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Abstract. We suggest a theoretical model that describes the effects of solute atoms on plastic
deformation through de-twinning processes mediated by incoherent twin boundaries (ITBs) in
nanotwinned metallic alloys under a mechanical load. Within the model, the regions near ITBs
contain the segregations of solute atoms formed during the fabrication of nanotwinned alloys in
the stress fields of the dislocations composing ITBs. The critical parameters are calculated
which characterize de-twinning processes in Cu-based nanotwinned alloys containing low concentrations of Ni, Zn or Al. By comparison of these critical parameters with those specifying pure
nanotwinned Cu, it is concluded that solute atoms can effectively strengthen nanotwinned alloys.

1. INTRODUCTION

partial dislocations that slide along crystal planes
inclined to CTBs and are hampered at such
Nanostructured materials show outstanding meboundaries [25,26,34], deformation mediated by
chanical properties due to the nanoscale and interthreading partial dislocations that slide in twin
face effects causing operation of specific deformainteriors in the direction parallel to CTBs [41,46],
tion mechanisms in these materials; see, e.g., [1–
and plastic deformation through de-twinning medi23]. In recent years, a rapidly growing interest has
ated by incoherent twin boundaries (ITBs) migratbeen devoted to nanotwinned metals –
ing under stress [29,38].
nanostructured metals containing high densities of
Note that previous research of the mechanical
nanoscale twins – that often show concurrent suproperties of nanotwinned metallic materials adperior strength and good ductility [24,45]. This unique
dressed pure metals with nanotwinned structures
combination of the key mechanical characteristics
(see reviews [28,42–44]), but not metallic alloys. At
exhibited by nanotwinned metals is closely related
the same time, the deformation behavior of convento specific deformation mechanisms operating in
tional ultrafine-grained materials (without a
them. In particular, such micromechanisms include
nanotwinned structure) is well-known to be highly
plastic deformation through the motion of partial
sensitive to alloying; see, e,g,. [47,48]. Besides,
dislocations along coherent twin boundaries (CTBs)
recently, computer simulations [49] have demonand associated widening/narrowing of nanoscale
strated that solute Ag atoms can significantly imtwins [30,35,37,41,45], deformation mediated by
prove the thermal stability of nanotwinned structures
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Fig. 1. De-twinning in a deformed nanotwinned solid. (a) A grain of a nanotwinned solid under the action of
an applied shear stress  . An incoherent twin boundary (ITB) moves under the action of the applied shear
stress along coherent twin boundaries (CTBs). (b) Geometry of dislocations composing the ITB. (c–f)
Dislocation structures of ITBs.

in nanotwinned Cu-Ag alloy. Also, various binary
nanotwinned Cu-Ni and Cu-Al alloys with controlled
twin thicknesses have recently been fabricated by
magnetron sputtering [50]. In the context discussed,
it is highly interesting to fully understand the effects
of alloying on the plastic deformation processes
occurring in nanotwinned metallic materials. The
main aim of this paper is to theoretically examine
and describe the effects of solute atoms on plastic
deformation through de-twinning mediated by ITBs
that migrate in nanotwinned alloys under mechanical stresses. In doing so, we will focus our theoretical examination on plastic deformation through detwinning in Cu-based nanotwinned alloys containing low concentrations of Ni, Zn or Al.

2. DE-TWINNING DEFORMATION
THROUGH THE STRESS-DRIVEN
MIGRATION OF INCOHERENT
TWIN BOUNDARIES IN
NANOTWINNED METALLIC
ALLOYS. GEOMETRIC ASPECTS
Let us consider plastic flow through de-twinning in
a grain of a deformed nanotwinned binary alloy with

