ERTE I SDY wasRMNEIE Vol.54, No.12
2025 4 12H RARE METAL MATERIALS AND ENGINEERING Dec. 2025

https://doi.org/10.12442/j.issn.1002-185X.20240470

IR E S BHINEIE SRR R

R, AAE
(1. BIpT TREZEE MR 25 TRE2ERE, BBV WB/RIE 1500500
(2. WL EAe G B e 1 T e 4 ) Ty 92, BBV WAURVE 150001)

# E: KA OPRES IR IEE TCAR G E, FHA O RE T BINRIRZ R RIS SR, A
AR TR GURAE, MR T2 . SRR Y] AR 2 LRI 2 A A BRI, 2 SRR
PRI, IR 2RI BT, Il O IR B T R R M ETRE, IS TR, TC4ERE & B i
AZUN (atfp) HIPTALR, BRI X B A SNSRI ot 5K D RK o AR S S o i+ EHIR D Rk o
AR AS BRI S, RIS G0 X 2 AL U 43 A . ARG NERIR Y IR o L R ZE AN Bl SR

PR/, AR RN, S IR R A I B AT AL s AR RS R i s T R
KA. TCABRG & O AEIUIAE; BRMAL; KAt

FEESHES: TG444 YERFRIDRG: A

XEHS: 1002-185X(2025)12-3084-07

1 51 &
Bt G LA B AN L SR T o AR O

REVA M RSSO0 A0 2 B TSR
A AT I VR T R S AN

BRSA VB AR R BRI 25 5 7= A ek B
I HAKS S0 5 s M S8 2, Sl Bk & S 1R 48 Y
Wi DX 1) RS R BRARER & S IR e B Sk 10 0 2 1k e
BESHR B SR 22 1 0, 78 R AR IS B R L Al A
K H TIG /2 MIG 5 HE BE R AR L HL - R B0 9 45 J7 1%
SEHER B 4 G5 A AR , 1] PN b 2 3 A Sk TSR R R e
JFIENRTER A S E B R SR A R B AR R S F ML B 2
D5 THREAT TR

250 AR B2 F IR B 1 — R B B R R
5 Y BB & FH TR A IR B R AR B A )
JREHARM . RIFRY I B SHIE R, 250 451 1 914K
BRI TE R e R ISR . EE AR TS5
NS0 A B 2 R IR A TR P AR 5, 4G 2 0
FH AR 302 H LA e RS AR R O T L) A 2 R
LA,

20 IR LA H AT DL SR & 4 IR s A0, (|
SR T AR E R RS LSSk s &
FREELH LG5 S R SO RIE . T 2 S50 23 0

s HEA: 2024-12-13

EEE  BIiTE 1 RFAIES (LH2022E102) ; IR T B ABHEARHI I 55 2% (

AA T H (2023CXRCCGO16)

|
EBE A VP, 55, 1981 4R A Tt , RIS VT TR = B bRRL 2 5 T AR 4B

E-mail: xujianping@hljit.edu.cn

BRI MR B2 IR e S A 3 R P el R, A HE 52 DA
TCAER & EAF IR RER , SR 250 B AR 2 2 AL IO Ty
%, B SRR TSR BT T A I B AR
TC4 PR & AL RO AL AR AL A AL R, 7>
ViSSP NP

2 W

ARSI SR FH B B A0 AR S B IR R R
G, ZRAFEHATE LTRSS KA RS BIF
RGN B s, i . 2SO BRI
AL (4% 2 mm.FMME 5 mm. K 60 mm) §llid , KA R
GEF STV EN O AR JERENLAG o A5 AL UECR A T 5 1)
TE PSRRI R TR FE . R O 2 & ) Rl B
PO I A IS B S AR DS T Re S5 M A ) S 5
FiER. 91907 L2 mim 91 .

TG T AR TC4 BK & 4ol , HE PR 50 1A 1) R
SRS 50 mmx 100 mmx4 mm , % 48 458 56 35 AR AR SR
1% 50 mmx100 mmx*2 mm, X EAEEN R A DB A . 5
FHMHAET AR RGBT = KRR L F] 6x
10° Pa, X JE1EN TAESAA, 2x10" Pa S & R #E47 1R R
5o PR TARBABR G4 R 2R 2 mm, TAE S A
A7 <(99.99%) , M AU 5T B TE R 4% AR AU
AT IARE P, SRR B AL mL/mine AR AT AL

