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THE VELOCITY OF SOUND BEHIND STRLLNG SHOCK WAVES IN 2024 Al*

R. G. PfsQuaen, J. N. Fritz and C. E. )torria

Los Alamoo National Laboratory
LoE Alame, New Mexico E7545

Rerefactton waves were produced by impacting a :hrgct with a thin plate. An optical
technique wad used to determine where the rarefaction from the back surface of the
Lmpactor overtonk the chock wavm induced in a step wedge target. Bromofurm waa
pLaced on the front surface. Whan the chock reachrd th~ ltquld it radtated trteadlly
until the raref~ctlon from the lmpac:or overtaken it. The cimea when chle occurred
vmre used Lo dccermlrre where the rarefacclon just ovorcook tllo shock fn the taraot.

and thue thr sound velocity. The leadlnR edge of tt,ie rarefttction wave travela at
longitudinal sound velncity iu eolids. This velocity increanee nmoothly with prca-
nura uncll ahLck hent!nn caunea the rmteriol to melt. The datn indlcata t:.lt ma!. tln~
on chu Ihtgoniol of 2024 Al boglnn at about 125 CP4 nnd is complated at 150 CPU.

.

INTRODUCTION I
Probably one OE the ❑o~t lmpnrttint meafrure-
❑entu that can he made on uhocked maccrlals,
after ttm basic Hugonlot has been meanured, in
tm determine the velocity of eound at prce-
aure. ‘~here has been u continuing effort to

do thin for ❑any yonr~ wlch the flrsc nucrmanI
reported by AL’tabular et al. (1) in 1971. In
❑ost cxperlmwnta ihu valocity of eound la de-
termined hy menaurlng WIIEII or uhero tlIe rnre -
faction wnvr from the hack uurfmcn of mu

lmpmcttlr nvt.rr;tk,,:~ t Ilv Hh(](+k ‘WJVt- 111 ,11
tar~st plate. The VISAK (2) ,,nd ASPI probe (“J)
●xperlmmnta allow varLatlnn of thnt b.t~lc xu-
o-try lJy ohscrvln~ tllc ruflectlonu In the
tar~cc thrnuRl~ trnn~pnrunt windoww or llImula-
cnrn. I%c nxpvrtmentg ,lt, Mcrlhr!d ll!lrt! nr* of

tha Mhock-wnvu rnref.m’rlnn ovartnk{ LYp C UMIIUI
optlcnl drt~rlnrn ro dL!tl.rmilliswhorl, the nv -
srtnk,~ occuru. (4) 2024 Al wmM rlInMUII fnr tlllm
wnrk becnllmm 1t IIIIM hovn un~d llm II nt:lndnrd
fJr [.rccrmln!nx the mqumtltll)-i~f-ntat~! for rnnny
mntrrinln. A bmttnr knowluuxr IIf @t!l ylcll”
mtrcnMtll irnd [:r(inel,men plrnmutrr, V(lll’/d~:)VO

COIII I 1111WI con Nldvrnhlc Lmpor Lunro.

A tllln plmtn wnn nfirol~rntod try nxploxlve prtJ-

ductm WI!1rll Impllrtmll n tnrH~l 111:1111 nfivcrnl
tlmcm Lhlckfir. A ~h!!!.k Wnvo lIrn\IflNIIL,,n

thrnuuh rho targut mIId hsrk tllrnuUh tliclmpfir-
tr-. TIMS r,lrm(artlon vrl,wlty to hr d@Lnrmln-
r d tlrlMlonloM hi IIIN Ilt:-drlvwr 111Lfirf.lrm, NIIII
it ,Jr,)l.,lnmtomLhrnuKh III* driver nn~l rhp tnr -
HOL plato mvmII I. IInl l:. ovmrtnklnh LIIV ,.ll~lck wnvm
C{IIM[lIU [t tll d@l:nv wlrh rllrLllar run. Thr

rtir~ftivtlnll wnvm hrrnri. lntrrnrrlllM with thol
❑hn(:h rrl]ll L hIIM h~wn do fi,mrllmd hY ~hlurnnl nnd !
Filrdrlch (f) .In :1 slmpl,, wnvo wlwJn* Htat*H
,.NII IIF ,lvlnr!.llllr~l by rnyn ral Id ch,4rn(.lrrl*-

tlr @mlnnl IIIR (rwn LhrI Ilk%lrlvor tnt@r[n r@. A
nrll OlrWltll! IIf 1110 ■ynl,lm In Hllllwn
not. ~ II Ifl 1’II,, *ll!l,, k vi, 1,)1. I I y ‘:I,III!”J
l,d~rnnMi’mll fit)tf,l~l vIslm,llv, whlrll IN rt,lltloil III
till* , ,In,l Vl, llll. ltv, l:, IIV 1111* rlll,ll 1,111

‘ willh 11.,!11!111.,!!I,v’ 111,- 1!:; Im)l(,

c -CL (polo) (1)

