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T RE B 5 B LA AE A S, 501 o )87 gl TR AL SLM. B GHA169 &4 T2 1. 45 B2 B : GH4169
& & fLERRE BE & 5% FE G AN B AN LR [ etk . BOR#EAS, FLBRBERIE E 558 E A 2 MM, AU S
ERSALBR SRR, RN RFLBREUTAR 7 R ANEL T A AN 5] s A mBCE R L& E 0N ot
K 280-320 W, F9FH# EE 900-1100 mm/s, F33H[E]FE 85-105 um.
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Pore Characterization and Density Optimization in GH4169 Alloy Fabricated by

Selective Laser Melting
XIA Dong-hao', XIE Guo-yin?, KOU Hong-chao?, XU Xiao-xuan*, YANG Gang?,
TANG Shuai? and **KOU Hong-chao®
(1. National Outstanding Engineers Institute, Northwestern Polytechnical University, Xi’an, Shanxi 710072, China; 2. AECC
Aviation Power Co., Ltd, Xi’an, Shanxi 710072, China; 3. State Key Laboratory of Solidification Processing, Northwestern
Polytechnical University, Xi’an, Shanxi 710072, China)

Abstract: Porosity is a common defect in GH4169 alloy fabricated by Selective Laser Melting
(SLM). This study investigated the effects of energy density on pore characteristics through
controlled variations in laser power and scanning speed, subsequently optimizing the SLM
processing window using Response Surface Methodology (RSM). Results demonstrate that: pores
transitioned from irregular to angular and spherical morphologies with increasing energy density;
pore sphericity exhibited a significant negative correlation with equivalent diameter; pronounced
pore aggregation occurred at specimen edges while internal pores maintained uniform distribution
along deposition/normal directions. The optimized high-density processing window was identified as:
laser power 280-320 W, scanning speed 900—1100 mm/s, and hatch spacing 85-105 pum.

Keywords: : SLM ; GH4169; Pore; Relative Density; Process Optimization
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e H52ma R 2 RA SLM AR ATk % vE 4 s .
FRI, SLM BIEALBRREU D NI AL AR
HALBE =R, Hyr A iR S T2 SE R U
Ko Horr, FBA BB B ORGSR A A
BE I T T, T AS R L BRI 50 K 2 1
RIEAIEA KRB, B HOLRE R % TR, 16
WIS U B V BUERAR A Bgi ) A% S5
] R AL 2R AR 000, R TSN I iR 3 5
IR SRR AR b, R fLIRESRI 2, 54,
WA 2 R P SEB AT Flow 3D HUE A5 200 78 3
FeVpEe . R . R RS LR AN 2
IR FR FLERERBAEIE BUR R34, fHCT T 22345
X FLBRRFAE 2 (ORI 72 R R e, L H FLBRIE
B A ANRETRERARR . Nk, A SCRAEHHY
HrAl Al CT A5 HERAE SLM BE GHA169 & 4 114L
BURRAE, AT A FIEERE R % E LB R SE. TES
FAP AR, R B A A T 255, 15
PRI EECEE R L EE O, WA GH4169 &

2 HidiE

2.1 iarr

AR GH4169 & &M AR oWk 1 fr
s B 1@ RIERR S TS, 2RI
BRI BRI « FIF Wnner2308B 0L FE 734t
PO AR bR AT G E, SR WE 1), Kift
3 ARAE 18.8-50.32um (D10-D90).

&l 1 GH4169 & &4 K5 (a) X i1z 5347 (b)

Fig.1 Morphology (a) and particle size distribution of GH4169

b R R BRI powder
# 1 GH4169 & &M RS
Table 1 Chemical composition of GH4169 alloy powder (wt.%)
Elements Cr Fe Nb Mo Al Ti Si C Mn Ni
fraction 18.06 17.96 5.47 3.11 0.40 1.03 0.024 0.03 0.004 Bal.

2.2 Wit R7EE

BRI T 2% R FH T 2240 T RIS M BRI A R
A AR S600 BUBEONIE XA IG M HiliE R g,
JERRBY IPG OLE OGS, B KIIFE 500W, I
K 1060-1080nm. FIELFREHIZZE i 67° 4
WG, ik =& 40pum.

BT WOE T 2R 1R TR 56 7 S
R 2 Fiow, RRAEARER 5055 REAS RO TR R 3
MR P ARKIEOL Y # (Laser Power), V AR
&% (Scanning Speed) , H fX 3£ 49 i [8] i (Hatch
Spacing), D 8% )z 5 (Depth).

