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Investigation into Mode Il interlaminar fracture toughness characteristics of flax/basalt
reinforced vinyl ester hybrid composites

F.A. Almansour , H.N. Dhakaland Z.Y. Zhang
Advanced Polymers and Composites (APC) Researchp8shool of Engineering, University
of Portsmouth, Portsmouth, Hampshire, PO1 3DJ,ddritingdom.

Abstract

In this work, the influence of water absorptionflaix and flax/basalt hybrid laminates
is presented with the aim to investigating the Mddaeterlaminar fracture toughness. Four
types of composite laminates namely, neat vinyregteat VE), flax fibre reinforced vinyl
ester (FVE), flax fibre hybridised basalt unstitdh@BVEuU) and flax hybridised basalt
stitched (FBVES), were fabricated by vacuum asgistsin infusion technique. Three-point-
end-notched flexure (BENF) tests were performedualuate the critical Mode Il strain
energy release rate {(§ and the crack length (R-curve) at dry and wetddmms, by using
two data reduction methods. The morphology of delation and the fracture shear failure
of composite laminates were evaluated using scgrelgctron microscopy (SEM) and X-ray
micro computed tomography (LCT). The results oleithat the fracture energy of FBVEuU
composites, (& init. and G prop.Were increased by 58% and 21%, respectively cordpare
that of FVE dry specimens. Moisture absorption pimeenon caused increasing in the
ductility of matrix that improved the resistancectack initiation. However, this was inverted
to a reduction in the fibre/matrix interfacial stggh of FBVEuU wet composites and a
deterioration in the delamination resistance taknaropagation. The critical strain energy
release rate of neat VE increased from 157.84 thr239.85 J/mwith reinforcement of flax
fibre composites. The experimental results confdarieat basalt fibre hybridisation enhanced
the durability and water repellence behaviour @gtired fibre reinforced composites.
Keywords: A. Flax fibres; A. Hybrid composites; B. Fractucagighness; B. Delamination.
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1. Introduction

In the last two decades, natural plant fibres asfarements in polymer composites
have been extensively used towards achieving sadti®i green materials. The key factor
that drives in focusing on the use of natural pfédre-reinforced polymer (FRP) composites
over synthetic FRPs is ecological advantages: awdiy, renewable resources and
biodegradability, which reduce large amounts of ednd energy [1]. Among the different
types of natural fibres, bast fibres (flax, hemygjand ramie) derived from plants are most
commonly used in different applications such asomative, marine and construction,
because of their attractive properties in termw@fht (low density) and performance (high
specific strength and modulus) [2]. In recent yetrere has been resurgence for using these
fibores as reinforcement in composite materials.sThenewed interest is attributed to

increasing prices of non-renewable oil products & strict environmental regulations [3].

Despite aforementioned advantages, some of the chailfenges for the use of natural
plant fibres are susceptibility to moisture absorpthat leads to poor adhesion between fibre
and matrix interface due to the presence of hydraxyg polar groups in composites. The
diffusion of water in the composite materials canse swelling and plasticisation that could
effect the mechanical and thermal properties [4lakal et al. [5] studied the effect of water
absorption on the mechanical properties of flax jabel reinforced bioresin composites. The
results showed that the percentage of moisturekagta jute composites were higher than
that of flax samples. The flexural strength and atas for both samples were decreased after
immersed in distilled water at 25 °C for 961 hourke flax wet samples reduced 40% of its
strength and 69% of modulus, whilst the jute wanhposites lost 60% of its strength and
80% of modulus. In addition, Chow et al. [6] foutlt the tensile strength and modulus of

sisal reinforced polypropylene composites decreasfiéel water immersion at elevated



temperature of 90 °C for different durations. Tlezr@ased properties can be attributed to

the plasticisation of sisal fibre composites irdedf and swelling of fibres.

