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Effect of beam incident angle on weld mechanical properties and melt pool
flow behavior in laser deep penetration welding of
304 stainless steel

XIAO Xianfeng, LU Cong, ZHOU Jiawei, LI Yulong, FU Yanshu
(School of Advanced Manufacturing, Nanchang University, Nanchang, 330031, China)

Abstract: In laser deep penetration welding, the laser incident angle directly affects the shape of the keyhole, and also has a certain
impact on the flow behavior of the molten pool. In this work, bead-on-plate penetration welding experiment combined with "half
sandwich" experiment were conducted to study the effect of laser incident angles on weld mechanical properties and melt pool flow.
The results show that in terms of the mechanical properties of the weld, the laser incident angle has less impact on the upper and
middle parts of the weld, but has a greater impact on the bottom part. There are more pore defects in the tensile samples from the
bottom of the weld. Moreover, compared with negative laser incident angle, the tensile strength and elongation of the weld are
lower for positive laser incident angle. For positive laser incident angle, the keyhole morphology is of small top and big bottom,
makes it easy to generate eddy currents at the bottom and form bubbles. In addition, the keyhole collapse frequency is greater than

that at the negative laser incident angle, resulting in poor stability of the molten pool which leads to more pore defects

Highlights: (1) The flow of molten pool and keyhole dynamics of laser deep penetration welding were directly observed by "half
sandwich" method.

(2) The influence mechanisms of laser incidence angle on the mechanical property of laser deep penetration welds is
revealed.

Key words: laser deep penetration welding; laser incident angle; melt pool flow; mechanical property

Y Fs HHA: 2023 - 07— 15
ELWB: HE AP WIIH (12162024, 12062013, 52171036)



% 6 #

B B4, &0 R A ORI AR 304 1G5 IR 4 7 o P AR RO TR B BB R 47

0 F&

H 1960 43 E ¥ #l2% K Maiman & P0G A
PISE, WOt BHIN TH ARTE Bz TH sk, &
F7 AR A B Tl S 40k A5 3 32 i L SO
U 5 B B IO R R IR A JE AR I, RO A
S JEAELZ B A EAER, &8 AR S R FS
A5 NIRRT 28 A RHE LS it P v H1 45
TR L. Hoh BOGEETT LLor A e AR 5 RIS
L, AT L L I A A DG S0 B A B A i AL
B WOt R LIRS AT B R 2 s Tt 1Y
TLBIAT A, AT LATE 5 U B R UL R L A B A A T
R FAESE U T BTN

H AT7E RO, FEEPEM AN T
BN O RSE T, SN SRR 2
BORLE AL SR T U9, Wi & s i sh i T
XA GBI SR T 5T D XA ML BN i
PEEES RS, ZHUE A AMNIE R 1 e i T —
FANRIEATST . EXTHOE T2 SE0E A 1)
TR T, REEEE BB ROCIR, A
28 R FH K PO S, TR T2 24
JE T 1 R AR AR R B, Kumar 25 ™ 3
I RO Tk RO RO S A 0 B E RO B XA T
SIS, W55 R AR IO A S A 2 s A s
() LTI AR, T AN [R] 0 20 2R 2548, FRASAN R i
el RAE B Y KAk, OB T A2 e ma il FR BT
FE Wi 5 R, HUOR AT M AR . TG
A R A RO R R TR, &
RS R 35 0 B AR O AR ], X
FR R B A, TSR A3 81 T4, Chen
NS T O A S BE XA A ot-R &
B IR TR RN FL IR AR 0 2, 38 4 % RE LAY

52 SR MR E I o0 B, FRIA S EL A b URMR R Y
VEREHE T2 2010 T ARG, Mei %A AT
IR TT RV IT T HOCTHA S F XA 47 B AR A5
FARHNEREAYZ IR, 45 SRR WAL — I SR
JE DIBRAT Sk o ot B BRSO AT (iRt
WOCTRIE AR W R ST o B8O 3, Mgk
FLAEXHOCRA R T BRI 58D
TR 1 R 2 S S B i TSR T OB A
S FRT R R REAL GRS AT M BRI, RO A
S SR S AT e, SRR R I . B
HITE N RIEL B, RO AR M R S AT
T Be 3 B0 1) TR AR, (R B A o
Py i i R HEA TR, SOREHATIE T HOL
DRI IR v DG SRR o) J 1 O sh A5 Ry S A 4 g 2
PERERYSENE , 2 M 48 A AN RO A S T Rt i 2
£ L.

