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Abstract

The mode-I interlaminar fracture toughness of flax, glass and hybrid flax-glass fibre woven
composites was studied by using a DCB test. The acoustic emission signals recorded during the tests
and scanning electron microscope images were used to analyse the damage mechanism of each
composite. The crack initiation for the flax-fibre laminate needs the highest energy (1079 versus 945
for hybrid flax-glass fibre and 923 J/m? for glass-fibre laminates). The morphology of the flax fibres,
short and bonded together in bundles to manufacture the twill fabric, allows the creation of a larger
amount of fibre bridging athe origin of this highest energy. Furthermore, hybridisation of glass fibres
with flax fibres in an appropriate combination offers an interesting solution when the toughness of
glass fibre composites needs to be increased. More interesting is the considerable advantage of the
composite structure weight reduction due to the low flax fibre density.

Keywords. Flax fibre; hybrid woven composites; interlaminar fracture toughness; delamination;
acoustic emission.

1. Introduction

For the past two decades, natural fibre-reinforced composites have been used in many industrial
applications, especially in the automotive and construction sectors [1-7]. For example, the plant-based
natural flax fibre shows great potential to be a suitable replacement for mineral-based basalt and
synthetic glass fibres for crushable energy absorber application, as highlighted by Yan et al. [1,2].
Huang et al. [3] studied the possibility of the using flax fabric reinforced epoxy composite plates as
external strengthening material for reinforced concrete beams. The results showed that the flax fabric
reinforced polymer composite can be used to retrofit or strengthen deficiently-designed concrete
structures as an environmentally-friendly external reinforcement material. In addition to their eco-
friendly aspect and biodegradability [8], natural fibres present high specific properties [9], due to their

low density [10,11], and an interesting damping behaviour [12]. Therefore numerous comprehensive
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studies have been conducted on natural fibre coibesdd3—-18]. However, the development of these
green materials may be limited because of the fd@rfiacial properties between hydrophilic fibres
and the hydrophobic matrix, which leads to delatmmabetween the composite plies, thus lowering
the mechanical properties [19]. In addition, delzation may also occur due to the presence of
residual stresses during the manufacturing pramessa changing environmehecause natural fibres
are temperature and moisture sensitive. Accordjriglgwledge of the interlaminar properties of these
materials is essential for the design of compaditectures, in particular when they are composed of
long continuous unidirectional fibres or woven fabr Within this context, some authors have
analysed the interlaminar fracture properties ddirz fibre composites [19-27]. For example,
Bensadoun et al. [19] studied the influence ofefiarchitectures on the mode-1 and mode-l|
interlaminar fracture toughness of flax fibre epaxynposites. They compared the fracture toughness
of plain weave, twill weave and quasi-unidirectibachitectures. The results showed that the flax
composites exhibited a high interlaminar fractuneghness which was related to several energy
absorbing mechanisms such as the crack branchahfitae bridging. By comparing the different
fibre architectures, they showed that the yarngramd irregular surface of the layers could gererat
more energy consumption by forcing the crack tfelan irregular delamination path. In a similar
study, Pinto et al. [20] demonstrated that jutegfilvoven composites showed a greater initiation
fracture toughness than unidirectional ones becaiuiere bridging and increasing interaction i th
intra-ply. Ravandi et al. [21] studied the effeatgdhrough-the-thickness stitching using naturatds

on the interlaminar fracture toughness and tepsdeerties of flax fibre/epoxy composites. They
found that the fracture toughness of the laminais more improved by flax yarn stitches compared
to cotton thread stitches. Furthermore, the inteiriar fracture toughness of woven flax composites
was significantly higher than that of glass fibcenposites. The hybridisation effect on the
interlaminar fracture properties of unidirectioflak/glass fibre reinforced hybrid composites was
investigated by Zhang et al. [22] who found tha&t ithterlaminar shear strength and the interlaminar
fracture toughness of hybrid flax/glass fibre cosifs were higher than those of glass fibre ones.
This was explained by the rough surface of flaxefiy which led to more fibre bridging between flax

fibres, flax yarn and glass fibres.



