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Olinger and Cady

.

THE HYDROSTATICCOMPRESSIONOF EXPLOSIVES ASG DETONATION

PRODUCTSTO 10 GPa (100 kbars) AND TIIEIR CALCULATEDS}1OCK

COMPRESS1ON: RESULTS FOR PETN, TATB, C02 AND [120

Bart Olinger and Howard Cady
Los Alamcs Scientific Laboratory

University of California
Los Alamos, New Mexico 87545

Tne isothc~mal linear and volume compressions of PETS, TAT]],
C02, and H~O arv determined from x-ray diffraction patterns
tkken at hydrostatic pressures up to 10 GPa. From th~ com-
pressions the llugoniots of these materials are calculated
assuming that the heat cupacity at constant volume and the
ratio of the Gruneiscn constant to t!lc specific volume both
remain constant over the 10 GPa pressure range studied here.
The Hugoniots in shock-particle velocity coordinates cen-
tered at O GPa, 2Y3°K, arc

PETN

u = 2.320 + 2.61 UP-0.38 U 2,uP<.8 lm/s,co =s P
1.??4 g/cm3

us - 2.Eil + 1.73 U
P

,UP>.8 kmls,~o = 1.774 g/cm3

TATB

Us = 1.43 + 10.02 UP-10.89 U 2,UPC0.3 km:s,oo =
P

1.937 g/cm3

Us - 2.93 + 1.60 U
P

,UP>0.3 k.m/s,oo “ 1.937 g/cm3

C02 (solid]

Us = 1.740 + 1.65 Up ,Up~0.7 km/s,co - 1.428 g/cm3

1[20 (ice VII]

Us = 2.072 + 1.69 Up ,UP>0.5 km/s,Jlo = 1.39s g/cm3

INTRODUCTION shock wave compression on tlugoniots

Many uspccts of dynamic compression
of rxplosivcs hilvc been invcstigutwl to
bctLcr undursttind the proccsscs or ini-
tiation illld JCtOlliltiOn prop;lgiltion.
Usually th:sc stuli~s involve a crrcful
definition IJf tnc cxplo~ivc’s inillal
state (i.e. porosity, inert content,
grain si:c) JIILI then a determination of
its dynamic properties. if the dynnrnic
propdrtics ot’ the explusivu’s pure CIJIII-
poricnts uould I)c dc~incd, then the in-
vestigator and thu ~:lllriCiltur both hliIy

bc able to predict thr prupurtics ofthc
uggrcgntc, Onc suuh prop~*rLy is the

centered at theoretical density. !Icrc
we dcscribc an cxpcrlmcnrnl method to
dctcrminc the isothcrm~il compression O(
explosives and thuir detonation products
From these (liltii KC ctill tlcn caltululc
the ~ho~h coml,rcssien ~~ith il rcasonnblu
assum;ltion uhuut the rquation of st:ltc.

EXPllRIMINIT,\L

Primarily, the trchniquc proviilcs
x-ray powder diffraction pntturns uf
explosives tit well-defined pressures.
The design of the ~ppJTiltU5 was con-
ceivod by Jamiuson and liawson (1) and
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wss described in detail by Jamieson [2).
Recently, the design was modified by
Halleck and Olinger (3j to study low z
naterials such as ●xplosives, to produce
diffraction patterns of increased reso-
lution, and to include a hydrostatic
■edium th-t does not support shear per-
Hitting the study of ~eakly bonded mat.
erials such as ●xplosives.

The principles of the technique are
simple. The explosive to be studied and
● pressure calibrating material nrc
placed in an annulus chat is relatively
transparent tn 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 than an x-ray
beam perpendicular to the axis of stress
and recording the pattern on a strip of
film surrounding the smnple and nnvils.

