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Abstract

The laminated joints used in this work were adhesgaints constructed using two dry carbon fibervhal Some
improvements were introduced to the joints to ewbatieir bending strength performance: stitchinghef two

halves together by fiber bundles and insertingaegarbon fiber covers in the joint connection. Wed®d three
adhesive joints: a conventional basic and two imgdolaminated joints. All joint specimens were faated using a
vacuum-assisted resin transfer molding (VARTM) psscelhe joints were evaluated with a bending tesd, were
compared to the bending strength of a jointles®ararfiber reinforced plastic (CFRP) laminate. Twmustic

emission (AE) sensors were placed on the specimamonitor the fracture progresses during the st improved
laminated joints, stitched and multiple-cover oapged joints, showed enhanced bending strength jant

efficiency. The improvement depended significarttty the number of carbon fiber layers. The maximaordase
was 24% for the stitched laminated joint of 5 layend 58% for the multiple-overlapped joint of ees,

respectively. Such high joint efficiency was duette effect of the carbon fiber reinforcement oa jhints, by which
many carbon fibers supported the strength in advaraeaching the maximum load point, as confirrbgdAE

measurement analysis.

Keywords— CFRP joints, vacuum-assisted resin transfer moldiegding strength, joint efficiency, acoustic

emission

1. Introduction

Carbon fiber reinforced plastic (CFRP) compositesshasignificant advantage for their applicatioreirgineering
structures, which is derived from their high strigntp-weight ratio [1]. They have been applied &awy-duty
structures in the aviation, spatial [2, 4], autor®t[3], shipbuilding [4], and wind turbine [5] indtries. These
applications often involve large-scale manufactirind some parts are joined together from smedisponents. In
this case, the mechanical performance of the CFREtste is highly dependent on the properties efitints.

Because composite joints work as crucial load-cagryélements, their design and analysis are keyepsas in
large-scale applications in order to accomplishtliggeight and efficient composite structunéegration [6]. There
are conventional mechanical fasteners, such as, its, and rivets, to join CFRP structures [7]eS&mechanical
joints are often preferred because they can bessbsabled for repair and/or recycling [8]. Howewilling the
holes necessary for joining the parts may inducalived damage in the composite owing to stressearttmation
when the joint is loaded. In contrast, adhesivainded joints may have mechanical advantages in aosgnm to
bolted joints because the reinforcing fibers aré ad, and thus, the stresses are transmitted omaifermly [9].
Therefore, bonded joints can provide high strengttveight ratio and good structural integrity [12}1

Nowadays, adhesive joints are widely applied in ynewmposite structures for aerospace, turbine,siipl designs
[13]. These engineering structures are subjectecbiobinations of static, fatigue, and impact logdinNot only
conventional single-lap [9], double-lap [14], andpped [15] adhesive joints, but also improved aifegjoints have
been studied to ameliorate the mechanical perfocmar adhesive composite joints. For instance, Lébal. [16]
enhanced the tensile strength by introducing zipmimto CFRP double-lap joints. Another approach&ddhesive
joint improvement was reported by Mouritz et al7]jlwho placed spiked metal sheets in the bondbnfacilitate
mechanical load dispersion. Furthermore, stitchirag proposed as a technique for reinforcing larathapints.
Dransfield et al. [18] and HeR et al. [19] clanfi¢hat the stitching enhanced the fracture toughmmédaminated
composites under peel loading. Kim et al. [20] madme stepped-lap joints as a function of the nurobsteps,
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joint length, and edge angle of the adherendsshnd/ed a considerable improvement in the fatigutopeance by
increasing the number of steps and the edge angle.

