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MEASUREMENT AND ANALYSIS OF THREE 1.5-GPA SHOCK-WAVE PROFILES
IN COPER

Richard H. Wamnes and Davis L. Tonks
Los Alamos National Laboratory
Los Alamos, NM 87545 USA

Three wave-prolile experiments were performed on OFE fully annealed (600 °C for one hour) copper us
ing a 101.6-mm-diam gas gun at impact velocities of 86 m/s. A symmetric impact produced a 1.5.-Gl'a
shock vrave In the target. A sapphire window was bonded to the front (nen-tmpact) face of the target,
and a four-detector push-pull velocity interferometer (VISAR) measured the velacity of the cop-
per/sapphire interface. The imipactor thickness (4 mm) was the same in all ~xperiments; the larget
thicknesses were 10, 20, and 30 mm. The stresses and strains, inciuding the devialorie stresses and
strains, have been extracted Lom these data using a quasi-Lagrangian analysis. (The waves are not
steady.) The use of three separate shols in Lagrangian analysis yields only approximale results lor the
devlatoric stresses; but the results for the normal stresses, and for the strains, are lairly accurate,
Fyven though the strain rates fall in the Hopkinson bar regime. the mechanism of dislocation motlon ap
pears (o be dislocation drag, as s the case for stronger shock waves in Cu.

INTRODUCTION

The three experiments presented here are
part of a serles of experiments to measure and
model the elastic-plastic response of OFE f{ully
anncaled copper subjected to shock and reshock
and shock and release lo:ading at initial pres-
sures of 1O and 3 G, Some of the 3 GPa ex
perimerts and ana'yses have already been re-
ported [1]. This paper presents the very lowest
pressure experiments and analyses,

EXPERIMENTS

A 1016 - mm -diam gas gun was used 1o pro-
duce i symmetric ampact in OFIF copper at an
lmpact velocity of about 86 /s, The copper in
both the impactor and the target was fully an
nealed (600°C for one hour), A single crystal
sapphire window [2] was honded to the front
(non hmpact) face of the copper Garget,

The impactor velocily was ticasured with an
arvay of electrical contact pins recording on digl

tizers with a resolution of 6 ns. The velocity of

the Luget/sapphilie intetace was measured with
a four detector push pull VISAR (3] cecordingg on
dipitizing oscllloscopes siimpilng ot either 1 oor 2
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Figure 1. Experiment TH207:0 10 nun Gagel.
The veloeity is at the Cu/Zsapphire interface,

In these thiee Jow stress, fow stradn vade ey
periments the timpactor thickness was 3 unn,
and the Gaget thicknesses were 10 nun, 20 mim,
wed 30 pun. Deladls of the experiments aie
piven in Tables 1and 2. The wave profiles at (he
target /sapphite window interfaces are plotted in

My esunples/s, s, 103,
Fable 1. Dimenstons of cojuponents in the expeiiments.
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Table 2. Impact velocities and VISAR setup.

Impactor Fringe
Experiment Velocity Tilt Constant
No. (m/s) {mrad) (m/s)
H1207 85.7 10.1 0.85 49.07
11208 85.2 0.2 0.66 39.07
H1230 86.2 £0.1 1.21 39.07
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Figure 2. Experiment H1208: 20-mm target.
The velocity s at the Cu/sapphire interface.
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Figure 3. Expertinent HE230; 30 nun target,
The velocity is at the Cu/sapphire intertace,

TUHREORETICAL ANALYSIS

The particl~ veloetty data were simoothed by
local least squares [HUng to ellminate local
ringing that chm ged the sign of the aceeleration
This resulted I vo dinstie changes (o the data,

Theovetienlly, Lagranglan analvails teguites
progresstve anapshots of the woune wave. The

data available here, however, are [rom three dil-
ferent experiments with three different sample
thicknesses. (See Table 1.) Shot-to-shot varia-
tions cloud the straightforward applicatlon ol the
technique to thesc data. For example, as seen in
Figs. 1-3, experiment 11230 has a somewhat
larger peak velocity than the others. [n order to
apply the Lagrangian method, these varations
musl be eliminated in some fashion. Therelore,
the prctiles for experiments H1207 and H1208
were scaled in veloclity to make their peak ve-
locities identical to that of shot H1230. (The
adjustments were minor, less than eight per-
cent.) The method of analysis used here con-
sists of a Lagrangian analysis together with this
and other methods of eliminating shot-lo-shot
variations (lo be described shortly). It will be
called a psceudo-Lagranglan analysis.

To estimate the extent ol the error, each wave
was analyzed using the steady wave analysis of
Wallare [4] and the results were compared o
that of the pseudo-Lagrangian method uscd
here. The steady wave results are  wely not
correct, but provide some sort of bound on the
correct resull. As seen in Flgs. 4-7, the results
from both analyses compared lairly closely for all
quantities except the deviatorie stress, which is
the quantily most sensitive 1o error. Neverthe:
less, the two versions of the deviatlorle stress,
Fig. 5, are similar, differing at most by about
30,
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Figuie 4. Caleulated coipressdon sand plastie
stralns versns time oy the THEZ208 pauge post
tlon,

A 3% elastie mpedinnee corteetlon waee ap
plted to the measnved nterbwee velocity to esi



mate the in situ Cu particle veloeity withott the
presence of the sapphire. For a correction this
small, the elastce theory Is adequate, [5].

