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Abstract: Titanium alloys are widely used in high-end manufacturing fields such as aerospace, biomedical engineering, and
marine technology due to their excellent specific strength, corrosion resistance, and biocompatibility. As a key technology
for high-efficiency and precision joining of titanium alloys, laser deep penetration welding offers advantages including high
welding speed, narrow heat-affected zone, and superior weld bead quality. However, several critical issues, such as plasma
generation, metal vapor plume, spatter formation, keyhole instability, and porosity, still affect welding quality and joint per-
formance. This paper systematically reviews the fundamental principles and technical characteristics of laser deep penetra-
tion welding of titanium alloys, analyzes the formation mechanisms of these welding defects, and summarizes the current
mainstream suppression strategies and optimization methods. Research indicates that welding stability and weld formation
quality can be significantly improved through beam shaping, process parameter optimization, auxiliary gas control, and
vacuum environment techniques. Finally, the future development trends of laser deep penetration welding for titanium alloys
are discussed, with an emphasis on intelligent control, multi-physics field coupling modeling, and green manufacturing as
key research directions to further promote the application of this technology in advanced manufacturing.
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Fig. 4 Influence of the plume on the laser beam profile during welding
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Fig. 9 Schematic diagram of metal spatter during laser deep

penetration welding
FLEERY 15 BE 5 A 2 A AR K, L LT LS BE B9
i 1t 2 IS PSR PO YRS 4 R e 28 B B AR i
5K 0 VEE SRR, 7RI A O I3 B P R T 1
AR R R k. REFLRTTT ™ AR RO KRRk
(3 ) A R TR LR T 7 A R QA3
LR T Tk AR TRk i e, SR TRk i R

B3 L R 2N TN TR 1 R 1T Y AN I i\lﬁ
FIRERS , 55 —  WAETE B, 28— A DL KR 56
WU AEAER K SRR N 24 R,
RZIERL Ok, WA 9 OB ERIG IR 48 iR &
L 10 & 11 A REFLBE J5 542 CIRA TR A Tk
55 R AL EE T R IR TN B

Zhang 25 N\ R FHZ2 M ERE (FRMD) OB AR

T AR )R A R RN A e T, T
FEPE PRI NT D) AR AR B R v 0 TR, I B 5
1o ARG IR E A S AN R REFL R, AT 8 e PR AR
RSP e 9t 25 T ) V85 ™ R 1 v B AT T
B ORI E] CIRAARA R . Hu %8 )
FH 25 ARG ARG IV s b 1 3 Bl RS HEA T4
R T IR IERHE S T 2382 MR R
SR AT R AR B T e LU B e
F/INL, SEURTR R IG 4 JE o 2 R IHR AL
BT, KEEa4m L IkE XE HE i,
i S N R I3 E A S VST 17 G e a0 S 22
ARSI TE O, A PRI IR S AR
TEBHOTITE— e R FAmGse s« i =t .

\ Liquﬁwlmm
becomes larger

(a)t (b)t+4.4 ms; (c)t+4.5 ms; (d)+4.6 ms; (e)1+4.65 ms; (£)#4+9.3 ms
E10 REFLEF IR BT AREBITRD]

Fig. 10 Melt pool flow behavior during spatter formation behind the keyhole walll®!



557 3]

A, A BRE SROLTRIE RN IR S R 49

Larger
i swelling

(a)t;3(b)t,+0.1 ms; (¢)z,#0.15 ms; (d)#,+0.25 ms; (e)7,+0.3 ms; (£)£,+0.4 ms

11 REFLEERTIIREECIAT A Bk iR

Fig. 11 Melt pool flow behavior during spatter formation in front of the keyhole walll®!

4 HESRERIAIRR N RO
RS

RO R R RO RE R T, Bb R
IMFRENZ KL DL IF I i N BRI I — 1> e 1
ERATMEE TR/ BRI R,
NLTRIA ) 2 RS R A IMLIE S AW A2 4k,
T/ NL NS A TR B X AR RE 1 Bl
A TR/ NLIE S L o ARSI 58 T 56
ES BE UL A 5 35 RO TR I 7 ) RE FLIE
B DCEEE BT IRAT N MUESL e S BT T
RABYBE T, RHHOC TG IR it R AR 48 30
PR . Zho 35 N 5s FEE - S 1RARES 5 1 7
IERESE T RO I b /ML =425, B
WA T /ML FLAR R, IR F R AL G A LSS A
Jity DR BE [ V5 0 /N L E AT 1 B BRI
WOC GRS H R/ NLALAR AT 23 HOE BLEIAIE
R LA DRI S /N LT RE 28 TR TE Bl
/MLALERIX . 0 T AR INLIE S LT RF Ak
5 AN SRR AL, SR RO R
I, /N FLAT e BE AR S 5 0 48 R AT T A S

