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Abstract

The high-strain-rate response of ultra-fine-grained (UFG) copper processed by equal channel angular pressing (ECAP) was charac-
terized by three different dynamic testing methods: reverse Taylor impact, cylindrical compression specimens, and hat-shaped specimens
in Hopkinson bar experiments. Upon recovery after impact, the specimens were found to undergo dynamic recrystallization at a calcu-
lated temperature of 360 K, indicating that the UFG copper is thermally unstable. Reverse Taylor tests were conducted on as-received
oxygen-free high-conductivity copper rod and ECAP specimens with 2 and 8 sequential deformation passes. The dynamic deformation of
the samples was modeled using AUTODYN-2D, and a modified Johnson–Cook constitutive equation was found to closely capture the
dynamic response. Both the dynamic experiments and analysis from the reverse Taylor tests indicate enhanced strain-rate sensitivity in
comparison with conventional polycrystalline copper, in agreement with predictions of reduced activation volume. The shear band thick-
ness, as obtained in forced localization tests, showed a marked decrease, in comparison to conventional polycrystalline copper; this effect
is interpreted as due to an accelerated thermal softening and inherent instability exhibited by the UFG structure.
� 2008 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.
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1. Introduction

Nanocrystalline and ultra-fine-grained (UFG) metals
have unique mechanical properties (strength, hardness,
fatigue resistance) that have been the subject of widespread
research [1–5]. Although the quasistatic mechanical
response of these materials has been studied in great detail,
the corresponding response at high-strain-rates is still less
well known. Gray et al. [6] reported a higher strain-rate
sensitivity of UFG copper in comparison with fully
annealed polycrystalline copper. This effect has been
explained by the inverse relationship between the strain-
rate sensitivity, defined as o ln r=o ln _e , and activation
volume for plastic deformation; the latter decreases signif-
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icantly in face-centered cubic (fcc) metals at small grain
sizes, due to a presumed change in rate-controlling mecha-
nism from forest dislocation intersection to emission of dis-
locations from grain-boundary sources. Thus, the strain-
rate sensitivity is increased (e.g. [4,6–10]).

A topic of recent significance and concern is the thermal
stability of UFG and nano-structured materials. Thermal
stability is an important issue that needs to be addressed
for the suitability of these materials in structural applica-
tions. The severe plastic deformation techniques and, in
particular, equal channel angular pressing (ECAP), are
known to produce grain sizes in the range of 200–500 nm
with high density of high-angle grain boundaries and satu-
rated dislocation density (e.g., [11–19]). Inherently, in sin-
gle-phase pure metals, such a microstructure is thermally
unstable and the propensity for heat-induced recrystalliza-
tion is high. Indeed, Mishra et al. [20] showed that grain
rights reserved.
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boundaries can exhibit considerable mobility at tempera-
tures as low as 360 K in UFG copper.

This paper addresses the issues of strain-rate sensitivity
and thermal stability in pure copper processed by ECAP.
A series of high-strain-rate deformation tests were carried
out via three different techniques (cylindrical and hat-
shaped Hopkinson bar and reverse Taylor tests).

2. Experimental procedure

Commercially obtained cold-rolled oxygen-free high-
conductivity (OFHC) Cu rods were processed using a hor-
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Fig. 1. (a) Geometry of the hat-shaped specimen (all dimensions are in mm
characterization; and (d) extraction of TEM specimens.

Fig. 2. Schematic of reverse Taylor
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izontal split ECAP die with an interior channel angle of
102� and an external arc of curvature of 20o. A series of
samples with 0, 2 and 8 passes were processed using route
BC. In route BC the specimen is rotated 90� about its longi-
tudinal axis after each pass. The experimental set-up for
ECAP was explained earlier [20]. The Route BC was found
to yield most equiaxed grains. For the Hopkinson bar tests,
two kinds of samples were machined: cylindrical specimens
with dimensions of 4 � 4 mm and hat-shaped specimens
with dimensions as indicated in Fig. 1a. The hat-shape
design [21] has been used extensively to study adiabatic
shear bands in BCC steel [22,23], tantalum [24,25]; fcc cop-
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); (b) longitudinal and transverse cuts; (c) three orientations of EBSD

anvil-on-rod impact test setup.
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per [26,27], aluminum alloys [28], austenitic stainless steel
[29,30]; hexagonal close-packed titanium [31], and zirco-
nium [32]. The specimen shape, Fig. 1, is designed to con-
centrate deformation in a narrow zone facilitating the
formation of a shear band. Compression tests on cylindri-
cal samples were performed at strain rates of 5 � 10�3, 0.1
and 102 s�1.

