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Abstract
A series of experiments have been performed to probe the effects of dislocation density on the shock response of copper. 
The shear strength immediately behind the shock front has been measured using embedded manganin stress gauges, whilst 
the post shock microstructural and mechanical response has been monitored via one-dimensional recovery experiments. 
Material in the half hard (high dislocation density) condition was shown to have both a higher shear strength and higher 
rate of change of shear strength with impact stress than its annealed (low dislocation density) counterpart. Microstructural 
analysis showed a much higher dislocation density in the half hard material compared to the annealed after shock loading, 
whilst post shock mechanical examination showed a significant degree of hardening in the annealed state with reduced, but 
still significant amount in the half hard state, thus showing a correlation between temporally resolved stress gauge measure-
ments and post shock microstructural and mechanical properties.

Keywords Copper · Shock compression · Strength · Microstructure

Introduction

The response of metallic materials to external mechanical 
stimuli (including shock loading) is controlled by a num-
ber of factors at the microstructural level; type of unit cell, 
grain size, distribution and balance of additional phases and 
prior deformation history to name but a few. At the most 
fundamental level, it is probably the unit cell that has the 
greatest effect. Face centred cubic (FCC) metals such as 
copper, nickel or aluminium have been shown to deform via 

rapid dislocation motion, relaxing back to a dislocation cell 
structure on release [1–3]. The corresponding mechanical 
response under shock loading conditions involves a very low 
Hugoniot Elastic Limit (HEL—the yield strength under one-
dimensional strain) and a fast (often exceeding the temporal 
resolution of the diagnostics) rise to the final shock ampli-
tude [4]. Additionally, the shear strength has been observed 
to increase with time behind the shock front [5], and in the 
case of nickel at least, over near identical time scales for 
the shocked microstructure to reach its final confirmation 
[6]. In contrast, body centred cubic (BCC) metals such as 
tantalum have a higher and more clearly defined HEL and 
slower rise to the final shock amplitude [4, 7]. Shear strength 
was also shown to decrease behind the shock front [8]. It 
was suggested that this was due to the high Peierls stress 
characteristic of many BCC materials which reduced the 
ability of these materials to deform via dislocation genera-
tion, relying more on the motion of pre-existing dislocations, 
with transmission electron microscopy (TEM) of shocked 
tantalum showing that this was indeed the case [9]. However, 
the differences discussed above between FCC and BCC met-
als are an over simplification, with considerable variation 
occurring even within a single structural type. Reducing the 
stacking fault energy (SFE) in FCC metals, for example by 
alloying, can have a significant effect on the microstructural 
response. Rohatgi et al. [10–12] showed that alloying copper 
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with aluminium up to 6 wt% induced a shift from rapid dis-
location generation to a microstructure dominated by defor-
mation twins. Similar effects have also been observed in low 
SFE materials such as austenitic stainless steels [13] and pure 
silver [14]. In mechanical terms, in austenitic stainless steel 
shear strength was observed to be largely constant behind 
the shock front [15], which was attributed to the increasing 
levels of twinning. Alternatively, changing the balance of 
additional phases within the microstructure has also been 
shown to have a strong effect. In the case of age hardened 
aluminium (Al 6061) and copper-beryllium alloys [16, 17], 
materials in the solution treated state displayed behaviour 
similar to that of pure aluminium or copper, a rapid rise of the 
shock front to the shock amplitude and an increase in shear 
strength behind the shock front. Aging the solution treated 
microstructure, thereby creating a distribution of fine, non-
shearable particles throughout the microstructure, increased 
the rise time of the leading part of the shock, presumably by 
restricting the motion and generation of dislocations. Micro-
structural examination of Al 6061 [16] in the solution treated 
state showed a similar response to pure copper or nickel in 
that a dislocation cell structure was observed. This also cor-
responded to an increase in observed shear strength behind 
the shock front as well. Ageing the material resulted in a 
randomised dislocation distribution. The reduction in shear 
strength behind the shock front was also observed to be less.

