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Abstract: The characteristics of weld bead formation and droplet transfer in pulsed gas metal arc
weld (GMAW) with different arc lengths were studied by changing the base current time in this
work. The results showed that it was easier to cause short circuits and spatters with a short arc.
However, the deviation between the deepest point of penetration and the center of bead will be
aggravated with the increase of arc length. In addition, more than 90% “one drop per pulse” (ODPP)
transfer mode can be obtained when the pulse parameters were selected properly. However, the short
arc trended to rise the proportion of “multiple drops per pulse” (MDPP), and the long arc trended
towards increasing the proportion of “one drop per multiple pulses” (ODMP). Additionally, with
the growth of the arc in the projected transfer zone, the penetration tended to become shallower
because of the increase of arc heat dissipation, the fall of arc energy density, and droplet impact force.
Overall, the strategy of choosing suitable arc length of pulsed GMAW was summarized: in order
to obtain high-quality bead formation and weld joints, a shorter arc in the projected transfer zone
was recommended.

Keywords: pulsed GMAW; droplet transfer; weld bead formation; droplet impact force

1. Introduction

Arc welding technology is one of the most widely used welding methods in industrial production at
present, having the advantages of energy concentration, high efficiency, easy realization of automation
and wide range of material applicability [1,2]. It has already been successfully applied in the joining
of steels [3], aluminum alloys [4], nickel alloys [5], copper alloys [6], high entropy alloys [7], and so
on. Additionally, industrial automation is an important direction for the future development of the
manufacturing industry [8,9]. To meet the demands of productivity, pulsed gas metal arc weld (GMAW)
is a good choice in industrial automation and robot welding for the advantages of controllable heat
input, all position welding and no spatter [10-12]. In addition, the droplet transfer process, a research
hotspot around the world, plays a crucial role in the welding quality. In pulsed GMAW, “one droplet
per pulse” (ODPP) has been recognized as the most ideal transfer mode by many researchers [13-15].

The pulse peak current (I) and pulse peak current time (t,) are generally regarded as the main
parameters that affect ODPP mode. Moreover, the power law relationship (Ijtp = constant) is applied
in lots of studies to determinate the peak current and time [16-18]. Additionally, Wu [15] put forward
a six-parameter pulse waveform and obtained a mode of ODPP with lower heat input, proving the
important influence of the droplet-detachment current and time on the droplet transfer. In addition,
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the base current is usually very small, and only plays the role of a stabilizing arc. As a result, a projected
or spray type metal transfer at low average current can be obtained in pulsed GMAW.

Additionally, under the condition of short arc and low current, short circuiting transfer is also
applied using constant voltage direct-current (DC) welding power source. However, the spatters are
inevitable in short circuiting transfer, because of the electric explosion of the liquid bridge before the
arcing period [19,20]. Compared with short circuiting transfer, the arc length could be easily adjusted,
and no spatter welding seam could be obtained using pulsed current, leading to the advantages that
the step of removing spatter on the base metal can be avoided and the manufacturing efficiency can
be increased.

However, the base current time (or datum current time) has not been regarded as an influential
parameter for ODPP in previous studies, but rather a parameter for adjusting the arc length. As a
matter of fact, the arc length directly affects the shape of the arc, as well as the heat transfer and heat
dissipation mode of the droplets [21-23]. For example, a certain arc space is required for a droplet
from growth to detaching the wire. If the arc length is too short to provide sufficient space, the droplet
would contact the molten pool but still on the wire, contributing to a short circuit [24]. However, most
of the current research focuses on how to stabilize the arc length, while the study of how to choose the
suitable arc length and the effect of different arc length on droplet transfer is ignored.

Therefore, in this work, different arc lengths were obtained by only changing the base time and
fixing the other parameters. Then, the weld bead formation and the process of droplet transfer under
different arc lengths were investigated. Eventually, the strategy of choosing suitable arc length of
pulsed GMAW was found. The research results are helpful for optimizing the welding parameters,
improving the quality of weld formation, and promoting the further application of pulsed GMAW in
industrial automation production and robot welding field.

