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*1 GH4169 SEMKRLERS
Table 1 Chemical composition of GH4169 superalloy powder (w/%)

C Nb Cr Ni Al

Ti Mo Mn Si S P Fe

0.034 4.91 19.68 51.75 0.63

0.97 3.18 0.11 0.23 0.001 0.004 Bal.

—-W

e sembs

T

K1 GH4169 & &l m RIEME L5 LyIE
Fig.1 Sketch map (a) and repaired sample (b) of GH4169

superalloy
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T LN G 62 T 3R 3 AT HEAT USRI 43 B o A T Tl 771
4 100 mL C,HsOH+20 mL HCI+5 g FeCls, $94i H T &
THOW 22 T F B B 57 8 mL H,O + 4 mL HCI +2
mL H,0,+ 1 mL HNOs. 7 401MVD %5 % i &
R S PR AT 4E G LI &, 2T 200 g,
IR 1] 20 s,

2 HR5R

2.1 BfELR

K2 Wi R GHA169 & ik FHE E X &4 i
TR ZR, B il 20k y A EEAA, B 1] 35 4 L i o+
Laves)fH. {ESCITHBEEZH T, &XHBEXA
B, AL RAFR i . Kl 2a F12b AR
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B2 AREBEERA M FBOCEE GHA169 & il FEE E X M4
Fig.2 Microstructures of laser repaired GH4169 superalloy samples with different magnetic field current intensities: (a, b) 0 A, (c, d) 20 A,

(e, ) 40 A, and (g, h) 60 A

Spectrum 1

3 W REBEREET G B RS SO OB B 2 GHA169 & BB HIX Laves #/E
Fig.3 Morphologies of Laves phase in repaired zones of laser forming repaired GH4169 superalloy samples with different magneticfield

currents: (a) 0 A, (b) 20 A, (c) 40 A, and (d) 60 A
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2.9%(FR O] 3.72%, SRR T 28%, H
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.\.

Volume Fraction of Laves Phase/%

(I) 1I0 2I0 3I0 4I0 5I0 6I0
Electromagnetic Current Intensity/A
K 4 AFEEER A TROCBIEER GHA169 &R
Laves Al I 44F1 5 21
Fig.4 Volume fraction of Laves in laser repaired GH4169
superalloy samples with different electromagnetic field

currents

£2 BE3HRAEHIZETEHT GH4169 & HAEEREERTEETESE

Table 2 Chemical composition distribution of alloying elements in laser repaired GH4169 super alloy samples in Fig.3

Current/A Element content Nb Ti Cr Fe Ni Mo
0 w/% 2.9 0.54 19.83 19.58 53.79 3.36

at% 1.8 0.65 22.01 20.23 53.29 2.02

20 w/% 3.28 0.64 20.43 19.41 53.03 3.21

at% 2.04 0.78 22.67 20.05 52.53 1.93

40 /% 3.37 0.59 20.28 19.65 52.94 3.17

at% 1.84 0.7 22.45 20.26 52.85 1.9

60 w/% 3.72 0.7 20.32 18.54 53.33 3.39

at% 2.31 0.85 22.56 19.16 53.08 2.04

2.4 HIAER T MRS ERBREITA
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SRR AR EE R T M A, 1B Say 5b R TR
AN B A ORI S ith Marigoni 3 BA R HL G4
TERIR R o MRS s IR R IF, L REBEF

VEFH D7 00 5 ) 45 B AN st o4 6 AT BT i I A Ky
], FELRE A o g it 5 [ T i (0 9 e 4 P R, TR AR
SIS RI A E T y B THER IS, T
AFRE 30 B 5 350000 30 A s it I, AR A8 19 0 A i TR A7 A
I S TR T RV X VAL o S o T) PR 8RS0 5 5 it
) BRI BB b AR i BT WY, R Ah, A8 e 3% - T
WETRIRE G AR TR, RS A R ] R DX 3 PR 980 % 3t
TR, A TR 0 AR R P BRI, B IR
T 0 A A 3 T b ST, T 3 X 48R 3 A
FN¥IA] . 76 GHA169 £ 4 MO gk 252045 B T8 3]
AR, BT Nb JGE & ERAK, B Nb e %
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z
Thermal convection