Possibly the simplest way of modifying the mechanical 
response of a material is via cold working, thereby altering 
the density of dislocations present within the microstructure. 
In the case of tantalum, both quasi-isentropic loading [18] and 
shock loading [7, 19] has examined the effects of prior cold 
work. In annealed material, results showed that the elastic limit 
was clearly distinguishable, with an upper and lower yield 
point. Pre-rolling the material not only removed these upper 
and lower points, thus making the elastic limit more diffuse 
in nature, but reduced its magnitude as well. It was suggested 
in both reports that this was due to the presence of residual 
interstitial oxygen atoms accumulating around dislocations, 
effectively pinning them in position. Pre-rolling the tantalum 
would induce existing dislocations to move away from the sur-
rounding oxygen atoms, hence resulting in a lower elastic limit.

The purpose of this paper is to provide further insights 
into the deformation of copper under plate impact load-
ing conditions. Whilst the microstructural and mechanical 
response of copper to shock loading has been studied exten-
sively (including the effects of residual strain [20], crystal 
orientation and pulse duration [21] and variations due to 
rise time in the loading pulse [3]), little work appears to 
have been done on the effects of the initial dislocation den-
sity on the shock response. In a previous paper, we examine 
this effect, by shock loading an as-received copper in a cold 
worked “half-hard” condition and comparing to the same 
material after an annealing treatment [22]. In this paper, we 

expand on that work by including shear strength measure-
ments using laterally mounted stress gauges. The intention is 
to correlate the observed changes in the resultant microstruc-
ture and post shock mechanical response with the in situ 
strength measurements, thus increasing the understanding 
of the effects of initial dislocation density on the behaviour 
of copper during shock loading.

Experimental

Plate impact experiments have been performed on 100 mm 
diameter, 6 m and 70 mm, 3 m long smooth bore gas launch-
ers. Target plates of copper 10 mm thick by 60 mm square 
(half hard) and 25 mm thick by 50 mm square (annealed) were 
sectioned in half and a manganin stress gauge (MicroMeasure-
ments type J2M-SS-580SF-025) introduced 4 mm from the 
front surface. These particular gauges have been chosen as 
they have an active width of ca. 240 µm, thus giving a good 
temporal resolution. Due to their design, they are often referred 
to as ‘T’ gauges. The sample was re-assembled using a low 
viscosity epoxy adhesive with 25 µm of mylar on either side 
of the gauge for added protection. During curing, the sample 
was held in a special jig for a minimum of 12 h. After, the front 
surface was lapped to within five fringes from a monochro-
matic light source. This gauge was designed to measure the 
lateral component of stress (σy) and voltage–time data from 
the gauge output was converted to lateral stress using the meth-
ods of Rosenberg et al. [23] Since these gauges in both half 
hard and annealed copper were mounted at the same distance 
from the impact face, any differences in their response should 
be due to differences in materials behaviour rather than wave 
effects due to differing specimen geometry. A second stress 
gauge (MicroMeasurements type LM-SS-210DF-050/SP60) 
was supported on the front surface using a 2 mm thick copper 
coverplate. In this configuration, the gauge is sensitive to the 
longitudinal component of stress (σx), using the calibration of 
Rosenberg et al. [24]. From the output of these two gauges, 
the shear strength (τ) could be determined using the relation,

assuming the material is (near) isotropic. A schematic repre-
sentation of the target assembly is shown in Fig. 1.

Shock stresses in the range 2.36–10.75 GPa were gener-
ated by the impact of 6 mm flyer plates made from either 
aluminium alloy 5082 or copper. It is clear from the target 
assembly schematic shown above that this technique is inva-
sive, which have led some authors to question the valid-
ity of the gauge results [25]. However, laterally orientated 
stress gauges have been used successfully to measure shear 
strength in a wide variety of materials and the interested 
reader is directed to the review article by Millett [26] and 
the references therein.

