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Abstract
Variable polarity cold metal transfer (VPCMT) is a newly developed welding process and has drawn extensive interests because
of its potential in further reducing the heat input, offering greater gap bridging ability, and improving the deposition rate. Using
6061 aluminum alloy as an example, this paper systematically investigated the influences of the key parameter in VPCMT, i.e.,
“positive/negative electrodes ratio (EP/EN Balance),” on weld formation, microstructure, and mechanical properties. It was
found that, with the increase of the EP/EN Balance value, the duty cycle of the negative phase was reduced but the peak current
and maximum temperature of the weld pool were both increased resulting in a higher heat input. The positive/negative electrode
ratio had little impact on the grain misorientation angle in the fusion zone. Hardness of the joint was higher with larger positive
duty cycles because of the precipitate phase and small grain size. An increased negative duty cycle resulted in lower heat input
leading to insufficient melting of the material and deterioration of the mechanical strength of the welds.

Keywords Variable polarity cold metal transfer . Positive/negative electrode ratio . Aluminum welding process . Mechanical
properties . Grain size

1 Introduction

In response to the low carbon emission target rectifying the
climate change challenge, light weight structures are desired
in aerospace, transportation, and many other industrial appli-
cations, where welded high strength Al structures are pre-
ferred due to its low density, high specific strength, and high
structural integrity [1]. Cold metal transfer (CMT) has been
widely applied for welding aluminum alloys due to its low
heat input and excellent stability in terms of process control.
Pickin and Young [2] found that the droplet transfer during
CMT is rather different from other arc welding methods. The

direction of the wire movement would be reversed after
contacting the welding pool. Key parameters affecting the
microstructure, mechanical properties, and the welding quali-
ty include welding speed, peak current, short-circuiting time,
and background time etc. which have been studied extensively
in the past decade. For example, Heng Zhang et al. [3] used
different welding speeds to study the microstructures of de-
posited AZ31 magnesium alloy clad. Large number of pores
were observed in the fusion zone at a high welding speed.
With the decrease of welding speed, the HAZ became more
susceptible to liquation crackings. Wang et al. [4] found that
increased short-circuit current resulted in larger grain size.
Cao et al. [5] obtained a good brazed joint between aluminum
and galvanized steel by carefully controlling the wire feed
speed.

A new droplet transfer mode for CMTwelding was recent-
ly developed by manipulating the ratio of positive/negative
polarity, i.e., the so-called variable polarity cold metal transfer
(VPCMT) advance (C + A) process [6], which offers greater
gap bridging ability, even lower heat input and higher deposi-
tion rate. The positive/negative polarity would change in the
short-circuit phase. Guojin Li et al. [7] were able to use the
same parameters for different gap width and successfully
achieved satisfactory mechanical strength in all weld joins
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which demonstrated an excellent gap bridging ability through
this VPCMT. Cong et al. [8] found that variable polarity cold
metal transfer could reduce the porosity of weld seams with
appropriate combination of parameter. Chen Zhang et al. [9]
investigated the wire arc additive manufacturing of Al-6Mg
alloy using variable polarity cold metal transfer. The variable
polarity cold metal transfer had lower heat input and better
deposition rate ability. During the welding process, there is a
unique parameter called “EP/EN Balance” representing the
electrode positive/negative ratio. Peng Wang et al. [10] used
different electrode positive/negative ratio to weld Mg/Al dis-
similar welded joints and found that, with the increase of EN-
CMT-cycles, the energy input was lower and the strength of
joints was higher. However, the influences of the electrode
positive/negative ratio, i.e., “EP/EN balance,” on the welding
process and weld quality are still unclear and systematic study
is therefore needed for the interest of both industry and
academia.

This paper is to provide a further study on the influences of
the “EP/EN Balance” parameter on welding process in terms
of the weld formation, mechanical properties of the joints, and
welding defects control. It is hoped that this study could pro-
vide further understanding of the variable polarity CMT and
potentially be used as a technical guidance for people who

want to manipulate the CMT welding process and achieve a
better welding quality.

2 Experimental procedure

As presented in Fig. 1, the experimental set-up could be di-
vided into five parts: (1) welding system, which included a
Transplus Synergic 4000 CMT power combined with ABB
IRB 4600 robot; (2) oscilloscope system; (3) high-speed cam-
era system with a frame rate of 5000 fps; (4) thermographic
camera; and (5) industrial PC. The trigger signal was provided
by the computer.