Natural FRP composites are still limited in norustural applications due to their
higher moisture absorption, lower strength andr&gs properties [7]. To tackle these issues,
a hybridisation of natural cellulosic fibres withimaral fibres which have superior ageing
resistance and thermal resistance were investigatadprove the mechanical properties. At
the present time, there is a significant interestulsing basalt fibres as hybridising material
into natural FRP composites due to their excelfgnperties such as mechanical, chemical,
thermal and acoustic insulation [8—10]. Fiore e{&] investigated the effects of basalt fibre
hybridisation as a double external layers on theaich and flexural properties of flax
reinforced composites under different environmeatadditions. They found that the impact,
flexural strength and modulus of flax/basalt hylsgdi composites were higher than flax
without hybridisation by 28%, 71% and 49%, respetyi. Similar work carried out recently
by Fiore et al. [9] on jute-basalt fibre reinforcégbrid structures highlighted that all
composite laminates performed lower in their meda@rproperties with increasing ageing
time but the sandwich structure of basalt hybridgrened best in terms of their mechanical
performance compared to other generic compositaes pfoperties enhancement realised can
be related to positive attributes of basalt fibBasalt fibores are obtained from mineral
through melting rocks, thus non-hazardous/toxiccwlgan be considered as environmentally
friendly material compared to glass fibres [11,T}jerefore, basalt hybridisation into natural
fibres can serve as an effective means to enhdrecenechanical properties and moisture
resistance of composites by promoting improvedefibatrix interface. From these benefits,
the capability of the basalt fibres to be used aglaidisation for a structural reinforcement

material is extremely expected [13].



Based on reviewed literature, it is evident thastrad the studies have been carried out
investigating the properties of natural FRPs exgdeethe durability of moisture absorption
[5,6,12,14,15]. Majority of these studies focustbe mechanical properties, very few works
on fracture toughness have been carried out oraldf&®P composites [16—20]. Moreover,
there are hardly any research works that compralepsstudied the effect of water
absorption on the interlaminar fracture behavidunatural FRPs in terms of understanding
their properties of fracture energy and crack lenfftl]. The delamination and crack
propagation of natural FRP composites depends weraefactors such as fibre volume
fraction [17,19], fibre/matrix interface [16,22]bfe orientation angle [17,23] and mechanical
properties of the materials [19,24]. Study by Lnda&Hughes [17] revealed that the fracture
toughness is strongly dependent on the stackinges®g and weave configuration of the
textiles when composites tested under different wefwarp directions. Hughes et al. [25]
investigated the fracture toughness of bast fimkediemp and jute reinforced polyester
composites as well as unsaturated polyester neatnnparison to chopped strand mat (CSM)
glass fibre laminates. The results showed thatthieal strain energy release rate,Gvas
significantly higher for CSM laminates than hemygjand unreinforced polymer composites
of 10.21, 1.84, 0.97 and 0.10 kJ7respectively at 20% fibre volume fraction. Aimenset
al. [26] highlighted that non-woven flax/basalt hygiised laminates improved the fracture
toughness compared to non-woven flax compositdsowithybridisation using 3ENF testing.
It was reported that the critical strain energgask rate (g, and stress intensity factorK
were increased for flax/basalt laminates by 12% 38%, respectively compared to flax
composites without hybridisation. Wong et al. [1&aracterised short bamboo fibre
reinforced polyester composites and neat polyasterg compact tension (CT) specimens
with different fibre volume fractions from 0 to 6®1.% at 4, 7 and 10 mm fibre lengths,

respectively. The results showed that the highastdre toughness of hybrid composites was



achieved with improvement of 340% compared to nmaiester, whereas the fracture
toughness decreased incrementally of 10, 7 and 4ams®, 40 and 10 vol.% with critical

stress intensity factors,& of 1.73, 1.62 and 1.50 MPafn respectively.

In general, delamination corresponds to stableuarsiable crack between the plies in
composite applications ascribed to inherent def&cism the materials or through process
fabrication and also damage incurred during theicerife when composite undergoes to
different loading and environmental conditions [2Therefore, there are some methods to
reduce the interplay delamination by using tougdenaatrix, woven fabrics, through-
thickness stitching and interleaving [28]. Previaigdies have investigated the effect of
stitching on the Mode 1l interlaminar fracture tbmgss of FRPs [29-31], but natural fibres
composites still not yet reported. It was repotieat the addition of stitching improved the
mode Il delamination resistance up to four timed ahserved stable crack propagation of
FRPs, which depended on the parameters of stitoBitge thread type and dimeter [31].
Ravandi et al. [32] have reported the effect obtigh-thickness natural fibre stitches on the
low-velocity impact of woven flax reinforced epoxpmposite laminates. Stitching of flax
yarn led to decrease the intralaminar fracture hoegs of woven flax composites about 16%,

whereas the cotton yarn stitching was reduced by®#o.

This paper aims at investigating the Mode Il irgerinar fracture toughness of woven
flax and flax/basalt reinforced vinyl ester compesi In addition, the influence of water
absorption on the fracture toughness behaviouowifposite laminates was evaluated. Three-
point-end-notched flexure (SENF) tests were caroetito measure the crack length and the
critical strain energy release ratgc@nitiation and propagation). The shear fractundazes
of woven flax and flax/basalt hybrid and stitch quosites were analysed to understand the

failure mechanisms of delamination and crack grawtistance.



