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ABSTRACT 

Shock wave studies on rocks and minerals have contributed.significantly 

to current understanding of ' the earth's in ter ior  and have the potential of 

providing further high pressure physical properties such as transport and 

higher order themdynamic properties. Because of t h i s  potential, it is  

important t o  have a detailed understanding of the physical s t s t e  achieved by 

shock compression. With recent advances i n  timeresolved shock wave instru- 

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

- 

\ 

transformation occurring during the shock compression. 

w i l l  review recent advances i n  time-resolved shock wave instrumentation which 

are currently being used i n  the study of rocks and minerals and describe the  

analysis techniques which have b 

t o  the thermomechanical processe ccurring during shock compression. Evidence 

for complicating features result ing from yielding i n  s i l i ca tes  and oxides is  

reviewed and zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAa physical model 

rocks and minerals i s  discussed. 

sion and re l ie f  properties of periclase and ca lc i te  are also presented. 

The present report 

developed t o  re la te  shock vave profi les 

C 
hase transformation and deformation i n  

New supporting data on the'shock compresr 

~ 
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1. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA1I”RODUCFON zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
Shock wave studies on rocks and minerals have made a substantial con- 

tribution to our current understanding of the earth’s mantle. 

awareness of mantie dynamics and its coupling within the total earth system, 

it is clear that improved shock wave techniques could continue to provide 

useful high pressure physical properties. There is, for instance, a need 

for measurements of temperature, transport propertres, and higher order thermo- 

dynamic properties of minerals at pressures existing in the earth’s mantle. 

With increasing zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA. 

It is’recognized, however, that prior to such studies a clearer.under- 

standing of the physical state achieved by the process of shock compression 

is required. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
en equilibrium thermodynamic state at Hugoniot-pressures questionable. 

must ask how a mineral compressed to a given Hugoniot pressure and’temperature 

compares with-a. mineral at the same state achieved by static compression 

techniques. 

microsecond or less during which a high pressure Hugoniot state can be main- 

tained? Is the material single crystalline or polycrystalline? Are petro- 

graphic features peculiar to the shock compression process introduced? 

compression is a uniaxial phenomenon. 

Some recent results have rendered the simplifying assumption of 

One 

Is pressure and temperature equi2ibrium achieved in the brief 

Shock 

Can the compression process introduce 

anisotropy.into an initially isotropic material? Observations by Tynnyaer et al. 

(1972) of electrical conductivities parallel and perpendicular to the shock 

front.in sodium cloride differing by several orders of hagnitude are partic- 

ularly unsettling in this respect. Can careful preparation of the initial 
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These and other questions concerning the physical state of  the shock 

compressed material are extremely d i f f i cu l t  t o  access due t o  i ts  very tran- 

s ient  ex is texe.  

inferred, indirectly, from experimental observations made during and a f te r  

the shock compression process. 

include magnetic, e lectr ic,  and opt ical  observations during shock compression; 

f lash x-ray studies at  Hugoniot pressures; studies of the de ta i l s  of shock 

and release wave propagation; examination of material recovered from shock 

wave studies; and others. Such diverse studies place r ig id  constraints on 

models describing the 'thermomechanical processes occurring during shock com- 

pression and w i l l  eventually lead t o  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAa clearer understanding of the s ta tes  

achieved at  Hugoniot pressures. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

LJ 
I n  practice, the nature of the Hugoniot state must be 

Experiments which have been conducted 

The present paper is  focused primarily on the use of shock compression 

and release wave stuaies in.assessing the material response of: rocks and 

minerals. 

of instrmentation capable of accurately measuring wave prof i le during shock 

compression and release.. Evolution of the measured wave profi les re la te  

d i rect ly  t o  the thermomechanical models governing material response during 

shock compression. Considerably more conplexity has been observed i n  high 

pressure 'wave propagation than was or'iginally envisioned. 

plast ic response is observed, s t ress relaxation and attenuation indicative 

of s t ra in  rate effects occur,,and deta i ls  i n  both compression and release 

waves due t o  phase transit ions kinetics appear. 

'. .. 
I n  recent years, large str ides have been made i n  the  developnent 

Complex elastic- 

I n  the  first section, the experimental methods fo r  measuring time-resolved 
. .  

large amplitude wave profi les which have been, o r  are becoming, f a i r l y  widely 

accepted are reviewed and contrasted. 

.* 

I n  the second section, methods which 

* 
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2 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
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 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAand oxides will be reviewed and 

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

ring during shock conpression will be discussed. 

shock compression and .relief properties of periclase and calcite are also 

presented. 

u 

New supporting data on the 



' zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA2. CON!LTNUOUS zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBASHOCK WAVE zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAMEAS- 

A zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAlarge portion of Hugoniot data available on rocks and minerals was 

obtained w i t h  discrete e e r i m e n t a l  techniques such as elect r ica l  discharge 

pins '(Minshall, 1955) and argon f lash gaps (Walsh and Christian, 1955). 

These methods, although-quite rel iable, provided only the f i n a l  shock 

velocity-particle velocity state and, i n  some cases, similar infornation on 

t h e  e las t i c  precursor wave. These methods depended on the f'undamental as- 

sumption of a stable Hugoniot s ta te  to  interpret the high pressure thermo- 

dynamic properties. 

Increased in terest  i n  ' total  large amplitude loading and re l ie f  wave be- 

havior both-for improved understanding of the deformation process and for  

additional information regarding high pressure properties has served as 

impetus fo r  developrnent of continuous recording techniques. O f  the various 

methods which have been explored, some have received f a i r l y  wide acceptance 

and are currently used i n  a number of shock Qave laboratories. 

. * Several of these methods concerned exclusively.with the measurement 

of free surface response include the inclined mirror (Duvall and Fowles, 

1962) or  inclined prism technique (Eden and W r i g h t ,  1965), the inclined .wire 

1 
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calibration accuracies, and impedance matching difficulties . 
of this section is to review these techniques and zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAto contrast the various 

features of each method, 

by Kee3.er and Royce (1971), Fowles (1972), and Graham and Asay (1976). 

The objective 

Further discussion of these techniques are given 

, 
Piezoelectric Techniques 

I 
I zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

A number of materials have been investigated 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. 

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) m d  it is presently one of the most accurately calibrated shock wave 

instrments available. 

The piezo- 1 

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

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

active gauge region during transit of the stress wave. The gauge is lnounted 

on the back surface of the sample under test such that t,he stress wave in zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
the zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAsample enters the gauge and propagates along'the x-axis as i l lustrated 

The'transducer has vapor-deposited electrodes and accurate use * in Fig. 1. 

requires a guard ring electrode (Graham et al,, 1965) which assures that 

measurements are made in a region where one-dimensional strain and electric 

field persists. 

Current is monitored by measuring the voltage drop across a resistive 

shunt. 

by the piezoelectric effect in the quartz is given by 

In a linear approximation, the current produced during shock transit 

.- 

W 



(1) zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA=.t zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAi(t) = zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAkA yf- a(t)  

where zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAA is the. &ea o f  the inner electrode, c 

gauge thickness, Q the s t ress a t  the sample-gauge interface, and k is the 

. s t r e s s k r r e n t  coefficient for  quartz. . Equation (1) is valid for  times less 

than one t rans i t  across 'the gauge thickness. 

t h g  wave speed i n  quartz, d the  
LJ zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

' 4  

The quartz gauge has an upper stress l imitation of 4.0 GPa (Graham, 1975). 

X-cut quartz has a Hugoniot e last ic  l imi t 'of  6.0 GPa (Grahan, 1974), but shock- 

induced conductivity l imits the upper s t ress for  accurate gauge response. The 

stress level  which can be accurztely detected i n  the sample can be higher than 

4.0 G P a  if the mechanical impedance of the sample i s  higher than tha t  of the 

quartz. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAAl 0 

higher shock impedance. 

. .  

(corundm) is an example of a mineral with a signif icantly 
2 3  

Time resolution of the quartz gauge system i n  reproducing the  stress pro- 

f i l e  is quite good being l imited only by the r i s e  time of the recording instru- 
\ 

mentation and by tilt (nonplanarity) of the st ress wave sweeping over the f i n i t e  

active area (typically 4 t o  12 mm,diameter) of the transducer. 
. .  

Impedance differences between the .quartz and sample.materia1 introduce 

d i f f i cu l t ies  i n  interpretation since t h e  measured wave differs f r o m  t he  original  
. *  
wave propagating i n  the sample material, although it usually re ta ins. the essen- 

t i a l  features of the wave profi le. 

fo r  determining the undisturbed profi le from the measured profi le. 

Approximate techniques have been developed 

Sn Fig. 2, a stress wave prof i ie obtained w i t h  a quartz gauge on [loo) 

oriented zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAMgO (periclase) is  shown (Grady, 1970) which i l l us t ra tes  the measure- 

ment capabil ity of t h i s  technique. It is of in terest  to note the character 

. .of the i n i t i a l  loading precursor'and subsequent s t ress relaxation which is 



. 
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signif icantly more complex than simple elast ic-plast ic response would predict. 

The measured elastic precursor amplitude i s  abuut 1.9 GPa which corresponds 

to about .3.l GPa i n  the perlclase due t o  the signif icant impedance difference 

between the two materials. The f i n i t e  slope i n  the l a t e  time part of the de- 

formation wave is due t o  f i n i t e  s t ra in  i n  the quartz and must be accounted fo r  

i n  the data analysis. 

Piezoresist ivi ty Techniques 

W 

, zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
A number of materials are known t o  exhibit a stress-induced resistance 

change, however, only two, ytterbium and manganin, have received serious atten- 

t ion  as stress wave transducer materials. 

s i t ion  at about 4.0 GPa rest r ic t ing i ts use t o  stress levels below this value. 

The latter seems ideal ly suited for  stress wave measurements i n  rocks and 

The former undergoes a phase tran- 

. 

minerals. 

GPa (Grady -* e$' a1 3 1974; M u r r i  - e t  al., 19-75) and more recently stress wave 

The manganin gauge has been.used routinely at stress levels t o  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA50 

. 

measurements i n  granite i n  excess of 100 GPa'have been made (DeCarii, 1975). 

