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Electric breakdown of longitudinally shocked Pb(Zr0.52Ti0.48)O3 ceramics
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Electric breakdown of longitudinally-shock-compressed Pb(Zr0.52Ti0.48)O3 (PZT 52/48) ferroelectric

ceramics was experimentally investigated. It was found that a dependence of breakdown field

strength, Eg, of shocked ferroelectrics on the thickness of the element, d, ranging from 0.65 to

6.5 mm is described by the EgðdÞ ¼ c � d�w law that describes the breakdown of dielectrics at

ambient conditions. It follows from the experimental results that the tunnel effect is a dominant

mechanism of injection of prime electrons in the shocked ferroelectric elements. It was demonstrated

that electric breakdown causes significant energy losses in miniature autonomous generators based

on shock depolarization of poled ferroelectric elements. VC 2011 American Institute of Physics.

[doi:10.1063/1.3609074]

I. INTRODUCTION

Extensive studies of ferroelectrics under shock wave

compression have been performed since the end of the 1950s

and continue until the present time (see Ref. 1 and references

therein). One of the effects associated with the shock-wave

compression of poled ferroelectrics is the generation of a

high electric field within the ferroelectric elements due to the

shock depolarization.2 Before the shock compression, the

electric field in the ferroelectric element is equal to zero

because of compensation by the surface charge (the bonded

charge) of the polarization of the element, P0, obtained dur-

ing the poling procedure. Shock depolarization releases the

bonded charge at the electrodes, and correspondingly, a high

electric potential and a high electric field appear across the

element. Miniature autonomous electrical systems called

shock wave ferroelectric generators3 (FEGs) utilize the abil-

ity of shocked ferroelectrics to generate high voltage. The

FEGs (with total volume less than 100 cm3 and based on

shock depolarization of Pb(Zr0.52Ti0.48)O3 poled ferroelec-

trics) demonstrate reliable operation and are capable of pro-

ducing high voltages.3–5 These generators were successfully

used for charging capacitor banks and as prime power stages

for 90-kV nanosecond pulsed power systems, and are

regarded as a new class of miniature autonomous high-volt-

age pulsed power sources.1,3–8

The high electric voltage produced by the FEGs can

cause electric breakdown in the shocked ferroelectric ele-

ments. Electric breakdown in shocked piezoelectric and fer-

roelectric materials has been widely discussed since the

1960s.9 It was experimentally demonstrated in Ref. 10 that

the mechanism of the breakdown of non-shocked (ambient

condition) ferroelectric samples poled to full remnant polar-

ization is similar to that of conventional dielectric materi-

als.11–15 It was assumed in Ref. 16 that breakdown in

shocked ferroelectric samples could be predicted from ambi-

ent and quasi-static loading data. A series of experimental

and theoretical studies of the electric breakdown of shock-

compressed Pb(Zr0.64Ti0.36)O3 (PZT 65/35) ferroelectrics

poled to different polarization levels (Q0 varied from 3 to 30

lC/cm2) were performed in Ref. 16. These studies revealed

the complex relationship between the breakdown field, polar-

ization of the samples, and shock pressure (PSW, which var-

ied from 0.3 to 2.3 GPa). The breakdown mechanism in

shock-compressed ferroelectrics is still not a completely

understood phenomenon.1,10,16

In this paper we conducted systematic studies of the

operation of miniature FEGs based on longitudinal (the

shock wave front propagated along the polarization vector

P0) shock depolarization of PZT 52/48 poled ferroelectrics

along with measurements of the quasi-static thermal depola-

rization of ferroelectric samples. Our experimental results

showed that the ferroelectric elements shocked within the

FEGs operating with a low-resistance load were able to

release an amount of electric charge almost equal to that

stored in the elements due to the poling procedure. When we

operated FEGs with a high resistance load, a significant elec-

tric charge loss with its attendant significant energy loss

occurred in the generators. These losses are related to the in-

ternal breakdown within the ferroelectric elements. Analysis

of these experimental data allowed us to obtain a relatively

simple relationship for a prediction of breakdown field in

shocked ferroelectric elements and to identify the basic

physics of breakdown mechanisms in shock-compressed fer-

roelectric materials.

II. MATERIALS AND EXPERIMENTAL TECHNIQUES

PZT 52/48 (EC-64) ceramic disks supplied by ITT Cor-

poration were used in all experiments described in this paper.

