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o~hcr prwetltations. \7arious models for the Griincisen gamma were also preserited. TlIf2 oxj)erirllcnt:il
Ijrocd ures developed by ]?.ir.e, McQueen, and \Valsh, and su[Imlarizcd in t.llis p!]blic:itii]ll, were w{’]i

suited to 1.I:L$S ~)roduction. (Jvcr 500 matt?ria!s have bwn Stu(lld” using t}w technique.
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Pig. 2. Sc}](’rrl:itic for ol)tairlirlg l{u~(]rliot
data wing the ir])l)(~(lar)c(’- rrl;it(:il twhr)i(~ut’.

“1’tl(’ irl-contrict {’xj~losivc gV(JIIICtry makes use of only the illitia] li~;/hiuw-pl;itf! intt’r;ictiorl, con-

stI(lII{I: ‘,ly only r),wl{tst I)rwrsur(!s can be gcncratd. Schrefller arid I) C!ii17 d(!rrmnstrald t}liit hi~h

explosives (ll~;) could accckratc thin metal plates to high velocities over a fcw ccntirm!t[!rs d travel.

This capability w~- used by ?*fcQucen and Marsh in their 19 Metals paper8 published in 1960 to
n’wururc Iiugoniots to 200 Gl}a (2 Mbar). With these liE free-run systems, the I{ugonids could bc
extended by approximately a factor of four in pressure., ‘I’he Iiugoniots over this expanded pressure
range remained linear. These data reinforced the linear U.-UP relation as a viable representation of
Iiugoniot datn, It is worthwhile to point out that in a ten-year time opan, shock-wave techniques
expanded by about two orders of magnitude the range over which EOS information wa~ available.
This WM truly rcrnrwk:ihlc.
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The iiV~r:i~(’ (; rijnviscrl J)iiriilllt!tcr (-y) c;:n 1)(’ rlio~~llr(d usirlg Ix>ro{ls siirrlj)lm &s sh(}wu irl I$ig. 4.
\f’ti(”rl crystii] (Icrisity iir](l ~)orous” sP.III~I!cs arc shockd to t,hc s:irrlc vf)]urllcs, thrrc is ])rcssurc offscl

A 1’ (!l]f’ to tli(, (!ill(,r(,ric(l i,) tllr irllorrliil (’ll(,r~:i(,s rcl)rcscr}tw] I)y tllc cr!)ss-ll;itc!l(xl iitc;i. ‘1’tlc ;iv(’r:i[:(,
( ;rllr)ols(tll ~);iriirl)($t,(or IS [:lV(!rl I)y (~) L. v A] ’’/A lv’lv , I!u[!orliot” rl](’iis~]rf!rl](’r]ts of ])orous” ~t;illdiir(ls of
‘+iiril)lls (I<jr)siti(!s were rllii(i(! usirlg the ll}ish-gtil) risst!nll)ly in Fig. 1. Ilot.h thu I)a.w plate ~in(i Siir Ill)l(!S

w(!rc rI]iidc with the sarll{! standard material, On a given shot there were six porous sarnplcs of various
densities and two of the hasc-plate nlatcrial. In Fig. 5 are the porous I{ugoniots for 2024AI at crystal
density rind foui porous densities. The solid line through the data points weie ;{ugoniots calculated
usil:g the familiar p7 =- pOVOruwumptiorr mid the average ~?c;~sities for each porosity. Within the
accuracy of the d~ta the p~ constant aasumptiorl fits the data act quite well, The Cu and Fe porous
data could rilso he fitted using tlic satne -y formulation. From these studies it wruqconcluded that the
const;trlt p-~ ;il)l)roxirrlat,ior]”whs ~i(lmlll,kt(!, if no other data ])rccludwi its US(I.
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can be measured at several difl-erent ~evek aliows one to plot At verses fT to determine at what target
thickness the release wave overtakes the shock wave. At in these experiments is the time interval
between when the shock enters the bromoform until it is overtaken by the release from the driver. In
this manner the hydrodynamic perturbations due to the analyzer are eliminated. Finally, since At’s
are me=ured at several sample thickness, statistics can be use to get accurate overtake distances in
the target. For At = O,

lc/u. “= (R + 1)/(R – 1) (1)

where ~ = lT/f13 and ‘c = [p/pO)c, In sor?le experiments, velocities ratios ‘c/ua of a few O. JO~Ohave
been measured.
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IIASIC SIIC)CK-\VAVE I) I{ YSI(X l{ E1,ATIC)NS

