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A B S T R A C T

A considerable weight reduction in thermoset-based composite is attained by replacing mechanical fasteners
with a structural adhesive during the secondary bonding. The quality of this adhesively-bonded joint greatly
depends on the surface preparation strategies applied to the mating composites as they influence the surface
morphology, topography, interface composition, and mechanical performance of the adherend–adhesive inter-
phase. We reviewed the recent progress of surface preparation strategies generally employed for the aerospace
or automotive-grade thermoset composites (carbon/epoxy and glass/epoxy). Then, we briefly reviewed the
role of each of them in promoting adhesion mechanisms, 𝑖.𝑒., mechanical interlocking, adsorption/chemical
bonding, and diffusion. Subsequently, we analyzed qualitatively and quantitatively the effects on indicators
associated with surface characteristics of the treated surface and mechanical performance metrics. Finally, we
discussed two emerging solutions, namely substrate patterning, and adhesive tailoring. Our analysis shows
that creating heterogeneity in the composite adherends or adhesive enables effective tuning of the joint
performances.

1. Introduction1

Fiber-reinforced laminated composites are increasingly used to man-2
ufacture aerospace or automotive structures owing to their excellent3
fatigue life, non-corrosive nature, and weight-saving capability [1–4
3]. The weight-saving capability is achieved by minimizing the use5
of classical mechanical fasteners (rivet, bolt) to join composite parts,6
which are structurally heavy, corrosive, and causing stress concen-7
trations [4]. To replace the mechanical fasteners, bonding strategies,8
which contribute to the weight-saving concept, are employed, namely9
co-curing, co-bonding and secondary bonding [4,5] (see Fig. 1a). Co-10
curing refers to the combination of two uncured parts (with or without11
adhesive), and their subsequent curing by the same process. Co-bonding12
refers to the scenario where one uncured part is combined with a13
cured part (where adhesive may also be used), and subsequently cured14
by the same process. Secondary bonding corresponds to the bonding15
of two cured parts using a structural adhesive that is subsequently16
cured. Among these joining techniques, co-curing and co-bonding are17
mostly used in the initial stage of aircraft manufacturing, yielding good18
bonding properties and large structures. However, co-curing and co-19
bonding generally require expensive tooling. Secondary bonding, in20
contrast, is more versatile, as it offers faster assembly, easier handling,21

∗ Corresponding author.
E-mail address: gilles.lubineau@kaust.edu.sa (G. Lubineau).

lower manufacturing cost, and can be implemented at the later stage of 22
structural integration, providing more flexibility in the fabrication cy- 23
cle [6,7]. Therefore, secondary bonding is quite attractive for numerous 24
industries, as it fully unlocks both cost-effectiveness and weight-saving 25
capability. 26

Historically, secondary bonding was adopted to bond metallic 27
parts [8], e.g., the rocket nozzle of MX spacecraft [9]. With the 28
increasing use of composites in modern aircraft, secondary bonding 29
is adopted to fabricate the stiffener-to-ribs connection in the A380 30
vertical/horizontal tail-plane [10]. During operation and maintenance, 31
secondary bonding has been used as a repair scheme for damaged 32
parts [11–13], as the secondary-bonded part exhibits a similar strength 33
to a co-cured or co-bonded structure [14]. Albeit promising, secondary 34
bonding considerably relies on numerous factors, i.e., surface prepa- 35
ration/treatment, adhesive type, adherend/substrate materials, joint 36
geometry (bondline thickness, joint configuration, overlap length), 37
environment, and curing process [15–23]. Surface preparation is recog- 38
nized to be among the most critical factors [24,23]. It largely modifies 39
the morphology, topography and chemical composition of the mating 40
substrates, where the contaminant removal, intermolecular interactions 41
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Fig. 1. (a) Schematic representation of strategies deployed for joining composite materials in aerospace, aviation and automotive industries. Because of enhanced flexibility, late
integration of secondary bonding is conducive to the fabrication of modern lightweight airframes and automotive body-in-white; (b) classical chain of research and development
activities carried out for the implementation and optimization of surface treatments.

(e.g., physical adsorption, chemical adsorption), and mechanical in-1
terlocking of the adhesive within surface asperities are all affected.2
Furthermore, surface preparation eventually determines the strength3
and fracture toughness of bonded substrates, as well as the composite4
integrity [25,21]. All these surface preparation aspects (analysis of5
morphology, topology, surface energy, strength/toughness, toughening6
mechanisms, and tailoring performances) are summarized in a classical7
chain shown in Fig. 1b, and are subject to the exciting research and8
development activities.9

In terms of surface preparation methods, the aerospace industry10
generally employs peel ply to treat a relatively large surface prior to11
bonding process [10,21]. The automotive industry usually adopts more12
delicate techniques, such as plasma [26,25,10,27] or flame [28,29],13
as the treated surface of these parts can be relatively small. Solvent14
cleaning [30,31], sanding [32], grit blasting [10,24,32], corona dis-15
charge [33], and two methods that recently received some attention,16
chemical functionalization [34,35] and laser irradiation [25,10,36–39],17
are among other employed methods.18

Because surface preparation or treatment is a highly active re-19
search area, its development has been reviewed in some published20
studies concerning metallic and composite joints [33,40,41,15,25,42,21
27,31,13,39]. Several reviews focused on identifying various treat-22
ments for preparing the surface of certain materials. Critchlow and23
Brewis [40] identified 41 treatments for metallic bonded joints (alu-24
minum). Wingfield [33] reviewed various treatments for thermoset25
or thermoplastic composites, and discussed their effects on the joint26
strength. Baldan [15] produced a considerably complete review of var-27
ious treatments for polymers, composites, and metals, as well as their28
relationship with the surface energy, roughness, chemistry, strength29
and durability of bonded joints. The review on treatments for joining30
dissimilar materials is provided in Ref. [41] for titanium-composites,31
and Ref. [43] for aluminum-composites. More recent reviews generally32
focus on specific treatments for certain purposes, e.g., plasma and33
laser treatments for adhesively bonded composite patches [25], grit34
blasting and plasma for composite and metal-to-composite joints [42],35
plasma treatments for biomedical polymers [27], and laser treatment36
for metal substrates [39]. These reviews emphasize that surface treat-37
ment generally modifies the surface (morphology, topography, wetta-38
bility, surface energy) and mechanical (strength, toughness) charac-39
teristics. Nonetheless, increasing use of high-performance thermoset40

composites (carbon/epoxy, glass/epoxy) for automotive and aerospace 41
structures demands a thorough review of treatments adopted for these 42
materials. Such a review, however, is not available to date. 43

Our study reviews the recent developments in the treatments for 44
thermoset-based composite materials (carbon/epoxy or CFRP; 45
glass/epoxy or GFRP) used in aerospace and automotive industries. 46
The analysis in this review is based on a mechanistic and quantitative 47
point-of-view that clarifies the advantages and disadvantages of each 48
technique, and how some treatments are used to activate the adhesion 49
mechanism and to improve surface and mechanical indicators. We 50
tabulate the relationship between adhesion mechanisms (mechani- 51
cal interlocking, adsorption/chemical bonding, diffusion) and surface 52
preparation methods, and the modification level in terms of surface 53
and mechanical indicators derived from numerous published studies 54
spanning the past 25 years. Furthermore, we provide an overview of 55
modern solutions enabled by surface preparations. 56

This paper is organized as follows. The second section reviews 57
the most common surface preparation strategies for thermoset-based 58
composites, namely peel ply, solvent cleaning, detergent washing, 59
sanding, blasting, etching (acid and base), corona discharge, plasma, 60
flame, chemical functionalization, and laser treatments. The third 61
section provides a possible link between surface preparation methods 62
and adhesion mechanisms, including mechanical interlocking, adsorp- 63
tion/chemical bonding, and diffusion [44]. The fourth section dis- 64
cusses the effect of surface preparation strategies on surface indicators 65
(𝑖.𝑒., morphology, roughness, wettability, contact angle, surface energy, 66
and chemistry) and mechanical indicators (𝑖.𝑒., strength, Mode I and 67
Mode II toughness of the joints). Finally, we highlight that, despite the 68
importance of improving intrinsic adhesion through surface prepara- 69
tion, the ability to inhibit damage progression is crucial. Thus, the last 70
section discusses modern solutions for controlling joint performance 71
utilizing surface treatments that include methods to introduce local 72
toughening [45–47] and novel dissipation mechanisms (e.g., extrinsic 73
toughening by ligaments) [48,49,36,37,50–53]. 74

2. Surface preparation strategies for thermoset-based composites 75

2.1. Peel ply treatment 76

Peel ply treatment is a method for attaching and removing textured 77
fabric on a pre-impregnated (pre-preg) composite surface before the 78
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curing process. Peel ply has been used in industry to treat pre-preg1
thermoset composites (carbon- and glass-epoxy) before co-bonding or2
the secondary bonding process. As a surface preparation strategy, peel3
ply ensures good repeatability, easy application and removal, and cost4
effectiveness [54–57]. Two peel ply products have been employed for5
thermoset pre-preg: dry peel ply and wet peel ply (known as ‘tear-ply’6
with a partially cured resin [55]).7

Dry peel ply is used to remove the outermost portion of the surface8
matrix, and replace it with a fresh, textured resin layer. This process9
creates a repetitive pattern on the cured surface unique to the selected10
textured fabric, and leaves a topology that is characterized by matrix11
protrusions (due to the shape of fiber tows) and arrays of trenches12
(due to transition between warp and weft tows, or the arrangement of13
individual fibers) [58,59]. This topology inherently exhibits a surface14
roughness, and contributes significantly to the activation of mechanical15
interlocking [60] that improves joint strength and toughness [61,54,16
62–64,59]. Factors affecting the texture and roughness are (i) peel17
ply material [21] with a typical layer thickness of 110–150 μm [64],18
such as polyamide [54,59,64,37,32], polyester [61,54,62,65,63,64],19
and glass [58,59,66]; (ii) woven type of peel ply, such as plain and20
twill [59]; (iii) tow characteristics of the woven type (for example, 300021
fibers in an individual tow; individual fiber diameter typical ranging 6–22
29 μm) [59,62]. Polyamide peel ply yields lower surface roughness and23
higher nitrogen content on the CFRP surface than polyester peel ply,24
thus affecting the bonding with epoxy. Consequently, the Mode I frac-25
ture toughness of polyamide treated-CFRP is 80% lower than polyester26
treated-CFRP [57]. The woven type and tow characteristics mostly27
affect the desired texture and roughness. Furthermore, the removal of28
peel ply is facilitated with the selection of a large fiber diameter, wider29
warp/weft, and thick peel ply [67,59]. The peel ply manufacturers30
generally coat the surface of the peel ply using a release agent, such31
that users can easily remove it from the cured composite. The peeling32
angle of peel ply removal from composite surface can be set between33
135◦ and 150◦ to further lighten its removal, as the force required at34
this angle is the lowest. However, traces of the release agent contain35
some contaminants (fluorine, nitrogen, or silicon) [33,58,59,57], which36
significantly degrade bonding properties. Post-treatments, such as light37
sanding, grit blasting, atmospheric plasma, are performed to remove38
silicon or fluorine contaminant [15,59].39

The second type of peel ply product, tear-ply, not only imprints a40
texture on the composite surface, but also allows a molecular mobility41
(diffusion) of polymers from the surface of both tear-ply and pre-preg,42
causing the formation of a resin-rich layer. Because of this, tear-ply43
may cause a slight reduction in the bending stiffness of the substrate.44
Moreover, the tear-ply resin is not always compatible with the pre-preg45
resin [41], increasing the risk of matrix damage upon removal of tear-46
ply from the cured surface [15]. Thus, tear-ply is not as popular for47
treating thermoset composites.48

2.2. Solvent cleaning49

A solvent is a compound that dissolves other substances, forming a50
liquid mixture referred to as a solution, without chemically changing51
them [68]. In the context of surface preparation, solvent cleaning52
involves a process of removing contaminants (dust, debris, chemicals,53
release agents) [65] and degreasing [5] the surface of adherends using54
different types of solvents including isopropanol (IPA) [69], methyl–55
ethyl–ketone (MEK) [70,24,29], and acetone [7,70]. Solvent cleaning56
is generally applied to cured composites (thermoset or thermoplastic),57
plastic, and metals. The underlying mechanism of solvent cleaning58
involves the selective attraction of the contaminants, and the removal59
of these contaminants from the surface being cleaned.60

The solvent cleaning is performed by simple wiping (using a soft61
wipe that is fresh, clean, lint-free tissue, or cotton [7]), spraying or us-62
ing an ultrasonic-assisted technique (bath ultrasonication). When a soft63
wipe is used, it is ideally used only once to avoid cross-contamination64

during the wiping process itself [7]. When a soft wipe accidentally 65
introduces particles, such as lint, on the composite surface, blowing dry 66
compressed air is effective to remove these particles. Removing fluorine 67
from the fluoropolymer release film left after the manufacturing of ther- 68
moset composites using solvent cleaning may be difficult [24]. There- 69
fore, post-treatment, such as plasma or light sanding, is recommended 70
for this task. 71