Vacuum-assisted resin transfer molding (VARTM) hasrbrecognized as a useful fabrication techniquedke
large-scale CFRP structures with adhesive joint21]9We developed this technique in our laboratorgpply it to
the fabrication of wind-lens parts for offshore dipower applications [10-12]. Using this VARTM teddpune,
several novel adhesive bonded joint structures viabeicated based on the stacking of carbon-filagers to
evaluate their tensile strength performances. Tisé tiype of joints was constructed from partiallgmolded dry
carbon-fabric layers [12]. Tensile testing indichtkeat the novel double-lap joints were more theicd as strong as
a classical double-lap joint. The second type ivitfowas made from two pairs of layers [10]: on& pamprised two
mating dry carbon fibers, and the other pair cdadisf a dry carbon and a pre-molded CFRP fabrie. [@minated
adhesive joint from the two dry carbon fibers ach@ a higher tensile strength than the other pajoénut.
Multi-overlapped joints showed the best performamepiivalent to 85% of the tensile strength ofiatjess CFRP.
Furthermore, a stitching was applied to the abmietg [11]. The stitching improved the tensile sgth of the
former joint, constructed of two dry carbon fiberghereas it decreased the tensile strength ofattter ljoint. The
novel adhesive joints have been evaluated onlgrimg of tensile strength. In real working situasiothe adhesive
joint structures are commonly subjected to benditognents caused by a strong wind force, and thus lieading
performance need to be extensively investigated.

In this study, a CFRP laminated adhesive joint, reteito as a basic laminated joint (BLJ), is fabadatising
VARTM, as schematically illustrated in Fig.1. Thart is constructed of two mated dry carbon fibalves. Two
modifications are introduced to the joint. Onehis fipplication of a stitching to the basic lamidaaelhesive joint,
i.e., a stitched laminated joint (SLJ) and the otisethe addition of carbon fiber covers onto tteentional
adhesive joint, i.e., a multiple-cover laminatethjdMCLJ). The three types of joint specimens areed and then
subjected to three-point bending tests with acoustiission (AE) measurement. The performanceseatthesive
joints are characterized in terms of bending stifeimgcomparison to the jointless CFRP laminate dbjective of
this work is to accomplish improved bending strénigtthe joint types. Important fracture mechanighthe joints
are clarified by detection of AE measurement dateoimbination with optical and scanning electronroscopy.

Pressure sensor

einforcement

| ( |
Sealant Resin Infusion mesh Peel Ply Vacuum Bag Catch pot

Figure 1. Schematic diagram of the vacuum-assistgid transfer molding (VARTM) process

2. Experimental method

2.1. Materials and Fabrication

The composites and adhesive joints consisted bboafabric, as presented in Table 1, and a resamgite XNR/H
6815, supplied by Nagase & Co.). The resin was aumof XNR6815 and XNH6815 with a weight ratio @0127.
The viscosity of the resin mixture at 25 °C was B@®aes prior to the resin infusion in the VARTM prese

Table 1. Detailed information of the carbon faljait]

Tensile Tensile
) Weight Density Thickness Elongation

Carbon fiber No. of strength modulus

Style
designation filaments
g/m? | glent mm MPa GPa %
TRK976PQ | UD
12,000 317 1.82 0.33 4,900 253 19

RW M




The laminated joints proposed in this work are cosiie adhesive joints constructed of two mating cybon

halves, which were stacked in a pre-determinedrgrder to the VARTM process [10-12], as schemalycahown

in Fig. 1. Three joint types were adopted in thiwky The adhesive joint constructed of only two imgadry carbon
halves was the basic original type (see BLJ in E&). The joint length was 40 mm, with total specintength of 80
mm. The fiber volume fraction measured for the foiwas approximately 62%. One improvement to thiist jwas

made by applying a stitching technique. Fig. 2bwehthe stitched laminate joint (SLJ). We condudttithing with

carbon bundles of the same carbon fiber type, whiehe applied perpendicularly to the plane of tamihate
[18-19]. Abusrea and Arakawa [11] showed a weakestedped joint in which stitching was applied; thasile

strength of this stitched stepped joint was 26%elovHowever, it showed improved tensile strengthemvithe

stitching was applied to the dry carbon-to-dry carfpint state. The other improvement was madedulyng carbon
fiber covers of 40 mm in length, which had beernppred beforehand by sectioning the carbon fibegrayEach
carbon fiber cover was put on the contact regiowéen the end parts of two mating dry carbon fibgers. After

finishing the VARTM process [10,11], the insertedbzan fiber covers may reinforce the interphaseridgtween
the two overlapping carbon halves, and may alleviaé stress concentration at the fiber ends otdhleon halves.
This joint type is named the multiple-cover-ovedagd laminate joint (MCLJ) (see Fig. 2c). We appfiear different

