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SHOCK-WAVE EQUATION-OF-STATE STUDIES AT LOS ALAMOS?®

Charles E. Morris
Los Alamos National Laboratory
Los Alamos, New Mexico, USA R7545

Abstract

A history of the shock-wave equation-of-state (EOS) studies at Los Alamos is given. Particular
cimphasis 1s placed on the pioneering research i the 19508 where many of the experimental techniques
aml methods of analysis were developed, which we now take for granted. A brief review of shock-wave
phy=ics is given, which illustrates important hydrodyuamic and thermodynamic concepts.  Recent
studies on the EQS of ‘I't are presented with emphasis on the a-to-w phase transition. VISAR wave
profiles on polyerystalline Ni aid single-erystal Ni are presented to determine the strengths of these
materials at pressure, Low-density polystyrene foam thigoniot experiiments are deseribed and resnlts
anadyzed,

IHSTORICAL EQUATION.OPF-STATE REVIEW

FOS rescarch at Los Alamos started with the Manhattan Project. It was immedtately clear
that high-pressure/high-temperature EOS were needed to model nuclear weapon systems.  During
World Wur 11, very little time was available for research becanse of the erash program to develop a
mctear weapon. Duaring the years from 1946 to 19%0) a research program was started that generally
wvolved the nse of cleetrical contactor pins to monitor the motion of metal plates aceolerated by
hiph explisives. The history of this research has been deseribed by J. W, Paylor.! ‘The EOS hstory
that | will deseribe bheging with the resenreh done by the Shoek Wave Physies Gronp at Los Aluanos.
This group is responsible for many of the experimental techniques that we utihze today, along with n
prodigioas amonnt of FON datn that has been published in the open literature,

The suceess of the resenrch program can be credited to several scientists that came into M-6
starting in 1950. They were J. M. Walsh (1950), W. E. Deal (1950), C. M. Fowler 119112), M. H.
Rice amrrz as a graduate student), R. G. McQueen (1955), S. P, Marsh (1955), J. N. Fritz (1955 as
a graduate student), J. Wackerle (1956), and J. W. Taylor (1957). The vast majority of these people
are still actively involved in shock wave physics research.

In 1950 the high-velocity puns we nse today were not avalable. What was available at Los
Alanee. was the et advanced higl- explosive falaieation technalapy anywhere, ‘Phere was an in-house
capalahity v faleate lugh gquahty, precision-finsshell docks of virtnally every practical explosive,
Toey were aba abde to fabreate plane wave lenses with extreme gquality staedards. Phis wes the
capabiny thet wae enplaatol Too Wabkidh tecmabe the first EOS measmenemes asing the fhich-pap
e bnpe o PG bagdioves phaced e catact waith merat phates conb bopenecate shioek voaves
poite e b nc i Gy The electiieal contactor poe were nmeita bl fon tinnn, weas ement:s
B i e aliey emeetines pretiggrened due Gesdve b mdie ed wanzation e pon et were ol
very tedhivare tcasemble, becanse a targe nnuber of pine were requned vecdeline the shage of the
mpat choch wase Walsh developed the flush-gap technigne where unargon flashegap npproximatelty
O nmn thk was placed over the metal surfaces to be wonitared, When the shock emerpes from the
surface, the pas tadiates brithantly and then iy rapidly quenched as the plastic surface reacts with the
biph temperatme pac mpaan sheek eeflection. "Fhis terhmgre was need teomeasnre both shiock velocity
(1) et tee snrtace () m the smples of interent “The pmtic e velooty (4 ) was cabralated naang
the hecsmbace qaovnmalim o uy /2

