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Abstract

We have investigated the rate sensitivity of flow stress and the extent of strengthening in polycrystalline copper containing dif-
ferent volume fractions of nano-sized twins, but having the same average grain size. The specimens were produced by pulsed elec-
trodeposition, wherein the concentration of twins was varied systematically by varying the processing parameters. Depth-sensing
instrumented indentation experiments performed at loading rates spanning three orders of magnitude on specimens with the higher
density of twins (twin lamellae width ~20 nm) revealed an up to sevenfold increase in rate-sensitivity of hardness compared to an
essentially twin-free pure Cu of the same grain size. A reduction in twin density for the same grain size (with twin lamellae width
~90 nm) also resulted in a noticeable reduction in rate-sensitivity and hardness. The presence of a high density of nano-scale twins is
also seen to impart significant hardness, which is comparable to that achieved in nano-grained Cu. Post-indentation analyses of
indented Cu with nano-scale twins in the transmission electron microscope reveal deformation-induced displacement of coherent
twin boundaries (CTBs), formation of steps and jogs along CTBs, and blockage of dislocations at CTBs. These processes appear
to significantly influence the evolution of thermal activation volume for plastic flow which is some three orders of magnitude smaller
than that known for microcrystalline Cu. Transmission electron microscopy also reveals CTBs with a high density of dislocation
debris and points to the possibility that displaced CTBs may serve as barriers to dislocation motion and that they may also provide
sources for dislocation nucleation, especially near stress concentrations, very much like grain boundaries. Possible consequences of
these trends for deformation are explored.
© 2005 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.
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1. Introduction

The strengthening of engineering metals and alloys
through grain size reduction has long been a strategy
for microstructure design [1,2]. Studies of nanostruc-
tured materials in the past two decades have shown that
grain refinement in the nanometer range leads to sub-
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stantial strengthening where abundant grain boundaries
(GBs) create obstacles to dislocation motion [3-7].
Recent experimental observations have led to the dis-
covery that nanostructured metals, with average grain
size and range of grain size typically smaller than
100 nm, exhibit deformation characteristics that are
highly sensitive to the rate of loading [8—11]. Uniaxial
tensile experiments in electrodeposited nanocrystalline
Cu [8] and tensile [9,10] and depth-sensing indentation
[11] experiments in electrodeposited nanocrystalline Ni
have established that an increase in loading/strain rate
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results in a pronounced increase in resistance to plastic
flow. A systematic comparison by Schwaiger et al. [11]
of loading rate and strain rate under controlled indenta-
tion of nominally defect-free, pure, electrodeposited Ni
showed that nanocrystalline specimens (average grain
size ~40 nm) were highly sensitive to the rate of defor-
mation. However, microcrystalline (average grain size
>]1 um) and ultra-fine crystalline (average grain size
~200 nm) specimens exhibited flow behavior that was
relatively insensitive to the rate of loading. Strain-rate
jump tests [12,13] performed on ultra-fine crystalline
copper (average grain size ~200nm) produced by
equal-channel angular pressing (ECAP) with very high
initial defect density, on the other hand, showed a strong
rate-sensitivity of plastic flow.

The strain rate sensitivity of a ductile metal in uniax-
ial deformation is commonly written (e.g. see Refs.
[12,14]) as

V3KT  3V/3kT

m= = : (1)
v'o v'H

where m is a non-dimensional rate-sensitivity index, k is
the Boltzmann constant, T is the absolute temperature,
o is the flow stress, H is the hardness (which is usually
assumed to be three times the flow stress) and v* is the
activation volume which is the rate of decrease of the
activation enthalpy with respect to flow stress at a fixed
temperature:

v = V3T (a;:) (2)

where ¢ is the strain rate. The rate-sensitivity parameter
m and the activation volume v* provide quantitative
measures of the sensitivity of flow stress to loading rate
and also give insights into the deformation mechanisms.
Experimental studies suggest that the strain rate sensi-
tivity m of initially (nominally) defect-free nanocrystal-
line (NC) Cu and Ni is several times higher than that
for the microcrystalline (MC) counterpart [8—11]. Fur-
thermore, while the activation volume of conventional
microcrystalline face-centered cubic (fcc) metals is on
the order of ~10005°, where b is the magnitude of the
Burgers vector, the corresponding value for nanocrystal-
line fcc metals exhibiting enhanced rate sensitivity of
plastic flow was found to be reduced by nearly two or-
ders of magnitude (e.g. see Ref. [12]).

