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Project Final Report 

Project Title: Multiscale Experiments and Modeling of Dynamic Energetic Material Failure 
including Stochastic Interfaces 

Principal Investigators: Caglar Oskay, Vanderbilt University. Email: 
caglar.oskay@vanderbilt.edu. Phone: (615) 343-0583; Vikas Tomar, Purdue University. Email: 
tomar@purdue.edu. Phone: (765) 494-3423; Emre Gunduz, Purdue University. Email: 
igunduz@purdue.edu. Phone: (765) 494-0066.  

Award Number: FA9550-15-1-0202 
Program Manager: Dr. Martin Schmidt 

Progress Reporting Period: April 15, 2017– September 14, 2018. 
Overall Period of Performance: April 15, 2015– September 14, 2018. 
 
Project Objectives:  

There has been no change in the objectives of the project. 
 
Status of Effort: 

In the last half year of this project, the planned activities continued in both the experimental and 
computational tasks outlined in the original proposal, resulting in successful conclusion of the 
research. All activities performed directly support and in line with those proposed in the original 
project proposal. To achieve the objectives of the project in terms of numerical modeling and 
experimental characterizations, the accomplishments within the last six months of the project 
(during the no-cost-extension period) include the following: 

1. Implemented and verified a fully three-dimensional crystal plasticity model to describe the 
dynamic response of polycrystalline b-HMX particles; 

2. Performed global sensitivity analysis to elucidate the effect of monoclinic elasticity tensor 
components on the variability of the dynamic response of the polycrystal b-HMX specimen 
subjected to impact loading; 

3. Analyzed the discrepancy between the local and global sensitivity of elastic coefficients on the 
plastic work in polycrystalline mesoscale specimens subjected to dynamic loads; 

4. Performed sensitivity analysis to elucidate the effects and relative roles of various slip 
mechanisms and dislocation density evolution on the dynamic response of polycrystal b-HMX 
specimen; 

5. Analyzed the discrepancy between the local and global sensitivities of various plastic 
deformation mechanisms on the maximum temperature rise in the polycrystal specimens 
subjected to dynamic loads;   

6. Used a nanoscale dynamic impact experiment to obtain the constitutive model for bulk HTPB, 
AP as well as the HTPB-AP interface. A strain rate dependent power law viscoplastic model 
was fitted to the measured stress, strain and strain rate. It was observed that the interface 
constitutive behavior can be altered by adding a binding agent; 
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7. The interface delamination experiment under a quasi-static tensile loading combined with an 
in-situ MRS technique was used to obtain a cohesive zone model parameters for HTPB-AP 
interface. A tensile test was performed on a single particle edge crack sample with and without 
binding agent until failure. Crack propagation along the interface was monitored and the 
corresponding interface cohesive energy was obtained from the load displacement curve. Local 
stress near the interface during loading was obtained from MRS. It was observed that the 
interface strength increases with the addition of a binding; 

8. Proposed a novel experimental setup based on impact simulations done for a single particle 
HTPB-AP sample. It was found that in order to measure interface level shock initiation, a direct 
interface impact set up was most appropriate. Also, an in-situ stress measurement was required. 
A laser induced particle impact combined with MRS was used to measure the shock viscosity 
at an interface. It was shown to be effective in measuring the interface level shock viscosity 
for both type of samples. The interface shock viscosity as a function of strain rate obtained 
from the current experiment was found to be qualitatively comparable with shock viscosity of 
different materials found in literature; 

9. Thermal conductivity of HTPB-AP interface was obtained using Raman thermometry and was 
used for the evaluation of temperature change in the overall microstructure. Thermal 
conductivity for the HTPB-AP interface was found to be equal to 0.16 W/m.K and that for 
HTPB-AP-Tepanol was equal to 0.175 W.m.K; 

10. The experimentally obtained material properties were then used in a cohesive finite element 
method framework and the model was validated against experimental observation available in 
literature; 

11. Impact induced temperature rise, for an idealized HTPB-AP EM microstructure consisting of 
circular AP particles, was simulated considering viscoplastic, frictional and shock viscosity 
induced dissipation. It was observed that the interface shock viscosity leads to a decrease in 
the viscoplastic dissipation and the maximum temperature within the microstructure. It was 
also observed that the hot-spot density decreases with increasing shock viscosity. It was 
proposed that in order to predict the impact induced deformation behavior and the 
corresponding temperature rise in an EM microstructure, interface level properties should be 
considered in the model; 

In the past three and a half years, this research resulted in 11 journal and proceeding articles (8 
published, and 3 nearing submission). In addition, the outcomes of this research were presented in 
11 conferences.  

