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Abstract. This paper overviews the results of recent experiments, molecular dynamics simulations and theoretical models concerning the unique mechanical properties of bulk nanotwinned
metals and twinned nanowires/nanopillars. The focuses are placed on the ultrahigh strength of
nanotwinned metals, anomalous twin thickness dependence of their yield strength, stability of
nanotwins under stress, and the effects of texture and loading anisotropy on the mechanical
properties of textured nanotwinned metals. Also, we survey recent research efforts addressing
the mechanisms of crack propagation and failure in nanotwinned metals, their fracture toughness and ductile-to-brittle transition observed in these structures with a change in their twin
thickness.

1. INTRODUCTION

These materials also represent an interesting model
system, since their deformation can be realized
through deformation mechanisms that are not observed in other kinds of crystalline solids.
In this paper, we give a review of experiments,
molecular dynamics (MD) simulations and theoretical models addressing the outstanding mechanical
properties of nanotwinned metals. We consider the
experimental data concerning their strength, strain
hardening, ductility, strain rate sensitivity, fracture
toughness and fatigue resistance. We summarize
the experimental observations and the results of MD
simulations and mechanistic modeling of the plastic deformation and fracture processes in
nanotwinned metals. We consider several kinds of
nanotwinned metals, including non-textured bulk
nanotwinned metals with approximately equiaxed
grains, textured bulk columnar-grained nanotwinned
metals and twinned nanowires/nanopillars. The fo-

Due to the combination of their excellent mechanical properties, good conductivity, and unique structure, nanotwinned metals have drawn much attention of the scientists in various research areas. Such
solids represent ultrafine-grained or fine-grained
metals whose grains contain a high density of layered nanoscopic twins divided by coherent twin
boundaries (CTBs). Experiments demonstrated that
nanotwinned metals exhibit ultrahigh strength and
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These remarkable properties of nanotwinned metals make them good candidates for the use in hightech structural applications, next-generation electronic devices and microelectromechanical systems.
Besides, the fabrication of nanotwinned metals provides the opportunities of governing the mechanical
and functional properties of nanomaterials via tuning the twin thickness and geometry of the CTBs.
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Fig. 1. Geometry of the CTBs in face-centered cubic crystals. Reproduced from [42], with permission.
Copyright Nature Publishing Group (2013).
cuses of the survey will be placed on the anomalous twin thickness dependence of the yield strength
in bulk non- textured nanotwinned metals, the
mechanisms of their strengthening and toughening,
the effects of texture and loading anisotropy on the
mechanical characteristics of textured nanotwinned
solids and the mechanisms of crack propagation
and failure in bulk nanotwinned solids, twinned
nanopillars and nanowires.

2. STRUCTURE OF NANOTWINNED
METALS
Bulk nanotwinned metals represent bulk polycrystalline solids where submicrocrystalline or microcrystalline grains contain a high density of growth
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age twin thickness decreases with increasing deposition rate (e.g., [2]). Direct electron microscopy
observations of nanotwinned metals demonstrate
that growth twins in such materials, although differ
in thickness, form relatively regular structures
[4,8,13,40]. The growth twins in nanotwinned metals are divided by the CTBs. Crystallographically, a
CTB is described as one of 3 coincidence-sitelattice boundaries with a <011> misorientation axis
[41]. Fig. 1 shows the geometry of the CTBs in facecentered cubic (fcc) metals [42]. It can be seen that
the CTBs represent symmetric tilt boundaries, so
that all atoms at different sides of the CTB are in
perfect mirror symmetry.

Nanotwinned metals are fabricated in the form
of bulk solids, films, nanopillars or nanowires. Different synthesis methods produce two different kinds
of bulk nanotwinned metals. In the nanotwinned
metals of the first kind the majority of grains are
approximately equiaxed, with the CTBs inclined to
grain boundaries (GBs) (Fig. 2a). In the nanotwinned
solids of the second kind most grains have the form
of columns where the CTBs are nearly perpendicular to GBs along the columnar axis [43] (Fig. 2b). In
the latter case, the {111} close-packed planes of
fcc nanotwinned metals are located preferentially
parallel to the substrate, so that nanotwinned specimens possess a pronounced texture. In both cases,
in addition to the CTBs, grains can contain incoherent twin boundaries (ITBs) normal to the CTBs. ITBs
form if a twin lamella does not join its two neighboring GBs.
In twinned fcc nanopillars or nanowires, the geometry of CTBs can be different. Commonly, twinned
fcc nanowires are <111>-oriented, so that one of
the <111> directions is parallel to the nanowire/
nanopillar axis, while the parallel CTBs that occupy
the {111} planes are normal to the nanowire axis
[44] (Fig. 2c). Recently, however, Kobler et al. [45]
synthesized twinned nanowires containing a set of
the parallel CTBs that are also parallel to the
nanowire axis. Also, several groups fabricated
pentatwinned Ag nanowires divided by the CTBs
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contain five-fold twins that were previously found in
small particles and thin films (see, e.g., review [50])
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Fig. 2. Bright-field TEM images of (a) electrodeposited nanotwinned Cu [1], (b) magnetron sputtered epitaxial nanotwinned Cu [43], nanotwinned Au nanowires [44]. Reproduced with permissions from [1,43,44].
Copyright AAAS, 2004 (a), American Institute of Physics, 2008 (b) and Macmillan Publishers Ltd: [Nature
Communications], 2013 (c).
and nanocrystalline solids (see [41] and references
therein).
The difference in microstructures has a high impact on the mechanical properties of the various
kinds of nanotwinned solids. Therefore, in the following sections we will separately consider the bulk
nanotwinned solids with equiaxed grains, columnargrained nanotwinned solids and nanotwinned
nanopillars/nanowires.

3. PLASTIC DEFORMATION OF BULK
NANOTWINNED MATERIALS WITH
EQUIAXED GRAINS
3.1. Dislocation reactions at coherent
twin boundaries
Bulk nanotwinned materials have superior mechanical properties. For example, strength and hardness
of such materials significantly exceed the corresponding characteristics of nanocrystalline materials with the same composition, while their strain to
failure can be 3 to 10 times as high as that of similar nanocrystalline solids (e.g., [2]). These extraordinary properties of nanotwinned solids are attributed to the interactions of dislocations with the CTBs
[4]. In bulk fcc nanotwinned solids each nanotwin is
bounded by two long CTBs and two short lateral
fragments of either GBs or ITBs. The nanoscale

spacing between adjacent CTBs restricts dislocation motion within the twin lamellae and prevents
the formation of large dislocation pileups in the interiors of such lamellae. To carry plastic deformation,
dislocations must be transmitted across the CTBs.
In the case of fcc nanotwinned solids, the
misorientation angle between the {111}<110> slip
planes in adjacent twin lamellae is high, which creates a very high barrier for individual dislocation transmission across a CTB and results in high strength
of nanotwinned solids.
Thus, the mechanical properties of nanotwinned
materials are strongly influenced by the interaction
of dislocations with the CTBs. The interaction between dislocations and the CTBs in fcc metals has
been investigated for many years, see, e.g., reviews
[51,52]. The studies of nanotwinned solids have
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teraction. In general, when an incident dislocation
crosses a twin and enters a CTB, it can either transfer to the neighboring twin or be absorbed by the
CTB. In turn, if the dislocation is transmitted through
the CTB, it can leave at the CTB either an immobile
residual dislocation or a mobile twinning partial. The
dislocation reactions at the CTB can (although not
necessarily) involve the coalescence of the leading
and trailing incident partial dislocations to produce
a full dislocation as well as dislocation dissociation
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Fig. 3. Yield stress of nano-twinned Cu as a function of twin-boundary spacing at different grain sizes.
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results (symbols) for yield stress for d = 10 nm, 20 nm and experimental data for d = 500 nm, are shown
together with the corresponding fitted curves from Eq. (1). The quasi-three-dimensional simulation results
for d=70 nm are shown but not fitted because Eq. (1) is based on dislocation nucleation in three-dimensional nanotwinned metals. Adapted from [6], with permission. Copyright 2010, Nature Publishing Group.

