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Abstract: To solve the challenge of welding aluminum alloys, a unified adjustment model for
Gaussian pulse welding is established. This model can achieve improved welding performance by
adjusting the base current of the weak pulse group within a specific range of average welding current
inputs. The flat overlaying welding is carried out on the base material: 6061 aluminum alloys with
thicknesses of 2 mm, 3 mm, and 5 mm. A stable welding process, indicated by reduced spatter, is
produced, with a soft arc sound and good repeatability in the waveforms of the real-time current and
voltage. The weld has a shiny surface and regular fish scale ripples. Metallographic analysis shows
that the fusion line is clear, and there are no visible defects, while the weld zone has fine dendritic
structures. The tensile test results indicate that fractures occur in the heat-affected zone, and that the
tensile strength reaches about 68% of that of the base metal.

Keywords: Gaussian pulse welding; 6061 aluminum alloy; metallographic structure; tensile strength

1. Introduction

Aluminum alloys are low-density, lightweight, have high recyclability, and are com-
posed of one of Earth’s most abundant natural resources. Aluminum alloys can attain
good casting performance, processing plasticity, and mechanical strength by the addition
of certain alloying elements. At present, they are increasingly used in navigation and
shipbuilding, rail technology, aeronautics, aerospace, and other industries. However, the
difficulty of welding aluminum alloys is a significant obstacle, restricting their wider appli-
cation. The surface of an aluminum alloy easily forms a protective oxide film. Hence, it is
challenging to generate the arc—many hydrogen pores form, and are difficult to eliminate
in the molten pool, affecting the weld’s physical properties. Therefore, often only the most
experienced welding experts can efficiently complete welds with a highly valued fish scale
appearance and excellent performance [1–5].

In recent years, the aluminum alloy welding technology and process have been greatly
developed, and researchers have proposed a variety of new processes to improve the effect
of weld formation [6–8]. The authors of [9] examined the different forms of droplet transfer
during the MIG welding of aluminum alloys. It is believed that “one pulse, one drop” is
the most suitable form of droplet transfer for the welding of aluminum alloys. Ripples can
reflect the quality of the welding process. Five key operational parameters were chosen to
study their effects on the formation and the characteristics of ripples [10]. The profile map
of weld beads and their formation mechanism in gas metal arc welding was investigated
in order to explore the role played by the bottom wall in determining the flow pattern and
the resultant bead profile [11].

The Gaussian pulse welding method proposed by the authors of [12] used a con-
centrated energy input and had flexible control parameters, superior to the traditional
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double-pulse aluminum alloy welding process. Many researchers have used ultrasonic
and laser-assisted aluminum alloy pulse welding, and found that these two methods can
control the droplet transfer process, enhance the stability of the welding process, and
refine the grain size of the weld [13,14]. The current waveform [15] and the number of
pulses [16] during the welding process affect the weld-forming effect, while the use of
different pulse currents can refine the grain structure of the weld [17]. The authors of [18]
conducted welding experiments on 6061 aluminum alloy using two filler metals under
different heat treatment conditions, and found that heat treatment and the composition of
the welding wire had a great impact on the physical properties of the weld. The authors
of [19] provided a study of the mechanical properties and microstructure of a friction-
welded coupe composed of a weight heavy alloy mixed with an aluminum alloy. An
artificial neural network integrated with a genetic algorithm was used in a gas tungsten
arc welding process [20]. Welding experiments with five optimal welding parameters
are satisfactory. Laser beam oscillation welding, when applied to aluminum alloys, can
decrease porosity problems significantly [21]. The authors of [22] presented a numerical
framework of keyhole-induced porosity formation, as well as methods to suppress porosity
in laser beam oscillation welding. Upon the use of oscillation during welding, porosity
decreased, and was fully inhibited when using an infinite oscillating path with a frequency
of 200 Hz.

The above researchers have conducted a lot of in-depth research on aluminum alloy
welding methods and processes, and have achieved many results. However, there is
little research on the unified adjustment of intelligent welding power sources, and a
unified adjustment model can greatly reduce the proficiency requirements for welders of
aluminum alloys.

The welding of aluminum alloys has stringent requirements on process parameters,
since slight variations in pulse current size, duty cycle, voltage, and wire feeding speed
can cause significant differences in weld generation. To reduce the difficulty of aluminum
alloy welding, the Gaussian pulse welding method is used to establish a unified parameter
adjustment model. In a specific range of average welding current inputs, this model can
weld 6061 aluminum alloy plates of various thicknesses by adjusting the pulse’s base
current. The welding process is stable, with reduced spatter and regular fish scale ripples.

