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ABSTRACT

The uitrasonic and static compression data for stishovite
were transformed to shock and particle veloclities and compared with
the higher pressure shock compression data for a-quartz. Using
the transformation scheme described in the text, good agreement is
found betwean the shock data and stishovite zero pressure modull

ranging from Ko = 300 GPa, Ké = 3 to Kb = 250 GPa, Ké -6,



There Is Interest In the equation of state of stishovite, the

stable solid phase of Si10, at some pressure above 8 GPa (80 kliobars),

2
because there Is substantial evidence showing that sillicates decompose
to oxide states at conditions Inside the earth; a major consti tuent

of these oxldes is SIOz. Data has been gathered on stishovite at earth-

interior conditlions using shock compression techniques, [Wackerie, 1962],

[Altshulier et al., 1965]), [Trunin et al., 1970], [Trunin et al., 197i],

but the resuits are compliicated by having to start with materials, such
as a-quartz or glass, from which the stishovite phase is obtained under
shock compression oniy after undergoing a phase transformation invoiving
large energy and volume changes.

More recently there has been substantial work on the thermodynamic
properties of pure stishovite. The heat capacities and enthaiples of
transformation were determined bv Hoim et al. [1967] for glass, a-quartz,

and stishovite. Also, there have been two determinations of the volume

thermal expansion [Weaver et al., 1973], [Ito et al., 1974]. And finaily,
determinations of the zero pressure bulk modulus (VOBPIBV)F - o) have been

made using ultrasonic techniques [Mizutanl et al., 1972], [Chung, 1974],

(Llebermann et al., private communication 1976] and using high pressure

x-ray diffraction techniques [Bassett and Barnett, 1970], [Liu et al.,

1974], Olinger, 1976a]. Here the buik moduius determinations wiil be
compared to the shock compression data using the heat capaclity, trans-
formation enthalpy, and thermal expansion data.

The isothermal compression Is first described in terms of the
iinear shock-particie velocity equation analog Introduced by 0l inger

and Halleck [1975]. The analog relations are



Ust =S¢ * 5S¢ Yper (n
u,, = (Pv s )2, (2)
U = PV, (1-vv ) V2, (3)
VNG = (U =U ) UG, (4)
P=U U/ Vo (5)

where V° Is the speciflc volume at amblient conditions and V is the specific
volume at pressure P. The compatibie units to use In egquation (i) through (5)
are P in GPa, V In cm3/g. and Ugys Upt in km/s. For those more accustomed

to the famillar Murnaghan and Birch-Murnaghan P-V equations, the Isothermal

zero pressure bulk modulus from Eq. (1) Is

2
Kot - ct/vo' (6)

and its pressure derivative Is

]
Kot = " st-'. (7)I

For the pressure range covered here for stishovite, 200 GPa or 2 megabars,
the three equations of state are nearly interchangeabie. The P,V conditlons
alcng the shock compression locus are described by equations Identical
to Eqs. (1) through (5) except that U, becomes Us’ the shock veloclty, and
Upt becomes Up. the mess or particle velocity. Also in Eqs. (6) and (7),
the expressions are equated to adlabatic modull instead of Isothermal
modull.

The pressure, Pt' assoclated with a given volume, VL. along the
isothermal compression curve of stishovite is transformed to the pressure,
Ph' along the shock compression Hugoniot assoclated with the same volunc

by the following expression [0linger et al., 1975].




YL

Vo PV - [Ty/v c ] (VL'Vo)' (8)

Pt{vL] V/y +

Ph{VL} -

where Y 15 the Grunelsen constant
- 2 1
Y =ac /. (9)
in the above equations T Is the ambient temperature (293° K), Cv and
Cp are the specific heat capacities at constant volume and pressure and
cg Is the adlabatic bulk sound speed. Cv and cg Or ¢, can be caiculated

t

from Cp and ¢_ or ¢, or vice-versa using the following reiatlions,

t
Ce 2.2
Cv Cp av T ct » (10)
L. (/2
C, = C (cp) ’ (11)

where av Is the volume thermal expansion.
The integral in Eq. (8) can be determined by several methods.

