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While a shock wave is traversing a disk of X-cut quartz, a piezoelectric current flows in an external 
circuit connected across the faces of the disk. In this paper measurements of this current are used to study 
dielectric breakdown and subsequent recovery which occurs in quartz. Quartz specimen disks were impacted 
at various stress levels in such a way as to produce shock waves that propagated along the X axis either in 
the direction of or opposite to that of the pressure-induced polarization. In the latter case, short-circuit 
current measurements show that breakdown occurs at a threshold stress greater than 10 and less than 
13 kbar. Since the impact experiment produced one-dimensional electrical and mechanical conditions in 
the specimen disk, it was possible to formulate a mathematical model that permitted solutions for internal 
electrical fields and resistivity in terms of the measured current. Computations with this model show that 
the field in the stressed portion of the disk at breakdown is about 7.0Xl()6 V/ern, which is an order of 
magnitude lower than the value observed at atmospheric pressure. Computations with the model also 
show that recovery from breakdown to essentially infinite values of resistivity occurs during the transit 
time of the shock wave when the field in the stressed region of the disk is "quenched" to a value of about 
1.9X 1()6 V /ern. This critical field appears to be the same for all shock stress levels investigated from 13 to 
35 kbar. The dependence of the initiation of breakdown on the direction of wave propagation relative to 
the polarization direction indicates that the shock-wave front furnishes a source of free electrons. 

INTRODUCTION 

While a shock wave is traversing a piezoelectric disk, 
the stress-induced piezoelectric polarization produces 
electric fields which can approach the dielectric break­
down strength of the material at atmospheric pressure. 
Previously, we reported a detailed investigation of the 
piezoelectric, dielectric, and mechanical properties of 
X-cut quartz under shock-wave loading from 2 to 50 

• This work was supported by the U.S. Atomic Energy Com­
mission. 

kbar.l We have also reported2 that dielectric breakdown 
occurs if the quartz disk is oriented such that the 
polarization direction is opposite to the shock progaga­
tion direction (this is called the -X orientation).3 

1 R. A. Graham, F. W. Neilson, and W. B. Benedick, J. Appl. 
Phys.36, 1775 (1965). 

2 R . A. Graham, J. Appl. Phys. 33, 1755 (1962). 
3 The - X orientation is obtained when the X-cut crystal disk 

is oriented such that the shock wave propagates in a direction 
opposite to that of the electrical polanzation produced, that is, 
from the + X electrode to the - X electrode. The polarity of the 
electrodes is determined by placing the disk under compression 
and noting the direction of current fiow through a high-impedance 
load. 
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(a) 

lb) 
FlG. 1. Typical current-time records obtained from (a) +X 

orientation disks and (b) - X orientation. Time increases from 
right to left. Th~ r~cords show the current res\llting from two 
wave transits through the disk; the first portion of the pulse 
corresponds to the propagation of the impact-induced shock wave, 
and the second portion corresponds to the reflected pu!se from the 
rear of the disk. The analysis is concerned only with the first 
wave transit. The +X orientation records show no evidence of 
breakdown whi!e the - X orientation records show a large reduc­
tion in current resulting from dielectric breakdown when the 
shock wave enters the disk. The upper sinusoidal traces in (a) 
and (b) are 10 MHz timing waves. The lower traces are for current 
calibration. 

Because of the simultaneous combination of stress and 
high values of electric field that occurs under shock 
loading, the shock-wave experiment provides a novel 
opportunity for studying the effect of stress on the 
dielectric strength, a subject on which there is very 
little d~ta in the literature.4 

Measurements of .current in an external short circuit 
connected across the faces of a shock-loaded quartz 
disk can be used to study this dielectric breakdown 
behavior. When. breakdown occurs, this current is 
characterized by an initial jump as the shock wave 
enters the disk. followed by a sharp drop as the high 
·field occurring at this time initiates the breakdown 
p~ocess. Later in time, when the field has been quenched, 
there is a tendency for the current to recover. Since the 
previous -X orientation current-time measurements2 

4 S. Whitcliead, Dielectric Strengtll oj Solids (Clare~don Press, 
pxf?rd., ~land, 19~3), 

were taken on a specimen whose geometry resulted in 
three-dimensional electrical and mechanical conditions, 
it was not possible to obtain a satisfactory mathe­
matical description of the physical processes involved. 
However, we have now conducted experiments in a 
one-dimensional guard-ring geometry and observed the 
short-circuit current during breakdown. For these 
experiments a mathematical description has been 

.possible, and with it we have performed a quantitative 
analysis of the experimental data to obtain the transient 
resistivity-t.ime and resistivity-field behavior accom­
panying the dielectric breakdown and recovery. It is 
the object of this paper to report these results. 

