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Abstract
The application of composite materials grows rapidly nowadays, so does the need for fast and reliable methods for joining and repairing composite materials. Secondary bonding of cured carbon fiber reinforced polymer (CFRP) laminates using structural adhesives has attracted great attention. The most important process step in secondary bonding is the use of proper surface preparation techniques. In this work, the effect of laser-based surface modifications on the mechanical response of CFRP adhesive joints was assessed by means of mechanical tests carried out on peel-loaded DCB samples and single lap joints under three-point bending. The latter configuration entails some interesting features including peel dominant loading conditions and the possibility to assess the damage evolution across the adhesive layer in situ. It is shown that patterned interfaces realized by tailoring the laser processing parameters can lead to adhesive joints with superior mechanical properties.
1.
Introduction
As the use of composite materials grows, so does the need for fast and reliable methods for joining and repairing composite materials. To date, joining still remains one of the major cost drivers. Classical mechanical fastenings, using rivets or bolts, have several shortcomings in joining CFRPs. It adds to the total weight and also brings into problems in association with stress concentrations and fiber breakage due to hole drilling and the need for shimming. As a result, alternative efficient joining techniques are needed.

Because of recent progress in the areas of structural adhesives and advanced surface preparation techniques, adhesive bonding has surfaced as a potential candidate technology that can replace riveting and bolting. Currently, options as diverse as co-curing, co-bonding and secondary bonding are available to join composite structures. Surface preparation is a key element when it comes to adhesive bonding. Classical techniques include using a peel-ply, sanding, or uniform laser irradiation. Whereas the first two usually suffer from a large variability and are heavily operator dependant, laser pretreatment is usually much easier to reproduce and results in more reliable joints. Laser-pretreatment can be used for joining CFRPs [1], metal to metal or metal to CFRP [2]. It has been shown that such pretreatment improves both the chemical interaction and the mechanical interlocking between the adhesive and the substrates due to the modification of the surface morphology. 

Laser-pretreatment is also interesting as it can be easily used to treat the interfaces in an heteregenous fashion. In patterned interfaces, the fracture properties are non-uniform and can be tailored in space to achieve the desired fracture behavior [2]. Surface patterning has been already investigated for material systems featuring metal substrates, see for instance [3]. Results indicate that surface patterning increases the effective properties of the joints due to (i) an increased contact area, (ii) improved interlocking and physical interaction sites at the micro-scale and (iii) crack path deflection.  But  very few studies investigated its potential for CFRP-to-CFRP application [4]. 

The objective of this work is to present different strategies to improve the effective properties of CFRP-to-CFRP joints using laser treatment. First, effects of uniform laser treatments on both the global and local mechanical responses are investigated. Second, a trench patterning scheme is proposed. The global performance of the joint is analyzed, and we systematicaly analyse the underlying mechanism. 

2.
Materials and methods
2.1. 
Materials
Carbon fiber reinforced polymers pre-pregs (HexPly T700/M21, Hexcel, Stamford, CT, USA) were employed to fabricate the laminate substrate. The nominal fiber volume fraction from the supplier is 57%. Eight-layer ([0o]8) and four-layer ([0o]4) unidirectional laminates were fabricated by compression molding using a hydraulic hot press machine (Hydraulic presses, Pinette Emidecau Industries, Chalon sur Saone, France). Curing was conducted in three phases under a 7 bar gauge pressure. In particular, the stacking was heated with the rate of 3oC/min, then it was on hold at 180oC for 120 minutes, and finally it was cooled down at the speed of 3oC/min. The adhesive in this study was a cold-setting two-component epoxy (Araldite 420 A/B, Huntsman, Salt Lake City, UT, USA). The basic mechanical properties of the adhesive are provided by the supplier as follows: Young's modulus, E=1.5 GPa; elongation at break εf=4.6%; tensile strength, σf=29 MPa.
2.2. 
Laser-based surface pretreatments

