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Abstract: As a non-contact and non-destructive technology, laser cleaning provides an alternative
method for the paint stripping of aircraft skins. Herein, the particular multi-layer paint on the
aluminum alloy aircraft skin surface was stripped by adjusting laser parameters. Beyond expectation,
multi-layer paint led to a highly complex surface as opposed to the ordinary single-layer paint after
laser cleaning. The surface morphology, chemical compositions, and surface functional groups of the
samples were analyzed, and the successful depaint parameters were found in this experiment with
damage free of the aluminum substrate, i.e., laser energy density of 5.09 ] /cm? and scanning speed of
700 mm/s. More importantly, this paper revealed that the mechanisms of laser paint stripping from
Al alloy aircraft skin are thermal decomposition, evaporation, and spallation. After laser cleaning,
the surface nanoindentation hardness with paint completely stripped and undamaged was increased
by 3.587% relative to that of the conventional mechanical lapping sample. The improvement of
nanoindentation hardness was also confirmed by the microstructure characterized with electron
backscatter diffraction (EBSD) in which plastic deformation led to strain hardening of the substrate
surface. This study lays a solid foundation for large-scale, high-efficiency, and low-pollution removal
of more complex paint layers on aircraft surfaces in the future.

Keywords: laser paint stripping; aircraft skin; cleaning mechanisms; microstructure characterization;
nanoindentation hardness

1. Introduction

The function of aircraft skin is to maintain the shape of the aircraft, increase the
reflection of sun light, and make it have good aerodynamic characteristics [1,2]. The aircraft
skin is directly exposed to a high-pressure and low-temperature environment, which makes
the shin of an aircraft extremely important. During the service of an aircraft, mechanical
scratches, electromagnetic radiation, and complex service environments with temperature
and humidity differences may cause paint cracking, aging, peeling, and damage to parts
of fuselage, requiring regular maintenance of the aircraft [3—6]. In the process of aircraft
overhaul, the paints need to be completely removed so the substrate can be checked for
defects [7,8]. The paint-stripping method of aircraft skin mainly includes mechanical
treatment and chemical methods at present, which are not only costly, low efficiency,
and cause serious environmental pollution, but also likely cause certain damages to the
substrate of the skin and other parts [9-12]. Moreover, these methods are likely to cause
physical injury to the on-site operators. Therefore, an alternative efficient, non-contact, non-
destructive, highly motived, and environmentally friendly cleaning technology is needed.

Laser cleaning utilizes the interaction mechanism of laser and materials to selectively
remove the attachments on the substrate with damage free or controllable damage to
the substrate [13—17]. During the cleaning process, the attachments on the surface to be
treated absorb the laser energy, destroy the binding force between the removed object and
the substrate, and make the attachments peel off through ablation, vibration, and other
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action processes. It has the outstanding advantages of non-contact, selective cleaning,
good cleaning effect, potentially highly automated, and high precision [18-22]. In 1965,
Schawlow [23] first proposed the “laser eraser”, which used laser pulses to remove ink
on the paper without damaging the paper. Subsequently, in 1969, Bedair and Smith [24]
used a Q-switched laser to remove contaminants on the silicon surface without damaging
the substrate, and raised the concept of “laser cleaning”. With the advancement of lasers,
laser-cleaning technology has developed rapidly in recent years, which has significant
advantages in the preservation of cultural relics, paint striping, rusting cleaning, and
oxide film removal in diverse industrial applications [25-29]. Palomar [30] evaluated the
effect of laser cleaning for pure silver artifacts by laser with different wavelengths and
considered that a laser with a wavelength of 532 nm was the most suitable. Yoo [31] studied
the alteration of the microstructure and mechanical properties of SS304L after corrosion
removal via the laser surface cleaning, and suggested a relatively low-energy-input process
with multiple repetitions to minimize the alterations. Li [32] achieved liquid-assisted pulsed
laser cleaning of TA15 titanium alloy oxide film and investigated the laser-cleaning effect,
surface structure, and cleaning mechanism. Tian [33] innovatively carried out laser cleaning
on the natural marine micro-biofoulings on the surface of aluminum alloy used in ships
and proved the effectiveness of laser cleaning based on the analysis of surface morphology
and surface properties, which provided the possibility of anti-fouling in subsequent use.
Laser-cleaning technology can remove a wide range of types and scope, and has gradually
developed into an alternative technology to other cleaning methods.

