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Impact Techniques for the Study of Physical
Properties of Solids Under Shock-Wave Loading

INTRODUCTION

Measurements of the characteristics of shock-
waves 1n solids have been used for many years in
the study of compressibilities under high pres-
sure. In fact, shock-wave data are stlll the ma-
jor source for compressibility data of solids
above 100 kbar. There have been a number of re-
view articles (;-é_)‘2 which describe the shock-
wave compression experiments and results which are
typical when high-explosive loadlng 1s used to
produce the shock wave. Recently, however, new
experimental apparatus and technique have been
developed for performing shock-wave experiments
in which the impact of flat-faced projectiles pro-
duces the shock waves. Many of the characteris-
tics of impact experiments are fundamentally dif-
ferent from explosive loading experiments and they
permit significantly different experimental ar-
rangements which allow additional measurements to
be made. A number of well-deflned, precise meas-
urements of varilous physical properties have now
been performed with impact techniques. These
measurements have demonstrated that the impact
experiment 1s particularly well sulted for the
measurement of physilcal propertles under shock-
wave loading.

It 1s the purpose of thils paper to describe
several measurements of physical properties of
solids under shock-wave loading as obtained with
impact techniques. It 1is Intended that these des-
criptions will demonstrate the unique capabillities
of the impact experiment, which previous review
articles concerning shock waves 1n solids have
largely neglected.

Followlng a brief review of characteristics
of shock waves in sollds, the general features
of impact experiments wilill be shown. The results
of specific measurements of different physical
properties will then be presented to 1llustrate
the various experimental arrangements and-tech-
niques.

CHARACTERISTICS OF SHOCK WAVES IN SOLIDS
Besldes the obvious differences in rates of

loading and thermodynamlc conditions between
shock-wave loading and statlc high-pressure ex-

2 Underlined numbers 1in parentheses designate
References at the end of the paper.
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periments, one of the more basic differences is
that the stress or pressure3 experlenced by the
sample 1n a shock-wave loading experiment is a
direct result of the 1lnertial response of the
sample to the externally applled loading. Thus,
different materials subjected to identical loading
arrangements experlence uniquely different pres-
sure amplitude and pressure versus time histories
which, 1n turn, depend upon thelr stress-volume
behavior. Hence, 1t is essential to consider the
interdependence of the stress-volume relation and
the experimentally observable characteristics of
shock waves.

Conslder a plane compressive shock-wave prop-
agating through a solid in response to a rapldly
applied impulsive load at one plane boundary of
the sample. The passage of the shock wave lmparts
a stress, ¢, and a particle veloclty, u, 1in the
directlion of propagation. Assuming that all
stress components travel with the same shock ve=-
locity, U, the conservation of momentum relation
glves

(1)

where p, 1s the density of the solid ahead of the

g = polu

front. Further, from the conservation of mass
u
V/Vy=1-35 (2)

where V, 1s the specific volume (%3) of the un-
stressed material and V is the specific volume

of the stressed material. It 1s evident from
equations (1) and (2) that the simultaneous meas-
urement of values of the shock veloclty, U, and

>a plane shock wave produces a one-dimensional
compression in the direction of shock propagation.
Hence, whlle the solid offers shear resistance,
the stress configuration is not hydrostatic. When
the terminology "pressure" 1s used, 1t will imply
that the stress configuration can be consldered
hydrostatic; otherwlse the more precise term
"stress" will be used.

b Equations (1) and (2) describe a shock wave
moving into an unstressed medium which 1s at rest.
In the event multiple shock waves are propagating,
the stress and particle veloclty shown should be
considered as the change across a particular wave
front, and the shock velocity should be taken rel-
ative to the medium ahead of the front.
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Fig.1 Schematic drawing of a direct-contact explosive
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the particle velocity, u, characterizes the stress
and volume of the material under shock-wave com-
presslon, and shock-wave compressibility experi-
ments are directed toward thelr determination.

