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Abstract: This study explores a novel method for removing Al metal coatings by using
nanosecond pulsed lasers to clean Al metal layers from ceramic substrate surfaces. The
impact of laser power and pulse width on the effectiveness of the removal of the Al metal
layer from the ceramic substrate was examined. The findings revealed that a laser with a
power of 120 W, a pulse width of 200 ns, a frequency of 240 kHz, and a speed of 6000 mm/s
could effectively remove the Al metal layer (50 um) in a single laser cleaning cycle without
causing damage to the ceramic substrate. The mechanism behind the removal of the Al
metal layer from the ceramic substrate surface was also investigated. It was discovered
that local high temperatures caused by laser irradiation and the difference in thermal
expansion coefficients between the metal layer and the ceramic substrate both contribute to
the removal of the Al metal layer during the laser cleaning process. This research provides
an effective process for removing the Al metal layer.

Keywords: nanosecond pulsed lasers; Al metal layer; ceramic substrate; laser cleaning;
removal mechanism

1. Introduction

The aluminum (Al) metal layer on ceramic-based coatings is subject to progressive
aging, thinning, and structural degradation (including cracking and delamination) due
to climatic variations, prolonged exposure, and particle erosion [1-3]. This deterioration
severely compromises its performance. Therefore, the effective removal of damaged Al
layers is a critical aspect of maintenance operations. With recent advancements in industrial
technologies, various ceramic surface-cleaning methods have emerged, such as physical
grinding [4,5] and chemical cleaning [6]. However, these methods present several chal-
lenges, including the difficulty in localizing coating removal areas, high residues, low
efficiency, uneven removal edges, significant environmental pollution, and health haz-
ards [7]. Consequently, laser cleaning technology has emerged as a research hotspot in the
field of ceramic surface cleaning, owing to its advantages of high efficiency, environmental
friendliness, and high precision [8-13].

Laser cleaning technology employs a high-energy laser beam to irradiate ceramic
surfaces, leading to the immediate vaporization and removal of surface contaminants and
metal layers [14,15]. This method not only effectively eliminates surface coatings without
harming the underlying substrate but also augments the surface roughness of ceramics,
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thereby improving the adhesion strength with subsequent repair layers [16,17]. Notably,
this technology is well suited for cleaning intricate surfaces and precision components [18].

The inception of laser cleaning technology dates back to the 1970s, when initial at-
tempts were made to employ high-energy laser beams for the removal of oxide layers and
contaminants from metal surfaces [19]. These early techniques, however, were impeded
by limitations such as a low laser power and inadequate stability, thereby narrowing their
range of applications. The situation evolved substantially in the 1990s due to the rapid
progression of laser technology. The introduction of high-power and pulsed lasers facili-
tated the gradual proliferation of laser cleaning across diverse fields. In the subsequent two
decades, considerable advances have been registered in sectors like aerospace, automotive
manufacturing, and electronics, among others [20-23]. Nie et al. [24] utilized nanosecond
pulsed lasers to clean inorganic thermal control coatings off aluminum alloys, evaluating
the post-cleaning surface condition at varying laser fluences. Delmdahl et al. [25] provided
an overview of laser cleaning’s application to carbon fiber reinforced plastics (CFRPs),
discussing the bond strength results post-laser cleaning. Their findings suggested that
laser cleaning and ablation present a viable alternative, producing a pristine surface suit-
able for adhesive bonding. Wang et al. [26] deployed a nanosecond pulsed laser in an
air environment to clean the oxide film off TC4 titanium alloy, examining the impact of
laser energy density on the cleaning efficacy. They recommended laser process parameters
with short pulse widths and high frequencies for the effective cleaning of the titanium
alloy TC4 in an air environment. Lu et al. [27] used a nanosecond ultraviolet (UV) laser
to clean micro biofouling from the Fe substrate surface, contributing significantly to our
understanding of the theoretical model and mechanism behind UV laser-assisted micro
biofouling surface cleaning.

Prior research has not addressed the removal of metal layers from ceramic-based
substrates. This study employs nano-pulsed laser cleaning to eliminate the Al metal layer
from such substrates, examining the impact of laser power, pulse width, cleaning speed,
and the number of cleaning cycles on cleaning efficiency. Additionally, the morphology
and roughness of the substrate post-cleaning under varying parameters are analyzed to
ascertain the optimal laser cleaning process parameters. This investigation offers pivotal
insights for the broader application of laser cleaning technology in removing metal layers
from ceramic surfaces.