b beed the Hagoaneds ol 3¢ Metabs paper™ was pabdedied wath en oy oved sk gage e emldy
W e seoaaed eapdbe v peometty hn the paper, g s detetnnneed eang the npedanee
noen N e e Ul adbviae e wae mmpeatant becaase e the 00 canhae e appreaaintvar dud
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ateot teeadk angpde v the Tace pdate Shinne macde o el the eectinvely enate the e b
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pap are placed ander all fash-gap blocks where necessary to pet mnform traces on the photographi
record. A gas bex s placed over the asseibly so argon conld be nsed in the Hash gaps. A sl plate
with nnbtiple slits for cach sample is placed on the top of the pas box, Generally, fonr shtsare naed
over each sample and their corresponding reference hashegap blocks. A streak cantera was nsed 1o
reconlt the experimental record. To calculate the transit times thraugh the samples, the shape of the
wpit shock front can be determined from the reference traces. ln this manner acenrate transit tnes
of the arder of 4 few nanoseconds can be determined from the streak camera records. Fo pet shock
velocitios aceurate to - 1%, gap-elositre times needed to be Liken mto acconnt. i eacle assembly, two
satples of the baso plate iaterial are inebuded to determiae the shack streugthm the base plate. The
IM techinigne (Fig. 2) s Tased on the observation that pressiure and partick: velocity are continmon..
wtion of the sample shock locus (P (poria)uy,)
with the cross enrves, cither rellected shecks or release enrves, from the fu, F) stace i the bane pdate
determined the particle velocities of the samples. These assembhes greatly sunphfied the cane with
whivh neasurements conld be made, heeause now only shock velocities i the samples and base- plate
nraerial necded to be measured. Considerable effort was nade researching solidseate theory toc il
an FEOS theory sutalde for calenlating «f Bhaponiot states. it wae decrded the Mie Grimetsen @081
war nest appropriate Grven this FOS and the Grimersen pamnea (4). the apprapriste eross enrves
coathl be ealeniated,

acrees the base plate-sample interface. The interse
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other presentations. Various models for the Griineisen gamina were also presented. The experimental
procedures developed by Rice, McQueen, and Walsh, and sunnnarized in this pablication, were well
suited to 11ass production. Over 500 materials have been studied® using the technique.
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T'he in-contact explosive geometry makes use of only the initial HE/base-plate interaction, con-

sequier Uy only neodest pressinres can be generated,  Schrefller and Deal’” demonstrated that high
explosives (HE) could accelerate thin metal plates to high velocities over a few centimeters of travel.

This capability wae used by M:zQueen and Marsh in their 19 Mectals paper® published in 1960 to
nreasure Hugoniots to 200 GPa (2 Mbar). With these HE free-run systems, the Hugoniots could be
extended by approximately a factor of four in pressurc. The Hugoniots over this expanded pressure
range remained linear. These data reinforced the linear u,-u, relation as a viable representation of
Hugoniot data. It is worthwhile to point out that in a ten-year time span, shock-wave techniques
expanded by about two orders of magnitude the range over which EOS information was available.
This was truly remarkable.

hu the IM technigue the base plate is made of a standard whose Hugomot and cross curves need
to be known. For the incontact geametry only modest pressures were attained (up to 50 GPa), so
the calenlated crosn curves (reflected shock and release isentropss) were only shyhitly otfset from the
Hupgeoniot, Conseqgaently, moderate neertainties in Grilneisen porateter conbd be tolerated and still
calentate acenrate particle veloeities, With the nse of the freecrnn explosive syatews, mneh higher
pressures were genetated, Now the olfsets of the calenlated cross vurves start to become connnder
abty Larper, Mo matntain acenrate caleulated partide velocities) a tiorongh characterization of the
Grunecen paraaneter was needed, To address this problemn, astandards chiaractenization program
was beplemented at Los Alamos 23900 A standard for the purpose of program is a material whese
FOS has been determimed thiat does not use the BEOS of some other material. Gn, Fe, nud 2024 A1
have heen characterized as standards. ‘Their lingoniots and average Griineisen parameters () were
experimentally determined.
An expernaental assembly "1 psed to make thee measnoements oogiven in Fig. 3. The base
plate and driver are miade of the standard to be rtadied, Phe left side of the asseibly i3 nned to mnahke
shon kovebwity measanrentents, w hile the right side is nsed to make drivesvelocity neasinrements, Fach
ret ol Hhash blacks are viewed by four or five shtc The sheck veboeity modeternmmed by measinng the
v tine thianpeh two ditterent tlicknesee:cof base plate. ‘Fhe dover velocity s measimed throngh
the e o o rronve jatt anto the ampan t sihe of thee D phate The meas ed tie offiet s rebated o
the hiflerence e velooies hetween the driver and shodk veloomes Lven lhull)'_ll l.lu- :).\':-ll'lll Aajepeat:
aqeite snnpdecarefal attenten bcrequired vo that lateral pertmbations decnea haence traneat tane
wecmement o aptnneze these moeasiarenients, bw s termediate, and caph presnre ansemnbhien need
| RKRIEANELN of Varyinin c|4-|)ll|s\ and banwe l)l:\l('N of vartens tho ke