2. Materialsand experimental procedure
2.1 Materials
Woven flax and basalt fibores were used as the amiefments of fibre orientation
[+45]ss biaxial stitched non-crimp fabrics of 600 d/rim aerial weight, supplied by Net
Composites Ltd and Basaltex NV (Belgium), resp&tyivThe matrix used was vinyl ester
and obtained from Scott-Bader, named Crystic VEB36€rystic accelerator ‘G’ was added
with the resin to accelerate gel time at 2% by Weand mixed along with Triganox 239 at
2% by weight as the catalyst. The Teflon layer ®FP in 20um was used to simulate a

crack in the reinforced composite panels.

2.2 Fabrication of composite laminates and test spatme
Composite laminates of flax fibre reinforced viredter (FVE), flax fibre hybridised
basalt reinforced vinyl ester, unstitched (FBVEDY dlax fibre hybridised basalt reinforced
vinyl ester, stitched (FBVES) were fabricated usaguum assisted resin transfer moulding
(VARTM) technique. In FVE composite laminates, Eyers of woven flax were used with
fibre weight content of 100%. The hybridised comigssof FBVE were used by replacing
two external layers of woven flax by two layersvafven basalt, with fibre weight ratio of
flax/basalt, (70:30). Stitched panels were inclut@@e single rows at 2 mm intervals after
the crack tip of 5 mm by using sewing machine.c8iitg was done prior to infusion to hold
all layers of the dry fabric together. Vacuum infusprocess have been explained in details
in our previous work [21]. The void content was %.@and was calculated according to
ASTM D2734-94. Test specimens were cut from thee[saby using water jet machine. After

that instantly dried the specimens at 50 °C foh@drs to remove any moisture absorbed.

2.3Moisture absorption tests
Four specimens of each composite laminate type inereersed in distilled water after

desiccating process at room temperature 23 °C.r Zdehours intervals, specimens were
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removed from the water and their surface moistuas dried using tissue paper to measure
the weight immediately. This step was repeateddfbdays (1008 hours) until it reached to
the saturation state. The effect of moisture alismrpon Mode Il interlaminar fracture
toughness of neat VE, FVE, FBVEuU and FBVEs werestigated in accordance with BS EN
ISO: 1999 to calculate the moisture uptake pergentand the diffusion coefficient of
different composites.

Moisture absorption was calculated by measuringr theeight gain. The moisture

uptake in percentadd ) was determined as follows:

We—Wo
Wo

M(%) = X 100 [1]

Where, W, is the initial weight of the sample at dry conditid/; is the weight of water

immersed specimens at a given time.

The diffusion coefficient (D) was determined usthg following equation:

dZ
w2 x t7o

D =

[2]
Where,d is sample thickness (mm) atigis time taken to reach 70% of saturation (s).

The diffusion coefficient (D) is defined as themoof the normalised mass uptake against

square root of timet and has the form:

D=n() 3

4Mpy,

where k is the initial slope of a plot af versus 2 My, is the maximum weight gain amhds

the thickness of the composite [33,34].

2.4Mode Il interlaminar fracture toughness testing
The Mode Il Interlaminar fracture toughness tese&senconducted on a Zwick/Roell
Z250 universal testing machine to determine thécati strain energy release rate;(§
under in-plane shear deformation using three-pema-notched flexure (3ENF) test based on

the ESIS protocol [35], which has not been madeagean accepted international standard



[36]. Specimens for 3ENF tests, of 25 mm in widbh, 6-6 mm in thickness (2h) and 130
mm in length (L). The delamination length of 55 nmom the start edge until the crack tip
using a Teflon film and the spans were 80 mm. Taglihg was carried out at a constant
crosshead displacement rate of 2 mm/min. For eantposite laminate, five specimens were
tested and the average values were used to deeetimenfracture energy for initiation and

propagation.

In Mode II, the advantages of using ENF test inelaanplicity and general acceptance.
However, the measurements of data reduction in Mbithéerlaminar fracture toughness is a
complex method and still not fully understood. Tdhese due to the practical reasons such as
friction effects, unstable crack propagation arfiadilt in determining a starter defect [37].
Based on these difficulties in the ENF specimeag,tbn-linearity (NL) method was used to
define the exact point of the crack initiation bymoying load-displacement curves. The
parametersequired for the energy & not only depend on the measurements of load and
displacement, but also on the crack length [38kré&fore, two data reduction methods were
used to determine the strain energy release ratg, &ad the R-curve. The calculation of
load-point compliance was performed , using theaéqo of G, based on classical simple

beam theory (SBT) [39,40].

