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Abstract

Stress-relaxation experiments were performed on nanotwinned Cu to characterize the twin size-dependence of the activation volume
and mobile dislocation density. We find that the variation of activation volume as a function of twin lamellae thickness can be captured
well by a Hall–Petch-type relation. This structure size-dependence is interpreted to arise from a transition of the rate-controlling mech-
anism from intra-twin to twin boundary-mediated processes with decreasing twin thickness. Furthermore, we find that the exhaustion
rate of mobile dislocations reduces with decreasing twin thickness. Such a twin size-dependence is attributed to the increased strain-hard-
ening rate associated with a high density of coherent twin boundaries. Our results demonstrate that twin boundary-mediated dislocation
processes can effectively promote the strain hardening and preserve mobile dislocations, leading to ultrahigh strength while retaining duc-
tility in nanotwinned Cu.
� 2009 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.
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1. Introduction

Nanostructured metals are strong, but their high
strength is achieved at the expense of ductility [1–3]. The
low tensile ductility arises because of the limited extent of
uniform plastic flow, causing a much earlier onset of neck-
ing compared to their coarse-grained counterparts. The
strain localization in the neck region of the tensile speci-
mens induces microscopic damage that rapidly progresses
to final failure. It has been shown that the extent of uni-
form deformation in metals is controlled by the plastic flow
characteristics of strain hardening and strain-rate sensitiv-
ity, both of which are generally governed by dislocation
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density and velocity [4–8]. From the Orowan equation
[9], the plastic strain rate _cp can be expressed as:

_cp ¼ qmvb; ð1Þ
where qm is the mobile dislocation density, v the dislocation
velocity, and b is the magnitude of the Burgers vector. In
Eq. (1), the mobile dislocation density characterizes the
system’s memory of plastic deformation history, reflecting
the effect of the structural evolution of dislocation on
plastic deformation; dislocation velocity represents the
instantaneous rate effect on plastic flow. These plastic
deformation characteristics have been well studied in
coarse-grained bulk metals and alloys [10]. However, our
understanding of their influences on nanostructured mate-
rials is limited, due to the paucity of relevant experiments.

Nanotwinned Cu (nt-Cu), comprising a polycrystalline
structure that is populated with nanoscale coherent growth
twins, exhibits an unusual combination of ultrahigh tensile
strength (�1 GPa yield strength) and relatively high tensile
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ductility (�14% elongation-to-failure) [11–13]. The coherent
twin boundary (TB) is a special kind of internal interface
with low energy. It can serve as an effective sink and source
of dislocations, as well as a barrier against dislocation trans-
mission [3]. An increase in twin density with decreasing twin
thickness can strengthen ultrafine-grained Cu, similar to the
grain-size-dependent strengthening in nanocrystalline (nc)
metals [7]. However, nt-Cu achieves very high strength with-
out significantly compromising ductility.

The plastic deformation kinetics in nt-Cu samples has
been investigated to shed light on the strength–ductility
tradeoff. For example, the strain-rate sensitivity of flow
stress and the activation volume have been measured to
infer the rate-controlling deformation mechanisms. From
a series of experiments, including constant loading rate
tests in nanoindentation [14], constant strain rate tests in
tension and tensile strain rate jump tests [15], we found
increased strain-rate sensitivity and reduced activation vol-
ume with decreasing twin thickness. This trend is similar to
the grain size effect in face-centered cubic (fcc) nc metals.
However, while both nt-Cu and nc metals exhibited
increased strain-hardening rates in the early stage of plastic
deformation, the extent of strain hardening in nc metals is
very limited, resulting in their poor ductility (a few per cent
of elongation-to-failure) [3].

