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RA®EFANTION VELOCITIES IN SHOCKED TANTALUM AND THE HIGH PRESSURE MELTING POINT

J. M. Brown
Texas A&M Univeraity
College Station, Texaa

and

J. W. Shaner
Loa Alamoa National Laboratory
Loa Alamoa, Nev Mexicn 87545

The optical analyzer technique has been used to determine the preasure a which a-nck
compresased tantalum can no longer asupport a longi:udinal elastic wave. At 295 u 'a,
the release wave velocity drops to a value consistent with a calculated bulk aound
velocity, indicating partial wmelting. At higher ahock preaasurea, the bulk aound
velocity followa a conatant py model, vhere y ia the Griineisen parameter. With theae
measurements we have )dentified melting on the Ta Hugoniot, and we have calibrated Ta
as a high impedance driver for aimilar experiments on other materiaias.

the vibrational Grineisen parameter. Frequent
TNTRODUCTION criticiums of the L/‘ndemann criterfon are that
the critical ratio cannnt be calculate. from
flrat principlea and that thermodynamic
propertiea of only the aolid are uaed.

A universal problem in the hehavior of materi-
als at high preasaurea i{a the lonation of the
melting phase boundary. The acientific inter-
est liea 1in being able to predict thia phaae
change over wide denaity variations. However,
in appiications of ahorked wateriala thia
phase boundury ia also fmportant for comput: -
tivnal deaigr. For example, we exprct materi-
al strangth and eifective viacoalty to change
dramaticully upon melting.

Other purely ampirical rulea inciude the Simon
equation. (1) which im mereiy a functionai fit
to the characteriatic ahape of melting curves,
an! the Kraut-Kenneldy ruie (4°

n . 6v
A thermndynamically correct approach Lo Tp = Ta(l + € 'VJ * (2)
calculating the metting line conaiata uf eval-
uating Gibba free vavrglea for the {iquid and
unlid phanea an a function of preasure and
temperature, and {dentifying the focua of the Thia f{atter rule In the firmt oribvr Tuyinr
{nterasction of thene twn aurfacea. Thin expiana{on for the meiting temucraturs aa &
banic approach haa been applied tn the aimple function of comf. ‘amfon.
nearly=frev-electron metal Na with aume auc-
cena. (1) In general, hawever, the reauita uof A algnificant probhien with Ihe phenime-
thia valculation are aevereiy mmlel dependent, aniogical and empeirical fita s that althungh
and aufficlently accurate thermodynumic paras- apreement with eapeiimental data van he forred
etera are often lacking. {n the abaenve uf an for moileat rompreaaiona («102), the
Acentate theuretivral mulel, varioua phenumenn= predictiona diverge at  higher cumpreasiona.
Ingleat andl purely empiriral relaliona  are Fur example, the sprawt oy predicted m Itiag
uften uaed fur extrapolation. ¥or rxample, In tomperaturen for tron at 400 Gi'a 1a 400 K to
Limlemann“a phsnimenaological mude!, meiting ia 12000 K. (Y)
aaaumed  to becur at aoerit*ral ratio of mean
theromai diapiacvement of the atwma to the eyul- The thermudynamle alatea behind alrong ahocks
I1ibrinm nearsat nelghbor diatanes.(?) If thia are partivularly apprupriate far meiting
critical ratin {a {vdepemdent af  cumpreasing, atndien. The poaillve rimnvatire uf
and {f afl vibratfin freyuencies have the aame temperature an & funrtion of abpcek prenanre
volume lepenilenre, mcana that the principal llugoniot will  alwayn
rroaa wormal melting {fneac(6) Alan the {ner-
tiai  ronfinement alinwa meAnlrementa At
lenaition and remperatnurea that are inacceani-
dl"Tp -3y .2 T hle 1o atatlre techniquea.
dinv |
The wneatfon of whether equifiibriom meiting
vould he meaanred in the aliort time of & ahock
eyperiment vaa anavered aeveral veara apn Dby
whein ““ la the melting temporature, and v ia Anay. (7, H) lle nuted, fnr wateriala that



melted at temperaturec Jow enough for diract
comparison of shock and static data, that vhen
vhe Hugoniot crossed the asolidus, the valocity
of tha head of tha ralease wave dropped
rapidly from the longitudinal to the bulk
sound velocity, Thease velocitiea differ by
~3NX. A detection tachnique, called the opti-
cal analyeer, which allows aimilar
meansurements at arbitrarily high praasuraa waa
racently reported.(9) We have uaed thia tach-
nique previoualy to detect a solid-solid phaae
change and melting in iron at shock preaaures
above 200 GPa.(10) We report hera aimilar
data for tantalum between 210 and 440 GPa.

