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Single crystals of l-alaninium maleate (LAM) were successfully grown by utilizing the Sankaranarayanan–
Ramasamy (SR) method. The cut and polished crystal of LAM was subjected to shock waves of 1.7 Mach 
number. The dynamic shock wave impact on the test crystal in terms of morphological, structural, optical, 
and dielectric properties was analyzed using optical microscope, powder X-ray diffractometer, UV–Visible 
spectrometer, and impedance analyzer, respectively. From the observed data under shock-loaded 
conditions, LAM crystal exhibits a good structural stability against shock waves. The obtained values of 
optical transmittance of the test crystal for different number of shock pulses show that there is a slight 
reduction of transmission because of the induced defects and deformations formed under shocked 
conditions. From the dielectric study, it is observed that the values of dielectric constant and dielectric 
loss are reduced substantially under shock-loaded conditions.

Introduction
Materials treated with shock waves have the potential to progres-
sively outpace the impending constraints that exist in functional 
materials while on the path of identifying the apt materials for 
specified applications. It could be accomplished with the process 
of accessing the impact of aftershocks on materials in terms of 
their properties such that it may unlock the mystery of identify-
ing a range of possible stable materials that were previously inac-
cessible to several other methods such as static pressure com-
pression and irradiation methods. Shock wave research, which 
was established many years ago, had been initiated primarily 
for the applications in aerospace whereas it has extended its 
influence in such a way that there are many applications which 
keep emerging now in fields such as geology, medical, mate-
rials science, etc. Materials of good structural stability against 
shock waves can have the prominence of being used in devices 
which have to be in an environment that is highly fluctuating. 
On those lines, crystalline amino acids are the interesting and 
important molecular materials to be tested under shocked con-
ditions as they are generally by and large stable. Amino acids 
form salts easily with many carboxylic acids such that they have 

many functional groups which are involved in more of hydro-
gen bonds compared to its pure form. Hydrogen-bonded mate-
rials attract the researchers with more attention since minute 
changes in hydrogen bonds can lead to major changes in the 
material whereby either it will induce changes in properties such 
as structural, morphological, phase, electrical, magnetic, opti-
cal, molecular etc. or it would retain every property withstand-
ing the external stimuli [1]. Glycine shows high polymorphism 
under high-pressure conditions [2]. The l-cystine has the mono-
clinic crystal system between 2.5 and 3.9 GPa whereas it is the 
orthorhombic between 1.1 and 2.5 GP. dl-Cysteine also under-
goes high-pressure phase transition between 0.1 and 5 GPa. In 
contrast bis dl-cysteinium oxalate exhibit no phase transition up 
to 9.5 GPa [3] whereby it could be noted that adding the second 
component to the system can prevent the phase transition. On 
the other hand, dl-alanine shows no high-pressure transition 
[4], but dl-alaninium semi-oxalate monohydrate exhibits phase 
transition between 1.5 and 2.4 GPa. In this case, homomolecular 
framework is broken under high pressure, which leads to phase 
transition [1]. l-Alanine is a prominent amino acid that possess 
the zwitterionic nature and form hydrogen bonding in the form 

http://crossmark.crossref.org/dialog/?doi=10.1557/s43578-023-01143-1&domain=pdf


 
 J

ou
rn

al
 o

f M
at

er
ia

ls
 R

es
ea

rc
h 

 
 V

ol
um

e 
38

  
 I

ss
ue

 1
8 

 S
ep

te
m

be
r 2

02
3 

 w
w

w
.m

rs
.o

rg
/jm

r

© The Author(s), under exclusive licence to The Materials Research Society 2023 4304

Article

of N–H···O, which is very strong in nature. l-Alanine was the 
first and the only crystal, to date, among the amino acid materi-
als to be studied extensively under high pressure. At the pressure 
of 15.46 GPa, l-alanine becomes amorphous in nature, and it is 
reversible on decreasing the pressure at ambient condition [5]. It 
is the only amino acid studied at such a high-pressure range and 
shows amorphous nature. It crystallizes with many carboxylic 
acids such as l-alaninium maleate (LAM), l-alaninium oxalate 
etc. LAM is one of the potential molecular crystals that have 
non-linear optical (NLO) property. The growth and characteri-
zation of LAM single crystals of bulk nature have been reported 
by many researchers for NLO applications [6–15]. So far, to date, 
no high-pressure studies have been carried out on LAM crystals 
such that it is important to study the structural behavior of this 
crystal in those environments since the properties such as opti-
cal and electrical are highly structure dependent.