2. Welding and High-Speed Camera System

In this work, the electrode wire was connected to the positive pole of the welding power, while
the workpiece was connected to the negative pole. For the convenience of the camera to shoot the arc
and droplets, the welding torch was placed stationary over the workpiece, which can be moved by the
motion platform at a constant speed.

Additionally, because the temperatures and rates of metal transfer are extremely high,
the non-contact high-speed camera method has been widely used in droplet transfer. Figure 1
displays the schematic diagram of the welding and high-speed camera system, which can acquire
synchronous voltage, current and image signal. The arc voltage was measured between contact tube
and workpiece. The high-speed camera system was used at 10,000 fps and the sampling rate of the data
acquisition card was 30 kHz. To lower the interference of bright arc, a laser light, whose wavelength is
850 nm, was used as a backlight. Other wavelengths of arc were weakened by a narrow-band filter
centered at 850 nm between the arc and the camera. The laser light, arc, narrow-band filter and camera
were all placed on the same horizontal line. As a result, the brightness of the arc was filtered to an
appropriate range and the droplets can be clearly seen on the computer screen.
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Figure 1. Schematic diagram of the welding and high-speed camera system.
3. Experimental Procedure

The bead formation and droplet transfer are more affected by waveform parameters [25,26].
235, a typical mild steel, was selected by researchers to study the formation, arc behavior and droplet
transfer, like Wu [15], Ghosh [27,28], and so on. In our work, 4-mm-thick mild steel (Q235) sheets were
used as workpieces, whose dimensions were 150 mm X 50 mm. Thus, mild steel wire (ER50-6) with a
diameter of 1.2 mm was used as the electrode wire and the CTWD (contact tube-to-work distance) was
selected as 20 mm. As shielding gas, 82% Ar + 18% CO, mixture gas with a flow rate of 15 L/min was
selected. The speed of the wire feed and the speed of welding were 3 m/min and 3 mm/s, respectively.
With the purpose of stable ODPP transfer, pulse current waveform showed in Figure 2 was selected
according to Ref. [15]. In Figure 2, fy, t; and t;, are the start point of the pulse peak current period,
the droplet-detachment current period and the base current, respectively. Over 90% droplets are ODPP
transfer at middle arc length (about 5 mm) in terms of corresponding high-speed photographs. Typical
high-speed photographs of ODPP transfer mode are displayed in Figure 3.
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Figure 2. Main parameters of pulse current waveform.
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Figure 3. Typical high-speed photographs of “one droplet per pulse” (ODPP) transfer mode.

In the high-speed camera system, in order to observe the droplet process more clearly,
a narrow-band filter was used to weaken the brightness of the arc. As a result, when the current
was below 300 A, the arc was almost filtered out, and was difficult to observe (see Figure 3).
However, the morphology of the arc can be seen clearly with the high current and arc brightness,
such as in photographs near t;. Additionally, the anode spot of arc is always over the droplet when
the current is above a critical current level, so the arc length is not affected by the droplet near ¢;.
Therefore, for the purpose of more accurate measurement, the arc length near #; was selected to be
measured in this pulse period. Then, the average arc length of a random 30 pulses is calculated as the
arc length with these welding parameters.

Based on the pulse current waveform in Figure 2, the arc length was adjusted from less than
2 mm to more than 10 mm by only changing the base current time, without altering other parameters.
Then, welding tests were performed on the piecework with different arc length. The parameters table
of the pulse waveform and the experiment are presented in Table 1.

Table 1. The parameters table of pulse waveform and experiment.

