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The Effect of Wollastonite on
Operational Characteristics of AWS
E6013 Electrodes

The main objective of this work was to assess the operational behavior of ANSI/AWS A5.1-
91 E6013 type electrodes when 0, 8 and 16 % of quartz (100 % SO,) is replaced with
wollasgtonite (Calcium Slicate, 50 % SO, - 50 % CaO) in the coating composition. The
electrodes were tested through bead-on-plate welds in flat position on DC, both polarities,
and on AC currents. Arc stability, fusion rate and deposition rate were used as operational
characteristics evaluation criteria. The results suggested that the replacement of quartz
with wollastonite, that increased slag basicity, kept, or even improved, the typical excellent
operational characteristics of E6013 type electrodes.
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Introduction

During the 1980s, an important decrease in theausagnanual
electrodes took place in the developed countriegafdki,1998;
Svenson et al, 1999). Despite that fact, in Latinekica, almost
80% of the deposited weld metal comes from thi® tgpwelding
consumables (Timerman and Vedia, 1991). In
accompanying the noticeable growth of steel pradocin China
and India, a marked increase in manual electrodenas observed
(Taylor,1990). Everything seems to indicate that thilization of
manual electrodes will stabilize in a 20-30% of tleposited weld
metal (Myazaki,1998; Svenson et al, 1999), dueh® following
reasons (Taylor,1990), among others:

« Simplicity, durability and low cost of the requireduipment.

« Possibility of being used in open and closed spaces

* Wide range of consumables for most applicationschvis a

function of the quick set up fabrication.

* Availability in small units and at relatively lowost. It is

generally accepted that welding consumables reptréise 1-2
% of the final cost in general fabrication.

* Possibility of finding welders with the adequatd/ldior most

of their applications, easily.

Another interesting matter is that rutile-coateeicglodes of the
type ANSI/AWS A5.1-91 E6013 and E7024 continue goréquired
in different markets. This is so to such a deghed, there were no
Charpy requirements for ANSI/AWS E7024 Classificatiup to
1981. In ANSI/AWS A5.1-81 Specification (ANSI/AW3981), a
new variant identified as “E7024-1" was introdudedthose E7024

electrodes which were required to deliver 27 188C and the same
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is required in the
(ANSI/AWS, 1991).
During the last 20 years a lot of work has beenedarnorder to
acquire more knowledge about electrodes deposfiisfign steels.
Much attention was concentrated on the study ofuahmasic
coated electrodes of the types ANSI/AWS A5.1-91 B7(Evans,
1983, 1990) and E7016 (Taylor, 1982; Surian andifmmvski,

latest ANSI/AWS A5.1-91 Spedfion

additiorl995), leaving aside those of the rutile type. @sds the authors are

aware, only a few papers about E7024 (Surian el 295) and
E6013 (Rissone et al, 1995; Boniszewski et al, 1Bmiszewski
and Evans, 1995; Boniszewski and Evans, 1995; Bewniski and
Colvin, 1995; Rissone et al, 2002) type electrotiese been
published in the last years with the aim of esghlitig the
relationship between chemical composition, micradtrre and
mechanical properties of the deposited metal, ashmas, the
relationship between these properties and opeasitibehavior.
From the point of view of their operational propest rutile
electrodes are known as the best ones comparedlltdosic and
basic ones.

The mentioned knowledge on rutile electrodes isobeeg
more important everyday due to the possibility of:

* using them in underwater wet welding, for which thesic
ones are not the most adequate (lbarra et al, 1989¢chez-
Osio et al, 1993.);
generating knowledge on rutile slag system, by qsin
inexpensive material (covered electrode), that dam
employed on the development of rutile flux wire fal
positional welding;
obtaining formulations capable of satisfying thea® 3
requirement of the Unified Classification Sociefié8S, BV,
DnV, LRS) for the navy industry (Charpy-V impact4f J at
-20°C) (Lloyd’s, 1994).

