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Abstract

The influence of strain on the mechanical properties and deformation kinetic parameters of nanotwinned (nt) copper is investigated by
a series of nanoindentation experiments, which were performed by employing sharp indenters with five varying centerline-to-face angles
(w). Comparison experiments were also conducted on (110) single crystalline Cu. Experimental results indicate that, unlike coarse-
grained materials, nt-Cu is prone to plastic flow softening with large material pile-up around the indentation impression at high levels
of strains. Localized detwinning becomes more significant with decreasing w, concomitant with reduced strain-rate sensitivity (m) and
enhanced activation volume (V�). The m of nt-Cu is found to depend sensitively on w with a variation of more than a factor of 3, whereas
V� exhibits a much less sensitive trend. This paper discusses the validation of the experimental techniques and the implications of various
deformation kinetic parameters on the underlying deformation mechanisms of nt-Cu.
� 2013 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.
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1. Introduction

Nanocrystalline (nc) metals and alloys (with grain size d

< 100 nm) exhibit ultrahigh strength, excellent wear resis-
tance and possibly superplastic formability at low temper-
atures and/or high strain rates [1]. This far superior
mechanical behavior, in comparison with conventional sin-
gle crystalline (sc) and coarse-grained (cg) metals, is a result
of the high concentration of incoherent grain boundaries
(GBs) that obstruct dislocation motion. However, the
enhanced strength comes at the expense of reduced ductil-
ity [2,3]. Compared with ordinary GBs, coherent twin
boundaries (TBs) usually exhibit much higher thermal
and mechanical stability. Recent studies have shown
that the controlled introduction of nanoscale TBs with
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spacing k < 100 nm into the microstructure causes significant
strengthening (that is quantitatively identical to that from
GBs [2]), while preserving acceptable levels of ductility
[2,4]. These nanotwinned (nt) metals with nanoscale
growth twins also exhibit high thermal stability [5] vis-à-
vis incoherent GBs and good electrical conductivity [6].

The strain-rate sensitivity (SRS) m and the activation
volume (V�) are useful quantitative indicators of the pre-
dominant mechanism of a stress-assisted, thermally acti-
vated plastic deformation process [7–9]. Recent studies
have revealed that, similarly to nc metals, nt metals also
exhibit an enhanced SRS and reduced V� in comparison
with their sc and cg counterparts. This elevated SRS may
help to delay the necking during tensile deformation and
can contribute to ductility. Table 1 provides a summary
of the experimental data available in the literature on the
m and V� of nt-Cu, a widely examined nt metal, with
various k [1,7,10–12]. Note that the sc and cg-Cu have m
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Table 1
SRS and activation volume in the literature (T, tension, I, indentation, J, tensile strain rate jump).

k (nm) d (nm) Testing method Strain rate (s�1) m V� (b3) Ref.

�15 �400 T �10�4–10�1 0.037 ± 0.014 [1]
�15 400–500 J �10�5–10�2 0.035–0.046 [10]
�20 �500 I 0.1–100 mN s�1 0.036 ± 0.009 �12 [7]
�35 �450 T �10�4–10�1 0.026 ± 0.012 [1]
�40 �3000 I �10�4–10�2 0.047 ± 0.003 16.1 ± 2.0 [11]
40–80 500–600 T �10�5–10�2 0.021 [12]
�90 �500 I 0.1–100 mN s�1 0.025 ± 0.009 �22 [7]
�100 400–500 J �10�5–10�2 0.015–0.020 [10]
�100 �425 T �10�4–10�1 0.012 ± 0.010 [1]
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values of 0.006 and 0.004–0.007, respectively, and their V�

is �1000b3, where b is the Burgers vector [13,14]. Table 1
shows that, unless the grain size effect is considered, m

scales inversely with the average k, which is close to the
effects of grain size d in nc-Cu in previous literature [11,15].

Typically, nanoindentation is employed to evaluate the
mechanical properties of nc-/nt-metals [11,16–20]. This is
due to the advantages that this technique offers, such as sim-
ple procedure and the requirement of only a small volume
of material. The latter enables the collection of statistically
significant data even on the nc-/nt-metals, whose available
sample size is still limited. In particular, nanoindentation
is extensively used for examining the SRS behavior of these
materials, as indentation strain rates can be varied over four
orders of magnitude systematically [17]. Additionally, nan-
oindentation experiments allow one to explore the deforma-
tion behavior of nanostructured materials in a strain range
that is well beyond that achievable from tensile tests. These
merits made it possible to systematically investigate many
factors affecting the SRS of nt metals through nanoindenta-
tion experiments. For example, Ye et al. [11] recently ana-
lyzed the effects of twin-orientation (to loading direction)
and surface polishing on m of nt-Cu through nanoindenta-
tion experiments. It was found that indentation on the plan-
view surface (with TBs perpendicular to the loading direc-
tion) produces higher m than that on the cross-sectional sur-
face (with TBs parallel to loading direction) and that the
value of m obtained on the mechanically polished surface
(with larger initial dislocation density) is higher than that
from the as-deposited surface [11].

