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	Application of composite propellants in rocket motors requires stability and reliability for as long as possible before their use. The storage of the propellant can promote the degradation of polymeric binder and, other additives used. In this work, a propellant formulation was submitted to accelerated and natural aging for a one-year period. Accelerated aging was conducted at 45, 55 and, 65oC. Natural aging was performed at 21±2oC (RH less than 40%). Samples were periodically withdrawn for tensile tests and hardness measurements. By applying Arrhenius equation, values of activation energy resulted in 59 and 48 kJ/mol for prediction of shelf life based on maximum tension strength and elastic modulus, respectively. Since the main mechanism of aging is attributed to oxidation through the double bonds of the polybutadiene backbone, the present work indicates the presence of hydrolysis as an additional mechanism of propellant aging containing aziridine compounds.
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INTRODUCTION
Composite propellant is the major component of solid rocket motors being composed by an elastomeric polymer binder, in which solid particles, such as oxidizer, fuel, and additives, are incorporated. All solid propellant-filled rocket motors are assigned a storage life, which, in most cases, is dependent upon the integrity of the propellant grain(1). Accelerated aging assays, at temperatures higher than ambient, allow the prediction of shelf life based on kinetic models. 

The studies to evaluate and characterize the aging behavior of hydroxyl-terminated polybutadiene (HTPB) composite propellants have been carried out with the premise that the main mechanism of aging comprises the oxidative crosslinking  through the double bonds of polybutadiene(2-5). Therefore, as a result of this oxidation, mechanical properties were showed to suffer from hardening with aging time, following an empirical kinetic model proposed by Layton(6), and presented in Equation A. 
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where, P corresponds to mechanical property; t is the aging time; k is the aging rate constant. 

Under the assumption that identical mechanisms are activated during accelerated and natural aging, the aging rate constant is fitted as a function of temperature by using Arrhenius equation (Equation B). 
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where, A is the pre-exponential factor; Ea is the activation energy; R is the gas constant, and T is the absolute temperature.

In spite of the general consensus about hardening of composite propellant during aging, a few studies have showed that when aziridine compounds are present in the formulation as curing(7) or bonding agent(8), an initial softening is observed. The reasons for this behavior were attributed to the cleavage of the polymeric binder at the P–N bond contained in aziridine compounds, due to moisture hydrolysis. Yamamoto et al. (1982)(8) suggested a fitting of initial degradation of tensile strength by a first-order kinetic, as indicated in Equation C. 
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The main objective of this work is to broaden our knowledge of applying the current kinetic models to the aging study of a composite propellant containing aziridine bonding agent. The mechanical properties obtained through different accelerated thermal aging programs have been analyzed according to Arrhenius methodology, thus allowing the prediction of shelf life, which was compared with historical data of this propellant formulation.  

MATERIALS AND METHODS

Composite Solid Propellant
Composite solid propellant, prepared from a single batch, was casted in blocks of 165x140x85 mm (HxWxD). The propellant formulation contained 69% of ammonium perchlorate (AP) and 15% of aluminium powder dispersed in a HTPB/IPDI (hydroxyl-terminated polybutadiene and isophorone diisocyanate) matrix. Additives comprised an aziridine compound, obtained from the reaction between 12-hydroxystearic acid and MAPO (tris[1-(2-methylaziridinyl)] phosphine oxide), as bonding agent; a phenolic antioxidant; a plasticizer and, an iron-based cure catalyst. Cure was performed at 50oC and monitored by hardness measurements by using a Zwick hardness tester model 7206.

Accelerated aging assay
Cured propellant wrapped in aluminum foil was submitted to isothermal aging programs at 45, 55 and, 65oC (± 1oC) inside type IIB forced ventilation ovens (ASTM E145-94 (Reapproved 2006)) under atmospheric pressure and RH less than 20%. A natural aging was accomplished at a room temperature of (21 ± 2)oC. Propellant blocks were periodically withdrawn over 1, 3, 6, 10 and, 12 months after storage. 
Mechanical testing
Dumbbell-shaped specimens were cut from the 10 mm-sheet obtained from the propellant blocks and assayed for uniaxial tensile tests, according to STANAG 4506-00 standard in a Zwick 1474 testing machine at (23±2) oC and a cross-head speed of 50 mm/min. Actual strain was measured with an optical extensometer. The initial modulus of elasticity (Young modulus) was defined as the secant modulus between 3 and 10 % of elongation. Hardness was measured in specimens with 10 mm thickness by using Zwick Shore A tester according to ASTM D2240-05. All reported results of mechanical properties and hardness are averages of 36 and 30 measured values, respectively.

