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A systematic analysis was carried out to study the effect of shock waves on copper sulfate crystal in such a way
that its optical properties and surface morphological properties were examined for different number of shock
pulses (0, 1, 3, 5, and 7) with the constant Mach number 1.7. The test crystal of copper sulfate was grown by
slow evaporation technique. The surface morphological and optical properties were scrutinized by optical
microscope and ultraviolet–visible spectrometer, respectively. On exposing to shock waves, the optical
transmission of the test crystal started increasing from the range of 35–45% with the increase of shock pulses
and thereafter started decreasing to 25% for higher number of applied shocks. The optical band transition
modes and optical band gap energies were calculated for pre- and post-shock wave loaded conditions. The
experimentally obtained data prove that the optical constants such as absorption coefficient, extinction
coefficient, skin depth, optical density, and optical conductivity are strongly altered, so also the optical
transmission due to the impact of shock waves. Hence, shock wave induced high transmission test crystal can
be used as an appropriate candidate for ultraviolet light filter applications.

Introduction
Shock wave loading technique has emerged as one of the

interesting and enlightening tools with which it is possible to

tune and modify the properties of materials of either crystalline

or non-crystalline or else nanocrystalline by choosing appro-

priate transient pressure and temperature of the shock wave. It

provides with an alternate mechanism, so that a sample can be

pressurized rapidly. Shock waves can enforce an influence on

the sample, so that it attains a state wherein it can undergo

property change with very high pressure, stress, tension and

temperature conditions [1, 2, 3]. By utilizing this technique for

materials in an experimental sequential analysis, it is possible to

initiate thermochemical and thermophysical reactions and

phase transitions and other physical properties, which are

highly instrumental to understand the behavioral modifications

of materials under deforming forces. This kind of shock wave

impact study provides a new platform to learn more about the

usual and unusual behaviors of crystalline and non-crystalline

materials at extreme environmental conditions. Although the

shock loading of these materials is performed at relatively low

impact velocities (350–650 m/s), it is sufficient to enforce

a number of changes such as local melting at the grain

boundaries, crystalline plane orientation changes, electrical

domain orientation changes, lattice strain crystal defects, and

recrystallization [4, 5, 6]. These changes can lead to significant

modifications in the crystal transport properties, such as

thermal, electrical, and optical properties. The literature con-

tains very little data on experimental work with respect to the

impact of shock waves on materials compared with other

studies like that of stress impact, gamma radiation, static

pressure, and temperature conditions. Very few articles have

been published so far in this area [5, 6, 7, 8, 9, 10], so that it

provides an opportunity to explore the techno-oriented impli-

cations, which could be derived out of materials on encoun-

tering with shock waves in such a way that it can open the flood

gates of a new dawn in research on the impact of shock waves

on crystalline materials in bulk and nano size. Around the

globe, few research groups have been continually working and

carrying out experiments to understand the rich science behind
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shock wave impact conditions. In addition to that, it will pave the

way to reveal the secrets of the impact of shock waves and explore

the potential applications of relevant materials in various science

branches. From the material science point of view, the structural,

optical, electrical, and thermal properties are the basic building

blocks for the material’s applicability for the diversified areas. In

recent years, quite a number of research articles have been

published containing the investigation of the impact of shock

waves on structural and electrical properties of bulk crystals. But,

very few articles are only available for understanding the optical

properties, which encounter changes by the impact of shock

waves [11, 12]. Conducting a number of shock wave recovery

experiments is one of the best possible ways to understand the

impact of shock waves on crystalline materials. As a follow up,

the impact of shock waves on the structural, thermophysical, and

electrical properties of technologically important crystals such as

Ammonium dihydrogen phosphate (ADP) and potassium dihy-

drogen phosphate (KDP) crystals has been already reported [2,

4]. Interestingly, it has been recently reported that the optical

transmittance is enhanced for the shock wave loaded benzil

crystal due to the diffusion of internal grain boundaries [10].

