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Olinger and Cady

THE HYDROSTATIC COMPRESSION OF EXPLOSIVES AND DETONATION

PRODUCTS TO 10 GPa (100 kbars) AND THEIR CALCULATED SHOCK
COMPRESS10N: RESULTS FOR PETN, TATB, COz AND "20

Bart Olinger and Howard Cady

Los Alames Scientific Laboratory
University of California
Los Alamos, New Mexico 87545

Tne isothecimal linear and volume compressions of PETN, TATE,
{02, and 1130 are determined from x-ray diffraction patterns
taken at hydrostatic pressurcs up to 10 GPa. From the com-
pressions the llugoniots of these materials are calculated
assuming that the heat capacity at constant volume and the
ratio of the Griineisen constant to the specific volume both
remain constant nver the 10 GPa pressurc range studied here.
The Hugoniots in shock-particle velocity coordinates cen-

tered at 0 GPa, 293°K, are

PETN

Ug = 2.8i1 + 1.73 G
TATB
]
Ug = 2.93 + 1.60 U
€O, (solid)
Ug = 1.740 + 1.65 U
W0 (ice VII)

Us = 2.872 + 1.069 Up

. . y 2 . = 3
u, 2.320 + 2,61 Hp 0.38 JP .Up<.8 }..'n/s..o 1.774 g/cm
.UP>.8 km/s.po = 1.774 g/cm3

Ug = 1.43 + 10.02 U, -10.89 upz,up<o.3 tm/s,o * 1,957 g/cm

3

3

.Up>0.3 km/s.po = 1.937 g/cm

0.7 km/s,p o = 1.428 g/cm®

U >0.5 kn/s,p = 1.395 g/cm’

P

INTRODUCTION

Many aspects of dynamic ccempression
of explosives have been investigated to
better understand the processes of inl-
tiation and Jdetonation propagation.
Usunally th:se studics involve a coreful
definition of tne exploxive's initlal
state (i.c. porosity, inert content,
grain sizc) +nd then a determlnation of
its dynamic propertics. if the dynamic
properties ot the explosive’s pure com-
ponents could he delined, taen the in-
vestigator and the rabricator both may
be ahle to predict the properties of the
aggregate.  Une such praperty is the

shock wave compression on llugoniots
centcered at thecorctical density, llere
we describe an cexperlnental method to
determlne the isothermal compression ot
explosives and their detonation prodncts
From these data we can taen calculate
the shockh compressien with a reasonable
assnamption ahaut the cquation orf state.

EXPERIMENTAL

Primarily, the technigue provides
x-ray powder dJdiffraction patterns of
explosives at well-deflined pressures.
The design ol the apparatus was con-
ceived by Jdamicson and lLawson (1) and
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was described in detail bv Jamieson (2).
Recently, the design was modified by
Halleck and Olinger (3 to study low 2Z
materials such as explosives, to produce
diffraction patterns of increased reso-
lution, and to include a hydrostatic
medium th.it does not support shear per-
mitting the study of weakly bonded mat-
erials such as explosives.

The principles of the technique are
simple. The explosive to be studied and
a pressure calibrating material arc
placed in an annulus that is relatively
transparent to x-rays. This annulus is
pressed to high uniaxial stress between
two tungsten-carbide flats, called
Bridgman anvils, and the diffraction
patterns are taken of the trapped mat-
erials by directing into them an x-ray
beam perpendicular to the axis of stress
and recording the pattern on a strip of
film surrounding the sample and anvils.

In detail, we use two G. E. grade
999 tungsten carblde Bridgman anvils
ground from right circular cylinders
12.3 mm in dia and 13.1 mm high. One
end of each anvil has a 4.8 mm dia flat
bearing surface in its center and a 300
taper ground from the bearing surface
to the sides of the cvlinder, chus form-
ing a truncated cone. On one bearing
surface an annulus of beryllium foil
0.3 mm thick, 3.8 mm dia, with a 0.3 mm
dia hele in its center is mounted with
a fast-sctting epoxy. The center of the
annulus is aligned wich the center of
the bearing surface. After drying, the
excess cpoxy is removed from the hole
and the sides of the annulus. Into the
hole is worked a mixturc of fine pow-
dered explosive and pressure indicator,
either NaF or NaCl. The powders are not
packed, but looscly inserted.