We will first describe the e;o;periments and the data 
obtained from them. Following this, a mathematical 
model for analyzing variable resistivity will be devel­
oped. Finally, the model will be applied to the experi­
mental data and the results discussed. 

EXPERIMENTAL OBSERVATIONS 

The experiment for measuring the short-circuit 
current from shock· loaded quartz disks has been 
described previously.l Briefly, a projectile faced with a 
quartz disk is propelled down the barrel of a compressed 
gas gun to impact on a target that contains the short­
circuited specimen disk. The impact of the two disks 
causes a shock wave to move into the specimen, and 
the amplitude of the wave is determined by the known 
mechanical properties of quartz and the projectile 
velocity, which is accurately measured. The specimen 
disk has a guard-ring electrode configuration to insure 
one-dimensional conditions, and special precautions are 
taken to prevent breakdown along external surfaces. 
Details of the specimen configuration have been 
described previously. I •• The current is obtained from 
the voltage drop across a known resistance which is 
connected across the electroded faces of the specimen. 

The current-time record shown in Fig. 1 (a) is 
characteristic of the output of disks having an orienta­
tion such that the shock wave propagates from the - X 
polarity electrode to the +X polarity electrode. No 
breakdown occurs in this orientation up to a shock 
stress of at least 30 kbar as evidenced by the appro}':i­
mately constant value of the current. As shown in Fig. 
1 (b), however, disks oriented such that the shock wave 
travels from the + X electrode to the -X electrode 
exhibit current- time records that deviate considerably 
from constant current. 

Experimental current-time data were obtained in 
the - X orientation for stresses ranging from 8 to 35 
kbar. Experiments at 8 and 10 kbar showed no break­
down. The first indication of breakdown in the speci­
mens occurred at 13 kbar. As the input stress was 
increased above 15 kbar, the breakdown became more 
pronounced with the current dropping to zero in times 

& W. J. Halpin. O. E. Jones, and R. A. Graham in Symposium on 
Dynamic Behatior of M ateriais, A STM Speciai Teclmicai Publi­
caljon No. 336 (American Society for Testing Materials, Phila­
delphia, 1963). 
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of about 10-7 sec. After this time the current was 
observed to recover (increase in magnitude) to varying 
degrees depending on the value of the stress. For higher 
stress the current showed less recovery from the 
breakdown. 

Luminescence observations were also made during 
breakdown, and these observations correlate with the 
current pulse results in a qualitative way.6 Previous 
luminescence results7 were not applicable to the present 
problem since they were obtained at stresses greater 
than those used in this investigation. These photo­
graphs8 (Fig. 2) showed that the breakdown occurs at 
discrete points in the crystal with a hUllinol1s region 
growing around the points. The last frame shows that 
the intensity of the lwrunescence decreases after about 
200 nsec. The records demonstrate that there is good 

FIG. 2. Image converter framing camera record of the lumi­
nescence accompanying dielectric breakdown in - X orientation 
disks at 19 khar. The photographs are taken at three different 
times, looking down the X axis of the disk as the shock wave 
moves toward the observer. The first (upper) frame is taken 
within 50 nsec after impact and the following two frames are 
taken at 100 nsec intervals thereafter. 

6 The luminescence observations are conducted on disks in an 
open-circuit condition. This does not aITect the qualitative com­
parison between tl:e current-time measurement and the lumi­
nescence observations since at the time the shock wave enters the 
disk the Jie!d in the stressed region is the same under both con­
ditions. 

7 W. P. Brooks, J. AppJ. Phys. 36, 2788 (1965). 
8 This experiment was performed by G. E. Ingram with a 

Space Technology Laboratories image converter camera. 
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FIG. 3. Electric vector5 produced in piezoe!ectric quartz under 
shock-wave loading. The position of the shock front is indicated 
by the da,;hed line. The vector arrows indicate those directions 
that are defined as positive in the analysis. The polarization 
direction shown is opposite to the propagation direction and 
depicts the - X orientation. 

qualitative correlation between the current-time and 
the ll\.minosity-time behavior, as might be expected for 
a dielectric breakdown. 

