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Abstract

Molecular simulations using the quasicontinuum method are performed to understand the mechanical response at the nanoscale

of grain boundaries (GBs) under simple shear. The energetics and mechanical strength of 18 R Æ110æ symmetric tilt GBs and two R
Æ110æ asymmetric tilt GBs are investigated in Cu and Al. Special emphasis is placed on the evolution of far-field shear stresses under

applied strain and related deformation mechanisms at zero temperature. The deformation of the boundaries is found to operate by

three modes depending on the GB equilibrium configuration: GB sliding by uncorrelated atomic shuffling, nucleation of partial dis-

locations from the interface to the grains, and GB migration. This investigation shows that (1) the GB energy alone cannot be used

as a relevant parameter to predict the sliding of nanoscale high-angle boundaries when no thermally activated mechanisms are

involved; (2) the E structural unit present in the period of R tilt GBs is found to be responsible for the onset of sliding by atomic

shuffling; (3) GB sliding strength in the athermal limit shows slight variations between the different interface configurations, but has

no apparent correlation with the GB structure; (4) the metal potential plays a determinant role in the relaxation of stress after slid-

ing, but does not influence the GB sliding strength; here it is suggested that the metal potential has a stronger impact on crystal slip

than on the intrinsic interface behavior. These findings provide additional insights on the role of GB structure in the deformation

processes of nanocrystalline metals.

� 2005 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.
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1. Introduction

The influence of grain boundary (GB) structure on

the mechanical behavior of bicrystals and polycrystals

has been the subject of intense interest for many decades

because interfaces exert profound effects on deformation
mechanisms [1,2]. In recent years, considerable research

efforts [3–8] have been focused on the mechanical behav-

ior of fully dense nanocrystalline metals, which contain

nanosized grains (<100 nm), and thus a substantial vol-
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ume fraction of GBs and triple junctions. The above

studies are motivated by the fact that for nanocrystalline

metals, deformation mechanisms strongly differ from

those found in their coarse-grained counterparts, and re-

sult in unique, superior mechanical characteristics.

Molecular simulations and experiments have revealed
that deformation mechanisms in nanocrystalline metals

at room temperature are influenced by four parameters:

grain size [6–9], the metal tested [7,8], magnitude of the

applied stress [7,10], and structure of the GB network

[11,12]. As grain size increases from a few nanometers

to several tens of nanometers, a transition exits from

GB-mediated deformation processes involving GB slid-

ing or GB migration [6–9,13–16], to intragranular lattice
ll rights reserved.
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activities involving full dislocations [7,8,10], extended

partial dislocations [6–8,16] and mechanical twins [17–

21]. While the origin of intragranular processes in nano-

crystalline metals is under intense debate at present time,

two factors having strong impact on the intragranular

regime have been identified, namely the generalized pla-
nar fault energy curve [8], which varies based on the me-

tal interatomic potential, and the driving force necessary

to trigger intragranular mechanisms, which may be hin-

dered locally in the presence of structural relaxations at

the GB [7,8].

For smaller grain size (<15nm), stress-induced GB

sliding may operate in nanocrystalline metals at room

temperature [6–9,13,15,16]. This result is in contrast
with well-established results on microscale polycrystals,

where GB sliding is dominated by thermally activated

mechanisms [1]. In nanocrystalline metals, GB sliding

results from individual atom shuffling events, i.e., a pro-

cess in which a GB atom transfers directly from one

grain to another without the creation of point defects

[1,22]. Even at low temperature, this unique process is

shown to cause cooperative grain rotations without the
presence of permanent crystal lattice deformation [9,23–

26]. It is acknowledged that the structure of GB network

plays an important role in cooperative GB activities.

For example, it is considered that general high-angle

GBs are lesser obstacles to sliding than low-energy twin

boundaries [25]; see recent works of Lu and co-workers

[27] showing drastic changes in the mechanical behavior

of nanocrystalline metals when nano-twin boundaries
are grown instead of randomly oriented GBs.

Despite the common knowledge that GB structure

does influence intergranular and intragranular modes

of deformation in nanocrystalline metals, the incidence

of GB structure on the mechanical response of a GB is

not fully understood at the nanoscale, particularly in

the athermal regime. This task is made complicated by

the fact that the constitutive response of a grain bound-
ary, which is usually obtained by testing a bicrystal, ac-

counts for both interface behavior (atom shuffling,

sliding, GB dislocations and defects) and grain bulk

behavior (lattice dislocations) as reviewed in the next

section. Furthermore, only the relevant information ob-

tained from atomic scale processes at the boundaries

should be taken into account in order to address the

challenge of scales involved in the hierarchical modeling
of deformation of nanocrystalline materials. No consen-

sus, however, exists as to the relation between interface

deformation and GB structure parameters in nanocrys-

talline materials. In the present study, we carried out a

series of molecular simulation on nanosized bicrystals

under shear in order to shed light onto fundamental

deformation mechanisms taking place in nanocrystalline

GBs, when no thermally activated GB mechanisms
operate. Our intent was twofold: (i) to gain understand-

ing of the constitutive response of a GB at the nano-
scale, and (ii) to identify a structure parameter

relevant to nanomechanical response. The paper is di-

vided as follows. Section 2 is intended to review the lit-

erature relative to the mechanical properties of GBs and

to emphasize the recent advances in this field using

atomistic models. Section 3 presents the details of the
computational procedure based on the quasicontinuum

method, used here to simulate the simple shear at zero

temperature of nanosized bicrystals containing a GB.

