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Slip transfer via sequential pile-up dislocations across grain boundaries (GBs)
plays an important role in plastic deformation in polycrystalline face-centered
cubic (FCC) metals. In this work, large scale concurrent atomistic-continuum
(CAC) method simulations are performed to address the slip transfer of mixed
character dislocations across GBs in FCC Ni. Two symmetric tilt GBs, a
¥3{111} coherent twin boundary (CTB) and a X11{113} symmetric tilt GB
(STGB), are investigated using five different fits to the embedded-atom
method (EAM) interatomic potential to assess the variability of predicted
dislocation-interface reaction. It is shown that for the £3 CTB, two of these
potentials predict dislocation transmission while the other three predict dis-
location absorption. In contrast, all five fits to the EAM potential predict that
dislocations are absorbed by the 11 STGB. Simulation results are examined
in terms of several slip transfer criteria in the literature, highlighting the
complexity of dislocation/GB interactions and the significance of multiscale
modeling of the slip transfer process.

INTRODUCTION

Grain boundaries (GBs) play a fundamental role
in size-dependent mechanical properties of metals.’
In polycrystalline face-centered cubic (FCC) metals
subjected to an applied shear stress, a series of
dislocations in a single pile-up move through a
lattice in individual grains until encountering a
GB.%? In general, as more dislocations add to the
end of the pile-up, the leading dislocation experi-
ences a higher stress, which is eventually large
enough for the tip of the pile-up to react with the
GB, lowering the overall stress and allowing further
deformation of the material if the dislocation is
transmitted or absorbed and desorbed. As such, a
larger grain accommodating a larger number of
dislocations requires a lower applied stress to
“yield” the GBs in a polycrystal, manifesting a
Hall-Petch effect. Direct studies of sequential
incoming lattice dislocations interacting with GBs
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at the sub-micron scale are important, as results
can’t be simply extrapolated from atomistic simula-
tions involving only an isolated, short, straight
dislocation segment.*

Although in situ TEM experiments cagture the
real-time dynamic process of slip transfer,” they are
unable to discern 3D atomic-scale events at the
dislocation/GB interaction sites to yield quantitative
information.® The multiscale nature of the sequen-
tial transfer of slip across GBs, in which both the
atomic scale structure of the interface and the long
range fields of dislocation pile-ups are important,
also poses challenges from the perspective of com-
putational simulation.” For example, dislocation-
based continuum approaches such as the crystal
plasticity finite element method’ and rule-based
dislocation dynamics® are not readily applicable to
simulate the interactions between dislocations and
GBs because they usually do not naturally incorpo-
rate the necessary microscopic degrees of freedom
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(DOFs) associated with the GBs and other evolving
internal state variables that relate to detailed slip
transfer criteria. On the other hand, atomistic
simulations, which are preferred to understand
local GB structure-specific slip transfer responses,
are limited by the size of the computational cell in
considering the long-range stress field associated
with the dislocation pile-up processes.*

Therefore, multiscale simulation approaches are
warranted to facilitate parametric studies of dislo-
cation/GB reactions concerning a wide range of
dislocations and GBs with the same computational
resources.” Concurrent multiscale modeling of dis-
location-interface reactions has been pursued using
the coupled atomistic and discrete dislocation
(CADD) method®!° and the quasicontinuum (QC)
method,'! the latter study revealing that reversing
the Burgers vector of an edge dislocation on a given
slip plane significantly changes its interactions with
a X£11(112){113} GB in Cu.

In this work, we perform concurrent atomistic-
continuum (CAC) simulations? to study the sequen-
tial slip transfer of mixed character dislocations for
two symmetric GBs in FCC Ni: a X3(110){111}
coherent twin boundary (CTB) and a £11(110){113}
symmetric tilt GB (STGB). In CAC simulations,
interface reactions are described using fully resolved
atomistics while the net Burgers vector and associ-
ated long range stress fields of dislocations in a pile-
up are preserved in a fully 3D model.'? The CAC
approach avoids essential remeshing operations, and
criteria/procedures for passing dislocation segments
between atomistic and coarse-grained domains.'®*
The success of our early calculations, including
dislocation/void interactions in Ni,'® dislocation/
CTB interactions in Cu and Al,? fast moving disloca-
tions in Cu,'® screw dislocation cross-slip in Ni,”
dislocations bowing out from obstacles in Al,'® and
dislocation multig)lication from Frank-Read sources
in Cu, Ni, an Al,'® suggests the viability of using CAC
simulations in the context of sequential slip transfer
across GBs with greatly reduced DOF's relative to full
atomistic simulations.