EXPERIMENTAL TECHNIQUFE

We mensure the velocitiar of ~arefaction vavea
overtaking a shock wave in themse experiments.
Shock wavesn, gererated by the impact of a high
velocity thin flyer on a target, propagate
intuo both the (mpactor and target. At the
hack aurface of the imnactor, the interaction
ot the sliock wave with the interface between
impactor and plaatic amhot generatea a
rarefaction Jave vwhi.ch propagates back thruoupgh
the (mpactor and target. The rarefaction
overtaken the ahock tront and rcleaacn
preaaurr. A tranaparcat, high denaity materi-
ail In placed over a target with atepa of dif-
ferent thickneanen. Shock propagation intn
thr nalyerr matarial causea larpge  shock
heating, acrompanied by thermal radiatinn in
the visnthle apertrum. The avertaking of the
ahn:k by the rarefaction wave rauaca a reduc-
tlon ir prrasvre and temperature. Thuw, &
abarp devteane {n thermal radiation rexuita.
The variation in target thickneasaea lenda to
different time Intervala he' wern eacrgenre of
the atnel. In the analyrer and overtaking of
the alinek by the rarefaction.  Stnre the ther=
mal riliat fon {ntenalty variea aa a high powrr
wf the teaprralure, or preamare, this tech-
nlque {a  eapecially aenalt lve to apali
preaanre vhangra.

We drtort viaihis fight catput from the opti=-
val analyrer above 1-arh ta: gol favel.
Appevotnrea  amd bafflva colllmate the thermal
radfat lon, which la Jranapsrted through aition
aptleal fibheyn 1o photomnlt ipller deteciors.
Slaplo awe=p,  tpterunlly  triggered  onefllo=
acnpe  reconta are ahtatned  for fimr target
loviela on each sxperiment.

A dtneant Lisema fuerenae ton alpgnel  amplitole
oA an the alinekh ome' gor from 2 he tantalum

fnte the Annlyrer. Neatly vonarant thereal
radtat tun {a  nlasrvial aa the  ali'k  movea
Lhrongh  the analyri v, The rarefart {an
neertakiag Ponat la  marked uy des Hning

radtat ton inteenltye The 1ime futervala, At
betwmng  abock  emergeacs sl overtak tng polat
are aletermland  with a reprawdoecihiiity nf
Approslnately  one  nanonecomul. Thei o valuen
ave plotiml againar targey  thicknesn, sl &
abort 1ty satyapolation i tlnea the
thicknean av whilech the carelactlon won

overtake the ahock front at the target-
analyzer intarface. This axtrapolation
procedure allowa ua to sxperimantally
eliminate problems sasociated with raflacted
wavea from thia foterface.

The quantity R is dafined to be the ratio of
target thickneas at the rarataction overtaking
point to impactor thickneaa. We further
dafine

R* = (1+R)/(1-R), (3)

vhich 1ia related to the rarefaction velocity,
C, ahock velocity U and relative denaity

p/o,, by .
Re = [-2) £ . T
o US

The thermodynami, quantity dFK/dP_, can hne
determined from the finit~ difference rquation

(1)

dFk I (113 dk¥ ] dp dl*
B N - ] I SR L (%)
de dV" st dV" dVH

vhery partial derivativen are along the

llugontat (1) or  faentrope  (5). Uaing the
Rankine=ltnginint  relationa and A linear rela=
tion betwern almek vefoclty (0 ) aml partivie
veinelty (Ill')' (1?2)

b, =€, ¢+ 51 ' (6)

equal fon (4) van be wiliten aa

ar _ s’

[+ sin) =ke* (1 - o=l (n
where n {a (V“—V)/V which la equal o UI'/"'.

NAREFAUTHIN VELOEITIES Kok TANTALUM

We alow  reaulta for vleven erperimenta in
rig. 1.
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Figure 1: Rarefaction aound velocitiea as =
function of Hugoniot presasur= for tantalum.
The solid curve ia calculated for a conatant
value of dE/dP,. The dashed line rapresents a
linear preaaure dapandanca of Poisson’a ratio.

A marked discontinuity occura near a presaure
of 295 GPa. Data at higher preasasure are well
rapreaented by & curve calrulated for a bulk
sound velocity with the parsmeter, dE/dP,
conatant. Higher valocitiea, obaurved at
lowar preaaure, are conaiatent with longitudi-
nal elaatic wave valocitiea. The curves ahown
in Figp. 2 wvere calculatad from the Hugonio.
data an!! pY = conaten: for the bulk aound
veiocity, a2d Poirson’a rattu,
ve 0.3% + 24xi07°P (GPa) for the longlitudinai
anpund velocity. Al) lower praarure rec:rda
alan alinw  chararteriatic ‘elantic-plartic’
hehavior (i.e. a1 extra kink when the paatic
vave arrives) vhiie at higher preasure the
rarefaction preasure reienac {a awooth.

