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A B S T R A C T   

In the present work, we report the crystallographic structural stability of the poly-crystalline lead nitrate samples 
at shocked conditions with which a systematic comparison is made for the previously reported single-crystalline 
lead nitrate crystal at shocked conditions. X-ray diffractometry (XRD) and Raman spectroscopic measurements 
have been performed to assess the crystallographic structural stability of poly-crystalline Pb(NO3)2 samples at 
shocked conditions and the observed XRD and Raman results disclose that the title poly-crystalline samples 
retain the original crystallographic structure even at 100 shocked conditions interacting with the shock waves of 
2.2 Mach number. But the single crystals of Pb(NO3)2 undergo crystalline to amorphous phase transition at 
shocked conditions. Based on the observed results, poly-crystalline samples have higher-structural stability than 
that of single crystals. The outcome of this work provides glimpses of possible further contributions to crystal 
engineering for the design of new materials with specific physical and chemical properties.   

1. Introduction 

Research on the aftermath effect of dynamic shock waves on mate
rials has been reinforced by the revitalized outcomes such that there 
could be augmented progress with which tremendous growth is likely to 
be impended thereby future course of actions of probable stable mate
rials might be standardized so as to meet the industrial and scientific 
requirements of today and tomorrow. On these counts, the impact of 
dynamic shock waves on crystallographic structural stability analysis of 
materials is now considered as a prominent research topic in academia 
as well as the frontier field of science and technology [1–4]. As far as it is 
known, the outcomes of dynamic shock wave impact of structural 
properties on bulk single crystals and poly-crystalline materials (micro 
and nano-crystalline materials) have been reported which have a lot of 
interesting behaviors. The structural stability of single crystalline ma
terials such as cyclotrimethylene trinitramine (RDX) [5], sapphire (α =

Al2O3) [6], pentaerythritol Tetranitrate [7], copper (Cu) [8] cadmium 
sulfide (CdS) [9], potassium sulfate (K2SO4) [10], sodium sulfate 
(Na2SO4) [11], ammonium dihydrogen phosphate (ADP) [12], potas
sium dihydrogen phosphate (KDP) [13], glycine phosphite (GPI) [14] 
copper sulfate pentahydrate (CuSO4⋅5H2O) [15], and lead nitrate 
(PbNO3) [16] have been investigated after exposing them to shock 
waves. Among the listed crystals, some of the crystals undergo signifi
cant crystallographic phase transitions such as potassium sulfate [10] 
and sodium sulfate [11] at shocked conditions. In the case of poly- 
crystalline type materials (micro-particles) as that of potassium sulfate 
[17], ammonium dihydrogen phosphate [18], potassium dihydrogen 
phosphate [19], glycine phosphite [20] copper sulfate pentahydrate 
[21], magnesium diboride [22], benzophenone [23] have been inves
tigated at shocked conditions and found that there is no crystallographic 
phase transition occurred, but structural deformations have been 
noticed. In addition to that, in the case of nano-crystalline materials, 
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titanium oxide (TiO2) [24], zirconium oxide (ZrO2) [25], and cobalt 
oxide (Co3O4) [26], crystallographic phase transitions have been 
demonstrated at shocked conditions whereas some of the nano- 
crystalline materials such as zinc oxide (ZnO) [27], nickel oxide (NiO) 
[28] cerium oxide [29], molybdenum disulfide (MoS2) [30], tungsten 
disulfide (WS2) [30], molybdenum diselenide (MoSe2) [30] show stable 
crystal structures at shocked conditions. Based on the above-mentioned 
literature reports in all possible aspects, the phase transition probability, 
phase transitions shock pressure and their respective changes in func
tional properties highly depend on the solid state nature (such as single, 
poly-crystals and nano materials) of the test samples [5–30]. 

