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ABSTRACT

The energies of 388 grain boundaries with a range of misorientations and grain
boundary plane orientations have been calculated using the meta-atom
embedded atom method potential recently developed to simulate an austenitic
twinning-induced plasticity (TWIP) steel. A comparison between the simulated
grain boundary energies and the measured grain boundary population in an
austenitic TWIP steel revealed that at fixed misorientations, there is a strong
inverse correlation between the energy and the population. In addition, the
Bulatov–Reed–Kumar five-parameter grain boundary energy function for face-
centered cubic metals was used to produce a larger, more nearly continuous set
of grain boundary energies. Interestingly, these interpolated grain boundary
energies were consistent with the simulated energies and also inversely corre-
lated with the measured grain boundary populations in an austenitic TWIP
steel.

Introduction

Iron-based face-centered cubic (fcc) alloys, known as
austenitic steels, have been used in a wide range of
applications due to their high strength, formability,
and corrosion resistance [1–5]. It was found that the

lowest energy grain boundary (the coherent twin
boundary) can effectively prevent inter-granular
corrosion in 304, 316, and 316L austenitic steels [5–7],
as well as radiation-induced segregation and irradi-
ation-assisted stress corrosion cracking in 316L
stainless steels [3, 8]. In addition, the deformation
twin boundaries that develop during strain-
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hardening can also block the movement of disloca-
tions, leading to a desirable combination of high
strength and ductility [1, 2, 9, 10]. Twinning-induced
plasticity (TWIP) in high-manganese austenitic steels
is the focus of an increased number of studies
because of the application of these steels for auto-
motive parts that require high formability as well as
high energy absorption [1, 2, 9, 10].

Grain boundary crystallographic space, described
by using five-macroscopic degrees of freedom (three
for the lattice misorientation and two more for the
grain boundary plane orientation), is large (there are
* 6 9 103 distinguishable grain boundaries if the
space is discretized in 10" increments) [11].
Nonetheless, it is now possible to examine the rela-
tive areas of different grain boundaries and grain
boundary population distributions in austenitic steels
[12–19]. A recent three-dimensional electron
backscatter diffraction (3D-EBSD) study of an auste-
nitic TWIP steel demonstrated that the grain bound-
ary population and energy distributions were, on
average, inversely correlated [12]. In other words, the
grain boundaries with higher energies make up a
smaller fraction of the population than those with
lower energies. Nonetheless, the range of energy
anisotropy reported in [12] was different from a
previous measurement performed on a 304 austenitic
stainless steel [20]. Specifically, the ratio between the
coherent twin boundary energy and the average
grain boundary energy (0.73) obtained from the 3D-
EBSD measurement [12] is significantly larger than
the one (0.01) measured using a zero creep method
[20]. The discrete characteristics of the energy
reconstruction method lead to an underestimation of
the depth of cusps where the energies change rapidly
with misorientation angle [11, 21]. This is why the
twin boundary to average boundary energy ratio in
the reconstructed grain boundary energy distribution
is so much larger than value recovered from the zero
creep measurements [12, 20].

Previously, grain boundary energy distributions in
fcc metals (Al, Au, Cu, and Ni) have been calculated
using the embedded atom method (EAM) [22, 23].
Interestingly, the simulated grain boundary energies
were consistent with the reconstructed energy dis-
tribution derived from the 3D-EBSD measurements,
at least for the grain boundaries that made up the
largest fraction of the observations [24, 25]. Therefore,
atomistic simulations provide a reliable method to
explore grain boundary energy distributions

(GBEDs). There are no prior reports of atomistic
simulations of grain boundary energies in austenitic
TWIP steels. The energies of symmetric grain
boundaries in pure c-Fe [26] have been calculated in
the past using a Finnis–Sinclair (FS) potential [27]. In
that study, the boundary energy of the R3 coherent
twin boundary terminated on (111) planes, calculated
at 800 K, contributed to a large energy cusp and the
ratio between the coherent twin boundary energy
and the average grain boundary energy was 0.02; this
is comparable to the result that was determined by
the zero creep energy measurement (0.01) [20].

