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(ABSTRACT)

The effect of cooling rate and stacking sequence on fatigue behavior was analyzed for
notched quasi-isotropic APC-2 laminates. The fatigue behavior of fast (475° F/min) and
slow (1° F/min) cooled specimens of the following two layups was studied: Layup A of
(-45/0/45/90), and Layup B of (45/90/-45/0),. All specimens were subjected to a load
controlled, Tension - Tension fatigue loading with a stress ratio R = (.1 at a frequency
of 5 Hz. Parameters such as strain, temperature rise across the notch and number of
cycles fatigued were continuously monitored during the fatigue tests. Damage was
monitored by the reduction in modulus, penetrant enhanced X-ray radiography, and
Scanning Acoustic Microscopy (SAM). Post failure analysis of the specimens was carried
out by Scanning Electron Microscopy (SEM). A quasi-3D Finite Element Analysis was
performed to compare the differences in the interlaminar stresses arising around the notch

in the specimens of the two layups under study.

The ultimate static strengths did not show any appreciable dependence on either
cooling rate or stacking sequence. The maximum load in the fatigue cycle was selected

as a fraction of the ultimate notched static tensile strength in each case. The fatigue lives



showed appreciable difference between the two cooling rates in layup A when tested at
the lower load levels. The fatigue behavior was vastly different between the two cooling
rates for specimens of layup B. Also, specimens of layup B, both fast and slow cooled,
had longer lives than their counterparts from layup A. A model, based on a constant
strain-to-failure criterion, was developed for life prediction and the predicted lives are in

good agreement with the experimental values.

Fast cooled specimens of layup A showed a gradual degradation in the modulus
till failure while slow cooled specimens of the same layup showed a more drastic
reduction as they approached failure. No such distinguished behavior was observed in the
specimens of layup B. Scanning Electron Micrographs of the fast cooled specimens
indicate better fiber/matrix bonding conditions and more matrix plasticity as compared to

the slow cooled specimens.

A rotated stacking sequence technique was used for the calculation of the
interlaminar stresses around the notch. No single stress seems to control failure but it is
likely that failure occurs by the interaction of the different stresses since a three-
dimensional stress state exists at the notch. Based on this reasoning, effective stresses
were calculated at all those interfaces where one of the interlaminar (normal or shear)
stresses has a maximum value. A comparison of the effective stresses calculated showed
the layup A to be 1.7 times more prone to delamination than layup B. Damage analysis
of the fatigued specimens by X-ray radiography and Scanning Acoutic Microscopy shows
the specimens of layup A to be dominated by delaminations as compared to those of
layup B. The interfaces predicted to be critical by FEA agreed well with the experimental

observations, in general.
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1. INTRODUCTION AND LITERATURE REVIEW

The reinforcement of materials such as mud and clay by hair, straw and vegetable
fibers has been long established in man’s history enabling him to improve his building
materials. With the advent of modern synthetic polymers it was rapidly realized that the
addition of fibers, flakes and particulate materials to polymer matrices could improve
mechanical properties significantly. Fibers and flakes are the most effective and have
enabled several polymers with limited properties to compete with long - established
metallic materials, resulting in cost, weight and processing economies. This is increasingly
apparent in the selection of aerospace and automotive applications as well as in a

multitude of domestic products.

Reinforced plastics, both thermosets and thermoplastics, are used in increasingly
harsh environments involving elevated temperatures and aggressive conditions. However,
a pattern of increasing replacement of fiber reinforced thermosets by thermoplastics is
emerging. This trend is encouraged by the development of continuous fiber reinforced
grades of the newér high-temperature engineering thermoplastics such as
polyetheretherketone (PEEK).

The reinforcement of thermoplastics and thermosets by ceramic, metallic or
polymer fibers is of vast importance. It is easily achieved and often the composite formed
is cheaper than the polymer matrix alone, an unexpected advantage perhaps [1]. These
reinforced grades marry the strength and stiffness of such fibers with the good shock

resistance of the thermoplastic matrix. The fibers alone are usually very brittle and their



strength and stiffness cannot be fully realized. The matrix protects these fibers and
transfers the load to them. This gives a material that combines the good properties of the
fiber and the matrix, producing an improvement in the strength, stiffness and creep
resistance over those properties for the matrix alone. Fiber reinforcement represents a
physical rather than a chemical means of changing a material to suit various engineering

applications; this is far cheaper than redesigning thermoplastics by a chemical route.

