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An alternative non-destructive approach is proposed and demonstrated for
modifying electrical properties of crystal using shock-waves. The method al-
ters dielectric properties of a potassium dihydrogen phosphate (KDP) crystal
by loading shock-waves generated by a table-top shock tube. The experiment
involves launching the shock-waves perpendicular to the (100) plane of the
crystal using a pressure driven table-top shock tube with Mach number 1.9.
Electrical properties of dielectric constant, dielectric loss, permittivity, im-
pedance, AC conductivity, DC conductivity and capacitance as a function of
spectrum of frequency from 1 Hz to 1 MHz are reported for both pre- and post-
shock wave loaded conditions of the KDP crystal. The experimental results
reveal that dielectric constant of KDP crystal is sensitive to the shock waves
such that the value decreases for the shock-loaded KDP sample from 158 to
147. The advantage of the proposed approach is that it is an alternative to the
conventional doping process for tailoring dielectric properties of this type of
crystal.
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INTRODUCTION

In realistic modeling for microelectronic and
optoelectronic industrial applications, it is essential
that we understand the performance of crystals in
bulk or nano form in extreme conditions. Knowledge
of solid-state physics and atomic structure regard-
ing parameters such as stability, pressure, temper-
ature, vibration, thermal shock, and mechanical
shock are critical.1–3 The effects of dielectric prop-
erties under static high pressure and high temper-
ature conditions are well known, especially
dielectric properties of lamellar thiophosphate
(CuInP2S6), lead titanate (PbTiO3) crystals; which
exhibit the ferroelectric phase transition under high
pressure.4,5 Kedyulich et al. investigated tempera-
ture and pressure effects on the anisotropy of
dielectric permeability in KDP and deuterated
potassium dihydrogen phosphate (DKDP)

crystals.6,7 A shock wave is a type of dynamic
impulse with high temperature and high pressure,
and the shock compression process applies a
dynamic stress on materials with a simultaneous
heating effect. It is well known that under the
impact of shock waves or a shock layer, the high
pressure and high temperature can result in a
variety of chemical and physical transformations in
solids. Internationally, many research groups are
working in the field of shock waves, in both theo-
retical and experimental research, since they have
tremendous potential applications. The literature
reports that in single crystals, plane shock wave
exposure induces elastic compression, plastic defor-
mation, structural and phase transformation,
change in transparency, refractive index, resistiv-
ity, etc.8–17 Kadu et al. demonstrated shock wave-
induced phase transformation and change in the
grain orientation of iron and its alloys.18,19 The
property of mechanoluminescence and electrical
resistivity of the quartz crystal decreases under
increasing shock wave pressure.20 Shock wave(Received September 8, 2017; accepted May 5, 2018;
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interaction in crystals creates micro or macro level
structural changes which can alter mechanical,
optical, electrical and thermal properties of a mate-
rial. Among these, the tuning of dielectric properties
of materials is expected to play an important role in
developing new materials for technological applica-
tions. Since materials of low dielectric constant are
very suitable for microelectronic and optoelectronics
applications, tuning the dielectric behavior of a
potential material to a lower level without affecting
its other properties is a challenging and interesting
field.21 KDP crystal is one of the remarkable
ferroelectric materials, as it possesses well known
non-linear optical properties as well as outstanding
physical properties. It is used in telecommunication,
optoelectronic, microelectronic and high power laser
technology.22–24 There is no literature available
describing the effect of shock wave loading condi-
tions for KDP crystal. In this article, the effect of
shock waves on dielectric properties of KDP crystal
is discussed.

