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Abstract

The effects of laser irradiation surface pretreatments on the mode I fracture

toughness of adhesively bonded composite joints were evaluated. First, pulsed

CO2 laser irradiation was uniformly deployed on carbon fiber reinforced polymer

(CFRP) substrates. Next, double cantilever beam (DCB) tests were performed

to assess the effects of surface pretreatments on the mode I fracture toughness of

the adhesive joints. Then, a thoughtful combination of the proposed surface pre-

treatments was deployed to fabricate DCB specimens with patterned interfaces.

A wide range of techniques, including X-ray photoelectron spectroscopy (XPS),

contact profilometry, and optical and scanning electron microscopy (SEM) were

used to ascertain the effects of all investigated surface pretreatments. It is shown

that patterning promoted damage mechanisms that were not observed in the

uniformly treated interfaces, resulting in an effective fracture toughness well

above that predicted by a classical rule of mixture.
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1. Introduction1

Lightweight materials play a very important role in the aerospace indus-2

try. Several large-scale aviation structures (e.g. fuselages, wings, fan blades, tail3

cones) are made up of carbon fiber-reinforced polymers (CFRPs) [1]. The key to4

affordability of the composite structures is reducing assembly costs [2]. However,5

joining remains a major cost in aerospace manufacturing due to the different6

properties of CFRPs with respect to metallic materials. Traditional mechanical7

fastenings, e.g., rivets or bolts, have several shortcomings. The hole-locating,8

drilling, and fastener installation process are among the main labor-intensive9

activities in aircraft construction and rework. In addition, rivets and bolts add10

significantly to the total structural weight. Because of recent developments in11

structural adhesive technologies and surface preparation techniques, secondary12

adhesive bonding has the potential to replace riveting and bolting in the joining13

of cured composites [3, 4, 5, 6, 7, 8]. The use of adhesives instead of rivets14

and bolts has been shown to reduce structural weight, facilitate a wide range of15

material combinations, and provide uniform stress distribution, thereby reduc-16

ing the risk of fatigue failure [9]. The major concern which arises in adhesive17

bonding of composites is the requirement of suitable surface pretreatments able18

to prevent the adverse effect of surface contaminants and favor the adhesion at19

the adhesive/CFRP interface. Efficient surface pretreatments should enhance20

the strength and fracture toughness of composite joints by promoting chemi-21

cal bonding (e.g., physical adsorption, covalent bonding) and mechanical inter-22

locking [10, 11, 12, 13, 14, 15, 9, 16, 17, 18]. Common pretreatments include23

mechanical sandblasting (or sanding) and applying peel-plies to the surfaces of24

composites. The final objective of these techniques is mainly to remove con-25

taminants (e.g., mould release agents), but also to increase the surface polarity,26

surface energy, and contact area of the adhesive/CFRP interface. Surface con-27

tamination in the form of mono-layer adsorbates may prevent adhesion at the28

adhesive/CFRP interface and induce adhesive failure. However, sandblasting is29

labor-intensive for large structures and exhibits two main areas of concern: the30
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non-uniformity and the inherent trade-off between the full removal of contami-31

nation and damage of surface fibers. The use of peel-ply minimizes the human32

error present in sandblasting [11]; moreover, it is attractive from a manufactur-33

ing and quality assurance standpoint because it reduces manufacturing costs,34

ensures good reproducibility, is easy to apply, and protects the surface during35

handling prior to bonding [11, 15]. However, the peel-ply-treated surface very36

often needs to be cleaned or activated [15].37

Since aerospace applications require robust, repeatable, and reliable pro-38

cesses, additional strategies have been devised through the years, such as wet39

chemical treatments [14, 3, 17] and physical high-energy radiation treatments40

which include, for example, plasma [13, 19, 20] and laser processing [13, 8, 9, 18].41

Photo-grafting and surface functionalization are commonly employed chemical42

treatments to enhance interfacial adhesion, promote covalent bonding, and im-43

prove the shear strength and fracture toughness of composite joints [14, 17].44

However, similar to sandblasting, chemical treatments may cause harm to the45

environment by producing large amounts of (hazardous) chemical waste. More-46

over, chemical treatments are difficult to automate in an industrial scenario.47

Modern high-energy radiation treatments provide an environmentally friendly48

alternative to wet chemical treatments. Plasma is widely used process which49

has been proved to enhance the strength and fracture toughness of adhesively50

bonded composite joints, especially after aging. However, plasma processing51

usually provides little or no modification of surface morphology and does not52

enable mechanical interlocking of the bonding substrates [13]. Pulsed laser ir-53

radiation recently gained a lot of attention because it is a fast and controllable54

technique, which can simultaneously modify surface chemistry and morphology,55

and is suitable for large-scale applications [10, 12, 21, 16, 22, 23]. In particu-56

