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Abstract. To further study the effects of low temperature and high strain 
rate on the tensile behaviors of hydroxyl-terminated polybutadiene (HTPB) 
propellant, an INSTRON testing machine was applied for carrying out the 
uniaxial tensile tests at low temperatures and room temperature after storage 
at low temperatures. The strain rates are in the range of 0.40 to 85.71 s-1. 
Scanning electron microscope (SEM) was used for examining the failure 
mechanisms of HTPB propellant under the test conditions. The results 
reveal that HTPB propellant is still capable of large deformation at lower 
strain rates and low temperatures in the glass transition and glass state. The 
characteristics of stress-strain curves at room temperature after storage at 
low temperatures are the same with that directly obtained at room 
temperature. The effect of strain rate on the elastic modulus E  at various 
temperatures is almost the same. However, the effect of strain rate on the 
maximum tensile stress 

m
�  becomes weak with decreasing temperature. 

Furthermore, the strain 
m
�  is nearly independence of the strain rate at 

higher strain rates and the lowest test temperature in glass state. 
Continuously decreasing temperature can more easily cause the extensive 
brittle fracture of AP particles, even at lower strain rates. The temperature 
changes from room temperature to low temperature and then from low 
temperature to room temperature in a short time cannot influence the failure 
mechanism of HTPB propellant at room temperature and high strain rate.  
Keywords: low temperature, high strain rate, tensile behaviors, 
high-performance energetic composite 

1 Introduction 

Solid propellant is the typical high-performance energetic composite and its mechanical 
properties and failure mechanisms are sensitive to strain rate and temperature [1]. In service, 
solid rocket motor (SRM) is often subjected to different external stimuli, e.g. impact, ignition 
pressurization, causing the change of the mechanical properties and failure mechanisms of 
solid propellant [2]. Furthermore, in almost all cases, when the damage occurs in the solid 
propellant, an increase in burning surface of the propellant grain can result in malfunctioning 
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or, in worst case, explosion of SRM [3]. Therefore, to ensure the propellant grain structural 
integrity and structural reliability of SRM, it is very important to study the behaviors of solid 
propellant under various loading conditions. 

In the past decades, the study of behaviors of solid propellants under various loading 
conditions has drawn tremendous attention. Based on the tensile and compressive tests under 
quasi-static conditions (<1 s-1) and room temperature, Ren et al. had analyzed the differences 
of mechanical properties for a hydroxyl-terminated polybutadiene (HTPB) propellant under 
different stress states [4]. The influence of components on the low temperature mechanical 
properties of solid propellants under quasi-static conditions had been investigated by 
Mohamed et al [5-6]. Zhang et al. had conducted quasi-static tensile tests at low temperatures 
(298-223 K) and room temperature after storage at low temperatures to study the low 
temperature mechanical properties of HTPB propellant [7]. Using a conventional universal 
testing machine and a modified split Hopkinson pressure bar (SHPB) apparatus, Sun et al. 
had studied the compressive behaviors of a composite modified doublebase (CMDB) 
propellant at low temperatures (298-233 K) and different strain rates (10-4-103 s-1) [8]. 
However, up to now, to the best of our knowledge, there are few analyses on the high strain 
rate (1-102 s-1) behaviors of solid propellants at low temperatures. In our previous work 
[9-10], a new test method had been proposed to study the tensile behaviors of HTPB 
propellant at those loading conditions. Furthermore, the mechanical properties, failure 
mechanisms and constitutive model of the propellant had been also investigated based on the 
test results. However, the tensile behaviors of HTPB propellant at lower temperatures (<233 
K) and higher strain rates (>50 s-1) are still unclear, especially in the glass transition and glass 
state. In addition, the high strain rate (1-102 s-1) tensile behaviors of HTPB propellant at room 
temperature after storage at low temperatures have never been investigated before. Therefore, 
further investigation is required to study the effects of low temperature and high strain rate on 
the tensile behaviors of HTPB propellant.  

In the present investigation, uniaxial high strain rate tensile tests at low temperatures and 
room temperature after storage at low temperatures were performed to further study the 
behaviors of HTPB propellant. Scanning electron microscope (SEM) was used for 
examining the failure mechanisms of HTPB propellant under the test conditions. Based on 
the test results, the effect of the different loading conditions on the mechanical properties and 
failure mechanisms of HTPB propellant was discussed. Finally, the correlation between the 
mechanical properties and failure mechanisms of HTPB propellant was also analyzed.  

