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Research Progress on Underwater Wet Welding Key Process Issues

and Control Measures
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Abstract: Underwater wet welding technology has become a hot research topic in underwater engineering technology both
domestically and internationally due to its advantages such as low cost, less restrictions on workpiece shape and joint form,
and fewer supporting equipment. This article first compares underwater arc welding methods such as wet method,local dry
method, and dry method, and analyzes the advantages of underwater wet welding used for the manufacturing and mainte-
nance of large-scale marine facility structures. Then, the prominent problems in the current underwater wet welding process
were summarized: high hydrogen content in the joints brings risks such as cracks, too fast cooling speed in the water envi-
ronment affects the microstructure and performance of the welds,and unstable welding processes (such as bubbles, arc and
droplet transfer) lead to unreliable joints. Subsequently, in response to the above-mentioned process issues, the control meth-
ods proposed by scholars in the past decade were summarized, such as adjusting the composition of welding materials,adjust-
ing process parameters, and adding isolation measures to reduce hydrogen in the weld seam, avoiding rapid cooling of the
joint through auxiliary heat sources and insulation measures, and improving the instability of bubble, arc, and droplet trans-
fer through pulse welding current or additional ultrasound methods. In addition, the latest developments in the regulation of
underwater wet welding through external auxiliary energy fields, which have been popular in recent years, are specifically
summarized.
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Fig.2 Schematic diagram of underwater wet FCAW
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Fig. 3 Droplet transfer images for underwater wet welding taken by

X-ray [35]
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Fig.4 The influence of water flow velocity on weld parameters'’
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Fig. 6 The effect of process parameters on the diffusion hydrogen con-

tent in welds'>

Fk el PR AE NIRRT 7 5 | AR AR T
PR R A I AR T rh AR
I D T ALY B A
3.2 SiEAHRBAIEE

TR IEE B W i v H 55 A KR R ) A R OK
TR A v IR AR R 2R . sk 8 AR
S5 AR FH AN fin B Bl 7 v B AR R 1k
REBEHE S VR HI R JER R S iR H T[]
A 2 PR S b DU ERARZH B A i, — e P ke
TR R 2 ERe . B RN PR 3 R
R Sk M P PR e S B 2 3 e, La-
banowski 7 {2 72 H H2 RUR AN 85 80 7K T i 7 J 42 5
g rh 8 I B P A s 2 RR TR RS
B B RUEN], 5 T oy H I X RN T 3R
TS ORI 4 J5 B 25 7K R fE IR 8 3 7K ORI R 2 4%
S REBIZAVER 8 ELE A B E RS IA N
A 0 RRAE T A BR . 2400, K AE R A
AR AR RSB IS 5B
BT THRAAAEIEECE )2, BTk st = X}
IR VR SR R s, e A KR ] 4
I RS E -
33 IZAREMRBAIEE

IR R R R AR M LS A TR
J i 2k | SRR e A o R ) N R M eI A
%, EE TR K ARSI R R AR AL
SN SR Z L 3l o T 2218 HiK A8 I T
FUR/i Uy iy ) AR RO TP CE PPN W Y =i
MG AT R XA EE A B, AR
BT T LA T B W2 i P = 5T, I bl
I T 2488 nyiadE 22k
3.3.1  WIRNAEFe @ INAT A 0GR IR

KN R K SR K=
W R A R MR e AR SR B A L
YA Ch 5N 73 15 1 R 1 /NS0 AR X1, 1 SC
Hh 7 B SRR SRR R IR ) R K
TN A HL RS R B 1) 3t i 5 e IO 1) 2 A
T2y, A R R BB, A RE RIS AR B Ky
LI, T A FUIUSEL DR AP, AR 5 TR,
KIS Tsal G NHEAT T/K NS 14 BEA R
R TR IR R 5 AR IR Y]



164 F 5K

2024 4F:

FHOCEHT B AR IS SR 8 f K 7 Rl Y
IR A ) i BE T [l 2B K T A A L AR
A AE = B B B — e RS, N H a2
R T R AR AR ORER S, B2 T ok I I 4 3R L
T ERAT A R SRR () IR B 2 R A
FEB0 2 O E B H R R g
ST I ER SIS “ B2 fR s 28], 2 Olliveira 25 A % 31
PI935 2 5 SIORRA 42 f 1) PR AR Ak
Frederico JC 4 T HL I Y 43 25 5 2 A HE ORI ¢
F AT PR FRAE TH A 53 85 1 R IR R RE 75 2
DAZE G H I R B e A M A AF 8, T 9 P B
AR OCHE T, TR 2 RN
AR 2, AT REAR 25K o IF R R T AR A
ZINA WA, Zou R 2 e S BRI R
B SR T R, 2 s Ea 2 o R, Mendonga 2%
T A P AR S A F I BRSO X
SR LR A2