In this research article, we have chosen copper sulfate crystal

for the investigation to understand the changes in optical

properties due to the impact of shock waves. Since copper sulfate

crystal can be grown easily and a very good material for

ultraviolet (UV) and infrared (IR) band filters, this investigation

would provide substantial insights into the crystal, so that it could

be used much more effectively [13, 14]. These kinds of filters are

majorly used in observatories in which climate changes are

bound to happen, whereby enforcing considerable modifications

in properties which are inevitable for the material because

environmental conditions keep fluctuating vigorously in obser-

vatories. However, we need to understand whether the properties

of the material are stable or any desirable changes occurred under

extreme conditions of both low temperature and high temper-

ature and pressure. Many researchers have already reported the

growth and characterization of copper sulfate crystal [13, 14, 15,

16]. But ironically, there is no report available to understand the

material properties under the shock wave impact conditions

(extreme condition). On the other hand, the knowledge of optical

properties of this material under rigorously changing environ-

ment is very much essential as it contributes to a considerable

part for the UV band pass filters and related applications. Hence,

we have focused on the optical property profiles of copper sulfate

crystal under shock wave loaded conditions.

Results and discussion
Surface morphology studies

Optical microscope is a simple and an efficient tool to point out

the micro- and macro-level surface defects present in the bulk

Figure 1: Optical micrographs of pre- and post-shock wave loaded copper sulfate crystal: (a) pre-shock, (b) 1 shock, (c) 2 shocks, (d) 3 shocks, (e) 4 shocks (f) 5
shocks, (g) 6 shocks (h) 7 shocks, and (i) 8 shocks.
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crystalline materials, especially for optical transparent materi-

als. For the experimental data, optical microscope (Weswox)

was used to investigate the surface morphological changes in

the test crystal due to the impact of shock waves. Figure 1

shows the surface morphologies of pre- and post-shock wave

loaded copper sulfate crystal. Figure 1(a) shows the pre-

shocked test crystal surface, which clearly exhibits that there

are observable defects in the surface of the crystal.

Figures 1(b)–1(i) represent the surfaces of shock wave loaded

crystals with number of shocks 1, 2, 3, 4, 5, 6, 7, and 8,

respectively. It clearly deliberates that up to 3rd shock there

are no significant defects and even micro-level defects are not

noticed. Moreover, the alignment of etch pits and surface

flatness are relatively good till 3rd shock. It may be due to the

recrystallization during the shock wave propagation in the

crystal lattice. Since the test crystal has five H2O molecules

with a couple of hydrogen bonds, they are easily diffused by

even low impact shock waves. Moreover, the recrystallization

mechanism may occur while shock wave propagates through

the crystal. Furthermore, as and when the number of applied

shock waves is increased, the crystallization region slowly

undergoes to the state of surface defect region. In 5th and 7th

shock wave loaded condition, micro-level defects like that of

cracks and damages might have been generated on the surface

of the crystal. Figures 1(g)–1(i) clearly show the surface defect

formation by the applied shock waves.

Optical properties

UV–visible measurements

Optical transmittance of pre- and post-shocked copper sulfate

crystal was measured at room temperature using Varian carry

5E spectrometer. The incident light was allowed to fall

perpendicular to the shock wave induced plane of the test

crystal. The cut and polished test sample was placed in the

sample holder, and the measurements were recorded for the

range of 200–800 nm. Air was kept as the standard reference

during measurements. Optical properties of copper sulfate

crystal play an outstanding role in the optoelectronic devices

and filters as it gives the clear picture of the nature of the

electronic spectrum. It is very well known that the number of

material factors, such as crystalline nature, defect, and grain

size, can significantly affect the optical properties of crystal-

line materials while light is passed through the crystals. It is

worthwhile to investigate few prominent optical properties

such as transmission, absorption, absorption coefficient, re-

flectance, refractive index, optical band gap energy, optical

density, skin depth, optical polarization, and optical conduc-

tivity, so that the results can pave the way for possible

applications [17, 18].

Optical transmission

Figures 2(a) and 2(b) show the optical transmission of pre-

and post-shocked crystal with respect to incident wavelength

and number of shock, respectively. The attained optical

transmission profiles clearly indicate that the transmission

percentage of the test crystal appreciably increases as the

number of shock pulses is increased, and thereafter, it starts

decreasing significantly on increasing the number of shock

pulses. For better understanding, the obtained optical trans-

mission profiles could be divided into three regions: (i) first

region of zero transmission, which is the region of wavelength

,280 nm; (ii) a rapid increment for the transmission range of

280–490 nm and exponential decrement for 490–600 nm; and

(iii) second zero transmission region range for .600 nm. Pre-

shock wave loaded copper sulfate crystal exhibits the trans-

parent region only in UV and visible region of 280–550 nm,

Figure 2: (a) Optical transmittance with respect to wavelength. (b) Transmittance at 480 nm with respect to the number of applied shock pulses.
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which is due to the natural color effect (blue) of the crystal.

