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Abstract

Monocrystalline copper samples with orientations of [0 0 1] and [2 2 1] were shocked at pressures ranging from 20 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 �s for the flyer-plate experiments at 5 mm into the sample. The residual microstructures were dependent

on orientation, pressure, and shocking method. The much shorter pulse duration in the laser driven shock yielded microstructures in recovery

samples closer to those generated at the shock front. For the flyer-plate experiments, the longer pulse duration allows shock-generated defects

to reorganize into lower energy configurations. Calculations show that the post-shock cooling for the laser driven shock is 103 ∼ 104 faster than

that for plate-impact shock, increasing the amount of annealing and recrystallization in recovery samples for the latter. At the higher pressure

level, extensive recrystallization was observed in the plate-impact samples, while it was absent in laser driven shock. An effect that is proposed

to contribute significantly to the formation of recrystallized regions is the existence of micro-shear-bands, which increase the local temperature

beyond the prediction from adiabatic compression.

© 2005 Elsevier B.V. All rights reserved.
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1. Introduction

It is indeed a distinct honor to give a presentation in this

symposium and to author a paper commemorating this festive

occasion. The principal themes of Prof. J.C.M. Li’s work have

been micromechanisms of mechanical behavior in crystalline

and amorphous materials (metals, metallic glasses, porous mate-

rials, and polymers). The nature of his work has been both

theoretical and experimental. Professor Li is undoubtedly one

of the global authorities in this field, and his contributions have

spanned 50 years. Among the numerous original inroads into

heretofore uncharted territory, the following come to mind:
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• mechanism for plastic deformation of metallic glasses (e.g.

[1–4]);

• shear localization in metallic glasses (e.g. [2–4]);

• mechanism for the grain-size dependence of yield stress (e.g.

[5]);

• use of impression testing using micron-sized cylindrical

indenters to determine adhesion, creep resistance, viscosity,

and the kinetics of stress relaxation (e.g. [6]);

• dislocation dynamics through stress relaxation (e.g. [6,7]);

• combustion synthesis of intermetallic compounds (e.g. [8]);

• thermally-activated description of plastic flow (e.g. [9]).

Shock compressed materials show a great variety of

microstructures in which the mechanisms envisioned by Prof.

Li play a pivotal role. Although the effects of the uniaxial-strain

high-strain-rate loading have been studied for the past 50 years,

not all aspects have been elucidated. Smith [10] first described

the shock compression of materials in mechanistic terms. In the

early techniques, samples were subjected to shock compression
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by explosives, either by direct loading or by impact. The samples

were recovered and the microstructure was analyzed to evaluate

the effects of the shock pre-straining on the material. Later, dif-

ferent kinds of experiments have been designed to investigate

the dynamic behavior of different materials [11–15].

Recovery experiments provide a convenient way to study

defect generation and energy storage mechanisms in materials

subjected to shock waves especially given the difficulty involved

in studying the physical properties of the materials during the

shock (rapid loading rate and short time interval). Since that

time, much work has been done on quite a number of materials

to develop a hydrodynamic understanding of the material behav-

ior, and several reviews have summarized the systematic changes

in the structure–property relationships generated by shock wave

passage through the material [16,17]. Most of this work corre-

lates the microstructure and mechanical property changes to the

compression characteristics like peak pressure, pulse duration,

rarefaction rate, and even temperature. Also, much work has

been done to model these responses and to compare the behav-

iors to those observed at low strain rates [16–18]. Remington et

al. [19] review the most significant recent work.

For the experimental techniques of shock compression, it is

essential that the principal parameters be well characterized in

the experiments. Flyer-plate impact and laser shock are two typ-

ical loading methods employed in shock–recovery experiments.

In the flyer-plate impact experiment, the plate impacts a target

at a known velocity. If the impact is perfectly planar and if the

velocity vector of the impacting plate is perfectly normal to the

impact plane, then a state of pure one-dimensional strain will

be produced in both flyer plate and target. The minimization of

lateral strain in shock compression has been shown by Gray et

al. [20] and Mogilevsky and Teplyakova [21] to be important.