The present study establishes a unified mathematical model of Gaussian pulse weld-
ing. Three sets of welding experiments were performed on 2 mm, 3 mm, and 5 mm
6061 aluminum alloy plates. The appearance of the welds, the current and voltage signals
during the welding process, the tensile tests, and the metallographic analyses of the welds
verified the validity of the model.

2. Material and Methodology
2.1. Gaussian Pulse Welding Method

Gaussian pulse welding is a new type of double-pulse welding method for aluminum
alloy materials, as shown in Figure 1. This method uses the Gaussian function curve’s
smooth characteristics to slowly increase and decrease the input energy of the pulse current
during the strong pulse group stage, so that the heat input during the welding process
presents regular variation, representing a Gaussian curve. Simultaneously, this method
can utilize the alternating appearance of strong and weak pulse groups to achieve the
rhythmic stirring of the molten pool, which is conducive to gas overflow. As a result, the
weld formed has regular fish scale ripples, and can achieve good results in the welding test
of aluminum alloy plates of various thicknesses [12].

As shown in Figure 1, function, f(x), represents a Gaussian function curve. To facilitate
its application to the welding process, it can be simplified into Equation (1). Ips represents
the peak current of the Gaussian pulse, and its magnitude is the summation of the peak
initial current of the Gaussian pulse, Iop, and the Gaussian value. Ibs represents the strong
Gaussian pulse group’s base current, Ipw represents the weak pulse group’s peak current,
and Ibw represents the weak pulse group’s base current. tgs represents the time interval of
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the peak current of the strong Gaussian pulse group, tgw represents the time interval of
the strong Gaussian pulse group’s base current, ts represents the time interval of the peak
current of the weak pulse group, and tw represents the time interval of the base current of
the weak pulse group.

f (x) = ae−x2
(1)

F(x) =
∫ +∞

−∞
ae−x2

= a
√

π (2)

The area, F(x), of the region enclosed by the function’s curve and the x-axis can be
obtained via the indefinite integration of the Gaussian function, as shown in Equation (2). It
can be seen that the area enclosed by the Gaussian function curve is related to the parameter
a. Once a is determined, the area enclosed by the curve is determined and the input current
corresponding to the welding can be determined. Therefore, Gaussian pulse welding is a
welding method with controllable input energy.
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Figure 1. Schematic of the Gaussian pulse welding method.

2.2. Unified Adjustment Model

It can be seen in Figure 1 that the magnitude of the Gaussian pulse’s peak current, Ips,
changes with time. The variation conforms to the Gaussian curve, with the relationship
expressed by Equation (3):

Ips = Iop + ae−x2
(3)

The average input current throughout the welding process is calculated using Equation
(4), where Iavg represents the current size of the Gaussian pulse, ns represents the number
of Gaussian pulses, a represents the peak value of the Gaussian curve, and nw represents
the number of weak pulses. The welding process shows that when the values of ns and
nw are appropriately selected, both the time interval of the strong and weak pulses and
the current magnitudes are kept within a relatively wide range. The welding process is
very stable, and weld generation is excellent. These characteristics provide the basis for
establishing a unified adjustment model based on the base current of the weak Gaussian
pulse groups.

In order to facilitate the setting of test parameters, assumptions such as Equations (5)
and (6) are made, and they are substituted into Equation (4), providing Equation (7) to
determine the average welding current.
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After a large number of welding experiments, the number and time of strong and
weak pulses in Equation (7) can be optimized and fixed within a specific average current
range, with decent welding performance. In this way, Equation (7) can be simplified to
Equation (8) within a specific average current range, where A and B are constants; thus,
different average welding currents can be obtained by adjusting the parameter Ibw.

Iavg = (ns((Iop + a
√

πtgs/(tgs + tgw))tgs + Ibstgw) + nw(Iopts + Ibwtw))/(ns(tgs + tgw) + nw(ts + tw)) (4)

tgs = ts (5)

Ibs = βIbw..β ∈ [1, 10] (6)

Iavg = ((ns+nw)ts Iop + ans
√

πt2
s /(ts + tgw) + (βnstgw + nwtw)Ibw)/(ns(ts + tgw) + nw(ts + tw)) (7)

Iavg = A + BIbw (8)

2.3. Test Conditions

To verify the effectiveness of the Gaussian pulse unified adjustment model, a flat
overlaying welding test was carried out on 6061 aluminum alloy base plates with thick-
nesses of 2 mm, 3 mm, and 5 mm under different currents. The test conditions used a
DSP digital inverter power supply (Self-developed, Guangzhou, China) developed by
the laboratory, ER4043 aluminum–silicon alloy welding wire with a diameter of 1.2 mm,
and 6061 aluminum alloy base plates with a length of 250 mm and a width of 100 mm.
The chemical compositions of the 6061 aluminum alloy and the ER4043 aluminum–silicon
alloy are provided in Table 1. The shielding gas was argon, with a purity of 99.99% and
a gas flow rate of 18 L/min. The wire extension was 15 mm, the walking speed of the
welding mechanics was constant and the wire was fed at a constant speed. The feeding
speed increased with the increase in the average welding current, while the current and
voltage signals of the welding process were collected in real time by a wavelet analyzer
(Self-developed, Guangzhou, China). The schematic diagram of the welding system used
in the test is given in Figure 2.