1 REF %

R £ R JH IPG:YLS-4000-CL %G 2130
#v, Mlds A i ABB 4 Al Y IRB2400/16 B4 bl
NRG, HO6IEHL R Precitec 23 H) 1) YWS0, 3¢ B
S F e . SREF O B K YR 4000 W,
Uit AR TRE /N T 5 %, TAER A h 28, iE
ZEET Y, WK 1070 ~ 1080 nm. fEHDGLT 4K
400 pm, FEZLRADLBEEA R 0.4 mm. NEIPLE
NS ENREE N 0.03 ~ 0.41 mm, F H AT DL i

A SRS A1 B RS B i

HOCHIE F RS a0 R E S 10 mm /Y
SUS 304 B [CIAREEM, F B 1A kR 1 Y A A2
S IR 45 A R M, 0 T S PR AR T B A
BRI, RREZ, RS ViR M. SUS
304 SRR GE IEM A2 o DR 1.

F 1 SUS 304 BKERENHUZERD (RESE, %)

Table 1 Chemical composition of SUS 304 austenitic stainless steel
C Mn Si Cr Ni P S Fe
<0.08 <2.0 — 18.2 8.00 <0.0.45 <0.03 PSS

RO RIEOL R AT SUS 304 B R
AN AR EAES, POy 4000 W, 47
G 10 mo/s, WOEH) B RN 0 mm, BIHOL
SRR R T TR . S OO A i -4 S
7 TR A SO A S T ), R i

REN IO CA S 7w, B 1(a) BRI
Ko B BUEOCA ST T h-25°, 200, -10°, 0°,
+10°, +20°, + 2547 A BN RIS . Dy PR AIESE
HHOE A S M s —Ar g, KR 0 B AR, /I
FE OGRS R [ B 8 380 Sk & B LA IR B0



48 " &

% 45 %

F #

FERUIRZAE TR BRI, BET 58 A RO AN O7
GRG0 1) A B A LS I
ft i sh i fe . MHTH K AELE VIR SR A A7 73 X
DIFIALBE, nlEl 1(b) Brzs, L N =AM E R
SREEIAT /MY, HRAE ASTM ER Fn ke kI 1) A5 4%
il FEAR R, A 1) iR, X T A MET
21 AARHEIRAF AT 2 A AS B, AR 4 1Y
Jrzedkfe. A SEM UM AL FIRT T, 20 Bl FHE
S SRR = WINA TR T2 AT RE AL LI K
I, P AR AL S AR A R L B S A
WEhAT 9, A AN RO A S 77 A REFLIE A<
FLARBE .

Hotk SUS 304
HOLHU T WOER R

-

Kb

T : (b) AR PEORE o
30 32 30

sk o>
Pt ¥

f N 32 2

i7F ;
P’ A gIFZi%%?ffiﬂ
(o) HOCTRA AL T f 38 (©) HRLPER S (mm)

B 1 HotRsElnrnEE
Schematic diagram of laser welding experiment.
(a) experiment setup for laser deep penetration
welding; (b) schematic illustration of samples
preparation for tensile testing; (c) geometric
sketch of tensile specimen

