Influence of surface micropatterns on the mode I fracture toughness of adhesively bonded joints
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Abstract
[bookmark: _Hlk40181157][bookmark: _GoBack]Surface patterning has been used to enhance the fracture toughness of adhesive joints. In this study, the effect of the variable bondline thickness introduced by the patterns and the effect of pattern geometry on the fracture behaviour of adhesive joints were analysed. Surface patterns including longitudinal grooves, transverse grooves, dimples and grids were fabricated by means of laser texturing. The patterned surfaces were bonded using a tough structural adhesive and the mode I fracture toughness was measured using the J-integral method. The toughness of the patterned joints was compared with the results from bonding with control surfaces and with grit blasted in combination with chromic acid etched (GB-CAE) surfaces. It was shown that both longitudinal and transverse grooves led to the highest value of toughness. Grids patterns yielded a toughness close to the GB-CAE treatment, both of which were higher than the dimple patterns. It was also shown that the variable bondline thickness due to the existence of surface patterns, which influences the size of the plastic zone, reduced rather than increased the fracture toughness.
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1. Introduction
[bookmark: _Hlk45106695]Adhesive bonding continues to be extensively adopted by the automotive, aeronautical and microelectronics industries [1,2]. To attain the maximum bonding strength, fracture resistance and long-term durability, the substrate surfaces require appropriate surface treatments prior to adhesive bonding. The aim of such treatment is (i) to remove surface contamination and the presence of any weak boundary layers, (ii) by allowing the close molecular contact between the adhesive and the substrate, to promote the degree of physical and chemical interactions between the molecules across the interface, (iii) to generate a surface topography where the interfacial area is increased and sometimes, the possibility for mechanical interlocking between the adhesive and substrate is enhanced and (iv) in the case of environmental durability, to create a tortuous interfacial path to delay moisture ingress. Conventional pretreatments include mechanical abrasion, chemical etching, plasma treatment and silanization [3]. However, efforts continue to be made to develop new pretreatment techniques. One strategy is to generate various interlocking fingers on the bonding surfaces so that tensile loading may be converted to shear [4–9]. This will greatly enhance the fracture toughness of adhesive joints, which is especially important for the joints which may encounter impact loading in service as the failure mechanisms are more complicated and more unpredictable [10,11]. These so-called patterning treatments can be used individually when conventional methods are not sufficient [12] or they can be used in conjunction with other treatments. Patterning treatments have the potential to replace environmentally polluting immersion-based chemical treatments [13]. 
Surface patterns can be fabricated via many approaches, such as machining, moulding, printing and chemical etching [4,6,13,14]. According to the configuration of the bonding surface, there are mainly two families of patterns, i.e. coupling and non-coupling patterns. In coupling patterns, concave and convex coupling structures are fabricated on the two bonding surfaces respectively, which need to be assembled when the adhesive is applied. A variety of coupling patterns have been investigated, such as sinusoidal waves, semicircle profiles and square waves [5,8,9]. The bondline thickness, ha, is usually uniform across the joint, except for joints with two-level patterns [15]. Under mode I loading, the crack grows along the non-straight interface, and a mode II fracture mechanism is developed in the joint. As the mode II fracture toughness, GIIc, is usually much greater than the mode I toughness [3,16], GIc, an increased fracture toughness, Gc = GIc + GIIc, is usually attained. Previous studies have shown that Gc is more influenced by the ratio of the amplitude to the wavelength of patterns than by the amplitude [5,15]. This interlocking strategy has also been used to enhance the fracture toughness of adhesive joints under mode II and mixed mode loading [5,17]. 
