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Abstract The mechanical properties of high purity cop-
per have been extensively studied in the literature, with
yield and flow stresses measured as a function of strain
rate, grain size, and temperature. This paper presents a
comprehensive study of the strain rate and grain size
dependence of the mechanical properties of OFHC copper,
including an investigation of the previously observed
upturn in rate dependence of flow stress at high rates of
strain (>500 sfl). As well as a comprehensive review of
the literature, an experimental study is presented investi-
gating the mechanical properties of OFHC copper across a
range of strain rates from 1073 to 10° s~! in which the
copper samples were designed to minimize the effects of
inertia in the testing. The experimental data from this study
are compared with multiple sources from the literature
varying strain rate and grain size to understand the differ-
ences between experimental results on nominally the same
material. It is observed that the OFHC copper in this study
showed a similar increase in flow stress with strain rate
seen by other researchers at high strain rates. The major
contribution to the variation between experimental results
from different studies is most likely the starting internal
structure for the materials, which is dependent on cold
working, annealing temperature, and annealing time. In
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addition, the experimental variation within a particular
study at a given strain rate may be due to small variations
in the internal structure and the strain rate history.

Introduction

The mechanical response of high purity (oxygen-free, high
conductivity: OFHC) copper has been extensively studied in
the literature as a function of strain rate [1-5], grain size [2, 6—
13], and temperature [4, 7, 11, 12, 14, 15]. The flow stress in
copper has been shown to be grain size dependent according to
the well-known Hall-Petch relationship [16, 17]:

¢ = o+ kd 12 (1)

where o is the stress, o, and k are constants, and d is the
average grain size. According to this relationship, the
strength of the polycrystalline sample will increase with
decreasing grain size, which has been observed experi-
mentally for micron-sized grains [2, 6—8]. However, the
grain size dependence of yield strength does not follow the
Hall-Petch relationship for nanosized grains [18], where
one study postulated a gradual change in deformation
mechanism with decreasing grain size [9]. While Iyer et al.
[19] observed a linear dependence of flow stress on the
inverse square root of particle size for nanosized grains, the
Hall-Petch coefficient, k, was considerably smaller than
that observed in micron-sized polycrystalline copper.
Several authors have observed that grain size may not be an
appropriate variable to consider, but rather the average
distance between barriers to dislocation motion, e.g., dis-
location cell walls [2, 6]. Gourdin and Lassila [8] reported
that the Hall-Petch coefficient, k£, was constant in the strain
rate range 0.001-100 s—', while Meyers et al. [2] found
that the Hall-Petch coefficient, k, increased slightly with
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increasing strain rate when measured at low strains and
increased more dramatically with strain rate for 2040 %
strain, which they attributed to the rate of dislocation
multiplication and other factors.

In order to examine the effects of strain rate on material
properties, it is common to compare the stress at a given strain
over arange of different rates, and previous studies have shown
that such a comparison shows an increase in slope at high strain
rates, with the change in slope occurring between 1 x 10 and
25 x 10*s7 ' as reported in [20]. Follansbee [21] has pub-
lished one of the few studies investigating a single type of
copper across a large range of strain rates, the data from this
study are shown in Fig. 1, where the upturn in flow stress can
be seen; this figure also includes data from shock loading of
copper by Swegle and Grady [22] showing that the stress
supported by the material demonstrates a significant increase
in this regime. The interpretation of the rapid increase in the
strain rate dependence of flow stress in copper has been subject
to debate. Traditional interpretation of this increase in flow
stress has attributed it to the transition between thermally
activated and dislocation drag limited dislocation motion at
these strainrates [10, 23, 24], which has been argued against by
several authors. Armstrong and Zerilli [25] have suggested that
the sudden increase in flow stress is due to an enhanced rate of
dislocation generation at strain rates exceeding 1000 s~
Follansbee [21] has suggested that constant dislocation struc-
ture should be used, as opposed to constant strain, in the rela-
tionship between flow stress and strain rate. The Mechanical
Threshold Stress model [8] has this structural state variable as
its underlying principle where the instantaneous flow depends
on the instantaneous condition of the material as well as strain
rate and other state variables, e.g., temperature. Plotting stress
versus strain rate at a constant threshold stress, rather than
strain, shows no upturn at strain rates up to 10* s™' [1].

