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Featured Application

Laser-based surface microtexturing presented in this study can be applied to the man-
ufacturing of hybrid metal-polymer and metal-ceramic assemblies used in lightweight
structural components, industrial housings, and functional elements requiring reliable
adhesive bonding. The approach enables improved joint performance without additional
mechanical fasteners and is compatible with automated laser processing systems used in
industrial production environments.

Abstract

Laser surface microtexturing has emerged as an effective approach for improving the
performance of adhesive joints between dissimilar materials. In this study, the influence
of laser-generated micrometric surface features on the mechanical behavior of hybrid
adhesive joints was investigated for two material systems: structural steel bonded to
polyamide (PA66) and structural steel bonded to technical ceramic (Al,O3). Single-lap
joints were manufactured using a two-component epoxy adhesive with two nominal bond-
line thicknesses (0.1 mm and 1.0 mm). Prior to bonding, selected surfaces were modified
by ultrashort-pulse laser microtexturing, producing well-defined circular features with
characteristic depths on the order of tens of micrometers. The resulting microstructures
were characterized using optical and scanning electron microscopy, and their geometric
parameters were quantified through profilometric measurements. Mechanical performance
was evaluated under shear and bending loading conditions. The results demonstrate a
substantial increase in joint strength for laser-microtextured surfaces compared with non-
textured references for both material combinations. The effect of surface microtexturing
was more pronounced than the influence of adhesive layer thickness within the investigated
range. These findings confirm that laser-induced surface microtexturing is a versatile and
application-oriented surface preparation method capable of enhancing the reliability of
adhesive bonding in hybrid metal-polymer and metal-ceramic assemblies.
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1. Introduction

Hybrid material assemblies combining metals with polymers or ceramics have become
an integral part of modern industrial manufacturing, driven by the need for lightweight
design, functional integration, and improved performance under demanding service con-
ditions. In automotive and transport applications, metal-polymer joints are increasingly
used in brackets, housings, and auxiliary structural components to reduce mass and elimi-
nate stress concentrations associated with mechanical fasteners. Similarly, metal-ceramic
assemblies are employed in industrial devices where ceramics provide electrical insulation,
wear resistance, or thermal stability, while metallic components ensure mechanical load
transfer and structural integrity [1,2].

Adhesive bonding is particularly attractive for such hybrid structures because it
enables uniform stress distribution, joining of thin-walled components, and compatibility
with dissimilar materials that are difficult to weld or mechanically fasten. However, the
reliability of adhesive joints strongly depends on surface preparation and process-related
parameters, including adhesive selection and bond-line thickness. In dissimilar material
systems, limited wetting and insufficient mechanical anchoring at the interface often govern
joint failure, highlighting the need for surface engineering approaches that are both effective
and compatible with industrial manufacturing constraints [3-13].

Laser-induced surface microtexturing has emerged as a versatile method for tailoring
surface topography prior to adhesive bonding. Compared with conventional mechanical
or chemical treatments, laser processing enables localized, tool-less, and programmable
modification of surface features, supporting automation and high repeatability in manu-
facturing environments. The use of ultrashort laser pulses further allows precise material
removal with limited thermal influence on the surrounding material, which is particularly
relevant for hybrid joints involving polymers or ceramics. From an application-oriented
perspective, laser surface texturing must nevertheless be evaluated with respect to process-
ing efficiency, energy demand, and potential near-surface effects such as residual stresses,
all of which depend on the selected parameter window and material combination [14-25].
In this context, references [14-17] illustrate how laser-generated periodic or hierarchical
structures can be used to tailor surface roughness and wettability, providing a physical
basis for controlling interfacial phenomena. References [18,19] address the efficiency and
process windows of laser-based patterning strategies, which is directly relevant for the
practical implementation of surface texturing in industrial environments. Studies [20-25]
demonstrate that laser-induced surface structures can significantly enhance adhesion and
joint strength, and they highlight the critical role of texture geometry, roughness level, and
material pairing in determining the final performance of adhesive joints.

