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EXECUTIVE SUMMARY

This report is the first of a series of reports that will provide comprehensive documentation of
damage induced by spectrum fatigue loading in composite laminates. The overall study will
systematically separate the loading environment into component parts to understand the
interactions between each of the elements of the spectrum. Recorded here is the ply cracking of
unnotched laminates due to five constant-amplitude tensile fatigue loads spaced within the likely
design range. At each of these fatigue loads, the effect of a range of preloads on damage is
assessed. The results for this simplest form of variable loading will be used as a building block
to use with other data to eventually predict damage due to fatigue spectrum loading. This study
is limited to damage effects on unnotched laminates under tensile loading; damage accumulation
due to preloads and other spectrum components on open-holed and on impact damaged laminates
under tension-compression and compression-compression loadings will be reported in the future.
As this is the first report, a comprehensive bibliography is part of this report.

Two types of tension-tension fatigue tests were conducted on quasi-isotropic laminates and
damage was measured in the form of ply cracks. Baseline fatigue tests were run at constant
amplitudes ranging from 20% to 60% of the ultimate tensile strength (UTS) while specimens
with preloads of 50% to 80% UTS were tested in fatigue at the same amplitudes. The ply crack
densities determined from edge replications in preloaded specimens were compared to those
without preload.

The effect of preloads on fatigue damage in composite laminates has been examined in order to
better understand the modes of damage development and to assess the effect of proof testing.
The effect of a preload on subsequent fatigue damage growth depended on the combination of
both the preload level and the subsequent fatigue stress level. Since the tension preload was
always higher than the tension-tension fatigue stress level, damage in preloaded specimens was
more severe in the low-cycle region than nonpreloaded specimens. However, this preload-
induced damage did not grow any more if the fatigue stress level was kept low. Preloads just
above levels that cause significant damage (70% UTS and above here) appeared to retard fatigue
damage development. At the highest tension-tension fatigue stress level of 40% UTS, the high-
cycle damage in the form of matrix cracking rather decreased with increasing preload level.
Thus, preloading could be beneficial at this stress level as far as the high-cycle ply crack damage
is concerned.
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1. INTRODUCTION.

Composite materials have been heralded as the material of the future for the last 20 years.
Composites were supposed to replace traditional materials, mainly metallic materials, in many
applications from aircraft to automobiles. The growth of composite use, however, has been
much slower than originally predicted. Some of the reasons for the lack of use include high
material cost, high production costs due to lack of automated manufacturing, and more
complicated analysis. Another issue plaguing the industry, the one which will be addressed in
this report, is the lack of an adequate understanding of long-term behavior. Confidence in long-
term reliability must exist to use the inherent advantages of composite materials such as high
specific strength and stiffness.

The behavior of composite structures under static and fatigue loads have been studied
extensively, but is not as yet fully understood. The ultimate goal must be the ability to predict
the long-term behavior of composite structures under any variable or spectrum loading
conditions. The first step towards studying general spectrum loading is to determine the effect of
proof testing on consequent fatigue behavior. Proof testing is a method of ascertaining the
structural integrity by statically loading—i.e., proof loading-—a structure to the design load or
above before service. In composites, this static proof loading may produce damage in the form
of ply cracking, which might not otherwise be present. Thus, it is important to find out how
much damage is induced by proof loading and what effects this damage has on subsequent
fatigue behavior. It is known that for metals, proof loading has beneficial effects on subsequent
fatigue life and hence, unless it is representative of actual conditions, the proof loading is applied
after fatigue cycles.

A test program was developed to determine the damage development due to fatigue and proof
loads or preloads. Static tests were used to obtain material properties and constant-amplitude
fatigue tests were used to define a baseline. Preloads were applied to test coupons which were
then fatigued. Damage accumulation in the form of matrix cracks was monitored during these
tests. Finally, the trends in damage accumulation due to the varying preloads and fatigue stresses
were examined.

2. BACKGROUND.

Fatigue behavior of composite laminates has been studied by many researchers [1-7]. These
researchers have studied many aspects of fatigue behavior which may be grouped into three basic
ways to characterize fatigue effects on composite materials. The first is to use the method used
for metals, namely the Strength-Life (S-N) curve which relates fatigue cycles to cyclic amplitude.
The second method assumes that damage occurs and that the damage causes either the stiffness
or the residual strength (post-fatigue static strength) of a laminate. Once the residual stiffness or
strength is known, presumably, they can be related to remaining life. The third method is to
investigate the actual damage occurring in a laminate. Once the types of damage that occur are
determined, they can be related to loading and to remaining life. The damage can be
characterized in terms of matrix cracking, longitudinal splitting, and delamination.



Popular topics of study include the effects of stacking sequence and laminate lay-up [8-12],
frequency [13, 14], and type of loading [14-19] on fatigue behavior. In addition, a number of
researchers [16, 20-25] have developed fatigue models based on residual strength and stiffness
change. As a result, the modes of damage development are fairly well understood qualitatively.
An understanding of these characterization methods used is useful in investigating preload
effects.

2.1 GENERAL EFFECTS.

Early work on proof load effects in unidirectional composite coupons was done by Awerbuch
and Hahn [1]. They determined that there is a relationship between the static strength and the
fatigue life in a unidirectional composite. The exact nature of the relationship was not
determined, however. Hahn and Kim [2] concluded that a relationship between static strength
and fatigue life exists in unidirectional E-glass/epoxy composites. Using proof testing followed
by fatigue cycling, they showed that failure occurred later in specimens with higher static
strength.

