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SUMMARY

Static and fatigue tests were carried out at room temperature on
CFRP laminates with five lay-ups, of both woven and non-woven CFRP. S-N
diagrams were produced for poth zero-tension and reversed axial loading.
Damage development was monitored by optical microscopy, ultrasonic
C-scanning, video recording and infra-red thermography.

Carbon fibre reinforced plastics made with woven fabric rather than
non-woven material, had significantly poorer static and fatigue perfor-
mance than non-woven material, due to distortion of the load carrying
0° fibres. When wcven fabric was oriented at 45° to the load direction

the tensile static and fatigue performance was slightly k- :tter than in

non-woven 345° material, Replacing the $45° layers of a (%45.0) laminate

with woven fabric had little effect on the static or fatigue strength.

In non-woven material, notched coupons uncer fatigue loading did not_
show the notch sensitivity that was so significant under static loading. °F ;
However in woven material, because of the additional fatigue degradat.ion
processes associated with tow crorsover points in’ the weave, holed coupons a
never quite achieved notch insensitivity in fatigue.
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! INTRODUCTION

Increasing use is being made of carbon fibre reinforced plastics (CFRP) in the
aerospace industry because of their combination of high stiffness and high strength with
low density and potentially low unit cost. In addition, the fatigue performance of CFRP
has been shown to be very good, being superior to ueny other materials including me:alll.

At present, most carbon fibre reinforced epoxy resin laminates are made from non-
voven unidirectional pre-impregnated sheets. This material is “.ginning to find extensive
use in military aerospace applications, initially in class 2 structures but more racently

in class | structures as in the McDonnell Douglas AVSB and F-18 aircrnftz's.

Recently, good quality woven carbon fibre cloth has been obtainable and prepreg
manufacturers are nov able to supply woven carbon fibre prepregs. Many types of weave
are available such as, plain, twill and satin, but wnrk on GRP and early work with woven
CFRP‘ has shown that weaves with less fibre distortion, such ‘as satin weaves (in
particular five or eight shaft satin weaves for CFRP), result in smaller reductions in
mechanical properties.

The main reasons for the use of woven fabric are the ease of handling which lends
itself to automation and consequent reductions in labour, the ability of fabric to
conform to complex shapes and the fabric has more isotropic in-plane properties compared
with unidirectional material. In addition, woven CFRP can result in better containment
of impact damage and improved residual properties after impact compared with non-woven
materi|15'6.

At present there is a significant gap in our knowledge of the behaviour of
composites made with carbon fibre fabric, particularly compared with non-woven material.
I. this Report the findings of a programme comparing the fatigue response of laminates
fabricated from woven and non-woven CFRP are presented. Since previous work had shown
that laminates with only the £45° layers replaced by wovan fabric showed superior impact
performance to non-woven laminltens'G, these were also included for study in this programme
of work. The full S-N behaviour of five lay-ups has been characterised, in both tensile
and reversed axial loading in the plain and notched conditions, and damage development
studied using optical microscopy, ultrasonic C-scanning and infra-red thermography.

2 EXPERIMENTAL DETAILS

Laminates were moulded from both woven and non-woven pre-impregnated sheets of high
strength Toray T300 carbon fibres in Ciba-Geigy BSL914C epoxy resin. The carbon fibre
fabric was & balanced five shaft satin weave, woven with 3000 filament tows of the same
fibre type used in the non-woven material, but including # fine tracer tow of Kevlar H
49 fibres every 50 mm. In this weave about 80% of the fibres in one direction lie on one
side of the cloth and correspondingly about 80X of the fibres lie at right angles on the
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nther side of the cloth. Since one prepreg sheet of woven material was approximately
tv.ce as thick (0.267 mm) as a ply of non~woven materiai (0.125 mm), each sheet of cloth
vas thus similar to two plies of non~woven unidirectional prepreg stacked at 90° to each
other as in a (0,90) or (:45) lay-up.
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Sysmetrical woven and non-woven laminates with equivalen: stacking sequences were
made up, each approxizately ! mm thick, with five types of lay~up as listed below.

A (0.90,90,0).
B (:63.*&5).
C {245,0,90}
D {0.90.:65).
B (s43,02),

The woven prepreg was stacked so that the dominant fibre direction on each face of the
cloth corresponded with the appropriate direction in the non-woven stacking sequence. In
(0,90,%45) laminates with 50X 0,90 l-yvers and 50X t45 layers the stacking sequence was
varied so that either the #45° layers or the 0,90 layers were on the laminate surface.

In addition, (245,0) laminates {lay-up E) were made from both non-woven material and from
a mixture of woven and non-woven plies; the O layers were of non-woven material and the
+45° layeis were of woven material.

The laminates were cured in an autoclave to 170°C and postcured for & hours at
190°C, The quality of the laminates was checked using ultrasonic C-scanning equipment.
All -he laminates with woven carbon fibre fabric were 12-17% thicker than the equivalent
non-woven laminates. Approximately 10 of this difference in thickness was due to the
lower volume fraction of the woven carbon fibre laminates and the remainder was due tc
the fabric containing more fibre by weight than two non-woven plies. The laminates were
stored in a controlled environment at 23°C and 65% relative humidity for at least 3 months
prior to testing. The moisture content after this time was approximately iX.

Tusts were carried out on coupons 250 mm long, with the warp fibres (along the length
of the fabric) parallel to the O load direction in the 0,90 woven layers (previous work
had shovm no significant difference between warp and weft propertiess). Coupons 250 mm
long and 20 um wide were cut from t' laminates, except for lay-up B (245) for which
coupons 40 mm wide were used to obtain sufficient loads to preserve fatigue machine
controllability, Notched coupons each contained a central 4mm diameter hole. Etched
aluminium alloy end plates were bonded to the abraded ends of all coupons using a two
part epoxy based adhesive cured at rr.m temperature.

Static cests and constant amplitude fatigue tests were performed using servo-
hydraulic fatigue machines, in both zero-tension (P : P) and reversed axial (0 : P) loading
(except for lay-up B which was tested in tensile loading only). Static tests were
performed in position control at a ram speed of between 1.5 mn/min and 2.5 mm/min &nd
fatigue tests in load control at frequencies of becween 5 and 20 Nz depending on the
sensitivity of the lay-up to hysterasis heating. Ultrasonic C-sian and optical microscopy
were used to study the development of damage during fatigue loading. The compression
testing was carried out on relatively long coupons supported with an anti-buckling guide
vaich provided continuous edge restraint (Fig !). Previous vork7 had showm that this
particular anti-buckling guide provided effective restraint against gross buckling and did

not induce uncharacteristic failures due to stress concen‘rations associated with the
guides.
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The development of damage in some of these specimens during fatigue loading was
studied using vitrasonic C-scanning and optical microscopy. Some coupons had their edges
polished for examination by optical microscopy. Tests were then performed at the fatigue
stress level that gave a mean lifetime of 100000 cycles, and were stopped after 1000,
10000 and 300700 cycles for assessmant of the damage state of che coupons. Damage develop-
ment during tie tests wvas also studied using an optical video camera and an infra-red
therwography system.

3 RESULTS
3.1 Static tests

The results of the static tests on all lay-ups, for tensile and compressive loadin
of both plain and holei coupons, woven and non-woven, are given in Tables 1 to 5. In all
lay-ups the plain coupors, both woven and non-woven, failed at random along their lengths,
but holed coupons all failed through the holes. No visible damage wax observed before
feilure except in the tensile tests on lay-up b where both woven and non~woven coupons
developed necked regions in “he gauge length at approximately 70% of their failure load.

3.2 Zero-tension fatigie tesis

3.2.1 Lay-up A (0.90.90.0)’

Results of the fatigue tests are given in Table 6 and also as a plot of peak stress
versus log-life (S-N plot) in Fig 2. §Stresses are plotted on a net area basis, as they
are throughout this Report. Coupons failed at random positions along their lengths,
except for the holed coupons which all tiviled through the holes. Plain non-woven coupons
developed extensive longitudinal splits av their edges in the o° plies. This became more
extensive with increasing numbers of cycles. Holed non-woven coupons also showed evidence
of longitudinal splitting of the surface pliis at a tangent to the hole edges. Although
some longitudinal splitting was also observed at the edges of the woven coupons, it was
far less extensive and never developed to the swme degree as in the non=woven coupons.

Optical wmicroscopy of plain coupons revealed longitudinal edge cracks along the
edges of the non-woven coupons after 1000 cycles at the stress level that gave a mean
1ife of 100000 cycles, but no similar damage was obuerved in the woven coupons. Both
wover and non-woven coupons developed extencive transverse cracks across the 90° layers
early in the tescs and these tended to initiate delamination after large numbers of
fatigue cycles. Delamination was more noticeabl? in th: non-woven material. 1In the
woven coupons there was frequently evidence of the 90° surface tows in the outer 0,90
layers splitting away in places from the 0° tows.

A few coupons from each batch were ultrasonically C-scanned after 1000, 10000 and
50000 cycles at the stress leve) that gave a mean fatigue ‘ire of 100000 cycles, and
thereafter at intervals of 50000 cycles until failure. These revealed an overall lighten-
ing of the traces with increasing numbers of fatigue cycles, fcr both woven and non-woven
coupons, although the effect was more marked in the woven coupont (Figa 3 and 4) in which
light areas developed at the tow crossover points in the weave. After 50000 cycles, woven
coupons were frequently white when scanned relative to the same initial panel attenuation
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indicating the attenuation of the ultrusonic signal had increased by more then 3 B
throughout the coupon. C-scans of the holed non-woven coupons ahowed evidence of damage
developmant around the holes, becoming quite extensive after large numhers of cycles,
spreading up to haif the length of the coupons (Fig 3). The holed woven coupens tehaved
similarly, except that the damage was less extensive (Fig 6).

