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Improving the strength of adhesively bonded joints through the introduction of various surface treatments
The aim of this paper is to model an interface adhesion and failure mechanism of single lap joints, subjected to tensile loading, focusing on the effects of various surface treatments, including surface characterization parameters, such as surface roughness and contact angle of adherend surfaces. The applied surface treatments are sandblasting, etching, anodic oxidation and hybrid processes. The influence of surface treatment techniques and conditions on single lap joint strength and interfacial properties are investigated by performing a static tensile test. A numerical approach, which is a cohesive zone model, is implemented using ABAQUS™ and introduced to create a correlation between maximum interface traction and surface processing parameters, such as surface roughness and work of adhesion.  As a result of experiments, an etching plus sanding process was found to provide the best single lap joint performance (8726 N), having  surface roughness of Ra=2.93µm and  work of adhesion, Wa=119.4 mJ/m2. Based on numerical solutions, a correlation between maximum interface traction and type of surface treatment process has been established, taking certain assumptions into consideration. 
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1. Introduction
Adhesive joints can be an alternative to other joining methods, such as heat sealing, soldering or welding. One of the numerous advantages of adhesive bonding is that it offers new possibilities for bonding materials with different physical and geometrical characteristics, without causing any change in the structure of these materials. It has been successfully employed in a number of fields, such as automotive, electronics, and construction, but it also plays a key role in the aerospace industry because of its underlying potential of weight and cost reductions [1, 2].
Application of adhesive joints is usually dependent to metallic substrate material (adherend). In adhesive joints, the surface of joined elements is defined as the part of the material where interaction with adhesive occurs. This is connected to both the area and depth of the interaction. In order to produce high strength adhesive joints, surface pretreatments for adhesive bonding should ensure the removal of all contaminants that could significantly decrease adhesive joint strength from surfaces (such as lubricants, dust, loose corrosion layers, or micro-organisms) to be bonded, good surface wettability, repeatability of properties, correct surface development, and good activation of the surfaces of elements being bonded [2, 3]. A variety of surface treatments have been used, with varying degrees of success, to increase surface tension, increase surface roughness, change surface chemistry and, thereby, to increase the bond strength of adhesive joints. These are explained by Mollitor et al., [4]. Much of the literature research conducted on surface treatment using mechanical treatments, such as degreasing, shot blasting, grinding, abrasion, lapping and suchlike can be found in related papers [5, 6], but only a few studies using other treatments, such as electrochemical or other combination surface treatments on adherends have been conducted. Mechanical treatment leads to the formation of a good outer layer geometrical structure, but it does not allow for good surface activation. For this reason, chemical treatments are often employed as a complementary method. In the case of steel, which is the type of adherend studied here, chemical conversion coatings offer several advantages, such as high treatment rates, good uniformity and, in particular, an increased durability in adverse environments where the treatment confers a degree of corrosion protection preventing joint failure through any resultant friable hydrated metal oxide [3, 7]. Accordingly, the adherends were treated by four different surface treatment methods in this study; sandblasting (ST1), chemical etching (ST2), and anodic treatment (ST3) followed by a hybrid of surface treatments (ST4). 
[bookmark: _GoBack]Chemical etching strips away weakly bonded oxides and forms an oxide that is strongly bonded to a bulk material. An alternative is priming of the part surface to improve the wettability of the surface and protect it from oxidation. This procedure, which removes surface flaws, also improves resistance to high-humidity environments [8].
Sanding, usually with graded alumina or silica, may be combined with degreasing to produce a highly macro-rough surface, which provides for the possibility of mechanical interlocking [6]. The main objective of a sanding process is to increase an adhesive contact surface area by roughening the metal surface [8].
An anodic treatment is an electrochemical treatment method which has been used for enhancing bond durability by the aerospace industry for more than forty years. Pretreatment by anodizing produces a very thick oxide layer on the surface of metal. The surface oxide is in the thickness range of 400-800nm, including 100nm of small protruding fibrils [6]. This process differs from the conventional anodization process in that the surface is anodized for a much shorter time, but growth conditions are more rapid [9]. The porous oxide layer enables an adhesive to penetrate the pores readily to form a strong bond. The anodizing treatments that are most commonly-used for adhesive bonding purposes are chromic acid anodizing and phosphoric acid anodizing. Anodic oxide contains bound phosphate which gives durability to the final adhesive bonded joint. Such a thin and highly porous oxide does not provide good corrosion resistance on surfaces directly exposed to the environment, although the mechanical interlocking is very good between the adhesive and adherend by Gaur[10].
In the literature, much research has focused on improving the strength of joints, and certain techniques have therefore been developed in order to realize this aim. Some research has been aimed at explaining adhesive strength by modifying the shape of joints and investigating certain areas, such as overlap length and adhesive bond line thickness [3, 11, 12, 13]. Other research has presented surface treatments on the overlap area before bonding [2, 14, 15, 16, 17].
