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Abstract: Carbon-fiber epoxy composites were bonded to fdifferent types of
aluminum substrates with different surface rougbresd finish. The four aluminum
substrates considered in this study have the falgvsurface conditions: two solid
aluminum substrates polished with two differentdgis of sandpapers, and two porous
aluminum foams with two different as-received scefaonditions, one with a patterned
surface finish and one with rough pore structuMsreover, the thin epoxy adhesive
joints between the carbon-fiber face sheets analialum substrates were reinforced by
adding short aramid fibers. During the fabricatiprocess of the hybrid laminar,
sparsely-distributed short aramid fibers were iregsEbetween the fiber-metal interface
to promote bridged fibers for tougher and stroragiresive bonding, while at the same
time to minimize any significant change in the kKmess of the adhesive joint.
Measurements of the critical energy release ravavetl that the toughening effects of
the low-density short aramid fibers were influendeg the metal-substrate surface
roughness and finish. Further comparison indicatieat the interfacial fracture
toughness of aramid-fiber interleave adhesive gointreased via increase of surface
roughness of metal substrates. The surface-rougleféect of metal substrate mainly
depends on whether the free fiber ends of the srarhid fibers were pressed and

embedded into the surface cavities of aluminum tsates according to scanning
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electron microscopy observations. The results atdit that the properties and
performances of aramid-fiber interleaved adhesmets between the carbon-fiber face
sheets and aluminum substrates could be improvedusface treatments on the
aluminum substrates to achieve appropriately sanfaaghness.

Keywords. A. Aramid fiber; A. Hybrid; B. AdhesionB. Fracture toughnes€omposite

adhesive joint

1. Introduction

Carbon-fiber epoxy composites would provide highpecific stiffness, specific
strength, fatigue and corrosion resistance thanalsyetyet, poor impact energy
absorption and poor residual strength after impact delamination [1 — 3]. Therefore,
carbon-fiber composites and metal substrates aguéntly combined to form hybrid
structures for outstanding performance. For ingafiber metal laminates [1, 4], fiber-
metal-foam sandwich [5 — 7] and fiber compositasfoeced steel-concrete structures
[2, 8] have been explored and developed in aerespaarine, automotive and civil
construction [9 — 16].

For fiber metal hybrid structures consisting ofbcar-fiber face sheet on metal
substrate, the interface between the face sheesualostrate withstands high in-plane
shear stress and out-of-plane stress [17], dubedlifference in stiffness between the
two different materials and free boundary effectis7/]] Meanwhile, interfacial
debonding, which may be induced by local contamly Energy impact, accidental
excessive loading, or defects during composite ggsing, are commonly observed in
fiber-metal hybrid structures [18]. The high stréssel and frequent debonding of fiber-
metal interface frequently lead to progressive dgenaf interface and fatal failure of

fiber-metal hybrid structures. Therefore, the gloparformances of the fiber-metal



hybrid structures are often limited by fracturegbness and strength of interface rather
than stiffness or strength of fiber composites etahmaterial. Therefore, the interfacial
fracture toughness and toughening method are staghés be crucial for the fiber-
metal hybrid structures, and thus are the focusdseqresent study.

Interleave methods [5, 19] are commonly used foerffiber interface to increase
the fracture toughness and energy release rateterfacial adhesive joints. Common
interleave materials include nano-tubes, particlesort fibers, thermoplastic and
thermoset adhesive films [5, 20 - 25]. Recent stoglyrasaee [24, 25] on comparisons
between various interleave methods shows that Huet saramid fiber interfacial
toughening is among the most effective based ohn Bloide-|1 and -II fracture toughness
measurements of fiber/fiber interface. Accordinghe previous study by Sohn, Walker
and Hu [26 - 28], delamination and debonding agriftber interface were suppressed
by microscopic out-of-plane “Z-directional” fiberridges, which were provided by
macroscopic in-plane interleaved short aramid §iber

However, the interleave methods were not yet fdiyeloped for toughening of
adhesive joints between carbon fiber composites muatial substrates, which are
becoming increasingly important nowadays, e.g. @ariber reinforced/repaired steel
structures for building repairing [11] and CARALL][for space applications.