2. Experimental Materials and Methods
2.1. Experimental Materials and Equipment

In the experiment, a self-made ceramic substrate covering an Al metal layer was used
as the experimental material. The ceramic substrate comprised Al,O3 and B4C in a mass
ratio of 8:2. The thickness of the Al metal layer was 50 um, while that of the ceramic
substrate is 2 mm. The material was cut into samples with a radius of 30 mm, as shown in
Figure 1a.

The laser cleaning system used in the experiment is composed of a nanosecond fiber,
a computer control system, and a dust collection system to collect the peeled-off coating
during the cleaning, as shown in Figure 1b. The laser has a wavelength of 1064 nm, a
rated power of 200 W, a laser pulse frequency of 20-500 kHz, a cleaning speed of up to
10,000 mm/s, a laser pulse width of 50-650 ns, and a spot diameter of approximately
0.2 mm. The ambient conditions during the laser cleaning process were recorded, with an
air temperature of 23.3 °C and a humidity level of 43%.
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Figure 1. Experimental sample and laser cleaning system: (a) experimental sample 40 W; (b) laser
cleaning system.

2.2. Experimental Methods

The efficacy of laser cleaning is predominantly determined by process parameters,
notably laser power, laser pulse width, and laser frequency. To explore the impact of these
parameters on the laser cleaning of Al metal layers, three distinct experimental sets were
designed, each varying a different parameter while keeping all others constant.

Following the cleaning experiments, images of the surface microstructure and morphol-
ogy were captured using a PXS5-B microscope (Xi’an Ceiwei Optoelectronic Technology
Co., Ltd., Xi’an, China), and a VEGA3 TESCAN scanning electron microscope (SEM) (TES-
CAN Brno, s.r.0., Brno, Czechia). Additionally, the surface roughness was quantitatively
measured using a TR200 surface roughness tester (Jinan Youbide Intelligent Technology
Co., Ltd., Jinan, China).

3. Results and Discussion
3.1. Impact of Laser Power on Removal Efficiency of Al Metal Layer

This study examines the impact of varying laser powers on the efficiency of Al metal
layer removal. Specifically, lasers with power settings of 40 W, 80 W, 120 W, 160 W, and
200 W were employed for removing the Al metal layer. In order to ensure the accuracy
of the results, all other parameters, including laser pulse width (200 ns), laser frequency
(240 kHz), speed (6000 mm/s), and cleaning pass (1), were kept constant throughout the
experiments.

A PXS5-B microscope was employed to analyze the microstructure images of the
surface, post-laser cleaning across varying laser powers. The findings are depicted in
Figure 2. It is evident that the thickness of the residual Al metal layer diminishes as the
laser power escalates. At 120 W, the Al metal layer on the sample surface is effectively
eradicated, with negligible to no residual metal layer observed.