1)

C== [4]
213+3a®

C= 8E;bh3 [5]

The compliance equation is given by

__P%?dc

" 2bda [6]

The interlaminar fracture toughness can be obtairwed [4 to 6]:

9P§ a2

Gy =———7—+-
e = 7p(3a3+2L3)

[7]



Where P is load for crack propagati@ghjs loading point displacement; a is a crack length

measured from the outer pin; L is a half span dfiBEpecimen and b is a beam width.

However, in order to determine the R-curve of deétetion growth, the change in
compliance with the crack length has been usetlarCorrected Calibration Method (CCM)

which relies on the least square regression aswell

CN, = A+ ma? [8]

Where, N; is a large displacement correction factdrand m are data fitting constants.

Henceg,,., becomes

Gre = v [9]

Where,F' is an additional large displacements correctianofawhich was found negligible
in 3ENF tests [39,41].

2.5Scanning electron microscopy (SEM)

The shear-fractured surfaces were examined by S&EM @100 at room temperature.
After 3ENF tests, specimens were sputter coateéavimd charging and have a good
conductivity with a thin layer of gold/palladiumipr to SEM examination. The micrographs
of the Mode Il fracture mechanism of FVE, FBVEu d&BVEs composite laminates were

analysed under dry and wet conditions.

2.6 X-ray computed micro-tomography (LCT)

X-ray computed micro-tomography (UCT) measurememtse performed using a
Nikon (Xtec) XTH225 to obtain fracture damage cltgdsation through the thickness of the
laminates. WCT methods were used to reconstructhiee-dimensional structure of the
samples from a large number of X-ray projection gegma VGStudio MAX was used to

extract images and the X-ray source powered ak¥1:0 110 uA.



3. Resultsand discussion
3.1 Sorption behaviour
The weight gain percentage of four different grafisamples (FVE, FBVEu, FBVEs

and neat VE) vs. square root of time are shownign E Saturation moisture uptake and
diffusion coefficient are presented in Table lwés found that the maximum percentage of
weight gain for FVE, FBVEuU, FBVEs and neat VE comsip® laminates immersed at room
temperature for 1008 hours is 5.24, 3.46, 3.41 @@%, respectively. Without basalt
hybridisation, flax fibore composites absorbed highan FBVEuU laminates by approximately
34% higher. This is attributed to high cellulosentemt (71 to 75 %) in the structure of flax
fibre that allowed the water molecules to intemsith the hydroxyl groups, which led to poor
interface between the fibre and matrix [42]. FVEnpées absorbed larger amount of water
ingress than FBVEuU composites. Therefore, the rateskin layers of basalt fibre prevented
the inner core of flax fibres from the degradataormd exhibited a greater resistance to water
absorption and it has a superior water repellerefe@atiour compared to FVE composites.
Moreover, water accumulation was reduced in FBMhit@tes among their interfacial voids
due to improved fibre/matrix interfacial bond [&s shown in Fig. 1, there are three-stage
mechanisms in different zone for each compositenataes except unreinforced samples with
only two stages. At the beginning (stage 1), théewabsorption rate is rapidly increased with
linearity for 15 hour¥? (10 days) in both composites of FVE and FBVE daihg a Fickian
behaviour at room temperature. After that in (stdgehe curve gradually increaséar long
time 30 hour¥? (39 days) until saturation reaches a steady sta&age 3). Water diffusion
into polymer composites in phase Il involves furtdesplacement of fluid molecules from a
region of high concentration to lower concentratidhis diffusion is exacerbated through;
poor wetting of the fibre, incomplete sizing or fyrag, as well as mechanical fatigue. For

unreinforced samples, the water uptake proceseatf IE composites is linear and slowly
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increased for just 14 hodfs(9 days) in (stage 1), then quickly reached alstatate because
of hydrophobic matrices and do not include any bpdilic fibres in (stage Il). These results

of sorption behaviour are an agreement with otesults, as reported [8,21].

