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Kinetics of the ferroelectric (FE) to antiferroelectric (AFE) phase transformation under shock
wave compression is critical to design the shock-activated power supply and can be characterized
in terms of both a transition rate and a limiting degree of transition. By measuring the depoling
currents under the short-circuit and high-impedance conditions, we investigated the in°uence of
shock pressure and self-generated electric ¯eld on the phase transition kinetics of tin-modi¯ed lead
zirconate titanate ceramics (Pb0:99Nb0:02[(Zr0:90Sn0:10)0:96Ti0:04]0:98O3) in the pressure range from
0.23 to 4.50GPa. Experimental results indicate that the shock pressure promotes the FE-to-AFE
phase transition. And the self-generated electric ¯eld does not appear to have a signi¯cant e®ect
on the depoling currents at high shock pressures, but has a strong e®ect at low pressures. At
0.61GPa and 1.03GPa, transition rate and degree diminish with increasing the electric ¯eld,
illustrating that the self-generated electric ¯eld suppresses the FE-to-AFE phase transition. These
observations are found to be generally consistent with results under the hydrostatic compression.
Fundamental issues are discussed from the perspective of the soft mode theory.

Keywords: Shock wave; ferroelectric; antiferroelectric; phase transition.

Journal of Advanced Dielectrics
Vol. 2, No. 4 (2012) 1250026 (8 pages)
© World Scienti¯c Publishing Company
DOI: 10.1142/S2010135X12500269

1250026-1

J.
 A

dv
. D

ie
le

ct
. 2

01
2.

02
. D

ow
nl

oa
de

d 
fr

om
 w

w
w

.w
or

ld
sc

ie
nt

if
ic

.c
om

by
 5

8.
20

.1
27

.1
06

 o
n 

06
/1

3/
14

. F
or

 p
er

so
na

l u
se

 o
nl

y.

http://dx.doi.org/10.1142/S2010135X12500269


1. Introduction

A ferroelectric (FE) is a material with spontaneous
electrical polarization that can be reoriented by an
applied electric ¯eld.1 Closely related to the FE is
the antiferroelectric (AFE), which also possesses
polarization with antiparallel orientation so that
no macroscopic polarization can rise.2 Free-energy
di®erence between the FE and AFE states is very
small for composition close to the FE/AFE phase
boundary. Thus, it is easy to induce the FE/AFE
phase transition on application of a suitable tem-
perature,3,4 electric ¯eld,5,6 and pressure.7,8 These
phase transitions are usually accompanied by a
volume expansion/contraction,9 a development/
release of electrical polarization,10 or an incom-
mensurate modulation in structure,11�14 having
many engineering applications. For instance, press-
ure-induced phase switching involves the release of a
large electrical polarization, which is useful in con-
version of mechanical to electrical energy and is an
area of great current interest in a broad range of
functional ferroelectric materials.15�17

Recently, rapid depolarization associated with the
shock wave induced FE-to-AFE phase transition has
attracted considerable attention, because of the ap-
plication of the shock-activated power supply.18�24

The kinetics of the FE-to-AFE phase transformation
under the shock wave compression is characterized in
terms of both a transition rate and a limiting degree
of transition.25 In the shock wave loading, the
depoling current associated with the depolarization
°ows through the resistive load and generates elec-
tric ¯eld (E) between the electrodes. Under the
short-circuit condition (resistive loadR ¼ 0, E ¼ 0),
e®ect of the shock pressure on the transition rate
and degree have been investigated by Setchell and
Montgomery.25 Under the high-impedance condition
(E > 0), e®ect of the self-generated electric ¯eld on
the rate and degree of the phase transition is still
unknown. Compared with the short-circuit case, we
are more interested in the kinetics of the FE-to-AFE
phase transition under the high-¯eld condition. The
reason is that the released energy ! is "0"rE

2=2,
where "0 is the dielectric constant of free space, "r is
the relative dielectric constant. To obtain a large
energy output, the ceramic has to be subjected to a
high electric ¯eld. Moreover, how the electric ¯eld
modi¯es the phase transition kinetics also is a critical
question in the shock-activated power supply from
an application viewpoint. Thus, it is important

to investigate the in°uence of the self-generated
electric ¯eld on the kinetics of the FE-to-AFE phase
transition.