Figure 2. Microstructure images of test material after laser cleaning using different laser powers
(50x%).
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After laser cleaning with different laser powers, the surface morphology images of
the substrate surface were measured near the center of the substrate surface by SEM. In
the SEM study, a carbon coater was employed to treat the surface of the sample. The SEM
images are shown in Figure 3. From the figure, it can be observed that at a 40 W laser power,
there is a significant amount of residual Al metal layer remaining on the substrate surface.
As the laser power increases, the residual Al metal layer decreases. When the laser power
reaches 120 W, the Al metal layer is removed. However, at a laser power of 160 W, signs of
surface burning and cracking begin to appear, indicating significant thermal damage to the
substrate, as shown in Figure 31,0. Therefore, a laser power of 120 W demonstrates a more
effective removal of the Al metal layer without damaging the ceramic substrate.
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Figure 3. Surface morphology image of the surface after removing Al metal layers at different
laser powers: (a—c) 40 W; (d—f) 80 W; (g-i) 120 W; (j-1) 160 W; (m-o) 200 W; (a,d,g,j,m) 100x;
(b,e,h,k,n) 300x; (c,f,i,1,0) 700x.
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Subsequently, a TR200 Surface Roughness Tester was employed to measure the surface
roughness of the substrate surface after laser cleaning at different laser powers. In the
experiment, surface roughness tests were conducted at three randomly selected locations
near the center of the material’s surface. A single sampling length of 2.5 mm was used
for each measurement, and the arithmetic mean of the absolute deviations of each point
from the mean line within the sampling length was recorded as the surface roughness
result R,. The repeatability error across the three measurements was within 0.5 um. The
arithmetic mean deviation of the roughness profile R, and root mean square deviation
of the roughness profile R, after laser cleaning at different laser powers are presented in
Table 1. In addition, the surface roughness R, and Ry, prior to laser cleaning—specifically,
the surface roughness of the Al metal layer—is also detailed in Table 1. The test results
indicate that an increase in laser power from 40 W to 200 W results in a corresponding rise
in R, from 9.426 um to 13.846 um and in R, from 11.254 pm to 17.176 pm. The minimal
discrepancy between R, and R, suggests that the micro-profile shape of the surface post-
laser cleaning is notably uniform and regular. Both R, and R, exhibit an upward trend that
gradually slows and eventually stabilizes. This is because as the laser power increases, the
temperature generated becomes higher, which enhances the removal effect on the Al metal
layer and consequently increases the surface roughness of the substrate. At a laser power of
120 W, the Al metal layer on the substrate surface can be completely removed, resulting in
a stabilized change in roughness. However, there is a risk of surface burning and damage
beyond this power level of 120 W. Therefore, to achieve both the effective removal of the Al
metal layer and minimal damage to the substrate surface, the optimal laser cleaning power
is determined to be 120 W.

Table 1. Average surface roughness after removing Al metal layers at different laser powers.

Laser Power 0 (Al Metal) 40W SOW 120 W 160 W 200 W
R, 9.426 um 13.871 um 13.129 um 12.806 um 13.846 um
R, 11.254 um 17.418 um 15.772 um 14.227 um 17.176 um

3.2. Impact of Laser Pulse Width on Removal Efficiency of Al Metal Layer

In examining the impact of varying laser pulse widths on the removal efficiency of
Al metal layers, lasers with pulse widths of 50 ns, 200 ns, 350 ns, 500 ns, and 650 ns were
employed for cleaning and removal tasks. Based on the findings presented in Section 3.1,
a laser power of 120 W was selected to investigate the relationship between laser pulse
width and the removal efficiency of the Al metal layer. Throughout the experiment, all
other parameters remained consistent: the laser frequency was set at 240 kHz, the speed
was maintained at 6000 mm/s, and the number of cleaning passes was fixed at one.

Figure 4 depicts surface microstructure images post-laser cleaning at varying laser
pulse widths. It is evident from the figure that a substantial amount of the Al metal layer
remains on the substrate surface when the laser pulse width is 50 ns. However, as the laser
pulse width escalates, the efficiency of the Al metal layer’s removal improves significantly,
leaving virtually no residue at 200 ns.

After laser cleaning with different laser powers, surface morphology images of the
substrate surface are measured near the center of the substrate surface by SEM, as shown in
Figure 5. It can be observed that when the laser pulse width is 50 ns, a significant amount
of the Al metal layer remains on the substrate surface. As the laser pulse width increases,
the removal effect of the Al metal layer improves, with almost no residue on the substrate
surface at a pulse width of 200 ns. When the laser pulse width is further increased, since
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the Al metal layer has been completely removed, the laser begins to cause ablation damage
to the substrate surface, resulting in a large number of holes and cracks.

Figure 4. Surface microstructure image of the surface after removing Al metal layers with different
laser pulse widths (50 ).