Attempts to analyze the complete current-time 
profile on the basis of a finite constant resistivity were 
unsuccessful and led to the development of a mathe­
matical model which allows for a variable resistivity 
under shock-wave loading.9 

MATHEMATICAL M ODEL 

In Fig. 3 we consider a shock wave having a plane 
front and a step profile in time and space as it traverses 
an X-cut quartz disk of thickness t. The faces of the 
disk each have area A and are covered with electrodes 
that are connected by a short-circuit. The wave propa­
gates from left to right with a constant velocity U in 
the direction of the X axis and with its front perpendic­
ular to that axis. The region of the disk that comes 
under stress experiences a piezoelectric polarization P, 
determined by the product of the stress and the 
appropriate piezoelectric coefficient (the direction 
shown for P in Fig. 3 is indicative of the - X orienta,ti9n 
for the disk). As the wave moves through the disk, the 
region of polarization continually lengthens, and this 
causes a current i to flow in the externally connected 
short-circuit. The process is accompanied by fields El 
across the stressed region and E2 across the unstressed 
region, which vary with time and are oppositely 
directed for voltage balance. 

Infinite Resistivity 

We now investigate the time variations of the current 
i and the electric fields El and E2 mathematically. In 
order to provide background for interpreting the 
current pulses, we will first digress and review the 
conditions existing for infinite resistivity where break-

9 Analysis of the effects of shock-wave-induced finite, constan.t 
resistivity has heen reporter! by R. H. Wittekindt, Harry Diamond 
Laboratories Rept. TR 922, May 1961, and Y. B. Zel'dovich, 
Sov. Phys.-JETI' 26,159 (1968). 
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FIG. 4. Electric field diagrams for shock-loaded quartz. The 
upper diagrams show the directions of the electric fie~ds E, and 
&. for the +X (left) and -X (right) orientations. The lower 
diagram shows the variation of El and E2 with time for the case 
of infinite resistivity and equal permittivities for the stressed and 
unstressed regions. The field E, in the stressed region is maximum 
when the shock wave enters the disk, while the field in the un­
stressed region E. is maximum at shock transit time t=IIU. The 
maximum fields are directly porportional to the magnitude of 
the shock stress and are equal to 5.3Xl()& V Icrn at 10 kbar. 

down does not occur. In Fig. 3 the shock-wave front is 
shown at a time t measured from the instant it entered 
the disk on the left, and the polarization, electric dis­
placement, and electric field vectors are shown in 
directions that are defined as positive. These vectors 
are assumed to be uniform in magnitude over the face 
of the disk with directions parallel to its axis, and the 
subscripts 1 and 2 refer as above to the stressed and 
unstressed regions, respectively. Let El and f2 be 
permittivities for the two regions. We can then write 
the dielectric equations as 

and 
(1) 

(2) 

The short-circuit condition allows us to employ 
Kirchoff's law and write 

With the assumption of infinite resistivity, it follows 
that the current (positive direction shown in the figure) 
is given by 

i=-A(dD2Idt), (4) 

and also that Dl = D2• With the latter condition Eqs. 
(1)-(3) can be solved for D2, with the result that 

D2=E2PUtl[E2Ut+EJ.(t- Uf) J. (5) 

We then differentiate (5) with respect to t and sub­
stitute in (4) to get 

i= -aAU Pll[Ut+a(t- Ut) J2, o<t<lIU, (6) 

where a=E!./E2' The analysis so far shows that if the 
resistivity is infinite and if a= 1, a constant current will 
result from a step-function stress imparted to the 
crystal.!O The current- time waveforms observed in the 
+X orientation and shown in Fig. l(a) show a close 
correspondence to that predicted from Eq. (6). 

