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Abstract In this investigation, a sinusoid modulated pulse
gas metal arc welding (SP-GMAW) method based on a cur-
rent waveform control method and on the welding mechanism
of pulsed gas metal arc welding (P-GMAW) was proposed.
This method achieved smooth control over the welding cur-
rent. The process formulas were simplified. Then, the control
parameters were discussed and optimized. Finally, three com-
parison experiments were conducted. The results indicated
that the SP-GMAW method, as an improved double-pulsed
gas metal arc welding (DP-GMAW) method, had the follow-
ing features: The SP-GMAW minimized porosity rate and
generated palpable weld ripples in contrast with the P-
GMAW. The SP-GMAW produced the finest fusion zone
grain, highest fusion zone microhardness, and highest tensile
strength among three welding methods. The feasibility and
superiority of the method for welding aluminum sheet were
verified.

Keywords Sinusoid modulated - Aluminum sheet - Welding
process stability - Microstructure - Mechanical property

1 Introduction

Strong, high-quality welds of lightweight engineering al-

loys are playing an increasingly important role in modern
manufacturing [1, 2]. Therefore, many countries have
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increased their focus on producing defect-free, structural-
ly sound, and reliable joints of lightweight dissimilar
alloys. Lightweight aluminum alloys are increasingly re-
placing steels. Consequently, advanced welding of alumi-
num alloys is recognized as an important requirement for
producing various metallic components in the
manufacturing sector [3]. High-strength aluminum alloy
sheets with thicknesses of 3 mm or less have been in-
creasingly used, particularly in the automotive industry
[4-8]. The use of these sheets has motivated research
on sheet welding technologies. Aluminum alloys have a
low melting point and high thermal conductivity, and
these alloys are easily distorted or burned through during
welding processes [9-11]. Furthermore, to implement the
welding of a compact oxide film on the surface of alu-
minum alloys, the cathode atomization effect resulting
from an intense heat source is required. Therefore, the
heat input into the base metal must be strictly controlled
[12]. The welding power supply should not only ensure
welding stability and form aesthetic welding seam, but it
should also reduce the heat input and decrease deforma-
tion during the welding process [13, 14]. Higher require-
ments for energy control during welding have been pro-
posed. However, an improper current input will readily
cause an unstable welding process and produce weld de-
fects, particularly when welding aluminum alloy sheets
with thicknesses of 3 mm or less.

Researchers worldwide have continuously made improve-
ments on welding equipment and welding processes. The
emergence of pulsed gas metal arc welding (P-GMAW) is a
representative example, and both P-GMAW and double-
pulsed gas metal arc welding (DP-GMAW) can meet the de-
mands for welding aluminum alloys [15, 16]. For aluminum
alloys, the P-GMAW will easily produce hydrogen cracking
in welds, and there are still problems in terms of parameter
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Fig. 1 Diagrammatic sketch of the SP-GMAW with parameters

matching, welding stability, and other issues [17, 18]. Re-
searchers have begun to focus on the DP-GMAW, which re-
duces the cracking susceptibility, minimizes porosity rate, and
results in aesthetic welding beads [19, 20]. Liu et al. [19] have
surveyed arc length variation curve of the DP-GMAW. The
results show that the arc length reaches maximum and wire
extension reaches minimum from thermal peak phase to ther-
mal base phase in constant wire-feed mode; meanwhile, mean
current drops sharply in conventional rectangular thermal
modulation. As a result, arc quenching rate increases obvious-
ly at this time during the actual welding process, particularly
when the base metal is cold.

Vilarinho et al. [21] have proposed a trapezoidal ther-
mal modulation based on conventional rectangular ther-
mal modulation with the mean current gradually decreas-
ing from the thermal peak phase to the thermal base
phase. Wang et al. [22] and Liu et al. [23] have adopted
this trapezoidal thermal modulation for welding alumi-
num alloys; high-quality joints are produced. Inspired
by the evolution process from conventional rectangular
thermal modulation to trapezoidal thermal modulation, a
smooth thermal modulation concept is innovated. A sine
function can derivate in an arbitrary order, naturally lead-
ing to the proposal of a sinusoid modulated pulse gas
metal arc welding (SP-GMAW). The welding process of
the SP-GMAW is more stable and reliable than that of
the DP-GMAW [24]. Feasibility of welding 1-mm-thick
aluminum sheet by the SP-GMAW also has been verified
[25]. The SP-GMAW originates from the DP-GMAW; as
an improved DP-GMAW, the SP-GMAW can be
upgraded from the DP-GMAW by welding power supply

Table 1 Chemical compositions of AA6061 and ER4043 (wt.%)

Material ~ Si Fe Cu Mn Mg 7Zn Ti Al

AA6061 0.561 0289 0.31
ER4043 5.6 0.8

0.052 0986 0.024 0.018 Bal.
030 0.05 005 0.10 020 Bal
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Fig. 2 Diagrammatic sketch of joint design with dimension

manufacturers without additional equipment, and the
higher welding process stability for aluminum alloy is
achieved.

