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The mechanical behavior of nanotwinned Cu was studied through indentation creep and constant strain rate in-
dentation tests from 25 °C to 200 °C. The results showed an enhanced strain rate sensitivity of nanotwinned Cu
with temperature, whichwas higher than that found in coarse-grained Cu. Transmission electronmicroscopy re-
vealed the same deformationmechanism in the whole temperature range: confined dislocation slip between co-
herent twin boundaries and formation of dislocation pile-ups at the coherent twin boundaries. The mechanisms
responsible for large increase in strain rate sensitivity of nanotwinned Cuwith temperaturewere discussed to the
light of experimental observations.
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Metals with nanoscale twins have received increasing attention in
recent years because of their unique properties [1–5]. In particular,
nano-twinned (NT) metals (twin spacing b100 nm) achieve a strength
and hardness similar to nanocrystalline (NC) metals (grain size
b100 nm) [6], but are able to maintain substantial ductility [5,7]. In
addition, NT metals present outstanding thermal stability, electrical
conductivity and fatigue resistance [8]. These differences reflect the par-
ticular nature of coherent twin boundaries (CTB), as compared with
standard grain boundaries, which lead to the activation of different
deformation mechanisms. Obviously, further understanding of the
dominant deformation processes under different conditions is neces-
sary to design NT metals with improved properties. However, the
current knowledge of the deformation of NT metals is still limited to
ambient temperature despite that the plastic deformation of metals is
a thermally activated process. This investigationwas aimed at exploring
the influence of temperature on the mechanical properties and defor-
mation mechanisms of these materials.

Most of the work on NTmetals has been focused in Cu. High density
of NTswithmodulated twin structure can be introduced in Cu by pulsed
electrodeposition. NT-Cu processed following this route shows a tensile
strength about 10 times higher than that of conventional course-
C/Eric Kandel 2, 28906 Getafe,

-Aldareguía),

review period of the article. To
s editor for this manuscript.

ier Ltd. All rights reserved.
grained (CG) Cu, and an electrical conductivity comparable to that of
pure Cu [1]. This combination of properties comes about as a result of
the large density of CTBswhich block the dislocation slip while present-
ing extremely low electrical resistivity, that cannot be achieved by other
types of grain boundaries. Themechanical behavior of NT-Cu at ambient
temperature has been extensively studied by means of uniaxial tension
[7,9,10], nanoindentation [9,11–13], micropillar compression tests
[14,15] and theoretical models [16]. CTBs and grain boundaries (GBs)
act as dislocation sources during deformation and plastic deformation
is carried by the formation of dislocation pile-ups along the CTBs
[9,17]. Recent studies have revealed that the strain rate sensitivity (m)
of NT-Cu at ambient temperature and quasi-static loading (strain rate
10−4 s−1–10−1 s−1) was in the range 0.03–0.08. These values were
much higher than those of its coarse-grained (CG) polycrystalline coun-
terparts (0.004–0.007) [13] and contribute to delay necking and in-
crease the ductility during tensile deformation.

In this investigation, the deformation mechanisms of NT-Cu were
explored in the temperature range 25 °C to 200 °C by means of creep
and constant strain rate indentation tests. The results of themechanical
tests (in terms of the strain rate sensitivity and activation volume)were
completed with the help of transmission electron microscopy (TEM)
observation to ascertain the dominant mechanisms of plastic deforma-
tion as a function of temperature.

High-purity Cu (99.99 wt%) sheets with nanoscale growth twins
were synthesized by means of direct-current electro-deposition from
an electrolyte of CuSO4. More details about the deposition parameters
can be found in [18]. All the deposition parameters (including tempera-
ture, pH, solution volume, current density, etc.) were kept almost
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constant during electrodeposition to ensure the homogeneity and
consistency of the microstructure of the different sheets. The NT-Cu
sheet was deposited on a Ni substrate. The final sheet thickness was
N1.5 mm. A CG Cuwith similar grain size prepared by the same electro-
lyte using DC electrodeposition was also studied for comparison [19].
The initial dislocation density of the CG-Cu was in the range 1010 to
1012 m−2.

