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Olinger and Cady

THE HYDROSTATIC COMPRESSION OF EXPLOSIVES AND DETONATION
PRODUCTS TO 10 GPa (100 kbars) AND THEIR CALCULATED SHOCK

COMPRESS1ON: RESULTS FOR PETN, TATB, CO

2 AND HZO

Bart Olinger and Howard Cady
Los Alancs Scientific Laboratory
University of California
Los Alamos, New Mexico 87545

' Tne isotheimal linear and volume compressions of PETN, TATE,
T02, and H30 are determined from x-ray diffraction patterns
taken at hydrostatic pressures up to 10 GPa.

pressions the llugoniots of these materials are calculated
assuming that the heat capacity at constant volume and the
ratio of the Griineiscn constant to the specific volume both
remain constant over 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 Up
TATB

U’ = 2,93 + 1.60 Up

COz (solid)
Us = 1.740 + 1.65 Up
"20 (ice VII)

Us = 2,872 + 1,09 Up

g 2
Us = 2,320 + 2.61 UP-O.SS U ,Up<.8

P

2
. 10.02 -10. u 0.
U, = 1.43 + 0 Up 10.89 P ,Up< 3

From the com-

k.'n/s.:° = 1,773 g/l:m3

U >.8 774 g/cm3

p km/s.c° =]

3
3

L-mlls ] l‘o -

km/S.oo -

1.957 g/cm

.Up>0.3 1.937 g/cm

3

,Up>0.7 km/s.co = 1.428 g/cm

)Up>0.5 km/s,pg = 1.395 g/cm’

INTRODUCTION

Many aspects of dynamic cempression
of explosives have been investigated to
better understand the processces ol ini-
tiation and detonation propagation,
Usually thorse studics invoelve a coreful
definition of tne cxplosive's initlal
state (i.c. porosity, inert content,
grain sizc) ond then a determination of
its dynamic propertics. if the dynamic
proportics ol the explosive's pure com-
ponents could be delined, then the in-
vestigator and the rabricator both may
be able to predict the properties of the
uggregate. UOne such property is the

shock wave compression on Hugoniots
centered at theoretical density., lere
we describe an experlimental method to
determine the isothermal compression of
explosives and thejir detonation products
From these data we can tien calculate
the shock compression with a reasonable
assumption about the c¢quation of state,

EXPERIMENTAL

Primarily, the technique provides
x-ray powder diffraction patterns of
explostves at well-deflinced pressures.
The design ol the apparatus was con-
ceived by Jamieson and lLawson (1) and
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was described in Jetail by Jamieson (2).
Recently, the design was modified by
Halleck and Olinger (3j to study low Z
materials such as explosives, to produce
diffraction patterns of incrcased reso-
lution, and to include a hydrostatic
medium th.t does not suppor: 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
@ pressure calibrating material are
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 cylinder, chus form-
ing a truncated cone. On one bearing
surface an annulus of beryllium foil
0.3 mm thick, 5.8 mm dia, with a 0.5 mm
dia hele in its center is mounted with
a fast-setting epoxy. The center of the
annulus is aligned wi:h 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 mixture of finc pow-
dered explosive and pressure indicator,
either NaF or NaCl. The powders are not
packed, but looscly inserted.

The anvil witn loaded beryllium
annulus is seated on a pedestal that is
in turn mounted into the base of a high
pressure frame. The high pressurc 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
x-ray camera. The camera is cut from a
solld brass cylinder 114.6 mm in dia-
meter whose sides and core along the
axis have bevn removed. The top and
bottom of the camera on which the fllm
rests arc supportced by brass pillars
through which are mounted the x-ray
collimator and exit beam catcher collars,
The collimator and beam catcher, when
placed in the collars, are directed
toward cach other along the camera dia-
meter. The x-ray film is mounted over
the exit beam collar and is held te ths

sides of the camcra by a light tight
steel band "nder spring tension. An Ni
foll is mounted to the camera :inside the
film radius that serves as a light
shield and a x-ray filter for white and
CukB x-radia.ion.

The high pressure frame with pedes-
tal, camera and anvil asscembly is mount-
ed before an x-ray port of an x-rav gen-
erator for x-ray diffraction work. We
use the Norelco gencrator with finc focus
Cu x-ray tubes running at 35 KV and 15
ma. Exposure times arc o to 8 hrs for
Zero pressure esposures and 12 to lo hrs
for high pressure exposures. ihe first
several patterns of an experiment are
taken at zero pressure, These patterns
are compared with others tahen of the
materials using regular powder cameras
or are comparced with published dirfrac-
tion patterns. TFrom this comparison
correction factors arc calvulated ror
uncentered samplcs and for x-ray cam-
eras that have circumierences Jdifrerent
than the normal 360 ma.