(1)2� = �x − �y,
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A second series of experiments were performed to deter-
mine the microstructural response of copper to shock load-
ing. 35 mm diameter by 5 mm thick disks of half hard and 
annealed copper were placed in target assemblies consisting 
of concentric rings of half hard copper and phosphor bronze 
to prevent lateral releases entering the specimen location. 
A series of 1 mm thick half hard copper disks were placed 
immediately behind the sample to prevent spallation effects 
occurring and finally a 1 mm copper coverplate was placed at 
the front surface of the target assembly to remove shear defor-
mation effects at the impact face. These experiments were 
based on the methodology developed by Gray and co-authors 
[27–31] and photographs of a typical recovery target assembly 
are shown in Fig. 2. Shock stresses of 5.1, 5.9 and 9.6 GPa 
were induced by the impact of copper flyer plates at velocities 
of 275, 315 and 499 m s−1. Flyer thicknesses were ca. 2.3 mm 
so as to provide a 1 µs pulse duration. Although the target 
design ensured that the specimen was loaded and unloaded 
purely under conditions of one-dimensional strain, the sample 
itself still had to be brought to rest in such a manner as to pre-
vent subsequent damage during the recovery process. As such, 
the sample was decelerated into bags containing a hydrated 
mixture of sodium polyvinylacetate and wood pulp, which 
also quenched the samples back to ambient temperatures.

After the samples had been recovered, 3 mm disks were 
trepanned out and then twin jet polished using a solution of 
33% nitric acid in methanol. Microstructures were observed 
via TEM using a JEOL 2100 with an accelerating voltage of 
200 kV. Further details can be found in Higgins et al. [22, 
32]. Mechanical testing on pre and post shocked samples was 
also performed on 5 mm diameter by 5 mm right cylinders, 
machined such that the long axis of the samples was parallel to 
the shock direction, in compression on a Zwick Roell Zmart.
pro load frame at a strain-rate of  10−3 s−1.

In both series of experiments, impact velocities were 
measured by Hetrodyne (photonic Doppler velocimetry—
PDV) [33] velocimetry, using a 1550 nm laser.

Materials Data

Oxygen free, high conductivity copper was bought as 25 mm 
plate stock in the half hard condition, corresponding to an 
approximate reduction in thickness of 21%. The grain size 
was ca. 100 µm. To generate a low dislocation microstruc-
ture, the material was annealed at 425 °C for 1 h, followed 
by an air cool (Fig. 3).

The annealed material has a low dislocation density of ca. 
3.8 × 108 cm−2, and a grain size of ca. 64 µm. In contrast, 
the half hard material has a much higher dislocation density 
arranged in a cell network although it is near impossible to 
quantify. Acoustic and shock properties are presented below 
in Table 1.

Results

In Fig. 4, we present lateral stress gauge traces taken from 
an earlier investigation [35], in this case using stress gauges 
in a grid MicroMeasurements type (LM-SS-210DF-050/

Fig. 1  Lateral stress gauge target assembly

Fig. 2  Typical target assembly for a plate impact recovery experi-
ment. a Complete assembly and b Disassembled target. The specimen 
is fourth from left
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SP60), rather than the more recent ‘T’ configuration. As 
a consequence, the rising part of the signal occurs over a 
period of ca. 1 µs as the shock front crosses the active width 
of the gauge. Indeed, as the shock crosses the gauge, each 
individual gauge element registers the shock, resulting in the 
step-like rise that is observed in each trace.

Once the stress front has passed over the entire gauge, 
the lateral stress would be expected to equilibrate once the 
Hugoniot stress has been reached. Note, however, there is 

a slight decrease in lateral stress behind the shock front. 
From Eq. 2 this suggests that the shear strength increases 
behind the shock front. However, due to the large scale 
of the gauge, there is a significant integrating effect that 
makes quantification of this shear strength near impos-
sible. In Fig. 5, we present the equivalent results in half-
hard copper, this time with laterally mounted stress gauges 
using the ‘T’ design.

Observe that the decrease in lateral stress behind the 
shock front noted in Fig. 4 is again present, although more 
pronounced. We believe that this is more an effect due to 

Fig. 3  Transmission electron micrographs of unshocked copper. a 
Annealed at 425 °C and b Half hard from the manufacturers

Table 1  Acoustic and shock properties of copper [34]

The values c0 and S are the shock parameters, taken from the rela-
tionship between shock velocity (US) and particle velocity (up), where 
US = c0+Sup

Longitudinal sound speed, cL (mm µs−1) 4.76
Shear sound speed, cS (mm µs−1) 2.33
Bulk sound speed, cB (mm µs−1) 3.93
Density ρ0 (g cm−3) 8.93
c0 (mm µs−1) 3.94
S 1.49

