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Abstract Metal Active Gas (MAG) welding in presence of Argon and CO2 mixture as

shielding gas is a largely developed process allowing the transfer of the liquid metal from

the consumable wire anode to the workpiece according to various modes (short-arc,

globular, spray-arc). The CO2 presence in the shielding gas leads to the formation of an

oxide layer, or gangue, wrapping the droplet, limiting the access to the spray-mode

transfer, taking into account the low conductivity and the high viscosity of this layer.

Several electrodes of various compositions have been tested thanks to Flux Cored Arc

Welding, to limit the gangue formation or its negative contribution, based on Ti, La, Zr and

alkali metals addition or reduction in silicon content. The results are interpreted consid-

ering the metal transfer mode for a given current intensity (330 and 410 A), with various

CO2 concentrations in the shielding gas. Finally, the role of the gangue, compared to the

other factors governing the droplet detachment, is discussed. A decrease in silicon content

limits significantly the gangue formation and gives access to spray arc transfer up to

30 vol.% of CO2 at 330 A. Titanium addition leads to the same results. The tests in

presence of zirconium proved the conductivity improvement of the gangue. The addition of

alkali allows to stabilize the spray arc up to the noteworthy value of 60 vol.% of CO2 at

330 A, supporting the hypothesis of a strong influence of viscosity on droplets detachment

in the process.

& F. Valensi
flavien.valensi@laplace.univ-tlse.fr

1 LAPLACE (Laboratoire Plasma et Conversion d’Energie), Université de Toulouse, UPS, INPT,
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Introduction

Arc welding has become a widely used technique for joining materials, in particular steel

and other metals used in civil engineering, heavy industry like naval construction or mass

production such as cars manufacturing. The Gas Metal Arc Welding (GMAW) process has

taken a growing place among the various arc techniques, mainly due to its higher pro-

ductivity. It is based on the use of an electric arc between a consumable electrode – usually

the anode – and the workpiece constituting the other electrode. The melted metal is

shielded from the air using a gas flown through the nozzle of the torch. The simplest

process uses an inert gas such argon, it is then called Metal Inert Gas (MIG) welding.

However the risk of lack of fusion is lower due to the wider penetration profile when a

chemically active gas like CO2 is added, either in mixture with argon or as the only

shielding gas. The process is then called Metal Active Gas (MAG) welding. In both cases,

the consumable electrode is a metal wire that is fed at regular speed matched with its

melting rate, depending of the welding current. The classic process is based on the use of

solid wires, but in order to achieve the desired weld seam characteristics cored wires can be

used. In this case the process is called Flux Cored Arc Welding (FCAW). In both pro-

cesses, metal from the consumable wire anode can be transferred to the workpiece under

various modes, depending on the welding parameters. The main ones are the current

intensity and the shielding gas composition. In the welding mode classification for GMAW

[8, 14], the three mostly used modes are called short-arc, globular and spray arc transfer.

Lancaster [14] introduced the three possible metal transfers depending on the arc current

and shielding gas: short-circuit or ‘‘short-arc’’, ‘‘globular transfer’’ and ‘‘spray-arc’’. Under

pure argon for the first one, corresponding to the lowest intensities (below 150 A), metal is

transferred by a succession of contacts and subsequent short-circuits between the electrode

wire and the workpiece. When increasing current intensity a permanent arc is established

between the two electrodes and the metal is transferred as large droplets detaching at low

frequency from the anode tip. As these droplets are projected irregularly, producing

spatters, the transfer is called globular. Above 250 amperes, the third transfer mode occurs

with small droplets detaching at high frequency in the arc axis. This corresponds to the

transfer modes obtained using a solid steel wire (70S) with 1.2 mm diameter. Due to its

greater stability, this working mode can be favored by users in several applications. These

various transfer modes (short arc, globular and spray) also exist when using FCAW but the

main difference is that two transfer modes (e.g. spray and globular) or more can exist at the

same time. However, as shown by Wang et al. [29] one mode can be dominant (e.g. 90%

spray), depending on the experimental conditions. Then one can still consider a ‘‘transi-

tion’’ to a transfer mode that occurs mainly in the spray mode.

When CO2 is added to the shielding gas, the main modification is the increase of the

current needed to get the spray transfer. This leads users operating at high CO2 rate to work

under the globular mode, since the current is generally not modified in such extent when

changing the shielding gas. Besides, the current need to achieve spray transfer under pure

CO2, above 2000 amperes, is not available on common GMAW generators. The most

common interpretation of this effect is that the CO2 causes an arc constriction at the anode,

which modifies the current lines geometry and then the electromagnetic force within the

droplet, producing a repulsive upward effect. This favours the formation of larger droplets
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and the repelling forces creates a more unstable droplet detachment. Zielinska et al. [33]

have shown that the CO2 presence in the shielding gas also leads to the formation of an

oxide layer, or gangue, wrapping the droplet. Unlike what can occur with oxygen [22], the

poor electrical conductivity of the oxide layer is unfavorable to spray transfer. As it

modifies the arc attachment at the surface of the consumable electrode, this insulating

gangue can also be seen as a cause of the observed arc constriction. Besides, its high

viscosity can also hinder the detachment of small droplets. The gangue chemical com-

position depends on the alloying elements initially present in small quantity in the steel

wire: along with oxygen, they represent its main component. In order to study the influence

of the anode wire initial composition, several electrodes are tested thanks to FCAW, and

the results are presented here. The first part of this paper deals with the theoretical study of

oxide formation and properties, under the conditions encountered in GMAW. Then the

experimental setup is presented. The results are interpreted in considering the metal

transfer mode for a given current, with various CO2 concentrations in the shielding gas.

Finally, the role of the gangue, compared to the other factors governing the droplet

detachment, is discussed.

Thermodynamic Analysis: Oxides Present in the Droplet

During the welding process, the tip of the consumable electrode melts and forms a droplet

before its detachment and the transfer to the workpiece. While in contact with the shielding

gas, the melted metal can be affected by chemical reactions, in particular an enrichment of

oxygen when CO2 is added to the shielding gas. Due to the high temperatures encountered,

oxidation reduction reactions between oxygen and metals can occur. This could lead to the

production of oxide precipitates in the droplet and the formation of an oxide layer, or

gangue, around it, taking into account immiscibility and density values [25]. The main

alloying elements present in common steel are silicon, manganese and aluminium. In

particular, the latter is known to have low electrical conductivity and the high viscosity of

this oxide, and even if is present in very low quantity in the wire matrix it can concentrate

in the precipitate or in the gangue. Its presence was indeed detected in theses area in

proportion from 0.1 to 1 at.%, as shown in Zielinska et al. [33]. Other elements have also

been considered due to their particular properties: titanium, lanthanum and zirconium can

form oxides with a high electrical or ionic conductivity as demonstrated by Ohmori et al.