T Base Current  Pulse Cycle Pulse Average Average Arc sta.n dard
est Time t,/ms Time T/ms Frequency Current I,/A Length Deviation of Arc
f/Hz a La/mm Length o,/mm
1 12.3 15.6 64 79 1.5 0.37
2 11.5 14.8 68 82 2.3 0.49
3 11.1 14.4 69 84 3.1 0.22
4 10.3 13.6 74 88 5.0 0.29
5 9.1 12.4 81 94 7.9 0.21
6 7.9 11.2 89 103 10.4 0.62

4. Effects of Arc Length on Welding Formation

During the welding process in Tests 1 and 2, spatters and popping noises occurred from time to
time. However, if the arc length were a little longer than that in Test 2, such as in Test 3, those spatters
and popping noises would disappear. By comparing the high-speed photographs, it was found
that the arc lengths were longer in Tests 3-6, and droplets were all in the projected transfer mode
presented in Figure 3, meaning that droplets went into the molten pool after detaching from the
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wire. However, the arc lengths were shorter in Tests 1 and 2. Not all droplets were in the projected
transfer mode, and some short circuits were found. Therefore, in terms of the modes of droplet transfer,
the tests in this experiment can be divided into “the partial projected transfer zone” (Tests 1 and 2) and
“the projected transfer zone” (Tests 3-6).

4.1. The Partial Projected Transfer Zone

The welding formation of Tests 1 and 2 in the partial projected transfer zone are displayed in
Figure 4. It can be seen that the surface formation of the weld bead in Test 2 was better than that in Test 1.
The edge of bead was crooked, and there are lots of big spatters around the bead in Test 1. In contrast,
the edge of the bead was relatively straight, and there were few big spatters in Test 2. The centerline of
penetration was useful to measure, but a larger difference can be noted looking at the area of the fusion
zone. Although the highlighted profile looks similar in terms of cross section formation, the weld
penetration of Test 2 was only 0.1 mm deeper than that of Test 1. Moreover, from the perspective of the
brown welding fumes covering the surface of the workpiece, the fumes were obviously fewer and
mainly distributed within 1 cm around the weld bead in Test 2, in which the bright steel plate far away
from the weld bead was clearly visible. However, the surface of the workpiece was almost covered by
fumes, and the regions of bright steel plate were nearly invisible in Test 1.

Test Surface Formation Cross Section Formation

—_

Figure 4. The formation of the weld bead in the partial projected transfer zone.

According to the high-speed photographs of Tests 1 and 2, except for projected transfer, two types
of short circuit [24] were observed: normal short circuit (see Figure 5) and instantaneous short circuit
(see Figure 6). It is necessary to point out that the short circuit phenomenon in pulsed GMAW is
different from that in short circuiting transfer using a constant direct-current (DC) power source.
According to Ref. [29], these short circuits in pulsed GMAW, as in Figures 5b and 6b, are also called
meso-spray transfer. During meso-spray transfer, the position of necking is between the undetached
droplet and solid wire, followed by short circuits. However, during short circuiting transfer using
constant DC power source, the position of necking is at the liquid bridge, which is formed after
short circuits.

During the normal short circuit (Figure 5), the neck between the undetached droplet and the
wire gradually shrank, and the undetached droplet contacted the molten pool at the time P;, with a
dramatic fall of voltage. Then, from the next three frames of P; (3.1-3.3 ms), it can be seen that the
bright arc was extinguished because of the short circuit and the minimum position of short circuiting
liquid bridge was broken by explosion. A few spatters flied out of the explosive position, with an
unstable arc and an abnormal voltage peak.
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Figure 5. The normal short circuit: (a) The welding current and voltage waveform; (b) the high-speed
photographs of interval AB.

When the arc was reignited, an unstable arc and an abnormal voltage peak were found. This is
because at the time of arc reignition after short circuiting, cathode spots were reformed in the center of
the weld pool surface. During the process of reforming the arc and cathode spots, the concentration of
the cathode spots and the increase of the cathode surface work function led to a rise in the potential
gradient across the cathode fall space and the adjoining contraction space. Consequently, the arc
voltage became abnormally high despite the short arc length, which can be regarded as a signal of arc
reignition after short circuiting [24,30].

A similar phenomenon is also shown in Figure 6. Even though the duration of the short circuit
was too short to be captured by the 10,000 fps high-speed camera, the arc behavior and the abnormal
voltage peak can indicate an instantaneous short circuit at the time Q; in Figure 6. During the process
of instantaneous short circuit, the undetached droplet contacted the molten pool and was bounced off
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instantaneously at the time Q. The high current near the pulse peak current leaded to huge impact
force of explosion, which contributed to the split of droplet and various big spatters.
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Figure 6. The instantaneous short circuit: (a) The welding current and voltage waveform;
(b) the high-speed photographs of interval CD.

