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The behavior of an inclusion in a material subjected to a stress system primarily depends on the ratio of the
tangent moduli. The stress gage is an inclusion which gives an identifiable photoelastic fringe pattern which can
be related to the biaxial stresses in its diametral plane—independent of host modulus when the moduli ratio is
greater than 300. The study carried out to verify the use of such a gage in composite propellants is discussed. It
shows the gage to be a solid inclusion, and also with a response virtually independent of Poisson’s ratio. The
gage is a hollow cylinder of epoxy resin whose o.d. is five times the internal diameter, and it was used in unfilled
and highly filled CTPB. The principal stresses in the diametral plane of the gage are calculated from readings at
3 discrete positions in the gage. The sensitivity has been derived experimentally and theoretically. Gages were
positioned from the mandrel and through the case at different depths in small solid propellant motors which had
various conduit diameters and end closure shapes. The thermal stress distribution during temperature changes
between —30°C and +60° were studied. After each temperature change, a gage was monitored at constant tem-

perature to study stress relaxation.

I.

HE measurement of strain in nonlinear viscoelastic

materials such as solid propellant is not easy. The con-
version of measured strain into stress values is difficult,
therefore it is desirable to measure stress directly. Various
methods have been used to measure the stress in solid
propellant motors, and the results have been reported. > The
reported results are encouraging, and the work is continuing
with more unusual techniques.

Any transducer in a stress and displacement field will, in
principle, disturb the very field that is to be measured. The
calibration of such a transducer is required to determine the
relationship between the output and the stress that would exist
in the propellant if the transducer was not there. These
problems of the inclusion effect and uncertainty in calibration
are related and give rise to many practical difficulties.* To
measure the stress, a transducer must be used which responds
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to stress independent of strain and produces a measurable .

output. Ideally, it must not itself deform or distort the local
stress field.

A practical stress measuring transducer which ap-
proximates to these conditions is the high modulus inclusion
gage. Hawkes?® and Hiramatsu® have developed the glass in-
clusion gage to measure stress directly in rocket and concrete.
It is being used successfully in viscoelastic materials such as
rock salt and frozen ground. 78

Glass is not suitable for measuring the comparatively low
stress levels in propellant because of its low optical sensitivity.
This paper describes a feasibility study carried out at the
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Rocket Propulsion Establishment with a more sensitive gage
which can be used to measure stress independently of strain in
low modulus materials such as composite propellant. The
results from tests using these gages in small rocket motors are
also described with particular emphasis on the stress
relaxation during storage at various temperatures. The
measured values of propellant stress relaxation times are also
given.

IL.

The stress distribution in an elastic inclusion depends on its
geometry, the moduli and Poisson rates of inclusion and host
materials, and the applied stress field. The effect of the
moduli ratio on the stress at a position in an inclusion is deter-
mined from Hiramatsu’s® theory and is shown in Fig. 1. The
inclusion is perfectly rigid if the stress in the inclusion is in-
dependent of the host material modulus. This is the case for
moduli ratios greater than 300. The other extreme of the curve
shows the behavior of a perfectly soft inclusion. The stress
distribution in a perfectly rigid inclusion varies only with
biaxiality of the applied stress field and Poisson’s ratio of the
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host material. The stress magnitude in the inclusion is directly
proportional to the applied stress for a given ratio of applied
stress.

For the range of temperatures and strain rates of practical
interest, an inclusion gage of epoxy resin, modulus 3450 MPa,
will give moduli ratios varying between 300 and 1300 in the
propellant tested. In the annular photoelastic rigid inclusion
gage, the central hole creates a stress concentration which
produces identifiable fringe patterns when the host material is
stressed. A diameter ratio of 5 is chosen so that the hole does
not affect the stress distribution at the boundary of the gage.
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Fig. 4 Experimental fringe patterns.

The Poisson’s ratio of the gage is 0.36 and that of the host is
considered to be 0.5. The theoretical study indicates that even
large changes in the value of Poisson’s ratio of the host
material does not significantly affect the gage response, see
Fig. 2.

