505 F 128/2023F 6 B/HEE

JETHE M R AN JRFAE A IO -MIG 52 & PR 42 HUS
eV £ et il s i

RFE, UEE, KEZ, AR

FTARTA R%FT RE RS TEREARVR DL, TR T 510006

PE RS BRI R O -MIG & A A5 3 (MIG R A 1 PR SR GR 37 ) mh i Hh B S B B 2 — |, DR R B
H FLTE AR E A, BT LATE S 8 3 B v R B WA B g A 0 AR 0 A W SR o, R D e B R AR AL P S 2 IR o X sk P
J B TR A7 B2 B0 A5 2095 b 58 B 1R14R , T8 3 )5 308 235 2 Ak B — 2D ARIBUR T B AL IEMR . RIC (B AL R Y
VLA — P AR S, SR 3l 0 v HEAT e R Ak B 0 T ARG AN AR R AIE o ST 2l 25 08 B o o) R TR B — R AR
o 22 [0 245 AL TR Ll T P A A I 2 ) — A AN AR R R L Sl AR S A o S 9150 1 34 S I B A A A I B AN

S PRAE A PEER L SRR T % 45 R B B R R A T R

o IT AT R T P A B i R AR

JE-MIG B & R IR PR R TS 5, %) T vk B HOULEE B 75 AR B e ol b 0 A7 A 0
KR WOLHA; MAMS; BOL-MIG G RSN, Mibkg; FEAEHE

HESES TG409 XERFRERS A

1 5 7

WOE-MIG & G 542 (MIG R 16 A0 i 1 o AR AR
R ) B SR MOL KR B T R R IR OE L SE
FOL AR T RV R A R ORI A
LA F IR i ek 5 R AR E [ A R I AT AR e
PEXTEOE R IR . FEBOL-MIG & &R # b 45
58 WY 5 5 A I R RO i O O 5K U A
WO 5 L I Aol AR R LR S X R R R R A
EREEMLW . TEIREIE BRCEAN RN IR A
Sy it DU PR B W B b S BOR AR B 1 B A TR R
AL I T 4 SR T 5K 0 5 O R AR LR T RE AL
WS IRZS T HE AR AR BE LA AR A K1) W 3 AL AL
LT 0 e S RE AR AR S M 0 R 1
Foe Tl 4 e R AEAE T BRI, il T 1R Y R T 5K
Wl /N 00 78 Ao A ) 2 i < R T 12 1] L A [ A A
B 2T TR b A i B I AR A 0 AR R B i
5 o 2 P — B A [ P O 2 05 A v A S ) 4 L <
Jogs SRR A, >4 6 ot <5 s 5 11 2 RS 06 i, B ) 44 il <
Ja S AE T — A Ak 2 o RO 0BT (9 B2 0, T 0%
R I T — 5 3 R PN P e B

AL A I B2 A 32 00 A R R v, R AR
MRS A £ R R . Fan 8 S5R IX
AR ARG, 2 RBGHOE-MIG 525 48 4 id 7 rpdk L

DOI: 10.3788/CJL220922

ke b 64 RS o R T BT 2 BB RS A L 25 R AL, T 1X 73
AR T G DA R o R IE e IR A o (HZ T IR R AR
R R AL O SO AT U B e A, S B AR 2 A
BONWAE . Gao 55" i B BEAR AL BT 17 2 ol 2 o
Fe b B 52 9 A2 Ak, DA T8 Hh 4R OB 82 B9 T AR L L
R G BE 0B 52 B 2L £L Y BE 28 10 A S8, S B 4 o
AR 7R 2 ARG o (ELJR T AR B A TR R R SRR A T vk
X7y — SERRBR ESIE 25, ANl Tk 2 2 FRE 25
FEAE o Fan 28 5R FH o 45 AR 42 O 2 T 1 48
4 PR L 25 R A 3 a2 36 458 25 0 A R A1 B9 6 e O 4
A S A T ML TR A 0 R 4 S 7 A A AR B e A Gk
B o 07k BRI TR A R ANl TRk
AR FR AR A5 B o B A SR 5

