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Mlf.X(JMIl.YIANICAl. S“l”lUiNG1’11lWEClmS IN SI1OCK COMPRESSION LN~ SOLIDS

J. N, JLshnsm
Lo% AlrrmrM Nnlional lahorruury

LOS AIIUIKIS, New Mexico, USA IJ7545

“1’imc-redvcd shuck-wuve Inensurcmcm.s rrd Posl-dlmk rcrxwcr [ecluliqucs tmv~ long been IISWI as merms of inferring IIIC
untlcrlyln~ Illlclttll}ccllllllit’s uonllollill~ hiuh-rirle dcfurmnllon u ?mlkls, This rspprtrnch rcquims n cousltfrmhk nnumm of

subjective intel prelulitm Iu spilt of Ibis fmlurc, progress Im been mrdc ill cx~}cnlllcllllllit~ll rsnd Ihcorclirxl inlcrprclnlim d
Ihc sllock-ctJll]lIrcssitlll/rclcnse cycle ml SLmseof he rcsuhs arc reviewed here for werrk shucks. Wwrk shwks rrIc LICI”IIILVJ10

be hose wilh peak rrmplilmlcs (lypicnlly 10-20 (;l’m fur InosI solids) [hn[ do nm mwrdrivc Ihc elrmic prccurscsr. ‘Ihc
cssrmird ClCIImIIS of n [ypiml sllcwk-ct)lll~) mssit]ldrclcnw cydc invcdvc, ill order, (a) [he clirslic precursor, (b) plastic Iwrdiltg
wave, (c) pulse shrrnliuni (d) relcsrsc wnve, rmrl (c) posbmc.mem exrsminnliun. 7“IIJSC topics rue cxwllincd in Irrrn, wilh some
crnphrrsis given ILI clcmcnts (b) and (rJ). If the plnwic loading wave is mvcling wilhuut sAnngc of shnpc, il is pussiblc m
cmrverl the lJmliclc-vel[~cily/lilllc records Irr a sllcw.slrcsdplaslic-slmin-ralc pruh. Shock dsrln in this fum can be rxmIpNcd
dircclly with ILSW-I .inlclmcdimtc slmin-rrrlc lcsur. Rcwrlts fur copper and mntrrlr,rm show how shock dmn cm he USC(I IO

dclcrminc 14c Irrumiorr from dIc defmnir[ion n:cchsrnism of [hcrmnl aclivniimr 10 IIIM (If dislwatiun drug. An iinpwlilnl
result of rclcrm-wrsvc s[mlics is Ihrrl the Icirdirsg uhscrvablc rclcrrsc dislurhnnce in [W(: melds mny I1OI be plopngtrling with
IIIC idcirl, Iougilmlinnl rlnslic-wnve spcwl, INII al n Iuwcr vrlocily drprIIdrm 011 IIIC clm+lic bulk iilld shcnr nmduli sml IIIC

pr[srfucl of Ihc dishwnlion dcnsily Iilucs Ihc pinllin~ scpnrrrliun squared for dlslocnliun scgnlenls in Ihc rcgiun behind Illc
shuck ml ohwul i]f Ihc Iclcrrse WUVC.

~N”l’Rol)U(YION

Ikrw cnn ml rxpclinmnlniisl look Il;sidc n shuck-hmlrd
nolld (m n stllllIlluII~sccI~llIl IIIIIC nrnle nnd emamim lhe
Illiur{llllct:llltlliclll uspccls flf Illfilerinl slrcllglh ond

dc(tnllmlifm pt[qwllirs’1 ‘1 hr un%wrr seems I(I lx lhnl

guncrul dilm.1 ld~scrv;I!itm is vcIy (Iillit”llll cxcclIl (~w n Icw
rr WUIII1 nmlcri; lls, IIIId IIICII oIIly t’~11 n I’ew sprL:l IIl

I
!ll.”’lhis IIIcnns III,,, II,,,sl ,~f ,mr

I ICIItIIIWm III;II CIII: tn. Imdml hy clrvrr tlplit”nl IIwluIs I I -

“llllolll lllllllll’” rm’rllllll~

IIIC lllicllltllcrlllllll~.nl Imis Itw mm-l inl drl’lllllulli(lll umlcr
sh{wk r{:lldili[ms IINISI LXmr 1111111 Indirrci mrIh IIds.

