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Abstract: To study the mechanical properties of highly filled hydroxy-terminated polybutadiene
(HTPB) propellant with 90 wt% solid fillers, the stress–strain curves of the propellant under different
temperatures (−50 to 70 ◦C) and strain rates (0.000476 to 0.119048 s−1) were obtained by uniaxial
tensile test. Moreover, to obtain the glass transition temperature and understand the effect of low
temperatures on the mechanical properties of the propellant, DMA experiments were carried out. On
this basis, the mechanical response laws of the propellant were analyzed, and the master curves of
mechanical properties were established. Furthermore, the fracture features of the propellant under
typical loading conditions were obtained by SEM, and the corresponding failure mechanisms were
analyzed. The results show that the maximum strength decreases with increasing temperature, while
the maximum elongation increases with increasing temperature at the same strain rate. The maximum
tensile strength increases with increasing strain rate, while the maximum elongation decreases with
increasing strain rate at the same temperature. The maximum tensile strength is lowest with a value
of 0.35 MPa when the temperature is 343.15 K and the strain rate is 0.000476 s−1, at which time the
maximum elongation reaches the highest with a value of 44%. In terms of failure mechanisms, the
propellant shows no particle fracture, and the failure modes of the propellant are mainly matrix
tearing and dewetting.

Keywords: highly filled HTPB propellant; mechanical properties; failure mechanisms; master curves

1. Introduction

The solid rocket motor (SRM) is widely used in the power systems of space launches,
missiles, and other equipment because of its high energy density, simple structure, conve-
nient maintenance, and low cost [1]. Solid propellant is the power source of SRM. During
the storage, transportation, and use of the SRM, the solid propellant grain will be subjected
to loads such as temperature, vibration, and impact [2–4]. If the load borne exceeds the
maximum strength or elongation of the solid propellant, cracks may develop and expand
inside the propellant grain, thus affecting the normal operation of the SRM [5]. Therefore,
it is important to investigate the mechanical properties and failure mechanisms of solid
propellants to ensure the structural integrity of propellant grain.

With the increasing demand for long-range capability in SRMs, improving the energy
level of the propellant has gradually become the focus, and new energized composite
solid propellants have gradually attracted wide attention from researchers [6]. In order
to improve solid propellant energy, in addition to searching for new high energy density
materials, increasing the content of solid phase energetic components in existing mature
propellants can also lead to an increase in the theoretical specific impulse [7]. The highly
filled solid propellant has the advantages of high specific impulse and high density, but
with the increase in solid content, the microstructure of solid propellant becomes more
complicated, which leads to greater uncertainty of mechanical properties of the propellant
compared with the traditional composite solid propellant.
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Hydroxy-terminated polybutadiene propellant is a commonly used composite solid
propellant, belonging to the typical viscoelastic material. The mechanical properties of
HTPB propellant are not only affected by temperature, but also related to strain rate, with
obvious temperature effect and strain rate effect [8]. At present, researchers have carried out
a large number of studies and analyses on the mechanical properties of HTPB propellants
under different loading conditions using experimental and theoretical methods [9–13].
Zarei et al. [14] conducted a study on the mechanical properties of HTPB, and the results
showed that the addition of polyethylene glycol (PEG) improved the compatibility of
the plasticizer with the polyurethane (PU) matrices. The addition of PEG increased the
modulus and tensile strength, while the addition of plasticizer decreased the modulus and
increased the tensile strength and elongation. Liu et al. [15] carried out uniaxial tensile tests
to characterize the mechanical response and failure behavior of high-performance HTPB
propellant with 88 wt% fillers and studied the variation rule of the mechanical properties of
propellants with strain rate and temperature under stretching. The results showed that the
material parameters, such as Young’s modulus, tensile strength, and uniaxial tensile strain
at maximum tensile stress, were extremely sensitive to both strain rate and temperature.
Deng et al. [16] conducted tensile tests with 2.38 × 10−5–2.38 × 10−2 s−1, 12-week long
term relaxation tests, and 4-week long term creep tests to analyze the yield characteristics
and failure modes of HTPB at different strain rate conditions. The results showed that
the mechanical properties of the propellant showed obvious rate dependence at lower
strain rates, and the fracture strength and maximum elongation of the propellant decreased
significantly with the decrease in strain rate. The microstructure entered an unstable state
when the propellant started to yield. Dewetting at the interface between the matrix and
the particles was gradually severe, developing into larger particle detachment and matrix
tearing, and eventually causing macroscopic damage. Chen et al. [17] conducted standard
relaxation tests and uniaxial tensile tests at different tensile rates for HTPB propellant, and
the experimental results showed that the mechanical behavior of the material was related to
the strain rate, and the yield stress and destructive stress had a significant rate dependence
on the tensile rate. Meanwhile, the stiffness degradation and damage evolution of HTPB
propellant were rate-dependent processes. Long et al. [18] carried out high strain rate
mechanical tests for HTPB propellant with 86 wt% solid fillers using a split Hopkinson
press bar (SHPB) and observed the microscopic damage of the propellant under loading
conditions using SEM and computed tomography, and the results showed that the damage
modes of the propellant mainly manifested as perforation fracture, increased porosity, and
matrix tearing. Tussiwand et al. [19] investigated the fracture tests of HTPB propellant
at different temperatures and showed that the damage region at the crack tip and crack
opening displacement increased significantly at low temperatures.