Historically, the advanced polymer composite market has been dominated by
composites made from thermoset matrices such as epoxies, polyesters and polyimides.
Thermosetting resins, and in particular epoxies, during the last decade have provided the
major source of matrix materials for high performance structural composites based on
continuous fiber reinforcement. These resins have demonstrated a good balance of
properties combined with convenient processing technology : the high performance of
components made from such resins has generated a new design philosophy and a potential
demand for an appropriate mass production process. As with any new high - performance
material, the design philosophy has pushed the material to its limits and identified certain
property constraints - shelf-life, water sensitivity and brittleness - which appear to be
inherent in that family. Looking forward to the next generation of materials, thermoplastic

resins offer an attractive balance of properties.

The advantages offered by thermoplastic resins fall into four groups. The rigorous
chemistry of linear chain polymerization gives composite materials indefinite shelf-life
from which the user obtains enhanced quality assurance. Toughness of the resin phase can
translate into improved damage resistance in the product, and crystallinity of the resin
phase gives potential for excellent environmental resistance. Damage tolerance and
environmental resistance allow the designer increased freedom to extend the limits of
performance. Finally, the thermoplastic characteristic of the resin permits rapid processing,

the ability to reclaim scrap via injection molding and the opportunity to repair damaged



structures. Taken together these translate into economic and versatile fabrication
technologies. The one readily identifiable disadvantage of thermoplastic systems is the
need to work at higher temperatures (as high as 380 °C with PEEK), but while this
removes the convenience of hand layup the potential for automated tape laying and
filament winding technologies is not affected. These advantages may be viewed as

decisive factors in determining the future growth of the fiber reinforced plastics industry.

The thermoplastics used in the manufacture of advanced composites for aerospace
applications are of the two types, Amorphous and Semi-crystalline. As the names indicate,
the amorphous thermoplastics such as polyphenylene sulphide (PPS) do not form an
ordered crystalline structure when processed. However, the semi-crystalline materials such
as polyetheretherketone (PEEK) form a crystalline structure upon being processed under
right conditions. The degree of crystallinity depends on the processing conditions such as

cooling rate, processing temperature etc.

PEEK is a semicrystalline polymer whose morphology, and hence mechanical
properties depend on the thermal history during processing. A number of investigations
on the influence of processing conditions on the rate of crystallization and the type of
ensuing morphology in neat PEEK and its fiber composites have been reported [2-10].
The following conclusions are generally accepted by various authors as the major findings

concerning crystallinity and morphology :

(1) PEEK is characterized by glass transition temperature (T,) at around 145 °C
and melting point (T,) at around 335 °C.

(2) Quenched, mostly amorphous PEEK crystallizes on heating with an exotherm
around 180 °C.

(3) Upon cooling from the melt, PEEK crystallizes with an exotherm around
255 °C.



(4) Maximum rate of isothermal crystallization is found at approximately 230 °C.
(5) In addition to the time and temperature below T, degree of crystallinity is
also a function of the holding time in the melt.

(6) The presence of stress and foreign surface will affect the morphology.

Aromatic Polymer Composites (APC) are a new class of advanced structural
material based on continuous Carbon fibers in which the resin matrix is a thermoplastic
polymer. One particular grade called APC-2, uses the semicrystalline polymer
polyetheretherketone (PEEK). APC-2 sheets are fabricated by consolidating multiple
layers of unidirectional prepreg above the melting point of the polymer and then cooling

to allow the polymer to crystallize and make the structure more rigid.

Peacock et al. [11] report that the nucleation sites are invariably the reinforcing
fibers in APC-2. Two specific types of this ’fiber initiation’ have been observed :

(1) nucleation from where two fibers come very close, and

(ii) nucleation from discrete, well separated points on the fiber surface.
Nucleation may also occur in the matrix itself but this is rare at higher cooling rates
(above 10-15 °C/min.). After nucleation at a fiber contact point or point on the fiber
surface therefore, the PEEK crystals grow radially outward forming a spherulite,
sometimes following the contour of the fiber, until they impinge on another spherulite or
fiber surface. Since the points of nucleation around the fiber surface are typically at least
a fiber diameter apart, full fan-like half-spherulites are nearly always observed. Figure 1

shows this phenomenon.

