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Abstract

In situ fatigue experiments using synchrotron X-ray coragubmography{(SRET) are
used to assess the underpinning micromechanisfitg@failure in double edge notch
carbon/epoxy coupons. Observations showed fibrakisralong the 0° ply spilits,
associated with the presence and failure of brglfbres, as well as fibres failed in the
bulk composite within the 0° plies. A tendency dbrster formation, with multiple
adjacent breaks in the bulk composite was obsemeh higher peak loads were
applied, exceeding 70% of the ultimate tensilesstiex situfatigue tests were used to
assess the accumulation and distribution of filseaks for different loading conditions,
varying peak load and number of cycles. A direchparison with the quasi-static case
for an equivalent peak load, considering the samanal system and geometry, has
shown that fatigue produces a significantly higmember of fibre breaks. This supports
the hypothesis that fibre breaks are indeed calgéide load cycling.
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1. Introduction
The issue of fibre failure under fatigue loadingarbon-fibre reinforced polymer
composite materials has received relatively |dti@ntion. As composite materials are
increasingly used in major structural applicatisash as civilian aircraft, wind turbines
and pressure vessels in which durability is a kRdygcomes important to understand the
mechanisms which determine the economically ugééullt is generally understood
that carbon fibres do not suffer degradation umgelic loading [1,2], which may
explain the lack of prior work. Although carbobre composites are relatively fatigue
insensitive they generally do have downward slo@@Ag curves and finite life under
fatigue loading [3]—Hewever; f Fibre failure isdwun to constitute the critical damage
mechanism in tension, for which the axial strergjtbnidirectional composites is
assumed to be controlled by the strength distiwioudif the fibres [4]. Several modelling
approaches have been developed to predict fibrardaed tensile strength, taking into
account the fibre strength distribution [5], strassmsfer around broken fibres [6-13],
and the formation of clusters of fibre breaks [5},1None of these models have been
extended to the case of fatigue loading. BothHerquasi-static case, and particularly
for fatigue, there is a lack of direct observatioh&ibre failure which could be used to
inform and validate predictive models. Grextral.[16] observed delamination-
dominated failure (ply-level scaling) and fibre-doated failure (sub-laminate level
scaling) under quasi-static load depending on tlasigisotropic configuration
considered, albeit without direct observationsilofef failure. However, when the same
material systems were considered under fatiguarigazh a sub-laminate level, the
observed failure modes were delamination-dominateckpt for load levels higher than

90%, which showed fibre-dominated failure [17]. Yhiet al.[18] observed fibre



breaks in carbon/epoxy coupons subject to quascstading by the use of high-
resolution computed tomography, demonstratingttiiattechnique can be used to
visualise individual fibre failures, identify thdocation and the correlation with other
damage modes. Sceit al. used the same technique to quantify fibre failoreoupons
subjected to incremental quasi-static loading [T®f results showed a progressively
increasing rate of fibre fracture with load, whibuld be approximated by a power-law
relationship, and an increasing tendency for flimeaks to occur in clusters at high
percentages of the failure load [19]. These obsemswere refined by Swolst al.

[20], who noted that the tendency for cluster faipraat high strains (>1.6%)
accounted for 50% of the total breaks detected agswithat the majority of the clusters
were co-planar (70%) rather than diffuse (30%). Ewav, the model proposed
overestimated the accumulation of fibre breaksgeuestimated the cluster formation,
and also predicted diffuse rather than co-planastefs in contrast with the
experimental observations [20]. The underestimatiociuster formation was also
found to be a weakness of a different modellingtetfy documented in work by Scott
et al.[4]. The assessment of fibre breaks in compositeer fatigue loading is not
trivial due to the fact thah situtests are highly desirable to monitor their acclatnn.
Previous work conducted by Speargtaal. [21] identified the presence of fibre breaks
in centre-notched specimens subject to tensioneterfiatigue by the use of scanning
electron microscopy (SEM) on thermally-deplied spens. Clusters of broken fibre
were observed along the 0° ply split, with fibreddks particularly concentrated at the
intersection between Q° ply splits and transvehgenacks [21]. However, the intrinsic
limitation associated with the techniques availgldeliography and SEM) did not

allowed the assessment and mapping of fibre bred@ks the ply thickness, and also



does not provide assurance that some of the fiteakis were not caused during the de-
plying process.