[bookmark: _Hlk45040515][bookmark: _Hlk44426169][bookmark: _Hlk46418188][bookmark: _Hlk46418223][bookmark: _Hlk44427114]In non-coupling patterns, both substrate surfaces are fabricated with identical or similar patterns and then they are bonded as usual. The non-coupling patterns can be more readily fabricated and integrated in the operating assembly lines than the coupling patterns. In addition to introducing shear stresses, non-coupling patterns lead to a variable bondline thickness as the patterned regions can accommodate different volumes of adhesives. This in turn influences the shape and the size of the plastic zone when the size of patterns is close to rp = EaGIc/6πσy2 (for the adhesive used in this study, the Young’s modulus Ea ≈ 2 GPa, GIc ≈ 3.5 kJ/m2 and the fracture strength σy ≈ 35 MPa, yielding rp = 0.3 mm). As illustrated in Fig. 1, the flat joint has a planar plastic zone due to the even constraints from the parallel substrates. However, the plastic zone in the patterned joints extends into the pattern cavities and converts into a more complex profile due to the uneven substrate constraints. Previous studies have shown that for tough adhesives, there exists a threshold bondline thickness. Below the threshold, the value of GIc increases with increasing bondline thickness, whilst above the threshold, the GIc value may decrease somewhat before attaining a constant value [3,18,19]. The size of the plastic zone in the adhesive layer also exhibits a similar thickness dependency [17]. In addition, the bondline thickness also has significant effects on the strength of the adhesive joints, which usually decreases with increasing bondline thickness [19,20]. Therefore, a variable bondline thickness in patterned joints may increase or decrease the fracture resistance, GIc. However, most studies reported in literature have emphasized the effects of shear and interlocking which are introduced by using patterned substrates, but the effects of introducing a variable bondline thickness have not been so well analysed and discussed. Although many efforts have been made to fabricate various types of non-coupling patterns on the substrate surfaces to promote the adhesive bonding properties, the influence of the pattern geometry on the fracture toughness for crack initiation and propagation remains largely unreported in the literature. A previous study indicated that longitudinal grooves made little contribution to the strength of a single lap joint [4]. However, for mode I fracture the crack tip is subject to normal tractions, unlike mode II fracture, and thus it is worth revisiting the performance of longitudinal patterns for the mode I loading case. 
[bookmark: _Hlk45204511][bookmark: OLE_LINK1][bookmark: OLE_LINK6]In this study, different micropatterns including longitudinal grooves (LG), transverse grooves (TG), square dimples and grids were fabricated on aluminium bonding surfaces using a laser texturing technique. The laser texturing technique exhibits many promising advantages over other manufacturing methods [21–23]. In particular, some critical advantages of laser micro-machining include non-contact machining, the ability to process a wide range of materials and complex free-form (3D) surfaces that incorporate functional features with a wide range of sizes, and capabilities for in-situ selective surface characteristics customization [19]. The patterned surfaces together with flat surfaces treated with solvent degreasing and chromic acid etching (CAE) were bonded using a tough structural adhesive. The fracture toughness of the adhesive joints was measured using the J-integral method, and in combination with fractography of the joints, the effects of micropatterns including the variable bondline thickness and the pattern geometry on the fracture behaviour of adhesive joints were analysed.
[image: ]
Fig. 1 The possible profiles of plastic zones (PZ) in adhesive joints made with (a) flat surfaces, (b) surfaces patterned with transverse grooves, and (c) surfaces patterned with longitudinal grooves.
2. Materials and Methods 
2.1 Materials 
In this study aluminium alloy AW6082-T6 (E = 70 GPa, σy = 170 MPa) was chosen as the substrate material. Flat beams with a length of 150 mm, a width of 20 mm and a height of 10 mm were employed. A crash durable adhesive SikaPower®-497 (Sika Schweiz AG, Switzerland) was chosen to bond the substrates to make double-cantilever beam (DCB) specimens. 
2.2 Surface treatments
Three surface treatments including solvent degreasing, chromic acid etching (two bondline thicknesses) and laser patterning (four types of pattern) were conducted. In total seven groups of DCB joints were made, with each group containing three repeats at least. The details of the surface treatments investigated are listed in Table 1. The flat joints treated with solvent degreasing are referred to as the control joints acting as the reference. The grit blasted and chromic acid etched (GB-CAE) flat joints associated with two different bondline thickness values were used to identify the effect of bondline thickness on the fracture toughness, which is then used to analyse the effect of the variable bondline thickness in the patterned joints. 
Table 1 The surface conditions for adhesive bonding.
	No.
	Denotation
	Bondline thickness ha, (mm)
	Surface treatments after solvent degreasing 

