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1. Introduction

For solids under pressure, the most commonly used equation of state in analysis and
computations is the Mie-Griineisen equation of state. By employing the assumption that
the Griineisen function, T, is expressible as a function of volume, V, alone

(i.e., independent of temperature, T), the equation of state can be formulated to relate the
pressure, p, and energy, E, back to conditions along a known “reference curve” at the

same volume. It is given (1) as

I
P~ Pref =y (E—Eref) - (1)

In equation 1, the subscript “ref” refers to values along a known reference function,
evaluated at the volume of interest. Thus, with T, Prefs and Erof all being functions of

volume alone, equation 1 expresses p as a function of E and V.

Equation 1 follows directly from the macroscopic thermodynamic definition of the

() _V (%
F_V<6E)V_Cv (aT>v ’ @)

when operating under the assumption of temperature independence of I'. In equation 2,

Griineisen function (1, 2),

C, is the local value of constant-volume specific heat.

On the statistical scale of atomic oscillators, the Griineisen function, under the
assumption of temperature independence, may be expressed (1, 3) as
V dw

Fr=———— 3
o av 3)

where w is the characteristic vibrational frequency of the atomic lattice, a function of
volume only. The original assumption of Griineisen was that the component vibrational
frequencies, w;, of each atomic vibrational oscillator obeyed this relationship to yield

identical values of I} for each oscillator in the ensemble.

The Mie-Griineisen equation of state was derived with statistical mechanics as a starting

point (1). And yet, it is not immediately clear which results of statistical mechanics are



intrinsically built in to the Griineisen theory and which may be dispensed with by one
who limits himself to a macroscopic application of equation 1, with the underlying
definition of equation 3.

A number of thermodynamic constraints (4-7) have already been demonstrated for
Griineisen materials, which reflect the coupled nature of the shock-Hugoniot, the
Griineisen function, the cold-pressure curve, etc. This report will add several new
constraints to that list.

In this report, the equations that characterize isentropic transitions are employed to
study the response of the Mie-Griineisen equation of state (equation 1). We find that
certain underlying facets of statistical theory are fundamentally, yet tacitly, carried along
as part of the Griineisen theory. In essence, it will be shown that the use of equation 1

poses constraints on the functional behaviors of entropy and specific heat.

2. Theory

In many computational settings of the Mie-Griineisen equation of state, the reference
curve is taken as the principal Hugoniot (i.e., states achieved by shock compression),
presumably since most high-pressure data has been gathered that way. In that case, the
reference energy (subscript H for Hugoniot) is known (1, 2) through the Rankine

Hugoniot relation as
En—Eo=(po+pu)(Mo—V)/2 , (4)

where subscript 0 denotes the initial “preshocked” state.

Another popular choice for the reference curve is the cold curve (i.e., the 0° isotherm). In
this case, the reference pressure (subscript C) is known from the isentropic relation that

governs along the cold-curve:
dE.

dav

Pc=— )
In materials for which I' = I'(V), we now examine the behavior of temperature and
internal energy as a function of the characteristic lattice frequency for the case of
thermodynamic transitions which occur along an isentrope.



2.1 Isentropic Temperature vs. Characteristic Frequency

Slater (3) presents the thermodynamic relation

TdS=C,dT+T o dv , (6)
oT /),

where S is the entropy. However, at constant volume, as is the condition under which
equation 2 operates, equation 6 becomes

T(0S)v = C,(aT)y . (7)

In light of this, equation 2 may be expressed as

_V [op
r_?(g)v . (8)

However, the thermodynamic identity (3)

op ) ( oT )
) = (5 ©)
(as v oV /g
may be directly substituted into equation 8 to obtain

V /oT
=1 (). (10

To the author’s knowledge, this potentially useful form for the Griineisen function is not
prevalent in the literature. The function could be directly measured if, for example, the
instantaneous temperature of an adiabatically expanding material could be directly
measured (along with its instantaneous volume). A uniaxial-strain “plate-slap” setup
could prove essential in this regard. However, in addition to the difficulty of measuring
temperature itself, the need to separate the heat of plastic work from the temperature of
isentropic compression could prove challenging for compressions above the Hugoniot
elastic limit (HEL).

