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Fig.3 Oxide movement and schematic of molten pool during incomplete penetration stage

54 RSB - 20264F 55694 55 410]



Laser Machining %%MI

2P, A S AR
PR i) DX I 5 Al e Al A A 2 X
. THXssiPuly b XA
L, ML L5 AR, S
BEI7 1) HAE 53— iz B an
5 s o

TESERHERT BE, H T 5 205 Rl
EBMM IR, TR T A
B St B A s BEAR T A ki, At
RHRHERBLSIH R . WS &R 2
WAL SN A BEES I, AR R A
JE W R TR Br B, R sl
HONRSAE . TELARIE T B4
THIL P DA S 58 [ e iz 2
LR AR 17 128 B B 5 73 A 2 i
BBy K.

TEIZB B, 7 B A AL A T2
WRIE iz s, Bk I A e E , 21
NEARRIE SN I, BITEREA TR/ NF

tot1 ms

t+3 ms Immft ;4 ms

I mmQ /17 mg

ty+6 ms

ez g, AT — RSO
R Wiz 5, 2 mis sh B BiFLOEHE
J5 7 KA Ak St A7 /A Il e ia
g, G A AR RS AE 3.3
TR AT IS o

3 HR/SHEITE
3.1 BEEMERTESLYIET

EETE

AR Lt ) 7R B S AR 0
SRS 5 SR B I ) ] B 5
FEmEh . T AL SRR
45° s, FG b ate BT 05 1 1Y
1B SN B A AEBOERE , #5 AT L]
RIE, RIS SEhria sl &, B

AN,

)y s
V. = —_
At N,sinf (1)

X, AN, R AT T B 1)
AR SR AL 5 Ar Dy WA it 22 [] A g

1 mm
| S—

I mm f5+5 ms 1T mm

I mmf7+8 ms I 'mm

(a) WM E T BEA Y i2 3 i

B4 FOBENRINMSHER RIS TEE

8] 5 i AR BE he b e R R
YIE; N, 0 SEBRIGEEE 58 1Y 3 vk
HME ; 0 AR AL HOR s
Z I HJE A,

6 (a) sk 45 B Bei 7 58
i o B SSEE R, RIS &N B
TN ER AL YRR AR GE Bl R P, M
4 0.519 m/s ; #5375 B B AR B
ALYz B B AR, $41E R 0.401
m/s; KSR B, A S AR R )
ia B T (HS 38 B R IR,
0.274 m/s, 4l 6 (b) Fizs.

SIRT AR R A E I B UR
E A ALY - Y2 B R e Y X
FRAR T B AL A A XK, T
J ath J5 3 [ A 1) B L 1) i B 38 3 A
XTSI A P T AL X S 4
& 78S MBS I 5 T R R A3 AR 1) I
AL FEVER X —& A E R ER

(b) B Bt 2

Fig.4 Oxide movement and schematic of molten pool during partial penetration stage

ALY 23

sk otk

tt1 ms I'mm ty+2 ms (4
bk iz
Wbt L71R 7S 31
i
1 g A e 1 mm 1 mm ot
tH*+3 ms tot4 ms 1L

I'mm 8747 ms
(a) SEMF B BAMLYIZ S
E5 ZEEREMREAMENER RSB RER

Fig.5 Oxide movement and schematic of molten pool during complete penetration stage

20264F 5695 4] - DAl A 55

ty+6 ms "'mm § /18 ms

(b) SEAFEN Bt R B



= ks

FACPI AT WA B . TR M
NN RO L U RS A K
J@ZE ATV A E L, SR
12 Bl IR R
32 HoMESBREMRNERT

R 6

w2295 5 2.3 WFdk, R A
e o365 5 58 I B I B
iz sh B R R, A
ML 58 4 45 355 B BE s i A AL i iz
S, RS R SN TN .

