
Fundamentals of the Chemical Behavior of 
Select Welding Fluxes 

Changes in weld metal Mn levels as a function of 
electrochemical reactions in the flux are investigated 

BY A. POLAR, J. E. INDACOCHEA AND M. BLANDER 

ABSTRACT. This investigation evaluates 
the relative effects of thermochemical and 
electrochemical reactions on the trans
port of elements, particularly manganese, 
from the flux to the weld metal in sub
merged arc welding. The experimental 
fluxes used were silica-calcium oxide-
based, containing 20 wt-% MnO, 15 wt-% 
CaF2, and SiC>2 to CaO ratios that varied 
from 5.50 to 1.16. The slags formed show 
good detachability, and the welds pro
duced have good bead morphology. The 
dilution effect was eliminated by drawing 
the welding wire from the same materials 
as the base plate. The welding parameters 
were held constant during weld produc
tion and two polarities were used. The arc 
was found to be stable, but was more so 
for electrode-positive (reverse) polarity 
welds. 

The results of chemical analyses of 
fluxes, slags and welds are consistent with 
the following three mechanisms working 
in parallel that all affect the compositions 
(and the apparent compositions) of weld 
metal: 1) the pyrochemical reactions be
tween the slag and the metal; 2) electro
chemical reactions at the anodes and 
cathodes (oxidation and reduction, re
spectively); and 3) occlusion of slag or 
solid products of reactions in the weld 
pool. 

Introduction 

One of the primary concerns in the 
welding of metals is to produce welds 
with physical and mechanical properties 
similar to or better than those of the ma
terials joined. This concern for the quality 
of the weld has become more pressing in 
view of the design and development of 
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new alloys. These new materials are pro
duced, usually, with the consideration of 
meeting the most stringent mechanical 
and chemical requirements, and with little 
or no attention to the weldability of the 
alloy. 

Many of the new advanced alloys have 
their designed physical properties only 
within a confined compositional and mi
crostructural range. This limitation imposes 
a need for tight control of the weld 
chemistry and consequently of the weld 
microstructure. It is therefore important to 
understand and, to some extent, control 
the different mechanisms operating in arc 
welding, which affect the composition of 
the weld metal. 

Systematic studies have been made on 
submerged arc welding fluxes, focusing 
on the reactions of these fluxes with the 
molten metal during welding (Refs. 1-12). 
Some of this information may be helpful to 
deduce an elaborate conceptual structure 
for predicting chemical variations in the 
weld metal, for explaining the introduc
tion of impurities from the flux, or for es
tablishing the application of a particular 
welding flux for a given type of weld. 
Studies of pyrometallurgical reactions be
tween flux and weld metal, in general, are 
deficient in that fundamental concepts of 
the thermodynamic properties of slags 
and metals are not linked with kinetic and 
electrochemical considerations to deduce 
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a comprehensive analysis of weld chem
istry. 

It is widely accepted that the chemical 
composition of the welding flux affects 
the final weld metal chemistry (Refs. 12, 
13); however, the mechanisms responsi
ble for this elemental transfer (flux to weld 
metal and vice versa) have not been 
clearly described. Attempts have been 
made to develop a purely thermodynamic 
model (Refs. 9, 12, 14) on the assumption 
that equilibrium is achieved (or at least ap
proached) between the weld pool and 
the slag, despite the short time that the 
weld pool remains liquid. Chai, et al. (Ref. 
9), observed that elemental transfer be
tween the slag and the weld pool could be 
explained thermodynamically for the case 
of Mn and Cr, but their model has dis
crepancies when it is applied to the trans
ference of Si. 

Lately, it has been proposed and ex
perimentally supported that, in addition to 
thermochemistry, electrochemical effects 
influence weld metal compositions (Refs. 
15-19) of submerged arc welds. In this in
vestigation, we examine the role of elec
trochemistry in the manganese transport 
from the flux to the weld metal by select
ing a Si02-CaO-CaF2-MnO flux containing 
20 wt-% MnO, 15 wt-% CaF2, and Si02 to 
CaO ratios that varied from 5.50 to 1.16. 
The changes in the levels of manganese in 
the weld metal and of manganese oxide in 
the slag are interpreted based on thermo
dynamic and electrochemical mecha
nisms. 

