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J. A, Morgan and J, N, Fritz

Los Alanos Scientiflc Laboratory
Los Alamos, New Mexlco

INTRODUCTION

Sillcon dioxlide, with Its phases having such widely differing densities
and with Its conplex elastic-plastic behavior, is a fascinatlIng materlal
for high-pressure experimentation, Because it is a major constltuent of
the carth's mantle an added Interest Is glven to data on SlO2 in pressure
and temperature ranges that match those occurring In the mantle, The
piuncering work of Wackerle [1] mapped out the response of $i0, to initial
loading. Much work has been done since then. Recently, emphasis has been
nin examining the properties of the high-pressure state by means of release
waves and Lhermal radiation. Grady ct al, [2,3] uscd overtaking release
waves to study the bulk relcase wave in the pressure range 22-36 GPa,
McQueen et ale [4] used thermal roadiation from the high-pressure state to
study pressure-temperature variation along the NMugoniot,

In this note we report measurcnents of release wave velocities in
carious sanples of SiO2 shocked into the pressure range h7-67 GPa, \e
roport on the first direct chservation of a longitudinal release wave in
_<i02 at these high pressures.s The resulting sound speed data along the
tigoniot, corhined with the Hugonfot, permit a calculation of tie Gruccisen
pararceter along the Hagoniot. Because the pressure=toerperature region of

our experinents approxicates midd'e o ant le conditions, our longitudina)
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and bulk velocity measuremants for s:oz have immedlate Implications for

composition constraints to fit seismic profiles of sound veloclities,

METHOD

Tﬁe measurements which are described below employ a device called
the Axially-Symmetric Magnetic (ASM) probe. [S] This 'evice allows
cont inuous measurement of the velocity of a highly-conducting plane
surface, Flgure 1 is a shetch of the experimental set-up illustrating
the use of the probe. When the accelerating-reservoir light-gas (ARLG)
gun (1) iIs fired an Impactor disk of 2024 aluminum 6.35-am-thick by 28-rin-
diameter (2) is driven Into a 3-mm-thick 5.'02 target disk (3). An emf
is induced In the pick=up coll (4) as a result of the motion of the
aluminum Impactor altering the fleld initially provided by the perianent
magnet (5). A 75-nm-thick aluminum coating (6) is applied to the frece
surface of the SIO2 disk, This coating is too thin to affect the .ntiocn
of the magnetic field (and thus the pi:ik-up coil umf) except bricefly
while it is accelerated by the shock w.ve as it arrives at the SiO2 frece
surface, The emf produced In the pick-up coll by the motion of Lhe surfice
of the aluminum disk s riecorded by an oscilloscope onto film,

In the multiple-gage tcchnique used by Grady et al, [2,3] a catch-up
release wave is allowed Lo enter Lhro' jh the impactor system or a Taylor
wave from a high exploslve system is used, In countrast, in the ;resent
work the relcase wave orlglinates at the free surface of the SiO2 disk.
Because we cffectively have only a single guge, ve cenrat use the power=
ful analysis given by Fowles and Villiaas [6] -nd Cowperthwaite
and Willlams, [7] Howaover, In tha high=pressure region where we are

working, where the elastic wave, transition wave, and remaluing pressure
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increase are all a single discontinuity, the release wave emanating from
the free surface is a simple wave, This makes possible an analysis of
our data to obtaln both ‘ongitudinal and bulk sound velocitles as well as
an estirate of the Hugonlot elastic limit at pressure, Figure 2 is one
of the records obtained in experiment No., 103, We will use this to illustrate
all our experiments, Several features of intcrest are indicated in the
record, PReqgion o' is the emf produced by the aluminum disk roving at constant

velocity be »re Impacting the Si0, disk, At | impact occurs resulting In

2
a lower velocity and an abrupt Jecrease in the emf, Note that the velocity
of the alumlnum surfac2 after i.;act is the nass or particle velocity for
both the silica and the aluminum, Region a is a record of the emf produced
by that particle veloclty, The tiny spike at 2 Is due to the shock arrival