From the above analysis, the current research on the mechanical properties and damage
mechanism of HTPB propellant focuses on the 88 wt% solid fillers or less, while there is less
research on highly filled (≥90 wt%) HTPB propellant, and the effects of temperature and
strain rate on the mechanical properties the highly filled HTPB propellant are unknown.
The study of the mechanical properties and damage mechanism of highly filled HTPB
propellant under different temperature and strain rates is of great significance to ensure
the structural integrity of the SRM charge, and it can provide support for the realization
of miniaturization and remoteness for missiles to meet the needs of the application of
high-energy propellants in weapons.

In the present paper, the mechanical properties of highly filled HTPB propellant
with 90 wt% solid fillers under different temperatures (223.15–343.15 K) and tensile rates
(2–500 mm/min) were studied by uniaxial tensile tests. Moreover, the glass transition
temperature of the propellant was measured by DMA experiment, which is employed
to study the effect of low temperatures on the mechanical properties. Meanwhile, the
typical microscopic morphology of the tensile section was observed by SEM, which can
analyze the failure mechanisms. On this basis, the effects of temperature and strain rate on
mechanical properties of highly filled HTPB propellant are analyzed. Finally, the master
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curves of mechanical properties are set up to predict the mechanical properties under
different loading conditions.

2. Experimental Section
2.1. Material Preparation

The highly filled HTPB propellant was selected for the experimental materials. The
propellant is a four-component propellant with 90 wt% solid particles, mainly consisting of
non-energetic binder, non-energetic plasticizer, ammonium perchlorate (AP), cyclotetram-
ethylene tetranitramine (HMX), aluminum powder (Al), etc. The specific mass fractions and
particle sizes are shown in Table 1. Propellant specimens were prepared by slurry casting
process, in which a 25 L casting process line was adopted. The main processes include raw
material processing, weighing, mixing, pouring, curing, and shaping. In accordance with
the standard of the People’s Republic of China GJB 770B-2005 [20], the tensile specimen
was prepared into a standard dumbbell shape as shown in Figure 1, and the effective size
was 70 mm × 10 mm × 10 mm. To eliminate residual stresses within the specimen, the
specimen should be placed for 24 h after processing.

Table 1. Proportion of propellant components.

Components Mass Fraction Particle Size

AP 48% 50~300 µm
HMX 22% 100~150 µm

Al 20% 5~20 µm
HTPB 9% -
Other 1% -
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Figure 1. Shape and dimensions of the specimen (unit: mm).

2.2. Experimental Methods

Uniaxial tensile tests were conducted at temperatures 223.15, 253.15, 273.15, 293.15,
323.15, and 343.15 K according to the standard GJB 770B-2005 Method 413.1 of the People’s
Republic of China. At each temperature, six groups of different tensile rate tests were
carried out, respectively 2, 10, 20, 50, 100, and 500 mm/min. To facilitate the discussion
of strain rate dependence of the propellant, the tensile rate is converted to a strain rate,
and the strain rate is determined by the tensile rate and the initial length of the test section.
Therefore, the corresponding strain rate is calculated as
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.
ε =

v
60× 70

(1)

where
.
ε is the strain rate, and v is the tensile rate. The six tensile rates correspond to strain

rates (
.
ε) of 0.000476, 0.002381, 0.004762, 0.011905, 0.023810, and 0.119048 s−1, respectively.

All tensile tests were carried out using an electronic universal testing machine AG-X Plus
100 that was manufactured by Shimadzu Corporation, Japan. All specimens were placed
in an incubator and kept at constant temperature for 1~2 h to ensure that the internal and
external temperatures of each specimen remained uniform. After the heat preservation
procedure was completed, the uniaxial tensile tests were conducted. The test system
consisted of a tensile machine, a computer, and an incubator, as shown in Figure 2. Five
repeatability tests were conducted under each condition. The stress–strain curves are the
average of the data from five tests.
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Figure 2. Test system.

To obtain the glass transition temperature, DMA experiments were carried out. The
DMA 850 dynamic mechanical analysis from American TA Company was used in the
test and holds the sample with a single cantilever clamp. The loading frequency was
10 Hz with an amplitude of 5 µm. The test temperature range was 153.15~273.15 K. In
addition, in order to reveal the microscopic failure mechanisms, SEM was used to observe
the microscopic morphology of the propellant after tensile fracture.

