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Abstract

Laser coating removal is an approach that has the potential to replace conventional chemical-based
stripping methods in industry. In addition to the laser parameters, the efficiency of this cleaning
technique depends also on the coating system itself. For this reason, we study the influence of the
elemental compositions of two Malaysian automotive coated substrates, referred to here as A and B,
on laser coating removal mechanisms using the Cynosure Cynergy Nd:YAG laser. The optimum laser
coating removal efficiencies for both samples A and B are determined based on the depths of 360
craters obtained using a given formula. Selected crater depths on both of the stipulated samples are
then subjected to energy dispersive X-ray analysis to determine their elemental compositions. The
results indicate that sample A, which has higher aluminum content, shows greater efficiency in coating
system removal, with balanced carbon and oxygen compositions aiding coating reduction during the
cleaning process.
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1. Introduction

Theoretically, laser cleaning can be distinguished in terms of two subareas: the removal of unwanted
installed layers and the removal of unwanted contamination layers from solid surfaces [1]. Both areas
include the cleaning of foreign organic impurities from metal substrates and the removal of existing
coatings from metal surfaces [2,3]. Previous studies have indicated that laser cleaning procedures for
coating removal have tremendous potential to replace conventional chemical wet cleaning methods, which
consume large amounts of water and are costly [4-6].

Laser cleaning methods also have the advantages of causing no mechanical damage to the metal
surface while simultaneously increasing the effectiveness of the coating removal process [7]. The unique
characteristics of laser cleaning provide a versatile, precise, controllable, selective, and environmentally-
friendly process to strip unwanted coatings from substrate surfaces in industry [8,9].

Laser coating removal involves a few complex mechanisms, including photothermal, photochemical,
and mechanical effects, in which the exact mechanisms depend on the laser parameters and the physical
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and chemical properties of the coating material [10]. The coating removal mechanism begins after the
absorption of the laser intensity in the coating layers has exceeded the ablation threshold of the material [6,
8-12]. In general, the average coating removal efficiency depends on the elemental composition of the
coated material itself, along with the suitability of the laser parameters that have been used [4,13].

Current research indicates that laser cleaning offers a good alternative to replace conventional chem-
ical cleaning methods in coating removal applications in various industries, including the automotive
industry [9,11-15]. However, information on the ways in which the elemental compositions of automotive
coating systems will influence the removal efficiency is not well documented because of a lack of research
studies on the subject in this industry. This paper will therefore provide some empirical data obtained
from energy dispersive X-ray (EDX) analysis performed on laser irradiated and nonirradiated cleaning
procedures conducted on coated substrates from the Malaysian automotive industry. The study aims to
investigate the relationships and effects of coating elemental compositions in an automotive laser coating
removal system.

2. Laser Coating Removal

Thirty-six rectangular coated car substrate sam-
ples were acquired from two Malaysian national car
models, designated A and B, with metallic acrylic
coating systems that have never been repainted.
Each substrate sample of types A and B was marked
using unique numbers from 1 to 18 and was sub-
jected to 10 laser irradiations using a Nd:YAG laser,
as shown in Fig. 1. The laser fluence F' was in-
creased by 10 J/cm? for each shot, and the pulse
width (PW), repetition rate (RR), and beam size
(BS) were all manipulated as listed in Table 1.
Thus, a total of 360 irradiations was performed for
all substrate samples of types A and B.

The originality of the structure, the pattern, the o
contour, and the texture of the irradiated crater Fig. 1. Experimental set-up used for laser coating re-
depth were determined along with any physical and moval from Malaysian coated automotive substrates.
chemical distortion sustained before proceeding to the energy dispersive X-ray (EDX) analysis.

We determine the average coating removal efficiency for each of the irradiated samples using the
following equation [16,17]:

¢ =V/E =d/nF, (1)

where € is the average coating removal efficiency in pum-cm?-J~!, V and d are the volume and depth of
coating removed, while ', F', and n are the total laser energy, laser fluence, and number of laser shots,
respectively.