The mechanical properties of PEEK and carbon fiber reinforced PEEK (APC-2)
have been assessed in many of the recent studies [12-14]. Since PEEK is a semicrystalline
material and crystallization is a time-dependent process, it can be expected that the

cooling rates would have an effect on the amount of crystallinity of the composite
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Figure 1 Spherulite growth in PEEK matrix [11].




material. Recent studies [3,7-9,15-19] have shown that mechanical properties of both
PEEK and APC-2 are affected by the degree of crystallinity of the material. One of the
major factors influencing the degree of crystallinity is the cooling rate used during the
processing of the material. Previous studies [16-19] have shown that the crystallinity of
the material increases as the cooling rate reduces. It has also been observed [4,5,16] that
the crystallinity of PEEK can be changed by proper heat treatment operation (Annealing).
The amount of crystallinity has been found to depend on the annealing temperature and
hold time. Among the mechanical properties studied by the previous workers were the
tensile strength/modulus, compressive strength/modulus, impact strength and fracture

toughness.

1.1 FATIGUE CHARACTERIZATION

The fatigue behaviour of composite materials has been a subject of active research
in recent years. The damage process in laminated composites subjected to fatigue loading
is significantly different from that observed in conventional materials. Although there
have been many papers on the static characterization of APC-2 and the effect of
crystallinity on them, not much work has been done on the fatigue behavior. The number
of publications on the fatigue performance of APC-2 is a minor fraction of the overall
total. In part, this is to be expected because the early accounts of mechanical performance
inevitably focus on simpler and short-term characteristics. Because the complexities of
measurement introduce aspects that hitherto might not have been recognized, the pace for

determining fatigue properties is still relatively slow.

Some of these complexities can be illustrated by making a comparison between
fatigue strength of carbon fiber composites based on thermoplastic and thermosetting
matrix materials. Some authors [20,21] have shown that thermoplastic composites such

as carbon fiber reinforced PEEK exhibit better fatigue strength than composites based on



thermosets. On the other hand, the reverse conclusion has also been observed [22]. Also
it has been shown that carbon fiber reinforced PEEK is superior for Mode I and II fatigue
tests [23,24] while Russell et al. [25] conclude an opposite view for the Mode II case,
again for comparisons with CF/thermosetting systems. This suggests that an inadequate
understanding of fatigue behaviour lies at the root of the problem. In a recent study,
Picasso et al. [26] have observed the loss of stiffness to be similar during fatigue for both
PEEK and epoxy-based quasi-isotropic laminates except that the epoxy-based laminates
resulted in lower final stiffnesses. They also came up with a prediction of fatigue life for
the quasi-isotropic material starting from fatigue data of the unidirectional material by
adopting a linear criterion similar to the maximum strain or the maximum stress criterion
in the fiber direction. In another paper Picasso et al. [27] report that the thermoplastic
based Gr/PEEK quasi-isotropic laminate presented a different fatigue behaviour as
compared to Gr/Epoxy . The loss of stiffness, both axial and flexural, which is always
present in the composites has been shown to be limited. Also, tested under similar
conditions (R=0.1, f=2 Hz.), they observed that a Gr/Epoxy laminate showed a final loss
of secant modulus of the order of 5%, much larger than that (0.3%) observed for
Gr/PEEK. Similarly Kim et al. [28] report improved fatigue performance of the tough and
strong PEEK matrix system (Gr/PEEK) compared to the brittle Epoxy matrix system.
They attribute this to the greater resistance to initiation and growth of fatigue damage

related to the matrix.

A systematic study of the effect of experimental factors on fatigue properties of
multi-angle laminates of APC-2 has been recently reported by Curtis et al. [29]. They
have concluded that fatigue behaviour of (-45/0/45/90),, laminates of AS4/APC-2 is
independent of the number of plies and is independent of sine and square waveform types,
and also independent of testing machine choice. Further, they observe that loading
frequency effects can significantly complicate the generation of stress-log N curves and

that the influence of test frequency will be more pronounced for matrix dominated layups.



They have shown that the temperature rise during fatigue occurs for all multi-angle
laminates leading to reduced fatigue strength, but the fatigue-frequency-temperature

interrelation is very complex and varies in a synergistic fashion.