Fig. 4  Later stress gauge traces in annealed copper from a previous 
investigation [32]. Note that in this case, grid gauges (MicroMeasure-
ments type LM-SS-210DF-050/SP60) were used rather than the ‘T’ 
gauge configuration used in more recent programmes

Fig. 5  Lateral stress gauge traces from as-received half-hard copper
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the greater temporal resolution of the ‘T’ gauge compared 
to the grid gauge, rather than inherent differences due to 
material’s processing. However, these results are a strong 
indication that even in the half-hard state, copper can accom-
modate significant levels of dislocation generation during 
shock loading.

In Fig. 6, lateral stress data, in combination with the 
known longitudinal stress from the impact conditions, have 
been used to generate shear strength data, and its varia-
tion with longitudinal stress. This has been done for cop-
per in both the annealed and rolled states, and we have also 
included similar data from Bat’kov et al. [36], also meas-
ured using lateral stress gauges, and McGonegle et al. [37] 
who used X-ray diffraction to measure changes in the lattice 
parameter during shock loading before using the results as 

input data into a molecular dynamics model to predict the 
shear strength.

It can be seen that the data lies on two separate trajec-
tories, with the half hard material being more sensitive to 
impact stress than the annealed (Fig. 6a). We have expanded 
this in Fig. 6b by adding data from work by Bat’kov et al. 
[36] (using manganin stress gauges) and McGonegle et al. 
[37] (from X-ray diffraction measurements of lattice param-
eter in shock copper fed into a molecular dynamics model). 
Note that the data from Bat’kov et al. [36] although slightly 
lower than our own half hard data, follows pretty much the 
same gradient, suggesting that the material investigated here 
was also half hard. The data from McGonegle et al. [37] 
is broadly similar to all three data sets using gauges, even 
though this was made on laser shocked foils, diagnosed with 
X-ray diffraction. Clearly, the prior condition of copper has 
a strong effect upon its response to shock loading. This issue 
has been explored further in a series of experiments where 
samples of annealed and rolled copper have been shocked 
and recovered back to ambient, purely under conditions of 
one-dimensional strain. The results are shown in Fig. 7.

Both recovered microstructures have relaxed back into 
a cellular array of dislocations, typical of moderate to high 
SFE FCC metals such as copper [3] and nickel [1]. How-
ever, clear differences can be seen according to the mate-
rial’s initial starting condition. The annealed sample con-
sists of well-defined dislocation cell walls, with relatively 
defect-free interiors. In contrast, in the rolled material, the 
cell walls are much thicker, with evidence of dislocations 
in the centres as well, indicating that the overall dislocation 
density after shocking is greater in the pre-rolled material.

In addition to examining the post shock microstruc-
ture, we have also investigated the post shock mechanical 
response as well. The results are presented in Fig. 8.

Note that the post shocked stress–strain curves have been 
displaced along the strain axes by the equivalent plastic 
strain due to the shock and release process, calculated the 
effective strain (εres) from the relation [38],

where the subscripts x applies to the loading axis and y and 
z lie in orthogonal directions. As the sample is under condi-
tions of one-dimensional strain in the loading (x) direction, 
strain in the orthogonal directions (y and z) is zero, and thus 
Eq. 2 simplifies to,

However, this only applies to the loading part of the com-
plete shock cycle. If we assume that the equivalent strain is 
also imposed upon release, and that the true strain can be 
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Fig. 6  Shear strength and its variation with longitudinal stress in 
annealed and rolled copper. a This investigation, b Comparison with 
the data of Bat’kov et al. [36] and McGonegle et al. [37]
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expressed as the natural logarithm of the ratio of the shocked 
(V) and ambient specific volumes (V0), the total equivalent 
strain imposed on shock and release becomes,

Results show that the response of copper to shock load-
ing, as indicated by the microstructural results in Fig. 7, is 
strongly dependent upon the initial state prior to shock loading. 
The post shock mechanical response also displays a similar 
dependence. In the case of the annealed material (Fig. 8a), the 
shocked sample displays a significant degree of post shock 
hardening, and a reduced degree of work hardening. This is in 
agreement with recovery work performed by Gray and Mor-
ris [3] on copper, and in a wider context on high SFE FCC 
metals such as nickel and aluminium alloys [1, 16]. In its as-
received, half hard state, the post shock stress–strain curves 
show a reduction in post shock hardening compared to the 

(4)�res =
4

3
ln

[

V

V0

]

.

annealed state, but still significant. We also note that it appears 
that there is a slight and progressive reduction in work harden-
ing as shock pressure increases.