A schematic diagram of a conventional shock-
wave experiment to measure the compressibility of
solids with explosive loading 1s shown in Fig.l.
A plane shock wave is produced by the detonation
of a high-explosive plane-wave lens. This shock-
wave 1s transmitted through a metal plate (typi-
cally aluminum) into the sample. Measurement of
the transit time of the shock-wave through a
known thickness of the sample allows the shock
velocity, U, to be computed. After the shock
' wave traverses the sample, it impinges upon and
reflects from a plane parallel surface (called
the free surface), causing this surface to move
with a velocity which, to a very close approxi-
mation, 1s equal to twlce the particle velocity
of the incldent wave. The measurement of the
free-surface veloclty is accomplished by various
optical and electronic techniques (7,8) and i1s
more difficult and less precise than the shock
veloclty measurement. There are numerous vari-
ants of thils experimental arrangement, but all
are directed toward shock-wave veloclty and free-
surface veloclty measurements.

When it 1s desired to measure the change in
some physilcal property other than compressibillity,
resulting from the shock-wave compression, the
experimental arrangement of Fig.l has some short-
comings. Whereas the end result desired in com-

pressibllity measurements in the U versus u data,
other physical property experiments require the
U,u data as the lndependent varlable to specify
the stress and volume for which physical change
Large unacceptable uncertainties

1s measured.
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Fig.2 Typical arrangement of an impact experiment

often result 1f nominal values are assumed for U
and u. Further, it is difficult to arrange pre-
cise simultaneous measurements of U,u in addition
to the physical property change. On the other
hand, impact experiments seem to have particularly
advantageous features for the measurement of phy-
sical properties under shock-wave loading.

GENERAL FEATURES OF IMPACT EXPERIMENTS

The impact experiment is conceptually simple
but requires that certaln exacting experimental
conditions be satisfied in order to perform a
satisfactory experiment. The principle features
of an 1mpact experiment are i1llustrated in Fig.2.

The impact of the precisely aligned plane
surfaces of two disks 1s produced by accelerating
the impacting disk to various velocities in a
smooth-bore gun. Perhaps the most convenient and
effective method for accelerating the projectile
is compressed gas (9-13), although propellants
(14,15,16) also have been employed. The impacting
disk is normally attached as a facing on the main
body of the projectile. To achieve the precise
alignment required, the specimen 1s attached to
the muzzle of the gun such that the impact occurs <
while the projectile 1s gulded by the accurately
machined gun bore.

The allowable values for the angular mis-
alignment between the impacting surfaces (called
"tilt") vary with the nature of the experiment
and the 1mpact veloclty. It 1s necessary for the
impacting surfaces to close in times short com-
pared to the time for the shock wave to traverse
the sample. Thus, experiments at low-impact ve=-
locltles require smaller values of tilt than ex-
periments at high-impact velocity, and the tech-
niques employed for alignment are designed to
glve acceptable values for tilt at low-impact ve-
locitles. Generally, an average value for tilt




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)

(2-p179) .




X-CUT QUARTZ
FACING .

\

X-CUT QUARTZ DISK
WITH GUARD RING

COAXIAL CABLE
TERMINATED AT

OSCILLOSCOPES
L= iGUARDRING LOAD

Uo

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)
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Fig.5 Piezoelectric coefficient of X~-cut quartz under
shock-wave compression. These data should not be
confused with the previously reported current coefficient
which is employed when quartz is used as a gage (23)

the shock velocity has the deslrable feature of
an intimate connection between the measurements
of the shock-wave amplitude and the resulting
plezoelectric polarization. Since both shock ve-
loclty and current are measured from the same
record, any pecullarities in response, such as a
transient rate effect, have a direct observable
effect on both quantities.

