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Thermo-mechanical behavior
measurement of polymer-bonded
sugar under shock compression
using in-situ time-resolved Raman
spectroscopy

Abhijeet Dhiman?, Nolan S. Lewis!, Ayotomi Olokun?, Dana D. Dlott? & Vikas Tomar**

Quantitative information regarding the local behavior of interfaces in an inhomogeneous material
during shock loading is limited due to challenges associated with time and spatial resolution.

This paper reports the development of a novel method for in-situ measurement of the thermo-
mechanical response of polymer bonded sugar composite where measurements are performed
during propagagtion of shock wave in sucrose crystal through polydimethylsiloxane binder. The
time-resolved measurements were performed with 5 ns resolution providing an estimation on local
pressure, temperature, strain rate, and local shock viscosity. The experiments were performed at
two different impact velocities to induce shock pressure of 4.26 GPa and 2.22 GPa and strain rate
greater than 10°/s. The results show the solid to the liquid phase transition of sucrose under shock
compression. The results are discussed with the help of fractography analyses of sucrose crystal in
order to obtain insights into the underlying heat generation mechanism.

Polymer bonded explosives (PBXs) or their mock composites have a heterogeneous microstructure that contains
a high concentration of crystals in a polymeric binder. In order to reduce the sensitivity of such materials to
mechanical and thermal stimuli, the crystals are embedded inside soft polymers such as hydroxyl-terminated
polybutadiene (HTPB) and polydimethylsiloxane (PDMS). The mismatch in properties between phases leads to
a complex shock-induced hot spot initiation mechanism at the mesoscale where particle chemistry, inter-particle
interactions, and mechanics of different phases and interfaces play a crucial role. The mechanism of shock-
induced hot spot initiation, ignition, and detonation of energetic materials is a multiscale phenomenon where a
complete understanding of the underlying mechanism requires theoretical and experimental studies over time
scales of pico- to nanoseconds and length scales of nano- to micrometers in order to quantify microstructural
effects and macroscale reaction propagation'~. The interaction of shock wave with the microstructure of compos-
ite material creates pressure and temperature localization with complex spatial profiles at micro and mesoscale.
The plastic deformation and fracture of the binder, crystal and interfaces along with void collapse and frictional
heating of the failure sites lead to dissipation of the energy in the localized regions. In the case of energetic mate-
rials, the localized temperature rise can lead to the formation of hot spots and can subsequently start chemical
reactions. Under favorable conditions, such hot spots can lead to critical size and temperature in order to initiate
detonation. The hot spot initiation mechanism can be a combination of frictional heating!®!!, temperature rise
in shear bands'>", the interaction of crack surfaces!'*"'¢, plastic dissipation, and gas compression during void
collapse®!”~2!. The complex interaction between the underlying mechanisms during shock compression makes
it difficult to analyze the individual contributions to overall behavior and initiation of energetic materials.
Computational and numerical methods have been widely used to study the contribution of individual and
combined mechanisms responsible for heat generation in heterogeneous materials. In the case of energetic
materials, computational methods have provided an improved understanding of temperature rise due to void
collapse!>'®% shear deformation®*?, interface failure**~?’, and friction'"'*?*. However, the computational meth-
ods still require calibration and validation using experiments. Conversely, experiments under shock conditions
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Figure 1. Schematic illustration of experimental concept (not to scale) for in-situ analysis using Raman
spectroscopy and photon Doppler velocimetry during shock compression.

have provided insights into temperature rise due to gas compression®*!? and void collapse'”?!. Interparticle
friction'>!624282% and viscous heating?®***! effects have been addressed under weak shock conditions. However,
the contribution from friction and plastic deformation in microscale domains at shock conditions has not been
explored due to the lack of an ability to simultaneously measure stress and temperature under shock conditions.
The experimental measurement of the thermo-mechanical response of heterogeneous material under shock
conditions at the microstructure level is significantly challenging due to the required spatial and temporal reso-
lution. In this paper, these challenges are addressed through the development of a novel capability for in-situ
measurement of both the temperature and pressure over the microscale domain of a composite material. Fig-
ure 1 shows a simplified representation of the experimental concept where a flyer plate is impacted on a sucrose
sample embedded inside polydimethylsiloxane binder. The measurement of shock response is done using in-situ
Raman spectroscopy and photon Doppler velocimetry during the shock compression of microstructure. This
work allows performing time-resolved Raman spectroscopy with 5 ns resolution during several hundreds of
shock experiments at different impact velocities (0.6-1.2 km/s).