5%, 12 S AN R AR B B O G RIE J 2 /N L T

o IR RN BOCRE R AR R, /ML

DAL )T FL AR 50/, 2630 T L, T RE T /N AL
(a)Low speed

Laser beam
Keyhole : /

Moletn pool
Vapor impact fprce ;

Rear keyholé wall

Welding directi ,
M B Front keyhole wall
(a)fiid
(b)High speed
KeyhOle\ \ /Laser beam

N

Vapor impact force
Moletn pool X
Rear keyhole wall

Front ke);hole wall

Welding direction

(b) ik
B 12 HAeFEBERETER™

Fig. 12 Schematic diagram of laser deep penetration welding



50 F a3k

2025 4F:

TAR 928 A EAE T/ INLALAR A AR S v, 8
AR Sl 3T 5 5 B 22 S RE B o 1 4 Bl
TR REA AR, S S AR A T 1) R A A
e, B2 S EBUMULARIE S R S

20 R R S (T AL BE AT A/ N, OGS
SR T ALBE R T ISR I I FLBE B i i 4
$5 , TR B OCTE A X, 35 5 28 O/
FLATBERT R Bl W, /ML AL 252 S i B
B 1813 S/ MLALARTE S-S T U AE S AR
BRI

1.4 : 14 2

12 " 1.2
£ o g
£10] ’ 0= | %
= : 2l 28
£0.8 08%| §
£ £2rl 8
50.6 — 068| &
£ s| %
§044- 0.4; 1
E 5 =
£0.2 > 0.2>

00 2 4 3 gy o

Speed/m min™'

E13 NLAZRHERMLAHESEEEENXRY
Fig. 13 Relationship between keyhole aperture morphology, geomet-

ric characteristics, and welding speed

Zhu 55 NVOHST OGRS KRS R AT T 5 Pl
DAY, & 14 R ERARUR & 2T H R T
Je/INLIN B Z2 U S5 IR, L K/ INfL PG A HT A
e H TR DT ) B R RE AT, SRS B TR AR
TS5 /LI A Z BRI R

Laser heat source

Laser profile / X(2)  x,(z)
e xk(Z)
condﬁgtion 4z P(Z)/
Melt \|// Keyhole
profile \{J/1 profile Yz *al?)

E14 HEERREE"
Fig. 14 Schematic diagram of the computational model
THRAER SR A R e 22 57, I ag BOaE
L EA VIEF AR IE PR , S74% 50 48 7%
JE BB AR B 45 RN TSP 4 R
X 2 25 S T EUR BT R T 20 T AR
FEBRRE S Y 5 22 R JE RN S T 1 BIFE I /)N

FLVE T 5 AR 114 2R 2 TRV ERE 1 LA S s it =% T o 0 P 9
P IITFARINE 56 DX 3R 3 A, AN BT 13 S KRR T A
HYEE TR AL I A5 R A

(©

()T %5 kW; (b) B3 3 kW, 4538 2 m/min; (¢) F1# 3 kW,

53 4 m/min
15 REHERSHESITEMIR SRR
Fig. 15 Comparison between theoretical calculation and experimental

results

5 RETHARBEZSANERS
SFLRAYIES

HOCTRIG BT e b fE 8 8 R R R
KA RALAE Tem PR . —HREAL
RIS, U7 A AR SO, UL T DR v 0 A 4
FRFIRR RSB IRE Rl KT G4
POCTRIE R AR, AR ST F 0 i 3 -5 XA
AR 7 150 R A P ™ AR Y AL EA T T LB
Jo Huang 5N RELE SROCTRIEHE L R Y
AL A R B FLEREA T W50, BF T4 R T,
BOCTIE R T R v, iy TR R b e i 5 e e
W JE R OCAE T, B A s [8] A, B 2 155 PN R A
SR ARG AT AR O ™ B
T, JE b A A M s P R AL . OB RE Rk
S TRE LN BE SJERER , 7RI MM AN A S i
Tt EALAFZ S A 2] AR RLFLANER E , T U b
e R IEEE [ 1o B e R FLIHR P O, s R
It PRI AR s PR AL, W 14 DO TR IR
AU U R B . BT, 5 O = D RE0E
T E AR AR i i A PR A B A R AR
R OL IR, AR 5 S Bt i A AR e T AR
e ot = A TR ZU R TSl 1 1T Bk O LIR
TR R LA R Ay 7 A

