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ARTICLE INFO ABSTRACT

Keywords: The paper focuses on the development of a laser-based surface treatment aimed at enhancing the adhesive
Co-bonding strength of Ti6A14V alloy-CFRP joints manufactured through direct co-bonding. To this end, the effect of process
Hybrid joints

parameters on the groove geometry (depth, width, taper angle, and burr) that forms the texture was studied
using ANalysis Of VAriance (ANOVA) and Response Surface Methodology (RSM). Two groove geometries were
selected and adopted to produce two textures that differed in groove width and were similar in groove depth and
filling factor. In addition to the two textures, a laser cleaning treatment was developed to treat the untextured
area. Single lap joints were produced by adopting the two textures, both with and without laser cleaning
treatment, and tested according to the ASTM Standards. The joints were obtained by direct co-bonding during the
fabrication of CFRP through infusion techniques. Additionally, specimens subjected solely to laser cleaning and
sandpaper abrasion were produced and designated as reference samples. Differences among the treatments with
respect to strength and failure energy were evaluated using a one-way ANOVA and Tukey’s method for multiple
comparisons. Results show that, compared to the sandpaper treatment, the laser cleaning treatment increases
joint strength and failure energy by approximately 3 and 20 times, respectively. By adopting laser texturing,
strength and failure energy increased by up to 6.5-fold and 75-fold, reaching approximately 18 MPa and 23.17 J,

Laser texturing
Laser cleaning
CFRP

Titanium alloy

respectively. These values are comparable to those observed for similar joints in the main bibliography.

1. Introduction

In recent years, the combination of titanium alloys with carbon fibre
reinforced polymers (CFRPs) has garnered the attention of scholars and
industry to develop new applications in several fields, such as aerospace,
automotive, naval, sports equipment, etc. This material combination
enables the exploitation of the strength, corrosion resistance, and su-
perior fatigue performance of titanium alloys, alongside the high
strength-to-weight ratio, stiffness, and resistance to environmental
degradation offered by CFRP [1,2]. Traditionally, mechanical fastening
and adhesive bonding have been adopted as joining methods: the first
one provides strong joint strength and simplifies assembly, but it can
damage CFRP and add weight. Conversely, adhesive bonding promotes a
uniform stress distribution and offers several benefits, including weight
reduction, shorter processing times, reduced corrosion, acoustic insu-
lation, and vibration attenuation; however, it demands meticulous sur-
face preparation and remains susceptible to environmental degradation
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[3-5]. The Ti-CFRP bonding is challenging due to their different me-
chanical, thermal, and chemical characteristics. To enhance joint
strength, substrate surface treatments have been developed before
bonding to control surface energy, roughness, and chemistry [6]. Me-
chanical methods, such as sanding, grinding and abrasive blasting, are
commonly used as surface treatments to increase the surface roughness
of the substrate before bonding. However, these treatments can entrap
contaminants within the material and damage the component [7], and
they require considerable time for masking and unmasking operations
during preparation, as they do not allow precise control of the treated
area. Moreover, the presence of powder raises significant concerns about
its environmental impact and the associated disposal costs. It also poses
risks to the health and safety of workers. Alternatively, the use of
chemical methods has resulted in a marked improvement in adhesive
bonding performance compared to mechanical approaches [8], high
waste disposal costs, and health and safety concerns. Then, their appli-
cation is restricted to the most critical cases.
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Fig. 1. Schematic of the infusion process: a) Die composition; b) Vacuum application; c) Resin infusion; d) Impregnation stop, valves closed, and vacuum pump

turned off.

The adoption of laser texturing and laser cleaning processes emerged
as a promising alternative to mechanical and chemical methods for the
preliminary preparation of adhesive joints between homogeneous or
non-homogeneous materials [8-10]. Laser texturing creates surface
patterns (dimples, grooves, grids) to enhance mechanical interlocking
[11,12]. The advantages of these techniques include contact-free pro-
cessing, independence from material hardness, precise definition of the
treated area, controllable material removal, reduced environmental
impact, and enhanced worker safety. Laser cleaning comprises a family
of surface treatments that adopt pulsed lasers (typically short or ultra-
short lasers) to peel off, vaporise, sublimate, or burn away unwanted
material without causing specific harm to the substrate. The process is
used in several applications to remove unwanted surface materials, such
as paints [13-15], rust [16,17], coatings [18], oil [19], or in surface
preparation before welding [20], coating [21,22], and bonding [23,24].
Additionally, by adjusting the laser parameters, it is possible to generate
micro- or nano-textured surfaces, providing better grip for adhesive
areas, as well as frictional and mechanical anchoring. In [25], Laser-
induced surface reconstruction (LISR) was applied to enhance adhe-
sive bonding in CFRP/Ti alloy hybrid structures. In detail, both sub-
strates were laser-treated, resulting in a cross-like surface texture (~14
pm depth) that did not damage the carbon fibres in the CFRP substrate,
while increasing the wettability and surface roughness of both surfaces
due to the formation of polar functional groups. Failure analysis
revealed that laser ablation shifted the fracture location from the CFRP
substrate to the carbon fibres, enabling fibre pull-out and additional
energy dissipation, ultimately improving bonding performance. The
effect of different surface textures (dots, grid and chaotic pattern) on the

adhesion performance of laser-treated Ti6Al4V alloy was studied in
[26]. The results showed that the adoption of laser treatment allows an
increase in the joint’s strength through the combination of mechanical
interlocking, due to the increase in roughness, and chemical composi-
tion modification generated by the laser process. Indeed, the adoption of
a grid texture or a chaotic pattern can shift the failure mode from ad-
hesive to cohesive. Recently, the effect of laser texturing as a prior
bonding treatment was also studied in the hot joining of titanium alloys
(Ti6Al4V) and carbon fibre-reinforced polymer (CFRP). Studies have
shown that laser-induced microstructures improved the wettability of
molten CFRP on textured titanium surfaces, significantly enhancing
joint strength. It was demonstrated that, compared to untreated sur-
faces, a grid-patterned texture increased shear force by up to 156%;
furthermore, by selecting an appropriate texture depth, incomplete ad-
hesive filling can be prevented [27,28]. Similarly, the texture orienta-
tion plays a crucial role; perpendicular grooves to the tensile direction
yield a 111% increase in shear strength compared to a 42.9% increase
for orthogonal ones [29].

Schmid et al. [30] propose a classification of adhesive bonding into
three distinct types: i) Co-curing that involves curing all components
simultaneously within a single manufacturing process (for instance, two
or more composite pieces, with different characteristics); ii) Secondary
bonding refers to the joining of two parts, that have already been cured/
finished, typically using a film or paste adhesive; iii) Co-bonding follows
an hybrid approach, an uncured component (i.e. composite) is joined to
one or more cured/finished parts, either with an additional adhesive
layer or without any adhesive during its curing process. When no ad-
hesive is used, the process is referred to as direct co-bonding. An
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Fig. 2. Detail of the infusion system.