3.2.2 Lay-up B (2‘5,*65).

Rasults of the fatigue testu on lay-up B are given in Table 7 and also as a plot of .
peak stress versus log-life {S-N plot) in Fig 7. 1It is clear that in these S-N curves
the percentage loss of stactic strength with increasing fatigue lifetime was greater chan
in the 0,90 laminates. All four curves were similar, except that the woven 145° material,
both plain and holed, gave longer lifetines at the lower fatigue stresses. All holed
coupons failed through the holes. but plain non-woven zoupons showed a tendency to fail
2 cm to 3 cm from either end, although several failures did occur away from the ends.
Failure occurred in the non-woven coupons by cracking a: +45° and -45°, both along and
acroas fibres, with considarable edge cracking and Jelamination. Failures were contained,
spreading only a few centimetres along the gauge langths. Woven coupons failed clennly
at ¢d5°. with =45° fibres failing along the +45° fracture line. Failures were sven more
contained than in the non-woven material, there being no visible evidence of damage away
from the fracture line,

Optical microscopy of plain coupon edyes during testing at the stress level that
gave a mean life of 100000 cycles revealed edge delamination cracking in non-woven
coupons after 1000 cycles as well as translaminar cracking (Fig 8). This became more
extensive after '0000 and 50000 cycles, with delamination being particularly noticeable
(Fig 8), failure occurring by the linking of delamination and translaminar cracks. All
oven coupons, in particular the :45° coupons, showed poor fibre distribution compared
with non-woven material. Fibres were packed closely together in the tows with large resin
rich regions between. After 1000 cycles of fatigue loading, cracks had developed around
several of the fibre tows, these becoming more extensive by 10000 and 50000 cycles with
the development of translwminar cracks (Fig 9). There was no extensive delamination
spanning long sections of tte gauge length as in the non-woven material., Failure occurred
by the linking of translaminar cracks and cracks around fibre tows.

Ultrasonic C-scanning of coupons tested at the stress level tha' gave a mean life
of 100000 cycles revi:aled the development of damage zones close to the grips in the plain
non-woven coupons (Fig 10). Failure frequently occurred at one of these sites. The effect .
was not observed in the holed non-woven coupons, which showed instead the developuaent of
a damage zone around the holes (Fig 11) leading to subsequent failure through the holes.
There vas no overall lightening of the C-scans with increasing nunbers of cycles as
observed in the (0,90) coupons. The woven courons did, however, exhibit a noticeable
lightening of the C-scans with increasing numbers of cycles (Fig.12). As in the plain
non-woven coupons there was evidence of the development of damage zones close to the ends,
but damage also developed wore generally, particularly at +45° and =45° to the coupon
axis, and failure occurred iway from the «nds. The holed woven coupons alsoc showed an
overall lightening of the C-scuns with increasing numbers of cycles, as well as a
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lightening close to the crupon ends (Fig 13). Damage was also oLserved around the holes,
this taking the form of a cross shape at :Ls°. failure then occurring along one of the
arms of the cross (Fig 13).

3.2.3 Lay-wp C (243.0,90).

Results of the fatigue tests are given in Table B and ulsoc as . plot of peak uet
stress versus log-life (S-N plot) in Fig 14. Plain coupons all failed at raadom positions
along their lengths but holed coupons all failed through the hules. Longitudinal edge
cracking was visible in some coupons, mainly in the plain non-woven coupons. Woven
coupons did develop edge cracks but at greater lifetimes than the non-woven coupons.

Optical microscopy of plain non-woven coupons revealed transverse 90" layer cracks
initiated eariy in the test, probably during the first few loading cycles, These initiated
edge cracking between the 0 and 90° layers at larger numbers of cycle. (Fig 15). Deloni-
nation betwsen the :45 layers was also observed at short lifetimes, cracking across the
45° layers occurring at greater numbers of cycles.

Optical microscopy of the woven coupons ravealed slightly different behaviour
(Fig 16). Transverse cracks formed across individual 50° tows early in the tests followed
by edge cracks in the 90° tows and at 0/90 interfaces. In addition, because of the woven
nature of the plies, the 90° tows were often adjacent to the +45° layers and edge cracking
was also obser.ed at these interfaces. Cracking was especially apparent in the resin rich
regions Yetween the wnoven tows. Close to failure, fractured 0° fibres or tows were also
observed.

Ultrasonic C-scanning of non-woven coupons tested at tlie stress level corresponding
to failure after 100000 cycles revealed light line: across the coupons after 1000 cyeles.
probably caused by short lengths of delamination at the ends of transverse cracks (Fig i7).
At increased numbers of cycles a lightening of the edges was observed which spread acruss
the coupon width towards the middle. Holed coupons showed less edge whitening and no
transverse lightening, but did exhibit lightening around the holes (Fig 18), This eventu-
ally linked up with the edge lightening and commenced spreading longitudinally along the
coupons.

Ultrasconic C-scanning of plain woven coupons revealed ar overall lightening with
increasing numbers of cycles and the gradual development of lighter spots at the tow
crossover points in the weave (Fig 19). These frequently linked up 1o form bands, but
failure never occurred along these bands. A few tranaverse lizht lines were observed as
in the non-woven materiasl, as well as edge lightening, although this was not as extensive
as in the non-woven material. Holed woven coupons also exhibited some edge lightening
(fig 20) and there was evidence of “he development of light =pots but less obviuvus than
in the plain woven coupons. Light areas developed around the holes and, as in the non-
woven coupons, eventually linked up with thc edge lightening.

3.2.4 Llay-up D (0.90,#65)‘

Results of the fatigue tests are given in Table 9 and also as a plot of peax nit
stress versus log-life (S=N plot) in Fig 21. Plain coupons all failed at random positions
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along ‘heir lengths but holed covpuns all failed through the holes. Longitudinal edge
cracking was lass obvicus than in coupons with ley-up C. No other damage was visible
during testing.

Optical microscopy of piain non-woven coupons revesled transverse 90° layer cracks,
probtadly initieted during the first few loading cycles, which generated edge cracks in
the 90° layers at higher numbers of cycles (Fig 22), but these were less extensive than
in lay-up C. Delaminaticn betwaen the 248° layers was also observed, after approximately
10000 cycles, followed by extensive cracking across the as® layers and 0/90 and 90/45
delamination at greater numbers of cycles.

Optical microscopy of the woven coupons revealed slightly different behaviour
{Fig 23). Transverse cracks formed across individual 90° tows sarly in the tests as wecll
as 0/30 delamination between individual tows. Limited edge cracks developed in the 90°
tovs and at 0/90 interfaces. After 50000 cycles delamination was visible between +45°
and =45° tows and damage in the 90° plies became quite extersive expecially in resin

rich regions between the tows. Damage in the 45° plies appeared to be less extensive
than in the non-woven coupons.

Ultrasonic C~scanning of non-wover cuupons tested at the stress level corresponding
to failure after 100000 cycles revealed no transverse lightening as seen in coupons from
lay-up C. After 10000 cycler some edge lightening was observed (Fig 24) followed by
lightening at 45° across the coupons but by 100000 cvcles a more general lightening of
the coupons was observed and close to the edge the lightening had extended almost across
the full coupon widths in places. Holed coupons exhibited some edge lightening after
large numbers of cycles but no transverse lightening, although they did exhibit lightening
around the holes (Fig 25). This eventually linked up with the edge lightening and
commenced spreading longitudinally along the coupons.

Ultrasonic C-scanning of plain woven coupons revealed an overall lightening with
increasing numbers of cycles and the gradual development of lighter spors along the linex
of intersection of woven tows (Fiy 26), as in coupons from lay-up C, but no transverse
light lines. Edge lightening was apparent, but this was very lim’ted and never extended
more than 1-2 mm from the coupon edges. Holed coupons showed more interesting behaviour
with some edge lightening developing after S0000 cycles (Fig 27) together with evidence
of light spots, albeit less obvious than in the plain woven coupons. The light areas that
developed around tne holes, as in the non-woven coupons, eventually linked up with the
edge lightening and spread longitudinally along the coupon edges but not above or below
the hole. At large numbers of cycles some intense white spots formed away from the hole
area.

3.2.5  Lay-up E {24502}

Results of the tensile fatigue tests are given in Iable 10 and prescnted as S-N
curves in Fig 28. All plain coupons failed at random positions along their lengths and
holed ron-woven coupons also failed away from the holes. MHoled woven coupuns failed
through the holes at short lifetimes but those coupons surviving to long .ifetimes failed
avay from tne holes. Both woven and non-woven coupons showed evidence cf edge splitting
and delamination at long lifetimes.
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Optical dcroncopi of plain wvoven and non-woven coupons revealad 145° delamination
and transleminar cracking after only 1000 cycles (Fig 29). This becsme more extensive
after 10000 snd 00000 cycles (Figs 29 and 30). Above 100000 cycles tliere was evidence
of fibre demage in the 0° fibres (Fig 30).

Ultrasonic C-scanning of plain non-woven coupons revealed little apart from a alight
lightening after 1000 cycles and some evidence of damage growth around the coupon ends
after large numbers of cycles (Fig 31). Hol:d non=woven coupons revealed damage around
the holes after 10000 cycies (Fig 32) which grew longitudinally to a distance of several
hole diameters after one million cycles. Eventually the damage reached the coupon erds
and had also grown across the coupon width (Fig 32).

Yltrasonic C-scanning of plain woven coupons revealed only the gradual lightening
and development of light spots with increasing numbers of fatigue load cycles observed in
the other woven laminates (Fig 33). The holed woven coupons exhibited a similar effect
to that observed in the non-woven coupons. Damage was observed avrocund the hole after only
1000 cycles and grew longitudinally to a distance of several lole dianeters aftev 100000
cycles (Fig 34). The damage did not extend quite as far as the grips but did grow across
the coupon width.

3.3  Reversed axial fatigue

3.3.1 Lav-up A (0,90.90.0).

Results of the fatigue tests are given in Table |l and also as a plot of stress
amplitude versus log-life (5-N plot) in Fig 35, Stresses are plotted on a net area basis,
as they are throughout this Report. All coupons failed at random positions along their
lengths, except for the holed coupons which all failed through the holes. Plain non-woven
coupons developed longitudinal splits at their edges in the 0° plies. This became more
extensive with increasing numbers of cycles. Some longitudinal splitting was also observed
at the edges of the woven coupong, but it was far less extensive and never developed to the

same degree as in the non-woven coupons.