FEXHEOE G RS A B AL IR, Ry



557 3]

o
el
g
i

: BBt

TR R S AR e 51

Base metal ;

Weld Seam
B 16 HrxrRBEZESAEREERER"

Fig. 16 Schematic diagram of porosity formation mechanism in laser

deep penetration welding
PRI 2 3 A 43 Bl SO 6 1 Rl AL A G
WFFE 2210, [ JE 422 3h Al B 12 0 B T A3 3 il <AL
FEA AR B O AT Ui X e b 54 £ AR
Y BN 75 S 1) DA b A 4 S Y B A M ]
A PR IR L LR B J1 2R ERE . LIS NS
T RGO AR RS- 65 A & OB IRIE AR
Ferb R B AL RIEAT TG . 55 R 4k
T O AR R G AR o] LAARAS 3 i 1 TC4 423k
2B T BRI OO AR AR S SR 4 #r
PR ME A=1 mm, $& 7 991 %8 /=80 Hz, KR 4% FL BT 285K
T 0.13%, ATA T 2850 R b A B IR FL DR
R AR AR N AR AN 25 A TR BT T 1 B
SO0 HLE AR A Y B S FL B sE B b &
B, $ BN 2 1R BRSO R AR A R v AL iR
) 32 D PR A0 3 1 T 5 S5 B £ 40 A0 W A1, 0
B HE I/ T b e AR BN, e T AR A 752k 3o s
FREREAR, DRI, VR Lb /N BT 7T LA 35508 f0 < fL
7= A T R T B s S A R B OB R
P R REAR AL R L T — R i B I . ek
W4 N9 T ORI Bl X R 4 2 ] B0 I
22 SR U WO AN AL R B B FE R AR T,
RENEAS B Y R4 B A FLRMARR KRB . 753
45 NS H 0T R Y Ti-Al-V-Mo Rk & 424518
P22 I3 40 i, EAT TCABRA 4 B 28 6] B IO
P2 SR T 5000 W58 K T 2 S5O0 S48 UY 1)
SRR, RS T 20 mm 5 TC4 K4 4 72
BRIHOCIE 22 SR Sk UL PR RE R G 2R AR
FHACTEASURN 2 AR LR AR 4 B8 AR i B

BN IR, 3BT T 4B s AR il NFL A ALY
JRE 25 R s A I ek A e A T R
H R/ NLRSFLEAS B R, 2R AR SR
PEAT AR BRI, AR /N AL B A R Tt R s 24 R
HEERERE T 2280, 1] ISEE 8 mm B4 & 4
M i TE LR L 4 B L RE S8 il /N LB A FL ™
A R SRR R AR A Bl B R TR b A T 1
il AR, 4 J 28 K 3R 3RS /NFLIK T B4R 18] 1 A
il vy 7 A5 ARG I 456 75 1 REFL Y A SR BE S P
R E B9 /INFL AR Y . Shi 2 NS R FH R (R A
PRI, 45 G BFLsh Ty 2= FE R i sh , F o T R
DO AR LA AL I R LR, I8 5 AR
JO7 RS2 36 485 SR B UE 1 T A S A BT AR R 3R
5 5 R E AL 25 SR B BRI B LR b B
By B T D OGRS LA PR A
HTZESHAE RE . R, B T 4R35 30k
FIDHI AL HLE] , Iz 5 A BRI ST
S B 7 5 056 T 2 1) 5 v A R R AT, 25/
FLA B B A 3 504.6 mmy/s B, S RE S B B 25 45
FL BRI A, 25 Bk 5 4 Il 1B 15 ANl R S
BT RAE R A S AR R AR

3 DA AR SR S B A 25 SR o R B
FEHAE BT LA S0 ek A A WO TR I SR B i AR
S AL e (HFE RS EZS 58 TR A 4 R
WMo KA, da B 54 N X e R A R A A
A SO TR IR R LE 5 R R A
KA A RO B RS 1 BUE BT, JRAE IR TR
A TR KR4 A LA B R AR
R 5 AR AL R AR AR AR . 76 LS PR
T, A TCHIRE 7 A R A SO TR I AR R R
(RRF 5 B (3L — T 1) ELE 5 R O TR M
RIEERA S AR B P % e S5 0 o 4R 5 1S
SNSRI SR RERR & S A AN TR IR BE R 1R B3Ot
TEPZAE R I 2 O F AR & & U T
FEIE BRI TT , AT T S IR ik
B a0 RO R 8 Y SR AL EE T
ASP) et S REFL Y S M AR | e BT T s X
P RG24 ] R R PR 2 — 2 S B AP 2848, WS
IR RSO AR A 55 B AR e B S ) O R
Rl A 1) T30 IR P 3