TS AR T AR T ASH T HHEINR
WA, AN 7 s o Bl 36 220 P (S22
1.2 mm) M 4.5 m/min (VL& 72) #4131 6.5 m/min
(ULIE 7b) , Ity ABE N, AR FRIE A JE I (] K
FI D, Bl 6 223 I — 2 ik 2] 10 m/min,
UL T, 78R B B 77 R v oA T 2R R A
FE RS KA. B R SR —
ARG 2054 ik T R T T DA 5 3 eI B R e IX 3, fifF
1S HIRRRE AR . T A AL R A R i
H 338 Be ik 22 3 B A D RE , 38 R0k 22 3 3 25 AR N 1
e KR LT, TTAS: HE — 3 L P B A 3 ot e
RS E A £ 518 o (H MR &l i R ACRA
£, FR AR L SICH s 5 A e TG 8 444 o el LA
HEHC R B LR ) b RN, S AR B S 1
T, g 7d s,

AR TR 34 R 5 AR A 1R Al i LA R RN
T 7 2 TN AU A T 0 R B i R R R
LN R =t O | VNS =Y CE 7 A= s L= N
JE B sh G AR 2 T I i ks | o e L I L
) 7 LRI, R A M A B B s S EFTR
RN OB B Y (VIR e SR T N7 N e
AT T )4 LT RN 08D )2 G T T
SO A £l 6 Y - 7 LU B N O e 47 V2 R

(b) Hik 22 T B9 I AR

xxxxxxx

\\\\\\

() Rk 22 L Y A A

()% I 1 S T A A5
B7 AEIZSHTHEINSENEHHELEXS
Fig. 7 Four evolution modes of arc bubbles under different process pa-

rameters'**!



55 4 1]

ZERET, A5 K R IR AR R OCHE T 2 ) B K A Tt ) BIF 5 0 165

FREE Y TS B0
332 EiELEAKE

W5 T Ao Y R MR A R A IO R A% AR EE AL
i A N S TA7 R E S ST PR ] il e e e e
I 25 5250 7 200 A AR LI T, i 2 0 A R L
FE2AKT 10 HZ"™ . Guo WF5%E & /K T I A 1
T ) 2o Y 2 TR 2 A KA R RN A T R R
b PR B A e A | R T K T e AR K
ARSI P A X A, o R i 5 2 VAR = i R
ED Tia % A\ EFRIE K 808 nm AYLLAMEOEASE N
T, SR 10 3 AHAIL AR EURH X 38 BB %) 475 ¥k 3 U <]
16, S IR R v 37 T AR e e 1k 03k U 1 L
B, Yk > FE AR U DRI P e AR
PESO TR R IR KR T2 i i Y B K
1L PR ), 2R T R T — e TR Iy
B A AR AR S0 Fas K v I PR I
FREIEN ok ik 22 7 v 46 H B AR S i in
iR (2 T I A Y 1) 0, e/ BEL A 0 i o O P A
FH R S BUAR G AR ) RO s I e R .
A S AN AR 3.3 719 BIrak A o i il A B i R
AR R B R A SN IR L BT, DOmTEAE T
Hoaz g e, PR S0 4 B A0 FHIE J i o7
T3 T B4 ) B S ek 55, S LA A A O )
/NS L BR SR A AT T — Tl i A 7 A B
T I A R T K A AR R 8 IR
AN T R — ) g A b A 7 R st SR U8 TR
Fh AR T R HE R I L 51 (9% A3 5% ) Al
ANKESE W T o I L) (64% R R3] 41%) , ki i) LA
AT BLTCEA B AR Sk . B 5 H BRI

Metal brackets ﬂ
! :«:-:vc-:i:e:»:-:-:?.‘-:-_::: 5

. Water
‘Welding torch ——

- .
B8 =HiBmimbaEdENTERED

Fig. 8 Schematic diagram of the method of using paraxial ultrasound

to assist droplet transfer!™!