Table 1

Mechanical and physical properties of adopted materials.
Property Units Ti6A14V Fibre 1-SX 8*
Tensile strength MPa 1170 4410 55 + 65
Tensile Yield MPa 1100 - -
Tensile modulus GPa 114 250 2.8+3.3
Elongation % 10 1.8 2+3
Density kg/m? 4.43 1750 950
Thermal conductivity Wm'K?! 6.70 50 n.a.
Specific heat Jkg'K! 0.5263 700 n.a.
Tg, Dry (Tg, Wet) °C - — 89%*
Pot life Min - - 45-60
Gel time h - - 5-6
Viscosity (at 20°C) mPas — — 550-880

*After 7 days at 25°C,
** Max values.

example of direct co-bonding is the joining of two or more composite
pieces, where at least one has been previously cured [31] or the insertion
of a metal component (insert) into the laminate during the
manufacturing of the composite, thereby adopting the matrix as an
adhesive. Although the absence of the adhesives may involve different
advantages, such as a reduction of the process phase and process times,
the stress distribution improving by embedding the component inside
the CFRP, reduction of required materials (i.e. the adhesive), warehouse
stock, and problems in managing their expiration date; since the poly-
mer is designed to act as a matrix rather than an adhesive, it should not
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be assumed that it will perform equally well in an adhesive role.

Then, to enhance the joint strength in a direct co-bonding operation,
it is essential to require the contribution of the fibre strength to the
joining. Despite the drawback mentioned above, the bibliography in-
dicates that laser treatment can enhance adhesive bonding. At the same
time, studies on the use of laser treatments in direct co-bonding opera-
tions for hybrid joints are lacking in the literature.

The present study focuses on the development of a laser-based sur-
face treatment aimed at enhancing the adhesive strength of Ti6Al4V
alloy-CFRP joints manufactured through direct co-bonding. Moreover, it
would demonstrate that, with an appropriate laser treatment, direct co-
bonding techniques can achieve joint strength comparable to that re-
ported for similar joints in the main bibliography [1,4,7]. Then, in the
first part of the work, an in-depth analysis of the laser texturing process
for Ti6Al4V alloy was conducted to determine the optimal treatment
parameters. In detail, linear grooves were generated under different
process conditions and characterised in terms of depth, width, taper
angle, and burr. Analysis of Variance (ANOVA) and Response Surface
Methodology (RSM) were adopted to develop a statistical model for
estimating the groove geometry. Two groove configurations, differing in
width but similar in depth and filling factor, were selected for the texture
production. Furthermore, since in a previous study [32] it was found
that the adoption of a laser cleaning treatment, in addition to the laser
texturing, improves the joint's strength, a laser cleaning treatment was
developed and applied either before or after the surface texturing. In the
second part of the paper, Single-lap joints were subsequently fabricated
through direct co-bonding techniques, after laser texturing, laser

Ti adherends

Parting agent

- (paper)

Fig. 3. Images of the titanium adherents arranged in the comb-shaped mould before the CFRP panel fabrication.
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Fig. 5. Single lap joint: a) geometry and dimensions; b) Image.

Table 2

Laser systems characteristics.
Characteristic Symbol Unit Value
Source - Yb:YAG
Wavelength A nm 1064
Nominal average power Pa w 30
Pulse frequency f kHz 30 + 80
Pulse duration D ns 50
Maximum pulse power Pp kw 207
Maximum pulse energy Pe mJ 12
Maximum scan speed Ss mm/s 5000
Mode TEM - 00

M2 - 1.2+ 15

Focused spot diameter — um 80

@At Pm = 30 W and F = 30 kHz

cleaning, and their respective combinations. The joints were tested ac-
cording to ASTM Standards. Comparative analyses, including one-factor
ANOVA and Tukey’s multiple comparison method, were carried out to
assess joint strength and failure energy across different surface

Table 3
Factors and levels adopted in the texture development.
Values
Factor Level -2 -1 0 +1 +2
L 4 2 4 - 6 8
R 5 20 40 60 80 100

treatments. Findings reveal that laser-treated co-bonded joints can
achieve mechanical performance comparable to that obtained by
adopting traditional adhesive joining techniques.

2. Materials, Equipment, and experimental procedures
2.1. MATERIALS

Titanium Grade 5 (Ti6Al4V alloy) and CFRP laminate were adopted
to produce single lap joints, according to the D5573-99, D5868-01, and
D1002-10 ASTM Standards [33-35]. Samples of 25 x 70 mm? and 2 mm
in thickness were obtained by diamond saw cutting of Ti alloy sheets;
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Fig. 6. Schematic of the groove section and the geometrical characteristics for
profiles obtained at: @) R = 100 and L = 2; b) R = 100 and L = 8.

surfaces of 25 x 20 mm? were laser-treated according to the procedures
reported in Paragraph 2.3. Immediately after the treatment, single lap
joints were fabricated using direct co-bonding techniques, in accordance
with the procedure outlined in [31]. A schematic of the process is re-
ported in Fig. 1. The process involved the superposition of dry carbon
fibres on the Ti adherents into a mould (here, a glass plate) which is
sealed with a polymer film (vacuum bag), Fig. 1a. Then the vacuum is
applied (—950 mbar) to evacuate air and compact the fibres against the
Ti adherents, Fig. 1b. After that, the resin is introduced into the mould
under vacuum pressure, between the vacuum bag and the reinforce,
through a porous polymer net (the distributor). The latter allows the
matrix to flow quickly into the fibres and fully saturate them, Fig. 1c.

a)

,

Laser source

>
Flat field lens

Sample

N :
Galvanometric
head
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After complete impregnation, the inlet and the outlet are close, and the
resin is left to cure at room temperature under vacuum, Fig. 1d. During
the manufacturing process, a special comb-shaped tool, 2 mm in thick-
ness, made in thermoplastic polymer was used to maintain the align-
ment of the Ti-adherents, ensure the correct positioning of the laminate,
and prevent any possible movement of the components. Moreover, to
prevent the adhesion of the matrix on specific parts of the system, pieces
of parting agent (a release film) were placed in the critical points. In
Fig. 2, a close-up view of the components’ arrangement is reported.

The laminate was produced by adopting 8 dry plies of T400 carbon
fabric 200 g/m?, with 50% fibres in the warp and weft directions. A
Becor I-SX8 epoxy matrix + Becor SX8-M hardener was adopted as the
matrix. This resin system features a low viscosity (550-880 mPas) and a
long pot life (45-60 min), making it suitable for infusion processes.
Table 1 shows the properties of the adopted materials. Fig. 3 shows the
titanium adherents arranged in the comb-shaped tool before the infusion
process, while Fig. 4 shows a panel, after demoulding, and the comb-
shaped tool. Once the panel was obtained, the samples were carefully
separated by a diamond-tip water-cooled saw blade to avoid mechanical
or thermal damage. The final thickness of the CFRP laminate was 2.25
+ 0.1 mm, whereas the adherent superposition was 25 mm. Fig. 5 shows
the geometry and an image of the adopted single lap joint.