The laser-cleaning technology has gradually matured; the research on the laser paint
stripping of aircraft skin has given increasing attention, and its market potential is vast.
Tsunemi [34] used a high-power pulsed TEA CO; laser to strip the paints on the surface of
aircraft skin with Al alloy and fiber-reinforced composite materials, while the substrates
were not damaged. Arthur [35] installed a continuous fiber laser on a mobile robot to
selectively remove paint on small and medium-sized military aircraft, which can adjust the
laser beam according to the shape of the fuselage to automatically and accurately control
the paint removal trajectory. Wang [36] utilized a 30 W pulsed laser to remove the paint
with a thickness of 31.5 pm on the aircraft skin surface, which mildly damaged the oxide
film without damaging the metal substrate. Zhu [37] fully stripped paint with a thickness
of 130 um on the surface of aircraft Al alloy skin under the action of a medium-power
pulsed laser, and verified that there was no reduction in friction and wear performance,
micro-hardness, and corrosion resistance, but a certain plastic deformation was produced.
Of particular note, it has important application value in the depainting of aircraft skin
surface. However, the coating on the surface of aircraft skin is mostly thick multi-layer
paint, and local warping may occur at the joints of different paint layers during the cleaning
process, resulting in complex changes in surface roughness and cleaning mechanisms.
Laser paint stripping is the result of a combination of mechanisms, and most of the current
research conclusions are inferred from the observed phenomena [9,38-40]. What has been
overlooked is that the dominant effect of laser removal differs when it acts on different
areas of the material surface, and more research is needed to complete the mechanisms
of laser paint stripping. Additionally, a large amount of relevant literature shows that the
research of laser paint stripping on Al alloy surface is concerned with wrought Al alloy, and
the research on casting Al alloy is rare. The microstructure of wrought Al alloy and casting
Al alloy are significantly different, and the changes in the microstructure of casting Al
alloys during laser cleaning still need to be studied. At present, laser-cleaning technology
is still far from meeting the demand for efficient and high-quality maintenance, and the
research on the influence of lasers on the substrate is still in the basic research stage, which
is a serious challenge for the flight safety of aircrafts.

At present, the removal of paint on the surface of aircraft skin still relies on traditional
stripping technology, which can pay more attention to the environment-friendly laser-
cleaning technology. This paper demonstrated that laser cleaning effectively removes the
multi-layer on the aircraft skin surface while avoiding damage to the casting Al alloy
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substrate or the damage is acceptable, and takes note of the change of the substrate surface
property after laser cleaning. A nanosecond pulsed fiber laser was used to clean the coating
on the skin surface of Boeing series aircraft, and samples at different laser fluence and
scanning speed were obtained. The surface morphology, chemical compositions, and
surface functional groups of the samples were analyzed to evaluate the cleaning quality
and characterize the surface property. Then, the grain dislocation mechanism subjected
to laser of the substrate was identified, which revealed the underlying nanoindentation
hardness enhancement after laser cleaning. Furthermore, we studied the influence of laser-
cleaning process on the surface roughness and stripping thickness to better select process
parameters, and preliminarily revealed and discussed the laser paint stripping mechanisms
from two aspects: the action of small laser energy on the paint and the action of large laser
energy on the substrate, which can be helpful to the application of laser cleaning in aircraft
skin paint removal.

2. Experimental Procedure
2.1. Materials

The experimental materials were Boeing 737 aircraft skins with coatings. As shown
in Figure 1, a field emission scanning electron microscope (FE-SEM, ZEISS SUPRA® 55,
ZEISS, Germany) with energy dispersive spectroscopy (EDS) attachment was used for cross-
section observation and energy spectrum analysis of the original sample. As presented in
Figure 1a, there are four layers of paint on the aluminum substrate, with a total thickness
of about 200 um, which are coated alternately by polyurethane paint and epoxy paint.
The substrate is A357 Al alloy, and there is a uniform anodic oxide film about 2 pm thick
between the paint and the aluminum substrate. It can be seen from the energy spectrum
results in Figure 1b that all elements content of different paint is obviously differentiated,
according to which the paint can be clearly layered.

