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RAnEFACTION VELOCITIES IN SHOCNEDTANTALUM ANO THE HIGH PRESSURE. MELTING POINT

J. Pt. Brovo
Texan A&t4 University

Colle8e Stat Ion, Texan

and

J. W. Shaner
Loo Alamoo National Laboratory
Loe Alamos, New Uexicn 87545

The optical ●nalyzer technique ham been u.eed to determine the preoeure a which o-reck
compremeed tantalum can no longnr eupport a longi:udirr~l elaetic wave. At 295 u. ‘a,

the releaae wave velocity dropa to a value conaiatent with a calculated bulk sound

velurity, indicating partial melting. At higher shock preemuren, the bulk sound

velocity follove a constant PY model, where y in the Griinelaen pardmeter. With theme
meanurementa we have Identified meltlng on the Ta HuBoninL, and ve hnve calibrated Ta
an a high impedance driver for ❑imilar ●mperimentn on other meteriala.

INTRODUCTION

A unlvereal problem in chc hehavtor of ❑ateri-
nls nL high preaaurea in the location of the

❑elting phane boundary. The aclentlfic lnter-
eat lien in being eble to predtct this phane
chnnge over wldc d~nnlty varlationrr. Hnvrvcr,

in npp,icat[ona of ●horked ■nterinln thin
phanr tmund~ry in n!mo important for cornput; -

LJ[,nol deaig~. For ●znmple, we expect materi-
●l atrangch ●nd elfet:tlve vlncnnlty to changn
drmmmtlc~lly upon m~lting.

A thrrmodynamlca] ly correct approach Ln
rnlculatlnn the melting IInr conntntn Of ●val-
uatlng Glhbn fr~~ l,norMlen for thp liquid ●nd
IJIII ICI phanra Am n funrt ion of pr~nnur~ and
t~mp?rature, and fd~ntlfylng tlw lncun of tlw
intrrn-ctlnn nf tlwlle LM,I rnurfnr~n. Thin

banlr ●pproach ham brrn applied to thr •fmpl~
nrarly-frc..-~lmctrou mPtml Nn with mome ❑ur-

c~nn. (1) In ~Fnorml, hnwevrr, rhm r~nultn of

thin rmlculat[nn ar- mrvprrly mmdpl d~pmdmnt,
and ❑l.?flrlcnlly arrllrm~- tll-rmnrfynnmlc rarau-
etrrn are rrftmn Iarklng. III thp ahm~nr- t)f ●n

mrrllt’atr thwr~ticnl modolo vnrloun phmnownn-
loxlral and purely rmplrll.al rrlatlonm ●rm
oft-n IIrnrd for cnlrnptllmt IOM. For rzamfrlto In

I,indrmnnn”m pll~li[lmo!l{llt\Klrnl mtdo,l, WItlnrn tm

amnurnmd 1 II orrur ml n rrlt ‘cal rat 141 rrf mmill~

d 111Tm
-7 V-!

dlllv ‘1
(1)

the vibrational Grtinelaen parameter. Frequmt
criticimm~ of the L!ndemenn criterion ●re that
the critical ratio cannnt br calculate. from

flrmt principlcn ●nd that thermodynamic

propertlea of only the solid are used.

Other purely ●mpirical rulen include the Simon
cquntton. (1) vhlrh im ❑rrely ● functional fit

tn the chnracterintlr ❑hmpm rrf mrlting rurvcn,
and thr Krnut-K@nnedv rulu (4’

Tm - T~(l + (: .6;) m (2)

TIIln Iattmr rulfl In thr firm! ordt,r T,.yl!)r
●xpannlIII\ for thm eellln~ t*w,~eraturw ●m a
fun,’tton tlf roml *nnlrrII.