Having carefully marked the posi-
tion of the anvil on the pedestal, the
anvil with annulus and saaple is re-
moved and a drop of 4:1 mixtur«e of
methanol-ethanol is placed on the an-
nulus, This mixture has heon found te
rem.in hydrostatic to pressures slizhtls
higher than 1U GPa [100 kbars)] (4). Tiv
alcohol is worked intec tine sumple hole
with a fine needle: this removes air anu,
if not done carefullyv, the sample. \:x
the alcohol drys, more drops a-e added.
The anvil is reset into its foimer pusi-
tion on the pedestal. A commercial
hydraulic ram is ounted throu:h the top
plate of the high pressure frame.
Attached to the end ol its piston is
another pedcestal on which Is mounted the
other anvil. Alignment and parallelisn:
of the two cnvils are the foremest con-
siderations when the high pressure frame
is designed. With the alcohol drop on
the ovanulus replenished, the piston is
lowercd 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 pressure ranges normaily
extend to 6000 to 7000 psi for the 10
ton rams and 4000 to 4500 psi for the
25 ton rams. At thc maximum pressures
of these ranges the pressuie in e
sample cavity of the annulus is about
10 GPa, the maxlmum hydrostatic pressure
of the alcohn]l mixture. Also at these
maximum ram pressures, the Be annulus
extrudes to the extent where sood gual-
ity diffraction patterns are Jdifficult
to obtain. Once the annu:uvs is under
stress, the collimator and beam catcher
are adjusted to the Jevel of the annulus
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by shimming thc camera cn its pedestal
seat.

The x-ray films show diffraction
lines of the explosive, the pressure
indicator at a given ram pressure, and
the diffraction lines from the beryl-
lium annulus. Tie latter forms bands
on the film because ot the annulus’
width. The bands obscure diftraction
linesgfrom Jd-spacines heinccn 2.04 tc
1.99 A and 1.7Y to l.07 A. An cxpousure
is taken for 12 to 1o hours at a cona-
tant ram pressure, then the filn is
develoned and the ram pressurc is in-
creased scveral hundred psi ror the next
exposurc. The procedure followed has
been to only increase pressure between
exposures. The reason for pot Jecrea~-
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 of the pres-
sure indicator. The indicator is a sub-
stance that exhibits a simple difirac-
vrion pattern and whose compresszion s
well hnown. The two indivaturs caten:
sively used are Nacl and Nal. Frit:
et al. (5) and weaver et al. (v) have
published isothermal comression equa-
tions and tahlex for Ml which differ
by 2 1'2% in prossur: a the vicinity of
10 G”a. The P-V relation for Natl given
by Weaver ct al. (0) was calculated
from thermodynartic parameters Jerived
necar ambiviit conuitions. 1The values
given by Fritz ¢t al. (5) were caleu-
lated from P,V values along the liugo-
niot. Despite their difference:, these
twn studies are the standards for high
pressure, x-ray difrractien werh.  The
other indicator, MNaF, thouph less cor-
pressible than NaCl, is the most cxten-
sively used by us. The P,V coriclation
for NaF is derived from two sources.
Olinger and Jumieson (7) and Spieplan
and Jamicson (8) collected eatensive
data on the simultancoux compression of
Nar and NaCl uxing high pressure, x-ray
diffraction techniques like that de-
scribed above. The Frit: et al. (5)
NaCl pressurce scale was used to corrve-
late the NaF volume with pressurc. The
other ambicnt temperature, P,V values
for NiaF were calculated from Hugoniot
data by Carter (Y). In that stuuy, the
P,V valucs listed do not exactly cor-
respond to values subsequently caleu-
lated by Carter and Iritz (10). Appar-
ently an crror occurred in valculations,
and the pressures listed by Carter 9)
arc approximately 2% woo high., Using
either NaF or NaCl, the pressures are
deduced from the volumes calculated
from their Jdiffraction patterns at high
pressures.,  The pressures correlated