The use of Raman spectroscopy for characterizing shock behavior has been explored by many researchers in
the past>®**2 In our previous work?, shock stress at the HMX-HTPB interface using time-gated Raman spec-
troscopy was measured. Also, a change in Raman spectra was observed for sucrose under shock compression®.
Hare et al.’ were able to obtain temperature and pressure during pico-second ablation of poly-(methyl meth-
acrylate) thin film by taking effects of temperature and pressure. The Raman shift due to the combined effects of
temperature and pressure was calibrated using static high pressure and temperature measurements. However,
the temperature measurements were not isochoric resulting in a small error due to thermal expansion. Trott
et al.*? studied shock compression of triaminotrinitrobenzene and found a small difference in Raman shift under
pressure compared to quasi-static experiments. This difference was attributed to temperature rise during shock
compression. Similar observations were made by Hebert et al.® with shock experiments on TATB. In this work,
we used a similar method as Hare et al.? to separate the effects of temperature and pressure on Raman shift. The
effects of temperature and pressure on Raman shift were separated by measuring the change in Raman shift of
different functional groups of sucrose which is a widely used energetic material substitute?>?*2%3, Using this
principle, local shock stress and temperature-induced in the polymer-bonded sugar sample during shock load-
ing are measured.

Along with the measurement of pressure and temperature, time-resolved spectroscopy is also used to measure
the local shock pressure rise time®. The measured shock rise time is used to estimate viscous stress during the
compression of the microscale domain through the characterization of local effective shock viscosity. During
shock compression, the strain rate at the shock front is finite and is dependent on shock viscosity. Although, a
complete understanding of the reason behind shock viscosity is not available. For a crystalline such as HMX,
shear banding due to large velocity gradients is observed as a possible reason for shock viscosity?>?. The fracture
mechanics of the interface also affects the overall shock viscosity during shock wave rise”?%*”. Shear-thinning has
been observed in many metals and granular materials with increasing strain rates®. Such computational studies
also suggest a strong dependency of temperature rise and reaction rate in the shear bands to shock-induced vis-
cous dissipation and shock viscosity. Pressure-dependence of viscosity has also been accounted in few simulation
models?*?. Therefore, simultaneous measurement of stress, temperature, and strain rate provides a complete
description of shock viscosity which can be used to calibrate computational models.

Results
Flyer impact characterization. The velocity profile for 25 um flyers during the impact on the glass, poly-
methyl methacrylate (PMMA), and polymer-bonded sugar (PBS) samples are shown in Fig. 2. The velocity
profile on glass represents the flyer velocity in free space (Upy,,) and particle velocity at the flyer/glass interface
(U,) during the impact. A fully supported shock of thickness ~ 5 ns is observed on targets as is typical for a 25 um
aluminum flyer®. The shock wave in PMMA and PBS has a similar profile with a higher rise time to reach the
shocked state. This behavior can be attributed to the viscoelastic behavior of material compared to a brittle mate-
rial such as glass where a steeper drop in flyer velocity is observed during shock loading of the target.

Due to the nature of Raman spectroscopy measurements, several hundreds of experiments are required to
collect Raman signal with ns resolution. Therefore, variance estimation in the flight time and shock arrival time
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Figure 2. Tllustrations of the velocity profiles of 25 um flyers during travel and the impact on the glass, PMMA,
and PBS samples obtained using photon Doppler velocimetry at an impact velocity of 1.2 km/s.
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Figure 3. Analysis of the mechanical and thermal effects on sucrose with an increase in probe pulse energy
where (a) shows the change in Raman shift of CH, and CH functional group in sucrose with laser pulse energy
and (b) shows the predicted pressure and temperature rise in sucrose crystal with laser pulse energy (20 ns at
10 Hz).

at the sucrose crystal is important to obtain correct synchronization for the spectroscopy system. From over 100
impacts using 25 um and 50 um flyers, the impact velocity and errors (one standard deviation) of 0.62+0.06 km/s
and 1.21 +£0.12 respectively were obtained. The error in impact time on the sample was estimated to be £71.6 ns
and + 58.4 ns respectively. The additional error of ~ 3.5 ns in shock arrival time can be estimated due to sample
preparation using the speed of sound in PDMS*. Therefore, correction between the time of impact on the sam-
ple and probing time of Raman spectroscopy is required to obtain a desired resolution of 5 ns. This is achieved
using PDV with at least 1 ns resolution in data processing using STFT. The detailed uncertainty analysis of the
experiment is given in the supplementary datasheet.

