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The nature of the applied shielding gas has a strong influence on arc stability and trans-

fer metal mode of the welding process. In particular, increase of the percentage of carbon

dioxide in argon induces the increase of the transition current value from the globular to

spray metal transfer mode. This work shows that these effects are linked to the chemical

and microstructural modifications of the anode tip during the gas metal arc welding pro-

cess. The microstructure of the anode is investigated for various experimental conditions.

Transition between the two transfer modes is linked to the existence and disappearance

of a rather insulating oxide “gangue” at the wire extremity whose nature depends of the

shielding gas. Chemical reactions at high temperature such as oxidation–reduction reac-

tions between shielding gas and melted metal govern the transition of the spray-arc to

globular transfer mode.

© 2008 Elsevier B.V. All rights reserved.
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than 50 years, as Lancaster (1984) reviewed in his book. In
. Introduction
he “Metal Inert Gas”–“Metal Active Gas” (MIG–MAG) type
rcs have already been applied in welding processes for more
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such devices the plasma arc burns between the extremity
of a fusible electrode and metal plate. These processes are
used usually with reverse-polarity direct current, where
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the melting electrode is the anode. This operating condition
assures better arc stability. Then the melted metal from anode
is deposited on the metallic substrate acting as cathode. The
discharge occurs in a surrounding atmosphere of shielding
inert or chemical active gases. Lesnewich (1958) has listed
the most frequently used gases or gas mixtures: argon or/and
helium in MIG welding and carbon dioxide as well as various
mixtures of argon or/and helium with CO2, O2, H2, N2, NO
in MAG welding. These processes allow joining different
kinds of steel, aluminium, magnesium, copper and nickel or
titanium-based alloys.

The transfer mode of the melted metal in the arc depends
mainly on nature of the used gas, electrode dimensions and
composition, the wire feeding speed and the density of the
welding current. Lancaster (1984) described the three man-
ners in which metal transfer can occur, in accordance with
arc current and gas mixtures: by short-circuits or “short-arc”
(SA), “globular transfer” (G) and “spray-arc” (S).

These modes involve particular comportment of arc
according to stability, quality of welding and penetrating
power, gas consumption and emitted particles. In particu-
lar, addition of CO2 in argon shielding gas involves a globular
transfer mode less stable than spray-arc.

As demonstrated by Valensi et al. (2006) and Zielinska
et al. (2008), working conditions of the process have also
direct consequences on the plasma, and induce an evolu-
tion of its composition and shape: the images of the column
of the gas metal arc welding (GMAW) plasma operating
in different conditions and observed at different modes of
the metal transfer using a fast camera and narrow band-
width interference filter centered to 469.2 nm, are shown
in Fig. 1; the plasma core is clearly in the form of a
cone for the spray-arc mode and a bell for the globular
mode (Zielinska, 2005). The electromagnetic forces are one

of the main phenomena involved in the detachment of
melted metal drops: Nemchinsky (1996) calculated that the
change of their sign (from detachment force to attachment
force) related to the change in the curvature of the current

Fig. 1 – Images of the gas metal arc welding (GMAW) arc
operated with different gas mixtures and discharge
currents: short-arc in pure argon, 146 A – globular in argon
or with 15% CO2 – spray-arc in pure argon, 330 A transfer
modes of the molten metal to the weld pool. The method of
plasma imaging was developed by Valensi et al. (2006) and
Zielinska et al. (2008).
c h n o l o g y 2 0 9 ( 2 0 0 9 ) 3581–3591

lines, explains the transition to globular mode (Nemchinsky,
1996). But to our knowledge, no satisfactory explanation
has been proposed concerning the evolution of the current
lines.

In the same way, working conditions of the GMAW pro-
cess will give rise to some physicochemical transformations
of the anode wire. However, such transformations are cur-
rently rather unknown and their influence on the molten
metal transfer mode is to be investigated.

Particularly, there are very few results in literature for the
study of the microstructure of the consumable electrode. In
their paper, Wang et al. (2003) present some metallographic
results obtained by optic microscopy about the macroscopic
limit between the melted and the non-melted part of the elec-
trode tip. Some results on metal droplets microstructure can
be also found in studies of material properties; for example,
Wille (2002) presents a set-up designed to create and study an
oxide gangue wrapping a small liquid metal droplet. However
this work relates no links to any welding application.