Equation (7) was derived assuming infinitesi-
mal strain and no permittivity change. As shown
in the typical record, the current actually in-
creases slightly in time which can be shown to be
the result of the strain, electromechanical cou-
pling, and a slight increase in permittivity. The
solutions for the effect of these variables on
the current (23) show that the current at one-
half transit time is, for the conditions of our
experiments, equal to that expected from equation
(7). Hence, this current 1s a measure of the
plezoelectric coefficilent, fll' Values obtained
for f;7 are shown in Fig.5. Note that a typical
Increment of stress 1s about 2 kbar, and that in
the vicinity of 6 and 18 kbar, l-kbar increments
are achieved. The lowest stress point is within
the previously reported (24) region of constant
plezoelectric response.

In the low signal limit, when a small cor-
rection is made for the area of the 1nsulating
ring, the data show a value for e;;/cj; of 2.01
x 10-8 coul/em® kbar which 1s in excellent agree-
ment with the value of 2.02 x 10'8 coul/cm2 kbar
by Koga, et al. (27) and 1.97 coul/cm® kbar by
Bechmann (28).

The relations given in equations (1) and (2)
describe the propagation of single shock waves.

Frequently, a slope discontinulty or cusp exists
In the stress-volume relation as a result of ex-
ceeding the Hugonlot elastic limi'q8 or inducing

a phase transition. For stresses in excess of
the amplitude of the cusp, 1t 1s possible for two
waves to propagate at distinctly different shock
veloclties; and 1n order to properly interpret
the data, 1t 1s essentilal to determine i1f multiple
wave fronts exlst. The Hugonlot elastic limit of
X-cut quartz has been found to be about 50 kbar
(25,26).

As the stress approached the Hugonlot elastic
1imit and beyond, 1t was not possible to obtain
a satlsfactory analytical expression for quanti-
tative data reduction. Hence, even though this
experiment was performed to about 150 kbar, no
results are reported in the vicinity of the Hu-
gonlot elastic limit.

For these measurements, the reproducibillity
of the impact conditions was found to be particu-
larly useful. It was possible to look extensive-
ly at the effects of devliations from one-dimen-
sional conditions resulting from the geometry of
the specimen. These effects produce distortions
to the current-time waveforms which are similar
to the effects of permlittivity change. Thus,
they are a potential source of error unless care-
fully investigated.

Recently, 1mpact techniques have been used
to determine the plezoelectric coefflclent, fj;,
under shock-wave compression at liquid nitrogen
temperatures (29). Also, the current produced
from impacted ferroelectrics has recently been
measured and analyzed (30).

Permittivity of Sapphire Under Shock-Wave Com=-
pression

An experimental arrangement similar to that
used for quartz has been used to measure the per-
mittivity change induced in sapphire by shock=-
wave compression. Here the shock wave is induced
in the specimen by the symmetrical impact of sap-
phire disks (31). If an electrostatic potential
1s applied to the specimen disk, a current flows
in an external short-circult due to the capaci-
tance change induced by the shock wave. This
capacitance change results from two effects: the
strain and the stress-induced permittivity change.
For conditions of infinite resistivity, one-dimen-
sional strain and electric field, small strains

8 The Hugoniot elastlic limit 1s the stress am-
plitude corresponding to the cusp in the stress-
volume relation resulting from the transition be-
tween elastic and plastic compression under the
one-dimensional strain conditions of shock-wave
loading.




Fig.6 Typical current-time record due to the per-
mittivity change induced by shock wave of 32 kbar.
A timing wave of 20 Mc is shown at the top, and

the amplitude calibration is below the signal. Signal
amplitude is about 8.5 x 1074 amp with a 32-mm-
dia disk, 3.2 mm thick. An electrostatic potential
of 730 volts was applied to the specimen

and small permittivity changes, 1t can be shown
that the short-circulted current 1s given by

1=Vzge°[ﬁ—:+%] o< t< 4 (8)

where V 1s the electrostatic potential on the
disk, Ae is the change in permittivity, and €4
is the unstressed permittivity. It 1s evident
from equation (8) that if values of U and u are
obtalned along with the resulting current, the
permittivity change can be computed. The exper-
iment consists of the symmetrical impact of sap-
phire disks and a measurement of the resulting
current-time pulse. A typical record 1s shown in
Fig.6. Note that, as was the case with the quartz
experiments, the current-time trace indicates the
time for the shock wave to traverse the disk and
thus provides the data necessary to compute the
shock veloclty. The particle veloclty is deter-
mined from the measured impact velocity according
to equation (6).