Effect of laser heating on sucrose crystal. The effect of pulse energy from 532 nm laser on the initial
thermodynamic state of sucrose crystal is analyzed using the same approach as described in the later section. To
maximize the excitation of the Raman signal, the pulse energy is selected just below the damage threshold. Fig-
ure 3a shows the change in Raman shift of the CH, and CH group with increasing laser pulse energy. This data
is acquired at 10 Hz. With an initial increase in laser energy, the blue shift of both the functional groups can be
observed. With pulse energy higher than 1.9 mJ, the behavior of peaks changes to redshift. This can be explained
through temperature and pressure estimated at corresponding laser energies shown in Fig. 3b. Initially, the
effects of pressure rise is small compared to temperature, and later with the increase in pressure due to thermal
expansion, an increase in redshift can be observed. Beyond the pulse energy of 2.4 m], cracks were observed
on the sucrose crystal due to rapid thermal expansion from the laser pulse. Therefore, shock experiments were
performed at 2.4 m]J to avoid laser damage to the crystal.

Shock characterization using time-resolved Raman spectroscopy. Figure 4a shows the Raman
spectra of sucrose during the shock pressure rise from impacts at 1.21 km/s. These spectra were collected from
approximately 400 impact experiments.

The streak data was binned over a 5 ns window to resolve Raman shifts and obtain peak location using
Lorentz peak fitting in Origin Pro (OriginLab Corporation). Peak fitting analysis is given in the supplementary
datasheet. Several changes in Raman spectra can be observed during the rise of shock pressure. Most noticeable
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Figure 4. Time-resolved analysis of Raman spectra from sucrose during shock compression where (a) shows
the time-evolution of Raman spectra of sucrose during impact at 1.21 km/s and (b) shows the change in peak
location of CH, and CH functional groups in sucrose under shock compression during impact at speeds of

0.62 km/s and 1.21 km/s.

are the broadening and splitting of CH, and CH functional groups to a higher shift at 45 ns after impact. The
broadening of Raman shift is associated with the temperature rise during shock compression and the splitting
of the peak to a higher shift is associated with the increased pressure. The higher error at 40 ns corresponds to
uncertainty in curve fitting during the shock loading of sucrose crystal as shown in Supplementary Fig. S12.
The functional groups between 2900 and 2950 cm™ appear to diminish and the combined peaks are observed
at 2935 cm™ and 2954 cm™! at around 45-65 ns. Similar behavior is observed at 150 °C for sucrose crystal at
ambient pressure where these functional groups form a combined peak at 2915 cm™ and 2941 cm ™. The Raman
spectra of sucrose as a function of temperature is provided in Supplementary Fig. S9. This change is attributed
to the phase change of sucrose from solid to liquid, close to the melting point of 186 °C*’. This behavior was
observed for both 0.62 km/s and 1.21 km/s impacts, suggesting a temperature rise higher than the melting point
of sucrose. Figure 4b shows the time-resolved Raman shift of CH, and CH functional groups binned over the
5 ns window. The error indicated on the graph is the fitting error of the Lorentz curve. Both the functional groups
show redshift under shock compression with higher change for 1.21 km/s impact. A higher change is expected
due to higher shock pressure from impact. An estimate on pressure and temperature is performed using Egs. (3)
and (4), the pressure of 2.22 + 1.1 GPa and 4.26 + 1.86 GPa, the temperature of 754 °C and 1235 °C is estimated
from impact velocity of 0.62 km/s and 1.21 km/s respectively. This further provides evidence of melting observed
initially through Raman spectra. However, the estimated temperature is an extrapolation using calibration beyond
melting temperature. This estimation of temperature and pressure cannot be verified due to a lack of calibration
data beyond the melting point. Due to this limitation, the temperature calculation shows ~45% uncertainty and
further leads to higher uncertainty in the prediction of pressure. A conservative estimate of pressure is obtained
by limiting temperature to the melting point (T = 186 °C) where the pressure of 1.08 £0.05 GPa and 2.09+0.7 GPa
is estimated. The Hugoniot shock pressure in Fig. 5 is estimated using impedance matching between aluminum

1100 flyer*’, PDMS binder®, and sucrose crystal®**>.

The estimation of the strain rate and shock viscosity is done as follows. The rise time of steady shock wave is
related to strain rate and Hugoniot state stress®® as

On
TR -
,ngs

(1)

The rise time (7) of the shock front was obtained through Boltzmann fit between the initial state of Raman
shift and final state at maximum stress as shown in Fig. 4. The first derivative of Boltzmann fit gives a Gauss-
ian distribution and the rise time is taken as three times the standard deviation of Gaussian distribution. This
estimate provides about 99.7% of the total curvature of the shock front. Using sound speed (C,) as 3.04 km/s
and density (p) as 1.58 g/cm? for sucrose crystal****, the estimated strain rate and viscosity are given in Table 1.
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Figure 5. Estimated shock pressures during shock compression at different impact velocities by accounting for
temperature effects with different limits on maximum temperature.

