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Abstract— According to AWS 5.18, the all weld metals produced with filler metals ER70S-2, ER70S-3 and 

ER70S-6 through GTAW should present the same minimum values in tensile tests, as follows, minimum 

yield strength 400 MPa, minimum tensile strength 480 MPa and minimum elongation 22%. The impact test 

requirements to the all weld metals produced with filler metals ER70S-2, ER70S-3 and ER70S-6 should 

present 27 J as the minimum average impact strength at -29 ᵒC to ER70S-2 and ER70S-6, and at -18 ᵒC to 

ER70S-3. Although the mechanical properties of the all weld metals produced using these three welding 

electrodes are quite similar, their chemical compositions are different specially in the contents of 

deoxidizing elements like Zr, Al, Ti, Si and Mn. The contents of deoxidizing elements are lower in ER70S-3, 

intermediate in ER70S-6 and higher in ER70S-2. Electrodes and rods of the ER70S-2 classification are 

primarily used for single-pass welding of killed, semi-killed, and rimmed steels, but may be used for some 

multipass applications. Due to the added deoxidants Zr, Al and Ti in the chemical composition of ER70S-2, 

this filler metal can be used for welding steels that have a rusty or dirty surface,with a possible sacrifice of 

weld quality depending on the condition of the surface. A detailed study to compare the performance of 

filler metals ER70S-2, ER70S-3 and ER70S-6 was conducted through GTAW bead on plate coupons using 

the three different electrodes on bright polished and rusty plates. The performance of the electrodes was 

studied through GTAW groove test weld assembly with and without purging gas. The results showed that, 

although ER70S-2 presented the best performance among the three welding wires tested in bead on plate in 

rusty plates, welding groove joints without purging gas using this welding electrode is practically unviable 

though GTAW. Fluid flow in the weld pool determines GTAW weld pool shape. The force driving the fluid 

flow is surface tension gradient. This is called Marangoni convection. Due to the higher contents of 

deoxidants in the chemical composition of ER70S-2, the weld pool produced using this filler wire is 

strongly deoxidized and the result is that when the area under the arc is heated up, the surface tension 

drops in the center of the weld pool and the direction of the fluid flow is from the center towards the edges 

of the pool. The results suggest that the change in the fluid movement due to deoxidation of the weld pool, 

causes slag to be trapped between base metal and weld pool. 
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I. INTRODUCTION 

The Ellingham diagram is used to predict the equilibrium 

temperature between a metal, its oxide, and oxygen, and 

by extension, reactions of a metal with sulfur, nitrogen, 

and other non-metals. The analysis is thermodynamic in 

nature and ignores reaction kinetics. Thus, processes that 

are predicted to be favorable by the Ellingham diagram 

can still be slow. Figure 1 shows the Ellingham diagram 

for oxide formation. It is observed that aluminum is 

oxidized preferentially to titanium, silicon, manganese 

and iron due to the fact that Gibbs free energy of alumina 
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formation (Al2O3) is more negative than Gibbs free 

energy of rutile formation (TiO2), silica formation 

(SiO2),manganese (II) oxide (MnO) and iron oxides (FeO, 

Fe3O4 and Fe2O3).[1-7] 

 

 

Fig.1: Ellingham diagram of oxides formation. [1,7] 

 

Figure 2 presents the standard free Gibbs Energy (ΔGᵒ) of 

the reactions for the formation of oxides, sulfides, nitrides 

and carbides at 1723 K. It is important to observe that 

zirconium presents higher affinity with oxygen, sulfur, 

nitrides and carbides when compared to the other 

deoxidants aluminum, titanium, silicon and manganese. 
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Fig.2: Standard free Gibbs Energy (ΔGᵒ) of the reactions for the formation of oxides, sulfides, nitrides and carbides at 1723 

K. [8] 

 

Although the mechanical properties of the all weld metals 

produced using ER70S-2, ER70S-3 and ER70S-6 welding 

electrodes are quite similar, their chemical compositions 

are different specially in the contents of deoxidant 

elements like Zr, Al, Ti, Si and Mn. The contents of 

deoxidizing elements are lower in ER70S-3, intermediate 

in ER70S-6 and higher in ER70S-2. 

This information suggests that all weld metals produced 

using ER70S-2 tends to present lower oxygen contents 

than those produced using ER70S-6 and ER70S-3, 

respectively, when welding base metals with similar 

oxygen concentrations. 