2.2. LASER EQUIPMENT

For the surface treatments, a Q-switched Yb:YAG fiber laser source
(IPG, YLP-RA 30-1-50-20-20), working at the wavelength of A = 1064

Table 4
Process conditions for the treatments adopted in the single lap.
Treatment Texture Pre- Post- L R FF%
type treatment treatment
TX1 Texture 1 No No 2 60 50
CTX1 Texture 1 Cleaning No 2 60 50 +
100
TX1C Texturel No Cleaning 2 60 50 +
100
TX2 Texture 2 No No 8 60 50
CTX2 Texture 2 Cleaning No 8 60 50 +
100
TX2C Texture 2 No Cleaning 8 60 50 +
100
C Cleaning No No n n. 100
a a.
SP Sandpaper No No n n. 100
a a.

b) Texture TXI Texture TX2

Sty aasasdl

290 Hm

» -

800 |.l|"|'|.

c) Cleaning

50 pum

Fig. 7. Schematic of the surface treatments: a) Laser process; b) Texture pattern; ¢) Cleaning pattern.
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Table 5
Summary of ANOVA table for RSM model.
Response Source Adj SS Adj MS F-Value p-
variable Value
Depth L 2384.6 2384.6 57.76 0.000
R 18537.4 18537.4 449.01 0.000
LxL 388.4 388.4 9.41 0.003
R xR 29.9 29.9 0.72 0.398
LxR 56.9 56.9 1.38 0.245
R-sq [%] 90.56
R-sq(adj) [%] 89.69
R-sq(pred) 88.20
[%]
Width_out L 504,421 504,421 3330.17 0.000
R 1729 1729 11.42 0.001
LxL 23 23 0.15 0.696
R xR 437 437 2.89 0.095
L xR 106 106 0.70 0.406
R-sq [%] 98.41
R-sq(adj) [%] 98.26
R-sq(pred) 97.98
[%]
Width_in L 530,885 530,885  3070.58 0.000
R 733 733 4.24 0.044
LxL 151 151 0.87 0.354
R xR 1849 1849 10.69 0.002
L xR 14 14 0.08 0.778
R-sq [%] 98.28
R-sq(adj) [%] 98.12
R-sq(pred) 97.87
[%]
Burr L 2547.1 2547.07 54.40 0.000
R 4588.8 4588.78 98.01 0.000
LxL 9.8 9.79 0.21 0.649
R xR 2731.7 2731.70 58.35 0.000
LxR 243.3 243.26 5.20 0.027
R-sq [%] 80.01
R-sq(adj) [%] 78.16
R-sq(pred) 75.73
[%]
Taper angle L 1789.7 1789.7 8.59 0.005
R 16810.4 16810.4 80.64 0.000
LxL 458.9 458.9 2.20 0.144
R xR 26.8 26.8 0.13 0.721
LxR 5.3 5.3 0.03 0.874
R-sq [%] 62.91
R-sq(adj) [%]  59.47
R-sq(pred) 54.58
[%]
Table 6
Regression Equations in Uncoded Units.
Response Equation
variable
Depth [um] = 8.26 L+ 0.825R 4+ 0.636 L x L — 0.00105R x R — 2)
0.0154 L xR

Width_out [um] 63.6 +41.30 L+ 0.189R - 0.156 L x L — 0.00403R xR  3)
= +0.0210 L x R

Width_in [um] —11.9 +38.56 L +0.910R + 0.397 L x L — 0.00829 R x 4)
= R —0.0076 L x R

nm, was adopted. The laser source was equipped with a scanner head
(from LASIT) and a 160 mm focal length flat-field lens, yielding a beam
spot diameter of about 80 pm. This laser source features excellent ab-
sorption for all metals, the possibility to deliver the maximum power
(30 W) across all frequencies, high pulse power and pulse energy (up to
20 kW and 1 mJ, respectively), and low power consumption (160 W).
The latter characteristic is especially significant when considering
environment and process sustainability, as discussed in [36-38]. Table 2
summarises the main characteristics of the laser system.
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Fig. 8. Main effect plot and response surface for Depth.
2.3. EXPERIMENTAL PROCEDURES

Before selecting the surface treatment, the laser texturing process of
the Ti alloy was thoroughly investigated. This phase was essential for
defining the process conditions to be adopted in the texturing treatment.
Grooves of varying widths and depths were produced and geometrically
characterised through 3D Digital microscopy (Hirox KH-8700). During
the tests, the laser power (Pa), the pulse frequency (f) and the scanning
speed (Ss) were fixed at 30 W, 30 kHz, and 300 mm/s, respectively,
while the number of lines (L) and the scanning repetition (R) were
adopted as control factor (i.e. the process parameters) to vary the width
and the depth of the grooves. The fixed values were selected based on
the previous experience [32,39-41] and preliminary tests. For Land R, a
4 x 5 full factorial design was developed and tested. Table 3 shows the R
and L values adopted for the groove characterisation. At least five
distinct profiles were recorded for each process condition. On each
profile, the depth (Depth), the peak-to-peak width (Width_out), the in-
ternal width (Width_in), the burr eight (Burr) and the taper angle (Ta)
were measured as shown in Fig. 6 and adopted as response variables.
Analysis Of Variance (ANOVA), main effect plots analysis, and Response
Surface Methodology (RSM) were employed to determine which process
parameters affect the groove geometry and to model the grooving pro-
cess. The analysis was conducted with a confidence level of 95% (a =
0.05). Consequently, a control factor or an interaction is considered
statistically significant if the p-value is less than 0.05. Since the ANOVA
assumes that experiments are independent and normally distributed
with equal variances between cutting conditions, the latter assumptions
were successfully verified through residual analysis, as suggested in
[42,43]; however, this analysis is not reported for the sake of brevity.
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From the grooving tests, two different laser textures were selected for
the surface treatments, hereafter named TX1 and TX2. Both treatments
adopt parallel grooves placed at 90° to the load direction, the same
nominal depth (about 60 um), a filling factor (FF) of 50% (i.e. the ratio
between the grooved and the total surface), and different grove widths
(about 140 pm and 400 pm, respectively). All treatments were carried
out on a 25x25 mm? portion of the titanium sample surface addressed
for joining, according to the schematic in Fig. 7.

To discriminate the treatment effect (i.e. the joint resistance), tensile
tests were carried out according to the ASTM Standards [33-35], at a
displacement ratio of 1.3 mm/min, adopting a Universal testing ma-
chine (MTS INSIGHT 5) equipped with a 50 kN load cell. After the tests,
the apparent shear strength (Strength), calculated as the ratio between
the maximum load and the bonded area, and the energy absorbed up to
the failure (FE), calculated as the area under the load/displacement
curve, were adopted as response variables. Moreover, digital microscopy
(HIROX KH 8700) was utilised to observe and measure the texture ge-
ometries and classify the joints’ failure mode according to the ASTM
D5573-99 Standard [44].

In addition to the two textures, further treatments were considered
by adding a laser cleaning phase to the texturing one, either before or
after the texturing. The cleaning step involves filling the entire surface of
the sample. This process was carried out adopting the ‘mark on fly’
procedure, which involves moving the laser beam along parallel tra-
jectories spaced in the X and Y direction by a fixed value (Hatch distance
or Hd). The laser cleaning process was carried out adopting the
following process parameters: pulse energy = 1 mJ, Hd = 50 um, Ss =
1500 mm/s, f = 30 kHz, with a single repetition (R = 1). These condi-
tions, established through preliminary tests, are primarily aimed at

Optics and Laser Technology 199 (2026) 114988
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removing contaminants and oxides present on the as-built materials and
the debris (such as dross and droplets) and oxides produced during the
texturing process without significantly altering the roughness. Conse-
quently, the treatment provides a new, fresh surface that can enhance
adhesion, as observed in [12,23,32]. However, during the process, a
micro-texture and an increase in the roughness are also produced.
Additional samples were fabricated adopting only the laser cleaning step
or mechanical abrasion, first by 240 mesh and then 120 mesh sandpa-
pers (SP samples) polishing. The SP samples were adopted as a reference
standard, according to the procedure indicated by the adhesive producer
[45]. Table 4 reports the process conditions adopted for the surface
treatments of the adherend. Four samples were produced and tested for
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three samples were available. One-factor ANOVA and Tukey's method
for multiple comparisons were adopted to study the effects of the
treatments on the joint strength. Also in this case, the analysis was
conducted with a confidence level of 95% (x = 0.05), and the ANOVA
assumptions were successfully verified through residual analysis.
Furthermore, measurement of the roughness (Ra and Sa parameters),
contact angle (with 100% glycerol) and chemical composition (by X-ray
spectroscopy, through a Scanning Electron Microscope SNE ALPHA, SEC
Co. Ltd, equipped with the Xplore compact EDS detector from Oxford
Instruments) were carried out on some samples to explain the joint
behaviours.

