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Abstract The wire melting phenomenon in alternating cur-
rent gas metal arc welding (AC-GMAW) process should be
carefully observed and analyzed since it is one of the most
important representative characteristics of GMAW process. In
this study, a new form of wire melting rate equation for AC-
GMAW process is proposed based on energy conservation
theory and arc physics. Using experimental data, the wire
melting rate coefficients of AC-GMAW are obtained through
nonlinear regression analysis. The wire melting rate is influ-
enced not only by the current waveform, electrode polarity,
and droplet size but also by the shape of the wire tip. That is, if
the wire tip becomes more slender, arc heating has more in-
fluence on the wire melting. Using the wire melting rate pro-
posed in this research, the uncertainty of calculating wire melt-
ing rate coefficients of AC-GMAW can be excluded compar-
ing to existing method.

Keywords Wire melting rate - Alternating current gas metal
arc welding - Arc behavior - Droplet

1 Introduction

Since its development process in the late 1940s [1], the pro-
cess of gas metal arc welding (GMAW) has evolved consid-
erably over the past few decades. Among the several different
types of GMAW processes, alternating current gas metal arc
welding (AC-GMAW) is a relatively new welding process
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that is gaining increased attention due to its several advan-
tages. In AC-GMAW, direct current electrode positive
(DCEP) and direct current electrode negative (DCEN) are
sequentially rotated within one period of current waveform,
which means it can take advantage of both positive and neg-
ative electrode polarity [2]. Since AC-GMAW exhibits char-
acteristics of both DCEP and DCEN at the same time, it is
considered as an effective and productive welding process
offering advantages such as low heat input to the base metal,
high wire melting rate, and stable arc.

Despite the advantages of the AC-GMAW process, it is
hard to use in mild steel welding due to its insufficient pene-
tration into the base metal. In order to overcome this problem,
an improved AC-GMAW process has been developed, which
has peak duration in the electrode negative (EN) period [3].
Since welding processes are usually developed through trial
and error, it is hard to fully understand their characteristics
before sufficient research is published. Thus, a research gap
currently exists in regards to AC-GMAW process.

The wire melting rate is defined as the amount of wire mass
consumed in a given unit of time during welding [4] and is one
of the representative characteristics of GMAW used to assess
welding process productivity. Since AC-GMAW has different
wire melting rates depending on electrode polarity at a fixed
current, arc length varies with polarity change and an unstable
arc is produced. If the wire melting rate is known in AC-
GMAW, then variation in the arc length during polarity
change can be avoided by tailoring the wire feeding speed
(WFS) [3]. In this way, arc stability can be attained. Wire
melting rate coefficients are also needed to construct a math-
ematical formulation for the welding process. Arif and Chung
[5] presented a force-displacement model for AC-GMAW by
adopting wire melting rate coefficients of different current
waveform, but they do not fit with the research due to a re-
search gap in calculating the wire melting rate coefficients.
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The main objective of the present study is to develop a
method for obtaining the wire melting rate coefficients of
AC-GMAW, for which a new form of wire melting rate equa-
tion is proposed. With measured experimental data, the wire
melting rate coefficients are obtained through nonlinear re-
gression analysis using a new equation. The results are veri-
fied, and the arc behaviors and droplets associated with each
wire melting rate are considered.

2 DCEP and DCEN

In the GMAW process, wire is melted through heat generated by
electrical resistance and electrical arc heat generated between a
consumable wire electrode and the workpiece [6]. In GMAW,
both the wire and base metal must be connected to a power
supply. Based on the type of electrode connection, the polarity
falls into one of two categories: DCEP and DCEN. Welding
characteristics, such as the wire melting rate and arc behavior,
are changed in relation to the polarity of the connection [7].

In the case of connections in which the wire is connected to
positive polarity and the base metal to negative polarity, the
status of electrode connection is called DCEP or reverse po-
larity. Weld penetration of the base metal is deep with DCEP,
because the more heat is inputted to the negative electrode. A
detachment force pulls the droplet from the tip of the wire to
the base metal. Therefore, the droplet is transferred to the base
metal smoothly through several different metal transfer
modes: short-circuit transfer, globular transfer, and spray
transfer. Furthermore, since the arc is stable, a low amount
of spatters is generated with DCEP [8, 9].