The joint strength or toughness of composite bonded joint cannot be 72
improved simply by solvent cleaning, as this technique is not intended 73
to improve surface roughness or create surface texture [33]. Thus, 74
solvent cleaning is considered as a secondary and finishing treatment 75
that supports other treatments, e.g., grit blasting [71], flame [29], 76
laser [37], and plasma [72]. 77

2.3. Detergent washing 78

A detergent is a mixture of a surface active agent (surfactant) that is 79
generally used to reduce the surface tension of liquid–liquid, gas–liquid, 80
or solid–liquid. Detergent washing is a cleaning technique that employs 81
a detergent mixed with water to remove contaminants (dirt, oil, grease, 82
silicon, which represent sources of a weak boundary layer [33]) from 83
metallic (aluminum [73,74], steel [75]), composite adherends [33], 84
and bare fibers [76]. Similar to solvent cleaning, detergent washing 85
is not intended to substantially modify the surface morphology or 86
roughness of the adherend, although some detergents are known to 87
moderately erode the surface [77]. The difference between detergent 88
cleaning and solvent cleaning is that the detergent acts by chemically 89
changing the chemistry of the entire surface, while solvent cleaning 90
acts by selectively reducing the surface tension between specific con- 91
taminants (grease, metal particles, dirt) and the surface being cleaned. 92
A typical detergent for the removal of contaminants is Alconox (Sigma 93
Aldrich) [73], which can be used for other treatments, e.g., grit blasting. 94
Notably, published literature does not specify a particular detergent 95
for a certain composite type. To speed up the contaminant removal, 96
detergent washing is performed by immersing the composite substrate 97
in the ultrasonic bath [33,77]. This technique has been employed to 98
treat the thermoset composite (carbon/epoxy) and thermoplastic com- 99
posite (carbon/PEEK, glass/polypropylene) [33]. However, at present, 100
detergent washing is not widespread as a treatment for composites due 101
to two reasons. First, the soluble part of the detergent attaches more 102
efficiently to the adherend surface, replacing and removing the con- 103
taminants from the surface. Here, the non-soluble particles eventually 104
become a contaminant to the adherend [78]. Second, although drying 105
is performed, water and detergent residue (particles) may remain on 106
the surface, which may cause swelling in the epoxy-based composites, 107
hence reducing the integrity of materials. Therefore, detergent washing 108
may not be a favored treatment for thermoset-based composites, even 109
though it is only used for cleaning. As an alternative to the detergent, a 110
non-chlorinated solvent (which is environmentally safe) is occasionally 111
employed [78,77]. 112

2.4. Sanding treatment 113

Sanding is a process of abrading an adherend surface using sand- 114
paper manually by hand or by polishing tools [36]. Sanding is widely- 115
used treatment, as it is cost effective for treating carbon/epoxy [11], 116
glass/epoxy [24], steel [42] and wood; sanding merely requires a 117
sandpaper and relatively short training time for the operator [78]. 118
Furthermore, the modification of surface characteristics (morphology, 119
composition, roughness) and removal of weak boundary layers and 120
contaminants can be rapidly attained by sanding. The strength and/or 121
fracture toughness can be modified by sanding owing to the activation 122
of mechanical interlocking of the adhesive within surface asperities of 123
the substrates [79,33,77]. 124

The most commonly used sandpaper materials for thermoset-based 125
composites are aluminum oxide (Al2O3) [24] and silicon carbide 126
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(SiC) [80,36], while the less common material includes nylon1
(polyamide, PA) [33]. The grains of SiC sandpaper are harder and2
sharper than those of Al2O3, providing a more aggressive abrasion,3
while Al2O3 is more durable, 𝑖.𝑒., it has a longer shelf-life compared4
to SiC. Nevertheless, both are widely used to treat carbon/epoxy or5
glass/epoxy. A more critical parameter is the grit size (representing6
sandpaper’s roughness). The sandpaper’s grit size for treating car-7
bon/epoxy or glass/epoxy ranges between 80 and 800-grit where a8
lower grit would produce rougher surface [81,34,80,36,82]. Using a9
grit size below 80-grit severely damages the fibers [81,82], produces10
heterogeneous peaks and valleys [83], and creates deep valleys that11
are inaccessible for adhesive infiltration [82]. A short sanding duration12
of 1–2 min is typically performed to achieve desired roughness and13
surface deoxidization [70]. However, a relatively long sanding duration14
(approx. 5 min), albeit using 320-grit sandpaper, may create a polishing15
effect (rather than roughening effect). Thus, a low roughness of 0.43 μm16
was generated in the carbon/epoxy surface [37]. In terms of the17
sanding direction, random orientation produces better quality than18
unidirectional sanding (longitudinal, transverse), as random sanding19
can roughen the surface and clean loose fibers [82]; longitudinal20
sanding causes isolated fiber bundles, while transverse sanding causes21
fiber damage. To further improve sanding quality, post-treatment using22
chemical cleaning (e.g., IPA) is necessary to remove sanding debris [84,23
37]. It is thus apparent from the above discussion, that the surface24
characteristics obtained by sanding are highly dependent on the (i)25
operator skill, (ii) selection of sandpaper materials and grit size, (iii)26
sanding direction and duration, and (iv) post-sanding treatment [83].27
Nonetheless, when carefully carried out, sanding remains among the28
simplest treatments for achieving decent roughness, and enhancing me-29
chanical performance of composite bonded joints despite the fact that30
it may introduce heterogeneous morphology or non-uniform roughness31
due to its manual nature [37].32

2.5. Blasting techniques33

Blasting is a process of injecting a highly-pressurized air or nitro-34
gen (N2) to propel abrasive grains on the adherend surface. Blasting35
techniques have been employed for treating a relatively large surface36
area [56] of composites [85,77] and metals [86,73,87]. Users generally37
must adjust blasting parameters, such as grain materials, grain size38
(or grit size), gas pressure (around 400 kPa), exposure time, nozzle-to-39
sample angle, blasting distance, blasting direction, and post-treatment40
cleaning, to achieve the desired surface morphology, roughness, sur-41
face energy, or chemistry [73,77,7,86,88,13]. These parameters must42
be tuned differently for each of these blasting techniques: grit blast-43
ing, cryo-blasting, soda blasting, and wet blasting. For grit blasting44
(or sand blasting), the commonly selected grain materials are cop-45
per [36], Al2O3 [85,62,63,89,24,90] and garnet (silicate mineral) [85,46
88,42]. These materials directly affect the surface energy components47
of carbon/epoxy substrate. For example, blasting using garnet im-48
proves the polar component and reduces the dispersive component49
more effectively than blasting using Al2O3. Garnet is better at remov-50
ing contaminants, and forming a large number of free-radicals than51
Al2O3 [85], causing the surface to be more nitrogenous (𝑖.𝑒., increas-52
ing polar component). In terms of the grit size selected for treating53
thermoset composites, the commonly-used size is 80–280, which is54
equivalent to grain sizes below 100 μm. The grain size of Al2O3 is55
50–70 μm [89,62]. The lower grit size typically yields a rougher mor-56
phology in composites; according to the sandpaper principle [85]. To57
modify the surface energy effectively, the commonly selected grit size58
is 200–220 [85,88,63].59

Although blasting can remove contaminants from the surface and60
form free radicals (benzoyloxy group that interacts with oxygen, cre-61
ating oxygen-containing functional groups useful for bonding [85]),62
it may produce a large amount of residue. A post-treatment, such63
as solvent cleaning, is used to remove the residue, and maintain the64

quality of treated surface and expected adhesion [13]. Among these 65
techniques, the lesser utilized blasting techniques for composites are 66
cryo-blasting, soda blasting, and wet blasting. Although they employ 67
a less aggressive material or solution (cryo-blasting uses frozen CO2 68
pellets; soda blasting uses non-aggressive grains mixed with sodium 69
bicarbonate; wet blasting uses Al2O3 with sodium bicarbonate), they in- 70
duce severe moisture content in composite materials, causing swelling 71
or debonding. Therefore, their use is not recommended to treat car- 72
bon/epoxy or glass/epoxy, which is prone to a harsh infiltration of 73
liquids/solutions during wet blasting. 74

2.6. Acid and base etchings 75

Etching has been used to treat thermoset composites for removing 76
contaminants, modifying surface roughness and chemistry, or forming 77
a large amount of pores. The treated composite is usually immersed 78
entirely in a bath containing either an acid or a base solution at 79
specified concentration, temperature, and duration. 80

The commonly-used acid solution for treating composites includes 81
H2SO4 (sulfuric acid), H2CrO4 (chromic acid; a mixture of highly- 82
concentrated sulfuric acid and dichromate), HNO3 (nitric acid), 83
whereas the base solution includes NaOH (sodium hydroxide) [69]. 84
Both acid and base solutions, e.g., H2SO4 and NaOH, respectively, have 85
been used to treat thermoset composite (carbon/epoxy). Acid solution 86
has been used to treat thermoplastics (e.g., polyethylene, prior to its 87
bonding with glass/epoxy [18,35]) and thermoplastic composites (e.g., 88
glass/polypropylene for enhancing joint strength [33]). Base solution, 89
such as NaOH, has been used to treat carbon/epoxy although it caused 90
a localized damage to the surface due to its aggressiveness towards the 91
epoxy, causing a reduction of Mode I fracture toughness [69]. 92

Besides the solution type, the concentration level of acidic or base 93
solution significantly modifies the surface chemistry and texture of 94
the adherend. At low concentrations (for example, 27.5 wt% of sul- 95
furic acid, 7.5 wt% of sodium dichromate, and 65 wt% of deionized 96
water [91,74]), etching only modifies the chemical composition of 97
the surface [33], where oxygenated species, such as ester, acids and 98
quinones, are developed [92]. At high concentrations (for example, 98 99
wt% sulfuric acid [35]), etching yields surface texturing through the 100
removal of surface material and generation of numerous tiny pores 101
that eventually enlarge the overall contact area. These tiny pores 102
can activate the mechanical interlocking between the adhesive and 103
adherend. Nonetheless, albeit effective, careful handling of acid etching 104
is necessary, as it is very toxic (environmentally dangerous), corrosive, 105
and possibly leaves some post-treatment residue that weakens the 106
bonding [18]. 107

2.7. Corona discharge 108

Corona discharge involves bombarding the target surface using 109
molecules of ionized gas between electrically-charged conductors 110
(𝑖.𝑒., electrodes). The gases commonly used for ionization process 111
include oxygen, argon, ammonia, or sulfur oxide [93]. The gas type 112
generally modifies the chemical elements formed on the treated surface 113
rather than the mechanical performance of the joints [93]. 114

Corona discharge at atmospheric pressure (requiring no vacuum 115
chamber) is applicable for treating thermoset composites (carbon/ 116
epoxy) [33,94,34], thermoplastic film [93,18] and thermoplastic com- 117
posites (carbon/PEEK) [94]. In the treatment of carbon/epoxy or car- 118
bon/PEEK, the corona discharge method is advantageous for removing 119
contaminants (e.g., fluorocarbon in carbon/epoxy [33,34], benzene 120
rings in carbon/PEEK [93]), modifying surface morphology (matrix 121
ablation to expose some fibers [94]), modifying surface chemistry (in- 122
crease in atomic concentration of oxygen in carbon/epoxy; introducing 123
oxidized products of –COO– groups in carbon/PEEK), improving polar 124
component of surface energy [93], wettability (by reducing contact 125
angle) and polarity [34], and enhancing joint strength [33,93,94]. 126
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Corona discharge activates the chemical bonding/adsorption mecha-1
nism (covalent bonding [94]) between adhesive and adherend of the2
bonded composites. Although corona discharge involves relatively low3
cost and is applicable to complex shapes, an open condition (absence4
of the vacuum chamber) during corona discharge may cause cross-5
contamination and unstable environmental condition. Issues related6
to the cross-contamination can be rectified by performing a solvent7
cleaning [93], and controlling the treatment parameters (discharge du-8
ration [94], energy level [93]). Issues related to the unstable condition9
can be rectified by stabilizing the room temperature and humidity10
where the corona discharge instrument is located [95]. Moreover, the11
platform for conducting corona discharge is fairly small, limiting the12
size of treated specimens.13

2.8. Plasma treatment14

Plasma treatment aims to introduce a thin plasma layer containing15
reactive species on the treated surface. These reactive species are16
usually generated using air [66,96], oxygen [96], nitrogen, fluorine,17
or inert gases [97]. Similar to corona discharge, plasma treatment18
is likewise a process that involves electrically charging the plasma-19
generated particles (electrons, ions, radicals) using two electrodes,20
and bombarding the charged particles onto the adherend surface. The21
difference with corona discharge is that the plasma treatment can be22
performed in either open space (such as in the case of atmospheric23
pressure plasma treatment) or closed chamber, unlike corona discharge24
that is usually performed in an open space only [98].25