In addition to the strain-rate-controlled experiments,
characterizing the transient stress-relaxation behavior is
another effective approach for probing the kinetic rate effect,
as well as the structural evolution of dislocations. It specifi-
cally enables us to separate the contributions to the plastic
strain rate of mobile dislocation density and velocity so that
the dynamic evolution of mobile dislocation density can be
quantitatively characterized. However, only a few stress-
relaxation experiments have been reported for nc metals
and none for nt metals so far. Such experiments are difficult
to perform mainly because of the limited ductility, early
onset of necking and plastic instability in nc metals. Wang
et al. [16] reported the stress-relaxation experiments for nc-
Ni with an average grain size (d) of 30 nm. They studied
the effects of grain size and temperature on the activation
volumes and mobile dislocation densities, and attributed
the dominant mechanism to the GB-mediated dislocation
processes [17]. Dalla Torre et al. [18] studied electrodepos-
ited (ED) nc-Ni with d � 21 nm and high pressure torsion
(HPT) nc-Ni with d � 105 nm by stress-relaxation tests.
The ED nc-Ni showed a decreased activation volume with
increasing stress, while the HPT nc-Ni showed an opposite
trend. Both groups reported a high exhaustion rate of mobile
dislocations in nc-Ni that was correlated with the limited
ductility and fast strain hardening in the early stage of plastic
deformation [16].

In this paper, we report on an experimental study of the
twin size-dependence of plastic deformation kinetics in nt-
Cu by using a stress-relaxation experiment. The ability of
nt-Cu to sustain considerable uniform plastic deformation
ensures a systematic measurement of repeated relaxation
transients. We obtain the apparent and physical activation
volumes, as defined in Section 2, thereby separating the
contributions of mobile dislocation density and dislocation
velocity to the kinetic rate of plastic flow. The twin thick-
ness effect on both the activation volume and mobile dislo-
cation density has been studied. The results provide a
mechanistic basis for understanding the cooperation and
transition between the intra-twin and inter-twin deforma-
tion mechanisms, as well as the structure length-scale
effects on strain hardening and the strength–ductility
tradeoff.

2. Theoretical background

The shear stress s in a plastically deforming metal is gen-
erally regarded as consisting of two components:

s ¼ siðcpÞ þ s�ðT ; _cpÞ; ð2Þ

where s� is the thermal component of the shear stress. This
component accounts for the stress needed to overcome the
short-range barrier responsible for the temperature T and
plastic strain rate _cp dependence of flow; si is the athermal
contribution to the flow stress, resulting from the long-
range internal stress impeding plastic flow, the temperature
dependence of which is weak and arising mainly due to the
temperature effect on the shear modulus l.

For the plastic flow controlled by thermally activated
dislocation glide, the dislocation velocity is given by [10]:

v ¼ f0 exp �DGðs�Þ
kBT

� �
; ð3Þ

where f0 is a pre-exponential constant, DG the activation
free energy needed to surmount obstacles, and kB is the
Boltzmann constant. The physical activation volume is
conventionally defined as:

V � � � dDGðs�Þ
ds�

����
T

: ð4Þ

In repeated stress-relaxation tests, V� can be extracted
from consecutive relaxation transients. Specifically, as the
applied stress increases from the end of relaxation 1 to
the onset of relaxation 2 in a short period, as shown in
Fig. 1b, it is reasonable to assume that the variation of
mobile dislocation density, qm, is negligibly small. It fol-
lows that according to Eq. (1), the plastic strain rate is dic-
tated by the dislocation velocity given by Eq. (3), such that
V� can be determined by:

V � ¼ kBT
lnð _ci2=_cf 1Þ

Ds�
: ð5Þ

where _ci2 and _cf 1 are the shear strain rate at the onset of
relaxation 2 and at the end of relaxation 1, respectively.

In a single stress-relaxation transient, the apparent acti-
vation volume Va can be determined by fitting the stress-
relaxation curve according to [10]:

DsðtÞ ¼ � kBT
V a

ln 1þ t
cr

� �
; ð6Þ
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Fig. 1. (a) The stress–strain curves from the stress-relaxation experiments
for nt-15, nt-35 and ufg-Cu without twins at room temperature; (b) a
typical stress–relaxation series of nt-15 Cu; and (c) comparison of the
stress decay Ds during the first relaxation transient for the three Cu
samples.
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where Ds is the stress drop at time t and cr is the relaxation
time constant.

It should be noted that the physical activation volume
V� is different from the apparent activation volume Va.
The former characterizes the stress sensitivity of dislocation
velocity and the latter additionally incorporates the influ-
ence of mobile dislocation density. As a result, V� is more
directly linked to the dislocation processes that are rate-
controlling. Generally, X � V a=V � P 1.

