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Introduction
      Structural materials applications
require consideration of many factors,
including properties, costs, and manu-
facturing processes. As a single base
material often does not provide the
preferred designs, combined struc-
tures with multiple materials are often
preferred over a single one to provide
the needed characteristics. As the
most common structural ferrous and

nonferrous metals that are widely and
crossly used, effective joining of steel
to aluminum significantly affects the
manufacturing industry. However,
they possess very different physical
properties, which cause difficulties in
joining them together soundly.
     Joining aluminum to steel has at-
tracted significant attention from the
welding research community and vari-
ous application areas. Much research
has been done to explore and utilize
novel joining methods to achieve the

joining of these dissimilar materials,
such as brazing (Refs. 1, 2), laser beam
welding (Refs. 3–5), electron beam
welding (Ref. 6), diffusion welding (Ref.
7), and friction welding (Refs. 8, 9).
Some methods were applied success-
fully. However, improvements are still
needed in certain areas, including high
cost, limited application environment,
and low efficiency. Arc welding, espe-
cially gas metal arc welding (GMAW), is
a highly productive joining process
widely used in industrial applications
(Ref. 10). Utilizing an arc welding
process to achieve sound aluminum and
steel joints thus becomes a critical capa-
bility for further adoption of aluminum-
steel combined structures. 
     An important issue for effective
aluminum and steel joining is the ca-
pability of lowering/controlling the
heat input to the workpieces to reduce
formation of detrimental intermetallic
compounds at the interface. This re-
quires that the average welding cur-
rent be controlled at a small level while
still maintaining the arc stability and
preferred metal transfer (Ref. 11).
However, typical pulsed GMAW
processes have difficulty in providing
such a capability. Recently, novel arc
welding methods as modifications to
traditional processes have been devel-
oped to provide such a capability, in-
cluding methods that control welding
current waveforms to reduce the arc
energy such as Cold Arc by EWM
(Refs. 12, 13) and QUINTO CP by
CLOOS (Ref. 14). In particular, Cold
Metal Transfer (CMT) is a process de-
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veloped and patented by Fronius that
utilizes a mechanical device to control
the movement of the welding wire
based on control of the welding cur-
rent waveform. However, all these
technologies bring undesirable side ef-
fects such as complicated designs, high
costs, and relatively narrow welding
parameter windows. Hence, exploring
a novel arc welding process with lower
costs and convenient control is still es-
sential for the joining of dissimilar alu-
minum and steel.
     Double-electrode GMAW is a newly
developed, highly efficient, novel arc
welding process (Refs. 15–20). In this
process, a bypass gas tungsten arc
welding (GTAW) torch is added to the
traditional GMAW system to bypass
part of the current through the base
material. In this way, the heat input to
the base material is reduced, and by
adjusting and controlling the bypass
current, the heat input to the work-
piece can be well controlled. The desir-
able stable metal transfer can be

obtained even
when the heat
input is low. In ad-
dition, the bypass
arc not only bene-
fits increasing the
efficiency of weld-
ing but also control
of the welding
thermal process
and metal transfer
(Refs. 21–25).
Compared to the
CMT process, the
complicated me-
chanical equipment
to pull and push
the welding wire to
assist the metal
transfer is no longer needed. From the
schematic configuration given in Ref.
26, two power supplies and two weld-
ing guns are used. While the complex-
ity is slightly increased, the
requirement on the dynamic charac-
teristics of the power supply is not

high and the cost of the system is re-
duced. Furthermore, a specialized all-
in-one power supply can be made and
a controllable rectified switch bridge
can replace the bypass loop power sup-
ply; the two welding guns can also be
integrated together to be compact.

Fig. 1 — Schematic of the pulsed doubleelectrode GMAW
process.

Fig. 2 — Schematic image of the designed synchronized pulsed
welding current waveforms.