As more researchers studied the damage development, the differences in damage due to static
loading and fatigue loading became more apparent. Mar [3] concluded that damage modes under
static load cannot be used as models for damage initiation or propagation under cyclic loads. He
suggested that research emphasis should be on propagation of damage under cyclic loads.
Razvan et al. [4] found that the type of damage incurred during fatigue was not affected by the
fatigue load level, but the interaction between damage modes was important. The difference in
interaction of damage modes suggests that damage accumulation in composite structures is
dependent on load history.

As constant amplitude loading was not representative of actual service load, emphasis was soon
placed on the effects of random or spectrum loads. Cumulative damage due to varying fatigue
loads was studied by Hwang and Han [5]. They developed models using fatigue modulus and
resultant strain as damage indicators. The results of their investigation implied that significant
effort was yet needed for a realistic fatigue model. A concept of “characteristic damage state”
was suggested by Masters and Reifsnider [6]. The idea was that regardless of previous loading
conditions, the damage state of a quasi-isotropic composite will saturate at the same level. In
their studies, damage was measured in terms of matrix crack spacing which stopped decreasing at
the same level regardless of loading history. Reifsnider [26] used this characteristic damage state
in his “critical element concept” model for life prediction. The “critical element concept” was an
approach to quantitatively analyze and predict the strength reduction associated with damage
accumulation. The concept used critical elements of characteristic damage states to predict life.
Tension-tension and tension-compression specimens were used to illustrate application of the
idea.

Rotem and Nelson [27] conducted tests in which tension-compression (T-C) fatigue behavior
was compared to tension-tension (T-T) and compression-compression (C-C) behavior. Tension-
compression behavior was found to be the severest loading case as either tension or compression
failure can occur. A fatigue failure envelope was proposed and demonstrated. Wolterman,



Kennedy, and Farley [28] also conducted T-T, T-C, and C-C tests in addition to quasi-static tests
to assess their effects on thick cross-ply laminates with both brittle and tough matrix and stitched
composites with a hole. The tough matrix developed less damage and the unstitched one
developed less longitudinal damage but more transverse damage. The residual strength was
affected by the matrix material and the damage state.

Tension-tension fatigue of quasi-isotropic composite cylinders was found to be comparable to
similar fatigue in composite coupons by Norman, Civelek, and Prucz [29]. Although the
ultimate strengths of coupons and cylinders were different, the fatigue lives at the same
percentage of ultimate tensile strength (UTS) are very similar. Notched and unnotched laminates
were compared under fatigue conditions by Xiao and Bathias [8]. Although the fatigue strengths
of the two types of laminates were different, the ratios of the fatigue strength to UTS were the
same. Orthotropic and quasi-isotropic laminates were also compared and similar results
occurred.

2.2 RESIDUAL STRENGTH AND STIFFNESS REDUCTION.

A popular method of representing damage in composites during fatigue is by stiffness reduction.
The idea is that as damage occurs in individual plies, they lose some of their load carrying
capabilities and stiffness, resulting in lower residual strength and overall stiffness. Because
changes in stiffness can be relatively easily measured by nondestructive methods, it can be an
effective tool in determining the life of a composite laminate.

A large number of stiffness reduction models have been developed [16, 20-25]. They generally
assume that stiffness is a measure of damage and that it can be related to residual strength and
remaining life. The mechanics of fatigue damage were developed by Poursartip, Ashby, and
Beaumont [21]. They modeled the damage growth rate as a power function of the stress
amplitude and the mean stress. Other models include Whitworth [22], who based his model on
fatigue tests conducted on graphite/epoxy [£35],s laminates. The model is restricted to constant-
amplitude fatigue and a reasonable fit was found. Jen et al. [24] modeled modulus degradation in
quasi-isotropic laminates subjected to tension-tension fatigue. Liu and Lessard [25] assumed that
residual stiffness is a function of matrix crack density and delamination area. Based on this
assumption, they proposed a model whose parameters can be found from testing of cross-ply
laminates. Giavotto et al. [16] studied the effects of stress ratio, variable amplitude loading, and
some changes in load spectrum. Stiffness variations were also correlated with damage growth.
Antibuckling guides were found to significantly influence damage onset and growth for
compression and fatigue limits load level below which there were damage occurrences. In a
series of four papers, Spearing et al. [30-33] observed notch tip damage, developed a fatigue
model for growth of that damage, extended the model to predict post fatigue residual notch
strength, and finally developed a stiffness degradation model.

A new concept in the form of the “fatigue modulus” was defined by Hwang and Han [34] and
was used to model the damage development in composite laminates. Fatigue modulus is defined
as the slope of the applied stress and resultant strain at a specific cycle. A theoretical equation
was determined to predict fatigue life using fatigue modulus and its degradation. A strain failure



criterion was used. Lee et al. [20] also used the fatigue modulus in their formulation of a
degradation model. A reasonable correlation was obtained when the model was applied to a
matrix dominated [£45],s laminate. Tsai, Doyle, and Sun [14] correlated the effect of frequency
on fatigue life with a model using dynamic modulus as a damage indicator.

While many researchers studied the relationship between residual stiffness and fatigue life, still
many others often tried to correlate residual strength with fatigue cycles. One of the early
residual strength models was proposed by Yang [35] after observing that the ultimate tensile
strength of an unnotched unidirectional specimen appeared to decrease monotonically with the
number of load cycles. He also observed that a proof load could be used to test the remaining
fatigue life of a part by comparing the proof stress to the predicted residual strength. While only
limited testing was done, Radhakrishnan [18] later independently verified Yang’s model with his
own tests. Radhakrishnan’s model predicted with reasonable accuracy the minimum number of
fatigue cycles a specimen will survive after it has been proof tested to a certain level. Yang and
Du [19] further modified Yang’s [35] original constant-amplitude residual strength model to
account for in-service loading spectra. A two-parameter Weibull distribution was used and
showed good correlation with unidirectional unnotched composite laminates and composite-to-
titanium bolted joints. Yang et al. [23] made further modification to his model and derived a
linear regression model based on a Bayesian approach.