For Taylor tests [33], cylindrical rod samples of 9.4 mm
diameter and 40.13 mm length were machined. The rods
were lapped on both ends with 45 lm diamond suspension
to insure parallel and polished surfaces. A schematic of the
reverse Taylor impact test setup is shown in Fig. 2. The
projectile consists of a 2024-Al 80 mm diameter sabot with
a maraging steel rigid anvil plate secured to the front sur-
face. The rod-shaped samples were mounted to a target
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Fig. 3. Quasistatic true stress-true strain plots for Cu samples in as-
received state and after 2 and 8 ECAP passes (_e ¼ 0:1 s�1).
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Fig. 4. Dynamic true stress-true strain plots for the initial, 2 and 8 pass
ECAP samples (_e ¼ 2500 s�1).
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ring and aligned with a laser beam to ensure parallel
impact. An IMACON-200 high-speed digital camera was
used to capture images of the deformation of the rods
300
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Fig. 5. Temperature as a function of strain for strain rate _e � 103 s�1,
characteristic of cylindrical specimens in Hopkinson bar test (for a strain
of 0.3 as in the case of cylindrical specimens, T = 360 K).

Fig. 6. Recrystallized microstructure upon compression testing (recrys-
tallized regions denoted by ‘‘R”).
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during impact by the projectile. Velocity interferometry
(VISAR) (placement shown in Fig. 2) was also used to cap-
ture the free surface velocity of the tested rod.

AUTODYN simulations of the anvil-on-rod impact
experiments were performed to validate the constitutive
response of the specimens as a function of strain e using
the Johnson–Cook [34] constitutive equation

r ¼ ½Aþ Ben�½1þ C ln _e��½1� T �m�; ð1Þ

where A, B, C, n, and m are experimentally determined
parameters. The unknown strain-rate sensitivity, C, was
obtained by fitting the simulated free surface velocity trace
to that determined experimentally using VISAR, as de-
scribed by Eakins and Thadhani [35] and Martin et al.
[36]. The models were further validated by comparing the
simulated transient deformation profiles with the images
captured during deformation. Simulations were run in
two dimensions as an axi-symmetric problem, and gauges
were placed on the specimen’s back surface to track the free
surface velocity.

The microstructure of the hat-shaped tested sample was
characterized using optical microscopy (OM), electron
backscattering diffraction (EBSD), and transmission elec-
tron microscopy (TEM). Fig. 1b shows how specimens
were machined out of the hat-shaped sample for micro-
structural examination. EBSD examination was performed
in the undeformed regions and in areas close to the shear
band using a Philips XL 30 scanning electron microscope
operating at 15 kV and TSL indexing software. A 3 mm
disk (cut as shown in Fig. 1d) was electropolished using
7% H2SO4 and placed in the SEM sample holder as shown
in Fig. 1c, i.e. the normal, transverse, and shear (longitudi-
nal) directions in the EBSD maps.

Specimens for TEM examination were obtained from
the same 3 mm diameter cylinder. Disks for TEM foils
were machined in such a way that the shear band was
off-center as shown in Fig. 1d. Since electropolishing cre-
ates a hole in the center of the sample, this ensured that
there existed a region around the shear band that could
be examined under TEM. Disks with thickness of 300 lm
were cut and polished down to 100 lm using 2400 and
4000 grid SiC papers. Final thinning to electron transpar-
ency was achieved by electropolishing in a solution con-
taining 7 vol.% H2SO4 in methanol at –35 �C/25 V.
Subsequently, as needed, the perforated disks were pro-
gressively ion-milled using a Gatan PIPS unit at ambient
conditions until the perforation grew to the edge of the
shear band.

