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1 Ú ó

� ´ Í Ü > l Å ´ � « # . Å � � {,
d Zhang �ÄkJÑ [1]. T�{´3DÚ GMAW
�Ä:þO\ GTAW �´, Ì´Ú�´|¤ÍÜ>
lÅXÚ, Å�L§¥ÏL GTAW �´>l�©
6�^, �±¢y3Å�o>6�±ØC�cJe
~�6²1á�>6. ù�Q�y
���ÅjL
ÆÇ, Ó�qü$
1á�9Ñ\ [2]. Ïd�´Í
Ü>lÅ�±k���p�Å�¥N´Ñy��
>!ü¸Å��"�, ¢yp�Å� [3].

¦^ê��[�{ïáÅ�ÔnL§�k�
��.!ïÄÅ�ëêéÅ�L§�K��±�
Å�ó²��½�`zJøk�ë� [4]. Ïdé
�´ÍÜ>lÅ§Ý|?1ï�©Û, Ø=�±�
�Å�ëê�1á9Ñ\�m�'X, �Ùó²ë
ê�`zJøë�, ��U!��þ�mÚ¤�.
�´yk�9�.ØU���N�´ÍÜ>l
Å�A:, ÏdÃ{¼�O(�§Ý|(J. �

)ûù�¯K, ©z [5] JÑ
·^u�´ÍÜ>
lÅ�9\1�{, ò9©�¡9ÚN9

üÜ©¿©O\1�ó�þL¡ÚÅ¿æp¥, ¿
�[
ØÓÅ�ëêe�Å¿/GÚº�, ¼�

ûÐ�J.

�´ÍÜ>lÅL§¥, 9þ3N9Ú¡9
�mXÛ©�éÅ�§Ý|±91á�9Ñ\
Ñk��K�. Ïd�©3ykïÄÄ:þ�â�
´ÍÜ>lÅ�A:?�ÚïÄ
9þ3¡9
ÚN9�m�©��ª, ïá
�«·^u�´
ÍÜ>lÅ�EÜ9�.. é�´ÍÜ>lÅ§
Ý|?1
ê�©Û, �[
ØÓÅ�ëêeó�
§Ý|�©Ù�¹, ©Û
Å�ëêé1á9Ñ\
�K�5Æ. ?1
�Ó^�e�æÅÁ�, æ8

ØÓÅ�ëêeó��¡A�:�Å�9Ì�
�, ¿��A��[(J?1
'�©Û.

2 �´ÍÜ>lÅ�n99�.

2.1 ���´́́ÍÍÍÜÜÜ>>>lllÅÅÅÄÄÄ������nnn

�´ÍÜ>lÅdÌ´ GMAW Ú�´ GTAW
|¤, Ì´ÅÅ�ðØ�´ÅÅ�ð6, ÙÄ
��nXã 1 ¤«, ã¥ Ibm �1á>6, Ibp ��
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´>6, Imelting �o>6. Å�L§¥>66²Å
j�©�üÜ©, �Ü©d�´ GTAW ©6, ,�
Ü©6\1á. Ïd�^uÅj�>6¿Ø�u6
\1á�>6, ´�u1á>6��´>6�Ú.

ã 1 �´ÍÜ>lÅ�n«¿ã

2.2 999���...

Å�L§¥Å¿�/G�±�N9Ñ\L§,
9Ñ\L§û½9�.�/ª. du�´�©
6�^, ��Å�L§¥�^uÅj�>6��u
�^u1á�>6. 3�>6��^eÅj��þ
Lz¿�±L%�/ªLÞ�ó�þ, �^u1
á�>6��¦�1á7á�LzþØ�. Ïd�
´ÍÜ>lÅ¤/¤�Å¿äkL���{p
���A:. ¤±�´ÍÜ>lÅL§¥, 1á�
9Ñ\Ì�©�üÜ©. �Ü©´dÌ´>lló
�L¡��Ñ\1á�9þ, ,�Ü©´dLz�
Åj�\1á�9þ. duÅ¿�L���, ¤±
L%¥�9þ¿vk��?\1á, ´ÏL�1
á��>¡±Y��1á¥D�. �âþã9Ñ\
�L§, �´ÍÜ>lÅ�9�.�ATd�A
�üÜ©|¤, ^5©O�[1á�üÜ©9Ñ\.
duL���, �±Cq¦^²¡pd95�[
Ì´>lé1á�9Ñ\. dL%�\1á�9
þ�±d��þ!©Ù3>l\9��SÅ¿æ
p¥�N95�[.

