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a b s t r a c t

Polycrystalline Cu with hierarchy microstructures – ultrafined grains about 500 nm and included twins
several to tens of nanometers thick – show maximum strength at an averaged twin thickness of 15 nm. Li
et al. Nature 464 (2010) 877–880 (Ref. [1]), reported that the primary plastic deformation transits from
inclined dislocation gliding to de-twinning in nano-twinned (nt) Cu when twin thicknesses decrease from
eywords:
e-twinning
winning
ano-twinned polycrystalline
trength softening

25 nm to 4 nm. Their investigation showed that enhanced de-twinning accounts for the strength softening
in nt-Cu. From the kinetic and energetic aspects of de-twining process, we present respectively two
models. In the kinetic model, we assume that thermally activated dislocation nucleation is the controlling
mechanism for plastic deformation, while the transformation energy associated with de-twinning is
considered to be governing in the energetic model. Applications of the models on strain-rate sensitivity
and temperature dependence of strengths in nt-Cu suggest that the energetic mechanism also plays an

nning
important role for de-twi

. Introduction

With increasing volume fraction of grain boundaries (GBs) as
rain sizes reduce, nanocrystalline (nc) metals often exhibit sub-
tantial increasing in strength [2–4], but poor deformability, low
hermal conductivity, and high electrical resistance [4–6]. Manip-
lating the GB structures in nc metals such that desired properties
an be realized, which is often called GB engineering [4,6–10], has
een one of the foci for material synthesis in recent years. The ways
o replace general GBs by low energy, coherent twin boundaries
TBs) have been broadly explored [5,11–16], for the well known
trengthening mechanism by TBs yet their minimum impairment
o mechanical, thermal and electrical properties of polycrystalline

etals. A hierarchy structure in polycrystalline Cu, with ultra-
ne grains and included twins at tens of nanometers thick, has
een revealed to be an optimal microstructure [5]. In contrast to
onventional coarse-grained Cu, such nt-Cu shows high strength,
ntermediate ductility, and almost no loss in electrical conductiv-
ty [5]. Comprehensive summary on the progress in this field is
ocumented in [6] and [17].
More interestingly, Lu et al. [18] have revealed that, in samples
ith similar grain sizes but different twin thicknesses, the strength

f nt-Cu first increases as twin thickness� decreases to 15 nm, then
ecreases as � gets even smaller (see Fig. 1). The strength soften-
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in nt-Cu.
© 2010 Elsevier B.V. All rights reserved.

ing with further decreasing of � from 15 nm to 4 nm is particularly
intriguing. In nc metals without embedded twins, there is a strength
softening as grain sizes reach about 10 nm and smaller. Such soft-
ening is generally related to the shift of major plastic deformation
mechanisms – from dislocation mediated plastic deformation to
GB associated mechanisms such as GB sliding, GB diffusion and
grain rotation [7–9] when grains become smaller than 10 nm, which
are intensively investigated by experiments [7,19–21], molecular
dynamics (MD) simulations [22–27], and continuum level mod-
els [28–34]. Nevertheless, the experience for strength softening
in regular nc metals cannot be applied to nt-Cu. In nt-Cu, plastic
deformation mainly comes from three sources: (I) GB associated
deformation, (II) motion and/or nucleation of dislocations inclined
to TBs, and (III) nucleation, motion and/or multiplication of dislo-
cations parallel to TBs (see Fig. 2 for demonstration). For case (I), it
is known from experiments that the grain sizes for those samples
with different twin thicknesses are close, and the contribution by
GB deformation, if it exists, should be similar in all samples. Indeed,
the enhanced ductility in nt-Cu may suggest that plastic deforma-
tion in GBs is very small, since we know that non-creep deformation
in GBs usually leads to poor ductility in polycrystalline materials.
As to case (II), nucleation and motion of dislocations inclined to TBs
account for the strengthening mechanism as � decreases instead of

softening. Because dislocation activities are confined by the twin
space �, it renders the difficulty in the motion and nucleation of
such inclined dislocations. Therefore, to shed light on the observed
strength softening in nt-Cu as�gets smaller, it is necessary to inves-
tigate case (III) – the nucleation, motion, and/or multiplication of

dx.doi.org/10.1016/j.msea.2010.10.072
http://www.sciencedirect.com/science/journal/09215093
http://www.elsevier.com/locate/msea
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ig. 1. The yield strength vs. twin thickness in nano-twinned Cu samples with the
ame average grain size about 500 nm.
ata replotted from [18].

islocations parallel to TBs. The motion of leading partial disloca-
ions in TBs will result in de-twinning, also called TB migration in
.c.c. metals, since the gliding of a leading partial dislocation in the
B renders the TB behind the dislocation to migrate by one (1 1 1)
attice space. For now and in what follows, we refer leading partial
islocations in TBs as twinning partials.