Henaff-Gardin et al. [30] report far shorter lives for APC-2 in Tension-Tension
fatigue than those of the epoxy based material. They have observed no damage in APC-2
before final failure and that all damage types exist in this quasi-static like failure . They
report very different fracture features in the two material systems based on Scanning

Electron Microscopy observations at the end of fatigue tests.

Curtis [31], in his study of eight different materials, including four types of
different carbon fibers and five different matrix materials observed that there was little
effect of varying just the fiber type on the fatigue behaviour of the materials. However,
he observed slight shifting of the S-N curves on the ordinate, as might be expected for
fibers with widely varying static failure strains. However, varying the resin type with the
same fibrous reinforcement had a dramatic effect. The new tough matrices had much
poorer unidirectional fatigue behaviour compared to the best standard epoxy based
systems and showed large reductions in supportable strain with increasing numbers of

fatigue cycles.

Dickson et al. [32] report comparable fatigue response of cross-plied CF/PEEK to
epoxy based composites. They also observe that the fatigue of PEEK based laminates is
’almost entirely’ unaffected by hygrothermal ageing treatments. Also they have found
better fatigue response of cross-plied CF/PEEK than that of CF/Epoxy composites because
of the inherently superior properties of the thermoplastic matrix. Also they predict
substantially better fatigue resistance for a quasi-isotropic layup of CF/PEEK than

equivalent CF/Epoxy composites!



In a recent study, Curtis et al. [33] have reported fatigue behavior of APC-2 at
different temperatures. Also they examined (+/- 45) laminates at different cooling rates
from the melt during consolidation. They also attempt to interpret results in terms of the

expected failure mechanisms that occur.

The conflicting information on the fatigue behavior of these PEEK based
composites is evident from the above review. Hence, with this work, some useful
information can be provided as well as a possible clarification of the fatigue behavior of

these PEEK-based composites.

Perhaps it is pertinent to mention here that the fatigue studies on CF/PEEK have
seldom gone beyond the classical description of fatigue strength in the form of ¢ Vs

log N.

1.2 TIME-DEPENDENT BEHAVIOR

Viscoelasticity is the study of materials whose mechanical response is a function
of time and previous history, often referred to as memory effect. The material is said to
"remember” its original geometry and recovers with time towards this original
configuration. The Creep-Creep recovery response is widely used to determine the

viscoelastic nature of both isotropic and the anisotropic composite materials.

There have been several papers on the subject of time dependent behaviour in
composite materials. Thermoplastic composites have been subjected to close scrutiny in
this respect due to the viscoelastic nature of the thermoplastic matrix. But there have been
only a handful of papers on viscoelastic effects in PEEK based composites, recent ones
being Ogale et al. [34] and Xiao [35]. Ogale et al. studied the influence of crystallinity

and temperature on the elastic and viscoelastic properties of the polymer PEEK. They



characterized the viscoelastic response of PEEK by creep and dynamic mechanical testing
conducted at several elevated temperatures. They then used Time-Temperature-Frequency
superposition to make predictions about the long-term creep response. They observe the
temperature shift factors to be fairly independent of the degree of crystallinity except
when the amorphous glass transition temperature was approached. A rather detailed study
of viscoelastic characterization of APC-2 was done by Xiao. She carried out accelerated
viscoelastic characterization testing on an APC-2 unidirectional laminate. The temperature
dependence of the viscoelastic response was observed by isothermal creep tests with
incremental temperatures. The non-linear viscoelastic response was characterized by
isothermal creep tests with incremental stress levels and treated by the time-stress
superposition principle. Shapery’s non-linear viscoelastic analysis was found not to be
applicable for this material. The temperature dependence of the matrix dominated
properties of the laminate was found to be different from that of the bulk resin with the
softening temperature of the composite matrix being below 125 °C, which is much lower
than the glass transition temperature for the bulk resin. This difference was attributed to
a possible interaction between resin and reinforcement. Also, the softening temperature
measured on APC-2 laminate was found to be 20 °C lower than that of the neat resin. She
reports that creep behaviour of the laminate was almost temperature independent between
25 and 90 °C. She found that above 100 °C, the stress accelerating effect was enhanced
significantly, and considerable creep deformation was built up suggesting that a feasible
application of APC-2 composites in a primary load-bearing structure is limited to

temperatures below 100 °C!