We focus on a £3{111} CTB and a £11{113} STGB
because they have the simplest GB structure and
lowest GB energy among all STGBs with a common
(110) misorientation axis.?’ CADD simulations for
pure Al showed that while a series of straight pure
screw dislocations are absorbed by both X3{111}
CTB and X11{113} STGB,® a mixed character dislo-
cation pile-up is transmitted across both bound-
aries.’® In Ni, QC and atomistic simulations
revealed that (1) a single pure screw dislocation
may be transmitted across or absorbed by a £3 CTB
depending on the interatomic potential adopted,zl’zé
(2) a single mixed type dislocation is transmitted
across a 3 CTB,*® and (3) a single pure edge
dislocation is transmitted across a X11{113}
STGB.%* Nevertheless, the sensitivity of the mod-
eled response of a mixed character dislocation pile-
up impingement against these two boundaries to

the interatomic potential for Ni remains to be
addressed. We also attempt to shed light on slip
transfer criteria in the literature. For example,
Sangid et al.?° proposed that the energy barrier to
direct transmission of a dislocation across a GB is
inversely related to the excess energy for each GB,;
in particular for the X3 CTB, based on certain
material properties such as the stacking and twin-
ning fault energies, Jin et al.?> and Chassagne
et al.?! proposed different criteria (discussed in
detail in the RESULTS AND DISCUSSIONS sec-
tion) to discriminate between dislocation transmis-
sion and absorption in screw dislocation/CTB
interactions. In this paper, we will study the
applicability of these criteria, along with uncer-
tainty in computed dislocation-interface reactions
associated with the deployment of a variety of
interatomic potentials for Ni.25-2°

MATERIALS AND METHODS

For both £3 (111) CTB and £11 (113) STGB, an
atomistic domain is meshed in the vicinity of GBs to
naturally accommodate GB structure evolution at
the atomic scale, as shown in Fig. 1. All simulation
cell boundaries are assumed traction free to allow a
full 3D description. Equilibrium structures at 0 K of
the GBs are determined through energy minimiza-
tion,? which also provides the equilibrium lattice
parameter which potentially plays an important
role in stacking fault energies (SFEs)** and dislo-
cation/GB interactions. The X3 CTB is composed of
all D structural units (SUs), while the 211 STGB is
composed of all C SUs. As such, only one dislocation
impingement site is considered for the X3 CTB
while two distinct sites are for the £11 STGB. In the
coarse-grained domain, 3D rhombohedral second
nearest neighbor elements are employed with sur-
faces corresponding to {111} slip planes.'*3!32 Five
straight, equidistant, pure screw dislocations in a
single pile-up, each of which has a Burgers vector
b =1a[110], are introduced on the mid plane
normal to the z axis.?? A shear stress is then applied
on the simulation cell to drive the dislocation pile-up
toward the GBs. This is accomplished by imposing a
zx shear deformation on the simulation cell as
necessary to maintain a constant remote average
shear stress. The lower boundary is fixed in the x
direction, while the upper boundary is displaced
along the positive x direction (boundaries are nor-
mal to the z axis). All nodes and atoms between the
upper and lower boundaries are displaced linearly
in the x direction. More details regarding the
quasistatic CAC method and its numerical imple-
mentation,'* application to dislocation-interface
reactions,? and visualization®®*3" are summarized
in Supplementary Materials.

