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Abstract: Carbon-fiber epoxy composites were bonded to four different types of 

aluminum substrates with different surface roughness and finish. The four aluminum 

substrates considered in this study have the following surface conditions: two solid 

aluminum substrates polished with two different grades of sandpapers, and two porous 

aluminum foams with two different as-received surface conditions, one with a patterned 

surface finish and one with rough pore structures. Moreover, the thin epoxy adhesive 

joints between the carbon-fiber face sheets and aluminum substrates were reinforced by 

adding short aramid fibers. During the fabrication process of the hybrid laminar, 

sparsely-distributed short aramid fibers were inserted between the fiber-metal interface 

to promote bridged fibers for tougher and stronger adhesive bonding, while at the same 

time to minimize any significant change in the thickness of the adhesive joint. 

Measurements of the critical energy release rate showed that the toughening effects of 

the low-density short aramid fibers were influenced by the metal-substrate surface 

roughness and finish. Further comparison indicated that the interfacial fracture 

toughness of aramid-fiber interleave adhesive joints increased via increase of surface 

roughness of metal substrates. The surface-roughness effect of metal substrate mainly 

depends on whether the free fiber ends of the short aramid fibers were pressed and 

embedded into the surface cavities of aluminum substrates according to scanning 
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electron microscopy observations. The results indicated that the properties and 

performances of aramid-fiber interleaved adhesive joints between the carbon-fiber face 

sheets and aluminum substrates could be improved by surface treatments on the 

aluminum substrates to achieve appropriately surface roughness.  

Keywords: A. Aramid fiber; A. Hybrid; B. Adhesion; B. Fracture toughness; Composite 

adhesive joint 

 

1. Introduction  

Carbon-fiber epoxy composites would provide higher specific stiffness, specific 

strength, fatigue and corrosion resistance than metals, yet, poor impact energy 

absorption and poor residual strength after impact and delamination [1 – 3]. Therefore, 

carbon-fiber composites and metal substrates are frequently combined to form hybrid 

structures for outstanding performance. For instance, fiber metal laminates [1, 4], fiber-

metal-foam sandwich [5 – 7] and fiber composites reinforced steel-concrete structures 

[2, 8] have been explored and developed in aerospace, marine, automotive and civil 

construction [9 – 16]. 

For fiber metal hybrid structures consisting of carbon-fiber face sheet on metal 

substrate, the interface between the face sheet and substrate withstands high in-plane 

shear stress and out-of-plane stress [17], due to the difference in stiffness between the 

two different materials and free boundary effects [17]. Meanwhile, interfacial 

debonding, which may be induced by local contact, low energy impact, accidental 

excessive loading, or defects during composite processing, are commonly observed in 

fiber-metal hybrid structures [18]. The high stress level and frequent debonding of fiber-

metal interface frequently lead to progressive damage of interface and fatal failure of 

fiber-metal hybrid structures. Therefore, the global performances of the fiber-metal 
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hybrid structures are often limited by fracture toughness and strength of interface rather 

than stiffness or strength of fiber composites or metal material. Therefore, the interfacial 

fracture toughness and toughening method are suggested to be crucial for the fiber-

metal hybrid structures, and thus are the focuses of the present study. 

Interleave methods [5, 19] are commonly used for fiber/fiber interface to increase 

the fracture toughness and energy release rate of interfacial adhesive joints. Common 

interleave materials include nano-tubes, particles, short fibers, thermoplastic and 

thermoset adhesive films [5, 20 - 25]. Recent study by Yasaee [24, 25] on comparisons 

between various interleave methods shows that the short aramid fiber interfacial 

toughening is among the most effective based on both Mode-I and -II fracture toughness 

measurements of fiber/fiber interface. According to the previous study by Sohn, Walker 

and Hu [26 - 28], delamination and debonding at fiber/fiber interface were suppressed 

by microscopic out-of-plane “Z-directional” fiber bridges, which were provided by 

macroscopic in-plane interleaved short aramid fibers. 

However, the interleave methods were not yet fully developed for toughening of 

adhesive joints between carbon fiber composites and metal substrates, which are 

becoming increasingly important nowadays, e.g. carbon fiber reinforced/repaired steel 

structures for building repairing [11] and CARALL [1] for space applications. 

