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ABSTRACT: To investigate the mechanical properties and fracture mechanisms of hydroxyl-terminated polybutadiene (HTPB) propel-
lant at low temperature and high strain rate, uniaxial tensile tests were conducted over the range of temperatures 233 to 298 K and
strain rates 0.4 to 14.14 s~ ' using an INSTRON testing machine, and scanning electron microscope (SEM) was employed to observe
the tensile fracture surfaces. The experimental results indicate that the deformation properties of HTPB propellant are remarkably
influenced by temperature and strain rate. The characteristics of stress—strain curves at low temperatures are different from that at
room temperature, and the effects of temperature and strain rate on the mechanical properties are closely related to the changes of
properties and the fracture mechanisms of HTPB propellant. The dominating fracture mechanism depends much on the temperature
and changes from the dewetting and matrix tearing at room temperature to the particle brittle fracture at low temperature, and the
effect of strain rate only alters the mechanism in a quantitative manner. Finally, a nonlinear viscoelastic constitutive model incorpo-
rating the damage evolution and the effects of temperature and strain rate was developed to describe the stress responses of this pro-
pellant under the test conditions. During this process, the Schapery-type constitutive theories were applied and one damage variable
was considered to establish the damage evolution function. The overlap between experimental results and predicted results are gener-
ally good, which confirms that the developed constitutive model is valid, however, further researches should be done due to some
drawbacks in describing the deformation behaviors at very large strain. © 2015 Wiley Periodicals, Inc. J. Appl. Polym. Sci. 2015, 132, 42104.
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INTRODUCTION strain rates. On the one hand, the existing researches regarding
the properties of solid propellant at low temperatures are
mainly focus on the effects of components on the mechanical
properties'®! and the varying of glass transition temperature
T, with the various influencing factors,'>'? etc. Furthermore, in
these researches, the tests are mostly carried out at low strain
rates (<1 s~ ') and less effort has been spent in trying to ana-
lyze the fracture mechanisms of solid propellant at low temper-
atures. On the other hand, there have been several studies on
the dynamic mechanical properties of solid propellant, but they
are mostly based on the uniaxial compression tests at very high

The structural reliability of a solid rocket motor (SRM), which
serves as the propulsion system and the key component of a
tactical missile, is extraordinary important. While the perform-
ance of such motor is influenced largely by the mechanical
properties of propellant grain.' This is because solid propellant
is viscoelastic in nature and its mechanical properties and frac-
ture mechanisms are highly temperature and strain-rate (and
therefore time) dependent.” Therefore, to ensure the structural
reliability of SRM for the tactical missile during ignition at low

temperatures, it is very important to know the mechanical

. . . strain rates (>10° s~') with the split Hopkinson pressure bar
properties and fracture mechanisms of solid propellant at low 14,15 . . ..
. . s 56 (SHPB) apparatus, and the strain rate in these studies is

temperatures (<253 K) and high strain rates (1-20 s~ ).

much higher than that for many solid propellants of tactical

In the past decades, a considerable amount of work has been
done to investigate the properties of solid propellant under vari-
ous loading conditions.””® However, there is still limited infor-
mation available on the mechanical properties and fracture
mechanisms of solid propellant at low temperatures and high

missiles igniting.” Furthermore, the effect of strain rate on the
tensile mechanical properties and fracture mechanisms of solid
propellant at high strain rates almost has never been investi-
gated. The previous researches had indicated that the mechani-
cal properties of solid propellant under dynamic conditions of

Additional Supporting Information may be found in the online version of this article.
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loading are significantly different from that measured under
static conditions.'® Moreover, at the same temperature and
strain rate, it is easier for solid propellant to be failure because
of the tensile loading, rather than the compressive loading.'”
Therefore, it is necessary to study the tensile mechanical proper-
ties and fracture mechanisms of solid propellant at low temper-
atures and high strain rates.

