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The fatigue life behaviour and the underlying micromechanisms have been studied in two
different types of unidirectional carbon-fibre-reinforced plastics loaded in tension-tension
along the fibre direction. The carbon fibres (AS4) were the same in the two composite
systems. One thermoplastic matrix (polyetheretherketone, PEEK) and one thermosetting
matrix (epoxy toughened with a thermoplastic additive) were used. The macroscopic
fatigue behaviour was characterised by fatigue life diagrams. Surface replicas were taken
intermittently during the course of the fatigue tests to monitor the active fatigue damage
micromechanisms. The thermoset based composite showed a higher fatigue resistance
with few microcracks initiated at distributed fibre breaks growing at a decelerating rate. The
thermoplastic composite had a more pronounced fatigue degradation with a steeper
fatigue life curve, which was caused by widespread propagating debonds and matrix
cracks. The use of a tougher and more ductile matrix results in an inferior fatigue life
performance, due to a more widely distributed accumulation of damage that propagates at
a higher rate. © 1999 Kluwer Academic Publishers

1. Introduction and fibre architecture on the fatigue behaviour are un-
1.1. Fatigue in CFRPs derstood. Talreja’s fatigue life diagram [2], described
Carbon-fibre-reinforced plastics (CFRPs) are widelybelow, provides a means of clarifying these effects qual-
used for load carrying structures where the specifidtatively [3]. In one class of symmetric laminates that
strength and specific modulus are of importancehave longitudinal unidirectional plies and are loaded in
e.g. aircraft wings, helicopter rotor blades, and othercyclic tension along these plies, the laminate fatigue is
aerospace applications. These structures are often sutound to be governed by the fatigue of these plies [3-5].
ject to vibrations and other fluctuating loads, which For this reason, understanding the fatigue behaviour of
cause fatigue degradation of the material. Fatigue isinidirectional composites is of paramount importance.
known to be responsible for the majority of failures of This paper is aimed at achieving this with the specific
structural components [1]. For homogeneous materialebjective of clarifying the role of the polymeric matrix.
like metals and alloys, fatigue design methodologieslwo unidirectional composites with the same carbon
are generally based on the self-similar growth of a sinfibres and different matrix materials, a rubber modi-
gle dominant crack which eventually causes ultimatefied epoxy and a thermoplastic, are studied. The mi-
failure. The fatigue mechanisms in composite matericromechanisms governing in the different regimes of
als are more complex, and involve a multitude of spathe fatigue life diagram are described. Finally, implica-
tially distributed and interacting mechanisms. Due totions of the obtained results on models aimed at fatigue
limited knowledge of the underlying mechanisms, de-life prediction are discussed.
sign against fatigue in composites has been relied on
empiricism based on extensive and costly testing.  1.2. Fatigue life diagrams

The configuration of a composite laminate, i.e., its fi-Conventionally, fatigue data are plotted in one or the
bre orientations and stacking sequence, must be chosether form of a Whler diagram where a stress value
to meet the design needs. Presently, each new configamplitude, maximum, etc.) is plotted against logarithm
uration is regarded as a new material and its fatigu®fthe number of cyclesto failure. Talreja [2] argued that
behaviour is determined experimentally. This situationfor composite materials this type of diagram did not ad-
will improve if the effects of constituent properties equately represent the multitude of underlying damage
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lo fatigue life due to higher matrix ductility [7]. Other re-
g gmax . . .
y searchers have been found that an increase in the static
delamination fracture toughness under static conditions
was not matched by a corresponding increase in fatigue
Begion |l i resistance to delamination [8, 9]. Moreover, compos-
€gION 11 Frogreeeive region: ang _ it€S With tougher matrices are found to degrade faster
in fatigue as indicated by the slope of the strain vs.
_ Fatigue lmit region: life plot (Region Il of fatigue life diagram) [10, 11].
Region [l no iitiation, For instance, at equal strain levels, unidirectional car-
- bon fibres (CF) in polyetheretherketone (PEEK) show
log N; lower fatigue life than CF/epoxy [10]. In an effort
, S o o ~ to understand this anomalous behaviour, Curtis [12]
Figure 1 Fatigue life diagram of longitudinal composites in tension- found a more rapid growth of longitudinal splits from
tension fatigue. . . L .
drilled holes in unidirectional CF/PEEK compared to

mechanisms. He instead proposed a framework, calle F./ EPOXy. Th_e ad_verse effects_ of matrix_toughness on
fatigue life diagram, to facilitate interpretation of the fa- atigue behaviourin metal matrix composites have been

tigue mechanisms and their relative roles. The diagrar’ﬁjISCUSSGOI in [13].