Recent study of the authors has showed that the short-aramid-fiber interleave 

method can also be used to enhance the interfacial fracture toughness between carbon-

fiber face sheet and aluminum-foam substrate [5, 6], and between carbon-fiber face 

sheet and patterned aluminum substrate [29]. Meanwhile, Shi [30] experimentally 

proved that the short aramid fiber interleave method could prevent interfacial debonding 

failure of carbon-fiber-aluminum-honeycomb sandwich structures under both bending 

load and compressive load. However, the parameters of the aramid-fiber interleave, e.g. 
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fiber density, fiber length and thickness of adhesive joint, in the aforementioned 

references [5, 6, 29, 30] are different. Moreover, the surface roughness of the metal 

substrates, i.e. patterned aluminum substrate and aluminum foam, were different. In 

other words, the surface-roughness effects on the interfacial fracture toughness of 

interleaved adhesive joints were not yet understood.  

One additional potential benefit of understanding the surface-roughness effects is 

advising surface treatments on metal substrates to create a proper surface roughness for 

higher interfacial properties. Therefore, a quantitative comparative study on surface-

roughness effects of the metal substrate on the fracture toughness of interface with 

aramid-fiber interleave method is necessary.  

The objective of this study is to examine the aramid-fiber interleave methods for 

adhesive joints of carbon-fiber-metal hybrid structures with metal substrates of various 

surface roughness. The fracture toughness of plain and aramid-fiber interleaved epoxy 

adhesive joints between carbon-fiber face sheets and aluminum substrates with four 

different surface conditions are measured and compared under Asymmetric Double 

Cantilever Beam (ADCB) condition. The surface-roughness effects of metal substrates 

on fiber-metal interfaces with aramid-fiber interleaf are examined. In addition, micro 

scanning electron microscopy (SEM) observations were conducted on the fracture 

surface to fully understand the toughening mechanism of the aramid-fiber interleaf on 

fiber metal hybrid structures, and to understand the surface-roughness effect on 

interfacial fracture toughness.  

 

2. Carbon-fiber aluminum laminates preparation 

2.1 Materials 

In this study, RC200T/1270 2×2 twill weave (3K) carbon-fiber fabric with an areal 
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density of 200 g/m2 was used as the face-sheet material. Sandpaper polished 6061 

aluminum alloy, Alulight closed-cell aluminum foam with twill-weave surface finish 

and Alporas closed cell aluminum foam were used as metal substrates to provide 

surfaces with different conditions and finish. SiC sand papers were chose due to the 

simplicity in preparation. Another practical reason is that carbon fibers are frequently 

used to repair metal structures. Surface preparation using sandpaper is convenient for 

the repairing process, and can be a feasible option. 

The short aramid fibers utilized in this study were prepared from Kevlar 49 TM 

with a diameter of about 12 µm developed by E.I DuPont, while the West System z105 

epoxy resin was mixed with slow hardener 206 to create mixed resin. The main 

properties of the carbon-fiber epoxy face sheet, aluminum substrate and short aramid 

fibers, adapted from references [28, 31, 32], are listed in Table 1. The surfaces of 

aluminum substrates are showed in Fig. 1. Surface roughness values, quantified by Ra, 

of 2400#, 80# sandpaper polished and twill-weave patterned aluminum substrate are 

0.29 µm, 0.41 µm and 1.42 µm respectively, measured by Mitutoyo Surftest SJ-210. The 

surface of Alporas closed cell aluminum foam is distributed with rough pore structures 

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

 

2.2 Short aramid fiber preparation 

The aramid fiber (Kevlar 49 TM) was initially chopped into 6mm-length, which is 

the typical length used and recommended in ref [5, 6]. The chopped aramid-fiber 

strands were next stirred in a blender with blunt blade to produce well-dispersed cotton-

like aramid fibers [5]. The cotton-like aramid fibers were then capable to make 

macroscopically sparsely-distributed thin tissues with desired densities. As an example, 

the surface view of an aramid-fiber tissue showing the random distributions of short 
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aramid fibers is shown in Fig. 2. The areal density of the short-aramid-fiber tissues used 

in this study is 12 g/m2, following refs [5, 6]. In addition, the thin “composite adhesive 

joints” can effectively prevent a direct contact between the carbon fibers and metal 

substrates, therefore inhibiting any potential electro-chemical corrosion issue [33] in the 

hybrid structure. 