The strengthening of adhesive joints achieved through laser surface texturing is com-
monly attributed to enhanced mechanical interlocking, resulting from adhesive penetration
into microgrooves and cavities, as well as to modified interfacial conditions that pro-
mote adhesion. Previous studies on dissimilar material joining—especially metal-polymer
systems—have demonstrated that joint performance is sensitive not only to the presence of
surface features but also to their geometry, spatial distribution, and the applied loading
mode. Consequently, application-relevant investigations should address joint behavior
under different mechanical loads while considering manufacturing parameters such as ad-
hesive layer thickness [14-25]. However, the literature does not provide a single universal
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set of optimal texture parameters. Reported beneficial ranges of feature depth, spacing, and
area coverage vary significantly with the substrate material, adhesive system, and loading
mode, which makes it difficult to define global optimum values. In this context, the present
study focuses on a well-defined micrometric circular texture and compares textured and
non-textured joints under shear and bending, rather than attempting to identify universally
optimal microtexture parameters.

Recent reviews on laser surface texturing for adhesive bonding and related interfa-
cial engineering further highlight the diversity of texture geometries, material combina-
tions, and process strategies investigated to date [25]. However, there remains a need for
application-oriented studies that directly compare laser-microtextured and non-textured
hybrid joints under different loading modes and adhesive layer thicknesses for specific
industrially relevant material pairings.

In our earlier studies [26-29], we demonstrated that laser-shaped surface microstruc-
tures can significantly increase the strength of adhesive joints and that the magnitude of this
improvement depends on microtexture geometry and material pairing. Building on this
research line, the present work focuses on two industrially relevant hybrid joints: structural
steel (S355]JR) bonded to polyamide (PA66) and structural steel bonded to technical ceramic
(AlO3). Lap joints were selected to reflect an industry-driven joint configuration commonly
used in practical assemblies. The influence of a laser-generated circular microtexture and
two adhesive layer thicknesses (0.1 mm and 1 mm) on joint performance is evaluated under
shear and bending loading conditions [30-33].

The main contributions of this study are as follows:

(i) A quantitative comparison of laser-microtextured and non-textured interfaces for
steel-PA66 and steel-Al,O3 lap joints under shear and bending loads;

(ii) An application-oriented assessment of adhesive layer thickness as a technological
parameter influencing joint performance;

(iii) Experimental confirmation that the applied laser processing parameters enable effec-
tive surface microtexturing without inducing cracking in the investigated materials;

(iv) In contrast to more generic studies on laser-induced roughening, the present work
focuses on a well-defined circular microtexture and directly compares its effect
on two distinct hybrid joints (steel-PA66 and steel-Al,O3) under both shear and
bending loads.

From an application perspective, the presented approach is relevant to hybrid as-
semblies used in lightweight structural components, industrial housings, and functional
elements where reliable adhesive bonding of dissimilar materials is required without intro-
ducing additional fasteners or complex interlayers. The investigated laser-based surface
microtexturing strategy is compatible with automated manufacturing environments and
can be adapted to different material combinations and joint geometries. In this context, the
following section describes the materials, laser processing parameters, joint configuration,
and experimental procedures employed to evaluate the influence of surface microtexturing
and adhesive layer thickness on joint performance [34—43].

2. Materials and Methods

2.1. Materials and Specimen Geometry

Structural steel S355JR (according to EN 10025-2, Metinvest Polska, Katowice,
Poland) [44,45], polyamide PA66 (PLASTEM, ZDUNSKA WOLA, Poland) [46], and tech-
nical ceramic Al,O3 (INN-THERM, Trzcianka, Poland) were used to manufacture hybrid
adhesive joints. The specimens were designed as single-lap joints with a nominal overlap
length of 12 mm and a specimen thickness of 3 mm, as shown in Figure 1. This joint config-
uration reflects an industry-driven design commonly used in practical hybrid assemblies.

https:/ /doi.org/10.3390/app16063010


https://doi.org/10.3390/app16063010

Appl. Sci. 2026, 16, 3010 40f18

The chemical composition and mechanical properties of the structural steel are summarized
in Tables 1 and 2, respectively.

Figure 1. Single-lap joint geometry and dimensions used in this study; 1—laser-textured overlap
region; 2—gripping region for mechanical testing (all dimensions in mm).

Table 1. Chemical composition of S355]Rsteel [44,45].

C Mn Si P S Cu N Cr Ni Mo V Nb Ti Al

Max 0.24 Max 1.6 Max 0.55 Max0.035 Max0.035 Max0.55 Max0.012 - - - - - - -

Table 2. Mechanical properties of S355]R steel [44,45].

