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HITZX GH4169 & &R B A SIFIVEREIN . 45 KR W], BEE LA 4 HAE T 2R, SRR
B RILE, Bk REIRE, EAHEE R BRI, HRgid 1020 C E AU 2R 8
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GH4169 &4 (Inconel 718 A 4) j&— MRk
TE A 4, IR S 0 S om 5 R A (I s 1 A
JEPE I A T AE B A BE R AR . %4 4 DL p-Ni M5
A, B AR LR R B AR AR FH B " AH(NiND) . R4
BSBACAE FL ) o' A (Nis(AL Ti)). P4 6 H(NisNb)Al
i MC BURRAGHD, 5 HME B AS H SRR 53 4H 23k 7 A7
TEA FE I Laves M%), GH4169 & 4% FHIE S 714
TR WO IR, o GEOIR A
ERAE S 2R s SR T, B S R S LR
PE RIS FEHLH B, AR R B R R AR SR SR
DA EE SR, B 1 B " BRA) TSR BTN
e, TERRE 1y M, 1R4ESRA EEE R, BELE
T AR H R R IR A 8 — OB i AR R 1) R,
RIS R /@ L R €5 L IR sk 5N ) A L
R AR TS i (AT G 9 Laves M1, SEURLEMERERE
fiKo XF T GH4169 & 4x, 1575 KA Gl A sk 2 4
Bl A 4 S 1k Bl i A R A3 R M

[ Py A 22 2 BT VR B T 200 GHA169 & 4
PR SR A AT Re e I T K E 7L TAE .
Rama 2551 %} Inconel 718 & &k Nd-YAG BO61E
BB SL AR T E AR R, 980 °C [l ¥ + B R Ab R AN
1080 “C [i] 7 + ¥ 2% A 3 45 T2 08 iU 2H 23 R0 12 g 1)
S, SERERM: BHEN UGS, 1A X ERAEN
W Laves % USRS R RERLZE: 980 C [E W Ak
LS Laves AHAHT 70 Vo i (R 2E AR 4% 11 RE 2%, 1080 °C

i HEA: 2022-09-27
HEWMB: EXESHIRITER (2018YFB1105803)

[V AL FL 5 Laves MY 8 AW, (R EUCREM I &6 kL
BEH . Cao%F Nd: YAG WO R e B 3k AT T 2 B
ANE R JE A B s I AR FRAD 993 °C [+ 25 Ak
o, SRR BEEREE BB, R84
mn bR A E KR IR BN AUR AL, B
I A A T B AR R B A B B FE RS R B, X
AL BT IR 5 I 25 A FE e ] el B3k 7y F e,
I I 5 T s Ak B O6F 4 Sk 9 RE K R AN 2 L 7R .
Damodaram! S5 B 78 T 45 5 # AL EE X} Inconel 718 Plus
G BREIR L SRR RE S . SRR, AR
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m bR KR, FEUR L AR T %
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sz, S5HREM: TIG R HI™ E R LR M,
980 “C [V AL EEXT TIG SR80 2 o R I3 S IE T
LR, SR 980 “C [ 7 A B AN BE S I HL T BRI 4%
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2 LR, SR T2 0T A R R 5 7 4%
SLELI S R AHE, B TIG M2 — RS 32 HAE
tem R 7, B H TSR X GH4169 & & ki TIG
JRBERE S I AR BRI FE IR > o AR ST AT T A [R] 1 #4
AEE T 2% 1.2 mm JEH) GH4169 & &M ikl TIG
PR AR IR (25 °C) RIE R (650 C) frh {3
I B R 50, o0 bT T SO Z . Ju R Ay
A KA B B A 7 2 AL 1 o