WE 7 FioR, 78 58 206 35 B B,
7 B8 B X T b A AL
BT 5 FE B R 13 B
], iz sh Ll E A T, 76 2 X L
WEHER D a2 Bl 7R 2 XA
s s XTI 4k 3 26 X8 1

1.8
1.6f
14t
~ 12
é 1o}
i

0.8

)32

o

0.6
04r
02

SRR B A ALY DIz Bl X BT 280
B X 38, A TOCEE I B A KO B
X3k, 3z Bl Ay ] LS AT ks
it Xk 2 Ry WA R 2 B
JIr 23k (R X 38, 32 Sl A 1) LA A
ETSkbRic s X8 3 A BRI TG
TR M B T 283 1) X3k, 32 s
VBRI 1) AL A5k Amic o
TR R R AR
Bl 5 1) 5 22 e T AR OG,
W, X XA 2 AN IX A, 3 AR IS B
MG, A R LT AR ASCAR U 3% 1
TR I TR LA
XFREZHEBMEEMT,H
FIK T IR RBCHTUE, iR
AR STE D 22 e JIVERTT , s
TR DX 37 o) AP ik X s, B ML 37 1)

Kl
WA

— SehkE

/ (m/s)

=
1

20 40 60 80

1
100

1 1 1 1 1
120 140 160 180 200

15751
(a) ANIFBT Bt oy X b

6 BHEBEEN LR EEE

2.0
1.8
1.6
1.4
1.2
1.0
0.8
0.6
0.4
0.2

(

b RETR . BRILZ AN, &8 RS i
K1 55 D) gt 1) b B, (AR
FREMNE, CAMR T, MO
T A T R TR AR 1) S B, A
FETRE S G R E 3 5 2 A X
HRA A BTSN 7 1A S, B A 3t 2
R SL T s TR,
9 1t R T P AR 1) 2 TR 0 il 4 )i
Hh 2 T PR T R B i A e & A
EAR N, AERRIE A R, T
R 8ot 3x107° HInE i
P BOE L 1.7 x 107 1, B3k 3] %6}
T ) AR R AL 4 b I B A
W) 2 e 1,
AWFFER I Q345 B, Hif T
i <350x 10", & Tol k22
X Je 107 mEE AR BIE AU, Rk, 5

B —=— Max
Mean
i —— Min
KEEE WOMRE RS
IEIBM B

b) HHrBOE R . M. fR/ME

Fig.6 Comparison of velocity and velocity value at stages various

1 mm

(a) BN

& 7

WA i

2500 CE

VRS

AL IX Sk
100 C
2 mm

(b) XIS

R

Y177 1 mm
| S|

(¢) B mHE

it FURER E L MBI BIE S 46 ISR B 9 f RIS F S E 3R

Fig.7 Trajectory distribution of tracer oxides in the molten pool, regional temperature distribution, and influencing factors of oxide movement

56 AiEREEBA - 20264F 55694 55 410]



#oem T

22X I T7 M) B A | FR AR X
F 10 el DX 35, 2 T 0 4 AL W TE I
L E 2 X R 2 Bl R 2 X A
mHtizsl.,
33 ZEEBEMENRTEEGE

RTINS HFLALBIER.

IR EE

IR ST 58 e iE b B E Ak i
S 1) JE A R R Al A K4
A6 JE 3z A 2 5 B LGB AR Ak
R R A AR T XS LA o

TR BARBORAR , A&l 8 .
TG, RS HILH RS R 78 ] ke
55 OCBE T, BEAR R A, ok, 5
TRIRAE B s sh et Rtk is
FH 25 75 R IBCHH 4R ot 22 1] 22 57 4 3%
H X3 PRI, 283887 K A ik 2
J&i 18 Bl OpenCV HAY [ 38 IV 48 36 2R
RN IR, et e S T
G e, DL B AR R R (1R
RFRAEFEDR, T2 £ %4

1 mm

" wu M « wﬂ"’ '4’1 | W i

FLICBER DB, SR FH B 3 B B
SRR EHE TR R B 220 (Y XKL,
I 10 HH Fpe A DX 3, AHERS: Rk
LRER T W CIREWE Bk
BEEH B AR AR S S A iz sl
BHATX b, TEE IR ER L,
X T AR AR AR R AR AR
Se0) B T R AVA R (=0 8 B T Y A
AR (FFT ) A0FR, 2550 1E 9 o,
TESE A8 I B, LGB R
TR i 25 R R, AbF 130~200 Hz [X.
], % R B AR R R A5 5 kAT
WT%ﬁﬁﬂE%%ﬁfﬁfiE
AR ,— M T 30~50 Hz, H— M T
mwwm AR A7/ L
ﬁﬁﬂﬂ@dﬁfﬁ BN S5 o L S B
SAE, 23 B T 40~60 Hz il 10~15
o IXTHAIIEES X I o b o
N EJRBZE@H%@ PR iz 3l B/
T SRR SR A AR A IR I
Ik A LA Y £ AR