Plasma treatment is used to treat thermoset composites (e.g.,26
glass/epoxy, carbon/epoxy, carbon/polycyanurate) and thermoplastic27
composites (e.g., glass/PP, carbon/PEEK, carbon/PPS, glass/PPS) [33,28
99,100,62,65,101,24,80,63,102]. Plasma treatment generally (i) mod-29
ifies the surface morphology (texture) by introducing an ablation30
effect that evaporates the matrix phase, (ii) removes contaminants,31
e.g., oils, greases, release agents [103], and (iii) modifies surface32
chemistry, 𝑖.𝑒., chemical functionalization by substituting the atoms33
of the surface layer with chemical groups from the plasma [104]. In34
terms of surface chemistry, plasma treatment reduces carbon content35
(by 10%–30%), improves oxygen content (by 60%–70%), and nitrogen36
content (by 0.1–2.2%) [105]. Another chemical modification occurring37
during plasma treatment is the functionalization between the treated38
surface and both oxygen and nitrogen that creates moieties (part of39
molecules, which is larger than functional groups), and changes surface40
hydrophilicity [105]. All these modifications contribute to the im-41
provement of adhesion between the adhesive and the adherend [103]42
by the activation of chemical bonding/adsorption and mechanical43
interlocking.44

Nevertheless, the quality of the plasma-treated surface is affected by45
the plasma condition (atmospheric pressure plasma torch or APPT [105,46
106], low pressure plasma or cold plasma [25], and low tempera-47
ture plasma), plasma gas, plasma-to-sample distance [89], exposure48
time [89,80], raster speed (which can reach 500 mm/s using Plasma-49
treat AS-400 [66]), gas pressure, flow rates, discharge power, excitation50
frequency, and material properties of the treated material [33,24,97].51
When APPT (within a power range of 96–800 W) is employed, defining52
the power is important: at low power, APPT can only be used to53
remove contaminants, whereas at high power, APPT can be used to54
increase fiber roughness/texture to aid the bonding with the matrix,55
e.g., carbon-polycarbonate bonding [107]. Cold plasma (power range56
of 10–200 W; performed within vacuum chamber at 0.5 bar [101,102])57
is generally selected to improve wettability and remove contaminants58
without degrading the existing surface properties (hydrophilicity [27]).59
The plasma at low temperature is also used for treating a sensitive film60
by removing the contaminants and activating the surface chemistry,61
e.g., CNT-dope polyamide-12 interleave film, before being used as an62
interface/insert in the carbon/epoxy joint [108]. In general, although63

APPT, cold plasma, or low-temperature plasma can be employed to im- 64
prove the surface characteristics as well as bonding toughness between 65
adherend and adhesive [101], the chamber dimension is relatively 66
small, sufficient only to store one standard single-lap joint sample [18, 67
101], hence limiting its industrial applicability. 68

2.9. Flame treatment 69

Flame treatment utilizes burners that contain an air–gas mixture, 70
which injects a flame through one or more nozzles [97]. The flame can 71
reach a temperature of 900–1000 ◦C to remove contaminants, modify 72
surface roughness and texture [109], improve hydrophilicity, printabil- 73
ity, and paintability [15]. Flame treatment can be used to treat ther- 74
moset composites (e.g., carbon/epoxy [29], aramid/epoxy [109]) and 75
thermoplastic materials (e.g., polyolefins such as polypropylene [15] 76
and polyethylene [97]). Parameters affecting the characteristics of 77
the flame treatment include the type of gas compounds, number of 78
passes, treatment duration, scan speed, gas-to-air ratio, flow rates, 79
and the nozzle-to-sample distance. The gases include (i) oxygen with 80
some functional groups [33,18], (ii) liquid petroleum gas (LPG) that 81
contains either silane compounds [29], or propane (C3H8) [109]. LPG 82
containing silane compounds enables the deposition of a silicon oxide 83
(SiO2) layer on the carbon/epoxy surface [29], while LPG containing 84
propane created a thin oxidized layer (< 10 nm thickness) on the 85
polyethylene [97]. Increasing the number of passes was found to reduce 86
the fluorine and carbon contents, and to increase carboxyl (O–C==O) 87
groups [29]. Increasing the flame duration (from 3 to 10 s) was found 88
to modify surface morphology and maximize the surface energy at 89
44 mJ/m2 (for a duration of 7 s). Nonetheless, the average surface 90
roughness remains similar for all durations [109]. The scan speed is 91
typically set at 0.04–0.10 s [97]. Reducing the scan speed may induce 92
severe oxidation (burning effect). Optimizing two or more parameters 93
may be necessary to obtain the desired outcome: Brewis et al. [97] 94
maximized the peel strength of polyolefin joints when the scan speed 95
was 0.02 s, while the nozzle-to-sample distance was 10 mm. In terms 96
of the mechanical performance, the shear strength attained by the 97
flame treatment (12 passes) is nevertheless slightly lower than that 98
obtained by conventional sanding process [29]. This is mainly due to 99
the fact that the flame treated adherend has approximately 80% lower 100
surface roughness than that of sanded adherend [110]. Nevertheless, 101
the flame treatment is a promising approach for industrial application 102
owing to its automated process (e.g., movable stage), faster processing 103
rate (e.g., 750 mm/s) and controllable parameters. However, further 104
studies are needed to optimize the flame parameters for applications in 105
thermoset-based composites and other materials. 106

2.10. Chemical functionalization 107

Chemical functionalization is a process of replacing atoms on a 108
treated surface (fibers [111,112] or composite [34,113]) with a new 109
functional group (which is also referred to as fillers surface treat- 110
ment [112]). The novel functional group is expected to provide re- 111
action sites for covalent functionalization between adherend and the 112
adhesive. This functionalization enhances polarity, reactivity, wetta- 113
bility, and chemistry of the treated surface, thus enhancing chemical 114
bonding/adsorption and bonding performance. 115

The steps required for performing this method are simple: (i) pre- 116
treatment of materials, (ii) preparation of a solution containing func- 117
tional groups or coupling agents, and (iii) application of functionalized 118
solutions to the adherend surface, either by immersion in a bath [34] 119
or by manual spreading using the precision applicator bar [113]. In 120
the pre-treatment process, Jölly et al. [34] employed corona discharge 121
to treat carbon/epoxy before functionalization, while Lee et al. [113] 122
simply used a sandpaper (120-grit) to expose the fibers. 123

In the application stage, some examples of functionalized solutions 124
for treating carbon/epoxy (T300/970) are GPTMS (organosilane (3- 125
glycidoxypropyl)-trimethoxy silane) [34], TetraThiol (poly-functional 126
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thiol pentaerythritol tetra (3-mercapto propionate)) [34], and a mix-1
ture between ethylene glycol (EG) and either graphene oxide (GO)2
or silane-graphene oxide (sGO). GO aims to improve the mechanical3
properties of the mixture as it exhibits a high Young’s modulus of4
approximately ∼1 TPa. Each solution yields different functionaliza-5
tion outcomes. Here, GPTMS has a functional trialkoxy silane that6
forms a condensation reaction with hydroxyl groups (–OH) of corona-7
activated carbon/epoxy surface. TetraThiol has a reaction between the8
–SH group and oxirane moieties (under the generation of thioethers)9
that forms a covalent bonding with the corona-activated carbon/epoxy10
surface [34]. Consequently, GPTMS and TetraThiol enhance the surface11
energy and wettability of carbon/epoxy surface, thus improving the12
bonding strength and Mode I fracture toughness of carbon/epoxy joints.13
In a solution mixture between EG and GO, GO provides hydroxyl,14
carboxyl, carbonyl (C==O) and epoxide groups that create reaction sites15
for covalent functionalization with the liquid epoxy (adhesive). In a16
solution mixture between EG and sGO, sGO provides amine, alkyl,17
and epoxide groups that create functional layers on the fibers and18
interact well with liquid epoxy. Notably, sGO was generated by adding19
a self-assembled monolayer into GO creating functionalized solution,20
such as GPTMS, APTES ((3-aminopropyl)triethoxysilane), APTMS ((3-21
aminopropyl)trimethoxysilane), MTES (triethoxymethylsilane) [113].22
Here, the reaction sites or the functional layer are characterized by23
a strong hydrogen bonding between unpaired electrons of the amine24
group in GO (or sGO) with unpaired electrons of the amide group in25
liquid epoxy. Therefore, the bonding strength of single-lap joint with26
GO or sGO treatments can be improved of up to 53% in comparison27
to the untreated one. Nevertheless, despite the encouraging outcome28
on the mechanical performance reported by Jölly et al. [34] and Lee29
et al. [113], several issues remain in the chemical functionalization of30
thermoset composites, namely the elimination of initial pre-treatment31
step, controlling the homogeneity and thickness of functionalized lay-32
ers [112], and ensuring the compatibility between functionalized layers33
and utilized adhesive [108]. Solving these issues may pave a way34
for chemical functionalization to be applied as an industrial surface35
preparation/treatment [114].36

2.11. Laser treatment37

Laser treatment increases the temperature of the surface, creating38
a heat affected zone (HAZ) and modifying the chemical elements of39
the surface [115]. The combustion (oxidation) occurring in the HAZ is40
dependent on the thermal conductivity of the treated materials [116].41
The commonly-used laser type includes the excimer (excited dimer,42
𝜆 = 248 nm) [117,115,118], UV (ultraviolet, 𝜆 = 266 nm [119],43
355 nm [120,121]), IR (infrared, 𝜆 = 1064 nm) [122,120,123], fiber44
laser (Nd:YAG, 𝜆 = 355 nm [124,114,125]; Yb:KYW or potassium45
yttrium tungstate, 𝜆 = 1024 nm [126,127]; Yb:YAG or ytterbium-46
doped yttrium aluminum garnet, 𝜆 = 1064 nm [128,87,129]), and CO247
(wavelength 𝜆 = 10.6 μm) [56,36,125,130]. Each of these laser types has48
been used independently to treat thermoset composites for removing49
contaminants, matrix and fibers from the adherend [119], surface50
texturing [131], improving surface roughness or changing the mor-51
phology, and modifying contact impedance (as a measure of electrical52
properties) [38].53

For example, CO2 and UV lasers are used to remove silicon contam-54
inants of a release agent found on the carbon/epoxy surface [36,119].55
To treat temperature-sensitive materials (neat polymer or polymeric56
film), the laser illumination of short wavelengths is generally employed,57
as it exhibits a lower photo-thermal effect on the polymer [39]. The58
laser technology is feasible for industrial use, as the positioning of the59
laser beam can be carried out automatically using a guided system.60
The laser treatment also enables selective surface treatments, rendering61
the control of the adhesion landscape. As discussed in the following,62
laser-based surface patterning is an effective strategy for toughening the63
otherwise brittle CFRP/epoxy interface. Replicating a delicate feature,64

such as plain woven (peel-ply texture) and crosshatch patterns on 65
carbon/epoxy, is possible using the Nd:YAG fiber laser [132]. Neverthe- 66
less, due to numerous parameters involved in the laser system, a proper 67
selection of critical laser parameters is of substantial importance to 68
produce a desired quality of treatment. The critical laser parameters are 69
fluence (energy density, 𝑓 ), power, frequency, number of pulses, dis- 70
tance, and raster speed [124,33]. The magnitude of laser fluence (which 71
is directly related with laser power) used in the removal process of the 72
release agent, matrix, and fibers was proposed by Sun et al. [129]: 𝑓 < 73
1.8 J/cm2 is effective for removing release agent; 1.8 < 𝑓 < 3.5 J/cm2 74
is effective for removing matrix; 𝑓 > 3.5 J/cm2 is effective for removing 75
fibers. A high raster speed is important for treating a large composite 76
area in a relatively short time [56]. The laser-to-surface distance is 77
likewise important: Tao et al. [36,37] employed 6 mm distance with a 78
laser fluence of 3.2 J/cm2 to entirely remove the matrix, leaving bare 79
fibers on the carbon/epoxy surface. Nonetheless, users must optimize 80
the parameters to ascertain the desired outcomes (removal of release 81
agent, matrix, or fibers). For instance, Almuhammadi et al. [83] used 82
the Ytterbium fiber laser, and optimized the laser speed and power 83
for treating carbon/epoxy. A set of speed–power combinations that 84
performs efficiently for an epoxy removal without damaging the fibers 85
was proposed in Ref. [83]. Thus, the laser treatment claims potential 86
for industrial applications due to its versatility for various materials, 87
repeatability, controlled parameters, and automated process. 88

3. Effects of surface preparation strategies on adhesion mecha- 89
nisms and phenomenology 90

3.1. Overview of adhesion mechanisms and phenomenology 91

Herein, we briefly describe several well-known adhesion mech- 92
anisms, namely mechanical interlocking, adsorption/chemical bond- 93
ing, diffusion and the electrostatic mechanism. These mechanisms are 94
schematically depicted in Fig. 2a–d [133,79,15,134,103,31]. 95

• Mechanical interlocking (Fig. 2a) occurs when the adhesive pene- 96
trates into the rough or porous adherend surface, enabling me- 97
chanical interlocking (‘‘keying’’) between the adhesive and the 98
adherend [79,135,44]. 99

• Adsorption/chemical bonding (Fig. 2b) is the formation of inter- 100
molecular bonding caused by forces of attraction between atoms 101
of molecules in the adhesive and those in the adherend [79, 102
97,135,103,134]. The forces involved are generated by: primary 103
bonds (covalent, ionic, metallic), secondary bonds (van der Waals 104
bonds, hydrogen bonds), and donor–acceptor interactions (e.g., 105
Brønsted acid–base interactions). 106

• Diffusion (Fig. 2c) occurs when the atoms or molecules from 107
two surfaces mutually interdiffuse, such that the initial boundary 108
at the interface is replaced with a new interdiffusional bound- 109
ary [79] or interphase [136]. This process incorporates an entan- 110
glement of long-chain molecules [31]. The molecules from both 111
surfaces must be mobile, compatible, and miscible [44] to yield 112
a strong adhesion [44,103]. 113

• Electrostatic adhesion (Fig. 2d) suggests that there is a transfer 114
of electrons from one surface to another when the two are in 115
contact. Consequently, the double-layer system (positively- and 116
negatively-charged layers) is formed, which introduces forces of 117
attraction [97]. 118

3.2. Adhesion mechanisms activated by surface preparations 119

Table 1 lists possible effects of surface preparation/treatment on 120
the activation of adhesion mechanisms and removal of weak bound- 121
ary layer in secondary bonding. Here, mechanical interlocking can be 122
directly activated by sanding, blasting techniques, peel ply, etching, 123
plasma, flame, and laser due to the enhancement of surface indicators, 124
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Fig. 2. Adhesion mechanisms and phenomenology: (a) mechanical interlocking, (b) adsorption/chemical bonding, (c) diffusion, (d) electrostatic adhesion.