1
l
? \\‘i.-h\(l- I PR T BRI
I .
| \"1 (ot
| TR | e
I
? !f?;l '.If - | Fig. 3. Targey plate for standard’s charac-
f lf?l‘ i} o ! terizatiaon. Left side nsed to measure shock
Gl verocity, right side nsed to raeasure iimpactor
l ’IH l - o j \'(':m‘ily
i cod
:..‘(),I.‘q)..'-', te st ~. g.‘,‘ ?J‘ (. i IR RN R X
AN ?t IJL S
v/ /’/ ,tn .'J\. - ‘r}'/:/ P,

The average Griineisen parameter () cin be measnred using porous samples as shown in Fig. 4.
When erystol density aud porous semples are shocked to thie same volumes, there 1s pressure offset
AP due to the difference sa the ternal eperpies r(-|)r( sented by the eross-hatched arca, The average
Giritneisen parameter is given by () = Hugoniot measurements of porous standards of
varions densities were made using the flash-gap asscmhl) i Fig. 1. Both the base plate and samples
were made with the same standard material. On a given shot there were six porous samples of various
densities and wwo of the base-plate material. In Fig. 5 are the porous Hugoniots for 2024 A! at crystal
density and four porous densities. The solid line through the data points weie }ugoniots calculated
usitg the famihiar py = p,7, assumption and the average Vcusities for each porosity. Within the
accuracy of the data the py constant assumption fits the data set quite well. The Cu and Fe porous
data could also be fitted using the same 4 formulation. From these studies it was concluded that the
constant py approximation was adequute, if no other data precluded ity use.

Over the Last decade, sound-speed measnrements at pressure have dramatically expanded our
knowledpe of material helavior, Siamd-speed measurements conaplement Hugoniot data in that they
measine derrvatives on the BOS wrface . Consequently, these measirements can deteet small lirst-order
phane teostirmations aned second order phase transformations that are not evudent on the thiponiot
Soand cpeeeds i the lnpmed crate conpded with Hagoniot data, allow the Gritneisen parameter 1o he
cadenbaeed we b poe b preceaon, acquantty of prone theaencalb iterests Becaase of the natare of how
soatned velveaten are messareed, they can be determuned with the sapie preciaon as shock velocitien 1o
date, soand velooitien have been measred on C AL Feo Mo, Tal W Gst La, and Pb,

A technigque that is ddeally sinited to measaring lead characteristios of sonnd waves at pressure is
the optical analyzer'? developed by R G MeQueen. An experimental assembly for nn explosive shot,
roshown o Fip 60 A step wedpe target s impacted with o dover of the same matenal, of possible
Fhoowever thes i net neceseary to make these measurenents. Broanoform (CilBey) hguid i placed on
Sopeosd the step wedpe to faneton as an optical detector When o shock propagates i bromoforer, i
tadedes paafieely an b eontinres to radiate at a constant fevel aptld the celease wave from the diives
overtabes the leawding shock The radiation fromn the stea ke the bhromedorim s colected by hpdn
Jpe thuat ace centered over each uteps w--clrc- bevel Apsrtares are |)|:\H'-| above the step wedpe sa
thot the veewine deaeeter o the hight pipe voapprosately T oo Wil ths viewing deaneter,
nft et e e hble Battle ave ehnded i the e cmihies v paevenn cros ralk Letweey hipla
g pecndy de e Beck piotcanndtipher caomes ' e oced to optimeze the phe venbogpder s
te g s cthed they oo cesrnnes of the cader of Tae Thaee feabnees of 1he avembdy enabde very
ot o veloo o to b tnaddke Uanallby the wave arnvals oo thene experinent s ate sieared oat
Bevaws b padhiatien e pacpeatvmat tocsomethimg greater than the fomth power of preansire, the el
ot teretn annval qilee dieermble e these exprennent s The fact that the sonnd wave arnval



