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SHEAR WAV MEASUREMENTS IN SHIOCK-INDUCED, HIGIH-PRESSURL PHASES *

J. B. Aidun
Los Alamas National Laboratory
Los Alamos, New Mexico, USA 87545

Structural phase transfurmations under shock loading are of considerable interest fur understanding the
response uf sulids under nonhydrastatic stresses and at high strain-rates.  Examining shack-induced
transfurmations fram continuum level measurements is fundamenmally constrained by the inability to
dgirectly identify micruscagiic processes, and also hy the tiited number af material prroperties that can be
directly mensured. “The latter limitation can be reduced by measuring buth shear aud compiression waves
using Lagrangian gauges in cambined, compression amd shear loading. “The shear wave serves as an
important, real-time probe of the shucked state and unloading response.  Using resulis fram a recent study
uf CaCOy, the wigue information abtained fram the shear wave speed and the detailed structure af the
shear wave arc shown 1 be useful for distinguishing the effects of phase transfonnations fram yiclding,
as well as in characi2rizing the high-pressure phases and the yiclding process under shuck luading.

INTRODUCTION

Understanding how nunhydrostatic stresses
and high strain-rates can pruiluce ubserved in-
creases in structural phase transfurmatian kinetics
under shock lading is of fndamental, as well as
proctionl, interest, Contimmm level investigations
of aack-indneed transfurmations suffer fram the
inability ta identily micraseapic processes direetly,
Nuanctheless, 1he full satential of cuntinuum mea-
surcinents has nat been achicved because anly bon-
giudinal stress and particle velacity cnn be mea-
surcd reliably, which leaves the deviatoric and
mean stresses undetennined.

Mcaswing bath shear and campressian waves
asing embedded pnticle velacity ganges in cam-
hined, compression ad shear loading, plate impract
CXPCTINCALS MEMCIS cantinnmim measnrenents
with new inlaauatian that is directly iehted
buth the shear praperties and menn stress ol the
shucked naterink 1Y The shear wave is nouselul
pnabe af the shear praperties alb the cnmpiressed
state produced hy the Faster taveling camipressian
wive,  His not o practical nse For mapping the
yickl smtace by vanying the shiear amd comgnessian
wiave amplitndes in successive experiments: Fhe
shear stess suned whe compressian wave is -
SO preater than that in the shear wave tassining
a pnipcably knpe mclinationcal O - 07 and Pais
soi tio al 0.75) Fora van Mises yiekl, this con
respeands 10 1he konpnndinal stiess at yiekl being

only 12% less than fur uniaxial strain akme (8=0").
The efficacy uf measuring both shear and
campression waves fur studying phase-transfonn-
ing materials has been demonsirated recently in an
investigatiun af palycrystalline CaC0y, where it
has been valualile fur distinguishing effects of
pthase transfunmations fram yiclding and for char-
acterizing bath the high-pressure phases and the
yickling process. % Analugans results have been
ultained ur shanld be abtainahle in nun-phase-
transfimming nmterials, I cantrast ta previaus
results.!2 in the phase-transfanning material mean
stress caukd nat be directly campmted fram the
experimentally-determined Imtk moduhis vahes.4

EXI'ERIMENTAL METTIOD

In-mterial, electramapnetic ganpes at selected
depths meast (¢ transverse and kngitudinal particte
velocity histaries nssociated with the prapagation
af ke mnplitde, ane- dimensianal campression
and shear waves, These waves e penerated by
pamblel impact of twa plates that are cqually
inclined ta their disectiom ol appronch, e mag
nelic Held amd gouge wiicntatioms e chusen sa
thiat, wider ideal canditinns, the panges iespinud o
rither lanpitmdinal or ansverse mation,

T'wa experiments e needeld at cach ingrcet
veelacity due nainly tathe impracticality af placing
nune than Fonr paupes ina sample.® b the nst,
we simmhancausly measiie the ongitudinal and
tansverse wations with two panpes set ut the same



depith lrowhe impacr tace. This measinement is
importaat b canelating the shear aml campoes-
sion wave urivals pecisely whew the Etter has a
camplex stierire due ta yickling ar stimetnral
phase tansfanmaions.  In the duplicate experi-
mier, we measwe the npitedinal histories, inly,
at thiee depths to perit calentation o kmgitudinal
stress and strain Fiekds,