However, literatures reveal that not much relevant re-
searches have been done in the area of aluminum alloy weld
quality produced by the SP-GMAW. The present investigation
aims to introduce methodology and analyze the results of the
SP-GMAW.

2 Mathematical model and control parameters
of the SP-GMAW

The current waveform of the SP-GMAW is illustrated in
Fig. 1.
The peak current and the peak time are as follows:

1 = L0 + Apsin(2nt; /T)(i = 1,2,...,N) (1)

Fig. 3 Experimental setup
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Table 2  Welding conditions and process parameters

Welding method P-GMAW  DP-GMAW  SP-GMAW
Mean current (A) 95 95 95

Mean voltage (V) 20 20 20

Gas flow rate (L/min) 15 15 15

Wire feed rate (m/min) 33 33 33
Electrode extension (mm) 15 15 15
Frequency (Hz) 81 3 3

Welding speed (cm/min) 45 45 45

tyi =ty + Aypsin(2nt;/T)(i = 1,2,...,N) (2)
Where 1, is the peak current, [, is the initial peak current,
1,; 1s the peak time, 7, is the initial peak time, 4; is the ampli-

tude of the peak current, 4,, is the amplitude of the peak time,

T is the cycle, and N is the number of current pulses in a
sinusoidal cycle.

Similarly, the base current and base time are defined as
follows:

Ipi = 1Ipo +Alsin(27tt,-/T)(i: 1,2,...,N)
toi = tpo=Apsin(2nt;/T)(i =1,2,...,N)

(3)
(4)

Where I; is the base current, I is the initial base current,
15, 1s the base time, #, is the initial base time, 4; is the ampli-
tude of the base current, A, is the amplitude of the base time,
and T'is the cycle.

For the SP-GMAW process, regardless of how the current
amplitude and pulse frequency are modulated, the overall goal
is to control the input energy. Typically, it is not necessary to
simultaneously modulate the current amplitude and pulse
frequency.

Fig. 4 Transient current
waveforms: a P-GMAW. b DP-
GMAW. ¢ SP-GMAW
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3 Simplifying the SP-GMAW

Because there are many complicated parameters in the SP-
GMAW process, when the modulated current and its lasting
time are at a peak or base at the same time, the energy input in
a sinusoidal cycle will significantly change, which will affect
the smooth energy transformation. Therefore, the SP-GMAW
process can be controlled by modulating only one parameter,
which simplifies setting the parameters.

For example, to simplify the control process, while keeping
the peak time and base time unchanged, we assign ¢,;=1,
tp;=kty, and A,,=A,,=0; then, the mathematical formula is
simplified:

Ipi:[po +A]SII’1(27U,/T)(IZ 1,2,...,N) (5)

i =ty =to(i=1,2,...,N)

(6)

Iy = I —|—A[S11'l(27'[tl/T)(l: 1,2,.--
thi = tpo = kto(i: 1,2,~--aN)

N) (7)

(8)

In addition, both the peak time #,; and the base time #;
are determined. In one sinusoidal cycle 7, both the ther-
mal peak phase and thermal base phase time are kept
equal to 7/2. Assuming that the total number of pulses
is N, the number of pulses in a sinusoidal thermal peak
phase is 2*N/3, and the number of pulses in a sinusoidal
thermal base phase is N/3. If k; in a sinusoidal thermal
peak phase is 2, then k, in a sinusoidal thermal base phase
is calculated to be 5.

To ensure that the SP-GMAW process is smooth, the
smallest peak current I, i, was selected based on previ-
ous welding experiments. Then, the initial peak current /9
was confirmed. Simultaneously, to maintain the pilot arc
current, the smallest base current I, ,;, was selected based
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Fig. 6 Transient resistance
waveforms: a P-GMAW. b DP-
GMAW. ¢ SP-GMAW
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on previous welding experiments. Then, the initial base
current /o was confirmed.