can be measured at several difterent levels allows one to plot At verses [T 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 fromn the driver. In
this manner the hydrodynamic perturbations due to the analyzer are eliminated. Finally, since At’s
are measured at several sample thickness, statistics can be use to get accurate overtake distances in
the target. For At = 0,
efuy = (B+1)/(R - 1) (1)

where R = I7/lp and ‘e = (p/p,)c. In sorie experiments, velocities ratios ‘c/u, of a few 0.1% have
been micasured.
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Fig. 4. Schematic ilustrating how porous ma- Fig. 5. Shock-Particle velocity for porous
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BASIC SHOCK-WAVE PHYSICS RELATIONS
Higoniot

Counsider a shock wave with a steady profile propagating into a 'material that is at rest. Conser-
vation of mass, momentumn, and energy gives the Rankine. Hugoniot equations.

(-V/V.) o u./u, (2
PP, . Polialy (3)
E -k, - uf_/'l t PV lu, . (4)

These equations relate the pressure, P, specific internal energy, E, specific volumne, V', behiud the
shock to those same quantities in front of the shock wave in terms of shock velocity, u,, and particle
velocity, u,. The initial state parameters represented by Py, Vi and K, are often referred to as the
centering point of the lngoniot. Mcasnrement of any two of the variables (12, V, E, u,, and u,) with
the above equations is suflicient to determine thie remaining variables. kEquations (2) and (3) can be
conthined to give

u, = Vo [(P— P,)/ (Ve ~ V)]'? (5)

and

wp = (P P~ VI (©
Substivating Eqs. (5) and (6) into (4) gives the Huganiot energy equation
EoE, (0 PV, V)2 (%)

The Rankine-Hugoniot relations are the cornerstone of shock-wave physics. They are based on New-
ton's Laws and the conservation of mass and energy. This allows the absolute measurement of pressure,
compression, and internal energy without the use of secondary standards. u, and u, can be measured
to 1/2%. This enables pressure and compression to be determined to 1%. The Hugoniots measured
in the early 1950s differ with our current Hugoniot measurements by about 1%. This was due to a re-
calibraticn of our streak cam.ras with an improved calibration procedure. It is inceresting to contras*.
dynauiic measurements with static high-pressurc research where high-pressures scales changed by as
much as a factor of 2 from the 1950s to the 1970s.

From the energy equation, Eq. (4), itis apparent that there is an equal partition of zuergy between
iternal energy (1 E,)) and kinetie energy, if the PVou,/u, term s ignored. Fhis s an excellent
apprenitnation for all onr studies, 1tas straightforward to show ™8 that AP /0V ] andd dF 120V 2y,
on the Hawoner e egnal to P /dV e and d2P 7V v the asentrope at the Hhigoniot s entenng
pont - Another interesting, Characteristie of the Hpennot s othao the entropy ersases monotoas ally
with s hock strengpeth

Grnneren Marameter

The Hugoutot sp cilies a path on the KOS surface. tn order to model other dynaiical processes
sich an reflected shocks and release sentropes, we need to be able to caleulate off-Hugonot states.
The thermodynanne variable that altows this caleutation to be mage is the Guiineiser parmmeter 1
detined e

“{/\, (JI)_/J I'.')\' (4-”)//"'1')\' Oy (?\)
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and the heat capacities of the oscillators have the usnal form
C"/k =z I2('I/(L‘z' ])2 . (11)

z; = hi [kT = §;/T, where v, is the frequency of the oscillator and 0, is its characteristic teimmperature.
With this definition of v, it is evident from Eq. {9) that in general 4 is a function of both V and 7. Two
special cases are worth noting. If all the ~,’s are equal, then 4 = v, = 7(V). In the high-temperature
St AT >> huy, C; = k, then v = £-;/3n = 4(V). This is the casc for most of the metals studied.
This greatly siinplifies the calculation of off-Hugoniot states. In this case Eq. (8) can be integrated to
give the familiar Mie-Grineisen EOS3®