Recent study of the authors has showed that thet-atamid-fiber interleave
method can also be used to enhance the interf@acilire toughness between carbon-
fiber face sheet and aluminum-foam substrate [5,a6f between carbon-fiber face
sheet and patterned aluminum substrate [29]. Med@wBhi [30] experimentally
proved that the short aramid fiber interleave meétbauld prevent interfacial debonding
failure of carbon-fiber-aluminum-honeycomb sandwsthuctures under both bending

load and compressive load. However, the paramefdtse aramid-fiber interleave, e.g.



fiber density, fiber length and thickness of adhesjoint, in the aforementioned
references [5, 6, 29, 30] are different. Moreovtbe surface roughness of the metal
substrates, i.e. patterned aluminum substrate amdirum foam, were different. In
other words, the surface-roughness effects on nierfacial fracture toughness of
interleaved adhesive joints were not yet understood

One additional potential benefit of understanding surface-roughness effects is
advising surface treatments on metal substratesetite a proper surface roughness for
higher interfacial properties. Therefore, a quatitie comparative study on surface-
roughness effects of the metal substrate on thetuhe toughness of interface with
aramid-fiber interleave method is necessary.

The objective of this study is #xamine the aramid-fiber interleave methods for
adhesive joints of carbon-fiber-metal hybrid stawes with metal substrates of various
surface roughness. The fracture toughness of plasharamid-fiber interleaved epoxy
adhesive joints between carbon-fiber face sheetlsaumminum substrates with four
different surface conditions are measured and coedpander Asymmetric Double
Cantilever Beam (ADCB) condition. The surface-rougss effects of metal substrates
on fiber-metal interfaces with aramid-fiber intefleare examined. In addition, micro
scanning electron microscopy (SEM) observationsewawnducted on the fracture
surface to fully understand the toughening meclmara$ the aramid-fiber interleaf on
fiber metal hybrid structures, and to understand #urface-roughness effect on

interfacial fracture toughness.

2. Carbon-fiber aluminum laminates preparation
2.1 Materials

In this study, RC200T/1270 2x2 twill weave (3K) lman-fiber fabric with an areal



density of 200 g/mwas used as the face-sheet material. Sandpapishgmb|6061
aluminum alloy, Alulight closed-cell aluminum foawmith twill-weave surface finish
and Alporas closed cell aluminum foam were usedmasal substrates to provide
surfaces with different conditions and finish. S3&nd papers were chose due to the
simplicity in preparation. Another practical reassrthat carbon fibers are frequently
used to repair metal structures. Surface preparatsing sandpaper is convenient for
the repairing process, and can be a feasible aption

The short aramid fibers utilized in this study werepared from Kevlar 49 TM
with a diameter of about 12m developed by E.I DuPont, while the West Syste@bz1
epoxy resin was mixed with slow hardener 206 toateremixed resin. The main
properties of the carbon-fiber epoxy face sheetnalum substrate and short aramid
fibers, adapted from references [28, 31, 32], &®d in Table 1The surfaces of
aluminum substrates are showed in Fig. 1. Surfaaglmess values, quantified by Ra,
of 2400#, 80# sandpaper polished and twill-weavitepsged aluminum substrate are
0.29um, 0.41um and 1.4Z2um respectivelymeasured by Mitutoyo Surftest SJ-210. The
surface of Alporas closed cell aluminum foam idribsited with rough pore structures

up to 5 mm in diameter and surface roughness measunt is no longer applicable.

2.2 Short aramid fiber preparation

The aramid fiber (Kevlar 49 TM) was initially chaggh into 6mm-length, which is
the typical length used and recommended in ref6]5,The chopped aramid-fiber
strands were next stirred in a blender with bldatle to produce well-dispersed cotton-
like aramid fibers [5]. The cotton-like aramid fisewere then capable to make
macroscopically sparsely-distributed thin tissué wesired densities. As an example,

the surface view of an aramid-fiber tissue showtimg random distributions of short



aramid fibers is shown in Fig. 2. The areal densitthe short-aramid-fiber tissues used
in this study is 12 g/f following refs [5, 6].In addition, the thin “composite adhesive
joints” can effectively prevent a direct contactvibeen the carbon fibers and metal
substrates, therefore inhibiting any potential etechemical corrosion issue [33] in the

hybrid structure.

2.3 Manufacturing of fiber metal laminates

The surfaces of aluminum substrates were firstigrel@sed using acetone. Then,
carbon fiber fabric, aramid-fiber tissue and alummmsubstrate were impregnated by
epoxy resin. After that, carbon fiber pre-pregs,priegnated aramid-fiber tissue,
aluminum-foil pre-crack and aluminum substrate waeeed sequentially in mold. The
plain specimens were carbon fiber aluminum lameatgh pure epoxy adhesive joints
(without aramid-fiber tissue). While the toughensgecimens were carbon fiber
aluminum laminates with aramid-fiber interleaveth@sive joints.