RESULTS

These measwements pravide the fatluwing
information at cach impact velocity:  Shuck wave
specds sheac amd loagitmdinal wave speeds i the
peek compession; lnngitndinal stress linginedinal
stiain paths: shear siress shear strain paths, ‘e
shea and bulk moduli e oltained tram the wave
speeds and density. Measiements at a series al
impract velacities pravide the density variation of
the menhuhi in the shacked state,

A series ab canpession shear experiments an
Canva imauble samples at peak levels Fram 0.5
G ta 0O GiFa fongitiudinal stiess demuanstrate the
post ibility amd value of measuving both sicar and
Jongitchiial waves i phase ansfaauing meneri -
als. U Mechanical yickling and wa phase tans-
funmations aecnrred within this range. “These pra-
coesses preverted neither sheac wive prapagation
not the pamicle velocity measieaients. Details ol
the esponse af CaCO vine wepoted in 3] o |41,
Here we Taeps aniwa comprarisans aftarded by the
shear wave measmenmients b help gicatly in
distinguishing, plase ranslonmations ham yickling,
anmd i chinacterizing the loplc pressine phases aml
yickluge process.

In tyane |othe bl moduins vahies i thee
shocherl nepble e plotted versns peak density
compression. the apen squases e estunales
hosed ancthe wicasimed elease wave speed . Be
canse the ehishie madub as mnctions ol densiny
tien steess) epresent the simme physical guantities
uider shock cacd bvdiostatie toading, the hulk
maditis values penmd a e discrimmating com
panise ol paterradd pespoase mder these foaday
carchions tlem o wave spevds. The sald line
tepaesents the wemmpie Iy pokabo valnes e
tenesd o altvasomie wave speed easme
wiedts poOgh Tl lnaesbone 7 Fle tao sets al
beohen huwes proc tter sotleagad bulk ioddudus val
acs bt ropned Towe nhostanie cowpe oo
carves tocsgete crval cidede mn R abedeed saud

19] tshurt dash). Values oo a linite strain Fit w
the Latter hydiastat e shown by the bald dashed
line. 4 “The stability lickds of the ihiee phases ab
served under raam temperatime hydiastatic cam-
pressian are indicated by the harizantal arraws,

The bulk madulus in the shacked marble
shuws the expected decrease due 1a changes in
clastic prapertics nerass the transfurmation ta
CaCOx(H) and a suhsequent increase that s
camparable ta that abserved under hydiastatic
taading npr ta the start af the CaCO D stability
fickl. At 1% campession, the shacked mihile
bulk machitus lies Fr below the valoe determined
Friam he hydiosia

Becaase the bulk modulns is rather insensitive
ta defurmation ar yickling, this discrepancy sup-
pests the anset af a transtanatian ta a phase ather
thay CaCOACHED that has a suhstantially lawer tnlk
maduius. 'Mhe Imlk madidus of campressed arag-
mnite is nat knawn, imt i is the likely candidate far
this new phase. “Mhis is supponted by the caleite
Huganiat crassing the CaCtaHD sepgment af the
hydrastat by % camiression and merging with
the aragauite Hugonim !

I previous compression shear studies!:2 the
mean stiess in the shacked state was calenbited
Frann thwe density integral af the lulk mcdulus,
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Mcan stress values are needed fur separating, devia-
taric stress aud strain-rate effects an materials re-
spanse. Withaut them the uselulness af cantinuum
shock wave mcasurements is curtailed substan-
tiatly. Iucgrating the hulk madulus values shown
in Figmie | leads 1o unphysical negative siress
deviatars in the mixed-phase region. In phase-
transfurming materials the mean stress cannat be
dircctly compnted in this manner apparently
because the cxperimentally-determined butk mod-
ulus values in the mixed-phasc region are frozen
phase-campasition values and sa are nat equal ta
the logarithmic density derivative af the Huganiat
nmean Sess.