In Section 4, we report on the results of simulations per-

formed on 18 Æ110æ symmetric tilt GBs and 2 Æ110æ
asymmetric tilt GBs using the interatomic potential for

Cu and Al. In Section 5, we show the existence of a

structural unit in the GB period responsible for the on-
set of GB sliding by atomic shuffling. In light of this re-

sult, we discuss in this section the effects of GB structure

and metal potential on the mechanical response at the

nanoscale of GBs under simple shear.
2. Review on the mechanical response of crystalline

interfaces at nanoscale

2.1. GB structure and energetics

The works of Kumar et al. [24], Stern et al. [28], and

Van Swygenhoven et al. [29] provide support for the

hypothesis that GB structure in nanocrystalline metals

does not strongly differ from that found in coarse-

grained metals. In the above studies, it has been found
that nanocrystalline metals have a large degree of order,

and are made of structural units, which are usually ob-

served in conventional high-angle GBs. For low-angle

boundaries, GB dislocation networks have also been ob-

served in nanocrystalline metals regardless of the grain

size [29]. These results preclude nanocrystalline inter-

faces being highly disordered, amorphous-like bound-

aries. Therefore, conclusions drawn in the present
study on the basis of nanoscale bicrystals with well-con-

trolled GB structures are to some extent representative

of generic nanocrystalline interfaces. Strong correlations

are known to prevail between structure and energy in

GBs [30–33]. In particular, Wolf [34] has demonstrated

using molecular dynamics calculations that the correla-

tion between energy and volume expansion of relaxed

GBs does not significantly change if the GB character
is symmetric, asymmetric, tilt, twist, special or random.

This result suggests that the GB energy may be related

to a structure parameter independent of tilt angle, tilt

axis, metal potential, and GB plane orientation. Earlier

atomistic studies have been focused on symmetric tilt

GB structures, where high-angle boundaries can be de-

scribed using simple structural units [35], and low-angle

boundaries with GB dislocation networks. However, the
overview given by Randle [36] on the generic GB struc-

ture of Cu and Ni boundaries with Æ110æ tilt and R3n
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systems shows that those actual boundaries are asym-

metric. In contrast, Singh and King [37] have equally

observed symmetric and asymmetric in deposited, tex-

tured thin Au films. These observations coupled with

the lack of statistical data currently available on the

GB networks of nanocrystalline materials, suggest that
a better understanding of GB deformation must be

gained on both symmetric and asymmetric tilt GBs.

2.2. Implications of atomic structure on GB deformation

The mechanical response of nanoscale GBs under

shear has been described by Farkas [38] as follows. Most

rigid-body translations around a stable configuration do
not result in a new GB structure but merely induce a dis-

tortion of the existing structure and build-up elastic

stresses in the surrounding crystal lattice. According to

Farkas, a transition to a different structure occurs when

the local shear stress at the boundary reaches a critical

level, necessary to induce GB sliding. Farkas� analysis
suggests considering three constitutive parameters in

the shear response of GBs: (1) the modulus of rigidity
corresponding to the elastic bulk behavior; (2) the max-

imum level of stress before sliding; and (3) the level of

stress after sliding.

It has been shown that the sliding resistance of GBs

depends on both boundary atomic interactions and

GB structure. Dorfman et al. [39,40] for instance have

compared the shear behavior of R3(111) twins in tung-

sten using pairwise or many-body interactions poten-
tials. These authors have concluded that the number

of energy peaks associated with the c-surfaces for this

GB is smaller with pairwise potentials. By means of rig-

idly deforming bicrystals using 2D molecular dynamics,

Chandra and co-workers [41,42] have also proposed

considering a direct correlation between GB energy

and GB sliding distance in Al symmetric tilt boundaries;

here the lower the GB energy, the smaller the sliding dis-
tance. This conclusion is supported by a large number of

studies on thermally activated GB sliding, showing that

faster GB sliding occurs due to higher GB self-diffusion

rates, which correlates with both GB energy and GB

volume [1].

Furthermore, Hoagland and Kurtz [43] and de Kon-

ing et al. [44] have reported that the transmission of lat-

tice dislocations across R11 tilt GBs in Al does
significantly change depending on the degree of symme-

try of the interface, because the distribution and magni-

tude of local energy peaks become highly heterogeneous

in asymmetric GBs. The above results imply that local

energy variations, which are caused by localized struc-

ture changes in the interface, must also be considered

in addition to the average GB energy. The works of

Molteni et al. [45], Suzuki and Mishin [46,47], Kurtz
et al. [48,49], and Derlet et al. [50] on nanocrystalline

metals are in line with this hypothesis. The above
authors have found that the deformation mechanisms

are strongly related to the migration of local, point de-

fects in the interface. Derlet et al. [50] have investigated

in nanocrystals the role of point defects and dislocations

present in the GB regions on the mechanism of partial

dislocation nucleation. Their work has shown that the
emission of partial dislocations from GBs is the conse-

quence of local atom shuffling events and stress-assisted

free volume migration in the boundaries. As a conse-

quence, the deformation of nanocrystalline interfaces

has been found to operate by four fundamental mecha-

nisms: interface migration [45,51], GB sliding accompa-

nied by atom shuffling [46,47], GB-mediated dislocation

emission [50], and/or nanocrack formation at triple junc-
tions [24,52,53].

