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FOREWORD

This report was prepared by the U. S, Forest Products Laboratory
under USAF Contract No. DO 33(616)-54~1/, Amendment A1(55-1730).
This contract was initiated under Project No. 7360, "Materisls
Apalysis and Evaluation Techniques," Task No. 73604, "Fatigue
Properties of Structural Materials," and was administered under
the direction of the Materlals Laboratory, Directorate of Research,
Wright Air Development Center, with Mr, Robert J. Rooney acting as
project engineer.

This report covers work conducted from May 1954 to October 1955,
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ABSTRACT

Fatigue strength values are presented for 6 standard and 4 heat-resistant
resin laminates reinforced with glass fibers. Fifty-three S-N curves,
representing fatigue data between 1 thousand and 10 million cycles, show
the effect on fatigue strength of a notch, moisture, fabrics, resing,
mean stress levels, angles to warp, and temperatures up to 500° F.
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Introduction

Since glass-fiber-reinforced plastic laminates are continually being devel-
oped for structural use in aireraft and power plants, it is essential that
the factors affecting their strength be evaluated for the designers. There
is a considerable amount of data available on the static strength properties
of structural plastics under standard conditions, and there are some data
available on their fatigue strength at room teuwperatures, but available
fatigue data at elevated temperatures are limited. To fill this gap in the
knowledge of factors affecting the strength of reinforced plastics that are
being formulated for use under adverse conditions, the fatigue properties
of typlcal heat-resistant plastic laminates were investigated at both room
and elevated temperatures &t the Forest Products Laboratory in cooperation
with Wright Air Development Center.

The fatigue data were obtained on axially loaded specimens from 10 types
of leminates that were molded in flat sheets. Each of these 10 types of
laminates consisted of one of 6 types of resin and one of 5 types of glass
fiber reinforcement. The effects investigated were: (1) effect of stress
concentration; (2) moisture effects; (3) temperature effects; (4) effect
of direction of loading; (5) effect of various levels of mean stress; and
(6) effect of types of fabric reinforcement. The stress concentration was
produced by a 1/8 inch dismeter hole in the center of the specimen Mois-
ture effects were produced by conditioning the material at 100° F. and 100
percent relative humidity for not less than 30 days prior to testing at
that condition. The effects of temperature were investigated at 73°, 300°,
and 500° F. during the test period. Since the test material was in flat
sheets, the specimens were loaded axially in the plane of the sheet at 0°
and 45° to the warp at a test frequency of 900 cyeles per minute., Various
alternating stresses were superimposed on various tensile mean stresses.
The complete relationship between alternating stress and mean stress with
respect to time was clarified by stress-rupture data supplied by Wright
Air Development Center on matched material, A total of 53 S-N curves were
obtained, each covering & range of 1 thousand to 10 million cycles.

The methods of test and presentation in this report have the seme general
pattern that was used in presenting fatigue and stress-rupture information
in Forest Products Laboratory reports 1825L and 1839- These two reports
presented 19 S-N curves for 3 materials under various conditions that are
comparable to those presented here except that all tests were at room
temperature.

lEBoller, K. H. Fatigue Tests of Glass-Fabric—Base Leminates Subjected to
Axial Loading, Forest Products Laboratory Report 1823, May 1952.

2
“Boller, X. H. Stress-Rupture Tests of a Glass-Fabric-Base Plastic Lamin-

ate, Forest Products Laboratory Report 1839, June 1953.

Manuscript released by authar 1 March 1956 for publication as a WADC
Technical Report,
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Description of Materials

Flat, glasg-fiber-reinforced panels approximately l/h inch thick were made
or procured by the Forest Products Laboratory. The size and number of
panels of each type of laminate varied with the number of tests required
for that particular laminate. The specifications for the materials were
supplied by Wright Air Development Center.

Of the 10 laminates under investigation, 4 were made with heat-resistant
resins: (1) polyester resin (PDL-7-669) (2) epoxide resin (Epon X12100)
(3) phenolic resin (BV 17085) and (4) silicone resin (DC 2106). All of
these heat-resistant laminates were reinforced with 181 glass fabrie,
Volan A finish, except the silicone laminates, which was made with heat-
cleaned 181 glass fabric. The other six laminates were in the standard
class. One of these was made with an epoxide resin (Epon 828 CL), and
the remaining 5 were made with a polyester resin (Paraplex P43). The
standard epoxide laminate was reinforced with 181 glass fabriec and the
polyester laminates were reinforced with 181, 112, 120, and 184 glass
fabric and a 1-1/2-ounce glass mat. All the woven fabrice had Volan A
finish. All of the fabric laminates were parallel laminated.

The methods used to wake the panels at the Forest Products Laboratory are
shown in table 1. The methods used for the other panels are not specifi-
cally known, but the laminates did meet the established strength require-
ments.

The quality of the laminates, as measured by their physical properties and
static strength in tension, compression, and flexure, is shown in table 2,
Values reported in this table were obtained in accordance with Federal
Specification LP406b. The standard laminates had properties that exceeded
the minimum requirements of parallel-laminated, 1/8-inch-thick stock, as
stipulated in Specification MIL-P-8013A, except that the maximum tensile
stress at room temperature for the polyester laminate with mat reinforee-
ment was below the specification requirement.

The four heat-resistant laminates had some properties that were lower than
censidered possible to attain with these materials.

Fatigue Tests

Test Specimens - Unnotched

The type of fatigue specimen used. in this investigation (fig. 1) is the
same as the type used previously.= The specimen was gripped by the clamps
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shown in figure 2 so that it had an unsupported length of 2-l/h inches.
The ratio of this length to the thickness was about 9, which was suffi-
ciently small to prevent buckling during the compression e¢ycle of the
fatigue tests.

Test Speclmens - Notehed

The notched fatigue specimens were the same size and shape as the unnotehed
specimens, The notch, or stress conecentration, was a hole 1/8 inch in di-
ameter at the center of the specimen. Theoretically, the stress at the
edge of this centrally located notch was 5—1/2 times the average stress.
However, the actual effect of the notch and the L4 inch radius used to re-
duce the width, as shown by data in the previous report,i was a reduction
in average stress of 20 to 28 percent in tension, and an increase in aver-
age stress of 6 to 20 percent in compression.

Smooth cuts along the edges of the specimens were made with a carborundum
saw for the straight cuts or by a small emery wheel mounted in the plane
of the sheet for the curved cuts. The l/8winch hole was drilled with a
steel drill and received no polishing,

Test Specimens -~ Stress Rupture

Stress-rupture specimens, which were subjected to a steady stress without a
superimposed alternating stress, were necked down like the fatigue speci-
mens. These constant load specimens were the same as the fatigue speci-
mens, except that their overall length was 20 inches instead of 6, and
their width was 1-1/b inches instead of 1l-1/2 inches. Three quarters of
an inch from each end, a hole 3/8 inch in dismeter was drilled for use in
applying the load to the specimen. The areass around the holes at the ends
of the specilmens were reinforced with 1-1/&- by 2- by 0.04l-inch aluminum
plates that were bonded to the specimens with Epon VI metal adhesive, This
measure was taken because failures were occurring at these holes in both
notched and unnotched specimens at room and elevated temperatures.

Scope of Test Program

The effects of notch, moisture, direction of loading, magnitude of mean
stress, and temperature on the fatigue characteristics of the 10 materials
were evaluated in this test program. All comblnations of variables and
materials were not investigated, however. The specifiec variables that were
investigated for each material are shown in table 3. In addition to the

S-N curves obtained at the Laboratory, 6 stress-rupture curves were cbtained
by Wright Air Development Center. They were for notched and unnotched speci-
mens of the heat-resistant polyester laminate tested at 73° and 50 percent
relative humidity, 300° and 500° F.

WADC TR 55-389 -3-



Test Method and Equipment

After the quality of the materials had been determined by standerd methods
of test, 10 speclmens for fatigue tests and 5 specimens for static tests
of ultimate tensile strength were cut from each material, to make a total
of 15 basic matched specimens for each S-N curve, Scme compression con-
trol tests were made on heat-resistant laminates. The control specimens
were tested in & universal testing machine (fig. 3) under the same condi-
tions of temperature and humidity as were to be maintained during fatigue
tests on the same material. After the static ultimate tensile strength
had been determined on & fatigue-type specimen of one material, alternat-
ing stress amplitudes were assigned to a series of fatigue specimens of
that material. The highest alternating stress assigned was about 70 per-
cent of the static tensile strength, and the percentage was decreased on
subsequent specimens until a specimen endured 10 willion cycles. This
procedure provided test data between sbout 1,000 and 10 million cycles,

All of the fatigue specimens were aximlly loaded by fatigue machines of
the type shown in figure 4. For high-temperature tests, the specimens
were enclosed in ovens, as shown in figure 5.