In detail, we use two G. E. grade
999 tungsten carblcle BridBman anvils
ground from right circular cylinders
12.3 ❑m 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 iI 500
taper ground from the bearing surface
to the sides of the cylinder, <hug form-
ing n truncated coIIc. On one bcilring
surface an annulus of beryllium foil
0.3 mm thick, 5.8 mm din, with a L).S mm
dia hcle in its centrr is mounted with
a fast-setting epoxy. The center af the
annulus is aligned wiih the center of
the bearing surface. After drying, the
excess epoxy is removed from the hole
and the sides of the annulus. Into the
hole is worked a mixture of fine pow-
dered explosive and pressure indicator,
either NaF or NaC1. The powders are not
packed, but loosely inserted.

The anvil witn loaded berylliun,
●nnulut is seated on iI pedestal that is
in turn mounted into the base of a high
pressure frame. The high pressure frame
is constructed from two thick steel
plates held together hy steel tic rods
and held parallel by precision machined
steel tubes surrounding the rods, 011
the base of the pedestal is mou~tcd the
x-ray camera. The c~lmcra 1s cut from a
solld brass cylimlcr IIJ.b mm in dia-
❑eter whose sides and core along the
axis have heun removed. The top and
bottom of the camcrti on which the film
rests arc supported hy brass pillars
through which arc mountul the x-ray
colllm:ltor and exit beam catchur collars
The collimator and hcam catcher, when
placed in the collnrs, iirc dircctcd
toward ciich other ill(lll~ the ciimcra tlin-
■eter. The x-ray film is mounted ovrr
the exit b~ilnl collar nnd is hcltl to tha

sides of the camera by a light tight
steel btind !Inder spring tension. ,\n Si
foil is ❑ounted to the camera ir,sidc the
film radius that serves as a light
shield and a x-ray filter for hhite and
CUKB x-radia.ion.

The high pr~ssurc frame Kith pedes-
tal, camera and anvil asscmhly is mount-
ed before an x-ray port of un x-ray gen-
erator for x-ray diffraction work. Kc
use the Norclco gencrutor ~ich ftnc focus
(h x-ray tubes running at 35 kV and 15
ma. Exposure times arc (I to 8 hrs for
zero pressure esposures and 12 to lb hrs
for high pressure exposures. ihc first
several patterns of an cxpcrimcfit are
taken at zero pressure, “I!lcsc patturns
are compared with uthcrs tahcn of thu
materials using regular powder camur:ls
or arc compared with published diifru.:-
tion patterns. From this cornp~risun
correction factors arc calcul:ltcd i.~r
uncentercd samples and for x-ray b-:Im.
eras that hJVC circumfcrcncus Jlfiercnt
than the normal jbll mm.

Having carefully marhml the ~nsi-
tion of the anvil on thu ptd~,st~l , thL,

anvil with annulus and s.i,aplc is rc-

movd and a blrop 01 4:1 :Iixturf, O,i
methanol-ethanol is placed .Jn :hr .In-
nulus. This mix?urc n:ls hcrn $cunJ t,.
rem(.in hydrostatic to prcssurus slighrl::
higher than lU G1’a [1OO h!)iir~] (-!). l,i:~.
alcohol is ~orkcd intc ti~c ~tifi;;llc hulc
with a fine nccdlu: this rcniojus :Iir ;II:~I,
if no: done carefully, the sumplci .I5
the alcohol drys, more drops :1.C nddu,l.
The anvil is reset into it- fc;mcr pusi-
tion on the pedestal. A coancrcinl
hydraulic ram is ;:;ountcd throu::h thu tui)
plate of the higil pressure frumc.
Attached to Lhc cnd O( its piston is
another pcdcstnl on which 1s !:lountcd LI:..I
other anvil. Alignment :Ind p:lrallulis!::
of the two ~nvils arc the foremost colI-
siderations when the hi~h pressure frunc
is dosigncd. h’ith the alcohol drol~ un
the oilnulus rcplcnishcd, the piston is
lowered by pumping ~il into the rum iIIILI
the anvils arc pressed to~ethcr agninsc
the annulus. .rhc usual starting oil
pressure for 1(1 to 25 ton rums is 1000
psi. “I”hc oil pressure r:lngcs norma;ly
extend to ti(_100 Lo 700[) psi for LIIC 10
ton rams and 4000 to 4500 Ilsi for the
25 ton rams. At the maximum pressures
of these ranges the prcssuic in :ilc

