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A B S T R A C T

The preparation of Carbon Fibre Reinforced Polymers (CFRP) surfaces for adhesive bonding has been widely
reported. Such reports include laser texturing using both near-infrared (IR) lasers and ultraviolet (UV) lasers. In
this report, we present, for the first time, findings showing that surface treatment of CFRP using incoherent UV
light, at 254 nm wavelength, can increase the adhesive bonding strength of CFRP by 75 % compared to non-
treated samples. It is also around 10 % stronger than NIR laser-textured samples. However, combination treat-
ments, where the UV irradiation is conducted either before or after laser texturing did not give a significant
benefit over the laser-textured samples. A germicidal 46 W 254 nm UV lamp was used for the UV light treatment,
while an IR nanosecond pulsed fibre laser operating at 1064 nm was used for the laser texturing treatment. The
material tested was an autoclave-cured T700 CFRP composite.

The wettability of the treated CFRP surfaces and the adhesive bonding were quantitatively assessed. This study
concludes that low-cost incoherent UV treatment effectively reduces the water contact angle of the CFRP surface
and activates CFRP surfaces. All treatments led to bonding strengths at least 50% greater than for the untreated
surfaces.

The predominant failure mode for UV-treated samples was Cohesive Substrate Failure (CSF), indicating that
the adhesion strength exceeded the interlaminar shear strength of the CFRP material. All samples treated with
the laser (including combined treatment with UV) exhibited Light Fibre Tear Failure.

1. Introduction

CFRP composites are being used across industries such as aerospace,
wind energy, automotive, oil and gas extraction, and sports equipment.
They reduce weight and offer high rigidity, as well as excellent static and
fatigue strength compared to metals [1,2]. Moreover, the increasing
demands to reduce fuel consumption and minimise carbon emissions
encourage aircraft manufacturers (e.g., Airbus (A380), Boeing (787))
and automobile (e.g., BMW) manufacturers to use CFRP and other light
composites in the fabrication of their product structures. Manufacturing
of CFRP structures is a complicated process, often created with joining
several elements together [2]. Mechanical joints, such as rivets, are

widely used. These have several drawbacks; the abrasive and anisotropic
properties of CFRPs lead to high tool wear and greater cutting forces
while drilling and a harmful effect on the workpiece integrity. Delami-
nation, cracks, and matrix thermal degradation are observed as a result
of uncontrolled tools [3]. Adhesive bonding avoids the above drawbacks
and gives a good compromise of fatigue strength and stiffness. More-
over, adhesive joints are cost and weight-efficient [2]. However, strong,
and durable adhesive joints are not straightforward to create. For a given
adhesive and joint design, the main factors governing adhesive joint
strength are the conditions of the surfaces to be bonded together, their
roughness, wettability, and cleanliness [4]. The surface roughness in-
creases the actual bonded interface area and adds mechanical
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interlocking between the substrate and the cured adhesive [5]. The
consequence of good wetting is a greater contact area between the ad-
herents and the adhesive over which the forces of adhesion may act.
Contaminants, such as dirt, oil, moisture, release agents and weak
layers, must be removed, otherwise, the adhesive will bond to these
weak boundaries rather than to the substrate [6]. Therefore, surface
preparation, prior to adhesive joining, to achieve clean and activated
CFRP surfaces is crucial to ensure stronger joints [1,2].

Currently, different methods of surface preparation are employed,
each with its own advantages and disadvantages. Mechanical treatments
(sanding and sandblasting) are easily applicable but lead to damage to
the carbon fibres (CFs) at the surface, have low reproducibility, and
produce dust at the surface [7]. Peel ply is utilised to counter the
drawbacks of typical mechanical surface preparation methods and
generate uniform surface roughness. However, this approach introduces
contaminants which can have a detrimental effect on bonding charac-
teristics [8–10]. For over a decade, researchers have investigated
different lasers to improve the surface adhesivity of CFRPs [2]. The
benefits of employing lasers include their non-contact nature, resulting
in the absence of cutting forces. There are no concerns regarding tool
wear, and lasers can be integrated with robotic automation systems to
achieve high processing speed [11]. Ultraviolet (UV) and infrared (IR)
laser surface texturing generally showed enhancement in joint strength
with encouraging results using UV lasers [12]. UV laser treatment is
considered a cold process that directly breaks down molecular bonds by
photoablation. However, it has limited reliability, high power con-
sumption, and a high cost of ownership [13]. IR lasers on the other hand,
which are the most widely used laser source in industry, process mate-
rials by intense local heating that melts or vaporises part of the material
surface. This can cause damage to the surrounding areas or affect the
fibre–matrix integrity [12].