In recent decades, much attention has been attached to the
development of constitutive models which can describe the
effects of temperature and strain rate on the properties of the
highly particle-filled elastomers.'®*' However, at present, there
is a lack of suitable constitutive model that can effectively
describe the mechanical properties of these materials at various
temperatures and high strain rates. The related publications in
the extant literature are mainly focused on the following
researches. Ho?? proposed a constitutive model for high strain-
rate impact loading conditions by incorporating mechanical
damage and nonlinear viscoelastic response of solid propellant.
However, this model is not suitable to describe the tensile
mechanical properties of solid propellants because of the differ-
ent loading method. Furthermore, it cannot adequately describe
the mechanical properties of these materials at low temperatures
because of the method considering the effect of temperature.
Another model developed by Zhu, Wang, and Tang (ZWT)?
has been widely used to describe the mechanical properties for
a variety of composites over the range of strain rates 10™* to
10° s~!. However, this model cannot describe the mechanical
properties of materials over the range of strain rates 1 to 107
s ! and the deformation behaviors of materials at large strain.
Wang et al.>* proposed a new damage evolution law and a new
fracture criterion to improve the predictive ability of this model,
but it is difficult to determine the threshold fracture strain and
the deformation behaviors at the strain over 15% still cannot be
described by the damage modified ZWT model. Therefore, the
more effective method should be proposed to describe the ten-
sile mechanical properties of highly particle-filled elastomers
such as solid propellant at low temperatures and high strain
rates.

Solid propellant based on hydroxyl-terminated polybutadiene
(HTPB) binder is a typical highly particle-filled elastomer and
has become the workhorse propellant in present-day SRM
worldwide.”® Therefore, the tensile mechanical properties and
fracture mechanisms of HTPB propellant at low temperatures
and high strain rates were studied in this investigation, based
on the uniaxial tensile tests in a wide range of temperatures and
strain rates and electron microscopy scanning on the tensile
fracture surfaces. A nonlinear viscoelastic constitutive model
incorporating the damage evolution and the effects of tempera-
ture and strain rate was developed to describe the stress
responses of this propellant under the test conditions. Finally,
the validity of the developed constitutive model was examined
by comparing the experimental and predicted results.

EXPERIMENTAL

The material used in this investigation was taken from the com-
posite rocket propellant and consists of an 88 wt % mixture of
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ammonium perchlorate (AP) and fine aluminum particles
bound together with 12 wt % of a HTPB polymer binder.
Standard JANAF uniaxial tensile samples were tested at temper-
atures of 233, 243, 253, and 298 K and at constant crosshead
rates of 0.40, 1.00, 4.00, and 14.14 s~ !. Five replicates were run
at each test conditions and all stress—strain curves investigated
in the following sections were the average of the five data sets.
The samples were stored at the test temperature for an hour
prior to testing and were then tested at a constant crosshead
rate until they fractured. The test temperatures were determined
according to the following reasons. Firstly, it is based on the
Chinese aerospace industry standards (for example QJ 1615-89).
Secondly, Jeremic® had stated that if the real operating condi-
tions of SRM were taken into account, the mechanical proper-
ties of solid propellants during ignition of SRM at low
temperatures (<253 K) should be mostly studied.

The previous researches had indicated that it is difficult to
obtain the stress—strain data of materials under the uniaxial ten-
sile test with SHPB.”® And when the strain rate is lower than
10% 5™, the test results obtained with the SHPB is not accurate
enough due to the properties of this apparatus. Therefore, in
this investigation, uniaxial tensile tests were conducted on a
classical testing machine INSTRON VHS 160/100-20, which can
guarantee the constant crosshead rate up to 20 m/s at tempera-
ture interval from —113 K to 973 K and can apply optional
thermal loading conditions to the testing sample with a thermal
chamber. However, the original gripping method of this testing
machine used for metal materials does not work well due to the
solid propellant’s lower strength. In this investigation, a new set
of aluminum gripping jaws was designed and manufactured, as
shown in Figure 1. And this new set of jaws has got the patent
in People’s Republic of China.”’ A Quanta 600FEG SEM was
used for routine post-failure examination. Samples were
mounted using a conductive paint onto SEM stubs and sputter
coated with a thin layer of gold prior to examination.

