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Abstract:

The main objective of this paper is to investigtdite effect of intra-ply hybrid patches
based on glass and Kevlar woven fabrics on thel loeading response of adhesive bonded
external patch repairs in damaged glass/epoxy csitgpaminates. In intra ply hybrid patches
glass and Kevlar fibre reinforcements are combimethe same layer. The intention, in using
these hybrid patches, is to combine the excellethanical properties of glass fiber as a brittle
reinforcement with the superior high elongatiorfaure property of Kevlar fiber as a ductile
reinforcement. Five different kinds of plain weaweven fabrics with different ratios between
glass and Kevlar fibers (100/0, 75/25, 50/50, 2%@8 0/100) were used as the external patches.
The undamaged virgin specimens were taken as aeneke for the comparison of residual
mechanical properties. Multiple quasi-static indéionh tests were carried out on repaired
glass/epoxy specimens, and their ultimate indemtdbad, stiffness and permanent deformation
were estimated. Failure mechanisms of repairedsf@pexy specimens under indentation loads
were investigated using online Acoustic EmissioiiEAnonitoring technique. The indentation
loads required for the occurrence of various failunodes were measured to illustrate the
chronology of progression of different damage moaiéls increasing load and the kinetics of the
various damage modes individually defined in reakt The use of different hybrid patches had
a significant effect on the local bending responfdhe repaired glass/epoxy specimens. In
practice, specimens repaired with patches inclueiqgal volume fraction of glass and Kevlar
fibers presented a more favorable indentation mespdhan virgin ones and other repaired
specimens by exhibiting balanced mechanical pregse(ie., high deflection to ultimate failure
associated with superior patch-parent laminate Istrathgth).

Keywords: Polymer composites, Adhesive bonded external pagphir, Multiple quasi-static
indentation tests, acoustic emission (AE) monimridybrid patches.

Introduction

The use of fiber reinforced composite laminatespiace of conventional metals is
becoming progressively more popular in manufactwfe high performance structural
components. Composite laminates are materials st thoice for numerous structural
applications in aerospace, marine and automobdesinies, as they have improved specific
mechanical properties, show potential for repaitgbére scarcely affected by corrosion, longer
fatigue life and are more easily tailored to desigguirements. Nowadays, composite laminates



are used for the fabrication of primary load begustructures of Airbus and Boeing aircraft [1].
These composite laminates are susceptible to Idaciy transient impact load. Low velocity
impact damage takes place during fabrication oservice or maintenance activities. Low-
velocity impact events such as bird strike, toapdy; etc. can induce interlaminar delamination,
matrix cracking, and fiber failure and thus redtlee residual strength and stiffness of composite
laminates [2]. By low velocity impacts, indentatsoare typically a sign of sub-surface damage
which can comprise of delamination, fiber breakaage] matrix cracks. A significant reduction
in tensile and compressive properties is oftenéedwby low velocity impact damage, depending
on the impactor diameter, impact number and impaetgy. Blunt impacts can encourage sub-
surface damage lacking visible exterior damages #&s a consequence difficult to spot such
damage through visual inspections [3]. One of tamage modes that laminated composites will
predominantly encounter due to low-velocity impacinterlaminar delamination, which may
induce primary or numerous secondary cracks onctiraposite structure. In conventional
metallic structures, impact damage can be evidetiBerved in the form of an indent. On the
other hand, no visible impact damage on the sunfigeg be noted on composites (except glass).
Such local damages generally cannot be detecteddrdside the laminates but they may result
in a substantial reduction in structural integatyd load-bearing capacity [4]. Physical damage in
laminated composites degrades their mechanicaleptiep and hence reduces their service life.
During service life, this local interlaminar delaration may propagate and reduces the stiffness
of the structure, leading to premature rupture feé structure below the design level [5].
Moreover, catastrophic premature failure may paddpt occur when such laminates are
serviced in damaged condition. The mechanical gtheand structural integrity of the damaged
structural component can be restored either byaoephent or repair of the component [6].

The choice of replacement or repair of the damagaaponent relies on several factors,
such as the location of damage on the structuiekrtéss, aerodynamic requirements, operation
conditions (i.e., pressure, temperature and magtuveight, mechanical property requirements
and the damage area or extent of damage [6]. Hmaded structural component is complexly
integrated to other structures, repair is the lsedttion, as the replacement of the whole
assembly is very likely not to be economical. Cosifglaminates are commonly repaired with
either adhesive bonded repair technique or mechlafastener technique. Mechanical fastener
repairs on thin composite laminates are not usuptigferred as they induce high stress
concentration, poor aerodynamic surface and inetkawverall weight [6]. Presently, the two
types of adhesively bonded repair methods utilivepair a damaged laminate are patch repair
and scarf repair. The adhesive bonded scarf répasually avoided since it is very difficult to
perform, given that the machining process involwedptimum scarfing is time consuming,
requires costly equipment and specialized workfoides repair method is usually applied in
cases where flush aerodynamic surface is requined naost particularly to repair damaged
laminates with thickness exceeding 3 mm [7]. Intcast, adhesive bonded external patch repairs
are widely preferred as they are practically easpdrform, compatible to repair thin laminates
and consume less time. In addition, adhesively bdrhtches have unique advantages over the
other repair techniques; like higher residual gtlerto weight ratio, easy conformance, better
fatigue response, corrosion resistance, formakdlitgg enhanced service life. Improved damage
tolerance of adhesively bonded patches in caseewhanical and environmental loads mean
improved safety and superior structural performaimceéhe transportation industry [6]. The
mechanical performance of the adhesive bondedrrepaifluenced by various factors such as



the geometrical parameters, and the type of matmiesidered. Much of the investigation in the
area of adhesive bonded external patch repair ofposite laminates has been restricted to
secondary load bearing structures, highlighting fhetch orientation, thickness and geometry
and adhesive characteristics (material and thicknase the major factors influencing the
performance of an adhesive bonded patch repaif[8¥b date, a number of investigations were
carried out to optimize patch orientation, thiclvemd geometry of adhesive bonded external
repairs under quasi static in-plane loading coadgiusing numerical, analytical or experimental
approaches. Shiuh and Chao [11] have investighte@ffect of patch and adhesive parameters
on stress concentration reduction on externallydiedrpatch repaired composite laminates. They
observed that the adhesive parameters have négligituence on residual mechanical strength
of repaired laminates compared to the patch paemdtiu and Wang [12] studied the influence
of different patch lay-up configuration or patcladting sequence on residual strength of
damaged composite laminates repaired using adhbesinded external patches. They noticed
that optimized patch stacking sequence can reameee than 90 % of original strength. They
also stated that patch stacking sequence play a@rmaje instructural and operational
performance of repair as compared to that of off@ameters such as patch thickness, patch
shape and adhesive parameters (i.e. adhesive ahaéeliesive thickness). Furthermore, most of
the investigations on adhesively bonded patch repare performed using unidirectional
patches as they offer higher in-plane mechanicgeaties [4, 20].