(b)

Figure 1. Structure of Boeing aircraft skin: (a) cross-section observation of the skin, (b) EDS analysis
of the skin cross-section.

2.2. Laser-Cleaning Experiment

The nanosecond fiber laser (YLPN-100-30x100-1000, IPG, Oxford, MA, USA) was used
to remove the paint on the skin surface in an ambient atmosphere; the cleaning system and
laser scanning strategy are shown in Figure 2. The laser beam was output from the optical
resonator and transmitted to the laser head through an optical fiber. The laser beam was
collimated with a f75mm collimated lens, and transmitted to a two-axis scanning galvo
scanner system. The laser was then focused to the sample surface with a flat field lens.
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Since the laser is a multi-mode laser, the focused laser beam distribution is a near flat top.
The focused spot size is 1 mm in diameter to provide the best energy density. The cleaning
process was observed by a high-speed camera (Fastcam Mini UX100, Photron, Tokyo,
Japan). The main parameters of the laser are presented in Table 1. Since the coating on the
aircraft skin surface is the multi-layer paint, different laser fluences and scanning speeds
lead to more complex surface topography compared with the single-layer paint, which
affects the surface roughness Ra and stripping thickness H. Thus, a general full factorial
experiment with two factors, i.e., laser fluence F and scanning speed v, each containing six
levels, was designed to observe the cleaning effect within a large process window and to
analyze the trends of roughness and stripping thickness under different cleaning effects.
The experimental factors and their levels are listed in Table 2. We set the laser power to
be 200-700 W, the repetition rate to be 10 kHz, so the max pulsed energy can reach up
to 70 mJ/pulse, the laser pulse duration to 100 ns, the line spacing (hatch) of the laser
scanning path to 0.2 mm, and the scanning time to once. The laser fluence was calculated
as follows:

F=P/(fS) 1

where F is the laser fluence, P is the laser power, f is the repetition rate, and S is the laser
spot area.

Before -

Figure 2. Schematic of laser-cleaning system and laser-cleaning scanning path.

Table 1. Main parameters of the laser.

Parameter Symbol Value Unit
Wavelength A 1064 nm
Maximum average power p 1000 A\
Pulse duration T 30, 40, 60, 100 ns
Repetition rate f 2-50 kHz
Laser spot diameter D 1 mm
Maximum scanning speed v 10,000 mm/s
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Table 2. Design scheme of the experimental factors and levels.

Level F (J/cm?) v (mm/s)
1 2.55 500
2 3.82 600
3 5.09 700
4 6.37 800
5 7.64 900
6 8.91 1000

2.3. Surface Characterization

The macro morphology and micromorphology of the sample surfaces were analyzed
by optical microscope (OM, GX71, OLYMPUS, Tokyo, Japan) and FE-SEM, respectively.
The Fourier transform infrared spectroscopy of the samples were collected using the ATR
mode of Fourier transform microscopic infrared spectrometer (FTIR, Thermo Nicolet iS50
Continuum, Thermo Fisher, Waltham, MA, USA). The microhardness was obtained by a
nanomechanical tester (iMicro, KLA, Milpitas, CA, USA). Five points were measured for
each sample and the average value was taken. A digital microscope (VH-Z5ST, KEYENCE,
Osaka, Japan) was used to measure the surface roughness and stripping thickness of the
uncleaned surface and the laser-cleaned surface, which were measured three times and
then averaged, where the Ra of the uncleaned surface was 3.595 pm. Electron backscatter
diffraction (EBSD, ZEISS SUPRA® 55, ZEISS, Oberkochen, Germany) was used to observe
the grain structure.