The principal stress difference in the inclusion is directly
proportional to the fringe pattern produced; the propor-
tionality constant is a function of the material stress optic
coefficient and the length of the light path in the inclusion.

A numerical analysis of Hiramatsu’s® theory gives
theoretical fringe patterns for different applied stress ratios
(Fig. 3). It is seen that the shape of the fringe pattern changes
with biaxiality of the applied stresses and pattern recognition
is ai approximate method of determining the biaxiality. These
shapes have been verified experimentally and a sequence of
fringe patterns are shown in Fig. 4. The direction of the prin-
cipal applied stress is apparent from pattern symmetry.

The stress field is identified from point readings of fringe
order taken at a selected radial distance, on the 0°, 45°, and
90° axes, called optimum measuring points (OMP). For a par-
ticular applied stress ratio the major principal stress is propor-
tional to the fringe order at any position in the inclusion. If we
use Tardy compensation to determine the fringe order, the
sign of the major principal stress is also obtained. The applied
stress ratio can be determined from known relationships
which have been previously described.® This ratio k may also
be estimated from pattern recognition.

As the applied stress ratio changes the principal stress dif-
ference per unit principal applied stress at the optimum
measuring position varies. There is an increase in gage sen-
sitivity as the ratio k varies from + 1.0-— 1.0. This variation is
known for the optimum measuring points at 45° and 90°.
Gage sensitivity NV in units of kPa/fringe is expressed as a fac-
tor of gage sensitivity NV, in a uniaxial stress field measured at
the 45° OMP. The sensitivity is inversely proportional to the
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length of the light path in the gage. The theoretical response
of the gage is to the ambient host stress and not the con-
centration around the gage, but the concentration could cause
incipient failure in the propellant at an earlier stage than nor-
mal. :

III. The Experimental Feasibility Study

A series of tests were conducted using a solid inclusion gage
5 mm diam and 16 mm long and made from ‘‘photoelastic’’
PLM-4 material. The purpose of the testing was as follows: 1)
to confirm that the value of sensitivity of the gages obtained
theoretically apply experimentally in both uniaxial and biaxial
stress conditions; 2) to check that the response of the gage is
independent of the modulus of the host material; and 3) to
verify that the gage response is independent of any creep
strains provided that the stress level does not change as a
result of the creep.

The gages were cast or bonded into samples of carboxyl-
terminated polybutadiene (CTPB) polymer and propellant
filled with 84% by weight of solids. Uniaxial tensile samples
were 200 mm long, 50 mm wide, and 16 mm thick. Biaxial
samples were cruciform, with each arm of these dimensions.
Several uniaxial specimens were tested by loading at a con-
stant cross head speed on an Instron testing machine. The In-
stron was also used for holding other specimens either at a
constant load or a constant strain. Further uniaxial samplec
and the biaxial samples were tested in a purpose built rig.°

A reading instrument was produced by modifying a Zeiss
Epitechnoscope into a reflection polariscope. This was
provided with polarizing filters to enable isoclinics or
isochromatics to be observed and for using goniometric com-
pensation. The lens system gives a high magnification and the
incident and reflected beams are almost parallel. Front face
reflection from the gage made readings difficult, and this was
eliminated by angling this face 5°.

To measure the sensitivity factor of a gage, the following
procedure was used. It was assumed that the theoretical in-
formation with respect to the relations between principal
stress ratio, the 0°, 45°, and 90° reading ratios, and the
variation in sensitivity with respect to stress ratio were true.
Using theoretical values and the experimental readings, the
equivalent uniaxial fringe order (EUFO) was determined. This
is the fringe order which would be produced at the 45° OMP
by the same major principal stress acting on a gage in a
uniaxial stress field. The EUFO was plotted against stress
change to determine the sensitivity NV ,. In a biaxial stress field
the minor EUFO should change proportionally to the major
EUFO in the same ratio as the applied stresses.