[20] who studied the conductivity of a coating of TiO2 deposited by plasma under different

conditions (reduction of oxygen, oxidized phase); Yamamoto et al. [31] introduced the

evolution of the conductivity of different oxide mixtures (YbO-ZrO2, ScO-ZrO2) with

annealing at 1000 �C; and [23] exhibited conductivity of various oxide compounds of rare

earths (samarium, gadolinium, lutetium) and metals (hafnium, zirconium, titanium) at high

temperature and they studied the conductivity due to the oxygen ion. Alkali metals, such as

lithium, sodium and potassium, lower the liquidus temperatures for silicates and ferrosil-

icates with a high liquid immiscibility tendency in this case [17]. The formation of the

various oxides is ruled by the thermodynamical properties, at a given temperature and for a

given initial element repartition. The Ellingham diagrams are commonly used to predict

the oxide formation possibility [3, 11, 16, 26].
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The Ellingham Diagram

The Ellingham diagram shows the standard free enthalpy of an element’s oxidation

reaction as a function of the temperature, under a given oxygen partial pressure. The

obtained line allows determining the stability range of an element and its oxides: above the

line (for higher standard free enthalpy) the oxide dominates, below it the non-oxidized

element is dominating. In this case the oxygen is brought by the CO2 present in the

shielding gas: one can see in Fig. 1 that it can be reduced by all considered elements or

oxides except Cu and Fe2O3.

For an alloy containing several elements, the formation of an oxide depends not only on

the temperature and oxygen partial pressure, but also on the other elements existing as

metals or oxides. Then diagrams have been made for all the studied elements. As the

droplet is mainly formed of iron, the lines have been plotted up 3000 K (close to iron

boiling temperature) in Fig. 1 for 1 mol of dioxygen, thanks to usual thermodynamic data.

The actual droplet temperature is not easily experimentally measurable. However the

melted metal temperature cannot exceed the boiling point of iron, which can explain why

[4, 7] get both a temperature of 2900 K while using different current. But [30] use a lower

droplet temperature (2400 K). This difference comes from different initial conditions of

their 2D dynamic model: diameter of the electrode, the wire feed rate, gas flow, etc. But the

most important parameter is the arc current: Wang and Tsai [30] use 155 A whereas Haidar

[4] and Hu and Tsai [7] use respectively 300 A and 220 A. It is for this reason that the

droplet temperature is lower for Wang and Tsai [30]. This temperature cannot exceed the

boiling point of iron, so Haidar [4] and Hu and Tsai [7] get the same temperature with

different current.

Results show that a temperature increase will favour the formation of metal phases, as

all the elements Ellingham lines show enthalpy increasing with temperature. The elements

that will be more easily oxidized are the ones with the lowest Ellingham lines. Concerning

the metallic elements, lanthanum, zirconium, aluminium and titanium will be the first

Fig. 1 Ellingham diagram for the studied elements
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oxidized elements. Silicon will also form oxide far before iron, in term of temperature or

oxygen partial pressure. Concerning the alkali elements, Fig. 1 shows that lithium will

form oxides very easily, while potassium and sodium show behaviour closer to iron.

The oxygen partial pressure P/P0 determination would be necessary to get an estimation

of the oxides actually forming in the droplet. This could be done using plasma composi-

tion, but the spectroscopic diagnostic is not easy in the close vicinity of the droplet.

With an oxygen partial pressure P/P0 of 10-10 bar, considered as a lower limit, and a

droplet temperature of 2700 �C, only zirconium, lanthanum, aluminium and titanium

oxides can form. The other elements metal phases are stable. When considering an oxygen

partial pressure of 10-5, only iron, copper and alkali metals are not oxidized. The most

significant conclusion that can be drawn from these calculations is that all alloying ele-

ments can form oxide more easily than iron, so these oxides influence should be most

important for the droplet behaviour prediction.

The Properties of Oxides

In the studied process, the liquid drop formation and detachment are dependent on the

formed phases, metallic and oxides, and on numerous physical chemical properties like the

melting temperatures of the various phases, their density, their electrical conductivity.

Among the mechanical properties of oxides, viscosity might be the most important

parameters. It decreases with temperature and for metals, the molten oxide viscosity is

higher than that of the metallic form. For iron oxide FeO, it is for example two times larger

at 1130 �C than at 1230 �C [21], and is about 25 times larger than iron viscosity, about

0.001 Pa.s. Silicon oxide SiO2 viscosity is much higher, about 0.5 Pa.s even at 2000 �C as

shown by Bacon and Hasapis [1] and Bockris et al. [2]. Viscosity of a mixture containing

40% silicon oxide and 60% iron oxide is three times larger than that of iron oxide only

[6, 13]. As demonstrated by Le Losq and Neuville [15], the alkalis elements are known to

have low melting temperatures and forming oxides lowering the melting temperature and

the viscosity in the silicate liquids. According to Mysen and Richet [17], the melting

temperature of silica is largely reduced by addition of alkali at low concentrations, in the

order of efficiency K[Na[Li. In the same way, according to Zhang et al. [34], mea-

surements at 1773 K for slags in the system SiO2–Al2O30–TiO2–CaO–MgO viscosity

decreases with TiO2 addition, acting as a basic oxide analogous to MgO.

Concerning the electrical properties, the conductivity of high temperature silicon oxide

is very low (10-9 to 10-16 X-1cm-1 in the temperature range of 25�–960 �C as shown by

[24]. The zirconium oxide ZrO2 has a high melting temperature and exhibits a good

electrical conductivity at high temperature (essentially ionic conductivity) in particular

when it adopts the cubic structure in presence of yttrium or lanthanides (6.5.10-2 X-1cm-1

according to [31]). In the same way interesting conductive properties are present in the

non-stoechiometric TiO2-x phase [20].

Finally it can then be hypothesized that reducing the silicon content, or increasing the

alkali amount in the wire will reduce the gangue hindering effect on droplet detachment

acting on the viscosity. On the other hand, addition of zirconium, titanium and lanthanum

should also favour droplet detachment and spray transfer, acting on the conductivity.

Indeed, if one only consider the size of arc attachment on a fixed droplet configuration, one

can expect that a good electrical conductivity (leading to a focused arc attachment) will

favor globular transfer, due to the shape of the current lines and the resulting Lorentz force.

However a detailed analysis of the droplets detachment process showed a more complex
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situation and supports the hypothesis that a good electrical conductivity will on the con-

trary promote spray transfer. This will be discussed in detail in part 5.

Experimental Setup

Welding Conditions

The tests have been performed using a SAFMIG 480 TRS PLUS generator with a SAF-

MIG 480 TR 16 kit. The program was set to give a constant current I (using the genera-

tor’s regulating loop) for the available intensities, ranging from 100 to 450 amperes. The

wire feeding speed is adjusted to keep the arc length as constant as possible when changing

current. Then the main causes of arc voltage modification were linked to the plasma

parameters and electrode properties modifications. The distance between the contact tip

and the plates (stick-out) was set at 20 mm for all experiments, performed under reverse

polarity with the consumable electrode acting as anode. Argon, CO2 or mixtures of these

gases can be employed as shielding gas, using two gas bottles and two computer driven

BROOKS mass flow controllers 5850S.

Several anode compositions are available with solid wires but in order to test the

influence of elements such as lanthanum or lithium, cored wires had to be used. These

wires are made from a metal sheet rolled to form a tube, which is filled with powder, or

flux. Its constitution is calculated to reach the wanted composition, as it is mainly made of

iron powder these wires fall in the ‘‘metal core’’ category. However, the fabrication process

of cored wires induces some modifications between the targeted composition and the actual

elements repartition in the wire. In particular, the use of powder causes higher oxygen

content. Then the comparison of the results must be made taking into account the actual

composition. For all wires the diameter was 1.2 mm.