The textures of NT-Cu and CG-Cu sheets were analyzed by means of
electron backscatter diffraction (EBSD), using a field-emission gun SEM
(Helios Nanolab 600i, FEI) equipped with an HKL EBSD system. The
average grain size was determined by the line intercept method
from the EBSD micrographs. TEM was used to analyze the micro-
structure of twins and twin boundaries and their interaction with
dislocations. A trenching-and-lifting-out focused ion beam technique
was adopted to extract lamellae directly from the indentation imprints,
which was subsequently thinned to approximately b100 nm for elec-
tron transparency. TEM observation was carried out in two-beam
diffraction mode [20], employing different diffraction vectors, g, using
the g⋅b = 0 invisibility criterion, where b stands for the direction of
the Burgers vector.

The mechanical properties of NT-Cu and CG-Cu samples were mea-
sured by means of indentation creep tests in a NanoTest™ platform III
(Micro Materials, Wrexham, UK). This platform uses an independent
tip and sample heating system that is designed to maintain the temper-
ature within ±0.05 °C, which is the best strategy to achieve thermal
equilibrium during indentation in order to minimize thermal drift.
Loadwas appliedwith a diamond Berkovich indenter. It was initially in-
creased up to 50mN in 10 s in the nanoindentation creep tests and was
Fig. 1. (a) EBSDmap of CG-Cu. (b) IdemofNT-Cu. (c)High resolution TEMof twin structurewith
(e) Histograms of twin thickness in NT-Cu in the as-received condition and after testing at 200
maintained constant during 400 s followed by unloading at the rate of
5 mN/s. The evolution of the indentation depth, h, vs. time, t, was re-
corded during the holding time. Tests were carried out at 25 °C, 50 °C,
100 °C, 150 °C and 200 °C, respectively. At each temperature, thermal
drift was carefully minimized (b0.1 nm/s) to equilibrate the tempera-
tures of both the indenter and the sample. At least 5 tests were
performed at each temperature and the results presented below for
each temperature are the average value and the standard deviation of
these tests.

The EBSD maps of the as-received CG-Cu and NT-Cu are shown in
Fig. 1(a) and (b), respectively. The average grain size of the CG-Cu was
22±4 μmwith random texture and only a few twinswere foundwithin
each grain. The average grain size of the NT-Cu was 14 ± 2 μm and
the microstructure presented a strong (111) texture, which may re-
sult in smaller grain misorientation, and, therefore, reduces the driv-
ing force for grain growth at high temperatures [21,22]. High density
of twins was found in most grains of the NT-Cu, leading to nm-thick
twin/matrix lamellar structures, as shown in Fig. 1(c). The diffraction
spots of the twins are clearly seen in the selected-area diffraction
pattern of NT-Cu in the zone axes 〈011 〉 in Fig. 1(d). Only a few dis-
locations pinned at CTBs were observed in the as-received NT-Cu.
The nanotwinned structure was retained after thermal exposure up
to 200 °C. Fig. 1(e) plots the statistical distribution of twin lamella
thickness in the as-received samples and after testing at 200 °C.
The average twin thickness in the as-received sample was ≈25 nm
and increased up to ≈40 nm after thermal exposure. It has been re-
ported that the CTBs are more thermally stable than the grain bound-
aries due to their low coherent energy (24–39 mJ/m2) [22,23] and,
in a grain of NT-Cu. (d) Selected-area diffraction pattern of theNT-Cu in the zone axis 〈011〉.
°C.

Image of Fig. 1
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thus, the thermal exposure during testing up to 200 °C did not alter
the NT structure significantly.