The work reported in this paper aims at evaludtirgmode-I interlaminar fracture toughness of
flax, glass and hybrid flax-glass fibre reinforagubxy (FFRE, GFRE and HFRE) laminates. The
choice of flax and glass fibres, which have combplaranechanical performances, aims at analysing
the effect of their hybridisation on the interlamiriracture properties of the HFRE composite and
enables studying the delamination between flaxgiask fibre layers. For this purpose, three twill
weave fabric laminates (FFRE, GFRE and HFRE wingle stacking sequence) were manufactured
by a compression moulding process. Then, the dasiglever beam (DCB) tests were conducted to
evaluate the mode-I| interlaminar fracture toughmesperties. In addition, the DCB tests were
monitored using the acoustic emission (AE) techaiguidentify the different damage mechanisms of
these composites. This identification was made afitlunsupervised method based on a statistical
multivariable analysis (k-means algorithm) usingekis software. Several previous studies used this
method to assess the damage failures of natural diimposites during different mechanical tests, in
particular tensile tests [28-30], cyclic and fa&édasts [31]. However, to the best of our knowledge
this method was not yet employed to evaluate tineag@ mechanisms of natural fibre composites
during DCB tests. In addition, scanning electrooroscopy (SEM) was performed to observe and

understand the different damage mechanisms prdyimentified by the AE results.

2. Experimental methods

2.1 Materials and manufacturing process

The fabric weave used for the laminated composgitesa 2/2 twill weave. The flax fabric, based
on untwisted yarns and provided by Depestele Groag,an areal weight of 350 /and a fibre
density of 1450 kg/fh The linear mass of the warp and weft yarns offifyefabric was the same and
equal to 300 Tex. The flax fibres were bonded togeby a specific binder to form a flat roving and
allow weaving. The glass fabric, supplied by Siao@bmpany, had an areal weight of 300 TAmd
a fibre density of 2450 kg/inThe yarns distribution in the warp and weft diiets was the same and
equal to 50%. The matrix used for the laminated pmsites was an SR 1500 epoxy resin associated

with SD 2503 hardener marketed by Sicomin Compa&hg. mixing ratio of resin and hardener was



100:33 by weight.

FFRE, GFRE and HFRE composites with a single stackequence were manufactured by
compression moulding. 450 mm x 300 mm laminateeplatere prepared with a different number of
layers as summarised in Table 1. These numbersaliesen to obtain approximately the same and
minimum 4 mm thickness for all composites. The adage of a single stacking sequence is to allow
the study of the delamination between the flax glads fibres layers in the middle plane of the HFRE
composite. First, flax and glass fabrics were méypae-impregnated with the resin system. Next,
the impregnated layers were placed one over ther fitowing the same orientation with resin
layers. During the layup process, a 12 pm thickoheihsert of thickness was inserted at the midplan
of the laminate to form a precrack, i.e. an initiatsite for delamination (Figure 1a). The whole
assembly was carefully placed between two ste&tmtacovered with Teflon paper. Laminates were
then cured in a compression moulding machine (SAmidtlel) under 5-bar pressure at 35°C for 3
hours, following the supplier’s recommendationsiafly, the laminate plates were cut and shaped in
rectangular form (20 mm x 170 mm) according to ASD&b28-13 standard [32] by using a diamond
saw blade. The thickness and fibre volume fraatiodifferent composites are also given in Table 1.
The fibre volume fractions) of FFRE, GFRE and HFRE composites were experiatignt

determined by the same procedure detailed in Saidbal [28].