For these reasons, a joint research program has ib@mated

with manual coated electrodes of the AWS A5.1-9DIEGtype.
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The first step was to study the effect of varyihg slag basicity
through the increase of Calcium Carbonate contetiiteaexpense of
cellulose and Si-bearing materials, in the ele@rodating (Rissone
et al, 1995). The second step, and present onefomagaluate the
effect of the replacement of quartz (100 % $i®ith wollastonite

J. P. Farias et al

metallic manganese (Mn powder) in the coating weduced as
wollastonite was increased, so that the manganesterds of the
three weld metals were similar (the balance wasemaing iron
powder) to avoid incorporating another variablebl€a2 presents
the chemical composition of the slag produced Bs¢helectrodes

(Calcium Silicate, 50% Si&b0% CaO) in the E6013 manual as well as the Basicity Indexes (Bl) calculated oading to

electrode coating. The mentioned replacement peatiuc

an improvement of the vertical position weldingfpamance
together with a slight detrimental effect on thewdehand
position, being the typical excellent operationedgerties of
rutile electrodes maintained, on all the types avelding
positions;

a slag basicity increase, evaluated through theisgewski
Basicity Index (Tuliani, Boniszewski and Eaton,1969

a decrease of oxygen and Si all-weld-metal contents

no variation in tensile properties, which were desithe
expected values for this type of electrodes;

an important increment of all weld metal toughness;

a marked decrease of diffusible hydrogen in theoditgd
metals;

no modification in the percentages of columnar asfthed
zones of all-weld metal specimen Charpy-V notclaton;

an augmentation of both acicular ferrite content tie
columnar zone and prior austenite grain size, ab aga
decrease of the refined fine grain size.

All these facts are shown in a first part of thisdy (Rissone et
al, 1995).

This second part of the present work deals withattzestability
and electrode economical characteristics. The fonetial idea was
to study the possibility of improving toughness saggested in the
first part (Rissone et al, 1995), without spoilinige excellent
operational characteristics of rutile electrodes.

From the point of view of arc stability, there amgo basic
differences between rutile and basic electrodesfitet one have a
stable arc independently from the current type fawidrity and their
metal transfer is quick and in small drops; theeatthardly work on
DC (-) and on AC welding the arc tends to extinguikiring the
polarity inversion from negative to positive halfete. In addition,
the metal transfer is slow and in large drops wvath intensive
occurrence of short-circuits (Farias, 1993). A jwas work on
AWS A5.5-81 E7016-C2L/8016-C2 type electrodes, inich the
slag basicity was increased with Mg, showed thargd and metal
transfers on AC were improved with the incrementhef electrode
coating Mg content (Farias et al, 1997). As theg skmsicity
increased with the wollastonite coating rise, dug¢he replacement
of Si0, with Ca0, it seemed interesting to study how ithisease in
slag basicity could have affected the stabilitytié arc and the
economical characteristics of the electrodes.

Experimental Procedure

Electrodes

Three experimental AWS E6013 type electrodes,
diameter, with replacement of quartz with wollas®nin the
electrode coating, were produced. The first onetained 16%
quartz and 0% wollastonite; the second one had 8&ttzjand 8%
wollastonite and the third electrode 0% quartz ah@%
wollastonite, being the rest of the constituents same. Table 1
gives all the coating components of the electroliés.important to
recall that the idea of replacing quartz with wsitaite, that is to

4-mm

Boniszewski (Tuliani, Boniszewski and Eaton,1969).

Table 1. Experimental electrodes.