3. Results and Discussion
3.1. Stress–Strain Curves

The highly filled HTPB propellant is almost incompressible during uniaxial tension.
Therefore, a slight necking phenomenon is not discussed in detail in this work. The stress–
strain curves of highly filled HTPB propellant at different temperatures and strain rates
are shown in Figure 3. The propellant shows typical viscoelastic behavior with significant
rate dependence and temperature dependence. The reason for the viscoelastic mechanical
behavior is that the binder matrix of the propellant is a polymer material in the operating
temperature range [21].
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A linear random polymer, such as a binder, is a flexible long-chain polymer, and,
in the highly elastic state, the moving units are individual independently rotating chain
segments in the long chain. The polymer is structurally characterized by the fact that
each structural unit of the molecular chain is free to rotate [22]. With proper crosslinking
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between molecular chains, the entire chain molecule is not easily displaced under the action
of external forces, and the first motion produced is from the curled chains to the straightened
state along the direction of the action force; the schematic diagram of molecular chains
change is shown in Figure 4. Currently, the macromolecular chain in a state of constant
thermal motion transitions from the original conformation to another conformation that
is compatible with the external force, and the entropy of the system decreases. When the
external force disappears, the system changes in the direction of increasing entropy, and
the chain segments return to the curled state. In the process of the chain segment being
straightened and returning to curl, the chain segment motion is damped as a result of
the interactions between and within the molecular chains, and the equilibrium between
the applied load and the occurring response cannot be reached instantaneously and takes
some time to complete [23]. Therefore, the deformation of a material under the action
of an external load depends on the rate of load. Furthermore, the flexibility of polymer
chains arises from the rotational motion of the individual structural units that make up the
molecular chain around the σ-bond that connects them, which is, in fact, a form of thermal
motion of the chain, and, therefore, the viscoelastic mechanical behavior of polymers must
be temperature dependent [24].
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In general, the existence of several independently moving units (chain segments) be-
tween the crosslinking points within the polymer network and the nature of the individual
structural units in the chain segments to rotate freely are the fundamental reasons for the
viscoelastic mechanical behavior of the propellant.

3.2. Mechanical Response Analysis

At the low temperature of 223.15 K, the mechanical response curve of the propellant
exhibited no obvious regularity. However, the shape of stress–strain curve is strongly
influenced by the strain rate. As the strain rate increases, the curve pattern of the platform
becomes increasingly apparent. At low strain rates, the elastic section (inclined section)
occupies the majority of the stress–strain curve, whereas, at high strain rates, the nonlinear
section (platform section) occupies the majority of the stress–strain curve. To explain the
phenomena, the DMA experiment was conducted to analyze the influence mechanisms.
The variations of storage modulus (E′), loss modulus (E′′ ), and loss tangent (tan δ) with
temperature are shown in Figure 5. The peak temperature of the loss tangent is picked
as the glass transition temperature (Tg) [25]. As can be seen from Figure 5, the glass
transition temperature of the propellant is−68 ◦C (205.15 K). In combination with Figures 4
and 5, it can be deduced that loss modulus of the propellant is much greater when the test
temperature is close to the glass transition temperature than at room temperature and high
temperatures. At the moment, the molecular chains of the binder are in a frozen state; thus,
the molecular chains become less flexible.
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At temperatures of 253.15 K and 273.15 K, the stress–strain curves are broadly similar
in shape and change slightly with the increase in strain rate. The stress–strain curve can
be roughly divided into four regions, as shown in Figure 6. When the strain is low, the
propellant is in an elastic state, corresponding to the linear elastic region of the stress–strain
curve. As can be seen from the curve, the stress shows a linear increase with strain, and
the internal structure is basically undamaged at this stage. When the strain increases
to a certain value, the propellant is in the nonlinear region, at which time the trend of
stress growth with strain slows down slightly, indicating that the stiffness of the material
decreases. According to reference [26], microcracks or micropores begin to appear along
the interface in the loading direction, that is, “dewetting” occurs in the nonlinear region. It
indicates that larger particles are prone to dewetting, and the dewetting site first appears in
the larger particles and larger particles aggregation area. In the larger particles aggregation
area, the interaction between the particles leads to stress bridging, resulting in a stress
concentration phenomenon, leading to more serious dewetting [27]. As the interface begins
to take damage, the interfacial bond strength becomes weaker and the load bearing capacity
decreases, hence creating the stiffness softening phenomenon. Then, as the strain reaches
the platform region, the stress remains almost constant as the strain gradually increases.
The displacement of the interface between the larger particles and the matrix increases, and
some particles are gradually exposed, then the interfacial bonding fails; the evolutionary
schematic is shown in Figure 7. As a result, the parallel stress distribution effect of each
branch in the Maxwell model disappears, while the bonding around the equatorial plane
of the particles is maintained, and the particles only play the role of transverse constraints
on the deformation because of their own larger stiffness [28]. The interface has basically
lost its load-bearing capacity, so that the stress is almost constant as the strain increases,
which is the intrinsic cause of the platform region. Finally, after the strain reaches an
extreme value, the stress decreases sharply with increasing strain. The matrix fully bears
the load and is elongated to the point of tearing, and the propellant fracture occurs in a very
short time.
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Figure 7. Schematic diagram of the structural evolution.

At temperatures of 293.15 K and above, the shape of the stress-strain curve is less
affected by the strain rate, and its shape remains almost uniform. When affected by
temperature, the platform region of the curve is shortened, and the higher the temperature,
the shorter the platform region. However, at low strain rates, the stress–strain curve appears
to have an arc-shaped segment, as shown in Figure 8.
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Few studies have been reported on the presence of such an arc segment in propellants,
and similar arc segments have only been found in some rubbers [29,30]. The arc segment is
generated by having a high plasticizer content in the binder matrix and can be explained
by rearrangement of molecular chains according to polymers theory [31,32]. The limited
stretchability of the chain network, or the capacity of molecular chains to rearrange, de-
termines the significance of the arc segment. The flexibility of the molecular chains can
be increased by plasticizer [33]. The limited stretchability increases with molecular chain
flexibility. An evident arc segment and increased limited stretchability are both results
of higher plasticizer content. For low strain rate, the flexible chains do not prevent each
other from changing their conformation, and the curled chains can be rearranged. The
curly crosslinking molecular chains are in a chaotic state at the beginning. Therefore, the
curled molecular chains have a tendency towards regular arrangement under the action of
external force, which corresponds to the softening arc. When the curled molecular chains
take on a regular arrangement, the mechanical properties of the propellant begin to appear
as a slight enhancement phenomenon with the increase in strain, which corresponds to
the strengthening arc [34]. While the strain exceeds the chain extension threshold, the
mechanical response will be normal.

