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PROCESSES OCCURRING IN SHOCK WAVE

COMPRESSION OF ROCKS AND MINERALS

Dennis E.'Grady
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Albuquerque, New Mexico 87115
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Shock wave studi;s on rocks and minerals have contributed significantly
to current undérstaﬁdiﬁg of the earth's interior and_have the potential of
providiﬁg further high pressure physical properties éuch as transport and
higher order thermodynamic pr&berties. Because of this psténtial, it is
important to have a detailed understanding of the physical state achieved by

shock compression. With recent advances in time-resolved shock wave instru-

mentation and improved methods for analyzing continuous stress wave informa-
tion, a clearer picture is emerging of -the processes of yielding and phase

transformation occurring during the shock compression. The present report

will review recent advances in time-resolved shock wave instrumentation which

. are currently being used in the study of.rocks and minerals and describe the

analysis techniques‘which have been developed to relate shock wave profiles

to the thermomechanical processes occurring during shock compression. Evidence

for complicating features resulting from yielding in silicates and oxides is

reviewed and a physical model‘foi phase transformation-andréefbrmation in

- rocks and minerals is discussed. New supporting data on the shock compres-

sion and relief properties of periclage and calcite are also presented.
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o co " 1. INTRODUCTION
Shock wave studies on rocks and minerals have made a substantial con-
tribution to our current understanding of the earth's mantle. With increasing
evareniess of mantle dynamics and its coupling within-the totai eartﬁ system,
it'is'clear that improved shock wave techniQues could continue to provide
useful high pressure physical properties. There is, for in;tence, a need
for measurements of temperature, transport properties, ahd higher erder thermo-
dynamic properties of minerals af pressures existing in the earth's mantle.
| It is.recognized however, fhat prior to such studies a clearer under-
standing of the- phys1cal state achieved by the process of shock compression
-" is required. Some recent results have rendered the simplifying assumptlon of
;an‘equilibrium thermodynemic state at Hugoniot pressures questionable. One
mst esk how a mineral compressed to a given ﬁugoniot pressﬁre and‘temperature
~ compares withta mineral aﬁ the same sfete achieved by static eompression |
\tecﬁniques. Is pressure and temperature equiiibrium achieved in‘the brief
microsecond or less during which a high pressure,Hugoniot state can be main-
-tained? Is fhe_material single erystalline or polycrystaliine? Are petro-
graphic features peeuliar to the shock compression process introduced? Shock
eempression is a uniaxial phenomenon. Can the compression,process introduce
enisotropy ihto an initially ieotropic materiai9 Observatlons by Tynnyaer et al.
(1972) of electrlcal conduct1v1t1es parallel and perpendicular to the shock
front in sodlum clorlde dlffering by several orders of magnitude are partic-
wlarly unsettling in this respect. Can ceareful preparatlon of the 1n1tia1
material assistiin achieving equilibrium in a shock compression experiment?
;.Foryinstance,,weuld samples composed of sub-micron mineral powder be better

than monocrystals?




Thése and other questions‘concerningfthe physical state of the shock
.compressed matorial afe'extremely difficult to access due to-ité very tran-
sient existénce. In practice, the nature of the ﬁugoniot state must be
inferred, indirectly, from exporimental observations made during and after
the shock compression process. Experiments which‘héVe.been conducted
include magnetic, electric, and optical observatlons durlng shock compression;
bflash x-ray studies at Hugoniot pressures; studles of the detalls of shock
apd release wave propagations examination of material recovered from shock
wave studles; and others. ' Such diverse studies place rigid constraints on
modeis describing the thermomechanical procesées occurring during shock com-
pression and will eventually lead to a clearer underétanding of the states
achieved at Hugoniot pressures.r

The present paper is focused primarily on the use of sﬁook compréssiop
and_releasé wave studies»in.aésessing the'maferiai reéponse of rocks and
o minerals. Io recent years, large strides have been made in the developmeot
of instruméntation capable of accurately measuring wave profilé du:ing shock
. compression and reloose.. Evolution of the méasured wave profiles relate;
directly to the thermomechanical models govofning material respohse during
~ shock compression. Considerably more compiexify has been observedvin high
»pressuror?avo propagation than was ofiginally'envisioned. . Complex elastic-
b"plastio-response.is observed, soress felaxation and attenuéfion indicative
-of strain rate effecfs oocur,,and détéils in both compression aod release
. waves due to phase transitions kinetlcs appear.

In the first sectlon, the exper1menta1 methods for measuring time-resolved

" large amplitude wave proflles which have been, or are becoming, fairly widely

dccepted are reviewed and contrasted. In the second section, methods which
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have been developed to analyze more complex wave propagation experiments

.will be discussed. In the third section, evidence for complicating features

resulting from dynamic yielding_in silicates and oxides will be reviewed and

& physical model for processes of phase transformation and deformation occur-

}ing during shock compression will be discussed. New supporting data on the

shock compression and relief propertiés of periclase and calcite are also

presented.
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2. CONTINUOUS SHOCK WAVE MEASUREMENTS
A large portion of Hugoniot data available on rocks and minerals was
obtained with discrete experimental tecnniques such as electrical discharge

pins ‘(Minshall, 1955) and argon flash gaps (Walsh and Christian, 1955).

 These methods, although quite reliable, provided‘only the final shock

velocity-particle velocity state and, in some cases, similar information on

vthe elastic precursor wave. These methods depended on the fundamental as-

sumption of a stable Hugoniot state to interpret the high pressure thermo-
dynamie properties.

Increased interest in ‘total large amplitude loading and relief wave be-
havior both -for impnoved understanding of the deformation pnocess and for

additional information regarding high pressure properties has served as

dmpetus for development of continuous recording techniques, of thé various

methods which have been explored; some have received fairly wide acceptance

and are currently used in a number of shock wave laboratories.

Several of these methods concerned exclusively with the measurement
of free surface response include the inclined mirror (Duvail and Fowles,
1962) or inclined prism technique (Eden and Wright, 1965), the .inc-iined,,wirei -

(Barker et al., 1964), and the capacitor technique (Rice, 1961; Ivanov and

" Novikov, 1963). These methods will not be discussed here. Several methods

which have been'developed to measure in-material or quési-in-material wave
profile structures are the piezoelectric, piezoresistant, electromagnetic, .
end laser interferometry techniques. Since these techniques are currently

being used to investigate the shock compression phenomenon in rocks and

: minefals, it is important to understand the relative strengths and weaknesses

of each method including frequency response limitations, stress 1imitations,




~ calibration accuracies, and impedence matching difficulties. The objective

" of this section is to review these techniques and to contrast the various

features of each method. Further discussion of these techniques are given

by Keeler and Royce (1971), Fowles (1972), and Graham end Asay (1976).

Piezoelectric Techniques

A number of materials have been investigafed for shock wave transducers'
because.of,their piezoelectric property; including quartz (Graham et al., 1965)
and lithium niobate (Graham and Jacobson, 1973). The quartz gauge has become

widely used and the present discussion will focus on this material. The piezo-

. electric properties of quartz and its transducer capabilities have been exten-

sively studied over the past decade (Graham et al., 1965, Ingram and Graham,

1970) and it is presently one of the most accurately calibrated shock wave

instruments available.

The quartz gauge consists of a disc of x-cut single ciystal quartz with

large diameter-~to-thickness ratio to insure one-dimensional strain in the

actlve gauge region during tran51t of the stress wave. The gauge is mounted
on the back surface of the sample under test such that the stress wave in

t!_le sample enters the gauge and propagates along the x-axis as illustrated

*in Fig. 1. The transducer has vapor-deposited electrodes and accurate use
 requires & guard ring electrode_(Graham et al., 1965) which assures that
‘meesurements are made in a region where oneedimensional'strain_andvelectric-

field persists.

Current is monitored by measuring the voltage drop across a resistive

shunt. In'a linear approximation, the current produced during shock transit

'1by the piezoelectric effect in the quartz is given by
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where A is the.érea ot'the inner electrode, ¢ the wave speed in.quartz, d the

1
gauge thickness, ¢ the stress at the sample-gauge interface, and k is the

stress-current coefficient for quartz. . EQuation (1) is valid for times less
than one transit ecrosS'the gauge thickness.

The quartz gauge has an upper stress 1imitetion of 4.0 GPa (Graham, 1975).
X-cut quartz has a Hugoniot elastic iimit“ofb6.0 GPa'(Graham, 1974), but shock-
’induced conductivity limits the upper strees for accurate gauge response; The

stress level which can.Be accurately detected in the sample can be higher than

4,0 GPa if the mechanical impedance of the sample is higher than that of the

quartz. .A1203 (corundum) is an example of a‘ﬁineral with & sighificantly
higher shock impedance. |

Time reeolution of the quartz gauge system in reproducihg:the stress pro-
file is quité good being limited enly by the»rise time of the recording instru-

~

mentation and by tilt (nonplanarity) of the stress wave éweepingnover the finite

~active area (typically 4 to 12 mm diameter) of the transducer.

‘Impedance differences between the quartz and sample material introduce

difficulties in interpretation since the measured wave differs from the original

" wave propagatiné in the sample material, although it usually retains -the essen-

tial features of the wave profile. Approximate techniqﬁes have been developed
for determining the undisturbed profile from the meesu;ed profile.

In Fig. 2, a stress ﬁave'pfofiie obtained with a quartz gaugeron {100}

poriented MgO (periclase) is shown (Grady, 1970) which illustrates the measure-

meht capability of this technique., It is Qf'interesf‘to note the character

"~ of the initial loading precursor’and subsequent stress relaxation which is
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significantly more complex than simple eléstic-piastic response would predict.

‘The measured elastic precursor amplitude is about 1.9 GPa which corresponds

to about 3.1 GPa in the periclase due to the significant impedance diffefence

between the two imaterials. The finite slope in the late timé part of the de-

formation wave is due to finite strain in the quartz and muét be accounted for

in the data analysis.