Several researchers have investigated non-laser UV light treatments,
to improve polymeric or non-polymeric material surfaces for adhesive
bonding [14–20]. These studies were mostly based on using UV light
accompanied with ozone, by either applying ozone or using UV sources
that emit at a wavelength less than 240 nm producing ozone in the
surrounding atmosphere. Studies have reported UV/ozone treatment
proving effective in enhancing joint strength across various materials,
surpassing methods like grit blasting and primers. However, UV/ozone
treatment requires special facilities with high corrosion resistance to
ozone, which may be impractical, especially for larger structures.
Moreover, ozone is highly toxic [21].

UV light can influence polymer surfaces in two different ways; first, it
directly photo-degrades and/or photo-crosslinks the polymer molecular

bonds. The second effect, associated with wavelength lower than 240
nm, is indirect and results from the interaction of the UV light with at-
mospheric oxygen creating ozone, atomic oxygen, and oxygen radicals
that oxidise and modify the polymer surface [22,23]. In general, pho-
todegradation of polymers occurs in the µm or sub-µm order of depth
from the surface, with the highest effect closest to the surface, where an
accumulated layer of the degraded species is believed to absorb UV
irradiation more strongly and reduce the penetration of UV light into the
inner part of polymers [24].

This study aims to investigate the effect of UV light radiation emitted
by a germicidal lamp at 254 nm on improving the adhesive bonding of
CFRP surfaces and compare the results of this technique with IR fibre
laser texturing, either used solely or in combination with UV treatment.
Exposing CFRP surfaces to a certain UV fluence was found to be a viable
and cost-effective alternative to other techniques for improving adhesive
bonding. To the best of the author’s knowledge, no similar research has
been published.

2. Experimental

2.1. Materials

CFRP laminates with a thickness of 1.43 ± 0.02 mm were fabricated
at Reverie Ltd. (UK) using an autoclave. The laminates consisted of five
layers of Unidirectional (UD) prepreg (SHD MTC510-UD300-T700-
33–35 % 300 mm wide) laid up at alternating angles of (0◦/90◦/0◦/90◦/
0◦). According to its datasheet, the prepreg material is manufactured
using T700 CFs and has a tensile strength and modulus of 2300 MPa and
119 GPa, respectively, in the direction of the fibres, and its interlaminar
shear strength is 84 MPa. For the CFRP panels, in-house destructive
tensile tests were performed that showed an average tensile strength of
1500 MPa parallel to the direction of the CFs at the surface. This means
for a 25 mm wide sample, a load of about 56 kN is needed for failure,
which is 5–6 times the anticipated adhesive failure loads.

For surface treatments and adhesive joining investigations, the CFRP
panels were cut using a water-cooled cut-off saw (Erbauer 750 W)with a
diamond cutting blade. The produced samples were immediately
cleaned with de-ionized water and then in an ultrasonic bath of iso-
propanol. Moreover, a cross-section study performed on different (non-
treated, treated, and failed after adhesively joined) CFRP samples has
shown that for the non-treated material, the distance from surface to the
embedded fibres is ranged between 10–20 µm, (see section 2.7). Araldite
420, a two components room curing epoxy adhesive was used to join the
coupons for the Single Lap Shear (SLS) test procedure. According to the

Fig. 1. UV lamp and the experimental setup: a) photograph and b) Schematic drawing.
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product datasheet, Araldite 420 achieves full strength, reaching 35 MPa
at 22 ◦C, after 1 to 2 weeks of curing at room temperature.

2.2. UV equipment

A Germicidal UV lamp (TUV Amalgam T6 130 W XPT SE G10.2q)
from Philips UK Ltd. was used in this study (Fig. 1a). Greater than 95 %
of the light emitted is at 254 nm, Table 1 shows the lamp characteristics.
The lamp illumination was assumed to be uniform and the UV intensity
at a sample placed at a radius (r) away from the centre of the lamp was
calculated by dividing the output power of the lamp by the cylindrical
area (Table 2). The intensity of the light at a distance r from the axis of a
long cylindrical source is inversely proportional to r [25].