A AR TS B U R W R A 2 I P ARG
TR LR AR R B 0 ) 7R LA B TSR X A I, AR
& — P HOE-MIG &5 SR R A IR T R AR
2T A2 % 2 R AE A A I AR 2 i A P R R AR AR
PRBE I BRI 14 5 05 o R TR e v s B R LR 4 L R
T 00 9 J155 K I3 Bz JZ (Retinex ) B (14 22 )R JEE A0 I fi55 K
i Bz 2 (MISR) 3 56 18] 15 14 6 e 2 350, 308 3k B L 70 1)
T 25 5 b B IO Je s R v ) (AR IR R TR
4 DU ZH IS — A AN AR R, IR P 1 sl 44k Dok W P X AN
ARFE AR o [R) IR A A R T — o s B 2 0 4% A AR
A0 T DA G I 5 5 5 AR TS T 0 e o ) A A ARG I

Wi HE . 2022-05-30; f&EHER: 2022-09-21; KABH: 2022-11-04; MEEHEEZHE: 2022-11-14
BHEWH: MR IHRN(202002020068) | H R B RFHF#IE 4 (52275317) . T R4 A SkFR2# 5L 410 H (2314050004977)

BIEMEE . "gaoxd666@126. com

1202108-1


https://dx.doi.org/10.3788/CJL220922
mailto:E-mail:gaoxd666@126.com
mailto:E-mail:gaoxd666@126.com

£50% F 12 H1/2023 £ 6 B/ EHN:

. et AP B b A B 75 4 T £TAMIEE R G, SR BUG AR FLAE B . =
2 HOEMIG H A IR it PG ML B Sk BE 25 45 4% 29 600 mm, 5 /K S )7 1) i 45° 3%
21 FHX-MIGEARBRETEFHRENKEESE o B R SR 200 mm X 100 mm X 3 mm, £ #

WOL-MIG & A 120807 5 B OGOt as oS il 304 NGB, 226 T ER30S REEAN . MR F |
HLER A R ARAL S AL, & 1 s . JREF 0L A 51 SR, MIG IR 7E AT, OB TE G . M R
B e Bt T Rk 4 kW, AR LR A 1 R 15 % ML 3% Sk A E SICAR A B [ L 32 B B sl T
k1 768 pixel X 768 pixel, K £ Wi 2 & 2000 frame/s, # &5,

six-axis robot
high-speed camera

laser head high power fiber laser
=

arc torch

image processing
computer

. workpiece :
=
laser generator ? \ y ‘ '
~ -
El oo : P

illumination laser arc welding machine

motion platform

K1 BOE-MIG 2 &8 L8 G R B
Fig.1 Schematic of laser-MIG hybrid welding testing platform

22 RBREAEPHEREL BRI D0 T, 4 s /N B 0 it % S T ot AR BN T LT

PR EE 0 ORS00 S % DIAR OGS B P, DAL AL UL B AR B B X oy R 2R
R R G 0 ke [ IRF O F S TR AR > R A R B BIE TR BRI R Ve . A 2(b) PR, 4
PEFEES AR AR R R I R S AR, R E T I R AJEE N R B b vt R T AR, AR AL
T AR R B 0 A 2 Ca) BT 2 AR S B 0 WL, BE B 5 R BE [ X o S LR 32 3K T A i
5 63 IR 5 i 2 T PP 00 A O T R AR R R AR R A, o> AR ETE R O i & Mt R AR R
0 H B AR T AR B K E B I X B . AR SE AN TR CUTE

@ arc torch boundary between melt area and (&) arc torch boundary between melt area and
\ laser beam re-solidified area laser beam re-solidified area
top ~ =

Q k
melt area
- base
el re-solidified area

bottom bottom
tail of molten pool tail of molten pool
keyhole keyhole

root hump

K2 BOL-MIG 24 MR 7R 22 18 o (a) AR BE VAR U T )i 2 5 (D) A2 68 155 e W 6 Y T2 i aod 72

Fig.2 Schematics of laser-MIG hybrid welding molten pool. (a) Formation process of root hump pool; (b) formation process of full

melt area

re-solidified area

penetration defect pool

< ek GBI T AEEOE-MIG Z G0 A% Ll B
S ML AN IR Y 23 0 O DK 55 0 AT IR g A AR LA B8 1 D e [T 1%
3.1 JEit R E KA E R B E R T AT 3 TR RO 5 R IO 6 DX B