Lasers deliver high energy densities in extremely short pulse

durations enabling research in regimes of pressure and strain

rates never before explored. Lasers have been shown to gener-

ate pressures from 10 to over 500 GPa. The TPa regime is also

currently accessible (e.g. [22]) through the use of the hohlraum

concept. R. Cauble et al. developed methods to obtain the

equation-of-state data in the 10–40 Mbar (1–4 TPa) regime [23].

Lasers also provide an easy way to vary pulse duration (“dwell

time”) with picosecond resolution, which can then be correlated

to the pressure data to yield a strain rate. Lasers typically produce

less residual strain as compared to other techniques and post-

shock heating is minimized because of the short-duration pulses

and the small specimen size/geometry. Laser-driven shocks are

created by the rapid heating of the surface from the intense laser

illumination of the material [24]. Lasers are uncovering a new

frontier in materials dynamics under extreme states of shock

compression.

Both the flyer-plate impact [25] and laser [26] techniques

have recently been employed to explore the post-shocked resid-

ual microstructures of monocrystalline copper. Significant dif-

ferences in the residual microstructure have been observed at

high pressures.

It is the objective of this paper to demonstrate that the dif-

ferences of the residual microstructures (which are orientation

dependent) are to a large extent due to how the heat gener-

ated inside the samples during shock is extracted. Post-shock

recovery (annealing) and recrystallization processes dominate

the residual microstructures, if the time interval and temperature

are sufficient. The unique advantage of laser shock compression

over plate impact, namely the rapid post-shock cooling, is dis-

cussed.

2. Experimental methods

Explosively driven flyer plates and direct drive lasers produce

different shock pulses. Fig. 1 shows the characteristic shapes

of these two shock waves. The shock wave produced by plate

impact has initially a square shape (Fig. 1(a)) [24]. It has a flat

top that has a length equal to twice the time required for the

wave to travel through the projectile. The portion of the wave

in which the pressure returns to zero is called the “release”.

During impact, elastic waves with velocity C0 and shock waves

with velocity Us are emitted into the target and projectile. For the

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 �s range.

For the cases studied here (thick samples, ∼1 mm) and mod-

erately short laser pulses (2–3 ns), the launched shock quickly

Fig. 1. Shock wave configurations: (a) shock wave (trapezoidal) produced by

plate impact: time duration is 1.1 �s and peak pressure is 60 GPa; (b) pulse shape

of typical laser shock experiment: time duration is 40 ns and peak pressure to

20 GPa.
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Fig. 2. The experimental sets for two kinds of shock compression methods: (a) shock–recovery experiments performed by acceleration of a flyer plate by an explosive

charge; (b) anvil with OFE, HP and single crystal test samples; (c) sample and recovery chamber for laser shock experiments; (d) the cross section of the samples

and recovery chamber for laser shock experiments.

evolves into a blast wave, which has a triangular shape. A typical

pulse shape is shown in Fig. 1(b). At 0.5 mm into the sample,

the pulse duration is around 40 ns, at an energy around 300 J, at

a laser energy of around 300 J, which produces an initial pres-

sure of approximately 60 GPa. In our experiments, phase plates

were also utilized to smooth the beam over the entire surface

of interest. Thus, the difference in the sample pressure duration

(pressure dwell time) is of order ∼1000.

In the explosion-driven flyer-plate experiments, two orienta-

tions of monocrystalline copper, 〈0 0 1〉 and 〈2 2 1〉 were shock-

compressed in the shock/recovery experiments at low temper-

ature (88 K). The setup used for this experiment is shown in

Fig. 2(a). It is described in detail by Lassila et al. [25]. The cop-

per samples were shocked by an explosion-driven flyer plate,

providing an initial pulse duration of 1.4 �s for a 30 GPa and

1.1 �s for a 60 GPa shock. The monocrystalline cylinders, with

a diameter of 20 mm and thickness of 4.5 mm, were embedded in

a copper plate (Fig. 2(b)). Lateral and bottom momentum traps

were employed to trap the lateral release waves and to prevent

spalling of the copper. These traps were made from a Cu–Be

alloy because of its enhanced strength relative to unalloyed Cu.