2.3 DAMAGE ACCUMULATION.

A thorough understanding of damage development is essential in the determination of fatigue
characteristics in composite materials. This has prompted many experimental investigations of
damage in composites of many configurations and under a variety of loading conditions.
Because of these investigations, the qualitative progression of damage is fairly well known. The
typical damage sequence in multidirectional laminates subjected to tensile fatigue is first by ply
cracking of off-axis plies, followed by edge delaminations, followed by fiber fracture, leading to
final failure.

The surface and internal damage observations are accomplished through several appropriate
nondestructive evaluation (NDE) techniques. A very useful paper written by Stinchcomb [7]
gives insight into the pros and cons of tracking the damage accumulation in composite specimens
by variety of NDE techniques. Edge replication and microscopy allow simple and accurate
analysis of surface features, but do not allow damage information through the width of the
coupon. X-ray radiography and ultrasonic methods allow inspection of the interior, but lack in
resolution. Thermography and stiffness changes were also used to estimate damage, but do not
give information on any specific damage modes.

Even with an appropriate damage monitoring technique, damage tracking is made difficult by the
anisotropic nature of composite materials. Unlike traditional isotropic materials, composite
materials have properties that are tailorable. While this is very useful for providing an efficient
structure, each change in lay-up or stacking sequence gives different damage accumulation
characteristics. Realizing this, various investigators [8-12] have examined the effect of changing
the laminate stacking sequence. Ratwani and Kan [11] observed that both damage development



and final failure mode changed with stress ratio (R = 0.1 and R = <) and stacking sequence.
Delamination and matrix cracking appeared at locations of highest interlaminar or normal stress.
Masters and Reifsnider [6] also found that matrix crack, longitudinal cracks, and delamination
developed differently in [0/3+45/90]s and [0/90/+45]; laminates. Saturation crack spacing was
different for each type of laminate. Based on this observation, a characteristic damage state was
suggested which was dependent on the laminate lay-up. Kim and Aoki [9] studied the effect of
load types (static and fatigue), ply thickness, and laminate sequence. They tested several quasi-
isotropic laminates of two basic configurations but containing 90° plies of various thickness:
[0/£45/90n]; and [0/90n/+45]; n=1,3,6. When tension was applied to the specimens, the former
lay-up was found to produce tensile interlaminar normal stress along the free edges while the
latter produced compressive stresses. Under static load, the tensile stress resulted in
delamination for that laminate. However, while no delamination occurred for the lay-up with
compressive interlaminar stress under static load, extensive delamination occurred during tensile
fatigue following transverse ply cracks, indicating a strong interaction between the two damage
modes. Importantly, they observed a ply thickness effect on the initiation and accumulation of
transverse ply cracks. Load level and number of cycles required to initiate ply cracking
decreased with increasing ply thickness. As for crack accumulation, increasing the ply thickness
decreased crack density. Harrison and Bader [10] observed a similar thickness effect. Tests
conducted on [0/90/0] and [+45] lay-ups revealed that ply cracking initiation strain increased
with thinner plies. They also observed that ply cracking strain for [0/90/0] lay-up was lower in
fatigue than in uniaxial static tension. Lafarie-Frenot and Henaff-Gardin [12] also described ply
thickness variation effects on fatigue mechanisms of matrix cracking. Two cross-ply lay-ups,
[05/90/04]s and [0,/90];, were tested in tension-tension. Both edge cracks and their widthwise
extension were monitored, enabling them to deduce the crack surface growth data. They
concluded that, as far as ply cracking was concerned, thinner plies exhibited higher cracking
resistance. The thinner plies delayed the onset of ply cracks, lowered the crack surface growth
rate, and resulted in a smaller saturation crack surface area.

Having understood the progression of damage qualitatively, researchers began developing
models to predict damage in a quantitative manner. Many of the models follow the stiffness
reduction models closely and attempt to relate stiffness change and damage (crack density).
Badaliance and Dill [17] formulated a model based on an experimentally observed fatigue
damage mechanism and a damage parameter based on intralaminar resin cracking. Spectrum life
was predicted using a damage mechanism and a linear residual strength reduction fatigue
damage model. The accuracy of the spectrum life prediction depended on the validity of the
residual strength reduction model. Stiffness reduction was shown to be directly proportional to
crack density in [0/90]s fiberglass by Ogin et al. [36]. Their fatigue model showed good
agreement with experimental stiffness reduction curves.

Radakrishnan [18] developed a unidirectional tension-tension residual strength model for
unnotched unidirectional graphite epoxy laminates. Effect of preload was also considered and
found to be consistent with Yang’s model [35]. A damage model which took into account static
loadings and includes internal loadings was formulated by Thionnet and Renard [37]. The
model assumed that cracks appear the same way under both static and fatigue loading. Fatigue
matrix cracking and the subsequent stiffness reduction in matrix dominated [+45/-45]s



laminates were correlated with a fatigue modulus degradation model by Lee et al. [20]. A
reasonable correlation between predicted fatigue life distributions and experimental results was
obtained. Gamby [38] recently proposed a numerical model for the accumulation of transverse
cracks in a composite laminate subjected to tensile fatigue loading. He found that his damage
growth rate equation predicted transverse ply craclqng as long as it was the only damage
accumulation mechanism.