To verify the claim that the modulus of the test material has
no effect on the gage response, calibration tests were carried
out in unfilled polymer and solid propellant at various tem-
peratures. The majority of the calibration tests were con-
ducted at 20°C. The results confirmed that the modulus of the
host material did not affect the gage response, as can be seen
from Fig. S.

Uniaxial calibration samples were also held at constant load
in the Instron testing machine. Readings of fringe value were
taken as the sample deformed, and under these creep con-
ditions, the fringe order remained constant. The loading rate
was varied from sample to sample without any effect on the
results. Readings were taken as both the stress and strain were
separately held constant. For constant stress the creep strain
did not affect the gage fringe reading. For constant strain, the
stress relaxation caused an expected decrease in the gage
fringe order. Some of the biaxial samples were loaded
uniaxially to confirm that the stress distribution at the centre
was not affected by the sample geometry. These tests served as
additional confirmation of the uniaxial calibration and
showed that the specimen shape was suitable.

The theoretical uniaxial calibration for a gage made from
PLM-4 and of length 16 mm is 132 kPa/fringe. Results from
uniaxial tests agreed very well with this theoretical value as
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Fig. 6 Biaxial calibration related to major applied stress for k =0.

can be seen from the example, Fig. 5. The results of the
biaxial loading tests were also in agreement with the
theoretical calibration. Figure 6 shows the response from a
biaxial sample tested under uniaxial conditions of k=0. The
corresponding plots for samples tested under applied stress
ratios k= %2 and k=1.0 are shown in Fig. 7 and Fig. 8, respec-
tively. A histogram (Fig. 9) of sensitivity values derived from
all the readings taken was developed. The mean sensitivity
determined from the statistical analysis was 128.7 kPa/fringe.
The standard deviation was 28 kPa/fringe, and this is largely
due to erroneous readings of low-order fringe values and
possible variations in the optical properties of the different
batches of gage materials which was not measured. If only
reading at stress levels of above 75 kPa are considered the
mean becomes 133.9 kPa/fringe with a standard deviation of
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19 kPa/fringe. This amount of variation is considered ac-
ceptable.

A few biaxial strip samples have been tested and the
measured stress ratio was compared with the stress
distribution predicted from sample dimensions.!® The ex-
cellent agreement is shown in Fig. 10. Figure 11 shows the
consistency of calibration at different temperatures.

IV. Discussion of Gage Properties

Stress is a mathematical concept which cannot be measured
directly. The response of the high-modulus inclusion gage
has, however, been shown both theoretically and ex-
perimentally to be dependent on changes in stress alone in the
materials under consideration. By taking readings at the 0°,
45°, and 90° OMPs the sign and magnitude of the average

J.SPACECRAFT

240 . . . . ,
210
188 1
132.5 kPa/FRINGE
5 0
=
e STRESS GREATER —
g 1204 THAN 0 75kPa
o
s
© MEAN 128.7 133.9
2 0
2 STANDARD
2 DEVIATION 28 19
60 -
30

50 10e 150 200 250
UNIAXIAL SENSITIVITY kPa/FRINGE

Fig.9 Histogram of sensitivity values.

360 VHEDRETICAL LINE 1. 049

(WILLIAMS AND SCHAPERY) ° 1
()
320} J
o/ ®
.
L)
280 Ry 4
L)

240 1
= )
a. L)
=
«» 200 4
1
w
(-4
% .
—, 160 E
<
o
= [
=
w120 B

[}
80 | 4
]
40 L) g
0 40 80 120 160 200 240

HORIZONTAL STRESS (k Pa)

Fig. 10 Comparison of horizontal and vertical stress in strip biaxial
samples.

THEQORETICAL CALIBRATION

300 132.5 kPa/fr

£

= 200 |

»

I

w

=

-

wv

-~

<

=

B

=

= TEST TEMPERATURES (°C)

100
© -20
® 0
© 60
i L
o 10 2.0
E.UF.0.

Fig. 11 Uniaxial calibration at various temperatures.