3. Results
3.1. LASER TEXTURE AND LASER CLEANING CHARACTERISATION

3.1.1. RSM model
The Response Surface Model (RSM) is a statistical technique used to

26,0

Fig. 13. Images of the grooves at: a) L=2and R =20; b) L=2and R =100; ¢) L = 8 and R = 20; d) L = 8 and R = 100.

Table 7

Characteristics of adopted texture.
Texture R FF% Depth [pm] Width_out [pm] Width_in [pm] Burr [pum] Taper Angle [Deg] HD [um]
code
X1 60 50 67,50+446 141.39%213 85.94+213 48.40*10-86 47.83%12:29 300
TX2 60 50 60,0025 397.73+439 337.05%13:%7 35.69%%2! 65.78%447 800
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LELE83um

R

Fig. 14. Images of selected textures. a) SP treatment, b) LC treatment; c¢) TX1 and TXC1 treatments; d) TX2 and TXC2 treatments.
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Table 8
Observed failure mode.
Failure Mode Symbol  Description
Adhesive A Separation occurs at the matrix-adherent
interface
Thin-Layer Cohesive TLC Failure is very close to the matrix-substrate
Failure interface, characterised by a matrix thin layer
on the Ti surface.
Light Fibre-Tear LFT Failure occurs exclusively within the FRP
Failure matrix, characterised by the appearance of
reinforcing fibres and matrix on the Ti adherend
surfaces.
Fibre-Tear Failure FT Failure is like the LFT one, with a major quantity
of fibres on the Ti adherend surfaces.
Cohesive Failure in CF Failure occurs at the CFRP plies’ interfaces.

CFRP adherend

identify the significant control factors (i.e. the process parameters that
statistically affect the process) and, simultaneously, to develop a pre-
dictive model for estimating their effect on the response variables. The
model consists of a set of linear or quadratic equations that allow un-
derstanding or mapping a region of a response surface, identifying the
control factors’ levels that optimise one or more response variables, and
selecting the operating conditions to meet specific requirements
[42,43]. To obtain a quadratic model, at least three levels for each
control factor must be adopted. Fractional factorial designs, such as
Central Composite Design or Box-Behnken designs, which require fewer
trial numbers, may also be adopted. However, due to the simplicity in
sample production and analysis, a full 4 x 5 full factorial design was
adopted. The latter has the advantage of delivering a more precise and
statistically robust model.

Table 5 shows the results of the ANOVA for the grooves’ geometries.
From the table, both L and R are significant for all the control factors.
However, the significance varies across the control factor, as indicated
by the large differences in F-values, spanning one or more orders of
magnitude. In detail, the F-value of parameter R is significantly greater
for depth and burr. This suggests that R plays a dominant role in
affecting these two specific parameters. Conversely, L exhibits an F-
value approximately two orders of magnitude greater than that of R
when considering both width-in and width-out parameters. This sug-
gests that L exerts a substantially greater influence on the widths
compared to R. Furthermore, in the case of burr formation, both R and L
exert an influence of comparable magnitude, as their F-values are within
the same order. This suggests that both contribute to a similar extent.
The term L x L is significant for the Depth, while the term R x R is
significant for Width_in and Burr; these terms indicate the presence of a
curvature in the surface. In addition, the L. x R interaction is statistically
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Fig. 16. Examples of failure mode: a) Adhesive failure on a SP sample; b) Thin
cohesive failure on a TX1C sample; c) Light Fibre tear failure on a CTX2 sample;
d) Fibre tear failure on a CLT1 sample; e) Cohesive failure on a TX1 sample. In
the figures, the arrows indicate the direction of the load.

significant for Burr, indicating that the variation in response across the
levels of one factor is not consistent across all levels of the other factor.
Furthermore, all the significant quadratic terms (R x R and L x L) and
the single interaction (L x R) showed a low F-value; consequently, their
impact was less dominant than the aforementioned factors of the model
(R and L). An exception was represented by Burr, where the term R x R
has an equal order of magnitude to L and R, showing a similar impact on
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Table 9
Failure mode and failed sample for each surface treatment type.
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Treatment Texture type Pre-treatment

Post-treatment A

Sample n° for failure mode

TLC LFT FT CF

Sp
C Cleaning

TX1 Texture 1
CTX1 Texture 1
TX1C Texturel

TX2 Texture 2
CTX2 Texture 2
TX2C Texture 2

No
No
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Fig. 17. Failure mode percentage for the different surface treatments. A =
Adhesive; TLC = Thin-Layer Cohesive Failure; LFT = Light Fibre-Tear Failure;
FT = Fibre-Tear Failure; CF=Cohesive Failure in CFRP adherend.

the response. However, the quadratic term only indicates the presence of
a curvature. Table 5 also provides the error estimators: R-sq, R-sq(adj),
Rsq[adjl, and Rsq[pred]. R-sq describes the amount of the response
variable variation explained by the control factors, the R-sq(adj) is a
modified R-sq that has been adjusted for the number of terms (replica-
tion and levels) in the statistical model, while the R-sq(pred) shows how
good the correlation between the experimental and model values: a high
R-sq(pred) indicates a good correlation. From the table, the Depth,
Width_out, and Width_in present an adequate level of R-sq, Rsq[adj],
and Rsq[pred]. Conversely, the burr and taper angle show low Rsq
[pred] values, about 76% and 54%, respectively. This means that the
model is not accurate enough to estimate/model the Burr and the Taper
angle. Consequently, the latter were discharged from the RSM analysis.
The limited accuracy of the RSM models is primarily due to the difficulty
in measuring both Ta and the burr. Moreover, the burr exhibits signifi-
cant variability along the groove profile. As a result, these parameters
are subject to considerable data scattering, which the model reflects as
low predictive accuracy, indicated by a low Rsq[pred] value. However,
given that the statistical significance of the control factors is assessed
using the p-value, the influence of the process parameters on Burr and Ta
was studied through the analysis of the main effect plot, carried out
directly on the experimental data. In addition, since the interaction L x
R for the burr shows an F-value one order less than the main factor, the
interaction plot was discarded from the analysis.

As previously mentioned, one of the advantages of RSM is the ability
to provide a second-order regression model. These equations relate the
control factors (L and R) and their products (% R% L x R) to the
response variables (Depth, W_out, W_in) through six constants (K1, K2,
..., K6) [42,43]. The basic equation is the following:

Source = K1 +K2:-L +K3-R+K4-L x L+K5-R x R+K6:L xR m

where the term “Source” indicates the response variable. Table 6 sum-
marises the equations for the three response variables. These equations
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Fig. 18. Interval plot for: a) Strength; b) Failure Energy. AB samples are
not reported.

