% 52 A% 74
Vol.52 No.7

o otk AR

Infrared and Laser Engineering

2023 F 7 A
Jul. 2023

A BE R T X FST IR S i L =L FL1T S8 B 2 i

% @', Fagl Tkl 1

Eil’ 5’{(7‘}(%};2, ié/f% &3’ gf‘i’%‘ﬂl

(1. B RAKE R F A F R Td bl AR e R RKESEBE, i #NM 450045;
2. MAMBEKRF B ARERZEARAEEAB R BFESIRERE, Mé &M 471023;
3. P EAUR SRR B TR REAURBT R R A TR 8], i Tk 3157005
4. FMBZEL R RF T BIMELS T RANEETEZRE, T #91 450002)

W OE: ERORRET MO RN KO A A T B H R, R R B oh B AT R R
AN ILEG Z R B . R, £ TR B R i b i e N IUAT A B v g B AR Y, B
T Fluent R4 22 5 7 AT B R -AAB SR AL T HAABR T FTHAFZI G =R S
AT HBIERRG . FFREREN, AT 2638 K, RILGIREA BT, k¥ 2554 0.1 mm
Fo 0.15 mm B, R A2 b 3 4 B ILAFLR R A8 H 0L, SR sF 12 0.2 mm B, A FLA B ILH A
DL, AL R M AT . M AR AR K, kR KA R E R FHARTE D, i R T i%

R N
THER: ORI, bkmRT; &IL; Kb
FESES: TG456.7 ARG : A

T

0 35l

WOEHR BAT L bh | SR T AR £
PRI OGS L B H B SO RE R 1Y
WS WO e R o I A S AR R AL BE S I 1
BER AR P P S E AR Ak 8 MRS 4 s T 3
110 ReALR s AP B . MR itk . REAL IRk
T M EE ) 45— RN A B AR T,

TEROCE L R b, AL S I s ny . R
VA B 2 7 A R AU, T EL AR B AR v 0 b 3R 1T 2
PR PR TR, IO AR R AR B B

] A A B RO IR . RUFLAT Wik T T A
R RAFFY . Matsunawa S5 3 15 7 2k W 2 45 5 REFL
AT HHATHGE, K AL R AL B Shad B rh 25 By A L
AL 7 A AR S, A2 0 M U B AT S, AR
WA ik 5 . Heider 580 X 30 48 23 72

Yks B EA:2022-02-27; 1837 H#A:2022-05-11

DOI: 10.3788/IRLA20220130

PEAT SR B, REAL P 5 S5 7 AR AR O — A X
FRFE R AT A R

Zhang 551" Je BLHOEKT HE i i o R AL A BE 7 2R
(14 S 22 S MO BE B 1 0 A, BRI SR 28 TR T
Al sk ER S WETE T R AR RO R IR
SN, BRI e 5 AR B 5 - S AR R A E A
KK FR . Wu S50l A BROT AR O AR
R 00 RIRAT R HEATHIRST, R PSR g -4 B2 DL R A J
LT IR AT LASR L LR RS E T, PR T4
R A

XF T HOC IR, WOCEREE AR I )T XHEOE
R A B R, A [ B4 O D) 5 T SO
Wi BAAL =S A5 . SCHEET Fluent19.0
AR T RO -G R, BF5E T AN
D6 BE R ST X R FL = 2 I A5 AT D B b i 3 1 5

BESTR:HK A AREE LT H (51705151); T 5 4 W+ 5 B HF E (202003076); 71 5 44 55 BF 2 5 4 ) 4 30 (BHE 3¢) Wi A
(222102220082); 7] F 48 AR} B8 PR 2= A AT DL ZRi I3 H (S202110078023); A4t K FI7K B R 2= i R IR A AR I 3
FATH (201705006); 2021 AFHEAL KR HL IR 2 B0 H -5 4R 500 H 5 2022 4F B g 48 B S A Sk L 0 (BHEL B06) T H
(232102220052); A2t KA R ZEBIFHAME VLRI H (2022XA001)

YEZE N, B, A, Wi, EEAF RO RSB T

20220130-1



ISk A2

E

www.irla.cn

% 52 %

Wi, ST O CBER I XM i) . RS .
1 HFEs

1.1 EHAFREA
PR  AR, 75 20 e M s O R, A
U

dp O(pu) 09(pv)
ot T Tox T ox | ox

PO IR I AR N L B ST T AR, Xy,
z J7 AR

Moo

Xﬁfﬁlz
6(pu)+(9(puu) B d(puuy) N 0 (puv) N d(puw) _B_P
ox ox ox dy 4z  Ox
i % +i % +g % +S
ox \Mox ay 'u[iy 0z 'uBZ ! )
yﬁfﬂ:
8(pv)+c')(pvu) B ad(pvuy) . a(pwv) N d(pvw) _%
ox ox ox ay az 0y
ﬁ Q +£ @ +£ @ +S
ax\Max ) ay\Fay) T oz \Haz ) T2 &)
Zjifﬁjz