The pre-crack was created by inserting two layamni@mum foil between carbon-
fiber face sheet and metal substrate during sapyejearation. 10 layers of @arbon
fiber fabric were used as face sheet in this stlidy additional layers of carbon-fiber
fabric were added to the bottom of Alporas alumirfoam arm to increase the bending
stiffness of the bottom arm and provide a smoottiasa for assembly of the loading
block [5]. Hot press method was used to manufadtuediber metal laminates [34]. A
constant curing pressure of 0.6 MPa was used. Aaduring temperature stayed at 110
°C for half an hour and 14%C for another half an hour before cooled down tonto

temperature as suggested [5, 6].

3. Experimental set-up for interfacial fracture toughness measurement



3.1 Specimen design and dimension

The ADCB geometry [35] was chosen to measure ttegfacial fracture toughness
quantified as critical energy release ra€)( for cracking along the aramid-fiber
interleaved interface. Due to the difference iffre#ss between the carbon-fiber face
sheets and aluminum substrates and the ADCB gegniimeasurements are mixed-
mode energy release rates. Separations of Modd-Maude-1l from the mixed-mode
energy release rates are also possible, followmncept [36].In this study, the following
assumptions of continuum mechanics are all validilHe materials have no defects. 2.
The properties of all materials remain constarghamsvn in Table 1. 3. The mass/energy
conservation laws are applicable. The validity bk tassumptions of continuum
mechanics indicates the validity of the mixed-mouEasurements @Gc.

Fig. 3 shows a sketch of the ADCB specimen. Thal tehgthL and widthb of the
specimen were 170 mm and 20.0 mm respectively.eAcpack with 50-mm length and
244um thickness was created by inserting two layerd2fum-thick aluminum foll
between 1.5-mm-thick carbon-fiber face sheet anant®thick aluminum substrate.

Load blocks were bonded to both top and bottorasetf

3.2 Testing condition and evaluation@4
Instron 4301 mechanical testing machine was usedotwuct the quasi-static
ADCB test for measuring the interfacial toughneggntified as critical energy release
rate Gc). Displacement control mode with a speed of 2 mimfor both loading and
unloading was selected. While the applied load nvaasured by a 5,000 N load cell.
The ADCB specimens were firstly loaded with the sitsdatic rate of 2 mm/min.
When the crack extended for 3 — 5 mm, the displacgihoading was stopped. Then the

specimens were unloaded to zero load to finistaditmg-unloading cycle. The loading-



unloading cycles were repeated until crack extertdagp to 50 mm in this studyhe
crack extension was measured during the unloadaggsbecause the interfacial crack
would not extend. The crack extension was measomette side surface of specimen,
using an 8xmagnification optical travelling micrope with a screw-driven micrometer.

The critical energy release rdge, which is the strain energy absorption ability per
unit area during crack extension, is calculatedhes quotient of energy absorption
during interfacial crack extension divided by aoéarack extension, as follows:

G, =1/b[AU /Aa 1)

where AU is the energy absorption during interfacial craektension,4a is the
corresponding crack-extension length amds the width of specimen. The energy
absorption during interfacial crack extension wasasured using the area under the
load-deflection curve minus the strain energy est@n from the unloading curve. The
crack tip radius is important for the initial valoé Gc, however after crack extension
the initial radius has little influence on subsetgueneasurements. Due to the
microscopically uneven surface of metal substridite,adhesive thickness varies from
around 10 to 50 microns. The adhesive thicknesati@r was due purely to the surface
roughness variation. To limit variables, the crdgk radius and average adhesive

thickness were kept as 12 and 29 in this paper.

4. Experimental results and discussion

4.1 Interfacial fracture toughness

Plain and short-aramid-fiber interleaved specimemigh various aluminum
substrates were tested using the ADCB methodolapcribed in Section 3. Crack
extension up to 50 mm, which is much longer thanlémgth of the interleaved aramid

fibers (6 mm), was measured to ensure the fullyebbgment of fiber-bridging effect.
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The debonding deflected within the interface zoatvieen carbon-fiber face sheet and
metal substrate, sometimes within the compositeesida joint and sometimes along
the metal substrate.

A comparison ofG¢ of adhesive joints without aramid fibers was pnésé in
Table 2. The fact thabc of brittle epoxy bonded plain specimens in thespng study
agrees well with previously reporté€sal, for example, brittle epoxy bonded aluminum
alloy & carbon fiber [37], aluminum & glass fibe3§], epoxy bonded aluminum alloy
[39] and toughened epoxy bonded aluminum alloy,[8%is, indicates the validity of
the measurements in this study. The primary adeesincerned in the present study
was limited to the common epoxy used for carboerfilomposites so that the surface
roughness and its interaction with the compositeeaye joint could be emphasized,
which should still be applicable evertalugher adhesives were considered.

