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NEW TECHNIQUES ANL PHENOMENA AT MULTIMEGABAR DYNAMIC PRESSURES*

Js W. Shaner
los Alamos National Laboratory
los Alamos, New Mexico 87545

ABSTRACT

At pressures beyond the range of contemporary
dlamond anvil technology, we expect a wealth of
unexplored changes in the nroperties of materials,
such as the appearance of new solid phases and large
increases in melting temperatures. From a practical
standpoint, multi-megabar pressures =satill require
dynamic compressions because of the difficulty of
containing a very high energy-density. Shock waves
have bheen a convenient way of producing tairly
well-detined matecvial states  at milti-megabar
pressures, However, the rapid temperature rige
associated with strong shocks has obacured some ot the
interesting material behavior, On the other hand, the
temperature rise makes shock wave techniques ideal for
studying melting phenomena at very high pressurcs,

By accurately medsuring the velocity of sound i{n
4 dhock comprensed medium, we effectively obtain a
der{vative of the equation-of-nytate surface, In
addition to this new i{nformation, the sound velncity
{s sensitive to changes ot stuate. Another wWensitive
detector of phase changes 14 the temperature behind «
shock front, By meaduring temperatures and sound
velocities we have hecn able to detect previouwly
unmeasured solid-solid and melt{ng trans{tions.

BACKGROUND

The use ot shock wavea in  the investigation of
matertal propertive at very high pressurca has alroeady
had a long hintory. Subject to the validity of a4 law
simplifying anwmwrptions, a wshuek wave produces a
reanonably well detined thermodynamic wtate ot both
nlevated prewsure and eluvated temparatura, (n vamples
which may be noveral cubic centimeters or larger in
sign, Wwith the amsumption of 4 stoady propagating
shock wave, the conmervat{on of mens, momentum, and
unergy Lead reapect ively to the three Hugoniot
vquationys relating the state ol the wshock compremsed
maturial to that of the uncomprewsed material:

VoV, (:4ﬁ/‘h) (1)
'll‘ﬂu) - Oy\U”Up ()
. |

bebp = (g =ngy) Vy=V) M

In woguattons | through 9§, Uy (8 the alinck velucity, v,
{n the material veloetlly behind the shock, ¢ (w thL
specitic volume, o, tn the HiLrewn component along the
whock propagation directton, and ¥ (n the Internal

* “Hhia " Wtk was pertormed under the auspices ot the
United States Department ol Energy.

energy. The measurement ot U, and U, along with the
init{al conditions of the material are sufticient to
describe the thermudynamic wstate behind the shock
tront, The locus of such B8tates starting fron &
common initial condition 18 referred Lu usu the
Hugoniot curve, and ft lies on, or close to the
equilibrium squation of state surtace.

The ussumptlion that a strong shock propagates as
a4 steady wave 13 wenerally consistent with
measurement, Weak shock waves, where the longitudinal
alastic precursors are not overdriven, generally arve
not steady, although portions of even these wave
fronts may achleve a steady atate =~ (1).%* The
phenomena described in thin paper all relate to strong
shock condi{tions, where the uteady wave assumption is
gouod.,

Another asmumption ] that thermodynamic
equilibrium {8 cwtablished behind the shock front.
Although the time intervals are vury swhort,
experimental evidence indicates that equiltibrtun {8
very quickly ewtab)ished, with perhaps two notablu
uxceptions, Some phase transitions, such ay that trom
wraph;te Lo diamond, are notoriously slupgish, Thia
otte {8 wecn  tn shock  waves, but at substantially
higher pruensuras and temperatures than is required to
convert graphite to dlamond stattcally. Also, (n
aampled  rocoversd atter whock loading, we «ind
uvidunce lor a4 nen=cquilibeium  concentration ot
defectn, Mont  shock  recovery wxperiments involve
complex  unloading  and  reloading  proceswes, wo any
deduction concurning the wtate ot materials hohind the
firwt shock should he taken with caution,

