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Abstract

Aim of the present paper is to evaluate how theribgabehavior of pinned flax
composites can be influenced by their expositioariiical environment such as marine
one. To this scope, flax fibers/epoxy pinned laatenwas exposed up to 60 days to
salt-fog environment, according to ASTM B 117 stand

In particular, samples having different hole diaané€D), laminate width (W), and hole
center to laminate free edge distance (E) have te=ted under single lap bearing tests
at varying the aging exposition time. Followingsttprocedure, an experimental 2D
failure map clustering main failure modes was @eaby placing the experimental
results in the plane E/D versus W/D ratios, andaisation was analyzed at varying the
aging exposition.

Experimental results showed that environmental gaginmduced modification on the
mechanical performances of the pinned compositeth€umore, the failure map,
defined by E/D and W/D ratios axes, evidenced @nessive modification of damage
mechanisms transitions, at increasing the expositime. In particular, due to
significant reductions of tensile and shear stiemgif flax laminate, the progressive
fracture by bearing mode was not observed for agetples, replaced by premature and

catastrophic shear out and net tension mechanisms.
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1 Introduction

Fiber reinforced polymers (FRPs) have replacedy dkie last decades, traditional
materials in several engineering fields, such asgical, aerospace, sports equipment. In
particular, most of nautical structures are nowadagnufactured in FRPs due to their
good compromise between low weight and high medaanand chemo-physical
properties. In this field, FRPs have been usedesatmut the 1950s to partially replace
traditional metallic materials like steel or alumm alloys. The implementation of
FRPs in conjunction with metals into hybrid struetitsystems is currently developed in
nautical structures: i.e., the ship hulls are mealiby using FRP materials due to their
high stiffness whereas materials with high strerggtbh as metal alloys are often used
for the topside structures [1]. Hence, the comibomadf metallic materials together with
FRPs have received growing attention both fromdhipyard and from the academia
[2-4] .

It is widely known that there are two kind of sttw@l joining methods: i.e., mechanical
and adhesive ones. Adhesive joints show advantaggs as avoiding of delamination
phenomena due to the absence of holes, reductitineoiveight structure due to the
absence of inserts and prevention of degradatioenghena caused by galvanic
corrosion but the use of structural adhesives dbaflow subsequent disassembly for
maintenance and repair operations. As a consequerexhanical joints (i.e., bolting,
riveting, etc.) often represent the most suitalfieice also taking into account their
capability to sustain higher loads as well as tbasy of assembly. In order to optimize
the use of mechanical connections in compositeybrith structures, the exploitation of
the bearing behavior of pinned composite laminates been investigated in previous
papers concerning polymeric composites reinforcathiy with synthetic fibers such as
glass [5-11] and carbon [12-15]. Furthermore, th#uénce of the geometrical

configuration of pin-loaded composites on theirrr@pperformances and failure modes



was recently investigated also for flax and gldas-feinforced hybrid structures in our
recent papers [16,17].

In particular, the bearing stress evolution antufaimodes (i.e., bearing, net tension,
shear out and cleavage) were investigated at vgrpin diameter (D) and distance
between the center hole and the sample free edgelfiEn, an experimental failure
map, identifying the above failure modes, was olgtdias function of the investigated
geometrical parameters (E, D) and a theoretical ahadas overlapped with the
experimental results. Following this procedure, ti@imum values of E/D and W/D
ratios to be chosen to avoid catastrophic fail@ires, net tension, shear out or cleavage)
were identified for each investigated stacking seges. In particular, it was found that
these limit values must be higher in the case bfffax reinforced laminates [16] in
comparison to full glass ones [6], mainly due te thfferent mechanical properties of
these laminates. On the other hand, glass-flax ithystructures evidenced an
intermediate behavior [17].

Despite the wide available literature about theringabehavior of FRPs materials [7]
[18] [19] [5] to the best of our knowledge no atf@siwere done until now on the
evaluation of the effect of critical environmentgesition on the mechanical behavior
of pinned composites. In particular, due to theesread use of composites structures
as nautical components, the knowledge of how thaimg behavior of pinned FRP
laminates can be influenced by the exposition ertfarine environment is of upmost
importance for the designers, especially when ahfilbers are used as reinforcement.
For these reasons, the same flax-epoxy laminagsimated in an our previous paper
[16] was aged under salt-fog spray conditions u@Qodays in order to evaluate the
induced modification on the mechanical performanaethe pinned composite joint.

Furthermore, the evaluation of the experimental thedretical failure maps at varying



joint geometry was also investigated, thus alsalewing how the critical values of

E/D and W/D ratios can be altered in marine envirent.