To have the specimen truly axially loaded, without torsion or bending dis=-
tortion, the upper and lower grips were rotated to bring the stationary
faces of both grips into the seme plane. Tension and compression loads
were applied alternately by an eccentric operating at 900 revolutions per
minute. The static load that was first applied to the specimen was meas-
ured by a dial mounted on a calibrated dial bar. The dial measured the
deflection of the horizontal loading arm between the connecting rod of the
eccentric and the loading screws. This static load took into account the
inertia effects of the moving parts, so that the desired dynamic load was
applied during test. The factors for this increase of dynamic load over
static load had been previously measured electronically. The desired dy-
namic load was kept constant throughout the test by periodie checks, and
adjustments when necessary. An electronic shut-off mechanism on the hor-
izontal loading arm stopped the test if the load dropped more than 25
pounds. Then, if failure had not occurred at a shut-off, load adjustments
were made and the test was continued.

One testing machine was operated in a room maintained at 73° F. and 50 per-
cent relative humidity. Heat generated in the net section of the specimen
was removed by a l2-inch fan that continuously blew air past the specimen.
Two machines were equipped with ovens (fig. 5) capeble of heating the speci-
men and its clamps to 1,000° F. and maintaining the desired temperature to
+ 5° F. The ovens were split in the center in a vertieal plane, and each
half could be rotated on a hinge at the vertical post of the fatigue wa-
chine, so that the fatigue specimens were accessible. The heating elements
in the ovens were divided into 3 zones, each of which was regulated by a
rheostat, which was- in turn regulated by a thermocouple. The thermocouple
was taped to the specimen at the net section, so that the teuwperature rise
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due to the heat generated in the specimen during the test was considered
as part of the total temperature upon which control of oven temperature
was based. The temperature of the air between the heating coils and the
specimen was thus somewhat less than the established test temperature.
Each fatigue specimen to be tested at 300° or 500° F. was installed in =
comparatively cool oven. After installatlonm, it required about an hour
for the specimen, its fittings, and the loading screws to reach tempera-
ture equilibrium. The specimen was then loaded and tested.

A wet condition of 100° F. and 100 percent relative humidity was provided
by special humidity chambers. For preliminary conditioning, a small metal
box with a rack for holding the specimens above water was placed in an
oven at 100° F. The fatigue specimens were exposed in this manner for at
least 30 days before they were tested. In the fatigue machine, they were
tested in mnother chamber attached to the loeding screws (fig. 6). This
chamber was & cylinder with rubber sides and tin ends, A rubber hose
carried moisture-laden air from a generator (£ig. 7) to the specimen. The
generator, which was a tank filled with water that was heated by thermo-
statically controlled electric elements, combined air and water so that
air at the fatigue specimen would be at 100° F. and 100 percent relative
humidity. Compressed air bubbled up through the warm water, and picked up
moisture and heat. Heat losses through the rubber hose were tsken into
account, so that the air delivered to the specimen was et the desired con-
ditlons. :

Stress-rupture test specimens of the size and shape indicated earlier were
supplied to the Wright Air Development Center, where stress-rupture tests
were mede in tension on apparatus at the Materials Laboratory uat Wright-
Patterson Air Force Base, Ohio., 'They used the creep testing machines and
ovens normally used for testing metals to test the modified fatigue speci-
mens. The bearing holes at the ends of these modified specimens were re-
inforced with aluminum plates, as mentioned earlier, to prevent premature
failure during load application.

Test Data

The results of individual fatigue and stress-rupture tests are shown in
tables b4 through 15 and in figures 8 through 38.

The individual static control strength values, shown in tables 4 through
14, have been averaged and their variation is shown by the coefficient of
veriation, Cov, which equals 100 times the stendard deviation divided by
the average. Only 3 tensile values of the coefficient of varlation are
greater than 10 percent, and the average Cov is 5.30 percent. The indi-
vidual fatigue test values, &s shown by their location on the stress-cycle
coordinates, do not scatter a great deal on either side of the smooth curve
that has been drawn through them. The scatter is small for all S-N curves
except those for heat-resistant phenolic and epoxide resin laminates at
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500° F. The amount -of scatter at 500° F. probaebly results from the com-
bined effects of exposure to high temperature and to fatigue loading. Both
cause a reduction in strength. The test results are a combination of these,
and the time of exposure to high temperature is not proportional to the time
(eyeles) to failure, because of pre-test conditioning and shut-off periods.
The smooth curves drawn through the test data represent the data well enough
to meke comparisons with other fatigue data, however,

Summaries of fatigue and stress-rupture data are shown in tables 16 through
19 and in figures 39 through 53. These figures and taebles pregent the
smooth curves and the fatigue strength values that have been picked from
the smooth curves at a specific number of cycles. The percentage values

in the tables are the respective strength values times 100 divided by the
statie tensile strength of an unnotched specimen of similar material at
room temperature. In this manner, the effect of all variables can be re-
lated to & common base,

Values for stress at rupture (table 19) were picked from stress-rupture
curves (figs. 36 to 38) at a number of hours equivalent to the duration of
the indicated number of cyeles. The conversion factor is 900 cycles per
minute,

Discussion of Results

It has been well established that the continual application of stresses,
elther alternating, .steady, or & ccmbination of both, causes the failure
of plastic laminates, even though the stress is less than the short-time
static ultimate strength. It is also well known that notches, water, and
temperature affect the strength, but the magnitude of the effeet of com-
binations of these factors has not been known.

The effect of these variables on the fatigue strength is shown in the sum-
wary figures (figs. 39 to 53), where various individual S-N curves have
been superimposed to permit comparison. The effects that these variables
had on the fatigue strength are as follows:

Effect of Repetition of Stress at
Room Temperature

Tables 16 and 17 show a considerable range in fatigue strength values of
unnotched material with different reinforcements and resins. However,

the standard laminates made with polyester resin and fabrie reinforce-
ments have essentially the same fatigue strength above 10" cycles to fail-
ure, regardless of the fabric type (table 16, fig. 39). The mat-reinforced
laminate has a fatigue strength considerably below those for the fabrie-
reinforced laminates (table 16, fig. 39). When expressed as = percentage
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of static tensile strength, most fatigue strength values at 107 cyecles
ranged from 20 to 25 percent, except for the strength of the epoxide lam-
inate, which was considerably higher,

The heat-resistant laminates, when tested at room temperature, show char-

acteristics similar to those discussed above (table 17, fig. 41). The
silicone laminate shows the lowest fatigue strength at 107 eyeles.

Effect of Moisture

Normally, the emount of moisture that is absorbed by glass-reinforced
plastic laminates is on the order of 1/2 to 2 percent. However, these
small amounts of moisture cause reductions in static short-time strength
and in fatigue strength. For example, the short-time tensile strength

of the standard polyester resin leminate was reduced from 46,000 to

k2,330 pounds per square inch (table 4) due to the absorption of mois-
ture, and the fatigue strength (table 16, fig. 42) was reduced from 32,300
to 20,000 pounds per sgquare inch at 103 cyeles and from 10,400 to 9, hoo
pounds rer square inch at 10T cycles. This phenomenon of smaller reduc-
tions in fatigue strength as the number of cyeles increases was cbserved
in the previous study at 73° F. and 100 percent relative humidity.l It
was believed at that time that some drying was taking place. However, in
this experiment at 100° F. and 100 percent relative humidity, the speci-
mens were thoroughly wet at all times. Current data, therefore, show

that the fatigue strength of standard polyester resin laminates is reduced
only 2 percent of the static tensile strength at lOT cycles because of
moisture.

Fatigue data obtained on epoxide resin laminates show the effect of wois-
ture absorption to be insignificant (fig. L2).

Effect of Stress Concentration
(Notech of 1/16-inch Radius)

Almost every S-N curve that was experimentally obtained for unnotched
specimens has & companion curve for notched specimens. Data for notched
and unnotched specimens of standard polyester resin reinforced with 181
glass fabric are given in Forest Products Laboratory Report 1823.L The
5-N curves for notched specimens are in almost every instance lower than
those for unnotched specimens. Exceptions exist at elevated tewperature
where either the degree of scatter of data is greater than the effect of
the noteh, or where the low compressive strength disrupts the usual trend.