nþ¤ã, �´ÍÜ>lÅ�9�.d��
¡9Ú��N9�Ó|¤, ^5�[1á�ü
Ü©9Ñ\. Å�L§¥Ñ\1á�9þÑd>
l�)�, ¤±>lUþ�©��ªû½
9�
.¥9þ3¡9ÚN9þ�©��ª. Å�L
§¥, Ì´>lÚ�´>l´ÍÜ�, lÅj6Ñ
�>63Ì´>llÎ«þ�Ü©ÏL�´>l
©6
�Ü©. 6²Ì´>lþ�Ü©�>6�o
>6, 6²Ì´>le�Ü©�>6�1á>6.

du>l�m�ÍÜÅn��E,, ¤±3ï
á9�.�L§¥�Ñ
Ì´>lÚ�´>l

�ÍÜ�^. b�o>63Åjkà©6�1á>
6Ú�´>6. ²Lþã{z, ¡9�9þ�5
guÌ´>l, �^u¡9�>6�1á>6;
N9�9þdÌ´>lÚ�´>l�ÓJø, �
^uN9�>6�1á>6��´>6�Ú. 9
�.�äNL�ªXe.

¡9:

q(r) = qm exp
(
− 3r2

R2

)
, (1)

ª¥ R �Ì´>l3ó�L¡��^��, r �å
l>l�^¥%�ål, qm �9¥%��96
�Ý, L�ª�

qm =
3Q ¡
πR2

, (2)

ª¥ Q¡ ��^u¡9�õÇ, L�ª�

Q¡ = η1UbmIbm, (3)

ª¥ η1 �Ì´>l�^u¡9�õÇXê, Ubm

�Ì´>l>Ø, Ibm �6\1á�>6.
N9:

q =
QN
V

, (4)

ª¥ V ´ü �mS¤Lz�ÅjNÈ, QN ��
^uN9�õÇ, L�ª�

QN = η2UbmIbm + η3UbpIbp, (5)

ª¥ η2 ´Ì´>l^uLzÅj�õÇXê, η3

��´>l^uLzÅj�õÇXê, Ubp ��´
>l>Ø, Ibp ��´>l>6. Ï�Ì´ÅÅ�ð
Ø, ¤±3�UC�´>6�, Ì´ÅÅ�ý�
xj�ÝÚÅ�>Ø´ØC�. Ïdü �mSL
z�Åjoþ´ØC�, �Ò´^5LzÅj�o
UþÄ�ØC.

3 §Ý|�.9¦)

3.1 êêêÆÆÆ���...

ïá§Ý|�.L§¥�
é�.?1{z
¦^
±eÄ�b�: Ø�ÄL³¥�zÆ�A±
9��7á�6Ä, �½ó�á����Ó5, �
½ó�L¡ÏLé6ÚË�Ñ9. Å�L§¥9
3ó�þØä£Ä, ¦ó�þ�§Ý|�X�mÚ
�mØäu)Cz. ¤±Å�§Ý|áu��5]
�D�¯K, Ùn�§Ý|���§Xe:

ρCp
∂T

∂ t
=

∂

∂X

(
K

∂T

∂X

)
+

∂

∂Y

(
K

∂T

∂Y

)
+

∂

∂Z

(
K

∂T

∂Z

)
+ Q, (6)
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ª¥ ρ �á���Ý, Cp �á��'9, T �§Ý,
K �á��9D�Ç, Q ��§�, O�¥ Q æ
^c©¥ïá��´ÍÜ>lÅ9�..

�¦)�§ (6) 7Lk�A�>.^�, ©¥
æ^96Ïþ>.^�. �
�BO�, ����
nÜÑ9Xê5L�dé6ÚD�¤Ñ��9þ.
K�L¡>.^�Xe:

K
∂T

∂n
= α(T − T0), (7)

ª¥, n ��L¡�	{���, T0 ´�¸§Ý, α

�ó�L¡é6ÚË�nÜÑ9Xê, �XL¡§
Ý�ØÓ, α ���Cz, ØÓ§Ýe���XL 1
¥¤« [6].

