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A.. INTRODUCTION 

A m.:ijor effort i n t he shock ~·1ave fi e1d is r.o\} focusccl · on t he lm:1 

• stress region of materials. The cxp-cri m2ntc,.l effort in t he 101,1 stress 

• • d • • t· t th ' l ' r t' ... • 3 · l reg1 on 1 s ue in par o ,e oeve opr.:en i: o, ne quar l-Z gauge. It is 

the purpoi~ of this paper to describe the im~edance matching te~hnique 

for reduting the measured pressure and particle speed in t he quartz. 

gauge to the pressure·and particle speed in the sam~le materi al. This 

work will be restricted to materials which exhibit two ~hock waves result­

ing from a violation of the stability criterion. 

The typical shock experi m~nt {Fig. 3.1) is one where a projectile 
• 

is incident on the front surface of a sample . . The back surface is in 

conta~t with a quartz ga~ge . ~Upo~ i mpact two shock waves go forward 

, (+ x direction)' in the sample v1hile a shock \·1ave goes backwards· (- x direc­

tion) in the projectile. The first shock in the sample reaches the quar tz 

face and a shock wave is transmitted into the quartz. A rarefaction wave 

is. reflected back into the sample if its impedance is higher than that of 

quartz., A shock. wave is_ reflected if its impedance is less. Assume the 

backward facihg wave and the forward facing second shock do not interact. 
. . . 

The second shock then proceeds unperturbed to the quartz boundary, a shock 

wave is transmitted into ihe quartz, and a rarefaction or shcick wave is 

reflected, depe~ding on relative impedances ~f sample and quartz. 

The state ahead of a v,eak shock or rarefaction \'iave is rel ated to ·the 

t t b l • d th b th R k • u • t- • • · • -d • t • 3 • 2, 3 • 3 s a e e11n •. e wc1ve y e an 1ne-,1ugon10 Jump :con 1 ·ions . Let 

• . l 
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the subscript_ 11 0" repn:'scnt t he state a.h2c.d of t he v1ave. and t h.:: subscript 

"1 " represent t ho sta te behi nd the 1,,ave. 

p (D -u ) 
O 1 o 

P - P = p (D -u }(u -u) lo olo lo 

( 3. l ) 

. (3 . 2) 

where p is density, D is 1;1ave speed, u is particle speed, and P is press ure . 

Procedures for reducing quartz data to sa:n;:il e data are d2scri bed here 

for three cases : 

B. 

l) the sample is an elastic-plastic material wi th higher 

impedance than q0artz, 

2) it is a polymorphic material with higher impedance th an 

quartz, 

3) it is a material of lower impedance than quartz . 

ELASTIC-PLASTIC MATERIAL OF HIGHER IMPEDANCE THAN QUARTZ 

A simple solution to the impedance matching problem exists for this 

case. Assume that the rarefaction wave from the quartz boundary has the 

same speed as the elastic first shock wave in the material. The P-u plane 

describing the experiment is given in Fig. 3.2. A convenient but not 

necessary assumption is that the projectile material has a linear P-u 

relationship. 

The first forwatd-facing elastic wave, o1~ shocks the material to 

state (P1 ,u1). The second forv,ard -facing plastic shock wave , o
2

, compresses 
' th~ material to state (P2 ,u2) . The backward-facing elastic wave, □3 , 

relieves the material from state (P1,u1) to the state (P3,u3). The second 

relief path from state (P2 ,u2) can be left unspecified; an arbitrary path 
.• :) -• 

i s shown in Fig. 3.2. The ~tate (P2,u2) is al so defined by the backward-

facing shock wave in the project ile. 
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Applying th~ Rank-ine-Hugoniot equ?.tions to t he vari ous states shO\•!i'I 

on t-he P-u .clia9ram v:i th P
0

=0 , u
0

==0 results i n the follmdng set of equations.· 

poDl == p
1

(o
1

-u
1

) (3.3) 

pl = p D u 
o l 1 (3.4} 

p 2-Pl = P7 (D2-111 )(u2-u1) (3.5) 

.P3- P1 = p
1

(o
1
+u

1
)(u

1
-u31 (3.6) 

P2 ==A+ Bu
2 

(3. 7) 

The subscript indicates the material sta~ behind the wave of the same 

subscript. The p~rameters known from the experimen;_are p
0

, □ 1 , o2, P3, 

u3, P4, u4, A and 8. The constants A and 8 define the projectil e 's P-u 

relationship. 

Solving these equations f.or the unknowns u1 and Pl' r esults in 

---.. 

Using the r~sults of Eqs. (3.8) and (3 .9), P2 becomes 

p = 
2 

P,s-p,(D2-u,}(A + Bu,) 

B-p1(o2-u1) 

(3.8) 

(3.9) 

(3.10) 

The relief path for the second 1t1ave has ·not been used in the above results. 
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A t est of relief modes for the seconJ wave can i n principle be nade by 

assJming a model and comparing t he res ults f or P2 wi th Eq. (3. 10). 

