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A B S T R A C T

To improve the adhesion between Aluminium-Aluminium joints, a two-step laser surface treatment was devel
oped and tested, adopting a 30W pulsed Yb:YAG nanosecond laser source. The process consists of a first phase, 
called laser texturing, where a deep texture is obtained on the adherents by adopting high pulse energy and 
several repetitions, followed by a further laser treatment, called laser cleaning, carried out with lower energy 
content, and applied over the overall adhesion surface. To characterise the treatment process, the effects of 
technological parameters on texturing geometry were first investigated to select the proper texture; then, tex
tures with different selected geometries were carried out and adopted to produce single-lap joints according to 
the ASTM D1002-10 Standard. An epoxy system adhesive was adopted for the joining. Furthermore, samples 
with only one-step treatment (i.e. only laser texturing or laser cleaning), standard treatment (sandpaper), and 
acetone cleaning were fabricated and adopted as reference samples. Analysis of variance was applied to study the 
effect of the process parameters, and digital image analysis was adopted to evaluate the percentage of adhesive/ 
cohesive failure. From the results, compared to the only textured reference samples, the two-step laser treatment 
increases the apparent shear stress regardless of the adopted texture geometry. Moreover, it was found that only 
laser cleaning treatment can significantly improve joint strength compared to the untreated sample.

1. Introduction

Thanks to their high strength-to-weight ratio, ease of fabrication, 
excellent thermal conductivity, high corrosion resistance and attractive 
appearance at their natural finish, aluminium alloys are widely used in 
several industrial applications, including aerospace, automotive and 
structural architecture [1–5]. In these industrial fields, assembling 
components with complex geometries and shapes is critical for 
achieving the desired structural performance and durability of the 
product/components. Consequently, assembly techniques must with
stand significant loads to maintain the design requirements and the 
structural integrity. Mechanical joining techniques, such as riveting, 
bolting, and welding, are commonly adopted due to their ease of 
application, good mechanical properties, and well-known behaviour. 
However, these methods can induce local stress concentrations and 
modify the metallurgical properties of the materials [5–7]. The adoption 
of adhesive in place of traditional joining techniques is very attractive in 
structural design since the former offers several advantages, including 

uniform stress distribution, weight reduction, vibration attenuation, 
acoustic insulation, and corrosion resistance [8,9]. However, surface 
preparation is mandatory to achieve maximum bonding strength and 
durability when bonding with adhesives [3,4]. To improve the adhesion, 
mechanical treatments, such as sandblasting, grit blasting, machining, 
rolling and micro discharge machining, are adopted to increase the 
bonding area and its surface roughness, while chemical treatments and 
anodization methods modify surface wettability and chemistry [10–15]. 
Generally speaking, mechanical treatments increase the effective 
bonding area and promote mechanical anchoring, while chemical 
treatments remove contaminants and promote adhesion by changing the 
chemical affinity [8]. However, mechanical and chemical treatments 
have several drawbacks: the treatment area cannot be accurately 
defined; sand/grit blasting can leave contaminants trapped in the ma
terial; the processes involve multiple steps and long processing times; 
they have environmental impacts and generate costly waste; and they 
pose safety risks for workers [8,16,17].

Laser treatments have emerged as a promising alternative to 
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mechanical and chemical surface preparation methods for adhesive 
joints [18]. More in detail, laser texturing and laser cleaning treatments 
are becoming increasingly popular for the preliminary preparation of 
adhesive joints between homogeneous or non-homogeneous materials 
[18–20]. The former refers to a process where a laser beam is adopted to 
obtain dimples or grooves with different geometries and configurations 
(lines, grid, etc.), useful to increase the apparent surface and generate 
mechanical interlocking. The latter comprises a family of advanced 
surface treatments that adopt short or ultra-short pulsed lasers to peel 
off, vaporise, sublimate, or burn away unwanted material without 
causing specific harm to the substrate. Laser cleaning is used in several 
applications to remove unwanted surface materials like coatings [21], 
paints [22–25], rust [26,27], and oil [28], or before welding [29,30], 
coating [31,32], and bonding [7,33] for surface preparation. Moreover, 
by appropriate laser parameter settings, the treatment allows the sur
faces’ micro or nano-texturing [25,34,35], providing a better grip for 
adhesive areas and frictional and form-locking connections. Laser tex
turing/cleaning offers several advantages compared to mechanical or 
chemical treatments. These include the absence of mechanical contact 
and tool wear, independence from material hardness, and the ability to 
treat complex surfaces with high precision (i.e. a clear definition of the 
treated and untreated areas). The thickness of the removed layer (e.g., 
rust, paint, or contaminants) can be precisely controlled by adjusting 
process parameters. In addition, laser processes are easy to automate, 
environmentally friendly, and, with proper precautions, safe for 
workers. Texture patterns can also be easily modified using CAD/CAM 
software [6,7,36]. These advantages make laser treatment an emerging 
and attractive technology for industrial applications. Furthermore, the 
availability of short and ultrashort laser sources with high average 
power (up to 500W) significantly reduces the treatment times, 
enhancing their industrial viability.

An in-depth analysis of the influences of laser process parameters and 
texturing geometry on the bonding strength is necessary to improve the 
adhesion. Recent studies examined various surface preparation tech
niques and texturing to enhance adhesive bonding on similar and dis
similar material joints [37–41]. Laser treatments have enabled control of 
the surface roughness at macro and micro levels, surface adhesion area, 
and wettability, so that an appropriate selection of laser parameters and 
texturing geometries can significantly increase the adhesive bonding.

In [42], laser surface texturing was investigated as a method to 
enhance the adhesive bonding of Ti6Al4V alloy. Three different textures 
were created using a 50W fiber laser with a pulse length of 100 ns, and 
their effect was evaluated using a lap shear test. Results showed sig
nificant improvement in the bonding strength of the laser-treated sur
face compared to the sand-blasted one. However, it was found that the 
failure mode depends on the texture type: partial cohesive for dimples, 
fully cohesive for the grid, and textured substrate failure for chaotic 
patterns. Similarly, in Ref. [43], sandpaper, acid etching, and laser 
texturing were compared as surface preparation techniques before 
bonding the Ti6Al4V alloy. It was found that laser texturing resulted in 
higher bonding strength than all the other methods tested, with an in
crease of up to 4.5 % over sandblasting. In Ref. [44], four methods (P180 
sandpaper, Scotch-Brite, laser cleaning, and laser texturing) were 
applied to aluminium alloy EN AW-5754 and stainless steel 
X5CrNi18-10 using three types of epoxy adhesives. Results indicated 
that laser cleaning provided the highest shear strength for aluminium, 
with cohesive failure observed depending on the adhesive type. G. Li 
et al. [45] compared sandblasting and laser ablation on aluminium 
alloy, analysing the effects of laser spot distribution on surface rough
ness, contact angle, chemical composition, and shear strength. Results 
showed that the bonding performance can be improved by adopting an 
optimal laser spot that induces micro-nano composite structures, which 
increase contact area and shear strength. Therefore, it is important to 
analyse the effects of laser process parameters on the texturing geome
try, as it has emerged as the predominant factor influencing adhesion. In 
Ref. [6], the authors explored the impact of laser micromachining of 