Table 10
ANOVA table for Strength and Failure Energy.
Response Source DF AdjSs Adj MS F- p-
variable Value Value
Strength Treatment 7 610.09 87.156 43.77 0.000
Error 23 45.79 1.991
Total 30 655.89
R-sq [%] 93.02
R-sq(adj) 90.89
[%]
Failure Energy = Treatment 7 1504.9  214.989 33.84 0.000
Error 23 146.1 6.353
Total 30 1651.0
R-sq [%] 91.15
R-sq(adj) 88.46

[%]
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Fig. 19. Results of Tukey comparison for the laser-treated samples: a) Strength;
b) Failure Energy. SP samples are not shown in the diagrams.
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Table 11
Tukey comparison, computed value and grouping for the apparent shear stress.
Treatment N Mean St.Dev 95% CI [Mpal] Grouping
[Mpa] [Mpa]
CTX1 4 18.453 1.453 17.00—19.91 A
TX1 4 18.116 1.028 16.66—19.57 A
TX1C 4 13.757 1.116 12.30—15.22 B
TX2C 4 11.112 1.421 9.65—12.57 B C
CTX2 4 11.076 1.759 9.62—12.53 B C
TX2 4 10.91 2.11 9.46—12.37 B C
C 4 9.891 1.094 8.43—11.35 C
SP 3 2.816 0.269 1.13—4.50 D
Table 12
Tukey comparison, computed value and grouping for the failure energy.
Treatment N Mean [J] St.Dev [J] 95% CI [J] Grouping
CTX1 4 23.17 3.70 20.56—25.78 A
TX1 4 22.57 2.13 19.96—25.17 A
TX1C 4 13.24 3.31 10.63—15.85 B
CTX2 4 9.82 2.09 7.21—12.42 B
TX2 4 9.68 3.34 7.07—12.28 B
TX2C 4 9.39 1.98 6.79—11.99 B
C 4 7.48 0.37 4.87—10.09 B
SP 3 0.351 0.06 —2.66—3.36 C

were adopted to produce the main effect plots and the response surface
plots discussed in the next paragraph.

3.1.2. Effect of process parameters on groove geometries

In Figs. 8-10, the main effect plot and the response surfaces derived
from RSM analysis are reported, for Depth, Width_out, and Width_in,
respectively; while in Fig. 11-Fig. 12, the main effect plots derived from
the analysis of the experimental data for the Burr and Taper angle are
reported. To explain the relationship between the process parameters
and the groove geometry, it is necessary to consider the laser-material
interaction mode and the removal mechanisms. The adopted laser re-
leases pulses up to 20 kW (a pulse energy of 1 mJ @ 50 ns), corre-
sponding to a power density of 10% W/cm?2. According to [46,47], at this
power density, the energy absorbed by the material is high enough to
generate material melting and vaporisation, as well as the formation of
high-pressure plasma. Then, due to the high plasma pressure (the so-
called recoil pressure [48]), part of the melted materials pulls out of
the groove towards the surrounding area, forming the burr. Therefore,
the typical Gaussian-like marks, characterised by rim (i.e. the burr), are
generated. Obviously, by performing more laser scanning, one close to
the other, the groove tends to widen, but the removal mechanisms
remain the same. Then, since in the adopted condition, each repetition
(R) can machine a certain quantity of material which must be added to
the previous one, the Depth increases with the R increase (Fig. 8).
Conversely the effect of L be explained considering that for large groove
(high L value) only a part of the molten material is blow out by the
vapours pressure on the grove side, the remainder tends to settle on the
internal surface of the groove (as also confirmed by the W profile of
Fig. 6b) resulting in a depth reduction. Since this quantity depends on
how far the machined area is from the edge of the groove, i.e. on the
number of lines (L) adopted in the groove production, this effect in-
creases with the increase of L, as visible in Fig. 8.

Fig. 9 and Fig. 10 show the effect of L and R on the Width_out and
Width_in. As expected, the width increases linearly with the number of
lines (L), since the greater the number of lines, the wider the machined
area (i.e. the groove width). Conversely, the increase in the number of
repetitions results in a moderate decrease in the widths, especially for
high R values. Moreover, the effect is more visible for Width_out than for
Width_in. The latter happens since the widths are measured between the
side parts, where, due to the recoil pressure, the molten material is
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Table 13

Roughness parameters (Ra) and Contact angle values (0) for the AB, SP, and C samples.
Treatment Ra [pm] St.dev. [um] 95% CI 6 [deg] St.dev. [deg] 95% CI
As-built (AB) 0.47 0.044 0.446-0.499 96.58 4.85 94.03-99.13
Sandpaper (SP) 0.26 0.020 0.236-0.289 32.35 1.932 29.60-35.10
Laser cleaning (C) 0.56 0.039 0.536-0.589 6.083 0.624 3.33-8.84
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Fig. 20. Ra parameter: a) Individual value plot; b) Tukey comparison plot.

deposited. As previously explained, increasing the number of repetitions
increases the groove depth; consequently, the melted material pushed by
the recoil pressure faces difficulty in pulling out of the groove and tends
to deposit inside and on the edges of the same. This effect involves a
reduction in the groove’s width, which is more sensitive at high L values,
i.e. the wider the groove is.

From Fig. 11, the height of the burr tends to reduce as L increases (i.e.
an increase in the width of the groove), while increasing R until it rea-
ches a maximum at R = 80, and then stabilises. The reduction observed
as L increases is primarily due to the corresponding increase in groove
width, which causes part of the molten material to settle towards the
groove centre, resulting in the formation of a lower and asymmetric
burr. (i.e. higher in the area where the last scan is present, as clearly
visible in Fig. 6b). The effect of R is explained by considering that during
the first passes (for R = 20-80) of the laser, the depth of the groove is low
enough to allow the melt to pull out from the grooves easily and to settle
on the edge forming the Burr. Further increase (R > 80) in depth leads to
greater difficulty in the melt’s escape; consequently, the growth of the
burr tends to slow down, and its height tends to be stabilised. The taper
angle essentially depends on how deep and wide the groove is, consid-
ering that for L = 2, the groove has an approximately Gaussian shape,
while for L > 2 the groove shows a trapezoidal shape (as visible in
Fig. 6). Therefore, since an increase in the number of repetitions leads to
a linear increase in depth a linear reduction in the taper angle results
(Fig. 12). Conversely, the L increase leads to an increase of the width,
and, therefore, to an increase of the Taper angle.

However, since the groove shape changes from triangular to trape-
zoidal, the rate of increment decreases with increasing width, resulting
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in the trend shown in Fig. 12. This also accounts for the differences
between the F-value parameter found in Table 5.

Fig. 13 shows some images of grooves obtained atL =2 and L = 8, at
R = 20 and R = 100. It’s worth noting that when R = 100 (Fig. 13b and
Fig. 13c), the surface of the component is characterised by the presence
of oxides. These oxides are due to the greater quantity of energy released
for R = 100, which results in higher temperatures of the substrate, and
the production of sprays and vapours of the metal during laser-material
interactions, which tend to settle on surrounding surfaces.

