that any GB phase junction necessarily contains a dislo-
cation and a line force resulting from an imbalance in GB
stresses. The theory quantifies the contributions from the
elastic interactions and the core energy of the GB phase
junction to the nucleation barrier. The predictions of the
theory are in excellent agreement with the direct MD cal-
culations. We find that the nucleation barriers are sig-
nificant with the elastic interaction energy contributing
about 25%, with the rest of the energy coming from the
core energy of the junction.

Our finite-temperature MD simulations have shown
that both GB phases studied remain stable and do not
transform even at elevated temperatures, which is consis-
tent with the large transformation barriers calculated at
0K. Our theory explains why away from critical points
GBs cannot spontaneously change their structure even
to a lower energy state. By quantifying the nucle-
ation barrier one can in principle use the model to pre-
dict limits of metastability of different GB structures.
While the analysis developed here has been applied to
one particular boundary in tungsten, previous studies
of GB phase transformations reported long nucleation
times, sharp GB phase junctions and well defined nu-
clei [11, 20, 23, 38, 39, 48, 49], which suggests that the
conclusions of this study are general.

Beyond first-order GB transformations discussed in
this work, the analysis helps us better understand finite-
temperature behavior of GBs in general. Prior studies
suggested that at finite-temperature GBs sample higher
energy states with Boltzmann probability, so that the
GB structure is not unique but rather is represented
by a properly weighted ensemble of different structures
[27, 37]. Our study shows that the energy difference in
the Boltzmann factor should also include the energy of
the GB phase junction, in addition to the energy differ-
ence per unit area. At lower temperatures this positive
energy can suppress phase fluctuations, resulting in the
unique GB structure often observed in experiments.

By recognizing and quantifying the elastic energy of
GB phase junctions, our study creates a foundation upon
which further heterogeneous nucleation models can be
developed.
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