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Abstract With the metal powders as the filler materials, the laser welding between the dissimilar materials of
Ti; Al-based alloy and GH4169 superalloy is carried out. The microstructures at different areas of the joints are
analyzed. The micro-hardness in different cross sectional regions of joints and the tensile strength at the room
temperature of the joints are tested. The study results indicate that, when the filler material is only the Ti-Ni-Nb
powders, the average tensile strength at the room temperature of the joints is 129 MPa. There are no reaction layers
generated in both interfaces between the filler material and the two kinds of base materials, and the welds mainly
consist of Ti-Ni-Nb phase, Nb-Ti solid solution and precipitated Nb. The micro-hardnesses at the interfaces
between welds and base materials are higher than those of the weld center and the base materials. When the filler
material is composed of Ti-Nb/Ti-Ni-Nb/Ni-Cu powders, the tensile strength of the joints increases to 180 MPa.
The contents of the main elements in the joints vary gradually along the weld line with the composition variation of
the filler materials. The Tis Al/Ti-Nb interface possesses the relatively high micro-hardness, and the hardnesses in
the Ti-Nb and Ti-Ni-Nb regions are higher than that in the Ni-Cu region.

Key words laser technique; laser welding; microstructure; mechanical properties; Ti; Al-based alloy; Ni-based
superalloy
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Table 1 Chemical compositions of GH4169 alloy (mass fraction, %)
Composition Ti Al Ni Cr Mo Nb Fe
Value 0.75-1.15 0.30-0.70 50.0-55.0 17.0-21.0 2.80-3.30 4.75-5.50 Bal.
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Table 2 Chemical compositions of filling materials

for laser welding (mass fraction, %)

Filling material Ti Ni Nb Cu
Ti-Nb 37 48 15 -
Ti-Ni-Nb 40 - 60 -
Ni-Cu - 70 - 30

A IF SO B AR SRR 1907 20 & R B R
JEPUE AR PR EES I3 1 22 18] 9K 05 A O Ok
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# 3 DL Ti-N-Nb R Ti, Al/GHAL69 BOGE M T. 255
Table 3 Process parameters in laser welding of Ti; Al/GH4169 with Ti-Ni-Nb as filling material
Laser Scanning speed / Protective gas Layer Spot
Filling material ) ]
power /W (mme*min ') flow /(Lemin™ ') height /mm diameter /mm
Ti-Ni-Nb 270-350 500-650 25-35 0.2-0.3 0.6-1.5

T3 A Rk R A TR R R AR S B B AR
B FE Tis Al 5 GHA169 Wi FhEE A X422 4% 3k 3% 11
R AN [ A7 8 % )2 T AN [) o8 4 1) 4 T R oK 4R )5
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GH4169 WM T 2SN £ 4. HEE
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JEAk s SR S 7E GHA169 BT — Ml 1 & Ni-Cu #K .
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SRR R BVRAS R v B RO R R Y T R
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F2~3 2 JEEH 0.6 ~1 mm, 4T Ti-Nb, Ti-
Ni-Nb Ni-Cu = FRERF IR L B 298 12121,

Ti-Nb Ni-Cu

Ti-Ni-Nb

GH4169

K1 3T Ti-Nb/Ti-Ni-Nb/Ni-Cu & & Uk i)
Ti; Al/GH4169 #5455 5UR B ]
Fig. 1 Schematic of laser welding of Ti; Al/GH4169 with
Ti-Nb/Ti-Ni-Nb/Ni-Cu as composite filling material

F 4 HEF Ti-Nb/Ti-Ni-Nb/Ni-Cu %4 #HH Ti; AI/GHA169 b T2 28
Table 4 Process parameters in laser welding of Ti; Al/GH4169 with Ti-Nb/Ti-Ni-Nb/Ni-Cu as filling material
Laser Scanning speed / Protective gas Layer Spot
Filling material ) )
power /W (mmemin ') flow /(Lemin ') height /mm diameter /mm
Ni-Cu 200-280 450-550 20-30 0.3-0.5 0.6-1.5
Ti-Nb 240-320 500-600 20-30 0.3-0.5 0.6-1.5
Ti-Ni-Nb 270-350 500-650 25-35 0.3-0.5 0.6-1.5
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3 SLEGESR 50T
3.1 Ti-Ni-Nb &8}
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&l 2 BT Ti-Ni-Nb B Ti; Al/GH4169
WO KRS S B
Fig. 2 Photograph of laser welded Ti; Al/GH4169

joints with Ti-Ni-Nb as filling material
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Ti-Ni-Nb weld