Fig. 1

2 REERG M

21 1REHNZFMEEST

1l L I N N (VA W P e £ A RN ]
(1) L FBA I A A 5 B I v T SR A, B
T 22 W 28 A BE b . BT e R e KR
778.3 MPa, F-I{EiEF] 765. 6 MPa, K M IHOGHE
SR NT DI Y38 S MR BT RsR . (2) h Rl
TR IR I T FAAIG, M B A0 o i S T 4 ik
WAL AR W COE A, Wi 24 R4 Ak i A AP AR R
LSRR BRG . (3) TP A s i i — 2P
15, IR LT BT 2L TR A Ak, e T 3 B 4
Wt — L HE T

ANTRIEOE A S R T2 4 F T F 4% R BB
E R ) — I E (0-e) B2 TN 2(a) TR,
HE— A R R PR R R, FBTS
A GNIE 2(b) B, F AR A 1S P bR
&k 688.6 MPa, {\ } FEM BT HI5E B 1T 89.9 %, If:

LT AL B A AR A 5 S8 e Wi A SR 1 B
TAHOC S TIEBOLA S AR

750 f_\
—25°
- 600 ——-20°
& —-10°
% 450 [ SRS
= ——+15°
=300k | +20°
+25°
150
O 1 1 1
0 0.15 0.30 0.45 0.60
JWAE &(%)
(a) B I —RAE ik
800 ' : T 25
700 20 5 I o’ L@5254“
20
£ 600 S
2 500 15
< -
400 )
i 10E
= 300 o
B

8200
100

W

+15° +20° +25°
(b) BT BE -5 W A R OC R A

2 RN TR TEMRER it ae

—25° —20° —-10° 0°

Fig. 2 Tensile properties of lower part weld specimens
at different laser incidence angles. (a) stress-
strain curves; (b) relationship of tensile strength

and elongation

22 IREEMTOFEIRSHT
Y TIREEN T AL E T2 R A AR, T
3 e P 11 i o [ = w1 B0 By i 2R VX 3 G (S VAR 5
TS T AT F AL B IS4 W e S, BRI
Photoshop {40 & H 5k 3 1) T AR S, 25 4 2k
(& 3). BT, SO A G AR AR 4 T
BT BN IEBOCAG A, 456 LR xl i agdifi
1.9F
1.7F
15

£13
Btk
E 09|
ol

0.5

-25° —10° 0° +10° +20° +25°
BOE A 1)

B3 AEBENS AR R OSEERAXRE
Fig. 3 Area diagram of tensile fracture defects at
different laser incidence angles



% 6 #

B Se#, 4 b R A X RO RN IR 304 TR IR A 2 M HE RO B B R 49

PEREZM T, ST I A4 77 A2 AR ST 95 B R IR
WEARR 1% = 22, [ SR FH B0 A R0 X
REAS AR o S A PR RE A AL

N FEROCTIE b R sh AT o, s g
LRI S AT AT RE PR 34T, s O
AT O M T B . B TN 85 B AR 4 v —
JRAFAE PR T A AL, 0 ) R S L ARIRE FLARN,
G AL, HAR S LRI BSR4 B
1, X i AR B AR = A ) SRR b i Sl
TE_LAB I, i ) PR v AR R i 2 A e
W, P EUZR AL TR AR AR P B AL
RS SLINR B T RO, REFLIRERCR, &8
AT RLAL P R 2 K, LA T AR E RS, Bl
M I T BN, A it IR Y < S 2% v UES PAE L AL
P, AT i — 2R 5 AN LU B AL ORI R
TR LR, MG RS, ot e 2 7 L
B BR R 1AL IR 4R, [ 4(a) HEOEA ST
109+ 20005 A5 S rb 0 A0 B A LA 7 W R A
P 4(b) SO A AR + 200 AR4E T A YL
RPEIT SR, Pl AR 7 H v ) o2 A9 AL
J& T2 AL, ALBEEDOLH, AURIRIE-F B,
RO E AL TR LR 5 R A AL, ALEE
BOMMLRE, N EESR BN 2R SR BOIRIR I, 12 i
VIO b I 11 T <2 i At S ) b TR, I HL A
O PEAT BRI B B /N7 SRR, X
He B AL G B 28, RE AL LA LA AL
GRS TR EL G B, O B TR SR
FERE, X U REAL Y LA AR A5 R 4 1 L))
WP 24 T ST AL G ARAR S B LU BT
EREITEWT 2R AR UL, RAL I AL AT

