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ABSTRACT The combination of laser welding with pulsed gas metal arc welding (GMAW–P)
forms laser + GMAW–P hybrid welding which can not only enhance capability of the two processes,
but also compensate the deficiencies of each individual. Therefore, laser + GMAW–P hybrid welding is
an increasingly accepted joining technology for a variety of industrial sectors. As applications become
more widespread, there is growing need to understand the fundamental issues of this new welding
process, such as the relationship between the numerous process parameters and the weld quality. For
key factors determining the weld quality, the thermal field characteristics of heat affected zone (HAZ) in
welding, such as HAZ width and thermal cycle parameters, have significant effects on the microstructure
and properties of welded joint. In this paper, an adaptive combined heat source model developed for
laser + GMAW–P hybrid welding was employed to conduct the numerical analysis of thermal field in
hybrid welding. The influence of different levels of arc power on the HAZ width and thermal cycle
parameters in hybrid welding is quantitatively analyzed, and the relevant data obtained in sole laser
welding, GMAW–P, and laser + GMAW–P hybrid welding are compared to each other. It has been
found that HAZ width in hybrid welding is less than that in GMAW–P even if the power input of laser
+ GMAW–P hybrid welding is 2 kW larger than that of GMAW–P. When the arc power is lower, there
is a small difference of HAZ width between GMAW–P and laser + GMAW–P, while the difference is
narrowed when the arc power is higher. Laser + GMAW–P hybrid welding causes a larger cooling time
and lower peak temperature which are benificial to the improvement of microstruture and properties
in HAZ. The results are very useful for demonstrating the process features and understanding the
advantages of hybrid welding.
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�120 ��:�&��  45 �R$\R;�DSu℄Æ?i> (Laser + GMAW–

P) ℄Æ4�b/, :�6Q>��b℄Rf, �' ��℄"�, -$�1+1>2�℄�b�K, K{)��K����R�1Q�"/� [1,2]. %o:	��/��B, Laser

+ GMAW–P Æ4�b/℄�Yf>�Ir)b�℄%��4, }O)e���Q��bsqzÆ�Q.}Æ_, h�B)0�X#lB|z℄.�, �pÆ*uqKQZ)b$- [3,4]. TZÆ4�b/\=Yi'8Y�4, {R$\i>℄��%QN��|Æg, _w)b�yp	��B℄N41bh'J℄.�G6� [5,6], h:o7t���Bq�%�℄)bKQ. HH, "�#lÆ4/�BN4℄.�, yZ~/qR����/�℄|4��, )��z�B*�wh℄RD1kj, �V�3EF. hwp.� [7−9] �, yR;i>�G1�b�&℄�#\-�VR$d�%Q\-%>BvV℄Y>1A4, t8B2QZ Laser + GMAW–PÆ4�b/℄!4-℄P�b\�, �y�xT_q�Æ4�b/℄/
��19N��B�}\f, oo�.�Æ4/�B*�y/
4�℄N�'J[�B4P;�. U1, wp�%�1yÆ4�b//
4��!��B�}^+, UV�VÆ4�b/℄�0Ys, ��N�� (heat affected zone,

HAZ) ℄9N1/��*F℄*�`. {p��0Ysy/��e℄!y1 dV�3N�, 1!oÆ4�b/��℄!oHJ. �vKQ>t8℄Æ4�b/℄!4-℄P�b\�, y Laser + GMAW–P Æ4�b/℄�0���}�~, .�"bi>�MyÆ4/ HAZ ,t1�*F*�`�0YsK���℄N�'J, �\TR$/�T GMAW–P /℄}.���|, �poK5	�~/Æ4�b/℄YfkoK�.

1 3 |DP�s4`qeN�.��V℄�	/��B (TR$/�T GMAW–

P /�Laser + GMAW–P Æ4�b/), /q"o 8 mm9aV�	 Q235, /�Kt"o 1 m/min.

(1) R$/: Nd:YAG �℄R$t, R$�2 1.06

µm, 9>�xf�x�o 200 mm, xf{�o 0.6 mm,

3x� ∆z=1 mm, R$�Mo 2 kW.

(2)GMAW–P /: V 5 !*� (m� 1). /E{�o 1.2 mm. �b+u\-o:R:b.