BEl 30X e 500 LM

3 T Ti-Ni-Nb fEH# Ti; AI/GHA4169
WOGAR 5 L AU 19 BSE B A
Fig. 3 Cross sectional BSE image of laser welded
Ti; AI/GH4169 joint with Ti-Ni-Nb as filling material

J3Ab s T A T R A Y ST R A R
B2 SN O AR 7 6 IR 3 , DR O 4 T A O A B
Ti-Ni-Nb 4 J& K Wi # b, BEFP B AR A &
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rh AVA Y XEDS A 45 R 0Lk 5. MWL 4 rhaf LA
E#,Ti-Ni-Nb ¥y K 5 Ti,Al.GH4169 & & W% 4
AR,

B 4 T Ti-Ni-Nb £ Tis Al/GH4A169 3806402 48 3 48 T A9 ol 20 21,

(a) Ti; Al/Ti-Ni-Nb FL i 5

(b)(c) Ti-Ni-Nb ##4%; (d) Ti-Ni-Nb/GH4169 F- 1
Fig. 4 Cross sectional microstructure of laser welded Ti; AI/GH4169 joint with Ti-Ni-Nb as filling material.
(a) Ti; Al/Ti-Ni-Nb interface; (b)(c¢) Ti-Ni-Nb weld; (d) Ti-Ni-Nb/GH4169 interface
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Table 5 Chemical compositions of typical phases in laser welded Ti; Al/GH4169 joint with Ti-Ni-Nb as
filling material and the corresponding deduced phases

o Atomic fraction /%

Position - - Deduced phase

Ti Al Ni Nb Fe Cr
1 52.5 1.7 27.0 15.2 1.9 1.7 Ti-Ni-Nb alloy
2 43.1 1.3 17.0 35.3 1.8 1.5 Nb, Ti solid solution
3 14.4 - 2.2 83.4 - - Nb
4 51.5 - 34.5 14.0 - - Ti-Ni-Nb alloy
5 26.9 - 8.8 64.3 - - Nb. Ti solid solution
6 0.3 - - 99.7 - - Nb
7 56.6 - 32.1 11.3 - - Ti-Ni-Nb alloy
8 - - 0.8 99.2 - - Nb
3.1.2 hEFHk

X3 T Ti-Ni-Nb #2819 Ti, AI/GH4169 #%
R S v AN T) DX 17 A4 B S fal B A 3 45 3
Tk PR EEAA Y Ar AT R, N 5 s, W LLR
), 4% 1Y 0 TR BE A T 0B A

E 500 - load: 200 g
- load time: 15 s
)
< 400 i
5 400 {.}\%/ :
2 GH4169
Za00} ¥ &

: Ti-Ni-Nb weld
g Ti,Al \i
i
§ 200 .

interface interface

Position

5 T TNi-Nb fEHY Tis Al/GH4169
OGRS Y Sk SR BE A3 A
Fig. 5 Microhardness distribution in laser welded

Ti; Al/GH4169 joint with Ti-Ni-Nb as filling material

Pk E R BT W R 6. RS, 3k
(14 - 2 22 S TSR O 129 MPa, X 3844 10 W7
SR A %6 2 B L BE U % 4/ GHA169
ST VSR A T R R R WL AN 6 TR
%6 T Ti-Ni-Nb R Ti, Al/GH4169 0t
TRk 1) = IR BP9
Table 6 Tensile strength at room temperature of laser

welded Ti; Al/GH4169 joint with Ti-Ni-Nb as filling material

Experiment No. 1 2 3
Value /MPa 102 154 132
Average value /MPa 129

Ti-Ni-Nb weld

GH4169

— 500 pm

Kl 6 ZET Ti-Ni-Nb SEEHH) Tis Al/GH4169
WO A8 4 Sk W T 19 BSE BR A
Fig. 6 Cross sectional BSE image of frature of laser welded
Ti; AI/GH4169 joint with Ti-Ni-Nb as filling material
P 7 BT 7R Sk W i SEM R R, T LA #
TR A 1 224 075 X0 S 7Y ) g BB 8¢ . XEDS 3 #r &5