Early studies on manganin as a shock wave transducer were conducted by 

N l e r  and Price (1964) and by Bernstein and Keough (1964) . Manganin, arl 

alloy with a zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAnominal composition of 84% Cu, E$ Mn, and 4% Ni, exhibits a 

positive pressure coefficient of resistance and an extremely' small tempera- 

ture coefficient of resistance. 

sure coefficient of resistance is  independent of temperature between 25 and 

500°C fo r  pressures t o  a t  least 15 GPa. 

favorable for  s t ress wave transducer applications. 

Keough e t  al. (1964) have shown that the pres- - 

These properties ere part icularly 

I 
' Although manganin wire has been used, present methods favor gauge gr id 

--- -patterns photoetched from 25 t o  50 manganin fo i l .  The grids are usually 

mounted between slabs of the test sample w i t h  the grid face-oriented normal Lid 



to the direction of wave propagation as is illustrated in Fig, zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA3, Also cur- 

rently used is a four lead gauge configuration, two for application of a con- 

stant excitation current and two for measuring the voltage signal induced when zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA. 

the stress wave passes through the sensitive gauge element. 

is maintained constant, the transducer provides a voltage-the history which 

is directly related to the.stress-time history through the-transducer stress- 

resistance calibration curve. 

Since the current 

The calibration of manganin has not received the exhaustive treatment of 

the quartz transducer and is cornplicated by sensitivity to the medim sur- 

rounding the element. . Bridgeman (1950) reported a linear resistance with 

static pressure up to zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA3.0 GPa. Shock loading stress-resistance data to 40 

GPa (Lyle et al., 1969; Keough and Wong, 1970) appears to be best fit to a 

cubic stress-resistance expression. Satisfactory agreement was observed on zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
E slmilzr m g e n h  by zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAE r e  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA-2 X k m 2  (1372). 

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

Kcoxh (1968) observed t k t  .. 
- 

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

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

Styris, 1975) have shown that the loading stress-resistance coefficient can 

be separated into a part du'e to an intrinsic piezoresistivity effect and a 

e to damage-induced defects introduced during plastic yielding at the 

er material. It was further observed that the damage-induced portion 

saturates, becoming small at high stress levels. Work. by Murri 7 et al. (1975) 

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

20 GPa, the loading and unloading coefficients are essentially the same. 

Installation of gauges cap e of surviving the zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA50 to 100 GPa stress 
. _._ 

environment for the required recording time of several ps requires consider- 

- 
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able care. 

of the gauge material and provide erroneous s t ress profi le measurements. 

the. piezoelectric property of some mineral types can cause signif icant noise 

problems. 

th in  sheets .of mica can. signif icantly mitigate both of these ef fects ( M u r r i  

I n  granular rocks, d i f ferent ia l  motion of grains can cause dimpling zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
Also, 

It has been found t h a t  isolat ing the gauge from the sample with . 

_et. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA9 1975) 

Gauge planes between test samples thinner than 25 'to 50 p are d i f f i cu l t  

t o  achieve, and, sinc.e t h i s  i s  a region of mechanical impedance di f ferent from 

the  sample, it provides for  the most serious signal degrading factor i n  the 

manganin gauge -technique. This problem has been analyzed by M u r r i  e t  al, (1975). 

They find that  for  a 50 pm gauge plane i n  a typical  rock material, a character- 

. i s t i c  r i s e  time of 0.035 ps occurs i n  a sharp shock loading. 

- - .  

-. 

I n  Fig. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA4, a st ress wave profi le obtained from a. 1 0 manganin'gauge grid 

. . mounted i n  WO is shown (Grady, 1970). Maximm.stress achieved i n  the experi- . 
ment is  approximately 6.5 GPa. 

quwtz gauge s t ress  profi le shown i n  Fig, 2 i l l us t ra tes  the prof i le degradation 

Comparison o? the i n i t i a l  wave shape with the 

' which can occur due t o  f i n i t e  thickness of the gauge plane. This comparison 

somewhat unfair ly represents the ganh  gauge, however, i n  that  th in  sheets 

of aluminum f o i l  plus mylar were required on each side of the manganin gauge 

element t o  shunt a very strong stress-induced polarization signal which resul ts  

in an approximately 100 pm gauge plane thickness. 

shown i n  Fig. 5 better i l l us t ra te  the capabil ity of the technique (Grady e t  al., 

1974). 

The knganin gauge profi les 

- 
A l l  six profi les were obtained i n  one experiment t o  a p e d  stress of 

I 

about-25 G P a  i n  a quartz rock. Three gauge planes (< 50 p thickness) at  , 

- ... increasing distance from the impact interface i l l us t ra te  dispersion of the 

wave w i t h  propagation distance and also indicates reproducibil i ty of the man- 

hd . 

CI - 
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I 

ganin gauge technique. 

ted t o  the transformation of SiO, i n  octahedral coordination to zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBASiO, i n  te t re-  

hedral coordination upon unloading (Grady zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA7- e t  a1  2 1974). 

Electromagnetic Techniques 

The break in  slope of the re l ie f  wave has been at t r ibu- 
W 

. .  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
An electromagnetic transducer based on the principle 0f.a moving conductor 

i n  a stationary magnetic f i e ld  has been used extensively to measure par t ic le  

velocity i n  shock-loaded sol ids (Dremin and Adadurov, 1964; Dremin -* e t  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAa1 ' 1965; 

Petersen e t  al. , 1970). The method has been extended t o  the measurement of 

t o t a l  wave profi les i n  rock t o  s t ress  levels of 40 GPa (Grady e t  al., 1974; 

Murri e t  al. ,  1975). 

t o  the manganin stress gauge; namely, it is normally instal led in-material 

Some features of the electromagnetic gauge are similar 

' (between two slabs of the t e s t  sample), it can be used over the same s t ress  

range, and it has the same resolution d i f f i cu l t ies  due to wave degradation 

. * f romthe fini$e thickness of the gauge plane. 
\ 

The transducer element is  typical ly photoetched from 25-50 prn copper f o i l  

, in a U shape as is  i l lus t ra ted in Fig. 6. The gauge is  sandwiched between 

slabs of the t e s t  material and oriented so t ha t  the signal leads are para l le l  

t o  the appl ied magnetic C i e l d  and the  active gauge element of length .t is 

perpendicular t o  the applied' f ie ld  

t o  both the applied f i e ld  and the active gauge element. 

used a similar gauge geometry b 

back of the t e s t  sample ( A l t s  

velocity history as the stress wave sweeps across the gauge plane is l inear ly 

related to. the induced voltage e( t )  through the relat ion 

Wave propagation is  directed perpendicular 

Other workers have 

with the signal lead exiting through the 
, 

et  al., 1967). In  ei ther case, the part ic le 

d t )  = c(t)/HL (2) 

W zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
I. - 

k 
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where zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA4, is the center-to-center active element length and H is the magnetic 

field intensity. 

generated with'pulsed Helmholtz coils or with permanent magnets. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAb, zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA' The magnetic field (typically 500 to zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA1000 gauss) can be 

There are several attractive features about the electrgmagnetic gauge. 

No calibration is required; the gauge factor is obtained analytically through zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
E q .  2 and measurement accuracy reduces to careful orientation of the gauge 

leads, applied field, shock direction, and accurate measurement of the magne- . 

I tic intensity and active gauge length. The electromagnetic effect is not as 

sensitive to dimpling caused by differential grain motion and, since the gauge 

is a low impedance source, piezoelectric noise effects are small. 

In Fig. 7, particle velocity profiles obtained by the electromagnetic 

technique to peak stresses of approximately 25 GPa in Salen limestone are 

shown (Murri et al., 1975). Note that stress relief which begins when the 
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Laser Interferometry Techniques 

The most accurate technique which has been debeloped for mea'suring the 

part ic le velocity resulting from impulsive loading of solids is  the laser 

interferometer. 

at the specimen free surface or a t  an interface between specimen and an 

opt ical  window material can be measured. 

the inceptiqn of the technique zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA. . 

ment history and velocity was obtained by dif ferentiat ion of the recoras 

(Barker and Hollenbach, 1965). 

which measured the particle velocity direct ly (Barker, 1968). 

need fo r  a specular,reflecting surfsce or interface, required i n  early systems, 

has been eliminated wi th  the development of a diffuse surface velocity inter- 

ferometer system (Barker and Hollenbach, 1972). 

motion of diffuse surfaces is a particularly important feature since most 

With t h i s  technique; e.ither the part icle velocity history 

Several. improvements have followed 

Early indtmhents. measured displace- 

Later, a velocity interferometer was developed zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
r 

Recently, the 

The ab i l i t y  t o  monitor t h e  

geological materials cannot be polished t o  a spectral f in ish and even i f  a 

mirror can be introduced by art i f ic ia lmeans, loss of re f lect iv i ty  usually 

resul ts from passage of a strong shock wave. 

The laser velocity interferometer (specular or diffusely reflecting) i s  

based on the principle of temporally coherent' l ight interference resulting from 

the moving reflecting surface. The technique uses a beam of laser l ight  which 

is reflected from a surface on the t e s t  specimen. The beam is then s p l i t  and 

one portion is delayed a short time, zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAT with respect t o  the other (on the order 

of a few ns) and then recombined. Recombination of the beams effectively dif- zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAI 

ferences the displacement a t  time t and that  at time t - 7 and provides an 

accurate measure of the velocity averaged over the time T .  Barker and Hollen- 

bach (1970) have derived the following expression for the velocity: 



hd zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA(3) zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
where X zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAis the'wave length of the laser l igh t  and F( t )  is the fr inge count at 

time t. 

The diffuse surface interferometer operates on the same principle a s  the 

specular velocity interferometer with the exception t h a t  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA* spat ia l  coherence of 

the reflected l ight  beam is  not required. 

coherent l ight  can be accomplished provided tha t  the two legs of the inter- 

ferometer are nearly the same len*h. To sat is fy  t h i s  requirement and also 

achieve a relat ive delay t ihe  T required for velocity interferometry, fused 

silica etalons are used i n  one leg of the l ight  beam. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
of refract ion of the etalons makes the apparent path length of the two legs 

identical, but produces a net delay time. 

diffuse surface velocity interferometer system i s  shown i n  Fig. 8. 