The aim of this study is to investigate the evolution of the
transfer mode of the melted metal, interesting in particular
to the transition between globular and spray-arc mode, in the
point of view of chemical transformations of anode. This paper
presents a comparison of the microstructural and chemical
properties of the anode tip in MIG and MAG type arcs, accord-
ing to the current value and the nature of the shielding gas
(Ar, Ar + CO2) used in the welding process.

2. Experimental

2.1. Set-up

The experimental set-up is presented on Fig. 2. It is organized
around a welding generator SAFMIG 480 TRS Plus equipped
with a SAFMIG 480 TR 16 kit, both delivered by the ‘Centre
Technique d’Applications de la Soudure’ (CTAS) of Air Liquide
Welding (1999): it is a manual MIG–MAG welding installation
using a transistorized power source controlled by a 16-bit
microcontroller. This last also assures management of the
welding cycle, memorization of parameters, safety system and
management of the front panel. The no-load voltage is 70 V,
and the power supply allows to obtain welding currents in the
range 20–450 A with welding voltage between 14 and 44 V (Air
Liquide Welding, 1999). The experiments are performed under
reverse-polarity (wire-anode, workpiece-cathode) direct cur-
rent in the constant current mode. The thickness of the
workpiece in mild steel is 8 mm for all experiments. The weld-
ing torch is fixed on a table that can be displaced manually in
vertical direction, in order to adjust the distance between the
contact-tip and the metal plate. This parameter, which affects
the arc voltage, is set at 20 mm.

The steel plate is displaced using a micrometric table
driven by step motor, with horizontal velocity of 4 mm/s, in
order to induce a relative motion between the torch and the
workpiece, as in the case of standard welding.
The gas is provided by two bottles of industrial gas. All
kinds of gas mixture could be considered, but for this study, we
used a mixture based on argon (ARCAL 1) and carbon dioxide
(gas characteristics shown on Table 1). Two mass flow meters
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obtained using back-scattered electrons (BSE) and secondary
electrons (SE) modes. Chemical composition measurements
are qualitative, with accuracy in the order of 1% for metals, and

Table 2 – Anode wire (70S) composition

Element Composition (wt.%) Composition (at.%)
Fig. 2 – Expe

ROOKS MASS FLOW CONTROLLERS 5850S allow measure-
ent and control of gas output.
The anode wire used in our experiments is a 70S mild steel

onsumable electrode (AWS A5.17) with a diameter of 1.2 mm
wire composition shown in Table 2).

.2. Procedure

he current intensity I and the wire feed speed Wfs are set
n the welding generator. These parameters affect the wire
elting rate and are adjusted so that the wire melting speed

quals the wire feeding speed. For our measurements, we used
he following conditions: I = 146 A and Wfs = 3.5 m/mn; I = 240 A
nd Wfs = 6.5 m/mn; I = 330 A and Wfs = 9.0 m/mn; I = 410 A and

fs = 12 m/mn.
We used the following gas mixtures as shielding gas:

ure argon (MIG process); argon + 5 vol.% CO2, argon + 15 vol.%

O2, argon + 20 vol.% CO2, argon + 40 vol.% CO2 (MAG process).
ather than using a constant step for CO2 concentration, the
as mixtures have been chosen to get representative examples
f the different transfer modes.

Table 1 – Gas parameters

Argon (ARCAL 1) CO2

Density (kg/m3) 1.67 1.87
Purity ≥99.99 ≥99.7

Impurities [ppmv]
H2O ≤05 ≈14
O2 ≤02 ≈20
CO/CO2 ≤10 ≈4 (CO)
CH4 ≤05 ≈2
N2 ≤10 ≈40
ntal set-up.

After the end of a welding sequence, the last droplet
remaining at the tip of the anode is quenched into the working
gas. Then the anode tip is cut about 1 cm above the droplet.
Each anode sample is then polished to get a cross-section
according to wire axis for microstructural analysis.