The neohlem of not-aquilibrium dersition han alao
heon raised = (2),  Mthough no divect measurement hag
vvyr bheen made of densitivon ot shock  comprewsed
materialy Lo hetter than a  fow poercent = (1), we
heliave the dansition to he clowe to equilibrium, In
particular, by caltbrating ruby tluorescency agalnwst
mhuck exporiments on copper - (4), and then comparing
wtatte and dyhamic experiments on  {ron, ohe obldins
Agfeoment on the taothermal compressfon curve
cotnigtont with sxperimental uncertaintion ot o  fow
pereent = (%), If the defecta cont ibute to the
dennity, elthor the contrtbution In wmall, or (¢t f{a
virtuatly  tdeptical tor very different metals, We
teel the latter powsibility (s unlixely,

Aruther ansumption deseeves mention, The wstresn
In wquatton (2) retern to a longltudinal ¢omponent a'wg
not the pressure, The  tact that non=zero  strewx
duviators may oxiat behind a shock wave in a wolid waw
recognlzed trom the very heganntog of sueh
sXporiaents -~ th), We  are onlvy now dbegtnning to got
quantitative data concerntng the relattonship hetween
the meanured Jongttudinal streasy and the mear wtrons
0ro prassire, '} puctieular wigniltcance  are the
dennity  and  temperature dependunce vl tho slfective
tlow strems and the question ot how close Lo a
hydrostat the mutevial behind 4 whock wave llen, We
have accumulated dJata over the last twn Jdocades

*» “Nuaburs (n parentheses deslignute reteren~.s at the
end of the paper.



X ndicating that, as expected, the flow stress does in a shock compressed transparent material by high

{ncrease with increasing density, at least until high speed optieal pyrometry. In  addition to providing
temperature etfects dominate - (7,8). However, recent heat capaclty data, certain phase transitions showed
experiments by Asay hove shown that Ln the case of up much more clearly in the pressure-temperature
aluminum shocked to over 2] GPa the state of the representation thar in the pressure-eunergy pla e,
material appears to be within (.2 GPa of hydrostatic This work formed the conceptual basis tor two
conditions - (9). We can interpret the low value of set8 of pyrometric measurements on shocked sxog. one
the shear stress in a shocked metal in terms of the set by McQueen at Los Alamos - (12) and another by
adlabatic shear model develuped by Grady - (10). In Lyzenga ar Cal Tech =~ (13). When a strong shock
this model, the shearing uvccurs locally in bands, propegates into a transparent sample, the thermal
where the internal cneargy increases unstably., As a radiation from the hot compressed material can pass
result, the material may have little macroscopic shear through the uncompressed material and ianto «  fast
strength. Although the available experimental optical pyrometer. [n these experimunts, McQueen used
evidence supports these ldeas, the data necessary tor a rotating mirror atreaking cumera with 4 detonation
4 complete yuantitative model of the pressure wave in nitromethane a8 a calibration standard.
dependence of stress deviators are atil]l incomplete. Lyzenga used silicon photodiodes and color filters
With more complete data we should be able to make calibrated against a tungsten ribbon lamp. The data
consistent solid strength corrections to all of our from both sets of measurements are shown in Fig. 2.
shock wave data., In order to make the comparison, average emissivities
ne further limitation of shock waves ns a means from Lyzenga's measurements were used. The agrevment,
of studying materials at high pressure 1a a result ot within 5% 1in absolute tempcrature, is excellent for
the parcicular track the Hugoniol curve makes in tuch measurements above 5000 K and  with ctime
tharmodynamic  apa:e. If the shock strength is resolutinn of less than [0 ns,
parameterizad by Ups one can see by difteren.iating Several  wurprises  appeared in  this work.
equations 2 and ') that both pressure and internal Firstly, even at shock tempiratures below 5000 K, the
unergy (or entropy) incrnase togather, except (n the rise time of the optical signal wauw less than [0 ns.
most  pachological  cases. A a result, those Therefore we may say that a layer of shocked matorial
transitions {{ke normal melting, where internal energy less than |00 pym thick ts opuque, We expect that a
{ncreases from the solidus to liquidus, but the wide gap Lneulator like atishovite should still be
transition pressure incrensus with the dunaity, are apticalily thin under these conditions, unless there
indicatued by only subtle changes in slope tn the curve are many detect oleoctronic stutes in the gap. If that
of Uy va Uy. As an {ndfcation of the subtlity, we whow {s  trus, we worry about whether the radiation {s grey
in itg. i the Hugonfot curve tor lead tn the rogion hudy and whether the apparent temperatures cepresent
where melting should be taking place. The experiments squilibri-m, Moasutements by Lyxzenga = (l14) (ndicate
Rive no tndication of a melting transition, idogood (1€ to A grey body spectrum, R0 at least the
The new techniques described (n the noxt sections radiation appears to be thermal.
overcome Aome of the shortcomings of shock wavow aw a The nuxt surprise was the reglon tor hoth fusad
means of studving matertals at high preswurea., in atlica and crystal quartz whore ({ncreasing shock
particular, we doscribe thres new technfques which presascre  (and internal enatgy) decreases the apparent
allow one to daetect new phase transitions and to temporatute, Thia {ndication ouf a4 phase change cannot
measure new detailn of the thermal and mechanical he  detected {n conventional shock wmeasurements on
behavior of mhock compressed matertals, $105.  The wnomalous behavior can br explained in two
waya, The Hugontot may tollow an squilibrium phase
OPTICAL PYROMETRY line with negative dT/dP. The shock temperatures arve
duch  that we  wuapect the new phase change to be

