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ABSTRACT 

An analytical model is established to explore the cooperative mechanism between the 

dislocation emission from cracks and grain boundaries driven by grain boundary sliding in 

deformed nanocrystalline materials. In our model, high local stress concentration nearby the 

crack actives grain boundary sliding which creates a wedge disclination dipole at the grain 

boundaries’ triple junctions. The grain size-dependent criterions for the dislocation emission 

from the crack tip and the grain boundary are respectively derived. Influences of grain 

boundary sliding and grain size on the cooperative mechanism are discussed. The results 

show that the dislocation emission from the grain boundary is activated ahead of that from the 

crack tip for small grain sizes. This can explain that grain boundary sliding can toughen the 

nanocrystalline materials even though it suppresses dislocation emission from cracks when 

their grain sizes are relative small, which is because the dislocation emission from grain 

boundaries is activated. With the increasing grain size, the main dislocation source may 

transform from grain boundaries to crack tips due to grain boundary sliding. Therefore, the 

ductility of nanomaterials with different grain sizes can be enhanced through the cooperative 

dislocation emission from cracks and grain boundaries.  
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Nomenclature  

   orientation of grain boundaries    shear modulus 

rb   Burgers vector of an edge dislocation    Poisson’s ratio 

d   grain size    disclination strength 

   disclination p   arm of the disclination dipole 

   dislocation CTr   core radius of dislocations at crack tip 

   ratio 0 , 0 1r d        applied tensile stress 

 z ,  z   complex potentials CT , GB   emission angles of dislocations 

C
CTK , C

GBK   critical SIFs for dislocation emission GB    angle between GB and emitted dislocation 

0
CTK , 0

GBK   normalized critical SIFs z   complex variable ii ez x y r     

l   crack length 0z   center of the disclination dipole 0i

0 0= ez r   

 
1. Introduction 

Nanocrystalline (NC) metals and ceramics have exhibited remarkable mechanical properties, 

e.g., high strength and hardness, indicating a great capacity for many applications [1-10]. 

However, in most cases, NC materials show disappointing fracture toughness and low tensile 

ductility at room temperatures, which considerably restricts their practical utility [1-3]. 

Nevertheless, certain experimental results demonstrate that NC materials can exhibit the 

combination of superior strength and good tensile ductility [11-15]. The reason why NC 

materials have so unique peculiarities is that NC materials are characterized by the specific 

structural features compared to coarse-grained materials. For instance, nanoscale grains and 

high density of grain boundaries (GBs) play a major role in their fracture behaviors. On one 

hand, as a result of high density GBs, specific deformation modes are proposed, e.g., GB 

sliding and migration, Coble creep, nanoscale amorphization and deformation twinning [6, 

16-22]. These specific deformation mechanisms can not only release the high-concentrated 

stress, which will effectively impede the initiation of nanoscale cracks, but also retard or even 

prevent the propagation of formed cracks.  
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On the other hand, with the decreasing of grain size down to nanoscale, the conventional 

lattice dislocation slip, which is the main plastic deformation mode for coarse-grained metals, 

is hindered or even completely suppressed due to the arrest effect of the high density of GBs 

[2]. The size effect of nanoscale grains prevents the activity of lattice dislocation sources, e.g., 

Frank-Read sources [23]. Nevertheless, dislocations can generate at crack surfaces and lattice 

dislocation emission from cracks will contribute to the plastic deformation of NC materials 

[24-29]. The “in-situ” observation (by high-resolution electron microscopy) of edge 

dislocation emission from a crack tip during the deformation of NC Ni has been reported by 

Kumar et al. [30]. Besides, the internal back stress produced by the emitted dislocations can 

accommodate the stress intensity at the crack tip area due to the applied load, which causes 

effective crack blunting, therefore prevents crack propagation and strengthens the fracture 

toughness.  

Meanwhile, GBs also serve as sources of the lattice dislocations [7, 31]. For instance, GB 

dislocations accumulated at triple junctions can be generated by intergrain sliding [32, 33]. 