1 RWHE

ARSI RN 1.2 mm EHEESEESRS S
GH4169 Hb, HAbZ sy W3 1. KAl &R dEE 2
77 TR ST, JE42 B A 504 MagicWave3000,
Bi# Yaskawa TOVALE NBHTIRER, 407758 HiRIE
e, RYPEAENEAE, IEMAAREN 15 Limin,
B AR EN 18 Limin. 12 51X & SBR AT
BE, Tl S i T2 28T . IE
HIJI S5 A, FEEHL 25 A, N 65%, BkifliZeh 3
Hz, R4 8 eo/min, #5514 1E T T B 1
B R

P32 5 UG R 4 Fh kb 3 T 2506 GHA169 15 2

B ATIR G R, Wk 2 FioR, N T X4
GH4169 & & M A F A BRI BT, A0 1100 °C #4
REFRFRON Y S AL T, 1020 °C kb FEFR Sy i I
YL

PALFESE KSR, £ WDW3100 LI il B 7 73 Rk
oL B IR R SL AT =R (25 °C) MEE (650 C)H
PR, HHEEHN 1| mm/min. KA S A
Hitachi S-3400N F¥]43 4 HL 1 S AU BE 2 15 77 1R RE 3 A
S AN R BT RS, R SRAE 43 BT 45 4% A BEAA
IO LH 2 2 JC 2 43 A« K DHV-1000ZTEST &l
5 SE T 00 AR A S 5 DX I I 58 82 o0 A, 8 e 0
1.96 N, {RJEI A9 15 so Ao P b AT J5 A 08424 3k
HI B 4 AR R, #E ZEISS Axio Observer Alm Y4 4H &
T ™ Sk WA 2 .

2 HREDR

2.1 SHBLDH

GH4169 Jiki TIG 1Rk EEHEH (BMD, #
X (HAZ). 4HaR X B AR X S5 b X 2H
WE 1 R . (EIRSES B 2 ARG m X, G20
X 2 BEM 52 2R 72 e SR R, R RS

1 GHAEI REFREELENS
Tablel Chemical composition of GH4169 alloy (/%)

Nb Cr Ni Co Mo Al Ti Mn

C Si P S Cu Fe

4.75-5.50

17-21 50-55 <1.02.8-3.3 0.2-0.8 0.65-1.15 <0.35

<0.08 <035 <0.015 <0.015 <0.30 Bal

%2 GH4169 BEELMANEBIZHE
Table2 Heat treatment processes for GH4169 alloy welding joint

Abbreviation Heat treatment
Unheated Unheated
HA (1100 C) Homogenization (1100 C, 1.5 h/AC)+aging(720 ‘C, 8 h/FC+620 C, 8 h/AC)
SA (1020 C) Solution (1020 ‘C, 1 h/AC)+aging(720 C, 8 h/FC+620 C, 8 h/AC)
SA (980 C) Solution (980 ‘C, 1 h/AC)+aging(720 ‘C, 8 h/FC+620 ‘C, 8 h/AC)
DA Aging (720 C, 8 W/FC+620°C, 8 h/AC)

Dendrite zone

HAZ Fine grain zone

Dendrite zone

b

Equiaxed grain zone  Dendrite zone

400 um

BT R EIGHA1694 kG AH 24141
Fig.1 OM microstructure of unheated GH4169 joint
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REA B SR K SR G805 & R LA — BB E 4R IX,
IX 2 HH T VRS A i 2 T BE A A 1 PR A 1 TR
B s AL B X B R SRR AT, R4 2 3 15
G TP 1) T BB LSBT BT T 1 A S PR R A
fn,  FLBEE MR A, R o D) 1R V8 ol Ak B 2 i
FE A4S B A BN, BOPE A A A A IR
Bt T PR HE G 0 DX 3R B0 B /0N, L[] 5 3 7
J5R AT B B S R A FE R N, AR DL A
(77 A ENGh &, WOIR 4% rh o e Sl

