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Abstract

Tensile fatigue behaviour of glass fiber/polyamidenposites, including unidirectional (§0]90]s) and
cross-ply ([0/90,]s, [04/904]s and [9Q/0,]s) laminates, was studied and compared to thathufasi glass
fiber/epoxy composites. The fatigue resistanceags:ply glass/polyamide was greater than that of
glass/epoxy while also exhibiting lower stiffnesgluction. To explain this key observation, residual
stiffness and residual strength fatigue tests \weréormed on cross-ply laminates, while optical
microscopy was used to measure ply crack densiipgithe different stages of cycling. Testing of th
cross-ply laminates at lower peak stresses of 80 e ultimate tensile strength (i.e., high cyielégue
regime) revealed partial cracks that did not prapagompletely through the width and thicknessliesp
due to high matrix toughness and other observeghning mechanisms such as matrix bridgig.
micromechanical finite element model with expligly cracks was also used to predict laminate stin
degradation corresponding to observed ply crackites, revealing that stiffness degradation was
overpredicted when cracks were assumed to spamntite specimen width. Additional finite element
simulations with partial cracks showed notably l&#fness reduction. These observations suggest
glass/polyamide is inherently more damage toldizan glass/epoxy and may be a suitable replacement

for fatigue critical structures.

Keywords: A. Polymer-matrix composites (PMCs); A. Thermofilagesin; B. Fatigue; C. Finite element

analysis (FEA); D. Mechanical testing; D. Opticatrascopy Physical methods of analysis



1. Introduction

Thermoplastic composite materials are gaining niotdrest in industry owing to numerous advantages
they exhibit compared to thermoset compositesudinl high toughness, good impact resistance and
recyclability. However, the fabrication of compesjtarts using thermoplastic composites remains
challenging due to the high viscosity of thermotfitasiatrices and associated difficulties in fiber
alignment, as well as the higher processing tenpera required to melt thermoplastics. Nevertheliéss
these issues can be overcome, fiber-reinforcednibi@astic composites may be a suitable altern&tive

thermosetting-based composites for some application

Thermoplastic composites are candidates for use&uitural load-bearing applications, such as wind
turbine blades [1] where the structure is exposerytlic loading and the fatigue resistance of the
material is critical. However, the knowledge on thgue behavior of thermoplastic composites is
limited to some high-performance thermoplastichsag PEEK and PPS [2,3]. Not only are these
thermoplastics expensive, but they also have highimg temperatures which require greater energly an
expensive tooling to fabricate large structuresisagwind turbine blades. Polyamide is a suitable
substitute for the aforementioned thermoplasticgesit is cost-effective and requires much lowsergy

particularly when it is processed in-situ [1].

A number of studies have utilized particulate polide in carbon/epoxy composites to exploit the high
toughness of the polyamide matrix for fatigue ftesisapplications. For example, Takeda et al. [4,5]
asserted that the produced toughness-improved itapean arrest transverse cracking and
delamination in cross-ply and quasi-isotropic laaé@s. Ductility and toughness of the matrix mayneve
influence the underlying damage mechanisms moretee matrix is pure polyamide. Therefore, the

associated effects should be studied when therssistructure is subjected to fatigue loading.

Recently, glass/polyamide and carbon/polyamide lodt@ined more interest in industry due to higher

stiffness, strength and toughness [6,7], howevest miothe studies on the fatigue behaviour of



glass/polyamide and carbon/polyamide compositefiraited to short fibre composites. Bernasconilet a
[8] and also De Monte et al. [9] investigated tifeas of fibre orientation on the fatigue behavioti
short glass fibre/polyamide composites and usedshéeHill criterion to model the fatigue life. Laay

et al. [10, 11] attempted to express the constitubiehaviour of short glass fiber/polyamide comjgssi
and used dissipated energy as a fatigue indexéoestimation of fatigue life. Meneghetti et aR]and
also Jegou et al. [13] used energy-based failiierier based on dissipated energy and calibrated th
model based on temperature measurements fromdaigts. Kawai et al. [14] examined the fatigue lif
of short glass fibre/polyamide composites and @sednisomorphic constant life diagram to prediet th
fatigue life under different temperatures and strasios. They also used micro-computed tomography