Thin foils were prepared for TEM examination by using
a twin-jet Struers Tenupol-3 polisher with an electro-pol-
ishing solution composed of 7 vol.% sulfuric acid in meth-
anol at a temperature of –40 �C. TEM analysis was carried
out on a Philips CM-30 (facility at ORNL, Tennessee)
operating at 300 kV. Observations were made on both
transverse and longitudinal directions in a series of samples
with different number of ECAP passes.
Please cite this article in press as: Mishra A et al., High-strain-ra
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3. Results and discussion

3.1. Cylindrical specimens

Fig. 3 shows the quasistatic true stress–true strain curves
for initial, 2- and 8-pass ECAP Cu at a strain rate of
0.1 s�1. ECAP samples having undergone significant defor-
mation during processing as expected exhibited higher flow
stresses. Each additional pass adds to the cumulative strain
via dislocation generation and additional grain refinement.
For example, the initial grain size of �30 lm was reduced
to �200 nm after 8 ECAP passes. We note here that the ini-
tial cold-rolled Cu sample also exhibited an extensive
deformation substructure consistent with the near zero
work-hardening observed in the corresponding stress–
strain curves. This was analyzed in greater detail by Mishra
et al. [20].

Results from the dynamic compression tests carried out
at a strain rate of 2500 s�1 are plotted in Fig. 4. There was
a significant increase in strength at high-strain rate as com-
pared to the quasistatic tests since UFG metals (like fcc
copper) are known to have a higher strain-rate sensitivity
than their coarse-grained counterpart. This topic is
addressed in detail in Section 3.3.

The temperature rise in the Hopkinson bar test can be
calculated from the constitutive response of copper which
is also applicable to shear localization process. The temper-
ature rise, DTd (e.g. [8,25]) can be expressed as a function of
strain:

DT d ¼
b

qCp

Z e1

eo

r � de; ð2Þ

where q is the density, Cp the heat capacity, and b is the
Taylor factor. Using Johnson–Cook equation [34] as the
constitutive equation for the response and assuming that
90% of the work of deformation goes into heating, i.e.,
b = 0.9, the temperature change due to plastic deformation
can be expressed as [37]:

DT d ¼ 1� exp
�0:9 1þ C log _e

_e0

� �
qCpðT m � T rÞ

� r0eþ
Benþ1

nþ 1

� �2
4

3
5;
ð3Þ

where in our case, Tr = 300 K, Tm = 1356 K, B = 292 MPa,
Cp = 394 J (kg K)�1, q = 8.97 � 103 kg m�3 , C = 0.025,
and r0 = 400 MPa. Since the work-hardening in the UFG
specimens is negligible, n = 0.

Using Eq. (3), temperature is plotted as a function of
strain (Fig. 5). For the cylindrical compression samples,
at a strain e = 0.3, the temperature in the sample was calcu-
lated to be 360 K (60 K above room temperature). The
thermal stability of these samples was investigated using
optical microscopy and is presented in Fig. 6. Large regions
of recrystallized microstructure were observed adjacent to
the UFG microstructure. Recrystallization studies on
ECAP copper including texture have been reported in
te response of ultra-fine-grained copper, Acta Mater (2008),
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several recent publications [38–42]. Estrin et al. [40]
reported grain coarsening in ECAP copper resulting from
natural aging at room temperature. Modolova et al. [38]
calculated the driving force due to dislocation density in
ECAP samples and found it to be higher than the driving
force due to grain boundary energy. Mishra et al. [20]
reported a dislocation density of 2 � 1015 m�2 and an aver-
age grain size of 200 nm in ECAP copper after 8 passes.
From their reported values, the driving force due to bound-
ary curvature turns out to be larger than the driving force
for recrystallization due to dislocation density differences.
Fig. 7. Shear stress- shear strain plot for the hat shaped specimen.

Fig. 8. Optical micrograph of shear band

Please cite this article in press as: Mishra A et al., High-strain-ra
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Mishra et al. [20] reported a high density of high angle
boundaries in samples with a large number of ECAP passes
(the sequence follows as: large grain size and high density
of high angle GBs in the initial sample ? high density of
low angle GBs after few ECAP passes ? small grain size
with high density of high angle GBs after large number
of passes). This supports the argument that the activation
energy of recrystallization is low in severely deformed sam-
ples, owing to the high density of high-angle grain bound-
aries that facilitates nucleation.

Murr and coworkers [43–46] have carried out extensive
experiments on dynamic recrystallization induced by
high-rate plastic deformation in both ballistic impact and
friction stir-welding. The association of recrystallization
with the dynamic deformation process is undeniable in
the regime of severe plastic deformation (SPD). Thus, the
term dynamic recrystallization refers to the complex inter-
play between the high-strain, high-strain-rate deformation
and thermal recovery processes taking place concurrently
or sequentially. We adopt here their broader definition of
dynamic recrystallization (DRX).

