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Abstract
The twin-wire CMTwith Al-Si filler was used as weld/brazing process for dissimilar joining of stainless steel and aluminum. It is
shown that this approach can ensure a satisfactory performance of the joint and the dissimilar joint exhibits typical characteristics
of common known steel/aluminumweld brazing joints. Intermetallic compounds (IMCs) were detected next to the steel as a layer
of Fe2Al5, as a layer of Fe3Al2Si4 adjacent to the aluminum side and as a scattered phase of Fe4Al13 in between. The total
thickness of the IMCs was determined with 2–4 μm. The maximum tensile strength of the weld joints without reinforcement was
up to 96MPa and cross tensile test specimens fractured at the brazing interface at about 35% of the strength of the aluminum. An
increase of the wire feeding rate and decrease of the welding speed thereby outperform beneficial in respect to wetting charac-
teristics. However, excessive heat input (e.g., wire feeding rate larger than 7.5 m/min) causes a reduction of the mechanical
properties. A groove gap about 1 mm ensures furthermore a good back appearance.
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1 Introduction

Dissimilar joining of aluminum and stainless steel has been
widely applied in aerospace, transportation, and other fields.
As a consequence, joining of aluminum alloys to stainless
steel has become a hot research field, and this raised higher
requirements for the joining process and joint performance
[1]. However, aluminum and steel are not suitable for fusion
welding due to the large difference in their melting points (660
°C for Al and 1538 °C for Fe ), the nearly zero solid solubility
of iron in aluminum, and the formation of brittle intermetallic

compound ( IMC, as e.g. Fe2Al5 and FeAl3 ), over a wide
range in the Fe-Al-constitution diagram [2]. If these IMCs
exceed a critical thickness, the joint is prone to crack under
very small stresses, resulting in a sharp decline in mechanical
properties of the joint [3]. That is why the control of the for-
mation of Fe-Al IMCs is the most challenging topic in joining
of stainless steel and aluminum.

In order to achieve the reliable stainless steel/aluminum
dissimilar joint, several solid state welding methods were
employed to control the growth of intermetallic compounds,
such as diffusion welding, brazing, friction welding[4], and
friction stir welding[5]. But these methods have some disad-
vantages, such as limited dimension, high loading require-
ment, and complex process.

But these methods are very complex, are limited in the
dimension of the joint, or require high process forces.
Previous research indicated that arc weld brazing is a promis-
ing welding technique which is capable to obtain joints of Al/
Fe with acceptable properties [6] [7] [8].

Song et al. used the TIG weld brazing process with a mod-
ified non-corrosive flux to join dissimilar metals of 5A06 alu-
minum alloy and SUS 321 stainless steel [9]. The results
showed that the stainless steel and aluminum alloy could be
joined successfully and the IMC layer is 3–5 μm (less than the
limited value of 10 μm) [9]. But the formation stability and
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mechanical properties of the joint should be further improved.
In order to control the heat input and improve the welding
stability, a TIG weld brazing process with twin hot wires
was employed to joining aluminum alloy and stainless steel
[10] [11]. By employing the twin hot wires, the welding
current is reduced, the thickness of the IMC layer decreased,
and the tension strength improved. Shao et al. investigated the
interfacial microstructures of aluminum and galvanized steel
dissimilar joint obtained by pulsed twin electrode gas metal
arc weld brazing [12]. The results showed that the twin gas
metal arc welding has an advantage of low heat input, which is
beneficial to obtain good mechanical properties of the joint.
The MIG/TIG double-sided arc weld brazing was proposed to
a joint of dissimilar alloys [13] [14]. There were favorable
surface and back appearance, and the highest tension strength
of the joint of Al/steel can be up to 150 MPa.

The cold metal transfer (CMT) process is a new technique
and becomes a hot research field in dissimilar materials
welding [15, 16] due to the advantages of high efficiency
and low heat input. However, the twin-wire CMT welding
has more obvious advantages than traditional single-wire
CMT welding for joining dissimilar metals, such as less heat
input for controlling IMC, independent adjustment of fillers,
andwelding parameters of steel and aluminum. Therefore, this
paper developed the twin-wire CMT weld brazing technology
to the butt joining of 3-mm aluminum and steel plate and
studied the bead formation, metallography, and joint strength.