On the other hand, unidirectional patches are suitable for in-plane loading conditions
[13-14]. There is considerable attention in tailgrthe orientation of adhesively bonded patches
so that high performance repaired laminates camstanhd in-plane as well as transverse
mechanical loadings and can be fabricated. In otdesvercome this major drawback it is
necessary to develop a patch architecture thatlenddbrication of adhesive bonded external
patch repairs of minimum thickness and produce-pepsdired composite components of residual
mechanical strength similar or nearly close to tfahormal or virgin components. Intra-ply
hybrid patches can be used alternatively to fateieahesive bonded external patch repairs of
minimum thickness without reducing the residuatsgth of the repaired laminates. To date, no
research work has been done on adhesive bondemh@&xpatch repairs in composite laminates
using intra-ply hybrid patches. Intra-ply hybridtgzes are fabricated using two or more types of
fiber reinforcements in a common polymer matrix][IEhey offer a wide range of mechanical
properties that cannot be achieved with a singlee tyf fiber reinforcement. Intra-ply
hybridization allows modifying the external pataloperties to meet the exact needs of the repair
under consideration [16]. Particularly, the adheshonded intra-ply hybrid external patch
repairs can be implemented in areas where theregp&aminates are often subjected to high
strain loadings [17]. Even though the significancange and applications of intra-ply
hybridization is further investigated by severaearchers, the effects of adhesive bonded intra-
ply hybrid external patches on the mechanical belavof repaired laminates are not
investigated in detail yet. As such, the structuesponse of these repaired laminates under
transverse loading conditions has not been invasitity

In previous research into adhesively bonded pagphir, quasi-static in-plane tensile and
compression tests were commonly employed to asisesaechanical performance of adhesively
bonded repairs [18-20]. However, information on hatdcal behavior during in-plane loading is
most likely insufficient to account for the largesimber of events during service life of the
repaired laminate, therefore it is also importamtatquire data on the effect of out-of-plane



loading, of which indentation represents an eflectepresentation. However, when compared to
investigations of the mechanical behavior of adredgi bonded patch repairs under in-plane
loading conditions, the studies related to outdafip loading conditions are limited, even though
most of the structural components are subjectedattsverse loading. Accordingly, the failure
mechanisms and damage propagation at the parext/neyaterials interface complicate the
structural behaviour of the repaired laminates.[REpaired composite structures require regular
monitoring to verify their mechanical performanbonitoring of repaired composites is a rising
research area with a potential for online moniria inspect critical or subcritical damage in
order to improve safety and structural maintenakoe.repaired composite structures, a health
monitoring set-up could offer opportunities to exaenthe structural integrity of the repair in
real-time (online) and aid schedule condition-bagexh destructive evaluation. In fiber
reinforced composite laminates, the combinatiomwherous damage modes like fiber/matrix
debonding, matrix cracking, delamination and fibezakage influence the structural integrity of
the laminates [22]. The damage in a heterogeneamsnétes is indeed developed by an
association of numerous micro failure mechanisn®. [Blence, it is necessary to identify and
reckon the individual failure modes to examine piredominance of each failure mode in
influencing the ultimate failure of the laminatéghe damage mechanisms of these repaired
composite laminates are quite complex because edf Heterogeneous structure made of the
constituent that have appreciably distinct physiaall mechanical properties and remain
different in a composite structure’s final compiasit The distinct failure mechanisms and
damage propagation behavior of the repaired lamihaain alter the structural response of the
laminates under mechanical loading. Damage modef s$ resin or matrix cracking,
fiber/matrix debonding and fiber failure occurriimga lamina do not induce the ultimate collapse
of a composite laminate when they occur initialfhese damages accumulate progressively
within the composite laminates which give rise e ultimate failure of the specimen [24-25].
Correlation of the different damage profiles witlechanical test results reveal the load to a
change in failure mechanisms during mechanical itgadoncerning the influence of each
material system and processing parameters on thrpance of repaired glass/epoxy
specimens.

Online Acoustic Emission (AE) monitoring is a preing technique which can be
employed for in-situ health monitoring or NDE dgimspections. Non-destructive techniques
(NDTs) such as online Acoustic Emission (AE) monitg, shearography, ultrasonic, and
thermography are frequently used to identify dareag®des on laminated composites [22].
Prior to rupture of structures, composite laminasésw significant plastic deformation or
nonlinear behavior. The dynamic changes inducetthenlaminates due to mechanical loading
cannot be monitored by shearography, ultrasonid,tharmography. Due to ease of real time
monitoring of dynamic changes (i.e. damage moded failure progression) within an
anisotropic composite laminate, the Acoustic EmisgAE) monitoring has garnered significant
attention in recent times for being considered a®wel non-destructive technique with many
advantages than conventional NDT techniques whidvigles information regarding stagnant
defects [23]. Hence, by applying AE monitoring citieth-based maintenance rather than
scheduled-based maintenance is possible. Furtheyn®E technique enables real time
localization of the damage on the structure [24-25]



The main objective of this present work is to inigege the effect of intra-ply hybrid
patches based on glass and Kevlar woven fabrideaah bending response of adhesive bonded
external patch repairs in damaged glass/epoxy csitgptaminates under indentation loading.
Five different kinds of plain weave woven fabricghndifferent relative fraction of glass and
Kevlar fibers (100/0, 75/25, 50/50, 25/75 and 0j1@@re used as the external patches. To
investigate the effect of patch hybridization ormége mechanisms and the density of various
failure modes of repaired composite laminates, AtolEmission (AE) monitoring is conducted
in parallel with the mechanical loading.

EXPERIMENTAL PROCEDURE
Materials and fabrication

Plain weave glass fabric of areal density 600°gind a LY 556 epoxy resin (supplied by
Marktech Composites, India) were used in this stodiabricate the parent composite laminates.
Hardener HY 951 was added to the epoxy resin iatia of 1:10 by weight as the catalyst to
accelerate the curing process. Conventional hayupl#éechnique was employed to reinforce 8
layers of bidirectional glass fiber mats into thp®xy resin in a ratio of 1:1 by weight and cured
by the aid of compression molding machine with nmmaxn load capacity 30 kN. The
glass/epoxy composite laminates were fabricatem 560 mm x 500 mm panels with a nominal
thickness of 4+0.1 mm. The hand-laid laminates veaired in the compression mold at ambient
temperature under a pressure of 50 k§/dor about 12 hours. Glass/epoxy indentation
specimens of dimension 150 mm x 100 mm (as pedatdrASTM D6264-98) were precisely
trimmed from the fabricated laminates using watdr machining process. In order to avoid
delamination, the machining was performed at a loater jet pressure of 3400 bar.
Subsequently, the machined specimens were carefidpected for interlaminar delamination
before being employed in the repair operation. &ithe parent laminate employed in this study
was GFRP, visual inspection was appropriate foeagtg the presence of delamination failure
mode. Totally 24 glass/epoxy specimens were trimuasgag this procedure.