The dilTiculty in cnleulating the Huganio
mean stress can be understood by cunsidering the
schenatics shawn i Figure 2. In Figure 2a, the
dushed curve is an idealized compression curve fur
a single crystal that nndergoes a first-urder phase
transfarmatirm, “Ihe Huganict mean stress fur a
palyerystal af this simne mnterial is represented by
the sulid enrve.  Fignre 2b shaws the carrespnnd-
ing lulk madulus-density relations.  “The single
crystal modnhus is taken ta decerease acrass the
trimsfarmatian, as is uhserved fur caleite. ‘The
sulid curve gives the relaxed palyerysil lmlk
nuihilns, Kyix. “the relaxed amd frozen madulns,
Ktz values at 3% campession are indicated by
the dot and apen circle, respectively; Frazen
moduins valnes are dlways intennediate between
the pare campanent vahies,

The flngamiat mean stress can be abtained hy
imegrating the wlk muchilny pravided the latter
canesprods tu the stape al the mean stress-density
curve.  Inthe mixed phase region Kjix is systensi-
icially lawer than Ky, becanse it inchides the cim-
tritntiom bram the valume chauge af the trans-
lanmet haction af the siomphe. The speed ulb the,
ideally, infinitesimal amplitde leading edpe af the
1elease wave is used (o detennine the Tk imadn-
s, As na changee i phase campasition acenis in
the leading cdpe, the measmed wave specds are
lrazen phase campasition values,  Canseguently,
mteprating the experimentatly detenmined Iulk
muduhus density selation averestinites the mean
stress and e lead o apipent stin saltening, ar
CVOH HCPSIING SHeSS devena.

The shes wave ampiliticdes can pravide intar
nsiten abont waterial stienpth that cannat be
ubtamerd ionnthe wave speeds o the compiessian
waveunphtudes, b phase tanslonaings materials
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Figure L Schematic of respanses gavernel hy
frazen and relaxed itk maduli.

this additiomal infurnution can be impartant Yur
distinguishing the cffects ol yickling Fram phase
trmsfimmations,  However, munerical sinmbntions
of the wave prapagation using assmmed minenal
muadels are needes ta analyze shear wave ampli
mdes. 'V Nonetheless, it is weadily npparent that,
becanse shear wave amplindes mie related
material stiength, the ability of e marble ta
supipent Tinite amplitade shear waves inagicates that
it retains sigaiticant stienpth ap a3 Gl
Gupta's sinmibations ilsieate the appuaach Far
amalyzing sheaw wave wmoplitides. He deman
strates that the shem wave is sensitive ta the yickld



prucess during  lungitudinal unloading. 1041
Hence. combiined with numerical simulations, the
shear wave history during lkamgitudinal unloading
can be used ta detect yiekling and characterize
purtiuns of the yield surface.

Qualitative aspects of the marble sirength re-
spunse were inferred by cumparing the results of
Gupta's simulations fur granite with the shear wave
panticle velocity histaries in Carrara marhile: !t "Ihe
nalile yiclds due tu passage af the compressiun
wave, nlane, at a longitudinal stress af 1.55 GPa ar
less: the wmnrhle exhilits yickl hiehaviar that
resembites a puessire-depedent resprmse,

CONCLUSIONS

Ihe investigation of Carrara marlile demon-
strates that shear waves can be ineasured in a mate-
rial undergaing shiuck-indnced phase transfonna-
tioms nnd that these mensurements pravide addi-
tiomal infurmation nat abtainabile from npiaxial
strain, plite impact experiments. “The shear and
lungitwdinal wave spieeds, tagether with calculated
peak densities, 12 provide shear and bulk maduli
values uf the high-pressmie phases.  In mixed-
phase regiuns the madnli sa determined are frazen
phase- camipasition (uantities.

The Hugapiat mean stress cannat be directly
campiuted fram these Imik madubns vahies, There
is corrently na praven method for determining the
Hugamiat mean stiess in an arbitrary salid, Lateral
stress gange weasnrements might eventually pro-
vide this crmcial capability Gin this regand see MK,
W. Wung in these Praceedings). Nanetheless, the
bulk maulus data pravide strong additianal coun-
straints an material madels.

Shear wive inplitndes cim be nselud For chr-
acterizing inclastic respanse, bnn they o nat per-
mit simple detenmimtion of the yichl smlace,

Tugether the shear nd camprressian wave
measurciments ware  hully  characterized  the
shacked state, It they were insutticient Fur
amswering many specific questioms abunt the
dynamic respoanse ol caleite 1ocks, even an the
comtinmn levelt I was hencelicial (o the
ivestipgation tha the First phase transtupnation
wis ppid, casmly identdiabile, and ocenned witlan
A 8teSS ange that was casy lo stidy,

*This warh was petlonmed a0 Washingsion Sate
Lhuversty nccotlabormion wil Y. ML Gapia,
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