lar, laser beams can be used to selectively remove target materials, including57

potential contaminants. Laser treatments also reduce the risks associated with58

manual processing, e.g., contamination and process variation. Currently, there59

is no universally defined tool for laser ablation; indeed, pulsed laser systems60

operate at different pulse regimes with wavelengths varying from UV to IR,61
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which causes different interactions with the target material. For applications62

on CFRPs, previous works focused on excimer (λ = 308 nm) [12, 21], Nd-YAG63

(λ = 355 nm) [16, 18], fiber lasers (near-IR range, λ = 1064 nm) [24] and CO264

lasers (mid-IR range, λ = 10.6 µm) [9, 23, 25]. The different laser-CFRP in-65

teractions that can be realized lead to large variations in the treated surfaces,66

from a simple surface “cleaning”, with little or no modification of surface layers,67

to a full removal of the matrix with consequent exposure of carbon fibers. As68

a consequence, these surfaces lead to very different fracture responses. Com-69

pared to UV lasers, CO2 laser has higher processing speed and larger processing70

area, which is suitable for industrial applications [23]. Besides, fiber lasers in-71

put larger amount of heat into carbon fibers, resulting in near surface substrate72

damage such as the fiber/matrix debonding [9, 25].73

In this work, in a quest to fabricate composite joints with superior fracture74

properties, thoughtful combinations of different homogeneous CO2 laser surface75

treatments are deployed to generate CFRP substrates with patterned interfaces.76

The effects of homogeneous (i.e. no pattern) laser irradiation pretreatments on77

the mode I fracture toughness of adhesively bonded composite joints were firstly78

evaluated in comparison with peel-ply and sandblasting pretreatments. A wide79

range of techniques, including X-ray photoelectron spectroscopy (XPS), contact80

profilometry, and optical and scanning electron microscopy (SEM) were used81

to ascertain the features of the pretreated CFRP interfaces. The corresponding82

fracture toughness was assessed through double cantilever beam (DCB) tests83

and the fracture surfaces were analyzed through both the optical microscopy84

and SEM. Finally, the DCB specimens with patterned interfaces were analyzed85

and comparative analyses were carried out.86

2. Materials and methods87

2.1. Material88

The substrate materials were unidirectional carbon fiber pre-pregs composed89

of toughened epoxy resin and carbon fibers (HexPly T700/M21, Hexcel, Stam-90
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ford, CT, USA), with a nominal fiber volume of 57%, which represents an91

aerospace-grade composite material. Unidirectional laminates ([0◦]8) were fab-92

ricated by compression molding to work as substrates for the following adhesive93

bonding. The curing cycle of the laminates was conducted as follows. First,94

a full vacuum (1 bar) was applied to every four-layer stacking in order to re-95

duce air entrapment and void formation in the final laminate. Then, a gauge96

pressure (7 bar) was applied using a hydraulic hot press machine (Hydraulic97

presses, Pinette Emidecau Industries, Chalon-sur-Saone, France) at a heating98

rate of 3◦C/min and a hold time of 120 min at 180◦C. Finally, the laminate99

was cooled at a rate of 3◦C/min.100

The adhesive selected for bonding the cured CFRP substrates was a two101

component room-temperature curing epoxy (Araldite 420 A/B, Huntsman, Salt102

Lake City, UT, USA). It is a structural adhesive with high shear and peel103

strengths for bonding materials such as metals, thermosets, and thermoplastics.104

The basic mechanical properties of the adhesive provided by the manufacturer105

and obtained through tensile tests are given as follows: Young’s modulus, E =106

1.5 GPa; elongation at break, εf = 4.6%; and tensile strength, σf = 29 MPa [26].107

2.2. Surface pretreatments108

A commercial polyamide (dry) peel-ply (Diatex PA85, Diatex, Saint-Genis-109

Laval, France) was applied to the pre-preg stacking to generate a standard110

surface condition for the subsequent comparative analyses. The peel-ply fabric,111

once removed before bonding, should generate a fresh and activated surface by112

removing excess resin. The peel-ply pretreatment will be referred to as PP in113

this study. The additional standard surface condition was obtained by sand-114

blasting (SB) for the subsequent comparative analyses, which was performed115

using a wet blaster (Hurricane, MBA, CA, USA). Pulsed laser irradiation (L)116

was carried out using a 10.6 µm CO2 laser (PLS6.75 Laser Platform, Univer-117

sal Laser Systems, NY, USA). Different surface modifications were attained by118

controlling adjustable laser processing parameters in L, e.g., the laser speed,119

average power, and pulse frequency. Since CFRP substrates may be produced120
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with different surface-resin contents and fiber orientations, a careful evaluation121