Accomplishments/New Findings:  

Polycrystal Plasticity Simulations of HMX Specimen 

The sensitivity analysis framework that was developed earlier in this project was previously 
applied on analysis of inelastic deformation processes within HMX single crystal, the interfacial 
separation behavior between elastic inclusion and polymeric binder under dynamic loads, and to 
assess morphological sensitivities. The crystallographic slip on slip systems within HMX crystals 
significantly contribute to the interfacial thermo-mechanical state as well as the material 
heterogeneity in a tightly packed energetic material. The contributions stem from the stress 
redistributions and material hardening/softening near the interfaces as a function of plastic 
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deformation, intra-particle plastic heat generation (adiabatic under impact/shock loads), as well as 
possible intragranular fracture and associated processes.  

In the current period, we focused on extending the sensitivity analysis framework and investigating 
the role of plastic processes on the overall and interfacial behavior in polycrystal energetic particles 
(b-HMX) under impact loading. This builds on the work performed in the previous reporting 
period, which verified and validated the crystal plasticity model in the context of single crystal 
simulations.  

 
Figure 1: Polycrystal specimen geometry and experimental settings. Each particle represents a single 
crystalline. Random orientations are assigned to particles. 

Plastic deformations in polycrystalline b-HMX mesostructures is of interest in view of the fact that 
the dynamics response of these materials is significantly affected by the stress and deformation 
heterogeneities at the crystal interfaces. The low crystal symmetry and the presence of multiple 
and potentially interacting plastic deformation results in complex response features under dynamic 
loads. In this research, we focused on the construction of representative polycrystalline b-HMX 
mesostructures and gaining the ability to perform polycrystalline simulations, which are in turn 
used in sensitivity analyses described below. 

Mesoscale morphology characteristics such as the 
grain size distribution, orientation distribution and 
others significantly affect the response of energetic 
materials [1]. Figure 1 shows the geometry, 
morphology, loading and boundary conditions, as 
well as the discretization of the mesostructure 
considered in this study. The size of the numerical 
specimen is 3 mm x 1 mm that is made of 91 single 
crystals with random orientations sampled from 
uniform random orientation distribution. The size of 
the grains are sampled from a bimodal particle size 
distribution shown in Fig. 2 The mesostructure is 
subjected to the displacement controlled impact 
loading (250 /s) from the left edge of the specimen. 
The geometry is modeled as a quasi 2-D domain with 
three dimensional discretization constrained in the third (out of plane) direction with a single set 
of elements along the thickness direction. The mesoscale particle size probability distribution of 

3 mm 1 mm

Dynamic
Loading

X
Y
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Figure 2: Bimodal particle size distribution. 
For the first normal distribution 𝑁(𝜇$, 𝜎$), 
the weight 𝑤 = 0.2, mean 𝜇$ = 61.8	𝜇𝑚, 
variance 𝜎$ = 13.9	𝜇𝑚. For the second 
normal distribution 𝑁(𝜇4, 𝜎4), mean 𝜇4 =
225.7	𝜇𝑚, variance 𝜎4 = 44.9	𝜇𝑚. 
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b-HMX polycrystalline is constructed according to the available experimental data and numerical 
investigations available in the open literature [2-7]. 

 

 
(a)                                                                       (b) 

 
(c)                                                                       (d) 

Figure 3: Von Mises stress contours at (a) 𝑡 = 0.2	𝜇𝑠, (b) 𝑡 = 0.5	𝜇𝑠, (c) 𝑡 = 0.75	𝜇𝑠, and (d) 𝑡 = 0.4	𝜇𝑠. 
The loading on the left hand side is 250	𝑚/𝑠. All model parameters, including elastic constants and plastic 
properties, remain the same with the parameters in Ref. [8]. 

Figure 3 illustrates the stress contours as the stress wave progresses through the specimen in a 
representative dynamic simulation. Local stress concentrations are apparent particularly along 
grain boundaries and triple junctions. The dislocation density generation and annihilation 
continuously drive local increase or decrease of the material strength, slip and plastic work in a 
complex fashion. Evolution of dislocation density distribution over the specimen is shown in Fig 
4. The misorientation between adjacent grains leads to concentration of dislocations along grain 
boundaries and triple junctions. 

 
Figure 4: Dislocation density contour at 𝑡 = 0.55	𝜇𝑠. All model parameters remain the same with the 
parameters in Ref. [8]. 