Coating Type of electrode
Constituent (%) 6104 6116 6113
Rutile 55.0 55.0 55.0
Quartz 16.0 8.0 None
Calcite 7.0 7.0 7.0
Wollastonite none 8.0 16.0
Cellulose 6.0 6.0 6.0
Mn powder 9.0 75 6.0
Fe powder 7.0 8.5 10.0
Potassium Silicate (ml/kg) 200 200 200
Table 2. Slag composition (AC welding).
Type of constituent Type of electrode
6104 6116 6113
TiO, 48.9 50.7 52.4
Sio, 22.3 20.7 17.6
ZrO, 0.28 0.32 0.29
Al,O; 0.35 0.21 0.20
MnO 11.6 9.2 8.0
K,0 4.3 45 4.3
FeO 9.1 75 6.1
CaO 3.9 7.7 11.3
Bl 0.39 0.44 0.51

BI: Basicity Index (Tuliani, Boniszewski and Eaton,1969)

Weldments

Bead-on-plate weldments in down-hand position weagied
out with these electrodes, using ASTM A-36 50x150m6 plates
on both polarites (DCPE and DCNE) and on AC. Two
electromagnetic power sources (DC and AC) and aonzatic
covered electrode welder simulator (Farias et@9,7) were used. A
computer-aided data acquisition system of prograntena
frequencies at 12 kHz in each channel (voltagecamdent), 12 bits,
was applied (Farias et al, 1997). Each experimeohducted
according to the welding parameters listed in T&bleas triplicate.
The instantaneous values of arc voltage and cuwerg registered
during 6s, totaling 18 s of acquisition for eacimbination of type
of electrode/type of current. A dedicated softwaras used for
treating the instantaneous voltage and currentatsgmcquired
(Farias, 1993), aiming at the arc behavior analysis

Table 3. Welding parameters.
Type of Irms (A) Urms (V) TS HI (kJ/mm)
current (mm/s)
DCEP 188.0 25.0 3.0 157
DCEN 185.0 25.0 3.0 154
AC 190.0 26.0 3.0 1.65

Irms: mean effective current; Urms: mean effectiveagst TS: welding
travel speed; HI: heat input.

say to replace SiOwith CaO, was to increase the basicity of the

slag. A reduction of oxygen and an increase of ramage were
expected as a consequence. Thus, as seen in Tahk dmount of
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Arc Behavior Study

The study of electrodes behavior was based on hadelogy
that evaluates:

The electrodes economical characteristics, by meznthe
actual fusion rate (FR = weight of electrode, idahg coating,
burnt out) and the deposition efficiency (DE), and

Arc stability, assessed by considering both thetete charge
transfer and metal transfer mechanisms (Farias3;1B8rias et al,
1997).

All the responses were submitted to a variance yaisal
(Montgomery, 1984), with a confidence level of 95%gr
determination of the significance level) (of the analyzed effects.

Results and Discussion

Economical Characteristics

The results concerning fusion rate, FR (kg/hA) aegosition
efficiency, DE (%), are shown in Table 4. and Feut and 2. As a
whole, no prominent detrimental effect on the ecnical
characteristics could be observed in the electrodh 16%
wollastonite (6113) when compared to the no-wallage-content
electrode (6104). Besides, a small amount of ptyrasithe slag, a
litte more difficult slag detachment, more spattend more
convexity of the bead surface were the characiesistbserved in
the highest-wollastonite-content electrode. On diieer hand, the
intermediate-wollastonite-content electrode (61¥&hibit a bit
better fusion rate than the others on DCEP and@EM (@ < 1,0 %
on Table 4) (on AC, the variance analysis showedlifference
amongst the electrodesy (> 1,0 % on Table 4 ). Deposition
efficiency presented statistically higher values 04 only on
DCEN (@ < 1,0 % on Table 4). In all other conditions tregiance
analysis could not distinguish them (Table 4).

As seen in Table 2, the addition of wollastoniterégased the
CaO slag content. That means an increase in skdgcsutension
and slag density. The slag solidification becomésler and makes
gas evolution more difficult. This effect may caudag porosity.
The bead surface and the slag detachment also enajfdcted by
the increase in the slag surface tension. In gifiteese variations in
slag properties, there was neither undercut nasgityrin the bead
surfaces.

Table 4. Economical characteristics.