study the different modes of failure in the compmasi

Studies on the fatigue behaviour of continuoussgtedyamide and carbon/polyamide composites
reported in the literature are limited. Cinquirakt[15] investigated the flexural fatigue behawadr
unidirectional glass/polyamide composites in paftsis studies which were limited to displacement
control fatigue tests on longitudinal specimenssd®h[16] characterized the fatigue behavior of @ov
glass/polyamide and glass/PPS composites expearihetitrough S-N curves and DIC monitoring of
local and global strain fields during cyclic loagiand related it to the stiffness degradation ef th
material. Malpot et al. [17,18] studied the effettnoisture on the static and fatigue behavior of@n
glass/polyamide composites and proposed an enhamoéel to predict the fatigue life of the composite
at any angle and moisture content. They also irgagstd the influence of moisture on fatigue damage
mechanisms through infrared tomography and acoestission [19]. Kawai et al. [20] compared the
fatigue performance of woven carbon/epoxy and adriybon with and without notches. They observed
higher fatigue performance for unnotched carbomyaminates compared to carbon/epoxy laminates.
In contrast to the unnotched laminates, the notclhaedon/epoxy had higher fatigue performance
compared to carbon/nylon. They justified this bétialsy more extensive delamination in notched

carbon/epoxy laminates compared to carbon/nyloimlatas. Ma et al. [21] compared the fatigue



behavior of unidirectional 45carbon/epoxy and carbon/polyamide composites aachimed the residual

stiffness and residual strength of the laminatehk lolow-cycle and high-cycle fatigue region.

It remains clear that there are few studies redartehe literature that assess the fatigue behafio
multidirectional glass/polyamide composites, intipatar understanding their distinct damage
characteristics. This is important as these madsemiay be suitable replacements for glass/epoxy
composites in structural applications such as winbine blades where fatigue resistance is a major
concern. For practical applications, laminates wifferent layups are used to satisfy the stiffresd
strength requirements along different directiortgergfore, in order to have a suitable design, the
response under cyclic loading should be obtainedgadlifferent directions for laminates with diffate

lay-ups and compared with those of glass/epoxy.

Therefore, the main objective of this study waagsess the fatigue behaviour of continuous E-
glass/polyamide composites at both the lamina amihlate levels and compare the fatigue performance
with conventional E-glass/epoxy composites havirgtame stacking sequences. The fatigue resistance,
stiffness and strength degradation, and correspgritimage mechanisms, in different unidirectiondl a
cross-ply glass/polyamide laminates was investigiiemprove the understanding of the damage
evolution processes under cyclic loading. A micreetmanical model with explicit cracks assisted in
understanding the effects of transverse crackingfiffness degradation of the cross-ply laminates.
explain further the obtained results for crossiahpinates, in-situ toughening mechanisms were eggdlo

through a detailed damage monitoring approach lagid ¢ffect on crack evolution was investigated.

2. Materialsand experimental set-up

2.1. Process and materials

Unidirectional E-glass/polyamide 6 prepregs fromalo Composites Ltd. were used to fabricate [0]

[90]s, [02/90,]¢, [04/904]s and [9Q/0,]s composite laminates via compression moulding uaiBg-ton



Carver hot-press and a picture frame mould. A dafesiion pressure of 0.9 bar and maximum
temperature of 248C were used for fabrication of the panels. Furttetails of the processing

parameters, equipment and mould can be found if22éf

2.2. Specimen preparation

Straight-sided and dog bone specimens were cut friddmmm by 110 mm panels by using a diamond
blade saw and water-jet machining, respectivelth geometries and dimensions mentioned in Fig. 1,
Table 1 and Table 2. Straight-sided specimens paished with six different grades of sandpaper and
four different grades of alumina powder suspensidmminum alloy end tabs were bonded to both ends

of the specimen to prevent damage from grippinggane on the sample.

2.3 Experimental setup

An MTS 810 hydraulic test frame with a 50 kN loaadl evas used for the testing of §004/90,]s and
[904/04]s specimens and an Instron 8874 hydraulic test fraittea 25 kN load cell was used for the
testing of [90§ and [@/90,]s specimens (see Fig. 1). Tension-tension fatigus tesre performed on all
laminates until final failure of the specimen. Sinidal cyclic loading was applied at the frequeay

the load ratio of 10 Hz and 0.1 respectively fdfedent maximum stress levels. Tensile strain was
measured using different extensometers on botlireeaes. Fatigue strength versus the number o&sycl

to failure (S-N) and dynamic stiffness versus number of cycleblYkErere extracted.

Furthermore, additional fatigue tests were perfatme [G/90,]s specimens to extract their cyclic damage
state and the corresponding residual stiffnesss@ kests were interrupted at multiple cyclic inéds\and
guasi-static tensile tests were performed up t@#ak strain exhibited during cycling. Digital ineag
correlation (DIC) was employed to measure thersti@i these test specime@ptical microscopes
including Olympus BH2-UMA and Olympus Pme3 wereduseinspect the polished edge of the
specimens and to count the transverse cracks.dfaortine, fractured specimens were cut in the width a
length directions and were mounted and polishqa@gously explained. Both transverse cracks and
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longitudinal splitting cracks were inspected in tfaetured specimens. Furthermore, scanning electro

microscopy was performed on gold coated fracturfases using a Phenom-ProX microscope.