Ilug,>rliot

consider a shock wave with a steady profile
vation of inass, momentum, and energy gives the

propagating into a !natcrial that is at rest. Gnscr-
]{ar]kint>-~~llg<]rliot equations.

(’))

i’ -- 1’0 -- f“uau,, (:;)

E -- E“ -- +& t l’,,v,,tll,:rl. (4)

These equations relate the pressure, P, specific internal energy, L’, specific volume, V, tmhind f-he
shock to ttl(m SaIIIC quantities ill front of t,tlc shock wave in tt’rills of shock velocity, U*, and particlf$
velocity, ul,. ‘1’Ilc initial state piirarl)etcrs rcpresentxxi I)y })0, 1’,,, afld 1.’Ow(: often rcfcrrwl to ;~s Ltlc

ccrltcriilg point of the Iiugoniot. Measurement of any two of the variables (1’, 1’, h’, uS, and u,, ) wilh
the iihovcequations is sufficient to determine tl(e rcInaining variahlcs. Kqllations (2) afld (3) can hf.:
co III’Jirld to give

u . z. Vo[(r - Po)/(\: --V)]’iq , (5)

tJp Q [(P -- PO)(VO---v)]’i~ (6)

!iul)stituting Eqs. (~) and (6) into (4) gives the Ilugc,niot energy equation

The I{allkinc-liugouiot relations are the corncrstorrc of shock-wave physics. They are Imsed on New-
ton’s [.aws and t$e conservation of n-m- and euergy. ‘I’his allows the absolute me~urernent of pressure,
compression, arid internal energy without the use of secondary standards. u, and up can be measured
to 1/2Yo. This enables pressure and compression to be determined to 1%. The Hugoniots messured
in the early 195(.)s differ wi~h our current Hugoniot measurements by about 170. This w- due to a rc-
calit)raticn of our streak c um.ras wi+,h an improved calibration procedure, It is in~ercsting to cent.ras*
dynarllic measurements with static high-pressure research where high-pressures scales changed by as
nlu(tl as a factor 0[ 2 from the 1950s to the 1970s.

( irllrif,l,.(,11 I’,ir:ifllt,lt,r

’111 I! II III I II)( Itl(llli:tl t’fllrj’,} (11 /i !{O1l(1, It l!, ilw+lllllt’(i III(’ t’llll}(y l!! ttl:lt. 1)! :L [“0111’I tltlll 01 ‘.11111)11’

11.1! 111.1111! (1, Ill!ill!lfl, Itl;tt :irl, ttlr ;I,,rllliil I~II~(l(s IIf LII~ I ry:.!iillitl< l:~llit(’ it wiil rIIILiIII t,, ;,:,:.1)111,,1
1111 111111111111.il 111’111!, ),! II II III. I ~, itr,, (JIIIV IL 1’1111(111)11 (1( Vllllillll’ ‘1’lIfI xllftllllili,,,,~ ,,vtl III, 311 111,1,1,: ,,1

111! 1111111) l\,

, \’ (’,;, \’(’, (’l)
,. ,.