Repair Technique

After fabrication, 20 of the 24 specimens were prefd for repair operation. Since
external patch repair technique was employed im shidy, a through hole of diameter 20 mm
was produced in the geometric center of the spe@msesing an abrasive water-jet cutting
machine to induce damage. Moreover, this kind ofaeal comes about in low velocity impact
damage [9]. Before starting with the repair procdbe damaged area of the glass/epoxy
specimens was wiped using acetone solution to avadoresence of contaminants and debris
from cutting operation (as per standard ASTM D20&f89r the water-jet machining process. An
epoxy adhesive reinforced with chopped fibers (nat&o 1:1 by weight) was selected to fill the
dressed region, as they showed superior mechaegabnse to transverse loading [26]. During
the repair process, the surplus resin spread arthendepair site over the parent laminate was
cleaned using cotton immersed in an acetone saluBl@irectional plain weave square patches
with sides of length 60 mm were then externallydsxhover the surface of the damaged region
of the glass/epoxy specimen. The fiber architectuma the thickness of the individual patches
were identical to that of the fabric used to fabrécthe parent laminate. Yarn type glass and
Kevlar fibers were employed to fabricate intra-ghybrid patches. Table 1 summarizes



properties of the reinforcements employed in theication of different intra-ply hybrid patches
in this study. Five different types of patches wéabricated, a homogeneous Kevlar fabric
(100K), a homogeneous glass fabric (100G) and tintez-ply hybrid fabrics, 75G25K, 50G50K
and 25G75K, in which the proportion between glasd Kevlar fibers in the warp and fill
direction are respectively 75:25, 50:50 and 25:Faprication procedure is indicated in Figure 1
more specifically, four square patches with thesgsotropic ([(-45, +45)/ (0, 90)]) stacking
sequences were externally bonded for each sidehefrépaired specimen. The repaired
specimens were allowed curing under a pressur® &iyfcnt at ambient temperature for about
12 hours using a compression molding machine. &gostg of all the repaired specimens was
performed at 50°C for about 2 hours.

Cyclic quasi static indentation test with AE monitoring

Cyclic quasi static indentation tests were perfanmea Tinus Olsen Universal Testing
Machine (UTM), equipped with a load cell of maximlmad capacity 100 kN, at 0.5 mm/min.
Incremental displacement steps of 2, 4, 6, 8, ID1&hmm were applied one after the other from
the point where the indenter initially contactee (during ¥' indentation cycle) the specimen’s
surface (including the dent depth). Tests were aotatl on both virgin and repair specimens
according to the standard ASTM D6264-98. The vigpecimens were used as a reference for
comparing the residual strength and mechanicalbehaf different repaired specimens. A total
of four specimens were tested in each categorytlaméverages of results were considered for
interpretation. The rectangular specimens to beedesvere firmly fixed on the indentation
fixture using toggle clamps (see Figure 2). A heinesical-faced indenter of diameter 12.7 mm
was used to perform cyclic indentation directly \abdhe geometrical center of the repaired
region. A Physical Acoustics Corporation (PAC) Astict Emission (AE) monitoring device was
employed to monitor the real-time dynamic changé&himw the repaired composite laminates
during each cycle of the indentation events. Twdeaband differential AE sensors of operating
frequency range 100-900 kHz were used to acquigesthess wave signals generated during
fracturing of the repaired specimens under mechaénmading. The distance between the
repaired region and either of the two AE transdsiceas 50 mm. High sealant vacuum grease
(silicon grease) was used as the coupling agemweeet the AE sensor and the repaired
glass/epoxy specimens to improve acoustic coupbegveen them. The AE device was
equipped with an eight channel PCI-8 board with aan@ing frequency of 4 MHz to
simultaneously perform operations such as AE signguisition, AE signal processing and high
speed transfer of AE data. The acoustic activdias signal parameters were monitored in real-
time using AE Win software supplied by PAC. In arde boost the strength of weak acoustic
signals for further processing and to reduce thesequence of interference due to external
sources, the pre-amplifier gain was set to 40 di& @amplitude threshold was fixed to 40 dB,
which prevents acquisition of unwanted ambient eoésgnals during damage monitoring
process. The wave velocities were mean values astthas per the standard ASTM E976-10
pencil break test method. The average wave veleaty found to be 3146.3 m/s. The AE events
that were recorded by both the sensors were wdifizethe data processing.



RESULTSAND DISCUSSION
M echanical characterization

Figure 3 depicts the variation of indentation fox@sus indentation displacement for
virgin and different repaired composite specimangexcted to multiple quasi static indentation
tests. In accordance with the test results, ulénh@@d of virgin and different repaired specimens
are shown in Figure 4. Table 2 summarizes the atgBndisplacement and maximum cycles to
failure for virgin and different repaired glass/gpspecimens.

Throughout this paper, the undamaged virgin spatsnveere taken as the reference for
the comparison of residual mechanical propertiége gerformance of different repair specimens
can be ranked by estimating the residual ultimaael | It can be observed that residual ultimate
load after repair varies significantly with volunfeaction of Kevlar and glass fibers. In
particular, the 50G50K specimens show higher uligraad than the virgin ones, provide the
best indentation response. In contrast, the otkibridhand homogeneous laminates all show a
decreased ultimate load compared to virgin ones htghest loss to around 50% of the virgin
specimen level was revealed by samples repaireth UHD0OK external patches. Compared to
other repaired specimens, in the case of specimwghshomogeneous Kevlar patches (i.e.100
K), the lack of adhesion to the matrix and presesfdeigher amount of weak hydrogen bond in
the transverse direction might have consideraldyced their transverse load carrying capability
[27]. These observations were explained further usyjng damage progression, stiffness
progression, residual deflection progression andustic emission results from different
specimens in the following sections.

Damage propagation, stiffness and permanent defanmabserved from the multiple
indentation test results of homogeneous and hylepdired composite specimens are helpful in
the estimation of the balance of various mechanpalperties undergone in the repaired
specimens due to the influence of hybridizatione ermanent deformation is the deflection
remaining in the specimen during each cycle of mwaigon and is a function of indenter’s
maximum displacement. As a consequence, it carmesbmated from a monotonic indentation
test and therefore the specimens were subjecteduttiple quasi-static indentation loads with
incremental load steps to perform this evaluatromfeach force versus displacement curve. The
permanent deformation of all the specimens wasmestid directly from each load vs.
displacement curve, due to the difficulty of relisbmounting an external linear variable
differential transformer (LVDT) on the repaired sjpeens.