Piezoresistivity Techniques

A number of materials are known to exhibit a stress-induced resistance
change, however, only two, ytterbium and manganin, have received serious atten-
tion as stress wave transducer materials. The former undergoes & phase tran-

sition at about 4.0 GPa restricting its use to stress levels below this value.

The latter seems ideally suited for stress waée measurements in rocks and

minerals. The manganin gauge has been used routinely at stress levels to 50

- GPa (Grady et al., 1974; Murri et al., 1975) and more recently stress wave

measurements in granite in excess of 100 GPa;have been-made (DeCarii, 1975) .
_ VEarly studies on manganin és a shock wavé transducer were conducted by
Fuller and Price (1964) and by Bernstein and Keough (196L4). Manganin, an
alléy with a nominal composition bf'Bh% Cu, 124 Mn, and L4% Ni,‘eihibits a

positive'pressure coefficient of resistance and an extremely small témpera;

 ture cbefﬁcient".of resistance. Keough et al. (1964) have shown that the pres-

sure coefficient of resistance is independent of temperature between 25 and

500°C for pressures to at least 15 GPa. These properties are:particularly

favorable for stress wave transducer applications.

Although ﬁanganin wire has been used, present methods favor gauge grid

‘“““jpatterns photoetched from 25 torso P manganin foil. The grids are usually

nounted between slabs of the test sample with the grid face-oriented normal
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to the direction of wave propagation as is illustrated in Fig. 3. Also cur- .

rently used is a four lead gauge configuration, two for application of & con-
stant‘excitatioﬁ curient and two for measuring the vbltageISignal induced when
thé stress wave passes through the sepsitive gauge elementﬂ 'Sipce the current
is maintained constant, the transducer provides a v01tage-time history which
is diréctlyArelated to the~stres§4tim¢ history through thé-transducer stress-
resistance calibration curve. |

| The calibration of manganin has not received the exhaustive treétment of .
the quartz traﬁsducer and is compiicated by sensitivity to the.medium‘éur-
rounding the element. Bridgeman (1950) reported allinear resistance with
static pressure up to 3.0 GPa. Shock loading stress-resistance data to Lo
GPa (Lyle et el., 1969; Keough and Wong, 1970) aéﬁears to ﬁe,best fit to a

cubic stress-resistance expression. Satisfactory agreement was observed on

‘& similer mengenin by Dremin and Kanel (1972); Kcough (1968) observed that

- the coefficient during unloading differs from that on loading and the trans-

- ducer can be left with a residual net resistance change upon complete unloading.

Recent studies on ytterbium (Ginsberg et al., 1973) and silver (Dick and

: Styris, 1975) have ‘shown that the ldading'stress-reéiétance coefficient can.

be separated into a part due to an intrinsic piezoresistivity effect and a

- part due to damage-induced defects introduéed during plastic yieldingvat the

transducer'material.‘ It was fuither observed that the damage-induced portion

» saturates, becomihg small at high stfess levels. Work_by‘Mﬁrri et al. (1975)

with gauges in rock indicated saturation for manganin and that above ebout

'20 GPa, the loading andfﬁnloading'coefficients are essentially the same.

,Installation of éauges capable of SurviQing the 50 to 100 GPa stress '

~ environment for the required recording time of several ps requires consider-
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able care. In granular rocks, differential motion of grains can cause dimpling

- of the gauge material and proride erronebus stress profile measurements. Also,

- the' piezoelectric property of some mineral types can cause significant noise

problems., It has been found that isolating the gauge from the sample with

~thin sheefs_of mica can. significantly mitigate 5oth of these effects (Murri

et 8., 1975). |

Geuge‘planee between test samples thinner then 25 to 50 um are difficult
to achieve, end, since this is e region of mechanical impedance different from
the sample, it provides for the most serious signal Aegrading factor in the
manganin gauge technlque. This problem has been analyzed by'Murrl et et al. (1975):

They flnd that fbr a 50 pm gauge plane in a typical rock materlal a character-

.- istic rise time of 0.035 ps occurs in a sharp shock 1oad1ng.-

' in Fig. b, a stress wave profile obtained from a 1 1 manganin‘gauge grid

mounted in MgO is shown (Grady, 1970). Maximum stress achieved in the experi-

f’ment is approximately 6.5 GPa.. Comparison of the 1n1t1a1 wave shape with the

quartz gauge stress proflle shown in Fig. 2 illustrates the profile degradation

~ which can occur due to finite thickness of the gauge plane. This comparison
.somewhat unfairly represehts the menganin gauge, however, in that thin sheets

of aluminum foil plus mylar were required on each side of the manganin gauge

element to shunt a very strong stress-lnduced polarlzatlon 51gna1 whlch results

in an approx1mate1y 100 pm gauge plane thickness. The manganin gauge profiles

- shown in Fig. 5 better illustrete the capability of the technique (Grady et al.,

1974). A1l six profiles were obtained in one experiment to & pesk stress of

about.ZS'GPa in a quartz rock. Three gauge planes16< 50 pm thickness) at

.. increasing distance from the impact interface illustrate dispersion of the

vave with propagation distance and also indicates reproducibility of the man-

.
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ganin gangevtechnique._ The break in slope ef the relief wave has been attribu-

ted to the transformation of Slda in octahedral coofdination to 3102 in tetre-

_hedral coordination ﬁpon unloa@ing (Giady ét’éi., 197h).

Electromagnetic Technidues
s An eleetromagneticbtransducer based on the principle of.a moving conductor
in & stetionary magnetié field has been used extensively to measure particle
velocity in shock-loaded solids (Dremin and Adadurev, l§6h; Dremin et al., 1965;
Petersen et al., 1970). The method has been extended to the measurement of
total wave.profiles in‘rock to stress levels of 40 GPa (Grady'gt_gl., 197k,
Murri et &l., 1975). Some features of the electromagnetic.gauge afe similar

to the manganin stress gauge; namely, it is normally installed inemeterial
" (between two slabs of the test sample), it can be used over the same stress

range, and it has the same resolution difficulties due to wave degradation

- -\'~' from the finite thickness of the gauge plane..

The transducer element is typlcally photoetched from 25 50 pm copper foil
in'a U shape as is illustrated in Fig. 6. The gauge is sandwiched between
. slabs of the test materlal and oriented so that the signal leads are parallel
to the applied magnetlc field and the active gauge element of length 4 is
perpendicular to the applied field. Wave propagetion is dlrected perpendicular
‘ - to both the epplied field and the active gauge element. Otherrwerkers have
used & similar gauge geometry but with the signal lead ex1t1ng through the’

1

back of the test sample (Altshuler et al., 1967). In either case, the particle

velocity history as the stress wave sweeps across the gauge plane is linearly

related to the induced voltage e(t) through the relation

W) = e(®)m ()




where 4 is the center-to-center ective element length and H is the magnetic

field intensity. The magnetic field’(typically 500 to 1000 gauss) can be

generated with'pulsed Helmholtz coils or with permanent magnets.

- There are several attractive features about the electromagnetic gauge.

-

" No calibratlon is requlred, the gauge factor is obtained analytlcally through

Eq. 2 and measurement accuracy reduces to careful orlentatlon of the gauge

1eads, applied field, shock direction, and accurate measurement of the magne~
tlc intensity and active gauge length. Tﬁe electromagnetic effect is not as
sensitlve to dimpling caused by dlfferentlal grein motion and, since tbe gauge
is a low impedance source, piezoelectric noise effects are small.

Ianig. Ts partiele velocity profiles obtained by the electromagnetic
technique to peak stresses of approximately 25 GPa in Salem limestone are
shown (Murri et al., 1975). DNote that stress relief which begins when the

incident shock emerges. at the material free surface appears in the particle

jvelocity'record es a further acceleration of <the material. The breaks in

" the relief wave are due to several phase transitions occurring in the calcite

during unloading.




 Laser Interferometry Techniques

The'most'Pccuratg te¢hnique which has been developed for meésuring the
particlglvelocity resuiting from impulsive loading 6f solids is the laser
interférometer. With this technique, either fhe particle velocity history
&t the specimen free surface or at an interface between specimen and an
qptical wiﬁdow material can ge measured. Se&eral~improvements have followed
the inceptibn of the techniqué. Eariy instﬁuments-measured displace- |
ment history and velocity was obtained by differentiation of the reéoras
(Ba;}er and Hollenbach, 1965). Later, & velocity interferometer ﬁag developed
which measured the particle velocity directly (Bazkgr, 1968). Recently, the
need for a specular:reflecting surfaqe or intérface, required in early systems,
has been eliminated with the devélppment of a diffuse surface veloéity.inter-
ferometer sjstem (Barker and Hollenbach, 1972). The aﬁility to mpnitér the
motion of diffuse surfaces is a particularly important feature since most
geologipallmaterials cannot be polished to a épectral finish and even if a
mirrorbéan be introduced by #rtificiai means, loss of reflectivity usually

iresults from éaésage of.a strong shbck wéve.

- The laser velocity interferometer (specular or diffusely refleéting) is
based on the prinéiplg of tempofélly coherent light interference resulting from
the mpﬁing reflecting surface. The tecﬁnique‘uses a beam of laser light which
is reflected‘from a surfaée 6n thé test specimén. The ﬁeam is then Spiit-and
6ne portion is delayed abshort tiﬁe;iT with respect to the other (on the order
. of a few ns) and fhen fecombined. -Recombinatién of the beams effectively dif-
ferences the displacement at time t and that at time t - T and provides an .

_sccurate méasﬁre of the velocity avéraged over the time v. Barker and Hollen-

bach (1970) have derived the following expression for the velocity:
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v(t - %‘-'r) = -%T—f'(t) - | ‘ (3).

where \ is the wave length of the laser light and F(t) is the fringe count at

time t. _ ..