The sizes of the PZT 52/48 elements studied are in Table I.

The manufacturer deposited 17 6 2 lm-thick silver contact

plates (electrodes) on both faces of each PZT 52/48 disk.

Each sample was poled to its remnant polarization by the

a)Author to whom correspondence should be addressed. Electronic mail:

shkuratov@lokiconsult.com.
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manufacturer. The properties of PZT 52/48 (EC-64) are in

Table II.

For measurements of actual polarization of studied PZT

52/48 samples, we used a quasi-static thermal depolarization

procedure. For the procedure, we placed a ferroelectric sam-

ple in a beaker filled with ultra-fine sand (a thermal bath) in

an automatically controlled Thermolyne 47 900 furnace. The

controlling K-type thermocouple was connected to a Sper

Scientific thermometer (model 800 005). During the proce-

dure, we monitored the current in the ferroelectric samples

with a Keithley 2400 pico-ampere meter. The heating rate

(0.9 K/min) was the same for the entire temperature range

(295 through 650 K), and for all samples studied.

Explosive experiments were conducted in the facilities

of the Energetic Materials Research Laboratory of the Mis-

souri University of Science and Technology, Rolla, MO. We

used explosively driven FEGs (Ref. 3) that provide highly re-

producible shock wave profiles and shock pressure

PSW¼ 1.5 6 0.1 GPa in the investigated samples.8 A sche-

matic diagram of the FEG design we used is in Fig. 1. The

FEG contained a ferroelectric element, a detonation chamber

with high explosive (HE) charge, and metallic impactor

(flyer plate). The overall dimensions of the FEGs used in the

experiments did not exceed 50 mm. The operation of the

FEG was as following. The flyer plate, accelerated to high

velocity by the detonation of the HE charge, impacted the

ferroelectric body so that the shock wave traveled in a direc-

tion parallel to the vector P0 (Fig. 1). When a shock wave

depolarizes a ferroelectric disk, a pulsed electric potential

(an electromotive force, or EMF) appears on the metallic

electrodes of the ferroelectric element.

We performed a series of experiments to measure an

amount of electric charge released by longitudinally shocked

elements of the FEGs. A schematic diagram of the setup for

shock depolarization experiments is in Fig. 2(a). To provide

accurate measurement of the electric charge released due

to the shock depolarization, the load of the FEG was a low-

resistance (RL(100 kHz)¼ 0.5 X) and low-inductance

(LL(100 kHz)¼ 0.98 lH) copper loop.

We used a Tektronix 6015 A high voltage probe (resist-

ance RL¼ 108 X) as the load in the experiments with FEGs

operating in the high voltage mode [Fig. 2(b)]. The pulsed

signals were recorded with an HP Agilent 54 845 A oscillo-

scope (bandwidth 1.5 GHz, 8 GSa/s).

III. RESULTS AND DISCUSSIONS

The amount of electric charge released at the electrodes

of its shock-compressed ferroelectric element in the course

of explosive operation of the FEG is one of the main parame-

ters that determine the ability of the FEG to produce high

voltage. To measure the electric charge generated by

shocked PZT 52/48 elements and to estimate the degree of

their depolarization, we utilized the approach that was

developed in Ref. 8, i.e., measurements of depolarization of

ferroelectric samples by means of two techniques, explo-

sive shock compression and quasi-static thermal heating.

We extended the data obtained in Ref. 8 with measurements

of elements studied in this paper. The electric charge

released by PZT 52/48 samples, Qdep, was obtained by

integrating the current, I(t), flowing in the circuit of the

explosively driven FEG [Fig. 2(a)] or in the thermal depola-

rization circuit:

Qdep ¼
ð1

0

IðtÞ � dt: (1)

TABLE I. Sizes and polarization rate of studied Pb(Zr0.52Ti0.48)O3 ceramic disk elements.