Like conventional grain boundaries, coherent twin
boundaries (CTBs) can also obstruct the motion of dis-
locations [15]. This is the case for deformation, anneal-
ing, and growth twins, as long as they have interfaces
with identical atomic structures [15]. Early studies of
o-brass with twin spacing in the micrometer regime
showed that twin boundaries (TBs) are equivalent to
conventional GBs with respect to such strengthening
phenomena as those arising from the Hall-Petch mech-
anism [16]. (A detailed review of strengthening due to

CTBs in microcrystalline materials along with the asso-
ciated references can be found in Ref. [15].) Exploiting
the possibility that TBs could serve as effective barriers
to dislocations, recent work has demonstrated that when
nano-scale twins are introduced by the pulsed electrode-
position process in polycrystalline Cu and by magnetron
sputter deposition in AISI 330 stainless steel [17-19] and
in Ni—Co alloys [20], significant strengthening results.

The foregoing considerations naturally lead to two
questions which, to our knowledge, have hitherto not
been systematically examined:

1. Does the controlled introduction of twins in a poly-
crystalline fcc metal lead to markedly enhanced
rate-sensitivity of plastic flow?

2. If so, what are the mechanistic contributions to such
rate-sensitivity of deformation in twinned metals?

Developing an understanding of these issues would
provide valuable insights into the mechanical deforma-
tion characteristics of a variety of engineering metals
and alloys, in which twinning is a prominent mode of
deformation. Such an understanding would also offer
helpful information for microstructure design of engi-
neering alloys wherein twinning is purposely orches-
trated at the processing stage. Furthermore, elevated
rate sensitivity may delay necking during tensile defor-
mation and can possibly contribute to ductility. There-
fore, fabrication steps that employ such methods as
superplastic forming would also benefit from an im-
proved understanding of the connections between twin-
ning and rate-sensitivity of deformation.

In this work, we report a series of systematic experi-
ments that demonstrate that controlled introduction of
nano-sized twins in pure copper leads to a significant in-
crease in the rate-sensitivity of plastic flow. For this pur-
pose, we have produced specimens with different volume
fractions of nano-sized twins in ultrafine-crystalline
(UFC) Cu by recourse to pulsed electrodeposition, while
keeping the grain size of the different specimens roughly
the same. The rate sensitivity of plastic deformation was
studied using depth-sensing instrumented indentation
for which the loading rate was varied by three orders
of magnitude. Significantly higher loading rate sensitiv-
ity is observed for the higher density of twin boundaries.
Possible mechanisms contributing to this effect are
explored.

2. Materials and experimental methods
2.1. Materials

High purity Cu sheets (20 mm x 10 mm x 0.1 mm in
size) with nano-sized growth twin lamellae were synthe-
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sized using pulsed electrodeposition from an electrolyte
of CuSOy. The procedure is described in detail in [17].
UFC Cu without twins was produced from the same
electrolyte using DC electrodeposition.

Chemical analysis of the as-deposited sheet indicated
that its purity was better than 99.998 at.%. The densities
of all the Cu specimens were measured to be
8.93 £ 0.03 g/em?® at room temperature by applying the
Archimedes principle.

The foils were polished using SiC paper (grit 4000)
and diamond suspensions of 3 and 0.25 um grain size.
The thickness of the twinned Cu layer was estimated
to be more than 25 pm after polishing. The UFC Cu
foils were polished in the same way and had a final
thickness of 500 um. The specimens were glued onto
Al sample holders using standard cyanoacrylate glue.

2.2. Nanoindentation test methods

The hardness was extracted from the indentation
data following the procedure outlined in Refs. [21,22].
The unloading curves were shifted to the end of the
loading segments in order to compare the hardness at
the applied maximum loads and fitted with a power
law between 20% and 80% of the maximum load.