Carlsson et al. [15] tested quasi-isotropic 32-ply graphite/epoxy specimens in static tension and
tension fatigue, some with preload and some with moisture. The first damage found was
transverse 90° matrix cracking, which then moved into -45° plies upon increased loading and
cycles. No delamination was seen under static load conditions. Preloads caused earlier
delamination due to increased matrix cracking while moisture was found to delay damage
development. The leveling off of the crack density at a particular plateau with increasing fatigue
cycles, known as the characteristic damage state, was also observed. A fatigue failure envelope
was proposed and demonstrated. Lee and De Charantenay [39] observed that fatigue damage
development was accelerated under long hold time and high fatigue stress levels. The main
cause of the acceleration was the damage produced by the hold time loading itself. They also
observed that at shorter hold time and lower fatigue stress levels the fatigue damage
development was retarded. They stated that the reason for the retardation effect is the
“pronounced plastification at the crack tip of damage and the reduced mean load level of
subsequent fatigue loading after the holding times.”

To summarize, initially researchers trying to determine the fatigue life of composites attempted
to use the S-N curves used for metals. These curves were found to be too general to cope with
the anisotropic nature and changing lay-up in composites. Further research showed that the
stiffness and the residual strength of composite laminates degraded during fatigue, leading to the
assumption that fatigue life can be predicted by monitoring the residual properties. Models were
developed which could predict the stiffness change, residual strength change, and life of a part
for certain simple laminates. However, the total stiffness change over the life of a part is
relatively small, making its measurement difficult. In addition, both stiffness and residual
strength degradation is a secondary effect of the actual damage occurring within the laminate.
To really understand how fatigue affects composites, the actual damage within the laminate,
including ply cracks and delamination, must be studied. Damage of this type due to constant-
amplitude fatigue has been examined to the extent that the modes of damage development are
well documented. However, no one has determined the effect of a variable loading environment
(spectrum loading) on damage development within the laminate.

The first step towards finding damage development due to spectrum loading is to perform a
systematic study breaking the loading environment into component parts to understand the
interactions between each of the elements of the spectrum. In this report, the first portion of that
step has been examined. A systematic study investigating ply crack damage development over a
range of constant-amplitude fatigue loading was undertaken. At each of these load amplitudes a
range of preloads was applied. The types of damage induced by preloading were identified and
the way this initial damage changes the subsequent fatigue damage growth were shown. The



study, however, is limited to subcritical damage—i.e., ply cracking—only, excluding the edge
damage and final failure of the specimens.

3. EXPERIMENTAIL PROCEDURE.

Static tensile tests were performed to determine the mechanical properties of coupons used for
testing. Three additional static tests were performed while measuring crack density to assess
damage during static loading. Baseline fatigue tests were performed at a constant stress

amplitude with a stress ratio (R = Omin/Omex) of 0.1. These baseline tests were performed in
10% increments from 20% to 60% of the ultimate tensile strength (UTS). To gauge the effects
of preloading, specimens were loaded from 50% to 80% UTS before being fatigued. The
preloads were applied at the rate of 0.1 hertz (R=0). All subsequent fatigue cycles had a
sinusoidal loading rate of 10 hertz. The ply crack densities were periodically measured at the
edge during the fatigue tests. The test matrix used is shown in table 1.

3.1 SPECIMEN PREPARATION.

The material system used was Hercules AS4/3501-6 graphite/epoxy. The laminate lay-up was
quasi-isotropic [0/45/-45/90]s3 making a total of 24 plies. AS4/3501-6 was chosen because of its
widespread use in the aircraft industry. Similarly, a quasi-isotropic lay-up was selected because
of 1ts common use.

All laminate fabrication was performed at the Pennsylvania State University. Square panels 61
by 61 cm were fabricated in an autoclave at Pennsylvania State University following the
manufacturer’s suggested cure cycle. These panels were cut into six subpanels 20.3 cm wide by
30.48 cm long. The subpanels were then C-scanned to check for any gross defects or
delaminations. The subpanels were then shipped to the University of California, Los Angeles,
where all further preparation and testing took place.

To make the test coupons, the subpanels were cut with an abrasive diamond saw (180 grit) into
20.3 by 2.54 cm coupons, carefully avoiding process defects detected by the C-scans. One of the
specimen edges was then sanded to 800 grit to facilitate monitoring of damage growth. An
ultrasonic bath was used to remove debris from the cut and sanded edges.

3.2 TEST PROCEDURE.

For improved gripping, the last 6.35 cm section at each end of the specimen was roughed to
220-320 grit. The end tabs used to prevent fiber breakage during gripping were 0.32-cm-thick
6061 aluminum with dimensions of 6.67 by 2.54 cm. The edges that would contact the gage
section were rounded to a 1.5 mm radius to reduce any stress concentration. The inside edge of
the end tab was bead blasted and left untouched before attaching to the specimen (no adhesive
was used). The tabs were held in place at the proper gage length of 7.62 cm using an ordinary
masking tape along the sides of the specimen and the tabs. This method allowed the tabs to be
secured before gripping.



