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Abstract This paper presents the development of a new ver-
sion of the MIG/MAG process for use in cladding. The work
continues with what in marketing terms is known as Bcold
processes.^ That is why the validation of this new version is
compared with the cold metal transfer (CMT) version. This
new version uses alternating current (AC) provided from a
power source which has the ability to regulate all the electrical
variables, so that it is possible to meet the requirements for
reignition of the arc while changing the polarity and also en-
sure the stability of the metal transfer. The welding tests were
aimed at the use of water wall cladding in thermal power
plants. The version developed presented characteristics that
are common to CMT and interesting for the application of
coatings: low welding power and low dilution of the deposited
material. Furthermore, the good stability and wettability of the

developed process, together with the high productivity in
comparison with the CMT version, demonstrate its potential
use for applying metallic coatings by welding.
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1 Introduction

As in any production operation, besides quality, productivity
is also very desirable in cladding. However, obtaining higher
productivity nearly always involves the use of greater power
in the heat source to melt a greater quantity of filler material
when one is dealing with fusion processes. This higher power
does not necessarily mean a decrease in the quality of the
cladding with respect to dilution, which is one of the main
characteristics required. If the movement velocity of the heat
source is proportionally greater, the welding energy can be
reduced, which could mean a reduction in dilution.
However, the energy is only one of the influential factors.
Other factors may have an influence of a similar magnitude.
One of them is fairly significant: the effectiveness of the arc
pressure on the substrate. This pressure can be influenced in
various ways. The type of gas used in the arc is one of the
influential factors that leads to highly-differentiated results
[1]; however, the type of metal transfer is one of the most
relevant factors. For the same heat source power, there is a
noticeable difference in the dilution if the transfer is by free
flight or short circuit. In free flight, there is a level of move-
ment of the droplets that impacts the substrate, contributing to
the penetration action. When the transfer is by short circuit,
the material is transferred with less movement, which causes
less penetration action.
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Another relevant factor for the penetration action on the
substrate is the amount of filler material involved for the same
arc power. If there is a greater relative amount of material, this
will be an obstacle to large action by the heat source on the
substrate. It is as if the filler material acts as a layer of insula-
tion. Hence, any action that increases the amount of material/
power ratio results in a decrease in the penetration and, con-
sequently, a reduction in the dilution. From the balance of
these actions—not just from the selection of a particular pro-
cess—it may become possible to adjust the dilution in a clad-
ding operation.

The change in polarity to operate at this ratio has been used
in some situations, in spite of the inadequate properties of the
arc and the metal transfer when the electrode is a cathode [2,
3]. Examples of applications have been found which enable
the filling of joints lacking regularity in automated operations
[4, 5] and control of the deposit’s geometry in coating welding
[6]. In these cases, the variation in polarity occurs at frequen-
cies much lower than the frequency of the electricity distribu-
tion network. Therefore, the designation of dual-polarity di-
rect current is more suitable than for cases in which the fre-
quency is close to that of the distribution network [7]. In these
latter cases, alternating current is more appropriate. For these
frequencies, applications have involved the welding of alumi-
num and its alloys via the MIG/MAG process [8, 9] and the
TIG [10, 11] and plasma [7] processes.

Despite these applications, the use of alternating current for
ferrous alloys and nickel alloys via the MIG/MAG process
(pulsed AC) is not commonly applied industrially. This is
one of the goals of this article, within the context of obtaining
a larger amount of filler material in relation to a certain
welding power. This follows the direction of the technologies
commonly known as Bcold welding,^ for example, cold metal
transfer (CMT). However, the term Bcold welding^ leads to
controversial understandings and prevents the proper use of
each variant of the MIG/MAG process. Thus, the CMT ver-
sion cannot be considered to be cold, when compared (at the
same wire velocity) with the conventional version of short-
circuit transfer. Dutra et al. [12] clearly showed this grammat-
ical dichotomy in which, for the case presented, the CMT
version of the MIG/MAG process performs better because it
is Bhot^ in relation to the conventional version with short-
circuit transfer. However, the CMT version can be considered
to be cold compared to the pulsed version [13]. Therefore, as
far as is physically possible for a short-circuit transfer, the
traditional pulsed version will be Bhotter^ than the CMT ver-
sion. In relation to this aspect of power and energy, logically it
is expected that the pulsed version penetrates more in the
substrate and provides greater dilution. However, these char-
acteristics are not only simply dependent on electrical power
and the subsequent resulting welding energy but also on the
kinetic energy of the metal transfer and the aforementioned
ratio regarding the amount of filler material and arc power.