It is not known how closely the energies of c-Fe
correspond to those of a high-manganese TWIP steel.
Considering the differences in the moduli (the mod-
uli of c-Fe are C11 = 243 GPa, C12 = 138 GPa, and
C44 = 122 GPa [26] while the moduli of the TWIP
steel are C11 = 175 GPa, C12 = 83 GPa, and
C44 = 97 GPa [28]), one might suppose that the grain
boundary energies will not be the same. To calculate
grain boundary energies for the high-manganese
TWIP steel, an embedded atom method (EAM)
potential developed for the alloy is required. Until
recently, no appropriate potentials were available.
One of the challenges of simulating a complex alloy is
to accurately depict the complicated arrangement of
alloying components in the minimum energy grain
boundary state. A simplified solution to this problem
was recently proposed by Wang et al. [28], who
developed a meta-atom EAM potential for an auste-
nitic TWIP steel. This meta-atom EAM potential was
developed so that simulations of identical meta-
atoms in the fcc structure reproduce known proper-
ties of the alloy such as the lattice constant, cohesive
energy, stacking fault energy, vacancy formation
energy, and elastic moduli [28–31], eliminating the
need to track each type of element and their different
interactions. While this is a significant approxima-
tion, it should be noted that studies of one austenitic
steel found that the distribution of the alloying ele-
ments at grain boundaries was relatively homoge-
nous and independent of the grain boundary
misorientation and grain boundary plane orientation
[8]. This meta-atom embedded atom method (EAM)
potential has been used to investigate dislocation slip
and deformation twinning in an austenitic TWIP steel
[28] and might also be used to calculate grain
boundary energies in the same steel.

The main purpose of the present study is to cal-
culate the energies of 388 grain boundaries by using
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the meta-atom EAM potential for an austenitic steel
(Fe–22Mn–0.6C) [28]. The energies are also extrapo-
lated throughout the five-parameter space using the
Bulatov–Reed–Kumar (BRK) function for fcc metals
[32]. These energies are then compared to experi-
mentally observed grain boundary population and
energy distributions in a similar austenitic steel (Fe–
18Mn–0.6C–1.5Al) and some high-purity fcc metals
[24, 25]. If the grain boundary energy distribution in
this complex alloy is similar to other fcc metals, this
might simplify the problem of specifying grain
boundary energies for other alloys.

Method

The atomistic models of grain boundaries were con-
structed as bicrystals in a periodic box of size 15a0/2,
where a0 is the lattice parameter. There were 388
distinct grain boundaries with grain boundary
misorientations ranging from R3 to R385. The com-
putational scheme used in the present study was
similar to the previous simulations of grain boundary
energies in fcc metals [22, 23] and body-centered
cubic (bcc) metals [33, 34]. The meta-atom EAM
potential for Fe–22Mn–0.6C austenitic TWIP steel
used in this study was developed by Wang et al. [28].
It should be noted that the stacking fault energy
obtained from this EAM potential (19 m Jm-2) is
comparable with the Fe–18Mn–0.6C–1.5Al austenitic
TWIP steel (* 25 m Jm-2) that was used for the
experimental measurements of the grain boundary
population and energy distributions [12, 35]. The
conjugate-gradient method in the Large-scale
Atomic/Molecular Massively Parallel Simulator
(LAMMPS) code [36] was used to find minimum
energy structures and energies of grain boundaries at
0 K. The grain boundary energy for each macroscopic
grain boundary was obtained from the lowest energy
of 100 to 10000 energy minimized initial configura-
tions [23, 33, 34].

The Bulatov–Reed–Kumar (BRK) function for grain
boundary energy in fcc metals contains 43 numerical
parameters obtained by fitting with simulated grain
boundary energies for Al, Au, Cu, and Ni to smooth
curves [32]. A scaffolding of lower-dimensional sub-
sets of the three grain misorientation parameters and
the two boundary plane orientation parameters was
used in the fitting processes [32]. The random
boundary energy (ERGB), an independent parameter