A nlRnltlranl pr,!hlem ulth thm phFlNImV-
nnloglral and ●mftlrlral fltn Im that a I rhIIIIIIh
a~r~~mnf uilh ●npmllmmntal dma ran ho f(irrm,l
for mndmmf romprrnnlma (<lox), t 1,,,

pr-dlrllnnm divmr~e at hlMhr.r rrtmprvnrclnllm.
For •nnmpl~, thF MIIl, Oild ($: prr,llrtod m. ltiIIH
t ~ml)mrat l!ro9 ftJI 11’1}11 m kllq l;pn In 4011 I K t,,
12000 K.(5J



melted at temperature low enough for direct
compmrition of •hoc~ and BtaEic data, that when

[he Husoniot croeeed tha eolidue, the velocity
of the head of the relaaee wave dropped

rapfdly from the longitudinal to the bulk

●ound velocity. Theee velocities differ by
-302. A detection technique, called the opti-
cal mnaly~er, which ●llown ●imilar
■eneuremantn at ●rbitrarily high preeeuree wee

recently reported.(9) We have ueed thin tech-

nique previously to detect ● ●olid~olid phame

change ●nd meltiog in iron ●t ●hrrck praeaureo
above 20(J Gpao(lo) We raport here eimilar
data for tantalum between 210 ●nd 440 GPa.

EXPERIPfENTAL TECHNIQUP

We ❑ennure the velncitlar. of ‘mercfactiua waverr
ovurtaklrr~ n shock weve in thcne ●nperimerrtn.
Shock wavcn, ger.eratcd hy the impacr of a hiRh

Vcloctty thin flyer on ● tarset, prnpagnce

inru b~th the lmpactor ●nd targel. At the
hmck aurfacc of the impactor, the interaction
OF the nhock wave with the Int?rfmce b,.twecn
impnctnr and plmntir amhot Urneretem a
rnreftirtlnn “#rive wh:rh propag~tem back thruuRh
t!lc tmparLor nnd tarRet. The rirrcfnrtlnn

ovartnken the ■hrrck t rent nnd rcleancn
prrnnurr. A tranmparcnt, high dennlty mnterl-

al [M pl~rrd ovor a tnrtt~t with stepn of dlf-
frrrnt thlrknennan. Shrwk propnaarlrrn irrtn

tlw ,Jnnlyzvr mmt~rlnl caumen large shock
llrnLlnR, arprrmpanlmd by thvrmml rndlatlmn in
thr vlslhlr np~rtrumt Thr overtaking of thr
❑ho,-k hv tht. rnrcfnrtlnn wnvr rauaen a rrduc-

tlnn In prunnt.r,, and t-mpernturv. TIIIIM, a

❑llmrp Ilrrlrnllr III tlwrmal rmtllnticn r~multn.
lhr vnrlmtlrm [n tnrnrt thlrknrnmmn Irndm tn
rllflrr’rlll tlmr Inter,#aln ho~wo!.n o~r~rrrrc, nf

thm nlIIJrl. In fhv nnnlygmr and mv~rtaklng (If

tlu, ❑hork bv lhr rarofav[ inn. !il IIrm rho ther -

mnl rndlal iIIn fnlrnmllv vnrlrn dm n II IHII pnwr

(11 r tIr Ipmpornture, I r prrmnu r,,, tlIlk tprll -
Illqllr In rnpm,.1~1 IV mwnnll lvo 111 nm~l I
pr,, mmtlrw rlla II flrn.

Ur II II!MI.I vinlhl~ liRIIt I, II IpIII fr(}m th~ nptl -

rnl nu.tlvror ahtlvr 6M(,II 111 #*l IPV1. I .
Appmrnltlrom ~Ild hnff Iom WI I Imnlm III- thvrm~l
radln! 1011, whl I.11 In Iramnlmrlmd through alll IJI
IIpl Ii ❑ l flhrlm III phIIIIImIIll Ipllmr ,Irlprlljrh.
!;lll~lll ■urn-p, lnt~ru,lll} I rl~gl,r,wl !!HI,I 1 l!l-

nrllp,~ rvl.,brdn arm I) Ill *(.10II I,lr Iln!r Imrnrl
lmVIIIBI ,111 em,lI onllertm~nf .