a face-centered cubic (fcc) lattice (Fig. 1a). Within
our model, the grain contains many nanoscale
growth twins divided by CTBs. We assume that an
applied shear stress  acts in the examined grain
as shown in Fig. 1a. In the initial state, the grain
contains a rectangular twin ABEF bounded by GB
segment EF, CTBs CE and BF and an ITB AB (Fig.
1a). We now examine the situation where the ITB
AB moves along the CTBs BE and AF (Fig. 1a) and
its motion is accompanied by the shrinkage of the
CTB fragments AF and BE, thus leading to the
shrinking of the twin AFEB. If the ITB AB approaches
the GB EF, the twin AFEB completely disappears,
thus promoting de-twinning of the nanotwinned solid.
We now consider the geometric features of the
ITB AB. In fcc solids, CTBs typically lie in {111} crystal planes, while ITBs are located in {112} planes.
For definiteness, we suppose that CTBs AF and
BE lie in (111) crystal planes, while the ITB AB is
located in a (11 2 ) crystal plane. Within our model,
following Refs. [29,51], the stress-driven motion of
the (11 2 ) ITB and the associated shrinkage of the
CTBs BE and AF occur through the simultaneous
motion of the Shockley partial dislocations along
all the (111) planes of the twin AFEB. Each Shockley
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partial dislocation has the line direction [ 1 10] and
one of Burgers vectors, b1, b2 or b3, where,b1 =
(a/6)[11 2 ], b2 = (a/6)[1 2 1] and b3 = (a/6)[ 2 11] (Fig.
1b), with a being the crystal lattice parameter. The
dislocations specified by the Burgers vector b1 represent edge dislocations, whereas those with the
Burgers vectors b2 and b3 are 30° mixed dislocations. The vector sum of the three Burgers vectors
b1, b2, and b3 is zero: b1+ b2+ b3=0. Various configurations of these dislocations form ITBs that can
mediate plastic flow in nanotwinned metals [38]. We
will consider the examples of such configurations
and their characteristics in next section.

3. CRITICAL PARAMETERS FOR
PLASTIC DEFORMATION
THROUGH DE-TWINNING IN
NANOTWINNED FCC ALLOYS
Let us calculate the critical parameters that specify
plastic deformation through de-twinning (Fig. 1) in
nanotwinned fcc alloys. For definiteness, we will
focus our examination on binary solid solutions having a low atomic content of one of its constituent
metals, as compared to another (dominating) constituent metal. The atoms of the former metal in a
binary metallic alloy will be called solute atoms.
Also, note that nanotwinned metallic materials
are typically fabricated at highly non-equilibrium
conditions (electrodeposition, magnetron sputtering), so that intensive atomic diffusion occurs in these
materials during their synthesis. In the case of alloys, solute atoms diffuse in the spatially inhomogeneous stress fields created by defects, in particular, dislocations at ITBs. The diffusion affected
by ITB dislocations results in the spatially inhomogeneous distributions of solute atoms near ITBs.
For definiteness, we address the situation where
the distribution of solute atoms in a nanotwinned
alloy approaches the equilibrium one.
We now examine the dislocation configurations
of ITBs in nanotwinned metals. First, let us consider the situation where the ITB dislocations form
a periodic structure with the zero total Burgers vector, as shown in Fig. 1c. In this situation, stressdriven migration of the ITB does not contribute to
plastic flow but modifies the nanotwinned structure
of a metal. In the case shown in Fig. 1c, we calculate the projection Fx of the force F acting on the
moving ITB (per unit boundary length in the direction normal to the plane of Figs. 1c). The force projection Fx is given as

Fx  Fx

sol

  h / p  b p  2  CTB ,
e

(1)

3

where Fxsol is the projection of the force acting on
the ITB due to solute atoms, CTB is the specific (per
e
unit area) energy of the CTB,  p is the mean Peierls
stress acting on the ITB dislocations, h is the ITB
length, and p=a/ 3 is the distance between the
neighboring (111) crystal planes. The force projection Fxsol is calculated in Appendix A. Our calculations demonstrated that Fxsol decreases with the distance x0 moved by the ITB. We assume that the
dislocations belonging to the ITB can pass the distance x’ = 6 a/2 along the x-axis by thermal fluctuations. (This is equivalent to the motion of the dislocations along their slip direction [01 1 ] by the distance 2 a, that is by two interatomic distances.)
Then the condition for the ITB migration can be written as Fx(x0=x’)>0. Using the relation p/b = 2 , the
latter condition can be written as h<hc, where
hc 



2 Fx ( x 0  x )  2  CTB
sol

p
e

.

(2)