The flyer-plate velocity was determined by using pins located

in four positions equally spaced around the lateral momentum

trap (Fig. 2(a)). The shock pressures were determined using the

flyer-plate velocity in conjunction with the Us versus Up lin-

ear relationship. The copper samples were shocked at 30 and

57 GPa, from an initial temperature of 88 K obtained by cooling

the assembly with liquid nitrogen. The surface of the monocrys-

tals was protected from direct impact by electrodeposition of

Cu cover plate material, followed by finish machining to a high

tolerance (prior to electrodeposition, the Cu samples were pro-

tected with a release agent).

The laser shock experiments were primarily carried out at the

OMEGA Laser Facility at University of Rochester’s Laboratory

for Laser Energetics (LLE). Preliminary and follow-up exper-

iments were performed using the JANUS Laser at Lawrence

Livermore National Laboratory (LLNL). The input laser ener-

gies used in the experiments were, for [0 0 1]: 40 J, 70 J, 205 J,

and 300 J. For the [2 2 1] orientation, one experiment at laser

energy of 300 J was carried out. The energies can be translated

into pressures using Lindl’s equation [27]:

P = 40

(

I15

λ

)2/3

(1)

where P is pressure (MBar), I15 the laser intensity (1015 W/cm2),

and λ is wavelength in micrometers. The laser spot size was on

the order of 2.5–3 mm, depending on the size of the sample

and the pulse durations were typically 2.5 ns with a small num-

ber of experiments occurring at 6 ns. This experimental setup

provided energy densities on the order of 50 MJ/m2. For the

recovery experiments, single crystals of Cu with an [1 0 0] orien-

tation were obtained from Goodfellow in the form of disks with

2.0–3.0 mm diameter and 1 mm thickness. They were mounted

into foam-filled recovery tubes shown in Fig. 2(c). Foam with

a density of 50 mg/cm3 was used to decelerate the samples for



B.Y. Cao et al. / Materials Science and Engineering A 409 (2005) 270–281 273

recovery. The shock amplitude at the surface of the Cu crystal

can be obtained from the laser energy and the computed values

(using hydrocode calculations). In some experiments, a CH plas-

tic layer was used as an ablator. This resulted in an impedance

mismatch at the CH/Cu interface, which enhanced the shock

pressure in the copper specimen. Due to the short duration of the

shock created by the 3 ns laser pulse, the decay in the specimen

is very rapid. This decay is calculated by a hydrodynamics code.

3. Experimental results

3.1. Deformation microstructures for plate impact and

laser shock at 30–40 GPa

The microstructures are characterized by stacking faults

for both the plate impacted and laser shocked 〈1 0 0〉 sam-

ples, as shown in Fig. 3. This is known and has been estab-

lished by Murr [28,29], among others. The average spacing

between stacking faults is between 230 and 450 nm for the

laser shocked samples and between 180 and 220 for the plate-

impact shocked sample. Fig. 3(a and b) show the stacking-fault

patterns similar to the ones observed by Murr [30] for the

30 GPa plate-impact shocked samples. It shows the two sets

of stacking faults as the traces of [2 2 0] and [2 2 0] orienta-

tions in the (0 0 1) plane when the TEM electron beam direction

is B = 〈0 0 1〉. Fig. 3(c) shows the stacking faults formed in

40 GPa laser shocked samples. All four stacking-fault variants,

viz. the (1 1 1)1/6[1 1 2], (1 1 1)1/6[1 1 2], (1 1 1)1/6[1 1 2], and

(1 1 1)1/6[1 1 2] are observed, indicated as A, B, C, and D. This

is due to the fact that, for [0 0 1], they all have the same resolved

shear stress. However, there is a significant difference in the

activation along [2 2 0] (SF: A, B) versus [2 2 0] (SF: C, D)

with the density of occurrence significantly higher in the for-

mer. It should be noted that, in the 30 GPa plate-impact shocked

〈1 0 0〉 monocrystalline copper samples, we observed isolated

regions of recrystallization as well as localized deformation

bands. These were absent for the laser shocked specimens.