The indentation creep data were analyzed following a standard pro-
tocol [24]. The increase in the indentation depth, h-h0 (measured from
the initial indentation depth at the maximum load of 50 mN, h0) as a
function of time, t, was approximated by an empirical law

h tð Þ−h0 ¼ x t−t0ð Þy þ z t−t0ð Þ ð1Þ

where h0, x, y and z stand for fitting parameters and t0 (=10 s) is the
time necessary to attain the maximum load. Eq. (1) was able to repro-
duce very accurately the indentation creep curves for both NT-Cu and
CG-Cu. The indentation strain rate was thus given by

_ε ¼ 1
h

dh
dt

� �
ð2Þ

In addition, an equivalent hardness, H, was calculated by dividing
the peak load (50 mN) by the apparent contact area, Aap, that was esti-
mated from the indentation depth h using actual tip area function. The
strain rate sensitivity,m, was finally obtained by the slope of the double
logarithmic plot of H- _ε according to

m ¼ ∂ ln Hð Þ
∂ ln _εð Þ ð3Þ

The strain rate sensitivities determined from the indentation creep
tests were verified through another independent indentation-based
method, which relies on indenting the samples at a constant strain
rate (CSR). The strain rate sensitivity was also determined by fitting
the logarithmic H-_ε curves. The tests were performed in the NanoTest™
platform from 25 °C to 200 °C. CSR tests were carried out at three differ-
ent strain rates (0.002 s−1, 0.01 s−1 and 0.05 s−1). The peak load
(50 mN)was the same in the CSR tests and in the creep tests to achieve
comparable testing volumes, corresponding to an initial indentation
depth of≈1 μm for NT-Cu and≈1.5 μm for CG-Cu (Fig. 2b and d).

Representative indentation creep curves at 25 °C, 100 °C and 200 °C
are plotted in Fig. 2(a), showing the evolution of the indentation depth,
h-h0, with time t-t0. The fitting of the experimental data with Eq. (1) is
also included for comparison. The load, P, vs. indentation depth, h,
curves corresponding to the CSR tests of NT-Cu at 25 °C and 200 °C are
plotted in Fig. 1(b) for different strain rates. The H- _ε curves of the NT-
Cu and CG-Cu at 25 °C, 100 °C and 200 °Cwere computed over the entire
duration of the creep tests (400 s). They are plotted in double logarith-
mic coordinates in Fig. 2(e). They include data obtained independently
by indentation creep and CSR indentation tests. The strain rates of the
CSR tests were higher than those obtained in the indentation creep
tests. It was found that the data for both materials follow Eq. (3) in a
verywide range of strain rates (10−5 s−1 to 10−1 s−1) and temperatures
(from 25 °C to 200 °C). This result evidences the robustness of both test-
ing methods to determine the strain rate sensitivity of Cu up to 200 °C.

The strain rate sensitivities (given by the slope of ln(H) – ln(_ε) data)
of the NT-Cu and CG-Cu are plotted in Fig. 2(f). They increased with
temperature in both cases but NT-Cu presented higher strain-rate sen-
sitivity than the CG-Cu in the whole temperature range and the differ-
ences increased rapidly with temperature. The strain rate sensitivities
of the NT-Cu (≈0.017) and CG-Cu (≈0.008) at ambient temperature
were consistent with those found in the literature [25,26]. For the CG-
Cu, increasing temperature from25 °C to 200 °C yielded a slight increase
in m from ≈0.008 to ≈0.023. This is typical of CG polycrystalline fcc
metals, whose plastic deformation at low homologous temperatures
(T/Tm b 0.35) is mainly controlled by dislocation-dislocation interac-
tions (forest hardening) and dislocation-grain boundary interactions
[27]. The strain rate sensitivity of NT-Cu was consistently lower than
that of ultra-fine-grain (UFG)-Cu with an average grain size ≈300 nm
in the entire temperature range [28]. However, the increase in the strain
rate sensitivity with temperature was much more pronounced for NT-
Cu: from ≈0.017 at 25 °C to ≈0.084 at 200 °C, as opposed to UFG-Cu,
from≈0.20 at 25 °C to≈0.26 at 200 °C. In summary, the strain rate sen-
sitivity of NT-Cu increased by 400% between 25 °C and 200 °C and by
190% in CG-Cu and by 30% in UFG-Cu in the same temperature range.

