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Abstract

Cyclic nano- and microindentation, along with indentation creep, were performed on nanotwinned Cu with two twin structures, and
on nanotwinned Ag. The results provide evidence that nanotwinned face-centered cubic (fcc) structures are more stable than their nano-
crystalline counterparts. The results are put in the important context of the available body of theoretical study of nanotwinned fcc met-
als, and in particular in the context of the theoretical forecasts of Kulkarni and Asaro [Kulkarni Y, Asaro RJ. Acta Mater 2009;57:2711].
It is shown, for example, that, as predicted, nanotwinned Ag displays performance comparable, if not superior, to nanotwinned Cu.
� 2012 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.
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1. Introduction

Nanotwinned pure Cu is known to display remarkable
properties, including high strength (viz. P1 GPa) and duc-
tility (viz. P14% elongation to failure) [1,2]. Moreover, a
recent study, albeit of limited scope in terms of materials
studied and phenomena reported on, has provided indica-
tions that, unlike nanocrystalline face-centered cubic (fcc)
metals, nanotwinned Cu may be more “stable” in terms of
maintaining these properties during, and after, being sub-
jected to intense stress states and concurrent deformation
[3]. This is an important issue since it had been shown, via
1359-6454/$36.00 � 2012 Acta Materialia Inc. Published by Elsevier Ltd. All

http://dx.doi.org/10.1016/j.actamat.2012.03.020

⇑ Corresponding author. Address: University of California, San Diego,
Department of Structural Engineering, 9500 Gilman Dr. # 0085, La Jolla,
CA 92093-0085, USA. Tel.: +1 858 534 6888; fax: +1 858 534 1310.

E-mail addresses: jbezares@ucsd.edu (J. Bezares), sjiao2@mail.uh.edu
(S. Jiao), Liu.y0203@gmail.com (Y. Liu), dbufford@gmail.com
(D. Bufford), llu@imr.ac.cn (L. Lu), zhangx@tamu.edu (X. Zhang),
ykulkarn@central.uh.edu (Y. Kulkarni), rasaro@ucsd.edu (R.J. Asaro).
microindentation creep studies, that nanocrystalline Cu is
structurally unstable [4,5]. In fact, under the intense stress
states caused by microindentation, grain growth occurred
with a concomitant loss in strength. This phenomenon
was analyzed by Zhu et al. [6], who theoretically verified
and explained these findings and further showed that the
losses in properties reported by Zhang et al. [4,5] were
underestimated in the sense that if they had applied micro-
indentation loading for longer times even greater losses in
strength would have occurred. From a theoretical stand-
point, it may be expected that the unstable nature of the
nanocrystalline structure of Cu is generic to other fcc metals.
Both new and previously published results for nanocrystal-
line Ni are presented herein to address that possibility. The
prospect of stability of fcc nanotwinned structures is of vital
concern, since nanocrystalline fcc metals do not appear to be
stable. This is specifically what is addressed herein, and with
regard to the broader class of fcc metals, as is required to
document any such trend.
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Kulkarni and Asaro [7] provided the additional insight
that the attractive properties of nanotwinned Cu should
be mirrored by other fcc nanotwinned metals, with Ag
and Pd being forecast to be among the most optimal in
terms of high strength and nanotwin structural stability.
Thus stability of nanotwinned structures in the full range
of fcc metals following deformation at high stresses
remains an outstanding question and is addressed herein,
again for Cu, and also for nanotwinned Ag, using nano-
and microindentation as a way to induce high stresses con-
comitant with elastic–plastic deformation. Coincidentally,
indentation was the process analyzed by Kulkarni and
Asaro [7] in their studies of nanotwinned Cu, Ag, Pd and
Al, and by Zhang et al. [4,5] in originally documenting
the structural instability of nanocrystalline Cu. Indentation
provides a direct method of inducing both intense stress
states and finite visco-plastic deformation, which is also
amenable to analysis, albeit by computational modeling.
We emphasize that, in order to reliably establish phenom-
enological trends within the class of fcc metals, compara-
tive studies are needed on fcc metals with variable
structures and on different fcc metals. We report on this
herein for Cu with two rather different twin structures,
along with comparative data for nanotwinned Ag.