of the laser processing parameters is necessary. The main parameter guiding122

the efficiency of the process is the pulse fluence (Fp):123

Fp = Ip · tp =
Wave

f ·As
=

4Wave

v · PPI · πd2 , (1)

where Ip represents the laser irradiance, tp is the laser pulse duration, f = v·PPI124

is the pulse frequency, Wave is the average pulse power, As = πd2/4 is the spot125

size, v is the beam traveling speed, and PPI represents the number of pulses per126

inch. Preliminary investigations revealed that the ablation depth depended on127

pulse fluence and frequency. In the present work, the pulse fluence Fp was elected128

as the controlling parameter of the ablation depth. Therefore, the average power129

was varied while the beam speed and number of laser pulses were kept constant130

at, v = 500 mm/s and PPI = 1000, respectively. The focal distance was131

adjusted so that the resulting laser spot diameter was d = 200 µm. In doing132

so, a light surface “cleaning” with minor modifications of surface roughness was133

achieved at a pulse fluence of Fp = 1.2 J/cm2. This treatment, named L1, led134

to the ablation of the surface matrix and partially exposed carbon fibers. In135

addition, a higher pulse fluence, Fp = 3.6 J/cm2, was deployed to fully expose136

carbon fibers. This treatment is referred to as L2. Nominally flat surfaces were137

obtained for the sandblasting and laser irradiation pretreatments by covering138

the pre-pregs with a Teflon film during curing. This baseline flat surface is139

referred to as T. Finally, all treated surfaces were degreased in an ultrasonic140

bath of acetone for 10 minutes, then oven-dried at 50oC for 25 minutes before141

applying the epoxy adhesive.142

2.3. XPS spectroscopy143

XPS studies were carried out in a Kratos Axis Supra spectrometer (Amicus,144

Kratos Analytical Ltd, Manchester, UK) equipped with a monochromatic Al145

Ka X-ray source (hν = 1486.6 eV) operating at 300 W, a multichannel plate146

and delay line detector in a vacuum of 10−9 mbar. All spectra were recorded147

using an aperture slot of 300 µm× 700 µm. The survey spectra were collected148
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using a pass energy of 160 eV and a step size of 1 eV. A pass energy of 20 eV149

and a step size of 0.1 eV were used for the high-resolution spectra. The samples150

were mounted in floating mode in order to avoid differential charging. Charge151

neutralization was required for all samples. Binding energies were referenced to152

the sp2 hybridized (C=C) carbon for the C1s peak set at 284.5 eV from CFRP153

laminates. The data were analyzed on commercial software (CASAXPS, Casa154

Software Ltd, Devon, UK).155

2.4. Surface profilometry and high-resolution imaging156

Surface profiles were measured by contact profilometry (Dektak 150 Surface157

Profiler, Veeco, New York, USA) using a microscopic stylus tip (5 µm radius).158

A minimum of five scans were carried out parallel and perpendicular to the159

fiber direction, featuring a gage length of 3 mm and a sampling resolution of160

0.1667 µm/point. The arithmetical-average roughness (Eq. 2) was extracted161

from the obtained profiles (Ra):162

Ra =
1

n

∑
|yi − ymean|, (2)

where n is the number of sampling points from each scan, yi is the detrended163

height of the surface profile, and ymean is the average of all yi values. High-164

resolution SEM imaging (Quanta 600, FEI, CA, USA) was also deployed with165

secondary electrons to resolve the morphological features generated by the var-166

ious pretreatments.167

2.5. Determination of fracture toughness168

Mode I fracture tests were carried out using the DCB configuration accord-169

ing to the procedures and recommendations reported in the ASTM D5528-13170

standard ([27]). The CFRP laminates ([0◦]8) were bonded using the epoxy171

adhesive and a starter crack was generated using a nonadhesive polyethylene172

insert (60 mm long, 80 µm thick). Copper wires (100 µm diameter) were used173

as spacers to control the thickness of the adhesive layer. Mechanical pressure174
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was applied during curing to ensure full adhesive-CFRP contact and a consis-175

tent thickness of the adhesive layer. Epoxy hardening was performed over 12176

hours in a temperature- and moisture-controlled laboratory environment, i.e.177

22oC and 71% R.H. The bonded plate was then cut into 250 × 20 × 4.1 mm3
178

specimens and loading blocks were bonded onto each specimen’s arm to enable179

the application of the end peel loading. A schematic of the as-obtained speci-180

mens is reported in Fig. 1. The figure also summarizes the investigated surface181

pretreatments. Mechanical tests were carried out under displacement control at182