Optical microscopy of plain coupons revealed longitudinal interlaminar crecks along
the edges of the non-woven coupons even bafore testing (Fig 36) and these became more
pronounced after 1000 !osl cycles. Similac, but less extensive damage was ob.erved in the
wcven coupons after 1000 cycles (Fig 37). Both woven and non-woven coupons developed
transverse cracks across the 90° layers after loading. After 10000 cycles 0/90 delamination
vas observed in the non-woven coupons (Fig 36) and fibre damage in the 0° plies. Woven
coupons 4130 exhibited G/90 delaminstion after large numbers of load cycles, but this was
more localised than in the non-woven coupons being confined to individual tows of fibres :
by the woven rature of the matevial. Longitudinal cplitting of the 0° adge fibres vas
also spparent in both woven and non-woven coupons (Figs 36 and 37),

A few coupons from each batch were ultrasonically C-scanned ..frer 1000, 10000 and
50000 cycles at the stress level that gave a mesn fatigue life of 100700 cycles, and

thereafter at intervals of 50000 cycles until failure. Scans of the nc.-woven coupons
became generally lighter with increasing numbers of fatigue cycles. Ligit lines developed
across the scans after 10000 cycles, these sprecading longitudinaily at long lifetimes to
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give a ganeral lightening along the centre of the coupon width. Some limited edge light-
ening was Alac apparent (Fig 38). Por woven coupons a alight lightening of the traces
for woven coupons with increasing numbere of fatigue cycles was cbserved (Fig 39). Some
edge lightening was observed at large numbers of cycles and aleso light lines across the
scans. Coupons sometimes faliled acrosc one of these lines. Cescans of the hicled woven
coupons showed evidence ol damage development arcund the holes, “preading two to three
diemstecs distant after large tumbers of cycles (Fig 40).
3.3.2 lLay-wp C (aQS.O.’O).

e

Results of the tension-compression fatigue teats are given in Tabie 12 and also as
a plot of stress amplitude varsus log=life (8-N plot) in Fig 41. Plain coupons all failed
at random positions along their lengths but holed coupons all failed through the holes.
Longitudinal edze cracking was visible, mainly in the plain non-wovan coupons, although
woven coupons did develop edge cracks bur at greater lifetimes than the non-woven coupons.

Optical microscopy of plain non-woven coupons revealed come damage in untested
coupons, mainly within the outer 248° plies. Damage in the 245° layers becime quite \
extensive by 1000 cycles leading to 45/0 delamination (Fig 42). Some transverse layer
cracks initiated early in the test, probably during the first few loading cycles, and then
precipitated edge cracking between the 0° and 90° layers at higher numbers of cycles
(Fig 42). Delanination between the 43/G layers became very pronounced at large numbers
of cycles.

Optical microscopy of the wovan coupons revealed slightly differant behaviour
(Fig 43). Some cracking in the outer 43° plies was observed before testing. 0/90
delemination becams quite extensive at large numbers of cycles. Transverse cracks formed
across individual 90° tows early in the tests. Cracking was especially apparent in the
resin vich regions betwean the woven tows.

Ultrasonic C-scanning of non~woven coupons tested at the stress level corresponding
to failure after 10000 cycles revealed light lines across the coupons after 1600 cycles
and even a fev before testing, probably caused by short lengths of delamination at the
ends of transverse cracks (Fig 44). At increased numbers of cyc es a lightening of the
edges was observed vhich spread across ihe coupon width towards the middle. Holed couvpons
shoved less edge whitening and no transverse lightening, but did exhibit lighzening around .
the holes (Fig 45). This eventually linked up with the edge lightening and spread longi-
tudina'ly aleng the coupons. .

Ultrasonic C-scanning of plain wover coupons revealed an overall lighteuing with
incressing numbers of cycles and the gradual development of lighter spots at the tow
crossover points of the weave (Fig 46). These frequently linked up to fosm bands, but
failure never occurred along these bands. A few transverse light lines wers cbserved as
in the nou~wove: materisl as wall as edgs lightening, although this was not as extensive
as in the non-woven msterial. Holed woven coupons also exhibited scme edge lightening
(Fig 47) and tlere was evidence of the developrent of light spots but less obvious than
in the woven plein coupons. Light areas also developed around the holes snd, as in the
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non-woven cuupons, eventually linked up with the edge lightening.
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3.3.3  Layup D {0,90,843),

Mesults of the fatigue tests ate given in Table 13 and also as a plot of net stress
wmplitude versus log-life (8-N plot) im Pig 48. Plain coupons all failed at random
positinne along their lengths but holed coupons all failed through the holes. No dumage
vas vizible in the plein coupons prior to faflure dut holed coupons, both woven and non=
voven, developed ahort longitudiral cracks at tangents to the sdges of the holes. These
vere most promiment in coupons surviving to long lifetimes.

Optical microscopy of plain non~woven coupons revealed some danage in the 90” plies

before testing. Transverse 90° laysr cra..s were initiated early in the test, probably 1
) during the first few loading cycles. These precipitated 90/45 delamination at larger
nusbers of cycles (Fig 49). Delsmination between the +45° layers was also observed, af.er 4

approximately 10000 cycles, followed by extensive cracking across the 45° layers.

Optical microscopy of the woven coupons also revealed some damage in the surface

90° tows before :esting (Fig 50). Transverse cracks formed across individual 90° tovs
: early in the teats as well as limited edge cracks in the 90° tovs and at 0/90 interfacea.
‘ After S0000 cycles delamination was viaible between +45° and =45° tows and damage in the \
90° plies became quite extensive, esprcially in resin rich regions between the tows.
Damage in the 45° plies appeared to be less extensive than in the non-woven coupons.
Close to failure the 0° plies developed longitudinal cracks and fibre damage was visible
(Fig 50).

e R G

Ultrasonic C-scanning of non-woven coupons tested at the stress level ccrrespending
to failure after 100000 cycles ravealed no transverse lightening as seen in coupons from
lay-up C. After 10000 cycles some edge lightening was observed (Fig 5)) ani by 100000

cycles the light edge regions extended 1-2 mm in from the coupon edges. Some edge
vwhitening developed im holed coupons after large numbers of cyclet but no transverse
lightening, although some lightening was visible around the holes (Fig 52). This eventu-
ally linked up with the edge lightening and commenced spreading longitudinally along the
coupons, 1

.ltrasonic C-scanning of plain woven coupons revealed an overull lightening with
incressing nuubers of cycles and the gradual development of lighter spute at the tow ' 1
crossover pointa in the weave (Fig 53) as in coupons from lay-up C. Ed_
observed, but this was very limited and never extended more than 2-3 mm from the ‘ ‘
coupon edges. Holed coupons showed similar behaviour with some adge lightening developing
after 100000 cycles (Fig 54). There vas also evidence of the development of light spots
but loss obvious than in the plain woven ecoupons. The light areas that developed around
! the holes, as in the non-woven courcns, eventually linked up with the edge lightening and
spread a short distance longitudinally along the coupon edges.

. Jhtening was
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Results of the veversed axisl fatigue tests are given in Table 14 and preseuted as
S-N curves in (Fig 55). All plain coupons failed at random pcsitions along their lengths.
Holed non-woven coupons sometimes failed at the holes but frequently away from the holes, : {
Holed woven coupons also frequently failed away from the holes. !
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Optical microscepy of plain non-woven coupons revealed 145° delamination after only
1000 cycles (Fig 56). This became more exzenziva after 10000 and 100000 cycles, and
; translaminar cracks {u the 45° layc s vere also observed (Fig 56). Woven coupons showed
no damage until 10000 cycles when translaminar cracks were visible (Fig 537). Thase
became mor2 extensive after 50000 and 100000 cycles and delamination betwesan the 245°
plies wis then chserved.

Ul:rasonic C-scanning of plain non-woven coupons revealed edge damage which initiated
from one end und grew along one edge (Fig 58). Eventually light areas were initiated
within the coupon width asway from the edger through which the ccupon fasiled. Holed non-
woven coupons revealed -‘smage around che holes after 10000 cycles (Fig 59) which grew
longitudinally to several hole diameters distance after | million cycles. Eventually
the damage reached the coupon ends and had also grown across the couspon width.

Ultrasonic C-scanning of plain woven coupons revealed the gradual lightening with
_ increasing nutbers of fatigue load cycles cbserved in the other woven laminates (Fig 60).
Some edge induced damage was apparent after 50000 cycles. The holed woven coupons
extiibited a similar effect to that observed in the non-woven coupons in which damage was
observed around the hcie after only 1000 cycles and grew longitudinally to extend along
half the coupon length after 10000 cycles. The damage then grew transversely from the
hole across the width.

Infra-red thermography of holed woven and non-woven coupons revealed an initial
heating around the hole, as is common with many holed laminates in fatigue ‘< the
number of load cycles increased however, the regions above and below the hcle vecame
hotter and the areas either side of the hole were observed to cool. Further load eycling
resulted in the holtest areas moving longitudinally further from the hole until they were
within a few centimetres of the coupon ends. An example of this behaviour is given in
Fig 61, in which a woven roupon cycled between *400 MPa is shown after ~nly 4000 load
cy:les,

-, 4 DISCUSSION

4.1 Stetic tests

The results of static tensile tests on the (0,90) laminates, given in Table 1,
revealed that the plain woven coupons were 16% weaker than the non-woven ccupons. Part
of this difference was due to the fibre volume fraction being approximately 10% lower
(Vf = 54%) than in the non-woven coupons, an inevitable consequence of the fibre tow
distortion in the weave. The additional strength reduction wus due to reducea material
strength directly associated with the distortion of the fibre tows, indeed similar z2ffects
were observed in earlier work on (0,90) laminatess’G. Both weyen and non-woven (7,90)
iaminaces were notch sensitive, the strength of the non-woven material falling by 172 in
the preszence of a 4mm hole and the woven material by 33Z. Thus the woven (0,90) material
was more notch sensitive than the non-woven material, an observation also made in previous
works. This was Cve to the inhibition of stress relieving and energy absorbing mechanisms
at the edge of rhe uole; in woven material longitudinal splitting at the hole would be

restricved to the undistorted length of the weave and delamination would also be contained.
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Static compression tests on (0,90) coupons showed the woven material to be just 127
weaker than the non-woven material (Table !). This could be almost fully attributed to
the lower fibre volume fraction in the woven material, although the woven material was
expected to be weaker since fibre distortion in the weave should lead to fibre instability
at swaller applied stresses. Both woven and non-woven material exhibited significant
notch sensitivity in compression, the strength of both materials falling by 387. The
presence of a hole results in local stress concentrations and local biaxial stress
distributions. These can be modifird by shear cracking and delamination but they will
usually cause local fibre instabilities at lower overall applied loads than those in
plain coupons, resulting in notch sensitivity.