LLL 1 nnnÜÜÜÑÑÑ999XXXêêê������

§Ý/◦C 20 300 600 900 1200 1500

α/W·m−2 · ◦C−1 20 50 75 125 200 350

3.2 AAAÛÛÛ���...999������yyy©©©

�.¥ó�� 250 mm×100 mm×4 mm �²
�. duEÜ9�.¥�N9\13Å¿æp
¥, ÏdæpÜ©�/GÚº�é§Ý|(Jk�
�K�. ©¥Ø�ÄæpÜ©/¤L§¥�gdL
¡¯K, ´Ì�l9þ��Ý5£ã�´ÍÜ>
lÅL§. ÏLé�þ��´ÍÜ>lÅÅ¿�¡
Á�êâ?1�n*ÿ�uy, duü �mSL
z�ÅjNÈé�, �þLÆ7áæÈ3Å¿L¡
¿/¤�¡/G�Cq��/�Å¿æp. �âd
(JO�¥òæpÜ©��¡/G����/, 
æpÜ©�¡�»K´dü �mSLz�Åj
NÈ±9Å��Ý�Óû½�. �â©¥¤æ^�
ó²ëê, Å¿æp��»�� 0.25 mm.

Å�L§¥�X>l3ó�þ£Ä, L%��
�LÞ�$Ä�L³¥¿3>l��/¤æp, Ï
dÅ¿æp´�XÅ�L§�?1ÅÚ/¤�.
�âþãÅ�L§, 3O�L§¥, N9þ!�
\13>l�^��S�Å¿æp¥¿�X>l
�$ÄÅÚ�c£Ä. ù�æpÜ©Ò±$Ä�>
l�.©�üÜ©, >l�c�Ü©¿Øë�O�,
Ï�3¢SÅ�L§¥ùÜ©æp¿Ø�3, �k
>l�^��S±9>l���æpÜ©ë�§
Ý|O�.

3O�L§¥, [�����±���\°(
�(J, �Ó�¬O\O�þ. �
3(J°Ý÷
v�¦�Ä:þ¦þ~�O�þ, ¤±3§ÝFÝ
é��Å¿«�¦^[����, 3§ÝFÝ��

�«�¦^�DÕ���, �[¥æ^Xã 2 ¤«
���y©�{. ���.�k 5403 �!:, 4200
�ü�, æpÜ©æ^cÎ��Ù¦Ü©æ^8¡
N��, �.ogdÝ� 35405.

ã 2 ��«¿ã

3.3 ���[[[ëëëêêê������999���CCCddd999���???nnn

©¥éo>6� 300 A ØC, �´>6©O
� 0 A, 140 A Ú 220 A ���¹?1
O�, äN
Å�ëêXL 2 ¤«. éuLz4íN�oÅ, d
uÉ>4á�£:���, ��Ò4>fu�±|
�u��Ì, E¤Ò4Øü��u>fºÑõ, ¤
±ÙÒ4�9�u�4�9. �Lz4íN�o
Å�Ð����, �4�9�uÒ4�9. 3�´
ÍÜ>lÅ{z�.¥, Åj��Ì´>lÚ�´
>l�Ó��4, ¤±Ì´>l�^uó��9�
ÇA�uÙ�^uÅj�9�Ç, �´>l�^
uÅj�9�ÇA�uÙ�^u¾4�9�Ç. 3
Ì´>lÚ�´>l|¤�ÍÜXÚ¥, η1, η2, η3

L«�¿Â´ÍÜXÚ¥9þ�©��ª9'~.
ÏdXJ�UC�´>6ØUCÍÜXÚ¥�
Ù¦ëê� η1, η2, η3 ���KÄ��±ØC. ¿
��´>6é��Ü©¢Sþ´lÌ´>llÎ
«©6, ù���´>l�^uÅj�9�Çü$.
Ïd©¥� η1 = 0.37, η2 = 0.28, η3 = 0.31.