a rate of 5 mm/min using a universal testing machine (Instron 5882, Instron,183

Massachusetts, USA). Loading and unloading cycles were employed during tests184

to prevent unstable crack propagation. The tests continued until the opening185

displacement reached 45 mm. The crack propagation was observed in situ using186

a high-resolution camera (Cannon EOS-1Ds, resolution 5616 × 3744 pixels) and187

with the aid of black lines at every millimeter marked on the specimen edge.188

The mode I fracture toughness (GIc) was averaged over at least five tests for189

each surface pretreatment. The compliance calibration (CC) method, suggested190

by the standard ASTM D5528-13 [27], was elected for the calculation of GIc:191

GIc =
nPδ

2ba
, (3)

where P is the applied load, δ is the corresponding opening displacement, b192

is the specimen width, a is the crack length, and n is the CC term, which193

was extracted from experimental data by means of a least-square plot of the194

logarithmic compliance as a function of the logarithmic crack length, i.e., log(C)195

- log(a). Both the optical microscopy and SEM were deployed to probe the196

fracture surfaces and reveal the failure mechanisms.197

3. Results and discussion198

3.1. XPS spectroscopy199

Global XPS surveys scans were performed, focusing on three main elements:200

C, O and Si. The resulting average atomic concentration of surface elements201
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is given in the insert of Fig. 2. Fluorine (F) contamination was also detected,202

which could have been transferred from the Teflon film to the CFRP surface203

during curing; however, its atomic concentration was very limited (i.e., 5%)204

compared to previous works (i.e., 32%) [12]. Silicon, on the other hand, is a205

potential surface contaminant from molding release compounds, the product206

employed in the experiments, or the protective tape from the supplier. Small207

amounts of Si compounds are often added to pre-pregs as flame retardant, re-208

sulting in a baseline level of Si atomic concentration (i.e., 0.4%) [28]. According209

to previous related work, Si may have a detrimental effect on the fracture tough-210

ness of adhesive/CFRP interfaces [29, 30]. Besides, the atomic concentration of211

oxygen was reduced in the laser-treated samples with respect to the baseline T212

surfaces. Because of the low energy of the CO2 laser photons, photo-chemical213

reactions are unlikely, and therefore, the reduction of oxygen could be due to214

the removal of hydroxyl groups mainly through photo-thermal reactions [10].215

High-resolution carbon peaks of C1s were assessed in the binding energy216

range from 277 to 304 eV to detect carbon-based surface functional groups.217

The results are listed in the insert of Fig. 2, where the concentration of func-218

tional groups was estimated from the area percentages of the fitted peaks from219

the C1s spectra. The following oxygen-containing groups were found: alkoxy220

(C-O), carbonyl (C=O), and carboxyl (O-C=O). All of these groups are corre-221

lated with the improvement of surface energy and wettability [13]. The total222

amount of polar groups is also listed in Fig. 2. An overall analysis of the data223

indicated that, starting from the baseline condition T , both the mechanical224

(SB) and physical surface treatments (L) reduced the Si contamination and225

also increased the polar groups. The residual Si in the laser-treated surfaces226

may have come from condensation during processing; while in sandblasting, the227

process may have merely smeared the Si contamination from one area to the228

other. SB and L performed better than PP in terms of contaminants removal229

and improved adhesive-CFRP interaction, which may enable increased surface230

wetting. However, as will be shown later, the mechanical and physical sur-231

face modification strategies affected in totally different ways in terms of surface232
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topography and morphology.233

3.2. Surface topography and morphology234

The profile scans and roughness of the treated surfaces are shown in Fig. 3,235

where the crack growth is along the x-direction. The PP profiles demonstrate236

periodic profile peaks and local high-frequency fluctuations. Because of the237

adhesive viscosity, microscopic asperities may be difficult to be filled thereby238

preventing intimate molecular contact at the adhesive/CFRP interface. The SB239

surfaces were comparably rough, but did not display high-frequency features.240

Sandblasting largely increased surface roughness, compared to the baseline T241

surfaces (given in the caption of Fig. 3). Unlike the standard PP and SB242

pretreatments, the laser-treated surfaces displayed much lower roughness along243

the fiber direction, especially at a higher fluence (L2), because the surface epoxy244

was removed and the carbon fibers were exposed. However, the profile scans can245

be distorted by the finite size of the scanning stylus tip (5 µm). The nominal246

radius of carbon fibers was 7 µm, and the gaps between the fully exposed fibers247

were even smaller.248

High-resolution observations under SEM were performed to have qualitative249

assessment of induced morphological modifications, which are shown in Fig. 4.250

The removal of the peel-ply from the CFRP surface should have exposed fresh251

epoxy that would enable enhanced adhesive bonding [15]. However, the SEM252

analyses indicated that the epoxy fracture was limited to the boundary of the253

imprinted peel-ply patches. The characteristics of the surface created by the254

peel-ply removal strongly depended on the interaction between the laminate255

surface matrix and the dry peel-ply fabric during curing. The XPS scan results256

indicated that, although the texture induced by the peel-ply fabrics increased257

the surface roughness, the final CFRP featured residual silicon and the limited258

concentration of functional groups. Therefore, the epoxy fracture was limited259

and the surface displayed poor adhesion as shown later in mechanical results,260

which is consistent with the previous work [15]. The SB pretreatments resulted261

in rough surfaces, but several locations also featured damaged carbon fibers.262
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Additional SEM images demonstrated a variable surface morphology, which263

originated from the difficulty in precisely controlling of such manual processes.264