N
Lorentz force

~
Dendrite of electromagnetic stirring

(o

YIMOIS 9JLIPUIP JO UOTIAII(

Interdendritic

Bl s ekt mids T st b e BEAE P 00 X At 5 0 s 3 I

Fig.5 Schematic diagram of influence of electromagnetic force on dendrite in molten pool under rotating magnetic field: (a) vertical view;

(b) main view; (c) thermo electromagnetic effect (B-magnetic field intensity, F-thermoelectric magnetic force, Jgr-thermoelectric

current intensity)
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Fig.6 Microhardness variation of laser repaired GH4169 super-

alloy samples
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K7 B0 G i DR R AL XL 2R
Fig.7 Microstructures of partial melting zone in heat affected

zone (a); local magnification of marked area in Fig.7a (b)

s B, A JEE 3 A SR R I DX I A A8 A BT BRI T
PR AL, RO S 5 13 21 HLER
FIFER AR ALZY, SRR, R AR

FCRL I I WL RRHE S X R R S e, g
S DX PSR A 5 B Y I T 47 v U 5 52 ) 48 o v 48
M. SRR 20 A I, BORBON RIL,
Laves AH 4 JiLidh UK, Bofh T Nb JUREH D, [H#
PRCRELSS s =54 U FL I 2 SE BN B I R 39
Laves HZZ (K W 40 /1N, B2 1) Nb 03 5570 A £ A i
T, [ RACEOR B S, DR R A5 B4R
KB, ABRIRE T, B R X R L 52 2R,
A R JEAS AT Laves AHKIESUE W,  H 52 R 1R
IR AARAE

3 & i

1) WOEHEEE GHA169 & & B E B EAYA
21 Laves M S IELI KSR, B Bl v It it 5 1) 39
K, BEIX Laves MHAZBURR, AR it 45 21
b, HIEREA I 11.6%0k /D 21 3.9% (AR 42 %0) .

2) P FERE I A I AG 25 AR L ) 3R (R {2
TE TR A S T G 2 I A A A, RRE T IR
AR, ARG 5 ) 6 Laves A A B3940, B
fin T Nb G A 0, Nb 762 (0 00 i BT A T 058 .
MRBESH IR 60 A B, BE T Nb G HE P& &k

2 3.72% (V15 53 40

3) WOtMIBAE )G, #o%m D 5 my, BEIX
AR MAREIABHEG, 55 XA A 2 0 3
Ko X5 WG4 AR RIS SR B A F] Laves AHARF 43
H ) 9 BA K Nb 6 3200 R T 10 [ v st A AV FH AT K.

SEX# References

[11 Yoo J T, Yoon J H, Lee H S et al. Journal of Mechanical
Science & Technology[J], 2012, 26(26): 2101

[2] Huang Weidong(# B 7%), Lin Xin(#k %%). Materials China
(P AR RE) (1], 2010, 29(6): 12

[3] Qin Lanyun(#X*2%). Research on Key Technique of Laser
Deposition Repair Titanium Alloy(%Kk G & WOCUTRUE & %
B $ R Wf 5% )[D]. Shenyang: Shenyang University of
Technology, 2014

[4] Huang Weidong(¥ I %), Lin Xin(#& %), Chen Jing(Ff ##)
et al. Laser Solid Forming(¥4 6 3 & i £ )[M]. Xi’an:
Northwestern Polytechnical University Press, 2007: 1

[5] Qi Yongai, Zhao Jianfeng, Xie Deqiao et al. Chinese Journal
of Lasers[J], 2013, 40(11): 134

[6] Pan Hu, Zhao Jianfeng, Liu Yunlei et al. Chinese Journal of
Lasers[J], 2013, 40(4): 109

[71 Zhang Shaoping( 7k 2> *F*), Sui Shang(fff ), Ming
Xianliang(W 58 5%) et al. Applied Laser(N F#6)[T], 2015,
35(3): 277

