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Table 1 Thermophysical parameters of carbon fiber and epoxy resin
Name symbol Unit Value
Carbon fiber Epoxy resin

Atomic mass m kg 1.993x107* —
Density 04 kgem * 1850 1250
Thermal diffusivity k em’s”! 0.38 0.001

Thermal conductivity k, Wem "K' 5 0.2
Specific heat capacity c Jekg KT 710 1200

Vaporization temperature T, C 3627 527

Decomposition temperature T, C 880 425

Absorption rate b — 0.584 —
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Table 2 Numerical simulation calculation parameters

Name Symbol Unit Value

Laser wavelength A nm 1064
Pulse repetition rate f kHz 200
Spot diameter D pm 50
Pulse width T ns 80
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Table 3 Numerical simulation combined calculation parameters

for carbon fiber along perpendicular direction

Name Unit Value
Pulse width ns 80
Time step pm 0.021
Spatial step pm 0.15
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Fig. 1 Numerical simulation of temperature changes in carbon fiber materials treated with pulsed fiber laser. (a) Laser power is 1 W;

(b) laser power is 5 W; (¢) laser power is 9 W; (d) laser power is 20 W
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Table 4 Processing parameters of etching lines

Name Numeric value
Laser power P /W 20
Laser wavelength A /nm 1064
Repetition frequency /' /kHz 200
Scanning time ¢ /s 0.2
Pulse width  /ns 80

Light out method Line scanning
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Table 5 Etching line width with different defocusing amounts

Etching latitudinal

Laser lift axis : )
beam line width Z,/

Etching longitudinal

scale & /cm beam line width /, /pm

pm
7.0 575+58 378+38
7.2 485449 328+33
7.4 421+42 288+29
7.5 328433 246425
7.6 282+28 220422
7.7 348+35 267+27
7.8 361+36 302+30
8.0 389+39 374+38
R lower defocus zone upper defocus zone
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Fig. 8 Variation of etching line width with the scale of laser lift

axis
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Fig. 9 Morphology of the surface of CFRP composite by

pulsed laser ablation
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Table 6 Experimental parameters of pulsed laser ablation of
CFRP plates

Laser Laser scanning Repetition Defocusing
power /W speed /(mmes™')  rate /kHz  distance /mm
1 200 220 0
5 200 220 0
9 200 220 0

ﬁﬁ%ﬁ S I A R 2 T 1 2 IR A I B 2
I B2 A R TE - A7 HE 510 4 Tk 2T 2 22 R IX 38k 5 B i
Hm IR JF U A T 2 SR A 2 R 11 G v 38 A il
Ri5 2 B i 21 AE R TR B P, 5 TR Bk 21 48 L7 30 A
AR o AR AR AE T BN 2 R B o A Bk 2 1

0314002-7



B KA AR A 52 B A fl b £F 2 2 PG S PR AR
R R R A B O S e AN O N3
M. E10(h) BoR TG R 5 W B CFRP M) %
TES . 4R 2 09 B8 o0 AR #2532 3|
T g 55 e £F 4 1 B DX 38 7 IR ik e T ) s e O S
i IR 2 5% R, IR A S Soh o S0k Ty R in #)
9 Wi, i 10Ce) fiin , 5RIE IR )2 s K 7% & 0

R
resin recasting

%4445 EIH/2024 £ 2 B/EEHR

A i 5% BB W), — SL bk £F 4E W o0 ft , Bk £F e 22 W 54,
RS,

1€ CFRP M bh 22 1 W g 7% e b F vpr 35 40 1 S8 fig
W e, R TR Z W A9 245 A 0, NN B0
T-ZE R 2L 8 Bk A 1 AW g 2R A 1 /N o T 2
BEAN, BE 25 BE T B HE N, 3X BE A /N B 4 45 FA ] HE & 4k
2L 5 HoAth s N W AE BAE 2 5 A A2 RN .

fiber pull-out

500 um 500 um

FE10 ke OLR M CEFRP AR M FR HTE . () WOETIE T 1 W5 (D) BOLTIHE N 5 W () Ot H A 9 W
Fig. 10 Morphologies of CFRP plate after pulse laser ablation. (a) Laser power is 1 W; (b) laser power is 5 W; (¢) laser power is 9 W