[23,31,53,54]. For example, Wu et al. [53], using
MD simulations, reported two new dislocation
mechanisms: (i) the interaction of a 60rdislocation
with a CTB that leads to the formation of a {001}<110>
Lomer dislocation (which, in turn, dissociates into
the mobile Shockley and immobile stair-rod and
Frank partial dislocations); and (ii) the transfer of a
30rShockley partial across a CTB resulting in the
formation of three new mobile Shockley partials. The
formation of immobile dislocations at the CTB due
to the first dislocation reaction results in strain hardening while the formation of mobile twinning Shockley
partials (that can slip along the CTBs over relatively
large distances) contributes to good ductility of
nanotwinned fcc metals. At the same, the exact
dislocation reaction that takes place at the CTB is
determined by the kind of the incident dislocation(s)
and the applied stresses.
Several research groups studied numerous dislocation reactions at the CTBs by MD simulations
[19,23,53,54]. In particular, Jin et al. [19,23] investigated the interaction between screw and non-screw
dislocations at the CTBs in fcc metals and calculated the critical stress for dislocation transmission
across a CTB. Also, Ezaz et al. [54] and Zhu et al.
[31] calculated the energy barriers associated with
i
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lations and the analytical calculations, respectively.

Gu et al. [12,55] analytically calculated the critical
stress for dislocation transmission across a CTB
for the cases of individual dislocations and dislocation pileups. The importance of the stress concentration for dislocation transmission across a CTB,
associated with dislocation pileups, was also confirmed by in-situ transmission electron microscopy
(TEM) experiments on Cu [27], where screw dislocations were crossing a CTB only after the formation of sufficiently large dislocation pileups.

3.2. Yield strength of nanotwinned fcc
metals with equiaxed grains
We now consider the results of the experiments
and MD simulations concerning the yield strength
of nanotwinned fcc metals with equiaxed grains.
Experiments demonstrate that at sufficiently large
twin thickness, the yield strength of such
nanotwinned solids decreases with increasing twin
thickness and can be described by the classical
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enough values of twin thickness, yield strength increases with twin thickness (see, e.g., [2,6,7] and
references therein) (Fig. 3). (This softening behaviour
does not occur for fibre-textured nanotwinned metals fabricated by sputtering [57].) Such mechanical
behaviour of nanotwinned solids resembles the
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bright-field images. The loading direction is indicated by double-headed arrows. Reproduced from [60], with
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anomalous dependence of yield strength on grain
size in nanocrystalline materials. The change in the
character of the dependence of yield strength on
twin thickness in nanotwinned solids when passing
to small twin thicknesses is attributed to a change
of plastic deformation mechanism in such solids.
For large enough twin thicknesses, plastic deformation is realized through the motion of dislocations from one CTB to another. However, at sufficiently small twin thicknesses, when the stress
needed to emit a dislocation from a CTB becomes
very high, the transition in the plastic deformation
mechanism occurs. In the latter case, plastic deformation is realized through the emission of partial
Shockley dislocations from the GB/CTB junctions
followed by their motion over the CTBs across the
grain and absorption by the opposite GB [6,9,10,15].
These two deformation mechanisms have been observed experimentally in nanotwinned metals with
XdhTk
XWZe
TafTaWaaTabg
jaaXWaTabje
XfR
-0u
60].
In particular, Lu et al. [60], using in situ high
resolution transmission electron microscopy
(HRTEM), studied two types of dislocation nucle-

ation and motion during tensile deformation of
nanotwinned Cu. The first type of dislocations corresponds to the Shockley dislocations that nucleate at the steps at the CTBs, slip across twins and
then pass across CTBs to the adjacent twins, leaving residual dislocations at the CTBs (Figs. 4a-4d).
The second kind of dislocations represents the
Shockley dislocations that nucleate at the GB/CTB
junctions and slip along the CTBs (Figs. 4e-4h). The
measurements [60] of the statistical proportion of
the two kinds of dislocations demonstrated that with
increasing twin thickness, the fraction of the dislocations of the first kind increases, while the fraction
of the dislocations of the second kind decreases.
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ber of the dislocations of each type becomes approximately equal when twin thickness lies in the
range from 12 to 37 nm. This implies that the transition from the preferable dislocation motion across
twins to the preferable dislocation motion along the
CTBs occurs as twin thickness becomes smaller
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the critical twin thickness for the change of the dominant deformation mechanism in nanotwinned Cu with
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Fig. 5. Stress-strain curves obtained for uniaxial tensile deformation of nanocrystalline Cu and Pd. For each
element, two different structures were tested: a defect-free microstructure with 20 nm grain size and an
identical structure containing growth twins (4 nm spacing). The simulated strain rate was 108 s-1. Reproduced from [7], with permission. Copyright 2010, American Physical Society.
equiaxed grains are consistent with the value of the
critical twin thickness (around 15 nm) in nanotwinned
Cu with approximately the same grain size determined by mechanical tests [2].
Using a special software, Lu et al. [60] performed
a quantitative analysis of the time-resolved HRTEM
images to determine the stress state in the regions
containing the sites of the emission of dislocations
of both kinds. They found that dislocations of both
kinds are generated at the places of significant stress
concentration, where the local shear stress is close
to 2 GPa. This value of the local shear stress is
close to the cohesive shear stress for Cu [59] at
which the homogeneous formation and expansion
of partial dislocation loops are possible. Apparently,
such high values of the local shear stress before
dislocation emission testify that the new dislocations form at pre-existent dislocations as results of
dislocation reactions. The stress concentration can
additionally originate due to previously formed dislocation pileups. Also, it appeared that the average
shear stress after the emission of the first twinning
Shockley partial from the GB/CTB junctions is only
7% smaller than that before dislocation emission.
This means that stress easily accumulates near
the GB/CTB junction after the emission of the first
dislocation. As a result, dislocations are continuously emitted from the GB/CTB junctions, as is
observed in Figs. 4e-4h.
Stukowski et al. [7] performed large-scale MD
simulations of uniaxial tensile deformation of

nanotwinned Cu and Pd. Their MD simulations demonstrated an interesting feature: whereas the yield
and flow stresses of the model nanotwinned Cu
specimen were higher than those of a similar twinfree Cu specimen, the yield and flow stresses of
model nanotwinned Pd were lower than those of a
similar twin-free Pd specimen (Fig. 5). Detailed study
of deformation mechanisms in Cu and Pd revealed
that various deformation mechanisms operate in
nanotwinned Cu, namely CTB migration, emission
of partial or perfect lattice dislocations from GBs,
formation of extrinsic stacking faults, and interaction of partial dislocations with the CTBs. At the
same time, nanotwinned Pd is deformed almost
exclusively via CTB migration. Irrespective of the local
grain and CTB orientation, primarily twinning dislocations nucleate at the glide planes parallel and
adjacent to the CTBs. At sufficiently small twin thicknesses, the stress for CTB motion in nanotwinned
Pd appears to be smaller than the stress for dislocation emission from GBs (or other GB mediated
deformation mechanisms) in twin-free Pd. This explains the lower yield and flow stresses of
nanotwinned Pd compared to the similar twin-free
Pd specimen.
Now let us consider the models describing the
dependence of the yield strength of nanotwinned
fcc metals with equiaxed grains on twin thickness.
Gu et al. [12,55] theoretically examined the case of
sufficiently large twin thicknesses, where plastic
deformation is realized through Shockley disloca-
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tion motion across twins followed by their transmission across the CTBs. Within their models, partial
(leading and trailing) Shockley dislocations slip
along a {111} plane in a twin and approach a CTB,
where they merge to form a full dislocation and then
dissociate either into mobile partial dislocations or
into a mobile partial and a residual immobile dislocation. The authors of papers [12,55] considered
the case of single dislocations splitting at the CTBs
and dislocation pileups within twins. By considering the dislocation reaction at the CTB as the formation of a new semicircular dislocation loop [55],
for both models (single dislocation and dislocation
pileup), they calculated the critical shear stress for
dislocation transmission across a CTB, which determines the yield strength of the nanotwinned solid.
It appeared that the single dislocation model predicts higher yield strength than that documented in
experiment [2], while the dislocation pileup model
gives much better coincidence with these experimental data. The calculations [12,55] confirmed
that yield strength decreases with increasing the
twin thickness and this reduction can be explained
by the formation of dislocation pileups.
Several models tried to explain the anomalous
twin thickness dependence of the yield strength for
thin twins, where plastic deformation is realized
through the emission and motion of Shockley dislocation along the CTBs, resulting in CTB migration.
=beafg
TaVX C et al. [6] suggested a simple kinetic model describing emission of Shockley partials from the GB/CTB junctions. Within their model,
such dislocation emission occurs under the action
of the resolved shear stress and is assisted by the
stress concentration at the GB/CTB junctions and
thermal fluctuations. They suggested the following
formula for the shear yield strength y of the
nanotwinned solid:
U

