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Abstract. A theoretical model is suggested which describes two plastic deformation mecha-
nisms in deformed columnar-grained nanotwinned metals loaded parallel to coherent twin bound-
aries. The first mechanism represents the formation and expansion of split dislocation loops
within individual twins, while the second one assumes the emission of split jogged dislocations
from grain boundaries into grain interiors. Within the model, both split dislocation loops and
jogged dislocations are generated at pre-existent full dislocations at grain boundaries. Under
these assumptions, the critical stresses for the nucleation and expansion/motion of split dislo-
cation loops and jogged dislocations are calculated. It is demonstrated that at a specified grain
size, the critical stress for the formation and motion of jogged dislocations is always smaller than
that for the expansion of split dislocation loops across twin lamellae. The results explain the
inconsistencies of molecular dynamics simulation results [H. Zhou et al., Nano Lett. 14 (2014)
5075; Y. Zhu et al., Int. J. Plasticity 72 (2015) 168] concerning the possibility for the coexistence of
split dislocation loops and jogged dislocations in nanotwinned metals and multilayers.

1. INTRODUCTION

Due to their superior mechanical properties, includ-
ing ultrahigh strength, good tensile ductility and
superb fatigue resistance, and excellent electric
conductivity, nanotwinned metals have attracted
considerable interest during last decade (see, e.g.,
reviews [1–8] and original articles [9–21]). Among
various nanotwinned structures one can distinguish
columnar–grained nanotwinned metals. Such met-
als have pronounced {111} out-of-plane texture, and
their coherent twin boundaries (CTBs) are primarily
located normally to the axes of cylindrical grains

(e.g., [21–24]). Due to the presence of pronounced
texture, columnar-grained nanotwinned metals pos-
sess high plastic anisotropy, and their plastic de-
formation mechanisms depend dramatically on the
orientation(s) of the applied load. When the applied
load is directed parallel to CTBs, the plastic defor-
mation mechanisms acting in untextured
nanotwinned metals – dislocation glide from one CTB
to another as well as dislocation motion along CTBs
– are largely suppressed. In this case, molecular
dynamics (MD) simulations suggest the following
two dominant plastic deformation mechanisms in
columnar-grained metals: formation and expansion
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of split dislocation loops [22,23,25,26] (that consist
of threading segments spanning individual twins and
“misfit” segments that lie in CTBs) and the motion
of split jogged, necklace-like dislocations that thread
multiple twin planes [25,26]. The authors of MD simu-
lations [25] observed the transition from the first
deformation mechanism (the formation of disloca-
tion loops within individual twins) to the second one
(the formation and motion of jogged dislocations)
as the twin thickness decreased below 1 nm and
suggested that the combined action of these defor-
mation mechanisms is possible only in a narrow
twin thickness range where the critical stresses for
the activation of these mechanisms are approxi-
mately the same. At the same time, MD simula-
tions [26] of Cu/Ag nanotwinned multilayered films
demonstrated the combined action of these defor-
mation mechanisms. Also, the simple theoretical
estimates of the critical stresses for the activation
of both mechanisms made in paper [25] suggest
that at small twin thickness, the critical (minimum)
stress for the expansion of split dislocation loops
within individual twins is smaller than that for the
motion of jogged dislocation. This estimate is in di-
rect contradiction with the observation of jogged dis-
locations (not accompanied by any individual dislo-
cation loops) at ultrasmall twin thickness in the
same paper. Thus, the conditions for the actions of
different deformation mechanisms in columnar-
grained nanotwinned metals need further investiga-
tion. The aim of this paper is to suggest a theoreti-
cal model describing the deformation mechanisms
in columnar-grained metals (loaded parallel to CTBs)
through the formation of split dislocation loops and
jogged dislocations and to calculate the critical
stresses for the activation of these deformation
mechanisms.

