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Abstract. Nanotwinned materials are ultrafine-grained materials which contain high-density
ensembles of nanoscale twins. They exhibit simultaneously high strength and good ductility. A
brief review of the theoretical models which describe specific twinning mechanism and
dependence of yield stress in nanotwinned materials is presented. In the framework of the
model, new micromechanism through nanotwin widening in nanotwinned materials is considered.
In addition, dependence of the yield stress on twin thickness in nanotwinned cooper (Cu) is
theoretically described. The theoretical results and their comparison with corresponding
experimental data in the exemplary case of nanotwinned cooper (Cu) are discussed.

1. INTRODUCTION

Nanostructured materials often exhibit the outstand-
ing physical and mechanical properties such as high
strength and hardness. At the same time, practical
utility of nanostructured materials is limited by the
fact that most of them have disappointingly low duc-
tility and fracture toughness. However, recently,
several examples of functional ductility and good
toughness have been reported [1-9]. For example,
novel nanotwinned metals (ultrafine-grained metal-
lic materials with high-density ensembles of
nanoscale twins within grains) exhibit simultane-
ously high strength and good ductility at room tem-
perature [1-9]. These characteristics of nanotwinned
metals are very desirable for practical applications.
However, the micromechanisms responsible for the
experimentally observed unique combination of high
strength and plasticity of nanotwin materials are not
fully understood and represents the subject of in-

tensive discussions. In particular, the specific de-
formation modes operating in nanotwinned metals
are of crucial interest for understanding the role of
the nanotwinned structure in optimization of strength
and ductility. One of the specific modes in
nanotwinned metals is viewed to be plastic defor-
mation occurring through widening of nanoscale
twins due to stress-driven migration of twin bounda-
ries [1,2,10-13]. It is considered that
micromechanism for stress-driven migration of twin
boundaries in nanotwinned metals is glide of partial
dislocations along twin boundaries [1,2,10-13]. This
factor should be definitely taken into account in
analysis of plastic flow in nanotwinned metals.

Thus, the main aim of this paper is to suggest
the theoretical models which describe plastic de-
formation through widening of nanoscale twins and
dependence of the yield stress on nanotwin width
in nanotwinned metals with subsequent compari-
son with the experimental data.
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2. MICROMECHANISM OF NANOTWIN
WIDENING IN NANOTWINNED
MATERIALS

Let us consider a two-dimensional model [10-12] of
an ultrafine-grained metal sample with periodic
nanotwinned structure subjected to external tensile
stress s (Fig. 1a). It is assumed that in the grains of
nanotwinned material with average dimension d,
rectangular nanotwins restricted by coherent twin
boundaries are arranged continuously (Fig. 1a). Let
us consider an individual grain containing N+1 iden-
tical nanotwins of the same thickness  and length
d distributed periodically (Fig. 1b). Therefore, these
nanotwins are restricted by N twin boundaries, with
the same distance  in between (Fig. 1b). Action of
external tensile stress  causes shearing stress 
along the twin boundaries. The shear stress  is
related to the applied tensile load  by the relation
 = k×, where k is the geometric factor (0  k 
0.5) determined by the orientation of the Shockley
dislocation slip system with respect to the direc-
tion of the applied load. It is well known that slip of
partial dislocations (for FCC materials – the
Shockley dislocations) on the planes parallel to twin
boundaries serves as the primary mechanism of
migration of twin boundaries. For our model, action
of shear stress  causes the partial dislocations with
Burgers vectors b (partial b-dislocations) to slip along
the planes parallel to the twin boundaries.

Slip of the partial b-dislocations cause moving
the twin boundaries in the direction perpendicular

Fig. 1. Model of plastic deformation of ultrafine-grained material due to widening of nanoscale twins. A
ultrafine-grained specimen with nanotwinned structure (a general view). (a) The grain contains structure
from N periodically arranged identical nanotwins. (b) The defect structure after realization of the n-th el-
ementary act of twin boundary migration. (c).

to the boundary plane to the distance between ad-
jacent planes parallel to the plane of the twin bound-
ary. Migration of all twin boundaries in the grain is
assumed to occur simultaneously. The process of
generation and slip of partial b-dislocation can be
simulated by formation of a dislocation dipole with
Burgers vectors ±b. Therefore, the process of si-
multaneous migration of N twin boundaries can be
described by formation of N dipoles of partial ±b-
dislocations. As a result, an elementary act of plas-
tic deformation of the nanotwinned sample is repre-
sented by simultaneous migration of twin bounda-
ries to the same interplanar distance. The elemen-
tary act of twin boundary migration to the distance 
may occur repeatedly. Sequential n acts of plastic
deformation result in migration of twin boundaries
to the distance n (Fig. 1d).

