EEEEEEEE
EEEEEEEEE
NNNNNNNN
AAAAAAAAAA

UCRL-JRNL-216318

EFFECT OF SHOCK COMPRESSION
METHOD ON THE DEFECT
SUBSTRUCTURE IN
MONOCRYSTALLINE COPPER

B. Y. Cao, D. H. Lassila, M. S. Schneider, B. K. Kad, C.
X. Huang, Y. B. Xu, D. H. Kalantar, B. A. Remington, M.
A. Meyers

October 19, 2005

Materials Science and Engineering A



Disclaimer

This document was prepared as an account of work sponsored by an agency of the United States
Government. Neither the United States Government nor the University of California nor any of their
employees, makes any warranty, express or implied, or assumes any legal liability or responsibility for
the accuracy, completeness, or usefulness of any information, apparatus, product, or process
disclosed, or represents that its use would not infringe privately owned rights. Reference herein to any
specific commercial product, process, or service by trade name, trademark, manufacturer, or otherwise,
does not necessarily constitute or imply its endorsement, recommendation, or favoring by the United
States Government or the University of California. The views and opinions of authors expressed herein
do not necessarily state or reflect those of the United States Government or the University of California,
and shall not be used for advertising or product endorsement purposes.



EFFECT OF SHOCK COMPRESSION METHOD ON THE
DEFECT SUBSTRUCTURE IN MONOCRYSTALLINE
COPPER

Bu Yang Cao', David H. Lassila®, Matt S. Schneider', Bimal K. Kad', Chong Xiang
Huang3 , Yong Bo Xu?, Daniel H. Kalantar?, Bruce A. Remington,2 Marc Andre Meyers1

'"Materials Science and Engineering Program, University of California, San Diego, 9500 Gilman Dr.,
UCSD 0411, La Jolla, CA 92093 USA
’Lawrence Livermore National Laboratory, Livermore, CA 94550 USA
*Chinese Academy of Sciences, Shenyang Natl. Lab. for Matls. Sci., Inst. of Metal, Shenyang, Liao Ning
110016 China

To be submitted to Materials Science and Engineering A
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 us
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 closer to the ones 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 10° ~ 10* faster than that for 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, while it was absent in the 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.
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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 materials, 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 fifty years. Among the
numerous original inroads into heretofore uncharted territory, the following come to our
mind:

* 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 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, different 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 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
behavior, 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 correlates 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 behaviors 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 typical 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 plane 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 [20] and Mogilevsky [21] to be important.

Lasers deliver high amounts of energy in extremely short pulse durations enabling
research in regimes of pressure and strain rates never before explored. Lasers have been
shown to generate 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 with in the nanosecond regime
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 rapid quenching of the material due
to the short pulses and specimen size/geometry. Laser-driven shock pulses are created by

the rapid heating of the surface from the photon bombardment of the material [24].



Lasers are unraveling a new frontier in materials under extreme regimes of shock
compression

Both of the flyer-plate impact [25] and laser [26] techniques have recently been
employed to explore the post-shocked microstructures of monocrystalline copper.
Significant differences in the residual microstructure have been observed at high
pressures.

It is the objective of this paper to demonstrate that the differences of the residual
microstructures (which are orientation dependent) 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 time and temperature
are sufficient. The unique advantage of laser shock compression over plate impact, the

rapid post-shock cooling, is discussed.

2. Experimental Methods

Explosively driven flyer plates and direct drive lasers produce different shock
pulses. Figure 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)) [25]. 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 Cy and shock waves with velocity
U; 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 us
range. Pulsed lasers driving shocks into thick (~1 mm) samples produce shock waves that
do not have a flat top. For laser shock, 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, which
produces an initial pressure of approximately 60 GPa. In our experiments, phase plates
were also utilized to smooth the beam over the entire surface of interest. Thus, the
duration differs by factors of 100 and 1000.

In the explosion-driven flyer plate experiments, two orientations of
monocrystalline copper, <001> and <221> were shock-compressed in the shock/recovery

experiments at low temperature (88 K). The setup used for this experiment is shown in



Figure 2(a). It is described in detail by Lassila et al. [25]. The copper samples were
shocked by an explosion-driven flyer plate, providing an initial pulse duration of 1.4 pus
for 30 GPa and 1.1 ps for 60 GPa. 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
[Figure 2(a)]. The shock pressures were determined using the flyer plate velocity in
conjunction with the U vs. U, linear relationship. The copper samples were shocked at
30 GPa and 57 GPa, from an initial temperature of 88 K obtained by cooling the
assembly with liquid nitrogen. The surface of the monocrystals 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 protected 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 experiments were performed using the JANUS Laser at Lawrence
Livermore National Laboratory (LLNL). The input laser energies used in the experiments
are, for [001]: 40 J, 70 J, 205 J, and 300 J. For [221] one experiment at 300 J energy was

carried out. The energies can be translated into pressures using Lindl’s equation [27]:

P=4o(f£)%
M (1)

Where P is pressure (MBar), ;s is laser intensity (10"> w/cm?), and A is wavelength in
micrometers. The laser spot size was on the order of 2.5 mm to 3 mm, depending on the
size of the sample and the pulse durations were typically 2.5 ns with a small number of
experiments occurring at 6 ns. This experimental setup provided energy densities on the
order of 50 MJ/m®. For the recovery experiments, single crystals of Cu with an [100]
orientation 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 Figure 2 (c). Foam with a density of 50 mg/cm’ was used to decelerate the samples for
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 plastic 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 <100> samples, as shown in Figure 3. This is known and has
been established 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. Figs. 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 [520] and [220] orientations in
(001) plane when the TEM electron beam direction is B=<001>. Fig. 3 (c) shows the
stacking faults formed in 40 GPa laser shocked samples. All four stacking fault variants
viz the (111)1/6[112], (111)1/6[1127], (111)1/6[1127], and (111)1/6[11 2] are observed,
indicated as A, B, C, and D. This is due to the fact that, for [001], they all have the same

resolved shear stress. However, there is a significant difference in the activation along
[E 2 0] (SF: A, B) versus [2 2 0] (SF: C, D) with the density of occurrence significantly

higher in the former. It should be noted that, in the 30 GPa plate-impact shocked <100>
monocrystalline copper samples, we observed isolated recrystallization as well as
localized deformation bands. This was 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 Figure 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 double walls. Then, the
interaction of the primary and secondary dislocations results a final stable dislocation
configuration. The laser shocked <221> samples are characterized a great density of
twins than bands. Although some bands with width of 100 ~ 200 nm were observed very
similar to those big bands in 30 GPa plate impacted samples, twins were more
predominant throughout the sample. Figure 4 (b) shows two traces of twins with (111)

habit plane.

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 after plate impact

and laser shock. In plate-impacted <100> monocrystalline samples, as shown in Figure 5

(a), there is only one set of micro-twins with (ﬁl ) as their habit plane. The sizes for
micro-twins vary from 80 nm to 180 nm. For the laser-shocked <100> samples, there are

two sets of micro-twins. When imaged at B = [0 0 1], they appear at exactly 90° to each
other aligned along [220] (set A) and [5 2 0] (set B) directions, respectively, and they

are present roughly in same proportion (not shown here). Set A exhibits a wide range of
lengths, from as small as 70 nm to as large as 1 um; the mean value is around 125 nm. In

contrast, the set B micro-twins have a near uniform length of 70nm. Fig. 5 (b) shows set

A, which has the (1 1 1) habit plane and are elongated along [15 1], when imaged in the

edge orientation at B close to [iOl ]. 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 deformation bands, slip
bands, recrystallized regions and dislocation tangles in addition to micro-twins. Figure 6
(a) shows an overview TEM near the back surface of the specimen. A deformation band

with approximately 1.8 wm width is seen traversing the specimen. In comparison with the



slip/stacking faults bands around it, this deformation band is larger and breaks them up.
Selected area diffraction identifies the vertical slip bands as(lil). It appears that the

horizontal slip bands were activated earlier than the vertical 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 after laser shock because
of the much smaller time. Indeed, the shock velocity is approximately 5.6 mm/us. A
duration of 1.4 us can generate heterogeneities extending over a few mm. On the other
hand, laser shock, with duration ranging from 5 ns to 200 ns within 1 mm, is much more
restricted in its ability to generate inhomogeneities. These would be a few micrometers
long, and their thickness would be much reduced. In Fig. 6 (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. By comparing the TEM observations in different
positions, the dislocation density becomes lower along the shock direction. Extended
arrays of dislocation arrays/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
decreased the observed dislocation cell size and increased 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 <100>
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 (Figure 7), while micro-twins situated closer to the center. Unlike the micro-twins,
the laths are elongated close to <2 2 0>. In some regions they are aligned along [220]

and in other along [22 0]. The intermediate area shows laths misoriented from [22 0 ].



Given the curvature of the laths it is unlikely that they conform to any single habit plane.

Nonetheless, the projected width of the lath interface shows a minimum at B=[001], and a
maximum at either [1 0 1], or [i 01], where the respective {111} are in the edge

orientation. The lath interface plane is parallel to [001] 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 by Figure 7 for laser shocked samples.
These features are believed in total agreement with the “wavy sub-grains” observed after
high-pressure shock compression by Murr [30] (in particular, note similarities with Figs.
34 and 35). 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. The orientation close to
{111} 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 recovery in laser shocked samples.

