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Table 1 Chemical composition of MM509 superalloy
powder (w/%)

Ni Cr W Ta C Co Other
10 24 7 3.5 0.55 Bal. <1

XQ)HF, ENBOLEEREEEZI/mm?), P NEOLREIIR
(W), H yHEHEEIFE(mm), S AFEFEEEE (mm/s), t v
¥ 2 JE (mm) . 20 ASFE SRS H T2 2508 5 1 LED
EBERAEF 2 . Py S B H 2250 SLM &I
JREMEE T 228, — Wi E 5 EMEOLRER IR AT
TR AR FE A, I8 R 2 T A LIRS e a4
AR TAEIL T 2 2H A4 B B DLEAT T 25000,
AT RWE 3 Fin. 5 1 ARETZ ik
1275 CORIE 2.5 h BIEVEALEE, FROVE[E LI . 28
2 K T2 [+ AL B Stk AT 1275 °C
R 2.5 h J5 2= A I E v AL B, - E4T 927 CARIE 20 h

EatC =L 0l VGG

XF TR i T R AT S A W %%, DAGET SLM
FE b R BE T 30 R % B, SIS 5 PR R A
WAL EERD 48\ 22040/ % %5 3000#, F{#i ] 50 um %
A RE G E BT B A B AT e Ak B . A RO
AL AR — ) RS ON 6XB-PC MG BB AT Quanta
FEG 450 Hf#i 85 (SEM) M52 1k %1 J5 B 5 1) 2 i 4
LS, fE KRR S 30% i AL E B W LL 6:1 b
51 5. 1) 8 FRD e 220 00 B i e Tz o AR X SR R AT
(XRD) A FE S BEATHIAH A0 BT, K X SF 4R AE i
(EDS) XJFF St kAT 053 4347

KH MM L ZZH % MM509 75 i T HIR
WA, REEAR K7 1a B 2a Bios, 3R 77 18 S5
P 5T EIUTARDT 1] PAT BFR 9 2 B 5 R (2 D7 [)),
ST 7 10 2 B RR KI5 (x ALy T, x N
AKFER T e XU SRR AT A B S, K A
PRARE 5 TR TR A6 1R 1 e v ) St 7 2 v e

% 2 j@id Doehlert it #IEH 20 HTZSH

Table 2 20 groups of process parameters designed by Doehlert matrix

Sample number P/W S/mm s™ H/mm E/J mm*®
1 220 1060 0.08 64.858
2 250 1000 0.09 69.444
3 275 800 0.11 78.125
4 300 1100 0.09 75.758
5 300 1000 0.11 68.182
6 300 900 0.13 64.103
7 275 1000 0.09 76.389
8 300 1000 0.09 83.333
9 300 1200 0.09 69.444
10 325 1100 0.11 67.149
11 325 800 0.11 92.330
12 325 1000 0.13 62.500
13 325 1000 0.09 90.270
14 330 1000 0.11 75.000
15 330 1000 0.10 82.500
16 330 1100 0.09 83.333
17 350 1000 0.11 79.545
18 350 1000 0.10 87.500
19 350 1000 0.09 97.222
20 370 1000 0.11 84.091

%3 KRWMRIZITH 2 HHRLIEFIE
Table 3 Two groups of heat treatment designed in this study

Heat treatment system

Solution treatment

Aging treatment

As-built
Solution
Solution+aging

1275 ‘C/25h -
1275 ‘C/25h

927 ‘C/20 h
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Fig.2 Schematic diagrams of original sample (a) and mechanical property test sample (b)

B3 GEUR SN 12#. T#. 20#. L13#FF SR
Fig.3 OM images of samples with number of 12# (a), 7# (b), 20# (c), and 13# (d)

R, RFaiE 2b Frios. MR¥E ASTM E8 [H Brbr ik
HEAT T AR, I5E T A BRI A DL R DU A
DA 72 =I5 T 1) 124 g .

