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QUASI-ELASTIC HIGH-PRESSURE WAVES IN 2024 Al AND COPPER*

C. E. Morris, J. N, Fritz and Brad Lee Holian
Los Alamos National Laboratory, Los Alamos, NM 87545

ABSTRACT

Release waves from the back of a plate slap experiment are used
to estimate the longitudinal modulus, bulk modulus and shear strength
of the metal in the state produced by a symmetric collision. The
valocity of the 1nterface between the metal target and a window
material 1s measured by the axially symmetric magnetic (ASM) probe.
Wave profiles for initial states up to 90 GPa for 2024 Al and up to
150 GPa for Cu have been obtained. Elastic perfectly-plastic (EPP)
theory cannot account for the results. A relatively simple
quasi-clastlc plastic (QEP) model can.

INTRODUCTION

States of solids along shock loci have stresses more complicaled
than the simple fluid pressure that has bdeen assumed for simplicity
in the high prersure regime. In the past decade three techniques
have become available that can record continuous wave profiles at
very high pressures which can be used to study elastic-plagtic flow
in sglida at thege extr¢me conditions. They are the VISAR', the ASM
probe“, and the use of radiation from shock fronts 1In transparent
materials”. In this brief communication we shall give some
praliminary results nbtained from voe of the ASM probe on plate slap
experiments where the driver has been accelerated by high explosive
eystems. Asay and Chhabildaal, in their work on 606l1A1, deacribhe
similar experiments and analysis. Because of the hrevity of this
communication, we rely heavily on their paper for discussion of the
concepts involved and references to previous work.

EXPERIMENTAL, SIMPLISTIC RESUL1S

Figure 1 shows the ASM probe assembly and driver before impact.
Fringing lines from the mugnet are pinned to the front face of the
target. Motion of the front face is taken on by the magnetic field
lines, resulting in a loss of flux in the coil. The 4induced sipgnal
in the coil can be analyzed to give u(t) of the target front face.

Figure 2 shows the interactions nf interest in our experimuntal
system., Impact at 1 and outgoing shock waves, crelease at 2 and 3,
the oxtended interaction of these releagse waves 4547, and the
extended interaction of the foward moving release wita the window
8910, The probe records the velocity of the Interface, i.c., along
the path 3, 8, 10.¢ss. An ideal window material would match the
metal in impedance cverywhere, have low (and independent of pressure)
wave velocities, and bave a svfficiently 1low conductivity to be
transparent to a diffusing magnetlc fleld. Such doea not exist. 1In
these high pressure experiments it was necessary to design in a largae
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placeau time, tp-tj3, so that the wave from the interaction 8 would
not overtake the 1initial shock in the window, interact and come
screaming back to confuse the information recorded between tg and
later. This causes the 4567 interaction to be bhuried more decply in
the target, which makes tha= change in slope of the characteristice of
the foward facing release a non-neglectable correction. If the
window does rot match the metal in impedance (and it is the match of
emall waves around the high pressure statcs that we must bhe concerned
with) a further untangling of the 8910 interaction must be done. The
goal of this analysis 1s the o, (n) path (n = 1-p. V) in a aimplc wave
(also on(u) for impedance matching). Given thce symmetric impact,
time independent flow, uniqueness of the relcase path
(i.e. experimental design is such that no hysterisce occure), &nd a
complete EOS of the wirdow material, a characteristic code analysis
could be done that would give o_(n) from the measured u(t). ¥t would
not bhe a simple forward annTysis ncr a simple backward onc, since
unscrambling 4567 depends on the information uat 8910, which 4n turn
d2pends on 4&4567. A characteristics code would be useful whose
elementary steps are solved by integral rather than difference
equations. It is however, a determined problem (aside frum a
necessary extrapolation of the °n(") curve) and awendable to an
iterative analysis. In lieu of such an analysir we have utilized
concepts from FPP theory to aAnalyrze the 1results, This amounts to
treating the characteriotica in ¥ig. 2 uan "shocks" carrying
discontinuous wavea, the ecarliest being the elastic reclease, and
later, the bulk release, or un approprinte fraction of it. This
results in the int.raction diagram shown in Fig. 3. The atriking
feature of this 1s the large fraction of the reclease that is
accomplished "elastically".