RESULTS AND DISCUSSION
Tensile properties concerning maximum strength ((max), elongation at maximum strength (() and elastic modulus (() obtained for each aging assay (21, 45, 55 and, 65oC) are presented in Figure 1. Shore A hardness measurements are also included. The effect of aging over the mechanical properties was noticed through a softening of the propellant, with a decrease in stiffness, showed by lower values of tension strength, modulus and, hardness, followed by higher values of elongation. This behavior was especially predominant at the lower aging temperatures. However, the results from elongation at maximum strength showed that at 65oC, after only one month of aging, a change in this behavior was observed, with a decrease in elongation, which can also be seen after 6 months of aging at 55oC. 
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Figure 1. Mechanical property variation during thermal accelerated aging programs. (A) 24oC; (B) 45oC; (C) 55oC; (D) 65oC. 

Taking into consideration the Davis´s (2001)(9) report of two competing mechanisms involved in propellant aging, the hydrolysis and the oxidative hardening, it is expected that both mechanisms should be present in the aging of the propellant formulation investigated. Thus, the results obtained (Figure 1) are, in fact, the resultant effect of aging over mechanical properties, from which it is possible to determine an apparent aging rate constant (k). Nevertheless, the oxidative hardening showed through 65oC-aging program is hardly unexpected to occur at natural aging at the same rate it was observed at 65oC. Thus, during the regression analyses these results were not included, and the same was done for data from 55oC-assay after 6 months of aging. 

Since the Layton´s empirical equation (Equation A) is the most common kinetic model used to describe the results of mechanical aging of propellant, this model was applied to results from Figure 1, in addition to first-order kinetics, as suggested by some authors(8), when hydrolysis is present. A comparison of the adjustments obtained is showed in Figure 2, only for maximum strength results. 
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Figure 2. Fitting of maximum strength with aging time. (A) Layton’s empirical equation; (B) first-order reaction. 

First-order adjustment allowed a linear regression of the data, which was not possible by using Layton’s model (Figure 2). The last one was used at the early studies on propellant aging(6), having been applied to propellants with oxidative crosslinking as the major mechanism of aging. From the results obtained from Figure 2, the first-order kinetics was chosen to be applied to mechanical properties data, thus resulting in the aging rate constants (k) presented in Table 1. Linear regression coefficient (r2) was calculated for each linear regression. 

Table 1. First-order rate constants for changes in mechanical properties during aging.

Mechanical Property

Temperature

(oC)

First-order rate constant

k (s-1)

r2
σmax
21

(2.1±0.5)x10-3
0,8596

45

(1.52±0.05)x10-2
0,9974

55

(2.429±0.002)x10-2
0,9962

(
21

(1.9±0.6)x10-3
0,8221

45

(1.3±0.2)x10-2
0,9448

55

(2.0±0.4)x10-2
0,9580

(
21

(4.1±0.2)x10-3
0,9748

45

(2.2±0.2)x10-2
0,9890

55

(3.1±0.7)x10-2
0,9974

From the application of Arrhenius equation, it was possible to determine the Arrhenius parameters (Table 2) and, thus to estimate the value of aging rate constant (k) at room temperature (Table 2). The results obtained for activation energy varied from 48 to 59 kJ/mol, depending on the mechanical property considered. Yamamoto et al. (1982)(8) reported an activation energy for the decrease in tension strength during aging of 58 kJ/mol. Their propellant formulation was prepared from carboxyl terminated polybutadiene (CTPB) having MAPO as curing agent. Studies which have evaluated activation energy for oxidative hardening of composite propellant obtained a little higher values of activation energy, such as 71 kJ/mol(1) and 88 kJ/mol(10). 
By applying the parameters obtained from Arrhenius fitting, the aging rate constant at 25oC was determined (Table 2) and, a prediction line for tension and modulus is presented in Figure 3. Data from natural aging were also plotted, allowing the comparison with the predicted values.
Table 2. Arrhenius parameters from accelerated aging. 

Mechanical Properties

Arrhenius Parameters

First-order rate constant

A

Ea (kJ/mol)

k (s-1) at 25oC

σmax
6.2 x 10+7
58.9

3.0 x 10-3
ε

3.2 x 10+7
57.5

2.7 x 10-3
Ε

1.6 x 10+6
48.2

5.7 x 10-3
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Figure 3. Comparison between natural aged and prediction values of mechanical properties of solid composite propellant containing aziridine-compound bonging agent. Short-dashed line corresponds to prediction values.

Data from natural aging was obtained in an Instron testing machine, without optical extensometer for elongation measurement. In addition, some of the samples were stored in areas without control of temperature and relative humidity. In spite of that, an acceptable correlation between experimental and predicted properties were obtained, thus suggesting that first-order kinetics and Arrhenius approach are suitable for shelf life prediction of composite propellant containing aziridine compounds. 

CONCLUSION

Thermal aging of composite solid propellants containing aziridine compounds in its formulation caused the softening of this material, thus confirming the hydrolysis as the main mechanism of aging in this case. First-order reaction kinetic and Arrhenius equation are suitable for prediction of aging at room temperature, thus allowing the establishment of shelf life prediction when softening is the major effect of aging.
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