	1
	Control
	0.4
	No further treatment

	2
	GB-CAE
	0.4
	Grit blasting, degreasing, chromic acid etching

	3
	GB-CAE0.6
	0.6
	Grit blasting, degreasing, chromic acid etching

	4
	LG
	0.4
	Patterning longitudinal grooves, degreasing

	5
	TG
	0.4
	Patterning transverse grooves, degreasing

	6
	Dimple
	0.4
	Patterning square dimples, degreasing

	7
	Grid
	0.4
	Patterning grids, degreasing



2.2.1 Solvent degreasing
Initially, all the substrates were cleaned using a four-stage degrease process in Vapourwash® 701-12, which is a hydrofluoroether based solvent for use in vapour degreasing equipment. The degreasing cycle for this process was as follows: (1) 8 min wash soak, (2) 8 min ultrasonic wash, (3) 8 min vapour soak and (4) 8 min dry. After initial degreasing, one group of substrates were bonded directly to make the control joints. 

2.2.2 GB-CAE treatment
[bookmark: _Hlk44435310]After solvent degreasing, two groups of substrates underwent the GB-CAE treatment. The substrate surfaces were abraded with 180/220 mesh recycled alumina grit at a pressure of 80 psi using a Guyson (UK) blast machine, and then were cleaned for the second time using the four-stage degreasing process. The substrates were immerged into a chromic acid bath preheated to 68 ºC for 30 minutes [24]. Immediately following etching, these substrates were immersed into a tank of cold running water for 20 min to ensure thorough rinsing. Finally, the substrates were rinsed with distilled water and were dried in a fan-circulating oven at 60 ºC. 
2.2.3 Surface patterning
[bookmark: _Hlk45205247]After solvent degreasing, four groups of substrates underwent laser patterning. For these substrates, a laser micro-processing (LMP) platform schematically shown in Fig. 2 was used to perform all laser texturing on the substrates. The system integrates three linear and two rotary mechanical stages for extremely accurate and precise movements, with position resolutions being 0.25 µm and 45 µrad, respectively [25]. The positional accuracy and precision achievable with the 3D scan head are better than +/- 5 µm across the full range of scanning speeds [26]. The LMP system integrates an Yb-doped femtoseconds (fs) 5W laser sources from Amplitude Systemes S.A. that operates at a central wavelength of 1030 nm and has a pulse duration of 310 fs and maximum pulse repetition rate of 500 kHz. The utilization of the fs laser source in the experiments minimises the heat-affected zone around the processed area and thus minimises any thermally induced cracks or damage. At the same time the optical axes are employed to realize the required laser beam movements on the work-piece in order to benefit from the high scanning speeds of the optical galvanometer scanner (up to 2 m/s) and thus obtaining high machining throughputs [23]. Considering the optimal bondline thickness for this adhesive ha = 2 × rp = 0.6 mm, the depth of the patterns was about 0.10 mm, and therefore the maximum bondline thickness in the patterned joints were 0.6 mm, i.e. 0.4 mm + 2 × 0.1 mm, whilst the minimum thickness was 0.4 mm. After surface patterning, the surfaces were cleaned again using the four-stage degrease process to remove any contamination caused by the patterning process. 
[bookmark: _Hlk44878104][bookmark: _Hlk45040222]The characterization of the geometrical properties (width, depth, spacing) of the laser machined structures was performed with Focus Variation technology optical microscope, namely Alicona InfiniteFocus G5. The ×10 objective lens that provides lateral resolution of 1.76 µm has been employed to perform the measurements. The system also has a set of software tools (MeasureSuite), which allow analyses of measurement data both in terms of form and surface topography. The 3D morphologies of the patterned surfaces measured using the Alicona system are shown in Fig. 3 and the dimensional information of the patterns, including the depth, width and average spacing between adjacent patterns, are summarized in Table 2. 
[image: D:\Imperial\Manuscript\Paper 3 Surface texture\laser.png]
[bookmark: _Hlk45206274]Fig. 2 Schematic representation of the laser micro-processing platform [23].
[image: D:\Imperial\Manuscript\Paper 3 Surface texture\3D.png]
[bookmark: _Hlk45205937][bookmark: _Hlk45374805]Fig. 3 The 3D morphologies of patterned surfaces, (a) the LG patterns, (b) the TG patterns, (c) the dimple patterns and (d) the grid patterns. The L and T respectively represent the longitudinal and transverse directions in the joint, with the longitudinal direction being the crack propagation direction.
[bookmark: _Hlk45211620]Table 2. Surface pattern dimensions.
	Pattern
	Depth (μm)
	Width (μm)
	Spacing (μm)
	Arrangement
	S1/S (%)
	S2/S (%)

