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The optical analyzer technique has been used to determine the pressure a which » nck
compresaed tantalum can no longear support a longi:udinal elastic wave. At 295 . ‘a,
the release wave velocity drops to a value consistent with a calculated bulk sound

velority, indicating partial wmelting.

higher shock presaures, the bulk sound

velocity follows a constant py model, where Y is the Griineisen parameter. With these
measurements we have identified melting on the Ta Hugoniot, and we have callbrated Ta
as a high {mpedance driver for mimilar experiments on other materiala.

INTRODUCTION

A universal problem in the behavior of materi-
als at high pressures is the loration of the
melting phase boundary. The scient!{fic {nter=
est lies 1in being able to predict this phanme
change over wide denslity variationa. However,
in app.ications of shocked waterials thia
phane boundury is also {mportant for coamput: -
tional desigrn. For example, we expect mater!-
al strength and elfe:tive viacoalty to change
dramatlcully upon melting.

A  thermodynamically correct approach o
ralculating the melting line conmistn of eval-
uating Gibbs freec cnergles for the liquid and
solid phanes am a function of presaure and
temperature, and {dentifying the locum of the
intersection of these two nurfacea. Thin
basic approach ham been applied to the aimple
nearly=frev=clectron metal Na with wsome nmuc-
cenn. (1) In general, howvever, the remulitn of
thin calculation are neverely model dependent,
and suificlently accurate therandynimic paras-
etern are often lacking. In the abmence of an
Accurate theoretical model, vartoun phenomesno-
logica? and  purely empirical relatfonn are
often uned for extrapolation. For cxamply, in
Lindemann“n phenomenological model, melting tn
ansumerd to  occur at a crit'cal ratio of mean
thermal dinplacement of the atome to the squi-
Iihr{um neareat nefghbor diatance.(?) 1f thin
critical ratlo tn {ndependont of compreanion,
and (€ all vibhration frequencies have the same
volume dependence,
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the vibrational Grinei{sen parameter. Frequent
criticiums of the L'‘ndemann criterion are that
the critlcal ratio canant be calculate. from
firnat principlen and that thermodynamic
properties of only the solid are used.

Other purely emplrical rulem include the Simon
equation, (3) which {m merely a functional fit
to the characterintic mhape of melting curves,
and the Kraut=Kennedy rule (4°

n . 6V
Tn = Tall # ¢ 30 & (2)

Thim latter rule 1w the firmt order Tuylor
expannion for the melting temoerature an a
funrtion of comj ‘wslon.

A Algnificant probles with the phenose=
anlogical and eapirical fitn s that  although
agreement vith eapsiimental data can be lorced

for wmodent coapreanionn («102), the
predictions diverge at higher compremnionn.
For example, the spraad o) predicted = Iting

tomperatures  for fvon at 400 GPa Im 400 K to
12000 K. (5)

The thermodynamic atatea hehind strong shocks
are particularly appropriate for meltiuy
sludien. The poaitive cutvature of
temporature arn a function of shock preansure
mrana that the principal Hugonfot will alvayn
cronn novmal melting Yinem. (6) Almo the iner-
tial confinerment allowa meAsTEment N at
denaltion and remperatures that are inacconni-
hie to atatic techniquen.

The dquention of whether equilibrium melting
could he meamured {n the short time of a shock
eyporiment van anavwerad weveral vearn apo by
Anny. (7,H) He noted, for wmaterials that



melted at temperaturec Jow enough for direct
comparison of shoc* and staric data, that when
vhe Hugoniot crossed tha solidus, the valocity
of tha head of the ralease wave dropped
rapidly from the longitudinal to the bulk
sound velocity. These velocities differ by
~30Z. A detection technique, called the opti-
cal analycer, which allows similar
measurements at srbitrarily high pressures was
racently reported.(9) We have used this tach-
nique previously to detect a solid-solid phase
change and melting in iron at shock pressures
above 200 GPa.(10) We report here similar
data for tantalum between 210 and 440 GPa.

EXPERIMENTAL TECHNIQUE

We mensure the velocitier of —arefaction wvaves
overtaking a shock wave in these expariments.
Shock waves, gereratcd by the impact of a high
velocity thin flyer on a target, propagate
intu beth the Lmpactor and target. At the
back surface of the imnactor, the interaction
ot the mhock wave with the interface brotween
{mpactor and plaatic sahot generatea a
rarefact{on Jave wh.ch propagates back throupgh
the (mpactor and target. The rarcfactlon
overtakes the shock tront and releancs
preamure. A transpareat, high density materi-
al {n placed over a target with steps of dif-
ferent thicknesnen. Shock propagation intn
the analyger material causes large shock
heating, acrompanied by thermal radlation in
the visathle apectrum: The overtaking of the
shock by the rarefactlion vave causes a reduc-
tion Ir preascr» and temperature. Thus, a
nharp decreane Lo thermal radiation resulta.
The vartation In target thicknenmen leadn to
differeqt time intervalms he’veen emevgence of
the mhocl In the analyeer and overtaklng of
the mhock by the rarefactions Since the ther-
onl radiat fon Intenmity varies an a high power
of the temperature, or presaurs, this tech-
nique tan eapeclally sensitive o nmall
presaure changen.