A Micromaterials MicroTest 200 indenter (Microma-
terials Ltd, Wrexham, UK) equipped with a diamond
Berkovich tip was used to test the samples over a wide
range of loading rates. Experiments at constant loading
rates of 100, 10, 1 and 0.1 mN/s were performed. The
loading sequence was as follows. The tip was brought
into contact with the material. Subsequently, the speci-
men was indented at a constant loading rate to a depth
of 3 pm. The load was held constant at its maximum va-
lue for 10 s. Finally, the samples were unloaded at the
respective loading rate to 10% of the maximum load.
The load was held constant for 60 s and the displace-
ment data were monitored and used for temperature
drift correction. For each sample and loading rate, ex-
cept the slowest one, at least ten indents were performed.
For the slowest loading rate of 0.1 mN/s, five repeat in-
dents were performed. The scatter in the experimental
data for all the specimens are indicated along with the
trend results.

2.3. Tensile test methods

Tensile tests were performed on a Tytron 250 Micro-
force Testing System (MTS System Corporation, Eden
Prairie, MN, USA) at strain rates in the range of
6x107*to 6x 107" s7!. A contactless MTS LX300 laser
extensometer was used to calibrate and measure the
strain of the sample upon loading. The gauge length of
dogbone-shaped tensile samples is 4 mm and width is
2 mm, the final thickness after electroposlishing is about
20 pm.

2.4. Microstructure characterization

Microstructures of the specimens in the as-deposited
condition as well as after tensile deformation were char-
acterized in a transmission electron microscope (TEM,
JEOL 2010, Japan) with an accelerating voltage of
200 kV. For the Cu sample subjected to tensile deforma-
tion, a 2 mm X 2 mm TEM specimen was cut from the
area close to the fracture surface. Because the thickness
of the tensile sample is only about 20 pm, the small
square TEM sample was sandwiched in a Cu ring di-
rectly, and then twin-jet polished with an electrolyte
consisting of 25% alcohol, 25% phosphorus acid and
50% de-ionized water (by volume) that was cooled in a
dry ice bath.

In order to investigate the microstructure after the
nanoindentation test, a rectangular Cu foil, about
3 mm X 4 mm in size, was first cut from the as-deposited
sample, mechanically ground and polished on the sub-
strate side to obtain a suitable surface finish for nanoin-
dentation. Next, the specimen was transferred to the
nanoindenter and a series of indents constituting 20 by
20 uniformly-spaced matrix was introduced in the center
of the foil at a loading rate of 100 mN/s. The distance
between two adjacent indents was 70 pm. The indented
specimen was then punched into a 3-mm disk and glued
in the center of a special glass disk at room temperature
with its non-indented side up. After curing, the specimen
was placed on a dimpler stage (model number D500i,
South Bay Technology, San Clemente, CA) and dimpled
to about 20 um. The glue was then removed by immers-
ing the specimen in acetone. The specimen was ion-
thinned from the dimpled side by means of single-gun
milling with the aid of liquid nitrogen cooling. The oper-
ating voltage was 5 kV and the tilt angle was about 10°.
Finally, in order to remove possible contamination on
the specimen surface, a cleaning process was performed
under a voltage of 2kV with double-gun milling for
10 min. Compared with the indenter process, deforma-
tion induced by the TEM sample preparation was negli-
gible. The electron-transparent areas adjacent to an
indent were examined in a JEOL 3010 TEM operating
at 300 kV while imaging with a Gatan 622 intensified
TV camera.

3. Results
3.1. Nanoindentation results

Nanoindentation experiments were conducted on
each of the three materials of the same grain size: the
higher twin density UFC Cu with an average twin width
of 20 nm, the lower density UFC Cu with an average
twin width of 90 nm, and the control UFC Cu with little
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twin concentration. Further details of the microstruc-
ture are provided in the following sections.

