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ABSTRACT: Here, we present the findings of acoustic shock wave processing
inflicted on ammonium sulfate powder samples and demonstrate the unique
phenomenon of dynamic recrystallization occurring because of the superheating of
the surface within the span of milliseconds. The results of X-ray diffraction (XRD)
and field emission scanning electron microscopy (FE-SEM) clearly reveal the linear
enhancement of the intensity ratio of the planes (200)/(120) and (200)/(111)
under shocked conditions, and the observed results of dynamic recrystallization are
highly relevant to the attachment energy theory of crystallization.

■ INTRODUCTION
Research on functional materials, especially on fundamental
concepts, is always focused on enhancing our understanding of
material properties toward practical applications, and hence,
reliable experiments are highly required for the development of
science and technology. In view of this, studies on nucleation,
crystal growth, and phase transformations are fundamental
prerequisites in understanding various concepts of solid-state
Physics since these relate to the genesis and evolution of novel
microstructures1,2, which have different characteristics in
steady-state and unsteady-state thermodynamic conditions.3,4

The mechanisms of nucleation, crystal growth, and phase
transitions are well-understood under steady-state thermody-
namic conditions, whereas a clear understanding of unsteady-
state thermodynamic conditions is yet to be formulated, which
include laser shock waves,5,6 flyer plate shock compression,7,8

and acoustical shock waves.9,10 Conventional heating experi-
ments by diamond-anvil cells (DACs) essentially fall under
steady-state processes.3 Techniques such as laser shock
waves5,6 and flyer plate shock compression7,8 are capable of
producing high pressure and temperature simultaneously on
the test sample’s surface within 10−9 S, whereby a majority of
materials undergo premelting and dynamic recrystallization
during the formation of rarefaction waves.5−8 Millisecond
shock wave (acoustical shock wave) processing is one of the
most promising high-pressure techniques. Under shocked
conditions, most of the materials undergo structural
deformations, whereas a few materials experience solid-state
phase transitions because of the dynamic recrystallization
within milliseconds, which is much lower than the laser shock

waves and the flyer plate dynamic shock compression
processes11−13 and much higher than that of the DAC
technique.3,4 According to the literature, dynamic heating
(superheating) caused by shock loading is a dominant feature
compared to static heating.11−13 Although the possibility of
acoustical shock wave-induced solid-state phase transitions
occurring on materials such as from crystal to crystal,11 crystal
to amorphous,12 and amorphous to crystal12 has been
witnessed, enhancements of the optical transmittance,14

thermal diffusivity,15 and dielectric constant16 have also been
observed, which are because of the dynamic recrystallization.
In general, several theories and reports have contributed to the
fundamental stability limits of superheated solids, revealing
that most of the materials cannot maintain the crystalline order
under shocked conditions, which greatly depends not only on
the critical time required for phase transitions as well as the
structural relaxation time but also on the temperature and
pressure.17−19 Shock melting experiments are highly useful for
studying the high-pressure melting of geophysical and
physically important materials, and morphological studies on
shock wave-recovered samples can give a better understanding
of the unsteady-state characteristic features of materials, which
could help in realizing several unknown solid-state phenomena.
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In the present study, ammonium sulfate (NH4)2SO4 (hence-
forth represented as “AS”) is chosen to demonstrate shock
wave-induced dynamic recrystallization since it is one of the
classical materials and well-explored under steady-state
thermodynamic conditions.20−22 We attempt here to reconcile
the issues related to shock wave-assisted melting and
recrystallization occurring in milliseconds and at lower heating
rates, wherein a lot of discrepancies are found between the
results of steady-state melting. The shocked test samples have a
highly ordered crystalline prismatic face of the (200) plane
with a well-defined surface morphology against the control
sample.