In general, materials science point of view, poly-crystalline materials 
have higher structural stability and mechanical stability than that of 
single crystals for the static pressure and static temperature [31,32]. 
Gopal Das et al. have investigated the thermal stability of single and 
poly-crystalline α-Al2O3 and found that the poly-crystalline materials 
have higher thermal stability than that of the single crystal [33]. Laurent 
Mezeix et al. have demonstrated the mechanical properties of single and 
polycrystalline materials and observed that the poly-crystalline mate
rials have slightly higher values of hardness and fracture toughness [34]. 
The observed profiles of shock resistance of single and polycrystalline 
materials that have been investigated very well authenticate the above- 
mentioned concepts [17,21]. But, a thorough understanding of the 
outcomes of the structural stabilities of single and poly-crystalline ma
terials at harsh environmental conditions such as high-temperature, 
high-pressure, shock waves and high energy gamma rays is yet to be 
achieved. In this work, we focus on the structural stability of poly
crystalline material Pb(NO3)2 at shocked conditions and the obtained 
results of spectroscopic analyses are compared with the phase stability 
of Pb(NO3)2 single crystal at shocked conditions. Based on the previous 
report, Pb(NO3)2 single crystal experiences a few significant structural 
changes at shocked conditions such that the observed shocked phase- 
profile is Pa-3 – Pa-3 – high-pressure phase – amorphous for the 0, 1, 2 
and 3rd shocked conditions, respectively [16]. Such kind of interesting 
results lead to further investigation on its poly-crystalline nature at 
dynamic shocked conditions. 

In this report, we have assessed the crystallographic structural sta
bility of the poly-crystalline Pb(NO3)2 samples at shocked conditions 
such that the behavior of shock resistance (crystallographic phase sta
bility) has been analyzed making use of the observed X-ray diffraction 
and Raman spectroscopic results. Furthermore, the optical spectroscopic 
results are provided as a supporting evidence for the existing band 
structural stability of the Pb(NO3)2 samples at shocked conditions. 

2. Experimental section 

The growth details of the title crystal have been discussed in the 
previous publication [16]. The details of the shock tube [35] and shock 
wave loading procedure are given in the supplementary section. In this 
experiment, the shock waves of Mach number 2.2 have been utilized 
which has the transient pressure 2.0 MPa and transient temperature 864 
K. The sample has been well grained using a mortar such that three 
powder samples of equal quantity have been separated and among the 
three samples, one sample has been kept as the control sample and the 
rest have been utilized for the shock wave recovery experiment. Sub
sequently, 50 and 100 shock pulses of the same Mach number 2.2 have 
been applied to the samples and the respective samples have been put 
under XRD, Raman and DRS spectral analyses to understand the crys
tallographic structural stability of the Pb(NO3)2 samples. The analytical 
instruments details are as follows; Powder X-ray diffraction (PXRD) 
[Rigaku - SmartLab X-Ray Diffractometer, Japan- CuKα1 as the X-ray 
source (λ = 1.5407 Å), with the step precision of ± 0.001◦], a Renishaw 
model Raman spectrometer with Laser line 532 nm and power 50 mW 
and an ultra-violet diffused reflectance spectroscope (UV-DRS- 
ShimadzuUV-3600 plus) have been utilized so as to understand the 
structural stability of the test samples at shocked conditions. 

3. Results and discussion 

3.1. X-ray diffraction studies 

X-ray diffractometry has been performed to assess the crystallo
graphic structural stability of the Pb(NO3)2 samples at dynamic shocked 
conditions and the recorded XRD pattern of the control and shocked lead 
nitrate samples are presented in Fig. 1a. For the conformation of phase 
purity, the comparison is made between the control sample and simu
lated XRD pattern (CIF: COD-5910007) such that both the XRD patterns 
are found to be well-matched with respect to the diffraction peak posi
tions as well as intensity ratios of diffraction peaks. The diffraction peaks 
of the control sample are located at 19.630◦, 22.701◦, 25.426◦, 27.837◦, 
32.313◦, 38.052◦, 39.802◦, 46.258◦, 50.763◦, 52.197◦, 57.506◦, 
61.408◦, 67.405◦, 71.078◦, 72.139◦ and 76.750◦, respectively and the 
obtained diffraction peak positions are finely corroborated with the 
cubic crystal structure with the Pa-3 space group (CIF: COD − 5910007) 
[16]. Hence, it could be confirmed that the test sample has Pa-3 space 
group symmetry such that the observed sharp diffraction peaks of the 
control sample clearly disclose the higher degree of crystalline nature. 