In the case of connections in which the wire is connected to
negative polarity and the base metal to positive polarity, the
status of the electrode connection is called DCEN or straight
polarity. In DCEN, high wire melting rate is obtained because
of climbing effect of the arc. Consequently, the same wire
melting rate as DCEP can be maintained using less current
in DCEN. Moreover, as there is less heat input to the base
metal, weld penetration of the base metal is shallow. Since a
repulsive force, which is generated by chemical reaction when
CO, is used as shielding gas of GMAW [10], occurs that
disrupts droplet detachment at the tip of the wire, the droplet
does not fall onto the base metal even after sufficient growth.
Because of repulsive force, the shape of droplet surface is
bumpy and arc is relatively unstable [8]. For this reason, metal
transfer in DCEN is mainly restricted to globular transfer
mode [8, 9].

3 Improved AC-GMAW

AC-GMAW exhibits characteristics of both DCEP and DCEN
at the same time. The shape of the welding current waveform
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of AC-GMAW is shown in Fig. 1. The pulsed behavior of the
current can be seen in both the EN period and electrode pos-
itive (EP) period. In Fig. 1, 1, , means the current of positive
peak, I, , means the current of positive base, I, 1, is the current
of negative base, and 1, , is the current of negative peak.

The main phenomenon of the EN period is melting of the
wire. In the electrode negative base (ENB) period, a droplet
formed on the tip of the wire grows slowly by a moderate arc.
In the electrode negative peak (ENP) period, the increased
current value causes the arc to rapidly climb up to the solid
part of the wire beyond the molten droplet, as shown in Fig. 2.
During this time, the surface of the wire exposed to the
climbing arc is melted, but the interior of the wire is not
melted. At the end of the EN period, a bulky molten droplet
was formed at the tip of the wire.

In the EP period, the main phenomenon observed is detach-
ment of the droplet, as shown in Fig. 3. In the electrode pos-
itive peak (EPP) period, the droplet formed in the EN period
detached from the tip of the wire and fell to the base metal,
while the arc descended along the falling droplet. At this time,
the solid part of the interior of the wire is exposed. Once the
droplet was detached completely, the arc reattached itself to
the wire and rapidly melted the slenderized unmelted section.
In electrode positive base (EPB) period, the small droplet de-
tached and the arc was stabilized.

4 Related research

With reverse polarity, the heat generated in the cathode drop
region has an insignificant influence on the melting of the
electrode tip. Thus, the wire melting rate mainly depends on
the heat generated by the anode voltage drop and electrical
resistance of the wire.
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Fig. 1 Oscillogram of the current waveform of AC-GMAW
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Fig. 2 Arc behavior during
electrode negative period

By considering the influence of the arc and resistive
heating, Lesnewich [11] developed an empirical equation for
the wire melting rate in DC-GMAW:

MRy = ol + pSII?, (1)

where MRy, is the melting rate (mm/s), « is the arc melting
coefficient (mm-A~'s™"), 3is the resistive heating coefficient
(A%, I'is the welding current (A), and / is the electrode
extension length (mm). Note that « is dependent on the po-
larity, electrode material, and the anode or cathode voltage
drop. The [ constant depends on the electrode extension
length, electrode diameter, and the resistivity of the electrode.

Calculating the wire melting rate using equation 1 is the
same as obtaining the melting rate coefficients (arc melting
coefficient and resistive heating coefficient). These are obtain-
ed by nonlinear regression analysis using the wire feed speed
data for various current values.

Allum [12] proposed a wire melting rate for P-GMAW:

MR, = al,, + BI{I,* + x(1 — x)I.*}, (2)

where [, is the average welding current (A), x is the peak
period duration ratio, and /, is the difference between the peak
and base current (£, — ). From this equation, P-GMAW with
a pure square pulse current waveform achieves a higher wire
melting rate than DC-GMAW with the same equivalent cur-
rent due to the additional term of resistive heating part.
Furthermore, in P-GMAW, the wire melting rate changes with
peak period duration ratio and difference between the peak
and base current when at the same average current.
Richardson et al. [13] enhanced the accuracy of this wire
melting rate equation for P-GMAW by applying a slew rate.