Kulkarni and Asaro [7] performed molecular dynamics
(MD) simulations of indentation of a number of nanotwin-
ned fcc metals and arrived at predictions for the relative
behavior of nanotwinned Cu, Ag, Pd and Al by analyzing
the emission of a complete dislocation (i.e. its two partial
dislocations) from a stress concentrator such as a disloca-
tion pile-up; a general criterion that emerged was that the
critical stress intensity factor for emission at a pile-up tip
was of the approximate form

Kcrit /
ffiffiffiffiffiffiffiffi
lcus

p ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1� csf=cus

p
¼ b1=2 ffiffiffiffiffiffiffiffi

lcus

p ð1Þ

This criterion contains two rather different contribu-
tions: namely, a scale factor involving the product of shear
modulus and unstable stacking energy, lcus, and a term
involving the difference between the two stacking energies,
with csf being the intrinsic stacking fault energy. Asaro and
Suresh [8] had earlier defined the dimensionless parameter
b as b = 1 � csf/cus, which they used in an analysis of par-
tial dislocation emission at a nanocrystalline grain bound-
ary; the factor

ffiffiffiffiffiffiffiffi
lcus

p
has dimensions of a stress intensity

factor, viz. [MPa � pm]. Table 1 lists values for b for the
Table 1
Shear moduli, stacking fault energies and the parameter b for various fcc metal
data and first-principles calculations in Ref. [9]. The values of l and the values i

Al Pd

b (nm) 0.2851 0.2751
l (GPa) 28 41
csf (mJ m�2) 135–200 (140) 175–180 (63
cus (mJ m�2) 175–224 (164) 265 (166)
cut (mJ m�2) 207 (300) 355 (230)
b 0–0.23 (0.15) 0.32–0.34 (0
bt 0.03–0.35 (0.5) 0.49–0.51(0.
several fcc metals studied herein, obtained from the litera-
ture and also computed by Kulkarni and Asaro [7] from
the interatomic potentials they used. We note the rather
disparate values of cus and csf reported, and how precise
quantitative predictions are often hampered by them.
Qualitative trends, however, were more consistent, and
thus definitive predictions concerning the relative behavior
amongst various fcc metals were possible. In fact, they
forecast that nanotwinned Ag and Pd would be compara-
ble to nanotwinned Cu in terms of strength, ductility and
structural stability, whereas nanotwinned Al would not.
Their studies were definitive enough to warrant direct tests
of these novel forecasts of the potential superior stability of
nanotwinned fcc structures vs. fcc nanocrystalline struc-
tures, and also of the relative performance of various fcc
metals.

The present study involves two sets of nanoindentation
test methods: (i) cyclic nanoindentation with various
shaped indenters; and (ii) indentation creep, to document
time-dependent relaxation and possible reductions in
strength/hardness. We conducted both micro and nanoin-
dentation indentation tests for the purpose of ensuring gen-
erality of our observed phenomenology with respect to all
aspects of the imposed deformation, as far as possible
within the scope of our study. To this end, we also varied
the indenter tip geometry so as to alter the qualitative as
well as quantitative aspects of the deformation. The results
are compared to published data on cyclic indentation on
pure Cu with a more traditional grain size of 34 lm [10]
and to indentation creep on nanocrystalline Cu as docu-
mented by Zhang et al. [4,5]. Both types of response are
correlated with possible structural changes and deforma-
tion mechanisms. In addition, microindentation creep
was performed on nanotwinned Cu with two different
lamellar thicknesses to provide a more direct comparison
with the results for nanocrystalline Cu cited here [4,5] with
a grain size of approximately 45 nm. Microindentation
creep was also performed on nanotwinned Ag, thus provid-
ing data to assess the quite specific forecasts of Kulkarni
and Asaro [7]. We found that nanotwinned Ag does indeed
display the properties of hardness and stability predicted
by Kulkarni and Asaro [7]; the stability of nanotwinned
Ag was found to be superior to that of nanotwined Cu,
and both nanotwinned Cu and Ag were more stable than
their nanocrystalline counterparts. This direct comparison
s. The values of cus, csf and cut were compiled from published experimental
n brackets were obtained from the interatomic potentials used in this work.

Cu Ag

0.2556 0.2892
40 31

) 35–78 (15) 16–22 (1)
158–210 (140) 190 (120)
236 (149) 105 (120)

.62) 0.51–0.83 (0.89) 0.88–0.92 (0.99)
72) 0.67–0.85 (0.89) 0.79–0.85 (0.99)
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between two different fcc metals, together with specific the-
oretical predictions, provides a perspective for confirming
trends for the class of fcc metals.