at the SiO2 free surface as described above. HMeasurcment of the time interval

baetween features 1 and 2 and measurcment of the thickness of the SiO2 disk
before the experiment allow calculation of the shock velocity. The emf
after feature 2 is stil1]l that Jdue to the particle velocity although some
electrical nolse fram the silica is apparent in this reglon, The features
at 3 and 5 are arrival od the leagitudinal and bulk release waves from the
free surface at the SiO?—aluminum interface. The cemf due to interface
velocity and thus the rarticie veloclity associaled with the longltudinal
release I's available from the vecord near feature 5. Careful attention to
the details of the rarefaction arrival allow time interval medsurements
between features 2 and 3 and 5 to be made. These time inter.als permit
calculation of the sound velocities., Figure 3 is the velocity-time graph
produced by analysis of the ocmf=time 1ecerd ~teun in Fig.e 2. The features
o', a, 1, 2, 3, and 5 indicated on this graph «re a map of the correspond=
ingly nurbered features on the oscilloscope trace. The feature denoted ¢

Is explatned below,
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Ve relate the features described in the example experiment above to
the Lagranglan y-t dlagram shown in Flg. 4. In thls diagram region o' Is
the stato of the aluminum Impactor before Impact; o is the state of the
SIO2 before passage of a shock wave; the reglon a denotes the state of
_ both materlals after passage of the initial shock wave; region b denotes
that state resulting from the passage of a longitudlinal iclease wave
through state a in the saoz; and regicn ¢ denotes the state resulting from
passage of a shock wave from Interaction 3 through reglon b, Other features
In this dlagram are: 1 = Impact of the aluminum onto the slllica disk;

2 - arrival of the shock wave produced at 1 at the SiC, free surface;

2
3 - arrlval of the longitudinal release wave from the silica free surface
at the alumlnum-SiO2 interface. From 3 a release wave propagates into
the aluminum and a shock wave propagates back into the silica. This wave
Interacts with the bulk release wave at 4, The release wave from 4 to 5
pasces through the state c.

SIOz disks in several forms were used. One experiment usad fused
sllica, unother used '"ygray novacullte" which contained about 6 wt% calcilte
and dolonfte. Three experiments cmployed SIO2 in the form of "whita novaculite"
which had only a few ppm Impuritinrs., Finally two experiments used x-cut
quartz single crystal disks, ARLG gun launch velucitles varied from 4,7 ka/s
to 5.9 km/s,

RESULTS-

From the particle velocity vs tine record we obtain uys the impactor

velocity; Ugs the shock veloclty through the SiO2 sample; u, (?ua), the

£

particle veloclty at the Intcrface; Pe,, the Lagrangian sound veloclity of

Ll
the longltudinal release wave; Ues the particle velocity of the interface

for state ¢, and Zc the Lagrangian sound velocity of the bulk release wave.
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Shock velocities were determined by using half-heights on the impact and

pip portions of the curve; sound velocities were determined by usling Initlal
brcaks In the curve, In addition termination of the recording Indicating
ASM probe destruction gave a rough indicatlion of the free-surface velocity.
We show the Interactions and state= (again with numbers appropriate to exp.
no. 103) in the P-u plane in Flg, 5. (Incidentally, although we use the
word pressure and the symbol P It will be recognized that we are really
referring to normal stress.) The density and pressure at state a are
obtained from the usual Hugcniot relations: Pa = P u.Y

sp
Lhere Py Is the Initlal density of the sample., The impactor velocity, Uy

and oous - pa(us-up).