MPOCT AN 1T W AR A A R R R,
1, M A 8 ok O 95 A7 38 B 2 BRI R ik i 2 24 Y H
(4, F6 v 2 2 AR Bk 2T 4 22 TR L 22 20 A% Bk 4T 4 22 3
Y 2 B T AR OR o 24 K oG 21 OG0 O 2 R B
5 W N, A 2 T 23 I R 2 il i IR R AR R . K
MO LR O S O PR R B 9 W I, B 32 T A9 K HR
IR A R R IR B b i R Horp R
B ik 2T 2 03 fife W R e SR A AR B HOR 2 LAY R
AR B ik o

i 21 24 2 AT Tl 1) %2 S A0 AR [0] £ S O A BR 4T 4
MR W ' ) FE S, T BB AE 7 £ 4 4% S A [ I 1) 1
HBHRJZ DURR N Bk 21 4 SJe 2% B WY IR 2> i 28 R 4, i 41
2 R O IE T 2 A U S AR 22 RV B R R B
O E) o AT DL B £ A 00 Tl A S X A AR R 5 Y
PR TR W A . B POE S A, i 25 4 4R
F14 385 J3E T i, T RE 5 | AR R B AT 4 22 B o X R
3 T EUBOBE B R A TS 1) 28 SORFL R AR 3 T ik 4T 4
HE A AT, DA I U8 e 27 A RO B8R I, B 2 S B0
TARCRAE 2%

TE Dk wOE B i CEFRP AR AY 33 72 oh W IR 2 7%
K, BB PO TR A HTIN Bk 2T 4800 Ak, B 3 i ) B
YE il o SR AR S BE T 4 2R — B Rk
T BUE ALY IE AR A A AT AT

TE 5 W BT 3R 77 A A A R 2 1 T 23 5% i A
A AR e ik et R b G T R, O T RS B AR A e i sk
e, 77 B AT A b G R TS I G . IR L, X T CFRP
H 38O e il 0 30k R AR B IO T A B B
FeTIR A9 W Y Bk vh e 7 BOE 28 XF CERP M 2E 17 5%
i AAAT L2 Ao B R A IR 2 | B AT DL 2
O TR AT AE SR TR i s B R A A B ik 2 SR

4 FIHDHURE B S

4.1 CFRPHRMEMREHETME

2 15 Bk vh BOG BRI CERP M b 19 8503, 2 BUSOG
PETFRE RN 2B 7.6 em (O mm BUAE ), I AL SO R O6
B T AR B /N, TE 2 2 28 A 2R DA% 1Y 20 e 2 B A/ o
WOk T 2S5 70w .

16 CERP Mt Fbeih 51 11 ff s B9 25 18 = I, %
& F bR JE BE DL K CFRP MR M4 R £, © A0
BRI E N 20 W, BEBHEOLTIE N1 W(HE%) .
3W (15%).5W (25%) .7 W (35%)F19 W (45%),
Beph 5 i CFRP Mt an & 12 fi 7w o

CFRP ik £F 4t 5 A7 HLI 2 A 5 52 A 1, A (7]
WOESECBEE G B NI IS 2 W CBCHEER TR
[], DAL o T 5] A 3R TTRERE B (R, ) X 30 220 i 5 1Y) 35 T
AT PEHY o

0314002-8



& 4435 E3H/2024 F£ 2 B/HFEZIR

| ]

B 11 #otkebh CFRP A F i EE
Fig. 11 Pattern of laser ablation CFRP
T OSEEIN TS H

Table 7 Processing parameters for the experiment

Name Numeric value
Amount of defocus x /mm 0
Laser wavelength A /nm 1064
Laser power /W 1,3,5,7,9
Laser scanning speed v /(mmes ") 80,200,320
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Table 8 Surface roughness data of plate after cleaning

Laser . Surface roughness value R, /pm
Laser scanning - - - -
power P/ speed v /(mmes ) Mea\‘%urmg Mea\‘%urmg Mea\‘%urmg Mea\‘%urmg Average Variance
w point 1 point 2 point 3 point 4 value
80 8.90 7.58 7.81 4.68 7.2425 3.250
1 200 2.62 2.01 3.12 3.13 2.7200 0.281
320 3.02 3.79 2.87 3.11 3.1975 0.166
80 12. 48 14. 36 9.65 7.90 11.0975 8.291
3 200 6.52 5.89 5.72 9.22 6.8375 2.641
320 3.09 3.45 3.43 3.01 3.2450 0.052
80 7.39 7.54 8.82 7.79 7.8850 0.416
5 200 9.11 10. 54 8.06 9.34 9.2625 1.036
320 8. 47 8.99 6.68 8. 14 8.0700 0.981
80 6.41 5.74 9.89 5.71 6.9375 3.979
7 200 10. 36 7.39 11.63 9.70 9.7700 3.159
320 10. 50 11.15 9.89 11.07 10. 6525 0.342
80 8.94 6.94 13.62 6.17 8.9175 11.191
9 200 6.04 6.19 9.01 7.38 7.1550 1.889
320 13.05 13.67 10. 96 9.74 11. 8550 3.332
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Fig. 14 Variation of sample variance S° of surface roughness
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Fig. 15 Variation of surface roughness
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Fig. 16 Pulse laser ablation of CFRP material process samples
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Abstract