In addition to the aforementioned fatigue testsidial tensile strength at different cyclic loading
intervals was measured destructively for a numbepecimens with applied peak stress of 50 % of
material ultimate tensile strength (UTS). The cgpanding quasi-static tensile tests were perforafiea
cyclic loading with a displacement rate of 2 mm/mitiil specimen failure, in accordance with ASTM

D3039.

3. Mechanical test resultsand discussion

Results of the fatigue tests for all aforementiogkeds/polyamide laminates are first presentedigm t
section and compared to similar tests on glassielaaminates from the literature. The interrupted
residual stiffness fatigue tests for the/9,]s laminates and residual strength tests for thealt

[0/90]s laminates are presented subsequently.

3.1. Tension-tension fatigue tests on [0]g laminates

S-N; diagrams with the corresponding fractured specinfien[0k glass/polyamide are presented in Fig.
2 and compared with that of glass/epoxy from R&8].[The S-Ncurve for both composites are bi-linear,
exhibiting transition knee points at approximat@lypercent of the UTS. Below the knee point (lowley
fatigue region, LCF), the fatigue resistance okglpolyamide is superior to that of glass/epoxyyéwer
beyond the knee point (high cycle fatigue regio@) the two materials manifest approximately the
same fatigue resistance. The higher fatigue resistaf glass/polyamide in the LCF region can be
circumstantiated by the higher fiber/matrix inteiéd toughness of glass/polyamide compared to
glass/epoxy, provided by the comparison of theesponding values in Ref. [24] and Ref. [25] forthot

material systems with different fiber sizings. IGE region, the superior glass-polyamide interfacial



toughness resists fiber pull-out so that the mddailoire of glass/polyamide is more step-likecontrast

to brooming which was observed for [@Jass/epoxy in Ref. [26].

It is observed that in the LCF region, there ames@berably more splitting cracks in the glass/poligie
specimens when compared to the HCF region, andatiiesponding failure is quite analogous to the
failure in quasi-static loading. In this region,akeibers as well as misaligned fibers break duaigh
longitudinal strains. As a consequence of thedhitber failures, interfacial matrix cracks develalong

the fibers provoking interply and intraply splitlicracks (see Fig. 3(a) for 80 and 60 % of the UTS)
These cracks are seen in the middle of the specifgetihe peak applied stress decreases, a progressi
diminution of the number of splitting cracks andaathe length of the cracks will ensue, and at 5hth

30 % of the UTS some minor cracks can be obseprédarily near the specimen free edges. As seen in
Fig. 3(b), for the 50% of the UTS, longitudinal cka advance partially through the length of the

specimens, which shows that ductile behavior opthlgamide matrix prevails at this stress level.

Plots of normalized E-N diagrams with correspondingdth-wise sections of fractured samples for some
stress levels are shown in Fig. 3. As the maximuess level increases, the splitting cracks andetbee
stiffness degradation increases, however, glaggpotie laminates experience lower stiffness redacti
in their fatigue lifetime compared to glass/epo2¥][ The stiffness degradation is negligible fa ttvo

materials prior to final failure, where sudden @et@tion occurs just before specimen failure ensues.

To provide further support for the fatigue resiseonomparison between glass/polyamide and
glass/epoxy in HCF region, the residual strengtér datigue of [0 glass/polyamide was obtained
experimentaly at 50 % of the UTS and compared thigh of [0}, glass/epoxy from Ref. [28]. As shown
in Fig. 4. Equation (1) from Ref. [29] was usedhtomalize the data so that the data is indeperafent
stress ratio, stress level and number of cycléailiore.

[R—a] 1= log(n)—log(0.25) arp (1)
Re—al log(Nf)-log(0.25)



Here,o is the maximum applied fatigue stress, n is nunolberycles, Nis number of cycles to failuresR

is quasi-static tensile strengthandp are empirical coefficients.

As indicated in Fig. 4, the residual strength afiéi¢igue of [0} glass/polyamide is comparable to that of
glass/epoxy. This result further corroborates tigfie resistance comparison performed in Figr 20fa

glass/polyamide and glass/epoxy at 50 % the UTS.
3.2. Tension-tension fatigue tests on [90]s laminates

Plots of S-Nand the normalized E-N diagrams for [9§lass/polyamide and glass/epoxy composites
from Ref. [23] are shown in Fig. 5. Basquin’s povgar equation was utilized for fitting of the
experimental data as indicated in equation (2).v€wsely to [0}, the fatigue resistance of [90]
glass/epoxy is greater than that of glass/polyamiities result is reasonable since the transverasiqu

static strength of glass/epoxy is more than 2.8sitmgher than that of glass/polyamide [22].
S = A(Np)E )