Combining Eqs. (3) and (4), one can relate the disloca-
tion velocity v at time t to the initial dislocation velocity
v0 at t = 0 by:

v ¼ v0 exp
Ds� � V �

kBT

� �
; ð7Þ

where Ds� is the change of s� from time t = 0 to time t;
Ds� < 0 in a typical stress transient. It is usually assumed
that the mobile dislocation density qm and the dislocation
velocity v are related by an empirical power law:

qm

qm0

¼ v
v0

� �b

: ð8Þ

Based on Eqs. (1)–(8), it can be shown [10]:

qm

qm0

¼ cr

t þ cr

� � b
1þb

; ð9Þ

where qm0
is the dislocation density at the start of the tran-

sient, and b is a dimensionless immobilization parameter:

b ¼ X
1þ K=M

� 1: ð10Þ

Here, K is the strain-hardening coefficient, _s ¼ K _cp and M

is the stiffness of the specimen–machine system [19,20]. The
measured values of b are typically in the range of 0–1, as
shown later in Table 1. Eq. (7) indicates that v is smaller
than v0 because Ds� < 0. It follows that, according to
Eqs. (8) and (9), the larger the value of b, the smaller the
ratio, qm=qm0

, and the higher the exhaustion rate of mobile
dislocation density. At another limit, Eq. (10) indicates that
b approaches zero when X � 1 and K/M� 1; this gives
qm=qm0

� 1, corresponding to a low rate of mobile disloca-
tion exhaustion.

While the activation volume and mobile dislocation den-
sity are defined in terms of the shear stress, the stress-relax-
ation experiment is generally performed in uniaxial tension.
Invoking the von Mises yield criterion, the shear and nor-
mal stresses can be related by s ¼ r=

ffiffiffi
3
p

. Correspondingly,
the shear strain rate is related to the normal strain rate by
_c ¼

ffiffiffi
3
p

_e. This ensures the same work rate between shear
and tension, i.e. s_c ¼ r_e.
3. Experimental

High-purity Cu foils with different densities of nanoscale
growth twins were synthesized by means of pulsed electro-
deposition from an electrolyte of CuSO4 [14,15]. The foil
has an in-plane dimension of 20 mm 	 10 mm, and is
about 100 lm thick. The density is 8.93 ± 0.03 g cm–3.
Chemical analysis indicated that the purity of as-deposited
Cu is better than 99.998 at.% with a sulfur content less than
8 ppm, and oxygen and hydrogen concentrations less than



Table 1
Comparison of plastic flow parameters for the nt-Cu and ufg-Cu: yield strength ry, ductility (elongation-to-failure) d, apparent activation volume Va,
physical activation volume V�, the ratio X = Va/V�, relaxation time constant cr, strain-hardening coefficient K, immobilization parameter b, mobile
dislocation density qm at time t and qm0

at t = 0.

Sample ry (MPa) d (%) Vab3 V�b3 X cr K (MPa) b qm=qm0
Relax no.

nt-15 830 14 20.7 16 1.290 2.351 10,000 0.057 0.85 1st
20 15.7 1.275 2.793 8000 0.074 0.82 2nd
19 15 1.266 2.966 8000 0.080 0.74 3rd

nt-35 660 5 36 30 1.186 3.521 3600 0.1 0.78 1st

ufg-Cu 200 15 350 309 1.128 1.10 700 0.128 0.641 1st
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Fig. 2. Fitting of the experimental stress–relaxation curve for nt-15 Cu
based on Eq. (6). Va, apparent activation volume; cr, relaxation time
constant.
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20 and 15 ppm, respectively. By modifying the pulsed elec-
trodeposition parameters, a series of Cu specimens were
obtained with similar grain size but different twin densities.