All tests were performed on an MTS 22 Kips servohydraulic testing machine. The grips utilized
were hydraulic with 5.08-cm-wide by 7.62-cm-high jaws as seen in the fixture shown in figure 1.
To reduce the force on the comer of the end tabs, 0.32 cm of the tab was left ungripped. This
configuration yielded the desired 7.62-cm gage length. The specimen and tabs were aligned in
the grip using previously aligned stops bolted to the grip jaws. The hydraulic grips were then
slowly closed, first on the bottom jaw enough to hold the specimen and then both jaws were
closed simultaneously. The pressure in the grips was brought to 7.5 KPa for fatigue tests and
12.4 KPa for static tests.

All testing was conducted at ambient laboratory conditions. Five static tensile tests were
performed to evaluate the material properties, including tensile stiffness and ultimate tensile
strength (UTS). These tests were performed at 0.077 cm/minute in accordance with ASTM
D3039 standard. Strain was measured using Micromeasurements’ axial strain gages mounted to
the center of one side of the specimen along the 0° direction.

3.3 REPLICATION PROCEDURE.

A replicating tape (Ladd, Inc.) was found to be both effective and convenient to monitor damage.
The tape is an acetate strip which is softened with acetone and applied with light pressure to the
specimen edge while under load where it is allowed to dry for 5 minutes. The result is an
inverted replica of the edge on which damage can easily be viewed using a light microscope.

The observed damage was mostly in the form of cracks within off-axis plies of the same
orientation as seen in the photograph in figure 2. The cracks in each ply were counted from the
replica over a 12.7 mm length on a light microscope. Only cracks extending through the entire
ply thickness were counted. In the case of the two adjacent 90° plies, only cracks through both
90’s were counted. The data were then quantified in terms of a crack density which was defined
as the number of cracks in a group of contiguous plies with the same orientation per unit length
of the laminate (no. of ply cracks/cm). Figure 3 shows how individual plies were identified. The
plies were numbered from the middle (Z=x=1) toward the outer plies (Z==%12). Crack
densities were averaged over each symmetric pair of (£Z) plies.

During the static test, the crosshead was stopped periodically for five minutes while an edge
replication was taken. After the replication the original speed was resumed until the next
replication stress level was reached and another replication was taken. Two of the three static
tests had a total of 16 replicas while the third had 8 replicas. The load histories of each of these
specimens including hold time during replication are shown in figure 4.

In fatigue, cycling was stopped intermittently to allow edge replication. All replicas were taken
while under tensile stress to open the cracks and allow the acetate solution to seep in. At fatigue
stresses of 30% UTS and higher, the stress during replication was 30% UTS.



4. RESULTS AND DISCUSSION.
4.1 STATIC TENSILE TEST RESULTS.

The specimens tested quasi-statically had an average ultimate tensile strength (UTS) of 747
MPa and an average longitudinal Young’s modulus (Ey) of 55.1 GPa. The strain at failure for all
tests was in the vicinity of 14,000 microstrain (see table 2). An example of a stress-strain curve
generated by the static tests is shown in figure 5.

From the edge replicas of the three static test specimens, the first damage identified at the
specimen edges was the cracking of the 90° plies. Ply cracks as defined here consist of
matrix/interface failure in the off-axis plies. When cracks appeared, they propagated
immediately through the entire thickness of both 90° plies and were arrested at the -45°
interfaces. More cracks appeared in 90° plies as the applied stress increased. As shown in the
micrograph in figure 2, -45° ply cracks first appeared at either end of the 90° ply cracks. No
cracks in +45° plies were visible during static tension nor was any delamination evident.

In specimens with 16 replications, the first cracks appeared at 28% UTS in all three sets of 90°
plies (see figures 6 and 7). The load histories of these two specimens are shown in figure 4. The
cracks in the 90° plies multiplied as the stress increased. At 44% UTS, the -45° plies began to
crack. During the last replication before failure (96% UTS) the crack densities in the outside 90°
plies (Z = +8,9) averaged 17.3 cracks/cm and those in the middle 90° plies (Z = *1) averaged
20.0 cracks/cm. In contrast, the specimen with a total of 8 replications shown in figure 8 yielded
crack densities at 96% UTS of only 13.4 cracks/cm for the outside 90° plies (Z = +8,9) and 15.0
for the middle 90° plies (Z = +1). In addition, first ply cracking occurred at 40% UTS for the
90° plies and 64% for the -45° plies.

There are several possible reasons for the differences between these specimens. The first is of
course the variability from specimen to specimen as crack densities show a large scatter. The
second reason is that ply cracking may not be solely a function of the applied stress but also of
load history. Loading of specimens with 16 replications was interrupted more often than that of
specimen 3, effectively increasing the time under load as seen in figure 4. More frequent
replications and time under load seem to increase the crack densities in coupons held at the same
stress level. Lee and De Charentenay [39] described similar fatigue acceleration effects due to
high peak loads. The third possible reason for variability is the possibility of deleterious effects
from the acetone that was used in replication. According to Favre and Laizet [40], stress
corrosion cracking due to acetone in X-ray enhancing solution can occur in composite fatigue
specimens. To determine the extent, if any, of this phenomenon, the crack densities in two
specimens fatigued to one million cycles were compared. One specimen had approximately 15
replications taken under load during its testing period, while the other was untouched by
replications and acetone. Results indicated that the replications did not significantly increase the
crack densities.



4.2 FIRST-CYCLE CRACK DENSITIES.

Figures 9 and 10 illustrate the crack densities generated after the first cycle of fatigue loading or
preload. The 90° plies are shown in figure 9 while the -45° plies are seen in figure 10. The first
fatigue cycle was conducted at 0.1 Hz although the subsequent cycling after replication was
conducted at 10 Hz. More data points are seen at higher stresses because preload specimens are
included. As in the static load case, cracking appears first in the 90° plies. The inner 90° plies
(Z = %1) tended to crack before the outer 90° plies (Z = £8,9). Once the 90° ply cracking was
saturated, the cracks propagated into the -45° plies. As in the 90° plies, the middle -45° plies
(Z = %£2) cracked before the outer plies. No cracks were found in +45° plies during first-cycle
loads, just as in the static case.

