484 55 HBEEEMBISIRE Vol48, No.5
2019 4 5H RARE METAL MATERIALS AND ENGINEERING May 2019

ML HH7E DDISM B8 A & A R E M5

Boi®, 2O, BRE, AiEKR
CIEBOIABR A KA G HF B RI3E IR  TRSE 0%, B3 100191)

M OE: RO EIGE B ARSI T DDI8M 475 itk A 4 B IRIRAE, TR T HUUBAS  [E I AAS R T I 8S A
WALV, XoF Fo oy AT T oA 2 R 5 B A0 R o A RSE 20 A1 B AE 1000 °C A 1 I 00T 0 (38 AL A o 4 R ]
VIR R F 2 B AME AR IR AR, BRI p-y 3R A ST, WA y AR BN 70%. GaT TR
TR AT B T A T RURE ] p R R 2 5, LA BT AR 210 nm, K& TELR 560 nmo SNPGRS, yH (4
370 nm) BEIHARTE y Btk b, HRSFARSS LSW B, £ 1000 CKIAI R 500 h J5, &4HL8 I TCP M (3
INEHAD ARG p MR T ES, RS LT R ARAE . R 2 B S , A 4 S R BE U AR A I 1) 4420 MPa
HNA 4870 MPa, KA AARERRACG SR, FRIEZ 5.9%.

XA BOLMENE: BIEEREA S AL KN MKk

RESEDES: TG146.1°5 XHEkFRIRAG: A XEHS: 1002-185X(2019)05-1615-08

DD98M 154 &1t DD98 & 4 AL il b 18 i 1 2 Ti SRR99 Fll Mar-M247 1 (AI+Ti)& &, 1T DD98M i

Al 5 TCE & ST Re 28 2 AR50 5 il 5 4 TG A X PR, ORI )iE DDISM il
AR A ERE . BRI T, el FERAR S S RO S R BE B I R A R IE

S D 2 RE, W) T I A R B AL ) v RS2 6 T T YO A A e Ak OB A R
WA K g . DDOSM & — Rl it i 4 4 DDI8M -5 b & 4, WO DR A oW AL 2L 135

oS AT R (12%, TR0 KRS G &I AU S AT AR 38 T 306N T R
# (Ta, W M Mo), HAHBTEZh M. MEATE R, B A gl DORAT 40N S B0 i A 21,
PIERALAHTE p-Ni; AL A7 HUAH DL REER b TR B T XES G DDOSM ikl & 4 75 48 i $u A B )5 LM e 4 T 3= S ok
F A SR IE S p-y S A AL AR U 2L AR AN R TEa y B AR BRS04, BRI AS B 9038 53
T DDISM mifi & G i MR ER T, RN T E e HrEVE N R FER OB b p AR S, Gl
PAFAE R A TR, KRR B 2 3 BOME I 0 25 i 1000 C RN AL RErh p A AC RS, SR /A
2, FribtEm ey TCP A (Hhdh B AR, R T & NG ENE, A LAM 4% 1) DD98M £k &l 75 4
e il IR P I Py A 2 R R 1) R P SR R 2 S 4
WO & H AR (laser additive manufacturing,

STIg
LAMD JATHOGI CHA R BRI, B | % O
7 R TE C10°~107 K/m) R B (1 4 4058 Jig S5 LA SE [ 5] DDOSM ARAE B A 4 b HEAR L
(10°~10° K/s), JE I 4 AL IC S 0MbT IR &% JEEDEIMSE % 200 mm x 100 mm x 15 mm (K144

RO, sk, E A SR RIS A 4 RS TS SiC WP ARET B 5 I A I T 2
MRATRZ, CEBINE& 2T EIEREE  BRVS 3 DURM RLE Y 3025 55 8 1 e i el 25 4k vk
rr A AU Mo T AT & R 4% M85 R HIA 1) DDISM AR il & & ok, 4 k4o b
WA R S, BOC B K, HRTSCERF Ni-16Cr-8Co-4A1-4Ti-2Mo-5W-5Ta (JR R4, %), ¥
I A R A N RS R UL AT KRR 74~250 pm. SRAEE®ZE (Rofin) Aw

CMSX-4 [ SRR FI Mar-M247" = 3 A 4 s PRI 5 kKW CO, BOG ST UTRURLS:, ARk w2l
DD98M &4 (AT &N 8%, KT CMSX-4. K BRAGESE/ANT 70 uL/L, JURIN U IR R

UgFE HER: 2018-05-10

BEE&TH: EFEESHEAMRLEL (<863711%l) (2014AA41701); NSFC-IL T HAF4(U1508231)

eI e/, 53, 1991 44, WibA, dEm MU BiR KFEM B RS S TR, b5 100191, Hif: 010-82339691, E-mail:
pangxiaotong@buaa.edu.cn



* 1616 *

Wi @M RS TR

48 3

(100) I KI[001]77 [ HEATHOGE L I YR, BE
DURURFEZ S 800 pum, HPTHUIN TR & B ARG 9
EARIREE (50 mm x 50 mm x10 mm x 80 mm) 1/ 1
Jis. BRI L2ZHCh: BWOLTIHE 2000 W, HOGFIH
JHEJE 10 mm/s, WOE R BE 42 2 mm, R 14 g/min.