3.2. Hat-shaped specimens

The shear stress–strain response of UFG hat-shaped
sample tested by Hopkinson bar is shown in Fig. 7. The
peak shear stress is 340 MPa, which translates to
680 MPa normal stresses. This is the range of strength
for ECAP Cu as can be verified from Fig. 4. Once the
hat is completely compressed, the load rises since the
s in deformed hat shaped specimen.

te response of ultra-fine-grained copper, Acta Mater (2008),
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pressure is now being applied on the compressed flat sam-
ple surface and not the hat itself. Two specimens were
tested with displacements of 0.5 (3 ring) and 1.5 mm (1
ring). The shear strain in the hat-shaped sample can be esti-
mated by dividing the displacement by the thickness. For
the 0.5 mm displacement (3 ring specimen) it is equal to
100.

Fig. 8 shows optical micrographs of the shear band as
observed in one of the 3 mm disks that was electropolished
to a smooth shiny finish. A circular shear band is expected
in a hat sample and curved segments of this band appear in
sectioned TEM rods and disks (left side). A perforation in
this sample was created in such a way that the band was
located in the thin area next to the hole for TEM analysis.
The right-hand side shows the longitudinal section. From
the micrograph image, the thickness of the shear band
Fig. 9. (a), (b) SEM images of the shear band in a foil that cleaved along the sh
shown by backscatter image of (b).

Please cite this article in press as: Mishra A et al., High-strain-ra
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was measured to be 50–60 lm. This is in contrast to the
values reported by Meyers et al. [27] and Andrade et al.
[26] for copper. The thickness varied with grain size and
pre-deformation of the specimen. For annealed copper, it
was � 500 lm, decreasing to �200 lm for shock-hardened
copper. It was also shown by Andrade et al. [26] that the
boundary between the plastic shear and undeformed
regions in a shock-hardened sample is sharp while a well-
annealed sample had a more diffuse plastic deformation
region. Fig. 9a and b shows SEM micrographs of about
half the shear band width.

In the shear band, the time for heat conduction
decreases as the strain rate increases, leading to higher tem-
peratures (at the same strain) at higher strain rates. Bai
et al. [47] obtained the following approximate equation
for d, the width of the shear band:
ear band, and (c) recrystallized grain structure visible inside the shear band

te response of ultra-fine-grained copper, Acta Mater (2008),
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d ffi 2
kT
s _c

� �1=2

ð4Þ

where k is the thermal conductivity (=10.3 � 10�4 m2 s�1)
and T, s and _c are the temperature, stress, and strain rate
inside the shear band.

Grady [48] has another equation, of the form

d ¼
9q3C2

pk
3

s3a2 _c

 !1=4

ð5Þ

where a is the thermal softening rate, assuming linear
behavior (s = s0(1 – aT)) and the other parameters were
previously defined. Grady [49] later proposed another
equation, where the term 9 is replaced by 16.

Fig. 10 shows the prediction from the above equations
and the as-measured shear band thickness from experi-
ments. Wright [50] states that the agreement of the Bai
equation with experimental results is usually within a fac-
tor of 2. For the experiments carried out by Andrade
et al. [26], there is a reasonable correspondence with both
Bai’s [47] and Grady’s [48] equations . The trend of the
experimental data parallels the two equations. Although
both Bai’s and Grady’s equations predict a decrease in
band thickness with increasing flow stress, the precipitous
drop for the UFG copper has to be attributed to an addi-
tional mechanism for the loss of mechanical stability. This
can be due to the increased propensity of thermal softening
in ECAP samples. In the original formulation of Grady
[48] this parameter assumes a linear thermal softening with
the melting point marking the zero strength value; this pro-
vides a value of a = 8.8 � 10�4 K�1. The results are given
in Eq. (1) in Fig. 10. In order to simulate a more drastic
thermal softening of the UFG copper, consistent with the
Fig. 10. Shear band thickness obtained from experiments as compared to
prediction by Bai’s [43] and Grady’s [44] equations.

Please cite this article in press as: Mishra A et al., High-strain-ra
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microstructural instability, it is assumed that the full
softening is achieved at 400 K. This corresponds to a =
2.5 � 10�3. The results are plotted as Eq. (2) in Fig. 10.
Thus, the agreement with the Grady equation for the
UFG specimen can be significantly improved by modifying
the linear softening parameter a. Wei et al. [8] measured the
shear-band widths in iron processed by ECAP to a grain
size of 100 nm and found a value of 15 lm which they com-
pared favorably with the Bai equation. However, they used
a strain rate higher by three orders of magnitude. The pres-
ent results, which cover the grain size range from polycrys-
talline to UFG, definitely point to a change in mechanism.