(3)Laser + GMAW–P Æ4�b/: R$w�zG{Z/q�X, R$*�b (1); GMAW /xh:, $ —Eh� 1 mm, $ — Eyo 27◦; GMAW–P /℄ 5!*�m� 1, qSb (2). \/�*��yK, V 5 ! 5	Æ4�b/�_q.

2 3 |DP�s4\0bz<jZowp�%�>���yR$/1R$ +GMAW–PÆ4�b/℄/�tt0��B�}�~, �6Q�B)0+�℄/
8vX��19NtZBRt\�℄_M�t [7−9]. t8℄ GMAW–P ℄/�tt0\�, y� 1 R/ 5 	�B_q�℄ GMAW–P /
8vX��, �}\f�*�/q�t"S�3�. p5
y\�Yf#��j3��:

(1) TR$/: ��R$/
8vX℄��Yf, �sR$/��%Q℄℄P�b, 1:�D�G	} qm(0,

z) 1�#*� r0(z) �℄	'J"v�D℄�D�b/�q9t�� (z ��) P�mf{4℄. p5(Q��℄ – 	}~�dj��b\�, qYf1, �b%Q��
r0(z) //q9t��5� Ak (X�b%Q�℄o�℄); �b��Æ (z Æ) �, �GVt} qm(0, z) �~�'Jdj�D.

(2) T GMAW–P /: i>�G�oR;i>�G1K}i>�G>%�, uR;1K}i>�G���/o>��#*�"b℄Bi_mX�#�b; \�bi>�M<$/��, R;i>�G�#*�|Q, K}phi>�G�#*�|�.

(3) R$ + GAMW–P Æ4�b/: !4-℄P�bT�>�%��9�mf{4: (a) >��#*�"b℄Bi_�#℄i>�G, %QZ/q�X; (b) �bR��8℄�&, �Bi~℄P�#; (c) R$�b�	}dj℄�X%�℄�#, %QZK/q�XY/q"A. HH, 2QZÆ4�b/℄!4-℄P�b\�o: �>�Bi_�# + Bi~℄�# + �℄ – 	}~�dj�\, 1 GMAW–P .��A)?
Table 1 The process parameters in GMAW–P

Process Peak Background Averaged Pulse Wire feed Arc power

current, A current, A voltage, V frequency, Hz rate, m/min W

GMAW–P1 533 13.672 21.7 86 3.1 1970.36

GMAW–P2 528 15.525 22.9 116 4.1 2741.13

GMAW–P3 525 15.625 24.0 125 5.0 3465.60

GMAW–P4 550 37.109 25.4 136 6.2 4401.82

GMAW–P5 501 93.750 29.0 192 8.2 7264.60



 8 n yBG^ : g<�Kw Laser + GMAW–P �2
`-
.Wq[L
 121�-. u�>�0�b%Q\�%o�DW�7℄b�bÆ, (QV�,�~��, y 8 mm 9aV�	 Q235h"b50_q�℄/�tt01�8����B\f_M, IZV!/��0Ys℄�Æ��.

3 RCHWwp�% [7−9] �>�6Q�B)0+�℄/
8vX��19N����yR$/�GMAW–P /1 Laser

+ GMAW–P Æ4�b/℄/�tt0�}�~�*��B0t, tZRt\�℄_M�t�43�. �v�3KQRt8℄\�, `+yTR$/�T GMAW–P /1 Laser+GMAW–P Æ4�b/℄�0�}�~, IZ
HAZ ,t1�*F*�`�0YsK���, ����|.

3.1 FO-Y6 HAZ T8yZaV� (6�/℄�a4	�), ��!y�℄Ys, /� HAZ (�oF��: �4� (�ftt —

1533 K)�+�� (overheated zone, OHZ)(1533 K—

1373 K)������� (1373 K—1173 K) 1"k����� (1173 K—1023 K)[10]. TZ�4�6k, h�v�u�4�1 OHZ 4�_Mo OHZ ℄,t. OHZ 2�:�CZYLQ!y,  6a, Ch��-$Ew1MD, 1/��e℄�F�. yZ�q��X℄ HAZ ,t, oFoK�4�Ytt 1023 K A℄�3; OHZ ,toFoK�4�Ytt 1373 K A℄�3.h 1 T GMAW–P /1 Laser + GMAW–P Æ4�b/(/q��Xh"b/�_q�℄ HAZ ,t. (�$>, TZ/�Kt|* (1 m/min), �	/��~-$℄ HAZ ,tr�|k. R$/℄ HAZ ,t"�, o
1.112 mm, p�O>R$/�V�9��tU�℄�BYf. {Æ4�b/1T GMAW–P /��, Æ4�b/℄ HAZ,t3�ZT GMAW–P/. p1HoR$yi>V:o℄+P%Q, N	�8,tjf (H�℄�9�Q), Ui>�9��#℄�mk�, K{k�B HAZ ,t. O�i>�M℄jQ, R$yi>℄+P%Qk�, {i>yR$℄��%Qjy, HHÆ4�b/1GMAW–