 

2.3 Manufacturing of fiber metal laminates  

The surfaces of aluminum substrates were firstly degreased using acetone. Then, 

carbon fiber fabric, aramid-fiber tissue and aluminum substrate were impregnated by 

epoxy resin. After that, carbon fiber pre-pregs, impregnated aramid-fiber tissue, 

aluminum-foil pre-crack and aluminum substrate were placed sequentially in mold. The 

plain specimens were carbon fiber aluminum laminates with pure epoxy adhesive joints 

(without aramid-fiber tissue). While the toughened specimens were carbon fiber 

aluminum laminates with aramid-fiber interleaved adhesive joints. 

The pre-crack was created by inserting two layers aluminum foil between carbon-

fiber face sheet and metal substrate during sample preparation. 10 layers of 0o carbon 

fiber fabric were used as face sheet in this study. Two additional layers of carbon-fiber 

fabric were added to the bottom of Alporas aluminum foam arm to increase the bending 

stiffness of the bottom arm and provide a smooth surface for assembly of the loading 

block [5]. Hot press method was used to manufacture the fiber metal laminates [34]. A 

constant curing pressure of 0.6 MPa was used. And the curing temperature stayed at 110 

oC for half an hour and 140 oC for another half an hour before cooled down to room 

temperature as suggested [5, 6]. 

 

3. Experimental set-up for interfacial fracture toughness measurement 
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3.1 Specimen design and dimension  

The ADCB geometry [35] was chosen to measure the interfacial fracture toughness 

quantified as critical energy release rate (GC) for cracking along the aramid-fiber 

interleaved interface. Due to the difference in stiffness between the carbon-fiber face 

sheets and aluminum substrates and the ADCB geometry, GC measurements are mixed-

mode energy release rates. Separations of Mode-I and Mode-II from the mixed-mode 

energy release rates are also possible, following Ducept [36]. In this study, the following 

assumptions of continuum mechanics are all valid: 1. The materials have no defects. 2. 

The properties of all materials remain constant as shown in Table 1. 3. The mass/energy 

conservation laws are applicable. The validity of the assumptions of continuum 

mechanics indicates the validity of the mixed-mode measurements of GC. 

Fig. 3 shows a sketch of the ADCB specimen. The total length L and width b of the 

specimen were 170 mm and 20.0 mm respectively. A pre-crack with 50-mm length and 

24-µm thickness was created by inserting two layers of 12-µm-thick aluminum foil 

between 1.5-mm-thick carbon-fiber face sheet and 15-mm-thick aluminum substrate. 

Load blocks were bonded to both top and bottom surface.  

 

3.2 Testing condition and evaluation of GC 

Instron 4301 mechanical testing machine was used to conduct the quasi-static 

ADCB test for measuring the interfacial toughness, quantified as critical energy release 

rate (GC). Displacement control mode with a speed of 2 mm/min for both loading and 

unloading was selected. While the applied load was measured by a 5,000 N load cell.  

The ADCB specimens were firstly loaded with the quasi-static rate of 2 mm/min. 

When the crack extended for 3 – 5 mm, the displacement loading was stopped. Then the 

specimens were unloaded to zero load to finish a loading-unloading cycle. The loading-
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unloading cycles were repeated until crack extended to up to 50 mm in this study. The 

crack extension was measured during the unloading stage, because the interfacial crack 

would not extend. The crack extension was measured on the side surface of specimen, 

using an 8×magnification optical travelling microscope with a screw-driven micrometer. 

The critical energy release rate GC, which is the strain energy absorption ability per 

unit area during crack extension, is calculated as the quotient of energy absorption 

during interfacial crack extension divided by area of crack extension, as follows: 

1/ /cG b U a= ⋅∆ ∆                                                    (1) 

where ∆U is the energy absorption during interfacial crack extension, ∆a is the 

corresponding crack-extension length and b is the width of specimen. The energy 

absorption during interfacial crack extension was measured using the area under the 

load-deflection curve minus the strain energy estimated from the unloading curve. The 

crack tip radius is important for the initial value of GC, however after crack extension 

the initial radius has little influence on subsequent measurements. Due to the 

microscopically uneven surface of metal substrate, the adhesive thickness varies from 

around 10 to 50 microns. The adhesive thickness variation was due purely to the surface 

roughness variation. To limit variables, the crack tip radius and average adhesive 

thickness were kept as 12 and 24 µm in this paper.  