The parameter hc appearing in formula (2) represents
the critical twin thickness below which the twin becomes unstable relative to de-twinning via ITB migration. In the case of a pure nanotwinned metal,
where Fxsol=0, the relation h<hc is reduced to the
e
relation h<hc0, where hc0=2 2 CTB/  p . Here hc0 is
the critical twin thickness for a nanotwinned metal.
Let us calculate the critical thickness hc in the
case of Cu-Ni, Cu-Zn, and Cu-Al nanotwinned fcc
alloys with 2 at.% of Ni, Zn and Al, respectively, and
compare it with the critical twin thickness hc0 in the
case of pure nanotwinned Cu. The Cu-Ni, Cu-Zn and
Cu-Al alloys are characterized by the following values of the shear modulus G, Poisson’s ratio , crystal lattice parameter a, atomic volume Vat: G=48
GPa, =0.34, a0.36 nm, and Vat = 1.18 10-29 m3.
Also, we put T=300K (where T is the temperature)
e
and p =15 MPa. Besides, we have: =-0.033, for
the Cu-Ni alloy [52]; =-0.05, for the Cu-Zn alloy
[53,54]; and =-0.07, for the Cu-Al alloy [55], where
 = (1/a)/(a/c0), a(c0) is the mean lattice constant
that characterizes Cu-Ni, Cu-Zn, and Cu-Al alloys
and depends on the solute concentration c0. For
the above parameters, from formula (2) and the equations for the force Fxsol , we obtain: hc=2.5 nm, for
Cu-Ni; hc=1.25 nm, for Cu-Zn and Cu-Al; and hc0=4.5
nm. These values are indicative of the fact that the
presence of Ni, Zn or Al solute atoms significantly
reduces the critical twin thickness.
We now examine the situations where the total
Burgers vector of the ITB dislocations is not equal
to zero. In doing so, stress-driven migration of ITB
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contributes to plastic flow in a nanotwinned material. For definiteness, first, we consider the case
where the ITB dislocations form a periodic structure
shown in Fig. 1d, and the total Burgers vector of the
ITB dislocations is equal to b1. In this case, the
projection Fx of the total force, acting on the ITB, on
the x-axis can be written as
sol
e
Fx  Fx  b   h / p  b p  2  CTB ,

(a)

(3)

where Fx is the projection of the force acting on
the ITB due to solute atoms for the arrangement of
the ITB dislocations shown in Fig. 1d. The expressol
sions for the force Fx are obtained in the same
way as those for the force Fxsol (see Appendix A).
The calculations demonstrate that, similar to the
force Fx, the force Fx decreases with increasing the
distance x0 moved by the ITB. Therefore, we can
write the condition for the ITB migration as
Fx(x0=x’)>0, where x’= 6 a/2, as above.
Using formula (3), the relation Fx(x0=x’)>0 can
be presented as >c, where
sol

c  

sol
Fx ( x0  x )

b

h p
e



p



2  CTB
b

(b)

(c)

.

(4)

In the case of a nanotwinned metal, where c0=0 and
sol
Fx =0, we have:





c (c0  0)  h p  2 2  CTB / p.
e

The dependences of the critical stress c (beyond which the twin stops to be stable) on twin thickness h are shown in Fig. 2a for Cu-Ni, Cu-Zn, and
Cu-Al alloys with 2 at.% of Ni, Zn or Al. The dashed
line in Fig. 2a also illustrates the dependence c(h)
for nanotwinned Cu. Fig. 2a demonstrates that c
increases with twin thickness h, and the values of
c for Cu alloys are always higher than those for
pure Cu. For the case of the Cu-Al alloy, the values
of c are very high for any values of h, which implies
that the Cu-Al alloy should be stable with respect
to detwinning at any realistic values of the applied
load and twin thickness. For the Cu-Ni and Cu-Zn
alloys, the realistic values of flow stress =0.3 GPa
(shown by the horizontal dotted line in Fig. 2a) corresponds to the twin thickness intervals (at which
the twin becomes unstable during deformation) h<3.5
nm and h<1.5 nm, respectively, while for pure Cu,
at =0.3 GPa, the twin is unstable at h<8.5 nm (Fig.
2a).
We now consider the situation where the ITB is
highly non-equilibrium and contains a comparatively
large dislocation charge, so that ITB migration significantly contributes to plastic flow. In this situa-

Fig. 2. Dependences of the critical shear stress c
(a) and c1 (b,c), for Cu-Ni, Cu-Zn and Cu-Al alloys
on twin thickness h, in the situations where de-twinning occurs through migration of ITBs with the dislocation structures illustrated in Fig. 1d (a), 1e (b),
and 1f (c). The dashed lines show the dependences
c(h) and c1(h), for pure nanotwinned Cu.

tion, the ITB is assumed to consist of periodically
arranged structural units characterized by non-zero
Burgers vectors. In the case illustrated in Fig. 1e
(where two structural units are depicted), each structural unit contains four dislocations (with the Burgers
vectors b1, b2, b1 and b3). In this case, the magnitude of the total dislocation Burgers vector per unit
ITB length is b/(4p). In the situation presented in
Fig. 1f (where one structural unit is shown), each
structural unit comprises 10 dislocations, and the
ITB fragment containing one such unit has the total
Burgers vector b1. In this case, the magnitude of
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the total dislocation Burgers vector per unit ITB length
is b/(10p).
In the situations shown in Figs. 1e and 1f, the
projection F1X of the total force, acting on the ITB,
on the x-axis can be written as