The current work, to the best of the authors’ kremlgle, represents the first userof

situ fatigue experiments to assess the micromecharuéfitse failure by the use of
synchrotron X-ray computed tomography. The fornratibfibre breaks along the 0°

ply splits and within the bulk composite (in theplies) has been quantified. A direct
comparison with an equivalent quasi-static casebkas provided, showing that the

fibre breaks detected are associated with themaygrocess.
2. Materials and methodology

A thermoplastic particle-toughened T700/M21 carbpoky with 60% nominal volume
fraction of fibre [19] and a [90/Q]ayup was used. The material was laid up and auto-
clave cured using a standard aerospace cure cysleegified by the supplier [22].
Double-edge notched specimens (Figure 1(a)), witbrainal central ligament between
the notches of 1 mm, a width of 4 mm, lengths ofi§# (n situtests) and 66 mnex

situ tests); were shaped by waterjet cutting. Furtle¢aits on the geometry, coupon
dimensions, and experimental setup are describg8]rfor thein situ fatigue tests,

and in [24] for theex situtests. The average ultimate tensile failure stfg3ss) was
measured as 960 MPa across the notched crossrsgiiowvith a coefficient of
variation of 0.03 [26]In situfatigue tests (R ratio = 0.1), performed at 0.@5uding a
compact load frame, were used to assess the mich@misms of fibre failure. A peak
load of 50% UTS was used to cycle specimens, Ch@éwnavere obtained at 700 and
800 cycles. The increment of 100 cycles allowedddmmage to remain within the
restricted field of view available-(.5x1.5 mm) at the high imaging resoluti@x situ

fatigue tests were used to monitor the accumulatahthe distribution of fibre breaks



for a wider range of loading conditions, varying fheak load (30%-50%-70% UTS),
and the number of cycles LA, 1¢F). Ex situE-experiments were performed using a
standard servo-hydraulic load frame, with a loawraf R=0.1 and a frequency of 10
Hz. In situandex situloaded coupons were scanned at the Swiss Light&dan the
TOMCAT-X02DA Beamline, Paul Scherrer Institut, Sxgtland). The beam energy
was 19 keV and the distance between the specintedetactor was 30 mm; providing
a degree of phase contrast. Specimens were pladkd load frame and scanned under
load, applying 90% of the peak load used duringdligue tests. The voxel resolution
was chosen accordingly with the objective of thelgt 0.69um was used for thia situ
tests to facilitate the identification of the minrechanisms of fibre failure, while 1.6
pm was used for thex situexperiments, allowing a larger field of view, Istitl
reasonable resolution for fibre break detectiorj.[ITBree-dimensional reconstruction
was obtained from radiographs using an in-house baded on the GRIDREC/FFT
approach [27]. The scanned volume ofithsitucoupons located at the middle of the
notch-center and up to 1.5 mm on one side of thehn@s shown in Figure-X(a) (b)),
was maintained the same between the two cyclindittons (700 and 800 cycles) to
facilitate registration. The reference volume ukedheex situtests was larger,
corresponding to the lower voxel resolution, startirom the middle of the notch and
extending for a length of 3 mm, Figure 1{¢) (b)eTkason for assessing fibre breaks
over a wider region than the ‘geometrical notcharegwas dictated by the fact that
matrix-dominated damage and fibre fracture is moitéd to the notch region, but
occurs over a larger volume [28]. Therefore, is $tudy the termn'otch region does
not strictly correspond to the geometrical notalt,tb an extended region (~3 mm in

length) as shown in Figure 1(e)-(b). The distribntof fibre breaks along the 0° ply



split path has been evaluated, taking into acctiwntotal length of the split associated
with the different loading conditions (variationlobd and/or cycles) to enable the
measurement of the fibre break density in the wdkbe crack tip. In these cases
multiple scans were concatenated to include altdmage, up to a length of 12 mm, as
shown in Figure 1(d)}«c), which corresponds witbc@n volumes joined together.
Volume concatenation was performed using the oparce software ImageJ, while
fibre breaks were detected and analysed by thefube commercial software
VGStudio Max v2.1. Fibre breaks were visually ingpéd using all three orthogonal
planes to avoid ambiguity with local matrix micracks and to ensure accuracy of the
measurements the values provided are based onstpeeated counts made on
different occasions. The distribution of the filnreaks along the 0° ply splits{Figure 4
and-5), defined as fibre break density, was asdedsag 0.5 mm sections of crack by

counting the number of fibres failedel number of breaks/0.5 mm of crack length).