2. Materials and methods

2.1. Nanotwinned Cu and Ag materials

High-purity copper sheets with nanoscale twin growths
were synthesized by means of direct-current electrodeposit-
ion in an electrolyte comprising CuSO4. The electrodeposit-
ion was carried out galvanostatically. The pH value of the
CuSO4 solution was around 1. A highly purified (99.9
95 wt.%) electrolytic copper sheet was used as the soluble
anode and the cathode substrate was made of pure Ti sheet.
The electrolyte bath was stirred mechanically at a bath tem-
perature of �20 �C. These samples are hereafter be referred
to as ED Cu.

Cu and Ag films,�2 lm in thickness, were also deposited
by magnetron sputtering onto HF-etched single-crystal
silicon (111) substrates. The deposition chamber was evacu-
ated to a base pressure of approximately 5 � 8 � 10�8 torr;
during deposition, the argon pressure was �2 mtorr. X-ray
diffraction (Bruker-AXS D8 Bragg–Brentano X-ray diffrac-
tometer, Cu Ka radiation) was used to analyze the texture of
the deposited films. Cross-section and plane-view specimens
for transmission electron microscopy (TEM) studies were
prepared by mechanical grinding and polishing, followed
by low-energy ion milling. These specimens were analyzed
using a JEOL 2010 transmission electron microscope with
200 kV accelerating voltage. High-resolution TEM imaging
was performed with a JEOL 3000F microscope operated at
300 kV. Film hardness was determined by instrumented nan-
oindentation experiments, performed using a Fischerscope
HM2000XYp indenter with a Vickers indenter tip. These
samples are hereafter referred to as MS Cu and MS Ag.
Taken together, the ED Cu, MS Cu and MS Ag represent
not only two different nanotwinned fcc metals, but also a
nanotwinned metal, viz. Cu, with two rather different struc-
tures. These are described below.

2.2. Nanoindentation methods and protocols

A Ubi 1 Nanomechanical test instrument (Hysitron,
Inc., Minneapolis MN) was used to perform the nanoin-
dentation tests. Diamond Berkovich and conospherical tips
with 0.1 and 0.771 lm radii of curvature, respectively, were
used. A load-controlled trapezoidal load function with a 5 s
hold at maximum load was used to determine values of
hardness and reduced modulus using the Oliver–Pharr
method [11]. Load-controlled creep tests were performed
using a trapezoidal load function with a 40 s hold at max-
imum load. Repeated loading–unloading (multi-cycling)
tests were performed, using 20 cycles for a total of 40 s.
Maximum loads of 900, 1700 and 2800 lN were used for
the creep and multi-cycling tests. Load and displacement
were recorded continuously. Thermal drift was digitally
monitored for 40 s prior to performing each indent and
was seen to be <1 nm s�1. The indenter tip was allowed
to settle for 60 s at zero load between tests. The nanoinden-
ter was placed on an active damping isolation table within
an environmental chamber. All tests were performed at
20 �C.

Microindentation tests were performed on Cu and Ag
films mounted on atomic force microscope (AFM) pucks
using a Buehler Micromet 5124 microindenter. A diamond
Vickers indenter tip was pressed into the samples at a rate
of 10 m s�1, using loads of 9.8 and 4.9 lN on Cu and Ag,
respectively. Images of the resulting indentations were cap-
tured using a CCD camera mounted directly on the micro-
indenter. Buehler’s Omnimet software was used to measure
the lengths of the indentation diagonals, from which the
area of indentation was calculated. Hardness was measured
as the ratio of force to indentation area. Creep tests
involved measuring the drop in hardness over indentation
dwell times between 5 and 900 s.

2.3. Simulation and analysis

As a preliminary attempt to understand the atomistic
underpinnings of the stability of nanotwinned materials
under cyclic loading, simulations of cyclic indentation were
performed via molecular dynamics on bicrystals of fcc
metals containing a coherent twin boundary (CTB). The
simulations were carried out at 0 K using the molecular
dynamic code LAMMPS [12]. The orientation of the speci-
men was along the [1�1�2], [110] and [1�11] crystallographic
directions. Periodic boundary conditions were applied in
the [1�1�2] and [110] directions, and the indentation was car-
ried out on the [1�11] surface, parallel to the twin boundary.
The atomic interactions were modeled using the embedded
atom interatomic potentials developed by Mishin et al.
[13] for Cu. The bicrystal size was about 200 � 200 �
100 Å, and consisted of 313,600 atoms. The nanoindenta-
tion was performed using a spherical indenter of radius
40 Å. The CTB was located about 25 Å below the indenta-
tion surface. The indenter was modeled using an external
potential given by

/extðrÞ ¼ AHðR� rÞðR� rÞ3;
where A is a force constant, taken to be 5 eV/Å3 in the
present calculations, H(r) is the Heaviside step function
and r denotes the position vector of an atom [14]. The
indentation tests were performed at a strain rate of
2 � 109 s�1.