AL T2 )G A AW 2 s, &5t
HA(1100 ‘C)J5 GH4169 & &bkt TIG ff#:8k &4
PYH BER, JE5ET O X SRR E KK,
LAl DX FE R R, X TR A A X AR S
AL BRI E T (1100 “C/1.5 h) RIS #5703 kil 5
AR BRI R AR RS o AN X A X
BEM IR KL 5 AR FA AL BREE S AR L R B S 1 K. T
Zit w3 PR T AR ) GH4169 J74% 4 A4
25 R P FEAH EE AR AN B
2.2 SEM #1 EDS 4 #f

GH4169 fikf TIG JEIFEEFA A T2 kb 215 45
%% SEM 24140 3 fros. it & 3a f1 3b 7 LA H,
GH4169 245G Bk BORLIRAD B JE AT i AH, i

Equiaxed grain zone  Dendrite zone  Fine grain zone

Equiaxed grain zone  Dendrite zone

HAZ [Equiaxed grain zone

Equiaxed grain zone  Dendrite zone

S 3b R AT (Spot 1) #E4T EDS 204 K I,
ZHT A Nb R 72080 14.22%, & T8 4
B, Byt 24 GH4169 &4 h Nb JH 140 %
BB E AT B 10%~12%MF, #r i Laves #H, 24 Nb
JRF JR SR AmAT B IE 6%~8%Hf, HTH o Al S5 Az AT HIAH
[ R R SR v] A% SR BT tHAH A Laves #H, Laves
AHFIAT HEFE T K2R Nb L&, — 7P Nb. Mo.
Ti 72 10 [ A Ak R, R B 5 800T H F 8 sk
AH y"FH (NisNb) 1) Nb so 3 K&/, 2E T 2oesit
FEBT B D, BRAREESL SR 5 — 7T, Laves
FHR— PSR R, HARSIBAR TR 15
72, KK Laves AH JH 25 5y DR i ZEAR T 51 A2 18 ) 46
A ZEERN ), S RS A R R (1
it Laves MINT H 2 P EURHEREL T . VR PRK. X
&l 3b FR RO Hi4) (Spot 2) #E4T EDS 204 K I,
ZHTH A Nb RT3 11.85%, #iZAHFN Laves
Ao X 3b H EFEAT Hi9 (Spot 3) 33247 EDS 41 & 3L,
AT A EZ S C. Nb. Ti T, 454 1% AR
g3 R S5 AT HEWTZ AT H A D9 (ND, Ti)C .

I 3¢ 1 3d ATRLEH, £ HA(1100 C)JF,
JREE R BIR Laves M5E 2V, X/ZHT Laves MY
R N 1080 °C, fEL TSI #AEEE (1100 C,

b

Dendrite zone  Fine grain zone HAZ

Fine grain zone

400 pm

Bl 2 ARHALEE T Z 5 GHA169H: Sk 17 4% 4 AH 41 21
Fig.2 OM microstructures of GH4169 welding joints after different heat treatment processes: (a) HA (1100 C), (b) SA (1020 C),

(c) SA (980 C), and (d) DA
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Kl 3 GH4169M 484N [F L Z #vib 3 /5 SEMZL 2R
Fig.3 SEM microstructures of GH4169 weld (a, b) and the welds after different heat treatment processes: (c, d) HA (1100 C), (e, f) SA
(1020 C), (g, h) SA (980 C), and (i, j) DA

*3 E3HhEDEDSHITLER
Table3 EDSanalysisresults of different pointsin Fig.3 (at%)

