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ABSTRACT: Low, intermediate, and high strain rate compression testing (1.7 X 10~* to 2500 s~ ') of the hydroxyl-terminated polybu-
tadiene (HTPB) propellant at room temperature, were performed using a universal testing machine, a hydraulic testing machine, and
a split Hopkinson pressure bar (SHPB), respectively. Results show that the stress linearly increases with strain at each condition; the
increasing trend of stress at a given strain with the logarithm of strain rate changes from a linear to an exponential form at 1 s~'. By
combining these characteristics, we propose a rate-dependent constitutive model which is a linearly elastic component as a base
model, then multiplied by a rate-dependent component. Comparison of model with experimental data shows that it can characterize
the compressive mechanical properties of HTPB propellant at strain rates from 1.7 X 10~* to 2500 s~ '. © 2016 Wiley Periodicals, Inc. J.
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INTRODUCTION

HTPB propellant is a lightly cross-linked polymer filled with a
certain amount of solid particles." It has been extensively used in
solid rocket motors (SRMs) for gun-launched missiles, because
of its high energy density, and good process and mechanical
properties. To achieve an initial speed of several hundred meters
per second in a few milliseconds, the SRMs tend to support a
high overload of up to 10* times the acceleration because of grav-
ity. Such an overload is far higher than that of 10' times the
acceleration because of gravity supported by the conventional
missiles, which constitutes a great challenge for the structure
integrity of solid propellant grain, and the security and reliability
of SRMs. In high overload applications, solid propellant is sub-
jected to impact loading under strain rates of the order of 10% s~
(so-called intermediate strain rates). Because of a lack of dynamic
experimental data, the quasi-static mechanical properties of solid
propellant have been even used to evaluate the structure integrity
of solid propellant grain. The evaluation method may cause a
large error because of the significant differences between the
quasi-static and dynamic mechanical properties It is the goal of
this work to study the mechanical properties of HTPB propellant
at low, intermediate, and high strain rates, which facilitate the
structural integrity analysis of solid propellant grain under high

overload conditions.>*

© 2016 Wiley Periodicals, Inc.
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A thorough understanding of the rate-dependent mechanical
properties of HTPB propellant is extremely important. However,
there are relatively little related reports in the extant literature.
A huge volume of literature exists on the rate-dependent
mechanical properties of a variety of polymers. Chou et al’
examined the compressive behaviors of polymethyl methacrylate
(PMMA), cellulose acetate butyrate (CAB), polypropylene (PP),
and polyamide (PA) over a wide range of strain rates. In partic-
ular, he plotted the flow stress at a given strain level as a func-
tion of the logarithm of strain rate. It was found that the stress
increased bilinearly with the logarithm of strain rate, with a
higher slope at high strain rates. The bilinear strain-rate
dependence was also observed by Siviour® for polycarbonate
(PC) and polyvinylidene difluoride (PVDF), Mulliken” for PC
and PMMA, Jordan® for epoxy, Yi’ for polyurea and polyur-
ethane (PU). Walley et al.'® examined the compressive behaviors
of a large number of polymers at room temperature over strain
rates ranging from 10 % to 10* s~ '. Again, they plotted the
yield stress as a function of the logarithm of strain rate, and
found that the materials tested fell into three different groups: a
linear dependence, with a constant slope over a wide range of
strain rates; a bilinear dependence, with a dramatic increase in
slope at a strain rate of ¢. 10> s~ '; a decrease in maximum stress
at a strain rate of c. 10> s, possibly followed by an increase.
Interpretation for these behaviors is mainly focused on the
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Table 1. Composition of HTPB Propellant

Other
Component Al RDX AP HTPB additives
Content (wt %) 5 20 60 9 6

bilinear strain-rate dependence. Previous researchers,”™ by com-
bining the shifting data of transition location from dynamic
mechanical analysis (DMA) curves, identified that the bilinearity
of different materials is because of the movement of different
transitions past room temperature. The transition is unique to
the particular polymer.