The primary response function of interest is the peak temperature within the domain, which 
represents the most critical dissipative state across the mesostructure. In what follows, the 
mesostructural morphology is fixed and we focus on the analysis of the effects of elastic and plastic 
properties of the polycrystal. 
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Elastic Coefficients Sensitivity Analysis 

The sensitivity of elastic coefficients of HMX polycrystal specimen with respect to heat generation 
is investigated under a displacement-controlled impact load at the LHS of the specimen. Ranges 
of the thirteen independent elasticity coefficients, which fully defines the monoclinic anisotropic 
properties, are estimated through the available experimental measurements and molecular 
simulations of b-HMX monoclinic crystal. As in the case of the single crystal investigations, four 
coefficients - 𝐶$$, 𝐶<=, 𝐶44, 𝐶>? - are taken as constants and excluded from sensitivity studies. 𝐶<<, 
𝐶>>, 𝐶==, 𝐶??, 𝐶$4, 𝐶4<, 𝐶$= and 𝐶4= are regarded as variables. The sensitivity analysis framework 
developed in this project has been used to assess the global sensitivity of the elasticity coefficients.  

Approximately 2,000 forward mesoscale simulations are performed with parameters randomly 
sampled based on stratified sampling to serve as training dataset for the surrogate model. 
Following the surrogate model development, 140,000,000 model predictions were made using the 
surrogate to construct the output distributions. 

 

Figure 5 shows the global sensitivity indices for the elastic parameters. The plot clearly indicates 
that 𝐶<< is the most sensitive parameter under the applied impact loading. 𝐶<< is the out-of-plane 
stiffness and the corresponding high sensitivity is due to the confinement effect induced by the 
bonding condition employed in the out-of-plane direction. Shear coefficients of 𝐶==, 𝐶??, 𝐶$4 and 
𝐶$< exhibit relatively high sensitivity, with the remainder of the parameters to exhibit a small 
contribution to temperature rise. 

Figure 6 demonstrates the sensitivity of the nine elastic constants (displayed as probability 
distributions) computed using the OAT method. In the OAT method, the sensitivity of a single 
parameter is computed by sampling that parameter from the range of values probed in the study, 
while keeping all other parameters fixed at their mean values. OAT therefore provides local 
variability of the response as a function of the parameter. 𝐶$< and 𝐶?? separately generate the 
largest temperature variations (~ 11 K) even though they are far less sensitive compared with 𝐶<< 
across the parameter subspace investigated in this study. Separately varying the parameter 𝐶$=, 𝐶4= 

 

Figure 5: Sensitivity indices generated with 144 million prediction samples. 
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and 𝐶>> does not produce significant temperature rise (< 3 K), which is consistent with the 
corresponding low sensitivity indices in Fig. 5. 

 
Figure 6: Temperature probability distribution resulted by the uncertainty of the individual elastic 
coefficient for polycrystal specimen. 

The variation of the peak temperature over 
𝐶<< − 𝐶?? plane is shown in Fig. 7. This two-
parameter sensitivity figure demonstrates the 
potential interactions between the most 
consequential parameters. Similar to the 
single crystal case, the plot indicates a convex 
shape with varying 𝐶?? for fixed 𝐶<< and a 
linear variation with 𝐶<< for a fixed 𝐶??. In the 
present case, the curvature does vary with the 
value of 𝐶<<, which indicates some interactive 
effects between the two most influential 
parameters. 
 
Plastic Deformation Mechanisms Sensitivity Analysis 

The sensitivity analyses have been performed to assess the relative roles of the plastic deformation 
mechanisms in the dynamic response of the polycrystalline mesostructure. The parameters that 
describe the crystal plasticity are considered variable, whereas the elasticity parameters are held 
constant, in order to construct the surrogate model, we performed approximately 3,000 CPFE 
simulations. The sensitivities were assessed based on 170,000,000 prediction points using the 
surrogate model.  

Compared with the elastic constants, identification of appropriate parameter subspaces for plastic 
behavior is more challenging. This is due to the fact that different models available in the literature 
employ different internal state variables and evolution forms to describe the slip and strength 
evolution and that relatively small number of studies focused on accurate characterization of these 
parameters. The current crystal plasticity model consists of 16 parameters to describe the slip 
evolution by thermal activation (�̇�CDE , 𝑐G , 𝑝, 𝑞, 𝜁), slip evolution by phonon drag (�̇�KDE , 𝐷KD, 𝜃D), 
hardening evolution (𝑔D, 𝑠) adiabatic temperature evolution (𝑐O, 𝜂) and dislocation density 

 

Figure 7: Temperature surface over 𝐶<< − 𝐶?? plot. 
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evolution (𝑛$, 𝑛4, 𝑛<, 𝜌S). In what follows, we particularly focus on the investigation of the phonon 
drag, thermal activation and dislocation density evolution mechanisms. Eight parameters (�̇�CDE , 𝑐G , 
�̇�KDE , 𝐷KD, 𝜌S, 𝑛$, 𝑛4, 𝑛<) are considered as variables in the sensitivity analysis studies below. 