AUGUST 1975

stress in the zone of influence of the gage and the biaxiality of
the stress distribution can be derived. The pattern symmetry
shows the direction of the secondary principal stress axes. The
gage therefore can, be used to measure stress in samples of
other geometry. :

As with other stress indicating devices, the gage does not
measure stress at a point, but within a zone of influence. As
continuous recording is not available, although an automatic
photocell output is theoretically possible, the technique is
limited to situations in which stress is changing relatively
slowly.

The importance of correctly aligning the polariscope and
the manual operation of taking the readings means that
remote operation of the technique is difficult if not im-
practical. This could limit to some extent the future ap-
plication program. The sensitivity of the gage is independent
of temperature within the temperature range in which
propellant can be stored.

When the temperature in a motor with a stress gage
changes, both the propellant and the gage will expand or con-
tract. Because of the difference in thermal coefficients of ex-
pansion of the two materials a hydrostatic stress condition

*will occur in the vicinity of the gage. A further effect on
changing temperature is that there will be a thermal gradient
through the gage which will also produce a spurious
birefringent pattern. Other work at present being carried out
indicates a possible birefringent effect when moisture is ab-
sorbed by a super-dried gage. In the tests to be described, the
samples had been dried previously for several days, and these
effects may have been present during the tests.

Calculation of the net effect of the aforementioned
parameters is difficult, if not impossible. A series of tests has
therefore been carried out to determine the effect ex-
perimentally. A standard tensile test specimen with a gage
centrally placed was suspended unloaded in a cooling cabinet.
Readings of fringe order were taken as the sample was cooled,
and various cooling rates were used.

Figure 12 shows the fringe change at different rates of
cooling. For cooling slowly, there is no change in fringe order.
At faster rates of cooling, a temperature is reached where
there is a fringe order change, and the particular temperature
at which this change starts is higher at a faster rate of cooling.

The effect due to the differential coefficient of expansion is
to impose a compressive stress in the gage. Because of the
viscoelastic nature of the propellant, this will relax. The
relaxation will be more rapid at high temperatures than at low
temperatures, and at slow cooling rates, the stress change will
be negligible. At slow cooling rates, the other transient effects
must be negligible or compensating; but a further study is
being carried out to obtain a fuller understanding.

In the test motors presently used, the maximum rate of tem-
perature change of propellant in the region of a gage is 1°C in
150 sec. It follows from Fig. 12 that the temperature effect
will be zero if the temperature is above —20°C. At cooling
rates less than 1°C in 200 sec, there is no temperature effect at
all.

An advantage of this type of gage is its basic simplicity. It
has no mechanical parts or connections which can fail during
a test. The gages can be cast into position during manufacture
of propellant, or bonded into holes formed or cut in the
propellant. It is therefore considered that this type of gage is
suitable for investigating the stresses in both propellant sam-
ples and filled rocket motors.

V. Application in Structural Test Vehicles
A. Introduction

An existing small solid propellant motor 127 mm diam and
264 mm long has been adapted as a structural test vehicle,
designated MAT (Motor Analogue Test). It can be cast with
various diameter circular center conduits and shaped end
closures and has been used to assess the gage performance un-
der particular motor conditions.
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Figure 13 shows the shape of the MAT with a typical gage
layout. The gages were all cast into the MAT’s, either from
the center conduit or through the case. Other test vehicles had
different-angled end closures and smaller center conduits.

To read the gages set from the conduit, a sighting tube at-
tachment was fitted to the polariscope. A front surface mirror
at the end of the tube enabled readings to be taken of gages set
at right angles to the line of sight.

The motors were stored at various temperatures, and
readings of the gages were taken as the temperature was in-
creased or decreased. The readings indicate the stress
distribution in the MAT created by the difference in the ther-
mal coefficient of expansion of the steel case and the
propellant. After a given temperature change, readings of the
gages continued to be taken as the temperature remained con-
stant, in order to assess the stress relaxation time.

This section deals with the results so far in a continuing
series of tests. Definite conclusions cannot yet be drawn, but
the consistency of the results is encouraging in respect to the
gage response and some interesting information has been ob-
tained.