The woven (45) laminates were slightly stronger statically than the non-woven
materisl (Table 2), implying that the lower fibre volume fraction and greater fibre
distortion had little effect on strength, although previous work® indicated that the
failure strain was reduced. The increased load carrying capacity of the fibres in the
woven fabric wes probably due to the inhibition of in-plane shear deformation and
delamination due to the woven and vndulating nature of the fabric, which is also consist-
ent vich the reduced failure strain. All (245) lay~ups were effectively notch insensitive,
a widely reported fact, and similar values of failure stress were cbtained for woven sand
non-woven coupons with 4m. central holes.

Coupons with the (245,0,90) lay-up (lay-up C) had lower tensile strengths than
either the (0,90) or (0,%45) lay-ups, a consequence of the smaller percentage of 0% load
bearing fibres. The plain woven material was only 6% weaker than the non-woven material
(Table 3), a reduction in keeping with the lower fibre volume fraction. This implies
that the fibre distortion had no effect on the strength of the woven material in lay-up C,
unlike the (0,90) or (0,90,345) lay-ups. This disparity is difficult to explain but may

be associated with anomalous scatter due to the small sample size.

Both the woven and non-woven material with 4mm central holes lost 293 in strength
compared with the plain material. The similar notch sensitivity in both materials is in
contrast to the (0,90) lay-up in which the woven material proved to be move notch sensi-
tive. This implies that in the 0,90 material the non-woven laminate has the opportunity
to stress relieve through the development of longitudinal shear cracks in the O layers,
a mechanism that is restricted in the woven material by the woven nature of the cloth.
In the ($45,0,90) lay-up the (*45) layers prevent any possibility of significant
longitudinal shear cracks, so similar notch sensitivity was observad in both woven and
non-woven material.

Static compression tests on (245,0,90) coupons ahgwed the woven material to be 212
weaker than the non-woven material (Table 3). This difference cannot be fully attributed
to differences in fibre volume fraction, but must also be due to fibre waviness in the
fabric precipitating fibre microbuckling at smaller applied stresses. For this lay-up
the measvred compressive strengths were greater than the tensile strengths, by 4i% for
the non-woven material and 18% for the woven material. This is because in this lay-up a
large compressive interlaminar normal stress is generateds-lo, which results in reduced
susceptibility to delamination. Fibre instability is initiated at smaller applied
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strains in the przsence of local delamination, and thus less extensive delamination
results in grester compres.ive sirengths. Both materials were notch uenyﬁtiva, the
strength of the woven material being reduced by 79X and the run-woven by 36X.

The results of the static tensile tests on the (0,90,245) lay-up (lay-up D), given
in Table &, showed that the plain woven material was 24X weaker than the non~wcwen
matevial. This is due to the combination of lower fibre volume fraction and greater
fibre distortion, already discussed in counection with lay-up A. Both woven and non-
woven material exhibited similar notch sensitivity, as observed in lay-up C, tie strength
of the woven material teing i\-duced by 22% due to a central 4mm hole and the non-woven
naterial by 26Z. However lay-up D was generally stronger than lay-up C, by up to 25%.
This difference can be attributed to the different ply stacking sequences, which result
in large interlaminar normal stresses at the edges of coupons -1o with lay-up C but only
small stresses for lay-up D. As a result, longitudinal edge cracks developed in coupons
with lay-up C but not lay-up D, and these led to different failure procesrcs and reduced
tensile strength.

Static compression tests on (0,90,:45) coupons showed the woven naterial to be 232
wveaker than the non-woven material (Table 4). This was again due to the conbined effects
of lower fibre volume fraction and greater fibre distortion in the woven miterial. In
this lay-up the compression strength was slightly less than the tensile strength and also
less than in lay-up C. This was because the interlamipar normal stress is small in lay-
up D, s7 delamination could occur more readily than in lay-up C. In addition, one
surface of the load bearing O layers was unsupported at the laminate surface, which would
lerd to instability at smaller applied stresses. Both materials were notch sensitive,
tae strength of the non-woven material fa’'ling 24% and the wuven material 15% in the
presence of a hole. The effect of the hole was less than in lay-up C, indeed the actual
notched stresses were similar in lay-ups C and D. This implies that although the inter-
laminar novmal stress was an important factor in determining plain strength, it had little
effect on notched compressive strength. Perhaps instabilities associated with the complex

stress field at the notch were of overriding importance.

The tensile strengths of plain (245,0) coupons, (lay-up E), were similar for both
non-woven and mixed woven coupons (with only the #45 layers replaced by woven fabric), as
showr in Table 5. This observation has been made in previous work with (245,0)

Lay-ups>+8+ 1112,

A slightly reduced strength would have been expected from the mixed
woven coupons because of their lower fibre volume fraction, but this may have been
absorbed by the scatter in the resu.ts. Both materials were nctch semsitive, the non-
woven material losing 27X of its strength and the mixed woven 31% due to the action of

a 4mm central hole. The degree of notch sensitivity was simil,r to that observed in lay-
ups C and D which also contained +45° layers. It is apparent that these layers can
seriously limit stress relieving mechanisms such as 0° longitudinal splitting around

s.ress concentrators and lead to high notch sensitivity in composite materials.

Static compression tests on (%45,0) coupons showed the mixed woven material was 15%
stronger than the plain non-woven material, (Table 5). This was probably an anomaly
associated with the small number of tests, since the notchad strength was apparently
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| greater than the plain strength, sn observation not recrrded in previous work with the
! some material*®. The mixed woven waterial was slightly notch sensitive, the strength
falling 13% in the presence of a hcle., Thus this lay-up was less notch sensitive in

compression than in tension.

. 4.2 Zero-tension fatigue tests

In the tensile fatigue loading of the (0,90) material (lay-up A), both plain non-

“ - woven and woven coupons suffered losses in etrength with increasing numbers of fatigue
cycles, but the effect was more pronounced in the woven material (Fig 2). Thus the

; static strength difference observed between the non-woven and woven material, due to a

; combination of lower fibre volume fraction and greater fibre distortion in the wovea

i material, became greater in fatigue ioading. Optical microscopy and ultrasonic C-s-anuing
! revealed extensive transverse cracks across the 90° layers and delamination between layers,

P . increasing with increasing numbers of fatigue cycles. In the non-woven material this

effectively uncoupled the 90° layers from the 0° layers and the behaviour was then typical

of unidirectional CFRP in fatigue. In the woven material however, the 90° tows remain

intervoven with the 0° tows and thus continue to exert a stress concentrating influence \

on them. The C-scan revealed areas of damage at tow crossovers, protably involving 0°

tow degradation, and this resulted in a steeper S-N curve than observed in the non-woven

material.

The strength of the (0,90) holed coupons, both woven and non-woven, increased at

P TP TS AR 1y e

first with increasing numbers of fatigue cycles, but fell after greater numbers of cycles
(Fig 2). The initial increase in strength was only possible because of the manner in
which the fatigue tests were performed, which involved the gradual increase of peak load

from zero to maximum over about 2000 fatigue cycles. Th. : was sufficient cyclic ioading

e o e e

to develop damage zones around the holas and relieve the stress concentration .ading to
initially greater strengths. After only 10000 cvcles the holed non-woven coupons were
ar strong as the plain coupons, but the holed woven coupons never quite attained the
strength of the plain coupons, even after 10 million load cycles. Ultrasonic C-scanning

revealed the development of longitudinal splitting and 0/90 delamination around the holes,

this being the cause of the initial reduction in notch sensitivity. This was more appar-

ent in the non-woven material, explaining why this material recovered more of its plain

strength than the woven material. 1n the holed woven material the 90° tows can never '
becume completely uncoupled from the o° tows, because of their woven nature, and they ¢
continue to exert a stress concentrating influence at the tow crossover points. Indeed :
these points were the site of additional damage observed experimentally,

The ($45) coupons behaved similarly in fatigue, in both the plain and holed state,
the notch insensitivity apparent statically being preseryed in fatigue. The woven coupons
did sppear slightly stronger and this became more nnticeable at long lifetimes when woven
coupons outlasted non-woven ones by almost one decade in life (Fig 7). The major micro-
structural difference observed was loss extensive damage in the woven material, presum-
ably a consequence of the damage growth restrictions imposed by the woven nature of the

material, and this resulted in survival to longer lifetimes. The woven material also
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exhibited an overall C-scan lightening associated with damage development at tow cross-
overs, but this did not appear detrimental in the (:45) material, unlike other lay-ups.

Tensile fatigue tests on coupons with a (345,0,90) lay-up (lay-up C) showed a sub-
stantial lose in strength with increasing numberz of cycles, for both woven and non-woven
material (Fig 14). Ultrasonic C-scanning and optical microscopy revealed extensive
longitudinal odge cracking, growing from the coupon edges towards the centres of their
widths, probably the cause of the significant strength losses observed. The plain woven
materiil appeared to suifer an aven greater loss in strength at high lifetimes. This
implies that the static differences attributed to lower fibre volume fraction and greater
fibre distortion in the woven material continued tr account for the lower fatigue strength
t2tept at long lifetimes when additional strength degradation mechanisms were operative
in the woven material., The microstructural analysis again revealed considerable damage
at the tow crossover points in the woven material, particularly at long lifetimes, and
this undoubtedly resulted in a further reduction in the load bearing capacity of the o°®
tows. This caused an additional loss in strength compared with the non-woven material in
which the 0° and 90° plies became uncoupled and the stress concentrating effects of the
90° plies on the 0° plies relieved.