ond a known Hugonlot for the lmpactor:po - 2,789 g/cmz. € " 5.328 km/s,

s = 1,338, Yo = 2.0 with SE/DP)vconstant [B] - also give the pressure at

the interface, vize, P_ o0 = 0, a) (ud-up) [c° + s(ud-up)]. We have shown
thase pressur=s as being zoincident In Filg, 5. They will not be the same
Jdqe to cxperimental error, but the ayrcement is quite satlsfactory. The
i‘:asurement of uy Is the weaker one because it comes from an early region

in the record when the scnsltivity is low, Because of experimental require-
i.onts a base line preliminary to the record was not vbtained. We lad to
rely on the trace settling down to baseline after the plck-up coil was
shorteds There was a slight .ncertainty thercefore (M 1-2% of full signal)

in the true 7zcro voltage position, This slight shift causes the Initial
slope of the u=t rccord to vary conslderably, Because the slope should Le
zero for this reglon we vere able to '"fine-tune'" the position ior zero volt-
age. This flne-tuning has no effect on timing and a very small effect on
particle velocitles In tha later portion of the record when the signal Is

large.
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Lagranglan sound velocitles are simply the original sample thickness
divided by the appropriate time Interval. The true sound velocity at
pressure can then be obtalned from the relation: pc = pO‘c. A first wave
arrival Is not obscured by secondary [nteractions, Our measurements of the
velocity of longlitudinal waves requlire no correcélons and represent the wave
veloclty in state a. The bulk relecase, however, is propagating Into state b
(see Figs. 4 and 5). The longitudinal wave carrles an appreclable pressure
difference with it so we need to calculate the state b parameters. State b
has h=en produced from state a by a longitudlnal release up to incipient
yielding. Thls state Interacts with 2024 A} in state a. Thls results in a
release In the aluminum and a shock in the Sioz to state c. Because the
SiO2 Is going down and up the same path on a stress-strain curve it is
reasonable to use the sarne absolute slope, po‘cL, in the P-u plane for arb
and b>c, From a measured u, (see reglion c on Flg. 3) and a calculated
impedance for 2024 aluminum, (po‘cB)Al' at  state a, we get P_ from the

. - - = - £
relatlion: (Pc Pa)/uc ua) (p° CB)AI' (We use the bulk veloclty for

the aluminum although alengftudinal veloclty :ight he ~oi.awhat nore
appropriate.) From the cquallity of the a*b and b-c slopes we then get:
2u, = u, +u_+ (PP )/ (0 Fe ) and 2P = P+ P - (r %c ) (u_-u.).
Applyling the mass Jump ceondition to the longlitudinal relcase we obtaln:
Da/pb =1 + (ub-ua)/cL. A further correctlior to the value of‘;:B obtained
should be made since the wave from Interaqtlon b to 5 is travellng at
‘EL' For the present we iynore tnls correction because Yy " Y5 is much
smaller than the sample thlckness.

The data for the Indlvidual cxperiuents are prescnted in Table |,
There are a varlety of materlals and not all the cxperiments conform

to the experimenral arrangement we have described so far. In no. 75 the

sample materlal was fused silica and a 0,23 mm 2024 alumirun plate was
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glued to the back of the sample, i.e,, between the impactor and the

fused silica, We expected to measure a base line, up, ug and *c.

However the field trapped between the impactor and the shim somehow spilled
through and ruined the up measurement, We used the data of McQueen et

al. [4] for fused silica to Infer ugs P., and P, from Uy No. 97 was a
standard experiment but the ®-quartz sample was insufficiently electrically

shielded, When the shock emcrged from the free surface the noise

generated by the piezoelectric crystal completely destroyed the ASM
probe signal, We only obtained Uy Y and up in this experiment.
Subsequent samples have been coated with a 75 nm layer of aluinum to
quiet this effect. In no, 108 sone nolse still manages to get through,
The rest of the experincnts had the standard arrangement, Nos, 105 and
107, our highest pressure shots, may have suffered from a lack of record-
ing time, This Is controlled by the spac{ng between the free surface
and the ASM probe, We are not certain what the nature of the sicnal
traces at the end of nos, 105 and 107 are. They may be relcase '.ave
arrivals as we planned or they may be impact of the silica {rce surface
into the ASM probe as we suspect. Only further cxperimentotion will
provide t.ie answer,

For c¢xperiments nos. 103 and 108 we can Jo the analyses for the fol-
lowing bulk wave. Tie.e results are given in Table I,

Our Huwsoniot data in the us-up plane is shown in Fig. 6. We have
also shown the dJata points cbtained by Wackerle [1] and Trunin, et al.[9]
that occur in the region represented, The lincar fits to the data
obtained by McQuecen, et al. [¥] are also shown., The sound velocities
we obtained and those necasured by Grady et al, [3] are shown in Fig. 7.

