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A computational procedure for service-life estimation of a solid propellant rocket motor grain is developed. The
propellant response is mathematically represented using a nonlinear damaging viscoelastic model. A finite element
analysis is then performed to identify potential failure modes of the grain and to determine the critical values of
stress—strain associated with the potential failure modes. Both the current and aged propellant samples are
calibrated and the motor is analyzed for the models representing the different ages of the motor. Based on the
available strain capability and bond-line strength data, the grain service life is estimated to end by bond failure

during cold firing.

Nomenclature

shift function

Williams—Landel-Ferry coefficients and reference
temperature [Eq. (14)]

void content

Young’s modulus, kg/mm?

cyclic loading function

relaxation function

g = damage function

distortional deformation

)
S
|

-
I

Q
~~
a2

]

deviatoric invariants of Cauchy strain tensor
volume change ratio

bulk modulus, kg/mm?

initial bulk modulus, kg/mm?

viscoelastic stresses
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internal state variables

thermal expansion coefficient, 1 /°C

model parameters

Poisson’s ratio

strain energy function
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Introduction

ERVICE-LIFE estimation of a solid propellant rocket motor

consists of identifying the most critical failure modes and
determining when the properties of motor components degrade to a
point where failure is predicted. One possible method for
determining failure modes is experimentally based and comprises
thermally overtesting full-scale or subscale motors. This approach is
expensive and impractical, due to the limited availability of in-
service motors, the difference of failure modes between subscale and
full-scale motors, and varying loading conditions to which the rocket
may be subjected during its lifetime. An alternative approach is based
on the use of computational techniques such as the finite element
method. This approach allows the investigation of various failure
modes under several loading conditions without the expenditure of
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motors. Of course the accuracy of the prediction depends on the
accuracy of input data, failure data, and mathematical models.

The life-assessment procedure described in this study is
computationally based and comprises essentially two tasks. The
first, and by far the more demanding of these, is the finite element
analysis (FEA) for the determination of the stresses, strains, and
damage induced in the grain by the various thermal and pressure
loadings. The second task consists of evaluating the results of the
FEA as they affect the prediction of the probable service life of the
motor.

The most challenging aspect of the FEA of the motor is the
representation of the highly nonlinear response of the solid
propellant, which is composed of an elastomeric binder filled with a
high percentage of much stiffer particles. The large range of
deformations, viscoelastic effects, debonding of particles from the
binder, transition from incompressible to compressible behavior,
coupling between dilatational and distortional behavior, and
nonlinearities during cyclic loading are typical features of propellant
mechanical response. Representation of these phenomena has been
the subject of a number of previous investigations. Although several
constitutive models have been proposed, the following review is
concerned with those that are readily applicable to three-dimensional
behavior and hence can be incorporated in a numerical stress
analysis. One of the first three-dimensional finite viscoelastic models
incorporating damage is due to Simo [1]. The uncoupling of volu-
metric and deviatoric responses and the associated computational
framework developed in this work have been used by many
researchers. Oziipek and Becker [2] introduced a strain softening
function into Simo’s model to account for the damage effect in stress
response. A later study by the same authors [3] proposed a dilatation
model, which represents the formation and growth of voids and the
effects of distortion and superimposed pressure on the volume
change of the propellant. Jung and Youn [4] modeled the softening
due to damage by changing the modulus based on filler volume
fraction. A computational damage evolution model proposed by
Matou$ and Geubelle [3] incorporates a multiscale approach to
predict debonding of particles from the binder. Areias and Matous [6]
focused on the response of the elastomeric binder and proposed a
model that captures the viscous flow due to stress concentrations in
the vicinity of the particles. The particle-matrix debonding is not
incorporated in the model. This effect (also called dewetting), which
is characteristic of propellant behavior, is the emphasis of work by
Xu et al. [7] in which physically justified model parameters were
used. Other works concerned with the constitutive modeling of solid
propellants are reviewed in the literature stated above.

Contrary to the amount of work concerned with the constitutive
modeling of solid propellants, very few studies are found in the open
literature concerning the use of these equations in the stress analysis
of the propellant grain and their implications for a motor’s structural
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failure. Chyuan [8] studied the effect of thermal loading on
propellant failure using a maximum-principal-stress failure criterion.
The propellant is modeled as linear viscoelastic and the factor of
safety to be used in design is calculated. In a later work Chyuan [9]
developed a nonlinear simulation of the grain subjected to thermal
loading by considering bulk modulus variation with compressive
stresses. The simulation shows that the effect of nonlinear bulk
modulus becomes more important at temperatures higher than the
stress-free temperature of the grain.

