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Viscoelastic Creep Behavior
of Filament-Wound Case Materials

S.W. Beckwith*
Hercules, Magna, Utah

The viscoelastic creep behavior of an S-901 glass/epoxy composite used in a solid rocket motor case is
examined for a variety of loading conditions. Samples were removed from the forward dome region of a
filament-wound motor case at fiber angles of +20 and + 70 deg. They were tested at several stress levels in tension
and four-point beam bending to determine the creep response through several creep-recovery cycles. Constant
displacement rate tests also were conducted using the four-point beam bending test to evaluate hysteresis at
velatively low stress levels. The behavior was found to be similar in many ways to that previously found for
autoclaved, flat-plate samples tested at equivalent conditions. The creep behavior was found to follow a power law
in time, D = D, + D,t", where D is the creep compliance (psi 1), D, is the initial elastic compliance, and D, and
n define the viscoelastic response characteristics. In the linear viscoelastic range, n=0.19 and is in good
agreement with data derived from the epoxy resin itself. At higher stress levels, the value of n increases due to
microcracking within the composite. The largest difference in the creep-recovery behavior is exhibited between the
first and second loading cycles, with n decreasing sllghtly with subsequent loadmg

Nomenclature
¢ = distance from beam neutral axis to outer
fibers
D = isotropic creep compliance
D(1) = time-dependent isotropic creep compliance
D, = initial elastic compliance
D, = creep coefficient
AD = net creep compliance, D(¢)— D, = D"
E, = longitudinal modulus
E,, . = transverse modulus
G, = shear modulus
H(?) = Heaviside unit step function

= beam cross section moment of inertia
about neutral axis
M = applied moment
n = creep exponent, 0 <n < 0.5
S;75S52, 82, S;6 = principal composite creep compliances
in fiber coordinate system; 1, fiber
direction, 2, normal to fiber direction
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Siss S = transformed composite creep
compliances in x-y coordinate system
S/ (1) = time-dependent composite creep
compliance
So = initial composite creep compliance, S;;(0)
S; = creep cocfficient
AS;, = net creep compliance, S;t”
t = time
== strain
e(1) = time-dependent strain
€€ Y2 = strains in fiber direction, normal
to fiber direction, and shear strain,
respectively
€0 €,5 Yy = strains transformed to arbitrary x-y axis
V12, Vs = major and minor Poisson’s

ratio, respectively
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o = applied stress

o, = applied creep stress (constant)

6,05, = stresses in fiber direction, normal to
fiber direction, and shear stress,
respectively

0,,0,,T,, = stresses transformed to arbitrary x-y axis

T = dummy time variable

6,+0 = fiber angle (unidirectional, angle ply)

Introduction

IBROUS composites have been used in several typical
pressure vessels through the process of filament winding
techniques. Fiber-reinforced epoxy composites are used in
many solid propellant rocket motor cases to provide high
strength and stiffness coupled with light weight. The case
design involves a detailed consideration of the operational
loads and environments sufficient to survive a specified service
life period. Part of the motor case design depends upon a
complete mechanical characterization of the case material and
the subsequent application of these materials after the vessel
has been subjected to one or more cycles of “hydrotesting” to
pressure levels about 10-25% above the expected operating
conditions. This technique of nondestructive testing (NDT)
has, in fact, been shown to cause considerable internal damage
to theé composite, and in glass/epoxy composites, creates a
condition for further damage due to moisture.!” The hydro-
test cycles tend to create microcracks, or crazing, at levels
often as low as 40% of the burst pressure. This effect first was
reported by Rawe,? in which he noted that the number of
cracks was found to increase with pressurization and became a
permanent feature of the case appearance upon release of the
pressure. He also noted that a disproportionate amount of
cracking occurred during the first (hydrotest) cycle. Crow-
nover! suggests that a pressure level of 80% of the burst
pressure causes a significant degree of damage or softening in
the case material. His results showed that the strength reduc-
tion was a function of both the pressure level and the duration
of the pressurization period. Although his observations were
qualitative, they are consistent with the use of Lebesgue norms
to describe the time-dependent crack growth effects, as origi-
nally suggested by Schapery et al.**
In addition to the hydrotest and final pressure loading
cycles, the motor case also is subjected to a range of thermal
environments. The majority of large solid rocket motors cur-
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rently are designed to withstand a moderate temperature
environment from 65 to 95°F. However, because more recent
applications have broadened the temperature range, large bal-
listic missiles with composite cases operate in a 20-100°F
environment. Air-launched and tactical motor cases are being
developed to operate at temperatures specified within a
—65-165°F envelope. Considering that normal cure con-
ditions for most solid propellants are around 120-140°F,
depending on propellant type and contractor facilities, the
nominal operational temperature range for most large solid
rocket motor cases is, therefore, about 20-140°F.