A typical analyzed experimental record is shown in Fig. 4 for a
mid range 2024 Al shot. The u, of the plateau imp used to determine a
point on the window Hugoniot "and, with an impedance match, the
initial metal atate. The time difference, t -t4, primarily
determines the longitudinal velocity in this metal atate and hence
the initial slopes in the o -u diagram. The velocity difference,
“2'“10 dotermines the sirze of the structure 1in the interaction
diagram, and hence determines the change in shear streas’, T+
that the material would support. Compiete ure of EPP concepts fn
this scheme would result {n a shenr strength too large by a factor of
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Fig. 3 Simplified EPP o-u Diagram Fi,. 4 Exp. u(t) Record

two. Sufficient dispersion in the wave velocities (curvature in the
dn(n) plane) was included to match the ramp in the u(t) curve. The
knowledgeable reader will recognize the rorrections and interactions
necessary in these procedures. Figure 3 was tor a8 fused quartz
window while T7ig. 4 was for a teflon window. They are close cnough
for illustrative purposes, but the data we shall now present was
taken using teflon as a window material. Further characterization of
fused quartz and a high density leaded glass needs 1o be done lefore
we can rely on our results for these windows.

Figures 5 and 6 show C; for the twn metals studied here. We
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observe that the longitudinal sound speed lies above and below the
curve where Tni- on‘s ratio equals a constant. This behavior for
these two met . agrees with the systematics inferred by Roman
et.al, fro. lower pressure data. The disappearance of the
longitudinal velocity indicating the onset of melting has not heen
observed at the highest pressures we have obtained with our
explosively driven drivers.

Figure 7 shows the shear strengths we have obtained for these
two metals. We have clearly gone past the maximum value for both of
these metals. It is tempting to use an extrapolation of these curves
to estimate the melting transition, but i1t is not ciear that a
‘reasunable extrapolation’ of these curves would necessarily give
even an upper bound to the melting transitjom.

DISCUSSION

We must add several caveats to the data as we have presented
them here. Most of the uncetainty arises from cxuplosively driven
drivers. Wave traversal time through the driver is quite important
in our experiments and hence a stretching of the driver could cause
us to overestimate C;. A 1% thinning of the driver could cause a
1.8% (in 2024 at 55 GPay and a 1.1%2 (in Cu at 70 GPa) overcstimate.
Our experiments have a self calibrating feature in that the time from
initiil plate motion to magnet distruction pives the ehock velocity
through the window material. Since these two cvents are not at the
same radius, bow in the driver would cause thls shock velocity to be
overestimated. We have uged the window shock velocity to estimate
the pressure of the interaction. This has ylelded pressures 2-10%
higher than those obtained from the plateau u(t) associated with the
intarface, Elimination of a positive bow effcct and a suspected
~2=32 error in magnet calibration due to a probc misalignment would
bring these pressures into agreement. Framing camera studies on
drivers have been performed but are as yet unanalyzed. Many of these
problems will be eliminated and higher prescure will be achieved by
transferring these experiments to our two-stage light gas gun. A
better knowledge of the 8910 target-window interaction must be
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Fig. 8 EPP-QEP Comparison Fig. 9 QEP with Various TotTe

obtained. A series of experiments 1investigating release waves in
suitable window materials is underway.

In order to verify our simplistic method of calculating C; and
ToHTc We have performed some 1D Lagrangian hydrodynamic calculatione
for the 55 GPa 2024 Al record. Figures 8 nnd 9 ashow these
calcularlons. The EPP model requires 3.0 GPa for 1.+t, and docs not
fit the data. Our QEP local model is characterirog by the following
expreesion for the rigidity modulus:

u(oy) = ug + ug (u,,-if) (ret1)/(1+T,)

The dimensionless quantity "o was chosen to gpive the right € at
pressuge and 1s in excellent agreement with the ultrasonic_data of
Thomas A global model such as that of Steinberg et. al.” would
incorporate the dependence of p; on pressure and temperature to a
greater extent. From Fig. 9 one can see that t,+1, is fairly well
determined within the assumptions of the mode]l and agrees with our
earlier simplistic m~thod of estimating it. Nothing profound 1is
implied by this model other than it gives a o,(n) curve clnse to the
experimental one.

For this analysie to be complete, relovading waves neced to he
introduced inte the driver-target. This ia almost impoasible to do
with explosively dxiven flyers. This will uluo L done on the pgan
gun.

' REFERENCES

l. J. R. Asay and L. C. Chhabildas, in "Shock Waves and High Strain
Raute Phenomena in Metals," edited by M, A. Meyers and L. E. Murr
(Plenum Press, New York, 1981).

2. J. N. Fritz and J. A. Morgan, Rev. Sci. Instr. 44, 215 (1973).
7  Re. Go McQueen, these proceedings.

‘ J. P. Romain, A. Migault, and J. Jacquesson, J. Phys. Chem.
Solids 37, 1159 (1976)-

5. L. V. Al’'tghuler, M I, Brazhnik, and G. S. Telegin, J. Appl.
Mech. Tech. Phye. 12, 921 (1971) (English Translation).

6. J. F. Thomﬂﬂ, Jr. Phy’- Rev. 175. 955 (1968)-

7. D. J. Steinberg, 8. G. Cochran, and M. W. Grunan, J. Appl. Phys.
31, 1498 (1979).