The diffusion properties of composites were cal@ddy Fick’s law in terms of weight
gain percentages of dry specimen immersed in vaaterthe initial slope of the weight gain
curve versus square root of time in hours [15]. @ifeusion coefficient values for FVE,
FBVEu, FBVEs and neat VE composite laminates amsgmted in Table 1. It can be
observed that the moisture uptake and the diffusioefficient decreased for FBVEu
compared to FVE samples without hybridisation bypragimately 34% and 29%,
respectively. This is ascribed to the hybridisatxd hydrophobic basalt layers that preserved
the cellulose core layers of composite laminatesmfrdegradation during ageing
environmental exposure [8]. The water diffusionti@rmosetting polymers was found to
cause composite laminates swelling and micro cracksupported by brittle thermosetting
resin used. Thus, water penetrated through miaoksrinto the interface of the composites
consequently caused composite failure [14]. Fort B composite laminates, when
saturation moisture uptake decreased, the diffusa@ificient increased. Similar behaviour
has been reported for unsaturated polyester (nBatcomposites [15]. The moisture uptake
and the diffusion coefficient were decreased foatnéE when compared to neat UP by
approximately 12% and 15%, respectively. It waseoled that neat VE composites saturated
rapidly than neat UP, This has been reported beatviater absorption behaviour was not only
depend on the fibre, but also on the type of resed. This could be caused from the void

content and the molecular structure of the resaj. [4
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3.2 Effect of moisture absorption on Mode Il interlairfracture toughness
The average load and displacement curves of FVEHtB FBVES and neat VE composite
laminates were obtained from the 3ENF tests. Theesufor both dry and wet specimens are
shown in Fig. 2. It can be seen from the figure tha load increased linearly with increase in
displacement during the initial stage of loadinge3e curves show elastic behaviour during
deformation, with exception of neat VE samples. FdE dry composites, the load and
displacement increased linearly and then reacheats tmaximum values of 812 N and 5.2
mm, respectively. However, in the case of FVE vahgles, the displacement continued to
increase up to 7.4 mm with decrease in the loatid@yN compared to dry samples. The first
reason for this variation is due to the phenomenplasticisation that could increase the
deformation until the fracture point. Secondly, theak fibre/matrix interface due to water
ingress in the interface region. In the case ofriajded composites of FBVEu, both water
immersed and dry samples exhibited a sudden drépach after a maximum load of 696 N
and 588 N, respectively. This indicates that tihaistenergy release rate has already reached
the fracture toughness of the material for crackppgation. When the displacement reached
4.5 mm, then the compliance of the dry curve grigaclined, which could initiate matrix
cracking in the delamination of composite laminatess evidenced that FVE wet samples
absorbed higher energy before fracture than FVE adnpposites. However, with basalt
hybridisation of FBVEuU wet specimen absorbed loeergy than FBVEuU dry composites.
This behaviour is related to the external layerbadalt fibre showing greater resistance to
water penetration into fibre/matrix interface doeeikcellent water repellence behaviour [8].
It is observed that the crack propagation was stdbi all samples including stitched
composites, but stick-slip crack occurred by aroeatk after the maximum load of FBVEs
for both dry and wet samples. The results showed #fi composites exhibited ductile

fracture except neat VE which showed brittle fraetwithout any evidence of plastic
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yielding prior to fracture. Unreinforced vinyl estghowed ostensibly linear behaviour to the
point of fracture because of its brittle nature &ad low energy absorption before breaking
into two pieces. Load and displacement values ¢draged samples of neat VE were

increased more than that of unsaturated laminates.

3.2.1 Delamination crack growth resistance curve

The experimental results of resistance curves ({Rejushow the relationship between
the Mode Il strain energy release ratgidcand the delamination length (a). These were
obtained to determine the initiation and propagetiba crack length in both conditions; dry
and wet. Referring to the published literature Mode 1l (3ENF) tests (47, 48), two data
reduction methods of CCM and SBT were used to oeter the interlaminar fracture
toughness. The crack growth results of resistanoees from this study are presented in Fig.
3 for samples of a) FVE, b) FBVEu and c) FBVEs cosife laminates. In general, the
fracture energy (g increased gradually with an increasing delamimatypowth in all
composite laminates and the crack zone was meabetegen 30 mm and 40 mm. It can be
observed that the values obtained from CCM and 8@ihods are close to each other and
exhibited similar behaviour for both dry and weimpmsites. However, SBT method had
lower values in the fracture energy than CCM of coynposites, whereas in wet samples, the
latter showed lower (g values than SBT method. This could be related ttarge
displacement occurred in water-aged samples. Aashm Fig. 3 (a), the average of R-curve
obtained for FVE composites, which shows an inéngagend up to a crack growth of 38
mm and 39 mm for dry and wet composites, respdgtiViith basalt hybridised composites
in Fig. 3 (b), the crack length increased from 381 Mo 40 mm compared to FVE dry
composites showing that high resistance to delammaue to the external of basalt layers,
which contributed to increasing crack propagatiesigtance. It was observed that the crack

length reduced for FBVEuU wet laminates from 40 no89 mm compared to FBVEu dry
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ones. This behaviour could be attributed to theicgdn in fibre/matrix interfacial strength
due to the moisture absorption that resulting aicBdn to crack propagation; this however
improved the resistance to crack initiation becaaxfsacreasing in matrix ductility [45]. The
results for stitched composites of FBVEs are shawirig. 3 (c), it can be seen that the
lowest crack length for stitched composites witlyancreased by 5-6 mm due to the arrest
to crack propagation of stitching yarn, while uttsted composites of FBVEuU growth up to

9-10 mm.