	LG
	99
	506
	657
	
	77
	29.5

	TG
	104
	503
	652
	
	77
	30.5

	Dimple
	103
	505×475
	1000
	240 μm offset between rows
	23
	18.5

	Grid
	98
	506
	654
	
	95
	57.5


Note: S1 and S2 represent the new flat and vertical areas generated due to the material removal by laser patterning, respectively, and S is the nominal flat area of the substrate. 
[bookmark: _Hlk45182500]
[bookmark: _Hlk45182528][bookmark: _Hlk45211591][bookmark: _Hlk45200446]Fig. 4 shows two examples of the profiles of the patterned surfaces generated, which were measured by the Alicona system. It shows that the geometry and size of the patterns fabricated using the laser are well controlled. Table 2 also shows the ratio of the created flat area (S1) and vertical area (S2) to the nominal flat area (S). Among all the patterns, the grid pattern introduces the greatest amount of vertical area, up to 58% of the area of the nominal flat. The LG and TG surfaces produce about an extra 30% area in the vertical direction, while the dimple patterns introduce the minimum vertical area, around 18%. The new flat surface areas generated inside the patterns that could be considered as an indicator of the mechanical interlocking density are about 95% for the grid patterns, 77% for the LG and TG patterns and 23% for the dimple patterns.


Fig. 4 The height profiles of the LG and dimple patterns.
2.3 Joint manufacturing
In these joints, the bondline thickness was controlled by placing Ø = 0.4 mm (Ø = 0.6 mm for the GB-CAE0.6 joints) steel wires at the two ends of the lower substrate in both longitudinal and transverse directions. A 12.5 µm thick PTFE film was placed on the adhesive surface to act as an initial crack in the joint, resulting in an initial crack length about 50 mm from the load line. A thermocouple was attached to one substrate to monitor the adhesive curing temperature. The curing cycle for the adhesive was 180 °C for 30 minutes. After curing, the excess adhesive on the sides of the joints was removed. Aluminium blocks with a dimension of 13×20×20 mm were attached to the ends of the joints containing the initial crack using Araldite®-2015 adhesive, Huntsman Advanced Materials (Switzerland) GmbH, that was cured at room temperature. One lateral side of each joint was painted with a fine white spray to form a uniform and thin layer on the substrate surface. A black spray was then used to make discrete speckles upon the white layer to provide a good contrast for point tracking, as required by the digital image correlation (DIC) technique. 
2.4. Fracture toughness testing
The DCB tests were performed on an Instron 5584 machine installed with a 10 kN load cell. The specimen was mounted to the machine by connecting its end-blocks to the shackles with stiff pins that were lubricated with a grease oil. A Nikon D7500 camera was used to monitor the surface of the joint. The loading rate employed for all tests was 1 mm/min. 
The J-integral method was used to determine the fracture toughness of the adhesive joints. This method was used, rather than using a Linear Elastic Fracture Mechanics (LEFM) approach and GIc, due to the high toughness of the adhesive being used and also because the method did not require the measurement of the crack length, which could be complicated due to the patterns employed. During loading, the J value along the contour of the exterior boundary of the DCB specimen is [27,28]