for each element, determines the overall energy
scaling. Apart from the energy scaling (ERGB), there
are 42 dimensionless parameters that describe the
grain boundary energy anisotropy. While 27 param-
eters are held constant, the other 15 parameters are
linearly scaled with an element-dependent shape
factor (U). The shape factor for TWIP austenitic steel
(UTWIP) is obtained from a hypothetical relationship
plotted as a function of the ratio between stacking
fault energy (SFE) and ERGB (Fig. 1). Because the ratio
of the SFE (0.019 Jm-2) and ERGB (the highest grain
boundary energies = 1.516 Jm-2) in the TWIP steel
(0.01) is lower than the one in Cu (0.04), the value of
UTWIP (1.17) is slightly greater than UCu (1.0). Based
on this scheme, this energy function requires only
two parameters: the lowest (the coherent twin
boundary) and the highest grain boundary energies
(the random boundary energy, ERGB) to fully describe
energy for a given grain boundary, [32].

Results

The grain boundary energies of the austenitic TWIP
steel are tabulated with their macroscopic parameters
in the Online Supplemental Material. A comparison
between previously reported grain boundary ener-
gies in (fcc) c-Fe [26] and our simulated energies of
the same boundaries in the austenitic steel is shown
in Fig. 2. Although there is some scatter, grain
boundary energies in c-Fe and the austenitic steel are
strongly correlated (correlation coefficient = 0.9). The
similarity of meta-atom embedded atom method
(EAM) potential for austenitic steel [28] and the
potential for c-Fe [27] may contribute to this corre-
lation. The different temperatures used in the calcu-
lations (0 K for the alloy and 800 K for pure Fe) may
contribute to the difference. However, the grain
boundary energies in the pure material would be
expected to decrease at higher temperature [37, 38],
so this does not explain the difference. It should also
be noted that grain boundary energies in pure c-Fe
were obtained from a single initial configuration [26],
but grain boundary energies in the present work
were obtained by considering multiple initial con-
figurations. Crystallographically identical grain
boundaries with different initial atomic configura-
tions have different minimum grain boundary ener-
gies. To increase the chance of finding the global
minimum boundary energy, many different initial
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configurations should be sampled [23]. Therefore,
grain boundary energies in pure c-Fe [26] are likely to
be higher than the energies of the same boundaries in
the austenitic TWIP steel.

The simulated grain boundary energies are com-
pared to the measured grain boundary energy and
population distributions for the R3 and R9 misori-
entations (see Fig. 3). The positions of tilt, twist,
symmetric (180"-twist), and improper quasi-sym-
metric (180"-tilt) grain boundaries are generated in
GBToolbox [39, 40] (see Fig. 3a, e). The distribution of
measured grain boundary energies at the R3 misori-
entation in Fig. 3b [12] is comparable to the simulated

grain boundary energy in Fig. 3c. While the mini-
mum energies in both distributions are found at the
(111) twist position (the coherent twin boundary), the
high-energy boundaries obtained from the measure-
ment and atomistic simulation are not the same.
Specifically, high calculated grain boundary energies
are aligned along with the great circle perpendicular
to the (111) orientation and maxima are reached at
{110} orientations (see Fig. 3c), whereas high bound-
ary energies in the measured grain boundary energy
distribution (Fig. 3b) do not exhibit clear maxima.
The energy anisotropy characterized by the energy
ratio between the minimum boundary energy

Figure 1 The relationship
between element-dependent
shape factors and the ratios
between stacking fault
energies (SFE) and energies of
random boundaries (ERGB) in
Cu (red), Au (blue), Ni
(green), and Al (gray) [32].
Note that the shape factor for
austenitic TWIP steel (black)
is derived from the inverse
relationship.

Figure 2 A comparison
between simulated grain
boundary energies in the
austenitic TWIP steel and
previously simulated grain
boundary energies in pure c-Fe
[26]. A dashed line represents
a perfect fit (a unit slope).
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(coherent twin boundary) and the average grain
boundary energy for the current results is 0.01, con-
sistent with the energy ratio between the coherent
twin energy and the average grain boundary energy
in the 304 austenitic steel measured using the zero
creep method [20]. Figure 3d shows the measured
grain boundary population at the R3 misorientation
derived from the 3D-EBSD measurements [12]. The
population maximum at the coherent twin boundary
corresponds to the minima in the measured and
simulated grain boundary energy distributions in
Fig. 3b, c, respectively. This is consistent with the
well-known inverse correlation between grain
boundary energy and population for fcc metals
[24, 25, 41].