The holed woven and non-woven coupons with the¢ ($45,0,90) lay-up (lay-up C) also
increased in strength initially in the tensile fatigue tests, for the same reason as
discussed for lay-up A. Between 100000 and ! million cycles the strengths of the holed
coupong approached those of the plain couporis and the notch sensitivity disappeared
completely in the non-woven material, but remained to & small extent in the woven
material. The C-scan revealed extensive damage growth around holes during fatigue, this
linking up with edge crackirg caused by the high interlaminar normal stresses in this
particular lay-upa-lo. As a consequence, layers became uncoupled, causing cousiderable
stress relief, resulting in the loss of notch sensitivity in the non-woven material.
Although the +45° layers can become uncoupled from the 0,90 layers, leading to stress
relaxation, the woven material never became completely notch insensitive as the 0° tows
can never become totally unzoupled from the stress concentrating influence of the 92°
tows, being intimately woven together. Indeed, woven coupons with the (0,90) lay-up (lay-
up A) remained partially notch gensitive for identical reasons.

Coupons with the (0,90,+45) lay-up {(lay-up D) also showed a significant loss in
strength with increasing numbers of tensile fatigue cycles (Fig 21). Microstructural
analysis revealed less extensive longitudinal edge cracking than in lay-up C, but trans-
verse cracks were formed across the 90° plies and initiated some layer delamination at
large numbers of cycles. Considerable damage was also developed in (he +45° layers
adding to the loss in strength observed. The strength of the woven material remained a
similar fraction of that of the non-woven material even up to | million fatigue cycles.
This implies that the principal cause for the difference between the strength of the
plain woven and non-woven material remained greater fibre distortion and lower fibre
volume fraction. This is somewhat surprising since the microstructural analysis
revealed, as in coupons with lay-up C, the development of significant damage at the tow
crossover points in the woven material after large numbers of fatigue cycles. The effect
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vas most noticeable in lay=up € at lifetimes exceeding ! million load cyeles, but no
coupons with lay-up D survived for longer than | million cycles, simply because of the
experimental selection of stress levels. 1t is possible that a reduction in the strenmgth
of the woven material would have been cbserved at greater numbers of fatigue cycles.

ls in lay=-up C, the holed non=woven coupons with ley-up D became notch insensitive
after about 100000 load cycles, but the holed woven coupons, although approaching the
strength of the plain coupons, never quite became totally notch insensitive. Similar
types and degrees of damage were observed around the holes as in coupons with lay-up C,
and the main difference between the holed non-woven and woven coupons remained the
additioral damage developed at tow crossover points in the woven material and the
inability of the 90° tows to become completely uncouplad from the 0° tows.

Coupons with lay-up C had greater static strengths than those with lay=-up D, but
this difference became less obvious during fatigue. This difference was attributed to
the axtensive longitudinal edge cracking developed in coupons with lay-up C, due to the
particular ply stacking sequence, and not observed statically in coupons with lay-up D,
The improvement in the fatigue performance of coupons with lay-up C, relative to those
with lay-up D, may be becaunse coupcns from both lay-ups developed longitudinal edge
cracking in fatigue, although this was always more extensive in coupons with lay-up C.

The static tests on coupons with the (145.02) lay-up (lay-up E) showed there to be
little difference in strength between the non-woven and mixed woven coupons. and a
similar observation was made in the tensile fatigue tests (Fig 28). The plain coupons
suffored a loss in strength of nearly 25% after | million load cycles in both the non-
woven and mixed woven cases. Previous work had found a greater lost in strength in the

non-woven nutcrinl"'lz

» but this was not the case in the present work. Microstructural
analysis revealed the damage to be confined mainly to the £45° layers, which carry only
a small fraction of the applied load. Thus the coupons behaved in a similar manner to
unidirectional material, and indeed the loss in strength during fatigue was comparable
with that observed in uniditﬁctional material. C-scans of the plain mixed woven coupons
did reveal damage at tow crossover points in the +45° layers, but asince these layers

carried only small loads the damage had no significant effect on the material strength.

Tensile fatigue tests on holed coupons witn the (t45,02) liy-up (lay-up E) showed
both the non-woven and mixed wcsen coupons increased initially in strength, for reascns
discussed earlier in this setion in connection with coupons with lay-up A. The fatig.c
strengths of both the non-woven and mixed woven coupons remained similar at all lifetimes
and between 100000 and 1| million cycles the holed coupons became notch insensitive, their
strengths matching those of the plain coupons. The ultrasonic C-scan revealed damage
development around the holes at low lifetimes, this taking the form of delamination
between the $45° and 0° layers with longitudinsl shear cracks at the edges of the holes.

PLin 21352 R W T G LR

As the tests proceeded, these shear cracks and the associated delamination grew longi-
tudinally towards the coupon ends. The O layers thus bacame uncoupled from the +45°
layers and behaved in the notch insensitive manner typical of unidirectional material.
This behaviour was readily apparent in infra-red thermography studies of the coupons in
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which the hottest areas were initially efther side ot the holes but rapidly migrated to
sbove and below the holes and then moved avay from the holes towards the coupon ends.

4.3  DRaversed axial fatigue tests

The damage processes in comporite materials during compressive loading and tleir

| relationship to compressive mechenical proparties are still not well understood, Much

: work remorted in the literature has referred to different failure modes in compression

including fibre buckling, shear faflure and interfacial failure. Models based on other

mechanisms have also been proposed. A useful review of compressive damage mechanisms is

provided in Ref 13, and a study of the effects of moisture content is described in Ref 14,

However, assuming that the test method employed obviates ary macro-instability of the .

e e« e o + o B

test coupon's. the wide range of failure processes and models aimed at describing the

; . compressive failu:. process can rrobably be reduced to just two principle mechanisms;

' fibre instability and meterial failure of the fidbre. In the latter case the fibres may

fail in compression, or in shear, but this faiiure mode will only occur if fibre

instability is avoided, and this therefore represents the upper bound to composite

compressive strength. The avoidance of fibre instability thus provides a key to the '
potential improvement of composite compressive strength.

Within the group of fuilures covered by the fibre instability mode come those
usually attributed to fibre microbuckling, interfacial failure and shear failure. All
of these involve fibre instability, triggered by different factors. To avoid fibre
instability, it is necessary to eliminate or minimise the importance of these factors.
These inciude fibre/matrix debonding, ply delamination, poor fibre support due to low
resin stiffness or reduced resin integrity aznd pror fibre alignment as well as certain
contributory factors such as the use of small diam:ter fibres, low stiffness fibres and

possible adverse thermal effects resulting from the cure schedule, Fibre/matrix debonding

l7, in materials

i can be initiated in materials with a poor interfacial bond utrengthls'
. degraded by environmental exposure or fatigue loading, or adjacent to misaligned fibres
‘ due to the large shaar stresses induced, and will trigger failure by local fibre

instability. Ply delamination can be caused by large interlaminar stresses at free

edgcsa—lo, holes or defects, as a part of impact induced damage, through loading in
fatigue, cr from severe environmental exposure. Delamination reduces the support offered
by one layer to another and can also trigger fibre instability, although this mechanism
frequently induces macrobuckling type failures. The resin performs an important function
in supporting the fibres against local buckling. Thus limitations in resin performance
may result in resin failure, frequently in shear, which triggers fibre instability

before the full fibre strength can be realiledla. Degradation of the resin due to '
environmental or fatigue exposure frequently leads to failure in this manner. Poor fibre
aligu.ent, such as in voven fabrics, misalignment of fibres in prépregu, or ply misorient-
ation induced during fabrication can reduce measured comprersive strengths since fibre |
instabilicy is triggered at smaller applied stressen'g. It is likely that the use of low ‘
stiffness fibres, or the increasing trerd to smaller diameier fibres, as in recent carbon
fibre developments, could also precipitate fibre inatability at smalley applied stresses.
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Finally, certain polymer fibres may defidbrillate through exposure to fatigre loading and
severe cnvirot-cnuzo and subsequently also fail by fibre instability triggered by the
defibrillation.

In fatigue the resin and the fibre/matrix interface become Jamaged -nd are less
able to support the fibres, thus fibre instability occurs at smaller applied stresses.
Consequently resin and interface damage, and also delaminaticn, are critical damage
processes in compressive fatigue loading and the susceptibility of a material to these
processes will greatly influence the material's fatigue performance.

During the reversed axial fatigue loading of plain coupons from lay-up A (0,90), a
significant loss in strength was observed (Fig 35), much greater than observed during
zero-tension loading. The loss in strength was greatest in the woven coupons, where
after | million cycles the peak fatigue stress was lest than half the static strength.
Edge cracking was observed in plain non-woven coupons as well as translaminar 99° layer
cracks early in the life, which spread to form 0/90 delamination at greater numbers of
cycles. Alchough the plain woven coupons suffered a greater strength loss in reversed
axial fatigue than the non-woven coupons, they develcoped less extensive damage; some edge
cracking was visible and also 90° cracks, followed at long lifetimes by local 0/90
delamination confined to individual 0 fibre tows by the weave of the fabric. Damage was
also visible at the tow crossover points as observed during the tensile fatigue work.

- The compressive failure process dominated in the reversed axial fatigue tests, but
was modified by damage incurred during the tensile excursion. The crucial difference
between the woven and non-woven material was perhaps the large initial 0° fibre misalign-
ment in the woven materi»', which led to overall fibre instability at smaller applied
stresses than in the non-woven material with its better fibre aliznment. In reversed
axial fatigue loading, the resin and interfares in the regions of distorted 0° fibres
must carry greater shear atregses than‘in the better aligned nun-woven material. This
causes more rapid local degradation of the resin interface than in non-woven material,
accentuating the effect of the fibre misalignment and precipitating 0° fibre instability
at even lower applied stresses.