3. Results
3.1. Macroscopic Observation

Figure 3 characterizes the macro morphological changes of the aircraft skin sur-
faces after laser cleaning at laser fluences of 2.55-8.91 J/cm? and scanning speeds of
500-1000 mm/s. The paint on the skin surface decreased with the increase of laser fluence
and the decrease in scanning speed. When the scanning speeds were 500-700 mm /s, the
cleaned surfaces with laser fluences of 2.55 J/cm? and 3.82 J/cm? were covered with a
large amount of residual paint, accompanied by obvious traces of laser action, while the
paint was completely removed when the laser fluence increased to 5.09 J/cm? and above.
The surfaces from which the paint had been completely removed had both the texture of
mechanical lapping Al alloy substrate and the traces of ablation to varying degrees. When
the scanning speed was 800 mm /s, the surface with laser fluence of 5.09 J/cm? began to
expose the substrate, and the surface paint with laser fluences of 6.37-8.91 ] /cm? was com-
pletely cleaned. When the scanning speed was increased to 900-1000 mm/s, the Al alloy
substrate began to expose with laser fluence of 6.37 J/cm?, and the surface paint with laser
fluences of 7.64 J/cm? and 8.91 ] /cm? was completely removed. It can be seen intuitively
from the Figure 3 that the texture of mechanical lapping is clear at the initial stage of all
paint peeling. Along with the further increase of laser fluence and the further decrease of
scanning speed, the texture of substrate gradually disappeared, while the ablative crater
formed by the recoil pressure of the metal vapor and the multiple yellow oxidized stripes
caused by heat accumulation appeared on the surface during the laser cleaning [41,42].
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Figure 3. Macro morphology of aircraft skin surfaces after laser cleaning with different laser fluences
and scanning speeds.

3.2. Microscopic Characterization

According to the abovementioned research results, five representative samples were
selected for further comparative analysis with the original sample. The process parameters
used for cleaning the samples are listed in Table 3. Figure 4 shows the micromorphology
of the uncleaned and laser-cleaned aircraft skin surface obtained by SEM. It can be seen
from Figure 4a that white areas were distributed on the untreated surface of sample 1, and
fine cracks appeared in and around the white areas, which is due to the damage of the
paint in the harsh environment during the service of the aircraft skin. After laser cleaning,
the paint on the surface of sample 2 in Figure 4b still covered the entire substrate surface,
and dense ablative pits appeared on the surface. With the increase of laser energy, a small
part of substrate was exposed on the surface of sample 3 in Figure 4c. As the paint kept
thinning under the action of the laser, the texture of the metal substrate began to appear
on the surface, and it can be seen that there was an obvious demarcation line between
the paint and the substrate. Figure 4d displays that almost of the paint on the surface
of sample 4 was removed and exposed a large area of the substrate, with a smattering
paint and oxide film remaining on the surface that were closely attached to the substrate.
The paint on the surface of sample 5 was completely removed, while the texture on the
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surface of the substrate was clear and densely distributed (Figure 3). At the micro-scale,
the paint on the surface of sample 5 in Figure 4e was absent, and the surface became flat.
When the laser energy density further increased, there were obvious oxidation streaks on
the surface of sample 6, and the substrate texture became sparse and shallow (Figure 3).
Meanwhile, the observation area of sample 6 in Figure 4f is flatter than that of sample 5
in Figure 4e, indicating that the substrate of sample 6 was remelted under the action of
the high-energy laser. In conclusion, it can be judged that within the research scope of
this article, the cleaning effect of sample 5 was the best, and the corresponding process
parameters were optimal.

Table 3. The design scheme of the experimental factors and levels.

Sample Number F (Jj/em?) v (mm/s)
1 0 0
2 2.55 500
3 5.09 800
4 6.37 900
5 5.09 700
6 8.91 700

2] |

Figure 4. Micromorphology of aircraft skin surfaces before and after laser cleaning: (a) untreated

sample 1 and laser-cleaned (b) sample 2, (c) sample 3, (d) sample 4, (e) sample 5, and (f) sample 6.