Characterization of propellant aging is an important aspect of
service-life assessment, since both the material response and
capabilities may change with age. Christiansen et al. [10] used a time-
aging time superposition similar to time—temperature superposition
to predict real-time aging based on accelerated aging test data and the
Arrhenius equation. Kivity et al. [11] established the temperature
range of accelerated aging tests for which the Arrhenius equation
holds. Methods correlating real-time and accelerated aging are still
under investigation [12], and an aging constitutive model is not yet
available in the literature.

When a realistic constitutive model of the propellant is available,
stress—strain response and capabilities are accurately evaluated and
represented as a function of age, the service life of the rocket can be
confidently predicted. Hardly any study is reported in the literature
describing a complete methodology for service-life estimation. Ho
[13] studied the bond-line failure and propellant cracking by
measuring the dynamic mechanical properties of samples from a
rocket motor. The method allows evaluation of motor components to
environmental loadings seen in the motor during its service life. The
methodology proposed by Collingwood et al. [14] is based on a
nonlinear viscoelastic analysis, incorporates aging trends and uses a
probabilistic approach to the service-life estimation. The compar-
ative evaluation of different nonlinear viscoelastic approaches shows
the necessity to accurately account for the volumetric behavior of the
propellant.

The service-life estimation methodology proposed in this paper
first aims to represent major features of solid propellant behavior. The
material model selected for this purpose is applicable over any range
of deformations and incorporates viscoelasticity, damage, and
dilatation model. Second, the proposed procedure aims to account for
mechanical response changes due to aging by regularly monitoring
the propellant behavior and reflecting these changes in the material
model. In the following, the constitutive model and its calibration for
new and aged propellants are described. The rocket motor is analyzed
for loading conditions that are critical to determine the long-term
behavior of the propellant grain. The temperature and pressure
conditions for these loadings and the finite element analysis results
are presented. The final objective of the proposed methodology is the
quantitative prediction of the grain lifetime. This is done based on an
approach that uses the finite element analysis results and the
experimental capability data.

Finite Element Modeling

The solid rocket motor considered in this work is a circular-port
case-bonded configuration with a stress-relieving slot in the head end
and a boot in the aft end. The motor case is fiber-reinforced plastic.
The case interior is covered with an insulator that is an ethylene
propylene diene M-class (EPDM) rubber. The propellant grain is
bonded to the insulation by a liner that has a composition similar to
that of the propellant. The grain and case are axisymmetric, as are all
of the finite element models and analyses done in this work.

The goals of the finite element analysis are to identify potential
failure modes of the grain and to determine the critical values of
stress—strain associated with the potential failure modes for the
models representing the different ages of the motor.

Although failure may occur under any of the variety of storage and
operational loads to which the solid rocket motor is subjected,
thermal loads resulting from the exposure to diurnally and seasonally
varying temperature conditions usually represent the most
demanding long-term load environment. It is well known that
propellant under this cyclic type of loading conditions fails under

loads that are substantially lower than those determined from
standard laboratory tests. The latter typically do not account for the
long-term degradation effects on the failure properties, due to the
laboratory test-time limitation and the use of specimens prepared
during the production of the propellant. To investigate the stress—
strain state under thermal loads, two thermal-cycling profiles were
considered, as described later in the paper. Since the motor case is a
composite, and hence has a low stiffness, pressure loads may also
play a significant role in failure. Therefore, the stress—strain state
resulting from ignition pressurization was also investigated.

The entire analysis procedure was performed using the
commercially available finite element software TEXPAC [15]. The
code is designed specifically for the structural analysis of elastomeric
structures, and the propellant constitutive model has been
implemented in this code.

Finite Element Mesh

The geometry of the motor was available in the form of CAD files.
These files were imported into the finite element software package
and were used there to create the finite element mesh shown in Fig. 1.
The mesh consisted of quadratic isoparametric quadrilateral
elements. The propellant, liner, and insulation were modeled using
nine-node reformulated elements. The aluminum parts and the motor
case were modeled using eight-node quadrilaterals with reduced
integration.