‘The“diffus; surface interferometer operates on the saﬁé principle as the
specular velocity interferometer with the exception that'gpatial coherence of
the reflected light beam is not required. Interferémetry with spatially in-
cpherent light can be accomplished provided‘that the two‘leés of the inter-
ferometer are nearly the same length. To satisf& this reéuirement and also

achieve a relative delay time T required for velocity interferometry, fused

gilica etalons are used in one leg of the light ﬁeam. The different index

- of refraction of the etalons makes the apparent path length of the two legs

identical, but produces a nei delay time. A scheﬁatic of the cur?ehtly used
diffuse surface velocity interferome?er,system is shown in Fig. 8, |
In the,étudy of large amplitude wave propagation in solids, it is less
ambiguoué to measure the in-material wave pr;peftieé rathei than ‘the free
surfacg motion which' is complicaﬁed by the réflected wave, This caﬁ be
accomplishéd with laser interferometr& by using transparent window ﬁaterials

and measuring the particle motion at & diffusely reflecting interface between

- the specimen and window material. Although reflected wave effects ere not to-

tally eliminated, they are significantly reduced by careful selection of the

impedahcevof the window material. Stress-induced index of refractiqh chan-

" ges occur when the stress wave entefs the window material and this must be

corrected for in the velocity interferometer equation (Eq. 3).' The cor-

rected equation which has been derived by Barker and Hollembach (1970) is
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A F(t) _ - A
27 (1 + &v/v,) - ()

. 1 _
vt - 57) =

whére Av/bo isAfhe index of refraction correction. A correction due to doppler
shift of the reflected beam and wave length dependence of the index of refrac-

tion of the etalon material must also be made (Barker and Schuler, 197h);: Three -

~window materials-have.béen calibrated, FPMMA (polymethyl methacrylate), fused

'quartz, and z-cut single crystal sapphire,>which provide a good selection of

different mechanical impedances (Barker and Hollenbach, 1970). Fused quartz

remaihs transparent to at least 6.5 GPa and sapphire appears to lose trans-

parancy at about 13 GPa (Barker and Hollenbach, 1970). The_upper stress limit

for PMMA has not yet been ascertained although it has been used successfully
by Asay and.Hayes (1975) to 11 GPa.

Laser interferometry‘is the most accurate stress wafe instrﬁmgntation
currently évailable and7hés the capsbility of rescl?ing features in fhe,wave

structure wﬁiéh are usually not obséfved with other methods. ‘For measurement

-~

-

of.freé-surface~velocity there is, in principle, no upper stress limitation,

although with strong shocks local surface jetting can complicate results.

_ With window materials, the high pressure behavior has not been studied thoroughly

although efforts are currently underway in this erea.’
In Fig. 9, a particle velbéity profile obtained with a diffuse surface

velﬁcity interferometer on single crystal periclasé is.shown.r The maximum

~stress achieved in the periclasé was approximately 4.8 GPa. This result can

be compared with the profile obtained with & quartz gauge (Fig. 2) and with

& mangenin gauge (Fig. 4). Also shown in the figure is.a sqcond‘laser beam

which undérgoes’total internal reflection at the center of the Mg0 front sur-

.face. . At the time of projedtilé impact at the targét cehter, the laser beam
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i o is diverted from its. preimpact optical pafh and provides a very accurate fidu-

cial for determining the transit time across the test specimen (Nunziato et ai.,

- 197h).
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'3. ANALYSIS METHODS

In éarly shock wave studies on solids, shock velocity and parficle velo-
city were the most readily measured quantities. They were of little intrinsic
interest, however, and the Rankine-Hugoniot relations (Duvall and Fowles, 1963)
were used to éalculate ?hermodynamic quantitieg_of the highjpressure state;
namely, the pressure P?_the specific volume V, and the specific internal energy
E. Applicatibn of these relations assumed that transition from the initial
state ocgurred bj a single discontinuous shock wave.

With improved instrumentation, it has become recognized that, in ﬁany
cases, the shock transition process is continuous, complex, and that applica-

tion of the Rankine-Hugoniot relations is not reliable. Other methods are

- needed to analyze continuous wave propagation data and to obtain the stress,

‘ volume, and internal energy histories. These quantities are not egsily
obtained from continuous expcrimental stress-~time or ﬁarticle velocity~time
profiles. ngever, the problem has proﬁptea~a nuﬁber‘ofvsfudies (Fullervand

: Pfipe, 1964 ; Fowleé and Williéms; 19703 Cowperthwaite and Williams, 1971;
éraay, 1973; Herrmann, 1973; Seaman, 197k) which have resulted in methods for
»calculating cohstitutive relations among stress, particle velocity, specific
volume and specific energy diféctly from the’experimental profiles and the cony
servation eQuations'of mass, moméntum,*aﬁd energy.. These results relate to the

thermomechanical processes occurring during shock compression and release and

assist in understanding and in éétablishigg models to describe these processes.




Conservation Eguations

The conservation laws of mass, momentum, and energy for continuous one-

~ dimensional flow are, respectively,

-

-

&), =), e, | (5)
), * o GR). =0 ®
G+ &) -0 @

where V is the épecific volume, u.the pafticle,velbcity, o the stress in the
direction of wave propagatibn, E the specific internal energy, and fo is the
initial density. The independent varisbles are the time t and the material
or lagrengien position h. These eguations are generally valid and no recourse
"~ to equilibrium states is implied. The onl& rgstfiction is in Eq. (7) where
heat'flow and radiation haﬁe been neglected.

| In terms of the experimental conditions, which are to measure continuous
stress-time or pérticle Vélocity—time profiles at discrefe material positions,

it is convenient to express the conservation equations in the following integra-

ted form,. .
- V(b,t) = ‘V(h,to) + -B:L /t(%%)t dt , | . (8)
: : ¢ [o] to . . ‘
) mune) -2 (@) e, O
. ° Po to RN ' o

v _ ot
E(b,t) = E(h,to)'--pl— J;(-g-%)t at , (10)
(o]
O' .
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: 1wnere the subscripted variables refer to & reference state usually selected

in a region of constant state.down stream frem the.profile data to be evaluaﬁed.
In each of these integral expressions, fhe term within the integral sign is
evaluated frsm experimental profile data. For instance, if stress.histories

at several gauge locations are avallable, the data are used to estimate (ao/Bh)t
-and Eq. (9) can be evaluated Then, in turn, Eqs. (8) and (10) may ve evalu-
ated which prov1des the total stress, volume, energy, and particle velocity
history through the compression or relief vave. If particle velocity profiles
are measured Eq. (9) must be formulated differently.

| Frequently, various simplifications in the wave prosagation occur whichv
simplify evaluatien of the conservation eQuations. Such simplifications nay
result from‘g Eriori information about the material constitutive response or
experimental boundary conditions, or they may be required due to experimental

»limitatlons.such as the number or accuracy of the gauges used.

-
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Shock Waves

Even with the increased resolution of continuous in-material gauges,
discontinuities in the wﬁve ﬁrofiles are ofteﬁ observed. Elastic shocks
cén occur and deformation shocké can also form due to positivé curvature
of the stress-strain response.. Rarefaction shocks due to phase transitions

are also observed during unloading, )
If a discontinuity in h-t space occurs in therfirst order flow variables,

vV, u, &, and E, say along a path h = {(t), then the Rankiﬁé-Hugoniéf relations
gpply and can be derived from the continuous conservation integral éxpressions
Egs. 8; 9 and 10. If the velocity of the discontinuity (the Lagrangian shock
velocity) is given by U = dg/dt and if the integrands in Eqs. 8, 9 and 10 are
transformed by the differential expression 3/dh = (d/at - 3/3t)/U, then appli; _
cation of the meén value theorem to the resulting integrals and proceeding to

the limit results in

vl V2 - poU (ul '.1_12) > . (11)
= 1u +--:—L——(°' -;o') 7 ‘(12)
T % T T % |
. : o, +to :
1l 2 :
E. = + —— , : (13)
BeRtEe

where the subscripﬁs 1 and 2 refer to values in front of and behind the
discontinuity, respectively. When discontinuous flow is observed, then
measurement of any two of the flow variables, say shock velocify and the

change in particle velocity, are sufficient to_deﬁermine the change

._Ain the remaining flow variables across the discontinuity.
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Steady Waves

The stéa¢y wave is a simplificaﬁion which occurs frequently in the study
of large amplitude compréssion waves. Such aiwave propagates unchanged in
£brm_and at & fixed velocity into a region of constant statéa Steady waves
can result from a balancing of viscous stresses, yhich tend to diffuse the
wave profile, énd bositive curvature of the stress-strain rélafion which .
tends.to steepen the'érofile.

In steady waves the flow variables are functions onlj'pf fhe‘single
independent variable { = t - h/U where U is thg constant Qelocity of the wave.
With this functional constraint, phe integral Eqs. 8, 9 and 10 can be evaluated
directly and result again in the Rankine-Hugdnibt fofm,

V(t) = v, -‘%ﬁ (a(t) - ) , R ¢

. u(f) =u_ + ?g;f(c(t) -c ) . o (15)

B(t) = E, + g (o(t) + o )(u(t) -u), - (8)

which apply from the'reference state to any point on the wave profile. Ihi
o-V-u space the material path from the reference state to the final state is
‘& chord (Rayleigh line). -Gauge records of either stress or particle velocity

obtained at two positions are required to experimentally verify steady wave

propagation.




-22-

Simple Vaves : o o

’Another common simplification results when the materiél response can be
regarded as'rate-indépendeht and propagetion is into a region of constant
state. For such waves, called simple waves, the theory of characteristics
shows that fhe space and time derivatives are related by the.differéntial
expressioﬁ dx = ¢ dt whére c is the Lagrangian sound speed aﬁd depends on
the curfent state of stress at each point in the wave. The conservation

equations 8, 9, and 10 then reduce to the Riemann integral form,

u(t) _
) =v, -2 [ &2, S an
o, .
[o]
] (t), - : |
” o u(t) = u +..§'_ %’_ , S . (18)
. : oo - .
0
L (e : ,
_— E(t) = E, + - J o S ¢ 1)
. ) o u . L C.
: (o]

- Consequently, two coﬁtinuoﬁs stress gaﬁées, or partiglé velocity gauges, can
be used to determiﬁe c(o), or c(u), and the integrals evaluated to determine
V(t), u(t), or E(ﬁ). Although two gauges are sufficient to estimate ¢, three
' gauges are necgssaiy to verify that the péths of constant stress or particle

'velbcityrare straight and that simple wave theory is valid.