The as-deposited nt-Cu sample has roughly equiaxed
grains with an average size of 400–600 nm. The structures
of these specimens have been characterized systematically
in our earlier studies on the same batch of materials
[11,14,21]. The high density of TBs, which were introduced
spontaneously inside each grain during the pulsed electro-
deposition process, divides the ultrafine-grained crystals
into nanometer-thick twin/matrix lamellar structures. Sta-
tistical measurements showed that the average thickness
between adjacent TBs, k, is approximately 15 ± 6 nm (here-
after referred to as nt-15) and 35 ± 7 nm (nt-35) in the
h1 1 0i beam direction from plan-view transmission elec-
tron microscopy (TEM) observations. The length of the
twin lamellae is roughly the same as the grain size. In addi-
tion, ultrafine-grained Cu with twin-free polycrystalline
ensemble (hereafter referred to as ufg-Cu) is produced from
the same electrolyte by direct current electrodeposition. No
evident growth twin is observed in as-deposited ufg-Cu
samples, whereas dislocations are present both inside
grains and near GBs. Microstructural characterizations of
both the as-deposited and deformed samples were per-
formed in a transmission electron microscope (JEM 2010,
JEOL Ltd., Japan) operated at 200 kV. Details of the
TEM sample preparation can be found in Ref. [14].

Tensile specimens with a gauge length of 4 mm and a
width of 2 mm were cut by electrodischarge machining.
They were first mechanically polished from the deposited
side with silicon carbide papers (1200–2000 grit), and then
electrolytically polished to a mirror finish with an electro-
lyte consisting of 23% alcohol, 23% phosphorus acid, 5%
isopropyl-alcohol and 49% deionized water (in vol.%).
The final sample thickness after electropolishing is about
20 ± 5 lm, as measured by a Leica MPS 30 optical micro-
scope (Leica Microsystems Inc., Wetzlar, Germany). A
contactless MTS LX300 Laser extensometer (MTS Systems
Corporation, Eden Prairie, MN, USA) was used to cali-
brate and measure the plastic strain during loading.

Stress-relaxation tests were performed by using a Tytron
250 Microforce Testing System (MTS System Corporation,
Eden Prairie, MN, USA) at room temperature (approxi-
mately 20 �C and 50% relative humidity). The sample was
initially strained to 1% at a strain rate of 6 	 10�4 s�1,
and then the cross-head was stopped and the stress was
recorded as a function of time. After the first relaxation
over an interval of 50 s, the specimen was reloaded to the
same stress level as the beginning of the previous cycle
for the next relaxation. In order to obtain reproducible
experimental results, the stress relaxations of each sample
were carried out at least five times.

4. Results

Fig. 1a shows repeated stress relaxations for nt-Cu with
three different TB densities. The nt-15 sample exhibits the
most significant stress drop Dr in each relaxation cycle.
In contrast, Dr is very small in the twin-free ufg-Cu. Typ-
ical stress-relaxation transients for nt-15 are shown in
Fig. 1b, where the change in stress at the onset of each
relaxation cycle is taken as zero. In Fig. 1c, we compare
stress transients in the first relaxation cycle (50 s). The
stress drops for nt-15 and nt-35 are 70 and 37 MPa, respec-
tively, while it is only 6 MPa for ufg-Cu.

The apparent activation volume Va is determined by fit-
ting r vs. t according to Eq. (6). Fig. 2 shows the fitting
curve (solid line) of the first relaxation cycle for nt-15, giv-
ing Va � 21b3 (b = 0.265 nm for Cu). Fig. 3 shows Va fitted
from repeated relaxation cycles, which varies between 21b3
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and 17b3 for nt-15. In Fig. 3, we also plot the physical acti-
vation volumes V� determined from consecutive relaxation
cycles for nt-15 based on Eq. (5), V� � 16b3, slightly lower
than Va � 21b3. Both Va and V� decrease slightly with
increasing number of cycles. Note that for nt-15, both Va

and V� from the present stress-relaxation experiments are
close to those from the strain rate jump tensile tests and
nanoindentation tests (12–22b3) [14,15], but differ from
the activation volume (about 100–1000b3) in coarse-
grained Cu by two orders of magnitude [22]. We also find
that both Va and V� increase with twin thickness k. For
example, for ufg-Cu, they are 350b3 and 309b3, respec-
tively, both of which are about 20 times higher than those
for nt-15 (listed in Table 1).