y


SV *

k BT
SV *

ln

d

D

,

(1)

where U is the activation energy, S is a factor that
accounts for the local stress concentration and geometry, d is the grain size, is the twin thickness,
V* is the activation volume, kB, and T are the
Boltzmann constant and temperature, D is the
Debye frequency, and is the macroscopic strain
rate. For a given grain size d, formula (1) predicts
that y decreases with decreasing twin thickness ,
which is related to a higher number of potential sites
(at the GB/CTB junctions) for Shockley dislocation
emission.
Fig. 3 shows a comparison of the yield stress of
nanotwinned ultrafine-grained Cu from experimen-
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tal data, the model predictions based on Eq. (1)
and MD simulations. The softening behaviour seen
in the simulations below the critical CTB spacing is
well captured by formula (1). For a given grain size
d, the intersection of the curve obtained from Eq.
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valid for the CTB spacing as small as several nanometers. As shown in Fig. 3, simulations and formula (1) show that the onset of softening depends
on the grain size: the smaller the grain size d, the
smaller the critical CTB spacing, and the higher the
maximum strength of the material.
Wu et al. [61] suggested another model describing the anomalous twin thickness dependence of
the yield strength for thin twins. Based on the results of their MD simulations, they supposed that
above the critical twin thickness, plastic deformation occurs via the motion of dislocations across
twins accompanied by cross-slip and dissociation
of Lomer dislocations. Dislocation dissociation leads
to the formation of immobile dislocations at the CTBs
that hinder further dislocation motion, thus increasing the yield stress. At the same time, at sufficiently
small twin thicknesses (below the critical value),
cross-slip does not occur, and instead steps form
at the CTBs due to the absorption of gliding screw
dislocations by the CTBs. These steps then move
and serve as dislocation nucleation sites, softening
the material.
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existent wedge disclinations hinder the emission
and motion of Shockley partial dislocations occurring at small twin thicknesses, and their hindering
effect is the stronger, the higher twin thickness. This
explains the decrease of the yield strength with
decreasing twin thickness at small twin thicknesses.
At the same time, TEM investigations of
nanotwinned solids have not revealed the presence
of disclinations in triple junctions. Besides, the arrays of disclinations with high strengths would accumulate very high strain energy, and so their formation during the synthesis of nanotwinned solids
is questionable.
Xie et al. [64] suggested a model describing the
yield strength of nanotwinned solids both in the regions of large and small twin thicknesses. They used
a size distribution of twin thicknesses and applied
g
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ening mode (that is, increasing the yield strength
with twin thickness) for thick twins (with the thick-
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strength containing both hardening and softening
regions (Fig. 6). The calculated dependence agrees
well with experimental data [2,5] for nanotwinned
Cu.

3.3. Ductility, strain hardening and
strain rate sensitivity
Fig. 6. Dependences of the yield stress y of
nanotwinned Cu on twin thickness . The solid line
shows the calculated dependence while the dashed
line depicts the experimental dependence from Refs.
[2,5]. Reprinted from [65], with permission. Copyright 2015, Advanced Study Center.
ness above the critical one). At the same time, to
describe the softening at small twin thicknesses,
they applied the expression [29] for the critical
stress at which complete detwinning of an individual
model ellipsoidal twin is energetically favorable.
Apparently, since the onset of plastic deformation
described by the yield strength does not lead to the
complete disappearance of twins, the use of this
expression for the calculation of the yield strength
is hardly correct. At the same time, using this expression and fitting the model parameters, Xie et al.
[64] obtained good agreement between the calculated averaged yield strength and experimental data.
A similar model describing the yield strength of
nanotwinned solids both in the regions of large and
small twin thicknesses has been suggested by
FiWybet al. [65]. They postulated that in thin twins
(with the thickness below the critical one), plastic
deformation is realized via CTB migration, while in
thick twins (with the thickness above the critical
one) plastic deformation is realized either through
CTB migration or via dislocation slip across twins,
depending on the CTB orientation with respect to
the direction of the applied load. The contribution to
the yield stress associated with the dislocation slip
TVe
bffg
jafjTfWXfVeUXWUlT TuGXg
V[g
l
cX
dependence, as above. To estimate the contribution to the yield stress associated with CTB migrag
ba FiWybet al. [65] considered a model grain
with identical twins where all the CTBs migrate simultaneously by the same distance. The critical
stress for such simultaneous CTB migration corresponding to a small specified plastic strain provides
the yield strength of thin twins. By averaging the
yield strength over the twins deformed by different
WXY
be Tg
ba XV[Taf f FiWybet al. [65] obtained the twin thickness dependence of the yield

Ductility is defined as the limit of strain for a material to sustain homogeneous plastic deformation
before the onset of localized deformation in the form
of shear banding or necking [41]. The experimental
studies of nanotwinned metals demonstrated that,
in contrast to nanocrystalline materials where high
yield strength is typically achieved at the expense
of low ductility, nanotwinned solids demonstrate a
unique combination of ultrahigh strength and good
ductility. Apparently, good ductility of nanotwinned
solids is associated with the possibility of dislocation motion along the CTBs. Indeed, each dislocation that traverses the grain along a CTB carries
much more plastic deformation than a dislocation
that intersects a grain in a nanocrystalline solid.
The importance of the CTBs in attaining good ductility is supported by a pronounced increase in tensile ductility with a decrease in twin thickness in
texture-free nanotwinned Cu [5] (see Fig. 7a). At
the same time, in parallel with twin thickness, tensile ductility of texture-free nanotwinned metals
strongly depends on grain size, as is the case with
conventional untwinned ultrafine-grained metals. For
example, Chen et al. [66] demonstrated that with
an increase of the average grain size of nanotwinned
Cu from 460 nm to 1500 nm (at a fixed twin thickness around 60 nm), the uniform strain before necking increases from 3.2 to 10.5%. Interestingly, an
increase in tensile ductility with increasing grain size
is accompanied by an enhancement of both ultimate tensile strength and strain hardening but does
not lead to a decrease in the yield strength, as one
would expect for an untwinned solid.
Good ductility of nanotwinned materials is partly
due to the presence of pronounced strain hardening, which provides the stability of nanotwinned solids with respect to necking until large enough strain.
Indeed, the Hart criterion for the stability of a solid
under tension with respect to necking has the form
[67]
1


m

1,

(2)

where is the flow stress, is the strain, and m is
the strain rate sensitivity, defined as
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Fig. 7. Dependences of (a) elongation to failure [5] and (b) strain hardening exponent n [2] on mean twin
boundary spacing for nanotwinned (nt) Cu with average grain size of 500 nm, in comparison with the
corresponding grain size dependences of elongation to failure and strain hardening exponent n for
nanocrystalline (nc) or ultrafine-grained (ufg) Cu. The lines serve as guides to the eye. The arrow in (b)
shows the value n=0.35 for coarse-grained (cg) Cu. Adapted from [2,5], with permission. Copyright 2009,
AAAS.
m

1


,

(3)

and is the strain rate. For any stress-strain dependence, formula (2) gives the critical (maximum)
strain below which the solid is stable to necking
and above which it becomes unstable to neck formation. This critical strain determines the ductility
of a ductile solid. For plastically deformed metals
before plastic flow localization, the flow stress can
be approximated by a power law



n

y

K ,

(4)

where y is the yield strength, K is the strengthening coefficient, and n is the characteristic of strain
hardening. Formulae (2) and (4) demonstrate that
good ductility is achieved if the values of the coefficient n are high enough. To demonstrate this trend
for nanotwinned metals, Fig. 7b shows the dependence of the strain hardening exponent n on twin
thickness for ultrafine-grained nanotwinned Cu. Fig.
7b shows that, similar to elongation to failure, the
coefficient n increases with decreasing twin thickness, and for sufficiently small twin thickness (below 15 nm) becomes higher than that of coarsegrained Cu. This behavior is in contrast to the dependence of the strain hardening exponent n on grain
size for untwinned Cu, which shows a pronounced
decrease of strain hardening with decreasing grain
size (especially for nanocrystalline Cu), correlated
with the loss of ductility.
The exact mechanisms of strain hardening in
nanotwinned solids are not fully understood. At the
same time, strain hardening can be attributed to

the formation of immobile residual dislocations at
the CTBs in course of dislocation transmission
across CTBs [23,53] and the accumulation of dislocations at or near GB/CTB junctions resulting from
the nucleation of dislocations at these junctions followed by their motion along the CTBs across twinned
grains [46].
Besides ductility and strain hardening, the sensitivity of the flow stress to the loading rate is of
high importance. This parameter, strain rate sensitivity, is usually studied in order to reveal the intrinsic deformation mechanisms of metallic materials.
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sensitivity of bulk nanotwinned Cu with randomly
oriented nanoscale twins and a fixed grain size of
500 nm demonstrated that nanotwinned bulk Cu has
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increase of the strain rate sensitivity with a decrease
in twin thickness associated with strong interaction
between dislocations and the CTBs.