Shock wave recovery experiment on materials is an emerg-
ing recent research area which provides information about the 
materials under extreme conditions of simultaneous high pres-
sure and high temperature [16, 17]. Some materials undergo 
phase transition during shock loading whereas a few other 
materials withstand the high pressure and temperature of 
shock waves. Moreover, a few properties of some materials are 
tuned by the exposure of shock waves whereas some materials’ 
structural and electrical properties are greatly affected by shock-
induced defects. It is possible to explore and identify novel mate-
rials that can be tuned with application-oriented properties 
under shocked conditions. Benzil and copper sulfate crystals 
exhibit enhancement of optical transmittance by shock-induced 
dynamic recrystallization, whereas optical transmittance of tri-
glycine sulfate crystal is reduced [18–20]. Potassium dihydro-
gen phosphate (KDP) crystal shows structural stability against 
shock waves [21]. The transparency of the sapphire crystal is 
reduced under shock loads of 100–130 GPa [22]. Mashimo et al. 
have reported the phase transition in KCl crystals from B1 to 
B2 structure under shocked and static compression wherein it is 
found that phase transition along different directions takes place 
at different temperatures [23]. Hemmi et al. have investigated 
the shock-induced changes in anthracene crystals with which 
they have reported a red shift of absorption edge at the pressure 
range of 6 GPa wherein a red shift is observed due to dimer type 
defects formed in the crystals by the shock impact [24]. Suren-
dra et al. have reported the formation of complex macro-scale 
structures because of the shock wave processing of simple amino 
acids [25]. Amino acids such as l-threonine and l-leucine have 
been reported under shock-loaded conditions [26, 27]. l-Thre-
onine shows three phase transitions under shocked conditions 
such as P212121 to P21 at 3rd shocked condition while becomes 
amorphous after 5th shocked condition and again P21 phase is 
obtained after 6th shock while P212121 phase reappears after 

8th shock. l-α Leucine shows conformational phase changes 
from phase I to phase II. On these counts, the purpose of the 
proposed work is to study the structural, optical, and dielectric 
properties of LAM crystals under shocked conditions.

Results and discussions
Surface analysis

Optical microscopy is an effective tool of surface analysis which 
is used to study and infer the surface damages such as pits and 
cracks. The surface defects have greater influence over optical 
transmission through the crystal medium since these defects 
could act as absorption as well as scattering centers of incom-
ing light. An optical microscope (Weswox) has been utilized in 
the morphological analysis of the control- and shock-exposed 
samples. The captured images of the crystal surface before and 
after shock-loading conditions are presented in Fig. 1.

From the microscopic images, it is apparent that the surface 
of the control crystal was defect free. Under shock-loaded condi-
tions, defects such as micro-voids and micro-cracks have been 
formed which is very well reflected on the surface of the test 
crystal as seen in Fig. 1. After the 1st shock-loaded condition, 
the surface of the crystal was completely affected because of the 
shock-induced defects. When the number of shocks has been 
increased from the 2nd to 3rd shocks, the defect density has 
reduced in the crystal as it had to undergo the process of shock-
induced dynamic recrystallization. Further increasing to 4th 
shock, cracks have been observed on the surface of the crystal. 
Interestingly, those cracks have disappeared after the 5th shock, 
which could be as a result of the typical dynamic recrystalliza-
tion induced by the impact of shock waves.