To research the cumulative effects of micro droplet transfer on macroscopic weld bead formation,
the percentages of various types of droplet transfer were calculated based on each 200 pulses of
Tests 1 and 2 (shown in Figure 7). Even through the average arc length in Test 1 (1.5 mm) was only
0.8 mm shorter than that in Test 2 (2.3 mm), their percentages of various types of droplet transfer
were totally different. From Test 1 to Test 2, the percentage of projected transfer rise sharply from less
than 10% to almost 90%. However, the proportion of the normal short circuits and the instantaneous
short circuits fall from 61% and 30% to 9.5% and 2.5%, respectively. Moreover, based on the analysis
of Figures 5 and 6, above, a few small spatters resulted from the normal short circuits, while a large
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number of spatters (especially the big spatters) resulted from the instantaneous short circuits. The longer
arc allowed the droplets more time to gain enough energy to fully liquefy, so that they could impact the
molten pool without short circuiting and causing explosions. Therefore, spatters declined obviously
when the arc length grew a little from Test 1 to Test 2.

Il Projected trasnfer
[ Normal short circuits
[ 1stantaneous short circuits

[l Projected trasnfer
[ Normal short circuits
[l 11stantaneous short circuits

2.5%
30%

61%

(a) Test 1 (b) Test 2

Figure 7. The percentages of various types of droplet transfer in the partial projected transfer zone:
(a) Test 1; (b) Test 2.

4.2. The Projected Transfer Zone

If the arc length were long enough, the droplets would have enough space to drop into the molten
pool after detaching from the wire. As a result, short circuits would disappear, and all the droplets
would come into the projected transfer zone. The welding formations of Tests 3—6 in the projected
transfer zone are displayed in Figure 8. As the arc length increased, the surface formation gradually
deteriorated. The specific performances are as follows: the surfaces of Tests 3 and 4 were relatively
straight and beautiful. The bead of Test 5 was generally smooth, but the edges of the bead were
slightly crooked, with about a 1 mm offset. The surface formation of Test 6 is pretty poor. It can be
clearly seen in Test 6 that the bead was uneven, and the edges were severely twisted, being visibly
asymmetrical. Dozens of droplets dropped directly outside the molten pool and became large spatters
near the bead. In addition, from the perspective of the brown welding fumes covered on the surface of
the workpiece, the fumes were almost parallel to the bead on both sides. As the arc grew, there were
more and wider fumes.

The relationship of arc length and parameters of cross section formation in the projected transfer
zone is shown in Figure 9. With the increase in arc length, the penetration depth and weld reinforcement
declined marginally, whereas the weld width rose a little. The greater spread of the plasma arc can
cause the energy to be dispersed over a larger area. Figure 10 is the gray-scale image (256 levels) of
long and short arc morphology captured at the same peak current time. The average gray levels of
arc near molten pool (box region) in Figure 10a,b were 254.82 and 223.25, respectively. As we know,
the higher the gray level is, the higher the arc brightness is, and the higher the current density is.
Therefore, the current density of shorter arc near molten pool in Figure 10a was higher than that of
the longer arc in Figure 10b. It can be also seen in Figure 10 that the arc width will increase with the
increase of arc length, and the arc will be more dispersed, contributing to the expansion of heat source
radius and heat dissipation of arc. As a result, the penetration depth declined and weld width rise.
Additionally, because the speed of wire feed and welding are constant, weld reinforcement declined
with the wider weld width.
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Figure 8. The formation of weld bead in the projected transfer zone.
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Figure 9. The relationship of arc length and parameters of cross section formation in the projected

transfer zone.
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(a) (b)

Figure 10. The gray-scale images of short and long arc morphology captured at the same peak current
time: (a) Test 3; (b) Test 6.

