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Fig.1 SEM morphology (a) and particle size distribution (b) of
GH3625 superalloy powder
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Table 1 Composition of GH3625 superalloy powder (w/%)
Cr Mo Nb Fe Co Si Mn Al Ti Cu P S C (¢} N Ni
22.19 9.03 3.57 1.78 0.062 0.096 0.05 0.046 0.1 0.032 0.0064 0.0024 0.011 0.0198 0.01 Bal.

67°

0.03 mm{

Building
direction

2 SLM fA$fi 5RMg R & B KR T H GH3625 il & EF
Fig.2 Schematic diagram of SLM scanning strategy (a) and
appearance of as-built GH3625 superalloy part (b)
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Fig.3 Distribution of test sites for the center composite design
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Table 2 Factor levels and coding

Parameter Level
-0 -1 0 1 o
LP/W 230 250 280 310 330
SS/mm-s™ 864 1000 1200 1400 1536

HS/mm 0.063 0.07 0.08 0.09 0.097

®3 HEARRMEELSER

Table 3 Test protocol and response value results

. LP/W SS/mm's’ HS/mm DX/mm DY/mm

z
o

DZ/mm

—_

280 1536 0.08 0.098 0.059 0.281

2230 1200 0.08 0.124 0.107 0.202
3 330 1200 0.08 0.059 0.142 0.189
4 310 1000 0.09 0.076 0.078 0.197
5 280 1200 0.08 0.089 0.051 0.157
6 280 1200 0.08 0.094 0.061 0.152
7 250 1000 0.07 0.104 0.167 0.263
8 250 1400 0.07 0.106 0.068 0.268
9 280 1200 0.08 0.099 0.049 0.166
10 280 1200 0.08 0.095 0.058 0.159
11 280 1200 0.08 0.091 0.056 0.163
12 280 1200 0.097  0.124 0.075 0.219
13 280 1200 0.063 0.104 0.134 0.238
14 310 1000 0.07 0.107 0.103 0.254
15 250 1400 0.09 0.149 0.036 0.312
16 280 1200 0.08 0.094 0.052 0.168
17 310 1400 0.09 0.109 0.126 0.246
18 280 864 0.08 0.077 0.125 0.226
19 310 1400 0.07 0.074 0.145 0.213
20 250 1000 0.09 0.098 0.153 0.187
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min DX (LP,SS,HS)
min DY (LP,SS,HS)
min DZ (LP,SS,HS)
51250 < LP <310
1000 < SS < 1400
0.07 < HS < 0.09

(5

3 FHR51H
3.1 BEFESR

X. Yy Z PR SHRZER 7 Z 5T insk 4~3% 6
B, XFMNALALE) PAEY/NT 0.0001, FAHZ 3 MR
BUSIRR 2 35  BERLFT XTI “Lack of Fit” T P
AR YA 0.0671+ 0.0805. 0.0505 ¥ KT 0.05 AN 3,
X R 3 AR B A B m AT S, BRAE A O XL Y

Z MR SFRERAT BN e R R IRIRA
0.9456. 0.9842. 0.9704 5 1+ 8, KWk T 3 Fhfi
BRI B = R (Adeq precision) AR YA
ARUE S EMFERLIE, ERTRFHRT 4, UEH
RS N YA G X5y S

HEE 4 7751, SLM TZSH P EOETIRXT X 75
JUHRZEM R, HUCRHAREE, m i/
FARE AT FE o B O ) S A0 i 18] PR 9 22 BLAE B0 H A5
AR SN, HAMITO AR5 B35 1 Rg e . SR S T
DIEH], SLM LZZSH il X v 7 m R iR
W R, FHUGRERIEE, RN NBOETIE.
£ 6 Z J I RSFIRZE R T 2250 AT LAAF 2, 76 SLM T
SSHPRT Z 5 RS R ZE S W B K O A
HUCHBOEThE, B/ AaEE, H P EIE/NT 0.05.

F4 DXBREMFESNER
Table 4 Analysis of variance for the DX model

Source Sum of squares df Mean square F value P value
Model 0.0071 7 0.0010 29.78 <0.0001 Significant
LpP 0.0029 1 0.0029 86.61 <0.0001
SS 0.0006 1 0.0006 16.84 0.0015
HS 0.0004 1 0.0004 12.02 0.0047
LP*SS 0.0004 1 0.0004 10.35 0.0074
LP*HS 0.0001 1 0.0001 4.01 0.0683
SS*HS 0.0017 1 0.0017 48.73 <0.0001
HS* 0.0010 1 0.0010 29.90 0.0001
Residual 0.0004 12 0.0000 - -
Lack of fit 0.0003 7 0.0000 4.19 0.0671 Not significant
Pure error 0.0001 5 0.0000 - -
Cor total 0.0075 19 - - -
R*=0.9456 Adeq precision=22.9952

Note: df-the number of variables that take on unrestricted values in a statistical model; F' value-ratio of between-group mean square to

within-group mean square; P value-probability values used to test for correlation between features and variables