As shown in Fig. 4, mobile dislocation density qm=qm0
is

less than unity for both nt- and ufg-Cu, indicating the
exhaustion of mobile dislocations with time during stress
relaxation. The higher the twin density, the larger the value
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Fig. 4. Comparison of the evolution of mobile dislocation densities in the
nt-15, nt-35 and ufg-Cu without twins during the first relaxation cycle
(50 s).
of qm=qm0
. For nt-15, qm=qm0

decreases to about 85% at the
end of the first cycle (t = 50 s), implying a large portion of
mobile dislocations remaining in the specimen. qm=qm0

decreases to 78% in nt-35, and is only 64% in ufg-Cu. A large
value of qm=qm0

can be attributed to either a lower rate of
annihilation or a higher rate of nucleation of mobile disloca-
tions, or both, as analyzed in detail in Section 5.2. Fig. 5
shows the evolution of qm=qm0

for nt-15 during the first three
cycles. The exhaustion rate of qm decreases with increasing
number of cycles. After three cycles, qm=qm0

¼ 74%.
5. Discussion

5.1. Dependence of activation volume and deformation

mechanisms on twin thickness

The activation volume is an effective kinetic signature of
rate-controlling deformation mechanisms [23]. In coarse-
grained fcc metals, a typical rate-determining process, such
as the intersection of forest dislocations, gives a large acti-
vation volume of the order of several hundred to a few
thousand b3 [22,24]. At another extreme, GB sliding or
GB diffusion mediated creep (Coble creep) gives a small
activation volume of less than 1b3. When the activation
volume is between 1b3 and 100b3, the rate process typically
involves cross-slip or dislocation nucleation; the activation
of either process requires a high local stress at the GPa
level, so that the stress work (s� V�) associated with a rela-
tively small activation volume can lower the effective
energy barrier to a level sufficient to initiate the dislocation
process within the timescale (seconds to minutes) of exper-
imental measurements [25].

For the ufg-Cu without twins, the grain size is in the
sub-micrometer range. The measured activation volumes
are about 350b3, comparable to the literature data for
coarse-grained Cu. This suggests that their rate-controlling
mechanisms should be the same, primarily involving the
intersection of forest dislocations in the bulk. For the
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ufg-Cu with a very high density of nanoscale twins, the
activation volumes are much lower, e.g., 15b3–20b3 in the
case of nt-15 Cu. Computer simulations by atomistic reac-
tion pathway calculations have shown that the associated
rate processes involve dislocation cross-slip at the twin
interface via the processes of dislocation accumulation,
desorption and transmission [6]. It is interesting to note
that the activation volumes in nt- and nc-Cu samples are
comparable in magnitude when the twin thickness k of
nt-Cu is similar to the grain size d of nc-Cu, as shown in
Fig. 6 and Table 2 [26].

Previously, the grain-size-dependence of activation vol-
ume has been studied for fcc metals by Conrad [24,27],
Armstrong and Rodriguez [28], and Asaro and Suresh
[29]. It was proposed that the intersection of dislocations
in the bulk is the rate-controlling mechanism in coarse-
grained metals, and the GB-mediated dislocation mecha-
nism dominates when d is in the range of 10–100 nm.
Between the two limits, a Hall–Petch (H–P)-type relation
of the grain-size dependent activation volume was derived
Table 2
Comparison between experimental measurements and the modeling predictio
thickness.

Twin thickness, k (nm)

15 35

m (exp, NI) 0.036 ± 0.009 0.025 ± 0.0
m (exp, jump test) 0.035–0.046 –
V (exp, NI) 12b3–15b3 16b3

V (exp, jump) 9b3–12b3 –
V (exp, relaxation) 15b3–21b3 30 � 36b3

V (atomistic calculated) 24b3–44b3 –
V (predicted from Eq. (11)) 19b3 27b3
based on a dislocation pile-up model [27]. This H–P rela-
tion has been verified by the experimental data [28].

