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Abstract
Laser surface treatment of metals is one option to improve their properties for adhesive bonding. In this paper, a pulsed 
YVO4 Laser source with a wavelength of 1064 nm and a maximum power of 25 W was utilized to increase the surface area 
of the steel HCT490X in order to improve its bonding properties with a carbon fibre reinforced polymer (CFRP). Investigated 
was the influence of the scanning speed of the laser source on the bonding properties. For this purpose, the steel surfaces 
were ablated at a scanning speed between 1500 and 4500 mm/s. Afterwards the components were bonded with the adhesive 
HexBond™ 677. After lap shear tests were carried out on the specimen, the surfaces were inspected using scanning electron 
microscopy (SEM). The experiments revealed that the bonding quality can be improved with a high scanning speed, even 
when the surface is not completely ablated.
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1 Introduction

To minimize the energy consumption and  CO2 emissions 
of vehicles, mass reduction is an omnipresent objective in 
the automotive industry. A promising approach to reduc-
ing mass while simultaneously ensuring the required safety 
relevant strength properties is the use of hybrid materials 
like fibre-metal laminates (FML) or steel structures partially 
reinforced with carbon fibre reinforced polymers (CFRP) in 
modern car structures. This is made possible by combin-
ing the best features of metals and fibre-reinforced matrix 
materials, e.g. the impact resistance of metals with the high 
stiffness and lightweight properties of compound materials 
[1, 2].

Hybrid structures are manufactured by adhesive bond-
ing, which offers several advantages over mechanical join-
ing, such as even force transmission compared to riveted or 
screwed hybrid structures with stress concentrations at the 
joining points [3]. In addition, the joining of dissimilar mate-
rials can lead to contact corrosion. This can be prevented by 

using an adhesive, which acts as a galvanic isolator between 
the materials [4]. Furthermore, adhesive bonding has a 
higher potential for light weight structures [5].

In order to achieve a solid adhesive bond, the surface con-
dition of the joints is of essential importance [6]. Contami-
nants such as oil deposits have to be removed by degreasing 
[7]. Another way to improve direct adhesion and promote 
mechanical interlocking between the joints is to increase the 
surface area by various techniques such as anodising, sand 
blasting or laser ablation [1, 4, 8]. Among these, laser abla-
tion stands out for its high precision, efficiency, environmen-
tal friendliness and simple implementation as an automated 
method in industrial applications [9]. In contrast to chemical 
processes, laser ablation can also be used for local surface 
treatments, which is beneficial for strengthening or repairing 
of metallic structures with CFRP patches [10].

Pulsed laser sources are common in surface treatment and 
micromachining applications [9, 11]. The pulse energy Pe 
and the pulse power Pp determine the amount of machined 
volume [11], i.e. they can also influence the intensity of the 
surface treatment. Both depend on the pulse frequency f as 
shown in formulas 1 and 2 [11]. By increasing the pulse 
frequency f, the pulse energy Pe and the pulse power Pp 
decrease.
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Feng et al. [6] showed that laser modification of steel 
changes the surface morphology on a macro scale, which 
results in a higher bond strength in adhesive joints compared 
to steel surfaces without laser modification. Huang et al. 
[8] attributed the enhanced adhesion strength to mechani-
cal interlocking between the joints caused by the periodic 
microstructure surface structure at the interface.

The energy of a laser pulse is absorbed by the metallic 
material, which causes the material to melt until it reaches 
the vaporization temperature [9]. This leads to the formation 
of a plasma plume, which generates a high internal pressure, 
also known as recoil pressure [12]. Under this pressure, the 
molten metallic material is ejected from the plasma plume 
and falls back to the material surface where it forms a layer 
of re-solidified debris. The laser forms a crater which cap-
tures the remaining molten material [9]. The emerged craters 
and re-solidified debris build the laser structured surface 
morphology. Kurtovic et al. showed that laser treatment of 
metallic materials modifies the surface even on the nano 
scale [13]. A thin porous oxide layer is formed, which signif-
icantly improves wettability and thus additionally increases 
the surface properties for adhesive bonding [14].

When it comes to the manufacturing of hybrid compo-
nents, e.g. semi-finished FML products, the surface prepara-
tion should be maintained as efficient as possible, which is 
controlled by travel speed of the laser beam over the metallic 
surface, or scan speed.