However, fatigue sensitivity is higher in glassfgpoompared to glass/polyamide which possesses lowe
Basquin’s slope and experiences less stiffnessaadatjon during its fatigue lifetime. This obseroati

can be explained by the superior interlaminar énactoughness [30] augmented by some predominant
toughening mechanisms such as fiber and ligaméidibg observed in [9@]Jglass/polyamide during

crack wake opening (see Fig. 6). It is mentioned fiber bridging is well known in thermoset
composites which have comparatively low fiber/maitnierfacial strength [31], leading to debondimgla
slipping of the fibers relative to the matrix. Tle& intact fibers will subsequently break by fuath

opening of the crack wake. However ligament briggsprimarily associated with the high ductilitfy o

the polyamide matrix in [99Qlass/polyamide laminate. In other words, crat&g growing from the
fiber/matrix interface and after reaching the degbiolyamide matrix, they are arrested. At theeséime

cracks nucleate from an adjacent fracture plangriga bridging ligament in the crack wake. Ligainen



bridging restrains the crack opening displacemeatstributing to lower crack progression. In thigyw

[90]s glass/polyamide fails more in a sudden manner epetpto [90] glass/epoxy.

3.3. Tension-tension fatigue tests on [0,/90,]s and [90,/0,]s Laminates

Plots of S-Nand the normalized E-N diagrams of/f,], [04/904]s and [9Q/0,]s glass/polyamide and
[02/90;]s glass/epoxy laminates [32,33] are presented inHayc) and Fig. 7(d), respectively. It can be
observed that all the [®0,]s glass/polyamide laminates exhibit the same Ba&gsiape though higher
intercept compared to J@0,]s glass/epoxy laminates. This result is noticeaditee it indicates that the
fatigue lifetime of [@/90,]s glass/polyamide is longer than that of glass/egoxyny applied peak stress
level and for different ply thicknesses. Furthereadhe dynamic stiffness degradation of different

laminations of glass/polyamide is lower than tHdDg/90,] glass/epoxy.

It is also known from Ref. [22] that transversecking initiation strain and also the quasi-statrersgth

of [0,/90;]s glass/polyamide are higher compared to similasg&poxy laminates. Treating longitudinal
and transverse layers as the critical and norcatidlements (i.e. the [Dlayers as load bearing elements
and [90} as stiffness determining elements) can explainkimsobservation. In other words, superior
fatigue strength of [QJlaminates and low stiffness degradation of f3jd [90] laminates compared to
glass/epoxy justify the observed fatigue behavigfg90,]s laminates compared to glass/epoxy to some
extent; however, deep investigation of the fatigabaviour of [/90,]s glass/polyamide will be
presented in section 3.4 and 3.5.
As depicted in Fig. 7(b), the fatigue resistancfg®0,]s laminate is higher than that ofy[80,]s

laminate. It is well known that the free edgesafg0,]s laminates exhibit a 3-D stress field in simple
tension due to the existence of interlaminar se®sEhe distance from the free edges in which these
stresses exist is approximately twice the ply thids [34]. As the ply thickness increases, the radm

of the normal interlaminar stresses and the volimwehich these stresses are effective increase T3¢

raises the likelihood of delamination at lower stréevels [36] near the specimen free edges caltitrd



to the lower fatigue life of the J®0,]s laminates. Furthermore, this reduction in fatitifesis supported
by Ref. [37] and low magnification optical microggoin fatigue loading in Fig. 8, where more sptligi
cracks were observed inyg004]s glass/polyamide laminates compared t#J@]slaminates. As seen in
Fig. 9(a), the trend of stiffness degradation gfJ0]s laminate is identical to that of the,[80,]s
laminate despite having double thickness. Howeteriotal stiffness degradation of/f@0,]s is lower
which can be explained by its lower life compamre{t/90,]s laminate and the reduced time for crack

multiplication.

As demonstrated in Fig. 7(c), the fatigue resisasfd9Q/04]s laminates is higher than that of/80]s
laminates, which has also been observed for glassfpic in Ref. [38]. This result is explained et
comparison of stiffness degradation and crackinpetwo laminates in Fig. 9(b). The transverselcra
density at saturation level is lower in [@l)]s compared to [@#90,]s laminates [39] due to the reduced
constraining effect on transverse plies in g laminates. The measured crack density was 0.4fmm
in [90,/0,]s compared to 0.545 (nithfrom Ref. [37], Consequently, [90,]s has less initial stiffness
degradation as a result of reduced transversexmasritking. Comparison of j®0,]s and [90/0,]s
laminates in Ref. [35] has shown that the magnitfdérough the thickness stress,is lower in
[90./0,]sthan [G/90,]s laminates, furthermore, the naturesgfin [90,/0,]slaminates is negative in contrast
to positive nature afi,in [0/90,]s laminates. This prevents potential splitting csaakd local
delamination to develop after saturation of transeeracks which also justifies the lower stiffness
degradation after saturation of transverse cré8kd/ observations of the fracture surfaces in/[2R
show low splitting cracks and some local plastifodeation in polyamide matrix in°Cand 90 layers.
This plastic deformation prevents splitting crattkslevelop in @ layers and the final fracture is brittle
with local fiber fractures in [900,]s laminates (see Fig. 10 ). These results can loorates the slightly