The indentation results are shown in Fig. 1(a)—(c) for
the three specimens, each of which was subjected to
depth-sensing indentation at four different loading rates
spanning three orders of magnitude. The loads imposed
to penetrate the indenter tip into the specimen to a depth
of 3 um were higher for the specimen with the higher
density of TBs. Furthermore, with increasing loading
rate, a higher indentation load was required in order
to impose the same displacement. A significant loading
rate effect can thus be seen between the Cu samples with
twin structures, over and above the normal experimental
scatter associated with these experiments. However, the
control UFC Cu specimen did not show any significant
sensitivity to loading rate (Fig. 1(c)), beyond the normal
experimental scatter. In this case, the scatter in indenta-
tion data is considerably larger than that in the other
samples, which makes it impossible to clearly identify
a loading rate effect on the indentation response. A sim-
ilar scatter level was also observed by Schwaiger et al.
[11] in their nanoindentation studies of electrodeposited
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UFC Ni. Although the results plotted in Fig. 1 for the
twinned and control UFC specimens are restricted to
loading rate control in the range of 0.1-100 mN/s, essen-
tially the same trends have been observed for displace-
ment rate control and strain rate control
nanoindentation experiments. These results are similar
to those described for untwinned NC Ni [11], where
refinement of grain size from MC (microcrystalline)
and UFC to NC was found to promote marked sensitiv-
ity to loading rates. Fig. 1(d) shows the load versus dis-
placement (P-h) curves for the Cu specimens with
different twin densities at a fixed loading rate of
0.1 mN/s. The load applied to the sample with a higher
twin density is considerably larger than the load applied
to the sample with lower twin density and to the UFC
control Cu without twins.

The hardness of the three materials investigated in
this work is plotted as a function of loading rate in
Fig. 2 based on results obtained at the maximum depth
of about 2800 nm. The elastic modulus of all three sam-
ples was roughly the same, and comparable to the liter-
ature value for polycrystalline Cu (~120 GPa). The
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Fig. 1. Load-displacement (P-/) curves from nanoindentation experiments performed at four different loading rates for (a) UFC Cu with higher
twin density, (b) UFC Cu with lower twin density, and (c) control UFC Cu. (d) P-4 curves from nanoindentation experiments on the three materials

at a fixed loading rate of 0.1 mN/s.
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Fig. 2. Hardness from nanoindentation experiments plotted as a
function of loading rate for the UFC Cu with different twin densities.
The rate sensitivity exponent m was determined using the relation
g x &" (with the stress ¢ and the strain rate ¢) under the assumption
that indentation hardness and loading rate are equivalent to stress and
strain rate, respectively. Due to the large scatter in the indentation
data, the rate sensitivity exponent m of the control UFC sample is
obtained from o, in the tension tests shown in Fig. 3(c). See text for
further details.

average hardness of Cu with a higher density of CTBs
(2.0-2.6 GPa) is noticeably higher than Cu with a lower
CTB density (1.7-2.0 GPa) or the control UFC Cu (1.4—
1.6 GPa) and even higher than the hardness reported in
the literature for polycrystalline pure Cu (without signif-
icant twinning) with ultra-fine sized grains [23] and
nanometer sized grains [5]. For example, the typical ten-
sile yield strength (approximated as 1/3 of hardness) of
UFC Cu (with average grain size <300 nm) is less than
500 MPa [23], which is also close to the hardness mea-
sured in the UFC Cu in the present study. At a loading
rate of 100 mN/s, the indentation hardness (2.6 GPa) of
the Cu sample with a higher twin density is about 60%
higher than that (1.6 GPa) of the UFC Cu without
twins. These results indicate significant strengthening
in Cu due to the higher twin density.

The loading rate sensitivity of the Cu samples, quan-
tified through the parameter m, which is defined in
Eq. (1), also depends noticeably on the twin density.
For Cu with a lower twin density (average twin lamella
thickness ~90 nm), m ~ 0.025 £ 0.009, whereas for Cu
with a higher twin density (twin lamella thickness
~20nm) m =~ 0.036 £ 0.009 within the loading rate
range of 0.1-100 mN/s. For the UFC Cu without twins,
due to the large scatter in the indentation response (see
Fig. 1(c)), it is difficult to obtain a reliable m value from
the present indentation results, so the rate sensitivity
exponent m of UFC Cu without twins is instead evalu-
ated from the tension tests (see Fig. 3(c)) where
m ~ 0.005 £ 0.001 within the strain rate range of
6x107* to 6x107's~'. The corresponding line in
Fig. 2 shows that the slope of m = 0.005 is well within
the experimental scatter.
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Fig. 3. Stress—strain curves from uniaxial tension at different loading
rates for UFC Cu with (a) higher, (b) lower density of nano-scale twins
and (c) UFC Cu (control).