2 Material and methods

A panel with area 350 x 350 "irwas manufactured by means of vacuum assisted resin
infusion technique and cured at 25 °C for 24 h@und post-cured at 50 °C for 8 hours.
A DEGBA epoxy resin (commercial name SX8 EVO) sigibby Mates Italiana (ltaly)
and ten laminae of 2x2 twill weave woven flax fab{818 g/nf areal weight) supplied
by Lineo (France) were used as matrix and reinfosrd, respectively. Bearing
mechanical tests were carried out on prismatic $ssnpith length 150 mm, according
to ASTM D5961/D standard (procedure A), using avarsal testing machine Z250
(Zwick-Roell, Germany), equipped with a 250 kN loeell, setting the displacement
rate equal to 0.5 mm/min. The average fiber and wointents of the laminate and its
nominal thickness are reported in our previous pgbg]. The samples geometry and
the bearing test set-up are shown in Figure 1nfatis samples were cut by using a
band saw and drilled by using at first an undetsidelling bits and then a mill tool to

obtain the hole diameter without edge defects.
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Figure 1. (a) Geometry of bearing specimens and (b) schematization of bearing test
set-up
Aging exposition was carried out by using an Angtdai (Italy) DCTC 600 climatic
chamber, following the ASTM B 117 standard. The &&j had a chemical composition
of 5% NacCl solution (pH between 6.5 and 7.2) aredtédmperature was set equal to 35
°C. Single specimens were taken out from the clonettamber after 30 and 60 days
and mechanically tested with the aim to study ttileence of salt-fog exposition on the
bearing behaviour of each investigated laminate.
The obtained samples are codified as “FA”, “FB” dif®tC” depending if the flax
laminate was aged 0, 30 or 60 aging days, res@#gtiVhe previous code was coupled
with a lot of number xx-xx-xx that indicates thedéndiameter (D), the edge distance (E)
and sample width (W), respectively. E.g. FB-4-16eESignates the flax laminate aged
30 days, with hole diameter, edge distance and lgawidth equal to 4 mm, 16 mm and

15 mm, respectively.



In this paper, the results and discussion comparesmong the three batches was

performed by using the bearing stress determinedrding to the following equation:
o=P/(D*s) Eq.1

Where P is the applied load, D and s are the h@emeter and sample thickness

respectively. The product D*s is indicated as bwararea where roughly fastener

interacts with composite laminate. In the followipgragraphs the joints stress was

evaluated by using Eqg. 1, regardless of the famueehanism experimentally occurred.

3 Resaultsand discussion

3.1 Stress-displacement curve analysis

3.1.1 Pinned joints with 4 mm hole diameter

Figure 2 shows the bearing stress versus displate@ves for flax laminates
characterized by diameter, D = 4 mm, width W = 1Ifs end edge distance E=16 mm
(,e. W/D = 3.75 and E/D = 4.0). After a short siabtion phase, due to tools
adjustments, all curves initially show a linear atEnship between stress and
displacement. At increasing displacement, a gradewaiation from the linear trend can
be observed. This behavior is due to compressiollapse of the matrix in
correspondence of the composite laminate just ldethia small hole/pin contact area.
All specimens tend to reach a plateau region athvia maximum stress is found,
beyond which the specimen fails.

At varying aging time, a change in the stress-dispinent trend can be highlighted. The
unaged flax laminate shows good mechanical stgbilé., it evidences a slight loss of
linearity above about 120 MPa stress after whigbr@gressive increase in stress at
increasing displacement is observed up to reacldamum stress at about 200 MPa.

All the specimens showed a bearing failure mecihanis



On the other hand, the aged specimens showed den¢veduction of their mechanical
performances induced by the exposition to thefeaglt-A significant reduction of the
maximum stress takes place: i.e., about 25% and [8%8r than unaged sample (i.e.,
batch A) for batches B and C, respectively. Moreptlee displacement becomes more
significant at low stress levels as can be seeth&yvide plateau region detected in the
3.0-4.5 mm displacement range. Under salt-fog enwirent, flax fiber composites
undergo a gradual absorption of water which leawighe triggering of softening
phenomena of the matrix that are responsible fa tladuction of mechanical
performances even for short aging times [20]. Idita@h, water molecules can have
physical and chemical effects on the inherentlyrogtilic fibers and on fiber/matrix
interface. Consequently, the adhesion loss imgdiegduction of both strength and

stiffness due to the limited transfer of stresses.
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Figure 2. Stress-displacement curves at increasing aging time for pin loaded
laminates (D =4 mm; E = 16 mm; W = 15 mm)

This significant modification of the mechanical belor of the flax laminate also
involves a change of the occurring failure mechanig particular, at increasing the

exposition time to the aggressive environmentaadition from bearing to net tension



failure mechanism takes place, with a full net t@mgailure mechanism after 60 days
of aging.

Further interesting information can be extrapoldigdinalyzing the fracture images of

the samples at varying aging time (Figure 3).
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Figure 3. Fractureimages of a) FA-4-16-15 b) FB-4-16-15 and c) FC-4-16-15

samples

The fracture image of FA-4-16-15 unaged sampleuff@@a) highlights a compression
collapse area on the pin/hole contact surface doveato bearing failure mechanism
occurred. Furthermore, kink bands evolving radidlgm hole edge can be also
identified, thus indicating a progressively extensof the damaged zone, referred as
failure process zone. This phenomenon favors thiapse of the laminate due to the
triggering of synergistic damage mechanisms suctietmmination [19]. In fact, kink
bands, which develop at compression due to plastico-buckling, induce strong local
deformations at the fiber-matrix interface that,aasonsequence, activate secondary
failure premature modes [21]. Therefore, a damageiraulation process is triggered
coupling fiber plies kink bands, shear cracks asthmination at the layers interface
that evolve to a large-scale delamination phenomgetius leading to a decrease in the
mechanical joint stability [16].