2 Experimental materials and procedure

2.1 Materials

The materials used in this experiment were 5083 aluminum
alloy and SUS304 austenitic stainless steel sheets in 3.0-mm
thickness. The filler material was 4043 aluminum alloy with a

diameter of 1.2 mm. The chemical compositions of the base
and filler metals are shown in Table 1.

In this experiment, the modified Nocolock fluoride
brazing flux was coated on the surface of SUS304 stain-
less steel. The main components of the coating layer are
KAlF4 and AlF3.

2.2 Experimental procedure

The geometry of the groove prepared for weld brazing exper-
iment is shown in Fig. 1, the surface of which was cleaned by
abrasive paper, scraper, and acetone before weld brazing. The
groove of the joint was in the pattern of “V,” and the bevel
angle was 45°. The Nocolock flux suspension (flux powder
dissolved in acetone) was smeared homogenously with brush
in 0.2–0.5-mm thick on the groove face and both the front and
back faces of the steel. The width of butt gap was 0–1 mm.
There is a circular shaped groove with the depth of 5 mm and
width of 10 mm in the copper backing plate of 10 mm ×
10 mm in size. Twin Fronius TPS CMT power sources were
employed in this research, and the schematic of twin-wire
CMT welding system is shown in Fig. 2. The CMT welding
process was applied in this experiment. In the CMT welding
process, when the welding wire is short circuited with the
molten pool, the wire can be drawn back, and the welding
current can be reduced, so as to reduce the welding heat input.
The wire push/pull frequency was 70 Hz in this experiment.
The shielding gas used in this experiment is Ar, and the gas
flow rate is 15 Ll /min.

After welding, one metallographic and three tensile test
specimens were cut from each weld plate by super wire cut-
ting machine, and metallographic samples were ground with
grinding papers and polished by 300, 500, and 1000 SiC
grades and followed by 1 μm diamond suspension to mirror-
like surface aspect. Then the macrostructure of the joint was
observed using optical metalloscopy after the samples were
etched in Keller’s reagent about 3–5 s, for optical metallogra-
phy ZEIS IMAGER was used. The microstructure and com-
position of interface layer were researched by Hitachi S-3400
scanning electron microscope and energy dispersive spec-
trometer. Transmission electron microscope (TEM) samples
of about 25 × 25 × 0.05 μm3 were prepared from the cross-
sections of the joint using a FEI Helios NanoLab 600i FIB
with a Ga+ ion accelerating voltage of 30 kV. TEM was

Table 1 Chemical composition of the base and filler metal (wt%)

Chemical elements Mg Si Cu Zn Mn Ti Cr Fe C S P Mo Ni Al

Aluminum ≤ 4.5 ≤ 0.20 0.01 0.15 0.80 0.80 0.09 0.10 - - - - - Bal.

Steel - ≤ 1.00 - - ≤ 2.0 - 18–20 Bal. ≤ 0.08 ≤ 0.030 ≤ 0.025 0.30 8–11 -

Filler metal ≤ 0.10 5 ≤ 0.05 - - - 0.80 0.03 - - - - - Bal.

Fig. 1 Geometry of the groove

1542 Weld World (2021) 65:1541–1551



performed using a FEI Titan G2 60-300 operating at 300 kV
for bright-field (BF) imaging and scanning transmission elec-
tron microscopy (STEM) imaging, selected area electron dif-
fraction (SAD), and energy dispersive spectrometer (EDS)

chemical analysis. SAD patterns were indexed with the aid
of the software package Digital Micrograph (version 3.7.4)
and the Powder Diffraction File PDF-2 (release 2004) pub-
lished by ICDD. In order to avoid the influence of weld