ok i FRL PR S B 14 52 45 0 B, e T S AR E
Mot AJE M, SR R A%k T A PR B AL
W 9 Fr 7R AR ZAE K b B IR T, 3 A9~ 27 R
ST I/IN 20% , J5 I P A (A 28.4% (A&
10) , Had S8 o A s o S, i AT M I
—H ST AR MR R kE . HKS AR
TR Jk b L K R AR KRR I, e i AN Z 1Y
UL A ok i 0 PR 30 494 A I v P i
PEHE TR . AR B ARG GOK TR AR
1 2T HE R i L] T AR 50%

4.0
25%~75%
g I range of 1.5IQR|
Eist — median line
& o mean value
L
L 3.04119

8-10
g
=
C25F 2.45263
)
£
& 20
=)

1.5

the original the optimized

B9 RERkA T T HRRER g

Fig. 9 Droplet size with different pulse currents'®’

w
g

E

5 200 L

“g 186. 38
E 150

= 133. 44
g 100}

the original
El10 REFkRETRE TERETEE L

Fig. 10 Metal transfer time with different pulse currents
34 BEFHBNAEK TIREEERR

AT AR A e 2 A Tl e (i) AR T 250N %26
RE I P R i P AT R IOCR , 9] g iy 44
Yy R OGRE B A . T ITRE AR,
R ASEE A W Z A X 207 57K
RRESE A SR LI AT A . A B A
BIE R TTYE R BT A 2 Pl LA 32 A8 i 7 AR A2 7
1G5 , ARG b 7 A TR, W Z A LA 0 45
Fei s B A — A T LU R v 1) R e, ml LIk
RIS ELA, 3 S OB PR B #
S B R e ) Y 3 AR 3 A A il AR
BRSO T2 AN UL A F R T dk k4 rp f

1
the optimized

[60]



166 F 5K

2024 4F:

G AR BT, vT 5 KT - H AR (1Y
W TR E A K s AR WS T BOEXRK
T E H MIG (Melt Inert—Gas ) %5422 45 1 15 U5 14 98 425
YERT, RIS GH B 5 s T 1 AR ek . e
2 SRR R D SOORS B BRI T, IR
o Y SR — G B B R A TR AR R A R R THI X
MR IR 05 2% ) A5 B IR S — K 0 S 5 A e
e U Bl B XE DA ORIEROE RRG TE AT L
WIZ AP HORTENR R 0 N AT B R IR

M RETE A AR Tk B b 2 R B
U HPERRIR R B T, 19 A0 75 i S0 il B R R R AT
WO E AL R AR EE Ty 2E e o ARk, 2
AT AR K S RE K TR T A
R B AT R 7 i sl it A F IR A T A L
R IR AT it o A RS A B R T B K R IR AR Y
LRl AR AT R e, LR
1% 50%, HXEE% O B4 41 Sun 58 A7
TR PR B ARAS T AR R R R R R Y
SRS LB Sk BUPram R R 5 T 46%. TN
K pizrh B R B i iy b R vh A AL R A% AR
W INTALR I ZERE R A1, 18 T8 iy v I A
SEE, JF 2R = T X H S PR AP VR T ] 422 B A1
T I A A BT . ETTSCES 3.3.1 /NI TR Y
WG I I, g e T HA AR R R R a
A R S A KR O R MR, SO R AR T
PO PRUESE N ) REERAR  TEAR o4 1m] %
HHORE A A FE I A B 2 RUMIL AR 7 ) R 4 Ak
IR R AT BT B KR R R AR R S AR
HERUE S, RIS 8

4 FHitE5RE

TR VT R 76 22 )T T RR K, IURE AL 1 A
HAES AL AT, 7K IRIE AR I AR 22 e i
A& RLPE R T8O GG TR . AL
= e R IR B 32 G ) N R TRy S R B 1 DN
KIFERI I FARIE , BEGUTT -

(1R R RRESEAT 2L R HKCR . i
TRV, AR, X2 S SR AR LF- 3%
A PR, PRI LA SR L Sl 04 7 OIS R 4B

JHAIE o

(2) i T/RIREERBE T RERAE LR A L
e T iR ) 4 0 AR AN AR Y LI T
FEEFREE W R K R IR R 4 T2 B AN B
E SR AU S PEREME AR B . I LAk, 2
1% b T2 B4 5 IR R T T = 6 iR
AT o