The trends associated with the increased rate-sensitiv-
ity of UFC copper with nano-scale twins is also evident
from tension tests conducted on the same materials.
Fig. 3(a)-(c) show the tensile stress—strain curves for
the UFC Cu with higher and lower twin densities as well
as the UFC Cu without twins over a range of strain rates
comparable to those achieved in the nanoindentation
experiments (where a predominantly compressive stress
state is introduced in the specimen during loading). It
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is seen that Cu with a higher concentration of nano-
twins also exhibits relatively higher rate-sensitivity in
tension.

3.2. Microstructures of as-synthesized and deformed
specimens

The as-synthesized microstructures of the higher twin
density UFC Cu, the lower twin density UFC Cu, and
the control UFC Cu specimens investigated in this work
are shown in Fig. 4(a)-(c), respectively. These TEM
images show that the Cu samples consist of roughly-
equiaxed grains (Fig. 4(a) and (b)) with each grain con-
taining a large number of growth twins (as indicated by
the selected area diffraction pattern included as an inset
in Fig. 4(a)) with thickness of up to tens of nm. For all
of the samples with same density and purity, the average
grain size is almost the same, being about 400-500 nm.
However, the twin density is very different. The mea-
surement was performed with the grain orientation ad-
justed to a (1 10) zone axis. In this orientation, (11 1)
and (111) twins are edge-on while (1 11) and (111)
twins are inclined to the surface. Measurements of the
lamella thickness along [1 1 0] beam direction showed
the average twin thickness is about 20 nm for higher
twin density UFC Cu (Fig. 4(a)) and about 90 nm for
lower twin density UFC Cu (Fig. 4(b)). Only few twins
could be detected in the control UFC Cu (Fig. 4(c)).
The twins separate grains into nm-thick twin/matrix
lamellar structures. For the as-deposited state, the vast
majority of the twin boundaries are coherent and only
a few trapped lattice dislocations can be seen in the lar-
ger twin lamellae.

In order to explore the mechanistic origin of the high
hardness and high loading rate sensitivity in the Cu sam-
ples, the microstructures of the deformed samples were
investigated in the TEM after both nanoindentation
and uniaxial tension. The microstructure in the vicinity
of an indentation in UFC Cu with higher twin density
is shown in Fig. 5. It is evident that the indentation pro-
cess induces high strains in the Cu sample; TBs are dis-
placed due to high local strains. A high density of
dislocations is visible inside the twins and at the TBs.
A comparison of TEM images before (Fig. 4(a)) and
after (Fig. 5) indentation reveals that the twin width is
altered by severe plastic deformation. As reviewed in
Christian and Mahajan [15], twin width could be af-
fected as a result of the interaction of slip bands with
twins.

Fig. 4. TEM images of the as-processed microstructure of (a) Cu with a higher twin density, (b) Cu with a lower twin density, and (c) control UFC

Cu essentially without twins.
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Fig. 6 shows post-indentation TEM images of Cu
with higher twin density. This image reveals a large pop-
ulation of dislocation debris in the vicinity of CTBs. It is
clear that most CTBs in the deformed sample undergo
significant displacement. Many CTBs in the deformed
specimen are not straight as in the case of the unde-
formed sample (see Fig. 4(a)). There is evidence pointing
to the displacement of CTBs; In the lower part of Fig.
6(a), the CTBs marked as “A”, “B”, “C” and “D” are
almost parallel to one another. However, in the upper
part of the same figure marked by the white square 1,
the CTB marked “A” appears to be displaced more to
the left whereas CTB “B” has been displaced more to
the right; CTBs “C” and “D”, which are close to each
other, seem to be connected. The white square marked
“2” in Fig. 6(a) also shows similar trends. Some CTBs
seem to have “disappeared” completely on one side dur-
ing the deformation process, as shown in Fig. 6(b). Note
the step created in the twin boundary in the bottom cen-
ter of Fig. 6(b).

Further evidence for the formation of steps in dis-
placed CTBs in nanoindented Cu with high twin density
is provided in Fig. 7. Although it is possible that growth
twins can contain steps in the as-deposited condition,

Fig. 6. Post-indentation TEM images of dislocation sources from
displaced CTBs in Cu sample with higher twin density. See text for
further details.