 

The results of the sensitivity indices (Fig. 8) are consistent with those from the single crystal 
analyses (results discussed in the previous report) that the dislocation evolution (particularly 𝑛$ 
and 𝑛4) along with phonon drag mechanisms primarily describe the plastic deformation and 
dissipation processes that occur under the applied dynamic loading. The distribution functions 
computed based on the OAT approach (Fig. 9) also indicate that, while the overall contributions 
and variabilities differ from those computed based on the global sensitivity analysis, the effects of 
phonon drag and dislocation density evolution are dominant. The key dislocation density evolution 
parameters that describe the generation and annihilation terms interact in a nonlinear fashion to 
describe the overall dissipative response and consequent temperature rise in the mesostructure, as 
shown in Fig. 8. 

 
Figure 9: Temperature probability distribution resulted by the uncertainty of the individual plastic 
parameter for polycrystal specimen. 

The variation of the peak temperature over 𝑛$ − 𝑛< plane is shown in Fig. 10. In the polycrystal 
case, 𝑛< is more sensitive than 𝑛4, while in the single crystal case that we have reported before 𝑛4 

 

Figure 8: Sensitivity indices generated with 128 million prediction samples. 
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significantly influence the dislocation annihilation which results in large temperature rise. The plot 
indicates a convex shape with varying 𝑛< for fixed 𝑛$ and a linear variation with 𝑛$ for a fixed 𝑛<. 
In the present case, the curvature vary with the value of 𝑛$, which indicates some interactive effects 
between the dislocation generation and annihilation process. 

 

Constitutive Model for HTPB, AP and Interface 

The constitutive material model and the cohesive zone model parameters were obtained from the 
experiments. A strain-rate dependent stress-strain law was obtained using a nanoscale dynamic 
impact experiment [1]. The stress-strain data obtained from the impact tests was fit to a viscoplastic 
power law model to define the constitutive behavior of the material. The viscoplastic model 
parameters for HTPB, AP and interface are shown in Table 1 [9].  

Table 1: Constitutive model parameters for bulk and interface [9]  

Parameter χ (MPa)-n m n 
HTPB 0.54 -0.18 1.8 

AP 3.7E10 -9.8 5.9 
HTPB-AP Interface 1.0E5 -5.0 2.5 

HTPB-AP-Tepanol Interface 1.0E4 -4.2 2.0 
 
Cohesive Zone Model for HTPB, AP and Interface 

In this work, an in-situ mechanical Raman Spectroscopy tests, as proposed by Prakash et al. [9], 
were performed in order to obtain the cohesive zone parameters. Cohesive zone parameters for 
bulk HTPB, AP and different interfaces are given in Table 2. 

Table 2: Cohesive zone parameters of bulk and interface [9]  

Material/Interface Cohesive Strength 
(MPa) 

Critical Displacement 
(mm) 

Cohesive Energy 
(N/mm) 

HTPB 0.8 0.5 0.2 
AP 2x103 5x10-3 5.0 

HTPB-AP Interface 1.1 0.12 0.065 

 

Figure 10: Temperature surface over 𝑛$ − 𝑛< plane. 
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HTPB-AP-Tepanol 
Interface 

2.91 0.11 0.16 

 
Experimental Measurement of Interface Shock Viscosity 

Shock viscosity is the ratio of the maximum stress to the applied strain rate. In order to obtain the 
shock viscosity, direct measurement of localized stress and strain rate is required. In the previous 
report it was shown that for interface shock viscosity, a direct interface impact setup is required. 
In this section the required experimental setup and the measurement techniques are described.  

 
Figure 11: Experimental Setup for shock viscosity measurement. 