3.1.3. Selected treatments
The textures were selected based on the previous experience [45,49],
main bibliography [26] and preliminary tests, considering that:

i) shallow or deep grooves do not necessarily lead to strength im-
provements. The former does not permit effective failure, as they
neither significantly increase the area involved in fracture prop-
agation nor ensure complete groove filling [27,28]. Concerning
the latter, exceeding a certain depth, the failure occurs in the
resin’s section, which does not change with the depth, then a
further depth increase does not lead to an improvement in
resistance, but only to an increase in process time;

the presence of a certain burr height increases the effect of the
mechanical anchoring [45,49,50] but, at the same time, increases
the local stress and the peeling components [51,52];

the filling factor, i.e. the ratio between the machined area and the
total area available for joining, determines, of course, the treated
area percentage, and, together with the groove width, the num-
ber of grooves and burrs (the hooks) useful to produce the me-
chanical anchoring;

the groove width controls the number of grooves/burrs per unit
length, and the hooks” working section. Then, it will be preferable
to produce narrow grooves. However, it should be noted that a
too narrow groove may result in incomplete resin filling [27,28],
while a large groove may facilitate the penetration of the carbon
tow in the grooves and its contribution to the strength.

if)

iii)

iv)

Then, the depth and the filling factor were fixed at 60 um and 50%,
respectively, and the groove’s width was selected at two levels: 140 and
400 pm. Furthermore, as texture geometry, parallel lines orthogonal to
the load direction were adopted, according to the results obtained in
[29]. It is worth noting that the first texture type (TX1 texture) allows a
great number of grooves and burr. Then it maximises the number of
anchor points; the second one (TX2 texture) was used to verify whether
an increase in the groove width allows for carbon tow penetration and,
subsequently, the possibility of having a greater contribution from the
reinforcement (i.e. carbon fibres). Table 7 summarises the characteris-
tics of the two textures.

Moreover, since the strength of a joint depends not only on the
mechanical anchoring effect but also on how the resin adheres to the
surface, as aforementioned, the adoption of laser cleaning treatment has
been added to the two textures. The latter has the purpose of enhancing
adhesion on untreated surface regions and, when applied after the
texturing, to remove oxide and debris generated during the texturing
operation from the surface. Then, the laser cleaning was adopted as a
single treatment (C) or in combination with laser texturing in both
configurations: before and after the texturing phase (see also Table 4). In
Fig. 12, the magnifications of some treatments are reported. In the
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Fig. 21. Contact angle (0) parameter: a) Individual value plot; b) Tukey comparison plot.

figures, to highlight the effect of laser cleaning on the textured surface, material expelled during laser machining, recondensed vapours, and
the right-hand side of the TX1 and TX2 samples (Fig. 14c and Fig. 14d) oxides. Looking at the right side (where the laser cleaning post-
shows the impact of the laser cleaning post-treatment application. From processing was performed), the deposits are absent, and the material
Fig. 14, looking at the left side, laser texturing involves the formation of appears light/bright grey. A similar effect occurs when the surface is
a white and blue deposit between the grooves, which consists of molten subjected solely to the laser cleaning treatment, as shown in Fig. 14b.
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Table 14
Chemical composition measured through EDX analysis on the sample surfaces (only elements with a weight percentage > 0.5%).
Element wt% Treatment
AB SP C TX1 CTX1 TX1C TX2 CTX2 TX2C
Ti 85.15 86.92 77.66 68.22 62.72 65.05 63.87 63.31 70.12
o] 4.80 3.80 13.22 24.72 30.38 28.13 29.76 30.50 22.98
Al 6.55 5.78 5.79 3.97 3.77 4.01 3.57 3.48 3.92
\% 3.50 3.50 3.33 3.09 3.13 2.81 2.80 2.71 2.97
demonstrated the best performance, whereas the sandpaper treatment
160 resulted in the lowest bonding strength.
E After the testing, the failure modes were classified according to the
] ASTM D5573-99 Standard [44]. The observed failure modes are re-
80 ported in Table 8, while Fig. 16 shows some examples of failed surfaces.
] It is worth noting that only the SP treatment showed adhesive failure.
60 Conversely, all the laser treatments have shown cohesive failure, albeit
= 1 with different modalities of reinforcement involvement.
; Table 9 collects the failure mode occurrences for the different

40

20
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Treatment

Fig. 22. Average chemical composition (only elements with a weight per-
centage > 0.5%).

3.2. RESULTS OF TENSILE TEST

3.2.1. Stress-displacement diagrams and failure mode

Representative load-displacement curves for the various surface
treatments are presented in Fig. 15.

Regarding the slope of the load-displacement curves, all tested
samples exhibited similar behaviour, indicating comparable stiffness
across the surface treatments. However, the samples treated through
Texture 1 (including the ones with the additional laser cleaning phase)

treatments. The same data are presented as failure mode percentage in
Fig. 17. From the figure, sandpaper samples exhibited adhesive failure
across all tested specimens, indicating poor adhesion between the alloy
and the adhesive. In contrast, laser treatments effectively change the
failure mode, enhancing the contribution of the CFRP fibres to the
bonding performance. Laser cleaning alone facilitated a transition from
adhesive failure to thin-layer cohesive failure or light fibre-tear failure.
Furthermore, all textured samples predominantly exhibited fibre tear
failure (at least three out of four samples), indicating enhanced adhesion
and joint performance. It is worth noting that the TX1 treatment resulted
in cohesive failure within the CFRP (interlaminar failure) in two out of
four specimens, indicating a superior bonding strength and adhesive
integrity.

3.2.2. Apparent shear strength and failure energy

In Fig. 18 the interval plot of the apparent shear strength (Fig. 18a)
and the failure energy (Fig. 18b) are reported; the treatments that
showed the best bonding performance in terms of apparent shear
strength were the ones characterised by the narrowest groove, in
particular the TX1 and the CTX1 samples, that results in an Apparent

Fig. 23. SEM images of TX2 sample: a) Overall surface at 220X; b) Inside the groove; c) close to the burr; d) Burr bottom at the external groove side.
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Fig. 25. SEM images of TX2C sample: a) Overall surface at 160X; b) Inside the groove; ¢) Straddling the burr; d) Between two grooves.

Shear Strength of about 18 MPa. Conversely, the sandpaper treatment
showed the lowest apparent shear strength (3 MPa). The other laser
treatments show average Strength in the range 11-13 MPa. Regarding
the Failure Energy, the behaviour is comparable: samples TX1 and CTX1
exhibit the highest value (approximately 23 J), theSP treatment shows
the lowest (around 0.3 J), while the remaining treatments fall within the
range 7-13 J.

The one-way ANOVA and Tukey's multiple comparisons were
adopted to analyse the Apparent Shear Strength (Strength) and Failure
Energy (FE). The ANOVA tests for significant differences between the

16

means of the response variables by partitioning their total variation into
different sources (error, experimental group membership, etc.), while
the Tukey's multiple comparisons method was adopted to reduce the
Family Errors. The family error is the maximum probability that a
procedure involving more than one comparison will incorrectly
conclude that at least one of the observed differences is significantly
different from the null hypothesis. Tukey’s method creates confidence
intervals for all pairwise differences between factor level means while
controlling the family error rate to a specified level. It adjusts the con-
fidence level for each individual interval so that the resulting
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Fig. 26. Magnified view of the failure surface for an SP sample: a) Ti side; b)
CFRP side. In the figure, the arrows indicate a lack of resin.

simultaneous confidence level matches the specified value. Moreover, it
allows categorising the different treatments into distinct groups
(grouping). Belonging to a group indicates the absence of statistical
differences between the treatments. The ANOVA results for Strength and
Failure Energy are summarised in Table 10. From the table, the treat-
ment is significant for both response variables (Strength and Failure
Energy), with high R-sq[%] and R-sq(adj)[%] values. However, not all
treatments are different from each other, as can be seen from the anal-
ysis in Fig. 19, where the results of the Tukey comparison for strength
and failure energy are reported. In the diagrams, the treatments are
compared individually. If an interval does not encompass the zero value,
the corresponding means are significantly different (i.e. significantly
distinct). It is worth noting that since the SP treatment differs from all
others, it has been omitted to improve the clarity of Fig. 19. The results
of Tukey’s comparison are also reported in Table 11 and Table 12 for the
Strength and the Failure Energy, respectively.