Fig. 7. Displacement of CTBs resulting in steps and jogs in the
boundary, as shown by the downward pointing arrows in this post-
indentation TEM image of UFC Cu with high twin density. The
upward pointing arrow shows a dislocation loop apparently emitted
from the twin boundary in the vicinity of the step.

our extensive TEM observations did not reveal evidence
for such step formation in the present sample in the as-
processed state. The semicircular strain contrast at the
CTB (indicated by the upward-pointing arrow) suggests
possible dislocation emission from the CTB, especially
near the step in the boundary. Migration of TBs and
shrinkage of twins as well as of grains after deformation
has recently been reported for Cu having micron-sized
grains [24]. However, in our experiments no significant
changes in the grain size have been found.

In addition to post-indentation TEM, we have per-
formed transmission electron microscopy of UFC Cu
with nano-twins after the specimen was subjected to
more uniform deformation, i.e., deformation to a uniax-
ial tensile strain of 13%. Fig. 8 shows the microstructure
of Cu with higher twin density. Numerous dislocations
are present in the thick twin lamellae, whereas relatively
few dislocations can be found in the thinner ones. Copi-
ous dislocation debris can also be seen in the vicinity of
CTBs with spacings of several nanometers, as shown in
Fig. 8(b). In order to determine the Burgers vector of the
trapped dislocation, the local Burgers circuit method
was employed. Crystallographic analysis using the
Thompson tetrahedral shows that the closure failure is
consistent with a partial dislocation with Burgers vector
of 1/6(1 1 2) type.

The micrographs in Fig. 8 also show that in the de-
formed Cu sample, most CTBs are not straight as it is
the case in the undeformed sample; obvious ledges are
formed by the Shockley partial, as shown by the white
arrow in Fig. 8(a). These microstructural changes in
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Fig. 8. TEM images of the microstructure close to the failure surface of UFC Cu with higher twin density after a tensile test.

UFC Cu with higher twin density after tensile deforma-
tion are similar to those seen after nanoindentation. In
contrast to the same UFC Cu after indentation, we
did not observe a clear difference of twin width after ten-
sile testing.

Microstructure investigation of the Cu samples after
deformation confirmed that the interactions between
the dislocations and CTBs play a dominant role in the
plastic deformation process. In general, the most proba-
ble sites for dislocation generation should be GBs and
triple junctions at the initial deformation stage [25].
Once the dislocations are generated, they move through
the grain interior and in most cases are blocked at twin
boundaries. The blocked dislocations could pile-up but
also propagate across the twins if they were to undergo
dislocation dissociation reactions, which would require
a stress concentration at the twin/slip band intersection.
Following such interactions between slip bands and
CTB, dislocation debris, such as the Shockley partials,
would be left behind at the TBs. This is indeed observed
in Fig. 8(c).

4. Discussion

The overall rate-dependence of a material is influ-
enced by contributions from dislocations, grain bound-
ary diffusion and lattice diffusion [25-28]. The
contributions of lattice diffusion can in general be ne-

glected because they are much smaller than those due
to dislocation glide and boundary diffusion.

An analysis of the parameters that influence thermal
activation could shed light on rate controlling mecha-
nisms in the plastic deformation of engineering metals
and alloys [26-28]. Using the definitions of strain rate
sensitivity and activation volume from Egs. (1) and
(2), respectively, we derive an activation volume (v*)
of about 12b® for Cu with higher twin density, and
about 22b° for Cu with lower twin density from the pres-
ent nanoindentation experiments. These values are
much smaller than v* of the present control UFC Cu
(~135b%). Values of m and v* for UFC Cu with con-
trolled nano-twin content from the present study are
summarized in Table 1. Also listed in Table 1 are avail-
able values of m and v* from the published literature
[10-12,29-35] for NC, UFC and MC Cu and Ni (with-
out a controlled population of nano-twins).

For conventional fcc metals, such as Cu, m is about
0.004 and only a weak grain size dependence of m has
been found for the dislocation mechanism [33]. The acti-
vation volume of dislocation processes is usually about
800-10005°. With decreasing grain size the dislocation
glide mechanism is suppressed and GB diffusion gradu-
ally increases. Recently, it was shown that for fcc metals
with a grain size in the sub-micrometer regime, m was
high and v* was small. For example, for ECAP and
cold-rolled Cu with an average grain size of 200 nm,
m=0.02 and v* = 48h° [12].