3. Nanotwinned structure

Fig. 1 shows a scanning electron microscopy image of
the nanotwinned structure of the ED Cu samples synthe-
sized via pulsed electrodeposition. The samples were
produced using the procedures discussed by Lu et al. [1].
The nanotwins had an approximate thickness of 40 nm,
and were contained within a columnar grain structure.
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Fig. 1. Nanotwinned Cu prepared via pulsed electrodeposition. Nanotw-
ins, of around 30 nm thickness, are within ultrafine columnar grains. The
indentation surface is denoted as Surface A. Fig. 3. Cross-sectional TEM image of nanotwinned Ag prepared via

magnetron sputtering. The twin lamellar thickness was �9 nm. Indenta-
tion was performed normal to the twin lamellae.
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Note that Surface A, which lies essentially parallel to the
twin boundaries, was the surface of indentation. The inden-
tations were carried out to depths that were less than,
greater than and far greater than the twin thickness. Stere-
ology performed on Fig. 1 indicated a twin lamellar thick-
ness of about k � 30 nm.

Figs. 2 and 3 show TEM images of MS Cu and MS Ag
nanotwinned structures synthesized via magnetron sputter-
ing. Cross-section TEM specimens of the Cu and Ag (11 1)
films were examined along the Si h111i zone axes. As
shown in Figs. 2 and 3, both the columnar domain struc-
ture and twin boundaries are revealed. The twin bound-
aries are oriented normal to the growth direction, and are
so closely spaced that it is impractical to differentiate the
thickness of the matrix and twins. The inserted selected
area diffraction patterns reveal single-crystal-like character-
istics as well as evident (111) twin patterns. The average
twin spacing in the Cu and Ag (11 1) films is �7 and
9 nm, respectively, whereas the respective average colum-
nar domain size is �70 and 120 nm. As with the ED Cu
Fig. 2. Cross-sectional TEM image of nanotwinned Cu prepared via
magnetron sputtering. The twin lamellar thickness was �7 nm. Indenta-
tion was performed normal to the twin lamellae.
specimens, the indentation surface lay parallel to the twin
lamellae, as indicated by Surface A.

4. Results of monotonic and cyclic nanoindentation

As noted earlier, indentation was performed via micro
and nanoindentation, thus imposing quite different spatial
extents and patterns of deformation. Moreover, although
the responses following cyclic vs. creep indentation are con-
sistent, these two testing modes elicit different types of
response.

4.1. Basic nanoindentation response and hardness properties

Detailed results are presented for ED Cu below; the sim-
ilarity of the corresponding results for MS Cu and MS Ag
are also explained as, in general, we found the behavior to
be consistent, with only minor differences that are easily
described.

Fig. 4a shows a set of load vs. indentation depth curves
using a Berkovich indenter obtained from nanoindentation
tests on ED Cu. For all materials, separate indentations
were performed to various depths, as noted above.
Fig. 4b shows the hardness extracted using the method of
Oliver and Pharr [11]. Note that the hardness values for
some of our materials are seemingly dependent on indenta-
tion depth; this is typical of such results, even on tradi-
tional metals such as pure fcc or pure bcc metals with a
typical grain size in the micron range [15]. Note also that
hardness values of �2.1 GPa for the ED Cu would suggest
yield strength values of �700 MPa, which is consistent with
the published results of Lu and co-workers [1,2], who per-
formed tensile tests on nanotwinned ED Cu with similar
twin lamellar thickness. The effects of the depth of indenta-
tion vs. hardness appears to be material dependent. For the
ED Cu and MS Ag, the hardness appears to decrease with



µ

(a)

(b)

Fig. 4. (a) Typical load vs. indentation results for Ed Cu using a Berkovich indenter and (b) extracted hardness values as a function of indentation depth.
Note that hardness values around �2.1 GPa suggest yield strength values of �700 MPa, consistent with test data [1,2].