EXPERIMENTAL SECTION

A single crystal of KDP with dimension
27 9 12 9 3.6 mm3 was grown by the slow evapo-
ration method from a saturated solution in a period
of 4 weeks. A test-sample of KDP (100)25,26 was cut
and polished in the plane of window size
13.1 9 11.5 9 3.3 mm3 (Fig. 1) and subjected to a
couple of shock waves. The shock waves were
produced by a table-top pressure driven shock tube
which was fabricated in our laboratory. It is an
efficient device for producing controlled shock waves
in laboratory conditions. It consists of three sec-
tions: the driver section (higher-pressure section),
the driven section (lower-pressure section) and a
diaphragm section which couples the other two
sections. Using a bicycle pump, ambient air was
periodically compressed and subsequently fed into
the driver section until the diaphragm ruptured.
This created a shock wave which propagated
through the driven section. The test sample was
rigidly fixed in the sample holder which was placed

2 cm away from the open end of the driven section. A
schematic diagram of the experimental setup is
shown in Fig. 2. By this means, couple of shock
waves were loaded on the KDP sample with the
pulse width around 1.47 s, having transient pres-
sure of 1280 kPa (128 N/cm2), transient tempera-
ture of 699 K and Mach number 1.9. The transient
pressure profile of shock wave Mach number 1.9 is
shown in Fig. 3. The pressure and temperature of
the shock waves were evaluated by standard R–H
shock wave relations27; the shock tube was cali-
brated before conducting the experiment.

RESULT AND DISCUSSION

Powder XRD Analysis

Powder x-ray diffraction (PXRD) is a superior
method of analysis for distinguishing between the
crystalline phase purity and physical phases of a
crystalline material. The PXRD pattern of our KDP
crystal was recorded by utilizing Rigaku mini Flux
II, and predominant peaks were found at the planes
(101), (200), (211), (112), (220), (202) (301), (103),
(321), (312), (420), (204) and (105). The obtained
Powder XRD spectrum clearly reveals that the
grown KDP crystal has good crystallinity and
closely matches the literature values.28,29 The
diffraction pattern of KDP crystal sample is shown
in Fig. 4.

Surface Morphology Analysis

Optical microscopy was utilized to analyze the
surface morphology of the KDP crystal for pre- and
post-shock wave loaded conditions. Figure 5a shows
the pre-shock wave loaded sample surface with
water etching for 5 s. The etch pattern shows that
the crystalline nature is quite good. Figure 5b
shows the post-shock wave loaded KDP crystal
surface, which confirms that there is no visible
damage on the surface of the crystal.

Polarizing optical microscopy was employed to
examine the surface morphology for both pre- and
post-shock wave loaded samples, as shown in
Fig. 6a and b. These images further prove that
there was no damage on the surface of the shock
wave loaded sample.

Dielectric Constant and Dielectric Loss

Dielectric constant and dielectric loss are basic
electrical properties of materials which determine
the dissociation of atoms, ions and their polarization
mechanism, depending on the frequency and tem-
perature.30 Permittivity and permeability can be
varied with frequency, temperature, orientation of
atomic sites, pressure, and molecular structure of
the material.7–11 The real and imaginary parts of
the electrical parameters provide crucial informa-
tion about the material properties which determine
the applicability of the material. The dielectric
constant of a material is generally due to ionic,Fig. 1. Photograph of as-grown KDP single crystal.
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electronic, orientation and space charge polariza-
tions. In most materials, all four polarizations are
active in the low frequency region and act nonlin-
early in the high frequency region. The dielectric
constant of a crystal is derived from the standard
relation.

er ¼
Cpd

eoA
ð1Þ

where er, Cp, eo, d and A are dielectric constant,
capacitance, absolute permittivity of the free space
(8.85 9 10�12 F m�1), thickness and area of the
sample, respectively.