From Eqs. (2), (3), and (5), the electric fields El 
and E2 resulting from the stress-induced polarization 
are found to be given by 

E1 = P(t- Ut) /[E2Ut+E1 (l- Uf) J, 

E2=PUt/[E2Ut+E1(l- Ut)]. (7) 

Thu's, as shown in Fig. 4, the field in the stressed region 
of the disk is maximum at the time the shock wave 
enters the disk, and then decreases linearly (for a= 1) 
in time to a value of zero at wave transit time, which is 
of the order of 1 Jjsec. On the other hand, the field in the 
unstressed region is zero when the shock wave enters 
the crystal and increases to a maximum value at wave 
transit time. When the direction of propagation of the 
shock wave is reversed relative to the polarity of the 
X axis, the field directions are reversed. 

The distinctly different field-time environment in 
the stressed and unstressed regions of the disk permits 
identification of the region through which the break­
down occurs. Breakdown is observed to occur early in 
time, which corresponds to the time of maximum field 
in the stressed region. Hence, breakdown occurs through 
the stressed region. . 

Finite Resistivity 

We now attempt to obtain a quantitative interpreta­
tion of recovery from breakdown observed in the - X 
orientation experiments by developing a mathematical 

. model which includes the effect of a variable resistivity. 
First, a very general assumption is made that some 
process occurs uniformly throughout the stressed region 
1 in such a way as to alter the rate at which D1 changes 
as a function of time. We express this effect by introduc­
ing a loss factor F in the equation 

(8) 

which now, in general, relates D1 and D2 in a way other 

10 If a<l the current value at t=O is greater than the value 
at t=l/U whi~efor a>l the opposite is true. However, as can be 
seen by solving Eq. (6) for 

l
llU 

i (t)dt, 
o 

the charge Q that passes through the short circuit from t=O to 
t = II U is equal to P A, independent of the value of a for this case 
of infinite resistivity. Thus, in an experimental result the devia­
tion of the charge Q from the value PAis a measure of the extent 
of the breakdown or of the average finite resistivity of the disk 
during wave transit time. 
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than DI = D2. In the physical sense, a positive value for 
F at some time t would indicate a net rale of loss of 
volume polarization in region 1 (e.g., a conduction 
current) while a negative value would indicate a net 
rate of gain. We now make the substitutions from Eqs. 
(1) - (3) for DI in (8) and take a derivative to obtain 
the differential equation 

-dDJ dt= UtF/[UI+a{l- Ut)] 

-alD2/t[Ut+a{l- Ut)]. (9) 

By assuming different functions F and certain initial 
conditions, it is possible to solve (9) for D2 and then i 
in an attempt to fit the experimental results. However, 
since i is already known experimentally, a more direct 
approa.ch is to obtain F in terms of i. We do this by 
solving (9) for F, and substituting for D2 and dD2/dt 

Similarly, we can solve for EI from Eqs. (2) - (4) to get 

EI(I)=-[{l-Ut)/UtE~] [i(l)dl. (13) 
o 

Using these equations, we can obtain numerical solu-

O ~-L __ L--L __ ~~ 

o 0.1 U2 O.J 0,40.5 

TIME. " sec 
(a) 

TIME." sec 
(b) 

FIG. 5. Typical current- time records for the - X orientation 
with the resulting calculated resistivity- time and field- time 
behavior. The current-time records are adjusted to compensate 
for the short but finite risetime of the current pulse resulting from 
impact "tilt." 

from (4) to get 

F{t)= {[a{l-~;+Ut]} (i/A) 

-(al/AUt2) [i(t)dt. (10) 
o 

There remains, however, the problem of interpreting 
the meaning of a function F in terms of known physical 
processes. We do this by relating F to the resisitivity in 
the stressed region PI and field EI by the expression 

(11) 

In this way F represents a conduction current due to a 
field EI impressed on a material of resisitivity Pl. From 
Eqs. (2)-(4), (1O), and (11), we can solve for Pl to get 

(12) 

tions for Pl and EI as functions of time by substituting 
experimentally determined values of current taken 
from the observed current- time records. This enables 
the resisitivity to be calculated for each experiment as 
the field is reduced and recovery from breakdown 
occurs. 