With respect to metal transfer, the CMT version is the
one that uses the surface tension effect of the melted
material more than all the other MIG/MAG versions
based on this effect [12]. This feature is a consequence
of the wire-electrode retreating at the moment of short-
circuiting, which eases the pressure on the weld pool. In
the pulsed transfer, the droplets have a large amount of
kinetic energy upon impact with the molten pool, which
has a contributory effect on the increase in penetration.
However, it is not possible to separate the causes for
obtaining greater or lesser penetration; all are associated
with each other—plasma column pressure, droplet impact
pressure, heat content of the droplets, and the relation-
ship between the power and melting rate of the wire-
electrode. Two of these causes that have an effect on
the penetration and, therefore, the dilution, can be ma-
nipulated by using alternating current. The first concerns
the plasma column pressure, while the second concerns
the relationship of the power to the melting rate of the
wire-electrode. In the moments in which the wire is the
cathode, the arc rises along the wire due to the natural
characteristic of the arc to seek the conditions most fa-
vorable to field electron emission [4, 9, 14]. Figure 1
shows this behavior, in which it is possible to see the
rise of the arc along the wire-electrode, as well as some
cathode points formed by the anchoring of the arc in its
search for a smaller work function [15]. This rise of the
arc along the wire contributes to the aforementioned con-
sequences affecting the weld geometry. One of them is
the decrease in arc pressure, which occurs due to its
expansion; the second is the increased melting rate at
the same power, due to the strong plasma heat transfer
to the wire at the expense of heat for the weld pool.

The decrease in the concentration of heat and pressure
on the weld pool is quite obvious effects which lead to the
reduction in penetration. The increased melting rate, be-
sides reducing the heat available to the anode, indirectly

Fig. 1 The phenomenon of the arc climbing above the wire with a view
of some cathode points
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reduces the thermal effect on the innermost parts of the
substrate, because there is more material coming between
the arc and the piece. This greater interposition of material
has a mechanical and thermal insulation effect. Thus, for
coating applications, these characteristics are desirable.
However, keeping this polarity for a long time will lead
to a short circuit with an extremely large droplet, with
unsuitable conditions for the metal transfer. This prevents
the process from occurring and causes failures in the weld
deposit. Therefore, in order for the process to work and to
meet the requirements for good stability of the metal
transfer, the set of variables must be well-defined. After
a certain amount of time at the negative polarity, in which
a droplet volume not much larger than the diameter of the
electrode is formed, the polarity must be changed so that a
suitable arc configuration is obtained for the extraction of
the said droplet. Figure 2 shows a picture of when the
electrode becomes positive, with the anchoring of the
arc at the edge of the wire-electrode. This provides the
right conditions for the formation of magnetic forces for
the expulsion of the droplets.

There are also requirements regarding the amount of time
at each polarity and at the respective currents in order to obtain
proper stability for the metal transfer. In turn, the aforemen-
tioned variable values are intrinsically linked to the equilibri-
um between the velocity at which the wire is fed and the
melting capacity obtained by the configuration of the currents
and their respective operating times. This equilibrium is an
essential condition for there to be a welding process. The
optimization of the intensity values of the current at each
polarity, as well as their respective times, is important, but is
not a primary concern. Because of this, as well as to determine
the variables for the pulsed direct current version, the first step
is to search for a mathematical relationship between the wire
velocity and the average current. Although simplified, the
relationship Vw = k·Im provides results within an acceptable
error range.