MrHSUIrIIIrIII t~l pnl~irlr’ vcll]lily, Itmgilmlinill slrrss,
Illlplllsr, IIlld Sll 1111. rl}Illllins illf{vlllrrlilm nbiml Illr
Iilirl(l%llll(llllr, II 1111’(I:IIN ~“:lu br illlrljnrlrtl 111IIprIly.

‘1’lIe inlrlptcl:lll{~ll (II II Im’tIIsulllc llwn%ulrllwIll II)
Ill,lvi(lr Illitviwnlr iul,ulll;llifm is n hill I,.ull nml mnmnitlir

lIIIn’r4s “1Ili$ W;I* It,t <Ij!llilr-(1 bv [h IIwlNl, Imr- III llIr I t)
{Ilw,lwrlrl% {d Ilw {Ilkll!t’nli(m 1,11; nllIl he riptrswd Ilis

rrsr Iv41itllls II IIIJUl I,rin}! nhlr It, [Iift,rtu llIr

lllit’ltltllr{” lllllli~.111 lul~i$ III In;tlt-linl drltulllllli~lll fIIIIII
imylltl Irtlsilr Icsls II% ltdh~ws:

“, I III, rtlerl,!ltlll ,)/” (1 /llf,’r ,1/ Illfhll (h ) 111 (1 ,tfn,\d

IIIIIIC III HI/d II tIIrIl 111(111 I/ItS w,vAitl~ 11/II IItwktr WIIII/I
Iml III hf)pr 1(I flr Ii\7 lII\IItmfIlh III tdh IIIl III Im’t il(mitrn

/10111 ihr lrII\Ilc Irtl (II I /IrthII/jb m d)prtnli.~111” 11.r
11’8111/41 Iv (Ill flllrllqu Ill Irflt II dlh,ldf Ihr w,)lk:ll~ ,1/ ,1

/,,,, ktv wtIIi/I lIr drrrlmimn~ il,i t ,wtlvr,l,tivr ,SIIPIIXIII “

III ●llilr III Illis VrI v tliw[llunl!itl~: vlrwlltjilll, I \vm:l III

IIrwlllw vulw llll~illvr lhl III!q 111111Imvr IN-I*II II IIIIC III dml
11~~1111111Illr tllit 1{11111”11111111(”111 lul\l\ Il!l Illillrlilll Ilt,1411tlllltll Ml

111111plll\lll Il,lw ill \lll M”h Ilulllrll ‘.llllll\ ‘1 Iwlr hIIq Iwrll
\~mw lIItI\!Ir\I,, 11111II 11.1,1lIIh IGIl II l,nl~ Illllr 111111n ~:11.nl tlrul
III lrwllll~ r i, 111111I llIlr Ill illlt.llllrllllll)tl,. trlllnlll tIlwll III

lutlhrI hlvr’,lllylltul

(e) rxllmm [)ulmllon

(----”””--%$:.\

\
(Ii ) r%,tlc

Ihl.mmm

I 11119

ll~,lllt’ 1. I’llill’ illlil;li”l r’hlnml 111(’111

. . . ..
I!u}!r 11)1’lili(lll illlrli,u !!) 1111’!.:11111111’II Ill!’ .illllpll’ Illillclldl

IX II II II SII;IIr III. IIIrW’ IIIt,II,:IIIt’IIIt*IIII tIIII Iw III JIIV ill .IIII{
hlINr 11111.11,II\ ill llli’ ( J~I. ~11 lll~’lJl~o llll’ll”.lll~”ll~l’ills ~llr