1.3 INTERACTION OF RATE-DEPENDENT AND
INDEPENDENT PROCESSES

The interaction of rate dependent and independent processes in isotropic media

has been frequently addressed in the context of low cycle fatigue in a high temperature
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environment. Wareing and Tomkins [36] discuss possible interaction mechanisms , but
emphasis of analytical and experimental work has been on the interaction of cyclic
damage and creep. Manson et al. [37] discussed the role of creep in high temperature low
cycle fatigue and Manson [38] reviewed life prediction methods, including the double
linear damage rule to account for loading sequence, strain range conversion and the

principle of minimum commitment for multi-heat analysis.

Studies have also been carried out, both analytical and experimental, on these
interactions in composite materials. Some of the experimental studies carried out consider
the mechanisms and extent of the interaction between cyclic damage and viscoelastic
behaviour in composite materials. In many instances, it is the findings in the laboratory
that have led the investigators to consider the viscoelastic effects. Only a few have

dedicated their efforts to this specific task.

Lifshitz [39] investigated the compressive creep and fatigue response of 0°, 90°
and +/- 45° Gr/Epoxy laminates. He found that 0° plies are elastic but 90° and +/- 45°
laminates creep significantly with large hysteresis (for +/- 45°). Lifshitz comments on
possible mechanisms by which viscoelastic behaviour affects the stress redistribution

during fatigue loading.

Sun and Chan [40] examined the frequency effect on the tensile fatigue life of
(+/- 45%), Gr/Epoxy laminates with a central hole, by testing at four frequencies and
three load levels. They measured the temperature rise next to the hole and found that its
magnitude grew larger with increase in frequency and/or stress level. They found that
fatigue life at constant stress level peaks at a certain frequency and had higher frequency
peaks at the lower stress levels. The authors explain their findings in terms of competing
damage modes. They suggest that at constant stress level a transition from creep to cyclic

dominated fatigue damage occurs on increasing the frequency. At low frequencies creep
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damage is dominant, and life is proportional to frequency, at high frequencies there are
large temperature rises, cyclic damage dominates and life is inversely proportional to
frequency. Again, time dependent behaviour has been shown to influence fatigue life in

unexpected ways.

The work of Sun and Chan[40] and Sun and Chim [41] has been extended recently
by Dan-Jumbo, Zhou and Sun [42] to include thermoplastic laminates. They investigated
the frequency response of three layups of IM6/APC-2 and (+/-45),, Gr/BMI laminate with
center holes. The temperature next to the hole, specimen stiffness and hysteresis loops
were monitored. They found that the tension-tension fatigue life of the (+/-45),,
thermoplastic laminate decreases as frequency increases, contradicting measured behaviour
of similar thermoset laminates. Generally, the fatigue response of the thermoplastic (+/-
45),. laminate is better than that of the thermoset (+/-45),, laminate at low frequencies.
At high frequencies the thermoplastic composite generates much more heat reducing the
fatigue life significantly. This effect could explain the findings of Croman [43],
Simmonds et al. [44] and Schulte [45] who reported poorer fatigue response for
thermoplastic composites when compared to thermoset counterparts. For other layups, the

magnitude of the viscoelastic interaction depended on stress level and stress ratio.

1.4 EFFECT OF STACKING SEQUENCE

A characteristic feature of fiber reinforced laminated plates is their tendency for
failure to initiate at the free edges. This behavior has been investigated experimentally and
by mathematical stress analysis models for laminates with stress free edges. Experimental
studies by Pipes, Kaminsky and Pagano [46] have shown that the laminate stacking
sequence can affect the static strength of laminates. Similar effects of stacking sequence
were found by Foye and Baker [47] for fatigue loading conditions. Mathematical stress

analyses of laminated plates with straight free edges have shown that changes in stacking
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sequence can alter the behavior of the interlaminar stresses. In particular, Pipes and
Pagano [48], Rybicki [49] and Pagano [50] have shown that for a straight free edge, the
sign of the transverse normal stress G,,, changes from tension to compression as the
stacking sequence is changed. Pagano and Pipes [51,52] have shown that high tensile o,
stresses are associated with the decreased laminated strengths reported in Ref. [46] and
[47]. These observations point to the importance of understanding the interlaminar stress

distributions near free edges in laminates.