Microstructures have been examined by scanning electron
microscope (SEM) (PHILIPS XL 40) coupled with an energy
dispersive X-ray spectroscopy (EDS) analysis. Images were
Fe 98.17 97.47
Mn 1.07 1.07
Si 0.35 0.69
C 0.087 0.400
Cu 0.160 0.140
Ni 0.058 0.055
O 0.014 0.048
N 0.0062 0.0244
Cr 0.022 0.023
Mo 0.038 0.022
P 0.011 0.020
S 0.011 0.019
Co 0.008 0.007
V 0.002 0.002
Al <0.001 <0.002
Nb 0.002 0.001
Ti 0.001 0.001
B 0.0002 0.0010
Zr <0.001 <0.001
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Fig. 3 – Drop size comparison at different currents for MIG
experiments in pure argon: (a) 330 A for Wfs = 9.0 m/mn, SE
mode; (b) 240 A for W = 6.5 m/mn, BSE mode; (c) 146 A for
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5% for oxygen. Carbon detection is rather indicative. In order to
get mean values for the chemical compositions, 5–10 measure-
ments are made in the same conditions for each case. These
measurements have been completed by quantitative analysis
with an electron microprobe (CAMECA SX 50 microbeam).

3. Results

3.1. Results in MIG process

Experiments in argon atmosphere allow to get a spray-arc
above 240 A in the case of steel anode wire 70S. It is character-
ized by very stable arc, with very fine drops of melted metal;
arc shape is then conical (See Fig. 1). Decreasing the current
intensity, according to arc shape also observed by Zielinska
(2005) or Zielinska et al. (2008), the arc behaviour corresponds
first to globular transfer mode (characterized by fumes, low
stability and rather large droplets of melted metal ejected in
various directions) then to short-arc for the lowest values (for
146 A for example) (See Fig. 1).

In spray-arc, quench allows to get very small drops, whose
diameter roughly one-third of the wire diameter (cf. Fig. 3a).
At the time of the quench, the liquid wire top takes an
equilibrium shape corresponding to a pendant drop, which
minimizes its surface energy, considering surface tension of
the liquid. Reducing the current, increasingly voluminous
drops are obtained and are supported by the total wire section
(cf. Fig. 3b and c). The largest are associated with the short-arc.

Analysing polished section of anode wire tips by SEM,
we observe some precipitates rather distributed at the drops
periphery, and more frequently at their tip (cf. Fig. 4). They
are often associated to porosities and cracks, which attests
of the hard solidification conditions. With BSE mode of SEM,
these precipitates appear dark according to the matrix. They
are observed for all tested currents but are numerous only at
lowest current values.

Chemical analysis by EDS shows these precipitates are
enriched in oxygen and carbon (which explains the observed
contrast). They concentrate other minor elements of the pri-
mary wire such as aluminium and silicon. Chromium is
observed only for the lowest current. In return, Zielinska (2005)
and Zielinska et al. (2007) have shown from previous emis-
sion spectroscopic analysis that chromium is present in the
plasma, as iron, manganese and copper. At higher current,
chromium is then vaporized. Table 3 shows the mean com-
position of the precipitates according to EDS analysis. These
precipitates are essentially iron and silicon oxides, which
constitute very stable phases considering their thermody-
namic properties. When the current increases, we observe
a reduction of oxygen content in the precipitates between
the short-arc at 146 A and the transitional transfer mode
(between globular and spray-arc) at 240 A, and an increase
of iron part. Table 4 shows for comparison the average steel
matrix composition at the drop bottom (in the first 50 �m
at the bottom). Oxygen is not detected. We observe a slight

evolution with transfer mode. One can note that the com-
position is rather distinct from that of anode wire, with an
enrichment of the steel matrix in carbon, aluminium and sil-
icon.
fs

Wfs = 3.5 m/mn, BSE mode.

The carbon contents measured here can seem high and
this can raise doubts considering the experiment sensibility.
However, similar analysis with Castaing microprobe confirm
the chemical analysis results obtained by EDS for precipitates
and matrix, and a carbon content in the order of 10 at.% in the
matrix.

