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a b s t r a c t

A theoretical model has been developed to investigate the effect of a special cooperative process
between two main modes of stress-driven nano-grain growth, i.e., nano-grain rotation and shear-
coupled migration of grain boundaries, on the emission of lattice dislocations from a semi-infinite crack
in nanocrystalline materials. The results obtained show that the above-mentioned collaborative process
is highly conducive to the process of dislocation emission, thus, rendering strong crack blunting in
nanocrystalline materials.

& 2014 Elsevier B.V. All rights reserved.

1. Introduction

Nanocrystalline (NC) materials are usually strong but brittle.
However, recent experiments showed that the stress-driven nano-
grain growth (NGG) process was a promising deformation mode
that could help scientists to circumvent the strength-ductility
trade off in NC materials [1–3]. Two general NGG modes have
been identified by various researchers, i.e., nano-grain rotation
(NGR) and shear-coupled migration (SCM) of grain boundaries
[4–11]. Moreover, as demonstrated by many experiments and
molecular dynamics as well as mesoscale simulations [4,12,13],
NGG and SCM usually appear concomitantly. Most recently, Li et al.
[14] predicted a novel coupling behavior of NGR and SCM in their
theoretical model, i.e., under an externally applied load, NGR
occurred first, which led to a decrease of the initial misorientation
parameter θ0 of a given GB and subsequently SCM appeared,
which was called a cooperative NGR–SCM process.

Investigations of the present authors have shown that the SCM
mode can considerably enhance the intrinsic ductility [6], tough-
ness [15], crack blunting [16] and dislocation emission [17] in NC
materials. The coupled NGR–SCM process proposed by Li et al. [11]
has also been identified as an effective toughening mechanism in
NC materials [14]. Therefore, it is conceivable that the proposed

NGR–SCM coupling behavior could also enhance the dislocation
emission from a crack tip, thus, leading to crack blunting and
abundant activation of dislocations in grain interior, which even-
tually renders enhanced strain hardening and ductility, as
observed in many NC materials [1–3]. In this letter, the original
model of Ovid’ko and Sheinerman [18,19] will be extended to
investigate the effect of the above-mentioned coupling behavior
on crack blunting in NC materials.

2. Model description

Consider a deformed elastic isotropic NC specimen with an
embedded long flat mode I crack, which is subjected to an applied
tensile stress σ, as shown in Fig. 1a. For simplicity, a cracked two-
dimensional grain with a crack tip located at the center of the GB
‘AB’ (Fig. 1b) is analyzed. The GB ‘AB’ is modeled as a finite wall of
dislocations with identical Burgers vector b (see Fig. 1c in Ref.
[14]), which is characterized by a tilted misorientation parameter
θ0 and the number of GB dislocations n0. The stresses induced by
the crack are assumed to be sufficiently high to initiate a
cooperative NGR–SCM process as proposed in [14], where a NGR
process between grains G1 and G2 occurs first by the climb and
dissociation of n GB dislocations, followed by a SCM process, in
which the GB ‘AB’ is migrated with a normal distance m and a
tangential translation s due to the shear deformation, as shown in
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Fig. 1c. A coupling factor β is introduced to define the ratio of s to
m, i.e., β¼ s=m [5]. The magnitude of n represents the level of
rotation or coupling between NGR and SCM, i.e., the larger the
value of n, the higher the level of rotation or coupling is. As a
result, two disclination dipoles are formed during the above-
mentioned coupling process, i.e., a dipole AB with strength
7ωI ¼ 7θ0 and another A0B0 with 7ωII ¼ 7 θ0�nb=d

� �
, as shown

in Fig. 1c. The size of grain G1 is increased with diminishing grain
G2 simultaneously. For simplicity, the length d of ‘AB’ is taken as
the approximate grain size of the NC specimen.