S-N and stress-rupture curves that compare strength values of notched and
unnotched specimens are shown in figures 18, 19, 27 through 38, and L3,
Fatigue data for the heat-resistant polyester resin laminate at 3 tempera-
tures and various stress levels are shown in table 18. It should be noted
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that the S-N curves for notched specimens of the standard polyester lami-
nate reinforced with various fabrice are approximately parallel to each
other (fig. 43). Parsllelism of the S~-N curves of notched and unnotched
material is illustrated for the laminate with 184 fabric. This parallelism
between companion curves of notched and unnotched material exists in general
throughout the entire study. The degree of difference between the two
curves varies for each material.

The average fatigue strength for notched material at room temperature after
107 cycles at zero mean stress is about 235 percent of the room-temperature
ultimate tensile strength (tables 16 and 17). However, the average differ-
ence in fatigue strength between notched and unnotched material at room
temperature after 107 cycles at zero mean stress is only about 4.5 percent
of the room-temperature ultimate tensile strength (tables 16 and 17). Those
materials with the highest percentage of reduction would be considered the
most sensitive to stress concentration. In this respect, the standard
polyester laminate reinforced with 112 fabric shows the greatest sensi-
tivity.

At high temperature, particularly st 500° F., the difference between the
strength values of notched and unnotched specimens at 107 cycles is gen-
erally smaller than at room temperature (table 17). Two of the materials
show progressively decreasing differences with increasing tewperature. At
high temperature, the failure was commonly in compression, and showed as a
shear failure at an angle to the plane of the specimen. In a compression
failure, the notch would be expected to have a lesser effect than in the
case of a tensile failure through the notch. Fatigue data at elevated
temperatures, then, probably should not be used as an indication of the
sensltivity of the material to & notch.

Another effect of notching, which is not so readily noticeable, is the
apparent reduction of the degree of secatter., It may be seen In the in-
dividual figures that the data points of unnotched material have more
scatter than data from the notched material.

Effect of Direction of Loading

The laminates used In this fatigue study were l/h-inch-thick flat plates
made of parallel laminations of individual layers of glass fabrie. The
majority of the specimens were cut from the laminates so that their length-
wise direction (axial direction) was parallel to the warp direction of the
fabric., A few specimens of heat-resistant polyester resin laminate, how-
ever, were cut from the flat plates with their lengthwise direction at L45°
to the warp direction. These specimens were unnotched and were tested at
room temperature, 300°, and 500° F. The results of these tests are shown
in tables 11 and 17, and in figures 26 and k. In figure L&, these re-
sults are compared with fatigue strengths at 0° to warp. The static ten-
sile strength at U5° to warp is usually lower than that at 0° to warp,
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end so the fatigue strength would also be lower. The date show that at
room tewperature an endurance limit is reached at about 40,000 cycles and
a stress level of 6,500 pounds per square inech, Fatigue data on specimens
tested at room temperature and 0° to warp do not show an endurance limit
at 107 cycles. Time and high temperature cause S-N curves to continue
their decline, so_that it is not certain whether or not an endurance limit
was reached at 107 cycles at elevated temperatures (fig. 26). The endur-
ance limit at 40,000 cycles and 6,500 pounds per square inch agrees with
Forest Producte Laboratory Report 1823,1 which shows an endurance limit at
40,000 cycles and 5,000 pounds per square inch for a similar laminate.

Effect of Elevated Temperature

As is true for other propertles, exposure to elevated temperature results
in a reduction of fatigue strength. The fatigue data for 4 heat-resistant
laminates (table 17 and figs. 44 through 47) show this effect at 300° and
500° F. Whlle each of the laminates shows & decrease in fatigue strength
with an increase in temperature, the magnitude of the decrease varies with
the type of laminating resin., The effect appears to be related to the
strength retention of the laminate with increasing periods of high-temper-
ature exposure. For example, although the epoxide and silicone laminates
had the lowest statlc groperties at 500° F. (tables 8 through 14), their
fatigue strength at 10/ cyeles was somewhat higher than that of the poly-
ester and phenolic laminates. The lower initisl strength of the epoxide
and silicone laminates is reflected in the lower fatigue strength at the
shorter periods (smaller numbers of cycles).

Stress-rupture data (table 19) do not indicate a large effect for extended
periods of exposure of the polyester laminate to elevated temperatures.

It appears, therefore, that this laminate is more sensitive to time at
temperature when subjected to fatlgue loading.

The effect of temperature on the endurance limit of laminates loaded at
45° to warp is pointed out above. The weakening effect of temperature is
not confined to 0° and 45° to the warp, however. It also affects the
strength perpendicular to the laminations. The clamps holding the fa-
tigue specimen in the machine had to be tightened during the course of the
test to prevent slippage which indicated that some crushing perpendicular
to the plane of the specimen was occurring.

The weekness in compression in the plane of the specimen at elevated tem-
peratures is demonstrated quantitatively by the static compression tests
on the heat-resistant resin laminates (tsbles 9, 10, 12, 13, 1h).

The scatter of the fatigue data at 500° F. for the heat-resistant epoxide

leminate (fig. 29) was partially due to erratic failures. The majority
of the failures were in compression although some were in tension.
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As was indicated earlier, all tests, including those at elevated temper-
ature, were made at a frequency cof 900 cyeles per minute. Somewhat dif-
ferent effects of elevated temperature on fatigue properties might have
been expected had the tests been made at a different frequency. That is,
the test frequency determines the time of exposure to elevated temperature
for any given nmumber of cycles. Thus, a lower test frequency would in- '
crease the time of exposure and, particularly for those laminates more
effected by extended high-temperature exposure, might be expected to lead
to lower fatigue strength, particularly at the larger number of cyecles.
Conversely, a higher test frequency might be expected to lead to higher
fatigue strength because of the reduced time of exposure.

Effect of Various Mean Stress Levels

In all of the previous discussion, the alternating stresses have been equal
tenislle and compressive stresses that alternated about a zero mean stress.
In practice, this condition is only one of the many mean stress conditions
that may be encountered. The alternating stress amplitude, at zero mean
stress, may vary from zero to the ultimate strength of the material, and

the mean stress level may vary from zero to the ultimate strength of the
material when time, temperature, and other factors are considered. Data

in table 18 and in figures 48 through 53 show graphically the relation be-
tween mean stress, alternating stress, and time when other factors remain
constant. These figures show the alternating stress amplitude as ordinates
that may be either compressive or tensile stress, and the mean stress levels
are shown as abscissas that may alsc be either compressive or tensile stress,
The data plotted on these coordinates are the alternating stress amplitudes,
at various numbers of ecycles, that were picked from the S-N curves of the
respective mean stress conditions (figs. 20 to 25). When the alternating
stress amplitude is zero, the abscissa intercepts are equal to the steady
stress (from stress-rupture data} that can be supported for a period equiv-
alent to the number of cycles shown.

Laminated plastics at elevated temperatures do not always have equal ten-
sile and compressive strength values, as discussed earlier, If they are
not equal, the alternating stress amplitude that can be sustained for a
glven number of cycles depends in part on the compressive strength. Thus
when tensile mean stresses are applied, scmewhat higher alternating stress
amplitudes can be sustained at low levels of mean stress than at zero mean
stress. Examples of this effect are shown in figures 52 and 53.

The alternating stress-wean stress diagram, if modified to non-dimensional
coordinates to show the effect of temperature at a specified time period,
changes to the form shown in figure 54. In that figure, the ordinate is
the alternating stress amplitude S, for a specified lifetime or number of

eycles divided by the experimental fatigue strength Se at the same life-
time for a completely reversed stress. 'The sbscissa is the specified mean
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stress S divided by the experimental static stress-rupture strength Sa
for a specified lifetime converted to the same period as fatigue life.

5
The gtraight line (modified Goodman line) is then expressed as §E =
e
1l - —E.i Nearly all of the data are below the straight line and show

S¢

that allowable stresses obtained by the modified Goodman line would be
too high.

Summary

Data presented in this report show the fatigue characteristiecs at a
frequency of 900 ecycles per minute of a number of typical laminates and
the effect on these characteristics of a number of factors that may af-
fect design. Not all the ftrends are clearly defined, but a few general-
izations are indicated by the data.

1. Differences in reinforcements have less effect on fatigue strength,
particularly after many cycles, than they have on static strength.

2. The effect of moisture absorption on fatigue strength is less than on
static strength. Moisture effects appear to vary with resin type.

