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b, PRl = 4ENURTR ELLR GHA169 ¥3 K 5 TC4 ¥ oK
REHE), H1#%5 RIF TC4 & B IR G0 A i 0oL
YEAL TURR 5 92 BB A TR TC4 75 & 1Y) GH4169 4 421k
FE, B 5T TC4A B MO AL IR GHA169 & & H 215
PEREIRZMA .

2 LW

Ji FH GH4169 F11 TC4 & < ¥y AR AL 22 il 4 WL 1 A
F 2, Horb GH4169 & &8 K K414 50 pm, TC4 &4 R
FIARZ) 100 pm, 2 Fi R 460 R BRI B 3 R4, SR TH 6
TCEA ELERIA, W 1as 1b AR .

Pt 1wt% TC4/GH4169. 3wt% TC4/GH4169. 5wt%
TC4/GH4169. 8wt% TC4/GH4169 ( J& £t fij 5 N 1TC4/
GH4169. 3TC4/GH4169. 5TC4/GH4169. 8TC4/GH4169)

F1 LKA GH4169 & EMRULZER S
Table 1 Chemical composition of GH4169 alloy powder for

experiment (wt%)

Ni Cr Nb Mo Fe
53.15 19.58 4.93 2.98 Bal.

R2 TRATC4EEMRUFERS
Table 2 Chemical composition of TC4 alloy powder for

experiment (wt%)

Al \Y% Fe C Ti
6.03 3.92 0.02 0.01 Bal.

AR AR . B AT B R ER BN TCA ¥ AR RLRE 2
ANFIREL , 28 I i = ARV R LIE 2L B R Rk K TC4 5
GH4169 & &k R 51R &, 13 B R ¥ &) JHE 4/ TC4
WKLY GH4169 & & Tt , i 1d B .

K H B 2 RC-LMD-8060 [7] il i ¥ 20 B0 1 1k
DURR ¥ % BEAT TC4/GHA169 4 4 347 il itk 5256, 70k
IhF 1200 W, $9 335 360 mm/min, 3% 14 % 8.2 g/min
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s, SEA i) 32 Jek R e A S D S A
2 ) S8 A B AR R AE SO ng/g LAR o A SIS SR R A
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FIBEVEEMRER T, CEE e R T 25 H

PURRES R d 1 42 D) 2 1] 5 5 mmx4 mmx3 mm 3%
FE, RPARFT BE IO CAEARTR 53 0 70% HE B R Vs v v ik
AT ARG ot Je AT LA 8% . SR 7 [l DVM6GM g 272 i
MBS A N E MBS ST 8 . % i &
REREAY (EDS) ) H 45 SU3500 14 H1L 1 {2 348 (SEMD X%
DRSSO BT WER . K E Bruker 2 &
1 D8 Advance ! X i 28 A7 A% (XRD) X LA ZS A 4 iR
FEAR AL R BE4T 20 1o B4k, TC4/GHA169 4 4 I AT Hi A
T35 S AR 45 # 7E EM 2100 2435 5f 7 2585 (TEMD R
HEAT WIS o SR i AR ) 003 368 3 8 [ 4% =] Gemini 300

50 pm

25 pm

K1 Sk AR SEMTE S
Fig.1 SEM morphologies of experimental powders: (a) GH4169 raw powder, (b) TC4 raw powder, (c) ball-milled TC4 powder, and (d) precast

TC4/GH4169 powder
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P4 L T BT S (EBSD) 58 . i e it
Wilson VH1102 A4 % fAd FE 1HEAT , Nk far 4 100 g, O/
JES AR 10 s, BN 2/ B S AN R 25 (1B 5 T 100 pm
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S H LRI, % B TE B R 2 R R A R AL
BT T RS, B 4R . PURUZ R R AR
i BRI AR, TR SRR RTE T EE. RHT
SSAEL00F S B0 4 P — R R (D PR A7 U =1, 1 5
ShH T S A A I 4 BT R AR B — IR G R PR T A
#, GH4169. 1TC/GH4169. 3TC/GH4169. 5TC/GH4169
I 8TC/GH4169 £ 4 TR J2 IR EB AT AR & — OB A i [ R
39 5.6.3.9.3.6.3.5 F14.5 um, & Gk KRR & — &