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

urce & scries of x-ray Jdiffraction
patterns for an cxplosive with pressure
indicator have been taken, transformin;
the patterns to I,V values )s straighe-
forward. Ncither of the two eaylosive:
we have studicd, PLTN and TATE, has
undergonc a change in crystal structurce
up to pressurces between 3 and 10 iska.
Ilrom cxtensive x-ray Jata gathered on
these cxplosives by ¢thers, the Miller
indices of the difrraction lines of the
patterns arc well anown. lhe Jdirtrac-
tion lines ol the jressuriced samples
are corrclated with the arp t Ji’-
fraction pattern:. From the Jistaace
between diffra-tior line pairs, and the
factors deterqaned by the dirtracricn
patterns tahcen o! the explosive-indica-
tor mix at ambient cenditicns, u G-
spacing bhetween molecular planes 1 cal-
culated. (lor hacvkground te the powder
diffraction technigue, sce Azarofy asni
Huerger®s bookh, thue icuder Metiod (10 .
From the J-spacings and the Miller :n
dices, the length of the unit cell Gavs
and angles betueen the axes can be Cal-
culated. lor any corystal systien oting
than cubic, the assistande (¥ a Jompu-
ter lcast-syualer progral. 0¥ desiral.
or even cesscential. tros resules
such calenlations, tig¢ vely e b
expaosive and the pressure inz.cato:
can be calculated.

METHOD OF DATA \NALYSLS

The accumulated crys=tallegrarkiy
information ahout the eapiosive 1s jre-
sented and analyzed 1n o resceral wavs,
The cell cdges under pressure are usu-
ally represcented by leoast-sguares peis -
nemials of the relative cell cdpe oo -
pression. Jt has been absorves 12,
that explosives undergoe large lincas
changes in the Jdirections corresjponds..,,
with weak van der haals bending.  In
PLTN all three orthegonal directions
have such bonding (12). in I&iR, as we
shall sce, van der Waals bonding ocvirs:
in only onc Jirection jilso sce 130,
The linevar cunpressions way pravide o
portant c¢luces about the Jetonation be-
havior of an cxplosive il the eaplosive
ir highly oricented. as are some TAJR-
bascd material ., or 1f the eaplesive
contains large vrystals of the basc
explosive,

The volume, too, can be represented
by least-squares polyvpomials, but anrore
meaningful representation is a4 form
similar to the shock cormpression
Hugoniot

1

Ust Ot N Upt sy "pt- U
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where the t subscript Jdenotes isother-
mal conditions. liere Ugy and Upe are
obtained from pressure and volune along
the isotherm using the analogous
hugoniot conservation relations that
apply to shoch wave conditions.

Uge * (P V71 - ¥y /e (2)
Upe= (P ¥, 11 - viv /e (3)
P el U Y (4)
VIVg = Wy - Uy MUy, (s)

In the isothermal cquation 11) c¢
is the isotherasl bulk sound specd at
ero pressure instead of th- adiabatic
bulk sound specd. Similarly, the seu-
ond parameter, sg, is related to the
2ero pressurce, pressure Jevivative of
the isctherzal bulh modulus . »'.. inthe
sane way that the shock secoend }nrm-
meter is related to the adiatatic
modulus

S, ® By o L/dis = (Byo L)/ (0}

1€ the adiabatic bulh sound speaid,
Cgs the volume ther:.al eajyanscion, gy,
abd the Lical vajaval; Wl Jonotent jres-
sure, Ly, arc determindd Tor the eaplo-
sive ol intercvst, thelt a rerfined 1so-
thermal conprezsion and a ~Look oan-
pression an bhe caleulated. AL of
these parameters are readily and rou-
tinely deterzined.  ihe zerv jpressure
bulk sound s;end, ¢y, 13 the shook iy,
intercept at U, * . both vp and iUy,
the heat capaclty at con:tant voluae,
are vaiculated fron o Uy, and sy using
the following relations

. C a £ 2 -
Cv P " T e (7)

and

172

c, * c'(Cv/C“I (8s)

The calculation is started hy assuming
€t * ¢, in ky. (7} and then cveling the
results Lectneen the two cyuations untal
the Cy and Cy values voaverge. The ¢
can be used tor the con:tant in ly. li)
instead ot calculating 1t fren a gquad-
ratic fit to the Jata; this increases
the certainty or the other (anstants,

The shock conpression of the exple
sive is c¢aleulateu rrom by, i) in the
following manner. The cnergy change
from the initial volume, v,, to some
volume, Vi, at cunstant temperature T
is

v
"!{VL" l:l{\'o}- leT CAV-P OV 19)
v,

The brackets.{,. mean “evaluated att,
The subscriptife, again refers te 1s¢
thermal comjprression. 4 1> the Grincixn
constant