Uniform and patterned surface pretreatments were attained using a 10.6 μm CO2 laser (PLS6.75 Laser Platform, Universal Laser Systems, NY, USA). The evaluation of the laser parameters guiding the efficiency of the process was conducted at the beginning. The main parameter is the pulse fluence Fp, which was defined by several processing parameters, e.g., the laser speed, average power, and pulse frequency. In the present work, the average power was varied while the beam speed and pulse frequency were kept constant.
In this study, a light uniform surface treatment was achieved using pulsed laser irradiation, named as LC, led to the removal of the surface matrix and partially exposed carbon fibers. A laser-based patterning strategy was then developed to roughen the surface and promote mechanical interlocking. The treatment featured a higher pulse fluence to create trench-shaped patterns along the x-direction, denoted as LP. The spacing between trenches was set to be constant at 500 μm. Before applying the epoxy adhesive, all treated surfaces were degreased using an ultrasonic acetone bath for 10 minutes, and then oven-dried at 50oC for 25 minutes. Apart from surface laser treatments LC and LP, a commercial polyamide (dry) peel-ply (Diatex PA85, Diatex, Saint-Genis-Laval, France) was applied to generate a standard surface condition for comparison. Surfaces after this peel-ply treatment will be referred to as PP in the following.
2.3. 
Sample fabrication
Standard DCB configuration, according to the ASTM D5528-13, was employed to assess mode I fracture toughness. CFRP substrates were bonded with a nonadhesive polyethylene insert (60 mm long, 80 μm thick) as a crack starter. Copper wires (100 μm diameter) were employed as spacers to control the adhesive thickness. Adhesive curing was conducted for 12 hours in a controlled environment, i.e. 22oC and 61% R.H. During curing, uniform pressure was applied to ensure full adhesive-CFRP contact and a consistent thickness of the adhesive layer. After adhesive was cured, the plate was cut into 250x20 mm2 slices and aluminum loading blocks were attached onto specimens to enable the loading. Two different substrate thicknesses were employed in this study. Thick CFRP substrates were made up of eight-layer unidirectional pre-pregs ([0o]8), and the nominal DCB thickness was 4.1 mm. All investigated surface pretreatments, i.e. LC, LP, and PP, were applied on thick DCB specimens. On the other hand, only LP was deployed on thin CFRP substrates ([0o]4), resulting in 2.1 mm thick DCB specimens. To clearly specify the two laser-patterned treatments, LP on thin DCB specimens will be denoted as configuration LP-2, while LP on thick specimens are called configuration LP-4 in the following. A schematic of DCB specimens is reported in Fig. 1, also with investigated surface pretreatments.
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Figure 1. Schematic of DCB specimens and investigated surface pretreatments.
Single lap joint (SLJ) configuration was employed under three-point bending tests to access to in situ local damage evaluation. CFRP laminates ([0o]8) were bonded using the epoxy adhesive with the 8-mm overlap length under the same bonding process as for DCB samples. The bonded plate was then cut into 6-mm width slices for the miniature bending tests. Both sides of the slice were slightly polished to eliminate the surface flaws before mechanical tests.

2.4. 
Mechanical tests

Mechanical DCB tests were carried out using a universal testing machine (Instron 5882, Instron, Massachusetts, USA). Loading and unloading cycles, under displacement control at a rate of 5 mm/min, were employed during tests to prevent unstable crack propagation. The final opening displacement was set to be 45 mm. The in situ crack propagation observation was obtained using a high-resolution camera (Cannon EOS-1Ds, resolution 5616x3744 pixels), with the presence of black lines at every millimeter marked on the specimen edge. At least five tests were performed for each surface pretreatment, and mode I fracture toughness (GIc) was extracted through the compliance calibration (CC) method suggested by the standard ASTM D5528-13:
	GIc =nPδ/2ba.
	(1)


where P is the applied load, δ is the corresponding travelling displacement of the crosshead, b and a are the specimen width and crack length, respectively; n is the CC calibration term, which was extracted from a least-square minimization of the logarithmic compliance as a function of the logarithmic crack length, i.e., log (C)-log (a). 
Mechanical three-point bending tests on SLJs were carried out under displacement control at a loading speed of 0.5 μm/s using a micro tensile stage (Tensile/Compression Module, Krammrath & Weiss, Dotmund, Germany) with a 1 kN load cell. The span length of the support was 30 mm, and at least five LC specimens were continuously loaded till the final failure. Interfacial damage was observed in situ using a high-resolution microscope (SteREO Discovery V20, Carl Zeiss, Oberkochen, Germany).
3.
Results and discussions