Fig. 11 illustrates the EBSD maps corresponding to the
normal direction (ND), transverse direction (TD), and
shear direction (SD) in an area spanning the shear band
and nearby region. The scan area is shown in Fig. 11d with
the shear band to the left end. From the EBSD pattern,
large recrystallized grains can be seen in the shear band
and the heat-affected zone close to the band. However,
most of the grains in the region outside shear band are
ultra-fine sized and elongated as is typical of the ECAP
microstructure. There is a large scatter in grain sizes rang-
ing from 0.2 lm to 4 lm, where most of the small grain size
is retained from ECAP processing and the large grains arise
from heat-induced recrystallization within the shear band
and heat-affected zone close to the band. This is corrobo-
rated by TEM micrographs (Fig. 12a and b) taken from
the shear band area and (SEM image in Fig. 9c).

A temperature rise to above 500 K is predicted in the
shear band, and this can have a significant effect on its
neighboring regions. The observed effect is illustrated in
Fig. 13a and b. Recrystallized areas can be seen advancing
into the UFG region in Fig. 13a. This is characteristic of
migration recrystallization. The size of these recrystallized
regions (with diameters of 1–5 lm) is strongly suggestive
of an additional post-deformation process. If the tempera-
ture rise is sufficiently high after DRX, grain growth can
occur during the post-deformation cooling stage. Similar
features were observed by Andrade et al. [26,27] in quasi-
static deformation of copper in the temperature range
523–573 K. These recrystallized regions are identical to
the ones characterized by Wilbrandt et al. [51] in cold
worked copper subjected to annealing treatment.

3.3. Reverse Taylor tests

3.3.1. Description of results

Table 1 is a matrix of the samples examined and the
individual respective velocities. Reverse anvil-on-rod Tay-
lor impact experiments were performed on the initial Cu
specimen at 88 m s�1, the 2-pass ECAP Cu specimen at
123 m s�1, and the 8-pass ECAP Cu specimen at
125 m s�1. Table 2 lists the yield strengths obtained from
quasistatic experiments performed on each sample type,
and the final axial and transverse (areal) strains for the
samples following the reverse Taylor tests. Since the 2-pass
and 8-pass specimens were tested at the same velocity, the
te response of ultra-fine-grained copper, Acta Mater (2008),



Fig. 11. EBSD maps corresponding to (a) ND, (b) TD, and (c) SD in the area close to the shear band, (d) SEM image showing the EBSD scan area.
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amount of strain can be compared, and it is clear that the
8-pass sample is a stronger material, and thus more resis-
tant to deformation.

AUTODYN simulations were performed using the
Johnson–Cook constitutive model with hardening con-
stants obtained from stress–strain curves measured at a
strain rate of 0.1 s�1, and empirically determined strain rate
constants that were modified to fit the free surface velocity
traces measured for each experiment. Fig. 14 shows an
example of the match between the experimentally measured
free surface velocity trace for the three samples, and that
obtained from simulation using the Johnson–Cook model.
The final values of the Johnson–Cook constants used for
comparison of the recorded transient shapes of the speci-
Please cite this article in press as: Mishra A et al., High-strain-ra
doi:10.1016/j.actamat.2008.02.023
mens with the simulation profiles at corresponding time
intervals also show a close correlation with the direct mea-
surements from cylindrical specimens. The fit between
experimental (black lines) and calculated (gray lines) free-
surface velocities is excellent.

Once the Johnson–Cook equation and constants were
validated via correlation with the measured free surface
velocity trace and the transient deformation profiles, values
of the dynamic yield strength were calculated as listed in
Table 2. It can be seen that the 8-pass ECAP sample is con-
sistently stronger than the 2-pass and the as-received Cu
samples. The yield strength values are also higher than
those obtained at lower strain rates, indicating the effect
of strain rate on yield strength (see Table 3).
te response of ultra-fine-grained copper, Acta Mater (2008),



Fig. 12. TEM images of the recrystallized (as a result of severe plastic
deformation) microstructure in the shear band of hat-shaped specimens.

Fig. 13. TEM images of the microstructure close to the shear band.