C. POL n:ORPHIC ~1ATERIP,L HITH rnPEDANCE HIGHER THAN QU,C1RTZ 

The solution to this probJem requires an ass umptioi about the equat ion 

of state. The assumption made here is that the first phase of the material 

has a linear shock speed-particle speed, (U
5
-Up), rel ati on. It is ~lso 

assumed that the bulk sound speed, c , at STP conditi ons is known. 
. 0 

The P-u plane is shown in Fig. 3.3. The state of the materia l be-

hind the first shock, o
1

, is (P
1

,u
1

). The state beh ind the second shock, 

D2, is (P2,u2). The back1vard-facing rarefaction wave from the quartz face 

takes the material from state (P1 ,u1) to state (P3,u3) .. ~he second rare­

faction fan takes the material from state (P2,u2) _to state- (P4,u4). The 

state (P2,u2) is also defined by the backward shock wave in ·the projectile. 

The state (P3,2u1-u3) i_s symn1etric to (P3,u) and contai ns the sa1ne 

+ information as_ (P3,u3). A hypothetical fornard facing shock o3 would take 

the material from state (P3,2u1-u3) to state (P
1

,u
1

). 

The Rankine-Hugoniot equations can be applied to the various states 

( .··e P-u curve with P
0
=0, u

0
=0, resulting in the following set of 

,., ,J t ions: 

P2 = A + Bu
2 

-
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(3.3B) 

(3.4B) 

(3:58) 

(3 .7B) 

(3 .11B) 
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(3. 16 ) 

• (3.17) 

The subscript ind icates the mater ial state behi nd the wave of the sam2 

subscript. The p~rameters known from t he experiment are ~
0

, □1 , □2 , P
3

, u
3

, 

P4, u
4

, A and B; the cons tants A a·nd B define t he projectile's P-u relati on­

ship; 

The state syrr.metric to (P3,u3) li es on the first phase of the P-ti 

branch. The symmetric state (P3 ,2u1- u3) has been used for Eqs. (3.llB) 

and (3.17). Eqs. (3 . 16) and (3.17) represent the linear Us-Up relation 

assumed for the first phase . . 

The analytical solution is difficult, but numerical solutions are 

readily found. A flow chart for numerical solution is given in Fig. 3.4. 

The procedure is started by cho?sing a value for u
1 

and calculating all 

the unknown parameters relat~d to the first shock wave in the materi al. 

The calculate~ pressure !3 is · compared to the measured P
3

. The value of 

1: 1 is increased by I!, if the tl-'10 numbers disagree and the process is repeated 

'_'l they agree; the sol~tion for the first phase is then complete. The 
t·, ,, . . 

:-, ·; ,,i nation o~ P2 between Eqs. (3.5B) and (3.7B) allol'ls calculation of u
2

; 

calculation of P2 from Eq. (3.7B) completes the solution. 

The relief path for the second wave has not been used in the above 

results . A test of relief models for the second wave can in principle be 

made. 

D. MATERIALS WITH IMPEDANCE LOHER THAfl QUARTZ 

The solution to this problem requires an assumption about the equation 

of state. The assumption made here is that the second phase of the material 

has a linear Us-Up relation~ 
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The P-u pl ane for a ma t er ial of l o~er i mpedance than quartz is gi ven 

i n F,!g . 3.5 . The st;:ite of the materi al behind t he firs t shock, o
1

, i s 

defined by (P1 ,u1). The s tate behind th2 second shock, o
2

, is def·ined by 

(P2, u2) . The f i rst backward-f aci ng shock , o
3

, t akes t he materi al from 

s ta te (P1,u1) to {P3 ,u3). The second backwa rd- f aci ng shock f rom the q~artz 

f ace takes t he sample from state (P2,u2) to stat e (P
4

,u
4

) . The s t ate (P
2

, u
2

) 

is al so def i ned by the bacbvard shock wave in t he projec_tile. 

• The state (P3,2u1- u3) is symmetri c _to (P
3

,u
3
J and cont ai ns t he same 

i nformati on as (P3,u3). The st ate (P4,2u2-u
4

) is symmet r ic t o (P
4

,u
4

) and 

contai ns the same info rmation as (P4,u4). 

The Rank ine- Hugoniot equati ons can be appl i ed to ~t he var ious states 

on the P-u plane with P
0
=0, u

0
=0, resul t i ~g in the fol lowi ng set of equations . 

poDl = p1(D1-u
1
) (3. 3A) 

pl= poDlul (3 .4A ) 

P2-r1 • = pl {D2-u1 )(u2
- u

1
) - (3. 5A ) 

P2 =A+ Su
2 (3. 7A) , .. 

' \ 

+ 
(3. 11) p 3-Pl = P1(D3- U1)(u,-u3) 

+ 
P4-P2 = P2(D4- u2)(uz-U4) (3.12) 

P1(D2-u1) Pz(D2-u2) (3 . 13) = ... 
··+ .. 

