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The aerospace sector requires materials, particularly aluminum all, to possess advanced mechanical properties for aircraft skins. Consequently, the industry implements protective coatings to counteract erosion and abrasion. Yet, as time progresses, these coatings can degrade, prompting careful paint removal to extend the longevity of aircraft. This research investigates methods to improve laser cleaning efficiency while safeguarding paint quality. It utilizes a nanosecond pulsed laser to assess factors such as laser energy, cleaning angle, and out-of-focus volume on cleaning efficacy. The findings demonstrate that the optimal energy for cleaning is 20 mJ; exceeding this threshold results in damage to the substrate. Additionally, the cleaning angle significantly impacts efficiency, with an 11° angle yielding the highest effectiveness. Manipulating the laser’s focal point also alters cleaning quality, with 30 mm providing the best outcomes. Single-point laser cleaning tests examined energy levels and cleaning cycles, highlighting that increased energy and cycles lead to surface damage and greater roughness. Furthermore, paint color affected cleaning performance, with blue paint exhibiting superior cleaning effectiveness. This study advances the development of laser cleaning methods for aircraft skins, catering to industry needs for efficient, environmentally friendly maintenance practices.
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1 INTRODUCTION
In recent years, the aerospace sector has increasingly prioritized the improvement of the mechanical characteristics of materials utilized in aircraft manufacturing [1]. Aluminum alloy is particularly distinguished by its strength that rivals alloy steel. Its remarkable properties include excellent casting ability, along with impressive thermal and electrical conductivity. These features render it a favored material for aircraft skins [2]. These aircraft surfaces face vulnerability to erosion and abrasion in intricate environments. To address these issues, a tailored protective coating is carefully applied to aluminum alloy surfaces, shielding them from external factors. This coating not only prevents corrosion and wear but also enhances aesthetic appeal [3]. Common coating types encompassing alkyd, acrylic, epoxy, polyurethane, and fluorocarbon formulations were reported [4–6]. Over time, however, these aircraft skin undergoes aging, leading to issues like cracks, partial detachment, and other concerns arising from exposure to light, temperature, humidity, and reactive anions. Regular evaluation of delicate sensing components and skin junctions beneath the aircraft envelope is essential. This requires meticulous stripping of paint from the aircraft surface [7, 8].
Traditional cleaning methods such as sandblasting, chemical solvents, ultrasonic treatment, and high-pressure water jets have been used for this purpose. However, these methods are burdened with labor intensiveness, high energy consumption, and environmental pollution [9–12]. As a result, there is a compelling need to develop an aircraft skin cleaning technology that is environmentally sustainable and cost-effective. Laser cleaning technology, utilizing high-energy lasers to irradiate surfaces, triggers physical and chemical reactions in the contaminant layer. This leads to processes like combustion, expansion, vaporization, and volatilization of pollutants, effectively achieving the cleansing objective [13–15]. Laser cleaning offers advantages such as environmental friendliness, non-contact operation, high precision, and efficacy [16, 17]. It has been touted as “the new cleaning technology with the greatest potential in the 21st century” and is widely adopted for removing paint layers from aircraft skins [18].
The exploration of laser cleaning began in 1965 when Schawlow [19] employed lasers to remove impurities from historical artifacts. Subsequently, Bedair introduced the concept of using lasers to clean metal surfaces containing sulfides. With the proliferation of laser machine types and deeper research into cleaning mechanisms, laser technology has gained substantial traction in the industrial realm. In 2018, Zhang et al. [20] utilized a quasi-continuous fiber laser to quantitatively remove lacquer layers from aluminum substrates, revealing a link between coating thickness and cleaning effectiveness. In 2020, Liu et al. [21] studied laser ablation of polyurethane-painted hull plates, investigating the impact of cleaning durations on paint layer removal. Shan et al. [22] used a nanosecond pulsed fiber laser to remove paint from 2024 aluminum alloy surfaces, achieving effective cleaning while preserving surface integrity. Kim et al. [23] employed a low-power Q-switched fiber laser to eliminate primer and oxide layers from steel surfaces for shipbuilding, determining optimal parameters for efficient pretreatment. In 2022, Ren et al. [24] employed Nd:YAG pulsed solid-state lasers to meticulously clean aerospace-grade magnesium-aluminum alloys, exploring cleaning effects under varied laser energy densities. Zhang et al. [25] focused on laser cleaning of blue PU paint layers on magnesium-aluminum alloy substrates, utilizing a nanosecond pulsed fiber laser to delve into primary cleaning mechanisms during the process.
