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Fig. 1 Morphologies of CFRP sample and composition of paint layer elements. (a) Macroscopic morphology of CFRP sample;

(b) microscopic morphology of CERP sample; (¢) composition of paint layer elements
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Table 1 Experimental variables and levels

Parameter Level 1 Level 2 Level 3 Level 4 Level 5
Laser power /W 100 150 200 250 300
Scanning speed /(mm/s) 3000 2500 2000 1500 1000
Repetition frequency /kHz 20 25 30 35 40
Overlap ratio /% 90 80 70 60 50

#2 IERKESI(125)
Table 2 Orthogonal array (1.25)

Order No. P/W V /(mm/s) //kHz /% Order No. P/W V /(mm/s) //kHz /%
1 100 3000 20 90 14 200 1500 20 70
2 100 2500 25 80 15 200 1000 25 60
3 100 2000 30 70 16 250 3000 35 80
4 100 1500 35 60 17 250 2500 40 70
5) 100 1000 40 50 18 250 2000 20 60
6 150 3000 25 70 19 250 1500 25 50
7 150 2500 30 60 20 250 1000 30 90
8 150 2000 35 50 21 300 3000 40 60
9 150 1500 40 90 22 300 2500 20 50
10 150 1000 20 80 23 300 2000 25 90
11 200 3000 30 50 24 300 1500 30 80
12 200 2500 35 90 25 300 1000 35 70
13 200 2000 40 80

A5 WO SR BEA T WL EE o TRl I, An &1 3 B, A 3 FE(S/N) X i 35 52 56 B dEAT BF 52 . A, 7R3 U i
e IR GBS TR G VE R SR A R TORLRE BEBE R P, M 20 AP PSR ASE S S SR A A ) TR o Y )
frim o f)a, 0 R M7 20 B (ANOVA) FIAE M T s AR BILA 412 S 3 ke i i) B 2847
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Fig. 3 Measurement items of laser confocal microscope. (a) Laser cleaning depth; (b) surface roughness of laser cleaning area
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Fig. 4 Macroscopic morphologies of CFRP sample after laser cleaning
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Fig.5 SEM images of CFRP samples after laser cleaning. (al)(a2) Sample No. 22; (b1)(b2) sample No. 20; (c1)(c2) sample No. 25
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Fig. 6 3D profiles of laser cleaning areas of CFRP samples
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Fig. 8 Infrared thermal imaging patterns of samples at peak temperature
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Table 3 Values and S/N statistics of H, S,, and T

Sample No. " > T
Measured value S/N Measured value S/N Measured value S/N
1 6.40 pm 16.12 4.28 pm 12.63 396.2 °C —51.96
2 7.20 pm 17.15 2.33 pm 7.35 349.3°C —50.86
3 8.80 pm 18.89 1.09 pm 0.75 301.2°C —49.58
4 3.30 pm 10.37 1.23 pm 1.80 302.0 C —49.60
5 1.90 pm 5.58 3.40 pm 10.63 344.1°C —50.73
6 3.00 pm 9.54 1.48 pm 3.41 311.9°C —49.88
7 2.90 pm 9.25 0.88 pm -1.11 271.3°C —48.67
8 2.00 pm 6.02 1.01 pm 0.09 272.2°C —48.70
9 35.86 pum 31.09 4.35 pm 12.77 552.5°C —54.85
10 37.97 pm 31.59 4.89 pm 13.79 485.7 °C —93.73
11 2.40 pm 7.60 1.20 pm 1.58 295.0 °C —49.40
12 58.70 um 35.37 6.27 pm 15.95 590.4 °C —55.42
13 42.90 pm 32.65 2.52 pm 8.03 433.7 °C —52.74
14 16.20 pm 24.19 1.55 pm 3.81 377.3°C —51.53
15 20.70 pm 26.32 2.43 pm 7.71 404.3 °C —52.13
16 12.20 pm 21.73 2.29 pm 7.20 410.0 °C —52.26
17 15.70 pm 23.92 2.12 pm 6.53 370.2°C —51.37
18 9.82 pm 19.84 1.19 pm 1.51 293.9°C —49.36
19 11.70 pm 21.36 1.93 pm 5.71 327.3°C —50.30
20 140.50 pm 42.95 9.74 pm 19.77 599.6 C —55.56
21 6.90 pm 16.78 2.11 pm 6.49 298.1°C —49.49
22 9.90 pm 19.91 1.54 pm 3.75 264.5°C —48.45
23 70.09 pm 37.01 9.02 pm 19.10 506.5°C —54.09
24 44.50 pm 32.97 3.16 pm 9.99 508.6 C —54.13
25 43.40 pm 32.75 7.24 pm 17.19 467.1°C —53.39