Interferometry with spat ia l ly  in- 

The di f ferent index 

A schematic of the currestly used 

. I n  the ctudy of large amplitude wave propagation i n  solids, it is less 
\ 

mbiguous t o  measure the in-material wave properties rather than the free 

surface motion which is conplicated by the ref lected wave. This can be 

acconplished w i t h  laser interferometry by using transparent window materials 

and measuring the part ic le motion a t  a diffusely ref lect ing interface between 

the  specimen ana window material. 

t a l l y  eliminated, they are signif icantly reduced by careful selection of the 

impedance of the window material. 

ges o c c q  when the stress.wave enters the window material and t h i s  m u s t  be 

corrected for i n  the velocity interferometer equation (Eq. 3). 

rected equation which has been derived by Barker and Hollenbach (1970) is 

* Although reflected wave effects are not to- 

Stress-induced index of refract ion chan- 

The cor- 

- 
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where Av/vo i s  the index of refract ion correction. A correction due t o  doppler 

s h i f t  of t he  reflected beam and wave length dependence of the index of refrac- 

t ion  of the etalon material m u s t  also be made (Barker and Schuler, 1974). zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA. Three 

window materials .have been calibrated, PMMA (polymethyl methacrylate), fused 

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

dif ferent mechanical impedances (Barker and Hollenbach, zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA1970) . Fused quartz 

remains transparent t o  at l eas t  6.5 GPa and sapphire appears t o  lose trans- 

parancy at about 13 G P a  ( e r k e r  and Hollenbach, 1970). 

for PMMA has not yet been ascertained although it has been used successfully 

by Asay and Hayes (1975) t o  11 GPa. 

The upper s t ress  l ini t  * 

Laser interferometry is  the most accurate s t ress wave instrunentation 

currently available and has the cepabilitjr of resolving features i n  ths  wave 

structure w a c h  are usually not observed with other methods. 

of f ree  surface velocity there is, i n  principle, no upper'stress l imitation, 

. although w i t h  strong shocks local  surface je t t ing can complicate results. 

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

For measurenent 
\ 

although ef for ts are currently underway i n  t h i s  area.' . .  

I n  Fig. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA9, a part ic le velocity prof i le obtained w i t h  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAa diffuse surface 
* .  

velocity interferometer on single crysta l  periclase i s  .shown. 

stress achieved i n  the periclase was approximately 4.8 GPa. 

be compared with the profi le obtained w i t h  a quartz gauge (Fig. 2) and with 

Also shown i n  the figure i s  a second laser beam 

The m a x i m u n  

This resul t  can 

anin gauge (Fig. 4). 

ergoes t o t a l  internal ref lect ion a t  the center of the zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAMgO front sur- 

.face. A t  the time of project i le impact at  t h e  target center, the laser beam 



L zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA-16- 

c zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
is diverted from i ts prefmpact optical path and provides a very accurate fidu- 

c i a l  for deternining the transit time across the tes t  specimen (Nunziato e t  a1 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA-* ’ 
&d 
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3. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAPNALySzs zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAbETH0Ds zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
4 4  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAI n  early shock wave studies on solids, shock velocity and particle velo- 

ci ty were the nost readi ly measured quantities. 

interest ,  however, and the Rankine-Hugoniot relat ions (Duvall  and Fowles, 1963) 

were used t o  calculate thermodynamic quanti t ies of the high pressure sterte; 

namely, t h e  pressure P, t h e  specif ic volme V, and the specific internal  energy 

E. Application of these relat ions assumed that t ransi t ion from the i n i t i a l  

They were of l i t t l e  in t r ins ic  

state occurred by a single discontinuous shock wave. 

With improved instrmentation, it has become recognized that ,  i n  many 

cases, the shock transition, process is continuous, complex, and that applica- 

t fon of t h e  Rankine-Hugoniot relat ions is  not rel iable. 

needed t o  analyze continuous wave propagation data and t o  obtain the stress, 

Other methods are 

volume, and internal  energy histories. These quantitieg are not easily 

obtained fro= continuous expar imz tz l  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAs t r e s s - t b e  or pertfcle velocity-time 

profi les. 
r 

However, the probleq has prompted* number of studies (Fuller and 
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b zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
. . .  .. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

Conservation Equations LJ 
The conservation laws of zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAr k s s ,  momentum, and energy for continuous one- 

dimensional flow are, respectively, 

h Po 
(7 )  

where V is the specific volme, uthe particle velocity, a the stress in the 

direction of wave propagation, E the specific internal energy, and po is the 

initial density. The independent variables are the time t and the material 

to equilibri& states is implied. The only restriction is in Eq. (7) where 
\ 

heat flow and radiation have been neglected. 
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t zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
vhere the subscripted variables refer t o  a reference state usually selected 

i n  a region of constant s ta te  down stream from the profi le data zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAt o  be evaluated. 

I n  each of these integral expressions, the term within the integral  sign is 

evaluated from experinental prof i le data. 

at several gauge locations are  available, the data are used t o  estimate (a~/ah)., 

and Eq. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA(9) can be evaluated. 

ated which provides the t o t a l  stress,  volume, energy, and part ic le velocity 

history through t h e  compression or re l ie f  wave. 

ks, 

For instance, i f  s t ress  histor ies 

Then, i n  turn, Eqs. (8) and (10) may be evalu- 

If part ic le velocity prof i les 

are measured, Eq. (9) must be formulated differently. 
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Shock Naves 

Even with the increased resolution of continuous in-material gauges, 

discontinuities in the wave profiles are often observed. Elastic shocks 

can occur and deformation shocks can also form due to positive curvature 

of the stress-strain  response.^ Rarefaction shocks due to phase transitions 

are also observed during unloading. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA- .  

If zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAa discontinuity in h-t space occms in the first order flow variables, 

. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAV, u, cr, and E, say along a path h = G(t), then the Rankine-Hugoniot relations 

apply and can be derived from the continuous conservation integral expressions ' 

Eqs. 8, zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA9 and 10. If the velocity of the discontinuity (the Lagrangian shock 

velocity) is given by U = %/at and if the integrands in Eqs. 8, 9 and 10 are 

transformed by the differential expression blah = (d/dt - a/at)/U, then appli- 

cation of the mean value theorem to the resulting integrals' and prbceeding zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAt o  

.the liinit results in 

- 

- ' 

. ? 

\ 

( 11) 
1 

'VI = zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAv* - - (u1 - u2) 3 

POU 

-02) 
1 5 = u2 + pou (ol - cr2) 3 

s 
O 1 +  =2 

E l "%+ POU 

where the subscripts 1 and 2 refer to values in front of and behind the 

discontinuity, respectively. When iscontinuous flow is observed, then 

measurement of any two of the flow variables, say shock velocity and the 

change in particle velocity, are sufficient to determine the change 
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c zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
Steady Waves 

The steady wave is a simplification which occurs frequently i n  the study zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
of large amplitude compression waves. 

form and at  8 fixed velocity into a region of constant state.  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
can resu l t  from a balancing of viscous stresses, which tend t o  dif fuse the 

wave profi le, and positive curvature of the stress-strain relat ion which 

tends t o  steepen the profi le. 

Such a wave propagates unchanged i n  

Steady waves 

I n  steady waves the flow variables are functions only of the single 

independent variable 5 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA= t - h/U where U is  the constant velocity of the wave. 

With t h i s  functional constraint, the integral Eqs. 8, 9 and 10 can be evaluated 

d i rect ly  and resul t  again i n  the Rankine-Hugoniot form, 

V(t) = vo - - (u(t )  - Uo) , 
POU . .  

which apply from the reference s ta te  t o  any point on the wave profi le. I n  

0-V-u space the material path from the reference s ta te  t o  the final s ta te  i s  



Another common simplification results when the material response can be 

regarded zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAas rate-independent and propagation is into a region of constant 

state. 

shows that the space and time derivatives are related by the differential 

expression dx zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA= zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAc dt wkiere c is the Lagrangian sound speed and depends on 

For such waves, called simple waves, the theory of characteristics 

- .  

the current state of stress at each point in the wave. The conservation 

equations 8, zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA9, and 10 then reduce to the Riemann integral form, 

' Consequently, two continuous stress gauges, or particle velocity gauges, can 

be used to determine c(cr), or c(u), and the integrals evaluated to determine 

V ( t )  u(t) , or E(t) . Although two gauges are sufficient to estimate c ,  three 

. gauges are necessary to verify that the paths of constant stress or particle 

velocity are straight and that simple wave theory zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAis valid. 

. ._ . zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
b d  
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Centered Waves zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

CeB A special case of simple wave propagation occurs when the wave is cen- 

tered at  the impact .interface of the target specimen. 

well as the loading wave,'can be centered since some impactor materials, such 

as fused s i l i ca ,  can produce unloading shock waves which w i l l  introduce dis- 

continuous unloading a t . t he  impact interface when a th in  f lyer  plate is used. 

I n  h-t space, the characteristics are straight 1ines.focused at  the point zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
of origin of the discontinuous imput wave, and there is a one-to-one corres- 

pondence between the continuous s t ress a ( t )  or  part ic le velocity, zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAu(t) and 

the Lagrangian sound s'peed,. c zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA= x/(t - to) . The integral Eqs. 8, zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA9 and 10 

can be evaluated wi th  one gauge record although two are  required t o  verify 

that  the wave propagation is centered. 

The re l ie f  wave, as 



Unsteady Waves 

When none of the foregoing simplif ications zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAare  just i f ied,  experimenters 
I 

have used' the integral  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAEqs. 8, g,'.and 10 di rect ly  t o  interpret wave pro- 

pagation data. Specifically, consider three s t ress gauge records equally 

spaced a distance Ah apart, 

i n  space, t h i s  suggests the following centered f i n i t e  difference approximation 

Since the data are continuous in  time and discrete 

where the subscript l2 refers t o  the midway point.between gauges 1 and 2. 

