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Abstract: Hydroxy-terminated polybutadiene (HTPB) pre-polymer is  the 
main constituent that is  responsible for conferring high mechanical properties 
on composite solid propellants. However, HTPB pre-polymer suffers from oxidative 
degradation reactions that diminish its  mechanical properties and  shelf  life. 
Composite  solid propellant formulations based on  an  advanced stabilizing 
agent  (anti-oxidant), Flexzone 6-H, with different curing ratios, 0.7  and  1.1, 
were developed via mixing and casting under vacuum. The developed formulations 
were subjected to artificial ageing using Vant Hoff,s formula by isothermal heating 
at 80 °C for up to 35 days. The change in strain with ageing was evaluated using 
a uni-axial tensile test. The propellant formulation based on a curing ratio of 0.7 
demonstrated a high ageing resistance coefficient and an extended service life 
of up to 15 years, compared with 5 years for higher curing ratio. A propellant 
grain is considered to be ‘aged out’ at 30% reduction in its maximum strain value. 
The  propellant formulation based on  the  0.7 curing ratio exhibited superior 
thermal stability as it offered a minimum decrease in heat released after ageing 
using DSC. Additionally, the 0.7 curing ratio formulations exhibited a minimum 
change in burning rate and pressure exponent with ageing time. It can be concluded 
that the propellant with 0.7 curing ratio can maintain its mechanical, thermal, 
and ballistic properties with ageing.
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1	 Introduction 

The ageing process of an hydroxy-terminated polybutadiene (HTPB) composite 
propellant is  a  complex process as  different oxidative degradation reactions 
could take place simultaneously during the ageing time [1]. Propellant ageing 
could  be  initiated through several processes, including chemical, physical, 
and mechanical [2, 3] (Figure 1), i.e.:
–	 Chemical degradation processes include oxidative cross-linking, 

chain  scission via  hydrolysis, oxidative attack, antioxidant depletion, 
and binder oxidation.

–	 Physical processes include plasticizer migration, humidity, presence of liquid 
burn catalyst (depletion by migration), phase transition, and de-wetting.

–	 Mechanical processes include vibration, thermally induced stresses through 
temperature cycle effects, liner separation, and cracks. 

Figure 1.	 Main ageing aspects of composite propellants

It is widely accepted that the dominant ageing reaction is an oxidative cross-
linking reaction of the π bonds in the backbone of the HTPB pre-polymer [4, 5]. 
The π bonds are vulnerable to air oxygen and attack by different free radicals. 
These damaging reactions could be reduced by the  introduction of advanced 
antioxidants, such as Flexzone-6H [6]. This antioxidant can minimize the oxidative 
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degradation reactions by capture of any generated free radicals [7, 8]. It is widely 
accepted that all types of  degradation reactions could  affect the  mechanical 
properties of  solid propellants. Their  mechanical properties can  be  explored 
using uni-axial tensile testing, which can be employed as a quick quality control 
tool in propellant development and production [9, 10]. The stress-strain curves 
can be utilized to assess the service life of propellants (Figure 2).

Figure 2.	 Typical (stress-strain) curve for composite propellants

The mechanical characteristics of composite propellants must  meet 
certain acceptance limits of stress and strain in order to withstand the severe 
mechanical and  thermal stresses during firing  [11,  12]. It  is  reported that 
HTPB/AP/Al composite propellant formulations can withstand a wide range 
of stress and strain values. The accepted limits for the mechanical properties 
of a composite solid propellant are tabulated in Table 1.

Table 1.	 Mechanical characteristic limits of composite propellants
Temperature [°C] –30 + 50

Parameter Max. stress 
[MPa]

Max. strain 
[%]

Max. stress 
[MPa]

Max. strain 
[%]

HTPB/AP/Al 6.27 : 3.58 50 : 23 1.57 : 0.62 10 : 33
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Polyurethanes (PUs) based on HTPB are versatile thermosetting polymers 
for composite propellant applications. They are capable of accommodating high 
solid loading level, up to 86 wt.%, with high stress and strain values [13, 14]. 
Ageing could reduce the high mechanical properties of a PU binder. A propellant 
formulation is considered to be ‘aged out’ if it loses 30% of its initial maximum 
strain  value. Furthermore, the  ageing process could  significantly reduce 
the  activation energy required for  ignition of  a  solid propellant. It  is widely 
accepted that this activation energy will decrease with ageing [15]. The activation 
energy can be represented by the Arrhenius equation (Equation 1) [12, 16]:

𝑘𝑘𝑘𝑘 = 𝐴𝐴𝐴𝐴𝑒𝑒𝑒𝑒�
−𝐸𝐸𝐸𝐸𝑎𝑎𝑎𝑎
𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅 �         (1) 

 

 𝑡𝑡𝑡𝑡𝐸𝐸𝐸𝐸 = 𝑡𝑡𝑡𝑡𝑇𝑇𝑇𝑇 ∙ 𝐹𝐹𝐹𝐹
�𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅−𝑅𝑅𝑅𝑅𝐸𝐸𝐸𝐸�
∆𝑅𝑅𝑅𝑅𝐹𝐹𝐹𝐹  /  365.25        (2) 

� (1)

where k, A, Ea, R, T are the reaction rate constant, Arrhenius constant, activation 
energy, universal gas constant, and absolute temperature, respectively. Equation 1 
represents a straight forward route for the evaluation of Ea with ageing.