(P ]’”) = (’7/")(1‘,‘ - h‘”) . (12)

For materials in their high-temperature limit, Eq. (12) has been quite adequate in modceling their
EOY. The Mie-Griuneisen E)S was uged for calculating average 4's for porous metals of Cu, Fe, and
2024 A1 The familiar

PY = Pot (13)
relation was adequate to liv this data. Unless there is specific inforination to excinde this 4 choice,
this functional forin of 4 is usually chiosen.

The availability of high-pressure sound-speed data has allowed direct v determinations along the
Hugoniot. A relation'? that relates sound speeds to 7 is

7(‘{“,,_,‘ V) e e B_’_’/V_HS/V — . (14)
2V By /V — (P - P,)/(V, - V)

where pe? = —VdPs/dV = Bs and By = =V dPy /dV. This equation is valid for 4(V,T') and 7(V).
~ is proportional to the ratis of the differences in slopes between ti.. iiugoniot and the isentrope and
brtween the Hugoniot slope and chord slope. Only al high pressures is there sufficient differcnces
in slopes to make meaningful 4 determinations. For example, a 1% sound-speed measurement in
OFHC Cu at 25 GPa determines 4 to 52%, 125 GPa, -—, 9&/)6. For polymers, which are much more
compressible at low pressures, a 1% sound-speed measurement in PTFE!® at 40 GPa results in a
3% v deternunation. 1'he majority of sound speed measurements have been made on metals. As a
consequence, the linear py relationship has usually becn quite adequate, in agreement with the porous
iietai measurernents. lowever, for PTFE (Teflon) the assumption 4 = (V) was not valid and a
dramatically different 4 dependence was observed. The important point to remember is that the 4
formmtation i ¥, 13 apphies to a broad class of materials; however, there are exceptions where this
formtation does not apply.

It 1, ty, Relatiom

Previcasdy, 1t was wentioned that many materials can be adeqoately represented by o linear
!|4|)',nl|‘lut‘
u, c, ! 8 u,, (I.r))

co 1s the zero-pressure intercept and s is the slope. ¢, is the zero-pressure shock velocity and should
he equal to the zero-pressure buik sound velocity C'y, because of common slopes on the Hugontot and
rentrepe. For polyerystalline samples

G O VR TS (16)

where O and €, are the Jongitudinal and shear elastic wave velooitien, hnmost instances the agreement
of e ook wave intereept, e and Cois within experimental weouraey ** "Che appropriat mess and
whogey of B (19) has been examined by Ruot!'™ aud Jeanle and Ghrover 7 Raoft™ and MoQuoeea !
boove s heewn that the Hupgoniot slope is related to the pressove denvative of the sentrepre bidk modalne
Py b o

dBL 0Ty 1’ 4. I (17}

Thecquantty eodhiftiendt to measare statieatly with pood secnrney, However, there isoa peneral intere:
v dE A becanse several FOS models' e this varable, B s important ta point ont that there



. . . . . <0 9,10,11 1,
are several instances when the linear u,-u, relation breaks down. Solids with porosity, large
elastic waves, phase transformations, or van der Waals bonding!® ali exhibit departures from this
lincar behavior.

Using Eq. (15) the Hugoniot of materials centered at zero pressure can be describ-ed with three
parameters, P,, ¢,, and s. The shock wave locus can be found for any pair of variables using the

Rankine-Hugoniot Egs. (2)—(4). By defining the sample compression as

n=1-V/V, (18)
the conservation of mass Eq. (2) becomes
n=up/u, . 19)
From Eqs. (3), (15), and (19) the Py ~ n relations can be derived
Py = pocin/(1 - sn)? (20)

dPy [dy = pocy(1+ sn)/(1 - sn)* . (21)
It is evident from Eqs. (20) and (21) that the asymptotic compression on the Hugoniot is

na=1/s . (22)

For 2024 Al and Cu, their respective Hugeniot slopes are 1.338 and 1.489. This implies 2024 Ai and Cu
have maximum compressions, respectively, of 75% and 67%.