3. ENERGETIC CHARACTERISTICS
OF NANOTWIN WIDENING

Let us consider energetic characteristics of the n-
th elementary act of twin boundary migration (Fig.
1d). The n-th elementary act of twin boundary mi-
gration is characterized by the energy change
W

n
 = W

n
 – W

n-1
, where W

n-1
 and W

n
 are energy of

the defect system in the (n-1)-th and n states, re-
spectively. The n-th elementary act of plastic defor-
mation is energetically favorable, if W  0. The
energy change W

n
 can be written as follows [11]:
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where E
b
 - is the proper energies of N dipoles of

Shockley ±b-dislocations; E
int1

 and E
int2

 -  are the
energy of elastic interaction between all dipoles of
Shockley ±b-dislocations in the (n-1)-th and n-th
states, respectively, and E - is the work spent by
the external shear stress  on movement of N twin
boundaries over the distance .

The proper energy E
b
 is given by the standard

expression [10,11]:

b

d b
E NDb

b

2 ln 1 ,


  
 
 

 (2)

where D = G / 2×(1-), G is shear modulus,  is
Poisson ratio.

The energies E
int1

 and E
int2

 of elastic interaction
between all dipoles of ±b-dislocations in (n-1)-th and
n-th states are calculated as the total work on gen-
eration of each dipole of ±b-dislocations in the sum-
mary stress field of all other dipoles, and can be
written for the (n-1)-th and n-th states, respectively,
as follows [11]:
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where y
n
 = .(i -1)+ .(k-j) and y

n-1
 = j . - .(i -1).

The energy E of elastic interaction with exter-
nal shear stress  is given by standard equation
[10,11]:

E N d.


    (5)

With help of Eqs. (1)-(5), we obtain the expres-
sions for total energy change W

n
.

4. THE YIELD STRESS OF
NANOTWINNED MATERIALS

The n-th elementary act of plastic deformation be-
comes possible when the external shear stress 
reaches some critical value 

cn
, which can be deter-

mined from the condition W
n
 = 0. Use the value of

the critical shear stress 
cn

 to determine the yield
stress 

y
. Let us assume that the yield stress 

y

agrees with the value of critical stress 
0.02

 required
to reach the plastic deformation  = 0.02.

Calculate the dependence yield stress 
y
 on the

distance  between the twin boundaries in the ex-
emplary case of ultrafine-grained nanotwinned cop-
per (Cu). For material constants, let us select the

following values: G = 44 GPa,  = 0.3, a = 0.352 nm
[14], 

0
 = 200 MPa, K

HP
 = 1750 MP [15]. Param-

eters of defect structure are taken as: d = 500 nm,
 = 0.4,  = 0.6 and 

*
 = 15 nm [1,2]. In Fig. 2, the

theoretical 
y
() (the solid line), and experimental

(the dashed line, from experimental papers [1,2])
dependencies of the yield stress 

y
 on the distance

l between the twin boundaries are shown. As is clear
from Fig. 2, theoretical dependence 

y
() of the yield

stress on the distance between the twin bounda-
ries is in good agreement with the experimental data.

5. CONCLUSION

The theoretical models have been developed de-
scribing twinning micromechanism and dependence
of the yield stress in ultrafine-grained materials with
nanotwinned structure. In the models, plastic defor-
mation occurs due to sequential migration of the
twin boundaries and lattice slip within the spaces
between the twin boundaries. The critical external
stress and plastic deformation degree characteriz-
ing each elementary act of twin boundary migration
accompanied by lattice slip have been calculated.
Theoretical dependence of the yield stress on the
distance between the twin boundaries for
nanotwinned copper (Cu) has been calculated. Theo-
retical dependence of the yield stress on the dis-
tance between the twin boundaries has been com-
pared with similar experimental dependencies in the
exemplary case of ultrafine-grained copper with
nanotwinned structure. Theoretical results well
agree with the experimental data.

The results of this theoretical investigation can
be used in practice to form specific nanotwin struc-

Fig. 2. The dependencies of theoretical (the solid
line) and experimental (the dashed line) yield stress
on the distance  between nanotwins in the exem-
plary case of ultrafine-grained copper (Cu) with
nanotwinned structure.
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ture in ultrafine-grained materials to provide recom-
mendations on optimization of their mechanical prop-
erties, which allow for simultaneous combination of
high strength and functional plasticity of such ma-
terials. In particular, the theoretical model developed
allows for determination of the yield stress in
nanotwinned materials depending on width of the
nanotwins.
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