Mahoney et al., [18] conducted a numerical analysis (finite element method, FEM) using a cohesive-zone model for two adherend-adhesive interfaces and a continuum damage model for bulk adhesive. The research [19] provides an extensive review of a finite element analysis of adhesively bonded joints. Damage modeling in adhesive joints has been classified into either a continuum or a local approach. In the continuum approach, damage is modeled over a finite region, whereas in the local approach, damage is confined to zero volume lines and surfaces and is often referred to as a cohesive zone approach [19]. Xu and Wei’s study [20, 21], aimed at performing a numerical model utilizing FE, established a description of the mechanical behavior of single lap joints subjected to tensile loading. In spite of the fact that numerical investigations have been conducted using cohesive zone damage models in bonded joints as mentioned above, a predictive model is required to the determine mechanical properties of interfacial adhesion failure of bonded single lap joints corresponding to surface characteristic features. 
Therefore, the aim of this article is to assess the role of the discussed surface treatments on the load carrying capacity of adhesive bonded joints with a mild steel adherend. In this context, surface roughness and work of adhesion are conducted using surface profilometry and contact angle measurement, respectively. The influence of surface treatments and conditions on durability of single lap joint strength and interfacial properties are investigated by performing static tensile tests of single lap joints. Hereby, a numerical model is proposed in order to find a correlation between surface parameters; average surface roughness (Ra) and work of adhesion (Wa) and traction forces of interphases, by allowing experimental corresponding failure loads of each surface sample treated as input. 
2. Experimental Tests
Figure 1 shows a flow-chart representation of the step-by-step procedure of investigating the load carrying capacity of adhesive joints.
2.1. Materials
The adherend selected was zinc plated steel; a basic material of low strength steel (DIN EN 10025-94). A DIN EN 10025-94 steel has the tensile strength of 340-470 MPa, a yield strength min of 235 MPa [22]. The chemical composition of this steel substrate, as indicated in literature studies is shown in Table 1 [23]. The thickness of the coating of the zinc plated mild steel was measured using a DFT- Ferrous (PosiTest DFT) instrument. The thickness was in the range of 10-14 µm. The zinc coating was achieved by hot-dip galvanizing of the steel. The mechanical properties of zinc plated mild steel were measured under laboratory conditions according to [24], such that the ultimate strength was 371 MPa, yield strength 281 MPa, and ductility 32.5 % (see in Figure 2). The chemical properties of this steel after spectrum analyses are given in Table 2 [25].
One type of adhesive was selected; Veropal (He 20-06) from (SYNPO, Czech Republic). The adherends were joined using a unique hybrid two-component (Component A being Resin, Component B being Hardener) epoxy structural adhesive with high elongation and, at the same time, with excellent peel and shear strength. It is used for structural bonding of a wide range of substrates. The chemical basis of the hardener is an arbitrary rubber (ATBN) modified complex mixture of amines. The adhesive components were mixed 1:1 by parts weight. The viscosity of the adhesive after mixing was 15-22 Poise at 23 °C. As is recommended by the manufacturer, the bonded samples were cured in ambient conditions at 20-23 °C and 70% humidity for 24 hours. The geometry of the bulk adhesive samples is given in Figure 3. In addition, this bulk adhesive was tested according to standard EN-ISO 527-2 [26]. The bulk adhesive specimens were tested in a tensile testing machine, (ZD 10/90) after 48 hours of curing time, at a constant crosshead speed of 5mm/min, at ambient conditions.The results of the mechanical test for the bulk adhesive are as follows: Young’s Modulus 1150 MPa; Yield strength 31 MPa; Poisson’s ratio 0.34; tensile strength 34 MPa; and elongation at 12% break. Moreover, the stress-strain behaviour of the bulk adhesive is illustrated in Figure 3. 
2.2. Surface treatment
The adherends were treated by four different surface treatment methods; sandblasting, etching, and an anodic treatment followed by a hybrid combination, in this study.
2.2.1. Sandblasting- sanding (ST1)
The sandblasting process was performed using a dry sanding box with a ceramic abrasion grit blast for an industrial sanding application. 
For the sand blasting, the samples were held manually at a distance of 70 mm from the nozzle as accurately as possible and sand-blasted at a pressure of 600 kPa. The blasting time was 10 seconds. The blasting abrasive material used was STM HOS 07 sand. The hardness of the sand was 6-7 Mohs, and the grain was 0.2-0.8 µm. The width and overlap length of the sanded specimens were 30 mm and 20 mm, respectively. 
2.2.2. Etching (ST2)
The etching solution was made up as follows: 30 wt. % sulfuric acid (20 ml) and distilled water (40 ml) at ambient conditions.  The surface preparation by the etching process was carried out in four steps: 
(1) The samples were degreased twice with acetone. 
(2) The samples were etched vertically for two minutes utilizing a stand to hold the adherend sample in place.
(3) Subsequently, at the end of the appropriate time (with no visible air bubbles in the acid solution), the samples were removed from the etching bath, immersed in running water, and wiped with a wet paper towel. 
(4) The samples were wiped dry with a dry paper towel.
After the etching surface treatment, the specimens were marked and kept in a desiccator. Subsequent to surface preparation, the sanding process or anodic oxidation was applied on certain specimens.
2.2.3. Anodic oxidation (ST3)