 

4. Experimental results and discussion 

4.1 Interfacial fracture toughness  

Plain and short-aramid-fiber interleaved specimens with various aluminum 

substrates were tested using the ADCB methodology described in Section 3. Crack 

extension up to 50 mm, which is much longer than the length of the interleaved aramid 

fibers (6 mm), was measured to ensure the fully development of fiber-bridging effect. 
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The debonding deflected within the interface zone between carbon-fiber face sheet and 

metal substrate, sometimes within the composite adhesive joint and sometimes along 

the metal substrate.  

A comparison of GC of adhesive joints without aramid fibers was presented in 

Table 2. The fact that GC of brittle epoxy bonded plain specimens in the present study 

agrees well with previously reported GC, for example, brittle epoxy bonded aluminum 

alloy & carbon fiber [37], aluminum & glass fiber [38], epoxy bonded aluminum alloy 

[39] and toughened epoxy bonded aluminum alloy [35], thus, indicates the validity of 

the measurements in this study. The primary adhesive concerned in the present study 

was limited to the common epoxy used for carbon fiber composites so that the surface 

roughness and its interaction with the composite adhesive joint could be emphasized, 

which should still be applicable even if tougher adhesives were considered.  

The average values and standard deviations of GC for crack increments from 5 mm 

to 50 mm of fiber-metal interface are shown in Fig. 4. The average GC of plain 

specimens are 105, 174, 27 and 1566 J/m2 for #2400 sandpaper polished, #80 sandpaper 

polished, twill-weave patterned and Alporas foam aluminum substrate respectively, 

while the average GC of the 6-mm aramid-fiber toughened specimens are 151, 441, 511 

and 2720 J/m2 respectively. The validity of the measurements for the aramid-fiber 

toughened specimens was verified by comparing with GC (around 357 – 457 J/m2) of 

aramid-fiber toughened epoxy (fiber density 12 g/m2, fiber length 12 mm, thickness of 

aramid-fiber toughened zone 24 µm) [29, 40]. It is indicated that GC of fiber metal 

laminate with various aluminum substrates have been enhanced due to the low-density 

short-aramid-fiber interleaf or composite adhesive joints. It is also indicated that the GC 

of toughened specimens increase due to the increase in roughness of aluminum 

substrate. 
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The GC values of both plain and toughened specimens show scatters. The scatter 

was mainly due to the following reasons: (1) different cracking paths, namely crack 

extensions along the interface between the metal substrate and adhesive joint, or within 

the plain or interleaved adhesive joint, where bridged fibers may exist, (2) relatively 

narrow width of specimens (20 mm) in comparison with the aramid-fiber length (6 

mm), that aramid-fiber tissue exhibited microscopically uneven distribution. The scatter 

in adhesive properties appears to be normal if failure can occur along the interface and 

within the adhesive joint [41]. The scatter can be reduced if a strong bonding between 

the metal substrate and adhesive joint can be achieved, and if the aramid fiber length is 

relatively small in comparison to the specimen width, for example, in a real structure. 

The different failure modes, underlying toughening mechanism and surface-

roughness effect will be discussed in following section in conjunction with SEM 

observations. 

 

4.2 Fractography and surface-roughness effect 

SEM observation on fracture surfaces of specimens was also carried out to fully 

understand the toughening mechanisms of aramid-fiber interleaved adhesive joints. The 

fracture surfaces were firstly coated by gold and then examined using a Phillips XL30 

SEM at magnifications of 300 times and voltage accelerations of 15kV.  