@ AR ) A
B4 +20°Bei f AT IR 4R T Q3R
Fig. 4 Tensile fracture of weld specimens at + 20° laser
beam. (a) middle section; (b) bottom section

S A A T RS D D 2 P T 2R
SUALRAFAE LA U HUR 24
23 BXNE AR SRR BT R R
k2 E SRR L IR SE 3, FEBEATI
DGR -4 1 A [ F ) D00 g SR AL A SR
MW 1w A sl B2 e T O A ST +
20°F1-20° f KR 42 3 2 7 Beatt AT 20 A, 1 e s 1) oAy
2 ms, K 5 R, B RIE G, FEEOCTHRIE IR 1%
TR BOCRE R L N AR A A b R T
e it PR FLm BE AL 1] L3t al, 2 i s 1
JTEAE IR 10 R s, fit i i T2 212K ik
PR AR s i S Sl . el TR XA,
fei b it s 9 IE St A B AN TR, 53O o e
(&1 5(a)), B BUB R AL FLIS BEMTREE 1, AR
05 5 WOGBUR A BE— B T FERL AL ATEER T 5
SHEOCHU T (18 5(0)), TR 7R RLAL S
BET -3 BV E 1005 B RLALRTRER . AEK
S5 i) e i S T AT [ AR ST I S A It
TSRS E A BE R RER O A S AR B
BOEBOC AL T A Az g mod AR LIS
SBEMLIN H s b 2 i A s 3, ek iC s RL LI
WA MR S TN

(b) —20° FOLMi £

B 5 BEEVHEREGRA TETR
Fig. 5 High-speed camera captures the flow of molten
pools at different inclination angles. (a) + 20°; (b)
-20°
N T 2B A AN R 7 20N L AL
WAL By, 457 K7 48 IR B N B AL Bk B OHL A
K =IRATI5 % (h— B GRRRA— S
GG17 JEFELH ), i1 e d AL IS AR AL N 7
PR, EHOULEE G AR R P 2L L P A il <6 s i 5l
FHIE. JFE— 20X L A [ A 7 = it 3 4



50 B

S % 45 %

TEAR AL AR

HR 18 BRI A % 3l T 1 i s b 1) 3 3
78], O A SN + 20000 SO R ok =R
R A& 6 FroR, 78 ¢ ik 2] ReFL T RER 23] — X
i, Z3d 171 ms VA S 355 ms Ji&, S L& #i#% oh 2]
T AR R AER EE TI. nTHEWT R s
] A A RUFL AT RE ] T e 1) 5 7 i Bl

(a)t (b)t+ 171 ms

(c) t+355ms
6 + 20Ot A A SR TEA A AR )
Fig. 6 The flow of bubbles in the molten pool at + 20°
laser beam. (a) ¢; (b) t + 171 ms; (c) ¢ + 355 ms

P 7 S —20°F B LI it it 2l 2 = BR
SRR, F R AL S R RS SR OO B g H
Tsh, EMLIRIBRIS ] A 0. 148 ms, T DAL 54 fl
G A AL FLEE LB, B A 4 U R AL T
B[] Mg, SRR U REAL S BE ) R S).