&2 TC4/GH4169 & 4 1A Hl )2 DIRZ B M A LU0
Fig.2 Macrostructures of single layer deposit of TC4/GH4169 superalloy samples: (a) GH4169, (b) 1TC4/GH4169, (c) 3TC4/GH4169, (d) STC4/

GH4169, and (e) 8TC4/GH4169

400 pm E

K3 TC4/GH4169 ik FE Il 2 JZ YT R Z A RT3
Fig.3 Macrostructures of multilayer deposit of TC4/GH4169 superalloy samples: (a) GH4169, (b) 1TC4/GH4169, (c) 3TC4/GH4169, (d) 5TC4/

GH4169, and (e) 8TC4/GH4169



11

FERE WS TCAWR IR EOEA I GHA169 & & H R 5 R

* 2873

30 um
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K4 TCA4/GHA169 & & aiE B R DR R IR O A 235
Fig.4 Microstructures of the bottom of single layer deposit of TC4/GH4169 superalloy samples: (a) GH4169, (b) 1TC4/GH4169, (c) 3TC4/GH4169,

(d) STC4/GH4169, and (e) STC4/GH4169
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Fig.5 Primary dendrite arm distance of columnar crystals at the
bottom of single layer deposit of TC4/GH4169 superalloy

samples
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K6 GH4169 #1 STC4/GH4169 4 4 bR Sl 41 2V 2 EBSD HE
Fig.6 EBSD images of single layer deposit of GH4169 and STC4/GH4169 superalloy samples: (a) inverse pole figure of GH4169, (b) pole figure
of GH4169, (c) inverse pole figure of STC4/GH4169, and (d) pole figure of 5STC4/GH4169
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oy mmm T

BTC4/GHa169 (11D (220 Gly
& i 8TC4/GH4169
3 |
> |stcagraies I | i
E, 3TC4/GH4169 l g A ” 3TC4/GH4169
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7 YU TC4/GHA169 & 43 FF XRD Kl
Fig.7 XRD patterns of as-deposited TC4/GH4169 superalloy samples: (a) 26=20°-100°; (b) 26=49.5°-51.5°
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AR XS BRI n TS A R, O8N R
T (7] PE 386 K, B TCA ¥R N5 S04 4 o T [R) PE4E K, 15 B
v R AR AR of AT B SR A A L 1X AT BB A2 TC4
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WA N AR SR IR, ARG T L 2 28, TCA R
BN SW%l, A K 5 L2 N 2.6, XTI 8 FSEIR A

SR B EIERLE [T AT EDS S H, H g R
K3 FR, AT LUE H K B 6 X8 Ni L Fe Cr & B4 T &
K, Ni 5 B AE 44%~53% (i 5 7 B3O T A, Fe & =7
20%~24% (L 27 BOTEE N, Cr & & 7E 19%~21% (5 &
S HO VG, 10 Nb & BB 3% At . 52 AxE
[, A DX Nb & 50 /T 2K 28 6 X3, ik 31 20% LA
L, {ENiFe.Cr & &8k . AL, L>y+Laves 3t 5445
& GH4169 A & [l J5 W R A= it M R 20 4388 4k . H k)
W7, B X 3 e Ay A, 6 X3 fE 14 Laves AH
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Fig.8 SEM images of as-deposited TC4/GH4169 superalloys: (a) GH4169, (b) 1TC4/GH4169, (c) 3TC4/GH4169, (d) 5TC4/GH4169, and
(e) 8TC4/GH4169

3 E 8P AREWRICALE R EDS B 53 534
Table 3 EDS analysis results of different points marked in Fig.8 (wt%)

Point Ni Fe Cr Nb Ti Al
A 52.02 20.35 19.71 2.68 0.69 0.90
B 40.27 11.38 12.29 28.03 1.65 0.51
C 51.79 20.75 20.06 3.20 0.82 0.75
D 39.23 14.27 15.40 21.91 3.36 0.28
E 51.55 20.02 19.48 3.29 1.14 0.63
F 39.50 14.83 16.56 19.59 3.51 0.39
G 51.77 21.36 21.01 2.83 1.41 0.78
H 39.23 14.27 15.40 21.91 3.72 0.28
I 44.85 24.00 20.78 2.71 2.49 0.89
J 33.90 17.11 14.61 23.26 4.58 0.41