& 2 ETBOCTHEMNAHEEE RWA FRE T HE
Table 2 Two-factor experimental scheme based on laser power
and scanning speed

Runs Parameters Min Max Increment
P/W 100 400 50
V/(mm/s) 500 2000 300
H/pm 100
D/pm 40

AT AL SLM U GHA169 &4 IBUH FE, R
M 3HE 5 KFHH0E &8t (central composite
design ) B il HT 70 ik 5e,  KEHH A SLHOE T ().
(V) T4 8] B (H) 5 R 305 B 1) 98 R AR
B, BASREBELNTZMTE Q. BT
HE RN SLM B T2 S8 1 MK 1%
TN 3 P,

x£3 ETmNEHOLESRENK GH4169 &4

SLM B LZ2H
Table 3 SLM Process Parameters for GH4169 Alloy Based on
Parameters  -1.682 -1 0 1 1.682
P/W 216 250 300 350 384
V/(mm/s) 932 1000 1100 1200 1268
H/pm 66 80 100 120 134

Central Composite Design of Response Surface Methodology

A S 6 SR FH ] 5 K A HE A I R 2
GH4169 FE % FEAL 8.24g/cm3. W& AR FES L 1T
HURE, FEJEKH 240, 400, 800, 1000, 1500 2000
HE SiC Wh4RHT B B R M AFERUNRIE, FAEH —
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BT &AW %E, FJH Tescan Clara GMH %117
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YXLON FF85 %Y CT A il ¥ % %o FL B A4 A1k i2E A7 AL

3 MIRERR ST

3.1 BEEEE N FLISAFERIRZIN

3.1.1 WOLREERT FEXT FL IR 2 [ 5200

KUK - 525 v & AR T2 28 DA R %
HHTRR, BOCIRRERE%E (Laser energy density,
AL J/mmd) it 7 ERALARRR B RE R RN, 2 e
ROV R IR0 S, KRB

LED = (1)
VDH

A PONBOETIRMW); V ONEEE (mm/s); D
REE(mm); H AFH#E FE (mm).

2 N SLM 87 GH4169 & 4 FLIR R Bl fe %
FERIASAb#aSS, AETHE, B g T SCER
US2R[R] e B B Nl GHA169 &4 AL R
ATLVEH, BEEREEZ A, FLERR SIS
/NGRS, ARk R s EUE X a5 S
BROIH R 5 IR — 3. TERE R % BN 50-90)/mm’
A, T2 SHER R ILIR RN T 0.5%0)
U FER R

& Babamiri et al. [15]
o{ > Moussaoui et al. [16]|
. Balbaa et al. [17]
Choi et al. [18]

al.
Stopka et al. [20]
Watring ctal. [21]
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Fig. 2 Comparison of porosity of specimens under different laser
energy densities

3.1.2 fLER4FAE

3 ONBEE L 26.78. 40.58. 71.42. 90.90
Jmm? B GH4169 & 4 IR I FLBRAF1E. T LLE H,
FERMRAEESE (2678 J/mm3) T, HUEIREERE

FEAE KT AR RN FLER,  BE & e &% B 1 K&
40.58 J/mm?, FLBREERD, HEAIREIH KRS A
FUMBOREFAE, 1% A2 R RAB A FLBRRFE . BEE
Re BB HE— B KA 71.42 A1 90.90 J/mm?3, FLIR
WA N/NRSFRITE X A T, BRI RS
FLE AL

(5]

ALY .|
.

A
bl .

B 3 TEBOLEEEEE T SLM BUJE GH4169 &4
HIFLER TSR
Fig. 3 Pore morphology of GH4169 under different laser energy
densities: (a) 26.78 J/mm?® ; (b) 40.58 J/mm3 ; (c) 71.42 J/mm3;
(d) 90.90 J/mm?3

FIF Tk CT % SLM EJE GH4169 i FE A &
FLBRERFE AT H G 00T, 34 X SO MR R T X
PURRTT [ VA LR J7 T 2 X2 X 10mm- [ 5 44
Xk, B4 NREEZT 40.58 J/mm? I (5L 2 i
ATLAEH, WU R 7R 7 A b, FLBR A8
NEBE), MRS, AT A A BAEEE 21
ERFLEIGR . X2 T IREL G AL B E R 2
HH UG 2 5 AN R IR AR FE i, T U TR R LR,
[ RURE A 38 X S AR S ST & 7 T 2 IR A
WHEIFFE, BROEIHEBRES /LR, TR &
2 R EIEIL R, SO IR RE TREZ LK.