Table 1. Chemical compositions of the 6061 and ER4043 aluminum alloys (wt. %).

Material Mg Si Fe Cu Mn Cr Al

6061 0.96 0.52 0.25 0.25 0.12 0.26 Bal.
ER 4043 0.05 5.60 0.8 0.3 0.05 - Bal.
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The test parameters are shown in Table 2. According to Equation (7), the a in the
model was 40, β was 1.2, ns was 21, nw was 14, and Flow denoted the low frequency.

After the test was completed, the tensile test samples were prepared by wire cutting
along the direction perpendicular to the weld, according to the dimensions in Figure 3.
The thickness of the tensile piece was 2 mm, and the surface was polished to be smooth.
The weld bead hardness was tested using a Shimadzu HMV-2T Micro Hardness Tester
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(Shimadzu (China) Co. Ltd., Suzhou, China). The applied pressure was 0.98 N and the test
time was 15 s. From the weld’s center to one side of the substrate, the test was carried out
at intervals of 0.5 mm (weld area) and 1 mm (away from the weld area). The mechanical
properties of the tensile samples were tested using a universal tensile testing machine
(Shenzhen-Sansi Co. Ltd., Shenzhen, China). Three samples were taken from the base
material, Test 2 and Test 3, and the average value of the obtained tensile data was taken.
The metallographic specimen was grounded with water sandpaper, polished with diamond
dispersion, and placed into Keller’s reagent (H2O: HCl: HNO3: HF = 95%: 1.5%: 2.5%: 1%,
volumetric ratio), before being corroded for 45 s and then dried. Finally, a Leica DMI3000 M
optical microscope (Leica Camera Co. Ltd., Wetzlar, Germany) was used to observe the
metallographic structure.

Table 2. Parameters of the unified adjustment experiment process.

Test
Number

Size of Base Material
mm ×mm ×mm

Ips
I /A

ts
t / ms

Ibs
I /A

tgw
t / ms

Iop
I /A

Ibw
I /A

tw
t / ms

Iavg
I /A

Flow
f /Hz

1 250 × 100 × 2 vary with
gaussian

curve

2.5 36 9.5 260 30 14.5 72 2
2 250 × 100 × 3 2.5 60 9.5 260 50 14.5 92 2
3 250 × 100 × 5 2.5 108 9.5 260 90 14.5 126 2

Metals 2021, 11, x FOR PEER REVIEW 5 of 11 
 

 

a Leica DMI3000 M optical microscope (Leica Camera Co. Ltd., Wetzlar, Germany) was 

used to observe the metallographic structure. 

Table 1. Chemical compositions of the 6061 and ER4043 aluminum alloys (wt %). 

Material Mg Si Fe Cu Mn Cr Al 

6061 0.96 0.52 0.25 0.25 0.12 0.26 Bal. 

ER 4043 0.05 5.60 0.8 0.3 0.05 - Bal. 

 

Figure 2. Schematic diagram of the experimental welding system. 

Table 2. Parameters of the unified adjustment experiment process. 

Test 

num-

ber 

Size of Base 

Material 

mm × mm × 

mm 

Ips 

I /A 

ts 

t / ms 

Ibs 

I /A 

tgw 

t / ms 

Iop 

I /A 

Ibw 

I /A 

tw 

t / ms 

Iavg 

I /A 

Flow 

f /Hz 

1 250 × 100 × 2 vary with 

gaussian 

curve 

2.5 36 9.5 260 30 14.5 72 2 

2 250 × 100 × 3 2.5 60 9.5 260 50 14.5 92 2 

3 250 × 100 × 5 2.5 108 9.5 260 90 14.5 126 2 

 

Figure 3. Size of the tensile sample. 

3. Test Results and Analysis 

3.1. Stability of the Welding Process 

The three sets of experiments in Table 1 were completed. In all experiments, the 

welding process was stable, the spatter was reduced, and the arc sound was soft. Figure 

4 shows the weld appearance in experiments 1–3. From Figure 4, it can be seen that the 

welds in the three sets of experiments have bright surfaces and regular fish scale ripples. 

 
(a) 

Figure 3. Size of the tensile sample.