Tensile Strength (R, MPa)  Yield Strength (R., MPa)  Elongation (A80 mm, %)

1 >
470-630 >355 l(:ngltudmal samples > 22
ransverse samples > 20

2.2. Adhesive System

A two-component epoxy adhesive (MULTIBOND-1101, Multibond Sp. z o.0., L6dZ,
Poland) [47] was used for all joints. Two nominal adhesive layer thicknesses were inves-
tigated: 0.1 mm and 1.0 mm. The adhesive was cured for 24 h under ambient laboratory
conditions, in accordance with the manufacturer’s recommendations. The main properties
of MULTIBOND-1101 are shown in Table 3 [47].

Table 3. Key properties of the MULTIBOND-1101 epoxy adhesive (manufacturer data) [47].

Property Value Unit
Viscosity 10,600 (component A) mPa-s
(before it hardens) 6300 (component B)
Specific weight in 25 °C 1.16 (component A) /mL
(before it hardens) 0.98 (component B) &
Shear strength in tensile 26.0 (metals) N/ 2
loading (after it hardens) 7.0 (plastics) mm
Peel-off resistance
(after it hardens) 50 N/mm
Working temperature range —60 + +100 °C

2.3. Laser Surface Microtexturing

Laser surface microtexturing was performed using an ultrashort-pulse laser sys-
tem (TruMicro 5325c, TRUMPEF, Ditzingen, Germany) operating at a wavelength of
343 nm with a pulse duration of 6.2 ps, an average power of 5 W, and a pulse energy of
12.6 pJ. Beam positioning was achieved using a galvanometer scanning head (intelliSCAN
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14, SCANLAB GmbH, Puchheim, Germany). The repetition rate was set to 200 kHz for
S355]R steel and 100 kHz for PA66 and Al;O3. The laser spot diameter on the sample
surface was approximately 40 um when using a 160 mm focal length F-Theta lens (intelliS-
CAN 14, SCANLAB GmbH, Puchheim, Germany). The beam scanning speed was set to
150 mm /s for S355]R, 500 mm /s for PA66, and 250 mm /s for Al,O3. No line-to-line overlap
was applied, and the parameters were selected to ensure stable ablation and consistent
formation of the circular microtexture. The laser beam was incident perpendicularly to the
sample surface. The laser beam was linearly polarized in all processing conditions. A raster
scanning strategy was used to generate the circular microtexture. Laser microtexturing of
the steel specimens was performed in an argon shielding atmosphere with a continuous
gas flow to stabilize the ablation process and minimize oxidation. In contrast, PA66 and
Al,O3 were processed in ambient air, which effectively facilitated the removal of ablated
material from the interaction zone.

For each investigated material, the number of raster scans was selected experimentally
to achieve stable ablation and reproducible microtexture formation. Several geometric
variants were evaluated during the broader research project, while the present study
focuses on the representative microtexture parameters listed in Table 4. The pulse duration,
wavelength, average power, pulse energy and spot size were identical for all materials,
while the repetition rate and scanning speed were adjusted individually for steel, PA66 and
Al,O3 as specified above. A schematic of the laser processing setup is shown in Figure 2.
In all joint configurations, both adherends were laser-textured within the overlap region.
Only the reference samples were bonded without any surface texturing. Reference samples
underwent the same cleaning procedure as the textured specimens. Prior to bonding, the
surfaces were degreased with ethanol, dried with warm air, and handled under identical
ambient laboratory conditions. No laser processing was applied to these samples.

Table 4. Measured geometric parameters of a representative laser-generated microtexture element.

The Measured Value Unit of Measurement Measurement Value
Height pm 92.448
Width pm 919.305
Volume um?3 3.42 x 108
Resonator
Cooler
Drive
Laser

Suction System Gas Shield System

PC-2 PC-1
4[ —= —

Figure 2. Schematic of the laboratory setup used for laser surface microtexturing (TruMicro 5325¢
with galvanometer scanning head).

Prior to processing, specimen surfaces were degreased with ethanol and dried with
warm air. All samples were stored under ambient laboratory conditions (22-24 °C,
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40-50% RH) prior to laser texturing. After laser processing, the samples were cleaned
in an ultrasonic bath using ethanol followed by deionized water.