Table 1
Matrix of Taylor samples examined and their individual impact velocities

Impact velocity (m s�1) Initial 2 Passes 8 Passes 16 Passes

88 �
123 �
125 �
180 � � �
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3.3.2. Transmission electron microscopy

The initial grain size of the copper rod was 30 lm. It was
annealed at 500 �C for 1 h under vacuum condition before
samples were cut for ECAP. Even after annealing, the ini-
tial microstructure had a high dislocation density. Three
different conditions (initial, 8 and 16 ECAP passes) were
reverse Taylor impacted at the same velocity of 180 m s�1

to maximize the microstructural changes. TEM samples
were cut in two orthogonal directions from the frontal
impact surface of the recovered samples. Cylinders of
3 mm diameter were cut in the transverse (Fig. 15a) and
longitudinal (Fig. 15b) directions using electric discharge
machining. Fig. 15c shows the region closest to the impact
surface along the longitudinal section as imaged by EBSD.
The light regions represent individual grains. It can be seen
that significant recrystallization occurred with the size of
the grains increasing with decreasing distance from the
impact interface.
Please cite this article in press as: Mishra A et al., High-strain-ra
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The microstructure of the initial copper after impact was
heavily dislocated. Dislocation cells that existed in the ini-
tial structure are now replaced by elongated dislocation
laths (Fig. 16). Clearly the dislocation density is much
higher than the initial sample and this is a result of the
deformation introduced in the sample during impact.

Fig. 17a shows a region of the Taylor impact 8-pass
ECAP sample where the grains are ultra-fine sized. This
is typical of the microstructure produced at the end of 8
passes. There is a small recrystallized region, marked R.
In other places, larger dislocation-free grains were often
te response of ultra-fine-grained copper, Acta Mater (2008),



Table 2
Yield stresses from quasistatic and dynamic tests, and reverse Taylor test experiment details for initial, 2- and 8-pass ECAP Cu samples

No. ECAP
passes

Quasistatic yield stress
(_e ¼ 4:7� 10�3s�1) (MPa)

Quasistatic yield stress
(_e ¼ 0:1s�1) (MPa)

Impact
velocity
(m s�1)

Axial strain,
e = ln(Lf/L0)

Areal strain,
e = 1 –A0/A

Dynamic flow stress,
Johnson–Cook (Eq. 1)
(_e ¼ 1:3� 1:7� 103s�1) (MPa)

0 298 319 88 0.137 0.377 427
2 371 392 123 0.177 0.549 513
8 397 430 125 0.169 0.518 571

Fig. 14. Simulated vs. experimental free surface velocity trace for Cu specimens. Simulation is based on modified Johnson–Cook parameters from stress–
strain data and empirical fit to the experimental free surface velocity trace. (a) Initial Cu, 88 m/s, (b) 2- pass Cu, 123 m/s, and (c) 8-pass Cu, 125 m/s.

Table 3
Table of modified J–C parameters

No. ECAP
passes

Yield stress,
A (MPa)

Hardening constant,
B (MPa)

Hardening
exponent, n

Strain rate
constant, C

Thermal softening
exponent, m

0 90 340 0.0334 0.009 1.09
2 90 390 0 0.011 1.09
8 90 423 0 0.017 1.09

(c) 

(a) Transverse direction TEM specimens (b) Longitudinal direction TEM specimens 

Fig. 15. (a and b), Orientations of TEM samples cut from cylindrical specimen after reverse Taylor impact; (c) change in microstructure as a function of
distance from impact surface; light regions represent new grains.
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Fig. 16. Microstructure of the Taylor impact specimen.

Fig. 17. Longitudinal section (in Taylor impact specimen); (a) deformed re
recrystallized grains in heavily deformed ultra-fine grain microstructure (8 pas
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observed adjacent to a heavily dislocated UFG region as
shown in Fig. 17 (b–d). These are recrystallized grains that
were formed during or immediately after Taylor impact
triggered by the temperature rise during impact. Fig. 17b
is a low magnification image of large recrystallized grains
in a region of heavily deformed ultra-fine grains. From
these micrographs, it can be concluded that a possible
growth pattern of recrystallized grains is one in which these
new grains sweep through the ultra-fine region thus replac-
ing it by large, dislocation-free grains. Fig. 17c shows a
large recrystallized grain surrounded by a matrix of UFG
microstructure. The size of these recrystallized grains varies
depending on when the nucleation of these new grains took
place in the Taylor impact process. The features within
these recrystallized grains show twins and stacking faults
(e. g. Fig. 17d), typical of recrystallization features in fcc
metals [48].