A dlmIUII tIIIIIIIIn ill,’rt+nm~ III ?lIrnll,ll Ampl llIIdCI
111,,.111n am I hI. nhork timv, Mnn f rim, 14SI !an!mlum

Itllll 1111 rlll.llyr. ~r. Nontly I.llllal :1111 Ihormml

rndlat 11111 In fjlm..rvld an I IIF ●lulrh mt)vmm

t Ilr,luuh 1 IIF AIMI1 yrl r. Thm rmrmf-1’t ION

~fi,llnl ,,,,, .,l,l:;::f:v. In mnr~m’1 In Iltil ltIIt IIR
t}wl.lmkl,ly

TIIr Ilmr Illtorvmlm, 41,

ht,lw*lDll mlllll~k ●m@l~dlll’b. allll I)vmt’tak Illg pllllll

●rr Ilm,l nr’mlllllll Wtlll a rmprl,hrihl Illv 111

.l[, pl’l!Alulmlv I)lln Ilal),lnn,, alllll. The! e Val,ll$m

alp plo)llmtt afltiinml l-rum! I h[,,kllrl~b, allll n

Mll,ll 1 I Illlllr en! Itip,!lnl la VII Ill I I nun t 11P
Ihlr,kllmmn ml Will,.11 t ho r’ltlmfdl,l 11111 Wllll I II

overtake the shock front at the target-
●nalycar interfaca. This ●xtrapolation
procedure allowa ue to ●xperimentally
alimlnate probleme associated with refl~cted
bavee from Lhia interface.

The quantity R la dafinad to be the ratio of

target thicknemm at the raraiaction overtaking
point to lmpactor thickneae. We further
dafine

R* = (l*)/(l-R), (3)

which in related
C, chock velocity

P/PO, by

to the rarefaction velocity,
Ua, ●nd relative dannlty

. (4)

The thrrmodynamfi quantltv dE/dPv can ‘m
tl~ti?rmlnwl from tllr flnlt.- dlfferunrp wqumtlnn
(II)

11,, - C,, * s II p B (h)

qllllt 11111 (4) l-all hr WI II 1-11 ●m

whvre u im (V,,-V)/V whlrh In ●qunt III lll,/llm.
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Figurr 1: Rarefactinn ●ound valocltien ●a m

function of Hugoniot premaur= for tantalum.

The solld curve la calculated for a constant

value of dEldPv. Th@ danhed llne repreaentm a

llnenr preaeure dopandence of Poimmon’m ratio.

A marked discontinuity occurs near ● prrtaaure
of 295 GPa. Data at hiahcr premaure are well

rJpreaented by ● curve cel.rulated for ● bulk

sound velocity with the parmet~r, dE/dP

conmtant. Higher veloritiea, obaurvmd a;

Invar premaure, ●rc cnnolntent with longitudi-

nal elmntlc wave velnclttrn. The curven nhown

in Fig. 2 wer~ calculated from thr Hugnnto.
data an,l PY - cnnatani for the bulk ■ow,d

Ve’locltv, ● d
7

Pofhaon”a rat~t,,

v = 0.35 + 24xlfl- ‘P (GPa) for thr lnngltudlnml

❑nund vclnrlty. A]l lower pram~urc reccrdn

●lmo ●Ilow rh~r#-L@rlntlC ‘elantlr-plaltlc’

hrhnvtnr (I.*. ●l ●xtra kink whrn the p’nntlr
wave nrrlvcw) whllo at hlghr~ prcmnure thv

rnrefnrtlon premnur- rel~nn~ In nmlnth.

I)ISC!I!)SION

(15) ●nd ualng Sq. (1) wa catimece Y. to be
1.7f0.3 at the normal mmlting point. A ❑prmad
fn melting prdlctione u~ina the Lindemenn
criterion wi~.h Py - conntant and ●n initial y
frcm 1.6 to ;..0 ie ●howrr in Fig. 2. ?trim
range rapr~.menta our uncertainty in ●pplying
the Lindemr.nn criterion to thie rm~rmccory
Mtal.

__e5 — .2 —.. , I

FIRWr@ 2: I,lndemarn eelltn~ curven an4
Hugnn:nt l~mpcrmtur,lm for tml}lmlum. Curv~m
Lmned nn dlffcrini ammumptlnnn fnr y- ●nd Cv
arr markud.

Elprtrnnlr rontrlhit ’..1ln ●rm SIMII prnbl~matlc
in ralcl,latlnn mf tcmporaturprr .IIIIIIN chm shock
Ifunonlnt fnr L#ntl.l{lIY. Sltr)(.k t.mprrntur~m cnn
tw r.lrul~t~tl frow (Ii)

dT - -.T!;)dV + ~(: [(Vo-V)dP+ (P-Po)dV]m(ll)

v

Altllnumh Eq. (H) almn drprncln on y, WQ find
1 Ilml I h W IarUrat ●rrorrn In llunllnlr,t
tmmperaturem arQ dUII to unrprtaln PIp:trnnir
routrlhutinnn to h*mt Capnl.1 I v. llw hemi
rnpmrlfv Im wrltloll

(:,, - 11 + fl@T (9,



●nca, ~ lnh~rently ●eeume thmt the number of

frme ele .onm per ion remeioe unchanged- For
five ● le
iu ●qual t.