Two types of microstructures were generated within the overlap area: parallel mi-
crogrooves oriented perpendicular to the loading direction and a circular microtexture. The
parallel grooves were produced with an average spacing of approximately 80 um and an
average depth of about 30 pm. The circular microtexture covered approximately 50% of the
bonding surface, with a characteristic diameter of about 1 mm and an average depth of
approximately 90 um. The density and distribution of the microstructures were selected
based on empirical optimization performed in previous studies by the authors [26-29].
After laser machining and cleaning, the samples were stored under ambient laboratory
conditions (22-24 °C, 40-50% RH) for less than 24 h before adhesive bonding, consistent
with observations on the stabilization of laser-structured surfaces reported in [48].

The circular microtexture was selected as a representative geometry providing a
balance between pronounced mechanical interlocking and feasible processing time. The
feature diameter (~1 mm), depth (~90 um), and areal coverage (~50% of the overlap region)
were chosen based on preliminary trials and previous studies by the authors [26-29], which
indicated that such dimensions promote adhesive penetration and load transfer without
inducing cracking or excessive stress concentration in the substrates.

2.4. Joint Fabrication and Bond-Line Thickness Control

After laser processing and cleaning, lap joints were fabricated using a dedicated fixture
enabling simultaneous assembly of five specimens. Both adherends were positioned in
the fixture after laser texturing. Bond-line thickness was controlled using spacer inserts
providing nominal thicknesses of 0.1 mm and 1.0 mm. After adhesive application and
assembly, the joints were maintained in the fixture under pressure until full curing. The
fixture used for joint assembly and bond-line thickness control is shown in Figure 3. Figure 3
presents photographs of the specimens during the subsequent stages of the bonding
process using the dedicated fixture that stabilizes the relative position of the adherends.
In Figure 3A, the first adherend is positioned and fixed in the holder; in Figure 3B, the
spacer insert is placed between the adherends and the adhesive is applied; in Figure 3C, the
second adherend is positioned against the spacer and clamped in the overlap region. The
fixture allows simultaneous bonding of five specimens, while the spacer insert ensures the
nominal adhesive layer thickness (0.1 or 1.0 mm). After adhesive application, the specimens
remained immobilized in the fixture until full curing (approximately 24 h, according
to the manufacturer’s recommendations). The selected nominal bond-line thicknesses
of 0.1 mm and 1.0 mm reflect two application-relevant extremes: a thin adhesive layer
representative of high-precision assemblies and a thicker layer representative of industrial
joints with higher tolerance requirements. The actual bond-line thickness was verified on
representative cross-sections prepared from additional specimens, confirming deviations
below 40.02 mm for the 0.1 mm configuration and below +0.05 mm for the 1.0 mm
configuration. These tolerances are consistent with the mechanical fixture design and ensure
that the observed differences in joint performance are not attributable to uncontrolled
variations in adhesive thickness.

In the schematic shown in Figure 3D, elements (1) and (3) represent the laser-textured
adherends, (2) denotes the adhesive layer, and (4) indicates the textured overlap region on
both bonded surfaces. The arrows illustrate the applied clamping pressure. The fixture was
designed to accommodate different adhesive layer thicknesses as well as variations in the
size and geometry of the joined components.
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Figure 3. Dedicated fixture for lap-joint assembly and bond-line thickness control: (A) positioning of
the first adherend; (B) adhesive application with spacer insert; (C) positioning of the second adherend
and clamping during curing; and (D) the schematic of the joint showing the textured area and
applied pressure.

2.5. Mechanical Testing

Mechanical tests were carried out using a universal testing machine (Instron 4502,
Norwood, MA, USA). The specimens were prepared and tested in accordance with the
general requirements of the PN-EN ISO 6892-1 standard [49,50], adapted for adhesive lap
joints. Joint performance was evaluated under shear and bending loading conditions. For
each variant, five specimens were tested. The maximum force at failure was determined for
each specimen, and the values reported in the results correspond to the arithmetic mean of
these five measurements.

All mechanical tests were performed under displacement control. For the shear tests,
a constant crosshead speed of 1 mm/min was applied. The bending tests were carried
out in a three-point configuration, with the load applied at a single central point and the
supports positioned symmetrically at the specimen ends. In the bending setup, the steel
adherend was located on the tensile side of the joint, while the PA66 or Al,O3 adherend
was subjected to compression. This configuration was selected to reflect typical loading
conditions in hybrid structural components.