RESULTS AND DISCUSSION

Stress—Strain Behavior

The stress—strain curves of HTPB propellant at various test con-
ditions are shown in Figure 2 and the characteristics are repre-
sented as follows:

1. The deformation behaviors of HTPB propellant are remark-
ably influenced by temperature and strain rate. And the stress
increases significantly when decreasing temperature and
increasing strain rate. Furthermore, the HTPB propellant is
capable of large deformation and displays nonlinear material
behavior, which is usually associated with the occurrence of
the damage in the propellant during the
deformation.*®

2. The stress—strain curves exhibit two different shapes at vari-
ous test temperatures, as shown in Figure 3. There are three
common regions in the stress—strain curves at room tempera-
ture, which is (I) the linear elastic region, (II) the metal like
hardening region, and (III) the failure region, respectively.
Whereas at low temperatures, there are five regions, which is
(I) the linear elastic region, (II) the metal like hardening

tensile
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Figure 1. Standard JANAF uniaxial HTPB propellant tensile sample and

the new designed aluminum gripping jaws with the tensile testing
machine INSTRON VHS 160/100-20 in place. [Color figure can be viewed
in the online issue, which is available at wileyonlinelibrary.com.]

region, (III) the strain softening region, (IV) the strain hard-
ening region, and (V) the failure region, respectively. In addi-
tion, Figure 2 shows that it is easier for the stress—strain
curve to shown these five regions at lower temperature and
higher strain rate.

In this investigation, the characteristic of stress—strain curve at
low temperature may be caused by the following reasons. Firstly,
the propellant may be in glass transition state at the lowest tem-
perature and higher strain rates. Because the glass transition
temperature T, for HTPB propellant is about 203 K, which was
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detected at the frequency of 3.5 Hz by using dynamic mechani-
cal analysis (DMA) method on a DDV-II-EA testing machine in
the range of 173 to 373 K with a heating rate of 1 K/min. And
the T, value appeared to rise approximately 3.5 K as the strain
rate was increased by an order of magnitude. Secondly, the frac-
ture mechanisms of HTPB propellant may be more severe and
complex at lower temperatures and higher strain rates.

Mechanical Properties and Fracture Mechanisms

Due to the complex characteristics of stress—strain curves for
HTPB propellant, the previous method®® determining the
mechanical parameters of highly particle-filled elastomers can-
not be effective. In this investigation, based on the method to
determine the mechanical parameters of nonmetallic materials,*
the yield stress gy, the associated strain &, and elasticity modu-
lus E were identified on the stress—strain curves in terms of a
1% offset in the total strain, as illustrated in Figure 3. Other
parameters were directly obtained on the stress—strain curves, as
illustrated in Figure 3.

Figure 4 shows the relationship curves of the mechanical
parameters with strain rate at various test temperatures. As
shown in Figure 4, the yield stress 0y, maximum tensile stress
om» and elasticity modulus E increase gradually with decreasing
temperature and increasing strain rate, and all present linear-log
relationships with strain rate at various temperatures. However,
the yield strain g is almost 8% and approximately constant
with variations of temperature and strain rate. The strain at
maximum tensile stress &, decreases as the temperature
decreases. When increasing strain rate, the strain ¢, increases at
room temperature and decreases at low temperatures as a
whole.

The effects of temperature and strain rate on the above mechan-
ical parameters are closely related to the changes of properties
and the different fracture mechanisms for HTPB propellant at
various temperatures and strain rates.

Firstly, because the propellant becomes stiffer and behaves in a
brittle manner at low temperature, the tensile stress and elastic-
ity modulus E increase as the temperature decreases, while the
associated strain ¢, decreases.