1.1 Objectives

This work presents a new version of the MIG MAG process
for use in cladding within what the commercial and industrial
marketing sector refers to as Bcold welding.^ The case is di-
rected to the Inconel 625 consumable, seeking a solution for
the cladding of water wall panels of thermoelectric power
plants. The new version of the MIG/MAG process (the AC
version) is the one that is already being commercially used
with aluminum alloys. For the development in this present
paper, there must be a customization of the power source
and the development of parameterization in order to obtain
metal transfer stability. The performance of this new version
shall be compared with the conventional pulsed direct current
(+DC) version and the CMT version which is regarded as a
cold transfer method.

2 Material and methods

2.1 Development of parameterization for welding
with pulsed alternating current

In the positive polarity pulsed direct current (+DC), the main
issue to be resolved is the formulation of equations for the
variables to fulfill the two basic principles of pulsed current:
(1) the equilibrium between the wire feed velocity and the
speed with which it is melted, and 2) the detachment of one
droplet per time period. In the AC situation, in addition to
these two principles, in accordance with the not sufficiently
technical nomenclature, welding that is as Bcold^ as possible
should be produced. This means that an average current that is
as large as possible at negative polarity must be sought.
However, this value is subject to the fact that the transfer
cannot be done at this polarity and, thus, as soon as a certain
volume of material has been melted at the negative polarity, it
is necessary to reverse the polarity. This quantity of molten
material cannot be much higher than that required for a drop-
let, in order to prevent destabilization of the pulsed transfer.
The droplet’s diameter cannot be much larger than the elec-
trode’s diameter, in order to ensure good stability and repeat-
ability in the metal transfers. The transfer should occur in the
positive polarity (as in Fig. 2), in which the arc is anchored to
the end of the electrode.

Thus, considering the principle of the detachment of one
drop per period, a pulse current with its respective time should
be stipulated, such that sufficient electromagnetic forces for
detachment are produced. For this set of variables—pulse cur-
rent (Ip) and the pulse time (tp)—the situation of pulsed current
at the conventional polarity (+DC) was taken as the starting
point, which for a gaseous mixture of 2.5 %CO2 in argon, was
a pulse current of 320 A and a pulse time of 3.2 ms (Fig. 3).
The relationship constant (k) between the average/meanFig. 2 Arc anchored at the end of the droplet when the wire is the anode
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current (Im) and wire velocity (Vw) for this polarity is kp-
= 0.895mm/A·s (0.0537m/A·min). For full parameterization,
two independent fusion constants were adopted, with each one
acting on the average current at each polarity. To determine the
constant k at the negative polarity (k

n
), it was assumed that the

result would be valid based on experiments done with nega-
tive polarity in 100 % of the time. Although the process does
not have good stability, it is possible to obtain a relationship
between the current and the wire velocity by considering the
intervals between the short circuits caused by the droplets. The
constant k for the negative polarity was kn = 1.287 mm/A·s
(0.0772 m/A·min). Both k constants were obtained using the
same methodology as for aluminum alloys [8].

With regard to the detachment variables, besides the pulse
variables (Ip and tp), we considered a small interval (also in
positive polarity) referred to as the base time, in which a rel-
atively low current (base current) acts. This consideration
evolved concurrently with the execution of the experiments
and also took into account the results of Dutra et al. [16]. The
purpose of this small interval, determined in association with
the previous pulse, is to make the droplet detach at a lower
current. Under this condition, the droplet is subjected to less
intense electromagnetic forces than during the pulse of cur-
rent, which leads to lower acceleration of the droplets and
therefore greater stability in the process. Furthermore, as
shown in [16], the weld bead has a better surface finish.
After several trials, the values selected were 40 A and 2 ms,
which provide the features mentioned without much influence
on the energy equilibrium. The detachment of the droplets was
monitored by high-speed filming, which indicated the need
for an increase in pulse current to 360 A. The tests were con-
ducted for various negative polarity currents, resulting in the
adoption of a droplet diameter of 1.43mm, which proved to be
very compatible for a wide range of activity within the
process.