Despite the above advantages, however, microstructural
instability is often observed during the nanoindentation of
nc or nt materials [7,10]. The problem is further com-
pounded by another important but unresolved issue related
to m. It is known that the value of m in metallic materials
depends strongly on the plastic strain level, which could be
even more so for nc or nt materials. However, this issue has
not yet been examined critically, mainly because of the dif-
ficulty in varying strains during nanoindentation tests,
wherein a three-sided pyramidal indenter (such as a Berko-
vich indenter) is routinely employed. Note that the defor-
mation fields underneath a given sharp indenter are affine
from the continuum plasticity point of view, because of
the geometrical self-similarity of the tip. It is possible to
overcome this issue by employing different indenters. The
sharpness of the triangular pyramidal indenter as charac-
terized by its centerline-to-face angle w can be varied. Gen-
erally, sharper indenters induce larger strains in the
material, owing to the larger volume of material that is dis-
placed [21–24]. Thus, indentations made with different w
lead to different levels of strain, allowing a systematic eval-
uation of the strain effects.

With all the above issues in mind, the present authors
explored the influence of the strains on the plastic deforma-
tion, SRS and activation volume of nt-Cu through a series
of nanoindentation experiments using five different inden-
ters with various w. In addition, the tests under the identi-
cal condition were carried out on (110) sc-Cu for
comparison purposes. The results reveal that the nature
of plastic flow in nt-Cu is significantly affected by the level
of applied strain, which is discussed in terms of changes in
rate-sensitive deformation mechanism and microstructures
underneath the indenter.

2. Experimental

A �170 lm thick nt-Cu foil was prepared by layer-by-
layer deposition of high-purity (>99.99%) Cu onto a
(10 0) silicon wafer through DC magnetron sputtering.
Details of this procedure are similar to those described in
Ref. [12]. The grains are columnar in nature, and their
diameter is of the order of 0.5–3.0 lm with a twin lamella
spacing ranging between 40 and 80 nm. For comparison
purposes, the (11 0) facet of sc-Cu was also examined.
The sample surfaces were initially ground with fine SiC
papers and gently polished with a microcloth, using
0.3 lm alumina. The sample was given a final electrolytic
polishing to remove any possible surface damage induced
during prior mechanical polishing.

Nanoindentation experiments were performed at room
temperature using a Nanoindenter-XP (formerly MTS;
now Agilent, Oak Ridge, TN). Five different three-sided
pyramidal indenters with centerline-to-face angles w of
35.3� (cube-corner), 50�, 65.3� (Berkovich), 75� and 85�
were employed. During the tests, the specimen was loaded
to a fixed peak load, Pmax = 100 mN, with indentation
strain rates _ei (=h�1(dh/dt) and is equal to half the loading
rate P�1(dP/dt) [25]) of 0.01, 0.025, 0.05 and 0.125 s�1. For
each combination, more than 30 tests were conducted, so
as to obtain statistically significant hardness values.



Fig. 1. Variations in load–displacement curves obtained at different
indentation rates with various indenters: (a) nt-Cu; (b) sc-Cu.

Fig. 2. Changes in the ratio of the final depth to the maximum
displacement as a function of indentation rate: (a) nt-Cu; (b) sc-Cu.
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Thermal drift was maintained <0.1 nm s�1 in all experi-
ments. The hardness impressions were imaged using a
field-emission scanning electron microscopy (FE-SEM),
JSM-6330F (JEOL Ltd., Tokyo, Japan). The topological
graph of the indented surface was measured by an atomic
force microscopy (AFM), XE-100 (Park Systems, Suwon,
Korea). The indentation direction for nt-Cu was vertical
to the growth plane.