Holed coupons with lay-up A showed a smaller loss in strength than the plain coupens,
indeed the non-woven material increased in strength initially. After | million cycles
the difference between the non-woven and woven material was dramatic, the peak fatigue
stresses in the non-woven material being about 370 MPa but only 170 MPa in the woven
material. This latter figure corresponds to a coupon strain of less than 0.25%. After
large numbers of fatigue cycles, the holed coupons approached the lifetimes of their
respective non-woven coupons. Thus the static notch sensitivity almost disappeared in
reversed axial fatigue, as in zero-tension fatigue, a cons~quence of local lamage around
the hole, probably initiated during the tensile axcursions, relieving stress concentrations.
At large numbers of cycles the bulk damage accumulation became dominant and the limiting

damage processes were then the same as observed in the plain material and discussed above.

Reversed axial fatigue tests on coupons with lay-up C (245,0,90) yielded the S-X

curves given in Fig 41. Since the tensile static strengths were less than the compressive
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strangths these have also baen plotted in Fig 4 as circled values. Thus in the reversad

axial case the tensile excursion dominated at very short lifetimes. After only a small

number of cycles however, compression dehaviour prevailed and all coupons failed ir

compression at smaller stressss than in the tensile fatigue tests. All coupons exhibited

ateeply sloping S-N plots with a greater loss in strength than observed in tenaion alone.

Static differances between plain woven and non-woven coupons wers presurved in reversed

axial fatigue, and indeed increased at long lifetimes. The peak fatigue atresr fou the

plain non-woven material was reduced to about 195 MPa after ! million cycles anF 150 MPa o
for the plain voven material.

Plain non-woven coupons from lay-up C developed longitudinal edge cracks in the .
90 layer: and translaminar craicks in the +45° and 90° layers early in their lives. This
led to 0/90 and 0/45 dziamination at longer lifetimes, when edge cracks grew fiom the
coupon edges tovards the centre of the coupon widths. Plain woven coupons develored
similar dzmage, except that additional damage was initiated at the tow crossaver poinis.

Tue particular atacking sequence of lay-up C gave rise to a large intarlaminar
normal stress at the edges of coupons subjected to tensile loading'-lo which resulted in
the formation of edge .racking. This was not sbserved in the static compression tests
as the interlaminar normal stresses were then compressive, hence the static compressive
strangth vas greater than the tunsile strength. In reversed axial Zatigue however, edge
cracks formed and grew in the tensile fatigue part of the cycle. These reduced tne
stability of the 0° fibres on the compressive part of the loading cycle, hence smaller
applied stresses were rquired to trigger fibie instability and the compressive strength
thus fell with incresaing numbars of fatigue crcles. Fatigue damage in the woven and
non~woven materials vas similar, thus similar riductions in compressive strength were
observed, except at long lifetimes vhen the additional damace at the tov crossover points
led to greater reductions in the compressive strangth of the woven material.

Holed non-woven coupons with lay=up C demoritrated a significant static notch
senaitivity but this disappeared in fatigue after unly a few cycles. Holed non-woven
coupons were significantly stronger than the hol:: soven coupons. The damage observed
vas similar, but loss extensive, to that ir the plain coupons except that the C-scan
revealed damage around the holes which grew and linked with the edge cracking and then
grew longitudinally along the coupons. Holed voven coupons were also notch sensitive
statically, the effect being significantly reduced but never disappearing cumpletely in
fatigue. Damage was similar ro that observed in the plain woven material, although less
extensive, but as in the holed non-woven material damags was also ubserved around the
hoir, This also grew to link with the edge damage and then grew longitudinally along
the coupon length. It is clear that the holed coupons behaved similarly in fatigue to the
plain coupons, the stress concentrating influence of the hole quickly being almost
completely nullified by damage generated around the holes.

Unlike lay-up C, the static compressive astrengths of plain coupons with lay-up D
(0,90,245) were similar to, perhaps slightly lower than, their tensile strengths. This
was because lay-up D was not susceptible to the sericus edge dalamination effect observed
in coupons with lay-up C. Hence the reversed axial fatigue S-N plots in Fig 4] were
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drawn conventionally to include the static compressive strengths of the materials. All
coupony exhibited steeply sloping 8-N plocs with a greater loss in strexgth than observed
in tensile fatigue. The static compressive differences betwean the strengthe 5f the
woven and non~woven saterials decreesed slightly at short lifetimes but increased agein
at ‘longer lifetimes. Peak fatigue stresses for plain non-woven coupons wera sbeut

180 MPa after ! million cycles compared with 135 MPa for the woven coupons.

Plain non-wuven coupons from lay-up D developed 90° translaminar cracks after small
nunbers of revarsed axisl fatigue cycles, which led to delamination between the 90° and
45° layers at greater numbers of cycles. Delamination was alsoc obsezved between the +45°
and -45° layers and translawinar cracks formed across these layers after large numbers of
cycles. Plain woven coupons developed similar damage, with 90° larer cracks forving
early in the tests followed by local 0/90 and :45 delamination Letween tows and damage
within the 45° layers. Close to failure however, some longitudinal splitting was observed

vitbin the 0° plies.

The fatigue performance of coupons with lay-up D was very fimilar to those with
lay-up C, despite the static differences associated with the lavge interlaminar normal
stress in lay-up C. Indeed the degradation processes of delamination and translaminar
crackiny were simila~ in both lay-ups and resulted in similar reversed axial fatigue
behavionr. The woven material was less strong statically due to the greater iritial
fibre misalignment in the febric. This difference was generally reflected in the fatigue
performance, parhaps increasing at long lifetimes due to the additional damage initiated
at the tow ~rossover points in the woven material which reduced support for the O fibres
and thus reduced the applied stress cequired to trigger fibre instability.

Holed non-woven coupons with lay-up D exhibited static notch sensitivity, but this
disappeared in reversed axial fatigue loading after about 100000 cycles. Holed non-woven
coupol 3 were stronger at all fatigue lives than the holed woven coupons. Holed woven
coupons wer. also notch sensitive statically, the effect being reducad in fotigue and
notch insensitivity was achieved after long lifetimes, The general damage development
wus sinilar to that observed in coupons witk lay-yp C. in beth woven and non=woven holed
coupons, damage quickly developed around the hole in fatig.:, relieving the stress concen-
t-ating influence of the hoie in both the tensile and cowpressive phase. of the fatigue
cvecle anc leading to notch insensitive behaviour similar to that in the plain conpons.

Reversed axial fatigue .estc on coupons with lay-up E (245,0), presented in Fig 55,
yielled steep S=-N plot. wirh coupons failing in compression at signilficantly smaller
stresdct ‘han in the tansile fatigue tests., Peak fatigue stresses were reduced to about
350 MPa after | mllion cycles for both the non-woven and mixed woven materials, which
corresponds toc a coupon strain of appvoximately 0.5%. *

The damage visible by ultrasonic C-scan and at edges by optical microscopy of

W oot SIS, Waolss ' im0 et

coupons with lay-up E was confined to the +45° layers in both the plain non-woven and
mixed woven materials. Indeed similar uamage developed in both materials except that
extra damage was observed at the tow crossover points in the +45° layers of the mixed
woven materiai. The compression strength of this lay-up in reversed axial fatigue loading
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was dependent on the rate at which the stress for the onset of 0° fibre microbuckling
decayed with increasing numbers of tatigue cycles. This was determined by the nature

and ratv of the damage developed which essentially fell into two categories. Firstly
resin and fibre/matrix interface degradation within the o° layers, which locally reduced
support for the 0 fibres and was similar for both the non~woven and mixed voven materials.
Secondly damage within the Y layers and delsmination at the 45/0 interface which
influenced the support provided for the o° layers by the adjacent «5° layers. This
latter mechanism, although potentially different in the two macerials, proved tc be
similar in both waterials, thus the reversed axial fatigue performance of both the non-
woven and mixed woven materiasis was very similar.

Any differences batween tha static compresaive strengths of the non-woven and mixed
woven holed coupons with lay-up E disappearad after only short lifetimes of reversed
axial fatiguc loading. Behaviour became totally notch insensitive in both materials, to
the extent that most coupons failed avay from the holes. Damage was observed around the
holes early in the futigue lives., This took predominantl; the form of longitudinal shear
splics in the 0° plies at tangents to the holes which rendered the hole ineffective as a
stress concentrator, resulting in notch insensitive behaviour. Infra-red thermography
and ultrasonic C-scanning revealed the growth of these shear splits and associated
delamination for a considerable distance longitudinally away frorm the holes. Apar: from
vendering the hole ineffective, it is unlikely thar these gplits had any effect on the
ultimate compresaive strength, which would be controlled by the same factors as for the
plain material discussed above.

It is worth emphasising that there was no significant difference between the reversed
axial fatigue performance of the mixed=-woven and non-woven materials, indeed the guperior
damage tolerance of the mixed-woven naterials'6 could invite ite widegprsad use in

composite structures.

It can be concluded that there is a significant fatigue effect in the reversed
axral loading of carbon fibre composite materiala. This fatigue Jegradation is affecting
one of the key properties, that is notched compression, which in the hot/wet condition
currently determines aircraft design stress levels. It is possible that the combined
effe-ts of notching, elevated temperature, moisture AND reversed axial fatigue loading
could lead to {urther reductions in the residual strength at long fatigue lifetimes.
Aerospace designers would do well to reconsider designs based on the assumption that the
static strength repregsents the worst case., Further investigations into the effects of
hot/wet compressive fatigue are continuing at RAE, Current efforts by resin and fibre
manufacturers must be directed towards improvements in the basic compressive strength of
carbon fibre composites, as well as reducing its susceptibility to temperature and
environmental effects and reversed axial fatigur loading. This will only be forthcoming
through material improvements based on a sound knowledge of the key factors controlling
the compressive failure process in carbon fibre comporite materials.
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3 CONCLUSIONS

(1)  The static strengths of the laminates tes:zed wvere reduced by two stress concen~
trating vffectoc, that due to tow crossover points in the woven fabric and that due to
nachined notehes {n 511 the laminates. The relative magnitude of these effects varied
with both lay-up and loading mode, but hoth served to reduce strengths. 0,90 lay-ups
were most sensitive to these stress concentratiuns and 248° lay-ups least sensitive.
Other ley-ups exhibited intermediute bahaviour. In general the woven materials were the
most notch sersitive,

(2) Replacing the +48° layers of a laminate with woven fabric had little effecct on the
static tensile or cospressive strengths.