From Table 11, the strength are categorised into four groups: (A)
comprising the highest values (CTX1 and TX1); (B) including the
treatments TX1C, TX2C, CTX2 and TX2; (C) partially overlapping with
group (B), excluding TX1C and adding treatment C; and, finally, D)
consisting solely of the SP treatment (the one with the lowest resis-
tance). Table 12 shows the Tukey's comparisons for the Failure Energy
(FE), with results grouped as follows: (A) comprising CTX1 and TX1
(approximately 23 J); (B) including the remaining treatments (in the
range of 7-13 J), except for the SP, which is the sole member of group
(C) whit a very low FE (below 3.36 J).
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Fig. 27. Magnified view of the failure surface for a C sample: a) Ti side; b)
CFRP side. In the figure, white and black arrows indicate fibre failure and a lack
of resin, respectively.

Results indicate that, irrespective of the texture type and the pres-
ence of laser cleaning treatment (whether applied before or after
texturing), laser treatments significantly enhance joint strength. The
most effective treatments are CTX1 and TX1, which, being grouped
within the same category for both strength and FE, are statistically
equivalent. Conversely, SP represents the least effective treatment,
yielding both low strength and failure energy.

It’s worth noting that the Laser Cleaning treatment alone achieved a
strength of approximately 10 MPa and a Failure Energy of 7.5 J, which
are three and twenty times higher than those obtained with the sand-
paper treatment, respectively. Considering that laser cleaning requires
significantly less processing time than texturing, these results are
particularly noteworthy.

4. Discussion

Different mechanisms are involved in the adhesion process,
comprising chemical, physical and mechanical ones. When two com-
ponents are bonded, the adhesive initially wets the bonding surfaces
thoroughly, then fills the gap between them before curing to form a
joint. The final strength is, therefore, governed by multiple phenomena:
in the first stage, the adhesive must spread uniformly across the
component, filling any surface cavities. During the cure, it must estab-
lish chemical bonds with the surface, the resistance of which depends on
the chemical affinity between the adhesive and the substrate, as well as
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Fig. 28. Magnified view of the failure surface for a TX1 sample: a) Ti side; b)
CFRP side. In the figure, white and black arrows indicate fibre failure and a lack
of resin, respectively.

the effective area (i.e. the roughness). Additionally, an appropriately
rough surface can promote mechanical interlocking [3], which may
significantly contribute to overall joint strength. To understand the ef-
fects of the different treatments on the adhesion mechanisms, additional
tests were conducted on selected samples. In detail, the roughness
parameter Ra (according to ISO 21920-3:2021 [53]) was measured for
the as-built (AB), Sandpaper (SP) and laser-cleaned (C) samples, through
a roughness meter (Taylor Hobson, Surftronic 3™); no less than two
measures on three different samples were acquired. Additionally,
wettability tests were conducted on the same samples using the contact

Optics and Laser Technology 199 (2026) 114988

angle measurement method (ASTM D7334-08/2022 [54]). The
apparent contact angle (6) was measured through the 3D Digital Mi-
croscopy Hirox HK8700, according to the procedure reported in [55].
During the test, a 10 pL drop of glycerol (100%) was adopted as a re-
agent, as its chemical polarity is more comparable to that of epoxy resins
than water [56]. No less than six measurements were taken 60 s after
drop application. Moreover, chemical analyses were performed on
several samples at various points. The measurements were carried out
using 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).

Table 13 reports the roughness and the contact angles measured on
the as-built (AB), SP and C samples, respectively. Fig. 20 and Fig. 21
show the individual value plot and Tukey comparison plot for Ra and the
apparent contact angle, respectively. It is worth noting that the one-way
ANOVA indicates that the treatment is significant for both response
variables (Ra and 0), i.e. the p-values are less than 0.000. Furthermore,
Tukey comparison confirms that the three treatments differ significantly
from each other. Regarding the chemical analyses, Table 14 and Fig. 22
show the average composition of the surface subject to the different
treatments, in terms of Titanium (Ti), Aluminium (Al), Vanadium (V),
and Oxygen (O) weight percentage. From the analysis, Al and V exhibit
small variations in terms of weight percentage. Conversely, the oxygen
percentage varies from a minimum of 4-5% for the SP and AB samples,
respectively, to approximately 13% for the CL sample, and up to about
30% for the textured ones. Additionally, the samples subjected to the
laser cleaning post-treatment (TX1C and TX2C) exhibit lower oxygen
levels compared to both those without post-treatment (TX1 and TX2)
and those previously treated with laser cleaning (CTX1 and CTX2).

The oxygen concentration on the cleaned (C) sample (13%) indicates
the formation of TiO. Regarding the samples subjected to laser texturing,
the high Oxygen percentage (>24%) and the observation of Fig. 14 c-d,
(see Chapter 3.1.3), suggest the formation of TiO under form of both
Anastase and Rutile, that, according to [57], are due the partial con-
version of TiO, produced during the first repetitions, in TiOy (Anastase)
at 450°C, and then in Rutile at 600- 700°C, during the subsequent rep-
etitions. The Rutile presence is also confirmed by the white/blue colours
observed on the sample surface (see Fig. 14 c-d) [58-60]. It is worth
noting that, for the CTX1 and CTX2 samples, the oxygen content in the
area surrounding the burr can reach 36-40%. Nevertheless, the results
are consistent with [26,61], which confirms the formation of Ti-oxide
during laser treatment. These oxides increase the surface energy of ti-
tanium, thereby improving wettability and chemical bonding, as evi-
denced by the contact angle measurements on the C samples.

A further difference between the textured samples is the structure
observable at high magnification: in the only textured samples (TX1 and
TX2) the oxides are organised in the form of small crystals, mainly
concentrated in the areas adjacent to the burr (Fig. 23 c-d); in the
samples where the laser cleaning was previously applied (CTX1 and
CTX2), these structures are also present, and are visible like a thin icing,

Fig. 29. Cross-section of a TX1 sample failed by “Cohesive Failure in CFRP adherend” mode. In the figure, white arrows indicate mechanical interlocking between
the texture and the fibres; black arrows indicate the presence of a matrix cavity in correspondence with the warp and the weft intersections.
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Fig. 30. Magnified view of the failure surface for a TX2 sample: a) Ti side; b)
CFRP side. In the figure, white and black arrows indicate fibre failure and a lack
of resin, respectively.

in the area between two adjacent grooves (Fig. 24d), as shown by
Figs. 11 and 12. Conversely, for the samples cleaned after texturing
(TX1C and TX2C), these oxide structures are absent or reduced (Fig. 25).
It can therefore be stated that laser cleaning performed after texturing
removes part of the oxides (TiO3) and debris generated during the laser
machining process.

Despite the reduction in contact angle obtained with the sandpaper
treatment (32° against 96° for the AB one), the surface energy remains
insufficient to promote complete matrix infiltration between the
adherends. This is confirmed by the failure mode (mainly Adhesive
mode) and the fact that, although on the Ti adherend small portion of
resin are visible in correspondence of the contact points with the fibres
(Fig. 26a), the CFRP counterpart shows several voids between the warp-
weft cross (impregnation defects), as indicate by the arrows in Fig. 26b.
This limitation hinders the formation of a continuous and defect-free
interphase, which is critical for effective stress transfer across the
joint. As a result, the sandpaper treatment does not provide the neces-
sary interfacial conditions to ensure high joint efficiency.