This phenomenon cannot be observed on 30 dayssageoles (Figure 3b). The failure,
although still associated with a compression beafiacture, does not highlight large

kink bands toward the free edges of the sampleth@rontrary, only a local collapsed
9



compression zone can be identified in proximitythe pin/hole contact area. This can
be ascribed to the matrix softening due to the Wduranvironment exposition.
Analogously, Malmstein et al. [22] evidenced thhae tfailure mode of composites
severely affected by water becomes less brittler &fygrothermal aging, thus reducing
cracking phenomena and stimulating a fiber/interfdaminated fracture.

On the other hand, a different failure mechanism ba evidenced on FC-4-16-15
sample (Figure 3c), due to the long exposition timthe salt-fog environment: i.e., the
specimen does not show a bearing collapse zoneeader net tension fracture takes
place, thus stimulating the activation and propagadf cracks orthogonally to the load
direction, at the maximum stress concentration i@ectlt can be evidenced the
appearance of fiber breaking, mainly ascribed ¢oldkvering of the flax tensile strength
due to the long exposition (i.e., 60 days) to &adtenvironment.

Additional information can be acquired by evalugtithe maximum bearing stress
variation at increasing edge distance (Figure d¢pkng constant D and W (i.e., equal to
4 mm and 15 mm, respectively). The experimentaidreighlights that the maximum
bearing stressog) increases by increasing E/D ratio until a crititeeshold value has

been reached, as shown previously [23] [24].
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Figure4. Maximum bearing stress evolution at increasing edge distance E for pin
loaded laminates with hole diameter D = 4 mm and width W = 15 mm (W/D = 3.75)

for all batches

For all composite batches, three linear segmenis baen identified associated with
three distinct fracture mechanisms. In particubasmall distance of the hole from the
edge favors the initiation and propagation of ttaeture by shear out mode (region I).
The region just behind the pin, that suffers theliad stress, is very limited (distance E
is between 4 mm and 6 mm), therefore a catastrdpditure (i.e., shear out) at very
low stress values has been observed. However,rdgneed by the high slope of first
fitting linear segment, the stress is very sensitiv edge distance: i.e., a slight increase
in E implies a significant increase in the maximatress. Subsequently, for medium
values of E distance, with E/D in the range aba6t3l0, the failure mechanism for
cleavage was observed (region Il). This region megjve is reduced in extension at
increasing aging time. As already discussed, thavelge can be considered as a failure
mechanism induced by the combination of shear ndtret tension modes [&hdit
usually is triggered from the joint edge rathernthaear to the hole area [8]. The

cleavage is a type of catastrophic and immediadetdire mode, which leads to a
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significant and sudden reduction in load capaditythermore, in the cleavage region,
the mechanical strength of the joint is still ifhced by the distance from the edge (E).
However, a slope variation is evident with resgeatvhat has been found for the shear
breaking region.

For edge distance higher than 12 mm (i.e., E/D >tl# maximum stress becomes
constant (region lll). In this region, the pin-leatdlaminates undergo a mixed fracture
mode between net tension and bearing mechanismns,stiggesting that this specific
pinned joint geometry implies a competition betwesrth failure mechanisms. For
unaged laminates, the prevailing mechanism is yncase bearing [16]. However, for 1
month aged specimens (i.e., batch B), there imeamase in net tension contribution in
the fracture of the joint whereas just net ten$ranture mechanisms were observed for
the 2 month aged specimens (i.e., batch C).

The water aging degrades significantly the mectamerformances of the flax fibers,
inducing a reduction both of their maximum stresg alastic modulus up to 40% [25].
It is well known that microstructure of flax fibecan be considered as a laminate with
layers reinforced by cellulose micro-fibrils thatagrouped in bundles to form meso-
fibrils [26] [27]. These last represent the reigiog elements (having an axial modulus
in the range from 134 to 160 GPa [28]) of the hidnecal structure of plant fibers.
Since cellulose is a semi-crystalline polysaccharitt amorphous fraction can absorb
water (due to the high percentage of hydroxyl geduihus leading to noticeable
decrements of the overall tensile stability of fheer, that became more flexible as a
result of plasticization effect [29]. In particuldhe rigidity of the cellulose structure is
destroyed by the water molecules in the cellulevark structure in which water acts
as a plasticizer and it permits cellulose molectdesove freely [30]. Furthermore, the
presence of NaCl salt in the solution contributestie flax fiber degradation. As

observed by Yan and Nawawi [31] seawater leadsastef degradation in tensile
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strength compared to natural water one. In padicuhey observed a reduction of
tensile and flexural performances of flax compasitp to 20% comparing seawater and
water aging. NaCl in the seawater is dissolveda®mis and anions that in turns are
able to penetrate into the composite structures gtunulating local damage within the
matrix, fibers and at their interface. Furthermotiee presence of salt ions in the
composite interface can improve osmotic diffusibnvater at the fiber/matrix interface
which accelerate interfacial debonding phenome% |8s a consequence, a reduction
of the bearing stress at high E/D values occumeddied to the triggering of net tension
as main failure mechanism for this specific joiabmetry.

