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Abstract

High power laser welding technology is an advanced technology to realize thick plate connection,
and has broad application prospects in modern equipment manufacturing. In this paper, the inte-
raction characteristics of laser and materials, the interaction law between vapor and molten pool
and its mechanism during high power laser deep penetration welding of thick plate were summa-
rized from experimental research and theoretical simulation. In high power laser welding, due to
various unstable factors including the change of welding parameters, the energy distribution of
laser beam was changed inside the keyhole, thus the local material gasification rate was changed.
Then the flow state inside the keyhole was changed from equilibrium between the vapor fluid and
the molten pool to the unequilibrium. Thus, the keyhole wall and the molten pool became to fluc-
tuate. The premise of achieving good welding quality is to ensure the stability of the vapor flow
and molten pool state, and control the dynamic balance of the welding hole.
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BONHLCSE L A5 R, PRAREE 2 1) G B AR SR AN /N L, IR RN L PR A R 2R R AT R
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WRAAT N AT NSRS B R A NRRRIRR . RO FE 5 72k 2 F e ki, ol 2 f
AR Gk, RSl BN RImGEE ., RAEMBAIRIE, SCl R AFREEIN S HORUE I IR 42 1] [2] [3].
SRR IR T3 FO B R I P A AR AS I (1 4 o
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Figure 1. Comparison of 1 kW level laser welding and 10 kW level laser welding
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Figure 2. Weld defects during laser welding of thick plate
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Figure 3. Relationship between absorbed energy and in-
stability of weld pool surface

Bl 3. I EEESHtREATRELXR

.. HWOLR
FRAZTT 7

Figure 4. Evolution process of welding keyhole
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Figure 5. Morphology of keyhole and weld pool in laser
welding
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N T I R E AR EOC RIS IR L R N FURHIE,  HACKEROR S Arata 58 N[7]RHIT L i 2R CO2
BOCR AR, A X SRR RGNS T/NMLEIE . BT CO2 MUuR ™4 7 KRS E 114,
FEAR IR ORGSO B BRI, TR /NLTCVERE TR G R MW AR TR L i 4 8 A sk,
WIS NUE G b BRI UL, AL THOE/MUIT DAL RS B TR & A RE TR, TR
AR AN LA R I /INL S AT o ER I AT LA W AT R I /N FLII AR E TR U AR K. 9 T
B R o S B TR, Arata S5 N [IFEAR TR UK M2 T REAT TR IR R, 45 R B R R 2 AR AT
SEATIRE A B TR RORE R, R A B IR AR N FLRT RN R BERE I, i 6 B, ik 1RSI
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Matsunawa %5 A [9] [10] [11]RLEE R MR B AT/INLIT LRFE AL, KB 28U A5 5 T
MR RS, B W SOF Bl B At I A F R eI m] S BUNLT AR % . e NLIRAL, SLARRAS
FasE, JaiFLEE LM AL, AT 0 e I FLEE R N AT BB AR R B AN IE S BN RS, X R
FEAERTIEE R LR S A 5], SRS A AT R BUR W FLEE R BeEh, 1 7 RO T AR EITR
BEANFLA R ARt JE i FLEE A REMA [11], R SLIRARAL AR i A 5 S BURALI ™ A BEAh, 1R IR
SRV NMUIARERFER, KESIAEIURTER, )R RESER[3] [12]-[18] - A BURE R 2 E AR ALK
TR L R SR BN 5 o AT REJR LR AR 3%, i TLIREOR, MR S MBI E B, B
LB G T AR, ANLEREEAI XN, BRI TP R A TR, (HRm T HE
TS, LRV EEMUR A R, 28R 5% i v At s At SE AR 0 el AL IR D R T, (R ik TR
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Matsunawa 55 A [11]3S/NFLJEHB = 8 AL i i Je Vi FLEE P2 A SR I A — 2. NI, I FL R BT R e 1l
WA BEAFAE . DL EXSEOL SKMUKER BT I, B 52 5 ORISR 2% & Jm AR Y B AR AT 28 220,
H AR AT N S PRBO R AL 555
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SEWOCHTITFEN 5 [23]-[32] R IUAL 15 W3 38 r 18] S G R AR 38 73k o £E LA b XHBO G IR I AR 1 e
I NFLIEAT T SEPR S T, I OGS B T AR BRHIEREAT T Wit 7E . Tk %45 A[30] [BLIE IR
ARSI AL, BEIE TR E R S AR B IR RN FUR IR . R 2R U LB AR O
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Figure 6. Welding keyholes under different ambient pressure
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Figure 7. Local evaporation on the keyhole wall
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Figure 8. Interaction between laser beam and ice
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3.2. FLAMEH KIS BRARSRIIE MR

Bribz 4b, A TAE R MRS T BOCRISIEE/NLIF . SIRmE A S 3R E
ST T R E X R, W, Kawahito 25 A [12] [13]W5% T3 FLA G LT WO SEB2 IR I 2R THI A R0 R IR AE -
TR, TR AR AR TR R SR A BRI BT DIE I 1, INFLIT 1AL R s e e 1t 1 1 28 SR
HHFLAME R C I, Wil 10 Br7R[13]. MBURROG R SR R AR, AEROG A R E b S 77 2008,
F T 28 AL PR VRO ) J 3 4 b T 0 st 1 7k DA FH PR A o [ B JE VR s, 98b TRk
FEA . IR R TP R R . BT RIS T o L IR T IR [ 2 ke A SR A R