From equatfon 3 we wee that the thermal patameter
meanured (n a shock wave oxperiment (8 (nternal

aneryy., In his early work - (11), Kormer showed that //?5
ong might be ahle to moasure the temperatuss an  well rooo }- [
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melting, in which case the silica melt (s denser than
the solaid. On the other hand, the discrepancy in
location of the ‘hase boundary for the fused silica
and the quartz suggests complex high temperature phase
behavior or non-equilibrium effects. The latter
explanation has been proposed by lyzenga - (13). Both
transitions are then supposed to bhe melting ‘trom a
superheated solld. Although one rarely can superheat
4 solid, and certainly not by 1000 K under normal
conditions, {n these experiments we are looking less
thau 100 ym into the shocked material. At this depth,
the material (s only a few nanoseconds bhehind the
onset of the shoeck., These experiments may in fact be
the first ohservation of a limit on the time scale
necessary for a melting transition.

In order to resolve the uncertainty in the
interpretation of the 810, results we must purasue both
more caraefully controlle shock waves with faster
pyrometry, and similar experiments around better known
phase transitions. Examples of the latter would be
the melting transitions {n the alkali halides. On the
other hand, optical pyrometrv has already proven to be
4 viable technique, as well a8 a means to observe high
pressure phase behavior whica {8 not accessible by any
other means.

THE OPTICAL ANALYZER

We have seen that the
transparent materials may be thermal and that the
uptical dept. may be very small. These ideus lead to
A scheme tor measuring release wave velocities in
shock comprrssed media, The information contained in
this data (ucludes loungitudinal and bulk sound
vaelocitiea. The optical analyzer scheme, developed by
MeQueen = (15), is based on the use of a4 short shock
{1lustrated (n Figs 3, If a thin tlyer plate impacts
a target, shocks propagate forward in the target and
backward {n the flyar, ‘The iInteraction of the shock
with the flyer freo aurtace results (n a reloane wave
coming forward again with the velocity ol nound in the
compresaed medium. Typically this rarefaction travels
fanter than the shock, which In turn {4 supersontc
with respect to the uncompressed medium, W en the
rarefact (on catches the shock front, the peak pressure
ntarts to dimtninh, At this potat two measurable
physteal  phenomena occur. Firnt the shock velocity
deercanos with the peak pressure, I the lialt of
taro  presdurs  (nersase, the distutbance travels with

radiation from shocked

the longitudinal elantic veloeity In the uncomprossed
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material, Secondly, the
peak presgure.

Since the thermal radiation varies with a4 high
power of the temperature (> T* on the blue side of the
black body peak) and temperature varies between the
tirst and second power of the stress, small charzes in
stress make large changes in light intensity. Also,
it the source is optically thick, we will see the
decrease in thermai radiation within a tew nanoseconds
of the catch-up time.