Fig. 2 Schematic illustration of twin-wire CMT welding-brazing

Table 2 Welding parameters

No Wire feed rate
(lead and trail wire)
(m/min)

Welding speed
(mm/min)

Butt gap (mm) Welding current
(lead and trail wire) (A)

Voltage (lead
and trail wire)

1 5 400 0 80 17

2 6 400 0 90 17.5

3 7 400 0 100 18.2

4 7.5 400 0 105 18.8

5 6 400 1 90 17.5

6 6 600 1 90 17.5

7 6 700 1 90 17.5

8 6 800 1 90 17.5

Fig. 3 Photo of twin-wire CMT weld brazing
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reinforcement on tensile test result, the reinforcement was
removed from the tensile specimens.

3 Results and discussion

3.1 Filling and formation process of twin-wire CMT

The feasibility research results show that it can be obtained a
joint of aluminum and steel with a wire feed rate between 5
and 8 m/min, and a welding speed between 400 and 800 mm/
min. Table 2 lists the parameters used in this experiment in
order to study the influences of wire feed rate, welding speed,
and butt gap on formation of the joint.

Figure 3 shows the welding process of twin-wire CMT.
The lead arc heats the steel side and melts the aluminum base
metal. The droplet of lead wire and molten aluminum metal
forms the melt pool, but it is not enough to fill the groove.
Therefore, the molten metal forms a concave shape under the
action of arc pressure and droplet impact force of lead wire
and spreads on the groove surface. In addition, the lead arc
melts the flux, and the liquid metal spreads to inner surface
and upper surface of the steel groove by the help of the molten
flux. There is a protective film of aluminum on the interface
between steel and molten aluminum.

Then, the trail arc was generated between the trail wire end
and surface of molten pool formed by the lead arc. Molten
droplets of trail wire transfer to the surface of protective alu-
minum layer and fill the entire groove. It can be seen from Fig.
3 that the twin CMT arcs and molten filler metal deflect to the
side of SUS304 stainless steel due to the effect of the
Nocolock fluoride brazing flux.

In a word, the lead wire plays a major role in the melting of
aluminum side and the interface reaction between steel and
aluminum, while the trail wire fills the molten pool, and its arc
pressure and droplet impact force increase the stirring effect of
the molten pool.

3.2 Effects of welding parameters on formation

The surface appearance, back appearance, and cross section of
the dissimilar metal joint are shown in Fig. 4. It presents fa-
vorable surface appearance and back appearance owing to the
heat of CMT arc and the help of the flux layer. During the
weld brazing process, the stainless steel is not melted because
of its high melting point. The aluminum alloy filler metal is
heated and melted under the heat of the arc and then spreads to
the surface of stainless steel to form a good brazing joint,
while the aluminum alloy base material with low melting tem-
peratures was fusion welding joint. Therefore, the joint ex-
hibits typical characteristics of weld brazing.

The cross sections of weld bead with different wire feed
rates are shown in Fig. 5. The weld width and spread angle
increase (spread angle = 180°, wetting angle) with wire feed
rate (welding current) increasing, as shown in Fig. 6. The
increasing of wire feed rate causes the increase of heat input
and liquid metal volume, which results in the increasing of
weld width and extension of weld time. The increasing of wire

Fig. 4 Formation of twin-wire CMT weld brazing bead (welding speed:
400 mm/min): a surface appearance, b back appearance, c cross section

Fig. 5 Macrographs of the seam with the different wire feed rate (welding speed: 400 mm/min): a 5/min, b 7 m/min, c 7.5 m/min
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feeding speed is also beneficial to weld back appearance and
the spreading of liquid filler material to the steel side.

Figure 7 shows the cross sections of the joints with differ-
ent welding speeds. The favorable surface and back appear-
ance are obtained with the welding speed from 400 to 800
mm/min. When the welding speed is higher than 800 mm/
min, the undercut defect appeared on the steel side due to a
lack of liquid filler metal. The weld width and spread angle
decline as the increasing of welding speed, owing to the re-
duction of liquid filler metal volume of per unite length. As
shown in Fig. 8, the weld width and spread angle decrease
with the increasing of welding speed, which is related to the
decrease of heat input.