As the welding current waveform becomes complicated, as
is the case with AC-GMAW, welding phenomenon such as arc
behavior depending on polarity also becomes more complex.
In order to compute the wire melting rate coefficients of com-
plex current waveform, a droplet burn-off rate method (DBR
method) that calculates the local melting rate for each current
waveform period was proposed by Harwig et al. [14]. By
dividing both sides of equation 1 by the current, two compo-
nents are obtained:

- =« + pl, (3)

where #2 js the burn-off rate (mm- s 'A™Y), and 17 is the
electrode extension heating factor (mm- A). By obtaining the
burn-off rate and electrode extension heating factor for a given
period of current waveform through experiment, a burn-off
diagram that plots the burn-off rate against the electrode ex-
tension heating factor produces a line with a slope and y-in-
tercept equal to the resistive heating coefficient and arc melt-
ing coefficient, respectively.

To use the DBR method, it is important to find the solid-
liquid interface position through high speed video image.
Solid-liquid interface represents a boundary between the solid
and liquid part of the wire, and can generally be found in the
area where the molten droplet starts to become larger or small-
er than the diameter of the wire [1]. However, in the ENP
period that is a component of the target current waveform of
this research, a considerable unmelted region existed inside of
the molten liquid, as shown in Fig. 4. Since the volume of this
unmelted part cannot be accurately obtained, it is hard to de-
fine the solid-liquid interface position in the ENP period.

Another weakness of DBR is that when using high speed
video camera, there is uncertainty as to finding the position of
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Fig. 3 Arc behaviors during
electrode positive period

the solid-liquid interface, besides ENP period. Using DBR
method, attempts were made to calculate the wire melting rate
coefficients of AC-GMAW, which has peak duration in the
EN period.

Figure 5 shows the results of DBR method in one experi-
ment case with an average welding current of 150 A and an
EN ratio of 44 %. In the EN period, the wire melting rate
coefficients represented by the slope and y-intercept of the
lines all converge; however, the result of EP period was quite
variable.

Based on these results, it can be concluded that using the
DBR method makes it difficult to calculate the wire melting
rate of AC-GMAW due to the complicated arc behavior of the
ENP period and uncertainty as to finding the position of the
solid-liquid interface.

5 Experimental setup

An OTC DAIHEN DW300 power supply was used for
welding. A preprogrammed current waveform algorithm built
in the power supply was utilized for all experiments. During
welding, the welding torch was kept immovable, and the base
metal was moved by a 2-axis linear stage.

High speed videos were recorded by a Phantom Miro eX4
Mono camera at 10,000 frames per second to observe the arc
behavior and electrode extension length. To record the appar-
ent shape of the wire, a CAVILUX pulsed infrared laser back-
light system was used. The exposure time was adjusted so as
to record a clear image of the wire, which is in a trade-off
relationship with image of arc. Typically, the exposure time
was set to 2 us, but this was changed by the surrounding
environment. The laser backlight unit was synchronized to
the exposure time of the camera.

The welding current and voltage data were measured by a
HKS P1000 sensor, and collected using a National
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Instruments PXIe-1082 chassis and DAQ board PXIe-
6363 at the same frequency for each welding scenario. The
WES was measured by a HKS stationary wire sensor
DV25ST-S3, and collected with a National Instruments de-
vice. The filler wire was 1.2-mm-diameter ER70S-6 mild
steel, and the shielding gas flux was 20 L/min of 85Ar-
15CO,. Bead-on-welding was carried out using a base metal
plate of SS400 steel.

To collect data for calculating the wire melting rate, AC-
GMAW experiments were conducted by adjusting the value of

t = 3.5003s

t = 3.5035s

Fig. 4 Wire melting phenomena in electrode negative peak period and
electrode positive peak period. Note: unmelted part can be observed in
red square
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(a) Results of DBR method in EN period
Fig. 5 Results of DBR method

a number of variables. Nine types of average welding current
were used to cover a range of 100 to 300 A, while the EN ratio
was set at 30, 37, 44, 51 or 58 %. A constant contact tip-to-
work distance (CTWD) and arc voltage of 20 mm and 30 V,
respectively, were used. Table 1 shows the measured average
welding current and EN ratio in accordance with the set value.
The first column of table shows EN ratio, and the first row of
table shows average welding current. The black blocks in
table are the values that cannot be set.