Here it was done using numerical Integration.

/YL ZL: Per ™ Pera
3 P, dV = < 5 V.=V, ) (12)
where
Ve = Vo (Ugep = Uper) Ngers (13)
and
Pep = (V) U U (14)

in Eq. (8) both (y/V) and C, are assumed to remain constant [McQueen

et al., 1967].

Once the P,V conditlons have been defined along the Hugoniot starting
with crystal denslty stishovite (from Eq. 8), then new prassure values
can be calculated for stishovite at the given volume, VL' to account for

the energy increase resuiting from the transformation from a-quartz

under shock compression. The transformation equation was described



eariier [McQueen et al., 1963], [McQueen et ai,, 1967]

' Phivp3 (i = (y/V)(Vog = V1 )/2 /v) [A
P, V) ._h._L_l_h%vg_ﬂ%L;ﬂ_Lml. (15)

where V°s Is the amblient specific volume of stishovite, V°Q Is the ambient

speciflc volume of quartz, and AEo is the ambient Internal energy difference
]

between a-quartz and stishovite. Once the P_, VL values for stishovite

have been caiculated, they then can be transformed into Us' Up values

having a-quartz for the starting material,
' i/2
u, = (P, Voq’("VL’VoQ)) ’ (16)
- ’ - 1/2

and compared directly to the shock compression data. The three thermo-
dynamic quantities independent of the ultrasonic and high pressure x-ray
studles are AE, (822.1 J/g [Holm et al., 1967]),C, (0.70h J/g K° [Holm

et al., 1967]), and a, (13.1 x 1076

/K° [ito et al., 1974]). The thermal
expansion of ito et al. [1974] was chosen Instead of the value from Weaver
et al. [I973]‘because more Information was avallabie about the experimental
technique used by the former, and the experiment appeared to be carefully
done.

The Us' Up shock compression data for stishovite transformed from

near crystal density a-quartz are listed in Tablie | with their sources.

As can Be seen In the table, the data credited to Altshuler et ai. [i965]

arc repeated by Trunin et al. [1970]. Whether they a2re independent data

or the same Is not indicated by Trunin et ai. [1970].

The results of . the comparisons of the varlous compression data and
ultrasonic data with the shock data are summarized in Fig. 1. The data

listed in Table | are plotted there aiong with the caiculated Hugoniot



of a-quartz based on a hydrostatic compression study by Oiinger [1976b].
The bulk modulus, Its pressure derivative, and the Gruneisen constant
used for each calculated curve are listed In Table 2. Curves a, b,

and c are taken from the data of Olinger [1967a] piotted In Fig. 2.

Most confldence was placed on a selected, average datum, V/\I° = 0.9674 =
0.0008, P = 10.58 + 0.14 GPa. For curve a the Us.Up slope was adjusted
SO K; = 6 and yet the curve wouid pass through the averaged datum. The
value of 6 was chosen for the zero pressure, pressure derivative of the
buik modulus because that was the averaje value of the derivative of the

modulus for simliarly structured solids, TIOz, SnOz, and GeO The

2.
resuiting bulk modulus Is 288 GPa. As shown in Fig. 1, curve a passes
through the lower Us.Up data but misses the high pressure (200 GPa or

2 megabar) data of Altshuler et ai. [1965] and Trunin et ai. [1970].

Two other fits to the data of Olinger [1976a] were therefore tried.
Curve b was chosen becauss it gave a good fit to the shock compression
data and passed through the seiected datum (Ko = 304 GPa, K; = 3 GPa).
Curve ¢ was based on a linear least squares fit to ail the data from
Olinger [1976a] (K° = 314 GPa, Ké = -0.4). Again, the curve passes through
the iower pressure Us.Up data but misses the high pressure data. These
three curves, a, b, and ¢, can equally well represent the results of

Bassett and Barnett [1970] and Chung [1974] where the bulk modulus was

found to be approximately 300 GPa.