(3 )FEMEIEAL b, 2 A4 5 A 1 Rl EAR
TP TT % A B ANIGES AR LA TR
SRR TRk 4 S LU PR RE 1S i o
AR g LIRS E R 7 TS T ACR . R
15 IR, AT AR T AT EAE A B LR —
SrIR) A, ELAR 2 Ik BN 1A i A2 2 A< B, WIS
T RRVE AR Y 22 U MR AIE N E 5 A, B R WL E K
N RRIEAR N T 20 K LA_E /K TR ml s 1 B A 4
o R, K SRR AR AT i 5 T IR AT
il 2 ELIE A 2 WS IR IR AR I A

SE Ik

[1] HanY F,Jia C B, Zhang M F, et al. Key mechanisms
and process features of the metal transfer and cavity
evolution during underwater submerged arc welding[J].
Journal of Materials Processing Technology,2023,319:
118053.

(2] FERER, @24, X3 55 OR N REEAL 2R )T
ST AR AR 1 2022,51(09) , 127-130.
CHENG S Q, GAO X, LIU Y, et al. Formulation and
application of "Underwater Welding Operation Require-
ments"[J]. Welding Technology,2022,51(09) : 127-130.

(3] EhRUE, 223535, Fhar I, 45 K MR T 1 H & AR
PEHAR[T]. M4, 2019,40(07) , 149-155.

HAN F Q,LI Z Z,SUN L M, et al. Research on under-
water wet manual SHS welding[J]. Transactions of the
China Welding Institution,2019,40(07) : 149-155.

[4] HR#E,2EE, I, K RSO Y
HERELT] BN T T22,2018,17(47),10-13.

MaY H,Li Z Z,SUN L M, et al. Research Progress of
Underwater Wet Welding Technology [J]. Hot Working
Technology,2018,17(47):10-13.

[5] B BE, B, 55 . K N REEHOR KA e i
FETAEF BN &)@ n T (B T.) ,2009(04) :
17-20.

LIANG Y J, XUE L, LV T, et al. Underwater welding



55 4 1]

ZERET, A5 K R IR AR R OCHE T 2 ) B K A Tt ) BIF 5 0

167

(6]

[7]

[10]

[11]

[12]

[13]

[14]

technology and its application in marine engineering in
China[ J]. MW Metal Forming,2009(04) : 17-20.
SRR AN I AR R R A S AR
PR KR ). & @I T (AN T.),2013:24-26+32.
JIAO X D,ZHUA J L. The Application Status and Pros-
pects of Underwater Welding Automation Technology
in Ocean Engineering [J]. MW Metal Forming, 2013
24-26+32.

JAR R, 37 A L R SRR AR5 K i B
ARLTL UKL, 2012,42(11) :6-10.

ZHOU L,LIU Y B,GUO N, et al. Research and Devel-
opment Status of Underwater Welding Technology[J] .
Electric Welding Machine,2012,42(11) :6-10.

R REA K TR R R BUR Kok ek (1]
EEEAR B4 ,2012(02):37-39.

WU L, SONG H W. Current Status and Development
Trends of Underwater Welding Technology [J]. Pipe-
line Technique and Equipment,2012(02):37-39.
FEPORE SRR . ARSI A O IR [T . R4
2012,35(05):50-53.

WANG Z H, Z D D. Research Status of Hyperbaric
Welding Test Chamber [T]. Welded Pipe and Tube,
2012,35(05):50-53.

Hu Y, Shi Y L, Sun K, et al. Microstructure evolution
and mechanical performance of underwater local dry
welded DSS metals at various simulated water depths
[J]. Journal of Materials Processing Technology,2019,
264:366-376.

L. TR T kol MIG K98 T o R A 5
(D] ] 7R AEpg TR, 2022

PEI K. Research on droplet transfer characteristics of
local dry underwater pulsed mig welding [D]. Guang-
dong: South China University of Technology,2022.
Liao H, Zhang W, Li X, et al. Numerical simulation
and experimental verification of droplet transfer during
local dry underwater MIG welding process of SUS304
[J]. Journal of Materials Research and Technology,
2022,21:1960-1973.

T . 304 ANEEHIK T BOLKEEHE AR B BT M
T AWFED ] eI W R Tl K%, 2017 .