1 mm

0.5 mm
_l

E 8 ®kHIRREUREE

Fig.8 Flowchart for spatter data extraction
9_
sk 1(X37.2478
LY 87145.1
7_
- 6F | [x148.991
< sk ” Y 55720
Sl |t
33- [} 1 |
|.'|II I"'h" k
2'-|.i': INTIATL LR G o
AL 114 " iy

EHEH AL A/ Hz
(a) BfLOLHE

1 1 1
0 50 100 150 200 250 300 350 400450 500

el A S (LR
(b) &Ik AR
9 EREBEME FFT &R

Fig.9 FFT results in complete penetration phase

-ih I I 1 L h f 1 |
0 50 100 150 200 250 300 350 400 450

R AR LA 3, I 7E 30~60 Hz, R W
TR ) 7 A 5 AR Y TR 30 2 B
UM OC, CIREE TPy 5 sk —A~
fe i W) 5 58 A0 3 s L A L'
BE 32 B PR 5 0 420, BA7E 140~160
Hz. UL, iR JZ 96 AR BE R 1 LY
[0] 7 AT BE S S 2R = A 10 32 R
B, BRILZ AN, iz shiiRh o)
—ANBH SR o AR 10~15 Hz, 3X
555 3 S AL P TE ORI P /N2 1R
Wiz gt (7F 4~6 /MG 5 ™
HRAER TR ZE 3 ) 1iE SR
— 5, AN LR
BER R AREATR S R /N, AT g
B RBALIY shSA T A G
4 iR

FH T 58 4 155 B B H AR ) A
PR, LT i — S he st
175 B B 2 T R 90 110 ) 300 2 A2 A B
S

1 mm

0.5 mm
Ll

X 13.2437
18- (Y 13811.4

161 X 40.5587
14F Y 16772
12F
100
= |l
o
4
2

050 100 150 200 250 300 350 400 450
EALP AR BR IR T B ) AR AR AR Hz
(¢) AALAEXTT 0] 12 5]

20264E 55695 4] - R EEA 57



- . .
—— 8¥n o

TE 3.3 7, SE Al i B BT
380 %) JE) 30 1 KNI R AR Ak, BT BE
58L& IRG 1T R % VA G,
Zhang % P (SR 5T 48 1 78 5
IR RS, 2 I

BUEERIBAL , AR A A2 O R
P 5B R SHIEE

ZS IR R BRI R . B
BAFLIE BRI, FLR I R R 2 i
LR 5K H O
I A% 2 AL T A e S LR AR
HAER, T 8068 8 R ICR TR B
IR K 2 i3k — 25 5 | B ARORE IE T A7
T A b 2 T A, LR ek 4
H5 , B e O S S B LALAR 5
2, M b ) Tk AR LAk ek
Prknst, J8 A e R K ks T
[ B T S E NG i e Bt B
1) TE—4 5k —F15" RS
CAE T s b PN S 1 B 0 A B T AR
Z PR, HEm SRS, T 56wl 2
SNV Bt

AW G L B, 2= AL
iz SR 5 B R A LAY A8 B T Ak
REAEAE TR, TR FLIE B
BF, anE 10 Ca) Fis, J oG RE
TR IRSCR FAIG, AL PN S v i 0
5o BLET, &4 JEmZE TN T
R BRI ZE A LR, A
IR DAL N O E TP 2NN
AR, B, mEE A DAGERE
&7 (a) HrIX R 2 s iy /h 2 Ae 26
WiR iz sl 8L A B, anE 10
(b) Fin, T AALIR R C ], &R
FEETCTE ) ki, 5 i 4 )L
Ko [FIEF, B FHSOCHE R RISHCR YK
82, &RARE S PLN R S
o, LEEH TR, AR
RIS Y) 1. %5 V) ) W
TREREALY A R RIS B, (I
B BRI, RINE 7 (a)
T X 3 BRI RE R 2SR iZ B
FRAE Az S AR B B, AR B0
Y143 Jy S1. S2/S2'. S3/S3'. S4/S4' 4
B, i 11 fiow