The influence of silicon and titanium has been studied with solid wires. The cored wires

allowed extending the study of these elements and to use zirconium, lanthanum, sodium,

potassium and lithium. The wire designation for the various studied compositions (ob-

tained by ICP measurement technique) is presented in Table 1. The table cells with a zero

correspond to cases when the element was not detected or when the measured quantity was

in the order of the detection uncertainty. The complete composition of 70S reference wire

can be found in Zielinska et al. [33].

The reference wire is a 70S (AWS A.17) NERTALIC solid wire. One have to note that

spectroscopic diagnostic performed on the plasma indicate that copper (present as coating

on the wire) was strongly vaporized and have negligible contribution to the droplets

microstructure [33]. Five different current values were used, with intensity set at I = 146,

240, 300, 330 or 410 amperes. With a gas flow of 20 L/min, the available compositions

range stays from pure argon to a mixture containing 77 vol.% of CO2, with a step of

0.77 vol.%. Higher CO2 contents are possible but with a reduced flow, down to 17 L/min

in the case of pure CO2. This allowed, for the various currents, to obtain the different

transfer modes, especially spray and globular transfer. The study was mainly focused on

the two highest currents, since the current transition from globular to spray increases with

CO2 content.

The cored wire referenced as G002 was designed to compare the behaviour of solid and

cored wires, as its composition is close to the AS26 solid wire. Indeed, it was necessary to

check if the transfer mode terminology used for solid wires could be applied to cored
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wires. In particular, the existence and the behaviour of the gangue had to be validated for

comparable welding conditions, regarding the transition from one mode to another. It

should be noted that the melting of cored wires is faster than that of solid wires and in order

to keep a comparable arc length the wire feed speed has been increased. For instance it was

changed from 9 to 11.4 m/mn for a current of 330 A, and from 12 to 15 m/mn for a current

of 410 A. This means that if we wanted to keep the same wire speed we should have

decreased the current (in this case by about 65 A) when replacing a solid wire by a cored

wire. The transition from a globular dominated mode to a spray dominated transfer has

been determined on the basis of arc geometrical configuration and droplet speed detach-

ment. Wang et al. [29] developed a method based on droplet fall rate measurement and

electrical signal analysis. They showed that with FCAW the maximal droplet detachment

frequency can be up to 2 kHz, which is quite higher than with solid wires. In our study the

analysis was based on high resolution (resolution ranging from 0.1 to 0.01 mm) high speed

imaging (3000 frame per second minimum). This enabled us to discern spray-like arc

geometry (conical arc attachment) from globular geometry (bell shape arc attachment) and

the results were correlated to droplet detachment speed measurements.

In each welding experiment, the arc electric parameters are recorded, using a differ-

ential probe for the voltage and inductive coil probe for the current. The data are recorded

with an electronic oscilloscope, to help interpretation of the results. Observation with a

FASTCAM 1024 PCI high speed camera is also performed. This allows determination of the

the metal transfer mode and gives in situ information on the droplets formation and

possible indication of the gangue presence. An optical setup, presented by Zielinska et al.

[32], allows performing spectroscopic diagnostic of the plasma.

Table 1 Wire content of studied alloying elements

Elements (wt.%) wire Si Ti Zr La Li Na K

70S (solid) 0.35 0 0 0 0 0 0

AS26 (solid) 0.064 0 0 0 0 0 0

AS35 (solid) 0.12 0 0 0 0 0 0

AS42 (solid) 0.37 0.303 0 0 0 0 0

S2MoTi (solid) 0.26 0.105 0 0 0 0 0

G002 (cored) 0.048 0 0 0 0 0 0

G003 (cored) 0.074 0.94 0 0 0 0 0

G004 (cored) 0.001 0 0 0 0 0 0

G005 (cored) 0.060 0 0.36 0 0 0 0

G006 (cored) 0.050 0 0.33 0.26 0 0 0

G007 (cored) 0.007 0 0 0 0.005 0 0

G008 (cored) 0.010 0 0 0 0 0.042 0

G009 (cored) 0.008 0 0 0 0 0 0.150

G010 (cored) 0.061 0 0 0 0.005 0.090 0.093

G011 (cored) 0.320 0 0 0 0.005 0 0.102

G012 (cored) 0.012 0 0 0 0.143 0 0

LZX23 (cored) 0.79 0 0 0 0.017 0.130 0.460
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Electrode Observation

The procedure to study the tip of the consumable electrode was to collect it after the end of

the welding sequence, assuming that the cooling in the shielding gas was fast enough to

cause a quench. The droplet constituting the tip of the electrode was then cut and polished

to get a cross-section in the axial direction. The samples are chosen to get the most

representative example of the droplet, for the considered transfer mode. In spray transfer

the process is quite steady and the time at which arc is shut down has low impact. In

globular transfer the samples are chosen for arc shut down occurring short before droplet

detachment: its diameter is then maximal (for the given welding conditions) which leads to

optimal gangue observation conditions. Usually 2 or 3 similar samples are chose for each

case. The results show good reproducibility with variation of a few micrometer. In general

the gangue wraps totally the droplet and the reported thickness corresponds to average

value. However in some cases we were not able to keep all parts of the gangue (it is very

fragile). The locations where the gangue can be found (and where the thickness is mea-

sured) is then indicated in the text. The post flow time was adjusted to last after the end of

droplet incandescence (it was generally set at 1 s). Then the oxidation occurring after arc

extinction is negligible. The setup ensures that no further oxidation can occur during this

step.

The various structures that can be observed are shown in Fig. 2. When the droplet is

larger than the wire, the arc attachment limit is located at the level of the upper part of the

droplet, where it connects to the non-melted wire. This position, as indicated in Fig. 2 will

be then referred as ‘‘droplet attachment’’ neck.

In order to validate the presence of the oxide layer during the welding operation, high

resolution observations of the droplet have been made. The optics used allows a resolution

of 10 lm per pixel and the images are recorded at 3000 frame per second. On the image

sequence presented in Fig. 3.

One see first a homogenous surface with no particular pattern. On the second image the

blurred plume on the bottom left correspond to a mass ejection towards the viewing

direction. Some part of the ejected material is then pulled back on the droplet surface (due

to tension surface) as shown on the third image. The next two images show a circular ripple

Fig. 2 Wire cross section terminology
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(indicated by the small arrows) that spreads across the droplet surface, as if a shockwave

has been created that pulsed the oxide layer away. One can then assume that the left part on

the fourth image correspond to non-oxidized metal and right part to the retreating oxide

layer. The separation between the two zones is weaker on the fifth image and has almost

vanished on the last one. This is consistent with the fact that the uncovered metal droplet

surface is oxidized again and a ‘‘new’’ oxide layer is formed. This evolution of the droplet

surface then supports the fact that the gangue is present during welding. One can then

assume than the structures we observe on the surface of the quenched droplets are rep-

resentative of those existing during the process operation. Besides, considering this

sequence one can assume that the time needed to get an oxidized layer is less than 1 ms.