Table 1

Summary of results on the rate sensitivity of deformation of UFC copper with nano-scale twins from the present experiments, and comparisons with
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literature data for Cu and Ni of different grain sizes covering the NC, UFC and MC range

Material Grain size (twin width) m v* Reference (test method used)
UFC Cu (essentially no twins) 500 nm 0.005 = 0.001 ~135p° This study (tensile test)

UFC Cu (lower twin density) 500 nm (~90 nm) 0.025 = 0.009 ~22b° This study (nanoindentation)
UFC Cu (higher twin density) 500 nm (~20 nm) 0.036 = 0.009 ~12b° This study (nanoindentation)
MC Cu 12-90 pm 0.007-0.004 ~10005° [29] (tensile test)

MC Cu 40 um 0.006 ~10000° [30,31] (tensile test)
Cold-deformed UFC Cu 200 nm 0.015 ~48b° [12] (tensile test)

ECAP + cold-rolled UFC Cu 300 nm 0.04 ~A48D° [12] (compression test)

ECAP + cold-rolled UFC Cu 300 nm 0.019 ~48b° [12] (tensile strain rate jump test)
MC Ni >5 um <~0.004 [32,33] (tensile test)
Electrodeposited NC Ni 30 nm ~0.016 10-205° [34] (tensile test)
Electrodeposited NC-UFC Ni 20-200 nm ~0.01-0.03 [10,11] (uniaxial tension, nanoindentation)
ECAP UFC Ni 300 nm 0.006 [35] (tensile test)

Also indicated are the inferred values of activation volume where available.

Data for Ni with an average grain size of 30 nm
showed strain rate sensitivity at room temperature
four times as high as that of coarse-grained Ni and
an activation volume of 10-205® [34]. The higher
strain rate sensitivity as well as the lower v* in NC
materials indicate a different rate-limiting deformation
mechanism that dominates plastic deformation. First,
compared to their coarse-grained counterparts, NC
materials have a significantly higher percentage of
GBs and an enhanced GB diffusion. It was suggested
that GB diffusion could be one of the dominant defor-
mation mechanisms when the grain size decreases
down to the nm range, especially for the grains smal-
ler than 20 nm [4,36,37]. This was also indicated by
molecular dynamics simulations, in which the GB as-
sisted thermal activation through atomic shuffling
and partial dislocation emission in the NC materials
could occur [38]. Second, the interaction between dis-
locations and the abundant GB networks is increased
and might contribute to the extraordinary rate-sensi-
tivity of NC metals; Dislocations concentrated locally
at GBs may also lead to a smaller activation volume
[13]. Therefore, the rate-controlling deformation mech-
anism for the highly elevated values of m for fcc met-
als with nano-sized grains could arise from the
synergistic performance of abundant GB diffusion
and the interaction between dislocations and GBs.

For the present UFC Cu with nano-twins, grain
boundary diffusion is not likely to be the dominant
mechanism due to the large grain size. Furthermore,
the contribution of dislocation sources at GBs as well
as dislocation interaction with GBs appears to be very
limited since m is only 0.005, as observed for UFC Cu.

In addition, dislocation glide is inhibited by the high
density of CTBs. The suppression of dislocation glide is
also supported indirectly by the absence of strain hard-
ening phenomena, as found in the tensile test data for
Cu with the higher twin density [18]. Therefore, the in-

creased values of m and the strongly lowered values
for v* suggest another new rate-controlling deformation
mechanism different from that known for fcc coarse-
grained and UFC metals without twins. These addi-
tional contributions could arise from the large number
of CTBs in the microstructure.

From the deformed microstructures obtained from
our TEM studies (Figs. 6-8), three main observations
can be made: (i) CTBs serve as barriers to dislocation
motion; (ii) the dislocation density increases substan-
tially with increasing twin density; and (iii) the displace-
ment of CTBs, the formation of steps and jogs in the
TBs and the apparent nucleation of dislocation loops
from the boundaries, especially in the vicinity of steps,
contribute to deformation.