Impact speed (Km/s) Pressure (GPa) | Rise time (ns) | Strain rate (10%/s) | Shock viscosity (Pa s)
0.62 1.08+£0.05 8.16 9.06 4.5
1.21 2.09+0.08 6.71 213 7.2

Table 1. Estimated strain rate and shock viscosity.
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Figure 6. Scanning electron microscopy images of sucrose crystal post-impact at 0.35 km/s and higher than
0.6 km/s. The increase in impact velocity shows severe crushing and compaction of sucrose crystal.

Under shock compression, the sucrose crystal undergoes fracture at different scales. Figure 6 shows SEM
images of sucrose crystal to get insight into the heat generation mechanism. On the left is the crystal with impact
at speeds ~ 0.35 km/s. The image shows fragmentation of crystal into pieces (> 100 pm) but without any severe
crushing of the crystal. On the right is the crystal with features observed for 0.62 km/s and 1.21 km/s impact.
This figure shows fragmentation into smaller pieces and briquetting of sucrose crystal under shock compres-
sion. Fragments of size typically below 10 um are observed near the upper interface between PDMS and sucrose
crystal where in-situ measurements are performed using Raman spectroscopy. The severe crushing of crystal
structure and friction between these small crushed grains is believed to be the primary source of temperature rise.

Discussion and conclusion

In this work, in-situ time-resolved Raman spectroscopy is used to directly measure temperature and pressure
during shock compression of polymer bonded sucrose crystal. The use of Raman spectroscopy provides insight
into the chemical changes during shock compression and phase change due to temperature and pressure rise.
Temperature and pressure are estimated from analysis of change in the shift for two functional groups of sucrose
crystals based on calibrated behavior under quasi-static experiments. Time-resolved Raman spectroscopy analy-
sis shows a significant change in vibrational modes indicating features close to the melting point of sucrose.
The Raman spectrum under shock compression is comprised of the effects of pressure, plastic deformation and
temperature rise. The effect of pressure can be observed from the shift of spectra to higher wavenumber. The
extensive deformation of crytal during shock compression leads to inhomogenous material in probed volume.
The collection of Raman spectrum over several samples also adds to the inhomogeneity in probed volume. There-
fore, subtle differences can be expected between the Raman spectra of molten phase under shock compression
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and quasi-static heating. This observation is used to correct the estimation of shock pressure. The measured
shock pressure and shock rise time are used to characterize shock viscosity which is found to be around ~ 5 Pa-s
for strain rate greater than 10%/s. A better correction on shock pressure can be done by knowing the behavior of
functional groups above melting point, but the weak spectra of CH, (2982 cm™) and CH (3011 cm™) functional
groups near melting point limits this analysis. In principle, this method can be extended to energetic materials
or other surrogates to study the chemical changes under shock compression.

It is important to note that there can be multiple sources of error between estimated pressure based on impact
velocity and pressure estimated from Raman spectroscopy. Firstly, the isobaric temperature and isothermal
pressure calibration is not the ideal solution for Raman analysis under shock compression experiments. During
the isobaric heating, the material undergoes temperature rise and thermal expansion. As a result Raman shift is
affected by both phenomena®!. The isochoric heating of material is required to obtain ideal calibration of Raman
shift with temperature. Such calibration is very difficult to measure instrumentally. Therefore, the estimated pres-
sure and temperature is neglecting the effects of material compressibility on the Raman shifts. The other source
of errors includes experiment configuration being not ideally uniaxial planar shock conditions as samples are
asymmetric around the axis of impact and the morphology of crystal can lead to shock reflections and multiple
interactions. The measured pressure is expected to be lower than Hugoniot state pressure due to the interaction
of release waves on this free boundary. Secondly, the experiment configuration can form unsupported shock
conditions. Also, temperature-induced phase change due to melting and pressure-induced phase change around
5 GPa in sucrose*? leads to error in estimation in pressure and temperature. Finally, the current experiments
require correction for the arrival time of shock wave due to inconsistent time of impact at the sample surface.
This leads to the addition of Raman spectra over several pulses offset in the time domain. Therefore the temporal
effect of laser energy on sucrose crystal cannot be corrected and leads to uncertainties in temperature and pres-
sure calculations. The effect of these limitations will be explored in our future work by performing experiments
on a material with a higher melting point and probe laser with long pulse duration.

Experiment method

Sample preparation. The microstructure of composite material such as PBX is complex. This limits the
repeatability of preparing samples with similar local features and morphologies. To overcome this challenge, a
simplified sample structure with a single crystal of sucrose embedded inside the polydimethylsiloxane binder
(PDMS) with a controlled orientation was used. Sucrose has been widely used in the energetic materials research
community?>2%3+3543-45 35 3 mechanical simulant of cyclotetramethylene-tetranitramine (HMX) due to its mon-
oclinic crystal structure and similar morphological characteristics. Polymer-bonded sucrose (PBS) which acts
as an inert surrogate of polymer-bonded explosive is used to study the effects of morphology and interparticle
interactions due to similar shock Hugoniot as HMX** and similar dynamic behavior under impact*!. The sam-
ples were created in this work using single-crystal sucrose particles with an average crystal size of 250 um. The
sucrose crystals were embedded inside the PDMS binder (Sylgard 184, Dow Chemical Company) with an aver-
age depth of 106.6 pm and a standard deviation of 10.5 um. Further details on sample preparation are included
in the supplementary datasheet.