6 Methodology

6.1 Heat generated by the welding arc and wire melting
rate in DCEN

The arc region between the electrode and base metal is broadly
divided into the three regions: anode drop region, plasma re-
gion, and cathode drop region. Since the anode and cathode
drop regions are both very close to their respective electrodes,
the heat generated in these regions is given to the anode and
cathode.

In the case of the cathode, heat is supplied from the cathode
drop region. However, as electrons that are released from the
cathode have thermal energy and a work function, they take
away heat from cathode. It is called cooling effect. Thus, the
heat absorbed by the cathode electrode is as follows [15]:

3kT
ca B 17 4
<v o3 ) )

where Q. is the cathode heat (J - s), and V, is the voltage drop
in cathode drop region (V).

Electrode extension heating factor (mm®A))

(b) Results of DBR method in EP period

Contrary to the anode voltage drop, the cathode voltage
drop is dependent on the welding current [16]. If no current
flows between the anode and cathode, then the electric poten-
tial changes linearly according to position [17]. When a cur-
rent flows, however, the electrons that exist between the anode
and cathode affect the change in electric potential. That is,
electrons around the cathode act as a shield against the electric
field that is generated by anode. Consequently, as the current
is increased, the electric potential around the cathode is de-
creased. The Child-Langmuir law describes this relationship
as [17]:

_4gy [e V32

== A

o \\m (5)
where ¢ is the dielectric constant in a vacuum (F/m), m is the
mass of an electron (kg), and d is the thickness of the cathode
drop region (m). With regards to d, since the thickness of the
cathode drop region is generally less than 0.1 mm, it can be
reasonably regarded as being one-dimensional [18]. The rela-
tionship between the welding current and cathode drop volt-
age is therefore given as:

Va3, (6)
Considering the relationship between the welding current

and cathode drop voltage, then the cathode heat can be
expressed by the following equation:

Q.. = Constant; x I°° 4+ Constant, x 1. (7)

In DCEN, the electrode is melted by the heat that is gener-
ated by the resistance of the electrode and the cathode voltage
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Table 1  Set values of experiment for nonlinear regression analysis

Setting 100 A 125 A 150 A 175 A 200 A 225 A 250 A 275 A 300 A

30 % 129 A-32 % 146 A-29 % 171 A-30 % 195 A-30 % 215 A-30 %

37 % 107 A-37 % 129 A-37 % 149 A-38 % 172 A-37 % 200 A-37 % 212 A-37 % 229 A-38 % 252 A-38 %

44 % 104 A-44 % 128 A-44 % 149 A-44 % 173 A-44 % 201 A-45 % 215 A-44 % 234 A-44 % 261 A-45 % 273 A-44 %
51 % 104 A-51 % 127 A-51 % 148 A-51 % 171 A-51 % 193 A-51 % 214 A-51 % 240 A-51 % 258 A-51 % 277 A-51 %
58 % 108 A-58 % 132 A-58 % 150 A-58 %o 172 A-58 % 193 A-58 % 215 A-58 % 240 A-57 % 262 A-57 % 279 A-57 %

drop. The total heat absorbed by the electrode can therefore be
expressed as:

Qtotal Qca + Qjoule

3 kT 1
= (V-2 - —) 1 i
(o3 0) 1+ ()

= (Constantl x I’ 4+ Constant, x 1)

+ (Constant x [ x I?). (8)

From the above equation, the wire melting rate equation
can be derived as:

MRy, = o> + ~,1 + B, (9)

where MR, is the melting rate of DCEN (mm/s), and a,
and -y, are the arc melting coefficients of DCEN with units of
mm-A>?s™" and mm-A~'s", respectively. The variable B,
is the resistive heating coefficient of DCEN (A% .

6.2 Wire melting rate equation for AC-GMAW

By considering the welding current as a time-dependent
variable, the wire melting rate equations for the EN and
EP periods can be derived by integrating and averaging

over one pulse cycle of the wire melting rate equation
of DC-GMAW.

