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Fig.1 Nozzle for laser cladding
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Table 1 Chemical composition of Ti-4Al-2V alloy (wt%)

Ti Al \% Si Fe N Zr C Other

925 4.64 223 <0.01 0.069 <0.003 <0.005 0.006 <0.30

2 06Cr18NillTi N WA ZE R 5
Table 2 Chemical composition of 06Cr18Nil1Ti stainless steel (wt%)

C Si Mn S P Cr Ni

Ti v Cu O Fe Mg Al

0.022 0.53 0.88 0.001 0.03 17.44 9.09

0.24 0.13 0.01 1.20 67.62 0.025 0.045

2 BREE bl VIR L 2R

Fig.2 Process flow chart of preparing V transition layer on titanium

alloy
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Fig.3 Laser welding of titanium alloy+V cladding layer sample to

stainless steel
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Table 3 Laser cladding process parameters

Number of P AW Powder feeding Scanning Defocus PFPG flow rate/ CPG flow rate/  Spot diameter/
ower,

layers speed/r-min' rate/mm-s ' amount/mm L-min"' L-min"' mm
1-6 35 0.9 9 +5 15 20 4
7-16 3.6 0.8 9 +5 15 20 4

R4 BAIRBTIZESH
Table 4 Process parameters for laser butt welding
Power/kW Defocus amount/mm Welding speed/mm-s ' Swing frequency/Hz Swing amplitude/mm Offset/mm
2.6 -1 13 300 0.6 0.4
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Fig.4 Relationship curves of Ti and V elemental content with

thickness of cladding layer
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Fig.5 Microstructure of V cladding layer on titanium alloy
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Fig.6 Appearance of titanium alloy+V cladding layer and stainless

steel welded joint
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Fig.7 Microstructure of the interface between weld seam and

stainless steel
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Fig.8 Microstructure of the interface between weld seam and V

cladding layer
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Fig.9 Micro-morphologies of different areas of weld seam: (a) interface between weld seam and V cladding layer, (b) weld seam center, and

(c) interface between weld seam and stainless steel
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Table 5 Results of EDS and XRD analyses in different areas of weld seam

Content of main element/at%

Region Main phase
A% Si Fe Cr Ni
Interface 1 59.6 0.4 28.6 7.5 3.0 V+(Fe,Cr)
Weld seam 10.5 0.8 55.4 15.3 6.7 V+(Fe,Cr)
Interface 2 3.6 0.8 59.1 16.4 7.1 (Fe,Cr)
®o RESVIEBERESFTHEEDS SER
Table 6 EDS analysis results of the interface between weld seam and V cladding layer
Content of main element/at%
Sample - - Main phase
v Si Fe Cr Ni
1 59.7 0.3 22.5 5.7 2.1
2 51.6 0.4 28.5 7.5 32 V+(Fe,Cr)
3 56.0 0.3 25.8 6.2 29




* 1304

W] B RS TR

555 %

oV
o (Fe,Cr)

Intensity/a.u.

o

A

]

]
30
20/(°)

)

40

60 100 120

K10 17485 VIGHE 2456 Jti XRD K

3.5 RI{RIRAERIALH KM ORISR

B 11 9 R AR FE Sk S IR A R W R T 30
Wi r B AL T Va7 2 b HL 5 0 T 2R AR 1) 4
H. VRS AN RS VIERA LG TR
FES T VIRE )R o I KR A A5 R R A
B e R DU PIVE B 2 L A B0 T VIR R
b R B R RO AR L AR (S 5 T 5 A i I )X
T, SR DT 27 B )7 T 4 4% , 52 3L A G e B AR AL HL e
RN o ZR AN « A8 EESRAG vy o P {8 P BR/ AW
PR, Tl AT T R T2 R R
PeAL , (75 VAR 722 79 DR/ 12 Sk v o 152 o5 6 59 1Y)
X2k

K 12a~12¢ =i a1 VIR & = 117 0k

Fig.10 XRD pattern of interface between weld seam and V cladding
layer G SEM BB o & 12a 88 AN DI ph 2% A1 1R B0 3 4 ok
FT7 BIEEAERNEREENNE
Table 7 Test results of tensile strength of welded joints at room temperature and high temperature
State Sample Test value/MPa Average value/MPa Target value/MPa
1 542
Room temperature 2 551 537.3 =500
3 519
1 423
High temperature 2 434 426.3 =380
3 422
8 IEEEESON SN R
Table 8 Impact toughness test results of welded joint
Sample Gap position Test value/J-cm ™ Average value/J-cm ™ Target value/J-cm™
36.2
1 Weld seam 335 38.2 =15
45
98.4
Heat-affected zone
2 Wi ide) 128 102.6 =15
ayer side
Y 81.3
160
Heat-affected zone
3 . . 172.5 167.6 =15
(stainless steel side)
170.4
P 120 S 30 H A0 DA D9 T PN Y A B SRR AL

