B54ts MM
2025 4 11/

wEERMISEIIE

RARE METAL MATERIALS AND ENGINEERING

Vol.54, No.11
Nov. 2025

https://doi.org/10.12442/j.issn.1002-185X.20240367

EHT Zr-Ni-Cu-Ti-Zr F 8] E # Ti,AINb/GH4099 FY J& {iL
& M SFIRIESL B RBALE N FEHEE ST

RUrte', &4, &

&, INEA, DiE A, REE

CL. A E WU B B B LI 78 BT BR A & 1 14 R 3 B S ) 4 | J i sz ==, vl /g 40 450001)
(2. LigAi@ARY: L & 2 R 25 b B A it B st 5, i 200240)

# E: K Ze-Ni-Cu-Ti-Zr £ &1 R JZHET T TLAIND & & FAREE i & 4 GHA099 JF A7 [ B B2 (TR, IR NEE T 4748
P W SIS, T 7 Bk AL S EEAR I R . AR, AR IR Sk 1 SR ST 4 4UA TLAIND/B2+O+
B(Ti,Nb)+o-Zr+Zr,Ni+(Ti,Zr),(Cu,Ni)/(Ti,Zr)(Cu,Ni)/Ti, Al+(Ni,Cr) /GH4099 . Fifi & 5T KRR BE (KTt w51, BEM M) 5 B2 J5 5 18 o
(Ti,Zr),(Cu,Ni) & B Ak SRS S P BUESEAT,  STAER BEM S AR RGO TR, S 8Eks8E FI%. ££920 *C/15 min

FRLZEZHN, PRk M pu sy oR & KN 171.87 MPa. 5 Sk W7 285 200 Jife 1 U7 ¢,

(Ti,Zr)(Cu,Ni)fa 1t 42 J& A1 & ) 2H A o

REIE: TLAIND &4 SRR G S HEFHE, FmAs

REESHES: TG454 HERFRIRES: A

W 1 3= 2 B (T, Zr),(Cu, Ni) Al

J1%ERE

XEHS: 1002-185X(2025)11-2861-09

1 31 &

Hi A 4 A LA Fe CoNi LR NEA LRI — 2K 4
JEMRL, B 5 r mR e R, B4 iR o B | i AR
APTEEANE , BRI T2 B TS oK B Ji AL 5547
W PEge it s KENM B P miR G SHE S T
40%~60%"", F H R 5 L G 68 80% . GHA4099 2 S 7Y
AR iR G 4 H T RS HLIIBR RS = R A I AT
RS EREEY. SR 1 GHA099 & 4 1% R R, S
EOA E RGN A R AR, HME DA TS MR A R
AR BEREMTFER. TIAIGE ARG RIFHSA 1R, 2
HAT B AT SR ER AR B . TLAIND A 4 /2 — Floi
Ti-Al & & J& G, KR8 I B2 AT 34 650~700 °C
FLAT B A PL o B s iR Mk RIS s, R B L
{14 38 Y AT 2 TR FH B D v iR A A R R 2 — B, AR
Ti, AINb & & T3 47 £E — L5 11 R 77 11 1 17 22 , #£ 1000 °C LA
A Y ) A LA AR AR P v L R P DL R A A
PEART. i, 85 SR A &5 TLAIND & & 45516
FH £ D3R 1 [ I 3 e B AR S O 23 P B, ZE S e =L
bE SRR AL 5 T B AR AN .

