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ABSTRACT Because there are great differences in physicochemical properties and mechanical
properties between Al alloy and steel, their joining with high quality and high efficiency is one of
difficult problems in study of welding technology. According to their difference in melting point, the
brazing–fusion welding technology of Al alloy to steel was developed based on MIG welding. In pulsed
MIG arc brazing–fusion welding process, the molten filler metal and Al alloy base metal will form
the fusion welded joint, and will form the brazed joint together with unmelted steel plate, which can
efficiently prevent the intermetallic compounds (IMCs) from the formation. With the digital pulsed
MIG arc welding machine, the brazing–fusion welding of 6013–T4 Al alloy plate to galvanized steel plate
was realized with the filler metal of ER4043, and the effect of welding heat input on microstructures
and properties of the joint was studied. The results showed that there is a zinc–rich zone in the weld
toe of fusion weld in the brazed–fusion welded joint, which is composed of Zn–Al eutectic, Al–rich α

solid solutions and Fe3Al. Fe–Al IMCs layer on the brazed interface is 1.05—4.50 µm in thickness and
become thicker with the welding heat input being increased. Fe–Al IMCs with sawtooth or tongue shape
grow towards the weld, which mainly includes FeAl2, Fe2Al5 and Fe4Al13. With the welding heat input
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being increased, the tensile strength of the brazed–fusion welded joint firstly increases and then de-
creases. At the welding heat input of 850 J/cm, the tensile strength of the brazed–fusion welded joint
can be up to 229 MPa and the ductile fracture appears in the HAZ of Al alloy. At the lower welding
heat input, the brittle fracture easily occurs.
KEY WORDS brazing–fusion welding, welding of dissimilar metal, pulsed MIG welding,

microstructure and property, intermetallic compound

Al ubU��,"U�9�UW 2 ?�gs"I�fTRp�K�, -��O.Z�	vA�R����u�qs�[, ��?�W"�Q�f4�M<M�uHj-�Xhsy~�%.bU�/,"U�9s9�Fe0~P�AGvh.V�sl��l�up�P���-�;dv��qAG7u$U. *�, Al �,s"IfTK�7�Xh,  2#s=5	Xv, Wq 2 ?�gs3fL�Ks7, �<Z*Gs�'\����uGA_|s Fe–Al �g�fU", XA	vW��sNTK�RW~K�. �W�1_|s Fe–Al �g�fU"s8M, Z)#0~w+L��L�� L�B=L��VL�>K Lu=�P���V,WbU�/,sP� [1−8]. !?=�P���;rqoK�TNs��, j$<��a�m�s+-K, 4�%���s�9�m���'-��[. xZ, 5� AlubU��,w?�gs-;��:RvA�L�vhA�bU�/,"U�9�By~Æ�Me�3s��.3 –�L�vhK�L~bU��,s3{7w, 	HL(=9L�,d9W-3{s,$3f�v3{sbU�3f, �KsbU�Ls_��Z�bU�y.GA3L��, �m��,GA�L��, L�HE�-3LR�LsmA�K [9]. bU��,s3 – �L~~,�� MIG �b [10−13]�TIG �b [14,15]�r� [16−19]��Pi [20] rur� + �b"U,� [21] u.

MIG LR TIG L\{�y~ZBsvA�L�4t. :C MIG La��b��K
7��UdQ �u$U, �y~�bU�/,�3 – �L�u�AL�HEu:Us$��. !? TIG �bs�UdQ
 MIG �be��s�, j�Me���s, L�;det*v�
MIG L. �W�� MIG �bs�UdQ, \L���B℄Q)�, 5�Wv,d9 ��s CMT (cold metal

transfer) L�4t [22]. CMT L�4t;rV,bU�Æ���C,�s3 – �L� [13], x�,d9
v, L�;dg
v, ~rjUl�L�M8�;dse#. kTf�=�=9\{� MIG L���Z)�s=9vh,0�Ls.:R0', =9%�1,usy	R�	�L��_R�b�W, V,m/iNH
m/3ws��3wH
uX, xZ;r�-L�HEs��K, V,�b�Us��dQ.�4_0~kTfiN MIG L� (pulsed MIG

welding, P–MIG) %�A5V,W 6013–T4 bU���C,�s
�P�, �Z)WL�,d9���Y/�K�s{1.