Table 1
The role of surface preparation/treatment on the activation of adhesion mechanisms (see Fig. 2 as a reference for these
mechanisms) and removal of weak boundary layer in secondary bonding.

Surface preparation Role of surface preparation Ref.

Sanding Mechanical interlocking, adsorption/chemical bonding [34,82]
Blasting technique Mechanical interlocking, adsorption/chemical bonding [63,62]
Peel ply Mechanical interlocking, adsorption/chemical bonding [63,55]
Tear ply Diffusion [63,55]
Solvent cleaning Removal of weak boundary layer [33]
Detergent washing Removal of weak boundary layer [33]
Etching Mechanical interlocking, removal of weak boundary layer [35]
Chemical functionalization Adsorption/chemical bonding [34,113]
Corona discharge Adsorption/chemical bonding [93]
Plasma treatment Mechanical interlocking, adsorption/chemical bonding [63]
Flame treatment Mechanical interlocking, adsorption/chemical bonding [29]
Laser treatment Mechanical interlocking, adsorption/chemical bonding [36]

such as morphological changes (e.g., ‘‘ink-bottle’’ feature, possibly1
achieved by sanding or blasting techniques, that strengthens the in-2
terlocking [79]), topography metrics (roughness, contact angle) [63],3
and modification of surface energy and surface composition (removal4
of a weak boundary layer or contaminated surface) [79,77,44]. Ad-5
sorption/chemical bonding may be activated by blasting techniques, peel6
ply, chemical functionalization, corona discharge, plasma, flame, and7
laser, as these treatments generally increase the surface energy and8
promote the formation of covalent or hydrogen bonding (particularly,9
plasma treatment). The diffusion process is generally activated by the10
tear-ply method, where the resin surface of the pre-preg is mixed11

with the one from the tear-ply, forming a new resin layer [58]. All 12
these mechanisms build a synergy that contributes to the improvement 13
of mechanical indicators generally quantified by joint strength and 14
toughness. The electrostatic adhesion generally does not occur in non- 15
conductive materials, such as thermoset composites. Moreover, the 16
effect of surface preparation methods on the activation of electrostatic 17
mechanism is not reported on the literature. Thus, whether surface 18
preparation can affect the electrostatic adhesion is not conclusive to 19
date. 20
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Fig. 3. Modification of surface (roughness, contact angle, surface energy) and mechanical indicators (single-lap joint strength, Mode I and Mode II fracture toughness) of thermoset
composites by various surface treatments. The modification in % is calculated based on the values of untreated specimens.

4. Effects of surface preparation strategies on surface and mechan-1
ical indicators2

The modification of surface and mechanical indicators due to the3
surface preparation in composites is a complex process. Optimizing4
surface preparation is necessary to evaluate how processing parameters5
influence the bonding process, whereas performing a full-scale test on6
structures with adhesively bonded joints might be prohibitive due to7
both cost and time constraints. Therefore, relatively rapid techniques to8
evaluate the effect of surface preparations on surface and mechanical9
indicators must be introduced. In the subsequent two sections, we10
review the most common metrics related to the (1) surface and (2)11
mechanical indicators that can be used to evaluate the influence of a12
specific surface preparation. We further provide a summary of modifi-13
cations affected by a specific treatment in terms of surface indicators14
(roughness, 𝑅𝑎; contact angle, 𝜃; surface energy, 𝛾𝑠) and mechanical15
indicators (single-lap joint strength; fracture toughness in Mode I, 𝐺𝐼𝑐 ;16
fracture toughness in Mode II, 𝐺𝐼𝐼𝑐). As shown in Fig. 3, the level17

of modification is given in percentages, and it is compared with the 18
indicators of untreated surface. 19

4.1. Surface indicators 20

4.1.1. Morphology 21
Surface treatment generally modifies the topology and texture of the 22

thermoset composite surface [114,123], although some treatments only 23
remove contaminants, barely modifying the surface morphology. The 24
observation of surface morphology is generally performed by the opti- 25
cal microscope [132,114], scanning electron microscope (SEM) [37], or 26
atomic force microscope (AFM) [69]. These morphology observations 27
are mostly qualitative, and serve as the first step to ascertain the 28
existence of morphological changes. 29

SEM images of surface morphology of composites after treatment 30
are shown in Fig. 4. It is evident that peel ply, sanding, blasting, 31
corona discharge, flame, and laser treatments induce morphological 32
changes to the composite surface. The morphology of carbon/epoxy 33
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Fig. 4. SEM images of surface morphology of composites after treatments: peel ply [36], solvent cleaning [29], sanding [37], blasting [36], etching [69], corona discharge [94],
plasma [24], flame [29], chemical functionalization (arrows indicate location of graphene/oxide) [113], laser [36].

after the peel ply treatment shown in Fig. 4 conforms with the plain1
woven peel ply pattern. Sanding using SiC sandpaper modifies the2
original texture by the removal of epoxy layer and some surface fibers,3
imparting a roughening effect on the surface [37]. However, a long4
duration of sanding (> 5 min) using 60–80 grit could damage the5
fibers instead of polishing or roughening the surface [24,36]. Similar to6
sanding, blasting could generally roughen the surface [24]; however,7
copper grains are found to induce severe damage to the matrix and8
fibers [36]. Corona discharge, plasma, flame, and laser treatments are9
effectively controllable to produce a desired outcome. Corona discharge10
can be used for light removal of the matrix, avoiding the risk of fiber11
damage. Although plasma is generally used to remove the thin layer12
of matrix, smoothen the surface, and remove the contaminants [66],13
plasma treatment with a long exposure time may cause discoloration14
and matrix damage as the surface temperature could reach 164 ◦C [89].15
A relatively rougher texture in comparison to that by plasma can16
be obtained by flame treatment [29]. Laser treatment (using CO2)17
produces a rough surface in the carbon/epoxy due to the contour of the18
sub-surface fibers upon the removal of a thin epoxy layer. However,19
a high laser fluence (𝑓 > 3.2 J/cm2) can fully remove the epoxy,20
inevitably breaking some carbon fibers [37,53].21

In contrast to the above treatments, solvent cleaning, detergent22
washing, acid etching or chemical functionalization do not impart a sig-23
nificant change to the surface morphology of the composite. The surface24
morphology of the composite treated with solvent cleaning and deter-25
gent washing is similar to the pristine one, since these treatments are26
generally used for cleaning or removing contaminants only. Likewise,27
as depicted in Fig. 4, nitric acid etching did not induce a significant28
change to the morphology. In contrast, base etching using sodium29
hydroxide may induce local matrix damage on the composite [69].30
Chemical functionalization does not modify surface morphology, except31
by a dispersion of particles, e.g., graphene oxide, that may exfoliate the32
fibers and the matrix. Therefore, chemical functionalization is typically33
performed after the treatments produce morphological changes (e.g.,34
sanding) to improve joint strength [113].35

4.1.2. Topography metrics36
The direct influence of treatments on a surface of adherend/37

substrate is generally quantified using topography metrics, 𝑖.𝑒., surface38
roughness. The roughness represents a series of normal deviations,39
characterized by peaks and valleys of varying space, height, and depth40
of a solid surface. A rougher surface is generally desirable, as it provides41
a stronger intrinsic adhesion associated with the increase in surface42
energy [86], and an effective contact area between adhesive and43
adherend that activates the mechanical interlocking mechanism [79],44

redistribution of stresses in the adhesive, and change of failure mech- 45
anism that causes a higher energy dissipation before final failure [86]. 46
Increasing the surface roughness is expected to improve the strength 47
and toughness of adhesively-bonded joint [137]. 48

The surface roughness (𝑅𝑎) can be directly measured using a pro- 49
filometer [86], where a soft stylus would probe numerous points of 50
peaks and valleys along pre-defined axis (x- or y-axis) and for a certain 51
length on the surface [138,36]. Some examples of the profilometer 52
include Mitutoyo SJ-301 [62], Veeco Dektak 150 [36]. Fig. 5a shows 53
the surface of grit-blasted carbon/epoxy as observed by SEM, and 54
roughness measurement in x- and 𝑦-directions. For a very small area 55
(10 × 10 micron), atomic force microscopy (AFM) can be used to 56
measure the surface roughness [98]. A topography mapping, which 57
is exemplified in Fig. 5b [37] where an 3D optical surface profiler is 58
employed, provides a roughness measurement in two-dimension. To 59
enhance the measurement accuracy, the surface must be coated with 60
a thin Au layer of around 25 nm. 61

Here, we compiled the values of 𝑅𝑎 (regardless of the measure- 62
ment axis), as most published studies reporting the roughness of car- 63
bon/epoxy or glass/epoxy after treatment usually provide 𝑅𝑎 values. 64
The variations of 𝑅𝑎 in carbon/epoxy and glass/epoxy treated with 65
various techniques is given in Table 2. The data reported in the lit- 66
erature mostly deals with following treatments: sanding, grit blasting, 67
peel ply, plasma, and laser (CO2, fiber, excimer). Furthermore, we 68
found that carbon/epoxy receives a great interest in comparison to 69
glass/epoxy (the data available for the latter is limited to peel ply and 70
laser excimer treatments). Table 2 shows that most surface treatments 71
increase the surface roughness of carbon/epoxy and glass/epoxy be- 72
tween 34% and up to more than 2000%. The reduction of roughness by 73
86% was reported by Tao et al. [37] when SiC sanding was employed 74
in the treatment of carbon/epoxy. This is due to the fact that the 75
reference value of untreated surface had a roughness equal to 3.06 μm, 76
while the roughness of the sanded surface was 0.43 μm (similar to 77
the value reported by Liu [139], 𝑖.𝑒., 0.475 μm). The reduction was 78
also possibly caused by a relatively long sanding duration of 5 min 79
using a rotating machine at 300 rpm, resulting in a considerably flat 80
surface. Grit blasting (either using copper or alumina) increases the 81
surface roughness of carbon/epoxy by more than 10×. Peel ply typically 82
increases roughness by a factor of 3–25× compared to the untreated 83
surface [54,37,62]. The CO2 laser and atmospheric plasma produced 84
a small increase in the roughness (30%–50%) of the carbon/epoxy. 85
In the fiber laser treatment, increasing fluence (or power) and pulse 86
number could generally increase the surface roughness. Increasing the 87
laser fluence from 0.15 to 0.50 J/cm2 generally improves the roughness 88
of the glass/epoxy’s surface by 30× [118]. Increasing the number of 89



A. Yudhanto et al.

Fig. 5. (a) Roughness measurement in x- and 𝑦-axis of grit-blasted carbon/epoxy surface using profilometer [36], (b) topography map of sanded surface of carbon/epoxy obtained
from 3D optical profiler [37].

Table 2
Reported effects of surface treatment on surface roughness 𝑅𝑎 of carbon/epoxy and glass/epoxy. The variation in percentage
(var. %) is calculated based on the values of untreated specimens.

Treatment Adherend 𝑅𝑎 (var. %) Ref.