A1 3 A B ek R o A O PR, 0 ) PRI AR B e TR T R A DX, B T ) BT o Ry T S8 R AR I
Bk A DL IR GO R AR AR B ROTER R MR AR AR IR R AE SR T Retinex FE Y MSR J 3

1202108-2



2505 F 12 H1/2023 £ 6 B/ EHN:

AR
T

welding
direction

5 mm
| S——

3 WOL-MIG & 5l 72 v A 0 15115
Fig. 3 Detection image in laser-MIG hybrid welding process

X ROT#EFT 7040 3, MSR 4 55 F1) F J 4R S A 6 IR
g3t TR BRI A W%%Mxﬂﬁfﬂﬂéﬁ M
T 990 6] s AN 357 5 4 AR D 7= 2 AR 5 = s it Az
PRGN 1K 4(b) FFs o fﬁ@%%ﬁtbﬂtﬁﬁﬁ%j@srﬁﬂ
ﬁ%?%((')TSU)XﬁWLEET%Hﬁlﬂﬁﬁ%ﬂ,ﬁﬁ%%ﬁ
T 25 2 Kb B 5 o b RN FE A s e 1 52 i), $ 0 i 2
B R €81 BRE [ DX 3 P A AR 475 S 5 31 DX 3l ) — {8 I 5
WEAC) PR o B G P 0 65 Tt R 350 R % R X,
FE 2 X O G 34T B B, 15 B R AR I b BB I 25
B B MG s v R BB A B MR A 1A 4(d) B R .

threshold segmentation

MSR & image
enhancement morphological processing transformation
) H root hump
R()]

; . I
|
I::> |::> | full penetration
|
|
|

4 BOE-MIG B4 1R 6w il R AL BT A2 ()RR RS s (D) 48

1k MISR AR 3 B % s P55 (o) 35 [ il P 50 () i 2 3 TR 5

Fig.4 Image processing of laser-MIG hybrid welding molten pool. (a) Original image; (b) molten pool image after MSR processing;

(¢) image of solidified molten pool; (d) image of molten pool tail

3.2 Bt EIEG MR
G AS AR i — Fh B SE 5 ﬁm%ﬂlﬁ'f“ AR

{14 PEUGRRAE , T X T R AR 4 ik %'JFHI’EM%E’J
AN A FERFAIE AT LA P AT R A B ﬁiﬂial@lﬁ RUDERHEIE

5 A ) Tt R TR IR R 22 S
Fes it FE R AR PR/ (o, ) ) ptg W e Ll

M= 51 STy ), (1)

K pflg MBELBUEO0,1,2, s X MR YE 5 Y
R PR 15 2 5 o O TR AR A A g 5y A TR A A A A2 s
S, y) AR T EHUR R R BUE, RE S 0503 1.
PRI, s v 2 o — 4 R A, y) B9 pFg B L
E X H
ZZf oy)e—xV(y—3y)r, (2)

3 e 2 0 P 1916 X BT 9 B A L I
Hy Mo/ My 5 K e P 98 PRI 11 60 X B 0 0 280
B L M/ M
s 0 FE 9 = 4k TR 1 £ y) 16 petq B U — Al s
7 X
_

. o o (3)
:qu+ Lp+qg=23, -

Mg

X 2) o BA B A, (3 IH—1k
S RTINS = w1717 N A0 S o9 1 2 1 7 = e 1 £
VA — b rpoC 4 s P2 AN AR R
©17= 120 T 7oz
=920 — 702 ) + 47,
@3 =02 — 370 ) + (375 — 70 )"
0= (950 T 902+ (o + 705V
i 3k 2 (4) 43 31 B3 R R RS RS R O 2
A IT K ﬂéﬂxﬁiﬁﬁﬁﬁﬁﬂ AR 38 I B R AR
W)t NS o A% 0 AL B 20 I — A AN AR

(4)

prm(1)= 2L P .

spimax — gp,.min
P AR ARG T 50, () R eI 20 AL R
%E E/:J ,fE 5 @imin )ﬁ ¢1([) E"J %/J\ﬁ 5 gpzmelx )ﬁ ¢1([) E"J E-i‘

PN

R P 2l 4 ik A P A 2 H — AR S B9 AN 72 4R
e o AT P 38 5000, T B3R Bt AL 5 2 77 A= 114 Jag S M ., %
BAHH— )M AZERE RS 5
H— AN 1 S A E LA