The butt gap affects the back forming of the weld, as shown
in Fig. 9. When the butt gap is zero, the back forming is not
uniform because the molten filler metal cannot flow to the
back of the steel plate. While the butt gap is set as 1 mm, the
molten filler metal wets and spreads to the back of the steel

plate. The weld bead has the favorable surface and back ap-
pearance with the gap of 1 mm.

3.3 Microstructure of weld brazing joint

Optical micrographs of fusion zone, weld metal, and the IMC
layer are shown in Fig. 10. The aluminum alloy with low
melting temperature was fused and mixed with the liquid filler
metal to produce the welded seam with obvious fusion zone.
The grain size of HAZ is larger than that of base metal. Weld
metal is columnar crystals, and the strengthening phaseMg2Si
is precipitated. The IMC at the interface is a serrated structure
with a thickness of about 2–5 μm, and there are a number of
IMCs in the weld near the interface. It is considered that the
flux layer melts rapidly under the heat action of the arc causing
the filler metal wet to the stainless steel surface, and the IMC is
formed at the interface between the liquid filler metal and the
steel plate. The periodic push/pull welding wires will enhance

Fig. 6 Affection of wire feeding rate on weld width and spread angle

Fig. 7 Macrographs of the seam with the different welding speeds: a 400 mm/min, b 600 mm/min, c 700 mm/min, d 800 mm/min

Fig. 8 Effect of welding speed on weld width and spread angle
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the flow of molten pool, which disrupt the direction of the
growth of IMC and break some of the large serrated interme-
tallic compounds into the weld. The serrated IMC grow along
with the direction perpendicular to the interface. There is alu-
minum alloy with good plasticity in the zone between two
higher parts of IMC; such a jagged structure is beneficial to
prevent crack propagation and play a role of “pinning” for
improving the bonding strength.

The SEM was employed to observe the form of IMC in
different position. As shown in Fig. 11, the average IMC
thicknesses of the upper, middle, and lower areas are 3.4
μm, 4.0 μm, and 2.8 μm, respectively. The interface thickness
in the middle is thicker than that in the upper and lower area,
while the bottom interfacial layer is the thinnest among them.
The distribution of IMC in the middle area of the interface is
more uniform than that in the upper and lower area. The arc
generated by the lead wire heats the stainless steel, and the
aluminum solder of the lead wire reacts with the stainless steel
to form a thin upper interface layer; then the trail wire arc heats

the film layer and fills the aluminum solder to form the final
upper interface layer. The final upper interface layer is affect-
ed by the lead and trail arcs. In addition, because the upper
area is closer to the end of the wire, the arc force is stronger,
and the disturbance of the molten pool is very strong, which
interrupts the growth of the interface layer. Therefore, the
upper interfacial layer has thin thickness and poor uniformity.
Because of the high thermal conductivity of copper backing
plate, the high temperature residence time in the weld bead
back is so short that the diffusion of iron is insufficient, which
limit the growth of IMC and form a thin and uneven shape in
the lower area.

To identify the phase structures of the IMC layers between
the welded seam and stainless steel, EDS line scan and map
scan of the IMC layer were carried out, respectively, as plotted
in Figs. 12 and 13. It can be inferred from EDS line scan
results in Fig. 12 that the interface layer formed by filling
metal and steel base metal contains two phases layer. There
are a α phase layer (lower Si content, high Fe content)

Fig. 9 Joints with the butt gap of
0 and 1 mm

Fig. 10 Optical microstructures
of the joint: a dissimilar metal
joint, b fusion joint of aluminum,
c weld bead, d interface of steel
and aluminum