Fig. 1 The schematic of welding
experimental set-up

Table 1 Chemical composition of 6061 aluminum alloy and ER4043 filler metal

Material Mass fraction/%

Al Mg Si Zn Fe Ti Mn Cu Cr

6061 Al Bal. 0.6–1.2 0.4–0.8 ≤ 0.5 ≤ 0.7 ≤ 0.15 ≤ 0.5 0.15–0.4 0.04–0.35

ER4043 Bal. ≤ 0.05 4.5–6.0 ≤ 0.1 ≤ 0.8 ≤ 0.2 ≤ 0.05 ≤ 0.3 –

Table 2 Welding parameters for the experiment

Specimen 1 2 3 4 5

EP/EN Balance − 1 − 0.5 0 0.5 1

WFS (m/min) 5.5 5.5 5.5 5.5 5.5

Welding speed (mm/s) 10 10 10 10 10

Arc length correction (%) 0 0 0 0 0
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(b) EP/EN Balance=-0.5(a) EP/EN Balance=-1

(c) EP/EN Balance=0 (d) EP/EN Balance=0.5

(e) EP/EN Balance=1

Fig. 2 Current waveform for different EP/EN Balance values: (a) -1; (b) -0.5; (c) 0; (d) 0.5 and (e) 1
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The testing system for the welding current/voltage ac-
quisition consisted of an oscilloscope (DSOX4024A) and a
current probe (N2780B). The frequency of droplet transfer
could be extracted from the current waveform. The high-
speed CCD camera was a Phantom VEO 640S (resolution:
1280 × 600) which was able to record the dynamic behav-
ior of the arc and molten droplets. The interval time be-
tween every two successive photos was about 0.2 ms. In
addition, an FLIR A615 IR thermal imaging system was
used to acquire the temperature signals. The infrared im-
ages of the molten pool were collected in real time by the
IR thermal imaging system that were used to investigate

the relationship between electrode positive/negative ratio
and the temperature of the welding pool.

The dimensions of base metal (6061 aluminum alloy)
were 150 mm × 100 mm × 2 mm and the filler metal was

Table 3 The relationship between EP/EN Balance and positive/
negative cycles

EP/EN Balance − 1 − 0.5 0 0.5 1

Positive cycles 4 6 7 8 10

Negative cycles 10 8 7 6 4

Electrode positive/negative ratio 2:5 3:4 1 4:3 5:2

Fig. 3 Formation parameters of the joints. a Map of the joint. b Forming parameter of the joints. c More positive cycles. d More negative cycles

Fig. 4 The effects of variable polarity arc on the melting pool

Int J Adv Manuf Technol (2020) 106:1453 1464–1456



ER4043 with a diameter of 1.2 mm. The chemical compo-
sition of the base metal and filler metal was given in
Table 1. Pure argon (99%) was employed as shielding gas
and the flow rate was 21 L/min and the distance from tip to
workpiece was kept at 12 mm. The other welding parame-
ters were listed in Table 2. After welding, the cross-
sections of the joints were investigated to reveal the geom-
etry of the welds, microstructures, and welding defects by
using a VHX-5000 optical microscope (OM). Electron
back-scattered diffraction (EBSD) was then adopted to an-
alyze the grain structure of transverse cross-sections in fu-
sion zone. The tensile test specimens were prepared ac-
cording to GB2651-2008 standard and tested by using an
AG-25TA tensile machine with a load rate of 2 mm/min.
The fracture morphology was observed in an S-3400N
scanning electron microscope (SEM) to study the effects
of electrode positive/negative ratio on the mechanical
strength of welded joints. In addition, a HDX-1000 auto-
matic Vickers microhardness tester was employed to eval-
uate microhardness in the joint.

3 Results and discussion

3.1 The current waveforms

The current waveforms for different EP/EN Balance values
are shown in Fig. 2. The electrode positive/negative ratio
varied corresponding to different EP/EN Balance values.
The relationship between EP/EN Balance values and
positive/negative cycles is shown in Table 3. The positive
polarity cycle could be divided into three phases. At first,
the current increased immediately when the droplet sepa-
rated from the welding pool, and then the current kept
nearly unchanged when the droplet increased in size.
After that, the current dropped down in the short-
circuiting phase. For the negative polarity, there were also
three phases in one cycle similar to the positive polarity.