In order to observe microstructural changes, if any, that
occur as a result of the deformation right underneath the
indenter, specimens for transmission electron microscopy
(TEM) were prepared by focused ion beam milling with
Nova 200 NanoLab (FEI Co, Hillsboro, OR). At around
the vertex of the indented impression, a thin slice was
milled and lifted. To minimize the possibility of beam-
induced heating, the Ga ion beam intensity and accelera-
tion voltage were kept as low as 10 pA and 30 kV, respec-
tively. TEM was performed in the scanning mode as well as
the high-resolution mode, with the aid of a Tecnai F20
instrument (FEI Co., Hillsboro, OR).

3. Results

3.1. Load–displacement curves and plasticity

Fig. 1a shows the representative load–displacement (P–
h) plots obtained on nt-Cu with different indenters and at
different _ei with Pmax = 100 mN. Corresponding plots
obtained on sc-Cu are displayed in Fig. 1b. For clarity,
the top segments of the curves for w = 85� are magnified
in the inset. For both nt-Cu and sc-Cu, the displacement
at the peak load hmax increases with decreasing w. Impor-
tantly, significant rate dependence was observed in nt-Cu,
with hmax decreasing as _ei increased for any given value
of w. However, such rate dependence is clearly less pro-
nounced for sc-Cu.

The ratio of the residual displacement after complete
unloading hf to hmax is an indicator of the relative portion
of the plastic deformation in the total elasto-plastic defor-
mation that occurs during indentation. The variations in
hf/hmax with _ei are summarized in Fig. 2, which indicate
the following. For a given _ei � w combination, the hf/hmax

value obtained on nt-Cu is much lower than that measured
on sc-Cu, which implies that plasticity in the former is less
pronounced than in the latter. In both the cases, a higher
hf/hmax is obtained with a sharper indenter and for faster
indentation.

3.2. Hardness variation

From the P–h curves, values of nanoindentation hard-
ness HO–P were estimated according to the Oliver–Pharr
(O–P) method [26]. The area function for each indenter
(which is essential to calculate the hardness) was
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determined through preliminary indentation tests made on
fused quartz. Variations in HO–P with w for both nt- and
sc-Cu are displayed in Fig. 3. The hardness of nt-Cu
obtained with the Berkovich indenter (w = 65.3�),
2.44 ± 0.038 GPa, is in a good agreement with the litera-
ture data [5,7,11,27,28], while no comparable data for other
indenter angles are currently available in the literature. The
hardness of sc-Cu obtained from Berkovich indentations,
0.541 ± 0.004 GPa, is slightly lower than that reported by
Vlassak and Nix [29], which may be due to either indenta-
tion size effect (hmax is �1000 nm in Ref. [29], whereas it is
�2000 nm in the present study) or different surface prepa-
ration methods (mechanical polishing in Ref. [29] and elec-
trolytic polishing in the present study).

In Fig. 3, two trends are obvious from the results on nt-
Cu. First, as expected from the P–h curves in Fig. 1a, the
HO–P for each indenter is unambiguously rate sensitive
and increases with increasing _ei. In contrast, HO–P is insen-
sitive to _ei in the case of sc-Cu. Second, the HO–P increases
with decreasing w, except for w = 35.3� whose HO–P value
is lower than that for w = 50�. For sc-Cu, HO–P decreases
linearly with _ei throughout the entire range of w investi-
gated. This is the expected trend in metals and alloys that
exhibit strain hardening.

It is possible that the trends for nt-Cu are conceivably an
artifact arising from the uncertainty about the applicability
of the O–P method [26] to various indenter angles. For
example, the correlation constant b (which relates stiffness
S to area A and is therefore important for determining the
area function and thus the HO–P) is known only for the
commonly used Berkovich indenter (as a constant of
1.034 [30]), and the dependence of the b value on the inden-
ter angle is still unclear, although some work on this has
been done [31]. This may result in miscalculations of the
hardness data for other indenters adopted in this study.
To examine this critically, the Mayer’s hardness HM was
estimated by measuring the impression size (or contact
area) A directly from a large number of SEM images for
w = 35.3, 50, 65.3 and 75� (see Fig. 4). Note that the con-
Fig. 3. Nanoindentation hardness (estimated according to the O–P
method) for different indenter angles.
tact area for w = 85� could not be measured because of
the difficulty in identifying the true edge of the impression,
which is a result of the relatively shallow indentation depth
in this case. Values of A are listed in Table 2. HM is then
estimated using the following relation:

HM ¼ hmax=A ¼ 4hmax=ð3
ffiffiffi
3
p

a2Þ ð1Þ
where a is the average length measured from the center of
the triangular impression to the corner. HM and HO–P are
compared in Fig. 5 for both nt-Cu and sc-Cu. As expected,
HM and HO–P of sc-Cu are identical. In contrast, HM is
lower than HO–P in the case of nt-Cu. The trends in HM

and HO–P with w are somewhat similar; in particular, HM

of nt-Cu for w = 35.3� is indeed lower than that for
w = 50� (like HO–P), supporting the view that the trend of
nt-Cu seen in Fig. 3 is not an artifact. While HM and
HO–P are almost identical for sc-Cu, HM of nt-Cu is slightly
lower than its HO–P. This may be because of the material
pile-up around the indentation (which is pronounced only
in nt-Cu, as discussed below), which is not taken into con-
sideration in the O–P method and thus can induce an over-
estimated HO–P [32,33].

3.3. Indentation morphology

Representative SEM micrographs of the indents dis-
played in Fig. 4 show no cracking in any of the indenta-
tions, suggesting fully plastic flow in nt- and sc-Cu. In
the latter case, no pile-up could be seen. In contrast, the
pile-up behavior in nt-Cu was found to be sensitive to w.
For w P 65.3�, there was little pile-up. In contrast, signifi-
cant pile-up is seen for w 6 50�, and the pile-up becomes
pronounced with decreasing w. For sharper indenters
(especially, w = 35.3�), the morphology of the pile-up is
that of shear-off steps, indicating inhomogeneous or local-
ized plastic flow. These features are similar to those
reported in nc alloys as well as metallic glasses [34]. Trel-
ewicz and Schuh [17], who investigated Ni–W alloy as a
function of the grain size d, observed that, in nc-metals
with very small d (< �10 nm), the pile-up becomes inhomo-
geneous (i.e., plastic flow is shear band mediated, just as in
metallic glasses), activation volume increases and SRS
decreases, which is similar to what was observed here for
small w.

Fig. 6 shows the representative AFM images of
selected indents and line scans across them in nc- and
sc-Cu samples. The inhomogeneous nature of the pile-
up in nt-Cu is evident with steps on the line scan of
nt-Cu (Fig. 6a). Even from the same cube-corner inden-
ter, the pile-up behavior is almost negligible for sc-Cu
(Fig. 6b). From the AFM surface profile data, the ratio
of pile-up height hpile-up to hmax for each indenter was
measured, and the results are summarized in Fig. 7. This
ratio is negligible for sc-Cu and is almost w-independent.
In contrast, the hpile-up/hmax ratio is significant in the case
of nt-Cu.



Fig. 4. Representative SEM micrographs of hardness impressions produced with different indenters (at a peak load of 100 mN and indentation strain rate
of 0.025 s�1): (a–d) for nt-Cu; (e–h) for sc-Cu.

Table 2
Contact area A measured using SEM micrographs (for the peak load of 100 mN and indentation strain rate of 0.025 s�1).

35.3� 50� 65.3� 75�

nt-Cu A (lm2) 42.81 ± 0.54 41.13 ± 0.84 48.54 ± 1.72 55.70 ± 2.50
sc-Cu A (lm2) 124.7 ± 1.17 149.39 ± 2.15 179.37 ± 3.19 225.53 ± 7.75

Fig. 5. Comparison of HM and HO–P (obtained at a peak load of 100 mN
and an indentation strain rate of 0.025 s�1).
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4. Discussion

4.1. Stress–strain responses

The H vs. w data are converted into stress vs. strain,
which gives insights into the plastic flow behavior of nt-
Cu as follows. To convert H into flow stress rf,i, the well-
known empirical relationship originally suggested by
Tabor [35] is employed:

H ¼ Ch � rf ;i ð2Þ
where Ch is the constraint factor, which is typically in the
range of 2.6–3.0 [35,36] for metallic materials in the fully
plastic regime of indentation. However, the validation of
the constraint factor to nc or nt material has recently be-
come questionable, owing to the significantly different
strain hardening behavior of these materials and uncertain-
ties arising from tensile results [37]. It is thus important to
address this issue for the nt-Cu tested here. Furthermore,
Ch would be a strong function of w in the elasto-plastic re-
gime [38]. In this regime, Johnson [38] estimated Ch as

