W52 A HBEERMRIE1E \Vol.52, No.4
2023 4 4 H RARE METAL MATERIALS AND ENGINEERING April 2023

RIS SR KRIME T IEE GH4169 2A4R E
% BE B4 52 M

Bk, ik, FKE, PAE
(FAARR S B LRR B PO SR 5RO G RGBSk i =, Wim @ 421001)

M OE: WobHIE S MRS GHAL169 AL A 4 I B A MR EE T AT, S ECHEA I TR SZ IR A AR . AT 5O
WM I R G GHA169 A& MR, AR SIRAE RSB ARSR (Ary N FRATHIRBEE SR, 4HREW,
ERAAEE Ar AT, BEEZEM y AAKEIR Laves A4, 2MRBHRSBHLR, Hyidam. JEikssE e
iz 53524 874 MPa. 621 MPa 1 23.1%. fERAMEE No AT, AT HMGEE S, WA EEENR, BEEEE
oy M RT S AR $OE /N B RDIR Laves AH DA (Ti,Nb)N BOki AL, LR SRR, Hprhm s . o RGe
HIIEAFZE 53 5] 9 935 MPa. 649 MPa 1 24.9%. th-F 41 & 5840 A0 55 A4 3R 3L AR A, ZE RS EE N2 ST AT

Dy Ei Xt GHA169 & & LA . BACRINEOLBE.
KER: BWOLBE; BREAN: SRS E; ASMRE
REEDHES: TG174.442 XHEEFRIRED: A

X EHE: 1002-185X(2023)04-1361-08

GH4169 5 & & H A B 1 e il 58 B AT A 4L
PERE, I N TS KB R S R A
HlETREERR. Sk, @A EES
MR A, B BURE B 5 45 2 T 45145 A e
iy 4 A AR B A I . A G I R TG A R AR Rt i
AR, RS, FEBEERME. BEESHEEE
HFHENRED, WOt ER AN ARG BEEHLAEE.
WX AN, BEEEEGREBESEEG . H X 5
SR, HRTC, 2N TERES&EFHANERE,

A, &EESHELWR T AR S SR
XTI BOTE GHAL69 & 45 1) 0 2H 25 F0 14 BE 1) 82 1
X A Rl 2 B oy 3 7 KSR 25 PR AR 85 R CAr AR50
WG AR R E (LSF) GH4169 &4, K FLAT & # &
(3R A7 AR B 2 AW e 2 RS AL S VR S R B,
28 1 R 38 50 A A B + e T A B 4+ X AR b S
Er R MR RE SR Y, HE 5 HERE MK . Pauzon
s UIE B R B AR A AR (A Np) TR Ao
KIKFEH AR (L-PBF) il % GH4169 &4, KILH
RS A 2 R RN . RS BER A
AN RAGA N G A B BE, XA T KA B N,
SRS B MRS Ar S5 N EOB I GHA169 A &1
EWR S M BEMASR, KISEHEML, WEKE

ks HEA: 2022-03-10
HEWE: b T 254 kR % T3 4> (61400040204)

JE A% TR BE R Laves AR LG 5 /N SO i A A FE R
o MO T4 RSB T AFZEBIAA
F R4S Can Ar 258 +Ar 2370 Ar 58 +He {247,
He &8 +Ar R X EOGIEE GHA169 ik JZ 4L ZIF
R BE s, R AR T Ar, He 1E ik dr S RE
AR Nb e R b, R bREHS, #a R
TRORE B s T Ar R He PE ARSI, XERE TSR
AW AR . TV SEM AT i
ik, XA T KA T ARRPS5EHRS
A (m Ar ER+Ar fRY . Ar B8N, fRE . N,
R AT R N GH4A169 BOCIAE Zsm, 4
BRI N, R +Ar RIE, BEZA R,
Laves R~F &/, A (HV) &5 3057.6 MPa.