The anvil witn loaded berylliun
annulus is seated on a pedestal that is
in turn mounted into the basc of a high
pressure frame. The high pressure frame
is constructed from two thick stecel
plates held together by steel tic rods
and held parallel by precision machined
steel tubes surrounding the rods. On
the base of the pedestal is mounted the
Xx-ray camera. The camcra ls cut from a
solld brass cylinder 114.6 mm in dia-
meter whose sides and core along the
axis have hevn removed, The top and
bottom of the camera on which the fllm
rests arc supported by hrass pillars
through which are mounted the x-ray
colllmator and c¢xit beam catcher collars.
The collimator and bheam catcher, when
placed in the collars, are directed
toward cach other aloug the camera dia-
meter. The x-ray film is mounted over
the cxit beam collar and is he!d teo thzo

sides of the camera by a light tight
steel band 'nder spring tension. An Ni
foil is mounted to the camera inside the
film radius that serves as a light
shield and a x-ray filter for white and
Cukg x-radia.cion.

The high pressurc frame with pedes-
tal, camera and anvil asscembly is mount-
ed before an x-ray port of an x-ray gen-
erator for x-ray Jdiffraction work. W¢
use the Norelco pcnerator with fine focus
Cu x-ray tubes running at 35 kV and 15
ma. Exposure times arc 0 to 8 hrs for
zero pressurc esposures and 12 to 1o hrs
for high pressure exposures. 1ihe first
several patterns of an experiment are
taken at zero pressure. These patterns
are compared with others taken of the
materials using regular powder cameras
or arc compared with published dirfraz:-
tion patterns. From this comparison
correction factors arc cialculited 1\or
uncentercd samples and for x-ray cam-
eras that have circumicerences difrferent
than the normal 300 ma.

Having carcfully markhed the posi-
tion of the anvil on the pedestal, the
anvil with annulus and saaple is re-
moved and a drop of 4:1 aixturs: aof
methanol-ethanol is placed on the an-
nulus. This mixture has Seen Yousne te
rem.in hydrostatic to pressures slizhety
higher than 10 GPa [100 kbars) (42, Tiwe
alcohol is worked inte the sauple hole
with a fine needle: this removes air anu,
if not donc carefully, the sample. \s
the alcohol drys, more drops ace added.
The anvil is resct into its feimer pusi-
tion on the pedestal. A coamcrcial
hydraulic ram is sounted throu:h the top
plate of the high pressure frame.
Attached to the cnd of its piston is
another pedestal on which Is =aounted the
other anvil. Alignment and parallelis
of the two cnvils ar¢c the forcmost con-
siderations when the high pressure frine
is dosigned. With the alcohol drop on
the ovanulus replenished, the piston is
lowered by pumping 2il into the ram and
the anvils arc pressed together against
the annulus. The usual starting oil
pressure for 10 to 25 ton rams is 1000
psi. The oil pressurc ranges normaily
extend to 6000 to 7000 psi for the 10
ton rams and 4000 to 4500 psi for the
25 ton rams. At the maximum pressures
of these ranges the pressule in the
samplc cavity of the ammulus is abont
10 GPa, the maxlmum hydrostatic pressure
of the alcohn]l mlxture. Also at these
maximum ram pressurces, the Be annnlus
extrudes to the extent where 2ood gual-
ity diffraction patterns are Jdifficult
to obtain. Once the mmu:vs is under
stress, the collimator and heam catcher
are adjusted to the Jevel of the amulus
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by shimming the camcra cn its pedestal
seat.