plots the peak strain achieved in the first load cycle in

a constant-amplitude load-controlled test against logay Experimental

rithm of the number of cycles to failure. Three regionsy 1. Materials and processing

are then argued to exist in the diagram on the basis ofyyg CERP materials were studied CFlepoxy and
the nature and characteristics of the underlying damage r/pEEk. The CFlepoxy was AS4/85552 from Hercules
mechanisms. For unidirectional composites loaded ifyith 5 polyethersulfone (PES) modified matrix for in-
cyclic tension along fibres, the fatigue life diagram is ¢reased toughness compared to standard brittle epoxy.
illustrated schematically in Fig. 1. Region | in the dia- The CE/PEEK was APC-2 from ICI Ltd. The two com-
gramis a horizontal scatter band placed to coincide withyycite materials had the same AS4 carbon fibres. and
the static falll_Jre scattgr range at th(_e flrst.half-cycle Ofwere prepared by stacking four unidirectional plies.
load. The horizontal orientation of this region reprsents T CFlepoxy was manufactured in an autoclave
the_ non-progressive nature of th.e underlying meChaccording to the manufacturers’ recommendations at
anism of fibre failure. At a certain range of cycles, 120°C and 6 bar for 2 hours. During the autoclave pro-
dependent on the constituent properties, Region I, inzess 3 well polished plate of stainless steel was placed
dicated by a sloping band of scatter on the fatigue life;gjge the vacuum bag directly on top of the release film
begins. The progressive mechanisms of fatigue failure oy ering the stacked prepreg plies. This was to enhance
in this region are fibre-bridged matrix cracking and fi- {he surface smoothness and to prevent the usual texture
bre/matrix debonding. This region asymptotically ap-qp, the upper surface of the composite from the release
proaches alimiting value, below which Region Il of no apyic or surface bleeder. As a result, more excess resin
failure exists. The mechanisms in Region II_I are eithelyas pled than for a conventional cure process without
arrested or have too low rates of progression to causg pressure plate, and a fibre volume fraction-63%
failure in a large number of cycles. A method based ony 55 gbtained.

statistical analysis of fatigue life data has been proposed The cF/PEEK prepregs were stacked and covered
[6] to partition data in the three regions and therebyyith smooth release coated aluminum foils, and heated
make a systematic comparison of candidate materiglanyeen thick steel plates for 10 minutes at 400
behaviour. Talreja [3] has presented a thorough discusrpereater, the laminate and plates were immediately
sion of the use of the fatigue life diagram in aconsstenbrought to a hot press which held a temperature of
interpretation of the roles of matrix toughness and fibre;ggec. The laminate was press moulded for 10 min-

Region | Static region: fibre breakage

crack arrest

architecture in composite fatigue. utes, whereupon the heating system was turned off, and
the composite was cooled down under pressure to avoid
1.3. Influence of matrix toughness curvature. The thickness of the steel plates was 20 mm

The polymer industry has over the years produced & assure a moderate cooling rate. The cooling rate is
large number of thermosetting resins and thermoplasknown to have a noticeable influence on the fatigue
tics for use as matrix materials in composites. It is of-properties of CF/PEEK [14, 15]. Since the cooling rate
ten implicitly assumed that improvements in ductility, was not accurately measured here, the degree of crys-
toughness and fracture toughness of neat resins withllinity of the matrix was instead determined by dif-
lead to improvements in the same properties of compoderential scanning calorimetry (DSC), and found to be
ites as well. While the fibre architectural aspects inlam-36%. The approximate volume fraction of fibres was
inates are bound to affect such improvements, even fadetermined from the etched cross-sectional surface by
unidirectional composites itis not clear whether the im-image analysis, and found to attairt60%.