Figure 5 depicts the permanent deformation anéhesi§ for virgin and different repair
specimens at various indentation cycles. Atiddentation cycle, for an indenter maximum
displacement of 2 mm, the trend of stiffness wasitierse of the permanent deformation. From
Figure 5, for an indenter maximum displacement air@ (i.e., ' indentation cycle), the virgin
specimens showed the least permanent deformatidrirenhighest stiffness. Among repaired
specimens, 100G offered the highest stiffness aedntinimum permanent deformation. This
behavior indicates the brittle nature and lowengédion of the glass fiber. On the other hand,
100K specimens show the least stiffness and maxipenmanent deformation, indicating that it
withstands the applied indentation load in a daatianner with higher deflection because of the



higher strain to failure property of the Kevlardib The hybrid repair specimens exhibited a
response between 100G and 100K specimens: it \weBed that increasing the volume fraction

of Kevlar on the external patches reduces thenss of the repair specimens and causes them to
withstand the transverse indentation load in ailductanner.

After a larger number of indentation cycles (i.at higher indenter maximum
displacement), the permanent deformation also @sa@. At higher indentation cycles, the
virgin, homogeneous and hybrid repair specimensbéxkextremely different responses to
indentation load. This evidently highlights the ehation that with an increasing indenter
maximum displacement, the damage mechanisms rabporier the absorption of applied
mechanical energy (i.e. indentation load) are digar. At higher indentation cycles, the
50G50K specimens heavily restrict the damage pssgra (see photographic images in Figure
6), i.e., specimen with balanced proportion of glasd Kevlar fibers outperforms other hybrid
specimens, as observed in stiffness and permamdotntation plot (see Figure 5). In th&?2
indentation cycle, the indenter completely penettatrough the thickness direction of 100G
and 75G25K specimens (see Figure 6). A stifferesgsivould increase the tensile stress on the
back face for a given displacement leading to fitb@minated failure.At higher volume fraction
of glass fibers in the external patches, the repaspecimens were more rigid; in practice, they
exhibited ultimate failure in brittle manner witbhdden and catastrophic failure mechanism (i.e.,
fiber breakage and splitting on the rear facepddition, virgin specimens also exhibited higher
fiber breakage and fiber/matrix debonding, whil&iG50K specimens, being more flexible,
induce damage through high deflection [27]. Thdsgeovations may explain why virgin, 100G
and 75G25K specimens exhibited lower stiffness argher permanent deformation than
50G50K specimens in thé“ndentation cycle.

On the other hand, in all indentation cycles, 108kl 25G75K specimens had the
maximum permanent deformation and lower stiffnessrag different specimens (i.e. virgin and
various repair specimens). In addition, it can HWmseoved that by increasing the indenter
maximum displacement, their permanent deformatiod satiffness behavior show abruptly
varying trends, indicating that the effect of repaecomes more unpredictable over repeated
loading. In the % indentation cycle, the difference in permanentodefition and stiffness
between 50G50K and virgin specimens were furthghdr than in % and 3 indentation
cycles, because in this condition, the indenteregitpenetrated the specimen (i.e., predominant
fiber breakage of the rear side glass fibers wasemied). Even though 100K and 25G75K
specimens had higher volume fraction of Kevlar riihéhey revealed ultimate failure at smaller
ultimate deflection than 50G50K specimens: thisaigibuted to the fact that these repair
specimens show premature delamination at the ppetoh material interface (see Figure 6). A
less stiff system would reduce the stresses abd#ok face and instead fail with delamination
dominated failure at a higher bending displacement.

Quite to the contrary, in thé"4ndentation cycle, by reinforcing equal volumectian of
glass and Kevlar fibers into the external patchies repair specimens (i.e. 50G50K) yielded the
best balance between rigidity (high peak load fadigplacement of 8 mm), rear face fiber
breakage and interlaminar delamination (i.e. swpgyatch-parent material bond strength). This
suggests that for final failure of the specimerg thdentation energy has to increase further,
highlighting the superior load carrying capabilitfherefore, the maximum deflection to ultimate



failure was significantly higher for the 50G50K hat than the virgin and other repaired
specimens. These explanations can be further ooadirby using Acoustic Emission (AE)
signatures of different glass/epoxy specimens umagtiple quasi-static indentation tests, as
elaborated in the following sections.

Acoustic Emission (AE) Characterization:

Unsupervisek-means++ analysis of recorded AE events helpsusteting the damage
modes generated in the virgin and different replaggecimens, with adequate accuracy [28-29].
The idea is essentially that each damage mode pesdan AE event, which is associated in turn
to the amplitude of strain energy dissipated asffext of damage in the specimens. As a result,
each AE event has unique characteristics, in thees¢hat its RMS value, amplitude, counts,
duration, frequency and other signal features atated to the failure mechanisms, such as
matrix or resin cracking, fiber/matrix debondinggddiber breakage. The significance of this fact
is that different clusters for AE events, assodatespectively with matrix or resin cracking,
fiber/matrix debonding and fiber breakage can beiobd. AE parameters such as amplitude,
duration, energy, counts, rise time, signal stiengbsolute energy and RMS value were used as
the descriptors to perform the analysis [28-84heans++ analysis requires the optimum cluster
number “k” and the high variance AE descriptorsngait entries. Cluster validation parameters,
such as Davies—Bouldin index and Silhouette cadeffic were used by many authors to estimate
the optimal number of clusters to be opted for stetistical analysis of AE [30-31]. Both
Davies—Bouldin index and Silhouette coefficient tame the principle of cohesion and
separation to evaluate the optimum cluster nunibavies—Bouldin index evaluates the tightness
of data points in each cluster from the proportbdistribution of data points within a particular
cluster and the Euclidean distance between theadmf two nearby clusters. Therefore, the
optimal number of clusters should present the lowatue of Davies—Bouldin index, which
represents the compactness of data points in tecladlows no data points in a cluster similar to
other and not excessively short Euclidean distdrate/een the centroids of two clusters. Here,
the most favorable value is likely to be less tlome [30]. In contrast, Silhouette coefficient
measures average Euclidean distance between theadiats within a cluster and between two
clusters to evaluate how dissimilar each clustdrasi any other cluster. Silhouette coefficient
(SC) determines how well-separated or dissimil@heduster is from any other cluster by using
average distance between the data points withirbatwleen two clusters. Here, the best clusters
number should present the highest value of Siltewsefficient, representing that a data point
is compatible to a particular cluster, and incontg@tto any other cluster. In this case, the
optimal value is expected to be in the range 0.6.7oaccording to [30]. Optimum number of
clusters (i.e. damage modes) estimated by DaviaddBoindex and Silhouette coefficient
(Table 3) from the recorded acoustic emission evenshown on Figure 7. It can be observed
that cluster number k=3 were most favorable fosteting the AE data of all the glass/epoxy
specimens. The cluster validity evaluations forgwirand different repaired specimens are
summarized in Table 3.