(3.1 4) D2 = o3 + S(u2+u3-2u
1
J 

D+ 
4 

= o2 + S(u2-u4} (3. 15) 

~; 
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The subscr-ipt i ndicates t he state behind the \R.ve of the s 2r:12 subscript . The 

states syrr:n12·tric t o (P3 ,u) and (P4 , t\ ) li e on the P-u branch for the second 

phase. The syr.:metd c states have be~n used for Eqs. (3.1J), (3.1 2), (3.13 ) , 

and (3.14). P, hyrothetical fon1ard-facing sf. ,.,ck , o;. \·:ould change the 

.L 

shock, D~, would change t he material from state (P2 ,u2) t o (P4,2u
2
-u4) . 

Eq uations (3.14) arid (3.15) represent the ass umed U -U rel ation . 
s p 

Known parameters from the experi ment are p
0

, D
1

, D
2

, P3, u3, P4, u4, A and 

B. Parameters A and B define the linear P-u relationship for the projectile. 

Analytical solution of. the ni ne equations is difficult and poisibly 

unattainable, but they can be solved numerica lly. P.. flm·✓ chart for t he 

numerical solution is shm·m in Fig. 3.6. 

The procedure described in Fig. 3.6 is started by choosi ng a value for 

u1 and calculating all t he other unknowns. The calcul ated pres$ure P3 is 

) compared to the measured value of P3. If they disagree , u1 is increased by 

A and the process repeated until they do agree. Choosing u1 as the parameter 

to change makes it possible to use most of the equations of the set i n their 

given form . The one except ion to this is that Eqs. (3.5A) and (3.7A) need 

to be solved for u2 by eliminating P2 from the equation . 

The above procedure• is illustrated for Cadmium sulfide- lucite compos ites , 

which have lower impedance than quartz. CdS undergoes a polymorphic phase 

transition at about 30 kilobars, and two waves are formed if the driving 

• pressure is in the right range . The data from two experiments with results 

of calcul ations for P1 and P2 are given in Table I. : The projectile 

materi al was 606l-T6 aluminum. 
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H1BLE I 

DOUB LE S1 IOC K t,L~ VE I r-i CdS 

Shot Nun,bc·· 69-005 69-036 

Sampl e D2nsi ty l. 785 2. 025 -. 
( gm/ci?i) 

o, (cm/ µse c) .2850 .'2955 

02 (cm/µs ec) .2780 .2938 

P3 (megabars) .0365 .0332 

~ 
U3 (cm/µsec) .0237 .0217 

P4 (megabars) .0496 .0440 

U4 (cm/psec) .0322 .0285 

Projectile Speed .0869 .0777 
.(cm/µsec) 

· A (megabars) . 1244 .1113 
) B (megabar cm/µsec) -1. 42 • -1. 42 

Transition Pressure pl .0244 .0230 
(rnegabars) 

Fina 1 Pressure, p2 .0327 .0330 
(megabars) 
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PRO JECTILE 
u 

S AMPLE 
QUARTZ 

GAGE 

Fi gure 3. 1 Typical shockwave experiment 
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p S AM PLE 

QU!\r-TZ 

u u 
PROJECTILE 

Figure j,2 P-u plane of elastic-plastic material of 
higher impedance than quartz~ 
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SAMPLE 

U.l\RTZ ,.,... 
. t},u4) 

u 
UPR OJECTI LE 

Figure 3.3 P- u pl ane of polymorphi c materi al with a higher 
impedance than quartz . 
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P1 

I E Q . '-:.,L\ 
V 

E0.1 5 

s 

·! EQ.IG 
+ 

D3 

J, EQ.118 

E TEST IF \ 
ALC.- P3 M E/\S)··-> 

~ S~Jl/.\L0 . 

Figure 3.LI. 

l -
\/ -

YES 

l EQS. 58 AND 78 

U2 

_ t EQ. 78 
. - . 

P2 

J~ 
END 

F1m•/' of numerical impeda,:ce ca1culation for 
polymorph ic mater i al of hi gher impedance 
than quartz. 
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u u 
PROJ ECTILE 

SAf:i]PLF 

I 

Figure 3.5 P-u pl ane of material with a lower impedance than q~artz . 
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P1 • 

l E- (} c:- . , ,i ,~ (1.! [) 7,'.' .. \ I ·,. .._J • ~ .. • /-1. • -

U 2 

l EQ.I 3 
\..1 

P2 

. I EQ.SA 
V 

P2 

t EQ. I2 

+ 04 

L EQ.I5 

s 
J; EQ.I4 

·r 
D3 

i EQ. 1I 

P3 
1- • 
V 

,----

TEST IF 
P3 CA LC.-- P3 ~v1EAS. - -> NO ---.....J 

IS SMALL 

• • ~r 

YES 

t 
END 

Fi gure 3. 6 Fl ow of numerical impedance calculation 
for ma t eri als of lov,er impedance than quartz·. 
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