Ch ¼
2

3
1þ ln

E
ry

� cot h

� �� �
ð3Þ

where E is the elastic modulus, ry is the yield strength, and
h is the half-angle of a conical indenter. It is possible to re-
late the conical indentation used in Eq. (3) to the triangular
pyramidal indentation used in the current work by assum-
ing that identical indentation responses are obtained when
h gives the same area-to-depth ratio as the pyramid, which
gives the relation between w and h as

h ¼ tan�1

ffiffiffiffiffiffiffiffiffi
3
ffiffiffi
3
p

p

s
� tan w

0
@

1
A ð4Þ

Thus, w = 35.3, 50, 65.3, 70 and 85� would correspond
to h = 42.3, 56.9, 70.3, 74.2 and 86.1�, respectively. With
these h values and E (�110 GPa for nt-Cu [1]; �130 GPa
for sc-Cu [29]) and ry (�0.6 GPa for nt-Cu [12];
�0.068 GPa for sc-Cu [39]) obtained from the literature,
Ch is estimated using Eq. (3). Only the case of w = 85�
for nt-Cu exhibits a low value of Ch (�2.4), and all other
cases show Ch > 3. Thus, it is considered that Ch = 3 (fol-
lowing Johnson [38]) except for the case of w = 85� for
nt-Cu. With these Ch, HO–P is converted into rf,i. Note that
HO–P is used instead of HM simply because proper SEM
images could not be obtained for w = 85�.



Fig. 6. Representative examples of AFM images and surface profile data from cube-corner indentation of (a) nt-Cu and (b) sc-Cu.

Fig. 7. Change in the ratio of the pile-up height to the maximum
displacement.

Fig. 8. Stress–strain relation estimated from nanoindentation
experiments.

7318 I.-C. Choi et al. / Acta Materialia 61 (2013) 7313–7323
For the indentation or characteristic strain (echar) associ-
ated with each sharp indenter geometry, Johnson’s [38]
often-used relationship is employed:

echar ¼ 0:2 � cot h ð5Þ
which is derived on the basis of an expanding cavity anal-
ogy. Note that a similar equation (with 0.22 as a multiplier
instead of 0.2 in Eq. (5)) was also suggested by Sakai et al.
[40], who conducted finite-element analyses for elastic–per-
fectly plastic and elastic–linear strain hardening conical
indentations. Eq. (5) leads to echar value for w = 85, 75,
65.3 (Berkovich), 50 and 35.3� (cube-corner) as 0.014,
0.042, 0.072, 0.13 and 0.22, respectively. These strain values
suggest that the present nanoindentation experiments ex-
plore a wide range of strain behavior in nt-Cu. Variation
of flow stress with characteristic strain for both nt- and
sc-Cu is plotted in Fig. 8. It is noted that there is a large
increase in rf,i of nt-Cu, from �0.5 GPa at echar = 0.014
to �0.9 GPa at echar = 0.13, indicating that nt-Cu can
strain harden in a substantial manner. Power-law fitting
of the data in the echar range 0.014–0.13 (i.e., w of 85–
50�) yields the strain hardening exponent n (of r / en) of
0.23–0.27 (depending on the indentation strain rate). These
n values are remarkably close to �0.28 from the tensile test
in Fig. 1 of Ref. [1], implying that the estimated stress–
strain behavior by the method described here is
meaningful.