20 Puem(0), (6)
n—w-+1

y’i—?f“ 71%7#21—&%&%&0

:@l

W w N B

1202108-3



HRIEX

£50% F 12 H1/2023 £ 6 B/ EHN:

33 BHEBBLENFEISN

B IR R 0 G I B 5 N 4 0 O 10 B IR B A4S
12000 />, 79 R Hz R 2 04 DU 4 05 — A AS 78 6 2 L 1
S E S R . B S5(a) AR FEAR Y @0, 206
BEAREAN @100 M 0.080, J5 224 0.010; 17 A Bl 3 K A 1Y
Proom N 0197, J7 228 0012, 7E X R (14946 2% I b 4 4%

25 4 v L H H AT i B A AR 013, BN BRVE Bl e AT

—— invariant moment —— invariant moment
-=== moving average -=-=- moving average
1.0 T 1.0
0.8 0.8
o 06 o 0.6
= =
G G
= 04 > 04
0.2 | i 0.2 ¥
2000 4000 6000 8000 10000 12000 2000 4000 6000 8000 10000 12000
Full penetration sample No. @ Root hump sample No.
a
1.0 1.0
08} I 0.8
Il
o 06F | o 06
= ‘ 3
G | <
=04t i | | > 04|
Il 1
0.2 ; \ 0.2
" \ | ! LWLV | ‘ \
o i N s N Y : Lyl A !
2000 4000 6000 8000 10000 12000 2000 4000 6000 8000 10000 12000
Full penetration sample No. Root hump sample No.
(b)
1.0 1.0
0.8 - 0.8
Y 0.6 | g 0.6
G <
> 04 = 04 ‘
0.2 | R AL N 1 0.2 §
Meel \ 1 ‘ i ﬁ L) ] ' .
0 T e JMA..MLMM_J..“LJL_..AJM M,JMJ‘JM._M.MMMM‘AMMJ \ .
2000 4000 6000 8000 10000 12000 2000 4000 6000 8000 10000 12000
Full penetration sample No. © Root hump sample No.
c
i
%] %]
= =
G G
= -
\ | L I
N ‘ 1 I || 1L L
i A == o . o001 [8es 3 _ ;.....mdl.hmu V0T T TR YR
2000 4000 6000 8000 10000 12000 2000 4000 6000 8000 10000 12000
Full penetration sample No. Root hump sample No.
()]
B15 45 3t B2 3 IR 1 R AR5 J M sl 30 . () AR KR 15 (b)) ANAEHH 2 (o) ANARHE 35 (d) AN AEH 4
Fig.5 Invariant moments and moving average values of molten pool tail images. (a) Invariant moment 1; (b) invariant moment 2;

BRI /N 0.21, anE 6 () ITan o [ 5(b) Sk P A kR A (1)
Ponorm » I BFEARNY @0 F 0.083, 77 22 4 0.018; 1M1 A
BB RE AR B @ A 0.317, 5 2249 0.025, £ Xt N7 (4 46
2R JE1 rh A 0 3B 1 v A 8K AT BB 9 AIC 0,26, H R R
0 R A R B B /0 0.50, W& 6 (D) iR o [ 5(c) A
PR FE A1 @ » I BAEA N o0 I H R 0.097, T5
22 4 0.018; i A Bk B FE AR Y @aom N 0.189, J7 252K

(c) invariant moment 3; (d) invariant moment 4

1202108-4



2505 F 12 H1/2023 £ 6 B/ EHN:

0.014, 78X 07 1) FE 28 B v 4205 485 1) v 57 B EL AT i 1)
fIR0.11, e bR FRYE [ b A S A9 7N 0.18, 4n & 6 (c)
o ES(A) P MEEAR T @i » EIEBEFERT @ N
0.048, 75 224 0.021 ; i A Sk FAAE A Y @400 4 0.135,J7
25709 0.034 X5 0 Y R 1 4 0 OB 0 T 6 B AT
B FE B9 4% 0.07, e b BR Y Bl be A B BE A9 /N 0.28,

a
@ 0.5
0.4
-
. 03 |
5
g |
S 02
T |
0.1
— |
0 L -+
1 1
Full penetration Root hump
Condition
(¢ 05
0.4 e
|
. 03 '
£ |
& |
S 02 —
|
= |
|
0 1 1
1 1

Full penetration Root hump
Condition

L 6(d) Tz o A AR P G 06 i B 19 100 43 1or B3y o F
ANE T 0 A E, IR PO A — R AR AR Y 4y
A7 17 1 AE =2 ] 9% A8 & 50 40, A AR 50 5 e B i 1Y) R AR
PR AE (B A Ll 4 00 305 T 40 1. A R 0 2 06 ke o 1) 10 241
H— A AN AR A Y (E AR b 3 2= 038 T 90% , i
A B T e mE = N T 150% .