The distributions of measured and simulated grain
boundary energies at the R9 misorientation are
shown in Fig. 3f, g, respectively. While the measured
grain boundary energy distribution indicates that the

energy of the !221
! "

symmetric tilt boundaries

(0.266 a.u.) is much smaller than the energy of the

1!14ð Þ symmetric tilt boundaries (0.893 a.u.), our

simulated results suggest that the energy of the !221
! "

symmetric tilt boundaries (1.148 Jm-2) is greater than

the energy of the 1!14ð Þ symmetric tilt boundaries
(0.803 Jm-2). While the simulated energies do not
agree well with the measurements, they do agree
with the relative areas (Fig. 3h) [24, 25]. We observe

that the 1!14ð Þ symmetric tilt boundaries, which is the
lowest simulated energy at the R9 misorientation, is
the most frequently observed boundary at the R9
misorientation as shown in Fig. 3h. The relative area
measurement, which is a direct measurement, is
more robust than the grain boundary energy, which
is interpreted from triple junction geometries [24, 25],
so the inverse correlation between the simulated
grain boundary energy distributions (GBEDs) in
Fig. 3c, g and the grain boundary character distribu-
tion (GBCD) at the R3 and R9 misorientation shown
in Fig. 3d, h, respectively, supports the validity of the
calculated energies.

Figure 3 Schematic representation of grain boundaries at R3,
60"/[111] (a) and R9, 39"/[110] (e), produced in GBToolbox
[39, 40]. The distributions of measured grain boundary energies,
simulated grain boundary energies, and relative grain boundary
areas for R3 (b–d) and R9 (f–h) misorientations. For the plots of
simulated grain boundary energies, 41 and 23 distinct data points
are used at the R3 and R9 misorientations, respectively. It should
also be noted that the symmetry increases the numbers of data

points. The distributions are plotted on a stereographic projection
using the bicrystal reference frame with the [001] and [100]
directions normal to the page and horizontal to the right within the
page, respectively. The measured grain boundary population and
energy were obtained from Ref. [12]. The relative grain boundary
areas are plotted in units of multiples of a random distribution
(MRD).
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When all 388 boundaries are considered with equal
weighting, there is no significant correlation between
the experimental and simulated grain boundary
energies. However, by using weighted least squares
method [42], a linear fit weighted by grain boundary
population (see red line in Fig. 4) shows a strong
correlation coefficient (0.7). The improvement in the
correlation when the most frequently observed
boundaries are given more weight agrees with the
idea that the experimental assessment of the grain
boundary energy is more reliable when it is based on
more observations [24, 25]. The boundary with the
highest population (502 MRD) is the coherent twin
boundary, which corresponds to the measured (sim-
ulated) grain boundary energy of 0.401 a.u.
(0.019 Jm-2). It is also observed that low-energy
boundaries in the simulated data set are more fre-
quently observed than the high-energy boundaries.
While the experimental energy of the coherent twin
boundary is relatively low, it is much larger than the
energy of the R55 (311) symmetric grain boundary,
which is the lowest measured boundary energy
(0.164 a.u.). However, because the population of the
R55 (311) symmetric grain boundary is relatively
small (0.4 MRD), we surmise that there was an
insufficient number of observations to determine a

reliable energy [24]. For such cases, it is better to use
the inverse correlation between the grain boundary
population and the grain boundary energy
[12, 24, 25, 43–48] to validate the grain boundary
energy distribution.

Figure 5 shows the relationship between the mea-
sured grain boundary population and the boundary
energies obtained from atomistic simulations. The
simulated energies are strongly correlated with the
grain boundary population (R = - 0.8). The outliers
are the R37 (111) twist boundary and the R33 (554)
symmetric tilt boundary, marked with black and
orange solid circles, respectively. These boundaries
have a higher population because of their proximity
(* 10") to the coherent twin boundary [49]; the dis-
cretization of the data and the non-uniform shapes of
the discrete bins broadens the maxima around the
most populated grain boundary types and artificially
increases the population of nearby boundaries. It
should be noted that the inverse correlation between
population and energy in the austenitic steel has
different slopes at each misorientation, consistent
with the previous investigations for fcc metals
[24, 25, 41].