T GH4099 55 TiL,AIND & & IE L A7 1E— 2L 7] L.
—J71H , GH4099 5 Ti, AINb ] #4JZ ik 2 H0AH 22 550K, 1X

ks B ER: 2024-11-09

T2 2 S BUREHE L P P2 AR FR AR BT, X0 5 Sk o B
BN BB 55— 5 T, Ti e R A Ni e R L2 E R
B0, $% 5k TP B K RONG-Ti s AINI-Ti 25 42 & (a4 &
YN, FEEE M, BT . T TIALIE & 6 B
A R SR AN 5 IR AP (R R, R T 2 DA
S TLAIND &4 H S8l 5 e A& M. FEER
T3 A AR B2 3SR TR AR S R DA R B2 Sk R, 2
% B2 Ti,AIND Fl1 48 56 = 0 & & 10 & 7 k0. Li
2BV 00 35 SR B 0 Cu H ] J2 1) TiNG S £F kLR BNG-2 £F
BHTE C/CHAREHS TIAL G 4, Vs I Cu o a) )2 0] LA
WG D e A S B B R Tk E
Lu S Ti-Si Ti-Cr 4P RS IR EHE TZM & & 5 A 48,
{8 F Ti-8.5S1. Ti-33Cr £F BHEF AR TZM/ A1 8215, 7E TZM fil]
T¥ B Ti-Mo [F] ¥ 44 LA 2 75 47 5200 %2 ) TiC = B2, AT
PR SN . 2= J15 R A Ti-Zr-Cu-Ni-Co-Mo JF i
EPR L A3 AT M 32 TCA T TNM & 4, FHATIR Catp)-Ti 21
SN2 5y P AL, TR U e M T T TNM &
ST 5% . Xia &% F TizrCuNi 3k & 5T RS2 8L 1
TiAl 4 J& [0 4k & 490/GH3030 [ 1% , H T b A% 45 14 R i
JEARULHL , 42 L BI7E Al(Cu,Ni)Ti,/Al(Cu,Ni), Ti [ F 1 kb
M2 o IS SR R A4S BNI-2 £ BT R GH3536
5 S8 TIAL & & RS, 75 1160 'C/10 min 45 2%

HETH : BEE S AR (2022YFB3402200) ; 7] 544 TS AF &30 H (241111233300)
{EZEN  RUTE 22,2000 454, Az, v LR L B B A N AT LA 5 8 BN s 1 RE B R K 4 A e 4 ) o o S0, Tl KON

450001, E-mail: sxy01616@163.com



* 2862 ¢

W] B RS TR

554 3%

PRI R4k (AP RME IR A, Hek i K =i
BUYIBRFEA N 106.8 MPa. S i A RHE$E I HE DL B &
TE R RE, B JE AL R SR ET IR AR A R G TR
SEAH , AT DL G A 45 G R, SEELR M R A R0E
FEUS S PHATUBRBIE 7T B A B A1 AR JER A7 & A AR
Bt T 5 AL A B P s R R U7 2, dnfd A AgCu/
ZnCu/AgCu B &1 i FEET IR I A2 v 5L A2 1 AgCuZn &
& ff H AISi-CuAl & & 18 22 15T 1R 78 o 5 A & %
Al-Si-Cu BRI, Sy vy 5 FE M BT BT R B $2 488 1 387
g Lin SR M R AE BE BT T Ni/Cu/AgCuNiMn
E AT R, IR TT R WC-6Co 5 In718 & 4 I EF IR 5 , 45
REW TSGR Se PP R R & T 32.4%.
b 5 72 2 PE Ag-Cu-Ti 57 BF R D\ B,C P & 500 , 5 4L
FRRME R I AT 4 21, TN N 1% I B,C AT 22 il 4%
LK RAE R AR TR . H BTG T TiL,AIND
G SR SR A S ET R R TEATIR T 2550
FE S AR AR AR B AL 1) 55 77 1 75k — B AT, 30
Ti,AINb/GH4099 #% 3k Jit &, {2 32 Ti,AINb 5 & 5 3 5
T B AEAT S MR AU PR R

AW TR H R AL G SRR R 3@ 5 7E TL,AIND 5
GH4099 & 4> 2 [l NN Zr-Ni-Cu-Ti-Zr & & 8] )2 , 2>
& )& (AL E ) A B TR, 3 = Sk B g . e AT BT IR
P23 SR O A 23 B 4 Sk 1 R W 98 1 BT IR R X 42
S NI R AVIIE: S YL R At A