The rate-dependent mechanical behaviors of polymers have
been predicted by many models. Bergstrom and Boyce,'>'* by
combining two interacting macromolecular networks, proposed
a model to describe the mechanical responses of elastomers
over a wide range of strain rates. The two networks are repre-
sented by the Arruda-Boyce eight-chain model, and another
eight-chain network with a relaxed configuration, respectively.
However, it is very difficult to determine the parameters in the
model by experiments. Yang et al,'>'® by combining hyperelas-
tic and viscoelastic theories, proposed a visco-hyperelastic con-
stitutive model to describe the large deformation response of
rubber at high strain rates. Although Pouriayevali'” and Khajeh-
saeid'® modified the relaxation time, the model cannot still
describe the mechanical behavior over a wide range of strain
rates. Based on Yang’s work, Zhang et al."® used two viscoelas-
ticity elements instead of one to obtain a modified visco-
hyperelastic constitutive model, which can describe the mechan-
ical response of nitrate ester plasticized polyether (NEPE) pro-
pellant in low and high strain-rate range. When the model is
used to describe the mechanical behaviors of materials at low,
intermediate, and high strain rates, more viscoelasticity elements
need to be embedded, and thus it is difficult to optimize the
values of any resulting material parameters. Empirical models,
such as Johnson-Cook model, have also been used to describe
the mechanical responses of polymers at different strain rates
because of their simplicity, even though they may lack the sup-
port of the physical mechanisms.”® Based on the idea, Song
et al. ! combined a modified Maxwell element and a Mooney
function to form a rate-independent base model. Each of these
two components was then multiplied by a rate-sensitive term to
develop a rate-dependent model. Mohotti et al.** proposed a
rate-dependent hyperelastic constitutive model with the assump-
tion that strain energy potential is linearly dependent on the
logarithm of strain rate. These empirical models, although sim-
plistic, show good correlation with the experimental work, and
are practical since they use few parameters.
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The characterization of rate-dependent mechanical properties
needs test data over a wide of strain rates as a physical basis.
Numerous constant strain-rate tests have been carried out on
the composite solid propellants. Experimental data correspond-
ing to low strain rate (< 107! 71,22 and high strain rate (c.
10 s 1)**® were generally obtained using a universal testing
machine, and an SHPB system, respectively. Intermediate strain
rates (1 to 10? s ') have received relatively little attention. Fur-
thermore, HTPB propellant, under high overload conditions,
deforms in such a strain-rate range. Therefore, reliable interme-
diate strain-rate experimental techniques need to be developed
to obtain experimental data. Recently, a hydraulic testing
machine has been used to investigate the mechanical properties
of materials, such as steel,”*° polyuria,”*' and HTPB propel-
lant,’>*? at intermediate strain rates. In the present study, such
a testing system is used.

In this work, a universal testing machine, a hydraulic testing
machine, and an SHPB system are used to investigate the com-
pressive mechanical properties of HTPB propellant at room
temperature over strain rates ranging from 1.7 X 107* to
2500 s~ '. From experimental results, the rate-dependent charac-
teristics are studied. Then a rate-dependent constitutive model
is proposed to characterize the compressive mechanical proper-
ties of HTPB propellant at low, intermediate, and high strain
rates.

EXPERIMENTAL

Material and Specimens

Table I lists the composition of the HTPB propellant investi-
gated. For low strain rate compression testing, the specimens
were designed as cylinders, with a diameter of 16 mm and a
length of 20 mm. For intermediate strain rate compression test-
ing, the specimens with dimensions identical to those used for
the low strain rate compression testing were tested to eliminate
any variability in the data caused by the choice of dimensions.
For high strain rate compression testing, the specimens were
cylindrical, with a diameter of 10 mm and a length of 5 mm.
The length-to-diameter ratio of 1:2 and this relatively short
length are necessary to minimize wave attenuation in the strain
signals recorded,’”” and the effects of radial and longitudinal
inertia in the specimen.’® All specimens were machined from
the same manufacturing batch, and stored in a desiccator cabi-
net before testing to eliminate any variability of compressive
properties caused by humidity.

Low Strain Rate Compression Testing

Low strain rate compression testing of the HTPB propellant was
performed as outlined in Table II. Each test was repeated at
least five times. The force data from a load cell and the

Table II. Experimental Conditions from Low to Intermediate Strain Rate Compression Testing

Testing type Low strain rate compression

Intermediate strain rate compression

Universal testing machine
0.2, 2, 20, 200 (mm/min)

Testing machine

Average loading speed
Engineering strain rate (1/s)
Temperature (°C)

17x10%417x10317%x10217x101

Hydraulic testing machine
20, 200, 700, 2200 (mm/s)
1,10, 35, 110

Room temperature (20)
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Figure 1. Typical loading case from low strain rate compression testing.

deformation data from an extensometer were recorded using
data acquisition software. The corresponding engineering stress—
engineering strain curves were calculated, and then plotted. A
typical loading case from low strain rate compression testing is
illustrated in Figure 1. Force increases under a constant loading
speed, indicating that the specimen deforms at a constant engi-
neering strain rate.