higher fatigue life of [990,]s compared to [#90,]s laminates.
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3.4. Damage char acterization and residual stiffness degradation in [0,/90,]s laminates

Residual stiffness degradation and transverse aeigity versus number of cycles fog/f,]s

laminates were measured at different maximum stesets of 50 %, 60 %, 70 % and 80 % of the UTS,
and are presented herein. Cross-ply glass/polyacdidgosites exhibited three stages of damage
evolution depending on the maximum applied stregsl$. Stage | manifests as transverse cracking and
causes the largest stiffness degradation oveiatigu€ lifetime, stag is characterized by delamination
and splitting and causes less stiffness degradatiorpared to stage and stagédl| is fiber failure and

causes great stiffness degradation prior to thad failure of the composite laminate.

3.4.1. Transverse cracking and toughening mechanisms

For all stress levels, transverse micro-cragit different lengths initiated early in the cydj of the
laminates. The cracks originated from the free edgehe fiber-matrix interface due to the assediat
stress concentration. Some of the cracks grew cpyitielly through the thickness at the beginning,
however as the crack density increased, the grmatthdecreased noticeably. This observation is in
contrast to the transverse cracking in some otte¥nioplastic material systems, where transverse
cracking initiates late in the fatigue lifetime am@ches the saturation level very fast [40,44. EL
presents the progression of two representativeksriacthe thickness direction of &[80,]s laminate at
50 % of the UTS. Crack A propagates completelyr&i@ecycles but it takes nearly most of the lifegim
for crack B to propagate due to the exposed cipahielding caused by crack A. This effect contrés
to the tip plasticization of crack B. The behavirarely observed in thermoset composites in which

nearly all of the transverse cracks span acrosthitiemess instantly [42].

Only complete transverse cracks were counted f&rdift number of cycles as indicated by Fig. 12 unt
the crack density reached the saturation levethAsstress level increased, the crack multiplicataie
increased proportionally. As represented in Figb),2he crack density at saturation level is

approximately the same for all stress levels ambisparable to the crack density at saturatiomf@si-
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static loading. This result affirms that crack dgns a laminate property for thermoplastic
glass/polyamide as it depends on the material @méhbte stacking sequence, as has been mentioned fo

other thermoset material systems [43].

In contrast to the propagation of crack A and cfaéhk Fig. 11, some of the cracks develop non-
uniformly along the fiber-matrix interfaces. In ethwords, these cracks reach the resin rich areid® o
misaligned fibers and either change their propagatath if they find surrounding fiber-matrix infeces
(Fig. 13(a)) or they are arrested. In the formeragion, tortuous crack fronts are created antierlatter
case four different scenarios may occur. Firsgkgare suppressed and do not propagate untiintile f
failure of the laminate. This can be explained kack blunting at the tip of the cracks, which is
intensified by the crack tip shielding caused bjpeeint cracks (Fig. 13(b)). Second, cracks britige t
tough polyamide matrix and nucleate from the nedghdf the existing resin rich area (Fig. 13 (c)).
Sometimes the resin rich area is so vast thateéleanack nucleate far from the existing crack (Fig.
13(d)). Matrix bridging can occur repeatedly durthg complete growth of a transverse crack, however
these intermittent cracks cannot coalesce intadongnant crack. In another situation, cracks prapag
from a different fracture plane in the oppositeediion. These two cracks cannot merge and thergép
between them recalling ligament bridging which whserved in fatigue failure of 9@omposite
laminates (see Fig. 13(e) and Fig. 6). In the faikalation, when the transverse crack reachesaheeill-
distributed fibers or tough polyamide matrix, iabches into smaller micro-cracks which is called
bifurcation (Fig. 13(f) and Fig. 13(g)). These theging mechanisms deflect the crack wakes and cause
meandering and jagged crack surfaces, thereforteilwote to more energy dissipation through incnegsi

total fracture area.

A micromechanical model developed in [44] was emygibto model the stiffness degradation in
glass/polyamide composites. Ansys APDL was usedddel the representative volume element (RVE)

of half the symmetric laminate with one crack ia 80° ply. Twenty-node brick elements were exerted
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for finite element meshing of the laminate, as sadfig. 14. The plies were assumed to have

transversely orthotropic homogenized propertiesiengeriodic boundary conditions were applied.