This was confirmed by the study of droplet detachment sequence using high speed imaging

(3000 frames/s, exposure time of 33 ls). For better observation the wire end was illumi-

nated with a 30 W continuous laser source and the camera was fitted with an interference

filter centered at the laser wavelength (834 nm). In the case of globular transfer (Fig. 4),

one can assume that just after detachment occurs the broken metal bridge constitutes a non-

oxidized surface.

It appears that on the third image (0.67 ms after droplet detachment) the surface already

shows characteristics of an oxide layer (change in the laser reflection pattern, with a

Fig. 3 Droplet surface observation at 3000 frames/s (exposure time: 33 ls) [AS26 wire under
argon ? 30 vol.% CO2, I = 330 A, wire feed speed of 9 m/mn]
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uniform surface covered with ripples that move on the next frames). Then one cans

consider that the oxidized layer forms in no more than a few hundreds of microseconds.

This adds valuable information regarding the dynamic behavior of the gangue formation.

Even in spray transfer the droplet detachment speed does not exceed 1 kHz for solid wires.

In the case of cored wires the speed is generally higher than with solid wires (Wang. et al.

reported frequencies up to 2 kHz), but it is important to note that for all tested wires spray

transfer without the presence of a gangue has been observed for droplet detachment fre-

quencies of only a few hundreds Hertz. For instance in the case of the 70S reference wire,

no gangue is observed at 330 A under argon (the droplet detachment sequence is shown in

Fig. 5) while the detachment frequency is about 900 Hz.

The frequency decreases with CO2 addition, at 3 vol.% it is 700 Hz (which allows

1.4 ms for gangue growth) and a very thin gangue appears above 5.4 vol.% CO2 for a

frequency of only 365 Hz. The corresponding time allowed for gangue formation (2.7 ms)

Fig. 4 High speed imaging of droplet detachment main steps. The first image is taken just after previous
droplet detachment (time reference ‘‘0’’ for the other frames) [70S wire, 20 vol.% CO2, I = 330 A]
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is then about ten times the estimated time needed to oxidize the droplet surface. Then we

can conclude that the presence of the gangue than can indeed contribute to the transition to

globular transfer with large droplets, and not the opposite (that the higher droplet speed in

spray transfer would prevent the formation of the gangue).

Another method was also used to check the validity of the basic procedure: some

welding experiments were performed using a hollow cathode, allowing collection of metal

droplets that would be transferred to the workpiece. The droplets were quenched by falling

in a water or oil container placed below the hollow cathode. In both cases, the samples

were studied using Scanning Electron Microscopy (SEM) and Energy Dispersive X-ray

Spectroscopy (EDS) on a PHILIPS XL 40.

Fig. 5 High speed imaging of droplet detachment main steps. The first image is taken just after previous
droplet detachment (time reference ‘‘0’’ for the other frames) [70S wire, Argon, I = 330 A]
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Results

The Influence of Silicon

Solid Wires Study

Results show that the two wires containing less silicon, referenced as AS26 (five times less

silicon than the reference wire 70S) and AS35 (three times less silicon than the reference

wire 70S), present a less important gangue when compared to the 70S reference wire in

similar conditions. For a 330 A current intensity, there is no gangue for both wires under

argon. Under 15 percent of CO2 there is a gangue but in the case of the AS26 wire it is

reduced to a thin layer. The element detection show a slightly higher oxygen content when

compared to the matrix of the droplet, which could indicate that part of the metal is under

the form of oxide. On the other hand, the gangue does not present significant enrichment of

alloying elements (Si, Mn). For a current of I = 410 A, as seen in Fig. 6a, a single nodule

can remain at the bottom of the droplet, containing oxygen, silicon and manganese while

the rest of the droplet surface is only iron.

When increasing the CO2 content, a thicker gangue is present but its composition shows

only iron and oxygen in large amount but the composition analysis reveals only iron and

oxygen and one can consider that the gangue correspond to iron oxide. The thickness is

comparable to the 70S wire’s at 20 vol.% CO2 with a value of around 10 lm. However,

while it seems to grow with the CO2 content for the reference wire according to Zielinska

et al. [33], the AS26 wire gangue does not exceed 12 lm even at 50 vol.% CO2. The

silicon content is higher but does not exceed 1 wt.%. The gangue thickness of the AS35

wire, is similar to the AS26 wire. The gangue composition also shows low silicon

Fig. 6 SEM micrograph in SE mode. a AS26 solid wire (0.064 wt.% Si), spray-arc transfer [15 vol.% CO2,
I = 410 A]. b 70S wire, spray-arc transfer, close to transition [15 vol.% CO2, I = 410 A]
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concentration in most studied places, but some areas containing phases with silicon of

about 15 wt.% can be observed for a 330 A current intensity.

For comparison a micrograph of the 70S reference wire is shown in Fig. 6b. Under these

conditions the transfer is close to the transition: the droplet is larger than the wire and a thin

gangue can be observed (visible parts indicated by the arrows in Fig. 6b), which contrasts

to the AS 26 wire for which transfer is clearly under spay mode (smaller droplet).

Validation of Results for Cored Wires

The G002 cored wire was prepared targeting a composition similar to the AS26 wire. The

actual silicon content is however lower with a value of 0.048 wt.% instead of 0.064 wt.%

and the oxygen content was higher. Results showed a similar behaviour, with no gangue

for the lowest CO2 content and a thin gangue (5 lm) present above 40 vol.% CO2. An

example of the observed wire extremity is presented in Fig. 7 for a 330 A current intensity

and 15 vol.% CO2. The quantitative information about the gangue is presented in Table 2.

The droplet size is the same of the wire and no gangue can be seen. The surface is more

irregular but only small oxidized areas can be observed on the periphery, appearing in dark

grey at the wire’s right (indicated by the red ellipse in Fig. 7). The silicon content is always

lower than 1 wt.%, except for the highest CO2 concentrations. With a current intensity of

330 A and 20 vol.% CO2 only some small precipitates can be observed. They contain

about 14 wt.% O, 6 wt.% Si, 16 wt.% Mn and 63 wt.% Fe.

It can also be seen that the wire external metal sheet and the filling powder melting was

uniform. On the studied section, trace of non-melted powder can only be seen on the wire

axis, no deeper than about the middle of the droplet. Then its composition close to the

Fig. 7 SEM micrograph in BSE
mode of G002 cored wire
(0.048 wt.% Si), spray-arc
transfer [15 vol.% CO2,
I = 330 A]
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surface can be considered homogeneous, even if the porosity seems to be higher. As in the

case of solid wires, the matrix of the droplet has a composition similar to the average wire

composition.

Arc observation also shows similar behavior, with a conical arc attachment and a well-

defined bright core. The electrode tip is sharpened similarly and the arc length is com-

parable (Fig. 8).

One can then consider that results for both wires’ types are comparable and the study

made for solid wire can be extended with cored ones.