Discussion

The results presented above show a clear effect of prior 
microstructure of copper, both from in situ shear strength 
measurements and post shock microstructural and mechan-
ical property development. From Fig. 6a, it is clear that 
strength of copper in its half hard state increases more rap-
idly than in an annealed state. In Fig. 6b, we have included 
two further sets of data from the literature; lateral stress 
gauge data from Bat’kov et al. [36], and McGonegle et al. 
[37] from X-ray diffraction measurements of the lattice 

Fig. 7  Transmission electron micrographs of recovered copper after 
shock loading for 1  μs. a Annealed copper loaded to 5 GPa and b 
Half-hard copper loaded to 6 GPa Fig. 8  Quasi-static mechanical response of shock loaded copper. a 

Annealed material shocked to 5 GPa and b Half-hard copper shocked 
to 6 and 10 GPa
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parameter during shock loading. The most obvious infer-
ence is that the half hard copper is stronger than the annealed 
material. Certainly at quasi-static strain-rates, as seen from 
Fig. 8, this is true, with annealed copper having a yield 
strength of ca. 50 MPa, whilst the half hard yields at ca. 
200 MPa. Note however, that the data of Bat’kov et al. [36], 
whilst lying slightly lower than our own half hard data, 
appears to have the same rate of change of shear strength 
with longitudinal stress. In a previous article [35], it was 
suggested that these differences were due to the analysis 
routines used on the data gathered from the lateral stress 
gauges. Another (and more likely) possibility lies in the 
condition of the copper used in the Russian investigation. 
The authors cite the material as M1 copper. A search for 
the relevant properties has yielded incomplete results, but it 
has been noted that the material is supplied as either ‘soft’ 
or ‘hard’ cold-rolled. The suppliers have not specified the 
level of thickness reduction for either cold rolling process, 
further they report the resultant tensile stress strength but 
not the yield strength, which would be more useful for this 
investigation. Therefore, whilst it makes it difficult to draw a 
direct comparison between our own data and that of Bat’kov 
et al. [36], it would seem likely that the presence of a high 
initial dislocation density in their material has a significant 
effect on the in situ shock induced shear strengths, resulting 
in the higher sensitivity of shear strength to shock stress 
than in the annealed material. The situation with the data 
from McGonegle et al. [37] is less clear cut. The authors 
mention that it was purchased as 20 µm polycrystalline foil, 
which suggests that the material is also in a cold rolled con-
dition, although no further information is given. Making this 
assumption, it would be expected that their results would 
be in agreement with those from our own half hard mate-
rial, and from that of Bat’kov et al. [36], when in fact, they 
appear more consistent with the annealed material. The most 
likely reason for this lies in the differences in length and time 
scales used to load the samples. Bat’kov et al. [36] used an 
explosive loading system that resulted in a pulse duration 
between 1 and 3 µs, whilst McGonegle et al. [37] used a 
laser to shock load 20 µm foils for ca. 10 ns. Cao et al. [21] 
compared the microstructures of shocked single crystalline 
copper (in the <100> and <221> orientations), using either 
explosively driven flyer plates (pulse duration between 1.1 
and 1.4 µs) or laser driven shocks of duration approximately 
2.5 ns. They noticed significant differences between the two 
loading regimes, with regions of shear localisation in the 
plate impact loaded specimens that were completely absent 
from the laser loaded specimens. They attributed this to 
differences in heat transfer, which naturally took longer in 
the plate impact experiments, thus allowing greater ther-
mal effects to manifest. From a wider perspective, Bourne 
[39] has pointed out that the deformation mechanisms avail-
able during a deformation event are influenced by the time 