Gorham [26] proposed that the strain rate increase may
be due to differences in deformation velocity, wave prop-
agation, friction and/or inertia, i.e., effects which are pri-
marily associated with sample geometry. Although many
of these effects are difficult to quantify, the inertial stress, o
can be approximated from the following equation [20]:

a ., o a
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where p is the specimen density, a is the radius, & is the
height, and ¢ is the strain. In high rate testing, the two terms
are usually of similar magnitude, which can have a sig-
nificant effect on the flow stress.

Constitutive models are used to quantify the relationship
between stress, strain, strain rate, temperature, and pressure.
Several constitutive models have been developed ranging
from the empirical Johnson—-Cook model [27] to the struc-
turally dependent Mechanical Threshold Stress (MTS) model
[1], with a range of models between these two extremes.
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Fig. 1 True stress versus strain rate for copper from Follansbee [21]
and Swegle and Grady [22]

As mentioned above, the MTS model accurately captures the
upturn in flow stress, which would attribute this property to a
change in the underlying structure of the copper. However,
this model is complex to implement in material codes and
requires the determination of parameters that are difficult or
impossible to measure experimentally. Several models are
based on the thermal activation of dislocation motion [28-30],
where plastic flow is controlled by the motion of athermal long
range barriers and thermally-controlled short range barriers,
e.g., forest dislocations, point defects, and impurities. How-
ever, these models do not adequately capture the upturn in
flow stress at a constant strain. To address this issue, models
have been developed that incorporate dislocation density
evolution to account for the microstructural changes that are
occurring in the copper at extremely high strain rates [31, 32]
as well as models that incorporate viscous drag [33].

The experimental study presented in this paper investigates
the mechanical properties of OFHC copper across a range of
strain rates from 107> to 10° s~ where the copper samples
were designed to keep the first term in Eq. (2) approximately
constant between samples and to eliminate the second term to
minimize the effects of inertia on the data obtained. The
experimental data from this study are compared with multiple
literature sources varying strain rate and grain size to under-
stand the differences between experimental results on nomi-
nally the same material.

Experimental approach
Sample preparation

The copper in this study was obtained from a 12.7 mm
diameter rod (Hitachi grade OFE). The samples were
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machined to the desired size, and then some were annealed
at 350 °C for 1 h and allowed to cool in the oven after it
was turned off. The copper was tested in both the as-
received and annealed conditions. The sample geometries
in this study have been designed to minimize the effects of
inertia on the flow stress of the material, see Table 1.
Micrographs of the annealed copper samples are shown in
Fig. 2. The grain diameters for the annealed samples were
measured from both longitudinal and transverse sectioning
planes. The grain diameters were observed to be isotropic,
with a mean grain size of approximately 35 pm.

Compression testing

Compression experiments were performed across a range of
strain rates from 107> to 10* s_l, at room temperature. A
hydraulic load frame with parallel, steel platens was used for
quasi-static loading, in which the cylindrical samples were
nominally 8.00 mm diameter by 3.50 mm thick. It is gen-
erally accepted that quasi-static compression samples should
have a length to diameter ratio of 2:1. However, it has been
shown that there is little difference between samples tested
quasi-statically using 2:1 or 1:2 length:diameter ratio if the
correct lubrication is used [34, 35]. In these experiments,
samples with dimensions identical to those used for the split
Hopkinson pressure bar were tested. Specimens were either
lubricated with MoSi, grease, or placed on a glass-reinforced
PTFE sheet between the platens to reduce friction. In all
cases, minimal barreling of the specimen was observed. The

strain in the sample was determined from crosshead dis-
placement, and the stress was determined from the calibrated
load cell output.