FEG designation Case 1 Case 2 Case 3 Case 4 Case 5

Element diameter, D (mm) 26.2 6 0.5 27.0 6 0.5 25.0 6 0.3 25.0 6 0.3 25.0 6 0.3

Element thickness, d (mm) 0.65 6 0.04 2.1 6 0.1 2.5 6 0.1 5.1 6 0.1 6.5 6 0.1

Thermal depolarization charge density, Qdep therm (lC/cm2) 27.9 6 1.8 27.8 6 1.5 27.4 6 1.7 27.9 6 1.6 27.6 6 1.8

Shock pressure depolarization charge density, Qdep sw (lC/cm2) 29.7 6 2.4 27.5 6 2.2 27.1 6 2.3 25.7 6 2.2 22.3 6 2.4

Calculated electric field strength, Ec (kV/mm) 29.4 27.3 26.9 25.5 22.1

Experimental electric field strength, Eg (kV/mm) 5.5 6 0.5 3.8 6 0.4 3.7 6 0.3 3.2 6 0.3 3.1 6 0.3

TABLE II. Physical properties of the PZT 52/48 (EC-64) ferroelectric

ceramics.

Property Value

Density (103 kg/m3) 7.5

Young’s modulus (1010 N/m2) 7.8

Curie temperature (�C) 320

Mechanical Q for a thin disc 400

Dielectric constant at 1 kHz (poled) 1300

Dielectric constant at 1 kHz (unpoled) 1140

Dielectric constant aging rate (% changes per time decade) �4.2

Piezoelectric constant d33 (10�12 m/V) 295

Piezoelectric constant g33 (10�3 m/N) 25.0

Elastic constant s11
E (10�12 m2/N) 12.8

FIG. 1. (Color online) Schematic diagram of the longitudinal FEG.
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Table I and Fig. 3 contain summaries of the results of our

shock and thermal depolarization experiments. It follows

from the experimental results that practically all bonded

electric charges initially stored in the PZT 52/48 elements

having thickness from 0.65 to 2.5 mm were released due to

longitudinal shock compression in the load circuit of the

FEGs. For samples with thickness 5.1 and 6.5 mm, the shock

depolarization charge density, Qdep sw, is lower than that

obtained in thermal depolarization experiments, Qdep therm

(Fig. 3). This effect can be explained by the shock wave

splitting phenomena observed earlier.17 It was shown in

Ref. 17 that a longitudinal shock wave in PZT 52/48 splits

into two shock waves, and the split shocks result in a

decreased depolarization charge. An increase of the thick-

ness of the elements up to 6.5 mm leads to an increase in

shock wave travel distance and to a more significant separa-

tion of the shock waves.

The equivalent circuit of the FEG operating with a re-

sistance load is in Fig. 4. A ferroelectric element is a capaci-

tor. When it is connected to a high resistance load [RL¼ 108

X, Fig. 2(b)], the shock depolarization charge charges the

element itself. The current passing through the load is negli-

gible (less 10�3 A) and the expected electric field, Ec, within

the shocked PZT element can be calculated using the follow-

ing expression:

Ec ¼ Ug=d ¼ Qdep sw=ðCspec � dÞ; (2)

where Ug is the voltage generated across the shocked PZT

52/48 element, d is the element thickness, and Cspec is the

specific capacitance of the element. The Cspec can be deter-

mined from the dielectric properties and geometrical dimen-

sions of the element:

Cspec ¼ e � e0=d; (3)

where �0 is the vacuum dielectric constant and � is the rela-

tive dielectric constant of the ferroelectric material. Corre-

spondingly, Eq. (2) can be written as

Ec ¼ Qdep sw= e � e0ð Þ: (4)

It follows from Eq. (4) that the electric field strength, Ec, within

a shocked ferroelectric element depends on the depolarization

charge density and dielectric properties of the material. We

measured Qdep sw for all PZT 52/48 elements studied in this

work (Fig. 3 and Table I). Accurate measurement of the rela-

tive dielectric constant of shocked ferroelectrics is an extremely

difficult task. To calculate the electric field within shocked PZT

52/48 elements, we used the value of � for unpoled ferroelectric

ceramics provided by the manufacturer, �¼ 1140 (Table II).14

Substitution of all parameters into Eq. (4) gives us values of Ec

that vary from 22.1 to 29.4 kV/mm (Table I). Values of Ec

calculated by this simple model [Eqs. (2) through (4)] are in

good agreement with results of the calculations obtained with a

more complicated model developed in Ref. 18.