Figure 6 shows a comparison between the simu-
lated and interpolated grain boundary energies in the

Figure 4 The relationship between experimentally derived and
simulated grain boundary energies. The horizontal axis denotes the
simulated grain boundary energies, while the vertical axis denotes
the experimental grain boundary energies [12]. A weighted linear
fit for the energies of boundaries with a population (P): P[ 5

MRD (blue diamonds) is shown by a red line. Grain boundaries
with population of P\ 5 MRD are marked with circles and the
R55 (311) symmetric grain boundary (the lowest measured grain
boundary energy) is marked with a solid black circle.
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austenitic steel using the BRK function for fcc metals
[32]. There is scatter in the data, which deviates from
the perfect fit represented as a dashed line in the plot.
Specifically in the low-energy boundary region, the
energies of\111[twist boundaries obtained from the
grain boundary energy function [32] are lower than
the trend line. Furthermore, at the high-energy
boundary region, the interpolated energies of {10 6

2}{10 6 2}, {4 2 0}{4 2 0}, and {11 7 2}{11 7 2} boundaries
are larger than the simulated boundary energies. The
scatter between the interpolated and simulated grain
boundary energies implies that the two alloy-specific
parameters (the lowest and highest grain boundary
energies) used in the interpolated function do not
perfectly describe the energy anisotropy in the aus-
tenitic steel, but they certainly produce a reasonable

Figure 5 The relationship
between the simulated grain
boundary energies and the
measured population in the
austenitic TWIP steel [12].
The data are assigned into four
distinct groups: R3 (blue
diamonds), R9 (red squares),
R11 (green triangles), and
others (circles). The R37 (111)
twist boundary and the R33
(554) symmetric tilt boundary
are marked with black and
orange solid circles,
respectively.

Figure 6 The relationship between the simulated energies of grain
boundaries in austenitic steel and the energies of the same
boundaries derived from the BRK grain boundary energy function
for fcc metals [32]. These 388 grain boundaries are assigned into
five distinct groups: R3 (blue diamond), R9 (red square), R11

(green triangle), others (circle), and \111[ twist boundaries.
Circles with brown, orange, and yellow colors are {10 6 2}{10 6
2}, {4 2 0}{4 2 0}, and {11 7 2}{11 7 2} boundaries, respectively.
A dashed line represents a perfect fit (a unit slope).
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estimate for the majority of boundaries. It should be
noted that the grain boundary energy function [32]
was created to model results from Al, Au, Cu, and Ni
[22]. The present study uses an EAM potential with a
lower stacking fault energy (SFE = 19 m Jm-2) than
Al, Au, Cu, and Ni, and this may be one reason for
the differences [22]. Nonetheless, the plot in Fig. 6
reveals a strong correlation between the simulated
and interpolated grain boundary energies with a
correlation coefficient of 0.96. Therefore, the BRK
boundary energy function for fcc structured metals
can be used to interpolate arbitrary grain boundary
energies in the austenitic steel.

Discussion

In this study, grain boundary energies in an auste-
nitic TWIP steel were calculated from an atomistic
simulation by using the meta-atom potential devel-
oped by Wang et al. [28]. When the components of an
alloy strongly segregate to grain boundaries, they can
have a profound effect on the grain boundary struc-
tures and energies through adsorptions [50, 51]. If the
inhomogeneity of the solute distribution becomes
critical and results in significant grain boundary
segregation and embrittlement [52], the meta-atom
EAM potential and the BRK grain boundary energy
function cannot be used in grain boundary energy
calculations. However, in an austenitic stainless steel
(316L), it has been observed that the solute is dis-
tributed homogeneously with respect to grain
boundary type [8]. While radiation-induced segre-
gation [3, 8] in the same material is strongly depen-
dent on the grain boundary misorientation and plane,
that would not be a factor in the material investigated
in this work. Also, a recent atom probe tomography
(APT) study of the distribution of elements at a grain
boundary in a single phase fcc high-entropy alloy
(Fe40Mn40Co10Cr10) revealed no segregation or
ordering [53]. Assuming that solute is also dis-
tributed homogeneously in the TWIP steel consid-
ered here, it is reasonable to model it with the meta-
atom EAM potential, where it behaves as an fcc
structured metal with modified interactions between
the atoms. While the effects of segregation and
ordering on the grain boundary energy in this steel
are not known, previous calculations suggest they are
relatively small and that they will not critically
impact the findings. Changes in the atomic structure

