RESEARCH ARTICLE

W) Check for updates

I
\N_S; Macromolecular Symposia

www.ms-journal.de

A Preliminary Study on Fatigue Behavior of Aluminum
Single-Lap Joints Subjected to Laser Surface Treatments

Claudio Leone, Davide Morello,* Ciro Coscione, Giuseppe Lamanna, and Silvio Genna

The study deals with the effects of laser surface treatments on the fatigue
behavior of adhesive-bonded aluminum joints. Laser texturing, laser cleaning,
and their combination are produced by adopting a 30 W nanosecond pulsed
Yb:YAG laser. Parallel grooves, perpendicular to the load direction, varying in
depth, width, and areal density are adopted as textured geometrical features.
To assess the performance of laser treatments a central composite design
(CCD) experimental plan is adopted to evaluate the apparent shear strength of
single-lap joint test (ASTM D1002-10). Then, for the more promising
treatment conditions, fatigue tests are carried out according to the ASTM
D3166-99 standards, and cycles to failure are adopted to quantify the
treatments. In addition, mechanical surface treatment (sandpaper polishing)
is adopted as a reference treatment. Findings demonstrate that laser
treatments significantly enhance the fatigue life of the joints (up to six times),
offering a promising alternative to traditional mechanical methods.

surface modification, such as laser tex-
turing and cleaning, have become signif-
icant alternatives. Laser texturing involves
creating specific patterns, such as dim-
ples or grooves, arranged in configurations
like grids or lines. This method enhances
the surface area and improves mechanical
interlocking capabilities. Meanwhile, laser
cleaning focuses on eliminating thin sur-
face layers to reveal a renewed, uncontam-
inated substrate. This approach offers fine-
tuned control over the removal process, al-
lowing the removal from a few microns
to about a millimeter.®’] Recent research
has compared the performance of various
surface preparation techniques, including
laser texturing, to enhance adhesive bond-

1. Introduction

Adhesive joining techniques are adopted as a substitute for tra-
ditional mechanical joining methods in structural applications
since their advantages, such as improved stress distribution,
reduced weight, vibration damping, enhanced acoustic perfor-
mance, and increased resistance to corrosion.'! However, to
achieve the optimal bonding strength, an adequate surface prepa-
ration treatment is required. Commonly, mechanical and chem-
ical ones, performed on the adherent’s surfaces, have been used
to enhance mechanical interlocking, promote chemical bonding
and improve their wettability.!>>] Recently, laser techniques for
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ing on similar and dissimilar materials.[312]

These studies demonstrated that laser tex-

turing can significantly improve the surface
wettability of the adherents, promoting cohesive failure within
the joint, and thereby improving bonding performance com-
pared to mechanical and chemical treatments. Among the in-
vestigated texturing geometries, parallel grooves perpendicular
to the load application were identified as one of the most effec-
tive for enhancing adhesion in single-lap joints.>!>14l While the
static strength of the pretreated adhesive joints has been exten-
sively studied, particularly in single-lap joint configurations, a
critical research gap remains in understanding the fatigue behav-
ior of such joints under cyclic loading. Concerning the fatigue be-
havior and failure mechanism of similar and dissimilar adhesive
joints (Al-Al, CFRP-CFRP, and Al-CFRP combinations), Zhang
et al. show that the similar material joints are characterized by
adhesive failure, while the substrate stiffness influences the frac-
ture initiation and propagation.[*®! By studying the influence of
different surface treatments, including blasting and atmospheric
pressure plasma irradiation, on the static and fatigue strengths
of adhesively bonded steel joints, it was found that blasting treat-
ment enhances static and fatigue strengths by creating surface as-
perities and improving adhesive interlocking. Conversely, plasma
irradiation reduces the contact angle by cleaning the surface
but does not enhance mechanical strength.['] The possibility to
adopt laser treatment to enhance the fatigue strength of adhesive
joint emerged as a prominent alternative (V7] The authors studied
the mode I fatigue crack growth of aluminum bonded joint. The
adherents (AA 6082 T4 — DCB specimen) were laser treated, grit
blasted and degreased before the bonding. The result showed that
the laser treatment improves joint strength under cyclic fatigue
loading. Moreover, the role of laser patterning preprocessing in
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Figure 1. Schematic of the single lap joint.