Fig. 1. XRD patterns of the control and shocked lead nitrate samples (a) poly-crystalline (b) Single crystalline Pb(NO3)2 (Reprint adapted with the permission from 
Ref [16]). 
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Shocked samples’ (50 and 100 shocked) XRD patterns are presented in 
Fig. 1 itself and as seen in Fig. 1a, the observed XRD patterns are almost 
similar to the control sample. Based on the initial assessment of the XRD 
patterns, it is clear that the test sample does not undergo any crystal
lographic phase transitions or amorphous phase transitions at shocked 
conditions like that of the single crystal of lead nitrate and the corre
sponding diffraction patterns are presented in Fig. 1b and the XRD 
patterns have been published previously [16]. 

Based on the observed X-ray diffraction results, it could be known 
that the poly-crystalline samples have higher crystallographic structural 
stability and shock resistance than that of the single crystalline materials 
and such results are found to be well-matched with the previous results 
of single and poly-crystalline materials [10,11,17,21]. Note that K2SO4 
[10] and CuSO4⋅5H2O [15] single crystals undergo significant crystal
lographic phase transitions at shocked conditions and their respective 
poly-crystalline forms do not experience such structural phase transi
tions. In addition to that, in the case of single crystalline samples of 
K2SO4 [10] and CuSO4⋅5H2O [15] crystals, just a single shock pulse has 
induced significant structural changes. K2SO4 [10] undergoes 

polymorphic phase transition from β-α K2SO4 at the first shocked con
dition and in the case of CuSO4⋅5H2O, crystalline state transforms to the 
amorphous state at the first shocked condition [15]. Moreover, lead 
nitrate single crystal experiences the dynamic re-orientational process 
from (111) to (600) at the first shocked condition whereas at the 3rd 
shocked condition, it undergoes a transition to the amorphous state 
[16]. But in the present case, even though the shock strength is increased 
to 100 times greater than that of the single crystal, no remarkable 
change has occurred. Hence, based on the overall observation, we could 
consider that the poly-crystalline sample has higher shock resistance 
than that of the single crystal of lead nitrate and such high shock 
resistance may be due to the formation of high-strained local grains and 
grain boundaries. As seen in Fig. 2, there are remarkable differences in 
the X-ray intensity of the plane (111) between the single crystalline and 
poly-crystalline samples which are quite common, because single crys
tals have highly ordered structure with preferred orientation along 
(111) such that single crystals always give rise to higher X-ray 
intensity. 

While looking at the diffraction peak positions, the peak (111) of 
single crystalline lead nitrate is located at 19.91◦ whereas the peak 
(111) of poly-crystalline sample is located at 19.65◦ and the observed 
0.25◦ lower angle shift in the poly-crystalline sample is due to the for
mation of strained crystal lattice [35–38]. Generally, poly-crystalline 
materials form higher lattice stress and strain than that of single crys
tals due to the higher density grain boundaries and higher lattice de
formations [17,31–33]. Such grain boundary interfaces actually provide 
high resistance to external forces such as temperature, pressure etc so 
that these materials are capable enough to withstand the elastic and 
plastic deformations induced by the external stimuli. Note that local 
grains in the polycrystalline matrix always try to maintain the original 
yield state during the encounter with external parameters such as tem
perature, pressure and forces that typically induce deformation. There
fore, the grain boundary interfaces in polycrystalline materials could 
resist the external forces more than that of single crystals. In addition to 
that, if the deformation process has to be started by the above- 
mentioned external parameters, it should start from a single slip or 
single plane system which has to transform gradually into multiple slip 
systems because of the orientational evolution in poly-crystals that are 
quite complex in comparison to the single crystals and hence the stress 
and strain compatibility in-between grains is much higher in poly- 
crystals. Hence, in the case of poly-crystalline samples, higher shock 

Fig. 2. Zoomed-in version of the (111) plane of the single and poly-crystalline 
Pb(NO3)2 samples. 