A last microstructural particularity of these anode wires is a
gangue which, when it is present, wraps partially or totally the
drops surface depending on the process working conditions
(cf. Fig. 5a). This gangue appears with a contrast darker than
the steel matrix in BSE analysis. The elementary chemical
analysis shows the presence of oxides as for the precipitates
(cf. Fig. 5b and c).

Only drops obtained from experiments at lowest currents

have this gangue: this oxide layer has not been observed in
spray-arc. Its thickness changes with current value: in the
order of 60 �m in short-arc at 146 A, and in the order of 10 �m
at 240 A in transitional transfer mode. According to Table 5,
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Fig. 4 – Precipitate distribution in the drop with pure argon shielding gas, BSE mode (a) and (b) at 146 A; (c) at 330 A; (d) at
410 A.

Table 3 – Precipitate mean composition in experiments with pure argon shielding gas, according to EDS analysis

at.%

>50 30–50 20–30 10–20 5–10 2–5 1–2 0.1–1 <0.1

146 A, Wfs=3.5 m/mn (SA) O Fe, C Si, Mn Cr

240 A, Wfs = 6.5 m/mn (G) O, Fe Si, C Mn, Cu

330 A, Wfs = 9 m/mn (S) O, Fe C Mn Si, Al

410 A, Wfs = 12 m/mn (S) O, Fe C Si Mn, Cu
SA stands for short-arc, G for globular and S for spray transfer mode.

Table 4 – Matrix mean composition at the drop bottom, in expe
analysis

>50 30–50 20–30 10–

146 A, Wfs = 3.5 m/mn (SA) Fe C

240 A, Wfs = 6.5 m/mn (G) Fe C

330 A, Wfs = 9 m/mn (S) Fe C

410 A, Wfs = 12 m/mn (S) Fe C

SA stands for short-arc, G for globular and S for spray transfer mode.
riments with pure argon shielding gas, according to EDS

at.%

20 5–10 2–5 1–2 0.1–1 <0.1

Si, Mn, Al

Si, Mn Al, Cu

Si Mn, Al, Cu

Si Mn, Al, Cu
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Fig. 5 – Gangue around the drop in experiments at low current for short-arc and globular transfer mode in MIG experiments
with pure argon, BSE mode. (a) At 240 A, a gangue wraps partially the drop, essentially at the top; (b) microstructural detail
of the gangue at 146 A; (c) EDS grains analysis corresponding to micrograph (b), the blue spectrum stands for the darkest

s to
area, between the grains. (For interpretation of the reference
version of the article.)

increasing of the current value reduces the oxygen content in
the gangue, as observed for the precipitates.

3.2. Results in MAG process

When CO2 is present in the shielding gas, it is difficult to main-
tain the spray-arc: Rhee and Kannatey-Asibu (1992) reported
a strong arc constriction at the anode with carbon dioxide
addition, and the higher the CO concentration the higher the
2

current is needed to get the transition from the globular to
spray metal transfer mode during the welding process. For low
CO2 contents (<10 vol.%) the current increase still allows to
recover the spray transfer mode, but for higher CO2 contents,

Table 5 – Mean composition of the gangue formed around the d
analysis

>50 30–50 20–30 10–

146 A, Wfs = 3.5 m/mn (SA)
lst experiment O, Fe
2nd experiment O Fe C

240 A, Wfs = 6.5 m/mn (G) Fe O C

SA stands for short-arc and G for globular.
color in this figure legend, the reader is referred to the web

we are limited by the available currents on the experimen-
tal device. At 330 A for example, spray-arc is maintained for
5 vol.% CO2, while the transfer mode is globular at 15.4 vol.%.

The addition of carbon dioxide in the shielding gas
decreases electrical conductivity of the plasma, while dissoci-
ations, ionizations and chemical reactions increase the heat
transfer and the plasma thermal conductivity.