in which, 


where P is the external load applied, b is the width of the joint, ωU and ωL are the in-plane rotations of the upper and lower substrates of the joint at the load points respectively, as indicated in Fig. 5, with the rotation of the substrates away from the bonding interface being taken as positive.
[image: ]
Fig. 5 Determination of the rotation angles of DCB substrate using DIC. 
[bookmark: OLE_LINK4][bookmark: OLE_LINK5]The images acquired during the tests were processed using GOM Correlate 2018, GOM GmbH Germany, to obtain the displacement field. The beam rotation, ω, was determined through a series of horizontal inspection points that were generated near the upper and lower load edges. The displacement data of these inspection points in the x and y directions were extracted, and the rotation was obtained by calculating ωi = dy/dx (i = U, L). The details of the determination can be found in [29]. 

3. Results and discussions
3.1 Load-displacement behaviour
The representative load-displacement behaviour of the adhesive joints is shown in Fig. 6. From the data, several observations can be made. Firstly, the load-displacement behaviour associated with the control joint exhibited strong fluctuations as the load passed the peak value. This usually indicates an unstable crack growth during failure [16]. For the joints with surface treatments, the load-displacement curve became smoother, showing that the crack grew in a more stable manner. Secondly, among all the joints, the LG and TG joints, which produced very similar loading traces, exhibited the greatest peak load values. The joints with Grid pattern and those with GB-CAE treated surfaces had similar loading traces, and their peak load values were smaller than the LG and TG joints, but greater than the Dimple and GB-CAE0.6 joints (ha = 0.6 mm). Thirdly, the peak load attained for the GB-CAE joint was greater than that for the GB-CAE0.6 joint, indicating that for the chromic acid etched joints, the increase in the bondline thickness led to a reduction in the load carrying capacity. Fourthly, the GB-CAE0.6 joints were more compliant than other joints. It shows that increasing the bondline thickness reduced the stiffness of the joint. However, no substantial difference in the stiffness was observed for the joints with ha = 0.4 mm. The presence of patterns may reduce the bending stiffness of substrates [8], however, in this study the depth of patterns is about 100 μm, which is only 1% of the total height of substrate and therefore its effect on the bending stiffness can be assumed to be negligible.
[image: ]
Fig. 6 The load-displacement curves from adhesive joints with different surface treatments, in which ha = 0.6 mm for the GB-CAE0.6 joint and ha = 0.4 mm for all the other joints.

[bookmark: OLE_LINK2][bookmark: OLE_LINK3]3.2 Fracture toughness determination
A typical loading trace of the patterned joint with a stable crack growth is shown in Fig. 7. It can be seen that the initial loading stage was associated with nonlinear load-displacement behaviour, and hence it is necessary to use the J-integral method rather than the Linear Elastic Fracture Mechanics (LEFM) methods (Gc) to determine the fracture toughness. Prior to approaching the peak load, the J value increased rapidly with increasing displacement, beyond which it continued to increase but with a much slower rate and thereafter remained nearly constant, i.e., reaching the Jc value. In this work, both the fracture toughness for crack initiation J0 and the fracture toughness for crack propagation Jc were determined. The J0 value was determined by taking the J value corresponding to the peak load, as suggested by other researchers [20], although the J value at the onset of nonlinearity in the loading trace gives a more conservative result [30]. 
[image: ]
Fig. 7 A typical load-displacement (P-∆) curve and the corresponding J- curve of an adhesive joint subjected to mode I loading.