3.3. Variation Law of Mechanical Parameters

For the strength and elongation of propellants, it is more applicable to discuss the
maximum tensile strength and maximum elongation than the fracture strength and fracture
elongation because the maximum tensile strength and maximum elongation are used to
calculate the structural integrity of propellant grain in engineering [35,36]. If the structural
strength value of propellant grain is greater than the maximum tensile strength, damage
will occur inside the propellant, which is not allowed for the SRM. In order to directly
reflect the influence of temperature and strain rate on the mechanical properties of the
propellant, the variation of maximum tensile strength (σm), maximum elongation (εm) and
initial elastic modulus (Ei) of the propellant with temperature and strain rate are shown in
Figure 9. The slope of the linear section of the stress–strain curve is defined as the initial
elastic modulus.
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From Figure 9a, it can be discovered that the maximum tensile strength increases with
increasing strain rate at the same temperature. The reason for this phenomenon is that
the propagation of microcracks not only needs to reach the corresponding stress, but also
needs a certain time. Compared with low strain rate, the occurrence of damage is relatively
delayed for high strain rate; thus, the strength of the propellant is improved. Moreover,
the lower the temperature, the more obvious the increasing trend, but the change law is
different at the low temperature of 223.15 K. The maximum tensile strength shows a trend
of first increasing and then decreasing at 223.15 K, reaching a maximum value at the strain
rate of 0.011905 s−1, under which the tensile strength value is 1.97 MPa. In addition, the
higher the temperature, the lower the maximum tensile strength at the same strain rate.
The maximum tensile strength is lowest with a value of 0.35 MPa when the temperature is
343.15 K, and the strain rate is 0.000476 s−1.

From Figure 9b, it can be seen from the curve that the maximum elongation roughly
shows a decreasing trend with increasing strain rate at the same temperature, but, at low
temperatures 223.15 K and 343.15 K, the conditions do not strictly follow this law and
exhibit a greater dispersion, showing similar change trend at the two temperatures. The
reason for this phenomenon may be the higher solid fillers of the propellant, which do not
closely obey the viscoelastic properties under severe conditions compared to the general
propellant. In addition, the maximum elongation increases with increasing temperature
at the same strain rate. The maximum elongation reaches the highest with a value of 44%
when the temperature is 343.15 K, and the strain rate is 0.000476 s−1.
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From Figure 9c, it can be found that the variation law of initial modulus with tem-
perature and strain rate is almost the same as that of maximum tensile strength with
temperature and strain rate. Also, the initial modulus tends to increase and then decrease
with the increase in strain rate at the low temperature of 223.15 K and reaches an extreme
value at 0.011905 s−1, where the elastic modulus is 52.85 MPa.

Based on the above analysis, it can be deduced that the mechanical behavior of the
propellant at high temperature is equivalent to that at low strain rate, and the mechanical
behavior of propellant at low temperature is equivalent to that at high strain rate, which also
verifies the time–temperature equivalence of the propellant. Furthermore, the maximum
tensile strength and maximum elongation have an opposite variation law. At the same
temperature, the maximum tensile strength increases with increasing strain rate, while the
maximum elongation decreases with increasing strain rate. At the same strain rate, the
maximum tensile strength decreases with increasing temperature, while the maximum elon-
gation increases with increasing temperature. Therefore, the propellant formulation design
in engineering should take both properties into consideration and select the formulation
with the optimal mechanical parameters for casting propellant grain.

3.4. Master Curves of Mechanical Properties

In general, structural integrity of propellant grain can be conveniently analyzed using
mechanical parameter master curves. For instance, the master curve of the maximum
strength is mainly used to predict the hazardous conditions during axial loading and
ignition boost, and the master curve of the maximum elongation is mainly used to analyze
the safety factor of propellant grain during solidification and cooling [37].

According to the characteristics of viscoelastic materials, increasing the rate of load
is equivalent to decreasing the temperature, which is the time–temperature equivalence
principle [38]. Based on this equivalence principle, researchers have proposed a folded
data processing method. That is, the data measured in some specified time range and
temperatures range are integrated into a curve, which is called the “Master curve”. When
processing the data measured at different temperatures and rates into master curves, the
key step is to stack the curves measured at each temperature by moving them in a certain
direction (the reference temperature). The amount to be moved by each curve is specified by
a factor with a dimension of 1, called the time–temperature conversion factor and denoted
by αT , which is defined as follows:

αT =
tT
t0

(2)

where, tT is the time required to observe a phenomenon in the experiment when the
temperature is T; t0 is the time it takes for the same phenomenon to be observed at
temperature T0.