The shelf life of a composite propellant can be evaluated via artificial ageing, 
where a propellant grain is subjected to thermal stress (in days) that is equivalent 
to normal stresses at 25 °C over several years [11]. Composite propellant ageing 
can significantly reduce the mechanical properties, and these are significantly 
influenced by the curing ratio [17]. The (NCO/OH) molar ratio plays a critical role 
in the cross-linking kinetics and in the mechanical properties of the resultant solid 
propellant formulation [18]. In the present study, different propellant formulations 
with curing ratios of 0.7 and 1.1 were developed. Artificial ageing was conducted 
using Vant Hoff’s formula by isothermal heating at 80 °C for 35 days. The influence 
of the curing ratio on the mechanical, thermal, and combustion characteristics 
were evaluated using uni-axial tensile testing, DSC, and small-scale ballistic 
rocket motor evaluation, respectively. Changes in the stress and strain with ageing 
were evaluated using the uni-axial tensile test. A propellant formulation based 
on 0.7 curing ratio demonstrated an extended service life of up  to 15 years, 
compared with 5 years for higher curing ratios; a propellant grain is considered 
to be ‘aged out’ if it loses 30% of its strain value. The propellant formulation 
based on 0.7 curing ratio demonstrated superior thermal stability as it offered 
a minimum decrease in the total heat released with ageing as measured by DSC. 
Additionally, a formulation with 0.7 curing ratio demonstrated a minimum change 
in burning rate with ageing time, reduced by –1.10% compared with –3.45% 
for higher curing ratios. Furthermore, a 0.7 curing ratio demonstrated a minimum 
change in  the  pressure exponent with  ageing  time. It  can  be  concluded that 
a  propellant with  0.7 curing ratio can maintain its mechanical, thermal, 
and ballistic properties with ageing.
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2	 Experimental

2.1	 Materials and formulations 
The main solid additives included crystalline ammonium perchlorate (AP, average 
particle sizes of  400, 200, and  7-11 µm) as  an  oxidizer, aluminum powder 
(average particle size of  20  µm) as  a metal  fuel, di-octyl adipate  (DOA) 
as a plasticizer (Alpha Chemica). The employed pre-polymer consisted of HTPB 
with 0.584 mg·eqv.OH/g (Aldrich). The curing agent was hexamethylene di-
isocyanate  (HMDI) with 11.86 mg·eqv.NCO/g (Aldrich). N,N’-Diphenyl-p-
phenylenediamine (Flexzone 6-H) was employed as an advanced anti-oxidant. 
The prepared formulations were designed and listed in Table 2.

Table 2.	 Prepared propellant formulations

Ingredient Content [wt.%]
F1 F2

AP, grain size [μm]:
– 400 43
– 200 16
– 7-11 12

Al (20 μm) 14
Fuel binder:

– HTPB 11.33 10.98
– HMDI 0.63 0.98
– DOA 2.54

Antioxidant (Flexzone 6-H) 0.5
Curing ratio (NCO/OH) 0.7 1.1

2.2	 Development of the composite propellant
Composite solid propellant formulations were developed by  mixing 
under  vacuum, followed by  vacuum casting under mechanical  vibration. 
Each developed formulation was cast into a casing mould. The cast propellants 
were cured in an electrical oven at 55 °C for 6 days. 

2.3	Artificial ageing
The samples for ageing were stored in a block shape (carton block) to simulate 
the propellants of large-scale motors [15]. Each aged sample was cut into slices 
of specific thickness. 

Vant Hoff’s formula is widely accepted as an effective tool to facilitate shelf 
life assessment [15] (Equation 2).
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where tE is the in-service temperature (years), tT is the test time at the ageing 
temperature TT (days), F is the reaction rate change factor per 10 °C temperature 
change, and ∆TF is the temperature interval for the actual value of F. The propellant 
formulations were aged by isothermal heating at 80 °C for 35 days, with a scaling 
factor F = 2.5 [11, 19]. The ageing period (in days) and corresponding in-service 
life (in years) are tabulated in Table 3. 