FIEE ) (2021GI04,2023GJ09) ; M JRETTRH Q157

HOpIT M /RTE 150050, HL i - 0451-88028573,



F12M VPEPEE: A0 PR as RIUR AR & S H IR R I * 3085 «
lectrode grou, 50
e —&— 5 mL-min’
Z —e— 10 mL-min”'
AT S 40F —A— 120 mL-min’
Water inlet Water outlet o
on
8
G
Observation window > 30
&
Vacuum pumping Hollow cathode S Convsx lens  Spectrometer E
system @ (f s 8 20 L
Workpiece g )
Meqhanical \ s A
J 2::‘::nism ) ( ) 10 L L L L L L
30 60 90 120 150 180 210

1R sEI R Gn & K

Fig.l Schematic diagram of welding experimental system

XP IR R TEATFT BE , I 00 55 S8 42 1) A4 THT HEAT IR WE LA
Fo IR RR R T 1) AL E  BR B RC 77 8 « HF (5%) VHNO,
(30%) \H,0(65%) o JEHL 1 b T 4% BEIR A, B 1k
FALANHAB IR FUS RN TCA AR & SR R SR L AV RE Y
. BT 2SR VTR,

K F VHX-1000E 2 564015 2. 7l sE & JSM-6510-
A T $ T S IUBE 5 IR R S AN [ X3 ) O 4L
21, R H CSS44300 B H 1 75 g i e WLl o 422 45 44 (1)
P AR5, B AR5 R (R AR RS %0 2 % GBIT
2651-2023 [ ZX bRt , I 8GE 2N 2 mm/min. 04 13 4
A4 T B A A S5 B AR, DKW HRAE S BE R , 7
P SR AR I B0 20 L5 i PR e F UG B 28 B 2 s =
0, 31 K H AvaSpec-3648 Bt i {Y (Avantes 22 7)) ik
20 AR B S FIUR S e 1
3 LHR5WiL
3.1 EIMAZR4FMH

FL I B 5 FL IR 2 T ) R R R AR et &
BT E R B . P2 4 RS A E R 20 B
W B B AR 2 R 1 T 2R S “C TR AR, B A FEL AR 38
230 S B 2 F PR A PR 20 IR SR FE 1

P IS5 A 11 P SELAR 2 2 1A 3R R P ) AR AT
W 2 FiroR AR ARG R, B IR R K T = SRR
B 107 QG E SO N [ R 51 < G R % N & | DS
TR 2 O B AR 1A PR 38 I 00 N 2 00 BH W 5 BE R 2 ) PR TR
23 [A) SR B T 80 PR 2 ] PR 5 HERE 2 R ) S B

®1 BEERIZREIINRSH

Table 1 Parameters of welding process and arc testing

Gas flow rate/ Speed/
Type - Current/A -
mL-min mm-min
Surfacing welding 10 90 150
Butt welding 10, 120 180 150
5,120 15, 80

Arc testing

10, 30, 50, 70 30, 50, 70, 90

Discharge Current, //A
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Fig.2 Discharge voltage-discharge current curves of hollow cathode

vacuum arc
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Table 2 Tensile test results of welded joints

Sampling Gas flow rate/  Tensile strength,  Elongation,

location mL-min” R /MPa Al%

10 926 6.2

Welded joint
120 905 7.3
Base metal - 874 9.4

15 FRERCL I T
Fig.15 Macroscopic morphology of the welded joint

J3E W AV N PR 380 T S8 3T A AR 2 L2 R T A% R A
sir R R T JRE BRI, L B AR A AN TR, T A R ) P Ik
FRTF AR PR A, PR KO 5 A% R 1

K16 BERA R RS W D3R
Fig.16 Fracture morphologies of the base metal (a) and welded joint (b—c): (b) 10 mL-min™ and (c) 120 mL-min™'
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Welding Characteristics of Titanium Alloy Joints Welded by
Hollow Cathode Vacuum Arc Welding

Xu Jianping', Gong Chunzhi’
(1. School of Material Science and Engineering, Heilongjiang Institute of Technology, Harbin 150050, China)
(2. State Key Laboratory of Precision Welding & Joining of Materials and Structures, Harbin 150001, China)

Abstract: The microstructure of Ti-6Al-4V joints by hollow cathode vacuum arc welding with different gas flow rates was studied, and the tensile
properties were investigated. The results show that the microstructure of base metal is a mixture of o phase and S phase. The microstructure of
heat affected zone are equiaxed and primary o phase and needle martensite o’ phase dispersed in the transformed f phase. The distribution of two
kinds of microstructures in the heat-affected area is affected by the welding thermal cycle. The microstructure of weld seam mainly consists of a’
martensite phase. The decrease in welding gas flow rate and the increase in welding energy density result in coarse and more scattered martensitic
grains. The tensile strength of welded joint is higher than that of base metal.

Key words: TC4 titanium alloy; hollow cathode; vacuum arc discharge; microstructure; emission spectrum
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