numbers of carbon fiber layers to all joints. Weosd 5, 6, 7, and 10 carbon fiber layers, as thesebars are
common in the industrial use. For the basic typa tdminated joint, two different cases were madaormal BLJ

and a “shifted” basic laminated joint (shifted BL&pr the normal BLJ, the six and ten carbon fitegrets were
stacked “correctly” at their right positiontat is, there was no gap between the fiber enigs 28). For the shifted
BLJ, the five and seven carbon fiber layers weré aHifted to form a gap between the fiber endg.(Bb). Because
a shifted placement of the carbon fiber layer magdnducted during mold preparation for this kifid@hesive joint
fabrication, the shifted BLJ was used to examineetffiects of such shifting on the final product dtyain terms of

thickness variation, and on the mechanical perfamaan terms of bending strength.

Infusion mesh - 40 mm >
Vacuum bag
RS AL :'\'::':v: _______ A':v:‘_ ____ A': = "':':':v:‘;_;_:':
==Carbon fiber Carbon fiber
Peel ply (a) Z
Stitching carbon bundles
R A AR T AR AR AR P—— —— <
| .
Carbon fiber B Carbon fiber

ECarbon fibe hCarbon fibers

S ——
(0

Figure 2. (a) Basic laminated joint (BLJ). (b) Stéddaminated joint (SLJ). (c) Multiple-cover lamiad joint

(MCLJ)

All CFRP fabrics and joints were fabricated using W#RTM process shown in Fig. 1. Composite joint fahtion
with the VARTM involved three steps: mold prepaoatifilling with resin, and curing. In the initistep, the mold
surface was treated with a mold release agent (TR-Aiemp). The dry carbon fiber layers were staakethe mold
according to the desired joint types. The stackathan fiber layers were covered by a peel ply. Bhthchemical
agent and peel ply were applied so that the fioahgosite joints could be released readily afteingurThen, an
infusion mesh was applied over the peel ply, primgdwo main functions: promoting resin flow andifdating the
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drawing of resin into any voids before resin curifigio rubber connectors and spiral tube pieces piaeed as the
inlet for infusion and the vent for air and excessin elimination, respectively. The whole packages enclosed in a
vacuum bag and tightly sealed with gum tape sedranally, two external hoses were connected tdrttet and vent.
One was connected to the resin source and the totlrevacuum pump. To ensure a leakage-free maldaking test
was performed in accordance with an appropriateqatore before resin filling. After the resin filléle stacked fiber
joint reinforcements on the mold and excessivenregitedthe vent, the inlet was closed and the vent wasfen
for 24 h until the resin cured. Details of the VARTiVbcess are explained in the previous paperseoatithors [10,
11].

ECarbon fiber, Carbon fiber=

Before molding

After moldin
(a)
ICarbon fiber : =Carbon fiber=
et Before molding

v 4305 mm

After molding
(b) Local thinning

Figure 3. Schematic drawing before and after magldan the (a) normal basic laminated joint (nor@&al) and (b)
shifted basic laminated joint (Shifted BLJ).

2.2. Mechanical testing with AE measurement

The nominal bending strength was measured [24Vatuate the joints’ mechanical performances. ThedCFRP
joints were sectioned to form specimens for theedkpoint bending tests, with the geometry showRign 4. Five
specimens were prepared for each test conditioa.span (L) and the width (W) of the test specimeaese 50 mm
and 12.7 mm, respectively. The thickness (t) ofjtits was varied according to the joint typed=ig. 2, and thus,
they were measured for the individual joint typedvance of the tests. The thicknegsdf the unjointed part of the
test specimens was also measured. During theets, specimen was monitored by AE measurementb@heing
test was carried out at room temperature with aiaraal testing machine (Zwick 250, Test Xpert, Marsl1) with a
crosshead rate of 3 mm/min. The fracture processze examined in real time using two AE sensori@3i,
Physical Acoustic Corp.), which were attached to lleeding specimen using vacuum grease and a meahani
fixture. The two AE sensors were put 46 mm apantl @ach one is 23 mm distant from the specimerecenhey
were placed in such positions close to the joimtse\ two-channel AE detection system (MSTRAS 2@®ysical
Acoustic Corp.) was used to record the AE data,thrdAE measurement conditions were a pre-amp alBl0a
threshold level of 40 dB, and a sampling rate of 4z2MThe threshold was positioned at a comparatikegh level
so as to filter the noisy sounds coming from o#raission sources. A band-pass filter under softwargrol (pass
range from 1 kHz to 1 MHz) was used for signal gatispecific frequencies. Three AE parameters waestigated:
amplitude, energy, and frequency spectrum of thesiyBals. The AE analysis may provide a way to fifend
differentiate fracture sources [22,23]. In agreemgth Yoon et al. [22], we ascertained that th&tatice between the
sensor and the crack location was close enoughemsune the AE characteristics. Considering the wdtemn
problems at high frequencies, we focused primanilfrequency bands below 400 kHz for verificatidnhe fracture
mechanisms. A fractographic analysis was also pedgd on the damaged specimen surface and/or theurea
surface through observation by optical and scaneiegiron microscopy (SEM).
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Figure 4. lllustration of an adhesive joint speainumder the three-point bending test with acowsticssion (AE)
monitoring.