4

SEI 100 pm
7 FT TENiNb R Tis AI/GH4169
PGBk B A i 117 SEM R A
Fig. 7 SEM image of tensile fracture of laser welded
Ti; Al/GH4169 joint with Ti-Ni-Nb as filling material
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Table 7 XEDS analysis results of tensile fracture of laser welded Ti; Al/GH4169 joint with Ti-Ni-Nb as filling material

Atomic fraction /%

Ttem - - Deduced phase
Ti Al Ni Nb Fe Cr
Content 32.2 0.7 44.3 18.2 1.7 2.9 Ti-Ni-Nb alloy
3.2 Ti-Nb/Ti-Ni-Nb/Ni-Cu £ §1&#} I 9t Rl LU B, 448 5 Tis Al BEAF B9 5t
3.2.1 UL T ELER - AR AR 48 15 GHAL69 £F bF 9 51 of n] LA

& 8 fif 7~ i % Ti-Nb/Ti-Ni-Nb/Ni-Cu # &
YR BE 2 A R AR 2] 1 Ti, AL/GH4169 #0618
LS R A,

Kl 8 FF Ti-Nb/Ti-Ni-Nb/Ni-Cu S 4} 1
Ti; Al/GHA169 Bt AR 1 3k 9 52 ) M
Fig. 8 Photograph of laser welded Ti; Al/GH4169
joint with Ti-Nb/Ti-Ni-Nb/Ni-Cu as filling material
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& JE m Ak AW & E % NiL Cu ot £ 19 Ti, AIND
FHUH R RALEE ) e A T R M Ty R AR A —
ERIEEsE D, T, AL/JRAE R mab &4 TR, ik
— BRI ST A b, AT e R FHORS 9 2% 3 1) O =L A
Ni-Cu 4 B ¥y K A5 Tiy Al Bk b2 i, 38 f 3 Fl T
G

W] WL BHOL O BEAIRGE . X — BRI, 7R
JCRE A AR v, Tiy AL BE A SR THBEAS AT K AR 0
A TAE 55 — M, Ni-Cu 3K 55 GH4169 £ 44 [F) i %
A T AR I DR E ]

Ti-Nb/Ti-Ni-Nd/Niz€Cu weld

BEI 30X

s— 500 {1M

9 T Ti-Nb/Ti-Ni-Nb/Ni-Cu %8} iy
Tis AI/GHA169 $OG K4 % #R I (1) BSE 18 A
Fig. 9 Cross sectional BSE image of laser welded Ti; Al/GH4169
joint with Ti-Nb/Ti-Ni-Nb/Ni-Cu as filling material
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5 R AR LA BT . 8058 Ti-Ni-Nb X,
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INEER K, Fik GHA169 B )5 . Ni Cu & &
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Fig. 10 Cross-sectional line scanning result of laser welded
Ti; AI/GH4169 joint with Ti-Nb/Ti-Ni-Nb/Ni-Cu

as filling material
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Fig. 11 Cross sectional microstructures of laser welded
Ti; AI/GH4169 joint with Ti-Nb/Ti-Ni-Nb/Ni-Cu as filling
material. (a) Tis Al/Ti-Nb interface; (b) Ti-Ni-Nb region;
(¢) Ti-Ni-Nb/Ni-Cu interface; (d) Ni-Cu region;

(e) Ni-Cu/GH4169 interface
FE— 78 BRI 250 B W) 30 8 250 9y 7 I Ak 15358 [
SRR, S AR AR GE R T AL s I AR B S R
S5 T 110 45 ot R R 4 R A T A
W SAEAZS Gy HE 258 5 77 AL s TRl B 5 R AP
TN G 2 o AR A TR B [ o R PO R
FLo XA AL 2 R AR S 1 9 B L RT3l A I R R
WL Ry AR RO T2 S A O Rk S B