The lamp was placed in a closed wooden box and to exclude any
possible thermal effects, a cooling fan (0.55 m3/min) was equipped to
maintain near ambient conditions. A thermal infrared camera (ther-
moIMAGER TIM) from Micro-Epsilon UK was used to record the change
in temperature over time at the surfaces of the samples. For the highest
UV intensity (50 mW/cm2) applied in this experiment (Fig. 1b, Table 2),
with the sample’s top surface positioned approximately 10 mm away
from the hot (85 ◦C) lamp, the temperature at the sample’s surface
increased initially and then stabilised after 10 min of exposure at 37 ◦C.
This temperature was 14 ◦C higher than the room temperature. More-
over, a test to investigate whether there is a combined effect for the
temperature on the Water Contact Angle (WCA) was done and there was
no significant change in the measurements.

2.3. Laser equipment and parameters

The laser system used consisted of an infrared (IR) fibre laser, an

optical system, and an automatic table with three axis (x,y,z). The laser
model was a SPI Laser (UK) G3 20 W nanosecond pulsed fibre laser. The
optical system consisted of a manually adjusted 1064 nm beam expander
(Linos (Qioptiq) 2-8x), four silver mirrors (Thorlab), a galvanometric
scanner (Nutfield Extreme15-YAG), and an f-theta lens of focal length (f)
of 100 mm (Linos Ronar F-Theta). Fig. 2 illustrates a schematic drawing
and photograph of this equipment and experimental setup.

The laser wavelength (λ) was 1064 ± 5 nm, with a beam quality
factor M2 = 2.1. The laser pulse length (τ) and repetition frequency (ν)
were adjustable between 9 to 200 ns and 1 to 500 kHz respectively. The
output beam is collimated to a diameter, D0 approximately 5.7 mm (as
measured by beam prints). The laser average power (Pave) after the
galvanometric scanner was measured with an Ophir laser power meter
system and the pulse energy was calculated using Eq. (1) [26].

Ep =
Pave

ν (1)

The four mirrors guided the laser beam to the galvanometric scanner
head that was fitted with a f-theta focussing lens. In this study, the
displacement of the laser beam on the sample surface was handled by
the galvanometric scanner, the three axis (x,y,z) table which held the
sample was used to adjust the focal length. The theoretical laser beam
diameter (do(Theo)) was around 51 µm, calculated using Eq. (2) [27,28].

Table 1
The uv lamp characteristics.

Parameter Value

Power input (W) 130
UV output power (W) 46
Wavelength λ (nm) 254
Lamp length (mm) 740
Lamp diameter (mm) 19

Table 2
UV intensities and distances from the lamp applied in this study.

Distance from the lamp centre (mm) UV intensity (mW/cm2)

19.8 50
39.6 25
79.2 12.5

Fig. 2. Laser equipment and experimental setup: a) Schematic drawing and b) photograph.

Table 3
Selected laser parameters.

Parameter Value

Pulse length, τ (ns) 200
Scan rate, v (mm/s) 850
Hatch space h (µm) 35
Theoretical focus beam size, d(Theo) (µm) ≈51
Pulse Repetition Frequency, ν (kHz) 25
Atmosphere Air
Pulse Energy, Ep (µJ) 78
Pulse overlap (µm) ≈17
Hatch overlap (µm) ≈16
Pulse fluence (J/cm2) 3.82

Fig. 3. Schematic for the laser scanning pattern.
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do(Theo) =
4fλM2

πDo
(2)

The focussed laser beam was scanned at a scan rate (v) of 850 mm/s,
uniaxial and perpendicular to the fibre orientation of the CFRP samples.
The hatch spacing (h) between adjacent scans was 35 µm. The laser
parameters (Table 3) and the scanning pattern (Fig. 3) for this study
were selected following an optimisation study using a factorial experi-
ment to ablate the outer layer matrix resin and expose the underlying
CFs with minimum visual damage accompanied with the lowest WCA.
The scanning involved only one overscan.