We detect vimthle Hght cutput from the optf-
cal  aunlyrer ahoyre v-ach Lt got level.
Apperatures and hafflon collimate the thermal
radiat lon, which in tranapsrted through attfca
optical fihein to photomiltipllier detectors.
Stonplo awesp,  fnternalily  treiggersd  osctllo-
meopes  recordw  are abtalaed  for four target
Invelun on each experiment.

A dineontfvnoun fnereane 1n afpgnel  amplitude
veenta am the whock dmet gor fron the tantalum

fntee tn Analyrer. Nearly conatant  thereal
radiation In obworved an  the ahock  movens
through the analyr 1. The rarofact lon
overtaking poant Im warked by delining

radiatton (nteenity. The (lme Interyals, A,
botwson  ahock  emergencse and overtak ing potal
are  determinod with a reproducihiiity of
Approatnately  one  sanomeconil. Ther @ valuns
are plottod sgatun' target thickness, sml &
uhort 1toenr sat tapolatton dit {non the
thickuran  at which  the parefaction would

overtake the shock front at the target-
analyeer interface. This axtrapolation
procedure allows us to experimentally
eliminate problems associated with reflected
waves from thia iaterface.

The quantity R is defined to be the ratio of
target thickness at the raretaction overtaking
point to impactor thickness. We further
define

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

vhich 18 related to the rarefaction velocity,
C, shock velocity U and relative density

p/o,, by .
Re = [-2) L . (4
[+] US

The  thermodynam!. quantity dFE/dP, can he
deterained from the finit~ difference vquation

(1)

dy _ dr o dE ar

dr
£ L5 _T.]/[..u - 5
dp, dvy  dv, " dy, dvg
where partlal derivativesn are along the

Hugonlot (1)  or teentrope  (8). Unatng the
Rankine=Hugonfot relattons and a linear rela=-
tion hetween mhorck veloclry (“n) and  particle
veloelty (Hp). (12)

n,=c o050, (6)

equation (4) can he wiltten an

" \
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where n in (V -V}/V which tn equal to up/H..
NAREFACTION VELOCITIES FOR TANTALUM

He ahow  remulte for cleven erperiments {n
Pig. 1.



”’
k4 o
s LONGI TUD!NAL
£ swuom.o%,
> j/’
e
g8 7
' BUL K SOUND
W VELOCITY

A 4 i
100 200 300 400

PRESSURE (GPa)

Figure 1: Rarefaction sound velocitiea as =&
function of Hugoniot pressur= for tantalum.
The solid curve is calculated for a constant
value of dE/dP,. The dashed line representa a
linear pressure dependence of Poiason’s ratio.

A marked discontiunuity occurs near a pressure
of 295 GPa. Data at higher preasure are well
rapresented by a curve calrulated for a bulk
sound velocity with the parsmeter, dE/dP,
constant. Higher velorities, obaurved at
lower pressure, are consistent with longltudi-
nal elantic wave velocitien. The curves ahown
in Fig. 2 were calculated from the Hugonio:
data and py = conatan: for the bulk wmound
ve'oclity, I?d Poinaon’s rat'a,
ve 0.35 + 24x107"P (GPa) for the longitudinal
sound velocity. Al  lover presrure reccrds
also show chararterinatic ‘elantic-plaitic’
behavior (1.e. a1 extra kink when the pantic
wvave arrives) while at higher preasure the
rarefaction pressure releanr (m mmonth.