crater-array and multi-grooves on the bonding strength and failure 
mode of 7075-T6 aluminium alloy adhesive joints. They propose a 
two-step laser processing method to enhance the shear strength, con
sisting of an initial crater array followed by a groove pattern. Findings 
revealed that using parallel grooves with 100 μm spacing, and a scan 
number equal to 2, increased the shear strength up to four times. This 
behaviour was confirmed in Ref. [46], where the authors explored 
different laser texturing methods to enhance the adhesion performance 
and corrosion resistance of AA7075-T6 bonded joints. The optimal 
adhesion was achieved by adopting a parallel grooves pattern placed 
perpendicular to the load application (Hatch distance = 60 μm) and in a 
box-type configuration. These designs effectively shifted failure modes 
from mixed to cohesive, improving adhesion performance even after 
corrosion exposure. Although the possibility of improving the bonding 
strength by adopting the multi-groove pattern, the groove distance 
(Hatch Distance, Hd) is a key parameter to avoid adhesive failure. When 
Hd is too large, the amount of non-treated area increases; consequently, 
the adhesion failure mode prevails, resulting in a decrease in bonding 
strength. These findings were analysed and improved in Ref. [47], where 
three different microstructures (a crater array, multi-groove array and a 
crater-multi-groove array) were obtained on the 7075-T6 aluminium 
alloy adhesive joints. The effect of pulse energy and groove distance was 
evaluated over the texture geometry and joint adhesion. Results showed 
that a two-step laser treatment (pre-crater array and post-multi-groove 
pattern, respectively) improves the bonding strength of the joint by 
causing a cohesive failure. These results were attributed to the adoption 
of the first treatment (crater array) before the groove pattern, which 
increases the treated area and the Sa roughness parameter. In Ref. [48], 
to improve mechanical performance and verify adhesive bond degra
dation due to ageing, a pulsed laser surface pretreatment was applied to 
aluminium AW 6082-T6 joints with epoxy adhesive E320. This treat
ment increased single-lap shear (SLS) strengths before and after hy
drothermal ageing at 80 ◦C compared to untreated samples. Results 
revealed that laser power and pulse frequency were critical for high SLS 
strengths. Surfaces with significant micro and nanoscale enlargements 
and deep solidification structures achieved SLS strengths up to 50 MPa 
and exhibited minimal ageing losses of 4 %. Moroni et al. have studied 
the influence of laser treatments on the adhesive strength of aluminium 
alloy in both static [49–51] and cyclic loads [52]. In Ref. [49], the 
possibility of increasing the mode I strain energy release through the 
adoption of laser treatments was successfully investigated. In Ref. [50], 
based on the energy consideration, a predictive model was developed to 
estimate the texture geometry (the groove’s shape and the surface 
roughness: Sa) by the same authors. However, since the joint strength 
also depends on the porosity formed at the adhesive-adherent interface 
and on the mechanical interlocking due to the surface asperities, it is 
complex to model the strength considering only the surface topography. 
Then, the response surface methodology was adopted to find the optimal 
process conditions. In Ref. [51], the authors study the effects of orien
tations and laser process parameters on the mode I strain energy release 
rate of Aluminium alloy bonded joints adopting a double cantilever 
beam (DCB) joint configuration. It was found that the strain energy is 
mainly affected by the presence of air bubbles entrapped in the surface 
asperities, which depends on the surface skewness (Ssk). Moreover, the 
joint’s fracture energy is mainly related to the average power, hatch 
distance, and scanning speed, rather than the orientation, since the 
latter determines the microstructure geometry. In addition, they found 
that laser treatments can significantly increase the fatigue life compared 
to the grit blasting treatment [52].

Although all these studies have consistently shown the possibility of 
improving adhesion strength and shifting failure modes from adhesive 
to cohesive, some points remain unresolved, among these: the possibility 
of regulating the groove’s width regardless of the depth, and the pos
sibility of producing treatments that involve both chemical adhesion and 
effective mechanical anchoring, avoiding, at the same time, micropo
rosity at the interface. To solve this issue, some authors have proposed 
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the use of multi-step treatments. For instance, in Ref. [53] a chemical 
treatment was adopted after laser texturing to tune the wettability, 
achieving superhydrophilicity, superoleophobicity, super
hydrophilicity, superoleophobicity, and coexistence of super
oleophobicity and superhydrophilicity. In Ref. [29], laser texturing 
followed by chemical etching was successfully applied as pre-treatment 
for the brazing operation. Results showed an effective improvement in 
adhesion. However, the use of multiple treatments, although it leads to 
an improvement in the joint’s strength, results in considerable efforts in 
terms of time, process complexity, environmental impact, and opera
tors’ safety, as well as the loss of the typical advantages of laser pro
cessing. Recently, researchers have proposed the adoption of a two-step 
full laser treatment to modify surface properties [54–56]. Furlan et al. 
[54] adopt an ns-pulse laser for the Mg alloy AZ31 surface structuring by 
adopting a two-step laser treatment, consisting of remelting and 
texturing (by dimpling). To improve the adhesion of carbon fibre rein
forced plastic (CFRP), Xie et al. [55] proposed a two-step laser treat
ment. The first step removes the resin from the outer surface, while the 
second step produces a texturing (parallel or grid grooves) on the 
exposed layer. Compared with smooth laminates, double treatment re
sults in a 40.8 % enhancement in the apparent shear strength. In 
Ref. [56], the researchers investigated the impact of laser surface 
treatments on the adhesion strength in hybrid structures made of dis
similar materials: AA7075 aluminium alloy and polyether-ether-ketone 
(PEEK), through friction-assisted joining. A two-stage laser treatment 
was applied: initially, laser texturing was performed to create a deep 
square grid, followed by low-energy laser cleaning on the overall surface 
involved in the adhesion. The results demonstrated that laser cleaning 
after texturing significantly improved adhesion regardless of the grid 
size used, demonstrating the potential of the double treatment to 
enhance the joining of dissimilar materials in hybrid structures. 
Two-step full laser treatments represent an excellent compromise for 
industrial needs in terms of process time, costs, adopted equipment, etc. 
At the same time, they allow taking the full advantage of laser pro
cessing. However, the relevant bibliography appears lacking concerning 
these treatments. Consequently, since the novelty, deep investigations 
are required to develop more efficient treatments.

In the present work, a two-step process was developed and tested, 
adopting a 30W pulsed Yb:YAG nanosecond laser source to improve the 
adhesion between aluminium joints. The process consists of a first phase, 
laser texturing, where a deep texture is obtained on the aluminium ad
herents by adopting high pulse energy and many repetitions, followed 
by a further laser treatment, the laser cleaning, carried out with lower 
energy content, and applied over the overall adhesion surface, as sug
gested in Refs. [7,51,56]. Then, the paper addresses two issues, in the 
first part, the effects of technological parameters on the groove geometry 
(depth, width, burr height, and taper angle) was investigated, and the 
possibility to tailoring the groove geometry in terms of dept and width 
was assessed. The results were adopted for the selection of the texturing 
conditions. In the second part, a Central Composite Design (CCD) 
experimental plan was developed and applied to verify the joint adhe
sion. Single-lap joints were produced by adopting an epoxy system ad
hesive and different texture geometries. The textures were made of 
parallel grooves characterised by different depths, widths, and areal 
densities. Furthermore, samples with only laser cleaning, sandpaper 
treatment, and acetone cleaning were fabricated too and adopted as 
references. Apparent shear stress, failure energy, and failure mode were 
recorded. In both parts, ANalysis Of VAriance (ANOVA) was adopted to 
assess the statistical significance of the process parameters, while the 
main effect plot, the interaction plots were used to explain the sample 
behaviours. Results show that compared to the only textured reference 
samples, the two-step laser treatment increases the apparent shear stress 
and the failure energy, regardless of the adopted texture geometry. 
Then, the laser cleaning post-treatment significantly improves the joint 
strength.

2. Materials, equipment, and experimental procedures

2.1. Materials

For joint production, the aluminium alloy 6000 series (AA6070 T06) 
was adopted to produce single-lap joints, according to the ASTM D1002- 
10 Standards [57]. AA6070 T06 is a precipitation-hardening aluminium 
alloy containing magnesium and silicon as its major alloying elements. 
This alloy combines medium strength, good workability, and high 
corrosion resistance. In plate form, it is the alloy most commonly used 
for machining. The large amount of manganese allows for control of the 
grain structure, resulting in a stronger alloy. The higher strength of 
Aluminium alloy 6082 has seen it replace 6061 in many applications, 
such as aircraft components, camera lens mounts, marine and scuba 
components, electrical fittings and connectors, hardware, hinge pins, 
magneto parts, brake and hydraulic pistons.