2.3. Data reduction of the adhesive joints under the bending test

The maximum load taken during the bending testign & is used to evaluate the mechanical performariche
composite adhesive joints. It is reasonable thatjdint performance should be compared with thedlmenstrength
of the jointless original composite laminates. histrespect, the “nominal” bending strengthfor every joint type
can be calculated using

01= 3PL/2W2 1)

where P is the maximum load value obtained fromdhd-deflection curve of the respective joint typd- the span
length, W the specimen width, angthe thickness of the unjointed ligament part. Hoeninal bending strength
assumes that the adhesive joint has a thickness émuhe unjointed ligament part. However, thekhesses of
composite adhesive joints vary significantly acaogdo the adhesive joint types, and can generédega variety of
actual bending strength. Thus, a joint efficienay) (for the various joint types is evaluated withereihce to the

bending strengthog) of the jointless original composite laminate aad be determined by a simple equation

n = o1lo, 2

For the shifted BLJ, the nominal bending stres$ ¢n the surface at the thinned section of a jgi@icimen is given
by

0 5= 3Pb/Wt2, 3)

where b is the distance between the support rafidrthe thinned section, andd the thickness of the thinned part.

3. Results and discussion

3.1. Thickness profile behaviors of the joint specimens

Table 2 lists the thickness measurement data @atdar the normal BLJ. The average thicknesses &® and
3.04 mm for 6 and 10 layers, respectively. The mimn thickness and the maximum deviation were alsasured
for evaluating the product quality. The thicknessidtion ranged up to 2.8% for 6 layers and up.5&@for 10
layers. For the shifted BLJ, the average thicknefses and 7 layers were 1.46 and 2.02 mm, resgslgtias listed
in Table 3. The thickness deviation was as high38. The low minimum thickness and the large dewigihdicate
a bad quality that may lead to weaker strengthiferthinned part of the shifted BLJ specimens. Sg\yeevious
papers mentioned that the thickness variation wasod the geometrical parameters that exerted ativegnfluence
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on the performance of adhesively bonded joints.[Bd} example, the local thinning owing to thickmeariation
could affect the stress concentration, strain inbgeneity, and crack initiation. Ribeiro et al. [23]culated the
stress distributions along a single lap adhesiirg jo show a rapid increase in stress gradiertsrat the overlapped
edges. Jensen et al. [26] showed a strain inhoneitgeneaching nearly 20% of the mean strain valuepmposite
laminates under a transverse load.

Figure 5 compares the specimen thickness profitegyahe specimen lengthwise direction for theehtmds of
joints (normal BLJ, SLJ, and MCLJ) with the sameabric layers, and also for an “ideal” 6-layer jté#ss CFRP.
The stitched joints showed higher thickness demiatespecially at the stitched sites. The thickriEssgation was
about +0.45 mm. Much greater thickness increasheajoint part was observed for the MCLJ. The thedshat the
joint part along the joint length of 40 mm was meas to be 3.3 mm on average, which was almostetwie
thickness of the jointless CFRP. This was becauseatimber of carbon fiber covers generated addititrekness,
exceeding the initial thickness of the adherendstacted with the original number of carbon fibaeydrs. This large
variation in thickness appeared along the uppefasarprofile of the joint part because all carbdver layers,
including the additional covers, were placed oigia fflat surface of the mold, as illustrated igF2c.