Assessment of laser cleaning effectiveness primarily centers on changes in surface roughness and microscopic morphology following the cleaning process. This study scrutinizes how laser energy, defocusing volume, and cleaning angle influence final cleaning outcomes. Utilizing a nanosecond pulsed laser at 200 Hz, extensive area-based laser cleaning experiments were conducted on aircraft skins, initially applying the control variable method. To mitigate heat accumulation, high-energy nanosecond pulsed lasers at 1 Hz were employed for focused point cleaning. This investigation explores the effects of energy dosage, cleaning cycles, and paint hue on cleaning results. The quality assessment encompasses visual observation and meticulous microscopic analysis. The experimental findings contribute to the advancement of laser-based cleaning in this domain.
2 EXPERIMENTAL PROCEDURE
2.1 Experimental investigation of area laser cleaning
The experimental substrate material used is the 2024 aluminum alloy, known for its advantages of high hardness, good heat resistance, and easy processing, making it widely used in the aerospace field. This paper employs a solid nanosecond pulsed laser independently developed by our team for laser cleaning experiments. The process of laser cleaning is illustrated in Figure 1 below. After the laser output from the device, the laser is directed vertically onto a mirror. Following reflection and oscillation within the mirror, the laser emission changes from a “point” to a controlled “line” lengthwise, which is then irradiated onto the surface of the designated sample for cleaning. Through precise control of the platform’s movement, large-area cleaning of the aircraft skin is ultimately achieved. The specific laser parameters are detailed in Table 1 below.
[image: Figure 1]FIGURE 1 | Schematic diagram of regional laser cleaning experiment.
TABLE 1 | Regional laser cleaning experiment related parameters.
[image: Table 1]The vibration mirror comprises an X-axis reflector and a Y-axis reflector, both propelled by a motor, facilitating controlled movement. The manipulation of glass rotation allows for modulation of beam deflection. In the experiment, it is controlled by an external signal generator, which can achieve adjustable vibration frequency, amplitude size, and input signal type. The relevant parameters of the vibration mirror are shown in Table 2 below.
TABLE 2 | Parameters related to laser scanning oscillator.
[image: Table 2]During the experiment, the horizontal displacement speed of the numerical control platform is always 1 cm/s; by controlling the magnitude of the input current, five sets of data with laser energy of 5, 10, 15, 20, and 25 mJ were selected for analysis, study the effect of power on the impact of cleaning.
Typically, laser cleaning experiments are conducted at a 90° angle of incidence to the material surface for cleaning. However, in the actual application process, the cleaning angle will change due to the irregular surface of the Aircraft skins, resulting in distortion of the laser spot on the skin’s surface.
A distinct relationship exists between the deflection angle and the laser spot area. When the laser beam with a focused diameter of d is deflected at an angle of θ, the irradiated spot area S′ on the material surface can be mathematically expressed as follows (as shown in Equation 1):
[image: image]
Therefore, this experiment by adjusting the spot deflection distance and selected deflection angles of 0°, 6°, 11°, 16° and 21° of the five groups of data for analysis to study the effect of cleaning angle on the laser cleaning effect.
Furthermore, during laser cleaning operations, maintaining the laser’s focal point consistently within the cleaning plane poses a challenge. This discrepancy can induce variations in cleaning efficacy and result in the phenomenon of defocusing. Moreover, because the positive and negative defocusing in the cleaning effect and mechanism are identical, so this experiment by adjusting the position of the platform so that the negative defocusing distance to 0 cm, 30 mm, 60 mm, 90 mm, and 120 mm, respectively, to analyze the results of the five groups of experiments to study the impact of the amount of defocusing on the quality of laser cleaning.
2.2 Experimental study of single-point laser cleaning
The laboratory’s internally developed laser cleaning apparatus encompasses a high-energy nanosecond pulsed laser, a numerical control platform, display, water cooling system, and power supply. The primary objective of this experiment is to mitigate the phenomenon of thermal accumulation and investigate the impact of a single-pulse laser on the laser cleaning efficacy. Consequently, the scanning oscillator system is discontinued, enabling the high-energy laser to directly interact with the material surface for cleaning purposes. The optical configuration of the core equipment, the nanosecond pulsed laser, is illustrated in Figure 2 below.
[image: Figure 2]FIGURE 2 | Schematic diagram of single-point laser cleaning experiment.