3. Results and discussion
3.1 Observations of fibre failure
Table 1 summarises the fibre breaks detected &different loading conditions
investigated. As noted previously, the notch regsorepresented by a length of 3 mm
from the middle of the notch towards one of thecgpen ends, while thesplit volume’
refers to the volume defined by the whole lengtkhefQ° ply splits. Therefore, care
needs to be taken in comparing these values witleirnotch region’, which ensures
that the same volume for all the cases is considétewever, the number of fibre
breaks within the split volume provides the ovenalinber of fibre failed detected for
each single loading condition.

3.2 Micromechanisms of fibre failure



A previous study conducted under fatigue loadinggithe same material system has
shown that 0° ply split propagation in fibre-packedions occurs principally at the
fibre matrix interface [24]. The current work intigaites the micromechanisms of fibre
fracture observed along the 0° ply split pathsgigirsitu fatigue tests. The comparison
of the two cyclic conditions (700 and 800 cycle$@¥% UTS) has shown twelve
additional fibres breaks in this small regiorix1.5x1 mm) occurring during the
increment of 100 cycles, in addition to the 74dtbthat had already failed at 700
cycles. The fragmented fibres observed are altéatalong the planes of the 0° ply
splits, and most of the additional breaks appeairage breaks (10), with one doublet
(two adjacent fibre breaks). Depending on the timawf the fibre bridging (with
respect to the damage propagation), and on thetidineof the shear, two fibre failure
modes have been identified, shown in Figure 2hésé two cases crack cross-sections
parallel to the loading direction have been conrsideand the image at 800 cycles is
registered to the same position in the coupon @8@tycles. The 0° ply split
propagates at the fibre/matrix interface at 700es/@Figure 2(a) and 2(c)) creating a
partial debonding of the fibre, which is connediethe adjacent matrix in an
asymmetric way with respect to the split propagatithe traction associated with the
crack opening (perpendicular to the load directaxty on the fibre causing local
bending, visible in Figure 2(c). The next cycliciement (800) shows the failure of the
fibre in Figure 2(b) and 2(d). The fibre does rat When it interacts with the damage
propagation in the first instance, but as consecgiefthe increasing shear and
bending, acting on the debonding fibre. This medmanepresents a wake process
rather than a near-tip process. The direction @ftiear, Figure 2(a), indicates that the

failure of the fibre is due to tensile stress iis fparticular case. However, in the same



coupon fibre failure due to local compression r@sglin a highly localised buckling
process has also been detected (Figure 2(d), temniswgith the opposite shear direction
shown in Figure 2(c). Again, in these two imaghs,game position in the specimen is
viewed for 700 and 800 cycles. The comparison betvkgure 2(b) and Figure 2(d)
clearly displays fracture planes perpendiculahtlbad for the tensile failure (Figure
2(b)), whereas the fibre break due to local buckisorientated at 45° with respect to
the loading direction (Figure 2(d)). In additionfferences in terms of the opening
between the fracture surfaces of the fibre have lbbserved for the two cases: the
buckling failure shows fracture surfaces closeacheother, Figure 2(d); while those
associated with the tensile failure are separayeal dreater distance, Figure 2(b).
Considering that 0° ply split propagation is modeéominated, this difference is
consistent with the stress acting on the fibre cWiig in compression in the buckling
failure and in tension in the tensile failure. Tmalysis conducted has shown that the
additional fibre breaks detected at 800 cyclesgtbe 0° ply split do not occur adjacent
to pre-existing fibre breaks, but in new locatiohise number of fibres failed in
buckling and in tension detected along the 0° pligssis the same (exactly 37 of each)
at 700 cycles, while the additional fibre breakseed at 800 cycles are
predominantly due to buckling (11) rather than i@m¢1). Given the small numbers of
broken fibres involved, further work would be ne@de assess the significance of this
observation. However, the balance between the nuailibre breaks due to buckling
and tension is of interest, and provides insiggarding the micro-mechanisms of
failure and has the potential to inform the deveiept of models for failure.
Observations conducted on e situfatigue tests for different loading conditions bav

confirmed the micromechanisms detected forinh&tu experiments. Figure 3 shows an



example from aex situtest of fibre buckling that involves two adjacébtes and a
single fibre located a few fibre diameters apavhglthe split path, which resulted in
local fibre kinks. Two co-planar fibre break doubldocated within the composite,
close to the Q° ply split path have also been tietieand may be a result of stress
transfer from the compressive failures.