To facilitate the understanding of the time–temperature equivalence principle, the
W.L.F. equation was proposed by Williams, Landel, and Ferry. Therefore, the W.L.F. equa-
tion [39] was used to fit the time–temperature conversion factor at different temperatures
according to the mechanical properties at different temperatures and strain rates, as shown
in Equation (3).

lg(αT) =
C1(T − T0)

C2 + (T − T0)
(3)

where, C1 and C2 are the material constants; T0 is the reference temperature. The selection
of reference temperature has a great influence on the accuracy of the master curve fitting,
and the reference temperature is generally selected at about 60 K above the glass transi-
tion temperature; thus, T0 is chosen as 273.15 K. The values of C1 and C2 are −8.13 and
157.45, respectively.
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According to the values obtained in Equation (3), the equivalent time for different
temperatures and strain rates at the reference temperature is calculated, and the expression
is shown in Equation (3) [33].

lg
(

1
60

.
εαT

)
= lg

(
1

60
.
ε

)
− lg(αT) (4)

To draw the master curve, it is necessary to select the appropriate coordinate division,
and the scatter plots at different temperatures and strain rates are depicted in the coordinate
diagram with lg

(
1/60

.
εαT

)
as the abscissa and lg(σm·T0/T), lg(Ei·T0/T) and εm as the

ordinate, respectively. The scatter plots are then fitted to smooth curves using regression
analysis, which are the respective master curves, as shown in Figure 10.
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Figure 10. Master curves of mechanical properties of the propellant. (a) σm; (b) Ei; (c) εm.

The function relationship of the master curves was obtained by fitting the scatter plots
with different functions, as shown in Table 2. From the analysis in Figure 6 and Table 2,
the main curve of the maximum tensile strength showed a linear decreasing trend. The
main curve of the initial elastic modulus showed a quadratic function decreasing trend.
The main curve of the maximum elongation showed a quadratic upward trend.
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Table 2. Fitting equation of the master curves of mechanical properties.

Mechanical Parameters Fitting Equation R2

σm lg(σm·T0/T) = −0.08975− 0.13423× lg
(
1/60

.
εαT

)
0.95

Ei lg(Ei·T0/T) = 0.067269− 0.2786× lg
(
1/60

.
εαT

)
+ 0.02447×

[
lg
(
1/60

.
εαT

)]2 0.91
εm εm = 0.32439 + 0.04816× lg

(
1/60

.
εαT

)
− 0.0045×

[
lg
(
1/60

.
εαT

)]2 0.89

3.5. Analysis of Failure Mechanisms

Due to the large number of tensile tests carried out, representative loading conditions
were selected here to analyze the failure mechanism. The typical temperatures selected are
−50, 20, and 70 ◦C, and typical tensile rates are 2 and 500 mm/min.

The macroscopic morphology of the propellant specimens after tensile fracture under
typical loads is shown in Figure 11. From the figure, it can be seen that the locations
of fractures appearing in the specimen under different loading are not regular, but the
fracture surfaces are perpendicular to the tensile direction, indicating that the uniaxial
tensile fracture criterion follows the maximum positive stress criterion (the first strength
theory) [40]. This criterion assumes that the fracture of the material is caused by the
maximum tensile stress.
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The damage of solid propellant is mainly caused by three conditions: particle fracture,
matrix tearing, and interfacial damage (dewetting) [41]. In the actual failure process, the
three damage modes are not individual, but various damage modes interact with each
other and are coupled, often forming a complex damage mechanism. In order to clearly
understand the influence of typic loading on the failure mechanisms, the cross-sections
of the specimens after tensile fracture were characterized by SEM. The SEM images of
the fractured section of the propellant under typical temperature (−50, 20, 70 ◦C) and
tensile rate (2, 500 mm/min) are shown in Figure 12. As can be seen from Figure 12, the
microscopic fracture morphology of propellant formed under different loads is different,
which indicates that the failure mechanisms of the propellant are different under different
strain rates.
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From Figure 12a,b, it can be seen that, at a low temperature of −50 ◦C, the propellant
cross section is relatively uneven and there is no void produced by particle falling off.
Therefore, it can be inferred that the damage mode of the propellant at low temperatures is
matrix tearing. From Figure 12c,d, it can be seen that, at room temperature 20 ◦C, dewetting
occurs at the interface and small voids appear, so it is considered that the damage mode
of the propellant at room temperature is the coexistence of matrix tearing and dewetting.
As can be seen from Figure 12e,f, voids left by the ejection of larger particles appear in the
propellant section, showing a typical “dewetting” feature at a high temperature of 70 ◦C.

At low strain rates, the propellant mostly suffers localized “dewetting” damage,
which is characterized by a limited number of damaged interfaces but a significant extent of
damage evolution. When the strain rate is low, the dewetting of propellant starts through
the growth of microcracks and micropores at the interface. Subsequently, the damaged
interfaces gradually expand and merge, with most of the damage concentrated around the
larger particles. The interface experiences a rapid evolution of localized damage when the
strain rate increases gradually. Nevertheless, when the strain rate increases significantly,
the damage is not only confined to the surroundings of larger particles, but more damage
is generated at the interface. In situations when the strain rate is increased, the dewetting
of the interface has a delayed response, resulting in an increased number of interfaces that
bear the load throughout the loading process. This phenomenon somewhat hinders the
evolution of “dewetting” damage in the localized region of the propellant. Hence, it can
be shown that the propellant interface exhibits a significant number of micropores when
subjected to high strain rates. However, it is noteworthy that the extent of localized damage
remains relatively low.