1 �!d�znlV`~bU�y.� 6013–T4 bU�, Ib�
200 mm×50 mm×1 mm; ,�y.� SGCC ,�C,�, Ib� 200 mm×50 mm×2 mm; �K.Z�0'
1.2 mm s ER4043(AlSi5) bU�Ls, LsRbU�y.sfTA�7� 1 ~Y.V`~L�%��kTf MIG Lpu�us%�,0~iNL�uX, 3wH
�d� 1 drop/pulse. usy	�L��_R�b�W=�=9, 	H��usy	E��L��_, \����L�y	m���L�,d9, �)bU�y.3f�,�$3f, GAbU���C,�s3 – �L��. L��bU��R�C,�YAbU���B,��'�
�<	� 10 mm s
���. V`<, Ls
6bU� .
�� 0.6 mm, V`~L�4t2k7� 2 ~Y. �V`jqs3 – �L��<9'�$^
, L~�/*�& (OM)�X G.\Go
(XRD)�>r�& (SEM) u�&is��o (EDS) �$��Y/uA��&, �L~DJV`E
}��sNTK�.
 1 U_}aT�x-QKrreS��

Table 1 Compositions of 6013–T4 Al alloy and ER4043 welding wire

(mass fraction, %)

Material Cu Si Fe Mg Mn Cr Zn Ti Al

6013–T4 0.6—1.1 0.6—1.0 0.8 0.8—1.2 0.7—0.8 0.1 0.25 0.35 Bal.

ER4043 0.3 4.5—6.0 0.8 0.05 0.05 0.1 0.2 Bal.
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Table 2 P–MIG arc brazing–fusion welding parameters

Test U , V I, A vw, m/min v, m/min E, J/cm

No.1 16.5 40 2.0 0.6 660

No.2 16.6 45 2.2 0.6 747

No.3 16.5 40 2.0 0.5 792

No.4 17.4 57 2.7 0.7 850

No.5 16.5 40 2.0 0.4 990

No.6 16.5 40 2.0 0.3 1320

Note: U—arc voltage, I—welding current, vw—wire feed-

ing rate, v—welding speed, E—welding heat input

2 �!�sbU�/�C,�3 – �L��;��3L��R�L�� 2 *�, 7� 1 ~Y. ;�, 2 #sY/�9$�,Me���$.

2.1 �v~�,(� 2 �bU�/�C,�3 – �L��$�%
s
SEM 4. ;�, 3 – �L��bU�3fL <D�4�suC#, �Y/� Si � Al <s α =5�, � α =5�s#�T�&NDUsv3 Al–Si 7#Y/, 7� 2a<�?�K%
; ��3U%<�HK#X03U.6L M<,  #M
℄h (� 2b).bU���C, P–MIG �b3 – �L��<, �3L L3Ta�m/$ Zn % (� 1), �Y/Gn��
3. $ Zn %sQ,Fe\��� P–MIG �b3 – �L�HE<, �b,_o	�X0L sY6BC Gauss�&, �b���	/�
v, �C6���f�rl�ÆvsGXa�, ��L3TGAW$ Zn %. �W(�'%
Y/GE, 	H EDS �$$�*�sA�, �G7� 3 ~Y.1, Zn–Al ��U�/� [23] R EDS �$�G;*, $ Zn %�g��=HE<, )�#GA$ Al s Al–

Zn α =5�, �� 3 <�8�1�TsV?":. }N�		v, α =5��m'<h. �Z�S, DU Si B=5
α =5�#�, GA$ Al s Al–Si =5�, }_��s
Al � Zn GA Zn–Al 7$Y/, 7� 3 <�8�2�Tsh�?":, ��<�8�3�T� Zn–Al 7#Y/. �� 3 <�8�4�Ts EDS �$�G;*, $ Zn %�,n�,�\m6XÆs$ Fe fU"6, '$ Fe fU"� Fe3Al �g�fU"u*� Fe–Zn /, I�XDs
Al. $\��L�HE<xl� Zn vsa�, Al �P$�0��=�,/
_~, �\	H'l�v_6,n�B=, jZT�	
v, Al B=yd
k. xZ, $ Zn %�B=o,n�s Al XD. Z�, Zn � Al /
_~g\m6oe,n�s Al �PXDs�x,m.

� 1 aT�/�B+
2 – �K�ÆFm
Fig.1 Morphology of brazed–fusion welded joint of Al alloy

and galvanized steel

� 2 2K�Æ#
$�r SEM 3
Fig.2 SEM images of weld zone (a) and fusion zone (b) in

fusion welded joint of Al alloy

� 3 � 1 ;2K�ÆK2S# Zn $r SEM 3
Fig.3 SEM image of zinc–rich zone at weld toe of fusion

welded joint in Fig.1

2.2 �t�
*&�qo�bU�/�C,�3 – �L�HE<, ��L�qBa�Nr Al R Fe �P�FsB=R�y, \�GAW
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E=990 J/cm��'���L�q& �xq�&�. ;*, ��L�qT�MWr Fe, Al R Si 3 ?�x�Fs�xB=, Si ��q�$ts,7, � Fe R Al /
B=
�K�.L�,d9�3 – �L���L�q�g�fU"6s℄	RY/G���Ae{1. � 5 �$�L�,
 3 � 3 ;# Zn $#
�7r EDS �#�F
Table 3 EDS analysis of different points on zinc–rich zone in