In this paper, clustering analysis was carriedwitth the aid of multivariable principal
component analysis (PCA) [32]. PCA helps to vizeakand process high-dimensional AE data
in an equivalent two dimensional plane (i.e., eglé@at 2D new coordinate system with reduced
dimensionality). PCA also helps in evaluating tiighhvariance AE descriptors. The percentage



variance and cumulative sum of the variance of guaitipal component is illustrated in Figure
8. For the whole of glass/epoxy specimens, it wdged that the cumulative sum of variance of
the descriptors amplitude and duration (i.e., fiwgd principal components) provide above 75%
of the total variance of the data sets. Since tRepArameters such as amplitude and duration of
AE waveform were sufficient to evaluate the failumechanisms that govern the damage
progression of the glass/epoxy composite specintapsgata interpretation is restricted to the
first two principal components in the following seas.

Figure 8 illustrates the projection of various téus by using the first two descriptors or
principal components (i.e. amplitude and duratifmm)all the glass/epoxy specimens. The PCA
projection clearly shows that all the clusters weetl-separated and the data points within each
cluster were well-concentrated. Totally, three veelparated clusters were discriminated during
the unsupervised clustering analysis.

Amplitude and duration ranges associated with elgs;, C;, and G; are summed up in
Figure 9. These distinct ranges can perhaps béedehaith different failure mechanisms.
Generally, it was frequently reported in most oé titerature that the AE events with least
amplitude and duration correspond to matrix orrresacking, those with highest amplitude and
duration correspond to fiber failure, and thosehwitid-amplitude and duration ranges relate to
delamination or fiber/matrix debonding damage modig3-34]. Therefore, the pertinent
amplitude and duration ranges were: amplitude rat®gé1 dB and duration range 0-5611 ps
allied to the matrix or resin cracking, amplitudage 58-78 dB and duration range 0-5940 us
allied to the fiber/matrix debonding, and amplituB100 dB and duration range 983-10420 us
allied to the fiber breakage.

The main step in investigating the multiple indéota behavior of different repaired
specimens is to characterize the nature and erfetite damage induced at each indentation
cycle. The damage modes corresponding to the cdu€teC;, and G, were identified and the
correlations between failure location of variousndge modes, indentation load, and AE
cumulative counts are depicted in Figure 10. Thdemation loads required for occurrence of
various AE events distributed in these clustersewiund to illustrate the chronology of
different damage modes with increase of load. migaar, this plot indicates the kinetics of the
various damage modes individually in real-time.cén be observed that each consecutive
incremental loading step generated more AE evesttause the indenter maximum displacement
increased and consequently damage accumulatedsitalgo clear that the rate of AE events
emitted was maximized when the indenter maximunpldeement had almost reached the
ultimate value for each indentation cycle. Aftee theak displacement, the rate of AE event
acquisition decreased significantly until up to thext reloading indentation cycle that goes
beyond the preceding cyclic ultimate load, as olesem Figure 10.

In general, the failure mode progression mainlyethels on the indentation parameters of
the test and the material parameters of the spesiniecan be observed in Figure 10 that the
nature of damage progressions for virgin, hybrid éiomogeneous specimens were entirely
different. Figure 11 illustrates the normalized tn@mof overall AE events versus cluster number
for virgin and for different repaired glass/epoxyesimens under indentation loading. The
similarities of the ¢ G, and G, AE events for different specimens can be betteualized



using the normalized number of overall AE eventa &sction of different clusters, as some AE
events in Figure 10 were overlapped. Fiber/mateixahding and fiber breakage were the critical
failure modes in determining the ultimate load giawg capability of the specimens considered in
this study, because the matrix cracking failure enedas recorded almost equal in all the
specimens. The dominant damage mechanism leadindfinoate failure with the glass fiber
reinforced specimens is fiber breakage, whereaKémar it is fiber/matrix debonding. This
behavior evidently highlights that the failure maclsms responsible for the absorption of
applied energy (i.e. indentation load) were differfer different specimens.

In the f'indentation cycle, for a maximum displacement afid, all the specimens (i.e.,
virgin and different repaired specimens) responideshrly and emitted no AE events (i.e., no
permanent damage). In higher indentation cyclegsait be noticed that the matrix cracking
records AE events initially and numerously thareottlamage modes for all the specimens under
indentation load. However, the load correspondimgriset or occurrence of matrix cracking
damage mode was different in each specimen. A gioghimethod of evaluating the enhanced
structural response of a composite specimen isstgnating the load corresponding to onset of
permanent damage (i.e., first AE event or damagg@tion). 50G50K repair specimens showed
higher indentation load corresponding to the on$dirst AE event (i.e., matrix cracking) than
the virgin ones, whereas for homogeneous (100G 1&@K) and hybrid repair (75G25K and
25G75K) specimens, first AE event occurred at lolead compared to virgin ones. It can be
noticed that indentation load for the onset oftfk&E event was significantly higher for the
50G50K specimens as compared to that for the vegetimens. 50G50K specimens showed the
best structural response to indentation load, aseaalso observed in Figures 3-5. Compared to
virgin, 100G, 75G25K and 50G50K specimens, in #seof 25G75K and 100 K specimens, the
presence of higher permanent deformation (see &igyga)) might have shifted the initiation of
first AE event (i.e., first permanent damage) moware in advance.

In the 29 indentation cycle, for low Kevlar/glass ratio (¥fiin, 100G and 75G25K), the
indentation damage zone was concentrated beneafbotht of application of indentation load,
leading to fiber breakage (see photographic imag&sgure 6). Acoustic emission localization
plot also depicts that the AE events were predontipacattered over the center region (i.e.
between -20 mm to 20 mm) of the specimens (sea&itf (a-c)). In this indentation condition,
a significant population of AE events correspondiadfiber breakage was detected. Also, in
contrast to gradually increasing cumulative cowitS0G50K, 75G25K and 100K specimens, in
specimens with higher amount of glass fiber (i.egim, 100G and 75G25K specimens)
significant increment in the cumulative counts asduom the damage onset region itself. These
results can be attributed to the presence of higbuat of brittle fibers (i.e. glass fibers).
Particularly, in 100G and 75K25G specimens, petietraof the indenter (i.e. ultimate failure)
through the thickness, with fiber breakage andtspli on the rear or back face, can be observed
(see Figure 6). Damage is generated exactly atehter of these specimens. These results were
additional pieces of evidence for sudden and aafaisic brittle fracture mechanism of 100G and
75G25K specimens. Even though penetration was Insgreed in the ™ indentation cycle for
virgin specimens (see Figure 6), the emission ofe&ént associate with fiber failure was higher
in virgin specimens as compared to 50G50K specimens



In the 2 indentation cycle (i.e. for maximum displacemef anm), both 25G75K and
100K specimens showed partial bulge on the regerwmile side (see Figure 6) as a consequence
of high elongation of the Kevlar fibers of outertgiees. In these specimens with high volume
fraction of Kevlar, no visible fiber breakage wagioed because Kevlar has a high deflection to
failure property. By reinforcing more Kevlar fibensto the external patches, the indentation
damage extended to a wide area and the AE eveméssigmificant in a region between —45 mm
to +45 mm (see Figure 10 (e-f). Precisely, no liaedl concentration of AE events associated
with fiber breakage was found at the center zonabasrved for 100G and 75G25K specimens.