Itl:lllr Ill 1111” plullill Illlrll:l(”l” 111’lwrl’11Ill{’ Wllllll’ :111{1 II

Illlll!lllllrlll wlllllll\v Ill:llr-11111 (’III IWI1 !11 Ill!lilllr J

11’ll\!)ll,lllly ]:!l( 1(1 ill”llll’,111’ ,Iltlwtlilll{r III IIII; I \villl IIlr

Sllllllllr \VIII II iIII lilqll~l~illlulr illllw,l,ll}lx’ III;IIII) Is

II IIi II II I(.11, \lIIIllIIll~ul i~ [ll~lllilllll.~1, Illr 1111’,111/1”11 11’!”1,1!1

\llll\vll 111 I,ly,lllr I t (Illl;llllx Il., Illllul!lilll(lll IIINI III Irll’.lll”

lIIIi tIIII’ lllt~ll(.llir~ III wllill~. 111,11 I\ II 111111(’ 1111 ‘.l’11.llili(’

(ll\t Iliilllll
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“Ilc mnin fcu[utr! t~[ Ihc wnvc pmfilc shown in Figulc
1 urc (u) the elnsl ic pl ecursor, (b) Ihc plu!ilic comprcssiun
wave, (c) Ihc numinully flnl plnlenu trulween compression
and relense, (d) [he elmlic-plrrslic rclcsrse wirvc, and (e)

lWs!~;lltl:lCll:,reCl)very (l[)ll~,willgllic slmddrciersse cydc).
WI dc,d w 1111end 1( Ihcse lqncs m lurn, wilh rmplmis

on (b) Unli (11).
The Illirrolllecllnl}icnl kmsis fur high-rale plastic

dcfmnmli~m is exlrcllwly CIMIIIIICX. In olrlcr m nmke smse
uf indilccl cxprlillwlllnl dmrvulious, WC HIA a simplified
piutmc 0( Ille dd’illlll;lli[m pItK-CSS. I:igum 2 shows srme d
Ihc m[~j{~r uspccls of pluslic dcfurnmi~m on Ihe mcsoscnle,
Pictured Ilcre nrr sevc!nl dislocnlim Iiue scgmenls
lrmwrsin~ :1 prinui pill elide plnne, “l”heinlcrscclious d Ihe
Wuighl Iilws ill llIr glide pl;Inc lclIlcsclll rmmic p(mililms
ill n silllplc cuhiu Iisuirc. of umrsc WIICI1 we rxmsidcr glide
OII (1 I 1) plnncs in c1 1(1> di[rxli{ms tl[ Ihc l;(’(! Iullirc,
alomic p(mllions me mr.rc c{m(dicnlcd Ihsm Ibis. Also
slIrrwII in Ihe glidr pl:IIic mC l~imllllg obslticlcs pruvlllerl by

impurilirs, inlersliliills, null (Illlcr dislocnlions.
‘I”hrer mnjor fwmrs CUIIII ilmle rcsisl;mcc 10 llid(~uliull

llmtion; (u) [he plmhig olIs[IIchIs, (II) llw st~iic resishuw
d Ihe Itslllce itvlr (I%ierls slrw), am! (c) the drug
rcsistullrc imwillrd by Ihc i;luirc wlIen Ihc nilidird slrcss
rxuccds liIc I’cicris slrcss umi Iilc (Iishrc:lliwl is running in
Ihc Cicilr rrgi(m Iwlwrcn pinning t~i)slnrlcs, ill Illis. iliclure
(1.! .ml (l)) nrc Ihcrmlly nrlivnlcd wuccsscs. and (c) is n
riimidc nm”lmicoi diSSil~illiVC p~n’c~s.

li}!lll~, ), Stlwtll:llit, 1{.l)l(,srllllllit)tl{)l Ill;lfli(. ilrl{~llll;llillll

IIm ilntli\~ll$

(h IIIllrIl 1111111 III+lII;I;II;IIIIIII(. illll]{ llllltlt rllr[l\slltlllls

II I+ II H:IIIIMI I’111111),I(I wili II II Ilillll[tl rii\l(M’;lllIm {’ml l“lilllll

(NII ill Ilw illill( lit,li ~:ii~lr idniw IIV clims siil! Iul nll

iulrlw(’lil:]: lliIIIIc, l{). rxnltllll.. Nrvrlllwlr\s, Ilm
\IIIIIIIIIIi,tl iii, 11111.\iIt,wlI ill I II:IIlr ? Illt]viiir.; II llwmI* II(

llllrtllt{’lill~: \lMwh wilvr Irsihtllsr n\ ●lNl\vi I III Ii}:ulr i.