Five embedded-atom method (EAM) potentials
by Mishin et al.?® Angelo et al,?® Foiles and Hoyt,zi
Voter and Chen,?® and Zhou et al,?° respectively,
are employed. In this paper, we refer to these
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potentials by the last name of the first author; for
example, Mishin-EAM. For all these interatomic
potentials, certain material parameters of interest
are calculated and listed in Table S1, including
magnitude of the Burgers vector of the Shockley
partial dislocation b, shear modulus for the
(110){111} system u, stable SFE egp, unstable SFE
eusr, stable twinning energy (also the X3 CTB
energy) er, unstable twinning energy eyr, and
energy of the £11 STGB egrgs. By employing the
same potentials adopted in previous quasi-2D QC
and MD simulations, we will shed light on the
sensitivity of the simulated slip transfer mechanism
to the interatomic potentials and the significance of
large scale full 3D simulations.

RESULTS AND DISCUSSIONS

The initially straight pure screw dislocation lines
bow out subject to the applied stress in the presence
of traction free boundaries, obtaining mixed char-
acter. In the incoming grain, each curved dislocation
splits into two Shockley partial dislocations, i.e.,

1 in 1 in 1 77in
500[110] — 500[121]1%1"‘5&0 211] . (1)

Here and throughout the remainder of this paper,
the superscripts “in” and “out” are used to distin-
guish the two grains in which the dislocation is
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located, while the subscripts “lead” and “trail” refer
to leading and trailing partial dislocations, respec-
tively. In the coarse-grained domain, the two partial
dislocations are separated by a stable width of 22A
using the Mishin-EAM potential (Fig. 2a), some-
what wider than separations for a screw dislocation
computed using full atomistic simulations.'® Once
the dislocation migrates into the atomistic domain
in the vicinity of the GBs, it obtains the same
stacking fault width and core structure as those
corresponding to full atomistics.>*

23{111} Coherent Twin Boundary

For the X3{111} CTB, the leading and trailing
partials must recombine in the incoming lattice
prior to the interface reaction. At a shear stress of
about 206 MPa for the Mishin-EAM potential,?! the
leading partial in the incoming grain is stopped at
the X3{111} CTB, with the stacking fault width
constricting up to the point where the trailing
partial also reaches the CTB, as shown in Fig. 2b.
Two dislocation/CTB interaction modes are found:

(1) For Angelo-EAM, Foiles-EAM, and Zhou-EAM
potentials, the full dislocation is re-dissociated
to two Shockley partials and migrates in the
twin plane, i.e.,

2[111

x[l%ygh?] z[lmﬁ;_

(@) =3[110](111) CTB
2[111]

211011 119

2[1,1,19]

z[110] ‘ y[19, 19

Fig. 1. Bicrystal simulation cells used to study sequential slip transfer of five (ap/2)[110](111) dislocations across (a) a £3 (111) CTB and (b) a
£11 (113) STGB in Ni. An atomistic domain is meshed in the vicinity of both GBs; the jagged interstices at the cell boundaries are also filled in
with atoms, which are not shown here. Away from the GBs and cell boundaries are coarse-grained finite elements, each containing 2,197 atoms.
All cell boundaries are assumed traction free to allow a full 3D description. Exploded views of the GB region appear in the rightmost column,
where atoms in different (110) atomic layers have different colors. The top right exploded view shows that the £3 CTB is composed of all D SUs,
and all sites along the CTB are equivalent; the bottom right zoom-in suggests the 11 STGB is composed of all C SUs, indicating that two distinct
dislocation/STGB interaction sites (1 and 2) should be considered in terms of slip planes of incoming dislocations.
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(111/V

-

(a) tead = §[121]

v (111)

Fig. 2. Snapshots of dislocation pile-up with dominant leading screw character impinging against a x3{111} CTB. Each of the five incoming
dislocations has Burgers vector (a,/2)[110]. Atoms are colored by adaptive common neighbor analysis:®® red are of hexagonal-close packed local
structure, blue are body-centered cubic atoms, and all FCC atoms are deleted. In (a), five incoming dislocations approach the CTB subject to an
applied shear stress. In (b), the leading dislocation is constricted at the CTB, where two Shockley partial dislocations are recombined into a full
dislocation. In (c—d), with Angelo-EAM, Foiles-EAM, and Zhou-EAM potentials, the redissociated dislocation is absorbed by the CTB, with two
partials gliding on the twin plane in opposite directions, according to Eq. 2. In (e—f), with Mishin-EAM and Voter-EAM potentials, the dislocation
effectively cross-slips into the outgoing twinned grain via redissociation into two partials, according to Eq. 4. Views of (a-b), (c—d), and (e—f) are
illustrated in (b), (c), and (e), respectively.