Many of these motor cases are subjected to internal pres-
surization during cure of the propellant at an elevated temper-
ature for approximately 5-7 days. Pressure levels of 200-350
psig are often maintained during the cure cycle. These pres-
sures are relatively low when compared to operational levels,
being only about 10-30%. However, the pressure is applied
continuously at moderately elevated temperatures, as
noted previously. Earlier micromechanics modeling work by
Beckwith®’ showed that even low stress level tests at 140°F
resulted in a significant deviation from linear viscoelasticity
theory as a result of internal crack growth and subsequent
softening of the overall composite. Consequently, elevated
temperature characterization of fiber-reinforced composites is
important because linear theory does not always provide reli-
able engineering design properties through normal extrapola-
tion procedures. Recent work by Beckwith® presented an
approach for characterizing the nonlinear behavior of $-901
glass /epoxy laminates using Lebesgue norms to model multi-
ple cycling effects such as exhibited during hydrotest and
ignition loading. All previously reported work was essentially
on autoclaved, flat-plate resin and laminate samples, whereas
the current paper investigates the behavior of composite sam-
ples taken directly from a filament-wound motor case.

Theoretical Background
Viscoelastic behavior and constitutive theory for fiber-rein-
forced composite materials recently have been reviewed in
detail by Schapery® and Beckwith.!® No attempt will be made
in this paper to go into the same depth, as only the necessary
essentials will be reviewed and presented.

Matrix Viscoelastic Behavior and Constitutive Theory

Typical polymeric matrix materials fall into several classes
of epoxies, phenolics, polyesters, etc., depending on the specific
strength characteristics desired and many other design consid-
erations. All of the materials exhibit some degree of viscoelas-
ticity and generally are considered to be of a homogeneous,
isotropic nature. The constitutive equation for a linear,
viscoelastic polymeric matrix is given by the Boltzmann super-
position integral for isothermal conditions as

! do
(—/{;D(l‘—T)‘d—TdT 1)
In the case of a uniaxial creep test the stress history is given
by :
o=0,H(1) (2)
The resulting constitutive equation (1) then becomes
«(r)=D(1)9, (3
The form of the creep compliance, D(r), which has been
found to represent the behavior of many rigid plastics both

with and without reinforcement!!!* is the power law form
given by

D(t)=D,+ D;t" (4

where D,, D,, and n are positive constants which are inde-
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pendent of time. D, is the initial value of the creep compli-
ance, D, the creep coefficient, and # is typically found to be
0<n<05.

Lamina Constitutive Theory

To study the behavior of laminated fiber-reinforced com-
posites, it is first necessary to establish the constitutive theory
for the lamina (or laminae) using linear, elastic, anisotropic
theory.!>'® Fibrous composites generally are used in a manner
such that the stress state is essentially two-dimensional and
the assumptions of plane stress are invoked. Many composite
materials also are treated as exhibiting transverse isotropy so
that the constitutive equation may be written as

€ Sy S, 0 9;
€2 = S]Z SZZ 0 g, (5)
Y12 0 0 Ses || T2

where the coordinate system has been aligned with the lamina
principal axes (1, fiber direction; 2, normal to fiber direction).
When the material axes are referred to any other direction
(x, y), the constitutive relations must be transformed using
tensor transformations, e.g., Ashton et al.,'6

’ ’ ’ ]
€x Si S Sis || %
’ ! ’
& (=182 S S|l % (6)
’ t’ ’
Yxy Sis S Sis || T y

Engineering constants usually refer to Young’s moduli,
Poisson’s ratios, and shear moduli, which can be measured
from simple tests. The following relations between the compo-
nents of the S;; and engineering constants are given as

S =1/E;,, S, =1/E,,

Si2=—vi2/E ;= —vy/Ey, Ss6 =1/Gy> (7)

The linear, viscoelastic behavior of the orthotropic lamina.
(or laminae) in a state of plane stress, viz., Egs. (5) and (6),
may be written in the same form as Eq. (1),

t do t do
€ =./;)S”(t—'r)d—1_1d'r+f0512(t—"r)d—:d'r
" do ¢ do
62=£)S,2(1—T)d—;d7+/;S22(t—T)-d—:dr

t dr,
Y1z=fos66(t”"')d—:.2d7 (8)