Table 3.	 Applied accelerated ageing program
In-service temperature [°C] In-service time tE [year]

25 5 10 15
Accelerated ageing conditions [day]

90 5 10 15
80 12 24 35
70 30 60 90

2.4	 Mechanical properties with ageing
The specimens for mechanical testing were cut into dumbbell-shaped pieces 
(Figure 3). For reliable data each tested specimen was subjected to a relaxation 
period of 48 h to avoid any thermal or mechanical load. There are many changes 
in stress and strain values of a propellant grain with ageing. A propellant grain 
is considered ‘aged out’ at 30% reduction in its maximum strain value [20].

Figure 3.	 JANNAF specimen for mechanical testing [21]
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The mechanical properties of the cured propellants were investigated using 
a tensile strength tester (Zwick Z050 universal test machine) according to ASTM 
D412 at a crosshead speed of 50 mm/min at room temperature. The ageing resistance 
coefficient (K) can be employed to evaluate the propellant’s resistance to ageing. 
A high K value reflects a higher resistance to mechanical deterioration  [22]. 
The K coefficient can be represented using the f factor (Equation 3):

fi = σ(break)·ε(break)� (3)

where σ(break) and ε(break) are the tensile strength at break and elongation at break, 
respectively. The ageing coefficient is a dimensionless parameter; it correlates 
the change in the f factor of an aged grain to a fresh grain (Equation 4):

K = f2/f1	�  (4)

where f1, and f2 are the  f  factors of  a  fresh formulation and  an  aged 
formulation, respectively.

2.5	 Thermal behaviour with ageing
Changes in the thermal properties, particularly the ignition temperature as well 
as  the  total heat released, were  evaluated against the  ageing period using 
differential scanning calorimetry (DSC) using a Q2000 instrument by Thermo-
scientific (USA). The tested samples were heated from 50 to 400 °C at 20 °C/min, 
under a constant flow of nitrogen at 30 mL/min. 

2.6	 Combustion characteristics with ageing
Changes in the combustion characteristics, particularly the burning rate, 
was evaluated against the ageing period using a small-scale ballistic evaluation 
test motor. A propellant grain of length 108 mm, outer diameter (OD) 60 mm, 
inner diameter 34 mm with an inhibited OD was assembled within the small-
scale motor casing (Figure 4(a)). The operating pressure was recorded during 
combustion using a standardized pressure transducer (Figure 4(b)).
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(a)

(b)
Figure 4.	 Schematic for small scale test motor  (a), static  firing test  (b), 

where PS is a pressure transducer
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The burning rate was evaluated from the action burning time and the web 
thickness of  the  propellant grain. The  burning rate vs.  pressure relationship 
can be represented by Ville’s equation (Equation 5):

r = a Pn� (5)

where r, a, P, and n are the linear burning rate, burning rate constant, 
chamber pressure, and pressure exponent, respectively. The influence of the ageing 
period on the burning rate pressure exponent (n) was evaluated. Different aged 
grains were tested at different operating pressures to determine the burning rate 
law and to calculate the pressure exponent n. The influence of the curing ratio 
on the pressure exponent n with ageing period was also evaluated.

3	 Results and Discussion 

3.1	 Influenece of the curing ratio on the mechanical properties
The curing reaction of the HTPB pre-polymer with di-isocyanate is a polyaddition 
polymerization reaction without  by-products. A  cured polyurethane binder 
is classified as a thermosetting polymer (Scheme 1). 

Scheme 1.	 Curing reaction of a polyol pre-polymer with a di-isocyanate 

The π bonds present along the cured polymer chains are  responsible 
for enhanced elasticity (high strain value). A minimal change in the NCO/OH 
molar ratio will have a dramatic influence on the mechanical properties (stress 
and strain values). The influence of the curing ratio on the mechanical properties 
of a propellant grain is represented in Figure 5.
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Figure 5.	 Influence of the curing ratio on  the  mechanical characteristics 
of the composite propellant

The formulation based on 0.7 curing ratio conferred an acceptable max. stress 
value with an  increase in  the strain value of 138.2% compared to  the higher 
curing ratio. Therefore a 0.7 curing ratio could provide a more elastic grain that 
could accommodate higher stress values during ageing. 

3.2	 Changes in the mechanical properties with ageing
Changes  in the max. stress value with ageing time was investigated for curing 
ratios 0.7 and 1.1. There was an increase in the max. stress value with ageing 
period (Figure 6). 
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It is apparent that there is a dramatic change in the max.  stress value 
with  ageing for  a  curing ratio of  1.1 compared to  a  0.7 curing  ratio. 
This can be ascribed to oxidative cross linking reactions; a high NCO/OH ratio 
was  found to  accelerate the  oxidation of HTPB-based polyurethanes during 
thermal ageing  [23]. Changes  in  strain with ageing was  also investigated 
for different curing ratios. There was decrease in the strain value with ageing 
period (Figure 7).
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Figure 7.	 Variation of strain value with ageing

A 0.7 curing ratios conferred a high strain value with minimal strain decrease 
with ageing time. By contrast a 1.1 curing ratio exhibited a  low strain value 
with  a dramatic decrease with  ageing  time. A propellant grain is  considered 
to be ‘aged out’ if it loses 30% of its original strain value. A 1.1 curing ratio 
was found to be ‘aged out’ after 12 days (5 years shelf life), with a 29% loss of its 
strain value. The 0.7 curing ratio exhibited an extended shelf life of up to 15 years. 
The  f  factor for  each curing ratio was  calculated according to Equation  3, 
and the ageing coefficient value for each curing ratio was calculated according 
to Equation 4. A summary of the changes in the mechanical properties with ageing 
time is tabulated in Table 4.

