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A theoretical model is proposed to illustrate the effect of shear-coupled migration of grain boundaries on the emission of lattice
dislocations from a semi-infinite crack tip in nanocrystalline materials. The results obtained show that the shear-coupled migration
process is able to considerably enhance the capability of the crack to emit dislocations, thus leading to strong crack blunting. More-
over, the combination of grain boundary migration and dislocation emission can serve as an effective toughening mechanism in

nanocrystalline materials.
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Nanocrystalline (NC) materials are usually strong
but brittle due to the suppression of the conventional
dislocation slip that dominates in their coarse-grained
counterparts [1]. The characteristic of low ductility has
significantly limited the application of NC materials.
Thus, many scientists have made great efforts in the past
decades to alleviate the strength—ductility trade-off, and
have successfully fabricated some strong and ductile NC
materials [2-6]. Moreover, extensive recent experiments
have shown that stress-driven nanograin growth plays
a significant role in improving the strain hardening
and ductility of NC materials [5,7-9], which provides a
new way to greatly enhance the ductility of NC materi-
als while maintaining their ultrahigh strength.

It has been shown that stress-driven nanograin
growth has two main deformation modes: shear-coupled
migration (SCM) of grain boundaries and nanograin
rotation [10-19]. The SCM mode has been identified
as a general toughening mechanism [20,21], and can
considerably enhance the intrinsic ductility of NC
materials [22,23]. Moreover, our recent study has shown
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that SCM was in favor of the dislocation emission from
the disclinated grain boundaries [24]. Therefore, one
may deduce that SCM could also influence the disloca-
tion emission from a crack tip, thus leading to crack
blunting and abundant activation of dislocations in the
grain interior, and eventually giving rise to the enhanced
ductile feature, which appeared in some NC materials as
observed in experiments [3,5,7,8,25]. In this paper, we
extend the model of Ovid’ko and Sheinerman [26,27]
to investigate the effect of SCM on crack blunting in
NC materials.

Consider a deformed elastically isotropic NC speci-
men, in which a long flat mode I crack is formed under
an applied tensile stress o, as shown in Figure la. For
simplicity, a cracked two-dimensional grain structure
with the crack tip located at the center of the grain
boundary (GB) “AB” (Fig. 1b) is analyzed. The stresses
induced by the crack are assumed to be sufficiently high
to initiate a shear-coupled migration of the GB “AB”
between grains G1 and G2 (Fig. 1c). The GB “AB” is
assumed to migrate in a rectangular grain ABDC (i.e.,
G2 in Fig. 1b) over a distance m normal to GB “AB”
accompanied by a tangential translation s= fim
(p =tan ) (Fig. lc), where the coupling factor f is
defined as the ratio of s to m, i.e., f=s/m [28]. As a
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Figure 1. Lattice dislocation emission from a crack tip induced by the
process of shear-coupled migration of grain boundaries in a deformed
NC solid: (a) general view; (b) initial configuration of grain bound-
aries; and (c) configuration resulting from the dislocation emission
(with Burgers vector b) after the shear-coupled migration, where “AB”
is moved to 4’B’ with an increase of size in grain GI1.

result, the initial GB “AB” is moved to a new location
A'B’. In accordance with the theory of defects in solids,
the shear-coupled migration process would lead to two
dipoles of wedge disclination 44 and BB’ with an arm
[ and strength +w, as indicated by the triangles in Fig-
ure lc. The two dipoles form a disclination quadruple
ABB'A'. The shear-coupled migration of GB “AB”
simultaneously gives rise to an increase and a decrease
in the size of grains G1 and G2, respectively (Fig. 1c).
For simplicity, the length d of “AB” can be taken as
the approximate grain size of the NC specimen.

In order to consider the effect of SCM on crack blunt-
ing in a NC specimen, we assume that, accompanying
the SCM of GB “AB”, several edge dislocations with
Burgers vector b are emitted from the semi-infinite crack
tip along the slip plane inclining at an angle 6 with
respect to the x-axis, as shown in Figure lc. According
to Ovid’ko and Sheinerman [26,27], the emission crite-
rion for the first dislocation is that the effective stress
0%)(r1,0) at ry =r. (r. is the radius of the dislocation
core) should be larger than zero, i.e.,

ol (r,0) + a™(r1,0) + o?y(r1, 0)|r1:rc >0 (1)

where the stress ¢/ (r1, 0) is produced by the applied ten-
sile load near the crack tip, " (r;, 0) depicts the image
stress induced by the crack free surface and o?)(ry, 0) is
the stress induced by the disclination quadruple result-
ing from the shear-coupled migration of GB “AB”.
The first dislocation after emission is assumed to
move along the slip plane and finally stops at the new
GB A'B’, as shown in Figure Ilc. Similarly, the

requirement for emission of the (N+ I)th (N=1, 2,
...) dislocation is:

af()l (rN+17 9) + Girg(rN-Hv 0) + G;{U(VN-%—M 0)

N
+Y 0l (rver, 7, 0) >0 (2)
7=l FN+1=Te

where a¥)(ry11,7;, 0) is the stress exerted by the jth dislo-
cation on the newly emitted one. For simplicity, the
emitted N + 1 dislocations are assumed to be distributed
uniformly along the slip direction.