But this effect is partly balanced by the enrichment of the
plasma column in metallic vapors. Indeed, Gleizes et al. (1993)

and Menart and Malik (2002) have calculated the emissiv-
ity of argon plasmas with various concentrations of metallic
vapors, from 3000 to 25,000 K: they showed that the emissiv-
ity increases with the vapor concentration. So their presence

rop with pure argon gas shielding according to EDS

at.%

20 5–10 2–5 1–2 0.1–1 <0.1

C Mn, Si
Si Mn Cu

Si Mn, Al, Cu
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ig. 6 – Microstructure of a drop bottom for a MAG experime
Wfs = 9m/mn) and (b) at 40 vol.% CO2 (Wfs = 9m/mn).

n the arc increases not only the plasma thermal and electri-
al conductivities, but also the plasma emissivity and induces
igher energy losses by radiation. Together with the increase

n electrical conductivity, Zielinska et al. (2007) have shown
hat this leads to a lowering of the temperature close to the arc
xis when poor CO2 mixtures are used like shielding gases.

A high concentration of CO2 leads to an increase in
he size of melted metal drops and an elongation of the
lasma column, associated with the reduction in the plasma
onductivity in the vicinity of the tip. As a result, the tem-
erature increases close to the tip which leads to a higher
elting rate of the wire and causes the plasma length to

ncrease, as the wire speed remains constant (Zielinska et al.,
007).

The microstructural analyses of drops formed in shield-

ng gas mixture Ar + CO2 at various currents show that they
ave globally the same characteristics than in MIG experi-
ents described above: precipitates, porosities and cracks,

xide gangue (cf. Fig. 6). Here gangue presence is more

Table 6 – Precipitate mean composition (p or p1 and p2), gangue
composition (m) for experiments at 330 A in shielding gas mixt

>50 30–50 20–30 10–20

S, 5 vol.% CO2

p Fe O
g O Fe
m Fe

G, 15 vol.% CO2

p Fe, O Si
g O Fe
m Fe

G, 20 vol.% CO2

p O Si, Mn
g Fe, O
m Fe

G, 40 vol.% CO2

p1 O Si, Mn, Fe
p2 O Fe
g O Mn, Si
m Fe

S stands for spray and G for globular transfer mode.
330 A in gas mixture, BSE mode. (a) At 20 vol.% CO2

systematic, but it can wrap only the drop top at high cur-
rents.

According to Table 6, the precipitates and the gangue
largely enrich in oxygen, manganese, aluminum and silicon
when the CO2 content increases in the shielding gas. Above
15 vol.% CO2, when compared to the precipitates in MIG pro-
cess, phases here are overall distinctly more rich in oxygen,
manganese (factor 5–10), and in silicon for a lower range. They
are less rich in carbon. In spray-arc, at 5 vol.% CO2, precip-
itates composition is rather similar to that analysed in MIG
experiments for spray-arc.

Table 6 shows also the mean matrix composition. It stays
relatively constant whatever the applied CO2 ratio. Compared
to experiments in pure argon, we observe a lower carbon con-
tent. However, carbon content is superior to that of primary

wire. Aluminium concentrates too in the same order as in
MIG experiments, and copper is rarely observed, but Zielinska
(2005) and Zielinska et al. (2007) have detected it in plasma
by spectroscopic analysis in MAG experiments. On can note

average composition (g), and matrix average
ure Argon + CO2

at.%

5–10 2–5 1–2 0.1–1 <0.1

C Si Mn, Al
C Si, Mn, Al

C Si, Mn Al

C Mn
C Si Cu, Mn, Si
C O Mn, Si, Cu

C Fe Al
C Si, Mn
C Si, Mn Al

C Al
Mn C
Fe C Al
C Si, Mn, Al
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Table 7 – Gangue thickness tg measured at the drop
bottom: (a) at 330 A for experiments corresponding to
different proportions Ar/CO2 and (b) for 15.4 vol.% CO2
and experiments at different current values

(a)

CO2 (vol.%) tg (�m)

0% 0
5% 0
15% 3
20% 10
40% 30

(b)

Current (A) tg (�m)

take place when the oxygen content in the steel becomes
240 0–15
330 0–3
410 0–7

that oxygen is detected in some matrixes at the drop bottom
(experiment at 15.4 vol.% CO2 for example that corresponds to
globular transfer mode at 330 A).

In the other hand, we observe the gangue thickness (tg)
evolution: it increases when CO2 content is higher at fixed
current (Table 7a), and when the current is decreased at
constant CO2 content value in the shielding gas (Table 7b).
The trend is then the gangue disappearance towards the
spray-arc. One can note that for contents superior to 40 vol.%
CO2, no quench has allowed to keep the drop, which
comes unhooked under its weight when plasma is shut
down.