Material Models

Material characterization consisted of the determination of
material properties for the motor case, boss, solid propellant,
insulation and liner. The fiber-reinforced case and the aluminum boss
were modeled as isotropic linear elastic materials with the following
values:

Case:

E = 4615 kg/mm?, v =0.33, a=2304e—61/°C
Aluminum:

E =7031 kg/mm?, v =0.33, a=225e—61/°C

The properties of the fiber-reinforced case are actually anisotropic
and vary from point to point. However, only isotropic and
homogeneous properties given above were available. The
consequence of this assumption is discussed at the end of the paper.

The propellant, liner, and insulation are elastomeric components.
The propellant properties described below were also used for the
liner. The insulation made of EPDM was represented as a hyper-
elastic NeoHooken material with strain energy function U = C(I,—
3) + K/2(J — 1)2. The model data consisted of C = 0.05 kg/mm?,
K =200 kg/mm?, and « = 1.8e — 4 1/°C.

Constitutive Model of Solid Propellant

The constitutive model for the propellant is a nonlinear
viscoelastic representation based on a phenomenological approach.
It is applicable to large deformations and rotations. There is a
significant coupling between volumetric and deviatoric responses.
The representation employs a dilatation model that accounts for the
formation and growth of voids at or near the binder—particle inter-
face. The effects of distortion and superimposed pressure on volume
change are incorporated through the dilatation model. Softening due
to damage and nonlinearities during cyclic loading are also
accounted for in the constitutive representation.

The motivations in formulating the model, its development and its
computational implementation in the finite element code TEXPAC
are described in detail in Canga et al. [16]. In the following, a
summary of the formulation and the calibration of the model
parameters are given.

The elastic response of the propellant material is derived from a
strain energy function defined as



0OZUPEK 641

1

Fig. 1 Finite element mesh of the motor.

¢ = g(s1)f (52, 53)0(I)) + $(J, ¢) (1)

where the void content ¢ results from dewetting at the particle—binder
interface. The elastic stresses S, and &, are derived as

.= 8f0$/IE,

The distortional part of the strain energy function of the undamaged
material consists of a Rivlin polynomial plus an exponential term that
represents the toe region in the test data of some propellants

25 (1 + ePshi=3)) 3)

6, =0¢/0J 2)

4
$=2 B3+

The damage of the propellant is assumed to be irreversible and is
measured by s;, which is a nondecreasing function of the void
content c:

s; = maxc(7) (€]

0<t=t

The damage function g, is a nonincreasing function of damage
parameter s;. The void content ¢ varies according to

¢ = )',e&e/wz’ y= a)ll_;’” c(0)=0 (5)
where
=4(21] — 6l) ©)
The dilatational part of the strain energy function is of the form

¢ =1K(c)(J — 1)? (7

where K varies with the void content ¢, according to

dK(c) _
de - (1 — C)

(14+wK) with KO)=K, (8)

The cyclic loading function f (s,, s3) has three distinct branches:

1 loading
=19t unloading
fu+s3(f, — f.) reloading or unloading from reloading

(C)]

The internal state variable s, depends on the amount of distortional
deformation 7,

5y = I_V/I_i, with ff/ = 52?;1} during loading (10)

The internal state variable s; is introduced to smooth out the

transition between the different branches and is defined as
(I,-1y/d, -1y Ii<I,<I,

11

{ I, >11 (b

where [ y= minoﬁs,l_ , during unloading.
The viscoelastic stresses S and o are obtained by using hereditary
integrals on the elastic stresses S, and o,:

= as
S.0) = /G(t— ) 82:9)e ( ”)e dr (12)
The relaxation function G(¢) is represented as a Prony series:

Gt)=Gy+ Y Ge/n (13)

j=1

Thermorheologically simple behavior is assumed and the time—
temperature equivalence implied by this assumption is incorporated
through a shift function a;(T), expressed in Williams—Landel-Ferry
(WLF) form [17] as

-C(T-T)

G+ (T-T) (1

log jpar =

Calibration and Validation of the Propellant Constitutive Model

The constitutive model parameters were determined separately for
the new and aged propellants. Both propellants have the same
composition. The new propellant is at zero age, while the aged
propellant is six years older. Test specimens used to determine the
material response and the capability data were obtained from
dissected motors.