\\tlll II ill, n*\ 1111, 111111$1(111:11 111! )(11’ };tilll’ll; i!* ~, III lti,, II I:iI III:( (11111 ( irllll[l’i\ll ll:~r;tl~ll,lt’r ‘i’111’,ll!ll\lllll!ll
‘,

‘;t ,trt ,i(ljr,,,l I,y

“it {l iri II, It’ III \’ (1(1)



:itld the heat capacitic~ of the oscillators have the usual form

(7,/k := r2c=/(c’ 1)2 [11)

Z, = hlJ, /kT = 0i/7’, where vi is the frequency of the oscillator and ~, is its ci~aractcristic t’~[];lwr:iturc.
\~ith this definition of T, it is evident from Eq. (9) that in general ~ is a function of both V and 7’. Two
special cisws are worth noting. If all the ~,’s are e ual, then 7 == -y, = 7(V). In the lligll-t<?IIll~craturc

1!irnit k7’ >> hut, C“i D k, then ~ = X,~i/3n = T(V . This is the case for most of the metals studied.

‘This greatly simplifies the calculation of of f- IIugoniot states. In this c~x Eq. (8) can be integrated to

give ttlc fi~IIliliar hfic-Grtiriciscn EO~3’s

(P ---P,,) =-” (~/v)( f’; -- E,,) . (12)

For rnatrrials in their high-tern~)erature limit, Eq. ( 12) has I)ect] quite adequate in rIwdelirl~ tllcir

KOS, ‘1’tle h4ie-Gru Ileiscn l+;OS was used for calcul;iting average q’s for \)orouJ rlletds of Cu, 1:(’, and

2~)24A1. ‘i’tlc fallli liar

p~ ‘-”po~.> (13)

rcla~iorl was adequate to fiL this data. Unless there is specific information to exciude this ~ choice,
this functional fornl of 7 is usually chosen.

“1’he availability of high-pressure sound-speet! data has allowed direct -y determinations along the
lIugoniot. A relation 17 that relates sound speeds to 7 is

131i/V -- ljy/V‘w~-v)_ _ ______.- .>. –
2V ‘“ 1),, /v – (p,, - PJ’(VO - v)

(14)

wllure pc2 u -Vd})~/dV i:: l.1~ and 1111- -Vdl’l{/dV. ‘1’his equation is valid for ~(V, ‘1’) alld -y(V).
~ is proportional to the rati~ of the differences in slopes between L. iiugoniot and the iscntrope and
b~twecll the Hugoniot slope and chord slope. Only a: high pressures is there sufficient diflcrcnces
in slopes to make meaningful 7 determinations. For exam le, a 1!%soufid-speed measurement in

kOFIIC Cu at 25 GPa determines q to 52%, 125 GPa, —, 9 . For polymers, which are much more
compressible at low pressures, a 1% sound-speed measurement in PTF131* at 40 GPa results in a
3% ~ determination. ‘l%e majority of sound speed measurements have been made on metals. h a
consequericc: the linear p-y relationship haq usually becrr quite adequate, in agreement with the i~orous
I1wtai mei~surcmcnt. s. llowcver, for PTFE (Tefiorr) the assumption -y = T(V) was not valid and a
(Irilrl)iiti(iilly diff(!rcnt q dependence WM observed. ‘1’he important point to rerncmbcr is that tile ~
filrlIllIliltitJll ill 1’;(], 13 ;ip~~lics to a broad cl;~w of rll:itcri;ils; h[}w(~ver, thcr{’ ;irc cxccj)ti{)lls wtlere ttlis
f~lrllll]l:lfi,lll {Itjfs IIIIt :il~l)ly

(l(i)



are s<,veral ir.stances when the linear u~-uP relation breaks down. Solids with porosity, ” ‘9 l“’~l large

elastic waves, phase tr<illsformations, or van der Waals borlding16 ali exhibit departures fror[~ thi:i
linear behavior.

Using Rq. ( 15) the Hugoniot of materials centered at zero pressure can be described wir,h three
parameters, PO, CO, an d s. The shock wave locus can be found for any pair of variables using the
Rankine-Iiugoniot Eqs. (2)–(4). 13y defining the sample compression as

f) = 1 – l’/vo (18)

tile conservation of nl:ws E{!. (2) becomes

lJrorI] };qs. (3), (15), and ( 19) the P}{ -- q relations can be derived

cfP/{/lft/ = poc:(l + q)/(1 -- Sq)s . (21)

It is e~ ident from F~s. (2o) and (21) that the asymptotic compressmn on the Hugoniot is

(22)

For 2024A] and {~u, their respective Hugoniot slopes are 1.338 and 1.489. This implies 2024Ai and Cu
lliiV~ rrt;ixirrluln compressions, respectively, of 75V0 and 67%.