PR, e 45 SRR T B 7o XRD 3 AT S04 22 2 1)

SHTAR 2 GH4169 Al STC4/GHA169 4 4 K Sy p #
AT TEM W%, g R 9o fion. FTLAEH BRI 7 5
8 AT R ILIIAR AL, TEM BE R i L T HoAthAH, 2
RCR BMBCIR , mT BURA & 9 5 Ak AH p"(NL (AL Ti) #
y"(NLNb) , HAORDIR AR 2 ', SEBRIRAR 2 p e Xf LG 1
9a Fl19b K I, YIRS STCA/GHA169 45 4= 5@ Ak Al oy Fl "
TR T GH4169, B TC4 42T+ T GH4169 & 4 h
SRAGAE YAy BB AR T A &1 R T B
b, TCA TR I 1R AL TG 2% & 1R 14 Dk #0 | Nb ot 3=
AT, I 52 i Laves AT 852, 44k & & bR, 3
# Laves AH HHACFRR B R AIRES.

10 45 1 7 UL AS GH4169 Fil 5STC4/GH4169 £ 4

LA AS TEM BE R, B T30 6 A A TR il 1 vy 45 [
TR AP B R AR S, B AN F R SN
RAS B BE TR AL B, AL 485 1 A R T & om
FIFE T . % H B 10a A1 10b AT BAF H, STC4/GH4169 &
SRR R Ry, B TC4 W ] LS+ GH4169 & 43T
MESHLAP MRS, HRFRETZESR B RNE
i 58 [T ) ¥4 0038 238 B K A Sh Tk o] J5 B 4 o 5 P T R
T X FEREA R T m G SR
3.3 TC4RMMTEENF MR

NIRRT TCA B INXTUTFAZS GH4169 & 4 11 ERER)
SO, o SE 6 A 4 ARE R AT S A R AR, AR 43 1 B
SRR AT IR, 45 RECFSME . & 4 S
RS B4 11 Fros, B 11 77 LLE 1, GH4169 & 4t
FE A B 296.2HV , [ TC4 F8 & 1 $2 15, Il RE 0 2
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19 YA GH4169 FIl STC4/GH4169 £ S MM A 21 TEM i
Fig.9 TEM images of as-deposited superalloys: (a) GH4169 and (b) 5TC4/GH4169

F10 JURA GH4169 F1 STC4/GHA169 & 4= fr4t TEM B
Fig.10 TEM images of dislocations in as-deposited superalloys: (a) GH4169 and (b) STC4/GH4169
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Kl 9 BT 7 (1) TEM 8 o] LBH R &, 0 5% TC4 &
GH4169 &4 1 y' 5 y s AL BT H B B B &, B 258
FEAHTIHT A T8RS T .
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Wi, SXof S 58 A A o R A X RE AT Bz I, 73 31
K12 A B 45 5, Horh 8TC4/GHA169 i & 4 Uit AE
TR 2 T B, Ty e Re e 22 , i AN B AT R
REMR . WEFCRET, ALFI Ti 2 S48 miR &4 BH
BRI S0 A R P, STC4/GH4169 & 4 1 T AL AT Ti
B R 8 Ry , Tk [ e 4 ) 3 SR R G, N7 ) R [
FIRBIARIFZ . Rt g B EoR, YA A GH4169 &
& Prhisn T N 1021.58 MPa, & 181 R 4 29.5%. Bf TC4
WMk EEENEN, RS G & NEEZR D IRIHE
PEBEE SR K. 1TC4/GH4169.3TC4/GH4169 Fl 5TC4/
GH4169 & Ui A Prh 58 FE 7351 9 1058.12.1081.43 Fl
1213.01 MPa, ZE{H 25 5] N 25.3%.24.4% F1 17.5%. $i