TEM micrographs of lamellae extracted from the indentation im-
prints of NT-Cu are shown in Fig. 3. The nanotwinned structure was
maintained after the plastic deformation at both 25 °C and 200 °C be-
neath the sharp indenter. Large dislocation densities were foundwithin
nanotwin lamellae, particularly in thinner ones. Most dislocations were
accumulated and pinned at the CTBs at both 25 °C (Fig. 3a) and 200 °C
(Fig. 3b), leading to the high hardness of the NT-Cu. In addition, dis-
placement of CTBs (marked with arrows) and formation of jogs and
steps in the CTBs were also observed at both temperatures. It has been
assumed that these defects in the CTBs act as dislocation nucleation
sites and provide the large dislocation density (which was not found
in the as-received material, Fig. 1c) necessary to maintain the plastic
flow [9]. These observations indicate that the deformation mechanisms
of NT-Cu did not change in the temperature range 25 °C to 200 °C, i.e.
nucleation of dislocation at CTBs defects followed by confined layer
slip of the dislocations between CTB and by the pile-up of the disloca-
tions at the CTBs.

Assuming that the flow stress is equivalent to 1/3 of the apparent
hardness H, which is reasonable for metals [29], the activation volume
(V⁎) can be related to the strain rate sensitivity (m) according to

V� ¼ 3
ffiffiffi
3

p
kT

Hm
ð4Þ

where k is the Boltzmann constant and T the absolute temperature. The
activation volumes of NT-Cu and CG-Cu in the range 25 °C–200 °C are
plotted in Fig. 4(a). The activation volume of CG-Cu only decreased
slightly from 160b3 to 120b3 (b is the burgers vector) in this tempera-
ture range, indicating that the dominant deformation mechanism did
not change [30]. These values are smaller than the conventional activa-
tion volumes of CG-Cu (few hundred to one thousand b3) when the
dominant hardeningmechanism is the interaction of forest dislocations
[30,31] but the differencesmay be attributed to the fact that the steady-
state conditions are not reached during the creep indentation tests.
Grain boundary diffusion is not expected to be critical in this tempera-
ture range because of the large grain size (≈22 μm) and the limited
temperature (T/Tm b 0.35).

The activation volume of NT-Cu at 25 °C was≈ 40b3, which is com-
parable to those reported in the literature for NT-Cu [9,13] as well as for
UFG-Cu [28] and UFG-Ni [6] with average grain sizes of ≈300 nm and
≈30 nm, respectively. The smaller activation volumes of NT-Cu and
UFG-Cu and UFG-Ni (as compared with CG-Cu) reflect the differences
in the dominant deformation mechanisms in these materials. They are
related to the interaction of confined dislocations with CTBs within
very narrow twin lamellae in NT-Cu and to the interaction of disloca-
tions with GB in UFG-Cu and Ni.

The activation volume of NT-Cu decreased to ≈20b3 at 200 °C and
this behavior is similar to the one reported in UFG-Ni [29], while the ac-
tivation volume of UFG-Cu increased from ≈40b3 at ambient tempera-
ture to ≈60b3 at 200 °C [28]. The variation of the activation volumes
with temperature in NT-Cu and UFG-Ni and Cu was more noticeable
(in relative terms) than that in the case of CG-Cu but it does not indicate
a change in the deformation mechanisms, which was neither found in
the TEM observations of NT-Cu nor in the investigations of UFG-Ni
and Cu.

The activation energy,Q, of the dominant deformation processes CG-
Cu was finally estimated according to

_ε ¼ CH1=m exp −
Q
RT

� �
ð5Þ



Fig. 2. (a) Representative indentation creep curves of NT-Cu at different temperatures. (b) Representative CSR indentation curves of NT-Cu at 25 °C and 200 °C. (c) Idem as (a) of
CG-Cu. (d) Idem as (b) of CG-Cu. (e) H- _ε in bilogarithmic coordinates for CG-Cu and NT-Cu at different temperatures. (f) Evolution of the strain rate sensitivity with temperature
for CG-Cu and NT-Cu.
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Image of Fig. 2