The x-ray films show Jdiffraction
lines of the cxplosive, the pressure
indicator at a given ram pressure, and
the diffraction lines from the beryl-
lium annulusx. Tie latter forms bands
on the film becausxe of the annulus’
width. The bands obscure daffraction
linesgfrom d-spacines hcinccn -.ud tc
1.99 A and 1.7Y to l.67 A. An cxpesure
is taken for 12 to Io hour> at a cuan»>-
tant ram pressure, then the film is
develoned and the ram pressure is in-
creased scveral hundred psi ror the next
exposurc. The procedure fullowed has
been to only increasc pressure between
exposurcs. The rceason for npot Jecres~-
ing pressure is that there is a chance
the relieved stress will induce radial
cracks in the annulus.

The pressure in the sample region
is deduced from the volume or the pres-
sure indicator. The indicator is a sub-
stance that cexhibits a sizple difirac.
rion pattern and whose compression 1:
well hnown., The two indicaturs ¢aten:
sively used are Nal and Nal. Frit:
et al. (5) and weaver et al. (s have
published isothermal comeression equa-
tions and tahlex far Macl which differ
by 2 172% in pressure a the vacinity of
10 G2a. The I'-V relation for Natl gaven
by Wecaver ct al. (o) was calculated
from thermodynari:ic parameters Jderived
ncar ambicit conuitions. The values
given by Fritz ¢t al. (5) were caleu-
lated from I',V values along the llugo-
niot. Despite their differcence:, these
two studles are the standards for high
pressurc, x-ray diifrractien work. Fhe
other indicator, MNak, though lexs com-
pressible than NaCl, is the most cxten-
sively used by us, The P,V coniclation
for NaF ix derived from two sources,
Olinger and Jamicson () and Spieglan
and Jamicson (8) vollected extensive
datad on the simultancoux compression of
Na¥ and NaCl uxing high pressure, x-ray
diffraciion technigques like that de-
scribed ahove. The Fritz et al. (5)
NaCl pressure scale was used to corve-
late the NaF volume with pressure.  The
other ambient temperatwmie, ',V valnes
for NaF were calculated from Hugoniot
data by Carter (Y). In that stuuy, the
P,V valuecs listed do not exactly cor-
respond to wvaluces subsejuently calen-
lated by Carter and Britzs (lV). A\ppar-
ently an crror occurred in calculations,
and the pressures listed by Carter |4)
arc approximately 2% too high. Using
either Nal or NaCl, the pressures are
deduced from the volumes calculated
from their diifraction patterns at hlgh
pressures. The pressures correlated

with the rclative volumes for both these
alkali halides are listed in Table 1.

urce & scries of x-ray Jdiffraction
patterns for an cxplosive with pressure
indicator have been taken, transforman;
the patterns to PI',\ valuecs 1s straight-
forward. Ncither of the two ca,-losive:
we have studicd, PLTN and TATE, has
undergone a change in ¢rystal structurc
up to pressurcs ketween 3 and 1v sila.
Irom cxtensive x-ray Jata pathered on
these cxplosives by cothers, the Miller
indices of the dafrraction lines of the
patterns arc well hnown. The diftrac:
tion lines of the pressurized samples
are correlated withk the arp t Jdi’-
fraction patiern>. From the Sistaace
between diffra:tior line pairs, and the
factors determianed by the dartfracricn
patterns tahen ot the explosive-indica-
tor mix at ambient cendiicns, u §-
spacing hetwcea =olecular plares 15 cal-
culated. (}lor bhackground te the powler
diffraction techniue, sce Adzarody ani

Huerger's book, the @cuder Metind (1
From the d-spacings and the Miller :n
dices, the length of tie anit coll ase:

and angles betucen tle axes can be Gal-
culated. lor any crystal svsien cotia
than cubic, the assistange (¢ a Jomy e
ter least-squaler Lroglael. 2% Cesirai g
or cven cesscential. lres

e resulss o
such calenlations, tho vl o0 L.
cxpasosive and the pressarce inZ,cator
can be calculated.