available for deformation (i.e. shock pulse duration). In 
moderate to high SFE FCC metals such as copper or nickel, 
plastic deformation is generally controlled by the interaction 
between dislocations. However, this requires that mobile dis-
locations have to move over a distance before they interact, 
which will take time. Therefore, under very short pulse dura-
tions (such as those imposed by lasers), the time available 
does not allow significant dislocation interaction, and hence 
the strength characteristics of even a pre-shock work hard-
ened material will, under these short pulse durations be more 
characteristic of a lower dislocation density at longer pulse 
durations. Note however, that the laser generated data, whilst 
starting in line with our annealed data, as stress increases, 
begins to trend towards the half hard results. This may be 
evidence that as shock stress increases, dislocation velocity 
also increases, thus reducing dislocation interaction times, 
making the strengthening observed more characteristic of a 
pre-cold rolled copper.

The microstructures from shock loaded copper in both 
the annealed and half hard states presented in Fig. 7 show 
dislocation cell structures. The annealed sample (shocked 
to 5 GPa) shows a cell structure typical of moderate to high 
SFE FCC metals such as copper and nickel. This is also an 
indication both that the sample was well aligned and that 
the momentum trapping rings kept residual lateral strains 
to a minimum. Gray et al. [20] demonstrated that as long 
as residual strains were < 2%, a cell structure would form. 
At 7%, a mixture of dislocation cells and planar dislocation 
arrays was observed, and heavy twin formation was noted 
at a residual strain of ca. 26%. Therefore we can be confi-
dent that there were no adverse lateral strain effects. The 
half hard sample (shocked to 6 GPa) also had a dislocation 
cell structure, but it can be seen that the cell walls are much 
thicker, and that there are dislocations present within the 
interiors. In simplistic terms this would appear reasonable; 
the higher population of dislocations in the rolled material 
would act as an increased source of extra dislocations dur-
ing loading. However, there is relatively little work in the 
literature on the effects of prior deformation on the shock 
response of materials. The majority of this has concentrated 
on samples receiving repeat shock loading after recovery 
(see for example Gray and Huang [2] on pure aluminium or 
Moin and Murr [40] on nickel and 304 stainless steel). In 
the case of nickel [40], three consecutive loadings at 15 GPa 
(duration of 2 µs for each loading event) showed that cell 
walls were more defined (in other words a greater dislo-
cation density) and the cells themselves were smaller than 
for a single load cycle. However, it was also noted that the 
cell dimensions were not equivalent to either a single load-
ing event at 45 GPa for either 2 or 6 µs, with the cell size 
being larger in the repeat loadings than in either 45 GPa 
single events. This led the authors to suggest dislocation 
generation decreased with each subsequent loading cycle. 
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This would appear to be consistent with the quasi-static pre 
and post shock compression curves shown in Fig. 8. In the 
case of the annealed sample, once the strain imposed by the 
shock and release cycle has been accounted for, a consider-
able degree of hardening has occurred, although the level of 
work hardening has been reduced. This behaviour is consist-
ent with a number of FCC metals including copper [3, 11], 
nickel [1] and some aluminium alloys [16, 41]. The most 
likely cause at the very high strain-rates occurring during 
shock loading, the mobility of dislocations are restricted, 
and thus to accommodate the strain imposed during shock 
loading, extra dislocations have to be generated. Conse-
quently the quasi-static response of the shocked material, 
once the imposed shock strain has been accounted for will 
show a significant degree of post shock hardening, as can 
be seen in Fig. 8. With the half hard material, after again 
taking into account the strain imposed by shock and release, 
post shock hardening is again observed, but this time at a 
reduced level when compared to the same situation in the 
annealed material. This demonstrates that the material is 
still able to accommodate plastic deformation via dislocation 
generation, and is consistent with the increased dislocation 
density observed in the shocked microstructures shown in 
Fig. 7. This is also consistent with lateral stress traces from 
the half-hard material in Fig. 5 which show a reduction in 
lateral stress behind the shock front, suggesting that a level 
of hardening and hence dislocation generation is still occur-
ring. We also note that the grain sizes between the annealed 
material (ca. 64 µm) and half hard (ca. 100 µm) are different 
and thus cannot be dismissed. However, we believe that the 
effect of grain size in these circumstances will be minimal 
for the following reasons. Firstly, whilst copper, like all FCC 
metals does have a grain size dependent yield strength (the 
Hall–Petch relationship), the sensitivity of strength to grain 
size is not great due to the relative ease in which new dislo-
cations can be generated during deformation [38]. Given that 
the grain sizes in these two materials are not radically dif-
ferent, it would therefore be expected that grain size effects 
would not be large. Secondly, due to the ease of dislocation 
motion in copper during shock loading, the average dis-
location interaction distance (in the case of nickel, which 
behaves in a similar way to copper, Bourne et al. estimated 
this to be of the order 170 nm [4]) is much less than the grain 
size, and thus under the extremely high loading rates expe-
rienced during shock loading, dislocations in copper won’t 
have time to be influenced by grain boundaries. However, it 
is interesting to speculate if this would apply in nano-grained 
materials, although this is beyond the scope of this paper.