Fig. 5 (a) & (b) respectively showed typical fracture surfaces on the sandpaper-

polished substrate bonded with plain epoxy adhesive joint and patterned-surface 

substrate bonded with interleaved adhesive joint. Back-scattered electrons (BSE) 

observation in Fig. 5 (a) & (b) showed both the aluminum substrate (bright area) and 

epoxy resin (dark area) on the fracture surface. The evidence in Fig. 5 confirmed that 

the two major cracking paths were crack along the metal-substrate surface and crack 
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within the adhesive joints. The fact that both cracks along the metal-substrate surface 

and within the adhesive joints were observed for plain and toughened specimens 

suggested that adding aramid fibers could improve the interfacial fracture toughness by 

toughening and reinforcing the adhesive joints. 

In Fig. 5 (b), the fracture surface with fiber pullout marks and residual epoxy 

indicated a strong interfacial bonding condition. The surface could only be exposed only 

after peeling off the carbon-fiber face sheet, which suggested that the short aramid 

fibers created bridges between the carbon-fiber face sheet and metal substrate during 

crack extension. That is the reason why higher interfacial toughness GC was performed. 

Bridged fibers i.e. micro “out-of-plane” short aramid fibers were the primary 

mechanism for the enhanced energy absorption during crack extension. Moreover, the 

embedded marks of aramid fibers illustrated that the flexible aramid fibers were pushed 

onto the small openings of the uneven surface of metal substrate. 

It is also evident in Fig. 5 (b) that cracking within the composite adhesive joint 

with the associated fiber-bridging toughening, and along the interface between the 

adhesive joint and metal substrate had occurred. The two different failure modes could 

have contributed to the scatters in GC measurements shown in Fig. 4, depending on 

which mode was more dominant during crack extension. Thereby to get effective 

interlocking aramid-fiber bridges into the surface of a metallic substrate, the 

undulations/pores generated from surface roughening has to be larger than the diameter 

of the aramid fibers. Furthermore, the large scatter in Fig. 4 can be reduced by selecting 

of an adequate fiber density. It should also be mentioned that the toughening mechanism 

should be applicable to toughened epoxy or other tougher adhesives.  

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

carbon-fiber face sheet and aluminum substrate with patterned surface finish, and sketch 
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on possible toughening mechanisms within plain and interleaved adhesive joint. Fig. 6 

(a) indicats that the flexible short aramid fibers can be pressed into the carbon fiber 

layer and onto the uneven substrate surface, or small cavity if present.  

Fig. 6 (b) illustrates three possible cracking paths, i.e. interfacial cracking along the 

carbon-fiber face sheet, cracking within the adhesive joint, and cracking along the metal 

substrate. The cracking paths depend on the bonding conditions between the epoxy, 

carbon fiber and metal materials. In the present study, cracking along the carbon-fiber 

face sheet was not observed, since the interface between face sheet and adhesive is 

strong, and the same epoxy is used to make the carbon-fiber face sheet and used as the 

adhesive. Consequently, cracking within the adhesive joint and along the interface 

between metal and adhesive joint is emphasized. Fig. 6 (c) thus shows the two major 

cracking paths of plain epoxy adhesive joint, i.e. within the adhesive joint and along the 

metal interface. The fracture surface within the adhesive joint and along the metal 

interface also agreed with the observations in Fig. 5. 

Fig. 6 (d) shows flexible short aramid fibers could form micro “out-of-plane” 

bridges, generated from crack-deflection and crack-branching, particularly relevant to 

strong interface bonding condition. Even for a thin adhesive joint between 10 to 50 

microns, aramid fibers with a diameter of around 12 µm can still be incorporated into 

the adhesive joint forming a composite adhesive joint as proven in Fig. 6 (a). For a 

weak bonding/interface between epoxy and metal substrate, the composite adhesive 

joint may have little effect. However, for a strong bonding condition, crack deflection, 

crack branching and fiber bridging effects which were created by aramid fibers can 

significantly enhance the bonding strength and toughness, particularly for a brittle 

adhesive such as epoxy.  

For metal substrate with a relatively smooth surface, the short aramid fibers cannot 
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drop into the surface cavities as the cavities do not exist, or are smaller than the aramid 

fibers. Thus straight cracking path between the adhesive joint and metal substrate is 

more likely to occur, other than deflected or branched cracking within composite 

adhesive joint. Therefore, a rougher metal substrate surface could further enhance the 

effect of fiber bridging as illustrated in Fig. 6 (d). Indeed, higher GC values were 

measured from the laminates with the metal substrate polished with the #80 sandpaper 

(Ra=0.41 µm), in comparison with the laminates with the substrate polished with the 

#2400 sandpaper (Ra=0.29 µm). 