Laser-based projectile launch setup. In this work, the high-velocity impact is produced using a laser-
based projectile launch setup. The laser-based projectile launch system used in this work is a modified version of
the system used in previous work®*>#. The details of modifications are included in the supplementary datasheet.
A Nd: YAG laser from Continuum Lasers was used with a pulse width of 7 ns centered at 1064 nm wavelength
and maximum pulse energy of 650 m]J. The launch assembly for the aluminum flyer was prepared with a thin
aluminum foil (AL1100) from Alufoil Products Co., Inc. glued to a 3 mm thick borosilicate glass slide from
McMaster-Carr Co. The two-part epoxy from Loctite (Ablestik 24) is used for adhesive bonding of 25 um and
50 pm aluminum foil to the glass slide. The aluminum foils were machined in form of a circular disk of 600 um
diameter using laser machining to improve the consistency of launch. The launchpad is completed by attach-
ing a 300 um Kapton separator as shown in Fig. 7a. The Kapton spacer was also made by cutting a circular disk
of 900 um diameter using laser machining. The PBS samples were assembled in front of the aluminum disk as
shown in Fig. 7b and the whole assembly was integrated inside a vacuum chamber. A vacuum of around -0.85
Bar was applied to reduce air drag while performing impact experiments.

In-situ time-resolved Raman spectroscopy. The Raman signal is excited by a Nd: YAG pulsed laser
source at 532 nm and pulse duration of ~20 ns. For shift measurements, a 75 um vertical entrance slit on the
0.5 m focal length spectrograph from Princeton Instruments (Acton SP2500) is used. The spectrograph is inte-
grated with the Hamamatsu streak camera (C4334-01) where the Raman spectrum is acquired over a 50 ns
window. The horizontal photocathode slit on the streak is 70 um and a spectrum of 15.76 nm is captured on the
CCD with a resolution of 0.15 nm. A fixed delay is added between 532 laser and 1064 nm laser based on the
estimated shock arrival time in the sucrose crystal. The laser pulse from the flyer launch laser and Raman probe
laser are triggered using the single-shot feature on the delay generator. The uncertainty between the time of col-
lecting Raman signal and the arrival of shock wave at sugar crystal is discussed in the supplementary datasheet.

Measurement of pressure, temperature, and shock viscosity. The shock compression of solids can
lead to temperature rise and chemical or structural changes. Therefore, separation of temperature effects on
Raman shift is important to obtain the correct analysis of shock pressure. Hare et al.® used a combined effect
of temperature and pressure to Raman shift, providing an estimate of shock pressure and temperature in thin
PMMA films under ablation heating. The work of Gan et al.¥’~* suggests that the effects of temperature and
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Figure 7. Preparation of launchpad for shock compression experiments where (a) Aluminum flyer enclosed by
300 um Kapton spacer is used for impacts and (b) assembled with the target as sucrose crystal overlayed on the
impact zone.
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Figure 8. Calibration of change in Raman shift with temperature and pressure where (a) shows the Raman
Spectra of PDMS polymer and sucrose crystal and (b) shows the behavior of CH, and CH functional groups in
sucrose with pressure and temperature.

stress on Raman shift can be assumed independent of each other under isothermal conditions. The work of
Zhang et al.**->* separated the effects of stress and temperature on Raman shift by calibration of peak width with
temperature. Through measurement of peak width, the estimated temperature was used to correct for tempera-
ture-induced peak shift. However, the use of peak width for temperature estimation requires a constant exposure
time and laser energy under calibration and experiments. In a dynamic experiment such as shock compression,
the variation of laser energy over laser pulse width and spectra collected over a large number of experiments can
lead to uncertainty in peak width measurements. Therefore, measurement of peak location was preferred in this
work. A simple approach is used to express the change in Raman shift as a function of pressure and temperature
as defined in Eq. (2). These equations are used with an assumption that mixed cross-terms such as 755~ 3 par =0

Aw(P, AT) = Aw(P) + Aw(AT) )
Awch, (P, AT) = (6.35) x P[GPa] — (1.2 x 107%) x AT[°C] (3)
Awch(P, AT) = (9.85) x P[GPa] — (2.2 x 107%) x AT[°C] (4)