So far, laser ablation to improve bonding properties has 
been implemented with scanning speeds far below the tech-
nical possibilities. Feng et al. worked with a scanning speed 
of 100 mm/s [6], Rotella et al. prepared the steel substrates 
for their lap shear tests at 500 mm/s [7], and Zinn et al. at 
800 mm/s [4]. However, laser systems are able to operate 
at much higher scanning speeds. The maximum scanning 
speed of the laser system used for this work is 8000 mm/s 
[15], which implies a great potential regarding the efficiency 
of laser ablation. Rotella et al. showed that higher laser scan-
ning speeds lead to a lower degree of surface modification 
due to the shorter interaction time between the laser beam 
and the surface [7]. In another study, Feng et al. found that 
a higher number of craters or dimples per square millimetre 
induced by the laser beam increases the shear strength of the 
adhesive bond [16]. At high scanning speeds, however, fewer 
craters are formed, which means that the scanning speed 
cannot be increased at will. Therefore, the purpose of this 
study is to achieve improved bonding properties of metallic 

(1)Pe =
Pa

f

(2)Pp =
Pe

D
=

Pa

f .D

surfaces that were laser treated with a high efficiency, as well 
as to find correlations between the process conditions of the 
laser treatment, the ratio between laser treated and untreated 
surface and the tensile shear strength of bonded joints.

2  Experimental procedure

2.1  Material

The zinc coated dual-phase steel HCT490X [16] with a 
thickness of 0.55 mm was used as the steel substrate for 
the laser surface treatment. This material is mainly uti-
lised in the automotive industry because of its good light-
weight and safety properties. The second component of the 
hybrid material is a 0.3 mm thick unidirectional prepreg, 
the SIGRAPREG C U230-0-/NF-E320 [17]. The adhesive 
HexBond™ 677 [18] was applied to bond the components 
to a hybrid material. It is coated with a thin layer of glass 
fibres, which serve the purpose of separating the bonding 
partners to avoid contact corrosion [4].

2.2  Equipment

A Q-switched pulsed  YVO4 laser (MD-X1520C) was used 
to perform the laser surface treatment. Its specific properties 
are shown in Table 1 [15].

2.3  Laser surface treatment

First, the laser parameters for the surface treatment had to be 
determined, which is why a parameter study was carried out. 
The laser system was used to create a parameter matrix on 
the surface of the steel substrate, which is shown in Fig. 1. 
The laser ablation was conducted in pulsed mode with a 
constant output power of 25 W. The varied parameters were 
the pulse frequency f (15 kHz, 30 kHz, 45 kHz) and the scan 
speed v (1500 mm/s, 3000 mm/s, 4500 mm/s).

Then, the laser treated areas of the matrix were exam-
ined by scanning electron microscopy (SEM). The second-
ary electron detector (SE2) with an acceleration voltage of 
20 kV was used for the overview images, and the InLens 
detector with an acceleration voltage of 3 kV for the close-
ups. These investigations were designed to determine the 

Table 1  Specifications of the laser system MD-X1520C [15]

Wavelength λ 1060 nm
Average power Pa Max. 25 W
pulse frequency f 1–400 kHz
Scan speed v Max. 8000 mm/s
Pulse duration D 4 ns
Spot Size d 5 µm
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increase in surface area to ensure that the adhesion proper-
ties of the steel surface are improved for each pair of param-
eters. Figure 2 shows a laser spot created by a single laser 
pulse and a close up of the surface within the spot. The 
expansion of the surface could be verified for each pair of 
parameters.

To determine the influence of the laser treatment on the 
chemical composition of the surface, i.e. whether a nanopo-
rous zinc oxide layer was created, both surface conditions 
(laser treated and untreated) were analysed in the SEM by 
means of energy dispersive X-ray spectroscopy (EDX).

Figure 3 illustrates the laser treatment procedure. The dis-
tance between two laser spots in y-direction can be defined 
by the laser system itself and remains constant during the 
process. The distance in scanning direction or in x-direction 
is determined by the scanning speed v and the pulse fre-
quency f. Consequently, there are different ratios between 
laser treated and untreated surface area for each parameter 

pair. The direct influence of the scanning speed on the dis-
tance between two laser spots is shown in Fig. 4. For each 
parameter pair, the ratio between laser treated and untreated 
surface was determined by means of three SEM images each 
and then defined as spot density sd.

