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ABSTRACT In order to describe the distribution characteristics of laser energy inside the keyhole
reasonably, the ray tracing method is used to deal with the multiple reflections of laser beam in the
keyhole and Fresnel absorption on the keyhole wall. The line–source based keyhole model is modified.
The predicted shape and size of the keyhole are employed to determine the distribution parameters
of the volumetric heat source for laser beam welding, which are applied to the combined heat source
model for hybrid laser+ pulsed gas metal arc welding (laser+GMAW–P) process. Based on such an
adaptive heat source model, the numerical analysis of quasi–steady state temperature field in hybrid
welding of TCS stainless steel is conducted. The hybrid welding experiments of TCS stainless steel
are carried out, and the predicted weld shape and size are compared with the measured results to
validate the established thermal model for hybrid welding. It is found that the thermal model for hybrid

* ��-�����.��� 51074098

�� ��� : 2011–05–20, ������� : 2011–08–09

/�� :  !!, �, 1987 ��, !��

DOI: 10.3724/SP.J.1037.2011.00319



� 11 � "##" : �$�!�0# TCS $� !" +GMAW–P #$%�%�� 1451&

welding of TCS stainless steel based on the predicted keyhole shape can well simulate the temperature
profiles and weld formation. Besides, the thermal model is used to calculate the shape and dimension
of heat–affected zone (HAZ) and thermal cycles at different positions in HAZ under different process
conditions, and the characteristics of thermal cycles of TCS stainless steel in hybrid welding are an-
alyzed, which lay the foundation for the prediction of microstructure and properties of TCS stainless
steel weld joints.
KEY WORDS keyhole shape, hybrid welding, TCS stainless steel, thermal model, thermal cycle
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Fig.1 Schematic of local energy balance of keyhole
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Fig.2 Schematic illustration of the principle of multiple re-

flections of laser beam on the keyhole wall
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z 1 de +GMAW–P fgekhilkd
Table 1 Process parameters in laser +GMAW–P hybrid welding (laser–wire distance 2.6 mm, laser–

wire angle 40◦, location of laser focus 2 mm, focal diameter 0.4 mm, wire diameter 1.2 mm,

wire extension 18 mm)

Test Average current Average voltage Welding speed Laser power Wire feed rate

No. I, A U , V v0, m/min P , kW vm, m/min

1 185 22.4 1.2 2.0 6.6

2 163 20.5 1.0 2.4 5.5

3 199 22.4 0.8 2.0 6.6

K 4 ��	fe	�
{lg	�
Fig.4 3D keyhole shape (a) and longitudinal cross–section of keyhole (b) (test No.1)
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Fig.5 Comparison of the calculated longitudinal sections of

keyhole calculated by the improved model and pre-

vious model (test No.1)

(0.;*,/F (2.96 mm), .j=]G7J(i7$
%DGoP, C.#.2(=CX$+VMDGNJ, >
GY:(DG;5'n. M*=#H+^-ÆNWW=C
'DG"([V\V++?=GJ4<=&2( Fresnel
LK, jIE++(.;?]pZD, =A(DGF0D
;j$%*,/F. 23, M*N(=#&o^@<N\



� 11 � "##" : �$�!�0# TCS $� !" +GMAW–P #$%�%�� 1455&

r=&X0'DGJ>(LF(A, IE;(DG;5^
@<. 2._=#\NJ?<=2&ZDP(DG;5,
I5NJ<=G6>4C2&4DG;5()', 5?_
=#85pM*.

H&4@?%I 4=#4 3 4:VZDP(*$
?0E*<=AIE. IE++(, /q:Ær;A*,
s6(IE:;GAU [9] 4K. M;?0E44; y=0
MÆ4l, \B<e(9D20IE!J. =AIE5&
( TCS ' &&s@D(R00 6 mm. 5,pL05
XYLj3. 'qBj37>, 5/3:+=,hjZD
t10YL:+. t3IE+k, H&5XYL;*: 
QR:+.

M 6 c;? TCS ' &?@*(>:ÆAIPÆ
(?0LFrp, ,( 1763 K � TCS ' &(/7?
0. L?o;, /qmu.-(;5, /q7P8?C6
0X7, >G<=7U?@*?0E((74n. M(,
1503 K �$&%&'u4-.(qj?0; '/qUr
O (>:Æ) qUFO (IPÆ), CT48?C (1763 K)
M 1503 K 8?CZgX;*$:[(ST_0v&!(

r0; C 1503 K 8?CM 1373 K 8?CZgX;*$

:[(ST0r@&'!(r0; W9(r04 TCS '
 &*$$,(7285/1)'.

M 7 �S_`/q''KstÆ>(;5. <= 
4(lO (x=2.6 mm) /q(stÆ;5ig85<=
*/qFrÆ.((7, /q:Æmigr;, >�M;
IE++(nNJDG=,"PP(\2&-()'. 6
> 4(lO (x=0) /qstÆ(;585/rA.2
/FAF((7, >�<= 426> 4A/b 4u
K2&(EJ; _VU/qO'6>(RP:, '/b5
v-A6>g-(2&P/q:ÆwmPx. .6> 4
N: (x=–2 mm), /qstÆ;5C1\r?6> 4
2&P((7, 85A.(/rAAs(/F; M;O'
/qNP, v%:Æs%;1*,s6. TCS ' &?@
* E(=AEJ8O;??@*(96(7 (Æ@?<

K 6 ������	�
��
Fig.6 Calculated temperature fields of the top surface (a)

and longitudinal section (b) in the hybrid welding

process (test No.1)

=*A GMAW–P (:7).
M 8 � TCS ' &?@**,stÆIEEJG

:VEJ(ÆA. M(w&oCp;?DGstÆ(HD
EJ. L?o;, G;DG;5<=( E=#, &AQ
N=A*,stÆ;5, TCS ' &?@**,1;(
=AEJG:DEJÆA>@.

M 9c;? TCS' &' 3 4'K?@*96ZD
P( )'!(;5<=. ,(,  )'!(?0wp0
1123—1763 K[2]. CM(L?o;:V No.1ZDP*$
 )'!(<=UD, .:V No.3 ( HAZ <=U., :
V No.2 (a;69KK. XV .+;HG*$ )'
!;5<=(.D, <= +GMAW–P ?@ 4*$(X
V .+D�<=A6>(5qxLKAG*$10(

K 7 ���������y	yzg	�
Fig.7 Transverse sections of weld pool at different positions

(test No.1)
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Fig.8 Comparison between the predicted and measured
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(a) images (b) curves
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Fig.9 Profiles and dimentions of HAZ under three different process conditions
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Fig.10 Schematic illustration of calculating positions on weldment
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K 11 ����������|uw		�����
Fig.11 The thermal cycles in HAZ at different positions of the workpiece (test No.1)

(a) thermal cycle in HAZ at position 1 (b) thermal cycle in HAZ at position 2

(c) thermal cycle in HAZ at position 3 (d) thermal cycle in HAZ at position 4

(e) thermal cycle in HAZ at position 5
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