3.3. Energy Spectroscopy Analysis

The effect of laser cleaning varied greatly under different process parameters. EDS was
used to analyze the elemental composition of the sample surfaces, and the measurement
results are exhibited in Figure 5. For comparison with the changes of elements on the
sample surfaces after laser cleaning, Figure 5a displays the chemical composition of the
topcoat and primer. The main characteristic chemical components of the analyzed samples
are shown in Figure 5b, where the Al alloy was acquired by mechanical rubbing of the
original sample. Figure 6 presents the distribution diagrams of the first three elements with
a large atomic percentage. The exposed paint of sample 2 was topcoat. Comparing the
EDS results of sample 1 and sample 2 in Figure 5b, it can be found that there was little
difference in weight of the elements. Through the morphology observation, the residual
substances on the surface of sample 3 were primer and oxide film. Upon comparison with
the EDS results of the primer, the changes were a significant increase in the content of Al to
11.76% and the presence of Mg elements at 0.11%. Furthermore, in Figure 6b, the content
of Al element was greater, which was distributed in the lower left of sample 3 surface,
which proves that the lower-left area of the surface was Al alloy substrate. The substances
remaining on the surface of sample 4 were the primer and oxide film as those on sample
3. Compared with sample 3, the content of Al and Mg increased greatly, indicating that
the Al alloy substrate accounted for a larger proportion in the surface-measurement area
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and less primer remained on the surface. From the Al element distribution diagram, the Al
element was mainly distributed in the left half of the surface (Figure 6¢). The EDS results of
sample 5 suggest that the elements of the paint almost disappeared (Figure 5a), but a very
small amount of paint splashed during the cleaning process and remained on the surface.
The Al content of sample 5 increased significantly relative to that of sample 4 (Figure 5b)
and was evenly distributed on the entire surface (Figure 6d), revealing that the paint had
been completely removed and the substrate was fully exposed. The EDS comparison
results between sample 5 and Al alloy substrate displayed that the content of O in sample
5 increased by 1.79%, while the content of Al and Mg elements decreased by 6.65% and
0.1%, respectively. It can be concluded that the surface of sample 5 was inevitably affected
by laser heat accumulation, resulting in slight oxidation. In Figure 6e, the elements of Al
and O were uniformly distributed on the surface of sample 6, indicating that the paint was
thoroughly stripped. Nevertheless, according to the EDS results of sample 6, compared
with sample 5, the content of O was further increased to 18.54%, while the elements of Al
and Mg both decreased slightly, which proves that the thermal oxidation degree was higher.
The above results can demonstrate that the cleaning effect of sample 5 was optimum, which
is consistent with the results obtained from the microscopic characterization.

Elements /wt.% (b) 80 0.6
70 F O _<
. Al - 10
~ =260 F R Mg 5
C 7523 = N N 1042
(6] 9.30 =250 )
Topcoat Al 1”)07 g =z
7 42 40t 7 1038
Si 4.40 “5 %
co0.02 230 {023
Ti 009 B o =
S
Cr 045 % {0.1
St 042 L0
Ba  0.02 0 1z 7 0.0

1 Primer Sub- 2 3 4 5 6
strate

Sample

Figure 5. Chemical composition measurement results of sample surfaces obtained by EDS: (a) mea-
surement results of chemical elements for topcoat and primer, (b) main characteristic chemical
components of the observed samples.

Figure 6. Distribution diagrams of the first three elements with the largest proportion on the laser-
cleaned sample surface: (a) sample 2, (b) sample 3, (c) sample 4, (d) sample 5, (e) sample 6.
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3.4. Fourier Transform Infrared Spectroscopy Analysis

Figure 7 collects the FTIR spectroscopy of the primer, the substrate treated by me-
chanical lapping, sample 4 with a small amount of adhesion on the surface, and sample
5 with the paint completely removed. The FTIR spectroscopy of the samples changed
significantly with the paint-stripping degree. The broadband of the primer spectrum at
3600-3100 cm ! corresponds to the O-H stretching vibration from hydroxyl group in the
epoxy resin. After laser cleaning, the broadband intensity of sample 4 spectrum was signifi-
cantly reduced, while the broadband of sample 5 spectrum disappeared. The peak of the
primer at 3057 cm ™! was assigned to the C-H stretching vibration from the oxirane group,
which did not exist in the spectrums of sample 4 and sample 5. The peaks induced by C-H
stretching vibration of CH, and CH aromatic and aliphatic at 2965 cm ! and 2930 cm ™! be-
came extremely weak after laser cleaning. Meanwhile, the peaks at 1608 cm ™!, 1040 cm !,
915 cm~!, 857 cm~!, and 770 cm~! were induced by C=C stretching of aromatic rings,
C-O-C stretching of ethers, C-O stretching and C-O-C stretching of the oxirane group,
and CH; rocking vibration, respectively, also disappeared completely after laser cleaning.
Nevertheless, a few paint particles splashed on the surface during cleaning may result
in faint characteristic peaks at certain wavenumbers. The spectrum of sample 5 tended
to be consistent with that of substrate, indicating that the paint on the surface of sample
5 was completely removed after laser cleaning, which further verifies the conclusion of
morphology and EDS. Accordingly, laser cleaning has the ability to non-selectively break
the chemical bonds of the paint for removal.