3.4. Stability of twins in deformed
nanotwinned fcc metals
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stability of twins in deformed nanotwinned Cu with
small twin thicknesses (up to several nm). Using in
situ cross sectional TEM, they observed detwinning
of nanotwinned Cu occurring via the stress-driven
motion of the ITBs under indenter loading. In particular, Liu et al. [74,76] observed migration of an
ITB with the length of 5.5 nm in nanotwinned Cu at
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Fig. 8. Detwinning in a deformed nanotwinned solid. (a) A model grain of a nanotwinned solid under the
action of an applied shear stress . An ITB nucleates at a GB and moves under the action of the applied
shear stress along the CTBs. (b) Geometry of dislocations composing the ITB. (c) A magnified region ABCD
of figure (a) shows a dislocation ensemble at the ITB and an ensemble of opposite-sign dislocations at the
GB. Reprinted from [77], with permission. Copyright 2015, Advanced Study Center.
ultralow indentation stress of 0.1 GPa, well below
the stress needed for macroscopic yielding. The
migration of the ITBs was attributed to the motion of
the Shockley partials that compose the ITBs. Indeed, any ITB that occupies a {112} plane can be
presented as an ensemble of Shockley dislocations
with the Burgers vectors along any of <112> directions [72,73]. TEM observations [72,73] demonstrated that the moving ITB consists of the fragments, each containing three Shockley partial dislocations (one edge dislocation and two 30rdislocations) with the zero total Burgers vector. This
means that detwinning via migration of the ITB is
accompanied only by local atomic-scale plastic
deformation, while the macroscopic plastic deformation produced by such ITB motion equals zero.
MD simulations [72] demonstrated that the motion
of the ITB with a thickness below 2 nm can proceed
at low shear stresses below 0.3 GPa. They showed
that ITB migration starts from the motion of an edge
dislocation under the action of the applied stress,
immediately followed by the motion of two neighboring 30rdislocations due to their attraction to the
edge dislocation. This results in the atomic-scale

motion of one ITB fragment. The driving force for the
motion of such a fragment is the decrease of the
energy of the CTBs with decreasing their spacing.
The motion of the first ITB fragment is followed by
the motion of other ITB fragments, thus leading to
ITB migration and eventually resulting in detwinning.
A similar detwinning mechanism can be realized
through the generation of new ITBs at GBs and subsequent ITB migration across the twin.
More recently, detwinning via the formation and
motion of an ITB has been studied via mechanistic
modeling [77]. The authors of [77] considered the
formation and motion of an ITB under an applied
stress. They considered the ITB as an ensemble of
Shockley dislocations with three possible Burgers
vectors, b1, b2, and b3, where b1 = (a/6)[11 2 ], b2 =
(a/6)[1 2 1] and b3 = (a/6)[ 2 11] (Fig. 8), and a is the
crystal lattice parameter. For simplicity, they examined the situation where the ITB, located between
two CTBs, nucleates at a GB and migrates as a
whole, instead of splitting into several moving fragments. In this case, the generated ITB dislocations
leave the opposite-sign dislocations at the GB (Fig.
8). The driving force for the ITB motion is the re-
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Fig. 9. Dependence of the critical resolved shear
stress c for stress-driven detwinning in nanotwinned
Cu on twin thickness h. Reprinted from [77], with
permission. Copyright 2015, Advanced Study Center.
moval of the two CTB fragments during the ITB motion and the work of the applied stress on the motion of the ITB dislocations. The hampering forces
that inhibit the ITB motion include the attracting
forces of the opposite-sign dislocations at the GB
and the Peierls barrier for the dislocation motion.
The calculations in [76] demonstrated that in the
case of a small ITB length h (that equals to the
thickness of the corresponding twin), ITB formation
and migration across the entire twin is possible even
in the absence of the applied stress. The minimum
(critical) twin thickness hc for detwinning through
the ITB generation and motion was estimated as
e

hc = 2 2 CTB/ p, where CTB is the specific CTB ene
ergy and p is the average Peierls stress for the
dislocations composing the ITB. In the case of Cu
e
and for p = 30 MPa, the critical twin thickness hc is
calculated to be 2.2 nm. (The critical twin thick-
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ness hc can be higher if the average Peierls stress
is smaller than 30 MPa.) Of course, in reality, due
to kinetic reasons, all the dislocations belonging to
the ITB hardly start to move simultaneously, so that
activation of their formation and motion should still
require some applied stress. However, for small twin
thicknesses below the critical thickness hc, this
stress should be small.
The authors of paper [77] also calculated the
critical resolved shear stress c for detwinning via
the ITB migration for the twins with the thickness
h> hc. The dependence of the critical resolved shear
stress c on twin thickness h for nanotwinned Cu is
presented in Fig. 9. From Fig. 9 it follows that c
quickly increases with the twin thickness h at h> hc
until h e
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nm, c reaches the value of 0.5 GPa, which is higher
than the typical maximum macroscopic resolved
shear stresses achievable during plastic deformation of nanotwinned Cu. This means that for the twins
with the thickness well above the critical twin thickness hc, stress-driven detwinning via ITB migration
is unlikely.

4. PLASTIC DEFORMATION
PROCESSES IN COLUMNARGRAINED NANOTWINNED METALS
Recently, nanotwinned metals with elongated cylindrical grains have been obtained via direct electrodeposition [9,39,78]. Such samples have pronounced {111} out-of-plane texture, and their CTBs
are primarily located normally to the axes of cylindrical grains [9,78]. It was found that Cu samples