METHOD OF DATA \NALY>LS

The accunulated crystalleographic
information about the ceapiosive 1~ jre-
scnted and analyzed an senceral wavs,
The cell cdges under pressure arc asu-
ally represented Py leoasti-sgquares peis-
nemials of the relative coell cdpe oo -
pression. It has been abscrvean 30,
that explorives underge large linea:
changes in the directions corresyondi..,,
with weak van der baals beuding.  In
FLTN all three orthegsonal direction:
have such bonding (12}, in LGk, as we
shall sce, van der Waals bonding occurs
in only onec Jdirection 1also see 13,
The linear conpressions vay provide =
portant clucs about the detonatian b
havior of an cexplosive if the eaplesive
ir highly oricented. as are some TAIR-
bascd material , or 1f the eadvlesive
contains large crystals of the base
explosive.

The volume, too, can be represented
by least-squares polynomials, hut arare
meaningful represcentaticn is a Yorn
similar to the shock corpression
llugoniot

Ust "t Sy Upt ¢ q "pl- O
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where the t subscript Jdenotes isother-
mal conditions. licre Use and Upe arc
obtained from pressure and voluane along
the isotherm using the analegous
hugoniot conservation relations that
apply to shock wave conditiuna.

Uge = (P V71 - vy nt/e (2)
Upe® (P Vg (1 - vV nt/? (3)
Ps U, UL Y, (4)
VIV " Wy, - UL /U (s)

In the isothermal cquation 11) ¢,
is the isotheraal bulk sound apecd at
tero pressure lnstead of the adiabatic
bulk sound specd. Similarly, the sec¢-
ond paramcter, s, is related to the
Zero pressurc, pressure Jderivatiie of
the isctherzal bulh modulus &' . inthe
sane way that the shock secerns }nrn-
meter is related to the adralatace
modulus

s, * ‘Hét e 1)/4:s = (Bés = 1J/3 (uv)

1€ the adiabatic bulha souné speei.
€g, the volunce ther:.al eajoansien, ay,
aid the Lcat Cajde,ty Wl Jenetell o jTes:
surce, £, arc detersaindd Yor the eaplo-
sive oI interest, then a refined 1:0-
thermal ce=mprezsivn and a ~Lovk ¢na-
pression an be Calculated. Sl oor
these paramcters are readily and rou-
tinely deterzined. ihe 2ero pressure
bulk sounl sj-¢d, oy, 13 the shock i,
intercept at i, * a2, buth cp and i,
the heat :upuc‘ly al con:tant voluoe,
arc vajvulated frem o Cpe and ay usang
the following rclations

. C - 2 -
CV P - Ay T e (7)

and

172

c, ® c'(cvlcnl (8)

t

The calculatlon is started by axsaming
€t * ¢y, in ly. {7} and then cveling the
results Letween the two cguations unta!l
the Cy and ¢y vaiues voaverae. dhe o
can lhe used ftor the conitant in L. li)
instead o) calculating a1t rren a guad-
ratic fit to the Jata: this iacreaze:s
the certainty or the other (nustants.

The shock conpresslon of the exple
sive is calvulatea r'rom L. 412 in the
following wanner. lhe energy change
from the initial valume, v,, to some
volmme, Vi, at constant temperature T
is

YL
"t{vL, ) r't‘\.o,-'\/-' (T CAV-P eV 9)
[+

The brackets.{,. mean “evaluated amt.
The subscriptift, again revers te ¢
thermal comjrression. 4 1> the ililinerxn
constant

2
Y*a, c, /Cp 110)
The =ssunmption madec here 1s that hnth
C, and y/V remain constant wver @il con-
d‘tions of isothermal and skoch ¢-vrex-
sion, as long as the eaplosave dues 5.t
transform to another phase. A ~a-:lar
cnerpy chance along the liugoniat - tie
cxplosive 1s

L] .- . l 1Y t .
Lh{\L,- I.h‘lu} -. I!ll\!-}.") .e- 11
The suhicript, k. refers e shock o -
pression. lPmaliy, the ener.y oo