Similar expressions can be written for the constitutive equa-
tions in the transformed coordinate system. If the stress input
is given as o, = ¢, H(?), i.e., a creep test for a uniaxial tensile
specimen, then we obtain

(1) =5/() 0, (9)

where S/, is used since the more general, transformed axes
system for arbitrary fiber angle @ is chosen. In the case of
off-angle tensile specimens, i.e., 0 deg < § < 90 deg, the mea-
sured creep compliance is actually S/, (¢). For § =0 and 90
deg, S;; and S,, are measured for the respective angles
directly. The form of the creep compliance corresponding to
the matrix power law representation can be written as

S/ (1) =8,+S;¢" (10a)
where

S, =S/ (0) (10b)
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Experimental Program

Resin and Laminated Plates

The experimental program was designed to provide the
necessary isothermal data required to evaluate the effective
(overall) laminate stiffness of a typical glass /epoxy composite
material. The materials tested were representative of both the
constituent materials as well as glass/epoxy composites used
in a typical solid rocket motor case.

Tensile creep and recovery tests were conducted on Shell
58-68R epoxy resin, and laminates from the Shell 58-68R
epoxy resin and S-901 glass. Both unidirectional and balanced
ply laminates were constructed and tested. The materials were
fabricated for the experimental program and made according
to specifications used for typical solid rocket motor cases.
Complete details concerning material and sample preparation
are described in Ref. 10.

Tensile coupons with nominal 6-X 1-X §-in. dimensions
were fabricated from the various materials. Aluminum end
tabs with }-in.-diam holes were used to load the samples on
the creep machines. Strain gages were bonded to both sides of
the sample to average out any induced bending effects. Local-
ized heating effects were reduced by using 350Q gages.

To characterize the epoxy resin and glass /epoxy composite,
both single and multiple cycle creep and recovery tests were
conducted. The creep tests consisted of rapidly applying a
constant uniaxial load to the tensile coupon and measuring
the resultant strain for a 1-h period. This test was followed
immediately by a recovery test where the constant load was
suddenly removed and the strain was measured for 2 h. The
effects of multiple cycling were investigated for approximately
three creep-recovery cycles to model typical hydrotest damage
in filament-wound motor cases.

After completion of one cycle (creep-recovery), the total
strain was recorded, the strain electrically rezeroed, and the
next cycle initiated. The strain was therefore referred to the
specimen length which existed at the end of each cycle. Tests
on the Shell 58-68R epoxy resin matrix material were con-
ducted over a temperature range of 20 to 160°F for two cycles
of creep and recovery. Most of the creep and recovery tests
carried out on the S-901 glass/Shell 58-68R epoxy resin were
performed at 75 and 140°F with the exception of a few tests
conducted on 45 and +45 deg fiber angle glass/epoxy speci-
mens at 20°F. As many as five different stress levels were
studied for each fiber angle, depending on the degree of
nonlinearity observed in the stress-strain curves.

The results of the epoxy resin tests clearly showed that the
resin obeyed the power law creep compliance [Eq. (4)]. Figure
1 shows the net creep compliance [AD = D(t)— D, = D,t"]
on a log—log plot, where the slope has a value of n=0.19 over
a wide temperature range from 20 to 160°F. Table 1 sum-
marizes the power law constants (D,,D,) from both the creep
and recovery portions of the tests. It was noted®3'0 that D,
exhibited a temperature dependence as shown in Table 1.

For future reference purposes the linear viscoelastic creep
compliances for the S-901 glass/epoxy composite are given in
Table 2 for the unidirectional (8) and angle-ply (£6) com-
posite tests. All of the creep-recovery tests in the linear range
exhibited an n value corresponding to the epoxy resin of 0.19
as predicted by micromechanics theory. Multiple cycle and
high stress level tests at 140°F on the S-901 glass/epoxy
composite showed considerable nonlinearity, as seen in Table
3. The value of r was typically quite high for the first cycle
and then decreased with subsequent cycles. These results will
be used later to compare with actual motor case results.

Filament-Wound Motor Case Samples

To compare the effective stiffness of the composite plates
with an actual motor case, a full-scale solid rocket motor case
was used to obtain case specimens. Although the effects of the
hydrotest damage may be significant with regard to the first
loading cycle, the results of subsequent loading cycles (second
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Fig. 1 Net creep compliance for Shell 58-68R epoxy.