MRyc_, = E( / ol (t) + ﬁplpl(t)zdt)
= apl,+ B, {[;2 + xp(l_xp)lp-ez} (10)
MRAc_a

=E( [t + vnl(t)+ﬂnln1(t)2dt>

= a, L, 4y L+ Bl ALY+ x ()} (11)
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By combining the wire melting rate equations for the
EN and EP periods, a new form of wire melting rate
equation for calculating the wire melting rate coeffi-
cients of AC-GMAW is derived. Since the wire melting
rate is defined as the amount of wire mass consumed in
a given unit of time during welding, components
representing the wire melting rate of the EN and EP
periods are weighted by the EN period duration ratio
(t,) and EP period duration ratio (1—¢,), respectively:

WMR4c

=1, |:an Ing/s +’Y,,fn— + ﬁnln {1;2 + xn(l_xn)[n_ez}:|

+ (1) [apl_p_ + Bplp {1;2 +xp (1) Ip_? H ’
(12)

where ¢, is the electrode negative period duration ratio,
«, and =, are the arc melting coefficients of the EN
period, «, is the arc melting coefficient of the EP peri-
od, and 3, and (3, are the resistive heating coefficients
of the EN and EP period, respectively. /, and [, are
the average currents of the EN and EP period, respec-
tively. 7,°/%> is the average value of 5/3 square of the
current in EN period. It is related to the dependent
relationship between welding current and cathode drop
voltage. I, . and [, . are the differences between the
base and peak current of the EN and EP period, /,
and /, are the electrode extension lengths of the EN
and EP period, and x, and x, are the fractional peak
durations of the EN and EP period. Note that the equa-
tion consists of two sections: one representing the wire
melting rate of the EN period (indicated by the sub-
script “n”), and the other the wire melting rate of the
EP period (subscript “p”).

In this equation, the values of the eleven variables
(WMRAc, s 1,2, 1y Ipy Iy o Iy e X X 1y and 1) are
measured during experiments, and the five parameters (c,,, ¥,
B cp, and ﬁp) are determined by nonlinear regression
analysis.
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The EN period duration ratio is calculated by following
equation:
hhy + tn_p
(s + tp) + (fp + fp)

t, =

(13)

The peak currentand base current (, v,y p. 1, p,and/, )are
defined as the average current value of the period in which the
current is constant, as shown in Fig. 1.

The fractional peak duration (x,, x,,) is the ratio occupied by
the peak for each period:

L, p)p
= ' . (14)
P b, po Tl p)b

‘When nonlinear regression analysis is conducted, the aver-
age values for the measured wire feeding speed with each case
of AC-GMAW are used for WMR 4 c.
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(c) Positive peak current

Fig. 6 Current for each period

7 Results and discussion

In AC-GMAW, there is the ENP period in which the arc rap-
idly climbs up to the solid part of the wire beyond the molten
droplet and supplies heat to the electrode surface. As the sur-
face of the wire exposed to the climbed arc is melted, but the
interior of the wire is not. Like this, slenderized section of wire
is formed. Since increasing the current in the ENP period
causes the arc to climb higher, the slenderized section is
extended.

The slenderized section affected the wire melting rate.
Therefore, in order to observe the effect of ENP period current
on wire melting rate, the experiments were divided into three
groups based on the ENP period current, and the wire melting
rate coefficients for each group were calculated. As shown in
Fig. 6(b), experiments in which the ENP period current was
less than 340 A made up the first group. The second group

460

current (A)

300 1 i i | i 1 i i )
100 120 140 160 180 200 220 240 260 280 300
setting value of average welding current (A)

(b) Negative peak current

current (A)

i i i i i i i i ;
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setting value of average welding current (A)

100 120

(d) Positive base current
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Fig. 7 Droplet area at the end of the ENB period

criterion was a current of more than 340 A but less than 400 A,
while the third group had a current of more than 400 A.