In the anodizing treatment, the adherend was clamped to anode and cathode holders. The composition of the solution was arranged with the same percentage of phosphoric acid (10 ml) and distilled water (30ml). The anodizing voltage was raised to 30 V and held for 20-30 seconds. At the end of this time, the adherend was cleaned using cold water at ambient temperature. The anodized adherends could then be air-dried; preferably blow-dried. The anodic oxidation treatment produces a very thin layer on the adherend’s surface. Before the anodized treatment was applied, all the specimens underwent a chemical etching process.
2.2.4. Hybrid surface treatments (ST4)
The hybrid surface treatment process consisted of chemical etching, sanding, and the anodizing treatment processes, respectively. In the first step of this surface treatment, chemical etching was applied on all the adherends. After the etching process, all the adherends were sanded. Finally, anodic oxidation was applied using an electrochemical treatment.
2.3. Bonding procedure and geometry of single lap joint
The bonding procedure was performed as follows. The adhesive was mixed according to composition (1:1 by part weight). In the case of the two-component adhesives, the mixture of the resin and hardener introduced voids. To reduce the quantity of voids, a toothpick was used to burst the air bubbles before the application of pressure. The single lap joints, having an overlap length of 20 mm, were manufactured and tested according to the ASTM D1002 standard [27]. The adherend thickness was 1 mm. The SLJs were manufactured individually in a mould with the adhesive thickness controlled using wires [28]. The adhesive thickness was considered as 0.6 mm. The adhesive was applied to the sides to be bonded using a spatula. After this, 100N force was applied to the adherends for bonding. The samples were aligned according to markings and held in place by force for 24 hours until the completion of the curing process for. Cotton buds were used to wipe off any extra adhesive from the sides of the overlap to avoid fillet-like formation of the adhesive. The samples were kept at ambient conditions of 20-23 °C and in 70% humidity. 
 Three repetitions for each experiment were performed corresponding to all surface treatments (ST1, ST2+ST1, ST2+ST3 and ST4) at a constant crosshead speed of 5mm/min, in a tensile testing machine (ZD 10/90), at ambient laboratory temperatures according to ASTM D1002 [27] ‘Standard for static tensile tests of single lap joints’. Alignment tab ends were used to reduce eccentricity, as shown in Fig. 4.
2.4. Surface roughness
Roughness is a measure of vertical deviations when traversing a metal surface as described in ASME B46.1; surface roughness parameters of the absolute values of the profile height deviations, from a mean line recorded within an evaluation length. The roughness profile contains L spaced points along the trace, with z as the vertical distance from the mean line to the data point[29]. The surface roughness of the individual samples was measured using a Portable Surface Roughness Tester, (Surf test SJ-210 Series) [30], with a sampling length of 2.0 mm, an evaluation length of 4 mm and a least count of 0.01μm. Ra is the arithmetic mean of the absolute value of the profile departures from the centre line within the evaluation length. The Rz value is the arithmetic mean from the peak-to-valley heights offensive successive sampling lengths. Ra and Rz values were measured for comparison purposes. Surface roughness values reported in the present work are an each batch; three specimens at different positions were examined as five measurements per every batch.
2.5. Surface morphology
The treated surfaces were characterized for micro structure using analytical scanning electron microscopy (SEM) with an energy dispersive X-ray spectroscopy (EDX) analysis, using a Tescan Vega III SB electron microscope. This surface analytical technique was used to study the morphological modifications as well as to perform elemental analyses of the treated surfaces.
2.6. Contact angle measurement 
In this study, the contact angle measurement was carried out by considering the sessile drop technique for treated surfaces. This method involves measurement of the contact angle optically and is used to estimate the wetting properties of a localized region on a solid surface [8]. The angle between the baseline of the drop and the tangent at the drop boundary are determined (see in Figure 5). This technique is ideal for curved samples or when one side of the sample surface has different properties than the other side. The contact angle measurements were performed using an Olympus video camera and a licensed Olympus imaging software program in order to image the process. The drop image was stored by the video camera. After this, an image analysis aiming to calculate the contact angle from the shape of the drop was carried out using a licensed Olympus software program. In the experimental stage of this measurement, the samples relating to each surface treatment were prepared and eight drops were administered to each surface. The recording was performed within 10 seconds after the probe liquids were deposited on the specimen to minimize deviation in the measurement. An average of the angles for eight drops was taken for each sample (see results in Table 4). The schematic of a liquid drop showing measured angles is given in Figure 5. The drop volume for the measurements was performed using purified liquid water 10 μl at a constant volume by arranging an automatic pipet. All measurements were performed at room temperature (23°C ± 1°C).  After these measurements, the standard deviation of the samples was calculated and is also shown in Table 4. A smaller contact angle means that more of the fluid spreads over an area for a given fluid volume. Therefore, the fluid has high wettability on that surface. The surface tension of the liquid is then equal to the critical surface tension of the substrate. Large contact angles are associated with poor wettability [29].
The contact angle of a liquid on a surface can be related to thermodynamic work of adhesion, Wa, which is directly related to surface energy of surfaces [31].  Wa, is an important consideration for predicting the success of the adhesion promoters such as the surface pretreatments for increasing the joint strength since the work of adhesion determines the required to separate the unit area of two phases in contact (i.e. [32]). The work of adhesion can be described by the equation:

where  is surface free energy of water and equals to 72.8 mJ/m2 [33]. 
2.7. Fem simulation details 
For the selected specimens, with different surface treatment processes applied to the adherend, the conditions for simulation using finite elements are defined next. A finite element analysis (FEA) was carried out on the adhesive joint models, having different surface characteristic features, using ABAQUS™[34]. The linear traction separation law is implemented to obtain interface traction parameters for both Mode I and Mode II failure types. This is shown in Figure 6, along with the peeling and shear failure mechanisms. When D=0 failure initiates, then it is completed at D=1, corresponding to critical separation distances and . To distinguish the tensile traction separation law from the shear, let the subscript ‘n’ represent the normal direction and ‘s’ denote the shear direction. Г is the total fracture energy of the adhesive computed as the total area shaded by the stress strain curve, and K is the global joint stiffness for the cohesive zone model in (N/mm3). Tn and Ts (MPa) are the interface traction stresses in normal and shear directions presented, respectively, in Table 3. The failure criterion for the linear traction separation law is given in Eq. 2: 
     (2)
Here, McAuley brackets, <>, indicate that only normal tensile forces can initiate damage.
A non-linear material model was implemented to stimulate progressive failure of the structural mild steel adherend using the Von-Mises yielding criterion with isotropic hardening. In this failure concept, a bilinear elastic-plastic material response, which best fits the experimental stress-strain diagram in Fig. 2, was considered. During the progressive loading, the joint starts to rotate around the middle of the adhesive layer, which makes a contribution to global joint stiffness. To capture this effect, non-linear geometry option was included, thereby making an evaluation of joint bending stiffness at each loading step. 
Linear elastic material properties were considered for modelling the adhesive layer since the interfaces of the adhesive and adherend are the weakest regions and certainly the reason for joint failure (adhesion failure). Elastic material properties of the commercial ductile epoxy (Veropal HE-20) were determined in a tensile test machine (Table 3). 
The linear traction separation law available in ABAQUS was chosen as a failure concept of the interfaces. In this model, zero thickness interfaces were modelled with a characteristic element length of 0.001mm along the interfaces. To implement this failure model,  Г (fracture energy per unit area), K=E/t (thickness dependent stiffness N/mm3),and  Tn and Ts (normal and shear traction in MPa) are the required intrinsic material parameters. Here, normal and shear traction are the unknown parameters for the interface because they are only dependent on the surface treatment process of the interfaces. The other parameters, such as K and Г, can be calculated from a stress strain diagram of the bulk samples. To reduce Tn and Ts into one variable, a mixed mode debonding of the interfaces was considered using the Van-Mises theory such that Tn=0.577 Ts. Under these circumstances, a surface traction property, corresponding to experimental failure load of each joint with the specified surface treatment, was iteratively calculated based on the static structural solution algorithm with ramped loading.  
For the numerical model, 2D plane strain element (CPE8R:  An 8-node biquadratic plane strain quadrilateral, reduced integration), with a mesh size of 10x25µm2 for the refined regions, was used for adhesive geometry. COH2D4 (A 4-node two-dimensional cohesive element) was chosen for the cohesive zone model.	
The dimension of the FEA model was similar to the dimensions of the experimental specimen (Figure 7), and the thickness of the adhesive bond line was assumed to be uniform at 0.6mm. Therefore, boundary conditions for an experimental test are a hinge support at one end over a grip length of 25mm, and a sliding support at the other end, allowing motion in only an x direction, as illustrated in Fig. 8. The same boundary conditions are applied to numerical models in order to approximate a real situation. A tensile load in the x direction was performed at one end of the single lap joint incrementally up to a point at which failure is reached.
3. Results and discussion
3.1. Surface roughness, contact angle and morphology 
Surface roughness
The roughness of the individual surfaces found by profilometry is listed in Table 5 as an each batch; three specimens at different positions were examined. On the whole, five measurements results were obtained per every batch with standard deviations of measurements. In case of zinc plated mild steel treated with sanding (ST1), the average surface roughness value (Ra) and the arithmetic mean from the peak-to-valley (Rz) were measured as 2.34 µm and 17.54µm. The zinc plated mild steel treated with etching plus sanding process (ST2+ST1), Ra and Rz were calculated as 2.94 µm and 19.91µm. Zinc plated mild steel treated with etched plus anodization (ST2+ST3) process were measured as lowest, the value of Ra = 1.10 µm and Rz = 5.72µm. In the hybrid surface treatment (ST2+ ST1+ST3), Ra and Rz were determined as 2.18 µm and 15.40µm, respectively. According to the results, it can be seen that the highest roughness was obtained with an etching plus sanding process (ST2+ST1). The surface roughness after etching plus anodic oxidation treatment (ST2+ST3) is approximately two and three times lower than both sanding (ST1) and hybrid treatment. After treated of ST2+ST1, the geometrical structure contains a greater amount of relatively deep, irregular peaks and longer roughness distances. 
The 3D surface topography images of zinc plated mild steel treated with discussed surface treatments were plotted using Matlab computer software program by means of measured surface roughness values of Ra (z direction) with a sampling length of 2.0 mm (y direction), and an evaluation length of 4 mm (x direction) and are shown in Figure 9 (a-d). It can be seen that a slightly irregular surface with peaks and valleys. It means that these irregularities would enhance the mechanical interlocking between the adhesive and adherend surfaces. Sanding treatment provides rough surface pattern ensure that good mechanical adhesion on surfaces (Fig. 9 (a)).  Etching with H2SO4 acid solution can produce proper surface texture and roughness. Therefore, the etching plus sanding treatment exhibited the highest surface roughness and surface topography image (see Fig. 9 (b)) with a non-uniform surface pattern including distinct sharp projections dotted with pores. The Fig. 9 (c) shows 3D surface topography image of zinc plated mild steel treated with etched plus anodized. Thanks to anodization process plays a key role in the micro irregularities at the oxide layer, the lowest surface roughness values are obtained in this surface treatment. 
In addition, anodization in phosphoric acid solution causes a smoothing effect of the surface roughness due to the thickening of the phosphor oxide layer (see Fig 9 (d).
 Compared to the anodization operation, the performed etching plus sanding surface treatment had a very positive effect on the development of the geometrical structure of specimens for adhesive bonding. Since, the level of roughness increased, which can lead to better adherence of the adhesive to the surface of the adherends and an increased joint strength.
Contact angle measurement