Fig. 10. Deformation mechanisms in fibre-textured nanotwinned materials for the case where the applied
load direction is parallel to the twin boundary planes. In columnar grains with small twin thicknesses,
deformation occurs through the motion of the threading segments of a jogged necklace-like dislocation
(under the action of a resolved shear stress). In columnar grains with large twin thicknesses, deformation
occurs through the motion of threading segments of extended dislocation loops embedded in individual twin
lamellas. In the latter case, the motion of the threading segments is accompanied by the extension of the
dislocation segments located at the CTBs. Reproduced from [15], with permission. Copyright 2014, American Chemical Society.
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with elongated grains are characterized by essential plastic anisotropy and high resistance to fatigue
fracture, since their deformation behaviour strongly
depends on the thickness and orientation of the
CTBs [9]. In particular, for the case where the tensile load direction is parallel to the CTB planes, Zhou
et al. [15], using MD simulations, have revealed a
transition in the deformation mechanism with a decrease in twin thickness. At sufficiently large twin
thicknesses, plastic deformation is realized through
the formation and expansion of isolated dislocation
loops embedded in individual twin lamellas (Fig. 10).
Each such dislocation loop incorporates two horizontal segments on the neighboring twin planes and
threading segments, one of which is spanning
across the twin lamella. The threading segment
moves from one GB to another under the action of a
resolved shear stress, and this process is accompanied by an extension of dislocation segments lying at the CTBs (Fig. 10). However, at sufficiently
small twin thicknesses, the large energy associated with the horizontal loop segments at the CTBs
makes the formation of such extended dislocation
loops unfavored, and the deformation mechanism
switches to the formation and motion of jogged dislocations (Fig. 10). Every jogged dislocation is composed of moving threading segments (jogs) in between the CTBs and penetrates multiple twins. Also,
a jogged dislocation is a split one and comprises
two partial dislocations (each threading multiple
twins) divided by a stacking fault. The line of the
resulting split dislocation resembles a necklace (Fig.
10), so that the dislocation is also called a necklace dislocation. The formation of a necklace dislocation can be favoured at small twin thickness (below 2-5 nm), when the critical stress for the
depinning of unit jogs of a jogged dislocation becomes smaller than that for the expansion of an
extended dislocation loop inside an individual twin
lamella.
You et al. [9] studied anisotropic plastic deformation in columnar-grained copper containing preferentially oriented nanoscale twins by experimental testing, crystal plasticity modelling and MD simulations. They demonstrated that the yield strength
and flow stress are highest when the compression
axis is normal to the CTB planes, becomes smaller
when the CTBs are parallel to the compression axis,
and is lowest if the CTB planes make an angle of
45rwith the compression axis. They also revealed
that in the first two cases (where the CTB planes
are normal or parallel to the compression axis) strain
hardening is small, while in the latter case (where
the CTB planes make an angle of 45rwith the com-
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pression axis) strain hardening is pronounced. The
different deformation behaviours were attributed to
different deformation mechanisms acting in the examined three cases. In the first case (where the
CTB planes are normal to the compression axis),
deformation occurs via dislocation transfer across
the CTBs. In the second case (where the CTB planes
are parallel to the compression axis), deformation
is realized via the motion of jogged dislocations in
between the twins. In the last case, where the CTB
planes make an angle of 45rwith the compression
axis, deformation is realized through Shockley dislocation motion over the CTBs. Thus, the controllable switching of deformation mechanisms not only
leads to a pronounced dependence of yield strength
on loading orientation, but also induces a strong
orientation dependence of strain hardening.
Borovikov et al. [79] performed MD simulations
of tensile deformation of columnar-grained
nanotwinned metals (Ag and Cu) whose CTBs are
inclined to the tension direction (which is normal to
the GBs). Within their model, the CTBs in neighboring grains make alternating angles, and - ,
with the tension direction. The simulations [79] demonstrated that both yield strength and ultimate
strength of nanotwinned metals significantly depend
on the angles between the CTBs and the boundaries of columnar grains. According to [79], this
dependence can be attributed to the competition of
two different factors: the magnitude of the Schmid
factors for the available slip systems and the effectiveness of GBs (and their triple junctions) in generating dislocations.
Ott et al. [80] synthesized nanotwinned ultrafine
grained Ag thick films with the average grain size of
100 to 300 nm and different twin densities and orientations. The films were fabricated by magnetron
sputtering with a wide range of deposition rates.
Synchrotron X-ray scattering and TEM demonstrated that low deposition rates produced
nanotwinned films with approximately equiaxed
grains and random grain orientations, containing both
nanotwinned and small untwined grains. Higher
deposition rates resulted in the preferred formation
of textured columnar nanotwinned grains (with the
CTBs normal to the boundaries of columnar grains)
having approximately the same twin thickness as
the nanotwinned grains in the films with random grain
orientations. The uniaxial tensile tests (where the
tensile load direction is parallel to the CTBs in the
case of columnar grains) have shown that textured
columnar-grained films (fabricated at high deposition rates) have higher strength but much lower elongation to failure than nanotwinned films without a
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pronounced texture. For example, the specimens
synthesized with the deposition rate of 5.4, 3.2, and
1.8 nm/s have strength of 600, 450 and 380 MPa,
respectively, while their elongation to failure is 3%,
13%, and 17%, respectively. Thus, tuning the deposition rate and thereby varying the texture parameter (that determines how pronounced the texture
is), one can compromise between the higher
strength and higher ductility of nanotwinned metals.
The difference in the deformation behavior of nontextured and columnar-grained nanotwinned Ag films
under tension has two reasons. The first reason is
that non-textured Ag films contain a fraction of
untwined grains where dislocations can slip across
the grains at relatively low stresses, which decreases
strength. The second reason lies in the difference
of the plastic deformation mechanisms acting in
these films. In columnar-grained nanotwinned films
with the CTBs parallel to the tensile load direction,
plastic deformation can be realized via the motion
of jogged dislocations in between the twins [15] while
plastic deformation in the nanotwinned films without a texture occurs via the motion of Shockley dislocations across twins or along the CTBs.
Thus, the results of the experiments and computer simulations demonstrate that plastic deformation in columnar-grained nanotwinned metals can
be realized via different deformation mechanisms.
The possibility for activation of each deformation
mechanism depends on the orientations of CTBs
and the applied load. Tuning the CTB orientation
and the directions of the applied stress gives rise to
various deformation behaviours of columnar-grained
bulk nanotwinned metals and results in different
stress-strain dependences of such solids.