The primary components encompass: 45° reflectors denoted as M1, M2, M3, and M4; a 0° reflector designated as M5; an output mirror denoted as M6; polarizer P1; focusing lens L1; the Q switch and amplifiers A1, A2, and A3. The resonant cavity R1 facilitates oscillation and amplification of the initial seed laser. The laser output undergoes reflection by reflectors M1 and M2, subsequently traversing amplifiers A2 and A3 for sequential magnification. The amplified laser then passes through reflectors M3 and M4, followed by focal adjustment through the focusing lens, ultimately impinging upon the material surface to execute single-pulse laser cleaning experiments. Pertinent experimental parameters are itemized in Table 3 below.
TABLE 3 | Single-point laser cleaning experiment-related parameters.
[image: Table 3]Within this experimental framework, manipulation of the laser’s repetition frequency and input current enabled the generation of two distinct sets of experimental data. These datasets corresponded to cleaning cycles ranging from 1 to 5, while the single-pulse energy spanned from 0 to 0.67 J. The ensuing analysis focused on investigating the influence of cleaning frequency and energy dosage on cleaning efficacy, and the impact of paint color on the paint removal effect was also discussed.
3 RESULTS AND DISCUSSION
3.1 Experiments on laser cleaning of surfaces
3.1.1 The impact of laser energy on cleaning quality
The peak power densities were 4.72, 9.43, 14.15, 18.87, and 23.58 MW/mm2 for the experimental single pulse energy range of 5 mJ–25 mJ, while the cleaning effect became more and more prominent, as shown in Figure 3 below.
[image: Figure 3]FIGURE 3 | Schematic diagram of the effect of energy on peak power density and laser cleaning effect.
When the single pulse energy reaches 10 mJ, it can be seen that part of the yellow primer has been completely removed, and the white substrate begins to appear, indicating that the cleaning threshold of the paint layer has been reached at this time, which is 9.43 MW/mm2; Upon scaling the single pulse energy to 20 mJ, an entire surface paint layer of the aircraft skin can be effectively and wholly removed, manifesting an optimal cleaning outcome bereft of observable impairments. However, as the laser energy escalates to 25 mJ, the cleaning domain begins to manifest evident instances of pinpoint and streak-based damage. This outcome stems from the peak power density surpassing the threshold for laser cleaning-induced impairment.
A confocal microscope was employed to scrutinize the post-cleaning surface, with the outcomes presented in Figure 4A below. Upon using a single pulse energy of 5 mJ, the cleansed paint layer surface manifested a densely distributed, furrow-like configuration. No accumulation of molten residue was evident, leading to a preliminary inference that the expulsion of the paint layer ensued due to the thermal vibrational effect during laser cleaning. At 10 mJ energy, the thermal vibrational impact intensifies, culminating in a marked augmentation of the paint removal area. Upon reaching a single pulse energy of 20 mJ, the cleansed substrate attains an unblemished state. However, at 25 mJ energy, the substrate’s surface starts to exhibit a pitted and structurally compromised aspect.
[image: Figure 4]FIGURE 4 | (A) Area laser cleaning microscopic morphology at different energies, (B) Effect of cleaning angle on microscopic morphology of skin.
The surface roughness of the treated substrates measured 3.10, 1.46, 1.30, 1.19 and 1.99 μm at energy levels ranging from 5 mJ to 25 mJ. It is evident that the surface roughness initially diminishes and subsequently escalates with rising laser energy. Notably, the optimal surface roughness is achieved at an energy of 20 mJ. Upon analysing the points corresponding to 20 mJ and 25 mJ regarding carbon elements beneath the surface, it is observed that the carbon element content increased from 46.74% to 49.52%. This augmentation suggests that excessive energy may lead to substrate impairment, thereby diminishing the efficacy of laser cleaning.
3.1.2 Influence of cleaning angle on cleaning quality
The investigation employed scanning electron microscopy and confocal microscopy to scrutinize the microscopic attributes of the laser-treated aluminum alloy surface. The outcomes are presented in Figure 4B below. Figures a–c are aligned with cleaning angles of 0°, 11° and 21°, sequentially. Upon analyzing the microscopic morphologies, it becomes apparent that with an increment in the cleaning angle, a progressively intricate groove-like structure emerges on the substrate’s surface, while the residual paint fragments decrease incrementally. The three-dimensional morphogram highlights that an elevation in the angle contributes to the escalation of the extreme surface height, surging from 4.978 μm to 6.043 μm. This inclination results in the formation of a “ridge” pattern on the surface, with the corresponding three-dimensional profile crest becoming more comprehensive and expanding in range.
