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Microstructure and mechanical properties of aluminum alloy/steel
tungsten inert gas fusion-brazed joints

MA Yueting, DONG Honggang™, LI Peng

(School of Materials Science and Engineering , Dalian University of Technology, Dalian 116024, Liaoning , China)

Abstract: AA5052 aluminum alloy and 304 stainless steel with the thickness of 3 mm are welded with
ZnAl22 flux-cored wire by tungsten inert gas (TIG) fusion-brazed welding. The effect of different welding
currents and wire feeding speeds on the macro morphology of butt joints, microstructure of weld seam/steel
interface, tensile properties and fracture behavior of the joints is studied. The results show that when the
welding current is 110 A and the wire feeding speed is 24 mm/s, the maximum average tensile strength of
the butt joints reaches 166 MPa. Fracture primarily occurs at the weld seam/steel interface, exhibiting
typical brittle fracture characteristics. The weld seam/steel interface is composed of n-Fe,Al:Zn,,, 1-7Zn
(Al) and a-Al. With the increase of the welding current, the tensile strength of the joint first increases and
then decreases. The white granular 6-FeZn,, appears in the n-Fe,Al;Zn,, interfacial layer, and Zn elements
are segregated at the n-Fe,Al;Zn,,/steel interface. The Zn-rich phases at the n-Fe,Al;Zn,./steel interface
are determined to be I'-Fe;Zn,, by transmission electron microscopy. It is found that excessively high
welding current leads to cracking at the 7 -Fe,Al;Zn,,/steel interface. With the increase of wire feeding
speeds, the thickness of 1-Fe,Al;Zn,, decreases gradually, and the phase composition at the weld seam/
steel interface remains unchanged. Based on thermodynamic analysis, it is concluded that the formation
sequence of intermetallic compounds (IMCs) at the weld seam/steel interface is n-Fe,Al;Zn, ., d-FeZny,
I'-FesZny,.
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Table 1 Chemical compositions of base materials (mass fraction/ %4 )

Material C Cr Ni Mn Si Mo Cu Al Mg Zn Fe
304SS <0.01 19.13 8.21 1.09 0.39 0.017 Bal.
AA5052 0.18 <0.01 0.04 <0.01 Bal. 2.63 0.01 0.16

R2 BMEHNFERE

Table 2 Mechanical properties of base materials

Material Tensile strength/MPa Yield strength/MPa Elongation/ % Hardness(HV)
304SS 577 250 56 204
AA5052 223 178 13 70

1.2 T HE
SCIG SR FH A AR G IR T vk 52 il 304SS AT AAS052

X4 - BT AR PR PSRN 99.9 % IR, IR PR
W& A 15 L/min, %832 8 I YC-500WX4N #I T1G
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Table 3 Chemical compositions for ZnAl22 filler wire
(mass fraction/ %)

Ni Fe Cu Ag Al Zn
0.003 0.033 0.002 0.001 22 Bal.
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Table 4 Process parameters of TIG welding

Sample Welding current  Wire feed speed Welding speed
number I/A V/(mmes 1) V,/(mm+s 1)
1 90 20 2
2 110 20 2
3 130 20 2
4 150 20 2
5 110 16 2
6 110 24 2
7 110 28 2
[ Filler wire
] AA5052
[ 304SS

F1 TIGH-FT R ER
Fig.1 Schematic diagram of TIG fusion-brazed welding
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Fig.2 Dimension of tensile specimen
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(a)I=90 A; (b)I=110 A;(c)I=130 A;(d)I=150 A
Fig.3 Morphologies of the front side(1), back side(2), and cross-section(3) of the weld seam formed at a

wire feed speed of 20 mm/s under different welding currents
(a)I=90 A; (b)I=110 A; (¢)I=130 A; (d)[=150 A
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(a) V=16 mm/s; (b) V=24 mm/s; (c) V=28 mm/s
Fig.4 Morphologies of the front side(1), back side(2), and cross-section(3) of the weld seam formed at a

welding current of 110 A under different wire feed speeds
(a) V=16 mm/s;(b) V=24 mm/s;(c) V=28 mm/s
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Fig.5 Microstructures and element line scanning analysis results of weld seam/steel interface

at a wire feed speed of 20 mm/s under different welding currents
(a)I=90 A;; (b)I=110 A;(c)I=130 A; (d)I=150 A
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Table 5 EPMA quantitative points analysis of weld seam/steel interface at a wire feed speed of 20 mm/s under

different welding currents (atomic fraction/ %)

Position Zn Al Fe Cr Ni Phase

A 33.24 66.76 a-Al

B 60.05 39.95 a-Al+n-Zn(Al)

C 97.99 2.01 1-Zn(Al)