Sanding (SiC, 150-grit) C/E +2567 [34]
Sanding (SiC, 320-grit) C/E −86 [37]
Sanding (SiC, 320-grit) C/E +75 [139]
Grit blasting (copper) C/E +263 [36]
Grit blasting (Al2O3, 220-grit) C/E +1062 [62]
Peel ply (PA, plain woven) C/E +312 [37]
Peel ply (polyester, plain woven) C/E +2488 [62]
Peel ply (-) C/E +1254 [61]
Peel ply (-) G/E +1172 [61]
Plasma C/E +50 [62]
Laser (CO2, 𝑓 = 1.2 J/cm2) C/E +34 [37]
Laser (CO2, 𝑓 = 3.6 J/cm2) C/E +37 [37]
Laser (fiber, 𝑓 = 1.0 J/cm2) C/E +429 [129]
Laser (fiber, 𝑓 = 3.5 J/cm2) C/E +964 [129]
Laser (fiber, 𝑓 = 7.0 J/cm2) C/E +986 [129]
Laser (IPG, P = 80 W) C/E +293 [139]
Laser (IPG, P = 120 W) C/E +588 [139]
Laser (IPG, P = 180 W) C/E +496 [139]
Laser (excimer, 𝑓 = 0.15 J/cm2, 40 pulses) G/E 0 [118]
Laser (excimer, 𝑓 = 0.15 J/cm2, 50 pulses) G/E +450 [118]
Laser (excimer, 𝑓 = 0.15 J/cm2, 400 pulses) G/E +2083 [118]
Laser (excimer, 𝑓 = 0.50 J/cm2, 500 pulses) G/E +2767 [118]

Note: 𝑓 and P denote fluence (laser energy density) and power, respectively, used in laser treatment; C/E denotes carbon/epoxy;
G/E denotes glass/epoxy; PA denotes polyamide.

laser pulses (excimer with 𝑓 = 0.15 J/cm2) from 40 to 50 pulses could1
increase the roughness from 0.6 to 3.3 μm [118]. Higher laser fluences2
in the CO2 laser treatment increased the roughness only by 34%–37%.3

In summary, the reviewed surface treatments mostly increase the4
roughness of around 600% (although, in a few cases, the roughness5
modification can exceed 2000%), which is achieved by sanding (using6
SiC sandpaper), peel ply (polyester), and laser excimer.7

4.1.3. Contact angle and surface energy 8
Contact angle 𝜃 is an angle made a droplet of liquid and a solid 9

surface (see Fig. 6a). Here, 𝜃 = 0◦ represents a perfect wetting, 𝜃 < 10
90◦ represents hydrophilic surface (i.e., good wettability; see Fig. 6b), 11
and 𝜃 > 90◦ represents hydrophobic surface (i.e., poor wettability; 12
see Fig. 6c). The contact angle can be measured using the sessile 13
drop technique (among others), where a small amount of a liquid 14
(water, glycerol, formamide, diiodomethane, or ethylene glycol [54]) 15
is dropped on a solid surface, while an optical microscope is used to 16
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Fig. 6. (a) Equilibrium state of a droplet on a solid surface, (b) contact angle of hydrophilic surface showing that good wetting occurs when 𝜃 < 90◦, (c) contact angle of
hydrophobic surface showing that poor wetting occurs when 𝜃 > 90◦, (d) an example of glycerol droplet on a solid surface as observed during the sessile technique, (e) an example
of contact angle measurement of non-treated (as produced), grit blasted and laser-treated samples [87].

take the side-view image of a droplet for subsequently estimating the1
magnitude of 𝜃. Fig. 6d shows an example of glycerol droplet dropped2
on a surface [87]. Surface treatment generally aims to reduce 𝜃. Fig. 6e3
shows the influence of laser on contact angle of a material, where 𝜃 is4
significantly reduced due to laser-based surface preparation. It should5
be noted that 𝜃 is generally dependent on surface roughness [140,6
141,87,142]. Wenzel [140] proposed a parameter 𝑟, which is the ratio7
between actual surface of the rough area 𝐴𝑎 and the projected surface8
of the rough area 𝐴𝑝. Wenzel theory is generally used to obtain the9
contact angle of a rough surface 𝜃𝑓 from the information about the10
contact angle of a smooth surface 𝜃𝑠 as follows11

cos 𝜃𝑓 =
𝐴𝑎
𝐴𝑝

cos 𝜃𝑠 = 𝑟 cos 𝜃𝑠 (1)12

A summary of contact angle variations of thermoset composites after13
surface treatment is given in Table 3. Here, the peel ply yields the14
highest reduction in the contact angle, achieving 100% reduction. A15
more consistent outcome is produced by polyamide peel ply rather than16
polyester peel ply [54]. Etching likewise improves wettability, despite17
its dependence on the etching duration, 𝑖.𝑒., the longer etching (of18
120 min) improves wettability by 26% compared to shorter etching (of19
1 min) [35]. Plasma treatment also reduces the contact angle of up to20
77%, although this is dependent on the exposure time and composite21
types [80].22

Nevertheless, relying only on the contact angle alone for measuring23
wettability is not recommended for estimating the bond quality in24
adhesively-bonded joints [64,80]. It is necessary to proceed with the25
calculation of the surface energy 𝛾𝑠 using contact angle measurement26
results [64]. The relationship between the surface energy of solid–vapor27
𝛾𝑠𝑣 and surface energy of solid–liquid 𝛾𝑙𝑣 is shown in Fig. 6a. This rela-28
tionship can be calculated using Young’s equation and Owens–Wendt29
theory:30

𝛾𝑙𝑣(cos 𝜃 + 1)

2
√

𝛾𝑑𝑙𝑣

=

√

𝛾𝑝𝑙𝑣
√

𝛾𝑑𝑙𝑣

√

𝛾𝑝𝑠𝑣 +
√

𝛾𝑑𝑠𝑣, (2)31

where the superscripts 𝑑 and 𝑝 represent dispersive and polar compo- 32
nents of the surface energy, respectively, which satisfy the following 33
conditions: 34

𝛾𝑙𝑣 = 𝛾𝑑𝑙𝑣 + 𝛾𝑝𝑙𝑣, (3) 35

36

𝛾𝑠𝑣 = 𝛾𝑑𝑠𝑣 + 𝛾𝑝𝑠𝑣. (4) 37

Evidently, calculating the surface energy requires the measurement 38
of dispersive and polar components, which can be achieved by us- 39
ing sequentially different liquids with a priori known dispersive and 40
polar components (water, glycerol, formamide, diiodomethane, and 41
EG [54]). 42

Table 4 shows the modification of the surface energy resulting 43
from various treatments. Sanding improves the surface energy of the 44
carbon/epoxy by 10%–50% due to roughness that is imparted by 45
different grits. Grit blasting using alumina produces a comparable 46
surface energy with peel ply. Blasting produces a balanced ratio of 47
dispersive and polar components [63]. Peel ply improves surface energy 48
in epoxy-based composite by more than 50% [61]. It overwhelmingly 49
affects mostly the polar component (nitrogenous species; useful for 50
increasing molecular forces and adhesion between polymers), rather 51
than the dispersive component (carbonated species) [58,54]. However, 52
peel ply made of polyamide introduces more polar groups, while that 53
made of polyester introduces non-polar groups [54]. Although polyester 54
introduces a larger amount of non-polar groups to the surface, the 55
contribution of roughness to the adhesion enhancement (introduced 56
by the peel ply pattern in both polyester) is more dominant than the 57
contribution of molecular forces generated by the polarity level [54]. 58
Further enhancement of surface energy can be attained by combining 59
different treatments. For example, combining peel ply and atmospheric 60
plasma treatments in treating carbon/epoxy (IM7/8552) provides a 61
significant improvement of the total surface energy in comparison to 62
using only peel ply or PTFE [66]. 63

In summary, we found that most treatments (sanding, peel ply, 64
solvent, etching, chemical functionalization, corona, plasma, flame, and 65
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Table 3
Reported effects of surface treatment on contact angle 𝜃 of carbon/epoxy and glass/epoxy. The variation in percentage (var.
%) is calculated based on the values of untreated specimens.

Treatment Adherend Liquid 𝜃 (var. %) Ref.

Sanding (SiC, 120-grit) C/E (M21) W −8 [80]
Sanding (SiC, 120-grit) C/E (DT120) W +41 [80]
Sanding (SiC, 280-grit) C/E – −14 [98]
Sanding (SiC, 320-grit) C/E W −9 [139]
Sanding (SiC, 320-grit) C/E G −14 [139]
Sanding (Al2O3, 120-grit) C/E W −26 [69]
Peel ply (polyamide) C/E W −41 [54]
Peel ply (polyamide) C/E GL −49 [54]
Peel ply (polyamide) C/E FD −48 [54]
Peel ply (polyamide) C/E MI −71 [54]
Peel ply (polyamide) C/E EG −71 [54]
Peel ply (polyamide) G/E W −51 [54]
Peel ply (polyamide) G/E GL −42 [54]
Peel ply (polyamide) G/E FD −46 [54]
Peel ply (polyamide) G/E MI −71 [54]
Peel ply (polyamide) G/E EG −64 [54]
Peel ply (polyester) C/E W −24 [69]
Peel ply (polyester) C/E W +3 [54]
Peel ply (polyester) C/E GL −44 [54]
Peel ply (polyester) C/E FD −48 [54]
Peel ply (polyester) C/E MI −100 [54]
Peel ply (polyester) C/E EG −87 [54]
Peel ply (polyester) G/E W +2 [54]
Peel ply (polyester) G/E GL −35 [54]
Peel ply (polyester) G/E FD −48 [54]
Peel ply (polyester) G/E MI −100 [54]
Peel ply (polyester) G/E EG −88 [54]
Peel ply (-) C/E W −9 [122]
Peel ply (-) C/E GL +9 [122]
Solvent cleaning (IPA) C/E W −16 [69]
Chem. func. (Trialkoxy silanes) C/E W −34 [34]
Chem. func. (Thiols) C/E W −36 [34]
Etching (acid, HNO3) C/E W −14 [69]
Etching (acid, H2SO4) G/E EP −26 [35]
Etching (base, NaOH) C/E W −22 [69]
Corona (-) C/E W +36 [34]
Plasma (t = 15 s) C/E W −51 [80]
Plasma (t = 30 s) C/E W −70 [80]
Plasma (t = 45 s) C/E W −77 [80]
Plasma (t = 60 s) C/E W −74 [80]
Plasma (t = 75 s) C/E W −65 [80]
Plasma (pass = 1) C/E – −58 [98]
Plasma (pass = 3) C/E – −71 [98]
Plasma (pass = 6) C/E – −76 [98]
Plasma (pass = 12) C/E – −78 [98]
Plasma (pass = 24) C/E – −79 [98]
Plasma (pass = 48) C/E – −79 [98]
Laser (fiber, 𝑓 = 3.5 J/cm2) C/E W −26 [129]
Laser (fiber, 𝑓 = 3.5 J/cm2) C/E MI −6 [129]
Laser (fiber, 𝑓 = 3.5 J/cm2) C/E EG −35 [129]
Laser (IR, IPG:YLP) C/E W +6 [122]
Laser (IR, IPG:YLP) C/E G +20 [122]
Laser (IPG, P = 80 W) C/E W −24 [139]
Laser (IPG, P = 80 W) C/E GL −21 [139]
Laser (IPG, P = 120 W) C/E W −38 [139]
Laser (IPG, P = 120 W) C/E GL −85 [139]
Laser (IPG, P = 180 W) C/E W −30 [139]
Laser (IPG, P = 180 W) C/E GL −57 [139]
Laser (excimer, 𝑓 = 0.15 J/cm2, 1 pulse) C/E W −10 [118]
Laser (excimer, 𝑓 = 0.15 J/cm2, 1 pulse) C/E GL −17 [118]
Laser (excimer, 𝑓 = 0.15 J/cm2, 1 pulse) C/E FD −48 [118]
Laser (excimer, 𝑓 = 0.15 J/cm2, 1 pulse) C/E MI −60 [118]
Laser (excimer, 𝑓 = 0.15 J/cm2, 1 pulse) C/E EG −52 [118]
Laser (excimer, 𝑓 = 0.15 J/cm2, 10 pulses) C/E W −6 [118]
Laser (excimer, 𝑓 = 0.15 J/cm2, 10 pulses) C/E GL −13 [118]
Laser (excimer, 𝑓 = 0.15 J/cm2, 10 pulses) C/E FD −55 [118]
Laser (excimer, 𝑓 = 0.15 J/cm2, 10 pulses) C/E MI −51 [118]
Laser (excimer, 𝑓 = 0.15 J/cm2, 10 pulses) C/E EG −56 [118]

Note: 𝑓 , fluence; C/E, carbon/epoxy; G/E, glass/epoxy; W, water; GL, glycerol; FD, formamide; MI, diiodomethane; EG,
ethylene-glycol; EP, epon-828 liquid epoxy.

laser) reduce the contact angle up to 100% (Fig. 3), thus improving1
the surface energy of composites prior to bonding. Attention must be2
paid to the application of the (i) sanding process for the possibility3

of causing non-uniform roughness, (ii) peel ply, blasting, solvent or 4

laser (excimer, IR) that possibly reduce the surface energy. Finally, 5
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Table 4
Reported effects of surface treatment on surface energy 𝛾𝑠 of carbon/epoxy and glass/epoxy. The variation in
percentage (var. %) is calculated based on the values of untreated specimens.

Treatment Adherend 𝛾𝑠 (var. %) Ref.