The following calibration procedure was performed for the new
propellant:

Stress relaxation tests at —60, —50, —40, —20, 0, 20, and 60°C
were used to construct G(¢) and a;. The tests were performed at 2%
strain level using wooden tab-end bar specimens. Characteristic
times t; were selected one decade apart and the coefficients G; were
calculated using a least-squares technique. The resulting master
curve and Prony fit are shown in Fig. 2.

The coefficients of the energy function of the undamaged material,
Bi, were obtained from the uniaxial tension test at 1000 psig
(0.7 kg/mm?). Since the dilatation at that pressure level is insignif-
icant, it was assumed that no damage occurs: i.e., g = 1. Dilatation
parameters w; and n and functions g and f were determined using the
same computational algorithm as in the finite element code. First, an
initial estimate of the damage function was obtained by using the
stress and dilatation data at O psig. Using the initial g function an
iterative procedure was performed to get dilatation parameters and a
refined damage function. The cyclic loading function was set to
unity. Note that parameters w; and n cannot be uniquely determined,
in that their values depend on the initial estimates. An adjustment in
the parameters was made by trial and error to get a reasonable
agreement with the stress values as well. The value of K, was set
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Fig. 2 Master relaxation curve for new and aged propellants.

equal to a previously used value of 1100 kg/mm?. K, determines the
volumetric behavior before the onset of damage, that is when the
propellant is incompressible. As long as K|, is large compared to
the shear modulus, its actual value does not have much influence on
the overall stress—strain response. Once the propellant becomes
compressible, the bulk modulus value is determined through the
dilatation model described above.

Finally, using the stress data of the cycling specimen, the cyclic
function f was determined in a few iterations.

The validation of the material model was carried out for uniaxial,
biaxial, and analog wedge specimens. The effect of superimposed
pressure on stress response is well predicted, and the dilatation
response is reasonably predicted, as shown in Fig. 3. The high-
pressure response becomes significant during the ignition loading,
while the ambient pressure response is important in thermal loading.
Both are described below in the finite element analysis of the motor.
The biaxial loading and wedge-specimen predictions are in reason-
able agreement with test data, as shown in Figs. 4 and 5. Biaxial and
wedge tests are significant in that they show the predictive capability
of the model for multi-axial stress states that are typically present in
the rocket motor.

The validation of the constitutive model as described above has
been carried out previously for different propellant data [3]. For each
propellant, similar trends of representative capabilities were
obtained.

0.4
0.16
Ho3
0.12
£ 8
g H{02®
=
§ 0.08 2
>
0.04 1
©  model
0 o209 ! L L L ! data
0 0.1 0.2 03 0.4 05 06

strain
Fig. 3 Stress (solid line) and dilatation (dashed line) response for
uniaxial loading with superimposed pressure at 0.73 min~! strain rate.

stress (kg/mm?)

8 0 o3 ] 04 . 06
strain
Fig. 4 Material response for biaxial loading at 0.73 min~! strain rate

(solid, dashed, and dotted lines represent different specimens).

To account for the effect of aging in the mechanical properties of
the propellant, the calibration of a six-year-old propellant was carried
out. The master relaxation curve was obtained from relaxation tests at
—60, —20, 20, and 60°C. The Prony fit to the curve plotted in Fig. 2
shows that the relaxation modulus gets stiffer as the propellant ages,
with an increase of the equilibrium modulus from 1.1714e —
01 kg/mm? for the zero-age propellant to 3.6346e — 01 kg/mm?
for the six-year-old propellant. Uniaxial tension data at high pressure
levels with no damage was not available for the aged propellant;
therefore, only one coefficient was used for the energy function of the
undamaged material as given in Eq. (3) and it was fitted to the initial
(that is, undamaged) part of the stress—strain curve at O psig. The rest
of the stress—strain curve and the dilatation data were used to
determine the dilatation parameters and damage function. Because of
the lack of data, the dilatation model could not be validated at various
pressure levels.

Capability

The propellant constitutive model described above was employed
in the structural analysis of the motor in order to predict the stress—
strain state for the loading conditions described in the next section. To
predict service life, propellant failure properties (also known as
capabilities) should also be determined.

load/thickness (kg/mm)

displacement (mm)

Fig. 5 Material response for analog wedge at 50 mm/ min loading
(solid, dashed, and dotted lines represent different specimens).
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capability (1)

8 12 16 2
age (years)

Fig. 6 Propellant capabilities [Eq. (15)] as a function of age.