2 HR59H

2.1 IZBHMULH

X 20 A7 HRAE AT R S AW, S
Image J %R i 23 3 3EAT 2 IR FLBR 26 Ge v A T 55 45
B, PAFRAR IRBLFE S BRI . IEEUR SN 124,
TH#. 20#. 13#MUFE AR A B 3 B, M BOE
Ae B %5 ¥ 4 62.500. 76.389. 84.091. 90.270 J/mm>,
RIS B WOL Re B % B EURR, AR E LA A 2 T iR
WEACTR R 2, PE PRI AR, (75 hE B R T B
TR ORFLIE H 2 R A WOk R E % I m
FEAE DAF RO F AT ENBRIG, A B R B & FLBR SR G,
X2 R i s RO e % B 2 5 BUR AR B 7 19 A
TMIE AR 2L, teAh, RRE NG 2 o A i
1, PR R AN TS 2 B G 1 S L R R Ak B
K20, ot TR, A RS S R O A
W R, R, FR, 2 LR G 45 R o
12#FE S I FLER RN 0.66%, T#FEM IIFLERH A 0.11%,
204KE 5 I FLIR 2 9 0.2%, 13#FE i i FLER % N 0.53%.
B AT, FLBR 2 2 B 5 WO e = 5% B KR

Vi UNEE DN A =R

X 20 WA [E L 25 Hh £ IRE S AT 6 A B
BREEG T, ARG TR ZE . RIES 25 Rk
Mk, RRLRE AT AT 3 TR RS 4L 100 X 114
MR geit, 9 BT AR AT 2 RS, #ait
JIT 15 & Sout Bl 3 2 W B0 Rk R FE AE 70~90 I/mm
AR i FF R BB 2R B, IF HAR IR I FLER 26 .
R G 25 S e BRSO B 2 R 1 9 50N 24, T#. 16#
FEb, X 3 ANFER LR Z 530 0.09%. 0.11%.
0.16%. X 3 MFESAE 2 B SN 5E 35 R R T 2
g, HEABEMBEE. FNERTE 2 W H
BT 24 5 B ALRR ZR B0 1) 1944 i (FLALEBR =y
0.55%), 5 i 3 ML tr. 4 MR EEFE
&AM Bl 4 frs .

R da RS AHSE 5L, AT I LO#FE i I R T
BEBRZAMMAL, EhKFIRRG R
100 um, MBI EREZE, XREE%EHEE S
FE T2 S0 BOL A B % % 538 97.222 J/mm™>. 24,
7H#. 16#. 19# X 4 SRR R A R 434 18] B A R
UNIESEi B SNV G R E IV & ol - RS EOh §d
AE B 22 R IROK, WA E HoAh 2 S HOM AL Y 24
T, BOLThRX &SRR MR R . 2#/
164 A LT 2L 5, 4 AR P bt R 0 52 31 R 4
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B 4 19#. 2#. T#. 16#FES ST
Fig.4 OM images of samples with number of 19# (a), 2# (b), 7# (c), 16# (d)

e, (HALBRZ 16#L0 T#FE M &, FF T LSRRI B AR
N 10~20 pm [FLIA . HE AR IE T FLBR F SRR H oA IT
2L THFEMATEN 4. WOLD) % P=275 W, H#idEFE
$=1000 mm/s, #=4[A1EE H=0.09 mm.
2.2 HAEBTZ
221 ARRIRAESE LA A 5T
TSI, TIRES MM509 & 414
HEMEA SLM LA SEH LIS i) BURHAE
IBIESE, W 5 . BT RO I RR O R B
AR, BT SRR AR I UG, AR R A A
S BRI S R B AT BB, X R
b () B8 BE K200 0.1 mm B0 SR 0 BE AT A AR
Wi 2R ER 2 —, XEEZHE,. 22 -
L 3 3B (s Tt TR B T A 4% B A 1) 4 Fh g i P8, i
A MM509 & 4 1) SEM JESi N & 6 fis. A OM i

Ha] DA S B 3 FPAS [ TR AS I SR oRL, 43 ) A2 B 4 /N
FR S, RAR SR AR R &, DA it O IR ) 2
Bl o AT B T B SRR S, ARYE Hall-Petch
R 7 AT HEW X 2 20 21 SR IR AS B 4 1) v R FE AT
TR EAE