Applying a preload to a specimen is very similar to applying loads during quasi-static tensile
testing, the only difference being the rate at which the load is applied and the time the load is
held (see load histories, figure 4). Therefore, at the same applied stress level, the crack densities
after the first fatigue cycle preload should be the same as those in static tension if there is no
effect of loading rate or hold time. From the two sets of graphs in figures 6 to 8 (static test
results) and in figures 9 and 10 (preload results), it is seen that in static tension, cracks appear
earlier and multiply more quickly than during the first fatigue cycle or preload. This observation
is in agreement with the earlier discussion on the effect of the replication frequency.

4.3 CONSTANT-AMPLITUDE FATIGUE.

Ply crack density growth versus fatigue cycles at constant amplitude of 20%, 30%, 40%, 50%,
and 60% UTS are shown in figures 11 to 15, respectively. The fatigue ply cracking follows the
same pattern as static ply cracking. The progression is as follows; the middle 90° plies (Z = 1)
crack, then the outer 90° plies (Z = +8,9), followed by the middle -45° plies (Z = +2), and finally
the outer -45° plies (Z = =7). Differences, though, begin to occur at high fatigue cycles under
high-amplitude fatigue load.

Longitudinal cracking occurs in the 90° plies and delaminations begin to grow at the -45/90
interfaces. These delaminations tend to grow where a 90° horizontal ply crack has stopped at
a-45° ply. In addition, at high fatigue stress levels (40% UTS and greater) and high fatigue
cycles (500,000+), cracks begin to appear and propagate in the +45° plies. The number of these
cracks is minimal and scattered; therefore, they were not included in the crack density
measurements.

At 20% constant-amplitude fatigue, a very small number of ply cracks are initiated and these
only at high fatigue cycles (200,000+). A threshold stress level at which fatigue cracking
becomes significant appears to exist between 20% and 30% UTS constant-amplitude fatigue.
While 20% loading produces very little crack damage, even at high cycles, 30% UTS loading
produces significant amounts of cracking, especially at fatigue cycles on the order of 10%. The
initial cycles at 30% UTS produce a few cracks which multiply steadily, particularly in the 90°
plies, as cycles increase. The -45° ply cracks begin to appear at approximately 10,000 cycles and
multiply in an approximately logarithmic fashion. The 90° ply crack densities level off after
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about 100,000 cycles at the saturation level, the phenomena described by Masters and

Reifsnider [6]. The -45° ply cracking did not appear to saturate, but continued to increase until
the tests were stopped at 10° cycles.

Forty percent constant-amplitude fatigue produces cracking which is approximately linear on a
log scale in both 90° and -45° plies. The 90° plies begin cracking immediately and progress to
just under 20 cracks/cm at close to 300,000 cycles where saturation occurs. The -45° plies start
cracking later at about 1,000 cycles but increase more quickly to 20 cracks/cm at 10° cycles but
do not saturate at that time. Forty percent UTS constant-amplitude fatigue is the first level at
which +45° ply cracks are seen to initiate and multiply.

At 50% UTS constant-amplitude fatigue and higher stresses, cracks initiate in the first cycle and
quickly grow to saturation levels, figure 14. At that point, damage phenomena other than ply
cracking, such as longitudinal splitting and delamination, takes over and grows. At 60% UTS
constant-amplitude fatigue, the specimens do not reach the 10% cycle cutoff level before
delaminations completely destroy the integrity of the coupons (figure 15).

4.4 CONSTANT-AMPLITUDE FATIGUE WITH PRELOADS.

The effect of preload on subsequent fatigue ply crack growth is shown in figures 16 to 27. These
figures show ply crack density data taken during tests with preloads ranging from 50% to 80%
UTS and fatigue stress amplitudes from 20% to 40% UTS.

The 50% UTS preload, figures 16 to 18, does not induce much ply cracking and does not appear
to produce more damage than specimens without preloads. In fact, such a low preload appears to
reduce the subsequent damage growth compared to nonpreloaded specimens when the fatigue
stress levels are 30% UTS or higher. Although this conclusion awaits further corroboration, one
can safely say that the 50% preload has no harmful effect on subsequent fatigue.

At 60% preloads as seen in figures 19 to 21, considerable ply cracking damage occurs during the
preload cycle. At a low cyclic amplitude (20% UTS), very little additional cracking occurs
during fatigue. At high cyclic stresses (30% and 40% UTS), however, fatigue damage starts
immediately and increases to the saturation level before 200,000 cycles have been reached.

Even more cracking occurs during the 70% preload (see figures 22 to 24). The damage
accumulation does not continue after the preload until the high-cycle range (200,000+) has been
reached for any of the cyclic amplitudes. The damage then grows steadily until the cutoff level
(10° cycles) has been reached.