Two possible failure modes were hypothesized: 1) cracking due to
tensile strain at the bore and 2) liner/insulation bond failure. For
strain-induced failure mode 1, strain at maximum stress, while for
failure mode 2, bond-strength test results are needed. Both of these
values can be extracted from uniaxial tests at various temperatures
and rates and tabulated for propellants of different ages. An
alternative to the above is the use of Arrhenius equations:

NWT.0)=1+AeD lut 15)

where 1 represents the ratio of a propellant property that changes with
age to the value of the property at zero time, ¢ is time, 7 is temperature
in Kelvin, and A and B are material constants. In this study Arrhenius
equations were used to represent propellant strain capability and
bond strength as a function of time and temperature. Material
constants were determined using data from accelerated aging tests of
the propellant. Aging ratios for bond strength and strain capability
were determined by integrating dn/dt for selected storage-
temperature profile. The strength and strain capability changes
resulting from this integration are shown in Fig. 6.

Finite Element Analysis

Three loading cases were analyzed with curing temperature of
50°C and propellant stress-free temperature of 60°C.

Thermal Cycling

Thermal cycling is assumed to represent the temperature condition
in estimating the number of cycles that the motor must be able to
withstand. Each five-day cycle consisted of varying the temperature
between 50°C, the maximum storage temperature as well as the
curing temperature, and —32°C, the lowest temperature to which the
propellant may be exposed. Three cycles were analyzed, with each
cycle defined as one loading step.

Three curves that report the distribution of hoop strain and of bond
stress along relevant surfaces at the end of each step are shown in
Figs. 7-10. The maximum hoop strain of 8.40% was observed for the
new propellant at the end of the third thermal cycle on the surface of
the slot region. The maximum hoop strain of 11.60% was observed
for the aged propellant at the end of the second thermal cycle on the
surface of the slot region. The maximum bond stress of 1.22E —
02 kg/mm? was observed for the new propellant at the end of the first
thermal cycle at the liner—insulation interface. The maximum bond
stress of 2.68E — 02 kg/mm? was observed for the aged propellant
at the end of the first thermal cycle at the liner—insulation interface.

Thermal Storage

The solid rocket motor is subjected to diurnally and seasonally
varying temperature conditions during storage. Based on a yearly
temperature profile with minimum and maximum storage temper-
atures of —32 and 50°C, the worst-case scenario thermal loading was
defined as a two-step loading. The first step was cooling down from
50°C to yearly averaged temperature. The second step was cooling
down along the path corresponding to the available temperature
profile from average to coldest temperature. The daily oscillations
were averaged, which allowed for faster convergence of
computations.

The maximum hoop strain of 6.55% was observed for the new
propellant at the end of the second step on the surface of the bore
region. The maximum hoop strain of 7.01% was observed for the
aged propellant at the end of the second step on the surface of the bore
region. The maximum bond stress of 7.82E — 03 kg/mm? was
observed for the new propellant at the end of the second step at the
liner—insulation interface. The maximum bond stress of 1.60E —
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Fig. 7 Thermal-cycle hoop strains for new propellant in the slot region (first cycle O, second cycle [, and third cycle &).
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Fig. 8 Thermal-cycle bond stress for new propellant (first cycle O, second cycle [, and third cycle ®).

02 kg/mm? was observed for the aged propellant at the end of the
second step at the liner—insulation interface.

Ignition Pressurization

There are two loading steps for this analysis. The first step
corresponds to the cooling down of the propellant, and the second
step corresponds to the ignition pressurization. The first step was
defined as one day cooling from 60°C to —20°C followed by four
days of cooling to —32°C. The second step is ignition pressurization
to 0.663 kg/mm? (943 psi) with a rise time of 0.363 s.

Two curves that show the distribution of hoop strain and of bond
stress along relevant surfaces at the end of each step (cooldown to
—30°C and pressurization) are shown in Figs. 11-13. The maximum
hoop strain of 12.60% was observed for the new propellant at the end
of the second step (pressurization) on the surface of the bore region.