In order to consider the effect of the cooperative NGR–SCM
process on crack blunting in a NC specimen, we assume that after
the occurrence of the coupling behavior, several edge dislocations
with Burger’s vector b are emitted from the semi-infinite crack tip
along the slip plane, which is inclined at an angle θ with respect to
the x-axis, as shown in Fig. 1c. According to Ovid’ko and Sheiner-
man [18,19], the emission criterion for the first dislocation is that
the effective stress σerθ r1; θð Þ at r1 ¼ rc , where rc is the radius of the
dislocation core, should be larger than zero, i.e.,

σKI
rθ r1; θð Þþσimrθ r1; θð Þþσωrθ r1; θð Þ

���
r1 ¼ rc

40 ð1Þ

where the stress σKI
rθ r1; θð Þ is produced by the applied tensile load

near the crack tip, σimrθ r1; θð Þ depicts the image stress induced by the
crack free surface, and σωrθ r1; θð Þ is the stress induced by the two
disclination dipoles resulting from the coupling process.

The first dislocation after emission is assumed to move along
the slip plane and finally stops at the new grain boundary A0B0, as
shown in Fig. 1c. Similarly, the requirement for emission of the
(Nþ1)th (N¼1, 2, …) dislocation is:

σKI
rθ rNþ1; θð Þþσimrθ rNþ1; θð Þþσωrθ rNþ1; θð Þþ ∑

N

j ¼ 1
σdrθ rNþ1; rj; θ

� �
�����
rNþ 1 ¼ rc

40

ð2Þ

where σdrθðrNþ1; rj; θÞ is the stress exerted by the jth dislocation on
the newly-emitted one. For simplicity, the emitted (Nþ1) disloca-
tions are assumed to distribute uniformly along the slip direction.

The expressions for the stresses σKI
rθ r; θð Þ and σimrθ r; θð Þ that

appear in Eqs. (1) and (2) have been presented by Lin and
Thomson [20], which are

σKI
rθ r; θð Þ ¼ Kσ

IC sin θ cos θ=2
� �

2
ffiffiffiffiffiffiffiffi
2πr

p ð3Þ

σimrθ r; θð Þ ¼ � Gb
4π 1�vð Þr ð4Þ

where Kσ
IC ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
4Gγ= 1�νð Þ

p
is the brittle fracture toughness; γ, G, v

and b are the specific surface energy, the shear modulus, Poisson’s
ratio and the magnitude of the Burger’s vector of the emitted
dislocations, respectively.

The shear stress σrθ r; θð Þ, i.e., σωrθ rNþ1; θð Þ and σdrθ rNþ1; rj; θ
� �

,
exerts at the point r; θð Þ by a disclination at point rj; θj

� �
or a

dislocation at point rdj; θ
� �

can be expressed in terms of the
Cartesian stress components σxx, σyy and σxy as

σrθ ¼ σyy�σxx
� �

sin θ cos θþσxy cos 2θð Þ ð5Þ

Generally speaking, σyy ¼ Reg, σxy ¼ � Img, σxx ¼ Re 4Φ�gð Þ,
g¼ΦþΩþ z�zð ÞΦ0, where Φ and Ω are two complex functions.
The complex functions for the disclination quadruple and the
emitted dislocations are presented as a Supplementary material
appended to this manuscript.

The following procedure is adopted to determine the maximum
number of dislocations Nmax: (i) use Eq. (1) to verify the emission
possibility of the first dislocation; (ii) if Eq. (1) is satisfied, then
employ Eq. (2) to check the possibility of emission of the second
dislocation; (iii) repeat step 2 for the subsequent impending
dislocations. The following parametric values of NC Ni are adopted
in the present calculation: G¼ 73 GPa, v¼ 0:34, γ ¼ 1:725 J=m2,
b¼0.25 nm, rc � 2b, θ¼ �π=3, α¼ �π=2.