sample cavity of the annulus is about
10 GPa, the maxlmurn hydrostatic pressure
of the alcohnl mlxturc. Also at tllc’su

maximum rnm prcssurcsl the Ilc annlllus
extrudes to the extent where ,:uod qu:ll-
ity diffraction pilttC~llS arc difficult
to obtain. ollcC the illlllUJllS is under
stress, the collimator nnd hwlm cnt~.h(’r
are udjustcd to the level of the :IIIIIUIU*
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portant clucrI ~l)uut
havior of an cxplos
ir highly orirntd.
based matrrial , or
contains I:lrXc trys’
explosive’.

u u
St ■ CL + ‘t pt

● q ll,,t~ ,1}
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u
St ‘ [Pvo/(l - wow (2)

Upt” (P V. (I . ~,@/: (s)

P=u ,t upt/vo (4)

v/L’. ● (U,t - u,,t)/u,t (s)

Cv=c 2
P-xv

●nd

Ct “ c8(cv/c,,

The calcul~tiun

‘dvL}~‘+0}”~’
V.

The brackets,
0

, wan
The subsfript, t, J~J

thermal com;~rv$sion.
const4nt

y ■ av c, J/cp

—---- --—- .- . .. . . ,, . .
[ (i’/.! - 1/1 lVu.VIJj

The intcgrxl in lq. ,41 is *olvvJ l,)

numerical lntc~rnlio~

bhvrc

Vr ● Vo(u str
. II

ptr l/llstr I 10)

innd

I’tr ■ (]/Vo)lJ strt’lltr’
(17)
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then calculatd from
‘L-

U,t= 2.23s 0 2.:3? lJJ,t-lL511 upt~,

c

}unction of J’rcs>urv ~t 1:’j~h

... ---- .. —- —.—. ..-— ---- ——— —.. .

rc~surc
a

!iat: 1b

G1’a v/v.
-—— —..— -—.—.

0.0 I.000oo
0.9b2bS

H’ U.93248
3.0 0.9U705
4.0 0ml!850b
S.o U.8b5btr
b.o 0.84N31
7.0 0.832S9
8.0 o.Blti2:

0.SU498
1::: 0.7’327U
11.U U.itJl:.l

NaFc
v/v.

. ..——— —- .— --
1.OUOUIJ
0.9:99!1
L1.!Jb~ULi
lJ. Y45tlM
11.931uLl
0.91:47
{1.guJ~s
1).s931Ll
u.tiN:21
0.B719S
11.8b225
o.tls31:

—.— — -—. —-
‘ i~l’~-=~-~~i~i;l-r~i.

A r’:fincmunt h! f. $. I.rit: 01 thr
V/V. listinl: (-on?d inrd in l+cl”m (5).
A rcc:llcul~tioll IIY h. .J. (“.ir!cr lIiISLLJ
on the infcrm.ltion {.ont.linul illlWt’. (9J

TABLE 11

Thermodynnrnic Properties of PETS at
293@K, O GPa

—

I DO=1.7;4 g/cm3 Ref. (12J;

i Cs
- 2.52 Imls Ref. (14) ~

Ct
- 2.23 km/s

~mv- 2.3-. x lo-4/KQ Ref. (15)

‘P
■ 1.0? J/gKO Ref. (16)

Cv ■ 1.0 J/gK”

v = 1.15 I

TATB

The syrrrnctry of l,\TtI is muc;i lohcr
than that of l’iIT\ l:ricllni~ ~ith u :’tir~.

lhc sullscript,o, in the above cxprcssimls

5
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TABLE 111

Crystallographic Cell Parameters of TATB

NAFt Pressure. g* ~1 ~m 11~ B’ y~
(V/VoJ (GPa) R R R (deg) (deg) (degJ

1.0000 0.00 9.017
].99b5 [09) 0.17 (.05)

;.~;~+ 6.812+
9.016 (.009) b.E07 (.017)