Table 1 — Average Main and Bypass Loop Currents Used in Experiments

Main loop average current

24 A 30 A 35 A 40 A 45 A 50 A 55 A 60 A
Bypass loop average current

28 A √ √ √ √ √ √ √ √
32 A √ √ √ √ √ √ √ √
37 A √ √ √ √ √ √ — —
40 A √ √ √ √ √ √ — —
45 A √ √ √ √ √ — — —
50 A √ √ √ √ — — — —
55 A √ √ √ √ — — — —
60 A √ √ √ √ — — — —

Note: ‘√’ = satisfactory formation of Alsteel weld obtained, and ‘—‘ = no experiment.

Fig. 3 — Schematic configuration of the control system in
pulsed doubleelectrode GMAW.
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This novel process can thus be applied
with reasonable equipment size, cost,
and structure. Unfortunately, intro-
ducing the bypass gun alone does not
satisfy the requirements for the join-
ing of dissimilar aluminum and steel.

For low heat input applications, the
applicable window for bypass welding
parameters is still relatively narrow
and the heat input needs to be further
reduced. 
     Based on the previous theoretical

and application studies, to better meet
the requirements of dissimilar alu-
minum and steel joining (low heat
input and stable metal transfer
process) (Refs. 27, 28), a pulsed cur-
rent waveform was introduced in this
paper to the novel DE-GMAW system.
For the novel pulsed double electrode
GMAW-brazing proposed in this
paper, the main and bypass arc cur-
rents were both pulsed. A digital con-
trol system was developed to control
the wire feed speed, synchronization
of the main and bypass current wave-
forms, and other system parameters.
The required detaching forces for
metal transfer and heat input to work-
piece to generate the needed weld pool
on the similar base metals can thus be
effectively controlled. 

Experimental Setup 
     Figure 1 schematically illustrates
the principle of the pulsed DE-GMAW
system. Analysis shows that the cur-
rents satisfy the following relations:

Fig. 4— Experimental setup.

Fig. 6 — Typical metal transfer in doubleelectrode GMAW for joining dissimilar aluminum
steel. A — Without current pulsing; B — with current pulsing.

Table 2 — Effects of Peak and Base Currents on Metal Transfer

Main Loop Imp = 198 A, Imp =167 A, Imp = 136 A, Imp = 106 A, Imp = 75 A, Imp = 32 A,
Bypass Loop Imb = 5 A Imb = 10 A Imb = 15 A Imb = 20 A Imb = 25 A Imb = 32 A

Globular and 
Ibp = 104 A, Ibb = 18 A MTF:80Hz MTF: 80 Hz MTF: 72 Hz MTF: 24 Hz MTF: 19 Hz shortarc transfer,

unstable process
Ibp = 67 A, Ibb = 24 A MTF: 80 Hz MTF: 62 Hz MTF: 17 Hz MTF: 10 Hz MTF: 1 Hz Unstable welding process
Ibp = 30 A, Ibb = 30 A MTF: 65 Hz MTF: 10 Hz MTF: 1 Hz Unstable process Unstable process Unstable welding process

* MTF: freeflight Metal Transfer Frequency average; Ibypass = 30 A, Imain = 32 A, V welding = 0.5 m/min, duty ratio δ = 14%, pulse frequency ƒ = 80 Hz.
Results with MTF less than 80 Hz, synchronized with the waveform frequency of the currents indicate successful free flight transfer.

Fig. 5 — Aluminumsteel beadonplate weld beads made with double
electrode GMAW (Ibypass = 30 A, Imain = 32 A, Imp = 167 A, Imb = 10 A,
Ibp = 104 A, Ibb = 18 A, Tp = 1.75 ms, Tb = 10.75 ms, Vwire = 4.47
m/min). A — Without current pulsing; B — with current pulsing.
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Equation 1 ~ 5. DE-GMAW has been
proven to be able to produce the de-
sired spray transfer at low base metal
currents (Ref. 28). By introducing
pulsed welding current waveforms
(shown in Fig. 2), the ability to achieve
the desired metal transfer can be fur-
ther enhanced without changing the
average currents in the main and by-
pass loops to satisfy the requirements
to detach droplets at the low base ma-
terial heat inputs that are needed to
join dissimilar aluminum and steel. It
can also reduce the requirements on
the dynamic characteristics of the
power supply and on the specific sig-
nal processing. The desired spray
metal transfer could be achieved when
the average current is far below the
transition current (Refs. 29, 30) in the
traditional GMAW process. To easily

