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' Abstract

Shock compression produces high dynamic pressures, densities, temperatures, and
their quench rates. Because of these extreme conditions, shock compression produces
materials with novel crystal structures, microstructures, and physical properties. Using a
6.5-m-long two-stage gun, we perform experiments with specimens up to 10 mm in
diameter and 0.001 - 1 mm thick. For example, oriented disks of melt-textured
superconducting YBa2Cu307 were shocked to 7 GPa without macroscopic fracture. Lattice
defects are deposited in the crystal, which improve magnetic hysteresis at --1 kOe. A
computer code has been developed to simulate shock compaction of 100 powder particles.
Computations will be compared with experiments with 15-20 _m Cu powders. The
method is applicable to other powders and dynamic conditions.

Introduction

Shock compression produces dynamic pressures up to the Mbar range, compressions
up to a few tens of percents, and temperatures up to a few 1000 K. Dynamic pressure is

applied for about a _sec. Strain rates on compression are very high, reaching above 108/s.
Quench rates on release of pressure are also very high, ranging up to about 109 K/s and

' 1012 bar/s. Because of these extreme conditins and rates, shock compression produces
material with novel crystal structures, microstructures, and physical properties.

Using a 6.5-m-long two-stage light gas gun with a 20mm bore, we accelerate
projectiles (impactors) up to 4 km/s. When such a projectile impacts a target, pressures
from 1-100 GPa (0.01-1 Mbar) are generated, depending on materials and impactor
velocity. Impactors typically weigh 5-10 g and so it is straight forward to contain the

kinetic energy and momentum of the impactor in a fixture containing the specimen.l,2

Specimens are typically 10 mm in diameter and 0.001 to 1 mm thick. As an example, 1 _tm
thick films have been recovered intact from 100 GPa shock pressure. 3 With our 35 mmbore
two-stage gas gun larger diameter specimens can be used, although maximum velocities
and impact pressures are lower.

In this paper we give two examples. The first example shows that a disk of a brittle
ceramic oxide can be shocked to relatively high pressures without macroscopic fracture,
that is, without breaking the oxide disk. The high strain rates induce shock defects, which

change the properties. In this case, the disk is a high-temperature superconductor and the
physical property is the magnetic hysteresis AM induced in the disk by an applied
magnetic field. The second example is the combination of the development of a computer
code to.simulate the dynamic compaction of 100 individual powder particles and the
comparison of the computations with the results of gas-gun experiments using Cu
powders as a simple test material.
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YBa2Cu3OT-x Disks Shocked to 6.6 GPa

Bearings made from new high-transition-temperature (high-Tc) superconducting
oxides are a possible application of these new superconductors. External magnetic fields
are generated in such bearings by superconducting magnetic fluxoids which should be
strongly pinned in the lattice to prevent dissipative losses. The purpose of a
superconducting bearing is not to transport high currents and thus the problem of e
relatively small intergranular critical current density in polycrystalline oxide super-
conductors is minimized. However, intragranular critical current density needs to be
increased by increasing the number and strength of flux-pinning sites within the lattice. In
so doing, the magnetic field which can be generated and sustained by a bearing material is
increased. High densities of lattice defects are induced in shock-compacted powders of
YBa2Cu307 and the dislocations and stacking faults generated are effective in increasing
flux-pinning energies and intragranular critical current densities. 4 However, an effective

technique is needed to shock-induce lattice defects and AM in high-Tc oxides, which does
not fracture the specimen. These defects should enhance flux-pinning energies and
intragranular critical current densities.

An attractive material to investigate is YBa2Cu307. An ideal form of YBa2Cu307 to
investigate is melt-textured material because it consists of large disk-shaped grains several
mm across and several 10 _m thick, in which the c axis of the orthorhombic crystal
structure is along the thin direction of each disk-shaped grain. Superconducting fluxoids
point preferentially along the c axis, and these grains are preferentially aligned in melt-
textured YBa2Cu307.

Our objective is to shock-induce lattice defects in a crystallographicaly aligned disk
. without fracture, at least on a macroscopic scale. In this way, an oriented shocked
L specimen can be annealed and its superconducting properties measured in a straight

forward manner. The slip planes in yBa2Cu307 are in the basal plane of the orthorhombic
crystal structure. 5 Thus, shocking YBa2Cu307 powders causes increasing fracture with

increasing pressure, 6 because the slip planes are randomly oriented. Shocking a disk-
shaped single crystal along the c axis normal to the plane of the specimen is expected to
fracture it into many small pieces, since no slip direction is available along the shock
direction. On the other hand, a small YBa2Cu307 single crystal shocked at 45 ° from the

basal plane broke into only a few pieces which were heavily defected. 7 Thus, controlling
the crystallographic orientation of a specimen with respect to the shock direction is an
effective way to control fracture while shock-inducing defects.

For this reason, a dense melt-textured YBa2Cu307 specimen disk 7.7 mm in diameter
and 1.1 mm thick was embedded in a steel recovery capsule, which in turn was embedded
in a steel fixture, and shocked to 6.6 GPa at an angle of 30° with respect to the average c-
axis direction of YBa2Cu307. The velocity of the lexan projectile was chosen to give the
desired impact pressure in steel. The experiment is illustrated in Fig. 1; in this

configuration the direction of shock propagation is about 30 ° from the average c-axis
direction of the disk-shaped melt-textured YBa2Cu307.

The shock pressure in the oriented melt-textured YBa2Cu307 disk produced a one-
piece specimen. The specimen was easily handled without breaking for post-shock
annealing and SQUID magnetometer measurements. The shock pressure did not change
the superconducting transition temperature of 92 K.