(9(pw)+6(pwu) _ 0 (owuy) N a(pwv) N 0(pww) _@+

ox ox ox oy 9z 0z
of ow\ 0 ow) 0 ow
o b o h
“)

VRO AR e o A N R R A ST E T R, A S
wnr
6(pH)+6(puH) B 0 (pugH) N 0(pvH) N 0(pwH) _

ot Ox ox ay 0z
o (, 0T\ o ( or\ 0 ( oT
—lk— |+ = k— |+ = [k—|+S
6x( 6x)+6y( 8y)+6z( GZ)+ ¢ (5)

s Sy Rhg i B IR T P oA R 75 ughy K42
JE5 8,0 S, S, 23 R sl i 7 BRI x. y 2z 7 ] AR YR
HREHKS; p o BEB 0055 BE 5 TR IR EE s oA R 1]
KA B S IREG u. v, wor BRI x. y. 2 5 I
JE Rt OB TR Bl RN B
1.2 #=HFRIER
121 #HEFREFEZER

SRR AL B T Ak AR R A [ 5 T
Boussinesq 5 71 4b 2O K 422 5 b 1) #7E  In)

PR v ) FRPE ) B 9 T5 1) R 2 BT 1R . Bl sE
{677 % 89 Darcy 50K J7 I i3+ 58 4 5
S3 AR R

Su =~ =) 6)
S, = —%v 7
Sw = _%W+p)efﬂg(T_ Tref) (8)

A B REB I Ik R B K B 2 LA BB 5
A, W] iy Karman-kozeny J5 2" 3155 T, 2% i
T3 prerH Tyop N BEREB5 5 @Ry o T3 JINGHEE
Karman-kozeny 75 #2430
[l +é

K=—""2> _ ©9)
A (1= £7)

A A FIR VUKL BB 3L
SRR

0 T<Ts
T-Ts
= Ts <T<T, 10
=y 7= T L (10)
1 T>T,

Ao Tl AHZ IR B2 5 T o O R IR
122 #EFEFERA
X T IO GREE (AR A ) ) A0 B8 1, AT DL H 3R
NRGHRE, HAKXT:
H=h+AH (11)
K. R BRI R AS s AH AR . niy A K
wmr.

T
h=h+ LM C,dT (12)

P by ABFH NG CETRILIVE
FAAS A H T ISR L, o, LA Canh
AH = fiL, (13)
X A MR BIAL B, B my, BRI e
R SRR B8 TR OO S5 < AR R 5 A

S, =—my, (14)

WA BE B PR PRI A 2
Sy = —m,L, (15)

A B R SR IR I 2 OR
S, =my, (16)

20220130-2



i E ok A2

www.irla.cn

23

% 52 %

VBORH B B SR IR I A R
Sy =my,L, 17
s L, BRI 78 R T A
1.3 HRESH
AR B S 05 5 i B OB RE VR TR
e R AL, BEH 6056 B A &IPS Suin 1
7R

R 1 6056 A EAMIBERESH
Tab.1 Thermal physical properties of 6056 aluminum

alloy
Physical quantity Symbol  Numerical value
Solid density Ps 2720
Liquid density o1 2590
Solidus temperature Ts 860
liquidus line emperature To 917
Gas line temperature T, 2740
Latent heat of fusion Ly 3.87x10°
Latent heat of vaporization Ly 1.08x 1077
Thermal expansion coefficient B 1.92x107
Heat transfer coefficient he 15
Surface tension at 930 K 9 0.914
Surface tension gradient coefficient do/dT -35x10™
Emissivity & 0.08
Ambient temperature Tref 300
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Fig.1 Calculation domain of laser welding
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Fig.2 Three dimensional transient behavior with laser spot radius of 0.1 mm. (a) ¢ ms; (b) #+3.5 ms; (c) 3.8 ms; (d) #+3.9 ms; (e) t+4.1 ms

VA

Y

.
b

0 0.001 0.002 m 1072 0 0.001 0.002 m - 0 0.001 0.002 m
L S E— - — - @A
o7 0.0005 0.0015 17 00005 " 0.0015 0.0005  0.0015

Zy
Ll

LX

0 0.001  0.002m 1072 0 0.001  0.002m
917 [ — 917 —— E—
0.0005  0.0015 0.0005  0.0015

& 3 B4R 0.15 mm B =ZEBESAT . (a) t ms; (b) £4+3.5 ms; (¢) #+3.8 ms; (d) #+3.9 ms; (e) t+4.1 ms