The Transition Elements

The Influence of Titanium

Three increasing titanium concentrations have been studied. The two lowest did corre-

spond to solid wires, referenced as AS42 and S2MoTi. The highest was obtained with a

cored wire labelled G003. The added element is expected to be found in the gangue, but it

is also possible that strong vaporisation occurs due to the low evaporating temperature of

Table 2 Information about the
gangue thickness

330 A Ar 15% 20% 40% 50%

AS 26 0 \ 1 lm 10 lm 12 lm

AS 35 0 \ 1 lm 10 lm

G002 0 \ 1 lm \ 1 lm 5 lm

Fig. 8 Arc shape (observed at 144 frames/s) in spray transfer under argon at 330 A. a AS26 wire, b G002
wire
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titanium oxide. Indeed, spectroscopic analysis of the plasma revealed a strong titanium

emission. However the presence of this element in the plasma is not likely to lead to

significant properties modifications. Considering the relatively small ionization energy

difference (7.90 and 6.83 and for iron and titanium, respectively) and the low proportion of

titanium, the plasma relevant properties (thermal and electrical conductivity, viscosity) will

not be affected in a significant way. A gangue is present when the CO2 concentration is at

least 15 vol.% for a current of 330 A as seen in Fig. 9a. Its thickness increases with the

CO2 content. However, even for the solid wires that have a silicon content close to the

reference wire, it does not exceeds a few microns at the highest studied CO2 content. This

gangue might be in a liquid state before the droplet’s cooling down: this hypothesis is

supported by the irregular structures observed at the surface of the droplet. For instance a

droplet of non-oxidized metal can be seen at the extremity of gangue protuberance

(Fig. 9b) as if it was trapped during gangue solidification. The quantitative information

about the gangue is presented in Table 3.

Concerning the S2MoTi wire, titanium appears only in small proportion, but it is a major

component for the two other wires, containing initially 0.3 and 1 at.% titanium (Table 4).

In particular, the concentration is higher than that of silicon and corresponds to an

atomic ratio O/Ti close to three in the case of AS42 (15% CO2 – 330 A – globular transfer,

close to transition). This could be compatible with TiO3 oxide.

The Influence of Zirconium

For the zirconium containing wire, referenced G005, the gangue is observed only above

20 vol.% CO2 for a current of 330 A (spray transfer mode). Large precipitates, above

50 lm in diameter, can be seen at the droplet centre. The BSE micrograph imaging mode

shows two phases with different contrast, indicating non homogeneous composition. The

first one appears in dark grey with an amorphous structure and will be called phase D1. It

has a composition similar to the precipitate (or the gangue) that are observed with the G002

wire: iron with oxygen, manganese and silicon. The second one appears as bright inclusion

in phase D1 and will be called phase B1. It contains mainly zirconium (60 wt.%) and

oxygen (34 wt.%): the proportions are compatible with the ZrO2 oxide (atomic ration

O/Zr = 2.7). When increasing CO2 content in argon to 25 vol.% the transfer becomes

globular but when increasing the current to 410 A spray-arc transfer is reached again. It is

interesting to note that one can observe a droplet with diameter larger than the wire (see

Fig. 10a) even if the transfer exhibits most characteristics of spray-arc transfer. Apart from

Fig. 9 SEM micrograph in SE mode of AS42 solid wire (0.303 wt.% Ti) - I = 330 A: a globular transfer,
close to transition [15 vol.% CO2]; b globular transfer [40 vol.% CO2]
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a high droplet detachment speed (520 Hz) and a dominant ‘‘spray-type’’ transfer, the most

significant aspect is a well-defined central bright zone, typical of spray arc with a more or

less pronounced cone shape. This characteristics remain during the ‘‘globular-type’’

periods in which the droplet size can exceed the diameter of the wire (such as in the case of

the micrograph presented in Fig. 10). And the most important feature is that almost no

droplets are ejected outside the direction of wire axis. SEM observation reveals an oxide

layer wrapping partially the droplet, its thickness being maximal close droplet attachment

region (from 40 to 90 lm). Unlike what is observed with other wires it does not constitute

a homogeneous vitreous phase but presents a multi-layered structure, as we can see in

Fig. 10b.

Table 3 Information about the gangue thickness

330 A 15% 20% 40%

AS42 3 lm 4–5 lm

S2MoTi 3–6 lm

Table 4 Composition of the gangue - AS42 solid wire (0.303 wt.% Ti), globular transfer [15% CO2,
I = 330 A]

Elements (wt.%) O Al Si Ti Mn Fe

Gangue (white arrow in Fig. 9a) 43 3 1 42 7 4

Fig. 10 SEM micrograph in BSE mode of G005 cored wire (0.36 wt.% Zr), spray-arc transfer
[25 vol.% CO2, I = 410 A]: a general view; b detail of the gangue near droplet attachment
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The composition of the darkest and the brightest layer is similar respectively to that of

phases D1 and B1 observed in the precipitate. However the darkest phase contains also a

small quantity of zirconium, as indicated in Table 5.

For the brightest phase the EDS analysis shows proportions compatible with zirconium

dioxide ZrO2. As in the case of titanium, considering the ionization energy (6.63 eV) the

effect on the plasma will not be noticeable.

The Effect of Lanthanum

The cored wire referenced as G006 differs from the G005 wire by the adjunction of

lanthanum, in proportion equivalent to zirconium. With a shielding gas containing

20 vol.% CO2 spray-arc transfer is obtained for 330 and 410 A and no gangue can be

observed. As for the G005 wire precipitates with two phases. The darkest one contains

mainly iron, manganese and oxygen as in G005’s phase D1 and only a small quantity of

zirconium. This element is dominant instead in the brightest phase similar to G005’s phase

B1. In addition one can note that lanthanum concentrates in the darkest phase (phase D1).

When the CO2 content reaches 25 vol.%, a gangue partially wrapping the droplet can be

observed at 330 A. It is mainly concentrated at the top of the droplet, close to droplet

attachment limit. Lanthanum is then not detected in the precipitates but only in the gangue

that presents a three phases structure. In addition to phases similar to D1 and B1 another

bright phase can be identified. It will then be called phase B2. It contains zirconium and

lanthanum in similarly high proportions (26 wt.% Zr and 32 wt.% La). Lanthanum can

also be detected in small quantity in phase B1 (with zirconium as dominant component).

The repartition of this element is then different to that of the precipitates observed for a

lower CO2 content, where lanthanum was observed in the iron dominated phase (phase

D1).

At high CO2 content (40 vol.%) with a 330 A current intensity, oxides can be observed

at the droplet periphery. However it forms a thick deposit (more than 100 lm) near droplet

attachment limit rather than a gangue wrapping the entire droplet. This oxide layer presents

an even more complex multiphase structure, with four distinguishable phases referenced as

B1, B2, D1 and D2 in Fig. 11.

The proportion of the main elements is presented in Table 6 (since elements with

concentration below 1 wt.% have not been reported the sum is not always equal to 100%).

The most important part of the gangue is composed of a dark phase with high oxygen,

manganese, silicon and iron content. Due to its morphology and composition it can be

associated with the dark phase D1 presented above. While a low zirconium content

(4 wt.% Zr) is detected the main difference is the high lanthanum content (25 wt.% La).

Then an even darker phase, referred as D2 in Fig. 11 appears as more or less large

precipitate in phase D1. It has a similar composition but with lower lanthanum

(10 wt.% La) and silicon content. Higher carbon content can also be observed, but one has

Table 5 Composition of the two layers observed for the G005 cored wire (0.36 wt.% Zr), spray-arc
transfer [25 vol.% CO2, I = 410 A]

Elements (wt.%) O Al Si Zr Mn Fe

Darkest layer D1 39 1 12 4 20 24

Brightest layer B1 34 63 3
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to consider the high uncertainty associated with this element’s detection. Then the two

brightest phases correspond to phases B1 (zirconium and oxygen) and B2 (lanthanum,

zirconium and oxygen) described above. The phase B2 is scarcely distributed and can be

included inside a circular precipitate of phase B1 as seen in Fig. 11. This could indicate a

precipitation by saturation with a core–shell system.