 

F1x  F1x  bh   n p / np  2 CTB ,
sol

e

(5)

where F1sol
is the projection of the force acting on
x
the ITB due to solute atoms for the arrangement of
the ITB dislocations shown in Figs. 1e and 1f, and n
is the number of dislocations in the structural unit
(n =4 and n =10 in the cases shown in Figs. 1e and
1f, respectively). Using formula (5), the condition
F1(x0=x’)>0 for ITB migration can be presented as
>c1, where

c 1

F


sol

1x

( x0  x )  2  CTB
bh

  n .
e

p

(6)

The expressions for the force F1sol
, for the ITB
x
structures shown in Figs. 1e and 1f, are derived in
the same way as the expressions for the force F1sol
.
x
Using these expressions, we have calculated the
dependences c1(h), for Cu-Ni, Cu-Zn, and Cu-Al alloys with 2 at.% of Ni, Zn, and Al, respectively. These
dependences are plotted in Figs. 2b and 2c, for the
ITB dislocation structures illustrated in Figs. 1e and
1f, respectively. Figs. 2b and 2c demonstrate that,
as with the case shown in Fig. 2a, the values of c1
for Cu alloys are always higher than those for pure
Cu. In particular, for pure nanotwinned Cu, the critical stress for de-twinning of twins with the non-equilibrium ITBs illustrated in Figs. 1e and 1f does not
exceed 100 MPa, when twin thickness is less than
10 nm. At the same time, the critical stress c1 for
de-twinning processes in Cu alloys increases dramatically, as compared to the case of pure Cu. For
instance, in the case of the Cu-Al alloy, the critical
stress c1 is around 0.4 GPa, for the ITB shown in
Fig. 1e, and exceeds 1 GPa, for the ITB presented
in Fig. 1f. Also, for a specified twin thickness h, the
corresponding values of c1 for Cu-Al are higher than
those for Cu-Zn, and the values of c1 for Cu-Zn are
higher than those for Cu-Ni. This trend is associated with the differences in the absolute value of the
parameter  (that determines the internal stresses
created by the solid solution) for these three alloys.
Figs. 2b and 2c also demonstrate that the critical stress c1 for Cu-Al and Cu-Zn first increases
and then decreases with increasing h, in contrast
to the critical stress c1 for pure Cu and Cu-Ni, which
monotonously increases with h. Apparently, this
behavior is associated with the effects of the ITB
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edges, resulting in the fact that the absolute value,
- F1sol
/h, of the force exerted by the solid solution
x
on ITB of unit length decreases with h for small
enough twin thicknesses. As a result, the term
-np F1sol
(x0=x’)/(bh) appearing in formula (6) for c1 dex
creases with h and, if the values of this term are
large enough, may result in decreasing of c1 with
increasing h.

4. CONCLUDING REMARKS
To summarize, nanotwinned alloys containing the
equilibrium atmospheres of solute atoms around ITBs
are more stable relative to de-twinning through ITB
migration, as compared to pure nanotwinned metals. The main parameter that determines the ability
of solute atoms to stabilize the nanotwinned structure is the parameter  that describes variation in
the crystal lattice parameter of a nanotwinned alloy
due to change in atomic concentration of solute atoms. An increase in  enhances the stability of
nanotwinned binary alloys relative to de-twinning.
Also, stress-induced migration of non-equilibrium
ITBs (Figs. 1e and 1f) mediates plastic deformation
in nanotwinned solids. If the fraction of non-equilibrium ITBs is sufficiently high, this plastic deformation mechanism can considerably contribute to the
overall plastic deformation of the nanotwinned solid.
In the latter case, when the critical stress c1 increases due to solute atoms, so do both the yield
and flow stresses. As a corollary, solute atoms can
effectively strengthen nanotwinned metallic alloys,
as compared to their pure metal counterparts.

