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Abstract. Monocrystalline copper samples with orientations of [001] and [221] were shocked at
pressures ranging from 20 GPa to 60 GPa using two techniques: direct drive lasers and explosively
driven flyer plates. The pulse duration for these techniques differed substantially: 40 ns for the laser
experiments at 0.5 mm into the sample and 1.1 ~1.4 μs for the flyer-plate experiments at 5 mm into the
sample. The residual microstructures were dependent on orientation, pressure, and shocking method. For
the flyer-plate experiments, the longer pulse duration allow shock-generated defects to reorganize into
lower energy configurations. Calculations show that the post shock cooling for laser shock is 103 ~ 104
faster than that of the plate-impact shock, propitiating recovery and recrystallization conditions for the
latter. At the higher pressure level extensive recrystallization was observed in the plate-impact samples.
An effect to contribute significantly to the recrystallization is the existence of micro-shearbands, which
increase the local temperature.
Keywords: laser, shock compression, plate impact, shear localization in copper, shock waves, explosives
PACS: 62.50.+p

over plate impact, namely, the rapid post-shock
cooling, is discussed.
EXPERIMENTAL PROCEDURE

INTRODUCTION
Flyer-plate impact and laser shock are two
typical loading methods employed in shockrecovery experiments. Significant differences in
the residual microstructure in monocrystalline
copper shocked by these two methods have been
observed. The objective of this paper is to
demonstrate the differences of the residual
microstructures are to a large extent due to how the
heat generated inside the samples during shock is
extracted. Post-shock recovery and recrystallization
processes dominate the residual microstructures, if
the time interval and temperature are sufficient.
The unique advantage of laser shock compression

Explosively driven flyer plates and direct drive
lasers produce different shock pulses. For the plate
impact experiments reported herein, the duration of
the pulse at a depth of 5 mm from the impact
interface was in the 1.1—1.4 μs range. The
triangular shape laser shock pulse duration is 40 ns
at energy around 300 J, which produces an initial
pressure of approximately 60 GPa. The facilities
used for plate impact and laser shock have been
described in previous papers [1,2]. Monocrystalline
coppers with orientations of <001> and <221>
were shock-compressed by both laser (at ambient
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some bands with width of 100 ~ 200 nm were
observed very similar to those big bands in 30 GPa
plate impacted samples, twins with ( 1 11 ) habit
plane were more prevalent throughout the sample.

temperature) and plate impact (at 88 K) from 20
GPa to 60 GPa.
EXPERIMENTAL RESULTS
The microstructures are characterized by
stacking faults for both the 30-40 GPa plate
impacted and laser shocked <100> samples. The
average spacing between stacking faults is 230 and
450 nm for the laser shocked samples and 180 and
220 nm for the plate impacted sample (Fig. 1(a)). It
shows the two sets of stacking faults as the traces
of [ 220 ] and [220] orientations in the (001) plane.
Four stacking fault variants viz the ( 1 1 1 )1/6[112],

(a)
(b)
Figure 2. TEM for 57 GPa plate impacted <100>
copper samples: (a) overview of the sample (x10K); (b)
dislocation circles.

(111)1/6[ 1 1 2 ], ( 1 1 1 )1/6[ 1 1 2 ], and
( 1 1 1 )1/6[ 1 1 2 ] are observed in 40 GPa laser
shocked samples. The stacking faults are similar to
the ones observed by Murr [3]. It should also be
noted that, in the 30 GPa plate impacted <100>
samples, we observed isolated recrystallization as
well as localized deformation bands. These were
absent for the laser shocked specimens.

At 55-60 GPa, Micro-twins occur in both plate
impacted and laser shocked <100> samples. There
are micro-twins with ( 111 ) as habit plane in plate
impacted samples. The sizes for micro-twins vary
from 80 nm to 180 nm. For the laser-shocked
samples, there are two sets of micro-twins along
[ 2 2 0 ] and [ 2 2 0 ].
For the 57 GPa plate impacted samples, there
are deformation bands, slip bands, recrystallized
regions and dislocation tangles in addition to
micro-twins. Fig. 2 (a) shows a deformation band
of approximately 1.8 μm width traversing the
specimen. The appearance of these stacking faults
is different from the ones shown in Fig. 1(a). There
is evidence for recovery processes within them.
These broad bands are absent after laser shock
because of the much smaller time. Indeed, the
shock velocity is approximately 5.6 mm/μs. A
duration of 1.4 μs can generate heterogeneities
extending over a few mm. On the other hand, laser
shock, with duration of only 2ns, is much more
restricted in its ability to generate inhomogeneities.
In Fig. 2 (b), regular dislocation cell arrays can be
seen. Between two arrays, there are dislocation
tangles and in some places the density of
dislocation is very high. Mughrabi and Ungár [5]
found some dislocation cell structures very similar
to our observations, but they are quite unlike the
cells observed by other investigators (e.g., Johari
and Thomas [6]). The distances between the

(a)
(b)
Figure 1. (a) Stacking faults in 30 GPa plate impacted
<100> sample; (b) Micro-bands in 30 GPa plate
impacted <221> samples.