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

the part ic le velocity history a t  the 12 midway point. 

t o  Eq. 20 can. be used t o  determine the part ic le velocity history at  the 23 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAAn expression similar zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
\ 

midway point and the approximation, .. 

(21) 
2 

Ah + ... l$3(t) - U J t  1' a3u &) E Ah - ZiT (&* 

can be truncated t o  the first term and used t o  evaluate the specif ic volume and 

specif ic internal energy histor ies through Eqs. 8 and 10. 

c i t y  prof i les are used, a dif ferent analytic approach must be taken (Seanan, 

1974) 

When part ic le velo- 

When st ress relaxation is  observed i n  the data or when'severe wave attenu- 

ation occurs due t o  rapid overtaking of t h e  loading wave by the re l ie f  wave, 

it has been observed (Grady, 1972; Grady, 1973; Seaman, 1974) that  the inte- 

grands' i n  Eqs. 8, 9, and 10 can be expressed t o  make bet ter  use of the experi- 
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mental data. Namely, the space dertvative can be written 

optimum use of  the wave-profile data and c = ((t) . The integral  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAEqs. 6 
8, zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA9, and 10 then transform t o  

- .Inspractice, the  paths should be chosen. t o  connect similar features i n  the 

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

in i t ia t ion  of rarefaction shocks. When paths have been selected the experi- 

mental prof i les are smoothed and incremented i n  t i m e ,  the direct ional deriva- 

' t i ves  are evaluated similar t o  Eqs. 20 and 21, and Eqs. 23, 24 and 25 are 

integrated numerically. 

When attenuation is  not observed i n  the wave features, paths of constant 

stress or  constant part ic le velocity are used and c = c or c which are 

the wave velocit ies a t  constant stress,  o r  constant part ic le velocity, first 

70) .  

6 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAQ'  U' 

sed by Fowles &d W i l l i a m  Under th i s  specialization, the last 
.- 

term i n  Eqs. 23, 24 and 25 vanishes and they take the form 

. . - . . ,. . . 





U 

.. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

Impedance Mismatch Corrections 
< 

I n  both the quartz gauge and the velocity interferometer techniques, the 

material zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAdown stream from the Lagrangian point at which t h e  wave prof i le measure-. 

rnent i s  made diff-ers from the t e s t  material. Although care i s  usually exer- 

cised i n  selecting zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAa backing material wi th  mechanical impedance close t o  tha t  

of the t e s t  specimen, the match i s  never exact and wave ref-lections occur. 

The measured prof i le i s  then a distorted version of the  prof i le or ig inal ly 

propagated i n  the undisturbed t e s t  medium. To analyze these profi les, it is  

necessary t o  first account for  the impedance mismatch and determine the wave 

profi les i n  the undisturbed medium. 

. A scheme frequently used is based on an'incremental impedance matching 

technique and resul ts i n  relations similar t o  l inear  acoustic theory (Grady, 

1976). The method is readily appreciated through consideration of. the R i m  

defined i n  the t e s t  specimen zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAup stream f r o m t h e  interface a t  which t h e  wave 

. prof i le i s  measured. The Riemann invariants J+ and J - are constant on r ight  



Due t o  invariance, the value of zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAJ+ on a given characterist ic would be the same 

if no interface were present. However, since reflections would not occur i n  

t h i s  case, the value 0Z.J zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA- would be zero. Coupling th i s  with Eqs. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA29 and zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA30 

results i n  the following expression for the corrected (undisturbed) par t ic le  

velocity profi le, 

.. 

Application is  usually i n  di f ferent ia l  form i n  which case corrections t o  the 

di f ferent ia l  part ic le velocity and s t ress are, respectively, 

&J = $  ( d P +  poc a u )  . (35) 

. Neglected in t h i s  analysis is the  s l ight  refraction of J+ characterist ics 

'when they enter t h e  interaction region due t o  wave reflections, which causes 

s l ight  a r r i va l  time errors upon reaching the measurement interface. 

time errors are small, however, i f  propagation time i n  the region of inter- 

action i s .  maintained smali compared to propagation time i n  the noninteraction 

region and i f  the impedance mismatch is kept small zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAso that  bending of character- 

istics is.minimized. 

These 

. -_ . In applying Eq. 34 or  35, the value of zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAc i s  approximated frorn the measured 

Lagrangian wave velocity corresponding to a given s t ress o r  part ic le velocity 
LJ 
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lev'el zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAin the wave profile. 

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

application of Eq. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA34 or 35 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAcan improve the results. 

Since d e  value of zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAc should correspond zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAto the 

!@is method of analysis is strictly applicable to rate independent 

material response. 

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

profiles are. 

Although frequently used on wave profiles occurring in 
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Factors Affecting Accuracy 

There are a nmber of error sources i n  t h i s  type of wave form analysis 

The analysis i t s e l f  is which makes the t o t a l  accuracy d i f f i cu l t  t o  access. 

subject t o  approximation errors due t o  truncated terms i n  the estimation of 

spacial derivatives. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAAlso smoothing and digit izing the profi le records an3 

the process of numerical interpolation, dif ferentiat ion, and integration are 

possible error sources t o  which sone attention must be given. 

there are experimental errors i n  the gauge records themselves. 

in gauge calibration and i n  time correlation between gauges occur. 

resolution problems wi th  imbedded-gauges are significant sources of error and 

if the gauge is backed by a dif ferent impedance material, uncertainties arise 

I n  addition, 

Discrepancies 

The time 

due t o  wave reflections. 

Analysis on idealized profi les obtained fron known solutfons (Cowperth- 

waite and Wizliams, ly'71; Grady, 1973; Seaman, zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA1y/4j have shown t ha t ,  provided 

derivatives are estimated along properly chossn paths, truncation errors do 

not provide for a significant loss i n  accuracy. The major problem i n  t h i s  

regard seems t o  occur when severe attentuation between gauge profi les is 

encountered. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAc 

This can be minimized by proper placement of the gauges. 

The dominant source of error resides i n  the gauge records themselves. 

Time correlation between records is extremely important since the  wave velo- 

c i t y  appears t o  the second power i n  the stress-volume response. Provided 

similar gauges are used (for instance, multiple manganin gauges), errors 

due t o  calibration or frequency response limitations w i l l  appear t o  the same 

order i n  the evaluated stress-strain or stress-part icle velocity response. 

Although similar analysis Can be completed using combinations of gauges, say . ._ 

stress and part ic le velocity gauges, t h i s  should probably be avoided 

L d  
due t o  

*' 
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the  dif ferent accuracy problems.of the  gauge types which can lead t o  exces- 

s ive errbr amplification. 

However, i f  proper attention is given t o  the numerical deta i ls  and i f  

the accuracy l imitations of t h e  gauge type used are understood, analysis zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAof 

this type ca.n provide a useful tool  i n  evaluating material response from 

large anpiitude wave propagation data. 

rate and energy history are more transparent than the measured stress-time 

or part ic le veloci ty- the profi les and provide further ins’ight into the  thermo- 

mechanical process active during dynamic deformation. 

f 
Details of the stress, strain,  s t ra in  
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. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAI r a  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAMELDING AND PHASE zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA*TRANSITlONS I N  MINERALS 

Certain features i n  the Hugoniots obtained frm shock compression studies 

on s i l i ca te  and oxide minerals have avoided a consistent explanation for  sone 

time. 

cate Hugoniots i n  the mixed phase region and the signi f icant reduction in  

strength observed above the Hkoniot e last ic  l imit i n  both s i l i ca tes  and 

Sotable complicating features 4re t h e  metastable portion of the sili- 

oxides. Recent application of newer shock,wave techniques, combined with' 

careful interpretation of ear l ier  shock wave and recovery experiments, has 

resulted in  a plausible description of the physical process occurring i n  the 

shock compression of minerals. The basic concepts were reached independently 

by Ananin e t  al. (1974) Graham (1974), and Grady e t  al. (1974, 1975) . It - - 
would be premature t o  s ta te  tha t  t h e  shock compression process i n  minerals zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
i s  now understood. 

of interest ,  although certain s imi lar i t ies i n  experimental resul ts  suggest 

t ha t  sone aspects of the proposed description,occur i n  most minerals. 

. 

Hugoniot e last ic  l i m i t  are achieved seems t o  be the crucial factor i n  deter- 

mining t h e  subsequent compressibility. It is  not yet clear whether yielding 

It is not clear whether the description - spans a l l  minerals 
' 

2 

. The process of dynanic yielding when shock stresses i n  excess of the zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
is a , b r i t t l e  process .(complete shearing of atomic planes) or a plast ic process 

.due t o  shear activation and multiplication of dislocations i n  the la t t ice.  

The choice is not c r i t i c a l  to the present argument. The important hypothesis 

is that  yielding is  a heterogeneous process and tha t  large regions r a a i n  

v i r tual ly undamaged during shock loading. 

siderable body of experimental evidence which w i l l  be discussed shortly. 

This tenet is supported by a con- zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
-..*a 

Since 

yielding is ' localized t o  shear zones, energy dissipation due to  nonconserva- 

t i ve  forces i n  the shock process w i l l  also be localized t o  these zones and lead 

~ 

bid 
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t o  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA'large teqperature gradients zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAin t ke  shocked material. 

on the Hugoniot show that  temperatures i n  these shear zones can be suff ic ient  

to cause local  melting-even though average temperature estimates are st i l l  

w e l l  below melting. Due t o  low thermal conductivity i n  these minerals, the 

nonuniform temperature distr ibution can persist  for some time after passage 

Energy considerations zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
(cd 

of the shock front. . 

A process of  adiabatic shear and localized melting can account fo r  most 

of the curious shock compression effects observed i n  rocks and minerals 

including metastable Hugoniots, reduction i n  strength, release wave behavior, 
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Experimental Observations in  Shock 'Compress ion Studies 

Reduction i n  strength above the Hugoniot e las t i c  l i m i t :  The 'behavior of zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAW 

metals during shock compression i s  readily explained within the framework of 

elastic,-plastic theory. The Hugoniot.above the .elast ic l i m i t  is usually 

observed within.experimeqta1 error to.maintain a constant of fset  from the 

hydrostat equal t o  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA4f3 T~ where zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAT~ is the resolved shear s t ress at  yield. 

