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Recent Advances in Advanced Joining Technologies for Medium-Thick
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gent Control
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Abstract: Medium-thickness titanium alloy components have become core materials in high-end equipment sectors such as
aerospace and deep-sea exploration, owing to their exceptional specific strength, corrosion resistance, and high-temperature
performance. Although their manufacturing involves diverse processes including fusion welding and solid-state joining, the
inherent characteristics of titanium alloys—such as poor thermal conductivity and high chemical reactivity—render tradi-
tional welding processes susceptible to defects like coarse grains, significant deformation, and porosity. These issues signifi-
cantly compromise the quality and efficiency of manufacturing large, complex structures. This paper systematically reviews
recent advances in advanced joining technologies for medium-thickness titanium alloys. Focusing on cutting-edge directions
such as fusion welding, solid-state welding, and intelligent control, it elaborates on the principles and process characteristics
of key techniques, including Vacuum Beam Welding (VEBW), Negative Pressure Laser Welding (NPLW), laser-arc hybrid
welding (e.g., laser-TIG, laser-MIG, and laser-CMT), narrow-gap oscillating laser welding (NGOLW), plasma arc welding
(PAW), and friction stir welding/processing (FSW/FSP). Research indicates that by precisely regulating heat source energy
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density, reducing heat input, and optimizing molten pool solidification behavior, these technologies effectively suppress heat-
affected zone (HAZ) softening, minimize distortion, and enhance joint integrity. Currently, these technologies have achieved
engineering applications in critical structures such as aero-engine casings and manned cabins for deep-sea submersibles. Fi-
nally, addressing existing technical bottlenecks, this review prospects future development trends toward intelligent process
monitoring, multi-energy field hybridization, and digital precision control, aiming to provide theoretical reference and techni-
cal support for the high-efficiency, high-quality manufacturing of medium-thickness titanium alloy structures.

Keywords: medium-thickness titanium alloy; advanced welding technology; laser-arc hybrid welding; electron beam weld-
ing; negative pressure laser; intelligent regulation
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Fig. 1 (a)Cross-section of Ti-55511 joint at 58 mA beam current; (b-c)SEM images of the red-boxed area at the weld root in (a); (d)Weld bead

appearance at 66 mA beam current; (e) Typical cross-section of the VEBW joint
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Fig.2 Typical cross-sectional macrostructure of the EBW joint at 48 mA beam current; (b) (c¢) (d) High-magnification SEM images corresponding

to regions A, B, and C indicated in (a); (e)X-ray diffraction (XRD) patterns acquired from the fusion zone (FZ)
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Fig. 6 Typical cross-sectional macrographs of VLBW joints for Ti-6Al-4V super-thick plates at various laser powers: (a)15 kW, (b)19 kW,
(¢)23 kW, (d)27 kW, and (e)30 kW. (f,g) Corresponding top surface morphologies of the welds at (f) 15 kW and (g) 30 kW.
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Fig. 7 In-situ X-ray observation results of keyhole behavior under different ambient pressures
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Fig. 10 Surface morphology and porosity distribution of butt joints
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Fig. 13 50 mm thick welded component and radiographic testing (RT) results: (a)overall view of the welded component; (b)top surface (face side)

of the weld ; (¢)root side (back side) of the weld; (d)radiographic inspection result of the weld zone; (e)cross-section of the welded component
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Fig. 14 (a)Cross-sectional macrograph of the welded joint; (b) microstructure of the base metal (BM) ; (¢)XRD pattern of the base metal

TR TR Z BEA SR P, AT TSN A BEAS E i
BT 2 B 2 O MU BEIE TR IR JEE 37398 K 5k A
PRSI iSEA P S e U E VLA SRR ey
et se it B 5 bk T Hilss . [,
FeHERTEL I B , WL T[]l CMOS AHAILAY
H AL RRAR G, BENS SRl 35 11 BE L ¥, JF- 40 e 3
A EEROCIR S oL B PR R S R
HEAb, X TR G G iX R4 VAL A SF BT SRR

BRI BB, AT g 40 R PR P B 2 LS R0
AT, LIRSk e

ST T W 2R BRI TR
PR E e, SR OR IRIE L) S B0
RN B AR R LR SR R AR S IR Y
FRLEPERR G DGR, MR 206 4 o & (4 52 AL v
W REIINTIE . R AL RS,
DRI A5 AT (1] S AR T -5 0 BE ] 79 56 S A A, Bt O )2



26 FIgHK

2026 4F

[ AR A R, 24 T JEE AR (>50 mm) K2 T S
O, TR, TR AR Ren A A R 5 F
JE BN S AR B B RRHIE S T 2 S8
KBy , S50 Z AR TE S 2 it T s A8 SR A 1 AR
FE N R Z o AR IS R A T IR AR
IR ERG YL kR RIEEY S0 55
DL g Al R e AR R e, T — 2D 4
JERER A 478 (8] B3 sh O G IR B A B K FE K TR
TR R
1.5 EBTFINERE

o R K A 4 1 45 S T 9IIE 45 (Plasma Arc
Welding, PAW ) J2 BRACAL 25 it K A A il i % e o
AR — I B OCE B A A&
LR LR AT S A e A R AR R R A T
MR E 15 RR B2 N T IR ) g5 1
LI V2 Y AR X 2 N A A Y N A S
M, JEFETE 6~25 mm i [H A 1Y R AR R A 4 K T
I Fdim A2 f ARTE A O LR 5 Tk
Refrf S 2 EPki . FR IR R SR
B /L (keyhole) 2 B0 AT T AR e PE,
JICA TR 1 AR A T B