XING X. Design on Draining Water Device and its
Welding Procedure Research in Umderwater Laser
Welding of 304 Stainless steel [ D ]. Heilongjiang: Har-
bin Institute of Technology,2017.

5 Fi Bt . Jm FS T i B R R M HOC B RIS
[D]. BRIV ARAEAT IR, 2022.

[15]

[16]

[17]

(18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

HOU R L. Research on the Design and Key Technol-
ogy of Local Dry Welding Device [D]. Heilongjiang:
Northeast Petroleum University, 2022.

Jacek T, Jerzy L, Dariusz F. Cold cracking of S460N
steel welded in water environment[J]. Polish Maritime
Research,2018,25(3):131-136.

Rowe M, Liu S. Recent developments in underwater
wet welding [J]. Science Technology Welding Join,
2001,6(6):387-396.

WA . 7K 03 247585 0 22 5422 SR SR e 3 V4
EBD L AR AR, 2021

YANG J. Numerical simulation of typical globular re-
pelled metal transfer in underwater wet flux—cored arc
welding (FCAW) [D]. Shandong: Shandong Univer-
sity,2021.

Barnabas S G, Rajakarunakaran S, Pandian G S, et al.
Review on enhancement techniques necessary for the
improvement of underwater welding [J]. Materials To-
day,2021,45(2):1191-1195.

kTR . 7K T PV AR e R G e i o 9B 47
WFFE[D ] RIEIT MR Tl K%, 2019.

DU Y P. Research underwater wet welding stability and
metal transfer control [D]. Heilongjiang: Harbin Insti-
tute of Technology,2019.

Jia C B, Zhang T, Maksimov S, et al. Spectroscopic
analysis of the arc plasma of underwater wet flux—
cored arc welding [J]. Journal of Materials Processing
Technology,2013,213(8):1370-1377.

Pessoa E, Liu S. The state of the art of underwater wet
welding practice: part2 [ J]. Welding Journal, 2021, 100
(5):171-182.

Wang J, Liu Y, Feng J C, et al. Microstructure evolu-
tion of e40 steel weldments in ultrasonic—wave—
assisted underwater FCAW [ J]. Welding Journal, 2021,
100(3):106-120.

Swierczynska A, Fydrych D, Rogalski G. Diffusible hy-
drogen management in underwater wet self—shielded
flux cored arc welding[J]. Hydrogen Energy, 2017, 42
(38):1-9.

Vashishtha P, Wattal R, Pandey S, et al. Problems en-
countered in underwater welding and remedies—a re-
view[J]. Materials Today,2022,64(3) : 1433-1439.
Ibarra S, Liu S, Olson D L. Underwater Welding of
Steels[ C J//Welding Brazing and Soldering—ASM Ma-
terials Handbook Volume 6, ASM International, 1993:
1010-1015.



168

43K

2024 4F:

[26]

[27]

(28]

[29]

[30]

[31]

[32]

[33]

[34]

[35]

[36]

[37]

Zhao B, Chen J, Jia C, et al. Numerical analysis of mol-
ten pool behavior during underwater wet FCAW process
[J]. Journal of Manufacturing Processes, 2018, 32:
538-552.

Omajene J, Martikainen J, Wu H, et al. Optimization of
underwater wet welding process parameters using neu-
ral network [J]. International Journal of Mechanical
and Materials Engineering,2014,26(9):26.

Wang J F, Sun Q J, Zhang S, et al. Characterization of
the underwater welding arc bubble through a visual
sensing method [J]. Journal of Materials Processing
Technology,2018,251:95-108.

Gguo N, Liu D, Gguo W, et al. Effect of Ni on micro-
structure and mechanical properties of underwater wet
welding joint [J]. Materials & Design, 2015, 77 (15) .
25-31.

Wang J F, Sun Q J, Hou S J, et al. Bubble evolution in
ultrasonic wave-assisted underwater wet FCAW Weld
[J]. Journal of Materials Processing Technology, 2019,
181(5):150-163.

Yang Q Y,Han Y F, Jia C B, et al. Impeding effect of
bubbles on metal transfer in underwater wet FCAW[J].
Journal of Manufacturing Processes, 2019,45:682-689.
Plessis J D, Toilt D M. Reducing diffusible hydrogen
contents of shielded metal arc welds through addition
of flux—oxidizing ingredients [J]. Journal of Materials
Engineering and Performance,2008,17:50-56.
LiHL,Liu D,Song YY,et al. Microstructure and me-
chanical properties of underwater wet welded high—
carbon—equivalent steel Q460using austenitic consum-
ables [J]. Journal of Materials Processing Technology,
2017,249:149-157.