(3) In tensile fatigue loading, degradation processes led to further reductions in
strength. Stress concentrations at notches were reduced after large numbers of tonsiile
fatigue cycles and non-uoven material became notch insentitive., However the stress
concentrating effect of tow crossover points in the woven materiai was generally incressed
as fatigue induced dawage was initiated at these points. The combined effect ¢f these
degradation processes was to reduce the stresses in the 0,90 and horh 0,90,:45 lay-ups to
the equivalent of leas than 0.6X strain. The tensile strength of 245 material was alsc
reduced by fatigue ioading, although the woven material gave greater fatigue lifotimes
than the non-woven material. Thus where 45 material is used in isolation, as in many
aircraft trailing-edge applications, the use of woven fadbric will lead to greater fatigue
lives.

(4) In reversed axial fatigue loading, the initial differences batween the woven and
non-woven materials, which were associated with fibre misalignment at tow crossover points
in the woven material, were generally increased at long lifetimes as damage developed in
the woven materials at these points. In the three 0,90 and 0,90,:45 lay-ups, tae
strengths of the holed woven coupont after | million ¢ycles were reduced to the equivalent
of 0.3 strain or less. 1In the vorst case, the 0,90 lay-up, the equivalent sustainable
strain in the holed woven material was reduced to just 0,25, whereas the holed non-woven
material gave a strain of almost 0.6X. This effectively excludes the use of woven fabric
to replace load bearing 0° fibres in asrospace structure.

(5) Replacing the 45 layers in 0,245 lay-ups with voven fabric had little effect on
fatigue behaviour, in tensile or reversed axial loading. This, combined with the googd
damage tolerance of this configuration, could invite the widespread use of mixed woven
material in composite aerospace structures.

(6) Reversed axial fatigue loading vas more detrimental than tensile fatigue and led to
greater losses in strength. This fatigue degradastion affects one of the key properties,
that is notched compression, which in the hot/vet condition currently determines aircraft
design strain levels. Aerospace designers would do well to reconsider designs based on
the assumption that the static compressive strength represents the worst case. Additional
work is vequired to establish whether the combined effects of reversed sxial fatigue
loading and hot/wet notched compression testing lead to further reductions in composite

strength,
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(7)  DMesin and fidbre manufacturers avst direct their efforts towards improving the basic
compressive streugth of carbon fibre composites as well as reducing the effecta of
temparature, snvircomental exposure and reversed axial fatigue loading. This will de
forthcoming only through msterial imprnvements based on & sound knowledge of the key r
facto 's contralling the compressive failure process.
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Table |

STATIC TESTS ON LAY-UP A (0.90.90.0).

Specimen number Type Loading Failure stress MPa
WUA-)3 Non-woven plain Tension 697
WUA-3? " " " bALl
WUA~9 Non-woven holed " 586
m-sl " " " 605
WUA-17 Non=woven plain | Compression 626
m_s‘ " " ”" 599
WUA=-23 Non-wover holed " &3
WA-‘S " " L] 325
WXA-3 Woven plain Tension 57
WXA=37? " " " 623
WXA-9 Woven holed " 425
WXA=31 " " " m
WXA-17 Woven plain Compression 541
WXA=51 v v " 542
WXA-23 Woven holed " 363
WXA-4S » " " 312

Table 2

STATIC TESTS ON LAY-UP B (245,3d5)'

Specimen number Type Loading Failure stress MPa
WUB-2 Non-woven plain Tension 174
wWUB-19 " " " 205
WUB-3 Non=-woven holed " 208
"UI"ZO " " (1] 205
WXB=~2 Woven plain " 217
WXB-19 ' " " " 210
wXB-3 Woven holed " 216
m.zo L] " " 2"

23
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Table 3

STATIC TESTS ON LAY-UP C (1&5,0,90)'

Specimen number Type Loading Failure stress MPa
wuc-3 Non-woven plain Tension 441
wuc-37 " " " 476
WuC-9 Non-woven holed " 288
WUC-31 " " " 363
wuc-17 Non-woven plain | Compression 635
Wuc-51 " " " 656
wuC~23 Non-woven holed " 421
WUC-45 " " " 402
wxc-3 Woven plain Tension 422
WXC-37 " " " 442
wWXc-9 Woven holed " 304
wXec-31 " " " 306
WXc-17 Woven plain Compression 542
"zc-5| 1} " " 480
WXC~23 Woven holed " 389
WXC=-45 " " " 338

Table &

STATIC TESTS ON LAY-UF D (0,90,145)s

Specimen number Type Loading Failure stress MPa
WUD-3 Non-woven plain Tension 546
WUD-37 " " " 584
wub-9 Non-woven holed " 428
wuD-31 " " " 410
wuD-17 Non-woven plain | Compression 505
WUD-5i " " " 570
wiD-23 Non-woven holed " 345
WUD-45 " " " 474
wXD-3 Wovan plain Tension 434
WXD-37 " " " 429
WXD-9 Woven holed " ¢ 336
WXD-31 » " n 339
WXD~17 Wover plain Compression 406
WXD-51 " " " 426
WXD-23 Woven holed " 359
WXD-45 " " " 349
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Table 5

STATIC TESTS ON LAY-UP E (265,02)
s
Specimen number Type Loading Failure stress MPa
WUE-3 Non=-woven plain Tension 799
WUE-37 " " " 825
WUE-9 Ron-woven holed " 590
WUE-3] " " " 603
WUE-17 Non-woven plain | Compression 776
WUE-51 " " " 633
WUE-23 Non-woven holed " 799
WUE=45 v " " 690
WXE-3 Woven plain Tension 800
WXE-37 " " " 809
WXE-9 Woven holed " 565
WXE-31 " " " 542
WXE~17 Woven plain Compression 896
WXE-51 " " " 742
WXE-23 Woven holed " 786
WXE~45 " " " 629

27
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Table 6

ZERO-TENSION FATIGUE DATA FOR LAY-UP A (0.90,90.0}'

—?uguency = 20 il unless

otherwise stated

Coupon number Coupon type Stress range MPa | Cycles to failure
2 Nen-woven plain 200 + 200 5476200 run-out
34 " " N 5302800 "
18 " " 250 & 250 10233300 "
49 " " " 10000000 "
25 " " 300 + 300 2229800
43 " " " 755400
7 " " 325 & 325 1779500
29 " " " 79900
1 " " 337.5 + 337.5 19200
(‘ n n " 35]00
10 Non-woven holed 275 + 275 8512600 run-out
21 " " 287.5 + 287.5 3436000
4] " " t " 518600
5 " " 300 + 300 4034300
15 " " 312.5 ¢ 312.5 3255900
47 " " 325 + 325 409900
32 " " " 1771200
39 " " 337.5 + 337.5 7600
24 Woven plain 225 ¥ 225 1173800
49 " " " 1209700
1 " " 250 + 250 15600
27 " " " 121000
2* " ” [1] 15600
34* n ” " 50500
7 " " 275 1+ 275 2600
29 " ”n " 3000
10 Woven holed 175 ¢ 175 8690000 run-—out
21 " " 200 + 200 3180000
4] ” " " 830200
5 " " 212.5 + 212.5 58500
39 " " " 708600
15 " " 225 + 225 1700
‘7 L] " 1" 3700
32 " " " 380500
* At 10 Hz
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ZERO-TENSION FATIGUE DATA FOR LAY-UP B { tkS.tAS}a

Table 7

Frequency » 5 Hz unless otherwise stated

059

Coupon number Coupon type Stress range MPa | Cycles to failure :
10 Non-woven plain 30 £ 30 4573000 run-out
26 " " 40 ¢ 40 1442000
22 " " " 1592200
5 " " 50 ¢ 50 178600
28 " " " 203100

I|* " " 60 t 60 32000
7 " " " 25400
18* " " " 46200
13 " " 70 £ 70 2800
23 ” n " 4700
10 Non-woven holed 30 + 30 4341200 run-out
27 " " 40 % 40 1172300
24 " " " 713700
4 " " 50 * 50 154900
14 " " " 94500
16 " " 60 * 60 25300
9 1" 11} " ,6700
21 " " 70 £ 70 5700
lz " L] n 5200
5 Woven plain 30 £ 30 4278000 run-out
15 " " 40 * 40 7659000
26% " " " 5296200
10 " " 50 ¢ 50 290600
28 " " " 301700
1% " " 60 + 60 44300
7 " " " 4]600
18% " " " 59100
13 " " 70 £ 70 8900
23 " " n 8900
9 Woven holed 40 * 40 7814300
2i " " " 4786400
4 " " 50 * 50 358300
24 " L1} " 397600
6 " " 60 % 60 64000
16 " " " 65700
27 " " 70 £ 70 2900
12 " " " 10100

* 4ot 10 Hz
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Table 8

ZERO-TENSION FATIGUE DATA FOR LAY-UP C {145,0,90) s

~Frequency = 20 Hz

Coupon number Coupon type Stress range MPa | Cycles to failure

2 Non-woven plain 125 £ 125 10342200 run-out
25 " " 150 = 15¢C 6547800
43 " " " 6166800
18 " " 175 £ 175 218300
7 " " ”" 78000
3 " " 200 200 42600
49 " " " 28100
29 " " 212.5 * 212.5 12600
36 " H n loo
15 Non-woven holed 150 = 150 1067700
47 " " " 1206400
21 " " 175 £ 175 419100
4] " " " 27900
5 " " 187.5 + 187.5 48000
39 " 1 1] " 1300
10 " " 200 + 200 1500
32 " " " 2000
49 Woven plain 129.5 ¢+ 129.5 1477300
29 " " " 2925600
2 " " 150 + 150 294000
18 " " 162,5 £ 162.5 120600
7 ”n " " 99200
34 " " 175 £ 175 667700
25 " " " 137300
43 " " " 42000
4 " " 200 + 200 1300
27 " " " 12600
10 Woven holed 125 * 125 1109700
32 " " " 2228900
21 " " 137.5 ¢ 137.5 676400
41 " " " 569200
L) " " 150 £ 150 56100
39 " " " 183400
15 " " 162.5 + 162.5 1300
‘.7 " " " 900