® o7 T
0.6

05

g 04
0.3

0.2 -
|

|
0.1 gg |
|

0 eds

Full penetration Root hump

Ponor

Condition

@ 05

0.4

Panorm

0.3 T
|
0.2 |
|

0.1

0 = €1

Full penetration Root hump

Condition

P16 Ja b R R RO A8 R A R IR (a) ANAESE 15 (b) AR HE 25 (o) AR K 35 (d) AZAEHH 4

Fig. 6 Boxplots of invariant moment of molten pool tail image. (a) Invariant moment 1; (b) invariant moment 2; (¢) invariant moment 3;

(d) invariant moment 4

4 R U G I A Y

4.1 —HEMBEMEHAPET

5 T e 2 O 4% i Y Rl N T RE AT R e B F kY
TREE 2 S Bk 2 —  Hod — 435 UM 2 W 2558 T Ak
B — 4 i ) P 0 A s S R O -MIG B AR
ot B A AR S O W B, ST T — 4 LR
25 ) 2% 1 A R i U 40 R A& AR 2 (Conv) A1t 46 )2
(pooling) , fe i — 4 K — A b )2 Al — A& 2, —
A R AR RN € 7 Frs o ARG ISR E A
AR 8 T 0 a5l o AT 4 0 3 19 R AR A 12000 £, LA DY ZH 19

input Conv 1D  pooling 1D

HL -

Conv 1D  pooling lD,’

A AR A K e B Y (A S A B X ={ g, (1),
Proom (1) @2 (1) 5 @onom (1) @5 (1) 3 @iom (£), @4 (1),
Ginern (1), 1=0.5,1.0, 1. 5, -+-, 12000 ms |, #i } &t Ky
Y, X PR A UADIR I HEAT 73 25 . Y R 0, RN EEA
IR Y N, RORFEAR S A G . —4E
B B 25 I 2 A5 Y () I 25 R Cepoch) 2 30, 4 U2
> B REAS B i (batch size) Ry 128, ] 17 2% 2] % (learning
rate) 4 0.01, A Y5 R FH Y 2% > A8 5 25 B 0k
H 36 IR VA RS HEAT 4R . S ) RN AT R R Y A
RECORE N SR, At SR, #5 50 UE 4R 1Y 1
RBAETE, WX 27 2] FREAT I 8% R 1 0.2,

dense softmax

S

/ full penetration

root hump

L7 PTG AR T 5 0 G T ) — 4 A R 22 [0 2 A A

Fig. 7 One-dimensional convolutional neural network model for weld root hump detection

1202108-5



Rt

42 HBIHER

S 08 T 0 A I 11— A o AR A 2 ) 4 G A Y 1) o
B 3R i 2 A 1] 8 (a) Bz o 45528 1) 11 25 4 R 50 iF 48 o
R0 e 5 21 58 R ER 22 55 11 2k g 3k 21 W4 R, 455 A0 31|
Y £ R 35 UE 45 Fe A ME A 2R 4 50l R 99.73 %6 Fi199.88 %0 .
TR 451 2 i i 2R 40 6] 8 (b)) BT 7%, B T8 i 450 2k A it 2k
1 20 %8 22 47 FFHR UL, I ELASE TR i 483 2 (e & R4 3 T

£50% F 12 H1/2023 £ 6 B/ EHN:

1%, MR 25 ) Sl 2 a1 8 (o) Tz, A AU (1) 24 )
FIEREALE] 2 X 107, Bk — L FEALE 4 X 10°. ¥R
RO)RIFET 255, ¥ I B SHAFE N R IR
Z EWZ R R 2] R SR e 2R £ |
PEREFE TH I 25 [ R o 2 ) 3R 20 245 VR 48 50 1% 1l 1 3 e
T A AR (Y 22 kB SR, DT A B T B AR A Y
B g ARG T A AR