Spot C Al Si Nb Mo Ti Cr Fe Ni Phase
1 1.98 1.41 2.75 14.22 1.97 1.37 13.62 10.83 51.85 Laves
2 1.50 1.46 2.24 11.85 2.48 1.50 14.34 11.58 53.06 Laves
3 25.68 3.05 0.37 12.63 0.72 21.94 10.15 8.04 17.41 (Nb, Ti)C
4 22.82 19.33 0.43 7.97 2.08 33.85 3.69 3.41 6.41 (Nb, Ti)C
5 2.45 0.91 2.16 14.73 4.77 1.61 10.72 10.42 52.23 Laves
6 29.14 2.59 0.47 8.99 1.77 21.97 8.74 8.46 17.87 (Nb, Ti)C
7 2.81 0.55 2.27 14.37 3.52 1.85 11.58 11.15 51.91 Laves
8 2.94 0.83 1.11 6.14 2.09 1.76 16.44 15.79 52.90 0
9 14.28 1.42 0.91 12.98 1.50 10.77 14.92 12.51 30.71 (Nb, Ti)C

1L.5WAC) J&, Laves fHTEREME, FRE%E T AUAF—LL0R
ARHT H# (Spot 4), ZATT AR EDS 45 R E/R FEE C.
Nb. Ti JC3, 456 Resr % 3 v] HETiZ AT HAH 9 (Nb,
Ti)C, BTG s, ZIRE N A AR 78 A E R

HE 3e f1 3f WTLUEH, HARMABMIL, &
SA(1020 C)JF, IR BRAT AR A T D B,
FBEA BTN, B RAT B AR R0 3 T AT H AR K TH A7 E
R 3 ERAT H A (Spot 5) #ET EDS 4 #T K
B, AT AH Nb JR 770 80N 14.73%, 456 B MK
FRFAE AT HZ SR AT AR A Laves #H; BrUbz 4h,
W R BT HE A (Spot 60 R T MR IR B AL 4

I 3g M 3h T LLE H, 2 980 °C [ VA it 2%
AbER S, IR AT A A AT TR, )
3hof BRRHr A (Spot 7). AFIRBT HHAH (Spot 8)
W4T EDS R0, BTt AH T Nb SR HCh
14.37%, A Laves M, Ui Z# b3 T2 ARG H
FH Laves FHIE M, X2 HTHAAEEE (980 C)
KT Laves fHZE & E MR (1080 C); £HRHT H
A Nb J5F 3 BN 6.14%, 454 T 50 F1 43 mT 41
ZHTH AR 6 #F (NizNb), § M IHT H 2 BT Laves
AHJE B %€ Niv Tiv Nb & A F T 6 b i,
ZAKEE T 2B (980 C) IEALTF 5 M H
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HETEN, 6 MMEHRTFER Nb TREEDT
Laves #, #(fE Laves tHEIFEMTH T 6 #H, X5
AU R LS AR . 0 AHYESN GH4169 & &Ik
EAH, HE R TR AT 2 0 < Y B R
FRAEEBERN, EREK 5 AW &I E R T
e b R RE A SN, JEX R FUIRES A T
i P 5 R T DG 5 2 30 P 4 B o (R R T 6 A (NisNDb)D
ARG 5ROt R Nb, K& o Tl &%
Fy"# (NisNb) &= />, 7E Laves A& Bl AT
T o AR & S8 kR R R,

P 3i F13j ATLUEH, B SUS R 4T H
AN, BV, BEIEHHAE (Spot 9)
WIHAFAE
2.3 HfRhFMEE

ANFE AL T 25 1) GH4169 Bkt TIG 15854
3k 25 #1650 Chifiide 45 R an & 4 fros, W LLE
ANF AL G GHA169 42 Sk B i o 15 R Fiab #4352 5k
MR R T T, HBEESRIFFEMK. 25 CHHE
GH4169 Fz Sk Bt H7 58 BE MK B 7 6 N T 2507 A
SA(1020 “C)>HA(1100 ‘C)>SA(980 ‘C)>DA>Unheated,
650 CHiHE GH4169 22 i Hi 5 B MK 2 /N X B
T ZIRFF AN SA(1020 ‘C)>DA>SA (980 C)> HA
(1100 °C)>Unheated. £ 1020 °C & ik & ¥ o i 2% 5
GH4169 & & IR #6423k 25 F1 650 CHiFi oo ¥ i
HABAG I T2 E, XEH TR ZALE T Z
JE IR EE ) Laves AHRET BB, H KT
HARRBIZIK K, Wyt o 2R FE R A . &L 3 5
A3 (1100 °CO B T2 5, K8 AT LL5E 4 i
PriEag G FH 0 Laves A, (H[E I 12 5 808k &
FORLK, ROfi ke A F . shAh, A A b
TZJ5M GH4169 £:3k1E 650 CHihiskZHH L T
25 CHUPLHER LI R A R FEAK . 28 BTk,
GH4169 Rk TIG MR LB EHRLHE T Z2H
SA(1020 C).