The L1 surfaces demonstrated partially exposed fibers and micro-scale residual265

particles, which may have represented products from photo-thermal reactions266

induced by the laser irradiation. The residual particles produced isolated peaks267

in the surface profiles (the red arrow in the x -direction profile in Fig. 3), while268

the partially exposed fibers created high-frequency fluctuations (the red arrow269

in the y-direction profile in Fig. 3). The L2 surfaces featured fully exposed270

carbon fibers as a result of the higher pulse fluence (3.6 J/cm2), which also led271

to a drastic reduction in Rax, whereas Ray was very similar to that obtained272

on the L1 surfaces. The L2 surface featured loose fibers that could be easily273

detached.274

3.3. Fracture toughness275

Typical global responses recorded in DCB tests, which are reported in Fig. 5,276

consisted of an initial linear elastic region, corresponding to the bending of277

the beam with the initial crack length a0, followed by a crack propagation re-278

gion, which displayed a softening response. The resulting propagation fracture279

toughness, GIc, is given as a function of the crack length in the Fig. 5 in-280

serts. The overall set of mechanical tests provide values of GIc in the range of281

(0.2÷1.4) kJ/m2, which is consistent with previous works on adhesively bonded282

CFRP laminates [31, 32, 33]. Calculation of GIc was not possible for the base-283

line T surfaces because brittle failure (unstable stick-slip with substantial load284

jumps) occurred in all tests. Thus, the flat T interface led to weak bonding285

and, for this reason, no results are shown for the T surfaces in Fig. 5. It can be286

concluded that the standard PP and SB pretreatments defined the lower and287

upper bounds, respectively, of the mode I fracture toughness. For given applied288

opening displacement, the SB specimens featured a limited crack propagation289

compared to PP , thus indicating a stronger bonding and higher energy dissi-290

pation. The results obtained following the L1 and L2 pretreatments performed291

better than PP , but worse than SB. Moreover, increased scattering was also292

11



  

recorded because isolated sudden load drops occurred in the post-peak region,293

especially at the L2 interfaces due to fully exposed carbon fibers.294

3.4. Analysis of failure mechanisms295

3.4.1. Optical microscopy296

Optical microscopy was performed on the fracture surfaces to shed light on297

the results of mechanical tests, and the observations are reported in Fig. 6, along298

with a summary plot of the fracture toughness against the atomic concentra-299

tion of Si. The observed interfacial failure of the PP and T specimens, which300

featured the highest atomic concentration of Si and the smallest concentration301

of polar groups, was caused by the weak adhesive-substrate interactions. More-302

over, the T surface had very low roughness and was less amenable to mechanical303

interlocking, which explained the immediate failure and low resistance to crack304

growth that were observed. The PP surfaces were much rougher and resisted305

debonding well, leading to an enhanced toughness, GPP
Ic = 0.17 ± 0.02 kJ/m2.306

Yet, the PP surfaces were the least tough of all the probed surface conditions.307

The low fracture toughness probably originated from the chemistry of the PP308

surfaces, which could have been affected by the peel-ply material and the release309

agent used to facilitate its removal after curing. Because the manufacturer was310

reluctant to disclose detailed information about the fabric composition, it was311

not possible to investigate this point. The SB surfaces displayed the highest312

fracture toughness, i.e., GL2
Ic = 1.13 ± 0.06 kJ/m2. More energy was absorbed313

with respect to the previous case, PP and T , as verified by the observed stress314

“withening”, which corresponded to a large adhesive deformation.315

The laser-treated surfaces, L1 and L2, provided distinct mechanical re-316

sponses. A similar mechanism as the SB surfaces was observed in the L1317

specimens, which also demonstrated the high fracture toughness, i.e., GL2
Ic =318

0.75±0.10 kJ/m2. On the other hand, L2 featured a relative low fracture tough-319

ness, i.e., GL2
Ic = 0.33 ± 0.17 kJ/m2. Optical observations of the L2 fracture320

surfaces also indicated the occurrence of failure at the adhesive/fiber interface.321