[gnrrrlng the dnnhed llrmn It cwn be.~,ecn Crom
the figure that the lntereectlon of L .lFd tJ,
in the target gives the locution n( the ovnr-
taka pnmltion. If R La the r.mtlo of :at~ct to
drlvnr thlcknattu whura thl~ occurn then

CL
- Um(:l+l)/(R-l) -U#* (2)

111 tlr,l,. r Lt. ronch hlilwr prrnwrrs fhnn nrc

poenlhlw with ~ymmetrlrxtl lmpncrq. we urncd
Lron Lmpmcturs [or tha ●~perimencn abnve 100
GPtl, For :Iu wnnymmrtrirnl ~Im fla;t rrtporirnrnt
this wquntlu!l for rnlc(\l,!tlnR R l)ecomell

I/R*T = l-IIT/tfUll(l*l/R*l)) (3)

Here thn 11’n ,Iru Mhnck vrlocltlmn in the tnr-
ROC, T. fi,,d drlv(.r, Il. R nNmlrr Is the .Ictunl
ttirM!~t to drlvrr tlllr-kni.Ma r:ltln.

R(ftIttl)
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It van mntlonad that tha location of the
catch up waa dacarmlnad by optical analyzere.
These are indicated in the figure. It can ba
aaen that wfmn tha ahockn end rare fact ions
paea these intarfacaa that tha flow la mdi-
Eied ae ~nd~cated bv tha daahad ltnee. Howev-
el thti lead chnritcterietlc 1s still linaar
anr! the pLot of tna At-a (these aro the Length
of time the mhock runs unperturbed through tha
analyzer) aa a function of chelr poeition muec
.~leo be linear and the extrapolation to At - 0
glvea the location in the Largat whare cacch

UP occuru. Tho At’s for any level are deter-
mlrwd tndapendently from the others. M
principle two Levels could ❑ufftce for thla
meanwramant, but usually five or MO levels aro
uumd, ●nd o- a few occeaione an ❑any aa tan
have be~n uecd. Some oeclllaacope racorda
ohr~ltnt,d on a high preeeura uxperimant are
r~producod tn Fig. 2. A plot of At ve t~rget
chlcknosn Le gtven in Fig. 3. Thie i~ a veryl
high quallty experiment. The raoulte ura
wnwn!Ly not th(q good.
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Fl~urc 3. A pLOt of t h! target thicknu~s
vs. catch up timan for mm tisperlmunt.
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Wo lI,IvI~ In,,,lmulmtl rlIII :Impll IIId, IM ,Ir Ihm rOl,I-
1 {V,* rndl.trlou III I.IIV Ilnporlllrll,,,l Mr!rk rrlul!
rrud whoru I LO hulk wnvv ,Ipponrm, Al rlloujrh
fr,unuwl),ll ■II IIj IIrt IVN, ❑lIII.11 mduy ,~r 11111 r,,rtlr,lti ;
■hou ,“,mni,hirnhlfi i,urvhl urn wlh+rm lhlm twrur’r,
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Figura 4. Reproduction of a record on an ●x-~
parlment designed to meaaure tha bulk soundl

veloclty am velL am the longitudinal veloclr.y.
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Flu!lrm 5. TIIP nvprtnkp tlmm Vm tnrtwt
:Illrkit-ns for thn hulk rnr-furrlf!n wnvm.

In prmnaur,, from 100 I;lcn cn 05 (;Pn, rhi,idllom
IIrItmmnu thnt t.hv ❑nlorlnl hnn n 5 f:ltn )’11 1,1
❑trmllal h. If 0110 ,lflfllllllPn chnt 1111~ lll,~,,ki.,1
2fJ24 Al In 1111rhm ylt,ld ,Iurfaro tlh. ,Imvl.l:,lrl(

rrtrr~m [m olllv -1,7 (;11,1. NLIwn~h-r, Wlloll Ill! in,., ,
lll*a81 ,14ttn III r,lmputfl hll 1h Irt)llllll vl.l,l #.:1 1,1.,
and I 111. Vmlllu If Lhi. l:ri~llrlqoll p.lrnmo: ,.r , 1,,,
prmmmllro qll,)lilrl l,” rmdi,,.r,l -~ (:11,,, “,,,! ,),,,
rmqul r-d mhnrk Vrl,irlcy rudllrm,t Irr,lr,ll,l”lv,
Thl II Itnm 1:0011 ~lI)mI t,, r lhm few , R,l- 111, $111n
d@rll Mno(l II) ilulormlllm ~llu hllllr nrMIIId vml,),,l I v.
71ir dfitn ~rm Mllnxnerlrntl in T.Iltl P I find l,l,~!tr.1
111 FIM, h.