Fig.3 Three dimensional transient behavior with laser spot radius of 0.15 mm. (a) ¢ ms; (b) #+3.5 ms; (c) #+3.8 ms; (d) #+3.9 ms; (e) #+4.1 ms
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Fig.4 Three dimensional transient behavior with laser spot radius of 0.2 mm. (a) ¢ ms; (b) #+3.5 ms; (c) #+3.8 ms; (d) #+3.9 ms; (e) ++4.1 ms
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Fig.5 Flow field of molten pool with laser spot radius of 0.1 mm. (a) ¢ ms; (b) #+3.5 ms; (c) t+3.8 ms; (d) #+3.9 ms; (e) ++4.1 ms
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Fig.6 Flow field of molten pool with laser spot radius of 0.15 mm. (a) ¢ ms; (b) #+3.5 ms; (c) #+3.8 ms; (d) #+3.9 ms; (e) ++4.1 ms
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Fig.7 Flow field of molten pool with laser spot radius of 0.2 mm. (a) 7 ms; (b) #+3.5 ms; (c) #+3.8 ms; (d) #+3.9 ms; (e) t+4.1 ms
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Fig.8 Maximum flow velocity of molten pool under different spot radius
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Abstract:
Objective Laser beam has many advantages, such as good monochromaticity, high brightness, good directivity,
etc. Laser technology in laser deep penetration welding process includes a series of complex physical processes,
such as the absorption of laser energy by the base metal, the transmission of laser energy through the plasma in
the keyhole wall, the change of thermophysical parameters of the base material, the flow behavior of liquid metal
in the molten pool, the dynamic fluctuation of keyhole, and phase transformation (melting, solidification of
molten pool). In the process of laser welding, when the temperature of the base material in the laser heat source
area reaches the critical point of melting and vaporization, the vaporization of the metal produces very high steam
pressure, which blows the liquid metal around, thus forming the keyhole. Under the action of recoil pressure,
surface tension and other forces, the formed keyhole is always in the process of dynamic fluctuation, that is, the
transient change of keyhole. During laser welding, keyhole fluctuates in real time. When the keyhole is closed,

welding bubbles will be generated, and welding spatter will be generated on the surface of the molten pool during

welding, which will have a great impact on the welding quality. In laser welding, the size of laser spot radius has a
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direct impact on laser power density, and different laser power density has an impact on the molten pool flow
field and the three-dimensional shape of keyhole. However, there are few studies on the influence of laser spot

size on the behavior of laser welding pool and keyhole.

Methods Based on the above analysis, the heat flow coupling model of laser welding was established based on
Fluent software, the effects of laser spot size on the three-dimensional transient behavior of keyhole and the flow
field of molten pool during laser welding were studied. The control equation adopted continuity control equation,
momentum conservation equation and energy conservation equation. The source term was introduced into the
momentum conservation equation and energy conservation equation. Material thermophysical parameters were
introduced into the software, including solid density, liquid density, solidus temperature, liquidus line
temperature, gas line temperature, latent heat of fusion, latent heat of vaporization, thermal expansion coefficient,

heat transfer coefficient, surface tension gradient coefficient and other parameters.

Results and Discussions When the light spot radius was 0.1 mm (Fig.2), welding spatter appeared in front of
the keyhole wall, the bottom of the keyhole was closed, and the outer wall of the keyhole was convex at the
middle of the keyhole rear wall and the middle and lower part of the keyhole front wall; When the light spot
radius was 0.15 mm (Fig.3), the liquid metal behind the keyhole wall was separated from the liquid column to
form welding spatter, and the liquid metal bulge appeared on the surface of the molten pool behind the keyhole
wall, and the closure occured at the bottom of the keyhole. When the light spot radius was 0.2 mm (Fig.4), the

keyhole was not closed, and the stability of the keyhole was improved.

Conclusions The conclusion of the paper was as follows: (1) With the increase of the spot radius, the depth of
the keyhole decreased significantly. When the light spot radius was 0.1 mm and 0.15 mm respectively, the bottom
of the keyhole was closed during welding. When the light spot radius was 0.2 mm, the keyhole was closed, and
the stability of the keyhole was improved. (2) With the increase of the spot radius, the fluctuation of the maximum
flow velocity of the molten pool was relatively small. The average maximum flow velocity of molten pool with
spot radius of 0.1 mm, 0.15 mm and 0.2 mm is 10.9 m/s, 10.3 m/s and 7.9 m/s respectively. (3) With the increase
of the laser spot radius, the size of molten pool gradually increased, and the average length of molten pool with
spot radius of 0.1 mm, 0.15 mm and 0.2 mm was 3.5 mm, 3.8 m and 4.1 mm, respectively.
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