ZIa AT AR W LT, or i R A 4 B Herp o A3 A 5 B B i 28, KD~ K5 DAy Wi oy 25 20

4 P S/NWE R
Table 4 Average S/N response

Average S/N response for H Average S/N response for S, Average S/N response for T’
bevel T v / ; PV g ; P v / ;
K1 13.62 14.35 22.33 32.51 6.63 6.26 7.10 16.04 50.55 50.60 51.01 54.38
K2 17.50 21.12 22.28 27.22 5.79 6.49 8.66 9.27 51.16 50.95 51.45 52.74
K3 25.23 22.88 22.33 21.86 7.42 5.90 6.20 6.34 52.25 50.89 51.47 51.15
K4 25.96 24.00 21.25 16.51 8.14 6.82 8.44 3.28 51.77 52.08 51.87 49.85
K5 27.88 27.84 22.00 12.10 11.31  13.82 8.89 4.35 51.91 53.11 51.84 49.52
o 14.26 13.48 1.08 20.42 5.52 7.923 2.70 12.77 1.70 2.51 0.87 4.86
Rank 2 3 4 1 3 2 4 1 3 2 4 1
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Table 5 Results of variance analysis in H

Source DF Adj-SS Adj-MS F value P’ Rate of contribution /%
P 4 755.94 188.99 14.53 0.001 28.72
\%4 4 490.28 122.57 9.43 0.004 18.62
¥a 4 4.28 1.07 0.08 0.986 0.16
7 4 1329.64 332.41 25.56 0 50.51
Error 8 104.03 13 1.98
Total 24 2684.17
6 STTEHES R
Table 6 Results of variance analysis in S,
Source DF Adj-SS Adj-MS F value P’ Rate of contribution /%
P 4 89.79 22.45 8.5 0.006 10.15
\% 4 224.44 56.11 21.24 0 25.36
¥ 4 26.89 6.72 2.54 0.122 3.04
/ 4 522.87 130.72 49.47 0 59.07
Error 8 21.14 2.64 2.39
Total 24 885.13
T OTHWITETHER
Table 7 Results of variance analysis in T
Source DF Adj-SS Adj-MS F value P’ Rate of contribution /%
P 4 9.07 2.27 9.13 0.004 7.66
\%4 4 22.01 5.5 22.15 0 18.56
¥a 4 2.48 0.62 2.49 0.126 2.09
7 4 82.97 20.74 83.48 0 69.09
Error 8 1.99 0.25 1.69
Total 24 118.51
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Fig. 9 Infrared thermal imaging images. (a) Typical infrared thermal imaging feature of cleaning area; (b) temperature response curve

during laser cleaning; (c¢)—(h) infrared thermal imaging characteristics of samples at different moments during cleaning process

(interval of 1/25 s)
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Abstract