52 FIgHK

2025 4F:

Temperature (K)
300 538 776

f=0
A=0

f=50Hz
A=0.5mm

f=100Hz S
A=0.5mm | °

=150Hz |4 'mis
A=0.75mm  —"

1014 1251 1489 1727
[ [ T

17 RERHSH TRER ORISR ETRES

Fig. 17 Evolution of bubbles in the center of the weld under different oscillation parameters

6 RAETHARBEEEARNAER
RERE

WOCTRIE R BOR FEE e e i 2% B (N

AL OB R T, & BUAERA 40 25 il i i A% 0
L2 BEEMA IR A BT SR kA

SAPEYEREEOR R T R HOR TE R S A
PP R R IL AR B S (T Hr B R R I T I NIR K&
Ji , HASK K e rTBEHE R LA JL T T
6.1 EMIBEIPMRETZMERE

TF R HF AR (>10° fps) 5 26152
(IO TR AR 0 REFLARUE PR W R 48, 45 B AL
S o) ST T A SRR A - B A T Y
SERF R, SEELARAL R SR AL R BSE
BRBA P A . S AR B )2 AR E
TFRBF A B R 45 AL A R 5 /NLIE
BMNTEER R , /RS SHOCTRIE R B
SRS T S P 35 Wi A L3 B A
6.2 HERUERRGZHAX

Tl B 58P 2R AR O E i B iU
FLA AR B A SRR TS T
TRBE 2 2] B TF RO RIS IR B i T 22
A FEUOR RS, IR Dy s R e (AR 48T 50
OB RSE s 3 45 B R & SIS it
W35 S0 S A A BOLI 2 A R

B KR A O T2 S8 SR Rl o )
575 R R IREE A | By AR SE SR R - KB .
K AL 2 2 SR TT & OGO IE AR B2 1 2 i W
WAL R G5, [ T LA B TS 6 B A8 4347 1
TEHLEE Sy AR 2
6.3 FEAFELREERZ

3 35 ' T DG P AR SO D RORS HE TAES 2k
B4 BRI UG (29980 nm) |, i Rt R 2R k4
L B R A B AR IR R TER SRR IR K
BRI RIEETRE LT B S HOLRIE
SRR BAE 2030 AR AT SE I kg B AR L T2 A
At 2 e g ] 3, R 28 DL 1 AR Ay vy i 2 5 i
BRI AT
6.4 HKEEIHIEZERX

SRS it CE Py S A TR R
AR, AE ML 5% e 45 18 AT 7 Ak s 41
WL AR OUHEHOE - IR &) FERCR R
PR (AT e AR S R A R
FAENE, WE SR SRR R R T 1],
AT B8 o B R A (I B s IR R IR AR
) T KM

7 #i8

(1) ARYEHOERE R B {E A9 22 53, K IO 1A



557 3]

B, e BRE SROCTRI IR R IR S R 53

2o o PR LA E R PR, 0 ol R AR AR
AMTRIE IR BRAEE B0 R R 5 A5
SE IO IR L, R RER A7 A — PP AR
R o P A AR AR 205 P AR AR OO0
W BEALAR AL, [, JREE LT R 5 & R 2%
ORI BRI A A2k, BRI 2R 2 R AN
—H

(2) Xk G B OETE R R A v B L2k
FE T R AR O R REAL (4%
ANLDTE I TALRTE BB T R Gk A5 5
A, 33 BEAR R SR 5 1907 AR RS 2 B — A AR 4
IHZE R JEROL- 5 MR IR, S BUR %
A RS E M AR AR MEDRAIEE 22, e B T
R AL SR EE R AL

) WOLTRIE IR A B R R % 2 IR
Pk AFNIE S B RE 1, © BBk G 6H B it Y
Bl T 82— BEEAUSHIR AW By SR A0
PRE S PFIEREZOR IFFEETE ) IZBOR IE I3
HigBE A B REAL AR A 2k (8 ] 52 A R Y T Tl A
R, I S st ) I, e DR HE SO TR I 4%
BORTERRA B il 3 P A 5 0

SE Ak

[1] Liu Z,Li X, Pan L, et al. Effects of weld penetration
modes on laser welding characteristics of a novel ultra—
high strength steel for aerospace application[J]. Journal
of manufacturing processes,2023,90:111-124.

[2] MeiL,Chen G,Jin X, et al. Research on laser welding
of high-strength galvanized automobile steel sheets[J].
Optics and lasers in engineering, 2009, 47 (11) : 1117-
1124.