Experimental Work 

Materials 

The Si02-CaO-CaF2-MnO flux system 
was selected for this investigation with 
CaF2 and MnO fixed at 15 and 20 wt-%, 
respectively; the Si02 varied from 35 to 15 
wt-% and CaO made up the remainder, as 
shown in Table 1. These fluxes were pro
cessed in the laboratory using reagent 
grade powders, accurately weighed, 
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Fig. 1 — Arc stability data for all flux samples. The 
R and S in the charts stand for reverse and 
straight polarity, respectively. 

mixed thoroughly, melted in an induction 
furnace, and poured into a container of 
tap water. Following drying and baking in 
air, the fluxes were crushed to standard 
sizes. There were a total of five different 
fluxes used in this investigation. 

The base plate coupons, of dimensions 
76.2 X 101.6 X 12.7 mm (3.0 X 4 .0X0.5 
in), were low-carbon steel of composi
tion: 0.04 wt-% C, 0.0045 wt-% O, 0.03 
wt-% Si, 0.37 wt-% Mn and 0.022 wt-% 
S. A 3.18-mm-diameter (Vs-in.) welding 
wire was used, drawn from the same ma
terial as the base plate to eliminate the 
problem of dilution. 

Welding Procedure 

Prior to welding, the base plate and 
welding wire were thoroughly cleaned 

with acetone, and the fluxes were stored 
overnight in an oven at about 300°C 
(572°F). The welds were single pass, flat, 
bead-on-plate, and automatically pro
cessed. The same electrode extension and 
electrode-to-workpiece distances were 
maintained for all welds. The welding pa
rameters utilized were programmed in a 
microprocessor that controlled the power 
supply. The weld parameters, shown in 
Table 2, were kept constant during weld 
production for both polarities. The stabil
ity of the arc was monitored for every 
weld, as shown in Fig. 1. It can be seen that 
the arc was fairly stable and constant in 
every flux with electrode-positive (EP) po
larity; however, in the case of electrode-
negative (EN) polarity, there was a de
crease in arc stability, although the aver
age voltage remained constant. 

Chemical Analyses 

Oxygen analyses of the weld metal 
were done in a LECO-R016 analyzer, 
while atomic absorption photometry was 
used to determine the manganese and sil
icon levels of the weld metal. Analyses of 
the flux and slags were also performed 
using atomic absorption photometry. Care 
was taken to separate the unfused flux 
from the slag. All metal samples were 
carefully cleaned prior to the chemical 
analyses. 

Results and Discussion 

The purpose of this investigation was to 
evaluate the relative effects of both the 
thermochemical and electrochemical re
actions on the transport of manganese 
from the flux to the weld metal in sub
merged arc welding. Experimental silica-
calcium oxide-based fluxes were used, 
which contained the same amounts of 
manganese oxide and calcium fluoride 
and the ratio of silica to calcium oxide 
were varied. The fluoride was added for 
the purpose of improving flux perfor
mance; such additions dilute the flux and 
cause a partial breakdown of the silica 
network. The welds produced showed 
good bead morphologies and clean sur
faces. All the slags detached fairly easily 
for both polarities. 

The amount of manganese transferred 
from the flux to the weld metal for each 
of the weld specimens, for both polarities, 
has been plotted as a function of the 

Table 1-

Flux 

AM1 
AM2 
AM3 
AM4 
AM5 

-Nominal Composition of Fluxes before 

CaO 

10.00 
15.00 
20.00 
25.00 
30.00 

CaF2 

15.00 
15.00 
15.00 
15.00 
15.00 

M n 0 2 

20.00 
20.00 
20.00 
20.00 
20.00 

Melting (wt-%) 

FeO 

0.00 
0.00 
0.00 
0.00 
0.00 

Si02 

55.00 
50.00 
45.00 
40.00 
35.00 

Si02 /CaO 

5.50 
3.33 
2.25 
1.60 
1.16 

Si02/CaO ratio (based on nominal wt-% 
chemistries) in the flux, as shown in Fig. 2. 
It is observed that the amount of manga
nese transferred decreases as the Si02/ 
CaO ratio increases. This behavior can be 
interpreted thermodynamically since the 
activity of the manganese oxide decreases 
with an increase in the Si02/CaO ratios 
within this composition range. It should be 
noticed, however, that there is a differ
ence in the amount of manganese trans
ferred between the reverse and straight 
polarity welds for Si02/CaO ratios less 
than 2.25. This effect is consistent with a 
large electrochemical component in the 
mechanism for manganese transfer, since 
for EP polarity the weld pool becomes the 
cathode, implying that the MnO in the slag 
at the cathodic weld pool is reduced; this 
results in the electrodeposition of manga
nese at the weld pool. 