Finally, it is worth emphasizing the contribution of

athermal effects in the GB sliding behavior of nanocrys-

talline materials. Schiotz and co-workers have simulated

the deformation of nanocrystalline copper in the inter-

granular regime at both zero temperature [15] and finite

temperature [54]. These authors have shown using

molecular dynamics that GB sliding remains the main
deformation mechanism at all grain sizes up to 13 nm,

even at zero temperature. It may be assumed in general

that the strength of GB against sliding is a superposition

of athermal and thermally activated effects. However,

the results of Schiotz and co-workers show that inter-

faces in nanocrystalline metals, where a diffusional

explanation is not relevant at zero temperature, may in-

deed be dominated by the athermal contribution to GB
sliding. While the influence of GB structure on the ther-

mally activated sliding behavior has been well-docu-

mented, it is unclear how GB structure influences the

GB sliding mechanism in the athermal limit. The results

of zero temperature simulations are presented here in or-

der to shed light on this specific aspect.

2.3. Size effects on the mechanical response of crystalline

interfaces

The mechanical response of crystalline interfaces at

the nanoscale, and particularly the maximum boundary

strength, is strongly dependent upon the size of the com-

putational cell under applied loading. This is due to the

fact that boundary constraints play an important role on

the deformation mechanisms triggered from the inter-
face. In an earlier investigation, the present authors have

examined the influence of boundary constraints on the

mechanical behavior of a copper R9(221) symmetric tilt

GB under tension and shear [55]. Atomistic simulations

have been performed on cells containing a bicrystal in

which several crystal lattice planes parallel to, and near

the interface were kept unconstrained, while the remin-

der of the cell had a constrained, homogeneous displace-
ment. The major results of this investigation are

reported in Fig. 1.



Fig. 1. Size effects on the maximum strength and deformation

mechanisms of a R9(221) symmetric Æ110æ tilt GB in Cu under

tension or shear loading. Results reported in Ref. [55].
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Under shear displacement, it has been observed that

the maximum boundary strength decreases up to 70%

as the number of free crystal lattice planes near the

GB is increased. The loss of boundary strength in this
case was accompanied by a change of deformation

mechanism from quasi-cleavage fracture to GB atom

shuffling process and, subsequently, to atom shuffling

plus bulk crystal plasticity in the form of partial disloca-

tions emitted from the GB. In contrast, under tension,

GB atom shuffling processes were absent; here the defor-

mation mechanism varied directly from cleavage to bulk

crystal plasticity, and the loss of boundary strength was
only of 20%. This indicates that GB-mediated plasticity,

i.e., in this context, GB atom shuffling, causes a strong

decrease of the maximum GB strength. In addition, it

has been shown that, in this GB-mediated regime, the

maximum shear stress was constant regardless of the

size of the model, while crystal lattice plasticity was ab-

sent. The following conclusions can be drawn from the

above investigation: (1) the mechanical behavior of a
bicrystal containing a GB at its center combines inter-

face behavior and crystal lattice plasticity; nanoscale

crystal plasticity is GB-mediated by non-local deforma-

tion gradients emerging from interface processes; (2)

atomic-scale shuffling in the GB region strongly impacts

on the maximum GB strength; and (3) size effects on the

mechanical response of nanoscale GBs are significant

under shear loading only.
3. Computational technique

A cell containing a bicrystal with a GB at its center is

simulated using the quasicontinuum method developed
by Tadmor and co-workers [56–58]. The quasicontin-

uum method is a molecular static technique finding the

solution of equilibrium atomic configurations by energy

minimization, given externally imposed forces or dis-

placements. The problem is modeled without explicitly

representing every atom in the cell; here regions of small
deformation gradients are treated as a continuum media

by the finite element method. For example, the quas-

icontinuum mesh for a R27(552) Æ110æ symmetric tilt

bicrystal in Cu is shown in Fig. 2. It is worth emphasiz-

ing that in this scheme the connection between contin-

uum and full atomistic is made in a seamless manner,

i.e., that there is no discontinuity in the energy state at

the continuum/atomistic frontier. A detailed overview
of the quasicontinuum implementation is given in

Ref. [58]. The constitutive law in continuum and atom-

istic domains is an embedded-atom-method (EAM) po-

tential. The EAM potential provided by Foiles et al. [59]

for Cu and that from Ercolessi and Adams [60] for Al

are used here. These potentials lead to cutoff distances

of 4.950 and 5.558 Å, respectively. The atoms in the

GB region are all represented within a distance from
the GB plane equal to 7.5 times the potential cutoff dis-

tance. A typical simulation is performed with less than

8000 nodes.

Each bicrystal is constructed using the coincident site

lattice (CSL) model and the Bravais lattice cell [61] as

follows. The simulation cell is considered quasi-planar

with only one repeated CSL cell along the tilt vector,

c, contained in the GB plane. This constraint is imposed
by the current implementation of the quasicontinuum

method. The investigated tilt axis is along the [110]

direction. The tilt angle of the upper and lower grains,

referred to as w and w 0 in the following, is defined by

the angle between the [110] crystal direction and the

normal n of the GB plane; see Fig. 3(a). Two types of tilt

GB structure are studied: symmetric GBs (w = w 0) and

asymmetric GBs (w 6¼ w 0). The CSL cell is repeated peri-
odically along the n and n � c axes such that the size of

each grain is kept between 50 and 70 Å along the n direc-

tion, and a mesh aspect ratio is maintained close to 4.

The latter condition is used in order to avoid discrepan-

cies in the force/energy calculations because of free sur-

face effects [62]. The minimum dimensions for the entire

bicrystal at equilibrium are about 400 Å · 100 Å · 5 Å.