This is the prime reason for the crystal to be used in

observatories [13]. The grown copper sulfate crystal shows

relatively good optical transmission (35%) at 480 nm. Fur-

thermore, shock wave loaded test crystal for 1st and 3rd

shocks shows the linear increment of optical transmission as

40% and 45%, respectively. The rapid enrichment of optical

transmission of test crystal may be due to the diffusion of

internal grain boundaries and improvement of crystalline

nature. Moreover, the optical transmission enrichment may

be also due to the dynamic recrystallization mechanism,

which may occur while shock waves pass through the crystal.

A large number of research articles are available to provide

substantial evidence of dynamic recrystallization occurring

during the shock wave loaded conditions, and it is well

associated with the nature of the materials [2, 19, 20]. In

the present case, the test crystal has five water molecules and

a couple of hydrogen bonds. The hydrogen bond may induce

recrystallization of the crystal under the influence of the shock

waves. As the number of applied shock waves is increased

further, the transmissions range is reduced from 45 to 25%.

The diffusion of the grains continues up to the 3rd shock, and

the size of the grains becomes bigger, and while exposing the

4th shock, the bigger grains would have started to break into

smaller ones, which could be one of the reasons for the

decrement of transmission. Also, it is very clear from

Figs. 1(f)–1(i) that the surface of the crystal gets damaged

after 4th shock. The presence of the defects at the surface of

the crystal significantly traps the incident light and also it

enhances the scattering of light [21]. Hence, the net trans-

mittance of the crystal is decreased. The creation of defects

and enhancement of defect concentration is evidently iden-

tified in the optical microscopic studies. Figure 2(b) shows the

transmission range of pre- and post-shock wave loaded

copper sulfate crystal with respect to the number of shock

waves. The Gaussian single curve fitting method is used to

find the band area of the test crystal to understand the shock

wave impact better.

As it is already discussed, during the shock wave loaded

condition, the optical transmission range increases and then

decreases so that the transmission band width also changes

with respect to shock number. Full width half maximum

(FWHM) and area under the band values of pre- and post-

shock wave loaded test crystal are presented in Table I. It is

very well evident that the 3rd shock wave loaded test crystal has

high FWHM and high transmission band area compared with

other cases, and this kind of FWHM is favorable for transmitter

and filter applications at a particular region of wavelength.

Optical absorption and absorption coefficient

At ambient condition, the optical absorption and absorption

coefficient profiles of pre- and post-shock wave loaded copper

sulfate crystal are shown in Fig. 3. The attained data show relatively

low absorption values in the visible region. The values of absorption

and optical transmission change only in visible region under shock

wave loaded condition, whereas there is no change occurred in the

UV and near IR (NIR) regions. The absorption coefficient profile

TABLE I: Gaussian fitting parameters of the optical transmission spectrum.

S.
no

Shock
number

FWHM
(nm)

Area under the
band

Maximum
absorption

1 0 231 8804 0.4545
2 1 242 9909 0.3937
3 3 243 10,692 0.3651
4 5 234 7505 0.5117
5 7 228 6233 0.5970

Figure 3: (a) Optical absorption and (b) absorption coefficient of pre- and post-shock wave loaded crystals.
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shows similar trend as that of optical absorption of the test samples.

The computed absorption coefficient values are utilized to calculate

the optical band gap energy and other optical constants.

Optical band gap energy

Figure 4 illustrates the Tauc plot of copper sulfate crystal under

pre- and post-shock wave loaded conditions. The test sample

obeys the indirect transition mode (n 5 2), which is dependent

on the nature of the material either crystalline or non-

crystalline. For this experiment, the mode of n 5 2 is used

for calculating the band gap energy of the control and shock

wave loaded test crystal. As a result of plotting (ahc)2 versus

the incident photon energy (hc), the straight line fitting curve

in the particular region is obtained, as witnessed in Fig. 4. The

extrapolation of the tangent line intercepting the value (hc) in

x-axis gives the direct band gap energy of the test crystal. The

calculated optical band gap energy of the pre-shock wave

loaded copper sulfate crystal is 4.45 eV and shock loaded

crystal also gives the identical value of optical band gap energy,

which clearly reflects that the absorption edges and transition

mode of the crystal are not affected by the shock waves.