Type of Type of current
Electrode DCEP DCEN AC
FR x DE FR x DE FR x DE
10° | @) | 10° | ) | 10° | (%)
6104 12.42] 62.01 1185 66.0 11.%3 640
6116 13.39] 60.0] 1228 64.0 11.38 610
6113 12.64] 59.0/ 11.04 62.0 11.29 620
a (%) 0,38 | 16,62 | 0,02 | 0,21 | 24,97 | 13,31

Fusion rate in kg/hA
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Figure 1. Effect of electrode type on the fusion rate.
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Figure 2. Effect of electrode type on the deposition efficiency.

Arc stability

The study on arc stability was made initially byngmaring
short-circuit characteristics, that is, its durati@and frequency
(metal transfer data). It was concluded that adtaalsfer by short-
circuit happens when its duration is longer than®2(Pokhodnya et
al, 1991; Scotti et al, 1995). The data treatmeoftware
automatically measured a parameter identified kY ($hort-circuit
time). The software also measured the period betsbert-circuits
and, consequently, the frequency, identified by pheameter "F".
The outcome of the software represents the averalyes of "f."
and "F" for each experiment.

Table 5 and Figures 3 and 4 show the results o&ntieinsfer
characteristics. The figures represent the meamevalf each
experiment with the same combination (in number 3)f As
observed in the table 5 and in the Figure 3, thernnediate-
wollastonite-content electrode (6116) tended (Vewy significance)
to present higher short-circuit frequency on DaQis(t better
performance of 6116 electrode was also observeflision rate
analysis). The behavior on AC, likewise in fusioater and
deposition efficiency, did not show the same.

Table 5. Metal transfer data.

Type Type of current
of DCEP DCEN AC
Electrode| F (Hz)| &(ms) | F (Hz)| &(ms)| F (Hz) [ & (ms)
6104 1.28 3.51 1.67 3.39 1.24 3.4p
6116 2.50 3.89 3.50 4.00 0.7 3.3p
6113 1.33 3.65 0.83 3.61 0.7§ 3.4p
a (%) 17,86 | 67,89 2,68 19,33 | 2454 | 9595

Copyright O 2004 by ABCM
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5.0
Table 6. Electric charge transfer data.
40 Type of FE (WsT) RE B* (Q's") [ RB'
Electrode| DCEP| DCEN DCEP DCEN AC

30 6104 1.79 1.92 1.03 0.97 2322 3.45

v 6116 1.81 2.02 1.09 1.06 2540 3.85

L o0 6113 2.30 1.67 1.09 1.0§ 2945 4.54
o (%) 5,33 34,79 | 8191 | 66,29 0,02 0,33

1o —e— DCEP The extinction of the arc in the short-circuitindu(ing which

= DCEN the current remains high and, depending on the pewaerce, can

00 == o o3 —+— AC even exceed the double of the welding current) sagtace in

normal welding conditions on DC. This causes tempee to raise
to high levels at the tip of the electrode andhatweld pool, thus
Figure 3. Effect of electrode type on the short-circuit frequency. facilitating the arc restriking process after theopd has been
transferred. It was assumed that, in this casesldg basicity did
not affect the arc restriking mechanism becausehigh short-
circuit currents were enough to guarantee the &inim and later
restriking. A more careful analysis of Table 6 cates that the type
of electrode influenced neither the facility nowe thegularity of
charge transfer with DC welding. This was deductexm the

40 . : .
/Aﬁ analysis of variance, as discussed above.