The simulation cell is relaxed under zero force lattice
static at zero temperature in order to obtain the lowest

state of energy for a given GB configuration. In this pro-

cess, all atoms in line at the bottom of the lower grain

are constrained, thereby avoiding crystal rotation. The

energy minimization process is performed using a conju-

gate gradient method. The total energy is minimized un-

til the addition of out-of-balance forces over the entire

system is found less than 10�3 eV/Å. Before relaxation,
a spacing of 3 Å is introduced in the n direction between

the grains allowing for GB volume expansion and trans-



Fig. 2. Quasicontinuum model of a R27(552) symmetric tilt grain boundary in copper. Dark-colored atoms are in perfect fcc crystal lattice

(centrosymmetry parameter = 0). Bright-colored atoms are in the vicinity of crystal defects, stacking faults and free surfaces (centrosymmetry

parameter > 0.25). The crystals orientation and grain boundary position after relaxation are indicated. Two periods of boundary structural units

(A:E:E:A:E:E) are also represented in the grain boundary region.

Fig. 3. Boundary conditions of (a) zero force lattice statics for 0 K equilibrium GB structure and (b) simple shear loading.
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verse shifting of the upper grain relative to the lower

grain during energy minimization. Because the initial

grain shifting may also cause to reach a metastable

GB structures, several initial configurations are tested,

provided that one of the initial configurations leads to

the lowest state in energy after atomic relaxation. The

initial shift vector in these configurations is defined by

the displacement-shift-complete lattice [61]. Only the re-
sults obtained for GBs with the lowest state of energy

are reported in the following. In addition, it is shown be-

low that the equilibrium structures obtained by this

technique are in excellent agreement with those found

using conventional molecular dynamics on symmetric
tilt GBs [35] and asymmetric tilt GBs [38,44] in face-cen-

tered cubic (fcc) metals. Simple homogeneous shear is

performed by straining the relaxed bicrystal in a series

of incremental shear displacement on the top line of

atoms in the upper grain along the n � c direction,

which is parallel to the GB plane as shown in

Fig. 3(b). The atoms on the right and left sides of the cell

are free of constraints. Between each load step, the
strain increment is kept less than 0.15%, and a new en-

ergy minimization is performed. The bottom line of

atoms in the lower grain is kept fixed in all directions.

The top line of atoms in the upper grain is fixed in the

n direction. The latter boundary condition was found
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to have negligible impact on the calculated shear stress,

while maintaining a certain degree of homogeneity in the

deformation patterns over the entire GB length. The dis-

placement of all atoms in the simulation cell is con-

strained along the tilt direction, c. The shear strain c is

given by:

c ¼ arctan
d
Leff

� �
:

In this expression, d is the imposed shear displacement.

Leff is the size of the unconstrained atomic region. The

GB energy is calculated by subtracting the bulk single

crystal energy to the bicrystal energy and dividing by

the GB area. To limit surface effects in the energy calcu-

lation, only 80% of the bicrystal is considered, therefore

excluding atoms near free surfaces.

Details on the calculation of stress and analysis of
deformation processes are described in this section.

The definition of virial stress [63] agrees with the contin-

uum definition of stress in the case of uniform strains in

a bulk crystal. It has been recognized, however, that the

virial definition can be significantly different from the

continuum stress near free surfaces [64]. In light of this

fact, the present authors have exercised caution in mak-

ing any direct comparisons between the atomic-level and
continuum definitions of stress, because the current

problem contains significant free surfaces. In the present

study, the shear stress is calculated by adding the resid-

ual forces at the top of the upper grain and dividing by

the GB area. Similar to the calculations of GB energy,

only 80% of the bicrystal is considered in the stress cal-

culation; see above. The current procedure can be inter-

preted as an estimate of the average ‘‘far-field’’ stress
without the need for the calculation of local stress vari-

ations across the boundary. Despite the approximation

made in the stress definition, the authors have shown

in earlier works [55] that the calculated stress is in excel-
Table 1

Constitutive parameters of copper tilt grain boundaries under shear

Type (hkl) GB plane w + w 0 (�) Energy (mJ/m2) Structural

unit period

STGB R27(552) 31.58 870 |AEEAEE|

R33(441) 20.04 863 |AAEAAE|

R9(221) 38.94 833 |EE|

R11(332) 50.48 699 |DEDE|

R27(115) 148.4 699 |CBA|a

R73(661) 13.44 674 |A 0A 0E 0A 0A 0 |a

R33(554) 59.00 488 |DDDE00DDD

R11(113) 129.52 309 |CC|a

R3(111) 70.52 9 |D|a

ATGB R11(225)/(441) 39.52 680 |CDCDA0 |
R121(110)/(7712) 39.52 701 |DA0DACDD

. . .EDDDACE

STGB, symmetric tilt grain boundary; ATGB, asymmetric tilt grain bounda
a Structural unit period with mirror symmetry across the interface.
lent agreement with the average stress obtained on

molecular dynamics studies of single crystal. Interest-

ingly, this agreement holds even with GB structures;

see for comparison the results obtained by Spearot et al.

[65] using molecular dynamics simulations. In order to

detect planar defects and GB structure with respect to
the elastically deformed crystal domain, the centrosym-

metry parameter P proposed by Kelchner et al. [66] is

used in accordance with the following definition:

P ¼
X
i¼1;6

jRi þ Riþ6j2;

where Ri and Ri+6 are the vectors or bonds correspond-

ing to the six pairs of opposite nearest neighbors in a 3D

fcc lattice. We modified this expression in the case of a

quasi-2D lattice by calculating the centrosymmetry

parameter on three pairs of closest neighbors projected
in the tilt plane. In practice, we find that a threshold

of P = 0.25 allows for the detection of a stacking fault

left behind partial dislocations in Cu and Al. For other

type of defects, i.e., point defects, full dislocation, and

free surface atoms, the centrosymmetry parameter is

found to be greater than 0.25. The atoms are colored

according to the value of the centrosymmetry, appearing

in dark color with perfect fcc stacking (P < 0.25) and in
bright color with crystal defects (P > 0.25).
4. Results