LLL 2 ÅÅÅ���óóó²²²ëëëêêê������

o>
6/A

�´
>6/A

Ì´
>Ø/V

�´
>Ø/V

Å�
�Ý/mm·s−1

300 0 30 20 12. 5

300 140 30 20 12. 5

300 220 30 20 12. 5

�[¥ó�á�� Q235 $%g, á��9D
�Ç!'9NÚ�Ý�X§Ý�ØÓké��C
z, XJòÙ��~ê�?1O�, éJ��O(
�§Ý|(J. Ïd3O�¥�Ä
á��9D�
Ç!'9NÚ�Ý�§Ý�Cz�¹, ØÓ§Ýe
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�äN��XL 3 ¤« [7], Ù¦§Ýe�ëê��
ÏL��¼�.

�Cd9´á�3u)�C�L§¥áÂ½
�Ñ�9þ. Ï� Q235 �Cd9�ê�é�, ¤
±7L�ÄùÜ©9þé§Ý|�K�. ©¥¦^
��'9{5?ná���Cd9, ��'9L
�ªXe:

Ceff =
H

(Tlig − Tsol)
, (8)

ª¥ Ceff �á����'9, H �á���Cd
9, Tlig �á�����§Ý, Tsol �á�����
§Ý, Q235 ���'9XL 4 ¤« [8].

3�Ä
�Cd9�K���, Q235 �'9
L�ªXe:

Cs = CP, (T < Tsol)½ (T > Tlig),

Cs = CP + Ceff , (Tsol 6 T 6 Tlig), (9)

ª¥ Cs �O�¥¦^�'9. �á�§Ý$u�
��§Ý½öpu���§Ý�Ø�Ä�C��
'9, Cs ����á���'9. �á�§Ý?
u���§Ý����§Ý�m�, Cs ����á
���'9��C��'9�Ú.

LLL 3 Q235 999ÔÔÔ555ëëëêêê

§Ý 9D�Ç '9N �Ý

/◦C /W·m−1 · ◦C−1 /J·kg−1 · ◦C−1 /kg·m−3

20 50 460 7800

250 45 480 7700

500 40 530 7610

750 27 675 7550

1000 30 670 7490

1500 35 660 7350

1700 140 780 7300

2500 142 820 7090

LLL 4 Q235 ������'''999

á� H/kJ·kg−1 Tlig/◦C Tsol/
◦C Ceff/J·kg−1 · ◦C−1

Q235 267. 21 1514 1473 6517

4 �[(J©Û9�y

Å�L§¥, Å¿�¡/GÌ�ÉL³/��
K�, L³/�K´dL³¥9þ�D�Úé6
û½� [9]. du�.¥vk�Ä>låéL³�
�÷�^ÚL³S��7á�6Ä, �
¦�.�
\�Cý¢Å�L§¿���\O(�§Ý|(
J, �.¥òL³Ü á��9D�Ç\�±�[
L³S���7áé6D9±9>låéL³�

�÷�^. ã 3 ´�´ÍÜ>lÅÅ¿î�¡ã,
ã 3(a) ��[(J, ã 3(b) �Á�(J. lã¥�
±wÑ, Å¿î�¡��[(J�Á�(JÄ��
�, ùL²¤ïá��.U
�N�´ÍÜ>lÅ
�A:.

ã 3 Å¿î�¡ã (a) �[(J (b) Á�(J

ã 4 L��[(J

�
©ÛÅ�ëêéÅ¿L��K�, òØÓ
�´>6eÅ¿L���[(J?1'�, Xã 4
¥¤«. lã¥�±wÑ, �=^ GMAW Å��,
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Å¿L�� 1.6 mm, ��´>6� 140 A �, Å¿
L�� 1.2 mm, ��´>6� 220 A �, Å¿L
�� 0.6 mm. �[(JL², o>6�Ó��¹e
¦^�´ÍÜ>lÅ�±wÍ~�Å¿L�, ¿�
�´>6��Å¿L���.

ã 5 ´�|�´ÍÜ>lÅL��Á�(J,
Á�¥Å�o>6� 397 A ØC. lã¥�±w
Ñ, �X�´>6l 40 A O\� 120 A, Å¿L�
l 2.49 mm ~�� 1.04 mm. ÏLã 4 �ã 5 �'
��±wÑ, d�[�Ñ�L���´>6�Cz
ª³�Á�(J´���.