1 m 1 out 1 __CTB The two CTB partial dislocations then move in

Rs3 500[110] - 500[110] - an [211] lead opposite directions along the CTB, growing the
1 2) outgoing grain by one atomic layer, and eventually

+ ga0[121]8£5 exiting the top/bottom traction free cell boundaries,

. . . . as shown in Fig. 2c¢—d.
where the slip plane (i.e., twin plane or interface (2) For Mishin-EAM and Voter-EAM potentials,
plane) is (111); the rotation matrix between two however, instead of being absorbed by the

grains is CTB, the full dislocation is constricted and
1 2 9 then re-dissociated into two Shockley partial
1 dislocations which are transmitted into the

Rys = 3 2 1 -2 (3) outgoing grain, i.e.,

-2 2 -1
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(a) X11(113) STGB

z
x
x bGB) = 2[741]

trail —

=

Fig. 3. Snapshots of a series of (a,/2)[110] dislocations impinging on a £11{113} STGB. In (a) and (e—k), atoms are colored in the same matter
as in Fig. 2, except that the FCC atoms (green) are not deleted in (). In (b—d) and (f-k), a dislocation extraction algorithm® is employed to
illustrate dislocations as curved lines. (a—c) are taken at the same time but with different views and/or visualization methods, where the leading
partial in the incoming grain splits into a partial dislocation on the STGB and a stair-rod type of dislocation, according to Eq. 5. (d—e) are taken at
the same time but with different views and visualization methods, where the trailing partial in the incoming grain reacts with the stair-rod
dislocation to form another partial dislocation on the STGB, according to Eq. 6. In (g—k), the interaction mechanism for subsequent dislocations is
found to be precisely the same as for the first dislocation, because each dislocation/STGB reaction does not leave residual Burgers vector in the
STGB interface. Views of (a-b), (c—d), (e), and (f—k) are illustrated in (a), (c), (e), and (f), respectively.

1 in 1 u 1 = t
Rys - 5ao[110]"— 5 ao[ 110"~ cao [121]77, W
1 ou!
+ éao[mlhratﬂ

where the slip plane in the outgoing grain is (111),
on which the outgoing dislocation continues migrat-
ing until exiting the rightmost traction free cell
boundary, as shown in Fig. 2e—f.

Reactions predicted by employing Mishin-EAM
and Angelo-EAM potentials in CAC agree with
previous MD simulations of a screw dislocation
interacting with a £3 CTB in Ni using the same
potentials.?"*2 In both modes of the dislocation/GB
interactions, the two partial dislocations exchange
their order after encountering the CTB due to the
twin symmetry.? Since each dislocation/CTB reac-
tion does not leave residual Burgers vector in the



Comparing EAM Potentials to Model Slip Transfer of Sequential Mixed Character Dislocations 819

Across Two Symmetric Tilt Grain Boundaries in Ni

CTB interface, the interaction mechanism for sub-
sequent dislocations is found to be precisely the
same as for the first dislocation. The minimum
stress for each dislocation transmission/absorption,
however, increases as there are fewer dislocations
residing in the incoming pile-up. By comparison, a
minimum applied shear stress of 480 MPa is needed
for a single pure screw dislocation to be transmltted
across the CTB using the Mishin-EAM potential,?!
which is more than twice the 206 MPa stress level
corresponding to the case of the pileup.