Fig. 3. Zoomed-in versions of the crystalline plane profiles of the control and shocked poly-crystalline Pb(NO3)2 samples.  
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pressure is required to induce the transformations and lattice de
formations as compared to single crystals [31–33]. Moreover, generally 
during the shocked conditions, single crystals are prone to undergo 
rotational order and disorder process as in the case of sulfate (SO4) [10] 
and nitrate (NO3) anionic systems [16] because of the less lattice strain 
and the rotational disorder. But in the present case, due to the higher 
density of grain boundary, the NO3 units donot undergo the rotational 
disorder at shocked conditions and hence the title sample retains its 
original crystal structure. To get a deeper understanding of the structural 
stability of the poly-crystalline Pb(NO3)2 samples at shocked conditions, 
we have presented the zoomed-in versions of the different crystalline 
planes such as (111), (200), (311) and (222) in Fig. 3. As seen in 
Fig. 3a and Fig. 3b, the diffraction lines have shifted towards the higher 
angle with respect to the number of shock pulses which may be due to 

the lattice compression during the shocked conditions [12]. 
At shocked conditions, none of the crystalline peak has disappeared 

and no new diffraction peak has appeared as reflected in Fig. 1 of Pb 
(NO3)2 samples. Note that, in the case of magnesium bromide micro- 
sized poly-crystalline samples [22], new diffraction lines have 
appeared at shocked conditions due to the shock wave induced micro 
distortions and lattice deformations. Similarly, in the case of the po
tassium dihydrogen phosphate [19], glycine phosphite [20] poly- 
crystalline samples, a couple of diffraction peaks disappear at 50 
shocked conditions and reappear at 100 shocked conditions. But, in the 
present case, there is no such change noticed and hence it is clear that 
the applied shock waves do not induce any significant lattice de
formations. In addition to that, as seen in Fig. 3, the intensity ratio of 
diffraction peaks is slightly changed with respect to the number of shock 

Fig. 4. Diffraction peak shifts of the Pb(NO3)2 samples with respect to the number of shock pulses.  

Fig. 5. Shock- phase profiles of Pb(NO3)2 samples (a) poly-crystal (b) single crystal.  
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pulses and such changes are not controllable in the poly-crystalline state 
materials. Fig. 4 shows the (111), (200), (411) and (222) planes that 
suffer a marginal shift with respect to the number of shock pulses and 
based on the observed profiles, while increasing the number of shock 
pulses, the diffraction lines are shifted towards the higher angle side 
which discloses the occurrence of lattice compression with respect to the 
number of shock pulses. During the shocked conditions, the intra-bond 
length might have reduced resulting in the lattice compression. 

Furthermore, based on the observed diffraction results of the single 
and poly-crystalline samples at shocked conditions, the shocked phase 
profiles are made for the single and poly-crystalline samples as pre
sented in Fig. 5. 

3.2. Raman spectroscopic results 

In order to obtain further reinforcement on the structural stability of 
the poly-crystalline samples at dynamic shocked conditions, the Raman 

spectral analysis has been carried out for the control and shocked 
samples. Referring to the results of the shock wave recovery experiment 
on the single crystal lead nitrate, significant changes have occurred in 
Raman bands [39,40]. Hence, Raman spectral investigations could 
provide additional authentic confirmation on the stability of the test 
samples’ crystallographic structure at shocked conditions such that the 
Raman measurement has been performed over the wave-number region 
between 50 and 2000 cm− 1 and the obtained internal and external 
Raman bands of the control and shocked samples are presented in Fig. 6 
and Fig. 7. As seen in Fig. 6, Raman spectrum of the control sample has 
three Raman bands that are located at 730 (Fg), 1043 (Fg), 1612 cm− 1 

(Ag), respectively and the observed Raman bands are found to be well- 
matched with the previously reported Pa-3 symmetry lead nitrate 
[15]. Among the three Raman bands, 1043 cm− 1(Fg) mode has a 
dominant Raman peak intensity that is not altered so also the Raman 
band location at shocked conditions. Moreover, all the Raman bands (Fg 
and Ag polarization modes) retain their original intensity as well as 
Raman band locations. Hence, based on the observed Raman bands 
profiles with respect to the number of shock pulses, the test sample is 
identified to have not undergone any kind of structural phase transitions 
from crystalline to crystalline state or crystalline to amorphous state 
even as high as 100 shocked conditions. 