AL, BT FARSFES BB E GHA169 4
B G G I hr A0V B 10 5 T BIF FLARGE B D, IR KR
A8 N, SRR A L) A R o [T S 3806 4% GHA4169
WAL SR A P A RS bR Rk,
ARTAESRE RS 2 MAFSHT (N Ar,
FIF] XRD. SEM. EPMA. TEM PL #1877 g il e AL
BIF 94000 AU 2L 4 R s e 42 1) S i R A e i W
BUHL,  DABAN KA SR FARBUA . 1 20 Bk 38 #4 il
BB R RIS SRR S 5 R LI K.

fEZ I FBERIE, 55, 1997 24, Bid, MRV TREYRE, MIRBOEHOR 5H0t Sk G W v 4 B R Seie =, iR #FH 421001,

E-mail: 460959541 @qqg.com



1362 - WA S BMES T 550 %
1 % I L LIRS T ST, N, U 4 A5 5 1
= 10

B R H A s A S 1 GHA169 Mt (RSTHA
80 mm>40 mm>4 mm), 7E#EEAE B T S 2 R H 3R 1H A
1 JZ AT, Tk CBEE RS TR . SR A R AR
SO AR A BR A m AL B &5 10 GHA169 #
KFATIBE, FERAE N 75 um. GH4169 FEH1. # K
F il & B R S o W 1 s

KH XL-F1000 Z456LF#0G & LAR Ak dy . 23
B A &BEE, BotTZS8WT . #Mko%
#FE 380 W/mm?, FHHH S 9 mm/s, EHHEZE 8 g/min,
R 50%, RYVSIRE 12 Limine NI RS
ARG (SN 99.999% 1) Ar Rl Ny, &K SRR
PAAHED RS SR SRR RE B S, fR %
HESHAL, Bl &l rE 5l 48 Ni-Ar fl
Ni-N,. i X-D6 B! X-&A7441X (X-ray diffractometer,
XRD) *He & Zi#AT VM #r, ¥EM v Cu #8, T4
H R AL IR 20 51 40 KV T 35 mA, FIHE £ BN 40°
F 905 HiS KN 0.02° KA MERLIN B HiH
%% (scanning electron microscope, SEM) Flfg i %
(energy dispersive spectrometer, EDS) X i {1 ¥ 1 A1l
B AR S AT W MG X S e R
EPMA-1720H 7 Bt F 4R &F 2 504 #T 4% (electron probe
micro-analyzer, EPMA) B 57 # I ok k¢ o (1) 70 =4
fio KH JEM-2100F BUE 5oL 408 (transmission
electron microscope, TEM) XH¥S4uMAHHEAT 7007 1%
FE/NAFER S (2 ASTM E8/E8M-2013a, i fi I i
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Table 1 Chemical composition of GH4169 alloy substrate,

powder and repaired layer (w/%)

Material C Mn Si Cr Ti Nb Ni

0.05 0.04 0.15 182 1.02 524 Bal
Powder 0.04 0.18 0.32 1754 0.85 450 Bal.
Repaired layer 0.06 0.20 0.18 17.67 0.93 4.61 Bal.
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Fig.1 Tensile sample’s location and size (a), stress-strain ¢

of repaired sample
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Table 2 Tensile mechanical properties of some domestic and

foreign laser-prepared GH4169 alloys

Environment and atmosphere UTS/MPa YS/MPa EL/% References

Closed environment Ar 940 645 224 [8]
Closed environment Ar 820 625 33 [9]
Closed environment Ar 993 700 204 [10]
Closed environment Ar 950 695 12 [11]

Atmospheric environment Ar 874 621 23.1 This work

Atmospheric environment N, 935 649 24.9 This work

urves (b), tensile properties (c) and fracture morphologies (d-g)
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Fig.2 XRD patterns of GH4169 substrate and nickel-based
repaired layer prepared under different atmospheres (Ar,

N2) of atmospheric environment
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N, SRE Ar AR T I R4 H1 T8 285307 9 2640 1
2070 “C/sPD), &5 24N E A K X 1 — VR i T 1 1
AR A, T SO R AR S AL, AT B
) DX 3 R ) — o b AR K Z BIBR W, S A& TR
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Fig.3 SEM morphologies of GH4169 nickel-based repaired layers prepared under different atmospheres: (a-a2) Ni-Ar and (b-b2) Ni-N,

®3 E3HmAEBKAE EDS HTER

Table 3 EDS analysis results of different particles marked in Fig.3 (at%o)
Particle C N Al Ti Cr Fe Nb Ni