*5 DYHEMBESMER
Table 5 Analysis of variance for the DY model

Source Sum of squares df Mean square F value P value
Model 0.0323 9 0.0036 69.35 <0.0001 Significant
LP 0.0006 1 0.0006 10.67 0.0085
SS 0.0041 1 0.0041 79.42 <0.0001
HS 0.0026 1 0.0026 50.63 <0.0001
LP*SS 0.0117 1 0.0117 226.03 <0.0001
LP*HS 5.000x107 1 5.000x10” 0.0097 0.9237
SS*HS 0.0000 1 0.0000 0.3476 0.5686
LP? 0.0087 1 0.0087 168.47 <0.0001
Ss? 0.0025 1 0.0025 47.86 <0.0001
HS* 0.0044 1 0.0044 85.55 <0.0001
Residual 0.0005 10 0.0001 - -
Lack of fit 0.0004 0.0001 3.91 0.0805 Not significant
Pure error 0.0001 0.0000 - -
Cor total 0.0328 19 - - -
R*=0.9842 Adeq precision=27.3995
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Table 6 Analysis of variance for the DZ model
Source Sum of squares df Mean square F value P value
Model 0.0405 8 0.0051 45.00 <0.0001
LP 0.0015 1 0.0015 13.12 0.0040
SS 0.0039 1 0.0039 34.62 0.0001
HS 0.0006 1 0.0006 5.04 0.0463
LP*SS 0.0019 1 0.0019 16.56 0.0019
SS*HS 0.0055 1 0.0055 49.06 <0.0001
LP? 0.0032 1 0.0032 28.63 0.0002
5s* 0.0181 1 0.0181 161.16 <0.0001
HS* 0.0102 1 0.0102 90.81 <0.0001
Residual 0.0012 11 0.0001 - -
Lack of fit 0.0011 6 0.0002 4.93 0.0505 Not significant
Pure error 0.0002 5 0.0000 - -
Cor total 0.0417 19 - - -
R*=0.9704 Adeq precision=19.5934
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17.530288 x HS —0.000001x LPx SS —0.01375% (6)
LPx HS +0.007188x SS x HS +83.13623 x HS”
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Fig.4 Residual distributions of the optimized model: (a) DX, (b) DY, and (c) DZ
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Fig.5 Plots of predicted values vs actual values of the optimized model: (a) DX, (b) DY, and (¢) DZ

K6 AREIMLSHT DX =4k ih i &
Fig.6 3D surface mappings of DX values for different machining parameters: (a) LP-SS, (b) LP-HS, and (c) SS-HS
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K7 AEINLSET DY 6 =2 i
Fig.7 3D surface mappings of DY values for different machining parameters: (a) LP-SS, (b) LP-HS, and (c) SS-HS

Kl 8 AFEINLSET DZ A6 =24 i
Fig.8 3D surface mappings of DZ values for different machining parameters: (a) LP-SS, (b) LP-HS, and (c) SS-HS
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ARE = x100% (9

Experimental
10 NAEMAL G I T ZESH0T BUE R B0
24, 10a. 10b S0t BB I i 5 1 XOY Fl XOZ
PR S. WT LR BILE XOY J7 A b, ARAR IR b
ZIAH AR 67°, X5 it A4 SIS AH A

F 1 TEERRETEK Pareto front BBAIIIERITELE R
Table 7 Calculation of hypervolume indicator for the proposed

Pareto front with different number of iterations

No. Iteration HV
1 500 0.7458
2 1000 0.7596
3 1500 0.8012
4 2000 0.7803

K19 A[RIEIKECT B Pareto front
Fig.9 Pareto front for different numbers of iterations: (a) 500, (b) 1000, (c) 1500, and (d) 2000

®8 MALLERIKEIIE
Table 8 Experimental validation of optimization results

LPIW SS/ HS/ DX/ DY/ DZ/
mm-s” mm mm mm mm

Predicted 289.2 1166.8 0.0823 0.089 0.058 0.157
Experimental 289 1167 0.082 0.084 0.061 0.151
ARE/% - - - 5.95 492 397

XOZ “FTil E 9L H B i) f SR i RS, XRH T
BOLHIE R B S B IEih 2 (A4 A e
B, AR ERABRERIEAE, RETEZLZSH
I ) R A BOR IR S A . 10c. 10d N
XOY. XOZ J5 (¥ SEM [& o AT LA B 4 23 i)
b AN . ARG SCHR[24]F FTEE 2 Hall-Petch 2%
B, AaumE s RST 2R, RPMMLE 25
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Fig.10 Microstructures of the sample verified in XOY (a, ¢) and XOZ (b, d) planes: (a-b) OM images and (c-d) SEM images
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Optimization Study on Dimensional Accuracy of SLM Forming of GH3625 Superalloy
Based on Integrated RSM and NSGA-II

Zeng Quan ', Wang Kelu ', Lu Shiqiang ', Lu Cuiyuan *, Li Xin ', Zhou Tong ', Wang Zengqiang '
(1. School of Aeronautical Manufacturing Engineering, Nanchang Hangkong University, Nanchang 330063, China)
(2. School of Advanced Manufacturing, Nanchang University, Nanchang 330031, China)

Abstract: In order to improve the dimensional accuracy of SLM-formed parts, this study proposed an integrated response surface
methodology (RSM) and non-dominated sorting genetic algorithm-II (NSGA-II) approach to optimize the dimensional accuracy of SLM-
formed GH3625 superalloy. Firstly, a model of SLM process parameters with dimensional errors in X, ¥ and Z directions was developed by
RSM, and then the model was optimized by NSGA-II for multi-objective optimization. The results show that the model constructed by
RSM has high prediction accuracy, and the correlation coefficients R? are 0.9456, 0.9842, and 0.9704 in order. The optimization algorithm
is able to obtain the optimal interval of the processing parameters at 1500 iterations: the laser power is 250.8-310 W, the scanning speed is
1028-1400 mm/s, the hatching space is 0.071-0.084 mm. The experimental validation results show the high reliability of the integrated
method with ARE of 5.95%, 4.92% and 3.97% for dimensional errors in X, Y and Z directions, respectively.

Key words: selective laser melting; GH3625 superalloy; dimensional accuracy; response surface methodology; non-dominated sorting

genetic algorithm-I1

Corresponding author: Wang Kelu, Professor, School of Aeronautical Manufacturing Engineering, Nanchang Hangkong University,

Nanchang 330063, P. R. China, E-mail: 29018@nchu.edu.cn