Fig. 5. (a) Profile of a typical indentation made on ED Cu. Note the modest amount of piling up about the indentation. (b) Profile of a typical indentation
made on MS Ag. Note that the height of the pile-up about the indentation is less than that observed in ED Cu. Note also the corrugated appearance of the
surface surrounding the indentation.
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indentation depth, d, until d � 50–60 nm. For MS Cu,
however, the effect is far more modest. For later reference,
note that for ED Ni, with an average grain size of �25 nm,
the hardness also decreases with d until d � 50–60 nm. The
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Fig. 6. (a) Load vs. indentation depth for four separate, but identical (i.e. Pmax = 500 lN, Pmin = 0 lN), cyclic nanoindentations in ED Cu. Note that the
curves are offset for clarity. (b) Load vs. time and displacement, i.e. indentation depth, vs. time. All sets used a Berkovich indenter.
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difference in the depth dependence of hardness between MS
Cu and MS Ag is as yet unexplained. The lamellar thick-
ness of these two materials was similar (7 and 9 nm), thus
it appears that the depth dependence is not, or not simply,
related to lamellar thickness vs. indentation depth. Possible
effects of indentation rate were not explored here, but will
be the subject of future testing.

4.2. Nature and structure of the indents

Fig. 5 shows scans (similar to an AFM scan) of typical
indents made on Ed Cu and MS Ag. The scans reveal mod-
est amounts of so-called piling up and symmetry with
respect to the indenter’s shape. Piling up is expected to
occur in ductile metals, especially those that display mea-
surable strain hardening in the plastic state. Piling up
beneath and around spherical indenters such as Brinel tips
has been well established for pure Cu of coarse grain size
[16], with the extent of piling up being well correlated with
the level of strain hardening. Given the impressive levels of
strain hardening capacity shown for ED-nanotwinned Cu
[1,2], the observed piling up was expected. The lesser
amounts of piling up observed around the indents in MS
Ag may indicate somewhat less strain hardening, although
this has not been confirmed via tensile tests to date. How-
ever, no indication of damage was observed, such as due to
microcracking. Similar scans were also carried out on resid-
ual indents created by both cyclic and creep-like indenta-
tions. We also note that the “corrugated” appearance of
the surface surrounding the indents in MS Ag shown in
Fig. 5b is evidently related to the corrugated nature of
the magnetron sputtered thin films as noted by, for exam-
ple, Chan and Teo [17] and Ghoranneviss et al. [18].

A goal of such scans was to identify possible damage
mechanisms, such as microcrack formation. Here, again, it
may be of value to explore such possible effects of strain rate.



Fig. 7. (a) Load vs. indentation depth for indentations using the conospherical indenter. (b–d) Scans of a typical conospherical indentation. The scans in
(c) and (d) are of higher magnification than that in (b); (c) and (d) are at the same magnification, but differ in perspective.
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4.3. Cyclic indentation via the Berkovich indenter

Fig. 6 shows results from cyclic indentations made on
ED Cu, all carried out to a fixed peak load of
Pmax = 500 lN, using the sawtooth waveform shown in
Fig. 6b. The idea was to use the data taken from indenta-
tions such as shown in Fig. 4 to estimate the peak loads
required to produce selected depths of indentation. Consid-
ering that the twin lamellar thickness is around k = 7 nm,
peak loads were selected which probed to depths on the
order of d � 10 lamellae. The minimum loads in all these
cases was Pmin = 0 lN. The curves shown in Fig. 6a are off-
set for clarity. In addition to the load vs. time, Fig. 6b also
shows the depth of indentation vs. time. As evident in
Fig. 6b, the trend is for the peak indentation depth to
increase with N, the number of cycles. However, it is note-
worthy that the peak indentation depth appears to saturate
after only a modest (N = 20) number of cycles. The same
trends, including saturation, were found for higher peak
loads, including Pmax = 1000 lN and Pmax = 2000 lN.
This is in stark contrast to what was reported by Xu
et al. [10], who found that saturation occurred, if at all,
only after N ¼ Oð103Þ. Note, however, that was for Cu with
grain sizes in the tens of microns in size, viz. a grain size of
34 lm. Moreover, they used a cylindrical indenter with a
radius of 0.991 lm. On the other hand, the behavior of
nanotwinned ED Cu subject to cyclic indentation is remi-
niscent of the behavior of coarse-grained pure Cu subject
to sustained microindentation loading, such as that
reported by Zhang et al. [4], who reported little reduction
in hardness with sustained loading time for coarse-grained
Cu. This is in contrast to the behavior of nanocrystalline
Cu, for which quite large reductions in hardness with sus-
tained microindentation loading have been reported [4].