The solution for pressure and temperature can be obtained by solving a system of equations using the behavior
of multiple functional groups. In this work, the Raman probe laser is focused on a 22 pm region ? on the sucrose
crystal and vicinity of the interface between sucrose crystal and PDMS as shown in Fig. 8a and further explained
in Supplementary Fig. s7. The behavior of functional groups in sucrose between 2900 and 3100 cm™ is captured
under shock compression. The CH, group at 2982 cm™ and CH group at 3011 cm™ #>* are analyzed due to ease
in locating peaks during data processing. The behavior of these groups as a function of pressure is obtained from
the work of Ciezak-Jenkins et al.*?. The behavior with temperature rise is calibrated on a hot stage designed to
control the temperature within + 1 °C. Sucrose crystals are embedded inside high-temperature cement to provide

Scientific Reports |

(2022) 12:1876 | https://doi.org/10.1038/s41598-022-05834-3 nature portfolio



www.nature.com/scientificreports/

uniform heating and Raman spectra were collected for 15 min after the temperature stabilization for phase stabi-
lization. Further details on temperature calibrations are included in the supplementary datasheet. The calibrations
are achieved through a linear fit as shown in Fig. 8b and provided in Eqs. (3) and (4). The time-resolved Raman
spectra during shock loading provide an estimate of shock pressure rise time. The obtained values of rise time
and pressure are used to estimate shock viscosity®®,

1
n= ZSahr (5)

where S is the slope of shock velocity to particle velocity relationship ****

is shock rise time.

, 0y, is the Hugoniot state stress and t

Data availability
The datasets generated during and/or analyzed during the current study are available from the corresponding
author on reasonable request.

Received: 19 August 2021; Accepted: 12 January 2022
Published online: 03 February 2022

References

1. Dhiman, A, Rai, A., Wang, H., Prakash, C. & Tomar, V. in DYMAT Winter School.

2. Dhiman, A., Olokun, A. & Tomar, V. Microscale analysis of stress wave propagation through plastic bonded explosives under
micro-sphere shock impact. J. Dynamic Behav. Mater. 7(2), 294-306. https://doi.org/10.1007/s40870-021-00290-y (2021).

3. Hare, D. E., Franken, J. & Dlott, D. D. Coherent raman measurements of polymer thin-film pressure and temperature during
picosecond laser ablation. J. Appl. Phys. 77, 5950-5960 (1995).

4. Bassett, W. P, Johnson, B. P, Neelakantan, N. K., Suslick, K. S. & Dlott, D. D. Shock initiation of explosives: High temperature hot
spots explained. Appl. Phys. Lett. 111, 061902 (2017).

5. Curtis, A. D., Banishev, A. A., Shaw, W. L. & Dlott, D. D. Laser-driven flyer plates for shock compression science: Launch and target
impact probed by photon Doppler velocimetry. Rev. Sci. Instrum. 85, 043908 (2014).

6. Field, ]. E., Bourne, N., Palmer, S. & Walley, S. Hot-spot ignition mechanisms for explosives and propellants. Philosoph. Trans. R.
Soc. London Ser. A Phys. Eng. Sci. 339, 269-283 (1992).

7. Prakash, C., Gunduz, I. E. & Tomar, V. Simulation guided experimental interface shock viscosity measurement in an energetic
material. Modell. Simulat. Mater. Sci. Eng. 27, 085003 (2019).

8. Hebert, P, Bouyer, V., Doucet, M., Rideau, J. & Terzulli, L.-P. in AIP Conference Proceedings. 1585-1588 (American Institute of
Physics).

9. Rastogi, V. et al. Time-resolved Raman spectroscopy of polystyrene under laser driven shock compression. J. Raman Spectrosc. 48,
1007-1012 (2017).

10. Field, J. E. Hot spot ignition mechanisms for explosives. Acc. Chem. Res. 25, 489-496 (1992).

11. Barua, A. & Zhou, M. A Lagrangian framework for analyzing microstructural level response of polymer-bonded explosives. Modell.
Simulation Mater. Sci. Eng. 19, 055001 (2011).

12. Springer, H. K., Bastea, S., Nichols, A. L. IIL, Tarver, C. M. & Reaugh, J. E. Modeling the effects of shock pressure and pore mor-
phology on hot spot mechanisms in HMX. Propellants Explos. Pyrotech. 43, 805-817 (2018).

13. Winter, R. & Field, J. E. The role of localized plastic flow in the impact initiation of explosives. Proc. R. Soc. London A Math. Phys.
Sci. 343, 399-413 (1975).

14. Frey, R. Proceedings of the 7th Symposium (International) on Detonation. 36-42.

15. Men, Z., Bassett, W. P, Suslick, K. S. & Dlott, D. D. Drop hammer with high-speed thermal imaging. Rev. Sci. Inst. 89, 115104
(2018).