Secondly, the yield strain &, is usually as the critical strain for
dewetting of solid propellant and varies with temperatures and
strain rates. However, the typical fractured surfaces of the
deformed samples obtained at various test conditions are shown
in Figure 5, from which it can be seen that the dominating frac-
ture mechanism of HTPB propellant depends much on the tem-
perature and changes from the dewetting and matrix tearing at
room temperature to the particle brittle fracture at low temper-
ature, and the effect of strain rate only alters the mechanism in
a quantitative manner. Therefore, the reasons causing the yield
of HTPB propellant in this investigation may be not only the
dewetting, but also other factors such as nonlinear time-
temperature effect and particle rearrangement, etc. The coupled
effects of all these mechanisms may be the cause for the inde-
pendence of the yield strain ¢, on temperature and strain rate.

Thirdly, at room temperature, microcracks usually initiate in
the matrix due to the stress concentration and subsequently
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Figure 2. Stress—strain curves of the uniaxial tensile test for HTPB propellant at various temperatures and strain rates (a) 298 K; (b) 253 K; (c) 243 K;

(d) 233 K.

propagate in matrix itself or to the interface between the par-
ticles and matrix. However, it needs enough time to finish the
second process.”’ Therefore, at very high strain rate, there is no
enough time for microcracks to propagate to the interface and

the microcracks mainly grow, nucleate and propagate in the
matrix itself, causing the fracture of the propellant in the form
of matrix tearing and the slighter dewetting [Figure 5(b)].
Because the damage of HTPB propellant is slighter at room

Schematic diagram of
stress-strain curves at
low temperature

Schematic diagram of
stress-strain curves at
room temperature

&
o

Figure 3. Schematic diagram of stress—strain curves for HTPB propellant at various test temperatures.

WWW.MATERIALSVIEWS.COM

ol
Mk s

42104 (4 of 9)

J. APPL. POLYM. SCI. 2015, DOI: 10.1002/APP.42104



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

ARTICLE WILEYONLINELIBRARY.COM/APP

e
=

Applied Polymer

SCIENCE

1.7
(a) (b)
05F sl L6
0.4 - . 2 15
S 5
=03 - L
e X . a
=02l E hag Y =
= = ~
= E o
B0l - Lozl * & 1
Ed E: E
S0k = =3 %
(Y * 298K 01 - * 298K -
01 4 283K a4 233K 1
. 243K sol . 243K
02 = 238K : = 233K 0.9
—— Fitted! Fitted —— Fitted
e T oS e e e P B L g g e g g g gy o g g g e 4 e e e e Sy S DU o S e L i
06 -04 -02 00 02 04 06 08 10 12 14 16 06 -04 02 00 02 04 06 08 1.0 12 14 L6 06 -04 02 00 02 04 06 08 1.0 12 14 16
log(£) /57! log(£) /s log(£) /s
-0.4 -0.20
@ e (©
0.6 T
<030
0.8
035 -
,_é‘l'" B ; : - : — 040
§ &
-l * * 2 past
0
=2 S
14t -0.50
a6l * 298K 0.55 -
4 253K 060 - —+— 208K
* 243K —— 253K
2N = 2K -0.65 - ——243K]
strain=0.08 —— 233K
20 (AN 5 S 0 6 0 5 5 W G Tt 070 IR A B i B Sl
0.6 -04 02 00 02 04 0.6 08 10 12 14 L6 06 -0.4 02 0.0 02 04 06 08 10 12 14 16
. -1 " ¥
log(£)/ s log(£)/s™"

Figure 4. Mechanical parameters of HTPB propellant (a) yield stress; (b) the maximum tensile stress; (c) elasticity modulus; (d) yield strain; (e) strain

at maximum tensile stress versus logarithmic strain rate at various test temperatures.

Figure 5. SEM images of the tensile fracture surfaces for HTPB propellant at various temperatures and strain rates (a) 298 K and 0.4 s~ '; (b) 298 K and

14.14 s %5 (¢) 233 Kand 0.4 s~ % (d) 233 K and 14.14 s .
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temperature and higher strain rate, the strain ¢,, increases when
increasing strain rate.