Shock viscosity, , is given by, 

                                                                                                                                          (1) 

where, is the maximum stress that occurs in the material across the shock wave and  is the 
strain rate applied. In the current setup, Fig. 11, a pulse laser setup is used to accelerate a Si particle 
that precisely impact HTPB-AP interfaces at a velocity ranging from 1048 m/s to 1468 m/s. The 
velocity of the accelerated particles, V, is measured using a streak camera and the strain rate is 
calculated as, 

                                                               .                                                                          (2) 

Here, h is the thickness of the sample. A local, in-situ stress at the interface where the impact 
occurs, is measured using MRS as explained earlier in section-2. Figure 12 (a) shows schematic 
of the particle impact experiment. A pulse laser (1064 nm, 2.5 mJ pulse energy and 9 ns pulse 
width by Opto-engine LLC) is focused on a glass substrate, on which an HTPB substrate is 
attached. A Si spherical particle of approximately ~1 µm diameter (procured from Alfa Aesar) is 
placed on the HTPB substrate layer. When the laser is focused on the glass, HTPB layer absorbs 
the energy and transfers it to the particle which then flies with a certain velocity toward the sample. 

h
sh
e

=
!

s e!

V
h

e =!
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Figure 12: (a) Schematic of pulse laser induced particle impact and velocity measurement, (b) Streak 
images of particles and (c) velocity measurement from the streak images. 

As shown in Fig. 12 (a), a high speed streak camera (IMACON 790) is used to collect the images 
of particle flying towards the sample. The camera is continuously triggered by a delay generator 
(DG 535) and a CMOS camera attached with a zoom lens (Navitar 700). The images acquired by 
the CMOS camera is automatically saved on a computer using Thorcam software. Streak images 
of the particle, Fig. 12 (b), represents particle position as a function of time which is used to obtain 
the velocity V of the particle as the slope of the position vs. time line as shown in Fig. 12 (c). This 
procedure is repeated for different values of the laser pulse energy for the same size of particles in 
order to obtain different strain rates for precise impact of particles at HTPB-AP interfaces. 

 
Figure 13: (a) Representative HTPB-AP impact sample, (b) particle velocity and strain rate at different 
pulse energy, (c) stress obtained in the scan area using MRS and (d) shock viscosity in the scan area for 
HTPB-AP-Tepanol sample. 

As shown in Fig. 1 MRS setup is used in combination with the impact setup in order to in-situ 
measure stress at the HTPB-AP interfaces. Figure 3 (a) shows a representative interface impact 
setup of the HTPB-AP sample and the corresponding scan area near the interface. The velocity 
obtained from the streak camera images and the corresponding strain rates for increasing pulse 
energy used are shown in Fig. 3 (b). Figure 3 (c) shows the stress map obtained near the interface 
at two such strain rates. The interface shock viscosity is calculated using Eq. (1). 
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Figure 14: A qualitative comparison of (a) Interface shock viscosity measured using the current 
experimental setup for both samples (Sample-1 is without Tepanol and Sample-2 is with Tepanol) and (b) 
the shock viscosity measured for Al (Reprinted with permission from (D. E. Grady 1981 [10]). Copyright 
(2018) AIP Publishing). 
Based on the maximum stress obtained from the stress map in Fig. 3 (c) and the corresponding 
strain rate, a plot of the interface shock viscosity with respect to the applied strain rate is obtained, 
Fig. 4 (a). For both samples, with and without the binding agent, the shock viscosity is found to be 
in the range of 2 to 6 Pa.s. Since there is no available measured value of interface shock viscosity, 
a qualitative comparison of the current trend of shock viscosity as a function of strain rate is 
performed with that of the shock viscosity obtained for Al, as shown in Fig. 4 (b). D. E. Grady 
[11] has reviewed shock behavior of several different materials, such as granular materials, 
composites, metals, etc., and have established an empirical power law relation between shock 
viscosity and the strain rate. However, the analysis used in these studies, to obtain shock viscosity, 
do not consider any local variation in the shock wave behavior because of the limitation in their 
experimental measurements. Also, in order to obtain shock viscosity, stress is calculated either 
from the shock Hugoniot relation or taken to be equal to the applied pressure [11]. These 
assumptions are not be valid in case of composite materials where impedance mismatch among 
constituent material will affect the shock wave propagation as well as the local stress. The current 
work focuses on measuring the interface stress and the corresponding shock viscosity. As can be 
seen in Fig. 4 (a), interface shock viscosity shows a clear variation as a function of chemical 
composition. Table 3 lists the value of shock viscosity for HTPB, AP and the HTPB-AP interface 
used in this work. 

Table 3: Shock viscosity of bulk and interface. 
 