The demand for the low dielectric constant mate-
rials is increasing for industrial applications such as
microelectronic, optoelectronic and non-linear opti-
cal devices.24,28,31 Hence, we analyzed the dielectric
properties of crystals are analyzed before and after
the shock wave-loaded condition using an impe-
dance analyzer PSM 1735 LCR meter. The voltage
oscillation level was fixed at ± 2 V for the dielectric
measurement. A well-polished KDP crystal of
dimension of 13.11 9 11.52 9 3.37 mm3 was placed
between the electrodes coated with silver paste. The
resistance, capacitance, and dissipation factor were
measured from the LCR meter and the dielectric
constant and dielectric loss of the crystal was
calculated for both pre- and post-shock wave loaded
conditions. Figure 7a and b show the variation of
dielectric constant and dielectric loss of the KDP
crystal with respect to frequency for pre-shock wave
loaded conditions and post-shock wave loaded con-
ditions. Both the dielectric constant and dielectric
loss decrease with increases of frequency. The shock
wave loaded KDP crystal shows a lower dielectric
constant than the normal KDP crystal because high

Fig. 2. Schematic diagram of experimental setup of shock wave loading on KDP crystal.

Fig. 3. Pressure profile of shock wave of Mach number 1.9.

Fig. 4. Powder XRD pattern of grown KDP crystal.

Effect of Shock Waves on Dielectric Properties of KDP Crystal 4833



pressure and high temperature from the impulse
shock wave layer interact with the crystal, which
leads to an increase in the restoring force and
decrease in the lattice polarization, causing a
reduction in the value of the dielectric constant.32

To better understanding these experimental
investigations, at least qualitatively, various effects
have to be considered in the crystal domains. In
general, ferroelectric domain theory states that only
90� domains contribute to the polarization mecha-
nism. This can be attributed to challenging of
influence by the shock wave in the opposite direc-
tion of the contribution of re-polarization domains
and the growth of 180� micro polar regions. From
the literature, it is known that the polarization axis
of KDP is along the long c-axis.33 Figure 8 shows a
schematic diagram of the pre- and post-shock loaded
KDP crystal with polarizing dipoles in the presence
of an external electric field. For example, let us
consider the KDP crystal as a simple three-dimen-
sional bulk crystal. In case of the pre-shock wave
loaded condition, the KDP crystal has a greater
number of polarizing dipoles in the presence of the
electric field (shown in Fig. 8a). By contrast, in the
post-shock wave loaded condition, the contribution
of polarizing dipoles is significantly reduced (shown
in the Fig. 8b). Under extreme stress and pressure

conditions, the polarization of the molecules is
altered.32,34,35

In shock wave loaded conditions, the non-90�
domain walls may be enhanced, which decreases the
polarization, resulting in a decrease of the dielectric
constant. This reflects as a distortion disappearance
of space charge polarization, decreasing the lattice
polarization and effectively decreasing dipole
strength; these are the causes for the low dielectric
constant, since the number of dipoles and the
dielectric constant are linear.36

Real and Imaginary Part Permittivity
and Impedance

The real and imaginary parts of permittivity
elucidate the energy loss of the KDP crystal before
and after shock wave loading, as shown in Fig. 9a
and b. From the measured values of impedance (Z),
phase (h) and the sample dimensions, we can
calculate the real and imaginary parts of the
permittivity using the following relations:

Z0 ¼ Z cos h ð2Þ

Z00 ¼ Z sin h ð3Þ

Fig. 5. Optical microscopic images of KDP crystal surfaces: (a) pre-shock wave loaded condition and (b) post-shock wave loaded condition.

Fig. 6. Polarizing optical microscopic images of KDP crystal surfaces: (a) pre-shock wave loaded condition and (b) post-shock wave loaded
condition.
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e0 ¼ Z00

2pfCoZ2
ð4Þ

e00 ¼ Z0

2pfCoZ2
ð5Þ

Co ¼ eoA

d
ð6Þ

where e¢ and e¢¢ are the real and imaginary parts of
complex relative permittivity, Z¢, Z¢¢ are the real
and imaginary parts of the impedance, and Coand f,
are the geometric capacitance and input frequency,
respectively. From Fig. 9a and b, the decrease of the
real part of permittivity with frequency could be
attributed to the misalignment of dipole orientation
along the field direction.24 Shock wave loaded
crystal shows a lower value of the real part of

