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Abstract

HE importance of aging studies arises from the

assessment of the safe life of the propellant. The
objective of .the present review is to give a comprehensive
picture of the up-to-date knowledge available in the literature
on the subject, covering both double-base and composite solid
propellants. The present review covers the following topics: 1)
failure criteria, 2) estimation of safe life, 3) changes in
ballistic and decomposition characteristics, 4) changes in
mechanical properties, and 5) mechanism of aging.

Contents

Aging in a broad sense is the ‘‘deterioration” of solid
propellants during storage, resulting in changes in per-
formance of the solid rocket motors. Two types of aging
studies are generally carried out: 1) normal aging, and 2)
accelerated aging. Accelerated aging of the propellant is an
attempt to reduce the time scale by storing the propellant at
eleveated temperatures so that prediction can' be made in
shorter times; however, extrapolated information sometimes
does not match the changes observed under normal con-
ditions. The aging generally leads to changes in ballistic
properties (burning rate, calorimetric value, etc.) and in
mechanical properties (modulus, ultimate tensile and com-
pression strength, generation of cracks and voids, etc.). The
changes may or may not be within the specified tolerance limit
and may either lead to smooth functioning of the roket motor
with changed performance or to motor failure. The latter
category is known as “‘failure criteria.”’

Failure Criteria

The general approach to understand failure criteria is the
representation of the failure in a geometrical form of a
““failure surface’’ that separates the conditions for safe and
unsafe mechanical states. Propellant failure characterization
is generally done by using the failure envelope developed by
Smith - and Stedry! for rubbers, where the temperature
dependence of mechanical properties is represented by the
Williams, Landal, and Ferry (WLF) equation.! Multiaxial
creep data with superimposed hydrostatic pressures are
needed to complete the determination of the failure surface.!

Failure estimates are made from constant strain-rate tests
under uniaxial and multiaxial conditions. Propellant
generally experiences a multiaxial stress field in the com-
bustion chamber, and therefore uniaxial tensile tests can lead
to gross inaccuracies. In multiaxial characterization, generally
strip tension and the strip biaxial tests are employed. Kelly!
analyzed the mechanism of tensile failure in a solid propellant
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by studying effects such as the nature of binder backbone,
polarity, crosslink density, and filler fraction. Polyurethane
(PU), CTPB, and PBAN-based NH,CIO, (AP) propellants
were used to develop the temperature-dependent failure
envelope. The data were normalized to fit a master curve
based on crosslink density and filler fraction shifts. Hazelton?
determined the failure properties of a PU/AP propellant at
different strain rates and pressures in large motor firing.
Tensile properties were found to improve with rapid straining
and superimposed pressure.

Estimation of Safe Life

Boyars? defined the ‘‘safe storage life’’ as the time during
storage, the ‘‘safe use life”” as the time up to which the
propellant can still function without undue hazard, and the
““useful life’” as the time during which it meets the required
ballistic properties. According to Volk,* safe life can be
divided into two categories: 1) chemical safe life, which is
determined by the occurrence of chemical reactions during
storage; and 2) physico-mechanical safe life, which is
determined by cracking of the grain, decomposition of the
material, and diffusion of plasticizers, etc. He estimated safe
life for double-base propellants from the following
parameters: 1) time for the appearance of the liquid droplets;
and 2) time for the autocatalytic decomposition; where the
rate suddenly increases. Frey® determined safe life for double-
and single-base propellants by measuring 1) the heat of
decomposition, and 2) appearance of the brown vapors.

In composite solid propellants, the safe life is generally
determined from changes in mechanical properties. In special
cases, e.g. ballistic missiles, estimation of aging as charac-
terized by ballistic properties is desirable.

Changes in Ballistic and Decomposition Characterisitcs

Volk® studied the effect of different burning rate (/)
moderators on the storage stability of double-base propellant.
He observed that lead salts postpone the inception of
autocatalytic decomposition, whereas copper salts accelerate
the same. He further observed that the addition of small
amounts of ethylcentralite gave better aging characteristics.