HTPB[12]  AP[13]  HTPB-AP 
Interface 

HTPB-AP-Tepanol 
Interface 

Viscosity (Pa.s) 1.5 30 4.8 6 

 

Thermal Conductivity for HTPB-AP Interface 

In order to model the thermal behavior of the HTPB-AP energetic material, thermal conductivity 
values of the individual constituents are needed. For the HTPB and AP phases, thermal 
conductivity values are readily available in literature. However, there are no available thermal 
conductivity values for the HTPB-AP interface. In this work, an in-situ MRS method is used to 
experimentally measure the thermal conductivity at HTPB-AP interface. Several researchers have 
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shown this method to be an effective and accurate tool in the temperature distribution measurement 
as well as the thermal conductivity measurement [14, 15]. In order to measure the temperature 
distribution around an interface, first a correlation between the changes in Raman shift due to 
known externally applied temperature needs to be obtained. The experimental setup to obtain the 
calibration relation between Raman shift and the temperature change is shown in Fig. 15 (a). The 
sample is mounted on a hot-stage where a temperature detector is attached to one end of the sample 
and the other end was heated using electric coils. An Ar+ laser beam (Modu-Laser Inc., UT) of 
wavelength 514.8 nm was directed at the sample as the sample was being heated. The 
backscattered laser beam was collected back by an objective and directed to a spectrometer (Acton 
SP2500; Princeton Instruments Inc., NJ). A low power laser beam (~5 mW) was used to measure 
the Raman shift so that the temperature change due to laser beam remains insignificant [15]. In 
this work, a correlation between the Raman shift of the CH2 asymmetric stretching mode (Fig. 15 
(b)) and the sample temperature was obtained. The Raman shifts at different temperatures were 
obtained as plotted in Fig. 15(c). A linear relationship between the Raman shift and the temperature 
change from the reference value of the sample was fitted to a linear relation, which is given by, 

                                                                                                                                    (3) 

where the value of C is obtained from the slope of the linear correlation curve in Fig. 15 (c), which 
is equal to 0.121 cm-1/K. This calibration constant is then used to calculate the temperature change 
of the samples by measuring the change in Raman shift values. 

 

 
Figure 15: (a) Experimental set-up for Raman shift vs temperature change calibration, (b) a representative 
Raman spectra of HTPB and (c) calibration curve for Raman shift vs temperature change. 

D = Dw C T
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By measuring the laser energy absorbed by the sample and corresponding temperature increase of 
the laser spot on the sample, the thermal conductivity of the sample can be derived with a heat 
transfer model. It has been shown that the isothermal conditions can be assumed and the interface 
between sample and the substrate can be assumed to be hemispheric, if the thickness of the sample 
is more than one magnitude larger than the laser spot size. A Horiba Xplora Plus Raman 
spectroscope was used to measure the Raman shift during loading. A 532 nm wavelength laser 
was used with a laser power of 20 mW and the laser spot size (d) was found to be of approximately 
1 µm. By measuring the laser power (P) and corresponding temperature change (ΔT) thermal 
conductivity of the sample can also be calculated using [7], 

                                                                                                                                      (4) 

Using Eq. (3) for the temperature change in Eq. (4), the thermal conductivity can be written as, 

                                                                                                                                  (5) 

 
Figure 16: (a) HTPB-AP tensile sample, (b) sample dimensions, boundary conditions and the scan area and 
(c) thermal conductivity near the HTPB-AP-Tepanol interface.  

In this work, a tensile load is applied to a single particle HTPB-AP sample as shown in Fig. 16 (a) 
and the change in Raman shift near the HTPB-AP interface in the scan area (Fig. 16 (b)) was 
obtained. Thereafter, Eq. (5) was used to calculate thermal conductivity of the scan area near the 
HTPB-AP interface. As can be seen from Fig. 16 (c) for different tensile load, a slight decrease in 
the thermal conductivity is observed. Thermal conductivity and heat capacity of the HTPB, AP 
and the HTPB-AP interface used in the simulation are given in Table 4. The value of heat capacity 
for the HTPB-AP interface was obtained as the average value of AP and HTPB phase values as 
suggested by Hu et al. [16].  

2P
πdΔT

k =
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πdΔ

k
w
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Table 4: Thermal properties of HTPB, AP and the HTPB-AP Interface 

 HTPB AP HTPB-AP 
Interface 

HTPB-AP-Tepanol 
Interface 

Thermal Conductivity (W/m.K) 0.28[17]  0.4[17]  0.16 0.175 
 
Prediction of Local Temperature Rise using Cohesive Finite Element Method 

In order to simulate the high strain rate dependent deformation and temperature rise behavior, 
cohesive finite element method (CFEM) is employed [9,18,19]. The finite element mesh for the 
modelled microstructure was generated with ‘cross triangle’ elements and cohesive surfaces at all 
element boundaries, as shown in Fig. 17. The rectangular mesh size for all models, which contains 
four ‘cross triangle’ elements each, was 1 µm, creating 250,000 elements in the domain.  