Optical constants: extinction coefficient, optical
density, skin depth, and reflectance

The extinction coefficient provides significant data in calcu-

lating the optical constants such as optical conductivity and

refractive index. Extinction coefficient provides fraction of

light loss, which is due the absorption and scattering per unit

distance in the given medium. The typical extinction co-

efficient profile of pre- and post-shock wave loaded crystal is

shown in Fig. 5(a), which shows the similar trend as that of

absorption coefficient for the control and shock wave loaded

condition.

Furthermore, skin depth is the quantity of diffusion of

electromagnetic radiation into a material. The obtained skin

depth profile for pre- and post-shock wave loaded crystal is

shown in Fig. 5(b), which evidently shows that the skin depth

values are enhanced for the 1st and 3rd shock, but it starts

decreasing for 5th and 7th shock wave loaded condition. The

skin depth profile perfectly matches with the transmission

profile of the test crystal. It clearly shows that the high skin

depth value of the test material has high optical transmission

due the large amount of light diffusion. The observed optical

density profiles of pre- and post-shock wave loaded copper

sulfate crystal are shown in Fig. 5(c). It clearly shows that the

optical density is directly proportional to the absorption

behavior of the control and shock wave loaded sample.

Reflectance is one of the most prominent properties of optical

materials that enable to find the refractive index of the

materials. Generally, high transmission materials have low

reflectance and low absorption values and vice versa. The test

crystal of copper sulfate also obeys the natural law of the

optical behavior in such a way that it has low reflectance

Figure 4: Optical band gap energies of control and t shock wave loaded crystals.
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values in the visible region and high in the UV and NIR

regions. The obtained profiles of reflectance for control and

shock wave loaded test crystal are shown in Fig. 5(d).

Refractive index and dielectric constant

Refractive index is one of the most important optical constants

for all kind of materials and especially for optically trans-

parent materials [22]. It reflects the electronic and optical

polarization of the ions and local electrical field inside the

material. So, the determination of refractive index of the

materials has significant impact toward the industrial appli-

cations. The obtained refractive index profiles with respect to

wavelength for pre- and post-shock wave loaded copper

sulfate crystal are shown in Fig. 6(a). In UV and IR regions,

the values of refractive index are very low, which may be due

to the strong absorption, reflection, and dispersion. In visible

region, the refractive index is low for pre-shocked test crystal

for which the refractive index is found to be 1.01 at 480 nm.

In case of shock number 1 and 3, the refractive index is

slightly reduced and again on increasing the number of

shocks, the refractive index increases to 1.09 at 480 nm.

The number of factors such as crystallization rate and defect

has an effect on the changes occurring in the value of

refractive index.

The real and imaginary part of dielectric constant pro-

vides significant representation of speed of refracted light and

the absorption energy form of the electric field, which is due

to the dipole dislocation of the crystal [22, 23]. Hence,

calculation of the dielectric constant is highly essential for

the characterization of materials. The complex dielectric

constant is well associated with electronic band structure

and dipole orientation of the materials. These properties of

materials can push them toward optical device fabrications.

The obtained dielectric constant of copper sulfate crystal for

the pre-and post-shock wave loaded condition can be noted

from Fig. 6(b). The real and imaginary dielectric constants are

closely related to the optical transmission trend observed for

control and shock wave loaded conditions.

Figure 5: (a) Excitation coefficient, (b) skin depth, (c) optical density, and (d) reflectance of control and shock wave loaded crystals.
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Dissipation factor, surface energy loss, and volume
energy loss

The observed dissipation factor profiles of control and shock

wave loaded copper sulfate crystal are shown in Fig. 7(a). In

both pre- and post-loaded cases, the dissipation factor profile

trend is similar, whereas the quantity of the loss factor is

found to be low, which is followed by the dielectric constant

as well. Moreover, low loss factor obtained for 1st and 3rd

shock wave loaded crystals is considerably decreased further

by the impact of more number of shock waves. It is attributed

to the lower scattering of the incident light radiation. The

surface energy loss and volume energy loss can be alternative

data to understand the rate of energy loss for inelastic

scattering of electrons passing through the surface of the

materials. Moreover, these two energy losses are reciprocal of

the dielectric constant properties. The attained surface energy

loss and volume energy loss profiles are shown in Figs. 7(b)

and 7(c), respectively. As per the formulations, the trends of

the volume energy loss and surface energy loss are inversely

proportional to each other, which are observed for both pre-

and post-shock wave loaded test crystals that is also similar to

transmission trend observed. From the observed results, it is

clearly known that the volume energy loss is quite large

compared with surface energy loss throughout UV-visible

spectrum for both pre- and post-shock wave loaded test

crystals.