There are many reports available in the literature for the 
dynamic recrystallization induced by shock waves [28, 29]. For 
the dynamic recrystallization is to occur, the condition that is to be 
satisfied is T ≥ 0.4 Tm, where T is the temperature associated with 
the shock waves and Tm is the melting point of LAM. It is reported 
that melting point of LAM crystal is 435 K. The crystal is loaded 
with shock waves of 1.7 Mach number which is associated with 
the transitory temperature of 644 K that is very much greater than 
the melting point of LAM. When the shock waves are loaded on 
the crystal, it will be present in the material only for a few micro-
seconds such that during the very less interaction time, the tem-
perature associated with the shock waves cause local melting in the 
crystal and immediately solidify. During local melting, diffusion 
process takes place. Moreover, dynamic recrystallization process 
takes place concurrently with plastic deformation. The material 
deforms continuously and every time nucleation of new grains 
starts and grows within microseconds. The size of the recrystalliz-
ing grains decreases as and when the strain rate increases.
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In l-alaninum maleate, alaninium and semimaleate ions are 
arranged as chains parallel to the b-axis one after other. Hydro-
gen bonds link the alaninium ions into a straight chain paral-
lel to the c-axis. During dynamic recrystallization, diffusion of 
hydrogen bonds takes place since they are susceptible to high 
pressure and temperature. Thus, after every shock process, the 
dynamic recrystallization takes place in the material wherein 
new grains are formed simultaneously. Hence, for every shock, 
the surface becomes different. Particularly, the disappearance 
of cracks takes place by the shock-induced dynamic recrystal-
lization process.

During the process of shock loading, deformation may 
increase or gets reduced depending on the material’s nature. In 
the case of benzil crystal, the transmittance gets increased with 
the applied shocks, due to shock-induced dynamic recrystal-
lization [18]. But in the present work, the transmittance gets 
reduced by the shock-induced defects and deformations.

Structural properties

Structural properties of the LAM crystal before and after 
shock-loading conditions were analyzed by powder X-ray dif-
fractometer (Bruker D2 Phaser). From the obtained diffrac-
tion profiles as reflected in Fig. 2, it is confirmed that the crys-
tal has (002) orientation which belongs to the orthorhombic 

crystal system and P212121 space group. Hence, it is found 
to be in good agreement with Alagar et  al. [30]. The pre 
shock-loaded crystal has five diffraction peaks such as (002), 
(004), (006), (008), (0010) and (0012) among which (004) 
peak has the maximum intensity. The presence of the higher-
order peaks indicates the high degree of crystallinity of the 
grown crystal. The post-shocked crystal also shows the same 

st ndPre shock 1 shock 2 shock

3rd shock 4th shock 5th shock

X10 X10 X10 

X10 X10 X10 

Figure 1:   Microscopic images of pre- and post-shock-loaded LAM crystal.

Figure 2:   X-ray diffraction profile of pre- and post-shock-loaded crystal.
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diffraction peaks as that of the pre-shocked crystal. Since the 
crystal is grown unidirectionally along the (001) direction, 
baring this, all the other planes are suppressed, during shock-
induced dynamic recrystallization, and also, it took the same 
direction to recrystallize.

It is clearly observed from Fig. 2 that there is no peak 
shift or peak disappearance under shock-loaded conditions, 
but peak broadening as given in Table 1 and peak asymme-
try as shown in Fig. 3 are observed in the diffraction peaks. 
Figure 3 shows zoomed-in version of the (004) diffraction 
peak.

The shape of the diffraction peak is known to be a func-
tion of crystallite size and lattice strain. The diffraction curve 
of the control crystal shows high peak symmetry whereas in 
the shocked state, peak asymmetry is observed which is due 
to shock-induced defects and deformations. From the powder 
X-ray diffraction study, it is clear that there is no structural 
phase transition which shows the structural stability of LAM 
crystal against the impact of shock waves.

Optical transmittance study

UV–Vis spectrometer (Varian carry 5E Spectrometer) is used 
to record the optical transmittance of the crystal (thickness 
1.5 mm) before and after shock-loading conditions, and the 
obtained respective spectra are shown in Fig. 4(a) From the 
observed optical transmittance profile, it is clearly seen that pre- 
and post-shock-loaded crystal has a wide transmittance window 
in the visible region. Figure 4(b) shows the shock-transmittance 
profile of the crystal before and after shock loading wherein pre-
shock-loaded crystal has the highest transmittance of 74% at 
800 nm.