In this context, a deeply understanding of the Marangoni 

effect, looks to be very important to do the correct choice 

among welding wires ER70S-2, ER70S-3 and ER70S-6, 

according to the oxidation level of base metal. 

The Marangoni effect is the mass transfer along an 

interface between two fluids due to the surface tension 

gradient. In the case of temperature dependence this 

phenomenon may be called thermo-capillary 

convection.[9-12} 

Since a liquid with a high surface tension pulls more 

strongly on the surrounding liquid than one with a low 

surface tension,the presence of a gradient in surface tension 

will naturally cause the liquid to flow away from regions of 

low surface tension. The surface tension gradient can be 

caused by concentration gradient or by a temperature 

gradient when surface tension is a function of 

temperature.[9-12] 

Fluid flow in the weld pool determines GTAW weld pool 

shape and the force driving the fluid flow is surface tension 

gradient. This is called Marangoni convection. 

Pure metals (and low sulfur materials) have a negative 

temperature coefficient of surface tension. When the area 

under the arc is heated up, the surface tension drops in the 

center of the weld pool and the direction of the fluid flow 

is from the center towards the edges of the pool. [9-12] 

When sulfur, oxygen, selenium, or other surface-active 

elements are introduced to the weld pool at very low levels 

they cause the surface tension to rise with an increase in 

temperature. In this case, the direction of fluid flow is from 

the outside of the pool, where the surface tension is lower, 

towards the center, thus increasing penetration. [9-13] 

Figure 3 presents the effect of variation of surface tension 

with temperature when there is presence of “surface 

active” elements in the weld pool. 
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: 

Fig.3: Effect of variation of surface tension with temperature when there is presence of “surface active” elements in the weld 

pool. [9] 

 

Figure 4 presents the effect of variation of surface tension with temperature when there is absence of “surface active” 

elements in the weld pool. 

 

 

 

Fig.4: Effect of variation of surface tension with temperature when there is absence of “surface active” elements in the weld 

pool. [9] 

 

Among the “surface active elements”, oxygen can be added 

or reduced into the weld metal during welding. Alloying 

elements like silicon and manganese, which are present in 

the base metal and the wire, have a high affinity to react 

with oxygen and form silicon oxide and manganese oxide. 

These oxides accumulate on the surface of the weld pool 

and form slag. As these slags float on the weld pool 

surface, the weld pool flow pattern can govern the slag 
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formation location. Besides, the slag formation location 

can also give an indication of the weld pool flow pattern. 

The slags have an adverse effect on the weld quality.[12, 

13] 

 

II. EXPERIMENTAL 

A detailed study to compare the performance of filler 

metals ER70S-2, ER70S-3 and ER70S-6, all 2.4 mm 

diameter, was conducted through GTAW bead on plate 

coupons using the three different electrodes on bright 

polished and rusty plates of ASTM A36 150 X 50 X 8 mm. 

All the “bead on plate” samples were welded using 99.99% 

Ar as the shielding gas, 160 A, 14 V and travel speed of 80 

mm/minute. 

To accelerate rust formation, 3 plates were wet and left at 

the sun for 8 h in air. 

 

Fig.5: Bright polished and rusty plates of ASTM A36 150 X 50 X 8 mm 

 

The performance of the electrodes was then studied through GTAW groove test weld assembly to allow welding of the root 

pass with and without purging gas. The plates are of ASTM A36 250 X 50 X 8 mm and the V groove is 60ᵒ. 

 

 

Fig.6: GTAW groove test weld assembly to allow welding with and without purging gas.  

 

The purging gas, when used, was 99.99% Ar. All the 

“groove test” samples were welded using 99.99% Ar as the 

shielding gas, 115 A, 11 V and travel speed of 40 

mm/minute. 

Chemical analyzes were carried out in all samples by 

means of an optical emission spectrometer, according to 

ASTM E 1086-08. [14] 

Afterwards, the conventional manual polishing was applied 

using water slicks (100, 240, 320, 400, 600 and 1000 

mesh) in order to standardize the surface finish of the 

samples. Afterwards, a cloth polishing with 9, 3 and 1 μm 

diamond abrasive paste was carried out in this sequence. 

The etching solution used was Nital.  