Ipo =1 min +4; 9)
Ipo = Ip min + A1

Thus far, the following parameters of the SP-GMAW pro-
cess have been simplified: ¢, A; and N. In addition, the cycle
is:

2N N
T= T(klto + o) +§(kzto + 1)

2N N 11

= 4Nt

A mathematical model of the SP-GMAW process was
established by analyzing and simplifying the parameters of

Time t/ms

Lenght s/mm
Fig. 7 Weld appearances: a P-GMAW. b DP-GMAW. ¢ SP-GMAW
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Fig. 8 Cross section of welds: a
P-GMAW. b DP-GMAW. ¢ SP-
GMAW

the SP-GMAW process. Modulation of the current amplitude
could be realized by controlling the following parameters:
peak time #,, current amplitude 4;, and the number of pulses
in a modulated cycle V.

Different parameters will generate different welding seams.
The fundamental reason for this phenomenon is that the
welding energies are diverse. The average welding current is
commonly considered to be a measurement of the actual
welding energy. The most widely used equation for comput-
ing the average welding current is as follows:

N

7— Z -1 (tpil i + thil i)
a T
N N (12)
- Ll ; 2l (i=12,..N)

Substituting Egs. (5) to (11) into Eq. (12), after arrange-
ment, the average welding current can be expressed as:

7— Z tpl i + Z tbllbl

= Z to 0 +A151n(2ml./T)]
+Z 2to [Iy0 + Aysin(27tt;/T)]
+Z i:(ZN/3)+15to [Lpo + Assin(27t;/T))
4Nty 13)
N
Z 1 [Ipo +Azsin(27tt,»/4N;0)}
2N/3 .
+Z -1 2[Ipo + Assin(27t; /4Nty)]

N .
T oy SHlbo + Arsin(27ti/4N10)]

Fig. 9 Longitudinal section of
welds (a P-GMAW. b DP-
GMAW. ¢ SP-GMAW) and their
radiographic images (d P-
GMAW. e DP-GMAW. f SP-
GMAW)

In the above equation,
After £y was selected, the corresponding value of 1, i, was
chosen from the one droplet per pulse critical curve, and the
corresponding value of [, ,;, was chosen from the pilot arc
critical curve.

=1, mintA;and Ipo=1Ip min T4,

Equation (13) clearly indicates that the average current is
determined by o, NV, 1, min, Ip min, and 47 and that the cycle time
is determined by 7, and N. However, this conclusion is obtain-
ed based on the SP-GMAW model, and verification tests are
required to confirm it.

4 Experimental procedures

To demonstrate the feasibility of the SP-GMAW method for
aluminum alloy sheets, three comparison experiments were
conducted.

4.1 Materials

The sheets of a commercial AA6061 aluminum alloy with a
dimension of 200 x 50 x 3 (mm) were used in this study, and
an ER4043 filler wire with a diameter of 1.2 mm was adopted
to deposit the seam. The chemical compositions of the base
metal and filler wire are presented in Table 1. Joint design with
dimension is illustrated in Fig. 2.

4.2 Welding equipment

A self-developed digital multifunctional welding power sup-
ply was selected as the welding power supply in this experi-
ment. Measurements of the current and voltage were per-
formed using a self-developed arc dynamic wavelet analyzer.
The arc dynamic wavelet analyzer could calculate the tran-
sient energy, transient resistance and arc signal probability

base metal

@ Springer
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Fig. 10 Microstructure of the
fusion zone: a P-GMAW. b DP-
GMAW. ¢ SP-GMAW

density distribution. The industrial computer chosen was an
Advantech G610, and the data acquisition card chosen was an
Advantech PCL-1800. The experimental setup is displayed in
Fig. 3.

4.3 Welding parameters and process

Prior to welding, the oxide film on the base metal specimens
was ground using abrasive paper (800 grade), followed by
degreasing in an acetone solution. The welding seams were
obtained from bead-on-plate welds using the P-GMAW, DP-
GMAW and SP-GMAW methods with identical parameters,
as particularized in Table 2.

Fig. 11 Microstructure of the
HAZ (a P-GMAW. b DP-
GMAW. ¢ SP-GMAW) and base
metal (d AA6061 aluminum
alloy)

Figure 4 presents the transient welding current waveforms
and their details after filtering by the self-developed arc dy-
namic wavelet analyzer. Figure 4c indicates a typical sinusoid
modulated current waveform.

4.4 Metallographic and mechanical property processes

After welding, metallographic specimens were obtained by
cutting the welded joint, which are perpendicular and parallel
to the welding direction using a linear cutting machine,
followed by grinding and polishing. The specimens were cor-
roded in Keller agents for 75 s. After washing and drying, the
samples were viewed and imaged under cross-polarized light
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using an optical microscope (LEICA DMIS000M) equipped
with a digital camera.

Specimens were ground by abrasive paper (2000 grade) to
clean up the corrosive layer. The hardness values were mea-
sured using a Vickers microhardness testing machine. Fracture
morphologies were imaged using an electron probe microan-
alyzer (EPMA 1600).