Finally, at 80% UTS preload, virtually all of the ply cracking occurs during the preload. This can
be seen in figures 25 to 27 where there is very little difference between the first and millionth
cycle crack densities. Only at high amplitude fatigue (40% UTS) does significant cracking occur
after the preload.
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The results in figures 16 to 27 can be summarized as follows. As the preload increases, the
resulting ply cracking is more severe. If the preload damage is more severe than the fatigue
damage without preload, then there is no damage growth in subsequent fatigue. Otherwise, there
will be damage growth in subsequent fatigue. However, the resulting high-cycle damage is still
the same as the corresponding fatigue damage without preload. The effect of the preload before
constant-amplitude fatigue is shown in figures 28 to 33. The figures are grouped by ply number
and show the crack density as measured immediately after each preload and after 10° fatigue
cycles. Figures 28 and 29 show the effect of varying preload on the damage accumulation from
20% constant-amplitude fatigue in 90° and -45° plies. As the preload increases, the 90° ply crack
densities at 1 and 10° cycles increase in a linear fashion. Little fatigue effect (crack density
growth after preload) is evident at 20% constant-amplitude fatigue. The crack density trends in
the -45° plies are very similar to that of the 90° plies, with slightly lower crack densities. The
90° ply crack densities range from O cracks/cm at 50% preload to approximately 12 cracks/cm at
80%. While the -45° ply crack densities range from O cracks/cm at 50% to about 9 cracks/cm at
80%.

At the medium fatigue stress level of 30% UTS, the preload begins to have less of an effect on
the 10° cycle crack density. Preloading to 50% and 60% UTS increases the subsequent fatigue
damage as shown in figures 30 and 31. However, this deleterious effect disappears as the preload
is increased further to 80% UTS.

At 40% constant-amplitude fatigue with a 70% UTS preload, the ply cracking at low-cycle
fatigue is less than with 80% preload, but at 10° cycles the ply cracking levels with and without
preload are very similar as seen in figures 32 and 33. The most interesting effect of preload is
seen at the high fatigue stress level of 40% UTS. In this case, preloading appears to decrease the
amount of final damage.

The effects of preload can be summarized as follows. At 20% UTS fatigue, little significant ply
cracking occurs. A threshold between 20% and 30% UTS fatigue appears to exist for significant
damage accumulation during constant-amplitude fatigue. At high cycles during 30% and 40%
UTS fatigue, large numbers of cracks and eventually delaminations occur. Adding preloads of
50% to any of these three fatigue loadings does little to affect damage accumulation, except at
40% UTS fatigue, where it appears to lower slightly the ply crack density at one million cycles.
Increasing the preload to 60%, 70%, and 80% increases low-cycle damage but reduces the
damage induced by fatigue at higher cycles.

The preloads introduced here are similar to the hold-time stresses used by Lee and De
Charantenay [39]. If their data and the data shown here are compared, similar phenomena are
seen. Long hold-time stresses accelerate damage development as do high preloads. At shorter
hold-time stresses fatigue damage is retarded. They state that the reason for the retardation effect
is from “pronounced plastification at the crack tip and the reduced mean load level of subsequent
fatigue loading after the holding times.” If it is true, this observation may explain why during
tests with 50% preloads the subsequent fatigue damage appears less than in tests without the
preload.
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5. CONCLUSIONS.

The contribution of this report is to provide the first step towards the comprehensive
documentation of damage induced by spectrum fatigue loading. Recorded here is the ply
cracking due to five constant-amplitude fatigue loads spaced within the likely design range. At
three of these constant-amplitude fatigue loads, the effect of preloads on damage is assessed,
giving results for the simplest form of variable loading. The results can be used as a building
block to use with other data to eventually predict damage due to spectrum fatigue loading.

The effect of preload on subsequent fatigue damage growth depends on the combination of both
the preload level and the subsequent fatigue stress level. Since the preload is higher than the
fatigue stress level, the resulting damage in the low-cycle region is more severe. The preload-
induced damage did not grow any more if the fatigue stress level was kept low. Preloads which
are just above levels which cause significant damage (70% UTS and above here) appear to retard
fatigue damage development. At the highest fatigue stress level of 40% UTS employed in the
present work, the high-cycle damage rather decreases with increasing preload level. Thus,
preloading would be beneficial at this stress level as far as the high-cycle damage is concerned.
In any case, based on today’s design strains, the effect of preload on fatigue damage is not
significant and preload can be applied before or after fatigue loading.

Ply cracking is time dependent and hence crack densities measured depend on load histories of
the specimen. Another complicating factor that has to be reconciled in data analysis is the
sensitivity of ply cracking to specimen variability. Both factors make it difficult to compare data
obtained from different specimens. Yet the trends are clear from the data generated.
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FIGURE 1. SCHEMATIC DIAGRAM OF TEST SETUP
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FIGURE 2. PHOTOMICROGRAPH OF [0/45/-45/90]s; LAMINATE
SHOWING PLY CRACKS
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FIGURE 10. FIRST-CYCLE CRACK DENSITY FOR -45° PLIES
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FIGURE 11. PLY CRACK ACCUMULATION UNDER 20% UTS CA T-T
LOADING (25F2)
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FIGURE 12. PLY CRACK ACCUMULATION UNDER 30% UTS CA T-T
LOADING (25C5)
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FIGURE 13. PLY CRACK ACCUMULATION UNDER 40% UTS CA T-T
LOADING (25D6)
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FIGURE 14. PLY CRACK ACCUMULATION UNDER 50% UTS CA T-T

LOADING (25C4)
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FIGURE 15. PLY CRACK ACCUMULATION UNDER 60% UTS CA T-T
LOADING (26B8)
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FIGURE 16. PLY CRACK ACCUMULATION UNDER 50% UTS PRELOAD/ 20%