2
v S /Cp (10)
The zssunption made here 1s that hoth
C, and v/\V rcmain constant uver 4il con-
ditions of isothermal and shock vo=iyrex-
sion, 35 long as the explosive dees ot
transforn to ancother ;hase. A w1-ilur
chcrey chanee along the liugoniat - the
cxplosive 1s

Lh{vL,- Lh‘ru}' i rh{\L}'un.:L .
The suhscript, k, refers te shock oo -

pression. linaliy, the cler,y o ole 4
completed by caleulatan, the env: o Jif-

Yy*a

\
ference betuwesn 3o on fie 1aetler g
Vi on the iuvnier. Lhis lifieren:
calculated tr, the folluwing T, v
namiv relatson
bhfbr,v LAY V120

St ¢ V7 is assuned constant

bdve)s tefv} -
(V7)) lrh{vL} . r,{xi} ] 115

If we set LpiVys = Ly ho,-. then oo~hon
ing Lys. (v, 11) ane V13,

Py {VL} . (14

L
Pt{VL}(Vluj- %f PedV- [TV -y
(/- 1w -y

The integral in ly. 41 is solved by
numcrical integration

y L
fl. Z |‘U"'lr-l .
. p‘d\- R A Y .\|'-l)'|lh‘

Yo r=l - r
nhivre

Vr - Vo(uslr' "ptr,/"str i1lv)
and

Plr " (I/vo’"str"ptr' (7
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s and U then calculated from
Ph {vpi gnd vp -

PETN

The study of the compression of
PETN was published carlier (12), How-
ever, the Xa) pressure scale uscd was
the earlicer carter scale (9, and not the
revised scale listed in lable 1. In
addition, Morris (l4) nas refined the
adiabatic bulkh sound speed value (that
work appears in this volurce). The
basic data, V/V, of 'EIN vorrelated with
V/V, of NaF, Jrc listed in the zarlier
stu3y (12) alon; with appropriate fig-
ures and will not be repeated here  he
have listed below “he reviscd volume
(U,t Une) compression and the Hu-oniot

s calculated rrom Lys. (18 and
(13) The thernodynamic projerties ol
PLTN are listed an labace 11,

a . - -

Ust 2,238 » 2.3 Upt 0.511 Up‘ ,
. . - lid o 3

Upt<.l Lm/s.yo 1.77¢ g/cm (18)
Uge® 2759 ¢ 1.095 U,

F N - T ./ 3 |
up!:.u km/s.;o 1.774 g/¢n (19)

- * » e hd - “u 2

Ug = 2320 0 2602 U 613.: U
bp(.u kl:/.s..,u - P BT (P
Us = 2,811 ¢« 1.730 Up.
Up>.l km/s,po = 1,774 g/cms (21
TABLE |

Relative Volunes of Nadl and Nal as a
Function of Pressure at 2:239K

- s e —_—— ——— —

Pressure’ a1 ﬂnFc
GPa V/\r° \/vo
0.0 1.00000 1.00v00
1.0 0.902068 0.97999
2.0 0.93248 U.90208
5.0 0.90705 U,.94588
4.0 0.88500 0.93108
5.0 0.806500 091737
0.0 0.8483) 0,904838 '
7.0 0.83259 0.89310
8.0 0.81822 0.8822
9.0 0.50498 0.87193
10.0 N.79270 0.80225
8 11.0 0.78124 0.8531°2 J
a i"GPa = 10 Xiiobars., ) -
b

i

A rofinement by J. N. Fritz of the

V/Vg listing contained in Retf. (5).

€ A recalculation by W, J. Carter basdd
on the infcermation containel inRer. (9)

TABLE 11

Thermodynumic Propertiecs of PETN at
2930k, 0 GPa

I oo = 1.773 g/em’ Ref. (12)
. cg = 2.32 da/s Pef. (14)!
€, = 2.23 ka/s '
i a, = 2.3 x 1074/x° Ref. (15, |
| c, = 1.0 J/gK° Ref. (16):
- [}
l c, ® 1.0 J/gK !
\ y = 1.18 |
TATB