4.1. Atomic structure and energy of grain boundaries at

equilibrium

Nine Æ110æ symmetric tilt GB configurations corre-

sponding to different misorientation angles (w = w 0)

were created in both Cu and Al. The GB energy and

structural unit period calculated from those configura-
Mechanical behavior

rmax (GPa) rd (GPa) Deformation mode

2.07 1.23 GB shuffling and partial nucleation

1.90 0.87 GB shuffling only

1.39 0.62 GB shuffling and partial nucleation

1.68 0.96 GB shuffling and partial nucleation

2.96 0.96 GB migration

1.03 0.85 GB migration

E00 | 1.61 1.14 Dissociated stacking faults from GB

5.41 2.56 Partial nucleation from GB

2.35 1.22 Twin migration

3.08 2.73 Dissociated stacking faults from GB

D. . .

DD|

1.55 1.29 GB shuffling only

ry.



Table 2

Constitutive parameters of aluminum symmetric tilt grain boundaries (STGB) under shear

Type (hkl) GB plane w + w 0 (�) Energy (mJ/m2) Structural unit period Mechanical behavior

rmax (GPa) rd (GPa) Deformation mode

STGB R27(552) 31.58 490 |AEEAEE| 1.17 1.01 GB shuffling only

R9(221) 38.94 483 |CB|a 0.63 0.42 GB migration

R33(441) 20.04 427 |E 0E 0A|a 1.99 1.64 GB migration

R11(332) 50.48 407 |DEDE| 1.66 0.81 GB shuffling and twin emission

R27(115) 148.4 389 |BB|a 3.50 1.89 Partial nucleation from GB

R73(661) 13.44 376 |A 0A0E 0A0A0 | 2.39 2.21 Point defects migration

R33(554) 59.00 290 |DDDE00DDDE00 | 1.19 1.18 Dissociated stacking faults

R11(113) 129.52 131 |CC|a 3.11 2.59 Partial nucleation from GB

R3(111) 70.52 59 |D|a 1.05 0.76 Twin migration

a Structural unit period with mirror symmetry across the interface.

Fig. 4. Grain boundary energies of the 0 K equilibrium structure for

Æ110æ symmetric tilt grain boundaries investigated in (a) copper and

(b) aluminum, as a function of tilt angle between grains. Calculated

energies are compared to reference energies obtained on quasi-planar

embedded-atom-method molecular dynamics simulations.
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tions at 0 K equilibrium are given in Tables 1 and 2 for

Cu and Al, respectively. The coincident site parameter R
corresponds to the reciprocal density of coincident sites

at the interface of two grains. The R value of the high-

angle GBs studied here ranges from 3 to 33, while the

unique boundary with low misorientation angle (13.4�)
has a R value of 73. The GB energies are represented
in Fig. 4 as a function of the tilt angle. It is shown in this

figure that the calculated energies are in excellent agree-

ment with the reference energies determined in earlier

studies using quasi-planar molecular dynamics [32,41].

It is important to note that the GB energy strongly var-

ies with respect to the misorientation angle, i.e., cusps in

the energy state associated with the Æ110æ tilt axis exist
for the R3(111) coherent twin and R11(113) boundary
at a tilt angle of 70.52� and 59.00�, respectively. Fig. 4
also reveals that for the same grain misorientation, the

corresponding GB energy is almost twofold larger in

Cu than in Al. The GB energies vary from 9 to

870 mJ/m2 for Cu and from 59 to 490 mJ/m2 for Al.

With fcc R tilt GBs, each interface promotes a structural

period made of a small number of individual structural

units. In the current investigation, we found seven com-
pact structural units in the interfaces, which were also

reported by Rittner and Seidman [35] in Ni, and Suzuki

and Mishin [47] in Cu and Al. Those structural units are

illustrated in Fig. 5 on the period of four investigated

GBs. While two structural units (A and C) are made

of four atoms placed in diamond, the B structural unit

connects nine atoms by a hexagonal prism. The D struc-

tural unit is a simple stacking fault line linking two
atoms. A structural unit playing a key role on mechan-

ical behavior, as shown in the next sections, is the E

structural unit composed of six atoms interconnected

by a capped trigonal prism. The E 0 structural unit is a

rotated and elongated E structural unit which has a mir-

ror symmetry across the interface. Similarly, the A 0

structural unit is an A structural unit rotated by 90�.
Additionally, we found in Cu and Al a structural unit,
referred to as E00 in the following, which is the combina-
tion of the E structural unit with an intrinsic stacking

fault extending over few atomic planes in the crystal;

see Fig. 5(d). As shown in Tables 1 and 2, the E struc-

tural units were often found in the period of high-energy

GBs such as R27(552) or R9(221). This is due to the

delocalized, asymmetric character of this structural unit

as well as to the large volume expansion needed to
accommodate this unit. GBs with mirror symmetry



Fig. 5. Illustration of eight individual structural units (A,A 0,B,C,D,E,E 0,E00) composing the period of RÆ110æ symmetric tilt GBs in fcc metals at 0 K

equilibrium: (a) R27(115) GB in Cu; (b) R11(332) GB in Cu; (c) R33(441) GB in Al; and (d) R33(554) GB in Cu. Dark and open circles are atoms on

two different ð1�10Þ planes.
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across the interface are marked by an asterisk in those

tables. The latter type of boundary was preferentially

found in Al or with low-energy boundaries in Cu. For

the same GB configuration and tilt misorientation, it is

worth noting that the structural unit period tends to

change between Cu and Al when the GB energy be-

comes relatively high with the notable exception of the
R27(552) symmetric GB. For instance, it is shown in