For use with metal

temperature drops with the

targets, the technique

congists of propagating a short shock through varying
thicknesses of target backed with a transparent
radiator, For a thin target, the short shock travels

a4 longer time in the radiator with a constant peak
pressure and radiation intensity before catch-~up. A

thicker target will result in a ashorter time of
conatant radiation intensity. Atual thermal
radiation signals recorded by photomultipliers are
dhown in Fig. 4 for two different carget thicknesses

and three analyzer macerials,

[f we plot the time interval of constant thermal
radlation against target thickness, we gat a straight
lina, We have shown this to be rigorously true from
similarity arguments - (J5). By extrapolating down to
zero time we get the target thickness required tor the
release to catch up at the target analyzer intertace,
By this means we avoid 4all corrections for wavae
{nteraction at the {ntertuce. TMe data trom Fig., 4 {8
plotted {n Fitg. 5 to show that the measurements do not
depend on the analyzer material, From this target
thicknuess and the known (tlyer thickness we can
talculate the release wave velocity,

The kind of release wave structure we are looking
‘or had been described previously by Muy at pressuras
helow 10 GPA. In both porous alumiopwm - (1h) and in

hismath = (17), he tound that the leading edge of the
rolease wave moving tnte  solid material  propagataed
with the long i tud tnal sound velocity,
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Cl = (B + 4 u/3)/p, where B {3 the bulk modulus and
{8 the shear modulus.  n each canse when the shock was
fntense enough to give as little ay 0% melt fraction,
the leading edge of the reolease wiave Lad slowed to the
calculated bulk sound velocity, C§ = B/p Both of these
expariments  were done  at sutficiently low pressures
that there was litrle uncortainty ahout the location
vf the melting transition, Since the optical unalyzer
haa nove of the hiph pressure limitationy of  the
{nterrace veloclty dnterferometer used by Asay, wo
could extend thias kind of meanurement to pressures  in
uxcesy ot 100 GPa. At very high presxsurey there |y
cendiderable uncertainty ju the melting polnts ol »ven
swlmple solids.

The flest upplication of the optical analyrer han
heen to the melting repton for {ron by Hrown and
Metmeen -~ (18), They measured the veloeity of the
heginniog of the release wave (n fron  shocked to
PLOMNUreR as high am 260 GPa. surpriningly, in
wxpatriments usi{ng thin {ron Flyer plates driven by
hart  explosgtves and our two-stage [ipght gas gun, they
vhtatned conntatent results showing two breaks (n the
“eleade  veloelty  an g Ffunction ot nhock prersure.
Thene data are whown (n Fig, b, Sincee  we  expect  no
sharv changes  in the  thermonhysical  propertion of
tlutd tron, we have interpreted the upper hreak an the
melttag of  fron and the Jowse hreak an o solld=solld
phase  change. This  tnterpretation (a2 made more
plausible by Fig. /, where the fron Hugontot e
nlottat tn the known and  extrepnlated phase  diapram
tor  Lron. de Hugontot may  cross the o thep) to
¢ (fee) phase houndary hotore melting occurs, Tha
upper hreak  would then represent the vy to ligutd
wolidun, We aluo thow tn Mo /7, it our
tateepretation {s  coreset, that melting ot {ron evan
At 260 tGPa and S500 K agreon reanonal iy well wilth o
hont caleulation naing the Lindermann  me Lt ng
ceftorion, Use of the Kraut Kennedy eriterion - (19)
given a melting curve at moch lower temperaturen,

Mune  experiments  thow  the optical analyvzer
technique to be A very etiective means (o detect high
pressure phass transitions, teither ol thoke lLound in
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radiation vs stress makes it very difficult to extract

anything but the veloclty of the head of the
rarefaction wave. More quantitative results for the
high pressure mechanical properties are described in

the next section.