4. Discussion

Results of SEM observations and elementary chemical analy-
sis by EDS of the anode tip underline some particularities of
arc transfer modes, especially spray-arc compared to globu-
lar transfer or short-arc, in MIG and MAG experiments. The
evolution of the drop size and the arc shape from spray-arc to
globular transfer and to short-arc comes with a microstruc-
tural and chemical evolution.

We have observed a gangue constituted with oxides which
wraps the drop in particular in globular transfer and short-arc,
and which is all the more thick since current values are low or
since CO2 content in the shielding gas mixture is high.

The method for anode tip taking, based on quenching
of the droplet, can raise uncertainties about the observed
microstructure, in regard to the actual droplet microstructure
during the welding process. In particular, in the case of the
MAG experiments, one can wonder if the oxidizing shielding
gas could contribute to the formation of the gangue. In order
to assess the used procedure validity, a complementary set-up
with a hollow cathode has been used. It allows to collect the
droplets that would be transferred to the plate, with a more
efficient cooling set-up (quench in water or oil). The analysis

showed similar result to those obtained with the first set-up.
Besides, the droplets have been observed during the welding
sequence with a high-speed camera using a strong optic mag-
nification. Strong evidences of the presence of the gangue, in
c h n o l o g y 2 0 9 ( 2 0 0 9 ) 3581–3591

the case of the globular transfer mode, have been given. Then
we can consider that the quench in the shielding gas, used for
all the experiments, is a valid way to study the microstructure
of the droplets.

At our knowledge, it is the first time that the formation
of an oxide gangue wrapping a liquid metal droplet, such as
that evoked by Wille (2002), is mentioned in welding processes.
In MIG experiments, no gangues are observed in spray-arc,
while in MAG experiments, gangues are just present partially
in spray-arc or in transitional transfer mode, only at the top of
the drop. Reactivity between shielding gas and liquid drop is a
major point to take into account for phenomena understand-
ing. Then gangue is constituted with oxide phases rich in iron
in presence of gas mixture with low CO2 content, and com-
position moves towards silicon and manganese oxide phases
less rich in iron with high CO2 content. In pure argon exper-
iments, oxygen and carbon of the primary wire concentrate
in drop without appreciable exterior contribution, except air
coming from contact-tip (See Fig. 2) which cannot be avoided.
In gas mixture experiments, notable enrichment in oxygen
(and carbon to a less level) is attributed to chemical reactiv-
ity and diffusion processes from the surrounding gas. In the
other hand, important fumes emissions happen in MAG exper-
iments, corresponding in particular to iron vaporization, what
contributes also to iron impoverishment of the drop gangue.
In the case of big drops, the drop fall frequency is lower than in
spray-arc, liquid can then enrich in minor elements (Mn and Si
for example) with matter supply thanks to the wire progress.
According to standard Ellingham diagrams, CO2 presence in
shielding gas mixture allows to form some metal oxides by
oxidation–reduction reactions:

Metal + CO2(g) → metal oxide + CO(g) (1)

One can note that silicon and manganese metals are
employed in iron metallurgy to deoxidize the iron ore accord-
ing to the inverse reaction (1) from CO gas supply.

According to Ellingham diagram and thermodynamic con-
siderations, SiO2 phase, for example, is particularly stable and
its formation is expected in presence of very small oxygen
content.

As the gangue, precipitates are detected in the peripheral
zone and rather at the bottom of the drop. Their compositions
are similar to that of the gangue, and have the same evolution
with gas mixture. In metallurgy, during iron formation pro-
cess, the metal oxides coming from the initial ores constitute
a slag, which floats above the melted iron, considering density
values. We observe here a similar behaviour with oxide phases
(gangue and precipitates) in peripheral drop region. The sepa-
ration between the steel and oxide phases is certainly already
present in the liquid state, during the arc working when oxy-
gen content is sufficiently high. We have noticed the presence
of oxygen in steel matrix in some experiments (15 vol.% CO2