Fig. 3. TEM images of NT-Cu tested at (a) 25 °C and (b) 200 °C showing a cross-section beneath the indentation imprints. The yellow arrows indicate the displacement of CTBs. The zone

axis of the images was [011]. The lamellae were extracted from the plastically deformed region below the indenter. (For interpretation of the references to colour in this figure legend, the
reader is referred to the web version of this article.)
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where C is a pre-factor. This equation can be written of the form

1
m

lnH ¼ Q
RT

þ ln _ε− lnC ð6Þ

and the activation energy can be obtained from the slope 1
m lnH vs. (1/T)

assuming that the strain rate sensitivity exponentm is independent of the
temperature. This hypothesis is supported by the experimental data in
Fig. 2(f) for CG-Cu but not for NT-Cu and the activation energy could
not be determined for the latter. The corresponding results for _ε =
10−4 s−1 are plotted in Fig. 4(d) for CG-Cu assuming an average value
of the strain rate sensitivity in the range 25 °C–200 °C. The activation en-
ergy for CG-Cu (≈145 kJ/mol) is similar to the one reported by pipe diffu-
sion along dislocations in Cu in the temperature range 210 °C to 350 °C 32
[32] and is compatible with a rate controllingmechanismwhich depends
on this phenomenon. The deformation mechanisms in NT-Cu did not
change with temperature in the range 25 °C to 200 °C according to the
TEM observations in Fig. 3, but strain rate sensitivity showed a dramatic
increase in the same temperature range. This variation in the strain rate
sensitivity can be accounted for a change in the rate limiting mechanism
during deformation. Plastic flow in NT-Cu involves the nucleation of dis-
locations fromCTB, the propagation of dislocations between these bound-
aries by confined layer slip and the pile-up of the dislocations against the
Fig. 4. (a) Activation volume, V⁎, of NT-Cu and CG-Cu as a function of temperature. (b) Activati
CTB and may also be influenced by twin boundary migration [9,16,17].
The mechanical behavior at 25 °C was rather strain rate insensitive and
this fact, together with the high hardness level and the activation volume
of≈40b3 is compatiblewith a rate-limiting deformationmechanism con-
trolled by confined layer slip [12]. The activation volume was reduced to
≈20b3 at 200 °C but this value is too large to assume that dislocation
nucleation at the CTB is the controlling mechanism. Moreover, the slight
increment in the average twin thickness with temperature (Fig. 1e)
while the activation volume is reduceddoes not support that twin bound-
arymigration is responsible for the high temperature behavior. Thus, dis-
location climb at the dislocation pile-ups associated with the CTBs seems
to be themost likely rate-limitingmechanism at high temperature,which
is responsible for the enhanced strain rate sensitivity at 200 °C.Moreover,
the activation energy for this process will be reduced by the high disloca-
tion density between the CTBs, which enhances the diffusion along
dislocations.

In summary, the mechanical behavior of NT-Cu was studied inde-
pendently by means of indentation creep and constant strain rate tests
from 25 °C to 200 °C. The results showed that NT-Cu presented higher
strain-rate sensitivity than the CG-Cu in the whole temperature range
and the differences increased rapidly with temperature (from a factor
of≈2 at 25 °C to≈4 at 200 °C). Transmission electronmicroscopy anal-
ysis showed the twinned structure was maintained under the indenter
on energy, Q, for the plastic deformation of CG-Cu in the temperature range 25 °C–200 °C.

Image of Fig. 3
Image of Fig. 4
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during the high temperature tests and revealed similar deformation
mechanisms for NT-Cu in the whole temperature range: nucleation of
dislocations at CTB, followed by confined slip of dislocations between
CTB and pile-up of dislocations at the CTBs. The activation volume for
NT-Cu (40b3–20b3) was compatible with this mechanism. The creep ac-
tivation energy for CG-Cuwas in good agreementwith that reported for
diffusion along dislocations but it could not be determined for NT-Cu
because of the large increase in strain rate sensitivity with temperature.
This behaviorwas attributed to a change in the rate-limitingmechanism
during deformation from confined layer slip at 25 °C to dislocation climb
at the CTBs at 200 °C.
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