5 Results and discussion
5.1 Welding process stability

Figure 5 exhibits the transient energy waveforms of three dif-
ferent methods. It could be concluded that the energy input in
the SP-GMAW process was reduplicated in every period as
same as that in the P-GMAW and DP-GMAW processes.
Figure 6 demonstrates the dynamic resistance waveforms,
and from this figure, it could be concluded that the dynamic

resistance was repeated in every period as same as that in the
P-GMAW and DP-GMAW processes.

The transient energy and dynamic resistance reflected the
welding process stability and should be maintained stable and
repeatable in the welding process. No significant differences
were observed among the three methods, thereby confirming
that the SP-GMAW welding process was as stable as the P-
GMAW and DP-GMAW processes. The stability of using the
SP-GMAW method to weld aluminum alloy sheets was then
verified.

5.2 Weld profile

The photos of weld appearances are displayed in Fig. 7. By
analyzing the weld appearance photos, it was possible to con-
clude that the welding seam was excellently formed by the
three welding methods. There was complete penetration be-
tween the filler and base metals. Two flanks of welds had clear
taenioid areas, which effectively prevented the oxide

Fig. 13 Fracture morphology of the joints: a P-GMAW. b DP-GMAW. ¢ SP-GMAW
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Table 3 Tensile strength and

yield strength of the joints Welding method Tensile strength Upper yield strength Lower yield strength Fracture location
(MPa) (MPa) (MPa)
P-GMAW 114.5 - - FZ
DP-GMAW 191.2 182.9 182.7 HAZ
SP-GMAW 197.5 189.2 188.4 HAZ

impurities from mixing into the seam. There was neither burn
through nor undercuts in the welds. Lamellar tearing did not
occur in the welds. There was very little splashing and over-
lapping. The bead width was uniform, and the weld surface
was clear. There were microgrooves generated by the high-
frequency pulse. In addition, there were palpable weld ripples
generated by thermal frequency modulation in DP-GMAW
and SP-GMAW in contrast with P-GMAW.

The cross section of welds is presented in Fig. 8. Filler
metal and the base metal were fully penetrated produced by
three welding methods. Each penetration depth of welds
exceeded half of the base metal. The difference in weld pen-
etration depth was negligible.

The longitudinal section of welds and their radiographic
images are exhibited in Fig. 9. Porosity existed in the weld
produced by the P-GMAW appeared more intensive and huger
than that produced by the DP-GMAW and SP-GMAW.
Figure 13a directly illustrates huge porosities existed in the
weld produced by the P-GMAW as well. The DP-GMAW
minimized porosity rate distinctly; this result was in agree-
ment with previous research results [26]. The DP-GMAW
and SP-GMAW had an identical mechanism in reducing po-
rosity due to thermal pulsation, which would result in fierce
weld pool convection and porosity overflowing in contrast
with the P-GMAW.

No crack appeared in welds as demonstrated in Fig. 9d, e,
and f, respectively. This hazardous weld defect was avoided in
the SP-GWAW.

100
—m— SP-GMAW B
s —A— DP-GMAW /.ng
0 |- — o — P—GMAW [ ]
>
5 8sf e
o 80
5 A
© 75t _ m—a—""
g s Aﬂfu
70 | e _eo—*
e e HAZ
65 |-
60 1 1 1 1 1 1 1 1
-1 0 1 2 3 4 5 6 7 8

Distance from the center of fusion zone/mm
Fig. 14 Microhardness distribution of the joints

These results above revealed that the parameters and ener-
gy input were appropriate and that the SP-GMAW was capa-
ble of joining aluminum sheet as same as the DP-GMAW.

5.3 Weld microstructure

The microstructure of fusion zone is displayed in Fig. 10. The
welds primarily consisted of an o (Al)+ Si eutectic structure,
and the structural state of the welding joint was dendrite and
equiaxed grain.

Grain dimension produced by three welding methods is
24.9,19.9, and 19.3 um, respectively. The SP-GMAW meth-
od produced more grain refinement of welds of aluminum
than did the P-GMAW method. The grain dimension in the
SP-GMAW method was homogeneous, and the average grain
dimension was small relative to that in the P-GMAW method.
There were two reasons for this phenomenon. First, the energy
input in the thermal base phase sharply decreased, thereby
causing the liquid metal to undercool and further causing sur-
face nucleation that resulted in grain refinement. Second, be-
cause the thermal peak phase and thermal base phase period-
ically alternate, the weld pool surface will rise and fall as the
arc force regularly changes, thus enhancing the stir effect on
the weld pool. This phenomenon produced intense weld pool
convection [27]. The weld pool convection process will cause
the molten metal to move forward and back in the weld pool
with a certain frequency. The growing grain was broken by
scouring and shearing. The grain growth was hindered, and
the broken grain would become the nucleation site for a new
grain. The SP-GMAW method produced more grain refine-
ment of aluminum welds relative to the DP-GMAW method
because the impulse in the SP-GMAW process continuously
changed and because the stir effect and convection process on
the weld pool were considerably stronger than DP-GMAW.
For this reason, the SP-GMAW method produced the finest
grains among the three methods.