Samples of 25 mm × 70 mm in-plane dimension and 3 mm in 
thickness were obtained by shearing, cleaned in an ultrasonic bath with 
acetone, and then laser treated according to the procedures reported in 
the next Paragraphs. Immediately after the laser treatment, the samples 
were stored in a vacuum bag for a week to avoid surface contamination. 
Then, single-lap joints were produced by bonding two adherents with 
the epoxy adhesive Araldite 420 A/B. This is a two-component, room- 
temperature curing paste adhesive suitable for a range of materials, such 
as metal, honeycomb, polymers, and fibre-reinforced composites. The 
main properties of the adhesive are high strength and toughness, high 
shear strength, good peel strength, low viscosity (35–45 Pas), and a pot 
life of more than 1 h. During the manufacturing process, a special tool 
with seven moulds, produced by Fused Deposition Modelling (FDM), 
was used to maintain the alignment of the adherents, ensure the correct 
positioning, and avoid possible movements of the components. The 
adhesive thickness was controlled by applying a weight on the samples 
(an iron plate of about 2 kg on each tool) during the adhesive cure. After 
the curing, the adhesive thickness was measured by optical microscopy, 
resulting in 282 ± 39 μm. Fig. 1 shows the geometry of the adopted 
single-lap joint. Fig. 2 showss the adherents arranged in the tool before 
and after the bonding operation. After the demoulding, the samples were 
post-cured at 60 ◦C for 6 h. In Table 1, the mechanical and physical 
properties of adopted materials are reported together with the typical 
chemical composition of the AA6082 T6 [58].

2.2. Experimental procedures

Since the main aim of the work is to verify the effect of groove ge
ometry and density and the effectiveness of the laser texturing combined 
with a laser cleaning treatment, two experimental plans were carried out 
according to the Design of Experiment procedures. First, preliminary 
tests were carried out to identify the effect of the control factors (i.e. the 
process parameters) on the groove geometries, adopting a 4 × 5 full 
factorial experimental plan. Then, a 2 × (23+1) Central Composite De
signs (CCD) experimental plan was developed and performed by 
changing the treatment (laser texturing or laser texturing followed by 
laser cleaning), groove’s width and depth, and the areal density, which 
represents the percentage of texturized area. CCD consists of a fractional 
factorial design with center point/points and additional axial point/ 
points (not adopted here) that allow estimating first- and second-order 
terms (i.e. main effects and 2-order interactions) without a significant 
loss in efficiency. Central composite designs are beneficial in sequential 
experiments since it is possible to increase the fitting by adding further 
axial points. It may be adopted in a response variable modelling with 
curvature since, in a regression model, it allows the estimation of 
quadratic terms. In addition, compared to the standard fractional 
factorial multilevel design, it requires fewer experimental runs.

For the preliminary tests, to change the groove’s geometry, it was 
decided to assume the number of parallel lines (L) and the number of 
repetitions (R) as control factors, where L is how many parallel lines 
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were adopted to produce the groove, while R is how many times the 
laser scanning is performed on the same part of the surface. This 
assumption was made considering that the former controls the groove 
width, while the latter controls the depth. Then, a 4x5 full factorial plan 
was developed and tested, changing according to Table 3. During the 
tests, the distance between the adjacent lines, the laser power, the pulse 
frequency, and the scanning speed were fixed at 40 μm, 30 W, 30 kHz, 

and 1000 mm/s, respectively. These values were selected based on 
previous studies [56,59–61] since they allow a well-formed open groove 
with a moderate burr in a reasonable time for the present study.

2.3. Laser equipment

Both the surface treatments were obtained by adopting a MOPA and 
Q-switched Yb:YAG fiber laser source (IPG, mod. YLP-RA 30-1-50-20- 
20), working at a wavelength of λ = 1064 nm. The laser beam is 
moved through a two-axis Galvo scan head (from LASIT) equipped with 
a “flat field lens”, 160 mm of focal length, resulting in a beam spot 
diameter of about 80 μm. The laser system characteristics are summar
ised in Table 2. This kind of laser was selected for the good absorption on 
all metals, high pulse power and pulse energy (up to 20 kW and 1 mJ, 
respectively), the possibility to deliver the maximum power (30W) at all 
the frequencies and the lower power consumption (160W, comprises the 
embedded PC). The latter is critical when considering process sustain
ability [62–64]. Table 2 shows the main characteristics of the laser 

Fig. 1. Geometry and images of the single-lap joint.

Fig. 2. Images of the AA6082 adherents arranged in the special tool: a) After the adhesive applications; b) After joining.

Table 1 
Mechanical, physical properties, and chemical composition of adopted 
materials.

Property Units Al6082 T06 
[58]

Araldite 420 A/ 
B

Tensile strength MPa 290–310 29
Tensile Yield MPa 250–260 –
Tensile modulus GPa 69–70 1.49
Elongation at break % 10 4.6
Density kg/m3 27′000 11′000
Thermal conductivity Wm− 1K− 1 170–180 n.a.
Specific heat Jkg− 1K− 1 0.891 n.a.
Melting point (solidus, 

liquidus)

◦C 556–649 –

Shear strength (LSS) MPa 205 37
Lap shear strengths MPa – 24–35a

Gel time h – 1
Viscosity (at 20 ◦C) mPas – 35–45

Element for AA6082 Weight % Element for AA6082 Weight %

Aluminium (Al) 95.2–98.3 Manganese (Mg) 0.40–1.0
Chromium (Cr) <= 0.25 Silicon (Si) 0.70–1.3
Copper (Cu <= 0.10 Titanium (Ti) <= 0.10
Iron (Fe) <= 0.50 Zinc (Zn) <= 0.20
Magnesium (Mg) 0.60–1.2 Other, each (Total) <= 0.05 (<=0.15)

a As declared by the Producer, LSS may depend on the materials, thickness and 
joint characteristics.

Table 2 
Laser systems characteristics.

Characteristic Symbol Unit Value

Source – ​ Yb:YAG
Wavelength λ nm 1064
Nominal average power Pa W 30
Mode ​ kHz PW
Pulse frequency f kHz 30 ÷ 80
Pulse length Pl ns 50
Maximum pulse power Pp kW 20a

Maximum pulse energy Pe mJ 1a

Maximum scan speed Ss mm/s 5000
Beam quality (M2) – – 1.2 ÷ 1.5
Focused spot diameter – μm 80

a At Pm = 30 W and F = 30 kHz.
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system.
To characterise the groove geometry, the groove’s Depth, Width-out, 

Width-in, Burr eight (Burr), and the Taper angle (Ta), measured as re
ported in Fig. 3, were adopted as response variables. The measures were 
analysed by performing the ANalysis Of VAriance (ANOVA). The 
ANOVA tests the significant differences between the means of the 
response variables by dividing its total variation into the contribution 
due to different sources (error, experimental group membership …) and 
comparing the variance due to the between-groups (or treatments) 
variability with the one due to the within-group (i.e. the same treat
ment). A confidence level of 95 % (α = 0.05) is adopted during the 
analysis. Then, a control factor or an interaction is considered statisti
cally significant if the p-value is less than 0.05. The ANOVA assumes that 
experiments are independent and normally distributed with equal var
iances between cutting conditions. Then, before the analysis, these as
sumptions were checked by the residuals analysis, as suggested in Refs. 
[65,66]. However, this analysis is not reported here for the sake of 
brevity. In addition, the main effect plots and the interaction plot were 
adopted to determine the effect of the significant control factor on the 
response variables.