Furthermore, the cleavage mechanism should notgdiaoe in shear out/bearing failure
mechanism transition. However, the mechanical hehawf this geometric
configuration observed at high E/D ratios (as shamwvirigure 4) is related not to an
exclusive bearing failure mechanisms but a mixedribg/net tension fracture mode
was also identified. This implies that the cleavagmle can occur for the intermediate
values of E/D also for batch A, where the failureamanism is mainly dominated by

bearing, occasionally with net tension failure nmetgbms [16].

3.1.2 Pinned joints with 8 mm hole diameter

Figure 5 shows the evolution of the stress (catedlaaccording to eq. 1) versus
displacement curves for samples with 8 mm hole ditemand 12 mm edge distance at

varying aging cycles.
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Figure 5. Stress-displacement curves at increasing aging timefor pin loaded
laminates (D = 8 mm; E =12 mm; W = 15 mm)

Also in this case a progressive decrease of maxisto@ss was observed at increasing
aging time exposition (i.e., 12% and 27% lower tiiaat of unaged one, for batch B
and C, respectively). Similarly, the material stgfea relevant softening effect
confirmed by the reduction of stress/displacemenipted to a relevant increase in the
displacement at failure. After 60 days of agingr(pkes FC-8-12-15), flax laminate is
characterized by a displacement at failure aborgetimes longer than FA-8-12-15
unaged sample.

Due to their high content in hemicellulose anduele and to the presence of voids
and cracks within thermoset matrix, flax fibersden absorb great amount of water
when composites are exposed to aggressive envirdnsueh as marine [33] [34].
These results are in accordance with a wide litegathat clearly evidence how the
mechanical properties of flax fiber composites greatly influenced by exposition to

humid environmental conditions [25] [35].
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Figure 6. Fractureimages of a) FA-8-12-15 b) FB-8-12-15 and c) FC-8-12-15 flax

samples

A catastrophic fracture type was observed, as ooefi by the abrupt and sudden drop
of the failure stress after reaching the maximuruezaThis catastrophic and brittle
fracture mechanism can be considered typical fatldrthermoset matrices based
composites [36]. However, the collapse mechanisnthef joint due to the crack
triggering in the neighboring area of the hole @scsuddenly for the FA-8-12-15
specimen (i.e., unaged). Instead, on samples witly &ging times, the mechanical joint
failure occurs prematurely at low stress level ibus characterized by a non-abrupt
reduction of the stress: i.e., a slight and gradeatease of the stress after the reaching
of the maximum value can be highlighted. This défe behavior, more evident as
higher is the aging time, can be ascribed to th&ixnplasticization in addition to the
chemical and physical degradation phenomena thddms (i.e., penetration with water
molecules inside the composite structure of Mations and Clanions, fiber swelling
etc.).

The fracture surfaces of the specimens (Figurgi§)ally clarify that all the specimens
showed a net tension fracture mechanism. Howekeruhaged laminates show a neat
fracture surface, typical of tensile failures dier reinforced thermoset polymers. Vice
versa, it was shown for aged specimens (i.e., AB-85 and FC-8-12-15) both a

progressive detachment of the fibers from the maind fiber breaking due to the

15



worsening of the fiber-matrix adhesion, to the masoftening and to the reduced
tensile properties of the flax fibers.
Figure 7 shows the maximum stress evolution atesming edge distance E for pin

loaded laminates with hole diameter D = 8 mm andthvW = 15 mm, for all aged

batches.
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Figure 7. Maximum bearing stress evolution at increasing edge distance E for pin
loaded laminates with hole diameter D = 8 mm and width W = 15 mm for all

batches

At low edge distance (i.e., E/D <1.0), the mechalniicstability of the joint takes place

at very low stress level. For this geometry configions, the shear out is the
predominant failure mechanism (region I) due tive distance of the hole from the free
edge. The failure stress increases at increasibgdiStance up to edge distance, E,
equal to 8 mm. A slight modification of slope trendn be identified for FA batch

where for E/D=1 a transition from shear out to eéage failure mode occurred (region
II). This trend is maintained for E/D up to 1.5, evl E distance is 12 mm, afterwards

the net tension mode happens as failure mechamsinthe maximum stress reaches a
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plateau (region Ill). The cleavage failure mechanisas not observed for FB and FC
batches during the transition from shear out (I0W Ealues) to net tension (high E/D
values) failure mechanism.

Unlike as observed on specimens with a 4 mm hdaendier, the maximum bearing
stress at increasing E/D for these samples hatasitrénd between unaged and 30 days
aged samples. Only a slight difference can be iggtdd for intermediate E/D values
where FA samples showed a more affordable mecHastehility. For this joint
configuration, characterized by a high hole diametge maximum stress is strongly
influenced by catastrophic fracture mechanisms @skhear out and net tension for
low and high E values, respectively. Consequemibf, showing a bearing failure, the
maximum stress reaches lower values than in thaque case (i.e. about 50-60 MPa
for 8-12-15 samples with respect to 125-190 MPafa6-15 samples).