■ EXPERIMENTAL SECTION
The test crystal’s growth details and the features of the shock tube and
its mechanism23 as well as the shock wave-loading procedures are
presented in the Supporting Information. Briefly, in the present

experiment, three AS powder samples of equal amounts (the as-grown
single crystal was crushed to a powder form) have been chosen, and
one sample has been kept as the control and the rest of the two
samples have been utilized for the shock wave recovery experiments.
In the present prospect, the shock waves of Mach number 2.2 have
been utilized, which possess a transient temperature of 846 K and
transient pressure of 2.0 MPa. 50 and 100 shock pulses have been
applied to the two samples, and thereafter, X-ray diffraction (XRD),
Raman, ultraviolet diffuse reflectance spectroscope (UV-DRS), and
field emission scanning electron microscopy (FE-SEM) studies have
been performed for the control and shocked samples, after which the
results are compared. The schematic diagram of the shock wave-
loading technique is presented in Figure 1.

The analysis of powder X-ray diffraction (PXRD) [Rigaku-Smart
Lab X-ray diffractometer, Japan, Cu Kα1 as the X-ray source (λ =
1.5407 Å), with the step precision of ±0.001°] was performed. A
Renishaw model Raman spectrometer with laser line 532 nm and
power 50 mW and Raman measurement was carried out using the
pelletized form of samples. The laser spot size was 50 μm2, and the

Figure 1. Schematic diagram of the shock wave-loading technique.

Figure 2. (a) XRD patterns of the control and shocked AS samples, (b) FWHM of the (200) plane, and (c) normalized intensity ratio of (200)/
(120) and (d) (200)/(111) with respect to the number of shock pulses.

Crystal Growth & Design pubs.acs.org/crystal Article

https://doi.org/10.1021/acs.cgd.3c01180
Cryst. Growth Des. 2024, 24, 491−498

492

https://pubs.acs.org/doi/suppl/10.1021/acs.cgd.3c01180/suppl_file/cg3c01180_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.cgd.3c01180?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.cgd.3c01180?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.cgd.3c01180?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.cgd.3c01180?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.cgd.3c01180?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.cgd.3c01180?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.cgd.3c01180?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.cgd.3c01180?fig=fig2&ref=pdf
pubs.acs.org/crystal?ref=pdf
https://doi.org/10.1021/acs.cgd.3c01180?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


optical microscope’s objective lens was used; an X50 long working
distance objective lens (WD = 10.6 mm) was utilized, and the value of
the numerical aperture was 0.5, while the Raman data were collected
by Renishaw Wire 5.1 instrument control and data acquisition
software. An ultraviolet diffuse reflectance spectroscope (UV-DRS
ShimadzuUV-3600 plus) was utilized to understand linear optical
properties. A field emission scanning electron microscope (Carl Zeiss
FE-SEM, Sigma 300, Schottky FEG) operating at an acceleration
voltage of 10 kV was used to analyze the morphology of the title
material.

■ RESULTS AND DISCUSSION
XRD Results. Figure 2a shows the control and shocked

samples’ XRD patterns, wherein the control sample’s XRD
patterns are identified to be well-matched with previous
reports20 and the CIF file: amcsd0012986. Based on the
obtained XRD patterns of the control sample, it is crystallized
in the orthorhombic structure with the space group Pnam and
the lattice dimensions are a = 7.782, b = 10.636, and c = 5.993
Å. For better image clarity, only the dominant diffraction lines
such as (120), (111), and (200) planes are indexed, while the
completely indexed XRD patterns are presented in Figure 3. At
the initial screening of the XRD patterns, the number of
crystalline planes, the full width at half-maximum (fwhm), and
the normalized intensity ratio of the XRD peaks are
significantly changed with respect to the number of shock
pulses. On the one hand, the fwhm value of the dominant
diffraction peak (200) increased linearly when increasing the
number of shock pulses from 0 to 100, and the required XRD
profile is presented in Figure 2b. Moreover, the XRD peaks’
intensity ratios for (200)/(120) and (200)/(111) increased
linearly with respect to the number of shock pulses, and the
required plots are portrayed in Figure 2c,d. On the other hand,
based on the XRD results in Figure 2a−d, it is clear that the
intensity of both the bi-indexed plane (120) and the tri-
indexed plane (111) significantly reduced, whereas a rapid
enhancement was found for the plane (200) because of the
dynamic recrystallization.

