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QUASI-ELASTIC HIGH-PRESSURE WAVESIN 2024 Al AND COPPER*

C. E. Morris, J. N. Fritz and Brad Lee Holian
Los A.lames National Laboratory, Los Alamos, h~ 87545

ABSTRACT

Release waves from the back of a plate slap experiment are used
to estimate the longitudinal modulus, hulk ❑odulus nncl shear strength
of the metal in the state produced by a symmetric collision. The
?X!locity of the interface between the ❑etal target and a window
material is ❑easured 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-c!aetlc plastic (QEP) model can.

INTRODUCTION

States of solids along shock loci have stresaen more rxmpllc!aled
than the simple fluid pressure that has been assumed for simplicity
in the high pre~,sure regime. In the past decade three I.echniques
have become available that can record continuous wave profiles nt
very high pressures which can be uRed to st~ldy elastjc-pla tic

f
f low

in s lids at these ●xtreme condit~ons. They are the VISAR , the ASM

f ~ ~n this brief ~ommu;:::;o:r:: t’s:;~’:::::pn::::
probe , a d the use of radiation from
materials .
preliminary results obtained from uoe of the ASM probe on plate slap
experiments where the driver has been accelerated hy hifih explonive
syeteme. Aaay and Chhabildaal, In their work on 6061A1, describe
similar ●xparimente and aualysis. Because of the brevity of this
communication, we rely heavily on their paper for discu~sion of t ho
concepts involved and references to previous work.

EXPERIMENTAL, SIMPLISTIC RESULIS

Figure 1 shows the ASM probe assembly and driver before impact.
Fringiltg lines from the mugnet ●re pinned to Lhe front face of I.he
target. Motion of the front face 18 taken on by the ❑aunetic field
lines, resulting In a 100S of flux in the coil. Tho induced si~nal
in the coil cmn be analyzed to give u(t) of the tnrget front face.

Figure 2 shows the interaction of interest in our experimental
ayatem. Impact at 1 and outgoing shock waves, release at 2 and 3,
the extended interaction of thc~e release waves 45~?, and the
extended interaction of the foward moving releneo wiLfI the wind DW
8910. The probe recordti the velocity of th~ lnterfnce, i.e., alon8
the path 3, 8, 10.,... An ideal window ❑aterial would mntch the
metal in impedance cverywllere, have low (and Indepcndant of prrsaurc)
wave volocitiea, and bevc a a~”fficiently low conductivity to be
transparent to R diffustng mngnetlc field. Such does nut exist. In
theoe high preonure experlmentm it wa~ fiecessnry to dasigII in a larga

—.—-. ---- ——-- .-
* Work supportd by the US Department of Energy.



,,.
. .

,

“i!
I

c=... ..–~
mtvtr~

Fig. 1 Experimental Assembly Fig. 2 I.agrangian y-t Diagram

plateau time, tg-t3, so that the wave from the interaction 8 would
not overtake the initial shock in the window, interact and come
screaming back to canfuse the information recorded hctwecn
later.

tfj and
l’his causes the 4567 interaction to be bur~ed more deeply jn

the target, which makes th’s change in slope of lhe charactcrist.jcs of
the foward facing release a non-neglectable correction. If the
window does rot match the metal in Iropednnce (and it in t.lm mai.ch of
Bmall wavee around the high pressure state’~j that. we must hc conccrncd
with) a further untangling of the 8910 interaction must bt? done. The
goal of this analysis is the CJn(rl) path (n ~ l-oOV) jn R nimplc wave
(also On(u) for impedance matching). Given the symmetrjc impacl,
time independent flow, uniquenea~ of the rel ease path
(i.e. experimental design IS such that )1(1 hysteriocfi occ!ur~), and a
complete EOS of the window material, a characteristic code nnalysis
could be done that would give u (q) from the menHurml u(t.). Yt would
not be a simple Yforward ana yais ncr a sim])l~ backward one, nlnce
unscrambling 4567 depends on the information Lt 8910, which In turn
d?pend~ on 4567. A characteristics rode would he useful whom
elementary t3teps are solved by integral ralher than difference
equatlona”. It la however, a determined problem (aside from a
necea~ary extrapolation of the gn(tl) curve) ond runenddble 10 an
iterative analy8jB. In lieu of such on analysj~ we hwc utjlized
concepts from EPP theory to nnalyze the r(!fllll,ln, l’hjn amtmntn to
treatinu the characterioticm in I+’l[;@2 uil “nhoclc~” carryjng
diacontinuoum wavea~ the earlieat being the claetic release, and
later, the bulk release, or an appropr~nte fraction of jt. Thin
reeulte in the Int:raccion diagrum shown in Figa 3. The nt.riking
featur~ of thie IS the large fractton of the ralease that is
accomplished ‘Ielantically”.