Exceptions are normally explained by work hardening or s t ra in  ra te dependence. 

The si tuat ion for  the s i l i ca tes  and oxides i s  l ess  clear. Studies on poly- 

crystal l ine corundum (Ahrens e t  a1  

considerable strength is retained above t h e  Hugoniot e last ic  l i m i t .  

other hand, single crystal  periclase (Ahrens, 1966), corundum (Graham and 

1968; G u s t  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAand Royce, 1970) indicate that zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA-- ' 
On the 

Brooks, 1971), and quartz (Wackerle, 1962; Fowles, 1967; Graham, 1974) show 

a substantial loss of strength. - 

It seems reasonable that, a t  s t ress levels where significant adiabatic 
r 

shearing causes softening or melting i n  1ocali"zed planes, the bulk viscosity 

of the material w i l l  be sharply reduced accounting for  the observed reduction 

i n  strength. 

expected i n  f ine grain polycrystall ine material. F i rs t ,  polycrystals normally 

There are several reasons w)ly the same behavior might not be 

.exhibit lower Hugoniot e last ic  limits than the equivalent single crystal,  depen- 

dent, usually, on the &unt of porosity i n  the material. The lower e las t i c  

l i m i t  would provide for  less elastic shear energy available during the yield 

process. Second, the separation of shear zones, on the order of 5-20 p zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAsug- 

gested by recovery work i n  single crysta l  quartz (Ananin e t  al. ,. 1973), could 

be signif icantly reduced due t o  grain boundary constraints. Borg (1972) noted 

._ one or  more se ts  of planar features, presumably post shock signatures of shear 

zones, localized t o  quartz grains i n  material shocked t o  15 GPa. The l a t t e r  
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suggests that the deformat5on energy in polycrystalline material is more 

uniformly distributed resulting in less energy per shear zone. 

same stress level, softening, or melting in the polycrystal should be less 

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

Hence, at the zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAW 

Metastable Hugoniot; Perhaps the most notable experimental feature 

observed in the minerals which undergo a primary coordination phase transition 

under shock compression is the metastable Hugoniot in the mixed phase region 

(McQueen -* et a1 , 1967; Ahrens zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA7. et a1 ’ 1969). 
sition is representative. 

sition should traverse the mixed phase region on the Hugoniotwithin a few 

. . . ... 
The a-quartz to stishovite tran- 

According to equilibrium thermodynamics, this tran- zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
GPa. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
does not reach completion until shock pressures on the order of 40 to zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA50 GPa 

Instead the transition which initiates in the neighborhood of 10 GPa 

- are achieved. 

A nml’ber of the prhary coordination phase transitions which occur during 
..‘ 

shock compression have also been observed und& static conditions (Stishov 

. and Papova, 1961; Ringwood d’ et a1 1967) . They are reconstructive, hence 

thermally-activated, and are observed proceed very slowly. When shock 

compression of sufficient intensity to cause local melting and loss of shear 

strength occurs,.the material state in undamaged regions between the planes 

of melt should differ little from the static experiment with the exception of 

a slight temperature rise due to near isentropic volume compression. 

unreasonable to expect that the phase transition rate in these regions should 

It is 

differ significantly from the static case. However, in the shear zones, tem- 

peratures are easily sufficient to transform material to the high pressure phase 

or a liquid form of the high pressure phase by a thermally activated nucleation 

and growth process, even on the sub-microsecond scale of a shock wave experiment. 
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It seems then, that a t  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAa given stres's level, transformation w i l l  proceed within 

the  shock front only i n  those regions which are suff iciently hot. 

transformation i n  cooler regions w i l l  proceed on e considerably longer time 

scale and give the i l lusion, within the duration of a shock wave measurement 

that an equilibrium Hugoniot s ta te  has been attained. 

Continued 

Reduced Sound Velocities on the Hugoniot: The velocity of the i n i t i a l  

break of the re l ie f  wave following a strong shockwave, or the rate at  which 

radial re l i e f  waves propagate into a shock compressed specimen, provide values 

of the longitudinal sound velocity at high pressure. 

used with some success i n  metals (Al'tshuler e t  al., 1960). 

on rock forming minerals d i f fer  f'rom the resul ts on metals. 

have observed i n i t i a l  re l ie f  wave velocities very close t o  the expected bulk 

sound velocity i n  quartz and feldspar, and Bless and Ahrens (1976) have observed 

These methods have been zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
.-.. ..- 

Recent studies 

Grady - et  al. (1975) 

relief velocit ies intemediate betireen tk bulk and longitudinal velocities i n  

corundm. 

'shoqk compression and h t h e r  suggest that  the loss of strength can persist  fo r  

. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAs o d  duration a f te r  passage of the shock wave. 

? 

These studies provide further evidence for loss of strength during 

- 

Ferrimagnetic Effects Under Shock Compression: Shaner and Royce (1968) 

have observed t h a t  yttrium iron garnet remains ferrimagnetic t o  at  least 40 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
'GPa.  substantially above the Hugoniot e last ic  l i m i t  of approximately 5 GPa i n  - - 

t h i s  material. Continued ferrimagnetism, a physical phenomenon requiring long 

range crystal l ine order, f'urther attests t o  crystal l ine in tegr i ty  of a signi- 

f icant portion of the material at large Hugoniot pressures. ' 

The reduction i n  magnetization observed by Shaner and Royce (1968) was 

original ly explained s t r i c t l y  by magnetoelastic effects. However, i f  a condi- - ' 
-_ . 

t ion of thermal heterogeneity persisted a t  the Hugoniot s ta te  then hot zones 

. .- . .  . . 
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would be easi ly i n  excess of the Ne61 temperature and provide fo r  reduction zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
of the bulk satvration magnetization. 

consistent with the observed magnetization versus bias f i e ld  intensi ty data 

which indicates an incr eas ingly reduced zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAs t res  s-induced nagnet i c  anisotropy 

effect-with increased stresses above t he  Hugoniot e las t i c  l i m i t .  

be expected if reduction i n  material strength is  occurring above the Hugoniot 

elastic l i m i t  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA. 

This  alternative explanation is 

This  would 

.. . 
Petrographic features i n  pre-shocked material: Extensive studies have 

been conducted on minerals which have been shock-loaded zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAto s t ress  levels i n  

excess of the Hugoniot e last ic  l i m i t .  

on specimens recovered fron the vic in i ty of meteorite. impact o r  nuclear 

A large portion of t h i s  work has been 

explosions (Bunch, 1968; C h a ~ ,  1968; Borg, 1972) and neither the s t ress  

leve l  nor the duration of the s t ress pulse i s  well determined, although the 

times of str(ess application are appreciably longer than can be achieved i n  
\ - 

a laboratory experiment. 

-from laboratory shock wave experiments' has been docimented where both the 

s t ress level  and s t ress duration are fa i r l y  accurately known (DeCarli, 

Some 'work on samples which have been recovered 

1968) . 
Planar features (shock lamellae) have been identi f ied i n  recovered s a -  

ples of shocked minerals (Stoffler, 1972). They have been studied most 

sively i n  quartz. The lamellae are observed i n  materials shocked bet- 

. ween about 10 t o  35 GPa and are identi f ied opt ical ly as features separating 

otherwise undamaged minerals and have spacings of between 2 t o  20 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAv;m. They 

occur preferentially on l a t t i ce  planes of densest packing. Planar features 
~ ._ 

have been catagorized according t o  dif fering opt ical  characteristics, however, 



it can be assumed t h a t  they correspond t o  shear zones which originate due t o  

yielding during shock compression and differences occur due t o  dif fering 

stress levels ahd t h e r d l  and strain-rate histories. 

Ananin zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA- e t  al. (1973) observed that samples ‘of single crystal  quartz shock 

loaded t o  jus t  above the.Hugoniot e last ic  1Mt broke into small rectangular 

blocks of dirnensions.100-200 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBApm perpendicular to the direction of shock pro- 

pagation and 5-20 pm paral le l  t o  the shock direction. The stresses achieved 

were substantially lower than the stress region i n  which post shock planar 

features a ie  observed, however, the resul ts  are suggestive of t h e  same non- 

uniform yield process. 

* .  

Klein (1965) conducted recovery experiments on single crystal  periclase 

at  shock stresses near 8 GPa. 

ples were noted t o  increase i n  separation wi th  increasing distance from t he  

Planar features observed i n  the recovered s a -  

- 

explosive-spqhen interface zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAsweges:ting t ba t ,  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAa s  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA-the shock. fmn% widened with 

increased propagation distance, a coarser she& band structure was  favored. 

He also noted that at large distances, an i n i t i a l  [ l l O ]  direction preference 

for the features. shifted to  a [ 100) preference. 

- 

Shock-recovered specimens of quartz and feldspar are  a lso observed to 

contain regions of ‘mrphous short-range-order phases. 

(Ehgelhardt e t  al. ,  1967) is  observed t o  predominate in  the lower shokk pres- 

sure region (20-40 GPa) and fused glass more characterist ic of ‘those quenched 

from a l iquid s ta te  predoninate a 

from ordinary quartz glass i n  density, index of refraction, and i ts character 

of preserving the morphological signature of the parent crystal l ine state.  

Diaplectic glass i s  thought t o  be he reversion product of a high density 

short-range-order sol id s ta te  phase during pressure release (DeCarli and 

Diaplectic glass 

higher pressures . Diaplectic glass differs 

. .._ 

cu$ 

t 

c- -. 
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Milton, 1965). zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
high density phase where freezing occurred prior to t o t a l  pressure release, 

In such short times, l iquid diffusion processes would be insuff icient t o  t o ta l l y  

Alternatively it could be the reversion product of the melted 

erase t-he morphology of the previous crystal  state.  

demnstrated the possibi l i ty of such instantaneous freezing zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAof  quartz. 

quartz, traces of the high density polymorph, st ishovite have also been iden- 

t i f i ed  i n  recovered specimens of natural q d  laboratory shocked material 

Boganov e t  al. (1971) have zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA- - 
I n  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

I .  