Fig.3

(atomic fraction, %)

Position Al Zn Si Fe Main microstructure

1 55.97 44.03 0 0 Al–Zn α solid solution

2 45.01 52.52 2.48 0 Zn–Al eutectoid

3 23.51 76.09 0 0 Zn–Al eutectic

4 14.50 28.67 3.24 53.59 Fe3Al

� 4 �K�p$%��wp�%
Fig.4 Element scanning maps of Al (a), Fe (b) and Si (c)

on brazed interface of No.5 sample (E=990 J/cm)

d9'�L�q�g�fU"6s SEM 4. ;�, }NL�,d9s�f, �g�fU"6s℄	uG���MW�f. l E=660 J/cm S, �g�fU"C�0H�K6L M<,  �H��.
h, �℄	� 1 µm \� (�
5a); E=850 J/cm S, �g�fU"C�F�K6L M<, �℄	�ho 2.34 µm \� (� 5b); E=990 J/cmS, �g�fU"C�0H�K6L M<, �H��.
:, ��H�A
h, �g�fU"6℄	e��|, �
2.6 µm \�.�� 5 <$�,d9�L�q6\,36L D{�H EDS �$, �G�� 4. ;*, Si ��L�qTIUXD, �$2� Fe–Al �g�fU"sGA, �\=5��<. �Z)�t, ��ZK�', Si � Fe–Al �g�fU"<s=5	;e 6%[24,25], �� MIG �b3 – �L<, l�L �=X�, Si ��eo��ZK�'s=5	. 1, Fe–Al /� [23] ��U EDS �$;*, �
5 < A, B, C {T�g�fU";�� FeAl, FeAl2 R
Fe2Al5; D, E, F {Ts�g�fU"n[;�� FeAl2,

� 5 #
K�+
8&2 – �K�Æ�K�pr SEM 3
Fig.5 SEM images of brazed interface at E=660 J/cm (a),

E=850 J/cm (b) and E=990 J/cm (c)
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Table 4 EDS analysis results of brazed interface at different

points in Fig.5

(atomic fraction, %)

Position Fe Al Si

A 49.34 50.66 0

B 33.27 62.27 4.45

C 25.84 70.80 3.36

D 29.24 66.69 4.06

E 30.48 67.70 1.82

F 20.68 79.32 0

G 30.87 65.26 3.87

H 21.23 72.98 5.89

Fe2Al5 R FeAl3(Fe4Al13); G, H {�g�fU";�� Fe2Al5 R FeAl3(Fe4Al13).L~ XRD �$(� Fe–Al �g�fU"s/GE,�� 6. ;r6Q, �L�qFeMA"/�$ Al s
FeAl2, Fe2Al5 R Fe4Al13. �U EDS �$�G;*, ,36os�g�fU"� FeAl2 R Fe2Al5 siUY/, � L � Fe4Al13.

P–MIG 3 – �L<�L�q Fe–Al �g�fU"sGA\l��K�g�=�,�qB=�ys�G, � ��R���>. � MIG �b3 – �LHE<, �b��C,��Rso�, �C6�f, �ShU Fe �P6=��qB=. lH,l� Al–Si �K�g�,�RS,)GAR��Zvs Fe2Al5 #P. �� Fe2Al5 /-�>�E#��9, [ c C-�
��P<� (� 30%), Al�P6u!,$<<�, Wq Fe2Al5 <hX� [26,27], 8OW
�s Fe �P, Al �Ps�	g/�	v, \�m6(/ Fe–Al �g�fU"6℄	�h. �Z�S, Fe�PUH Fe2Al5 #�6�q�[B=, l Fe �P��q�[�	oeGA FeAl3 s�	��S, �� Al �P�l��Z<B=X�, ZS�q�[ Al �P�	p�R, �#Vy� Fe2Al5 �qBGA FeAl3 fU"#P.}N�	s	v, �PB=yd�k, �H,n� Fe �P
D, � Al �P/�
�, ZS�#� Fe2Al5 #�GA FeAl2 #P, Z=GA9 ,n�shU Fe2Al5 RDU FeAl2 siUY/. }N�	sxP	v, FeAl2 R
Fe2Al5 iU6xP<h, �9 L s FeAl3 �$�s
Al �P�UGA Fe4Al13.� 7 � Fe–Al �g�fU"6℄	}L�,d9�fs&.. ;*, Fe–Al �g�fU"6℄	� 1.05—