5. PLASTIC DEFORMATION OF
TWINNED NANOWIRES
Along with bulk nanotwinned solids, in recent years,
nanotwinned nanowires have attracted much attention as good candidates for the use in electronic
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et al. [84] fabricated dense arrays of nanotwinned
Cu nanowires, where the presence of the CTBs dramatically increased the critical current density.
Also, experiments [1,2,5,44,85] demonstrated
that the presence of a high density of the CTBs in
Cu or Au nanowires can lead to a dramatic increase
in their strength and, at the same time, provides
essential tensile ductility. All that motivated intensive studies of plastic deformation and fracture
mechanisms in twinned nanowires.
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Fig. 11. Change in the critical resolved shear stress
(CRSS) for dislocation nucleation as a function of
the number of twin boundaries per unit length,
1/TBS, in simulated gold nanowires with diameters
equal to 8.2 and 24.6 nm at 300K. A mechanical
transition from twin-induced weakening to strengthening regimes is indicated by a vertical arrow. The
inset shows the change in the slope of the fitted
line as a function of nanowire diameter D varying
from 4.1 to 24.6 nm. Reproduced from [90], with
permission. Copyright 2009, American Institute of
Physics.
To elucidate the effects of twins on strength and
ductility of twinned nanowires, a number of MD simuTg
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ample, Deng and Sansoz [90,91] performed largescale MD simulations of dislocation nucleation in
circular [90] and faceted [91] twinned gold nanowires
(containing the CTBs normal to the nanowire axis)
under tensile loading. They found that the critical
resolved shear stress c for dislocation nucleation
scales linearly with the inverse of the twin thickness, 1/h, and the slope of the linear dependence
of the critical stress c on 1/h increases with decreasing the nanowire diameter (Fig. 11). They also
revealed that the addition of nanoscale twins to crystalline nanowires can either increase or decrease
the critical stress for dislocation nucleation, depending on both sample diameter and twin thickness.
An increase of the critical stress c for dislocation
nucleation with increasing twin density 1/h is intuitively clear, since the CTBs serve as barriers for
dislocation propagation. At the same time, the reason for a decrease of the critical stress for dislocation nucleation for twinned nanowires with large twin
thickness compared to the critical stress for single-
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Fig. 12. The critical strain for dislocation formation
in nanotwinned [111]-oriented Au nanowires vs. -1/2,
where is the twin thickness. The red dots reprefXagg
[XD;f hTg
baWTg
TY
e
b e
XYR
,,Sjg
[g
[X
nanowire diameter of 12 nm, while the green triangles
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the nanowire diameter of 20 nm. Adapted from [85],
with permission. Copyright 2015, American Chemical Society.
crystalline, twin-free nanowires is not quite clear.
Presumably, this can be associated with the difference in dislocation slip planes in the cases of
twinned and untwinned nanowires.
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tic deformation of twinned nanowires with the CTBs
normal to the nanowire axis also confirmed that the
yield strength of twinned nanowires as well as the
critical stress for dislocation nucleation in such
nanowires increases, as a rule, with decreasing twin
thicknesses, but provided quite different quantitative dependences of the yield stress on twin thickness. For instance, Guo and Xia [95] reported the
existence of both hardening and softening behaviors of twinned nanowires: in their simulations, the
yield strength first decreased and then increased
with increasing twin thickness. Hammami and
Kulkarni [98] reported that the yield stress first decreases with increasing twin thickness and then
(above twin thickness of 2 to 4 nm) becomes independent on twin thickness. Gao et al. [99] revealed
three twin thickness intervals where the yield
strength is in a linear dependence with the inverse
of twin thickness, but with different slopes.
The yield strength of twinned nanowires with the
CTBs normal to the nanowire axis is determined by
the critical stress for dislocation formation from the
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lateral free surface and the critical stresses for dislocation transmission across the CTBs. Thus, the
critical stress for dislocation formation in twinned
nanowires can serve as a lower bound for the yield
stress. In particular, a high critical stress (or equivalent critical strain) for dislocation formation in such
nanowires would imply that such nanowires have a
high strength. Therefore, to estimate the strength
of twinned [111]-oriented gold nanowires, Wang et
al. [85] studied the critical tensile strain for dislocation nucleation in such nanowires under tension using
in-situ HRTEM. Interestingly, they obtained a strong
Hall-Petch type relationship of the critical tensile
strain on twin thickness up to strain of 5.3%, or
near the ideal theoretical limit, as the twin size is
decreased below 3 nm (Fig. 12). Based on the results of previous MD simulations, Wang et al. [85]
concluded that as the twin size decreases below
2.8 nm, the critical strain for dislocation nucleation
converges asymptotically to the ideal theoretical
limit of 5.5% without essential change in the twin
thickness. Wang et al. [85] attributed this to a
change of dislocation formation mechanism from
heterogeneous dislocation nucleation from the free
surface to homogeneous nucleation in the limited
space between the CTBs inside the nanowire [44].
To explain the results of the experiment of Wang
et al. [85], the authors of study [100] performed
mechanistic modelling of dislocation formation in
deformed twinned nanowires with a circular cross
section. Within the model [100], the metal nanowire
is under a tensile load along the nanowire axis and
contains twins with the same thickness, divided by
the CTBs normal to the nanowire axis. Using the
energetic criterion, the authors of paper [100] calculated the critical stress for dislocation formation
in the nanowire. They demonstrated that the dependence of the critical stress on the nanowire twin
g
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type relation, in agreement with the results of experiment [85]. They attributed the strong twin size
dependence of the critical stress to the nanowire
surface effects, such as dislocation attraction by
the nanowire surface and the presence of the surface steps and surface stresses. They also showed
that the critical stress for dislocation formation increases with a decrease in the nanowire diameter d
and the dependences of the critical stress on the
inverse of the nanowire diameter, 1/d, are close to
linear ones, in accord with the results [90] of MD
simulations.
Kobler et al. [45] fabricated Ag nanowires/
nanopillars where the CTBs are parallel to the
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Fig. 13. Stress-strain dependences for an Ag nanowire with diameter of 69 nm under tensile loading.
Reproduced from [49], with permission. Copyright 2012, American Physical Society.
nanowire axis. Similar to the nanowires with the
CTBs normal to the nanowire axis, such nanowires
demonstrated high tensile yield stresses (0.5 to 0.7
GPa for nanowire diameters of 850 to 880 nm and
the average twin thickness of 7 nm). Also, such
nanowires showed no strain hardening after yielding. At the same time, the effect of twin thickness
on the yield strength of such nanowires has not yet
been revealed.
Several research groups have fabricated and studied pentatwinned Ag nanowires containing five-fold
twins, with the CTBs parallel to the nanowire axis
[46u,0SNhet al. [48], using atomic force microscopy, obtained the force-displacement curves for
such nanowires, which demonstrated that they exhibit superelastic behavior followed by brittle failure
without significant plastic deformation. In contrast,
Zhu et al. [49] tested pentatwinned Ag nanowires
using a scanning electron microscope and revealed
that such nanowires are characterized not only by
superstrength (with the maximum tensile yield
strength as high as 2.64 GPa) but also by moderate plastic deformation and significant strain hardening (Fig. 13). MD simulation [46,101,102] of
pentatwinned Cu [101] and Ag [46,102] nanowires
demonstrated that strain hardening is associated
with the interaction of partial dislocations (that nucleate from the nanowire surface and glide towards its
center) with the CTBs, which serve as the barriers
for the dislocation motion. The simulations [102]
demonstrate that dislocations do not transfer through
the CTBs. With the onset of plastic deformation,

first, dislocations nucleate at various nanowire sections and move towards the CTBs. However, with
increasing strain, plastic strain instability develops,
so that dislocations tend to nucleate in the vicinity
of one preferable nanowire section. These dislocations are accumulated at the CTBs, resulting in strain
hardening. Eventually, with further increase in strain,
the nanowire fractures due to necking.
Wu et al. [97] performed MD simulations to identify the relevant yield mechanisms for both singlecrystalline and nanocrystalline nanotwinned Cu
nanowires. By characterizing the deformation at the
yield point on the atomic scale, they observed that
plastic deformation in all nanowires starts via dislocation nucleation from surfaces or surface defects
(for single-crystalline nanotwinned nanowires) and
from the triple junctions of GBs for nanocrystalline
nanotwinned nanowires. They observed that both
surface defects in single-crystalline nanotwinned
nanowires and GB junctions in nanocrystalline
nanotwinned nanowires operate as effective stress
concentrators that promote dislocation nucleation.
However, the higher density of triple junctions in
nanocrystalline nanotwinned nanowires makes
these structures considerably weaker than their
single-crystalline nanotwinned counterparts. Also,
the simulations demonstrated that, in contrast to
the case of single-crystalline nanotwinned
nanowires, the presence of nanotwins in
nanocrystalline Cu nanowires very weakly increases
the nanowire yield strength. However, the reason
for this behaviour is not quite clear yet.
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Fig. 14. MD simulation of the cracking of nanotwinned Ag. Shockley partial dislocations are emitted at the
crack tip and glide to the right in (a, b) before the crack penetrates the CTB, and to the left in (c, d) after
crack penetration across the CTB. A full dislocation is emitted at crack tip in (a), blocked at the twin
boundary and transfers into the twin in (b). More partials are emitted and the crack tip is blunted in (c). The
crack tip becomes sharp again when close to the next twin boundary in (d). The yellow arrows indicate the
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6. FRACTURE OF BULK
NANOTWINNED METALS
6.1. Fracture properties of bulk
nanotwinned metals:
experimental data
There have been several experimental reports on
the fracture properties of nanotwinned metals. Qin
et al. [103,104] measured the fracture toughness of
nanotwinned bulk Cu processed by dynamic plastic deformation. They revealed that fracture toughness increased with the volume fraction of nanotwins,
and the nanotwinned specimens demonstrated
dimpled fracture surfaces. It was concluded that
nanotwin lamellar structures are effective in energy
absorption and arresting crack propagation during
fracture. Singh et al. [105] performed tensile fatigue
tests on pre-cracked nanotwinned bulk Cu prepared
by electrodeposition. They also indicated that a
decrease in twin thickness, at a fixed grain size,
enhances fracture toughness as well as threshold
stress intensity factor range for fatigue fracture and
subcritical fatigue crack growth life. Besides, Tang
and Lu [106] performed a tensionug
XafbaVl
VV
loading fatigue test on nanotwinned Cu. They found
that both the fatigue life and fatigue endurance limit

increase with a decrease in twin thickness. The
enhancement of the above characteristics of the
fatigue fracture was attributed to the accommodation of plastic strain and energy absorption by the
CTBs.

6.2. Fracture processes in bulk
nanotwinned metals: experiments
and MD simulations
Now consider the results of experiments and MD
simulations concerning fracture processes in bulk
nanotwinned metals. Liu et al. [107] studied in situ
crack propagation in nanotwinned Ag using HRTEM.
They observed that the dynamic processes of crack
penetration across the CTBs involve alternated crack
tip blunting, crack deflection, twinning/detwinning
and dislocation transmission across the CTBs. The
alternated blunting processes were related to the
emission of different types of dislocations at the
crack tip and varied with the distance of the crack
tip from the CTBs. It appeared that as the crack
approaches a CTB, the crack tip becomes sharper,
which is explained by suppression of some slip
systems near the CTB.
In order to understand the above plastic and fracture processes, Liu et al. [107] performed MD simu-
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Fig. 15. Dislocation accommodation and crack deflection. Dislocation core atoms and atoms on the crack
surfaces are coloured green, as well as GB atoms. Atoms representing stacking faults are coloured red.
The yellow arrows indicate the sliding of partial dislocations along the CTBs. (a) Crack propagation in a
model sample without twin boundaries. The crack advances along GBs, inducing scarce dislocation activities. (b) Crack propagation in the model sample with a CTB spacing of 5 nm. The crack starts to grow inside the second grain. The movements of dislocations along the twin boundaries are clearly visible. (c)
Crack propagation in the model sample with a CTB spacing of 2 nm. The crack begins to grow inside a
grain, leading to a large number of dislocations emitted along the CTBs. Reproduced from [108] (doi:
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lations for nanotwinned silver (Fig. 14). The simulations demonstrated the emission of an extended
full dislocation from the crack tip (Fig.14a) followed
by its glide towards the nearest CTB, dislocation
reaction at the CTB and dislocation transmission
across the CTB. At the same time, when the crack
tip is at some short distance from the nearest CTB
(Fig. 14a), the crack tip is not blunted efficiently
(Figs. 14a and 14b). However, when the crack tip
approaches the CTB, dislocations start to be emitted from the crack tip along the CTB (Fig. 14c) and
the crack is blunted more intensely. As a result, the
blunted crack tip slows down crack propagation. At
the same time, the motion of Shockley partials along
the CTB leads to CTB migration until the two twins
on the right part are merged. As a result, the slip
system for the slip of Shockley partials is deactivated, and the crack tip is sharp again during the