High stresses also can activate the dislocation emission from GBs along the direction 

approximately normal to the GB plane [34, 35]. Recently, Ovid’ko and Skiba [36] suggested a 

novel mechanism describing the emission of partial dislocations from GBs driven by 

intergrain sliding in NC materials. The enhanced dislocation emission can effectively release 

the stress concentration, which competes against the nucleation of nanocrack. The ductility of 

NC materials will be improved if the dislocation emission from GBs can well cooperate with 

intergrain sliding. 

Both dislocation emission from the cracks and GBs play important roles in the toughening 

of NC materials. While which dislocation emission mechanism will be first activated during 

the deformation? Which one plays the dominant role? Hitherto, it has not been reported yet. 
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In this article, we study the cooperative mechanism between dislocation emission from a 

crack and GB driven by GB sliding in a deformed NC solid. GB sliding, which is a specific 

plastic deformation mode contributing to the toughening of NC materials, can be activated 

under the high concentrated stresses operating in the vicinity of the crack tip. What’s more, 

GB dislocations and dipole of disclinations can be generated during the GB sliding due to the 

deformation incompatibilities [37-40]. In the meantime, GB sliding can serve as stress sources 

providing the dislocation emission from the GB [36] and influence the dislocation emission 

from the crack tip [38]. The grain size-dependent criterions for the dislocation emission from 

the crack tip and GB are derived, respectively. Then, the effect of GB sliding and grain size on 

the dislocation emission is discussed in detail. 

 

2. Modeling 

Consider a deformed isotropic NC specimen with the shear modulus   and the Poisson’s 

ratio  , in which a flat crack of length l  is formed under the action of the applied tensile 

stress  . The crack is assumed to propagate perpendicularly to the direction of the applied 

tensile stress (Fig. 1). For simplicity, the defect structure of the solid is assumed to be the 

same along the coordinate axis z  perpendicular to the xoy -plane. This assumption will 

allow us to restrict our consideration to a two-dimensional grain structure which definitely 

reflects the key aspects of the problem.  

 
High concentrated stresses nearby the crack tip can activate high-angle GB sliding nearby 

the crack tip. Following the theory of defects, wedge disclination dipoles can be generated at 

the GB junctions during the process of GB sliding [39, 40]. In the paper, the situation where 

GB sliding comes up at the closest junction B will be considered, as shown in Fig.1. The 

wedge disclination dipole at B ( i
1 0 ie 2z z p   ) and B  ( i

2 0 ie 2z z p   ) characterized 

by strength   can be formed due to BB  GB sliding [20]. The center of the disclination 
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dipole BB  locates at the point 0z ( 0i
0er  ) and its arm is represented as p .   denotes 

the GB’s orientation. 

0z2z

1z

CTz







p
B

0r

0

 

Figure 1. (a) A deformed NC specimen with a mode I crack under the applied tensile stress; 

(b) GB sliding nearby a crack tip and dislocations emitting from the crack tip and the GB. 

 

First of all, the stress field produced by the GB sliding (a dipole of wedge disclinations) 

nearby the crack tip should be derived. Utilizing the Muskhelishvili’s complex variable 

method, two complex potentials ( )z  and ( )z  are introduced to express the stress field 

[41]:  

 Re[2 ( ) ( ) ( )],x z z z z        (1) 

 Re[2 ( ) ( ) ( )],y z z z z        (2) 

 Im[ ( ) ( )],xy z z z      (3) 

with iz x y  ,  ( ) d ( ) dz z z    and the over-bar denotes the conjugate of complex. 

For the present issue, ( )z  and ( )z  (the subscript ‘ Δ ’ represents the disclination) 

will be expressed as: 

 *
0( ) ( ) ( ),z z z        (4) 

 *
0( ) ( ) ( ),z z z        (5) 
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where 0 ( )z  and 0( )z  denote the complex potentials for a dipole of wedge disclination 

in an infinite homogeneous solid. * ( )z  and * ( )z  represent the disturbance of the 

complex potentials due to the interaction with the crack, which are both holomorphic.  