Table 1 Power law constants for Shell 58-68R epoxy

D, x 1078,
Temperature, D, X 1075, D, X 1076, from recovery
°F psi~! from creep data data
20 1.726 0.019 0.025
75 1.883 0.069 0.069
110 1.934 0.124 0.142
130 2.022 0.161 0.171
145 2.012 0.198 0.201
160 2.070 0.232 0.247

Table 2 Linear viscoelastic creep compliances
for S-901 glass / epoxy

Temperature, Fiber angle, Creep compliance, S/;,
°F deg X107° (psi™1)
20 0 0.1210 + 0.00031%1°
45 0.3021 + 0.0046°1°
90 0.3115 + 0.0025¢%1°
+45 0.2876 + 0.0023¢%1°
75 0 0.1213 + 0.0004¢°1°
20 0.1990 + 0.0038¢%1
45 0.3260 + 0.0124,%1°
90 0.3315 + 0.0081/%1°
0,/90 0.1793 + 0.0015¢%1°
+30 0.2037 + 0.0037,%1°
+45 0.3061 + 0.0082/°1°
+60 0.3534 + 0.0103/91°
+80 0.3416 + 0.0152,%1°
140 0 0.1265 -+ 0.00037%1°
20 0.1957 + 0.0439,%1°
45 0.3524 + 0.0503:°1°
90 0.3490 + 0.1468,01°
0/90 0.1829 + 0.00961%1°
+30 0.2042 + 0.0345¢°1°
+45 0.1881 + 0.3032¢°1°
+60 0.3181 + 0.1786£°1°

through nth cycle) could be compared directly with the fabri-
cated glass/epoxy plates. For this series of tests, the forward
dome was chosen because the aft end has an outer layer of
cork insulation which could not be removed easily without
damaging the case material.

Samples were obtained from an area between two of the
thrust termination ports. In this region, the motor case does
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Table 3 Nonlinear creep compliances for S-901
glass / epoxy composite (140°F)

Fiber .
angle, Stress, Load Creep cornénliance, Siis
deg psi cycle x107° (psi™h)
20 4,800 1 0.2185 + 0.0097:%4
2 0.2406 + 0.0105:%3°
3 0.2531 + 0.0123;°3°
20 8,500 1 0.2633 + 0.05827%%°
2 0.7196 + 0.0944°47
20 10,500 1 0.2642 + 0.0555¢%°
2 0.7422 + 0.08731%4
45 3,000 1 0.4102 + 0.1077:%4
2 0.6947 + 0.0879¢°33
45 5,000 1 0.4419 + 0.02211%33
2 0.4997 + 0.0602°%%7
3 0.5349 + 0.0722/°%
45 6,500 1 0.5264 + 0.1441,%57
90 1,480 1 0.4357 + 0.04981945
2 0.5318 + 0.0649¢%33

not possess midplane symmetry because there are eight alter-
nating layers. The fiber angles of samples taken from the
meridional and circumferential directions were approximately
+20 and +70 deg, respectively.

Several types of tests were conducted on these specimens.
Direct comparison was to be made primarily using tensile
creep-recovery tests in a manner similar to the resin and
laminated plate coupons. Four-point beam bending tests were
conducted using two different loading modes: creep-recovery
and constant displacement rate conditions. The + 70-deg sam-
ples were tested in tension because of the lower degree of
curvature, Stress levels of 300 and 1000 psi were used for these
tests for three creep and recovery cycles. The four-point beam
bending tests gave a constant moment between the two center
loading points. Both +20- and + 70-deg samples were used at
at least two bending moments. The constant displacement rate
conditions were applied to the center loading points and the
strain gage and crosshead displacement monitored throughout
the load cycle. Two or three load-unload cycles were made on
each sample. All tests were conducted at 75°F and ambient
humidity (about 30% relative humidity). The fiber volume on
the autoclaved plates averaged 0.616, whereas the volume fiber
in the motor case samples was found to be 0.635.

Filament-Wound Case Results

The tensile creep-recovery tests on the +70-deg fiber angle
case samples were conducted for two nominal stress levels,
300 and 1000 psi. Figures 2 and 3 show the effects of both
stress level and multiple cycling. Remember that these materi-
als have already been stressed to a high level during the actual
motor case hydroproof. Although the case was not burst, some
damage was evident in the dome region through the ap-
pearance of microcracking, or crazing. However, several ob-
servations can be made at this point. The first is that the
higher stress level (1000 psi) is softer and apparently reflects
some internal damage. The second observation is that there is
a disproportionate amount of change between the first and
second creep-recovery cycles. This was also noticed in the
laminated plates, and was a particularly strong effect in +45-,
1 60-, and + 80-deg angle-ply samples at even moderate stress
levels.”®1% Lou and Schapery'” found that as many as 5-10
creep-recovery cycles were required to stabilize E-glass/epoxy
unidirectional composites at elevated temperatures.
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Fig. 2 Effect of multiple loading on creep compliance (300 psi stress).
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Fig. 3 Effect of multiple loading on creep compliance (1000 psi
stress).