Compression experiments at intermediate strain rates
(~10% s") were conducted using a split Hopkinson pres-
sure bar (SHPB) [36, 37], a schematic diagram of which
can be seen in Fig. 3a. The experiments varying strain rate
were conducted using the SHPB system located at AFRL/
RWME, Eglin AFB, FL, which is comprised of 1524 mm
long, 19 mm diameter 440-HT stainless steel incident and
transmitted bars. The striker is 305 mm long and made of
the same material as the other bars. The samples, which
were nominally 8 mm diameter by 3.5 mm thick or 5 mm
diameter by 2.5 mm thick, depending on strain rate, are
positioned between the incident and transmitted bars. The
bar faces were lightly lubricated with grease to reduce
friction.

In order to fully understand mechanical properties and
material behavior under impact conditions, the response of
materials at even higher rates is necessary. The ‘traditional’
SHPB, extensively discussed by Gray [38], is typically able
to characterize the mechanical properties of materials at
strain-rates up to about 5 x 10° s™'. While still higher
velocity impacts can be generated using plate-impact
experiments (10°~107 s™"), there is still a gap between the
two different strain-rate regimes. To fill this gap, a number
of researchers have performed similar experiments using a
miniaturized split-Hopkinson pressure bar (MSHPB). For
example, Jia and Ramesh [39] designed a sophisticated

Table 1 Experimental parameters for testing OFHC copper at varying strain rates using copper density of 8.9 g/cm3

Diameter (mm) Length (mm) Desired strain rate (s™')

Inertial terms (Eq. 2)

SHPB configuration

p <E + %) & (MPa) (h—g - g) (m?)
8 3.5 1000 0.027 42 x 1078 19 mm @—304 SS
1.5 0.65 10000 0.094 1.0 x 10710 3.2 mm J—Ti-6Al-4V

Fig. 2 Microstructure of copper samples in the a longitudinal and b transverse sample direction showing no preferential alignment of the grains

after annealing
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Fig. 3 a Schematic and b photograph of miniaturized split Hopkinson pressure bar (MSHPB)

MSHPB that incorporates strain control for use in the
testing of 6061-T651 aluminum; Casem [40] performed
experiments to increase the strain-rate regime to 10> s~'. In
addition, Jordan et al. [41] have conducted experiments on
polytetrafluoroethylene (PTFE), Epon 826/DEA [42], and
epoxy—aluminum composites [43] at strain-rates up to
4 x 10* s7! and Nemat-Nasser et al. [44] investigated the
behavior of Ni—Ti shape memory alloys to 2 x 10* s7".

The MSHPB at AFRL/RWME (Fig. 3a) consists of a
100 mm long striker bar, a 300 mm long input (incident) bar,
a 300 mm long output (transmitted) bar, and a 150 mm bar
that acts as a momentum trap to limit repeated reverberations
in the sample. All of the bars have a diameter of 3.2 mm and
are made of Ti—-6Al-4V. The striker bar is housed inside a
PTFE sabot traveling along the inside of a gun barrel. All bars
are mounted with PTFE bearings to reduce friction. Opera-
tion of the MSHPB is performed by the quick release of air
from the firing tank. Upon impact between the striker bar and
the input bar, a stress wave is generated and propagated along
the input bar (incident pulse). When the stress wave reaches
the sample, which is placed in between the input and output
bars, some of the wave is reflected back through the input bar
(reflected pulse), while the rest of the wave is transmitted into
the sample. There, the wave reverberates in the sample to
reach stress equilibrium and the wave continues into the
output bar (transmitted pulse) and is then absorbed by the
momentum trap.

For both the 19 mm J and the 3.2 mm ¢ (miniature)
bar systems, the properties of the sample are determined by
measuring the incident, reflected, and transmitted strain
signals, ¢, €g, and &7, respectively, using Kulite AFP-500-
90 semiconductor strain gages. These gages are smaller
(1 mm long) than traditional foil gages and have a much
higher gage factor (140). The gages form part of a potential
divider circuit with constant voltage excitation, which
transforms the resistance change of the gages to a voltage
change and compensates for temperature changes. The
strain gages are dynamically calibrated in situ by

[— One Wéve Sl;ess
— Two Wave Stress

0 0.05 0.1 0.15 0.2 0.25
True Strain

50

performing a number of impacts with carefully measured
striker bar velocities. From the measured impact velocity
and mass of the striker, the force amplitude of the stress
pulse introduced, F, can be determined and compared to
the voltage output, V, from the strain gages to give a cal-
ibration in the form:

F=KV(1 +bV), (3)

where K and b are calibration factors.