2.4  Preparation of the samples and lap shear tests

Subsequently, the samples were prepared for the lap shear 
tests. The steel sheets were cut out to 100 mm × 20 mm by 
means of a plate shear. The CFRP prepreg stripes were cut 
to the same dimensions with a box cutter. One sample con-
sists of a steel sheet and 2 CFRP prepreg strips (Fig. 5). 
The arrangement of two CFRP strips prevents a bending 
of the sample during the lap shear tests. The fibres of the 
CFRP strips were arranged in the shear force direction of 
the sample. The areas of the steel sheets to be bonded were 
degreased and then laser treated with the specific parameters 
from both sides over the entire width.

As the next step the components had to be bonded adhe-
sively with an overlapping length of 6,5 mm. This was 

Fig. 1  Parameter matrix of the laser treatment

Fig. 2  Surface expansion within 
a single laser spot, f = 30 kHz, 
v = 3000 mm/s

Fig. 3  Procedure of the laser treatment
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done with a specific apparatus at a bonding temperature 
of 150 °C with a pressure of approximately 350 kPa for 
4 min. CFRP prepregs and adhesive were cured together. 
Five samples were prepared for each parameter pair, and 
an additional five were manufactured as reference without 
any laser treatment.

The lap shear tests were executed on a servo hydraulic 
testing machine (MTS Landmark). Figure 5 illustrates the 
areas where the clamping force ( FC ) and shear force ( FS ) 
were applied. The shear force was perpendicular to the scan-
ning direction. The test speed was 1 mm/min until fracture 
or the maximum shear force was reached. Subsequently, the 
shear strength was calculated by means of the maximum 
force and the bonded area.

The fracture surfaces of the lap shear samples were exam-
ined in the SEM with the SE2 detector and an acceleration 

voltage of 20 kV, focussing on the adhesive or cohesive fail-
ure behaviour at the treated and untreated areas of the steel 
surface.

3  Results

3.1  Chemical composition of the surface

Table 2 shows the average of three EDX scans of the atomic 
weight percentage of the laser treated and untreated surface. 
There are only slight differences between the surface states.

3.2  Spot density

The spot density in decimal representation for each param-
eter pair is shown in Fig. 6. It can be seen that the density 
decreases with increasing scanning speed. When a pulse 

Fig. 4  Direct influence of the 
scanning speed on the distance 
between two laser spots, a 
v = 1500 mm/s, f = 15 kHz b 
v = 3000 mm/s, f = 15 kHz c 
v = 4500 mm/s, f = 15 kHz

Fig. 5  Composition of a lap shear test sample, F
S
 : shear force, F

C
 : 

clamping force

Table 2  Chemical composition of the laser treated and untreated sur-
face

Element Weight %

Laser treated Untreated

Zn 98.07 97.82
O 0.90 1.07
Fe 0.74 0.81
Mn 0.28 0.29
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frequency of 45 kHz is reached, the spot density will remain 
1. At this point, saturation of the spot density is achieved. 
The pulse frequency compensates a rising scan speed in rela-
tion to the spot density.

3.3  Lap shear tests

The results of the lap shear tests are illustrated in Fig. 7. The 
average shear strength of the laser treated samples is higher 
than that of the untreated samples. However, the average 
shear strength of the reference shows a relatively high stand-
ard deviation. The diagram shows that scanning speed and 
pulse frequency have a high influence on the shear strength. 
At 15 kHz the scanning speed is the decisive parameter, the 
shear strength decreases with increasing scanning speed. As 
soon as the pulse frequency is increased, however, this effect 
diminishes until it is almost completely insignificant at a 
pulse frequency of 45 kHz.

3.4  Fractography

Figure 8 shows fracture surfaces with different spot den-
sities after the lap shear tests. A single laser spot can be 
seen in Fig. 8a. The dark areas in Fig. 8b, c are residues of 
the applied adhesive, primarily located on the laser spots. 
The residues on the surface seen in Fig. 8d are distributed 

randomly. Moreover, glass fibres of the adhesive are visible. 
Figure 8e shows a fractured surface without previous laser 
treatment, which is also partially covered with remnants of 
the adhesive.

4  Discussion

There are almost no differences in chemical composition 
between the laser treated and untreated surface. The rela-
tively small deviations are likely due to the accuracy of the 
measuring method. It should be noted that in an EDX, the 
chemical composition is not measured directly on the sur-
face, but in an area just below it due to the penetration depth 
of the electron beam [19]. Thus, if a nanoporous zinc oxide 
layer was generated during laser ablation within the spots, it 
would probably be too thin to be verified by such a scan. To 
increase the depth of the oxide layer, a higher pulse energy 
is required [20]. However, it is more likely that the rough 
surface texture within a single laser spot, as shown in Fig. 2, 
is induced by the previously described resolidified debris 
than by the formation of a zinc oxide layer. This significantly 
increases the surface area in addition to the surface morphol-
ogy caused by the laser spot formation.