2.2 Mode-| interlaminar fracture toughness testing

The mode-I| interlaminar fracture toughneSg) and the resistance curv@-¢urve) were evaluated
by the DCB tests in accordance with ASTM D5528-E8idard [32]. They were conducted on an
Instron 3382 universal machine with a 5 kN capaoiagd cell. To produce steady crack growth, a
cross-head speed of 5 mm/min was used. For eachosit®, five specimens were tested. The average
value and the standard deviation were then repoftegl specimen geometry and its nominal
dimensions are depicted in Figure 1a. The init@hohination lengthg,, of all samples was 50 mm. A
pair of piano hinge tabs was bonded to the enédf specimen, as shown in Figure 1a. Before

bonding the hinges, surfaces of both sides wehglyigcrubbed with sandpaper and wiped clean with



acetone. After surface preparation, the hinges waigeed parallel with the specimen and with each
other, and bonded using a Penloc GTI glue (Adhek&8295). Clamps were used to hold them in
position for 48 h until the adhesive was fully aliréo make the detection of delamination onset
easier, one side edge of each specimen was pautted/hite lacquer. The use of the AE technique
enabled clear identification of the initiation bktcrackwhen the cumulative number of AE hits
significantly increases (Figure 2a).

The strain energy release r&@g is given by Modified Beam Theory (MBT), as follo\&2]:

3P0

G :W 1

whereP is the loadJ is the load point displacemebtis the specimen width aradis the delamination
length. The crack length correction factéy was experimentally obtained by plotting the cudos of

complianceC*?

, as a function of the delamination length (Fig2ipg. The complianc€ is the ratio of
the load point displacement to the applied |@di, To evaluate the factos, note that four samples
with different initial delamination lengths, 30,,58D and 70 mm, were used, and the compliance was

determined for each sample.
2.3 Acoustic emission

To obtain information about damage evolution intésted specimens, AE was continuously
monitored during the delamination tests. AE measerds were conducted using two-channel data
acquisition system, with a sampling rate of 5 Midd 40 dB pre-amplification, produced by Mistras
Group Company. This system was equipped with agé@lisition card connected to the
microcomputer. AE signals were recorded by two masb Micro-80 piezoelectric sensors with a
frequency range of 100 kHz—1 MHz and a resonanak pkaround 300 kHz. The sensors were
placed on the upper surface of the test specimimangpacing of 80 mm, as shown in Figure 1a. To
provide a good acoustic coupling, a silicone greeae employed as a coupling agent between the
sensors and the sample surface. Before the DC& tepencil lead break procedure was used to
optimise the distance between the two AE senstmsn,Tthe AE acquisition system was calibrated to

record the signals located between the two sensang the AE localisation method. The quality of



the measured AE data mainly depends on the chogesferm system timing parameters. These
parameters, namely, PDT (peak definition time), HBIT definition time) and HLT (hit lockout
time), enable the selection of the event charatiesi For the composite material tests, the vabfies
the timing parameters employed were: PDT :u80HDT = 200us and HLT = 30Qts. The main
parameters measured on the AE event parametedgiced in an example of AE waveform in

Figure 1b.

3. Resultsand discussion

3.1 Mode-l interlaminar fracture properties

3.1.1 Load-displacement curves

The load-displacement curves of the mode-I DCBsteSEFRE, HFRE and GFRE composites are
shown in Figure 3. For the three composites, tleesupresent an initial linear region corresponding
to linear elastic behaviour followed by & non-linezgion in which the initiation and propagation of
the cracks occur. The latter depends on the tygemposite. Delamination initiation was visually
observed and detected by the first change in tpef the AE cumulative hits number (Figure 2a).
For the FFRE, after the initiation of cracks clos@&9N, the load slowly increases with increasing
displacement due to fibre bridging and, then, adsterack appears. The GFRE composite exhibits
the highest load, around 47 N. After the maximuadlof 52 N, the load sharply drops with
increasing displacement until the composite fdite drop of this maximum corresponds to
delamination onset at the precrack tip, i.e. tligation and growth of the cracks in the laminatethe
case of HFRE composite, crack initiation is nead 4&n intermediate value between those of FFRE
and GFRE. Moreover, a large amount of load droecdue to crack stop during the displacement
increase.