3. Results

Laser surface microtexturing was applied to the overlap region of the specimens
prior to bonding. Representative views of the resulting surface features on steel and
ceramic are shown in Figure 4 (HIROX KH-8700 digital microscope, Hirox Co., Ltd.,
Tokyo, Japan) and Figure 5 (JEOL 7100f scanning microscope, JEOL Ltd., Tokyo, Japan),
respectively. The images are representative and intended to illustrate the morphology of the
circular microtexture.
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(b)

Figure 4. (a) Representative optical microscope image of a single laser-generated circular microtexture
element on the steel surface, shown in pseudocolor to highlight its topographical relief (HIROX KH-
8700). (b) Optical microscope view of a textured region within the overlap area, illustrating the spatial
distribution and uniformity of the circular microtexture pattern (HIROX KH-8700).

Due to the different material response during ablation, the ceramic surface exhibits a
distinct morphology compared with steel. The SEM image is representative and intended
to illustrate the morphology of the microtexture on Al,Os. The quantitative geometric
parameters used in the analysis were obtained from profilometric measurements (Table 4),
as the ablation footprint naturally differs between materials due to their distinct optical
and thermal properties.
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Figure 5. (a) SEM image of a single laser-generated circular microtexture element on the Al,O3
ceramic surface, showing the characteristic topography of the ablated region (JEOL JSM-7100F).
(b) SEM view of a representative textured area within the overlap region, illustrating the spatial
distribution and uniformity of the circular microtexture pattern JEOL JSM-7100F).

3.1. Microtexture Geometry and Surface Characterization

To quantify the geometric characteristics of the laser-generated microtextures, selected
surface features were analyzed using optical and scanning electron microscopy. The mea-
surements focused on characteristic dimensions of individual texture elements, providing
a quantitative basis for correlating surface morphology with joint performance.

The values reported in Table 4 correspond to representative measurements of individ-
ual texture elements. Multiple features were inspected to confirm repeatability; however, a
full statistical analysis of measurement uncertainty was not included in the present study.

The images presented in Figures 4-7 are representative and intended to illustrate
the morphology of the microtexture. All quantitative geometric parameters used in the
analysis were obtained from profilometric measurements (Table 4). Profilometric data were
extracted using the built-in measurement software (V_8.01) of the HIROX KH-8700 system.
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(b)

Figure 6. (a) Transverse profile of a single laser-generated circular microtexture element on the steel
surface, extracted using the built-in measurement software of the HIROX KH-8700 digital microscope.
(b) Three-dimensional reconstruction and volume estimation of the same microtexture element,
obtained from the profilometric dataset acquired with the HIROX KH-8700 system.

250

200

150

50 / N 2

o0

0 200 400 600 800 1,000 1,200 1,400

Figure 7. Cross-sectional profile of a representative laser-generated circular microtexture element,
obtained from the profilometric dataset acquired with the HIROX KH-8700 digital microscope. The
profile illustrates the characteristic depth and shape used for geometric evaluation.

The measurements indicate that the laser-generated microtexture exhibits well-defined
and repeatable geometric features. The characteristic height and width of individual

https:/ /doi.org/10.3390/app16063010


https://doi.org/10.3390/app16063010

Appl. Sci. 2026, 16, 3010

11 0f 18

texture elements confirm the formation of pronounced surface relief, while the measured
volume reflects the material removal achieved during laser processing. These geometric
characteristics are expected to promote mechanical interlocking between the adhesive and
the textured surface, contributing to enhanced joint performance. At higher magnification,
local nanometric ripples (LIPSS) may be present on the ablated surfaces; however, these
features were not systematically analyzed in this study, and the present work focuses on
the dominant micrometric topography. Although Ra was not measured directly, the peak-
to-valley height estimated from the false-color topography in Figure 4 is approximately
20-40 pm, which is consistent with the simulated values reported in [51]. In addition
to topographical modification, laser processing also influenced the wetting behavior of
the investigated materials. For example, the contact angle on S355JR increased from
92° (reference) to values between 108° and 136° depending on the microtexture geometry,
while Al,O3 showed a decrease from 54° (reference) to 50-75° for most patterns. These
results confirm that laser texturing modifies both surface morphology and surface energy,
which may additionally contribute to improved adhesion.

3.2. Mechanical Performance of Adhesive Joints

The mechanical performance of the adhesive joints was evaluated under shear and
bending loading conditions. The influence of laser surface microtexturing and adhesive layer
thickness on joint strength was assessed for steel-PA66 and steel-Al,O3 material combinations.