To measure the Hugoniot elastic limit, which
determines the limlt of the elastlc wave region,
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Fig.7 Permittivity change of sapphire under
shock-wave compression as computed from
equation 8

subsidlary experiments were performed wlth ex-
plosive loading (32). The observed values depend
upon the total pressure imparted to the sample
and the crystalline orientation, and vary from
120 kbar to 200 kbar.

Experiments to measure the permittivity
change have been performed on 60 deg orientation
sapphire9 from 20 to 150 kbar, with results as
shown in Fig.7. Up to 60 kbar, the permittivity
1s observed to decrease linearly with stress at
a rate of 0.078 percent per kilobar. The two
higher stress points at 70 and 100 kbar are below
the linear extrapolation based on the lower stress
data. The current-time waveforms for the hlgher
stresses indlcate that conduction 1s occurring
within the sapphire, lowering the current below
that predicted from equation (8). Thus the per-
mittivity change 1s apparently linear to 100
kbar. At higher stresses, we are presently un-
able to adequately interpret the data in an ex-

9 In an anisotropic crystal, pure longitudinal
wave motlon 1s possible only in certain direc-
tions, called "specific" directions. Although the
60 deg orilentation is not theoretically a specific
direction for the trigonal system, we have found
that under shock-wave compression, longitudinal
motion 1s exhiblted to a very close approximation.
This 1s not entirely unexpected considering the
small variation in elastic constants in the vari-
ous crystallographic directions.
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plicit manner due to the compllications of the
multiple wave structure resulting from exceeding
the Hugoniot elastic limit.

One valuable feature of the shock-wave com-
pression measurement of the permittivity 1s that
the measured current 1s proportional to the change
in permittivity. Thus, the shock-wave measure-
ments provide a very sensltive determination of
the permittivity change because they do not in-
volve taking the difference between permittivity
values obtained at different pressures.

Properties of [111] Germanium

Recently, impact measurements of the resis-
tivity of germanium under shock-wave compression
were reported (33,34). The technique allowed de-
termination of the resistivity under one-dimen-
slonal elastic compression and permitted the lden-
tification of the shock-wave pressure-induced
transition to the white tin structure. Many of
the experiments were performed in stress reglons
for which multiple waves were known to exlst due
to the cusps in the stress-volume relation at the
Hugoniot elastic limit of 44 kbar and at the 120~
kbar high-pressure phase transition. According-
ly, the experiments were designed to avold wave
interactions which result if the waves are re-
flected back into the specimen from an lmpedance
discontinuity.

Again, the shock wave 1s induced into the
sample by the symmetrical impact of [111] orienta-
tion germanium disks so that the particle veloclty
imparted to the specimen is known. With the ar=-
rangement as shown in Fig.8, the resistance be-
tween the faces of the speclmen disk 1s then re-
corded as the shock waves traverse the sample.
Backup disks of germanium were carefully mated to
the rear of the specimen such that the waves pass

l 1 | | R

Fig.9 Expected resistance-time record for
a semiconductor exhibiting multiple waves

through and out of the specimen without reflec-
tion.