Deformation mechanisms in such nano-twinned metals have
een studied by experiments [35–41], MD simulations [42–50], and
nite-element simulations [51,52]. However, the softening mecha-
ism in nt-Cu has not been studied in depth. The initial dislocation
ensity observed in nt-Cu [18] could contribute roughly 0.2% plas-
ic strain if all initial dislocations are mobile. After the exhaustion of
hose initial dislocations, the flow stress in samples with narrower
wins is still much lower than those with wider twins in a wide
train range, say from 2% to 10% strain in the stress–strain curve
Ref. [18], their Fig. 3). It hence indicates that, in addition to the
nfluence by initial dislocations, there might be other mechanisms
esponsible for the strength softening of nt-Cu. MD simulations
y Kulkarni and Asaro [53] showed that pre-existing dislocations
nfluence the initial strength of nt-metals. They also speculated that
he influence of twin–twin interactions may contribute to strength
oftening. Large scale MD simulations by Li et al. [1] show that
here exists a transition of dislocation activities: from nucleation of

[111]

[110]

[112]
_

_

matrix

matrix

shearing

shearing

twin plane

ig. 2. Diagrams to show the de-twinning process via emission of twinning partials.
he initial twin gets thinner in response to the applied shearing. The moving twin
lanes from solid blue lines to dotted blues result from emission of twinning partials

n successive layers. Note that the role of twins and matrices can be switched if we
hange the shearing direction (For interpretation of references to color in this figure
egend, the reader is referred to the web version of this article).
ering A 528 (2011) 1558–1566 1559

inclined dislocations (with respect to TBs) to nucleation of twinning
partials as twin thickness narrows; the refinement of twin struc-
ture at a fixed grain size increases the density of nucleation sites
for twinning partials and therefore softens the material by easy
nucleation mechanism. Here we will show that, in addition to the
kinetics of twinning partial nucleation controlled de-twining, the
energetics of de-twinning also plays an important role for strength
softening in nt-Cu in order to explain the strain-rate sensitivity and
temperature dependence of this material. The energetic mecha-
nism predicts that the strength � is proportional to twin thickness
� and inversely proportional to grain size d, i.e., � ∝ �/d.

The remainder of this paper is organized as follows. In Section
2, we briefly discuss the MD simulations by Li et al. [1] to motivate
our subsequent discussion. In Section 3, we then describe modeling
on twinning partial mediated de-twinning. Two situations are con-
sidered separately: one is the nucleation of twinning partials being
the controlling mechanism; the other corresponds to easy twinning
partial sources (either nucleated, pre-existing, or by multiplication)
but their successful motion to accommodate plastic deformation is
controlled by free energy change during de-twinning. Both mecha-
nisms lead to strength softening in nt-Cu as TB thickness decreases.
Two characteristics of those mechanisms – strain-rate sensitivity
and temperature dependence – are discussed in Section 4. We con-
clude in Section 5 with some suggestions on further experiments
which might better our understanding on the deformation of nt-
metals.

2. Mechanisms revealed by atomic simulations in nt-Cu by
Li et al. [1]

Li et al. [1] have performed large-scale MD simulations of plastic
deformation mechanisms in two- and three-dimensional poly-
crystalline nano-twinned samples with grain sizes ranging from
10 to 70 nm and twin thicknesses ranging from 0.83 to 25 nm.
Their simulations using embedded atomic potential [54–57] show
that there exists a transition in deformation mechanism in ini-
tially dislocation-free nt-Cu samples, from dislocations nucleated
from GBs but inclined to twin planes to nucleation and motion of
twinning partials. A model case of their quasi three-dimensional
simulations [1] are shown in Fig. 4. Undeformed samples with
�= 2 nm and 20 nm are shown in Fig. 4a and b respectively. Fig. 4c
and d shows respectively the deformed samples at 15% tensile
strain. De-twinning is found to be the dominant plastic deformation
mechanism when �= 2 nm (Fig. 4c); while �= 20 nm, both inclined
partial dislocations and twinning partials are broadly observed
(Fig. 4d). For a better view about the transition of dislocation activ-
ities in 3D samples, the reader is referred to [1]. We present next
two models on twinning partial mediated de-twinning.