The differences in the amount of man
ganese transferred due to the change in 
polarity can be understood by considering 
the kinetic factors that control the elec
trodeposition rate. In the case of welding 
with EP polarity, manganese is electrode-
posited in the cathodic weld metal. As a 
result, the MnO concentration at the 
slag/metal interface is lowered consider
ably, and the transfer of MnO from the 
slag to the interface becomes diffusion 
controlled. On the other hand, the chem
ical potential (n) of MnO for a fixed con
centration is much lower in the high-silica 
than in the low-silica flux; consequently, 
the diffusive driving force, <V, is consid
erably greater in the low-silica flux. There
fore, assuming that the mobilities of M n + + 

ions do not differ greatly for different sil
ica contents of the flux, more M n + + 

would reach the slag/metal interface to 
be electrodeposited from the low-silica 
flux than from the high-silica flux. These 
differences in the amount of manganese 
electrodeposited in the weld metal are 
consistent with the decreases in the MnO 
content of the slag, relative to the original 
flux, as shown in Fig. 3. The amount of 
MnO consumed parallels the increases of 
manganese transferred to the weld metal 
for both polarities. 

Following electrodeposition, it is ex
pected that the manganese metal will un
dergo a back reaction, consistent with a 
thermochemical mechanism, according to 

2 Mn(metai) + Si02|slag) = 2 MnO(siag) 

+ Si(metal) (1) 

which has a relatively low equilibrium 
constant, but nevertheless goes strongly 
to the right in view of the low activity co
efficients of silicon in iron (Refs. 20, 21). 
The driving force (and equilibrium quo
tient) for Equation 1 increases as the rela
tive silica content of the slag increases. 
Therefore, the lower the amount of silica 
in the slag, the more limited the back re
action, and consequently, a larger amount 
of electrodeposited manganese will be 
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Table 2—Welding Parameters 

Voltage 
Current 
Weld Speed 
Wire Speed 
Heat Input 

33 V 
600 A 
12.5 in./min (5.3 mm/s) 
75.0 in./min (31.75 mm/s) 
95.0 kl/in. (3.74 k|/mm) 

left in the weld metal. This effect parallels 
the tendency during electrodeposition to 
emplace more manganese the lower the 
silica content of the slag. The polarity of 
the current will also influence the extent of 
the back reaction. In the case of EP polar
ity, the weld pool is the cathode and 
manganese is electrodeposited there, 
where rapid convection currents mix it 
and decrease the surface concentration. 
This leads to a lesser back reaction than 
with EN polarity, where the manganese is 
electrodeposited on the welding wire that 
is detached as a droplet. In the case of EN 
polarity, manganese can be lost from the 
surface of the droplet according to the 
chemical reaction shown in Equation 1, as 
the metal drop falls through the slag, or by 
vaporization as it drops through the 
plasma. Finally, as the droplet touches the 
weld pool, it comes in contact with a layer 
of an electrochemically generated iron 
oxide that reacts with surficial manganese 
to form the more stable manganese oxide. 
The driving forces that affect the back re
actions are dependent on the amount of 
silica present in the slag. Thus, for high sil
ica, the back reaction is more complete 
the larger the amount of silica in the slag, 
and it is greater for EN polarity than for EP 
polarity. These conclusions are consistent 
with the results shown in Figs. 2 and 3. 

We have primarily discussed the man
ganese transfer from the flux to the weld 
metal in terms of an electrochemical mech
anism, but the possibility of manganese 

5 0.35 

S 
0.25 -

0.05 

Si02/CaO (w/o) 

production by chemically reducing the 
manganese oxide with iron must also be 
considered. The chemical reduction 
would proceed according to the reaction 

+ Fe„ = Mn,, + MnO(S|ag) -r re(melai) = rvin(metai) • 
FeO(s|ag) (2) 

which has a strong tendency to go to the 
right because of no initial iron oxide in the 
original flux. The iron oxide content of the 
slag has been plotted as a function of the 
Si02 /CaO ratio, as shown in Fig. 4. These 
results, when compared to those of Fig. 2 
and 3, show inconsistencies, with a ther
mochemical mechanism being more than 
a minor factor in transfer of Mn to weld 
metal since the iron oxide content of the 
slag decreases as the manganese in the 
weld metal increases and the manganese 
oxide content of the slag decreases, a 
trend that is opposite to that predicted by 
the chemical reaction (Equation 2). There
fore, it is likely that an electrochemical 
mechanism is largely responsible for the 

Fig. 2 —Manganese 
transferred from the 
flux to the weld 
metal as a function 
of nominal flux 
composition and 
polarity of the 
current. 

deposition of manganese on the metal 
electrodes (weld metal and weld wire) 
and that a significant fraction of the man
ganese back reacts thermochemically with 
Si02 to replace some of the manganese 
oxide lost from the slag. 