1
completed v calvalaty:. fie enoe U
ference betueen ;o ool the 1.otler i
Vi on the ifuoenint. i livielen.:
cailculated tre. the Yolluwine t. e
namic¢ relation
Y B J LS T WA V121

v

Sin ¢ V74 1% assuned conrstant

Vi) Tefvi}
(V7)) [rh{vL} . r'{xi, ] V131

If we tet Lp:Vies = be 4., then co-hon
ing Lys. (v;. 11) ana V13,,

Ph {VL, - 114
-/“l
Pt{VL}(V/a)° 2 L § TEVATH L R
(/4 - 12wV -V )

The integral in lgy. 41 is solved by
numerical 1ntegration

. I
i
I\ -Il
f. P dve Z: St e e

Yo

re1] =
nhere
vr * Vo(uslr' "ptr’/"str 1lv)
ond
I'tr * (l/vo)"slr”plr' ()



Olinger and Cady

Ug and U then calculated from

Py {v i gnd vL-
PETN

The study of the compression of
PLTN was published carlier (12), liow-
ever, the Xal pressure scale uscd was
the earlicr carter scale (9, and not the
reviscd scale listed in lab!c 1. In
addition, Morris (id) nas refwned the
adiabatic bulkh sound speed value (that
work appears in this volure). The
basic data, V/V, of ‘LTIN vorrelated with
V/V, of \a}. Jrc listed in the zarlhier
stuSy (12) along with appropriate fig-
ures and wili not be repeated here bhe
have listvd betow *he revised volume
(U,t-U t) compression and the thconiot

s calvulated 1rom Eys. (18 and

(13) The thernodynamic pro;erties of
PLIN are listed 1n labae 11.

s 2 A 3 . -
Ust 2,238 e. '3 Upl U.Sl; Upl
Upt"a km/s,;o = 1,778 g/¢n (18)
Uges 2.759 + 1095 U,

¥ N . "-‘3 ]
Upt:.ﬂ km/s.;o 1.774 p/¢n (19)

L Ug = 2.320 ¢ 2.6l up-Gls.: U,
bpt.u kc/s.,u . A R Ledd
Us = 2.811 « 1.730 Up,

Up>.l km/s,po » ].774 g/cms (21)

TABLE |

Relative Volunmes of Naul and Nal as a
Function of I'ressure at 2239k

s —_—— —_—— —

pressurca Na1® ﬂnFc
Gha V/\r° \/Vo
0.0 1.00000 l MY
1.0 0.90208 i bl B 1L
2.0 0.93248 0 90208
5.0 0.90705 U. 94588
4.0 0.88500 0.93108
5.0 0.8b6500 n.91747
0.0 0.84831 . 99483 ]
7.0 0.83259 n.89310
8.0 0.8182. 0.88221
9.0 0.80498 0.871938
10.0 0.79270 0.80225

| 11.0 .78124 0.85312 J

a i“Grae 10 111—1-1r4 T ) B

b

i
A rafinement by J. N. Fritz of the
V/Vg listing conrained in Rel. (5).
€ A recaleulation by 8. J. varter basdd
on the infecrmation vontainel in Rer. (9)

TABLE 11

Thermodynamic Propertics of PETN at
2939k, 0 GPa

' ey v 1,778 g/enm’ Ref. (12) ;
. g ® 2.32 la/s Pef. (14):
€, = 2.23 ka/s '
i a, = 2.30 x 104/K° Ref. (15, |
' Cp = 1.0 J/gk° Ref. (15):
- [}
l c, = 1.0 J/gK |
) y = 1.15 i
TATB

The symnctry of 1ATB is mucs lower
than that of IETAN 1triclinic with o pura-
meters to Jdetermine as comparced to tetra-
gonal with ouly I parazmeters to deler:
minec)}. [For detajls cn the crystal
structurc, sce Ket'. «17,]. The lar:e
TATB molecule is flat and shaped Tike a
hexagon sn the plane Zerined by the a
and b axes. Tt is hydropen bonded e
6 molecules in lteaaponal close-jadave
array. The molecules "onded in thas
marrer o Che rosulting ot
metry in the a-b plane i~ nearly =cexa-
gonal (a/b = 0. 995, . = 119.979) jhe
shects arc sunded lo cne another by weakl
van der Waals bLnds. .\ point in ong
sneet is shifted rror a pesition directly
over the courrcspondang point :: the sh-et
bencath it sc that the cell edge that
connects thesce points, the ¢ uxis, forass
an angle of 91.52% (:: with the a axis
and an angle or 108.5:" i4) with the b
axir. The two assumyiions we nsed te~
deternine the cell parancters 1from high
pressurc difrraction ratterns are 1)