Table 1 that the R9(221) symmetric GB in Cu exhibit

the period |EE| without mirror symmetry across the

interface, while in Table 2 the same boundary is found

having a period |CB| with mirror symmetry. It will be

shown below that the change of GB structure with re-

spect to the metal potential has a profound impact on

the deformation mode of the GB.
The structure of R11(225)/(441) and R121(110)/

(7712) Æ110æ asymmetric GBs was also investigated in

Cu; see Fig. 6. These GBs were also studied by de Kon-

ing et al. [44] in Al and by Farkas [38] in nanocrystalline

Ni, respectively. The energy of the R11(225)/(441) GB

was found to be equal to 680 mJ/m2 in Cu, while that

of the R121(110)/(7712) GB is 701 mJ/m2. It is note-

worthy that the energy calculated on these non-special,
asymmetric boundaries is slightly smaller than the max-

imum GB energy found on special, symmetric bound-

aries. This provides some support to the idea that the

energy of special GBs is not fundamentally different

from that in random nanocrystalline interfaces. The

structural unit period of the R11(225)/(441) GB in-

volves A 0, C, and D structural units. The period of the
R121(110)/(7712) GB is more complex, and involves

a combination of A, A 0, C, D, and E structural units.

Our results show the dissociation at equilibrium of the

asymmetric GBs into stacking faults emanating from

the GB (Shockley partials), while the GB structures re-

ported in the literature in Al and Ni did not present this

effect. This discrepancy can be interpreted by the fact

that different interatomic potentials have been used for
Al and Ni, which were associated with higher stacking

fault energies than for the Cu potential used in the pres-

ent study.

4.2. Mechanical response for different GB structures

This section focuses on the evolution of the average

stress for different bicrystals as a function of the ap-



Fig. 6. Structural unit period of Æ110æ asymmetric tilt GBs investigated in Cu: (a) R11(225)/(441) GB; and (b) R121(110)/(7712) GB.
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plied shear strain. Fig. 7 shows the mechanical re-

sponse of four GBs under shear at zero temperature.

This figure reveals two trends which can be described
as follows. As shear strains are applied, each bicrystal

initially deforms elastically; here stress and strain are

proportional with a modulus of rigidity, G. Subse-

quently, the simulation cell reaches a maximum level

of stress rmax, occurring in Fig. 7(a) for a shear strain

c of about 4%, after which the curve drops abruptly

from rmax to the value rd, more so for Cu than Al.

In the trend shown in Fig. 7(a), the stress relaxation
is associated with the sliding of the GB. This is fol-

lowed for increased shear strains by a less smooth

stress profile; however, the stress curve tends to form

a plateau. This behavior, which is found for instance
Fig. 7. Mechanical response under shear of: (a) R27(552) symmetric tilt grai

The onset of boundary sliding or boundary migration starts where indicated
in the shear of the high-energy R27(552) symmetric

GB, is somewhat reminiscent of a stick–slip process.

The trend shown in Fig. 7(b) is different from the
above response because the first stress relaxation is fol-

lowed by a new elastic loading step associated with the

same modulus of rigidity. When rmax is reached a sec-

ond time, the stress drops again, and the process re-

peats itself as above. This type of behavior was

found associated with the migration of the GB in the

direction perpendicular to the interface, and as a con-

sequence, this constitutive response is referred to as
migration-type in the following. In both stick–slip

and migration-type responses, the modulus of rigidity

has limited variations with respect to the GB structure.

The modulus of rigidity was found equal to
n boundary; and (b) R3(111) twin boundary in copper and aluminum.

.
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48.6 ± 8.5 GPa in Cu and 29.7 ± 3.4 GPa in Al. The

critical stress values rmax and rd are given for each

GB in Tables 1 and 2. Those values are found to

change significantly based on the GB configuration.

Qualitatively, it can be observed that rmax has a higher

value in Cu than Al except for the R33(554) symmet-
ric GB. The latter may be due to the presence of stack-

ing faults which extend further away from the interface

in Cu than in Al.
Fig. 8. (a) Zero temperature deformation modes of a R27(552) Æ110æ symmet

from after reaching the maximum applied stress (load steps 1 and 2); partial d

(b) Enlarged region of GB atom shuffling processes with arrows indicatin

emphasizing the site of E structural units. (c) Enlarged region of partial disl
4.3. Analysis of deformation mechanisms in relation to the

mechanical response

The simulation performed on the GB structures

examined above led to three predominant modes of

deformation, which have also been reported in the liter-
ature on nanocrystalline metals. The deformation mech-

anisms are summarized for each boundary in Tables 1

and 2. Associated with the mechanical response shown
ric tilt GB in Cu; uncorrelated atom shuffling of the interface occurring

islocation emission from the GB occurring subsequently (steps 3 to 4).

g the incremental displacement from load steps 1 to 2, and circles

ocation emission from GB.
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in Fig. 7(a), we observed that the stress relaxation

accompanying GB sliding results from atomic shuffling

events localized in the boundary. This is shown in Figs.