Fb iy 1

WL D2k

B 7 SEENIAE-20°H A H AR
Fig. 7 High-speed camera captures the flow of the
molten pool at -20° laser beam

8 BT W IE . SO R LA S
Fel, WAL, TEBOEA S F RGBS b
INF K (] 8(a)), 35 ol 5 B0 W 3 5 72 A 1
L, AR TS ; TSRO A S T LIS
1 RN, LD 8(a), 43t P07 2 I L )
AT P WA, RS A 1 . 5 B M O 30 1
e, PRI, WOR A ST UM BT S, S
RIFI BRI R A 28, (A AL B = AT AR
], S B RS L 1 1 2P
24 HHNGHIHERIEE RIS

REALBY A AT 2 L R b IO R E 1, 38

(a) EROE

(b) RO

B8 RN A THRFLIEIRE
Fig. 8 Topography of the keyhole. (a) positive laser
incident angle; (b) negative laser incident angle

X IR <2 = BRI R T MG A, T
— LGN RO A R R LR M s . 3K
55 FH AR BLR AR © 2F = AR SR i v AL
B EhASEIL, 32 F Matlab 36 SR 4 3 1) -G 53
TR B, S W AR B A ST A T AL FL A B AR 1B
T R OB A ST F X b e e e 2 .

X AR B RS AL B B R AT HE
DX 3l T RR ) B I, 3 B 7 40 B 5 38 T FRU B3
REALACPRIF R A, SR AR TR R R R Y
2% 2000 5K L LB AT A B HEA T 8008 4B, B L
fLTE 296 ms [H] R A AR AR AR B 43 A6HBOEA ST A
g+ 10°F1-10°F 2L AL FL 1A AR SEAT X He 4B, A
REFL P IF F1 T BARARAS BOR A AT e L RS 1, i
TTHE DT O A SR AR R S e 204 T ok R )

K9 REOCAGHAA + 10° T2 F BEOGEHRE
SR RUFL YT T FR A AR AR h 2R 1. ZESOETR
FA IS Y REFL T L T AR A e R U/ N HL Ap
AR R 0, RIVAT LA 32 R0 REFLYH
BB AT DI 21, A2 AT + 100K
b, SRR AL FLA I R — A TR AR AR AR
A, HH BRI R ALY 5 R R, Horp ReFL Y
BRI PRGAE 296 ms WHIFL T 4 ~5 IK.

10 A A 100 T 25 F M BEOL RS
SR REFL I TR AL AR AR A . IR R al LU
B, JRBSLITFL I AR AL 2%, REFLITFLIAT
FRE PR S BEAR 1 I E/D, B RLFLIPHS i B4 7E
296 ms WA BT 2 ¥k, o] WIEBOE AGT T RLfL
JHR RO A T REALI R R .

REALAR 51 A AL e g = 225 T RE LI 3
B, SRR AL FE AR PAERAL T J7, RVt 1 JiS



B B4, &0 R A ORI AR 304 1G5 IR 4 7 o P AR RO TR B BB R 51

15

—_
EN

—_
NS}

REALIFL A S/mm?

ALY

—_
—_

50 100 150 200 250
6] ¢/ms

9+ 10°HENG A TRILFOEAREL

Fig. 9 Variation of keyhole opening area at + 10° laser
incidence angle
14
Enk
£ 12
%}
=
=10
=
in
e -
Ny 8
LI
6 1

1 1 1 1
50 100 150 200 250 300
fE] #/ms

B 10 -10°HAeANHBTRAAFOERETK
Fig. 10 Variation of keyhole opening area at —10° laser
incidence angle

F0, R T il R A [T SE S B0 AL XS
R, AR SR 22 5k B R AL AR 3k
XHRCALIF i B GE T, MO A A 1000,
REALBON TG, REFLIHS BRI, PR Ak L
FLES LB B O AL + 1000, REFL
AR T BN, AL B B, PRI AR
LR TALBOERGS . S B SRSk 1 B
SUAHT, RIREUESE T 7EXREE Y B R A B AL A 1
B, R IEBOC AL A T 2T ByRREE T 75 LBk
AR T RO A S 1 T2 B0RREE. IERUCAS
PR T 2T REAL AR IR B e, AT RER R i
JEAR AR, LIS 7 AR A E R BEE 2 Bk
THEMME ST %, WMBIR T REFLARE
Ph. BARRUL, FEBROCTHRIEIRE R, ARFEOE AN f
Xt AL B ASAT A AR IR, SO A A AR
Fe T AT B AIGRE LIP3 000, (A it 3 5