DISCUSSTON

App!ivation of EKy. (1) tn tao melting of
tantalnm regqiuiremn 1are {n chuice o' a mmied
for vy(vV). 1f ail vihrational freqrencies have
the aame voiame dependence, and it
temperaturea are abhuve the {lebye temparature,
an ail  vibrat onal nndea are thermaily
pupmlated, seviatfona hetweon ths thermmdynas-
{1 CGrinelnen parameter  aml  the 'attice
vihratton value muat be aaanciated with cier-
tronie contribut{inna. Removal nf an elac=
tronfe  coutribution 1. a nontrivial probliem.
e ddata la sonafatent with fy = conatant, and
Y, = liko At 8TI. The wvialue of . frum
theramlvoamis PArameters la to6S.
Leacimeildner glvea a valwe  of .82 fur the
thermndynamle vy with slec' randy vontributf
removed. (111 lluwever, fila pruvedurs of
remaving the electronie vontribation 1o v, in
wot  rigoronaly  rorrect. Auother approarh to
datevatnlag what o yaine to uae {u Ko (1) la
tn mat ch the Inft.al melting afupes of
WO VIOK /il (1 4) The bulk mulnlna  ut the
normol  melting  point must aiao he knowm. By
ot rapuiating loga’n rata . the temperatirs
depemlence  of  olaativ voualanta for tantaine

(15) and uaing Eq. (1) we catimate Y, to be
1.7#).3 at tha normal melting point. A apread
inr wmelting prr.diccions ueing the Lindamann
criterion wirh py = constant and an initial Y
frcm 1.6 to .0 ia ahown 1in Fig. 2. Thia
range reprszaenta our uncertainty in applying
the Lindemrnn critarion to thia refraccory
metal.
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Figure 2: Lindemarn wmelling curvea and
Hugoniot tempecraturna  for ‘tantalum. Curvea
Laned on differiny ansumptions for v, and G,
are markued.

Flertron{r contribit‘ana are alun prablematic
in calcoiation of temperaturea afong the shock
Hugonlot for tantelum. Shock t.mperaturea can
he c..lealated frum (11)

-t L - -
dT = <TI0 MV o 2 [(V,=V)idP+ (P=P_)dV]. (8)

Although Fq. (8) alan dependa on v, we find
that the laryeat errura in lugoniat
temperatitren  are due tu unrertain eleztronic
contributiona tu  bheat capariuy. The heai
rapacity la written

Com b+ AT (9.

whers 1) {n the Dehiye funriion and f ia
proponttional tn the electron manaa at the Ferml

viacn. Fur a fres electvan gan, ' 1w
propurt innal to the r-rlprnx,}_ wf the Fermil
rnergy aml therefore, tn V ! vierr V {a the
apecific wimee. Witl, thia leaatty depeund-



ence, . inherently assume that the number of
free ele -onm per ion remaians unchanged- For
five ele. rona per ion 1: aor-al density, 8,
iv equal t. 0.25 w] mole™ "'K™~ for tantalum.

An empirical letermination of £, conainta of
meaauring th: compoument of Cv linear in T at
lov temperatires. Such measurements give
B, = 5.9 nJ wole”'K"2.(16) This large value
18 due to the location of the FPFarmi aurfacs
near a d-band peak in tha elactronic denaity
of atatea, and clearly ahowa the unauitability
of tne free electron gas model for tranaition
metala.

An alternative analysia ia bsaed on the
realizatior that the electron-phonon mass en-
har ement may be large, particularly [for low
mobility d-electrons at lov temperaturea.
McMillan provided an expreaaion relating the
m8#s enhancement factor, g, to the auparcon=-
ducting transition temperature.(17) For
tantalumn the reault ia g = 0.69. Since B_ {8
proportional to electronic maas, it should be
divided by 1.69 to get the vilue appropriate
for unrennrmalllid glrctrons. This nev value
of 3.5 o] mole”"K"" agrees well with rigid
1aitice APW calculationa.(1R) Since the alec-
tron-phonon mass enhancement turcs off for
temperaturen above the Debyc temperature (19),
thin value 1s the moat realistic.

Threr model Hugoniots are plotted in Fig. 2.
The highe«t temperature catimates ignore the
electrunic  contrlbhution tn  heat capacity.
Mucll {owryr temperaturer reault with band ciec-
tron  contributions to heat capacity {ncluded.
The intermediate curve, calculated for a free
electron gaa contribution, may be appropriate
at the higheal tempreratures. Aa  temperaturen
{ncrease, the density of electronir atatea
within kT of the Ferml level mewnt decreaas.
Furthermoree, with high=preasure volumr¢ rom=
presalon, the d=handa wiil hrnaden {eading to
| ower dennit leq uf eiectronic Atrtea.
Finaliy, high tewprraturea can caune thermai
fonlzatinn. Thia (increaaeca tke condurssqu
viectron denalty, whilch decrrasen 0 hy 27¢° 7,
whote 7 {a the degree of {unlzatlin. With all
theae effecta rombined, calvulation Wf
Hupr aint  temperatures 1emaina  a challeng,ng
prohien.

The meltlng polnt abarrved in thear enperl-
menta ovecnre At a lover luporiot preasnre | han
any reaasthie chofee four the Lindemann law or
Ibhigoni it tvmperaturea. Thita altuatfan waa
atan noted for Lrom, (10) hut the diaagreement
‘n gomewhat  worae fur tantalnm. llnwever,
withot a rigoroun  ralenlatfon »of the tree
cuerglen of Jhe anlid and HHgquid phasen of the
more complex metals, the Lindemanm critetim
appeara  to provide a vlode apper bomul v the
me-itlag flne.
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