[8] Ming Xianliang, Chen Jing, Tan Hua et al. Chinese Journal
of Lasers[J], 2015, 42(4):71

[9] Zhao Jianfeng, Cheng Cheng, Xie Deqiao et al. Chinese
Journal of Lasers[J], 2016, 43(8): 167

[10] Bennett J L, Kafa O L, Liao H G et al. Procedia
Manufacturing[J], 2018, 26: 912

[11] Manikandan S G K, Sivakumar D, Prasad R K er al.
Journal of Materials Processing Technology[J], 2014, 214 :
358

[12] Raihle C M, Sivesson P, Tuk iainen M et al. Ironmaking and
Steelmaking[J], 1994, 21(6): 487

[13] Jia Guanglin( %% J% % ), Zhang Guozhi( 5k F &), Li
Xiongjie(Z M) et al. Journal of Northeastern University
(RAEKZZE4R)[I], 1994, 15(3): 290

[14] Sui Xiangrong(Hf [7 %), Shen Fenggang(iL M KI), Liu
Jingfeng(X 5tX) et al. Welding Technology(JEFHAR)([I],
2003, 32(6): 16

[15] Qin Lanyun, Yang Guang, Bian Hongyou et al. Chinese
Journal of Lasers[J], 2014, 41(3): 76

[16] Yu Xiaobin(4x/ik), Liu Fencheng(Xl %5 i), Lin Xin(#k %)



11 X By EE: WA BhIOG OB R 2 GHA169 54x Laves AH0 4T 3599 «

et al. Applied Laser( FG)[T], 2014, 34(6): 513 450

[17] Chen Xingrun([%:>4ild), Zhang Zhifeng(iKk &%), Xu Jun(fk [19] Wang Ling(-E #), Dong Meng(# %¢), Sun Jinmei (#)M4>
U8) et al. The Chinese Journal of Nonferrous Metals(F E 4 k) et al. Acta Metallurgica Sinica(%: )&% #k)[J], 2018,
&4 8 2= 4R)[T], 2010, 20(5): 937 54(5): 743

[18] Wang Xianbin(FE Bik), Lin Xin(#k %%), Wang Lilin(F [20] Li X, Fautrelle Y, Zaidat K ef al. J Cryst Growth[J], 2010,
M) et al. Acta Physica Sinica(JEL~~H%)[I1], 2013, 62(7): 313(2): 267

Laves Phase Precipitation of Laser Repaired GH4169 Superalloy Assisted by
Electromagnetic Stirring

Liu Fencheng', Wang Xiaoguang', Cheng Hongmao', Lin Xin®
(1. National Defence Key Discipline Laboratory of Light Alloy Processing Science and Technology,
Nanchang Hangkong University, Nanchang 330063, China)
(2. State Key Laboratory of Solidification Processing, Northwestern Polytechnical University, Xi’an 710072, China)

Abstract: GH4169 alloy samples with V-grooves were experimentally repaired by electromagnetic stirring assisted laser repairing under
different magnetic field currents. The morphologies and volume fraction of Laves in the repaired zone were compared, and the contents of Nb
element in the matrix y and the hardness of the repaired sample were measured by changing the magnetic field currents to explain the relationship
between the magnetic field currents and the element segregation as well as mechanical properties. The results show that with the assistance of
electromagnetic field, the morphology of Laves is obviously changed from reticulate to rod-like and granular shape and its volume fraction is
decreased. The content of Nb element in the matrix y is increased with the increase of the magnetic field current. When the magnetic stirring
current is 60 A, the content of Nb element is 3.72 wt%, and it is increased by 0.33% compared to that without electromagnetic stirring. The
hardness test shows that the electromagnetic stirring greatly increases the hardness of the repaired sample, which is related to the increase in the
solid solubility of alloy elements such as Nb in the y phase of dendrite core. The electromagnetic stirring improves both the flow of liquid metal in
the melting pool vertical to the dendrite growth direction and the homogeneous distribution of solute element; as a result, the dendrite arm is more
developed and the eutectic structure is more homogeneous.

Key words: GH41609; laser repairing; electromagnetic stirring; Laves phase
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