SliOCK WAVE EQUATION CF S1’ATE OF TITANIUM

VISAR wave profile measurements were made on A-70 Ti (commercially pure, 99%) to study
the a-to-u transformation and the “apparent” phase transition at 17,5 CPa. The previous Hugoniot
Ineasuremeuts using flash-gap experimentation were made with commercial pure Ti with approximately
the same composition u the A-/0 Ti. No evidence of a phu transition was observed up to 35 GPa.
The observed wave profiles consisted of a large elastic wave (1.8 GPa) followed by a bulk wave with
a few nano~econds risetirne, l’he VISAIZ data smoothly extrapolated into the higher pressure ffruh-
ga~) data above the kink in the U.-up curve. The VISA1t data conclusively showed the kink in the
eurvt, Rril.$ iJn artif;l(.t of the I]wh-gap ex~)erirnentation, TIIC probable rqason for kink in the flash-gal)
llll}~{,llif)t, (Iiltii W;LS ttliit ttlC Iiirg(! el:k~Lit- wave I)rerl), aturely clew’d the fl:Mh paps. ‘1’his iIitcr[)rct,at, ioli
is {t,ll~+lst(,t!( wlt,t) till, stliil)t, of Ll](, Iow-l)rcs:]urc })orliull of U,-ul, curve, of]c w{)ul(l cxi)w.t, ~rv;~t~’sl
(Ii,f).ifl 111~, frtllll ,1 llll~,,~r (,~tr;ll){~]:kliorl {1! low l)ressl]r(,s hl)(i gr:itlll;illy dirrlinislilrlg to zt,ro ;~t ;i Vt,lo(.i[,y
sll~:lll IV ~!r{,:it,,r [,f];,ll tilt, lr~(.;~sljrt,(j jorl~;itll(ljrl;i] v~,]~)<’ity :it j,<>ro jlrtvwure. ‘J’ W()-Sfi L/:(} Jjflht ~;;l.~ ~;lll! II:lI,;:

\vl,rt, l~s(,[l lo f,xtt,ll(f f,llc l~r{wsur(l riirlgc frotil 110 (; l’ii t{) 260 G I)a. ‘1’hc high- prmsure guIl (liltjil f(Ill 1)11

il Ilflt’dr (’~lriil){jl;iti{)?l to hi~;tl ~)r(wure of tllc \’lSl\ 1{/f!iL*}]-~iil) I]\J~;(.)lli(JL diilil.
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HIGH PRESSURE RELEASE WAVE PROFILES IN SINGI. I’;CRYSTAL AND
POLYCRYS’I’ALLINE NICKEL

Nickel (Ni) was chosen as the material to be studied, because it is elastically very anistropic.
For example at ambient conditions the longitudinal velocities of the [iOO] crystal, the polycrystal,
and the [1111 crystal are, respectively, 5.28 km/s, 5.76 km/s, and 6.28 km/s. On a relative basis, the
velocities are 1, 1.09, and 1.19. At high -pressure, if siuglecrystal structure is preserved, one would
expect mw+surabky different rele~e velocities for [100] single-crystal and polycrystal samples. Also,
from the shape and smplitude of the release waves, the shear strength at pressure can be calculated.

Symmetric impact experiments were made on 100] single crystals and polycrystalline Ni samples,
kwhich had LiF windows. A VISAR was used b m e wave protie rneamrements with l-ns resolution

and I% particle velocity me.wmrements. The measurements were made at 45 GPa, principally ta
overdrive the longitudinal el~tic wave in the polycrystalline sample, so that a simple centered release
wave would be generated at the irnpactor free surface. This allowed the fine structure of the release
w:ivcs to bc examined and accurate calculations of the rele=e wave velocities and the shear strcn~th
of t}lc rnatcrial at pressure. The mea..ured wave profiles for polycrystallinc Ni at 45 G Pa and [1~()]
si[l}~l~,-cryst:il Ni :i~ 44 (; l>, ;itc given i[~ Figs. 8 and 9, rc’spcctively.
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wllc,r(; r,, ar] d 7, arc t.tlc