2.4. Wettability analysis

The wettability among the different surface treatment conditions has
been assessed and compared by measuring the Water Contact Angle
(WCA) using a goniometer and the sessile droplet method. A CAM 101
from KSV Instruments Ltd (UK) was used to assess the surface wettability
of the different treated samples. The diameter of the droplet out at the
syringe was 1.5 mm. To capture the initial and the stable WCAs for the
different UV-treated surfaces as well as the non-treated ones, 100 frames
were recorded at a time interval of 16 ms and then 20 frames were
recorded at a time interval of 1 s. For the laser-treated samples, due to
the absorption behaviour of exposed fibres at the CFRP surfaces, a longer
period (100 frames x 16 ms + 100 frames x 1 s) was used. For each
surface condition, 15 repeated measurements were recorded, and the
mean was calculated. All treated samples were cleaned twice using an
ultrasonic bath of isopropanol once before the treatment and once
before the CA assessment. Non-treated samples have only been cleaned
prior to the WCA assessment.

2.5. Design of experiment

The first part of this work was examining the effect of the UV
exposure time with the different intensities on the reduction in WCA of
CFRP surfaces. For each of the three different UV intensities, six CFRP
samples, each 25 mm x 15 mm, were exposed for different periods
(Table 4) starting from 15 min up to 120 min. The mean WCAs were then
calculated based on 15 measurements immediately after the UV
treatment.

The second part was comparing the bonding strength of CFRP cou-
pons using Single Lap Shear (SLS) test among different surface condi-
tions. For the UV treatment, three conditions were examined named as
UV1, UV2, and UV3, (Table 5).

In addition to the UV treatment, IR laser texturing solely or combined
(before or after) with UV treatments was implemented in the bonding
strength comparison (Table 6). The purpose of the latter was to inves-
tigate the possible further enhancement to the bonding strength and to
evaluate if the sequence of treatment has any impact.

2.6. Single Lap shear (SLS) tests

SLS tests were chosen to examine the adhesive bonding strength after
the different surface treatments. BS EN ISO 1465:2009 [29], which is a
commonly used standard for adhesive joining tests [7,12,30], was
considered in this study. For symmetry and to minimise the eccentricity
of the load path which causes out-of-plane bending moments,
aluminium shims with the same thickness as the CFRP were adhesively
bonded to the sample ends [31]. The sample dimensions are specified in
Fig. 4.

Table 4
UV intensities and exposure periods adopted for WCA measurements.

UV intensity (mW/cm2) Exposure periods (min)

12.5 15 30 45 60 90 120
25 15 30 45 60 90 120
50 15 30 45 60 90 120

Table 5
UV intensities and exposure periods adopted for bonding strength tests.

Treatment condition Intensity (mW/cm2) Period (min)

UV1 50 60
UV2 25 120
UV3 50 120

Table 6
CFRP surface conditions adopted in the SLS tests.

Surface treatment condition

Non-treated UV1 UV2 UV3 IR UV1 + IR IR+UV1

Fig. 4. Sample for SLS according to BS EN ISO 1465:2009 standard.

Fig. 5. Bonding jig capable of bonding six samples at a time, utilizes
compression springs to ensure uniform adhesive thickness.

A. Al-Mahdy et al.
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For each of the different surface conditions, six coupons were pre-
pared in order to create three repeated couples to be tested. The pre-
pared coupons were adhesively joined using a jig designed to join up to
six couples at a time. The bondline thickness was 0.2 mm and was
controlled using chopped pieces of copper wire (0.5 mm length x 0.2 mm
diameter) that have been mixed with the adhesive before applying it to
the lower coupons, glass beads have been similarly used in some pre-
vious studies [32]. The upper coupons were then applied, and steel
compression springs, as shown in Fig. 5, each with a spring constant of
2.3 N/mm, were compressed 5 mm to produce a compression force of
about 11.5 N, adequate to press the bonding adhesive layers uniformly
over all the samples following the approach used by Bregar et al. [33].
The excess adhesive was then removed via a small spatula. The adhesive
curing was performed at ambient conditions (20–23 ◦C) for 12 days.
Afterwards, the samples were tested using a Tinius Olsen 50 kN tensile
testing machine at a load rate of 1 mm/min.