i L — RS IR, 25 B T
SN PR AL A b A BAR A D7 50, AN R BTk
J7 A HOCTRIE R b i 3R IR A 11 FoR,

Herp AL R Sk Am R AR Bl 77 1. SO A A
NIERE (B 11(a)), —Ef 70 R 2 R AL AT RE St
FIRLALJBE, REALJS BEMIL T fE R T 20 LR e
I 1) 4 2 I, TR /N R B REALIE S, 3L
REALT A A A R ZU AR A, A5 R e T 2 )
TEREAL T HRIE B TR FLAY IR A AL, 7 A
TREAL T E A T ALARE Rt 5 ot 1 O sl HE 0 it
b, ECRERER B ORI S RAL, A E/ANVERY
R FLIE B AHRLALAL TRATRE IR, B2 2L
REFUIE BESER , fAT 2R b R T % P R LAY
AL I, FEIEBROCASHA T, #t7i sh B0 R
A, IR B KR SEAE T AT AE PR AL, B
LR ALY T A9 AL HROEA S AN T
i (B 11(b)), BOLHRIRGT R RLFLIEHET, 2L ALJS BEAH
XRE, SEAHE MR S N R e, A5 =A< AL, I
HIE L AL AR 2 5 B2 J 1t 1403 s 1 o At
b, MEFFAREE T ALRCR R, DI, SRATIE0E
AR T AL, 42 mAR S 2k
fiE, Ay I i AR A 1F
Fiei Fii—

/ 4
R LJ

S HT 1A
(b) T

(a) IEHOEmA

11 HtREER R R EE
Flow diagram of laser deep penetration welding
molten pool. (a) positive laser incidence angle;
(b) negative laser incidence angle

Fig. 11

3 %%

(1) TEAREERY 1A PERE b, IE | SFOGHUA XTAR
B TR0 R 22 S I 5 0T R R R A M I
Z, AR I BURAL, 5 EUR A R P o8
FIAE JEMEAG T T B 5 X R4 T A8 s me d K, 18k
JE AT RAREE 1A PEREDL T IEROE A .

(2) TEFOCTHRIE AR [CHA B, JE Y
o — AP A R SL AL AL PR AL, Horp
AL E AR TR R L, RE AL AL E %
FAE T2 T 5T,

(3) IE.\ ST T it i s A7 22 S BOK,
IEFOCAG A B/ R B REALIE ALt HUR 3R 5
FEAERTR, AR IR, O ASHA R
TN R REFLIE 35 BUG M A 5 8 iR T, i



52

i % 45 %

H P A R oy B A R B T

(4) JCHUBTA X AR P B KR B BRI S

BOR, IEBOCA S R ALYHR RO & T 0 A
S, N EBOE 2 19 ALBRFETE AL

S 30k

FIE, BV, TEM, S5 BUREE AR BOL A 3 RE 1A 105
WRBIFSE (7). 0L, 2017, 37(3): 333-339.

Li Haibo, Li Tao, Wang Xinlin, et al, Study on the influence of
the inclined substrate to the energy distribution of laser cladding
[J]. Applied Laser, 2017, 37(3): 333-339.

Yang J, Aiyiti W, Jiang H, et al. Evolution of molten pool mor-
phology and prediction of inclined cladding layer morphology[J].
Optics & Laser Technology, 2021, 142: 107164.

Li X, Li T, Shi B, ef al. The influence of substrate tilt angle on the
morphology of laser cladding layer[J]. Surface and Coatings
Technology, 2020, 391: 125706.