The maximum hoop strain of 13.60% was observed for the aged
propellant at the end of the second step (pressurization) on the surface
of the bore region. The maximum bond stress of 1.22E —
02 kg/mm? was observed for the new propellant at the end of the first
step (cooldown) at the liner—insulation interface. The maximum
bond stress of 2.68E — 02 kg/mm? was observed for the aged
propellant at the end of the first step (cooldown) at the liner—
insulation interface.

Summary of Finite Element Analysis Results

Maximum values of bond stress and hoop strain for the three
loading conditions are reported in Table ] for the new propellant and
Table 2 for the aged propellant.

For the new propellant the maximum hoop strain of 12.60% was
observed at the end of the second step of the Ignition Pressurization

24

20

EMAX
10
f

00

0.

.20

RADIAL LOCATION X 1@xx-2
Fig. 9 Thermal-cycle hoop strains for aged propellant in the slot region (first cycle O, second cycle [J, and third cycle &@).
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Thermal-cycle bond stress for aged propellant (first cycle O, second cycle [, and third cycle &@).

Fig. 10

Analysis on the surface of the bore region. For the aged propellant,
the maximum hoop strain of 13.60% was observed at the end of the
second step of ignition pressurization analysis on the surface of the
bore region.

For the new propellant the maximum bond stress of 1.22E —
02 kg/mm? was observed at the end of the first thermal cycle of
thermal-cycling analysis and also at the end of the first step (cool
down) of ignition pressurization analysis in both cases at the liner—
insulation interface. For the aged propellant the maximum bond
stress of 2.68E — 02 kg/mm? was observed at the end of the first
thermal cycle of thermal-cycling analysis and also at the end of the
first step (cool down) of ignition pressurization analysis, in both
cases at the liner—insulation interface.

The finite element analysis results indicate only a slight change in
the maximum hoop strain, while a large increase in the maximum

bond stress as the propellant ages. The magnitude and location of
these stresses and strains may be affected by the anisotropy of the
case. The actual error induced in the results by the isotropic modeling
of the case cannot be calculated without complete test data to
determine the anisotropic material constants of the fiber-reinforced
case. In the following, the predicted stress values are employed in the
service-life estimation assuming that the error is not very significant,
since the location of the maximum bond stress on the interface is far
from the domes, where the case anisotropy is likely to have more
influence on the stress predictions.

Service-Life Prediction

Service-life estimation is based on the ability to predict the future
material properties, both response (stress—strain behavior) and

N OO MmE > F = 0L NDO N>

~_ O _© O O 1 D W S O 0 _0 N

AXIAL LOCATION X 10@x%x-2
;.ZD 1.50 2.00 2.50 3.08 3.50 4.00 4.58 5.08 5.50 6.00
s =1 f N r i i il T {
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51 54 57 68 63 66 68 72

Fig. 11 Ignition pressurization bond stress for new propellant (cooldown O, pressurization [J).
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Fig. 12 Ignition pressurization hoop strain for new propellant in bore region (cooldown O and pressurization ().

capabilities (strength, ultimate strain, etc.) for the propellant and
other elastomeric components. The description of the physical and
chemical changes in propellant behavior is particularly important for
a reasonable confidence in extrapolating current properties to future
times. In this work the changes in propellant properties were pre-
dicted via an empirical approach, which is based on periodic testing
of the propellant during the life of the motor. Since limited test data
from aged samples were available, only one age was used for
predicting stress—strain response, while data from four ages were
used for predicting capabilities.

The prediction of the future material response consisted of the
calibration of constitutive model for a six-year-old propellant, as
described before. The finite element analysis of the motor with aged
propellant was performed and the critical values of stress and strain
were obtained.