The symnctry of TATB is mucii lower
than that of PETN itriclinic with v jura-
meters to determine as vompared to tetra-
gonal with only I parameters to deter-
mine;. [lor detarls cn the crvstal
structure, sce¢ Ref. 17,]. lhe larce
TATB molecule is flat and shaped like a
hexagon an the plane dcfined by the a
and b axes., It is hydropen bonded o
6 molecules in heaaycnal close-jadave
array. The molecules bonded in this
marrer forim sheoets,  The rosulting oo
metry in the a-b plane is nearly hexa-
gonal (a/b = 0,995, . = 119.970), |he
sheects arc vonded te cne another by weal
van der Raals bnds. A\ point in one
sneet is shifted fror a pesition directly
over the currcsponding point .n the shoet
bencath it sc that the ccll edge tiat
connects these points, the ¢ uxis, forms
an angle of 91,82% (:; wath the a aaisz
and an anglce or J08.5:"” {4) with the b
axir. The two assumytions we used to
deternine the cell paranmeters from high
pressurc Jdiftraction vatterns arc 1)

a/b remains constant tnder pressure and
T) a point on onc shee: orf rolecules
remains over the same relative position
on the sheet bolow it. From this as-
sumption the tollowiny relations arce
derived., Il ¢y is the projection of the
¢ axis on the & axis at fero pressure
and cp is the projcction of the ¢ axis
on the b axis at Zcereo pressure, then the
angles between ¢ and a (¢) and ¢ aald b
(a) at high pressure me - ’

a_ ® arc cosine (-Eb X (gplgoj/gp) {~2)

8, * arc cosine (-¢ X (gp/gu)/fp) (23
Y, " Y, (becausc of the first
P assumption) (29

The subscript,o, in the above expressions
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TABLE I1I
Crystallographlc Cell Parameters of TATB

T e a ] . ] s §
NaF Pressure a b 3 a 8 Y
(V/Voj (GPa) ) | R (deg) (deg) (deg)
.0000 0.00 9.010" 9.028" 6.812" 108.6" 91.8" 120.0" |
.9905 (09) 0.17 (.05) 9,016 (.009) 9.034 6.807 (.017) 108.6 91.8 120.0
9820 (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 6.401 (.014) 109.5 91.9y 120.0
9597 (09) 2.14 (.08) 8.944 (.009) 8.9062 6.576 (.011) 109.8 9l1.vy 120.0
9507 (15) 2.69 (.10) 8.877 (.017) 8.895 6.28Y (.013) 109.9Y 91.9 120.0
.9374 (14) 3J.56 (.09) 8.846 (.016) 8.804 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 |
.8929 (15) 7.02 (.13) 8.678 (.005) 8.695 5.951 (.001) 110.6 92.0 120.0 i
T Deviation x 10‘ in parenthesis
® Deviation in varenthesis
§ Calculateu from a and .
¢« Ref. (17)
denotes zero pressurc, and the sub- Us = 1.43 « 10.02 U_ - 10.8%Y U z,
script, p, denotes pressure p. P . P
U <0.3 km/s,o_ = 1.937 g/cm™ 129)
At low pressures (0.1 to 3.0 (Pa) P °
a3 many as ten diffraction lines were - <
measureable; at high pressurc these Ug = 2.95 + 1.00 U,
were reduced to four. The 3 9 values - 5 =
measured were used to deternine the two Up>0.3 km/s,.q = 1.937 g/cm L30)

independent ccl)l parameter variables, a
and ¢ (reduccd f{rom & to 2 by the above
two assumptions.) [he pressure was in-
dicated by the diffraction pattern of
NaF which was mixed with the TATB =am-
ple. Tables III lists the cell para-
meters and pressures determined trom
the hign vressure patternsi. The iso-
therma) compression fits of the two
independent variables and the U,t-Upt
fits are

o/ag = 1 - 2.084 x 1073 - 1.071 x
10-3p2 + 9.344 x 107503 (25)
€lcg = L - 4.951 x 10" 2p « 9,495 x
107392 - 7,202 x 10793 (26)
Uge = 1.40 ¢ 10.52 1 - 11.76 Uptz'
Upe<0.3 kn/s,sq = 1.957 g/cn’ (27)
Uge = 2.92 + 1.59 U,

Upe>0-3 kn/s,a = 1.937 g/em’ (28)

From the isothermal compression
data and thermodynamic parameters listad
in Table 1V, the shock compression
Hugoniots arc calculated to be