In this article, we report the e®ect of shock
pressure and self-generated electric ¯eld on the FE-
to-AFE phase transformation in the tin-modi¯ed
lead zirconate titanate (Pb(Zr,Sn,Ti)O3) ceramics
under shock wave compression. Attention is paid to
the dependence of the transition rate and degree on
the shock pressure and the self-generated electric
¯eld. Experimental observations are in accordance
with the soft-mode theory and the results under the
hydrostatic compression.

2. Samples and Experiments

2.1. Samples

Tin-modi¯ed lead zirconate titanate ferroelectric
ceramic was selected and the composition was
Pb0:99Nb0:02[(Zr0:90Sn0:10)0:96Ti0:04]0:98O3 (PZST).
This composition was near the phase boundary
between the orthorhombic antiferroelectric (AO)
phase and low-temperature rhombohedral ferro-
electric (FRLT) phase. Samples were prepared by
conventional solid-state reaction using the reagent-
grade raw materials such as Pb3O4, ZrO2, TiO2,
SnO2, and Nb2O5. The sintering process was carried
out in a lead-rich environment in order to minimize
lead volatilization. At last samples were coated with
silver electrodes and poled under an electric ¯eld of
3KV/mm at 100�C for 5min in a silicon oil bath.
The parameter was as follows: density �0 ¼ 7:80 g/
cm,3 piezoelectric constant d33 ¼ 68:0 pC/N, rema-
nent polarization Pr ¼ 28:0�C/cm.2

2.2. Shock wave experiments

The kinetics of the FE-to-AFE phase transform-
ation was investigated by the impact-experiment.
Figure 1(a) shows the schematic diagram of the
shock wave experiment. 2024 aluminum (Al 2024)
projectile body with a °at-surfaced facing was pro-
pelled down the barrel of an air gun and impacted
onto a °at-surfaced polymethyl methacrylate
(PMMA) target facing. The PMMA target face was
precisely aligned parallel to the Al 2024 or PMMA
projectile facing and perpendicular to the axis of the
barrel. The velocity of the projectile at impact (u0)
was obtained by measuring the time interval
between velocity pins close to the target facing.

D. Jiang et al.
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The impact initiated a shock wave propagating
into the PZST ceramics. The dimensions of the
PZST ceramics were X0 ¼ 30:0mm in the x-direc-
tion, Y0 ¼ 10:0mm in the direction of the shock
wave and Z0 ¼ 2:0mm in the direction of the
remanent polarization (Fig. 1(b)). Electrodes were
deposited on the X0 � Y0 faces. So the direction of
the shock propagation vector was perpendicular to
the remanent polarization. In order to approach a
uniaxial strain state, two pieces of unpoled ceramics
sandwiched the poled ceramic. The ceramics were
encapsulated with epoxy resin to reduce the prob-
ability of high-voltage electrical breakdown around
their edges.

As the shock wave depolarized the ceramic, the
depoling current °owed in the external circuit. The
external circuit consisted of a low-inductance load
resistance (R) and low-inductance current-viewing
resistance (r). In all experiments, r was 1.0 � and
the voltage appearing on r was transmitted by
coaxial cable to an oscilloscope for recording. R was

not used under short-circuit condition. Under high-
impedance condition, R was put in transformer oil
to prevent the dielectric breakdown.