As mentioned earlier, when the characteristic strains are
increased further to 0.22 (i.e., w of 35.3�), flow softening is
seen. Mirshams and Pothapragada [41], who performed
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nanoindentation tests on nc-Ni with Berkovich and cube-
corner indenters, reported that HO–P obtained with the
cube-corner indenter was much lower than that obtained
with the Berkovich indenter. They speculated that this soft-
ening behavior for w = 35.3� might be related to some role
of GBs, but no detailed mechanisms were given. For nt-Cu,
earlier nanoindentation experiments using the Berkovich
tip [27] suggested that TBs are much more stable than nc
grains, which can grow under nanoindentation, leading
to strong softening [42]. Although tensile tests of similar
nt-Cu (Fig. 2 in Ref. [12]) also revealed a softening behav-
ior after yielding, the softening observed at high strains in
the present work nonetheless remains intriguing as the nan-
oindentation direction is vertical to the TBs (i.e., hard
deformation mode), in which case strong strain hardening
is expected [11,43] (which is consistent with the n values cal-
culated above). To explore the possible mechanisms of this
softening behavior, the present authors investigated the
potential microstructure change underneath the indenter
for Berkovich (w = 65.3�) and cube-corner tips
(w = 35.3�), as shown in the cross-sectional TEM images
in Fig. 9. Observation of the deformation underneath the
indenter is important, since the deformation mechanism
near the unconstrained surface plays a less important role
during nanoindentation of nc materials than that under-
neath the indenter [44]. Note that the subsurface region
underneath the hardness impression (Fig. 9a and b) exhib-
its quite different microstructures from that of undeformed
region shown in Fig. 9c. Two features stand out in the fig-
ure. First, the collapse of the twin structure occurred dur-
ing indentation (i.e., detwinning) in both indenters.
Second, the collapsed region (i.e., detwinning area) for
cube-corner indentation is much larger than that for Ber-
kovich indentation, which may be due to the higher strains
underneath sharper indenter. These results demonstrate
that detwinning does occur underneath the indenter, prob-
ably caused by the intrinsically defective structures of TBs,
as suggested by recent TEM and in situ synchrotron dif-
fraction studies [45]. The present authors hypothesize that
the softening behavior for the cube-corner indentation is
associated with this large amount of detwinning structures.
In cube-corner indentation, large plastic strain produced
underneath the indenter cannot be fully accommodated
by surrounding nanotwin structures. As such, the material
pile-up around hardness impression can be more pro-
nounced. The TEM image shown in Fig. 9d further indi-
cates that no twin structure is observable in the pile-up
region from the cube-corner indentation. These experimen-
tal results, although in contrast to some earlier reports [27],
confirm that the detwinning process can occur during nan-
oindentation, which seems to become more severe at larger
strains (i.e., using the cube-corner indenter whose echar is
0.22). The localized detwinning processes observed here
are, nonetheless, consistent with some other observations
in the literature [46–48]. Note that the strain levels involved
in the nanoindentation experiments and the grain bound-
ary structure of the present materials (which is considered
critically relevant to the detwinning process [45]) are sub-
stantially different from those reported in Ref. [27]. The
nanoindentation-induced change in microstructure sug-
gests that caution is needed when one interprets the quan-
titative data acquired by different indenters (to be discussed
in the next section).

Another possibility can be found in the previous MD
simulation study of Shabib and Miller [49], who showed
that, after the strengthening effect reaches a maximum,
large numbers of dislocations begin to cross the TBs, and
thus the stress starts to decrease. However, in the present
study, the authors could not find any experimental
evidence for this scenario of dislocation transfer through
TBs.

4.2. SRS, activation volume and deformation mechanism

As mentioned earlier, m is an important material prop-
erty, which enables an understanding of thermally acti-
vated plastic deformation mechanisms, and is often
determined at a given strain e and temperature T by relat-
ing uniaxial flow stress rf and strain rate _e [50]:

m ¼ @ ln rf

@ ln _e

� �
e;T

ð6Þ

For indentation, rf can be set as rf,i, whereas _e and the
indentation strain rate _ei are related through the empirical
relation _e � 0:01_ei [51]. Thus, m values at various echar have
been estimated from the slopes of the double logarithmic
plots of H/Ch vs. _ei displayed in Fig. 10a and b (for nt-
Cu and sc-Cu, respectively). It is important to note that
the m measured from nanoindentations at different _ei (as
in this study) are often much smaller than those estimated
from the nanoindentation creep data by simple conversion,
m = 1/n, where n is the creep stress exponent of _e ¼ KðrÞn.
However, the inverse relation between n and m may not be
valid, because stress states used for determining n and m

are substantially different from each other [52–54].
The variation in m with echar is displayed in Fig. 10c,

where the Berkovich indentation data (for sc-, cg- and
nc-Cu) obtained by Chen et al. [16] are also shown for com-
parison purposes. It is seen that the value of m estimated in
the present work (�0.036) for nt-Cu and sc-Cu (0.006) are
within the range reported in the literature (see Table 1
[1,7,10–12]). In Fig. 10c, the m values in Ref. [16] for nc-
Cu (with d of �40 nm), cg-Cu (d > 100 lm) and (123) sc-
Cu are in a good agreement with the present results; i.e.,
m for sc-Cu is similar to that found in the present study,
and m for cg-Cu is slightly higher than that for sc-Cu. It
is noteworthy that nt-Cu with a twin spacing k of 40 nm
in the present study has higher m than nc-Cu with similar
d [16].