gc\ m{\
)
2
<
13}
=
1)
= Primer
Substrate
Sample 4
Sample 5
1 i 1 i 1 i 1
4000 3000 2000 1000

Wavenumber/(cm™)
Figure 7. FTIR spectroscopy of primer, substrate, and laser-cleaned sample 4 and sample 5.

3.5. Nanoindentation Hardness Analysis

The change of surface microstructure caused by laser interaction with the sample
may have an impact on the mechanical properties of Al alloy substrate [43-45], which
needs further study. The nanoindentation hardness of laser-cleaned samples and Al alloy
substrate obtained by mechanical lapping is shown in Figure 8. The paint exposed on the
surfaces of sample 1 and sample 2 is both topcoat and fully covered the substrate, so the
difference in hardness between the two samples was minimal, and the hardness values
were very small. For sample 3, the paint adhered to majority of the Al alloy substrate, and
the exposure of a small portion of the substrate resulted in an increase in hardness relative
to sample 1 and sample 2. The hardness of Al alloy was greater than that of primer, so the
hardness of sample 4, which exposes most of the substrate, greatly increased concerning
that of sample 3. It should be noted that the uneven distribution of paint on the surfaces
of sample 3 and sample 4 led to different microhardnesses at different positions, thereby
resulting in a larger standard deviation of the microhardness. The paint of sample 5 and
sample 6 was entirely stripped, and the hardness increased by 0.679 GPa and 0.733 GPa,
respectively, compared with that of sample 4. The hardness of samples 5 and 6 increased
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by 3.587% and 6.241%, respectively, with respect to the substrate, indicating the formation
of a hardened layer on the sample surface after laser cleaning.

b
W
T

L4
S
T

p—
S
T

S
W
T

Nanoindentation hardness /GPa
o
|

0.010 0.012

1 2 3 4 5 6 Substrate
Sample

=
o

Figure 8. Comparison of the nanoindentation hardness of the laser-cleaned samples and substrate.

4. Discussion
4.1. Influence of the Process Parameters on the Cleaning Effect

Ra is a considerable performance index of the quality of the machined surface, which
reflects the micro-geometric error of the part surface, and greatly affects the working
accuracy, corrosion resistance, and wear resistance of the parts [46-48]. H can directly
represent the degree of laser cleaning. The Ra and H of the aircraft skin surface after
laser cleaning at different process parameters are described in Figure 9 and analyzed in
combination with Figure 3. When the laser fluence was 2.55 ] /cm?, the laser energy was
not great enough to peel off the thick topcoat at all scanning speeds within the range
of research parameters, and H was small; thus, the exposed paint on the surfaces of the
cleaned samples was still the topcoat that completely covered the samples. When the laser
fluence increased to 3.82 ] /cm?, the energy acting on the surface of the sample increased,
and multiple layers of paints were exposed on the surface at the same time, resulting in a
corresponding increase of Ra and H relative to that of the sample with the laser fluence of
2.55]/cm?. When the laser fluences were 5.09-6.37 ] /cm?, the paint of some samples was
completely removed, the substrate texture was obvious, and the variation of the surface
profile changed more greatly compared with that of the laser fluence of 2.55 ] /cm?, so Ra
increased and H reached the maximum. As the laser fluence continued to increase, the
substrate texture of some samples became shallow or even disappeared. At this time, the
surfaces were remelted and relatively flat, but the laser action time was so short that H
did not change significantly. Form the whole, the surfaces of the samples that had not
completely removed the paint and oxide film exposed a variety of objects to be cleaned
at the same time, which were unevenly distributed on the substrate, and the edge of the
residual paint layer on some surfaces was tilted. The surface morphology is complex, and
the contour fluctuated greatly, so Ra changed in a large range. The surface morphology of
the samples with the substrate completely exposed was affected by the substrate texture
and laser ablation traces; Ra fluctuated slightly within a certain range. The change of H
was relatively regular, which increased with the increase of laser fluence and the decrease
of scanning speed. When the paint and oxide film were completely stripped, the changes
of process parameters within the studied range did not cause a significant change in H. It is
appropriate to evaluate the cleaning effect in consideration of the variation in Ra and H.
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Figure 9. Cleaning effect of the samples after laser cleaning at different process parameters: (a) surface
roughness, (b) stripping thickness.