realize and set up pulsed double-
electrode GMAW-brazing for the alu-
minum to steel joining experiments,
an experimental system was estab-
lished using the fast control model
technology, as shown in Fig. 3.
     In the experimental system, the
main power supply is a DALEX VIRO
MIG-400L pulsing digital machine
manufactured in Germany, and the by-
pass power supply is a digital pulsing
machine with open connectors. Other
elements include an X-Y double-axle
welding table, and MC6212 motion
control board. The visual acquisition
system includes a Panasonic CP-230
CCD camera, an NI PCI-1405 image
acquisition board, a GZL-CL-22C5M-C
high-speed CCD camera, and a high-
speed image acquisition board from
Point Grey Research Co. Optical de-

vices include a zoom lens and a lens
with a neutral dimmer filter, a narrow-
band filter, and heat reduction filter.
The data acquisition for electrical sig-
nals and the output system consist of
a real-time target system made of two
industrial control computers, a PCL-
812PG data acquisition board that
supported xPC environment, a PCL-
728 D/A output board with isolation, a
CSM400FA closed-loop current sensor,
and ADAM-3014 standard voltage iso-
lation modules. 
     The host computer was connected
to the target xPC by TCP/IP protocol.
The host computer was used for the

Fig. 7 — Typical current and voltage waveforms (Ibypass = 32 A, I'p = 85 A， I'b = 18.5 A； Imain = 45 A， Ip = 145 A， Ib = 20A；δ = 20；
f = 80 Hz; Vwire = 5.7 m/min). A — Current; B — voltage.

Table 3 — Effects of Pulse Duty Ratio and Base Currents on Metal Transfer

Duty Ratio 18% 16% 14% 12% 10% 8%
Base Main Bypass Main Bypass Main Bypass Main Bypass Main Bypass Main Bypass

Current 9 A 17 A 12 A 18.4 A 15 A 20 A 18 A 22 A 20 A 23 A 23 A 25 A

Metal Occasional Occasional 
Transfer 80 Hz 80 Hz 58 Hz 34 Hz shortarc shortarc 

Frequency transfer, 12 Hz transfer, 5 Hz

*Ibypass = 30 A, Imain = 32 A, V welding = 0.5 m/min, pulse frequency ƒ = 80 Hz, Imp = 136 A, Ibp = 91 A. Results with MTF less than 80 Hz, synchronized with the waveform fre
quency of the currents indicate successful free flight transfer.

Fig. 8 — Weld surface in beadonplate dissimilar aluminumsteel joining. 

Fig. 9 — Aluminumsteel lapjoint de
sign for pulsed doubleelectrode
GMAWbrazing.

A B
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control algorithm compiling and de-
bugging, acquisition of visual images,
motion control of the XY double-axle
work table, and data analysis process-
ing and storage. The target machine
was used to execute the setting algo-
rithm, which included signal acquisi-
tion and real-time display of the
welding current and voltage, the sig-
nals for arc ignition, motion of wire
feeder, and shielding gas feeding, and
output of control signals, etc. The co-
operation based on division of labor of
host and target computer machines
made the experimental system possess
high real-time ability and fast re-
sponse speed. 
     The system can realize control and

adjustment of the main and bypass
loop welding current waveforms, and
collect the welding electric signals and
visual signals in the aluminum-steel
joining process. The visual signals can
be collected, displayed, processed, and
stored. By processing and analyzing
the collected welding signals and using
the control algorithm, the output sig-
nals can be controlled in real time. The
welding parameters for aluminum-
steel welding can be optimized, and
thus the joining process of these dis-
similar materials can be appropriately
controlled. Figure 4 shows the experi-
mental system. 
     Figure 5 shows the bead-on-plate
dissimilar aluminum-steel welds, made

by melting and depositing aluminum
wire on steel, with and without pulsing
the welding current waveforms for low
average currents (32 and 30 A for the
main and bypass loops, respectively).
The filler material used was ER5356
aluminum filler metal and the steel base
metal was galvanized steel with zinc
thickness at 100 g/m2. The travel speed
Vwelding was 0.5 m/min. Figure 6 shows
the corresponding metal transfer im-
ages obtained by the high-speed cam-
era. From Figs. 5A and 6A where the
currents were not pulsed, it can be seen
that when the average currents are low,
it is difficult to form aluminum-steel
bead-on-plate welds. The droplet size
was too large and the desirable free-