P />oh HAZ ,t�℄,��rk�. Vi>�MjQY 7000 W ��(, >	�B℄ HAZ ,tY;�`.

HAZ �%��, OHZ 1y/��eN�"Q℄�℄, 1/��e℄�F�. � 2 �>B/q��Xh/��B1"b*�_q�℄ OHZ ,t, K� 2 (v, \ HAZ �,t��, Æ4�b/1T GMAW–P /h OHZ ,t�X℄,��Q, Æ4�b/℄ OHZ Z��Z GMAW–P℄ OHZ. {Æ4�b/1T GMAW–P /℄ HAZ ,t"b, �3�℄�h OHZ ,t℄"b�. yZÆ4�b/, O�i>�M℄jQ, R$yi>℄+P%Q�w, Æ4�b/ HAZ 1 OHZ ℄,t6�rjf. "3yl℄1, \T GMAW–P /��, Laser + GMAW–P Æ4�b/�!℄�9�3Q 2 kW; UX*�H, Æ4�b/
HAZ ,tÆ	� GMAW–P ℄�, Sq1C>�p3!y�MD�Ew℄ OHZ �, HHÆ4�b/℄�e d3RZT GMAW–P /.

3.2 FO_-Y6^pL[l"b/��B-$℄/
,t"b, HAZ ,t1r�6"b. h�|TR$/�GMAW–P /1Æ4�b/℄ HAZ �*F��(, qr� (X3#/
���℄�3) 1"b℄. oB���|, R�r�"��	/��B_q��4�"Q,tAorf; / y ��, _MfY�rf℄�3o d, �h 2 R/. _MBR$/�GMAW–P/1Æ4�b/℄ HAZ (d=0.2 mm, d=0.8 mm) ℄�*F���2�(h t(K 800 �2�Y 500 �RQ℄(h) 1	}tt.h 3 />B�	/��B (R$/�GMAW–P 1Æ4�b/) "b_q�/q�X HAZ �℄�*F��.
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Fig.1 HAZ width at different welding conditions, 2 .p�W HAZ �\ OHZ +s

Table 2 Comparison of the OHZ width in HAZ

Process Laser GMAW–P Laser+GMAW–P

a b c d e a b c d e

OHZ width, mm 0.381 1.189 1.294 1.370 1.459 2.130 0.886 1.005 1.114 1.239 1.936

Note: a, b, c, d and e indicate GMAW–P1, GMAW–P2, GMAW–P3, GMAW–P4 and GMAW–P5 separately



�122 ��:�&��  45 �(�$>, yZ"b℄/�_q, TZ/�Kt|�
(1.0 m/min), �	/��B℄f�Kt12�Ktr�1*. h2�+7�, Æ4�b/℄tt:{�Z

g 2 .p��W HAZ �)E��^Lq�.Dg
Fig.2 Schematic of the position for calculating thermal cy-

cle

GMAW–P / (�ZÆ4�b/℄2�KtT), {
GMAW–P/℄tt:{�ZR$/ (CZR$/2�Kt"*). _MZY℄2�(h t �h 4 R/ (R$/℄2�(ho 0.516 s), yZR(Q℄"b/�_q, �	/��B℄ HAZ 2�(hr�Z 1 s. Vi>�M|�(, Æ4�b/2�(h t "Q, R$/Iw, GMAW–P/"�. GMAW–P /℄2�(h t �ZR$/℄}.,p\R;i>�9�℄Rq V!. R;iG%Q℄h� , k�BqV�%Q(h; VK}iG%Q(, �8Vm�℄i>�9�W�k�, ttW��w; \<$/��, p	h� %Qh2�+7�(�rYf*2�Kt℄%Q, V/�Kt|Q1R;lMa(�oZ�. HH,Vi>�M|��lM|a(, GMAW–P /℄2�(h
t �ZR$/℄2�(h t. �yZR$/1 GMAW–