-23-

Centered Waves

A épecial case of simple wave propagation occurs when the wavé is cen--
tefed at the impact-intérﬁace of the target specimen. The relief wave, as
?ell as the loading wave,’can be centered since some impactor materials, such
as fused silica, can produce unlbading shock waves which will introduce dis-
| continuous unioad;ng at the impact interface when a thin flyer plate is used.
In h-t space,’the characteristics are straight lines- focused at the point
of origin of the:discontinuous imput wave, and there is a‘one-to-one corres-
pondence between the continuous stress o(t) or particle velocity, u(t) and
the Lagiangian sound épeed,,c'= x/(t -_to). The integral Eqs. 8,.9 and 10

can be evaluated with one gauge record although two ére required to verify

that the wave propagation is centered.
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Uhsteady Wavés

When none of the foreg01ng 51mp11flcat10ns are justified, experimenters
have used the integral Eqgs. 8, 9,° and 10 dlrectly to interpret wave pro- ’
_ pagation data. Spec1f1ca11y, consider three stress gauge records equally
spaced a distance Ah apart. Since the data are continuous in time and discrete

in space, this suggeéts the fbllowing centered finite difference approximation

(Herrmann, 1973)

() _ %) - ay(®) 1(_3—3_%) e
12

where the sﬁbscript 12 refers to the midway point between gauges 1 and 2.

Ignoring second and higher order terms, Eq. 9 can be evaluated to obtain

the particle velocity history at the 12 midway point. An expression similar

to Eq.v20 can be used to determine the particle velocity history'at the 23

~

Vmidway point and the approximation,

() - up(®) 1 a3 S
B - = &G, @

can be truncated to the first éerm and used to evaluate thé sPecific.volume and .
.speclflc internal energy hlstorles through Eqs. 8 and lO When particle velo-
city profiles are used, & different analytic approach must be taken (Seaman,
1974). E |

* When stress relaxation is observed in the data 6r vhen ‘severe wave attenu-
ation:occurs due to rapid overtaking of the loading wave by the relief wavg,
it has been observed (Grady, 1972; Grady, 1973; Seamah, 1974) that the inte-

grends in Egs. 8, 9, and 10 can be expressed to make better use of the experi-




stress or constant particle velocity are used and c
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mentel data. Namely, the space derivative can be written

3 1(d- 3 |

o6 = o \at 5) (22)
where d/dt is a directional derivative along a path' h = g(t) chosen to make

optimum use of the wave profile data and cr = ¢(t). The integral Egs.

8, 9, and‘lo then transform to = . |
. u % S |
PRIy T O P
. (o] a C () Tt C | .
o
. . m' A£ | |
u(b,t) = u(h,t ) + 3— f L J (d‘; d'“) at , (21)
- o o g c | |
t M . . )
E(h,t) = E(h,t )+ X f gdu 1 f (cr 2\1 dt) at . (25)
- . S u \t ¢ | : _

»'In'practiee, the paths should be chosen to connect similar features in the

' gauge records such as the peaks of elastic precursors, wave maxima, or the

initiation of rarefaction shocks. When paths have been selected the exPeri-.
mentalrprofilee are smoothed aed incremented in time, the directional deriva-
"tives are evaluated 51m11ar to Eqs. 20. and 21, and Eqs. 23, 24 and 25 are
integrated numerically. |

When attenuatlon is not observed in the wave features, paths of constant
c = Cs or eu,.which are

the wave velocities at cohstant stress, or constant particle velocity, first

discussed by Fowles and Williams (1970). Under this specialization, the last

“term in Egs. 23, 24 and 25 vanishes and they take the form
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u
X [ du |
v(t) = Vo - oo .[ cu ’ (26)
- e
(¢
u(t) = u + L f%’- > ' (27)
Pg 5, _ .
"o |
E(t) = E + = f"ciu ; (28)
Po 3 | |
3 .

“which represent a- generalization of the Riemann int.egral expressions, Egs.

17, 18, and 19. Fowles and Williams (1970) and Cowperthwaite and Williams
1(1971) have derived a number of relations concerning co a.nd. c, In particu-
. lar, they have shown that these velocities are equal for simple and steady

wave propagation.
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Tmpedance Mismatch Corrections

In both thg quartz gauge andrthe vélocity interferometer,techniques, the
mgterial down stream from the Lagrangian point at which the wave frofile measure- .
ment is made differs from the test material. Although care 1s ‘usually exer-
cised in selectlng a backing material with mechan1ca1 1mpedance close to that
of the test specimen, the match is never exact and wave reflections occur.

The measured profile is then a distorted version of the profilé originally

propagated in the undisturbed test medium; To analyze these profiles, it is
necessary to first account for the impedance mismatch and détermine-the wave
profiles in the undisturbed medium. |

‘A scheme frequently used is based on aﬁ'incremental iméedance matching
techniqﬁe and resulté in relations similar to linear acoustic'theory_(Grady,
1976), The method is readily appreciated through consideration qf.the Riemann

invariants, . o

= do - '
s=utf G o (29)
g =u-f % | (30)
- po : -

defined in the test specimen u‘p stream from the interface a‘t‘which the wave
L profile is measured. The Riemann invariants J_ and J_ are constant on right
end 1eft fac1ng characterlstlc paths, respectlvely.

The backlng materlal, elther crystal quartz or a laser window materlal
such as fused silica, has known material propertles. That is, if a velocity
_profile U(t) 1s'measured then the,stress proflle P(t) is readily determined

from: the governlng constitutive equatlon. Since both stress and particle .

’ve1001ty must be contlnuous, it follows that, at the ‘measurement interface,
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P(t) ' _ r
EAELIORY I (31)
' P(t) ' ‘
© 3 = u(t) ..j( -:-‘90- . . , (32)
: (o]

Due to invariance; the value of J+ on a given characteristic would be the same
if no interface wgfe present. However, since refléctions would not oécur in
this case; the value of-J_ would be zero. Coupling this with Eqs. 29 and 30
results in the following gxpression for the corrected (undisturbed) particle

velocity profile,

P(t) ] '
u(t) =3 (U(t) + f | (33)

Application is usually in differential form in which case corrections to the

differential particle velocity and stress are, respectively,

g i 1 ary o
o : du = 5 G.U"‘-‘;:-)\, , - o (34)
do ='25E (d P pyc @ u) . S ,y (35)

. i Neglected in this analysis is the slight refraction of J_ characteristics

"when they enter the interaction region due to wave reflections, which causes

'slight arrival time errorslupon,reéching the measurément interface. These

time errors are Small, however, if propagatlon time in the region of inter-

ection is. malntained small compared to propagatlon time in the noninteraction

’_reglon and 1f the 1mpedance mlsmatch is kept small so that bendlng of character-

istics is.mlnlmized.

In applying Eq. 34 or 35, the value of ¢ is approximated‘from the measured

Lagrangian wave velocity corresponding to a given stréss or particle velocity




o
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level in the wave profile. Since the value of ¢ should correspond to the

.corrected.stress or particle velocity profile, one or two iterations in

épplicatibn of Eq. 3% or 35 can improve the results.

This method of analysis is strictly applicéble to raﬁe independent

‘material response. Although frequently used on wave profiles occurring in

rate dependent material, it is not clear how representative the corrected

profiles are.
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Factors Affecting Accuracy

Qhere,are & number of errbr sourcgé in this type of wave form analysis
which makes the total aécuracy_difficult,to access, The analysis itself is
subject to approximation errors due to truncated'térms in the estimétion of
spacial derivatives. Also smoothing and digitizing fhe}p;ofile records and
the process of numerical inferpolation, differentiation, and integration are
possible error sources fo which some attention must be given. In addition,

there are experimental errors in the gauge records themselves. Discrepancies

in gauge calibration and in time correlation between gauges occur. The time

resolution problems with imbedded: gauges are significant sources of error and

if the gauge is backed by a different impedaﬁce material, uncertainties arise

. due to wave reflections.

Analysis on idealized profiles obtained from known solutions (Cowperthf

weite and”Wi¥1iams, 1971; Grady, 1973j Seaman, 1974) have shown that, provided

. derivatives are estimated along pfoperly chosen paths, truncation errors do

not provide for a significant loss in accuracy. The major problem in this

regard seems to occur when severe attentuation between gauge profiles is .

encountered. This can be minimized by proper placement of the gauges.
The dominant SOurce of error resides ih the gauge records themselves.
Time correlation between records is extremely important since the wave velo-

city éppears,to the second-powei in the stress-voiume :esponée. Provided

‘similar gauges are uéed (for instahce, multiple manganin gauges), errors
;due:to calibration or frequency response limitations will éppear to the same

order in the evaluated stress-strain or §tresé-particle velocity response.

Although similar analysis can be completed using combinations of gauges, say

stress and particle velocity gauges, this should probably be avoided due to
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the diffgrent accuracy,p¥oblems[of the gauge types which can lead to exces-
" sive error amplification. .

. However, if proper attention is given to the numerical details and if
the accuracy limitations of the gauge type used are underst;od, analysis of
this type can provide a useful tool in eva;uating material response from
laféé ampiitude w;ve propagationrdata. Details of the stress, strain, strain
- rate and energy history are more transparentlthan the measured stress-time

or particle velocity-time profiles and provide further inéight into the thermo-

mechaniéal process active during dynamic deformation.
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- 4. YIELDING AND PHASE TRANSITIONS IN MINERALS
Certain features in the Hugoniots obtained fram shock compression studies

on silicate and oxide minerals have avoided a consistent explanation for some

time. Notable complicating features are the metastable portion of the sili-

cate Hugoniots in the mixed phase reg}oﬁ and the significant reduction in
strengtﬁ observed above the Hugoniot elastic limit in both silicates and
oxides. Recent application of newer shock wave techniques, combined with’
careful interpretation of éarlier shock wave and recovery experiments, has
resulted in a plausible description of the physical process occprring iﬁ the
shock compression of minerals. The basic concepts were reached ihdependently
by Ananin et al. (1974), Graham (1974), and Grady et al. (197h, 1975). It
would be premature to state that the shock compreésion process in minerals

is now understood. It is not cleaf whetﬁer the description spans all minerals

of interest, although certain similerities in experimental results suggest

‘that some aspects of the proposed description.occur in most minerals.