Kumar N, Mukherjee M, Bandyopadhyay A. Study on laser weld-
ing of austenitic stainless steel by varying incident angle of pulsed
laser beam[J]. Optics & Laser Technology, 2017, 94: 296 — 309.
EMK, 7, BRI, 5. BUREEARSOEHE L GH3536 151t E
A5 B SEIAR ST [T]. H O, 2021, 48(10): 1002121,
Wang Pengfei, Yang Kun, Chen Mingzhi, et al, Simulation and
experimental research on the GH3536 molten pool laser cladded
on inclined substrate[J]. Chinese Journal of Lasers, 2021, 48(10):
1002121.

Chen C, Shen Y, Gao M, et al. Influence of welding angle on the
weld morphology and porosity in laser-arc hybrid welding of
AA2219 aluminum alloy[J]. Welding in the World, 2019, 64(1):
37 —45.

Mei L, Yan D, Chen G, et al. Influence of laser beam incidence
angle on laser lap welding quality of galvanized steels[J]. Optics
Communications, 2017, 402: 147 — 158.

5 )R, VR AHEAE, AR, 55, WOU AL A AR A 1 AL fL IR
AT REAAR [T]. HUBCT 4R, 2020, 56(22): 82 — 89.

(]

[10]

[11]

[12]

[13]

[14]

[15]

Gao Xiangdong, Feng Yanzhu, Gui Xiaoyan, et al. Numerical
simulation of effects of laser incident angle on transient behaviors
of molten pool and keyhole during laser welding[J]. Journal of
Mechanical Engineering, 2020, 56(22): 82 — 89.

Sohail M, Han S-W, Na S-J, et al. Characteristics of weld pool be-
havior in laser welding with various power inputs[J]. Welding in
the World, 2014, 58(3): 269 — 277.

Lu F, Li X, Li Z, et al. Formation and influence mechanism of
keyhole-induced porosity in deep-penetration laser welding based
on 3D transient modeling[J]. International Journal of Heat and
Mass Transfer, 2015, 90: 1143 — 1152.

Li X, Lu F, Cui H, ef al. Numerical modeling on the formation
process of keyhole-induced porosity for laser welding steel with
T-joint[J]. The International Journal of Advanced Manufacturing
Technology, 2014, 72(1-4): 241 — 254.

Zhang D, Zhang P, Liu Z, et al. Thermofluid field of molten pool
and its effects during selective laser melting (SLM) of Inconel 718
alloy[J]. Additive Manufacturing, 2018, 21: 567 — 578.

ZEARIEE, ORI, SZE. FRTAT 5K 7 RO TR AR 1M B0
[7]. #4224, 2019, 40(2): 13 — 19,161.

Li Liqun, Hao Yu, Peng Jin. Effect of surface tension on molten
pool flow in laser deep penetration welding[J]. Transactions of the
China Welding Institution, 2019, 40(2): 13 — 19,161.

AR, P, /NG, S ORI T T S AT O SE B
it [J]. MLAR T AR2E4R, 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 pro-
cessing[J]. Journal of Mechanical Engineering, 2023, 59(5): 291 —
306.

Chen J H, Cao R. 4/ fift FRSTZOMALEL [M]. B2, Jbat: 7
AL, 2018.

Chen Jianhong, Cao Rui. Micromechanism of cleavage fracture of

metals[M]. Cao Rui, Transl. Beijing: Science Press, 2018.

F—EE: Yo, W, YR, R I O R
IO AT HTE 3 Email: xxf@ncu.edu.cn

BIEIEE: AHER, M+, %, BB S, 20t
ST AR TH R 3 Email: yshfu@ncu.edu.cn

(%wEE: KER)


http://dx.doi.org/10.3901/JME.2020.22.082
http://dx.doi.org/10.3901/JME.2023.05.291
mailto:xxf@ncu.edu.cn
mailto:yshfu@ncu.edu.cn

	0 序言
	1 试验方法
	2 试验结果与分析
	2.1 焊缝力学性能分析
	2.2 焊缝断口形貌分析
	2.3 激光入射角对匙孔与熔池流动行为的影响
	2.4 激光入射角对熔池稳定性及焊缝缺陷的影响

	3 结论
	参考文献

