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Abstract In order to obtain the optimal process parameters for laser melting of TiC iron-based alloy powder on 3161
stainless steel, a back propagation (BP) neural network based on genetic algorithm optimization for laser melting
parameters optimization is proposed. A three-factor, five-level full factorial experiment was designed to measure the
macroscopic morphology and average hardness of the melted layer, and a neural network model was established for the
input parameters (laser power, scanning speed, and protective gas flow rate) and response quantities (melted layer width,
melted layer height, dilution rate, and microhardness). The effect of the process parameters on the response quantity was
analyzed by multiple non-linear regression, and the overall performance of the clad layer was characterized by the
integrated gray correlation, and the optimal parameters were obtained. The experimental results show that the laser power
and scanning speed have obvious effects on the width of the molten layer, dilution rate and microhardness, while the
protective gas flow rate has the most significant effect on the height of the molten layer. The goodness of fit of each
response quantity model of the BP neural network model optimized by the genetic algorithm reaches between 0. 85 and
0.91, and the GA-BP model has good accuracy. The best overall performance was achieved when the parameter was
1090 W, the scanning speed was 4.4 mm/s, and the protective gas flow rate was 10 L./min, indicating that the BP neural
network algorithm was suitable for the quality control and parameter optimization of the laser cladding layer.
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Fig. 1 Morphology of cladding powder
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Table 1 Chemical composition of the substrate and Ferro 55 alloy powder

Mass fraction /%

Material
C Mn P Si Cr Ni Fe Mo
304 stainless steel <20.08 <2.00 <20. 045 <20. 030 <1.00 18.0-20.0 8.0-11.0 Bal. —
Ferro 55 0.35 1.1 — 0.3 7 — Bal. 2
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Table 2 Full factor experiment level table
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Fig. 2 Schematic diagram of laser cladding system

Process parameter Notation Level
Laser power /W LP 1000 1200 1400 1600 1800
Scanning speed /(mm-+s™") SS 4 5 6 7 8
Flow rate of protective gas /(L-min ') FG 6 7 8 9 10

F 3 EBO Rl 0 SR R R R

Table 3 Morphological data and hardness data of some samples

No. LP /W 55 /7 FG,/7 W /pm H /pm n/% DH /HV
(mm-s ') (L+min™")

1 1000 4 6 3775.811 1085. 781 18. 394 893. 50
2 1000 4 7 3839. 020 1230. 670 19. 766 640. 44
3 1000 4 8 3653. 007 1149.451 24. 586 816. 16
4 1000 4 9 3749.740 1101.470 26.765 631. 60
5 1000 4 10 3843.952 963. 0877 33.214 643. 54
6 1000 5 6 3620. 063 1200. 113 17.523 878. 22
7 1000 5 7 3589.932 1429. 445 6.577 951. 22
8 1000 5 8 3632. 841 1128. 766 17. 657 847.00
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#£3(4)
No. Lp /W S5/ re /- W /um H /pm 0% DH /HV
(mm-s") (L+min™")

9 1000 5) 9 3633. 135 1113.519 20. 976 822.62
10 1000 5 10 3395. 680 1021. 660 23.473 832.60
11 1000 6 6 3378. 067 1241.917 11.610 848. 58
12 1000 6 7 3380. 289 1159. 290 13. 168 833.76
13 1000 6 8 3549. 465 1399. 060 3. 687 954. 66
14 1000 6 9 3596. 015 1002. 324 20. 108 749.00
15 1000 6 10 3431. 845 986. 5434 23.052 665. 12
116 1800 7 6 3983. 089 1296. 855 28.123 705. 48
117 1800 7 7 3904. 384 1268. 997 28. 857 667.70
118 1800 7 8 3624. 623 1208. 514 34.520 566. 60
119 1800 7 8 4292.723 1396. 216 19.470 821.52
120 1800 7 10 3374. 230 746. 500 46.727 480. 96
121 1800 8 6 3842.054 1322.708 24.122 814. 26
122 1800 8 7 3834.420 1294. 360 21.603 762.53
123 1800 8 8 3917. 358 1266.675 26.265 733.98
124 1800 8 9 3280. 512 1314.897 24.122 575.80
125 1800 8 10 3953. 457 984. 4884 31. 864 595.90
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Fig. 3 Schematic diagram of laser cladding coating