In this indentation condition (i.e. in thé%andentation cycle), 50G50K repair specimens
presented an indentation response more favoraatevingin ones and other repaired specimens
(see Figures 10 and 11) because the external gatelve been made of equal volume fraction of
glass and Kevlar fibers. The Kevlar fibers restpenetration of indenter and prevent critical
fiber breakage (see Figure 6) unlike virgin, 1006l &5G25K specimens, whereas the glass
fibers restrict extensive bulge and elongation ($&gure 6) unlike 100K and 25G75K
specimens.

Furthermore, in the"8indentation cycle (i.e. for maximum displacemeh6anm), the
virgin specimens have a higher amount of fiber kaga AE events than the 50G50K ones (see
Figure 10 (a) and (d)). In thé"4ndentation cycle, the difference between 50G50H wirgin
specimens was considerably higher than in theesarldentation cycles. For virgin specimens,
higher fiber breakage and penetration of the irefeint the 4' indentation cycle were the most
dominant factors governing the premature ultima#ufe of the specimens as compared to
50G50K repair specimens (see Figure 10 (a) and (d))

On the other hand, in thé"4ndentation cycle, it can be observed that the 7ZZ8Gand
100K specimens with higher volume fraction of Keuhibited lower elongation to ultimate
failure than 50G50K specimens. Critical fiber/matdebonding (i.e., delamination) between
patch and parent laminate leads to restrictioniglidr stresses in the farthest tensile fibers (i.e.
fibers at the rear patches) to be reached and rdmudting in premature ultimate failure of
25G75K and 100K specimens compared with 50G50K ismets. Photographic images of
fractured specimens also depict that the ultimailare of 25G75K and 100K specimens did not
take place by perfect local bending or by predomiraeakage of fibers at the rear or tensile
side patches of the specimens and no penetratidimeohdenter to the rear side patches were
observed. However, at higher indenter displacenférgr/matrix debonding (i.e. delamination)
of the external patches from the parent laminate etserved (see Figure 6 and Figure 10 (e-f)).
Normalized AE event plot also shows that maximurmber of AE events corresponding to
fiber/matrix debonding (i.e. delamination) damagedm significantly occurred in these
specimens (see Figure 11). This evidently explthas the quasi static indentation load was not
fully transferred to the tensile side patches duhiigher deflection, as a consequence of patch-
parent laminate delamination. Moreover, from ARutess delamination (i.e. debonding) was the
critical failure mode in deciding ultimate failuogé 25G75K and 100K specimens repaired using
high volume fraction of Kevlar fibers in the extalmpatches as all the other hybrid specimens
show ultimate failure due to breakage of fiberthatrear side. This can explain why fiber failure
and fiber/matrix debonding was lower in the certene. This explanation can be further
confirmed by using photographic images of damaggagation in these specimens as shown in



Figure 6. In these specimens, fiber/matrix debamdire. delamination) was the dominant
damage mode deciding the load carrying capabifith® specimens

From the AE results and the photographic imagedadéd specimens, it can be
concluded that fiber failure was the most import@amage mode governing the ultimate failure
of specimens with higher amount of glass fiber. tha other hand, parent-patch material
interface delamination was the important damage enddciding the ultimate failure of
specimens with higher amount of Kevlar fibers. 50kSpecimens presented an intermediate
response between these specimens, although distamoage patterns were observed as a
consequence of the balanced mechanical prope&iasng different repaired specimens with
higher volume fraction of Kevlar fibers (50G50K,@B5K and 100K), 50G50K specimens were
the only specimens to fail at higher elongatiore (Begure 3) with display of significant tensile
face fiber breakage (see Figure 6), whereas alirapecimens containing Kevlar fibers exhibit
parent-patch interface delamination. These resld@rly indicate that repaired specimens with
higher amount of glass fibers in the external pegdhave higher stiffness, and also increase the
tensile stress on the back face for a given digptent leading to fiber dominated failure (see
Figure 11), whereas specimens with higher amouitesar fibers (a less stiff system) would
reduce the stresses at this region and insteadithildelamination dominated failure at a higher
bending displacement. Additional evidence for thésponse was that the damage site of
fractured specimens with higher amount of glassrfilwas almost at the center (see Figure 6).
Results indicate that the specimens repaired wgtlevolume fraction of glass and Kevlar
fibers in the external patches presented an intlenteesponse more favorable than virgin ones
and other repaired specimens by exhibiting balamsedhanical properties. Acoustic emission
results were in accordance with the observatioos fthe permanent deformation and stiffness
results, in that the indentation response of th@98IK was the best under multiple indentation
loads.

CONCLUSION

The effects of patch hybridization on multiple gestatic indentation response of adhesive
bonded external patch repaired glass/epoxy congggecimens have been investigated. The
experimental results observed from the multiplesgstatic indentation tests as well as detailed
AE monitoring lead to the following conclusions:

The 50G50K specimens showed higher ultimate load the virgin ones, while other
specimens with hybrid and homogeneous patches iethia decreased ultimate load
compared to virgin ones.

Also, in terms of permanent deformation and stg5)e50G50K specimens perform
better than virgin ones (except in tHéiddentation cycle), while other homogeneous and
hybrid repair specimens show an increased permadefdrmation and decreased
stiffness compared to virgin ones.

At higher volume fraction of glass fibers in theexal patches, the repair specimens
were more rigid, so they exhibited ultimate failurebrittle manner with sudden and
catastrophic failure mechanism (i.e. fiber breakawgye splitting on the rear or back face).



In addition, virgin specimens also exhibit highebef breakage, whilst 50G50K
specimens, being more flexible, induce damage tirduigh deflection.

In all indentation cycles, 100K and 25G75K specimbad the maximum permanent
deformation and lower stiffness among the differgmcimens (i.e. virgin and various
repair specimens).

By reinforcing equal volume fraction of glass aneviar fibers into the external
patches, the repair specimens (i.e. 50G50K) predeah indentation response more
favorable than virgin ones and other repaired spewss. The Kevlar fibers restrict
penetration of indenter and prevent critical fib@eakage unlike virgin, 100G and
75G25K specimens, whereas the glass fibers restxiensive delamination, bulge and
elongation unlike 100K and 25G75K specimens.