permittivity in comparison to pre-shock wave loaded
crystal. Hence, it is clearly demonstrated that shock
wave loaded KDP crystal has fewer dipoles in the
presence of an electric field. On the other hand, the
imaginary part of permittivity for the shock wave
loaded crystal shows that there is no significant
change in the shock wave loaded condition. Fig-
ures 10a and b show the difference in real and
imaginary parts of impedance with frequency at
room temperature. It is evident that the behavior of
the real and imaginary parts of impedance are high
in the lower frequency region and decrease gradu-
ally as the frequency increases; all the curves are
saturated in the high frequency region for both the
pre- and post-shock wave loaded crystal. This may
be due to the appearance of space charge polariza-
tion in the high frequency region. The real and
imaginary parts of impedance are higher for shock
loaded crystal than for normal crystal.

Fig. 7. (a) Dielectric constant against frequency for both pre- and post-shock wave loaded conditions of KDP crystal. (b) Dielectric loss against
frequency for pre- and post-shock wave loaded conditions of KDP crystal.

Fig. 8. Schematic diagram of the KDP crystal polarized dipoles in the external electrical field. (a) Pre-shock wave loaded KDP crystal and (b)
post-shock wave loaded KDP crystal.
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Complex Impedance

Impedance spectrum Z*(x) is a complex number,
comprising real and imaginary parts, which is a
function of input frequency (x), where x = 2*p*f.
Complex impedance can be utilized to determine the
dielectrical properties of a material.37–39 Generally,
the real part of impedance is plotted on X-axis and
the imaginary part is plotted on the Y-axis of a
chart to obtain a Nyquist plot or Cole–Cole plot.

Z � xð Þ ¼ Z0 � iZ00ð Þ ð7Þ

In a Cole–Cole plot, the impedance can be repre-
sented as a vector of length |Z|. Phase angle is the
angle between these vectors. The semicircular arc
represents the characteristics of the time constant,
and also indicates the parallel combination of
resistance and capacitance. Normally, composite
materials exhibit a non-Debye type of relaxation
with continuous distribution relaxation time around
the mean relaxation time.37

Figure 11 shows the single semicircular arc of the
pre- and post-shock wave loaded crystal, demon-
strating the presence of the dielectric relaxation.
Radius of curvature of the Nyquist arc is directly
proportional to the resistivity of the material.30

Both pre- and post-shocked crystals exhibit a single
semicircular arc, but height of the arc and radius of
the semicircular arc are significantly affected by the
shock loading. The post-shock loaded crystal shows
a low radius of curvature and reduced curve height.
The reduction in the radius of curvature of the
Nyquist arc of the crystal could be due to the fast
moving charge carriers. The electric conduction of
the crystal is due to ionic and migrating charge
carriers which move rapidly in the three-dimen-
sional hydrogen bond network.40 Interaction with

the shock wave induces a fast response of charge
carries towards the hopping phenomenon, produc-
ing good conductivity among the atomic sites which
enhances the conductivity behavior of the KDP
crystal. Impedance parameters from the Nyquist
plots were analyzed to investigate the internal
electrical resonance and the interfacial changes
due to the impact of the shock pulse on the KDP
crystal for pre- and post-shock loaded conditions.
Figure 11 shows a semicircular arc between the
frequency region of 1 Hz to 1 MHz and the exhibited
semicircular arc for pre- and post-shock loaded KDP
crystal, which is well fitted to the equivalent circuit
[Rs (C1R1)(C2R2)], as shown in the inset of Fig. 11,
where R1 and R2 are the resistances of the KDP
crystal and polarization resistance or charge trans-
fer resistance at the electrode interface, and C1 and
C2 represents the double-layer capacitance and
pseudo-capacitance, respectively, at the applied bias
voltage.

The resultant resistance for pre and post shock
loaded KDP crystal is found to decrease from the
total resistance significantly. The semicircular arc
observed for pre shock loaded KDP crystal evi-
denced to be apparent due to the accumulated
charge transfer by the influence of bias voltage.
Moreover, the trend observed for post shock loaded
KDP crystal shows a decreased semicircular arc
that might be due to the reflected systematic
variation in R1 and R2 which enhances retarded
dielectric relaxation generated by the recombina-
tion of charged polarons during loading of shock
wave.