Before joining tests, a two-step laser treatment (LTC) was developed 
and adopted for the surface treatments. The treatment consists of a first 
phase, namely laser texturing (LT), where a texture is obtained on the 
adherents by adopting high energy density (i.e. narrow overlapping 
along the beam travel and high pulse energy), followed by a further laser 
treatment, called laser cleaning (LC), carried out at low overlapping and 
pulse energy, and applied over the overall adhesion surface. All the 
treatments were obtained by moving the laser beam on the 25 × 25 mm2 

portion of the aluminium sample surface addressed for the bonding, 
according to the schematic in Fig. 4.

For the laser texturing phase, to highlight the role of the laser 
cleaning step, a simple linear texture (i.e. grooves placed at 90◦ respect 
to the load direction) was adopted, changing the width and the depth of 
the grooves, in addition, the ratio between the textured and un-textured 
areas were changed too. All the textures were obtained by fixing the 
hatch distance (Hd, see also Fig. 4.), scan speed (Ss), and pulse frequency 
(f) at the same values adopted for the texturing tests and changing the 
number of parallel lines (L = 2, 4, 6) the number of repetition (R = 20, 
40, 60) and the Textured area density (O = 20 %, 35 %, 50 %) that is the 

percentage of textured area. The latter was changed by changing the 
distance between the grooves (D).

The laser cleaning process was carried out adopting a scan speed of 
3000 mm/s, Pa = 24W, Pe = 0.4 mJ, f = 60 kHz, Hd = 50 μm, with a 
single repetition (R = 1), see Fig. 4. Although laser cleaning is often 
considered a non-invasive process for the substrate, the adopted process 
results in a quasi-smooth surface, filled by dimples, 100 μm in diameter, 
arranged in quincunxes configuration, with minimum overlap and depth 
(about 3 μm), as visible in Fig. 5, and like some surface treatments 
studied by Moroni et al. in Refs. [49,67]. The process conditions were 
selected based on previous experience [7,56], also considering that 
excessive roughness can easily result in microporosity at the interface 
that may reduce the joint’s strength [50,51]. In addition, samples 
treated with only laser cleaning (LC), 120 mesh (125 μm) sandpaper (SP) 
according to the procedure indicated by the adhesive producer [68] and 
samples without any treatments but cleaned in an ultrasound bath with 
acetone (as-built samples or AB), have been realised and tested too. 
Table 4 reports the process conditions adopted for the CCD experimental 
plan. For each process condition, no less than three samples were real
ised and tested.

To discriminate the treatment effect (i.e. the joint resistance), tensile 
tests were carried out according to a modified ASTM D1002-10 Standard 
[57], at a displacement ratio of 1.27 mm/min, adopting a universal 
testing machine (MTS INSIGHT 5) equipped with a 50 kN load cell. 
Then, the apparent shear strength was calculated as the ratio between 
the maximum load and the joint overlapped area according to the ASTM 
Standards. Moreover, the energy absorbed up to the failure (Failure 
Energy or FE) was calculated as the area under the load/displacement 
curve, as reported in Fig. 6. Digital microscopy (HIROX KH 8700) was 
adopted to observe and measure the texture geometries and classify, 
after the tensile test, the failure mode according to the ASTM D1002-10 
Standards [57]. After testing, images of the joints were acquired, and the 
percentage of the adhesive failure mode [AF] was measured through 
digital image processing (ImageJ and MatLab software). To this end, the 
images of the failure surfaces were first contrasted and then binarised 
into black and white. The FA was, therefore, calculated as the sum of the 
aluminium surface percentage on the two parts of the sample. The re
sults of the tensile tests were analysed through the ANOVA and the main 
effect and interaction plots.

Moreover, additional tests were conducted on selected samples to 
explain the adhesion mechanisms. More in detail, Ra roughness 
parameter was measured for the as-built (AB), Sandpaper (SP) and laser- 
cleaned (LC) samples, according to the UNI EN ISO 4288:2000, by 
adopting a portable roughness meter (Taylor Hobson, Surftronic 3+), the 
measures were repeated three times on five different samples. Chemical 
analyses were performed on some AB, SP, LC, LT and LTX samples at 
various points. The measurements were carried out adopting a scanning 
electron microscope (SNE ALPHA, SEC Co. Ltd) equipped with an energy 
dispersive X-ray spectroscopy (EDS) sensor (Oxford Instruments model 
Xplore compact EDS detector). Wettability tests were conducted using 
the contact angle measurement method (ASTM: D7334D7334 – 08/ 
2022). The apparent contact angle (θ) was measured through a Tensi
ometer FTA1000 (First Ten Angstroms, Inc.) according to the procedure 
reported in Ref. [69]. During the test, a 9,9 ± 0,1 μL drop of glycerol 
(100 %) was adopted as a reagent since, compared to water, it shows a 
chemical polarity similar to the epoxy resins [70]. No less than three 
measurements were performed.

3. Results

3.1. Laser texture and laser cleaning characterisation

In Table 5, the ANOVA results for the groove characteristics are re
ported in terms of F-value and p-value. In the table, the R-Sq and the R-sq 
(adj) index are reported too, where the R-sq is the amount of variation in 
the response variable values that is explained by the control factors; R-sq 

Table 3 
Experimental plane for texturing tests (First experimental plan).

Level

Control factors Label − 2 − 1 0 1 2

Lines L 2 4 – 6 8
Repetitions R 20 40 60 80 100

Fig. 3. Schematic of the groove section and the geometrical characteristics.
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(adj) is a modified R-sq that has been adjusted for the number of terms in 
the analysis. It is worth noting that the high values of the indexes 
indicate a good agreement between the statistical model and the data.

From the table, both the control factors affect all the response vari
ables. Moreover, the interaction L*R is significant for the Depth, the 
Width-out, the Burr and the Taper angle. This means that the effect of 
one control factor changes as the level of the other changes. It is worth 

noting that although the p-values of control factors and interaction are 
less than 0.05, the F-values have different orders of magnitude. In detail, 
for the Depth, the F-value of R is approximately two orders of magnitude 
larger than the ones concerning the L and the L*R interaction (557 
compared to 7 and 4 for R, L and the L*R, respectively). This means that, 
compared to the variation of L, a change of R involves a greater Depth 
variation. The opposite happens for the width, where the F-value 

Fig. 4. Schematic of the surface treatments.

Fig. 5. Images of treated surface: a) Aspect of uncleaned and cleaned surface close to a single groove; b) Magnification of a laser-cleaned surface.
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concerning L is 7495 against the 9 and 2 for the R and the interaction 
L*R, respectively. In simple terms, the Depth can be easily adjusted by 
varying R, while the width is adjusted by L.

In Figs. 7–11, the main effect and the interaction plots are reported 
for the Depth, Width-out, Width-in, Burr and Taper Angle, respectively. 
From Fig. 7a, as expected, since an increase in the Repetitions involves 
an increase in the total energy released for unit length, the Depth in
creases with the R increase. The increment appears linear up to 60 
repetitions; after this, a decrease in the slope is observed, and the effect 
of the number of lines appears more difficult to see since the scale of the 
diagram is very large compared to the variation of the values. However, 
this can be deduced from the interaction diagram. From Fig. 7b, it is 
observed that by increasing the number of L, there is first an increase in 
depth (between L = 2 and 4) and then a reduction (for R = 40) or the 
reaching of a plateau (for R > 40). From Figs. 8a and 9a, both the widths 
linearly increase with L increase. The behaviour with R is very similar; 
both widths increase as L increases. Regarding the interactions L*R for 
the Width-out parameter, Fig. 8b, the interaction essentially consists of 
the fact that for L = 2, the width does not change when R varies. The 
Burr decreases at L increase and increases at R increase, Fig. 10a. The 
opposite happens for the Taper angle (Ta), Fig. 11a. Moreover, in both 
cases, the interaction concerns the behaviour of the curves for the L = 2 
condition, which appears different for the other cases (L = 4, 6, 8), 
Figs. 10b and 11b.