Based on MD simulations of screw dislocation/CTB
interactions, Jin et al.?? employed two dimensionless
parameters, i.e., (1) the resistance encountered by a
screw dislocation to be transmitted through the CTB,

= (eysr-esr)/uby, and (2) the resistance to cross-slip
on the CTB plane, R (eur-esr)/ b, Based on the
criteria of Jin et al.,?? dislocation absorptlon by a X3
CTB is predicted to occur if R/ R’ = (eysp-esp)/(eyT-
esr) is negative; otherwise, a dislocation would be
transmitted through the CTB. For all five EAM
potentials employed in this paper, R/ R’ is between
1.01 and 1.08, whereas dislocation absorption is
observed with three potentials. Thus, this criterion
is not adequate to discriminate between screw dislo-
cation absorPtlon and transmission upon encounter-
ing a CTB Based on MD simulations, Chassagne
et al.?! proposed a new slip transfer criterion, assert-
ing that materials with a low egp/ub, have widely
dissociated dislocations with a high constriction
stress that favors transmission over absorption. In
our simulations, the Voter-EAM potential has the
smallest egp/ub,, and gives dislocation transmission,
while the Foiles-EAM potential which has the
largest egp/ub,, results in dlslocatlon absorption.
The criterion of Chassagne et al.,?! however, doesn’t
sufficiently discriminate between dislocation trans-
mission and absorption for the X3 CTB; although the
Mishin-EAM potential has a higher egy/ub, value
than that of the Zhou-EAM potential, the incoming
dislocation is transmitted across the CTB using the
former but is absorbed by the CTB using the latter, at
the same applied stress level. Inspection of Table S1
shows that the value of R itself, which is related to the
nucleation of the tralhng partial dislocation accord-
ing to Rice’s theory,>® can be used to predict disloca-
tion/CTB reactions: Mishin-EAM and Voter-EAM
potentials, which have the largest R, yield dislocation
transmission, while the other EAM potentials with
smaller R predict dislocation absorption. It is, how-
ever, difficult to forecast what the dislocation/CTB
reaction would be in a full ab initio simulation,
because the ab initio value of R is smaller than that
of the Mishin-EAM potential, which yields disloca-
tion transmission, but larger than that of the Zhou-
EAM potential, which results in dislocation absorp-
tion. Given that all these criteria are directly related
to the SFEs, our work highlights the significance of
choosing EAM potentials with appropriate GSFE
values for problems involving behavior of
dislocations.

211{113} Symmetric Tilt Grain Boundary

At a shear stress of 257 MPa, unlike the case of
the X3 CTB, the full dislocation is not necessarily
recombined at the X11{113} STGB. The leading
partial in the incoming grain first splits into a
leading partial dislocation belonging to the displace-
ment shift complete lattice of the STGB and a stair-
rod type of dislocation (Fig. 3a—c), i.e.,

1 in = GB
éao[lzl]lead 29 a0[471]1ead+ 66 ao [118] sr (5)

where the subscript “sr” refers to the stair-rod type of
dislocation, which then reacts with the trailing partial
dislocation in the incoming grain (Fig. 3d), i.e.,

1 s 1

@ ao [118} += 6 ao [211} lead 22 59 @0 [741] trail (6)

where the slip plane for the STGB partial disloca-
tions in terms of the incoming grain is (113). The
overall reaction in Egs. 5 and 6 is

1 1
6 [121head+ 6 ao [211] trail 22 [471]1ead (7)
1
t59 22 [74]‘] trail’

which is energetically favorable according to
Frank’s rule,’ since the original b%,.q + b2 = (1/
3)a? while the resultant bisaq + biain = (3/11)aZ. The
two STGB partials on the RHS in Eq. 7, with
Burgers vectors parallel to the GB plane, locally
grow the outgoing grain by one atomic layer. The
force per unit length on a partial dislocation can be
obtained by the Peach-Koehler (PK) formula,
F = (b, - 6) x t, where ¢ is the applied shear stress
tensor whose only two non-zero components are o .,
and o .., both of which are negative, t is the unit
tangent vector of the dislocation line along the
negative x axis, and by, should be transformed to the
spatial Burgers vector. It is found that the PK forces
drive the two STGB partials, separated by 101A, to
migrate in the same positive y (and negative z)
direction, before they eventually exit the bottom
traction free surface. We remark that a different
applied stress tensor may alter the STGB partial
dislocation migration, as suggested by Dewald and
Curtin.” For the same X11{113} STGB, the two-step
dislocation absorptlon in Egs. 5 and 6 was observed
for edge dislocations in a QC simulation in Ni,?* as
well as edge and 60° mixed type dislocations in
CADD simulations in AL?*° but not for screw
dislocations in a CADD s1mulat10n in AL'® an MD
simulation in Cu,*! or a high resolution TEM
experiment in Ni,*? in which only reactions accord-
ing to Eq. 7 were reported. This is probably due to
an insufficient fidelity in monitoring the computa-
tional/experimental output for Cu and Ni. Similar to
the X3 CTB, the interaction mechanism for subse-
quent dislocations is found to be precisely the same
as for the first dislocation, because each dislocation/
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STGB reaction does not leave residual Burgers
vector in the STGB interface, as shown in Fig. 3f-k.
All five EAM potentials in the case of two interac-
tion sites predict similar results.