The energy of the perfect £3 CTB is about 24 mJ/m?,
which is much smaller than that of a conventional GB
(>600 mJ/m?) [39]. However, CTBs with a high density
of dislocations or displaced CTBs are expected to in-
crease the boundary energy significantly. Furthermore,
CTBs with a high density of defects, steps and jogs could
act as dislocation sources like conventional GBs. It has
indeed been found from computational simulations that
defects at the CTBs assist dislocation generation [40].
Dislocations were generated from a loop joined with a
step in CTBs [40]. Hence, CTBs with a density of defects
or displaced CTBs do not only behave as obstacles to
dislocation motion, but also serve as dislocation sources
during further deformation, consistent with the present
TEM observations of deformed UFC Cu with
nano-twins.

The stress concentration acting upon the lead dislo-
cation is proportional to the number of piled-up dislo-
cations and the applied external shear stress. With
decreasing twin lamella thickness, fewer dislocations
are expected to pile up inside the twins. In other
words, higher external stress is necessary for the dislo-
cations to cross the CTB. If the twin lamellae are too
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thin for a dislocation pile-up, a single dislocation may
penetrate the CTB. In such a scenario, an extremely
high stress is required for such a dislocation—-CTB
interaction. Rao and Hazzledine [41] estimated from
MD simulation that the applied stress could be as
high as 0.03u to 0.04u (with p being the shear modu-
lus), i.e., the stress could be 1.4-1.9 GPa in Cu. There-
fore, the interaction of dislocations and CTBs may
provide one of the principal mechanistic reasons for
the high strength of twinned Cu. This supports our
experimental finding of improved strength/hardness
in the Cu specimen with a thinner twin lamella (i.e.,
higher twin density).

Our post-deformation TEM image shown in Fig. 7
indicates that TBs may also serve as sites of dislocation
loops. Molecular dynamics simulations [42] have been
reported that include considerations of both unstable
and stable stacking fault energy in conjunction with
GB defect nucleation similar to dislocation emission at
the crack tip under mode I [43,44] and mixed-mode
loading conditions [45,46]. Such analyses imply phe-
nomenological responses for strain rate sensitivity that
are different for different fcc metals and also point to ele-
vated flow stress values [42,47]. Such an argument could
potentially point to differences in the manner in which
full or partial dislocation emission leads to rate-sensitiv-
ity and in which changes occur in the activation volume.
In this context, we note recent analyses [48] in which
stress concentrators such as GB facets or TBs with jogs
are assumed to exist, which slip locally in a mode II or
mode III crack-like manner thereby initiating partial
dislocations and loops from the tip of the stress concen-
tration. Such a dislocation model [48] leads to the rather
significant result that the activation volume v* ~ mh°>.
The small values for activation volume, clearly demon-
strated in the present study for the case of UFC Cu with
nano-twins, provide a compelling rationale for what ap-
pears to be strong strain-rate sensitivity. This could also
suggest the possibility that although the grain size is in
the UFC range, the presence of higher concentration
of nano-scale twins leads to greater TB migration.
TEM observations of CTB displacement and jog forma-
tion in CTBs (e.g., Figs. 6 and 7) appear to support this
interpretation.

5. Conclusions

(1) The loading rate sensitivity of UFC Cu with a high
density of coherent twin boundaries is shown to be
significantly (up to about seven times) higher than
that of UFC Cu without twins. With a decrease of
CTB density, the hardness and the rate sensitivity
also decrease. CTBs are thus shown to play an
important role in plastic deformation. The high

hardness of UFC Cu with nano-scale twins origi-
nates from the effective blockage of dislocation
motion by numerous CTBs.

(2) Post-deformation TEM observations in UFC Cu
with higher concentration of nano-scale twins indi-
cate noticeable displacement and movement of
CTBs, formation of steps and jogs along CTBs,
and the generation of high dislocation density
around CTBs, especially in the vicinity of stress
concentrations. These processes appear to lead to
a thermal activation volume during plastic flow
which is some three orders of magnitude smaller
than that found for microcrystalline fcc metals.

(3) The CTBs with a high density of defects and dis-
placed CTBs also appear to serve as dislocation
sources, very much like conventional GBs.
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