The substructure of the plate impacted 〈221〉 sample shocked

at 30 GPa contains bands, whose morphologies vary through this

sample. Some large bands, shown in the left part of Fig. 4(a),

have a width around 120–130 nm. Micro-bands with a width of

20–30 nm were found within these large bands. More detailed

TEM shows that there are two sets of micro-bands with an angle

of around 70◦; one direction is more predominant than the other

one. Huang and Gray [31] proposed a model to explain the

formation of micro-bands, based on the development of coarse

slip bands. In their model, double dislocation walls are formed

parallel to the primary slip planes at first. Secondary slip is

induced by the internal stresses in the region between the dou-

ble walls. Then, the interaction of the primary and secondary

dislocations results in a final stable dislocation configuration.

The laser shocked 〈2 2 1〉 samples are characterized by a greater

density of twins than bands. Although some bands with width of

100–200 nm were observed, very similar to those big bands in

the 30 GPa plate impacted samples, twins were more prevalent

throughout the sample. Fig. 4(b) shows two traces of twins with

a (1 1 1) habit plane.

Fig. 3. (a) Stacking faults in 30 GPa plate-impacted 〈1 0 0〉 sample; (b) stacking

faults in 30 GPa plate-impacted 〈1 0 0〉 sample with large magnification; (c)

40 GPa laser shocked 〈1 0 0〉 sample (from Meyers et al. [25]): four sets (marked

as A, B, C, D) are observed. Variant A exhibits the highest density of occurrence.

Energy input = 205 J, g = 200, B = [0 0 1].

3.2. Deformation microstructures for plate impact and

laser shock at 55–60 GPa

Micro-twins occur in the samples shocked at 55–60 GPa both

in the plate impact and the laser shock cases. In plate-impacted

〈1 0 0〉 monocrystalline samples, as shown in Fig. 5(a), there is

only one set of micro-twins with (1 1 1) as their habit plane. The
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Fig. 4. (a) Micro-bands in 30 GPa plate-impacted 〈2 2 1〉 samples; (b) twins in

35 GPa laser shocked 〈2 2 1〉 samples.

sizes for the micro-twins vary from 80 to 180 nm. For the laser-

shocked 〈1 0 0〉 samples, there are two sets of micro-twins. When

imaged at B = [0 0 1], they appear at exactly 90 degrees to each

other aligned along [2 2 0] (set A) and [2 2 0] (set B) directions,

respectively, and they are present roughly in the same proportion

(not shown here). Set A exhibits a wide range of lengths, from

as small as 70 nm to as large as 1 �m; the mean value is around

125 nm. In contrast, the set B micro-twins have a near uniform

length of 70 nm. Fig. 5(b) shows set A, which has the (1 1 1)

habit plane and are elongated along [1 2 1], when imaged in

the edge orientation at B close to [1 0 1]. It should be noted

that the deformation microstructure was not uniform around the

perforation in either of the two kinds of samples.

For the 57 GPa plate-impact shocked samples, there are defor-

mation bands, slip bands, recrystallized regions and dislocation

tangles in addition to micro-twins. Fig. 6(a) shows an overview

TEM near the back surface of the specimen. A deformation band

with approximately 1.8 �m width is seen traversing the speci-

men. In comparison with the slip/stacking-faults bands around it,

Fig. 5. (a) 57 GPa plate-impacted sample: micro-twins with the habit plane of

(1 1 1) shown at the electron beam direction of (0 1 1); (b) 55–60 GPa laser

shocked sample (from Meyers et al. [25]): micro-twins with a (1 1 1) habit

plane elongated along [1 2 1] in 60 GPa laser shocked 〈1 0 0〉 sample. Energy

input = 320 J, g = 0–20, B = [1 0 1].

this deformation band is larger and breaks them up. Selected area

diffraction identifies the vertical slip bands as (1 1 1). It appears

that the horizontal slip bands were activated earlier than the ver-

tical bands because the horizontal bands seem to be interrupted

by the vertical ones. One can also see that the appearance of

these stacking faults is different from the ones shown in Fig. 3.