3.2.1. Fracture toughness at crack initiation, J0
The J0 values for the joints manufactured with different treatments are shown in Fig. 8. The value of J0 for the control joints was 2.4 (±0.25) kJ/m2, which is regarded as a reference value in this study. The GB-CAE treatment led to an increase in J0 of about 58%, whilst the GB-CAE0.6 joints led to an increase of about 44% relative to the control joints. The longitudinally grooved (LG) and transverse grooved (TG) joints gave a similar value of J0 in the range 3.8-3.9 kJ/m2, which was more than 60% higher compared to the control joints. The more complex grid and dimple patterns also enhanced the value of J0 effectively, with the improvements being 47% and 22% respectively compared to the control joints. 
[bookmark: _Hlk44498136][bookmark: _Hlk44498177]From the GB-CAE (ha = 0.4 mm) and GB-CAE0.6 (ha = 0.6 mm) results, it was found that the increase in the bondline thickness reduced the value of J0. As mentioned earlier, this is probably because the boundary constraint effect was reduced when a thicker bondline was adopted. This result implies that in the patterned joints the locally increased bondline thickness in the patterns led to a reduction in J0. However, the patterned joints are found to have greater J0 values compared to the flat ones, which infers that other toughening mechanisms have been introduced to the joints, for instance, by the introduction of the shear effect along the vertical surfaces of the patterns and by the introduction of the mechanical interlocking. The results show that the LG and TG patterns are the most effective treatment to improve J0, slightly better than the GB-CAE treatment. 
[image: ]
Fig. 8 J0 of adhesive joints with different surface treatments. The percentage values denote the relative toughness increase with respect to the result of the control joints. 
3.2.2. Fracture toughness for crack propagation, Jc
The Jc values of the joints are shown in Fig. 9. The value of Jc for the control joints was about 2.5 (±0.15) kJ/m2, which was the lowest value among all the joints investigated. The value of Jc for the longitudinally grooved (LG) joints was 4.4 (±0.16) kJ/m2, an increase of about 80% compared to the control joints. The transversely grooved (TG) patterns also remarkably elevated the toughness, with a relative increase of 70%. The grid patterning and the GB-CAE treatment had a similar contribution to Jc, which ranged from 3.8-3.9 kJ/m2 and the improvement over the control was about 55%. The dimple patterns and GB-CAE0.6 treatment also made a similar contribution, increasing the fracture toughness by about 35%. 
[bookmark: _Hlk44498961]These results show that among all the treatments, the LG pattern was the most effective method to enhance the fracture toughness, Jc. The TG pattern also led to a marked improvement, which is just slightly less than the LG pattern. Both the LG and the TG patterning were more effective than the GB-CAE treatment in raising the fracture toughness. The grid pattern made a medium contribution to the toughness and was more effective than the dimple pattern. Since the Jc values for the GB-CAE0.6 joints were lower than those for the GB-CAE joints, it is inferred that the bondline thickness in the GB-CAE0.6 joints exceeded the critical value to attain the maximum fracture toughness such that the contribution from the boundary constraints to the toughness was reduced. The GB-CAE0.6 joints indicated that the toughness was reduced by increasing the thickness of the adhesive layer. Therefore, the locally increased bondline thickness at the patterned regions reduced the fracture toughness of the joints.
[image: ]
Fig. 9 Jc values of adhesive joints with different surface conditions. The percentage values denote the relative toughness increase with respect to the result of the control joints. 
[bookmark: _Hlk44499045]
[bookmark: _Hlk45291868][bookmark: _Hlk43982715][bookmark: _Hlk45055180][bookmark: _Hlk46418286][bookmark: _Hlk46415875]It is observed that the chromic acid etching process led to relatively high fracture toughness. This is because the grit blasting process would significantly increase the surface roughness, while the water rinsing process after etching will allow a uniform oxide layer which has open porous structures to form on the surfaces [3]. Both processes would increase adhesive - substrate contact areas and provide more sites for mechanical interlocking to occur. Compared to the acid etched surfaces, the patterned surfaces were associated with the thin and uneven oxide layer formed naturally. According to the result of the control joints, such a surface condition cannot yield satisfactory