3.9U2b (lL] O.a; (.07) 8.98b (.021) 9:OW 6.492 (.020)
J.977d (10) 1.41 (.06) a.95s (.018) 8.9ib
3.9597 (09)

b.dbl (.014)
2.14 (.08) d.944 (.009) B.9b2 6.37b (.011)

0.9s07 (15) 2.69 (.10) 8.877 [.017) 8.895 6.2NY (.013)
3.9394 (14) 3.56 (.09) 8.84b (.016) 8.8b4 b.~05 (.012)
0.9029 (11) b.L7 (.10) 8.752 (.018) 8.770 6.039 (.01S]
).0929 (15) 7.02 (.13) 8.678 (.00SJ 8.b95 5.951 (.001)

,08.6+ 91.8+ 120,0+
[08.6 Y1.m 120.0
[09.5 91.9 120.0
:09.5 91.9 120.0
,09.8 91.9 l~o.o
.09.9 91.9 1:0.0
,10.1 9?.0 120.0
,1O.J !):.0 120.0
.lll.tl 92.0 120.0

T Deviation x 10* in parenthesis
● Deviation in parenthesis
S Calculatcu from q and =
+ Ref. (17)

denotes zero pressure, and the sub-
script, p, denotes pressure pm

At low pressures (0.1 to 3.0 C!’a)
●s ❑any as tcn diffraction lines were
measureablc; at high pressure these
were rcduccbl to four. The 4 d Valllcs
❑easured bcrc used to deterl:linc tt,c two
indcpcndcnt ccl] uar:mctcr variables, q
and g (rcduccd from b to 2 by the above
two assumptions.) rhc pressure wus in-
dicated by the diffraction puttern of
SaF which Kas mixed ~ith the “IATB snw-
ple. Tabl% 111 lists the cull pnra”
❑eters and pressures dctcrmincd from
the hiuh urcssure patterns. TkIc iso-
thermal comprcssiol~ fits of the t~o
independent variables and the U~t-Upt
fits ●rc

●/aa ■ 1 - 2.084 X 10-3P - 1.071 X

-i 2
10 P ● 9.344 x lo-v (25)

c/c. ■ 1 - J,9jl x ~n-zp . 9.495 x

u
St

■ l#4rl ● 10.52 u~t- ]1.7b U ‘,
pt

3
“pt<o”~ km’s’~o ■ 1“937 ~’cm (27]

uSt ■ 2.92 + 1.59 Upt ‘
lIpt>0.3 km/s,tio = 1.937 g/~m3 (21J)

From the lsothcrmul compression
data and thcrmotlynmrnic Ilaramutcrs listed
in Table Iv, the shock uomprcssion
Hugoniots arc calculutcd to bc

UPX0.3 kmls,ao = 1.937 g/cm2 (29]

Us _ 2.95 + l.bfl Up ‘

UP>0.3 km/s,tio ■ l.Y37 g/cm3 “ L:UJ

‘hcur’rslO’~c’!“ti’-’’calcu;=t+for the TA B Iuponlot LII the ll~gllur [.,:
region IS smaller than found hy c,ithc}
Colcburn and Liddtird [IMJ, 2.3:, ur by
Craig (18), 2. 50, hut is oi tile s:lni’
magnitude iIs for muny other cxi]lusi~~+.
For PLTS the qu.ldrotic t-it ot the calcu-
lated U5-UP tlu~oniot h’:ls Ilccf?ssilr: to
fit the comprcssiun J“lta up tu 5.2 (~i”~.
As w’s stated earlier, P1.IX h:Is VUII d~’r
Kaais bonding in all dircutions. l“or
TATB~ howcvcl, where run Ucr h’iI:IIs LIUII,.S
are in only onc dircct!on, the lir.~:ar
fit is adequate for US-UI1 dtit:l :IIIUVU
2.0 GPa. Onc othur itcm to he IIctuJ is
that the Griinciscn constant culcul:ltuJ
here (0.20J is cnnsidcr:lbly smaller th:m
the constant ruportcd in Imrhr:lt:’s
compendium (lHI, 1,00. Tnc smnll
GrUnciscn constnnt is &Ir tu the smull
hulk sound speed 11..I3 lim/s) and smql]
volume thcrmul cxpunsiun (!1.9 x l(l-a/hn).
Though both m:l~ IIC slightly high~,r bc-
causc of porosity cffccrs for the lcirm-
cr and accurncy I_ur the latter, tllc
Griinelscn constant IS prohahly no iurgur
than 0.4.