Table 2 displays the values of initiati@g, obtained from Eq. 1 for FFRE, HFRE and GFRE
composites. These values were determined by megdiné load and deflection at the point at which
delamination occurred. The values of initiati®g correspond to the initial delamination length

(ap = 50 mm) and describe the resistance of the satomack formation. The FFRE composite has a



higher initial interlaminar fracture toughness thlaem GFRE and HFRE ones (Table 2). The
interlaminar fracture toughness of the FFRE compasiapproximately 1.2 times more than that of
the GFRE composite (1079 J/for the FFRE laminate and 923 J/for the GFRE laminate). A
similar tendency has already been observed by Zataly [22] for unidirectional flax and glass &br
composites. In the same way, the FFRE laminateewaihs 17% greater than the GFRE laminate
value, even though the fibre volume content ofRRRE composite (40%) was lower than that of the
GFRE composite (50%). This difference in initiatiBg values can be explained by the morphology
and the structure of flax and glass fibres, whiehfally different. Indeed, during manufacturing of
flax fabrics from short flax fibres, the short imidiual flax fibres are bonded together in bundées t
make long natural yarns, so as to weave them iDt&aBrics. Therefore, some individual flax fibres
stretch out from the yarns more easily, as showkigare 4a. This generated a large amount of fibre
bridging, leading to a higher delamination resistafor the FFRE composite. In the case of the glass
fabric, the fibres are long, continuous and preaaegular structure and smooth surface. Accordjngl
the GFRE composite shows fewer rough fracture sesfand no fibre bridging (Figure 4b). The yarn
crimp in the woven fabric can also explain thiatiénce inG,. values. Indeed, Bensadoun et al. [19]
showed that the yarn crimp and irregular surfadd@fayers forced the crack to follow an irregular
path, hence, led to more consumption of energyobocomposites, the same results are observed
since the waviness thickness of FFRE, which exdibiargeiG,, is higher than that of GFRE

(0.20 mm vs. 0.09 mm)n addition, thes,. value of the FFRE composite is higher than flasgp
woven composites with similaf (40%), studied by Bensadoun et al. [19]. Indeleely found values
of G, equal to 607 J/frand 754 J/ffor flax-epoxy twill composites with high and ldwist yarns,
respectively. This was mainly due to the twist argfl flax yarns because tks; initiation value
decreases with increasing twist angle. In our diesefabric was made up of untwisted yarns. Fer th
HFRE composite, the value & is approximately 945 Jfmather close to th&,. value of the GFRE
composite despite the difference\gbetween both composites (40% for HFRE vs. 50%sfeRE).
Thus, if the fracture toughness of glass fibre cosites needed to be increased; hybridisation afsgla
fibres with flax fibres in an appropriate combiativould offer an interesting solution. This sabuti

also reduces the composite structure weight adehsity obtained for the HFRE composite is 1.4



times lower than that of the GFRE composite (T&ple his is mainly due to the flax fibre density
(1450 kg/m) which is significantly lower than that of the g&a(2540 kg/r). These structural

properties are interesting since HFRE compositeguis a density gain of about 34% against the
GFRE composite and at the same time, a gain isgheific fracture toughness (the ratioGy to the

density of the material) of 37% (Table 2).
3.1.2 Resistance curves (R-curves)

In order to visually observe the crack propagatibe,edge of each specimen was marked from the
insert with vertical lines every 5 mm, as suggestethe ASTM standard [32]. The vertical lines
correspond to crack lengths of 50, 55, 60, 65,/3080, 90 and 100 mm and the corresponding load
and cross-head displacement were recorded. Therathes of5 were calculated from Eq. 1 for
each crack length. The obtained results are depageesistance curves (R-curves) in Figure 5, whic
displays the values @ as a function of the delamination lengths of eamposite. One can notice
that theG,; of the FFRE composite increases in a progressayeimcreasing the crack length. This
was directly related to the increase in the amo@ifibre bridging during the test. For the GFRE
composite, a slight increase®f can be seen at the beginning of crack propagéditowed by a
steady state because no fibre bridging occurred.ifihal increase at the beginning of the testloan
explained by the presence of some resin-rich regitue to the manufacturing process, in particular a
the crack tip, while the steady state is becaudérm bridging occurred during the test. Furtherejo
the crack has a clear and easy path along thefifdasdayer with no deviation in the path
(Figure 4b). Concerning the HFRE composite, a doatlon of both R-curves behaviours of the
FFRE and GFRE laminates is observed. For crackHerigetween 50 and 65 mm, the HFRE and
FFRE composites follow the same tendency with esirgG,. values due to the increase of fibre
bridging during the DCB test. So, in this regidme R-curve of the HFRE composite is governed by
the flax fibres. When the crack length is over @5,ma difference is observed in FFRE and HFRE R-
curves behaviour. While the values continue to increase for FFRE composite, temain constant
and higher for HFRE composite due to the presehgkss fibres. For crack lengths between 55 and