There is evidence for recovery processes within them. These

broad bands are absent in the laser shock case because of the

much shorter time intervals involved. Indeed, the shock velocity

is approximately 5.6 mm/�s. A duration of 1.4 �s can generate

heterogeneities extending over a few millimeters. On the other

hand, for the laser shock case, with a duration of 40 ns at 0.5 mm,

the ability to generate inhomogeneities is much more restricted.

These would be a few micrometers long, and their thickness

would be greatly reduced. In Fig. 6(b), for the plate impact case,

regular dislocation cell arrays can be seen. Between two arrays,

there are dislocation tangles and in some places the density of
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Fig. 6. TEM for 57 GPa plate-impacted 〈1 0 0〉 copper samples: (a) overview of the sample (×10 K); (b) dislocation circles shown in the first thin foil along the shock

direction.

dislocation is very high. By comparing the TEM observations in

different positions, the dislocation density becomes lower along

the shock direction. Extended regions of dislocation arrays and

stacking faults can be seen. By measuring the distances between

the repeated structures in both Fig. 6(a and b), as indicated in

the two pictures, it can be seen that the two different structures

have the same width of around 500 nm. The periodicity of the

features of Fig. 6(a) is remarkable. It is speculated that these

features are due to the recovered stacking-fault arrays seen in

Fig. 6(b). Mughrabi and Ungar [32] 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 [33]). Gray and Follansbee [34] believe that increasing

peak pressure or pulse duration decreases the observed disloca-

tion cell size and increases the yield strength.

However, the major difference between the laser shocked

samples and plate-impact shocked samples in 55–60 GPa regime

is the presence of fully recrystallized regions in the latter. The

recrystallized grains in the 57 GPa plate-impact shocked 〈1 0 0〉

sample are similar to those for the 30 GPa plate impact, but much

more extensive.

For the 55–60 GPa laser shocked samples, there are some

laths away from the center (Fig. 7), while micro-twins are sit-

uated closer to the center. Unlike the micro-twins, the laths are

elongated close to 〈2 2 0〉. In some regions they are aligned along

[2 2 0] and in others along [2 2 0]. The intermediate area shows

laths misoriented from [2 2 0]. Given the curvature of the laths, it

is unlikely that they conform to any single habit plane. Nonethe-

less, the projected width of the lath interface shows a minimum

at B = [0 0 1], and a maximum at either [1 0 1], or [1 0 1], where

the respective {1 1 1} are in the edge orientation. The lath inter-

face plane is parallel to [0 0 1], and therefore, uniquely different

from micro-twins. In fact, on rare occasions we observe laths

containing some micro-twins.

Meyers [26] explained the features revealed in Fig. 7 for laser

shocked samples. These features are believed to be consistent

with the “wavy sub-grains” observed after high-pressure shock

compression by Murr [30] (in particular, note the similarities

with Figs. 34 and 35 in ref. [30]). This structure is also analogous

to the one observed by Gray [35] in specimens where the residual

strain was high. Thus, it is suggested that the substructures are

due to thermal recovery of the shock-induced microstructure.

Fig. 7. View of laths imaged at beam direction B = [1 0 1] in 55–60 GPa laser

shocked 〈1 0 0〉 samples (from Meyers et al. [25]).
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The orientation close to {1 1 1} of the boundaries is a residue

of the original twin boundaries. This microstructure represents

the recovered state of a heavily twinned and dislocated structure.

While for the plate-impact shocked samples at the same pressure,

the heavily dislocated structures may indicate that the there is

not as much as thermal recovery in the laser shocked samples.

The 〈2 2 1〉 samples plate-impacted at 57 GPa were full of

large recrystallized grains, which were shown by both TEM and

SEM – Electron Channeling Contrast [36] in Fig. 8(a and b).