3.3Ex situ results for fibre failure along the 0° ply splits

Thein situfatigue experiments documented in the previoussebave identified the
failure of oblique bridging fibres as the main maism of fibre failure along the 0° ply
splits. However, performingp situ fatigue tests limits the number of cycles that loan
applied given the modest loading frequency avadlaBt such, the imaging ek situ
fatigue-loaded coupons provides the opportuniipvestigate a wider range of loading
conditions (load levels and numbers of cycles)rateoto augment the observations
made via then situtests. This technique is better able to meashre bireak density
and the distribution of failed fibres along thepdf splits as a function of the number of
cycles, peak loads and crack length, includingathele splitting region. Figure 4
shows—resdilts the fibre break distribution alorg @k ply split obtained for a high
number of cycles (f)with a low peak load (30% UTS), and for an intediate load
(50% UTS) and a low number of cycles {L0rhe distance along the split is measured
from the root of the crack, located at the notchilevthe crack tip for the two cases is
highlighted on the graph by a dashed line. Thekclaagth detected for these two
loading conditions is similar (~3 mm). The totahmoer of fibre breaks observed-along
the-0%ply-split for the case of 50% UTS is consabéy higher than the 30% UTS case,

notwithstanding the high number of cycles appliedtiie latter. Similarities can be



observed from a direct comparison between thesddading conditions, as shown in
Figure 4:

* The fibre break density increases with the distaweay from the crack tip. As
such, the root of the cracks exhibit the higheshber of fibre breaks, consistent
with fibre failure being primarily linked to fibrleridging in the wake.

* No fibre breaks were observed within 0.5 mm ofdteek tip, again indicative
of fibre fracture being a wake phenomenon, andeotg driven by local crack
tip stresses.

* No fibre breaks have been detected ahead of tlo& tipa

Figure 4 shows that for a given total crack lertg#hfibre failure density distribution
along the split path is strongly influenced by peak load, resulting in higher values of
fibre break density at equivalent locations rekatie the crack tip for the higher load
case. Further increases in the peak load and/erutmbder of cycles (for loads equal or
higher than 50% UTS) result in an increase of fimeaks along the 0° ply split. Figure
5 shows the results obtained for an intermediaé fad (50% UTS) at 2@ycles
compared with a higher peak load (70% UTS) at atawmber of cycles (£ The

two data sets show similar overall trends fromdiaek tip back to the root of the crack.
For both load cases, the fibre break densitiesgadogiven crack wake appears to
‘saturate’ with increasing distance from the crépk(at a value of ~25 breaks/0.5mm),
particularly in the 50% UTS case. In the 70% dasealso occurs but is complicated
by a number of local peaks in break density (>2&aks/0.5mm). These peaks were
found to be associated with clusters of fibre bsdakhe 70% UTS case, which is
discussed in the following section. In the firsdtamce, this suggests that the maximum

number of fibres available for fracture acrossdtaek width is limited, presumably

10



linked to the microstructural arrangement of thees €.9.the presence of occasional
mis-oriented fibre which are available to causeédirig of a bulk fibre-interface driven
intralaminar crack). The saturation value of ~2&ds/0.5mm is similar to the value
observed near the crack root for the intermed@dd (50% UTS) and low number of
cycles (18) shown in Figure 4. Therefore, the increase imtim@ber of cycles (from
10° to 10) for a fixed peak load (50% UTS) does not appe@ontribute to the
development of more fibre fractures at the roahef0° ply split, but it does cause an
increase in fibre break density along the entieekiength (see Figure 4 and Figure 5
for comparison). Both the increase in the numbeyofes for the intermediate load
(50% UTS) and the application of a higher peak Igd@%0 UTS), even for a low
number of cycles, are responsible for cluster faiwnaalong the 0° ply split. The
largest cluster consisted of twenty adjacent ffbaetures, observed along one of the 0°
ply splits in the specimen cycled at 50% UTS antcybles. Figure 6 shows a cross-
section parallel (Figure 6(a)) and perpendiculagFe 6(b)) to the loading direction for
this cluster. Two branches of the crack propagateliel to the loading direction for a
ply thickness of~50 um, and they interact with the delamination. Tike of arex situ
experiment, as in this case, does not allow ctaiion as to whether the cluster of
twenty fibre breaks, which is located between the branches of the split and
delamination is associated with the coalescencawfage or due to a similar crack
wake process, albeit involving more fibres, as olein Figure 2. However, analysis
is limited here to the presence of a single dontifaply split, which was observed in

the great majority of cases, as opposed to occaldmfinrcation of a given ply crack.
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3.4 Fibre failure in the bulk composite