Fourthly, the debonding stress for highly particle-filled elasto-
mers is usually expressed as follows:*

) 4E(2+3V)

74T T3 (1= V) W

where Ej, is the Young’s modulus of matrix, 7y is the interfacial
fracture surface energy (i.e. energy to create unite area of two
debonded surfaces), r is the inclusion radius, and V is the vol-
ume fraction of inclusion.

According to eq. (1), the degree of the debonding is determined
by the values of E;, and y when temperature changes. At low
temperature, the values of E, and 7 increase because solid pro-
pellant behaves in a brittle manner. However, the fracture stress
of particles is approximately constant with variation of tempera-
ture or the change is very small. Therefore, it is easier for
microcracks to initiate, nucleate and grow in the AP particles
when decreasing temperature, as shown in Figure 5(c,d). More-
over, there is a stronger stress wave accompanying with the ten-
sile deformation when increasing strain rate at low temperature,
which can induce more microcracks initiating in the AP par-
ticles and larger amount of AP particles fracturing [Figure
5(d)], etc. Thus, the coupled effects of low temperature and
higher strain rate can cause the more severe damage for HTPB
propellant, which induces the lower value of the strain ¢,,.

CONSTITUTIVE MODEL

Developing the Constitutive Model

According to the previous researches, it is generally accepted
that the nonlinear character of the highly particle-filled elasto-
mers is related to the damage inside them. Therefore, the fol-
lowing expression can be used to model the deformation of
these materials at various temperatures and strain rates:>>

o=g-f(e1t,T) (2)

where the function g is applied to calculate the damage evolu-
tion, the function f(¢,t,T) is applied to describe the linear
viscoelastic mechanical property, which is usually related to
strain ¢, time t and temperature T. At present, it is generally
accepted to use the Prony series to model the function
f(e, t, T),>* while there are different expressions to describe the
other function g.>7’

There are usually two methods to establish a damage evolution
function g.>** One way is to measure the formation and evolu-
tion of microdefec in the materials using acoustic emission
(AE). Another way directly uses macroscopic variables to estab-
lish a damage evolution function. It is very difficult to deter-
mine the related parameters with the first method and only
under certain experiment conditions, can this method be used.
Thus, the second method was applied in this investigation.

During the different constitutive models with the second
method, the ones proposed by Hinterhoelzl and Schapery have
been widely used to study the properties of mechanical or
fatigue for various materials.”**”***" Because the stress—strain
data is all from one-dimensional experiment in this investiga-
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tion, based on the Schapery-type constitutive theories, the stress
responses of HTPB propellant under the test conditions can be
described by the following expressions, in which only one dam-
age variable was considered:*

(0= [ B0 Goae ®)
(=20 = Erc(s)e4(1) @
WR=%C(S)(.9R)2 (5)
o[- % “ ©)

and &=¢(1). The quantities ¢, & and oy are physical time,
reduced time, and the time-temperature shift factor, respectively,
the parameter oy reflects the influence of temperature on inter-
nal viscosity of HTPB propellant, &®(¢) is pseudo strain, Ey is
the reference modulus which can be arbitrarily selected (1 MPa
in this investigation), E(¢—¢') stands for the relaxation modu-
lus, ¢ is strain, o(t) is the observed stress, WX is pseudo strain
energy density function, C(S) is pseudo stiffness as a function
of damage variable S, and o is material parameter which express
the damage evolution rate. In the case of constant strain rate &,
eq. (3) can be written as:
é t

)= | BE-Edr ®

Er Jo
Constitutive Parameters Acquirement
(1) The same test sample was used for the stress relaxation as
well as the previous tests in this investigation. According to the
constant velocity tensile experiment results, we select 0.05 as the
strain level for relaxation tests, at which the mechanical prop-
erty of HTPB propellant still obeys the linear viscoelastic theory.
The strain rate was 1 s !, the temperature levels were selected
as 233, 243, 253, and 298 K, each sample was tested only once
and each test was repeated at least five times. Each relaxation
test was approximately 1000 s in duration.