enhancing the fatigue strength of adhesively bonded joints was
examined. Two types of laser strategy were adopted by changing
the irradiation energy: laser textured geometry and laser clean-
ing. Comparative tests, including static and fatigue, showed sub-
stantial strength improvements for the joints treated with laser
patterning compared to untreated ones. Among the tested config-
urations, the cleaning pattern, which thoroughly removes weak
surface layers, demonstrated the best fatigue performance. How-
ever, in the authors’ knowledge, different texturing patterns and a
combination of texturing and cleaning weren’t evaluated.['®] The
present paper aims to investigate the effect of laser surface treat-
ments on the fatigue behavior of adhesive-bonded aluminum
single-lap joints and compare the results over sandpaper adopted
as a reference. Laser texturing, laser cleaning, and a combina-
tion of the two processes were carried out by adopting a 30 W
nanosecond pulsed Yb:YAG laser source. The adopted texture ge-
ometries were characterized by parallel grooves (perpendicular to
the load direction) with different depth, width and textured areal
density. To assess the performance of laser treatments a central
composite design (CCD) experimental plan was adopted to eval-
uate the apparent shear strength of single-lap joint test (ASTM
D1002-10). Then, for the best treatments, fatigue tests were car-
ried out according to the ASTM D3166-99 Standards, and cycles
to failure were adopted to quantify the treatment behaviors. Re-
sults showed that, compared to the sandpaper treatment, laser
texturing allows a fatigue life increase of up to six times.

2. Materials, Equipment, and Experimental
Procedures

2.1. Materials

The single-lap joints were built up according to the ASTM
D1002-10 Standard.[®! The adherents’ adopted material was the
aluminum alloy Al6082-T06, which was assembled by Araldite
420 A/B epoxy adhesive.?) Test specimens with dimensions of
25 mm X 70 mm in-plane and a thickness of 3 mm were adopted.
The samples underwent ultrasonic cleaning in acetone before be-
ing subjected to laser surface treatment. After the joining, the
samples were subjected to post-curing at 60°C for 6 h. The ge-
ometry of the single-lap joint is depicted in Figure 1.

2.2. Laser Equipment

The surface treatments were conducted using a 30 W MOPA and
Q-switched Yb:YAG fiber laser system (IPG, model YLP-RA 30-1-
50-20-20) operating at a wavelength of 1064 nm. The laser source
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was equipped with a two-axis Galvo scan head (manufactured by
LASIT), and a 160 mm “flat field lens” resulting in an 80 um beam
spot diameter. The laser allows the generation of pulses with a du-
ration of 50 ns, in a frequency range of 30-80 kHz, corresponding
to a maximum pulse power (Pp), and pulse energy (Ep) of 20 kW
and 1 m], respectively.l’]

2.3. Experimental Procedures

The study was divided into two parts. In the first part, single lap
joints were realized with different settings and tested under static
conditions to identify the best process parameters for the laser
treatments. In detail, a four-factor and two-level central compos-
ite designs (CCD) experimental plan was adopted and executed
to evaluate the effects of: the treatment method (either laser tex-
turing alone or combined with laser cleaning), the groove di-
mensions (width and depth), and the percentage of the textured
area (which represents the ratio between the textured and un-
textured areas). Table 1 shows the adopted plan and sample code.
The adopted texturing geometry was characterized by parallel line
grooves (perpendicular to the load direction) since it has a good
strength performance according to the main bibliography.(51314
All the tests were executed by fixing the laser power (30W) and the
pulse frequency (f= 30 kHz), which correspond to the maximum
Ep (1 m]), the distance between the adjacent lines (Hd = 40 ym),
and the scanning speed (Ss = 1000mm/s). Thus, the groove di-
mensions were varied by changing the number of parallel lines
(L =2, 4, and 6), and the number of repetitions (R = 20, 40,
and 60), while the areal density (Ad%) was controlled by chang-
ing the distance between grooves (D). The process parameters
adopted to execute the laser cleaning process were selected based
on prior experimental knowledge.”?!l They are Ss = 3000 mm/s,
Pa =24 W, Ep = 0.4 m], f= 60 kHz, Hd = 50 um, and R = 1.
This treatment produced a smooth surface texture characterized
by overlapped dimples, 100 pm in diameter, arranged in a quin-
cunx pattern. Figure 2 illustrates a schematic of the laser treat-
ments. In addition to the laser-cleaned samples (C), other sur-
face treatments were performed for comparison. These included
samples abraded with 120-mesh sandpaper (SP), following the
adhesive manufacturer’s recommendations, untreated samples
cleaned using an ultrasonic (US) bath with acetone, referred to as
“as-built” samples (AB) and only laser-cleaned (C) samples. For
each condition, no less than three samples were prepared and
subjected to testing.