As shown in Figures 8 and 9, laser surface microtexturing leads to a pronounced
increase in the maximum shear force for both investigated material combinations. The
effect is observed for both adhesive layer thicknesses, indicating that surface condition
plays a dominant role in joint performance under shear loading. The corresponding average
values of the maximum shear force are summarized in Table 5.

$355-Al,0,
600

550
500
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400

The average value of the joint

breaking force, N
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300

- Without micropattern
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Figure 8. Cont.
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Figure 8. (a) Maximum shear force of the S355-Al,O3 adhesive joints without laser-generated
microtexture, shown for different surface conditions and adhesive layer thicknesses. (b) Maximum
shear force of the S355-Al,03 adhesive joints with laser-generated circular microtexture, presented
separately for adhesive layer thicknesses of 0.1 mm and 1 mm to illustrate the influence of bondline
thickness on joint performance.

Table 5. Average values of the maximum shear force required to break the adhesive joints.

The Shear Force [N]
Without Micropattern ~ With Micropattern and 0.1 mm of Glue  With Micropattern and 1 mm of Glue

5355-Al,03 447 1857 2006
5355-PA66 504 1764 1857

Joint Type

The results indicate a substantial increase in shear strength for joints manufactured
on laser-microtextured surfaces compared with non-textured references. For both material
combinations, higher shear forces were recorded for textured specimens, with a moderate
influence of adhesive layer thickness observed within the investigated range.

Figures 10 and 11 present the maximum bending force required to cause joint failure.
Similarly to the shear tests, laser-microtextured surfaces exhibit significantly higher bending
strength compared with non-textured references for both material systems.

Table 6. Average values of the maximum bending force required to break the adhesive joints.

The Bending Force [N]
Without Micropattern With Micropattern and 0.1 mm of Glue =~ With Micropattern and 1 mm of Glue

5355-Al,03 15.55 91.33 97.66
5355-PA66 23.2 52.7 54.7

Joint Type

Similar trends were observed under bending loading conditions. Laser surface micro-
texturing resulted in a pronounced increase in the bending force required to cause joint
failure for both material combinations. The effect of adhesive layer thickness was less
pronounced than the influence of surface texturing.
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Figure 9. (a) Maximum shear force of the S355-PA66 adhesive joints without laser-generated mi-
crotexture, shown for different surface conditions and adhesive layer thicknesses. (b) Maximum
shear force of the S355-PA66 adhesive joints with laser-generated circular microtexture, presented
separately for adhesive layer thicknesses of 0.1 mm and 1 mm to illustrate the influence of bondline
thickness on joint performance.

Average values of the maximum bending force obtained for the tested joints are listed
in Table 6.

$355-Al1,0,

The average value of the joint

breaking force, N

B Without micropattern
P

(a)
$355-A1,0,
105
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The average value of the joint

breaking force, N

B ith micropattern and 0.1mm of glue [Hl With micropattern and 1 mm of glue

(b)

Figure 10. (a) Maximum bending force of the S355-Al,O3 adhesive joints without laser-generated
microtexture, shown for different surface conditions and adhesive layer thicknesses. (b) Maximum
bending force of the S355-Al,O3 adhesive joints with laser-generated microtexture, presented sep-
arately for adhesive layer thicknesses of 0.1 mm and 1 mm to illustrate the influence of bondline
thickness on joint performance.
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Figure 11. (a) Maximum bending force of the S355-PA66 adhesive joints without laser-generated
microtexture, shown for different surface conditions and adhesive layer thicknesses. (b) Maximum
bending force of the S355-PA66 adhesive joints with laser-generated microtexture, presented sep-
arately for adhesive layer thicknesses of 0.1 mm and 1 mm to illustrate the influence of bondline
thickness on joint performance.