Table 4 shows the contact angles after both surface treatments. The contact angle between deionized water and the etching plus anodic oxidation treated surface shows a smaller contact angle of 29°, compared to the hybrid surface treatment processes, etching plus sanding and then sanding, respectively. This may be due to the untreated surface substrates having low surface energy. The adhesion force between the liquid and the substrates is affected by the surface energy of the substrates where, with higher surface energy, the attraction between the molecules of liquids and substrates will be stronger. As a result, the contact angle between liquids and substrates will be lower. On the other hand, with lower surface energy there is weak attraction between the molecules of liquids and substrates resulting in higher contact angles. Furthermore, this phenomenon can be correlated to surface roughness. Zain et al., [29] also state that a contact angle of less than 30° indicates good wetting between adhesive and adherends. This phenomenon is due to the lower surface roughness that the etching plus anodic oxidation treated surface has. 
Morphology
SEM images of post-treated surfaces are given in Figure 10 (a-d). Figure 10 (a) shows the result after an applied sanding process on zinc plated mild steel. The EDX analysis of a sanded surface in Fig.10 (a) reveals only the main component with percentages from zinc plated mild steel; zinc (Zn 75%) carbon (C 10%), oxygen (O 10%), and silicon (Si 1.8%). The EDX analysis and SEM image of the etching plus sanding treated surface confirms the presence of corrosion products with a high oxygen percentage (49%) on a basic material surface in Fig. 10 (b).  Fig. 10 (c) shows removal of the zinc layer and the zinc plus anodic oxidation processes (basic material as steel; 90% Fe, 5% C, 4% O and 0.4-0.5% P) according to the EDX analysis. The surface of the steel has a relatively clear surface due to chemical adhesion. In addition, some phosphate may occur without oxide particles on the surface. An epitaxial growth was observed in the steel microstructure. We observed early signs of corrosion after one day, even if it was in good condition (see Fig. 10 (d)).The corrosion occurred after decayed adhesion because of a weak layer on the surface. The oxidation level increased (28.7%), whereas the iron level decreased (%61.9). This may also affect certain corrosion products, such as Iron Oxide (FeO). Moreover, low electricity conductivity (light) is seen in Figure 9(d).
3.2. Experimental results of single lap joint strength
The results of strength tests for adhesively bonded joints, after use of the selected surface treatment methods, are presented in Figs. 11-14. The main failure mechanisms of single lap joints having mild steel adherends (high ductility) are generally divided into several stages. These stages are described as follows: the initiation of yielding in the adherend; the formation of cracks at the edge of the adhesive bond line; the propagation of cracks almost symmetrical at opposite edges; and then the dropping of loads, which is a sign of catastrophic failure. In order to examine the fracture behaviour of single lap joints under uni-axial tensile loading for different surface treatments, three repetitions for each sample were conducted. The load displacement curves of the sand blasted joints are illustrated in Fig. 11, attaining failure loads of between 5 and 6 kN for each repetition. One of the main reasons for error of almost 20 percent is the non-uniformity of the glued areas, dimensional tolerances and air bubbles during the mixing and curing processes. 
An overlap length of 20mm for ductile mild steel can be assumed to be a moderate length in terms of stable crack growth along the bond line. Therefore, the yielding of ductile adherends plays an important role in failure initiation, due to high localized strains and the effects of Possion’s ratio in a lateral direction (z axis). Accordingly, a bending moment which creates peeling stress depends mainly on the length of the overlap and the thickness of the steel adherend, and is the second effective parameter on the failure type. It is also known that single lap joints with ductile steel adherends are quite independent of adhesive thickness and overlap length in terms of failure estimation. However, the strength of adhesion at the adhesive and substrate interface is quite dominant for the failure mechanism. This is because a cohesive failure mode is generally encountered in single lap joints with ductile mild steel adherends. The adhesion strength at interfaces becomes the most important failure parameter in making an evaluation for the failure load. For example, the average failure loads with possible error bands are assessed in Figure 14 for different surface treatments. It is clear that the failure loads radically change for each surface condition, as a result of adhesion quality. For this case, the best performance is achieved with etching plus sanding (ST2+ST1), which also exhibits relatively lower errors than others. A sanding process (ST1) is considered to be the most dominant process for full adhesion at interfaces, whereas the etching plus anodic oxidation process (ST2+ST3), is characterized by poor adhesion properties for a failure load range of between 1800 and 3500N. For zinc plated plus sanded configurations (ST1), the failure load ranges at almost 15-20 percent lower than for those of (ST2+ST1), which is a sign of a worsening effect of zinc coating on steel adherends. 
The load versus displacement diagrams of single lap joints in Figures 10, 11, 12 and 13 have the same response until the yielding of the substrate material, when the bonding quality at the interfaces becomes the source of failure. For example, more stable crack propagation is reached in Fig. 11, accompanying constant variation in global joint stiffness, until a sudden fracture pointing mainly to the global yielding failure mechanism. Contrary to this situation, a steel adherend is almost in the elastic region, so that premature joint failure appears for the anodic oxidation treatment. This case is also concluded partially for other samples, in Fig. 10 and 13, as a result of poor surface adhesion and a decreased load carrying capacity of the adhesive layer. The tensile test results, in Figs. 12 and 13, show inconsistent behaviour for each repetition associated with higher errors in gross failure load. This generally occurs due to voids, poor adhesion, lack of mechanical interlocking at random points and slippage of grip areas in contact with the testing device fixture. Consequently, for a precise estimation of failure load and the production of stable crack propagation, the bonding quality at the interfaces, corresponding to higher joint strength, may be changed with regard to the type of surface adherend being in contact, according to the tensile tests in Figs. 11, 12, 13, and 14.
3.3. Fem simulation results 