provements hold under long-term loading. It has been The specimens were cut to dimensions according
argued that for composites with fibres of high strain toto ASTM standard D3039—a 127 mm gage length,
failure (~2%) higher ductility of resin will be beneficial 12.7 mm width, and 0.5 mm thickness. Tapered glass
and a comparison of composites with different failurefabric/epoxy end tabs were bonded to the laminates with
strains of fibres and matrix indicated improvement inan adhesive epoxy film. In particular for the CF/PEEK
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material, it was important to roughen the end tabs andABLE | Static longitudinal properties of the CFRPs

the _Iamlnate surfacg with sgnd paper before glumg t%roperty CFlepoxy CEIPEEK

avoid tab delamination during testing. The specimen

edges were polished with a successively finer silicorstrengthg, 1.63 GPa 1.99 GPa

carbide paper ending with 2400 grit. Before testing,Strain to failuregy 1.27% 1.50%

the specimens were stored in a dessicator. Young's modulusf 129 GPa 133 GPa
Poisson’s ratioy 0.29 0.28

'?’Ihz. Testhme_zthlods ormed replica solvent did not degrade the composite surface.
& mechanical tests were performed on an Instrofyyica| microscopy was performed with a built-in mi-

1272 tensile machine with hydrat_JIic grjps. The,fatiguecroscope of a Matzusawa MXa-microhardness tester
tests were load controlled with sinusoidal loading and.qnnected to a computer for image analysis.

a stress ratio oR=0.1. The frequency of 10 Hz was
selected as a compromise between autogeneous heat-
ing and reasonable test durations. On occasions during; Results and discussion
fatigue testing, a thermocouple was applied to the sur3.1. Macroscopic fatigue behaviour
face, and indicated an increase in temperature less thaviechanical properties of the two material systems from
2°C. All tests were done at room temperature. quasi-static tests are presented in Table I. Eight samples
Cellulose acetate films were used for surface repli-of each material were tested, and the scatter was less
cation during the course of the fatigue testing. Beforethan 5% of the mean. It is noteworthy that the values
replication, the surface was carefully cleaned with al-of static properties of CF/PEEK are significantly higher
cohol and let to dry. The replicas were made malleabléhan those of CF/epoxy. Since the strain to failure of the
with an acetone based solution, and pressed onto a prébres are known to govern the strain to failure of uni-
designated spot on the flat surface of the specimens falirectional polymer matrix composites, the observed
2 minutes. The peak load was applied during replicadifference can be inferred from a batch to batch vari-
tion to allow the cracks to open and become visible.ability of the properties of the AS4 carbon fibres. The
The replicas were then let to harden. They were storedarbon fibres themselves are almost insensitive to fa-
under a microscope glass, on which a heavy object wakigue [16]. This means that if the superior mechanical
placed to prevent them from curling. A carbon layer properties in CF/PEEK are not retained in fatigue, a
was sputtered onto the replicas to improve the contrasieleterious progressive fatigue mechanisms related to
of the micrographs. By finding large damage sites inthe matrix or its interface to the fibres must must be
the replica with the highest number of cycles, and re-active.
locating the same damage site in replicas with lower In Fig. 2, the fatigue life diagrams of CF/epoxy
number of cycles, a sequence of micrographs with proand CF/PEEK are plotted in terms of maximum ini-
gressive fatigue damage could be put together. Sinctal strain vs. number of cycles to failure in logarithmic
the damage sites often were dispersed and rare, a mapales. The most striking features are that the CF/epoxy
with reference points such as scratches, misaligned fdata have larger scatter, and that the CF/PEEK shows
bres etc. had to be drawn in order to relocate the posimore fatigue degradation, i.e., the progressive Region
tion of the fatigue damage. Moreover, repeated applicashows a steeper slope. Scatter in strength and lifetime
tions on dummy samples were done to confirm that thés inherent in brittle materials. With brittleness is here
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Figure 2 Fatigue life diagrams of CF/epoxy and CF/PEEK.
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Figure 3 Comparison of fatigue life scatter bands of CF/epoxy and CF/PEEK.