The same trends were displayed by our MS Cu and MS
Ag. Saturation again occurred after as few as 20 cycles.



µ
µ

(a)

(b)

Fig. 8. (a) Load vs. indentation depth for cyclic indentations using the conospherical indenter on ED Cu at a peak load of 900 lN. (b) Load and
displacement vs. time during cyclic indentation using the conospherical indenter.
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4.4. Cyclic nanoindentation via the conospherical indenter

Fig. 7 shows the results of th eindents made with the
conospherical indenter on ED Cu. The scans shown in
Fig. 7b–d reveal the more pronounced process of piling up
– which is similar to that quantitatively documented in pure
Cu of coarse grain size [16]. Fig. 8 contains both load vs. dis-
placement and load/displacement vs. time results for a cono-
spherical indentation made at a peak load of 900 lN. In
general, the response to indentation with the conospherical
indenter was quite similar to that using the Berkovich inden-
ter. Near-saturation occurred after approximately 20 cycles
of indentation. The total depth of indentation at each load
was also similar for both indenters. The response of MS
Cu and MS Ag was qualitatively similar in all key aspects,
except that the intensity of the piling up around the indenta-
tion was less than that observed with ED Cu.

4.5. Nanoindentation creep tests using the conospherical

indenter

Fig. 9 shows two sets of results of indentation creep on
ED Cu using the conospherical indenter, viz. for peak loads
of 900 and 1700 lN. In both cases, measurable creep is
observed, but the creep strains become saturated at quite
short times, of the order of 40 s. This response is quite differ-
ent to that reported by Zhang et al. [4,5] for nanocrystalline
Cu during microindentation. In fact, Zhang et al. [4]
reported that ongoing grain growth and concomitant soften-
ing went on for times of order 104s. Moreover, the analysis



µ
µ

(a)

(b)

Fig. 9. Indentation creep using the conospherical indenter on ED Cu. Displacement vs. time (a) at a fixed load of 900 lN and (b) at a fixed load of
1700 lN.
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of Zhu et al. [6] indicated that the softening had not yet sat-
urated in the experiments of Zhang et al. [4] and that further
grain coarsening was expected. For nanotwinned Cu with
k = 40 nm, we find that, although the hardness initially
decreases, it tends to saturate after modest times in the
narrow range 400 s [ t [ 600 s. Moreover, the hardness
values remained high, as shown more clearly in our results
for microindentation creep discussed next. It should be
noted that the results of the cyclic testing (Fig. 8b) and the
creep test (Fig. 9a) are consistent in that they both indicate
that the deformation does not affect the mechanical response
after quite modest amounts of deformation – that is, both
types of test indicate the stability of nanotwinned fcc struc-
tures. However, the tests impose quite different types of
deformation histories, and the fact that the phenomenology
is so consistent demonstrates the generality of our findings.
4.6. Microindentation creep using microhardness Vickers

indenter of ED Cu

Fig. 10 shows comparative microindentation creep
results for nanotwinned ED Cu and data taken from Zhang
et al. [4] on nanocrystalline Cu. The data for nanocrystalline
Cu shown here corresponds to a grain size of 45 nm. The
data is plotted both in terms of absolute values of hardness
and in a normalized form, the latter done to facilitate com-
parison between the behavior of the two nanoforms of Cu.
As noted, the hardness of the nanotwinned samples drops
considerably less than that of nanocrystalline Cu, yet, in this
case of microindentation, it drops for considerable dura-
tions of indenter dwell-time. The reduction in hardness
was, however, quite modest for the nanotwinned Cu and
may be close to saturation. The data suggests an increase



Fig. 10. Indentation creep using the Vickers microindenter. Plots show data on nanotwinned Cu and data extracted from Zhang et al. [4] for
microindentation creep performed on nanocrystalline Cu with a grain size of 45 nm.

4632 J. Bezares et al. / Acta Materialia 60 (2012) 4623–4635
in stability of the nanotwinned Cu structure vs. its nanocrys-
talline counterpart.