The <221> 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
Figures 8§ (a) and (b). Annealing twins grow in the recrystallized grains. In 60 GPa laser
shocked <221> samples, there is a high density of dislocation, as shown in Figure 9 (a).
These dislocations are tangled and some bands were formed as a result of heavy

dislocation density. 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 duration times: 2
ns for the laser experiments and 1- 2 us for flyer plate experiments. It is important to
notice these here because they may bring much different effects on the heat generated
during shock and the heat transfers after that.

When a shock wave compresses the samples, the shock amplitude attenuates

along the propagation direction. We can see from Fig. 1 (a) that the top of the shock



travels with the velocity of C+U,. 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 C.
For the plate-impact shock wave, the distance that the peak pressure is maintained, S, can

be calculated to a first approximation, by:

Ut
S= ——=r )
Up +C-U,
USZC0+S1Up (3)

where t, in Eq. 2 is the initial shock duration time, and Eq. 3 is the standard (Us, Up)

linear shock relation. 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:
U.Ct,

- 4
U,+C-U, @

The parameters for copper are:

S1=1.489; When P=60 GPa, U= 5.696 km/s, U,= 1.180km/s, C;=5.903 km/s; When
P=30 GPa, Ug= 4.95 km/s, Uy,= 0.679 km/s, C;=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 Eq. 2 and Eq. 4, individually.

We can thus obtain the progress of the shock pulse through the sample and its
decay, shown in Figure 10(a) for both 30 GPa and 57 GPa. Fig. 10(b) represents the
shock pressure decay for laser shocked samples, extracted from the laser impact energies
and hydrocode calculations. Note that the maximum pressure vs distance plotted in Fig.
10b, 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 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 Equations 5 and 6 [17]. The shock

temperature 7 is:
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Ty
1

exp
Yo P(”o_ v1) { Yo } Vi Yo Yo
2 (V. -V) |+ + Pexp(—V)|2-—2(V,-V)|dV 5
VO( 0 l)l 2C, 2C, fVu Xp(V0 ) VO( 0 ) ®)

T, =T, exp

The residual temperature T, is:

T =T, exp

Yo _
T(Vo Vi )} (6)

0
Yo is 1.99 for copper; P is the peak pressure of the shock waves; V; is the volume of the
materials at shock; V; can be calculated the relationships between shock parameters.

C(Vo-V)

=1 ] (7)
[V, -s(v, -v) ]
C; 4PSV, 2S(S-1)V,P 3
= 1+ 0 4 o _1 m’/k 8
2PS? ,/ c: c: (m'/kg) )

Coand S are the parameters used to describe the relationship between shock velocity Us

and particle velocity Up:
U=Co+SiU, +SUp +we 9)

For Cu, Co=3.94x10°m/s, S;=1.489 x10°’m/s. We also need to consider the heat
capacity C, (the specific heat at constant volume). The values of specific heat at constant

pressure C, usually are easier to measure than C,. C, can be evaluated solely from C, and

P vs.T data.

EN
C, = T(a—T)v (10)
S
Cp = T(a_T)p (11)
e~ vTR?
C,-C, = K. (12)

Where v is the specific volume. f is the volumetric expansion coefficient and Kr is the
isothermal coefficient of compressibility.
Using Eqns. 2-12, the residual temperatures throughout the samples immediately

after shocking (no heat transfer) can be calculated. The calculated values are shown in
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Figure 11. The initial temperature, Ty, 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 shock. The following
assumptions are made: 1) Conduction is one-dimensional; 2) The copper sample is a
semi-infinite medium; 3) The copper sample has uniform and constant thermal properties;
4) The 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 thermal
transport velocity is negligible in comparison with the wave propagation velocity when
shock pressure is less than 100 GPa.

Rate of heat conduction =~ Rate of heat conduction Rate of energy storage
into control volume ~ out of control volume ™ inside control volume

Dividing the samples into small elements of N-1 pieces (1<i< N ) and Ax is the

discrete spatial step, and defining a discrete time step At analogous to Ax.

t,=mAt (m=0,1,....... ) (13)
Calculate the heat transfer separately [37]:
Atk .
TL m+l = TL mT — (Ti+17m _2Ti7m+Ti-17m) for (1 <i1=<N ) (14)
pPcA”x

Consider specified flux boundary conditions as:
Tt " om ™t Tom T s

TN, m+l TN, m * (TN—I,m -TN,m)

For copper, the parameters are: K (thermal conductivity) equals to 401 W/(mK); C-
Specific heat, Csox=364J/Kg-K; p-density, p300c=8920Kg/m’; D-thermal diffusivity,
D-—~ .

oC,

Figures 12 and 13 show the change of temperature with time, T(t)-Ty, for 30 GPa
and 57 GPa plate impacts. For 30 GPa, the maximum temperature (at surface) changes
from approximately 160 K to 100 K during a period of 1000 s. For 57 GPa, the maximum
temperature changes from approximately 360 K 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. Figure 14 shows the temperature changes at a fixed section for a
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distance L=5Smm from the impact interface. One can see that in the front part of the
sample (within 5 mm), the temperature remains above 160 K (for the 57 GPa shock), and
above 100 K (for the 30 GPa shock) for 1000 s.