Different considerations can be made by analyziiegnhaximum stress evolution versus
E/D ratio of the 30-day samples in a salt sprayndbex. Very long aging times have led
to a significant reduction of the maximum strespeeially for intermediate values of
the E/D ratio. There is no observed a clear cleavagion and a more abrupt transition
from shear out to net tension occurred.

In this case, the great amount of water absorbdthkyaminates (~12% [33] ) weakens
fiber-matrix adhesion, leading to decrease therstesastance of the specimens. This
justifies the high reduction of failure stressrdgermediate and high E/D values due to a
premature fracture for shear out or net tension haweism experienced by flax
composite laminates. Furthermore, it can be consitléhe formation of preferential
pathways for the water diffusion toward the flaxefis due to hydrophilic nature of their
components. Cause of water molecules interactidnyther degradation at the fiber-
matrix interface can be stimulated by local remosahydrophobic structural natural

fiber components, such as hydrocarbons, waxespalgiin [37]. This phenomenon is
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favored by a weak fiber-matrix interfacial adhesitimus stimulating debonding [38].

Furthermore, it is speed up due to the presengeebérential pathways (voids, cracks)
in the matrix bulk due to aging environmental expesor to the manufacturing process
[39].

Consequently, the shear out mechanism becomesr#a®minant ones for a wider

range of geometrical conditions, so hiding the testsion contribution. This last

mechanism goes back to be predominant just forehnigalue of E/D ratio.

3.2 Evolution of failure mechanismsat varying joint geometry

The previous considerations have been summarizeligare 8 where topological
graphs of the failure mechanisms that take placevaaying the joint geometric

parameters have been reported.
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Figure 8. Scheme of failure mechanismsevolution in bearing stressvs E/D plot for

all laminates

Depending on hole diameters some damage phenoraarzeddentified:
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 Small hole diameter (i.e., D = 4 mm): the fractweolves from shear out to
bearing/net tension, at increasing E/D ratio. Ay¢éaregion where occurred cleavage
or mixed net-tension/shear out fracture is detetdedntermediate E/D ratios (i.e.,
range about 1.75-3.0). The environmental aging mldaces a noticeable reduction
of the failure stress for samples with high E/Duesl.

* Medium hole diameter (i.e., D = 6-8 mm): The grap#lated to joint geometry with
larger hole diameters differ significantly from tpesvious one. In particular, there
are no evident cleavage areas, especially for agedimens. This behavior can be
related to the lower tensile and shear resistahtigecaged flax laminate. FB and FC
batches, compared to FA one, have a wider jointnggac configuration where the
shear out fracture occurred. In particular, for medE values, for all batches, a
premature fracture for shear out can be highligivedhole diameter D=6 and D=8.
This behavior may be attributed to the specifinjageometry where the difference
between hole diameter and sample width is stibwaht thus limiting net tension
fracture mechanism only at high E/D values. Thiteesive area in shear out failure
mechanism is also favored by the reduced intetfadaesion at the fiber/matrix
interface that activate shear cracks propagationthe pin/hole contact area,
preventing a mixed failure mechanism for cleavage.

e Large hole diameter (i.e., D = 10 mm): In this ¢aset tension becomes the
dominant fracture mechanism for large E valuegg@d£/D ratio). All batches show
quite similar fracture modes ranges. However, ficant differences can be found in
the mechanical performance of the joint. There isigmnificant reduction in the
maximum stress at high E/D joint geometries. Irtipalar, FB and FC samples, for
E/D>1.25, showed a maximum stress about 12% and Rid®ér than unaged
sample, respectively. As already stated, this tieal been attributed to the reduced

tensile strength induced by the aging effect (maind fiber softening coupled with
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physical and chemical degradation effects on theerently weak fiber/matrix

interface).

Figure 9. SEM images of a) un-aged b) and 60 days aged flax composite laminates

SEM images of the cross-section of unaged and §8 dged composites (i.e. FA and
FC) are shown in Figure 9. Unaged sample is cheniaetl by structure with not
relevant voids or heterogeneities (Figure 9a). Nbetéess, debonding phenomena at the
fiber-matrix interface can be highlighted, due ftme tlow compatibility between
hydrophilic flax fibers and hydrophobic epoxy matrThis leads to the formation of
bundle clusters with a good interaction but almosmpletely detached from the
neighboring area. This morphology is prone to atévdetrimental degradation
phenomena when the composite structure operatesviere environmental conditions.
This is confirmed by analyzing Figure 9b (i.e.,sg®@ection of 60 days aged sample) in
which very extended damaged area are visible dam tevident interfacial debonding.
This phenomenon is largely diffused on the whotessrsection and no bundle clusters
with compact structure are observable. The damagea is probably responsible for
the triggering and propagation of cracks that s$icgmtly reduces the mechanical

performances of the flax laminate after long agdine.
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3.3 Comparison of limit stresses

Further information about the mechanical perfornesnceduction of composite joint
induced by aging exposition can be acquired anadye strength limits variation at
increasing aging days in salt-fog chamber. Figuesiows the evolution of strength
failure limits for the three main fracture mechamss(i.e. bearing, net tension and shear

out) observed for all laminate batches.
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Figure 10. Bearing (B), Net tension (NT) and Shear out (SO) stresslimits

experimentally determined for all composite laminates

A clear dependence of bearing resistance from agimg can be highlighted. The
bearing limit stress, just after 30 days of aginghe salt spray chamber, undergoes a
reduction of about 18% compared to the unaged lammir-or batch C, characterized by
60 days of aging, no bearing failure happened for sample configuration so that
bearing limit stress was not acquired.