at 330 and 410 A for example). Then, phase separation would
superior to the solubility limit, which is increasing when tem-
perature increases. Gangue and precipitates formation is then
prevented when current is increased, what is favourable to
spray-arc.
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. Consequences on the arc attachment to
he anode tip

he oxides formed at the surface of the droplet have a low
onductivity. At the working temperatures, these phases are
olten. In a liquid oxide, the current flow is produced by the

ons displacement. The transfer of current from the anode to
he plasma can occur in three manners: an electronic cur-
ent in the electrode, an ionic current in the molten gangue
nd oxidation–reduction reactions at the interfaces between
he metal and the gangue, and between the plasma and the
angue. It is probable that these processes are less efficient
han in the case of a simple metal–plasma interface, the
angue being a bad conductor, thus the presence of the gangue
eads to a significant decrease of the conductivity. Then, in
resence of oxide gangue, arc will need an attach zone larger
o transfer the same current value, which is observed dur-
ng welding: in globular transfer mode, the arc attach zone
ncludes largely the drop in the process of formation. This
an explain the bell shape we observed in globular transfer
r short-arc, compared to conical shape characterizing the
pray-arc (see Fig. 1 and Section 3.1). So, the transition between
hort-arc and globular mode is characterized with a great
odification of arc shape and attach zone. Consequently, the

esulting change in the curvature of the current lines induced
odification of the effect of electromagnetic forces, not only

n plasma but also certainly in the molten metal.

. Consequences on the dynamic
ehaviour of drops

he detachment of molten metal drops from the anode in
MAW involves complex interactions between many physical
henomena: gravity, surface tension forces, buoyancy forces,
agnetic forces, effect of the plasma flow, etc. Analysis is com-

licated by the combined spatial and temporal nature of these
orces, and their interdependence with the temporal evolution
f the geometry and microstructure of drops, and of the dis-
ribution of current density over the anode surface. Indeed,
he spatially distributed forces acting on a drop depend on the
eometry of the drop and the temporal evolution of this geom-
try, while at the same time the temporal evolution of the drop
eometry depends on the spatially distributed forces.

Furthermore, Waszink and Van den Neuvel (1982) mod-
lling the thermal transfer in electrode, showed that Joule
eating and heat flow from the anode surface through the

iquid tip govern the melting rate and the drop size not only
y conduction, but also by fluid motion (particularly in glob-
lar transfer mode). Jones (1996) and Jones et al. (1998a) have
hown that the effects of this flow in the molten metal are sig-
ificant, and resulted in a decrease in the apparent viscosity
f the drop. They based their calculations on droplet geometry
tudy using high-speed video recording at 4000 fps.

Particularly, surface tension � is a strong function of tem-

erature and surface chemistry. A brief scan of the data
vailable in literature (Kozakevitch, 1949; Halden and Kingery,
955; Semenchenko, 1961; Kozakevitch and Urbain, 1957, 1961;
rbain and Kozakevitch, 1961, etc.), based on the Slag Atlas
n o l o g y 2 0 9 ( 2 0 0 9 ) 3581–3591 3589

(1981) and including the Handbook on Property of Liquid Iron
and Slag (1972), show that:

• on the one hand, the surface tension coefficient � of melted
Fe–O or Fe–C decreases when the oxygen content increases
whereas the concentrations of alloying metals inconse-
quentially affect the surface tension of the electrode relative
to pure iron;

• in an other hand, according to the results of Semenchenko
(1961) and Kozakevitch (1949), the surface tension coeffi-
cient � of Fe–O melts is directly proportional to temperature
at oxygen concentration above only about 0.01 mol.%, while
for pure iron � decreases when temperature increases.

The effect of surface tension on the movement of the drop
can be modeled as a nonlinear spring with one end attached to
the center of mass and the other end anchored to the solid part
of the electrode. A decrease of the surface tension, for example
when the gangue is forming under influence of the chemically
active gas, should be better to obtain spray transfer, but the
experiments show that it takes place only for small addition of
CO2. Moreover, the transition current increases considerably
with CO2 concentration. There must therefore be other effects
that will counterbalance it, and especially the modification of
the electromagnetic forces due to the change of current lines
distribution.