The laser cleaning treatment results in an increased surface rough-
ness (Ra = 0.56 um), a significantly reduced contact angle (6°), and a
moderate oxide concentration (13%). These surface modifications sug-
gest a modest increase in the apparent surface area and a substantial
improvement in chemical reactivity. Furthermore, the laser-induced
dimples act as micro-reservoirs for resin, facilitating superior wetting
and a better mechanical interlocking between the composite and the
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Fig. 31. Magnified view of the failure surfaces of a CTX1 sample: a) Ti side; b)
CFRP side. In the figure, white and black arrows indicate fibre failure and a lack
of resin, respectively.

substrate. This promotes partial fibre engagement in the failure mech-
anisms, as visible in Fig. 27 a-b, thereby contributing to an increase in
both tensile strength and fracture energy. However, in this case also, the
CFRP counterpart exhibits voids between the warp-weft intersections
Fig. 27b.

However, since the matrix is neither designed to function as an ad-
hesive nor possesses the characteristics of a structural adhesive (wetta-
bility, strength and Young’s modulus), to enhance joint strength it is
necessary, beyond improving chemical adhesion, increasing the effec-
tive area, enabling chemical bond formation, and to exploit the contri-
bution of the fibres by creating effective mechanical interlocking
[50,62]. The laser texturing process introduces an additional enhance-
ment through the formation of microchannels, which exhibit two prin-
cipal functions: they initiate capillary action, facilitating resin spreading
across the titanium adherend, and promote mechanical interlocking
with both the resin matrix and the reinforcing fibres. Capillary action is
particularly pronounced in the TX1 texture, whose narrow geometry
enables the utilisation of both the grooves generated by laser ablation
and the intermediate channels (Fig. 28a). Moreover, this treatment ap-
pears to reduce the number of voids at the intersections of the warp and
weft yarns (Fig. 28b). The anchoring mechanisms (i.e. the hooks) are
mainly localised along fibres oriented parallel to the grooves, as evi-
denced in the cross-sectional analysis of a TX1 sample that failed in
cohesive fibre (CF) mode Fig. 29. However, this does not necessarily
imply the failure of fibres aligned parallel to the grooves; rather, the
fibres that remain adhered to the titanium substrate are predominantly
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Fig. 32. Magnified view of the failure surfaces of a CTX2 sample: a) Ti side; b)
CFRP side. In the figure, white and black arrows indicate fibre failure and a lack
of resin, respectively.

those oriented along the direction of the applied load (Fig. 28). Prob-
ably, the fractures start in correspondence with the warp and the weft
cross (the black arrows in Fig. 29), where a resin excess (i.e. matrix
cavity) is present and then propagates along the fibres running parallel
to the loading direction, Fig. 28. Thanks to their characteristics the TX1
shows the high resistance and Failure energy (18 MPa and 23.17 J
respectively). These values are comparable to those reported in the main
bibliography for similar joints obtained by Secondary bonding
[1,4,7,25].

Although the TX2 treatment allows a good resin spreading on the Ti
surface (Fig. 30a), as confirmed by the fact that the surface imprint is
well replicated on the CFRP adherend (Fig. 30b), it is unable to activate
the anchoring mechanisms typical of the TX1, since: a) the grooves are
larger and the taper angle is less abrupt, and b) the intermediate regions
exhibit lower oxidation. Consequently, this results only in a moderate
increase in strength and Failure energy (10.91 MPa and 9.39, respec-
tively). These values are comparable to those achieved with the C
treatment, which, however, requires a processing time lower by two
orders of magnitude.

The adoption of laser cleaning in combination with laser texturing,
since it improves the chemical bond in the area between the grooves,
may contribute to increasing the joint strength. However, the effect is
masked by the adopted textures. The narrow texture (CTX1) benefits
from the fact that the texturing operation alone can generate the effec-
tive reinforcement mechanism (capillarity action, oxides formation and
mechanical anchoring), Fig. 31. As a result, the joint strength of this
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Fig. 33. Magnified view of the failure surfaces of a TX1C sample: a) Ti side; b)
CFRP side. In the figure, white and black arrows indicate fibre failure and a lack
of resin, respectively.

treatment appears like that of the TX1 treatment. In the case of the wider
texture (CTX2), microscopical inspection of the titanium surface sug-
gests a potential improvement in adhesion, Fig. 32. However, the in-
crease in resistance is barely visible (only comparing the average
values), and it is not supported by statistically significant evidence (see
Table 11, Table 12 and Fig. 19).

On the contrary, the laser cleaning post-treatment operation has a
negative effect since it removes part of the oxides (TiO2) formed during
the previous texturing operation, reduced the amount of recast layer
produced by the prior texturing and generating a smoother surface on all
the treated area, as visible in Fig. 33 and Fig. 34. This accounts for the
significant reduction in joint strength observed in the samples with a
narrow texture (TX1) when subjected to the laser cleaning treatment.
The results obtained in this study are very encouraging and open new
research lines concerning the development of surface textures that can
further enhance the Ti6Al4V-CFRP Joint. Moreover, the observed in-
crease in failure energy (up to 70 times), in line with what is reported in
[41,63], suggests an improvement in fatigue resistance. However, this
aspect requires an in-depth analysis and additional testing.

5. Conclusion

Various laser-based surface treatments were developed and imple-
mented to enhance the adhesion of the hybrid Ti-CFRP joint produced by
direct co-bonding. These treatments include laser texturing, laser
cleaning and combinations of both laser treatments. Single lap joint tests
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Fig. 34. Magnified view of the failure surfaces of a TX2C sample: a) Ti side; b)
CFRP side. In the figure, white and black arrows indicate fibre failure and a lack
of resin, respectively.

were fabricated by direct co-bonding through the resin infusion process
and tested to assess the effectiveness of the treatment. Sandpaper
treatment was adopted as a reference. From the results, for the adopted
laser source and within the experimental conditions adopted in this
work, the main conclusions are the following:

e Compared to the sandpaper treatment, laser treatments allow an
increase in the joint’s strength and the failure energy trough the
oxide formation, the capillary action and the mechanical
interlocking.

The oxide grooving is effective when the roughness is limited, since it
improves the wettability and the chemical bonding. It happens when
the Ti surface is heated by the laser, as in the laser cleaning treatment
alone, but not exclusively.

Compared to the sand-paper treatment, the laser cleaning treatment
allows the increase of both the joint’s strength and the failure energy
by 3 and 20 times (9.89 MPa and 7.48 J), respectively.

The laser texturing treatment, in addition to producing the oxide
formation and the capillarity action, allows the creation of effective
mechanical interlocking mechanisms, and the fibres' contribution,
resulting in a further increase of both the strength and the failure
energy. These actions increase as the number of grooves (and burrs)
per unit length increases and can be high enough to induce inter-
laminar failure in the composite.
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e Among the adopted treatments, TX1 and CTX1 give the best results
both in terms of strength and failure energy (about 18 MPa and 23 J,
respectively).

e These values are comparable to the ones reported in the main
bibliography for similar joint configurations. Therefore, the con-
current application of laser treatment and direct co-bonding can be
regarded as an efficient method for achieving effective structural
bonding.
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