P /, Æ4�b/TZR$d�1i>d�℄�4%Q,jQB�℄%Qd�, *q2�(h t "QZw>o℄�
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Fig.3 The thermal cycle curves in HAZ on top surface (d=0.2 mm)
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Fig.4 The cooling time t in HAZ on top surface (d=0.2

mm)}. Vi>�M|Q(, O�R;lM1i>�9�℄jf, GMAW–P /℄2�(h�rjQ; {V�:$jQi>�M(, 2�(h�D"Q, �\Æ4�b/�.{yZÆ4�b/, TZR$d�℄f�VR$℄x>%Q, Vi>�MjQ(, 2�(h:{�D"Q. H(,

GMAW–P /1Æ4�b/℄2�(h t rQZR$/℄�}. h 5 1/q�X HAZ �℄	}tt (R$/(�X	}tto 1478 K). (�$>, TZR$�b%Q�m6�, �9��tU�, ttZtQ, HH, R$/
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Fig.5 The peak temperature in HAZ on top surface (d=0.2

mm)TZ/�Kt|�, �	/��Bh d=0.2 mm A HAZ2�Ktr6*, T�℄ CCT h [10] (Z��!yKk�oQ3℄!y. HH, �	�B2�(h℄,�yHA
HAZ !y℄N�"Q. U12�Kte�, eV6Zk�Q3℄A<℄%:, V6Z_�Q3℄℄�4 [10], HHhH�XÆ4�b/1R$/NRZ GMAW–P /. Hj,TZ_M�*(�$>, �	/��B�, R$/℄	}tt"�, qI1Æ4�b/, { GMAW–P ℄	}tt"Q, HH, R$/( HAZ HA�9"�, { GMAW–P/ HAZ HA�9"Q, X d",.��R/, R$/ HAZ "�, q OHZ �9"�,UR$/�8�, z�8"{k, "6ZG℄Gq, �C�4u)`�� [11]. GMAW–P /�8|Q, U�"6�, z HAZ |,, �e�|M�. Æ4�b/`(ZYQ�", X(ZY|Q℄�,, z HAZ ,tV dRZ
GMAW–P /.

3.3 FO_-YJn (2yFQ;n) 6h8>.[lh 6 �>B�	/�_q� (R$/�GMAW–P
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Fig.6 The temperature distribution along the transverse direction (perpendicular to the welding direction) on top

surface (x=0.0 mm)



�124 ��:�&��  45 �/�Laser+GMAW–P Æ4�b/) /q��X8� (/G{Z/�Kt��, x=0.0 mm) ℄tt�D��, q�"�tto�f, Xtt�D��+Z��X�4�. (�$>, yZ�	/��B, h"b℄/�_qV"br�, R$/℄tt�D"*, HAZ "k, p℄�BR$d��tU�%Q℄�*. yZ GMAW–P /1Æ4�b/, Vi>�M|�(, h8� (y ��) �, Æ4�b/℄tt�DKtQZ GMAW–P. zO�/ y ��℄�3jQ, Æ4�b/℄ttV(�r�Z GMAW–P /, p1HoR$yi>℄+P%Q, k�Bi>h y ���℄%Q�mR�. Vi>�M|Q(, TZR$yi>℄%Qk�, Æ4/1 GMAW–P / y ���℄tt�D��K�:�.

4 RW
(1) yR$/�GMAW–P /1R$ +GMAW–PÆ4�b/℄ HAZ ,t1�*F������B�}_M. �	/��B�, R$/℄ HAZ "�. Æ"Æ4�b/℄�9�� GMAW–P /QB 2 kW, Æ4�b//q��X℄ HAZ ,tÆ	�Z GMAW–P /. Vi>�M|�(, Æ4�b/\ GMAW–P /℄ HAZ ,t,�|Q; Vi>�M|Q(, >o℄,�P�.

(2) Ho(Q℄/�Kt|�, �	/��BIZ℄/q��X HAZ �℄2�Ktr|Q. Vi>�M|�(, GMAM–P /2�Kt"Q (t }a), R$/Iw, Æ4�b/"�. Vi>�M|Q(, R$/℄2�Kt|Q (t }a), GMAW–P /1Æ4�b/℄2�Kt�V.

(3) yZ�	/��B_q�/q��X HAZ �℄

�*F	}tt, GMAW–P /"�, Æ4�b/Iw, R$/"�./Sik
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