58 ALEMEEEA - 20264F 55694 55 410]

K12 (a) PR R —B (S1),
TREE AL PIE RS 7, S S )
NIy mis s, LA &I 4R
ARG A L P AL T
BERFL BT DI 7 A 1) AL IR ) AR
A e Btz 1), DA vl ) 47 s e A0

12 (b) Frs b 5 — B (S2/
S2"), R B A AL IR IR I ol & )
ZIFHVERMELAIN Fizsh, R, %
T AR AE 4 8 2885 V) ) Bt v 5
R ILRIVE R, Wi i b 2
whizzh, T RIBFLIC AR, BE
WIS R Ty R 5 | % TSR I S
] 4 JER ZE MR, BUdUR ER E AL 1)
J5 12 Bl E 2 e,

12 (c) s R 5 = Bt (S3/
S3"), s ER AL YIFE RS S 1/3 If
BT R o A T G
T e, MRS B 2 AL, 4R
TCEUE T IE R w2

Ot

it

EmAEL—

(a) BUEERIBHLIEA

B2 e TR AU R A A
MG 2 1a) iz B, 7 S2/S2°
Je B, FE PRI AR A T ) Rl
I [FT 97

B 12 (d) Frzs 8 55 Y Bt (S4/
S4"), 2% T 94 1A f 2 v IR K 559 1) 4
J&ZE BT Y) 7, HOHT U il 2 )
BFL G 7 DXk L, T8 B P A D R o
B 3B ) 22 e ) 3K
By, BV It R 35 IX e IR 42 i SR Ak T
AR T 7B B A oA AR 1 4
b L R R X

Anh %5 P RN 5 DU B BERE
s R X St s b AR R D
M AR B MAL, ek )25, 522
X Je 17 ) K A U T A Il L, A
T 5 A 3 1) 553 ) 4 i 28 < R
J1o BB AVELIE W, BFLIS 5
HR A A 23 3 kL BE I 1) Al A o —
), o5 B 2 3 T AT ) AL, DA
TR

V| EOER

(b) BLKCH

B 10 RFERGAN NS TER
Fig.10 Schematic diagram of the effect of through-type keyhole on oxide motion

11 EeBEBENREERNTEE

Fig.11 Schematic diagram of molten metal flow during complete penetration stage



Laser Machining %%MI

b 142

RN

BILHG
\ A w ot
TR L X I
SRS

(a) [aEMLZIsgB B (S1)
AR

d B BRI W 1
N =

4£Eﬁ\\\\

i puake dUpEoS et 1t e

A BiFLA S R
| e UIIP)]
0 _ =

w4 S
R

S R
¥ N
R /|

)
BiAL
ﬁ%ﬂ%ﬂ%%%%%‘“f//
Ek%%ﬁ%ﬁ%ﬂﬁ
S2’

BB (S2)

(b) HrlZmE M EIRIZ S B (S2)

AARERY

Wi 238 I
\"‘-‘*"‘\‘-—.—y e

(c) My fER prBe (S3/S37)

Bl )
_

ST LB ET YR Y
BRI

—:j?%ﬁgﬁ

(d) W EFE B (S4/S47)

E 12 &R EEMBRBERIEEUNZINTEE

Fig.12 Schematic of molten metal flow and oxide forces in complete penetration various stages

5 4ig
AR mHEE R, RS0
S T AR [RI 5 [ B b 22 1T 7% B4
WHIBBEINTT N . FETZML 5
R Ab I, ST T R S AL Y
T SO 5 5 AT, AT B Vb4
R TR R R R S,
A, S ARG P HAB TS B,
BT A BEE AL IS
S, FERE RS,
(1) R B BOS s 18
KM B, N A L 70 43 A b 5
201 9, 7E T S50 R b,
G R Bh A K, s R AR W &
BEFR I NI BT 1A A AR % 15 30
TER 342535 9 BE, 75 1 52 IR0 , I
M3 TR 43 VR 0 378 28, R B AL W
T S I A R 1 B B s
TEnd K B B, R I R4 S 4 3 T
KT, 2 TSI AT R E R
B S A S T Y S B 2
(RN RN B 32 sh il . 75 3 A
W BE, B3I 5In R Ay 2 S ik
3 T 22 K A O, 3 B TR A