It is noteworthy that the micromechanical modelyagimulates the stiffness degradation arising from
transverse cracking and does not account for siffrdegradation caused by splitting cracks,
delamination and fiber failure. Measured transversek density is utilized as an input for the mode
The model assumes that the transverse cracks @tgptgough the entire width of the specimen
instantaneously after they are initiated from thecémen free edges. As represented in Fig. 15, the
stiffness predicted by the model at 60 %, 70 %&heél of the UTS coincides well with the measured
stiffness until crack density approaches the saturdevel. However, the model overestimates the
stiffness degradation at 50 % of the UTS. The diffiee presumably is attributed to the transverseksr
that propagate partially through the width andkh@ss of the specimen at this stress level in dppos
to the assumption made by the model. Another refmsdhis difference is the higher probability aim

existence of dominant cracks at 50 % of the UT@iéncase of crack bridging as was indicated in E3g.

To ascertain the existence of partial width-wisscks, the fatigue test was conducted on twi®{]s
specimens at 50 % of the UTS. One of specimenssteaped after 140 cycles and the other sample was
stopped at 4000 cycles corresponding to the etatyesof micro-cracking and post saturation atghisss
level, respectively. The two specimens were ctihinmiddle along the fiber direction to inspect the
transverse crack density. For the first sample whias stopped at 140 cycles, the crack density was
1.24(mm") in the edge however, it was 0.96(fnn the middle of the specimen. It is mentioneat tie
partial thickness-wise cracks were comparableérettge and in the middle of the specimen. This
observation confirms that the cracks cannot smamptetely through the width of the specimens alyear

stage of cycling.

For the other test which was stopped after 400@esythe crack densities were nearly the sameein th
edge and in the middle of the specimen. Considdhagthe transverse crack density saturates 200
cycles, this observation confirms that the secommbthesis is true and the lack of dominant trarseer

13



cracks due to the aforementioned toughening mestmsnat 50 % of the UTS causes the stiffness

difference between the experiments and the finément model.

The effects of partial width-wise ply cracks orffass degradation was investigated by invoking the
model in Ref. [44]. The model was modified to calesipartial cracks with different lengths in
conjunction with these assumptions: the crack lengtreases gradually with number of cycles aséh R
[45] and there is an average crack length at afsgaumber of cycle. The model was run for diéfier
crack lengths and two different crack densitiesillastrated in Fig. 16(a) as the length of thecksa
reaches its total length, the rate of the stiffrdegradation increases. This result again corroésthe
large difference observed between the stiffnessadiegion predicted by the model and the experiraent

early stage of cycling in 50 % of the UTS.

3.4.2. Splitting cracks and delamination

As seen in Fig. 15, the main mechanism in the skstage of stiffness degradation is splitting for
different maximum stress levels, while splittingsagbserved at a much lower extent for 50 % of the
UTS, which is consistent with the results for sjplg of [O]s laminates (see Fig. 3(b)As indicated in
Fig. 3(b) and Fig. 15(a), the extent of splittisgbticeably low at medium to low stress levelsreifore
the external energy cannot be dissipated in tha fifrsplitting to reduce the stress concentraticthe
interface between longitudinal and transverse kyerthis condition due to the lack of splittingcks
and delamination, stress concentration at theftipeotransverse cracks causes local fiber failutgish

are reflected as sudden falls in the stiffnessugemimber of cycles diagram (see Fig. 15(a)).

Delamination was exclusively observed in two spetismamong the eleven tested specimens (see Fig.
15(c) for 70 % of the UTS). This can be justifigdtbe highinterlaminar fracture toughness of the
laminate [30] which increased the plastic zone atzhe tip of the transverse cracks and relietied t
corresponding stress concentration hereby mitigdgédaimination. Instead of delamination, splitting

cracks were observed predominantly at the specedgas in 0layer. When delamination initiated
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between longitudinal and transverse layers it doumted to dissipate the energy and decreased théeu
of splitting cracks noticeably. In the case of theplastic glass/polyamide, delamination is intetenit,
therefore at the tip of transverse cracks and daktion front, numerous number of longitudinal fibe
broke locally due to the associated stress corationr(see Fig. 15(c)) and caused the final faibfrihe
laminate. For 80 % of the UTS, large splitting &samstantly caused fiber failure. As seen in BEig(d),
there are residues of longitudinal layer on trarswéayer which confirms the high resistance of

polyamide matrix to delamination.