meant that the ultimate strength is controlled by thecas, individual bridging fibres could be discerned (cf.
largest flaw, and the inability to undergo inelastic de-Fig. 6). Since the bridging fibres exert a cohesive trac-
formation caused by accumulation of irreversible dis-tion on the crack surfaces close to the crack tips, the
tributed damage. The sloping part in a fatigue life curvestress intensity is subdued compared to an unbridged
is indicative of progressive mechanism, i.e., sequentiatrack of the same size. Consequently, the propagation
fibre breakage with a stress-dependent rate. The scatteate should be reduced by the bridging action.

bands of the fatigue life diagrams in Fig. 2 are superim- The propagation rate of a uniform crack which grows
posed for ease of comparison in Fig. 3. By comparingn a self-similar manner is known to be described by
the fatigue behaviour of the two materials, it can be

inferred that the use of the more ductile PEEK matrix da

results in some damage mechanism on the microscale aN = C(AK)™,

which invokes a more rapid rupture process of fibres,

and in turn a steeper slope in Region Il. To investigate

this proposition further, the active damage mechanism#herea is the crack lengthiN is the number of cycles,
were studied for the two materials. AK is the range of the stress-intensity factor, &hd

andm are parameters that characterise the propagation

rate. By integration of this relation, it can be shown that

the crack growth accelerates with increasing number
3.2. Mechanisms in CF/epoxy of cycles for non-critical fatigue at constant-amplitude
A sequence of micrographs taken in Region Il of aloading. Contrary to this behaviour, the crack growth
propagating fibre-bridged crack in CF/epoxy is shownof the fibre-bridged cracks showed a decelerating trend
in Fig. 4. The crack tips took a deformed squeezedsee Fig. 7). A contribution to the discrepancy between
shape after a couple of hundred cycles of loading. Théhe anticipated accelerating growth and the observed
fibres have a distribution in strength, and some fibreslecelerating growth is the bridging action itself. The
will rupture at the first application of load, even though bridging fibres effectively shields the crack tip by the
the strain is well below the static strain to failure of the cohesive traction (see e.g. Cox and Lo [19]). No pro-
unidirectional composite. From these fibre breaks, magressive fibre breakage was recorded during fatigue,
trix cracks originated and grew transverse to the loadvhich indicates that the bridging fibres remain unbro-
and fibre direction. These cracks encountered neighken until the point of catastrophic failure.
bouring fibres, propagated past them and acquired a The observed fibre-bridged cracks in CF/epoxy in
squeezed profile at the tips. Similar crack shapes haveegion Il were scarce and distributed. It was only in
been observed in unidirectional metal-matrix composthe extreme vicinity of one another, that cracks showed
ites due to bridging fibres [17, 18]. A schematic picturetendencies to coalesce (see Figs 8 and 9). Cracks that
illustrating the principal appearance of a fibre-bridgedwere found close to one another usually emanated from
crack which has been initiated from a single fibre breaka common surface scratch which arose during manu-
is presented in Fig. 5. In micrographs from some repli-facturing of the specimen. Since crack coalescence was
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Figure 4 Fibre-bridged crack propagation in Region Il in CF/epoxy (strain amplitade1.08%).