PURA 25 0[] 75 + B 24 MM509 & 42 1) XRD & i
WE 7 fros, HYAHSE K 32l Co BERM A&
Ze B AP BT H R 4H RS, )20 K 3 S AT A A E A BA
MysCo BRI AL, HETRE Cr ik, [H
T+ S FES ) XRD Bk b 7727 5 iR B B
A0, ML DURUSFE S I RRIX ), B 20 2904
475900 A AT S DA B R A 25 S, R O BAAL B A R
T —Fh MC B4, (H7E XRD 3k LA b 58 4R
[RIER ] EDS o [ 5 A0 [ 7 + 1 208 & &l AT B IR
UNIE T

Bl 5 SLM ¥ MM509 & 4 iR A
Fig.5 OM images of SLM MM509 superalloy in yoz plane (a, b) and xoy plane (c, d)

4L 2 yoz SFT AT xoy F-TH _E ) OM [ Jr
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6 SLM SJE MM509 & < IR &S FE M 7L yoz ~F I 1 ZH S50
Fig.6 SEM morphologies of as-deposited SLM MM509 super alloy samples in yoz plane

—— As built = M,Cq
—— Solution+aging 4 MC
®  Cobalt matrix

Intensity/a.u.
?}

40 50 60 70 80 90 100
201()

B7 DR A N+ S MMB09 & 4R i If) XRD &%
Fig.7 XRD patterns of as-deposited and solution+aging treated
MM509 superalloy

2 ZH IR B T AE 7K ST 7 ) AN EE L[] (R B0 2H
ZULSHA EDS B Hrin &l 8. B 9 Fron. 2 Flidib
HER R TR S SR ST T R E R,
BOUREC AR . X LT WA TSR 3 E S 2 F,
SR RS A i NEA BRI Y 1, DK RREK
EBRFORINT Y 2. 1X 2 FibT W 7E b 5t 3E
i, USR] F BRI A 178 H A b K It
827 &S, R S N AT AT A 18
f TR AT RS s KGRI R 2 RSP RE R
HELF AL, 2RSS0,

i EDS XX 2 FAf AR T B AR RS 4 AT
SR BEREK RN 2 N EES Ta il W 5§
LR MR R, o Gai/NABCRYT B4 10 3=
R —Fh'E Cr fl Co (M 2wk .

X ECPTARAS AN 2 2H AL ERAE 5 (1) B A 2 30 5
R, I RALB GG T 2R . A
JEFES A TR E 2 RS ORIIEERIE Cr-Co Bicfb

YIRiokL, T G20 [V + I RO B S, A R ERR AT
YIRS R 2R BRI R, W K Ta-W BRI
O ENBAN, I LR SR A A . S S A AT
FHIITEAZ IR, T LA B8 S B ) SR 4 X P S 88U &
RE R, A5 75 ] V5 A B B V8 O R SR R IR AE I A 2% 1 R
AT, T AL R BV T R T BOE R RN, B
B0 LA BT HRE A P AT AR R, M 10 AT
DAVLER 2, bR T W dm It o0 A B S50 Ta-W B 2 41,
WETE 56 I AT H T RIOREIR I 2K G AT 420 o 150 B 38 %) B 2k
AbFE, ff MMS509 1 #4)> Cr-Co Btk ¥k & 7 ¥, i
Frid THEZE Ta-W 3L .
222 AL FEAvHEE AT

P TR S AN FA A BEASAE 43 73R4T = iR B ik,
I LG R AN 4 P DU RE R I HH s R b o
JE£ (1580 MPa) Al Jef i 2 5 , 54 [ Ak B it PR 0 or 5 JEE
(1110 MPa)HH X TR A FE it P 24 4 500 MPa, TiE4T
(] 375+ IR 200 R b B 5 o ) P bz 52 B2 (1230 MIPa)  AH X
DURLSREM U X R F# T 350 MPa A2 47 . 2 41 # A BB iy
(14 JEE TR 5 B AR A AN K T W TR AL 4 S T A A 26 5 T RRAS
FESA B R R A BARE . AT WAE L Vb Y IR, &
G P 5 P 2 Y 2 PRI, T [ Adh B 2 5 19 ) A0 Ak )
Xof o B AT T S R AR TR R