The substructure of the plate impacted <221>
sample shocked at 30 GPa contains micro-bands,
whose morphologies vary through this sample.
Some large bands, shown in the left part of Fig. 1
(b), have a width around 120 ~130 nm. Microbands with a width of 20~30 nm were found within
these large bands. Huang and Gray [4] proposed a
model to explain the formation of micro-bands,
based on the development of coarse slip bands. The
laser shocked <221> samples are characterized by
a greater density of twins than bands. Although
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Temperature profiles at time t=0 are shown in Fig.
4.
Fig. 5 shows the change of temperature with
time for 30 GPa plate impacted samples. The
maximum temperature (at surface) changes from
approximately 160 K to 100 K during a period of
1000 s. For 57 GPa (Fig.6), the temperature
changes from 360 K to 140 K during this same
time period. This period of time should be
sufficient to induce some microstructural changes
450
400
350

2000

Residual Temperature, K

Residual Temperature, K

repeated structures in both Fig. 2 (a) and (b) have
the same width of around 500 nm. The periodicity
of the features of Fig. 2(a) is remarkable. It is
speculated that these features are due to the
recovered stacking-fault arrays seen in Fig. 2 (b).
The major difference between the laser shocked
samples and plate impacted samples in 55-60 GPa
regime is the presence of fully recrystallized
regions in the latter.
The <221> samples plate impacted at 57 GPa
were full of large recrystallized grains (Fig. 3(a)).
Annealing twins grow in the recrystallized grains.
In 60 GPa laser shocked <221> samples, there is a
high density of dislocation, as shown in Fig. 3(b).
These dislocations are tangled and some bands
were formed as a result of heavy dislocation
density. A few of deformation twins were also
found in this sample.

1500

57GPa
30GPa

300
250

1000

200
150
100
50
0

50

100 150 200
Distance, mm

60GPa
40GPa

500
0
0

250

0.2

0.4 0.6 0.8
Distance, mm

1

(a)
(b)
Figure 4. Residual temperature inside the sample
immediately after shock: (a) plate-impact shock; (b)
laser shock.
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Figure 3. (a) TEM showing annealing twins and
recrystallized grains in 57 GPa plate impacted <221>
sample; (b) Dislocation structures in 60 GPa laser
shocked <221> samples.
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Figure 5. Temperature change for copper plate
impacted at 30 GPa.

ANALYSIS
It is important to notice that laser and plateimpact shocks have different wave shapes and
duration times because this likely results in very
different effects on the heat generated during the
shock and the heat transfers afterwards. Based on
the progress of the shock pulse and its decay, the
residual temperatures immediately after shock can
be calculated [7] (Fig. 4). To calculate the heat
transfer after shock, a semi-infinite heat transfer
model was adopted [8]. The following assumptions
were made: 1) Conduction is one-dimensional; 2)
Copper sample is a semi-infinite medium; 3)
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Figure 6. Temperature change for copper plateimpacted at 57 GPa.
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inside the samples. For laser shock, the region
which is affected by the temperature rise is much
shorter (up to 1mm). The temperature excursions in
laser shocked samples are shown in Fig. 7.Based
on these analyses, a qualitative comparison of the
plate impact and laser shock can be estimated. The
temperature decays in the laser shocked sample are
103 ~ 104 faster than those in the plate impacted
sample. These results explain why, although the
peak pressures of laser shock are much higher than
those of impact (resulting in higher residual
temperatures), the post-shock microstructures in
plate impact samples show a greater effect of post
shock thermal excursion.

hardened copper), n = 0.56, m = 1.04. There is
considerable local heat generation around heavily
deformed areas (such as deformation bands) as
show in Fig. 8. These regions can act as initiation
sites for post-shock recrystallization.
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Where, Tr = 90 K, Tm = 1356K, B = 53.7 MPa, C =
0.026, σ0 = 330 MPa (the value for shock
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