B. Stress Distribution

When a solid propellant motor is cooled down, the
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shrinkage of the propellant is greater than that of the steel
case. The case, however, is stiffer than the propellant, and
hence a tensile stress system is set up in the propellant. Con-
versely a compressive stress system is set up on heating the
motor. The gages measure the average stress along their 15.8
mm length. It has been assumed in the following results that
the average stress is the same as the stress at the center of the
gage. To make more detailed and accurate studies where stress
gradient occur, gages of different lengths will be needed. But
the aforementioned assumption is acceptable at present
because the primary object of the tests is to study the ap-
plication of the gage. The gages measure both the hoop and
the longitudinal stress and, although both values have been
determined, only the hoop stress values have been studied at
present.

Fig. 14 shows the stress redistribution in the center sec-
tion of ‘"MAT 4 as the temperature was raised from 0°C to
20°C. MAT 4 has been stored at 0°C for 2 weeks before the
test in order to reduce any relaxation of the tensile stress in-
duced by cooling to a negligible value during the period of the
test. The time taken to increase the temperature to 20°C was
5% hr. The resultant compressive stresses are considerably
higher near the conduit than near the case.

Figure 15 shows the stress variation at a gage as the tem-
perature was increased from 20°C to 60°C, held at 60°C for
1000 min, and then reduced to 20°C again. The center line of
the gage is 24 mm from the outside of the motor case and 8
mm from the conduit. As the temperature rises, the stress
becomes more compressive, and a stress of just over 200 kPa
was recorded at 60°C. While the temperature was held at 60°
C the stress relaxed by 50 kPa. Reducing the temperature back
to 20°C altered the stress by 320 kPa tensile. This is greater
than the compressive stress induced by heating for two
reasons. During the heating the induced stress is continuously
relaxing, and as the propellant becomes hotter the relaxation
rate increases, resulting in a lower stress change than for an
elastic body. At the onset of cooling the compressive stress is
still relaxaing, so increasing the tensile change in stress. This
relaxation continues at a decreasing rate until zero stress is
reached. After this point, the additional tensile stress induced
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starts to relax; but at lower temperatures, the rate of
relaxation is less and a consequently higher tensile stress
change is obtained.

C. Stress Relaxation

The viscoelastic nature of the propellant means that stress is
relaxed in time. The rate of relaxation depends on the stress
magnitude, the ambient temeprature, and the proximity of
any restraints, such as the case. The photoelastic solid inclu-
sion gage lends itself well to studying stress relaxation.
Preliminary tests have been carried out both in uniaxial sam-
ples and in the simple motor. The tests are not sufficiently ad-
vanced to allow analysis of the results. Figure 16 however
shows the results ebtained from 3 tests.

The first test was carried out on a uniaxial tensile sample.
This was loaded in an Instron testing machine at 60°C, and
the strain level was held whilst the stress relaxed. The time
taken for a relaxation of 15% of the original stress was 50 sec.
The results from a similar test at —20°C are shown for com-
parison. ’

In the third test, a MAT motor was heated to 60°C,
resulting in a compressive hoop stress as indicated by a gage
set close to the conduit. The stress condition in the motor is
biaxial and there is restraint to the relaxation afforded by the
case, resulting in a slower stress relaxation. It may also be that
compressive stress relaxes more slowly. The time taken for a
relaxation of 15% of the original stress was 2 X 104 sec.

VI. Conclusions

The theoretical and experimental studies show that the gage
has a suitable response for measuring stress in composite
propellants. The response of the gage is independent of the
modulus and viscoelastic behavior of the propellant.

Spurious effects can arise due to a temperature gradient in
the gage produced by rapid heating and cooling. However, at
rates of change of temperature less than 1°C per 200 sec, this
effect is negligible. This rate is rarely exceeded in a motor un-
der test conditions. The gage and readout instrumentation
have been successfully applied for measuring stress
distribution and relaxation in a structural test vehicle over a
temperature range from + 60°C-~20°C.

