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Abstract—The intergranular fracture toughness of plastic deformable crystalline materials is strongly controlled by the plastic work ahead of the
intergranular crack tip. Therefore, in studies of intergranular fracture toughness, the grain boundaries (GBs) should be regarded as both a cleavage
plane and dislocation source. Combining continuum analyses and atomic simulations, this study investigates the atomic-scale mechanism of inter-
granular crack tip plasticity in aluminum h112i tilt GBs as an effective dislocation source. To quantitatively predict the first plastic deformation near
the intergranular crack tip, we first model the dislocation emission from the GBs ahead of the intergranular crack tip and analytically derive the
critical stress intensity factor. If the predicted first plastic phenomenon is dislocation emission from the GBs, the resulting wedge disclination can
shield the stress field near the crack. Dislocation emissions from the crack tip are accompanied by dislocation emissions from the GBs, despite
the predicted difficulty of the latter. The lattice defect evolution nucleates a nanograin with a disclination at the triple-junction ahead of the crack
tip, which can weaken the mechanical field near the crack tip. Consequently, when improving the intergranular fracture toughness of materials, the
role of GBs as dislocation sources cannot be ignored.
� 2015 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.
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1. Introduction

Owing to recent progress in manufacturing technology,
nanostructured materials (NSMs) can now be manufac-
tured in bulk [1]. NSMs include ultrafine-grained (UFG)
materials [2], bimodal materials [3], and nanotwinned Cu
[4]. To apply NSMs in high-strength, high-toughness struc-
tural components, we must understand their fracture phe-
nomena [5–7]. Traditionally, fracture toughness is simply
estimated from the relationship between the crack exten-
sion force and the resistance of the material [8]. In general,
the former can be calculated within a continuum mechanics
framework, whereas the latter is determined by physical
properties such as the strength of interatomic bonding
ahead of the crack tip. NSMs are characterized by a large
volume fraction of grain boundary (GB) regions, the natu-
ral sites of cleavage fracture. Therefore, to understand the
fracture toughness of NSMs in the above context, we must
investigate the resistance of NSMs to both intragranular
and intergranular cracking. Furthermore, since NSMs can
plastically deform, we must consider the GB-related plastic
phenomena ahead of intergranular crack tips.

First, we consider the transgranular fracture of plastic
deformable materials in the absence of any GB effects.
Based on the energy balance approach, crack propagation
should satisfy the following condition [9–10]:

Gc ¼ G > 2cs þ cp: ð1Þ

Here G represents the strain energy release rate correspond-
ing to the crack extension force and 2cs + cp represents the
effective surface energy corresponding to the crack exten-
sion resistance. cs and cp represent the surface energy and
the work done by plastic strain near the crack tip, respec-
tively. A more specific description of plastic deformation
that admits dislocations is provided by the stress intensity
factor (SIF) approach. According to Griffith [11], ideal
cleavage fracture requires that the local SIF k (=K + KD)
be larger than the critical SIF KG; that is,

Kc ¼ K > KG � KD: ð2Þ

Here K and KD are the SIFs caused by the applied stress
and dislocations near the crack tip, respectively. K and
KG � KD can be regarded as the crack extension force
and resistance, respectively. This concept is the well-known
dislocation shielding theory [12]. Because the critical values
of Gc and Kc correspond to the fracture toughness of
deformable materials, materials with high fracture tough-
ness exhibit large plastic strain with many shielding disloca-
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tions near the crack tip. Moreover, the brittle–ductile tran-
sition behavior of materials can be determined by compar-
ing the expansion rates of the crack expansion force and
those of the plastic field.

Next, the influence of GBs on fracture toughness is
incorporated by considering the intergranular fracture. In
this case, a GB cleaves into two new surfaces, and the effec-
tive surface energy in Eq. (1) is modified to (2cs � cgb) + cp

[13], where cgb is the GB energy. Observed fracture tough-
ness values indicate that although the first term depends on
the GB structure [14], it is generally dominated by the sec-
ond term ((2cs � cgb)� cp) [15]; therefore, fracture tough-
ness appears to be relatively unaltered by the GB
structure if cp is a constant parameter of the material. How-
ever, fracture toughness strongly depends on GB segrega-
tion that changes the first term [16], and GB strength is
strongly correlated with GB energy [17], indicating that
GB structure influences the fracture toughness in practice.
These results clearly show the discrepancy between the esti-
mated and observed influence of GB structure on intergran-
ular fracture toughness. To resolve this discrepancy, Jokl
et al. expressed cp as a function of (2cs � cgb) [18]; specifi-
cally, they proposed that the plastic work cp caused by dis-
locations emitted from the crack tip increases with the ideal
cleavage fracture resistance (2cs � cgb). Yamaguchi and
Kameda have explained the strong dependence of the frac-
ture toughness on the type and coverage of segregated sol-
ute observed by the experiments with a thermodynamic
approach aided by first-principles calculations [19].