A typical analyzed experimental record iFI uhown in Fig. 4 for a
mid range 2024 Al shot. The up of the plntenu IFI ucmd to determine .~
point on the window Hu80niot and, with an impc:clance mntch, the
initial metal state. Thc time difference, t -t~,

f
primarily

determines the lonBitudlnal velocity in thi~ mclnl FI ath and hence
the initial olopee in the an-u diagrnm, Tllc vo]ocity difference,
u -ulo determines the size of the structure in the in eraction
d?ngrnm, !nnd hence determines the clmngc in Bhenr strcmn , TO+T ,
that the material would support. CompieLc tifIe of HPP concopte fn
thin schrme would result in n s!)cnr ntrungth too lnr~c by n fnctor of
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two ● Sufficient diepernion in the wave velocities (curvature in the
un(n) plane) was included to match the ram]) in l~le u(t) ~llr~~” ~~~
knowledgeable readur will recognize the rorrectione and Intcrnctionn
necessary in these procedures. Figure 3 was ftn a fused quarts

window while ?ig. 4 wae for a teflon window. ‘J!h(!y arc close enough

for illustrative purposes, but the data we nhall now prcccnt was
taken using teflon as a window material. Further characterization of
fused quartr and a high density leaded glass need~ 10 he done before

can rely on our results for theee windows,
Figures 5 and 6 show CL for the fwn meta~~ ~tlldj~d hcr~!” WC
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Fig. 6 Sound Spaed, OFIIC Cu
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observe that the longitudinal sound speed lies above and below the
curve where Pnfr. on’s ra~io equals a constant. This behavior for
these wo met , agrees with the systematic

i
inferred by Roman

et.al, f rolti lower pressure data. The disappearance of the
longitudinal velocity indicating the onset of melting has not been
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 t.hc%ecurves
to eetimate the melting transition, but it is noL ciear that a
‘reasonable extrapolation’ of these curves would necessarily give
even an upper bound to the melting transition.

DISCUSSION

We must add several caveats to the data as we have presented
them here. Most of the uncertainty arises from cxplos~vely driven
drivers. Wave traversal time through th~’(lrivcr~s qultc 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 GPa and a 1.1% (in Cu ut. 70 (;Pa) ovcrcst.imate.
Our experiments have a self calibrating feature In that. the time from
initi.il plate motion to m~gnet destruction }tive~ I.he fihock velocity
through the window material. Since these two events are not at the
same radius, bow in the driver would cause this fihoc.k velocity to be
overestimated. We have used the window }~hock vcloclty to cntimate
the pressure of the interaction. This has yield(?d pressures 2-10%
higher than those obtained from the plateau u(t) asnociatcd with the
Interface. Elimination of a positive bow effrct. and n suspected
.,2-3% error in magnet calibration due to a prohr misalignment would
bring these pressures into agreement. l%~lmin~l,camera st.udic~ on
drivers have been performed but are as yet unanalyzed. Many of tl?esc
probleme will be eliminated and higher prcscure will be achieved hy
transferrinfi these experiments to our t.wo-nt’.a~e ljght. gas Run. A
better knowledge of the 8910 target-window interact.ion must bc
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Fig. 7 Shear Strength vs Initinl OY ~n the Metal. These dnta
are not ill a~reement with A1’tshulcro et a .
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Fig. 8 EPP-QEP Comparison Fig. 9 QEP with Variaue TO+TC

obtained. A meriea of experiments investigating release waves
suitable window materialo ia undemay.

I

in

In order to verify our simplistic method of calculntjng Cl, and
TO+TC we have performed some lD hgra~ian IIyclrodynnmic calculatjono
for the 55 GPa 2024 Al record. Figures O and 9 allow these
calcula~~ona. The llPP model requires 3.0 CPLIfor T +Ic and doc~ not
fit the data. ~r QEP local model iIB character~xe % by the f o] low~n~
●xpression for the rigidity modulus:

The dimensionless quantity IJ~ was chosen to OIVCI the rj@I. Cl, ~t
;;e::~ and IS in ●xcellent agreement with the ultrasonic data of

A global model such aa that of Steinher~ et.al.v would
incorporate the dependence of v: on pre~sure nnd tcmpera~.uro t.o a
greater extent. From Fig. 9 one can see that TO+TC in fairly WC1l
determined within the asnmptions of the model and ngrcee wjth our
earlier eimpliatic method of ●stimating it. Nothing profound js
implied by this model other than It gives a an(q) curve close to the
●xperimental me.

For this analyais to be complete, raloudin~ wavcm need to hc
introduced into the driver-target. This ~n nlmost imponsih]r 10 do
with explnsivcly driven flyers. Thi~ will M’JIIO lJC:done on t.hc! ~nn
Sun.
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