very uncommon, the cracks could generally be regarded A typical type of damage found in Region Ill was a
as independent damage entities prior to catastrophisingle fibre break from which debonds grew. An exam-
failure, which would facilitate the conception of a quan- ple of this damage type is shown in Fig. 11. The debond
titative model of crack propagation. length can readily be measured, and plotted with re-
In Region I, below the fatigue limit, there was a spect to the number of cycles. Such a plot is found in
transition in mechanisms. Progressive growth of transFig. 12. The four curves refer to one debond measure-
verse fibre-bridged cracks was suppressed, and limiteshent each, i.e., the distance from the fibre-break plane
debonding along the fibre-matrix interface set in. Into the debond crack tip on each side of the broken fibre.
Fig. 10, a crack encompassing about 4 fibres at thé&lotable is that the mode Il debond growth retarded and
surface is found. Debonding commenced after a fewbecame arrested after a few million cycles of loading.
million of cycles at both crack tips. The debonds pro-Thiswas the case for all debonds observedin Region I11.
gressed at different rates and had a jagged and irregul#rthe debonding were to persist and keep on growing, it
appearance, which indicate an erratic and stochastis plausible that it would lead to successive breakage of
growth rate. nearby fibres and eventual failure. As a debond grows
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Figure 5 Schematic picture of fibre-bridged crack originating from a single fibre break.
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Figure 6 Crack with visible bridging fibres in Region Il in CF/epoxy at 1,000 cycles-(1.08%).
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such a scenario, the debonding mechanism would act
as a progressive mechanism, whereas in Region Il in
the CF/epoxy material, the limited debonding acted as
a crack arresting mechanism.

The progressive fibre-bridged cracking mechanism
was active in Region Il, whereas the arresting debond
mechanism prevailed in Region Ill. A transition in
mechanisms from Region Il to Il as a matrix crack ap-
proaches a neighbouring fibre is schematically depicted
in Fig. 13. The transition is controlled by the applied
strain level, and the predominance of the two mecha-
nisms precludes the presence of the other. Once debond-
ing sets in, the progressive growth of fibre-bridged
cracks, which ultimately leads to catastrophic failure,
is suppressed. The driving force for further crack prop-
agation is thus inhibited by the effective crack blunting.

Figure 7 Propagation curves for bridged cracks in Region I1in CF/epoxy Observations of fatigue damage mechanisms in unidi-

(e = 0.92%).

rectional metal-matrix composites indicate that the ob-
served competing mechanisms are present in other ma-

extensively, the stress profile in the neighbouring fibregerial systems [20]. Since the transition in mechanisms
changes. Since thefibre strength has a distribution alongccur at the fatigue limit, and this limit is frequently
the length of the fibre, non-aligned fibre breakage camsed in design, a thorough investigation of the govern-
be expected as a result of the propagating debond. limg microstructural properties should be undertaken.
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Figure 8 Propagation of neighbouring cracks in Region Il in CF/epaxy-(1.08%).
3.3. Mechanisms in CF/PEEK replicas with fatigue-damage growth is shown. From

In the CF/PEEK material, the observed fatigue damagéhe widespread pre-existing flaws, matrix cracks or
mechanisms were completely different from those ob-debonds grew predominantly along the fibre direction.
served in the CF/epoxy material. In Fig. 14, a series offhese cracks were abundant and ubiquitous at high
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Figure 9 Tendency for crack coalescence in Region Il in CF/epax (1.08%).

cycles. The cracks grew in a random acceleratingCF/epoxy, successive breakage of fibres was detected
decelerating manner, and became more pronouncetlring the course of the fatigue tests. A higher density
during fatigue, which could be explained by the con-of fibre breaks has also been observed in various
tinuous cyclic wear at the crack surfaces. In contrast tgoolymer-matrix composites with toughened matrices
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Figure 10 Debonding from a plane crack of fibre breaks in Region Ill in CF/epexy 0.89%).

compared composites with pristine matrices [21, 22]the observed widely distributed damage. No transition
The longitudinal cracks did not come to a halt andwith competing mechanisms was observed at the fati-
were substantially larger than the debonds observed igue limit. In Region Ill, the applied strain level was
Region Il in the CF/epoxy samples. Since these cracksoo low to provide a driving force for the progressive
kept on growing, which resulted in changing overloadslongitudinal cracking. The debonds and matrix cracks
in the neighbouring fibres, weak segments in thesatopped growing at a short distance from their initiation
fibres would eventually fail. From the resulting fibre locations, since the threshold for further propagation
ruptures, new longitudinal cracking would emanate,was not attained.

etc. The sequential accumulation of fibre breaks and When debonds and localized matrix cracks link up,
interaction with propagating longitudinal cracks lead tothey will form large longitudinal splits. On a larger
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Figure 11 Debond growth from a single fibre break in Region 1l in CF/epoxy<0.89%).
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to improve the fatigue behaviour by suppressing the
progressive mechanisms through microstructural tai-
loring, e.g. improving the interfacial bond to restrain

debond growth.