The joints were produced and tested according to a modified
version of ASTM D1002-10. The tests were performed using a
universal testing machine (MTS INSIGHT 5) equipped with a
50 kN load cell, at a displacement rate of 1.27 mm/min.

The second part of the activity aims to study the fatigue behav-
ior of laser treatment over reference ones (SP and LC treatments).
From the results of the lap shear test (see chapter 3.1), laser tex-
tured surface LT6, LT7 and laser textured plus laser cleaned ones
LTC6 and LTC7 were chosen for the fatigue test, because of their
higher shear strength and failure propagation energy over the
tested ones. Moreover, the laser cleaning treatment (LC) and the
sandpaper one (SP) were added to the tests as a standard refer-
ence. The fatigue tests were performed in load control, under si-
nusoidal waveform, with a stress ratio of R= 0.1, and a frequency
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Table 1. Central Composite Designs (CCD) experimental plan.
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Sample code Texture type Width [um] Depth [um] Ad% LC
Posttreatment

LT1 (LTCT) LT 143 56 20 No (Yes)
LT2 (LTC2) T2 305 56 20 No (Yes)
LT3 (LTC3) LT3 143 109 20 No (Yes)
LT4 (LTC4) LT4 305 109 20 No (Yes)
LTS (LTCS) LTS 227 84 35 No (Yes)
LT6 (LTC6) LT6 143 56 50 No (Yes)
LT7 (LTC7) LT7 305 56 50 o (Yes)
LT8 (LTC8) LT8 143 109 50 No (Yes)
LT9 (LTC9) LT9 305 109 50 No (Yes)
AB - As-built 4 acetone cleaning in US bath No

SP - Sandpaper treatment No

LC - Laser Cleaning Yes

™\, Galvo scan

head

Laser source

Flat field lens

Figure 2. Schematic of the surface treatments.

Table 2. Factor information one-way ANOVA: cycles versus treatment.

Factor Levels Values

Treatment 6 GP; LC; LT6; LT7; LTC6; LTC7

of 20 Hz according to the ASTM D 3166-99 standard. All tests
were conducted by applying 50% of the maximum load obtained
during the static lap shear strength test (13 818.75 N). No less
than three replications were performed for each condition, us-
ing the same machine as for the static tests. In Table 2 the factor
information of the one-way ANOVA was reported.

3. Results and Discussion

3.1. Results of the Static Single Lap Shear Test

In Figure 3, the static shear strength of the adopted treatments
and the failure propagation energy are reported. The LTC treat-
ments demonstrated the highest mean values among the meth-
ods evaluated, followed by the SP treatment (22.12 + 1.22 MPa).
On the other hand, the LT and LTC treatments exhibited slightly

Macromol. Symp. 2025, 414, 70060 70060 (3 of 6)
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lower performance in terms of shear strength, but the highest re-
garding the failure propagation energy (0.52 J). The laser cleaning
(LC) treatment yielded an average value similar to that concern-
ing the SP treatment (21.03 + 0.45 MPa) and outperformed some
LC treatments. Conversely, the AB samples displayed the lowest
mechanical strength (8 + 3.08 MPa). Then, they were not adopted
in the fatigue tests. It was worth noting that SP, LC, and AB sam-
ples show null failure energy (PE), identifying a brittle propaga-
tion compared to the laser-treated one. Consequently, since the
LT6 and LT7 show the ability to absorb more energy during the
failure propagation (Pe), they were chosen as the best treatments
for the fatigue tests.