Sanding (SiC, 150-grit) C/E +48 [34]
Sanding (SiC, 320-grit) C/E +23 [36]
Sanding (SiC, 320-grit) C/E +28 [139]
Sanding (Al2O3, T-9 grit) C/E +67 [24]
Sanding (Al2O3, T-9 grit) G/E +18 [24]
Sanding (Al2O3, 120-grit) C/E +26 [69]
Grit blasting (garnet, 80-grit) G/E +33 [85]
Grit blasting (garnet, 220-grit) G/E +40 [85]
Grit blasting (Al2O3, 220-grit) C/E −8 [62]
Grit blasting (Al2O3, 220-grit) G/E +38 [85]
Grit blasting (Al2O3, 240-grit) C/E +48 [24]
Grit blasting (Al2O3, 240-grit) G/E +26 [24]
Peel ply (polyamide, plain) C/E +145 [59]
Peel ply (polyamide, plain) C/E −49 [59]
Peel ply (polyamide, plain) C/E +133 [59]
Peel ply (polyamide, twill) C/E +129 [59]
Peel ply (polyester) C/E −12 [62]
Peel ply (polyester) C/E +18 [69]
Peel ply (glass) C/E −31 [59]
Peel ply (glass) C/E +2 [66]
Peel ply (-) C/E +43 [54]
Peel ply (-) C/E −16 [122]
Peel ply (-) G/E +60 [54]
Solvent cleaning (IPA) C/E +11 [69]
Solvent cleaning (IPA) C/E +5 [24]
Solvent cleaning (IPA) G/E +1 [24]
Solvent cleaning (MEK) C/E +7 [24]
Solvent cleaning (MEK) G/E −8 [24]
Chem. func. C/E +68 [34]
Chem. func. C/E +83 [34]
Etching (acid, HNO3) C/E +8 [69]
Etching (base, NaOH) C/E +18 [69]
Corona C/E +113 [34]
Plasma atmospheric C/E +58 [62]
Plasma atmospheric C/E +113 [24]
Plasma atmospheric C/E +166 [66]
Plasma atmospheric G/E +74 [24]
Flame C/E +155 [110]
Laser (CO2, 𝑓 = 1.2 J/cm2) C/E +123 [36]
Laser (fiber, 𝑓 = 3.5 J/cm2) C/E +34 [129]
Laser (IR, IPG:YLP) C/E −27 [122]
Laser (IPG, P = 80 W) C/E +42 [139]
Laser (IPG, P = 120 W) C/E +145 [139]
Laser (IPG, P = 180 W) C/E +108 [139]
Laser (excimer, 𝑓 = 0.5 J/cm2) C/E −13 [117]
Laser (excimer, 𝑓 = 1.0 J/cm2) C/E +55 [117]

Note: 𝑓 , fluence; P, power; C/E, carbon/epoxy; G/E, glass/epoxy.

of all aforementioned treatments, the most effective with regard to1
improvement of the surface energy is the plasma treatment.2

4.1.4. Surface composition3
The surface treatment modifies the surface chemistry of a treated4

surface. Understanding the presence of certain chemical elements (car-5
bon, oxygen, nitrogen, sulfur, silicon, and fluorine [117,143]) and6
functional groups (silicon dioxide SiO2 [29], alkoxy C–O, carbonyl,7
carboxyl, and others [37]) after the surface treatment is essential for8
improving adhesion quality between the adhesive and adherend [97].9
The quantification of these chemical elements and functional groups10
is carried out using XPS (X-ray Photoelectron Spectroscopy; to deter-11
mine elemental concentration) [143], FTIR (Fourier-Transform Infrared12
Spectroscopy; to provide high-spectral-resolution data over a wide13
spectral range of absorption or emission), Auger electron spectroscopy,14
and time-of-flight secondary ion mass spectrometry (ToF-SIMS) [97].15

Table 5 summarizes the chemical elements and functional groups16
reported in various studies. Treatments may introduce unwanted or17
detrimental chemical elements, e.g., release agent or coating for the18
mold in the manufacture of composites [29]. The unwanted chemical19
elements, namely silicon (Si), sulfur (S), fluorine (F), could potentially20
produce a weak boundary layer. The desired functional groups useful21

for the adhesion are hydroxyl, carboxyl, oxygen aliphatic, and aromatic 22
groups. 23

The peel ply treatment typically introduces silicon [37] and fluo- 24
rine [24] to the composite adherend. These contaminants are generated 25
by the release agent coated on the original peel ply prior to implemen- 26
tation. It is noteworthy that fluorine cannot be removed by the MEK 27
solvent wipe [29]. Instead, sanding or blasting can be used to remove 28
the silicon or fluorine. However, the original peel ply texture might be 29
slightly altered [24], and the generation of debris is inevitable, thus 30
requiring cleaning. The flame treatment (ITRO) with 12 passes can 31
reduce the fluorine content from carbon/epoxy surface by 75% [29]. 32
Furthermore, the flame treatment can form a SiO2 layer that can con- 33
nect with hydroxyl groups, and increase the concentration of carbonyl 34
and carboxyl groups, both of which results in the enhanced surface en- 35
ergy to yield a strong adhesion [29]. Chemical functionalization using 36
GO and sGO improves surface chemistry by providing reaction sites 37
for covalent functionalization (abundance of functional groups such as 38
hydroxyl, carboxyl, carbonyl, epoxide) [113]. The plasma treatment 39
also introduces a higher amount of oxidized functional groups that 40
reduce the contact angle and improve surface wettability [80]. 41

In summary, as shown in Table 5, most treatments introduce chem- 42
ical elements or groups that are useful for improving adhesion, while 43
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Table 5
Useful and unwanted chemical groups during treatment of composites.

Criterion Elements or chemical groups Treatment Ref.

Useful C, O, N Sanding [34,139]
C, O, C–O, C=O Blasting [36]
O–C=O, C–N, NC=O
O, N, C–O, C=O/C–OH Peel ply [58,59]
C–C/C–H, C6H5, C7H7
C–H, C=O, C–O, O–C=O Solvent [29]
C, O Chemical func. [34]
C, O, N Corona [34]
C, O, N, C–C, C–OH, C–COOH Plasma [65,108]
C=O, C–O, O–C=O
C, O, C–H, C=O, C–O, O–C=O Flame [29]
C, O, N, C–OH, C=O, O–C=O, C–C Laser [36,123,107,139]
C–O, O-C=O, COOH, CO2

3

Unwanted Si Blasting [36]
Si, F, S, CF2 Peel ply [58,59]
Si, S Chemical func. [34]
Si, F Plasma [65,108]
Si, F Flame [29]
Si, S Laser [36,123,107,139]

some treatments evidently impart some unwanted chemical elements/1
groups, such as silica, fluorine. Peel ply, for instance, introduces more2
unwanted chemicals to the adherend surface than other treatments,3
e.g., silica, fluorine, and difluorocarbene (CF2). Indeed, the unwanted4
chemical generated by other treatments than peel ply can be the resid-5
ual surface contamination, not necessarily generated by the treatment6
itself. Nonetheless, these unwanted chemicals should be avoided as7
they are detrimental to the bonding integrity between adherends in8
secondary bonded joints.9

4.2. Mechanical indicators10

4.2.1. Strength of composite joints11
The surface treatment generally affects the strength of composite12

bonded joints, which can be evaluated by performing the lap joint test13
(single-lap joint, ASTM D5868 [144]) or peel tests (fixed arm, T-peel14
of ASTM D1876 [145], floating roller test of ASTM D3167 [146,147],15
climbing drum of ASTM D1781 [148], mandrel peel [149]). The single-16
lap joint (SLJ) test, in particular, has received widespread interest17
because of its simple preparation, straightforward testing method (uni-18
directional tensile test), and direct outcome. The SLJ test directly19
generates the maximum strength 𝜏𝑚𝑎𝑥 = 𝑃𝑚𝑎𝑥/(𝐿𝐵), where 𝑃𝑚𝑎𝑥 is the20
attained maximum load, 𝐿 is the overlap length, and 𝐵 is the specimen21
width [26]. Therefore, several theoretical formulae for predicting the22
joint strength based on the stresses (shear and peel) in the adhesive23
bondline have been developed in Ref. [79,150–153]; these formulae24
are beyond the scope of this review paper.25

The SLJ strength data in relation with the surface treatment is tabu-26
lated in Table 6. Sanding and blasting techniques improve the strength27
by almost 200% because of the roughness increase that activates me-28
chanical interlocking. Peel ply improves joint strength of almost 80%29
due to high roughness induced by its texture. Furthermore, plasma,30
laser, flame, corona discharge, and chemical functionalization likewise31
improve the joint strength [120,128]. The effectiveness of plasma in32
improving the strength is dependent on the carbon/epoxy type [80] and33
treatment duration [100]. The effectiveness of the flame treatment is34
dependent on the number of flame passes, 𝑖.𝑒., increasing the pass from35
one to six can double the strength, because the SiO2 layer and hydroxyl36
groups developed during the treatment can enhance the surface energy,37
enabling a strong adhesion with epoxy [29]. The laser was also reported38
to improve SLJ strength by 300% due to the enhanced roughness39
and activation of useful functional groups. Chemical functionalization40
using GO and sGO can increase joint strength by 17%–51% due to41
the formation of reaction sites for the functional groups to reside and42
activate at the bonding region [113].43

The reduction of strength is generally caused by surface damage and 44
large variations in the surface roughness initiated by manually-driven 45
treatments (sanding, blasting), e.g., the region with low roughness trig- 46
gers a premature adhesive failure in the SLJ specimen [154]. In the peel 47
ply treatment, the degradation of strength is commonly attributed to 48
the fluorine contaminant. The long-duration plasma treatment (30 min) 49
reduced the SLJ strength of carbon/epoxy, because the adherend tem- 50
perature reaches 135 ◦C, which damages the surface [100]. 51

Evidently, treatments increase or reduce the strength of the com- 52
posite single-lap joint. The substantial scatter in SLJ strength may 53
render a difficulty in selecting an appropriate treatment for improving 54
SLJ strength of thermoset composites. This data scatter is also influ- 55
enced by the strong effect of topological parameters (overlap length, 56
bondline thickness, inner and outer fillet geometry) over the state 57
of stresses within SLJ, which eventually determines the SLJ strength. 58
Nonetheless, we found that controlling parameters in the flame, corona, 59
and laser treatments may guarantee a consistent improvement of SLJ 60
strength in thermoset composites provided that parameter optimization 61
is carried out. Treatments with manual implementation (sanding, blast- 62
ing) typically yield SLJ strength with considerable disparity. Peel ply 63
may also guarantee a strength improvement if the post-treatment for 64
contaminant removal is performed. 65

4.2.2. Fracture toughness of composite joints 66
Fracture toughness (Mode I and Mode II) is the most commonly 67

used mechanical indicator to evaluate the effect of treatments on the 68
mechanical performance. Mode I fracture toughness 𝐺𝐼𝐶 represents 69
the critical energy required to grow the crack at the bondline or 70
interface upon the application of loading or displacement in the open- 71
ing mode [155]. Mode II fracture toughness 𝐺𝐼𝐼𝐶 is a measure of 72
critical energy for the crack growth due to in-plane shear mode [127]. 73
𝐺𝐼𝐶 can be obtained by performing double cantilever beam (DCB) 74
test [155], or wedge test [156–158]. Since DCB represents the most 75
widely-used method for 𝐺𝐼𝐶 measurement in relation with the surface 76
preparation for composites, we discuss only DCB method here. DCB test 77
for composites is usually performed using a flat specimen instead of the 78
tapered one (which is commonly used for metals), and it is calculated 79
using several data reduction methods, namely Modified Beam Theory 80
(MBT), Compliance Calibration (CC), Modified Compliance Calibration 81
(MCC), and Area Method (AM). 𝐺𝐼𝐼𝐶 is measured using end-notch 82
flexure (ENF) or end-loaded split (ELS), and the data reduction method 83
usually employs Compliance Beam Method (CBM). 84

Numerous researchers performed DCB and ENF tests to measure 85
𝐺𝐼𝑐 and 𝐺𝐼𝐼𝑐 , respectively, of composite joints in relation with surface 86
treatments. The effects of various surface treatments on the variation of 87
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Table 6
Reported effects of surface treatment on single-lap joint (SLJ) of composites. The variation in percentage (var. %) is calculated based on the
values of untreated specimens.

Treatment Adherend Adhesive Load type 𝜏𝑚𝑎𝑥 (var. %) Ref.