Intermediate Strain Rate Compression Testing

Intermediate strain rate compression testing of the HTPB pro-
pellant was performed as outlined in Table II, and the corre-
sponding test requirements were the same as those used for the
low strain rate compression testing. HTPB propellant is a highly
energetic material. The energy of high-speed impact during
loading may localize within a certain region in the specimen,
resulting in the formation of “hot spots”.>”*® When the temper-
ature in such “hot spots” is raised above that required for igni-
tion, the specimen is ignited, and thus a large amount of hot
gases is produced, constituting a potentially lethal occupational
health and safety hazard. In this investigation, a protective setup
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was designed to protect testers from such danger. Figure 2(a,b)
show the physical setup and schematic of the specimen loading
without any protective setup, respectively; Figure 2(c,d) show
the physical setup and schematic of the specimen loading with
the protective setup, respectively. When the specimen burns
under impact, the protective setup can prevent the diffusion of
flame towards hydraulic oil covering the testing machine, and
ensure that hot gases are delivered through the space between
the baffle and protective wall. During the test, the specimen was
located between the dynamic, and static, anvils. The dynamic
anvil was driven, by a hydraulic piston, into the specimen at a
pre-set speed over a pre-set distance. The reserved clearance
ensured that the dynamic anvil has reached its target speed
before imparting a strain to the specimen.

To ensure valid testing conditions, it is necessary to check
whether, or not, the engineering strain rate during loading is
constant, and if the protective setup induces any variability in
the recorded compressive curves. Figure 3 shows typical loading
cases from intermediate strain rate compression testing. From
Figure 3(a,b), force increases under a nearly constant loading
speed, indicating that, for testing at 1 and 10 s, the engineer-
ing strain rate during loading is constant within phase “AC”.
From Figure 3(c,d), the loading speed decreases when force
increases, indicating that, for testing at 35 and 110 s~ ', the
engineering strain rate during loading gradually decreases within
phase “AC”. To obtain stress—strain curves at a constant engi-
neering strain rate, only the data corresponding to phase “AB”
is considered in the following analysis. The engineering strain
rate is regarded as a constant case because of the small differ-
ence between the two loading speeds corresponding to points
“A” and “B”; it is calculated from the average speed within
phase “AB”. Figure 4 shows a comparison between the curves
obtained on a hydraulic testing machine with, and without, the
protective setup. The two curves show good agreement, indicat-
ing that the effect of the protective setup on the testing curves

Baffle

e

Dynamic anvil

Reserved clearance

RN

S

= Protective wall

A7 777774

(@) (b)

Figure 2. Physical setup and schematic of specimen loading. (a) and (b) without protective setup, (c) and (d) with protective setup. [Color figure can be

viewed in the online issue, which is available at wileyonlinelibrary.com.]
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Figure 5. Schematic of the SHPB setup.

constant strain rate and dynamic stress equilibrium in the speci-
men by controlling the profile of the incident pulse®; the
method saw a high-strength aluminum alloy used as the bar
material rather than steel, and the transmission bar was hollow,
which increased the amplitude of transmitted strain pulse®;
petroleum jelly was used to lubricate the interfaces between the
bars and the specimen to reduce friction.

Figure 6 demonstrates a typical set of incident, reflected, and
transmitted signals from SHPB experiment on HTPB propellant
at a strain rate of 700 s~'. As shown in Figure 6, high-
frequency components caused by high-speed impact towards the
incident bar are not embodied in the incident signal. This is the
result filtered out by the pulse shaper, and it is necessary to
eliminate experimental error caused by dispersion in high-
frequency components. The plateau-like region in the reflected
signal indicates that the specimen deforms at a constant engi-
neering strain rate. A common approach to check dynamic
stress equilibrium in the specimen is to compare the axial force
at its front end (facing the incident bar), F, to that at its back
end (facing the transmission bar), F,. The values of F; and F,
are calculated from egs. (la) and (1b), respectively, based on
one-dimensional stress wave theory.*