The Lagrangian method ol paths was used,
[7]1. Each profile was divided into three mono-
tonic parts scparated by the peak of the frst
rise, the tollowing dip, and the top of the plastic
wave. Points with the same relative velocity in
corresponding parts in the three profiles were
connected to form paths.

The equations used for the pseudo-lagrang-
lan analysis are

al(r) - ---p”j(?)-;-]’(lh ("

amd

L i
e=-J(5)

where u s the particle velocity, o s the normal

(2)

h

stress deflned positive in compresston, v is the
compression or volumetrie strain, h s the La

granglan position, po is the intial density, aoud t
s the e, The normal stress and compression
were found it the sample thickness (20 mm) cor
responding to shot HI1208 using these tormulas.,
Eq. (1) was tntegrated along o Hne ol constanl
time In the h t plane Inward trom an undis
turbed position in front of the shock wave,  Liq.
12) was integrated along a line ol constant h cor
responding to the 11208 sample thickness, The
H1208 position ts in the center of the dativ and,
thus, extrapolations there ave ndnhmized.

Onee o and ¢ were obtained, the thermoelas
e equations of Wallace (4] were used (o obtain
the deviatorie stress and plastie steains. The
material pacuneters nsed are glven in [H.06].

The steady wave procedune used to obtadn the
steady wave resnlts are also descrthed in these
references. [ the ealeulations here, the 1ise (o
the Hirdt peak was assinned elastie and the ve
tocity of polnt “¢” used In the imalvsis [ was
tithenn to he 10O /N,

The absolute timing measinementy of the
transit thme tor the thiee proliles proved to e
ton Inaceurate (o obtain phystealiy teasonable
resulls; negative deviatorle strestices weies oh
tatp el Using the potots of thst motton to akd in
aligning the thve tecona s e also led C
nepative deviidonte stressea o aet the relative
timtng ot the thiee profilea, the peakes of the tival
tHue were taken to have teaveraed the ssanple

thicknesses at the longitudinal sound velocity.,
This assumption, together with the veloeity ver-
sus tme record for each prolile, established (he
timing for all profile points.
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Figure 5. Calculated deviato rle stress versus

time lor the 1H1208 gauge position,
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Figgure 6. Calealated deviatodde stiess versais
plastic st for the THY08 gaage position. The
X 18 o ealeubkded valne lor the internal hanler
strenpth at the top of the shoelc wave,

Both Hnean oo queadeatie Hittng, of the data
were Gied  Both pave ahovt the ssue tesalis b
the atresaes ated abrodns at the FET20H toagel
thichn s The calenbaed peak devintonie streee.
however, wirs about 1O0% lower fon the quoaadath
e than o the e 10 For the thichnesce




correspending (o the other two experiments the
quadratic fit gave regions of negative deviatorie
stress. These results are not shown here. Since
the linear fit did not produce this problem, only
the lincar results are given here.  One would
think that the quadratic it would give better re-
sults because it was based on all of the data,
The reason it did not may be due to the shot to
shot vardations,

An additional restriction i3 that only data
from shots H1208 and 111230 were used in the
linear fit.  Using data from shots H1207 and
111208 in the lincar it also produced negative
deviatorice stresses,
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Fipgure 7. Caleulated plastie stram rate ver
st plastie strain for the 208 gauge posttion,

We note that the devitorie stvess used here

|.-.-:r[|,

Irn rw], where T and T, are
the stresses along, and normal to, the shock
divection, respectively.

The cirves ol the devintonie stress versas
plastie strain, Fyg, 6, and ol the strain nate ver
sus plastie strain, Fig. 7, closely tesemble those
for stronger Va shock wave proflles thiat aee
dominated by dislovation deag 11, The very fasl
rise in plastie steadn iate with plastiie strain aud
the peaking ol the devtatorie stress abont mid
wity in plastiec stinin ue typleal ol shock wave
dhislovation diag processes in whicn the inttial
stress loading 8 e them any toittal banders
and faster than any butldup of inlemal wink
hindening,  Henee, the mechintan ol pheitie
tlow hiere i probably ntluenced by dislocatton
diag il

Evidence for this was obtained by calcukting,
tor the end of the shock path of Fig. 6, the me
chanical threshold stress nsing the model of [S).
Decause of the small straing involved, the resnlts
of this model should be considered fairly rough,
accurite to, say, 40, The resulting valuce of 20
MD'a for the mechanical threshold stress should
be compared with the {inal deviatorice stress ol
Fig. 6. Due (o the uncertaintles involved, these
two vilues are roughly the same. As can be
seen, after the first rise the deviatonrie stresses of
the shock path le above this value, which is an
upper bound for ihe evolving threshold stress,
Indicating that the dislocations are being driven
by sitresses greater than the oppostition of inter
nal harriers.  Hence, even though the sirain
raies here fall in the range of Hopkinson har
data, which is dominated oy themmnally activated
dislocation motion, the stress loading bere is
higher than internal barders and so abrupt that
dislocatton drag is the mechanism ot dislocation
motion.
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