A finite element solution is conducted to simulate experimental results. Mild steel with high ductility is used as the adherend material considering the commonly-used Van Mises yield criterion for ductile materials, dependent purely on the deviatory stress state. To make a comparison between experiments and the finite element prediction of the adhesive material failure, cohesive zone modelling is taken into account. The cohesive zone model for each sample having different surface adhesion characteristics is considered as a methodology to establish a relationship between these four different surface treatments and the maximum interface traction parameter Tn. An iteration method is applied, based on changing the interface traction parameter up to the yield point of the adhesive material to perform this task by keeping other interface parameters, such as fracture energy, separation displacement and suchlike. To explain this assumption, the adhesive material always exhibits interface separation regardless of the surface treatment type, which is also described as cohesive failure. Therefore, applying different surface processing on steel adherends has only an effect on the failure load, but generally the same global joint stiffness and deformation zone up to the point of failure. This is clear evidence that the interface strength of a single lap joint with ductile steel adherends is mainly dependent on the interface traction parameter according to the experimental test results.
It is important to remember that two types of mode of fracture in the cohesive zone play an indispensable role in an evaluation of the state at which separation of the cohesive zone layer initiates. In the FEM model, to stimulate mode I and mode II (in plane and sliding types of loading) fractures, a distortion energy approach is implemented to obtain a relationship between the maximum interface traction of both Tn and Ts, in order to prevent any time expense of the iteration process. In this model, the interface between the adhesive and the adherend surface undergoes mode I separation as a result of high peeling stress extremities, particularly at the edge of the bond lines. Additionally, mode II separation can be described as a sliding of the interface almost in the direction of uniaxial loading. As a result of applying incremental static loading, initiation and propagation of a crack at joint extremities is illustrated in Fig. 16. For example, the first separation of the cohesive zone element appears at point A (Fig. 16. a, b, c and d) and symmetrically propagates through the middle of the joint from both ends for each surface occurrence. This is a cause of high localized stress concentrations around the formed crack tips followed by a loss of load carrying capacity of the local cohesive zone element. The fracture mechanism is seen to be generally similar; initiation of a first crack formation at point A, progressing until a final state, at which the single lap joint sustains no extra load by following the path through points B and C, as can be seen in Fig. 16.a, b, c and d. When the joint reaches its final state (knee position), it is not essential to run an analysis in terms of computational expenses, since the maximum interface traction has been reached.
This is an essential step in determining the critical distance at which the cohesive zone sustains no extra load. For this purpose, peeling and equivalent stress variations at the failure instant are given in Fig. 17 and 18. It is shown that the peak stresses at the joint extremities shifted almost 0.9mm from one end, corresponding to the critical failure distance. Figure 17 and 18 show that the critical failure distances for each surface model simulating ST1, ST2+ST1, ST2+ST3 and ST4 treatments remain roughly the same. This is evidence of fast and unstable crack propagation beyond this point, since a finite element analysis encounters convergence problems. Attempting to apply higher loads to continue the analysis is not useful from an engineering point of view, since global joint stiffness abruptly changes and overall strength has been reached.
An interface traction value of ‘Tn’, corresponding to each surface characterization (ST1, ST2+ST1, ST2+ST3 and ST4), is plotted in Fig. 19 as a traction separation curve, which is obtained from the iterative solution. The traction values in Fig. 19 correspond to the computed average experimental failure loads of each surface type, so that it enables the establishment of a relationship between surface characterization and failure load when assuming the linear traction separation law. As explained earlier in the experimental part, each sample has the same joint stiffness up to the fracture, and then softening initiates at different rates for each configuration. Figure 19 shows that the traction values are ST1=15.14 MPa, ST2+ST1=21.46 MPa, ST2+ST3=4.28MPa and ST4=12.89 MPa corresponding to the experimental failure loads of 6456N, 8726N, 2467N and 5633N, respectively. It can be reasonably implied that the possibility of deriving a correlation between the surface adhesion strength and the surface treatment being applied. This situation is further extended by the results in Fig. 20, which give the scatter of the traction parameter among the experimentally measured surface roughness and work of adhesion (Wa). It is quite difficult to create a correlation to predict load failure using the data in Fig. 20, but surface roughness has a dominant effect on the traction parameter. For instance, traction strength increases as the surface roughness value changes from 1.1 to 2.93µm. Accordingly, the surface roughness parameter; Rz was observed same influence similar to those of Ra.  It is actually an indication of the dependency on the wetting quality which requires an examination involving both surface parameters. This is because, as the work of adhesion increases, the traction strength appears to be negatively affected. Therefore, there is an optimum balance between Wa and Ra in order to manufacture single lap joints of high strength.
4. Conclusion
In the current paper, the effects of surface treatment types on the static tensile strength of adhesively bonded single lap joints are investigated experimentally. For this purpose, a type of structural epoxy adhesive, Veropal (He 20-06), and mild steel S235 are used as adhesive and adherend material, respectively. The surface treatment methods applied to zinc plated mild steel are sanding, chemical etching, and anodic oxidation and a hybrid treatment. The single lap joint geometrical parameters were kept constant to identify the surface characterization effects regarding surface roughness and wettability. A cohesive zone model was carried out using ABAQUS™ to establish a correlation between the interface traction parameters and surface treatments.
As a result of experiments, the etching plus sanding process (ST2+ST1) is shown to provide the best single lap joint performance, due to a high surface roughness (Ra) value. However, the etching plus anodic oxidation process (ST2+ST3) exhibits the lowest interface adhesion corresponding to the lowest Ra but the highest Wa. It is clear that surface roughness is a more dominant parameter on interface adhesion strength than work of adhesion. Based on numerical solutions, a correlation between maximum interface traction and types of surface treatment processes (ST1, ST2+ST1, ST2+ST3 and ST4) has been established, considering certain assumptions. For this reason, the current paper provides a valuable contribution for the prediction of adhesive interfacial failure at the interface of adhesive and adherend. In addition, it may be expected that this correlation model will be used to predict interface failure traction, but it is still uncertain among the three properties, namely surface roughness, work of adhesion and failure load. 
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Table Captions 
Table 1 Mechanical properties (tensile test) and chemical composition of S235JRG1 steel adherend [22, 23].
Table 2 Mechanical properties (tensile test) and chemical composition of zinc plated steel adherend [24, 25].
Table 3 Material parameters for Veropal HE 20 adhesive in modeling cohesive zone
Table 4 Contact angles of treated surfaces
Table 5 Roughness of treated surfaces 