The Ug-Un slope, 1.60, calculated
for the TA*B nugoniot in the higher U,
region 1s smaller than found hy vithet
Coleburn and Liddard (18), 2.32, or by
Craig (18), 2.3530, but is of the same
magnitude as for many other explosives.
For PLTN the quadratic fit ot the calcu-
lated U,-Up Hugoniot was necessary to
fit the compression data up to 5.5 Gia.
As w2z statced earlicer, PLIN has van der
Waais bonding in all direction:=. Flor
TATB, however, where van der Waals bonus
are in only onc Jirect.on, the linear
fit is adequate for Uyg-Up data above
2.0 GPa. Onec other item to be noted is
that the Griincisen constant calculated
here (0.20) is considerably smaller thin
the constant reported in Dorbratz's
compendium (18), 1.00. The small
Gruncisen constant is due to the small
bulk sound spred (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 cffects for the torm-
cr and accuracy l(or the latter, the
Grinelscn constant 1s probably no larger
than 0.4,
LOZ
The work on C(*; had to be Jdone on
the solid form, of course, so that the
€O, would yicld diffractlon patterns.
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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

Po = 1.937 g/cm3 Ref. (17)
cg = .43 ka/s Ref. (19)
cy " 1.40 km/s

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

y = 0.20

P * 1.489 g/cm3 Ret. (23)
€y * 1.74 km/s

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

Yy = 0.95 ,

The anvil on which was mounted the
beryllium annulus containing NaF was
covled by circulating liquid nitrogen
around its base. Once cooled,commercial
dry Jce was scraped on the edye of the
annulus, and a small pile of fine CO:
chips accumuluated above the annulus
hole. The upper anvil, at room temper-
ature, was lowered onto the pile of CO:>
as quichly as posasible, luchily trap-
ping some CO0> in the hole of the annu-
lus with the NaF. No alecchol was added
because tle cxperiment would have heen
more diff.cult and there was no proof
that CO; was not miscible in the alco-
hol. the specific volumes or CO-» at
2939k at pressurces from 3 to 10 8Pa urce
listed in Table V.

A Hugoniot for solid CO> centcred
at ambient conuitions can be calculated
1f estimates of che specific volume, Vg,
thermal cxpansion, .y, 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 liquid

TABLE V

Specific Volume bata for CO2 at
Pressures to 10 GFA, 2930]

Vo Pressure
(cnslu) (Gra)
1 .0007 3.30 £ 0.14
: 0000 5.52 £ 0.12
¢ 0000 6.08 * 0.14
+ _J0uu 7.18 2 0.04
L 0ol10 7.70 £ 0,12
L+ 0005 7.89 £ 0.13
+ 0007 8.67 &£ 0.09
s L0u07 9.83 ¢ 0.07
A 0008 9.99 L 0.19

CO2. From their solid CO> density meas-
urements between 589K and ]1B8u9K (above
1869 their measurements deviated sud-
Jenly from a lincar \- chavior) angd“ec—
specific heat content measurements hg-
tween 900K aad 2120K, the values ror
density and speccific hedt content werc
extrapolatee to 2%39K. The extrapola-
tions were lineuar for density, quadratic
for heat content: ' and &, were calcu-
lated {rem the slopes at 2D30K. .Thesc
values are listed in iable VI._ Using
the Vg value (i/:g = 20,6726 cmd/gs, J4
Us, Upt fi1t to the duta 1n iahie \ 1>

Ust = 1.623 « 1.71 Upt'

3 -
Upt>0.7 km/s.a° = 1.388 g/cm 3L
Using Eq. (31) and the thermodynaric
quantities listed in 7akle V1, the cul-
<:lated ilugoniot rfou: solid CO2 starting
at 2930k is

U, = 5.740 + 165 Uy,

U,>0.7 km/s,0, = 1.488 g/cm> (52

Solid CO0», like the explosives dis=-
cussed above, is composed of €02 nole-
cules bonded to once another by van Jder
Waals bonds. Therefore, like PETN and
TATR, the Uge-Upe and Ug-Up equitions
are quadratic at low pressures and thus
the ¢y and ¢y arc Jower than given in
Eqs. tll) and (32). The present data
does not permit an e<timate of the quad-
ratic cocefficients, and the fitz arc
only accurate above Upe and Up vialues
of 0.7 km/s.