In addition, the number of voids increases with the increase in strain rate at the same
temperature, which indicates that the particles produce more serious dewetting. Overall,
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the highly filled HTPB propellant shows no particle fracture, so it is concluded that the
failure mechanisms of the propellant are mainly matrix tearing and dewetting.

4. Conclusions

In the present study, the uniaxial tensile mechanical properties and failure mechanisms
of highly filled HTPB propellant under different loading conditions were investigated. The
results of this study lead to the following conclusions.

The quasi-static mechanical properties of a highly filled HTPB propellant were investi-
gated by uniaxial tensile testing. The results show that the maximum strength decreases
with increasing temperature, while the maximum elongation increases with increasing
temperature at the same strain rate. The maximum tensile strength increases with increas-
ing strain rate, while the maximum elongation decreases with increasing strain rate at the
same temperature. Furthermore, the maximum tensile strength is lowest with a value of
0.35 MPa when the temperature is 343.15 K and the strain rate is 0.000476 s−1, at which
time the maximum elongation reaches the highest with a value of 44%.

It can be detected from SEM images that the tensile fracture damage modes of highly
filled HTPB propellant are different at different loading conditions. The damage mode at
low temperature is matrix tearing, the damage mode at high temperature is dewetting, and
the damage mode at room temperature is the coexistence of matrix tearing and dewetting.
With the increase in strain rate, the phenomenon of dewetting is more obvious. Overall, the
highly filled HTPB propellant shows no particle fracture, and the failure mechanisms of
the propellant are mainly matrix tearing and dewetting.

The master curve of highly filled HTPB propellant mechanical properties was estab-
lished, which can be used to predict the maximum tensile strength of propellant under
different strain rates in a wide temperature range of −50~70 ◦C, provide data support for
the analysis of the structural integrity of propellant charges, and lay the foundation for the
practical application of the highly filled HTPB propellant.

Author Contributions: Conceptualization, H.L.; methodology, Y.L. and S.H.; software, M.J.; vali-
dation, H.L.; formal analysis, H.Y.; investigation, C.W.; writing—original draft preparation, C.W.;
writing—review and editing, X.F. and H.L.; visualization, C.W.; project administration, H.L. All
authors have read and agreed to the published version of the manuscript.

Funding: This research received no external funding.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Data will be made available on request.

Acknowledgments: We are grateful to the Xi’an Modern Chemistry Research Institute for its support
and assistance.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Kennedy, W.S.; Kovacic, S.M.; Rea, E.C.; Lin, T.C. Solid rocket motor development for land-based intercontinental ballistic missiles.

J. Spacecr. Rocket. 1999, 36, 890–901. [CrossRef]
2. Yıldırım, H.C.; Özüpek, S. Structural assessment of a solid propellant rocket motor: Effects of aging and damage. Aerosp. Sci.

Technol. 2011, 15, 635–641. [CrossRef]
3. Marimuthu, R.; Rao, B. Development of efficient finite elements for structural integrity analysis of solid rocket motor propellant

grains. Int. J. Press. Vessels Pip. 2013, 111, 131–145. [CrossRef]
4. Cui, Z.X.; Li, H.Y.; Shen, Z.B.; Cui, H.R. Analysis of load optimization in solid rocket motor propellant grain with pressure cure.

Int. J. Aerosp. Eng. 2021, 2021, 5026878. [CrossRef]
5. Liu, X.Y.; Hui, B.Q.; Wang, H.; Chen, H.; Zhou, D.M. Effect of mechanical heterogeneity on the structural integrity of HTPB

propellant grain. Materials 2023, 16, 4590. [CrossRef]
6. Cheng, T. Review of novel energetic polymers and binders-high energy propellant ingredients for the new space race. Des.

Monomers Polym. 2018, 22, 54–65. [CrossRef]

https://doi.org/10.2514/2.3508
https://doi.org/10.1016/j.ast.2011.01.002
https://doi.org/10.1016/j.ijpvp.2013.06.001
https://doi.org/10.1155/2021/5026878
https://doi.org/10.3390/ma16134590
https://doi.org/10.1080/15685551.2019.1575652


Polymers 2023, 15, 3869 16 of 17

7. Yu, H.M.; Sun, S.S.; Gao, J.B.; Jin, X.X.; Liu, J.; Li, F.S. Application of nano-sized RDX in CMDB propellant with high solid content.
Propellants Explos. Pyrotech. 2022, 47, e2021000076. [CrossRef]

8. Chen, X.D.; Lai, J.W.; Chang, X.L.; Zhang, Y.H.; Zhang, L.; Wang, C. Compressive mechanical properties of HTPB propellant at
low temperatures and high strain rates. Results Phys. 2017, 7, 4079–4084. [CrossRef]

9. Amado, J.C.Q.; Ross, P.G.; Murakami, L.M.S.; Dutra, J.C.N. Properties of Hydroxyl-Terminal Polybutadiene (HTPB) and Its Use as
a Liner and Binder for Composite Propellants: A Review of Recent Advances. Propellants Explos. Pyrotech. 2022, 47, e202100283.