Nagatomo’ studied the effect of vacuum on the aging
characteristics of PB- and PU-based composite propellants
and measured the changes in r and weight loss. He did not
observe any significant differences. in the -foregoing
parameters under vacuum and atmospheric conditions.

* Schedlbauer® determined the changes in r and weight loss

during aging of PU- and CTPB-based propellants. There was
no significant change in 7 up to a period of two years at 80°C.
He observed that the weight loss was more when the extent of
crosslinking was more. He attributed this to several factors:
evaporation of solvent; moisture, crosslinking agent, etc.
Recently, we have observed®!? that the change in 7 was at-
tributed to the slow decomposition of the propellant. Fur-
thermore, the change in porosity was found to have no
significant effect.® Using thermal decomposition (isothermal
TG at 230° and 260°C) as a technique, in addition to 7, it was
observed that decomposition below the phase transition of AP

‘(i.e., at 230 °C) was related to aging characteristics. ! Fur-
g

thermore, it was observed that highly AP-loaded propellants
age less than those with less AP.
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Changes in Mechanical Properties

Suzuki and co-workers!! studied the effect of aging on the
mechanical properties of PB, PS, and polyester-based
propellants. They observed that the elongation and tensile
strength decreased but were restored by drying. Schedlbauer?
studied the long-term aging of PU and CTPB-based
propellants. He found that binders containing less hardener
showed less changes in mechanical properties. He further
observed that a propellant undergoes shrinkage during aging,
resulting in .increased density, and that CTPB propellants
have better storage stability than PU propellants.

Layton!? studied accelerated aging of CTPB and PBAN-

based propellants. He measured several mechanical properties
(P) during the course of aging and found that the change in P
can be represented empirically by P=k log(¢) + C, where Cis
a constant representing the value of a mechanical property at
the inception of aging and & is the rate constant for gel for-
mation. An Arrhenius dependence for the change in P yielded
an E value of 5.5 kcal/mole, which he attributed to the dif-
fusion-controlled processes.

Mechanism of Aging

Double-base propellants yield NO, during storage because
of the dissociation of the weak RO—NO; bond. Generally
stabilizers are added to consume NO, so that further
decomposition of the propellant is hindered. Dykes,!3
Delcampo, '* and Volk !¥ separated the intermediate products
formed during the aging of single- and double-base
propellants containing such stabilizers as diphenylamine,
resorcinol, and ethyl centralite. Using TLC techniques, a
number of intermediates were separated such as di-, tri-, and
hexa-nitroderivatives of the stabilizers.

Wewerka ! observed that diffusion of NO, into the binder
is the rate-controlling step during aging in a model propellant
containing RDX and a binder. Hartman and Musso !” studied
the aging characteristics of CMDB propellant and found that
the E for aging was 34.4 kcal/mole, which they attributed to
the scission of O-N bonds. Frey® analyzed the nature of
decomposition by using a heat flow calorimeter .and
.calculated the critical diameters both before and during the
autocatalytic decomposition. He found that spontaneous
ignition would occur only in the region of autocatalysis.

Schedlbauer,® Myers,'® and Layton'? studied the
mechanism of aging of CTPB, HTPB, and PBAN-based
propellants. All of them observed that the propellant becomes
hard during aging from an increase in the extent of
crosslinking. The crosslinking in these polymers can occur via
reactive groups or through the double bonds in the polymer
backbone. Experiments were conducted to distinguish bet-
ween the two processes. It was concluded that the crosslinking
during aging occurs through the interlacing of double bonds,
which involves oxidative attack by the HCIO, formed during
AP decomposition.

Conclusions

The mechanism of the aging of double-base propellant has
been studied adequately. It involves the generation of NO,
and its subsequent attack on the propellant, and therefore the
compounds which consume NO, increase the storage
stability. Studies on CMDB propellants have not received
much attention; the effects of various small ingredients,
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which are used to modify the performance on aging require
investigation.

Based on information available to the present authors, it is
concluded that aging studies on composite propellants have
not received adequate attention, particularly from a
mechanistic viewpoint. The effects of propellant variables on
aging need detailed investigation. In conclusion, a general
physical and mathematical model that could predict the aging
characteristics of double-base and composite propellants is
needed. ‘
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