VII. Future Program

The performance of the gage in HTPB and plastic pro-
pellants is to be assessed. A detailed investigation of the re-
laxation of thermally induced stress and the effect of bond-
ed ends on the longitudinal distribution of hoop stress in
structural test vehicles with conduits of various sizes has com-
menced. Work is planned to study the changes in stress in
motors during storage and due to handling. The motors will
be subjected to considerable changes in temperature. The
stress distribution and stress concentration factors in motors
containing star-shaped conduits have been determined by two-
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dimensional photoelastic analysis. The magnitude of the
stresses will be determined by using the solid inclusion gages
in actual motors of the same design.

References

Isan Miguel, A., and Duran, E.N., “On the Measurement of
Stress in Solid Propellant,” Experimental Mechanics, Vol. 10, Dec.
1970, pp. 514-520.

21 eeming, H., unpublished work, 1970.

3Briar, H.P. and Bilis, K.W., “Development of an In-Situ Trans-
mitter for Sotid Rocket Propellant Surveillance,”” AFRPL-TR-72-93,
1972, Air Force Rocket Propulsion Lab., Wright-Patterson Air Force
Base, Ohio.

4Fitzgerald, J. E. and Hufferd, W. L., “Interaction of a
Diaphragm Pressure Gage with a Viscoelastic Halfspace,”
Experimental Mechanics, July 1970, pp. 257-265.

SHawkes, 1. and Fellers, G.E., ““Theory of the Determination of
the Greatest Principal Stress in a Biaxial Stress Field using

SOLID INCLUSION STRESS GAGE IN COMPOSITE PROPELLANTS 471

Photoelastic Hollow Cylinder Inclusions,” International Journal of
Rock Mechanics and Mineral Sciences, Vol. 6, 1969, pp. 143-158.

6Hiramatsu, Y., Niwa Y., and Okay, Y., “Measurement of Stress
in the Field by Application of Photoelasticity,”” Tech. Rept.,
Engineering Research Institute, VIII, Vol. 37, 1957, Kyoto University,
Kyoto, Japan.

7Skilton, D., ‘‘Behaviour of Rigid Inclusion Stressmeters In
Viscoelastic Rock,” International Journal of Rock Mechanics and
Mineral Sciences, Vol. 8, Pergamon Press, New York, 1971, pp. 283-
289.

8 Hawkes, 1., ““Stress Evaluation in Low-Modulus and Viscoelastic
Materials using Photoelastic Glass Inclusions,”” Experimental
Mechanics, Feb. 1969, pp. 58-66.

9Buswell, H.J., Moore, D.R. and Owens, A., “The Use of a High
Modulus Inclusion Gage in Non-Linear Viscoelastic Materials,”
Experimental Mechanics, Vol. 14, JTuly 1974, pp. 274-280.

OWilliams, M.L. and Schapery, R.A., “‘Studies of Viscoelastic
Media,” June 1972, ARL 62-366, Aerospace Research Labs., Wright-
Patterson Air Force Base, Ohio.

unstable burning, and solid propellant ignition processes.

From the AIAA Progress in Astronautics and Aeronautics Series . . .

SOLID PROPELLANT ROCKET RESEARCH—. 1

FEdited by Martin Summerfield, Princeton University

The twenty-seven papers in this volume concern various aspects of solid propellant combustion, including mechanical
properties of grains, steady-state burning mechanisms, combustion of metals, theories of unstable combustion, experiments in

-Solid propellant grain properties are examined for size, weight, viscoelastic behavior, structural integrity, stress, strain, and
limiting pressures. The burning mechanism of ammonium petchlorate is clarified and used to predict burning rates and other
behavior of heterogeneous solid propellants, including the binder-fuel-oxidizer relationship and pyrolysis effects.

Papers on metals combustion discuss reaction kinetics of metals and alloy powders in combustion as components of solid
propellants, including boron, aluminum, and magnesium. Acoustic stability of solid rocket motors is treated as an oscillation
function, and various methods of damping are proposed. The state-of-the-art of solid propellant combustion instability is set
forth in terms of current hypotheses and theories, and various causes, cures, and effects are discussed.
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