16. Olokun, A. et al. Examination of local microscale-microsecond temperature rise in HMX-HTPB energetic material under impact
loading. JOM 71, 3531-3535 (2019).

17. Bourne, N. & Field, J. Shock-induced collapse of single cavities in liquids. J. Fluid Mech. 244, 225-240 (1992).

18. Carroll, M. & Holt, A. Static and dynamic pore-collapse relations for ductile porous materials. . Appl. Phys. 43, 1626-1636 (1972).

19. Dear, J., Field, J. & Walton, A. J. Gas compression and jet formation in cavities collapsed by a shock wave. Nature 332, 505-508
(1988).

20. Rai, N. & Udaykumar, H. Void collapse generated meso-scale energy localization in shocked energetic materials: Non-dimensional
parameters, regimes, and criticality of hotspots. Phys. Fluids 31, 016103 (2019).

21. Swantek, A. & Austin, J. Collapse of void arrays under stress wave loading. J. Fluid Mech. 649, 399-427 (2010).

22. Khan, M. & Picu, C. R. Shear localization in molecular crystal cyclotetramethylene-tetranitramine (-HMX): Constitutive behavior
of the shear band. J. Appl. Phys. 128, 105902 (2020).

23. Austin, R. A, Barton, N. R,, Reaugh, J. E. & Fried, L. E. Direct numerical simulation of shear localization and decomposition
reactions in shock-loaded HMX crystal. J. Appl. Phys. 117, 185902 (2015).

24. Olokun, A. M., Prakash, C., Emre Gunduz, I. & Tomar, V. The role of microstructure in the impact induced temperature rise in
hydroxyl terminated polybutadiene (HTPB)-cyclotetramethylene-tetranitramine (HMX) energetic materials using the cohesive
finite element method. J. Appl. Phys. 128, 065901 (2020).

25. Prakash, C., Olokun, A., Gunduz, I. E. & Tomar, V. Nano-Energetic Materials 275-290 (Springer, 2019).

26. Prakash, C., Gunduz, I. E. & Tomar, V. The effect of interface shock viscosity on the strain rate induced temperature rise in an
energetic material analyzed using the cohesive finite element method. Modell.Simul. Mater. Sci. Eng. 27, 065008 (2019).

27. Prakash, C., Gunduz, I. E., Oskay, C. & Tomar, V. Effect of interface chemistry and strain rate on particle-matrix delamination in
an energetic material. Eng. Fract. Mech. 191, 46-64 (2018).

28. Ravindran, S., Tessema, A. & Kidane, A. Multiscale damage evolution in polymer bonded sugar under dynamic loading. Mech.
Mater. 114, 97-106 (2017).

29. Keyhani, A,, Yang, R. & Zhou, M. Novel capability for microscale in-situ imaging of temperature and deformation fields under
dynamic loading. Exp. Mech. 59, 775-790 (2019).

30. Mares, J. et al. Thermal and mechanical response of PBX 9501 under contact excitation. J. Appl. Phys. 113, 084904 (2013).

31. You, S., Chen, M.-W., Dlott, D. D. & Suslick, K. S. Ultrasonic hammer produces hot spots in solids. Nat. Commun. 6, 1-7 (2015).

32. Trott, W. M. & Renlund, A. M. Single-pulse Raman scattering study of triaminotrinitrobenzene under shock compression. J. Phys.
Chem. 92, 5921-5925 (1988).

33. Dhiman, A., Lewis, N. S., Olokun, A. & Tomar, V. in EP] Web of Conferences. (EDP Sciences).

34. Baer, M. & Trott, W. in AIP Conference Proceedings. 713-716 (American Institute of Physics).

Scientific Reports |

(2022) 12:1876 | https://doi.org/10.1038/s41598-022-05834-3 nature portfolio


https://doi.org/10.1007/s40870-021-00290-y

www.nature.com/scientificreports/

35. Trott, W. M., Baer, M. R., Castaneda, J. N., Chhabildas, L. C. & Asay, J. R. Investigation of the mesoscopic scale response of low-
density pressings of granular sugar under impact. J. Appl. Phys. 101, 024917 (2007).

36. Kim, H., Hambir, S. A. & Dlott, D. D. Shock compression of organic polymers and proteins: ultrafast structural relaxation dynamics
and energy landscapes. J. Phys. Chem. B 104, 4239-4252 (2000).

37. Prakash, C., Gunduz, I. E. & Tomar, V. ATAA/ASCE/AHS/ASC Structures, Structural Dynamics, and Materials Conf (American
Institute of Aeronautics and Astronautics, 2018).

38. Grady, D. E. Structured shock waves and the fourth-power law. J. Appl. Phys. 107(1), 013506 (2010).

39. Marsh, S. P. LASL Shock Hugoniot Data (Univ of California Press, 1980).

40. Toda, A., Yamamura, R., Taguchi, K., Fukushima, T. & Kaji, H. Kinetics of “melting” of sucrose crystals. Cryst. Growth Des. 18,
2602-2608 (2018).