(3] FFms, B/, BT & 45 B A A OIS i 42
ARWFFES IR ] J45,2023,46(8) : 11-18+24.
FU C X,LEI X W,JIA X F, et al.Research and Applica-
tion Progress of Titanium Alloy Laser Additive Manu-
facturing Technology[J]. Welded Pipe and Tube, 2023,
46(8):11-18+24.

(4] X0 AN ARG, B, 25 SRS SO S BUR 5
JEEA[T]. MRHT4R . 2023,37(21) : 346-351.
LIU Z G,DAI F X, LU G, et al. Research Status and
Prospect of Laser Welding of Titanium Alloy[J]. Mate-
rials Reports,2023,37(z1 ) :346-351.

(5] R, BRSNS, 55 . Z LR & Sn LT ].

(6]

(7]

(8]

[9]

[10]

[11]

[12]

[13]

Fif 4@ b RS T ,2022,51(5):1907-1918.
WANG J Z,AO Q B,JING P, et al.Preparation and Ap-
plication of Porous Titanium [J]. Rare Metal Materials
and Engineering,2022,51(5):1907-1918.

BEOKER MR, BURDE, %5 . Wb S Ti-6A1-4V 5%
FORH BT FE U RE LT ). Fifr S Js A4S TR, 2023, 52
(10):3630-3639.

FANY X,LINY,AO Q B, et al.Research Progress on
Additive Manufactured Ti-6Al-4V Lattice Materials
[J]. Rare Metal Materials and Engineering, 2023, 52
(10):3630-3639.

Dong Z,Tian Y, Zhang L, et al. Research status of high
efficiency deep penetration welding of medium-thick
plate titanium alloy : A review[ J]. Defence Technology,
2025,45:178-202.

WRECHE . oL S DRI B4 (M . st BT
Ak Hi R, 2010.

W, A IR, L T RGO RO R T
W7E[T]. 5L, 2021,51(10) : 8-14.

JIANG B,HUANG R S,LIL L, et al.Study on 10 kW
fiber laser welding process [J]. Electric Welding Ma-
chine, 2021,51(10):8-14

sk A, FLAR ARTIAR, 25 L B DAL O LRI AR 4
TR AR D R AR IR s (0] b O
2021,48(22):73-80

ZHANG G L,KONG H,ZOU J L, et al. Spatter Char-
acteristics of High—Power Fibre Laser Deep Penetra-
tion Welding and Effect of Defocus on Spatter[J 1.Chi-
nese Journal of Lasers,2021,48(22) : 73-80.

HIE 5 . PSR TC4 Bk & WOL IR HE O 41 21 5 gk
FAWFSE D ). VL5 B S AR A AR ¥, 2020.

TIAN D Y. Study on the microstructure and defect in
thelaser welded ioint of medium thickness TC4 alloy
[D]. Jiangsu: Nanjing University of Aeronautics and
Astronautics, 2020.

Auwal S T,Ramesh S, Yusof F, et al. A review on laser
beam welding of titanium alloys[J]. International Jour-
nal of Advanced Manufacturing Technology, 2018, 97
(1-4):1071-1098

RO RS ARTIAR, 55 L SRR O TR I VLR L
HREIWFFELT ] OGS OLHL T R, 2020,57(7)
219-225.

ZHAO L,HAN X,ZOU J L, et al.Research on Forma-
tion Process of Keyhole DuringFiber Laser DeepPen-
etration Welding[ J]. Laser & Optoelectronics Progress,
2020,57(7):219-225.



54

43K

2025 4F:

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

Schmidt L, Schricker K, Bergmann J P, et al. Effect of
Local Gas Flow in Full Penetration Laser Beam Weld-
ing with High Welding Speeds [J]. Applied Sciences,
2020,10(5):1867.

Li S, Chen G, Zhang M, et al. Dynamic keyhole profile
during high-power deep—penetration laser welding [J].
Journal of Materials Processing Technology, 2014, 214
(3):565-570.

Zhu B, Yang W, Zou J, et al. A predictive model of
weld bead cross—section morphology during laser deep
penetration welding considering energy coupling law in
keyhole [J]. Journal of Manufacturing Processes, 2025,
133:1342-1351.

LuR,Lou M, XiaY,et al. Machine learning-based in—
process monitoring for laser deep penetration welding:
A survey[J]. Engineering Applications of Artificial In-
telligence,2024,137:109059.

PP 55 . TCA SR GO AL 5 OB B R
F1oWt5El D 1. W1 - R K#, 2016.

YING Y Y. Study on Deformation and Plasma Behavior
of TC4 Titanium Alloy during Laser Welding[D]. Hu-
nan: Hunan University, 2020.