3.2. Results of Fatigue Test

Table 3 shows the one-way ANOVA results for the number of fa-
tigue cycles before failure (cycles). As expected, fatigue cycles are
affected by the treatment (p-value <0.05). To analyze the effect of
the additional laser cleaning treatment on the fatigue behaviors,
a two-factor ANOVA test was performed on the LT and LTC sam-
ples. For this analysis, texture type and cleaning treatment were
adopted as control factors. The result of the ANOVA is reported in
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Figure 3. Interval Plot of a) apparent shear strength over treatments and
b) failure propagation energy over treatment.

Table 3. ANOVA table fatigue cycles versus treatments.

Source DF Adj SS Adj MS F-Value p-Value
Treatment 5 466 038 842 93 207 768 21.93 0.000
Error 13 55254 999 4250385

Total 18 521293 841

R-sq [%] 89.40

R-sq(adj) [%]  85.32

Table 4. The analysis shows a substantial statistical influence (p-
value <0.05) of the treatment type over the fatigue behaviour with
an adequate R-square (89.40%) and R-square adjusted (85.32%)
concerning the statistical model.

In Figure 4 the number of fatigue cycles over the adopted

Table 4. ANOVA table fatigue cycles versus texture and post-cleaning.

Source DF Adj SS Adj MS F-Value p-Value

Texture 1 47397900 47397900 7.84 0.023

Cleaning 1 2569651 2569651 0.42 0.533
1 19 688 970 19 688 970 3.26 0.109

TexturexCleaning
48388906 6048 613
118 045 427

Error 8

Total 11

Macromol. Symp. 2025, 414, 70060 70060 (4 of 6)
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Figure 4. Interval plot of cycles versus treatment.

treatments was reported. The max cycles to failure for the LTC6
treatment is 15839, which is significantly higher than the 3478
and 2079 cycles recorded for the LC and GP treatments, respec-
tively. Moreover, the adoption of laser cleaning, as posttreatment
to laser texturing, caused a minimal increase in the average cycles
to failure value. However, the laser cleaning does not result signif-
icant difference, as can be inferred by the results of the ANOVA
reported in Table 4 (p-value>0.05). The two sides of the fractured
surfaces of the joint are shown in Figure 5. In detail, sandpaper
treatment and laser-cleaned samples are characterized by adhe-
sive failure mode. Mixed failure mode (adhesive + cohesive) was
found for LT and LTC samples, with a high percentage of cohesive
failure (as it was the fatigue life) for the LT6 and LTC6 samples.
The adoption of a texture with a small groove width (143 pm) and
high areal density (50%) results in a high number of points (the
grooves) where the fracture is deviated. Consequently, the failure
mode changes from adhesives to cohesive and the cycles to fail-
ure increase.

4. Conclusion

In the paper, the effect of laser surface treatments on the fatigue
behavior of adhesive-bonded aluminum single-lap joints was in-
vestigated by adopting a 30 W pulsed Yb:YAG nanosecond laser
source. In the first part of the work, LC, LT, and LTC treatments
were compared in terms of apparent shear strength to the ref-
erence samples: SP and AB. In the second part, fatigue tests
were carried out by adopting the optimal laser-treated samples
(LT6 and LT7). For these tests, the cycles to failure were recorded
and compared to the ones obtained for the sandpaper and laser-
cleaned samples. From the results, the main conclusions are the
following:

® [TC treatments result in an apparent shear strength compara-
ble to the SP treatment;

® Compared to the SP treatment, the LT and LTC ones show a
higher failure propagation energy;

® In any case, laser treatments significantly increased the num-
ber of fatigue cycles of the joint, from 4 to 7 times, by changing
the failure mode from mainly adhesive to mainly cohesive;
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Figure 5. Fractured joint surface: sandpaper (SP), laser cleaning (LC), laser texturing (LT6, and LT7), laser texturing + laser cleaning (LTC6, and LTC7).

® Laser cleaning adopted as posttreatment to the laser texturing
does not seem to increase the cycle to failure since it was not
statistically significant (p-value>0.05);

® The high cycles to failure were obtained for the LTC6 treat-
ment, which is characterized by narrow grooves and high areal
density, resulting in a high number of points where the frac-
ture is deviated. This explains the different failure modes and
the increase in cycles to failure.
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