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A. INTRODUCTION.
L
4

A major effort in the shock wave field is naw_focusc

-

on the low
“stress region of materials. The expEFiﬁentaT effort in the. low stress
'regfon is due in part to the development of the guartz gauge.3‘1 Ii is
the purpp;é of tﬂis paper to describe the impedance'matching teéhnique

.-for redﬁcfng the measured pressure and particfe spead in the quartiz
gauge to the pressure and pdrt1c1e speed 1in tne sample material. Th%é
" wWork w1]1 be restricted to mater1a]s vhich exh1b1t two shoci waves result-
ing from a v1o1at1on‘or the 5tab1]1ty criterion.

The typical shock experimémt {Fig. 3.1} 1is one where a projectile
is incident on the front surface-bf a sémple.‘-The baék surface is in
" contact with a quartz gaugL. Upon 1mnaci two ShOLk waves go forward
(+ X dwreCL1on) in the samp?e while a shock wave goes backwards (~ X direc-
tion) in the projecti?e. oThe first shock in the sample reaches the qﬁartz
face and a shock wave is transmitted intolthe quartz. A rarefaction wave .
iz reflected back into tha samp?e if its impedance is higher than that of
quartz A shock wave is reflected 1f 3ts 1mpedance is less. Assume the
.backward fac1ng wave and the forward fac1n9 second snock do not 1nteraci
The second snock then proceeds unperLurbed to the quartz boundary, a shock
rave is transmitted into the quartz, and a rarefaction or shock wave is
ref]ected, depending on relative impedances of sampTe and quartz.

The staée ahead of a weak shock or rarefaction wave is related tb'the

3.2,3.3

state behind .the wave by the Rankine-Hugoniot juméﬁcbﬁaitions. Let
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the subscript "o" represent the state ahsad of the wave and the subscript

Il‘? 3}
i

represent the state behind the wave.

pO(DIWUO) = pi{D-i-U-i) . (3])

P] - PO:$ pO(Di~uO)(uI—u0) (3.2}
heve p is density, D is wave spead, u is partié%e speed, and P is pressure.
Procedures for reducing quartz data to Sample data are described here
for three cases:
1) the sample is an elastic-plastic material with higher

impedance than quartz,

2) it is a polymorphic material with highérlimpedance than
quartz,
3) it is a material of lower impedance than quartz.

B.  ELASTIC-PLASTIC MATERIAL OF HIGHER IMPEDANCE THAN QUARTZ

A simp]g solution to the impedance matching problem exists for this
case. Assume that the rérefaction waﬁe from the quartz boundary has thé
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.éssumption is that the projectile material has a linear P-u
relationship. . 7

The first forward-facing elastic wave, Dl’ shocks the material to
state (P],u]). The second forward-facing piastic shock wave, DZ’ compresses
the material ﬁo_;tafe (Pz,uz). The backward-facing elastic wave, D3,
re?ieves,the_ﬁateriaT from state (P],ul) to the state (P3,u3). The second
relief path from state (P2,u2) can be left unspecified; an arbitrary path
is shown fni%ig. 3.2. The state (Pz,uz) is aiso defined by the backward-

facing shock wave in the projecti]e;



Applying the Rankine-Hugoniet equations te the various states shown

‘on the P-u diagram with PO=O, UO:O resulis in the following set of equations.

0gDq = o7(Dy-u;) | S
P1 = pOD]u1 (3.4)
PZ—P] = 51(D2~n1)(u2—u1 (3.5)
'PS—P] & p](D]+u})(U1~ﬂ3) 2w (3.6)
By = Ad guz (3.7)

The subscript indicates the material state behind the wave of the same
subscript. The parameters known from the experimentrare Po? D}, DZ’ P3,

uss P4, Uy > A and B. The constants A and B define tﬁé projectile's P-u
relationship. | ‘

Solving these equations for the unknowns Uy and PT results in

D (P * o Douy)
U] o 13 o173 ‘ _ (3.8)
~ 2
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D]Z(P' #pDyt)
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20 2 (3.9)

P

370DyU3+20 Dy

Using the results of Egs. (3.8) and (3.9), P2 becomes

P.B-p, (D,-u,}{A + Bu,) :
P —L .t 2 ] 1 (3.10)

. 2
B“P](Dz“u]}

The relief ﬁath for the second wave has not been used in the above re§u1ts.