Also Indicated are the results From the ultrasonic work on stishovite
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at zero pressure by Mitzutani et al, [10) and by Lic - r _.n et al, i,
aqd the result of Olinger [12) from static high-pressure X-ray measure-
ments,

D1SCUSSION

Cur Hugoniut data lies higher, in a systematic way and outslide
of experimental error, than the data of others. The film on the front
of our sample will record the earliest arrival of any signal while flash-
gap and pin data usually require a finite moticn of the free surface
to record a wave arrival. This would lead to a higher measured u in
our experiments If there were some small precursor in front of the
main wave, Indeed, there are later "bumps" in some of the records which,
If taken to be ‘ndicative of a wave arrival, yield fair agreement with
the flash-gap data. However, this shortens the time interval for
release-viave travel and lcads to unacceptably high values for the sound
velocities. We are, at the moment, at 3 loss to explain this discrepancy.
Our data are internally consistent, as shown by the agreement between
pressures vbtained froin the direct us-up measurcments and the pressure
inferred fron the uy measurcient and the equation of state for 2024 aluminum,

The sound velocitics we have obtalned are in rcasonable agreement
with the calculation of Grady et al. [3] and their highest experimental
point. This point lies higher than ours as it would if it had any
dispersive longitudinal corponunt, however, the two points agree within
the combined experimental errui,

We have obtained c'ideunce for separation of the release wave into

a longitudinal and a bulk coaponent. It is interesting that this
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accyrred most clearly in our sample thch nad 3 6 wt% carbonate impurity.,

This could be because this sample produced less electrical nolse and

permitted us to identify these features in the record better, or it

could be that the carbonate cciment around quartz grains arrangement

permitted an arrival at a flnal shocked state where the silica (now stishovite)
grains had not been subjected to the shearing and layer melting postulated

by Grady et al, [3). However, we have also seen the wave separation on an
a-quartz sanple, All our samples were hit hard enough to effect a

corplete conversion to the high-pressure phase. The higher impact

prceduces yielding on a finer scale. |If the impact was sufficiently

strong then individual dislecations could be nucleated and moved,
Hoterogencous yielding in the lower pressure region and homngeneous
yielding in our pressure region could explain why we sece wave separation
and Grady et al. do not., As the thermal cnergy deposited through this
'wuogeneous yielding ircrcases with increasing pressure we would expect
the amplitude of the longitudinal wave to diminish and eventirally dis-
appear when melting occurs., The bulk wave we have measured, with the exception
of the vne in fusedsilica, dous not in fact give us a true cB(P). This
wive 1S propagating into 2 raterial whose normal stress has been relieved
by a relatively large amount (10.6 GPa in no. 103 and 6.5 GPa in no. 108).
The transverse stress will have gone uvuwn, but pot by as muche Thus the
wave 15 traveling into a non-hydrostatic state. Some corrections need to

. (4/3)c52.

be made to itf¢r the usual low amplitude quantities in cB2 =c
We shall not make them here in tnls short note. |If the state prepared by
the initial sho:k wave app oximates a hydrostatic state, as we think it

does in this case, then the stress decrease carried by the longitudinai

wave is proportional to the Hugoniot elastic limit at this high pressure,
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if we ignore the high values for ¢ from no. 105 and 107 and extrapolate
the trends shuwn In <L and cg We see that the longitudinal component vanishes
at about 79 GPa. Thls roughly coincides with the transition found by
McQueen et al. [“] with thelr pressure-temperature measurcuients. From
their data the temperature at this pressure would be about 4200 K. Also
from thelr data the temperatures of our experiments lie in the range 2000 -