W,0

As with CO», the study of M;0 was en
a svlid form, specifically ice VIl, the
stable phase ol HA0 above 2.5 Gla at
2989K. Dbata for the compression of

~
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Jce Vi: was presented earlier (26) using TABLE VII

the experimental technique Jdescribed

here. However, aluminum was uscd as Thermocdynamic Properties of H:0 (iceVll)
the pressure indicator, and the pres- 2930k, 0 uPa

sures correlated with aluminua's rela-

tive volumes have been found to be 5t . - u .
to 4% larger up t: 10 GPa {27) ;han i Pg " 1.39: g/cmd Ret. (28)
iven in that work (2o). Thercfore, the ' - ,
gressures ue;ehrevisedhund the resul:s i Cs " .32 kn/s
are presented here. The listings of C. - )
the gelative vol:mes og aluminum and | <S¢ = 2.87 km/s Ref. (29)
ice VII arc found in the cairlicr work: : - -4,.0
the isothermal compression uscd here t ey =17 x10 /X Ref. (JUJ.
for aluninun is €, = 2.09 J/gh Ref. (30
U’t = 5,290 + 1.388 upt' Y = 0.69
Py = 2.701 glcm’ (33) - I
The ambicnt specific volume of ice V]I ACKNORLEDGLMLNT
is chosen so that tav igp-Lyy cquation
(Eq. (1) abyve) is lincar; ‘hu: volume This work was supperted by the Ui,
is 0.717 cm>/g. The subsequent linear S. Energy Rescvarch and levelopment
equation for ice VII is Administration,
U’t = 2,872 + 1.085 Upt. REFERLNCLS
~> U 20.5 kn/s,c, = 1.395 g/cn’ (34) 1. J. C. Jamieson and A. . Lawson,
Pt “X-ray Ditrraction 32udies 1n i
In order to calculate the liugoniot 100 Kilobar Presa>ure fange,” ",
of ice VII centered at anbicnt condi- Appl.Phy: ,,V0i. 33, jp.rlo-Ta it
tions, assumptions about the specific )
heat capacity and thermal exransion of 2. J. C. Mamiesen, "lhe Crvstal wry o0
ice VII must to aade. Mormal 2o, ide tures of He b Prosoprr tiitieioa
Ih, has a structurc only slizatly Jdir- tions of Llerent- and Certvarn e, -
ferent from the structure of low temp- pounds, a Progrein Hepourt,” oo
erature ice at cero pressure, ice le. Netallurgy at hH:ilk rressurcs, ve:
Their densities, too, are nearly the ted by k. A. “scaacidner, Jr.,
same¢. Therefore, we assume that both M. T. Hepworth, and N.A.D. Farlee,
structurcs have the same speciric cat pp. 201-22¢, Uordon and iircach,
capacitics and thermal expansions. lhe New York, luoed
ice VII structur~ consists of two inter-
penctrating but not interconnecting ice 3. P. M. Hallech and F. Olinger, "\
[c framcworks, and thus it iz not un- Method tor the Acvurate Measure-
reasonable to c¢xpect molecular vibra- ment of Lattice Jompression ut Lot
tions and reclative bond length uxpan- Zz Matecrials at iressares up to §J
sions to be ncarly the same between the GPa by X-ray Dirr-actinn,” Kev.
two structures. Thereiore we assume Sci. Insatrum., Vol. 43, pp. ls0d-
the specific heat capacities and ther- 1410, 1974
mal expansions to be the same. Includ-
ing the isothcrmal bulk sound speed cal- 4. C. J. Picrmarini, S. Block, aml .1,
culated for Ly. (34) above, the thermo- D. Barnett, "Hydrostatic Limits an
dynamic properties of 1ce VII at ambiemt Liquids and Selids to louw Kbar,”
conditions arce listed in Table VII, J. Appl. Phys., Vol. 33, pp. 3377-
Coabining thesc with phe isothermal 5382, 1973
- mycompression, Ly. (%ﬂ’é the ice VII
Hugonlot, ccntercd 4t ambient condi- 5. J. N. Fritz, S. P. Marsh, K. .J.
tlons, is calculated to be Carter, and R. G. McQueen, "lThe
Hugoniot Lkgyuation of State ot SNo-
U’ = 2,920 + 1.678 U_, dium Chloride in the »odium thlor -
p 3 ide Structure,” Accurate Chiaravter
Up>0.5 km/s.po = 1.395 g/cm (35) ization of the high-Pressure

Environment, NBS Special Publica-
tion 320, cd. E. . Lloyd, U. 5.

Govern. Printing Office, pp. 201-
208, 1971.
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