fracture toughness. However, with surface patterning, the fracture toughness was substantially increased. The toughness enhancement was attributed to the regular cavities and vertical surfaces in the joints, as the former will enhance the mechanical interlocking while the latter will introduce the shear mechanisms and increase the adhesive -substrate contact areas. In addition, the presence of patterns in the joint influences the stress state in front of the crack tip. In a planar joint the crack tip is subjected to uniaxial tension, while in a patterned joint it is subjected to combined tension and shear, which may affect the fracture mechanism and dissipate more energy. These results show that surface patterning not only has wider applicability compared to acid etching, ranging from metals and plastics to ceramics and biomedical materials [7,12,31], it was shown here to be an even more effective way to enhance the fracture toughness than by using the acid etching process. 
3.3 Failure loci
[bookmark: _Hlk44533266][bookmark: _Hlk45029567][bookmark: _Hlk45026377]The macroscopic features of the fracture surfaces are shown in Fig. 10. The control joints failed within the adhesive, but the failure locus was close to the substrate surface. The fracture surfaces seemed rather flat. The failure locus of the GB-CAE joints was cohesive, with a rough fracture surface. The GB-CAE0.6 joints failed in the adhesive layer, but the failure locus was close to the aluminium surface and the fracture surfaces were rather flat, being similar to the control joints. The previous study also reported that the adhesive joint with a thick adhesive bondline tended to fracture near the interface, not through the middle of the adhesive layer [19]. This will constrain the plastic deformation in the adhesive and the plastic zone becomes asymmetric. The fracture surfaces of LG and TG joints displayed similar features. Their failure loci were mainly cohesive in the adhesive layer, and rough failure surfaces were observed. The Grid joints also exhibited cohesive failure in the adhesive, but the fracture surface was rather flat. The Dimple joints displayed a combination of cohesive and adhesive failure. It can be seen that the adhesive remained in the dimple cavities, indicating effective interlocking may have been introduced. However, both the Grid and Dimple joints exhibited a considerable number of voids on the fracture surface (the dark spots in Fig. 10 f and g), indicating that these surface patterns tend to entrap air during the manufacture of the joint. Among all the surface patterns, the dimple patterns introduced the minimum new flat and vertical areas, so the toughness increase due to mechanical interlocking and shear effects tended to be lower than other patterned joints. On the other hand, the visible voids which suggest the existence of ineffective bonding will reduce the toughness. These two reasons may lead to the lowest increase in the toughness among the patterned joints. The grid patterns introduce the maximum extra surface area to the joint (see Table 2) whilst they only made a medium contribution to the fracture toughness. In contrast, only very few voids were seen on the fracture surfaces of the LG and TG joints. 
[bookmark: _Hlk45563225][image: ]
[bookmark: _Hlk45205798]Fig. 10 Macroscopic features of the fracture surfaces, (a) the control joint, (b) the GB-CAE joint, (c) the GB-CAE0.6 joint, (d) the LG joint, (e) the TG joint, (f) the Dimple joint and (g) the Grid joint. The dark spots in (f) and (g) were voids, indicating the occurrence of local debonding. 
[bookmark: _Hlk45563021][bookmark: _Hlk45011853]Quantitative characterization of the fracture surfaces was also conducted using the 3D profile measurement (Alicona Imaging GmbH). Fig. 11 displays the 3D profile of the representative parts of the fracture surfaces, in which different colours represent different height values. The fracture surface of the control joint was very flat, but the fracture path was not on the same plane, which was characterized by a sharp step at the centre of the width of the specimen. The fracture surface was closer to the interface, and thus the mode of crack extension was cohesive-near-the-interface. The GB-CAE joints fractured cohesively within the adhesive layer, and the fracture surfaces were rather rough. As expected, this led to relatively high fracture toughness. The LG and TG joints were associated with mixed cohesive and locally interfacial failure. The interfacial failure occurred on some ridge surfaces that were similar to the control surfaces, whereas cohesive failure was found in the grooves. The fracture surfaces were