PO ZH 2R AR T Lecia 4000 Y62 54 B2 (OM).
JEOL 6010 494 Hi ¥ 2155 (SEM) JEOL 7500 373 & 5

M7 2 7 85 (FEEM) fil JEOL JXA-8100 L # 4

(EPMA) . fiffi B 38 R H HAZ-1000 2 [ 3 4 [ A
6 MAREAT R 1 kg, CRECT Y 10 s, [k
P 8 AN B CIRIEE Sy R RS 3 f5) W&
FICFEIE . IR DIBUARERE (T D M

(L i) BEATDE], WhaRHT B 5 S WU OG . T3 ik (g
PR F A - 5 g B4R, 50 mL 25 B /K M50 mL 518D .
R PRI T 2, 4, 7, 11, 13, 29, 45, 61,
77 mm R CT ), BRI 6 KB & T
RV E) 47 B AT BPMA k. KA image pro
plus 6.0 KAFHEAT y AHRSFFD p AR & R 40k, a4
MR B3k 6 ANAS A B O3 . — OB b 8 o) R
(primary dendrites arm spacing, PDAS) A, )24 2.

A=A/ N, (1)

Horp, A4 R X, Ny 2R T2H .
XFUTARZAS DD98M 1K FEAT [ 5 I s FAAL 3, T4
LZ G 0) DLST3\Y W R vy e e S o o9 S i 3
Jy: 1285 “C/2 h+1290 ‘C/2 h+1295 C/4 WY, W
AL FERIE A 1080 C/6 h/Z574+870 C/24 WA
S I b E S, WREAE 1000 CA&AM R IEAT 20,

100, 300 A1 500 h KW &b, &5 2=
2 ZR59h

2.1 MERSHRAR

Bl 2 Ffrzs 29 DD98M R HT TR i) Sk L 41
LA, AR SN TR Al fh X (JEJE2 0.5 mm)
KT UTRATT 0] DO 38 B3 2 T340 PR 400 A & 2L ke, A v
HIRE AL i B ) AR AE o IX 2 Tt il R AR K
PO 0] <001>T7 [0) &5 R T7 10147, BRI T
) DR AR AN GE A A, ) ISP SO A s A gl ] ESF 4 013 5 A
PR, BRI A 2 BT S WO A
SRR, ER Tt TT S P e 5 A /N e [ I K, A
)T 25l 1) 5 4 A KO, DR A A2 ORI I T 4
HELAERN A D, HEAE N JZ PRI B A B P DA
Ll it X U BAE T DO AR 1) o T X da

Kl 3a o2 Wy Ui T ) B G 2L kL i T AR
nlA] y AHA . FTLAE M, p MBS AR B J7 %,
R dlTAE y FHRST/N (2928 210 nm), BZ &k TRy 47 RAT
K (Z41%4 560 nm), ALEHEIBEA p-y 3 diAH . p-y/ 4L 5
AR AR B ZH 2, OOk Bt 5 v 2 R A 1
KF, WOLIE M b iy PR il 2B LR 5t [ I JE AR T
At ] o R T A T B AR YOAH P I 5 R R BEARAIG, -y
JE Mg e MEIN . BB 3b AT, AT
e, BR T Ta F0W B AR AT LA, HA TR S
A EEIE A SR B SR, AL Ti.
Ta 250 R FLEAERM RS, W, Cr. Co. Mo 7T
AR T EHEM, M. S. A. Karunaratne 25 A\ it
SEEGAFH T S o R A AU N TR BE R E