2 X W

ARG K FH 1 BER N TLAIND & 4 58 H R &4
GH4099, HA s tnF 1 5K 2R, FTHFEES
BE VR VA ER Al 4 B 9, R BRI VR T VERTE R RE A
10 um, &5 4 J& $6 )5 5% 4 30 um. K Ti,AINb & 4= i Al
GH4099 & & V1% % 10 mmx 10 mmx 10 mm ) 1E 7
PRAE , 4 %5 42 8 9 BY 5 15 I BEM [RRE RS 1 98 &
F o FRAERE 2 T FH 240# . 400#A11 80044 AH b ARZ 4T
BESPHE B S b A SR B B R Ak Al 8 R A TR R
VTR PRI B 1S min, WG VRS BUS BUE LT . AR
FE AN A () 2 4% B8 Ti, AINb/Zr/Ni/Cu/Ti/Zr/GHA4099 JIii /57 2
FCf, a1 FroR o K 2GR AT 1 FE R N S BT AR o
BEATAT IR, LS 4 N 8.0x10° Pa. FTIES BN
900.920.940.960 #1980 °C 5 FhFT 15 IR J& , {5 % I i) Ay
15 min. PR T2 MW E 2 Brow, & %6 0L 10 °C/min [
FHIEH RN IR THE A 400°C , £35S min; B /5 L 10 'C/min
B T iR 33 R 400 °C FHE 2 700 °C, £ 10 min; 7 D
10 C/min [{)FHE R TR S H AR TR , (RIE 15 min;
B IRAFERE A A R ER . RABCA BRI (EDS) 14
i FEL B S AT 4 Sk ) SR AR L T T RS DA I S 1R
HHATWLER , K FH X 267 5 (XRD) X6 7 1133847 XRD 43

R1 TL,AIND I EZWF RS
Table 1 Main chemical composition of Ti,AINb (wt%)

Ti Al Nb
45.65 12.67 41.68

K2 GH4099 HEEWLZER S
Table 2 Main chemical composition of GH4099 (wt%)

Ni Cr Co w Mo Al Ti Bal.
61.92 1440 6.53 569 3.65 1.87 1.18 <0.1

Ti,AINb

Zr-Ni-Cu-Ti-Zr

GH4099

KT RPN &

Fig.1 Schematic diagram of brazing assembly

1000} Brazing temperature: 900-980 °C
Holding time: 15 min

=

> 800F

S Furance cooling
s

E" 600

g

2 400}

&n

o=

8 200t

m

0 L 1 1 3 1 1 1
0 50 100 150 200 250 300

Brazing Time/min

2 FFRLZm# i £ 1%

Fig.2 Heating curve for brazing process
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Ti,AINb

GH4099

3 Ti,AINb/GH4099 K A 421 (920 C/15 min)
Fig.3 Interfacial microstructures of Ti,AINb/GH4099 joint after brazing at 920 °C for 15 min
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Fig.4 EDS element mappings of Ti,AINb/GH4099 joint after brazing at 920 °C for 15 min
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Table 3 EDS analysis results of each spot in Fig.3b and 3c (at%)

Spot Ti Al Nb Zr Cu Ni Cr Possible phase
A 51.60 18.34 25.65 2.49 1.92 B2+0
B 35.90 7.46 41.76 9.72 5.67 P(Ti,Nb)
C 21.97 6.30 8.07 31.99 10.85 19.53 (Ti,Zr),(Cu,Ni)/Ti,Al
D 4.14 65.36 8.44 22.05 (o-Zr)+Zr,)Ni
E 7.32 3.12 40.64 20.07 28.85 (Ti,Zr)(Cu,Ni)
F 21.26 7.07 8.33 30.73 11.68 20.93 (Ti,Zr),(Cu,Ni)/Ti,Al
G 8.01 3.03 39.31 18.11 31.54 (Ti,Zr)(Cu,Ni)
H 3.18 7.28 1.31 10.76 31.06 36.23 (Ni,Cr),, enriched with Zr and Al
I 4.89 9.65 0.72 1.03 48.31 23.94 (Ni,Cr)_ enriched with Al
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T TR T A BTG A BE AR 5K, 2 R X A7 AE < 1]
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Fig.5 XRD pattern of Ti,AINb/GH4099 joint
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Fig.6 Microstructures of Ti,AINb/GH4099 joints brazed at different temperatures for 15 min: (a) 900 °C, (b) 920 °C, (c) 940 °C, (d) 960 °C, and