Typical experimental waveforms of the output voltage,

UFEG(t), produced by FEGs operating with high resistance

loads [Fig. 2(b)] for Cases 1, 3, and 5 (see Table I) are in

Fig. 5. The amplitude of the voltage pulse produced by the

FEG for Case 1 (Fig. 5) was UFEG(t)max¼ 3.9 kV with a rise

time of 0.4 ls. The maximum electric field within the PZT

element of the FEG for Case 1 in this experiment was

Eg¼UFEG(t)max/d¼ 6.0 kV/mm (where d is the element

thickness). The electric field averaged across the five experi-

ments of this series was Eg¼ 5.5 6 0.5 kV/mm.

According to our experimental results, the amplitude of

the FEG output voltage rose with increasing disk element

thickness [UFEG(t)max¼ 8.7 kV and 21.5 kV for Cases 3 and

FIG. 3. (Color online) Depolarization charge density released due to the

shock wave (diamonds) and thermal (squares) depolarization of PZT 52/48

elements.

FIG. 4. (Color online) Equivalent circuit of the FEG operating with a resist-

ance load.

FIG. 2. (Color online) Schematic diagrams of the experimental setup (a) for

investigation of longitudinal shock wave depolarization of the PZT 52/48

ferroelectrics and (b) for investigations of operation of the FEGs with a high

resistance load.
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5, respectively, in Fig. 5]. Interestingly, the maximum elec-

tric field, Eg, within each element decreased as the element

thickness increased (Eg¼ 3.5 kV/mm and 3.3 kV/mm for

Case 3 and Case 5, respectively, in Table I).

It follows from our experimental results (Fig. 5 and Ta-

ble I) that the electric field strength across shocked PZT 52/

48 elements, Eg, did not exceed 6.0 kV/mm. However, the

calculated electric field, Ec, ranges from 22.1 to 29.4 kV/mm

(Table I). It is evident that there are significant energy losses

in shock-compressed ferroelectrics loaded with a high resist-

ance load. A possible cause of these energy losses is an inter-

nal electric breakdown within shocked ferroelectrics.

The UFEG(t) waveforms for all studied cases were simi-

lar to those shown in Fig. 5: The voltage increased in an

almost linear fashion to its maximum value and then rapidly

decreased to zero. The increase in the UFEG(t) pulse from

zero to its maximum value was the direct result of the depo-

larization of the ferroelectric element due to shock wave

action. The time constant of the FEG circuit (Fig. 4) in these

experiments, s¼RL�CFEG, was higher than 10�2 s. This is

four orders of magnitude longer than the time for the voltage

pulse to decrease (Fig. 5). It is evident that the rapid decrease

of the voltage (Fig. 5) is not related to discharging the energy

stored in the FEGs into the load circuit. The rapid voltage

decrease could be due to a few factors: (a) Mechanical

destruction of the element due to high pressure gas expan-

sion from the HE detonation, followed by short-circuiting of

the electrodes of the PZT element, (b) a significant increase

of the shock-compressed ceramic material’s electrical con-

ductivity and the corresponding leakage current in the ele-

ment, and (c) an internal electrical breakdown within the

ceramic disk.

With regard to (a) above, the time required for mechanical

destruction of the ceramics behind the shock front can be esti-

mated as tdest¼ d/Up, where d is the thickness of the PZT disk

and Up is the particle velocity. The latter can be determined

as Up¼PSW/(q0�US),19 where q0 is the density of ceramics

before the shock action, and US is the shock front velocity.

In our experiments, US¼ 3.94 mm/ls.8 Correspondingly

UP¼ 0.05 mm/ls, tdest¼ 13 ls for Case 1 and tdest¼ 130 ls

for Case 5. The tdest is about fifty times longer than the time of

decreasing voltage in our experiments (Fig. 5), so (a) does not

appear to be a factor in the rapid voltage decrease.

Similarly, for item (b) above, it follows from recent ex-

perimental studies of electrical conductivity of shock-com-

pressed piezoelectric crystals (Ref. 20) and poled PZT

ferroelectrics (Ref. 21) at PSW¼ 12 GPa (nearly an order of

magnitude higher than the shock pressure in the FEGs) that

there is no conductivity increase in shocked PZT ceramic

materials or any electric charge leakage at electric field

strength up to E¼ 5.3 kV/mm.21 So, (b) is not a factor in the

rapid voltage decrease, either.

Based on the above reasoning, unless some unknown

factor is at play, one can conclude that the rapid decrease of

the FEG voltage (Fig. 5) is the result of internal electric

breakdown in the PZT elements. Therefore, the experimen-

tally obtained maximum output voltage, UFEG(t)max, pro-

duced by the FEG and the maximum electric field, Eg,

generated within the shocked PZT element can be considered

the breakdown voltage and the breakdown field,

respectively.