The trends may be explained by considering the three mechanisms 
involved in material machining: the melting, the vaporisation, and the 
mechanical effect. The latter is the molten material pullout due to the 
vaporisation-induced recoil force (so-called recoil pressure [59,71,72]). 
For the adopted condition, the power density reaches a value of about 
108 W/cm2 (20 kW on a beam spot of about 80 μm in diameter). Ac
cording to Refs. [71,73], the power density is high enough to trigger the 
keyhole formation. The material melts and increases its temperature up 
to vaporisation; the vapour pressure blows the molten material out of 
the groove towards the surrounding area, resulting in the typical 
Gaussian-like groove, characterised by the burr presence (the rims at the 
groove edges), as visible in Fig. 12, where the groove profile evolution 
for L = 2 and L = 6 is reported. However, the energy released in a single 
laser pass is too low to form a deep groove due to the low pulse energy 
(Pe = 1 mJ) and high beam speed (1000 mm/s). Conversely, adopting 
more repetitions (i.e. high released energy), the continuous action of the 

Table 4 
Experimental plane for single-lap joint production (in the brackets, the average 
value of the Width-out and Depth is reported).

Control factors Label Level

– 0 +

Lines (Width-out 
μm)b

L 2 (142.52 
±5.89)

4 (226.87 
±7.06)a

6 (305.63 
±5.98)

Repetition (Depth 
μm)b

R 20 (55.69 
±5.94)

40 (84.16 
±5.56)a

60 (108.50 
±6.42)

Textured area 
percentage

O% 20 35a 50

Surface treatment Tr LT – LT + LC=LTC

a Texturing conditions for the central points.
b Average and standard deviation values.

Fig. 6. Schematic of measured quantities from the single-lap joint test.

Table 5 
Extract from the ANOVA results, F-value and p-value for Depth, Width-out, Width-in, Burr, and Taper Angle (Significant control factors are highlighted by bold text).

Depth Width-out Width-in Burr Ta

Source F-value p-value F-value p-value F-value p-value F-value p-value F-value p-value

Lines 7.41 0.000 7495.06 0.000 8603.05 0.000 15.19 0.000 183.20 0.000
R 557.83 0.000 9.34 0.000 30.48 0.000 40.22 0.000 85.65 0.000
Lines*R 4.30 0.000 2.76 0.008 1.34 0.234 2.98 0.005 6.77 0.000

R-sq [%] 98.29 99.82 99.85 85.83 96.05
R-sq(adj) [%] 97.48 99.74 99.77 79.10 94.18

Fig. 7. Depth: a) Main effect plot; b) Interaction plot.
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laser beam on the same area increases the groove depth, Fig. 7a, and the 
burr height, Fig. 10a. Moreover, since the groove width is mainly due to 
the line numbers, the increase of the depth, due to the R increase, causes 
a Taper Angle reduction Fig. 11a, this is consistent to Ref. [74].

At the same time, the higher the depth and the lower the width, the 
greater the difficulty for the vapours to eject the liquid phase. Then, the 
mechanical effect tends to decrease for narrow grooves (L = 2) and high 
repetition. Consequently, after a linear increase, a further increase in R 
results in a slope decrease. Under this condition, the material that is 
ejected from the groove tends to solidify on the edges, giving rise to an 
increase and thickening of the burr, as visible in Fig. 12. This explains 
the behaviour of the depth for L = 2, see Fig. 7b and the effect of R on the 
Burr, Fig. 11b. Conversely, when large grooves (high L values) are 
produced, as the depth increases, the molten material that should be 

ejected from the groove tends to fall inside the groove itself, resulting in 
a reduction of the burr growth (Fig. 10a), a rounding of the bottom 
surface (Fig. 12b), and a taper angle reduction (Fig. 11a).

From what is mentioned, it is evident that the material removal 
process tends to decrease as the depth and width of the groove (i.e. R and 
L) increase, which is consistent with [59]. Similarly, the increase in the 
Burr height also tends to reduce. The latter phenomenon is not favour
able since the Burr is useful for generating mechanical anchoring phe
nomena, which improve the adhesive’s adhesion. Furthermore, with the 
same groove density, as R increases, the processing time increases (the 
latter linearly with R). These aspects are often neglected in the model 
based on the energy consideration. Moreover, these observations sug
gest that the number of repetitions and lines adopted during the texture 
production should not be exceeded. Then, for the texture production, it 

Fig. 8. Width-out: a) Main effect plot; b) Interaction plot.

Fig. 9. Width-in: a) Main effect plot; b) Interaction plot.

Fig. 10. Burr: a) Main effect plot; b) Interaction plot.
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was decided to fix the maximum number of L and R to 6 and 60, 
respectively.

3.2. Tensile test results

Fig. 13 shows the different treatments’ stress-displacement and 
absorbed energy-displacement curves. All the curves follow a similar 
trend regardless of the adopted treatment. The only visible differences 
are the value of the stress and strain reached during the test and how, 
once the maximum is exceeded, the curve drops: suddenly for AB and SP 
samples, slightly slower for laser-treated ones. In Fig. 14, the typical 
aspects of the failed surface (each image reports the entire bonded 
surfaces, 25 × 25 mm2) are reported for the reference (Fig. 14a,b,c), the 
LT (Fig. 14d,e,f) and the LTC (Fig. 14g,h,i) samples. From the figures, 

porosity, placed at the adhesive-sample interface or inside the adhesive, 
is visible irrespective of the surface treatment (as indicated by the black 
arrows in Fig. 14); the reference samples (AB, SP, and LC treatments) 
show a percentage of adhesive failure percentage close to 100 % (93 %, 
98, and 96 %, respectively). Conversely, the LT and the LTC treatment 
result in a failure mode that appears like a mixed mode (Fig. 14d,e,g,h) 
or nearly fully cohesive (Fig. 14f–i).

In Fig. 15, the interval plot for the apparent shear strength is reported 
for the laser-treated samples (TX and TXC). The dashed lines in the 
figure represent the average values of AB, SP and laser-cleaned (LC) 
samples. The LTC treatments show the highest average value, followed 
by the SP treatment (22.12 ± 1.22), which is one of the treatments 
suggested by the adhesive producer [68], and then the LT ones. The laser 
cleaning treatment (LC) results in a value comparable to the SP (21.03 

Fig. 11. Taper angle: a) Main effect plot; b) Interaction plot.

Fig. 12. Groove profiles obtained for different repetitions, for: a) 2 lines; b) six lines.

Fig. 13. Single-Lap-Joint tests: a) Stress vs displacement; b) Absorbed energy vs displacement.

D. Morello et al.                                                                                                                                                                                                                                 International Journal of Adhesion and Adhesives 142 (2025) 104089 

9 



± 0.45) and better than some LT treatments. As expected, the AB sam
ples have the lowest value (8 ± 3.08 MPa), about three times less than 
the better treatments (SP and LTC).

The interval plot of the Failure Energy, Fig. 16, follows the apparent 
shear strength trend, with the lowest values for the AB sample and the 
highest for the SP and LTC treatments.

The behaviour of the adhesive failure percentage (AF) partially fol
lows the strength one, Fig. 17. In fact, for the laser-treated joints, a trend 
is visible: high resistance corresponds to low AF; for the SP and LC 
treatments, although their strength is comparable to LT and LTC, AF 
values close to 97 % and comparable to the AB joints (93 %) were 
measured. It is worth noting that the failure surface analysis, carried out 
at high magnifications, revealed the presence of resin filaments pro
truding from the grooves.