3000 K (tke temperature of the fused silica in experiment no. 75 is about

L4000 K). The transition found by McQueen et al. could be either an anomalous

melting transition or a transition to another solid phase. On the other
hand if we do not discount the data from 105 and 107 (these glve exceedingly
high values, whether they be longitudinal or bulk) and if we interpreted
these data as ¢, values, then we would have a rapidly incrcasing cB(P)

and a vanishing c, at about 60 GPa, The conclusion In this case would

L

be that probably melting or perhaps a solid-solid phase transition occurred
at about 60 GPa,

We have presented resulis from a variety of samples and treated the
results as though they were all the same material, In the high pressu e
region each of the samples does go to the same phase although they vary
In temperature at a gliven pressure because of a different initial density.
Subtle differences show, and corolete curves for a given sample type will
be obtained, The electrical quietness of the ''gray' Novaculite should be
exploited. We have not yet gone to the upper limit of pressure attainable
with this technique. By using a thinner sample and a warhead of
higher impedance, having a larger spacing between sample and probe and thus
a larger window for viewing the relcase wave, and paying some cost in

time resolutlon we expect to extend these data up to 125 GPa.



NONECNCLATURE

Lagrangian space coordinate, time

therrmo=- and hydrodynamic-states

inpactur velocity

particle velocity

shock velocity

Lagrangicn velocity

longitudinal, bulk, and shear wave velncities
initial density, density

pressure (norical stress)

lircar us-up Huconiot paramcters

Gruncisen qga. -
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Table 1, Velocities and Derlved Values rom Inmpact Experiments

£
exp. no./a uy u up L Pa P.'m o €
materlals
km/s. GPa g/cm3 km/s
' b b
75/A - 6.67 3.“7 23.0 Slu‘ - ‘.-597 ”.0
t.15 H.0 t .5
a7/8 4,88 0,68 2.75 - 48,7 L.k 4,508 -
b I .23 L
103/¢C 4,74 6.83 2,63 20.9 47.7 47,8 4,320 12,9
+.08 +,06 .02 t 3 : +. .2
104/D 5.19 7.26 2.85 21.0 54,8 55,1 4,359 12,7
+.05 *.07 ¥.0 .4 3
105/D 5,86 7.57  3.25  25,7° 65.1 641 4,637 14.7°
t.08 +.10 t.03 t 7 + 4
107/D 5.9l 7.88  3.21  26.3° 66.8 67.3  b.456 15.6°
o +,20 +.03 L2 + .6
108/8 5.31 7.38 2.88 20,3 56 .4 52,2 4,348 12,4
.10 .20 +.03 3 t .2

a, A - fused slilica, fo ™ 2,205 g/cm3; B - x-cut a-quartz, po = 2,650 g/cma;
€ - a gr ;7 Arkansas novaculite, with 6 wt% of calcite and dolomite as an
impurlty, Fo = 2,656;5 D - a white Arkansas novacullite, essentially pure fine
graincd . -guartaz, fo ~ 2,648 g/cm3.

b. The values in this colu'n are first wave velocities. They are probably longi-
tudlnal arrival times except for no. 75, where It is probably a bulk wave,

c. These high values are suspect. The experimental traces were nolsy and probe

destructicn may have occurred too early to permit a relecase wave to be

Jotected.



Table 1. Bulk velocities from No, 103 and 108
exps no./ vy, Yo Pe Y Po Py s Pa b
material
km/s uPa km/s g/cm3 GPa km/s GPa
103/¢C 0.25 15.1 4bo,1 2.823 4,257 3.9 9.43 0.8
108/8 0.16 16.6 51.9 3,009 4,304  49.9 10,2 6.5
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FIGURE CAPTIONS

ASM probe on ARLG gun, 2024 aluminum Impactor on SIO2 target,

Oscllloscope record of exp., no, 103, experimental trace and calibration
grld.

Reduced particle velocity vs.time, exp, no. 103
Lagrangian y-t diagram, Interactions and states in exp. no. 103.

Pressure (normal stress) - partlcle-velocity representation of the
interactions and states in exp. No. 103

us-up Hugoniot curves for SIOZ.

sound velocities vs pressure for 5102.
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