Annealing twins grow in the recrystallized grains. In 60 GPa

laser shocked 〈2 2 1〉 samples, there is a high density of disloca-

tion, as shown in Fig. 9(a). These dislocations are tangled and

some bands were formed as a result of heavy dislocation den-

sity. Deformation twins were found in this sample, as shown in

Fig. 9(b).

4. Analysis

4.1. Heat extraction from shocked specimens

Laser and plate-impact shocks have different wave shapes and

very different duration times: 2 ns for the laser experiments and

1–2 �s for flyer-plate experiments. It is important to note these

here because this likely results in very different effects on the

heat generated during the shock and the heat transfer afterwards.

When a shock wave compressed the sample, the shock ampli-

tude attenuates along the propagation direction. We can see from

Fig. 1(a) that the rarefaction overtaking the peak pressure plateau

from the back travels with the velocity of C + Up. The front of

the shock wave travels with the velocity of Us. The bottom of

the part that is beyond the peak pressure travels with a velocity

of C0. Hence, eventually the rarefaction will catch up with the

shock front, leading to a triangular shaped blast wave, much like

in the laser experiment. For the plate-impact shock wave, the dis-

tance that the peak pressure is maintained, S, can be calculated

to a first approximation by:

S =
U2

s tp

Up + C − Us
(2)

Us = C0 + S1Up (3)

This calculation in Eq. (2) neglects the advance of the interface.

If we do consider that, a more precise solution is given as Eq.

(4):

S =
UsCtp

Up + C − Us
(4)

The parameters for copper are: S1 = 1.489; when P = 60 GPa,

Us1 = 5.696 km/s, Up1 = 1.180 km/s, C1 = 5.903 km/s; when

P = 30 GPa, Us1 = 4.95 km/s, Up1 = 0.679 km/s, C1 = 5.131 km/s.

Thus, when the peak pressure is 60 GPa, the distance that the

peak pressure is maintained, S, will be 25.73 mm and 26.67 mm,

according to Eqs. (2) and (4), individually.

We can, thus, obtain the progress of the shock pulse through

the sample and its decay, shown in Fig. 10(a) for both 30 and

57 GPa. Fig. 10(b) represents the shock pressure decay for laser

shocked samples, extracted from the laser impact energies and

Fig. 8. 57 GPa plate-impacted 〈2 2 1〉 sample (a) TEM showing annealing

twins and recrystallized grains in; (b) recrystallized grains were observed by

SEM–ECC in 57 GPa impacted 〈2 2 1〉 sample.

hydrocode calculations. Note that the maximum pressure versus

distance plotted in Fig. 10(b), at small distances, is nearly the

same as the laser ablation pressure (Eq. (1)), which can be high,

at the higher laser energies. There is an exponential decrease as

a function of propagation distance. The difference between the
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Fig. 9. 60 GPa laser shocked 〈2 2 1〉 samples: (a) dislocation structures; (b)

twins.

decay rates in Fig. 10(a and b) is the result of the difference in

pulse duration.

Based on the pressures given in Fig. 10, the shock and residual

temperatures inside the samples can be calculated through Eqs.

(5) and (6) [17]. The shock temperature Ts is:

Ts = T0 exp

[

γ0

V0
(V0 − V1)

]

+
P(V0 − V1)

2Cv
+

exp
[

−γ0
V0

V1

]

2Cv

×

∫ V1

V0

P exp

(

γ0

V0
V

) [

2 −
γ0

V0
(V0 − V )

]

dV (5)

Fig. 10. Pressure profiles along the samples during shock: (a) plate-impact

shock; (b) laser shock from Meyers et al. [26].

The residual temperature Tr is:

Tr = Ts exp

[

−γ0

V0
(V0 − V1)

]

(6)

γ0 is 1.99 for copper, P the peak pressure of the shock waves, V1

is the specific volume of the material directly behind the shock;

V1 can be calculated from the relationships between the shock

parameters.