3.2.2 Fracture energy

The results from Mode Il strain energy releasesrafeGic ini. and Gc prop.are shown

in Fig. 4, depicting FVE, FBVEuU, FBVEs and neat Y&mposite laminates at dry and wet
conditions. It can be noted that the initiation grdpagation of fracture energy increased
with increasing the moisture content of FVE wet posites as shown in Fig. 4 (a). There are
some reasons for increase in the strain energgaselrate (g after water absorption; firstly
water molecules is a key factor for a plasticidat tinfluenced the fibres and matrix by
distributing the mechanical integrity of compodéeinates [46], and secondly, flax fibres
are susceptible to absorb high amount of watertdues hydrophilic nature and consist of
high cellulose which would effect on the structared dimension of the fibres [47]. Similar
observations have been reported on the effect derwabsorption on the mechanical
properties of hemp fibre reinforced unsaturated mumsties for both flexural and tensile
strains [15]. With basalt hybridisation in Fig. B),the resistance to crack initiation of
saturation samples were improved due to matrixiktycthowever, this was declined by a
reduction in the interfacial strength of fibre-nratand causing a decreased in the resistance
to crack propagation of FBVEuU wet composites. klear that in Fig. 4 (c), the interlaminar
fracture toughness of crack growth was reducedfgigntly due to stitching. This could be

ascribed to fibres damage caused by thread whedlengrinched into the composite
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laminates during the process of stitching [21]. sTlwould also have created a stress
concentration region. Therefore, stitched woven posites led to reduce the interlaminar
fracture toughness of ifo prop, Caused damage to the structural performance ustukear
fracture and reduces its delamination resistanbies Behaviour under stitched samples is in
close agreement with our previous experimental ltiesan Mode | interlaminar fracture
toughness [21] and also other recently publishetksvon the mechanical properties of low
velocity impact test [32]. After water immersion kig. 4 (d), neat VE composites were

found the fracture energy is higher than neat \Ecdmposites.

The average values of the interlaminar fracturgboess of Gz ini. and G prop. for
dry and wet composite specimens using CCM and SBthaoals are summarised in in Fig. 4.
It was found that hybrid composites of FBVEuU impedvthe interlaminar fracture toughness
of the initiation and propagation when compare#¥ dry samples by approximately 58%
and 21%, respectively. Consequently, hybridisatith basalt fibres placed in the outer
layers improved the Mode Il interlaminar fractumughness of natural fibres reinforced
composite laminates as well as superior ageingteegie. Saturation results ofiG.i. and
Giic prop. for FVE wet composites were increased by 29% &%, 3espectivelgompared to
FVE dry specimens, due to high moisture absorgtiom the hydrophilic nature of natural
fibres; particularly flax fibres which consist ofgh cellulose about 71-75% [42] and the
plasticisation of the matrix [48]. In addition, theesence of moisture increased the resistance
to crack initiation of FBVEuU wet composites. Howevié tended to cause a reduction in the
propagation of fracture energy. This has resultedreduction in the interfacial strength
between the fibres and matrix due to the presehdkeowater into the interface. Hence, it
increased matrix ductility [45]. In the case oft@ted composites, FBVEs samples had the
highest resistance to crack initiation of fracttwaghness for both dry and wet composites

than unstitched composites. It was observed thathstg of natural fibre composites
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through-thickness reinforcement can enhanced nberlaminar fracture toughness [49].
However, it was also observed that stitching ledatmotable reduction in the in-plane
mechanical properties and the delamination resistém crack propagation [21,32,49]. In this
study, the interlaminar fracture toughnesse gap. Of stitched composites were significantly
lower than unstitched composites of FBVEuU dry laaes by 36%. The reason is that
stitching can create resin-rich pockets at thekctgczone and cause in-plane fibre damage.
As shown in Fig. 5 (a), misalignment of in-planieréis around the stitch zone is attributed to
large reduction in the interlaminar shear streraftikBVEs samples, whereas in Fig. 5 (b),
there is a good fibres alignment of unstitched cositps of FVE. It has been reported that
stitching can lead to disruption of the fibre ahggnt and misaligned yarns between the weft
and warp of woven tows [21,50]. The results in Bidd), is an agreement values with other
thermosetting results such as polyester [25]; thieal strain energy release ratgd@®f neat
polyester and neat VE composites was about 108 afrd 158 J/m respectively. The
fracture energy of (g ini. for example increased for neat VE from 157.84°1m239.85 J/rh
without hybridisation of FVE composites, while witlasalt hybridised of FBVEuU specimens