 

III. RESULTS AND DISCUSSION 

Figures 7 presents the bead on plate coupons using the 

three different electrodes on bright polished and rusty 

plates of ASTM A36 150 X 50 X 8 mm. 
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Bead on plate (Bright) 

a)   b)  

 

Bead on plate (Rusty) 

c)   d)  

Fig.7: Bead on plate coupons using the three different electrodes on bright polished (a and b) and rusty plates (c and d) of 

ASTM A36 150 X 50 X 8 mm 

 

The bead on plate tests showed very interesting results. For 

the bright plates there was almost no slag formation, 

although, for the rusty plates there was slag formation for 

the three different electrodes.  

In the case of the bright plates, all the three filler metals 

presented similar good weldability. 

Nonetheless, it is important to emphasize that in the case of 

rusty plates, the three filler metals presented different 

performances. The ER70S-3 presented bad weldability 

once a thin layer of slag was formed on the surface of the 

bead, and some porosity appeared on the surface, as well. 

The ER70S-6 presented better weldability than that 

observed to the ER70S-3, and the slag tended to 

concentrate on the top of the bead and there was no 

apparent porosity. The ER70S-2 presented very good 

weldability and the slag tended to concentrate in the fusion 

line with the base metal. The bead showed very good 

wettability and low penetration. 

Figure 8 shows the macrographs of the sections of the 

“bead on plate” coupons produced with filler metals 

ER70S-2, ER70S-3 and ER70S-6 on the rusty plates. 
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a) b)  

c)  

Fig.8: Macrographs of the sections of the “bead on plate” coupons produced with filler metals  

a) ER70S-2, b) ER70S-3 and c) ER70S-6. 

 

The higher content of deoxidants on the chemical 

composition of ER70S-2 leads to a lower content of oxygen 

in the welding pool, resulting in lower penetration and wider 

bead. The lower content of deoxidants on the chemical 

composition of ER70S-3 leads to a higher content of oxygen 

in the welding pool, and consequently, higher penetration 

and narrower bead.  

Figure 9 presents a model to explain the increasing of 

penetration and decreasing of the bead width as a function of 

the oxygen content of the weld pool in “bead on plate” 

deposits through GTAW, according to the content of oxygen 

in the welding pools. 

 

 

Fig.9: Model suggesting the increasing of penetration and decreasing of the bead width as a function of the oxygen content 

of the welding pool in “bead on plate” deposit through GTAW. 

 

Figure 10 presents the groove test coupons welded with and without purging gas. 
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a) b)  c)  d)  

 

e) f) g) h)  

 

i) j) k) l)  

 

Fig.10: Groove test coupons welded with and without purging gas:  

a) ER70S-2 – Face (no purging), b) ER70S-2 – Root (no purging), c) ER70S-2 – Face (purging), 

d) ER70S-2 – Root (purging), e) ER70S-3 – Face (no purging), f) ER70S-3 – Root (no purging), 

g) ER70S-3 – Face (purging), h) ER70S-3 – Root (purging), i) ER70S-6 – Face (no purging), 

j) ER70S-6 – Root (no purging), k) ER70S-6 – Face (purging) and l) ER70S-6 – Root (purging) 

 

The groove tests showed that both ER70S-2 and ER70S-6 

presented weak weldability and ER70S-3 presented 

somewhat acceptable weldability without purging gas. 

Using purging gas, all the filler metals presented very good 

weldability. 

 

IV. CONCLUSIONS 

Although the mechanical properties of the all weld metals 

produced using ER70S-2, ER70S-3 and ER70S-6 welding 

electrodes are quite similar, their chemical compositions 

are different specially in the contents of deoxidant 

elements like Zr, Al, Ti, Si and Mn. 

The contents of deoxidizing elements are lower in ER70S-

3, intermediate in ER70S-6 and higher in ER70S-2. 

Deoxidized weld pools tend to have a negative temperature 

coefficient of surface tension. When the area under the arc 

is heated up, the surface tension drops in the center of the 

weld pool and the direction of the fluid flow is from the 

center towards the edges of the pool. 

When oxygen, or other surface-active elements, are 

introduced to the weld pool at very low levels they cause 

the surface tension to rise with an increase in temperature. 

In this case, the direction of fluid flow is from the outside 

of the pool, where the surface tension is lower, towards the 

center, thus increasing penetration. 

The choice of ER70S-2, ER70S-3 or ER70S-6 can lead to 

change in the direction of fluid flow in the welding pool 

due to change in the level of oxygen dissolved in the 
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molten metal, resulting in changing in penetration and bead 

shape using the same welding parameters. 

Welding of groove welds using ER70S-2 and ER70S-6 

must be performed with purging gas. 
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