subsequent propagation (Fig. 14d). Thus, the crack
tip can be blunted more efficiently if it is adjacent to
the CTB.
Zhou et al. [108] examined crack propagation in
nanotwinned Ni using MD simulations. They revealed
the following four toughening mechanisms associated with the CTBs: (i) crack blunting through dislocation emission from the crack tip along the CTBs;
(ii) crack deflection toward an intragranular path; (iii)
crack tip shielding by the nucleation and growth of
new cracks in the vicinity of the crack tip; and (iv)
curving of the nanoscale CTBs due to a pileup of
partial dislocations (Fig. 15). Using MD simulations,
Zhou et al. [108] also calculated the fracture toughness of nanotwinned Ni and concluded that the
CTBs increase the fracture toughness by 10 to 50%.
Zeng et al. [109] carried out MD simulations of
the fracture in a free-standing thin film of nanotwinned
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Cu. Within their model, the film contains no GBs
but has a set of parallel CTBs. The film was loaded
by a tensile load parallel to the CTBs, so that crack
propagation along the CTBs was unfavored. For a
pre-crack inclined to the CTB, MD simulations demonstrated zigzag cracking, observed previously using TEM in a thin foil of nanotwinned Cu [110]. Such
a crack shape arises due to periodic deflections of
the crack path by the CTBs. Within each twin, the
crack propagates along the favorable <112> crystallographic directions. The simulations also revealed
a unique mechanism of crack propagation associated with a very small film thickness. This mechanism represents local thinning of the film associated with the emission of screw dislocation from
the crack tip. Also, crack propagation is accompanied by the emission of dislocations, which produce
dislocation pileups and transfer from one twin to
another across the CTBs. The emitted dislocations
shield the crack tip, thereby increasing fracture
toughness.
Zhang et al. [111] performed MD simulation of
plastic deformation of a model bulk nanotwinned Cu
specimen with embedded cracks. Within their
model, the specimen contains no GBs and consists of rectangular twins divided by the parallel
CTBs. In contrast to the study [109], Zhang et al.
[111] examined the case where the tensile load is
normal to the CTBs. They revealed extensive emission of partial dislocations from crack tips and dislocation accumulation at the CTBs. The dislocations
dissociate at the CTBs and transmit into neighboring twins, leaving residual sessile dislocations at
the CTBs. They also found that there are dislocation pileup zones (with thicknesses of 6 to 8 nm)
near the CTBs, where the dislocation density is
much higher than in other places, in accordance
with experiments [18,112] and simulations [30].
Kobler et al. [113], using in-situ TEM, studied
the deformation and fracture behavior of columnargrained nanotwinned Cu with the CTBs normal to
the columnar grained boundaries. They examined
the cases of tensile directions normal and parallel
to the CTBs. In the case of tension normal to the
CTBs, they observed detwinning as well as a reorientation of small volumes of the lattice along the
crack path (that appeared as new grains) in the fracture zone. In the situation of tension parallel to the
CTBs, new fragments of the ITBs were created during deformation, and fracture occurred along both
the coherent and new incoherent twin boundaries.
In this case, the fracture was accompanied by twin
boundary migration and detwinning via the motion
of the ITBs. It was supposed that detwinning and
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lattice rotation resulting in the formation of new grains
are induced by the stress fields of partial dislocations with the Burgers vectors inclined to the tensile load direction. However, one can also assume
that the inhomogeneous stress field induced by the
crack during fracture also promotes observed
detwinning and/or lattice rotations.
Hodge et al. [8] studied and compared deformation behaviour of nanotwinned Cu with grain size of
500 to 800 nm and low twin density at room temperature and at a low temperature of 77K. They observed that nanotwinned Cu at low temperature has
strength (maximum achievable stress) of 700 MPa,
which is higher than that (around 500 MPa) at room
temperature. Besides, the specimens at low temperature demonstrated higher strain to failure (around
11%) than that at room temperature (approximately
8%). The observation demonstrated that in both
cases, the specimen fractures due to necking, which
is associated with the formation of shear bands.
The reason for the higher strength observed at liquid nitrogen temperature was clear enough, since
dislocations move slower at 77K and there is a general lack of mobile dislocations. However, the reasons for increasing ductility at 77K are not yet clear.
Pei et al. [114] performed MD simulations of
crack propagation along a CTB in nanotwinned Cu
under tensile loading perpendicular to the CTB. They
observed a ductile-to brittle transition with increasing temperature from 1.1 to 40K. Below 1.1K, the
crack propagated in a brittle fashion. At the temperature from 2 to 30K, the crack first propagated in
a brittle mode at small values of the applied load
and then in a ductile mode when the applied load
reached a critical level. In the ductile mode, crack
propagation was accompanied by the formation of
a new twinned region around the crack tip and emission of a perfect dislocation on the (001) plane. At
the temperature above 40K, the crack propagated
in a ductile mode. In this regime, the crack propagated along two adjacent crystallographic planes
due to thermal activation of atoms at the crack tip.
This resulted in the jogged crack tip front with ledges
perpendicular to the crack propagation plane, followed by emission of dislocations around the ledges.
The emitted dislocations shielded the crack tip and
thus hampered brittle crack propagation.
Sinha and Kulkarni [115] studied crack propagation along the CTBs in nanotwinned metals using
MD simulations. They revealed that the alternating
CTBs exhibit intrinsic brittleness and ductility due
to the opposite crystallographic orientations of the
adjoining twins. They considered the evolution of
the atomically sharp crack on the positive and nega-
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The red lines mark the projections of the {111} planes in the matrix and the twin. The atoms on the crack are
shown in green, the CTB atoms are shown in light blue, and the fcc atoms are shown in dark blue colour.
Reprinted with permission from [115]. Copyright 2014, AIP Publishing LLC.
tive CTBs, respectively, in a nanotwinned specimen
under mode I loading (Fig. 16). When the crack is
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the crack tip becomes favored. The analytical calculations performed by Sinha and Kulkarni [115]
demonstrated that the intrinsic brittleness of the
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oriented planes for dislocation emission from the
crack tip. As a result, the cleavage becomes more
energetically favourable that dislocation emission.
At the same time, MD simulation performed for the
case of an initially blunted crack demonstrated that
blunting of the sharp crack by the insertion of even
one atomic half-layer makes it intrinsically ductile.
Thus, blunting a crack tip even by an atomic layer
can cause a brittle-to-ductile transition by making it
easier to emit a dislocation.