Strain capability and bond-line strength, which are central to the
determination of structural integrity, are rate and temperature
dependent. The failure strain (strain at maximum stress) and maxi-
mum stress data were available at various strain rates and
temperatures for the new propellant and at a single strain rate and
temperature for the aged propellant samples. For the new propellant
based on time—temperature equivalence and WLF shift function,
master curves of strain capability were obtained. For the aged
propellants Arrhenius rate equations were fitted to the available data
and the resulting models were used to predict the master curves for
ages 1, 2, 6, and 20 years. The results are shown in Fig. 14. The value
of critical strain calculated in the finite element analysis of the cold-
temperature motor ignition pressurization for the new and six-year-
old propellants are also shown. It is clear from this figure that there is
a large margin of safety for these two ages. Although the demand
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Table 1 Maximum-hoop-strain and bond-stress values and their
locations for new propellant

Step Location Hoop strain ~ Bond stress, kg/mm?
Thermal cycling
Third cycle Slot 8.40E — 02 —
First cycle Liner—insulation — 1.22E—-02
Thermal storage
Coldest Bore 6.55E — 02 —
Coldest Liner—insulation — 7.82E —03
Ignition pressurization
Pressurization Bore 1.26E — 01 —
Cooldown Liner—insulation — 1.22E — 02

Table 2 Maximum-hoop-strain and bond-stress values and their
locations for aged propellant

Step Location Hoop strain ~ Bond stress, kg/mm?
Thermal cycling
Second cycle Slot 1.16E — 01 —
First cycle Liner—insulation — 2.68E — 02
Thermal storage
Coldest Bore 7.01E — 02 —
Coldest Liner—insulation — 1.60E — 02
Ignition pressurization
Pressurization Bore 1.36E — 01 —
Cooldown Liner—insulation — 2.68E — 02

cannot be determined for other ages without doing FEA for the older
propellants, it is apparent that the value of critical strain does not
change much with age.

A bond-stress master curve is obtained in a similar manner to that
of the strain capability, as discussed above. The resulting strength
capability curves for the new propellant, and in subsequent years, as
calculated from the Arrhenius data, are shown in Fig. 15. Also shown
are the demands for the new and the aged propellants. It is apparent
that a large increase in bond stress is predicted by the finite element
analysis. This is partially accommodated by the predicted increase in
capability.

If the trends in bond-stress capability and demand continue, as
suggested by the data given above, it is possible that at some future
time the demand will exceed the capability, and bond failure would
be predicted.

For an illustrative purpose, if it is assumed that the trends in bond
strength and bond stress continue at the rate calculated, it can be
estimated that after 25 years bond failure will occur during cold
firing, as shown in Fig. 16. Confidence in this prediction is rather low,
mainly due to incomplete data with respect to bond strength of aged
propellant.
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Fig. 16 Service-life prediction.

To make a more realistic quantitative estimate of the service life of
the motor, the response and the capabilities data of the propellant and
the propellant-liner—insulation bond system should be generated at
regular intervals during the life of the motor. One possible method to
accomplish this would be the mechanical testing of propellant
samples scavenged from the rocket motors that have been subject to
the thermal loading history of interest. At least three samples,
preferably taken from different batches of propellant, should be used
for each specimen tested. Periodic testing would allow establishing
trends in response and capabilities hence increase the confidence in
service-life prediction. Another method to accumulate data would be
the usage of stress and temperature sensors embedded at critical
locations of a rocket motor [18]. The sensors would be installed
during the casting of the propellant grain; therefore, continuous
measurements could be made during the life of the motor. The
produced data would allow validation of the service-life prediction
procedure as described in this study, as well as health monitoring of
individual motors.

Conclusions

A procedure to predict the service life of a solid propellant rocket
motor has been presented. The methodology is distinct from those
previously proposed in the literature, since it is based on a compre-
hensive propellant model. Both the stress and dilatation responses are
well represented and the model has been validated for multi-axial
states that closely approximate actual motor conditions.

In this procedure, the effect of aging on the material response is
included by calibrating the model for propellants at different ages.
Because some of the necessary data (in particular, those from tensile
tests run at different pressure levels) were not available, there is a lack
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of certainty regarding fidelity of the propellant material model as
calibrated.

Although the motor case material is fiber-reinforced plastic, only
isotropic and homogeneous elastic properties were available. The
effect of anisotropy on the stresses and strains in and near the domes
should be evaluated to assess the validity of the stress analysis.

To determine strain capability and bond-line strength for future
propellant ages, some history of change that occurs in these
properties should be available. In this study limited capability data
were available for the aged propellants; hence, Arrhenius models
were used to calculate changes in capabilities. By collecting more
extensive data for capabilities, more realistic extrapolation to future
times would be possible.

The propellant model used in the study contains an internal state
variable that measures the damage. Evaluation of this variable as
predictor of material failure and definition of new internal variables
to measure aging are considered as part of future study.
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