—

B 4 BEEEE 40.58 J/mm’ L GH4169 & &L
7 M LT MALRR A
Fig. 4 Pore distribution in the normal direction along the
deposition direction for GH4169 under laser energy density of
40.58 J/mm?
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X} AR e 5 5 B R GH4169 & 4 14 MR ke
YSUTAR 7 A AR EL 2 X 2 X 10mm K 77 463 4T CT
4, w5 o, NEBRIGZALBR R, EE
B AUEGERE PR RO X AT FLBR R ST Seit. mT LA
i, REEHIT 26.78 /mmP I, GH4169 & &A7/E
BZ KRR ARG SRR BRI, DT TT 1) B LI
B, RN, HANRSHFLBREE R D
2 RE 5 B 1K B 40.58 J/mm3 I, A &P IEfER %
BOR RS HUIRSLER, N RS I ERIE LB R B
FEPURRDT A B AR S . Res % FEiE— P K
B 71.42 Ymm? I, KE LR EUN, BAEH 7
AR T R R R, R X LR s R b .
HAe R IAF] 90.90 J/mm? i, FLER PN, H
HEE L, EEYRIT W EmEAEE], BRRH
R ERIE IS LIRS, A7 AE D B KK TEALER

fa) P ib)
; L
] 2y i
(S 8
B =y E
[T
ko
e
() ; (a)

B 5 AFRIGEEZEE SLM R GH4169 & &5 TR
77 T I FLBRARFAE

Fig. 5 Pore characteristics along deposition direction of GH4169
alloy fabricated by SLM at different energy densities: (a) 26.78
Jimm3; (b) 40.58 J/Imm3; (c) 71.42 J/mm?3; (d) 90.90 J/mm?

B XIS R LR E AR T ROR, IF
S E AR X A S AT g b, SR WE 6
Fiom, B a5 th T % X3 R A5 8 EAR AL SR -
FIIS, iE R CT Hffd e T & R i =2k
MRS MERSERTIE, RSt RSN ER
/NF 20um FLBRZ20E, $Emgtit . iTLLE
H, BEEEE 26.78 Jmm3 &4, FARKFLBH T
ZF 2 ANUUR IR LB AR 7 1M A, 25 30 B4R IA 935um,
25% AL SR EH AR KT 100um; AR %K
F 40.58 Jmm?® i, 90%FLBRE M EZ/N T 80um,
I RFLBRSE R E AR N 160pum. fE B2 71.42 J/mm?
LR RSB, B RALBR S E AN 68um, H

IR BN T 50um,  90% LIRS S B AR /N
T 35um, [ERF, FLBREEAAXN D, IAFLNE,
A /D B REFLER A . BE &% A E] 90.90 J/mm? B &
SRR SRERE T 71.42 J/mm? I AT, Fk
LB AR A 62um, 90% I FLER 58 H AR /N T
35um, HILFREEE 2, FLIRIERSIE 7 13505
i, K FLBCARERIE AL, s RERE AL
BUA K KT I RE LB

L
2

&l 6 NERE R B SLM &JE GH4169 & & HFLIR
Ry o4
Fig. 6 Pore size distribution of GH4169 alloy fabricated by SLM at
different energy densities: (a) 26.78 J/mm?3; (b) 40.58 J/mm?3; (c)
71.42 Jimm?3; (d) 90.90 J/mm?

H11&l 5 AT 6 AT, FLBTE SRS FLBE R 7 AE
—RERIRTRLIE R, B R AL B S A8 1) AN KL
FIAR, NRGT LR BT T B s 26 . DABK
EERALALBRIES, SR ERRR LN, X
$if DX S BT 2 SRR AT SRR A BEAT 8 SR AL, 2
k7 FrosiioR L, ATRCE B, FLERERIEREBE S5 2L
EARKIIE AN, SEACEAR KT S0um 1 FLERER
FEE/NT 0.5, BRI S LB R0

0.3 . . | . . |
0 20 40 60 80 100 120
Pore size (um)

B 7 FLERERTE B S FLBR R R SR &

Fig. 7 Correspondence between pore sphericity and pore size
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3.2 MEEMM

IR AR R KPR SHA GRS R, HR
e SRR A E A B0 B, R, 358
HREFSHX R, FEIY B A &M
T S, NIRRT . R LA
T A3t 1] PR FLBR AR 52 KN, (R IS 46 /S i B0
fEEe i TE H, Bt i CCD . ih ik x Z

AT AL . SLM JJE GH4169 & 4 FLER R i 45
R 4 oo FIH R 2B RS TI S,
ZBRARRE LW TS BRI R S T 2534
PG T FERE R
porosity=-1.64784-0.000047*P+0.005042*V-0.01898
2*H-0.000014*P*V-0.00005*P*H+0.000033*P2+0.0
0018*H2

s P RBOEIHIRW); V RHERGEE (mm/s); H
A A FE (um)

4 ETHOLEEHRITN 3 BER 5 KPR R

Table 4 Results of 3-factor, 5-level experimental test based on central composite design

