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Table 1 Chemical compositions of Ti-6 Al-2Zr-3Nb-Mo base material
Chemical composition Al Zr Nb Mo O H Si
Mass fraction /% 6.12 2.21 2. 84 1.15 0.084 0.0013 0.024
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# 2 Ti-6Al-2Zr-3Nb-Mo REHF (1) g 2 M ik
Table 2 Mechanical properties of Ti-6Al-2Zr-3Nb-Mo base material
R,./MPa  R,.,/MPa A /%
Value 903 805 15

R R A IPG 2w 7= 1 YLS-20000 #1647 3
et B R T 20 kW 0L, KUKA MLEs A58 T
HIGHYAG 723 64 72 5 BIMO ZR50OG IR A &R
gumd BEGREER., BERENE 1 iR, RH
4 SN RO S R AR AR S R P I R T
KRB E R 99. 99 %6 By 4l AR K B R
A0 R By Bl A R A A I £ B SR 50°~60°,
B AR AR SR A AR B0 99, 99 Y6 B Al G < L A
BT ZREESHNE 3 iR,

Mechanical property

1 BOLR RS

Fig. 1 Laser welding system
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Table 3 Laser welding process parameters

Power / Welding speed / Defocusing Flow rate of shielding gas / Flow rate of side assist gas /
Parameter I R -
kW (cmemin ') amount /mm (Lemin ") (Lemin )
Value 18.5 90 “+10 20-25 35
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Fig. 2 Tensile specimen of welded joint

6.3
A —— Sy = gp 4-R2
S \weld/
\
=
£ 10 K&

3 e A
Fig. 3 Side bend specimen of welded joint
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Fig. 4 Appearances of welded joint. (a) Front surface of weld; (b) back surface of weld; (c¢) macroscopic cross-sectional

morphology of weld
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Fig. 5 Metallographic microstructures of base material at different magnifications
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Fig. 6 SEM images of base material at different magnifications
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Fig. 7 TEM morphologies of base material at different magnifications
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Fig. 8 Metallographic microstructures of weld at different magnifications
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Fig. 9 SEM images of weld at different magnifications
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Fig. 10 TEM images of weld at different magnifications
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Fig. 11 Metallographic microstructures of HAZ. (a)(b) At different magnifications; (¢) HAZ around fusion line
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Fig. 12 SEM images of HAZ at different magnifications
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Fig. 13 TEM images of HAZ at different magnifications
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Fig. 14 Residual stress of welded joint
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Table 4 Tensile property of welded joint

Group R ,0../MPa R, /MPa A /% Z /% Fracture position
1# 859 931 12.7 41 Base metal
2% 871 942 13.1 40 Base metal
3# 864 935 13.2 42 Base metal

Average 865 936 13 41 -

200 um

B 15 PARET TS, Ca) 22 W 5 (b) (o) (d) A [) X485, A o0 br 11 98 31

Fig. 15 Morphologies of tensile fractures. (a) Macroscopic fracture; (b)(c)(d) microscopic morphologies at different areas of fracture
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Fig. 16 Microhardness on upper surface of welded joint
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Table 5 Impact absorbing energy of welded joint

Location of notch Impact absorbing energy /J Average/]
Base material 41,43,42 42
Welding heat affected zone 42,46,47 45
Weld 47,48,49 48
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Fig. 19 Morphologies of impact fracture. (a)(c)(e) Macroscopic morphologies; (b)(d) (f) microscopic morphologies
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Microstructure and Mechanical Properties of Laser Welding Joint of
Ti-6Al-2Zyr-3Nb-Mo Alloy

Liu Jia', Lei Xiaowei, Ma Zhaowei, Fu Chengxue, Fu Zhanbo, Du Zhibo
Eighth Research Laboratory, Luoyang Ship Material Research Institute, Luoyang 471039, Henan, China

Abstract

Objective  The excellent comprehensive mechanical properties of Ti-6Al-2Zr-3Nb-Mo titanium alloy have obvious
advantages in ship and marine engineering. The research on high-power fiber laser welding of Ti-6Al-2Zr-3Nb-Mo
titanium alloy is still in its infancy, and it is of great theoretical and practical significances on improving the development
of marine titanium alloy equipment. The research on high-power laser welding of Ti-6Al-2Zr-3Nb-Mo titanium alloy is
carried out, and high power fiber laser welding can achieve good results of one-time penetration and one-side welding or
two-side forming. It belongs to the leading level in China. The morphology, microstructural distribution and properties of
laser welded Ti-6Al-2Zr-3Nb-Mo joints are studied in detail, which provides a theoretical basis for subsequent engineering
applications.