The wire melting rate coefficients (arc melting coefficients
and resistive heating coefficient) were calculated using the
newly proposed wire melting rate equation. When the ENP
period current was less than 340 A, «, is 0.0283 mm-A"
357! 5, is —6.50E-13 mm-A"'s ™!, 3, is —0.0002265 A% !,
,is 0.2659 mm-A”'s™', and B, is 0.0000974 A~%s™". When
the ENP period current was more than 340 A but less than
400 A, a, is 0.0137 mm-A >"3s7!, ~, is —4.39E-
11 mm-A""'s™", 3, is 0.0000500 A™*s™", a, is
0.6439 mm-A~'s™", and B, is —0.0000136 A™>s™'. When
the ENP period current was more than 400 A, «, is
0.0057 mm-A>3s7!, ~, is =3.67E-07 mm-A"'s™!, 3, is
0.0001230 A™%s™", , is 0.7498 mm-A"'s™", and B, is
—0.0000196 A"

16 ................. PRETEETED ........ geneianes (f=sssemegpasasts e e ......... .

Electrode extension length (mm)

4 i i i i i i i i i ;
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(a) Electrode extension length at EN period
Fig. 8 Electrode extension lengths in EN period and EP period
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In the EN period, the arc melting coefficients (v, and 7,,)
both decreased due to the droplet size and related characteris-
tic of the arc. After droplet detachment, virgin wire is directly
exposed to the arc and is quickly melted, resulting in faster
droplet growth. However, this droplet inhibits arc concentra-
tion on the wire, as the arc root is located on the bottom of
droplet. Consequently, the melting rate caused by arc is de-
creased [14]. In Fig. 7, the droplet area recorded by high speed
video increased as the average welding current was increased,
and so as the average welding current was increased, o, and
7, decreased.

The resistive heating coefficient (3,) increased in the EN
period. /3, implies wire melting occurred by resistive heating
in EN period. This, in turn, is affected by the wire diameter
and electrode extension length.

In Fig. 8(a), it can be seen that as the average welding
current increases, the electrode extension length also in-
creases. This increases the resistive heating generated in wire
increased, and for this reason, (3, increased.

In the EP period, the change in the arc melting coefficient
(ay,) and resistive heating coefficient (3,) was the complete
opposite of that for EN period. a, increased as the average
welding current increased. In the ENP period, the arc rapidly
climbed up to the solid part of the wire beyond molten droplet,
and though the wire surface exposed to the climbed arc was
melted, the interior of the wire was not. In this way, a slender-
ized section of wire was formed. In the EPP period, the de-
tachment of the droplet allows the arc to supply heat to the
wire, resulting in the rapid melting of slenderized section.
Thus, if a slenderized section exists, the magnitude of the
arc melting coefficient is increased [13].

Figure 9 shows a tendency of measured length and diame-
ter of the slender section. And the exterior of slenderized wire
at 58 % EN ratio are shown in Fig. 10. Note that as the average

Electrode extension length (mm)

A i 1 1 i 1 i 1 1 i )
100 120 140 160 180 200 220 240 260 280 300
setting value of average welding current (A)

(b) Electrode extension length at EP period
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Diameter (mm)
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(a) Diameter of slender section

Fig. 9 Diameter and length of slender section

welding current is increased, the slenderized section increases
in length but decreases in diameter, which increases the melt-
ing effect of the arc. As a result, o, is increased in the EP
period when the average welding current is increased.

In the EP period, the electrode extension length increased
when the average welding current was increased, but 3, was
decreased. This was an opposite result to the EN period.
Because the slenderized section is just a small part of the
electrode, it does not affect the total resistive heating of the
wire. However, amount of melting by arc is increased due to
the slenderized section being extended. Since this phenome-
non does not being contained in wire feeding speed used for
nonlinear regression analysis, the effect of resistive heating
seems to be decreased due to the increased effect of arc
heating. For this reason, despite the increasing electrode ex-
tension length, 3, decreased.

Figure 11 shows the relationship between the measured
wire feeding speed and the calculated wire melting rate. The
coefficient of correlation R was 0.99, and the standard error
was 0.47. This means that the new wire melting rate equation
suitably calculates the arc melting coefficients and resistive
heating coefficients.

Length (mm)
w
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w
'S

32

4 : : : : : : : : :
28 i i 1 i 1 L i L s J
100 120 140 160 180 200 220 240 260 280 300
setting value of average welding current (A)

(b) Length of slender section

The obtained wire melting rate coefficients were verified
using seven sets of experimental data, which were not used in
the nonlinear regression analysis.