The process of dynamic yielding when shock stresses in excess of the
ﬁugoniot elastic 1limit are achieved seems to be the crucial factor in deter-
mihing the subsequent compressibility. It is not_yet clear whether yielding

is a brittle process (complete shéaring of atomic‘planes) or & plastic process

. due to shear activation and multiblication of dislocations in the lattice.

The choice isrnot‘critical to the presént argumént. The important hypothesis

,is that yielding is a heterogeneous process and that large regions remain

virtually undamaged during shock loading. This tenet is supported by a con-

siderable body of experimental evidence which will be discussed shortly. Since

~ yielding is localized to shear zones, energy dissipation due to nonconserva-

tive forces in the shock process will also be localized to these zones and lead
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to 1argertemperature gradients in ﬁhe shocked material. Energy coﬁsiderafions
:on the Hugoniot show that temperatﬁrés in these shqar zones can be sufficient
to cause local helting;eVen though average temperature estimates are still
well be}ow melting. Due to low thermgl conductivity.in these minerals, the
jinonuni:f‘orm temperature d;stribufion can-persist for some timé.after passage
of the shock front. | | |

A process. of adiabatic shear and~loca}ized melting cén account for most
of.the curious shock compregsion effects observed in rocks and minerals
including metastabie Hugoniots, reduction in strength, release wave behavior,

and petrographic features identified in samples subjected to strong shock waveé.




«3k-

Experimental Observations in Shoek'ComDression Studies

- Reduction in strength above the Hugoniot elastic limit: The behavior of
metals during shock compression is readily explained w1th1n the framework of
elastics-plastic theory. The Hugoniot .above the .elastic limit is usually
observed within experimental error to maintain a constant offset from the

hydrostat equal to h/3 TY where T_ is the resolved shear stress at yield.

Y
Exceptions are normally explaihed by work bardening or strain rate dependence.
The situation for the silicates and oxides is less clear. .StudieS‘on poly-
crystalline corundum (Ahrens Sﬁllii" 1968; Gust and Royce, 1970) indicate that
considerable strength is retained above the Hugoniot elastic limit. On the
other hand, single crystal periclase (Ahrens, 1966), corundum (Graham and
Brooks, 1971), and quartz (Wackerle, 19623 Fowles, 1967; Graham, l97h) show
& substantial loss of strength. -

It seemstreasonable that, at stress levels where significant ediabatic
Ashearing causes soffening or melting in leealibed planes, the bulk viscosify
of the materlal will be sharply reduced accounting for the observed reductlon
in strength There are several reasons why the same behaylor might not be
expected in fine grain polycrystalllne materlal First, polycrystals normally
exhlblt lower. Hugoniot elastlc limits than the equlvalent s1ngle crystal, depen-
dent, usually, on the amount of porosity in the material. The lower elastic
limit would provide for less elasfic sheer energy available:during the yield ‘
process. . Second, thekseparation ef shear zones, on the erder‘of 5-20Vp sug-
gesfed by recovery work in single crystal quafth (Ananihpgg_gl:3fl973), could
be signifieantly.fedﬁced due to‘grainbbouhdaryvconstraints. Bofg (1972) noted
__one or more eets of planar features, pxesumably poet‘shock signatures of shear

zones, localized to quartz grains in material shocked to 15 GPa. The latter
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suggests that the deformation energy in poiycrystalline material is‘more
uniformly distributed resuliing in less energy per shear zone. Hence, at the ‘
same stress level, softening, or melting in the polycrystal should be less

~than in the single crystal, resulting in greater residual strength.

- Metastable Hugoniot; Perhaps the most notable exper;mental feature
observed in the minerals which undergo a primery coordinatibn'phase transition
under shock compression is the metastable Hugoniot in the mixed phase region
(McQueen et al., 1967; Ahrens éﬁ;gi.,’l969). The-a-quartz.to stishovite tran-
sition is representative, According to equilibrium thermodynamics,.this tran-
sition should traverse the mixed phase region en the Hugoniot within a few
GPz. Instead‘the transitiop which initietes'in the neighborhood of 10 GPa
does not reach completion until shock pressures on the order of L0 to 50 GPa
are achieved. |

A nqmberzpf the primary coordination phase transifions which eccur during
shoek compression have a}so been obéerved under static conditions (Stishov
“and Popova, 1961;’Ringwood et al., 1967). They are'reconstructive, hence
thermaliy-aetivated,'end are oeserQed to proceed very slowly. When shock;
compression of sufficient intensity to cause locai melting and ioss of shear
.stfength occurs,lthe matefial state in undamaged regions between the planes
of melt sheuld differ.little from.the static experiment with the exception of =
-8 slight temperature rise due to'near isentropic volume:compiession. It is
unreasonablelfo expect that the phase'trensition rate in these regions should
differ significantly from the static case. 'waever, inrthe sheer zones, tem-
Iéeretures are easily sﬁfficient'to transform materiel to the high pfessure phase
or a liquid form of fhe high pressure phese by & thermally acfivated'nucleaﬁion

and growth process, even on the sub-microsecond scale of a shock wave experiment.
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It seems then, that a@ a.given stress level, transformation.will proceed within
the’shock front only in those regions which are sufficiently hot. éontinued
transformati¢n in cooler regions will proceed on & considerably longér time
scale and give the illusion, within the duration of a shock wave measurement
that an equilibrium Hugoniot state has been attained. | _

Reduced Sound Velocities on the Hugohiot: The velocity of the initial
break of the felief wave following a strong shock.wave; of the rate at whichv
radial relief wavés propagate into a shock compressed specimen,‘provide.values.
of‘the.longitudinal sound velocity at high pressure. These methods have been
used with some success in metals (Al'tshuler‘ééléi., 1960). Recent studies
on rock forming minerals differ from thg-results on detais. Grady et al. (i975)
have observed initial relief wave velocities very close to the expected bulk
sound velocity in quartz and feldspar, and Bless and Ahrens (1976) bave observed
Vrelief velcciﬁies intérme&iate;bet#éen the bulk and loﬁgitudinal velocities in
co:uhdum. These studies provide further evidence for.loss of étrength during
‘shock compression and further suggest that the loss of strength can persist for
»ééﬁe duratioﬁ after passage of the éhock wave, N

Perrimagnetic Effects Under Shock Compression:v Shaner and Ro&ce (1968)
have observed that yttrium iroﬂ garnet remains ferrimagnetic tovat least iTo)
"GPa, substanfially above the Hugohiot elastic limit of approximately 5 GPa in
this material. ,Céntinued ferrimégﬁetism, a physical phenomehon requiring long
‘range crystalline order, furtherAattests to crystalline integrity of a signi-

' ficant portion of the material at largelegoniot pfessures. ) |

The reduction in magnetizationrobserved by Shaner and Royce (1968) was
‘6riginally:explained Strictly by mégnetoelast£C'effects. However, if a condi- .

tion of thermal hetefogeneity persisted at the Hugoniot state then hot zones
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would bé‘easily inlékéess of %hé'Néél temperature andkprovide for reduction
.of the bulk saturat;on magﬁetization. This #lternative explanation is
consisteﬁt with tﬁe ObserQed magnetization versus bias field intensity data
which indicates an incieasingly reduced stress-induced magnetic ahisotropy
effect with increased stresses above the Hugoniot elastic limit. This would
be expected if reductian in material strength is occurring above the Hugoniot
elastic 1imit;

Petiographic features in pre;éhﬁéke& materiél: Extensive studies have
been coﬁducted on minerals which have been shock-loaded to stress levels in
excess of the Hugoniot elaéfic limit. A iaige porfion of this work has been
on specimens recovered from the vicinity of meteorite impact or nuclear
expiosions (Bunch, 1968; Chao, 1968; Borg, 1972) and neither the streés
level nor the duration of the stress pulse is well deteimined, altﬁough'the
'_ times of stress spplication are'appréciaﬁly'longer than can be achieved in
& leboratory expefimenf. Some work on saﬁpl;s whicﬁ have_been recévered
-f;ém laboratory shock wave experimgnts'has bgen documented ﬁhere both the
stress level and stress duration are fairly’accurately known (DeCarli,
1968). R

Planar features (shock lamellae) have been identified in recovered sam-
ples of shocked minerals (Stoffler, 1972). They hgve been studied most
B extensively‘in qua;tz. -Thé 1amellae aré'obserVed,in méterials shocked bet-
ween sbout 10 to 35 GPa and.aferidentified optically as features separating
otherwise undamaged minerals and have sgacings of between é'to_20 pm. They
occur préferentially on 1attice'§ianeskof densest packing. ‘Planar features

" have been catagorized according to differing optical characteristics, however,
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it can bevassumed that they correspond to shear zones which originate due to

Ayielding during shock compression and differences occur due to differing

stress levels and thermal and strain-rate histories.

Ananin et al. (1973) observed that samples of single crystal quartz shock

" loaded to just above the. Hugoniot elastic limit broke into small rectangular

blocks of dimensions 100-200 um perpendicular to the direction of shock pro-
pagation and 5-20 pm parallel to the shock direction. The stresses achieved

vere substantially lower than the stress region in which post shock planar

, features are observed, however, the results are suggestive of the same non-

uniform yield process.