Type of electrode

6.0

5.0

2 30
N 40
20
34
10 —e— DCEP
—=— DCEN 28
0.0 Lo
6104 6116 6113 —— AC 2
Typeof eectrode E 22
Figure 4. Effect of electrode type on the short-circuit time. 16
So far, any relationship between "tor "F" and arc stability or —e— DCEP
operational facility has not been mentioned befar¢he literature, 10 6104 6116 6113  —® DCEN
but longer “t; and quicker “F’ are characteristics of basic Type of dectrode
electrodes (Farias, 1993). Thus, in addition toameansfer, charge
transfer characteristic assessment could give enattiterion for Figure 5. Effect of electrode type on the index FE.
evaluating the influence of wollastonite. With tipsirpose, new
indexes came up (Farias, 1993). 200
On DC:FE index represents the electric power spentstrike
the arc after each short-circuit and RE @FEindex, the FE 160

regularity, is calculated by the inverse of relatiwot-mean-square
deviation of the index FE.

On AC: B* index represents the mean speed of increase of tr 1.20
electrical conductivity in the inter-electrode spaduring the w 3707!

o . . . . o
positive pre-arc period and RBindex, (B/o), indicates the 0.80
regularity of the electric charge transfer and eéspnts the inverse of
relative root-mean-square deviation of the indéx@n the contrary

. ; ! 0.40
of the former indexes, ‘Bindex has been proposed some time agc
(Pokhodnya et al, 1980) and its performance veti§everal times —e— DCEP
by the authors. 000 == 6116 6113 -= DCEN

The data treatment software for each experimemutzied all
the indexes. Table 6 and Figures 5 and 6 show thdsaes on DC
considering the electric power spent in all shadits (with and Figure 6. Effect of electrode type on the index RE.
without metal transfer). Table 6 and Figures 7 &xdhow the
indexes B and RB on AC. The values are the average of the Welding on AC, with a sine wave power source, therent
triplication. As Table 6 and Figures 5 and 6 shthere was a small approaches zero at a certain interval during whick arc is
tendency of wollastonite increased electrodes (6416 6113) 10 pajntained by the effect of thermoionic emissiote Temission
show better stability on DC (higher FE or RE) néveless, these capacity of the electrode, where the cathode wilidrmed, plays a
tendency was not statistically significant¥1,0 %). Otherwise, on fyndamental role in the restriking of the arc, dgrthe changes of

AC, whose indexes Band RB are more reliable, they seemed t@olarity and depends on several factors (Pokhoehgd 1991):
increase together with the increment of wollasnit

Type of electrode
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1) the temperatures of the electrode, the weld podl the gas
present in the arc column;

2) the composition of the gases present in the@mmn;

3) the emission capacities of the electrode andviiié pool;

4) the intensity of the electric field applied teetarc column.

Conclusion

The replacement of quartz with wollastonite in toating of an
AWS E6013 type electrode did not cause prominefeicen the
economical characteristics of the electrodes addndt reduce its

The increase of Band RE indexes (Table 6 and Figures 7 andarc stability. Actually, there is an improvementast stability on

8) with the addition of wollastonite may be attriied to the effect of
slag basicity. Table 2 and Figure 9 show that tlag Pasicity

increases with the addition of wollastonite on éhectrode coating.
It is believed that increasing CaO content in staggments its
thermoionic emission capacity. These tendency \ssabserved in
basic electrodes with magnesium powder in the rgatiThe

increasing of coating magnesium content, that méamincreasing
of slag MgO content, caused a significant increpsnthe B and

RB" indexes (Farias et al, 1997). It's important tqpbasize that the
higher these indexes the higher the facility ofdirey on AC.
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B (27sh

2500

2350

2200

6116
Type of electrode

Figure 7. Effect of electrode type on the index B".
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Figure 8. Effect of electrode type on the index RB.
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Type of electrode

6113

Figure 9. Effect of electrode type on the basicity index.
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AC. The metal transfer mechanism (frequency andatéhr of
short-circuits) was not significantly affected orCAnor on DC.
Thus, the excellent operational behavior of rugilectrodes can be
maintained by using wollastonite in replace mergurtz.

As the replacement of quartz with wollastonite lire ttoating
increases slag basicity and decreases all weldl rséiton and
oxygen contents, it seems possible to increasewkle metal
toughness without losing the excellent operatitedlavior of rutile
electrodes.
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