An examination of the amount of iron 
oxide in the slag indicates levels that are 
too large and have the wrong depen
dence on composition to be produced by 
the oxidation of metallic iron by MnO in 
the slag. Oxidation of iron by silica in the 
slag can take place at metal-slag interfaces 
by the reaction 

Si°2(J«j + 2 F e(metal) = 2 F e O ( s | a g ) 

+ Si(metal) (3) 

where this reaction goes to the right at 
high temperatures (>2000 K) as has been 
discussed previously (Ref. 12). This reac
tion is driven partly by the low activity co
efficients of Si in iron. Since the activities of 
silica are higher and the activity coeffi
cients of FeO are somewhat lower the 

o 
o 0.5 

CaF2 = 15 w/o 

\ A 

\ \ \ \ 

MnO = 20 w/o 

A 

o ~~ _ _ 

A EP 

o EN 

0 

1.0 •I.I) 6.0 

Si02/CaO l w/o) 

Fig. 3 — Manganese oxide consumed as a function of nominal flux com
position and current polarity. 

Si02'CaO i w/o) 

Fig. 4 - Iron oxide content in the slag as a function of nominal flux chem
istry and current polarity. 
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higher the silica content of the slag, the 
driving force for reaction (Equation 3) is 
larger at high-silica than at low-silica levels. 
The dependence of the FeO content on 
the slag composition is consistent with this 
difference in the chemical driving force. 
The weight-percent of FeO in the slag is 
considerably greater than that of silicon in 
the metal. However, the equivalence ra
tios of Si/FeO are crudely consistent with 
the equivalence ratios of the Mn trans
ferred to weld metal to MnO lost from the 
slag, so that these ratios indicate the 
probability that the number of moles of Si 
or Mn transferred to the metal is approx
imately equal to the number of moles of 
Si02 or MnO lost from the slag. There
fore, it is possible that FeO was emplaced 
in the slag by the Equation 3 reaction. 

An electrochemical mechanism is also 
possible. In this mechanism, oxides of the 
anode metals (largely Fe) are produced at 
the slag/metal interface. These oxides 
tend to dissolve in the slag and in the liq
uid metal. For EP polarity, oxide formation 
is driven by the high current densities at 
the anodic welding wire, while the oxide 
tends to partly dissolve in the molten slag. 
When a droplet separates from the weld
ing wire, oxidation ceases, but the oxide 
continues to dissolve in the slag. With EN 
polarity, the weld pool is the anode, the 
current density is lower, and dissolution of 
the oxide takes place from a larger area 
(but for a shorter time because of the 
rapid stirring of the weld pool by eddy 
currents) than for the case of EP polarity. 
If this mechanism is correct, the net result 
(Fig. 4) appears to be a somewhat greater 
dissolution of FeO from the welding wire 
and droplet in EP polarity than from the 
weld pool in EN polarity. The driving force 
controlling the rate of dissolution is the 
difference between the high chemical 
potential of FeO at the interface and that 

in solution in the slag. Since activity coef
ficients of FeO are somewhat lower in the 
high-silica slags, one would therefore ex
pect more FeO to dissolve in the high-sil
ica slag than in the low-silica slag. Since sil
icon, which has been deposited at the 
cathode, and the oxide that remains at the 
anode (weld pool or droplet) mix in the 
weld pool, the back reaction would lead 
to the same type of distribution of the 
compositions of FeO in the slag and Si in 
the weld pool. In fact, comparison of the 
silicon with the oxygen contents of the 
metal (Figs. 5 and 6) reveals near equiva
lency (with analyses spanning O/Si molar 
ratios of about 1.4-2.2), indicating that 
most of these two elements could be 
present as occluded Si02, either as the re
action product of Si and FeO in the metal 
or as occluded slag. On the other hand, 
the Mn content of the weld metal pro
duced with the three lower Si02/CaO ra
tios in the flux is much too high and the 
oxygen content too low for the Mn to be 
largely present as MnO in occluded sili
cates. 