(DeCarli and Milton, 1965) . 
Phase Transition on Release: Ahrens - e t  a1. (1968) using l iquid reflec- . 

t ion techniques and Grady - e t  al. (1974) using manganin gauges have identi f ied 

the t ransi t ion from high density t o  low density s ta te  i n  quartz on pressure 

released fron Hugoniot states i n  t h e  mixed phase region. The transit ion, 

occurring between 8 t o  10 GPa, is  well-defined but does not exhibit a rare- 

faction shock., suggesting some ra te  dependence i n  the t ransi t ion process. 

Similar studies on feldspar do not show a well-defined transi t ion break; 

rather, re l ie f  paths suggest a continuous transi t ion toward the low density 

\ . 

phase zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA(Ahrens - et  al., 1969; Grady and M u r r i ,  1976). 

sequence of the more complex mineral content of the feldspar spechens studied. 

T h i s  is  probably a con- 

Triangular stress wave input pulses have been used t o  study the behavior 

of quartz rock 'in the mixed phase region (Grady e t  al., 1974). By analyzing 

the  wave profi les, it was deterrnined that, after the i n i t i a l  rapid transfor- 

mation t o  a Hugoniot s t a t e ' i n  the mixed phase region, a continuing transi t ion 

from low-to-high density proceeded a considerably slower rate. A possible 

explanation for  t h i s  second transformation rate is  thermal diffusion from 

i n i t i a l  hot 'spots in to  regions of. untransforned material. - - - _  . 

W 
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The s i l i ca te  and oxide minerals are a class of brit t le compounds which, -- 

under shock loading.conditions, exhibited exceptionally high elastic limits. 

Theoretical studies on the ultimate strength of sol ids place probable lower 

l imi ts  of zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA0.03 G (G = shear modu1us)’as the shear stress a t  which fa i lure 

occurs. Although most.solids yield a t  considerably lower s t ress levels, the 

s i l i ca tes  and oxides are observed t o  yield under shock loading at stresses 

closely approaching the theoretical l imit. Notable examples are single 

crystal  corundum and quartz which exhibit maximm shear s t ress values of 0.056 

and 0.11 c44, respectively (Graham and Brooks, 1971). c44 
It has been argued that  b r i t t l e  fa i lure (shearfracture) i n  these 

materials is unlikely due t o  the very large isotropic s t ress component which 

occurs i n  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAa shock wave experiment, and tha t  an energetically more favorable 

nechaniss of .. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA&Islocation mtier zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAisid r;;tltip’ricatlcn zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAorust ocewr. The very high 

observed elastic l imi ts provide no support for  t h i s  argument, however, and 

at  -present there is l i t t l e  experimental base for choosing a ducti le nechanisln 

’ over a br i t t le  mechanism. Perhaps the most suggestive experinental evidence 

for a ductile yield process i n  minerals is the strong simi lar i ty between 

stress relaxation occurring i n  periclase (Figs. 2 and 9) , and probably i n  

quartz as suggested by e last ic  precurser decay (Ahrens and Duvall, 1966), 

with that  observed i n  LS. 

under shock loading condition6 and strong correlations between precursor 

characteristics and dislocation dynamics have been observed. 

c 

The 
Inaterial has been studied 

The reduction in shear s t ress observed i n  single crystal  s i l i ca tes  and 

. oxides above the Hugoniot e las t i c  l imi t  is certainly linked t o  the yield pro- 
- _ _  

cess. This reduction i n  shear stress is frequently’ equated with loss of ’kd 

(. 
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I zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

strength a t  the Hugon;lot state and carr ies the  implication that  subsequent 

material response would be f lu id  l i ke .  

quartz and feldspar near the expected bulk sound speed seem t o  support t h i s  

I n i t i a l  release wave measurements on 
W 

(Grady e t  al., 1975). However, measurements of release wave velocit ies on 

corundum (Bless and Ahrens, 1976) suggest reduced but not t o t a l  loss of 

strength. 

Material softening or melting during shock compression is  the most 

reasonable explanation fo r  the i n i t i a l  and persistent loss of strength, 

except t ha t  estimates of bulk temperature r i s e  during shock compression are  

far below those required to-produce the observed effects. 

is mitigated- somewhat i f  localization of softened or melted regions occur. 

This objection zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
A process of heterogeneous yielding leading t o  localization of shear is  

reasonable t o  expect. 

. . nonconservatjve and the energy dissipated must lead t o  local  temperature 

The processes of s l i p  occurring during yielding are 

Increase. Plast ic processes such as dislocation motion and multiplication zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
c._ 

are. enhanced by increased temperatures and can lead t o  accelerated yielding 
' 

' i n  local hot regions. Analysis of constitutive relat ions with temperature 

dependence, coupled with the thermomechanical equations of motion, show tha t  

. homogeneous yielding can be subject t o  Taylor instab i l i t ies  (Bellman and 

As an example, Holtzman and Cowan (1961) have used a Pennfngton, 1955). 

continuum description of dynamic yielding i n  sol ids of the form zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
(36) 

.where T is the  shear stress, T 

viscosity, and u, the part ic le v c i t y  normal t o  the direct ion X. A reason- . 

-able form for temperature dependence of the viscosity is 

the shear s t ress at  yield, V, the dynamic Y' 

-.- 
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71 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA= floe . . -~(T-T~) 

Under conditions of f l o w  normal t o  the x direction due t o  the shear s t ress  T, zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
t 

the equation of motion is 

- - -  au 1 & = ,  
a t  P o .  ax 

(37) 

and the energy equation, assuming Fourier heat'conduction, is  

T, x, zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAc,  and po are the temperature, thermal dif fusivi ty, specif ic heat, and 

density, respectively. A f irst variation solution t o  Eqs. 36, 37, 38 and 39 

(Grady, 1976) show that the solution i s  unstable t o  homogeneous deformation. 

Fromthe analysis one finds, i f  'rY is assumed small, that t h e  wave length of 

perturbations at  maximum growth rate is 

t 

1- 

(40) 

t he  maximum growth rate is  

. r  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA3 (41) 
C 

and the cutoff wave length below which perturbations w i l l  not grow is 

(42) 

'where < is the plast ic s t ra in  rate. 

- ._ 
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, zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
Expressions fo r  f i n i t e  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAT ’  are similar but more complicated. 

the o p t i k n  wave length with the periodicity of shear banding observed i n  

shock-loaded aluminum are i n  reasonable agreement. 

Comparison of zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
. Y  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

ad 
Material property data 

are presently insuff icient t o  pake similar comparisons i n  minerals, however, 

the variations i n  planar feature separation with propagation’ distance observed 

by Klein (-1965) appears consistent wi th  t h i s  explanation. . Taylor ins tab i l i t ies ,  

therefore, seem t o  provide a plausible explanation fo r  the heterogeneous yield 

process apparently occurring i n  these materials. 

Some previously unreported experimental resul ts by the author on single 

crystal  periclase, although preliminary, provide some interesting observations 

on the process of yielding i n  oxide minerals. 

clase 3.3 m i n  thickness were shock-loaded and unloaded i n  the [lo01 direction 

. 
I n  th fs  work, samples of peri- 

by planar impact of [OOOl] oriented sapphire plates (3.15 m thickness) t o  

s t ress  levels between 4.8 and 11.2 GPa. 

i n  t h i s  region. 

[OOOI,] sapphire respnse is elastic 

Diffuse surface velocity interferometry was used t o  measure 
.. 

.the back interface part ic le velocity prof i le between the periclase sample and zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
. a  sapphire window material. A second laser beam was reflected internal ly of f  

of the center of the sanple impact face. 

and provides a very accurate time of arr iva l  f iducial  as was described i n  

Upon impact the beam i s  diverted 

-Section 2. I n  the present experiments, wave t rans i t  times within 1% could 

be measured. The experimental set-up was previously i l lus t ra ted i n  Fig, 9. 

Profi les obtained i n  the three experiments conducted are shown i n  Fig. 10. 

The i n i t i a l  e las t i c  loading wave consists of a sharp rise zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAt o . a  st ress level  of 

about 2.5 GPa followed by signif icant s t ress relaxation. The measured precur- 

sor velocity of 9.34 5 0.05 km/s is consistent wi th  ultrasonic velocit ies 

measured by Spetzler .( 1970). 
. -_ 

Subsequent loading t o  the Hugoniot s ta te  pro- 
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ceeds i n  the deformation wave. 

decreases wi th  increasing peak stress. 

ture-are identi f ied i n  Fig. 10. 

Note'that the width of the deformation wave 

Two features i n  the re l ie f  wave struc- 

The first w i l l  be called the i n i t i a l  elastic 

release, the second, the i n i t i a l  p last ic release; 

wave is similar zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAto elastic-plast ic response observed in  release waves fo r  

certain metals (Asay and Hayes, 1975) and strongly suggests t h a t  material 

strength persists, o r  has recovered, in  periclase at  the Hugoniot s ta te.  

The structure of the release zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
. . 

I n  Fig. 11, e las t ic  precursor stress-strain points and the f i na l  Hugoniot 

Also shown is the periclase states are identi f ied i n  the stress-volurne plane. 

hydrostatic compression curve est imted wi th  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAa Murnaghan equation extrapolation 

of ultrasonic single crystal  data t o  0.8 GPa (Spetzler, 1970). 

mental uncertainty, the Hugoniot stress volurne data indicate t o t a l  collapse 

t o  the hydrostat. 

were measused above t h e  Hiigoniot el8stic- a i m i t  whd.ch also suggests collapse 

toward the hydrostat. 

'(1974) i n  single crystal  sapphire and quartz. 

Within experi- 

. Shock velocit ies lower than the 1ocal.bulk sound speed 

: 

Reduced shock velocities have also been noted by Grahaa 

- 

Release wave velocit ies obtained from the shock wave experiments a re  

compared with extrapolation of ultrasonic data (Spetzler,' 1970) i n  Fig. E. 