Table 2. Thickness profile data for normal BLJ

Thickness, mm

minimum thickness, mm

thickness deviation, % max

6 layers

1.83(0.04)

1.78

2.8

10 layers

3.04(0.07)

293

3.5

Table 3. Thickness profile data for shifted BLJ

Thickness, mm

minimum thickness, mm

thickness deviation, % max

5 layers

1.46(0.08)

1.15

21

7 layers

2.02 (0.08)

1.55

23
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Figure 5. Typical thickness profiles for the thtgges of joints and the jointless CFRP

3.2. Bending strength and fracture processes of basic laminated joints (BLJS)

Figure 6 shows the obtained nominal bending sttenfir the normal and shifted BLJs. For the norBial, the
average bending strengths for 6 and 10 carbon [ilyers were 554 and 870 MPa, respectively. Ib ibe noted that
a larger number of layers caused bigger bendirengtn. The tensile stress concentration at the #ipel in the
surface layer under bending load might induce alairarack initiation for both numbers of fiber k. However,
with a higher number of fiber layers, its propagatiseemed to be significantly hindered by the nooeer
neighboring reinforcing fibers. Lower bending styhs were recorded for the shifted BLJ in comparismrihe
normal BLJ. During the VARTM process, the shifted Blal a finite gap filled with resin between the fileads,
and the gap region in the joint was shrunk intooacave shape during curing. The thickness at thea®
cross-section was measured to be 21% smaller trmmdrmal BLJ. Such large concaveness must havedaus
severe notch effect, i.e., weakened bending stherigte shifted BLJ with a higher number of layersich had
deeper concaveness, showed a much larger decnelaseding strength , as depicted in Fig. 6.
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Figure 6. Bending strength results for normal ariftesd BLJ specimens

Such bending strength behaviors may be clarifiedthy AE analysis in combination with microscopic
fractography. Figure 8hows a typical bending stress curve versus timéhf® normal BLJ specimen of 6 layers,
which was recorded together with the accompanyiiig afnplitudes. With the increasing displacement, |tzel
began to increase, then dropped abruptly just a#teching the peak, and finally decreased very Iglolow
amplitude emission occurred from the low level @dd, whereas big amplitude emission began to bergesd at
around 65% of the peak load, and then appearedriittently until the peak load. High amplitudes nmarrespond
to fiber breakages while low amplitudes may arisenfcracks in the resin and/or interface betweleerfand matrix,
as ascertained in ref. [22,23]. In this sense ai$ wonfirmed that for normal BLJ some amount offogging fibers
were broken before reaching the bending strengbweiter, only low amplitudes arose with the rapiadalrop just
after the peak. After finishing the large load dreery high amplitudes were generated again, fallgva mild AE
behavior.

The typical bending stress behavior for the shiééd of 5 layers with accompanying AE amplitudeshswn in
Fig. 8. Clear differences from the normal BLJ appeanethis figure. The peak load level for the gdftBLJ was a
bit lower, and the load drop proceeded in seveegissand times. Big amplitude emissions began taraaica quite
high level of 90% of the peak load, and they wergtained for a considerably long time with a sl@ereéase in load
after the peak load. This behavior shows that atoine peak load the reinforcing fibers were brokem very
different process from the normal BLJ. After passingh strong emission period, the load dropped dovaround
50% of the peak load.
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Figure 8. Typical bending stress-time curve with accompanying AE amplitude for a shifted BLdJ
specimen of 5 fiber layers.