3. Modeling on strength controlled by dislocation mediated
de-twinning

Twinning/de-twinning in f.c.c. metals is believed to result from
the emission of twinning partials on successive atomic layers in
{1 1 1} planes, and such twinning partials could be nucleated from
GBs or be multiplied by dislocation–twin boundary interaction [58].
A broadly used criterion for the activation of complete dislocations
vs. twinning partials is based on the competition of intrinsic stack-
ing energy over unstable stacking fault energy [59]. Such a criterion,
however, does not account for directionality in twinning [60,61]. It

is known that twinning occurs in only one< 112̄> -type direction
in a {1 1 1} plane since twinning mode should lead to the smallest
possible shearing [60]. The “inverse grain-size effect” on twinning
– higher chance of deformation twinning in bigger grains in nc Ni
samples after deformation [62] – cannot be explained by the stack-
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From Eq. (7), we can calculate the strain-rate sensitivity param-
eter m, where m = ∂ ln �/∂ ln ε̇ can be interpreted as the slope of
ig. 3. One twin–matrix pair with crystallographic directions and twin elements
K1,�1, K2,�2} for shear strain eT = 0.707.

ng fault energy based criterion. Effective twinning/de-twinning
s generally conditioned on two things: (a) sufficiently high local
tress to trigger nucleation of twinning partials on successive lay-
rs, and (b) energetically favored transformation. In the following
ubsections, we will supply theoretical explanations for nucleation
nd energy controlled de-twinning, respectively. We note that the
inetics and energetic of de-twinning are not necessary two dif-
erent viewpoints on plasticity by de-twinning, but rather refer to
he nucleation and growth aspects of the de-twinning process. It
s desired to combine these two stages of deformation in a single

odel since nucleation and growth are naturally coupled processes
n de-twinning. However, such a unified treatment faces the chal-
enges of (a) dealing with rate-dependent and rate-independent
lasticity in the same scheme, and (b) developing non-local plas-
ic deformation by twinning partials. Numerical tools are needed
o address those coupled processes, which is not included in this
aper.

.1. Kinetics controlled twinning/de-twinning

A kinetic model for twinning partial nucleation controlled
trength softening has been given in [1]. We adopt the model here
ith slight modifications. The motive to treat de-twinning in nt-
u as a rate controlled mechanism is that it is accommodated by
winning partials nucleated from the intersections of GBs and twin
lanes [1,36–39]. Considering a twinning partial on the slip system
swept across the grain, the plastic strain increment �� (˛) in a

win–matrix pair (Fig. 3) by such an emission is 1

� (˛) = b

2�

(
b(˛) ⊗ m(˛) + m(˛) ⊗ b(˛)

)
(1)

here b is the magnitude of the Burgers vector of a twinning partial,
nd b(˛) and m(˛) are the Burgers vector and the plane normal of the
th slip system, respectively. Both are unit vectors. For simplicity,
e rewrite Eq. (1) in scalar format and convert it to macroscopic
train incremental�ε

ε = ˇ b
2�

(2)

1 It is assumed that a twinning partial, once emitted, can transverse the whole
rain, consequentially lead to de-twinning of one layer of atoms, and the free energy
hange associated with the de-twinning process favors the complete process – from
he nucleation of a twinning partial in a GB to its landing in the opposite GB. It
iffers from the energetic controlled situation, where the energy associated with
e-twinning determines whether twinning partials can sweep through the whole
rain.
ering A 528 (2011) 1558–1566

where ˇ is a coefficient combined the effect from all active de-
twinning systems and the texture effect. The macroscopic strain
rate given by such an twinning partial is given as [63,64].