The expressions for the stresses ¢ (r, 0) and o™ (r, 0)
that appear in Egs. (1) and (2) have been presented in
Ref. [29]; these are

K¢.sin0cos(60/2
oy (r, 0) = =< 2@( 2) (3)
i B Gb
arO(r’ 9) - 47'[(1 - U)I" (4)

where K7 is the effective stress intensity factor due to
the existence of the disclination quadruple and disloca-
tions emitted from the crack tip. The expression of K.
will be given later in Eq. (6). G and v are the shear mod-
ulus and Poisson’s ratio, respectively, and b is the mag-
nitude of the Burgers vector of the emitted dislocations.
The shear stress a,(r,0), ie., o%(ryi1,0) and
oy (ry+1, 75, 0), exerts at the point (r, 0) by a disclination
at point (7;,0;) or a dislocation at point (r,,0) can be
expressed in terms of the Cartesian stress components
O, Oy and oy, as

6.9 = (0, — 0x) sin @ cos 0 + ay, cos(20) (5)

Generally, o, = Reg, ¢,, = —Img, o¢,, = Re(4® — g)
and g = ® + Q + (z — z)@', where ® and Q are two com-
plex functions. The complex functions for the disclina-
tion quadruple and the emitted dislocations are
presented in the Supplementary materials of this paper.

The effective stress intensity factor Kj. in Eq. (3) is
introduced to account for the effect of a local plastic
flow, i.e., the shear-coupled migration of GB “AB”
and the slip of the dislocations emitted from the crack
tip, on crack growth. By modifying a mode I brittle
crack growth criterion, which is based on the balance
between the energy release rate and the energy needed
by a new free surface formation [21,30,31], the effective
stress intensity factor can be expressed as

(< a 2
Keom\/ (Kie)? — (R + KLY — (R + &D) (6)

where K{.=./4Gy,/(1 —v) is the fracture toughness
without considering shear-coupled migration and/or
dislocation emission. &} (k) and k¢ (k{;) are the stress
intensity factors generated by the disclination quadruple
BB'A'A and the emitted dislocations located near the
crack, respectively (Fig. 1c), which can be obtained from
the following definition [29]:

K + ik}y = lim2/2nz0 (2) (7)

where the superscript “r” represents either “q” or “d”,
which indicate either disclination quadruple or
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dislocations emitted from the crack tip, respectively.
Combining Egs. (S1) and (7), we obtain

Go ! : 0, 30,
q__ 1V - J J
kli—zx/ﬁ(l . E (-1) \/7/(3cos—2 +cos—- )

=1

«  Go - i (.oj .30j>
ky 2\[2;(1_‘));( 1) \/7; 51n2+sm > (8)
where r;, 0, are coordinates of the jth disclination (see
Supplementary materials for their expressions); j =1,
2, 3, 4 corresponds to disclination B, B, 4" and 4, respec-
tively, as shown in Figure lc; and 0; € (—n, 7). Simi-
larly, by combining Egs. (S3) and (7), we obtain

Gb y (1)/’( 3.0 3. 39>
K= —=singz ——sin—
! 2\/E(1—V)Z o\ 202 202

=1

a Gb N (—1y (1 0 3 39)
ky 2\/2—1?(17\)); = 2cosz—&-zcos2 )
where N is the number of emitted dislocations and (r4;, 0
is the position of the jth emitted dislocation.

In order to find the maximum number of dislocations
Nmax» Wwe adopt the following procedure: (i) Eq. (1) is
used to verify the emission possibility of the first disloca-
tion; (ii) if Eq. (1) is satisfied, Eq. (2) is then employed to
check the possibility of emission of the second disloca-
tion; (iii) repeat step (ii) for the subsequent impending
dislocations. The following parametric values of NC
Ni are adopted in the present calculation: G = 73 GPa,
v=0.34, y=1.725J/m? b=025nm, r. =2b, v =0.3,
0= /6, o= n/3.

The variation of the maximum number of disloca-
tions Np,ax emitted from the crack tip with the grain size
d for various coupling factors (f =0, 1, 3) and normal
migration distances (m = 5 nm, 8§ nm) are presented in
Figure 2, in which the results for a brittle NC Ni without
considering the SCM process are also included for com-
parison. Figure 2 shows that N, for brittle Ni (without
SCM) increases monotonously from 2 to 4 as the grain
size d is increased from 5 nm to 100 nm, which is in good

+ without SCM
O m=5nm, f=0 X m=5nm, =1

14+ © m=5nm, /=3 p m=8nm, 5=1
12+ >4 "
> o b b
10+ b o < > D> D> D
[ o4 o O >
8t BXX LR
= Pl X X X o0
E 6Ff B0 0 0 0 OXOXOX X X X
Z o o @ @
4+ + + + +
2r +
1]8 i NC Ni: #=0.3, o=n/6, 6=nt/3