BT WOCIEII R A BOR IM ] Jeat A2 Tolk
A, 2019.

XA . POGTRIE KN/ 8 TR AT Ry BAs: I ) BIF 5
[D]. Kt RHR,2018.

LIU T. Keyhole/Plasma Behavior and Detectionduring
Keyhole Mode Laser Welding[ D ]. Tianjin: Tianjin Uni-
versity,2018.

Cai W, Shu L, Geng S, et al. Real-time tracking
method for motion spatter in high—power laser welding
of stainless steel plate based on a lightweight deep
learning model [J]. Expert Systems with Applications,
2024,254:124386.

B BT ARVIAR, A5 . BT AL WA OGO
DRI R P IE U N 73 B (0], O, 2020, 47
(6):131-137.

HAN X, ZHAO Y, ZOU J L, et al. Analysis of Plume
Formation Reasons in Laser Deep Penetration Welding
Based on Visual Observation [J]. Chinese Journal of
Lasers,2020,47(6):131-137.

ARYIAR, 258, AR, A L S DO O R R
X R R [T ). P O, 2014, 41(06)
80-84.

ZOUJL,LI F,NIU J Q,et al. Effect of Laser-Induced
Plume on Welding Process During High Power Fiber

[24]

[25]

[26]

[27]

(28]

[29]

[30]

[31]

Laser Welding[J]. Chinese Journal of Lasers, 2014, 41
(06):80-84.

Brinkmeier D, Wagner J, Sawannia M, et al. Influence
of the laser—plume interaction on the beam profile dur-
ing deep—penetration welding with coherent beam shap-
ing[ J]. Optics express,2025,33(2):2702.

Schneider A, Gumenyuk A, Lammers M, et al. Laser
Beam Welding of Thick Titanium Sheets in the Field of
Marine Technology [J]. Physics procedia, 2014, 56:
582-590.

LA, A7 e, AR VIR, 25 . s PP U ) BT
fci”k%kﬁﬁwﬁmﬁf Wi [J]. MR, 2023,44(8) :
14-20.

KONG H, YANG W X, ZOU J L, et al. Influence of
flow direction of high-speed shielding gas on plume in
fiber laser deep penetration welding [J]. Transactions
of The China Welding Institution, 2023, 44( 8):14-20.
fLAE BUIR S, AR TR, 55 . REFLINDLEF O Bw & 78
TR R iR [V ], R 424l 2023, 44(5)
20-26.

KONG H,ZHAO Z J,ZOU J L, et al. The influence of
laser—induced plume in the keyhole on the welding pro-
cess| J . Transactions of The China Welding Institution,
2023,44(5):20-26.

Tenner F, Brock C, Klampfl F, et al. Analysis of the
correlation between plasma plume and keyhole behav-
ior in laser metal welding for the modeling of the key-
hole geometry [J]. Optics and Lasers in Engineering,
2015,64:32-41.

Arita T, Sato Y, Kurita Y, et al. In situ observation of
dynamics of keyhole and molten pool in laser welding
for development of spatter suppression [J]. Journal of
laser applications, 2022,34(3).

BURME , B9, B, 55 . TCA Bh3 &WOL IR AR
R FRP BT A AT IR [T ], EOE , 2023,
50(20):59-65.

JIA C P,HUANG Y M, ZHAO S B, et al.Plasma Plume
Thermodynamic
Penetration Welding of TC4 Titanium Alloy [J]. Chi-
nese Journal of Lasers,2023,50(20) : 59-65.

WiSr 2 e, BURME , 45 . TC4 8k & GO IR I AR A5
B AR A BRI (], KRHR 224 (A SRR
5 TR AR ,2024,57(09) :967-973.

YANG L J,XIE Y, JIA C P, et al.Plasma Plume Erup-
tion During Laser Deep—Penetration Welding of TC4

Behavior During Laser Deep—

Titanium Alloy [J]. Journal of Tianjin University: Sci-



557 3]

B, e BRE SROCTRI IR R IR S R 55

[32]

[33]

[34]

[35]

[36]

[37]

[38]

[39]

[40]

ence and Technology, 2024,57(09) :967-973.

Jia C, Huang Y, Zhao S, et al. Statistical analysis of
plasma thermodynamic behavior based on laser deep
penetration welding of TC4 titanium alloy[J]. Measure-
ment: Journal of the International Measurement Confed-
eration,2024,225:114004.

HAHT TR, SRE S R PO AR T
HPLE L T 2Ot se [J]. s E#OE, 2024,51(12)
32-40.