A test of relief modes for the second wave can in principle be made by

assuming a model and comparing the results for PZ with Eq. (3.10),

C. POLYHORPHIC MATERIAL WITH IMPEDANCE HIGHER THAN QUARTZ

The solution to this problem requires an ass@mptioh cbout the equation
of state. The assumption made here is that the first phase of the material
_has a linear shock speed-particle speed, {US—UP), relation.. It is also
assumed that the bulk sound speed, €y at STP conditions is known. |

The P-u plane is shown in Fig. 3.3. VThe state of the material be-
hind the first shock, D], is (Pl,u}). The state behind the second shock,
DZ’ is (Pz,uz). The backward-facing rarefaction wave”from the quartz face
takes the material from staté (P1,u]) to state (P3,u3).- The second rare-

2)_t0 state (P The

ol 4’“4)’
state (PZ’UZ) is also defined by the backward shock wave in ‘the projectile.

faction fan takes the material from state (P

The state (P3,2u]—u3) js symmetric to (P3,u3) and contains the same
iﬁformation as (P3,u3).-'A hfpethetica1 forward facing shock Dg woqu take
the material from state (P3,2u1~u3) to state (P],ul).

The Rankine—Hugéniot eduations can be applied to the various states

< .@ P-ucurve with P =0, u =0, resulting in the following set of

iations: _ 7
poDy = 07(D3-uy) | _ Bk (3.38)
P.tr = p'OD-!U] (3.4B)

Pp-Py = o7 (Dymt7) (uy-u7) | o | (3.:58)

Py = A+ Bu, (3.78)
Pa-Py = pq (D3-u;) (uy-u5) ~1 1 (3



Dy = ¢, * Sui {3.16)
i D = p.-5( ) ' N (%17
3— _l U3—U] ' i

The subscript indicates the material state behind the wave of the same

subscript. The parameters known from the experiment are 050 D p

12 [)2, 3s Ugs
P4, uq, A and B; the constants A and B define the projecfile's P-u relation-
ship.

The state symmetric to_(P3,u3) Ties on the first phaée of the P-u
branch. fhe symmetric state (P3,2u]~u3) has been used for Egs. (3.11B)
and (3.17). Egs. (3.16) anq (3.17) represeﬁt the linear US—Up relation
assumed for the first phase, T

The analytical solution is difficult, but numerical solutions are
readily found. A flow chart for nUmericaI‘sa1ution is given in Fig. 3.4,
The ﬁrocedure is started by chobsing a value.for Uy and calculating all
the unknown parameters related to the first shock wave in the material.

The calculated pressure P3 is compared to the measured P The value of

3
Ui'is increased by A if the two numbers disagree and the process is repeated
? they agree; the so?ut1on for Lhe first pnase is then comp1ete The
nat1on of P, between Egs. (3.5B) and (3.78) allows ca1cu1at1on of Uss
calculation of P2 from Eq. (3.7B) completes thé solution.
The rglief path for_the second wave has not been used in the above
-resuTts. A test of ré1ief models for the second wave can in principle be

made. o .

D. MATERIALS»WITH IMPEDANCE LOWER THAH QUARTZ
The 501UL10n to this problem requires an assumption about the equation
of state.  The assumpt1on made here is tnat the second phase of the material

has a Tinear Us—Up.re]aL1oni



The P-u plane Tor a material of lower impzdance than quartz is given

in F{g. 3.5. The state of the material bshind the first shock, D], T8

'

defined by (Py,u;). The state behind tha second shock, D., is definad b
- 1 2

(925u2). The first backward-facing shock, D,. takes the material from

3.'
state (P],u]) to (P3,U3). The second backward-facing shock from the quartz

face takes the sample from state (PZ’U2) to state (PQ,UQ). The sta?e (PZ’UE)

is also defined by the backward shock wave in {he projectile. '

The state (P3,2u1—u3) is symmetric to (P3,u3) and contains the same
information as (P3,u3). The state (94,2u2-u4) is symmetric to (Pq,uq) and
contains the same information as (Pﬁ,u4).