When working with an increased scanning speed of the 
laser beam, the expansion of the surface is less pronounced 
due to a smaller number of laser spots. This means that the 
more laser spots there are in relation to the surface, the larger 
the surface itself and the better the bonding properties. This 
correlation is clearly shown in Fig. 9. It is evident that a 
higher density of laser spots on the steel surface leads to a 
higher shear strength of the bonded area. The relationship 
between spot density and shear strength is nearly linear, the 
coefficient of determination is approximately 0.92.

The evaluation of the spot density shows that, if a 
high scanning speed is required, the increasing distance 
between two laser spots shown in Fig. 4 can be compen-
sated by raising the pulse frequency. With a pulse fre-
quency of 45 kHz the surface area can be completely pro-
cessed by the laser beam even at a high scanning speed 
of 4500  mm/s, which increases the shear strength by 
15% compared to the untreated surface. However, as the 
pulse frequency f rises, the pulse power Pp simultaneously 
decreases (see Eq. 2). Leone et al. [11] argued that once 
the pulse power falls below a certain limit, the laser abla-
tion process becomes unstable. Thus, the possibility to 
work with a high scanning speed at high frequencies to 
improve the bonding properties is limited. In the range of 
lower pulse frequencies, in this case 15 kHz, the variation 
of the scanning speed has a high influence on the shear 
strength.

Semi-finished FML products are often further processed 
by deep drawing, for example car body parts like cross 

Fig. 6  Spot density sd referred to scan speed v and pulse frequency f 

Fig. 7  Average shear strength referred to scan speed v and pulse fre-
quency f 
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members or the B-pillar [21]. During deep drawing, different 
stress conditions and relative movements between the lami-
nates occur [21]. Consequently, the maximum bond strength 
between the laminates is not ideal for every area of the FML. 
Hence, the scan speed variation can be used for the targeted 
generation of reproducible graded surface morphologies on 
the steel surface in order to optimize further manufacturing 
processes.

The SEM images (Fig. 8) reveal a primary cohesive 
failure behaviour on the laser spots, which is evidently 
the preferred fracture mode as it indicates that the joint 
strength has reached or exceeded the strength of the 

adhesive [9]. This is attributed to the increased surface 
area within the laser spots [6]. At a higher spot density, 
more adhesive residues remain on the surface, which fur-
ther underlines the conclusion of Fig. 9. The glass fibres 
seen on Fig. 8d obviously come from the used adhesive, as 
described in 2.1. While residues of the adhesive are also 
visible on the untreated surface (Fig. 8e), their arrange-
ment appears random in contrast to laser-treated surfaces. 
This would reduce the reproducibility and thus the possi-
bility to grade the bonding properties of the steel surface. 
This is also confirmed by the high standard deviation of 

Fig. 8  Fractured surfaces of 
joints produced using steel 
substrates with different spot 
densities, a and b sd = 0.27 c 
sd = 0.40 d sd = 1 e reference, 
1: Residues of the adhesive, 2: 
Laser spot surface, 3: Untreated 
surface, 4: Glass fibre
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the shear strength of untreated steel surfaces in hybrid 
materials, see Fig. 7.

5  Conclusions

The influence of scanning speeds between 1500 mm/s 
and 4500 mm/s in laser surface treatments on the bond-
ing properties of steel surfaces in hybrid materials was 
investigated.

• Laser surface treatment increases the surface area 
through the newly created surface morphology and the 
rough nanoscopic texture within a single laser spot, 
which is due to re-solidified debris falling back onto 
the surface.

• Cohesive failure behaviour was mainly observed at the 
laser spots, indicating the better bonding properties of 
laser treated surfaces.

• The amount of laser spots on the surface determines the 
bonding properties, and was defined as spot density sd. 
The spot density increases with the pulse frequency and 
decreases with the scanning speed.

• Working with a high pulse frequency allows the appli-
cation of high scanning speeds, which significantly 
improves the efficiency of the laser surface treatment. 
Compared to the reference, the shear strength was 
increased by 15% at a scanning speed of 4500 mm/s 
and by 18% at 3000 mm/s. This is significantly more 
time efficient than in earlier studies.

• By varying the scanning speed at low frequencies, it is 
possible to accurately grade the bonding properties of 
steel surfaces in order to optimize the surface condition 

for further manufacturing processes of hybrid semi-
finished products.
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