Finally, in Fig. 9, we present again the quasi-static stress 
strain curves from both the as-received and shocked condi-
tions, this time including the strain imposed by the rolling 
process in the manufacture of the half hard material. This 
has been calculated from Eq. 2, based on the assumption 

that the material has been strip rolled (i.e. the rolling direc-
tion has been constant). Therefore, if strain in the z direc-
tion (width) is zero, then the equivalent strain in the through 
thickness (x) direction reduces to,

where w0 and w are the original and final thicknesses of 
the rolled material. Half-hard copper generally corresponds 
to a reduction in thickness of 21%, giving a true strain of 
0.235. Two features are immediately obvious from this 
figure. Firstly, the stress–strain curve (accounting for the 
equivalent strain from the rolling) from the unshocked half 
hard material appears to be an extension of the annealed 
material. Given that copper (like most moderate to high SFE 
FCC metals) is a path dependent material, this implies that 
the imposed strain-rate during the rolling process is near 
identical to the strain-rate imposed during the quasi-static 
 (10−3 s−1) testing. It is interesting to note that this behaviour 
applies even though the copper in this investigation started 
in the half hard state with annealing from there rather than 
rolling from an initial annealed condition.

Similar behaviour can be observed in the quasi-static 
response of the shock recovered samples, with the half hard 
response lying on a (near) extension of the annealed mate-
rial. However, it can be seen that the stress–strain curves 
of the pre-shocked half hard material do not quite correlate 
with the corresponding curve from the pre-shocked annealed 
copper. Specifically, it would appear that the curve from the 
half hard copper loaded to 6 GPa would lie slightly below 
that of the annealed sample shocked to 5 GPa, whilst the 
half hard 10 GPa curve does seem to be an extension of the 

(5)�eq =
2
√

3

ln

�

w

w0

�

,

Fig. 9  Quasi-static stress-strain curves for annealed and half-hard 
copper, pre- and post shock. Note that in this figure, all pre-strain, 
including that imposed by the rolling process has been accounted for
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annealed 5 GPa curve. We believe that this again is due to 
the path dependence of copper, specifically during the initial 
rise of the shock pulse. A reasonable estimate of the strain-
rate imposed in the rise of the shock front can be determined 
using the methods of Grady [42] where the strain-rate ( �̇� ) is 
related to the stress jump, σ (the difference in stress between 
the HEL and the final stress amplitude) via the relation,

where A is a constant, although very recently we have pre-
sented evidence that it is an indication of dislocation mobil-
ity [43, 44] during shock loading. Using this approach, we 
can give a reasonable estimate of strain-rate at the shock 
levels in the recovery experiments discussed above; thus 
at 6 GPa, the strain-rate in the shock front is of the order 
9.7 × 106 s−1, whilst at 10 GPa, this is nearly an order of 
magnitude higher at 75 × 106 s−1. This therefore suggests 
that the recovered sample from the 10 GPa shock should 
show a slightly higher quasi-static response than the sam-
ple recovered from 6 GPa. This approach can also provide 
an explanation of the differences between the quasi-static 
responses of the annealed and half hard coppers (after shock 
loading), with the annealed appearing slightly stronger. We 
would suggest that the higher initial dislocation density in 
the half hard material would reduce the mobility of those 
dislocations (compared to the fewer dislocations present in 
the annealed material), thus somewhat reducing the strain-
rate in the shock front itself, with the result that the harden-
ing due to the shock would be reduced by a small but finite 
amount. On a grosser scale, such differences in strain-rate 
due to changes in dislocation mobility have been observed 
in two different BCC metals [43], with niobium having a 
greater shock induced strain-rate than molybdenum due to 
the lower Peierls stress yielding an increase in dislocation 
mobility.