AXIALLY SYMMETRIC MAGNETIC PROBE

The axially symmetric magnetic (ASM) precbe is

another mnew technique we are explcliting I{n order to
overcome the pressure limitations on velocity
interferometry, This technique was originally
developed by Pritz, et al. - (20,21). The ASM

measurement consists of a static magnetic fleld set up
by a cylindrical magnet surrounded by a coaxial loop
antenna. When a metal sample is shocked and starts to
move, the magnetic field distribution is detormed 1in
such a way that voltage is induced in the pick-up
loop, Thus, we mcasure Up of the metal behind the
shock wave,

A typical assembliy for an explosive driven
experiment 1s shown in Fig. 8. As in the
interferomet r measurements a non~conducting window is

placed ov'r the ssample tree surface to prevent
uncontrolled spray coming off and contusing the
measurement., The window, {f matched in impedance to
the metal, also minimizes confustion due to wave
interaction at the intertace. However, lor the ASM

probe there Is no requirement that the window stay
transparent or nave a calibrated refracrive index as a
tunction of stress. The only requirement is that the
resistivity stay above 10*-107 ul=-cm, #o no flux will
he trapped during the several hundreu narnoseconds of
the axperiment. On the nther hand, calibration of the
system 18 more difficult than the interferometer,
particularly {f corrections for flux diffusion in the
wetal or trapping in the window are necesaary.

We show {n Fig. 9 u typical wave profile for a
2024 aluminum ctarget backed by a teflon window,
shocked to 5% ¢Pa - (22). The time t, denoten the
arrival of the shock at the aluminm=terlon {ntertace,
Similarly, tg and tin denote the arrival times of the
longitudinal elastic and bulk parts ot the relense
wave at  this game Interface. The time ty denotes
demagnetization of the magnet  when the shock wave
lmpacts ft.  ‘rom the Uy meadured hefore ty and the Uy
meagured by the time 1ngurvnl tq-ty we can obtain the
Hugonint dtpate in  the tetlon, and by standard shock
i{mpudence matci-ing techniques we can tell the Hugontot

stata of the aluminum, We can  also measure the
Hugoniot state in the aluminm independently, wso  Lhe
Inftial umhock Atatwe {8 well characterizad.
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We show [n Fig. 10 some preliminary ASM probe
data on the change of longitudinal elastic wavae
velocity In aluminmmm as a4 function of Hugoniot
stress - (22). The other curvea shown are the
calceculated bulk wave velocity and longitudinal
velocitivs derived frem the bulk assuming a constant
shear modulus  (u=y) or a constant Poiseon 1atlo
(u/Bwconst,). Fvidently the data show that the shear
modulus (s increasing taster with compression than the
bulk modulus  tor aluminum, This point {8 consistent
with ultrasonic datn at low compressions - (23).

From the change in U, betwsen tyand t) 4, al,, we
can rcalculate the clinge’ {n shesar stress accompanying
this quadi-elastic purt of the reicase wave. ™is
caleulatfon 1w virtually the same an that reported by
Avuy for use with velocity interterometecs - (9). If
we  know the shear strews tu the Hugonlot state, then
the shear stress change upon release is a measure  of
the critical tlow streys, or yield strength, ot the
compressed wnater{al, Stnce we now beliave that the
fugonfot  arress  {ncluden a shear compounent which may
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Fig. 100 longitudion]  olastic wave veloaity {u
aluminim  as a4 tunction ot pregsure, Other curvaes
atre the bulk  wave veloctty
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longleudinal ovlastic wave velocity cgléulltnd uning
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be dependent on compressiun and temperature,
axtracting a yleld strength from a shock experiment
may be uncertain to within a factor of two. Further
experiments using interferometr’ and ASM probes should
allow us to unravel these complex phenomena.

SUMMARY

We have shown three new techniques developed to
{ncrease our knowledge about the high pressure-high
temperature behavior of materials behind strong shock
waves. These have proven to give new information
about the thermal and  mechanical behavior of
compressed materi{als. The pyrometry and elastic wave
measurements also provide very sensitive indicators of
both solid-solid and melting phase changes which
cannot be detected by conventional shock techniques.
With these new means, we should be able to answer many
more important questions about the properties of
materials at pressures greater than a megabar.
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