The removal depths d are shown with respect to the incident laser fluence F' for each pulse width,
repetition rate, and beam size. Therefore, € for each set of laser parameters when applied to a specific
sample is determined by measuring the inclination slope of each fitted linear graph.
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Table 1. Variations in Laser Parameters: Laser Fluence, Pulse Width, Repetition Rate, and Beam Size.®

Sample | Number of | Beam Laser Pulse Repetition
number | irradiations | size, BS | fluence, F' | width, RW | rate, RR

mm J/cm? ms Hz
1 10 3 210-300 100 1.0
2 10 3 210-300 200 1.0
3 10 3 210-300 300 1.0
4 10 3 210-300 100 1.5
5 10 3 210-300 200 1.5
6 10 3 210-300 300 1.5
7 10 3 210-300 100 2.0
8 10 3 210-300 200 2.0
9 10 3 210-300 300 2.0
10 10 5 150-240 100 1.0
11 10 ) 150-240 200 1.0
12 10 5 150-240 300 1.0
13 10 5 150-240 100 1.5
14 10 ) 150-240 200 1.5
15 10 5 150-240 300 1.5
16 10 5 60-150 100 2.0
17 10 5 60-150 200 2.0
18 10 5 60-150 300 2.0

“Maximum laser fluence for the 3-mm beam is 300 J/cm? for all laser parameters, whereas maximum laser fluence for
the 5 mm beam is 240 J/cm? for repetition rates of 1.0 and 1.5 Hz, and 150 J/cm? for a repetition rate of 2.0 Hz.

Table 2. Optimum Crater Depths Selected from the Highest and Lowest € of Substrate Samples A and B.

Substrate sample | Selected substrate sample | Selected crater depth Criterion
A A 10 No. 7 Optimum of sample A
Nonirradiated sample A Random Control of sample A
B B 11 No. 3 Optimum of sample B
Nonirradiated sample B Random Control of sample B

In this study, we measured d for each crater depth of samples A and B using the Alicona infinite
focus metrology (IFM) G4 (Alicona Imaging GmbH, Graz, Austria). We investigated the elemental
compositions based on a selected crater depth from selected substrate samples with higher and lower
€, as shown in Table 2. Selection of the optimum crater depths for samples A and B is based on
compensation of the best evaluations of the Alicona IFM G4 optical images with the naked eye and
acceptable ranges of lower surface roughness results, as shown in Fig. 2. In addition, a nonirradiated area
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was selected randomly from each of the two types of nonselected substrate samples to act as a control
for this analysis.

Fig. 2. Infinite focus metrology (IFM) image (a) for pulse width of 100 ms, repetition rate of 1.0 Hz, beam size
of 5 mm, and laser fluence of 180 J/cm? for sample A10 at crater depth No. 7 with 5x magnification, and IFM
image (b) for pulse width of 200 ms, repetition rate of 1.0 Hz, beam size of 5 mm and laser fluence of 220 J/cm?
for sample B11 at crater depth No. 3 with 5x magnification.

3. Energy Dispersive X-Ray Analysis

Energy dispersive X-ray (EDX) analysis provides the percentages of the atomic numbers of atoms
(at.%) and the percentages of the atomic weights (wt.%) of each of the identified elements. The EDX is an
analytic system integrated into the Nova NanoSEM 450 scanning electron microscope system; additional
hardware such as the X-Max50 silicon drift detector and the PentaFET precision spectroscopic detector
are included, along with the Advanced Aztec Synergy package software (Oxford Instruments, Abingdon,
UK) for EDX data collection and processing at the selected crater depth, as shown in Fig. 3.

Fig. 3. Nova NanoSEM 450 with integrated
EDX system to perform elemental composi-
tion analysis on the targeted region of interest.
Here, computer unit used for image morphol-
ogy and EDX analysis (a) and NanoSEM 450
chamber (b).
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The initial EDX analysis process usually involves generation of an X-ray spectrum from the en-
tire region of interest (ROI) scanned by the field emission scanning electron microscopy (FESEM). The
backscattered electron (BE) image in the scanning electron micrograph displays the elemental composi-
tional contrast acquired from the different atomic numbers of the elements and their distributions. The
elemental compositions for each selected crater depth were presented in an X/Y graph form. The Y
axis shows the counts (i.e., the number of X-rays received and processed by the detector), while the
X axis shows the energy levels of those counts. The Advanced Aztec Synergy package software was
used to determine the energy levels of the K-shell X-rays of specific elements to obtain the elemental
compositions.

For this analysis, the electron beam was kept stationary on a targeted spot at a selected crater depth to
generate X-ray spectra, which then provided localization of the elemental information. A line was drawn
on the scanning electron micrograph to generate a plot of the relative proportions of the previously
identified elements along the spatial gradients. Finally, the distributions and relative proportions of the
previously defined elements were mapped over the scanned area for elemental population identification.