 
Figure 17: The finite element model of HTPB-AP microstructure (50% AP density) showing boundary 
conditions, and the mesh details as well as cohesive surfaces. 

For the continuum elements, the viscoplastic constitutive model is used to govern the stress-strain 
relations while the irreversible bilinear cohesive law for tensile separation is used to govern the 
separation at the cohesive surfaces. The large deformation viscoplastic model has been described 
in an earlier work by the authors [19]. The Jaumann objective rate is used in the model and the rate 
of Cauchy stress tensor is given as, 

                                               .                                                              (6) 

where C is the stiffness tensor. The flow rule for large deformation for an isotropic hardening solid, 
Dvp is given by, 

ˆ :[ ]vp= - × + × -W W =C D D!t t t t
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                                                                                                               (7) 

where, f is defined as the Mises yield function and is equal to an effective viscoplastic strain 
rate, given by,  

                                               ,                                                   (8) 

                                                    ,                                                        (9) 

where,  [13] is the viscous stress, p is the pressure, and  is the effective viscoplastic 
strain and is given as [9], 

                                                       .                                                        (10) 

The parameters in Eq. (10) are evaluated by fitting the data obtained from the dynamic impact 
experiment. Pressure is calculated from a polynomial form of the Mie-Gruneisen equation of state 
[19]. 

In order to prevent interpenetration of bulk elements, an acceleration correction term is used that 
is obtained based on a frictional cohesive contact model for large deformation impact simulation. 
As was shown in a previous work by the authors [19], the element penetration in this model is 
insignificant for the total time of the simulation. In order to identify the local temperature rise 
within the microstructure, a temperature increase from the reference temperature, , 
was calculated from [13], 

                                                                                                                             (11) 

where, Tref = 298 K, e is the internal energy density of the system, ef is the frictional dissipation 
energy density, ec is the cold compression energy density [13], ρ is the material density and cp is 
the heat capacity at constant pressure. The rate of heat generation (h) by the frictional forces at the 
bulk element interfaces is distributed among the contacting bulk elements based on ratio of heat 
supply [20]. 

The CFEM simulation model described in [9,19], is used in predicting the effect of interface shock 
viscosity on the overall microstructure dependent impact behavior and temperature increase due 
to impact in multi-particle HTPB-AP sample (Fig. 17). Strain rate dependent power law 
viscoplastic stress-strain model, as given in Table 1, was used for HTPB, AP and the HTPB-AP 
interface [9]. The cohesive zone model parameters, as given in Table 2, obtained experimentally 
through mechanical Raman spectroscopy, were used for modeling cohesive separation behavior 
[21]. The interface shock viscosity is shown in Table 3 [19]. Thermal conductivity and heat 
capacity of the HTPB, AP and the HTPB-AP interface used in the simulation are given in Table . 
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The value of heat capacity for the HTPB-AP interface was obtained as the average value of AP 
and HTPB phase values as suggested by Hu et al. [16].  

 
Figure 18: Selected cross-section in the HTPB-AP microstructure. (b) Normal stress profile at different 
time steps and (c) temperature as a function of interface shock viscosity along the selected cross-section. 
Shear stress map in the near position A in (d) HTPB, (e) AP and (f) the HTPB-AP interface. 