The atomic processes are different when impinging dislo-
cations react with GBs and TBs because of their structure
differences [3]. However, the size-dependence of activation
volume in the nt system should be captured well by the H–
P-type relation. This is because the essence of the disloca-
tion pile-up model is to bring out the length-scale effects
by invoking the size-mediated number of dislocations in
the pile-up, n(d) or nðkÞ. As shown by Eqs. (2) and (3) in
Conrad [27], n(d) is a magnification factor that connects
the applied stress and the local concentrated stress acting
on the rate-determining processes at the GBs. Considering
that the functional form of n(d) and nðkÞ is independent of
the nature of GB and TB in the pile-up model, we general-
ize the H–P-type relation of activation volume to include
both the GB and TB effects:

1

V
¼ 1

V �0
þ kGB

2mscV �GB

� �
d�1=2 þ kTB

2mscV �TB

� �
k�1=2; ð11Þ

where V is the activation volume of the specimen, V �0 the
activation volume associated with the intra-grain or in-
tra-twin dislocation mechanism, i.e. intersection of lattice
dislocations, and V �GB and V �TB are the activation volumes
associated with the GB- and TB-mediated mechanisms,
respectively. In Eq. (11), m is the Taylor factor (m � 3:1),
and the constant k and the local shear resistance sc

GB or
sc

TB are determined from the classic H–P model of disloca-
tion pile-up. Considering that the measured tensile yield
strengths for nt-Cu vary with twin thickness k in the same
manner as d for nc-Cu [11], we approximate V �GB ¼ V �TB ¼
25b3 and kTB = kGB = 5.0 MPa mm�1/2 (sc = 450 MPa,
and the shear modulus G = 30.5 GPa). Using these data,
V was predicted from Eq. (11) for nt-Cu with an average
grain size of 500 nm and different twin thicknesses, as
shown in the last row in Table 2. Fig. 6 and Table 2 show
that the prediction (solid line) matches well with experi-
mentally measured trends and values from this work and
previous studies [6,14,15,26]. Note that for the ease of com-
parison with the literature data, here we did not distinguish
the apparent and physical activation volumes as defined in
Section 2, considering that their measured values are close
and the data reported in the literature generally did not dis-
n of strain-rate sensitivity and activation volume as a function of twin

Ref.

100 Twin-free

09 – 0.005 [14]
0.015–0.02 0.005 [15]
22b3–37b3 135b3 [14]
22b3–28b3 – [15]
– 309b3–350b3 This work
– [6]
40b3 130b3 This work
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tinguish between the apparent and physical activation
volumes.

The twin-thickness dependence of activation volume
shown in Fig. 6, along with its agreement with the disloca-
tion pile-up model of Eq. (11), suggests a size-dependent
transition of the rate-controlling mechanism from the in-
tra-twin to inter-twin processes with decreasing twin thick-
ness. TEM observations have revealed both the intra-twin
to inter-twin processes. Fig. 7a shows an as-deposited spec-
imen containing few lattice and TB dislocations. Fig. 7b
shows dislocation structures in a deformed sample. In thin
twins, a large amount of dislocation debris accumulates
near TBs (see the white rectangle B in Fig. 7b), and the se-
verely strained TBs contain a high density of boundary dis-
locations. High-resolution TEM observation identified that
most of these boundary dislocations are Shockley partial
dislocations [30]. In contrast, in wide twins a number of lat-
tice dislocations and dislocation networks are stored inside
lamellae (see the white rectangle A in Fig. 7b). Here we
emphasize that both the intra-twin and inter-twin processes
generally coexist in a TEM snapshot. By using the H–P-
type relation of Eq. (11), we are able to include contribu-
tions to the size-dependent overall activation volume (and
strain-rate sensitivity) from both intra-twin and inter-twin
processes, each of which has a size-independent activation
volume (V �0 vs. V �GB or V �TB).