For simplicity, the crack is assumed to lie on the x -axis. According to the refferences [38，

42, 43], ( )z  and ( )z  associated with the wedge disclinations respectively locating at 

points 1z  and 2z  can be given as: 
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with 0 ( ) 1 ( )X z z z l   and  0 0( ) d ( ) dX z X z z  . 

With the substitution of Eqs. (6) and (7) into formula (1)-(3), it is easy to derive the stress 

field ( x , y  and xy ) produced by the interaction between the GB sliding and the flat 

crack. 

 
3. Emission force of the dislocations 

Considering the influence of GB sliding, the dislocations emitting from the crack tip and 

GB are respectively studied. To compare the two types of dislocation emission, it is necessary 
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to figure out the force acting on the dislocations first. For simplicity, we focus on the situation 

where the dislocations are of edge character. 

 
3.1 Dislocation emission from crack tip 

For the first dislocaiton emitting from the crack tip, the emission force CT
emitf  contains three 

parts: the self-image force CT
If , the force CT

Δf  induced by the GB sliding and the external 

force CT
Af . 

Firstly, for an edge dislocation with Burgers vector eierb   locating at CTi
CT CTez r  , the 

elastic stress field can be derived using the Muskhelishvili’s complex variable method. 

Introducing ( )z , ( )z  and ( )z  and following Fang et al. [44], ( )z  and ( )z  

are given as: 

*
0( ) ( ) ( ),z z z                            (8) 

 *
0( ) ( ) ( ),z z z        (9) 

with  0 CT( )z w z z   ,   2
0 CT CT CT( ) ( )z w z z wz z z     , and 

e e(sin icos ) 4π(1 )rw b      . 

By the same method used to derive the complex potentials ( )z  and (z) , we can 

obtain: 
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 ( ) ( ) ( ) ( ).z z z z z   
         (12) 

Utilizing the Peach–Koehler formula [45], the self-image force CT
If  can be given as: 

 

CT
I

CT CT CT CT

* * * *2
CT CT CT CT CT

i

( ) ( ) i ( ) ( )
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with 3 4   , x


, y


 and xy


 are the components of the perturbation stress, and 
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Secondly, the force CT
Δf  caused by the GB sliding may be expressed as [45]: 

 
2

CT CT CT CT CT CT
Δ

( ) ( ) ( ) ( )
.

π(1 )
r z z z z zb

f
w w

  
  

  

      


  (14) 

Finally, the slip force CT
Af  can be obtained as [44]: 

 CT CTI
A CT e

CT

3
sin cos 2 ,

22 2π
r

r r

b K
f b

r

 
   

 



     (15) 

where IK  is the stress intensity factor (SIF) produced by the applied mode I load. 

Thus, for a crack tip dislocation, the emission force CT
emitf  can be expressed as: 
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CT CT
emit e e A

CT CT CT CT CT
I e I e A

cos sin

Re cos Im sin .

x yf f f f

f f f f f

  

           

 

 
  (16) 

 

3.2 Dislocation emission from GB 

For the first dislocaiton emitting from the GB, the emission force GB
emitf  is the sum of the 

self-image force GB
If , the force GB

Δf  induced by the GB sliding, the external force GB
Af  and 

the GB transformation force GBf  produced by the GB transformation due to the dislocation 

emission .  

By the same method used in Section 3.1, the forces GB
If , GB

Δf  and GB
Af  acting on the GB 

dislocation located at the centre of the wedge dsiclination dipole 0i
0 0ez r   with Burgers 

vector ie GB

rb   can be derived. Referring to the work [46], the GB transformation force GBf  

can be given as: 

GB
GB

GB

2
,

π

E
f

r
 


                          (17) 

where GBE  is the energy change of the GB due to the dislocation emission and GBr  

denotes the cutoff distance corresponding to the magnitude of the GB dislocation core size.  