S B OIURR A A2 O LU T A5 B IR L
MRERSE M . SRS e M SRR IR (GTAW)
FH L, PAW 3 13 M55 W X6 L I EA T R R 4, I 25 4
TN IE R SRR TR . X R E RO
U6 T HLR A WS A i e 1 5 A B AR
R B 22 ) A sl 2P A (45 i ICRLE AT 35 3]
15 000~30 000 K, & =5 F GTAW [ £ 8 000K **,
15 JFHET W CCDFAGHL R AL R R G . TR
HRR A T, 5 F Yt 2o e SR G R>100 A) |, HL IR
AL 235 T AFIE Bt 20 /N AL, S 305 T A5 0L T
Bt 2 5 2 TR R AR 5 iR 4k 2
FRN R, BF9E 0, % 8 mm JEEA TA2 4lifkd , %
FH PAW AT — R Pk 58 B e o0 S X 208, TERe P
WA MRS TR

Rz R b A AR PP 2 1 R S T i Y G
i, PAW 20K FH e 20 B U R (41 299.999% ) ik 4 T
S AR, LS I IR 32T TR B R AR B
PRy, B PR A T ARGE M X RV H) 22 400 °CLL TR
TRZAE TR TSR . LR, IR 2 T3

|

g
f

Image
Acquisition

/ /ﬁ‘\cird
g2

/ Control PC
Data Acquisition Card

Electrical
signals

E15 EFRCCDBENMPESER RS

Fig. 15 Synchronous sensing system based on dual CCD cameras.
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Fig. 17 XRD patterns of Specimens P and P+G: (a)full scanning range (30°-90°) ; (b) magnified view of the diffraction angle range 33°-43°;

(c-d)calculated volume fractions of o and B phases, the pink areas represent the o phase, while the blue areas represent thepphase
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Fig. 18 Comparison of melt pool morphology: (a)experimental result; (b) numerical simulation



28 F I3

2026 4F

Topside weld pool images: Data input

Y v v

CNN Spat1a1 features extractlon )

[N il

V**“I‘ ENREMEME mm u
m 1

! $
0 | P
[TIITTITI [T

.Tli il - Series length

Next image predicted

[ R
¥
[ LSTM: Temporal series analysis j

T 1 l H
[ | i
Yy A4 A 4

Fully Connected layers: Features integration )

@

P 4 I i

‘ Keyhole Status Predicted: Open or Closed

El19 CNN-LSTM R452244
Fig. 19 Convolutional Neural Network

T 1A A B JEL A Gl 8 4 6~50 mm B ) EK G
S W 5 5| R E AT G AL B RS A T
DX A A5 [ R, T ) 2B Sk PR R o A B AR
T o S R A, MRS Bk T AR B B
SRS A R ] SRR SRR Y OGP AR

P 1 BRI (FSWOAE y [51AH BE 48R 1 1036
TEH EMER & & i e b B A . H L
B 7E R e 5 5% 1 R T AR M T BT Tt
hhir B 7, a5k TR AR S T ] 4 BE g AR R
FUSAPEASTE | ARG T AT A TR B T A fb o &
A BN TS A NI SE PR & 456 . BRI, Xt
T 6 mm JE (1) Ti-6A1-4V i AF , R H L FSW 1.2
Gy AERREE GBI A K375 8 % T IR S , 3 3 2R
?ﬁ&g/\%ﬁxﬁﬁnfi@ﬁﬁﬂﬁﬂ R ff

A B, T R T SIS FSW (DRFSW ) Fl #5844
%ﬂb FSW(BHAFSW) %5 T2, il s A Ak #4i A 0 A
R R AR S I BR TR B bE |, IR 4
B ECE Rk B 20 SRR EBSD B .

TR 2 2 35 2 e 2 3k ) 2# PR R A% 0 R

o o

Fraction,%
N

20 40 ) 80
Misorientation angle,degree

20
Misorientation angle,degree

HAGBs=82.6%

Fraction,%

Y 20 40 C) 80 2 20 40 ) )

Misorientation angle,degree Misorientation angle,degree

El20 BHAFSW #:KH)(a)BM, (b) TMAZ K EBSD Ef&, (c-e) SZM A RR; (f)BM.TMAZFSZ M E R FH 57+
Fig. 20 EBSD characterization of the BHAFSW joint: (a)BM, (b) TMAZ, (c-e)high-mag view of SZ, (f) Orientation angle distributions of BM,
TMAZ, and SZ
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