‘~~5:r~:.~;-~”rul deneity, se
for tantalum.

An empirical h?termination of I?e cnnelmte of
■easuring th camponent of Cv linear in T ●t

Such meamure-nta give

VW. ~~YSa~l~~:iK-2.(16) Thie lerge value
i: due to the location of the Fermi ●urfece

near e d-band peak in tho electronic deneity
of mtatee, and clearly ●hewn the uneultebility
of tne free ●lectron gae mod~l for trmneition
metalm.

An ●lt~rnative analymie i- baeed on the

realization thet the ●lectron-phrmon mean ●n-

ha~:ement may be large, Particularly for low
❑obility d-eleccronn et low tcmperacuree.

!fct’f[llan provided ●n expreneion relatlng the
❑an~ ●nhancement factor, g, to the ●upercm-

ducttnn tranmttlon temperature. For
tantalum the reeult la g - 0.69. Since Be ie
proprtrtlonal to el~ctrmt~c maas, tt should be

divided by 1.69 to grt the vmluc apprupri.lte
for unrenormali:ld ~1,.ctronn. This new value
nf 3.5 mJ mnlp K“”” agreen well with rigid
la:tlce APU calrulstionn. (lR) Since the alrc-
tron-phnnnn MR9 ●nhancement turrs off for
tempcrmturen above the Debyc temperature (19),
thlH VJIIUO is the mont realtmtlr.

Thrtw mnilrl HuRoniOtII are plotted in ~iR. 2.
Thr lllRhr~t trmperaturr cntlmetcn Ignore thu
rlccLronlr rnntrlhutlon tn heat capacity.

Mu~’h lowur teeper~turen renult ul:h band clec-
t rail\ rnntr[hutlorm to hrac capacity included.

TIIr lnt~rmedlmtc curv~, calculated for ● 1 rec
Plrrtrnn Rnn rontrlhuLlnm, my bo appruprlate
ml thr hlghr~l tmmr(’r#turrM. An t~mprraturefi

In(renqo, thr rkl?llty or ● Ivrtrnnlc ntmtvn

wlthln kT ol chr Fvrml l~v,~l m,,Mt dccrean~.

Furthrrmoro, wllh high-pren~urr vnlumr rnm-

prommloll, r.hr d-hnndn will hr!~ndru Iradlng to

I rower drn#lt lrI: of Qlcctronlr mt#tra..
Finally, IIIRII t~mpnratur~n can cmunp thermal
iol}il, al 11111. Thin lnrreenrn

chr ~“nd’’:j}q’l
, irrtr(]l) denmlly, wIIII-11 derrrnnmri fir hy Z

whrrr Z In tlw de~rpr IIf ft]nlznl ion. u]th ~li
thPn@ ●ffrrtn romh I n~d, rmlulllntlon (,1
llu~l .111)( tempvrnlurwn l-mnllln a rhnl l~u~,n~
pr~llllrm.

TIIr ■rl!lng pIIlm ohmmrvrd in them. enporl-
mrllln nrr~lr* al a lIwI. r Ihlp!lnlnt prrnaurr thm Il

mIIV rmnm,ullll)lp rhufrm f!}r III,, l, fndrmnll,l Imw nr

II II MIII1I 111 t,,mprrnlltrmm. Th I n altllal IIMI wan

mlnl! llI~l@Il I,lr Irm, (10) hut III- dlma~rpmmwul

!n qi!mrwllml Wtlvmu fnr tmn!nluml Ill}wmvvr,
w! 1110111n riMl)rliun ralrlllal 1o11 ,11 !Ilv I rw

i.ilrr~lpm IIf Ihr fi:)l id and Itquld phmmmm III thr
mt)rr i.(!mplem mvl ala, 11111 1,1Ildrlnllllll rrtlcrl III
nppnarm t,t pr,jvldo n I,lIl*r upp*r II(MIIIJ 1111lIIU

mo,llll)~ 11110.
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