Apart from forming a cleavage plane, do GBs play other
important roles in the transgranular fracture of NSMs?
Recently, a dislocation source role has been identified for
GBs, providing clues into the unique mechanical properties
of NSMs [20–23]. For example, the fracture toughness of
UFG metals is improved at low temperatures [24,25]. This
phenomenon may be explained by dislocation emission
from GBs near the transgranular crack tip [26]. Further-
more, atomic simulation studies have elucidated the mech-
anism of dislocation emission from GBs and its dependence
on GB structure [27–29]. These studies have sparked an
interest in GBs as a dislocation source and their effect on
intergranular fracture toughness. Because dislocations
emitted from GBs contribute to the plastic work cp and
their characteristics greatly affect the KD, the relationship
between the intergranular fracture toughness and GB struc-
tures must be reconsidered from the perspective of GBs as a
dislocation source. Such a reinterpretation is essential for
the material design of NSMs based on GB engineering [30].

In this study, we investigate the atomic-scale intergranu-
lar crack tip plasticity in tilt GBs acting as an effective dis-
location source. Our investigation combines continuum
analyses and atomic simulations. In Section 2, after briefly
introducing the GB properties used in the atomic simula-
tions, we model the dislocation emission from GBs ahead
of the intergranular crack tip and analytically derive the
critical SIF. From the critical SIF, we quantitatively predict
the first plastic deformation phenomenon near the inter-
granular crack tip. Section 3 examines the intergranular
crack tip plasticity in atomic simulations and investigates
how the microstructures caused by dislocation emission
from GBs affect the fracture toughness. The investigated
microstructures are a wedge disclination [31] at the GB
and a nanograin with a disclination at the triple junction
near the crack tip. Discussions and conclusions are pre-
sented in Sections 4 and 5, respectively.

2. Theories and computational methods

In this study, we use the theory of isotropic linear elas-
ticity to derive the critical SIF to dislocation emission from
GBs, and predict the first plastic deformation near the
intergranular crack tip in atomic models. Therefore, the
analyzed material is aluminum (Al), which can be consid-
ered as an isotropic elastic body. In the atomic simulations,
we adopt the embedded atom method (EAM) proposed by
Mishin et al. [32]. The anisotropic factor of the atomic
potential, calculated as c44/(c11 � c12), is 1.25.

2.1. Grain boundary structure

The intergranular crack tip plasticity is investigated in
four Al symmetrical h112i tilt GBs: R175, R73, R77, and
R15. These GBs exist close to the stable R11 GB and easily
emit dislocations under tensile loading applied perpendicu-
lar to their planes [29]. The structural and physical proper-
ties of the GBs are summarized in Table 1. The detailed
atomic structures and the dislocation emission mechanism
are briefly described below.

Among the GBs close to the analyzed GBs, the most sta-
ble is R11 GB that misorientation angle hGB = 62.96�. The
structure of R11 GB can be represented by structural units
(SUs; yellow symbols in Fig. 1(a)). This SU is called a B-SU
[29]. The colors in Fig. 1 denote the stacked atomic layers at
different depths along the h112i direction. Note that the
GB has a six-layer periodicity. In terms of the depth of
atoms constituting the B-SU, the periodic structure of

R11 GB is |B1B2B3B4B5B6|. However, because the results
of this study were independent of atomic depth, the depth
information was ignored when determining the GB struc-
ture with SUs. To represent the GB structures of R175,
R73, R77, and R15, we regularly introduce SUs into
R11 GB, as shown in Fig. 1(b–d). This SU is called C-
SU. The density of C-SU and the GB energy increase with
increasing deviation of the misorientation angle Dh from
R11 GB, as shown in Fig. 1 and Table 1. Setting R11 GB
as a reference structure, we can consider C-SU to be a
GB dislocation that forms the deviation from R11 GB [29].

When these GBs are deformed under tensile loading
applied perpendicular to their planes, the GB dislocation
(j) in C-SU decomposes into a lattice edge dislocation (f)
emitted into a grain and glissile GB dislocation (f00) with
a Burgers vector parallel to the GB plane: bj = bf + bf00

(see Fig. 3(b)), e.g., bj = 2
11
½�31�1�, bf = 1

2
½�110�, and

bf00 = 1
22
½�1�7�4� in this study. Since this type of decomposition

rarely occurs under compressive loading, dislocation gener-
ation by GBs is asymmetric. This asymmetry arises from
the relationship between the Burgers vector components
of the lattice dislocation f and the GB dislocation j.
Because dislocation emission transforms C-SU to B-SU,
it structurally transforms the original GB into R11 GB.
The tensile stress required for GB dislocation emission
decreases with increasing spacing h of the C-SUs [29];
hence, dislocations are most easily emitted from R175 GB
in this study.

2.2. Atomic simulation setups

Fig. 2(a) is a schematic of the analysis model used in the
atomic simulations. In all models, initial Ly and Lz are set
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