10. Boshra, I.K.; Lin, G.; Elbeih, A. Influence of different crosslinking mixtures on the mechanical properties of composite solid rocket
propellants based on HTPB. High Perform. Polym. 2021, 33, 52–60. [CrossRef]

11. Sinha, Y.; Sridhar, B.; Kishnakumar, R. Study of Thermo-Mechanical Properties of HTPB–Paraffin Solid Fuel. Arab. J. Sci. Eng.
2016, 41, 4683–4690. [CrossRef]

12. NourEldin, A.F.; Adel, W.M.; Attai, Y.A.; Ismail, M.A. An experimental study on mechanical and ballistic characteristics of
different HTPB composite propellant formulations. IOP Conf. Ser. Mater. Sci. Eng. 2020, 973, 1757–8981. [CrossRef]

13. Toosi, F.S.; Shahidzadeh, M.; Ramezanzadeh, B. An investigation of the effects of pre-polymer functionality on the curing behavior
and mechanical properties of HTPB-based polyurethane. J. Ind. Eng. Chem. 2015, 24, 166–173. [CrossRef]

14. Zarei, M.A.; Bayat, Y.; Oskueyan, G. Thermal, mechanical and morphological properties of plasticized polyurethane binders
based on PEG and HTPB blends. J. Macromol. Sci. Part A 2022, 59, 666–674. [CrossRef]

15. Liu, C.; Thompson, D.G. Mechanical response and failure of High Performance Propellant (HPP) subject to uniaxial tension.
Mech. Time-Depend. Mater. 2015, 19, 95–115. [CrossRef]

16. Deng, K.W.; Li, H.Y.; Shen, Z.B.; Zhang, X.; Weng, J.X. Low strain rate yield characteristics and failure modes of solid composite
propellant. Eng. Fail. Anal. 2023, 150, 107364. [CrossRef]

17. Chen, S.; Wang, C.; Zhang, K.; Lu, X.; Li, Q. A Nonlinear Viscoelastic Constitutive Model for Solid Propellant with Rate-Dependent
Cumulative Damage. Materials 2022, 15, 5834. [CrossRef]

18. Long, B.; Chen, X.D.; Wang, H.L. Low-temperature dynamic mechanical properties of thermal aging of hydroxyl-terminated
polybutadiene-based propellant. Iran. Polym. J. 2021, 30, 452–462. [CrossRef]

19. Tussiwand, G.S.; Saouma, V.E.; Terzenbach, R.; Luca, L.D. Fracture mechanics of composite solid rocket propellant grains:
Material testing. J. Propuls. Power 2009, 25, 60–73. [CrossRef]

20. GJB 770B – 2005; The People’s Republic of China GJB 770B – 2005: Test Method of Propellant. Commission of Science, Technology
and Industry for National Defence Publish: Beijing, China, 2005.

21. Xiao, Y.C.; Fan, C.Y.; Wang, Z.J.; Sun, Y. Visco-hyperplastic constitutive modeling of the dynamic mechanical behavior of HTPB
casting explosive and its polymer binder. Acta Mech. 2020, 231, 2257–2272. [CrossRef]

22. Xie, D.R.; Min, D.M.; Yang, L.Q.; Li, S.T. Temperature and thickness-dependent electrical breakdown modulated by a coupling
model of charge transport and molecular chain dynamics. J. Phys. D Appl. Phys. 2019, 52, 365305. [CrossRef]

23. Shang, W.; Yang, X.J.; Ji, X.H.; Liu, Z.X. Effect of molecular chain structure on fracture mechanical properties of aeronautical
polymethyl methacrylate using extended digital image correlation method. Adv. Mater. Sci. Eng. 2016, 2016, 1372413. [CrossRef]

24. Yap, T.F.; Liu, Z.; Shveda, R.; Preston, D.J. A predictive model of the temperature-dependent inactivation of coronaviruses. Appl.
Phys. Lett. 2020, 117, 060601. [CrossRef] [PubMed]

25. Song, M.; Yue, X.L.; Chang, C.K.; Cao, F.Y.; Yu, G.M.; Wang, X.J. Investigation of the Compatibility and Damping Performance of
Graphene Oxide Grafted Antioxidant/Nitrile-Butadiene Rubber Composite: Insights from Experiment and Molecular Simulation.
Polymers 2022, 14, 736. [CrossRef]

26. Li, T.P.; Xu, J.S.; Han, J.L.; He, Y. Effect of microstructure on micro-mechanical properties of composite solid propellant.
Micromachines 2021, 12, 1378. [CrossRef] [PubMed]

27. Hou, Y.F.; Xu, J.S.; Zhou, C.S.; Chen, X. Microstructural simulations of debonding, nucleation, and crack propagation in an
HMX-MDB propellant. Mater. Des. 2021, 207, 109854. [CrossRef]

28. Wubuliaisan, M.; Wu, Y.Q.; Hou, X.; Yang, K.; Duan, H.Z.; Yin, X.M. Effect of neutral polymeric bonding agent on tensile
mechanical properties and damage evolution of NEPE propellant. Def. Technol. 2023, in press. [CrossRef]

29. Rao, S.G.; Daniel, I.M.; Gdoutos, E.E. Mechanical properties and failure behavior of cord/rubber composites. Appl. Compos. Mater.
2005, 11, 353–375. [CrossRef]

30. Kucherskii, A.M. New characteristic of tensile stress–strain properties in rubbers. Polym. Test. 2003, 22, 503–507. [CrossRef]
31. Smith, M.; Kar-Narayan, S. Piezoelectric polymers: Theory, challenges and opportunities. Int. Mater. Rev. 2021, 67, 65–88.

