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MICROMUECHANICAL STRENGTI EFFECTS IN SIHHOCK COMPRESSION OF SOLIDS

J. N. Jolmson
Las Alamos Nmuional Laboralory
Los Alainos, New Mexico, USA 87545

Time-resolved shock-wave wensureinicis and posi-shick recovery iechuigues have long been nused as 1eans of inferring the
underlylug wilciomechanivs contredling high-rine deforinnilon of sollds. ‘This approach requires n consldernble anunnn of
subjeciive imerpretntion. In spire of ilis feare, progress hag been made in experiimcnimion and theoretical interpretmion of
iie shock-compression/relense cycle mud some nf the resnlis are reviewed here {or weak shocks. Weak shocks me delined 10
be 1hose wilh peak mnplivades (typically 10 - 20 Gi'n for os solids) (hm do wm overdrive the elasiic precursor. “Thie
essemial eieinems of arypical shock-compressian/release cycle involve, in order, (a) the elasiic precarsor, (b) plasiic loading
wave, (¢) pulse duration, (d) release wave, and (e) posi-iioriein examination. ‘Fhese (opics nie examined in wrn, with sonie
emphasis given 10 eleinems (b) and (d). £ 1hie plasiic lnading wave is iraveling without cliange of shape, i is possible 10
converl ihe panicle-velocity/iime recotds 1o a shear-siress/plasiic-sirain-raie pmh, Shock daia in ihis form ¢can be compared
direcily with low-1 -imeimeiliaie sirain-rate 1esis, Resulis for copper and mmaluim show how shnck dmin can be used 10
ileteniine the iransninn from the defanumiom niechanisin of thenmal aciivaiion 10 thar of dislocaiion drug.  An imponam
resull of telcase-wave snlies is thai 1he lemling observable release disiurbance in FCC ineals may 1o be propagming with
the ideal, lougimdiml elusiic-wnve speed, i ar n lower velocily dependem on ihe elastic bulk and shear wodnli awd 1he
praduct of 1he dislocmian density vimes e pinning sepuramion synared for dislocmion seginens in ihe region behind ihe
shock mul ahend of ihe 1elease wave.

INTRODUCTION

How can an experimenalist look liside a shock -lnaded
solld v a sulnnlerosermud thue senle nnd examine the
wmicrmmechaicnl nspecis of wmtierinl sirength und
delmation propenies?  “The nnswer secins (o be 1hm
genernl dineet observition is very dillicoll excepn for a lew
spevclal merials, nml ahen only T a Tew specl
»‘ncnmnﬂm thin van: be probed by clever ulnin'nl menns |-
F\I. This wmenns it most of onr “latornmion” coneernling
the wmiciomechmnleal basis for waerind defonmion mnler
shock comditions wnst come o hadiveer meilunds.,
Measmement ol pmticle velocity, longitndinal siress,
hupulse, wil so . commins inbermntian abowm the
microstinenns, 11 ihe da ean be inteypeeied puopely.

The imeipictimon vl nmeiosenle wmensmement o
provide wiciosenle indowenion is adilbeeah wd nomiigie
pocess  This was iecopnized by Dhowin, one ol the co
discoverers ol the distocmion 4L wnd e expuessed his
teservarinns  wbont being able 1w diserin ahe
wiictomechuienl busis ol merind delovmtion o
ineginl wensile westns lollows:
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"o The evtevsieon of o paece of metal 1id) g aene
mor e vonyde qied than vhe working of a poacker wateh
Wd W0 hepe 1o devive infoo maeor abowd 108 meehanion
from . the tensile test (10) perhapy ax optomisthy ay
worehd be oo atteyope re Teeon abvaed the wonking of o
Jurwket wateh by detevining s cemyoexafee spength

Fypane 1 shoses an iskealized 1 plae ingract paolile ol
pantiche velocny us o lamtioo ol e al some hiypihencal
e Boestion imerim 1o the saaple E e samplhe naieoal
s en hese ieriocine s cnn L annle in s
More obien, usin the cave al wenls, weasanemems e
made w the pliae imenlace levween the siple and o

l spite ol this very diseoutnging viewpoing, 1wt o haunspueinn windnw  aeacod chosen 1o pravade o

tesenibe soane posiive things thin lave heew doune 10 shield
Hpln onahie inicionies hapieal basts b ngnerial dedonmmmon
wiml plaste Howe T shock loaded soluds These hs beea
sotw paopress, b e fee tdeen n o time wad o goren denl
G eSO e s i Cureear e preinome. e upen 1o
Taaher hvesaipgalon,

vensomahly  pood acomwsne impedanee mnted wath the
smnpile Wl an apaoximunye fmpedance nench as
obised, spulliticn is prabibned, he ulealored ecand
sheavi in Fyone | oontnns e mtonziman waan easaby
tnc e propertics ol selids it oon topie b wepanae
ihiscussum, .