The average values and standard deviatioa:dbr crack increments from 5 mm
to 50 mm of fiber-metal interface are shown in Hg.The averagésc of plain
specimens are 105, 174, 27 and 1566 Jém#2400 sandpaper polished, #80 sandpaper
polished, twill-weave patterned and Alporas foamanahum substrate respectively,
while the averag&c of the 6-mm aramid-fiber toughened specimens &fe 441, 511
and 2720 J/frespectively. The validity of the measurements tfee aramid-fiber
toughened specimens was verified by comparing Bitharound 357 — 457 Jfnof
aramid-fiber toughened epoxy (fiber density 12 ffiber length 12 mm, thickness of
aramid-fiber toughened zone 24n) [29, 40]. It is indicated thaBc of fiber metal
laminate with various aluminum substrates have le#ranced due to the low-density
short-aramid-fiber interleaf or composite adhegorets. It is also indicated that th&-
of toughened specimens increase due to the increageughness of aluminum

substrate.



The G¢ values of both plain and toughened specimens Suatters. The scatter
was mainly due to the following reasons: (1) defar cracking paths, namely crack
extensions along the interface between the mebatsate and adhesive joint, or within
the plain or interleaved adhesive joint, where dpeml fibers may exist, (2) relatively
narrow width of specimens (20 mm) in comparisonhvthe aramid-fiber length (6
mm), that aramid-fiber tissue exhibited microscapycuneven distribution. The scatter
in adhesive properties appears to be normal ifif@aitan occur along the interface and
within the adhesive joint [41]. The scatter canrbééuced if a strong bonding between
the metal substrate and adhesive joint can be aahiand if the aramid fiber length is
relatively small in comparison to the specimen wjdor example, in a real structure.

The different failure modes, underlying tougheningechanism and surface-
roughness effect will be discussed in following tget in conjunction with SEM

observations.

4.2 Fractography and surface-roughness effect

SEM observation on fracture surfaces of specimess also carried out to fully
understand the toughening mechanisms of aramid-fiberleaved adhesive joints. The
fracture surfaces were firstly coated by gold dmehtexamined using a Phillips XL30
SEM at magnifications of 300 times and voltage kretions of 15kV.

Fig. 5 (a) & (b) respectively showed typical fragtwsurfaces on the sandpaper-
polished substrate bonded with plain epoxy adhegomet and patterned-surface
substrate bonded with interleaved adhesive joirackBscattered electrons (BSE)
observation in Fig. 5 (a) & (b) showed both thenalhwum substrate (bright area) and
epoxy resin (dark area) on the fracture surface @Vidence in Fig. 5 confirmed that

the two major cracking paths were crack along tlealvsubstrate surface and crack
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within the adhesive joints. The fact that both kmalong the metal-substrate surface
and within the adhesive joints were observed faimpland toughened specimens
suggested that adding aramid fibers could imprbeeinterfacial fracture toughness by
toughening and reinforcing the adhesive joints.

In Fig. 5 (b), the fracture surface with fiber muit marks and residual epoxy
indicated a strong interfacial bonding conditioheTsurface could only be exposed only
after peeling off the carbon-fiber face sheet, Wwhsuggested that the short aramid
fibers created bridges between the carbon-fibeg et and metal substrate during
crack extension. That is the reason why higherfaxteal toughnes§&c was performed.
Bridged fibers i.e. micro “out-of-plane” short ar@mfibers were the primary
mechanism for the enhanced energy absorption derack extension. Moreover, the
embedded marks of aramid fibers illustrated thatfléxible aramid fibers were pushed
onto the small openings of the uneven surface dalnsebstrate.

It is also evident in Fig. 5 (b) that cracking witithe composite adhesive joint
with the associated fiber-bridging toughening, aidng the interface between the
adhesive joint and metal substrate had occurred.twb different failure modes could
have contributed to the scatters @ measurements shown in Fig. 4, depending on
which mode was more dominant during crack extensidrereby to get effective
interlocking aramid-fiber bridges into the surfacéd a metallic substrate, the
undulations/pores generated from surface roughdmasgo be larger than the diameter
of the aramid fibers. Furthermore, the large scatt€ig. 4 can be reduced by selecting
of an adequate fiber density. It should also betmeed that the toughening mechanism
should be applicable to toughened epoxy or othegtter adhesives.

Fig. 6 shows a cross-section view of the compaositkesive joint between the

carbon-fiber face sheet and aluminum substrate patterned surface finish, and sketch
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on possible toughening mechanisms within plain iatefleaved adhesive joint. Fig. 6
(a) indicats that the flexible short aramid fibeen be pressed into the carbon fiber
layer and onto the uneven substrate surface, di sawty if present.