3. Results and discussion

Fig. 2 presents the variation of maximum number of disloca-
tions Nmax that are emitted from the crack tip with respect to the
normalized number of dissociated GB dislocations n=n0 for various
nanocrystalline Ni samples, where the effects of the coupling
factor β, initial misorientation parameter θ0 and grain size d are
illustrated in Fig. 2a–c, respectively. Note that the value of n=n0

represents the level of rotation or coupling and n=n0A 0;1ð Þ;
n=n0 ¼ 0 and 1 correspond to pure SCM and NGR processes,
respectively. It can be seen that for all the parameters considered
the cooperative NGR–SCM process can considerably enhance the
number of emitted dislocations from the crack tip, and the larger
the rotation level (i.e., coupling level), the higher the value of Nmax

is. The maximum variation of Nmax can reach as high as 7, i.e., from
0 to 7 at d¼50 nm, β¼ 1 and θ0 ¼ 0:3 as n=n0 is increased from
0 to 1 (circles in Fig. 2c). In this case, the initially brittle NC
materials gain strong crack blunting and thus become ductile.
Specifically, Fig. 2a shows that the coupled shear (denoted by the
coupling factor β, β40) in the process of SCM is conducive to crack
blunting since it enlarges Nmax. Moreover, grains with higher angle
GBs (i.e., larger θ0) is more favorable for crack blunting than those
with lower angle GBs (Fig. 2b), and the variation of Nmax with
respect to n=n0 is larger in bigger grains (e.g., d¼50 nm) than that
in smaller grains (e.g., d¼15 nm), as shown in Fig. 2c, which
indicates that the coupling NGR–SCM behavior plays a more
significant role in coarser grains. The above findings reveal a
new effective crack blunting mechanism in NC materials, that is,
coupling of NGR and SCM. The results obtained are also helpful to
explain the enhanced ductility and strain hardening phenomena
observed in many NC metals, in which stress-driven nano-grain
growth is thought as the dominating deformation mode [1–3].

Fig. 1. Lattice dislocation emission from a crack tip induced by the cooperative
process of nano-grain rotation and shear-coupled migration of grain boundaries in
a deformed nanocrystalline solid: (a) general view; (b) initial configuration of grain
boundaries; and (c) configuration resulting from dislocation emission (with
Burger’s vector b) after the coupling behavior, where two disclination dipoles
(AB and A0B0) with strengths of 7ωI and 7ωII , respectively, are formed and the size
of grain G1 is increased with diminishing grain G2.
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4. Conclusions

In summary, a new crack blunting mechanism is proposed by
combining two main modes of stress-driven nano-grain growth,

i.e., nano-grain rotation and shear-coupled migration of grain
boundaries. The mentioned coupling process could considerably
enhance the maximum number of dislocations emitted from a
semi-infinite crack tip that leads to strong crack blunting and,
thus, could improve the ductility of NC materials.

Acknowledgements

This work was supported by the National Natural Science
Foundation of China (NSFC) (11402203), the Fundamental
Research Funds for the Central Universities (3102014JCQ01039)
and the Start-up Funds for the Newly-recruited High-level Talents
from Northwestern Polytechnical University, China. A.K. Soh
acknowledges the support of the Advanced Engineering Pro-
gramme and School of Engineering, Monash University Malaysia,
as well as the eScience grant (Project no.: 06-02-10-SF0195)
provided by the Ministry of Science, Technology and Innovation
(MOSTI), Malaysia.

Appendix A. Supporting information

Supplementary data associated with this article can be found in the
online version at http://dx.doi.org/10.1016/j.matlet.2014.08.136.

References

[1] Fang TH, Li WL, Tao NR, Lu K. Science 2011;331:1587–90.
[2] Gianola DS, Van Petegem S, Legros M, Brandstetter S, Van Swygenhoven H,