A series of seven shock wave experiments were
performed. Table 1 lists the projectile facing, impact
velocity, calculated shock pressure and load resist-
ances for each of the experiments. The shock press-
ure in the PZST ceramic was calculated by using the
impedance-match method and dependent on the
Hugoniot relations of the Al 2024,26 PMMA27 and
PZST ceramic. Because the Hugoniot curve of
the PZST ceramic had not been determined, the
Hugoniot of Pb0:99Nb0:02(Zr0:95Ti0:05)0:98O3 (PZT
95/5-2Nb) ceramic (initial density 7.80 g/cm3 was
used.28

3. Results and Discussion

3.1. E®ects of shock pressure
on the FE-to-AFE phase transition

Figure 2 displays the depoling currents under the
short-circuit condition. The self-generated electric
¯eld between the electrodes is zero under the short-
circuit condition. Two quantities were of consider-
able importance in any attempt to explain the
results. The ¯rst quantity was the amplitude. The
current was relatively small at 0.23GPa. As shock
pressure increased from 0.61 to 2.47GPa, the cur-
rent magnitude increased and reached 22.2A,
26.5A, 30.3A, 31.4A and 33.7A, respectively.

The second quantity was the released charge. The
released charge obtained by integrating the output
currents provides a convenient approach to investi-
gate the evolutionary process of the FE-to-AFE
phase transition,29 which can be better appreciated
when the normalized released charge (NRC) with
respect to the Pr is plotted as a function of the shock

(a)

(b)

Fig. 1. (a) Schematic diagram of the shock wave experiments.
(b) Shock wave compression of ferroelectric ceramics in normal
mode, in which the shock wave vector is perpendicular to the
vector of remanent polarization. The shock front is indicated by
the dash line.

Table 1. Details of shock wave experiments.

Experiment
No.

Projectile
facing

Impact
velocity u0

(m/s)

Shock
pressure �S

(GPa)

Load
resistance R

(�)

1 Al 2024 49.6 0.23 200
2 Al 2024 124.2 0.61 200, 300
3 Al 2024 200.6 1.03 200, 300
4 Al 2024 232.3 1.22 200
5 PMMA 473.0 1.60 200
6 Al 2024 424.0 2.47 300
7 PMMA 1073.4 4.50 200

E®ects of Shock Pressure and Self-Generated Electric Field
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pressure (Fig. 3). The NRC was given by

NRC ¼
Z þ1

0

IðtÞdt=PrX0Y0: ð1Þ

For comparison, the released charge of PZT 95/5-
2Nb ceramics with di®erent density is also
shown.25,30,31 The NRC is close to zero at 0.23GPa.
At 0.61GPa, NRC is 0.76, indicating that the FE-
to-AFE phase transition begins. The released charge
increases as the shock pressure increases, demon-
strating that more and more FE phase has been
transformed into the AFE phase and the shock

pressure promotes the FE-to-AFE phase transition.
Scanning electron microscope (SEM) and trans-
mission electron microscope (TEM) have shown
that ferroelectric domains in PZT 95/5-2Nb cer-
amics become fewer at the higher shock press-
ure.32,33 At 1.22GPa, the NRC is close to 1,
indicating the complete liberation of remanent
polarization. Thus, by using the criterion of com-
plete liberation of remanent polarization as an in-
dication of the complete phase transformation, the
complete transformation pressure is determined to
be 1.22GPa. After the phase transformation is
complete, the NRC is insensitive to the shock
pressure. Similar dependence of NRC on the shock
pressure is also seen in PZT 95/5-2Nb ceramics.

3.2. E®ects of self-generated electric
¯eld on the FE-to-AFE phase
transition

3.2.1. Depoling current

Figure 4 presents the depoling currents for PZST
ceramics as a function of the load resistance in the
pressure range from 0.61 to 4.50GPa. The currents
at 0.24GPa are omitted because of small magnitude.
In contrast to the short-circuit cases, strong electric
¯elds are generated between electrodes under the
high-impedance condition. One feature that should
be noticed is the eventual magnitude. When the
shock pressure is strong enough (1.22GPa,
1.60GPa, 2.47GPa and 4.50GPa), the short-circuit
and high-impedance currents have the almost same
eventual amplitude. However, the peak current
under the high-impedance condition is signi¯cantly
lower than the peak value under the short-circuit
condition at 0.61GPa and 1.03GPa. As can be seen
in Fig. 3, at 0.61GPa and 1.03GPa, the shock wave
is not strong enough to complete the phase tran-
sition. From the above results, the self-generated
electric ¯eld does not appear to have a signi¯cant
e®ect on the depoling currents at high shock press-
ures, but has a strong e®ect at low pressures.