3.5. Residual strength of [0,/90,]s glass/polyamide laminates after cyclic loading

The effect of transverse cracks was investigatetthemesidual strength of the cross-ply laminates.

this purpose, the residual strength after fatigy@£90,]s and [Q/90,]s glass/polyamide at 50 % of the
UTS was obtained experimentaly and was normaliz&thuequation (1). As seen in Fig. 17, the residual
fatigue strength of [@] [0./90,]s and [Q/90,]s laminates exhibits a large scatter in stagad stagéll,
however the scatter is much lower in stdgd he observed scatter arises from two sourceamigde i.e.
stagel correlates to the initiation of transverse micraeking and stagdl is close to the final failure of
the material. In stagé, damage accumulates at a lower rate, therefonetliidual strength data

converges noticeably.

In stagd of cycling, it appears that the transverse miaazzking does not affect the residual fatigue
strength, since the residual strength data ateciisame scatter band. In stdlgas explained in the
previous section, delamination is impeded by tigh houghness of the polyamide matrix, however minor
splitting cracks and local fibre failure at the dipthe transverse cracks during the fatigue logdiifiect

the residual fatigue strength to a great extergt E8g. 15(a)). As seen in Fig. 17, the normalizsidual
strength changes from 0.64 to 0.76 fa¥90,]s laminates, however it changes from 0.76 to 0.880%

laminates.
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Furthermore, the residual strength of 90, was compared to that of [daminates. It was found that
the residual strength of J@0,]s is more similar to [Q]laminates compared to.f00,]s laminates. There
are two reasons for this observation. Firstly,rtbeber of 0 layers in [(/90,]s is the same as in [0]
laminate. Secondly, as shown in Ref. [37], transyerack density at the saturation level is mugaketo
in [04/904]s compared to [#90;]s laminates thus there is a lower probability ofaldibre failure at the tip
of the transverse cracks. However, there are natdaamger splitting cracks in J®0]scompared to
[0./90,]s laminates [37]. This observation suggests théheply thickness increases in/@0,]s

laminates, the behaviour of the laminate is moiecédd by longitudinal cracks than transverse @ack

These findings contradict what was mentioned inctiraparison of the fatigue behaviour of
carbon/epoxy and carbon/PEEK in Ref. [46], mentigrthat the transverse cracks do not contribute to

the fatigue behaviour of cross-ply thermoplastiboa/PEEK laminates.

As it was shown in Fig. 3(a) and Fig. 15, as thesstlevel increases the number of splitting cracks
increases. It is anticipated that as the stresd #md number of layers increases if90,]s i.e. 60 %, 70
% and 80 % of the UTS, the residual strength ofdh@nates is less affected by the transverse srack
since splitting cracks and possible delaminatiaih@taminate free edges dissipate the energy aipdd

redistribute the stress field at the free edgestlagfore prevent the local build-up of the fifactures.

4. Conclusions

Fatigue behaviour of glass/polyamide compositeduding unidirectional ([} [90]) and cross-ply
([02/90,], [04/904)s and[904/0,]s) laminates, was investigated through an experiatéast program and
compared with that of glass/epoxy from the literatd’ he inherent microscopic toughening mechanisms
of the glass/polyamide cross-ply laminates direictfijuencing their fatigue performance were ideatf

and the resulting fatigue resistance was notaliaeced compared to that of glass/epoxy laminates. T

main conclusions are summarized as follows:
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Fatigue tests on [PRnd [90] glass/polyamide specimens revealed local toughemiechanisms,
including local plastic deformation of the polyamidhatrix and fiber/ligament bridging, which
restricted or arrested the propagation of micrdeads a result, the glass/polyamide test specimens
exhibited little stiffness degradation and lowdag sensitivity.

Fatigue tests on the glass/polyamide cross-plyriates revealed additional toughening mechanisms,
such as crack tip blunting, matrix bridging andckrbranching, which resulted in lower stiffness
degradation and increased fatigue resistance wirapared to similar glass/epoxy cross-ply
laminates from the literature. As a result of laoaighening effects, partial width-wise 90° ply
cracks and localized 0° ply splitting cracks webbsearved in glass/polyamide specimens loaded in
the high cycle fatigue regime, resulting in lowtffisess degradation which was confirmed by
micromechanical finite element predictions. Speciseycled in the low cycle fatigue regime
exhibited full width-wise 90° ply cracks and largerd more extensive 0° ply splitting cracks.
Comparison of different glass/polyamide cross-pipihates revealed lower fatigue resistance for
[0/90,]s laminates compared to [90,]slaminates. The nature of through-thickness noritnatses

at the [9Q/0,]sspecimen free edges resulted in fewer 0° ply sgiittracks and therefore longer
fatigue lives. Microscopic observations of fractatefaces also revealed more extensive local matrix
plastic deformation in [9¢0,]s laminates.