Fig. 7 shows the in-situ formed “fillet reinforcement” on the aluminum foam 

substrate, and pullout marks of the composite adhesive joint. The highest GC of foam 

laminates could be explained by toughening mechanism of “fillet reinforcement”, where 

the aramid-fiber toughened epoxy not only adhered to the plate surface but also the 

vertical walls of open-cell cavities. The presence of short aramid fibers together with 

resin effectively increased the connecting areas between the carbon-fiber face sheet and 

the thin wall of aluminum foam, and the in-situ formed fillet reinforcement was 

strengthened by the short aramid fibers. This fillet-reinforcing mechanism shows that 

short-aramid-fiber composite adhesive joints with free fiber ends are preferred over 

continuous-fiber interleaf. The free fiber ends and flexibility of tough and strong aramid 

fibers are essential for the out-of-plane toughening effects from otherwise in-plane 

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

5. Conclusion 

The effectiveness of the short-aramid-fiber interleaf or composite adhesive joints 

between carbon-fiber face sheets and aluminum substrates with four different surface 

conditions have been examined by measuring the corresponding interfacial fracture 

toughness. Based on the quasi-static ADCB measurements, the composite adhesive joint 
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with interleaved low-density short aramid fibers is able to provide higher fracture 

toughness than plain adhesive joint, as improvement of varying degree has been 

observed for all fiber-metal material systems. Specifically, the aramid-fiber interleaf 

with an areal density of 12 g/m2 is capable to increase the GC by around 50 % for all 

specimens with substrates of different surface characteristics.  

Further comparison indicated that the interfacial fracture toughness of aramid-fiber 

interleave adhesive joints increased via increase of surface roughness of metal 

substrates. The surface-roughness effect of metal substrate mainly depends on whether 

the free fiber ends of the short aramid fibers were pressed and embedded into the 

surface cavities of aluminum substrates according to scanning electron microscopy 

observations. The aforementioned phenomenon indicates that the fracture toughness of 

aramid-fiber interleaved adhesive joints could be improved by surface treatments on the 

aluminum substrates to achieve appropriately surface roughness. 
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Figure and Table Captions 

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). 

Fig. 3. Schematic of Asymmetric Double Cantilever Beam (ADCB) specimen. 

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). 

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.  

Fig. 6. (a) short aramid-fiber toughened adhesive joint around 20-µm-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. 

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. 

 

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

Table 2. Comparison of GC 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 
(Symbol) 
[units] 

Carbon 
fiber/epoxy  

Aramid 
fiber  

6061 
aluminum 

alloy 

Alulight  
aluminum 

foam  

Alporas 
aluminum 

foam  

Density [kg/m3] 1530 1400 2800 300-1000 200-250 

Young’s 
Modulus [GPa] 

106 131 69 1.7-12 0.4-1.0 

Comp. Strength 
[MPa] 

- - - 1.9-14 1.3-1.7 

Tensile strength 
[MPa] 

888 2655 462 2.2-30 1.6-1.9 

Poisson’s Ratio 
(ν/ν12) 

0.3 0.3 0.3 0.31-0.34 0.31-0.34 
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Table 2. Comparison of GC of epoxy adhesive joints  

Resource Materials system GC (J/m2) 

Ref. 37 
Magnesium-aluminum alloy 

& carbon fiber/epoxy 
0.5 ~ 2 

Ref. 38 
Aluminum alloy & glass 

fiber/epoxy 
6 ~ 25 

This study 
Patterned Aluminum & 

carbon fiber/epoxy 
10 ~ 40 

Ref. 39 
Degreased aluminum & 

epoxy 
20~ 66 

This study 
Sandpaper polished 
Aluminum & carbon 

fiber/epoxy 
50 ~ 200 

Ref. 35 
Aluminum alloy & 
toughened epoxy 

100 ~ 200 
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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.  
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Fig. 2. Surface view of distributed short aramid-fiber tissue (fiber length: 12 mm) 
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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).  
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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-µm-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.     

 