7. FRACTURE OF TWINNED
NANOWIRES AND NANOPILLARS
Intrinsic brittleness of the CTBs in nanotwinned
metals, discussed in the previous section, gives rise
to interesting ductile/brittle behaviours and ductileto-brittle transitions in twinned nanopillars/
nanowires. For example, Jang et al. [59] experimentally observed a ductile-to-brittle transition in copper nanopillars (containing the CTBs normal to the
nanopillar axis) under tension with increasing twin
thickness above 2.8 nm. To explain this effect, Jang
et al. [59] performed MD simulations of crack propagation in nanopillars along the CTBs. It appeared
that due to the intrinsic brittleness of the CTBs, discussed above, for not too small twin thicknesses

(4.38 nm or larger) the crack propagates in a brittle
way, without any plastic deformation. However, at
very small twin thickness (1.25 nm or smaller) a
new toughening mechanism is activated (Fig. 17).
This mechanism represents the homogeneous generation and expansion of the dipoles of Shockley
partials at the CTBs adjacent to the crack tip. The
generation of such dipoles is followed by dislocation emission from the crack tip and crack blunting.
Eventually, the sample is fractured due to necking.
In order to estimate the critical twin thickness
for the ductile-to brittle transition, Jang et al. [59]
suggested a theoretical model for the homogeneous
nucleation of a Shockley dislocation dipole near the
crack tip in a nanotwinned nanopillar/nanowire under tension. They assumed that, (i) to generate a
dislocation dipole near the crack tip, the applied
load should be smaller than that for crack propagation and (ii) the critical resolved shear stress (for
Shockley dislocation dipole nucleation) should be
equal to the shear cohesive strength of the solid.
Using this model, for the case of Cu, they derived
the critical twin thickness to be equal to 2.37 nm,
which agrees well with the results of experiments
and MD simulations. Thus, the results of paper [59]
demonstrated that the ductile-to brittle transition in
twinned nanopillars/nanowires is associated with the
formation of the dipoles of Shockley partials at the
CTBs near the crack tip at small enough twin thicknesses.
While Jang et al. [59] observed a ductile-to-brittle
transition in copper nanopillars with increasing twin
thickness above 2.8 nm, Wang et al. [44] experimentally revealed an opposite effect: ductile-to-brittle
transition in gold nanowires with decreasing twin
thickness below 2.8 nm. As with the experiment of
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Fig. 17. Snapshots of crack propagation in nanotwinned Cu with CTB spacing of 1.25 nm at different
strains. (a) = 3.56%, (b) = 4.60%, (c) = 5.65%, (d) = 7.79%, (e) = 9.42%, (f) = 11.18. During crack
propagation, twinning dislocations first nucleate on CTBs near the crack tip, followed by dislocation emission from the crack tip and crack blunting. Eventually, the sample fails due to necking. Twinning dislocations are indicated by black arrows. The scale bars are 5 nm. Reprinted by permission from Macmillan
Publishers Ltd: [Nature Nanotechnology] (ref. [59]), copyright (2012).
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ture modes. UDTs specifies ultrathin twins (ultrahigh density of twins), while LDTs denotes relatively thick
twins (low density of twins). Reprinted by permission from Macmillan Publishers Ltd: [Nature Communications] (ref. [44]), copyright (2013).
Jang et al. [59], Wang et al. [44] studied tensile
behaviour of nanowires containing the CTBs whose
planes are normal to the nanowire axis. To do so,
they synthesized Au nanowires with ultrathin twins
(with the twin thickness as small as 0.7 nm). The
mechanical properties of such twinned Au nanowires
studied by Wang et al. [44] under tensile loading
are presented in Fig. 18. Figure 18 shows that the
mechanical response of Au nanowires with ultrathin
twins is different markedly from that of Au nanowires
with relatively thick twins and without twins. The
ultimate strength of untwinned Au nanowires was
found to be equal to 1.43 GPa with no strain hardening after yielding. The mechanical response of
Au nanowires with relatively thick twins is characterized by significant strain hardening with an ultimate strength of around 2.05 GPa after yielding
(around 1.7 GPa), as well as by considerable ductility (characterized by strain to failure around 35%).
Fig. 18a shows that this behaviour is in contrast to
the behaviour of Au nanowires with ultrathin twins,
where strain hardening is absent, ductility is considerably reduced, and the elastic limit increases
up to 3.12 GPa (Figs. 18a and 18b), which is much
higher than that of Au nanowires with relatively thick
twins and no twins (Fig. 18b). This limit corresponds
to a critical resolved shear stress of 0.98 GPa for
partial dislocation {111}<112> slip, which is very
close to the ideal shear strength of 1.42 GPa for
pure Au reported from first-principle calculations
[116]. Moreover, the fracture behaviour of Au

nanowires with ultrathin twins is brittle-like with a
flat fracture surface perpendicular to the loading axis.
Although the total elongation is about 7.2% due to
the high elastic strain, plastic elongation at failure
is very small (<1%). In contrast, the behaviour of
nanowires with bimodal twin thickness distribution
(containing a mixture of ultrathin and relatively thick
twins) appears to be semibrittle with slightly lower
yield strength (around 2.1 GPa) and limited, but finite inelastic deformation (around 5%) and the ultimate stress of 2.52 GPa (Figs. 18a and 18b).
Based on the above results, Wang et al. [44]
concluded that a sharp transition from ductile plasticity to brittle fracture takes place in twinned Au
nanowires with increasing twin density. To clarify
the nature of the ductile-to-brittle transition, they
performed in situ HRTEM study of the examined
nanowires as well as MD simulations of their
behaviour under tensile loading. The above studies
confirmed that the deformation of Au nanowires with
relatively thick twins and without twins is carried by
dislocations nucleating from free surfaces. In the
Au nanowires with relatively thick twins uniform plastic elongation followed by necking mostly occurs
between the CTBs with the largest twin thickness.
Similarly, the MD simulations for Au nanowires with
relatively thick twins demonstrated extensive plastic deformation carried by partial dislocations nucleating from the surface and accompanied by stacking faults.
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Fig. 19. Simulated deformation structures (a,c,e) and shear strain (b,d,f) in a deformed brittle-like Au
nanowire. The Au nanowire contains ultrathin twins with twin thickness of 1.4 nm and {111} surface microfacets.
(a,b) Homogenous dislocation nucleation, 5.2% strain. (c,d) Plastic shear localization and detwinning,
5.6% tensile strain. (e,f) Fracture above 5.75% strain. Reprinted by permission from Macmillan Publishers
Ltd: [Nature Communications] (ref. [44]), copyright (2013).
At the same time, in situ HRTEM observations
of Au nanowires with ultrathin twins (with a predominance of twins with a thickness of 0.7 nm) demonstrated considerable elastic elongation followed by
sudden failure at an applied strain of 6.8% due to
necking. The fracture occurred so fast that rare dislocation activity was observed, although significant
dislocation slip and detwinning have occurred in the
confined zone where necking occurs. This result
was further supported by the MD simulations, where
fracture took place within a short nanowire segment
exhibiting significant detwinning, as in the HRTEM
experiments. Also, MD simulations demonstrated
that the onset of plastic deformation in brittle-like
nanowires is due to homogeneous nucleation of dislocations between the CTBs near nanowire free surfaces at ultrahigh stresses, in contrast to heterogeneous deformation from free surfaces. The generated dislocations create high shear stresses in the
twin planes, resulting in detwinning of the fractured
region followed by nanowire failure (Fig. 19). Thus,

the study of Wang et al. [44] revealed that, although
nanowires with ultrathin twins are stable with respect to crack propagation [59], they can exhibit
brittle-like deformation behaviour due to very fast
shear localization and necking, in contrast to
nanowires with thicker twins, which, if crack-free,
demonstrate slow ductile failure.

8. CONCLUDING REMARKS
To summarize, nanotwinned metals possess remarkable mechanical properties, including a unique
combination of ultrahigh strength and reasonable
ductility. These excellent properties are associated
with their unique microstructure and the variety of
deformation mechanisms operating in nanotwinned
metals. A combination of these deformation mechanisms and their interaction can result in considerable strain hardening before necking as well as in
large post-necking deformation of nanotwinned metals, leading to their good ductility and considerable
elongation to failure.

Mechanical properties of nanotwinned metals: a review
At the same time, many questions concerning
the mechanical behaviour of nanotwinned solids remain open and need further investigation. For instance, it is not well understood how the interaction
between various deformation mechanisms affects
strength and ductility of nanotwinned solids. It is
not clear why non-textured nanotwinned metals
demonstrate reasonable strain hardening, which
enhances with decreasing twin thickness, in contrast to nanocrystalline solids that commonly demonstrate very low or no strain hardening. In addition,
the studies of the effects of the combination of textured and non-textured grains as well as hierarchical nanotwin structures, where primary nanotwins
contain internal twin boundaries, on the mechanical properties of nanotwinned metals are in their
infancy. The detailed mechanisms responsible for
large post-necking deformation of nanotwinned solids are also yet to be detected. New experiments
together with MD simulations and mechanistic modelling are required to clarify these issues.
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