3. A stress concentration, such as the hole used in this gtudy, generally
reduces fatigue strength. The magnitude of the reduction, however, varies
considerably with the material and with the conditicns of test.

h, The materials tested do not appear to have reached an endurance limit
at 10 million cycles, except for specimens tested at 45° to the warp direec-
tion. They reached an endurance limit at about 40,000 cycles at room tem-
perature. Thus, the fatigue strength values at 0° and at 45° to warp tend
to be similar after many cyecles.

5. Elevated temperatures tend to reduce fatigue strength, even that of
laminates made with heat-resistant resins. The effect of elevated tempera-
ture tends to decrease with an increasing number of ecycles.

6, An increase in the mean stress applied decreases the amplitude of the
alternating stress that can be sustained for a given number of cycles.
Where the compressive strength of the material is low compared with the
tensile strength, the amplitude of the alternating stress may be further
reduced, particularly for small mean tensile stresses.

2Trapp, W. J. Elevated Temperature Fatigue Properties of SAE 4340 Steel,
WADC Technical Report 52-325, Part 1.
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Table 1.--Fabrication data for glass-reinforced plastic lamlinates

Type of resin

: Reinforcement :Number:Pressure:Temperature:Time:Manufecturer

L btk of : : of
: Type : Finish : plies: tcure!
: : : P.s.i. °F. Min, :
Polyester : 181 Volan A: 2% : 14 : 220 - 250 ; 90 :Forest
(Paraplex P43) : : : : : : Products
: : H : : : ¢ Laboratory
Polyester : 112 :...do...: 8k ¢ 1h ;220 - 250 : 90 : Do.
(Paraplex P43) : : 3 : : : :
Polyester : 120 :...do...t 64 ¢ 14+ 220 - 250 : 90 : Do.
(Paraplex PL3) : : : :
Polyester : 184 :...do. 10 ¢ 1 220 - 250 : 90 : Do.
(Paraplex P43) : : : : : :
Polyester s MBL l.eeeesest T 0t 1bh : 220 - 250 : 90 : Do.
(Paraplex PL3) : : : : : : :
Epoxide : 181 : Volan A: 24 o 212 : 10 :Shell
(Epon 828 - : : : 50 oz 212 : 25 : Development
14% CL) : : o 400 1120 : Co.
Polyester + 181 :...do...: 23 @ 1b 220 : 45 :Forest
(PDL T7-669) : : : : 0 500 1180 : Products
: : : H : + Laboratory
Epoxide : 181 :...do...: 24 : 0 310 :+ 3 :Shell
(Epon X12100 - : : : 200 310 :+ 42 : Development
L4 E) : : : 0 Tels) :1440: Co.
Phenolic : 181 :...do...: : : :Swedlow
(BV 17085) : : : :
Silicone : 181 :Heat 28 : : Dow-Corning
(DC 2106) : : cleaned: : : :
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Table 4.--Results of control and fatigue tests on unnotched
specimens of polyester resin reinforced with
18) glass fabric, Volan A finish, Test condi-
tions: 73" F, - 50 percent relative humidity and
100" F. - 100 percent relative humidity, axially
loaded at zero mean stress

Control specimens : Fatigue specimens
No., : Tensile strength : Percentage : Alternating : Cycles to
: : of control : stress : failure
: strength :

----------
| M Em et E T E e . e e e E - -] - - m .- ——— -

1,000 P.s.1i. : :1,000 P.s.1i.

73° F., 50 Percent Relative Humidity

1 45,2 : 70 : 32.20 - @ 1,0C0
2 48.6 : 66 : 27.60 . 2, 300
3 k8.6 : 55 : 25.30 : 3,200
L 4o,5 : 50 : 23.00 : 5,700
5 hsg.0 : L5 : 20.70 : 13,400
Ave, : 6.0 : 4o : 18.40 : 2L, 200
Covk : 5.68% : 30 : 13.80 : 417,400
: : : 25 : 11.50 : 2,185,200
20 : 9.20 :211,970, 000

100° F., 100 Percent Relative Humidity
1 42,10 : 60 : 25.40 : 100
2 42.05 : 50 : 21.15 : 1,300
3 42,90 : 4o : 16.93 : 3,200
L Lo, 00 : 37 : 15.66 : éB,TOO
5 42,70 : 30 : 12.70 : 181,200
Ave, §2.33 : 27 : 11.43 : 600, 300
Covi .98% : 24 : 10.16 i, 3,455,900
: : 20 : 8.47  :211,700,000

ECoefficient of variation.

gDiscontinued -- no failure.
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Table 8.--Results of control and fatigue tests on notehed and unnotched specimens of heat-

reaistant polyester resin reinforced with 181 glasa fabrie, Volan A finish.

Test conditions;

75" F. - 50 percent relative humidity, exially loaded at 3

mean atress levels.

Unnotched specimens

Control H Fatigue specimens : Control : Fatigue specimens
gpecimens  fe--ee-esawmemeemeoeoee o mem oo : Bpeclmens i=---eeemccmcmmcmcacemm—mcmaeae
-------------- :Percentage:Alternating: Cycles 1o j-ws=w---u-----:Percentage:Alternating: Cycles to
No. :Tensile :of control: stress : failure : Wo. :Tensile :of control: etress : faillure
:strength: strength @ : : ietrength: strength : :
+ 1,000 ¢ 1,000 H H : 1,000 v 1,000 4
: Pog.di. ¢ 1 P.s.i. : H P.s.1i. : : P.s,.i. :
Zero Mean Stress : Zerc Mean Stress
1 : Li.s0: 50 :  22.99 5,000: 1 : 3L.20: 50 17.60 14,000
o 3 46,10 : 60 :+  27.59 1,500: 2 : 35,20 : 60 ;21,12 3,400
3+ h3.50: 70 : 32,19 ¢ 200: 3 : 33.ho: T0 : 2h.&4 900
L : 51.00: L0 : 18.3%9 ¢ 80,400: 4 : 3T.40 Lo : 14,08 114,100
5 47.80 30 v 13,79 5%0,100: 5 : 35.80 : 30 : 10.56 651,500
Ave, ! .98 ¢ 25 : 11.50 i, 2,626,200:Ave, : 35,20 : 25 : 8.80 i 2,882,300
Covl 8.00%: 20 H 9.20 :iio,oos,eoo:c°v2 : b,35%: 20 : 7.0h 210,024,400
: : e2-1/2: 10.3% @ 8,826,100: : : 2p.1/2: 7.92 1 10,461,700
9,193 P.s.i. Mean Stress H 7,040 P,s.i, Mean Stresa
H : : 23,00 H 1,000+ : H H 17.00 H 1,700
: : : 19.00 4, koo : : : 1400 4,200
H H : 1lh.00 22,200 : : i 11.00 *0,300
: : :  11.00 LB8,600: : : : 8.00 : 116,500
: : : 9.00 146, 200: : : : 6.00 539,800
: : : 7.00 : 1,490,100: : : : 5.00 gh7,000
: : : 6.00 t 6,9%1,900: : : : 3,50 ¢ 11,916,900
: H : 5,50 * 5,841,200: H : : :
: H : h.oo + 3,104,100t : : : :
22,990 P.s.1., Mean Stress : 17,600 P.s.i. Mean Stress
: 3 : 9.00 : 2,900 : : : T.00 3 4,000
: : :  11.00 1,300: : : : 6.00 7,300
: : H 7.00 9,000: s H : 5.00 34,000
: : : 5.00 ¢ 15,500: : t : 4,50 33,300
: : : 3.00 51,300: : : H 4,00 56, 600
: H : 2.00 :élc,hHS,SOO: s : H 5.00 ¢ 167,000
: : : h.00 127,400t : : : 2,00 t 1,194,600
: : : %,00 @ 1,540,400t : : : 1.60 1 13,354,100

Notched specimensl

Moten was a 1/8-inch-dismeter hole in the center of the
gCoefficient of variation.

‘a
“Disecontinued - no fallure.
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Ave
Cov3

Table 9.--Results of contrcl and fatigue tests on notched and unnotched specimens of heat-

resigtant polyester resin reinforced with 181 glass fabrie, Volan A finish,
Test conditions: 300° F., axially loaded at 3 mean stress levels.