Hemker KJ. Acta Mater 2006;54:2253–63.
[3] Wu X, Zhu Y, Wei Y, Wei Q. Phys Rev Lett 2009;103:205504.
[4] Jin M, Minor AM, Stach EA, Morris JW. Acta Mater 2004;52:5381–7.
[5] Cahn JW, Mishin Y, Suzuki A. Acta Mater 2006;54:4953–75.
[6] Li J, Soh AK. Acta Mater 2013;61:5449–57.
[7] Trautt ZT, Adland A, Karma A, Mishin Y. Acta Mater 2012;60:6528–46.
[8] Gorkaya T, Burlet T, Molodov DA, Gottstein G. Scr Mater 2010;63:633–6.
[9] Molodov DA, Gorkaya T, Gottstein G. Scr Mater 2011;65:990–3.
[10] Li J, Soh AK. Appl Phys Lett 2012;101:241915.
[11] Li J, Soh AK, Wu X. Scr Mater 2014;78–79:5–8.
[12] Haslam AJ, Phillpot SR, Wolf H, Moldovan D, Gleiter H. Mater Sci Eng A

2001;318:293–312.
[13] Gorkaya T, Molodov KD, Molodov DA, Gottstein G. Acta Mater 2011;59:

5674–80.
[14] Li J, Chen S. Mater Lett 2014;121:174–6.
[15] Li J, Soh AK. Scr Mater 2013;69:283–6.
[16] Li J, Chen S, Wu X, Soh AK. Scr Mater 2014;84–85:51–4.
[17] Li J, Soh AK, Wu X. Mater Sci Eng A 2014;601:153–8.
[18] Ovid’ko IA, Sheinerman AG. Scr Mater 2009;60:627–30.
[19] Ovid’ko I, Sheinerman A. Acta Mater 2010;58:5286–94.
[20] Lin I-H, Thomson R. Acta Metall 1986;34:187–206.

Fig. 2. Variation of maximum number of dislocations Nmax emitted from the crack
tip with respect to the normalized number of dissociated grain boundary disloca-
tions n=n0 for various nanocrystalline Ni samples; the effects of coupling factor β

(a), initial misorientation parameter θ0 (b) and grain size d (c) are considered.

J. Li et al. / Materials Letters 137 (2014) 218–220220

http://dx.doi.org/10.1016/j.matlet.2014.08.136
http://refhub.elsevier.com/S0167-577X(14)01613-9/sbref1
http://refhub.elsevier.com/S0167-577X(14)01613-9/sbref2
http://refhub.elsevier.com/S0167-577X(14)01613-9/sbref2
http://refhub.elsevier.com/S0167-577X(14)01613-9/sbref3
http://refhub.elsevier.com/S0167-577X(14)01613-9/sbref4
http://refhub.elsevier.com/S0167-577X(14)01613-9/sbref5
http://refhub.elsevier.com/S0167-577X(14)01613-9/sbref6
http://refhub.elsevier.com/S0167-577X(14)01613-9/sbref7
http://refhub.elsevier.com/S0167-577X(14)01613-9/sbref8
http://refhub.elsevier.com/S0167-577X(14)01613-9/sbref9
http://refhub.elsevier.com/S0167-577X(14)01613-9/sbref10
http://refhub.elsevier.com/S0167-577X(14)01613-9/sbref11
http://refhub.elsevier.com/S0167-577X(14)01613-9/sbref12
http://refhub.elsevier.com/S0167-577X(14)01613-9/sbref12
http://refhub.elsevier.com/S0167-577X(14)01613-9/sbref13
http://refhub.elsevier.com/S0167-577X(14)01613-9/sbref13
http://refhub.elsevier.com/S0167-577X(14)01613-9/sbref14
http://refhub.elsevier.com/S0167-577X(14)01613-9/sbref15
http://refhub.elsevier.com/S0167-577X(14)01613-9/sbref16
http://refhub.elsevier.com/S0167-577X(14)01613-9/sbref17
http://refhub.elsevier.com/S0167-577X(14)01613-9/sbref18
http://refhub.elsevier.com/S0167-577X(14)01613-9/sbref19
http://refhub.elsevier.com/S0167-577X(14)01613-9/sbref20

	A coupling crack blunting mechanism in nanocrystalline materials by nano-grain rotation and shear-coupled migration of...
	Introduction
	Model description
	Results and discussion
	Conclusions
	Acknowledgements
	Supporting information
	References