85 mm, the HFRE composite exhibits the largest @gagon value o5, compared to the other



composites because of the large amount of flaxgéass fibre bridging (Figure 4c) and a deviation in
the path of the crack which is not observed in FEBR&cimens (Figure 4a). It could be due to the torn
out glass fibres, which play a bridging role betwée flax and glass fibre layers. The same
phenomena were observed by Zhang et al. [22] folineictional flax/glass fibre reinforced hybrid

composites.

3.2 Damage mechanisms analysis

3.2.1 Acoustic emission results

In order to assess the damage mechanisms in tiedspecimens during DCB tests, the AE
signals were recorded and analysed by considerstgtistical multi-variable analysis using Noesis
software. This method was employed to separatadbestic signals into different classes presenting
the same characteristics for each clustering sigimas classification was carried out by considgrin
the main AE parameters, i.e. amplitude, duratiemlmer of counts, energy and rise time, as reported
in the literature [28,29,31]. To optimise the numbkacoustic signals classes, a principal compbnen
analysis (PCA) on the 2D projection planes was icemnsd, as shown in Figure 6. For each composite,
the number of classes was varied (from 2-5) andtkdap rate between the various groups of AE
signals was determined [28,30]. Next, the optimwmber of classes was obtained by considering the
minimum average value of the overlap rate betwhemt Three classes are obtained for the GFRE
composite (Figure 6a) while four AE classes arénaynin for the FFRE and HFRE composites,

(Figure 6b).

In order to associate the obtained classes wiith¢beresponding damage mechanisms, the
characteristics of the recorded waveforms of eaohmof signals were analysed and compared with
the literature results. Table 2 displays the AEabristics of each signal clustering for the ¢hre
studied composites. The signals of Class A areactenised by amplitude values ranged between 32—
60 dB with duration and number of counts lower tiA@ps and 38, respectively. Moreover, the
characteristics of these signals are substangattjlar for the three composites and present vamy |

energies (<100 aJ). Note that the epoxy matrikessingle component that is common to the three
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composites. The same characteristics were obtairiédrature results for unidirectional flax/Elium
composites under tensile [29,31], cyclic and fagitgsts [31] indicating that class A can be assedia
with the matrix cracking mechanism. The signal€lafsses B and C also appear for the three
composites with identical characteristics. Morecimely, the signals of Class B are identified at an
amplitude between 39 and 68 dB, a duration of 48l&us and a number of counts between 18 and
107. These characteristics are assigned to the-fitatrix debonding in accordance with the literatur
[29-31,33—-36]. The class C presents signals clarsiits (5682 dB amplitude, 11531 us duration
and 36169 count range) slightly higher than those obskfeethe class B. According to Mitchell et
al. [37], Class C can be attributed to the delatienamechanism. The last class, i.e. the Class D,
detected at amplitudes up to 75 dB and high enrt®0000 aJ) for FFRE and HFRE composites is
not observed for the GFRE composite for which beefibridging occurred during the delamination
tests (Figure 4b). As a consequence, the last Oaakso observed in the literature results
[28,29,31,35], can be associated with fibre failmechanisms.