On the contrary, a less abrupt degradation effact lme observed by analyzing the
variation of NT and SO stress limits. For both de#l conditions there is a slight
progressive reduction of the limit stresses wittréasing aging time, with a reduction
of 23-24% after 60 days of aging (21% and 23% &teraging days for NT and SO

limit stress, respectively). These results are sareed in Table 1.
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Table 1. Bearing (B), Net tension (NT) and Shear out (SO) stresslimits and their

per centages of reduction at varying aging time compared to FA batch

Limit Stress[M Pa] Reduction [%]
Aging time
B NT SO B NT SO
[days]
0 191 69.4 33.6 -- -- --
30 156 55.1 25.9 18 % 21 % 23 %
60 NO 53.5 25.5 23 % 24 %

3.4 Pinned joint failure maps

In order to better discriminate how the joint getmpénfluences its failure mechanism,

a topological failure map of the FB flax laminatg®. 30 days aged laminates) at

varying E/D and W/D ratios (X and Y axis, respeelyy is shown in Figure 11. The

types of fracture, experimentally observed for eaombination of joint geometric

parameters, has been highlighted by associating f@dlare mechanism with a marker

color in order to better highlight the representtclusters of a specific form of

damage.
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Figure 11. Failure mechanismsin E/D versus W/D plot for FB batch

Four well-defined clusters, each one related tcefintle failure mechanism, can be
identified:

I.  The bearing fracture, green circle marker, is ledah a narrow area in the right-
high corner of the map, indicating that it becorties main failure mechanism
for joint geometries characterized by W/D and Eddues higher than 2.5 and
3.75, respectively;

II.  Net tension is the pre-dominant failure mechanismhigh E/D and medium
and low W/D ratios. This behavior is related togahole diameters (i.e., low
WI/D ratio) and high edge distances (i.e., high Edio). For these geometrical
configurations the pinned composite is constituige small cross-section area,
orthogonal to applied load. This implies that ahhsress level can be reached in
this cross-section, thus triggering a premature eathstrophic net tension
fracture, due to the activation and propagatiotensile cracks in the composite

laminate;
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lll.  Conversely, the cluster related to shear out failmode can be identified for
low E/D and high W/D ratios. This joint configurai is characterized by a very
low E distance. The joint hole is located clos¢h® free sample edge, involving
a limited cross section area just behind the pie/lsontact area, able to suffer
shear stress. Therefore, a premature shear otieipre-dominant premature
failure mechanism for this geometrical configuratio

IV.  Moreover, a further cluster due to cleavage failunechanism can be
highlighted, identified as a transition clustervbetn net tension and shear out
ones. It is a catastrophic joint failure occurrimgh an extended damaged zone
in the peripheral hole area, due both to mixedt@esion and shear out crack
propagation [40] [41]. However, this region becomesadually less
representative at increasing both of E/D and WiidsaThis may be associated
with the greater joint instability for these geonetconfigurations which
implies a higher sensitivity to fractures at lotress for the failure mechanism
that first takes place [42].

Since a progressive damage mechanism allows tdifigléne occurring damage risk,
acting as a warning and contributing significantty the safety of the structural
components, the bearing failure of the joints repnés the recommended and preferred
joining design solution. Vice versa, net tensioneag out and cleavage failure take
place with an abrupt fracture of the structure altwiwing to provide a warning of the
occurring damage risk. Consequently, these cafastrofailures must be avoided.
Based on the failure mechanisms clusters in the (Ragure 11), a sufficiently high
W/D ratio in the composite joints is required a¢ tthesign stage to exclude failure by
net tension. Similarly, high E/D ratios preclude thsk of a shear out failure. The
combination of the above conditions is the expedatedign choice, representing the

joint configuration suitable to achieve a graduaafing fracture. However, the excess
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of material required to guarantee the stabilitytlod joint represents a limit for the
effective development of composite materials asracwiral element. Therefore, it is
absolutely necessary to provide forecasting dan@geedures able to predict the
damage at varying joint geometry. The proposedif@ilmap approach represents an
effective and suitable precondition for a correesign of the pinned composite joints,
considering the simplicity and adaptability to teevironmental aging conditions in
which the structure operates.