Fig. 18a (in Fig. 14, the filaments are indicated by white arrows), 

confirming that not all the observable resin is stably attached to the 
substrate. In addition, several thin and transparent resin islands on the 
laser-treated joints (LC) can be noted as separate areas (Fig. 18b). Both 
these events cannot be interpreted by the digital image analysis, intro
ducing underestimation and overestimation of the AF, respectively. 
Then, the AF, as measured in the present case, does not correctly esti
mate the actual adhesive failure percentage. However, since the pres
ence of fibrils and resin islands on the surfaces of the laser-treated joints 
indicates a change in the failure mode for the laser-textured joints (LC, 
LT, and LTC samples), the AF parameter was maintained in the analysis 
of the variance, as described in the next paragraph. On the other hand, 
the proposed DOE contains only the LT and the LTC samples; then, 
considering that the error is similar for all the laser-treated samples, it 
may outcome useful information.

Fig. 14. Images of the entire failure surfaces (25 × 25 mm2) for samples subject to different treatments. Adhesive failure in a) As-built sample; b) Sandpaper sample; 
c) Laser-cleaned sample. Mixed mode failure in LT samples: d) L = 6, R = 20, O% = 50; e) L = 4, R = 40, O% = 35; f) L = 2, R = 60, O% = 50; Mixed failure mode in 
LTC samples: g) L = 6, R = 20; O% = 50; h) L = 4, R = 40, O% = 50; i) L = 2, R = 60, O% = 50.

Fig. 15. Interval plot for the Apparent Shear Strength (SP=sandpaper treat
ment, LC = laser cleaning treatment, AB = as-built).

Fig. 16. Interval plot for the Failure Energy (SP=sandpaper treatment, LC =
laser cleaning treatment, AB = as-built).
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3.3. Effect of process parameters

In Table 6, the ANOVA results in terms of F-value and p-value for 
Apparent Shear Strength (Strength), Failure Energy (FE), and Percent
age of Adhesive Failure Mode (AF) are reported. In the table, the sig
nificant control factors are highlighted in bold text. From the table, the 
Textured area density (O%) and the treatment (Tr) affect all the response 
parameters. Moreover, the failure mode (AF) is affected by the number 
of lines (L) and the Repetitions (R). The interaction L*Tr is significant for 
the Strength and FE, while R*O% and O%*Tr are significant only for FE. 
However, compared to Table 5, the R-sq [%] and R-sq(adj) do not show 
remarkable values. Probably, it is a consequence of adopting a fractional 
plan (CCD) instead of a full-factor plan.

In Figs. 19–21, the main effect plots and the interaction plots for the 
Strength, FE, and AF are reported, respectively. From Fig. 19a, the shear 
strength increases at the O% increase or when the laser cleaning treat
ment is applied. The latter has a higher effect than increasing O%, as 
confirmed by the F-value (41.93 against 6.91 for Tr and O%, respec
tively). Furthermore, while for the LT joints, the strength decreases as 
the number of lines increases, for the LTC joints, it increases, as visible in 
the left panel of the interaction plot, Fig. 19b. This phenomenon, usually 
referred to as "anti-synergic" effect, tends to hide the influence of R. The 
same behaviour is observable for Failure Energy (FE), Fig. 20a and b. In 
addition, FE shows the R*O% and the O%*Tr interactions. The first can 
be summarised as follows: for R= 20, the energy increases as the number 
of repetitions increases, the opposite for R = 60 (left panel in Fig. 20c); 

or, when R = 20, an increase in the textured area leads to an increase in 
energy, while for R = 60, an increase of O% does not correspond to a 
change in the energy absorbed up to the failure, which maintains at an 
intermediate value compared to the extremes ones (right panel Fig. 20c). 
The second concern the fact that for the LT joints, the Failure Energy 
increases with the increase of the treated area, while for the LTC ones, it 
does not change with O% (left panel in Fig. 20d).

Concerning the failure mode, Fig. 21, AF increases with increasing L 
and decreases with increasing R or O%. At the same time, the laser 
cleaning post-treatment (LTC samples) has a beneficial effect as it ap
pears to reduce the percentage of adhesive failure area in favour of the 
cohesive one (Fig. 21a). In contrast, the adhesive failure percentage for 
the LT joints tends to decrease as the number of repetitions increases, 
while the LTC ones present a poor sensitivity to this parameter (left 
panel in Fig. 21b).

3.4. Additional tests

Table 7 shows the roughness measurements performed on the AB, SP, 
and LC samples. As expected, the SP treatment allows a roughness 
doubling (from 0.403 ± 0.057 μm to 0.75 ± 0.075 μm for the AB and SP 
samples, respectively). Also, the laser cleaning allows the Ra parameter 
to increase, which achieves the value of 0.748 ± 1.185 μm.

Table 8 shows the chemical composition of the AB, SP, LC, LT and 
LTC treatments. Both the LT and LTC were measured in two different 
positions: inside the groove and between the grooves on samples ob
tained adopting L = 6, R = 60, and O% = 20. The chemical analyses do 
not show significant variations in composition except for the fact that, 

Fig. 17. Interval plot for the adhesive failure percentage (SP=sandpaper 
treatment, LC = laser cleaning treatment, AB = as-built).

Fig. 18. a) Resin filaments protruding from the grooves; b) Thin resin deposits on the surface of a laser-cleaned sample (LC).

Table 6 
Extract from the ANOVA, F-value and p-value for Apparent Shear Strength 
(Strength), Failure Energy (FE), and the Adhesive percentage (AF).

Strength FE AF

Source F-value p-value F-value p-value F-value p-value

L 0.02 0.895 0.71 0.402 19.13 0.000
R 0.20 0.661 0.32 0.573 6.66 0.013
O% 6.91 0.011 11.10 0.002 43.95 0.000
Tr 41.93 0.000 43.54 0.000 14.25 0.000
L*R 0.84 0.362 3.81 0.056 1.41 0.241
L*O% 0.64 0.428 0.20 0.658 2.86 0.097
L*Tr 4.39 0.041 9.20 0.004 2.15 0.149
R*O% 3.48 0.068 10.79 0.002 0.52 0.473
R*Tr 0.72 0.400 0.38 0.542 26.64 0.000
O%*Tr 2.36 0.131 8.79 0.005 1.97 0.166

R-sq [%] 54.20 63.12 72.79
R-sq(adj) [%] 44.51 55.31 67.04
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Fig. 19. Apparent shear stress: a) Main effect plot; b) Interaction plot (only significant interaction).

Fig. 20. Failure Energy: a) Main effect plot; b-c-d) Interaction plot (only significant interaction).

Fig. 21. Adhesive failure mode percentage: a) Main effect plot; b) Interaction plot (only significant interaction).
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compared to the as-built, the sandpaper samples show a significant 
reduction in the Oxygen content (from 6.29 ± 0.47 % to 3.94 ± 0.49 % 
for the AB and SP samples, respectively). Conversely, all the laser 
treatments increase the Oxygen content, with a weight percentage 
measured on the untextured surfaces that is 9.29 ± 0.51 %, 10.02 ±
0.49 %, and 9.46 ± 0.47 % for the LC, LT and LTC, respectively, and 
about 9.4 % inside the grooves. Furthermore, the Magnesium percentage 
is higher for the AB samples and between the grooves for the LT treat
ment (about 1.1 %), lower inside the grooves for the textured samples 
(0.77–0.78 %), and about 0.9 % for the SP one. Finally, an increase of 
Manganese content is recorded for the measurement performed inside 
the grooves for both the LT and LTC samples (about 0.77 % against the 
0.45–0.58 % of the other samples). It is important to highlight that 
analogous surfaces contain comparable chemical species, for example, 
the composition of the AB surface is like the one placed between two 
grooves of the LT samples, while the composition of the LC surface is 
similar to that placed between two grooves of the LTC samples, as well as 
the surfaces inside the grooves for both LT and LTC. In addition, since 
the EDS detector cannot discern how the Oxygen is structured (whether 
it is a metal oxide or is in the form of hydroxide), and at the same time, 
the presence of aluminium hydroxides on the surface is a common 
occurrence for untreated aluminium alloys. It is reasonable that 
although there is a higher oxygen content on the surfaces of laser-treated 
samples, this is predominantly structured as aluminium oxide instead of 
aluminium hydroxide. In Fig. 22, a comparison of the chemical 
composition of the analysed surfaces is reported for all the elements 
except aluminium.