3.1. 
Mechanical responses

Typical global mechanical responses of LC in DCB tests are reported in Fig. 2, which consisted of an initial linear elastic region, followed by a crack propagation softening region. The resultant propagation fracture toughness, GIc, is plotted against the crack length, also shown in Fig. 2. Typical mechanical response of PP is also plotted in the same figure for comparison. It is clear that uniform treatment using laser irradiation could enhance both the load and fracture toughness under the DCB configuration. In situ observations of the crack propagation are also shown in Fig. 2. Interestingly, the adhesive layer detached from both adhesive/CFRP interfaces and thus formed adhesive ligaments, which bridged the separated substrates. The rapid load decrease, pointed by arrows in the global load-displacement curve, corresponds to the breakage of adhesive ligaments, whose presence affected to some extent the mode I fracture toughness.
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Figure 2. Typical mechanical response and in situ crack propagation observations of LC surfaces under DCB tests.
3.2. 
Analysis of damage on laser-cleaned surface
In order to assess the development of damage at local level, SLJs were prepared and tested under three-point bending. Typical mechanical response of LC is shown in Fig. 3. A schematic depiction of loading and boundary conditions of three-bending test is also given in the insert of Fig. 3, and the observation region of interest (ROI) is at the opening edge. The enhanced maximum applied load, compared to that of PP, was consistent with previous results from DCB tests [1].
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Figure 3. Typical response of single lap joints with LC surfaces under three-point bending.
In situ interfacial damage was observed at the opening ROI (Fig. 3) and the corresponding local failure mechanism was investigated. The schematic of treated surfaces after pulsed laser irradiation is shown in Fig. 4 (a). Due to the thermal interaction between the pulsed CO2 laser irradiation and CFRP laminates, epoxy resin will be mainly removed. Thus, some fibers had little support, or even already detached from the surface resin, which is pointed on LC SEM image in Fig. 4 (b).
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Figure 4. (a) Schematic of surface pretreatment using pulsed laser irradiation. (b) SEM observation of LC surface, arrows indicate the loose fibers after the pretreatment. (c) In situ observation of interfacial damage under three-point bending; the arrows point to the loose fibers which are embedded into the adhesive layer and detached from CFRP substrates during loading.
Under mechanical loading, exposed fibers on LC surfaces detached easily from CFRP laminates, indicating locations of weak adhesion at adhesive/CFRP interfaces. We believe that this non-homogeneity of surface properties led to diffuse interfacial damage, as shown in Fig. 4 (c), and limit the effectiveness of the laser pre-treatment on this specific material system. Indeed, since the exposed carbon fibers are distributed randomly on the surface, the adhesive layer was debonded from both adhesive/CFRP interfaces; this triggered the formation of an adhesive ligament which, in turn, contributed to the softening observed in the the global load-displacement response (Fig. 3).
3.3. 
Laser-based surface patterning
Based on previous local evaluation, one way to promote the energy dissipation is to trigger the formation of multiple adhesive ligaments within the bondline. Laser-based patterning LP modified the surface morphology by introducing trenches, and also provided locations of weak adhesion by exposing fibers within the trenches. This carefully designed patterning has the potential to promote the adhesive ligament because of the resultant highly heterogeneous surface. 
Mode I fracture toughness (GIc) of two investigated configurations, LP-2 and LP-4, which were obtained under DCB tests are plotted in Fig. 5. Fracture toughness of uniformly treated LC is also reported in Fig. 5 for comparison, and it is clear that laser-based patterning strategy outperformed the uniform laser irradiation LC. At least nine specimens were tested for each configuration, and the failure mechanisms were evaluated carefully using in situ observations. Only three specimens for LP-2 failed without the presence of adhesive ligaments, while only two specimens for LP-4. So the formation of ligaments was pretty consistent throughout the experimental campaign. The results also show that the presence of adhesive ligaments exerted a non-local toughening mechanism and led to a more pronounced R-curve behavior with the fracture energy increasing consistently with the crack length and the thickness of the sample.
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Figure 5. Mode I fracture toughness GIc of LP-2 and LP-4 obtained using DCB tests, and GIc of the uniform treatment LC is depicted for comparison. Specimens failed with adhesive ligaments are plotted using filled circles, while specimens failed without the presence of adhesive ligaments are marked using unfilled circles.
4.
Conclusions
In this study, the effects of surface pretreatments using pulsed CO2 laser irradiation on mechanical responses of adhesively bonded composite joints were evaluated. The mechanical behavior was assessed globally through DCB tests and locally under three-point bending using SLJs. First, it is shown that simple uniform laser treatment can be used as a simple and rapid way to achieve very reproducible substrate preparation. Local investigation under three-point bending demonstrated that diffused damage helped to trigger adhesive ligaments. Second, a laser-based patterning strategy was employed based on the confluence of damage mechanisms, enhancing mode I fracture toughness under DCB tests. Adhesive ligaments, promoted by the patterning, were able to largely toughen adhesively bonded CFRP DCB joints, and lead to a clearly rising R-curve as the increase of the substrate thickness. The proposed laser-based patterning strategy can be customized for different composites as a potential surface pretreatment technique, due to the high precision, repeatability, and automation of the laser irradiation system. 
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