3 I s R Ko b

ZLAFLMEER TS
ARSCLABECS B A B, DA BRI B
B )2 95 FE RIS B )2 e B Sty AR e T AR AT I A
R, FEX ERIR A 5 R 3R g e 7 1 OGR4 ] pR £
a R AE R I pRES e M iR 25, HB: PR BRSO
y=a, T ax, t ax, tasxs + anxi + apa’ +

s’ T apxix, T asrixs tasx.xs e, (2)

K rag aiar - an 4 R 5B, QAR D 810 5 5.
H,a a,a, 8 5 FESEME LN RZE, anananh
TRIAFRE, aana, HIEE FE i B MINITAB
19, I FH 8 56 B30 AR A5 R B AS TR R A, T AR B —
YRS T O AE2 0  BE TE R R R SRRt Gl R
N

3.1

Dpy=1225 —1. 119P, +150. 4Pss +0. 2Py +
0. 000336P, p X Pp — 9. 66Pss X Pss —0. 66P5; X
P +0.0062Pp X Pss — 0. 0187Pp X Py —

0. 28P¢s X Pre o (6)

3.1.1 THEEE G E 5
FTABRTRBERT 2Zamag R, £, dih
H R, SSD N7 FL, MS 35 07 Fl, EFAE Ry 004 4 Al
B M FAER R, ¢ BB AR LA R R A, P Al
A 25 RN HE bR, PAE R /N, 3 B X 5
OGN R I PO Ty 2Ry R AR B SR S Y
PAEfe/N, HY¥/NTF 0. 05, 2 B R JLI 34 A 5% i s B¢
B QIR TS B (T =R B A R N T e S s T S
45 R LA UL RME S 87. 21 %, 1 B 32 A6 1 7 151 )
07 B B R B BE L I 4(a) R BER B 2K,
R DLE R 2R 0 L T R SO T R Ok T
ROy TR B AU T I, PR R B X = WX AR
BRI i K. K 4(b) R 55 306 S BN B R 1Y

1714001-4



F£ 6055 17H/2023 F£9 B/BAERBEFZHE

T4 RMBEARMTT PR

Table 4 Analysis of variance results for dilution rates

Source df Adjusted SSD Adjusted MS F value P value
Model 9 13640. 0 1515. 56 87.10 0. 000
LP 1 451. 4 451.37 25.94 0. 000
SS 1 60. 6 60. 61 3.48 0.065
FG 1 47.6 47.59 2.74 0.101
LPXLP 1 429.8 429. 80 24.70 0. 000
SS XSS 1 47.5 47.50 2.73 0.101
FGXFG 1 126.3 126. 29 7.26 0.008
LPXSS 1 4.7 4.67 0.27 0. 605
LPXFG 1 23.8 23.83 1.37 0.244
SSXFG 1 64.0 64.01 3.68 0.058
Residual 115 2001.0 17.40
Lack of fit 114 1887.7 16. 56 0.15 0.990
Pure error 1 113.3 113.25
Cor total 124 15641.0
S=4.17128 R*=87.21% Adjusted R*=86. 21% Predicted R*=84.98%
(a) Pareto diagram of dilution rate (b) T
(a = 0.05)
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Fig. 4 Pareto and main effects plots of dilution rates. (a) Pareto chart; (b) main effects chart
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Table 5 Analysis of variance results for micro hardness

Source df Adjusted SSD Adjusted MS F value P value
Model 9 1768213 196468 22.00 0. 000
LP 1 64966 64966 7.27 0. 008
SS 1 35281 35281 3.95 0. 049
FG 1 0 0 0.00 0.998
LPXLP 1 63104 63104 7.07 0.009
SSXSS 1 32684 32684 3.66 0.058
FGXFG 1 153 153 0.02 0. 896
LPXSS 1 768 768 0.09 0.770
LPXFG 1 6929 6929 0.78 0. 380
SSXFG 1 40 40 0.00 0.947
Residual 115 1027151 8932
Lack of fit 114 994659 8725 0.27 0.944
Pure error 1 32492 32492
Cor total 124 2795364
S=94.5079 R*=63.26% Adjusted R*=60. 38% Predicted R*=57. 00%
(a) Pareto diagram of dilution rate ®
(a = 0.05) 850 |
1.981
.“;ariable m 800
B S58/(mm-s")