4. Discussion
4.1. Effect of Laser Surface Microtexturing on Joint Performance

The results clearly demonstrate that laser surface microtexturing significantly enhances
the mechanical performance of adhesive joints for both investigated material combina-
tions [52-55]. The presence of well-defined micrometric microstructures on the bonding
surfaces promotes mechanical interlocking between the adhesive and the substrate, which
is reflected in increased shear and bending forces at failure. While additional effects related
to laser-induced changes in surface chemistry cannot be excluded, the present study was
designed and interpreted primarily in terms of micrometric topography. In particular,
ultrashort-pulse laser processing may locally modify oxide layer thickness, surface energy,
and wetting behavior, as also suggested by the contact angle changes reported in Section 3.1.
However, a detailed chemical or spectroscopic analysis was beyond the scope of this work,
and the present interpretation focuses on the dominant contribution of micrometric surface
relief and mechanical interlocking. This trend is particularly evident when comparing the
textured joints with the reference samples, where the absence of microstructures results in
substantially lower shear and bending strength. This effect is consistent with the geometric
characteristics of the microtextures described in Section 3.1, where pronounced surface
relief and repeatable feature dimensions were observed.

In the present study, the focus was placed on a controlled circular microtexture rather
than on uniformly laser-roughened surfaces. Although uniform laser roughening can also
increase surface area and roughness, our previous exploratory trials indicated that discrete,
well-defined microfeatures provide a more direct link between texture geometry and joint
performance, which motivated the choice of the patterned microtexture investigated here.

https:/ /doi.org/10.3390/app16063010


https://doi.org/10.3390/app16063010

Appl. Sci. 2026, 16, 3010

15 of 18

4.2. Influence of Adhesive Layer Thickness

Within the investigated range, the influence of adhesive layer thickness on joint
strength was less pronounced than the effect of surface microtexturing [23-28,35-37].
Although differences between the 0.1 mm and 1.0 mm adhesive layers were observed,
the overall trends indicate that surface condition plays a dominant role in determin-
ing joint performance. The influence of adhesive layer thickness was comparatively
minor, indicating that microtexture-induced mechanical interlocking plays a more de-
cisive role than the nominal bond-line thickness. From a practical perspective, this sug-
gests that laser surface preparation may offer greater performance gains than increasing
adhesive consumption.

4.3. Comparison with Previous Studies

The observed improvement in joint performance is in good agreement with previous stud-
ies reporting enhanced adhesion due to laser-induced surface structuring
[26,27,30,37,38]. Similar trends have been reported for metal-polymer systems, where micro-
and nano-scale surface features were shown to improve mechanical interlocking and joint
strength. Recent investigations also emphasize that the effectiveness of laser surface treatment
depends on both texture geometry and loading mode, which is consistent with the present
findings for shear and bending conditions. The results obtained in this study further extend
these observations to metal-ceramic joints, highlighting the versatility of laser-based surface
engineering for hybrid assemblies.

4.4. Application-Oriented Implications and Limitations

From an application-oriented perspective, the presented results indicate that laser sur-
face microtexturing can be effectively used to improve the performance of hybrid adhesive
joints without introducing additional mechanical fasteners or complex interlayers. The
applied processing strategy is compatible with automated laser systems and can be adapted
to different material combinations and joint geometries. At the same time, the study is
limited to static loading conditions and selected texture geometries. Further investigations
addressing fatigue behavior, environmental durability, and alternative microtexture de-
signs are required to fully assess the long-term performance of such joints in industrial
applications. Future work may also explore process acceleration through multi-spot beam
shaping, as discussed in recent reviews on laser spatial beam shaping [51].

5. Conclusions

This study demonstrates that laser-induced surface microtexturing is an effective
method for enhancing the mechanical performance of adhesive joints between dissimilar
materials. Based on the experimental results obtained for steel-PA66 and steel-Al,O3 lap
joints, the following conclusions can be drawn:

1. Laser surface microtexturing leads to a substantial increase in both shear and bend-
ing strength compared with non-textured reference surfaces for both investigated
material combinations.

2. The improvement in joint performance is consistent with the formation of well-defined
and repeatable microstructures, which promote mechanical interlocking between the
adhesive and the textured substrate.

3. Within the investigated range, the influence of adhesive layer thickness is less pro-
nounced than the effect of surface microtexturing, indicating that microtexture-induced
mechanical interlocking plays a more decisive role than the nominal bond-line thickness.
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4. The applied ultrashort-pulse laser processing parameters enabled the generation of
stable microtextures without inducing cracking or thermal damage, confirming the
suitability of this approach for hybrid metal-polymer and metal-ceramic assemblies.

Overall, the results highlight the potential of laser surface microtexturing as a ro-
bust and application-oriented surface preparation method for improving the reliability of
adhesive bonding in lightweight structural components and functional hybrid assemblies.
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