A comparison of equation 10 to equation 3 reveals that

oT dw
S "



When integrated along an isentrope, the solution in this case is that the isentropic

temperature must remain proportional to the characteristic frequency,

(Msoxw . (12)

2.2 Isentropic Energy vs. Characteristic Frequency

Consider now the Mie-Griineisen equation of state with the 0° cold curve as the
reference such that Pref = Pcand E ¢ = E.

In light of equation 5, equation 1 becomes

dE. T
=—(E—E.) . 13
P+ =yl ) (13)
The pressure may be defined in terms of the volume-derivative of energy at constant
entropy, p = —(0E/0V)s. And since the cold-curve reference is also an isentrope,
equation 13 becomes
V 0
FW(E—EC)S-I—(E—EC):O : (14)

The quantity (E — E.) is merely the thermal component of the internal energy (at
constant volume). For convenience, designate it E;},. The equation of state may therefore

be expressed as
vV 0

T oV
Along an isentrope, this homogeneous partial differential equation becomes ordinary. Its

(Eth)s + Eth =0 . (15)

solution has been obtained (8, 9) through equation 3 as

(Eg)s x @ (16)

3. Result

In the previous section, two useful relations were established for materials obeying the
Griineisen theory—namely, equations 12 and 16 , where the temperature and thermal
energy along an isentrope are proportional to the characteristic frequency of the lattice

vibration. It is now shown how those relations lead to two thermodynamic constraints



upon Griineisen materials. While the implications may not be thermodynamically
surprising, they nonetheless represent real constraints upon any thermodynamic model

purporting to satisfy the assumption of I' = I'( V).
3.1 Entropy

Equation 12 indicates that temperature remains proportional to the characteristic lattice
frequency during isentropic transitions. Thus, that ratio of characteristic frequency to
temperature, which is fixed along an isentrope, can actually be used to identify the
particular isentrope corresponding to the ratio. That is to say, entropy may be

functionally characterized in terms of this ratio:
S=S(w/T) . (17)

That Griineisen theory implies that the validity of equation 17 is compatible with the
classical theory of statistical mechanics. For a system of oscillators, statistical theory
indeed expresses the entropy as a function of w/T (3):

h(,Uj

_ _ _ _ hw; KT
S = kZ In (1 exp { T }) + { hw,-] , (18)
j 2 -1

where h is Planck’s constant, k is Boltzmann’s constant, and the summation is taken over

the ensemble of atomic oscillators. And while the Griineisen theory doesn’t imply the
functional form of this latter statistical result, it still remains constrained by equation 17
such that the entropy must remain a function of w/T. The quantity hw/k is a frequent
grouping in statistical mechanics and is denoted as the characteristic temperature, ©.

3.2 Specific Heat

Consider now the thermal energy, Ey;,. Definitionally, it can be defined as the integral of

specific heat at constant volume,

-

Eq, (V. T) = (J CVdT) . (19)
0 \%

In the most general case, one must assume that Cy is a function not only of temperature

(over which the integrand is integrated), but also a function of the particular fixed

volume at which the integration takes place. We seek to determine if the Mie-Griineisen



equation of state intrinsically leads to a thermodynamic constraint which limits the
generality of the Cy = Cy/(V, T) assumption.

Substituting this definition into equation 16 and taking the constant of proportionality to
be hC /X, one obtains
T
(55 evar) | ~(©)
s

C
hw/k
The grouping hw/k may be substituted with the characteristic temperature, ©.

(20)

However, w and O are functions of volume only. And since the integral of specific heat is

taken at constant volume, the term © may be moved into the integral to give

T/0©
(v aoo)

Since equation 17 states that an isentrope can be defined by its value of w/T (and thus

- (6) (T/0) @D

(T/©)

\%

T/0), the isentropic constraint on both sides of equation 21 has been replaced with the
constraint of fixing the value of T/©.