AC, DC Conductivity and Resistivity

AC conductivity, DC conductivity and resistivity
can be characterized using the test relation

Fig. 9. (a) Plot of real part of permittivity against frequency for pre-shock wave loaded condition. (b) Plot of imaginary part of permittivity against
frequency for post-shock wave loaded condition.
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rac ¼ ereox tan d ð8Þ

rdc ¼
1

q
ð9Þ

q ¼ Rb

d
ð10Þ

where q is the resistivity, er is absolute permittivity
in the free space (8.85 9 10�12 F m�1) and x = 2pf is
the angular frequency, Rb is the resistance of the
crystal and d is the thickness of the sample.
Figures 12a, b, and c clearly show the reduction of
resistivity for the shock loaded crystal, hence both
AC and DC conductivity are increased. AC conduc-
tivity and DC conductivity are low for the lower
frequency region and increase gradually for higher

frequency and resistivity. This may be due to the
fact that under high pressure and temperature, the
proton tunneling modes, such as tunneling energy,
hopping mechanism and mobility of the charge
carriers, are enhanced.40–42

Capacitance

The capacitance of the crystal is measured from
the following formula:

Cp ¼ ereo
A

d
ð11Þ

where Cp is the capacitance, in farads; A is the area,
er is the relative permittivity, d is thickness of the
crystal and eo is the absolute permittivity. The
capacitance value decreases, while frequency exhi-
bits an increasing trend as shown in Fig. 13. In the

Fig. 10. (a) Plot of real part of impedance against frequency for pre-shock wave loaded condition. (b) Plot of imaginary part of impedance against
frequency for post-shock wave loaded condition.

Fig. 11. Nyquist plot with impedance vector for both pre-shock wave loaded KDP crystal and post-shock wave loaded KDP crystal.
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higher frequency region, the value of capacitance is
saturated. The lower value of capacitance for shock
loaded crystal indicates that shock wave impact
may have reduced the number of dipoles.

Piezoelectric Studies

Piezoelectric responses of ferroelectric materials
are some of the most important properties for
technological applications.43 The piezoelectric
response of pre- and post-shock wave loaded KDP
crystals was examined to understand the impact of
shock waves on the crystal. Interestingly, both pre-
and post-shock wave loaded KDP crystal showed the
same piezoelectric coefficient (d33) as 2 pC/N. No
change was observed in the piezoelectric coefficient
value for the shock wave loaded sample.

CONCLUSION

We reported an alternative approach to reducing
dielectric properties of KDP crystal using a mild
shock wave produced by a table-top shock tube. The
proposed alternative method is safe, as it makes use
of low pressure, low temperature, and is non-
destructive. The results depict that the interaction
of shock waves with KDP crystal alters electrical
properties such as dielectric constant, dielectric
loss, permittivity, impedance, AC conduction, DC
conduction and capacitance. Further, the effect on
the crystal for both pre- and post-shock wave loaded
conditions were discussed for the said electrical
parameters as a function of a spectrum of frequen-
cies ranging from 1 Hz to 1 MHz. The experimental
results reveal that the dielectric constant of KDP
crystal decreases from 158 to 147, likely due to the

Fig. 12. (a) Plot of AC conductivity against frequency for both pre- and post-shock wave loaded crystal. (b) Plot of DC conductivity against
frequency for both pre- and post-shock wave loaded crystal. (c) Plot of resistivity against frequency for both pre- and post-shock wave loaded
crystal.
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enhancement of non-polarized dipoles in the crystal
lattice. Investigations of piezoelectric response of
test materials reveal that the shock pulses do not
alter the piezoelectric coefficient. Shock loaded
crystal is a very suitable candidate for microelec-
tronic and optoelectronic applications due to its low
dielectric constant. The study of impact of shock
waves on crystals as a function of different Mach
numbers is in progress.
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