The calculation sequence was established as follows:
The period T is the sum of the pulse, base, and negative

polarity times:

T ¼ tp þ tb þ tn ð1Þ

In which:

T transfer period (ms);
tn negative time (ms);
tp pulse time (ms).

The period T is determined by the relationship of the wire
velocity and the droplet diameter being analyzed, in accor-
dance with what is also in the single-polarity pulsed current:

T ¼ 2⋅dg3

3⋅de2⋅Vw
ð2Þ

In which:

dg droplet diameter (mm);
de electrode diameter (mm);
Vw velocity of the wire in mm/s.

The average velocity of the wire-electrode feed can be ob-
tained by:

Vw ¼
kp⋅

Ip⋅tp þ Ib⋅tb
tp þ tb

⋅ tp þ tb
� � þ kn⋅In⋅tn

T
ð3Þ

If the negative current is the input variable, then the
wire feed velocity is obtained from (3), which leads to
the determination of T in (2), and tn in (1). Given that
for the present study the comparison paradigm was
based on deposits in the three variants of the MIG/

Fig. 3 Oscillogram of voltage,
current, and power of the pulsed
+DC MIG/MAG mode for
Inconel 625 (1.0 mm diameter)
used with a gas of 2.5 % CO2 in
argon
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MAG process, with the same wire velocity of 145 mm/s
(8.7 m/min), the current In must be extracted from equa-
tion (3), thus obtaining:

In ¼ Vw⋅T−kp⋅Ip⋅tp−kp⋅Ib⋅tb
kn⋅tn

ð4Þ

The negative current obtained in (4) was 43 A for the wire
feed velocity adopted in the testing. Thus, the welding param-
eters were defined as: Ip = 360 A, tp = 3.2 ms, Ib = 40 A,
tb = 2.0 ms, In = 43 A, tn = 8.2 ms, and Vw = 145 mm/s; hence,
the Electrode Negative ratio used was EN = 61.2 % (time on
negative polarity divided by the wave’s period). The oscillo-
gram resulting from this parameterization can be seen in
Fig. 4.

2.2Methodology for execution of the cladding and analysis
of its quality

One of the reasons for conducting this study was to
make feasible a coating with good qualities in boiler

walls positioned in the flat position, as shown in
Fig. 5. It is in this situation that it is most difficult to
prevent inhomogeneous weld beads because, as shown
in Fig. 5, the first weld beads applied from the bottom
upwards on the tubes lie near the horizontal position,
which is quite vulnerable to dripping. Due to this, a
standard test specimen composed of a 12.7-mm-thick
AISI 1020 steel plate positioned at 45° (Fig. 6) was
adopted, so that four weld beads could be deposited
side-by-side from the bottom upwards. This configura-
tion enabled a proper comparison between the deposits
in the three cited versions of the MIG/MAG process
(pulsed AC, pulsed +DC, and short-circuit CMT), so
that the new version could be validated. The plate was
always cooled to room temperature before the applica-
tion of each weld bead, in order to replicate the condi-
tions on the tubes of the water walls, given that these

Fig. 4 Oscillogram of the
voltage, current, and power of the
pulsed AC MIG/MAG mode for
Inconel 625 (1.0 mm diameter)
used with a gas of 2.5 % CO2 in
argon

Fig. 5 Real situation of the tube panel Fig. 6 Test specimen for analysis in standard conditions
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are normally cooled by water during the application of the
coating. Concerning the power sources, the two pulsed process-
es were conducted using an IMCDigiPlus A7AC and the short-
circuit process used a FRONIUS VR 7000 CMT Advanced
power source. Welding torch handling was possible through
the usage of a MOTOMAN SIA-7 seven axis anthropomorphic
welding robot arm. The voltage, current, and power, as well as
wire velocity acquisitionwere donewith a SAP v4.2 equipment,
a dual-channel welding data-logging dedicated instrument, also
manufactured by IMC. All the imaging presented in this paper
was made using an IDT MotionPro Y4-S2 high-speed camera.