DONG J F, YANG G Y, WU D, et al. Spatter Suppres-
sion Mechanism and Process Optimization of Adjust-
able Ring—Mode Laser Welding[] 1. Chinese Journal of
Lasers,2024,51(12) :32-40.

X2 DR LT HO AR 3 vh PR AR AR k3
J1EATRWIFELD ] L AR PRI, 2020.

LIU T T.Study on the dynamic behavior of vapor plume
and spatterduring high—power fiber laser welding [D].
Hubei: Huazhong University of Science & Technology,
2020.

Nakamura H, Kawahito Y, Nishimoto K, et al. Elucida-
tion of melt flows and spatter formation mechanisms
during high power laser welding of pure titanium [J].
Journal of laser applications,2015,27(3) :4922383.
Wang Z, Jiang M, Chen X, et al. Mitigating spatters in
keyhole-mode laser welding by superimposing addi-
tional ring-shaped beam [J]. Optics and laser technol-
ogy,2024,168:109869.

Wang L, Gao X, Kong F. Keyhole dynamic status and
spatter behavior during welding of stainless steel with
adjustable-ring mode laser beam [J]. Journal of manu-
facturing processes,2022,74:201-219.

Shen J, Li B, Hu S, et al. Comparison of single-beam
and dual-beam laser welding of Ti—-22A1-25Nb/TA15
dissimilar titanium alloys[J]. Optics and laser technol-
ogy,2017,93:118-126.

PR VY, ERRE S BOLHIE R SR R
W AT B BOE ARSI ] A4 RE 412, 2025, 39(03)
231-235.

PENG J, XU H Q, WANG X X, et al. Numerical Simu-
lation of Keyhole and Welding Spatter Behavior in La-
ser Deep Penetration Welding [J]. Materials Reports,
2025,39(03):231-235.

Zhang Y, Chen J, Zhang W, et al. Study of spatter net
forming mechanism and penetration mode under flex-
ible ring mode laser welding [J]. Journal of Materials
Research and Technology,2023,24:2213-2225.

[41]

[42]

[43]

[44]

[45]

[46]

[47]

(48]

[49]

[50]

HuY,Zhang X,Liu Z, et al. Investigation on the forma-
tion mechanism of collapse defects microstructural evo-
lution and mechanical properties in full penetration la-
ser welding of thick—sectio [J]. Journal of Manufactur-
ing Processes, 2024, 118:341-356.

Zhu B, Yang W, Zou J, et al. Theoretical calculation of
keyhole aperture morphology in laser deep penetration
welding [J]. Optics and Laser Technology, 2025, 182:
112219.

Huang L, Liu P, Zhu S, et al. Experimental research on
formation mechanism of porosity in magnetic field as-
sisted laser welding of steel[ J|. Journal of Manufactur-
ing Processes,2020,50:596-602.

Cheng H, Zhou L, Li Q, et al. Effect of welding param-
eters on spatter formation in full-penetration laser
welding of titanium alloys[J 1. Journal of Materials Re-
search and Technology,2021,15:5516-5525.

Powell J, Ilar T, Frostevarg J, et al. Weld root instabili-
ties in fiber laser welding[J]. Journal of Laser Applica-
tions,2015,27(S2):9008.

Su R, Li H, Chen H, et al. Stability analysis and poros-
ity inhibition mechanism of oscillating laser—arc hybrid
welding process for medium-thick plate TC4 titanium
alloy [T]. Optics and Laser Technology, 2024, 174:
110569.

Li T, Wan Y, Bi Z, et al. Weld formation and porosity
in TC4 joint by oscillating laser beam welding with
circle trajectory model [J]. Journal of Materials Re-
search and Technology,2024,30:2680-2689.

AR, B h AR B, A OLAUIRE Sl ] B0
FRAREE Y S FLRYSEmR [T ). K42 ,2025(01) < 8-16.
WU Z D, HUANG R S, CAO H, et al.Effect of beam
oscillating on formation and porosity of weld by nar-
row gap laser horizontal welding[J]. Welding & Join-
ing,2025(01):8-16.

TRAEIT, TR, B AE 5 L IR AN RS R (ET B
WG 22 SR 58 8 S AL AR 2 [T ], b 0L,
2021,48(6):137-145.

XU K X,LEI Z,HUANG R S, et al. Effects of Oscilla-
tion Parameters on Weld Formation and Porosity of Ti-
tanium Alloy Narrow—Gap Laser Wire Filling Welding
[J].Chinese Journal of Lasers,2021,48(6):137-145.
J7 )53, A, MG I, 45 B B A B0 IR 22
P4 T2 RS A VERE 0 [T ). AR S:412 , 2023,
37(10):186-193.