Moreover, in Figure 8, the offset between the deepest point of penetration and the center of weld
bead (penetration offset for short) significantly increased with the growth of arc length. The wire was
not completely straight when fed out from the contact tube, because it was bent into a disc shape before
welding for convenience of transportation and storage. Additionally, during real welding operation,
wire inevitably inclines to a certain extent, which is not completely perpendicular to the plane of the
workpiece. The end of the wire might be perpendicular to the workpiece, but the inclination of wire
would increase with the growth of arc length. In addition, the droplets tend to move along the axis of
welding wire in the projected transfer [23]. Therefore, the direction of droplet movement cannot be
completely perpendicular to the plane of the workpiece. The rise of arc length increased the distance
between wire tip and molten pool. Under the same transverse velocity, droplets could deviate from
the center of the weld bead more greatly with the longer arc. Since the heat and mass carried by the
droplets deviated from the center were transferred to the molten pool on one side, and the increasing
magnetic fields generated by the plasma column likely caused rotation, contributing to an asymmetric
driving force within the molten pool, the symmetry of penetration was broken, eventually leading to
penetration offset. A similar phenomenon was also observed in Ref. [31]. A more serious deviation
of the droplets and a greater penetration offset would be obtained with a longer arc length. Overall,
a phenomenon was observed whereby the penetration offset in pulsed GMAW became more sensitive
with the increase of arc length.

5. Effects of Arc Length on Droplet Transfer

There are three types of projected transfer in pulse GMAW: “multiple drops per pulse” (MDPP),
“one drop per pulse” (ODPP), and “one drop per multiple pulses” (ODMP). ODPP was recognized as
the most ideal transfer mode, and was mainly affected by the pulse peak current (I,) and time (fp),
but not base time (f},), by many researchers [13-15]. In addition, #, was believed to be a parameter for
adjusting the arc length. However, in this work, when I, and t, were fixed, it was found that the arc
length had crucial effects on droplet transfer as well as the droplet impact force by only changing ty,.

5.1. The Effects of Arc Length on the Types of Projected Transfer

By observing the high-speed photographs of different tests in Figure 11, even if the parameters of
the current waveform remained unchanged, the droplets did not belong 100% to ODPP. The mixture of
MDPP and ODPP was displayed in Test 3 and Test 4, but no ODMP was found. In Test 5 and Test 6,
the mixture of ODPP and ODMP replaced the mixture of MDPP and ODPP, and MDPP was no longer
to be seen. Additionally, most of the droplets were in the form of one big droplet and one small droplet
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in the MDPP, as shown in Figure 11a,b. The diameter of the big droplet in the MDPP was similar to the
droplet in the ODPP, but those droplets were smaller than that in the ODMP.

4 mm

(d)

Figure 11. The typical droplet morphology of different types of projected transfer: (a) Test 3; (b) Test 4;
(c) Test 5; (d) Test 6.

The three types of projected transfer were calculated based on 200 pulses in each test, and the
statistical data is shown in Figure 12. The Y-axis ¢ in Figure 12 is the percentage of the pulses’ number,
rather than the percentage of the droplets’ number. It can be found that ODPP was the main mode
for each test. The proportion of ODPP of Test 4 was the highest in these tests, and was over 95%.
However, ODPP occupied the least in Test 6 (less than 70%). The arc length grew gradually from Test 3
to Test 6. In terms of whole tendency, the short arc trended to rise the proportion of MDPP, but the
long arc trended to rise the proportion of ODMP. According to the Static Force Balance Theory [32],
the detaching force is the sum of the electromagnetic force (Fem), the gravitational force (Fg), and the
plasma drag force (Fq), while the retaining force (F, ) is the surface tension. As described in Section 4.2,
the arc would be more dispersed with the growth of length, contributing to the expansion of heat source
radius and heat dissipation. Thus, when the peak energy of a single pulse current was fixed, the smaller
detaching force was obtained by a single droplet with the long arc. Consequently, more pulses were
needed to increase the detaching force and help the droplet to detach from wire. Because the droplet
size was bigger and the gravitational force grew, which contributes to ODMP process and vice versa.
However, due to the suitable arc length in Test 4, the appropriate detaching arc force was matched
with the ODPP condition and the highest proportion of ODPP was observed.
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Figure 12. The statistical data of the three types of projected transfer.