2. GENERATION OF A SPLIT
DISLOCATION LOOP FROM A
GRAIN BOUNDARY OF A
NANOTWINNED METAL

Consider a columnar-grained nanotwinned metallic
specimen with a face-centered cubic (fcc) crystal
lattice. Such a specimen consists of columnar grains
that comprise parallel twins divided by parallel co-
herent twin boundaries (CTBs). Let a uniaxial ten-
sile load  be applied parallel to the CTBs (Fig. 1).
Within our model, grain boundaries (GBs) of the
specimen are approximated as planes. We assume
that a full lattice dislocation has been formed at a
GB of the nanotwinned specimen before its defor-
mation. Also, we suppose that under the action of
the applied tensile load , plastic deformation in a
grain occurs either via the nucleation and expan-
sion of a split dislocation loop within a specified
twin (Figa. 2a and 2b) or through the emission of a
split jogged dislocation that threads the entire grain
(Figs. 2c and 2d). Both the split dislocation loop
and the split jogged dislocation are supposed to
nucleate at the pre-existing dislocation at a GB and
glide under the action of the resolved shear stress
created in the CTB planes by the applied load .

First, examine the formation of a split disloca-
tion loop at the pre-existent dislocation at a GB (Fig.
3). Such a process occurs through the formation
and expansion of a leading Shockley dislocation
loop followed by the generation and expansion of a
trailing Shockley dislocation loop. For convenience,
we assume that the GB is normal to the CTBs and
model the dislocation loops as rectangular ones
(Fig. 3). Since dislocations in fcc solids glide along
the <110> directions in the {111} planes, we define
the direction of the dislocation glide as [110] . Then
the pre-existent dislocation occupies the direction
[112]  (Fig. 3). Next, we define the Burgers vectors
of the pre-existent full dislocation, leading disloca-
tion loop and trailing dislocation loop as b

0
, b

1
, and

b
2
, respectively. For definiteness, we define the

Burgers vectors b
1
 and b

2
 as follows:

1 ( / 6)[211]ab  and 2 ( / 6)[112]ab , where a is
the crystal lattice parameter. Then the sum Burgers
vector b

1 
+ b

2
 of the split dislocation loop is

1 2 ( / 2)[101]a b b . Also, we denote the twin
thickness as d and introduce the Cartesian coordi-
nate system as shown in Fig. 3. For simplicity, we
further assume that the Burgers vector b

0
- b

1
- b

2

lies in the plane (x,y) and denote the projection of
the Burgers vector b

0
 onto the (x,y) plane as b

||
, the

angle between the vector b
||
 and the x-axis as 

Fig. 1. A fragment of nanotwinned solid loaded par-
allel to CTBs.
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(Fig. 3c), and the angle between the dislocation loop
slip plane (111) and the CTB plane as  (=arccos(1/
3)70.5°). Finally, we designate and the angle be-
tween the direction of the applied load  and the x-
axis as  (Fig. 3d).

Since the formation of a split dislocation loop
requires the formation of a leading dislocation loop,
first, examine the latter process (Fig. 3a). We des-
ignate the specific energy of the stacking fault pro-
duced in the flat region inside the loop as  and
denote the sizes of the loop in the direction of the x-
axis as p

1
. For simplicity, we focus on the situation

where the loop quickly grows along the z-axis until
its maximum length d and then starts to expand
along the x-axis (Fig. 3a). To estimate the condi-
tions for the formation of the loop with the dimen-
sions p

1
 and d, we calculate the energy W

1
 asso-

ciated with its formation. The energy W
1
 can be

presented as

int
1 1 1 1 1

1 1 ,

s c
d

c
d CTB

W W W A W

W W W






    

   (1)

Fig. 2. Split dislocation loop (a,b) and jogged dislocation (c,d) in a columnar-grained nanotwinned solid.
(a,c) Dislocation configurations in MD simulations [25,26]. (b,d) Dislocation configurations in our model.

where 1
sW  is the proper strain energy of the leading

dislocation loop, int
1dW   is the energy of its elastic

interaction with the pre-existent dislocation at the
GB, 1A  is the work of the applied stress s on the
loop expansion, 1

cW  is the energy of the loop core,
 1

c
dW  is the change of the core energy of the initial

dislocation due to the loop formation, W1
  is the

energy of the stacking fault, and W
CTB

 is the energy
of the CTB fragments removed by the upper and
lower loop sides AB and CD (Fig. 3a).