In equation 21, the limits of integration for all points on a given isentrope remain fixed,
regardless of V. However, equation 21 is valid for all isentropes (i.e., for all values of
T/©), not just one. Therefore, equation 21 may be generalized as

T/0© R
(J Cv d(T/@)) =C , (22)

0 \%

where C becomes a function of T/0© to reflect the different values of proportionality

(i.e., By, /[hw/K]) for the different isentropes. The only manner in which equation 22 can
be generally satisfied at different volumes is if Cy itself is also a function of T/© alone so
that the integral becomes independent of the volume, V, at which the integration is
taken.

This constraining result arises purely from the assumption of I' = I'(V), leading to
equations 12 and 16. It is compatible with the methods of statistical mechanics, which
lead to actual expressions for Cy as functions of ©/T (the inverse of T/®), such as the
methods of Einstein and/or Debye (3). So, as in the case of entropy, an equation of state
assuming I' = I'(V) does not, of itself, dictate the functional relation of the specific heat,
Cv. However, the specific heat is nonetheless constrained to remain solely a function of T/©.



4. Conclusion

It is reassuring to find that the assumption of temperature independence of the
characteristic vibrational frequency produces thermodynamic constraints which are
compatible with statistical mechanics. Given the statistical-mechanics origins of the
Mie-Griineisen equation of state, this result is not surprising. Nonetheless, these
constraints have been derived from purely macrothermodynamic arguments exclusive

of statistical considerations.

It has been shown that materials obeying the assumption of I' = I'(V) are constrained to
express entropy and specific heat as functions of w/T (or, alternately, of T/0). Exact

functional relationships are not, however, dictated by the Griineisen theory.

In light of the underlying statistical mechanics, such a result may seem natural.
However, the current result, in fact, shows that functional restrictions on entropy and
specific heat must be viewed as a constraint on the Griineisen theory itself and not
merely as a natural approach which draws from the statistical-mechanics theory. Any
macrothermodynamic model which purports to describe a material with a temperature
independent Griineisen function is thermodynamically constrained to simultaneously

describe entropy and Cy as sole functions of w/T (or, alternately, of T/©).
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INST FOR ADVANCED TECHLGY
S JBLESS