The application of an intermediate load, (e.g. 30¥8) coupled with more than 10
cycles equal or higher peak loads (e.g. 70% UTeS)lted in fibre failure in the bulk
composite, away from splits and delamination, s&l@ld'1. The comparison of the
number of fibre breaks detected within the 0° pke®ferred to here as the ‘notch
region’, which is defined by a nominal gauge lengftB® mm, measured from the
middle cross-section of the notch, see Figure I{b¢ case of 50% UTS andycles
exhibits a low number of fibre breaks in the bud&ven were identified, where three
appear as singlets (single fibre breaks), and swoaiblets. The doublets consisted of
co-planar fibre breaks, as shown in Figure 3. Ticesiase in the number of cycles 10
for the same peak load (50% UTS) corresponds liglat sncrease in the total number
of fibre breaks in the bulk (18), the majority ootng as singlets (14), and a few co-
planar doublets (2). The distribution of fibre kgdn the bulk with respect to the
position of the 0° ply splits for this latter loadicase is shown in Figure 7(a), where the
volume defined by the 0° ply split lengths has beamsidered, concatenating three
scans. Fibres failed in the bulk are located withenregion bounded by the 0° ply splits
and the delamination, where the local stress ie&eg to be raised due to the load-
bearing cross section being reduced by the presdrgmits and delamination. While
split growth reduces the load bearing cross-secetiong the 0° ply width, the
delamination separates the 0° from the 90° plgeshawn in a typical cross-section
perpendicular to the loading direction in Figurd Bis is consistent with the
observation that no fibre breaks have been detettedd of the crack tips (Figure 7(a))
and outside of the region of interest delimitedtmy 0° ply splits and by the

delamination (Figure 8). The majority of fibresléal as singlets (in blue), consistent

12



with the results found for the same peak load amet number of cycles (¥
Therefore, for the intermediate peak load, thegase in cycles does not contribute to
the preferential formation of clusters. It is irgsting to note that the fibre breaks are
distributed throughout the volume delimited by @3ely splits, not exclusively within
the notch region. The presence of transverse plgkst two of which are located in a
symmetric position in the notch region, indicatgdaldark grey line perpendicular to
the loading direction in Figure 7(a), apparentlynid have a major effect on the
location of fibre breaks, contrary to previous ssdn which breaks were found to
correlate with transverse ply cracks [18,21]. Thpli@ation of a higher peak load, 70%
UTS, results in a significant number of fibre break the bulk (70) within the notch
region, even for a low number of cycles {1@ee Table 1. Figure 7(b) shows the three-
dimensional map of fibre failure locations for theading condition, where the notch
region (dark grey volume) has been concatenatddamitadditional volume (light
grey). The remaining volume corresponding to thplp%plit continuation, located at 6
mm from the middle of the notch and extended fothier 3 mm, has not been included
in the rendering for easier visualisation. Howetee, analysis conducted has shown
only two fibre breaks in the bulk located out of fireld of view shown, both in the
region of interest already identified (between@A@ly splits and the delamination),
with the majority of the breaks lying in the volusigown in Figure 7(b). It is clear that
the application of high peak loads increases thddmecy for cluster formation. Clusters
consisting of up to five co-planar broken fibregavdetected (Figure 7(b)), while the
intermediate load shows exclusively singlets anabtits, Figure 7(a). The fibre break
distribution for loading at 70% UTS shows appanettie accumulation in two main

regions: the notch region located in the first imiéitre from the middle of the notch,
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and an intermediate region between 2 and 4 mm thenmiddle of the notch. However,
further analyses to investigate these two locatahasacterised by higher fibre breaks
density in the bulk do not show any differences/andonnections with other damage

modes or with the local microstructure.