4. Elemental Composition Characteristics at Each Selected Crater
Depth

4.1. Sample A Table 3. Composition Arranged by Percentage
of Atomic Number of Atoms (at.%), Percentage of
Atomic Weight (wt.%), and Percentage of Sigma
Weight (wt. sigma %) of Each Element Identified
Using a Pulse Width of 100 ms, a Repetition Rate
of 1.0 Hz, a Beam Size of 5 mm and Laser Fluence
of 180 J/cm? for Sample A10.

In Fig. 4, we show the peaks of the elemental com-
positions that were obtained from sample A10 at
crater depth No. 7. These results represent the op-
timum selected crater depth for sample A. In ad-
dition, the peaks of the elemental compositions for

the nonirradiated top coating surface layer of sam- Element | at.% | wt.% | wt. sigma %
ple A were also analyzed, and the results are shown C 33.65 | 17.78 1.34
in Fig. 5.

The elemental compositions that were detected © 37.13 | 26.12 151
by the EDX analytic system for all selected crater Na 2.05 | 2.08 0.58
depths of sample type A are listed in Tables 3 and Mg 0.62 | 0.66 0.2
4 in terms of percentages of the atomic numbers of Al 252 | 2.99 0.31
the atoms (at.%) and percentages of their atomic Si 261 | 3.23 0.33
weights (wt.%). From these results, 10 elements
were detected for sample A10 at crater depth No. 7, P 6.87 | 9.36 0.68
as shown in Table 3. In contrast, only four elements Ti 3.84 | 8.08 0.95
were detected for the nonirradiated sample A, as Ni 3.63 | 9.36 4.38
shown in Table 4. Zn | 7.08 | 20.34 1.36

Total: 100 100 -

4.2. Sample B

In Fig. 6, we show the peaks of the elemental compositions for sample B11 at crater depth No. 3. The
selected crater depth was considered to be the optimum depth for sample B.
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Fig. 4. Elemental compositions for pulse width of 100 ms, repetition rate of 1.0 Hz, beam size of 5 mm, and laser

fluence of 180 J/cm? for sample A10. Ten elements were detected on the ROI selected at 10 kV using the EDX
system, including Mg, Na, and Ni.
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Fig. 5. Elemental compositions for nonirradiated sample A. Four elements were detected on the ROI selected at
10 kV using the EDX system and included C, O, N, and Ti.

W e11
f- INBEEN
o
c B
zn |
2 P

= si WARMAN

7] Weight

o

o

6 kev 7 B 9
Fig. 6. Elemental compositions for pulse width of 200 ms, repetition rate of 1.0 Hz, beam size of 5 mm, and laser

fluence of 220 J/cm? for sample B11. Nine elements were detected on the ROI selected at 10 kV using the EDX
system, including Na, Al, and Ti.
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Fig. 7. Elemental composition of nonirradiated sample B. Four elements were detected on the region of interest
selected at 10 kV using the energy dispersive X-ray system, including C, O, Si, and Ti.
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Table 4. Composition Arranged by Percentage of
Atomic Number of Atoms (at.%), Percentage of
Atomic Weight (wt.%), and Percentage of sigma
Weight (wt. sigma %) of Each Element Identified
in Nonirradiated Sample A.

Table 5. Composition Arranged by Percentage
of Atomic Number of Atoms (at.%), Percentage of
Atomic Weight (wt.%), and Percentage of sigma
Weight (wt. sigma %) of Each Element Identified
Using Pulse Width of 200 ms, Repetition Rate of
1.0 Hz, Beam Size of 5 mm, and Laser Fluence of
220 J/cm? for sample B11.

Element | at.% | wt.% | wt. sigma %
C 65.63 | 58.22 2.41
N 14.4 14.9 3.08
0] 18.57 | 21.95 1.45
Ti 1.4 4.94 0.91
Total: 100 100 -

Table 6. Composition by Percentage of Atomic
Number of Atoms (at.%), Percentage of Atomic
Weight (wt.%), and Percentage of sigma Weight
(wt. sigma %) of Each Element Identified in
Nonirradiated Sample B.

Element | at.% | wt.% | wt. sigma %
C 44.62 | 25.66 0.96
O 32.76 | 25.09 0.83
Na 1.41 1.55 0.41
Al 0.34 0.45 0.16
Si 0.82 1.11 0.18
P 6.39 | 9.48 0.46
Ti 5.42 | 12.43 0.8
Fe 3.31 8.85 1.62
Zn 4.92 154 0.75

Total: 100 100 -

Element | at.% | wt.% | wt. sigma %
C 80.55 | 73.69 0.84
O 18.11 | 22.06 0.75
Si 0.45 0.96 0.17
Ti 0.9 3.28 0.56
Total: 100 100 -

In addition, in Fig. 7 we show the peaks of the elemental compositions for a nonirradiated sample B.