JCAZAMIAS

JDAVIS

H D FAIR

3925 W BRAKER LN

AUSTIN TX 78759-5316

INTERPLAY

F E WALKER

584W TREELINE DR
ALPINE UT 84004

R JAMESON
624 ROWE DR
ABERDEEN MD 21001

KAMAN SCIENCES CORP

D L JONES

2560 HUNTINGTON AVE STE 200
ALEXANDRIA VA 22303

KERLEY TECH SVCS

G I KERLEY

PO BOX 709

APPOMATTOX VA 24522-0709

LOCKHEED MARTIN ELEC & MIS
G W BROOKS

5600 SAND LAKE RD MP 544
ORLANDO FL 32819-8907

LOCKHEED MARTIN
MIS & SPACE

W R EBERLE

PO BOX 070017
HUNTSVILLE AL 35807



NO. OF

COPIES ORGANIZATION

3

LOCKHEED MARTIN
MIS & SPACE

M A LEVIN ORG 81 06 BLDG 598

M R MCHENRY

T ANGO ORG 81 10 BLDG 157
111 LOCKHEED WAY
SUNNYVALE CA 94088

LOCKHEED MIS & SPACE CO
JR ANDERSON

W C KNUDSON

S KUSUMI 081 11 BLDG 157
JPHILLIPS 054 50

PO BOX 3504

SUNNYVALE CA 94088

LOCKHEED MIS & SPACE CO
R HOFFMAN

SANTA CRUZ FACILITY
EMPIRE GRADE RD

SANTA CRUZ CA 95060

MCDONNELL DOUGLAS
ASTRNTCS CO

B L COOPER

5301 BOLSA AVE

HUNTINGTON BEACH CA 92647

NETWORK COMPUTING SVC INC

T HOLMQUIST

G JOHNSON

1200 WASHINGTON AVE S
MINNEAPOLIS MN 55415

PHYSICAL SCIENCES INC

P NEBOLSINE

20 NEW ENGLAND BUS CTR
ANDOVER MA 01810

SHOCK TRANSIENTS INC
D DAVISON

BOX 5357

HOPKINS MN 55343

SOUTHERN RSRCH INST

L A DECKARD

D P SEGERS

PO BOX 55305

BIRMINGHAM AL 35255-5305

15

NO. OF

COPIES ORGANIZATION

5

66

SRI'INTRNTL
JD COLTON

D CURRAN

R KLOOP

R L SEAMAN
D A SHOCKEY

333 RAVENSWOOD AVE
MENLO PARK CA 94025

ABERDEEN PROVING GROUND

DIR USARL
AMSRD ARL SL BB

R DIBELKA

E HUNT

JROBERTSON
AMSRD ARL SL BD

R GROTE

L MOSS

JPOLESNE
AMSRD ARL SL BM

D FARENWALD

D BELY

G BRADLEY

M OMALLEY

R SAUCIER

A DIETRICH
AMSRD ARL SL BS

M BURDESHAW
AMSRD ARL WM

TW WRIGHT
AMSRD ARL WM BD

A ZIELINSKI
AMSRD ARL WM MB

W DEROSSET
AMSRD ARL WM MD

E CHIN

G GAZONAS

JLASALVIA
AMSRD ARL WM TA

S SCHOENFELD

M BURKINS

N GNIAZDOWSKI

W A GOOCH

C HOPPEL

E HORWATH

D KLEPONIS

B LEAVY

M LOVE

JRUNYEON



NO. OF
COPIES ORGANIZATION

AMSRD ARL WM TB

R BITTING

G RANDERS-PEHRSON

J STARKENBERG
AMSRD ARLWM TC

R COATES

R ANDERSON

JBARB

N BRUCHEY

T EHLERS

T FARRAND

M FERMEN-COKER

E KENNEDY

K KIMSEY

L MAGNESS

B PETERSON

D SCHEFFLER

S SCHRAML

A SIEGFRIED

B SORENSEN

R SUMMERS

W WALTERS

C WILLIAMS
AMSRD ARL WM TD

T W BJERKE

SBILYK

D CASEM

JCLAYTON

D DANDEKAR

M GRINFELD

Y | HUANG

KI1YER

B LOVE

M RAFTENBERG

E RAPACKI

M SCHEIDLER

S SEGLETES

T WEERASOORIYA

HW MEYER
AMSRD ARL WM TE

JPOWELL



NO. OF

COPIES ORGANIZATION

1

UNIV OF PUERTO RICO
DEPT CHEMICAL ENGRG
L AESTEVEZ

MAYAGUEZ PR 00681-5000

AERONAUTICAL & MARITIME
RSRCH LAB

S CIMPOERU

D PAUL

PO BOX 4331

MELBOURNE VIC 3001
AUSTRALIA

DSTO AMRL
WEAPONS SYS DIV

N BURMAN (RLLWS)
SALISBURY

SOUTH AUSTRALIA 5108
AUSTRALIA