1546 Weld World (2021) 65:1541–1551



adjacent to the steel base metal and a β phase layer (higher Si
content, lower Fe content) adjacent to the Al bead, depending
on the silicon content. The EDSmap scan results show that the
whole interface layer consists of α and β phases. Phase α is
close to the steel side, and its silicon content is lower, while Fe

content is higher. Phase β is close to the aluminum side, and
its silicon content is higher, while its iron content is lower. Cr
element diffuses from the stainless steel side to the aluminum
weld, and the content in the interface layer is basically con-
stant, which is about 8% in the α and β regions. After

Fig. 11 SEM microstructures of interfacial layer of welded seam/stainless steel: a upper area, b middle area, c lower area

Fig. 12 Results of EDS line scan
in the interfacial layer of welded
seam/stainless steel: a EDS line
scan direction, b results of EDS
line scan
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reaching the aluminum weld area, the Cr content gradually
decreases and finally approaches 0. It is considered that Cr
can replace part of Fe to form Fe (Cr)-Al compound [17].

It should be noted that the distribution of Cu in Fig.12 is
due to the background signal caused by the Cu grid of FIB.
The samples were processed by FIB for line scanning, and
FIB samples were welded on the Cu grid. In the process of
EDS detection, the grid would be excited by the electron beam
in different degrees and collected by the EDS probe, which
eventually led to the constant content of copper distribution.
This phenomenon is normal in FIB samples.

To confirm the EDS scan results and obtain phase com-
position of interface layer, TEM samples were prepared
from localized regions of the reaction layer using FIB. A

typical STEM micrograph and corresponding SAED pat-
terns taken at interface layer of the weld bead and steel are
shown in Fig. 14. The TEM micrographs show that the in-
terface layer is mainly composed of two phases: α phase
near the steel side and β phase near the aluminum side,
while a small amount of σ phase is scattered amongα phase.
By means of SAED, it is determined that the α phase is
Fe2Al5, the β phase is Fe3Al2Si4, and the σ phase scattered
between the α phases is Fe4Al13. Since the filler metal is Al-
Si material, the content of silicon in the zone near the Al side
is higher, resulting in the formation of Fe3Al2Si4. While the
diffusion of silicon near the steel side is less, so the domi-
nant phase is Fe2Al5. The TEM results are in agreement with
those of EDS scan results.

Fig. 13 Results of EDS map scan (Fe, Si, Al) in the interfacial layer

Fig. 14 TEM analysis of the
interfacial region between steel
and aluminum weld seem
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3.4 Mechanical properties

The transverse tensile properties of the twin-wire weld brazing
joint of aluminum alloy and stainless steel are evaluated in this
paper. Three test samples were prepared in each joint, and the
results are shown in Table 3. The maximum tensile strength of
the joints is up to 96 MPa, while the tensile strength of 5083
aluminum is 270 MPa. During the tensile tests, all the speci-
mens were found to fracture along the interface of IMC, as
shown in Fig.15, and the fracture exhibited typical brittle fea-
tures. The welding parameters have little effect on the strength
of the joint owing to the removal of weld reinforcement.
However, excessive heat input (e.g., wire feeding rate larger
than 7.5 m/min) will cause the reduction of mechanical
property.

3.5 Reaction mechanism of IMC layers

In twin-wire CMT weld brazing of aluminum and stainless
steel, IMC layers are formed at the interface between the
melted aluminum filler material and the solid stainless steel
base material. The Gibbs free energies of Fe2Al5 and FeAl3
(Fe4Al13 is sider-FeAl3) at 1000 °C, 450 °C, and 20 °C were
calculated in literature [12]. The results show that Gibbs free
energies of Fe2Al5 are less than FeAl3 at 1000 °C, and FeAl3 is
less than Fe2Al5 at 20 °C, so it can be inferred that Fe2Al5
takes precedence over FeAl3 or Fe4Al13 during cooling. Phase

diagrams in the Fe-Al system are calculated in document [18].
The results show that the crystallization temperature of Fe2Al5
is higher than that of Fe4Al13. Consistent with previous con-
clusions, Fe2Al5 takes precedence over Fe4Al13 in the cooling
process.