ε̇ = �ε

�t
= ˇ b

2�
	s (3)

where�t is the total time needed for a successful emission and	s is
the successful jumping frequency.�t includes both traveling time
and incubation time, and the former is usually much shorter than
the latter. Hence we can estimate�t based on thermal vibration of
atoms in the junction of a TB and a GB. Unlike the gliding of complete
dislocations, twinning partials can only move in one direction along
a slip system, hence

	s = n	t exp
(−�0V∗

kT

)
exp
(
�




V∗

kT

)
(4)

where n is the number of potential sites, 	t is the attempt fre-
quencies of an atomic cluster with activation volume V*; k and T
are the Boltzmann constant and temperature, respectively; � is the
resolved shear stress and �0 the threshold shear resistance for the
emission of twinning partials; and 
 is a factor influenced by stress
concentration and crystallographic texture. We will take 
 as a fit-
ting parameter because of the difficulty to determine it precisely2.
It is noted that both �0 and the activation volume V* are tempera-
ture dependent, and the latter may depend on � as well. In our late
discussion, we assume that the changes of �0 and V* as T varies in
290 K–310 K is negligible. Based on finite-element analysis [1], the
junctions of GBs and TBs are sites with stress concentration. Hence
the potential sites n in one twin–matrix pair is proportional to the
atom number in the peripheral of the twin–matrix pair, which is
estimated to be

n = �d

b
(5)

The attempt frequency	t can be related to the Debye frequency
	d by [65]

�t = �d
b

l
≈ �d

√
˝0

V∗ (6)

where l is a characteristic length associated with the activation vol-
ume, and is approximated to3 l ≈

√
V∗/b, and ˝0 is the atomic

volume. Substituting Eqs. (4)–(6) into Eq. (3), we have

ε̇ = �D
ˇ�

2
d

�

√
˝0

V∗ exp
(−�0V∗

kT

)
exp
(
�V∗


kT

)
(7)

At low stress level (�V*/
� kT), the nucleation of twinning par-
tials will give rise to a creep rate proportional to stress. Inverting
Eq. (7) and we obtain the stress in terms of strain rate.

� = �0 − kT
∗ ln

(
ˇ� �D d

√
˝0

∗

)
(8)
2 In a sample with random texture and the twelve de-twinning systems being
equally operative, 
 = M/kt , where M is two times of the Taylor factor by taking the
directionality of de-twinning into account , and kt is the average stress concentration
factor at the junction of GBs and TBs. The strong initial (1 1 1) texture along the
deposition plane [5,18], and the limited de-twinning systems (all residing on planes
parallel to TBs) imposed by the grain-twin geometry, will result in a greater
, hence
it is difficult to quantify 
 precisely. We estimate that 
 is on the order of 10.

3 This approximation is based on the assumption that the activation volume com-
posed of atoms residing in one layer. We note that different approximation to l
would not change the softening mechanism by the kinetics controlled de-twinning
in nt-Cu.
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graph of log(�) as a function of log(ε̇). It is convenient to see
=
kT/�V*, which is the formula given by Conrad [66]. Alterna-

ively, m can be rewritten as

1
m

= �0V∗

kT
− ln

(
ˇ�

2
d

�

�D
�̇

√
˝0

V∗

)
(9)

We see that m increases as � decreases – higher strain-rate
ensitivity in samples with narrower twins – which qualitatively
atches with experimental observations [6,32,67]. Application of

he model on twinning partial nucleation controlled twinning/de-
winning will be shown in Section 4.
.2. Energetics controlled twinning/de-twinning

In previous part, we give the kinetic model for twinning par-
ial nucleation controlled twinning/de-twinning. Here we will only
onsider situations that either initial twinning partial density is suf-
n. The initial structure of twinned polycrystalline Cu with uniform twin thickness
� = 1.88 nm and (d) � = 20 nm.

ficiently high, or the nucleation and/or multiplication of twinning
partials are easy. This argument is partly motivated by experimen-
tal observations. During electro-deposition, fast deposition rate is
required to obtain high density of narrow twins [6,18,68]. Such a
process might generate high energy GBs and high density of defects
[5,13] when twin thickness is extremely small. Both high density
of initial dislocations and high energy GBs may facilitate motion
and/or nucleation of twinning partials.