In the approximation of an elastically isotropic
solid with the shear modulus G and Poisson’s ratio
, the proper strain energy of the leading disloca-
tion loop is given [27,28] by 1

sW =Db2
1
sg , where

D=G/[2(1-)],

1 1 1

2 1
1

0 1

2 1
1 1

0 1 1

(2 )( )

2
(1 sin ) ln

( )

2
(1 cos ) ln ,

( )

sg h p d

p d
d

r h d

p d
p

r h p

     

   


  


 (2)
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Fig. 3. Geometry of a partial dislocation loop (a) and split dislocation loop (b) in a deformed nanotwinned
metal. Figures (c) and (d) illustrate the orientation of the Burgers vector b

0
 of the pre-existent dislocation

and the direction of the applied load , respectively.

2 2
1 1h d p  , 

1
=/6, b=a/6 is the magnitude of

the Burgers vector b
1
, and r

0
=a/2 is the interatomic

distance.
The energy int

1dW   of the elastic interaction of the
leading dislocation loop with the pre-existent dislo-
cation at the GB is calculated as

1

0

int
1

1 1[ ( , 0) ( , 0)] ,

d

p
d d

x xy z yz
r

W

d b x y b x y dx

 

       (3)

where d
xy (x,y) is the component of the stress field

of the initial dislocation. From the expressions [29]
for the stress field of straight dislocations in an iso-
tropic infinite medium, we have: d

xy (x,y=0)=Db
0x

/
x= Db

0
cos/(2x) (where b

0
=a/2 is the magnitude of

the Burgers vector b
0
) and d

zy (x,y=0)=(1-)Db
0z

/x=
Db

0
3/(2x). Substitution of the latter relations to

formula (3) yields

d

pDb d
W

r

2
int 1

1
0

3
ln (1 cos ).

4        (4)

The work 1A  of the applied stress  on the loop
expansion can be calculated as

x xy y y yA b b p d1 1 ' 1 ' ' ' 1( ) sin ,       (5)

where 
xy’

 and 
y’y’

 are the components of the stress
created by the applied load  in the coordinate sys-
tem (x,y’) shown in Fig. 3d. Since 

xy’
= cossin,


y’y’

=sin2, =arccos(1/3), b
1y’

=b
1z

cos=b/6 and
b

1x
=b3/2, one can rewrite formula (5) in the form

2
1 1

6 2
sin(2 ) sin .

6 9
A bd p  

      
 

 (6)

The core energy 1
cW  of the three new dislocation

segments AB, BC, and CD formed due to the loop
formation is calculated in a standard way from the
expressions [29] for the core energies of edge and
screw dislocations as

2
1

1

(4 ) (2 )
.

8
c Db p d

W
  

  (7)
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The change  1
c

dW  of the core energy of the seg-
ment AD of the initial dislocation due to the loop
formation (associated with a change of the Burgers
vector of this dislocation segment from b

0
 to b

0
- b

1
)

is obtained in a similar way as

2

1 (2 5 6cos ).
8

c
d

Db d
W        (8)

The energy of the stacking fault is given by

1W  =p
1
d. Finally, the energy W

CTB
 of the CTB frag-

ments removed by the upper and lower loop sides
AB and CD is given by W

CTB
=2

CTB
p

1
r

0
, where 

CTB

is the specific CTB energy. The latter relations and
formulae (1), (2), (4), and (6)–(8) give the expres-
sions for the energy W

1
. Now the critical stress


c1

 that represents the minimum value of the ap-
plied load for the loop generation can be obtained
from the relation 

11 1( ') | 0
c

W p p    , where p’ is
a parameter. For definiteness, we put p’=2r

0
.

The dependences of the critical stress 
c1

 on
the parameter  are plotted in Fig. 4 for =/3, vari-
ous values of the twin thickness d and the case of
Cu characterized by the following parameter values:
G=48 GPa, =0.34, a=0.361 nm, =47 mJ/m2 and


CTB
=24 mJ/m2. If 

c1
<0, in Fig. 4 we put 

c1
=0. Fig.