Fig. 10 — Aluminumsteel lapjoint surface image in pulsed doubleelectrode
GMAWbrazing (Itotal = 50 A, Imain = 30 A, Ibypass = 20 A, Vwire = 3.05
m/min, Vwelding = 0.5 m/min).

Fig. 11 — Strength distribution of aluminumsteel
lapjoint samples.

Fig. 12 — Ruptured position in 5052 aluminum and galvanized steel lap joint (tensile strength was 186.73 MPa) (Itotal = 54 A, Imain = 38
A, Ibypass = 16 A, Vwelding = 0.6 m/min). A — Front view; B — side view.

Table 4 — Effects of Pulse Duty Ratio and Peak Currents on Metal Transfer

Duty Ratio 30% 26% 22% 18% 10% 6%
Peak  Main Bypass Main Bypass Main Bypass Main Bypass Main Bypass Main Bypass

Current 83 A 58 A 95 A 64 A 110 A 73 A 132 A 85 A 230 A 138 A 377 A 218 A

Metal Occasional Occasional Limited by 
Transfer Shortarc Shortarc 27 Hz 52 Hz 80 Hz the power

Frequency transfer, 2 Hz transfer, 10 Hz supply

* Ibypass = 30 A, Imain =32 A, V welding = 0.5 m /min, pulse frequency ƒ = 80 Hz, Imb = 10 A, Ibb = 18 A. Results with MTF less than 80 Hz, synchronized with the waveform 
frequency of the currents indicate successful free flight transfer.
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flight metal transfer was difficult to
achieve. After the currents were pulsed,
the desirable, stable free-flight metal
transfer was achieved as shown in Figs.
5B and 6B. The diameter of the droplet
was almost the same as the one of the
filler metals resulting in smooth forma-
tion of welds on the steel and alu-
minum. The effectiveness in using the
pulsed currents to improve metal trans-
fer in the DE-GMAW process is thus ex-
perimentally verified together with the
developed experimental system.

Pulsed DEGMAW Process and
Analysis

      The bead-on-plate weld was
adopted in the analysis for the pulsed
DE-GMAW process. The base material
was the galvanized steel (Q235 low-
carbon steel base) with Zn thickness at
100 g/m2, and the coupon size was
300 × 100 × 2 mm. The filler metal
was 1.2-mm-diameter ER5356 alu-
minum. Pure argon was used for
shielding gas and the flow rates for the
main and bypass loop were 20 and 5
L/min, respectively. The coupons were
cleaned with acetone before welding to
remove oil and stains on the surface.
The position of and angle between the
main and bypass guns were appropri-
ately adjusted to make sure that stably
coupled main and bypass arcs were
maintained.
     To preliminarily determine the
welding parameter window in pulsed
DE-GMAW for aluminum-steel dissim-
ilar joining, the following experiments
were designed: Eight values for the av-
erage main and bypass currents re-

spectively were selected, and then
cross-matching experiments were con-
ducted. The travel speed was kept at
0.5 m/min. The wire feed speed was
on-line adjusted based on the change
in the currents. The frequency of the
pulses was constant and was set at 80
Hz. Table 1 shows the average main
and bypass welding currents adopted
in these experiments. From Table 1, it
was found that there was a wide pa-
rameter window for aluminum-steel
bead-on-plate welding in the pulsed
DE-GMAW process. With the welding
process controlled, satisfactory alu-
minum-steel bead-on-plate welds
could be effectively achieved even
when the average base and bypass cur-
rents were 24 and 28 A, respectively.
     Figure 7 shows a group of typical
current and voltage waveforms sam-
pled each 100 ms. From Fig. 7A, the
current pulses for the main and bypass
loop were almost synchronized. Be-
cause of the response time between
the welding power supply and control
loop, there was a delay in the bypass
current pulse, which is approximately
1–2 ms, whose effect on the alu-
minum-steel welding process may be
negligible. As the impulses of the main
and bypass loop currents were exerted
at the same time, it was the peak cur-
rent that would further reduce the
transition current for spray metal
transfer of aluminum. Figure 7B is the
corresponding voltage waveform. The
main loop voltage was measured be-
tween the GMAW gun (contact tip)
and the workpiece, and the bypass one
was between the main GMAW gun and
the bypass tungsten. Figure 8 shows
the corresponding surface of the re-
sultant aluminum-steel bead-on-plate
welds. It can be seen that with this set