0 50 100 150 200
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Figure 2. Variation of the maximum number of edge dislocations Nax
with respect to the grain size d in the case where SCM is a dominating
deformation mode. Various values of migration distance m and
coupling factor f§ are considered; moreover, the case of brittle Ni
(without SCM) is also presented for comparison.

consistency with the results obtained by Ovid’ko and
Sheinerman [26]. Such low values of N, lead to a brit-
tle behavior as commonly observed in NC materials. In
contrast, for a NC Ni with SCM dominating the defor-
mation mode, Ny, first increases to a maximum and
then decreases with increasing grain size. The largest
value of Nn.. corresponds to a critical grain size of
20-30 nm for all the parametric values considered. Most
importantly, the value of N, in a NC Ni with SCM
dominating is much higher than that of the NC Ni with
SCM completely suppressed. Specifically, in the case of
m = 5 nm, the largest value of N, increases from 6
to 11 as f is increased from 0 to 3. These f§ values are
easily accessible in the recent experimental and theoret-
ical analyses [32,33]. The value of N.x can be further
improved from 8 to 12 by increasing m from 5 nm to
8 nm. Such a considerable enhancement by a maximum
factor of 6 for the maximum number of dislocations
emitted from the crack tip under the SCM mechanism
is very conducive for induction of a strong crack blunt-
ing in NC materials. Thus, the original brittle NC solids
become ductile due to the presence of SCM.

The occurrence of the critical grain size at ~20-30 nm
in the case where SCM is dominating are attributed to
SCM since no such behavior was observed in the case
without SCM. As a matter of fact, examination of the
effective stress created by SCM, ie., o7 (ryi1,0) as
appearing in Eqgs. (1) and (2), enables us to find out that
it exhibits a first-increase-and-then-decrease trend with
increasing grain size. This trend undoubtedly deter-
mined the trend of variation of N, with respect to d
in the case where SCM is the dominating deformation
mode. On the other hand, nanograined metals/alloys
are usually strong but become increasingly brittle due
to the increasing difficulty of the conventional disloca-
tion slip that is prevalent in their coarse-grained coun-
terparts, especially as the grain size is refined below
~20-50 nm [1]. In such small grain size scale, the con-
ventional dislocation slip gives way to GB-mediated
deformation modes such as GB sliding [34], grain rota-
tion [35] and SCM [36]. At the same time, it becomes
much more difficult for dislocations to pile up at a GB
in an extremely small grain of size less than 10-20 nm,
even though SCM can enhance dislocation emission.
Therefore, it is conceivable that SCM plays a maximum
role at grains of ~20-30 nm in improving the capacity of
a crack tip to emit dislocations which would pile up at a
migrated GB. The revealing of the critical grain size and
the corresponding high value of Ny, explain why SCM
becomes increasingly dominating in some ductile nano-
grained metals and their composite counterparts with an
average grain size of ~20-30 nm, as observed in some
experiments (e.g., Refs. [3,5,7]).

To date, the effective toughening mechanism in NC
materials, SCM, has been well studied [21]. A natural
further study is to consider the combined effect of
SCM and the emitted dislocations promoted by SCM
on the fracture toughness of NC materials, which is rep-
resented by an effective stress intensity factor Kj., as
given in Eq. (6). An improved toughening behavior is
achieved if K{./K[. > 1. The grain size dependent effec-
tive stress intensity for a NC Niat f=1and m =15 is
presented in Figure 3, where the case without considering
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Figure 3. Variation of normalized effective stress intensity factor
K$-/K{. obtained from a NC Ni subjected to the coupling effect of
shear-coupled migration and dislocation emission with grain size. The
results obtained for the corresponding materials with only shear-
coupled migration considered are also presented for comparison.

dislocation emission is also presented for comparison.
Figure 3 clearly shows that all the values of Kj./K{.
are larger than 1 for grain size d lying in the range of
0-50 nm, and the maximum Kj./Kj. of ~4.72 occurs
at a critical grain size of ~10nm. Such a value of
K{-/Kj- is approximately two times that of a NC Ni
without considering dislocation emission. One may infer
from the above results that emission of dislocations
from a crack tip accompanied by SCM is very effective
for toughening NC materials.

In summary, a theoretical model has been developed
to investigate the effect of shear-coupled migration of
grain boundaries on crack blunting in NC materials.
The results obtained show that the migration process
can greatly enhance the maximum number of disloca-
tions emitted from a semi-crack tip, which facilitates a
strong crack blunting and thus improves the ductility
of the originally brittle NC materials. Moreover, the
combined effect of SCM and emission of induced dislo-
cations can significantly increase the effective stress
intensity factor, which leads to a new effective toughen-
ing mechanism in NC materials. The proposed model
provides a possible explanation for the high ductility
as well as strong strain hardening behavior observed in
some NC samples studied recently [3,5,7,8].
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