On those counts, the observed results could be elaborated
based on the standard attachment energy theory of
crystallization, whereby the attachment energy is always
directly proportional to the growth rate of the plane.24−26

Based on the available values of the attachment energy of the
AS crystal,24 the (200) plane has a higher growth rate than the

other planes as the corresponding attachment energy is −87.38
kcal/mol, whereas the attachment energy for the (001) plane is
−48.25 kcal/mol. During the shock wave-loaded conditions,
sudden impulsion of high-temperature shock pulse on the AS
crystal surface is experienced, whereby superheating occurs
within milliseconds and immediately rapid cooling (after a few
milliseconds) takes place; thus, the surface comes to a region
of low temperature, and this kind of superheating and cooling
process initiates a significant dynamic recrystallization process
from the molten state of the test sample, which is a prestate of
the conventional melting process.

Note that, due to the short heating time as well as heat
dissipation, the test sample does not undergo the conventional
melting process even though the shock pulse supplies enough
temperature to melt the test sample, whereas in such shocked
conditions, the test sample may undergo the molten state
during the heating process and recrystallize during the cooling
process, and this cyclic process repeatedly happens at every
shocked condition. While the test sample comes from the
molten state to the solid state, the attachment energy of the
facets plays a vital role such that usually the higher attachment
energy planes can easily crystallize compared to the other
planes, and hence, in the present case, intensities of planes
(120) and (111) are tremendously reduced, but a rapid
enhancement was found for the (200) plane. As observed, the
enhancement of the intensity ratio, as shown in Figure 2c,d, is
linearly increased while increasing the number of shock pulses,
and the obtained results clearly show that the degree of
recrystallization increases linearly when increasing the number
of shock pulses. The observed results are found to be in good
agreement with the attachment energy theory of crystalliza-
tion24−26 and the previously obtained shock wave-induced
results of structural properties.27,28 To draw a parallel line,
shocked samples of ammonium dihydrogen phosphate (ADP)
and potassium dihydrogen phosphate (KDP) polycrystalline
are considered for a better comparative analysis of the
observed results. Note that the ADP and KDP crystals have
two dominant planes that are (200) and (101), respectively,
with the respective growth rates of 2.21 and 2.25. In addition,
the attachment energies of the (200) and (101) planes for the
KDP crystal are 36 and 101 kcal/mol, respectively,29 and
hence, under shocked conditions, the (101) peak intensity
increases with respect to the number of shock pulses;28 similar
results have been observed for the ADP crystal under shocked

Figure 3. (a) XRD patterns of the control and shocked AS samples 16−21°, (b) 28−30.5°, and (c) 31.5−43°.
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conditions, and the values of the intensity ratio for the (200)/
(101) plane are presented in Figure 2d with respect to the
number of shock pulses.27

Raman Spectroscopic Results. The complete Raman
spectral results of the control and shocked AS samples are
presented in Figure 4a, wherein the control sample has the
characteristic SO4 and NH4 Raman bands, which are found to
be in good agreement with previous reports.30,31 However,
compared to the SO4 Raman bands, NH4 bands have a lower
Raman intensity because of the lower scattering geometry. No
significant modification was found in the SO4 cationic Raman
band positions and shapes of υ1, υ2, υ3, and υ4, whereas a
considerably higher energy Raman shift was noted in the NH4
Raman modes. To extract possible supporting shreds of