8(a) and (b) with the deformation of a R27(552) sym-

metric tilt GB in Cu. Arrows in Fig. 8(b) indicate the

direction and magnitude of the displacement for each
boundary atom between two load steps taken before

and after reaching rmax. It is shown in step 2 of this fig-

ure that the behavior of a few GB atoms is uncorrelated

with the reminder of the bicrystal, where atoms are

homogeneously shifted parallel to the interface. It

should be emphasized that the centrosymmetry is not

changed in the grains during atom shuffling, indicating

that this process of deformation is localized at the inter-
face. For clarity, we circled the regions of atomic shuf-

fling. The figure also shows that atom shuffling events

are initiated from E structural units. During this pro-

cess, we observed that a free volume left by one of the

E structural units, moves within the boundary, as the

strain increases. In the second stage of deformation of

the R27(552) symmetric GB corresponding to strains

exceeding 4%, the free volume regions travel by addi-
tional shuffling. Fig. 8(c) shows that a free volume which

is circled is the site for the nucleation and propagation

of a partial dislocation. The emitted partial dislocation

is seen in step 4 of this figure with the bright-colored

atoms pointing out a stacking fault left behind the dislo-

cation in the upper crystal. It is important to note that in

some GB configurations such as the R27(115) symmet-

ric GB or R11(113) symmetric GB in Al, atom shuffling
is absent, and the bicrystal deforms only by the nucle-

ation of partial dislocations from the interface. In those

cases, the maximum GB strength against shear was

found to be significantly high.

The second mode of GB motion related to the curves

shown in Fig. 7(b) corresponds to the collective atom
Fig. 9. Deformation of a R27(115) symmetric tilt grain boundary in copp
migration of the interface perpendicular to the loading

direction; see Fig. 9. In this process, the interface mi-

grates discontinuously as the shear is applied, i.e., the

bicrystal deforms elastically up to the level of stress

rmax, subsequently leading to sudden GB migrations.

The deformation mode of the R33(554) symmetric
GBs in Al and Cu is an exception to the above mecha-

nisms. The R33(554) symmetric GBs, which were ini-

tially dissociated into extended stacking faults after

equilibrium, were found to deform by the propagation

of the dissociated faults in the crystal, and neither shuf-

fling nor migration processes occur in this case.

Tables 1 and 2 reveal a strong correlation between the

occurrence of GB sliding by atom shuffling, and the
presence of E structural units in the GB period regard-

less of tilt orientation, symmetry or metal potential. This

aspect will be discussed in the next section. It also ap-

pears clearly that the maximum shear strength rmax of

GBs sliding by atomic shuffling has slight variations,

but no correlation with respect to the initial GB config-

uration. To put this result into perspective, the maxi-

mum shear stress for different sliding boundaries was
represented in Fig. 10 as a function of the GB energy

E. The latter was normalized by the product of the mod-

ulus of rigidity and the crystal lattice G · a as suggested

in Ref. [47] when comparing different metal potentials.

In this figure, the average value of maximum shear

strength is found equal 1.63 GPa with small variations

of ±0.46 GPa. However, no general trends between

maximum shear strength and structure were found for
GBs which do not slide, but deform by migration or

the nucleation of partial dislocations only. Finally, the

magnitude of the stress relaxation |rmax � rd| appears
higher in Cu than in Al regardless of the GB structure.

The average relaxation was found equal to 0.96 GPa

in Cu, and 0.46 GPa in Al.
er resulting in collective atom migration at maximum applied stress.



Fig. 10. Maximum shear strength of RÆ110æ tilt bicrystals sliding by

atom shuffling at the interface as a function of the normalized GB

energy, E/(G · a).
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5. Discussion

5.1. Structural unit conditioning GB sliding

GB sliding processes in the athermal limit were found
to operate at nanoscale by atomic shuffling events local-

ized at the interface, which is in line with reports in the

literature on the deformation of nanocrystalline metals.

One of the main findings in this study is that a direct

correlation exists between the onset of GB sliding and

the presence of E structural units in the GB period.

The boundaries containing E structural units tend to

be high-energy boundaries because this unit causes pro-
nounced GB expansion to accommodate large free vol-

umes. The present study also demonstrates that the

GB energy alone cannot be used to determine the pro-

pensity for a GB to slide at zero temperature, which dif-

fers from the usual explanation established by previous

atomistic studies [41,42] involving thermal effects. An

obvious example is given in the following for Al. The

R27(552) symmetric GB, which has the highest state
of energy at equilibrium (490 mJ/m2), and the

R11(332) symmetric GB are the only Al boundaries

deforming by GB sliding. The R11(332) symmetric

GB, however, has a smaller state of energy at equilib-

rium (407 mJ/m2) than the R9(221) symmetric GB

(487 mJ/m2) or R33(441) symmetric GB (427 mJ/m2).

The latter boundaries do not present any E structural

units and deform by GB migration in Al, implying that
the structural unit rather than the GB energy is a perti-

nent parameter here.

An evidence of structural relevance is also found with

four of the GBs in Cu having close GB energies: the

R11(332) symmetric GB (699 mJ/m2), the R27(115)
symmetric GB (699 mJ/m2), the R121(110)/(7712)
asymmetric GB (701 mJ/m2), and the R11(225)/(441)
asymmetric GB (680 mJ/m2). Both R11(332) symmetric
GB and R121(110)/(7712) asymmetric GB promote GB

sliding by atom shuffling, as opposed to the R27(115)
symmetric GB and R11(225)/(441) asymmetric GB,

which deform by GB migration and propagation of dis-

sociated stacking faults, respectively. It is important to

note that the structural unit period of the former GBs
is made of two E structural units from which the onset

of atom shuffling was observed. It should also be noticed

that the presence of dissociated stacking faults seen after

equilibrium of certain interfaces, which often form E00

structural units from the core of E structural units,

seems to prevent atom shuffling; here the dissociated

stacking faults simply propagate in the grains when a

shear strain is applied. It is noteworthy that GBs made
of E00 structural units such as the R33(554) symmetric

GB have relatively small energies (488 mJ/m2 in Cu

and 290 mJ/m2 in Al).