Methods The high-power laser welding of Ti-6Al-2Zr-3Nb-Mo titanium alloy is studied by using high-power fiber laser
equipment. The welded joints with excellent quality and beauty are obtained. The residual stress on the surface of the
welded joint is tested by using the XL2118A16(U) static resistance strain gauge with the blind hole method. The round
bar tensile test is carried out on the STNTECH20/G material testing machine. The side bending test is carried out on the
BHT5106 electro-hydraulic servo bending tester. The standard V-shaped impact test is carried out on the ZBC2302-C
pendulum impact tester. The microhardness test is carried out on the automatic Vickers hardness tester with a load of 5 kg
and the loading time of 30 s. The microstructure of the joint is analyzed by the OLYMPUS GX71 optical microscope. The
microstructure of the joint is analyzed under the Quanta650 scanning electron microscope. The fine microstructure of the
welded joint is observed by the JEM-2100 transmission electron microscope.

Results and Discussions For the 16 mm thick Ti-6Al-2Zr-3Nb-Mo titanium alloy sheet, high power fiber laser welding
can achieve good results of one-time penetration and one-side welding or two-side forming. The overall surface
morphology of the welded joint is good with silver white or light yellow. And there are no pores, slag, unmelting,
incomplete penetration, cracks, and other defects in the weld (Table 4). The microstructure of the base metal is a typical
a and B duplex structure, which is composed of primary a phase and lamellar « transformed 3 phase. The microstructural
distribution is uniform (Figs. 5-7). The weld has a columnar crystal structure. The coarse original grain boundary of
phase is retained. The internal metallographic structure is composed of acicular martensite «' phase and a small amount of
intergranular o phase. The acicular martensite o« phase is cluster-like and arranged in a certain direction. The
microstructure is fine and dense. The spacing is small, which is characterized by “ Widmanstitten structure” or
“basketweave” (Figs. 8-10). The metallographic structure of the heat affected zone is mainly composed of coarse block «
and lamellar « transformed $ phase. The lamellar structure is composed of needle-like a phase, lamellar § phase, and a
small amount of needle-like martensite o' phase. The lamellar structure is cut and interlaced with each other, which
shows the characteristic of “basketweave” (Figs. 11 and 12). The residual stress of the welded joint is far lower than the
yield strength of the material, mainly concentrated in the range of 5 mm near the weld and the heat affected zone. Its
distribution characteristics are in line with the characteristics of high energy density and low deformation of laser welding
(Fig. 14). The welded joint has stable mechanical properties, ductile fracture, and tensile strength of up to 936 MPa,
higher than that of the base metal (Table 4 and Fig. 15). The microhardness of the weld root is slightly low, and those at
other positions are almost the same. There is little difference in room temperature impact properties (the maximum
difference of 6 J), where the weld impact energy absorption followed by that of the heat affected zone is the highest, and
that of the base metal is the lowest (Table 5 and Fig. 19).

Conclusions The laser welding of Ti-6Al-2Zr-3Nb-Mo alloy is studied. The single-side penetration welding and double-
side forming welding process of 16 mm thick Ti-6Al-2Zr-3Nb-Mo alloy test plate is obtained. The microstructure,
mechanical properties and process properties of the laser welded joint of Ti-6Al-2Zr-3Nb-Mo alloy are tested. The results
show that the surface of laser welded joint of Ti-6Al-2Zr-3Nb-Mo alloy is well formed. The surface is silver white or light
yellow, and there is no defects in the weld. The weld seam has a columnar crystal structure, and the original grain
boundary of the coarse p phase is retained. The internal metallographic structure is composed of the acicular martensite o’
phase transformed by the whole lamellar B phase and a small amount of intercrystalline « phase. The acicular martensite o'
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phase is arranged in a certain direction and has a cluster shape. The microstructure is fine and the spacing is small. The
microstructure of the heat affected zone is mainly composed of coarse block a and lamellar « transformed 3 phase. The
lamellar microstructure is composed of needle-like o phase, lamellar 3 phase, and a small amount of needle-like martensite
o phase. The lamellar microstructure is cut and crisscrossed with each other. The residual stress distribution of welded
joints is mainly concentrated in the weld and the heat affected zone. The mechanical properties of welded joints are
stable, and the tensile strength is higher than that of the base metal. The tensile fractures are ductile rupture. The impact
absorbing energy of the weld and the heat affected zone are higher than that of the base metal. High power laser welding
of titanium alloy has a good application prospect.

Key words laser technique; Ti-6Al-2Zr-3Nb-Mo alloy; laser welding technology; microstructure; mechanical properties
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