(@ 100 = () 30 - (© 10
train loss 9
98 2%t 0 eeees validation loss - 8
c S 7
< 8 20 S
2 96 Q % 6
g 15 5 5
= I o0
& 9 ] £ 4
< 3 10 g 3
92 = train accuracy 5 g 2
---= validation accuracy 1
90 0 CE P L TR 0
0 5 10 15 20 25 30 5 10 15 20 25 30 5 100 15 20 25 30
Epoch Epoch Epoch
FE18 T A MR 0 T 0 A 0 1) — 2 5 L ol 2 ) 4 A5 100 g )11 S 2 3% () A 280 o % il 28 5 (D) S 451 2 (1 il 288 5 (o) IR 2 3 Rl £k

Fig. 8

Training results of one-dimensional convolutional neural network model for weld root hump detection. (a) Accuracy curves of

model; (b) loss curves of model; (¢) learning rate curve of model

4.3 BN R

Sk T8 VIR ARG T A AR S B 0 B o 1 AR
WO TR N 2.5 kW, B JE N 18 V, B
150 A, B4 B 1.4 m/min, 5157 2 LR 5 | 3
TTIUE o 12 S T P 350 40 A AR 3 9 e 5k s 1T s > 35 4
R A B 0 BUEE SR IR 4k 9150 SRR 1R A K 4R
B N B YN SR br i AR v 3 B AR A 000 AR S8 T 0 Gl 55
FIMERR R . P9 R A v 9150 AR A Ry Y A5 92 52
) 512 A AR S T 0 B s ARG T 4 SR A LU TR L AR SR
B R 22 7 ) oA NS B A, e A0 T I R 4 SR DN B A AR
TR A A, Fic A 120 1 R 2 A I 4 R AR e A 2
H ) e R 2 Ry A R S B e Bl o X S8 4 3 X3
FLek W4 HE 2k Z 0] A& 9150 I AR REAS o K I &5

welding direction

—— ; |

i 1 RIRFEAR S A JE B IE , 0 TR FEA S 205 % R
Ao MM 0~3604.5 msif, FEA AR M 25 58 & A MRS
BB E . 24 7l 2750~2900 ms IF H BRI AS . iR
JiCERT 2 2 A7 30 A R S T 0 ke o X sl A 4 375 X 38
B o 2, B I it R SR AR VIR [ U E i
PERY A . 24 2R 3950~4100 ms B, 469 25 576 0 A1 1
2B A AR 4, B AG AY JR DRLJR  IX 3 A R 4
BG5S A B 0, 40 1A 9 v RS R T TR

TZAS R AE AN [0 AR A A T A RS 0 o e 5B
P VTR o FE A AR B UG i B 1 0 el R A R o A R
K 95.6% . 7E A B B KRR AR b ofE A R A F
91.4% . 7E# S 15 4% 9150 A M AEAS v | i 7 2R 1k 5]
94.7 % K N 3 B 3k 3] 25 frame/s. R 45 R EK B L%

Detection result

500 1000

Time /ms

1500 2000 2500 3000 350]) 4000 450

PE1O R T B W A ) 445 25 R B S 45 R0 HE K

Fig.9 Comparison of detection and real results of root hump

1202108-6



2505 F 12 H1/2023 £ 6 B/ EHN:

A1 TR IR AR T A B g A 0 o At
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Sample Number of testing samples Number of correct testing samples Accuracy
Root hump sample 7209 6890 95.6 %
Full penetration sample 1941 1775 91.4%
Sum 9150 8665 94.7%
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Online Detection of Root Hump in Laser-MIG Hybrid Welding Based on
Invariable Moment Characteristics of Molten Pool Image

Huang Yuhui, Fan Xi’an, Zhang Yanxi, Gao Xiangdong
Guangdong Provincial Welding Engineering Technology Research Center, Guangdong University of Technology,
Guangzhou 510006, Guangdong, China