Analysis of variance was used to test the significance of the process parameters to
the response [49,50]. Table 4 shows the results of the analysis of variance, and the p-value
represents the degree of significance. For Ra, the p-value of the laser fluence was less than
0.05, and the p-value of the scanning speed was greater than 0.05, indicating that within
the parameters of this study, laser fluence had a significant effect on Ra, while scanning
speed had no significant effect on Ra. For H, the p-values of laser fluence and the scanning
speed were both less than 0.05, signifying that the two process parameters had significant
effects on H. To compare the degree of influence of laser fluence and scanning speed on H,
the main effects analysis of H was carried out [51], and the results are shown in Figure 10.
The lines drawn by the mean value of H at different levels of process parameters were not
parallel to the X-axis, meaning that different levels of process parameters had different
effects on H, and the fluctuation of laser fluence was significantly greater than that of
scanning speed, so the influence of laser fluence on H was greater than that of scanning
speed. Figure 11 draws the contour plot of H, which can intuitively observe the relationship
between the response and the process parameters. Due to the thickness error during the
painting process, the H of paint and the completely removed oxide film samples fluctuated
around 200~202 um. Within the parameters studied in this paper, the H of the samples with
the substances completely removed from the substrate surface was mainly concentrated
in the medium and high values of the laser fluence and the medium and low values of
the scanning speed, but excessive laser fluence or too-small scanning speeds may cause
serious oxidation of the substrate. Therefore, it is recommended to choose parameters in
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the middle region of laser fluence and scanning speed for laser paint stripping within the

studied parameters.

Table 4. Analysis of variance for surface roughness and stripping thickness.

Response Source DF Adj SS Adj MS p-Value
Ra F 5 7.109 1.4218 0.046
Ra v 5 2.725 0.5450 0.425
H F 5 145,158 29,031.5 <0.001
H v 5 4717 943.3 0.019
Laser fluence/(J/cm?) Scanning speed/(mm/s)
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Figure 10. Main effects plot for stripping thickness.
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Figure 11. Contour plot of stripping thickness.

4.2. Mechanisms of Laser Paint Stripping from Aircraft Al Alloy Skin

Laser-cleaning technology is able to remove different substances from the surface of a
variety of substrates and has become an environmentally friendly and advanced cleaning
technology. Laser-cleaning processes are complex and varied. The bond or bonding force
between the removed material and the substrate is destroyed through the action of light
or heat, and the contaminants on the surface of substrate are removed by the physical
and chemical reactions such as vaporization, thermal decomposition, vibration, and phase
explosion [9,52,53]. For laser paint stripping, after the laser irradiates the paint surface, the
paint absorbs the laser energy, then the temperature of the surface rises instantly, and the
paint is thermally decomposed. When the temperature reaches and exceeds the boiling
point of the paint, the paint will be vaporized. In the meantime, plasma is generated
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on the surface at a high temperature, and the plasma shock wave breaks the paint into
pieces and ejects them into the air. Figure 12 describes the main schematic diagram of the
laser paint-stripping mechanisms. The combined effect of multiple mechanisms eventually
caused the paint layer to break away from the substrate. As shown in Figure 12a, the laser
energy was low, part of the paint acted with the laser, and the ablation flame was obvious.
As can be seen from Figure 12b, all the paint was affected by the laser under the action of
high laser energy, the plasma cloud became larger, and the plasma-shock effect was notable.
Furthermore, the tiny paint particles spattered were captured by the high-speed camera.
The results showed that the cleaning mechanisms involved in laser paint stripping mainly
included thermal decomposition, vaporization, and spallation.