1 (y phase) 0.09 - 1.9 0.89 22.62 19.24 2.17 53.08

2 (Laves phase) 0.16 - - 1.97 18.53 16.2 17.73 45.41
3 (MC phase) 0.57 - 3.8 7.6 17.88 15.43 21.52 33.19
4 (y phase) 0.12 - 1.47 - 22.77 20.78 1.50 53.37

5 (Laves phase) 0.14 - 1.9 1.28 20.26 17.54 8.45 50.43
6 (MC phase) 0.48 - 2.01 7.52 17.30 12.30 29.26 31.13
7 (MN phase) 0.05 51.36 0.83 27.71 4.68 2.04 9.22 4.12
8 (MN phase) 0.15 42.95 - 12.96 9.41 6.79 10.57 17.17
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Fig.4 EPMA element mappings of GH4169 repaired layer (Ni-Ar) prepared under Ar forming atmosphere of atmospheric environment:
(a) backscattered electron image, (b) C, (c) N, (d) Nb, (e) Mo, and (f) Ti
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Fig.5 EPMA element mappings of GH4169 repaired layer (Ni-N_) prepared under N, forming atmosphere of atmospheric environment:
(a) backscattered electron image, (b) C, (c) N, (d) Nb, (e) Mo, and (f) Ti
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AG<TiN>=-286.89-0.1027T kJ/mol (3
AG<NbN>=-140.21-0.0428T kJ/mol (4

IR BT 2000 CHY, THESHTHAHR S AT H
HRESS 3, /39 -348.53. -33.76. —520.34. ~237.50 kl/mol,
HCIX 4 FehORL AR T B4 4 9 58 5 55 29 TINGTiC \NbN
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Fig.6 TEM images and selected area electron diffraction patterns of GH4169 repaired layer (Ni-N,) prepared under N, atmosphere:
(@) y phase, (b) Laves phase, (c) NbC phase, and (d) TiN and NbN phases
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Table 4 EDS analysis results of different particles marked in Fig.6 (at%)

Particle C N Al Ti Cr Fe Nb Ni Mo

y phase of Fig.6a - - 2.52 0.95 2341 18.06 5.42 46.59 3.04

Laves phase of Fig.6b 0.89 17.28 12.18 27.97 36.77 4.92
NbC phase of Fig.6¢c 85.09 1.04 0.84 0.40 11.97 0.66
(Ti,Nb)N phase of Fig.6d 39.42 24.69 18.64 2.26 0.31 14.19 0.48

359 0.44 nm>0.44 nm>0.44 nm #10.4375 mm>0.4375 mm
>0.4375 nm, PHF SRR, TEWEOLIE bR PP
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Effect of Forming Atmosphere on Microstructure and Properties of Laser Repaired
GHA4169 in Atmospheric Environment

Tang Hanyao, Zhu Hongmei, Qiu Changjun, Shen Longzhang
(Hunan Provincial Key Laboratory of Super-fast Micro-nano and Laser Advanced Manufacturing Technology, School of Mechanical
Engineering, University of South China, Hengyang 421001, China)

Abstract: The laser manufactured high-performance GH4169 Ni-based alloys were generally prepared in a closed environment, resulting
in limited component dimension and increased fabrication cost. In order to broaden the application of laser additive manufacturing and
remanufacturing GH4169 alloy, this work was attempted under different atmospheres (Ar, N;) in atmospheric environment. The results
indicate that the laser-repaired layer under Ar atmosphere is mainly composed of y phase and long-chain shaped Laves phase, with a typical
columnar crystal structure. The tensile strength, yield strength and elongation are 874 MPa, 621 MPa and 23.1%, respectively. In contrast,
due to its higher thermal conductivity and faster molten pool cooling rate under N, atmosphere, the laser-repaired layer is mainly composed
of y phase, granular Laves phase with smaller size and volume fraction, and granular (Ti,Nb)N phase. The dendritic structure is refined,
with tensile strength, yield strength and elongation of 935 MPa, 649 MPa and 24.9%, respectively. Under the combined effects of fine grain
strengthening and second-phase precipitation strengthening, the laser repairing of GH4169 alloy can be achieved successfully under N
atmosphere at low cost and high efficiency.

Key words: laser repairing; forming atmosphere; nickel-based alloys; microstructure and properties
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