The i n i t i a l  e last ic  release velocities are s in i la r  to those reported by Bless 

'and Ahrens (1976) on carundurn. Velocities are below expected [ 1003 longitudinal 

velocit ies but a re  substantially above expected bulk sound velocities. 

other hand, .the p las t i c  release velocit ies are very close to the  bulk sound 

velocity. 

On the  

I n  Fig. 11, the i n i t i a  elease paths are  shown fo r  the two highest 

Hwoniot states. The release paths deviate signif icantly from the hydro- 
.. 

stat and imply a shear stress build-up through an axial  s t ress drop of 
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1.45 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA* zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA0.1 GPa a t  which point Subsequent unloading appears t o  para l le l  the 

hydrostat , zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAd 

It appears then t h a t  single crystal  periclase, under shock compression, 

collapses t o  the hydrostat and exhibits, perhaps brief ly, loss of shear 

strength. However, subsequent material response during the release wave, 

which arr ives about 0.5 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAps af te r  t he  Hugoniot s ta te  is attained, suggests 

substantial recovery of material strength. 

are not inconsistent with a process of local shearing and local  heat genera- 

The observations i n  periclase 

t ion  leading t o  loss of strength during shock compression. 

during shock compression i n  periclase i s  about a factor of 20 less than occurs 

i n  quartz at the same st ress level. 

could not persist  i n  periclase for the zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA0.5 ps separating the shock and relief 

Energy dissipated 

. 
Calculations zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAshow that  melted regions 

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

mal hctcrogcncity could zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBArestrlt in 8 reduced sheer mdulus, Hence, recovery .. 
of material strength prior t o  re l ie f  wave arri-Val would seem reasonable. Obser- 

vations such as these i n  which the shear strength is  t inedependent i l l us t ra tes  

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

The Phase Transformation 

Si l icates:  It is fortunate that  the phase transit ions in the s i l i ca te  

minerals can" proceed within the submicrosecond time scale of a shock wave 

experiment, 

physical properties of minerals a t  pressures existing i n  the lower mantle would 

be severely limited. One is jus t i f ied i n  asking how these transit ions can pro- 

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

If t h i s  were not the zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
I 

. t ions, are'observed t o  be extremely sluggish. 
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Considerable ef for t  has been devoted t o  the study of phase transit ions 

occurring under conditions of shock wave loading and a f a i r l y  extensive l i te ra -  

tu re  has developed on the.theory of shock-induced phase changes and the i r  

consequences on the propagation of f i n i t e  amplitude waves (Duvall and Horie, 

1965; Andrews, 1973; Hayes, 1974) zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA. I n  most of these studies equilibrium 

thermodynamics is assumed and, when rate dependence i s  considered, it is 

usually assumed, at l eas t  tac i t ly ,  that  a homogeneous process occurs. The 

consequences of a heterogeneous yield process on phase transi t ion kinetics 

have not been considered. 

LJ 

. 

Dremin and Breusov (1968) have argued that  a polymorphic t ransi t ion 

cannot proceed yielding during shock compression. I f  yielding proceeds on 

localized planes by an adiabatic shear process i n  s i l i ca te  minerals and i f  

near or t o t a l  loss of strength has occurred due t o  near o r  t o t a l  melting on 

these planes, then the regions between planes w i l l  experience nearly hydro- 

s t a t i c  pressure. It is d i f f i cu l t  t o  see, then, how conditions differ signi- 

f icant ly  from static compression conditions except for  the potentially quite 

dif ferent thermal state. . Teller (1962) concluded that  shear phenomena 

at high pressures play an important role i n  chemical processes. Rather than 

direct  shear activation, however, he suggests tha t  the shear process contri- 

butes to dissipative energy accumulation which aids thermal activation i n  

the chemical process. T h i s  l a s t  idea seems worth pursuing w i t h  regard t o  

the completion of reconstructive phase transit ions under shock loading con- 

dit ions. 

neous fai lure mechanism on the primary coordination transformation i n  s i l i ca te  

. 
\ 

I n  t i e  next few paragraphs, some consequences of a heteroge- 

. .  
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minerals w i l l  be addressed. 

st ishovite transformation for which considerable shock wave data is avail- 

able. 

compression i s  confined t o  an equidimensional rectangular l a t t i ce  w i t h  

Attention w i l l  be focused on the &-quartz- 

We will'nake the simplifying assurnption t h a t  yielding under shock zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
, -  

l a t t i c e  dimension d. Assume also that the dissipative energy incurred 

during shock compression is uhiformly distributed on t h i s  l a t t i c e  as thermal 

energy end that the  regions or  blocks between planes undergo isentropic com- 

pression only. 

Hugoniot and isentropic cornpression properties of the shocked mineral. 

The dissipated energy can be estimated from the measured 

W e  w i l l  f'urther assme t h a t  t h e  processes of yielding and phase transi- 

t ion  are separate i n  time with yielding proceeding on the shorter time scale zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
as suggested by Dremin and Breusov (1968). zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA. T h i s  w i l l  allow attention t o  be 

. * focused s t r i c t l y  on the phase transi t ion process. 

At %Iris point, we w i l l  consid-er one deformation plane located et  the .. 
Lagrangian coordinate h = 0 wi th  the  h exis, h > 0, normal t o  the plane. 

At time t = 0 a certain amount of thermal energy, consistent with energy dis- 

s i p a t e d ' h  the shock process, is deposited at  the point h = 0. 

uniform hydrostatic pressure P exists throughout. For t > 0 heat w i l l  f low 

from the deformation plane into the adjacent material which i s  i n i t i a l l y  a t  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
a temperature Ts(P) resulting s t r i c t l y  from isentropic compression. 

. A state of 

Assume that  heat transfer is  governed by Fourier conduction only. E s t i -  

mates of radiat ive heat transfer at  the calculated temperatures are small 

within the time scale of interest. A constant specif ic heat, zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAc ,  and ther.mil 

d i f a s i v i t y ,  x w i l l  be used. 

. A pr-ry coordination phase change is assumed t o  be thermally-activated 
-- ~ 

with a.frequency factor and activation energy independent of the pressure. 

http://ther.mil
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A zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAsimplif ied form of the Johnson-Mehl equation (Burke, 1965) w i l l  be used t o  

describe the reaction rate of the transition. 

t o  the  equatidns 

hd This description then leads 

which govern heat flow and the transi t ion reaction ra te  i n  the neighborhood 

-of one deformation plane. 1 is the mass fract ion of the high density phase, 

F and A are the frequency factor and activation energy, respectively, and zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA4, 

is the la tent  heat of transit ion. 

solvable. 

the heat flow equation can be solved separately. 

Eqs. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA43 and 44 are coupled and not readi ly 

. If the second term on the right hand side of Eq. 43 is ignored, 

This is  jus t i f ied on two 

accounts. F i rs t ,  t h i s  term is- small in the time scale of interest .  Second, _- 

the dissipative energy at  the Hugoniot s ta te,  which was estimated i n  t h i s  

work by sinply subtracting the isentropic e las t i c  energy of quartz from the 

t o t a l  Hugoniot energy, already includes the la tent  heat'of transit ion. 

With t h i s  simplif ication, solution of the thermal conduction equation 

resul ts i n  the temperature distr ibution a t  t i ne  t of 

- h2/k t 
(45) T = Ts(P) zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA+A- & e  

= X t  

where Q = e/poc and 6 is t h e  thermal energy per uni t  area i n i t i a l l y  deposited 

*a t  h = 0. Some temperature pro a t  increasing times are i l lus t ra ted i n  

the upper half of Fig. 13. 
-_-  . 



-49- zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
, 

' zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAIt zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA5s.a  characteristic of ther'mally-activated reactions, due to the 

exponential form of the Boltzmann factor, that reactions which proceed very zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
siowly at a giben temperature can proceed very rapidly when the tenperature 

is raised a few hundred degrees. 

that the coordination transformation can proceed within the time scale of 

8 shock compression wave, say Then the solution, zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAE q .  45, acts 

as a thermal wave and. carries the temperature TA to the untransformed 
' 

material. A path of constant temperature' is governed by the differential 

equation, 

- If a temperature TA is considered such 

8 
r zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

a 10 /s. 

dh h 
dt t 

and is shown in Fig. 13. 

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

Note that a given temperature level does not con- zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
s = m ;  \ (47) 

t 

- 

. in a time 
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derormation plane and i f  the l a t t i ce  parameter i s  d, the resuit ing mass 

fract ion of transformed material is zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
. 

T ,  Q, and zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA6 can be eliminated from Eqs. 47-50 resulting i n  an expression fo r  

the  temperature, 

= Ts(P) +&- 2 %  
ne * -  ' zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

CX 
TA 

capable o f  transforming the material within the shock front at the  expressed 

reaction rate. I$ can be es tha ted  from the quartz Hugoniot as previously 

described. The fract ion of the high density phase i n  the mixed phase region 

can also be estimated from the relat ion of the Hugoniot state t o  the high and 

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

15 - 35 GPa. 

between 1256 - 135OOK. Using a value of = 10 /S for the quartz-stishovite 

W e  found T t o  have a constant o r  s l ight ly  increasing value zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAA 
-4 

\ 

' reaction ra te  at  T = 500°K, then a reasonable value of zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA50 kcal/mole is 

-estimated fo r  the activation energy. The calculation also suggests that trans- 

formation cannot proceed instantaneously but i s  controll'ed by propagation of . 

the thermal wave into the untransformed material. Eq. 48 predicts a vzlue of 

T = 0.25 ps at  a pressure of 25 GPa, although.better than 75% of the'trans- 

formation occurs within less than 0.05 ps. 

shock wave r i s e  times which have been observed (Wackerle, 1962; Grady e t  al., 

1974) 

This value is consistent with 

e 

Calcite: The mineral ca lc i te  is observed t o  experience two phase tran- 

--. 