In this circumstance, the free-energy change associated with
de-twinning process is controlling. Eshelby’s theory [69] is used to
derive the free-energy change for shear transformation in an ellip-
soid by twinning or de-twinning. Similar idea has been used in the
case of martensitic phase transformation [70–72] and precipitate

twinning [73]. Since there is no high aspect ratio in those nano-
twinned grains [5,18], we assume that de-twinning of thin twins
resembles shear transformation of an ellipsoid with semi-axes a,
b, and c, with a = b ≈ d and c ≈� (see Appendix A for the transfor-
mation energy in general ellipsoid with semi-axes a ≥ b ≥ c). Since
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Fig. 5. De-twinning by collective motion of twinning partials (from left to right).
Regimes colored in cyan, yellow, and grey stand respectively for original twin, de-

ness in the twin with thickness �, which is in the order of unit, d111
is the space between (1 1 1) planes, and �/d111 gives the number
of twinning partials. The same scaling of (�− � l)∝�/d shown in Eq.
(14) is also seen in Eq. (15).

4 The interaction energy between two transformations is not considered here.
If two transformations occur in the same grain, it is expected that the interac-
tion energy is positive. More energy is needed to transform the second one. The
apparent strain-hardening in samples with narrow twins indicates the importance
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��, the elastic energy is given to be [69]:

el = ˛
�

8
2 − 	
1 − 	

�

d
�(eT )

2
V (10)

here ˛ is a constant and V ≈�d2, � is the shear modulus,
is the Poisson’s ratio, and eT is the shear strain associated
ith twinning/de-twinning. From Eq. (10), twins are energetically

avored to form in a lenticular morphology when V is a con-
tant. A thin disc of thickness approaching zero requires almost
o energy for shear transformation eT. In real crystals, the stacking

ault energy induced by such shear transformation restrains the
hickness from being extremely small. It is noted that the origi-
al Eshelby’s theory gives ˛= 1 in Eq. (10) for pure elastic medium.
lastic deformation in the surrounding media, however, may result
n lower energy levels. Annealing twins, for example, can grow dif-
usionally and involve almost no elastic distortion, and hence ˛
pproaches to 0, which explains why annealing twins in f.c.c. metals
an be several micron thick while deformation twins are in general
s thin as tens to several nanometers. Further, only a fraction of �
ay be de-twinned. Both situations may result in 0 <˛< 1, as the
aterial undergoes pure elastic deformation and the whole twin

s de-twinned, ˛ approaches 1. The change of interaction energy in
he presence of a resolved shear stress � is given as [69]:

int = −�eTV (11a)

nd the amount of energy dissipated as twinning partials glide to
he opposite end is given as

diss = �leTV (11b)

here � l is the lattice resistance to twinning partials. The interfacial
nergy change accompanying the transformation is

tb =  �tbV/� (12)

here � tb is the energy of a twin-boundary and  is a coefficient,
= − 2 for the complete de-twinning of a TB, = 2 for the formation

f a TB, and  = 0 for the thickening or thinning of a TB. As ini-
ially stress free twinned regions to de-twinning under the applied
hear stress �, the free-energy change per volume is the sum of
our contributions: the increasing elastic strain energy in both the
e-twinned region and its surrounding media Eel, the decreasing
lastic energy in the twin as it de-twins Eint, the dissipated energy

y twinning partial gliding Ediss, and the change of interfacial energy
y de-twinning Etb. Hence

F = ˛�
8

2 − 	
1 − 	

�

d
�(eT )

2 − (� − �l)eT + �tb
�

(13)

able 1
rief description of parameters used for nt-Cu. Parameters obtained by fitting are also ind

Description of parameter

Shear modulus at room temperature
Poisson’s ratio
Testing temperature
Applied strain rate
Grain size
Twin thickness
Geometric factor
Stress-concentration factor (fitting parameter)
Atomic volume
Debye frequency
Threshold shear resistance for emission of leading partial dislocations in TBs
Activation volume for dislocation nucleation (fitting parameter)
Transformation strain by twinning/de-twinning
Shear resistance for twinning partial
Twin boundary energy
Index parameter
Geometrical factor
twinned part, and to-be de-twinned part. A propagation of ıx in the de-twinned
zone requires the motion of all twinning partials on successive atomic layers by an
amount of ıx along [112̄] direction (For interpretation of references to color in this
figure legend, the reader is referred to the web version of this article).