(X)2

the
C02

The work on C(12 had to hc done 011
sOlld form, of course, so that the
would yield diffrtictlun p{lttcrns.

b
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TAF!.E VITABLE IV

Thermodynamic Properties of TATB at
2930K, O GPa

●

P. = 1.937 g/cm3 Ref. (17)

Cs - 1.43 km/s Ref. (19)

Cv = 1.40 km/s

. g.g~ ~ ~o-s,ko
av Ref. (20)

Cp = 1.00 J/gK” Ref. (21)

Cv = 0.96 J/gK”

Y ■ 0.20

The anvil on which was mounted the
beryllium annulus containing XaE was
couied by circulating liqui~ nitlogen
around its base. Once coolcd,commcrcial
dry Jcc was scraped on the cIIgc of the
annulus, and a small pile of fine U02
chips acuumulutcd ubovc tnc unnulus
hole. The upper anvil, at room temper-
ature, was Iowcrcd onto the pilr of W:
as quichly 3s possible, lUChilY trap.
ping some CO: in the hole of the annu-
lus with the Sal’. so alcchol kas iIddrd
because tl.e experiment would htivc been
❑ore diif.cult and there was no proof
that CO was not miscible in the alco-
hol. 1? e specific volumes ~.:- W- at
2930K at pressures from 3 to 10 ~PiI urc
listed in Table V.

A t:ugoniot for solid COJ centered
●t ●mbient conditions can be calculated
If estimmtcs of ihc specific volume, Vo,
thermal expansion, lV, ~nd heat ~ai)a~-
itY, Cp , for these conditions can bc
■ade. In 1920 Naas and Ilarncs [22) mablc
● very thorough study ml- the thcrmoJy-
namic properties of solid and liquid

TABLE V

Specific \’olumc I)ata for CO: It
Pressures to 10 l;PA, 2U30:

Vo Pressure

(cm3/g) (Gra)

D.49b5 a .00~~ 3.30 ~ 0,14
J.db3U z .OL)Llb 5.52 i 0.17
2.4s29 ~ .0000 b.btl ~ 0.14
3.4462 ~ .UUULI 7.18 : 0.04
1.4433 ! .0010 7.70 ~ 0.12
].4.103 ! .()()(15 7.glJ ~ 0.]3
3.4357 ! .UOU7 8.67 t 0.09
3,4~go .# .[)0[)7 9.83 * 0,07
J.42b3 i .OUUIJ 9,99 ~ Uilg

. . —— — -. -.

Thermodynamic Properties of C02 (selid)
at 2930K, O GPa

PO ■ 1.48S g/cm3 Ref. (23)

Cs = 1.74 km/s

Ct - 1.62 km/s Ref. (24)

‘% _ S.41 x 10-4/Ko Ref. (23)

Cp ■ 1.77 J/gK” Ref. (25j

Cv = 1.54 J/gK”

v - 0.93

C02 . From their solid COT density meas-
urements between hBoki anti-1800K (above
18bo their mcasurcmcnts dcriated suJ-
Jenly from a linear Vmchavior) and-
specific heat content measurements hti-
tueen !lUoli a,Id ?120K, ttic values ror
density and spcclfic hciit content kcrc
extrapolated to 2930K. The extraTolu-
tion~ here lincur for dcnslty, quaJr3ti.c
for hcnt content:

“’~ and ~&;;;c.;:&lattxl frcm the S1OIICS nr
villurs arc listed in ;able V1. u~ifii
the V. vdluu (i/:. ~ ,).b?lti cmjigj, J
USL Upt flt to Iilc tititu In ianie i 1=

UJ ■ j.74il + 1.65 (’
P’