P =
C2

0(V0 − V )

[V0 − S(V0 − V )]2
(7)

V =
C2

0

2PS2

[√

1 +
4PSV0

C2
0

+
2S(S − 1)V0P

C2
0

− 1

]

(m3/kg)

(8)

C0 and S are the parameters used to describe the relationship

between shock velocity Us and particle velocity Up:

U = C0 + S1Up + S2U
2
p + · · · (9)

For Cu, C0 = 3.94 × 103 m/s, S1 = 1.489 × 103 m/s. We also

need to consider the heat capacity Cv (the specific heat at con-

stant volume). The values of specific heat at constant pressure
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Cp usually are easier to measure than Cv. Cv can be evaluated

solely from Cp and P versus T data.

Cv = T

(

∂S

∂T

)

v

(10)

Cp = T

(

∂S

∂T

)

p

(11)

Cp − Cv =
υTβ2

KT
(12)

where v is the specific volume, β is the volumetric expansion

coefficient and KT is the isothermal coefficient of compressibil-

ity.

Using Eqs. (2)–(11), the residual temperatures throughout

the samples immediately after shocking (no heat transfer) can

be calculated. The calculated values are shown in Fig. 11. The

initial temperature, T0, at which the samples were shocked, is

88 K for plate impact, and 298 K for laser shock.

The second step is to calculate the heat transfer after the

shock. The following assumptions are made: (1) heat conduc-

tion is one-dimensional; (2) the copper sample is a semi-infinite

medium; (3) copper sample has uniform and constant thermal

properties; (4) temperature profiles at time t = 0 are shown in

Fig. 11 (no interaction between the traveling wave and heat

transfer). Assumption 4 is justified by the fact that the ther-

Fig. 11. Residual temperature inside the sample immediately after shock: (a)

plate-impact shock; (b) laser shock.

mal transport velocity is negligible in comparison with the wave

propagation velocity when shock pressure is less than 100 GPa.

Rate of heat conduction into control volume = Rate of

heat conduction out of control volume + Rate of energy

storage inside control volume

Dividing the samples into small elements of N − 1 pieces

(1 < i < N) and �x is the discrete spatial step, and defining a

discrete time step �t analogous to �x.

tm = m∆t (m = 0, 1, ...) (13)

Calculate the heat transfer separately [37]:

Ti,m+1 = Ti,m +
∆tk

ρc∆2x
(Ti+1,m − 2Ti.m + Ti−1,m)

for (1 ≤ i ≤ N) (14)

Consider specified flux boundary conditions as:

T1,new = T1,old + (T2,new − T1,m)

TN,new = TN,old + (TN−1,new − TN,m)
(15)

For copper, the parameters are: K (thermal conductivity)

equals to 401 W/(m K); C (specific heat), C300 K = 364 J/(kg K);

ρ (density), ρ300 K = 8920 kg/m3; D (thermal diffusivity), D =
k

ρCp
.

Figs. 12 and 13 show the change of temperature with time,

T(t) − T0, for 30 and 57 GPa plate impacts. For 30 GPa, the

maximum temperature (at surface) changes from approximately

160–100 K during a period of 1000 s. For 57 GPa, the maximum

temperature changes from approximately 360 to 140 K during

this same time period (1000 s). This period of time should be

sufficient to induce some microstructural changes inside the

samples. Fig. 14 shows the temperature changes at a fixed sec-

tion for a distance L = 5 mm from the impact interface. One can

see that in the front part of the sample (within 5 mm), the tem-

perature remains above 160 K (for the 57 GPa shock), and above

100 K (for the 30 GPa shock) for 1000 s.

For the laser shock case, the region which is affected by

the temperature rise is much shorter (up to 1mm, as shown in

Fig. 11). The temperature excursions in laser shocked samples

are shown in Figs. 15 and 16. These results were calculated by the

same procedure as the plate-impact samples (Figs. 12 and 13).

By comparing the temperature changes in those two experi-

ments, it is easy to notice that, first, the laser shock affected

distance is much shorter and second, the temperature drop is

much more rapid for laser shock.