According to the results of references, it can be in-
ferred that the interfacial reaction process in this experi-
ment is as follows. The iron element in the solid base
metal diffuses into the liquid molten pool and reacts with
Al preferentially to form Fe2Al5 for the heating of the
front arc. Due to the short reaction time, some Fe4Al13
phases are also formed in the non-equilibrium reaction,
which takes the form that part of Fe4Al13 phases are dis-
tributed in Fe2Al5. The welding wire contains 5% Si. The
addition of silicon element in the aluminum filler wire
makes the phase composition of IMC layers change re-
markably. With the accumulation of Si in the interface
layer, the Fe-Al-Si system is formed. And the Fe3Al2Si4
is the Fe-Al-Si system reactant, which is consistent with
reference [19].

Figure 16 shows the reaction process of the interface
layer. The interface reaction process is as follows: With
the diffusion of Fe and Al, the Fe2Al5 layer is formed at
the steel side of the interface first, then the temperature of
the molten pool decreases, some Fe4Al13 blocks precipi-
tate in the Fe2Al5 layer, and the Fe3Al2Si4 layer is formed
by Si academician near the Al side. Cr in stainless steel
diffuses into the interface layer and weld joint to replace
some Fe atoms, which will form compounds with Al and
Si, and a small amount of Cr-Al-Si compounds will be
formed near the stainless steel side.

The distribution of IMC layers is also influenced by
the tandem arrangement of the welding wire or arc. The
protective layer formed by the lead wire and the steel
base metal reduces the diffusion rate of Fe and in-
creases the difficulty of the diffusion of Fe into the
liquid molten pool formed by the trail wire. Therefore,
the main function of the trail wire or arc is to fill the
weld. The thickness of IMC layer in twin-wire CMT
weld brazing is thinner than that in literature [12, 20].
The reason is that the lead wire produces IMC

Table 3 Results of tensile test (skip strength)

No. Tensile strength (MPa) Fracture position

1 77 IMC

2 70 IMC

3 81 IMC

4 62 IMC

5 92 IMC

6 95 IMC

7 96 IMC

8 88 IMC

Fig. 15 Fracture position of
tensile test specimen
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protective layer with lower heat input, which hinders the
further rapid growth of metal compounds.

4 Conclusions

(1) A butt weld brazing joint of 5083 aluminum alloy and
SUS304 austenite stainless steel sheets in 3.0-mm

thickness was achieved by the twin-wire CMT weld
brazing technique.

(2) The joint of aluminum alloy to stainless steel exhibits
typical characteristics of weld brazing. The IMCs
have a total thickness of 2–4 μm and present serrated
structures. The EDS scan and TEM results show that
the IMC interface is composed of Fe2Al5, Fe3Al2Si4,
and Fe4Al13 phases. The phase near the steel side is

Fig. 16 Reaction process of the interface layer
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Fe2Al5, and Fe3Al2Si4 is near the aluminum side,
while a small amount of Fe4Al13 is scattered among
the Fe2Al5 phase.

(3) The Fe in the solid base metal reacts with Al preferen-
tially to form Fe2Al5 for the heating of the front arc.
Some Fe4Al13 phase is also formed in the non-
equilibrium reaction. With the accumulation of Si in
the interface layer, the Fe-Al-Si system is formed. And
the Fe3Al2Si4 is the Fe-Al-Si system reactant. The Cr in
stainless steel diffuses into the weld metal to replace part
of Fe and form Fe (Cr)-Al-Si compound.

(4) The lead wire plays a dominant role in the melting of
aluminum side and the interface reaction of steel and
aluminum, while the trail wire fills the molten pool,
and its arc pressure and droplet impact force increase
the stirring effect of the molten pool. Those increase
the difficulty of the diffusion of Fe into the liquid molten
pool formed by the trail wire. Therefore, the thickness of
IMC layer in twin-wire CMT weld brazing is thinner.

(5) The tension test results show that the fracture occurs at
the brazing interface in all joints and the maximum ten-
sile strength of the weld joints is up to 96 MPa, which is
about 35% of the strength of the base material.
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