Sanding (SiC, 120-grit) C/E PBI T +180 [80]
Sanding (SiC, 120-grit) C/E PBI T +14 [80]
Sanding (SiC, 150-grit) C/E E T +67 [34]
Sanding (SiC, 280-grit) C/E E T −14 [72]
Sanding (SiC, 320-grit) C/E E 3PB +14 [36]
Sanding (SiC, 320-grit) C/E E T −16 [139]
Sanding (SiC, 320-grit) C/E E T −1 [139]
Sanding (SiC, 320-grit) C/E E T +19 [139]
Sanding (SiC, 320-grit) C/E E T +102 [139]
Sanding (SiC) C/E – T +8 [33]
Sanding (80-grit) C/E E T +28 [81]
Sanding (240-grit) C/E E T +166 [29,110]
Sanding (-) C/E E T +67 [119]
Grit blasting (SiC) C/E E T +5 [132]
Grit blasting (Al2O3) C/E E T +8 [62]
Grit blasting (-) C/E – T +32 [33]
Soda blasting (-) C/E – T +36 [33]
Peel ply (PA, 𝑆𝑎 = 114.5 μm) C/E E T +76 [54]
Peel ply (PA, 𝑆𝑎 = 16 μm) C/E E T +30 [54]
Peel ply (PA, 𝑆𝑎 = 18.7 μm) C/E E T +47 [54]
Peel ply (PA, plain) C/E E T −26 [59]
Peel ply (PA, plain) C/E E T −50 [59]
Peel ply (PA, plain) C/E E T −25 [59]
Peel ply (PA, twill) C/E E T −27 [59]
Peel ply (PA, 𝑆𝑎 = 114.5 μm) G/E – T −36 [54]
Peel ply (PA, 𝑆𝑎 = 16 μm) G/E – T −45 [54]
Peel ply (PA, 𝑆𝑎 = 18.7 μm) G/E – T −39 [54]
Peel ply (polyester) C/E E T −29 [62]
Peel ply (polyester, 𝑆𝑎 = 9.5 μm) C/E E T −4 [54]
Peel ply (polyester, 𝑆𝑎 = 15 μm) C/E E T +1 [54]
Peel ply (polyester, 𝑆𝑎 = 21 μm) C/E E T +7 [54]
Peel ply (polyester, 𝑆𝑎 = 9.5 μm) G/E – T −55 [54]
Peel ply (polyester, 𝑆𝑎 = 15 μm) G/E – T −52 [54]
Peel ply (polyester, 𝑆𝑎 = 21 μm) G/E – T −50 [54]
Peel ply (polyester, dry) C/E E T +7 [132]
Peel ply (polyester, wet) C/E E T +12 [132]
Peel ply (glass) C/E E T +12 [59]
Peel ply (glass) C/E E T +31 [66]
Peel ply (-) C/E E T +17 [61]
Peel ply (-) C/E – T +36 [33]
Peel ply (-) G/E – T +39 [61]
Detergent washing C/E – T +2 [33]
Chem. func. (GO) C/E E T +17 [113]
Chem. func. (MTES-sGO) C/E E T +29 [113]
Chem. func. (GPTMS-sGO) C/E E T +32 [113]
Chem. func. (APTES-sGO) C/E E T +40 [113]
Chem. func. (APTMS-sGO) C/E E T +51 [113]
Corona C/E – T +56 [33]
Corona + Chem. func. C/E E T +94 [34]
Corona + Chem. func. C/E E T +57 [34]
Plasma + peel ply C/E E T −2 [66]
Plasma + sanding C/E PBI T +14 [80]
Plasma + sanding C/E PBI T +200 [80]
Flame (pass = 1) C/E E T +73 [29]
Flame (pass = 6) C/E E T +131 [29]
Flame (pass = 12) C/E E T +149 [29]
Laser (CO2, in atm, 20% layed open) C/E E T +16 [56]
Laser (CO2, in atm, 20% layed open) C/E E T −26 [56]
Laser (CO2, in atm, 70% layed open) C/E E T −1 [56]
Laser (CO2, in atm, 70% layed open) C/E E T −26 [56]
Laser (CO2, in CO2, 20% layed open) C/E E T −18 [56]
Laser (CO2, in CO2, 20% layed open) C/E E T +14 [56]
Laser (CO2, in CO2, 70% layed open) C/E E T −25 [56]
Laser (CO2, in CO2, 70% layed open) C/E E T −15 [56]
Laser (CO2, 𝑓 = 1.20 J/cm2) C/E E 3PB +35 [36]
Laser (IR) C/E – T +34 [120]

(continued on next page)

𝐺𝐼𝑐 and 𝐺𝐼𝐼𝑐 (in percentages with respect to the untreated specimens)1
of carbon/epoxy and glass/epoxy are given in Table 7.2

For Mode I, most treatments were reported to improve 𝐺𝐼𝑐 with a3
maximum recorded improvement of up to 1070%. Sanding improves4

joint toughness by up to a factor of 11×, owing to mechanical inter- 5
locking derived from surface roughness of 2–8 μm and the removal 6
of fluorine [34]. Grit blasting generally improves fracture toughness 7
of carbon/epoxy joint provided that the grit size, blasting materials, 8
and distance are properly selected. Gude et al. [63] showed that the 9
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Table 6 (continued).
Treatment Adherend Adhesive Load type 𝜏𝑚𝑎𝑥 (var. %) Ref.

Laser (UV, 𝑓 = 0.12 J/cm2) C/E E T +233 [119]
Laser (UV, 𝑓 = 0.24 J/cm2) C/E E T +220 [119]
Laser (fiber, 𝑓 = 0.50 J/cm2) C/E E T +109 [129]
Laser (fiber, 𝑓 = 0.90 J/cm2) C/E E T +121 [129]
Laser (fiber, 𝑓 = 1.78 J/cm2) C/E E T +122 [129]
Laser (fiber, 𝑓 = 2.64 J/cm2) C/E E T +250 [129]
Laser (fiber, 𝑓 = 3.53 J/cm2) C/E E T +267 [129]
Laser (fiber, 𝑓 = 4.43 J/cm2) C/E E T +235 [129]
Laser (fiber, 𝑓 = 5.29 J/cm2) C/E E T +206 [129]
Laser (fiber, 𝑓 = 7.07 J/cm2) C/E E T +185 [129]
Laser (fiber, 𝑓 = 8.84 J/cm2) C/E E T +124 [129]
Laser (Nd:YAG, s = 25 μm, 5.6 W, 40 kHz) C/E E T +12 [132]
Laser (Nd:YAG, s = 25 μm, 5.6 W, 60 kHz) C/E E T +15 [132]
Laser (Nd:YAG, s = 25 μm, 6.3 W, 30 kHz) C/E E T +10 [132]
Laser (Nd:YAG, s = 50 μm, 5.6 W, 40 kHz) C/E E T +15 [132]
Laser (Nd:YAG, s = 50 μm, 5.6 W, 30 kHz) C/E E T +23 [132]
Laser (Nd:YAG, no aging, 70 ◦C) C/E E T −6 [124]
Laser (Nd:YAG, aging 1092 days, RT, 15% RH) C/E E T +3 [124]
Laser (Nd:YAG, aging 1093 days, 71 ◦C, 15% RH) C/E E T −12 [124]
Laser (Nd:YAG, aging 1095 days, 71 ◦C, 85% RH) C/E E T −45 [124]
Laser (Nd:YAG, aging 1099 days, RT, 85% RH) C/E E T −36 [124]

Note: 𝑓 , fluence; C/E, carbon/epoxy; G/E, glass/epoxy; E, epoxy; T, tension; 3PB, three-point bending; s, spacing.

Table 7
Reported effects of surface treatment on Mode I and Mode II fracture toughness of composites. The variation in percentage (var. %) is calculated based
on the values of untreated specimens.

Treatment Adherend Adhesive Mode Method 𝐺𝐼𝑐 or 𝐺𝐼𝐼𝑐 (var. %) Ref.

Sanding (Al2O3, 120-grit) C/E E I MBT −40 [69]
Sanding (SiC, 150-grit) C/E E I MBT +1070 [34]
Sanding (SiC, 280-grit) C/E E I MBT −6 [72]
Sanding (-) C/E E I MBT 0 [126]
Grit blasting (copper) C/E E I CC +565 [36]
Grit blasting (Al2O3) C/E E I MBT +157 [63]
Peel ply (polyester) C/E E I MBT −17 [69]
Peel ply (glass) C/E E I AM +255 [66]
Etching (acid, HNO3) C/E E I MBT +20 [69]
Etching (base, NaOH) C/E E I MBT −81 [69]
Corona + chem. func. C/E E I MBT +848 [34]
Corona + chem. func. C/E E I MBT +948 [34]
Plasma C/E E I D5528 +101 [24]
Plasma C/E E I MBT +96 [63]
Plasma G/E E I D5528 −12 [24]
Plasma (pass = 12) C/E E I MBT +63 [72]
Plasma (pass = 24) C/E E I MBT +81 [72]
Plasma (pass = 24, aging 25 days) C/E E I MBT +69 [72]
Plasma (pass = 48) C/E E I MBT +88 [72]
Plasma + grit blasting (Al2O3) C/E E I D5528 +66 [24]
Plasma + grit blasting (Al2O3) G/E E I D5528 +77 [24]
Plasma + peel ply C/E E I AM +16 [66]
Laser (CO2, 1.2 J/cm2) C/E E I CC +341 [36]
Laser (CO2, 3.6 J/cm2) C/E E I CC +94 [36]
Laser (Yb:KYW, 0.12 J/cm2, 1 mm/s) C/E E I MBT +10 [126]
Laser (Yb:KYW, 0.30 J/cm2, 1 mm/s) C/E E I MBT 0 [126]
Laser (Yb:KYW, 0.60 J/cm2, 1 mm/s) C/E E I MBT −10 [126]
Laser (Yb:KYW, 0.48 J/cm2, 5 mm/s) C/E E I MBT −20 [126]
Laser (Yb:KYW, 0.42 J/cm2, 0.1 mm/s) C/E E I MBT +12 [126]

Laser (Yb:KYW) C/E E II CBM −7a [127]
Laser (Yb:KYW) C/E E II CBM −2a [127]
Laser (Yb:KYW) C/E E II CBM +11a [127]
Laser (Yb:KYW) C/E E II CBM +4a [127]

aThe exception made to the data, which is compared to the sanded, control specimens.
Note: C/E, carbon/epoxy; G/E, glass/epoxy; E, epoxy; MBT, Modified Beam Theory; CC, Compliance Calibration; MCC, Modified Compliance Calibration;
AM, Area Method; BT, Beam Theory; CBM, Compliance Beam Method.

fracture toughness increase is enabled by 220-grit alumina particles1
blasted at 45◦ angle and 100–150 mm distance, which yields a surface2
with 3 μm roughness (with a high density of sharp peaks) and balanced3
ratio of dispersive-polar surface energies. Blasting using Al2O3 improves4
fracture toughness, as it generates 11 μm roughness, a large quantity5
of polar functional groups, and removal of Si contaminants [36]. Peel6
ply improves fracture toughness owing to the improved surface mor-7
phology/texture, surface enhanced roughness that enables mechanical8

interlocking [66], and the increase in surface energy [69]. Acid etching 9
using HNO3 yields joints with 𝐺𝐼𝐶 values reaching 1.80 kJ/m2 (a 10
modest improvement of 20% as compared to the control specimen) 11
owing to a slight enhancement in the surface energy; acid etching does 12
not significantly modify the surface morphology [69]. Chemical func- 13
tionalization using GPTMS and TetraThiol on carbon/epoxy adherend 14
after corona discharge could improve fracture toughness by 948% and 15
848%, respectively [34]. The functionalization creates covalent bonds 16



A. Yudhanto et al.

between the adhesive and substrate, and improves the surface energy1
of up to 80% [34]. Plasma treatment moderately enhances fracture2
toughness of carbon/epoxy or glass/epoxy by 10%–90% owing to the3
improvement in surface energy, surface chemistry (more carboxyl con-4
tent), and wettability (lower contact angle) [66,63,72]. Plasma can be5
used as a post-treatment for fracture toughness enhancement after the6
specimens have been treated using grit blasting [24] or peel ply [66].7
Zaldivar et al. [72] suggested to use a short working distance between8
the plasma probe and treated surface (e.g., 1 mm), high volume of9
carrier gas, and optimized plasma passes (e.g., 12–24 passes) to improve10
surface characteristics. Laser treatment modifies the fracture toughness11
of carbon/epoxy bonded joints depending on the utilized gas, wave-12
length, laser fluence, and speed [36,126]. The CO2 laser with 1.2 J/cm213
fluence achieves higher fracture toughness enhancement than that with14
3.6 J/cm2. A fracture toughness increase of 10% was likewise reported15
when the Yb:KYW laser was used to treat carbon/epoxy [126].16

However, a degradation of 𝐺𝐼𝑐 was recorded for almost all treat-17
ments due to a variety of reasons. Sanding, peel ply, base etching,18
plasma, or the Yb:KYW laser degrade 𝐺𝐼𝑐 with a highest reduction19
of up to approximately 80%. The reduction of fracture toughness by20
sanding is attributed to its manual operation that induces inconsistent21
roughness [69] and damages in the composite surface [72]. Peel ply22
degrades fracture toughness due to the trace of contaminants, e.g.,23
fluorine. Etching using NaOH (base solutions) also degrades fracture24
toughness, as the NaOH is abrasive on the epoxy [69]. Therefore, it is25
suggested that the epoxy-based composite must not be treated by NaOH26
etching. Plasma treatment slightly degraded fracture toughness when27
the plasma setting was not effective in removing the contaminants, e.g.,28
the plasma treatment at 10 mm/s and 6 mm distance is insufficient29
for the removal of the fluorine from the adherend surface [24]. The30
CO2 laser treatment decreases fracture toughness when the laser energy31
density is set at 3.6 J/cm2, as it removes epoxy layers from the surface32
and forms a weak boundary layer due to loose fibers, and poor wetting33
of adhesive on the bare fibers [36]. A slight modification of fracture34
toughness was reported when the Yb:KYW laser at high energy density35
(0.48–0.60 J/cm2) was used to treat carbon/epoxy due to the full36
removal of epoxy and fiber damage [126].37