For a GB dislocation,  the emission force GB
emitf  can be derived as 

GB GB
emit GB GB A GB

GB GB GB GB GB
I Δ GB I Δ GB A GB

cos sin

Re cos Im sin

x yf f f f f

f f f f f f

   

           

 

 
  (18) 

 
4. Critical stress intensity factors 

Following the literature [47], the criterion for dislocation emission is the total force on it is 

equal to zero. In addition, for dislocation emission form cracks, the distance from the 

dislocation to the crack surface should be larger than the dislocation core radius. For 

dislocation emission from the GB, only consider that from the wedge disclination dipole’s 
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center 0z . Therefore, let the emission force GB 0f   and CT 0f  , the critical SIF (produced 

by the applied load) can be given. 

For dislocation emission from the crack tip, 

 CTC CT CT CT CT
CT I CT I CT

CT
CT

2 2π
Im sin Re cos

sin cos
2

r

r
K f f f f

b

           



 (19) 

For dislocation emission from the GB, 

  0C GB GB GB GB
GB I Δ GB I Δ GB GB

0
0 GB

2 2π
Im sin Re cos

3
sin cos 2

2
r

r
K f f f f f

b

           
 

 

 


 

(20) 

In subsequent calculation, normalize the critical SIFs by rb , 0 C
CT CT ( )rK K b  and 

0 C
GB GB ( )rK K b . The parameter values of NC Ni, 73GPa   and 0.31  , are used. 

Moreover, define the magnitude of dislocation’s Burgers vector 0.25nmrb   and the core 

radius CT 2rr b . The angles CT  and GB  are respectively the emission angles of 

dislocations emitted from cracks and GBs. For convenience, introduce the angle 

GB GB π 2      , which denotes the angle between the GB and the emitted dislocation. 

Note that the energy change of the GB due to one dislocation emission is really small, so that 

the transformation force GBf  for the first dislocation emission can be negelcted. In addition, 

the distance from the crack tip to the disclination dipole center 0r  is arbitrary as shown in 

Fig. 1. Though the distance 0r  is not in direct proportion to the grain size d , the range of 

0r  is limited in 00 r d  . To derived the grain size-dependent criterion for the first 

dislocation emission, let 0r d , where 0 1  .  

The normalized critical SIFs 0
GBK

 and 0
CTK  versus the grain size d  with different 

disclination strength   are depicted in Fig. 2. With the increasing grain size, 0
GBK  always 
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increases, while 0
CTK  decreases to constants monotonously. With the same strength of GB 

sliding, the normalized critical SIFs 0
GBK  and 0

CTK  have an intersection at the critical point 

0d . When the grain size is smaller than the critical value 0d , the dislocation emission from 

GBs will be first activated during the deformation. Otherwise, the dislocation emission from 

cracks will be first activated. This result demonstrates that the main dislocation source may 

transform from GBs to crack tips with the increasing grain size.  

This can also explain that GB sliding can toughen the NC materials even though it 

suppresses dislocation emission from cracks when their grain sizes are relative small, which is 

because the dislocation emission from GBs is activated. Therefore, the ductility of 

nanomaterials with different grain sizes can be enhanced through the cooperative dislocation 

emission from crack tips and GBs. 
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Figure 2. The normalized critical SIFs 0
IK  versus d  with different  . 

( 0.5  , 2nmp  , 0 45   , GB 45   , CT 30   , 120  
 and 50nml  ) 

Fig.3 describes the normalized critical SIFs 0
GBK  and 0

CTK  as functions of the GB’s 

orientation angle   with different disclination strength  . As the reason that the force 

acting on the dislocaiton induced by the GB sliding is closely related to the orientation of the 

GB, the normalized critical SIFs can either be enhanced or weaken by the GB sliding, 



12 
 

depending on the GB’s orientation. For dislocation emission from cracks, 0
CTK  decreases 

with the increasing disclination strength when the orientation of GB in the range 

0 60     and 240 360    , which means that the dislocation emission is promoted 

by GB sliding. While when the GB’s orientation in the range 60 240    , 0
CTK  

increases with the increasing disclination strength indicating GB sliding can effectually 

suppress dislocation emission. At the same time, the 0
CTK  first increases and then decreases 

with the increasing orientation of the GB. There is a critical orientation, where the normalized 

critical SIF gets the maximum, making the dislocation emission most difficult. 