Acknowledgement:

The author would like to thank Mrs. Jensolin Ebemefor her inputs in proof reading and
editing the document of the manuscript.

Reference:
[1] Hale J. Boeing787 from the ground up. Aero Maga Boeing 2006; 24 (4):17-23.

[2] Bhoominathan, R., Vellayaraj, A., Thompson,ahd Andrew Jeyakumar, J. (2015), Residual
strength estimation of CFRP laminates subjecteohpact at different velocities and
temperatures. Polym. Compos.. doi:10.1002/pc.23796

[3] Polimeno, U & Meo, M 2009, ‘Detecting barelysible impact damage detection on Aircraft
composites structures’, Composite Structures,9blpp. 398-402.

[4] J. Jefferson Andrew, V. Arumugam, C. Santilifect of post-cure temperature and different
reinforcements in adhesive bonded repair for dachag@ss/epoxy composites under multiple
guasi-static indentation loading, Composite StmeguVolume 143, 20 May 2016, Pages 63-74,
ISSN 0263-8223, http://doi.org/10.1016/j.compstr2@15.10.037.

[5] Abrate, S 1991, ‘Impact on laminated compositaterials’, Applied Mechanics Reviews,
vol. 44, no. 4, pp.155-190.

[6] Whittingham B, Baker AA, Harman A, Bitton D. Eliographic studies on adhesively bonded
scarf repairs to thick composite aircraft structi@emposites: Part A; 2008.

[7] Katnam K B, Da Silva L F M,Young T M. Bondedpaar of composite aircraft structures: A
review of scientific challenges and opportunitieBragress in Aerospace Sciences 2013; 61: 26—
42.

[8] F. Benyahia, A. Albedah, B. Bachir Bouiadjrandysis of the adhesive damage for different
patch shapes in bonded composite repair of airstaittures. Materials and Design 2014; 54:
18-24.



[9] Mohammad Kashfuddoja, Ramji M. Design of optmmyatch shape and size for bonded
repair on damaged Carbon fibre reinforced polynaerets. Materials and Design 2014; 54: 174—
183.

[10] Ouinas D, Bachir Bouiadjra B, Achour T, Bendimuche N. Influence of disbond on notch
crack behaviour in single bonded lap joints. M&es 2010; 31:4356-62.

[11] Shiuh-Chuan H, Chao MN. Adhesively bonded patpair of composite laminates. Adhes
Sci Technol 2011; 25: 2569-85.

[12] Liu X, Wang G. Progressive failure analysisbainded composite repairs. Compos Struct
2007; 81:331-40.

[13] F Chen, J M Hodgkinson. Impact behavior ofnposites with different fiber architecture.
Proceedings of the Institution of Mechanical Engnse Part G: Journal of Aerospace
Engineering.  223(7): 1009-1017, 2009. DOl - 10.¥298344100JAEROA451.
http://journals.sagepub.com/doi/abs/10.1243/095@4A8R0451

[14] George Coppens, Basavaraju Raju, Douglas Tetopl Impact Resistance of Three-
dimensional Woven Fabric Composites. American $pder Composites/ American Society
for Testing And Materials Committee D30: Nineteefichnical Conference, October 17-20,
2004. Atlanta, GA.

[15] Majid Tehrani Dehkordi, Hooshang Nosraty, Madod Mehrdad Shokrieh, Giangiacomo
Minak,Daniele Ghelli. The influence of hybridizatimn impact damage behavior and residua
compression strength of intraply basalt/nylon hylmomposites. Materials and Design2013; 43:
283-290.

[16] Majid Tehrani Dehkordi, Hooshang Nosraty, Malod Mehrdad Shokrieh, Giangiacomo
Minak, Daniele Ghelli. Low velocity impact propesi of intra-ply hybrid composites based on
basalt and nylon woven fabrics. Materials and De&@10; 31: 3835-3844.

[17] Akhbari M, Shokrieh MM, Nosraty H. A study dwckling behavior of composite sheet
reinforced by hybrid woven fabrics. Trans CSME 232831-9.

[16] Cheng P, Gong XJ, Hearn D, Aivazzadeh S. Tersehaviour of patch-repaired CFRP
laminates. Compos Struct 2011; 93:582-9.

[18] Pengcheng Cheng, Xiao-Jing Gong, Shahram Aa@eh, Xinran Xiao. Experimental
observation of tensile behavior of patch repairethposites Polymer Testing 34 (2014) 146-
154.

[19] F. Benyahia, A. Albedah, B. Bachir BouiadjrAnalysis of the adhesive damage for
different patch shapes in bonded composite regaiiroraft structures Materials and Design 54
(2014) 18-24.



[20] C. Soutis, D-M. Duan, P. Goutas. Compressiglaviour of CFRP laminates repaired with
adhesively bonded external patches Composite 8tesgc999: 45: 289-301.

[21] AJ Jefferson, V Arumugam, C Santulli, A Jeendf, M Poorani, Failure Modes of GFRP
After Multiple Impacts Determined by Acoustic Emas and Digital Image Correlation, Journal
of Engineering and Technology (JET), Volume 6, 3c&nber 2015, Pages 29-51, ISSN 2180-
3811, (http://journal.utem.edu.my/index.php/jettdetview/274).

[22] RAMESH, C. et al. Effect of Multiple ImpactsidGFRP Laminates Exposed to Hydrolytic
Ageing using Acoustic Emission Monitoring. Interioatal Journal of Vehicle Structures and
Systems, [S.], v. 6, n. 1-2, may. 2014. ISSN 09380. Available at:
<http://maftree.org/eja/index.phpl/ijvss/articlenie90>. Date accessed: 18 Apr. 2017.
doi:http://dx.doi.org/10.4273/ijvss.6.1-2.05.

[23] Jefferson Andrew, C. Ramesh. Residual strengtid damage characterization of
unidirectional glass—basalt hybrid/epoxy CAIl lamesa Arabian Journal for Science and
Engineering 2015:2191-4281.

[24] J. Jefferson Andrew, V. Arumugam, Effect otghahybridization on the tensile behavior of
patch repaired glass/epoxy composite laminates gusatoustic emission monitoring,
International Journal of Adhesion and Adhesivesiuxe 74, April 2017, Pages 155-166, ISSN
0143-7496, http://doi.org/10.1016/j.ijadhadh.2017004.

[25]Andrew J, Arumugam V, Sidharth AP, Thomas B.oAstic emission based monitoring of
cut-out geometry effects in carbon/epoxy laminaieder uniaxial compression. International
Journal of Vehicle Structures & Systems 2014; 62B7—

[26] J. Jefferson Andrew, V. Arumugam, K. Saravamar, H.N. Dhakal, C. Santulli,
Compression after impact strength of repaired GE&®Rposite laminates under repeated impact
loading, Composite Structures, Volume 133, 1 De@mnitP15, Pages 911-920, ISSN 0263-
8223, http://doi.org/10.1016/j.compstruct.2015.22.0

[27] AK Vasudevan, RD Doherty Aluminum Alloys--Camporary Research and Applications:
Contemporary Research and Applications.