While no easy conclusion can be drawn from this multi-phased structure regarding its

influence on the transfer modes, it gives an insight on the complexity of oxides crys-

tallisation kinetic in the gangue when several elements are introduced in the wire. This

underlines the difficulty to create a ‘‘conducting gangue’’ through the modification of the

wire initial composition.

The Influence of Alkali

Two sets of cored wires containing alkali were studied, one with low silicon content and

one with silicon content equal to or even higher than for the reference wire. The first set

includes the wire referenced as G007 (lithium), G008 (sodium), G009 (potassium), G010

(lithium and potassium) and G012 (lithium). The second set corresponds to the wires

referenced as G011 (lithium and potassium) and LZX 23 (lithium, sodium and potassium).

Considering the lower ionization energy of these elements (5.39, 5.14 and 4.34 eV for

Li, Na and K, respectively) on can wonder about a possible effect on plasma parameters.

The influence of iron vapor in the plasma (when compared to the case of pure shielding

gas) has already been discussed in previous papers [28, 33]. Due to their lower ionization

Fig. 11 SEM micrograph in
BSE mode for G006 cored wire
(0.33 wt.% Zr, 0.33 wt.% La),
globular transfer [40 vol.% CO2,
I = 330 A]

Table 6 Composition of the
phases indicated in Fig. 11

Elements (wt.%) O Si Zr Mn Fe C La

Phase D1 31 10 4 16 12 1 25

Phase D2 35 4 3 14 23 10 11

Phase B1 31 65 1 3

Phase B2 22 31 1 1 4 36
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energy, the presence of alkali elements can lead to increase of electrical conductivity. The

arc can then become be wider and cooler, the radial temperature profile could be

‘‘smoother’’ (lower radial temperature gradient). On the basis of the classical interpretation

one can consider that the resulting less focused arc attachment will also be responsible for

promoting spray transfer. However the detailed observation the droplet detachment showed

that the actual arc configuration change between spray and globular transfer is often more

complex than just an evolution from unfocused to focused arc attachment. And we did not

note significant arc broadening with high alkali content (LZX23 wire). Then one can

consider that even in this case the plasma behavior depends mainly on the dominant iron

vapor effect. While an effect on the plasma can exist, it seems reasonable to consider the

droplet microstructure as one of the main factor governing transfer mode.

For the first series of wires, a gangue wrapping the droplet can be observed at high CO2

content, above 35 vol.%. Its thickness is quite irregular but can reach 20 lm for the G009

wire at 330 A. The G010 wire containing two alkali elements presents a thin gangue

(10 lm) only for a shielding gas where CO2 is greatly dominant (70 vol.%).

The introduced elements can be detected, in moderate concentration, in the gangue or in

precipitates found inside the droplet. For example a 7 wt.% potassium content is observed in

the precipitates for the G009 wire with 35 vol.% CO2 at 330 A. The EDS technique does not

allow the detection of lithium, but this element was detected in the plasma emission spectra.

An effect on the melting temperature can be observed for these wires. For usual cored

wires described before, non-melted powder can be detected below the level of the droplet

attachment. This means that the melting of the flux occurs inside the droplet and the wire

temperature above the droplet attachment neck area is not sufficient to cause melting of the

powder as fast as the surrounding solid metal rolled sheet. For the wires containing alkali

metals, the limit between melted and non-melted powder is situated at the level of the

droplet attachment neck, indicating an easier fusion of the filling material. If one consider

that the wire and droplet are heated similarly (by ohmic heating and by thermal conduction

from the plasma) regardless of the initial wire composition, this could be explained by a

lower melting temperature of the powder. When the powder fusion limit is observed above

the droplet attachment, this could mean that the melting temperature of the filling material

is even significantly lower than the surrounding solid metal rolled sheet.

The wires with alkali and high silicon content also present a gangue only for the highest

CO2 concentrations ([ 50% CO2 for a current of 330 A). By SEM, the melting limit of the

filling powder is observed even higher in the wire, about 1 mm above the droplet

attachment limit. It is interesting to note that, while no gangue wraps the droplet at low

CO2 content, a very large precipitate (diameter close to 0.5 mm) can be observed inside the

wire as shown in Fig. 12.

It concentrates high silicon content and oxygen is present in large amount.

The Consequence on Welding Stability

The transition conditions between globular and spray transfer modes for the various wires

have been studied. Valensi et al. [27] have presented the results for all studied wires as a

function of current intensity and CO2 amount. The values for CO2 content have been, in

some cases, interpolated from surrounding measurement points corresponding to spray and

globular transfer. The results for a current intensity of 330 A and 410 A are shown in

Table 7.

Except for the zirconium containing wire G005, the presence of a thick gangue is

always associated with the globular transfer mode. A thin gangue can only be observed in
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spray-like transfer mode for conditions close to the transition. One can also consider a

reciprocal effect: if the gangue can help promote the occurrence of the globular transfer,

the associated lower droplet detachment frequency gives more time to the gangue to grow

even thicker.

It appears that the spray transfer is obtained for the highest CO2 rates for the alkali

containing wires. In particular, strong lithium content (G012) or potassium-lithium asso-

ciation (G010 and G011) allows spray transfer for CO2 dominant shielding gas at moderate

current intensity.

As an example, a still image from high speed recording of the arc is shown in Fig. 13a.

In comparison the 70S wire (Fig. 13b) presents under the same conditions a behaviour

typical of globular transfer, with droplet size greatly exceeding the wire diameter, low

detachment frequency and a diffuse and bell shaped arc attachment all around the droplet.

For the G011 wire under conditions close to the transition from spray to globular, the

electrode end is still slightly tapered and the detached droplets are still roughly of the size

consumable wire. In Fig. 13a, two detaching droplets can be seen falling towards the weld

bead. While instabilities may occur for these welding conditions, the average droplet

detachment frequency is above 400 Hz. The central bright zone of the arc has a shape

closer to a cone than a bell shape. All these parameters are associated with spray transfer.

The zirconium containing wire (G005) presents the highest CO2 rate at transition among

the wires containing transition elements. Except for the alkali containing wires, the spray

transfer is maintained for the highest CO2 rate at moderate current with the G002 wire with

the lower silicon content.

Fig. 12 SEM micrograph in
BSE mode of the LZX23 cored
wire (0.017 wt.% Li,
0.13 wt.% Na, 0.46 wt.% K),
spray-arc transfer
[25 vol.% CO2, I = 410 A]
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Discussion

The Importance of Electric and Mechanic Properties

A synthesis of the anode composition influence on the liquid properties and welding

conditions with the major properties of the droplet is given in the Fig. 14, for a current

intensity of 330 A.