Unnotehed specimens ' Notched specimensl
Control H Patigue specimens : Control H Fatigue specimens
strength HE e e L L e L H strength mmm e —————— e —————————————
--------------- :Percentage:Alternating: Cycles to !--------un----1Percentage:Alternating: Cycles to
Ten- iCompres-:of’ tenslont: stress : fallure ‘Ten- :PCompres-:iof tension: stress : faillure
slon : sion ! control @ H ielon : sion : control : H
1,000 1,000 : + 1,000 H :1,000: 1,000 : 1,000
P.s.it P.6.1. ! : P.s.i. @ Frsd: Papd. : : FEa.
Zero Mean Stress : Zero Mean Stress
40.00: 27.70 ! 60 : 2h.3 s 1,600:31,60: 34.60 : 60 r 19.43 4,500
38,30: 26.10 59 : 22,36 : 2,600:33.20: 33.90 ¢ 55 ¢ 17.81 8,300
L1.kc: 23.80 50 t 20.33 4,300:31.80: 33.30 : 50 : 16,19 15,600
L41.30: 27.90 : 4y : 18,29 8,000:32.40: 30.20 Ly ¢ 157 45,500
42.20: 27.20 @ ho : 16.26 45,800:32.90: 33.70 : Lo : 12,95 82,500
Lo. 65 EG.BE H 25 H ih.23 H 68 100:32. 38 33.1H H 35 ! 11.3%3 H 197,700
577t 5.60%:t 30 ¢ 12.19 1 375,000:0. 65% 5.186: 30 :  9.71 : 860,600
H : 25 ¢ 10.16 @ 3,071,800: : 25 : 8.09 : 3,115,500
: : 23 : .49 @ 2,314,000: : : 20 : 6.48 . 8,279,000
H H : 9.00 : 2,&50,800: : t 71 r 23,00 @ 1,200
7,280 P.s.1. Mean Stress : 5,800 P.g.1. Mean Stress
: 1 : T.27 661, 500 s + 12,95 5,800
: : t g9.27 T9,200: : : 3 11.00 11,500
: : : 6.75 556,800 H : : T.50 s 154, 300
s : : 7.27 ¢ 203, 8001 : : 9.00 86, 500
: : ¢ 12.27 10,200: : : ! 6.00 %15,k00
: : : 4,50 : 6,180,300: : : : k.50 620,000
: H i 17.50 @ 2,900 H : i 15.00 b oo
: : : ! : : H %.00 '-15 L2, ,900
: : : : : : t h.oo i 2,743,600
: : : : : H + 17.50 " 2,700
18,200 P.s.1. Mean Stress : 14,540 P.s.i, Mean Stress
: : : 2.75 : 2,95L4,500: t : : h,oo 36, 300
: : : 3.50 @ 618,900 : : : 8.00 2,600
: : ! 1.00 :=1h,321,700: : : : 2.00 : 1,795,800
: H : 2.00  :=11,547,300 : s :+  10.00 1,500
: : : koo g2,000: : : H 6.50 8,300
: : : 6.00 ¢ 9,700 : : : 5.50 15,700
: : : 5,00 @ 28,200: : : : 3.00 fH 331,400
: : : T.00 72001 : : : 1.00 .515 928 000
: ' t 8.00 5,600 : : : 1.50 512,172,000
s : : 1¢.00 2,100: : : t :

}Notch was a 1/8-inch-dlemeter hele in the center of the specimen,

2
=Digcontinued - no failure.

éCoefficient of variation.
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Table 10.~-Results of control and fatigue tests on notched and unnotched specimens of heat-
resistant polyester resin reinforced with 1Bl glaes fabrie, Volan A finish.

Teat conditions:

B00° F., axielly loaded 8t 5 mean strese levels,

Unnotehed speclimens H Notched talzvecimensl
Control : Fatigue specimens H Control H Fat.igue specimena )
strength  Ie-eresmmmmecomomcoeooooo- e :  strength leeeessmcccm—mcm—m—emmeececeras ——
--------------- tPercentage:Alternating: Cycles to i--=---e--u--.-:Percentage:Alternating: cycles to
Ten- :Compres-:of tension: stress :+ fallure :Ten- :Compres-:of tension: stress + failure
sion ¢ sion : econtrol : H s8ion ! sion : control @ :
1,000t 1,000 : . 1,000 £1,000: 1,000 + 1,000
P,g.i: P.s.i. ¢ H ?.B.i._ H :P.s.l: P.s.1. : P.s.l. H
Zero Mean Stress Zero Mean Stress
36,50t 12.70 ¢+  30.0 @ 1L.A43 ¢ 29,900:30.80: 1374 : 35.5 ¢ 11.01 6,100
38,75: 13.50 ¢+ 15.0 @ 5.72 ¢ 2,201,600:29.00: 18.30 : 16.5 5.12  : 7,636,000
37.50: 16.26 + 2.9 3 9.50 299,800:30.95: 19.05 ¢+ 27.5 @ 8.53 : 1,065,500
38.90: : 18.6 :  7.09 : 1,674,900:32.30: ¢ 13.9 « ka9 . 6,026,000
38.90: :+ 11.1 : W23 + 7,110,900:32,10! : 22,0 6.83 : 2,649,800
Ave, 3B.11: 14,15 : 9.3 3,55 : 10,842,000:31.03: I17.03 ¢+ 3.2 : 10.00 472,700
c:ovie 827» 13.2% + 20,9 7.81 & 1,167,%00:k.27%: 17.0%: W8 : 13.00 10,000
+ 32,8 ¢ 12,50 13,800: : : 1 15.00 i 8,300
: 24,9 9.50 163, 6001 : : s :
7,622 P.s.1. Mean Stress : 6,206 P.g.i, Mean Strees
: : r 13,00 7,000; : : +  15.00 @ 2,900
! : : 16,00 3,500: : : : 12.00 @ 12,100
: H 1+ 18.50 ¢ 5004 : H : 10,00 @ 31,200
: : : 9.00 @ 36,200t 3 : H T.50 62,900
: H : 6.00 87,7001 : : : 5.00 172,700
3 H : k00 3, 1, 328,200: : : : 2.50 : 3,340,500
: s : 2,50  :=12,884,700: H H : 3.75 ¢ 558,200
: H : H H : H H 2,00 : 8,813,500
19,050 P.s:1. Mean Stress H 15,515 P.s.1, Mean Stress
' : . 200 : 205,300t ¢ : :  5.00 4,600
! : ' 3,00 16:800: : : : 3,00 ¢ 23,500
: : 6.00 @ 2,600: : : : 2.00 131,500
' : 3 1,50 : 1,680,700: : : : T7.00 :2 R 1,700
! 1 : 2.50 ¢ 147,700t 1 : : 1.00 510,871,000
: 1 : L.50  ip 7,200: H : : 1.70 @ 27%,000
: : : 1.20 310,920,000 : : : 1.30 @ 1,5u7,1oo
: : : 1.3 :21k,951,200: : : . 1.15 ¢ 4,018,900
. . . - 3 : H d : 1.%0 1 1, 160 800
l]*lott':h was A 1/8-inch-diemeter hole in the center of the specimen.

g!):l.acont’.inutad. - no failure.
2Cfoei‘i‘:tcien‘l-: of variation.
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Table 1l.--Results of control and fatigue tests on unnotched
specimens of heat-resistant polyester resin re-
inforced with 181 glass fabric, Volan A finish.
Test conditions: axially loaded at 45 to warp
and zero mean stress, at 3 temperatures

Control specimens : Fatigue specimens

et e o o e e e e o e

No, ¢ Tensile strength : Percentage : Alternating : Cyecles to

¢+ of control : stress + failure
strength H
1,000 P.s.1. : : 1,000 P.g.i.:

73° F. - 50 Percent Relative Humidity

1 23,45 : 70 : 16.48 : 300
2 22,01 : 60 : 14,12 : Loo
3 24,10 : 50 : 11.77 : 1,000
L 23.68 : Lo : g.42 : 2,300
5 23,56 : 30 : 7.06 : 12,100
Ave. : 23.5k : 20 : 4.7t 113,036,700
Cov2 1 1.8%% : 0% . 5.41  :217,138,200
: : 27 . 6.3  :X17,140,000
300° F,
1 18.05 : 70 : 12,74 : 100
2 18.40 : 50 : 9.10 : 900
3 18.65 : 27.5 5.01 : 139,500
4 18.45 : ko : 7.28 : 3,100
5 17.45 : 25 : k.55 iy 978,600
Ave, 18,20 : 20 : 3.64 :712,084,T00
Cove : 3.29% : 30 : 5.6 14,800
500° F.
1 8.86 50 k.60 7,000
2 9.02 60 5.5% 2,700
3 9.38 : T0 6.45 800
L 9.25 30 2.76 260,400
5 9,52 4o 3,68 25,900
Ave, 9,21 25 2.30 1,9%1,000
Cova 2.88% 35 3,22 105,200
20 1.84 : 3,572,600
15 1.38 : 10,954,600

1
—Discontinued - no failure.