41. Bellowsa, J. C. & Prasadb, P. N. Dephasing times and linewidths of optical transitions in molecular crystals: Temperature depend-
ence of line shapes, linewidths, and frequencies of Raman active phonons in naphthalene. J. Chem. Phys. 70, 1864-1871 (1979).

42. Ciezak-Jenkins, J. A. & Jenkins, T. A. Mechanochemical induced structural changes in sucrose using the rotational diamond anvil
cell. J. Appl. Phys. 123, 085901 (2018).

43. Ramos, K. & Bahr, D. Mechanical behavior assessment of sucrose using nanoindentation. J. Mater. Res. 22, 2037-2045 (2007).

44. Heavens, S. & Field, J. E. The ignition of a thin layer of explosive by impact. Proc. R. Soc. London A Math. Phys. Sci. 338, 77-93
(1974).

45. Millett, J. & Bourne, N. The shock Hugoniot of a plastic bonded explosive and inert simulants. J. Phys. D Appl. Phys. 37, 2613
(2004).

46. Dhiman, A., Lewis, N. S,, Dillard, T., Sudarshan, M. & Tomar, V. Advancements in mechanical raman spectroscopy for applications
in energetic materials. Energetic Mater. Front. 2(3), 193-200. https://doi.org/10.1016/j.enmf.2021.09.001 (2021).

47. Gan, M., Zhang, Y. & Tomar, V. In situ deformation of silicon cantilever under constant stress as a function of temperature. J.
Nanotechnol. Eng. Med. https://doi.org/10.1115/1.4027877 (2014).

48. Gan, M. & Tomar, V. Surface stress variation as a function of applied compressive stress and temperature in microscale silicon. J.
Appl. Phys. 116, 073502 (2014).

49. Gan, M., Samvedi, V. & Tomar, V. Raman spectroscopy-based investigation of thermal conductivity of stressed silicon microcan-
tilevers. J. Thermophys. Heat Transfer 29, 845-857 (2015).

50. Zhang, Y., Gan, M. & Tomar, V. Raman thermometry based thermal conductivity measurement of bovine cortical bone as a func-
tion of compressive stress. J. Nanotechnol. Eng. Med. https://doi.org/10.1115/1.4027989 (2014).

51. Zhang, Y., Mohanty, D. P. & Tomar, V. Challenges in Mechanics of Time Dependent Materials (Springer, 2017).

52. Zhang, Y., Wang, H. & Tomar, V. Visualizing stress and temperature distribution during elevated temperature deformation of
IN-617 using nanomechanical raman spectroscopy. Jom 70, 464-468 (2018).

53. Zhang, Y., Mohanty, D. P. & Tomar, V. Visualizing in situ microstructure dependent crack tip stress distribution in IN-617 using
nano-mechanical raman spectroscopy. Jom 68, 2742-2747 (2016).

54. Zhang, Y., Prakash, C. & Tomar, V. Fracture Fatigue Failure and Damage Evolution (Springer, 2019).

55. Brizuela, A. B. et al. A complete characterization of the vibrational spectra of sucrose. Carbohyd. Res. 361, 212-218 (2012).

Author contributions
All authors have equal contributions to this work.

Funding

The authors gratefully acknowledge the financial support from the Air Force Office of Scientific Research,
Dynamic Materials and Interactions program (Grant No.: FA9550-19-1-0318, Program Manager: Dr. Martin
Schmidt).

Competing interests
The authors declare no competing interests.

Additional information
Supplementary Information The online version contains supplementary material available at https://doi.org/
10.1038/541598-022-05834-3.

Correspondence and requests for materials should be addressed to V.T.
Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

License, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the
Creative Commons licence, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2022

Scientific Reports |

(2022) 12:1876 | https://doi.org/10.1038/s41598-022-05834-3 nature portfolio


https://doi.org/10.1016/j.enmf.2021.09.001
https://doi.org/10.1115/1.4027877
https://doi.org/10.1115/1.4027989
https://doi.org/10.1038/s41598-022-05834-3
https://doi.org/10.1038/s41598-022-05834-3
www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Thermo-mechanical behavior measurement of polymer-bonded sugar under shock compression using in-situ time-resolved Raman spectroscopy
	Results
	Flyer impact characterization. 
	Effect of laser heating on sucrose crystal. 
	Shock characterization using time-resolved Raman spectroscopy. 

	Discussion and conclusion
	Experiment method
	Sample preparation. 
	Laser-based projectile launch setup. 
	In-situ time-resolved Raman spectroscopy. 
	Measurement of pressure, temperature, and shock viscosity. 

	References