\$’11111 I 1111111(1Ill l,lr\(lIl is u lu~!:l~l illlrtlllrlllli,)ll III Ilt)w
11111! \vllrll d(’rlll Illlltllm llllw’llfilli$lll~ (is), (1)), rtlld ((’)

I IMIIIIIIIIlr III 1111.I lIiIIIIIItl sIIrtI~!llI rllr{ l\ ill \lIIn h \vIIvr

(lIllllur, \\lllll Ill 1s”(” :11111 Ilt ‘(’ lllrllll\, .Illll lll)\v filr lMl\vr{l

11111 tll\itl(llllllll ‘,’’l:fll’’lll~ l’rli~rr,l ltillllln~: IIll\l;it lr\

I IVIIIIINIlr lit lltlu\irlli\ll(’ Iwllnvilj! 1:1 Ilm “rln~lil’” Illlllilul
t)l 1111’rill,.l l!, II II IMII’ Icll,:lw mlls’r

Elsulic Precursor

‘l”ilis nsi)cct of siwck conllmssi[m im rcccivcd n grcn[
licnl of study, pnrliurlarly cxilcrimel]lisl lllCilSUrClllL!l)l uf
Lif: siuglc crys[rsls [5-7]. Ilcrormulim ISI Ihe cinsliti
precursor fronl is cm~lrdlcd by meciusuism (c), wilh a
grcul LICili d mulliie disitwnlion Illllilijllictili[jll, “Ihc clus[ic
ilrccursor un(icl;gocs cxlrrmc cxcursmm ill :Ipiliicd shcnr
slrcss ncnr llIc Illll)ill.1 sill(ucc, nllli for Illis Icilss.m is very
hilrd 10 ciusrrrulcrize fully, Inliwsrtnnl uspccls of lhe
riccnying cirsslic precursor Imvc been rcvicwerl in rcfercucc
[HI.

The pluslic Compressim wave is even Imrre
cnmpiiculcrl iu its dcform:llilm pluccsscs Iililn Iile ciuslic
lwccursur,,hut hns seen grculcr success ill Illiclolllecl]n,licui
mlcriwelHlllm.

‘I”hc illll)urlillll Us[lcrl l~f lhc ill:lslic clulliwrssitul wHvc
IhtII nllows isnulysis is IiIC fnKI IiI;iI it very quickiy
esmbiishcs M Sleiltly i)r~]iul~!illillg prliiic; Ill;ll is, Illc pmliclc

vci(wity ‘,11Iilc i)iilSllC-WUVL’ rcgiou Ctill IX 1’XIIICS$CII ilS U

fullcli(m of x - IJI, where (J is Ihc shm’k vci(~cily
cmcsi~miilq Iu llm[ pilrlicukrr wisvc nmiliilu(!e. ‘i’hc rule
of Ihmld? [91 Is Ihnl Ihc Irilllsil Iillle 10 slcmiy im~im~l~li(m is
- 15 I isclin)cs (f Illc piilSliL’ wisvc [Itlnl. I;ur cxmllpir, if Iile
risc[illm d u 7,.! (;ihr siuwk ill 1:111111111111is .!() IIS, IIIC sIcwly
nulule I)( lhe plnsiic wuvc Is esluiliishrd m Icss Illun 500” IIS
(iul)pn~;lli[ul tiislnucc (I( -.2 111111).of roursc il is nl\wrys
Ircllcr I(I CSlillliiSil slc:ltiywnvc Imllilvit)r rxisctillmlllnliy it’