4.7. Microindentation of nanotwinned MS Cu and MS Ag as

compared to nanotwinned ED Cu

Indentation creep was also performed on nanotwinned
MS Cu and MS Ag samples. The results are shown in
Fig. 11. As discussed above, indentation creep was
performed via microindentation, so that the results might
be compared to those obtained by Zhang et al. [4,5] for
nanocrystalline Cu. Also shown in Fig. 11 are a compen-
dium of the results for ED nanotwinned and nanocrystal-
line Cu, already discussed. The basic picture that emerges
from these results is that both nanotwinned Cu with
k = 7 and 40 nm and nanotwinned Ag with k = 9 nm are
far more stable than nanocrystalline Cu. We further note
that the MS Cu and MS Ag, each with a much thinner
Fig. 11. Combined results
lamellar thickness, show even greater stability than the
already superior stability of nanotwinned ED Cu. Remark-
ably, the MS Ag showed virtually no loss in hardness with
indentation dwell-time, which was almost matched by the
MS Cu, with a twin lamellar thickness of k � 7 nm. This
demonstrates the importance of providing evidence for sta-
bility trends for various twin structures in a given fcc metal
(viz. Cu) and for different fcc metals (viz. Ag). Both MS
materials displayed little loss in hardness following inden-
tation creep. The discussion that follows also suggests that
nanotwinned structures are generally more stable than
their nanocrystalline counterparts.

5. Discussion and conclusions

For further reference, microindentation creep tests were
performed on nanocrystalline Ni using a Vickers indenter
with protocols similar to those used for nanotwinned Cu.
for indentation creep.



Fig. 12. Microindentation creep performed on nanocrystalline Ni using a Vickers indenter.
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Results are shown in Fig. 12. Compared to both nanocrys-
talline Cu and nanotwinned Cu and Ag, the decrease in
hardness with indenter dwell time was greater for nano-
crystalline Ni than for either nanotwinned Cu or Ag, and
comparable to that seen in nanocrystalline Cu. This indica-
tion of structural instability is consistent with the results of
Liao et al. [19], who demonstrated that nanocrystalline Ni
underwent severe grain coarsening when subject to high-
pressure torsion. Thus, the evidence to date suggests that
structural instability of nanocrystalline fcc metals is generic
to a wide range of such materials.

Taken together, the results are consistent with the find-
ings of Kulkarni and Asaro [7]. We find that, in general,
nanotwinned fcc structures appear more stable than their
nanocrystalline counterparts. We also find that nanotwin-
ned Ag exhibits behavior in terms of hardness and stability
that rivals that of nanotwinned Cu. The specific predictions
of Kulkarni and Asaro [7] were based on observations of
dislocation interaction with twin boundaries, including
dislocation absorption into, or transmission through, twin
boundaries. For geometric reasons alone, excessive disloca-
tion absorption would lead to boundary motion (i.e. bound-
ary migration normal to itself) – which, in turn, would lead
to lamellar coarsening and/or twin structural disruption. An
outstanding question is whether nanotwinned Pd would dis-
play similar performance to that forecast by Kulkarni and
Asaro’s simulations [7]. Such further confirmation would
provide additional validation of the parameter b as a useful
indicator of fcc structural performance.

As already mentioned, b is defined as b = 1 � csf/cus,
and therefore requires evaluation of both the intrinsic
stacking fault energy, csf, and the unstable stacking energy,
cus. Table 1, however, reveals the complicating issue that
precise values for either parameter are as yet unavailable.
Thus future work is required aimed at documenting these
key parameters if truly accurate material design via theory
is to be a reality. We have, nonetheless, performed
preliminary MD simulations of cyclic indentation of nano-
twinned fcc metals, viz. Cu, Ag, Pd and Al. Some results
extracted from these simulations are discussed below.

Cyclic indentation tests were performed on a Cu bicrys-
tal with a maximum indentation depth of 12 Å for each
cycle. The simulations were stopped when the pile-up of
dislocations became large enough to be affected by the
periodic boundaries in the lateral directions. Consequently,
due to size limitations, the bicrystal simulation was carried
out for 10 cycles. Fig. 13 shows the force vs. indentation
depth for the cyclic test. The different colors represent dif-
ferent cycles of loading and unloading. Fig. 14 shows the
defect structures at the end of selected load cycles. We note
that, once the peak stress drops after the first cycle due to a
departure from perfect crystalline state due to the nucle-
ation of defects, the peak stress for all the subsequent cycles
remains quite stable. We also performed identical simula-
tions on bicrystals of Pd and Ag. We observed a similar
response in both cases, confirming qualitatively the obser-
vations made by our experimental investigations.