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 (Fig. 10), resulting in higher residual temperatures

(Fig. 11), the post-shock microstructures in plate impact samples

show a greater effect of post shock thermal excursion.
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Fig. 12. Temperature change for copper plate-impacted at 30 GPa.

4.2. Heat generation in shear localization regions

Fig. 6(a) shows a shear localization area. Other observations

also confirm the presence of localized regions of concentrated

shear. The plastic deformation in these regions substantially

exceeds those predicted from uniaxial strain, and one can expect

local fluctuations in temperature. Indeed, the temperature rise in

the shear localization areas can be calculated from the constitu-

tive response of copper. This deformation-induced temperature

rise was considered earlier by Lassila et al. [25]. It is expressed

as:

�Td =
β

ρCp

∫ ε1

ε0

σ dε (16)

where ρ is the density, Cp the heat capacity, and β is the Tay-

lor factor. For most metals, β is usually taken as 0.9–1.0. The

strength of the material σ has to be estimated under specified

conditions in different cases. We use the Johnson–Cook [38]

equation:

σ = (σ0 + Bεn)

(

1 + C log
ε̇

ε0

)

[1 − T ∗m] (17)

where

T ∗ =
T − Tr

Tm − Tr
(18)

Fig. 13. Temperature change for copper plate-impacted at 57 GPa.

The temperature change due to the plastic deformation is

expressed as:

T ∗ = 1 − exp





−0.9
(

1 + C log ε̇
ε̇0

)

ρCp(Tm − Tr)
×

(

σ0ε +
Bεn+1

n + 1

)





(19)

Fig. 14. Temperature change for fixed section at L = 5 mm along the plate-

impacted sample.



280 B.Y. Cao et al. / Materials Science and Engineering A 409 (2005) 270–281

Fig. 15. Temperature change in laser shocked copper with 200 J (40 GPa).

Fig. 16. Temperature change in laser shocked copper with 300 J (60 GPa).

where Tr = 90 K, Tm = 1356 K, B = 53.7 MPa, C = 0.026,

σ0 = 330 MPa (the value for shock hardened copper), n = 0.56,

m = 1.04, ρ90 K = 9.05 g/cm3, Cp,90 K = 260 J/(kg K). Fig. 17

expresses the increase in temperature as a function of strain

for a hypothetical shock hardened copper specimen. There is

considerable local heat generation around heavily deformed

Fig. 17. Temperature rise due to plastic deformation.

areas (such as deformation bands). These regions can act as

initiation sites for post-shock recrystallization.

5. Conclusions

Laser and plate-impact shocked copper with two orientations

([0 0 1] and [2 2 1]) revealed similarities as well as differences,

that are interpreted in terms of the shock compression and ther-

mal excursion processes. The observations can be summarized

as:

• At lower pressures (30–40 GPa range), there are profuse

stacking faults in the 〈1 0 0〉 orientation which have traces

at 90◦ for both the laser and plate-impact experiments. The

stacking-fault spacing is about the same 200–300 nm.

• In the 55–60 GPa range, micro-twins are observed for both

the laser and plate-impact shocked 〈1 0 0〉 orientation.

• For the 57 GPa shock in both the 〈1 0 0〉 and 〈2 2 1〉 orienta-

tions, there are recrystallized grains for the plate impact case,

while no recrystallized grains appeared in laser shocked sam-

ples.

• Regions of shear localization were observed after the plate

impact shock, while they are absent after the laser shock.

These micro-shear-bands have a thickness of approximately

1.5 �m.

The cooling times are calculated for the laser and plate-impact

experiments. Plate-impact experiments were carried out at an

initial temperature of 88 K whereas the laser shock experiments

were conducted at ambient temperature. Nevertheless, the dif-

ferences are of a factor of 5000. The differences in residual

microstructures are attributed to the much larger cooling times in

the plate-impact experiments. One possible explanation for the

extensive recrystallization observed is the formation of shear

concentration regions (shear bands) which can raise the local

temperature by hundreds of degrees Centigrade (depending on

the plastic strain), creating localized conditions for recrystalliza-

tion.
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