The above study of activation volumes provides mecha-
nistic insights into the active rate mechanisms in plastic flow.
Besides the rate-limiting effect, these dislocation processes
can influence strain hardening and thus the strength–ductil-
ity tradeoff through, for example, mobile dislocation density,
as detailed in Section 5.2. Furthermore, the complex disloca-
tion configurations shown in Fig. 7 suggest that in general
both the intra- and inter-twin mechanisms coevolve with
deformation, and should contribute to strain hardening in
Fig. 7. TEM images of nt-15 Cu. (a) As-deposited sample showing that cohe
relaxation test showing the dislocation accumulation at TBs (as shown in rect
lamellae (as shown in rectangle A).
a cooperative manner. Recent two-dimensional [30] and
three-dimensional [31] crystal plasticity simulations of nt-
Cu confirmed that, only by integrating these cooperative
deformation mechanisms instead of exclusively considering
the intra- or inter-twin mediated mechanism, can a reason-
able correlation between the predictions of computational
models and experimental results be achieved in terms of
the size-dependent trends of strength, rate sensitivity and
ductility.

5.2. Mobile dislocation density and strain hardening

An analysis of mobile dislocation density during stress
relaxation can elucidate how the dynamically evolved dis-
location structures influence the macroscopic deformation
characteristics of strength, ductility and strain hardening.
Dalla Torre et al. [18] showed that in coarse-grained Ni,
qm=qm0

increases with stress, but in nc-Ni, qm=qm0
decreases

as the applied stress increases. They attributed this grain
size effect to different rate-controlling processes, i.e. dislo-
cation multiplication in coarse-grained materials and dislo-
cation exhaustion in nanocrystals. Wang et al. [16]
measured the sharply decreased qm=qm0

in the initial stage
of relaxation for nc-Ni. The high rate of mobile dislocation
exhaustion was related to the ready availability of sources
near the random GBs where dislocations can nucleate read-
ily. But these GB sources are not regenerative and can be
used up quickly upon straining, causing a rapid decay of
the exhaustion rate of mobile dislocations [32]. Further-
more, they showed that as d deceases, qm=qm0

in nc-Ni
reduces to about 0.1 at the end of the relaxation transient,
much lower compared to 0.8 in coarse-grained Ni.

Fig. 4 shows that for nt-Cu an increase in the twin den-
sity can lower the exhaustion rate of mobile dislocations,
creating a length-scale effect opposite to that on the
rent TBs are initially straight and defect-free. (b) Sample after the stress–
angle B), as well as dislocation tangles and networks within the wide twin
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stress-relaxation rate (see Fig. 1c). Moreover, at the end of
the first stress-relaxation cycle, qm=qm0

is about 0.85 in nt-
15, much higher than that in nc-Ni (about 0.1). This result
suggests that compared to GBs, TBs can more effectively
preserve mobile dislocations.

The above results of the twin size effect, as well as the
influences of TB vs. GB on qm=qm0

, can be understood by
considering the TB-mediated slip transfer reactions. The
crystallographic features of dislocation–TB interactions
have been studied by Mahajan and his coworkers [33–35].
Recent research has focused on slip transfer reactions in
nanoscale growth twins [36,37]. These studies show that
interactions between dislocations with a R3 coherent TB in
nt-Cu may result in glissile dislocations at the TB (i.e. twin-
ning partials), sessile dislocations or locks at the TB, and/or
outgoing dislocations or stacking faults in the neighboring
twin layer, depending upon the nature of incoming disloca-
tions. In Fig. 7, we compare dislocation microstructures
before and after stress relaxation. Fig. 7a shows that in the
as-deposited sample, coherent TBs are extremely ‘‘clean”

and nearly dislocation-free, and thus they can readily trap
and absorb lattice dislocations. The accumulated disloca-
tions on TBs can remain mobile because of boundary coher-
ency, so that they can easily glide along TBs to accommodate
subsequent absorption and sustain plastic flow. This slip
transfer of mobile dislocations at the coherent TBs is dis-
tinctly different from that at general high-angle GBs where
dislocation glide is usually limited because of boundary inco-
herency, leading to a high rate of mobile dislocation
exhaustion.

In addition to the ease of glide of accumulated disloca-
tions on the coherent TBs, TB-mediated dislocation nucle-
ation can play an important role in mobile dislocation
density. Associated with the slip transfers at TBs, a high
density of interfacial defects, i.e. steps and locks, are built
up [14]. These defects, on one hand, oppose the glide of
TB dislocations, thereby promoting the strain hardening,
as detailed below. On the other hand, they could act as dis-
location sources, as observed from atomistic simulations
[38] and experiments [39]; the applied high stress at the
GPa level facilitates nucleation by lowering the effective
energy barrier. However, further studies are needed to elu-
cidate the relative effectiveness of TBs and GBs in generat-
ing lattice dislocations under the experimental conditions
of stress and strain rate.