6S0
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Table 9

ZERO-TENSION FATIGUE DATA FOR LAY-UP D {0,90,:45 }'

Frequency = 20 Uz unless otherwise stated

Coupon number Coupon type Stress cange MPa | Cycles to failure
4 Non-woven plain ! 175 = 175 582200
1 " " 200 = 200 49900

43 " " 2125 ¢ 212.5 ! 65400
25 " " . " . 64200
29 " " . 225 * 225 22600
? [1] " ! ”" 34600
49 " " 237.5 ¢ 237.5 25700
la " " " 8900
3 " " 257.5 & 257.5 : 2200
2 " 11] " : 2600
i ¥
24 Non-woven holed 175 2175 i 520000 1
47 " " 187.5 & 187.5 ¢ 277500
IS " " " i 125200
39 " " 200 + 200 ;112200
5 " " " ;117300
4 " " 212,5 = 212.5 i 13500
21 " " " 34200
32 " " 225 + 225 8100
lo " " " looo
43 Woven plain 137.5 % 137.5 775800
25 " " " 615200
29 " " 150 £ 150 369000
7 " " " 127400
49 " " 162,5 * 162.5 71700
18 " " " 50000
34 " " 182.7 + 182.7 15300
l " " " 9300
47 Woven holed 125 + 125 1000100
15 " " " 1000100
4 . " 137.5 £ 132.5% 243500
39 " " 150 * 150 11000
s ” " " 3600
41 " " 175 ¢ 175 600
2‘ L1} L] " 900
32 " " 190 = 190 600
'o ”" " " P 600
* At 10 He
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Table 10

ZERO-TENSION PATIGUE DATA FPOR LAY-UP E {ﬂS,OZ}.

Frequency © T0 Hx-

Coupon nuwber Coupon type Strass range MPa | Cycles to failure
2 Non-woveu plain 300 *+ 300 9176100
7 " " 315 ¢ 315 1922900
29 " " " 1854600
25 " " 320 + 320 3336400
34 " " 325 * 325 5063700
IB " " "n 1300
49 " " " 20300
43 " " 350 + 350 1600
l " " " IBOO
‘ " " " ]loo
2) Non-woven holed 300 % 300 2572400 (tu)
41 " " " 748900 (te)
S " " 315 ¢ 315 1162300 (te)
39 " " " 580800 (be)
15 " " 325 ¢ 325 1600 (th)
47 " " " 373500 (te)
10 " " " 259300 (te)
32 " v " 2100 (th)
2 Woven plain 325 % 325 68100
34 " " " 1684600
18 " " 350 & 350 2300
49 " " " 174700
? " " 375 2 375 6200
29 " " " 2300
25 " " 337.5 % 337.5 25400
43 " " " 1226900
47 Woven holed 300 + 300 5457400 (le)
15 " " " 1300 (th)
41 " " " 3995600 "
2' n " n 2200 L1
39 " " 315 = 315 900 "
s 11 " L1] l6°° "
32 " " 325 325 700 "
10 " " " A56000 "

le = failure at lower end of coupon.

te = tailure across the top end of the coupon.

th = failure through the hole.
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Zable 11

REVERSED AXIAL FATIGUE DATA FOR LAY-UP A (0.90.90,0].

~ Frequency = 10 fz

Coupon number Coupon type Stress range MPa | Cycles to failure
12 Non=-woven plain 0 2 200 9995900 run-out
30 " " 0+ 300 10000000 run=-out
16 " " 0t 400 8930200
24 " " " 1451000
22 " " 0+ 425 670000
8 " " 0 * 450 393500
50 " " n 274400
26 " " 0 % 500 121500
35 " " " 97800
44 " " 0+ 525 14600
20 " " " 162000
36 " " 0 & 550 76300
28 Non=-woven holed 0 t 400 898700
[ ' " " 547700
46 " " 0 % 425 372300
22 " [1] " 35600
i4 " " 0 + 450 19300
62 " L] ”n 5000
33 " " 0 % 475 27400
11 " " 0 + 500 700
12 Woven plain 0 212.5 1209700
30 " " " 2855100
44 " " 0 * 250 162100
26 " " " 728500
36 " " 0 ¢ 300 13500
8 " [1] " 23300
50 " " 0 + 350 3400
16 " " 0 t 400 2100
46 Woven holed 0 % 200 382600
22 " " " 178600
14 " " 03 212.5 697100
42 " " " 80500
28 " " 0 * 250 13000
6 1] " ” 2‘600
33 " " 030 2100
l l [1] " " 6300
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Table 12

REVERSED AXIAL FATIGUE DATA FOR LAY-UP C (ﬂS.O.QO}'

Emnez = 10 Ha
Coupon number Coupon type Stress range MPa | Cycles to failure
33 Non-woven plain 0t 170 4188500
8 " " " 17460C0
30 " " 0 * 200 757500
12 " " " 494700
50 " " 0+ 250 97800
16 " " " 48700
A4 " " 0 t 300 23760
26 " " " 29700
n Non=woven holed 0t 100 10000000 run-out
6 " " 0 150 8919300
46 " " 0170 2056200
28 " " 0 + 200 647000
33 " " " 618100
42 " " 0+ 250 56600
14 " " " 47800
52 " " 0+ 300 13800
4 (1] " " 700
44 Woven plain 0130 5216500
50 " " " 4971100
30 " " 0z 170 499700
lz "n " " 508000
16 " " 0 + 200 162100
8 " " " 324500
26 " " 0 + 250 47600
35 " " " 66800
46 Woven holed 0 * 130 2472800
22 " " " 3156500
33 " " 0+ 150 525800
42 " " " 6v32300
22 " " 0170 130800
1] " " w 117800
20 " " 0 2 200 53200
28 L1] " [1] 4 22500
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Table 13

! : REVERSED AXIAL FATIGUE DATA FOR LAY=UP D (0.90.:65)!
Tuquoncy = 10 Hz

1 b Coupon numder Cougon type Stress ronge MPa | Cycles to failure
52 Non~-woven plain 02170 2120400
48 " " " 2357600
; ; 27 " " 0 t 200 328400
; Yy " " 0 2 250 49600
: 26 " " " 33700
35 " " 0 * 300 2500
8 " " 0 * 350 2500
I so " " " |7oo
16 " " 0 % 400 2100
30 " ” " looo
12 " " 0 % 450 400
£
£ 46 Non-woven holed 0170 1639800
¢ 42 " " " 1148000
22 " " 0 * 200 659000
14 " " " 401700
. 28 " " 0 * 250 26900
H 1" " " " 15200
33 " " 0 + 300 3400
6 " " 0 2 450 300
26 Woven plain 0+ 130 1808500
50 " " 0170 259700
) i 16 " " " 208300
o 30 woow 0 * 200 61500
. ‘2 n " " 66700
35 " " 0 = 250 8500
a " [1] " 5200
22 Woven holed 0 * 130 1351200
33 " " " 1771200
. 46 " " 0 * 150 290200
' 27 " " " 244600
i 3] " " 0 * 170 49500
28 " " " 85900
6 " " " 87600
42 " " 0 * 200 16500
14 " " " ‘ 11900
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Table 14
REVERSED AXIAL FATIGUE DATA POR LAY-UP K { S‘S.OI).

Fraquency = 10 Ha

Coupon number Coupon type Strasy range MPa | Cycles to failure

k1 Non-woven plain 0 2 350 1246700
] " " " 554100
' " " 0 2 400 200
26 " » " 309600
20 " " 0 & 450 49100
50 " " » 10900
6 " " 0t 500 3400
N 30 n L 1] " lz‘oo
12 " " 0 ¢t 600 400
;
{ 52 Non=woven holed 0+ 350 1381500 (th)
i 22 " " " 1248700 (th)
H 46 » " 0 * 400 100 (th)
: 33 " " " 39897 (le)
$ n " " 0 & 450 101600 (th)
£ 42 " " " 84700 (th)
¢ 14 " " 0t 500 28900 (te)
28 " " " 16900 (th)
i 6 " " 0t 600 500 (th)
i 48 Woven plain 0 ¢ 350 2248500
35 » " " 317000
! 44 " " 0 & 400 198100
26 " " " 82700
8 " " 0 % 450 36700
2 N 50 oo " 45300
16 " " 0t 500 12600
30 " ”" n 7900
12 » " 0 & 600 800
24 Woven holed 0t 350 44800 (th) )
L6 " " " 585100 (th)
1 " " 0 & 400 184700 (te)
22 " " " 130300 (th)
33 " " 0t 450 1300 (th)
" " " " 40600 (th)
42 " " 0 & 500 1500 (th)
|‘ " n " 800 (th)
28 - 0 ¢ 550 » 300 (th) 7
6 " " 0 & 600 5500 (le) !

le = failure at lower end of coupon. th = failure through the hole.
te = failure across the top end of the coupon.
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Fig 16 Optical micrographs of woven plain coupons with layup C (:45,0,90)
wsted in; tensile fatigue at the stress level giving a mean life of 100000 cycles.
Top left to bottom right, micrographs after: 1000 cycles, 10000 cycles,
50000 cycles, 150000 vycles
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Ultsmsonic C-scans of a non-woven plsin coupon with layup D (0,90, +45)
a mean life of 100000 cycles. Left to right, scans afser: O cycles at 1d8

st 1 dB steps, 100000 cycles at 1 dB steps, 150000 cycles at 2 dB steps
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Fig 42 Optical micrographs of non-woven plein coupons with layup € (+45,0.90) tested in reversed
axisl fatigue ot the strem level giving 8 mean life of 100000 cyeles. Top left to bottom right,
microaraphs atwer: 1000 cyciss. 50000 cveles, 150000 cycles, 200000 cycles
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Fig 49
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Ultrasonic C-scans of a
level giving s mean life
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Fig 83
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infra-red thermogram of a woven holed coupon with layup E (:45,02) tested in reversed

axial fatigus st 1400 MPa after 4000 cycles
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