2.4 R{RETO S

AL R AR FEFACEE T2 5 0 GHA169 454343k
(1) 25 F1 650 CHifdlr TSR 3 Al an &l 5 A1 6 Bz

MBS WTLLE H, R HALFE GH4169 2 3k =5 35 Hir
Wi E1 oA KRNI SIS, 905 R R
B AT DL KB B A ORL, & A O A 4 e ST
BRUTOIENT, %58 T MIEURN Laves M, A5 4%%EE 1T FE
HRTER S (B4 Y Laves AH, MR, fEFEH R,
O N R, iR, N GH4169
A & 10 IR PRI R A2 AR, Laves A5 6K 7E 7t
T4k 4 8 P2 AR AL, AL K IR A L 2 5t A 4%

15007

[ H25C a
[_Jesoc
1129

‘ 1095046

1261

1248

500

Tensile Strength, R, ,/MPa

0

Unheated HA SA sa

(1100 "C) (1020 C) (980 C)

201196 s c b
: [_JesoC

N 15‘.7
s 15
o
.2
g=}
510
=
2
m

5

0

Unheated ~ HA SA SA DA

(1100 °C) (1020 C) (980 C)

K 4 SRR FGHA1698: L 7E25F1650 C Hihi 50
FIAE feh 22
Fig.4 Tensile strength R, (a) and elongation J (b) at 25 and
650 ‘C of GH4169 joints after different heat treatment

processes

W2, BN T DA i T DX 35 A v AR DA ot DXk 4
HxmPE g, KR NFE R R R,
HA(1100 C)J5 ) GH4169 3k 25 CHi b 1 3 E i
)5 2H BT WA R AR AE W 25 KON 5 o
4, 22 SA(1020 ‘C)J5 ) GHA169 #23k 25 CHifiithr o
S L BRI, R MRy SO AR B
Mt SA980 C)FI DA Jii 14z Sk Wr 1 e 1 ™ [VIASF,
B> B RSTRN, AT WP 2 88 ZHMINAATE, X BB
BRUNIX 2 Fh#Ab B T 200 BRI, ReeRIRaE
Laves fHIAfi#, Laves H& Z) W 2L, HAMEHE
JE B IE R IA 2 R BURIFLIRA , 18] LA B E AL
ZMmABrEiRK, KWK 2 FRLETZEN
GH4169 #23< H W2 77 0N R 2 Wi e

ME 6 FTLLE H, RMALH GH4169 £23k min i
O EAEBRKOEE, PR WA A, wat
W24 77 oA E R 2L HA(1100 °C)JE ) GH4169 4%k
e i A T 11 2 IR BRR AN R IR B, R R
TH] AT DAL AR B P T A7, 3R B L 3Ry SO - i VR 5 Y
Wrd; oAt 3 FAACEE T 25 ) GH4169 23k mimd
T 1 2 IR R B B A AR SR A7, SRR
SO HE MR .