4 clearly demonstrates that 
c1

 weakly depends on
d, and at  smaller than around 50°, the generation
of the first dislocation loop is always favorable. The
generation of the dislocation loop is unlikely only
for unflavored orientations of the initial dislocation
Burgers vector characterized by the values of  ex-
ceeding 50 to 60 degrees.

If the first dislocation loop nucleates, it expands
until it has reached its equilibrium dimensions. The
expansion of the leading dislocation loop is hindered
by the high energies of stacking faults. At the same
time, the generation and expansion of the first dis-
location loop can be followed by the generation of a
trailing dislocation loop and subsequent simulta-
neous expansion of the two loops in the form of a
split dislocation loop (Fig. 3b). To analyze the gen-
eration and expansion of a split dislocation loop, let
us calculate the energy W associated with its for-
mation. To do so, we denote the size of the trailing
dislocation loop in the direction of the x-axis as p

2
.

The energy W can be presented in the following
form:

s s
d d

c c
d CTB

W W W W W W

A A W W W W

int int int
1 2 1 2 1 2

1 2 12 .
  

  

     

        (9)

In formula (9), 2
sW  is the proper strain energy of the

trailing dislocation loop, int
2dW    is the energy of its

elastic interaction with the pre-existent dislocation
at the GB, int

1 2W   is the energy of the elastic interac-
tion between the leading and trailing dislocation loop,

2A  is the work of the applied stress  on the trail-
ing dislocation loop expansion, 12

cW  is the total en-
ergy of the loop cores,  c

dW  is the change of the
core energy of the initial dislocation at the GB due
to the formation of two dislocation loops, W  is the
energy of the stacking fault, and the other terms
are defined as above.

The proper strain energy of the trailing disloca-
tion loop is given [27,28] by 2

sW =Db2
2
sg , where

sg h p d

p d
d

r h d

p d
p

r h p

2 2 2

2 2
2

0 2

2 2
2 2

0 2 2

(2 )( )

2
(1 sin ) ln

( )

2
(1 cos ) ln ,

( )

    

   


   


 (10)

2 2
2 2h d p   and 

2
=/2.

The energy of the elastic interaction between the
leading and the trailing dislocation loop is given [28]
by int

1 2W  =Db2 int
1 2g  , where

g

h h S d p

d

d p p d S
r p p d h d h

p p p S
p

p p p h

d p p p
p

r p p S p h

int
1 2 1 2

1 2 2

1 2 1 2

1 2

0 1 2 1 2

1 2 1 2

1 1 2
1

1 2 1 1

2
1 2 2

2 2
0 1 2 2 2

(2 )cos( )

( 2 )

[cos( ) sin sin ]

2 ( )
ln

( )( )( )

[cos( ) cos cos ]

( )
ln

( )( )

4 ( )
ln

( )( )

      

    

       




  

       

  
   


   

 (11)

and 2 2
1 2( )S d p p   .

The energy dW int
2  of the elastic interaction of the

trailing dislocation loop with the pre-existent dislo-
cation at the GB is calculated in the same fashion
as the energy int

1dW   and follows as

2
int 2

2
0

3(1 )
ln .

2d

pDb d
W

r

 
   (12)

The work 2A  of the applied stress  on the loop
expansion is calculated in the same way as the
work 1A  and presented as

2
2 2

2 2
sin .

9
A bd p    (13)



42 I.A. Ovid’ko and A.G. Sheinerman

The total core energy 12
cW  of the new dislocation

segments AB, BC, and CD formed due to the for-
mation of two dislocation loops is calculated in a
standard way from the expressions [29] for the core
energies of edge and screw dislocations as

2

12 1 2[2(4 3 )( 2 ) (8 7 )].
8

c Db
W p p d        (14)

The change  c
dW  of the core energy of the seg-

ment AD of the initial dislocation due to the forma-
tion of two dislocation loops (and associated with a
change of the Burgers vector of this dislocation seg-
ment from b

0
 to b

0
- b

1
- b

2
) is obtained in a similar

way as

2

(10 9 2cos ).
8

c
d

Db d
W        (15)

The energy of the stacking fault is given by W =(p
1
-

p
2
)d.