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

on the P-u plane with P0=0, uo=0, resulting in the following set of equatiohs.

poDy = pq(D-up) L e
Py = Dy G . (3..4,&)
P2—P1'= pI(DZ—u])(u2-u1 -{35R)
P2 = A‘+ Bu2 = (3. 70)
Py-Py p](a;ul)(u]-ug) s o (zan)
Py-P, = pg_(nz-uz)(uz-ué) | - Ba2)
pp(Dpmup) = 0p(0g1p) i (3,)%)
D, = Dy + S(uytug-2u;} | (3.14)
.DZ =D, + S(uz—u4) | s (3-15)
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The subscript indicates the state behind the wave of the same subscript. The

states symmetric to (Pg=“3) and (Pq,u4) lie on the P-u branch for the second

phase. The symmetric states have bezn used for Egs. (3.11), (3.12), (3.13),
: i, s ) _ % ,

and (3.14). A hypothetical forward-facing shuck, D3. would change the
material from state (P332uihu3) to (Pz,uz); A hypothetical forward-facing

+ 3 Frald : )
shock, D,, would change the material frow state (PZ:UZ} to (?ﬂ,2u2~u4).

Equations (3.14) and (3.15) represent the assumed US-Up relation.

g, B P A and

]3 25 33 u33 43 u43 l
B. Parameters A and B define the linear P-u relationship for the projectile.

Known paramzters from the experiment are Py D

Analytical solution of. the nine equations is-difficu]t and possibly
unattainable, but they can be solved numerically. A'flow chart for the
numerical solution is shown in Fig. 3.6. 7

- The procedure described in;Fig. 3.6 is started by choosing a value for
Uy and calculating all the other:unknowﬁs. The calculated pressure P3 is
compared to the measured value of P3. If they disagree, Uy is increased by
A and the process repeated untf] they do agree. Choosing Uy és the parameter
to change makes it possible to use most of the equations of the set in their
given form. The one exception to this is that Eqs; (3.5A) and (3.7A) need
to be solved for Uy by eliminating P2 from the equation.

Thé above procedureis illustrated for Cadmium sulfide-lucite composites,
which have lower impedance than quartz. CdS undergoe§ a polymorphic phase
transition at-about 30 ki]obafs, and two waves are formed if the driving
pressure is in the right range. The data from two experiments with results
of ca]cu]ationsffor P and P, are given in Tab}e I. . The projectile

material was 6061-T6 aluminum.
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TEBLE 1

DOUBLE SHOCK WAVE IN CdS

Sample Density
{gn/cin)
D (cm/usec)

D, (cm/usec)
P, (megabars)'
Us (cm/usec)
P4 (megabars)
Uy (cm/usec)

Projectile Speed
(cm/psec)

- A (megabars)
B (megabar cm/psec)

Transition Pressure:P]
(megabars)

Final Pressure, P2
(megabars)

69-005
1..285

L2850
2780
L0365
L0237
L0496
S
.0863

1244
-1.42
.0224

.0327

69-036

2,025

12955
.2938
.0332
.0217
.0440
.0285
0777

13
42
.0230

.0330
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Figure 3.1 Typical shockwave experiment
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Figure 3.2 P-u plane of elastic-plastic material of
' higher impedance than quartz.
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Figure 3.3 P-u plane of polymorphic material with a higher
impedance than quartz.
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Figure 3.4 Flow of numerical 1mpeda ice calculation for
' polymorphic material of higher impedance
than quartz.
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Figure 3.5 P-u plane of material with a lower impedance than quartz.
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! Figure.3.6 Flow of numerical impedance calculation
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