Fractographs taken for the normal and shifted BLdsevanalyzed as shown in Fig. 9. For the normal BLJ

specimen, a tensile bending fracture occurred aloagenter line of the specimen, 20 mm distamhftioe joint ends,
and it induced many fiber breakages as revealalednSEM observation (see Fig. 9a). It is noted thattensile
bending stress at the joint end of this specimaltutated by equation (3), approached only aboét 8P the peak
stress at the middle of the specimen. The shdréedistance from the specimen center to the joidtveas, the larger
the tensile stress arising at the joint end. Tkhert joints can cause a fracture at the jointkeemhuse the joint ends
have a weaker strength by lack of reinforcing fipevhich may lead to a lower joint strength thaa libng joints
used in this study. In contrast, the shifted BLIvatoh a different failure behavior as confirmed byticad
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microscopic observation (see Fig. 9b). A resin lcnaas initiated at the joint end where the locahting had been
formed, as presented in Table 3, and proceedeleilotding period without observed fiber breakaglesg the
laminate interface. This phenomenon was also awoefirin accordance with the low amplitude distribatuntil

about 90% the peak load, as shown in Fig. 8. ThfeedhBLJ can arouse a peak tensile stress at tlierbmf the
concave part where the local thinned section weastéal. For this stress analysis, a stress contienteffect should
be considered based on the measured notch laragttl notch tip radiug; by the following equation:

Stress concentration factor (K,) = Highest stress (om) _ [1 + 2% \/7 ] 4)

Nominal stress (o;)

The values of Kfor the shifted BLJ specimens of 5 and 7 layers bmgstimated as 1.34 and 1.45, respectively. The
high stress values beyond the stress at the cehtke joint specimen must have caused such crati&tion at the
local thinned position, leading to the low bendstgength of the shifted BLJ specimens. However, migogsr
breakages seemed to occur just around the pakin the process of macroscopic delaminatiothénjoint part, as
indicated by the strong amplitude emissions shawfig. 8. It is thought that the collapse mechanidrthe shifted
BLJ specimens was significantly associated withardy resin cracking and delamination in the loadatage but
also with fractures of the reinforcing fibers iretjoint.

Fracture mode detection using AE frequency analysis performed during the entire loading stage.ssified
the AE features according to the fracture mode dasethe previous study results in which low sp@deatures,
below 160 kHz, corresponded to resin fractureserinediate spectral features in the range of 160kB#O
corresponded to matrix—fiber mixed fractures, whilgh spectral features, above 240 kHz, were aatativith fiber
fractures [22,23].

Figure 10 shows the percentage data of AE energynawlated until just after the peak load point,cading to the
above mentioned frequency bands for all specimBifferent fracture behaviors were identified foethormal and
shifted BLJs. It was found that for the normal Bltde tAE energy spectra occurred mostly (85-90%) éhigh
frequency band (f > 240 kHz). Thus, the dominaattiire mode was obviously fiber breakages. TheeshiBLJ
showed that most of the resin cracking took placthé overall loading stage, because a high fraq0-65%) of
the AE energy spectrum occurred in the low frequdmand (f <160 kHz). A significant portion (20—-30%) the
fiber breakages was also shown in this joint, whshbuld have arisen through the delamination psaeshe joint
part, as confirmed by the strong emissions in &ig.
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shifted BLJ with 5 layers
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3.3. Bending strength and fracture processes of stitched laminated joints (SLJ)

For the SLJ, compared with the BLJ, an improved benstrength appeared. The nominal bending streofgghSLJ
with 6 layers (see Fig. 11) was 1405 MPa, showirfigh increase of 54%. A very high increase of 14h8s
achieved by the SLJ with 5 layers. The increasbending strength by the stitching depended on thmaber of
laminated layers. The stitching showed a largeceffe the joint efficiency calculated by equatid). (A high
efficiency was recorded for the SLJ specimens daipgnon the number of layers (see Fig. 11 in coisparto Fig.
6). Interestingly, the SLJ with 5 layers showed ighhjoint efficiency, exceeding 100%, which meahsattits
endurance capacity was greater than the bendieggitr (around 1500 MPa) of the jointless CFRP latuiitaelf.

