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Analysis of Heat-Affected Zone and Optimization of Parameters for
Laser-Cut Carbon Fiber Composites

Chen Jianlin, Wang Xuyue
School of Mechanical Engineering, Dalian University of Technology, Dalian 116024, Liaoning, China

Abstract To minimize the heat-affected zone (HAZ) width in laser-cut carbon fiber composites, the Box-Behnken
experimental design was employed using the response surface method to establish a regression equation for the HAZ width
at the laser entrance. The effects of laser power, scanning speed, auxiliary gas pressure, focus position, and their
interactions on the response surface were investigated. The process parameters were optimized based on the regression
equation and actual cutting results. The experimental results show that the laser power, scanning speed, focus position,
and auxiliary gas pressure are the most important factors affecting the HAZ width at the laser inlet. The optimal process
parameters are a laser power of 170 W, a scanning speed of 1. 5 m/min, an auxiliary gas pressure of 0. 6 MPa, and a focus
on the upper surface of the specimen. The experimental results show that the HAZ width at the laser inlet was 486. 13 pm,
with an average error of 5. 3% for the regression equation.

Key words laser cutting; carbon fiber composites; heat-affected zone; process parameter optimization

] . CFRP [ % J&Y . 3T JLAE 30 n T4 AR % s,
a OGN TV A 0 LB SRR Fy AT R e 0 e ]

AR A R0 4 bR (CFRP) B LU BE v T N S B0 b R & 22 R0k 9 m T B ok, o m T
WML B MR St T M AT CERPEA T MM & AT, SR, 5k 2 4 A g 5%
KR T EE RS8R, B CFRPMEH R RO H Y B RE A7 78 W] 25 51, SO U1 %) CERP 1)
FEAE W 0B G AR HEAT 3 (L B AT . AR R A BB X (HAZ) . B, 1 A i 2

T il Lok 5 A T AR L 2R e DR HOL I T CFRP /Y £ 2Pk
PLHOIN T CERP i e b U1 BB 45 ™ 8 i1 5 5 BEXHOE VI E] CERP 7™ A2 59 B2 iy [X, [ A A1 3F
AR SR RS . EROK RN T 2R E AT T RENERAT . De lorio VRS T
CFRP, 2 i A B 202 o I T RLARAR T AT B0 4140 B2 %) CFRP B ) A 452 ) DX 98 B2 14 52 )

R B AR ™, e R TR O TR R B I T S B B A RS B, A R X5 A RO

W BHEI. 2023-02-06; {&EIHE. 2023-04-03; KA B 2023-04-07; MEEHLZBE: 2023-04-17
#EIE1EE . whzzd@dlut.edu.cn

1314002-1


https://dx.doi.org/10.3788/LOP230576
mailto:E-mail:wbzzd@dlut.edu.cn
mailto:E-mail:wbzzd@dlut.edu.cn

AR, Y HWHEEHO0. 12 m/min ¥ & 0. 48 m/min
B, FR ) X 98 BE R % T 55.6% . Rahman 25 #F 58

WO 2mmi¥EhZE 1.6 mm B, 380 X 5% B8 T
37.5% . Leone &8l F 6 £F #0% U1 %] CFRP W 4R,
J5 2257 B 25 SR B O T SR 4 o 2 02 R A4
SR X 98 B ) 3 I & . Niino & HF ST T 0L 3
X CERP A 5 BB Wi X 4 52, o 06 26 B, 1 4 ok
JE 2% 3 5 R e 0 BE B4 D) ) S R, M 4 A R
0.05m/sH N2 3.6 m/s A, B0 X 95 B i1 1900 um
TR Z 180 pm. Sato % UHFAE T A M A SO
YI#E] CFRP G m IX 5 52 M, 45 S 2 0, 0408 o i)
1 2T 4k 1) S8 A0 RN BB 2, T LUAT R i PO i (X P
it FH R0 A R 1 AR i X B B LBl A RN T
96.25%  LiZE"HFSE T £F 4E Al A R O6 D) E)
CFRP #A4Z w X (4 52 00, 45 5 3R B, $A 52 ) X K /N 55 27
Y BRI R G, £ 4+ A5 R I FGY I X 55 B A
) fe/IMA 707 pmo