To illustrate the damage mechanisms during DCB téls¢ evolution versus time and cross-head
displacement of the cumulative number of hits aheelass, combined with DCB load is shown in
Figure 7 for the three composites. According todha&pe of the cumulative hits number of the
different classes, the curves are divided intoghegions. The first region (Label I) corresporalthe
failure-free domain, i.e. delamination onset hasyeb occurred. In this first zone, only signals
induced by matrix cracking appear with few evetse second and third regions (Labels Il and 111)
are associated with the initiation and propagadiodelamination, respectively. Region Il is defined
by crack initiation, corresponding to the sloperg@of the cumulative hits number of the matrix
cracking and the maximal loalth this region and for all composites, the acoustitivity of the matrix
cracking increased suddenly, accompanied by thesticaevents due to the beginning of the fibre-
matrix debonding and delamination. For the FFREMRBRE composites, the signals relative to the
fibre failures also appear because of failureoofesfibre bridging and the generation of a large
amount of fibre bridging (Figures 4a and 4c). Affetamination onset, the slope increase of the
cumulative hits number for the four damage mectmasisf the FFRE composite was higher than that

of the HFRE onesThis result is consistent with the higher valu&gf of the FFRE composite. In
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Region 111, the acoustic activity of all damage fmagisms increases in a quasi-linear way until the
final failure of the FFRE and HFRE composites. dntcast to Region I, the slope of the cumulative
hits number of the four damage mechanisms is nmypeiitant for the HFRE composite compared to
the FFRE composite, probably due to the deviatidhecrack path of the HFRE composite, which
led to several flax fibres being torn out from frectured surface of the flax layer. This could giete
a large amount of fibre bridging at the propagastate leading to important distribution of the AE
energy as well as an increase of the interlamirg&tiire toughness of the HFRE composite. In the
case of the GFRE composite in Region lll, the nunabéiits of the matrix cracking and the fibre-
matrix debonding increases progressively untilglobal failure of the specimen. This increase is
accompanied by a quasi-stabilisation of the nurobéits derived from the delamination mechanism,
in agreement with the steady state observed oR-twrve (Figure 5) and confirms that the GFRE
composite exhibits an easier path for crack prof@gaue to the regular structure and the smooth

surface of glass fibres (Figure 8c).

3.2.2 SEM observations

Figure 8 shows SEM images of the composite crastfoss after DCB tests recorded usingeml
JSM-IT100 SEM,; several damage mechanisms identifjetthe AE analysis are visible. The images
of the FFRE composite, which exhibits rough fibnefaces, show the three damage mechanisms:
fibre-matrix debonding, fibre and bundle failurelanatrix cracking (Figures 8a and b). The images
of the GFRE (Figure 8c and d) confirm the resutesspnted in previous sections, particularly a ragul
structure with smooth glass fibres that explaimsahsence of fibre bridging, a clean delaminated
surface and an easier path of crack propagatianglthre DCB test. Regarding the HFRE composite,
a lot of torn out fibres were observed, confirmihg existence of a large amount of fibre bridging
(Figure 8e) requiring more energy for the propagatf cracks. In addition, Figure 8f shows some
single flax fibres stretched from the flax yarresulting in several fibre failures, that explains t

maximum value of the interlaminar toughneSg, of the HFRE composite (Figure 5).
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4, Conclusions

In this work, the mode-I interlaminar fracture tbugss G,.) of flax, glass and hybrid flax-glass
fibre woven composites (FFRE, GFRE and HFRE) wadietl using a DCB test and discussed. The
failure mechanisms are identified using AE measergsand observed by SEM images. For the
FFRE composites, the large amount of flax fibrelgirng occurring during crack propagation allows
an initial fracture toughness of 1.2 times morentthee GFRE composite and higher delamination
resistance, even though the flax fibre volume auni#0%) is lower than that of glass fibres (50%).
The differences in the morphology of the fibres eggllarity of the structure explain these results.