For laser shock, the region which is affected by the temperature rise is much
shorter (up to Imm, as shown in Fig. 11). The temperature excursions in laser shocked
samples are shown in Figure 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 experiments, 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 10° ~ 10*
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. 11), resulting in
higher residual temperatures, and the post-shock microstructures in plate impact samples

show a greater effect of post shock thermal excursion.

4.2 Heat generation in shear localization regions

Figure 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 exceeds substantially the one 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 constitutive response of copper. This deformation-
induced temperature rise was considered earlier by Lassila et al. [25]. It is expressed as:

B 2
AT, = E ‘!(: ode (16)
where p is the density, C,, is the heat capacity, and 3 is the Taylor factor. For most metals,
B is usually taken as 0.9-1.0. The strength of the material o has to be estimated under
specified conditions in different cases. We use the Johnson-Cook [38] equation:
T-T
T, -T

T

0=(00+Be“)(1+Clog8i)[1—( )] (17)
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. T-T
where T = ! (18)
Tl’l’l - Tl’

The temperature change due to the plastic deformation is expressed as:

~0.9(1+Clog %)

T =1-ex 0 x(0.€+
ol oC (T, -T,) O+

n+l

)] (19)

Where, T,= 90 K, Tr,= 1356K, B = 53.7 MPa, C = 0.026, o,= 330 MPa (the value for

shock hardened copper), n = 0.56, m = 1.04, pgox = 9.05g/cm3, Cpoox = 260 J/Kg-K.

Figure 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 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 ([001] and [221])
revealed similarities as well as differences, that are interpreted in terms of the shock
compression and thermal excursion processes. The observations can be summarized as:

* At lower pressures, (30 — 40 GPa range), there are profuse stacking faults in
<100> 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 laser and plate-
impact shocked <100>orientation.

* For 57 GPa shock of both <100> and <221> orientations, there are recrystallized
grains for plate impact, while no recrystallized grains appeared in laser shocked
samples.

* Regions of shear localization were observed after impact shock, while they are
absent after laser shock. These microshear bands have a thickness of
approximately 1.5 pm.

The cooling times are calculated for laser and plate-impact experiments. Plate
impact experiments were carried out at 88 K whereas laser shock experiments were

conducted at ambient temperature. Nevertheless, the differences are on the order of 5000.
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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) and propitiate local conditions for recrystallization.
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(b)

Figure 1: Shock wave configurations: (a) shock wave (trapezoidal) produced by plate
impact: time duration is 1.1 us and peak pressure is 60 GPa; (b) Pulse shape of typical

laser shock experiment: time duration is 2 nanoseconds and energy is ~300 J (equivalent
to 60 GPa).
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(d)
Figure 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.
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Figure 3: (a) Stacking faults in 30 GPa plate impacted <100> sample; (b) Stacking faults
in 30 GPa plate impacted <100> sample with large magnification; (c) 40 GPa laser
shocked <100> 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
Joules, g=200, B=[001].
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(b)
Figure 4: (a) Micro-bands in 30 GPa plate impacted <221> samples; (b) Twins in 35
GPa laser shocked <221> samples.
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b
Figure 5: (a) 57 GPa plate impacted sar(n;)ﬂe: micro-twins with the habit plane of
(ﬁl) shown at the electron beam direction of (011). (b) 55-60 GPa laser shocked sample
(from Meyers et al. [25]): Micro-twins with a (111) habit plane elongated along [1 2 1] in
60 GPa laser shocked <100> sample. Energy Input = 320 Joules, g = 0-20, B=[101].
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(b)
Figure 6: TEM for 57 GPa plate impacted <100> copper samples: (a) overview of the
sample (x10K); (b) dislocation cells shown in the first thin foil along the shock direction.
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Figure 7: View of laths imaged at beam direction B=[101] in 55-60 GPa laser shocked
<100> samples (from Meyers et al. [25]).
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Figure 8: 57 GPa plate impacted <221> sample (a) TEM showing annealing
twins and recrystallized grain; (b) Recrystallized grains were observed by SEM-
ECC in 57 GPa impacted <221> sample.

29



(b)

Figure 9: 60 GPa laser shocked <221> samples: (a) dislocation structures; (b) twins.
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plate-impact shock; (b) laser shock.
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