a/b remains constant under pressure and
¥)"a point on one shee: or rolecules
remains over the same relative position
on the sheet telow it. Irom this as-
sumption the tollowiny relations are
derived. It ¢, ix the projection of (he
¢ axis on the » axix at fero pressure
and cp is the projection of the ¢ axis
on the b axis at Icro pressure, then the
angles between ¢ and a (¢) and ¢ aad b
(a) at high pressamre me

Lf-nv N,

a, ® arc cosine (-y, X (gp/poj/sp) Lav)

8, * arc cosine L-¢, X (gp/gu)!gp) 125
Y, * Y, (bccause of the first
P assumption) (29

The subscript,o, in the above expressions
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TABLE 111

Crystallographlc Cell Parameters of TATB

T s . ] s ] ) L]
NaF Pressure a b c a 8 Y
(VIVoj (GPa) ) | R (deg) (deg) (deg)
.0000 0.00 9.010° 9.028" 6.812" 108.6" 91.8% 120.0" |
.9965 (09) 0.17 (.05 9.016 (.009) 9.034 06.807 (.017) 108.6 91.8 120.0
L9826 (12) 0.87 (.07) 8.9806 (.021) 9.004 6.492 (.020) 109.5 91.9 120.0 |
.9724 (10) 1.41 (.06) 3.958 (.018) 8.976 6.40l1 (.014) 109.5 91.9y 120.0
9597 (09) 2.14 (.08) 8.944 (.009) 8.962 6.576 (.011) 109.8 91.9y 120.0
.9507 (15) 2.69 (.10) 8.877 (.017) 8.895 6.289 (.013) 109.9 91.9 120.0
.9374 (14) 3.56 (.09) 8.846 (.0106) 8.8064 6.205 (.012) 110.1 92.0 120.0 |
.9029 (11) 6.17 (.10) 8.752 (.018) 8.770 6.039 (.015) 110.4 92.0 120.0 1
.8929 (15) 7.02 (.13) 8.678 (.005) 8.695 5.951 (.001) 11v.6 92.0 120.0 i
T deviation x 10* in parenthesis
® Devlation in narenthesis
§ Calculateu from a and .
+ Ref. (17)
denotes zero pressurc, and the sub- Us = 1.43 + 10,02 U_ - 10.89 U 2,
script, p, denotes pressure p. P . P
U <0.3 km/s,o_ = 1.937 g/cm” (29)
At low pressurcs (0.1 to 3.0 CPa) P o
a3 many as ten Jdiffraction lines were -
measureable; at high pressurc these Us * 2.93 ¢ .00 Up'
were rcduced to tour. The 4 @ values 3 -
measurcd were used to determine the two Up>°‘3 km/s.~° * 1.937 g/cm L130)

independent cel] parameter variahles, a
and ¢ (reduced from 6 to = by the above
two assumptions.) T[he pressure was in-
dicated by the diffraction pattern of
NaF which was mixed with the 1ATB =ar-
ple. Table lIl lises the c¢cll para-
meters and pressurces dJdetermined from
the hign vressure patterni. The iso-
thermal compression fits of the two
independent variables and the Uge-Upe
fits arc

a/a =1 - 2.084 x 1073 - 1,071 x
10°3p% « 9.344 x 107 5p3 (25)
cleg = 1 - 4.951 x 10" 2p + 9,495 x
10°3p% - 7.202 x 10793 (26)
Uge = 1.40  10.52 11~ 11.76 uptz.
Upe<0.3 km/s,so = 1.937 g/cn’ (27)
Uge = 2.92 + 1.59 U,

Upe>0.3 kn/s, o) = 1.937 g/em’ (28)