In summary, the onset of GB sliding at the nanoscale

is found to occur in R tilt GBs whenever the GB struc-

ture is associated to relatively high GB energies and E

structural units. At zero temperature, while a high GB

energy seems necessary for triggering GB sliding, it is
not a sufficient parameter.
5.2. Resistance against GB sliding in the athermal limit

At the nanoscale, the simple shear behavior of a slid-

ing GB is reminiscent of a stick–slip process. This

emphasizes the necessity to allow for the stress relaxa-

tion of the boundary in the determination of GB
mechanical properties using atomistic simulations. As

shear strains increase, elastic strains build up until a

maximum stress is reached; thereby leading to a new

GB configuration. This new configuration is obtained

by atomic shuffling of the interface through the mecha-

nism described above. The maximum shear stress

reached before GB sliding is referred to as GB sliding

strength in the following. An important conclusion of
this investigation is that the GB sliding strength varies

slightly at 0 K, but with no direct correlation with re-

spect to the GB structure at equilibrium. Its average va-

lue was found to be equal to 1.63 GPa with small

variations in stress of ± 0.46 GPa. This result can be

interpreted by considering the E structural unit as

vacancies located in the boundary. In their work on

the diffusion of points defects in fcc GBs, Suzuki and
Mishin [46,47] have shown that the energy for vacancy

migration becomes high if the vacancy is moved toward

the crystal bulk; thereby, vacancy migration remains

short-range, and always confined within a few layers

near the boundary. Therefore, the stress-induced migra-

tion behavior of vacancies in GBs, as suggested by

Suzuki and Mishin, should not be considered influenced

by the delocalization of the vacancies, regardless of the
initial GB configuration.
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We have also observed no direct correlation of the

number of E structural units on the GB sliding strength.

This result suggests that a local analysis of the stress dis-

tribution along the interface would be a better way to

interpret the change in mechanical strength between dif-

ferent GB configurations. This is in line with the fact
that, in our model without diffusional assumption, the

structure of GBs has a more complex influence on GB

sliding than if thermal effects were considered. It would

be worth analyzing the GB-mediated behavior of nano-

structured metals on the same basis, since athermal ef-

fects may also become significant on the interface

sliding of this class of materials [15,54].

It can be pointed out once more that not all GB struc-
tures lead to sliding, for which case the mechanisms of

GB migration or nucleation of partial dislocations from

the GB are favored. A second important observation is

that the behavior of GBs deforming by the latter modes

is more significantly influenced by the crystal bulk rather

than by the GB structure itself. In the current study, this

assumption is supported by the fact that no relation be-

tween GB structure and strength could be directly estab-
lished for those modes of deformation.

5.3. Effects of metal potential on GB deformation

The effects of metal potential are evident on the GB

energy at equilibrium as well as on the stress relaxation

after reaching rmax. For the same initial configuration,

the GB energy is found to be twofold less in Al than in
Cu at equilibrium. One possible explanation is the ten-

dency of high-energy GBs to relax differently in Cu and

Al, thereby leading to different GB structures at equi-

librium. This result may also be correlated to the differ-

ence in the planar stacking fault energy between the

two metals. On the other hand, the differences in stress

relaxation may rather be associated, as suggested by

Van Swygenhoven et al. [8] for nanocrystalline slip,
by the difference in the ratio between the unstable

stacking fault energy and the planar stacking fault en-

ergy of the grains. This is in accordance with the fact

that the R11(332) symmetric GB was found to nucleate

only partial dislocations in Cu, but also mechanical

twins in Al at the same level of stress, 1.68 and

1.66 GPa, respectively. Furthermore, the R11(113)
symmetric GBs deform by emitting partial dislocations
without atomic shuffling in both Al and Cu. In this

example, the first partial dislocation is emitted at a

stress value of 5.41 and 3.11 GPa in Cu and Al, respec-

tively, but the stress relaxes to the same level of

2.6 GPa in both materials. It may be envisaged on this

basis that it is easier in Al to nucleate a trailing partial,

which will subsequently cause mechanical twinning,

than in Cu because the stress relaxation is less signifi-
cant in Al. This observation provides additional in-

sights to explain the differences obtained in the onset
of crystal slip in nanocrystalline metals, with respect

to the metal potential used.
6. Conclusions

A series of quasicontinuum simulations have been

performed to understand the mechanical response at

zero temperature of a GB at the nanoscale in Cu and

Al. Twenty Æ110æ tilt GB configurations have been

tested under simple shear. The principal conclusions of

this investigation can be drawn as follows.

The modes of deformation of R tilt GBs in Cu and

Al were found to operate by GB sliding caused by the
atomic shuffling of the interface, collective GB migra-

tion, or nucleation of stacking faults and dislocations

from the interface to the grains. Our major observa-

tion is that the onset of GB sliding is directly linked

to the presence of E structural units in the GB period.

In the athermal limit, while a high GB energy seems

necessary for triggering GB sliding, it is demonstrated

that the GB energy is not a sufficient parameter.
Additionally, the GB sliding strength corresponding

to the maximum shear stress before atomic shuffling

is found to vary slightly, but with no direct correla-

tion with respect to the equilibrium GB structure or

metal potential.

These results provide additional insights to design

nanostructured metals made of nano-sized grains, and

supplement our understanding of GB sliding when no
thermally activated mechanisms operate. It is acknowl-

edged that, for small grain sizes (<15 nm), intragranular

plastic deformation is almost absent, and the strength

and ductility of nanostructured metals is GB-mediated.

The results of this investigation suggest that improved

ductility can be achieved by forming GBs containing

particular structural units which favor the onset GB

sliding by atomic shuffling. However, it is not clear at
present how the observed variations in GB sliding

strength impact the overall strength of nanostructured

metals.
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