When the EP/EN Balance value was very low (< 0), the
deposition ability became greater and the heat input de-
creased correspondingly. When the EP/EN Balance values
became higher (> 0), the heat input would therefore in-
crease while the deposition ability deteriorated. When the
electrode positive/negative ratio changed, the peak value of
the positive current was nearly the same (125 A). The fre-
quency of droplet transfer increased with the decreasing of
the electrode positive/negative ratio. It varied from 3.234
to 4.558 Hz when the EP/EN Balance values changed from
1 to − 1 and the period of EP-CMT-cycle was longer than
EN-CMT-cycle. In addition, the time of droplet transfer
was mainly affected by the plasma drag force Fp [11]:

Fp ¼ KI2 ð1Þ

where K was the coefficient related to the distribution of
arc, I was the current value. The formation of the force was
because that the plasma moved from the tip of wire to the
work piece. The droplet could drop off more easily when
the plasma force was larger.

(a) EP/EN=1 (148A) (b) EP/EN=0 (140A) (c) EP/EN=-1 (135A)

Fig. 5 The acquired arc images of negative cycle at different conditions: (a) EP/EN = 1 (148A); (b) EP/EN = 0 (140A) and (c) EP/EN = -1 (135A)

Fig. 6 The waveform of max temperature for the molten metals (EP/EN
Balance = − 1)
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3.2 Weld bead formation

Figure 3 presents the cross-sections and geometric dimen-
sions of welded joints. The positive/negative electrode ra-
tio had significant influences on the weld formation. When
the EP/EN Balance value was very low, the heat input was
not enough to melt the base metal so that the depth of weld
penetration was relatively shallow. Due to a lower heat
input, the filling metals were all cladding on the surface
of the work plates leading to larger weld reinforcement. As
the positive cycles increased, the heat input would become
higher to change the welding bead appearance. The front/
back of weld width became bigger while the reinforcement

became smaller. Additionally, the wetting angle was also
different under the variation of EP/EN Balance values, i.e.,
the wetting angle was smaller with more positive cycles.
The experimental results further revealed that there were
more gas pores in the welded joints when there were much
more negative cycles than the positive ones, as shown in
Fig. 3c, d.

3.3 Arc behavior and droplet size

The adjustment of EP/EN Balance value could affect the
weld current and voltage. Figure 4 shows the effect of
variable polarity arc on the molten pool. The forces acting

Fig. 7 The shape variation of arc
and welding pools during the
welding process (EP/EN
Balance = − 1)

Fig. 8 The infrared image of the
welding pool

Fig. 9 The max temperature waveforms under different EP/EN Balance values: (a) 1; (b) 0.5; (c) 0; (d) -0.5 and (e) -1
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on the arc included the electromagnetic force, plasma drag
force, and spot pressure and the major force determining
the weld arc shape was the electromagnetic force F1:

F1 ¼ μ
4π

I21n
Rb

Ra

� �
ð2Þ

where Ra and Rb were the upper radius and bottom radius
of the arc column respectively and μ was the magnetic
conductivity. With the increase of weld current, the elec-
tromagnetic force would become larger resulting in an

expanded width of the arc column. Figure 5 presents mor-
phologies of the arc during negative cycles at different EP/
EN Balance values. The current corresponding to the three
figures were 148 A, 140 A, and 135 A, respectively. The
peak current of negative cycle increased as the EP/EN
Balance value became greater.

The droplet behavior prior contacting the weld pool in
short-circuiting transfer was observed by the high-speed
video. The droplet would detach from the wire tip by
retracting the filler wire. The adjustment of positive/
negative electrode ratio had little impact on the droplet
size. Maoai Chen et al. [12] found that the droplet size

(a) EP/EN Balance=-1 (b) EP/EN Balance=1

Fig. 10 EBSD IPF maps and statistics charts of misorientation angle on transverse cross-section of different EP/EN Balance values: (a) -1 and (b) 1
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increases with an increase in the boost current. Due to the
same peak current, the droplet size during positive cycle
remained unchanged. The peak current of negative cycle
increased when the EP/EN Balance increased. However,
the difference in current was very small so that the droplet
size was nearly the same when the polarity switched to
negative phase. Guojin Li et al. [7] have calculated the
droplet size of different polarity and obtained a relation-
ship between different polarities, that is: Vcp = 1.024Vc,
Vcn = 1.65Vc, where Vc is the volume for CMT mode, Vcn

is the volume for negative phase, and Vcp is the volume of
droplet for positive phase. The droplet size during negative
cycle was larger than the size during positive phase. This
was mainly because that the positive ions in the arc had a
greater impact on the droplet, which revealed that more
heat input was used to melt the wire for the negative cycle
to improve the deposition rate.