Figure 5. Surface morphology image of the surface after removing Al metal layers with different
laser pulse widths: (a—c) 50 ns; (d—f) 200 ns; (g—i) 350 ns; (j-1) 500 ns; (m-o0) 650 ns; (a,d,g,j,m) 100 x;
(b,e,h,k,n) 300%; (c,f,i,1,0):700x.
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Subsequently, the surface roughness of the substrate surface after laser cleaning at
different laser widths was measured. The measurement method was the same as Section 3.1.
The arithmetic mean deviation of the roughness profile R; and root mean square deviation
of the roughness profile R, after laser cleaning at different laser widths are presented in
Table 2. Based on these test results, it can be seen that as the laser pulse width increases, R,
increases from 9.02 um at a laser pulse width of 50 ns to 14.727 pm at a laser pulse width of
350 ns, while R; increases from 10.554 pm to 18.053 um. After that, with a further increase in
laser pulse width, the surface average roughness remains stable. The minimal discrepancy
between R, and R, suggests that the micro-profile shape of the surface post-laser cleaning
is notably uniform and regular. Overall, the average surface roughness shows a trend of
first increasing and then stabilizing. This is because when the laser pulse width is short,
the laser power is at its peak for a shorter time, resulting in a poor removal of the Al metal
layer. As the laser pulse width increases, the laser power stays at its peak for a longer
time, leading to a better removal of the Al metal layer, resulting in a stabilized change in
roughness. However, there is a risk of surface burning and damage beyond a laser width of
200 ns. Therefore, to achieve a good removal effect for the Al metal layer while minimizing
damage to the substrate surface, the optimal laser pulse width for laser cleaning is 200 ns.

Table 2. Average surface roughness after removing Al metal layers with different laser pulse widths.

Laser Pulse

Width 0 (Al Metal) 50 ns 200 ns 350 ns 500 ns 650 ns
R, 9.02 um 13.129 um 14.727 um 14.372 um 14.903 um
R, 10.554 um 15.772 um 18.053 um 17.376 um 18.532 um

3.3. Impact of Laser Frequency on Removal Efficiency of Al Metal Layer

In examining the impact of varying laser frequencies on the removal efficiency of
Al metal layers, lasers with frequency settings of 50 kHz, 240 kHz, and 450 kHz were
employed for cleaning and removal tasks. Based on the findings presented in Section 3.1, a
laser with a power of 120 W and width of 200 ns was selected to investigate the relationship
between laser frequencies and the removal efficiency of the Al metal layer. Throughout
the experiment, all other parameters remained consistent: the speed was maintained at
6000 mm/s, and the number of cleaning passes was fixed at one.

Figure 6 depicts the surface microstructure images post-laser cleaning at varying laser
frequencies. It is evident from the figure that a substantial amount of the Al metal layer
remains on the substrate surface when the laser frequency is 50 kHz. However, as the
laser pulse width escalates, the efficiency of Al metal layer removal improves significantly,

leaving virtually no residue at 240 kHz.

Figure 6. Microstructure images of test material after laser cleaning using different laser frequencies
(50x).

After laser cleaning with different laser powers, surface morphology images of the
substrate surface were measured near the center of the substrate surface by SEM, as shown
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in Figure 7. It can be observed that when the laser frequency is 50 kHz, a significant amount
of the Al metal layer remains on the substrate surface. As the laser frequency increases,
the removal effect of the Al metal layer improves, with almost no residue on the substrate
surface at a pulse frequency of 240 kHz. When the laser frequency is further increased,
since the Al metal layer has been completely removed, the laser begins to cause ablation
damage to the substrate surface, resulting in a large number of holes and cracks.

Figure 7. Surface morphology image of the surface after removing Al metal layers at different laser
frequencies: (a—c) 50 kHz; (d—f) 240 kHz; (g—i) 450 kHz; (a,d,g) 100x; (b,e,h) 300 x; (c,f,i): 700x.

The surface roughness of the substrate surface after laser cleaning at different laser
frequencies was measured. The R, and R; after laser cleaning at different laser widths
are presented in Table 3. Based on these test results, it can be seen that as the laser pulse
frequency increases, R; increases from 10.326 um at a laser frequency of 50 kHz to 13.129 um
at a laser frequency of 240 kHz, while R; increases from 12.249 pum to 15.772 um. After that,
with a further increase in laser pulse width, the surface average roughness remains stable.
The minimal discrepancy between R, and R, suggests that the micro-profile shape of the
surface post-laser cleaning is notably uniform and regular. Overall, the average surface
roughness shows a trend of first increasing and then stabilizing, which is consistent with
the influence of the laser power and pulse width. This is because when the cleaning speed
is constant, a lower frequency results in a smaller number of laser pulses acting on the
coating surface, leading to an insufficient cleaning ability. As the laser frequency increases,
the number of laser pulses acting on the coating surface increases, leading to better removal
of the Al metal layer, resulting in a stabilized change in roughness. However, there is a risk
of surface burning and damage when further increasing the frequency.

Table 3. Average surface roughness after removing Al metal layers at different laser frequencies.