I,agrangian rc!c~sc wave
dclind by the relation

sh(>ar stress in the s}lockd state and (;II ttie lower ylel(i surf:ice, ‘c is the
velocity, and ‘cB k the Lagrangian bulk wave velocity. ‘llIc slIcar stress is

r == (Un – ut)/2 (24)

wticrc 0 ,, iint] 0( arc tile norr:lal and tan cntial s~,resses.

t

It is not irllrricdiately obvious, hut t,];i:j
(’qu:itiorl is v:ilid fur b<~th I)olycrystal and !oO~ single-crystal cspcrirllents, The ciilculatcd value for

7C I 7(, for \’()()j si’!glc cryst;il is O.76 G1’a , !or ttie polycrysta] O 92 Gl)a. ‘l”lIc I)olycrysl;il ila~ :i21Yc

lar~:(’r Vali]cforrct r,,. If ro, ttlestlcar stress irl t,hc slluckcd state, li(~sur! tl]c upper yie!d surf;ice, tticll
7,, 7,. , iirl(l Lti(, s}lcar str(, rl~;ttl, rC, of t}le rllatcrid in t~le s~lock(d SL:it(! 1s slrl]l)ly 1/2 t~ic v:i~u(’s ]ist<,d

at)OVC. It IS CVIC!C!rlt frorrl tl!W(’ CdC. LJ]atlOrlS tl!(jt thC [)Ol~CryS[al tl&!! a liirg~r Stl(!iir S~r(!rl~t~l, bl~t for

tll<’ rr)mt p;irt tl]cir strcr)gths arc quite corr:parab]c.

"roillllbtratc:.llc essential features oftlleq uMi-elWtic iele&e, asiI]l~)lel inearcl&tict tlcory20 was

used to relate the actual release wave velocity LOthe elastic constants of the material and the amount
of plastic st,rdlrl ~ occurring during the quasi-elastic release. It can be shown from linear elastic theory

t}l:it

.1 (’, ,
,,,.: (’11 ““~(v{y, /,,,:: \ .,.

(25)



u

() ,
-.’

6

N1(IOO) ,, 1.0

A.

u

/““

\
>.

-//” m

--”””- ”--
fu

Nl(l(.)o) ‘-\\
‘\

I I I 1 1 \ I

.1<1 11.1; ’.13 .14 .(!,

? ‘ l-v/vo

Fig. 10. Lagrangian relezse velocity for [100] Fig. 11. Ratioof plastic to total strain incre-
single-crystal cxpcrirnert sfiown in Fig. 9. merit for release wave profile shown iri X’ig. 10.

II UGON1OTS OF POLYSTYRENE FOAMS

Polystyrene ( PS) foams can be used as low-impedance standards to measure expanded release
states in high explosives and other materials of interest. Previous PS foam Hugon; ots8 used the IM
technique to determine particle velocities. There is some concern about these measurements because of
the uncertainties in the flash-gap transit time corrections and also the ability to accurate]v calc~late
IM match solutions of highly expanded states. The previous foam data also had a relatively large
density variation for a given nominal density.

1’S samples were fabricated by cold pressing commercial PS foam and subsequently slowly heating
to approximately 900 C. The samples were held at this temperature for about ten hours and then
allowed to cool to room temperature. The samples were homogeneous flat discs that could be machined
to tolerances suitable for accurate shock-waw measurements. Densities of these discs ranged from 0.04
to 0.5 g/cm3. From a 165-mm-diam disc, several shock-wave samples could be fabricated with the
same density.