5.2. The Effects of Arc Length on the Droplet Impact Force

The droplet impact force is the cumulative effect of droplets. If the types of droplet transfer were
changed, the droplet impact force would be different as well [33]. According to Ref. [34], the droplet
was considered approximately to be a sphere and the droplet impact force (P4q) was regarded as a force
per unit area or pressure, which was relative to the droplet mass (1mq), velocity (vq), frequency (f4) and
diameter (dq), as displayed in Equation (1).

4mdvd d
py = il <1>
Ty
According to the mass formula of the sphere, the m4 can be calculated by Equation (2).
3
prdy
= —. 2
mq 6 ( )
Therefore, Equation (1) can be further written as Equation (3) (density p = 7.8 g/cm3 ).
2pv4 fada
py = TR 3

3

However, Equation (3) is only applicable to the single-mode droplet transfer. For the mixture of
different types of projected transfer, the droplet impact force should be the sum of each droplet impact
force in MDPP, ODPP and ODMP (Equation (4)).

P4 = Pqmppp + Pg,0ppp + Pda,0DMP- 4)

The droplet frequency of MDPP, ODPP and ODMP are noted as fyppp, foppp and fopmp,
while the percentage of the pulses’ number are noted as ¢mprp, Poprp and @opmp respectively.
Therefore, the droplet frequency of ODPP equals the percentage of the pulses’ number (¢) times the
frequency of pulse current wave (f) (Equation (5)).

foprp = ®oprpf- 5)

In addition, the frequency of the big droplet and the small droplet in MDPP (see Figure 11)
are equal to the frequency of current pulses (Equation (6)). Multiple sized droplets can be found in
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the MDPP process, but the biggest droplet was much larger than the others (see Figure 11). Thus,
the droplet impact force was approximately regarded as that of the biggest droplets in MDPP process.

fmpPP = @MDPPS - (6)

In the ODMP process, a droplet may detach from the wire after severe pulses. After observation

and calculation from the high-speed photographs, the average pulses for every MDPP are 2.2 and 2.3

in Test 5 and Test 6, respectively. Thus, the droplet frequency in Test 5 and Test 6 can be calculated by
Equations (7) and (8).

foomp = @opmpf/2.2. @)

fopmp = @opmrf/2.3. (8)

Moreover, the percentage of the pulses’ number (¢) and the frequency of pulse current wave (f)
can be read from Figure 12 and Table 1, respectively. The image-processing method in Ref. [35] was
used to estimate the droplet velocity (v4) and diameter (dq). By using Equations (1)—(8) simultaneously,
the average droplet impact force of each test was obtained in Figure 13. It can be seen that the droplet
impact force of Test 3 was the highest, while the droplet impact force of Test 6 is the lowest. The former
was about 50% larger than the latter, indicating that the arc length has an important influence on the
droplet impact force. The droplet impact force declined with the growth of the arc length. In addition,
the main part of the droplet impact force was contributed from ODPP.

B MDpPP
B oprr
I obMP

416

Droplet impact force P,/ Pa

Arc length L /mm

Figure 13. The average droplet impact force of projected transfer.
6. Discussion

The characteristics of weld bead formation and droplet transfer in pulsed GMAW with different arc
lengths (about 1-11 mm) by changing the base current time were studied in this work. Because enough
arc space was needed when a droplet detached from the wire and dropped into the molten pool,
the mixture of projected transfer and short circuits would be obtained if the arc length were shorter than
3 mm. However, spatters would inevitably be produced from short circuits, especially instantaneous
short circuits (Section 4.1). To reduce the spatters and improve the weld bead formation, the shortest
arc is recommended to be limited to avoid the partial projected transfer zone.