The optical transmittance of post-shock-loaded crystal has 
been affected by the impact of shock waves. It has been reported 
that the optical transmittance of ammonium dihydrogen phos-
phate [31], magnesium chloride potassium thiocyanate [32], 
and triglycine sulfate [20] crystals are found to have reduced 
under the impact of shock waves which typically induce defects 
and deformations in crystalline materials. On those lines, the 
optical transmittance of the test crystal gets reduced under 

TABLE 1:   Peak width of diffraction 
peaks of pre- and post-shock-
loaded crystal. Plane

Peak width (full width at half maximum)

Pre shock 1st shock 2nd shock 3rd shock 4th shock 5th shock

(004) 0.122 0.136 0.137 0.119 0.138 0.145

(006) 0.158 0.191 0.173 0.157 0.183 0.198

(008) 0.183 0.197 0.191 0.184 0.195 0.211

Figure 3:   Zoomed-in version of the X-ray diffraction profile of pre- and post-shock-loaded crystal in the 2θ range between 15.2° and 16° corresponding 
to (004) plane.
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shock-loaded conditions because of the cracks and deforma-
tions induced by the shock waves. For the 1st and 2nd shock-
loaded conditions, transmittance of the test crystal is found to 
have decreased to 53% due to the shock-induced defects and 
structural disorders, whereas, for the 3rd shock-loaded con-
dition, the transmittance has increased to 61% which clearly 
demonstrates that there is reduced surface defects in the test 
crystal owing to dynamic recrystallization. Furthermore, after 
the 4th and 5th shock-loaded conditions, transmittance of the 
test crystal is comparatively found to have decreased to 58% and 
59%, respectively, which is probably because of the increased 
surface defects especially the formation of cracks on the surface 
of the test crystal.

From the obtained transmission spectra, the absorption edge 
of the test crystal is found to be 330 nm. The optical absorp-
tion value of the test crystal has increased under shock-loaded 
conditions, and it shows the opposite trend of transmittance 
profile wherein the transmittance of the test crystal is found to 
have decreased under shock-loaded condition. The increasing 

trend of absorption under shock-loaded conditions may be due 
to the cracks, voids, and disorders induced by the shock impact. 
However, no change is observed in the absorption edge of the 
test crystal under shock-loaded conditions, which shows the 
electronic band stability of the crystal. The absorption coeffi-
cient of the material is used to calculate the optical band gap 
energy of the material which plays an important role in device 
applications. Note that the optical band gap energy of triglycine 
sulfate crystal [20] is reduced by shock waves, whereas optical 
band gap energy of benzil crystal [18] shows an increasing trend 
with the number of applied shock pulses. Moreover, there is no 
change observed in the absorption edge as well as optical band 
gap energy of copper sulfate crystals [19] even after the exposure 
of 7 shock pulses.

The reflectance of the control and shock-loaded LAM crystal 
is plotted against wavelength as shown in Fig. 5(a). The reflec-
tance of the control crystal shows less value when compared 
to the shocked conditions, which clearly shows more light gets 
reflected by the shock-induced surface defects.

Figure 5(b) shows the optical band gap energy profile of the 
pre- and post-shock-loaded crystal which is formulated from 
the Tauc relation. It is found that the band gap energy of the 
control crystal is 3.65 eV which is in good agreement with the 
reported values. After shock-loaded conditions, the band gap 
value remains the same.

Dielectric properties

The dielectric studies of the LAM crystal before and after shock-
loading conditions were undertaken by employing PSM 1735 
LCR meter-impedance analyzer. A well-polished LAM crystal of 
10.7 mm diameter and 1.9 mm thickness has been fixed between 
two copper electrodes such that various dielectric parameters 
were recorded in the frequency range of 1 Hz to 1 MHz at ambi-
ent temperature. The dielectric constant, dielectric loss, real and 
imaginary parts of the impedance, and real and imaginary parts 
of the permittivity have been calculated for the LAM crystal 
before and after shock-loading conditions.

Figure  6(a) and (b) displays the respective values of 
dielectric constant as well as dielectric loss of pre- and 1–5 
shock-loaded crystals with respect to frequency. The dielectric 
constant and dielectric loss of the LAM crystal resembles the 
behavior of a typical dielectric material. The high value of 
dielectric constant is identified in the low-frequency region 
because of the combined contribution of different types of 
polarization such as ionic, electronic, orientation, and space 
charge polarization. When the frequency is increased, the 
electric dipoles are not able to align with the applied field; 
thereby, the dielectric constant becomes low for the crystal. 
From Fig. 6(a), it is clear that the dielectric constant decreases 
on increasing the frequency which is associated to the space 

Figure 4:   (a) Optical transmittance profile and (b) shock-transmittance 
profile of pre- and post-shock-loaded crystal.
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charge polarization mechanism arising out of the molecular 
dipoles near the grain boundary interfaces and it depends 
upon the measure of perfection of the crystal [8].