For successful twinning or de-twinning, we require�F ≤ 0 4. The
critical resolved shear stress to satisfy�F = 0 is obtained as

� = �l + ˛
�

8
2 − 	
1 − 	

�

d
�eT − 2�tb

�eT
(14)

From Eq. (13) to Eq. (14), we have used  = − 2 to account for
reduction of TB energy by complete de-twinning. A dislocation
based mechanistic picture [74] is adopted to explain the scaling
of (�− � l)∝�/d in Eq. (14). As an applied shear stress extends the
de-twinned zone by a distance of ıx, it requires the simultaneous
(at experimental time scales) advance of ıx for twinning partials
(Fig. 5). The work done by the shear stress induces the increasing
energy by the line extension of all twinning partials follows

(� − �l)bd ıx = ˇ0

(
�

d111

)
�b2 ıx (15)

where ˇ0 is a factor representing the fraction of de-twinned thick-
of twin-twin interaction. If the two transformations happen in neighboring grains,
the interaction energy is grain-orientation dependent and could be either positive
or negative. It seems that the interaction energy is more related to strain hardening
than initial yielding. Since our attention is on the size effect of yielding strength in
nt Cu, we neglect the influence by interactions between different transformation
zones at this moment.

icated.

Symbol Value In equations

� 45 GPa Eq. (14)
� 0.35 Eq. (14)
T 300 K Eq. (8)
ε̇ 6 × 10−3/s Eq. (8)
d 500 nm Eqs. (8) and (14)
� 4–100 nm Eqs. (8) and (14)
ˇ ∼1 Eq. (8)

 4.2 Eq. (8)
˝0 11.8 Å3 Eq. (8)
	D 1.88 × 1013/s Eq. (8)
�0 0.01�∼ 0.03� Eq. (8)
V* 10.6˝0 Eq. (8)
eT 0.707 Eq. (14)
� l ∼10 MPa Eq. (14)
� tb 24 mJ/m2 Eq. (14)
 −2 Eq. (14)
˛ 0.4 Eq. (14)
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olume in. Eq. (8) indicate that the predicted shear strength is very sensitive to the
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. Application of the models to experiments

We will apply the two models given above to experimental data
or nt-Cu in this section. Eqs. (8) and (14) will be used to capture
he softening part in the strength vs. twin thickness curve shown
n Fig. 1. Parameters used for the models are shown in Table 1.
etailed explanation on the choice/derivation of those numbers is
iven in the main text at appropriate places.

.1. The kinetics model for de-twinning

In the condition that nucleation of twinning partials is the
ontrolling mechanism for twinning/de-twinning, we need sev-
ral constant and material parameters in Eq. (8) to determine the
ritical resolved shear stress, including Boltzmann constant {k},
arameters for testing conditions {T, ε̇}, geometrical parameters
nd factors {d, �,ˇ,
}, and material parameters {˝0,	D, �0, V*}.

he experiments were performed at room temperature, T = 300 K,
nd at a strain rate of ε̇ = 6 × 10−3/s. It is also known that d is about
00 nm [5,18]. For simplicity, we take ˇ = 1, and 
 will be used as
fitting parameter. Atomic volume˝0 for Cu is about 11.8 Å3. The
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Debye frequency 	D for Cu is given as
�D =
4�V

vs

Here N/V is the number density of Cu, and vs is the sound speed in
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ucleation of twinning partials varies from 0.01� to 0.03� [58]. The
ctivation volume V* is another fitting parameter. We will adjust
and the activation volume V* to fit the softening part of Fig. 1.

ewriting Eq. (8) as

= 
�0

[
1 − kT

�0V∗ ln

(
ˇ�

2
�D
ε̇

d

�

√
˝0

V∗

)]
(16)