‘Both Mizutani et al. [1972] and Llu et al. [1974] determined the buik

modulus of stishovite to be 345 £Pa. Curves d and a represent stishovite
having a moduii of 350 GPa and a pressure derivative of the modulus of 6
and 3 respectively. Obviously the curves miss the Us.Up data entirely.

Finally, Liebermann et ai. [private communication 1976} determined a

xa



bulk moduius of 250 GPa for stishovite and selected the pressure
derivative of 6 as others have done. Curve f represents his resuits
and that curve agrees as weil with the UsUp data as does curve b.

(Both curve b and f are shown here as one curve.) In summary, bascd

on the caiculation sciieme used here, and more important, based on the
assumption the very high pressure Us’up data Is correct (in the 200 GPa
region), the presentiy avalliable Us,Up data is consistant with a
spectrum of experimental static data for pure stishovite ranging from
K, = 300 GPa, Ks = 3 to Ko = 250, Ks = 6. Shouid it turn out that the
three highest pressure shock data considered here are for SIO2 In the
tiquid state, a possibiiity discussed by Trunin [1970], the metastabie
stishovite in the Up range of 6.2 km/s would have higher Us values than
the 12.01 to 12.12 km/s listed for the data in Tabie i. This wouid,

In turn, alter the conclusions here by suggesting that the pressure
differentlal of the buik moduius would be greater than 3 for a modulus

of 300 GPa.
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TABLE i. Stishovite Ug,U, Hugoniot Data Between Up = 2.5 to 6.5 km/s
Centered on Near Crystal Density a-Quartz at Ambient Conditions

Wackerie [1962] Altshuler et al. [1965]
Up(km/s) Us(km/s) Up(km/s) Us(km/s)
2.55 6.12 3.13 7.18
2.70 6.23 3.92 8.54
2.89 6.66 6.20 12,01
2.89 6.66 Trunin et al. [1970]
3.03 6.95 2,52 6.27
3.03 6.95 2.54 6.10
3.42 7.76 3.13 7.18%
3.49 7.76 3.91 8.56
3.50 7.63 3.92 8.54*
3.50 7.72 6.18 12.12
3.52 7.70 6.20 12.01%

3.52 7.75

*These data may be the same data pubiished in Altshuler et al. [1965].
However, Trunin et al. [1970] does not indicate they are from the
former. They are considered here to be from 2 different experiments.




TABLE i1l. The Bulk Modulil, Thelr Pressure Derivatives, and
Assoclated Grunelsen Constants Used to Calculate
the Curves In Flgure 1.

Curve Kb Kg Y
(GPa)
a 288 6 1.26
b 304 3 1.33
(3 314 -4 1.37
d 35¢C 6 1.53
e 350 3 .53
f 250 6 i.08




Figure }.

Figure 2.
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FIGURE CAPTIONS

The clrcies, dlamonds, and squares are the shock compression
data of SIO2 with a-quartz as the starting material from

Wackerie [1962], Trunin et ai. [1970], and Altshuler et al.

[1965], respectively. The short curve on the left slide Is

the calculated Hugoniot of the a-quartz phase of S10, [0)inger,
1976b]. Curves a-f are the caiculated Hugoniots of stishovite
centered on a-quartz at ambient conditions. The stishuvite
represented by each curve has a zero pressure buik moduius, a
mczulus pressure derivative, and a Griineisen constant assoclated
with it as listed in Table 1i. The datum shown with vertical
error bars Is from the static work of Olinger [1976].

The date from Olinger [i1976a]. Linear fits a, b, and ¢ are
transformed to Hugonlot§ centered on a-quartz at ambient con-
ditions shown Iin Fig. 1. The bulk moduius, its pressure
derivative, and the Grunelsen constant assoclated with each

fit are iisted In Tabie 1.



Uy (km/s)

H v O ~N O

12
I

10

o

| .

L

3 4
U, (km/s)

Figure |




Ug (km/s)

o
o

®
(1)

©
o

(A

T
T
B c o 1
HH
[l g
e (. \\1) {[‘ AL
a i 1
] l | L L L
0.05 0.10 0.15 0.20 0.25 0.30
Upf (km/s)

Figure 2