Now the energy W is given by the latter rela-
tion and formulae (2), (4), (6), and (9)–(15). The con-
tour maps of the energy W in the coordinate space
(p

1
,p

2
) are shown in Fig. 5 for the case of

nanotwinned Cu with d=40 nm, =/3, =/12 and
various values of the applied load . Fig. 5a demon-
strates that at relatively small values of  ( =0.6
GPa), after the expansion of the leading dislocation
loop, the trailing dislocation loop has to overcome
some energetic barrier to nucleate until its size p

2

along the x-axis has reached around 0.5 nm. After
that, the simultaneous expansion of the leading and
trailing dislocation loop (that is, the motion of the
split dislocation loop) becomes energetically ben-
eficial until the loops have reached their equilibrium

Fig. 4. Dependences of the critical stress 
c1

 for
the generation of a partial dislocation loop within a
twin on the angle  characterizing the orientation of
the Burgers vector b

0
 of the pre-existent disloca-

tion, for different values of twin thickness d.

Fig. 5. Contour maps of the energy W associated
with the formation of a split dislocation loop within a
twin in the coordinate space (p

1
,p

2
). The energy W

is given in units of 10-17 J. The blue arrows show the
growth trajectory of the split dislocation loop corre-
sponding to the maximum energy gradient, and their
ends in figures (a) and (b) correspond to the equilib-
rium loop dimensions.
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sizes p
1
 6.5 nm and p

2
 3 nm. Fig. 5b shows that

at a larger value of the applied load (= 0.7 GPa),
the equilibrium sizes of the loops increase up to
p

1
12 nm and p

2
 8 nm. With further increase in ,

the equilibrium sizes of the loops further increase
until the expansion of the split dislocation loop
across the entire twin becomes energetically ben-
eficial (Fig. 5c). The latter situation takes place when
the value of the applied load  exceeds some criti-
cal stress c

 . The critical stress c
  is calculated

from the condition that at  > c
 , the energy W

should decrease with the characteristic distance p
2

from the GB to the split dislocation at large values of
p

2
. Thus, the relation for c

  has the following form:

2
1 2 2lim ( ( , ) / ) 0cp

W p p s p


        , where s

is the distance between the vertical segments of
the leading and threading dislocation loop. Substi-
tution of the expressions for the energy W to the
latter relation yields

2
03 [(4 )ln( / ) 4 3 ] 4 2

.
8 2 sin cos( / 6)

c

CTBDb d r a

bd

 

      

   
 (16)

The dependence c
 (d) is plotted in Fig. 6 for

the case of nanotwinned Cu with =/3. Fig. 6 dem-
onstrates that c

  decreases with increasing d. Also,
for d<40 nm, c

  >1 GPa. This means that at small
values of twin thickness, the critical stress c

  is
very high, and the formation of split dislocation loops
requires very high applied stresses. Therefore, in
the next section we consider the conditions for the
action of another mechanism of plastic deformation
in columnar-grained nanotwinned metals loaded
parallel to CTBs, namely, the formation of split jogged
dislocations.

3. GENERATION OF A SPLIT JOGGED
DISLOCATION AT A GRAIN
BOUNDARY OF A NANOTWINNED
METAL

Now consider the emission of a split jogged dislo-
cation by a GB containing a pre-existent disloca-
tion with the Burgers vector b

0
. The split jogged dis-

location is assumed to consist of the leading and
trailing Shockley partial dislocations (with the
Burgers vectors b

1
 and b

2
, respectively) joined by a

stacking fault. The emission of the above disloca-
tions from the pre-existent dislocation changes its
Burgers vector from b

0
 to b

0
-b

1
-b

2
 (Figs. 2c and 2d).