In Table 9, the average value and the standard deviation of the 
contact angle (θ) measured between 10 and 60 s after the drop deposi
tion are reported for the AB, SP and LC surfaces. In Fig. 23, the contact 
angle is reported as a function of the time elapsed since the drop was 
deposited. From Table 9, since θ decreases, both the treatment SP and LC 
increase the surface wettability and then the adhesion. Considering only 
the contact angle, it seems that, compared to the SP treatment, the LC 
treatment is more effective as it allows lower contact angles. Further
more, it must be added that the LC treatment does not tend to stabilise 
since, after 300s, the angle reaches values lower than 4◦, values that are 
difficult to measure.

From the results, compared to the as-built surface, the sandpaper 
treatment allows the removal of the first surface layer by surface de
posits, oxides (about 4 % against 6 % of the AB samples), and com
pounds due to corrosion or atmosphere reaction, generating a fresh 
surface that is more reactive with the adhesive (the wettability in
creases). Consequently, the treatment decreased the activation energy, 
allowing the formation of chemical bonding or van der Waals 

interaction forces, as confirmed by the lower contact angle. The sample 
treated with laser cleaning shows an increase in both roughness and 
Oxygen percentage (about double compared to the SP), the latter due to 
the formation of aluminium oxide compound. In any case, both treat
ments allow a reduction of the contact angle, which passes from 72◦ for 
the AB to 58◦ and 10◦ for SP and LC treatments, respectively. The contact 
angle is a function of the chemical species and the surface topography; 
then, it is plausible that the increase observed for the LC samples is also 
due to the presence of the micro-texture resulting from this treatment.

4. Discussion

The untreated sample shows the lowest roughness values (Ra =
0.403 ± 0.057) and the highest contact angle values (θ = 72◦), in 
addition, it has a much higher quantity of oxygen (probably both oxide 
and hydroxide compound) than the treated samples, therefore it can be 
concluded that, among the analysed surface state (i.e. treatments), it is 
in the worst conditions to generate both the interlocking mechanisms 
and the chemical adhesion of the resin. This justifies the observed failure 
mode (100 % cohesive), the low strength value (8 ± 3.08 MPa), and 
failure energy (2 ± 3.35 J).

Sandpaper treatment (SP) shows a moderate increase in the rough
ness (Ra = 0.748 ± 0.900 μm), the lowest oxygen content (3.94 ± 0.49), 
and a medium wettability (θ = 58◦). Thus, compared to the untreated 

Table 7 
Roughness value for the as-built, Sandpaper and laser-cleaned samples.

Treatment Average Roughness, Ra [μm] Standard deviation [μm]

As-built (AB) 0.403 0.057
Sandpaper (SP) 0.748 0.090
Laser cleaning (LC) 1.185 0.075

Table 8 
Chemical composition measured through EDX analysis on the sample surfaces.

Treatment AB SP C LTa LTb LTCa LTCb

Component

Al [%] 90.78 ± 0.48 92.99 ± 0.51 88.13 ± 0.53 87.05 ± 0.51 87.13 ± 0.66 87.90 ± 0.48 87.82 ± 0.51
O [%] 6.29 ± 0.47 3.94 ± 0.49 9.29 ± 0.51 10.02 ± 0.49 9.54 ± 0.62 9.46 ± 0.47 9.31 ± 0.49
Si [%] 1.01 ± 0.14 1.00 ± 0.13 0.96 ± 0.14 1.00 ± 0.13 1.12 ± 0.18 1.01 ± 0.12 0.99 ± 0.13
Mg [%] 1.11 ± 0.08 0.91 ± 0.08 0.74 ± 0.84 1.06 ± 0.08 0.78 ± 010 0.80 ± 0.08 0.77 ± 0.08
Mn [%] 0.58 ± 0.10 0.56 ± 0.12 0.50 ± 0.12 0.53 ± 0.12 0.74 ± 0.14 0.45 ± 0.10 0.72 ± 0.12
Fe 0.24 ± 0.10 0.59 ± 0.13 0.38 ± 0.12 0.33 ± 0.13 0.69 ± 0.16 0.38 ± 0.10 0.37 ± 0.37

a Measurement between two grooves.
b Measure inside the grooves.

Fig. 22. Chemical composition (only the elements with a weight percentage 
more than 0.3 %), Al = as remain.

Table 9 
Contact angle values (θ) (average value and standard deviation in the period 
between 10s and 60s).

Treatment Contact angle [deg] Standard deviation [deg]

As-built (AB) 72.01 4.37
Sandpaper (SP) 58.24 4.11
Laser cleaning (LC) 10.21 2.34
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samples (AB), this treatment shows a better adhesion. Therefore, both 
the apparent shear strength and failure energy increase by about 2.7 and 
6 times, respectively, as visible in Figs. 15 and 16. However, since the 
increase in roughness is modest, it does not produce effective inter
locking mechanisms, and the fracture mode results close to 100 % ad
hesive failure.

Even laser cleaning alone increases the roughness (Ra = 1.185 +
0.075 μm) and cleans the surface from residues of possible contami
nants, generates a micro-texture (see Fig. 5) that allow an increase in 
resistance and absorbed energy, which is slightly lower than that of the 
SP treatment (Figs. 15 and 16). In any case, due to the moderate increase 
of the roughness, the joint failure is almost adhesive, as confirmed by the 
high value of the AF parameter.

The laser texturing (LT) treatment results in more complex mecha
nisms since it increases the effective bonding area and promotes me
chanical anchoring, as confirmed by the mist mode failure. However, at 
the same time, the presence of the texture and its burrs increases the 
local stress and the peeling components [75,76]. This phenomenon is 
aggravated by the possibility that the grooves on the two faces are ar
ranged opposite each other, as reported in Fig. 24, The latter condition 
generates a narrow cleft which results in a further increase in the con
centration of stresses around the groove, so much so that in more than 
one case the burr separation from the metallic surface and its embedding 
into the adhesive was observed (see red arrows in Fig. 25a). In addition, 
the presence of residues from processing (splashes and condensed metal) 
may generate an incoherent surface in correspondence with the grooves, 

which may favour the adhesive debonding. Furthermore, the smooth 
part enclosed between two burrs (that for the LT samples is an untreated 
surface) behaves differently depending on the distance between the 
grooves (the D parameters of Fig. 4): if D is sufficiently small, it acts as a 
trap for the adhesive with the consequence that the fracture propagates 
into the adjacent adhesive layer or deviates towards the other face, 
allowing the strength increase, as visible in Fig. 25a, where a homoge
neous layer of fractured adhesive is visible. If it is long, the adhesive is 
removed from the smooth surface, as visible in Fig. 25b, where the 
uncleaned surface between the grooves is present. This phenomenon 
does not change for a high number of passes (R = 60), Fig. 25c and large 
D, except for the fact that for narrow grooves (L = 2), the adhesive layer 
is present on most parts of the failure surface Fig. 25c. These observa
tions explain the strong dependence of the strength on the O% since the 
latter is a function of the D parameter. Furthermore, they suggest that 
the surfaces between the grooves play a fundamental role in determining 
joint behaviour and the failure propagation mode. All that accounts for 
the modest gains in resistance compared to the SP treatment (average 
strength is comprised in the interval 18–21 MPa, while the failure en
ergy is in the interval 9–12 J) and the reliance on the percentage of the 
treated area (O% up to 75 %).