ABTEILUNG FUER PHYSIKALISCHE
CHEMIE

MONTANUNIVERSITAET

E KOENIGSBERGER

A 8700 LEOBEN

AUSTRIA

ROYAL MILITARY ACADEMY
G DYCKMANS
RENAISSANCELAAN 30

1000 BRUSSELS

BELGIUM

BULGARIAN ACADEMY OF
SCIENCES

SPACE RSRCH INST

V GOSPODINOV

1000 SOFIA PO BOX 799
BULGARIA

CANADIAN ARSENALS LTD
P PELLETIER

5 MONTEE DES ARSENAUX
VILLIE DE GRADEUR PQ J5Z2
CANADA

DEFENCE RSRCH ESTAB SUFFIELD
D MACKAY

RALSTON ALBERTA TOJ 2NO
RALSTON

CANADA

17

NO. OF

COPIES ORGANIZATION

1

DEFENCE RSRCH ESTAB SUFFIELD
C WEICKERT

BOX 4000 MEDICINE HAT
ALBERTA TIA 8K6

CANADA

DEFENCE RSRCH ESTAB
VALCARTIER

ARMAMENTS DIV

R DELAGRAVE

2459 PIE X1 BLVD N

PO BOX 8800

CORCELETTE QUEBEC GOA 1R0
CANADA

UNIV OF GUELPH
PHYSICS DEPT

C G GRAY
GUELPH ONTARIO
N1G 2wW1
CANADA

CEA

R CHERET

CEDEX 15

313 33 RUE DE LA FEDERATION
PARIS 75752

FRANCE

CEA/CESTA

A GEILLE

BOX 2 LE BARP 33114
FRANCE

CENTRE D’ETUDES DE GRAMAT
C LOUPIAS

P OUTREBON

JCAGNOUX

C GALLIC

JTRANCHET

GRAMAT 46500

FRANCE

DAT ETBS CETAM

C ALTMAYER

ROUTE DE GUERRY BOURGES
18015

FRANCE



NO. OF

COPIES ORGANIZATION

1

FRENCH GERMAN RSRCH INST
P-Y CHANTERET

CEDEX 12 RUE DE L’INDUSTRIE
BP 301

F68301 SAINT-LOUIS

FRANCE

FRENCH GERMAN RSRCH INST
H-JERNST

FJAMET

P LEHMANN

K HOOG

HF LEHR

CEDEX 5 5 RUE DU GENERAL
CASSAGNOU

SAINT LOUIS 68301

FRANCE

LABORATOIRE DE TECHNOLOGIE

DES SURFACES

ECOLE CENTRALE DE LYON
P VINET

BP 163

69131 ECULLY CEDEX
FRANCE

CONDAT

J KIERMEIR
MAXIMILIANSTR 28

8069 SCHEYERN FERNHAG
GERMANY

DIEHL GBMH AND CO

M SCHILDKNECHT
FISCHBACHSTRASSE 16

D 90552 ROETBENBACH AD
PEGNITZ

GERMANY

ERNST MACH INSTITUT

V HOHLER

E SCHMOLINSKE

E SCHNEIDER

K THOMA

ECKERSTRASSE 4

D-7800 FREIBURG I BR 791 4
GERMANY

W B HOLZAPFEL
MAERCHENRING 56
D76199 KARLSRUHE
GERMANY

18

NO. OF

COPIES ORGANIZATION

3

FRAUNHOFER INSTITUT FUER
KURZZEITDYNAMIK

ERNST MACH INSTITUT

H ROTHENHAEUSLER

H SENF

E STRASSBURGER
KLINGELBERG 1

D79588 EFRINGEN-KIRCHEN
GERMANY

FRENCH GERMAN RSRCH INST
G WEIHRAUCH

R HUNKLER

E WOLLMANN

POSTFACH 1260

WEIL AM RHEIN D-79574
GERMANY

IABG

M BORRMANN

H G DORSCH

EINSTEINSTRASSE 20

D 8012 OTTOBRUN B MUENCHEN
GERMANY

INGENIEURBUERO DEISENROTH
AUF DE HARDT 33 35

D5204 LOHMAR 1

GERMANY

NORDMETALL GMBH

L WMEYER

EIBENBERG

EINSIEDLER STR 18 H
D-09235 BURKHARDTSDORF
GERMANY

TU CHEMNITZ

L W MEYER (X2)

FAKULTAET FUER MASCHINENBAU
LEHRSTUHL WERKSTOFFE DES
MASCHINENBAUS

D-09107 CHEMNITZ

GERMANY

TU MUENCHEN

E IGENBERGS
ARCISSTRASSE 21
8000 MUENCHEN 2
GERMANY



NO. OF

COPIES ORGANIZATION

NO. OF
COPIES ORGANIZATION

1

BHABHA ATOMIC RSRCH 2
CENTRE

HIGH PRESSURE PHYSICS DIV

N SURESH

TROMBAY BOMBAY 400 085

INDIA

NATIONAL GEOPHYSICAL 1
RSRCH INST

G PARTHASARATHY

HYDERABAD-500 007 (A. P.)