4. Comparison with the quasi-static case
In order to provide a comparison, fibre breaksaiorequivalent quasi-static load of 80%
UTS have been counted. The same measurement velamesed as in the fatigue
cases, in terms of dimensions and location. Inrtfeasurement a total of 124 fibres
were observed to have failed, with 14 breaks irbthlk composite, see Table 1. The
fibre break density along the 0° ply split was gldted following the same procedure
used for the fatigue cases, and the results arersloFigure 9. Fibre break density
increases from the tip towards the root of thet sgiiowing a higher value at the root
for the longer split. In addition, this latter cakmes not exhibit any fibre breaks over the
1.5 mm nearest the crack tip, which representsdidlfe crack length. The comparison
between the quasi-static case (Figure 9) and tiguéacase at an intermediate peak
load with low number of cycles (Figure 4) showsnilar trend. However, when higher
peak loads and/or number of cycles were considieethtigue cases exhibit a different
trend, with a saturation of fibre breaks alongghkt (Figure 5). Both loading
conditions (quasi-static and fatigue) do not resuftbre breaks in the immediate region
behind the crack tip, suggesting that fibre failal@eng the 0° ply split is a wake-process
for both cases. The level of fibre breaks in thé&ev&20-25 breaks/0.5mm) is of the
same order for both the quasi-static (Figure 9)fatigue cases (Figure 4-5), consistent
with the limiting number of fibre bridges formedibg a function of the fibre

distribution. Even though the maximum quasi-stptiek load (80% UTS) was higher
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than the corresponding fatigue case (70% UTS)ntimeber of fibre breaks is lower
along the static 0° ply split and in the bulk, $able 1. This is consistent with the
observation that most fibre breaks occurring infigue cases are associated with the
cycling process and not with the initial quasiistédad. The clustering of fibre breaks
in quasi-static loading are restricted to sing{é)sand doublets (5), in approximately
equal proportion; and they are all located closthéo0° ply splits or to the ply interface.

No delamination was detected for the quasi-statiding case.

5. Conclusions

The use of-SRET synchrotron radiation computed tpahy has provided novel
insights regarding fibre fracture in a polymer matomposite under fatigue loading
that had been hitherto impossible to achieve bgrotheansin situ andex situfatigue
tests were used to investigate micromechanismibia failure and to quantify the fibre
break distributions. The loading conditions consedehave shown fibre breaks along
the 0° ply splits, mainly associated with the faglof bridging fibres. Their distribution
along the 0° ply splits showed a different trenohfrthe crack tip towards the root
depending on the peak load and number of cycleBeappglowever, no fibre breaks
have been detected in the region immediately betntblahead the crack tip, consistent
with this class of fibre fracture being associatgth a wake-process failure. Fibres also
failed in the bulk composite within the 0° pliespatak loads higher than 50% UTS. A
greater tendency for cluster formation at peak load0% UTS has been observed. As
yet the mechanism for fatigue fibre failure in thelk composite, and its effect on
residual strength is not understood. The resuksemnted in this work provide novel
insights regarding the role of fatigue on fibrecftae in carbon fibre polymer matrix

composites. As composite structures are requiregdtay in service for increasing

15



lifetimes, the issue of assessing residual streagthremaining life will only grow in
importance. This work has the potential to prowad®undation for a new approach to
addressing these issues.
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Table Caption

Table 1 Summary of the fibre breaks detected ferféatigue and quasi-static cases
investigated. The notch region is referred to an3 lkength from the middle of the
notch, while the split volume includes all the voles defined by the 0° ply split length.

Figure Captions
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Fig. 1 Coupon geometry (a) and schematic of thereece volume used for: (i) situ
tests; (c) notch region considered in #éxesituexperiments; (d) example of the
extended volume (multiple concatenation) to incltidefull 0° ply split length.

Fig. 2 0° ply split propagation along the fibreeiriices at 50% UTS and 700 cycles (a,
c), and fibre failure at 800 cycles (b, d).

Fig. 3 Fibre breaks along the 0° ply split and@gplanar breaks in the bulk composite
for a peak load of 50% UTS and*idycles.

Fig. 4 Fibre break density along the 0° ply smlitthe cases of: 30% UTS and®10
cycles, and 50% UTS with i@ycles, both specimens have splits of similartleng

Fig. 5 Fibre break density along the 0° ply sglit$0% UTS and Tcycles, and 50%
UTS with 16 cycles.

Fig. 6 Cluster of 20 fibre breaks near the 0° pljt sletected at 50% UTS and®10
cycles: cross-section parallel (a) and perpendicblato the loading direction.

Fig. 7 3D Distribution of fibre breaks in the bud&mposite for: (a) peak load of 50%
UTS and 18cycles, (b) peak load of 70% UTS and tgcles.

Fig. 8 Cross-section of the coupon loaded at 509 W cycles in the direction
perpendicular to the load.

Fig. 9 Fibre breaks density along the 0° ply dplita quasi-static load of 80% UTS.
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