The Burgers vectors b
0
, b

1
 and b

2
 are defined as

Fig. 6. Dependence of the critical stress c
  for the

expansion of the split dislocation loop through the
entire twin on twin thickness d.

above. Also, following the results of molecular dy-
namics (MD) simulations [25,26], jogged disloca-
tion produce nanoscale kinks at the CTBs. There-
fore, as a first approximation, we model the jogged
dislocations as straight dislocations containing
kinks at the CTBs (Fig. 2d). The motion of the lead-
ing and trailing jogged dislocations is supposed to
occur through the consecutive motion of their seg-
ments located within individual twins, accompanied
by the formation of paired kinks that bound these
segments (Fig. 2d). Also, we denote the distance
from the GB to the trailing dislocation as p

2
, and the

distance between the leading and trailing disloca-
tion as s (Fig. 2d).

To estimate the critical stresses for the forma-
tion of split jogged dislocations, we calculate the
forces acting on the segments of the leading and
trailing dislocations located within an individual twin
(Fig. 2d). The projections F

1x
 and F

2x
 of the force

acting on the segment (of length d) of the leading
and trailing dislocation, respectively, onto the x-axis
can be presented as

int
1 1 1 2 1 1,

pin
x dF F d F F F

        (17)

int
2 2 2 1 2 2.

pin
x dF F d F F F

        (18)

In formulae (17) and (18), 1F   and 2F   are the pro-
jections (onto the x-axis) of the forces exerted on
the segments of the leading and trailing disloca-
tion, respectively, by the applied load , the second
terms represent the forces exerted by the stacking
fault, 1

pinF  and 2
pinF  are the projections of the forces

associated with the formation of kink pairs, F
2-1

 is
the projection of the force exerted by the trailing
dislocation on the leading one, F

1-2
 is the projection
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of the force exerted by the leading dislocation on
the trailing one, and F

d-1
 and F

d-2
 are the forces ex-

erted on the leading and trailing dislocation, respec-
tively, by the residual dislocation with the Burgers
vector b

0
- b

1
-b

2
, situated at the GB.

The forces 1F   and 2F   are calculated in the
same fashion as the works 1A  and 2A  and can be
written as

2
1

2
2

6 2
sin(2 ) sin ,

6 9

2 2
sin .

9

F bd

F bd





 
      

 

 
 (19)

The forces 1
pinF  and 2

pinF  are assumed to be asso-
ciated with the core energies of the paired kinks
and are as follows: 1

pinF = -Db2(1-3/4), 2
pinF = -Db2.

The forces F
1-2

 and F
2-1

 of the interaction between
the segments of the leading and trailing dislocations
are given by the standard formula [29]: F

2-1
=-F

1-2

=Db2(1-)d/(2s). Similarly, the forces F
d-1

 and F
d-2

are calculated as

2

1
2

2

3 (1 cos )
,

4( )

0.

d

d

Db d
F

p s

F





 
 




 (20)

The simultaneous motion of the segments of the
leading and trailing dislocations is possible if F

1x
>0

and F
2x

>0. These inequalities can be fulfilled if the
value of the applied load  exceeds some critical
stress 

c2
. The critical stress 

c2
 can be found from

the conditions F
1x

(= 
c2

)=0 and F
2x

(= 
c2

)=0. Sub-
stitution of formulae (17)–(20) and the expressions
for 1

pinF , 2
pinF , F

1-2
, and F

2-1
 to the latter conditions

yields the following system of equations:

c bd

Db d
p s

2
2

2

2

6 2
sin(2 ) sin

6 3

3 (1 cos )
8 3 ,

4

 
     

 
  

     

 (21)

2

2
2

(1 )
1

2

2 2
sin .

9 c

d
Db

s

bd d

    
 

  
 (22)

Solving the system of equations (21) and (22)
for 

c2
 and s, one can plot the dependences of 

c2

on twin thickness d, for various values of p
2
. These

Fig. 7. Dependences of the critical stress 
c2

 for
the motion of a split jogged dislocation on twin thick-
ness d, for various distances p

2
 of the trailing dislo-

cation to the grain boundary.