Other optical constants

Electrical conductivity, optical conductivity, optical polariza-

tion, and optical susceptibility are strongly dependent on many

parameters such as extinction coefficient, optical absorption

coefficient, refractive index, and incident photon wavelength.

The obtained pre- and post-shocked values of optical constants,

namely, electrical conductivity, optical conductivity, optical

polarization, and optical susceptibility of copper sulfate crystal

could be observed from Fig. 8, and the identified values are

similar to the trend observed in reflective index profile for all

the four optical constants for both the cases of pre- and post-

loaded condition.

Conclusion
The optical properties of control and shock wave loaded

copper sulfate crystal were investigated and demonstrated for

different number of shock pulses with the constant Mach

number of 1.7. The observed optical data clearly show that

during the shock wave loaded condition, there is no signif-

icant defect noticed up to 3rd shock, whereas on increasing

the number of shocks, the formation of surface defects starts

and the defects increase on further increasing the number of

shocks, which is due to the instability of the test material.

Interestingly, the optical transmission is increased from 35 to

45% for the shock wave loaded sample, and this enhancement

may be due to the recrystallization and reduction of internal

grain boundaries. The values of optical band gap energies

were calculated for the direct allowed transition, and the

observed values show that there is no change occurred due to

the effect of shock waves, which facilitates the stability of

optical bands of the test crystal. As followed by optical

transmission, the optical constants are also significantly

altered by the impact of shock waves. High transmission

Figure 6: (a) Refractive index and (b) dielectric constant of control and shock wave loaded samples.
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copper sulfate crystals are suggested for UV–NIR band pass

filter applications. From this experiment, the authors suggest

that the optical properties of the copper sulfate crystal can be

tuned by shock waves, which does not require addition of any

dopants or adapting various crystal growth methods.

Experimental section
Crystal growth

CuSO4�5H2O powder (Sigma-Aldrich Company) was used to

grow copper sulfate crystals by slow evaporation method and

water was used as the solvent. The mixture of distilled water

and copper sulfate pentahydrate salt was mixed up well to get

saturated condition. Thereafter, the obtained saturated solu-

tion was filtered using a filter paper and allowed for slow

evaporation at ambient condition. A good quality and defect-

free copper sulfate crystal was harvested after 25 days with the

dimension of 14 � 12 � 3 mm3. The grown copper sulfate

crystal is shown in Fig. 9(a). This crystal was subjected to

shock wave recovery experiment. Shock wave loaded crystal

does not undergo any visible changes in size, color, damages,

etc., as shown in Figs. 9(b)–9(e). Both the crystals look alike,

but the optical properties of both the crystals drastically differ

from each other, which are due to the influence of shock

waves.

Shock wave loading

For the experiment, a pressure-driven shock tube was utilized

for launching the shock waves on the crystal surface. The shock

tube has three sections, namely, driver, diaphragm, and driven

sections. Atmospheric gas is used as the test gas in the driver

section to produce shock waves. The schematic diagram and

working principle of the shock tube have been clearly discussed

in our previous research articles [2, 3]. The cut and polished

test material of copper sulfate crystal was tightly fixed in the

sample holder and loading of the shock waves with Mach

number 1.7 was enabled in such a way that shock pulses of 1, 3,

5, and 7 were applied periodically. The applied shock wave has

Figure 7: (a) Dissipation factor, (b) surface energy loss, and (c) volume energy loss of control and shock wave loaded conditions.
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the transient pressure and temperature of 1.048 MPa and 644

K, respectively. The optical transmission of the test crystal was

recorded before loading the shock wave. After every shock

wave loading, the test crystal’s optical transmission was

recorded. The acoustical pressure profile of the applied shock

wave is presented in Fig. S1.

Figure 8: (a) Optical conductivity, (b) electrical conductivity, (c) optical susceptibility, and (d) optical polarization of pre- and post-shock wave loaded conditions.

Figure 9: Photograph of grown copper sulfate crystal: (a) pre-shock, (b) 1st shock, (c) 3rd shock, (d) 5th shock, and (e) 7th shock.
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