Furthermore, a recent TEM experiment has revealed
frequent dislocation nucleation from the intersections
between TBs and GBs [39]. The importance of such inter-
sections in mobile dislocation density can be appreciated
by noting the two very different characteristic structural
length scales: the twin lamella thickness in the tens of nano-
meter range and the twin lamella length in the hundreds of
nanometer range. While the former plays a similar role as
the grain size of nanocrystals in obstructing dislocation
motion, the latter provides a considerable space for dislo-
cations to nucleate, move and accumulate on the TBs
and within the twin lamellae as well.
Besides direct influences of TBs on the glide and multipli-
cation of mobile dislocations, the effects of TBs on the evolu-
tion of mobile dislocation density can be correlated with that
on the strain-hardening behavior. From Eq. (10), it can be
seen that a large K value, which corresponds to a high rate
of strain hardening, gives a low immobilizion parameter
b. This can consequently lead to a low rate of mobile disloca-
tion exhaustion, as indicated by Eqs. (8) and (9), and as
shown in Table 1. Our previous study has demonstrated that
at a given plastic strain of 2%, the strain-hardening rate in nt-
15 Cu is much higher than that of nt-35 and ufg-Cu without
twins [40]. The high rate of strain hardening in nt-Cu can be
correlated to the processes described herein of TB-mediated
dislocation multiplication and exhaustion. Essentially, TBs
are much more hardenable than conventional high-angle
GBs as TBs gradually lose coherence during plastic flow [3].
The limited hardenability of random GBs arises because of
the boundary incoherency and the nanometer length scale in
nanocrystals. Indeed, drastically diminished work hardening
has been measured in nc metals with a few per cent uniform
plastic strain in uniaxial tension (usually less than 3–5%)
[1,6,7]. In contrast, comparing Fig. 7a and b, the initially clean
TBs can be severely strained with a high density of disloca-
tions concentrated at TBs, indicating the build up of a large
amount of dislocations starting from a low level. The effective
strain hardening can not only lower the rate of mobile disloca-
tions density exhaustion, but can also help delay the onset of
necking, thereby promoting the tensile ductility [5–7].

6. Summary

We have studied the twin thickness mediated plastic
deformation kinetics in nt-Cu by using stress-relaxation
tests. The size-dependent activation volume and mobile dis-
location density are quantitatively characterized. These
properties underlie the macroscopic deformation charac-
teristics of strength, ductility and strain hardening. For
nt-15 Cu (with the smallest twin thickness k = 15 nm),
the apparent activation volumes are measured to be about
20b3, signifying a dominant rate process of TB-mediated
cross-slip of dislocations. Furthermore, we find that a
H–P-type relation fits closely the experimental data of acti-
vation volume vs. twin thickness. This size-dependence is
interpreted to arise from a transition of the rate-controlling
mechanism from the intra-twin to twin-boundary-mediated
processes with decreasing twin thickness.

Using stress-relaxation transients we obtain both the
apparent and physical activation volumes, so that the con-
tribution to the plastic strain rate of mobile dislocation
density and dislocation velocity can be separated. We find
that an increased twin density can lower the exhaustion
rate of mobile dislocations, creating an opposite trend of
twin-thickness dependent stress-relaxation rate. Of particu-
lar note is that the exhaustion rate of mobile dislocations in
nt-Cu is much lower than that reported for nc metals. We
attribute both the size effect and the low exhaustion rate of
mobile dislocations to the increased strain hardening asso-
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ciated with a high density of TBs, as well as the unique role
of coherent TBs in preserving mobile dislocations. Our
results demonstrate that study of the stress-relaxation pro-
cess facilitates a quantitative understanding of the effects of
dislocation velocity and mobile dislocation density on plas-
tic flow in nanostructured metals, providing mechanistic
insights into the optimization of strength and ductility by
engineering nanoscale interfaces.
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