Fig. 18a shows the typical UFG microstructure in the 8-
pass ECAP sample (transverse section). The corresponding
selected area diffraction pattern (SADP) shows a ring-like
gion showing one apparently recrystallized grain (marked by R); (b–d)
ses); and (d) annealing twins in the large recrystallized grains.

te response of ultra-fine-grained copper, Acta Mater (2008),



Fig. 18. Transverse section (in Taylor impact specimen); (a) Ultra-fine
grained microstructure typical of ECAP; and (b) recrystallized grains with
annealing twins in the transverse section of the Taylor shot ECAP sample.

Fig. 19. (a) Strain-rate dependence of flow stress of copper; and (b) strain-
rate sensitivity, o ln r=o ln _e, as a function of grain size.
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pattern indicating that the microstructure consists of ultra-
fine grain sizes. Other regions of this transverse section
sample, however, show similar extent of recrystallization
as seen in the longitudinal section. Fig. 18b shows several
fully developed annealing twins in the recrystallized grains.

3.4. Strain-rate sensitivity

The combined results from Hopkinson bar tests on
cylindrical specimens and Johnson–Cook predictions from
the reverse Taylor experiments are shown in Fig. 19a. The
results are consistent although the J–C predictions fall
slightly below the dynamic flow stress directly measured
from the Hopkinson bar experiments. A linear fit is drawn
in Fig. 19a between the two results. The slopes of these
lines provide the strain-rate sensitivity. There is a slight
but clear increase in strain-rate sensitivity for the 8-pass
sample, in comparison with the initial condition. The
Please cite this article in press as: Mishra A et al., High-strain-ra
doi:10.1016/j.actamat.2008.02.023
strain-rate sensitivity is plotted in Fig. 19b and compared
with the literature, in particular Wei et al. [8] and Gray
et al. [6]. The current values of the strain-rate sensitivity
are higher than the reports by Wei et al. [8] and May
et al. [9]. However, the trend is consistent: an increased
strain-rate sensitivity in the UFG and nanocrystalline
region. For comparison purposes data on nickel by Asaro
and Suresh [7] are also given. They follow the same pattern.

4. Conclusions

The purpose of the present work was to investigate the
response of UFG copper at high-strain-rates. ECAP cop-
per specimens were subjected to three different types of
testing: Hopkinson bar compression testing of cylindrical
te response of ultra-fine-grained copper, Acta Mater (2008),
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samples, Hopkinson bar compression testing of hat-shaped
samples and reverse Taylor testing of ECAP specimens.
The conclusions are as follows:

1. There is a significant jump in the strength of UFG cop-
per in going from quasistatic to dynamic strain rate tests
which is indicative of high-strain-rate sensitivity. This is
validated by reverse Taylor test results. Strain-rate sen-
sitivities of ECAP copper after 0, 2 and 8 passes are
reported to be 0.027, 0.028 and 0.034.

2. The modified Johnson–Cook equation provides a good
fit to the response of the reverse Taylor test impacted
copper.

3. Recovered specimens from Taylor and dynamic cylin-
drical tests exhibit clear evidence of recrystallization at
the impact surface. The recrystallized structure is char-
acterized by large grains with a profusion of annealing
twins and is thought to develop during and after defor-
mation by dynamic recrystallization. The calculated
temperature rise in the cylindrical specimens was
�60 K and, therefore, the structure is considerably more
unstable than that of conventional polycrystalline cop-
per, which requires �100 K for static recrystallization.

4. Shear bands with thickness of �60 lm were formed in
hat-shaped ECAP specimen. The microstructure in the
shear band and neighboring areas shows heavy recrys-
tallization due to temperature rise during impact. The
morphology of these recrystallized regions is analogous
to that in the cylindrical and Taylor specimens.

5. The thickness of the forced band in the UFG copper is
much smaller than the predictions from the Bai and
Grady equations, which are in reasonable agreement
with the shear bands for conventional polycrystalline
copper. It is proposed that the accelerated thermal soft-
ening of UFG copper plays a significant role in decreas-
ing the shear band thickness. This decrease in shear
band thickness is also observed for bulk metallic glasses
and was analyzed by Dai et al. [52] and Liu et al. [53],
who attributed it partially to an accelerated softening.
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