12¢ W2 EF)E F AR PRI TS0 -

AL W A [F) B AL SEM TE 3570 # Je 45 R L - KR 73
(X 45k F) i 2 T 522 0 A i 90 8 )0 P B AR A, A E T
PR HH AR SR 5 RN, 72 W 11 JR) R B A7 A3 )
5 -HAE B AR A B R A R AR . R U, R
FE P INE S e 2 (R A7 A, ATV T o 3
3.6 HNALENVIBREBRERR NI

BT VIR R R 2 R 2 38 WO 2 1% TR 1E

M 4k

ang=u}
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- Weld seam

B BRG B+ v 8 R WP 5 AN 5 AR e 3 Sk 5 T o ek T 2
iz

Fig.11 Room-temperature tensile fracture morphology of titanium

alloy+V cladding layer and stainless steel welded joint
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Fig. 12 SEM images of grain boundaries in different regions of fracture surface of V cladding layer on room temperature tensile specimen:

(a) dimples; (b) dimple in center and quasi-cleavage on upper and lower sides; (c) upper dimple with lower cleavage
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Table 9 Residual stress before and after stress relief treatment

(SRT) on the upper end face of V cladding layer

State Direction Normal stress/MPa
0° (vertical) —1097.0+64.0
Before SRT
90° (horizontal) —941.0+89.3
0° (vertical) —759.5+122.1
After SRT
90° (horizontal) —791.5£104.6

R 10 JHM IR TR A =R HUR 8 E IR
Table 10 Effect of SRT on room-temperature tensile strength of

welded joints
Tensile strength/MPa
Sample - -
Without SRT With SRT
1 435 542
2 393 507
3 432 514
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Fig.13 Microhardness distribution diagram of welded joint
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Laser Welding Process of Titanium/Steel Dissimilar Metals Assisted by Laser Cladding V
Transition Layer and Their Properties

Li Yang', Lu Lili*, Xu Muzhong', Gai Xin’, Du Hang', Ding Tao’, Le Wangyun’, Xing Li',
Yan Chengwen', Lena Ou', Gong Ya’, Li Quan’
(1. Zhejiang E.O. Paton Welding Technology Research Institute, Hangzhou 313100, China)
(2. Nuclear Power Institute of China, Chengdu 610213, China)
(3. Zhejiang Innovation Institute of Robotics, Hangzhou 310000, China)

Abstract: Titanium/steel dissimilar metal structural components have great application prospects in multiple fields. In this work, the method of
laser cladding vanadium (V) transition layer was adopted to assist the laser butt welding of Ti-4Al-2V titanium alloy and 06Cr18Nil1Ti stainless
steel, and titanium/steel dissimilar metal joints with excellent microstructure and properties were obtained. Using high-purity vanadium (V)
powder as the transition metal material, a certain thickness of V transition layer was prepared on the 4 mm-thick end face of Ti-4Al-2V titanium
alloy by laser cladding equipment through a multi-layer and multi-pass cladding process, and the chemical composition, microstructure
morphology and residual stress in the transition layer were analyzed. Subsequently, the V cladding sample was subjected to laser butt welding with
06Cr18Nil1Ti stainless steel to characterize the macroscopic morphology, microstructure, mechanical properties (tensile strength and impact
toughness at high and room temperatures), fracture morphology and joint hardness of the titanium alloy+V transition layer+laser weld seam+
stainless steel welded joint. The results show that during the laser cladding of V transition layer on titanium alloy, when the thickness of V layer
reaches>6.8 mm, the V content near the surface of the cladding metal is approximately 98wt%, and the Ti content decreases to 0.18wt%—0.22wt%.
The average tensile strength at room temperature of the above-mentioned titanium/steel welded joints is 537.3 MPa, and the average tensile
strength at high temperature (350 °C) is 426.3 MPa. Moreover, the tensile specimen at room temperature fractures on the V cladding layer. The
average impact toughness is 38.2 J/cm® (at the center of the weld seam), 102.6 J/cm?® (in the heat affected zone, on the side adjacent to the V
cladding layer), and 167.6 J/cm’ (in the heat affected zone, on the side adjacent to the stainless steel). SEM analysis was conducted on the fracture
surfaces of the tensile specimens. The fracture morphology shows that dimples account for the main part, and in some local areas, there are mixed
fracture characteristics of dimples+tcleavage or quasi-cleavage, indicating that both ductile and brittle fractures exist simultaneously, with ductile
fracture being the main type.

Key words: laser cladding; V transition layer; titanium/steel; laser butt welding
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