of grain boundaries in Cu, and of the arrangement of
segregated Ag, change the grain boundary energy by
3% or less [54]. Furthermore, grain boundaries in Cu
with segregated Ag transform between two ordered
states, one with a monolayer of Ag and one with a bi-
layer of silver, but the energies of these states differ
by only 0.1 mJm-2, an amount much smaller than the
expected accuracy of these calculations [55]. If similar
effects occur in the TWIP steel considered here,
similar errors are expected. It should be noted that
we are also assuming that the results calculated from
the potential fabricated for the Fe–22Mn–0.6C TWIP
steel can be compared to the experimental observa-
tions from the Fe–18Mn–0.6C–1.5Al TWIP steel
without significant errors. The broad agreement
between the calculated results and the experimental
observations suggests that the composition difference
causes inconsistencies in the energy that are similar
to or smaller than the experimental uncertainties.

These simulated grain boundary energies were
compared with experimentally determined grain
boundary energy and area distributions obtained
from 3D-EBSD measurements [12]. We found that the
simulated and measured boundary energies in aus-
tenitic steel were correlated only for the most fre-
quently observed grain boundaries (Fig. 4), which
was consistent with the previous study comparing
simulated and measured grain boundary energies in
nickel [24]. One of the most interesting results was
the strong inverse relationship between the simulated
energies and the measured grain boundary popula-
tion in the austenitic TWIP steel. The inverse corre-
lation has a different slope at each misorientation
(Fig. 5). While the grain size could affect the grain
boundary population in fcc structured metals and
alloys in some cases [18, 56, 57], simulations have
shown that the GBCD reaches steady state after rea-
sonable grain growth has occurred [47] and the
observed inverse relationship is similar to ones
obtained from high-purity nickel [24] and copper
[41]. Therefore, the inverse relationship between the
population and energy for polycrystals evolving by
grain growth has been established for many materials
[11] and in particular for fcc materials [12, 24, 25, 43].
Observing this inverse correlation between the sim-
ulated grain boundary energies and the measured
relative grain boundary areas provides evidence for
the validity of the simulated energies. It is also
observed in Fig. 6 that the simulated energies were
strongly correlated with the interpolated energies
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obtained from the BRK function [32] using only two
parameters (the lowest and the highest grain
boundary energies). Assuming the meta-atom EAM
method accounts for solute effects, it appears that the
energies of grain boundaries in a complex alloy
exhibit the same trends as pure metals with the same
structure. This is demonstrated by Fig. 7, which
shows that simulated grain boundary energies in the
austenitic steel and nickel [22] are strongly correlated
with a correlation coefficient of 0.99. However, it
should be noted that if the components of the alloy
strongly segregated in a non-homogeneous way, we
would not expect this strong correlation. Interest-
ingly, it is also observed that grain boundary energies
in Ni and austenitic steel that are lower than 1 Jm-2

are linearly scaled with the ratio of a0C44, the scaling
factor previously identified for pure fcc metals [22].
Nonetheless, for the higher energy grain boundaries,
the energies in Ni are distinctly lower than the ones
projected from the scaling ratio of a0C44. Because the
stacking fault energies in the austenitic steel
(SFE = 19 m Jm-2) and nickel (SFE = 127 m Jm-2)
are significantly different, this might cause the devi-
ation. Note that similar deviations from the scaling
are found when gold (SFE = 31 m Jm-2) and copper
(SFE = 44 m Jm-2), which also have relatively lower
stacking fault energies, are compared to nickel [22].