increased to 369.54 J?m

3.3Morphology of shear fracture surfaces

The shear fracture surfaces of the 3ENF specimiésrstasting were evaluated by SEM
analysis at dry and wet conditions. Fig. 6 shovesftacture surfaces of the dry composites
after Mode Il failure. The shear fracture of defednfibres is dissipative process which
requires more energy and high fracture resistamicEYE composites as shown in Fig. 6 (a).
As stated in the literature that flax fibres possescrostructural defects such as kink bands
and nodes or dislocations [18,42]. At higher magatfon of flax fibres (Fig. 6 (b)), shear
kink bands led to stress concertation in the madnx fibres resulting into poor internal

adhesion. Fracture occurred mostly at the interédddore/matrix as revealed on the fracture
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surfaces by the bare fibres as a consequence ofipeofacial bonding [51]. Furthermore,
micro cracks inside thermosetting matrix facilithtpenetration from the moisture of flax
fibres that consist mainly of cellulose and hentidese which is related to high moisture
absorption [8]. Therefore, this weak fibre/matrdhasion led to reduction in the interlaminar
fracture toughness of FVE composites. It was olesktiat the capability to absorb fracture
energy is higher for the hybrid composites of FB\t&an flax laminates of FVE, regardless
of water immersed specimens. This means that usindpasalt fibres as an external
reinforcing element shows improvement of the Mobeterlaminar fracture toughness of
flax laminates. It is evident from microscopic ineagn Fig. 6 (c) that the presence of basalt
fibres increased the resistance to crack propagatespite the increased delamination of
FBVEuU composites. Hence, lower degradation in theerilaminar fracture toughness
properties of FBVEuU can be attributed to the proeerof basalt fibores when hybridised on
the outer layers of the laminates to prevent thermal layers from the degradation. This
phenomenon was also reported by Fiore et al. [Blthe flexural and impact properties. For
stitched composites, the stitch yarn contributedato increase of interlaminar fracture
toughness of (g init. than unstitched composites, because of the ertksgipated directly to
the front of the crack tip. However, when the crgckpagated until the stitch zone, the
fracture energy of (g prop. decreased significantly compared to unstitchedpsesn Thus,
matrix cracking occurred in the vicinity of stitglarn which could create resin pockets and
then deteriorate the in-plane properties, as seeRig. 6 (d). These microscopic results

commonly occurs on Mode Il (3ENF) tests [52].

SEM micrographs of shear fracture surfaces for miatenersed samples are shown in
Fig. 7. There are some differences between theemafdry and wet samples because of the
degradation affected by the presence of water ratdsclt shows that the fracture surfaces of

water-immersed samples were more exposed thanodnpasites, especially those samples
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without hybridisation. In Fig. 7 (a), voids and cka on the surface of FVE composites
caused penetration damage into the laminates ddigetdiydrophilic nature of flax fibres.

This is an indication of the reduction in the filnatrix interfacial strength due to hydrolysis.
Basalt hybridisation of FBVEuU laminates improvee ihterlaminar fracture toughness and
the water repellence properties. It can be sedrfriiva Fig. 7. (b), matrix degradation mostly
occurred in the matrix interface rather than fibséth no any evidence of voids and cavity on
the shear fracture surfaces of FBVEuU and FBVEsamatposites. The fractured surface of
stitched composites are shown in Fig. 7 (c). Extensbre bundle fracture and fibre bridging
can be clearly observed at higher magnificatiofriogn 7 (d). This finding is in agreement

with our previous results on Mode | [21].