It is also evident in Fig. 10c that the m is sensitive to
echar, with m reducing markedly from 0.07 to 0.025 as echar

increases from 0.014 to 0.13. In the flow softening regime,
i.e., echar P 0.13, m remains invariant at �0.025. In con-
trast, for sc-Cu, m essentially remains invariant, and mostly



Fig. 9. Cross-sectional TEM micrographs for the subsurface region underneath the impression of nt-Cu for (a) the Berkovich indenter and (b) the cube-
corner indenter; (c) undeformed nt-Cu examined from h110i zone axis (in which inserted arrow shows growth direction) with inset of selected area
diffraction pattern; (d) the pile-up region for the cube-corner indentation.
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very low (<�0.01), throughout the range of echar examined
in the present work. The dependence of m on echar in nt-Cu
is expected, as SRS is known to be a function of deforma-
tion strains in face-centered cubic (fcc) nanostructured
metals [55]. However, the magnitude of variation (a factor
of more than 3) obtained by various indenters here is sur-
prising, suggesting the critical importance of selecting
proper indenters and indentation conditions when report-
ing m for various nanostructured materials. In a relevant
study, the strain dependence of m in a nt-Cu sample (with
average twin lamellar spacing of 15 ± 7 nm) was reported
by Shen et al. [10], who evaluated the change in m with
strain rate and plastic strain through tensile strain rate
jump tests. It was found that m decreases slightly with
strain from �0.046 ± 0.006 at e � 0.012 to
�0.034 ± 0.006 at e � 0.03 [10]. While the strain range
examined in Ref. [10] is limited (0.01–0.03), the strain
dependence of m is in reasonable agreement with the pres-
ent data for echar ranging from 0.014 to 0.072. Shen et al.
[10] attribute this behavior to the increase in deforma-
tion-induced twin spacing. In a separate study using nano-
indentation, Ye et al. [11] discovered increased m in a
polished nt-Cu sample (c � 40 nm) containing higher dislo-
cation density, suggesting that m is generally enhanced with
strain if twin spacing is unmodified. The results in Fig. 10
suggest decreasing m with increasing strains. However, as
discussed above, detwinning occurs in the samples when
small w indenters are used (<65.3�), i.e., the measured m

values under small w may not be representative of the ini-
tial microstructure.

With m, the activation volume V�, which is defined as

V � ¼
ffiffiffi
3
p

kT
@ ln _e
@rf

� �
¼ Ch

ffiffiffi
3
p

kT
@ ln _e
@H

� �
ð7Þ

where k is the Boltzmann constant, and T is the absolute
temperature, also provides a useful clue for the plastic
deformation mechanism of metals, since it can vary by or-
ders of magnitude for different rate-limiting processes [56].
The typical magnitude of V� for the forest dislocations cut-
ting mechanism in sc or cg metals (especially with fcc struc-



Fig. 10. Estimation of SRS: Stress vs. strain rate for (a) nt-Cu and (b) sc-
Cu; (c) summary of estimated SRS. Literature data from Ref. [16] are
included for comparison purposes.

Fig. 11. Estimation of activation volume: (a) Logarithmic strain rate vs.
linear stress for nt-Cu; (b) summary of estimated activation volume for nt-
Cu.
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ture) is of the order of several hundred to a couple of thou-
sand time b3 [57]. In nc metals, the V� for dislocation-med-
iated flow is known to be reduced to the order of several
tenths b3, since dislocation nucleation sources are changing
from a typical Frank–Read source to GBs [8,58]. In this
case, the plastic flow is accommodated by the interaction
of dislocations with various boundaries, such as GBs. In
nt metals, slip behavior are mediated by TBs, and thus re-
duced V� is observed, according to small average k [56].
According to Eq. (7), the V� values of nt-Cu could be esti-
mated from the slope of the linear fit of logarithmic strain
rate vs. linear flow stress in Fig. 11a. The results are sum-
marized in Fig. 11b where, with increasing indenter angle,
the V� of the nt-Cu increases mildly with reducing w (from
�12b3 for w = 85� to �20b3 for w = 35.3�). The V� for the
sc-Cu (not shown here) is in the range �200–500b3 (which
is in agreement with the literature data [16]) and does not
exhibit meaningful change with w as one might expect from
the angle-independent m values. The estimated V� values
clearly show a smaller variation trend than m, and may
suggest that the main deformation mechanism for different
indenters remains in the regime of TB-mediated dislocation
flow. This qualitative picture, however, cannot accurately
describe the relatively complex microstructure evolutions
observed in the present TEM experiments, suggesting that
V� alone is insufficient to infer the complete deformation
mechanisms. The slightly larger V� under smaller w is not
surprising, considering the far more coarsened post-inden-
tation microstructure (i.e., detwinning) for smaller w.