The surface’s elemental distribution was acquired through EDS analysis, as illustrated in Figure 5 below. Figures a–c correspond to cleaning angles of 0°, 11°, and 21°, respectively. The analysis revealed that the carbon element content on the surface exhibited a gradual reduction with an augmentation in the cleaning angle. The mass percentage exhibited an 8.75% decline, while the atomic proportion decreased by 9.79%. Conversely, the content of surface oxygen and aluminum elements witnessed an increment. The mass percentages for oxygen and aluminum increased by 3.92% and 4.84%, respectively, while the atomic ratios augmented by 5.3% and 4.49%, correspondingly.
[image: Figure 5]FIGURE 5 | The effect of cleaning angle on the content and distribution of surface elements. (A) Cleaning angle of 0°; (B) Cleaning angle of 11°; (C) Cleaning angle of 21°.
The surface roughness along with the associated microscopic morphology of the cleaned skin under distinct laser angles is depicted in Figure 6A below. Notably, the surface roughness reaches its zenith at a vertical incidence angle, indicating the attainment of the laser cleaning’s damage threshold. As the angle of incidence progressively elevates, the surface roughness tends to diminish initially and then subsequently expand. The extent of substrate deformation becomes more conspicuous, progressively forming a rippled surface structure. Remarkably, when the cleaning angle attains 11°, the surface roughness reaches a nadir of 1.25 μm.
[image: Figure 6]FIGURE 6 | (A) Effect of cleaning angle on the microscopic morphology and roughness of skin surface, (B) Influence of off-focus volume on the microscopic morphology and roughness of skin surface.
3.1.3 Impact of off-focus volume on cleaning quality
Throughout the cleaning process, alterations in the extent of defocusing inherently influence the quality of cleaning outcomes. Employing a confocal microscope, the microscopic surface was meticulously examined, and the outcomes are graphically depicted in Figure 6B below. Remarkably, microscopic morphology elucidates that with an increment in the degree of defocusing, the attenuation of laser peak power density undergoes a progressive amplification. Consequently, this engenders an incremental buildup of residual paint layers upon the surface, leading to a deterioration in the efficacy of laser cleaning. Furthermore, at an out-of-focus distance of 30 mm, the surface adopts a planar configuration devoid of groove-like structures, simultaneously achieving a minimal surface roughness of 1.15 μm—a manifestation of optimal laser cleaning efficiency. In stark contrast, as the out-of-focus distance extends to 90 mm, a sudden surge in surface roughness and height disparity is observed, escalating to 3.51 μm and 34.454 μm, respectively. Notably, the emergence of groove-like structures becomes apparent, ultimately culminating in a perceptible degradation of cleaning results.
3.2 Experimental investigation of single-point laser cleaning
This section encompasses single-point laser cleaning experiments on aircraft skins using high-energy lasers. These experiments aim to address thermal accumulation issues associated with laser cleaning, while also independently investigating the influence of cleaning frequency on cleaning effectiveness and exploring the impact of paint color on paint removal efficiency. The findings from these experiments hold significant implications for the further refinement of precise laser cleaning technology. The outcomes of the single-point laser cleaning experiments on aircraft skins are presented in Figure 7 below, with the horizontal axis representing the number of laser cleaning cycles and the vertical axis representing laser pulse energy.
[image: Figure 7]FIGURE 7 | Experimental results of single-point laser cleaning of aircraft skins.
3.2.1 Impact of off-focus volume on cleaning quality
A distinct overlap region occurs between adjacent laser spots, resulting in multiple cleaning interactions on the mask surface within this zone. This phenomenon significantly influences the overall cleaning outcome. While maintaining consistent experimental parameters, the study examines alterations in substrate surface micro-morphology and roughness when subjected to laser cleaning cycles ranging from 1 to 5 times. The outcomes are illustrated in Figure 8A below.
[image: Figure 8]FIGURE 8 | (A) Laser cleaning times on the image of skin microscopic morphology, (B) Effect of the number of laser cleaning on the height profile of the skin surface.