ã 5 Å¿L�Á�(J

ã 6 1áS§ÝÈ©��mCz�¹

3ó�á�±9Å��¸�Ó�^�e, �
±¦^1á§Ý�þ,ÌÝ5ïþ1á�9Ñ\.
ã 6 �ØÓ�´>6e1á§Ý31á��S�
È©��m�Cz�¹. lã¥�±wÑ, 3 0 s
� 20 s �m�1á9Ñ\×�,p, 3 20 s �
�1á9Ñ\�O\�Ç²w~�. ù´Ï�Å
�L§31 20 s �(å, 20 s ��1á�9Ñ\
5gæp�1á�9D�. �[(JL², o>6
�Ó��¹e�X�´>6�O\1á�9Ñ\

��ü$.

ã 7 A�:Å�9Ì�� (a) �´>6� 0 A; (b)
�´>6� 140 A; (c) �´>6� 220 A

�
�y¤ïá��´ÍÜ>lÅ§Ý|�
.�Ün5, ?1
��.¥�Ó^�e�¢SÅ
�Á�. ¦^I�u¿� NBC-630-S ÅÅ?1æÅ
Á�, ÅjýÒ� CHT711, Å�L§¥æ^�í�
o, �oí6þ� 12 L/min. �
�¡��Nó�
�§Ý|�¹, ló��¡À�
ålÅ¿¥%å
l©O� 1 mm, 10 mm Ú 20 mm �n�: A, B, C
��A�:, ¿�A�:ë��Å¿�Y�� 30◦.
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Å�L§¥¦^ K .q� - q79>ójæ8ó
��¡éAA�:�Å�9Ì��, ¿��A�
�[(J?1'�, (JXã 7 ¥¤«.

lã 7 ¥��[(J�±wÑ, �XL³��
C, A�:§Ý×�,p����¸�§Ý, ��
�XL³��lA�:§Ý��Åìü$. ÏL'
�ØÓ�´>6e�A�:§Ý�±uy, �X�
´>6�O�, A�:§Ý��ü$, Ù¥ A :§
ÝüÌ��, C :§ÝüÌ��. �[(JL², �
X�´>6�O�, 1á�9Ñ\��ü$, ��
�CÅ¿9Ñ\üÌ��. ÏLé�[(J�Á
�(J�'��±wÑ, ØÓëêe��[(J�
Á�(JÄ���. ùL²�´ÍÜ>lÅ§Ý|
�.´Ün�, ¿��â�´ÍÜ>lÅA:¤ï

á�9�.U
�(�NÅ�ëê�1á9Ñ
\�m�'X.

5 ( Ø

1. ØÓÅ�ëêeé�´ÍÜ>lÅó�§
Ý|��[(JL², 3Å�o>6ØC�Ä:þ,
1á�9Ñ\¬�X�´>6�O\ü$, ¿�
��CÅ¿1á9Ñ\�üÌ��.

2. A�:Å�9Ì����[(J�Á�
(JÄ���, ©¥¤ïá�§Ý|�.´Ün�,
�â�´ÍÜ>lÅA:ïá�9�.U
�
(�NÅ�ëê�1á9Ñ\�m�'X.
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Abstract
Based on the features of DE-GMAW (double electrode gas metal arc welding), a new hybrid heat-source model that is suited for

the DE-GMAW is established. Using this heat-source model, the temperature fields of DE-GMAW wtih different welding parameters
are simulated. According to the simulation results with different welding parameters, in this article we analyze the influence of welding
parameters on the heat input of base metal in DE-GMAW. To verify the rationality of the hybrid heat-source model of DE-GMAW,
the simulation results of the temperature field are compared with the results obtained from the experiment that is carried out under the
same condition. The research results indicate that under the same total current, the heat input of base metal decreases gradually with
the increase of by-pass current. Moreover, the closer to the welding line the greater the decrease rate of the heat input of base metal
is. The study and the comparison of the thermal cycle curve of measured points show that the simulation results are in good agreement
with the experimental results. These results indicate that the temperature field model is accurate and the hybrid heat-source model is
reasonable.
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