Microstructure in a heat-affected zone (HAZ) for three
welding methods and base metal is presented in Fig. 11. Lit-
erature [26] and Fig. 11d revealed that the base metal was
mainly consisted of o (Al) and strengthening phase Mg,Si.
Mechanical property loss in the HAZ brought about inferior
joint quality, even resulted in joint failure or fracture; focal
attention is needed. No melting and solidification happened
during welding in the HAZ, but significant solid-phase trans-
formation took place due to a thermal cycle. Results indicated
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that coarse grains emerged obviously in the HAZ produced by
three welding methods. Grain volume in the HAZ even
exceeded that in the base metal, thus proving that recrystalli-
zation occurred in a thermal cycle. However, no significant
difference in the grain volume of the HAZ was observed
among three welding methods because that heat input and
linear energy were accurately controlled to be equal by three
welding methods.

The SP-GMAW method could produce the finest grain in
the fusion zone.

5.4 Tensile property test

Fracture locations and the tensile curves of the joints after
tensile tests for three welding methods are exhibited in
Fig. 12. For the DP-GMAW and SP-GMAW, fracture is locat-
ed in the HAZ as shown in Fig. 12b and c. However, fracture
occurred in the fusion zone produced by the P-GMAW. Neck-
ing deformation stage came out without undergoing yielding
stage for joint welded by the P-GMAW, and then fracture
occurred. The tensile strength of the fusion zone was less than
that of the HAZ and base metal, so the weak link of the joint
produced by the P-GMAW is the fusion zone. Porosity dimen-
sion in the fusion zone exceeded 90 um as shown in Fig. 13a.
These porosities caused local stress concentration in the fusion
zone, then microcrack and microvoid emerged and accumu-
lated in elastic deformation stage. Fracture occurred in the
fusion zone when microcrack and microvoid accumulated to
a certain extent.

Tensile strength and yield strength of the weld joint are
particularized in Table 3. The tensile strength of the DP-
GMAW and SP-GMAW far exceeded that of P-GMAW. Both
tensile strength and yield strength produced by the SP-
GMAW were higher than that produced by the DP-GMAW,
but the difference was not obvious.

The fracture morphologies of the joint are demonstrated in
Fig. 13. Microstructure in fracture had typical dimple struc-
tures, so failure mode for three tensile tests was ductile frac-
ture. There was no significant difference in dimple dimension
welded by the DP-GMAW and SP-GMAW as shown in
Fig. 13b and c; this result was accordant with tensile curves.

5.5 Weld hardness

Figure 14 displays the Vickers microhardness values of the
joints welded by different methods, with all the values mea-
sured from the cross section perpendicular to the weld bead.
In the fusion zone, the Vickers microhardness value for SP-
GMAW was slightly higher than that for DP-GMAW. The
Vickers microhardness for SP-GMAW was obviously higher
than that for P-GMAW. From P-GMAW to SP-GMAVW, the
stirring frequency became close to the resonance frequency of
base metal, thereby causing the stirring effect to be more

@ Springer

forceful. As a result, the porosity rate in the weld was reduced,
and the grain size of the weld was refined, thereby improving
the mechanical property of the weld joint.

In the HAZ, difference concerning microhardness of the
HAZ and base metal was too negligible to observe.

6 Conclusion

The SP-GMAW welding process was investigated and simpli-
fied, and the parameters of the welding procedure were opti-
mized. The feasibility and superiority of the method for
welding aluminum sheet were verified. The experimental re-
sults indicated that the SP-GMAW method, as an improved
DP-GMAW method, has the following features:

1. For three welding methods, welding seams are well formed,
no crack existed in the weld joint, and failure mode was duc-
tile fracture. No significant difference was observed
concerning welding process stability, HAZ grain dimension,
and HAZ microhardness welded by three welding methods.
2. The SP-GMAW minimized porosity rate and generated
palpable weld ripples in contrast with the P-GMAW.

3. The SP-GMAW produced the finest fusion zone grain,
highest fusion zone microhardness, and highest tensile
strength among three welding methods, but the superiority
was not obvious compared to the DP-GMAW.
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