The hybridisation of flax fibres with glass fibriesthe composites, allows obtaining better
interlaminar fracture toughne<s,, during crack propagation despite an initial vadfi&c close to
that of GFRE and lower than the FFRE one. ThuBlRRE laminates, glass fibres govern the initial
toughness, and, then, at higher load, flax fibftag g larger role. The combination of the two typés
fibres leads to deviations of the crack path, wladhnot observed for the other composites, prgbabl
at the origin of a greater resistanttevas also found that the initiatidh. values of the GFRE and
HFRE composites were rather close despite therdrfte of the fibre volume content between both
composites (40% for HFRE vs. 50% for GFRE). Atphepagation state, the HFRE composite
exhibited the largest value G, compared to other composites, for crack lengthsden 55-85 mm.
For the HFRE specimen, a large amount of fibregimigl occurred during crack propagation with a
deviation in the path of the crack. However, theckrshowed a clear and easy path along the fibre
layer for the FFRE end GFRE composites.

The composites containing flax fibres, i.e FFRE HIRRE, display four failure mechanisms during
DCB tests, whereas only three are seen for congzosith glass fibres. So, the acoustic eventsa@lat
to glass fibres failure do not exist. Only for thyrid composite HFRE, flax fibres are stretched du
to the arrangement between flax and glass fibraghais in agreement with the maximum value of
the interlaminar toughness during the crack propaga

In conclusion, the hybridization of glass fibreghwilax fibres in a suitable combination would

offer an interesting solution when toughness mashbreased. In addition, reducing the weight ef th
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composite structure since the density of flax fhiesignificantly lower than that of glass is aar
advantage

In future investigations, it would also be inteiegtto study the mode-II fracture toughness
properties of studied compaosites for the purposéisalizing this study. After that, since natural
fibres are moisture sensitive, investigating tHeafof wet ageing on mode-l and mode-I|
delamination resistance would be of interest. Aapttudy may be interesting: analysis of the effect
of through-thickness stitching on the mode-I irdgerinar fracture toughness of flax and hybrid flax-
glass fibre composites. In fact, the stitching pascis characterised by the insertion of a through-
thickness tufting yarn into the 2D perform of flamd glass fabrics. This could improve the

delamination resistance in these composite maserial
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Figure 1. a) Geometry and nominal dimensions of specimen for mode-1 DCB test, b) AE waveform
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Figure 2. Mode-I DCB calibration for FFRE: a) Crack propagation onset, b) MBT
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Table 1. Layer configuration, nominal thickness fibce volume content of studied laminates

Laminate Number of plies Layer Nominal thickness(mm) Fibrevolume content
designation (flax/glass) configuration (flax/glass) V; (flax/glass)
FFRE 10/0 [Els 4.98/0.00 0.40/0.00
HFRE 6/6 [(GIR] 3.21/1.35 0.26/0.14
GFRE 0/20 [Gals 0.00/4.17 0.00/0.50

F: Flax fabric, G: Glass fabric, s: symmetric stagksequences.

Table 2. Density, values of initiation fracture gbmess and specific fracture toughness (the rétio o

Gy to the material density) for the studied laminates

Material Density of composite Fracturetoughness  Specific fracture toughness
(kg/m?®) (I/m?) (x 10 J.m/kg)
FFRE 12721 +£8.1 1079.2 + 66.4 848.40 £5.34
HFRE 14115+ 131 944.8 + 76.7 669.40 £ 6.17
GFRE 1888.4+£10.4 922.9 +30.2 488.70 + 2.68

Table 3. AE characteristics of each signal clustefor all composites

Material ~ AE parameter ClassA ClassB ClassC ClassD
Amplitude (dB) 3250 40-65 50-78 7592
FERE Duration {1s) 5-59 48-123 115221 204600
Counts 134 26-98 36-110 29171
Energy (aJ) 170 60-900 10089000 >100000
Amplitude (dB) 3255 39-66 5282 78-99
HERE Duration {is) 8-62 60-216 211331 204620
Counts 138 24-104 38113 39182
Energy (aJ) 180 60-1000 90610000 >100000
Amplitude (dB) 3260 4268 55-80
GERE Duration {1s) 16-70 52200 142300
Counts 130 18107 41169
Energy (aJ) 1100 60-1200 140012000