1o KB EHE Bl A T X
iR peaysi 8

(2) A[FEER Bois s B . A
W5 375 [y BO B S A6 I o B R
T PR 42 Bl B b, S 2 S hy
0.519 m/s, &R % B BE T 24042 o)l
FE R 0.401 m/s, 58 494 15 B BT 34
R He AR N 0.274 m/s, 500 2 i1
T R SR — 2

(3) i 4B M Bz sh LA R
AT H it B BH A /N
TEA A F iz o, IR G 5 b BEIR T Y
JIAPEE AL B DG, Horr, /hfAR
TEFATE (40~60 Hz ) 5 Rk AE 4%
A, FEBH AT BRIk ISR IR 2 —
MREAREAAIR (10~15 Hz ) AT HE
5T ALY UL iR O,
FHGHHL A SR ESS

S £ X #f
[1] FHEAL SR, v/, 55 BoiR)
N TR 3 B AT R S B AE Y SR [T]. ALAE T
FE24R, 2023, 59(5): 291-306.
FU Yanshu, LU Cong, YE Xiaojun, et al.

Review of experimental study on melt pool flow

dynamics during laser material processing[J].
Journal of Mechanical Engineering, 2023, 59(5):
291-306.

[2] ZHANG C, LI X W, GAO M. Effects
of circular oscillating beam on heat transfer and
melt flow of laser melting pool[J]. Journal of
Materials Research and Technology, 2020, 9(4):
9271-9282.

[3] GEIGER M, LEITZ K H, KOCH H,
et al. A 3D transient model of keyhole and melt
pool dynamics in laser beam welding applied to
the joining of zinc coated sheets[J]. Production
Engineering, 2009, 3(2): 127-136.

[4] GAOQY,YANTY,LING WL, etal
Effect of vapor/plasma-liquid flow behavior on the
keyhole oscillation in laser-MIG hybrid welding of
Invar alloy[J]. Optics & Laser Technology, 2021,
140: 107054.

[5] MAYIY A, DAL M, PEYRE P, et
al. Physical mechanisms of conduction-to-
keyhole transition in laser welding and additive
manufacturing processes[J]. Optics & Laser
Technology, 2023, 158: 108811.

[6] WANGL,ZHANGY M, CHIARY, et
al. Mechanism of keyhole pore formation in metal
additive manufacturing[J]. NPJ Computational
Materials, 2022, 8: 22.

[7] LIMMANEEVICHITR C, KOU
S. Visualization of Marangoni convection in

simulated weld pools: Marangoni convection

20264F 5695 4] - BiAtlliEA 59



- . .
—— Ix oru

resembling that in weld pools is revealed by flow
visualization[J].Welding Journal, 2000, 79(5):
1265-135s.

[8] VAN ANH N, TASHIRO S, VAN
HANH B, et al. Experimental investigation on the
weld pool formation process in plasma keyhole arc
welding[J]. Journal of Physics D: Applied Physics,
2018, 51(1): 015204.

[9] ZHU B Q, ZHANG G L, ZOU J L,
et al. Melt flow regularity and hump formation
process during laser deep penetration welding[J].
Optics & Laser Technology, 2021, 139: 106950.

[10] AUCOTT L, DONG H B,
MIRIHANAGE W, et al. Revealing
internal flow behaviour in arc welding and
additive manufacturing of metals[J]. Nature
Communications, 2018, 9: 5414.

[11] /N, 2540, B2, 45 304 K
S ABO AR 2 B B AT N B4 B
JERFSET]. HLARAL, 2021, 51(1): 4248, 120.

XIE Xiaolong, LI Quanhong, MU Zhongyan,
et al. Study on flow behavior and weld forming of
304 stainless steel by scanning laser welding[J].
Electric Welding Machine, 2021, 51(1): 42-48,
120.