DURRESFE il 1) v o BE AR KR FE b Sk s T FL 48
SERFT AR A R A ROR DT B RO i R e
A R AR N 0 SR N TR RN, [ R SR
fn T AL A T AR 2 A S . 7ERVE IS
BHaEaEkRAELR Ty, W AR E RS
AR R B RV, 2 0B B} 7= AR 88 78 43 1) 25 B 3 R0
S EOR R SR P, BEAL, SLM BRI g [E L R R BT e
AR BN AL, TE A H R S Rk AR R K
FUHAL, AR R g0 RS . R, A B S
POEHRI SRS 2 B35 R R . 76 SLM 304L 854N I 72
d, R BLR AT T VRN R M
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10 Precipitate 1
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L in Fig.8¢c
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‘S Sfe
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15 Precipitate 2
LR Py (stripe)
» Precipitate 1; in Fig.8g
L .
LT
10 15
Energy/keV

K8 21 AMEEGIET CHREED MM509 & 44 5 A [ LA M H U35 EDS a4
Fig.8 Microstructures and EDS analysis results of MM509 alloy samples with different orientations under the HT1 heat treatments:
(a~c) parallel to the printing direction; (e~g) perpendicular to the printing direction; (d, h) EDS analysis results for precipitate 1

marked in Fig.8c and precipitate 2 marked in Fig.8g

10 -
Precipitate 1 d

1) (granular)
% in Fig.9c
~
25
& o
c Co w
] 1.
= e "

o) 'Y v 1 | S

0 5 10 15
T

15 Precipitate 2
%) (stripe)
o PR
o110+ in Fig.9g
>
=
7]
c
[
=
=

0 5 10 15
Energy/keV

K9 2 HMMEHET (EENZO MM509 & 4+ 5 A [ HUn A B30 5 EDS B4 70 4
Fig.9 Microstructure and EDS analysis results of MM509 alloy samples with different orientations under the HT2 heat treatments:

(a~c) parallel to the printing direction; (e~g) perpendicular to the printing direction; (d, h) EDS analysis results for precipitate 1

marked in Fig.9c and precipitate 2 marked in Fig.9g

R4 RHRBLURK 2 FALLEHIET MMS509 # AT ik 4R
Table 4 Tensile test results of MM509 samples under as-deposited state and two kinds of heat treatments

State Tensile strength/MPa Yield strength/MPa Reduction of area/% Elongation/%
As-deposited 1580 1205 5 35
Solution 1110 674 5 3

Solution+aging 1230 667 3 3.5
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F2BEIX ) A2 [+ I O R S, R AT TR R
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AR R SR G SENT 28 REM GG &
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B AT L 2SR, AR EREE Gk 25 R0k A
HETZESH.
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3) AACHEJE AL B K, SR A I A
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Study on Formability and Heat Treatment of Mar-M509 Superalloy
by Selective Laser Melting

Liu Yi, Min Shiling®, Xiong Xiaojing?, Hou Juan*
(1. School of Materials and Chemistry, University of Shanghai for Science and Technology, Shanghai 200082, China)
(2. Ji Hua Laboratory, Foshan 528000, China)

Abstract: The printing process parameters of Mar-M509 alloy formed by selective laser melting (SLM) were optimized. The optimized process
parameters with less pores and microcracks were obtained. Effects of heat treatment on microstructure and mechanical properties were studied by
two heat treatment systems of solution and solution+aging. Compared with as-built samples, heat treatment mainly leads to the production of two
precipitates: bright white nearly circular Cr-Co rich carbide particles and dark gray long strip Ta-W rich carbide. The tensile test results at room
temperature show that the as-built samples have a high tensile strength and yield strength. After solution treatment, the tensile strength of the
sample decreases by 500 MPa, while the tensile strength of the sample after solution+aging treatment decreases by about 350 MPa. The main
causes of strength reduction are grain coarsening and residual stress elimination during heat treatment. After solution treatment, the main
precipitates are Cr-Co rich carbides with a small amount of large-size Ta-W carbides precipitate along the grain boundary. After solution+aging
treatment, the content of Ta-W carbide increases, which exists along grain boundary and in grain. The plasticity of the Mar-M509 superalloy does
not improve after heat treatment. Both heat treatments lead to a large number of carbides precipitated along the grain boundary, which is speculated
to have an adverse effect on the plasticity. In order to improve the strength and plasticity of SLM Mar-M509 superalloy, the size and distribution of
precipitated carbides need to be further regulated by heat treatment.
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