Iilc ImInMLOL-S nlc nvuiluldcl Im[ Iilis is IMI1 nlwirys Jrossildc,
JVIICII IIIC ilhwlir W;IVC is SICilliy, IIIC Il)llgilll(llllill sllr’!i\,

sl)ccil’it’ VI II II IIIr, HIUI plticie vritwily sntisl y Ihc Inuw. Mnd

lllt}lllellllll llct)llscrvull(~ll rclnlitmlliil$:

r *i \i’v,, -11/11 , (1)

it II Nllli II ill!’ kll(l\vll, r IIIhl (1 (ill) iw t)l)lnilw(l, II

nll[iitlluull Ctlmllitul tll %illlr illl{~ltlulli~nl is hll{nv Il, il i~ ;IIMJ

illmsil]ir II} {d)t;lin Ihr ~ln-nl sllrw t nlIIl Ilw lt)ll~,llltlillni

Illllllit. \lI;l IIl VI I 1(1 i)l, “1 hi% i% liIr t’{llllillll[ltii~lll~iiy

il:lrhsivr lmll Id Ilw lIIIIIIir III llIIt 11111II III II IIl;IIIl trfllll IS

111111wr ( 1111IIlrll 111{11Itlr *ll(xk Il;llil ill l(-lllls , \llrlll ,,llr*\,

l!l:l\li~. MI;IIII, NIItl Illnslif. SII;IIII IIIlr ‘1 III% i\ Illr {IMIIIIIINI

[,lllIrIIi,y {)1 111111Cl iill\ w irllli\ls, JVr- II() Itt,l Ililvr It) 11111II

lIytlI~MINlr ;III.I \l\IIw n~,lrrlllrlll lM.l\\, rrll Iiwt)lv IIII(i
~sllrlillwlll i!l tulil,l l{) (.{lllvill~ r \,llllr4111t, Iil;ll \vr kllll\v 111(’
lIWIIIIIIllMIl tr:ilulll\il)lr I(u \iIIm., h llrl~ulll;llilm. “Illr tlntll

mr \IIIIllly illlllll-!l ill Itw ( r, VI ), ( VI , ~1), (II ( I , VI ) lllilIlr\
IIIni llIr lIllrilnrl:lllI Ill ik 11111IIhl llllllw(~ililr

IIN rllllllplr, \lll N’h I lllllillr’\\ll Ml {,1 , ,11111{,1 ,\* \ Illr

II IJ.111111 ltnn\lli{)ll II) viv tul\ tl!\lIM. 11111111Iltlll!, m I llntli~tll

(1.), 1~.lt,lr Irlllltllll}! III Ilw lilr-lllull IIIIIW:III,)II ttlcrllulli.111

(II) III Ilh- lr~ii)ll lHOIIIIItl thr ,,11111L II IMII l’i~lllr I ‘ihr

II IIIIr I w)litl CIII ir.l 1,,1 IIr\r Ill liII. :11 IIIx I i . Iff 1111111,, I I II

lIliit)\$r Ii Ill llIr \llII( h llIIIll\, \\llllr 1111. lIIWI. I 1111.,11 :111,1
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speed ,gcmmlly iucrcuscs wilh ct~mprcssiml, Ihe sl]cflr
slrcss III [he rcleimc wtive dr.ws IMN undergo Ihe exlreme
excursion 111:1[ il dtws in Ihe prsx-ursor, Il(lwcvcr, lhe
rclmsc wnvc is moving inlo prc-shix’krd mirlcrirrl fur which
we llilVC very Iillle dirrcl infurlllilliOn rrhoul exisling
micrmlruclure (disltwnlion drnsily, Ilinning scpnrnlim,
elc ), nnd speculation nnd rolljeclurc Ihcrelwe lrccunse a

Ii[llc nuxw importrsnl IIIirII wc would likr.
NcveI Ihcless. scslmmdliugcnn he snid nlmII rcleirse frnm

Ihc .sIl{)ckrtl SlfilC I lo, I “)1. ‘1’hcsc ci’lcm IIIC simply
sullllluwind Iwlc.