2.7. Cross-section of the CFRP material

The distance from the outer surface of the CFRP coupon, through the
outermost layer of resin to the surface of the carbon fibres were studied.
Samples (15 mm x 15 mm) of non-treated CFRP material and laser
textured were mounted vertically in an epoxy resin mould (VersoCit-2by
Struers) then ground and polished. The grinding was conducted using
paper grades of (80, 120, 240, 400, 600, 1200 and 2400) consecutively,
in this process more than 1 mm of the samples was ground to dispose of
the cut-effected edge. The polishing was conducted using three stages,
two of them with diamond grit size 3 and 1 μm and the last was by using
a solution (50/50 in volume) of distilled water and colloidal silica gel
with a grain size of 40 nm. All polishing consumables were procured
from Struers. Fracture analyses for the cross-section of the failed cou-
pons after performing single lap shear tests was conducted using the
same method described above. The polished cross-sections were then
studied using optical microscopy and Scanning Electron Microscopy
(SEM) (Inspect S model, Thermofisher) using both backscatter and sec-
ondary electron imaging with different magnifications.

3. Results and discussion

3.1. IR laser texturing

IR laser texturing had achieved the exposure of the carbon fibres at
the surface. Fig. 6a and 6b show low and high magnification SEM images

of the cross-section of a non-treated sample, the distance from the sur-
face to the carbon fibres appeared to be as low as 1 μm in some positions,
but mostly ranged between 10–20 μm. Fig. 6c and 6d show SEM images
of the cross-section of a laser-textured sample. The carbon fibres at the
surface are mostly exposed without visible damage. As the ablation
mechanism of the outer layer matrix resin depends on the heating up of
the underlying carbon fibres via the laser power transmitted through the
resin, the bonding strength and integrity of the fibres at the surface with
the matrix resin are possibly affected and weakened. The consequence of
this weakening the integrity of the surface fibres is discussed in section
3.3.

3.2. Wettability analysis

For each of the different surface conditions, the measured WCAs
ranged typically up to ± 10◦ around their mean values. This error is
attributed firstly to the inhomogeneity in surface topography and sec-
ondly to the possible variation in droplet sizes which was adjusted
manually for each measurement and the goniometer error [34].

Fig. 6. SEM images of cross-section for CFRP material a) low magnification and b) high magnification for non-treated material, showing the distance from the surface
to the CFs and the distribution of the CFs within the matrix resin, c) low magnification and d) high magnification of CFRP cross-section after laser texturing.

Fig. 7. Droplet shapes and the WCA at different UV fluence.

Fig. 8. Mean WCAs for CFRP samples treated with different UV intensities and
exposure periods.

A. Al-Mahdy et al.
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UV treatment generally improved the wettability of the CFRP sur-
faces. WCAs (Fig. 7) have significantly been reduced from hydrophobic
into near super hydrophilic as higher UV fluences were used. Fig. 8
shows the reduction in mean WCA upon the different UV intensities and
exposure periods, Fig. 9 shows that with the different UV intensities
used, the reduction in WCA was based on the UV fluence, in other words,
the higher the UV intensity used, the less time needed to reduce the
WCA.

In Figs. 8 and 9, which illustrate the relationship between WCA and
UV exposure and fluence, there appears to be an initial linear change
followed by a non-linear variation. The mean WCA initially decreases
slightly from 90◦ to around 70◦ or 80◦ within the first 50 J/cm2, then
significantly lowers to around 30◦ or 40◦ with the next 50 J/cm2 of UV
fluence, with minimal further reduction afterwards. At 200 J/cm2, the
mean WCA is around or just under 20◦. Similar non-linear behaviour of
WCA versus UV exposure has been reported in the literature for some
polyimide films [35]. This occurs because UV light at 254 nm interacts
with polymeric molecules by breaking molecular bonds whose binding
energy is less than its photon energy (4.88 eV). This interaction leads to
chain scission accompanied by the formation of unsaturated products in
the polymer chains and the creation of free radicals on the polymer
surface. These radicals can react with oxygen in the air to form carboxyl
and hydroxyl groups. The formation of unsaturated groups and the
presence of carboxyl and hydroxyl groups increase the absorbance of the

polymeric material upon UV-C irradiation. The increase in absorbance
with increasing UV exposure can explain the non-linear (rapid) reduc-
tion in WCA [36]. Additionally, it is noticed from Fig. 9 that above 80 J/
cm2 the contact angle at 25 mW/cm2 exposure drops below that at 50
mW/cm2. This can be attributed to multiple reasons. Firstly, the effect of
the exposure period: although the same UV fluences are used, longer
exposure times might provide more opportunity for the already gener-
ated free radicals to react with oxygen. This results in an increased
formation of oxidative products over time, which in turn increases the
absorbance, as described earlier. However, a review of the literature
does not clearly confirm this relationship.