Moreover, areas of imperfect wetting and adhesive penetration were observed,322
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which are indicated by arrows in Fig. 6. For the T , L1, and SB surfaces, the323

fracture toughness scaled with the atomic concentration of Si. These surfaces324

can be compared because they involve the presence of an epoxy or a mixture325

of epoxy and exposed fibers, while L2 has a different morphology, as noted326

previously in Section 3.2.327

3.4.2. SEM imaging328

Secondary electron imaging was carried out using SEM to resolve the details329

of the failure process and the results are reported in Fig. 7. Consistent with330

the optical observations, the PP surfaces experienced interfacial failure, with331

limited cohesive failure occurring, mainly at the boundary of the imprinted peel-332

ply patches, indicating a detrimental effect of the peel-ply on the surface to be333

bonded. An analysis of the baseline T and PP fracture surfaces confirmed that334

there was poor adhesion between the resin material and the peel-ply fabric. As a335

result, the functional groups of the uncured pre-preg made contact with the low-336

energy surface of the peel-ply fabric and, consequently, a similar peel-ply texture337

with low surface energy was also generated on the resin side (i.e., bonding338

surface). The SB fracture surfaces revealed the occurrence of cohesive failure,339

and surface damage in the form of broken carbon fibers from the sandblasting340

process. Some adhesive porosity, probably originating from the high roughness341

of the substrate and the resulting entrapped air, was also observed.342

Laser irradiation with a low fluence (L1) led to improved adhesion at the343

adhesive/CFRP interface and some degree of cohesive failure, as indicated by344

the arrows in Fig. 7. There were a few broken fibers because the treatment led345

to only partial fiber exposure. An analysis of the L2 surfaces indicated that,346

because the polymer resin was removed, the surface fibers were isolated from the347

bulk material. Thus, the crack path was diverted to the adhesive/fiber interface.348

The weak response is believed to be the result of the poor penetration of the349

liquid adhesive within fibers and the relative ease with which the loose surface350

fibers could be detached from the substrate. Similar conclusions were drawn351

elsewhere [12], where the full removal of the surface matrix led to the formation352
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of a weak boundary layer at the adhesive/exposed-fiber interface, which lowered353

the shear strength of the joints compared to laser cleaning. In order to enhance354

adhesive penetration, an additional batch of specimens was fabricated, where355

the applied pressure during curing was increased from 0.075 bar to 1 bar using356

the hydraulic hot press machine at the room temperature. However, the results357

did not display a significant improvement in the fracture toughness, since the358

differences with respect to the previous batch were within the range of experi-359

mental uncertainty. Therefore, the poor wetting of the specific liquid adhesive360

on the carbon fibers can be hardly improved by the fabrication revisions.361

3.5. Effects of laser-based surface patterning362

Two laser-based patterning strategies were developed, in order to roughen363

the adhesive/CFRP interface, increase the contact area, and promote mechani-364

cal interlocking. The treatments feature the same pulse fluence, Fp = 9.1 J/cm2,365

to create surface trenches parallel to the fiber orientation (x -direction). A366

schematic is provided in Fig. 8(a). In one case, LP1, the patterns are made367

on the baseline T surface; in the second case, LP2, they are made on the L1368

surface, which provided a better mechanical response in terms of the fracture369

toughness. The centerline-to-centerline spacing between the trenches was con-370

stant at 500 µm. SEM observations of the surface morphology are reported371

in Fig. 8(b). The profile scans along the y-direction were overlapped with the372

corresponding SEM images to resolve the surface topography in the direction373

perpendicular to the crack propagation. This combined analysis demonstrated374

that, due to the thermal interaction between the pulsed laser irradiation and the375

epoxy resin, the actual trench width was 260 µm, slightly larger than the spot376

size, and the depth was bell-shaped. Surface conditions within the trench were377

similar to those of the L2 surfaces, but the higher pulse fluence allowed deeper378

trenches to be obtained in a single pass with limited fiber damage. Fully exposed379

fibers in the trenches may have provided additional toughening in the form of380

fiber bridging, as also reported in [22], but this point needs to be assessed after381

mechanical tests.382
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Before further mechanical investigation of these laser-based surface pattern-383

ing, three-point bending tests were performed to evaluate the effects of the384

surface material removal on the composite stiffness and mechanical strength.385

A unidirectional CFRP plate was cut into 40 × 6 × 2 mm3 slices, as shown in386

Fig. 9. Five original T specimens and five LP1 specimens were tested under dis-387

placement control using the three-point bending fixture on a tensile stage (5kN388