By analyzing in more detail Figure 11 it is possibb observe that, for low values of
W/D and E/D (point A), the dominant failure mechamiis shear out. Starting from this
point, by increasing E/D and keeping constant WA ransition between shear out and
net tension takes place (point B and point B") dlgitoan intermediate fracture condition
by cleavage. This behavior is justified since, bgréasing the hole distance from the
free edge E, there is a significant increase ofréiséstant area located just behind the
hole responsible for the shear out collapse ofidhe. At the same time, the relatively
high diameter of the hole (i.e., low W/D) indicateésat the transversal cross section of
the laminate is small enough to favor the net tam&iacture. Afterward, depending on
E/D value, a subsequent increase of W/D ratio, taaiimg constant E/D parameter can
induce a different mechanical behavior of the pthfeminate. In particular, for high
E/D values (point B) a transition to bearing canobserved by increasing W/D. The
reduction of hole diameter (i.e., W/D increaseghgicantly increases the net tension
failure load stimulating the preferred progresdiearing fracture (point C). However, a
reverse transition toward shear out can be higtdayfor intermediate E/D values (point
B"). For this joint configuration, although large//are considered the E parameter is
too small stimulating a premature fracture by stwdr(point C’).

Based on the geometrical characteristics of that jdi is possible to theoretically

forecast the occurring fracture mechanism by usihegrelationship between bearing,
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net tension and shear out fracture load [5,43pdrticular, three equations, identifying
the fracture transition lines in the E/D-W/D planan be defined in order to divide the
failure plane into three zones, discriminating fitaeture mechanisms regions located in
fracture plots, as reported in Figure 11. By equagdj the threshold failure loads for
each fracture mechanism, calculated on the basikeoExperimental values of stress
limits for bearing, net tension and shear outsipossible to represent the following
equations (Eg.2, Eq.3 and Eqg.4), which can be @&dsdcto the transitions among the

different fracture mechanisms:

Bearing/Net tensi w
earing/Net tension LA Eq. 2
D
Bearing/Shear out E Eq. 3
B=1/2'UB/T50 a
Shear out/Net tension w Eq. 4

3:2.0-50/O-NT.e/d+1

OB, OnT andTspo are the bearing, net tension and shear out strengtbpectively. The

above strengths can be calculated with the follgvequations (Eq.5, Eq.6 and Eq.7):

P
_ Ppax
ONT = (W—-D)t Eq 6
P,
o = Lo o

Where R is the maximum load. D, W, t and E are the holenditer, width and

thickness of the sample and the hole center distdrmm the sample free edge,
respectively.

Based on equations 2-4 a failure map can be defib@ a theoretical forecasting
approach can be applied on data in Figure 11 tdigiréransition transient areas. In
Figure 12a, the good match between theoreticalexpgrimental results is evidenced

proving a good reliability for the flax compositntinates.
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In particular, on the basis of the topological fume map shown in Figure 12a, it is
noted that, for a 30 days aged flax laminate, itasessary to set geometric ratios E/D
and W/D higher than 2.5 and 3.3, respectively.tRese geometric joint configurations,
the fracture mechanism that can be found is beatimg preferred one due to its
progressive and non-catastrophic nature.

As discussed above, net tension and shear out restead premature fracture
mechanisms that are not desirable in design duthdw catastrophic nature. This
implies that, as soon as the triggering of locathdge occurs, a sharp reduction in joint
resistance and a subsequent collapse in performaaices place. This behavior was not
verified for the pinned joints which fail througledring failure mode, which showed a
high maximum resistance and displacement beforuira, indicating the progressive
and not catastrophic nature of this type of failonede.

Several failure mechanisms play an important nolée initiation of bearing damage of
pinned laminates [44], such as micromechanical finekling in the laminate [45] or
delamination damage [46], thus favoring a progesfiacture that prevents unwanted
faults.

Another relevant issue that makes the bearingdractuitable for the joining design in
composite material, compared to the other compdtrigre modes, is that, after the
beginning of the bearing damage, the joints stivdha good residual strength and an
adequate mechanical stability. This is a fundanteptacondition under operating
conditions, allowing identification of warning catidns during inspection and
maintenance operations if necessary. It presetvesstructural composite component
from an accidental and unexpected mechanical fault.

The knowledge on damage modes triggering and patigeigand how they evolve due
to an environmental degradation of the structusegn aspect to be taken into account

and particularly felt in research and applied deslg such a context, Figure 12b shows
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a summary view of the topological fracture map ffak laminates at increasing aging

time in a salt spray chamber.
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Figure 12. Failuremap in E/D versus W/D plot for (a) FB batch and (b) at
increasing aging time
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The degradation of the composite laminate, impdsedhe critical environmental
conditions to which it was subjected, led to a pesgive reduction of the bearing
region, located in the upper right corner of thepmia particular, for 60 days aged
specimens, the bearing region is not identifiethexchosen E/D and W/D ratios.

After only 30 days of aging, the W/D threshold tdafines the transition between net
tension and shear out is quite constant (i.e. f8ord to 3.83)

Instead, a slight increase in the E/D ratio, whilgfines the transition between net
tension and bearing, of about 6% (i.e., from 2@38.01) can also be observed after 30
days of aging. There are no significant differenicethe transition between net-tension

and shear out.