At shocked conditions, a decreasing trend is observed for 
the dielectric constant in comparison with the pre-shock-
loaded crystal. The shock-induced defects are the main reason 
for the observed decrease in the dielectric constant since the 
degree of crystallinity plays a prominent role in the dielectric 
constant of the material [33, 34]. The pre-shocked crystal has 
high degree of crystallinity; hence, the resistance of the mate-
rial is less such that the electric dipoles are easily aligned well 
with the applied electric field. Because of the increased defects 
and deformations of the test crystal after shocked conditions, 
the number of grains may increase and grain boundaries such 
that the resistance of the material increases. Hence, it is diffi-
cult for the dipoles to align with the applied field, which leads 
to a decrease in the dielectric constant. The dielectric constant 
of the material is directly proportional to its capacitance. The 
pre-shocked LAM shows higher dielectric constant in com-
parison with the shocked conditions which is due to the influ-
ence of the reduced polarization. It is reported that dielectric 
constant of KDP crystal is reduced because of the enforced 
increase in non-90° domain walls under shocked conditions 
[35], whereas ammonium dihydrogen phosphate (ADP) shows 
an increase in the number of dipoles under shocked condi-
tions [36].

Figure 6(b) shows that the dielectric loss of the pre- and 
post-shock-loaded crystal which follow the same behavior 
as that of the dielectric constant whereby high dielectric 
loss is observed in the low-frequency region, whereas in the 

Figure 5:   (a) Reflectance and (b) optical band gap energy profile of pre and post shock-loaded crystal.

Figure 6:   (a) Variation of dielectric constant and (b) variation of dielectric 
loss of pre- and post-shock-loaded crystal with respect to frequency.
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high-frequency region, it becomes nearly zero. Under shock-
loaded conditions, the dielectric loss of the crystal is found to 
have reduced. The NLO crystal has the required low dielectric 
constant and dielectric loss so that it is a potential prospect for 
microelectronic industrial applications [37].

The real and imaginary parts of impedance and the real 
and imaginary parts of permittivity of LAM crystal before and 
after shock-loading conditions are calculated using the stand-
ard equations [38, 39]. Figure 7(a) and (b) provides the sig-
nificant values of Z′ and Z″ against frequency, which is found 
to be maximum in the lower-frequency region whereas on the 
decreasing mode with the increasing frequency and eventually 
reaches the value zero for both the pre- and post-shock-loaded 
crystal. From the observed data, it is evident that the values of 
Z′ and Z″ are increased under shocked conditions.

Figure  8(a) and (b) portrays the variation of real and 
imaginary parts of permittivity with respect to the applied 
electric field while the crystal under the increasing number of 
shock pulses. It could be authenticated that the control crystal 

has the maximum value of real and imaginary permittivity in 
comparison with the shocked crystal. The observed decrease 
in the values of permittivity under shocked conditions shows 
that the net polarization of the dipoles is affected by the shock 
impact.

Figure 8(c) shows the complex impedance plot of the control 
and shock-loaded LAM crystal. The plot consists of semicir-
cular arcs of which the respective center positions are identi-
fied to have deviated from the axis under shocked conditions. 
The shock-loaded crystal displays higher radius of curvature 
than the control and especially, the curve for the 4th shocked 
condition shows the highest value of radius. It is obvious that 
the electrical resistance of the crystal increases under shocked 
conditions due to the shock-induced defects and distortions.

Conclusion
LAM crystals were grown by Sankaranarayanan–Ramasamy 
method. The present study explores on the impact of shock 
waves on morphological, structural, optical and dielectric prop-
erties of the LAM crystals. Optical micrographs show that the 
surface of the test crystal is affected by the cracks and defects 
formed because of shock wave impact. X-ray diffraction studies 
confirm that there is not any form of the structural phase transi-
tion caused by the impact of shock waves which authenticates 
the structural stability of the test crystal. Optical transmittance 
of the test crystal is reduced to a certain extend by the surface 
defects created by the impact of shock waves, but the absorp-
tion edge and optical band gap energy are not altered. From 
the dielectric study, it could be authenticated that the dielectric 
constant and dielectric loss of the crystal are reduced under 
shocked conditions which makes it a suitable material for the 
microelectronic applications. Eventually, it could be concluded 
that LAM crystal exhibits considerable structural stability and 
it possesses low dielectric constant against the impact of shock 
waves such that it could be a suitable material for the applica-
tions of microelectronic and optoelectronic devices which work 
under high-pressure and temperature conditions.