2
“Coefficient of variation.
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Table 12.--Results of control and fatigue teste on notched and unnotehed specimene of heat-resistant

epoxide resin reinfprced with 101 glass fabrie, Volan A finish,

Test conditions:

axially loaded and zero mean stress, at > temperatures.

Unnotched specimens

:of tension:

t control ¢

Tension
sion
1,000 :+ 1,000
P.s.1i. P.g.l. ¢
38.80 : : 70
43,ho 60
bl 50 1 50
L6.70 = : 4o
42,10 ¢ 30
43,00 : 27
Ave, T3.08 : 35
CovE 6.08%: k5
%7.35 ¢+ 2h.90 ¢ 40
40.80 ¢+ 29,70 : 50
36,30 : 26.30 ¢ 30
+ 28.80 1 60
%9.10 : 30.00 ¢+ 20
39.20 ¢ 32.20: 70
Ave. 33??? JB5 + . b5
CovE L.55%: 9.28%: 37
: 35
: 1 55
2,96 ¢+ 9.h0 50
3,40 @ 13.60 @ Lo
31.17 ¢+ 11,15 ¢ 37
.70 ¢ 10.70 ¢t 33
33,87 : 8.60: 3
30,82 @+ 12.h40 : 30
Ave, 32,15 : 10.98 : 25
cove 3.60%t 19. hl% gg
: W3
H H 20
: : %6
H ho
: 50
: Ly

s b wk wh ks 4% 4s B8

. ov wme ah b5 wB

-k 4% aa em we

stress

failure

sion

.
-------------------

1,000 1,000 : 1,000 ¢
Pe.i. F.a.i.: P.s.1.
73° F. - 50 Percent Relative Humidity
%0.16 @ 3,700: 35.30 :
25.85 11,100: 35.90 : :
21.54 h? 900: 36.00 : :
17.23 1 289,600 36,30 t
12,92 : 3,176,600t 36.10 : :
11.65 :+ 14,963,100: 36.30 : :
15.08 ¢ 1,595,300: 35.9 s
19.39 2%6,900; 0.09% :
300" F.
15.42 @ 183,400 29.70 ¢ 3L.70 :
19.28 %2,500: 31,30 : 28.10 :
11,57 @ 10,080,900: 32.85 : 28.20 @
2313 g 3,500: 32.70 : 31.ko ¢
6.25 212,581,000t 30.h0 : 25.50 @
26.59 % 1,000: 30.45 : 25,20 :
17.35 175,600: 31.25 1+ 28.35 @
.26 952,200: b.15%: 9.82%:
13.49 ¢ 4,70%,100: : t
21.20 27,100: :
500° F.
16.08 10: 32.00 : 14,00 :
12.86 1,800: 31.45 ¢ 1L.70 :
11.90 3,000 31.35 1 10.30 @
10,61 ¢ k,000: 32.75 : 11.80 :
10.23 ¢ 1 721,700 29,90 : 11,10 :
9.65 : 1,495,600: 30.60 : 9.00 :
8.0 : 2, hal 100: 11.82 :
11.25 1,h8h 0co: 3. 19% 18. 33%
7.3 : 5,307,h00:
16.38 3,500 : :
7.16 b, 593,200 :
13,38 2,00
12.36 677,500 : H
16.08 1,800:
lh.lI-T H 3,900:

Notched specimens

control @

H
.
H
N

- e

stress

25.19
21,59
19.79
17.79
16.19
15.h7
14,39
10.79

21.86
18.7h%
1i5.62
12.4g
9!37
1k.05
10.93
8.43
8.75

21.94
18.80
15.67
12.54
10.97
9.L0
6.27
10.97
10.97
7.83%
5.62
6.27
12.53

1Compres-: Percentage'Alternating Cyeles to Tenaion Ccmpres~ Percentage:Alternating: Cycles to
tof tenslon:

s+ failure

k,hoo
11,000
78,800
261,100

: 1,416,600
859,500
1,506,900
6,293,600

4, hoo
18,000
71,300

156,300
2,382,500
282,100

1, 186 100
2110515, 100
516 613,900

5C

: £00
' 4,000
733,600
483,100
22,969,000
593,200
400,000
3,514,500
9,464,600
6,231,900
8,500

1
“Notch was &
20cefficient

éDiscontinued - no fallure.
ETension failure; a1l others in thie group st 500° F.

1/8-inch-dismeter hole in the

of variatlon.
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Table 13.--Results of control and fatipue tests on notched and unnotehed specimens of heat-resistant
phenolic resin reinforced with 181 giass febrie, Volan A finigh. Test conditions:
axiatly loaded and zero mean stress, at * temperatures.

Unnotched specimens H Notehed specimens}-
Control strength Fatigue specimens Control strength Fatigue speciumens i
Tensicn 'Compres-‘Percentage Alternating: Cycles to Tension Compres-— Percentage: Alternating: Cyeles to
sion :of tension: stress 1 failure : sion :of tension: siress : failure
: control : H : : : control i :
1,000 ¢ 1,000 ;1,000 : 1,000 : 1,000 + . 1,000
P.e.1 P.s.i. : P,g.1. P.g.i.: P.s.1 s P.s.i.

73° F. - 50 Percent Relative Humidity

43,60 : : T0 i 3.5k 8,300 30.20 : : 70 T 22.3% 14,000
50.00 : 60 ¢o27.0k 25,500: 33.80 : 1 60 ¢ 19.1% 77,000
Lz,90 : t 4o : 18.02 390,000: 32,00 @ : 50 : 15,95 312,500
45,80 : : 35 t15.77 ¢+ 1,7h6,800¢ 30.10 : : Lo ¢ 12,76 @ 2,571,100
47.00 : : 30 13,52 i h,003,200: 33.40 : : 35 H 11.17 @ 3,698,800

Ave, §5.06 ¢ : 50 T 22,53 99,200t 31.90 ¢ : 30 3 9.57 1 13,615, 500
Cove 7. 865%: : o1 : 12,17 513 266,200: 5.42%: : 8c s+ 25,52 1,h00

300° F.

26.00 @ 33,50 @ 70 o 23.87 700: 29.00 : 40.20 : 70 :  18.70 18,600
32,70 ¢+ 34,40 : 60 1 20,46 18,900: 25.50 :+ 3B.00 60 : 16,03 262, 300
33,40 ¢+ 28.% : 55 : 18.76 F7,700: 26,60 1 35.90 : Lo : 10.69 @ 2,508,600
32,80 : 29.20 : 50 : 17.05 ¢ 4h5,100: 24,50 ¢ 35.60 : 50 13,36 926,000
35.60 + 35,20 ¢ e t 15,35 ¢ 57%,700: 28,00 + 36.80 65 : 17.37 64,000

Ave, 35,10 32,12 ! 40 : 13,6k iy £,688,500: 26.72 :+ 37.30 : 75 20,04 17,800
oove b, 65% 9.82%: %0 :  10.23  :210,044,800: 6.81%:  5.00%: %0 : 8.02 : 9,938,000
. 20 1 6.8 :212,1%0,800: : : 8 @ 21,38 4,600

500° F.
30.60 1 17.00 3 70 23,43 100: 23.10 : 18.30 : Bo : 19.97 1,600
3¢.75 ¢ 18.30 : 60 1 20.08 TOO: 23,90 : 20.30 : 70 : 1747 21,000
35.50 ¢ 13.00 : 50 : 16.TH 4,400: 25.90 1 19.40 : 60 ¢ 1hk.98 84,900
.70 ¢+ 1h.80 ¢ 35 +  11.7r ¢ 1,285,700: 25.60 : 22.10 : 50 1248 66,500
35,80 ¢ 12.70 : 30 : 10.0% 1,9h9,6oo: 26.30 1 22.00 : Lo : 9.98 321,500
Ave ZZ 47+ 15.16 ¢ 25 : 8.3 : 1,634,600: 25,96 : 20.42 : 30 ! 7.h9 ¢ 1,530,k00
Covd T. 71% 16.10%: 25 : B.36 : 1,459,200: G5.50%: B.08%: 10 : 2.50 1 8,649,900
: 20 : 6.69 : 2,953,200% : : : 3
: : 10 : 3.35 + b 263,900: : :

1
“Notch wes a 1/8-inch-dismeter hole in the center of the specimen.
gCoefficient of variatien,

éDiSCOntinued - ne faillure.
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Table 14.--Regults of contrdl and fatigue teste on noteched and unndtehed specimens of heat-resistant

silicone resin :reinforeed with 181‘glasa fabric, heat-cleaned.