Based on the time temperature superposition principle (TTSP),
the relaxation curves at various test temperatures were shifted
horizontally along the logarithmic time axis to the reference
temperature of 233 K. Then the shift factors log («r) and the
master relaxation curve were obtained, as shown in Figure 6.
The master relaxation curve was expressed by Prony series as
follows:

E(t)=0.8150+8.0695exp (—t/71)+7.7246exp (—t/12)

+6.4100exp (—t/73) +5.0212exp (—1/74)+3.2168exp (—1/15)

+2.2887exp (—t/16) + 1.3220exp (—t/77)+0.9680exp (—1t/13)

where t; is the relaxation time and was selected in this investi-
gation as follows:

;=103 9)

(2) According to the master relaxation modulus and egs. (7)
and (8), the pseudo strain ¢R(#) at various temperatures and
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Figure 6. The master relaxation curve reduced to 233 K.

strain rates can be calculated. Then, based on the pseudo strain
values and experiment results, the relationships of the parameter
C(S) with time ¢ at various temperatures and strain rates can
be obtained by eq. (4).

(3) When the damage occurs in HTPB propellant is closely
related to the growth of microcracks, the value of o in eq. (6)
can be calculated as follows:*'

a=1+1/m (10)

where m ~ —log E(t)/log (t), E(t) is the relaxation modulus.
The damage evolution in eq. (6) is rate-dependent, therefore,
the value of o should be independent of strain rate. In this
investigation, the initial values of o at various temperatures
were determined based on eq. (10) and the relaxation modulus.
Then, they were finally obtained by the following process.

Firstly, taking eq. (5) into eq. (6) gives:

ds 19C(S) , pe2]®
= [ 11
dt [ 2 0S (%) (1)
In this investigation, the strain rate is high, so the following
incremental relationships can be easily obtained by high data

collecting frequency based on eq. (11):

1 o 1/(1+a)
AS:{ {—EAC(S)(F.R)Z} At} (12)

1 o/(1+o)
Siy1 = Si+{fE[AC(S)]i+l(sfH)2} At/ (2 (13)

Based on the initial values of « and the obtained values of the
pseudo strain &®(¢) and the parameter C(S), the values of S and
S—t relationships at various temperatures and strain rates can
be obtained by eq. (13). Then, according to S—t relationships
and the obtained relationships of the parameter C(S) with time
t, the relationships of the parameter C(S) with the variable S at
various temperatures and strain rates can be given.

Secondly, at each test temperature, put all of the relationship
curves of the parameter C(S) with the variable S at different
strain rates in the same coordinate system, then the value of o
was adjusted appropriately until the relationship curves of the
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parameter C(S) with the variable S have a good contact ratio.
Now, the final value of o and the final relationship of the
parameter C(S) with the variable S at each test temperature
were ensured, which are shown in Figures 7 and 8.

(4) Based on the above results, the function C(S) and the rela-

tionship of the parameter o with temperature T can be fitted to

the forms as follows:

_exp (—A;S)+exp (—AS)
2

a(T)=3.6183—6.3152X10%¢ 03T (15)

C(S) (14)

where the parameters A; and A, are functions of temperature,
and have not physical meanings. The relationship curves of the
parameters A; and A, with temperature T are shown in Figure
8, from which the following fitted expressions can be given:

A (T)=0.1438+4.1863 X 1002367 (16)
Ay(T)=0.07179+0.03183¢"166>T (17)

According to egs. (14), (16), and (17), the fitting curves of
C(S)—S expressed by solid lines at various test temperatures are
shown in Figure 7. From Figure 7, it can be seen that the fitting
results are good. In this investigation, the effect of temperature
on the damage evolution was considered based on the parame-
ters o, Ay, and A,.