The impact induced local temperature rise in an idealized HTPB-AP EM microstructure (Fig. 17), 
with circular AP particles, were simulated. The circular AP particles had radii varying from 5µm 
to 15 µm with 50% area fraction. In order to understand the effect of individual constituents HTPB, 
AP and the HTPB-AP interface) of the microstructure, first the impact behavior of the 
microstructure was analyzed for a strain rate of 100,000 s-1. The shock pressure waves are 
transmitted, without significant reflection, through the interface of HTPB and the AP particles 
when the particle density is high, i.e. when the amount of bulk HTPB phase separating the particles 
is small. This can be explained by observing the stress profile along a cross-section with varying 
AP particle distribution. The normal compressive stress distribution along a selected cross-section 
is shown in Fig. 18. The specific section, Fig. 18(a), is chosen because of the continuously varying 
local particle size and density distribution. The position marked A, corresponds to the position at 
the HTPB-AP interface phase where two particles are separated only by 2 µm which is covered by 
HTPB-AP interface phase. The position marked B, corresponds to the position inside an AP 
particle. The position marked C, corresponds to the position inside an AP particle but close to the 
HTPB-AP interface. As shown in Fig. 18(b), maximum stress occurs close to the HTPB-AP 
interfaces around larger AP particles (position A and C). It is observed that initially (at time 0.003 
µs) only the interface around large AP particles where particles are closely packed, experiences a 
higher stress concentration. This is due to the increase in the interaction between AP particles and 
the stress concentration at the HTPB-AP interfaces as was also reported earlier by authors [19] for 
a single particle HTPB-AP sample. As time progresses, the normal stress inside the particle 
(position B) increases but remains below the value at the HTPB-AP interface (position A or C). 
Temperature profile, in Fig. 18 (c), shows that the temperature jumps to a higher value in the 
HTPB-AP interface phase and drops again inside the HTPB and AP phase. Also, as the interface 
shock viscosity increases, the temperature decreases significantly at the HTPB-AP interface 
positions where particle density is low. However, near the HTPB-AP interface phase, where the 
particle interaction is high, effect of interface shock viscosity is low. Also, as can be observed from 
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Fig. 18 (c), temperature shows a decrease in the value with increasing interface shock viscosity 
when transitioning from HTPB to AP phase due to the presence of the HTPB-AP interface phase. 
This occurs due to the fact that the energy dissipation at the shock front increases with the interface 
shock viscosity which leads to a decrease in the temperature. 

Shear stresses distribution near a HTPB-AP interface region where particles are in close vicinity 
is shown in Fig. 18. Shear stress in the bulk HTPB (Fig. 18(d)) and AP (Fig. 18(e)) are negligible 
and are concentrated in the HTPB-AP interface phase only, Fig. 18(f). This is because the interface 
boundaries can act as a source as well as a barrier to the shear wave, depending on where the shear 
localization starts. In this case, since the localization starts at the interface, as shown in Fig. 18 (d), 
the shear stress remains concentrated along the interface itself and does not propagate further into 
the bulk, Fig. 18(d-f). This shear localization behavior then results into an increased viscoplastic 
and frictional dissipation near the HTPB-AP interface region which leads to a local increase in the 
temperature. 

 
Figure 19: (a) Plastic dissipation history, (b) frictional dissipation history and (c) maximum temperature history 
in the HTPB-AP microstructure. Effect of interface shock viscosity on (d) plastic dissipation, (e) maximum 
temperature and (f) the hot-spot density. 

Temperature change in the microstructure is a function of the plastic and frictional heat dissipation 
as given in Eq. (11). The viscoplastic deformation was observed to have higher value within the 
HTPB-AP interface phase and the bulk HTPB near the interface than that in the AP, as was shown 
in Fig. 19. A plastic dissipation and frictional dissipation energy history as a function of interface 
shock viscosity is shown in Fig. 19 (a) and Fig. 19 (b) respectively. As shown, both energy 
dissipation decreases with increase in interface viscosity. This results in lower temperature 
increase as the interface shock viscosity increases as shown in Fig. 19 (c). It has also been 
discussed earlier, [11], that the effect of interface shock viscosity is to widen the interface shock 
front which leads to a decrease in the dissipation energy and the temperature near the interface.  
Impact induced temperature may increase to or greater than a certain threshold value, within the 
microstructure, at several position simultaneously. A measure of such local temperature rise can 
be taken to be equal to the number of elements per unit area within the HTPB-AP microstructure 
which rises above a threshold temperature value. In this work, this number density is assumed to 
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be the ‘hot-spot’ density. In this work the maximum temperature for comparison is taken to be 500 
K, which is the temperature after which AP phase change starts to occur. It is observed that the 
maximum temperature, within the microstructure, decreases by more than 20 K by adding interface 
shock viscosity in the model. This is in agreement with the effect of shock viscosity obtained by 
D. J. Benson [13] in a shocked granular HMX. Correspondingly, the hot-spot density in the 
microstructure also decreases. Fig. 9 (d-f) shows the plastic dissipation, the maximum temperature 
in the microstructure and the hot-spot density as a function interface shock viscosity. Fig. 19 (d-
f), for comparison purposes, were plotted at the time step, when the maximum temperature, in the 
case of zero interface shock viscosity, reaches 500 K. It is to be noted that in the current work only 
6% area fraction of the microstructure is modeled with HTPB-AP interface phase properties. The 
stress, dissipation energy and the temperature decrease in the microstructure was found to be 
significant and in order to predict the temperature increase accurately in EM composites, numerical 
simulation models should account for the shock viscosity and the effect of interfaces.  
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