3. Test Results and Analysis
3.1. Stability of the Welding Process

The three sets of experiments in Table 1 were completed. In all experiments, the
welding process was stable, the spatter was reduced, and the arc sound was soft. Figure 4
shows the weld appearance in experiments 1–3. From Figure 4, it can be seen that the
welds in the three sets of experiments have bright surfaces and regular fish scale ripples.
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Figure 4. Appearance picture of weld beads: (a) Test 1; (b) Test 2; (c) Test 3.

The current and voltage signals collected during the welding process are shown in
Figure 5. The electrical signal directly reflects the stability of the welding process. Poor
welding performance caused more significant fluctuations in the electrical signals. It can
be seen from Figure 5 that the current and voltage signals of the three sets of experiments
were stable, and that the entire current waveform presents a regular Gaussian waveform
variation. The voltage fluctuation range was small, and no short circuit or arc termination
occured, indicating a stable welding process. In the three sets of current and voltage
waveform graphs, the base current of the weak pulse groups was the independent variable,
increasing from 30 A to 90 A, resulting in a proportional increase in the base current of
the strong pulse groups, so that the average current input throughout the welding process
increased from 72 A to 126 A. The successful completion of the three sets of experiments
proved the effectiveness of the unified adjustment model.
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3.2. Microstructure of Weld Beads

Figure 6a–d shows the metallographic structures in Tests 2 and 3. The weld fusion
zone is visible in Figure 6a,b. Because of the thorough stirring of Gaussian pulses, there are
no visible cracks, pores, or other macroscopic defects surrounding the fusion line. Along
the direction of the fusion line, dendritic grains growing up perpendicular to the fusion
line can be observed. The temperature of the molten pool was high, and the cooling rate
was fast after melting. It can be seen that the grains in the weld zone were finer than those
in the heat-affected zone. The coarse grains in the heat-affected zone were produced under
the influence of high temperature for a long time, affecting the mechanical properties of
the weld. As can be seen in Figure 6c,d, the middle region of each of the welds in the two
experiments is composed of dendritic grains of different sizes, and the black aluminum–
silicon eutectic phase is present between the grain boundaries. The grain sizes, when
viewed under a 500×microscope, are slightly different in Test 2 and Test 3, and the grains
of Test 2 are smaller than those of Test 3. The difference in line energy input is the reason
for the differences in microstructure.
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3.3. Mechanical Properties of Weld Beads

The tensile specimens tested in the second and third sets all fractured in the heat-
affected zone. This indicates that the heat-affected zone is the weakest section of the
weld, which is consistent with the results seen in the microstructures of the welds. The
maximum tensile strengths were 213 MPa and 208 MPa, respectively; the tensile strength
of the base metal was 308 MPa, and the average tensile strength of the heat-affected zone
of the weld reached about 68% of that of the base metal. The stress–strain curves are as
shown in Figure 7. Twenty-five points along one side of the weld’s center line were taken
to measure the Vickers microhardness curve; the results are as shown in Figure 8. The
average hardness of Test 2 was 72.32 HV, while the average hardness of Test 3 was 70.42 HV.
We also believe that the reason for the differences in the hardness of the microstructure
area is the difference in line energy input. The lowest hardness measured by the two sets
of experiments always appeared in the heat-affected zone.
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Figure 9 shows the SEM micrographs of the fracture sections of the two sets of tensile
specimens. It can be seen that the tensile fracture of the weld is mainly composed of a
large number of irregular dimples, with significant plastic deformation before fracture,
indicating ductile fracture mode.
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4. Conclusions

(1) A mathematical model for simplifying the unified adjustment of Gaussian pulse
welding currents for aluminum alloys has been established. This model realizes a
new process of adjusting the average welding current input through the weak pulse
groups’ base current. Furthermore, it reduces the difficulty in realizing the unified
adjustment of the welding process, by establishing an expert database based on a
large amount of experimental data.

(2) The effectiveness of the unitary mathematical model has been verified by overlaying
welding experiments on 2–5 mm thick 6061 aluminum alloy plates. The average
current inputs of the three sets of tests were 72 A, 92 A, and 126 A, respectively, which
were obtained by adjusting only one parameter. The three sets of test welds had
bright surfaces with regular fish scale ripples, reduced spatter, and good repeatability
of the current and voltage signals during welding.

(3) The welds’ metallographic structures were mainly composed of fine dendrites, indi-
cating good physical properties. The welded surfaces fractured in their heat-affected
zones during tensile testing. The maximum tensile strength of Test 2 was 213 MPa,
while the maximum tensile strength of Test 3 was 208 MPa, reaching about 68% of
that of the base material. The average hardness of Test 2 was 72.32 HV, while the
average hardness of Test 3 was 70.42 HV. The lowest hardness measured by the two
sets of experiments always appeared in the heat-affected zone.
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