2 Material and Test Methods 

The material used here comprises of 88 wt-% mixture of ammonium perchlorate (AP) 
and aluminum particles, 7.852 wt-% of HTPB polymer binder and curing agent, and 4.148 
wt-% others. As measured in our previous work [10], the glass transition temperature for this 
propellant is about 214 K. According to the Chinese aerospace industry standard of P. R. C, 
QJ 924-85, the dimensions of the test samples were determined to be dumbbell-slat shape, as 
shown in Figure 1. Uniaxial tensile tests were conducted using the classical testing machine 
INSTRON VHS 160/100-20 at four different strain rates in this investigation, which is 0.40, 
4.00, 14.29, 85.71 s-1 (0.028m/s, 0.280m/s, 1.000m/s, 6.000m/s), respectively. The samples 
were tested in quintuplicate at room temperature (298 K) and low temperatures (243-213 K) 
of each strain rate. All stress-strain curves analyzed later were the average of the five data 
sets. In this investigation, two different types of temperature conditions were considered. 
Firstly, the samples were conditioned at the required temperature for 1 h and were then tested 
directly until they fractured. Secondly, the samples were conditioned at 243 K and 223 K for 
4 h and were then removed to be desiccated at room temperature for 24 h and equilibrated to 
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room temperature. Finally, the samples were tested at room temperature until they fractured. 
Prior to testing, the samples were all sealed with plastic film. The humidity of the 
temperature chamber and the air humidity were all very low.  

A Quanta 600FEG SEM was used for examining the failure mechanisms of HTPB 
propellant under the test conditions. Samples were mounted using a conductive paint onto 
SEM stubs and sputter coated with a thin layer of gold prior to examination. 

Figure 1. Schematic diagram of the uniaxial tensile test sample (mm) 

3 Results and Discussion 

3.1 Stress-strain Behaviors. 

Figure 2 shows the typical tensile stress-strain curves of HTPB propellant at various 
temperatures and strain rates. From Figure 2, it can be observed that the strain rate and 
temperature dependence of the tensile behaviors for HTPB propellant at lower temperatures 
and higher strain rate is still obvious. When increasing strain rate or decreasing temperature, 
the stress increases significantly. Furthermore, the characteristics of stress-strain curves 
under various loading conditions are remarkably different. At all test temperatures and lower 
strain rates, after a rather straight initial part, the shape of stress-strain curves shows a sharp 
bend and then the stress continues to increase gradually over a prolonged strain range before 
rupture finally occurs. HTPB propellant is still capable of large deformation at lower strain 
rates and low temperatures in the glass transition and glass state. At room temperature and 
the highest strain rate, there is a plateau region in the stress-strain curve before a near linear 
relationship of stress-strain is again established and kept up to the point of maximum tensile 
stress and eventual sample fracture. However, the tensile stress quickly reaches its maximum 
value at small strain and then drops rapidly at lower temperatures and higher strain rates. The 
characteristics of stress-strain curves at room temperature after storage at low temperatures 
are the same with that directly obtained at room temperature (Figure 2(a)), which is different 
from that under quasi-static tensile tests in previous research [7]. Because of these, the effects 
of strain rate and temperature on the mechanical parameters at room temperature after 
storage at low temperatures would not be separately analyzed in the following section.

(a) 298 K (b) 223 K 
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(c) 213 K (d) 85.71 s-1

Figure 2 .Tensile stress-strain curves of  HTPB propellant at various temperatures and strain rates 

3.2 Mechanical Properties.

According to the obtained test data and the defining method used in our previous work [10], 
the elastic modulus E , maximum tensile stress 

m
�  and strain at maximum tensile stress 

m
�  were obtained. These mechanical parameters with respect to strain rate and temperature 
are shown in Figure 3.  

(a) Elastic modulus  (b) Maximum tensile stress (c) Strain at maximum tensile stress 
Figure 3 Mechanical parameters of HTPB propellant vs. logarithmic strain rate

at various test temperatures 

As shown in Figure 3, both E  and  
m

�  increase as a linear-log function of strain rate 
at various temperatures, and decreasing temperature can induce a bigger values of these 
mechanical parameters. The fitted lines of the elastic modulus E  at various temperatures are 
approximately parallel, which indicates that the effect of strain rate on this parameter at 
various temperatures is almost the same. However, the slope of the fitted lines for the 
maximum tensile stress 

m
�  at lower temperatures is smaller, which indicates that the effect 

of strain rate on this parameter becomes weak with decreasing temperature. Furthermore, it 
can be seen from Figure 3(c) that the strain 

m
�  decreases with decreasing temperature. The 

effect of strain rate on this parameter is more obvious as the temperature decreases. However, 
this parameter is nearly independence of the strain rate at higher strain rates and the lowest 
test temperature in glass transition.  