RESULTS AND DISCUSSION 

The first indication of breakdown was observed in 
the - X orientation at a stress of 13 kbar. The maximum 
field at this stress as computed from Eq. (7) (for t=O) 
is 7.0 X 105 V / em.1l This field is almost an order of 
magnitude smaller than the field required for breakdown 
at atmospheric pressure. 12 

Resistivity Pl vs time and field EI vs time, computed 
by applying Eqs. (12) and (13) to the current-time 
pulses obtained at stresses of 15 and 26 kbar, are 
plotted in Fig. 5. The more rapid reduction of EI with 
time shown in the 26 kbar record should be compared 
with the linear decrease in time to be expected when 
resistivity is infinite (and a= 1) (see Fig. 4). The 
behavior of Pl is seen to be highly time dependent, thus 
demonstrating that analysis of the current- pulse data 
based on the assumption of constant resistivity would 
be of little value. The main features of the Pl vs time 
curves are a rapid reduction in resistivity when break­
down occurs, followed by a recovery later in time when 
the field is "quenched" to some lower value. 

Graphs of resistivity PI vs field EI are shown in Fig. 6 
for various values of stress from 13 to 36 kbar. Although 

U For this computation, El is taken as 4.00X lO- 13 Flcm from 
the atmospheric pressure value of R. Bechmann, Phys. Rev. 
110, 1060 (1958) , and the observed 0.3% increase in permittivity 
with stress reported in Ref. 1. The polarization, P, is also taken 
from Ref. 1 as 2.78X1Q--7 Clem!. 

12 A. Von Hipple and R. J. Maurer, Phys. Rev. 59, 820 (1941). 
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13.3 kbar 
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FIG. 6. Resistivity vs field calculated from the obse.rved cur­
rent-time records. Breakdown occurs at field values to the right 
of the figure while recovery occurs later in time as the field 
decreases to values on the left. At all stress levels the resistivity 
calculated from the observed current-time waveforms is seen 
to approach an infinite value (>4X107 fl·cm) when the field 
is reduced to 1.9±O.5X1()6 V fcm. 

L0
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each experiment shows behavior of a somewhat dif­
ferent character, there is one distinct feature of the 
recovery which is common to all experiments. Recovery 
of essentially infinite values of resistivity (> 4X 107 

n· cm) occurs over a surprisingly narrow range of 
fields for all stress levels. Thus, it appears that there is 
a stress-independent critical field of 1. 9±0.5 X 10· V / cm 
for the recovery of quartz from dielectric breakdown. 

The solutions for PI at later times after complete 
recovery give negative values (not shown in the figure) 
which indicate that a net gain in the rate of electric 
displacement occurs after recovery becomes well 
established. This represents the return of previously 
"shorted" material to a polarized state, which is the 
expected behavior. 

These results describe two phases of the dielectric 
breakdown phenomena which are: (1) the initiation of 
the breakdown and (2) the recovery that follows when 
the electric field is Quenched. In shock-loaded X-cut 
quartz, breakdown occurs in the -X orientation, but 
when the field polarity is reversed, that is, when the 
quartz is in the + X orientation, breakdown does not 
occur. Since the field that is present during breakdown 
is in a direction to accelerate electrons from the shock­
wave front into the stressed region of the quartz, it 
appears that breakdown is initiated from a source of 
free electrons at the shock-wave front. The presence of 
free electrons at the front requires shock-induced 
electronic energy level changes which cannot be 
accounted for by the magnitude of the strain energy 
behind the shock wave, although they can easily be 
accounted for by the motion of dislocations in the wave 
front. Apparently, the high shear stress in the wave 
front causes localized dislocation motion, even though 

the stress behind the wave is considerably less than the 
Hugoniot elastic limit l3 •l4 of about 40 kbar. 

The phenomenon of a dependence of conduction 
processes under shock loading on the direction of the 
stress-induced electric field is not restricted to quartz 
alone. Recently, for example, Cutchen l & has shown the 
effect to occur in ferroelectric ceramics. 

The results of the analysis of the recovery process 
after breakdown in shock-loaded quartz show that the 
recovery of high-resistivity values occurs when the 
electric field is quenched to a value of about 1.9X 105 

V / cm. Since this value of field is characteristic of all 
shock stress levels from 13 to 36 kbar, it appears there 
is a critical field for recovery which is independent of 
the stress. The experiments at the various stress levels 
produced different values of piezoelectric polarization 
in the quartz specimens so that upon breakdown 
different. values of current were involved. Thus, for the 
range of currents in the experiment, the critical field for 
recovery also appears to be independent of the current. 
Because the critical field determined here does not 
depend on stress, it may be characteristic of recovery 
from dielectric breakdown at atmospheric pressure. 
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