Abstract

Objective As a reliable technology for material joint processing, laser-MIG hybrid welding (MIG welding, melt inert-gas welding)
has been applied to various fields of the product manufacturing industry for decades. Due to its characteristics such as deep
penetration, high welding speed, and high-quality shaping, laser-MIG hybrid welding has become the research focus. However, all
kinds of defects troubling many scholars often occur in laser-MIG hybrid welding, and root hump is one of the common defects.
Unlike instantaneous defects such as undercut and non-penetration, root hump defects are caused by the accumulation of molten metal
flowing to the end of the pool over a a period of time. During the formation of the root hump, the weld quality is continuously affected
by it. When the molten metal has solidified to form a hump, the new molten metal will continue to accumulate in the next position to
form a new hump, resulting in the periodic occurrence of the root hump within a certain range. This study presents an online detection
of root hump based on invariable moment characteristics of the tail molten pool, which can detect accurately root hump defect in the
strong noise environment of laser-MIG hybrid welding. We hope that our innovative approach could provide the basis for the online
detection of defects in laser-MIG hybrid welding.

Methods The laser-MIG hybrid welding process detection system is established by a high-speed camera, six-axis robot, arc
welding machine, high-power fiber laser, and image processing computer. During laser-MIG hybrid welding, the images of the
molten pool outlines are collected by the high-speed camera. To reduce the gray difference between the two sides of the molten pool
when the arc is retracted or released, the multi-scale Retinex (MSR) enhancement method based on Retinex theory is used. After
threshold segmentation and morphological processing, the binary images of the tail molten pool are obtained. Whereafter, the four
kinds of invariant moments of the tail molten pool images are calculated. For suppressing the interference of local noise caused by
random error on the tail molten pool invariant moments, the moving average method is adopted to reduce the influence of noise. The
one-dimensional convolution neural network model using the improved dynamic learning rate algorithm is established, and the moving
average values of the four normalized invariant moments from the tail molten pool images are used as input. The model is successful
to realize the online detection of hump defects at the root of the weldment based on images of the weldment surface during laser-MIG

hybrid welding.

Results and Discussions According to the comparison of the moving average values of the four normalized invariant moments
from the tail molten pool images between root hump and full penetration samples, the moving average values of root hump samples
are higher than those of full penetration samples. The values of the root hump are almost higher than the specific moving average
value, and the full penetration is lower than it (Fig. 5). The occurrence of the root hump defect in the welding process can be
preliminarily judged by the moving average values of the invariant moment. To accurately detect the root hump defects in the laser-
MIG hybrid welding process, the one-dimensional convolution neural network model using the improved dynamic learning rate
algorithm is established. The best accuracy of training set from training samples is 99. 73% , and the best accuracy of the validation set
from training samples even reaches 99.88% (Fig. 8). A continuous weld bead, whose the first half of the weld bead has root hump
and the second half is normal, is used to verify the reliability of the model. The samples are detected as root hump defect samples in
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the first 3604.5 ms. The false detection occurs in 2750-2900 ms. The reason for false detection is that this position is close to the
boundary between the root hump area and no defect area. At this time, the moving average values of invariant moment decrease. In
the latter part, the detection result alternates between 0 and 1 in 3950-4100 ms (Fig. 9). A weak hump on the back of the weld bead
leads to this false detection. Although the model has some detection errors, it can still accurately detect most root hump defects with
94.7% accuracy (Table 2).

Conclusions This study adopts invariable moment characteristics of the tail molten pool to detect root hump in laser-MIG hybrid
welding. Aiming at the problem of uneven illumination on both sides of the molten pool, the MSR enhancement method based on
Retinex theory is adopted to reduce the gray difference on both sides of the molten pool. The moving average values of the four
normalized invariant moments from the tail molten pool images coming from the image process can be used to judge the occurrence of
the root hump defects. It is observed that the moving average values of the root hump samples are higher than those of the full
penetration samples. A one-dimensional convolution neural network model with an improved dynamic adjusting learning rate
algorithm is established to detect the root hump defects. The experimental result shows that the accuracies of the training set and the
verification set can reach 99.73% and 99.88% respectively. The model is applied to detect root hump defects in continuous weld
bead, whose accuracy reaches 94.7%. The root hump defects in laser-MIG hybrid welding are detected accurately, which provids a
new idea for the realization of welding status and welding quality detection in laser-MIG hybrid welding.

Key words laser technique; neural network; laser-MIG hybrid welding; root hump; image of molten pool; invariant moment of

image
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