F1 :FI+FR:AIEI81(1')+A1EISR(1')(la)FZZFT:ATETST(t) (lb)

where ¢/(t), er(t), and &{(t) are the incident, reflected, and
transmitted strain pulses, respectively; F, Fg, and Fr are calcu-
lated from the incident, reflected, and transmitted strain pulses,
respectively; A; and E; are the cross-sectional area and Young’s

Table IV. Parameters of the Bars Used in the SHPB Setup

modulus of the incident bar, respectively; Ar and Er are the
cross-sectional area and Young’s modulus of the transmission
bar, respectively. However, this procedure contains significant
error for the low-impedance HTPB propellant because of the
similar amplitude of the incident and reflected strain pulses (see
Figure 6). In the present work, the dynamic stress equilibrium
of the specimen was checked by comparing Fx to the difference
between Fpand Fj, as shown in Figure 7. Two force histories
corresponding to Fr and the difference between Frand F; nearly
overlap, indicating that the specimen deforms under dynamic
stress equilibrium. During the test, the specimen deformed at a
constant engineering strain rate under dynamic stress equilib-
rium, indicating that high strain rate compression testing was
performed under valid testing conditions.

RESULTS AND DISCUSSION

The compressive results of HTPB propellant across all tested
strain rates are summarized in Figure 8, where the curves pre-
sented are averages of the repeatable results measured under
each testing condition. Concerning the stress—strain curves, the
maximum value of the engineering strain is set to 50%. This is
based on the consideration that the solid propellant grain in the
high overload applications generally deforms within the strain
level of 50%. In the case of SHPB testing, the maximum value
of the engineering strain in the specimen is dominated by the
length and velocity of striker bar, and the intrinsic properties of
the material, which is quite different from the experimental
principles in the low, and intermediate strain rate compression

Length L Density p Wave Young's modulus
Bar type Mass m (g) Diameter D (mm) (mm) (kg/m®) speed C (m/s) E=pC? (GPa)
Striker bar = 191 450 = = =
Incident bar 1163.2 191 1499 2680 5024 68.38
Transmission bar 264.8 Outer diameter: 16.4 1200 2550 5015 64.13

Inner diameter: 12.6

Mnﬁ‘i& WWW.MATERIALSVIEWS.COM
1

43512 (5 of 9)

J. APPL. POLYM. SCI. 2016, DOI: 10.1002/APP.43512

Applied Polymer L


http://onlinelibrary.wiley.com/
http://www.materialsviews.com/

ARTICLE WILEYONLINELIBRARY.COM/APP Applied Polymer
0.6 25 . Strain rate [1/s]
| Reflected wave . . —— 2500
Increasing strain rate
044 "~~~ """ --- —— 1400
s =201 ——700
o 0.24 % ——110
S ; @ 15 —=—35
S ®
> 0.0 = ——10
5 ] =
% Transmitted wave 2104 =]
3 021 & —o—1.7X10
1 £ —o—1.7X10?
044 2 54
L R \ v ——1.7X10°
Incident wave —o—1.7X10™
-06 T T T T 0 - | v T T T v T 4 1
0 200 400 600 0.0 0.1 0.2 0.3 04 0.5 0.6
Time [us] Engineering strain

Figure 6. Typical set of incident, reflected, and transmitted signals.

testing. The higher strain rate corresponds to the higher loading
amplitude and energy input, which results in a larger final
strain in the specimen. Thus, the final strain of all stress—strain
curves during the high strain rate loading is not equal to 50%,
and increases with an increase in the strain rate. The increase of
the final strain with the strain rate can also be observed in the
published literatures related to the SHPB testing.”*' For all
tested stress—strain curves, the stress increases in a quasi-linear
manner when the strain becomes large. Furthermore, the
mechanical properties of HTPB propellant are strongly depend-
ent on the strain rate. In particular, the stress at a given strain
increases with increasing strain rate. These mechanical charac-
teristics will have to be taken into account in the development
of constitutive model capable of predicting the mechanical
response of HTPB propellant over a wide range of strain rates.
In what follows, we will carefully study the influence of the
strain rate on the mechanical response of HTPB propellant.