BARBOE D) E CFRP BUS T — 2 BUB A9 B3 L H
ST L WO #E CFRP /Y #452 m [X U 22 B 3 6 8] 7R F Y
a5 HEr s = % 22 OE U1 CERP B IR R A&
AR RS SR ) X 52 R T S BRI 9T
W, AR SCSR FH e 7l T S ) Box-Behnken 38 58 15 1, 2
A T HOEA PN B ) X5 B 0 Il 03 5 . i 22
SIRT RS T AR T 4 T LS80 HAZ 58 B 52
W AR R, TR EX TSR,
Hl O T CFRP M #2 m X 3Rt — 2 3%

2 RN S INE

2.1 REIEHF

I3 R IE R ¥EOEAE ™ B9 YLR AR 3 22
BEOCLHOLER b Kl 1064 nm, d5 K 4 ) R
S 750 W, 38 i B R G OGRS TR R A X i
gl Gl 1 s o K w5k SR R R R
9 1.5 mm, LB AR VI EDR A 647 . TR S Y
F R bR AL AR X B R DR
Bl AR /U, AR I T I SR 2 TR TR W
WEEH A2 1.5 mm. K58 H A KEYENCE 2 7] 4
77 VHX-600 75 48 5 % 8 sl B W0 0328 128 ) B0 T X
2.2 RIEH

I BB £ )2 CERP M, 4K 8 BRE B IR AG-
80, 34 58 AH g 45 W T 300 Bk £F 4k , 4 )22 i & 4y 90°/45°/
—45°/0°, 2 16 )2 , M JE 2 mm , Bk 21 4k A9 7R FR 40 50
70% . CFRP® I N SENZE 1 i, T HiFH
TF 78 38 1 A0 BRGE2 W 1X, 380 B9 3 48 0 1) 53 1 3% T A
LRYER T A B B, T A R AT sk b
YI#EIK R 40 mm,

£ 605FE 138/2023F 7 B/BAESXBEFZHE

lens

laser beam

K1 #OeI# CFRP R
Fig. 1 Diagram of laser cutting CFRP
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Table 1 CRRP material parameters

Parameter Fiber Matrix
Density / (g-cm *) 1.76 1.30
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—0.41 57

expansion /(10 *K )
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Table 2 Box-Behnken test factor levels
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Table 3 Box-Behnken test table

Factor Low-level Central point High level
Power /W 150 450 750
Speed /(m+min") 1.5 2.75 4
Nitrogen pressure /MPa 0.4 0.5 0.6
Focal position /mm —2 0 2
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Fig. 2 Laser cutting of CFRP morphology. (a) Global morphology; (b) bare fiber; (¢) material layering
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Fig. 3 Morphology of HAZ on the specimen surface under different powers. (a) 150 W; (b) 450 W; (c) 750 W
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Fig. 4 Morphology of HAZ on the specimen surface at different scanning speeds. (a) 1. 5 m/min; (b) 2. 75m /min; (¢) 4 m/min
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Fig. 5 Relationship between focus and artifact position
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Fig. 6 Morphology of HAZ on the specimen surface at different focal positions. (a)—2 mm; (b) O mm; (¢c) 2 mm
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Fig. 7 Morphology of HAZ on the specimen surface under different air pressures. (a) 0 MPa; (b) 0. 4 MPa; (¢) 0. 8 MPa

A 2 RR R DR N . HR BE A B R R T B
i A ) BRGRE e) [X S B VA I S R AR AR, 2 R B R
FEF1°4 0.8 MPal, 25 2 4 1 o fin ™ i . X i T8
LE VI () B i o f B 2T AE R R L R R 1 Bk 2 Ak T AT R
JIE FRE AR A SR, 3 e Rl B SO R ) 2 B R R Y ik £
YEw s, DA 8 45 5 1 ik £F 44 T Sk 2% L -
3.2 KHEBEEATHMEERSH