'L, 

si t ions beaow st ress levels of 2.0 GPa under both s ta t i c  and shock 

conditions. A t  these lower stress levels very amurate shock wave 

loading 

measurenents 

c 

- . . -  . . -  I . 
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can be made, providing increased understanding of the processes of shock- 

induced. phase changes i n  rocks and minerals. The ca lc i te  1-11 and ca lc i te  11-111 

t ransi t ions occur s ta t i ca l l y  a t  st ress levels of about 1.45 and 1.75 GPa, 

respectively (Bridgrllan, 1939; Singh and Kennedy, 1974). 

studies on Solenhofen limestone (Schuler and Grady, 1976) using interferometry 

techniques have revealed the ef fect  of both transit ions i n  the  structure of 

compression and relief wave propagation. 

Vermont marble have been part icularly d is t inct  i n  t h i s  respect, however, and 

one such prof i le is shown i n  Fig. 14. 

Recent shock wave 

Shock wave profi les obtained on 

I n  the  experiments on.Vermont marble samples approximately 8 mm i n  thick- 

ness were impacted w i t h  fused s i l i c a  plates approximately 4.8 mm i n  thickness. 

The result ing impact provided a square wave input s t ress pulse of approximztely 

1.6 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAps duration and a st ress amplitude dependent on the. impact velpcity. 

%rmlmum impact s t ress achleved i n  the experiment shown i n  Fig. 14 was 3.5 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAGPa. 

Samples were backed with fuseds i l i ca  laser window material and the part ic le 

' velocity prof i le which evolved over 8 'pm of propagation distance was measured 

The marble and fused s i l i c a  have quite 

' 

. 
: 

at the marble-fused s i l i c a  interface. 

similar mechanical impedance ch&acteristics. 

I n  the  part ic le velocity prof i le shown i n  Fig. 14, features result ing 

from di f ferent physical mechani are quite dist inct .  The dynamic stress- 

volume path, a lso shown i n  Fig. 14, was determined. assuming se l f  s imi lar i ty 

of both the compression and re1 e wave.. Although self s imi lar i ty has not 

l e ,  wave propagation redults obtained i n  

sonable approximation. The d y n d c  stress- 

l c i t e  hydrostat (Singh and Kennedy, 1974). 

en s t r i c t l y  veri f ied for  

limestone suggest that  it is  a 

volume path is  compared with t 

Similar features occurring i n  the profi le and i n  the stress-volume path are 
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due zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA'to the reverse a-quartz-stishovite phase transi t ion show considerable 

s imi lar i ty i n  structure, The a-quartz-stishovite t ransi t ion is a primary W 
coordination trFnsformqtion with a f i n i t e  reaction 'rate, 

associated w i t h  the reverse phase change is expected t o  provide the.prof i le  

Rate dependence zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
b 

. shape observed i n  quartz (Fig. 5) or zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAas .is indicated from t h e  reverse cal- 

cite 11-111 t r h s i t i o n  i n  Fig. 14. We tentat ively suggest, 'therefore, tha t  

the ca lc i te  11-111 t ransi t ion i s  reconstructive and that the  release wave 

signature of reconstructive and displacive'transformations differ significently. 

Finally, it should be noted that there i s  no indication of elastic- 

plastic response i n  the release wave for  marble (providing other features have 

been correctly identif ied). Also, comparison of the i n i t i a l  release wave 

velocity with the ca lc i te  I11 phase s t a t i c  bulk modulus determined by Singh 

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

value. This resul t  is consistent with release wave behavior observed i n  
I 

quartz and feldspar (Grady, e t  al.), both of xhich undergo zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA8 phase transi-  . -  
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5. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBACLOSURE zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
Recent advances i n  both experimental techniques and methods fo r  analyzing 

wave prof i le data have contributed t o  t he  study of shock processes in sol ids, 

There is at pres'knt, a notable lack of time-resolved wave prof i le data on 

rocks and minerals approaching znantle pressures, 

have suggested a potential framework f o r  a theory describing the shock pro- 

cesses of yielding and phase transi t ion i n  sil icate and oxide minerals, al- 

though further experimental studies a e  needed t o  confirm and'to quantify 

some of the  mechanisms proposed, 

Existing studies, hawever, zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
Our present understanding of t h e  shock compression process i n  minerals 

I s  sti l l  not adequate t o  dictate the opthun experimental conditions necessary zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
to prepare a thermodynamic Hugoniot s ta te  at pressures and temperatures com- 

patible w i t h  mantle conditions. 

some possibiJities, 

crystals in shock wave experiments is not the,optimum situation. 

of heterogeneous yielding during shock compkession -and the subsequent non- 

uniform temperature s ta te  may require more t i m e  fo r  thermal equil ibration 

than can be achieved i n  a standard shock wave experiment. 

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

homogeneous yield process, and hence, more uniform energy'dissipation. An 

Results obtained t o  date, 'howeve?, suggest 

Perhaps a start& material of gem quali ty single zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
\ 

A process 

Perhaps a star t ing 

accelerated thermal equil ibration time should result i n  this case. 

-It is interesting t o  note' that  the release wave velocit ies i n  both corun- 

dm (Bless and Ahrens, 1976) and i n  periclase (present work, Fig, 12) tend 

toward the expected value for  t h e  longitudinal wave speed at the higher stress 

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

the higher s t ress  levels. The dramatic decrease i n  r i s e  time of the deforma- zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
u 
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t i on  wave with increasing Hugoniot s t ress in  periclase (Fig. 10) and the 

reduction i n  the shear band separation w i t h  increasing s t ra in  ra te  predicted zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
by the Taylor instabi l i ty.analysis (Eq. 40) suggests that the energy dissipa- 

t ion  process is  more uniform a t  higher s t ress levels. 

Hugoniot s t resses far i n  excess of the elastic l i m i t ,  the yield process w i l l  

be suffic' iently uniform t o  allow thermal equil ibration within the required 

Perhaps, then, at  

time period. 

The experimental observations and analysis presented i n  t he  present 

paper point out the importance of technique and the complexity i n  the shock 

deformation of certain s i l i ca tes  and oxides. 

compressional features of shock-loaded minerals is strongly influenced by 

dynamic yielding. 

adiabatic shear provides a plausible picture of the resulting shock compres- 

&on zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAbehavior ant3 indicates % k a t  mkrlal  respome zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAmder shock loading must 

be considerably nore complex than has hereto?ore been viewed. Because of 

t he  importance of quartz, corundum, periclase, and certain other minerals 

t o  our understanding of mantle materials, it seems important t o  proceed w i t h  

It appears that the  dominant 

A model of heterogeneous yielding t o  describe the result ing 
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Quaxtz gauge typical electrode configuration. 

Stress wave profi le obtained with quartz gauge on &O. 

stress wave input was provided by impact of an aluminum f lyer  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAA step 

(0.41 km/s) on the specimen. 

gation distance was  measured a t  the MgO-quartz interface. 

The s t ress wave after 3 mm propa- zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
0.2 ps 

time marks are shown. 

Manganin transducer design showing a typical assembly geometry. 

Bonding is accomplished with epoxy and the gauge plane is normally 

25-50 w. 

Stress wave profi le obtained with manganin gauge i n  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAMgO. . A  

step s t ress input wave was provided by impact of an aluminurn 

flyer (0.72 km/s). 

in-material point approximately 3 m from the ippact,interface. 

The stress wave profi le was  measured at an zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
0.2 ps time marks are shown. 

2 .  

Manganin s t ress wave profi les obtained i n  quartz rock (Arkansas 

novaculite). The maximum st ress achieved w a s  25 GPa. After 

Grady e€ al. (1974) 

Electromagnetic transducer design showing typical  assembly geo- 

metry. 4, is the length of the active gauge element. 

wave direction, magnetic f i e ld  and active gauge element are 

The stress 

mutually orthogonal . 
Part ic le velocity prof i les obtained i n  Oakhall limestone. 

s t ress  equals 12.4 GPa. 

arr iva l  of the i n i t  

respectively. After ri et  al., 1975. 

Peak 

F i r s t  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAand second waves correspond t o  

shock wave and f ree  surface r e l i e f  wave, 

System schematic of the diffused surface velocity interferometer. 

I l l us t ra tes  optical path to and f romtes t  specben, system optics, 

._ . . 



and zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAdata collecting photomultiplier tubes. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
can be distinguished from deceleration by separation of return 

beam into S and P polarized l ight  displaced 90" i n  phase. 

Barker and Hollenbach, 1972) 

Interferometer fringe pattern and t h e  resulting particle velocity 

prof i le obtained i n  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAMgO wi th  diffuse surface-velocity interfero- 

metry. 

Second laser bean provides impact f iducial. 

Part ic le velocity prof i les obtained i n  [loo] oriented zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAMgO a f te r  

Surface acceleration 

(After zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA. 

Figure 9 

Maximum stress achieved i n  MgO w a s  approximately 4.8 GPa. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
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Figure 10 * 

approximately 3.3 mm propagation distance. Essential features 

are t h e  ini t ial  elast ic  precursor, stress relaxation, the  sub- 

sequent defamation wave, and indications of e last ic-plast ic 

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

n . 2  GPa, 
z 

Fi&e ll Comparison of the experimentalhgoniot for MgO and the hydrostat 

estimated from ultrasonic data (Spetzler, 1970). Also shown &re 

theoret ical  release stress-volume paths which indicate substan- 

t ia l  recovery of material strength at  the Hugoniot state. 

Elastic and plast ic Hugoniot release wave velocit ies are compared 

with single crystal  MgO longitudinal and bulk sound speeds extra- 

polated from ultrasonic data (Spetzler, 1970) : 

(a) Temperature profi les at increasing time due to  thermal dif-  

fusion from the plane h = zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA0. (b) Shows a path of constant tem- 

perature TA and the region of material transformed due t o  %em- 

Figure 12 
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'Figure 13 

peratures i n  excess of t h i s  value. 
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Fi&e zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA14 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA. Particle velocity profile and the resulting stress-volume path 

obtained on polycrystalline calc i te (Yermnt marble) 

single crystal calcite hydrostat i s  also shown (Singh and Kennedy, 

1974). The numbered points coordinate various features i n  the - zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
w4ve profile with corresponding points i n  the stress-volume curve. 
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