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	Elastomers derived from hydroxy-terminated polybutadiene (HTPB) are usually stabilized with antioxidants to prevent hardening. Among these antioxidants, 2,2’-methylenebis(6-tert-butyl-4-methyl-phenol), commercially known as CALCO 2246, is the mostly used, although recent studies have showed that this antioxidant may be partially consumed by reacting with isocyanate. In this work, a comparison between CALCO and other antioxidants was carried out. The antioxidants used were BHT (2,6-di-tert-butyl-4-methylphenol), p-PDA (p-phenylenediamine) and, TPP (triphenylphosphine). A control formulation without addition of antioxidant was also prepared. Samples were aged at 65oC from one to six months. Tensile mechanical properties, crosslink density and mass variation were evaluated. Polyurethane containing p-PDA did not present a significant curing degree. After one month under aging, TPP-samples were very brittle and, could not be evaluated. Samples containing BHT and CALCO presented the higher resistance to oxidation, with the last one showing the better performance, even with some loss due to volatilization. 
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INTRODUCTION
Hydroxy-terminated polybutadiene (HTPB) has been extensively used for the preparation of polyurethane binder of composite propellants. Since its chemical structure contains olefinic double bonds, HTPB is prone to oxidative degradation and, hence the need to incorporate antioxidants to avoid oxidation (1). 
The presence of antioxidants in composite propellants is of primary importance for long term chemical shelf life of rocket motors. The function of these additives in HTPB composite propellants is to trap the oxygen based radical species that, otherwise, lead to undesired additional crosslinking (2). 
Antioxidants can be divided into two broad classes, primary and secondary, depending on their mode of operation (3). Primary antioxidants break the degradation chain by donating H-atoms to free-radicals, thus preventing those radicals from propagating the chain reaction. Secondary antioxidants act as hydroperoxide decomposers. The hindered phenol and aromatic amine classes of compounds best represent primary antioxidants. Among the secondary ones, phosphine compounds are the most commonly used. 
Since the beginning of solid propellant development, several antioxidants have been used to stabilize HTPB. One of the most common hindered phenol used is 2,2’-methylenebis(6-tert-butyl-4-methyl-phenol, commercially know as CALCO 2246, which was found to be reactive toward isocyanates (2), thus being partially attached to the polyurethane binder and, consequently, decreasing its availability. 
In this work, the effectiveness of stabilization of PU binder prepared from HTPB/IPDI reaction was evaluated by comparing the performance of CALCO 2246 with other antioxidants usually employed to stabilize HTPB prepolymer (2,6-di-tert-butyl-4-methylphenol and triphenylphosphine) or HTPB binders (p-phenylenediamine).
MATERIALS AND METHODS

HTPB/IPDI-based polyurethane

The polyurethane material (PU) was prepared from polymerization of HTPB (Petroflex S.A.) with IPDI (Veba Chemie A.G.) into a stoichiometric NCO/OH ratio and, having the addition of 0.012% w/w ferric acetylacetonate (Merck, Inc.) as catalyst. Four different formulations were prepared varying from the antioxidant (AO) used (1% w/w): CALCO 2246 (2,2’-methylenebis(6-tert-butyl-4-methyl-phenol); BHT (2,6-di-tert-butyl-4-methylphenol); p-PDA (p-phenylenediamine) and, TPP (triphenylphosphine). A control formulation, without addition of AO, was also prepared. Sheets of 2 mm thickness were cast and cured for 1 week at 50oC. 
Thermal aging assay
Thermal aging of the HTPB/IPDI-based elastomers were carried out in type IIB forced ventilation ovens (ASTM E145-94 (Reapproved 2006)) under atmospheric pressure and RH less than 20%. Formulations were aged in separate ovens, in order to avoid cross-contamination by AO volatilization. Aging conditions were set up by following ASTM D3045-92 (Reapproved 2003) recommendations. The aging assay was carried out at 65oC having withdraws after 0, 1, 2, 4 and, 6 months of storage.   
Mass variation

Circular discs (10 mm in diameter, 2 mm-thickness, 0.3 to 0.4 g) were used as travelers for gravimetrically measurement of mass variation during thermal aging. Measurements were made on a regular basis (once a week, usually). For each formulation, it was used five travelers.
Mechanical testing
Dumbbell-shaped specimens (ASTM D412a-06 model C) were cut from the HTPB/IPDI 2 mm-sheets and assayed for uniaxial tensile tests, according to ASTM D412-06a in a Zwick 1474 testing machine at (23±2)oC and a cross-head speed of 500 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. All reported results are averages from ten specimens.

Swelling testing
Swelling testing was performed gravimetrically. Circular discs (10 mm in diameter, 2 mm-thickness, 0.3 to 0.4 g) were previously weighted and placed, in triplicate, into chloroform at room temperature until equilibrium was reached (7 days). The swollen sample disks were weighted (
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) and placed to dry up to constant mass (
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) was determined by using Flory´s equations (4). Flory-Huggins parameter (
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) used for the polymer-solvent pair was 0.12 (5).