3.3.1 Effect on infrared imaging

The formula governing the intensity of emitted radiation ac-
cording to the absolute temperature was known as Planck’s
law [13]:

ET ¼ εσ*T 4 ð3Þ

where ET was the irradiance, σ was the Stefan-Boltzmann
constant, Twas the thermodynamic temperature, and ε was
the emissivity of the material surface. The infrared images
were captured for investigating the influence of EP/EN
Balance on the weld appearance. As can be seen in
Fig. 6, the temperature repeatedly changed during the
welding process because the wire was melted by the weld

arc in a repetitive manner. Figure 7 further shows the be-
havioral evolution of arc and welding pools within a period
in the VPCMTwelding process. In the phase of arc striking
or extinguishing, the temperature of the arc was lower and
less energy was transferred to the filler wire resulting in a
“cold” droplet. On the contrary, when the arc became
brighter, more energy can be used to heat the metal wire
leading to a higher temperature in the droplet.

The temperature distribution of the welding pools was
displayed in Fig. 8. The rear part of the welding pool con-
tinued to receive the molten metal and the bead was con-
tinuously solidified. The highest part was the droplet heat-
ed by the arc and the other half was the melt pool. Figure 9
illustrates the maximum temperatures under different EP/
EN Balance values. The maximum temperature increased
significantly when the positive cycles increased inducing a
higher heat input. When the EP/EN Balance was at its
smallest value, i.e., − 1, the temperature was the lowest
and the heat input was not enough to melt the work plate.

3.4 Grain size and crystal orientation

EBSD analysis was carried out at the center of the fusion zone
and HAZ of transverse cross-sections for two samples. The
majority of the fusion zone contained equiaxed grains. The
formation of equiaxed grains was mainly because of the arc
swinging and arc pulsation. There are seldom any columnar
grains because of the use of cold metal transfer arc mode with
periodic changes of polarity.

Grain boundaries distinguished as high-angle (≥ 15°)
ones were marked with black lines, while low-angle (2°–
15°) grain boundaries were marked with white lines. Grain
maps and the distribution of misorientation angle under
different EP/EN Balance values were shown in Fig. 10.
The misorientation angle distribution concentrating in
small angle (2.5°–10°) was in similar pattern in both sam-
ples. It showed that the positive/negative electrode ratio
had little effect on the misorientation. Figure 11 shows
the distribution of grain sizes in the two samples. It was
clearly seen that the average grain size became larger in the
case of more cycles that were positive. When the negative
cycle was much less than the positive ones, the grain size
was between 25 and 100 μm.

Figure 12 further shows the grain maps and the distri-
bution of misorientation angle in different regions (fusion
zone and HAZ). The misorientation angle in majority of
the fusion zone was rather small, i.e., varying from 2.5° to
15°, while the misorientation angle in HAZ was relatively
larger, i.e., varied from 2.5° to 60°. Figure 13 also shows
that the grain size was scattered in different regions and the
average grain size in fusion zone (> 100 μm) was much
larger than that of HAZ (0–50 μm). The difference in grain

Fig. 11 A chart representing the grain size distribution under different
EP/EN Balance values

Int J Adv Manuf Technol (2020) 106:1453 1464–1460



sizes would provide a good explanation for the hardness
variation in the two regions.

3.5 Mechanical properties

Figure 14 displays the measurement results of microhard-
ness distributions along the left, middle, and right of the
joints. The microhardness test points were taken at 0.2 mm
step size on across the welded joints. The hardness of heat

affected zone (HAZ) was higher than other regions regard-
less of the positive/negative electrode ratio, where the met-
al was strengthened by the solid solution. Precipitation
hardening had less impact due to the fast cooling rate
where the precipitates did not have sufficient time to nu-
cleate. Figure 12 shows that the grain size of HAZ was
smaller than other regions so that the hardness was rela-
tively higher. The hardness of the fusion zone was very low
due to grain coarsening effect. When the EP/EN Balance

(a) The region in fusion zone (b) The region in HAZ

Fig. 12 EBSD IPF maps and statistics charts of misorientation angle on transverse cross-section of different regions (EP/EN Balance = − 1): (a) the
region in fusion zone; and (b) the region in HAZ)
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value was the smallest, the hardness of the welded joints
was relatively small due to a lower heat input. When the
EP/EN Balance value was higher (from 0 to 1), it provided
a greater possibility for the nucleation of precipitates, then
the hardness of HAZ was greater than the fusion zone and
base metals. As a result, the fracture did not take place in
the heat affected zone.