PO YIE CFRP Ay # T an 15 8 fr s o H &l S Al
T B A B I X AT AR LA 2« e R i X
(HAZ,.0) 7€ 33 {4 058 mﬁ*ﬂﬁﬂnrﬁﬁtﬁfiﬁ 54
KA M DX AR AR . Y — o B, TR

I KA i) X Ehﬁﬁﬂiﬁ#lﬁ%ﬁ?ﬁ“%ﬁt#ﬁ%ﬁc X
R, R R

Je T U AR, BOE R RE

T 30 42 1 PN S B % T R U, R R KRG ) X A
WA B R B DA R0, 0% 68 % Y
I O EURT S E T B AR B v AR R 5 A
PR VE D, AR R X8 R AN o R P
KUl BOCRE AR AR 4R AR ) Lk e S R
T £F 4 1 428 1) B0 S R AR, H K F 938 A2 21 4l Bh 14:
BV HE A5 R N R R R R L, L
KA A ) X AE I R . B A D) e gk B2 3G, O
et — K, TR B R R HER R
T P A ) DX 0 85 14 N 5 /N, (SR, S0 A 1
HEE T A G A b ik B B Bl B SRS MR DR RS, T
S0 S B 1 B i X R R PR, ARG ) X AR
BT 58I .

B8 i i G i X IE S () HAZ, 7 TR F L3R (b)) HAZ, AL F i 5 () HAZ, A F il F i

Fig. 8 Morphology of the heat-affected zone of specimen cross section. (a) HAZ,,,

(¢c) HAZ,,, at the bottom
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Fig. 9 Morphology of HAZ of the specimen cut section. (a) Fiber pulling out; (b) holes and cracks; (c) fibrous adhesion
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Table 4 Variance analysis of heat-affected zone width

Source Adj.  Adj,, F P

Model 1049610 74972 32.95 0. 000
Linearity 789956 197489 86.80 0.000
Power 665862 665862 292.65 0.000
Speed 112456 112456 49.43 0.000
Pressure 1106 1106 0.49 0.499
Focal position 10532 10532 4.63 0.053
Square term 250839 62710 27.56 0.000
Power X power 92365 92365 40.60 0.000
Speed X speed 55780 55780  24.52 0.000
Pressure X pressure 26867 26867 11.81 0.005
Focal position X focal position 36201 36201  15.91 0.002
Error 27303 2275

Misfit 26664 2666 8.34 0.112

Pure error 639 320 - -

Total 1076914 - - -
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Fig. 10 Model summary

R T ARG i DX A L5 5
Winz— e = — 1807 + 2.101A + 282.5B + 7002C —

14.81D — 0.001462A°* — 65.5B* — 7098C* —
20.60D" , (1)

A Wiz sy RO A T A0 B W X 58 B2 5 A i
JE A B A 5 C o 3l B SRR T 5D o
(A

XA A T3 R BEAT IS e o [0 07 R UL fEL AN
BRI AN 5 BT 78 o T A4 AR X R 25 2 0l R 5.1 00
4.200 4. 400 UL ITIZAE AL AT LA Sy o ity b T 421 3k
TET B T [X 98 S

5 PG X I R (S S E XTI

Table 5 Comparison of test and fitting values for the width of the heat-affected zone

Power /W Speed /(m+min™")

Pressure /MPa  Focal position /mm  Actual value /um  Fitting value /um  Relative error / %

150 1.50 0.5 0
450 2.75 0.5 0
750 4.00 0.5 0

514.50 488. 31 5.1
887. 39 850. 54 4.2
801.18 765.82 4.4
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Fig. 11 Pareto diagram of the standardization effect
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Fig. 12 Response surface diagram. (a) Effect of power and velocity interaction on HAZ; (b) effect of power and gas pressure interaction

on HAZ; (c) effect of power and focus position interaction on HAZ; (d) effect of velocity and gas pressure interaction on HAZ;

(e) effect of velocity and focus position interaction on HAZ; (f) effect of gas pressure and focus position interaction on HAZ
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