Fig. 6 (b) illustrates three possible cracking patle. interfacial cracking along the
carbon-fiber face sheet, cracking within the adreepint, and cracking along the metal
substrate. The cracking paths depend on the bormbngitions between the epoxy,
carbon fiber and metal materials. In the presamdystcracking along the carbon-fiber
face sheet was not observed, since the interfateeba face sheet and adhesive is
strong, and the same epoxy is used to make thermdilier face sheet and used as the
adhesive. Consequently, cracking within the adlegomt and along the interface
between metal and adhesive joint is emphasized.&{g) thus shows the two major
cracking paths of plain epoxy adhesive joint, wéhin the adhesive joint and along the
metal interface. The fracture surface within thdemive joint and along the metal
interface also agreed with the observations in %ig.

Fig. 6 (d) shows flexible short aramid fibers codédm micro “out-of-plane”
bridges, generated from crack-deflection and ctarekiching, particularly relevant to
strong interface bonding condition. Even for a thofhesive joint between 10 to 50
microns, aramid fibers with a diameter of aroundut® can still be incorporated into
the adhesive joint forming a composite adhesivatjas proven in Fig. 6 (a). For a
weak bonding/interface between epoxy and metalteatbs the composite adhesive
joint may have little effect. However, for a strobngnding condition, crack deflection,
crack branching and fiber bridging effects whichrevereated by aramid fibers can
significantly enhance the bonding strength and hoegs, particularly for a brittle
adhesive such as epoxy.

For metal substrate with a relatively smooth swafdlee short aramid fibers cannot

12



drop into the surface cavities as the cavities aloexist, or are smaller than the aramid
fibers. Thus straight cracking path between theeswle joint and metal substrate is
more likely to occur, other than deflected or brett cracking within composite
adhesive joint. Therefore, a rougher metal sulestssatface could further enhance the
effect of fiber bridging as illustrated in Fig. @)( Indeed, higheiG¢c values were
measured from the laminates with the metal sulespratished with the #80 sandpaper
(Ra=0.41um), in comparison with the laminates with the stdist polished with the
#2400 sandpaper (Ra=0.2m).

Fig. 7 shows the in-situ formed “fillet reinforcent& on the aluminum foam
substrate, and pullout marks of the composite adégsint. The highesGc of foam
laminates could be explained by toughening mechanis*fillet reinforcement”, where
the aramid-fiber toughened epoxy not only adhecedhé plate surface but also the
vertical walls of open-cell cavities. The presenteshort aramid fibers together with
resin effectively increased the connecting areasd®n the carbon-fiber face sheet and
the thin wall of aluminum foam, and the in-situ rfeed fillet reinforcement was
strengthened by the short aramid fibers. Thistfiéenforcing mechanism shows that
short-aramid-fiber composite adhesive joints witkef fiber ends are preferred over
continuous-fiber interleaf. The free fiber ends #edlibility of tough and strong aramid
fibers are essential for the out-of-plane toughgnaffects from otherwise in-plane

short-aramid-fiber interleaf [23, 29].
5. Conclusion

The effectiveness of the short-aramid-fiber intfrler composite adhesive joints
between carbon-fiber face sheets and aluminum suestwith four different surface
conditions have been examined by measuring theegmonding interfacial fracture

toughness. Based on the quasi-static ADCB measutsiitbe composite adhesive joint
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with interleaved low-density short aramid fibers able to provide higher fracture
toughness than plain adhesive joint, as improvenwénvarying degree has been
observed for all fiber-metal material systems. $mwadly, the aramid-fiber interleaf

with an areal density of 12 gfnis capable to increase tk&: by around 50 % for all

specimens with substrates of different surfaceadtaristics.

Further comparison indicated that the interfagiatture toughness of aramid-fiber
interleave adhesive joints increased via increafesuwface roughness of metal
substrates. The surface-roughness effect of mebstiate mainly depends on whether
the free fiber ends of the short aramid fibers weressed and embedded into the
surface cavities of aluminum substrates accordmgdanning electron microscopy
observations. The aforementioned phenomenon iredidatt the fracture toughness of
aramid-fiber interleaved adhesive joints couldn@roved by surface treatments on the

aluminum substrates to achieve appropriately sanfaaghness.

Acknowledgement

The authors are grateful to the financial suppaftsthe Australian Research
Council, Australia and the Fundamental Researchd$dar the Central Universities.
The authors also would like to thank the UWA CemtféVlicroscopy, Characterization

and Analysis for the technical support to the SEitg

References

[1] Sinmazcelik T, Avcu E, Bora MO and Coban O. A rexi€&iber metal laminates,
background, bonding types and applied test methddterials and Design 2011,
32: 3671-85.

[2] Lau KT, Dutta PK, Zhou LM and Hui D. Mechanics afrtals in an FRP bonded
concrete beam. Composites: Part B 2001; 32: 491-502

[8] Nwosu SN, Hui D and Dutta PK. Dynamic mode Il delsation fracture of
unidirectional graphite-epoxy composites. Compasiart B 2003; 34: 303-16.