From the lsothermal compression
data and thermodynumic paramcters listad
in Table 1V, the shock compression
Hugoniots arec calculated to be

The Ug-U, slope, 1.060, calculated
for the TA*B nugoniot in the higher Ui,
region 1s smaller than round by citheb
Colcburn and Liddard (18), 2.3., or by
Craig (18), 2.30, but is of the same
magnitude as for many other explusives.
For PLTN the guadratic fit ot the calou-
lated U,-Up llugoniot was necessary to
fit the compression data up to 5.3 Gia.
As w2 stated carlicer, PLIN has van Jder
Waais bonding in all direction=z. lor
TATB, howevel, where van der Kaals bonas
are in only one direct:on, the lincar
fit is adequatce lor By-Up data above
2.0 GPa. Onc other item to he ncted i
that the Griinciscen constant calculated
here (0.20) is considerably smaller thin
the constant reported in lorbrat:z's
compendium (14), 1.00. The small
Griineisen constant is duc to the small
bulk sound spzed (1.43 km/s) and small
volume thermal expansion (9.9 x 10°3/k0),
Though both may be slightly higher be-
causc of porosity c¢ffects for the torm-
er and accuracy for the latter, the
Griineiscn constant 1s probably no larger
than 0.4,

LOZ
The work on (> had to bhe done on

the solid form, of course, so that the

CO, would yiecld diffractlon putterns.
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TABLE 1V

Thermodynamic Properties of TATB at
2939k, 0 GPa

TARLE VI

Thermodynamic Properties of CO2 (sclid)
at 2939K, 0 GPa

P ® 1.937 g/cmd Ref. (17)
cg = 1.43 kn/s Ref. (19)
c, " 1.40 km/s

a, * 9.95 x 1079/,° Ref. (20)
Cp = 1.00 J/gk® Ref. (21)
c, = .96 J/gk°

y = 0.2

po = 1.489 g/cm3 Ret. (23)
s 1.74 km/s

€, ™ 1.62 km/s Ref. (24)
a, = 5.41 x 1074/x° Ref. (23)
Cp ® 1.77 J/gk® Ref. (25)
C, = 1.54 J/gk°

vy = 0.93 |

The anvil on which was mountecd the
beryllium annulus containing NaF was
covled by circulating liquid nitrogen
around its base. Once cooled,commercial
dry lce was scraped on the cdge of the
annulus, and a small pile of finec CO:
chips accunulated above tne uannulus
holc. The upper anvil, at room tcmper-
ature, was lowercd onto the pile of CO>
as quickhly 1s possible, luchily trap-
ping some CO0» in the hole of the annu-
lus with the NaF. No alcchol was added
because t).-e experiment would have heen
more diftf.cult and there was no proof
that CO; was not miscible in the alco-
hol. The specific volumes 1 CO: at
2930k at pressurcs from 3 to 10 &Pa urc
listed iy Table V.

A llugonlot for solid CO> centered
at amblent conuitions can be calculated
1f cstimates of (he specific volume, Vo,
thermal cxpansion, «, and heat capac-
ity, CP , for these conditions can be
made. " In 1920 Maas and Barnes (22) made
a very thorough study nf the thermody-
namic propertics of solid and liguid

TABLE V

Specific Volume hata for COz at
Pressurcs to 10 GFA, 2930!

Vo Pressure

/8) (GFa)

t .0007 3.30 £ 0.14
: 0000 5.52 2 0.1?
t 0000 6.08 * 0.14
£ .0000 7.18 : 0.04
2 0010 7.70 £ 0.12
*+ .0005 7.89 = 0.13
: ,000? 8.67 £ 0.09
» L0007 9.83 £ 0.07
4 ,0008 9.99 ¢t 0.19

CO02. From their solid CO» density nmeas-
urcments betwecn 880K and 1809k (above
1860 their mcasurcments deviated sud-
denly from a lincar \- chavior) ande—
specific hcat content mcasurements: he-
tween 900K aad 2120K, the values rovr
density and specific hedt content aerc
extrapolated to 2%3O9K. The extrapola-
tions were lincar for density, quadratic
for heat content: . and L, were caicu-
lated {rem the slopes at 2D59K. Jhesc
values are listed in ;able VI._ Using
the Vg value (ifig = 0.6700 emo7gy, 4
Us, Upt t1t to the data 1n iahic it 2=

Ust = 1.623 +« 1.71 U?t.