One criterion applied to the weld beads in each of the MIG/
MAGmodes used was the use of the same wire-electrode veloc-
ity. The value of 145 mm/s (8.7 m/min), which was used in the
pulsed AC and resulted in a deposit with a satisfactory appear-
ance, determined the feed velocity adopted for the other versions.
Another criterion was the obtaining of a coating with similar
surface geometries and productivities. For this, it was necessary
to use torch oscillation movements adapted to the shape of the
weld pool of each version of the process. The aim of this was to
obtain weld beadswith an identical width for each version. Thus,
for the pulsed +DC, the oscillation amplitude was 6 mm; for the
pulsed AC, the width was 10 mm; and for the CMT, it was
11 mm. The shielding gas was modified for the CMT case, in
which a mixture of 25% of helium to the argon is more suitable.
Table 1 shows the regulated parameters for the three versions.

3 Results and discussion

3.1 Definition of the pulsed +DC and pulsed AC
MIG/MAG parameters

The determination of the pulse parameters was initially done
for the pulsed MIG/MAG in the +DC version. Despite the

droplet transfer not being clear in the oscillograms, the
Ip = 320 A and tp = 3.2 ms set showed good stability, with
droplet detachment occurring at the beginning of the base
phase. This was monitored by high-speed filming. The calcu-
lated droplet diameter was 1.37 mm. The oscillogram shown
in Fig. 3 represents the situation for the wire velocity of
145 mm/s (8.7 m/min) used in the coating tests. For this situ-
ation, the average current was 146 A, the average voltage was
24.8 V, and the power (calculated by averaging the instanta-
neous power) was 4127 W, as shown in Table 2.

The determination of the parameters for the pulsed AC
MIG/MAG (dual-polarity) began by using the same pulse
parameters as for the pulsed +DC. However, with the aid
of high-speed filming, in the very first observations, it
was seen that there was no droplet detachment in some
cycles. Thus, the pulse current was increased to 360 A.
Furthermore, it was found that in terms of metal transfer
stability the best results occurred with droplet diameters
greater than those in the +DC situation, with values of up
to dg = 1.43 mm.

This development was not only in the electrical param-
eters but also involved the dosage of the shielding gas and
the capacity of the power source. All these factors are
interdependent among each other and, especially in the
case of the power source, the implementation of a system
for the arc reopening voltage was required, using a pulse
voltage of 1000 V. In the case of use with aluminum, this
value can be much lower. In relation to the shielding gas,
the use of pure argon does not favor cathodic emission
which is characterized by the cathode spots that appear in
the photo of Fig. 1. Thus, a mixture of argon with 2.5 %
CO2 led to good stability in the process. The result was
confirmed by the use of high-speed filming, as seen in the
photo in Fig. 7, which shows voltage surges in the base
current stages that characterize the moment of droplet
detachment.

For the situation corresponding to the samewire velocity as
that in the +DC version, the average current (considering the -
DC level repelled to the positive side) was 122 A. In the same
circumstances, the voltage was 20.2 V, and the power (calcu-
lated from the instantaneous values) was 3142 W—24 % less
than in the +DC version.

Table 1 Welding parameters regulated for the pulsed +DC, pulsed AC,
and CMT

Pulsed +DC Pulsed AC CMT

Ip (A) 320 360 –
tp (ms) 3.2 3.2 –
Ib (A) 83 40 –
tb (ms) 8.6 2 –
In (A) – −43 –
tn (ms) – 8.2 –
Vw (mm/s) 145 145 145
Ca – – −5
A (mm) 6 10 11
F (Hz) 3 3 3
Vs (mm/s) 10 10 10
dg (mm) 1.37 1.43 1.45
Gaseous

mixture
97.5 % Ar +

2.5 % CO2

97.5 % Ar +
2.5 % CO2

75 % Ar +
25 % He

Flow rate (L/s) 15 15 15

Table 2 Comparison data for the pulsed +DC, AC, and CMT MIG/
MAG versions

Values read Pulsed +DC Pulsed AC CMT

Vw (m/s) 145 145 147

Average voltage (V) 24.8 20.2 14.81

Average current (A) 146 122 144

Average power (W) 4127 3142 2700
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3.2 Coating welding