of parameters, uniform weld width
and smooth weld surface were 
produced. 
     The main advantage of the pulsed
DE-GMAW process is that it can realize
stable free-flight metal transfer with
quite low heat input to the base materi-
als. There are two major reasons: 1) Be-
cause of the bypass loop arc, beside the
effect of reducing  the heat input to the
base materials, the bypass arc also
changes the distribution of the electro-
magnetic force to enhance the metal
transfer and reduce the transition cur-
rent needed for the droplet to freely
transfer; 2) because of the bypass cur-
rent, by utilizing the synchronized and
controlled main and bypass current
waveforms, the average main and by-
pass currents can be kept almost the
same, even smaller, while still effecting
the desired metal transfer. As such, the
average main and bypass currents could
be further reduced, and the heat input
to the base materials could also be fur-
ther reduced. 
     The references (Ref. 28) analyzed
the forces exerted on the droplet in
the double bypass electrode GMAW
process. First, the radial direction of
the electromagnetic force due to the
bypass arc could accelerate the pinch
effect of the droplet, and the axial di-
rection of this force can enhance
droplet detachment. Second, because
of the bypass arc, the root of the main
arc could easily extend to wrap the
droplet, thus further making the elec-
tromagnetic force on the droplet to de-
tach the molten metal and
strengthening the detaching force.
Last, the plasma drag force from the
bypass arc will generate an additional
detaching force and accelerate  droplet
detachment, and then the plasma drag

Fig. 13 — Surface morphology of rup
tured 5052 aluminum and galvanized
steel lap joint.

Fig. 14 — Linear scanning of the joint interface. A — Scanning position; B — element dis
tribution at the interface.
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force would be increased, which will
benefit the droplet detachment from
the wire. In addition, by adjusting and
controlling the bypass current, the arc
force on the droplet and arc shape could
be changed, and thus different metal
transfer processes could be achieved.
The transition current for spray metal
transfer could be reduced, and thus
free-flight metal transfer could be ob-
tained with low heat input to the base
materials.
     To further reduce the heat input to
base materials and keep the stable
metal transfer, the pulsing current was
introduced to this novel method. By
synchronizing the main and bypass
loop current pulses and controlling the
process parameters, the droplet would
be detached at the peak current in both
the main and bypass loops, and the arc
would be maintained when the current
was at the base ones to maintain the
arc, preheat base material and filler
metal, and not generate droplet trans-
fer. It was essential to keep the stable
metal transfer in order to use DE-
GMAW to effectively GMAW-braze alu-
minum-steel.
     The effects of the pulse current pa-
rameters, under the same average
main and  bypass currents, on the
free-flight droplet transfer was stud-
ied using high-speed images. The re-
sults are summarized in Tables 2–4
where results with an observed trans-
fer frequency synchronized with that
of the current waveform imply suc-
cessful free-flight transfer was pro-
duced. As can be seen, increases in the
peak currents (main and bypass cur-

rents) as well as in the durations, all
benefit the free-flight metal transfer.
Further, the peak currents have more
significant effects on droplet detach-
ment than pulse duty ratio. For rela-
tively small average currents, the
pulse parameters can be adjusted by
such as increasing the peak current
level and/or peak time in the main
and bypass loops, to obtain free-flight
metal transfer. The main effect of the
base current is to main the arcs and
preheat the base material and filler
metal. The main and bypass loop base
currents thus could be set at low lev-
els to reduce the heat input to effec-
tively detach droplets at low heat
inputs.  
     As can be seen, pulsed DE-GMAW
provides an effective method for pro-
ducing the desired free-flight transfer
at extremely low currents and heat
input, and melt aluminum wire to de-
posit on steel. It promises an effective
method for joining aluminum to steel.
As will be seen in the next section,
this process can join similar metals
(aluminum and steel) by welding alu-
minum and brazing steel to result in
double-electrode GMAW-brazing of
aluminumsteel.