Objective

Resin-based composite material (CFRP) surface coatings have always faced the risk of morphological damage and

substrate overheating during laser cleaning. The key for solving these problems lies in the need for sufficient process experiments to

establish a reliable relationship between the cleaning parameters and characteristics. Cleaning depth (H), surface roughness (S,), and

cleaning temperature (T) are the three most important cleaning indicators. H represents cleaning efficiency and effectiveness, S, is

related to the quality of re-coating, and T reflects the trend of thermal damage. Therefore, this study uses an infrared nanosecond laser
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to remove paint from a CFRP surface and uses laser power (P), scanning speed (V), overlap rate (y), and repetition frequency (/) as
variables to study and statistically analyze the H, S,, and T of the samples. Infrared thermography and high-speed imaging techniques
are used to observe the temperature response of the samples, the state of the plume, and the dynamic behavior of the paint layer to
determine the cleaning mechanism of the paint layer. This study is expected to provide a basic reference for improving the efficiency of
laser paint removal and the quality of respraying and reducing thermal damage to CFRP substrates.

Methods Four controllable parameters are used: laser power, scanning speed, repetition frequency , and overlap rate. Five levels
are designed under each group of parameters to form an 125 orthogonal matrix. Then, a laser cleaning experiment is conducted to
obtain 25 sets of samples ranging from No.1 to No.25. After the cleaning procedure is completed, the macroscopic and microscopic
morphologies of the cleaned samples are observed. At the same time, the paint cleaning depth and sample surface roughness are
measured via a laser confocal microscope. Finally, the obtained experimental data are analyzed using the analysis of the variance
(ANOVA) and signal to noise ratio (S/N) methods. In addition, an infrared thermographic camera is used to record the temperature
response of the experimental samples during the cleaning process, and a high-speed camera 1s used to capture the dynamic behavior of

the samples.

Results and Discussions A signal-to-noise ratio analysis is performed on the cleaning depth, surface roughness, and cleaning
temperature using the expected large, large, and small characteristics, respectively. The analysis results (Table 4) indicate that for the
cleaning depth, the influencing factors are ranked from high to low by weight, namely, lap rate, laser power, scanning speed, and
repetition frequency. For surface roughness and cleaning temperature, the influencing factors are ranked from high to low by weight,
namely, lap rate, scanning speed, laser power, and repetition frequency. The ANOVA results (Table 5) indicate that for cleaning
depth, roughness, and cleaning temperature, the critical probability (P') values of the overlap rate, scanning speed, and laser power
are all less than 0.05. Therefore, at a 95% confidence level, the overlap rate, scanning speed, and laser power have statistically
significant effects on cleaning depth, roughness, and cleaning temperature. In contrast, the contribution rate of repetition frequency is
relatively low, with a P’ value greater than 0.05, making it a less important process parameter. The detection results (Fig. 8) by the
infrared thermal imager indicate that the laser cleaning process causes two high-temperature areas. The first is where the laser acts on
the substrate. The minimum cleaning temperature in this area is 244 “C, and the maximum cleaning temperature is 590.4 ‘C. The other
high-temperature region is the high-temperature plume region above the sample. The high-speed camera monitoring results (Fig. 11)
indicate that the paint layer undergoes drastic changes due to the action of the laser, the most obvious being the generation of bright
plasma and the formation of a plume perpendicular to the sample. A large number of turbid particles are observed inside the plume.

Conclusions This study focuses on the influence of process parameters on the laser cleaning of paint layer on the CFRP aircraft
skin. For the cleaning depth, surface roughness, and cleaning temperature, the overlap rate is the most significant influencing
parameter, with contribution rates of 50.51%, 59.07%, and 69.09% , respectively. A lower overlap rate is not conducive to the
uniform removal of paint, and an increase in the overlap rate will significantly increase the temperature of the substrate. Laser power
and scanning speed also have a significant influence on cleaning depth, surface roughness, and cleaning temperature, whereas
repetition frequency has no significant effect. The removal of paint is mainly based on the thermal erosion mechanism. During the
cleaning process, the surface temperature of the paint layer rapidly increases to the decomposition temperature and the paint
transforms into small particles and gases, forming a high-temperature plume above the sample. The above results will provide a

reference for improving laser paint removal efficiency and respraying quality and reducing substrate thermal damage.

Key words laser technique; laser cleaning; carbon fiber reinforced composite materials; paint removal mechanism; cleaning process
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