The full derivation of the data reduction used to calculate the
strain rate and stress in the specimen, as functions of time, can
be found in references [36, 37, 45]. In order to make repre-
sentative measurements of material properties, it is necessary
that the specimen achieves mechanical equilibrium during the
experiment, and this is sometimes assumed as it makes the
strain rate calculation more straightforward [36]. Equilibrium
can be confirmed in practice by calculating the stresses on the
front and rear faces of the specimen using the one- and two-
wave analyses, respectively, as described by [36]. The soft-
ware used to analyze the experiments presented in this paper
performs the one- and two-wave analyses automatically for
every specimen, so stress state equilibrium is verified in every
experiment. However, the calculation of strain rate does not
assume mechanical equilibrium, rather it uses all three of the
incident, reflected and transmitted force pulses to calculate
specimen strain rate through the following equation:

i) = | 2] 0 - ox(0) = o), @
S

where ¢, er, and er are the incident, reflected and
transmitted strain pulses time shifted to the front and rear
faces of the specimen, respectively, Cy, is the sound speed
in the bar material, and /g is the length of the sample. This
specimen strain rate is then integrated to give the strain,

1

(1) = / §(1)dr, (5)

0
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and the transmitted strain pulse is used to calculate the
reported one-wave specimen stress,

EpAy

ott) = |52 oxto), ©)

where E,, and A, are the elastic modulus and cross-sec-
tional area of the bar material, respectively, and Ay is the
cross-sectional area of the sample. The two-wave specimen
stress is calculated using Eq. 4 with et replaced by & + ég.
If true stress is required, Ag is typically updated using the
strain calculation, assuming that volume is conserved
during deformation. As discussed above, stress equilibrium
is verified during each test and a representative one wave—
two wave analysis is shown in Fig. 3b, where the oscilla-
tion of the two wave stress about the one wave stress at a
low strain (~0.05) indicates that the samples are in equi-
librium at these very high strain rates.

In order to confirm volume conservation, the changing
diameters of the expanding copper specimens were mea-
sured in situ on an SHPB at the University of Cambridge,
UK using laser diameter measurement [46, 47]. The radial
expansion measurements can be used to test the constant
volume assumption of the SHPB equations. The Poisson’s
ratio, v, during the experiment can be calculated by:

ér

V= 57 (7)
where ¢, and ¢, are the radial and axial strains, respectively.
This is a pragmatic engineering extension of the Poisson’s
ratio, which is only defined for small elastic strains. The
Cambridge SHPB system uses the same gages and data
reduction as the 19 and 3.2 mm J (miniature) bar systems
discussed above.

Results and discussion

The mechanical response of the as received copper as a
function of strain rate is shown in Fig. 4. A sharp transition
at yield is observed due to the work hardening during
processing. In addition, the as received copper shows strain
rate dependence with stress at a given strain increasing
with increasing strain rate. Representative stress—strain
curves for annealed copper across a range of strain rates are
shown in Fig. 5. Again, strain rate dependence is observed
in the annealed samples. It has been observed in previous
studies that increasing the strain rate results in an increased
work hardening rate [1, 2], which is also the case in these
experiments. Follansbee and Kocks [1] postulate that at
low strain rates dislocations become immobilized and
stored after traveling a distance proportional to the average
dislocation spacing, leading to a linear increase in strain
hardening rate. However, at higher strain rates, the dislo-
cations are only permitted to travel during the time

@ Springer

duration of the experiment resulting in considerably less
movement that in quasi-static experiments at the same
strain, which would give rise to an increased linear strain
rate dependence than at low strain rates [1], as well as
providing an estimate of dislocation speed.