Test conditions:

axiglly loaded and zero mean stress, at 3 temperatures.

Unnotched specimens

-----------------------------------------------------------------------------------------------------------

Notched apecimens}*

----------------------------------------------------------------------------------------------------------

Tension :Compres-:Percentage:Alternating: Cycles to :Tension:Compres-:Percentage:Alternating: Cycles to
sion :of tenslon: strese + failure : slon :0of tension: stress ;  failure
control : H H control @ '
oo im0t ¢ Lo i D 1.000 1 Looo + S im0 T
F5.1. : P.g,L. Fal. : Frg.L.: Pus.i. Fed.
7%3® ¥, - 50 Percent Relative Humidity

37.00 ¢ 60 : 21,17 0: 30.20 : 60 18.23 500
22,80 : : 50 : 17.64 900: 32,30 @ 50 15.19 2,500
38,20 L5 : 15.86 4,000; 32.70 : Ly 13.67 12,800
35.70 : 1 4o : k.11 5,500 26.50 ho s 12,15 41,000
3.0 ¢ 35 T 12,35 ¢ gh,500: 30,20 35 :+  10.63 283,100

Ave, 35.28 : 30 : 10.58 ¢ 620,400: 30.35 : 20 9,11 1,219,600
Covg 6.41%: : 27 : 9.52 878,800: 8.10%: 27 8.20 1,705,300
: « ok 1 By 1 29,%24,000: : : 24 7.29 8,278,700
T
300° ¥,
3

A0 10,72 ¢ 33.1 10.00 @ 2,000: 3L.40 : 12.75 16.7 5,00 :213,785,000
gg.ho : 10.$6 : 23,1 7.00 :212,805:200: 21.10 ¢ 9.93 : 20,1 6.00 211,125,400
£9.00 ¢+ 10.00 : 25.5 @ T.70 ¢ 59,000: 32,10 : 12.28 : 23 7.00 207,700
32,00 ¢ 10.40 : 29.7 9.00 35,8004 31.60 1 11.61 : 26.7 ¢ 8.00 38,600
6o : 12.20 ¢ 26.5 8.00 ‘3 9,900: 35.40 : 3942% : 3.4 ¢+ 10.00 Eoo
Ave, %0.25 : 10,82 @ 16.5 ¢ 5,00 :£13,785,700: 29.92 : 1ll. s 20.1 9.00 :2 2,400
cove 3.60%: 7.61%: 2k T.30 13 9,702,900: 16.66%: 10.56%:  22.b @ 6.70  :210,910,000

500" F.

2,80 1 L.35: 26,1 8.50 3. 000: 32,30 ¢ T.A47 23,4 7.50 ¢ 2,500
ga 10 7.32 H 23,0 7.50 @ 6:500: 32,30 : 7.89 20.9 6.70 ho,goo
30 : 1.57: 19.9 :  6.50 t, 22,000: .50+ .82 203+ 650 : o T3,000
Ww.50: B8.25: 169 1 5.50 ¢ 29,037,000: 29,60 : 5.48 ¢+ 18.7 :  6.00 g »500

fo: 5.66: 19 : 625 : 122,600t 31.80 : b9 1T.7 2 5.0 iy 9,i00
22 F5F. 184 :+ 600 1 T8,00: 3230 : %TE% i 15.6 : 5.00 :210,010,400
Aveé A - : : : : 5.01%:  13.85%: 1.8 T.00 3 5,600
CovE 6.23: 2h'h°$2 . . : . 16,5 :  5.30 : 4,001,900
}Notch was & l/B-inch-diameter hole in the center of the speclmen.
ECoafficient of variatilon.
3

ZDiscontinued - no failure.
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Table 15.~-Tensile stress-rupture data; for notched and un-
notched specimens of heat-resistant polyester
resin reinforced with 181 glass fabric, Volan
A finish

Unnotched specimens Notched specimens

- o e e 2t o e e P e e b

Stress level : Rupture time : Stress level : Rupture time

i o b e S e e i e

1,000 P.g.i. @ Hours ¢+ 1,000 P,s.i. Hours
73° F. - 50 Percent Relative Humidity
43.80 0.2 : 20.79 2406
41.58 30 : 25.00 1,31h
36.96 1.2 : 26.00 141
34,65 51.1 : 27.00 11.0
33.00 @ 11.% ; 26.50 12,2
35.50 y3+9 : 25.50 7.4
32,34 -2.5% : 30,34 “0
31.00 87.3 : 27.72 0.1
300° F.
30.00 3526 : 27.00 103.5
3%.00 b7 : 28.00 16.6
35.00 @ 0.1 : 29.00 s 0.3
33.00 @ Lo6.2 : 26.50 =604.1
32.50 292,14 : 28.50 o 0.k
34,00 @ o 5.3 : 26,50 E425,0
32.00 +  =212.0 : 26.70 107
30.00 (L) 26.00 -90.0
00° F.

32,00 @ 0.5 : 27.00 154.1
31.00 13,3 : 28.00 15%.8
30.40 ¢ 19.5 : 29.00
27.00 91.9 : 28.50 0.2
28.00 Th.5 1 28.25 0.3
31.50 ¢ 0.1 : 26.50 120.8
28.00 44 : 26,40 _ h_e.h
29,50 51,4 : 27.00 =20.9

1,
=Furnished by Wright Air Development Center.

gTest discontinued - no fallure.
2Failed during application of load.

L
“Failure at loading joint.

WADC TR 55-389
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Table 17 --Summery of fatigue strength values of heat-resistant laminates at zero mean stress.

Temper-:Direc ion: Stress : Aternating stress amplitude at -
ature ; of load ! congene feeme cnmmacuccccnna- -t e L A L L LS el
H : tration @ 10 cycles : 107 eycles H 105 cycles H 106 cycles : 107 cycles
°F. Degrees : 'l 000 Percent_ 1,000 Percent_ 1,000 Percent_ 1,000 Percent_ 1,000 Percenti
: H 1P.g.d. P 8.1.: 1P,8.1,: tP.s.i.: P s.1.

Polyester Resin - 181 Glass Fabric

73 0 :Unnotched: 28.4 :+ 61,3 : 22,h + LB.7 : 17.0: 37.0 : 2.9 : 28.1 : 10.3 : 22.h
300 o} tv..d0....1 258 56,1 :1B.5: L0.5 :13.9: %0.2 : 10.6 : 23.1 9.0 :+ 19.6
500 o .odo,...1 13.6 1 29,6 : 12,6 ¢ 27.4% :10.4: 22,6 : 7.2 : 15,7 h2: 9.1

T3 o tNotched 24,5 ¢+ 53,2 : 18.8 bo.9 : 13.7: 29.8 :20.0: 21,8 : 8.0: 17.h
300 Q t...dos...: 25,6 1 51,3 1 17.5 @ 3B,1 ¢ 12,6 : 27.h4 9.1: 19.8 : T.0: 15,2
500 0 t,..d0....0 15.6 1 33.9 @ 14,3 @ 31,1 : 12.1 ¢ 26,3 8.7: 18.9 : 3.8: 8,3

75 + kg iUnnoctehed: 11.5 ¢ 25.0 : 7T.b s 16.1 6.5 : 1.4 ¢ 6.5 ¢ k1 o+ 64 13.9
300 :  bs te.edoe...r B8 1 1901 ¢ 6.1 13.3 4.8 o 3+ WAL 96 : L4 9.6
500 : k4§ teeadoa.eey 6.3 3 13.7 L.y 9.6 3.2: T.0 ey 5.2 ¢ 1.8: 3.9

Epoxide Reein - 181 Glass Fabric

T3 0 tUnnotehed: 35.0 : 81.3 : 26,3 : 61.0 : 19.8 : W60 : 15.2 : 35.3 10.9 :+ 25.3

T3 0 :Notched : 27.8 : 64,5 : 23.4 : 543 :19.1: Lh.2 g 15.0: 34.8 10.7 ; 24.8
300 0 :Unnoteled: 27.0 @+ 62.7 : 21.5 : k9.9 : 17.1 : 39.6 :13.9 : 32.2 ; 11.9 : 27.6
300 0 :Notched 25,0 : S8.0 :19.6: k5.5 :14.6: 33.9 : 11,0 : 25.5 9.0 : 20.9
500 0 :Unnotehed: 13.2 ¢ 30.6 : 11.8: 27.% : 10.b: 241 : 9.,0: 20.9 7.5 « 17.h
500 0 tNotched : 15.0 ¢ 34.8 : 13.0: 30.1 :10.8: 25.0 : 8.8 : 20.k 6.6 1 15.3