Figure 9 shows the engineering stress of HTPB propellant as a
function of the logarithm of strain rate at different strains: 0.1,
0.2, 0.3, 0.4, and 0.5. The data points are directly obtained from
the engineering stress—engineering strain curves at various strain
rates (see Figure 8). The solid and dashed lines are, respectively,

10
Fl
FR
5 ——F,
_ ——F,-F,
=
= 04
8
o
(i
-54
-1 0 Y T v T T T T
0 50 100 150 200 250 300
Time [us]

Figure 7. Force histories calculated from different signals.
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Figure 8. Compressive curves of HTPB propellant across all tested strain
rates. The error bars represent the standard deviation. [Color figure can
be viewed in the online issue, which is available at wileyonlinelibrary.
com.]

generated from the linear and exponential fitting of the data
points, and their specific expressions are listed in Table V. For
all strain levels, the engineering stress increases linearly with the
logarithm of strain rate when the strain rate is lower than
1 57!, and increases in an exponential manner with the loga-
rithm of strain rate when the strain rate is higher than 1 s™'. It
is clear that HTPB propellant begins to undergo a significant
material transition as the strain rate is increased beyond 1 s~ .
The mechanical properties in this HTPB propellant, before and
after the transition, are dominated by different rate-dependent
mechanisms.

The rate-dependent behavior shown in Figure 9 can be
explained in terms of molecular-level motions. HTPB propellant
is a particle-filled polymer. Its motion unit can be described on
a variety of different length scales. The time taken by the
motion of each unit, called the relaxation time, increases with

30
| Strain
o 0.1 o5
325' o 0.2 X
o 4 03 Exponential A
5
=200 v 04 increase region,” . -
@ ¢ 05 it
@ R
£ 154 : RN -
[} Q' a
g Linear increase region : ¥ g 0
& 10- i AW~ B
£ A o T
=, ALY e
5 5 W
4 - Bk B
0+ T T T
-4

Log(strain rate [1/s])

Figure 9. Engineering stress as a function of the logarithm of strain rate
at different strains. [Color figure can be viewed in the online issue, which
is available at wileyonlinelibrary.com.]
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Table V. Specific Expressions of Fitted Functions Shown in Figure 9
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Table VI. Values of the Parameters

Linear
increase Exponential
region increase region

O’:Al +A210gé O':Bl +BZEXP (B310g8)

Fitted

function A1 As B4 B> Bs

Strain 0.1 1.22 0.23 0.38 0.84 0.67
0.2 2.92 0.54 1.61 1.31 0.69
0.3 4.69 0.82 3.05 1.64 0.72
0.4 6.22 0.99 4.54 1.68 0.74
0.5 7.68 1.10 574 1.94 0.73

its length. Thus, the motion of unit with a larger length scale
will be firstly restricted with an increase in strain rate. The
restriction of molecular mobility at a certain strain rate will
make the molecular chains stiffer, which contributes to the
resistance between adjacent molecular segments, and the
strengthened resistance would cause the initial modulus and
stress to increase significantly. The mechanical behavior of
HTPB propellant is similar to that of a variety of polymers
studied by many researchers.” In their studies, the bilinear
dependence of the stress at a given strain, or the yield stress on
the logarithm of strain rate was observed instead of the linear
dependence, followed by the exponential dependence, because
of a lack of experimental data at the intermediate strain rates.
To study this bilinear behavior, DMA testing was performed.
The storage modulus, loss modulus, and loss tangent were
measured as a function of temperature at various frequencies.
By approximating the applied sinusoidal strain wave with a tri-
angular strain wave in DMA testing, the frequency dependence
was expressed as an equivalent strain-rate dependence: this is
computed from the test frequency and preset loading amplitude.
It was found that the transition location of the storage modulus
shifts to a higher temperature in a linear manner with the
equivalent strain rate. When the transition location shifts past
room temperature, the materials studied will be transformed
from a state to another. Because of the difference in the rate-
dependent mechanism between two material states, the mechan-
ical properties of these materials at room temperature are bili-
nearly dependent on the logarithm of strain rate. The glass
transition plays a role in bilinear behavior when the material is
in a rubbery state at room temperature, and the low order tran-
sition plays a role in bilinear behavior when the material is in a
glassy state at room temperature.