Following Huang and Li [48], the sign of the SIF is determined by the direction of the 

Burgers vector of the emerging dislocations. Therefore, the dislocation emission from GBs (at 

the center of wedge disclination dipole) can be suppressed by the GB sliding. The strength of 

GB sliding is stronger, the edge dislocation is more difficult to emit. 
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Figure 3. The normalized critical SIF 0
IK  versus   with different  . 

( 20nmd  , 0.5  , 5nmp  , 0 45   , GB 45   , CT 30    and 50nml  ) 

 
What’s more, when the GB sliding does not exist ( 0  ), dislocation emission from GBs 

is easier than that from cracks. This is because the attraction associated with the self-image 

force If  induced by cracks is relatively large if the dislocation is very close to the crack tip. 
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Its magnitude will decrease with the increasing distance between the dislocation and crack tip. 

Then, for the same GB sliding strength, 0
GBK  and 0

CTK  intersect at the critical point 0 . 

When the GB’s orientation (in the range 90 270   ) is smaller than the value 0 , 

dislocation emission from GBs will be first activated during the deformation. Otherwise, 

dislocation emission from cracks will be first activated. In addition, the critical value 0  

decreases with the increasing disclination strength. 

The normalized critical SIFs 0
GBK  and 0

CTK  versus the disclination strength   for 

different crack length l  are described in Fig. 4. In the situation where the orientation of the 

GB 120   , the normalized critical SIFs 0
GBK  and 0

CTK  both increase monotonously with 

the increasing GB sliding strength. The normalized critical SIFs 0
GBK  and 0

CTK  for the same 

crack length intersect at the critical point 0 . When the disclination strength is smaller than 

0 , dislocation emission from GBs will be first activated during the deformation. Otherwise, 

dislocation emission from cracks will be first activated. In addition, the critical value 0  will 

increase with the increasing crack length.  
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Figure 4. The normalized critical SIF 0
IK  versus   with different l . 

( 40nmd  , 0.5  , 5nmp  , 0 45   , GB 45   , CT 30    and 120   ) 
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Figure 5. The normalized critical SIFs 0
IK  versus CT  with different  , (a) 120    

and (b) 45   . ( 40nmd  , 0.5  , 5nmp  ,  0 45    and 50nml  ) 

 

Fig. 5 dispicts the normalized critical SIFs 0
CTK  as functions of the dislocation emission 

angle CT  with different disclination strength  . When the orientation of the GB 120   , 

the normalized critical SIF 
0
CTK  first diminishes from positive infinity to a minimum and 

then goes up with the increasing emission angle CT  as shown in Fig. 5(a). The minimum 

persents the most probable angle CT
 for dislocation emission. What is more, the most 

probable emission angle decreases with the increasing disclination strength  . In Fig. 5(b), 
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0
CTK  also first diminishes from positive infinity to a minimum and then goes up with the 

increasing emission angle CT  in the situation where the GB’s orientation 45   . The 

difference is that the minimum will be negative when the disclination strength   is strong 

enough, in which case there will be two most probable angles for dislocation emission from 

cracks.  
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Figure 6. The normalized critical SIFs 0
IK  versus GB   with different  , (a) 120    

and (b) 45   . ( 40nmd  , 0.5  , 5nmp  , 0 45    and 50nml  ) 

 

The variation of the normalized critical SIF 0
GBK  with different disclination strength   

on the angle GB  (angle between the GB and the emitted dislocation from the GB) is 
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described in Fig. 6. It can be seen that the normalized critical SIFs have totally different 

variation tendencies compared to the situation where the GB sliding vanished ( =0  ). When 

GB sliding exists and the orientation of the GB 120   , the normalized critical SIF changes 

periodically with the angle GB  and the period is π 2 . There are points, GB 0    and 90 , 

where the normalized critical SIF 0
GBK  equals to zero. This means that the dislocations are 

more inclined to emit along the GB or perpendicular to the GB under this situation. When the 

orientation of the GB 45   , there are also two most probable angles ( GB 73     and 

163 ) for dislocation emission from the GB.  