Summary 

Our results are consistent with three 
possible mechanisms for fixing the chem
istries of weld metal in SAW. One mech
anism is by pyrochemical reactions be
tween the slag and the metal. A second is 
by electrochemical reactions at the an
odes (oxidation) and cathodes (reduction). 
Electrode-positive (EP) polarity is most 
commonly used in SAW, with the welding 
wire being anodic and the weld pool ca
thodic. The third mechanism that alters 
the apparent chemistry of weld metal is 
the occlusion of slag or solid products of 
reactions in the metal. Such solid inclusions 
can provide nucleation sites for alloy crys
tallization and thus influence the micro-

structure. 
The mechanism for manganese transfer 

to the weld metal involves both the pyro
chemical and electrochemical mecha
nisms. Manganese can be transferred to 
the metal by Equation 2 reaction up to the 
point where it can be oxidized by Si02-
The driving force (i.e., the affinity— Ref. 
22) for this reaction is considerably larger 
at low-silica contents than at high-silica 
contents. In addition, at low enough FeO 
contents, Mn can be oxidized by Si02 by 
Equation 1 reaction. The electrochemical 
mechanism is deduced from the fact that 
at the lower weight ratios of Si02 /CaO 
(<2), the manganese transferred to the 
metal (Figs. 1 and 2) is much larger in EP 
polarity than in EN polarity. Thus in EP, Mn 
is deposited at the weld pool and swept 
into the weld pool before it can back re
act with the silica. On the other hand, the 
Mn deposited on the droplets formed at 
the cathodic welding wire in EN fall through 
the slag and are partly oxidized by S1O2, or 
Mn falls through the plasma where it can 
be volatilized at relatively high tempera
tures. At high Si02 /CaO ratios (>2), the 
driving force (affinity for reaction 1) is so 
large (because of the activity of Si02 and 
low activities of MnO and FeO) that most 
of the electrodeposited Mn is back re
acted. Relatively little Mn is transferred to 
the metal for both polarities at the higher 
Si02/CaO ratios. 

Iron oxide can be produced chemically 
by Equation 3 reaction and electrochem-
ically at the anodes (welding wire in EP, 
weld pool in EN). There appears to be a 
significant difference in the content of 
FeO in the slag for EP and EN at the two 
highest values of the Si02/CaO ratio — 
Fig. 4. The higher FeO content in the two 
slags from welding with EP could have re
sulted from dissolution of the surface ox
ide during the fall of the welding wire 
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Fig. 6 — Oxygen transferred from the flux to the weld metal as a function 
of nominal flux composition and polarity of the current. 

18-s I JANUARY 1991 



droplets through the slag. This difference 
is indicative of an electrochemical effect 
superimposed on the effect of a pyro-
chemical reaction. 

It appears that an explanation of weld 
metal chemistry requires the integration of 
the different possible effects that influ
ence elemental transfer. Thus far, it has 
been necessary to consider pyrochemical 
and electrochemical effects as well as slag 
occlusion (Refs. 9-19). Possible mecha
nisms involving the plasma have been 
considered. The difficulties involved in 
deducing the mechanisms of elemental 
transfer from or through the plasma stem 
from a lack of knowledge of the compo
sition and physical state of the plasma. Be
cause of the relatively high voltage and 
the necessary presence of positive ions to 
achieve charge neutrality, a significant, if 
not major, mechanism for elemental trans
fer via the plasma is probably electro
chemical. 

Conclusions 

1) Changes in the manganese weld 
metal content appear to be largely con
trolled by electrochemical deposition re
actions with thermochemical control of 
the back reaction of the electrodeposited 
manganese with Si02 and FeO. 

2) The iron oxide content of the slag 
appears to be produced electrochemi-
cally and chemically by reaction (Equation 
3) at the anodes. 

3) The occlusion of slag or solid prod
ucts of reactions in the liquid metal appar
ently alters the chemistry of the weld 
metal. 
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In October 1987, the PVRC Steering and Technical Commit tees on Piping Systems established a task 
group on independent support mot ion (ISM) to evaluate the technical meri ts of using the ISM method of 
spectral analysis in the design and analysis of nuclear power plant piping systems. 

The results of the task group evaluation culminated in a unanimous technical position that the ISM 
method of spectral seismic analysis provides more accurate and generally less conservative response 
predictions than the commonly accepted envelope response spectra (ERS) method, and are reported in 
this WRC Bulletin. The price of WRC Bulletin 352 is $25.00 per copy, plus $5.00 for U.S., or $10.00 for 
overseas, postage and handling. Orders should be sent wi th payment to the Welding Research Council, 
345 E. 47th St., Room 1301, New York, NY 10017. 
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