14



[4]

[5]

[6]

[7]

[8]

[9]

[10]

[11]

[12]

[13]

[14]
[15]

[16]

[17]

[18]

[19]

[20]

Botelho EC, Campos AN, Barros ED, Pardini LC andddele MC.Damping
behavior of continuous fiber/metal composite matsriby the free vibration
method. Composites: Part B 2006; 37: 255-63.

Sun Z, Jeyaraman J, Sun S, Hu X and Chen H. Cdibenaluminum-foam
sandwich with short aramid-fiber interfacial toughey. Composites: Part A
2012; 43: 2059-64.

Sun Z, Hu X, Sun S and Chen H. Energy-absorptidmecement in carbon-
fiber aluminum-foam sandwich structures from sharamid-fiber interfacial
reinforcement. Composites Science and Technolo@®;207: 14-21.

Wang L, Liu W-Q, Wan L, Fang H and Hui D. Mechanhigerformance of
foam-filled lattice composite panels in four-poittending: Experimental
investigation and analytical modeling. Compositest B 2014; 67: 270-9.
Al-Saidy AH, Klaiber FW and Wipf TJ. Strengtheningf steel-concrete
composite girders using carbon fiber reinforced/p@r plates. Construction and
Building Materials 2007; 21: 295-302.

Nemat-Nasser S, Kang W-J, McGee JD, Guo W-G aratc$sdB. Experimental
investigation of energy-absorption characterisbiéscomponents of sandwich
structures. International Journal of Impact Engimgg2007; 34: 1119-46.

Shi S, Sun Z, Ren M, Chen H, Hu X. Buckling resmom$ advanced grid
stiffened carbon—fiber composite cylindrical shellsth reinforced cutouts.
Composites: Part B 2013; 44: 26-33.

Rizkalla S, Dawood M and Schnerch D. Developmentaotarbon fiber
reinforced polymer system for strengthening staelctures. Composites: Part A
2008; 39:388-97.

Lee B-E, Park E-T, Kim J, Kang B-S and Song W-Jaltical evaluation on
uniaxial tensile deformation behavior of fiber nid¢teminate based on SRPP and
its experimental confirmation. Composites: Pa2oB4; 67: 154-9.

Guo S-J, Yang Q-S, He XQ and Liew KM. Modeling aferface cracking in
copper—graphite composites by MD and CFE methodhf@sites: Part B014;
58: 586-92.

Fiore V, Alagna F, Bella GD and Valenza A. On thectmanical behavior of
BFRP to aluminum AA6086 mixed joints. Compositeartl32013; 48: 79-87.

Shi S, Sun Z, Ren M, Chen H, Hu X. Buckling resis@a of grid-stiffened
carbon-fiber thin-shell structures. Compositest Ba2013; 45: 888-96.

Wang L, Liw W-Q and Hui D. Compression strength hadllow sandwich
columns with GFRP skins and a paulownia wood dBmmposites: Part B 2014;
60: 495-506.

Benachour A, Benyoucef S, Tounsi A and Adda bedia Hterfacial stress
analysis of steel beams reinforced with bonded tgesed FRP plate.
Engineering Structurex)08; 30: 3305-15.

Marannano GV and Pasta A. An analysis of interi@@@amination mechanisms
in orthotropic and hybrid fiber-metal composite laates. Engineering Fracture
Mechanics 2007; 74: 612-26.

Lee KH, Kim BJ, Yoon SH and Lee DG. Durability inogpement of co-cured
carbon/epoxy composite-aluminum laminate with nsize- carbon black at
cryogenic temperature. Journal of Adhesion Science and Technology 2009; 23:
639-49.

Thakre PR, Lagoudas DC, Riddick JC, et. al. Ingasiton of the effect of single
wall carbon nanotubes on interlaminar fracture bmags of woven carbon fiber—
epoxy composites. Journal of Composite Material12@5: 1091-107.

15



[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

[31]

[32]

[33]

[34]

[35]

[36]

[37]

Hsiao N-M. Compression-after-impact strength andfase morphology in
toughened composite materials. International Jowf@racture 2012; 176: 229-
36.

Choi, 1., Lee, DG. Surface modification of Carbabdf/Epoxy composites with
randomly oriented aramid fiber felt for adhesiorresgth enhancement,
Composites: Part 2013; 48: 1-8.

Hu X-Z and Mai Y-W. Mode | delamination and fiberidging in carbon-fiber-
epoxy composites with and without PVAL coating. Qmsites Science and
Technology 1993; 46: 147-56.