Note that, in the case of the single crystal experiment, 2υ2 (Ag) 
Raman mode has completely disappeared at the 3rd shocked condition 
and υ1 (Fg) shoulder Raman mode has also disappeared at shocked 
conditions and such signatures are the possible reasons for the amor
phous state at the 3rd shocked condition. But, in the present case, such 
changes could not be observed even at the 100 shocked conditions. 
Hence, it could be confirmed that the poly-crystalline state sample has 
high shock resistance than that of the single–crystalline lead nitrate. 
Such kind of high shock resistant materials can be better prospects for 
the industrial applications [41–43]. Furthermore, the lattice mode 
Raman bands of the control and shocked Pb(NO3)2 samples are shown in 
Fig. 7 such that the lattice mode of the Raman bands also reflects a 
similar conclusion on the structural stability of the Pb(NO3)2 sample at 
dynamic shock exposed conditions. Note that, according to the group 
theory, a particular crystal lattice symmetry has its own external Raman 
bands and if there is any kind of crystallographic phase transition occurs, 
either the external Raman bands are altered in terms of Raman shift or 
new lattice Raman bands appear/ disappear according to the new 
crystallographic phase formed [16]. In the present case, the external 
Raman bands are found at 93, 121, and 158 cm− 1 and the observed 
lattice Raman band locations are well-matched with the previous reports 
[39,40]. Lattice Raman mode intensity is also one of the important pa
rameters with which the phase stability can be understood such that, if 
there is any deformation, it could be identified. Hence, the Raman 
band intensity is considered as one of the major points of discussion on 
the structural stability of the test sample at shocked conditions. More
over, it gives quantitative information on the number of disorders 
experienced by the title material at shocked conditions. At shock
ed conditions, there is no change found in the Raman peak positions and 
neither a new peak appears nor the existing peaks disappear. Hence, it 
confirms that the test sample has a stable crystallographic structure at 
shocked conditions. 

3.3. Optical properties 

Note that, in the case of single crystals such as K2SO4 [10], sodium 
sulfate [11], ADP [12], KDP [13], and PbNO3 [16], lots of changes have 
been found in their respective optical transmittance and optical ab
sorption edges with respect to the number of shock pulses because of the 
formation of lattice deformations and structural phase transitions. 
Hence, the optical spectroscopic results are very much required to make 
a crystal clear conclusion on the stability of the crystal structures and 
hence the optical transmittance spectra have been measured over the 
wavelength region between 200 and 800 nm for the control and shocked 

Fig. 6. Internal Raman modes of the control and shocked Pb(NO3)2 samples.  

Fig. 7. Lattice Raman bands for the control and shocked Pb(NO3)2 samples.  
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samples using a UV-DRS- Shimadzu- UV-3600 plus spectrometer and the 
profiles of the obtained optical transmittance are presented in Fig. 8. 

As seen in Fig. 8, the primary nitrate ion’s absorption band appears 
between 200 and 250 nm [16] such that the absorption edge positions as 
well as their initial band shape are not altered at shocked conditions. It 
could be noted that the poly-crystalline ADP [18] and KDP samples [19], 
suffer significant absorption band shifts with respect to the number of 
shock pulses and such absorption band shifts occur due to the changes in 
the degree of crystalline nature. But, in the present case, no change is 
observed either in the optical transmittance or in the absorption band 
shifts such that it is one of the alternative proofs to justify the electronic 
band structural stability in the poly-crystalline lead nitrate samples at 
shocked conditions. 

4. Conclusion 

On consolidating the obtained experimental findings, we have 
investigated the structural stability of the single and poly-crystalline 
lead nitrate samples at shocked conditions such that the shock resis
tance has been analyzed by the X-ray diffraction and Raman spectro
scopic techniques and the observed optical spectroscopic results could 
provide the solid authentication. X-ray diffraction results show that all 
the diffraction peaks are retained at shocked conditions i.e. none of the 
peak disappears and no new peak appears. The obtained slight higher 
angle shift in the XRD patterns may be due to the unit cell compression 
with respect to the number of shock pulses. Raman spectral results 
clearly disclose the stability of the internal and external Raman modes at 
shocked conditions and the optical spectroscopic results also agree well 
with the XRD and Raman spectral results on the shock resistance of the 
test samples. As per the observed results of the analytical techniques, it is 
clear that the poly-crystalline lead nitrate samples have a high-shock 
resistance compared to the single crystalline samples. Hence, based on 
the observations, it is proposed that the poly-crystalline lead nitrate 
could be utilized for device-based applications. This kind of comparison 
of single and poly-crystalline materials at shocked conditions can pro
vide a road map for a better understanding of the properties of materials 
at shocked conditions with respect to the control state. 
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