[12] XIAO X F, FUY S, YE X J, et

al. Analysis of heat transfer and melt flow in

conduction, transition, and keyhole modes for CW
laser welding[J]. Infrared Physics & Technology,
2022, 120: 103996.

[13] PENGJ,LILQ,LIN SY, et al. High-
speed X-ray transmission and numerical study
of melt flows inside the molten pool during laser
welding of aluminum alloy[J]. Mathematical
Problems in Engineering, 2016, 2016(1): 1409872.

[14] SOUNDARAPANDIYAN G, LEUNG
C L A, JOHNSTON C, et al. In situ monitoring
the effects of Ti6Al4V powder oxidation during
laser powder bed fusion additive manufacturing[J].
International Journal of Machine Tools and
Manufacture, 2023, 190: 104049.

[15] ZHAO C X, VAN STEIJN V,
RICHARDSON I M, et al. Unsteady interfacial
phenomena during inward weld pool flow with an
active surface oxide[J]. Science and Technology of
Welding and Joining, 2009, 14(2): 132-140.

[16] GUO C, LI C, GUO J, et al. Zero-
reference deep curve estimation for low-light image
enhancement[C/OL]//2020 IEEE/CVF Conference
on Computer Vision and Pattern Recognition (CVPR).
Seattle, 2020.

[17] RONNEBERGER O, FISCHER
P, BROX T. U-Net: Convolutional networks for
biomedical image segmentation[C]//Medical Image

Computing and Computer-Assisted Intervention —
MICCAI 2015. Cham: Springer, 2015: 234-241.

[18] MISHRA S, LIENERT T J, JOHNSON
M Q, et al. An experimental and theoretical study of
gas tungsten arc welding of stainless steel plates with
different sulfur concentrations[J]. Acta Materialia,
2008, 56(9): 2133-2146.

[19] ZHAO C X, KWAKERNAAK C,
PANY, et al. The effect of oxygen on transitional
Marangoni flow in laser spot welding[J]. Acta
Materialia, 2010, 58(19): 6345-6357.

[20] YU T, ZHAO J D. Quantifying the
mechanisms of keyhole pore evolutions and the
role of metal-vapor condensation in laser powder
bed fusion[J]. Additive Manufacturing, 2023, 72:
103642.

[21] LIS C, CHEN G Y, KATAYAMA S,
et al. Relationship between spatter formation and
dynamic molten pool during high-power deep-
penetration laser welding[J]. Applied Surface
Science, 2014, 303: 481-488.

[22] ZHANG L J, ZHANG J X,
GUMENYUK A, et al. Numerical simulation of
full penetration laser welding of thick steel plate
with high power high brightness laser[J]. Journal
of Materials Processing Technology, 2014, 214(8):
1710-1720.

Observation and Analysis of Oxide Movement on Laser Welding Pool Surface
and Study of Periodic Eddy Current Variation

WEI Wei"?, MO Hongyuan', LI Guangxian', KONG Qiancheng', PENG Zhongging',

WANG Wei', LONG Yu"?

(1. Guangxi University, Nanning 530004, China;
2. State Key Laboratory of Featured Metal Materials and Life-Cycle Safety for Composite Structures,

[ABSTRACT]

Nanning 530004, China)

Laser welding has been widely used in aerospace automotive and other fields due to its advantages of

high weld seam quality, high processing efficiency, and low heat-affected zone. During the welding process, fluctuations on
the surface of the molten pool directly affect the quality of the weld formation, making it significant to investigate the flow
behavior of the shallow melt. In this study, a small amount of aluminum oxide (Al,O,) particles was introduced as tracers
during welding. By combining image processing and machine learning methods, the motion trajectories of surface oxides in
the molten pool were extracted and analyzed, quantifying the changes in surface melt flow velocity at different penetration
stages. By correlating features such as temperature, spatter, and molten pool spot frequency, the periodic variation patterns
of vortices on both sides of the molten pool surface during complete penetration stage were revealed, and their respective
correlations with spatter behavior and keyhole breakthrough phenomena were illustrated. This study provides valuable
references for analyzing the surface flow of shallow molten pools and optimizing weld surface quality.

Keywords: Laser welding; Molten pool flow; Molten pool monitoring; Image processing; Machine learning
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