Figure 12 and Table 2 show the results of verification. The
calculated wire melting rates were very close to the measured
wire feeding speed. The highest error rate was 5.27 % when
the average current was set to 100 A and the EN ratio was
49 %. This means that using the arc melting coefficients and
resistive heating coefficient obtained by the proposed wire
melting rate equation allows the wire melting rate of AC-
GMAW to be predicted.

8 Conclusions

The AC-GMAW, which has a pulsed behavior of current
waveform in both the EN and EP periods, has noticeable char-
acteristics. In the ENP period, the arc rapidly climbs up to the
solid part of the wire beyond the droplet. Since the surface of
the wire exposed to this climbed arc is melted, additional wire
melting occurs. But the interior of the wire is not melted. As a
result, a large amount of unmelted solid part and melted liquid

Fig. 10 Slender sections of various average welding currents at 58 % EN ratio
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240} This research proposes a new wire melting rate equation
0l that reflects the physical properties of DCEN. A new wire

m melting rate equation for AC-GMAW was also derived by

353 o merging the wire melting rate equations of DCEN and

% 1801 DCEP. Owing to the complex arc behavior during the ENP

g 160 period, the respective accurate wire melting rates for the EN

= o and EP period could not be obtained. Therefore, the wire

g melting rate coefficients were calculated by using the average

= &y wire feeding speed of several cycle of welding current wave-

‘_§ 100+ form and the new wire melting rate equation for AC-GMAW

§ ol through nonlinear regression analysis.

The proposed wire melting rate equation of AC-GMAW
B0 was verified by using obtained wire melting rate coefficients
40 v v and experimental data, which was not used for nonlinear re-
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Fig. 11 Relationship between measured wire feeding speed and
calculated wire melting rate
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Fig. 12 Plot of measured wire feeding speed and calculated wire melting
rate of experiments for verifying

part coexist in the same region. The wire melting rate is influ-
enced by the current waveform, electrode polarity, droplet
size, and the shape of the wire tip. That is, if the wire tip
becomes more slender, arc heating has more influence on
the wire melting.

gression analysis. In conclusion, the calculated wire melting
rate and measured wire feeding speed were reasonably
matched.

Using the wire melting rate equation proposed in this re-
search, the uncertainty of calculating wire melting rate coeffi-
cients of AC-GMAW can be excluded comparing to existing
method. Also, even if the wire melting rate of certain period,
which has complex arc behavior, cannot be obtained, the wire
melting rate coefficients of AC-GMAW can be calculated
using average wire feeding speed.

The wire melting rate coefficients of AC-GMAW can be
calculated by using wire melting rate equation proposed in this
research. Therefore, it is possible to perform welding at the
intended wire melting rate by setting the variable to suit the
working environment. Moreover, since the research gap of
wire melting rate is filled, related research of AC-GMAW
can be extended. Furthermore, AC-GMAW process could be
implemented in industry.

In the ENP period of AC-GMAW, the unmelted part exists
in the interior of wire. The volume of unmelted part cannot be
accurately obtained by using high speed video. After the ENP
period, the arc is descended following detached droplet in EPP
period. At the EPP period, the molten part of near the solid-
liquid interface is partially solidified. This phenomenon is not
contained in the wire melting rate equation. Therefore, if the
volume of unmelted part in the interior of wire can be mea-
sured and additional term, which contains solidification phe-
nomenon, is added to the wire melting rate equation, the local
wire melting rate coefficients of each period of the current
waveform of AC-GMAW can be calculated. This is an

Table 2 Measured wire feeding

speed and calculated wire melting 100 A 125 A 175 A 200 A 225 A 250 A 300 A
rate of experiments for verifying 49 % 40 % 27 % 25 % 35 % 34 % 46 %
Measured WFS 57.5563 68.7408 98.6191 116.945 135.759 146.683 216.760
(m/min)
Calculated WMR 54.5256 69.1521 102.854 121.009 139.815 153.139  215.853
(m/min)
Error rate (%) 5.27 0.60 429 3.47 2.99 4.40 0.42
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unexplored area for future research of the wire melting rate
equation of AC-GMAW.
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