Klein (1965) conducted recovery experiments on single crystal periclase

_at shock stresses near 8 GPa. Planar features observed in the recovered sam-

ples were noted to increase in separation with increasing distance from the

explosive-spekiﬁen ipterface snggesting that, as.the shock front widened with

,increaSed propagation'distance, & coarser shear band structure was favored.

' He also noted that at 1arge dlstances, an initial [110ﬂ direction preference

fbr the features shifted to a [100] preference.

Shock-recovered specimens of guartz and feldspar are also observed to

contain regions of amorphous short-range;order pheses. Diaplectic glass

(Engelhardt et al., 1967) is observed to predoﬁinate in the lower shock pres-
' sure region (20-40 GPs) and fused glassfmore characteriStie of!those;quenched :
" from & liéuid state predominate at higher pressures. Diaplectic giass differs

- from erdinery quartz glass in density, indexrofbrefraction, and its character

of preserving the morphologicalvsignathre of the parent crystalline state.

Diaplectic glass is thought to bertherreﬁersion product of a high density

.shoit-range-ofder solid state phase during pressure release (DeCarli and
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Miiion,'1965). Alternatively it.ceuld be the reversion produc£ of the melted
‘high densitj phase where freezing occurred prior to total pressure felease.
In such short f&mes, 1iquid diffusion processes would be insufficient to totally
erase the morphology of the previous crystal stete. Boganov EE_gl, (1971) have -
demonstrated thelgossibility ef'such instantaneous freezing of quartz. in
quarté, traces of the high deﬁsity polymorph, stishovite have also been iden-
tified in recovered specimens of natural'and laboratory shecked mate;ial
(DeCarli and Milton, 1965).

Phase Transition on Release:e Ahrens et al. (1968) using liquid reflec- -
tion techniques and Grady'gf_él. (1974) using manganin gauges have identified
the transition from higﬁ density to low density state in quartz on pressure
4re1eased from Hugoniot. states in the mixed phase region. The transition,
occurrlng between 8 to 10 GPa, is well-deflned but does not exhibit a rare-
iactlon shock, suggestlng some rete dependence in the transition process.
| Similar studies on feldspar do ‘not show a wellfdeflned transition break;"
rather, relief paths suggeSt a continuous trensition toward the.low density
ﬁhase~(Ahfeﬁs et ai., 1969; Grady'and ﬁurfi, 1976) Thls is probably a con-
sequence of the more complex mineral content of the feldspar specimens studled.

Trlangular stress wave input pulses have been used to study the behav1or

of quartz rock in the mlxed phase reglon (Grady et al., 197&) By analyzing
the wave proflles, it wvas determlned that, after the_lnltlal rapid transfor-

. mation to a Hugoniot state 'in the miied phase region, a continuiné transition‘
fronm 1ew-to-high density proceede@ st a8 considerabiy slower rate. A possible'
explanaﬁiOn for this second'transformetion rate is thermal diffusion from

initial hot spots into regionsAof.untransformed material.
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Dynemic Yieldiﬁg
| The.silicate and oxide minerals are & class of brittle compousds which,
under shock loading-conditions, exhibited exceptionally high elastic limits.
Thebretical studies on the ultimate strength of solids place probable‘lower
iimits of 0.03G (G = spear modulus) as the shear stress at which failure
occurs. Although most solids yield at considerably lower stress levels, the’
silicates and oxides are observed to yield under shock loading at stresses
closely‘epproaching the theoretical limit. Notable examples are single
crystal corundum and quartz which exhibit maximum shear stress values of 0.056
¢y &nd 0.11 ¢), , respectively (Graham and Brooks, 1971). |

It has been argued that brittle failure (shear-fracture) in these
materials is unlikely due to the very large isotropic stress component which
occurs in a shock wave experlment and that an energetically more favorable
mechanism of dislocation motlon and maltlprlca ien must occur. The very hlgs

: observed elastic 11m1ts prov1de no -support for this argument however, and

-2

at present there is little experlmental base for choosing a ductile mechanism
.vover a trittle mechanism. Perhaps the most suggestive experimental evidence
for a ductile yield process . in minerals is the strong similarity between
stress relaxation occurring in periclase (Figs. 2 and 9), and probably in
‘quartz as suggested bytelastic precurser decay (Ahrens and Dﬁvall, 1966),

| with that observed in'LiF. The latter material has been studied extensxvely
under ‘shock loadlng condltlons and strong correlations between precursor
characterlstxcs and dlslocatlon dynamlcs have been observed.

Tbe reductlon in shear stress observed in single crystal s111cates and

oxides above the Hugonlot elastic limit is certainly linked to the yield pro-

cess. This reduction in shear stress is frequently equated with loss of

—————— .
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 strength at the Hugoniet state and carries the implication that subSequent
material response would be fluid like. Initiel release wave measurements on

quartz and feldspar near the expected bulk sound speed seem to support this

(Grady et al., 1975). However, measurements of release wate velocities on
corundum (Bless and Ahrens, 1976) suggest reduced but not total loss of
'strength.'

Material’softening or melting during shock compression is the mest
reasonable explanation for the initial and persistent lose of strength,
except that estimates of bulk temperature rise during shock compreeeion are
far below those required to- produce the observed effects. This objection
is mitigated somewhat if localization of softened or-melted regions occur.

A’process of heterogeneous yielding leading to localization of shear is
reasonable to expect. The'processee of slip eccurring during yielding are
noneenservat%ve and the energy dissipated nust lead to local tempefature
'increase. Plastic processes such as dislocation motion and multiplication
are- enhanced by increaeed temteraturee and can lead to aceelerated yielding
in locel hot regions. 'Analyeis of censtitutive relations with temperature
dependence, eoupled with'the thermemechanical eqnations of motion, show that
. hemogeneous,yielding can te—subjeet to Taylor instabilities (Beliman and
" Pennington, 1955}.7 As an example, Holtzman and Cowan (1961) have used a
bcontinuum description of dynamie'yieiding in 301ide‘of the form .

reapend BN € )
.where T is the shear stress, Ty the shear stress-ateyield, T, the dynamic

viscosity, and u, the particle velocity_nermel to the direction x. A reason-

_-able form for_tempetature dependence of the viscosity is




ho.

o]

1= e T-T) - | (37)

ﬁndér conditions of flow normal to the x directiofx due to the shear stress T,

]
the equation of motion is

-

ou '
.B-E | ;;:é- poc T ‘5‘}2 . : (39)

T, X, ¢, a.nd P, are the temperature, thermal diffusivity, specific heat, and
density, respectively. A first variation solution to Egs. 36, 37, 38 and 39
(Grady, 1976) show that the solution is unstéble to homogeneous deformation.
VI.‘rom the analysis one finds, if Ty is assumed small,‘ thaﬁ the wave length of

perturbations at maximum growth rate is

*

3~
2 Y L
T Xc .
21 | Po v .
Y B s | (10)
Y a, Tlo -
the maximum growth rate is _ _

B . : a - “

‘o =_;_1]n§2 | B (%))

‘and the cutoff wave length below which perturbations will not grow is

e [P ] Sl
.,lc = ';Y:" [ aano ] > . B (l|2)

" where ¥y is the plastic strain rate.
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Expressions for finite T& are.s;milar but more complicated;‘ Comparison of

~ the optiﬁum wave lengéh with the periodicity of shear banding observed in
‘shock-loaded aluminum are ;n reasonable agreement. Material propérty data

ere presently insufficient to make similar comparisons in minerals, however,

the variations in planar feature separation with probagation'distance oﬁserved
by Klein (12965) appears.;onsistent with this explanation. Taylor instaﬁilities,
therefore, seem to pro;ide a plausible explanation for the heterogeneous yield
process apparently occurring in these materials. ‘

Somerpreviously unreported experimental results by the author on single
crystal periclase, although.preliminary, provide somevinteresting observations
on the process of yielding in oxide minerals. In this work, saméles of peri-

" clase 3.3 mm'in thickness were shock-loaded and uﬁloaded in the [100] direction
by planar impact of [0001] oriented sapphire plates (3.15 mm thickness) to
stress levels between 4.8 and 11.2 GPa. [OOO]]‘sapphiie responsé is elastic
fAin'thié‘regiA;. Diffuse surfacé velocity inferferqmetry waé used to measure -
.the back interface particle vélocity profile between the periclase sample and
,a.sapphire>window material.' A sécond laser beam was reflected internally off
of the center of fhe samplé impact face. Upon impact the beam is diverted
and providés a very accurate tihe of arrival fiduciél as was described 'in
--Sectionka. In the present experiments, wave iransit times within 1% could
‘be measured. The'experiméntal set-up was previously illpsirated in Fig. 9.
VProfilgs_obtained iﬁ the threejexperiments conducted are sﬁown in Fig. 10.
The,initial elastic loading wave consists Qf a sharp»rise to. & stress level 6f
about 2.5 GPa folloﬁed by significént stress felaxation. The méasuredvprecur-
sorlvelocify of 9.3# + 0.0sikm/s is consistenf with ultrasonic velocities

" measured by Spetzler (1970). Subsequent loading to the Hugoniot state pro-
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ceeds in the deformation wave. Note‘that the width of the deformation wave
 decreases with increasing peak stress. Two features in the relief wave struc-

“ture are identified in Fig. 10. The first will be called the initial elastic

release, the second, the initial plastic release. The structure of the release

-

wave is similar to elastic-plastic response observed in release waves for

certain metals (Asay'and Hayes, 1975)-and strong}y suggests thét material
strength persists, or has recovered, in periclase at the,ﬁﬁgoniot staté.

In Fig. 11, elastic precursor stress-étrain points and the final Hugoniot
stafes are identified in the stress-volume plane. Also shown is thé periclase
hydréétatic conpression curve estimated with a Murnaghan equation extrapolation
of ultrasonic single crystal data to 0.8 GPa (Spet?ler, 1970). Within experi-
nental uncertaint&, the'Hugoniot stress volume data indicate total collapse
to ;he hydrostat. Shock velocities lower than the local .bulk sound Speed

were measured above the Hugoniot elastie 1imit which also sﬁggests collapse

‘toward the hydrostat. Reduced shock velocities have also been noted by Graham

(1974) in single crystal sapphire and guartz.
Release wave velocities obtained from the shock wave experiments are

compared with extrapolation of ultrasonic data (Spetzler, 1970) in Fig. 12.