‘1’hc srwrLw of qunsiclnslic rrlc:lse is Il)c pinnw.1
diSl(ll’illiitll Scglllclll S Slll)wll in I;igillr. 2, Ilccw.rsc Ur

disl(n”:llillll c[llv~l[lllc dwluisnb;lck sIIl:ss [}=(ib/l{, wlIcIc
R is Ihc lildi US 0( ulllvnlulc d Ilw Scglllclll, nclillg ill

ulywsili~~ll w Iiw illq)lirxl shciw SIICSS K. As IIW shrnr sh-css

is reduced ill lhc rclclwe wnvc, Ilw piuncd Uisluculiwl
scginrnl inlllwdintcly sweeps Out nrc:l ill IIIC rcvcrsc
dirccliun (ns ii cldi~ll!srs IOW:III1 Sllnigh[ cquilihriuln
Iwlwcen lhclwOpillning l~(lillls) llllllctlllll il)ulcs ltJlcvcrsc
plds[ir Il[)w,

‘1’his Cllll-l cilll hr iluilnlilictl, illl(l ‘hc qu;isirlnslic
rrlcirse W’ilVC lll(jlil(”cillcllli\lcll nsslmwn l“(~rol;l{ct~l)~~.rill
l:igurc5 [I(!1 llsillg illillt.llli7,c( lvl.rsitJll (l(lllc cvtlluli{lllilry
cqunliwls, 'l'llcllljlltlilll(" llsitJllill llliclllllll'cllullil" ulc~lllsllllllS

fur Ibis cnluulilli,lll ;Ilr 11/(Idd) = O ()()2( ;I’n ns nd 11(1,/1,)2
= [). (W5 (;l’n ns, wllcre 1! is Ilw viscous drng rurlliuirnl, Ii
is IIIr (Irllsily 0( pinnc(l srKIIIcnls, 1. is IIlcir Ilillnillg
srlullnli~)il IItul II is IIIC llw~lliidc Id IIw 111IIgPi S vrL’l IIr,

‘IIIC rrsulls dltlwll ill Iifllllr 5 ill C II(II Ihr wldc sl(~ly, Iml il
Aws gi~c nn ildiunli~ul t}( Ilw himls {I( lhill~s Ihn! Lwn Iw
Irnrnd:ilmml llliclt,lllt’rl l:lllirs 111~111lcll’llscwilvcS.

Au illllnulnllt Ii\II,.rI:IIIcl(.iIs(. wxvc Iwll:lvi{u in 14’(’
IIlrl; lls is Illill IIIC Irwlilll: tll}’qlmlvlllllr l~lt’il!+l” Illlly Iltll
rl~,lcslltlllll It) Illlly rln\lir I)t,ll;lvi{)l I I II. Ill$lrild 111

siltilldillg IIIV liul~illlilil)ul II II XI III II\ K I ,11;/! ill Ihc sl~il,k
r~MIlpIrsw Il slulr, Ilw Ir-lulillg IIl)sr Iv II IIlc Irlrnw wIIvc is

IIrlrlll!ilwtl IIV K I (Ilt;/~)11 I ill. )/.ll 1 Siln.r wr hIIvr

lilllr~,ltlll,d ,Ivrl llIr-])II~lul II I.) ill II \hIIIh r~pr-llllwlll,
rIIIr \lIIIIIIIl Iw r-rlt’iwil ill II\ II III Irlr Mw. wnvr Ilnln I(I
(lt,lrlltlitlrvlll\li{. II IINIIIII III It “(’ II Irl IIl\,

/’1,,!, l!(l, ?1(’11;I{c(l,l’f ’lr

lllllhJIIJIll III II II III; II II III 1111 111.Ilr Ilill iltitlt)\llil~.1111~. t;lII
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