Run P \Y% H LED Porosity Predict porosity Deviation
(W) (mm/s) (nm) (J/mm?*) (%) (%)
1 250 1200 80 65.1042 0.7655 0.7994 0.0339
2 300 932 100 80.4721 0.4199 0.4248 0.0049
3 350 1000 80 109.375 0.6894 0.6697 0.0179
4 300 1100 100 68.1818 0.5207 0.5477 0.0271
5 300 1268 100 59.1483 0.7409 0.6707 0.0702
6 300 1100 100 68.1818 0.5408 0.5477 0.0070
7 300 1100 66 103.306 0.7021 0.6871 0.0150
8 300 1100 100 68.1818 0.5771 0.5477 0.0293
R4
Continuation Table 4
Run P A% H LED Porosity Predict porosity ~ Deviation
(W) (mm/s) (um) (J/mm3) (%) (%)
9 350 1000 120 72.9167 0.6159 0.6506 0.0347
10 250 1000 120 52.0833 0.6687 0.6895 0.0208
11 350 1200 120 60.7639 0.6230 0.6533 0.0303
12 300 1100 100 68.1818 0.5817 0.5477 0.0339
13 250 1200 120 43.4028 0.9223 0.9795 0.0572
14 350 1200 80 91.1458 0.6246 0.6724 0.0478
15 300 1100 100 68.1818 0.5300 0.5477 0.0178
16 216 1100 100 49.0909 0.8981 0.8527 0.0454
17 250 1000 80 78.125 0.5021 0.5094 0.0072
18 300 1100 100 68.1818 0.5346 0.5477 0.0131
19 384 1100 100 87.2727 0.7431 0.7133 0.0298
20 300 1100 134 50.882 0.8823 0.8239 0.0584

R 5 REBRA LR AR R Z R 7 1 K
ZIATT 2500, ZHF RIS &0 X 45
MIREH KN, PAERIR 20 A 1 1) 2 2 K, P
EAT 005 AREE, N 001 ARERE. K

HHERLR P <0.0001 ARG M i LA FEBE
Lack of Fit 24 0.0554>0.05 fRRBIAL SIS R ZE /N
Bl 8 S RS AR TNAE 5 SE PR E R 22, SRB
TR Gh FSEBR A T3 B 2R PR
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Fig. 8 Model Predictions and Measured Values
R 5 ETHOLEERIH SLM TZSH 05 EZ 0
Table 5 ANOVA of SLM process parameters based on center composite design
Source Sum of Squares df Mean Square F-value p-value
Model 0.3434 7 0.0491 24.01 <0.0001 significant
P 0.0235 1 0.0235 11.49 0.0054
\Y% 0.0731 1 0.0731 35.76 <0.0001
H 0.0223 1 0.0223 10.93 0.0063
Pxv 0.0413 1 0.0413 20.20 0.0007
PxH 0.0199 1 0.0199 9.72 0.0089
P2 0.1007 1 0.1007 49.27 <0.0001
H? 0.0779 1 0.0779 38.12 <0.0001
Lack of Fit 0.0212 7 0.0030 4.63 0.0554 not significant
Pure Error 0.0033 5 0.0007

AR B — R R EE R, B30EH
F4F SLM % JE GH4169 &4 fLBRA HAER , 45 5%
WK 9 Fin. B R TR =2 fhm i, i

TR AR L, S EZ B ORI, i i

bE. Z5am NS LT N EERT F L PAEK
NEEBOR I, FEIE SRS 2 X 8] P 49 40 T R BT
BREEUE LM iR K. BEE ML (), L

=

{b)

B A A, (H 25 B SBr R R ) OB AR
LSBT, AR AR RN RS &

Zh|

LAH ML WG TR, B B m IR R
T M e B B A I 20 L o Woes)
2R 280-320W. FHEHEEE 900-1100mm/s. 4 8] #H
85-105ums.

K9 XMHEES SLM EAGFLEEERATIER (a) PXV (b) PXH

Fig. 9 Two-factor interaction on porosity of SLM formations (a) PxV (b) PxH
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4 51

()AEEEE 26.78. 40.58 J/mm3 I}, SLM &
GH4169 & & AN B HUR RIF SR N E, R
SRR, H LRSS E A KT 100um; A%
N 7142 90.90 J/mm? i I DLERTE 84 267 <AL AT
RALRNE, RPN, FLBEREE 5SS RER RN
FHIRAE

QBOLIhE. FiE . R EXT SLM &
¥ GH4169 & & 0% FEsgm 3, H b Hi s FE )
AR ADNS 5 EYNESE 11

(3) SLM & JE = 8% i GH4169 &4 M T EH
FoN . ¥t Ih % 280-320W , 7 4 i
900-1100mm/s, FAHHHIEE 85-105um.
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