evidence for the XRD from the Raman results, the zoomed-in
versions of the N−H Raman band regions for the control and
shocked samples are displayed in Figure 4b−d, wherein the
N−H Raman band is located at 3123 cm−1 for the control
sample, which got shifted toward higher wavenumbers to be
located at 3125 and 3147 cm−1 for the respective 50- and 100-
shocked conditions, and the required plot is presented in
Figure 4e. In addition, the normalized N−H Raman band
values are 0.204, 0.154, and 0.276 for the 0, 50, and 100-
shocked AS samples, respectively, and analysis of the higher
Raman band intensity at the 100-shocked condition clearly
shows that the formation of a higher degree of crystalline AS
sample at the 100-shocked condition is based on the shock
wave-induced dynamic recrystallization and UV-DRS results

Figure 4. (a) Raman spectra of the control and shocked AS samples. (b) N−H Raman band for the control sample. (c) N−H Raman band for the
50-shocked sample. (d) N−H Raman band for the 100-shocked sample. (e) Raman shift of the N−H band with respect to the number of shock
pulses.

Figure 5. (a) Optical transmittance of the control and shocked AS samples. (b) Optical transmittance percentage at 400, 450, and 500 nm regions
with respect to the number of shock pulses.
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Figure 6. FE-SEM images (5 μm-scale resolution) of the control and shocked AS samples: (a−c) control, (d−f) 50-shocked samples, and (g−i)
100-shocked samples.

Figure 7. FE-SEM images (2 μm-scale magnification) of the control and shocked AS samples: (a−c) control, (d−f) 50-shocked samples, and (g−i)
100-shocked samples.
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(Figure 5a,b), which are in agreement with the XRD and
Raman results, and the detailed discussion has been provided
in the Supporting Information.
UV-DRS Results. The control and shocked AS samples’

optical transmittance profiles are presented in Figure 5a, which
can provide supporting evidence for the reduction of grain
boundary density and enhancement of the net degree of
crystalline nature of the test sample. The control sample’s
optical transmittance spectrum is found to be well-matched
with the previously reported AS samples.32

As seen by the naked eye, a considerable enhancement of
the optical transmittance and blue shift of the upper cutoff
absorption edge with respect to the number of shock pulses
could be witnessed. For a clear understanding of the
enhancement of the optical transmittance of AS samples
under shocked conditions, the optical transmittance percentage
is measured at three different wavelength regions such as 400,
450, and 500 nm; the measured values of the optical
transmittance are displayed in Figure 5b with respect to the
number of shock pulses. Figure 5b clearly demonstrates that
the linear enhancement of the optical transmittance with
respect to the number of shock pulses is because of the
formation of a high degree of crystalline AS samples under
shocked conditions, and similar kinds of results have been
found under shocked conditions.27

FE-SEM Results. To provide considerably convincing
evidence for the shock wave-induced dynamic recrystallization
process occurring within milliseconds in the AS sample, FE-
SEM analysis has been performed such that the obtained
micrographs are portrayed in Figures 6 and 7. First, the 5 μm-
scale micrographs of the control and shocked AS samples are
provided in Figure 6, wherein the first row of Figure 6a−c
shows the captured image, the 3D surface diagram, and the
edge distribution image, respectively; a similar pattern has been
followed for the 50- and 100-shocked samples, and the
required images are presented in the second and third rows of
Figure 6. The control sample exhibits small irregularly shaped
particles, whereas at the 50-shocked condition, a significant
modification in the surface and size of the particles could be
seen and, most importantly, the shapes of the surface particles

are completely changed. For instance, any particle edge could
not be seen, which may be because the surface might have
undergone the premelting stage and crystallized with the
surface particle’s fusion, wherein the premelting might have
occurred because of the lower thermal conductivity and
diffusivity of the AS samples. Note that while the sample has
low thermal energy transportation, during the shocked
conditions, the applied thermal energy provides the required
latent heat to melt the samples, but because of the occurrence
of an immediate cooling process, recrystallization takes place.
More simplifying, during the shocked conditions, shear-
induced mechanical melting results in the formation of a
nonequilibrium molten state which is highly unstable, and
within fractions of milliseconds, the melt portion is recrystal-
lized and is associated with both the temperature and local-
order parameters. It is crucial that the shock wave-induced
superheating and premelting stages fall under the non-
equilibrium thermodynamic characteristics, and hence, the
equilibrium thermodynamic characteristics such as melting
point, critical phase transition temperature, and the test
material’s features could not be compared.3,4,20−22

