of about 5 x 10~% padian is satisfactory for the
type of experiments to be described. Varilous
Investigators have used different means to achieve
the precisely aligned impact, and the technology
for achleving this 1s reasonably widespread al-
though principally utilized for the measurement
of mechanical properties.5 If provisions for
securing low values of tilt are not made, mean-
ingful measurements are not possible in the par-
ticularly lmportant low-veloclty (low stress) re-
gion. Further, it is important to compare shock-
wave measurements in thelr low-pressure limit to
atmospheric pressure values. Thus, exclusion of
the low-stress region 1s a serious experimental
limitation.

To prevent alr-pressure buildup between the
rapidly closing surfaces of the facing and specil-
men, 1t is necessary to evacuate the space between
the projectlile and specimen to a pressure of about
10-2 torr. The high pressure driving the pro-
jectlile 1s sealed from the vacuum by O-ring seals
on the projectile.

As will be demonstrated later, one of the
most useful measurements made in an impact exper-
iment 1s that giving the velocity of the impact-
ing surface. For the impact of like materials,
this veloclty measurement gives additional data
to that which can be obtained in an explosive
loading experiment, and much of the effectiveness
of the impact experiment is lost 1if the provision
for veloclty measurements 1s not made. The most
preclse measurements are made with electrical
discharge contact pins which may protrude elther
through the slde of the gun bore (17) or through
the plane of the specimen toward the projectile
(18). The velocity of the impacting disk at the
instant of impact typically can be measured to
f0.5 percent.

Measurements of the electrical behavior of
the specimen usually require a conducting elec-
trode at the impact surface. To malntain precise
alignment and provide minimum distortion to the
shock wave, the electrode 1is normally a thin va-
por-deposited layer of aluminum or silver.

Although not absolutely essentlal, the ef-
fectiveness of the experiment is greatly enhanced
i1f a preselected impact veloclty can be achileved
within about 5 percent of the desired velocity.
Even though the velocity 1s to be precisely meas-

5 Impact techniques also are effectivcly em-
ployed for the measurement of mechanical proper-
ties. Since many of the alignment techniques and
other experimental problems are simllar, a supple-
mentary list of references on mechanical property
measurements by lmpact techniques i1s included at
the end of the individually cited references.

ured on each experiment, there are numerous 1in-
stances for which experiments are required in the
nelghborhood of a critical point. Further, this
control results in the capabllity of achleving
virtually continuous values of stress over a range
of stress which can be quite large.

In summary, an impact experiment sultable
for well-defined physical property measurements
has the following general features:

1l Preclse alignment of the impacting sur-
faces of facing and specimen disks.

2 Provisions for impact in vacuum.

3 Preclse measurement of velocity at impact.

4  Ccapability of obtaining a preselected im-
pact veloclty.

The Impact Relationships

If the impact of two flat surfaces 1s
achleved under the conditions described in the
foregolng, the particle velocity imparted to the
specimen as a result of the impact can be pre-
cisely determined. The relations that specify
the impact conditions follow from the considera-
tion that for all times when the impacting and
impacted surfaces are in contact, the stress and
particle velocity must have the same values across
the interface. Thus, 1t follows that

Ug = Ug =1 (3)
and
S, = O (#)

where Uy is the impact velocity, u 1s the particle
veloclty, and d 1s the stress in the impact direc-
tion imparted to the facing. The subscript, a,
refers to the sample and the subscript, b, refers
to the specimen. Combining these relations with
equation (1) results in the relation

Za

up = —— U (5)
b Zg + 2, ©

where Z represents the shock-wave lmpedance (poU)
for the stress and particle veloclty of the ex-

periment.7 Thus, 1f the propertles of the facing
and specimen are known, the particle veloclity can

be computed from the measured lmpact velocity.
In general, however, these properties are unknown

6 The author has performed experiments from
2.5 to 450 kbar with the gun described in Refer-
ence 11.

1 In general, the lmpedance of the solid will
depend upon the stress; thus, a graphical solution
would be employed for the particle veloclty rather
than the analytical method implied by equation (5)
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Fig.3 Experimental arrangement for the measurement
of the piezoelectric coefficient. The guard ring geom-
etry is employed to obtain one-dimensional conditions

or not known with sufficient precision so that it
1s difficult to perform precise experiments with
dissimilar materlals impacting upon each other.

However, if the facing and specimen are the
same material, equation (5) 1is greatly simplified,
since

ug = up =u=1/21u, (6)

For thls condition, the particle velocity impart-
ed to the target 1s precisely known, regardless
of the material used or whether 1its propertiles
are known. The impact of 1ldentical materials,
termed the symmetric lmpact, 1s clearly the best
defined condition for use in impact experiments
and 1s utilized in the major portion of the work
to be presented.

PHYSICAL PROPERTY MEASUREMENTS

Impact techniques are best 1llustrated by
describing specific methods employed for varilous
measurements. Some of these measurements are re=-
ported here for the first time while others are
reported in more detaill elsewhere and are shown
here only to illustrate particular features of
technique.

Plezoelectric Properties of X-cut Quartz

The most extensive measurements accomplished
to date have been made to determine the pilezo-
electric properties of X-cut quartz (19-23) under
shock-wave compression. As illustrated in Fig.3,
both facing and specimen are disks of X-cut
quartz. For a glven experiment, the velocity of
the Impacting disk 1s measured along wilith the
short-circuited current which results from the
shock wave traversing the specimen disk. Pre-
viously it was demonstrated (23) that this cur-

Fig.4 Typical current-time record from impact-
loaded quartz. A timing wave of 10 Mc is shown

at the top, and the amplitude calibration is below
the signal. Time increases from right ot left. The
positive signal corresponds to transit of wave through
the crystal. Negative signal is that due to reflected
wave from rear of specimen

rent, 1, produced by the plezoelectric effect 1s

1=f11%;1fH

where fll is the plezoelectric coefficient relat-
ing the component of stress to the resulting
charge on the x-facé; A, 1s the area of the disk;
o 1s the x-component of stress; £ 1s the thick-
ness of the disk, and t 1s the time. 1In the low
signal limit, f1; = ej3/cj;, where ej; 1s the
plezoelectric stress constant and ¢q1 1is the elas-
tic stiffness constant. It 1is apparent from equa-
tions (6), (7), and (1) that measurements of U
and U, along with the resulting current and pre-
determined dimensions of the disk are sufficlent
to determine the plezoelectric coefficient.

A typical current-time oscillloscope trace
is shown in Fig.4. The record not only shows the
current amplitude but also the time taken for the
shock wave to traverse the known thickness of the
specimen disk. From this measured transit time
and the measured impact velocity, the particle
veloclty and shock veloclty are specified precise~
ly on each experiment. Thils method of measuring

o< t <4/u (7)