[28]Arthur D, Vassilvitskii S. K-means++: the advages of careful seeding. In: Proceedings of
the eighteenth annual ACM-SIAM symposium on diss@gorithms: Society for Industrial and
Applied Mathematics; 2007. p. 1027-35.

[29]A. Mareca, J. H. Thomasa, R. El Guerjoumaa. Bgencharacterization of polymer-based
composite materials: Multivariable analysis and &av transform for clustering acoustic
emission data Mechanical Systems and Signal Priocge3808; 22: 1441-1464.



[30]Li Li, Stepan V. Lomov, Xiong Yan, ValterCankelCluster analysis of acoustic emission
signals for 2D and 3D woven glass/epoxy composiBesnposite Structures 2014; 116: 286—
299.

[31] R. Gutkin, C.J.Green, S.Vangrattanachai, Sih®, P.Robinson, P.T.Curtis. On acoustic
emission for failure investigation in CFRP: Patteecognition and peakfrequency analyses.
Mechanical Systems and Signal Processing 20111 3%3—-1407.

[32] Jolliffe I. Principal component analysis. Wil®nline Library; 2005.

[33] Andrew JJ, Arumugam V, Bull DJ, Dhakal HN. RBksl strength and damage
characterization of repaired glass/epoxy compdsiteinates using AE and DIC. Composite
Structures. 2016 Sep 15; 152: 124-39.

[34] Jefferson Andrew, J. and Arumugam, V. (201Bjfect of patch hybridization on the
compression behavior of patch repaired glass/eporyposite laminates using acoustic emission
monitoring. Polym. Compos.. doi:10.1002/pc.24149.



Table captions:

Table 1: Properties of the reinforcements employedhe fabrication of different intra-ply
hybrid patches

Table 2: Maximum cycles to failure and ultimateptésement for virgin and different repaired
glass/epoxy specimens

Table 3: Cluster validity evaluations for differesgtecimens

Table 1: Properties of the reinforcements employedhe fabrication of different intra-ply
hybrid patches

Properties/Fibers Kevlar E glass
Tensile strength (N/fix10°) 2.92 3.44
Modulus (N/nfx10°) 70.32 72.39
Break elongation % 4.8 3.6
Specific density (kg/m 1439.35 2546.55

Table 2: Maximum cycles to failure and ultimateptié&ement for virgin and different repaired
glass/epoxy specimens

Specimens Maximum Maximum
cycles to Displacement to
failure failure (mm)
Virgin 4 8
100G 2 3.08
75G25K 2 4
50G50K 5 8.84
25G75K 4 7.41
100K 4 8




Table 3: Cluster validity evaluations for differesgtecimens

Specimens| Davies—Bouldin index Silhouette coefficient
Virgin 0.6795 0.6262

100G 0.7884 0.6327
75G25K 0.69 0.64
50G50K 0.6995 0.5864
25G75K 0.7115 0.6644

100K 0.7811 0.5444




Figure captions

Figure 1 The structure of composite specimens densd in this study: (a) Virgin glass/epoxy
specimen, dressed specimens repaired using (b) patBes, (c) 75G25K patches, (d) 50G50K
patches, (e) 25G75K patches, (f) 100K patches

Figure 2: Glass/epoxy repaired specimen clamp&®iiM D 6264-98 indentation fixture.

Figure 3: Force-displacement curves for (a) Virglass/epoxy specimen, dressed glass/epoxy
specimens repaired using (b) 100G patches, (c) 3BG2atches, (d) 50G50K patches, (e)
25G75K patches, (f) 100K patches.

Figure 4: Ultimate load of virgin and different eeped glass/epoxy specimens.

Figure 5: (a) Permanent deformation and (b) stféngrogression of virgin and different repaired
glass/epoxy specimens.

Figure 6: Photographic images of fractured virgia different repaired glass/epoxy specimens
at various indentation cycles.

Figure 7. Davies—Bouldin index and Silhouette deedht for (a) Virgin glass/epoxy specimen,
dressed glass/epoxy specimens repaired using afiffgrgatches: (b) 100G, (c¢) 75G25K, (d)
50G50K, (e) 25G75K , (f) 100K patches.

Figure 8: The variance of principal components B visualization ok-means++ clustering
for (a) Virgin glass/epoxy specimen, dressed gigesfy specimens repaired using (b) 100G
patches, (c) 75G25K patches, (d) 50G50K patchg25@75K patches, (f) 100K patches.

Figure 9: The summary of the failure mode discraion using amplitude and duration ranges.

Figure 10: Indentation load, AE cumulative countsl @&E event location versus time for (a)
Virgin glass/epoxy specimen; dressed glass/eporgisens repaired using (b) 100G patches,
(c) 75G25K patches, (d) 50G50K patches, (e) 25G7Fatiches, (f) 100K patches.

Figure 11: Normalized number of AE events (%) versluisters for virgin and different repaired
glass/epoxy specimens.
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Figure 1 The structure of composite specimens densd in this study: (a) Virgin glass/epoxy
specimen, dressed specimens repaired using (b) patBGes, (c) 75G25K patches, (d) 50G50K
patches, (e) 25G75K patches, (f) 100K patches



A - ASTM D6264-98 Indentation Fixture B — 100 kN Load Cell C — Indenter D — AE Sensor,
E - Toggle Clamps F - GFRP Repaired Specimen G — Repaired Area

Figure 2: Glass/epoxy repaired specimen clamp&®iiM D 6264-98 indentation fixture.
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Figure 3: Force-displacement curves for (a) Virglass/epoxy specimen, dressed glass/epoxy
specimens repaired using (b) 100G patches, (c) 3B@2atches, (d) 50G50K patches, (e)
25G75K patches, (f) 100K patches.
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Figure 6: Photographic images of fractured virgid different repaired glass/epoxy specimens
at various indentation cycles.
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Figure 8: The variance of principal components BG@ visualization ok-means++ clustering
for (a) Virgin glass/epoxy specimen, dressed giges{y specimens repaired using (b) 100G
patches, (c) 75G25K patches, (d) 50G50K patchg25@75K patches, (f) 100K patches.
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Figure 9: The summary of the failure mode discreion using amplitude and duration ranges.
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Figure 10: Indentation load, AE cumulative counid AE event location versus time for (a)
Virgin glass/epoxy specimen; dressed glass/epoggisyens repaired using (b) 100G patches,
(c) 75G25K patches, (d) 50G50K patches, (e) 25G7F&tches, (f) 100K patches.
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Figure 11: Normalized number of AE events (%) verslusters for virgin and different repaired
glass/epoxy specimens.