Tables 5 and 6 list the elemental compositions for all selected crater depths of sample B in terms of
percentage of atomic number of atoms (at.%) and percentage of atomic weight (wt.%). Nine elements
were detected in sample B11, as shown in Table 5. In contrast, four elements were detected in the
nonirradiated sample B, as shown in Table 6.

5. Influence of Elemental Compositions on Coating Removal Efficiency

The EDX results show that all of the irradiated selected samples A and B demonstrated pre-treatment
coatings nearest to the bare metal. This was proven by detection of elemental Zn, which was recognized
as the main component of an anticorrosive coating and simultaneously acted to enhance the adhesion
between the coating and the metal substrate, as shown in Tables 3 and 5 [18]. Other nonmetallic elements
such as oxygen (O) and carbon (C), which changed their atomic weights during the stripping process, were
also detected. The decreasing C numbers and increasing numbers of O elements on irradiated samples A
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and B have shown that some parts of the plasma cleaning process occur via oxidation processes [18].

The laser coating removal mechanisms for all irradiated samples were considered not to have reached
the bare metal, in that the detected O composition was still increasing. It was found that oxygen
composition monitoring had given full indications of bare metal surface generation. This is because of
the removal of the primer and pre-treatment coatings, which will reduce the oxygen composition to a
minimum level when the bare metal surface was reached [19].

In addition, the results also showed that the number of elemental compositions that was detected using
EDX increased with increasing crater depth, as demonstrated by the results in Table 3 for sample A and
Table 5 for sample B. The analysis found that C and O elements predominantly existed on the top coatings
of the two substrate samples, whereas some of the other elemental compositions were only traced as the
crater depth developed [18]. Tracing of the chemical compositions depends on the crater depth, texture,
and structure that were obtained along with the elemental compositions of the painted material itself,
where the interior layers of the coating system were exposed.

The arrangement of the elemental compositions in sample A is the more effective of the two for
laser coating removal mechanisms, where the reduction of the atomic percentages of its C (33.65%)
and O (37.13%) element levels are uniform after laser irradiation. This indicated that laser cleaning
mechanisms consisting of photothermal and photoablation processes occurred actively in this type of
coating system [14]. This may be attributed to the thermal distribution, which was uniform on the crater
surface of sample A but was randomly distributed on sample B. One contributing factor may be that the
coating material in sample B has the lowest diffusivity and is thus unable to distribute the laser thermal
energy effectively. This condition results in a nonuniform distribution of the “thermal pool,” which leads
to reduced effectiveness for the thermal decomposition process in the coating material [20].

The average coating removal efficiency e also highly depends on the percentage of aluminum flakes
embedded in the base coat of the coating system. Aluminum flakes enhance the thermal distribution
because of their high thermal conductivity [20]. The results show that sample A contained a higher
aluminum percentage of 2.52% when compared with that of sample B, which has only 0.34%, as shown
in Tables 3 and 5, respectively.

The laser absorption ability also depends on the carbon particle content of the coating material, which
is highly absorptive at the 1.06-pum laser wavelength. However, the balancing effect of elemental O was
also influential in terms of surface oxidation for the coating removal process. The percentages of C and
O in the coating system are the main factors that affect the efficiency of the laser removal mechanism.

In this case, the nonirradiated sample A has a better balance of C (65.63%) and O (18.57%) element
contents when compared with that of the nonirradiated sample B, which has an imbalanced C (80.55%)
and O (18.11%) content, as shown in Tables 4 and 6, respectively. Balancing of the elemental C and O
compositions inside the surface coating layers triggered the absorption of the laser beam for the rapid
coating removal process, whereby the re-solidification caused by carbonization processes at the surface
was reduced [18,21-23]. Therefore, the threshold fluence for sample B was much higher than that for
sample A because of the re-solidification due to carbonization processes, which had been increasing at
the irradiated surface [6].

6. Conclusions

Laser cleaning techniques offer numerous advantages for use in the automotive industry, particularly,
for use in coating removal systems that do not affect the mechanical and physical properties of the bare
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metal underneath. In the technique proposed, the elemental compositions of the automotive coating
systems are shown to have a major influence on the effectiveness of the removal process based on the
balancing of C and O contents during photothermal and photoablation removal processes. In this study,
we also found that automotive coating systems with higher percentage contents of aluminum flakes are
more efficient when using laser coating removal mechanisms.
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