The proposed explanation of the gangue effect on welding stability relies on two

physical properties, the low electrical conductivity and the high viscosity. As silicon

dioxide SiO2 presents both characteristics, limitation of this element content is expected to

have a favourable effect on welding stability. Results obtained with the AS26, AS35 and

G002 wires confirmed that silicon content reduction leads to limit significantly the gangue

importance at moderate CO2 shielding gas content. With CO2 dominant gas, the gangue is

present again but while one can note slight silicon enrichment, iron and oxygen remain the

gangue dominant components. This is consistent with the thermodynamical properties of

oxides: as silicon can form oxides more easily than iron, only a strong silicon initial

content decrease will lead to change the balance between the two oxides. The associated

improvement in term of transition (Table 7) confirms that the gangue presence is linked to

the globular transfer mode. However, using a silicon free wire such as the G004

(0.001 wt.% Si) should have led to even better results, while it does not behave much

better than the AS26 wire (0.064 wt.% Si). This might be due to a stabilizing effect of

silicon on metal melting that counteracts the beneficial effect on gangue disappearance. It

appears then that silicon content limitation cannot improve the process stability beyond this

limit and only allow spray arc transfer up to 30 vol.% of CO2. Besides, a minimum silicon

Table 7 CO2 content at the transition for 330 A and 410 A

CO2 vol.% at transition, I = 330 A CO2 vol.% at transition, I = 410 A

70S 10 17

AS26 27 30

AS35 19 25

AS42 11 16

S2MoTi 13 15

G002 37 38

G003 27 30

G004 28 29

G005 30 37

G006 29 34

G007 37 37

G008 23 24

G009 34 39

G010 58 62

G011 52 52

G012 51 53

LZX23 48 50
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amount is needed to guarantee the weld bead mechanical qualities such as tensile strength

or resilience.

The gangue presence during spray arc transfer for the G005 wire is an important result,

as zirconium oxide is known to have a higher conductivity and a high melting point. The

presence of the presumed ZrO2 containing layers at the surface of the droplet indicates that

it is possible to obtain a more conductive gangue around the droplet. This confirms the

importance of the gangue electrical conductivity on the welding stability. In term of

globular/spray-arc transition, the G005 behaviour is close to the G002 wire while its silicon

content is closer to the AS26 wire which performances are lower. In order to get a better

estimation of the oxide conductivity influence a comparative study based on one single

element would be needed.

The G006 wire was prepared to study the possibility of creating a complex oxide with

zirconium and lanthanum that would behave like a solid conductor even at high temper-

ature and in molten state. This would have dramatically increased the gangue conductivity

and strongly reduced its effect on arc attachment. However, the obtained gangue presented

actually a multiphase structure and the phase containing the wanted elements (La, Zr, O)

was not dominant. Besides it appeared encapsulated inside other phases of different

composition. This wire presents similar characteristics for the transition compared to G005.

In the case of titanium, the transition is observed for slightly higher CO2 content when

compared to the reference wire 70S. Evidence of the presence of titanium oxide were

found, but due to this phase low melting temperature (573 K) it is presumably present

mostly in the molten state and the higher electrical conductivity is not maintained in these

Fig. 13 Image of the arc by high speed camera: a G011 cored wire (0.005 wt.% Li, 0.093 wt.% K); b 70S
reference wire, [50 vol.% CO2, I = 330 A] - 3000 frame/s
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conditions. Strong radiation of titanium lines in the plasma could also indicate high level of

titanium vaporisation, limiting the amount present in the gangue. This is consistent with the

fact that no significant improvement of the gangue conductivity is reached in this case.

The other possible way for limiting the gangue detrimental effect was to add low

melting temperature elements able to drop the melting temperature of silicate phases,

rather than eliminating silicon. Lithium adjunction associated with a silicon reduction

(0.007 wt.% for G007) has allowed to get a transition at 37 vol.% for an experiment at

330 A. But lithium/potassium association with a silicon rate of 0.061 wt.% has allowed

getting spray-like transfer for a CO2 dominant shielding gas (transition at 58 vol.%–330 A

for G010). Compared to the best result obtained by reduction of silicon (transition at

37 vol.%), the addition of alkali elements improves the transition, whatsoever the alkali

nature (with a less interesting result in the case of sodium and potassium by itself, in the

limit of the tested wires), and for a large range of silicon addition values

(0.007–0.79 wt.%) (Fig. 15).

Best results are obtained for lithium and potassium addition and low values of the

atomic ratio Alkali/silicon (inferior to 2). But a good result has been obtained also for

lithium and a ratio Li/Si = 48. No direct relation with phase diagrams and eutectic phases

Fig. 14 Synthesis of the effects of wire composition for a current of 330 A
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can be established at this stage, taking into account the complex chemical composition of

the wires and the properties of solubility and vaporization of alkaline species.

The viscosity reduction leads to the disappearance of the gangue for moderate CO2

concentration. This can be explained by its mechanical lower resistance, preventing it from

staying as a thick layer around the droplet. Besides, the observation of large oxygen

containing precipitates inside the melted part of the wire could support the hypothesis that

the gangue has became so fluid that it flows inside the droplet. Due to the lower density of

oxides, this part should indeed float above the melted iron as slag and not be concentrated

at the droplet lower part. It would seem that the high viscosity prevents this from hap-

pening for the common wires, and that it becomes only possible in the case of high fluidity

melted oxides. The upwards force resulting from the density difference then appears to be

sufficient to counteract the wire feeding. The relatively high oxygen content measured

inside the precipitate excludes the formation from impurities (that might contain oxygen,

but not in a sufficient amount) inside the wire. Sufficient oxygen input can only come from

the surrounding gas, at the interface between the melted droplet and the plasma (where the

gangue forms).

The Force Balance

As demonstrated by Nemchinsky [18], the commonly accepted explanation for the effect of

CO2 on the globular/spray transition is based on the current lines geometry modification.

The two main forces governing droplet detachment are considered to be the surface tension

and the electromagnetic force [9, 10]. The first one is an attaching force while under pure

argon the second one is a detaching force. However when adding CO2 its effect decreases,
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or even reverses itself, leading to the formation of large droplets. The CO2 is supposed to

have a constricting effect on the plasma, causing the current lines geometry modification.

Our hypothesis is that the gangue presence prevents the current from flowing through the

tip of the electrode and is also responsible of the current lines modification.