The more likely reason, however, can be attributed to the distances
between the samples and the cylindrical UV lamp. The closer the dis-
tance between the lamp and the sample, the less uniform the distribution
of UV intensity over the sample surface, with the intensity decreasing
towards the sample edges (see the scheme in Fig. 10). Additionally, the
light incident angle at the edges of the samples, which likely influences
the reflection, corresponds to the two intensities being approximately
70◦ and 80◦, respectively. Note that for accuracy, the measurements of
the CAs were mostly performed close to the edges of the samples.

The WCA measurements reported in Figs. 8 and 9 belonged to UV-
treated and non-treated samples were based on the final stable state of
the test droplet. In laser-textured samples, the WCA continued to
decrease, this is due to the continual spreading of the water droplet

Fig. 9. Mean WCAs for CFRP samples treated with different UV fluence.

Fig. 10. Schemes show the UV intensity distribution over the width of samples exposed to a) 50 mW/cm2, and b) 25 mW/cm2.

A. Al-Mahdy et al.
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across the sample, indicating its penetration through the laser-textured
CFRP surface (Fig. 11). The initial average WCA for laser-textured
samples was about 15◦ and dropped to under 5◦ within 100 s. In
contrast, for samples that were treated with the highest UV fluence, the
initial average WCA was around 30◦ and stabilised at around 20◦ in less
than 5 s.

The graphs in Fig. 12 illustrate examples of the time dependency of
WCA reduction for a laser-textured sample and a UV-treated sample.
With regards to the WCA of laser-textured material, the current findings
are in line with other researchers who investigated the absorption nature
of porous materials [34].

For both combined treatment techniques (UV+IR and IR+UV), the
wettability results were similar to those obtained with IR laser treatment
alone. It was challenging to detect any significant variations between
samples due to the contact angle dropping close to 0◦.

3.3. Single Lap shear (SLS) tests

In comparison with non-treated samples, results from SLS tests
(Fig. 13) show significant (70–80 %) improvement in the bonding
strength for all treatment techniques.

Samples treated with UV light revealed better strength than those
treated with IR laser solely or in combination with UV light. The average
bonding strength was about 27 MPa for UV1 and UV3 and was just above
25 MPa for UV2. Samples textured with IR laser only showed an average
bonding strength of less than 25 MPa. Pre-treatment with UV prior to
laser texturing shows a slight reduction in the bonding strength while
the bonding strength improved when the UV treatment followed the
laser texturing. For the combined treatments, such slight variations
cannot be considered statistically significant due to the limited number
of repeated samples. The failure modes for the UV-treated samples were
completely different than those treated with laser solely or in

Fig. 11. A) an initial wca for laser treated sample, and photos of the droplet to clarify the absorption behaviour of the fibre exposed cfrp and the time dependency of
the ca b) at time zero and c) at time 100 s.

Fig. 12. Typical time dependency for the reduction or stability of WCA of, a) laser textured, b) UV treated sample.

Fig. 13. Comparison of the bonding strength via SLS tests among different surface conditions. For combined, UV1 + IR indicates that the UV treatment was applied
first, and the same applies to IR+UV1.

A. Al-Mahdy et al.
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combination with UV light. Fig. 14 shows the three different failure
modes. The failure modes are categorized according to the classification
system provided by Banea and Silva [37].