380

3601 365.1

340

300l Fous
300 F 333

280

Microhardness/HV

01 2 3 4 5 6
TC4 Content/wt%

7 8 9

11 A TC4 5 ik GHA169 £ G YT RAAS (i e
Fig.11 Microhardness of as-deposited GH4169 superalloy with
different TC4 contents

Bz 3 B 4y IR T 3.6%- 5.9% 1 18.7%, i
5% TC4 I &b EIR Tt BN B3 . J12EkRe 4

SO RTG53 5 B, SRR, & FUER 2, MOREAN
B B R K, M RESZ B AN, BT A BUTE BE 2 0
HE A LR A R . Rk, GH4169 & 4+ TC4 ¥ il
K& Ti M AL & S0, TURR IS FE o TCA4 A AL, H = 2240
F TG E Ti Al AL 78 3 V6 R 21 GHA169 & & 151K, 2 5 it ]
T AL T i, 45 S FH IR AR Tt B [ 2, 92> 6
FARAT 1) [F) S 2 21 40 A A VA SR AL BT H SR AR
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Stress/MPa
o0
=
(=]

Alloy Yield strength/MPa e

GH4169 48857 102158 25
1TC4/GHA169 69116 1058.12 253
3TC4/GHA169 67276 1081.43 244
STC4/GHA169 73846 1213.01 175

0 5 10 15 20 25 30
Strain/%

12 YIRS TCA/GHA169 & Sk BE N -1 38 il 21y 2 1 g
Fig.12 Stress-strain curves and mechanical properties of as-deposited
TC4/GH4169 superalloy samples

LA RT T YU GHA169 £ & 1M fE
4 % ig

DBEOIEA I GHA169 & 4 TC4 BN INA S22 it
MEESMALEE, GEUREIRE EZ ARG, b
B BN N S . (H TCA R INEEA L & & TR
AR5 e e Laves #H RS, 538 Laves AH B 22K HEIR
HARNYRBUE AR, KT L 9.2 TR % 2.6,

2D TCA W0 Z R THITARAS GH4169 & &M 2 5 )
SRR, o Swit% TCA 1IN RCR e f , 75 2B 22 [
AN B 2 1 (R B K 4 PR 5 B 1021.58 MPa f2 7+ &
1213.01 MPa, 3B HE 1A 18.7%
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Effects of TC4 Addition on Microstructure and Mechanical Properties of GH4169 Alloy
Prepared by Laser Melting Deposition

Cheng Chunlong', Jiang Wei', Xu Quan', Wang Yeqing', Wang Lin', Chen Zheng'?
(1. School of Materials Science and Physics, China University of Mining and Technology, Xuzhou 221116, China)
(2. Faculty of Engineering, China University of Petroleum-Beijing at Karamay, Karamay 834000, China)

Abstract: GH4169 alloy samples with different TC4 contents were prepared using ball milling alloying and laser melting deposition by adding
TC4 alloy powder to conventional GH4169 alloy powder instead of Al and Ti alloying. The effects of TC4 addition on microstructure and
properties of GH4169 alloy prepared by laser melting deposition were investigated. The results show that TC4/GH4169 alloy is mainly composed
of coarse columnar crystals, but the primary dendrite arm distance and grain size of the columnar crystals decrease. Besides, the Laves phase
changes from continuous long chain to diffused short rod with the aspect ratio decreased from 9.2 to 2.6. During the deposition process, TC4 is
melted, of which Ti and Al elements are released, then fully dissolved into GH4169 alloy melt, and finally participated in solidification and
microstructure formation of the alloy. The addition of TC4 increases the solidification rate of the alloy deposition pool and reduces the segregation
of elements in the solidification structure. Besides, the addition of TC4 promotes precipitation of y’ and y” in the solidification microstructure.
Thus, the hardness and mechanical properties of the deposited alloy are improved. The addition of TC4 shows effects of fine crystal strengthening,
solid solution strengthening, and precipitation strengthening.

Key words: laser melting deposition; GH4169; TC4; microstructure and properties
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