Jia C, Wu J, Han Y, et al. Underwater Pulse—Current
FCAW-Part 1: Waveform and Process Features [J] .
Welding Journal,2020,99(5) :135-145.

Guo N, Wang M R,Du Y P, et al. Metal transfer in un-
derwater flux—cored wire wet welding at shallow water
depth[J]. Materials Letters,2015,144(1):90-92.

Ma Q, Li L H, Liu S X, et al. Comparative evaluation
of self-shielded flux—cored wires designed for high
strength low alloy steel in underwater wet welding: Arc
Stability, Slag Characteristics, and Joints’ Quality [J].
Journal of Materials Engineering and Performance,
2022,31(2):1-14.

Klett J, Hecht V, Grunzel O, et al. Effect of the water
depth on the hydrogen content in SMAW wet welded

[38]

[39]

[40]

[41]

[42]

[43]

[44]

[45]

[46]

[47]

[48]

joints[J]. SN Appl Sci,2020,7(2):1-14.

Chen H, Gguo N, Shi X H, et al. Effect of hydrostatic
pressure on protective bubble characteristic and weld
quality in underwater flux—cored wire wet welding[J].
Journal of Materials Processing Technology,2018,259:
159-168.

Chen H, Guo N, Zhang X, et al. Effect of water flow on
the microstructure, mechanical performance and crack-
ing susceptibility of underwater wet welded Q235 and
EA40 steel[J]. Journal of Materials Processing Technol-
0gy,2020,277:1-13.

Santos V R, Monteiro M J, Rizzo F C, et al. Develop-
ment of an Oxyrutile Electrode for Wet Welding [1].
Welding Journal,2012,91(12):319-328.

Labanowski J, Fydrych D. Underwater welding—A Re-
view[J]. Advances in Materials Science,2008,17(8) :
11-22.

Zhang X, Guo N, Luo W X, et al. A novel liquid—
shielded welding solution for diffusible hydrogen con-
tent restriction and metal transfer controlling in under-
water FCAW condition[J]. International Journal of Hy-
drogen Energy,2022,47(11):7362-7367.

Zhang X, Guo N, Ding Y, et al. A novel approach of
ultra—low diffusible hydrogen welding wire for under-
water wet flux—cored arc welding: a spontaneous bar-
rier of molten slag [T]. Journal of Materials Research
and Technology,2023,24:5669-5674.

Chen H, Guo N, Xu K X, et al. In—situ observations of
melt degassing and hydrogen removal enhanced by ul-
trasonics in underwater wet welding [J]. Materials &
Design,2020,188:108482.

Zhang H T,Dai X Y,Feng J C, et al. Preliminary inves-
tigation on real-tim induction heating—assisted under-
water wet welding [J]. Welding Journal, 2015, 94:
8-15.

B SR . AN A Rl B K R AR TR
(D] BRI /R Tl K27, 2013.

HU L L. Research on welding procedure of underwater—
wet welding technology with trailing medium fre-
quency induction heating[ D]. Heilongjiang : Harbin In-
stitute of Technology,2013.

Labanowski J, Prokon-strzel czynska K, Rogalski G, et
al. The effect of wet underwater welding on cold crack-
ing susceptibility of duplex stainless steel [J]. Ad-
vances in Materials Science,2016,16(2):68-77.
Zhang Y, Jia C B, Wang X J, et al. Investigation on the



55 4 1]

ZERET, A5 K R IR AR R OCHE T 2 ) B K A Tt ) BIF 5 0

169

[49]

[50]

[51]

[52]

[53]

[54]

[55]

[56]

[57]

[58]

[59]

bubble dynamic behaviors and corresponding regula-
tion method in underwater flux—cored arc welding[J] .
Proceedings of the Institution of Mechanical Engi-
neers, Part B: Journal of Engineering Manufacture,
2019,233(7):1808-1817.

Tsai C L, Masubuchi K. Mechanisms of rapid cooling
in underwater welding [J]. Applied Ocean Research,
1979,2A(1):99-110.

Zhao B, Chen J, Wu C, et al. Numerical simulation of
bubble and arc dynamics during underwater wet flux—
cored arc welding [J]. Journal of Manufacturing Pro-
cesses,2020,59:167-185.