Figure 8 shows comparisons between simulated
and interpolated energies of twist and symmetric tilt
boundaries. For\100[ tilt, 100[ twist,\110[ twist,
and\111[ tilt boundaries, the simulated energies are

comparable with the ones derived from the BRK
function [32]. However, the simulated and interpo-
lated energies are significantly different for \110[
tilt, and \111[ twist boundaries. For \110[ tilt
boundaries, the interpolated energies for the maxima
located at rotational angles of 27", 81", and 148" are
greater than the simulated ones. The interpolated
energies of these three maxima are scaled with the
parameters that are held constant. Therefore, the
significant differences between the interpolated and
simulated boundary energies for \110[ tilt grain
boundaries might be corrected by modifying the
fixed parameters in the BRK function. It should be
also noted that the energy maximum for the\111[
twist boundaries obtained by using the BRK function
[32], which are lower than the simulated grain
boundary energies (see Figs. 6, 8), is scaled with
UTWIP. This suggests that using a different shape
factor for the austenitic TWIP steel might improve the
agreement. Because the energies of \111[ twist
boundaries are scaled with the ratio of a0C44 (see
Fig. 7), this parameter might offer a better scaling
factor. However, considering the overall strong cor-
relation between the simulated and interpolated
grain boundary energies, we did not explore modi-
fications to the various fitting parameters. The overall
agreement indicates that the BRK grain boundary
energy function is a reliable approach for producing
nearly continuous sets of boundary energies in TWIP
steels and other fcc structured metals with very little
input data.

Figure 7 The relationship
between the simulated
energies of grain boundaries in
austenitic steel and the
energies of the same
boundaries in Ni [22]. The
dashed line represents the
scaling ratio of a0C44 = 1.07.
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The BRK grain boundary energy function can be
used to generate a larger set of grain boundary
energies. As an example, the interpolated energies for
R3 (1429 boundaries), R9 (984 boundaries), R11 (445
boundaries), and R7 (611 boundaries) were compared
with the measured grain boundary population in the
austenitic steel [12] (see Figs. 9, 10). Nearly continu-
ous sets of boundary energies interpolated from the
BRK grain boundary energy function for R7 and R11
misorientations were linearly correlated with the
simulated grain boundary energies. We note that the
inverse relationship at each misorientation can be
described by the Boltzmann distribution, which is
consistent with what has been observed in well-an-
nealed polycrystalline copper [41]. It is therefore
possible that this is a common feature of metals with
the fcc structure that has evolved by grain growth.
Although the numerical parameters in the energy
function were obtained only by using the energies of
high symmetry boundaries with rotations around
\100[,\110[, and\111[ axes [32], the strong cor-
relation between the population and energy shows
that the BRK energy function is a good predictor for
boundaries of all character [58]. The consistency of
the simulated energies and experimental observa-
tions suggests that it might be possible to create meta-
atom (EAM) potentials for other fcc structured com-
plex alloys such as 304, 316, and 316L austenitic steels

or even high-entropy alloys and use the BRK grain
boundary energy function [32] to calculate the
GBEDs. A large data set of interpolated grain
boundary energies would be a useful resource for
mesoscale simulations of microstructure evolution
and can provide an insight into how the grain
boundary energies influence the grain boundary
population and deformation mechanism in these
complex alloys.

Conclusions

The energies of grain boundaries in an austenitic
TWIP steel have been simulated using the meta-atom
embedded atom method (EAM) potential. The sim-
ulated grain boundary energies and the measured
grain boundary population in a high-manganese
TWIP steel are inversely correlated when groups of
boundaries with fixed misorientations are compared.
The simulated boundary energies were correlated
with the experimental grain boundary energies for
the most commonly observed grain boundaries. This
is because the uncertainty of the experimentally
determined energies decreases as the number of
observations increases. We also found that the sim-
ulated energies and the energies interpolated from
the BRK grain boundary energy function were

Figure 8 Comparisons of the simulated energies (blue diamonds)
and the energies (red squares) obtained from the grain boundary
energy function [32]. The energies of\100[,\110[, and\111[

tilt/twist grain boundary energies in the austenitic steel are plotted
as a function of rotation angle (").
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Figure 9 The relationship
between grain boundary
population [12] and
interpolated grain boundary
energies derived from the
BRK grain boundary energy
function [32]. The grain
boundaries are divided into
four categories R3 (blue
diamonds), R9 (red squares),
R11 (green triangles), and R7
(gray circles).