The sketch map of a tensile sample was shown in
Fig. 15a. The joints had two different fracture conditions.
When the EP/EN Balance value was lower (from − 1 to −
0.5), the fracture took place in the welding seam. When the
EP/EN Balance value increased (from 0 to 1), the fracture
took place in the base metals. The main reason for this
phenomenon was that the strengthening by grain size re-
duction in the HAZ. The tensile strength increased first and
then slightly decreased. When the EP/EN Balance was the

smallest, the work plate was not completely melted and the
depth of weld penetration was low so that the tensile
strength became much lower. When the EP/EN Balance
value was − 0.5, the strength was still not very high.
When the EP/EN Balance value further increased, the heat
input was enough to melt the work plate and the tensile
strength was relatively high. The difference of tensile
strength between several samples was very small. The
strength was not affected despite the root became obvious-
ly bigger when the electrode positive/negative ratio in-
creased. The root has little effect on the tensile strength
of the welded joints.

The fracture surface was observed by using scanning elec-
tron microscopy (SEM). Figure 16 shows the fracture mor-
phology of joints under different EP/EN Balance values.
Figure 16 a shows the fracture morphology in the case of
maximum negative cycle. Gas pores can be observed in the
fusion zone due to the low heat input on the welding process.
Additionally, there were also many tearing ridges around the
pore. Haobo Liu et al. [14] found that vast number of tearing
ridges indicates that there was more than one initiation near
the pore. Frost et al. [15] investigated fatigue initiation without
propagation, and found that microcracks can initiate near weld
pores, even under low level of cyclic stress. The existence of
pores and cracks would affect the strength of the joints. When
the EP/EN Balance values increased to − 0.5, the heat input
became higher but the fracture still took place in the welding
seam. Figure 16 c and d show the fracture morphologies of the
weld reinforcement and root respectively. In region 1, the
fracture mode of the alloys was cleavage fracture with river
pattern. In region 2, it was belong to brittle fracture with step
pattern. When the EP/EN Balance values were larger (from 0
to 1), the fracture took place in the base metals and the failure
exhibited a ductile mode. A large number dimples can be
observed on the fracture surface but no pores were spotted
which explained the high strength of the joint.

4 Conclusions

1. The variety of positive/negative electrode ratio would af-
fect the current waveform. The peak value of the negative
current became lower with the decrease of the positive/
negative electrode ratio, while the peak current of positive
cycle kept unchanged. The time of droplet transfer for
positive cycle was longer due to the lower plasma drag
force.

2. The arc length for negative cycle was longer with the
increase of the EP/EN Balance value. The maximum tem-
perature of welding pool increased with a larger propor-
tion of positive cycles according to the infrared images
which would affect the weld formation.

Fig. 13 A chart representing the grain size distribution in different
regions

Fig. 14 Microhardness of the joints at different EP/EN Balance values
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3. The grain size was larger with increased positive duty
cycles because of the higher heat input. The HAZ exhib-
ited a smaller grain size but a larger misorientation angle
comparing with the fusion zone.

4. By increasing the positive duty cycles, the microhard-
ness in both HAZ and fusion zone were increased
correspondingly. The tensile strength of the welded
joints increased first but then slightly decreased when

Fig. 15 Tensile testing of different joints. a Sketch map of tensile sample. b Tensile strength

(a) EP/EN Balance value=-1 (b) EP/EN Balance value=0

(d) EP/EN Balance value=-0.5(region 2)(c) EP/EN Balance value=-0.5(region 1)

Fig. 16 Fracture morphology of joints at different conditions: (a) EP/EN = -1; (b) EP/EN = 0; (c) EP/EN = -0.5 (region 1); and (d) EP/EN = -0.5 (region 2)
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the positive duty cycle exceeded certain level. Some
holes on the fracture surface could easily be formed
with the fewer positive cycle due to the lower heat
input.
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