The wiain fennes of the wave pmfile shown in Fignre
I are (a) the elusiiv precursor, (b) 1the plasiic compression
wave, (¢) 1the nominally flm plnleau beiween compression
and release, (d) 1he elaslic-plasiic release wave, and (e)
wst-imoncin recovery (following the shock/release cycle).

will deal with ench ¢1 these 1opics in i, with emphasis
on (b) und Q).

I'he nicromechanical basis for high-raie plasiic
tefommiion is extramely connplex. o onder 10 nmke sense
of indirect experinnmunl observamions, we neeil a simplificd
picnune of the delormnion pocess. Figine 2 shows scane of
the nmjor nspecis of plasiic deformaiion on 1the mesoscule,
Ficiuredl hiere are severnl disloemion line seginems
wraversing i principal glide pline. “The inlerseciions of e
stenighn lines inalie glide plane 1epresent montic positions
in a simple cubic lanie. Of coarse when we consider glide
on (L11) planes in <1 10> divecrions of the FCC lanice,
Atomic poshians me cre conplicmerl 1han this. Also
shown in 1he glith: pline me pinning obsiacles provided by
impurities, imersiitials, aml other dislocntions.

Taee wpjor faciors vimmibae tesistiance 10 lislcatiom
wiotivn: (a) 1he plinlng vhsincles. {(b) the sialic resisinnce
of 1he lattlce ite2lf ('vierls siress), and (¢) the drag
resislance provided by the Limice when the applied siress
exceeds the Peicrls siress andd the alistocinion is raniing in
the vlear megum bewween pinning obsincles,  Tnilis piviare
() il (b)) ure thenmully aciivaiea mrocesses, and (¢) is a
simple merhiamieel dissipmive puwess.
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Figare 2o Scheamtic tepresentaiion ol plastie delotienion
e hnnisons.

Dhtined han s diagimn me inponisin elieos suchoos
dislocaton vhimb, v whiclen pinned deslocanm cnn elinle
ant ol the puincipad lide plaae by crass slip oo an
inersectisg pline, To, exinaples Nevenbeless, the
sunpitied pacmee shoswncin Foagne 3 paovides oomenns of
wierpaeting shock wave esponse as showo e Figme 1
What el e paesent isoa lnoad integuendion ol low
und when dehwomtlon mechgulvins ta), (h), mnl (¢)
contrdsnte 1 aecical steenpile ctiecis in sk wave
compuession ol FUC and 1EC iets, sond how the bowed
ol dbsloeninm sepnems betweea pings obsaecles
cenbute woopasiclestee behvior g the Pelustie” ponion
ol the el plsie telease wave,

COMI'RESSTON/RELEASIE PROFEFILIE
Elastic Precursor

T'his aspect of slinck compression has teceived a grein
denal of siudy, particularly experimental mcasnremem of
Lil* single crysials [5-7].  Defonmmian at 1he elasic
precursor from is cowrolled by mechanism (¢), wiith a
greal deal of molile disloemion umlliplicmiun. The clusiic
preentsor undergnes exireiie excirsions in applied shenr
siress nenr ihe impact smfnce, nnd fin 1his veason is very
hard 10 characierize fully.  huaponam uspecis nf ihe
decaying elasiic precursor hiave been teviewed in refercuce
[8].

Plasiic Compression Wuve

Ihe plasiic compression  wave is even nuiore
complicmed w i1 deformption processes 1han 1he clusiic
[irecursor, I lims scen grenier success inmicromechanicul
nnerpreiation.

The imporimn nspert of e plasiic compression wave
thar ullmws analysis is e fuct 1hin v very quickly
estblishes a stemly prapagating profile: il is, the panicle
velocity inihie plasiic-wave region can be expressel as o
funcrion of  x - Ui, where U) is alic shock velicity
rorresponding 10 thn particalar wave mmplinde. The rale
of thnb [9]1s thm the iransia time o sieady prapagmio is
~ I $qiserines of 1he plasiic wave fionn, For exinnple, if the
risetitne of a 7.3 Gl shock in mmanhwn is 30 us, the sie-uly
nae of ithie plnsiic wave s establishel w less tlun 500 ns
(Mopagiation dismnee of =2 nu). Of caurse i is always
bener 1o exsinblish steidy-wave behavior experiimemally il
the 1esomnees me nvoiluble, i his is e nlways ,ms.\'ihlc.