3.2.2 hEFMkR
13 /8 i % F Ti-Nb/Ti-Ni-Nb/Ni-Cu 4
BHEY Tis AL/GH4A169 BG4 3k 4 [T 5 (R B2 1Y 43
A, M Ti, AL BEAF B GHA169 £ 41, bifi 3 45 4%
B A WA AR AL S R R (R A AR
1 Tiy AL/ J54% 18 FRET . Ty AL — 0 X 388 6 1 i
{H5 I 46 BE A 09 AH LIS A 38 O, Ti-Nb X & Ti-Ni-
Nb DX EA7 8 5 1 g B2 L 35 3] 550~600 HV, i
7E Ni-Cu X, A8 2 G /N 2 2 210 HV, B35 Ni-
Cu 5 GH4169 BE# 1 A1 A g A T 5 CE2BI{E N
235 HV), 71z S0 B . GHA169 — i [X 48k 14 & £k
1 B 5 [ A B R A AR HL AR WA 2 AR Ak
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F 8 HF Ti-Nb/Ti-Ni-Nb/Ni-Cu %28 Tis Al/GHA169 ' 5 42 3k v AR () 14 27 1 43 K 4 I AH
Table 8 Chemical compositions of typical phases in laser welded Ti; Al/GH4169 joint with Ti-Nb/Ti-Ni-Nb/Ni-Cu as filling

material and the corresponding deduced phases

Atomic fraction /%

Position - - Deduced phase
Ti Al Ni Cu Nb Fe Cr
9 53.5 1.5 8.2 3.8 32.1 0.4 0.5 (Ti, Nb) solid solution
10 / / 0.6 / 99.4 / / Nb
11 49.5 1.5 7.6 4.3 35.9 1.2 / (Ti, Nb) solid solution
12 46.8 0.7 19.7 3.3 27.3 1.3 0.9 Ti-Ni-Nb alloy
13 50.0 / 31.0 5.0 14.0 / / Ti-Ni-Nb alloy
14 33.1 / 7.3 1.1 58.5 / / (Ti, Nb) solid solution
15 / / / / 100.0 / / Nb
16 / / / / 100.0 / / Nb
17 69.5 / 0.9 / 29.6 / / (Ti, Nb) solid solution
e 500 (1M
12 Tis Al/GH4169 #4548 3k iy <AL
Fig. 12 Pores in laser welded Ti; Al/GH4169 joint
. e B 9 77 5 R B RO 09 4625 B K
& s load time: 15 s FH i 0 A5 L K A ot A6 B R OB 3 T 2 S5k
é 500¢ HEAT AR AE L el 4 Sk i L LR T 2 ke .
g a00f TEAI # 9 3EF Ti-Nb/Ti-Ni-Nb/Ni-Cu #4H#9 Ti; Al/GH4169
<
Eao0l GH4169 WO AR 3K 1 2 3 L 7 5
E g i— Table 9 Tensile strength at room temperature of laser
/
2200f , o _k welded Ti, Al/GH4169 joint with Ti-Nb/ Ti-Ni-Nb/Ni-Cu
9 Ti-Nb/Ti-Ni-Nb/Ni-Cu weld
" 100 as filling material

Position
13 #F Ti-Nb/Ti-Ni-Nb/Ni-Cu 819 Ti; Al/GH4169
PO KRB S Y Sk SR B A A
Fig. 13 Micro-hardness distribution in laser welded
Tis Al/GH4169 joint with Ti-Nb/Ti-Ni-Nb/Ni-Cu

as filling material

Bz 3k 0 =R PURL R AR WL 9L T LLUE B R
F Ti-Nb/Ti-Ni-Nb/Ni-Cu ¥ K V5 K &2 & B 6k,
B3k (7 ) = BT RLIRE A 180 MPa, # L T LAl
K Ti-Ni-Nb ¥y AR AE R 4RI, SR K T 4
40% . A Tiy AL/ A5-4% 5 10 I 5 0 B A7 78 1) 54 4% I
R4 P AETE I AL AR B R AR KRR bsgm 1823k 1Y
J12ERE . FEIE— 25 MW SE T AR, AT i R RS

Experiment No. 1 2 3
Value 172 174 196
Average value /MPa 180

IE 14 0] LLE B, fE R AR S5 b, Sk R T
KAk, DB Z4 0 (7 B 4R, 30RE O W7 24 Ti-Ni-Nb
E5 Ni-Cu 25 m. B 15 Fiw AW 0 SEM
HER AT LAY 1) B 7R 1) fife 30 DT LR A0E . o) DBy 1 gk
FAb2E A 43 B S5 R L3 10, W LLAE 2, 0 0
b2 ot A TiuNiL Cu Nb 258552, PRt I 11 7
£ T Ti-Ni-Nb 5 Ni-Cu # R BTR & X3, A x4
il 3K TR IR R 09 B 43 22 R 3K 1 A MR A MR Sk
b HAt X B A 55, I % Ti-Ni-Nb 55 Ni-Cu ¥ K 1
TR A DX A 422 K 1 T 55 3115 .
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GH4169