Table 1
	Mechanical properties of 
	 Chemical composition (wt. %) 

	Ultimate strength (MPa)
	325
	Carbon, C
	0.17
	Copper, Cu
	max 0.40

	Yield strength (MPa)
	285
	Chromium, Cr
	max 0.15
	Phosphorus, P
	max 0.0045

	Modulus of Elasticity (GPa)
	200
	Manganese, Mn
	max 1.4
	Sulphur, S
	max 0.045

	Elongation at break (%)
	25
	Silicon, Si
	n.a
	Nitrogen, N
	max 0.007



Table 2 
	Mechanical properties 
	  Chemical composition (wt. %) 

	Ultimate strength (MPa)
	371
	Carbon, C
	0.07
	Copper, Cu
	0.01

	Yield strength (MPa)
	281
	Chromium, Cr
	0.018
	Phosphorus, P
	0.010

	Elongation at break (%)
	32.5
	Manganese, Mn
	0.95
	Sulphur, S
	0.003

	
	
	Silicon, Si
	0.105
	Zinc, Z
	Max.0.0020



Table 3
	Parameter
	Veropal Super HE 20-06

	Maximum normal traction, Tn (MPa)
	31

	Maximum shear traction, Ts (MPa)
	18

	Fracture energy, Г (N/mm)
	0.96

	Initial stiffness, K (N/mm3)
	57.5






Table 4
	Surface 
Treatment
	Liquid Water 
Drop Number
on surface
	Left Side Contact Angle(θL) of Surface
	Right Side Contact 
Angle (θR) of 
Surface
	Mean value of Contact Angle (θ)
of Surface
	Standard 
Deviation
     

	Sanding
(ST1)
	1
	67.53
	68.41
	67.97
	±8.3

	
	2
	67.22
	67.42
	67.32
	

	
	3
	53.83
	55.97
	54.90
	

	
	4
	58.56
	55.00
	56.78
	

	
	5
	76.32
	78.53
	77.42
	

	
	6
	75.28
	78.42
	76.85
	

	
	7
	74.60
	75.16
	74.88
	

	
	8
	75.24
	75.33
	75.29
	

	Mean Value
	 
	68.57
	69.28
	68.9
	 

	Etching plus 
Sanding
 (ST2+ST1)
	1
	50.84
	49.54
	50.19
	±5.4

	
	2
	49.34
	47.00
	48.17
	

	
	3
	54.50
	57.46
	55.98
	

	
	4
	53.99
	48.64
	51.32
	

	
	5
	59.04
	60.22
	59.63
	

	
	6
	50.02
	48.95
	49.48
	

	
	7
	43.08
	43.51
	43.29
	

	
	8
	43.44
	41.45
	42.44
	

	Mean Value
	
	50.53
	49.59
	50.1
	 

	Etching plus Anodic Oxidation
 (ST2+ST3)
	1
	28.94
	28.07
	28.51
	±1.8

	
	2
	30.03
	30.95
	30.49
	

	
	3
	30.50
	33.98
	32.04
	

	
	4
	28.08
	30.52
	29.30
	

	
	5
	27.94
	25.01
	26.47
	

	
	6
	26.41
	26.82
	26.61
	

	
	7
	27.20
	27.92
	27.06
	

	
	8
	29.10
	29.94
	29.52
	

	Mean Value
	
	28.52
	28.97
	28.9
	 

	Hybrid 
surface 
treatment
 (ST4)
	1
	27.24
	28.69
	27.97
	±5.0

	
	2
	27.72
	29.10
	28.41
	

	
	3
	29.28
	33.46
	31.37
	

	
	4
	29.83
	31.18
	30.51
	

	
	5
	35.33
	37.38
	36.36
	

	
	6
	31.07
	36.95
	34.01
	

	
	7
	43.28
	42.45
	42.87
	

	
	8
	38.18
	40.93
	39.55
	

	Mean Value
	 
	32.74
	35.02
	33.9
	 



Table 5
	Number of
measurement
	Ra of (ST1)
	Rz of (ST1)
	Ra
	Rz

	
	1.Sample
	2.Sample
	3.Sample
	1.Sample
	2.Sample
	3.Sample
	
	

	1
	2.545
	2.457
	2.004
	16.655
	17.070
	15.174
	
	

	2
	2.643
	2.392
	2.016
	21.092
	17.878
	14.607
	
	

	3
	2.543
	2.301
	2.061
	19.303
	15.422
	17.909
	
	

	4
	2.803
	2.281
	2.010
	21.831
	17.459
	16.273
	
	