Yasaee M, Bond IP, Trask RS and Greenhalgh ES. Moderfacial toughening
through discontinuous interleaves for damage s&gme and control.
Composites: Part A 2012; 43: 198-207.

Yasaee M, Bond IP, Trask RS and Greenhalgh ES. Mibdmterfacial
toughening through discontinuous interleaves fomalge suppression and
control. Composites: Part A 2012; 43: 121-128.

Sohn M-S and Hu X-Z. Mode Il delamination toughnessarbon-fiber epoxy
composites with chopped Kevlar fiber reinforcemeéddmposites Science and
Technology 1994; 52: 439-48.

Sohn M-S, Hu X-Z, Kim J-K and Walker L. Impact dageacharacterisation of
carbon fiber/epoxy composites with multi-layer fencement. Composites: Part
B 2000; 31: 681-91.

Huang B-Z, Hu X-Z and Liu J. Modelling of inter-lamar toughening from
chopped Kevlar fibers. Composites Science and Taolg 2004; 64: 2165-75.
Sun Z, Hu X and Chen H. Effects of aramid-fibre gbening on interfacial
fracture toughness of epoxy adhesive joint betwesgbon-fibre face sheet and
aluminium substrate. International Journal of Adtvesand Adjesives 2014; 48:
288-94.

Shi, S, Sun, Z, Hu, X, Chen, H, Carbon-fiber andmahum-honeycomb
sandwich composites with and without Kevlar-fiberterfacial toughening,
Composites: Part A 2014; 67: 102-10.

Rattan R, Bijwe J and Fahim M. Influence of weav¥ecarbon fabric on low
amplitude oscillating wear performance of Polyethete composites. Wear
2007; 262: 727-35.

Idris MI. Structural integrity of carbon fiber/alunium foam sandwich
composites [D]. Degree of Doctor of Philosophy imatkfials Science and
Engineering, The University of New South Wales 2010

Lin C-T and Kao P-W. Delamination growth and itfeef on crack propagation
in carbon fiber reinforced aluminum laminates und&igue loading. Acta
Materialia 1996; 44: 1181-8.

Sinmazgelik T, Avcu E, Bora MO and Coban O. A rexi€ibre metal laminates,
background, bonding types and applied test methddterials and Desig2011;
32: 3671-85.

Datla NV, Papini M, Ulicny J, Carlson B and SpeK.Jrhe effects of test
temperature and humidity on the mixed-mode fatigakavior of a toughened
adhesive aluminum joint. Engineering Fracture Mechanics 2011; 78: 1125-39.
Ducept F, Gamby D and Davies P. A mixed-mode faileniterion derived from
tests on symmetric and asymmetric specimens. Cdteposcience and
Technology 1999; 59: 609-109.

Zhu G-Z, Zheng C-L and Lu X-F. The influence ofdo# rate on the interfacial
fracture toughness of carbon fiber-metal laminditased on magnesium alloy.

16



[38]

[39]

[40]

[41]

Advanced Materials Research 2011; 328-330: 1373-76.

Cao HC and Evans AG. An experimental study of tfaetéire resistance of
bimaterial interfaces. Mechanics of Materials 1989; 7: 295-304.

Bouchet J, Roche AA and Jacquelin E. The role efgblymer/metal interphase
and its residual stresses in the critical straiergy release ratés¢) determined
using a three-point flexure test. Journal of Adbestcience and Technology
2001; 15: 345-69.

Andrews EH and Stevenson A. Fracture energy of ypesin under plane strain
conditions. Journal of Materials Science 1978; 13: 1680-8

Saleema N, Sarkar DK, Paynter RW, et al. A simpl€fase treatment and
characterization of AA 6061 aluminum alloy surfafr adhesive bonding
applicationsApplied Surface Science 2012; 261: 742-48.

17



Figureand Table Captions

Fig. 1. Different surface conditions of aluminum substrates; (a) 2400# sandpaper

Fig. 2.

Fig.

SN

Fig.

Fig. 5.

Fig. 6.

Fig. 7.

Table

polished surface, (b) 80# sandpaper polished syrféx) patterned surface
comparable to carbon fiber cloth, (d) rough alumri@am surface with pores
up to 5 mm in diameter.

Surface view of distributed short aramidkefi tissue (fiber length: 12 mm).

3. Schematic of Asymmetric Double CantileveraB (ADCB) specimen.
. Average critical energy release rate ofnpéand toughened sandwich specimens

(error bars showing the standard deviation, andlalge scatter for interface-
toughened composites can be at least partiallytalulee difference in cracking
path, i.e. along metal substrate or within the adfgejoint).