3.2.2. Kinetics of the FE-to-AFE phase
transition25,34

The kinetics is characterized in terms of both a
transition rate and a limiting degree of transition
and can be directly examined by measuring the
depoling current associated with the FE-to-AFE

Fig. 3. (Color online) The dependence of the normalized
released charge with respect to the Pr on the shock pressure. The
Pr is 30.0�C/cm

2 for porosity PZT 95/5-2Nb ceramics (7.55 g/
cm3, Ref. 31; 7.30 g/cm3, Ref. 25) and 32.0�C/cm2 in Ref. 30.

Fig. 2. (Color online) The depoling currents as a function of
shock pressure for Pb0:99Nb0:02[(Zr0:90Sn0:10)0:96Ti0:04]0:98O3 cer-
amics under the short-circuit condition.

D. Jiang et al.
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phase transition. In Fig. 1(b), at time t, under the
short-circuit condition, the depoling current during
the shock transient time is expressed as

ISC ¼ ðPr � PfSCÞX0USð1� expð�t=�SCÞÞ;
t < �:

ð2Þ

Here, ISC is the short-circuit current, Pr is the
remanent polarization, PfSC is the residual polariz-
ation behind the shock wave, X0 and Y0 are the
dimensions of the ceramics, US is the velocity of
the shock wave, �SC is the characteristic time for the
phase transition, � ¼ Y0=US is the shock transition
time in ceramic. 1=�SC is considered as the transition
rate and ðPr � PfSCÞ=Pr is the degree of the phase
transformation. Increasing the value of 1=�SC means
that phase transition will take place more and more
rapidly. The degree is 0 when phase transition
does not occur (PfSC ¼ Pr); the degree is 100%

when phase transition occurs completely (PfSC ¼ 0).
Values for �SC and PfSC can be found from each
measured currents by ¯tting Eq. (2).

The depoling current under the high-impedance
(R > 0) condition (IHP) is given by

IHP ¼ ðPr � PfHPÞX0USð1� expð�t=�HPÞÞ
� ð1� expð�t=RCÞÞ;

t < �:

ð3Þ

Here, PfHP is the residual polarization behind the
shock wave, �HP is the characteristic time, R is the
load resistance, and C is the capacity of the ceramic.
The self-generated electric ¯eld is given by

E ¼ IHPR=Z0; ð4Þ
where Z0 is the thickness between the electrodes.
Under the strong electric ¯eld, the capacitance (C)
requires that part of the released charge retain on

(a) (b)

(c)

Fig. 4. (Color online) The measured (solid line) and ¯tted (close circular) depoling currents as a function of load resistance for
Pb0:99Nb0:02[(Zr0:90Sn0:10)0:96Ti0:04]0:98O3 ceramics at (a) 0.61GPa and 1.22GPa, (b) 1.03GPa and 1.60GPa, and (c) 2.47GPa and
4.50GPa.
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the electrodes rather than pass through the load
resistance. Thus, comparing with the short-circuit
cases, the currents with the load resistance increase
gradually with the \RC" time constant. Similarly,
�HP and PfHP can be examined from the measured
high-impedance currents by ¯tting Eq. (3). Com-
paring the di®erences between 1=�SC and 1=�HP,
(Pr � PfSCÞ=Pr and ðPr � PfHPÞ=Pr, we can inves-
tigate the e®ect of the self-generated electric ¯eld on
the FE-to-AFE phase transition.