Laser beam

<>
v v

.‘,SZSA.

g =

Substrate

Figure 12. Schematic diagram of laser paint-stripping mechanisms: (a) mechanisms for incompletely
removing paint, (b) mechanisms for completely removing paint.

4.3. Enhancement Mechanism of Microhardness Induced by Laser

EBSD analysis for the cross-sections of samples after mechanical lapping and laser
cleaning were performed to observe the changes in the substrate grains. Figure 13 expresses
the inverse pole figure (IPF) mappings and local misorientation (LM) mappings of the
samples after mechanical lapping and laser cleaning. Comparing the IPF maps of the two
samples in Figure 13a,b, grain refinement was not detected on the laser-cleaned surface,
but an obvious color variation within the grains was observed on the near-surface after
laser cleaning, indicating that the laser caused in the deformation of the grains. The LM
maps of Figure 13c,d calculate the average dislocation between the target point and all its
neighbors, characterizing the internal microstructure evolution. The LM of the laser-cleaned
near-surface was significantly greater than that after mechanical treatment, and the LM
distribution inside the grains of the samples after laser cleaning was evident, which further
proves that laser cleaning induced obvious plastic deformation, thereby increasing the LM
density. The surface microhardness of the sample with the paint completely removed by
laser cleaning was higher than that of the sample with the paint completely removed by
mechanical lapping, which can be attributed to the plastic deformation of the near-surface
of the substrate caused by the shock wave generated during the laser paint stripping,
resulting in strain hardening [37,54,55].
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Figure 13. IPF mappings for cross-sections of the (a) mechanical lapping sample and (b) laser-
cleaned sample, and LM mappings for the cross-sections of the (¢) mechanical lapping sample and
(d) laser-cleaned sample.

5. Conclusions

In this work, nanosecond-pulsed laser equipment was used to directly remove the
multi-layer paint on the aluminum alloy skin of a Boeing series aircraft. The cleaning
effect at different laser fluences and scanning speeds was studied, the surface morphology
and chemical composition of uncleaned and cleaned samples were analyzed, and the
nanoindentation hardness was discussed to explore the effect of laser on the substrate,
which can contribute to the application of laser cleaning in aircraft maintenance. The main
results are as follows.

(1) Nanosecond-pulsed lasers can effectively clean the multi-layer paint on the air-
craft skin. When the laser fluence and scanning speed were 5.09 J/cm? and 700 mm/s,
respectively, the substrate texture was clear and the FTIR spectrum could not detect the
vibration-induced peaks of the groups contained in the paint, but the content of the O
element on the surface of the sample increased by 1.790% relative to the mechanically
treated aluminum alloy, which proves that the samples cleaned at this parameters have
the best cleaning effect and avoid causing damage to the aluminum alloy substrate, but
inevitably suffer from a slight laser thermal influence.

(2) After the laser acts on the aircraft skin, a large number of dislocations were gen-
erated within the grains on the near-surface, which means that the surface underwent
plastic deformation, producing a strain hardening layer on the substrate, and the surface
with paint completely stripped and undamaged had a 3.587% increase in nanoindentation
hardness compared with the traditional mechanical lapping sample.

(3) Nanosecond-pulsed lasers can effectively strip the paint on the surface of aircraft
Al alloy skin, and the mechanisms mainly include thermal decomposition, evaporation,
and spallation.
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(4) The variety of paint layers led to intricate surface morphology after laser stripping,
resulting in complex changes in Ra and H. The combined analysis of Ra and H can be used
to evaluate the cleaning effect and also provides guidance for the selection of parameters
for laser cleaning. The successful removal of paint on aircraft skin by laser is of great
significance for the application of laser cleaning in aircraft maintenance.
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