UP>0.7 km/s,uo ● l.a~~ g/cm3 ~jl)

Solid CO~, like the explosives dis-
cussed abOVt?, is conpl}scd of UO: lWlc-
CUICS hondcd to onc tinothcr hy van ,i,pr
k’aals bonds. Thurcforc, like I’LTX anJ
TAiN , till) ll*t-Upt LIIIJ 11~.llp Cll Ui6ti 011 S
are quadratic At low pressures and thus

and c% :Irc Iohur thdn gircn in
l!~T131)anJ(52). IIlcl,rcscntd:lt:i
dots not permit iln c~limatc of the Ilu:Id-
ratic corfficicnls, :Ind tl,c fits :Irc
only nccur:ltc iiborc ll,~t and 111)V:IIUCS
of 0.7 Lm/s.
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Ac. Vi; was prcscntctl ●arlier (26) using
the ●xperimental technique Jcscribcd
here. Hotievcr, aluminum was USLWJ as
the pressure indic~tor, ~nd Chc pres-
sures correlated with ~luminuli’s rela-
tive volumes have been iound to bc 5?
to 4~ larger up to 10 CPa i~?) than
given in that ~ork l:oj. rhcrcfore, the
pressures Here reviscJ and the rcsul:s
●re PrCsCnted ~CrLm. The listings of
the relative volumes of aluminum tind
ice VII arc found in the callicr ~ork;
the isothermal compression used here
for ●luminum is

u st = S.290 + 1.3S8 Upt’

■ 2.7o1 g;cm’
‘o (33)

Tho amblcnt specific volume o!’ ice Vll
is chosen so that thu ilst-b)t uquacion
(Eq. (1) abpvc) is Iincar; Ih,c KolumL’
is 0.717 cm~/g. The subsequent linear
●quation for ice VII is

u St
■ 2.872 + 1.blJ5 U

pt ‘

-> U zO.S km/s,co ■ 1.395 g/cm3
Pi

(34)

In order to calculate the liu~oniot
of icc VII cenccrtwl at :~nbicnt condi-
tions, assumptions about the spvtlfi:
heat capacity und rhcrmal cx:”~nsion of
ico Y:I Fltist :: .JJJJ. ~.:~=a: l;Q, i:t
lh, has a structure only sl~iiltl}- Jii-
fercnt from the structure o: lok tcnp-
●raturc icc at :cro pressure. icu Ic.
Their dcnsitius, too, arc nc~rly L!lC
same. Thcrcforc, kc ussume thu: both
structures hate the sumc s~c~iiii iluut
capaci:ics and thcrcul cxr:ln*ions. ]hc
ice Vll structur? consists or t~o intcr-
pcnctrating but not intcrccmnccting icc
[c framctiorks, anJ thus it is not un-
reasonable to vxpcut molecular vibra-
tions and relative bond length expan-
sions to bc nearly the stimc hctkccn the
two structurcsm Thcrcforu wv ,issumc
the specific hcut capucitics and ther-
■al expansions !0 bc the sumc. lr,clutl-
ing the isothermal !ILJlh ;sound ::pccd cAl-
culatcJ for lAI. [34J above, the thcrmo-
dynnmic propcrtirq of ICC VII at ambient
conditions arc Iist.cd in Table VII.
Combining these xith hc isothcrinal

#--%comprcssion, Lq. [3 , the icc VII
Hugonlot, ccntcrcd fii timbicnt condi-
tions, is calculated to bc

Us = 2.920 + l,b78 U
P’

UPZO.S km/s,po ■ 1.395 g/cm3 [35)

.

TABLE VII

Thermodynamic Prcpcrties of ti~~(iceYllJ
2930L, 11 tiPa

i *O ■ 1.391 g/cm3 Ref. (2U)

Cs ● 2.>2 km/s 1
11

i Ct
■ 2.87 km/s Ref. (29)

% m 1 7 x lo-4/P Ref. (~UJ

Cp = 2.09 J/ghr Ref. (3UJ ‘

Y ■ 0.69
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