3.2.3. Results

We ¯t the measured short-circuit and high-impe-
dance currents (0.61GPa and 1.03GPa) with Eqs. (2)
and (3), respectively. Phase transition kinetics in the
pressure range from 1.22 to 4.50GPa are not given
because it may be di±cult to distinguish between
electric ¯eld e®ects on the transition characteristics
and the e®ects of the changing dielectric proper-
ties.34 Table 2 gives the parameters used in the ¯t-
ting procedure, in which the dielectric property is
assumed to be unchanged.34 The dependence of the
transition rate and degree on the peak electric ¯eld
(Emax ¼ ImaxR=Z0) is shown in Fig. 5. Both the
transition rate and degree reduce with increasing the
electric ¯eld for PZST ceramics, demonstrating that
phase transition takes place more and more slowly
and incompletely under the high ¯eld condition.
Therefore, it can be concluded that the self-gener-
ated electric ¯eld retards the phase transition. In
contrast, both 1=�SC and ðPr � PfSCÞ=Pr increase
with increasing the shock pressure under the short-
circuit condition, illustrating that the shock pressure
promotes the phase transition.

3.3. Discussion

We explain the promoting and the suppressing e®ect
from the viewpoint of the soft mode theory. The

concept of a soft mode was proposed by Cochran35

and con¯rmed by Baker and Tinkham36 and Cow-
ley37 for phase transformations in ferroelectrics.
According to the soft-mode theory for phase trans-
formation in ferroelectrics, the FE/AFE phase
transformation is determined by the balance of
competing forces between the long- and short-range
interactions.38,39 The electric ¯eld favors the long-
range-ordered FE phase, while the pressure favors
the short-range-ordered AFE phase.39 Thus, under
the short-circuit condition, the shock pressure pro-
motes the FE-to-AFE phase transition. Under the
high-impedance condition, the presence of the self-
generated electric ¯eld is especially e®ective in
assisting the long-range ordering FE phase and
retards the FE-to-AFE phase transition. Thus, the
self-generated electric ¯eld is contradictory to the
shock pressure. When the shock wave is strong
enough (i.e., 1.22�4.50GPa), although the electric

Table 2. Parameters used in the ¯tting procedure.

�S (GPa) R (�) "r � (�s) US (km/s)

0.61 200 308a 2.876b 3.477

300 317a

1.03 200 321a 2.560b 3.906

300 312a

aThe dielectric constants were measured by HP4284A LCR
meter before shock wave experiments.
bSee in Figs. 4(a) and 4(b).

(a)

(b)

Fig. 5. (Color online) The dependence of (a) transition rate and
(b) transition degree on the peak self-generated electric ¯eld.

D. Jiang et al.
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¯eld can also suppress the phase transition, sup-
pressing e®ect may be weak and hard to be
observed.

Similar results are also observed in the hydrostatic
experiments. Figure 6(a) illustrates that the hydro-
static pressure induces the FE-to-AFE phase
transition for PZST ceramics.8 The suppressing
e®ect of the biased electric ¯eld on the FE-to-
AFE phase transition has been observed experimen-
tally by Berlincourt et al.40 in Pb0:99Nb0:02
[(Zr0:73Sn0:27)0:93 Ti0:07]0:98O3, Gonnard et al.41

in PbZr1�xTixO3þ 0.8%WO3 (0:05 � x � 0:08),
Zeuch et al.42 in PZT 95/5-2Nb, and Dai et al.43 in

Pb0:99Nb0:02[Zr0:75Sn0:20Ti0:05]0:98O3 ceramics under
the hydrostatic compression (Fig. 6(b)). The phase
transformation pressure rises with increasing the
biased electric ¯eld, which illustrates that the electric
¯eld can also inhibit the FE-to-AFE phase transition
under the hydrostatic compression.

4. Conclusion

E®ects of the shock pressure and the self-generated
electric ¯eld on the FE-to-AFE phase transition
under shock wave compression were investigated in
PZST ceramics. The shock wave promotes the FE-
to-AFE phase transition, exhibiting that transition
rate and degree increase with increasing the shock
pressure. However, the self-generated electric ¯eld
retards the FE-to-AFE phase transition, exhibiting
that transition rate and degree decrease with
increasing the electric ¯eld. According to the soft
mode theory, the electric ¯eld acts to extend the
range of stability of the FE state and the compres-
sive stress acts to extend the range of stability of the
AFE state. Our experimental results support the
argument and are useful in designing the shock-
activated power supply.
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