In the case of spray arc transfer (with solid wires), the metal melts as soon as the wire

comes in contact with the plasma (See Fig. 5). This leads to a tapering of the wire forming

a short cone, then the metal flows along a cylindrical channel with diameter of about

0.3 mm (for a 1.2 mm diameter wire). The droplets detach at the lower part of this cylinder

(its length is not constant but is about 3 mm) and are transferred to the weld seam. If one

consider only surface tension (that tend to form spherical structures at the end of the wire)

and gravity, the existence of this long liquid metal cylinder should not be possible. Indeed,

the weight of the melted metal (calculated from the observed volume and assuming a

molten iron density of 6.9 g/dm3) is about 0.015 mN while the surface tension causes an

attaching force of several mN. If we consider the effect of the electromagnetic force (which

can also be a few mN), this means that the current flow inside the molten metal has a

geometry that leads to a vertical downward force that counteracts surface tension. This

explains the observed long molten metal cylinder and the eventual droplet detachment at

its lower end. This pattern of electrode melting and droplet formation, apart from some

fluctuation of the size of the detached droplet, is quite stable and steady. On the other hand,

in globular transfer (see Fig. 4) one can observe several steps in the formation and

detachment of the droplets. The formation also starts, after the detachment of the previous

droplet, by a reduction of wire diameter along a cone of melting metal followed by a liquid

metal cylinder. This cylinder is generally not perfectly vertical, for instance in Fig. 4 the

angle is 32�. However observation with a higher acquisition speed (7500 frame/s, exposure

time 14 ls, blue interference filter centered at 496 nm, FWHM 3 nm) shows that just after

detachment the angle can be smaller, as seen in Fig. 16 with an angle of only 18�. Apart

from a smaller cylinder length, the shape of the electrode ends is similar to what occurs in

Fig. 16 Wire tip just after
droplet detachment (7500 frames/
s, exposure time 14 ls) [70S
wire, 25 vol.% CO2, I = 330 A]
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spray transfer. However the cylinder is rapidly shrunk upward (about 300 ls), leading to a

small spherical droplet at the lower end of the cone. Then this droplet gradually grows in

diameter, moving upwards against the downward motion of the wire feeding. Once the

droplet diameter reaches the wire diameter the upward motion stops and the droplet keeps

growing while descending according to wire feeding. This is generally the best configu-

ration to study the droplet microstructure and we selected the samples for which the quench

occurred at this step. Then the droplet moves outward the wire axis and the neck linking

the droplet to the wire shrinks (presumably due to a shearing effect of the electromagnetic

force) until its rupture, causing droplet detachment. This is why droplets are often ejected

outside arc axis in globular mode.

Then if we only consider the current flow geometry in the plasma there is no reason why

the behavior of the molten metal cylinder remains long (in spray transfer) or retracts to

form a sphere (in globular transfer) since in both cases the plasma wraps the wire end

similarly. Since only the surface tension seems to be at work during the wrapping of the

metal cylinder in the case of globular transfer, it seems reasonable to consider that due to

the presence of an insulating gangue the current flow inside the metal is suppressed (or

reduced) in the lower part. The current ‘‘entry’’ into the wire will occur on the arc upper

part (just where the metal starts melting), which can explain the tapering of the metal

observed at this position. On the other hand, few or no current will flow inside the melted

metal cylinder which will ‘‘collapse’’ upwards due to surface tension. If the conductivity of

the gangue is improved this effect could be reduced and the Lorentz force will remain

effective to detach the droplets. When using cored wires the behavior of droplet detach-

ment is comparable but with higher instability. Some steps of globular transfer can occur

amidst spray-dominated transfer. Because of the lower wire density (due to the presence of

the flux as powder) the electrode end is more fragile and the observation of the gangue is

easier when large droplets appear (as one can see in Fig. 10). But from high speed imaging

study we know that the gangue is also present even during the spray type transfer. This is

why we can conclude that a better conducting gangue can be still compatible with spray

transfer. Of course when the gangue thickness increases (due to larger oxygen amount in

the shielding gas, when increasing CO2 content) the insulating effect of the gangue prevails

again and the transfer eventually turns to globular. When the current decreases, the Lorentz

force decreases and the prevalence of surface tension also leads to globular transfer. The

‘‘electrical’’ consequence of the gangue is related the current lines geometry, which also

depends on the plasma properties. This is why it was important to also study the effect of

gangue’s viscosity, which is more independent of the electrical phenomena.

As observed by Halden and Kingery [5], the adjunction of an oxygen containing

component such as CO2 in the shielding gas should decrease the surface tension, favouring

the detachment of smaller droplets. Indeed this allows achieving spray transfer can be

achieved through oxygen containing shielding gas at low current. However at higher

current (such as 330 or 410 A), the explanation of the inverse observed behavior could be

that the electromagnetic force becomes dominant and its modification has a stronger effect

on droplet detachment than surface tension reduction. Silicon has also a limiting effect on

surface tension, as 5% SiO2 adjunction in iron leads to a 20% decrease in surface tension

[12]. As silicon reduction favours the spray-arc transfer, this would confirm that the surface

tension modification is not a key parameter for droplet detachment for the considered

current intensity.

The viscosity property cannot be considered as a force. However it could have a

mechanical effect hindering the detachment of small droplets. The hypothesis is that the

gangue acts like a shell around the droplet, stabilizing its spherical shape and perturbing

202 Plasma Chem Plasma Process (2018) 38:177–205

123



the melted metal flow observed in the case of spray-arc transfer. The detrimental effect of

iron oxide on iron taping has been studied by Nishioka et al. [19]. The authors showed that

due to the higher viscosity the dripping ability of slag was reduced, leading to perturbation

of the melted metal flow at the tap holes. Of course the two situations present strong

differences (lack of electric current and then electromagnetic force, non-negligible effect

of gravity and larger dimensions in the case of iron tapping) but this shows the detrimental

effect of a covering high viscosity layer that disrupts a melted metal flow.

Oxides of higher viscosity, such as silicon oxide SiO2, should then have an even higher

effect. It is known that viscosity at melting temperature is maximal and decreases when

temperature further increases. For instance, Schenk et al. [21] showed, using the rotation

with moving immersion body method, that the iron oxide FeO viscosity decreased from

0.05 Pa.s at melting temperature (1377 �C) to 0.03 Pa.s at 1500 �C. Then considering the

droplet temperature (2400 to 2900 K) [4, 7, 30] a lower material melting temperature

would lead to a lower viscosity. This explains the beneficial effect of alkaline elements

observed here. One can also consider the reduction of melting temperature of the whole

material (not only the gangue). The melted metal fluidity will be improved, which will also

promote the detachment of small droplets.

Summary and Conclusion

The microstructure of the pendant droplet at the consumable electrode has been studied for

various initial compositions of wire during GMAW experiments. The study was focused on

the analysis of the behaviour of the oxide layer wrapping the droplet and the understanding

of its properties with respect to the transition between globular and spray arc transfer

mode. Due to the numerous parameters and the dynamics of the process, the problem is

very complex. However, according to our results it clearly appears that both conductivity

and viscosity may be determining factors regarding the transfer mode transition through

modification of arc attachment and metal flow, respectively. Then by tailoring the wire

composition it becomes possible to improve control of droplet detachment conditions.

We showed first that silicon content decrease allows improvement for both parameters,

but the beneficial effect on welding stability remains limited. Then zirconium adjunction

also helps reaching spray transfer more easily as an advantage of a slightly higher con-

ductivity, but the benefits also remain limited. Finally, moderate alkali element adjunction

has allowed spray-like transfer in CO2 dominant shielding gas, supporting the hypothesis

of a strong influence of material viscosity on droplet detachment. While the influence of

alkali elements on weld bead mechanical properties have to be studied, this way has proven

to be the most promising one. Besides, the plasma spectroscopic analysis showed strong

vaporisation and ionisation of alkali elements, so the content in the seam might not be so

high, which is a positive point in regard to potential applications. Due to their lower

ionization energy, their presence in the plasma (even considering their small quantity)

could also increase its conductivity and modify the current lines geometry. However

plasma observation did not show significant arc shape modification and one can assume

that this effect is not dominant. A complete plasma diagnostic (electron temperature and

density, composition) could provide additional information and help estimating the con-

tribution of both phenomena.
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