Because of the simplicity of the straight free edge geometry as compared to a
curved free edge, fewer studies have been done on curved free edges. The straight free
edge can sometimes be studied as a problem with two dimensional variations in stresses
and displacements. However a curved free edge is inherently a three dimensional problem.
Thus, the circular hole is more difficult to treat in terms of a mathematical stress analysis
than the straight free edge. Rybicki and Schmueser [53] have developed an analysis for
the interlaminar stress distributions for a 6 ply symmetric laminate containing an elliptical
hole. Dana and Barker [54] have investigated the three - dimensional stress analysis of
4 ply (0/90), and (+/-45), laminates with circular holes and found that the sign and
magnitude of the o, distribution around the hole can be changed by altering the stacking
sequence. Experimental investigations by Daniel, Rowlands and Whiteside [55] on the
effects of stacking sequence on the strength of laminated plates with circular plates
indicated that variations in stacking sequence could affect the laminate strength as well
as the failure mode. They attribute the observed differences in laminates of the same
construction but varying stacking sequence to the interlaminar stresses near free edges,
the most influential of these stresses being the interlaminar normal stress. They reason
that when a laminate is subjected to an axial stress, the differences in Poisson’s ratio
between the various plies result in transverse stresses. The stresses are equilibrated by
interlaminar shear stresses and couples produced by the interlaminar normal stresses.

When the outer plies are in transverse tension, the interlaminar normal stresses near the
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free boundary are tensile tending to delaminate the composite and therefore decrease its
strength. The opposite is true when the outer plies are in transverse compression. Stacking
sequence variations also introduce variations in residual thermal stresses. Whenever the
free boundary contains a region of high stress concentration (hole) forcing initiation of
failure in that region, the effects of stacking sequence variation on strength are further
accentuated. The behavior of a laminate at a free boundary depends on many factors,
including the membrane stress parallel to the boundary, the interlaminar shear and normal
stresses, residual thermal stresses and geometry of the boundary. Also, they say that
stacking sequence variations could, in some cases, alter the mode of failure from

catastrophic to non-catastrophic, thus offering new ways for fail-safe design.

Rybicki and Schmueser [56] showed that changing the stacking sequence changed
the magnitude and sometimes the sign of the midplane interlaminar stress distribution for
o,, around the hole. While the sign of ©,, was observed to change for some stacking
sequences, no general rule was apparent for the relationship between the sign of &,, and
the far field stresses. They conclude that the interlaminar stress distributions around a
circular hole have different characteristics than those of the straight free edge and the
stress concentration and variation in stress distributions around the circular hole contribute

to the complexity of the problem of relating the sign of G,, to the field stresses.

O’Brien [57] reports that the contribution of residual thermal stresses to
delamination in AS4/PEEK was substantial due to the large temperature range between
manufacture and room temperature. More work is needed to fully characterize the
influence of residual thermal and moisture stresses, and the degree of crystallinity of the
PEEK matrix, on the strain energy release rate for delamination growth, and the

interlaminar fracture toughness of the composite.
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1.5 OBJECTIVE OF THIS STUDY

In this study, an attempt has been made to study the effects of crystallinity and
stacking sequence on the fatigue behavior of quasi-isotropic APC-2 laminates. APC-2 is
manufactured by ICI Fiberite. The variation in crystallinity in the laminates used for this
study was brought about by controlling the cooling rate of the mold from the melt. The
resulting crystallinity was estimated by Wide Angle X-ray Scattering (WAXS). The
stacking sequence was changed in the laminates by cutting out specimens perpendicular
to one another, from the supplied quasi-isotropic panels. This resulted in the following
layups : Layup A : (-45/0/45/90),

Layup B : (45/90/-45/0),

A quasi-3D analysis was then carried out on these two stacking sequences to
estimate the interlaminar stresses at the curved (hole) stress free surface for each laminate.
Static and fatigue characterization of the specimens of the varying crystallinities and
different stacking sequences was done and their performance compared. Damage analysis
through Dynamic Modulus Reduction, Scanning Electron Microscopy (SEM), X-ray

Radiography, Scanning Acoustic Microscopy (SAM) was carried out where appropriate.
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