Values of equivalent strain, m and V� are summarized in
Table 3, which indicates a relatively high m (=0.07) at small
strains (e.g., 0.014) compared with much smaller m

(=0.025) at high strains (e.g., 0.22). However, the variation
V� is observed to be modest. This behavior could be qual-
itatively related to several different deformation mecha-
nisms in nt-Cu that have been proposed in the literature;
namely, the dislocation emission/nucleation from stress
concentrators of GBs or TBs [9], channeling of dislocations
within twin lamella [11] and slip-transfer of dislocation
through TBs [56]. Owing to the complex and inhomoge-
neous stress/strain states that prevail underneath a sharp



Table 3
Summary of contact angle, equivalent strain, SRS (m) and activation volume (V�) measured in the present experiments.

Contact angle 35.3� 50� 65.3� 75� 85�

Equivalent strain 0.22 0.13 0.072 0.042 0.014
m 0.025 0.025 0.036 0.043 0.07
V� �20b3 �18b3 �13b3 �14b3 �12b3

Note Detwinning is observed N/A Detwinning is observed N/A N/A

Fig. 12. Volume of the plastic zone of nt-Cu (and sc-Cu in the inset).
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indenter [59], it is expected that all these deformation
mechanisms are active during the nanoindentation experi-
ments. At smaller strains (i.e., at the early stage of defor-
mation), it is conceivable, however, that dislocation
nucleation/emission or movement of pre-existing disloca-
tions/kinks [45] could be predominant, leading to a higher
m and a small V� value (�12b3), which are not commonly
addressed in the literature. With the increasing strain,
mechanisms such as slip-transfer and dislocation channel-
ing processes are likely to play an increasing role, both of
which mechanisms entail a relatively higher m and a mod-
est V� that are in accord with the present measurements. At
even higher strain levels, the present authors notice from
their experiments that localized detwinning occurs, giving
rise to a very small m value that is not representative of
nt structures. Owing to the lack of a unified picture on
the detwinning and associated deformation kinetic param-
eters, further modeling is necessary to fully understand this
behavior and the measured quantities.

From the nanoindentation technique point of view, an
important question that is unresolved yet is: “How does
the angle variation induce the trends of V� and m?” One
possibility (although its detailed mechanism is not fully
understood) may be associated with the volume of the plas-
tic zone underneath the indenter. According to Johnson’s
expanding cavity model for a conical indentation, the vol-
ume can be given as:

V ind ¼
2pr3

p

3
¼ 2pa3

c

18ð1� mÞ
E
ry

tan
p
2
� h

� �
þ 4ð1� 2mÞ

� �
ð8Þ

where rp is the radius of plastic zone, ac is the contact ra-
dius, and m is the Poisson’s ratio [60]. This equation sug-
gests that, for a given indentation load, the volume of the
transformed zone will increase with increasing sharpness
(or reducing angle), as shown in Fig. 12. Although there
is no clue for correlating Vind and V�, similar trends are
found in both volumes, i.e., each volume increases with
decreasing w, and sc-Cu has much larger volume than nt-
Cu. This may imply the possibility that, if it is assumed that
indentation-induced plastic strain is accumulated by a sim-
ilar number of thermally activated events, the probability
of the occurrence of larger-V�-based events can be higher
for larger Vind. Again, however, this scenario is not fully
understood at this point and needs further investigation.

5. Conclusions

Nanoindentation is a common technique for exploring
the mechanical properties of nanostructured metals (nc,
nt and ultrafine-grained materials), owing to the simplicity
of the method and the relatively small amount of materials
required. However, the influence of various indentation
parameters on the measured mechanical properties is little
known. Using nt-Cu as a model system, the present authors
investigated the contact angle influence on the hardness,
SRS and activation volume of nt-Cu (average k � 40 nm).
Through a series of nanoindentation tests using five differ-
ent indenters with different indenter angle and comparing
the results with those of sc-Cu, it was found that the set
of deformation parameters of nt-Cu depends sensitively
upon the indenter types, in contrast to those of sc-Cu. At
the smallest indenter angle (cube-corner indenter,
w = 35.3�), which corresponds to the highest strains
(�0.22), flow softening behavior, the lowest SRS
(�0.025) and the largest activation volume (�20b3) were
observed. TEM investigations revealed detwinning and
grain coarsening behavior under these nanoindentation
conditions. However, high SRS (�0.07) and small activa-
tion volume (�12b3) are observed for w = 85�, in which
conditions the deformation is likely to be dominated by
the dislocation nucleation or motion of pre-existing par-
tials/kinks. The variation in SRS by a factor of more than
3 using different indenters suggests that this variable is sen-
sitive to the deformation conditions, and that caution is
needed when comparing the various m values reported in
the literature.
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