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Abstract

Solid propellants are particulate composite materials consisting of high volume fraction
of solid particles randomly suspended in a Hydroxyl Terminated Poly-butadiene (HTPB) based
rubber matrix. The strong influence of high fraction of solid particles on mechanical properties is
well known and is considered in formulating the constitutive relations. Mechanical behavior of
solid propellant grains is studied from a phenomenological and micromechanical point of view
based on the available literature and tests data and it can be concluded that the existing solid
propellant constitutive models require a number of phenomenological constants and functions to
describe the effect of damage and compressibility. Further, to the best of the author’s knowledge,
the combined effect of compressibility, damage and age hardening has not been studied. The
objective of this study is to develop the constitutive model with least number of material
constants to describe the compressibility, damage and age hardening effects simultaneously. It
may be noted that the Mullins effect due to the highly non-uniform stress and strain gradient at
particle matrix interface, micromechanical damage, nonlinearity in the stress- strain behavior and
change of the bulk behavior from incompressible to compressible are important for accurate

modelling of solid propellants.

The phenomenological model based upon continuum mechanics and micromechanism
inspired model based on the statistical mechanics are formulated based on Simo and Bergstrom-
Boyce models, respectively. Both the models represent strain rate, large deformation/large strain,
thermo-rheological behavior, stress softening due to microstructural damage, compressibility and
chemical age hardening. The damage/Psuedoelasticity is incorporated based on macroscopic
continuum theory within the framework of irreversible thermodynamics. The nonlinear variation
of bulk modulus with hydrostatic pressure is incorporated in the volumetric part. Due to
chemical reaction, mechanical properties of solid propellant degrade with time and are
incorporated based on Arrhenius equation. The proposed formulations represent entire

mechanical behavior of solid propellants and validated with uniaxial tensile experimental data.

The phenomenological model is formulated by combining compressible Mooney- Rivlin
hyperelastic strain energy density function with the standard model of viscoelasticity. To model
the compressibility, the dilatational strain energy is taken as the hyperbolic function of the

determinant of deformation gradient. The stress softening phenomenon during cyclic loading



(Mullins effect) due to microstructural damage is described by an exponential function of the
current magnitude of intensity of strain and its previous maximum value. The variation of
material properties with time are incorporated based upon experimental studied using isothermal
accelerated ageing technique.

Micromechanism inspired Hyperviscoelastic constitutive model is formulating by
combining both continuum formulation of hyperelasticity and statistical formulation of
viscoelasticity. Compressibility is modelled by considering dilatational part of strain energy
density as quadratic and quartic function of the dilation. The stress softening/Psuedoelasticity
during cyclic loading (Mullins effect) due to microstructural damage is described by polynomial

function of the current strain energy density and its previous maximum value.

The mechanical and fracture behavior of solid propellants at different strain rates and
temperatures as well as the effect of age hardening on mechanical response and fracture behavior
have been studied through experimentation on uniaxial tensile specimen and Compact Tension
(CT) fracture specimen. Moreover the mechanical and fracture behavior has been studied with
time through accelerated ageing technique. The Fracture toughness of solid propellant is
determined at different strain rates and temperatures for different ageing time periods. During
test, it was observed that the crack propagated in sharp - blunting fashion in unaged propellant
and continuous sharp fashion in aged propellant. It was found that the fracture toughness
increases with strain rate and decreases with ageing time. The fatigue experiments are carried out
in displacement control mode. The crack length corresponding to maximum load of each cycle is

determined and crack propagation law is proposed as per experimental results.

Dynamic structural integrity during ignition transient period is one of the important
design criteria for solid rocket motors. During ignition transients, head end and nozzle end
domes of motor case are exposed to pressure rise directly and not through the propellant grain.
This leads to the greater stresses at the insulation /propellant interface at bond termination point
resulting in the debonding of the propellant/ insulation interface. Dynamic structural integrity
analysis of solid propellant grain with metallic casing is carried out considering ignition transient
pressure loading using compressible viscohyperelastic constitutive model. The compressibility is
incorporated through the volumetric strain energy terms.

During service life, a solid propellant rocket motor is stored in different stress inducing

environments and is subjected to variable thermal stresses (thermal fatigue). The grain material



degrades due to thermally induced age hardening and cumulative damage leading to the decrease
in the propellant load carrying capacity. Further, the material properties are statistically
distributed. A probabilistic approach in conjunction with the non-linear viscoelastic analysis is
employed incorporating test data (stress capacity and strain capability), age hardening trends and
variation of input parameters to estimate the service life of a solid propellant rocket motor. The
service life of the solid propellant rocket motor is assumed to be terminated when the progressive

probability of failure which increases with the elapsed time exceeds a predetermined value.
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coefficient of thermal expansion

Lagrangian strain tensor

elastic part of Lagrangian strain tensor

viscoelastic part of Lagrangian strain tensor

time dependent elastic part of Lagrangian strain tensor
viscoelastic strain rate

volumetric ratio

equilibrium part of volumetric ratio

time dependent part of volumetric ratio

deformation gradient tensor

disortional part of deformation gradient tensor

elastic disortional part of deformation gradient tensor
time dependent elastic disortional part of deformation gradient tensor

viscoelastic disortional part of deformation gradient tensor

equilibrium elastic part of velocity gradient tensor

time dependent elastic part of velocity gradient tensor

Equilibrium shear modulus
Glassy shear modulus
Pony series coefficient of shear modulus

viscoelastic part of second Piola- Kirchhoff stress tensor

Xiii
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M &N

SFT

0-1"0-210-3

Vm

volumetric strain energy constants
current magnitude of strain intensity
temperature shift function constants
load at fracture

hydrostatic pressure

second Piola- Kirchhoff stress tensor
deviatoric part of the second Piola- Kirchhoff stress tensor
elastic part of second Piola- Kirchhoff stress tensor
stress free temperature

storage temperature

Temperature

time in sec

time increment

displacements at fracture

total strain energy density
normalized shear moduli

Arrhenius parameter

compressibility

reduced time

axial stress

principal stress

Helmholtz strain energy density

Y, = maximum Helmholtz strain energy density during cyclic loading
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