Laser
beam Powde
Scanning path
T
X
Substrate
Ar atmosphere

Deposition direction

1 BOGHF i DDISM N T &k A 524
Fig.1 Laser additive manufacturing (LAM) DD98M nickel-based superalloy: (a) schematic diagram of LAM process and (b) the bulk

sample of DD98M
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Fig.2 Microstructures along the deposition direction from the middle to the top (a) and the local magnified microstructures (b, c¢)
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Fig.3 Precipitates morphologies (a), the local magnification of the marked areas (b, c), and composition variation in the sample along the

deposition direction (d)
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Fig.4 From top to bottom at different heights of transverse section: (a) the variation of PDAS and precipitation volume fraction; dendritic

morphology at different height: (b) 2 mm, (c¢) 13 mm, (d) 29 mm, (e) 45 mm
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Fig.5 Microstructures in different states: (a) deposition, (b) solution treatment, and (c, d) solution-aged treatment
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Fig.7 Micro-hardness values of DD98M sample in different

conditions
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Fig.6 Microstructures of long-term aging at 1000 C after solution-aging heat treatment: (a, d) 100 h, (b, ¢) 300 h, and (c, ) 500 h

3 3 it

3.1 EARARLERT y BEIRE

BT AR RS RVAR R 2 BT il & 4 00 24 Mg
MR, 20 MO HiE DDI8M A milt &
Grf A ARFL > HOCh 70% . Lifshitz, Slyozov F
Wagner A4 yAHAEIE BIFEA (O ReE AL )G,

HR AR LSW 4 2 508, H Ak 1 o 8
(PDF) FiA: X H:
f= @7 C B et 0919 (2)

3+ G5 —¢ #-15

e gt SOy MRS, g=(x/p), x 3 y MRS,



* 1620

Wi @M RS TR

48 %

9
E [ calculated PDF a
& —— LSW PDF 5
g 0.2 ——LSW distribution g
g As-deposited 16 =
= r .8
> _ =
o B
8] 01F 2
2 13 A
g a
o
: g i
0.0 0
0.0 0.4 0.8

9

w

LSW Distribution Function

Probability Density Function, PDF

2
[—_]Calculated PDF b
2

——LSW PDF -
0.2 F——LSW Distribution 7
I Solution-aged
0.1F — ,Z
_oFH H
0.0

0.0 0.4 0.8
Nominal Size, ¢

1.
1.

8 AFAEHLRE T AL Ay Hr AR R 40
Fig.8 Phase size distribution (PSD) for the y' phase in different
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1) PLAA DDISM £ 4 4121 3= Bl Ah 28 A K11
THANFE SRR, B AR T TG y-y 3 i AL AR e,y AR A
A B N 70%, fEVTRUZTHE A 25 0.5 mm 21155
BlAH DX, A T RO 1) UG 2 BT 38 BT ORG A T RA
mi (8] p A RS) 22 5, Ferb g dh B Ak 560 nm, K gk
T4t K 210 nm.

2 [ 5 I8 25 Ak 315 S J7 TE BRI p RH 380 50 43 A A
e, RSFZ20 370 nm, L y'dH R SF 9 A GRS AR U 45 &
YAHESES LSW 23041, il 2 i it s (IR 4

3)1000 CK I % 500 h J&, Wis A4 % TCP
FAA R, AT AR FESL TT TE 3, o RS B I 23 ]
FEK RN, LR e AT

4) Z[E A G , G4 A TR I
(K] 4420 MPa /i1 25 4870 MPa, K I 2 &b 3 g [AAIK
G, HEEEN, 24 5.9%.
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Microstructures and Long-Term Aging Stability of Nickel-Based Superalloy DD98M by
Laser Additive Manufacturing

Pang Xiaotong, Cheng Xu, Tian Xiangjun, Tang Haibo
(National Engineering Laboratory of Additive Manufacturing for Large Metallic Components, Beihang University, Beijing 100191, China)

Abstract: The DD98M nickel-based superalloy tube was fabricated by laser additive manufacturing (LAM). The microstructural variations of the
as-deposited, solution-aged and long-term aged superalloy were studied. The precipitate distribution of deposited and solution-aged alloys was
analyzed combined with the study of )’ precipitates evolution during 1000 °C long-term aging. The results show that the as-deposited
microstructure of the alloy mainly consists of epitaxial finer columnar grains with an optimum amount of cubical ' precipitates around 70 vol%.
No y-y" eutectic is observed at interdendritic. Rapid solidification during LAM process largely eliminates the segregation of metal elements with
an increase of )’ precipitates sizes from 210 nm at dendritic arms to 560 nm at interdendritic regions. After solution-aging treatments, '
precipitates (about 370 nm) are uniformly distributed in y matrix with the sizes distribution fitting the LSW model. During the long-term aging of
500 h at 1000 °C, no TCP (topologically close-packed) phase exists and the sizes of cubical precipitates have a slight increase. In addition, the
micro-hardness of the as-deposited is 4420 MPa and it will obviously increase to 4870 MPa after solution-aging heat treatment. Long-term aging
reduces the maximum micro-hardness by around 5.9%.

Key words: laser additive manufacturing; nickel-based superalloy; microstructure; long-term aging; y' coarsening
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