The initial elastic release velocities are similaf to those reported by Bless

‘and Ahrens (1976) on corundum. Vélocities are below expected [100] longitudinal

velocities but ere substantially above expected bulk sound velocities. On the
othervhand;_fhe élastid reieaservelocities_are very close to the bulk sound
velocity.

- In Fig. 11, the initial'releaée paths are shown‘for the tﬁé highest

Hugoniot states. The release paths deviate significéntly‘from the hydro-

w_stat and imply a shear stress build-up through an axial stress drop of
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lsh5'i 0.1 CPa at which point subsequent unloadihg appears to parallel the

-«

h&drbstatl

It appears then that single crystal periclase, under shock compression,
collapses to the hydrostat and éxhibits; perhabs briefiy, loss of shear
strength. However, subéeéuent material response during the release wave,
which arrives‘about 0.5';s after the Hugoniot state is attaihed, suggests
substantial recovery of material strength. The observations in periciase
are nof ipconsistént with a process 6: local shearing and local heat genera-
tion leading to 1oss of'strength during shock compression. Energy diésipatgd
during shock compression in periclase is about a factor of 20 less than occurs

in quartz at the same stress level. Calculations show that melted regions

could not persist in periclase for the 0.5 ps separating the shock and relief

wave due to thermal conduction away from those regions although residual ther-

mal heterogeneity could result in 2 reduced shear modulus. Hence, recovery

‘of.matefial s%rength prior to relief wave arrival would.seem reasonable. Obser-

vatipns such as these ih which the shear strength is time-depéndent illustrates

-the complexity of the compression features of‘shock-loaded'minerals.

The Phase Transformation

Silicates: It is fortunaté that the phase transitions iﬁ the silicate
minerais can proceed within the submicrosecond-tihe scale of a shock wave
'experiment. If this were not the éase, the uéevdf shock.wayes to investigate
physicai propefties of.mineralﬁ ét;pressures existing in the lower mantle would
be severely limited. -On¢ is Juétified,in asking how these transitions can pfo-

ceed on such a rapid time scale when the same transitions, under static condi-

. tions, are observed to be extremely sluggish.

gy
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Considerable effort has been devoted to the study of phase transitions

'occurring under conditions of ehock wave loading and a fairly extehsive litera-~

ture has developed on the ‘theory of shock~induced phase changes and their

consequences on the propagation of finite amplitude waves (Duvall and Horie,

~1965; Andrews, 1973; Hayes, 1974). In most of these studies equilibrium

thermodyﬁamics:is assumed and, when rate dependence is considered, it is
usually assumed, at least tacitly, that a homogeneous érocess occurs. The )
conseQuences of a heterogeneous yield process on phase transition kinetics
have not eeen considered.

* Dremin and Breusov (1968) have argued that a polymofphic transition
cannot proceed yielding during shock compression. If yielding proceeds on
localized planes by an adiabatic shear process in silicafe minerals and if
near or total loss of strength has occurred due to near or total meltlng on

these planes, then the regions between planes w111 experlence nearly hydro-

~

static pressure. It is difficult to see, then, how conditions differ signi-

. ficantly from static compression conditions except for the potentially quite

different thermal state;- Teller (1962) concluded that shear phenomena

at high pressures play an important role in chemical proceeses. Rather than

~ direct shear activation, however, he suggests that the shear process contri-

bufesvto dissipative energy accumulation which aids thermal activation in
the chemical process. This last idea seems worth pursuing with regard to

fhe,eompletion of reconstructive phaSe transitions under shock loading con-

~ditions. In the next few paregraphs, some consequences of a heteroge-

neous failure mechanism on the primary coordination transformation in silicate
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miﬁerels will be addressed. Attenﬁion will be focused on the g-quartz-
_stishovite transformation for which considerable shock wave data is avail-
able. We will make the simplifying assumption that yielding under shock
compression is confined to an equidimensionai rectangular lettice with
lattice dimension d. Assume also that fhe dissipative energy.incurred
during shock compression is unhiformly distributed on this lattice as thermal
energy and that the regions or blocks between planes undergo isentropic com-
pression only. The dissipated energy can be estimated from the measured
Hugoniot and isentropiec compression properties of the shocked mineral.

We will further assume that the processes of yielding end phase transi-
tion are separate in time with yielding proceeding on the shorter time scale
as suggested by Dremin and ﬁreusov (2968). This will allow attention to be
focused strictly on the phase transition process.

At this point, we Wlll consider one deformation plane 1ocated et the
‘Lagrangian coordlnate h = O with the h ax1s, h > 0, normal to the plane.

At tlme t = 0 a certain amount of thermal energy, cons1stent with energy dis-
sipated in the shock process, is deposited at the point h = 0, A state of
‘wniform hydrostatic pressure P exists throughout.' For t 5 0 heat will flow
.from the deformatlon plane 1nto the adgacent material which is 1nit1ally at
- temperature T (P) resulting strlctly from 1sentrop1c compress1on.

vrAssume that heat-transfer is governed by Fourier conduction only. Esti-
mates of radiative heat transfer at the calculated‘temperaturesrare small |
withinrthe.time scale of interest. A constant‘specific heat, c; and thermal
dlffus1v1ty3 X will be used.

. A primary coordlnatlon phase change is assumed to be thermally.actlvated

with a-frequency factor and activation energy independent‘of the pressure.
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A simplified form of the Johnsoh-Mehl equation (Burke, 1965) will be used to
_vdescribe the reaction rate of the tfansition. This deécription then leads

to the equations ’

: of 3T, 1™ | .
. N 3p° e ? . (43)
A | |
RDere ), | (ut)

which govefﬁ heat flow and the transition reaction rate in the neighborhood
-of one deformation plane. ) is the mass fraction of the high density phase,
F.and A are the frequency factor and acfivation energy, respeétively, and {4
is the latent heat of txanéition. Egs. 43 and_hh are coupled and not readily
solvable. If the second term on the right hand side of Eq.lh3 i; ignored,
the heat flow equation can be solved separately. This is justifiéd on two
- accounts. éirst, this term is small in the time scale of interest. Second, ___
the dissipative energy ét‘thé Hugoniot state;-which was estimated in this
rwdrk b& simply subtracting the iéentrbpic elastic energy of quartz from the
total Hugoniof energy, already inclﬁdgs the latent hgat'of transition.
With this.simplificétion; solution qf fhe thermai conduction equation
results in the température distribution at time t of
_ : L ~-h2/hxt | : o
mer @ e )
‘where Q ; g/poc and ¢ is the thermal energy pér unit area ihitiélly deposited
‘at h = 0. Some temperature profiles at increasing times are illustrated in -

the'upper half of Fig. 13.
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It is a characteristic of thermally-activeted reactioné,'due to the

~ exponential form of the Boltzmann factor, that reactions which proceed very

sibwly at a given temﬁerature can proceed Yéry rapidly when the temperature

is raised a few hundred degrees. If a temperafure Ty is considered such

that the coordination transformation can proceed within the time scale of

’

g8 shoeck compression wave, say ) ==108/s. Then the solution, Eq. 45, acts
as a thermal wave and carries the temperature TA to the untransformed
méterial. A path of constant témpérature’is governed by the differential

equation,

.

dh _h x o
'a"='1:(1- 2 ) (46)
ahd is shown in Fig. 13. Note that a given temperature level does not con-

tinue to propagate away from h = 0 but reaches a maximum distance,

: 6=vZT, _ DR
.in & time
t , . - _
x e , (48)

i b xe(T, - TS(P))?

end then recedes, determining fhe,domain of material which is transformed

. rapidly by the thermal wave from that which is not.

| If a specific energy ED’ dué'to energy dissipated in the Hugoniot process

- is distributed uniformly over the deformation plane lattice with lattice para- .

meter 4, a value

Eb d v '»’ 7 i (hg)

hf'is obtgined; If transformation proceeds to & maximum distance § from the




_ fraction of transformed materisl is

"reaction rate at T = 500°K, then a reasonsble value of 50 kecal/mole is
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deformation plane and if the latticg parameter is d, the resulting mass

' - 65
l=%s g ) (50)

-

T, Q, and § can be eliminated from Egs. 47-50 resulting in an expression for

the temperaﬁure,

T

A—-T(P)-i-nED L (51)

cA
capable’of transforming the material within the shock front at the éxpressed
reactlon rate. ED can be estimated from the quartz Hugoniot as previously

described. The fraction of the hlgh density phase 1 in the mixed phase region

"can &lso be estimated from the relation of the Hugoniot state to the high and

low density phase boundaries. This was accomplished for quartz between P =

15 - 35 GPa. We found :A to have a constant or slightly increasing value

. between 1256 - 1350°K. Using a value of Xv=\10-h/s for the quartz-stishovite”

-

"esfimated for the activation energy. The calculation also suggests that trans-

formation cannot proceed instantaneously but is controlled by propagation of
the thermal wave into the untransformed material., Eq. 48 predicts a value of
T = 0,25 us at a pressure of 25 GPa, although better than 75% of tﬁe'trans-

formation occurs within less than 0.05 us. This value is consistent with

shock wave rise times which have been observed (Waékerlq, 1962; Grady et al., .

1974).
Calcite: The mineral calcite is observed to experienée two phase tran-

sitions below stress levels of 2. O 'GPa under both static and shock loading

'condltlons. At these 1ower stress levels very aceurate shock wave measurements
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can be made,_providipg increased uhderstanding of the processes of shock-~
 induced.phase changes in rocks and minerals. The calcite I-II and'célcite II-III
‘transitions occur statically at stress levels of about 1.45 and 1.75 GPa, |
 respectively (Bridgman; 1939; Singh and'Keﬁhedy, 197&). bRecent shock wave
studies on Solenhofen limestone (Schuler and Grady, 1976) uéing interferometry
techniques have revealed the effect of both transitions in the structure of
. compression and relief wave propagation. Shock wave profiles.obtainéd on
Vermont mérble héve been particularly distinct in this resbect, however, and
one such profile is shown in Fig. 1.