Furthermore, in the case of GMAW, there are strong tem-
perature and concentration gradients across the drop, which
cause surface tension gradients and consequently can gen-
erate Marangoni convection. As demonstrated by Jones et al.
(1998b), this set in movement can be enhanced by the effect
of the rotational component of electromagnetic forces aris-
ing from the interaction of the welding current with its own
magnetic field.

We must note that, according to the calculations of
Waszink and Van den Neuvel (1982), while electromagnetic
forces may remain important even if they do not act in the
same way, the Marangoni convection must have less influence
in spray mode than in globular transfer: not only quantity of
liquid metal and the composition gradients in the drop are
much lower, but the dynamics of the process is also very dif-
ferent. Indeed, in spray mode, the drop detachment frequency
� (� ≥ 300 Hz) that Valensi (2007) has measured by counting the
droplets on a series of pictures, is such that the setting in
motion of the liquid is quite impossible, unlike in the globular
mode (detachment frequency of a few tens of Hertz).

These effects, which could affect the drop detachment or
attachment, remain very difficult to estimate, partly due to the
lack of data in the literature, especially to the temperatures
reached in the droplet: Haidar (1998) calculated a maximum
temperature of the droplet of 2900 K; Wang and Tsai (2000) use
an initial droplet temperature of 2400 K for his calculation; and
Hu and Tsai (2006), from a complete droplet modelling, give a
maximum droplet surface temperature of 2936 K. We can then
assume that the droplet mean temperature is about 2500 K.
Another effect linked to the physicochemical transforma-
tions of the anode wire is to be considered: oxides formed in
the gangue have generally a melting temperature higher than
iron, but also viscosities much higher (0.03–0.05 Pa·s) for liquid



g t e

r

3590 j o u r n a l o f m a t e r i a l s p r o c e s s i n

FeO, and 0.001 Pa·s for liquid iron, following the (Handbook on
Property of Liquid Iron and Slag, 1972). Thus, in the case of CO2,
the viscosity of gangue could prevent the metal to flow easily
in the plasma forming a fluid vein, and lead to the formation
of large drops standing out under the influence of gravity in
particular.

The last points concern the effects of gravity, which does
not act uniformly in the vertical direction of the fluid (since
the density of fluid is not uniform), and of buoyancy forces.
But Waszink and Van den Neuvel (1982) have shown that their
contributions could be neglected in regard to the electromag-
netic and surface tension forces, what confirmed the results
of Valensi (2007).

7. Conclusion

SEM microstructural observations and EDS chemical analy-
sis, on quenched drops from MIG–MAG welding experiments
have allowed to characterize the physicochemical transfor-
mations of the anode wire, according to working conditions
of the process, such as the nature of shielding gas, the wire
feeding speed and the arc current. The presence of precip-
itates and of an oxide gangue, comparable to slag in iron
metallurgy, is typical of globular transfer and short-arc. Their
composition depends of the gas nature, with a large oxygen
enrichment when CO2 is added. CO2 in shielding gas favours
the gangue formation by chemical oxidation–reduction reac-
tions. This bad conducting gangue hinders the current transfer
and the arc needs a larger attach zone on anode. That explains
the bell arc shape associated to globular transfer or short-
arc. The thickness of this gangue is decreasing when current
value increases or CO2 content decreases. So, it has not been
observed in spray transfer mode for pure argon shielding gas.
In those conditions, the plasma column has a well-defined
conical shape and the curvature on the current lines is clearly
modified.

The interpretation of the transition from spray mode
to globular regime by the formation an oxide gangue that
prevents the detachment of fine droplets, is an innovative
alternative compared to the commonly accepted explanation
based on the effect of electromagnetic forces proposed by
Nemchinsky (1996). However, these two approaches stay com-
patible, seeing that this bad conducting gangue can explain
the change in the geometry of the current lines and hence the
change in sign of electromagnetic forces.

To confirm all these hypotheses, experiments are in
progress with modified anode wire, and very promising results
have already been obtained by Valensi (2007). These investi-
gations allow to hope a control of the metal transfer mode,
taking into account the chemical reactions occurring between
melted metal drops and the shielding gas.
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