5510 ] NI ESE: AN GHA169 & &kt TIG J58a8E Sk 4H SR R 1 52 M * 3527 »

K5 GH4169 3k RAF#AEIE T Z)5 25 C R Ry B30
Fig.5 Tensile fractures morphologies of GH4169 joint (a) and the joints after different heat treatment processes at 25 C: (b) HA

(1100 C), (c) SA (1020 °C), (d) SA (980 C), and () DA

Bl 6 GH4169 8k HAF#AEIE T )5 650 C N LT 1IR3
Fig.6 Tensile fractures morphologies of GH4169 joint (a) and the joints after different heat treatment processes at 650 ‘C: (b) HA
(1100°C), (c) SA (10207C), (d) SA (980 C), and (e) DA

BM |HAZ; WM |HAZ BM
. A

(=

(=3

S
3

w
(=3
(=}
‘:?%‘2’__.4

* P Unheated

! —— HA(1100 C
—— SA(1020 T)|
—= SA(980 C)

LS

300

Hardness, HV/x9.8 MPa

" " 1y " " " " "
-6 -4 2 0 2 4 6 8 10
Distance/mm

K7 AFBAE B T2 5 GHA1698: S Al & 43 A
Fig.7 Hardness distributions of GH4169 joints after different

200

heat treatment processes

2.5 EXBESWR

RPAEFL AN FAEIE T2 5 ) GHA169 $K A7)
AW 7 frzs, FTRGE N, FEECRAd AR T Z
JE L S ARINAC AR ELIA RIR 3R, IR e 2t AN
P TZ)E, MRGEE R R el 7. y Al
4T, HISSIE R B AL B R T T Laves A,
MITAERSR R ISR T, AT A AN A T
SR SRR SE X AR BT H B R

3 & it

1) GH4169 ik TIG #£#:3L4 1100 CH&IL
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Qb BT L% B 50 AR A A O L S R 2 A R AR
THEKK, MEHEREE T2 EREHST K
NS

2) GH4169 fikh TIG #5452 Sk 2 8% b A7 76 K &
Bk Laves A A Fi ki R (Nb,THC #, & i
HA(1100 C)J& &4k Laves K4 T 6 iR, 1E4% L1
WRDIR BRAL Y AH: 43d SA(1020 C)JE#E4% % Laves
MR AT AR, 23t SA980 C)JE &Ik Laves
JE BB T B IR 0 M, Laves MR B M ; 43 DA
J& Laves fH R MR .

3) GH4169 fiki TIG #E#k & AN F b 2 T2
Jei, Bk R R AT GH4169 kM L AR5 3] T
KIEBESETE, SRR, RAEX R . A5
GH4169 ikt TIG 174k 25 CHuf s M K EI/N
T ZMF SA(1020 'C) > HA(1100 C) >SA(980 C) >
DA> Unheated, =47 8 B oz 5 5 K /N) T 20y
N SA(1020 ‘C) > DA > SA(980 ‘C)>HA(1100 C) >
Unheated. %¢ L7 PLfSH GH4169 BkiF TIG 1F 8 k&
FEHAE T 208 SA(1020 CHEP . i [ i A
(1020 C, 1 h/AC) +X gtk (720 C, 8 h/FC+
620 C, 8 h/AC).
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Effects of Heat Treatment on Microstructure and Mechanical Properties of GH4169
Superalloy Pulse TIG Welding Joint

Liu Yongjun, Long Tianxin, Guo Chengcheng
(School of Materials Science and Engineering, Southwest Jiaotong University, Chengdu 610031, China)

Abstract: Four different heat treatment processes were used for the welding joints of GH4169 superalloy, which were prepared by the
pulse TIG welding. The microstructures and mechanical properties of the unheated joint and the joints after heat treatments were studied.
The results show that after heat treatment processes, the joints tensile strengths at room temperature and 650 °C high temperature are improved,
and the joints hardness are significantly increased, but the joints plasticity are significantly decreased. Among them, after 1020 °C solution
treatment + two-stage aging, the Laves phases in the joint weld partially dissolve, and the tensile strengths of the joint at room temperature
and high temperature are increased to the maximum.

Key words: Nickel-based superalloy GH4169; pulse TIG welding; heat treatment process; microstructure and properties
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