D 29.01 35.72 28.58 4.18 2.51 1-Zn(AD +n-Fe,AlsZn, ,

E 4.31 73.62 19.59 0.37 2.11 7-Fe,AlZn, ,

F 34.59 52.56 11.64 0.18 1.03 Fe-Zn phase+n-Fe,Al;Zn,,
G 2.59 75.78 19.54 0.25 1.84 n-Fe,AlsZn,

H 2.52 76.06 19.75 0.40 1.27 n-Fe,AlsZn,

1 56.24 30.74 11.88 0.25 0.89 Fe-Zn phase+n-Fe,Al;Zn,,
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(a) Vi=16 mm/s; (b) V=24 mm/s; (¢) V=28 mm/s
Fig.6  Microstructures and element line scanning analysis results of weld seam/steel interface at a
welding current of 110 A under different wire feed speeds
(a) V=16 mm/s; (b) V;=24 mm/s;(c) V,=28 mm/s
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K7 WLRUARAE /A TEM-EDS JC 2 i £ i
Fig.7 TEM-EDS element mapping analysis of typical weld seam/steel interface
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Fig.8 TEM analysis results of various phases at the weld seam/steel interface
(a) TEM bright-field image and SAED patterns; (b)HRTEM image and FFT patterns marked in Fig.(a)
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Fig.9 Tensile properties of welded joints at a wire feed speed of 20 mm/s under different welding currents

(a)force-displacement curves; (b)tensile strength
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Fig.10 Fracture paths of welded joints at a wire feed speed of 20 mm/s under different welding currents
(a)I=90 A;; (b)I=110 A;(c)I=130 A; (d)I=150 A
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Fig.11 Surface morphologies of the steel side fracture of welded joints at a wire feed speed of 20 mm/s under different welding currents
(a)I=90 A; (b)I=110 A;(c)I=130 A;(d)[=150 A
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Table 6 EDS analysis of typical points at the fracture surface at a wire feed speed of 20 mm/s under

different welding currents (atomic fraction/ %)

Position Al Fe 7n Cr Ni Phase
A 30.81 69.19 1-Zn(Al) +a-Al
B 23.27 47.38 9.64 14.62 4.39 7-Fe,Al.Zn,,
C 40.61 59.39 1-Zn(Al) +a-Al
D 66.02 21.63 2.19 7.49 2.67 n-Fe,AlZn, ,
36.96 63.04 1-Zn(Al) +a-Al
F 69.54 17.42 442 5.35 3.27 1-Fe,Al.Zn,,
G 4.66 31.13 51.30 11.25 1.66 a-Fe+Fe-Zn
H 69.39 18.76 4.45 6.02 1.38 n-Fe,Al.Zn,,
8 (a) 16 mm/s —— 24 mm/s 250 (b)
7F ——20 mm/s ‘2'8‘r.'nm/s @200k 166 158
6 = i = 161
£5 1500
8 4 5 107
s 2100
2 g 50
1 [
%2 3 4 5 &6 ST 20 24 28

Displacement/mm

Wire feed speed/(mm-s-")

P12 JRRTR R 110 A WA ALk 22 85 F Hesk b i fg
(a) J3 - 2% 5 (b) B s iE
Fig.12 Tensile properties of welded joints at a welding current of 110 A under different wire feed speeds

(a)force-displacement curves; (b)tensile strength
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(a) V=16 mm/s; (b) V;=24 mm/s;(c) V,=28 mm/s
Fig.13 Fracture paths of welded joints at a welding current of 110 A under different wire feed speeds
(a) Vi=16 mm/s; (b) V=24 mm/s; (¢) V=28 mm/s
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(a) V=16 mm/s;(b) V=24 mm/s; (¢) V=28 mm/s

Fig.14  Surface morphologies of the steel side fracture of welded joints at a welding current of 110 A under different wire feed speeds
(a) V=16 mm/s; (b) V=24 mm/s; (c) V=28 mm/s
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EDS 5 #ft (JRF5 %1/ %)
Table 7 EDS analysis of typical points at the fracture surface at

a welding current of 110 A under different wire feed speeds

(atomic fraction/ %)

Position Al Fe Zn Cr Ni Phase

A 69.94 19.05  3.12 5.68 1.98 +-Fe,Al;Zny,

B 7179 19.08 413 355 145 n-Fe,AlZn,,

C 21.58 1445 57.75 3.05 213 n-Zn(Al)+a-Al
D 8.02 6.30 8347 0.81 1.40 7-Zn(AlD

E 69.06 2091 643 1.83 0.77 n-Fe,AlyZny,

A NTE Y, 2 A HTAL Fe J5F# 58 2 THFE, ﬂ'FezAlsznm
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ﬁlj\ o
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©
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Fig.15 Microhardness distribution of the joint with a welding

current of 110 A and a wire feed speed of 24 mm/s
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different temperatures
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Fig.19 Schematic diagram of formation mechanism for zinc-rich phase
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