APPENDIX A: THE FORCE EXERTED
ON AN INCOHERENT TWIN
BOUNDARY BY A BINARY SOLID
SOLUTION
In this Appendix, we calculate the force Fxsol exerted
by a binary solid solution on the incoherent twin
boundary with the dislocation structure shown in
Fig. 1c. To do so, let us assume that under the
action of the shear stress  the ITB has moved from
the plane x=0 of the Cartesian coordinate system
(Fig. A1a) to the plane x=x0 (Fig. A1b). We also
assume that diffusion has not enough time to occur
during the ITB motion to the plane x=x0, and the
solute concentration corresponds to the equilibrium
solute concentration in a solid with the ITB located
in the plane x=0. Then the force projection Fxsol acting on the ITB (per unit length of the dislocations
composing the ITB) is calculated as Fxsol =-Wint/x0,
where Wint is the total energy (per unit dislocation
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Fig. A1. ITB in a binary alloy. The white circles depict solute atoms near the dislocations composing the
ITB. (a) The ITB is located in the plane x=0. (b) The ITB moves along the x-axis. The concentration profile of
solute atoms does not change.

length) of the interaction of all the dislocations composing the ITB with the stress field created by the
inhomogeneous distribution of solute atoms in the
vicinity of the ITB.
In order to calculate the force exerted on the ITB
by a binary solid solution, we model the solution as
an isotropic solid with the shear modulus G and
Poisson’s ratio  and calculate the equilibrium
atomic concentration c of solute atoms at and near
the examined ITB. To do so, we will use the equation [56]

ln

c
1 c

 ln

c0
1  c0



3( x, y )Vat
k BT

,

(A1)

where c is the local atomic concentration of solute
atoms, c0 is the average atomic concentration of
solute atoms, kB is the Boltzmann constant, T is
the absolute temperature, Vat is the average volume
per atom, (x,y)=(xx+ yy+ zz)/3, xx, yy, and zz
are the components of the stress field ij created by
all the dislocations composing the ITB (Fig. A1a)
prior to its migration in the Cartesian coordinate
system (x,y,z) whose plane (x,y) is shown in Fig.
A1,  = (1/a)/(a/c0), and a is the average lattice
constant of the binary alloy. From formula (A1), one
obtains:

the dislocations with the Burgers vectors b1, b2, and
b3, and its length h is related to the number N of
triplets and dislocation separation p as h=3Np. For
such an ITB, from the expressions [56] for the stress
fields of dislocations in an isotropic infinite solid,
we have:
( x, y )  

f ( x, y  p  3 pl )  f ( x, y  p  3 pl ) ,

c ( x, y ) 

c0 e

1  c0  c0 e



Wint  3

 x  x0 

2

.

(A2)

The examined ITB with the dislocation configuration shown in Fig. 1c is composed of N triplets of

2

(A4)

 c ( x, y )  c  d x d y ,
0

where R is the screening length of the dislocation
stress field (R>>(x0,Np)). From formula (A4) and the
relation Fxsol =-Wint/x0, one obtains:



 3 
2

k BT

( x  x0 , y ) 
2

 y R

2

x  y R

3  ( x , y )Vat 

(A3)

where f(x,y)=y/(x2+y2). After migration to the plane
x=x0, the ITB creates the dilatational stress (x-x0,y).
Hence, the energy Wint (per unit dislocation length)
of the elastic interaction of the dislocations with the
stress field created by the inhomogeneous distributions of solute atoms can be written as [57]

sol

kBT

N

  2f ( x, y  3 pl ) 
6 (1   )
l 1

Fx

3  ( x , y )Vat 

Gb(1   )

( x, y )
2

c ( x  x 0 , y )
x0

d x d y . (A5)

It should be noted that for R>>(x0,Np), Fxsol does not
depend on R, so that in formula (A5), one can put
R. Then substitution of formula (A3) and the relation f(x,y)=y/(x2+y2) to (A5) and a change of variable yields:
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sol

Fx



Gb 1   
2 1   

 

x

 

y
2

y

2





N

 x  2c ( x  x , y  3 pl ) 
0

l 1

0

c ( x  x0 , y  p  3 pl ) 

(A6)

c ( x  x0 , y  p  3 pl ) d x d y .
Finally, by the change of variables x=rcos, y=rsin,
formula (A6) can be rewritten as

sol

Fx



 

x

 0

Gb 1   
2 1   

2

y



N

y
2

 x
l 1




0

 2c( r cos   x , r sin   3 pl ) 
0

(A7)

c ( r cos   x0 , r sin   p  3 pl ) 
c ( r cos   x0 , r sin   p  3 pl ) sin  d r d .
Formulae (A2), (A3), and (A7) provide the expressions for the force FXsol exerted by a binary solid
solution on the ITB shown in Fig. 1c.
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