As mentioned, one of the challenges is in obtaining deposits
without runoff due to the welding position. It soon became
evident that deposition with the +DC version was more diffi-
cult because the weld pool is more fluid, which is completely
explained by the greater power required. This may also ex-
plain the higher dilution of approximately 28 %. In the AC
version, the weld beads anchored much more easily and there
tended not to be runoff. The explanation for this is the lower
power required, in accordance with data already obtained.
This would also explain the lower dilution of about 8 % com-
pared to 28 % in the +DC version.

The CMT version, whose electrical data are shown in
Fig. 8, had good anchoring characteristics, but some difficulty
associated with its wettability. This may be related to the rel-
atively low power (2700 W) compared to the other versions.
This is also one of the causes of the extremely low dilution
(3 %), which compromises the integrity of the deposit.

From a top view of the deposits (Fig. 9), it is possible to see
that the deposit with +DC has almost no flaking, which is clear
in the subsequent deposits. This characteristic could be related
to the power necessary in each version of the process.

As for the question of dilution, when analyzed from the
geometrical point of view (Fig. 10), it is possible to affirm that
the dilution obtained from the AC version (8 %) is relatively

Fig. 8 Oscillogram of voltage,
current, and power of the CMT
mode for Inconel 625 (1.0-mm
diameter) used with gas of 25 %
helium in argon

Fig. 7 Detail of the droplet
detachments in the pulsed AC
mode
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good, given that the dilution obtained with CMT is in a critical
region, which may lead to failures, while the dilution obtained
with the +DC version is very high.

In the tests with the boiler panel, it was determined that
the best performance was achieved with the AC version
(Fig. 11). The +DC version presented serious difficulties
in executing the weld beads when starting from the mem-
brane, due to excessive runoff. Thus, the reinforcement of
the weld beads is very large, which results in increased
demand for material. This increases the operational cost
and decreases the productivity, because more weld beads
are required to coat the same area of the tube in compar-
ison with the process executed in AC.

The CMT MIG/MAG did not produce good results, but in
this case, it was due to the excessive power reduction. This

made it difficult to obtain wider weld beads, even when in-
creasing the percentage of helium up to 60 % of the mixture
with argon to achieve greater wettability. Another execution
difficulty was related to the welding equipment, which in ad-
dition to the high cost, involves a large heavy torch that leads
to the need for a larger and more robust manipulator than that
used for coating with pulsed AC.

4 Conclusions

This work showed the feasibility of using Inconel with the AC
MIG/MAG process which had previously been commonly
used for aluminum alloys, as already disclosed in the literature
and available in commercial equipment. There was a need for
some implementations in the energy supply hardware, espe-
cially with regard to the arc reignition characteristics at the
moment of changing the polarity. The transfer stability was
equivalent to that obtained in the +DC version.

With the alternating of the polarity, there was a significant
reduction in arc power for the same wire velocity, which is
consistent with the direction of industrial marketing—a cold
weld. In relation to the CMT version, one can say that the AC
MIG/MAG is hotter; however, for the case analyzed, the power
reduction in the CMT version was too large. Maybe that is why
the CMT version has its combinations; that is, intercalated pe-
riods with the transfer in pulsed current. Nevertheless, as already
mentioned, the CMT version involves more expensive equip-
ment with a torch that is very heavy for automated devices.

Fig. 10 Verification of the penetration profile under macrographic
analysis: a pulsed +DC, b pulsed AC, and CMT

Fig. 9 Deposits of Inconel 625
applied using three MIG/MAG
versions: a pulsed +DC, b pulsed
AC, and c CMT

Fig. 11 Boiler panel covered
with 1.0 mm Inconel 625 wire
using pulsed AC MIG/MAG
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