J— 500 1M

K 14 3T Ti-Nb/Ti-Ni-Nb/Ni-Cu #2814
Ti; Al/GHA4169 Bt R H Sk 19 W7 24T BSE M A
Fig. 14 Cross sectional BSE image of fracture of laser
welded Ti; Al/GH4169 joint with Ti-Nb/Ti-Ni-Nb/Ni-Cu

as filling material

4 & i

WF9E T Ti, Al/GH4169 BBOGIERE, /b7 1 3
S M TOW AL 20 K SR RE L AR B A T A58 .

1) RH Ti-Ni-Nb # & 1E 0 45 R, 45 4% LA
RE 55 75 b BE M2 4 1 1R & 45 A, B 7E Ti-Ni-
Nb/GH4169 F I % #8 . 5% 43 #40 Jy iy /5 H 51 & FF
24 REE PSR AL. B S PRR R R Y S 2
A R R 2 KRS R A 41 B 3 A Ti-Ni-Nb A
Nb-Ti B %A KA 59 Nb, 184 5 8 4 5w Y 5
TR 32 e T AR A v BB Y . HE Sk O S IR
FLERSE S 129 MPa, fE R SE 5 b, 12 FF 78 45 4%/
GHA4169 F ]IS H8 A4 FF 24467 B Ab A A= W 2

SEI

15 3EF Ti-Nb/Ti-Ni-Nb/Ni-Cu #B # Ti; Al/GH4169 #OGAR$E Sk B il 1 SEM B A
Fig. 15 SEM images of tensile fracture of laser welded Ti; Al/GH4169 joint with Ti-Nb/Ti-Ni-Nb/Ni-Cu as filling material
% 10 T Ti-Nb/TiNi-Nb/Ni-Cu ##R 9 Tiy Al/GHAL69 #OGAR 12 35 i Br 4 B 11 9 XEDS 437 45
Table 10 XEDS analysis results of tensile fracture of laser welded Ti; Al/GH4169 joint with
Ti-Nb/Ti-Ni-Nb/Ni-Cu as filling material

Atomic fraction /%

Position

Ti Al Ni Nb Cu Fe Cr
©) 12.1 3.4 51.3 5.2 20.9 3.5 3.6
@ 5.6 5.0 58.3 2.7 21.4 3.3 3.7
® 30.8 - 53.5 11.9 3.1 0.3 0.4
@ 25.5 - 51.7 15.5 7.3 - -

2) F M Ti-Nb/Ti-Ni-Nb/Ni-Cu =l KAE N
S G MRRL B L AT S B R RE R L AR SR — )R
Ni-Cu/Ti, Al FEAb & AETFR ., Hkh FZITRD
o R N NI GRS Tl e f o
Ti; Al/Ti-Nb i . Ti-Nb X, Ti-Ni-Nb [X ] 3= %
Ti-Nb [ % & . Ti-Ni-Nb A & 8 i 5945 Nb 40 5
Ni-Cu ¥3°K 5 GH4169 B:#IE WL T R 4F 115 4 45
. B SAUIEAE . Tis Al/Ti-Nb B B 8
v B S AR B, Ti-Nb X, Ti-Ni-Nb X {19 il £ 5
F Ni-Cu X . # 3k 09 °F 3 % 1 5t b7 ok 2 o
180 MPa,

3) FEE— 4% Tis AI/GH4169 5 Fh A1 K 4
WG DTS TAE A, BT X 4 T8 # R A5 R 46 2 i
A3 R AR H & 0 LA DL K g o SRR I O T2
ST AL L I SR FRE 0 10 26 4 T =X B 26 R o
WEGIR A AR AR 22 1Y & B M K Z 1] & 8 B oK 5 B
WA 22 1042 ik & A B DA I35 22 Sk 1) ko 20 8L R

FHERE.
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