Bt it 2 3 BURE T K24 Kaplan 2 AN Har 25 A [2] [33] [341%F 3 FLZR = B R £F 0 e 12 IR AR 1K
AERHEHEAT TIRN T, ST RIEAR R FEEESECT, Ck s AR RIZEEL: a P2 A 7E/NFL R i
W CIE: b /NFL)E 7 T BB R T AR €I ¢ /NFLJE 7 BURNAE B R B 6l s d A8 R HE BRAE /N FL AT
TEI/NBORL R, G 11() . PRI €= A4 FIALERBEAT I 9, 53R CIR A=Al FE . AT R
MBI SRR AR IR R T IR s SO G s S s RS B R SR R AR AR T 5
MR RIS R K ) b s B mT s IRER T 5K oA, WU RT T B B K, an Bl () Fros . H itk
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Figure 9. Welding keyhole in 10kW fiber laser welding
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Figure 10. Spatters on weld pool surface during thick plate
welding
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Figure 11. Spatter forming in fiber laser welding of thick plate
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Figure 12. Compression between vapor and surface molten pool in laser welding
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I R B EAT NESE: MRZERIRMIE T BRI EEMIRAAZNE ) i ks s ) ik
RISy W SRS FEYE I (Marangoni 1) 78S IRUGHIB T BE IR BRI g o I ity o3 RGP ) S 1055
B TR B B AR R M RIE N FLI RST BRI, RIS 5T I 6 ) R I AR, B 2B R
B T B VR o B2 1 SR S AT RIEAT AR 5T

WOGIRIE 2 U N 3 SRR, B SHH R8T 52 T T . 41, Kaplan [39]
A ARBOCR IS IR R = T . DL ORI I 2 ORI 28RS T IRIRICE R R, o T
BOGIR A IR/ NFLIT SR, Fabbro A1 Chouf [40]7E &7 RN USRI A3 BT 15, FLAE b RFERm i
JeRe RS /N LEEA X R B UIREOG, ARG RS VR FLAE A 13 2 0% B B M 2R R H A E . Klein
S N[ALJEE S T ORI LB Y, JF 3 B8 TR T ) 2803 I R sk /1 shas %
FRAEXNUASE ERI S, DHocfth: ANLIRILZANTT 18 B, HARF A 1000 Hz, 5% Aot
SRR AR AL T R — K . BB S, BORThEXNLEG R AR K, 1% D23
B ar S EUNLRIZB AN P . i A g A URERATT, WO IRIE BT A2 T ot R B R S 1R R
(125 Rod FERa e X R

Postacioglu 2 A [42] G 43 BT 9 1 SO 1 2% 3ok e b o b 2 T DR UL 58 A 58 51 A6 19 2 T 5K 1 28 Ak 1 94
YR B PR, ] L2V REHE A MR B L P R RIS R, 3R AR (i SR
WS RGN 70 M B 0 BRI 45 B . Mizutani 2 A\ [43] [44] [45]%F BOGE K EEHEN L)
SRFEREAT 00T, ERSL T S BUE LA SR AL S ANLRRE R R, LN A EE F R TR T2
/N LR R M EERER, FRENMURHSIL AN EERE, ERS X 5L M2 /N LUFFE
AL AR IR T . Kou 55 A [46] 2R 52 (1 M IR B = JEMERR S A b, TH B T ) AR THT 5K b6 B2
VRN 45 S8 I B0 (R B B0 7 6 b i el i) g2 e, 73 1 3R T 7k 080 B2 5 R B3 BE T Ik 3 mis, T 70 51 R 1)
JEMIRSNE Y 9 mmis. H/NFEEE N[ATIH T ST B AR AR, b TR IE Rl R rh i =
YEIA IR AN FIAL T, 285 SR H o v 3 T (R R B 40 77 5 R A T IR S AR B v AL g ma R K, AR FH AT
AR I P IR A AR AN . AR DOREE N [48] [49]1E /3 Mo 28 3B R4 ity P SR v AR S 5 A% RV AU A5 1
B 75 MR IFR SN2 SRR “Wis” WM EZ R R . F %55 A\[50] [511K FH ek
e BT R OO ER A B 25 &5 () JAIRSE SR OG IR B SR B AT T B, AT IR BT . 45 5 o I it 11
HELERE, 7IA 1.4 mis. AT LRTMAEL )5 R MIF IR AR EE . 53t Py e =21 3
BRI 3R A R T 1 R 41 R [ - SR TR AR B b g VBRI g AN g R B0 AR B AR
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Semak 1 Mastunawa [52]8 7 T G BHHE TLAE F AT BE 1 AOBCERR, 26 8T WOk F Mt BE |-
MR RSP AR JE AR IR . S bR D) SR R TR S SR, e RN,
AR I RABAA R G R BRI 2R, T A A AR A R (1 B A B R IR AL O L R R Y
70%~90%. FHIELAT L, Sk S e 27 51 B ks ith i s ek WO AR B F e AL b s B 2. k4,
SCHIE AT O AT RHE F X (42t 7T 1R 218 R D)t R R SO e = 8 - Amara 45 A [53] [54] %57
T/NLE S RGO R R SRR, B A EE | Knudsen 2 ORI RBOG 02 WO SR, BFFE T R
FRRNEF . FLEBE B IR A0 AR IE AR SRR . VR E I IO 2 WS S Wi S 85 i FLBE R e
WA 341 50 S B i FLEE b Jy 3 FE AN — SO FLAL ARG £ BRI 3%, 1T 7L P9 28 /S -5 J8 e B I (1 JEE 42
JI T FLBE R DI PERAE . FEZE ST A A, BRI )6 28 AURRIE RS AR O . BRI /), 28R
TR, AN, FLAE BN, 1 bar MOIREIIE ) P AARE AT 1660 mis, A EELE
0.0441~0.196 kg/m®, & /78t K< K 3.12 bar [54]. Ja2K, Amara 25 A\ [S518257 1 BOGIE T FE RS
BRAL, T Gh S TR 78 AT I b B (1 B 45 25000 7 A PR s T 30 38 K s v 7 A ] 5 ) s b 9 33
JEE RN A [ B I A 0.5~1.0 mi/s, WnfE] 13 . BRIk, BOGERIE R B2/ INFL A 28 S I
Yy B Jas i Ak A B AT AR