Fracture surface on aluminum substrate atteling off the face shedt) plain
specimen with 80# sandpaper surface finish, (lBrftoughened specimen with
the patterned surface finish, the two dotted c&raleowing the pullout marks of
bridging aramid fibers (one with free fiber endjgorally embedded in surface
cavities.

(@) short aramid-fiber toughened adhesigmtjaround 2Qim-thick (the
adhesive thickness varies at different locations tu surface roughness), (b)
sketch of three possible cracking paths within adiee joint, (c) sketch of
adhesive joint without aramid fibers, and two pbkesfailure patterns, (d) sketch
of adhesive joint with reinforcing aramid fibersteE fiber ends of flexible
aramid fibers can be pressed into the above cdibenply and pressed down to
the uneven metal substrate. Such “misalignmentl’ vél reduced for a thinner
adhesive joint.

Insitu formed “filler reinforcement” on the aluminum foam surface; (a) cross-
section view, (b) sketch of the composite adhegmet between carbon-fiber
face sheet and aluminum foam substrate [6] and imgewdirection of SEM
observations, (c) fracture feature close to a #himinum wall between pores,
showing the composite adhesive joint and pulloatise.

1. Properties of the carbon-fiber epoxy fateet, short aramid fibers and
aluminum substrates.

Table 2. Comparison @c of epoxy adhesive joints
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Table 1. Properties of the carbon-fiber epoxy face sheet, short aramid fibers

and aluminum substrates.

Properties Carbon Aramid 6Q61 AIull.ght Alpqras
(Symbol) , . aluminum aluminum aluminum
: fiber/epoxy fiber
[units] alloy foam foam
Density [kg/m] 1530 1400 2800 300-1000 200-250
Young's 3 i
Modulus [GPa] 106 131 69 1.7-12 0.4-1.0
Comp. Strength i i i . i
[MPa] 1.9-14 1.3-1.7
Tensile strength 888 2655 462 2.2-30 1619
[MPa]
Poisson's Ratio 03 03 03 0.31-0.34 0.31-0.34

(v/v1o)




Table 2. Comparison of G¢ of epoxy adhesive joints

Resource Materials system Ge (Im°)

Magnesium-aluminum aloy

Ref. 37 & carbon fiber/epoxy 0.5~2
Ref 38 Aluminum alloy & glass 6~ 05
' fiber/epoxy
: Patterned Aluminum &

This study carbon fiber/epoxy 10~%
Ref. 39 Degreased aluminum & 20~ 66
€poxy
Sandpaper polished
This study Aluminum & carbon 50 ~ 200
fiber/epoxy

Ref 35 Aluminum alloy & 100 ~ 200

toughened epoxy




Fig. 1. Different surface conditions of aluminum substrates; (a) 2400# sandpaper polished
surface, (b) 80# sandpaper polished surface, (c) patterned surface comparable to carbon fiber

cloth, (d) rough aluminum-foam surface with pores up to 5 mm in diameter.



Fig. 2. Surface view of distributed short aramid-fiber tissue (fiber length: 12 mm)



Carbon fibre face sheet

| N| | |
f gl f

L (170 mm) b (20 mm) '

Fig. 3. Schematic of Asymmetric Double Cantilever Beam (ADCB) specimen
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Fig. 4. Average critical energy release rate of plain and toughened sandwich specimens (error
bars showing the standard deviation, and the large scatter for interface-toughened composites
can be at least partially due to the difference in cracking path, i.e. along metal substrate or

within the adhesive joint).



Polished Al substraté
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Embedded fibers
and fiber ends

Fig. 5. Fracture surface on aluminum substrate after peeling off the face sheet; (a) plain
specimen with 80# sandpaper surface finish, (b) fiber-toughened specimen with the patterned
surface finish, the two dotted circles showing the pullout marks of bridging aramid fibers

(one with free fiber end) originally embedded in surface cavities.
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Fig. 6. (a) short aramid-fiber toughened adhesive joint around 20-pum-thick (the adhesive
thickness varies at different locations due to surface roughness), (b) sketch of three possible
cracking paths within adhesive joint, (c) sketch of adhesive joint without aramid fibers, and

two possible failure patterns, (d) sketch of adhesive joint with reinforcing aramid fibers. Free
fiber ends of flexible aramid fibers can be pressed into the above carbon fiber ply and pressed
down to the uneven metal substrate. Such “misalignment” will be reduced for a thinner

adhesive joint.
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Fig. 7. In-situ formed “filler reinforcement” on the aluminum foam surface; (a) cross-section
view, (b) sketch of the composite adhesive joint between carbon-fiber face sheet and
aluminum foam substrate [6] and viewing direction of SEM observations, (c¢) fracture feature
close to a thin aluminum wall between pores, showing the composite adhesive joint and

pullout section.