[CrossRef]
32. Konkolewicz, D.; Thorn-Seshold, O.; Gray-Weale, A. Models for randomly hyperbranched polymers: Theory and simulation.

J. Chem. Phys. 2008, 129, 054901. [CrossRef] [PubMed]
33. Zhang, G.L.; Liu, X.Y.; Zhang, J.S.; Li, M.C.; Zhang, X.; Wang, N.F.; Hou, X. Study on Tensile Mechanical Properties of GAP/CL-

20/HMX Propellant. Propellants Explos. Pyrotech. 2022, 47, e202200053. [CrossRef]
34. Frenkel, J. A Theory of elasticity, viscosity and swelling in polymeric rubber-like substances. Rubber Chem. Technol. 1940, 13,

264–274. [CrossRef]
35. Zhang, P.J.; Han, W.S.; Zhou, D.M.; Wu, H.X. Structural integrity assessment of an NEPE propellant grain considering the

tension–compression asymmetry in its mechanical property. Polymers 2023, 15, 3339. [CrossRef] [PubMed]

https://doi.org/10.1002/prep.202100076
https://doi.org/10.1016/j.rinp.2017.10.034
https://doi.org/10.1177/0954008320940359
https://doi.org/10.1007/s13369-016-2230-3
https://doi.org/10.1088/1757-899X/973/1/012030
https://doi.org/10.1016/j.jiec.2014.09.025
https://doi.org/10.1080/10601325.2022.2108442
https://doi.org/10.1007/s11043-015-9254-z
https://doi.org/10.1016/j.engfailanal.2023.107364
https://doi.org/10.3390/ma15175834
https://doi.org/10.1007/s13726-021-00902-3
https://doi.org/10.2514/1.34227
https://doi.org/10.1007/s00707-020-02655-1
https://doi.org/10.1088/1361-6463/ab257a
https://doi.org/10.1155/2016/1372413
https://doi.org/10.1063/5.0020782
https://www.ncbi.nlm.nih.gov/pubmed/32817726
https://doi.org/10.3390/polym14040736
https://doi.org/10.3390/mi12111378
https://www.ncbi.nlm.nih.gov/pubmed/34832790
https://doi.org/10.1016/j.matdes.2021.109854
https://doi.org/10.1016/j.dt.2023.04.006
https://doi.org/10.1023/B:ACMA.0000045312.61921.1f
https://doi.org/10.1016/S0142-9418(02)00113-7
https://doi.org/10.1080/09506608.2021.1915935
https://doi.org/10.1063/1.2939242
https://www.ncbi.nlm.nih.gov/pubmed/18698919
https://doi.org/10.1002/prep.202200053
https://doi.org/10.5254/1.3539509
https://doi.org/10.3390/polym15163339
https://www.ncbi.nlm.nih.gov/pubmed/37631396


Polymers 2023, 15, 3869 17 of 17

36. Sui, X.; Wang, N.F.; Wan, Q.; Bi, S.H. Effects of relaxed modulus on the structure integrity of NEPE propellant grains during high
temperature aging. Propellants Explos. Pyrotech. 2010, 35, 535–539. [CrossRef]

37. Zhang, Y.M.; Wang, N.F.; Chen, X.X.; Wang, R.; Bai, L.; Dang, J.F.; Wu, Y. Investigation of the effect of axial gap on the mechanical
response of a cartridge-loaded CMDB propellant grain under vibration loads. Int. J. Aerosp. Eng. 2023, 2023, 2451808. [CrossRef]

38. Han, L.; Chen, X.; Xu, J.S.; Zhou, C.S.; Yu, J.Q. Research on the time–temperature–damage superposition principle of NEPE
propellant. Mech. Time-Depend. Mater. 2015, 19, 581–599. [CrossRef]

39. Chailleux, E.; Ramond, G.; Such, C.; Roche, C. A mathematical-based master-curve construction method applied to complex
modulus of bituminous materials. Road Mater. Pavement Des. 2006, 7, 75–92. [CrossRef]

40. Xue, D.J.; Zhou, J.; Liu, Y.T.; Gao, L. On the excavation-induced stress drop in damaged coal considering a coupled yield and
failure criterion. Int. J. Coal Sci. Technol. 2020, 7, 58–67. [CrossRef]

41. Cui, J.H.; Qiang, H.F.; Wang, J. Experimental and simulation research on microscopic damage of HTPB propellant under
tension-shear loading. AIP Adv. 2022, 12, 085214. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1002/prep.200800054
https://doi.org/10.1155/2023/2451808
https://doi.org/10.1007/s11043-015-9280-x
https://doi.org/10.1080/14680629.2006.9690059
https://doi.org/10.1007/s40789-020-00299-z
https://doi.org/10.1063/5.0101388

	Introduction 
	Experimental Section 
	Material Preparation 
	Experimental Methods 

	Results and Discussion 
	Stress–Strain Curves 
	Mechanical Response Analysis 
	Variation Law of Mechanical Parameters 
	Master Curves of Mechanical Properties 
	Analysis of Failure Mechanisms 

	Conclusions 
	References