Oliverira F, Soares W R, Brancarense A. Study correlat-
ing the bubble phenomenon and electrical signals in un-
derwater wet welding with covered electrodes [J].
Welding International ,2012,9(5) :363-371.

Mendonga C M, Bracarense A Q. Investigation of
bubbles phenomenon in underwater wet welding with
self-protected tubular wire [J]. Soldagem Inspegdo,
2019,24:1-14.

Feng J C,Wang J F,Sun Q J, et al. Investigation on dy-
namic behaviors of bubble evolution in underwater wet
flux—cored arc welding [J]. Journal of Manufacturing
Processes,2017,28(1):156-167.

Wang J F,Sun Q J, Liang Y L, et al. Analysis and im-
provement of underwater wet welding process stability
with static mechanical constraint support[J]. Journal of
Manufacturing Processes,2018,34:238-250.

Guo N,FuY L,Feng J C, et al. Classification of metal
transfer model in underwater wet welding[J]. Welding
Journal,2016,95:133-140.

Jia C B, Zhang Y, Zhao B, et al. Visual sensing of the
physical process during underwater wet FCAW [J].
Welding Journal, 2016.

KB KT A 24 AR 22 S R R U AT
RV BAREE BT R [D . LUK - ILAR K2, 2018.
ZHANG Y. The investigation of metal transfer, bubble
behavior and bead formation during underwater wet
FCAW[D]. Shandong: Shandong University,2018.
Wang J F, Sun J Q, Hou S J, et al. Dynamic control of
current and voltage waveforms and droplet transfer for
ultrasonic—wave—-assisted underwater wet welding [J].
Materials & Design,2019,181:108051.

Chen H, Guo N, Zhang Z H, et al. A novel strategy for

[60]

L61]

[62]

[63]

[64]

[65]

[66]

[67]

[68]

[69]

metal transfer controlling in underwater wet welding us-
ing ultrasonic—assisted method [J]. Materials Letters,
2020,270(1):127692.

Wu J, Han Y, Jia C, et al. Underwater Pulse—Current
FCAW Part 2: Bubble Behaviors and Waveform Opti-
mization[ J ]. Welding Journal,2020,99(12):303-311.
A BT AR B A N B U B E R D ). 1L
R BHR A, 2012.

Meng D Y. Numerical simulation of electromagnetic as-
sisted arc direct forming[ D ]. Hubei: Huazhong Uinver-
sity of Science and Technology,2012.

BUAAEE . WOGHIBIZKT m H MIG A5 068 T 2ok I 42 1
BRWFEID ] Jbat Abat Tk 57,2014,

Jia C F. Research on technology of laser enhanced
metal transfer control in underwater hyperbaric MIG
welding [D]. Beijing: Beijing University of Technol-
ogy,2014.

Chen Q H,Ge H L, Yang C L, et al. Study on pores in
ultrasonic-assisted TIG weld of aluminum alloy [J].
Metals,2017,7(2):53.

Wang Y J, Yu C,Lu H, et al. Research status and future
perspectives on ultrasonic arc welding technique [J].
Journal of Manufacturing Processes, 2020, 58:936-954.
Xu C S, Guo N, Zhang X, et al. In situ X-ray imaging
of melt pool dynamics in underwater arc welding [J].
Materials & Design,2019,179(5):107899.

Sun Q J, Cheng W Q, Liu Y B, et al. Microstructure
and mechanical properties of ultrasonic assisted under-
water wet welding joints [J]. Materials & Design,
2016,103(5):63-70.

Wang J F,Sun Q J,Wu L J, et al. Effect of ultrasonic vi-
bration on microstructural evolution and mechanical
properties of underwater wet welding [J]. Journal of
Materials Processing Technology,2017,246:185-197.
Wang J F, Sun Q J, Ma J K, et al. Investigation of
acoustic radiator affecting bubble—acoustic interaction
in ultrasonic wave—-assisted UWW at shallow water[J].
Journal of Manufacturing Processes, 2019,37:563-577.
Chen J,Wen Z, Jia C B, et al. The mechanism of under-
water wet flux—cored arc welding assisted by ultrasonic
frequency pulse high—current [J]. Journal of Materials
Processing Technology,2022,304:117567.

i Mk - http : //www.71dhj.com