0 20 40 60

1

2

3

4

5
 

 K
 0 I

l (nm)

 K
 0

GB
,  = 5

 K
 0

GB
,  =10

 K
 0

GB
, =20

 K
 0

CT
, = 5

 K
 0

CT
, =10

 K
 0

CT
, =20

 

Figure 7. The normalized critical SIFs 0
IK  versus l  with different  . 

( 40nmd  , 0.5  , 5nmp  , 0 45   , GB 45   , CT 30    and 120   ) 

 

The normalized critical SIFs 0
GBK  and 0

CTK  versus the crack length l  with different 

disclination strength   are depicted in Fig. 7. In the situation where the GB’s orientation 

120   , 0
GBK  firstly goes up to a maximum and then diminishes to constant with the 

increasing crack length, while the normalized critical SIF 0
CTK  decreases monotonously to 

constants. Therefore, there is a critical crack length making dislocation emission from GBs 

most difficult. Also, dislocations are easier to emit from the tip of longer cracks.  
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In addition, when the disclination strength 5   , 0
GBK  is always smaller than 0

CTK , 

which means dislocation emission from GBs will be first activated during the deformation. 

However, when the strength of GB sliding is strong enough, the normalized critical SIFs 0
GBK  

and 0
CTK  with the same disclination strength have an intersection at the crack length 0l . This 

indicates that the dislocation emission from GBs will be first activated if the crack length is 

smaller than 0l . Otherwise, the dislocation emission from cracks will be first activated. 
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Figure 8. The normalized critical SIFs 0
IK  versus p  with different  . 

( 10   , 40nmd  , 0.5  , 0 45   , GB 45   , CT 30    and 50nml  ) 

 

Fig. 8 shows the normalized critical SIFs 0
GBK  and 0

CTK  versus the arm length p  (the 

distance of GB sliding) with different disclination strength  . When the orientation of the 

GB 45   , the direction of the Burgers vector of the dislocation emitted from the crack tip 

will chang with the increasing GB sliding distance. Meanwhile, the dislocation emission from 

cracks is always easier than that from GBs. 0
GBK  and 0

CTK  both increase monotonously with 

the increasing arm length p  when the orientation of the GB 120    and there is an 

intersection at the critical point 0p . This means that the critical SIFs 0
GBK  and 0

CTK  are 

enhanced by the increasing GB sliding distance. When the GB sliding distance is smaller than 
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0p , the dislocation emission from cracks will be first activated during the deformation. 

Otherwise, the dislocation emission from GBs will be first activated.  

 
5. Conclusion 

In summary, the cooperative mechanism between the dislocation emission from cracks and 

GBs driven by GB sliding in deformed NC materials is investigated. Within the model, the 

high local stress concentration nearby the crack tip can initiate GB sliding which creates a 

disclination dipole at the triple junction of GBs. Then, it can serve as a stress source providing 

for the dislocation emitting from GBs and influencing the dislocation emission from cracks. 

The grain size-dependent criterions for the dislocation emission from the crack tip and the GB 

are respectively derived. Influences of GB sliding and grain size on the cooperative 

mechanism is discussed.  

The results indicate that the grain size significantly impact the dislocation emission. For 

small grain sizes, dislocation emission from GBs is activated ahead of that from cracks. This 

can explain that GB sliding can toughen the NC materials even though it suppresses 

dislocation emission from cracks when grain sizes are relative small, which is because the 

dislocation emission from GBs is activated. With the increasing grain size, the main 

dislocation source may transform from GBs to crack tips due to GB sliding. Therefore, the 

ductility of nanomaterials with different grain sizes can be enhanced through the cooperative 

dislocation emission from cracks and GBs. 

Dislocation emission can either be promoted or suppressed by the GB sliding, depending on 

the orientation of the GB. For some certain parameters, there may be critical grain size, GB’s 

orientation and disclination strength, which will change the priority mechanism of dislocation 

emission from cracks or from GBs. 
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