Phenolie Resin - 181 Glasp Fabric

T35 @ 0 :Unnotched: 40,0 ¢+ 89.0 : 30.6: 68,0 :21.8: LB.5 : 16.3 :+ 36.2 12.5 :+ 27.8

T3 ¢ 0 :Notched : 24,6 : sShk6 :22,6: 50.2 :18.5: W1.1 :1bk.2: 3.5 : 10.0: 22.2
0 0 :Unnotched: 23,8 1 52.8 : 21.0: 46.6 :18.2 : Lok :15.4: 3,2 : 12,7 28.2
00 o] :Notehed : 22.7 : 50.4 : 19.8 : #3.9 : 17.0: 37.7 : 13,5 : 30.0 : 8.0 : 17.T
500 ¢ o] :Unnotched: 19.2 ¢+ L42.6 : 16,0 ¢+ 35.5 : 13.5: 30.0 : 10.0 : 22.2 : 352: 7.1
500 o] tNotched : 20.2 : 44,7 ;174 ¢+ 38.6 : 14.0: 3.1 : 9.3: 20,6 : 2,6: 5.8

Silicone Reein - 181 Glass Fabric

T3 0 :Unnoteked: 17.2 ¢ 48,7 : 14.8: 42,0 :12.5: 35.L 0.2 : 28.9 : 7.9 : 22.4
3 0 tNotched 16.1: Ub5.6 : 13,7 : 38,8 :11.5: 32.6 9.2+ 26.1 : 6.9: 19.6
300 o] iUnnotched: 9.0t 25,6 : B,1: 23,0 : T.6: 21.6 Tk ¢ 21,0 ¢+ 7.3 : 20.7
300 ¢ 0 tNotched : 9.0 : 25.6 : 7.5 : 21.3 : T.0: 19.9 6.8 : 19.3 : 6.7 : 19.0
500 ¢ o] :Unnoteched: 7.0 : 19.9 : 6.6 : 18.7 : 6.3 : 17.9 6.0 : 17.0 : 5.6 : 15.9
500 0 :Notched 6.6 : 18,7 : 6.3: 17.9 : 6.0 : 17.0 5.6 ¢+ 15.9 : 5.3: 15.0

lStresa expressed s percentage of ultimate static tensile strength of unnotehed specimens at room
temperature.
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Table 18.--Effect of 3 mean stress levels on fatigue strength of heat-
resistant polyester resin reinforced with 161 glass fabric,
Volan A finish,

.

Stress Temper- Mean : Static :Alternating stress amplitude at -

concentration: ature :tensilettenslle ec-—mmmmmmmm e

: :stress :strength: 103 : 1ot : 105 : 106 : 107
1 level : teycles: cycles cycles:cycles:cycles
"""""""" °F. : 1,000 : 1,665"'5666"1;000 11,000 11,000 +1,000
P.s.i.: P.s.i. .P.s.i..P.s.i.:P.s.i.:P.s.i..P.s.l.

Unnotched s T3 0 45.98 28,k + 22.4 : 17.0 : 12.9 : 10.3
: 9.19 : 45.98 22,6 + 15.7 : 10.2 : 6.5 : 5.0

22,99 : 45,98 b 6.2 Lo 2.7 : 2.4

Notéhed : 73 0 : 35,20 : 24,5 : 18.8 ¢« 13.7: 10.0 : 8.0
: 7.04 : 35,20 : 18.1 : 13.0 : 8.4 : 5.3 : 3.5

: : 17.60 : 35.20 9.4 : 5.7: 34 : 2,1 : 1.5

Unnotched : 300 0 40.65 : 25.8 : 18,6 : 13.9 : 10.6 : 9.0
: : T.28 : 40.65 19.8 : 13.4 ¢+ 9.0 : 6.0 : k.5

: 18.20 : L40.65 11.7: 6.6+ 4.0: 2.8: 2.5

Notched : 300 o] 32,38 23,6 : 17.5 ¢t 12.6 ¢ 9.1 T.0
: 5.80 : 32.38 17.2 + 12.2 + 7.8 : k.7 3.3

: 1h.54% : 32.38 gk : 6.3: 3,7: 2.2 1.7

Unnotehed :+ 500 : © + 38.11 13.6 ¢+ 12,6 : 10.4 : 7.2 : k.2
: : T.62 1 38.11 18.0 : 12,7 ¢+ 6.6 : 4.0: 3.1

19.05 : 38.11 7.7+ h.2: 2.4 : 1.6 : 1.k

Notehed : 500 :+ O : 31.03 15.6 : 14.3 ¢ 12.1 8.7: 3.8
: : 6.21 : 31.03 17.3 : 12.5 ¢ 6.9 3.3 1 1.9

: 15.52 : 31.03 8.3: Lh,2: 2.1 1.3+ 1.1
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Table 19.--Stress-rupture properties of heat-resistant polyester
resin reinforced with 181 glass fabric, Volan A
Tinish, at periods corresponding to various number
of fiatlgue cycles.

Fatigue period : Stress at rupture

M ik R e e T e —

Unnotched specimens H Notched specimens

.
o e ] o ] e v e T S ARk L iy e A T T e e

I
Cycles: Hours : 1,000 P.g.i. ¢ Percent™: 1,000 P.s.i., ! Percent-l

75° F. - 50 Percent Relative Humidity

100 .0185 : 43,7 s 95.0 :  30.2 : 65.6
lCF : .185 38.5 : 83.8 28,2 : 61.3
102 . 1.85 s 35.0 s 76,1 i 27.2 : 59,2
10° : 18.5 : 33.5 i 72.9 26.4 : 5T.4
100 : 185 : 20,5 : 70.7 :  25.6 : 55,7
300° F,
105 : L0185 : 36.4 79.5 30.4 s 66.4
107 ¢ .185 ¢ 3L.6 75.5 ¢ 29.0 63,3
102 . 1.85 33.8 73.6 :  28.% . 61.6
100 ¢ 18.5 33,2 : 72,5 27.6 : 60.2
107 : 185 20,6 71.0 26.9 58.7
500° F.
103 . L0185 : 33,4 72.9 29,1 63.5
107 .185 32.0 : 69.8 28.6 + 62.L
102 ¢ 1.85 30.7 : 67.0 28.1 : 6l.3
10° : 18.% : 29.3% : 63.9 27.6 : 60.3
w0l : 185 : 28.0 . 61.0 : 271 59.1

1
—Stress expressed as percentage of ultimate static tensile strength
(45,980 p.s.i.) of unnotched specimens at room temperature.
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Figure l.--Sketeh of fatigue specimen.
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Figure 2.--Grips supporting the fatigue specimen, which is
loaded axially in tension and compression in a direct-
stress fatigue machine.
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Figure 4.--Direct-stress fatigue machine with specimens under
test. Specimens are held in special grips to permit both
tensile and campressive loading.
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.--View of fatigue machine and electric oven for tests at

Figure 5

B

gue machine,

A columns of fati

.
.

and C electric oven.

elevated temperatures showing

upper loading screw,
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Figure 6.--View of fatigue machine with humidity chesber showing:
A upper loading screw of fatigue machine, B oven, swung free of
Test area, C rubber sheet surrounding specimen and its clamps,

D air hose supplying 100° F. - 100 percent relative humidity air,
E air hose for discharge of air and condensate, and F insulated
thermocouple lead wires for temperature control.
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Figure T.--View of tank for generating 100° F. - 100 percent rela-
tive humidity atmosphere at the test specimen showing: A tank, B
air inlet pipe, C electric heating elements, D water supply valve,
E discharge hose for air-water mixture, and F temperature controller.
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Figure 48.--Effect of mean stress on alternating stress amplitude
of unnotched, heat-resistant polyester resin reinforced with 181
glass fabric, Volan A finish, tested at 73® F. and 50 percent
relative humidity.
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Figure 49.--Effect of mean stress on alternating stress amplitude
of notehed, heat-resistant polyester resin reinforced with 181

glass fabrie, Volan A finish, and tested at 73° F. and 50 per-
cent relative humidity.
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Figure 5C.--Effect of mean stress on alternating stress amplitude
of unnotched heat-resistant polyester resin reinforced with 181
glass fabrie, Volan A finish, tested at 300° F.
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Figure 51.--Effect of mean stress on alternating stress amplitude of

notched, heat-resistant polyester resin reinforced with 181 glass
fabric, Volan A finish, tested at 300° F.
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