SHOCK WAVE EQUATION CF STATE OF TITANIUM

VISAR wave profile measurements were made on A-70 Ti (commercially pure, 99%) to study
the a-to-w transformation and the “apparent” phase transition at 17.5 GPa. The previous Hugoniot
ineasurements using flash-gap experimentation were made with commercial pure Ti with approximately
the same composition as the A-/0 Ti. No evidence of a phase 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 nanoseconds risetime. The VISAR data smoothly extrapolated into the higher pressure flach-
gap data above the kink in the u,-u, curve. The VISAR data conclusively showed the kink in the
enrve was an artifact of the flash-gap experimentation. The probable reason for kink in the flash-gap
Hugoniot data was that the large clasue wave prematarely closed the flash gaps. T'his interpretation
is coaistent with the shape of the low-pressure portion of u,-u, curve. One wonld expect grestest
depenine from a hnear extrapolation at low pressires and gradually diminishing to zero at a velocity
shphily preater than the measored longitudinal velocity at zero pressiure. Two-stage hight gas g dava
were used to extend vhe pressure range from 110 GPa to 260 GPa. The high pressure gun data fell on
a himear extrapolation to high pressure of the VISAR/ashgap Hugoniot data.

VISAR measureients were also made on Ti (electrolytic grade, 99.95%) fromn 6 to 22 GPa. Below
10 GPa a classie elastic-plastic two-wave structure was observed. At 15 GPa a three-wave structure
clastic plus two bulk waves) was observed, characteristic of a high-pressure first-order phase transition
Fig. 7). The best estimate of the transition pressire is 10.4 GPa. Scveral shots were fired at this
presenre. Al shots reproduced this three.wave structure. Shots were also fired at different sample
thickuenses to evahiate the kineties o, the trapsition. At 22 GPa only a two-wave clastic-plastic
stroctire was observed, mdicating the bulk transition wave had already overtaken the mtial bhutk
shock. I other words, the Pl wave proliles are consistent with a material undergoing a first.order
phiace transition at 104 GPa with o small volnime change,

Shookrecovery expernnents were done to complement the VISAR studies nsing, the soft recovery
o baagees of Gray '™ Recovered ATOCT samiples shocked to 12 0P showed no w phase nsing TEM,
vray, o nesrtren seatterng, measarentents, However, o when shocked to TEH GPa, showed the o
e using all three techngues, From the neutron-seattering tmeasurements the estimated vohomne
fraction of retained w phase 18 28%. o simnnary, the shock recovery experiments of GV Gray 1
are i oapreenent with the VISAR wave profile data,
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HIGH PRESSURE RELEASE WAVE PROFILES IN SINGI.EE CRYSTAL AND
POLYCRYSTALLINE 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 [100] crystal, the polycrystal,
and the {111 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 vressure, if single-crystal structure is preserved, one would
expect measurabiy different release velocities for {100] single-crystal and polycrystal samples. Also,
from the shape and amplitude 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,
which had LiF windows. A VISAR was used to make wave profiie measurements with 1-ns resolution
and 1% particle velocity measurements. The measurements were made at 45 GPa, principally to
overdrive the longitudinal elastic wave in the polycrystalline sample, 3o that a simple centered release
wave would be generated at the impactor free surface. This allowed the fine structure of the release
waves to be examined and accurate calculations of the release wave velocities and the shear strength
of the material at pressure. The measured wave profiles for polycrystalline Ni at 45 GPa and [100]

singlecrystal Nioat 44 GPe ave given in Figs. 8 and 9, respectively,

\\ " N (1009) \

-6 \ - 440G \

Fig. 9. Quasi-elastic release ta {100] singhe-

Fip. & Quast.elastic release i polyerystathne
crystal Ni from syrunetric fapact at 44 GPa.

N1 from synunetric impast at 45 GPa.