For Mode II, effect of surface treatment on 𝐺𝐼𝐼𝑐 is reported in38
Refs. [159–161,71,162,163], with the exception of Moreira et al. [127].39
In their study [127], the Yb:KYW laser with different levels of energy,40
speed and laser track distance was used to treat carbon/epoxy for41
obtaining Mode II fracture toughness via ENF test with reference to42
the control specimen. They found that laser treatment could produce43
a contaminant-free surface and larger surface area useful for mechan-44
ical interlocking, whereas the 𝐺𝐼𝐼𝑐 enhancement accounts for merely45
11% [127]. A small reduction of 𝐺𝐼𝐼𝑐 of around 7% was likewise noted.46
The reduction was caused by contaminants that were not entirely47
removed by the laser treatment. Nonetheless, a need for studies on48
the influence of treatments on Mode II performance of thermoset-based49
composites remains, before solid conclusions are made in this aspect.50

5. Toward modern solutions for enhancing joint performances51

5.1. Patterning of pre-preg using in-mold method52

An in-mold method has been proposed to drastically modify the sur-53
face topology of composite substrates [45–47]. This method essentially54
follows a nanoimprint lithography procedure (depicted in Fig. 7a),55
introducing periodic step-shaped micro patterns on carbon/epoxy pre-56
preg generated by a corrugated aluminum mold during curing process.57
Hence, this method is considered applicable for co-cured and co-bonded58
joints. The SEM image shown in Fig. 7b indicates that the topology of59
imprinted concave and convex carbon/epoxy structure can be a few60
times the fiber diameter. Such a micro-pattern introduces a local Mode61
II fracture region that has high crack resistance into the apparent frac-62
ture behavior, as measured by the DCB test (for Mode I) [47] or single63

leg bending (for mixed Mode I/II) [45]. Consequently, Mode I as well 64
as mixed Mode I/II fracture toughness of the secondary bonded car- 65
bon/epoxy joint is improved. In the specimen without micro-patterns, 66
the fracture toughness is relatively low, because the crack is propagat- 67
ing rapidly in a relatively flat adhesive–adherend interface (Fig. 7c). In 68
the specimen with micro-patterns (Fig. 7c), the fracture toughness is 69
enhanced due to a contiguous crack propagation along the corrugated 70
interface. The schematic in Fig. 7d shows that two fracture mecha- 71
nisms in fact occurred in the specimen with micro-patterns: in one, (i) 72
the crack propagates along the step-shaped micro patterns (interface 73
failure), whereas in the other, (ii) the crack propagates within the 74
adherend and adhesive (cohesive failure). This combination of interface 75
and cohesive failures increases the shear load required to grow the 76
crack (increased local Mode II fracture toughness). 77

5.2. Patterning of cured laminates using laser irradiation 78

Recently, the patterning of substrates using laser irradiation has re- 79
ceived significant attention. This strategy was found to increase the peel 80
strength of T-joint with metallic substrates, e.g., copper [164–166]. The 81
peel strength was improved, as the energy required to debond the joint 82
was dissipated through cohesive failure and plastic deformation of the 83
metallic substrates [165]. The effect of laser-based surface patterning in 84
composite substrates is provided in the recent studies by Xie et al. [114] 85
(single-lap shear test), Tao et al. [36,37,51] (Mode I fracture), Wagih 86
et al. [163] (Mode II fracture), and Sorrentino et al. [167] (Mode 87
II fracture). This patterning scheme is thus considered applicable for 88
secondary bonded joints. 89

Xie et al. [114] proposed two-step laser treatment using the Nd:YAG 90
laser on the carbon/epoxy surface, where the first step is aimed to 91
remove the resin layer, such that the carbon fibers can be exposed, and 92
the second step is aimed to produce grooves on the bare carbon fibers 93
(Fig. 8a). As observed using SEM and shown in Fig. 8b, the grooves on 94
composite surface enhance the single-lap shear strength of the cross- 95
ply composite joint of up to 41%, particularly when crossed-groove 96
patterns are employed. The two mechanisms related to the two-step 97
laser treatment were responsible for the shear strength improvement 98
in composite joint with grooves. The first step improves the physical 99
bonding between carbon/epoxy and the adhesive, while the second 100
step introduces an anchoring bonding between carbon/epoxy and the 101
adhesive (Fig. 8c). 102

Tao et al. [51] employed CO2 laser irradiation to make an alter- 103
nating pattern of laser-ablated strips and laser-cleaned strips (Fig. 8d). 104
The laser-ablated strips contained fully exposed carbon fibers, while 105
the laser-cleaned strips contained some matrix that were remained 106
on the surface. This patterning (laser ablation-laser cleaning strategy) 107
triggered the formation of adhesive ligaments at the interface during 108
Mode I fracture test, as shown in Fig. 8e, which were acting as an 109
extrinsic dissipation mechanism. This mechanism was responsible for 110
the final enhancement of R-curve in Mode I, as shown in Fig. 8f. The 111
enhancement of Mode I R-curve was also studied numerically using 112
finite element simulation [50], showing that geometrical factor (gap 113
distance 𝑔 in Fig. 8d) and contrast between cohesive element param- 114
eters (strength, energy) play an important role in the improvement 115
of R-curve. The laser patterning method proposed in Ref. [51] was 116
then adopted by Wagih et al. [163] for treating composite surfaces of 117
ENF specimens (Mode II). Mode II fracture toughness was increased 118
by 60% as compared to the baseline specimen [163]. The underlying 119
mechanism in the Mode II case is different from that of Mode I. In Mode 120
II, the alternating laser patterning on CFRP substrate triggers adhesive 121
cracking and failure as well as crack migration towards other interfaces. 122
These mechanisms dissipate higher energy during crack propagation 123
and improve Mode II fracture toughness of CFRP bonded joint. 124
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Fig. 7. (a) Schematic of in-mold surface modification by imprint lithography for carbon/epoxy pre-preg [45]; (b) SEM image of carbon/epoxy with imprinted concave and convex
structures [47]; (c) crack propagation in carbon/epoxy without and with micro-patterns [45]; (d) schematic of failure mechanisms in carbon/epoxy with micro-patterns [45].

5.3. Tailoring adhesive bondline using inserts/carriers1

Although the following methods are not directly related to the2
surface preparation methods, they have been recently proposed to3
enhance joint performance. The methods essentially introduce foreign4
material or layer structures into the adhesive bondline. In some cases5
adherend surface is also prepared to remove the contaminants, or to6
create desired roughness. Moreira Arouche et al. [168] inserted a layer7
of glass fiber chopped strand mat between adherends to enhance the8
toughness of metal-to-composite joints. Dispersing multi-walled carbon9
nanotubes or graphene oxide nanoplatelets is also one way to introduce10
foreign material into the adhesive bondline where fracture toughness11
of glass/epoxy with aligned nano-fillers can improve Mode I fracture12
toughness of up to 350% [169]. Since glass fiber or nanofillers are13
very brittle and delicate, the foreign layer can be selected to be more14
ductile than the adhesive. As shown in Fig. 9a, Löbel et al. [48]15
inserted a ductile thermoplastic (polyvenylidene) strip within a rigid16
adhesive (epoxy) as a crack-stopper in the bondline of CFRP bonded17
joint, and improved the Mode I fracture toughness locally by 300%.18
Heide-Jørgensen et al. [49] incorporated a diamond-celled lattice knit19
(nylon with fiber diameter of 0.4–0.5 mm) into the bondline of CFRP20
bonded joint with a kissing bond (Fig. 9b). They found that the carrier21
could recover the fracture toughness after surpassing the kissing bond22
owing to the bridging nylon ligaments. Fig. 9c shows the schematics23
of the woven copper mesh and PTFE strip that are inserted in the24
bondline of the joint. This technique activated bridging ligaments that25
improve fracture toughness by 250% [52]. Because the layer insert26
is generally the as-received product without any design freedom, the27
authors [53] manufactured a carrier with corrugated net-like design28

using 3D printer (see Fig. 9d), and implemented the carrier in the 29
CFRP bonded joint, where the CFRP substrates were treated by laser 30
ablation (for enhancing the bonding between epoxy and carbon fibers). 31
The authors found that this technique could significantly improve 32
the Mode I fracture toughness of CFRP bonded joints by more than 33
400%. Extrinsic toughening mechanisms (anchoring and stretching), 34
generated by the micro-architecture inserted in the bondline and the 35
presence of voids in the bondline, are responsible for the toughness 36
improvement [53,170]. 37

5.4. Remarks on the modern solutions 38

The abovementioned solutions (in-mold method, laser patterning, 39
adhesive tailoring) proposed to enhance the joint performance are still 40
finding their way towards the real, practical applications in a structure. 41
Although laser treatment, for instance, is not yet a practical norm 42
for producing patterns on composite surface (particularly for adhesive 43
bonding purpose), it has been qualified as a technique to remove 44
release agent residues from carbon-fiber reinforced-polymer surface 45
before painting [171]. Laser also has a huge potential to be used as an 46
automated preparation strategy in the manufacture of spacecraft equip- 47
ment [172]. Similarly, although crack stopper depicted in Fig. 9a (as 48
one of the techniques proposed in European project called BOPACS — 49
Boltless assembling Of Primary Aerospace Composite Structures [173]) 50
may take a huge effort to certify in the aircraft industry, it has some 51
potentials to be incorporated in the secondary bonded joints. 52
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Fig. 8. Laser patterning in single-lap composite joint: (a) schematic of two-step laser treatment, (b) example of SEM image of groove morphology in carbon/epoxy, (c) schematic of
mechanisms responsible for shear strength improvement [114]; (d) laser patterning in DCB test specimen for promoting single ligament and multiple ligament, (e) crack propagation
in DCB specimen as observed from specimen edge, (f) corresponding energy release rate (ERR), fracture surface, and energy evolution in laser-patterned DCB specimen [51].

6. Conclusions and prospective1

Recent progress in the surface preparation strategies for thermoset2
composites applied in aerospace or automotive industry (carbon/epoxy,3
glass/epoxy) is critically reviewed in the present study. We report on4
11 strategies commonly used for treating carbon/epoxy or glass/epoxy,5
namely, peel ply, solvent cleaning, detergent washing, sanding, blast-6
ing, etching, corona discharge, plasma, flame, laser, and chemical7
functionalization. We analyzed the effects of these strategies both8
qualitatively, in terms of adhesion mechanisms/phenomenology, and9
quantitatively, in terms of surface and mechanical indicators (rough-10
ness, contact angle, surface energy, surface chemical composition, joint11
strength, and fracture toughness).12

We found that the following aspects must be considered to select a13
proper surface preparation: (i) triggering both mechanical interlocking14
and adsorption/chemical bonding between adhesive and composite15
adherend, (ii) removal of weak boundary layer due to contaminants16
— not introducing contaminants or foreign species that are dangerous17
to the bonding; (iii) viability for industrial scale-up over a large area or18
complex shape facilitated optimization (e.g., laser, plasma, flame), (iv)19
improvement of mechanical joint performance. In practice, upon the20

completion of selected treatment one should first consider the changes 21
in surface morphology, surface roughness, contact angle/wettability, 22
surface energy, surface chemistry, as well as removal of weak bound- 23
ary layer, as they all contribute to the mechanical interlocking and 24
chemical adhesion of the secondary bonded joints. Thereafter, the final 25
evaluation of treatment can be assessed by mechanical tests (joint 26
strength or toughness measurements). Moreover, we conclude that, 27
albeit important, the remark made in various studies on the relationship 28
between surface preparation and the adhesion mechanism is purely 29
phenomenological, providing limited access to the actual reasons for 30
either strong or weak bonding in secondary bonded composites. 31

Recent trends show that three modern solutions proposed to en- 32
hance joint performance (in-mold method, laser patterning, adhesive 33
tailoring) can be pursued in the future by optimizing the new mech- 34
anisms of strengthening/toughening (ligament formation/anchoring). 35
These recent studies introduce a novel paradigm in adhesive bonding, 36
as they highlight the role of imperfections, either random or controlled, 37
in the creation of multiple sub-cracks having a beneficial effect in 38
macroscopic effective toughness. 39
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Fig. 9. Methods for creating heterogeneous bondline activating extrinsic toughening by ligaments: (a) ductile thermoplastic inserted as a crack stopper [48], (b) 2D carrier made
of nylon [49], (c) copper carrier [52], (d) 3D-printed nylon carrier [53].
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