Constitutive Equation Validation
Based on eq. (14), eq. (11) can be written as:

ds _ F » Arexp (—A;S)+Azexp (—A,S) (SR)z} %

dr |2 2 (18)

Then, according to eq. (18), the new incremental relationship of
damage variable S by high data collecting frequency can be
given:

1 A —A,S)+A —A *
AS= [7>< 1exp (A1 5) FAzexp (~A25) (;;R)z} At (19)
2 2
1 A —A1S)+A —AyS; ’
Siui=S+ {EX 1exp ( 15)2 2exp (—A;S)) ((cfz)z} At (20)

Based on egs. (8), (15) to (17) and the master relaxation modu-
lus, the new S—t relationships at various test conditions can be
obtained by eq. (20). Then, according to eq. (14), the new func-
tions C(S) at various test conditions were obtained. Finally,
according to egs. (4), (7), and (8) and the master relaxation
modulus, the stress responses of HTPB propellant at various
test conditions can be predicted.

To verify the developed constitutive model, comparisons
between the experimental and predicted results were carried
out, as shown in Figure 2. Form Figure 2, it can be obviously
found that the overlap between experimental results and pre-
dicted results are generally good but some forecast error at very
large strain, this is because that there are large scattered errors
in HTPB propellant’s mechanical properties, which may affect
the constitutive parameters accuracy. Besides, as discussed in
the previous sections, the characteristics of stress—strain curves
and fracture mechanisms for HTPB propellant are very complex
at low temperatures and high strain rates. Thus, the more suita-
ble form of the function C(S) should be proposed. To solve
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Figure 7. C(S) curves at various test temperatures.

these problems, more effective experimental method and more
number of replications should be considered to reduce the neg-
ative influence of the large variance, then, according to the
amount of experimental results, select the more suitable form of
the function C(S) and the more effective method to obtain the
constitutive parameters.

CONCLUSIONS

Based on a classical testing machine INSTRON VHS 160/100-
20, a new set of aluminum gripping jaws and SEM, the tensile
mechanical properties and fracture mechanisms of HTPB pro-
pellant at low temperatures and high strain rates were success-
fully studied. The test method can offer a new effective method
for studying the tensile mechanical properties of highly particle-
filled elastomers at high strain rates.

HTPB propellant is still capable of large deformation at low
temperatures and high strain rates. The stress and elasticity
modulus increase with decreasing temperature and increasing
strain rate. These properties of HTPB propellant are very
important to ensure the structural reliability of SRM during

6
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s |
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5]
g |
=
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=
A r " N N A
0+ . o
I A A
-1r o A,
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Figure 8. Fitting results of damage parameters o, A;, and A,.
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ignition at low temperatures. However, the dominating fracture
mechanism of HTPB propellant changes from the dewetting
and matrix tearing at room temperature to the particle brittle
fracture at low temperature. The coupled effects of the lower
temperature and higher strain rate cause more severe and com-
plex damage in the propellant. Furthermore, HTPB propellant
may be in glass transition state at the lowest temperature and
higher strain rates. Because of these properties of HTPB propel-
lant at low temperatures and high strain rates, the characters of
stress—strain curves and mechanical properties of HTPB propel-
lant are different from that at room temperature, which may
influence the structural reliability of SRM during ignition at low
temperatures. The yield strain ¢, is almost 8% over the entire
range of test conditions, which makes it the critical strain of
damage for HTPB propellant at low temperatures and high
strain rates. The strain at maximum tensile stress ¢,, increases
with increasing strain rate at room temperature, while this
strain decreases with the coupled effects of lower temperatures
and higher strain rates, which indicates that the strain ¢, can
be selected as failure criteria for further analysis of the SRM
structural reliability during ignition at low temperatures.

A nonlinear viscoelastic constitutive model incorporating the
damage evolution and the effects of temperature and strain rate
was developed to describe the stress responses of HTPB propel-
lant under the test conditions. During this process, the
Schapery-type constitutive theories were applied and one dam-
age variable was considered to establish the damage evolution
function. In addition, the constitutive parameters fitting meth-
ods were studied on the basis of constant rate tensile tests and
relaxation tests. Finally, based on the developed constitutive
model and the obtained damage evolution function, the stress
responses of HTPB propellant under the test conditions were
predicted. The results show that the overlap between experi-
mental results and predicted results are generally good but
some forecast error at very large strain, which indicates that the
developed constitutive model is valid, but further researches
should be conducted.
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