	5
	2.694
	2.336
	1.993
	22.054
	16.230
	14.209
	
	

	Mean value
	2.646
	2.353
	2.017
	20.187
	16.812
	15.634
	2.34
	17.54

	Standard Dev.
	0.11
	0.07
	0.03
	2.25
	0.99
	1.49
	0.07
	1.20

	Number of
measurement
	Ra of (ST2+(ST1)
	Rz of (ST2+(ST1)
	Ra
	Rz

	
	1.Sample
	2.Sample
	3.Sample
	1.Sample
	2.Sample
	3.Sample
	
	

	1
	2.682
	3.081
	3.060
	19.684
	20.495
	21.284
	 
	 

	2
	2.648
	3.163
	2.928
	19.247
	21.873
	20.413
	
	

	3
	2.617
	3.364
	3.117
	17.825
	23.302
	19.158
	
	

	4
	2.722
	3.087
	2.972
	18.409
	19.379
	20.267
	
	

	5
	2.675
	3.051
	2.841
	18.058
	19.340
	19.881
	
	

	Mean value
	2.669
	3.149
	2.984
	18.645
	20.878
	20.201
	2.93
	19.91

	Standard Dev.
	0.04
	0.13
	0.11
	0.79
	1.70
	0.78
	0.09
	0.84

	Number of
measurement
	Ra of (ST2+ST3)
	Rz of (ST2+ST3)
	Ra
	Rz

	
	1.Sample
	2.Sample
	3.Sample
	1.Sample
	2.Sample
	3.Sample
	
	

	1
	1.193
	1.342
	0.924
	6.588
	7.567
	5.246
	 
	 

	2
	1.107
	1.107
	0.932
	5.431
	5.431
	4.772
	
	

	3
	1.018
	1.199
	0.945
	6.409
	5.882
	4.682
	
	

	4
	1.115
	1.053
	0.925
	6.383
	5.319
	5.148
	
	

	5
	1.184
	1.071
	1.282
	5.944
	5.362
	5.656
	
	

	Mean
	1.123
	1.154
	1.002
	6.151
	5.912
	5.101
	1.09
	5.72

	Standard  Dev.
	0.07
	0.12
	0.16
	0.47
	0.95
	0.39
	0.12
	0.48

	Mean value
measurement
	Ra of (ST4)
	Rz of (ST4)
	Ra
	Rz

	
	1.Sample
	2.Sample
	3.Sample
	1.Sample
	2.Sample
	3.Sample
	
	

	1
	2.135
	2.162
	2.026
	14.286
	14.547
	16.329
	 
	 

	2
	2.300
	2.155
	1.984
	20.068
	15.084
	13.817
	
	

	3
	2.368
	2.248
	2.241
	16.455
	17.011
	15.386
	
	

	4
	2.081
	2.188
	1.957
	13.500
	14.516
	14.244
	
	

	5
	2.350
	2.385
	2.077
	17.590
	14.517
	13.625
	
	

	Mean value
	2.247
	2.228
	2.057
	16.380
	15.135
	14.680
	2.18
	15.40

	Standard Dev.
	0.13
	0.10
	0.11
	2.63
	1.08
	1.15
	0.11
	1.24






Figures captions
Figure 1 Experimental procedure and investigations flow-chart
Figure 2 Tensile stress–strain curves for zinc plated mild steel tested
Figure 3 Tensile stress–strain curves for the Veropal adhesive tested
Figure 4 Single lap joint geometry (not to scale, dimensions in mm)
Figure 5 Schematic of a liquid drop showing measured angles.
Figure 6 Typical bilinear traction-separation law of cohesive zone model: (n) traction separation relation in tension; and (s) traction-separation relation in shear.
Figure 7 Details of numerical model with 2-D plane strain elements including cohesive zone models at the adhesive and adherend interfaces.
Figure 8 Boundary conditions and uni-axial tensile loading representation of single lap joint numerical model.
Figure 9 3D surface topography images of treated with a) Sanding processes (ST1) b) Etching plus sanding process (ST2+ST1) c) Etching plus anodic oxidation processes (ST2+ST3) d) Hybrid (ST4)
Figure 10 SEM/EDX images of treated with a) Sanding processes (ST1), b) Etching plus sanding process (ST2+ST1), c) Etching plus anodic oxidation processes (ST2+ST3), d) Hybrid (ST4).
Figure 11 Load-displacement curve of sanded treated (ST1) single lap joint
Figure 12 Load-displacement curve of etched plus sanded treated (ST2+ST1) single lap joint
Figure 13 Load-displacement curve of etched plus anodic oxidized ST2+ST3) single lap joint
Figure 14 Load-displacement curve of hybrid treated (ST4) single lap joint
Figure 15 Static strengths of SLJ specimens for each surface treatment with error bands
Figure 16 Equivalent stress spectrums representing failure propagation and interfacial damage zone at the tip of single lap joints for a) Sanding (ST1) b) Etching plus sanding process (ST2+ST1) c) Etching plus anodic oxidation processes (ST2+ST3) d) Hybrid (ST4) 
Figure 17 Variation of equivalent stress along the bond-line of cohesive layer stimulating each surface treatment at the instant of interfacial failure.
Figure 18 Variation of peeling stress along the bond-line of cohesive layer stimulating each surface treatment at the instant of interfacial failure.
Figure 19 Traction-separation response curves of numerical models representing different surface characterizations.
Figure 20 The relationship among experimentally measured wetting angle, surface roug roughness and maximum surface traction stresses obtained iteratively from numerical simulations.
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