4. Conclusions
The present study investigated the effects of watesorption on the interlaminar
fracture toughness behaviour of woven flax and/Hagalt reinforced vinyl ester composite
laminates. The Mode Il experimental works were graned under 3ENF tests. Evaluation of
the fracture energy initiation and propagation &l a&s the crack length under dry and wet

conditions using CCM and SBT methods were carrigd o

The results showed that basalt fibre hybridised musites improved the interlaminar
fracture toughness for initiation and propagationew compared to FVE dry specimens.
Furthermore, the crack length of FBVEu dry compssiexhibited high resistance to
delamination due to the external of basalt fibrgeta and showed an increased crack
propagation resistance. It was noted that in stfdchomposites of FBVESs, stitches yarn
effectively arrested the delamination and contebuto increase the fracture energy Q& G
init- DY 62% but the interlaminar fracture toughnes&ef,op.decreased by 36%. The fracture

energy of Gc init. for neat VE increased from 157.84 3/m 239.85 J/fwith reinforcement
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of flax fibore composites. The SBT method showeddopwalues in the fracture energy than
CCM method at dry conditions. It was observed fleat fibre composites without basalt
hybridisation absorbed higher moisture uptake tRBWVEuU laminates with percentage of
34%, and FVE wet samples absorbed higher energydéficture than FVE dry composites.
However, with basalt hybridisation of FBVEuU wet sipeen absorbed lower energy than
FBVEu dry composites. This is attributed to theeemx&l skin layers of basalt fibres, which
exhibited a greater resistance to water absor@mhprevented the inner core of flax fibres

from the degradation.
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Table 1 Moisture uptake and diffusion coefficient of FVE, FBVEu, FBVES and neat VE
composite laminates immersed in distilled water at room temperature.

Type of Saturation Initial Diffusion
Sample moisture slope of Coefficient,
uptake plot (k) D, x10-
Mm(%)  M(t) 3(m?/s)
versus t'2
FVE 5.24 0.25 1.50776E-06
FBVEu 3.46 0.15 1.0739E-06
FBVEs 341 0.15 1.04705E-06
neat VE 0.78 0.07 4.65357E-06
neat UPE* 0.87 0.10 5.714E-06

*for comparison purpose



Fig. 1. Weight gain as a function of time for 3EB{fecimens of FVE, FBVEu, FB\4&nd
neat VE composite laminates exposed to distilletbmat room temperature.

Fig. 2. Load versus displacement curves for Moa#yland wet samples.

Fig. 3. Resistance curves (R-curve) of Mode IINBE:tests for both dry and wet samples of
(a) FVE, (b) FBVEuU and (c) FBVEs composite specisnasing CCM and SBT methods.

Fig. 4. Mode Il strain energy release ratgg ®@r initiation and propagation toughness
obtained from 3ENF tests at dry and wet conditioing) FVE, (b) FBVEu, (c) FBVEs and
(d) neat VE composite specimens using CCM and SBihaoals.

Fig. 5. Computed micro-tomography (LCT) imageshefreconstructed 2D slice in x-z plane
from backside for (a) FBVEs and (b) FVE composites.

Fig. 6. SEM images of Mode Il fracture surfacedrgtspecimens of (a) shear fracture which
deformed fibres for FVE. (b) shear kink bands ade®lead to failure of flax fibres. (c) fibre
delamination and breakage of FBVEuU. (d) matrix kirag caused by stitching for FBVEs.

Fig. 7. SEM images of Mode Il fracture surfacewat specimens of (a) shear fractured
fibres and voids due to moisture for FVE. (b) matlegrdation of FBVEu. (c) fractured
stitch fibres of FBVES. (d) Extensive fibre buntieakage and bridging of FBVEs.
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Fig. 1. Weight gain as a function of time for 3EB{fecimens of FVE, FBVEuU, FB\AE
and neat VE composite laminates exposed to ditillater at room temperature.
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Fig. 2. Load versus displacement curves for Mod#yland wet samples.
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Fig. 3. Resistance curves (R-curve) of Mode Il (BiEhests for both dry and wet samples of
(a) FVE, (b) FBVEuU and (c) FBVEs composite specisnasing CCM and SBT methods.
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Fig. 4. Mode Il strain energy release ratgg ®@r initiation and propagation toughness
obtained from 3ENF tests at dry and wet conditioing) FVE, (b) FBVEuU, (c) FBVEs and
(d) neat VE composite specimens using CCM and SBihaoals.
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Fig. 5. Computed micro-tomography (LCT) imageshefreconstructed 2D slice in x-z plane
from backside for (a) FBVEs and (b) FVE composites.
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Fig. 6. SEM images of Mode Il fracture surfacedrgtspecimens of (a) shear
fracture which deformed fibres for FVE. (b) shesakkbands or nodes lead to
failure of flax fibres. (c) fibre delamination abdeakage of FBVEu. (d) matrix
cracking caused by stitching for FBVESs.
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Fig. 7. SEM images of Mode Il fracture surfacewat specimens of (a) shear
fractured fibres and voids due to moisture for F{tgl.matrix degrdation of
FBVEu. (c) fractured stitch fibres of FBVEs. (d)tErsive fibre bundle
breakage and bridging of FBVEs.