A Comparison Between the Two GBs

In both £3{111} CTB and £11{113} STGB, disloca-
tion absorption is manifested by a step height of one
interplanar spacing in the GB, which is restored by
the trailing partial dislocation if it moves in the same
direction as the leading partial. With certain inter-
atomic potential fits, both GBs act as sinks for lattice
dislocations, absorbing dislocations from one grain
and transferring to GB-mediated structural evolu-
tion. For Mishin-EAM and Voter-EAM potentials,
however, the X3 CTB acts as a barrier to dislocation
motion, followed by transmission of full dislocations
across the CTB under an applied stress; in this case,
plasticity is apparently governed by lattice disloca-
tion processes rather than CTB processes.

Based on MD simulations in Ni involving an
isolated dislocation in a confined volume using the
Foiles-EAM potential, Sangid et al.?® proposed that
GBs with lower energy offer a stronger barrier
against slip transmission. In their work, dislocations
of either pure edge or mixed type with dominant
leading edge character were employed, which are
known to be transmitted through most GBs.*® How-
ever, it raises a question whether the same model
holds for incoming mixed dislocations with dominant
leading screw character, which may be absorbed by
GBs.? In our simulations, all five EAM potentials
yield a much higher energy for the 11 STGB (esrgp)
than the 3 CTB (er). Angelo-EAM, Foiles-EAM, and
Mishin-EAM potentials predict absorption of mixed
type dislocations by both £3 CTB and X11 STGB, and
thus it is difficult to determine which GB acts as a
stronger barrier to slip transmission in these cases.
On the other hand, Mishin-EAM and Voter-EAM
potentials predict transmission of dislocations across
a X3 CTB (with a low excess interface energy) but
absorption of the same dislocations by a £11 STGB
(with a high energy), in violation of the assertion of
Sangid et al.?° We remark that unlike the work of
Sangid et al.?’ which employed the same GB plane
with respect to the applied loading while varying the
dislocation plane/character angle, our CAC simula-
tions ensure the same dislocation plane/character
angle while varying the GB plane for different GBs.
This suggests that the GB energy may serve as an
indicator for slip transmission for particular types of
dislocations, GB planes, and certain fits to inter-
atomic potentials.*” In other words, applicability of
dislocation/GB interaction criteria derived from lim-
ited studies may be limited.

CONCLUSION

In this paper, 0 K quenched dynamic CAC simu-
lations with periodic energy minimization are
employed to study 3D sequential slip transfer across
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a X3{111} CTB and a X11{113} STGB using five
different fits to the EAM interatomic potential in Ni
to concern the dependence of the simulated slip
transfer responses on the interatomic potential. A
series of curved dislocations are driven toward both
GBs subject to an applied shear stress. For the X3
CTB, the leading screw segment is transmitted into
the twinned grain using two interatomic potentials,
while it is absorbed and glides on the CTB when the
other three potentials are employed. In both reac-
tions, each dislocation always follows the recombi-
nation-redissociation process, without forming any
CTB dislocations in the process of recombination.
For the 11 STGB, however, all five EAM potential
fits predict dislocation absorption, during which the
leading partial dislocation in the incoming grain
splits into a STGB partial dislocation and a stair-rod
type dislocation, which subsequently reacts with the
trailing partial dislocation in the incoming grain to
form another STGB partial dislocation. It is also
found that certain slip transmission criteria in the
literature, which are proposed based on limited
studies, do not adequately predict the dislocation/
GB reaction for different GBs and interatomic
potentials.
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