Additionally, in the projected transfer zone, the quality of weld bead surface formation became
worse gradually with the increase of the arc length. When the arc length was over 10 mm, dozens of
droplets directly dropped outside the molten pool and became large spatters near the bead (Section 4.2).
In addition, the penetration offset in pulsed GMAW will become more sensitive with the increase of



Metals 2020, 10, 665 14 of 17

arc length. The penetration offset was less than 0.5 mm when the arc length was no more than 5 mm.
However, when the arc length exceeded 10 mm, the penetration offset can reach 3 mm, which is not
conducive to the positioning and alignment of the bead.

On one hand, Figure 10 in Section 4.2 indicates that the increase of arc length contributes to the
fall of energy density and increase of heat dissipation of arc. On the other hand, Figure 13 in Section 5.2
implies that the droplet impact force declined with the growth of the arc length. According to Ref. [34],
large droplet impact force can promote the increase of weld penetration. Therefore, because of the
above three factors (the increase of arc heat dissipation, the fall of arc energy density and droplet
impact force), the penetration tended to become shallower.

As a result, it is suggested that the arc length should be limited to a shorter range (less than
5 mm) in the projected transfer zone. So that the welding formation can be improved, the penetration
offset can be reduced and the larger penetration can be obtained. Additionally, Table 1 shows that the
average current of shorter arc was smaller, which can reduce heat input and save electric energy when
compared with the longer arc.

In our preliminary experiment, the tensile properties of welded joints were also affected under
difference arc lengths. According to AWS: B4 specifications [36], the tensile test specimens were
prepared from the butt joints in the perpendicular direction to the welded seam. Figure 14 shows the
average tensile strengths and elongations of the welded joints with different arc lengths in the projected
transfer zone. It can be seen that the tensile strengths were approximately constant. However, with the
growth of arc length, the elongations fell gradually. This implied that the short arc is also beneficial for
obtaining weld joints with high elongations.

I Tensile strength

I Elongation

Tensile strength (MPa)
Elongation (%)

2 3 4 5 6 7 8 9 10 11
Arc Length (mm)

Figure 14. The tensile strengths and elongations of the welded joints with different arc lengths in the
projected transfer zone.

In addition to the above discussion, the power law relationship (Ijtp = constant) has been used
in many studies to determine the peak current and time of ODPP transfer mode [16-18], ignoring
the influence of the base current time. However, in this work, it was found that the types of droplet
transfer in pulsed GMAW changed a lot by only adjusting the base current time, even though the
peak current and time were constant. More than 90% (but not 100%) ODPP transfer mode can be
obtained when the pulse parameters were selected properly. The arc length can be adjusted by the
base current time. The short arc trended to rise the proportion of MDPP, and the long arc trended to
rise the proportion of ODMP.
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7. Conclusions

(1) The arc length plays a crucial role in the quality of weld bead formation. In this work, the partial
projected transfer zone can be obtained in pulsed GMAW when the arc length was shorter than 3 mm,
resulting in the increasement of instantaneous short circuits and inevitable spatters. However, when
arc length became longer than 5 mm in the projected transfer zone, the asymmetry and offset of
penetration can be enlarged a lot.

(2) For the purpose of obtaining high-quality weld bead formation and weld joints, a shorter arc in
the projected transfer zone was recommended. However, the partial projected transfer zone should be
avoided when the arc length was short, in order to reduce unnecessary spatters. For example, for the
ER50-6 wire with diameter of 1.2 mm used in this work, the appropriate arc length was about 3-5 mm.
The base current time should be adjusted according to the appropriate arc length range.

(3) Peak current and peak current time are not were parameters that determine ODPP transfer
mode in pulsed GMAW, which was also affected by the arc length. More than 90% (but not 100%)
ODPP transfer mode can be obtained when the pulse parameters were selected properly. The short arc
trended to rise the proportion of MDPP, and the long arc trended to rise the proportion of ODMP.

(4) The droplet impact force with different arc lengths in the projected transfer zone was calculated.
The droplet impact force declined with the growth of the arc length. The increase of arc heat dissipation,
the fall of arc energy density, and droplet impact force contributed to the result in that the penetration
tended to become shallower in the projected transfer zone.
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