The findings reveal that after a single instance of laser cleaning, the skin’s surface remains free from apparent structural damage, signifying optimal cleaning efficiency. Furthermore, with escalating cleaning repetitions, the diameter of the damaged structures expands, exacerbating the degree of impairment. Across the range of 1–5 cleaning cycles, the associated surface roughness values are 1.81, 1.97, 3.18, 3.20, and 3.83 μm, respectively. This trend underscores that heightened cleaning frequency not only amplifies surface roughness but also intensifies the extent of surface damage.
As depicted in Figure 8B, when the laser energy is set at 470 mJ, a singular laser cleaning operation results in an undisturbed surface with no indications of melted damage; the surface exhibits a sleek appearance. Nonetheless, with a progressive increment in pulse count, the surface’s disparity in height augments from 33.607 μm to 47.001 μm. Notably, following five consecutive cleaning cycles, a heightened presence of melt-induced damage becomes apparent on the skin’s surface, coupled with an emerging trend of substrate detachment.
Laser cleaning was performed for 1, 3, and 5 cycles, with the corresponding surface elemental distribution depicted in Figure 9. It is evident that the carbon element content on the surface exhibits an initial increase followed by a subsequent decline with varying pulse numbers. Notably, in comparison to a single laser cleaning session, the atomic percentage of carbon element reduces by 2.81%, oxygen element by 3.76%, while the atomic percentage of aluminum element increases by 6.59% following five successive cleaning cycles. These outcomes underscore that augmenting the frequency of cleaning sessions can effectively enhance the overall cleaning efficiency.
[image: Figure 9]FIGURE 9 | The effect of cleaning times on the content and distribution of surface elements. (A) One cleaning cycle; (B) Three cleaning cycles; (C) Five cleaning cycles.
3.2.2 Influence of pulse energy on cleaning quality
The microscopic morphology of the cleaned surface was examined at single pulse energies of 270, 370, 470, 570, and 670 mJ, as depicted in Figure 10A below.
[image: Figure 10]FIGURE 10 | (A) Laser energy on the image of skin microscopic morphology, (B) Effect of laser energy on the height profile of the skin surface.
The investigation revealed that a pulse energy of 270 mJ initiated damage to the skin substrate, manifested as densely distributed, molten-sputtering, crater-like structures. As energy escalated to 570 mJ and 670 mJ, surface damage experienced substantial augmentation, rendering the system chaotic and challenging to discern, with the surface cloaked in black residue. The 3D morphology diagram unveiled a progressive emergence of skin surface damage structures as energy levels rose, concomitant with a gradual increment in surface roughness. Notably, the minimum surface roughness was attained at 270 mJ, measuring 3.07 μm.
In addition, at laser energy levels of 270, 470, and 670 mJ, the surface height differences are 29.912, 33.438, and 52.283 μm, respectively. These results indicate that surface damage experiences a sudden increase once the energy surpasses a specific threshold value, as illustrated in Figure 10B below.
The elemental distribution on the skin’s surface is depicted in Figure 11 below. The observations reveal a slight initial rise followed by a significant decline in surface carbon content as energy levels increase. Simultaneously, the content of elemental oxygen exhibits a gradual reduction, while the content of elemental aluminum experiences a noteworthy escalation. In terms of atomic percentages, a collective decrease of 1.58% and 0.89% is observed for carbon and oxygen elements, respectively, alongside a rise of 2.46% for aluminum elements. These outcomes suggest that elevated energy levels might induce the disruption of the alumina film, thereby exposing the substrate and engendering alterations in surface elemental composition.
[image: Figure 11]FIGURE 11 | The effect of laser energy on the content and distribution of surface elements. (A) Low energy level; (B) Medium energy level; (C) High energy level.
A comparison of the effects of different cleaning times and energies on the microscopic morphology of the skin surface post-cleaning is presented in Figure 12 below. Keeping other variables constant, graphs (a), (b), and (c) correspond to laser energies of 270, 470, and 670 mJ, respectively, while graphs (d), (e), and (f) represent cleaning times of 1, 3, and 5 times, respectively. The findings indicate that as energy gradually increases, the substrate surface damage structure remains relatively unchanged, yet the heat-affected area due to laser cleaning significantly expands. Therefore, it can be concluded that an increase in the number of cleaning cycles does not notably influence changes in the laser cleaning area, but it does lead to a significant increase in surface damage.
[image: Figure 12]FIGURE 12 | Effect of cleaning times and laser energy on the microscopic morphology of the skin. (A–C): Laser energies of 270 mJ, 470 mJ, and 670 mJ, respectively, with cleaning time held constant. (D–F): Cleaning times of 1, 3, and 5 cycles, respectively, with laser energy held constant.