To analyze our experimental results, we utilized a proce-

dure developed earlier for analysis of breakdown of dielec-

trics at ambient conditions.12–15 It is generally accepted that

under ambient conditions the cause of breakdown within a

dielectric element is the formation of an electron avalanche,

with the prime electrons being injected from the negative

electrode.13,15 Experiments verified12–15 that at ambient con-

ditions, the dependence of the breakdown field strength, Eg,

upon the thickness of the dielectric sample, d, is described

according to a law:

EgðdÞ ¼ c � d�w; (5)

where c is a constant for the given material, and w is the

coefficient that is justified by mechanisms of electric break-

down, namely the injection of electrons and electron-phonon

scattering.

Table I summarizes our experimental data for the break-

down electric field, Eg(d), of shocked PZT 52/48 elements.

An important question presents itself: Can these data,

obtained under explosive shock conditions, be described in

accordance with the law [Eq. (5)] that was experimentally

proven for the breakdown of dielectric materials under ambi-

ent conditions12–15?

In available publications (extended list of references is

given in Ref. 1), we could not find any evidence that this

question and this approach [Eq. (5)]12–15 have been previously

applied to shocked ferroelectrics. Figure 6 presents a plot of

the breakdown electric field, log(Eg), of a shocked PZT 52/48

element within a FEG as a function of element thickness,

log(d). This data can be represented by a straight line, and the

plot is similar to plots experimentally obtained for the break-

down electric field of dielectrics at ambient conditions.12–15

The slope of the curve in Fig. 6 is 0.248 6 0.020, and

this slope corresponds to the coefficient w in Eq. (5). In ac-

cordance with theoretical analysis,13,15 a coefficient of

w¼ 0.25 implies the presence of a tunnel mechanism of the

FIG. 5. (Color online) Typical waveforms of voltage pulse UFEG(t) pro-

duced by FEGs operating with a high resistance load for Case 1, Case 3, and

Case 5.
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injection of electrons from the negative electrode into the

shocked ferroelectrics, and strong electron-phonon scattering in

an adiabatically compressed material. The current density, j, of

the prime electrons injected into the dielectric material due to

the tunnel effect is given by the following expression13,15:

jðueff ;EelÞ ¼
qe

16p2�h
� ðqeEelÞ2

ueff

� exp

�
4ð2mÞ

1
2u

3
2
eff

3�hqeEel

" #
; (6)

where Eel is the electric field strength at the negative elec-

trode, ueff is the effective height of the potential barrier at

the negative electrode-dielectric interface, h is Planck’s con-

stant, and qe and m are the charge and the effective mass of

the electron, respectively.

It follows from Eq. (6) that Eel and ueff are the main pa-

rameters that determine the current density of the injected

electrons and, correspondingly, the probability of electric

breakdown of the PZT element. Apparently, a reduction of

the electric field, Eel, through control/minimization of micro-

protrusions at the negative electrode surface facing the ferro-

electric material and an increase of the effective height of the

potential barrier, ueff, through the use of various materials in

the negative electrode (it should be noted, that fundamental

properties of PZT-electrode interfaces and PZT samples with

electrodes made of different materials were recently studied

in Ref. 22) could suppress the tunnel current density and

increase the breakdown voltage of ferroelectric elements.

IV. CONCLUSIONS

Based on results reported in this paper, we conclude that

internal breakdown within longitudinally shock-compressed

Pb(Zr0.52Ti0.48)O3 ferroelectrics (PSW¼ 1.5 GPa) is the fun-

damental phenomenon that affects the performance of explo-

sive-driven shock-wave FEGs and causes significant energy

losses in the devices. We have demonstrated that within

shocked PZT 52/48, the dependence of the breakdown elec-

tric field, Eg, upon the element thickness, d, can be described

by a law that was experimentally proved for the electric

breakdown of dielectric materials at ambient conditions. Our

experimental results show the tunnel effect as a dominant

mechanism for the injection of prime electrons into longitu-

dinally shock-compressed ferroelectric elements. The rela-

tionship we obtained between Eg and d allows one to predict

the breakdown field in shocked ferroelectric ceramics.
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