Wihien the plusiie wave is steidy. the longindnal suess,
specilic volmue, aind puniicle velocity smisly thie vwss - and
nmotmenie-comservanm relmionships:

vl N el ()

a-=putin . (2)

iV nond 1 ome koown, ¢ ound g can e obaineld. 18
additionnl equation ol sine inkormtion is known, ivis alse

possible 10 obin ahe shenr stiess t ol e Tongandioml

Phasiic s p LI I2E This s abe compaaticonlly
istensive paat of the moblene Ba the npoinn vesnl s
it we cun then plotihe shock datinicims o shew siess,
plasiiv stiin, wid phisiie stz ane. Ty is abie coninon
ciunewry ol meniilys scivatisis. We do il have 0 i
Yydiovade aml show npeewem between thety mial
eaperitniend i oander w ronvinee ssaicone thin we kuow il
weehamsar wespousible loa shock delanaia, The duia

e sonply ploned e Crow ), Cy oy ) oc Qg planes
windd the sneepretanon is nhioost mmedinge

Fon exnnple, shock coanpression ol coppen w e
divinet veasation 1 viseans distocano dag, e chilsin
(), belove aetaninng o e tliennl acnivanon mechanism
() e ahe wegion belund the shock hoore Figne 3 The

upine solol caeves wepresent tee perad o ye pahe [
lallowed e ahie shock Teoats, wlinde alie lower dashe el
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Figute 3. Shein sieess paths in shovk compression
expierimems (OFK vopper). MTS values me calcalmed
fronnmecnsmed plastic siuninanices.

dush din pmhis give the sechanicnl tlneshokll stess (MIS)
o3 1 funcrion of 7 thiougloiwo ditferem shock pmhs, e
MTS is the O K shear sueagaly, ad ahe actiml ihemmlly
activincd How stess is sonnewling less than this doe w Linie
tepeinme [ L Availie end of the shock pmhoihe shear
shess lalls below ihe MES ad the aleTommtion iechanisin
reveits 1o thevvoml uedvinion,

Awinparinn guestion is: whntegion oy g spaee iy
dowminmied by aheraml wenvinion ws compimed 1 viscons
ding in OFE cvpper? “The snswer is than m bipgh stvnin anes
ad low plustic snainsg viscons disleention  ding,
mechanism (¢), vonnols nencvial delotmmion, Ay
dehinmion proceeils, the MUS iwereases dae o e
depewdent wink hadening, mechnulsin (a), aad evienumlly
overhakes the viscoas diap commilation  Tewee, Tor this
manevinl, viscons deag plays w dowinna iole only in ihe
shock Tran

Tomnhnn hos wlso becn sunded as waepical 10OV el
aml I is al imerest 1w dewnnme the dinina delonantion
wiechmi-ans ainder varions londing comditions. Figme o
shows shock compession daw [19] in comparisom with
Hopkinsen b npensanenems over several decudes i
l»lu's'lir st ntie. Ehe e plovean e pion onihe yIpht is ihe
‘eictls suess ( DAR cilmY Walian alier dewinimon
wiechauisins theve wontl be wo esistnnee wongphea shem
siess alweve the Peicils siess The dashed line tsing very
streply nta plasie st ane onahe onder o 108 ¢ 1y
hased owthe abeory ab boese dislocutioe ding, with consinn
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Bigure 4. Shear sivess pnihis in shock compiession and
Hopkinsoa tiar experitiems (aamnlom).

nwhile dislocmion density Ny, “The expecimemal shork
die clemly show the imponance of vapid wobile
dislocminm density evirlution, miel a very snongilependeace
of plasiic sirnin vme an shear suesy i ahe viscons ding
epime, We cattemly hiavie to constinmive models il
adegnately iepresem this nanerinl bebnvior,

1is also vlenr hiow the datn showan e Figine <4 i
theroml wetivation tnouph the Meials baniers mnl viscous
tislocwion thag, mechunisis (h) aml {(¢), have alann the
smne st ane sensitivity, nal i theae s no clen
iistinetion beiween the iwaalelinition wechanising ns
there is 1 OFE vopper. Ar lnger plastic stinins
dislocution/disharunion iegactions nlse pliy o wle in
derenivining naenal suenpih ol immhon,

Ielye T crviom Fffecis

The region betveci canguession mdbrelease is nwaadly
bt o os pemyt nealy cosnon, witheat wnch e ihe
wiy ol wictosincnnnl evolation, s appemns o be
inconect, based on he aumerons olservitions ol palse
darwrivn having an wlloence on post shock aateaal
sienpth, Redeveree [REcontuing soane added disenssion on
the possible aigons fov by eliecr.