C FG/(L-s™)

Average value
-1 =]
(=] o@D
S S
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on
=

VAR

10001200140016001800 4 5 6 7 8 6 7 8§ 9 10
LP/W S5 /(mm-s) FG /(L+min-")

600

0 05 10 15 20 25 30
Standardization effect

K5 Sl B B ih SR AE R EROM 1 L (a) 1 SR HE R 5 (b) %007 5]
Fig. 5 Residual and main effects plots of micro hardness. (a) Pareto diagram; (b) main effect diagram
6 RS

Table 6 Analysis of variance results for height

Source df Adjusted SSD Adjusted MS F value P value
Model 9 1114720 123858 12. 60 0. 000
LP 1 12319 12319 1.25 0. 265
SS 1 3196 3196 0.33 0. 570
FG 1 95049 95049 9.67 0.002
LPXLP 1 8421 8421 0. 86 0. 357
SS XSS 1 612 612 0.06 0.803
FGXFG 1 137532 137532 14. 00 0. 000
LPXSS 1 273 273 0.03 0.868
LPXFG 1 10017 10017 1.02 0.315
SSXFG 1 31 31 0.00 0.955
Residual 115 1130072 9827
Lack of fit 114 1112456 9758 0.55 0.818
Pure error 1 17616 17616
Cor total 124 2244792
S=99.1298 R’=49.66% Adjusted R°=45.72% Predicted R°=39. 58 %
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(a) Pareto diagram of dilution rate
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Fig. 6 Pareto and main effects plots of height. (a) Pareto chart; (b) main effects chart
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Table 7 Analysis of variance results for width

Source df Adjusted SSD Adjusted MS F value P value
Model 9 12073380 1341487 45.55 0. 000
LP 1 218954 218954 7.44 0.007
SS 1 123178 123178 4.18 0.043
FG 1 19186 19186 0.65 0.421
LPXLP 1 33293 33293 1.13 0.290
SS XSS 1 154 154 0.01 0.943
FGXFG 1 6926 6926 0.24 0.629
LPXSS 1 28494 28494 0.97 0.327
LPXFG 1 200091 200091 6.79 0.010
SSXFG 1 43861 43861 1.49 0.225
Residual 115 3386568 29448
Lack of fit 114 3163389 27749 0.12 0.995
Pure error 1 223179 223179
Cor total 124 15459948
S=171.605 R’=78.09% Adjusted R°=76.38% Predicted R°=74. 06 %
(a) Pareto diagram of dilution rate (b)
(a = 0.05) 4100 |
= 1981 ._
A Variable name 4000 |
AC B gspf?vmm-s-l) 3900
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BC i : 3800
AA ; & 3700
AB ; =
C < 3600
Al 5 3500
o I R
. o St.;rllctliardilz.itioni(l"fectzs a IMIszlP%BUMW A gé? ,(“En..;i) = & Fé f(l-?mir?") ¥

P78 B SRAE A 2RO 1R () WA BB 5 (b) 20z

Fig. 7 Pareto and main effects plots of width. (a) Pareto chart; (b) main effects chart
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Table 8 Gray correlation degree of some samples

No. LP /W 59 /7 FG, /7 GRC
(mm-s ') (L-min ')
1 1000 4 6 0. 5455
2 1000 4 7 0.4814
3 1000 4 8 0. 5468
4 1000 4 9 0. 5495
5 1000 4 10 0.5891
6 1000 5 6 0.5075
7 1000 5 7 0.4698
8 1000 5 8 0.5105
9 1000 5 9 0. 5254
10 1000 5 10 0. 5506
11 1000 6 6 0.4564
12 1000 6 7 0.4691
13 1000 6 8 0.4647
14 1000 6 9 0.5239
15 1000 6 10 0.5242
25 1000 8 10 0. 3947
106 1800 4 6 0. 6250
116 1800 7 6 0. 5705
117 1800 7 7 0.5704
118 1800 7 8 0.5028
119 1800 7 8 0. 5482
120 1800 7 10 0. 5502
121 1800 8 6 0.5344
122 1800 8 7 0. 5060
123 1800 8 8 0. 5505
124 1800 8 9 0.4607
125 1800 8 10 0.6033
*9 SHOKFROT
Table 9 Parameter level design
Process parameter Parameter Upw.ard Number of

range gradient levels

LP /W 1000-1800 10 81

SS /(mm-s ") 4-8 0.1 41

FG /(L+min ") 6-10 0.5 9
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Table 10 Sample parameters for validation