U >0.7 kn/s, 5, = 1.488 g/em’ 31,
Using kq. (31) and the thermodynaric
quantities listed in Table V1, the cal-
¢:lated iiugoniot fo: volid CO> startinyg
at 2930K ijs

U, = 1.740 » 1.65 '_,
- . P

- , 3 --
i a - U
Up>0. km/s.uo 1.358 pg/cm 13.)

Solid CO-, like the explosives dis-
cussced above, is composed of CO7 nole-
cules bonded to one another by van Jer
Waals bonds. Thereflore, like PLTN and
TATR, the Uge-Upe and Us-UUp equations:
are quadratic at low pressures and thus
the ¢y and ¢y are lower than given in
Lqgs. 231) and (52). “he present data
docs not permit an estimate of the gquad-
ratic cocfficients, and the fits are
only accurate above le and Hp values
of 0.7 km/s.

1,0

As with CO», the =tudy of M0 was on
a sulid form, specifically ice Vil, the
stable phasce of H:0 above 1.5 Gia at
298YK. Dbata for the compression of
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jce Vi. was presented earlier (26) using
the experimental tcchnique described
here. However, aluminum was uscd as
the pressure indicator, and the pres-
sures correlated with aluminua's rela-
tive volumes have been found to be 5¢
to 4% larger up to 10 GPa {27) than
given in that work (.¢). Therefore, the
pressurcs were revised and the resul:s
are prescnted here. The listinygs of
the relative volumes of aluminum and
ice VII arc found in the cailicer work:
the isothermal ccopression uscd here
for aluminum is

Uge * 5.290 + 1.388 U
Po ® 2.701 g,’c-3

pt’
(33)

The ambicnt specific volume of ice V]I
is choscn s0 that tac lgp-tLye equation
(Eq. (1) abyve) is lincar: ‘hu: volune
18 0.717 cm2/g. The subscyuent linecar
equation for ice V1l is

Uge = 2.872 + 1.685 U,
> U_>0.5 km/s,:_ = 1.395 g/cn> (34)
P o

In order to calculate the liugoniot
of ice VIl centered at anbient condi-
tions, assumputions about the specavi
heat capacity and thermal ex-ansion of
ice VII must 53 aade. MNermal ioe, il
lth, has a structure only sligntly dir-
fercnt from the structure of low temp-
eraturc icec at zcro pressure, ice lc.
Their densities, too, are ncarly the
same. Therefore, we assume tha® both
structurcs have the same speciric pcat
capacitics and thermal expansiivnsx. lhe
ice VIl structur~ congixts o' two inter-
pecuctrating but not intercomnecting ice
[c framncworks, and thus it is not un-
reasonable to cxpevt molecular vibra-
tions and relative bhond length uxpan-
sions to be ncarly the same between the
two structurcs. Thereiore we assume
the specific heat capacities and ther-
mal expansions to he the same. Irclud-
ing the isothermal bulkh :ound »mpeed cal-
culated for L. (31) above, the thermo-
dynamic propertles of ice VIl at ambiemt
conditions are listed in Table VI1l.
Combining these with phe isothermal

)T‘.‘ the ice VI
Hugonlot, centered 4 ambicnt condi-
tions, is calculated to be

U’ = 2,920 + 1.0678 UP'

UP>0.5 km/s.p° = 1.395 g/cm3 (35)

TABLE V11

Thermodynamic Procperties of H:0 (iceVil)
2939k, 0 uPa

; pg * 1.39: g/cmi_ Rer. (28)

E cg ® 2.52 km/s !

i Cp ® 2.87 km/s Ref. (29)

e, =17 x 100 Ref. (30;:
C, = 2.09 J/gn° Ref. (30)
y = 0.69
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