RESULTS AND DISCUSSION
PU formulation containing p-PDA resulted in a very soft material (uncured), which was not able to be assayed by the tests employed in this study. Similar result was obtained by increasing the [NCO]/[OH] ratio from 1.0 to 1.25. The primary amine group present in this antioxidant has a high relative reaction rate with isocyanates (100,000 times), compared to the relative rate of primary hydroxyl group (100 times) (6). Thus, the formation of short chain polyurethanes from p-PDA/IPDI is the possible reason for the behavior obtained.   

Variation of mass (gain/loss) during thermal aging of HTPB/IPDI formulations containing the antioxidants investigated is showed in Figure 1. At the beginning of aging period, all the formulations showed some loss of mass, which should be attributed to volatilization of AO, which was more intense for the formulation containing BHT. Gain of mass due to the oxidation of the polybutadiene backbone was readily noticed for TPP-formulation, followed by control and BHT ones. In the presence of CALCO 2246, gain of mass was not verified during the entire assay.
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Figure 1. Variation of mass (gain/loss) during accelerated thermal aging of HTPB/IPDI formulation.
Tensile strength (() and elastic modulus (() of thermal aged HTPB/IPDI-based elastomers for all the formulations investigated are presented in Table 1.
The unaged formulations presented similar values of tensile properties, with only a slightly lower stiffness being observed in the presence of CALCO 2246. This AO was previously found to partially react with isocyanates (2), which could result in more flexible polyurethane.

Table 1. Tensile mechanical properties of HTPB/IPDI formulations during thermal accelerated aging.
Aging Time (months)

Mechanical Property at Break (MPa)
Antioxidant
Control

TPP

BHT

CALCO 2246

0

( 

1.37±0.06

1.19±0.06

1.14±0.08

1.2±0.1

( 

1.80±0.03

1.73±0.02

1.78±0.02

1.56±0.05
1

( 

1.12±0.06
---
1.06±0.08
1.25±0.1
( 

1.85±0.02
---
1,76±0.03
1.68±0.05
2

( 

1.1±0.1
---
1.1±0.1
1.2±0.1
( 

1.75±0.04
---
1.69±0.02
1.78±0.03
4

( 

---
---
---
1.12±0.06
( 

---
---
---
1.78±0.02
6

( 

---
---
---
1.21±0.06
( 

---
---
---
1.66±0.02
Aging of the formulation containing CALCO 2246 showed little effect on the mechanical properties, with only a smoothness tendency through hardening. The other formulations were not able to be assayed during the entire aging assay, due to the high level of brightness reached by the samples. Control- and BHT-formulations presented very similar mechanical behavior under aging. In fact, the HTPB used throughout this work is stabilized from its manufacture with BHT (1% w/w), thus the additional stabilization of PU with BHT showed little effect.
Crosslink density was determined through swelling testing (Figure 2). Since the unaged values for the formulations investigated varied from 1.9 to 2.6 x 10-4 mol.mL-1, the values after aging were normalized, thus allowing the comparison among the PU formulations. There was only a discrete increase in the crosslink density of CALCO-formulation, followed by BHT- and Control-formulations, whereas a more significant effect on TPP-formulation can be observed. After six months of aging, samples from TPP, BHT and Control were very brittle and were not able to be handled after swelling. 
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Figure 2. Crosslink density during accelerated thermal aging of HTPB/IPDI formulations.

In a previous work (7), stabilization of HTPB prepolymer by using TPP was found to be very effective, decreasing its oxidation and, thus preventing the prepolymer to increase its functionality. Determination of Oxidation Induction Time (OIT) for samples of HTPB prepolymer stabilized with BHT, TPP or CALCO 2246 resulted in induction times of 3.6; 16.8 and, 96.4 min, respectively (data not shown). However, despite the promising result in stabilization of HTPB prepolymer, TPP was found, in the present work, to promote a very fast degradation of HTPB binder. 
On the other hand, although some interaction of CALCO 2246 with the polyurethane formation may have occurred, as discussed by other authors, this antioxidant was found to better stabilize the HTPB/IPDI polyurethane binder, compared to the antioxidants investigated, being more efficient than BHT, which was expected, since BHT has only one active hydroxyl group and a lower molar mass, thus being more susceptible to volatilization, as observed in Figure 1.
CONCLUSION

Although CALCO 2246 has showed a possible interaction with IPDI during cure and some loss through volatilization during accelerated thermal aging, this antioxidant presented the higher effectiveness on stabilization of HTPB/IPDI binder, when compared to the others studied. Additions of TPP and p-PDA are not indicated to stabilize this polyurethane composition.
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