Laser Power 0 (Al Metal) 50 kHz 240 kHz 450 W
R, 3.86 um 10.326 um 13.129 um 13.054 um
R, 417 um 12.249 um 15.772 pm 15.358 um
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3.4. Discussions

Figure 8 illustrates the mechanism of the laser-induced cleaning of an Al metal layer
from a ceramic substrate. When the laser beam interacts with the Al metal layer, it absorbs
the beam’s energy, generating a local high-temperature area almost instantly. Given alu-
minum’s low melting point of approximately 660 °C, it is prone to rapid surface melting
or even vaporization under high temperatures. Concurrently, heat continues to transfer
inward. Aluminum’s high thermal conductivity enables it to absorb the majority of the
heat, while the ceramic substrate—with its lower thermal conductivity—creates a ther-
mal gradient between the Al metal layer and itself. Moreover, the disparity in thermal
expansion coefficients, where aluminum has a higher coefficient than ceramics, leads to
differential expansion. This generates interfacial stresses that cause the aluminum coating
to expand and ultimately delaminate from the ceramic substrate. In conclusion, the process
of the laser cleaning of metal layers primarily involves two steps:

laser laser laser
melting &
vaporizing thermal expansion
Al metal layer ceramic substrate

Figure 8. Laser cleaning mechanism of Al metal layer from ceramic substrate.

Phase 1: Upon irradiation of the metal layer’s surface by the laser beam, local temper-
atures are generated at an exceedingly high level, leading to immediate melting or even
vaporization and resulting in the removal of the metal layer in the affected area.

Phase 2: As the metal layer thins to only a few or tens of atomic layers, a stark difference
in thermal expansion coefficients between the metal and ceramic substrate leads to the
expansion of the metal layer under laser heat. At such a reduced thickness, delamination
and warping occur between the metal and ceramic layers, resulting in the metal layer
breaking into small fragments that detach from the substrate surface.

During the laser cleaning process, the energy exerted on the cleaning position is the
primary cause of the temperature elevation, deformation, melting, and even vaporization
of the aluminum coating. This energy is collectively influenced by factors such as cleaning
speed, laser power, pulse width, frequency, spot size, and spot overlap rate. Given the
constraints of the experimental conditions in this study, it was not feasible to fully discern
the influence laws of all these parameters. In future research, efforts will be directed
towards two main objectives: firstly, to enhance the understanding of the influence laws
of the aforementioned factors in order to derive normalized parameters that impact the
cleaning effect; and secondly, to improve the testing conditions. Tools such as energy-
dispersive spectroscopy (EDS) and thermal imaging will be employed to further elucidate
the mechanism of the laser cleaning of metal coatings on ceramic substrates.

4. Conclusions

This study introduces an innovative approach for the removal of Al metal coatings
using nanosecond pulsed lasers to clean Al metal layers from ceramic substrate surfaces. It
investigates the influence of laser power and pulse width on the efficiency of Al metal layer
removal from a ceramic substrate. The findings of this research contribute to advancing
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laser cleaning technology as an eco-friendly method for removing Al metal layers from
ceramic substrates. The primary conclusions of this study are as follows:

(1) The efficiency of Al metal layer removal is significantly influenced by both laser power
and pulse width. When the laser power is too low, the Al metal layer may not be fully
removed due to insufficient energy. Conversely, if the laser power is too high, it can
potentially cause substantial damage to the ceramic substrate.

(2) For the ceramic substrate coated with an Al metal layer (50 pm) in this study, con-
sidering both the effectiveness of removal and the potential damage to the ceramic
substrate, the optimal laser cleaning procedure determined from our research com-
prises a laser power of 120 W, a pulse width of 200 ns, a frequency of 240 kHz, a
cleaning speed of 6000 mm/s, and a singular cleaning cycle.

(3) The localized high temperatures induced by laser irradiation, coupled with the dif-
ferential thermal expansion coefficients between the metal layer and the ceramic
substrate, collectively facilitate the removal of the Al metal layer during the laser
cleaning process.

Notwithstanding its findings, this study acknowledges certain limitations. The impact
of the laser spot size and the rate of spot overlap remain unexplored. Future investigations
will concentrate on determining the normalized parameters that influence the cleaning
effect and delve into the underlying mechanism, utilizing tools such as EDS and thermal
imaging.
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