In addition to the macro photos of the failure modes in Fig. 14 and for
further clarification, fracture analysis optical microscopy of the cross-
section of the failed samples was conducted (Fig. 15). Non-treated
samples have exhibited 100 % Adhesive Failure (AF) where the failure
occurs at the adherend/adhesive interface (Fig. 15a). This was expected
due to the low adhesion strength between the bonding adhesive and the
non-treated substrate material. For the three laser techniques (including
the combined treatment), the failure was 100 % Light Fibre Tear Failure
(LFTF). The optical microscopy image of the cross-section (Fig. 15b)
showed up to three layers of fibre were pulled out from one side and
stuck to the bonding adhesive on the other side. This is because IR laser

texturing possibly weakened the bonding between the CFs at the surface
and the matrix resin. This observation is in line with some previous
studies [12,38]. These stated that after IR laser treatment, cavities were
detected near the surface between the exposed fibres and the matrix.

Unlike the laser-treated samples, the failure modes for UV-treated
samples were a mix of mostly Cohesive Substrate Failure (CSF) and to
a lesser extent AF. Optical microscopy images (Fig. 15b) show up to 0.25
mm thick torn layer from the substrate. The CSF happened mostly at or
near the interface between the first and second prepreg layers and was
not only within the bonded region but along the whole coupon in some
samples, Fig. 16.

The cross-section assessment (Fig. 15) reveals small bubbles within
the adhesive layer of some samples, believed to have formed during the
mixing of the bonding adhesive. Since the failure of all samples did not

Fig. 14. The failure modes of, a) non-treated sample, b) UV treated, c) laser treated.

Fig. 15. Fracture analysis using optical microscopy, CFRP cross-section after SLS test, a) non-treated sample covered with bonding adhesive, b) laser-treated sample
covered with bonding adhesive with pulled out fibres detected on top of the adhesive, c) UV treated sample with thick layer torn out from it, d) UV treated sample
covered with adhesive and thick torn out layer detected on top of the adhesive.

A. Al-Mahdy et al.
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occur within the adhesive layer, it is presumed that these small bubbles
had no significant impact on the recorded bonding strength.

The CSF can be attributed to several factors. Firstly, the layup
orientation and sequence play a significant role in determining the ec-
centricity of the load path and, consequently, the peeling forces [37,39].
Secondly, fibre reinforced polymer composites generally have low
through-thickness strength, accordingly, high strength adhesive joints
are more likely to fail within the composite due to peeling stresses before
failure in the adhesive occurs [37,40]. Although UV treatment shows
slight improvement (about 10 %) over laser texturing, the predominant
occurrence of CSF, mainly at the interface between the first and second
prepreg layers of the UV treated samples, suggests that the tested CFRP
material has nearly reached its maximum bonding strength for the uti-
lized joint design. Therefore, it is hypothesized that utilizing stronger
CFRP material may yield further advancement for the UV treatment.

4. Conclusions

In this work, CFRP material manufactured with five layers of uni-
directional carbon fibre prepreg was surface treated using different
techniques, UV light, IR laser, and IR laser combined with UV light. The
wettability and the adhesive bonding strength of the treated surfaces
were qualitatively characterised. The following conclusions were
obtained:

• The UV light treatment technique for CFRP demonstrated a signifi-
cant (75 %) improvement in bonding strength compared to non-
treated samples, and approximately 10 % higher improvement
than the IR laser texturing technique. The dominant Cohesive Sub-
strate Failure (CSF) mode observed in UV-treated samples suggests
that the adhesion strength exceeded the material’s interlaminar
shear strength.

• Both UV light and IR laser treatments significantly improved the
wettability of the CFRP surface. The water contact angle reduced
from 90◦ to approximately 20◦ for UV treatment and to under 10◦ for
IR laser treatment. However, the absorption behaviour of the
exposed fibre surfaces (IR laser treated) has a contribution.

• The combination treatments do not appear to provide any noticeable
advantage over the individual treatments.

• The laser processing period for a single coupon which has a bonded
area of 25 mm x 12.5 mm was approximately 11 s, while the UV
treatment took one hour. However, with UV treatment, multiple

samples (over 100) can be treated simultaneously. Furthermore, the
processing time with UV light can be reduced by using certain re-
flectors, such as semi-cylindrical or parabolic reflectors, to increase
the intensity. More uniformly distributed light can also be achieved
by using a diffuser.

• The results from the UV treatment are highly promising, suggesting
significant potential for enhancing the joint performance of CFRP
composites by enhancing adhesive bonding without altering the
surface topography.
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