The measured release wave velocities at pressure for (100 single erostal and polyerysial are
680 kin/s and 7.42 kni/s. The polyerystal veiocity is 9% larger than the [106; siugle-erystal veloeny
which 15 the sane veloeity ratio measired at ambient canditions. e is evident that cach saompic
propagates different longitudinal wave velocities. ‘Fhis 1s a strong indication that the crystal stricture,
cither single crystal or polycrystal, is preserved sa spite of the large defect concentration generated
by the shock and manifested in the smearecd-out gnasi-cliastic release. These experiments snggest it is
appropriate to envision a rhock as a highly-coordinated movement of atomns on a subnanosccond tine
scale that is not chaotic. For the {100] single-crystal sample, a single-crystal fattice with defeets is
present afier the shocking, not microstructure characteristic of a polycrystathne sample.

Both wave profiles show a quasi-clastic release There 1s o ndication of an ideal elastic-plastic
. ! " : e : : : . !
flow, even e the 11001 single ervstal. The change in the shear stress upon unloading is given by '

3 [,
: . .
Te i To 77 pu/ ((. (}7)"/" (2")’)
1 ;
(1]
where 1, and 7. are the shear stress in the shocked state and on the lower yield surface, e 1s the

Lagrangian release wave velocity, and ‘cg is the Lagrangian bulk wave velocity. The shear stress is
defined by the relation
T = (0, - 00)/2 (24)

where o, and 0 are the normmal and tangential stresses. It is not inunediately obvious, but this
equation s vahid for both polycrystal and ?AOO} single-crystal experiments. The calculated value for
et 1. for [100] single crystal is 0.76 GPa, for the polycrystal 092 GPa. The polycrystal has a 219
farger value for o4 7,0 I 1, the shear stress in the shocked state, lies on the upper yie!d surface, then
o 70, and the shear strength, 7., of the matenal in tie shocked suate is sunply 1/2 the valnes histed
above. It s evident from these calculations that the polverystal has a larger shear strength, but for
the most part their strengths are quite comparable.

To itlustrate the essential features of the guasi-elastic velease, a simiple lincar clastic theory?? was
used to relate the actual release wave velocity o the elastic constants of the inaterial and the amount
of plastic stramn v occurring during the quasi-elastic releasc. It can be shown from linear elastic theory
that

4
c? = C’z 562(2 dvy/dry) (25)

or an wsotropac solid, and for {1005 cubic crystal
IR (263]

dyobp e e o of plastie stram ierement 7 to totad strev necreinent g For oelastie response
dydy G he above egnations give e equal to the elastic loneiindinal veloeity, On the yield sarlace
depidy 2 the eqnations then give ¢ equal to the bultk wave velocity, For the quasi-elastic release
m 10, N the Lagrangian wave velocity is given in Fig. 10 and the caleatared values of 2 dy/dy
are verwon P B RGs fmmediately obviors that the gqnasi-elastic release i a resnlt of plastic flow
cocarrimy mnediately i the ebastie release rather than when the release reas hes the yield surface on
whodle s o o 18 as woald have ocourred e the wdeal el e plastie noonlel,

Paath S0 wave prodides clooy saamar gpra-elastie featares mamnly aosimeared ont release rathe
than o bead ety plaan response. Thre siggresty the qoaccelastio charicter s not due to the
Fevraeene e patare of wopdyorvstadbime ap perepate. b foesDonental to tle shock preees BN
Lo o b Alvnee connbanes tas gqoiea claste vesgeae e e accnianbao cm ol tnteriid s e
et b b ek prones Speatie aterad stres neelels s s mvestpated daed then connpeaed 1
svieranent s To armive o cacappaapriste e loecsteacdyv e cen s nanded
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Fig. 10. Lagrangian release velocity for [100] Fig. 11. Ratio of plastic to total strain incre-
single-crystal experiimert shown in Fig. 9. ment for release wave profile shown it Fig. 10.

HUGONIOTS OF POLYSTYRENE FOAMS

Polystyrene (PS) foams can be used as low-impedance standards to measure expanded release
states in Ligh explosives and other materials of interest. Previous PS foam Hugoniots® 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 accurately calculate
IM match solutions of highly expanded states. The previous foam data also had a relatively large
density variation for a given nominal density.