The net creep compliance, AS/; or S,¢”, was plotted on a
log-log scale as shown in Figs. 4 and 5 after assuming
n=10.19 and determining the best fit values for S, and S,. The
slope of the curves is indeed 0.19, with excellent agreement
with both the earlier resin data as well as the laminated
(autoclaved) plate data. It can also be seen that the value of S,
decreases slightly with each successive cycle of creep and
recovery. The effect again is more pronounced with the higher
stress levels. Looking at Table 3 it can be seen that there
are significant changes between the first and second creep-
recovery cycles for the laminated plates and much less be-
tween subsequent cycles. Also, it is of interest to note that the
value of S, generally increases for the laminated plate results,
whereas the + 70-deg test results show a decrease. The changes
in the laminated plate also were found to be more severe (50%
between first and second cycles and 10-20% between second
and third cycles, on the average) than that seen in the case
materials. It is believed that the +70-deg orientation has
already experienced significant nonlinear damage due to the
hydroproof tests. Consequently, one should not expect as
good a correlation in the absence of first cycle data.
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Fig. 4 Net creep compliance for case material (300 psi stress).
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Fig. 5 Net creep compliance for case material (1000 psi stress).

The previously described uniaxial tensile tests were con-
ducted to investigate the time and temperature dependence of
the S-901 glass/epoxy composites.'® The studies have shown
that the glass /epoxy materials are nonlinearly viscoelastic,>’°
probably due in part to the time-dependent development and
growth of microscopic cracks. The degree of nonlinearity
depends on many factors which have been cited already;
namely, stress level, temperature, fiber angle, etc. However,
the uniaxial tensile test differs significantly from a bending
test in that a strain gradient exists across the thickness which
is not present in the former one (neglecting a slight amount of
bending due to grip effects). This series of tests was conducted
to determine the effect of the strain gradient on material
nonlinearity.

The results from some of the creep and recovery tests are
shown in Figs. 6—8. The data are plotted as usual for the
previous tests of this type, except that strain € rather than
compliance is used. Strictly speaking, we cannot assume that
all of the layers of the beam are within the linear viscoelastic
range, particularly in the presence of a significant strain
gradient. Neglecting this situation for the moment, we shall
study some of the behavior shown by the beam tests. Remem-

J. SPACECRAFT

T T
_2.80 | FTBER ANGLE +20° (CASE) ,

z MOMENT 10.5 IN-LB
=
& -2.81f 4
-
g -2.82 J
|51
- © CYCLE 1

o
& -2.83F 1
= ® CYCLE 2
o

A& CYCLE 3
8 -2.84 [
= -1 0 1 2

LOG TIME (MIN)
Fig. 6 Effect of multiple cycling for +20-deg case material beam.
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Fig. 7 Effect of multiple cycling for + 70-deg case material beam (1.5
in.-Ib moment).
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Fig. 8 Effect of multiple cycling for +70-deg case material beam (5.5
in.-lb moment).

ber also that the strain used here represents the output from
the strain gage on the tension side of the beam.

In general, the beam cycle-to-cycle variation behaves in the
same manner as the tensile coupons, showing a dispro-
portionate change between the first and second loading cycles.
It has been found that the strain can be represented by the
power law in time with n = 0.19 for all the tests, regardless of
fiber angle or stress level, with excellent correlation at each
cycle.

With the behavior pattern now established, let us assume
that the stress o at the outer fibers of the beam is still within
the linear range. Consequently, we can use the flexure formula

o=Mc/I (11)

Linear elastic (viscoelastic) behavior was assumed, although at
the higher stress levels this will not be true. The creep compli-
ance may be determined in the same manner as in the previ-
ous tests for the constant applied stress. Table 4 shows the
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Table 4 Beam creep and recovery compliances

Fiber angle, Moment, Load Compliance,
deg in.-1b cycle x107¢ (psi™1)
+45 12.5 1 0.3000 + 0.0083%1°

2 0.3027 + 0.0085¢%1°
+45 55.5 1 0.3980 + 0.0097¢°1°
2 0.4205 + 0.0067:°%°
3 0.4371 + 0.00327°17
420 case 10.5 1 0.1657 + 0.0024/°1°
2 0.1724 + 0.0025/°1°
3 0.1735 + 0.0028/°1°
+70 case 1.5 1 0.7694 + 0.0291¢°1°
2 0.7753 + 0.0295¢°1°
3 0.8085 + 0.0212/°19
+70 case 55 1 1.5060 + 0.18997%1°
2 1.6394 + 0.1758¢°1°

effective creep compliance found by using the stress defined
by Eq. (11).