3.4. Comparison of fatigue behaviour
and underlying mechanisms
Schematic illustrations of typical development of fa-
tigue damage of the two composite systems are pre-
sented in Fig. 15. A feature which the two materials
have incommon is that the damage originates from fibre
breaks. Since the fibres have a distribution in strength,
some of them will break even at very moderate applied
loads. If the applied strain level were low enough that
no fibres would rupture, there would ideally be no ensu-
ing damage, and the material would not fail in fatigue.
However, the present study indicates that fibre breaks
are always present.

The CF/epoxy shows a more brittle behaviour with
small localized cracks originating from fibre breaks.
These cracks propagate perpendicular to the fibre di-
rection, and become bridged by the adjacent fibres.

Figure 12 Debond propagation from a single fibre break in Region Ill . .
9 B opad 9 9 Conversely, the CF/PEEK has a tougher behaviour in

in CF/epoxy € = 0.89%).

the sense that it provides higher resistance to matrix
crack growth. The damage accumulates instead on a

scale, Curtis [12] identified the active fatigue damagearger scale as distributed multiple longitudinal cracks,
mechanism in unidirectional CF/PEEK as longitudinalwith considerably more fibre breaks. The CF/PEEK
splitting, which started from defects. The results pre-shows a propensity to shear induced matrix cracking
sented here explain this macroscopic damage mechar debonding in the fibre direction. This is due to a
nism by antecedent microscopic mechanisms, whictower matrix shear yield stress or a weaker interface
are more closely related to the constituent propertiesompared to CF/epoxy [23]. The growth of longitudinal
and microstructure. This could give information of how cracks will result in a continuous stress redistribution
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Figure 13 Alternative mechanisms as a matrix crack advances towards a fibre.
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Figure 14 Debond or longitudinal matrix cracking in Region Il in CF/PEEK=£ 0.96%).

in the neighbouring fibres, which may in turn fail and support the contention that a composite material with
act as initiation points for further longitudinal crack a higher propensity to debond or longitudinal matrix
growth. This progressive damage accumulation leadsrack growth become more fatigue sensitive. This qual-
to a more pronounced sloping region in the fatigue lifeitative link between micromechanisms and fatigue-life
diagram. On the contrary, CF/epoxy has few damagéehaviour should in the future be established quanti-
sites on a small scale, and has therefore a more brittlgtively by mechanistic modelling. A long term goal
behaviour. A perfectly brittle material either fails or is would be microstructural tailoring of the constituent
undamaged upon loading. Such a material has a flat hoproperties for optimal fatigue performance based on
izontal scatter band in the fatigue life diagram. Thesesuch a quantitative model.

trends with brittleness and the ability to progressively

accumulate damage are manifested in the fatigue life

data of CF/epoxy and CF/PEEK, respectively, in Fig. 2.4. Conclusions

The same trends have been observed in unidirectionéllicroscopic and macroscopic fatigue investigations
glass-fibre reinforced plastics [24]. These observationsave been undertaken for unidirectional CF/epoxy and
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Figure 15 Schematic pictures of typical evolution of fatigue damage
with increasing number of load cycleNl{ < N2 < N3).

15.

CF/PEEK loaded in tension-tension along the fibre di-
rection. The observed micromechanisms were related
to measured fatigue-life behaviour.

The fatigue damage mechanisms in CF/epoxy an

calized fibre-bridged cracks propagated in CF/epoxy,

while CF/PEEK showed more extensive and distributed.9.
damage with progressive fibre breakage induced by

longitudinal debonding or matrix cracking. Due to the

relative progressiveness of damage and brittleness ofL '

the two materials, CF/PEEK has a steeper slope in

the fatigue life diagram than that of CF/epoxy. Based22.

on these and previous observations, it is suggested to
choose composite constituents that suppress progress
sive debonding and longitudinal matrix cracking for
better fatigue resistance.
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