As seen in Fig. 5, local thinned profiles, thusches, were formed at the stitched sites of the 8lith this
bending test, the fracture started to propagateatahe joint ends but in the middle of the joirdrgs. The
macroscopic crack started at one of the notchewddrby stitching. The stitches, which were applkedoss the
carbon fiber layers, should have hindered the ciaitiation along the interface between the fibaydrs at the joint
ends. Abusrea and Arakawa [11] confirmed througénaile test that the stitching improved the tensttength of a
staircase adhesive joint owing to the bidirectiditar structure with additional perpendicular feicement function.
Plain and Tong [27] used a stitching techniquentprove the mode | and Il fracture toughness foriraned
composites. Velmurugan et al. [28] showed someadethcrack initiation and delayed crack growth whestitching
was applied to a cylindrical shell subjected toabxiompression. Regarding bending load, Chung ¢28].found
that the stitching improved the strength of CFRP I€RRP by 25%. Adanur and Tsao [30] reported an imgneent
in the flexural properties of KFRP and CFRP, evenmwtiey were stitched at a comparatively low densitye
through-thickness stitching performed by many redears improved the mechanical performances ofaimnated
adhesive joints. Aymerich et al. [31] reported, f&ingle-lap composite joints, that the stitchinglpnged the
duration of the crack propagation phase underdatigading. Sawyer [32] also confirmed an improvenie static
failure strength, up to 38%, by using a stitchinwpisingle-lap bonded composite joints. Jain ef3d] also showed
that the stitched adhesive joints achieved a langeease, of 36.5%, in the peak load compared ¢outtstitched
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laminated joints manufactured by the RTM technique.

With the increase in thickness and/or layup numtiher,average bending strength decreased to a lawe ed
1144 MPa for the 7-layer SLJ. AE energy spectra 8BM analyses were conducted for the SLJ. Figurshbvs
typical percentages of AE energy in the three feaqy bands for SLJs with 5, 6, and 7 layers. Thé @dnerated a
higher percentage (approximately 74%) of AE enérgthe high frequency band (>240 kHz). This behavias
quite consistent for joints with various layup nwerd Such behavior of high frequency emissionscatds that, for
the SLJ type, fiber breakages dominated the fragiuncess up to the peak load. The effectiveneizeddtitching in
the bending strength decreased considerably aehthicknesses. A reason of the low strength wittktSLJ seems
to be related with the fact that many reinforciiiefs and stitched yarns were broken in the loadiage prior to the
peak load. This can be attributed to the fact twih increasing layup thickness, the stitchingried larger notches
partly filled with resin in the skin layer [11]. T©hfracture behavior was confirmed by a SEM imagalysis, where
many fiber breakages appeared in the fracturatitti region for the thick SLJ specimens with 7elay
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Figure 11. Nominal bending strengths for SLJ wihious layup numbers in the joint
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Figure 12. Percentage data of AE energy for Stdraling to the three frequency bands

13



3.4. Bending strength and fracture processes of multiple-cover laminated joints
(MCLJ)

The MCLJ achieved much higher nominal bending stretigan the BLJ. As shown in Fig. 13, the MCLJ with
6 layers had a bending strength of 2.33 GPa, wtephesented the maximum bending performance amibrigea
tested MCLJ types. The strength value indicatedaatir increase, of 321%, compared to the normal, Bbdl a
considerable increase, of 66%, compared to the Bid.MCLJ with 10 layers showed a decreasing valt4,29
GPa, but still larger than the SLJ. The increaskending strength for the MCLJ can be explainedithpke stress
analysis: the insertion of seven extra carbon fimerers, as illustrated in Fig. 2c, produced akthéeninated joint,
which could work as a multiple-bonded double laptj¢DLJ). Because the MCLJ specimen was manufactwitd
the VARTM method, the joint part smoothly changedhi® thin ligament adherend by filling the resitoithe corner
between the thick joint part and the thin adherdine thickness of the joint part was almost twisdaage as that of
the adherend. In this case, the tensile stresgedidttom surface of the joint part is calculatethé one-fourth of that
for the corresponding BLJ according to equatiorufiger the same bending load. The macroscopic fiastiown in
Fig. 14 proceeded at the center line of the joart,pivhich was also observed for the normal BLJ ispec (Fig. 9).
If the same material strength is assumed for be¢hBLJ and MCLJ, the bending strength of the MCLJ khbe
four times as large as that of the BLJ. This agreaswith the above bending strength result of agpnately 4.21
times larger than the BLJ. The small mismatch oflibeding strength data between measurement andatéa
might be due to the fluctuating deviation in thiekhess of the joint part (see Fig. 5).