INDIA

UNIV OF ROORKEE

DEPT OF PHYSICS 1
N DASS

ROORKEE-247 667

INDIA

RAFAEL BALLISTICS CTR

E DEKEL

Y PARTOM 1
G ROSENBERG

Z ROSENBERG

Y YESHURUN

PO BOX 2250

HAIFA 31021

ISRAEL

SOREQ NUCLEAR RSRCH

CENTRE

ISRAEL ATOMIC ENERGY

COMMISSION

Z JAEGER

81800 YAVNE 4
ISRAEL

ESTEC CS

D CASWELL

BOX 200 NOORDWIK
2200 AG
NETHERLANDS

EUROPEAN SPACE AGENCY ESTEC

L BERTHOUD 1
M LAMBERT

POSTBUS BOX 299 NOORDWIIK

NL2200 AG

NETHERLANDS

19

PRINS MAURITS LAB
H JREITSMA

E VAN RIET

TNO BOX 45
RIJSWIIK 2280AA
NETHERLANDS

TNO DEFENSE, SECURITY AND
SAFETY

R ISSELSTEIN

PO BOX 96864

THE HAGUE 2509JG

THE NETHERLANDS

ROYAL NETHERLANDS ARMY
JHOENEVELD

V D BURCHLAAN 31

PO BOX 90822

2509 LS THE HAGUE
NETHERLANDS

INST OF PHYSICS

SILESIAN TECHNICAL UNIV
E SOCZKIEWICZ

44-100 GLIWICE

UL. KRZYWOUSTEGO 2
POLAND

INST OF CHEMICAL PHYSICS
AYU DOLGOBORODOV
KOSYGIN ST 4 V 334
MOSCOW

RUSSIA

INST OF CHEMICAL PHYSICS
RUSSIAN ACADEMY OF SCIENCES
G | KANEL

A M MOLODETS

SV RAZORENOV

AV UTKIN

142432 CHERNOGOLOVKA
MOSCOW REGION

RUSSIA

INST OF EARTHS CRUST
P I DOROGOKUPETS
664033 IRKUTSK
RUSSIA



NO. OF

COPIES ORGANIZATION

3

INST OF MECHL ENGRG
PROBLEMS

V BULATOV

D INDEITSEV

Y MESCHERYAKOV
BOLSHOY, 61, V.O.