I

Projectile

Sample
i

Shock Recovery
Capsule

Steel Block
rotated by 30"

Figure 1. Schematic of fixture to shock a disk-shaped specimen of melt-textured YBa2Cu307
without macroscopic fracture.

Magnetic moment induced in the specimen was measured at 70 K as a function of

. applied magnetic field up to 40 kOe. Magnetic hysteresis AM is the difference in magnetic
moment M induced on increasing and decreasing applied magnetic field H. Magnetic

hysteresis is sensitive to shock-induced changes in microstructure and, thus, to changes in
critical current density. At an applied magnetic field of I kOe, annealing the specimen in

oxygen was found to increase the magnetic hysteresis of the specimen relative to the initial
state. Thus, the ability of the shocked and annealed specimen to act as a magnetic-bearing
material is enhanced.

Magnetic hysteresis AM versus applied magnetic field was measured initially, after
shocking, and after successive heat treatments in oxygen at 890 ° C for various times,
followed by 4 hours in oxygen at 450 °. The results for an applied field of I kOe are plotted

in Fig. 2 as AM versus cumulative annealing time at 890 ° C. The dashed baseline in Fig. 3 is
the reference result for the unshocked specimen. At zero annealing time the lower AM

point is for the as-shocked specimen; the upper AM point near zero corresponds to 10
' minutes at 890 ° C. After a cumulative annealing time of 15 hours, AM is enhanced over the

starting value. An ehancement of about 15% is observed after a cumulative annealing time
of 48 hours.

These results show that the brittle oxide YBa2Cu307 can be shocked to 6.6 GPa

without macroscopic fracture, provided the disk-shaped specimen is in the preferentially
oriented melt-textured form and is shock-compressed at an angle of about 30 ° from the
effective c axis of the orthorhombic-phase specimen. Subsequent anneals in oxygen at
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Figure 2. Magnetic hysteresis DM at I kOe and 70 K versus cumulative annealing time at 890 ° C
in oxygen for the specimen shocked to 6.6 GPa. The lower DM point at zero annealing time is for
the as-shocked specimen; the upper DM point near zero time corresponds to 10 minutes at 890 ° C.

890 ° C produce a magnetic hysteresis which is enhanced relative to the initial unshocked
state, as expected for shock-induced dislocations and stacking faults. 4 This work is
described in more detail elsewhere. 8

I

Dynamic Compaction of Powders

The dynamic compaction of powders is a technique to produce a wide variety of
dense ceramic, metallic, and other specimens with potentially novel properties. 9-13 The
method, for example, is attractive to consolidate nanocrystalline powders without grain
growth. In this method consolidation is achieved by dynamic high pressures which

densify powders and last for very brief times of -1 _ts. The fast time scale offers the
opportunity to consolidate fine-grained powders, which do not have time to increase their
grain size. The fast time scale also produces heterogeneous surface heating on particle
boundaries, high quench rates and possible interfacial bonding between particles. Several
phenomenological models have been developed to describe the process. 9-11 However, a
generalized computational simulation is needed which caIL test various ideas and guide
experiments to produce dense compacts. In this way, a wide variety of issues could be "
addressed computationally, including heterogeneous pressures, temperatures, and and
their quench rates for various particle-size distributions, plastic flow, fracture, and phase l
transitions.

For this reason we initiated development of a computer simulation of the compaction
of powders to iterate with experimental results. This computational model was developed
in collaboration with Dr. David Benson. Copper was chosen as a test material because i)



Cu is a relatively simple material with an available material model at high shock

pressures, 13 ii) real-time shock compression data are available for porous Cu for
comparison with computation, 14 and iii) Cu powders are readily available for experiments
to compare observed changes in particle shape with computational predictions.

In this model about 100 powder particles of a given size distribution and average

initial porous density fill a box using a Monte Carlo method and the particles are
compressed dynamically using an Eulerian computer code. The equation of state and
constitutive model of each solid particle, initially at normal density, are those of Cu. The

._ initial computations were performed in two dimensions, which require less computer time

than three dimensions. The initial size of the box containg the particles is 160 _tm with 100
Eulerian zones on a side. The particle sizes were chosen as in the experiment described
below. The consolidation was calculated for a compressive wall velocity of 0.2 km/s or

about 2 GPa shock pressure in Cu powder of density 6.1 g/cm 3.

In order to test the computational predictions, spherical Cu powders 15-20 _tm in
diameter were dynamically compacted using a 6.5-m-long two-stage light-gas gun. The
powder specimens were 10 mm in diameter and 0.5 mm thick and were placed in a steel
capsule. For comparison of experiment with calculation, we use the fact that most of the
internal energy and consolidation are achieved in the powder in the first shock wave. The
computed single-shock compaction is, thus, compared with results from experiments in
which compaction is achieved by a reverberating shock wave in the 0.5 mm thick
specimen. Measured initial powder density was 6.1 g/cm3. Shock compression data for
porous Cu 14 and the standard shock-impedance-match method were used to estimate the
impact velocity of the lexan plastic projectile required to obtain the wall velocity used in
the computation. The photomicrograph result for a wall velocity of 0.2 km/s, a lexan
impact velocity of 1.1 km/s, and a first shock wave in the powder of 2 GPa is in good
agreement with the computation. 15,16

In summary the computational results for Cu powders are in good agreement with
experimental observations ot the shapes of particles consolidated at pressures up to a few
GPa, which shows that the simulation is accurate up to a few GPa. The computational
method could be generalized to other materials, size distributions, compaction rates, and
higher pressures.
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