DISCUSSTON

Applleation ol Fq. (1) to ta olting of
tantalum requiremn care i{n cholce o a mode]
for v(V). If all vibratfonal freqrencies have
the Rame valume dependence, and ir
tenperaturea are ahove the Dehye temperature,
an all vihrat: onal mnden are thersally
populated, deviationa betweon ths thermodynas-
{t Grineisen paraseter awnd  the ‘attice
vihratton value munt be annociated with eiec-
tronfe contributionn. Removal of an elac=
tronte  contritbution § . a nontrivial probism.
Our data {n conmintent with fy = conatant, and
Y, = lek0 &t 8TP. The value of ¢, from
thermodvnamie parametsrr {n HY L B
Ganchnelduer given a valus  of 1.82 for the
thermudynamie vy with slec ronte  contribatd o
removed, (I D Howsver, hin procedure of
removing the elsctronte cmtribution to "v in
nat  rigoroumly  rorrect,  Another approach to
daterminiag what y value to ume fu Kq. (1) in
to match the intt.al wmslting nmlope of
KO TIOR/GaL(14) The bulk moduloa  at the
normal melting potnt suat atmo he known. By
sptrapolating Sopga’s cata on the temperature
depandences  of  clant{c conmtanta for tantalum

(15) and using Eq. (1) ve cetimate Y, to be
1.7%#).3 at the rnormal wmelting point. A spread
in melting pr.diccions uesing the Lindemann
criterion wirth py = conatant and an initial v
fxcm 1.6 to 7.0 1is shown in PFig. 2. This
range raprersents our uncertainty in applying
the Lindemrnn criterion to this refraccory
metal.
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Figure 2: lLindemarn meliing curves and
Hugnniot tempcraturns  for fantalum. Curves
Laned on differin; assumptions for y_ and Cyv
are marked.

Flectronic contribhit’onn are alun problemattc
in calenlation of temperatures along the shock
Hugonint for tantelum. Shock t.@peratures can
be c..leculated from (11)

dT = =T/ )av +
v Zttv

[(V“-V)dP+ (P=r,)dv]. (8)

Although Fyq. (8) almo dependm on vy, we find
t hat the largent arrorn in Hugoniat
temperaturen are due to uncertain eleztronic
contributionn to heat capaciuy. The heai
capacity {m written

o= D+ AT (9.

whers D in the Dehye function and £ {n
proportional to the slectron mans at the Feral

vilare. For a free elsctron gan, B s
proportional to the r-vlpruii}_ of the Ferml
energy and therefore, tn V ) wherrs V {a the
aperific volume. Witk thin deantty depent-



ence, . {inherently assume that the oumber of
free ele -onr per ion remains unchanged-. For
five ele rons per 1on_’t aor-al densaity, 8,
iv equal t. 0.25 w] mole” "K™~ for tantalum.

An empirical letermination of B. cnneints of
measuring th: component of Cv linear in T at
low temperatires. Such wmeasurements give
B, = 5.9 nJ mule”'k"2.(16) This large value
i8 due to the location of the FPFermi surfacs
near a d-band peak in the electronic density
of states, and clearly shows the unsuitability
of tne free electron gas model for transition
metals.

An alternative analysis 1{s basad on the
real{zat{or that the electron-phonon mass en-
harzement may be large, particularly for low
mobilicy d-electrons at low temperatures.
McM{llan provided an expreaaion relating the
mans enhancement factor, g, to the supercon-
ducting transition temperature.(17) Por
tantalurn the reault is g = 0.69., Since B_ 1is
proportional to electronic mass, it should be
divided by 1.69 to get the vilue appropriate
for unrennrmall:id glvctrons. This new value
of 3.5 o] mole”'R"* agrees well with rigid
laitice APW calculations.(1R) Since the alec-
tron-phonon mass enhancement turrs off for
temperatures above the Debyc temperature (19),
this value {s the moat realistic.

Three model Hugonioes are plotted in Fig. 2.
The highest temperature estimates {gnore the
electronic contrlbution to heat capaclty.
Mucrh lower temperaturefs reault with band eclec-
tron contributions to heat capacity included.
The Intermediate curve, calculated for a frec
electron gaam contribution, may be appropriate
at the higheat temperatures. Aa  temperaturens
fncrease, the density of electronic ntaten
within kT of the Fermi level mwwt  decreane.
Furthermore, with high-pressurc voluamr rcom-
presaion, the d=bhanda will hroaden leading to
| ower dennitlen of electronlc Atrten.
Finally, high tepprratures can cause thermal
fontzat ton. This f{ncrreanmen the cnndurssqn
ciectron dennity, which decreanes B by r AL
where 7 {n the degree of fonization. Wicth atl
thene effectn combined, calculation of
Hugi alot  teaprratures remainn  a challeny.ng
problem.

The welting point ohaesrved in thewe experti-
mentn occars At a lower Huponlot pressure than
any reasmiable chofer for the Lindemann law or
Hugmlot tomperaturen. Thim waftuatfon wan
aluo noted for fron, (10) but the disagreement
fm  gomewhut worae for tantalum, However,
without a rigoroun calculation of the Iree
enrrylesd of the anlid and Hquid phanen of the
more complex metald, the Lindemann criterim
apprarn  to provide a clode upper bound on the
mellling 1ne.
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