DoubleElectrode GMAW
Brazing of AluminumSteel
LapJoint Experiments

    The base metal materials were the
galvanized steel (Q235 low-carbon
steel) with zinc thickness of 100 g/m2

and 5052 aluminum alloy. The coupon
size was 200 × 80 × 1 mm for both
materials. The aluminum was lapped
on the top of the galvanized steel, and
the lap width was 10 mm. The filler
metal was 1.2-mm-diameter 4043
(AlSi5) aluminum. Pure argon was
used as the shielding gas, and the flow
rates for the main and bypass loops
were 20 and 5 L/min, respectively.
The coupons were cleaned with ace-
tone before welding to remove oil and
stains on the surface. Then the two
coupons were clamped to the welding
table. It was also necessary to make sure
the main and bypass guns were at the
same plate. The angle between the two
guns also had to be appropriately ad-
justed, and the tip of the welding wire
pointed to the right position. The
schematic configuration of the lap joint
and lap width are shown in Fig. 9. 
     Figure 10 shows the typical forma-
tion of an aluminum-steel lap joint
made using the pulsed DE-GMAW
process. It was found that a satisfacto-
rily smooth-surfaced  lap joint could be
obtained. The amount of the zinc burnt
was quite small, and the distortion was
also insignificant. The total (average)
welding current through the filler metal
was approximately 50 A, and the aver-
age main and bypass loop currents were
approximately 30 and 20 A, respec-
tively. This indicates that by optimizing
the bypass arc and pulse current param-
eters, stable metal transfer and satisfac-
tory formation of an aluminum-steel
joint could be achieved at low currents
in pulsed double-electrode GMAW for
GMAW-brazing of aluminum-steel.

Fig. 15 — XRD analysis of the ruptured surface of aluminum and galvanized steel side samples. A — Ruptured surface on the aluminum
side; B — ruptured surface on the galvanized steel side.
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Strengths 

      Strength tests were conducted on
the 5052 aluminum and galvanized
steel lap-joints. Figure 11 shows the
shear tensile strength distribution for
the 20 lap-joint samples. From Fig. 11,
the lap joint shear tensile strength is
in the range from 120 to 180 MPa, and
the average and maximum strengths
are 144.85 and 186.73 MPa, respec-
tively. It is approximately 88.5% of
that of the aluminum base material
(the tensile strength of 5052 alu-
minum is about 211 MPa). This indi-
cates that the intrinsic strength of the
aluminum-steel lap joint was larger
than 144.85 MPa in pulsed double-
electrode GMAW-brazing.
     During the shear tensile tests, the
samples were mainly ruptured at the
heat-affected zone (HAZ) on the alu-
minum side. This is mainly because
the crystal grains in the HAZ are prone
to grow to a large size during the weld-
ing process, and further become soft
and reduce the mechanical properties,
as shown in Fig. 12. Figure 13 shows
the corresponding surface morphology
of shear tensile ruptured samples. It
was found that the rupture mode is a
ductile one. 