Tensile/Compression Module, Kammrath & Weiss, Dortmund, Germany). The389

support span of the bending fixture was 30 mm, and the displacement load-390

ing rate was 0.5 µm/s. Typical global responses obtained in mechanical tests391

are reported in Fig. 9. Results showed that T surfaces had a flexural mod-392

ulus of 71.35 ± 4.46 GPa, and a flexural strength ([34]) of 1.08 ± 0.06 GPa.393

While LP1 surfaces had a flexural modulus of 67.61± 3.31 GPa, and a flexural394

strength of 1.02±0.05 GPa. The results of mechanical tests before and after the395

laser pretreatment are very close. Therefore, the material removal associated396

to laser surface irradiation did not induce significant variations in the strength397

and bending behavior of unidirectional laminates.398

The global responses recorded during the DCB tests and the resulting prop-399

agation fracture toughness are reported in Fig. 10. Laser patterning improved400

the fracture toughness, which reached almost the same level as the SB surfaces401

(GSB
Ic = 1.13 ± 0.06 kJ/m2). The improvement may be associated with the402

mechanisms of crack growth and failure across the patterned interfaces. In situ403

optical observations of the crack propagation were carried out using a high-404

resolution camera and an industrial endoscope (CMOS Omnivision OV6946,405

Precision Optics Corporation Inc., MA, USA) with 400×400 pixels resolution.406

Post-failure SEM imaging of fractured surfaces was also performed. These ob-407

servations are all provided in Fig. 11. Fig. 11(a) shows the various stages of408

crack propagation in one LP1 specimen. At stage 1©, bridging fibers are visible409

in the wake of the crack, as well as an adhesive ligament developed following410

the adhesive debonding. At stage 2©, some broken fibers are observed, while the411

size of the adhesive ligament is further increased. As the debonding progresses412

to stage 3©, more fibers are seen and new adhesive ligaments are formed as413
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others are broken. Images of the crack wake, captured through the endoscope,414

confirm these observations and show multiple instances of broken (downward415

arrows) and unbroken (upward arrow) adhesive ligaments. The stress “whiten-416

ing” due to the severe deformation of the epoxy and isolated bridging fibers are417

also shown. Overall, the fracture surfaces are quite rough and feature several418

broken ligaments, which appear to have some orientation toward the direction419

of crack propagation. The SEM image of a broken ligament is presented in420

Fig. 11(c). The failure process may have contributed to the enhanced fracture421

toughness. The LP2 surfaces (not shown) exhibited a similar failure behavior422

to LP1 but more broken fibers were exposed due to the higher toughness of the423

L1 pretreatment prior to the patterning.424

The experimental mode I fracture toughness reported earlier for the uniform425

surface pretreatments was used in conjunction with the area fraction of the426

treated materials to correlate the toughness of the patterned interfaces using427

the basic rule of mixture:428

Gm
Ic = G1

Ic · ϕ1 +G2
Ic · ϕ2, (4)

where G1
Ic and G2

Ic are the fracture toughnesses of surfaces 1 and 2, respec-429

tively, and ϕ1 and ϕ2 are the corresponding area fractions. A representative430

area was extracted from the treated surfaces, as shown in the highlighted re-431

gion of Fig. 12(a). Since trenches developed along the x -direction, the length432

ratio of the different regions (shown in the cross-view schematic) gave the area433

fraction. Based on the surface profile, the depth of the trench (d) was 50 µm434

and the width (ltrench) was 260 µm. Therefore, assuming an arc shape, the435

corresponding length (larc) was estimated to be 285 µm. Combined with the436

width of the “flat” region, lflat = 240 µm, the area fraction of the trench was437

calculated as ϕ = larc/(larc + lflat) = 54.3%. It is reasonable to assume that the438

fracture toughness of the trench region was the same as that of L2. Therefore,439

the rule of mixture for the LP1 surfaces was calculated by G1
Ic = GL2

Ic , ϕ1 =440

54.3%, G2
Ic = GT

Ic, ϕ2 = 45.7%, and the rule-of-mixture fracture toughness for441
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LP2 was calculated as G1
Ic = GL2

Ic , ϕ1 = 54.3%, G2
Ic = GL1

Ic , ϕ2 = 45.7%. As442

shown in Fig. 12(b), L2, L1 and SB are located on the dashed line because443

they were uniform pretreatments. On the other hand, the patterned interfaces,444

LP1 and LP2, deviate from the rule-of-mixture prediction, achieving higher445

toughness than this linear combination and the same performance as sandblast-446

ing (SB). The significant enhancement of the experimental fracture toughness447

compared to the rule-of-mixture prediction may be attributed to several factors.448