UTS CA T-T LOADING (25E2)
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FIGURE 17. PLY CRACK ACCUMULATION UNDER 50% UTS PRELOAD/ 30%
UTS CA T-T LOADING (25E11)
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FIGURE 18. PLY CRACK ACCUMULATION UNDER 50% UTS PRELOAD/ 40%
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FIGURE 19. PLY CRACK ACCUMULATION UNDER 60% UTS PRELOAD/ 20%
UTS CA T-T LOADING (25E7)
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FIGURE 20. PLY CRACK ACCUMULATION UNDER 60% UTS PRELOAD/ 30%
UTS CA T-T LOADING (25F1)

25 T LT LTI [N RARI]
" 1457-4/-11 A +457=+/-6
O 45z=4/-10 A +45z=+/-3
20 1o 90z=+/-89 o -452=+/-2
- O 452=+/-7 O 90z=+/-1
g
2 T+ ricoci--
iz )
g o § Y’o‘ o‘a“
= 10 4 OIS L LTI oL latli i
Q T e D) —‘1 1
& Q ' ] o M
5
. l A
A A AL A A A A .
0 1 2 3 4 5 6
Log (n)

FIGURE 21. PLY CRACK ACCUMULATION UNDER 60% UTS PRELOAD/ 40%
UTS CA T-T LOADING (25D5)
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FIGURE 22. PLY CRACK ACCUMULATION UNDER 70% UTS PRELOAD/ 20%
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FIGURE 23. PLY CRACK ACCUMULATION UNDER 70% UTS PRELOAD/ 30%
UTS CA T-T LOADING (25C6)
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FIGURE 24. PLY CRACK ACCUMULATION UNDER 70% UTS PRELOAD/ 40%
UTS CA T-T LOADING (25D4)
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FIGURE 25. PLY CRACK ACCUMULATION UNDER 80% UTS PRELOAD/ 20%
UTS CA T-T LOADING (25F3)
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FIGURE 26. PLY CRACK ACCUMULATION UNDER 80% UTS PRELOAD/ 30%

UTS CA T-T LOADING (25F6)
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FIGURE 27. PLY CRACK ACCUMULATION UNDER 80% UTS PRELOAD/ 40%
UTS CA T-T LOADING (26B2)
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FIGURE 28. 20% UTS FATIGUE CRACK DENSITIES AT 1 AND 100 CYCLES VS.
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FIGURE 29. 20% UTS FATIGUE CRACK DENSITIES AT 1 AND 105 CYCLES VS.
PRELOAD FOR -45° PLIES
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FIGURE 30. 30% UTS FATIGUE CRACK DENSITIES AT 1 AND 100 CYCLES VS.

PRELOAD FOR 90° PLIES
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FIGURE 31. 30% UTS FATIGUE CRACK DENSITIES AT 1 AND 106 CYCLES VS.
PRELOAD FOR -45° PLIES
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FIGURE 32. 40% UTS I*;ATIGUE CRACK DENSITIES AT 1 AND 106 CYCLES VS.

PRELOAD FOR 90° PLIES
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FIGURE 33. 40% UTS FATIGUE CRACK DENSITIES AT 1 AND 109 CYCLES VS.
PRELOAD FOR -45° PLIES
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TABLE 1. TEST MATRIX FOR STATIC AND FATIGUE LOADING

I. Static Tensile Tests
e Obtain Ultimate tensile Strength (UTS): A
o Obtain crack density as a function of load level: B, C

A. Strain Gaged | B. 16 C. 8 Replications
Replications
1. 26B5 1. 26E9 1. 25B9
2. 26A5 2. 25F4
3. 25F9
4. 25F5
5. 25E5

II. Constant Amplitude Fatigue
e R=0.1,f=10 Hz
Omax=20%, 30%, 40%, 50 %, 60% of UTS

A. 20% B. 30% C. 40% D. 50% E. 60%
1. 25F2 1. 25C1 1. 25D6 1. 25C4 1. 26B8
2. 26F3 2. 25C5 2. 26C4

_ 3. 25E4 _

III. Constant Amplitude Fatigue with Preload
e Preload: 1st Cycle @ R=0.0, f=0.1 Hz, Gax=50%, 60%, 70%, 80 %
e Constant Amplitude @ R=0.1, f=10 Hz, 6112y=20%, 30%, 40%

50% Preload 60% Preload

A. 20% B. 30% C. 40% A. 20% B. 30% C. 40%
1. 25E2 1. 25E11 1. 25D8 1. 26A4 1. 25F1 1. 25D5
2. 26A10 2. 25E7 2. 26C5 2. 26A7
3. 25E5 3. 25E1

70% Preload 80% Preload

A. 20% B. 30% C. 40% A. 20% B. 30% C. 40%
1. 26F1 1. 25C6 1. 25D4 1. 25F3 2. 25F6 1. 26B2
2. 26Al11 2. 26A6 2. 26F9 2. 26F8 2. 26ES
3. 26F7 3. 26E10




TABLE 2. STATIC TENSILE TEST RESULTS

OULT €uLT Ei
[MPa] [Ksi] [%] [GPa] [Msi]
26B5 797.2 115.7 1.49 55.75 8.09
26A5 781.3 113.4 1.44 56.75 8.24
25F9 705.5 102.4 1.33 N/A? N/A
25F5 721.4 104.7 1.41 53.39 7.75
25E5 730.3 106.0 1.39 54.59 7.92
Average 747.2 108.4 1.41 55.12 8.00
Stand. Dev. 35.63 5.2 0.05 1.26 0.18
Cov. [%] 4.77 3.67 2.29

1. Longitudinal stiffness obtained for strain ranging from 0.2% to 1.0% by linear regression, setting y-intercept to be zero,

2. Load voltage vs strain data lost. Only the final load and strain available from previous reports.
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