Since the term in ln(·) changes relatively slower than other terms
s V* changes, we find that the resolved shear stress can be deter-
ined by knowing 
�0 and �0V*; the former is essentially the

thermal shear resistance and the latter is the activation energy.
good fit is found in a wide range of �0 (from 0.01� to 0.2�)

s long as we keep 
�0 ≈ 5.7 GPa and �0V* = 1.04 eV. Fig. 6 (solid
urve) gives the shear strength of nt-Cu using �0 = 0.03� (with
= 45 GPa), 
 = 4.2 and V* = 10.6˝0. The shear strength softening

n nano-twinned Cu is well captured using an activation volume
f 10.6˝0. It is found that the predicted shear resistance is very
ensitive to the activation volume, which is demonstrated by the
ther curves with slightly different activation volume while keep-
ng �0 = 0.03� and 
 = 4.2 unchanged, see Fig. 6 (dotted and dashed
ines). Given the values of �0 and
 trustworthy, the high sensitivity
f strength on activation volume enables us to obtain the activation
olume. As �0 is in the range of 0.01� to 0.03� [58], the activation
olume changes from 10.6˝0 to 31.8˝0, which falls in the region
rom experiments [35,36,41].

Using Eq. (9), we show the strain-rate sensitivity parameter m
s. twin thickness in Fig. 7. Several different �0 are explored while
e keep 
�0 = 5.7 GPa and �0V* = 1.04 eV. The trend of strain-rate

ensitivity in nt-Cu – strain-rate sensitivity increases as twin thick-
esses decrease – is captured qualitatively. Quantitatively, even

n the case that �0 = 0.001�, the predicted strain-rate sensitivity
y Eq. (9) is much higher than the experimental measurement
Fig. 7). This disparity suggests that other mechanisms may also
nvolve with twinning partials mediated de-twinning, which limits
he highly rate sensitive process by nucleation controlled plasticity,
s explained next.

.2. The energetic model on twinning/de-twinning
In this case, nucleation is not the bottle-neck for twinning/de-
winning, the energy associated with the twinning/de-twinning
rocess is controlling. From Eq. (13), �F ≤ 0 favors the transfor-
ation by twinning or de-twinning. For Cu, we have � = 0.35,
= 45 GPa (at room temperature), eT = 0.707, � tb = 24 mJ/m2 [58],
ering A 528 (2011) 1558–1566

and � l ≈ 10 MPa [75]. Twins have lengths comparable to grain size d,
which is about 500 nm [18]. Fig. 8 gives the model prediction using
˛= 0.4. The softening behavior by de-twinning as�decreasing from
15 nm is well captured by the model.

For the strength given by Eq. (14) alone, there is no apparent
strain rate effect, which is inconsistent with the enhanced strain-
rate sensitivity as twin thickness decreases [6,32,35]. Next, we will
show the temperature dependence in Eqs. (8) and (14).

4.3. The temperature dependence of strength in nano-twinned Cu

We show in this section the distinct temperature dependences
from the kinetics model (Eq. (8)) and the energetic model (Eq. (14)).
Fig. 9a gives the yield strength vs. twin thickness for nt-Cu at sev-
eral temperature, all parameters used here are the same as that
for Fig. 8. A slight change in temperature will lead to big differ-
ence in strength for nucleation controlled mechanism (black curves
in Fig. 9a). The influence of temperature to the energy controlled
mechanism is because of the decrease in shear modulus as temper-
ature rises, which is small in a wide range of temperature. For Cu,
the shear modulus �T(T) at temperature T (K) is given by [76]

�T (T) = �
(

1 + T − 300
TM

)
TM
�

d�

dT
,

TM
�

d�T
dT

= −0.54 (17)

where TM = 1356 K for Cu. Fig. 9 shows the temperature dependence
of strength ascribed by the kinetic model and the energetic model.
While keeping all other parameters unchanged but varying T in
Eq. (8) and replacing� in Eq. (14) by�T given above, we obtain the
strength vs. twin thickness at several temperature as seen in Fig. 9a.
Fig. 9b shows strength vs. temperature curves for nt-Cu samples at
several twin thicknesses. The kinetics model predicts a rapid drop
in strength as temperature increases but the energy mechanism
show negligible strength change as temperature changes. Simple
tensile tests [77] and rolling experiments [78] on nt-Cu show very
small difference of yield strength (micro-hardness for the latter) at
room temperature (300 K) from that at liquid nitrogen temperature
(77 K).