The experimental ~embly used to make these Hugoniot measurements is shown in Fig. 12. Five
foam samples of various densitieu and a 6061A1 sample, made from the same material = the impactor,
were put on a shot sssernbly. Opaque tape was put on the back of the foam samples to block out the
ra(liat.ion from tllc hot-shocked samples and also to serve as a shim. With this geotnctry !hrc are
no f]~stl-[~;ii) corrections, because all gap closurt: tinlm arc ldcntical. ‘1’hc s.arrlplcs are attacl]ed to the
lliLStl I)lf)<-k k:ittl tii])(’ tiliit }li~s adhesive bac!:ing on I)oth sides. ‘1’tlis do(]l}l(,-liickd tal)c is I)ut 0111)1 on

tll(’ (wlj:(+ of tfi(! siilll~)l(’+ so that Ar g~q can flow in tile fi~s]l gii[w. Sirl(e ~roovcs ;irc IIliiCllillC(l iflto t!lt,

S“l II II) I(’!., (114, tr;tllsit tilllt’s l]l{,asllr~:d ;irw r(,liit(’(1 to tlIc {liff’(’rc;l~{’ ill tr~itlsit til]lt’s lN;LWC(’11 ttl{’ stl(jck

vt’lc)city III ttl(’ s;i; IIi Jlc aII(j tile ilrlp:ictur vel(x:ity iii th{’ gr(x)vv. kro[ll the 6061A] siLIrIl)lc ~}lc i[lll);ictor
v(’ltlcity c;i II 1)(, (I(,t(,rlllinc(l, bt,cause its 1;OS is known. ‘1’llis iu5serIIl)ly A(ircss(!s all of tllc coilccrl,s
previously rn(’nti{)nvd, rn,linly thf! uncertainties ir: gap-closure tirl]cs and the usc of the l~vl Lec.tlnique

to (ietcrmine particle velocities in highly-expanded states. In this expcrirm!nt the p[irticlc velocities

art! dctcrrnincd in the I)-up p]allc by the i,ntcrsection of the }> - (poua)up curve representing I)OSSi!J]L!

s}lock stat.m in t}lc siirrlj)ie with the 6061AI Ilugoniot center’ed at the in]pactor vchx:ity.

‘1’11~’ lluf~or]i,)ts for ().18-~/err] ~-density l)S foam is shown irl l;ig. 13 or Fig. 1 }. lt is cvidcrlt Lll;it
lt~lh lirl(’;ir u.-u,, cllrv( }Ja.wws ttlr(jugll the origirl. ~jorls(’(~\ler)tl:i, its Ilufiorliot is giver} t)y

u 8 3 “1’ “ (27)



volume Fig
{

14), the Hugoniot energy @. (7) and the Mie-Grtineisen EOS, Eq. (12), can be used to
determine ,1 or these high-teimperacure shock-compressed states.

7=2(s–1) (29)

The H~goniots for P3 hams with initial densities of O.lG, 0.18, and 0.36 g/cm9 were measured. Their
respective siopes were 1.11, 1.20, and 1.35. Using &q. (28) their respective asymptote volumes are

-..

1.00, 0.92, and 0.71 cm3/g. Similady, the T’S given by Eq. (29) at the~e aymptotic volumes arc
mspectiwly 0.22, 0.39. and 0.69.
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\
isoclloric constant VOIUIIIC) prc,cess indicates ~ is tcmpcraturc incicpcndclll, e.g., k;q. (29). ‘1’tlis was
true for a 1 L!IC porous samples studied. ‘lIc T dcpcndcnce of the 1)S forms is difrcrcnt than wlliit
was ohscrvwi for L.IIcporous Cu, Fc, and 2024AI st.udics, 7’IIc asymptotic ~iill]mu art! incrcmsinl: wilh
dvcrcasin volume.

[
The Ilugoniot for the O.lO-g/cms density foam, which ha.. Lhc hig)lcsl illlcrl)i~!

cncrgics tcmpcralurcs), h.?~ the ]OWCSL~ {0.22). ‘1’his ~ value is bc]ow Lhal of a Inono-alonlic ichm]
gzs, which is 2/3. This suggests olhcr energy channels exist thal prcvenl all the internal cncr. gyfrom
going into thermal vibration energy, such as molecular dissociation.
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