Adopting the laser cleaning step after laser texturing further en
hances the joint’s strength by increasing adhesion on the flat surfaces 
between the grooves. As a matter of fact, laser cleaning improves the 
adhesion of the untreated area, joint’s strength, and failure energy by 
forming an oxide layer and micro-texture, which improve the wettability 
and promote mechanical anchoring at the micro-level, as confirmed by 
the presence of thin resin islands on the failure surface (see. Fig. 18b). 
This is also confirmed by the analysis of Figs. 15 and 16, or when the 
surfaces obtained for the LT are compared with the LTC ones. In Fig. 26, 
the failure surfaces obtained for the central points (L = 4, R = 40, O% =
35) for the LT and LTC treatments are compared. In the figure, the ad
hesive layer concerning the LT treatment appears to replicate the 
opposite surface (the metal one), with the texture produced by the sheet 
metal rolling process well replicated on the adhesive layer. Conversely, 
for the LTC treatment, the adhesive surface appears irregular and rich in 
cracks, which confirms the contribution of the micro-texture to the 
adhesion, and the tendency to produce fractures inside the adhesive 
rather than at the interface.

In summary, it can be stated that laser texturing allows the creation 
of mechanical anchoring and, consequently, fracture deviation. Both 
phenomena allow for an increase in joint resistance compared to the 
treated joint (AB sample). Laser cleaning significantly improves the 
adhesion (as confirmed by the wettability tests and by the resistance of 
the joints treated only with laser cleaning). Adopting both treatments 

Fig. 23. Dynamic contact angle behaviours on AB, SP and LC samples (sessile 
drops method, with glycerol).

Fig. 24. Possible arrangement of the groves: a) Grooves alignment for a sample treated at L = 2, R = 60, O% = 50; b) Grooves unalignment for a sample treated at L 
= 6, R = 60, O% = 50 %. In the figures, the arrows indicate the presence of porosity.
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results in a synergistic effect that further improves the resistance of the 
joints beyond the value found with the SP treatment, making it less 
dependent on the adopted process parameters (L, R, and O%).

It is worth noting that the values found among the best laser treat
ments (about 23.35 ± 0.71 MPa and 21.03 ± 0.45 MPa for the best LTC 
and the LC samples, respectively) do not differ significantly from that of 
the Sandpaper treatment (22.11 ± 1.22 MPa). However, from an in
dustrial application point of view, laser treatments have greater flexi
bility and potential applications. Being easily automatable, they do not 
require extensive manual activity; since it is possible to carefully select 
the treated area, masking and mask removal operations are avoided; 
they do not require consumables and do not produce significant waste, 
in addition, on relatively small components the process can be easily 
confined in the laser system, avoiding unnecessary risks for the workers’ 
health.

Among the treatments, the laser cleaning treatment is the one that 
best suits industrial needs since even if it results in lower resistance, it is 
considerably faster (here, whit a 30W laser sources, 50 cm2/s) than the 
texturing treatment (which is about two orders of magnitude slower) 
and does not imply the formation of deep grooves that could, in the long 
term, compromise the resistance of the base material. Then, considering 
the availability of nanosecond laser sources with high average power 
(up to 500W), which may significantly reduce the treatment times, 
enhancing its industrial viability.

5. Conclusion

A two-step laser surface treatment was developed and applied to 

increase the adhesion of aluminium-aluminium joints obtained by 
epoxy-paste adhesive. Preliminary tests were carried out to study the 
effect of technological process parameters (lines and repetition) on the 
groove geometry. A central composite design (CCD) was adopted, and 
single-lap joints were produced and tested by changing the laser treat
ment (LT or LTC), the number of Lines (L), the number of repetitions (R) 
and the percentage of treated surface (O%). As references, laser cleaning 
(LC), Sandpaper treatment (SP), and as-built (AB) samples were adop
ted. From the results, for the assumed laser source and within the 
experimental conditions adopted in this work, the main conclusions are 
the following: 

• The width and depth of the single groove can be easily sized by 
changing the number of Lines and Repetitions adopted during the 
texturing, respectively. The percentage of textured area can be easily 
changed by adjusting the distance between one groove and the other 
(here called D).

• On the contrary, both the burr height and the taper angle present 
smaller variations but more complex relationships with the process 
parameters, as they are a consequence of how molten material is 
ejected out of the groove and, thus, the groove geometry itself.

• Compared to the as-built material, all the treatments significantly 
increase the Apparent Shear Strength and the Failure Energy.

• The post-mortem analysis shows an adhesive failure percentage close 
to 100 % for the AB, SP and LC samples. Conversely, for all the laser- 
textured samples, the high magnification images indicate mixed 
failure mode, with the laser cleaning process ensuring that a more 

Fig. 25. Appearance of failed surface for LT treatment at: a) L = 2, R = 20, O% = 50; b) L = 6, R = 20, O% = 50; c) L = 2, R = 60, O% = 50; d) L = 6, R = 60, O% =
50. In the figures, the white arrows indicate the presence of porosity, while the red ones indicate the burr failure. (For interpretation of the references to colour in this 
figure legend, the reader is referred to the Web version of this article.)
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substantial amount of adhesive remained within the grooves of the 
samples (AF between 35 and 71 %).

• From the ANOVA, the main significant parameters are the adoption 
of the laser cleaning and the percentage of treated area. While the 
groove width and the depth have a marginal effect.

• The laser texturing allows the production of the mechanical 
anchoring and, consequently, the fracture deviation. This results in 
an increase in the joint strength and the failure energy. The higher 
the number of grooves and burrs, the higher the failure load.

• The laser cleaning treatment improves the surface adhesion and then 
the joint’s strength; however, due to the moderate roughness 

increase, it does not permit the formation of effective mechanical 
anchoring.

• The two-step treatment results in a synergic effect that further im
proves the resistance of the joints and makes it less dependent on the 
adopted process parameters.

• Among all the treated samples, those with the highest values of 
strength before failure are the LTC involving 2 and 6 overlapped 
grooves and 50 % of the treated area (about 23 MPa). These treat
ments show a strength that is approximately 3 times higher than the 
AB samples and slightly higher than the SP treatment.

Fig. 26. Appearance of the failed surface at L = 4, R = 40, O% = 35 for a-b) laser-textured sample; c-d) laser-textured and cleaned sample; e) laser-textured sample @ 
150 magnification; f) laser-textured and cleaned sample @ 150 magnification. In the figures, the arrows indicate the porosity.
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• Since the laser cleaning post-treatment improves the failure stress 
irrespective of the other process parameters, the adoption of a large 
distance between the grooves (low O%) may result in lower process 
time.

• Furthermore, since the only laser cleaning treatment results in a very 
short process time and a strength that differs less than 10 % from the 
best treatment, it may be a favourable process in several industrial 
fields.
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[33] Gacs J, Sára Bogya E, Kocsis L, Jacob T. Application of laser cleaning on 
AlMg4.5Mn0.4 sheets for adhesive bonding. Int J Adhesion Adhes 2022;115: 
103132. https://doi.org/10.1016/j.ijadhadh.2022.103132.

[34] Shi T, Wang C, Mi G, Yan F. A study of microstructure and mechanical properties of 
aluminum alloy using laser cleaning. Yan. F J Manuf Process 2019;42:60–6. 
https://doi.org/10.1016/j.jmapro.2019.04.015.

[35] Zhu G, Xu Z, Jin Y, Chen X, Yang L, Xu J, et al. Mechanism and application of laser 
cleaning: a review. Opt Laser Eng 2022;157:107130. https://doi.org/10.1016/j. 
optlaseng.2022.107130.

[36] Wang A, Feng A, Gu X, Pan X, Yu J, Jiang Z. Effect of picosecond laser cleaning on 
surface morphology and properties of stainless steel. Opt Laser Technol 2023;159: 
109041. https://doi.org/10.1016/j.optlastec.2022.109041.
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