The measurements of radial and longitudinal strain
measured using a laser diameter measurement system
along with a photographic technique are presented in
Fig. 6. The solid points were measured using the laser
diameter measurement system and the open points were
measured using high speed photographs of the deforming
sample. In all cases, the ratio between radial strain and
longitudinal strain is an approximately constant value,
0.5 + 0.1, which is consistent with the sample having
yielded and subsequently flowed at constant volume,
thereby supporting the use of volume conservation in the
calculation of true specimen stress.

In order to quantify the dependence of flow stress on strain
rate, the true stress at 20 % strain was plotted as a function of
strain rate in Fig. 7. The dependence on strain rate is linear
with a gradual slope up to ~3 x 10° s~' and, then, shows
the dramatic upturn in stress seen by Follansbee [21], as seen
in Fig. 1. To compare with the literature values on high
purity copper, the annealed data from this study is plotted in
Fig. 8 along with data from several sources in the literature
[2-4, 8, 12, 14, 21, 48]. There is considerable scatter in the
data from different sources although all data is measured on
high purity copper.

One source of the scatter is grain size. This is particu-
larly evident in the low strain rate data of Hansen and
Ralph [12] and Gourdin and Lassila [8] which were
experiments conducted at a single strain rate on multiple
grain sizes of copper. In Fig. 9, the stress at 20 % strain for
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Fig. 4 As received copper stress—strain curves, where the 0.01 and
1000 s™! curves were obtained from 8 mm diameter samples and the
9000 s~ curve was obtained from 1.5 mm diameter samples
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Fig. 6 Radial strain versus longitudinal strain for annealed copper
revealing a ratio of 0.5 between radial strain and longitudinal strain
under dynamic loading confirming conservation of volume during the
experiment. The close symbols are from the laser diameter measure-
ment system and the open symbols are from photographic measurement

data from this study as well as data from the literature [2, 4,
8, 12, 21] is plotted versus the inverse square root of grain
size, d, to determine the coefficient, k, in Eq. 1. At low
strain rates, ~0.001 s~!, the coefficient is 4.49 MPa mm"
2 and at high strain rates, ~3000 s~! the coefficient is
3.65 MPa mm"2. These values are in agreement with those
reported in the literature at 20 % strain by Meyers et al. [2]:
0.75-2.6 MPa mm'?; Armstrong and Zerilli [24]:
5 MPa mm”z; Gourdin and Lassila [8]: 2.78 MPa mm”z;
Feltham and Meakin [49]: 3.53 MPa mm"?; Ono and Ka-
rashima [7]: 2 MPa mml/z; and Hansen and Ralph [12]:
4.5 MPa mm"?. Of all the references sited, only Meyers
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compared with data from the literature for Follansbee [21]; Gorham
et al. [3]; Meyers et al. [2]; Lennon and Ramesh [14]; Ostwaldt and
Klimanek [4]; Hansen and Ralph [12]; Gourdin and Lassila [8]; and
Chen and Kocks [48]

et al. [2] and Gourdin and Lassila [8] considered the effect
of strain rate on k, although Gourdin and Lassila considered
a much narrower range of strain rates.

Based on their measurements, Gourdin and Lassila [8]
conclude that the flow stress is composed of a grain size
dependent part, which is independent of strain and strain
rate and an evolutionary part that is dependent on both. By
subtracting the grain size effect from the flow stress, one
should be able to collapse the copper data onto a “master
curve,” where the stress for a given grain size could be
found simply by adding in the grain size effect. In Fig. 10,
the low strain rate coefficient equal to 4.49 MPa mm'?
was used to “collapse” the data. It can be seen that the
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included along with that of Refs. [2, 4, 8, 12, 21]

400
350
c &
® 300 ;
73
g 250 A
£ 0 L8, R
=
% 200 R X :
s * e
@? 150 ¢ Annealed Copper
= Follansbee
w Meyers, Andrade, Chokshi
“‘_;’1 100 t Lennon and Ramesh
|_.
50 Hansen and Ralph
Gourdin and Lassila

0 5 5 7
10 0001 01 10 1000 10° 10
Strain Rate (/s)

Fig. 10 True stress at 20 % strain for annealed copper from this
study with the grain size effect subtracted from the data to create a
“master curve” compared with data from the literature for Follansbee
[21]; Meyers et al. [2]; Lennon and Ramesh [14]; Ostwaldt and
Klimanek [4]; Hansen and Ralph [12]; and Gourdin and Lassila [8]

scatter from Fig. 8 is reduced, although not entirely elim-
inated, suggesting the need for continued investigation into
the sources of differences between flow stress data col-
lected from nominally similar materials.