The propagation of multiple wave fronts di-
vides the specimen into various regions, each
with a different resistivity and each with a
thickness which varles with time depending on the
shock velocitles. After all the waves have propa-
gated out of the specimen disk, the resistance-
time behavior shows a final value, Re, correspond-
ing to the total stress. The initial unstressed
value, Ry, and the flnal values of resistance are
connected by a contlnuous line consisting of seg-
ments of different slope, each segment corres-
ponding to particular wave fronts. This 1is de-
plcted 1n Filg.9 for the case of two wave fronts
propagating through the specimen. The resistance-
time behavior shows the number of wave fronts
(hence the presence of a cusp in the stress-vol-
ume relation) and the shock veloclty of each wave.
However, the dilvisilon of the total input partilcle
velocity among the varlous waves 1s not indicated
In the data from a single experiment.

To find the particle velocity assoclated with
each cusp, the lmpact veloclty 1s varled in small
increments around the region of a suspected cusp
untlil a change 1n the number of waves 1s observed.
This establishes the critlcal particle velocity
of the cusp as accurately as it can be bracketed
by the various experiments, 1In thils case, 1t is
particularly important to be able to achleve a
preselected veloclty. Once the particle velocity
assoclated with the cusp 1s determined, the stress
and veloclty for each experiment can be computed.
From these measurements, the Hugonlot elastlc
limit was found to be 44 kbar and the phase tran-
sition was found to be at a pressure between 114
and 122 kbar,

Duff and Minshall (35) have demonstrated
that the measurement of the shock-wave velocity
of a small increment of pressure in the mixed-
phase region of a first-order transition is suf-
ficient to compute the slope of the pressure-
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temperature phase line. Thils unique situation
arises because the adlabatic compression result-
ing from a small pressure increment in the milxed-
phase region must display a finlte compressibili-
ty due to the entropy change of the transition.

To measure the shock veloclity in the mixed-phase
reglon, multiple wave reflections and interactions
must be avolded and the input stress to the sample
must be accurately controlled. This impact ex-
periment 1s therefore an ideal method for making
the measurement. In the mixed-phase region of
the 120-kbar germanium transition, the slope of
the phase line was found to be =3.1 X 10~2 kbar
%=1, This value allows the transition to be
identified as the statically observed transition
to the white tin structure (34).

With the capabllity of performing experiments
in small pressure increments, it is not difficult,
although 1t was not done in this case, to deter-
mine the volume change associlated with the filrst-
order transition. The measurement of the slope
of the phase line and the volume change complete-
ly specifies the transition since the entropy
change of the transition can be calculated from
the Clausius-Clapeyron relation.

The results of the resistivity determinations
are fully reported elsewhere (34). They can be
summarized by saying that meaningful measurements
were obtalned only in the elastic region and that
the values showed agreement with the theoretical
predictions for silicon on the effect of one=-
dimensional strain on the band structure.

Second-Order Transition in 30%Ni-T0ZFe

Alloys of about 30%Ni-70%Fe in the fcc phase
have long been noted for the enormous pressure
sensitivity of their magnetic properties. Com-
pressibility determinations for this alloy were
recently reported from 4 to 50 kbar which have
resulted in an identification of a pressure-in-

30% Ni 70% Fe
SPECIMEN

QUARTZ
Al GAUGE

S

Uo

Fig.11 Experimental arrangement for com-
pressibility measurements employing both im-
pact-surface and rear-surface measurements
of the stress-volume relation

duced ferromagnetic Curie point transition (36).
Compressibility measurements can be made quite
accurately with shock-wave loading techniques,
and impact experiments have the control necessary
to examine the compressibility in enough detail
to detect the transition.

Two different experimental arrangements were
used for the compressibility measurements. In
one case, Flg.1l0, a symmetrical impact is used to
produce a known particle veloclity in the sample.
The stress-time profile which results after the
shock wave has propagated some distance from the
impact surface 1s then measured with a high-reso-
lution quartz stress gage.lo The time for the
shock waves to propagate through the measured
thickness 1s obtained from a measurement of the
impact time and the arrival time as indicated by
the quartz gage. These rear-surface data alone
provide sufficient information to precisely de-
termine the stress and volume change for each ex-
periment. In this case, the additional data on
the particle veloclty ilmparted to the sample were
used principally for a quantitative comparison
with the data measured at the quartz gage inter-
face. This comparison of the independent measure-
ments of the total particle veloclty, which nor-
mally 1s not availlable in other experiments,
serves to glve greatly enhanced confidence in the
result.