3.2.3 The influence of paint color on cleaning quality
Laser cleaning experiments were conducted on aircraft skins of different colors using energies ranging from 270 mJ to 670 mJ. The results obtained through confocal microscope observation are presented in Figure 13 below.
[image: Figure 13]FIGURE 13 | Effect of paint color on the microscopic morphology and roughness of the skin surface.
Within the energy range of 270 mJ–470 mJ, complete removal of the surface paint layer from the green aircraft skin was not achieved. Significant paint residues were visible on the cleaned skin’s surface. Thorough cleaning was achieved at an energy level of 570 mJ, while substrate damage occurred at 670 mJ. In contrast, complete surface cleaning was achieved at a laser energy of 270 mJ when cleaning the blue skin. With increasing energy, surface damage gradually escalated. Across laser energies of 270 mJ–670 mJ, the associated surface roughness for green skin cleaning stood at 4.2, 3.65, 3.30, 2.02, and 2.66 μm, respectively. For blue skin cleaning, the corresponding surface roughness values were 3.07, 3.18, 3.14, 3.28, and 3.31 μm. To further comprehend the influence of paint color on cleaning outcomes, subsequent experiments were undertaken.
An infrared grating spectrometer was employed to measure the reflected light. Stronger received reflected light indicates lower absorption capacity of the paint layer towards the laser, while weaker received reflected light signifies stronger absorption capability of the paint layer towards the laser. To ensure the efficiency and precision of the infrared spectrometer acquisition, the laser’s repetition frequency for this experiment was set to 200 Hz, ensuring the detection probe remained consistently positioned for accurate readings.
Twenty laser cleaning experiments were conducted on both green and blue skins, respectively, with the spectrometer probe collecting reflected light waves at the same position. Finally, the spectra depicting absorbed light intensity versus laser wavelength were plotted in Figure 14 below. During the laser cleaning experiment on the green aircraft skin, the reflected laser light intensity reached 10,720 cd. Conversely, in the case of the blue aircraft skin, the reflected light power was only 6,193 cd, highlighting a nearly twofold difference between the two scenarios.
[image: Figure 14]FIGURE 14 | Infrared spectra under different skin colors.
4 CONCLUSION
In this research, a pair of disparate laser cleaning experiments were devised, employing a low repetition-frequency yet high-energy laser system. The intent was to discern the multifaceted influences of laser energy levels, cleaning angles, repetition frequencies, degrees of defocusing, and the variegation of paint hues upon the minuscule topography of the treated substrate, along with the discernible dispersion of constituent surface elements. The outcomes of this investigative undertaking manifested in the subsequent manner: (1) The escalation of laser energy progressively enhances the efficacy of laser cleaning. At 20 mJ, the threshold for effective cleaning is achieved; however, at 25 mJ, damage to the alumina film leads to substrate melting and increased carbon content on the cleaned surface. Surface roughness peaks at 5 mJ (3.10 μm) and reaches its lowest at 20 mJ (1.19 μm). As the cleaning angle increases from 0° to 21°, the substrate surface exhibits gradual wrinkling. At 0°, the roughness peaks at 1.99 μm, while at 11°, it decreases to a minimum of 1.25 μm, indicating the optimal cleaning effect. However, as the out-of-focus distance grows from 0 cm to 12 cm, the cleaning effect deteriorates progressively. Surface roughness reaches a minimum of 1.15 μm at 3 cm and increases to a maximum of 4.66 μm at 12 cm. Throughout the experiment, no smoke is observed, and the peeled paint layer is mostly fragmented. (2) The experiments revealed that increasing the number of cleaning cycles does not lead to an expansion of the thermal impact zone, but it does intensify substrate damage. Simultaneously, the concentration of carbon elements on the surface gradually accumulates, displaying an initial increase followed by a decline. The roughness reaches a minimum of 1.81 μm after 1 cleaning and a maximum of 3.83 μm after 5 cleanings. In terms of energy variation, the expansion of thermal effects is influenced by energy increase, while the degree of substrate damage remains relatively unchanged. Surface roughness attains a minimum of 3.07 μm at 270 mJ and a maximum of 3.31 μm at 670 mJ. Laser energy absorption varies with paint colors. Particularly, in this experiment, the absorption capacity is more pronounced for the blue paint layer than for the green paint layer.
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