Conclusions

The effects of prior cold work on the shock response 
of copper have been investigated using stress gauges to 
determine the in situ shear strength and one-dimensional 
recovery to obtain the post shock microstructural and 
mechanical response. In the as-received, half hard con-
dition (corresponding to a reduction in thickness via 
cold rolling of ca. 21%), the in situ shear strength and 
its change with increasing shock stress were shown to be 
greater than the corresponding change in the annealed 
state. These results (in the case of the half hard condition) 
are similar to those of previous workers where similar 
experiments were also performed on copper with prior 
cold work. We have suggested that the greater starting 
dislocation density in the half hard condition acts as an 

(6)�̇� = A𝜎4,

increased source of dislocations during shock deforma-
tion. We have noted with interest that the shear strengths 
generated during laser shock loading of (presumably) cold 
rolled copper foil are more consistent with our own results 
from annealed copper. We have suggested that this is due 
to the effects of the corresponding pulse durations. In the 
laser shock experiments, a pulse duration of ca. 10 ns was 
observed, compared to several microseconds in the case 
of plate impact. In the case of copper under shock loading 
conditions, the strength is controlled by the motion and 
interaction of dislocations. In the case of the laser loaded 
specimens, even though the dislocation density was high, 
the loading would be of sufficiently short duration that 
dislocation interactions would be minimal, thus giving a 
shear strength more akin to that of an annealed material. It 
is interesting to note, however, that as stress increases, the 
shear strength in these samples begins to increase towards 
that of our half hard material. We have assumed that this 
is due to the increasing dislocation velocity reducing the 
dislocation interaction times (and increasing dislocation 
interactions), hence resulting in a more rapid increase in 
strength.

Recovery experiments showed that in both the half hard 
and annealed states, the resultant shocked microstructure 
consisted of a well developed network of dislocation cells. 
This was consistent with previous studies of FCC materi-
als with moderate to high stacking fault energies. It was 
observed however, that the cell walls in the half hard mate-
rial were considerably higher than in their annealed coun-
terparts. The corresponding quasi-static compression tests 
on shock loaded material showed that the annealed copper 
displayed a significant degree of post shock hardening (when 
compared to the unshocked response) but with a reduced 
degree of work hardening. We believe that this is due to 
the very high strain-rates encountered during shock load-
ing resulting in a somewhat reduced dislocation mobility, 
thus requiring a higher degree of dislocation generation to 
accommodate the equivalent strain. Thus the higher dislo-
cation density after shock loading results in a reduced work 
hardening post shock. With the copper in the half-hard con-
dition, the level of post shock hardening is reduced, but still 
present, as suggested by the increased dislocation density 
in the cell walls observed in the TEM micrographs. Tak-
ing all the equivalent strains from both the rolling process 
and shock loading into account, a number of features have 
become prominent. Firstly, the quasi-static curve of the 
half-hard copper lies on an extension of that of the annealed 
material, implying that the strain-rate experienced during 
cold rolling was nearly identical to that imposed by the 
quasi-static upset tests themselves. Secondly, the quasi-
static stress–strain response of the pre-shocked copper from 
both initial starting conditions also lie on or near the same 
quasi-static stress–strain curve. However, the precise nature 
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of the shocked quasi-static response appears to have a small 
dependence on the shock amplitude, with the yield stress 
increasing slightly. We have suggested that this is due to 
variations in strain-rate in the shock front itself. We believe 
that increasing pre-shock dislocation density (i.e. the half 
hard material) reduces the overall dislocation mobility and 
hence reduces by a small yet significant degree the resultant 
strain-rate. In contrast, increasing the shock amplitude will 
increase the overall strain-rate, and hence the level of post 
shock hardening as well.
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