I

Ill !il:ll:i!i I(IN 1

AM dEIIO,IId IIIm rlrdt WIIVI* drrlvdl 1111.J vl@l IIII
Wavl, vl~llll,ll 11911 I 11111 ,Snll 11,! 11111~11 Wllll .l
nmtl~llll 4,uirvm. f4,11tl ,,r Ihm vI, II,I arm WI III III n
pmt’l, ollt !11 1111~ l,~lrvm. Il,!w,lvrll I Ilmnm lrt~
uolnla lhnl *r,, tllrth.~r t I,lm I Ilfi , II IVI1 Ill ftll
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Figure 6. wave volrrclti~s .1n a function of
premnura. Tha lots ncd clrclam mro V-1 OC1C1IJS
calculIIterl from the taxpmrlmmnt data. The
shoal v@l OCILY, Cu, mnd Fntomnn’n r~tlo, 0,
wern cnlculacmd frnm the ~ppnr nuco of curvpn.
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nuper heated solid uraten exi~t che actual
malting prennure would be lowar. In addition
to our data we have used the data of Anay and
,,l,ha~Lld,a(8) co fit the lower end of the
u per aolld curve. On tha baeis of the two
s. Lid curves w have calculated the nhenr ve-
l,city, CM, drawn in the 3 to 5 rm/vs range on
the figure. Thie La concave downward aa
expected because of shock heating affecta.
The same two curvas were ueed to calculace
Poimaon’a ratio, n, which la plotted on che
bottom of the graph.

Ua note that three of the four ■econd wava vs-
locity points lle a awb: tancial amount above
the calculated bulk eou.ld veloclty curve.
Baaed on those three points and the Lower one
wc have drawn in thm dashed curve. This iel
approximatc~y one parcent higher than the
calculated curve We then c,qlcuiated CD and o
again baaed on che longitudinal veloclty curva
and the daahed curve. Thcne arm alno plotted
an dashes. Since the cwo curves a,-e now

closer tugather CD decrcamea and a lncrmsea a
bit. It t:me appcara thqt thm nhear wava ve-
Loclcy nn,l Pnlamn’a ratio arc probabty dctor-
mlncd rn wlthln n couple of percunt.

If the da flhcd bulk ve!oclty curve (n cnrrrct ,
i hi-n ( mII::Ldecrrn.a~, hV nh(lu[ 15: [[1 che 10[) (;1’,1

prennurp reRtmv. If the 150 CPa point in cho
llquld 14 unnd tO cnlcuLaEI! Y, lt Ls found
thnc Y rnu~c Lncrenmo by ●bout 10%. [t munt he

rcmemhrred thot this LH a slnglc poLnt wh I (!11I
nlIowLd ho verified oven thmlhh lt npp-~rn tu
bu n vury high prcclrnlnn experiment.

Wr hnvc pLottnd thr P-I) Iluflnrrlot of 2024 Al III

FII:. 7 nlon~ wfth npprrrfl!mltt+ mrltlnm phll MO
houn,l,lrlc~. This Lti rrn omplrlcnl curve WhI’I’U
thr Illltlml *lup@ WnN detrrml nod from nlllmi.\(lm”
m~!Linu dlltll, :IOIJ tile rrlnt Lvc curvnLllrv
rstlmntod from rnlcul,ltrrtl 2024 Al lmcntropt!n.
Wt. II;.VO c1.*11It LIItllu Illl#tllll(lt Ilt I:j and
150 (;P,I. It I!nll hi,mt!mn thmt tll,. Indlrnl,.,1
Cllnnge [11 v,] I Ulm- .1L t 111, mvltlnu p(l!n~, IH
r!.loa~r,nl)lv.
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The Lindemann melting criteria predicts that

2024 Al should male at approximately 100 GPa
when uoing a Crb%einen Y lndicatad by the ex-
partmenta. W alao note that if the melting
phase Line follownd curves of conecant entropy
mel c ing WOU ld alao be predicted to occur at
‘1OO GPa. Some a~perlmental dac.1 were pre-
oented by Mc@reen et. al. (9) to Juerify thle
atmple concept.

CONCLUSIONS

From cheae meaeurementa and calculations we

conclude that malting on the Hugoniot for
2026 Al begins at -125 CPa and is romplated at
-150 ceil. The Lonpltudirral releaae wave ve-,
Locity ie quite well determlnad with tha bulk
w~ve velocity laaa well. We ballave the shear
moduli and Poj~aon’~ ratio are derarmined co
-? to 3%. The Crtineieen paramater la probably
determined to about 10%. More meaeuremence
❑hould be ❑ade no that tha valoclty of tha
bulk wave can be determincrd co hfgher preci-
aLon in both the solid and llquid phase. The
yield n:rength, which might ba Lmportant when

2024 Al L@ used ag a atanrlard, alao needs to
be better decermlncd. The Lndlcated reLeaao
pceaaure of 5 CPn for the Longltudl,lal conpn-
nant 10 Jumt in the range where thf, rn type @f
cnrrcctlon ❑lrnht become naeded.
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