PS samples were fabriceied by cold pressing commercial PS foam and subsequently slowly heating
to approximately 90° C. The samples were held at this temperature for about ten hours and then
allowed to cool to room temperature. The samples were homogenous flat discs that could be machined
to tolerances suitable for accurate shock-wave measurements. Densities of these discs ranged from 0.04
to 0.5 g/cn®. From a 165-mm-diam disc, severa! shock-wave samples could be fabricated with the
same delsity.

The experimental assembly used to make these Hugoniot measurements is shown in Fig. 12. Five
foam saniples of various densities and a 6061 Al sample, made from the same material as the impactor,
were put on a shot assembly. Opaque tape was put on the back of the foam samples to block out the
radiation from the hot-shocked samples and also to serve as a shiin. With this geotnetry there arc
o flash-gap corrections, because all gap closure times are 1dentical. The samples are attached to the
flash block veith tape that has adhesive backing on both sides. T'his double.backed tape 15 put only ¢n
the edyges of the samples so that Ar gas can flow 1o the flash gaps. Since grooves are machined mto the
samples, the transit thines measured are related to the ditference i transit tines between the shock
velocity e the saimple and the nmpactor velocity in the groove, From the 6061 Al sample the nnpactor
velocity can be detertnined, hecause its EOS is known. T'his assenibly addresses all of the concernes
previonsly mentioned, inainly the uncertainties iy gap-closure tites and the use of the IM technique
to determine particle velocitics in highly-expanded states. In this experiment the particle velocities
are determined in the P-u, plane by the intersection of the P = (p,u,)u, carve representing possible
shock states in the sample with the 6061A1 Hugoniot centered at the impactor velocity.

The Hugoniots for 0.18-p/cu®-density PS foamn is shown in Fig. 13 or Fig. {1, 1t is evident ¢hat
this hinear u..u, curve passes through the origin, Consequently, its Hugoniot is given by

s Su, (27)
The sampie compression can be calentated nsing g (19).
V/V, 1 1) (20

Equation 328) indicates that all the states on the Hugoniot are compressed to the saie asyimptoie
volune, "This is a consequence of the functional form of bq. (27). Since these states are all at the same



volume Fig. 514), the Hugoniot energy Eq. (7) and the Mie-Grincisen EOS, Eq. (12), can be used to
detcrmine <y for these bigh-temperacure shiock-compressed states.

7=2(s-1) 129)

The Hugoniots for FS icams with init:al densities of 0.1C, 0.18, and 0.36 g/cm® were measured. Their
respective siopes were 1.11, 1.20, and 1.35. Using Eq. (28) their respective asymptote volumes are
1.00, 0.92, aad 0.71 cm®/g. Similarly, the 7’s given by Eq. (29) at these asymptotic volumes are
respectively 0.22, 0.39, and 0.69.
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The e reasany asy gt ot vohines, with inereasig porosity savaples, is die to the farger merease
i ternal eneryy withe the nore porars samples Pl therial vibration energy is retarding, xample
vetnpresson For the tost porone samples (0,10 r,/«'ms) the asyptotie volume 1,00 «‘m‘/y_ 18 preater
than the ambient vohime 0.996 em®/g (po = 1.046 g/an®) of fully.dense polystyrene.® There is a larye
temnperature inerease with pressure for these porous samples. ‘The fact that the compression is an



isochoric gcmnstant voluine) precess indicates v is temperature independeat, e.g., kq. (29). This was
true for all the porous samples studied. The 4 dependence of the I’S forms is different than what
was observed for the porous Cu, Fe, and 2024 Al studies. The asymptotic ganimas are increasing with
decreasing volume. ‘The Hugoniot for the 0.10-g/cm?® density foam, which has the highest internal
cnergies (temperatures), has the lowest 4 (0.22). This 4 value is below that of a mono-atomic ideal
gas, which is 2/3. This suggests other cnergy channels exist that prevent all the internal c¢nergy fromn
going into thermal vibration cnergy, such as molecular dissociation.
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