In the experiments on.Vermont méible samples approximately_S mm in thick-
ness were ippacted with fused Silica plates~apprqxi§ately 4.8 mﬁrin fhicknessf
- The resulting iﬁpact provided & square wave input stress pulse of approximatély ‘
1.6 ps duration and a stress amplitude dependent on the. impact velpcity.
ﬁaximum impgpt stress achieved in the expefiment shéﬁn in Fig. 1b was 3.5 GPa,
B Samples were.backed with fusgd‘silica laser window material and the particle
" velocity profile which evolved over 8 mm ofvpiopagation distance waé measured
ﬁt the~marb1e-qued‘silica interface. The ﬁarble and fused silica have quite
similar mechanical impedénce'éharacteristics. |
In the particle Velocity’prdfile shown in Fig. 14, features resulting

" from different physical mechanishs are éuite distinét; The dynamié stress-
-'  volume path, alsé shown in Fig. 1h, was determined.assﬁming self similaiity
of both the compression and reléase wave. Although self similarity has not
yet béen sﬁrictly verified’for marble, ﬁave propagation‘reSults obtained in
1imestone suggest that it is a reasonable approximation.  The dynamic stress-

volume path is compared with the caleite hydrostat (Singh and Kennedy, 1974).
Simiigr features océurrihg in the profile and ih th§ stréss-vélume path are

numbered in Fig. 1h4.




- tion waves are observed (Schuler and Grady; 1976). fThe calcite I-IT transi.

tion initiates at an axia) stress of ébout 1.2 GPa, somewhat less than the

The caleite I-IT transition is known to be displacive (Merriia and Bassett,‘
- 1975), a bigher order coordinatibn transfbrmation, and, hence can be expecteg

to proceed gt g very rapid rate (Bgerger,‘l972). Formation of g rarefaction

- shock wave on release due to the

‘calcite I-IT transition ig consistent, then,
with g rapid displacive transfbrmation. This author is not aware of fhe
rnature (displacive or‘reconstructiﬁe) of the calcite II-ITT transition, waever,

- comparison of the release wave shape que to.the;calcite II-IIT transition:
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~due to the reverse o-quartz-stishovite phase transition show considerable

similarity in structure. The a-quartz-stishovite transition is a primary

'édorQination transformation with & finite regction‘}ate. - Rate deéendence

asSociated with the reverse phaée change'is expected to provide the -profile

. shape observed in quartz (Fig. 5) or 8s .is indicated from the reverse cal-

citezII-III transition in Fig. 14. We tentatively suggest,'therefbre, that

the calcite IT-III transition is reconstructive.anq that the release wave

signature of reconstructive and displacive transformations differ significantly.
Finally, it should be noted that there is no indication of elastic-
plastic response in the release wave for marble (providing other features have

been correctly identified). Also, comparison of the initial release wave

velocity with the calcite III phase static bulk modulus determined by Singh

and Kennedy (1974) shows this velocity to be very close to the expected bulk

value. This result is consistent with release wave behavior observed in

quartz and feidspar (Grady, et al.), both of which undergo a phase transi-

tion, but differ from behavior observed in corundum (Bless and Ahrens, 1976)

and periclase (present work) which do not experience a phase transformation.
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5. CLOSURE
Recent advances in both éxperimental téchniques and methods for analyzing

wave profilé data have contributed to the study'of'shock processes in solids.
There is at present, a notable lack of time-resolved vave prbfile Aata on
rocks and minerals appfoaching‘mantle pressures. Eﬁisting'studies, howevef,
have'Suggested a potential'frameﬁork for a theory describiﬁg'the shoek pro-
cesses of yielding aﬁd phase transition in silicate and'oxide minerals, al-
though further experimental studies are needed to confirm and to quantify
some of tﬁe ﬁechanisms proposed.

) Our‘present understanding of the shock compreésion process in minerals

is still not adequate to dictate the optimuﬁ experimental conditions necessary

- 1o prepare a thermodynamic Hngoniotlstate at pressures and temperatures com-

patible with mantle conditions. Results obtained to date,'héwevef,vsuggest
some possibilities. Perhaps a startihg material of gem quality single

crystals in shock wave experiments is not the'optimnm situation. A process

" of heterogeheous yiélding during'sho¢k ¢oﬁﬁi¢§$ianand the subsequent non-

uniform,temperature.staté may require more time for thermal equilibration

“than can be achieved in a standard shock wave experiment. Perhaps a sta;ting

material of cold pressed submicron sized mineral powder would force a more

homogeneous yield process, and hence, more uniform energy dissipation. An
accelerated thermal equiliﬁration time should result in this case.
It is interesting to note’ thét.the,releaserwave.velocities in both corun-

dum (Bless and Ahrens, 1976) and in periclase (present work, Fig. 12) tend

~ toward the expected value for the longitudinal wave speed at the highér stress

levels. This would suggest that thermal equilibrium occurs more rapidly at

the higher stress levels. The dramatic decrease in rise time of the deforma-
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tion wave with incregsiﬁg Hugoniot stress in periclase (Fig. 10) and the
reductién in the shear band'separatiOn with incfeasing strain rate.predicted‘
5y the Taylor instability analysis (Eq. 40) suggests that the energy dissipaQ
tion process is more uniform at higher stress levels. Perhaps, then, at |
Hugoniot stresse% far in excess of the»elastic limit, the yield process will
be sufficiently uniform to allow thermal equilibration within the required
time period.

’TheAexperiméntal observat ions énd'analysis presented.in the present
paper point out the importance of technique and the complexity in £hé shock
deformation of certain silicates and oxides. It appears that the dominant
compressional features of shock-loaded minerals is étrongly influenced by
dynamic yielding. A ﬁodel of heterogeneous yielding to describe the resulting
adiabatic shegr provides & plausible picture of the reSulting shock compres-
sion behavioy and indi¢ates that material response unéerashock loéding>mu$t
- be coﬁsidéfabiy more complex than haé heretofofe been viewéd. Because of
the importance of quarfz, corundum, periclase, and certain other minerals
to our undérstanging of mantle ma£eriéls, it seems impdrtant to proceed with
further'work‘to develop a more detailed picture of the shock compression of

. these materials.
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Figure 1 Quartz gauge typical electrode configuration.
\iij Figure 2 Stress wave profile obtained with quartz gauge on MgO. A step
sfress wave input was provided by'impact of an aluminum flyer
(Oihl km/s) on the specimen. The stress wave after 3 mm propa-
gation distancé'was measured at the Mgo-quartéhintérface. 0.2 ps
time marks are shown. » .

Figure 3 Manganin transducer design showing & typiqal assémbly geometry,
Bonding is accomplished with epoxy and the gauge plane is normally
25-50 pn. L

Figure 4 Stress wave pfofiie obtained with manganin gaugé in Mg0. A

| step stress input wave was provided by impact of an aluminum
flyer (0.72 km/s). The stress wave.profile was measured at an
in-material point apprdximately 3 mm from the;impact.iﬁterface.
0.2 ps éime marks are spowh{

Figure 5 !fhnganin stress wave profiles ohtained in quartz rock-(Arkansas
novaculite). The maximum stress achieved was 25 GPa. After
Grady et al. (1974).

Figure 6 “Electromagnetic transducer design sﬁowing typical asSembly éeof
metry. 4 is théllength of the act;ve gauge element., The stress
wave diréction, maghgtic field and active gauge*element.are
mutﬁaily orthogonal. | 7 7

Figwre 7 Particle velocity profiles obtained in Oakhall .lilﬁestone‘. Peak

| stress equals 2.4 GPa, First and second waves cotrespond to
arrival of the'ihitial shock wave and free surface‘ielief~wave,
respéctively. After Murri et al., 1975.
" Figure 8 System schehatic of the diffuéed surface velocity interferometer.

‘ é  111ustrates optical path to and from test specimen, system optics,




Figure 9

Figure 10

- Figure 11

Figure 12

. Figure 13

and data collecting photomultiplier tubes. Surface acceleration
can be distinguished from deceleration by separation of return
beam into S and P polarized light displaced 90° in phase. (After

Barker and Hollenbach, 1972)

~ Interferometer fringe pattern and the resulting particle velocity

profile obtained in MgO with diffuse surfacé.velocity interfero~
metry. Maximum stress achieved in Mg0 was app;okimaﬂely 4.8 GPa.
Second laser beam ﬁrovides impact fiducial. . |
Particle velocity profiles obtained in [100] oriented MgO after
approximately 3.3 mm propagétion distance. Essential features
are the iqitial elastic precursor, stress relaxation, the sub-

sequent deformation wave, and inﬂications of elastic-pléstic

response in the release wave. Peak stresses are 4.8, 8.2 and

11.2 GPa.

" Comparison of the experimental Hugoniot for MgO and the hydrostat

estimated from ultrasonic data (Spetzler, 1970). Also shown are
theoretical release stress-volume paths vwhich indicate substan-
tial recovery of material strength at the Hugoniot state.

Elastic and plastic Hugoniot release wave velocities are compared

‘ " with single crystal MgO 1ongitudina1vand bulk Sound speeds extra-

polated from ultrasonic data (Spetzler, 1970).

, (a) Témperature profiles at increasing time due to thermal dif-

fusion from the plane h = 0. (b) Shows a path of constant tem-

| perature T and,therregion of material transfbrméd due to tem-

A

.~ peratures in excess of this value,




Particle velocity profile and the resulting stress-volume path

obtained on polycrystalline calcite (Vermont marble). The

single crystal caicite hydrostét is also shown (Singh and Kennedy,
1974). The numbered points coordinate various features in the

wave profile with corresponding points in the stress-volume curve.
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