Objective The thermal properties during pulse laser processing of carbon fiber reinforced polymer (CERP) are significant
for optimizing process parameters and strategies. An important factor in laser ablation of CFRP materials is the temperature
rise caused by carbon fiber absorption of light. However, most of them employ computer-aided design software to simulate
the internal temperature field of materials presently, with few underlying algorithms for heat transfer simulation. We study
the ablation of the CFRP plate by optical fiber pulse infrared laser, build a new heat transfer model, and carry out the
numerical analysis and the laser ablation experiment of the CFRP plate. The experimental results show that the theoretical
model is correct and feasible, thus providing references for laser processing research of CFRP materials.

Methods During laser CFRP plate processing, the laser beams have a certain moving speed. According to this
characteristic, a linear Gauss heat source is proposed to simulate the moving temperature field of laser ablation. Based on
the Fourier heat transfer model, the heat transfer physical model of the nanosecond pulse laser processing CFRP plate is
built, and the finite difference time domain method is adopted to analyze the model. The laser ablation of the isosceles
triangle pattern in a 0. 5 mm thick CFRP plate is conducted by nanosecond pulse lasers. Then, the surface roughness data
after ablation is obtained by a surface roughness tester. According to the above experimental results, we verify the
correctness and feasibility of the model and obtain sound process parameters of laser processing CFRP.

Results and Discussions The MATLAB numerical analysis temperature simulation results and comparative analysis on
corresponding parameters of the ultra-depth-of-field photos are presented. Fig. 10(a) shows the surface morphology of the
CFRP plate when the laser power is 1 W. At this time, the maximum temperature of the material surface [470 K, Fig. 1
(a)] is close to the resin decomposition temperature. The resin presents a molten state on the tow area of parallel arranged
carbon fiber and then solidifies along the carbon fiber arrangement structure. Part of the molten resin penetrates the gap of
the carbon fiber, while the carbon fiber has little change. Fig. 10(b) shows the surface morphology of the CFRP plate under
the laser power of 5 W. At this time, the maximum temperature of the CFRP plate surface is 1158 K [Fig. 1(b)], which
surpasses the decomposition temperature and gasification temperature of the resin material. The thicker part of the resin
surface layer does not evaporate and is also affected by the thermal expansion pressure to form curved resin layer fragments,
which is inserted into the air. When the laser power increases to 9 W, as shown in Fig. 10(c), the highest surface
temperature of the CFRP plate is as high as 1500 K [Fig. 1(c)], which greatly surpasses the resin gasification temperature
and exceeds the carbon fiber decomposition temperature (1153 K). The thicker resin layer is largely evaporated , but there is
still a small amount of residue. Meanwhile, we decompose a small amount of carbon fibers, break the carbon filament, and
expose it to the air. The evolution rule of surface roughness and the sample variance of performance data stability with laser
power and laser scanning speed are shown in Fig. 14. Under the scanning speed of 200 mm/s, the performance data
stability is sound and the sample variance is 1.889. At the scanning speed of 200 mm/s and laser power P=9 W, the
CFRP surface temperature increases, and the epoxy resin is evaporated, with the surface roughness decreasing to 7. 20 um.
According to the evolution law of CFRP material ablation quality, when the laser power and laser scanning speed are 9 W
and 200 mm/s respectively, the ablation quality of CFRP materials processed by nanosecond pulse lasers is ideal.

Conclusions Based on the linear velocity of laser beams, we build a heat transfer model of filament Gauss heat source for
nanosecond pulse laser ablation of CFRP materials. The model only requires parameters such as laser and material
properties, and its numerical simulation results are compared with the surface topography photos obtained by the super
depth of field three-dimensional microscope. The experimental results are consistent with the numerical analysis results,
which verifies the correctness and feasibility of the numerical simulation. This model is universal and widely applicable to
provide theoretical guidance for heat transfer research on the surface of laser ablated materials. The combination
experiment of laser ablation parameters for CFRP plates is carried out. The surface roughness of the ablated plate is
measured with a roughness detector. The results show that good processing performance can be obtained under the laser
power of 9 W and laser scanning speed of 200 mm/s. At this time, the surface roughness and sample variance are 7. 20 pm
and 1. 889 respectively.
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