SR, Dowden [56]7F F fib 4 H I E IS AR 5, BORTRIG 5 B2 42 8 28 B FE L8 7.22 x 107" kg/m?,
BN SIRE L 3 x 107 Pass, NLRSFEL 1074 m, ZE0054 0 300 m/s B, A3 E/NLIA RS i Eh
FIEBAE] 1, /TR HE S 30, Kk, Dowden MR/ NMLA K& B ASRSINER. BT &8
TRARRN 42 J8 25 S B R B 22 (2224 108 i), 85tk P9 308 40 s A7 11 35 A2 2 i A0 5 BBU/IN AL IR it 3 A2 A
M LN 2R, A E 2 R AL A 4@ 28 SO I BE (i A PR /1 o Lee 55 N [S71RESL O G AR BelR A A5 A,
A RS R A IRAHRIB I e, THE A R R MO DA — e R, R R A S R ) AR T
SKAMERT, JEEE ERIRAELE A A R RED, S EUNIATRE, WEitEE Mg RN, B
BN LIRBAFN AL, THE A SOE RoR, Tk ITERRE SR B AR S N LI B RS R /N

Ki %5 A\ [58] [59] (1 = 4 A BRSO IR I R e B 45 TR o AR R i i 3 92 N LT B
R, LIRS RE B AN S BCIL N AR R ksl S R/NLIE B ZE N # . Dasgupta %5
N[60]4E Ki [58] [59]%5 N i 7 (R AU SE R F DL T 43 B BROIO R B B 28 SO P B AR s, THAR s SR
LTI (A T IR IR I, B0 AR R Z i 8l . B8 SN 1 FL P S E & H AT
SEVE, [FIRFHIN T LA SRR J), 2SR IATIA S 4 x 10° Pa A2 47, KA AT A E] 80 m/s. X Rl
JEARR AR RS . SRR R IR I A R B R R

Geiger %5 A[61]F1 Otto %5 A [62] @ L T WOCTR IS IR HE = AEBR AR, B0 T WORIRIE R HaI 72 . #k
SACESER R /ANLE R, ANLRTHYEE B R &R s s 43 LB R /NS, 76N LA 4
JRIER G N LR I G 77, FELE G I R T AR E RIS, Rkl 58U AL
BEH LB SRk . BEAE IR HEE 13 0, NMUSR AR, SRERRERm, [SIRES~ %, E 14
R IR S RRAE A LI R R

Pk 5 N [63] [64]52 t—Fh = 4[] Wi 2 AR, B0l 7 WO IR IS I He /N LB S A 7R KA 5
FFE. THHESE R BRTERE RE T ANLREARE B, HAFEATRERG MR .. SfLEE LR
S RIS A LR R AR i b o 20 A AT, ALBE I G . W& 15 BioR[63] [64], N
FLEE BN & I RE R B R IR . FERE— B BT T T /INFL B ] 1) B 2R R B ) AT A
i, AN R S Sy RIS AINFLIEIETE A, M i IRs A K o 2 mifs, 5 RS S i 7 IR T F i A5 /N FLR 48
i, i IRE TIL 10 mis BA ko SRTHNTK S5 AN aK SRR R 51 GBI NLER FE XA R, T AR
JIRH R TR S S0 E I 2, AR i 2R T R 2
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(a) Schematic diagram of effect of vapor flow
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Figure 13. Interaction between vapor and molten pool
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Figure 14. Turbulent flow of molten pool and forming process of porosity
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Figure 15. Forming process of gauffers on the keyhole wall
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Figure 16. Molten pool flow and appearance of weld
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