There are several additional reasons for differences in
data measured on the same type of copper by different
researchers. Gorham [20] discussed several sources of
experimental variation that should be considered. He
observed that the strain rate at which the upturn in flow
stress occurred varied from researcher to researcher and was
dependant on the size of the specimen used. He considered

@ Springer

inertia as a cause for the specimen size dependence, and
while he showed not likely to be significant for the speci-
men sizes that had been used previously in the literature, his
analysis also shows the importance of considering specimen
size when designing high rate experiments. The specimen
dimensions in the current study were designed to keep the
inertial contributions constant as a function of strain rate.
Gorham did postulate that wave dispersion in the bar
resulting in a rise time on the order of microseconds may
play a role in the specimen size dependence of the upturn
strain rate. These experimental sources of error may con-
tribute to the variations seen between the multiple sources
of data in Fig. 10, where the sample dimensions, bar sys-
tems, and lubrication vary from laboratory to laboratory.

The final reason that must be investigated is the role of
constant structure versus constant strain that is discussed by
Follansbee [21]. Each of the copper samples investigated in
the literature was subjected to different processing condi-
tions prior to testing, including cold working, annealing
temperature, and annealing time. In addition, the structure
at a given strain is dependent on the grain size of the
starting material, as seen by Gracio et al. [50] where
increasing grain size resulted in increased dislocation cell
size. The transition between large and small grain materials
is ~65-250 pm. The dislocations in small grained mate-
rials are greatly influenced by the surroundings resulting in
many geometrically necessary dislocations. Follansbee
[21] has shown that plotting the true stress as a function of
strain rate for a constant mechanical threshold stress results
in a linear relationship, giving much credence to the theory
that structure, rather than strain, needs to be the state var-
iable. However, the experiments to determine constant
structure require considerably more effort that traditional
stress—strain tests, and the data are not available for all of
the sources presented in Fig. 10. This difference in struc-
ture is believed to be the reason that the experimental data
from the present study lies on a lower—although parallel—
curve to the much of the literature data. The materials from
each study were processed differently giving rise to a
varied internal structure at the initiation of the experiment.

It can be seen both from the present study and from Fol-
lansbee’s work [9] that there is considerable variation within
a particular set of samples at a given strain rate, particularly
when that strain rate is greater than 10° s~'. This variation
may also be attributed to the internal structure, which may
vary from sample to sample, and also the strain rate history,
which may not be identical from test to test.

Conclusions

This paper presented a review of the literature on the strain
rate and grain size dependence of mechanical properties in
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copper. In addition, sources for the upturn in flow stress
versus strain rate were discussed. The experimental study
presented investigated the mechanical properties of OFHC
copper across a range of range of strain rates from 107> to
10°, where the copper samples were designed to minimize
the effects of inertia in the testing. The OFHC copper
tested showed an increase in flow stress with strain rate and
duplicated the upturn seen by other researchers at high
strain rates.

The experimental data from this study is compared with
multiple literature sources varying strain rate and grain size
to understand the differences between experimental results
obtained from nominally the same material. The first source
of variation investigated was grain size, where subtracting
out the grain size effect using the Hall-Petch relationship
decreased the scatter in the experimental data. Experimental
sources of error as identified by Gorham [14] may contribute
to the variations seen between the multiple sources of data in
Fig. 10, where the sample dimensions, bar systems, and
lubrication vary from laboratory to laboratory. The major
contribution to the variation between experimental results
from different studies is most likely the starting internal
structure for the materials, which is dependent on cold
working, annealing temperature, and annealing time. In
addition, the experimental variation within a particular study
at a given strain rate may be due to small variations in the
internal structure and the strain rate history.
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