Figure 10 The relationship between the interpolated (blue
diamond) and simulated (red circle) grain boundary energies in
austenitic steel for R7, 38"/[111] (a) and R11, 51"/[110] (d). The
distributions of interpolated grain boundary energies and relative
grain boundary areas for R3 (b, c) and R9 (e, f) misorientations are

plotted on a stereographic projection. The measured grain
boundary populations are obtained from Ref. [12]. Noted that
the lowest simulated grain boundary energies at the R7, 38"/[111]
and R11, 51"/[110] are marked with black circles.
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strongly correlated and also inversely correlated with
the measured grain boundary populations. There-
fore, grain boundary energies can be reliably esti-
mated from the BRK energy function and this has the
potential to foster the microstructural design of aus-
tenitic steels and other complex alloys.

Acknowledgements

S.R. acknowledges the financial supports provided by
the Skill Development Grant, King Mongkut’s
University of Technology Thonburi (KMUTT),
Research Strengthening Project of the Faculty of
Engineering, KMUTT, and the Thailand Research
Fund and Office of the Higher Education Commis-
sion (MRG6080253). G.S.R. acknowledges support
from the National Science Foundation under grant
DMR 1628994. The simulating machine supported by
the Innovative Software and Computing Center at
KMUTT. We also thank Prof. Tawee Tunkasiri and
Prof. Poom Kumam for critical comment and sug-
gestion, Dr. David Olmsted for the code used for
grain boundary energy calculation, and Dr. Lucas
Hale for iprPy calculation framework and the Inter-
atomic Potential Repository Project (NIST).

Electronic supplementary material: The online
version of this article (https://doi.org/10.1007/s108
53-018-03297-4) contains supplementary material,
which is available to authorized users.

References

[1] Bouaziz O, Allain S, Scott CP et al (2011) High manganese

austenitic twinning induced plasticity steels: a review of the

microstructure properties relationships. Curr Opin Solid

State Mater Sci 15:141–168. https://doi.org/10.1016/j.coss

ms.2011.04.002

[2] Beladi H, Timokhina IB, Estrin Y et al (2011) Orientation

dependence of twinning and strain hardening behaviour of a

high manganese twinning induced plasticity steel with

polycrystalline structure. Acta Mater 59:7787–7799. https://d

oi.org/10.1016/j.actamat.2011.08.031

[3] Barr CM, Vetterick GA, Unocic KA et al (2014) Anisotropic

radiation-induced segregation in 316L austenitic stainless

steel with grain boundary character. Acta Mater 67:145–155.

https://doi.org/10.1016/j.actamat.2013.11.060

[4] Gutierrez-Urrutia I, Zaefferer S, Raabe D (2010) The effect

of grain size and grain orientation on deformation twinning

in a Fe–22wt.% Mn–0.6wt.% C TWIP steel. Mater Sci Eng

A 527:3552–3560. https://doi.org/10.1016/j.msea.2010.02.

041

[5] Michiuchi M, Kokawa H, Wang ZJ et al (2006) Twin-in-

duced grain boundary engineering for 316 austenitic stain-

less steel. Acta Mater 54:5179–5184. https://doi.org/10.

1016/j.actamat.2006.06.030

[6] Shimada M, Kokawa H, Wang ZJ et al (2002) Optimization

of grain boundary character distribution for intergranular

corrosion resistant 304 stainless steel by twin-induced grain

boundary engineering. Acta Mater 50:2331–2341. https://d

oi.org/10.1016/S1359-6454(02)00064-2

[7] Barr CM, Thomas S, Hart JL et al (2018) Tracking the

evolution of intergranular corrosion through twin-related

domains in grain boundary networks. NPJ Mater Degrad

2:14. https://doi.org/10.1038/s41529-018-0032-7

[8] Sakaguchi N, Endo M, Watanabe S et al (2013) Radiation-

induced segregation and corrosion behavior on R3 coinci-

dence site lattice and random grain boundaries in proton-

irradiated type-316L austenitic stainless steel. J Nucl Mater

434:65–71. https://doi.org/10.1016/j.jnucmat.2012.11.036

[9] Bouaziz O, Allain S, Scott C (2008) Effect of grain and twin

boundaries on the hardening mechanisms of twinning-in-

duced plasticity steels. Scr Mater 58:484–487. https://doi.

org/10.1016/j.scriptamat.2007.10.050
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