(¢) 980 °C
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Fig.7 Effects of brazing temperature on hardness: (a) 900 °C, (b) 920 °C, (c) 940 °C, (d) 960 °C, and (e) 980 °C
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Fig.8 Effects of brazing temperature on shear strength of joints
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Fig.9 Shear fracture paths of joints brazed at different brazing temperatures: (a) 900 °C, (b) 920 °C, (c) 940 °C, (d) 960 °C, and (e) 980 °C
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K10 AN [RIET R0 B2 T 4 Sk R W 11 T3
Fig.10 Shear fracture morphologies of joints brazed at different brazing temperatures: (a) 900 °C, (b) 920 °C, (c) 940 °C, (d) 960 °C, and

(e) 980 °C
x4 E10b P ELIBREESER
Table 4 Chemical composition and possible phases of marked spots in Fig.10b
Spot Zr Ti Ni Cu Nb Al Possible phase
1 22.79 17.70 26.57 12.14 7.53 7.02 (Ti,Zr)(Cu,Ni)
2 33.23 21.61 16.68 11.81 7.62 6.60 (Ti,Zr),(Cu,Ni)
3 35.39 18.38 17.27 10.20 7.53 523 (Ti,Zr),(Cu,Ni)
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RYUF . IR, AR IR O LA , R AR
TERER FVEF 82 FRTH AL, 7274 HRE o B P AR AL, fE g3k
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B T B AL 23k 77 5 MR
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Fig.11 Schematic diagrams of interface formation process of Ti,AINb/GH4099 brazed joint
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Microstructure and Mechanical Properties of Ti,AINb/GH4099 Joints Prepared by In-situ
Synthesis Brazing Using Zr-Ni-Cu-Ti-Zr Interlayer

Song Xinyi', Zhong Sujuan', Qin Jian', Sun Yixiang', Ma Yunwu’, Zhu Hongtao'

(1. State Key Laboratory of High Performance & Advanced Welding Materials, China Academy of Machinery Zhengzhou Research Institute of
Mechanical Engineering Co., Ltd, Zhengzhou 450001, China)
(2. Shanghai Key Laboratory of Digital Manufacture for Thin-Walled Structures, Shanghai Jiao Tong University, Shanghai 200240, China)

Abstract: Vacuum brazing of Ti,AIND alloy to Ni-based superalloy GH4099 based on in-situ synthesis using Zr-Ni-Cu-Ti-Zr composite interlayer

was carried out. The interfacial microstructure and fracture morphology of brazed joints were observed and the phase evolution mechanism of the

joint was investigated. The results show that the typical interfacial microstructure of the joint is Ti,AINb/B2+O+4(Ti,Nb)+a-Zr+Zr,Ni+(Ti,Zr),(Ni,Cu)/

(Ti, Zr)(Ni, Cu)/Ti,Al+(Ni, Cr) /GH4099. With the increase in brazing temperature, the thickness of the reaction layer on the base material sides

increases, (Ti, Zr),(Cu, Ni) intermetallic compounds aggregate to form continuous phases on both sides of the interface, and cracks grow and

expand at the interface between the brazing seam and the substrate, resulting in the decrease in joint strength. The maximum shear strength of

171.87 MPa is obtained after brazing at 920 °C for 15 min. The fracture mode of the joint is cleavage fracture and the fracture mainly consists of

brittle (Ti,Zr),(Cu,Ni) and (Ti,Zr)(Cu,Ni) intermetallic compounds.

Key words: Ti,AINb alloy; Ni-based superalloy; vacuum brazing; interfacial microstructure; mechanical properties
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