Experimental section
Growth of l‑alaninium maleate crystal

l-Alanine and maleic acid were taken in 1:1 stoichiometric ratio 
to synthesize LAM. The saturated solution was prepared at room 
temperature by dissolving the calculated amount of the respec-
tive salts in double-distilled water. The prepared saturated solu-
tion was kept in a dust-free environment for slow evaporation 
at room temperature. After two weeks of time, transparent seed 
crystals were obtained. A good-quality seed crystal was chosen 
for the growth under SR method [40] which is used for the uni-
directional growth of crystal. LAM crystal is grown along (002) 

Figure 7:   (a) Variation of real part of impedance and (b) variation of 
imaginary part of impedance of pre- and post-shock-loaded crystal with 
respect to frequency.
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direction by using modified SR method. The seed crystal of good 
quality that was grown by slow evaporation solution growth 
method is fixed at the bottom of the ampoule which is filled by 
the saturated solution of LAM. The ampoule is kept inside the 
water bath. Two different temperatures are maintained, i.e., one 
at the top and the other at the bottom of the ampoule. In this 
setup, a heater coil is fixed near the neck of the ampoule wherein 
the temperature is controlled by a temperature controller. The 
temperature near the neck of the ampoule is maintained at 40 °C 
and the lower end is maintained at room temperature. Because 
of the temperature gradient existing in the water bath, solution 
near the heater coil gets evaporated fast when compared with the 
lower end which leads to concentration gradient in the ampoule. 
So, the solute in the top end will be attracted to the lower end 
because of the gravitational force such that it will move towards 

seed crystal where nucleation starts at the arrival of the solute 
and seed crystal starts growing along the fixed (002) direction. 
After a few weeks, crystal has grown to 5.4 cm length as shown 
in Fig. 9(a). Utmost care has been taken in cutting and polish-
ing the test crystal. The grown crystal has been cut into thin 
slices by using a very fine blade and polished by emery sheet of 
number 1000–3000 until a smooth surface is obtained as shown 
in Fig. 9(b) and (c).

Shock wave loading experiment

The indigenously developed semi-automated Reddy tube has 
been used for the present study whose schematic diagram is 
shown in Fig. 10.

Figure 8:   (a) Variation of real part of permittivity, (b) variation of imaginary part of permittivity and (c) complex impedance plot of pre- and post-shock-
loaded crystal with respect to frequency.
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The shock tube consists of three sections named as driver 
section (high-pressure region), driven section wherein shock 
waves are generated and diaphragm section which connects 
driver and driven sections. An 80 GSM paper is used as the 
diaphragm. The pressure inside the driver section gets increased 
by the incoming compressed air. At a certain pressure, the dia-
phragm gets ruptured and shock waves are generated in the 
driven section, and thereafter, the shock waves are allowed to 
strike on the test crystal kept in the sample holder. Two pres-
sure sensors which are placed at a distance of 1.8 m apart in the 
driven section will record the signal in a time scale using Sound 
forge software. This time delay is used to calculate the Mach 
number of shock waves [41]. The Rankine–Hugoniot equations 
are used to calculate the pressure and temperature associated 
with the generated shock waves [42].

Shock waves of 1.7 Mach number that are associated with 
the transitory pressure of 1.048 MPa and temperature of 644 K 
have been used for the present study. The grown crystal has 
been sliced into number of pieces of same magnitude and pol-
ished. One of the high-quality cut and polished LAM crystal 
along the (002) plane possessing 10 mm diameter and 1.5 mm 
thickness has been chosen and subjected to 5 shock pulses 
one by one in the sequential order. After every shock, the test 
crystal has been analyzed by optical microscopy, XRD, UV–Vis 
spectroscopy and impedance spectroscopy.

Figure 9:   Photograph LAM crystal (a) as-grown crystal by SR method, (b), 
(c) photographs of the cut and polished crystals.

Figure 10:   Schematic diagram of semi-automated Reddy tube.
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