Table 4.	 Main mechanical parameter values

Propellant Curing 
ratio

Fresh After 35 days at 80 °C Kσ [MPa] ε [%] f1 σ [MPa] ε [%] f2

F1 0.7 1.068 38.2 0.407 1.186 27.3 0.32 0.786
F2 1.1 1.451 14.6 0.211 1.588 7.8 0.12 0.560
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The higher the ageing coefficient, the better the thermo-oxidative ageing 
resistance will be. The 0.7 curing ratio conferred a higher ageing coefficient 
compared with  the  1.1  value. This  can  be  ascribed to  a  higher resistance 
to oxidative degradation, therefore an extended service can be achieved. 

3.3	 Changes in the thermal properties with ageing 
Changes in the total heat released with ageing time was measured using DSC 
for  different curing  ratios. In  general there was  a  decrease in  the  total heat 
released with ageing (Figure 8) [24]. The total heat released by fresh and grains 
aged for 35 days is shown in Figure 8. A heating rate of 20 °C/min was applied 
for all of the tested samples to provide a comparative thermal study between 
fresh and aged propellants, for different curing ratios. Kinetic decomposition 
with ageing (using different heating rates) was further investigated in another 
study (not included here). 

Figure 8.	 DSC thermograms of fresh and aged formulations after 35  days 
at 80 °C

It is apparent that formulations with a 0.7 curing ratio demonstrated 
a minimum change in  total heat released of  –43%, compared with  –68.5% 
for a 1.1 curing ratio. 

3.4	 Combustion characteristics with ageing 
The pressure-time curves of composite propellants with  different curing 
ratios were  recorded  (Figure  9). Both  formulations demonstrated a  stable 
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combustion process; it can be concluded that there is a minimal influence of cross-
linking ratio on the operating pressure and burning rate values. 

Figure 9.	 Influence of curing ratio on the pressure-time curves

The burning rate value was calculated from the  action time and  web 
thickness. Aged formulations were tested in an attempt to evaluate the influence 
of curing ratio on burning rate with ageing. In general, there was an increase 
in burning rate with ageing; this can be ascribed to the increase in the oxidative 
cross-linking reaction with ageing [25]. Whereas a 0.7 curing ratio demonstrated 
a minimum change in burning rate with ageing time, with an increase of 1.1%, 
compared with 3.45% for a 1.1 curing ratio. 

The value of the pressure exponent n (see Equation 5) is  the main key 
parameter that could  significantly affect burning stability  [26]. A propellant 
grain, that  could withstand ageing without change in  n  value, could  offer 
invariant ballistic performance. The influence of curing ratio on n was evaluated 
with ageing time for a fresh formulation and a formulation aged for 35 days. 
The  propellant grains were  tested at different operating pressures to  derive 
the n value (Figure 10).
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Figure 10.	 Influence of curing ratio on the pressure exponent n with ageing time

It is obvious that there is an increase in the pressure exponent value 
with  ageing. However, a  0.7 curing ratio demonstrated a  small change 
in  the  pressure exponent value with  ageing  time. Whereas  a  0.7 curing 
ratio demonstrated an  increase in  the n  value of 8%, the higher curing ratio 
demonstrated an increase in the n value of 12.6%. 

4	 Conclusions

♦	 The curing ratio had a significant influence on the mechanical, thermal, 
ballistic, and shelf life of the composite solid propellants.

♦	 Changes in the strain value with ageing demonstrated that the propellant 
formulation based on a 0.7 curing ratio could offer an extended service 
life of up to 15 years, compared with 5 years with the higher curing ratio. 
Furthermore  a  0.7 curing ratio exhibited a  higher thermo-oxidative 
resistance, with  a  higher ageing resistance coefficient compared 
with the higher curing ratio. This behaviour confirmed the higher resistance 
to oxidative degradation. Additionally a 0.7 curing ratio exhibited superior 
thermal stability with minimum decrease in heat released on ageing.

♦	 It could be concluded that a propellant formulation based on a 0.7 curing ratio 
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is favorable for propellants designed for enhanced mechanical characteristics 
and extended service life of the HTPB/AP/Al type of composite propellant.
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