dependences for the case of nanotwinned Cu,
=/3 and =/6 are depicted in Fig. 7. Fig. 7 dem-
onstrates that the critical stress 

c2
 decreases with

an increase in twin thickness d and/or an increase
of the distance p

2
 from the trailing dislocation to the

GB. Also, the comparison of Figs. 6 and 7 shows
that, for a specified twin thickness d, 

c2
 is always

smaller than c
 . Thus, at < 

c2
, neither individual

dislocation loops nor jogged dislocations should form
in columnar-grained nanotwinned metals. At 

c2
< <

c
 , plastic deformation in such metals should be

realized via the emission of jogged dislocations (and,
possibly, via the restricted expansion of dislocation
loops within individual twins, which, however, do not
expand across the whole twins). At  > c

 , the plas-
tic deformation can, in general, be realized both via
the formation and motion of jogged dislocations and
through the formation and expansion of dislocation
loops. However, since the motion of jogged disloca-
tions occurs via the collective motion of their seg-
ments in individual twins, it is logical to assume
that in the latter case, the expansion of individual
dislocation loops should be more kinetically prefer-
able than their collective expansion resulting in the
motion of jogged dislocations. In other words, al-
though at  > c

 , both plastic deformation mecha-
nisms can coexist, one can expect that plastic de-
formation will be realized mainly through the expan-
sion of individual dislocation loops.

Also, if we fix the applied load  and vary the
twin thickness d, we will get the following scenario
for the mechanisms of plastic deformation in co-
lumnar-grained nanotwinned metals. At sufficiently
small d, such that < 

c2
(d) (see Fig. 7), plastic

deformation is suppressed. At larger d, such that


c2
(d)< < c

  (d) (see Figs. 6 and 7), plastic defor-
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mation should mainly be realized via the emission
of jogged dislocations. At even larger d, such that
 > c

  (d) (see Fig. 6), both plastic deformation
mechanisms can coexist, although plastic defor-
mation through the expansion of individual disloca-
tion loops seems to be kinetically easier. This sce-
nario is in accord with the results [25,26] of MD
simulations of plastic deformation of columnar-
grained nanotwinned Cu loaded parallel to CTBs and
nanotwinned multilayered films.

4. CONCLUDING REMARKS

Thus, in this paper we have theoretically analyzed
two deformation mechanisms in deformed colum-
nar-grained nanotwinned metals loaded parallel to
CTBs. The first mechanism represents the genera-
tion of split dislocation loops at GBs and their ex-
pansion within individual twins. The second mecha-
nism represents the formation of split jogged dislo-
cations (penetrating multiple twins) at GBs and their
motion across the grain interiors. Within our model,
both dislocation loops and jogged dislocations nucle-
ate at full pre-existent dislocations located at GBs.

For the case of dislocation loop formation, we
have demonstrated that the generation of a leading
dislocation loop at a GB is possible even at small
applied stresses provided that the Burgers vector of
the pre-existent dislocation is favorably oriented. After
the generation of the leading dislocation loop, the
loop expands until it reaches its equilibrium sizes,
followed by the generation and expansion of the trail-
ing dislocation loop. Next, the leading and trailing
dislocations expand together as a split dislocation
loop. At relatively small applied stresses (< c

 ),
they reach their equilibrium dimensions while at
sufficiently high stresses (> c

 ) they expand
across the entire twin.

Considering the emission of split jogged dislo-
cations from GBs, we have demonstrated that their
formation is possible when the applied load exceeds
a critical stress 

c2
, and their motion across the

grain interior becomes easier as these dislocations
move away from the GB. It appeared that for a speci-
fied twin thickness d, the critical stress 

c2
 is al-

ways smaller than the critical stress c
  for the for-

mation of a split dislocation loop and its expansion
across the entire twin. This means that at > c

 ,
jogged dislocations and dislocation loops expand-
ing across the whole twins can coexist. This result
is in contradiction with the previously reported theo-
retical estimate and MD simulation results [25] sug-
gesting that there should be a critical twin thick-
ness for the transition from one deformation mecha-

nism to another. At the same time, our results are
in agreement with the results of MD simulations [26]
of Cu/Ag nanotwinned multilayered films with non-
uniform layer thickness, where both deformation
mechanisms have been observed to act simulta-
neously.

In conclusion, it should be noted that the present
model can be extended to the case of nanotwinned
metals with nonuniform twin thickness as well as to
nanotwinned metallic alloys. This will be the scope
of our future research.
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