Surprisingly, at the 100-shocked condition, highly defined
characteristic surface morphological patterns of the AS samples
could be seen (Figure 6g−i), wherein Figure 6i shows well-
defined edges of the crystalline particle, which clearly represent
the occurrence of dynamic recrystallization; the particles are
retained with a highly ordered crystalline nature compared to
the control sample, and as a result, a different possibility of a
fast homogeneous nucleation under strongly superheated
conditions by acoustical shock waves could be observed.
Note that, as seen in Figure 6g−i, only the (200) prismatic
facets’ particles have the dominant morphological features
compared to the other facets, and these results are found to be
in good agreement with the XRD results. From the particle size
distribution for the control and shocked samples seen in Figure
7, the 100-shocked sample was found to have a bigger particle
size compared to the other samples due to the higher degree of
crystallinity.

Based on the obtained results, it is quite clear that the (200)
prismatic facets’ particles are only along the preferable

Figure 8. SEM images of the AS samples: (a, b) crystal morphology with nomenclature of specific faces,22 (c) conventional crystal growth of AS
sample (adopted reprint permission),22 (d) ultrasonic wave-assisted AS sample,33 and (e) present work.
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orientation under shocked conditions. It has to be realized that
the observed dynamic recrystallization is the combination of
superheating and subsequent rapid cooling, which causes new
stress-free crystals, wherein the observed crystal matrix (200)
itself is stress-free. For premelting nucleation in a superheated
crystal, an increase in superheating could increase both the
driving force and the diffusivity, which will lead to a monotonic
increment of the nucleation rate, and because of this reason,
highly homogeneous crystals are observed at the 100-shocked
condition, but it is suspected that this relationship is not linear
as the temperature or number of shock pulses increases further.
In addition to that, in Figure 8, the previously reported crystal
morphologies are presented with the nomenclature of specific
faces of the AS crystal (Figure 8a,b).22 Figure 8c represents the
conventional crystal growth-assisted AS sample, Figure 8d
corresponds to the ultrasonic wave-assisted growth of the AS
sample,33 and Figure 8e represents the acoustical shock wave-
assisted growth of the AS sample. As seen in Figure 8, the
shock wave-induced recrystallized AS samples have the
characteristics of the morphological patterns of the AS samples,
which are found to be in good agreement with the
conventional crystal growth-assisted AS sample.22 Moreover,
the shock wave-induced crystallization process is more
dominant than that of the ultrasonic waves because of the
distinct surface morphology and stress-free grain growth.

■ CONCLUSIONS
In this research, we successfully revealed the acoustical shock
wave-induced dynamic recrystallization process of AS samples.
The substantiation could be derived from the results obtained
by the XRD, Raman, UV-DRS, and FE-SEM analyses, whereby
it is established that the 100-shocked sample has a highly
homogeneous and stress-free crystal surface along the (200)
plane. Moreover, from the experimental outcome, we could
demonstrate that for the superheated crystal, heterogeneous
nucleation of premelting is avoided and that homogeneous
nucleation might have played a dominant role in the melting
kinetics. To date, for the first time, these results could
substantiate the relationship between superheating and the
attachment energy values of AS samples under acoustically
shocked conditions in an unambiguous way. Henceforth, it is
proposed that the present experimental results can serve as a
reference for related research on the optimization of
ammonium sulfate and other related typical chemical materials
that undergo the dynamic recrystallization process.
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