The key observation in these preliminary simulations is
that, despite the intense stress states and the consequent
defect nucleation and absorption, the twin boundary main-
tains its integrity in these highly specialized simulation
geometries. This is unlike the detwinning reported by Shute
et al. [20] in their experiments on cyclic loading of nano-
twinned Cu. The so-called “detwinning” mentioned by
Shute et al. [20] is, however, somewhat puzzling in that they
also report “relative microstructural stability . . . in marked
contrast to the behavior of nanocrystalline Cu”. As no data
was provided for stress vs. imposed cyclic strain or inden-
tation force vs. indentation depth, the true effects of any
locally observed detwinning remains obscure. In order to
investigate the phenomena of detwinning under cyclic
loading, it would be insightful to perform simulations on
specimens with multiple twin boundaries. In this regard,we
note that Sinha and Kulkarni [21] have reported that



Fig. 13. Force–displacement curves for cyclic nanoindentation on bicrystal copper for 10 successive indentation cycles (loading/unloading).
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oppositely oriented, and closely spaced, twin boundaries
can migrate towards each other under very high shear stres-
ses and eventually annihilate. In fact, Sinha and Kulkarni
[21] observe that at finite temperature closely spaced twins
can annihilate and reform in such a manner that the overall
response to shear is essentially unchanged – thus the obser-
vation of periodic detwinning in local regions may not in
itself lead to the modest “reductions in hardness” reported
by Shute et al. [20]. Similar studies on cyclic loading may
provide atomistic insight into the experimental observa-
tions of detwinning and its actual impact on evolving
mechanical response.

Another factor that should be considered when assessing
the occurrence of detwinning is the grain diameter of the
columnar grains that contain nanotwins. You et al. [22]
Fig. 14. Snapshots of MD simulation of cyclic indentation on a Cu bicrystal wi
cycle; (d) 10th cycle.
have shown that detwinning occurs preferentially in the
vicinity of grain boundaries where inhomogeneous defor-
mation occurs. Moreover, detwinning and its concomitant
effects on mechanical response are quite sensitive to grain
size, particularly when the grain diameter falls below the
micron range. When the density of grain boundaries is
sufficiently high, as is the case with submicron grain sizes,
inhomogeneous deformation is promoted along with det-
winning. As Shute et al. [20] report a grain diameter of
about 0.5 lm, it may be speculated that such grain size
effects may have an influence on any observed detwinning.
The grain diameters in our experiments, on the other hand,
are well above the 5–7 lm range. However, further investi-
gation of the coupled effect of twin microstructure and
grain size, which is currently beyond the scope of this work,
th a CTB at 0 K (indenter depth = 12 Å): (a) 1st cycle; (b) 2nd cycle; (c) 6th
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is needed and would provide increased insight into the
stability of nanotwinned metals. We should also point
out the potential ambiguity of observations of detwinning
as its actual effect on overall properties would remain unre-
solved, especially vis-à-vis the countering effects of possible
retwinning.

In summary, our results focusing on indentation creep,
similar to the results reported by Zhang et al. [4,5] for
nanocrystalline Cu, are more definitive in documenting
the greater stability of nanotwinned fcc Cu. We also report
data for nanotwinned Cu with quite different twin lamellar
thickness and for nanotwinned Ag, thus establishing a gen-
erality of the enhanced stability trends. Another interesting
observation we made concerns the relative performance of
nanotwinned fcc metals containing extremely fine twin
lamellae, viz. twin lamellae with k 6 15 nm. Lu et al. [2]
had shown, for example, that when k < 15 nm the tensile
strength of nanotwinned Cu was significantly reduced.
Kulkarni and Asaro [7] provided a conceptual framework
for rationalizing such behavior. The present results for
both nanotwinned Cu and Ag, with k = 9 and 7 nm respec-
tively, demonstrate sustained high hardness, with the impli-
cation of high tensile strength as well. The dependence of
properties on twin thickness, and thus twin density, needs
to be better understood. To clarify this, a wider range of
deformation modes should be coupled to analysis.

Our results to date suggest that future work should
focus on the key theoretical and experimental issues,
including, inter alia: (i) theoretical determination of such
key parameters as csf and cus, coupled with what would
be even more definitive simulations of nanotwinned
mechanics of fcc twin structures; (ii) experimental studies
of other fcc metals, such as nanotwinned Pd, in particular;
and (iii) additional studies probing a wider range of defor-
mation modes, including tensile, cyclic and combined high
stress/finite deformation modes, such as high-pressure tor-
sion and compression under high triaxial stress states.
These suggestions are necessarily predicated on the devel-
opment of methods for synthesizing a wider range of bulk
nanotwinned fcc metals.
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