5. Conclusion

Starting from the conclusion in [1] that twin partial mediated de-
twinning accounts for the strength softening in nt-Cu, we present
theoretical models on the strength softening phenomenon in nt-Cu
[18] from both kinetic and energetic aspects. The models are then
applied to investigate the strain rate and temperature dependences
of strengths in nt-Cu. When de-twinning is controlled by the kinet-
ics of twin partial nucleation, the strength of nt-Cu is predicted to
� ∝ ln(�/d), and the strength is found to be highly strain-rate depen-
dent and temperature dependent; while de-twinning is regarded
as a shear transformation mediated by collective motion of twin
partials and the free energy change companying with the trans-
formation is controlling, it leads to � ∝�/d, and the strength is
rate independent and weakly depends on temperature. Given the
intermediate strain-rate sensitivity and weak temperature depen-
dence on strength in nt-Cu, we suggest that real de-twinning
process in nt-Cu may be controlled by both kinetic and ener-
getic mechanisms, which cooperatively determines the strength
softening in nt-Cu as twin thickness decreases from 15 nm to
4 nm.

It is interesting to note that the energy controlled mechanism

for de-twinning in Eq. (14) is capable to capture several key obser-
vations associated with twinning/de-twinning:

(I) shearing directionality of twinning, for example, is represented
because shearing strain (eT in Eq. (14)) by twinning along <
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112̄> is only half of that along< 1̄1̄2> on (1 1 1) plane [60],
and the latter is unlikely to happen;

(II) the “inverse grain-size effect” on twinning [62] can also be
explained by Eq. (14): to satisfy �F < 0, twinning or de-
twinning prefers to occur in bigger grains if stresses around
grains of different size are more or less the same;

III) high strain hardening in samples with small �may result from
two effects: (1) the depletion of thin twins that can be eas-
ily de-twinned while straining, which results in the increasing
of twin thickness in the material and lead to the increasing
flow strength, and (2) the tip of de-twinned region involves a
dislocation pileup [58], which may harden the materials.

While we use Cu as the model case in this paper because
he work is motivated by corresponding experiments [18] and
imulations [1] on Cu, the analysis here should be applicable to
ther nano-twinned f.c.c. metals. Further experimental and com-
utational work are needed to clarify the following interesting

ssues: (a) temperature dependence of nt-Cu in simple tensile or
ompressive experiments, especially at elevated temperatures; (b)
uantifying the amount of plasticity by de-twinning and that by dis-

ocations inclined to twin planes; (c) Li et al. [1] have shown that
hat further reducing in grain sizes can achieve even higher strength
n nano-twinned f.c.c. metals. Both Eqs. (8) and (14) suggest the
ame trend. It would be interesting to explore the grain size depen-
ence of the peak strength in nano-twinned metals; (d) identifying
he atomic details of dislocation – twin boundary interactions. To

ediate de-twinning, twin partials can nucleate from the junctions
f twin boundaries and grain boundaries; they could also form via
issociation and/or cross-slip, e.g., dislocations whose Burgers vec-
or is parallel to line of intersection of the twin boundary and the
lip plane may cross-slip and glide in the twin boundary [71,79].
heir respective significance in de-twinning is of great interest; and
e) numerically investigating the non-local plasticity governed by
ucleation and growth of de-twinning.
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ppendix A.

When twinning/de-twinning of a general ellipsoid occurs in
constrained environment, the shape change resulting from the

hear deformation of the ellipsoid causes elastic distortion in both
he ellipsoid and the surrounding matrix. After transformation,
he elastic energy increment in the transformed ellipsoid and the

atrix is generally given as [69]

el = 2��(eT )
2
V (A.1)

here � is a geometrical coefficient relating to the shape of the
llipsoid [69]. It is shown in Fig. A1 that � is very sensitive to the
spect ratio of c/a in the ellipsoid with semi-axes a ≥ b ≥ c. Two
mmediate conclusions can be drawn from Fig. A1: (a) the total
lastic energy approaches zero as c/a is close to zero; and (b) at a
xed aspect ratio c/a, the energy is minimized if the ellipsoid is an
blate, i.e., b/a = 1. This paper deals with an ellipsoid with semi-axes
= b»c, and Eq. (A.1) is simplified to Eq. (10) in this case [69].
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