Curirlaage Rebue

Just as wmalesis ol ahe ebisie necn s enne yiehd
inlotomtivar wn imictoneclouien! ey e viciniy ol
the dainial stove, andeadimge ton velidig) waves cantan
wncroneclimicd mbonnwnoag aboan the shocked stne In
L1, sonne thieges sy the miadyas o ielease waves wml
ather s wake 1oawae s ompled - Siwe abe sonl



speed genernlly increnses with conapression, 1he shear
siress in 1he rclease wave does aal undergo 1lie exireme
excursion thar il does in the precursor,  lowever, the
releasc wave is aaving into pre-shockel maierial for whivch
we have very linle direct infonamim aboul existing
micensirucinre (dislocmion densily, pinning separmion,
elc ), und speculmion munl coujechue ihecefore becone a
linle wore imponam ihan we would likr.

Neverihicless, sotnwcthing can be snid nbom release fromn
the shocked siue [16,17]. ‘These ellects me simply
simumarized heie.

I'he source nf quusivlasiic release is the pinncel
dislueaion seginems shown in Figine 2, Recause of

dislocmiva cmvime e is n back sness {3 = Gb/R, where
R is the 1ndins of cmvimie af the segnient, nering in

aopposition w e applial shear suess ©.0 AS the shear siress
is reduced in 1he i1clense wave, the pinneil dislocation
segimem inmmedimely sweeps om area in the reverse
direviibn (as i voliapses 1wowind  swnigla equilibrinm
berween the 1wo pinming poims) mul connibues 1w 1cverse
nlasiic How,

This elfect can e goamilied, aml the quasiclnsiic
telease witve prolile caleulmeld ns shown Top OFE copper in
Figure 3 [16] using a linemizedl version of ithe evolutionary
equmions. ‘The nondimensional miciomechanival consmms
for this calealation e b)) = 0002 Glm s amd B(L/D)2
w (1.OOS Gt ous, where 18 isthe visrons deag eoelliviem, n
Is he alensiny of pinnell segiems, 1.ois their pianing
sepmntion wl bis the magninade ol the Barges viecior,
The resahis showa in Figaee 5 e won the whole stoy, hain
does give n imbicntion vl e kimds of ihings tha van be
lenrnal abom wictoneelanies hionnelense waves.

Auw it aspert ol welease wave belavior g PCC
merals s b the leading olvervable telease nmy wa
vaoespoand 1w tnlly ebisiie belavior O] Tesweind ol
snpding the Towgitadivnd iedobis Ko/ in e shock
vorapressed sme, ahe leading observale elense wave is
deretmind by K v ¢b/9ll v a2 Sinee we have
linde vonnol over ilie prodoct ol.? inn shock exprinnen,
viee shanhl be eeereised in nsiop welease wave din e
dererine elastic medah o FCC ey,

'oag Meooew; Recovery

Lmpeain donmaioos ownaeoanl imiciosiacioee cim
alc be obained oo caetal wecovery expetinems The
dawloe ks of e expedmens ove e senne additional
detotenion cecis nehe welease wive d pedaps i the
cinchmp proeceses anell Tlhweeeeo an aciud virw af ibe
HHCTES eI e, Evea post imeiea, s abiea very helpinl in
vhionntong Tudse wechanisins e aeal ime  data
megoeiotion e seview an e by vivay [T} deseribe
the wecoveny process med the kinds ol mbnemon it cap
be o,

NUMMARY

I spae o ool el In-haviea al incaaaplene
coperne il datieg sl k compacssion seieptinas haee L'ru
cll»,-' T pies e popether o comsastent e coaoeddisical jo- e
al baph e adedepiatam Darecr aloervaniom ol abese
pronennes wonhl aul pcaly o estabdednag vougoeness ol
nerpe it
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Figme 5. Companison of experimental daa il ealealaion
ol quasiclasiic 1elrase i QP copper shocked o 10 Glta,
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