rather rough although some ridges were visible on the surface. For the Dimple joints, large visible air pockets were observed on the fracture surfaces, which were caused by the air entrapments as mentioned above. At these air pockets, there was no effective adhesion and stress concentrations would be induced, both of which would reduce the fracture toughness. For the Grid joint, which had the maximum shear areas and the maximum machined new flat areas, only very small areas were associated with interfacial failure. The failure was mainly cohesive through the adhesive layer, but the fracture surface was flatter than for the LG and TG joints, which maybe the reason for the lower toughness value. 
[bookmark: _Hlk45562695][image: ]
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Fig. 11 3D profile measurement of the fracture surfaces, (a) the control joint, (b) the GB-CAE joint, (c) the LG joint, (d) the TG joint, (e) the Dimple joint and (f) the Grid joint. The crack propagation direction was indicated by the arrow, and the middle plane of the adhesive layer was indicated by line labelled with Mid.
[bookmark: _Hlk44877710][bookmark: _Hlk45200693]The surface morphologies of the fractured joints were investigated using a Hitachi 3400 Scanning Electron Microscope (SEM) with 5 KeV electron beam. Fig. 12 shows the morphologies of the cross-sections of the adhesive-substrate interfaces that were observed under SEM. It shows that the adhesive entered the cavities of the patterns, but voids were observed to form at the adhesive-substrate interfaces in all patterned joints. As explained earlier, these voids were caused due to the air entrapment during the manufacture of adhesive joints. This may be the reason for the occurrence of the local interfacial debonding in the Dimple and Grid joints, as indicated by the dark spots in Fig. 10(f, g). Although the failure loci of the LG and TG joints were mainly cohesive in the adhesive layer, as indicated in Fig. 10(d, e), visible voids were also observed at the adhesive-substrate interfaces, as shown in Fig. 12(a, b). This suggests that the voids in the LG and TG joints were less detrimental compared to those in the Dimple and Grid joints, as no local interfacial debonding occurred at the voids (see Fig. 10).
[image: ]
[bookmark: _Hlk45205670]Fig. 12 Surface morphologies of the cross-sections (the transverse surfaces) of adhesive-substrate interfaces, (a) the LG joint, (b) the TG joint, (c) the Dimple joint and (d) the Grid joint. 
4. Conclusion
[bookmark: _Hlk44534772]In this work, different microscale patterns were fabricated on aluminium alloy surfaces using a laser texturing technique. The effects of microscale surface patterns on the mode I fracture toughness of adhesive joints were investigated experimentally. A toughened automotive adhesive was used to bond the joints and the fracture resistance was determined using the J-integral approach. It was demonstrated that introducing either longitudinal or transverse grooves to the substrate surfaces increased the fracture toughness in the range of 60-70% compared to the control joints which were smooth but clean. Applying grid patterns or a chromic acid etch treatment to the substrate surfaces also enhanced the toughness by more than 50% compared to the control joints. Applying Dimple patterns gave only a medium contribution to the fracture toughness as the dimples tended to trap air which led to the formation of voids in the adhesive, which in turn led to a to mixed cohesive-interfacial failure locus. The study confirmed that surface patterning is a promising strategy to enhance the fracture toughness of adhesive joints. This may be due to (but not limited to) the conversion of a mode I opening to a mode II in-plane shear loading and due to the introduction of mechanical interlocking. For the patterned joints, the crack extension was mainly in a cohesive mode but was also associated with locally interfacial failure that occurred at the preserved original areas. Voids would be generated inside the patterns due to the air entrapment during the manufacturing of joints, but the voids in the LG and TG joints seem less detrimental than those in the Dimple and Grid joints. This work reveals that the LG and TG grooves can efficiently increase the fracture toughness, whilst the dimple and grid patterns were less recommended. It also confirmed that the variable increase in the bondline thickness caused by the patterns tended to reduce, rather than increase, the fracture toughness.
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Profile height [µm]



(b) Dimple profile
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