CONSTITUTIVE MODEL

An empirical model to characterize the rate-dependent behavior
of HTPB propellant typically takes the form

a=f(&,40)8(é/%0) (2)

where ¢ and ¢ are stress and strain, respectively; f (¢, &) repre-
sents the rate-independent behavior at the reference strain rate
¢0; g(€/&0) accounts for the effects of strain rate.
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E (MPa) A B1 Bz
15.22 0.1614 0.6753 0.7516

Because of the close-linear dependence of the stress of HTPB
propellant on the strain for all tested strain rates, f(e, &) is
assumed to be

f(e &0)=Ee (3)

where E is a material parameter, and can be considered as an
equivalent modulus of HTPB propellant at the reference strain
rate &g.

By combining g(ép/é9)=1 and the rate-dependent mechanical
properties of HTPB propellant shown in Figure 9, g(&/&9) can
be expressed by

o 1+Alog (8/2)
8(&/0)= .
By +(1—By)exp [Bylog (¢/&)]
where A, B;, and B, are material parameters.

The resulting rate-dependent constitutive model, found by com-
bining egs. (2—4), is

B { Ee[1+Alog (£ /&)
Ee{B;+(1—B)exp [Bylog (¢/0)]}

The parameters in this model are fitted by least squares
approach; the specific procedures are as follows:

&< 1s7!

&> 1s7!

1. Taking 1 s~ ' as the reference strain rate and the correspond-
ing stress as the reference stress, the parameter E in eq. (3) is
fitted by the reference curve, and the resulting value is listed in
Table VI.

2. The term g(&/&) is fitted by the curves at various strain
rates. The resulting values are plotted as a function of the loga-
rithm of relative strain rate, as shown in Figure 10. It can be

o Data é
Linear fitted y
44 - - - - Exponential fitted

Exponential %
3- increase region.’

.o
a

g=1+0.1614log(&/%,) 1 =

14 -

| 0.3247exp(0.7516l0g(£/£,))
4+ —

4 3 2 1 0 1 2 3 4
Log(relative strain rate)

2] Linear increase region

Figure 10. Function g as a function of the logarithm of relative strain
rate.
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seen that the term g(&/&p) increases linearly with the logarithm
of relative strain rate when the strain rate is lower than 1 s 2,
and increases in an exponential manner with the logarithm of
relative strain rate when the strain rate is higher than 1 s~ '.
This change in trend of the g(&/&,) with the logarithm of rela-
tive strain rate again confirms the rate-dependent mechanical
behavior of HTPB propellant shown in Figure 9. Values of

parameters A, B, and B, are listed in Table VI.

Figure 11 demonstrates a satisfactory correlation between the
model curves and the experimental data under most experimen-
tal conditions, indicating the potential of the rate-dependent
constitutive model proposed to describe the compressive
mechanical properties of HTPB propellant over a wide range of
strain rates. However, there is a bigger deviation between the
model and the experimental data at the strain rates of 110 and
2500 s~'. The empirical model for this HTPB propellant is pro-
posed with the assumption that the stress linearly increases with
strain at all tested strain rates. The linearity in the assumption
is unsuitable for the prediction of the nonlinear mechanical
behaviors at higher strain rates and at larger strain. This may be
why there is such a deviation between the model curves and
experimental data under the two tested strain rates. A modifica-
tion of the empirical model will be proposed for the description
of the nonlinear response in the future work.

CONCLUSIONS

This research is the first to conduct compression testing of
HTPB propellant at low, intermediate, and high strain rates (1.7
X 107" to 2500 s '). Results show that the increasing trend in
stress at a given strain with the logarithm of strain rate changes
from a linear to an exponential form at 1 s~'. The rate depend-
ence of HTPB propellant is attributed to the restriction of
molecular mobility with a certain length scale.

By combining the linear dependence of stress on strain and the
change in trend of stress with the logarithm of strain rate in
HTPB propellant, a rate-dependent constitutive model is pro-
posed. The model comprises a linearly elastic component and a
rate-dependent component. The linearly elastic component is

Mnh\"‘lfu-'§ WWW.MATERIALSVIEWS.COM
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considered as a base model from which the characterization of
the linearly elastic behavior of HTPB propellant at the reference
strain rate may be undertaken. The rate-dependent component
is then multiplied into the linearly elastic component to
describe the strain-rate dependence.

The proposed model can describe the compressive mechanical
properties of HTPB propellant at strain rates from 1.7 X 10~ *
to 2500 s~ '. The model has relatively a small number of mate-
rial parameters and a simple form of expression, increasing its
applicability in numerical simulations.
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