FANG N W, HUANG R S, WU P B, et al. Study on



56

43K

2025 4F:

[51]

[52]

Welding Process and Microstructure and Properties of
Titanium Alloy Narrow Gap Laser Filler Wire[J]. Ma-
terials Reports,2023,37(10) : 186-193.

Zebh, TR, PR S TCA Bk A & BAF MO Bh IR
/N LA SAL B R oA [T ). 4241, 2016, 37
(11):43-46.

LI K, WANG W,SHAN J G, et al. Analysis of keyhole—
type pore suppressing in fiber laser welded TC4 tita-
nium alloy with beam weaving[J]. Transactions of The
China Welding Institution,2016,37(11) :43-46.

Shi L, Li X, Jiang L, et al. Numerical study of keyhole—
induced porosity suppression mechanism in laser weld-
ing with beam oscillation [J]. Science and technology
of welding and joining,2021,26(5) :349-355.

L) LEFLT

(5]

(6]

(8]

facturing Technology,2015(2) : 57-60.
BHUJANGRAO T, VEIGA F,SU4REZ A, et al. High—
temperature mechanical properties of IN718 alloy:
Comparison of additive manufactured and wrought
samples[ J]. Crystals,2020,10(8):689.

CHEN F, CAI X, DONG B, et al. Effect of process
modes on microstructure and mechanical properties of
CMT wire arc additive manufactured WE43 magne-
sium alloy[J]. Journal of Materials Research and Tech-
nology,2023,27:2089-2101.

siaER, 2P, B, 55 MO S CMT-P LI
kAR A SO A SV AR5 [T ). B RHE AP, 2023,
56(10):74-82.

ZHANG Z Q,LI H Q,HE S W, et al. Study on Micro-
structure Characterization by Laser and CMT-P Arc Hy-
brid Additive Components [J]. Materials Protection,
2023,56(10):74-82.

XU X, DING J, GANGULY S, et al. Investigation of
process factors affecting mechanical properties of
INCONEL 718 superalloy in wire + arc additive manu-
facture process [J]. Journal of Materials Processing
Technology,2019,265:201-209.

FXK . INCONEL 718(GH4169) Hiiid & &M & 5 T.
Z0T) MR, 2012(08) :92-100.

QI H. Review of INCONEL 718 Alloy: Its History,

(53]

[54]

[10]

[11]

[12]

[13]

WS, A B AT, A PR TCA kG & 1A
TR O R B (7], B4R L 2021, 42(08)
40-47.
MENG S H,SI C J, REN Y Q, et al. Study on laser
welding characteristics of thick wall TC4 titanium alloy
in vacuum environment[J]. Transactions of The China
Welding Institution,2021,42(08) : 40-47.
ARTE MG, B En A GG, 45 TC4 A4 S IRE 23 20kW
WOCIHEAR DTS [T ], Hd5 AL, 2023,53(08) : 28-35.
Z0OU J P,HUANG R S, WU P B, et al.Study on Low
Vacuum 20 kW Laser Welding Characteristics of TC4
Titanium Alloy[J].Electric Welding Machine, 2023, 53
(08):28-35.

i Rk : http : //www.71dhj.com

Properties, Processing and Developing Substitutes [J].
Journal of Materials Engineering,2012(08) :92-100.
AR IS I AR S ) AT Ry S B ] 2 2
D] JEat A st Tolk K2, 2004.

ZHAO'Y Z. The fluid dynamics behavior and solidifica-
tion structure simulation of welding pool[ D ]. Beijing:
Beijing University of Technology, 2004.

MR ABIERR, Wi, 45 O OB i R b 3161 A
B WA U AR [T ], 6 R 74, 2006, 42(4)
361-368.

LIN X, YANG H O.CHEN J, et al. Microstructure Evolu-
tion of 316L Stainless Steel During Laser Rapid Form-
ing[J]. Acta Metallurgica Sinica,2006,42(4):361-368.
LIU K, YAN Z, WANG F, et al. Microstructure, tex-
ture and mechanical properties of Inconel GH4169 su-
peralloy fabricated by wire arc additive manufacturing
with arc oscillation [J]. Journal of Alloys and Com-
pounds,2023,952:170070.

HONGMAO C,FENCHENG L,GUANG Y, et al. Mi-
crostructure and Tensile Property of Electromagnetic
Stirring Assisted Laser Repaired Inconel718 Superalloy
[J]. Rare Metal Materials and Engineering, 2018, 47
(10):2949-2956.

HRAEFRMAL : http : //www.71dhj.com