The second method employed is much more elab-
orate but ylelds considerably more information.
This experiment, which 1s described in more detail
elsewhere (12), 1s simllar to that described in

1o This gage was developed as a result of the
previously mentioned determination of the piezo-
electric properties of shock-wave loaded quartz
(23).
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the foregoing except that the shock wave is pro-
iuced by the 1mpact of a quartz gage. This exper-
imental arrangement 1s shown in Fig.ll. Provi-
slions are made to obtain the signal from the pro-
jectlile gage with the result that the stress and
particle velocity are obtalned at the impact sur-
face as well as the data ordlnarlly obtalned at
the rear surface of the speclmen disk. Thus, with
this experimental arrangement, two completely in-
dependent sets of measurements are made on each
experiment. Thils unique capability of directly
measuring the shock-wave propertlies with two en-
tirely independent methods on the same experiment
is a partilcularly valuable feature. For these
experiments, the most completg data were availla-
ble from the quartz gage at the rear of the specil-
men, and the lmpact-surface data were used to
verify the rear-surface data.

The stress-volume relation obtained 1s shown
in Fig.l2. As 1s antilcipated for a second-order
phase transition, a well-defined change in com-
pressibility 1s observed at 25 kbar. The cusp at
4 kbar i1s the Hugoniot elastic limit. In order
to accurately determine the critical stress at
the transition, it was again essentlal to have
the capabllity of achleving preselected impact
velocltles in the immedlate vicinity of the tran-
sition.

The results and thelr interpretation have
been fully reported elsewhere (2§). In summary,
however, 1t was possilble to identify the sharp
change in compressibility as a pressure-induced
ferromagnetic to paramagnetic transition with
values in agreement with the extrapolation of
previous lower pressure results. From the Ehren-
fest relation, it was possible also to calculate
the change of specific heat and thermal expansion
at the transition from the measured change in
compressibility and the pressure coefficient of
Curie temperature.

SUMMARY

The measurements described here were accom-
plished with various experimental arrangements
chosen to obtain maximum utility from the capa-
billities of the lmpact experiment. These capa-
billitles taken individually are valuable and,
more significantly, when combined, provide new
experimental capability which is especially well
sulted for the study of the physical properties
of sollds under shock-wave loading. From a con-
slderation of these measurements utilizing impact
techniques and a comparison with measurements
whlch seem possible with explosive loading experi-
ments, the new experimental conditions which
characterize impact experiments can be summarized
as follows:

1l The impact experiment 1s a conceptually
simple, easlly repeated experiment which imparts
well-defined 1nput conditions to a specimen.

2 The impact experiment provides virtually
contlinuous values of stress for application to a
specimen.

3 By utilizing the symmetrical ilmpact con-
dition, experimental arrangements are possible
which provide intimate connection between the
measurement of the applied stress and the measure-
ment of the stress-induced physical property
change.

4 The symmetrical impact conditlon and the
veloclty control permit more flexibility in choos-
ing experimental arrangements which avold the
serlous wave interaction problems inherent in
free-surface veloclty experiments.

5 The lower limit of the stress range avail-
able for investigation 1s lowered to a few kilo-
bars.

For the measurements performed to date, the
most useful and definitive data were obtained in
the elastic range, which for brittle anisotropic
materlals extends to high stresses. Within the
elastic range, the oﬁe-dimensional strain config-
uration imposed by shock-wave compression allows
determination of physical property changes result-

- —



ng from large deformation along specific crystal- ments reported are extensive and diverse; ai

ographic directions. Unfortunately, except for techniques are well enough developed such tl
ompressibillity determinations, the experiments seems likely that impact techniques will pl:
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