. <60 Aging

days

E/D

Figure 13. 3D failure mechanisms map in E/D versus W/D plot at varying aging
time
In order to improve the fracture map readabilitytied aging time effect and to allow a
better discrimination of the fracture modificatiah varying the joint geometry, a 3D
representation of the fracture map has been alpoped. By analyzing Figure 13, it
can be seen that the bearing region is identifiahlg for low aging times. On the other

hand, the net tension and shear out regions becoore and more extended with
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increasing aging time, with the first predominaneothe second one. This behavior is
clearly related to the particular sensitivity oftural flax fibers to this aggressive
environment. The natural fibers undergo significdegradation which reduces adhesion
at the fiber/matrix interface, but mainly reduchs tensile strength of the fiber itself.
This entails an exaltation of the catastrophic @teme fracture for net tension and shear
out.

A further relevant outcome of this paper was tchhgint that the environmental aging
of full flax laminates induces a reduction of theaking area in the failure map thus
limiting the effective mechanical durability of timeechanical joint. Therefore, in order
to achieve and design structural joints that fdils bearing mode, thus avoiding
catastrophic failures, pinned composite laminatedrbe designed by selecting specific
geometrical parameters (i.e., E/D and W/D ratias inarrow range of values in order
to guarantee a joint stability also at long agimget The purpose is to minimize the
failure issue related to premature fracture dueshiear out and net tension, thus
improving the mechanical stability of pin-loadediaates.

The durability of flax laminates is strongly affedtby environmental conditions, so
these experimental results and the proposed prneglitdpological maps, represent a
promising approach aimed to define effective anthble design methods that integrate
the conventional knowledge on mechanical stabditghe joint with the evolution of
the structure performance in real working environtakconditions of the composite

structure.
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Conclusions

The present paper deals with the evaluation ofeffext of salt-fog exposition on the
bearing behavior of pinned flax/epoxy composites. this scope, drilled samples at
varying geometrical configuration (i.e., hole didergD), edge distance (E) and sample

width (W)) were exposed to salt-fog spray up todégs, according to ASTM B 117

standard.

The experimental results showed that salt-fog eXpos noticeably alters the

mechanical performances of the pinned flax/epoxymasite. Due to this, a progressive

modification of damage mechanism transitions o&zliin the failure map at increasing
the aging exposition time. In particular, salt-ioguces a reduction of the bearing area
in the failure map thus favoring premature and sted@hic shear out and net tension
failure mechanisms and, as a consequence, linttiagffective mechanical durability
of the mechanical joint.

Overall, from the achieved experimental results fiossible to state that:

— In order to avoid catastrophic failures of struatgoints and favor only a progressive
failure mode (i.e., bearing), pinned flax/epoxy iaates need be designed by
selecting specific geometrical parameters (i.eD Bhd W/D ratios) in a narrow
range of values in order to guarantee a joint ktalalso after long exposition to
salt-fog conditions;

— Due to the great influence of environmental coodsi on the durability of flax
laminates, the experimental results and the prappssdictive topological maps can
be considered as a promising tool to integratecthreventional knowledge on the

mechanical joint stability.
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Figure Captions

Figure 1. (a) Geometry of bearing specimens and (b) schematization of bearing test
set-up

Figure 2. Stress-displacement curves at increasing aging time for pin loaded
laminates (D =4 mm; E = 16 mm; W = 15 mm).

Figure 3. Fracture images of a) FA-4-16-15 b) FB-4-16-15 and c¢) FC-4-16-15
samples.

Figure 4. Maximum bearing stress evolution at increasing edge distance E for pin
loaded laminates with hole diameter D = 4 mm and width W = 15 mm (W/D = 3.75)
for all batches.

Figure 5. Stress-displacement curves at increasing aging time for pin loaded
laminates (D = 8 mm; E =12 mm; W = 15 mm)

Figure 6. Fracture images of a) FA-8-12-15 b) FB-8-12-15 and c) FC-8-12-15 flax
samples.

Figure 7. Maximum bearing stress evolution at increasing edge distance E for pin
loaded laminates with hole diameter D = 8 mm and width W = 15 mm for all
batches.

Figure 8. Scheme of failure mechanisms evolution in bearing stress vs E/D plot for
all laminates.

Figure 9. SEM images of a) un-aged b) and 60 days aged flax composite laminates.
Figure 10. Bearing (B), Net tenson (NT) and Shear out (SO) stress limits
experimentally determined for all composite laminates.

Figure 11. Failure mechanismsin E/D versus W/D plot for FB batch.

Figure 12. Failure map in E/D versus W/D plot for (a) FB batch and (b) at

increasing aging time
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Figure 13. 3D failure mechanisms map in E/D versus W/D plot at varying aging

time.

Table Captions

Table 1. Bearing (B), Net tension (NT) and Shear out (SO) stress limits and their

per centages of reduction at varying aging time compared to FA batch
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Bearing behavior of pin-loaded flax laminates was investigated in severe environmental
conditions;

The bearing stress evolution and failure mechanisms were evaluated at varying pin diameter
and hole to sample free edge distance;

The salt fog aging induced modification on the mechanical performances of the pinned
compositejoint;

Failure map was developed evidencing a progressive modification of damage mechanisms
transitions, at increasing aging time;

Threshold values of E/D and W/D at varying salt-fog exposition time were defined;
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