4.50 µm ,�,  }NL�,d9s�h� tC.K�h. �g�fU"6s℄	[UB=sm�C
, �℄	bl��Z�=�,�q�yS�R�	=9, ��q�yS�R�	��L�,d9�>. lL�,d9�-S,3F�	N-, a�S��<, Fe �P� Al �PsB=y	|�, B=.Hg*�h, x� Fe–Al �g�fU"
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Fig.6 XRD patterns of brazed interface at E=660 J/cm

(a), E=850 J/cm (b) and E=990 J/cm (c)
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(IMC) layer with welding heat input
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v, a�S�
�, Fe �P� Al �PB=y	k�B=S��, x� Fe–Al �g�fU"6s℄	
:.

2.3 ~����j{k�Æ�� 8 �L�,d9�bU�/�C,� P–MIG �b3 – �L��8D�	s{1. ;*, }NL�,d9s�h, 3 – �L��s8D�	)�h_�:, �
850 J/cm ,d9'��8D�	eo 229 MPa, /l����' 6013–T4 bU�3L���	. ,d9HhlH:, bU�/�C,� P–MIG 3 – �L��s8D�	�e$o
-sn�.� 9 R� 10 ���$�L�,d9'bU�/�C
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Fig.8 Tensile strength of brazed–fusion welded joint at dif-

ferent welding heat inputs

� 9 P–MIG ~a2 – �K�Æ�[�7
Fig.9 Fracture positions of P–MIG arc brazed–fusion

welded joint

(a) HAZ at Al alloy side at E=850 J/cm

(b) brazed interface at E ≤792 J/cm

(c) fusion zone at Al alloy side at E ≥990 J/cm

,� P–MIG �b3 – �L��sDJ
\�8R�ys
?Gn. � E=850 J/cm S, ��DJ
\�bU�L�,{1% (� 9a), �
?Gn�� 10a, ;�, 
?B�&NhU.�, g|E.K
\. �
:L�,d9 (E ≤792 J/cm) ', 3 – �L��
\��L�q,�� 9b. Fe\��� P–MIG �b3 – �LHE<,L�,d9
:S, �q�y�	/�
v��yS�
�, Fe �P� Al �PsB=$:K�, $�W�#eoTNsf��U. �� 10b s
?Gn;*, 
?(�X�d, +*�q\sWq, g�_K
\. � 10b �Sgpt, 
:,d9��', bU���C,���eo�;sf��U. �lL�,d9Hh (E ≥990 J/cm) S,�� 6013–T4 bU�g�,TI�fbU�, �L�,

� 10 P–MIG ~a2 – �K�ÆCI�>Fm
Fig.10 Tensile fracture appearances of brazed–fusion welded

joint

(a) HAZ at Al alloy side at E=850 J/cm

(b) brazed interface at E ≤792 J/cm

(c) fusion zone at Al alloy side at E ≥990 J/cm
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\�bU�3U%, �� 9c; � 10c s
?Gn�t, �
?B�&NhU
�.�, g�{K
\.DJV`�G�t, l E >792 J/cm S, 3�L��4
\�bU�3U%& , ���L�q. $pt�Z,d9��', 3 – �L���L�q�	e-�
6013–T4 bU�3L���	. ;�, lL�,d9eom�n�S, bU�/�C,� P–MIG �b3 – �L��<�L�q��(/��sZÆ;g�, �bU�,{1%XAs:f\m6bU�/�C,�3 – �L��
\�bU�3L ,{1%sFe�x.

3 �

(1) r ER4043 Ls��K.Z, V,W 6013–T4bU���C,� P–MIG �b3 – �L�, �����bU�3L RbU�/�C,�L 2 *�. bU�3L <D�4�suC#, �3U%��X03U.
℄hsHK#. �L3Ta�m/Fe� Zn–Al 7#��$ Al s α =5�R Fe3Al Æ6YAs$ Zn %.

(2) 3 – �L���L�qBs Fe–Al �g�fU"6℄	� 1.05—4.50 µm ,�, �℄	}NL�,d9s�|��h. Fe–Al �g�fU"6Fe� FeAl2,

Fe2Al5 R Fe4Al13 YA. 9 ,n�m3� FeAl2 R
Fe2Al5 YAs6oiUY/, �9 L 3��0H�Kl�F�Ks Fe4Al13.

(3) 3 – �L��s8D�	}NL�,d9s�|)�h�_�:, � 850 J/cm s,d9'3 – �L��s8D�	eo 229 MPa, ^

\�bU�L�,{1%, �.K
\. lL�,d9
:S��
\��L�q, g�_K
\; �lL�,d9HhS, DJV`<��
\�bU�3fL s3U%, �{K
\.e���
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