First, a very rough Ray is conducive to mechanical interlocking across the crack449

propagation direction. Second, the detachment of the adhesive layers within the450

trench-shape region enhanced energy dissipation through friction. Finally, loose451

fibers weakened the interface, but also promoted fiber bridging and the forma-452

tion of adhesive ligaments. However, the improvement of the fracture toughness453

from LP1 to LP2 was not significant, although GT
Ic was much lower than GL1

Ic .454

Considering the similar failure behavior involving bridging fibers and adhesive455

ligaments, it is reasonable to conclude that patterning has played a much more456

important role in interfacial toughening, which requires further investigations457

in the following work.458

4. Conclusions and closing remarks459

In this study, the effects of surface pretreatments using pulsed CO2 laser460

irradiation on mode I fracture toughness of adhesively bonded composite joints461

were evaluated. The mechanical behavior was assessed through double can-462

tilever beam (DCB) tests. The confluence of damage mechanisms in the laser-463

patterned surfaces, not normally observed in homogeneous interfaces, allowed464

the fracture toughness to exceed the predictions based on a simple rule of mix-465

ture. The large interfacial area associated with the trench-shaped patterns466

effectively deflected the cracks and generated extrinsic mechanisms of energy467

dissipation, such as toughening by unbroken fibers and uncracked ligaments.468

Fiber bridging and adhesive ligaments provided nonlinear deformation mecha-469

nisms allowed the inherently brittle interface to deform inelastically, redistribute470
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the stresses around defects, and dissipate energy. The proposed strategy can471

be customized for different composites applied to the aerospace industry due to472

the high precision, reproducibility, and potential automation of the pulsed laser473

irradiation system.474
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Figure 1: Schematic depiction of the DCB specimens featuring the relevant geometrical di-

mensions and the investigated surface preparation strategies. The x-direction reflects the

orientation of the carbon fiber.

24



  

Fig 2

atomic % concentration % of functional 
groups

Treatment C O Si C-O 
alkoxy

C=O 
carbonyl

O-C=O 
carboxyl

PP 75.46 16.50 1.40 25.34 8.58 10.01

T 71.14 16.60 3.74 44.46 3.08 1.50

SB 76.38 16.68 0.74 51.32 0.94 2.39
L1 73.98 14.24 1.24 45.96 2.12 5.35

L2 82.98 12.34 0.36 52.90 4.11 7.97

Figure 2: Atomic concentration of elements and concentration of polar groups as obtained

from XPS analyses. PP : peel-ply; T : Teflon; L1: laser irradiation at Fp = 1.2 J/cm2; SB:

sandblasting; and L2: laser irradiation at Fp = 3.6 J/cm2.
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Figure 3: Typical profile scans and average surface roughness for PP, SB, L1, and L2 surfaces.

The arrows point to the residual particles (left) and partially exposed fibers (right) on the L1

surface. The circle indicates a possible incorrect profile, due to the small gaps between the

fibers and the finite size of the scanning probe. The dashed curves show profile scans of the

Teflon surfaces: Rax = (3.15 ± 0.74)µm and Ray = (2.97 ± 0.98)µm
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L2

PP SB T

L1

Figure 4: Morphology of uniform treatments under SEM secondary electron imaging for PP,

SB, L1, and L2 surfaces. The insert in PP indicates a location where peel-ply removal led

to the exposure of fresh epoxy, while the insert in SB shows the original featureless Teflon

interface.
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Figure 5: Typical global responses recorded during the DCB tests. The inserts show the

propagation fracture toughness as determined by using the compliance calibration method.
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Fig 6
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Figure 6: Optical observations of fracture surfaces and experimental fracture toughness de-

termined from the DCB tests as a function of the atomic concentration of Si. Concentration

of total polar functional groups (C-O, C=O, and O-C=O) are shown in the brackets. Crack

propagation is from left to right.
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Figure 7: SEM images of the fracture surfaces on PP, SB, L1, and L2. Crack propagation is

from left to right.
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Fig 8
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Figure 8: (a) Schematic of patterned surface pretreatments LP1 and LP2. (b) Morphology

of patterned treatments under SEM secondary electron imaging. Typical profile scans and

statistic roughness Ray along the y-direction are shown in the insert. The images also feature

profile scans of the surface topography perpendicular to the fiber direction.

31



  

Fig review
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Figure 9: Typical global responses of T and LP1, and the schematic of three-point bending

tests is shown in the insert.
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Fig 9
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Figure 10: Typical global responses recorded during the DCB tests and the corresponding

fracture toughness of patterned treatments LP1 and LP2.
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Fig 10
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Figure 11: (a) Optical microscopy images of the crack propagation on one LP1 surface

recorded during the DCB tests, which show fiber bridging and both the formation and the

subsequent failure of adhesive ligaments; (b) in situ image of the fracture surface in the crack

wake, which shows broken (downward arrows) and unbroken (upward arrow) ligaments; (c)

SEM image of a broken adhesive ligament.
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Figure 12: (a) Schematic of the procedure employed to calculate area fraction; (b) Comparison

between the experimental values of fracture toughness (y-direction) and the corresponding

predictions obtained using the rule of mixture (x-direction).
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