Sample LP /W SS/ FG/
number (mm-s ') (L+min ")
T, 1370 5.0 7.5
T, 1410 6.5 8.0
T, 1060 6.2 6.0
T, 1700 7.5 9.0
T 1500 4.0 7.0
H, 1090 4.4 10.0
H, 1090 4.4 10.0
H 1090 4.4 10.0

By

£ 605E 17H/2023F 9 A/HAEREFFHE
B 22 10 0 BT A RE il 2547 B0 I8 8 ) A A )
A3 B GA-BP 28 0 28 K i v Be EHiE i It 1l
AT A X H A B 2% 11 s o &P T T, T
TR TS 249 kg 2% A ot X L 18 0000 (R
F 11 2 04 B0 R A 0 0B 05
Table 11  Test and predicted values of the validated samples by

neural networks

Sample W /pm H /pm n/% DH /HV
T, 3882. 1 1287.5 24.069 715. 30
T, 3993.5 1234.3 30. 000 602. 05
T, 3885. 3 1301.9 21.143 754. 24
T, 3723.9 1198.0 25.800 707.74
T, 3405.7 1299. 4 12.671 772.44
T, 3504. 1 1277.9 12.732 905. 74
T, 3907.8 1259.2 27.893 660. 16
T, 3771.5 1200. 0 32.221 610. 27
T, 4129.7 1191.8 32.907 529.98
T, 4225.3 1209. 1 38.730 535. 17

AT DL H 2 0 45 A5 A0 50000 (5 00 3 1 A7 7 B
IR ZERE XS 22 R AR S AR VF RS R N . P AT
B3 B T DU AL AN A 22 BE RS R . A T DU b T
550 = (R A 22 B, AR SCR A AR 22 0 ok /R L it
BAAH
NEEES
A, AR T, 25 P AR B A BUE XA HEIE T 4%
PR BB EHE 1 ELSEE 5 0, 45 AR i B AR X R 22 T A b, O
i=1,2,3,4,5. B REAHE 5L B T A PG B A AR X
Ao iR 22 T

Pl 13 Ay il 25 0 285 26 GIE A i 1 4% 2 B A0 AR X iR
2 H 7B AT LLA A R 25 B KRR A T B B
B HEAT 25 %6, AN R 22 /N R AR D TS A BER 1
V0. 5% , Ud W OC T i 88 238 ) 7 4k 119 ot 428 IR0 24 A 7R 1Y)
T RO A TR, B s PR K . A M B TR
T, Y i A D2 25 76 890 Ze A7, H AR T A A i 19 B8 )5
FeE BE B R 22 9 7E 5% LU, Ul B 9E BE R R R A
T 22 D) 2% T N A5 AR S0 R R AR e, R M L AR R 4E
T OG- B A AR X 152 25, NI el LUE S T, T, 78
10% Ph b Hoay = ANRE R AE 1090 LLTF, 16 B A B2 1 A
25 X 25 A5 TR0 0 S AR O B R AR — . 25
TR DA T A A I SO B A X R 2R R R
F4) ot £ ) 4% A AR 0 000 2k SR — P, 6 FBE L o R IV R ) A
25 ) 25 BN SR b T R A Ay B B i A] SR
Fka e

FE i H CHL AT HL P 8BS B 5 556 32 7 0 3 A
MG B % HE B B e 12 fr s . Hobh H R iZ3 8
ZH 6 N A TUINAEL . TT AR, =S D A R R
B I AEAE /N 22 501, He v HL 5 H A TR A A A

X 100% , (11)

1714001-12



N

% i

P13 it 60 238 B0 TR A ot 1 T 30 110 A 0 15 22
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Table 12 Test and predicted values of the validated samples by

neural networks

Sample W /pm H/pm /% DH/HV GRC
H, 3715.3  1112.5 32.564 518.72  0.5448
H, 3459.6  925.1  41.638 530.90  0.5668
H, 3666.2 1030.9  35.639  525.47  0.5403
H’ 3714.2  967.4  29.972 611.42  0.6797
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