The thickness change from the adherend to thé pairt was measured as shown in Fig. 5, which shimaluce
a peak stress concentrated at the local site justenthe joint began from the adherend. Howevéthal fracture
events only occurred at the middle of the jointtpahich indicates that the peak stress at the thagnsite of the
joint part did not reach the tensile strength & MCLJ specimens. The peak stress site and thaufeastitiation
might occur probably at the end of the joint partdecreasing the length of the MCLJ part in compari® the test
span. In this case, the bending strength mecharibmsd be different because of the fracture pegising at the
joint ends.

The macroscopic fracture along the center lihéhe joint part was similar for all the MCLJ speeins with
various layers adopted in this study. The MCLJs WitlY, and 10 layers showed lower bending strentijiius the
MCLJ with 6 layers. The low bending strength of Sakayer joint might be predicted with the simpleess theory of
equation (1), above stated for the 6-layer joimthiat the 5-layer joint had an average thicknasser by about 10%
than that expected from the normal layup thickn@$ee rather thicker 5-layer joint was due to thegéa resin
infiltration in the VARTM process than that for titelayer joint. However, the decreasing bendingngftle of
MCLJs with 7 and 10 layers could not be clarifiedhwthe simple stress theory, but be attributed karge defect
formation in the thick layup joints. For the 7- ab@-layer joints, additional fiber covers were irisd between the
layers, causing a much thicker joint part, whictuldocontain bigger voids during the VARTM proces$ieT
existence of critical large voids might induce as\efracture of the thick MCLJ. Figure 15 shows ¢gbpercentages
of AE energy in the three frequency bands for MClith 5, 6, 7, and 10 layers. Most MCLJ specimensttechia
high percentage (60—98%) of AE energy in the higlgdency band (>240 kHz). This implies that fibezdkages
were clearly dominant in the fracture process uhtl peak load, as confirmed again in the SEM olasien of Fig.
14. The bending strength behaviors in Fig. 13, tiiézgely depended on the thicknesses of the MCave been
associated mainly with a fracture procedure ofcmdon fabric during the loading stage.

The joint efficiencies for all the types of lamiedt adhesive joints were calculated using equat&)nin
comparison to the jointless CFRP laminates as suinathin Fig. 16. The average bending strength efjtintless
CFRP was measured to be around 1500 MPa. This waseobtained for the same fiber and resin and déhges
manufacturing technique (VARTM). For a normal BLkk foint efficiency was distributed in the range2df6—58%.
For a stitched LJ, the joint efficiency was thegkst (124%) with the 5-layer joint; however, ovelagers, it was
significantly reduced. Excellent joint efficiencgxceeding 100%, was also shown for the MCLJs with &yers.
The best efficiency among all the joint types watamed with the 6-layer MCLJ.
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Figure 14. Typical optical and SEM photographstifar fracture of MCLJ with 6 layers
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Figure 16. Joint efficiencies for the various laate joints as compared with jointless CFRP

4. Conclusions

Laminated adhesive joints were made using the VARFdtess. Three types of laminated joints were studBLJ,
SLJ, and MCLJ. All joint specimens were tested undethree-point bending load to evaluate their sfifen
performances in terms of nominal bending strengtin.the normal BLJ, an increase in layers improveditending
strength, while a shifted layup formed a concaviclnavhere a larger number of layers caused weagrdibg
strength. AE analysis and fractographic observationfirmed that the fracture mode for the normal Bbaisisted
mainly in fiber breakages prior to the maximum Igamint, which dominated the bending strength meisimarof a

16



normal BLJ. A shifted layup in the joint caused ttra fracture initiation mode was resin crackinghat notch site.
SLJs showed a very improved bending strength comuptr BLJs. The SLJ with 5 layers showed excelleintt j
efficiency, of around 124%. The MCLJ achieved supebending strength, in which the joint efficienfoyr 5-7

layer joints exceeded 120%. The best efficiencyregrall the joint types was obtained with the 6-faVECLJ. It was

confirmed by combined AE and microscopic analysaét fiber breakages were significantly dominamt, ithe fiber
reinforcement caused a superior bending strengtth®ojoint types of SLJ and MCLJ. Consequentlychkiitg and
multiple-cover insertion clearly reinforced the adive joints, in which some optimal layup thicknessl surface
profile perfectness formed by the VARTM were reqdite show the best bending strength.
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