The inherent relation between 90° ply transveraeking and residual tensile strength after cyclic
loading of cross-ply laminates was postulated dejpgnon the ply thickness. Inf00,]s laminates,
transverse cracks were observed to not influereeasidual strength during the early stage of
damage development; however, during the latteesta§cycling transverse cracks affected the
residual strength due to the localized fiber falat the tip of the saturated transverse cracks. In
[04/904]s laminates the residual strength was less affdnyddansverse cracking since 0° ply splitting

cracks were more dominant.
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The rigorous assessment of a continuous glassridiiorced polyamide thermoplastic composite
material presented is decisive and robust, arglditurrent gap in the literature. The study issm®red
to be a significant step towards using glass/poigtartaminates for fatigue critical structures sash

wind turbine blades.
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Figures

Fig. 1. a) MTS 810 fatigue testing frame and b) Instrofidatigue testing frame and c) geometry of the
straight-sided and dog bone specimens used fgutatests.

Fig. 2. S-N diagram of [Q]glass/epoxy [23] and [Pblass/polyamide composites with the corresponding
fractured specimens.

Fig. 3. a) Width-wise cross-section of fractureds[@lass/polyamide under cyclic loading at different
stress levels. b) Partial splitting crack in a esgntative [Q]specimen fatigued at 50 % of the UTS. ¢)
Comparison of normalized dynamic stiffness versusnalized number of cycles for [0]
glass/polyamide and glass/epoxy laminates.

Fig.4. Normalized residual strength versus normalizedlvemof cycles for [Q]glass/epoxy and [Q]
glass/polyamide laminates cycled at 50 % of the UTS

Fig. 5. a) Maximum stress versus number of cycles toraiéind b) Dynamic stiffness versus the number
of cycles for [90] glass/polyamide and [9D§lass/epoxy.

Fig.6. a) Optical image and b) SEM micrographs of ligatr@idging at the crack wake of [90]
glass/polyamide laminates after fatigue failure.

Fig. 7. Comparison of S-N diagrams between a)9@] glass/PA and [290,]s glass/epoxy, b) [#90,]s
glass/PA and [904]s glass/PA, c) [#90,]s glass/PA and [90,]s glass/PA d) Normalized dynamic
stiffness versus normalized number of cycles f@OM]s, [04/904]s, [904/04]s glass/polyamide and §@0;]
glass/epoxy laminates.

Fig. 8. Post-mortem optical images of the fracture surfawes[0,/90,]sand b) [Q/90,]s
glass/polyamide laminates after fatigue loading.

Fig. 9. Diagram of normalized dynamic stiffness versusritmaber of cycles for a) J®0,]s and [Q/90,]s
laminates for 50 % and 60 % of the UTS, ky904]s and [9Q/04]s laminates for 50 % and 60 % of the
UTS.
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Fig. 10. SEM micrographs of the fracture surfaces in a@P[@]s and b) [9¢/0,4]s laminates after fatigue
loading.

Fig. 11. Growth of two representative transverse crackauipin the thickness of the 9ayer in a
[0./90,]s laminate for different number of cycles at 50 %itedf UTS.

Fig. 12. a) Crack density versus the number of applietesyior [3/90,]s laminates at different
maximum stress levels and b) Comparison of the &t crack density for multiple #80,]s laminates
under fatigue at different maximum stress leveld quasi-static loading

Fig. 13. Different toughening mechanisms in transversekingcof 90 layer in [3/90,]s laminates at 50
% of the UTS (yellow arrows indicate the resin razkas).

Fig. 14. Schematic representation of the half of thg9@]s laminate used in FEM modeling.

Fig. 15. Residual stiffness versus the number of cyclestiamdinderlying damage modes i8]
glass/polyamide for different maximum stress lewéla) 50 % the UTS b) 60 % the UTS c) 70 % the
UTS d) 80 % the UTS.

Fig. 16. a) Normalized residual stiffness versus cracktlefgr two different transverse crack densities b)
Schematic of transverse crack propagation i9{8]s laminates.

Fig.17. Normalized residual strength versus the normalimgdber of cycles for [@] [0/90,]s, [04/904]s
laminates.

Tables

Table 1. Dimensions of the straight-sided specimens usefhfigue tests.

Laminations L(mm) L, (mm) H(mm) Hy(mm) W;y(mm)
[0]s, [02/90,]s 110 20 10 1.4+0.1 1520.1
[04/904]s, [904/04]s 110 20 10 2.8+0.1 15:0.1
[90]s 110 20 10 1.4+0.1 20+0.1

Table 2. Dimensions of the dog-bone specimens used faguatiests.

Laminations  Ls(mm) L4(mm) W5(mm) R(mm) H,(mm) H,(mm)
[05/90]. 20 25 20 16E 10 1.4+0.1
[04/904] 20 25 20 16E 10 2.8+0.1
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