   
  

DOI: 10.1051/06013 (2016), matecconf/2016MATEC Web of Conferences  6
SMAE 2016

70601367

4



3.3 Failure Mechanisms.

Figure 4 present the typical SEM images of the tensile fracture surfaces for HTPB 
propellant under the test conditions. From Figure 4(a) it is clear that all interfaces between 
the filled particles and matrix are undamaged at lower strain rate and very low temperature in 
the glass transition state, whereas lots of AP particles fracture, which is more severe than that 
at 233 K and 0.40 s-1 in our previous work [10]. Therefore, Figure 4(a) reveals that 
continuously decreasing temperature can more easily cause the extensive brittle fracture of 
AP particles, even at lower strain rates. Furthermore, HTPB propellant becomes stiffer at 
lower temperature. Based on the above discussions, the effect of strain rate on the stress 

m
�

and strain 
m
�  is less obvious at the lowest temperature and higher strain rates in this 

investigation, because the variation of these mechanical parameters for HTPB propellant 
with strain rate and temperature is closely related to its properties and failure mechanisms 
under various loading conditions.

From Figure 4(b) and 4(c) it is clear that the interfaces between the filled particles and 
matrix are nearly intact at room temperature after storage at low temperatures and the strain 
rate range analyzed in this investigation, whereas some larger AP particles fractures occur. 
The failure mechanism of HTPB propellant under these loading conditions is the same with 
that at room temperature in our previous work [10], which further indicates that the 
temperature changes from room temperature to low temperature and then from low 
temperature to room temperature in a short time cannot influence the failure mechanism of 
HTPB propellant at room temperature and high strain rate. This is may be because of the 
following reasons. As stated in the previous research [11], decreasing temperature can 
increase the dewetting stress between the filled particles and matrix for HTPB propellant. In 
addition, the fracture stress of a crystal is generally high. Therefore, only the temperature 
change in a short time cannot lead to the damage of the propellant in the microstructure.  

(a) 223 K and 0.40 s-1 (b) 298 K and 85.71 s-1

after storage 243 K 
(c) 298 K and 85.71 s-1

after storage 223 K 
Figure 4 SEM images of HTPB propellant under different loading conditions  (� 200)

4 Summary 

Based on an INSTRON testing machine and SEM, the effects of low temperature and 
high strain rate on the tensile behaviors of HTPB propellant were further investigated. The 
results reveal that the strain rate and temperature dependence of the tensile behaviors for 
HTPB propellant at higher strain rate (>50 s-1) and lower temperatures (<233 K) is still 
obvious. HTPB propellant is still capable of large deformation at lower strain rates and low 
temperatures in the glass transition and glass state, which indicates that the low temperature 
mechanical properties of this propellant is good. The characteristics of stress-strain curves at 
room temperature after storage at low temperatures are the same with that directly obtained at 
room temperature. 
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The effect of strain rate on the elastic modulus E  at various temperatures is almost the 
same. However, the effect of strain rate on the maximum tensile stress 

m
�  becomes weak 

with decreasing temperature. Furthermore, the strain 
m
�  decreases with decreasing 

temperature. The effect of strain rate on this parameter is more obvious as the temperature 
decreases. However, this parameter is nearly independence of the strain rate at higher strain 
rates and the lowest test temperature in glass state.  

The variation of the above mechanical properties for HTPB propellant with temperature 
and strain rate is closely related to its properties and failure mechanisms under various 
loading conditions. Continuously decreasing temperature can more easily cause the 
extensive brittle fracture of AP particles, even at lower strain rates. The temperature changes 
from room temperature to low temperature and then from low temperature to room 
temperature in a short time cannot influence the failure mechanism of HTPB propellant at 
room temperature and high strain rate.  

The results obtained in this investigation are very helpful for fully understanding the 
behaviors of solid propellants under various loading conditions and can provide the 
theoretical basis for analyzing the propellant grain structural integrity and structural 
reliability of SRM at low temperatures and high strain rates. 
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