Microstructure Analysis 

      Figure 14A shows the SEM inter-
face images of the aluminum-steel
joint. From Fig. 14A, it can be found
that a layer of intermetallic com-
pounds about 10 um thick was formed
between the aluminum fusion zone

and base galvanized steel. These kinds
of intermetallic compounds formed
their grain cores at the interface, and
grew into the base steel in the shape of
columnar grains. To further analyze
the composition of the intermetallic
compound at the interface, linear
scanning of the joint was conducted as
shown in Fig. 14B. From Fig. 14B, it
can be seen that these compounds
mainly consisted of Al and Fe ele-
ments. From the galvanized steel base
metal to the central interface in the
scanning zone, the content of Fe de-
creased dramatically, but the content
of Al increased rapidly. Along the cen-
tral interface, the Fe and Al contents
were both relatively constant, and
there was an obvious plain stage. The
zinc was uniformly distributed in the
entire joint.
     To further determine the inter-
metallic compound at the interface,
the joint was sheared apart. An X-ray
diffraction test was conducted on the
ruptured surfaces of the aluminum
and steel samples, and the results are
shown in Fig. 15. From Fig. 15, it
could be found that the intermetallic
compounds consisted of Fe2Al5Zn0.4
and Fe. Combined with the aforemen-
tioned linear analysis results, the uni-
form and continuous phase at the
interface was Fe2Al5Zn0.4. According
to other studies (Refs. 31–33), the
Fe2Al5Zn0.4 is supposed to form
when the intermetallic compound
Fe2Al5 interacts with the dissolved Zn
at the interface. 
     As the melting and boiling points of
Zn are very low (419.5 and 907, re-

spectively) (Ref. 34), with the heat ef-
fect from the electric arc, the Zn coat-
ing is prone to evaporate. In this case,
the content of Zn at the center area
was very low due to the high arc tem-
perature. At the surrounding area of
the electric arc, a portion of unevapo-
rated Zn was accumulated at the
boundary of the weld joint at the ef-
fect of electric arc force. They inter-
acted with the molten aluminum
droplet and formed a Zn-rich zone at
the toe of the weld, as shown in Fig.
16A. Figure 16B shows the linear scan-
ning of the Zn-rich zone for element
distribution, which also demonstrates
that the Zn indeed accumulated at this
zone and Zn-Fe solid solution was
formed.

Conclusions
     1. The novel DE-GMAW process,
which provides a convenient way to ef-
fectively control heat input and metal
transfer, was modified by pulsing the
currents to form the novel pulsed DE-
GMAW process. The pulsed DE-GMAW
process further reduces heat input and
enables double-electrode GMAW-braz-
ing of aluminum-steel. 
     2. An experimental system was es-
tablished to implement the novel
pulsed DE-GMAW process. It controls
and synchronizes the main and bypass
loop current waveforms to provide the
needed parameters to GMAW-braze
aluminum-steel.
     3. Effective ways to realize stable
free-flight metal transfer at the low cur-
rent include increasing the bypass loop

Fig. 16 — Linear scanning of the Znrich zone. A — Scanning position; B — element distribution in the Znrich zone.
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current as well as increasing the peak
current and duration both in the main
and bypass loops. The base currents in
both the main and bypass loops can be
set at relatively low levels to further re-
duce heat input.
     4. The average and maximum
strengths for the aluminum-steel lap
joints are 144.85 and 186.73 MPa, re-
spectively. 
     5. The intermetallic compounds at
the interface of the aluminum-steel lap
joint mainly consist of uniformly dis-
tributed Fe2Al5 or Fe2Al5ZnX at the
steel side, and the FeAl3 in needle flake
at the aluminum side. At the toe of the
joint, there is a Zn-rich zone and the
main content was Al-Fe solid solution.
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       Itotal = Imain + Ibypass (1)  
       Itp = Imp + Ibp (2)
       Itb = Imb + Ibb (3)
       Ttb = Tmp – Tbp (4)
       Ttb = Tmb – Tbb (5)

where Itotal is the total current through the weld
ing wire, Imain is the average main current, 
Ibypass is the average bypass current, Itp is the
peak current through the welding wire, Imp is the
main loop peak current, Ibp is the bypass loop
peak current, Itp is the base current through the
welding wire, Imb is the main loop base current,
Ibb is the bypass loop base current, Ttp is the time
of the peak pulse current through the welding
wire, Tmp is the main loop peak current time, Tbp
is the bypass loop peak current time, and Ttb is
the time of the base pulse current through the
welding wire, Tmb is the main loop base current
pulse time, and Tbb is the bypass loop base cur
rent pulse time.
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