ST PETERSBURG 199178
RUSSIA

INST OF MINEROLOGY &
PETROGRAPHY

V A DREBUSHCHAK
UNIVERSITETSKI PROSPEKT, 3
630090 NOVOSIBIRSK

RUSSIA

IOFFE PHYSICO TECHNICAL
INST DENSE PLASMA
DYNAMICS LAB

E M DROBYSHEVSKI

A KOZHUSHKO

ST PETERSBURG 194021
RUSSIA

IPE RAS

A ABOGOMAZ
DVORTSOVAIA NAB 18
ST PETERSBURG
RUSSIA

LAVRENTYEV INST
HYDRODYNAMICS

L A MERZHIEVSKY
V V SILVESTROV
630090 NOVOSIBIRSK
RUSSIA

MOSCOW INST OF PHYSICS & TECH
SV UTYUZHNIKOV

DEPT OF COMPTNL MATH
DOLGOPRUDNY 1471700

RUSSIA

RSRCH INST OF MECHS

NIZHNIY NOVGOROD STATE UNIV
A SADYRIN

P R GAYARINA 23 KORP 6
NIZHNIY NOVGOROD 603600
RUSSIA

20

NO. OF

COPIES ORGANIZATION

2

RUSSIAN FEDERAL NUCLEAR
CTR - VNIIEF

L F GUDARENKO

R F TRUNIN

MIRA AVE 37

SAROV 607190

RUSSIA

ST PETERSBURG STATE
TECHNICAL UNIV

FACULTY OF PHYS AND MECHS
DEPT OF THEORETICAL MECHS

A M KRIVTSOV
POLITECHNICHESKAYA STREET 29
195251 ST-PETERSBURG

RUSSIA

SAMARA STATE AEROSPACE UNIV
L G LUKASHEV

SAMARA

RUSSIA

TOMSK STATE UNIV
A G GERASIMOV
5-TH ARMY ST 29-61
TOMSK 634024
RUSSIA

DEPARTMENTO DE QUIMICA
FISICA | FACULTAD DE CIENCIAS
QUIMICAS

UNIVERSIDAD COMPLUTENSE DE
MADRID

V G BAONZA

M TARAVILLO

JEFRUBIO

JNUNEZ

M CACERES

28040 MADRID

SPAIN

UNIVERSIDAD DE CANTABRIA
FACULTAD DE CIENCIAS
DEPARTMENTO DE FISICA
APLICADA

J AMOROS

AVDA DE LOS CASTROS S/N
39005 SANTANDER

SPAIN



NO. OF

COPIES ORGANIZATION

NO. OF
COPIES ORGANIZATION

1

CARLOQS 111 UNIV OF MADRID 5
C NAVARRO

ESCUELA POLITEENICA SUPERIOR

C/. BUTARQUE 15

28911 LEGANES MADRID

SPAIN

UNIVERSIDAD DE OVIEDO

FACULTAD DE QUIMICA

DEPARTMENTO DE QUIMICA

FISICA'Y ANALITICA 1
E FRANCISCO

AVENIDA JULIAN CLAVERIA S/N

33006 - OVIEDO

SPAIN

DYNAMEC RSRCH AB 1
A PERSSON

PO BOX 201

SE-15123 SODERTALIJE

SWEDEN

FOI

SWEDISH DEFENCE RSRCH

AGENCY 1
GRINDSJON RSRCH CENTRE

L GUNNAR OLSSON

B JANZON

G WIK

R HOLMLIN

C LAMNEVIK

L FAST 7
M JACOB

SE-14725 TUMBA

SWEDEN

SWEDISH DEFENCE RSRCH ESTAB
DIV OF MATERIALS

S JSAVAGE

J ERIKSON

S-17290 STOCKHOLM

SWEDEN

AWE

M GERMAN 1
W HARRISON

FOULNESS ESSEX SS3 9XE

UNITED KINGDOM

21

DERA
| CULLIS

JP CURTIS Q13

A HART Q13

K COWAN Q13

M FIRTH R31

FORT HALSTEAD
SEVENOAKS KENT TN14 7BP
UNITED KINGDOM

UK MINISTRY OF DEFENCE

G J CAMBRAY

CBDE PORTON DOWN SALISBURY
WITTSHIRE SPR 0JQ

UNITED KINGDOM

K TSEMBELIS

SHOCK PHYSICS GROUP
CAVENDISH LAB

PHYSICS & CHEMISTRY OF SOLIDS
UNIV OF CAMBRIDGE
CAMBRIDGE CB3 OHE

UNITED KINGDOM

L VOCADLO

DEPT EARTH SCIENCES
UNIV COLLEGE LONDON
GOWER ST

LONDON WCL1E 6BT
UNITED KINGDOM

INST FOR PROBLEMS IN
MATERIALS SCIENCE

S FIRSTOV

B GALANOV

O GRIGORIEV

V KARTUZOV

V KOVTUN

Y MILMAN

V TREFILOV

3 KRHYZHANOVSKY STR
252142 KIEV-142
UKRAINE

INST FOR PROBLEMS OF STRENGTH
G STEPANOV

TIMIRYAZEVSKAYU STR 2

252014 KIEV

UKRAINE



INTENTIONALLY LEFT BLANK.
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