The initial creep compliance for the +45-deg S-901
glass/epoxy tested at the bending moment of 12.5 in.-1b is
within 2% of the value shown in Table 2 for the uniaxial
tensile creep and recovery tests. The creep coefficient, which
does not change significantly with subsequent cycles, also
agrees with the uniaxial data. At the higher stress levels
(moments) the +45-deg S-901 glass/epoxy exhibits the
softening effect seen in the tensile coupons.

Consider the +420-deg S-901 glass/epoxy case material
next. In earlier works®!® the angular dependence of the linear
viscoelastic creep compliances was predicted. From the pre-
dicted curve based on third cycle data the initial compliance
was found to be 0.187 X 107° (psi~!), which agrees reason-
ably well with the beam values. The agreement is within 4.5%
after correcting for the difference in the fiber volume fraction
using the actual motor case data. The third cycle beam data
were corrected by simply multiplying by the ratio of the fiber
volume fractions, i.e., 0.635/0.616, to obtain an estimated
initial creep compliance.

The +70-deg case material does not show good agreement
with the initial linear creep compliance of 0.348 X 1076 (psi 1)
which would be predicted,*!® being in error by about 100%.
However, the strain which exists at the outer fibers of the
beam is on the same order of magnitude as the earlier tensile
creep and recovery tests which had also indicated significant
softening. It is not unreasonable to expect severe softening
after one considers the prior history of the case as a result of
hydrotesting. There is a considerable number of surface cracks
present in the case materials as a result of the earlier hydro-
testing. The material is, therefore, much softer in the dome
region of the motor case, where the fiber angles are greater
(near +70 deg), than in the cylinder section (0/90 deg).

Another interesting feature is the relative growth in the
initial creep compliance for the +70-deg S-901 glass/epoxy
with each cycle, while the creep coefficient remains virtually
unchanged from cycle to cycle. The normal stress is consider-
ably higher than the shear stress for the +70-deg fiber angle
and would tend to explain this behavior in terms of sudden
(rather than slow) crack growth.

The constant displacement rate tests were conducted to
study the effects of multiple cycling under controlled displace-
ment conditions. The test has been observed to be essentially a
constant strain rate test for the sample stiffnesses encountered.
The effects of multiple cycles are shown in Figs. 9 and 10 for
fiber angles of +20 and 470 deg in the motor case samples.

The cyclic loading of the motor case materials appears to
have reached an equilibrium behavior. The hysteresis loop
remains essentially unchanged from cycle to cycle except at
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the higher moments. The material exhibits considerable
softening in the initial compliance (Table 4), although the
creep coefficient which reflects time-dependent crack growth
appears to remain unchanged with successive cycles. The
+ 20-deg fiber angle specimens agree well with linear theory at
low stress levels (< 5 in.-lb) and show little hysteresis. How-
ever, the + 70-deg samples, as previously noted, exhibit con-
siderable softening and do not agree at all with linear beam
theory. '

Conclusions

Many of the characteristics seen in the earlier resin and
laminated (autoclaved) plate tests on the S-901 glass/epoxy
are also seen in the filament-wound motor case specimens.
They both appear to obey micromechanics theory in the linear
viscoelastic region, reflecting an n value of 0.19 as seen in the
resin. The +20-deg fiber angle samples, having seen predomi-
nantly lower stresses during hydrotest, agree well with the
laminated plate results and linear theory. The + 70-deg fiber
angle materials exhibit a large departure from linear theory,
most likely due to the presence of microcracking and resin
crazing,

As in the laminated plate tests, the most significant dif-
ference in creep behavior is exhibited between the first and
second loading cycles, whether the loading is in tension or
bending. The changes with each cycle are more apparent in
tension loading (Table 3) than in bending (Table 4), where
crack arrest appears to be taking place. The presence of a
strong strain gradient in the beam tests can provide a signifi-
cant mechanism for crack arrest between layers (plies).
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