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ABSTRACT
Oxygen probes have been used extensively to measurc the dissolved oxygen
content in liquid mctals. A more recent application of oxygen probes has
been to measnre the oxygen pressure in steelmaking slags. They have been

used successfully to determine oxide activities in complex slag mixturcs.

An cxtension of this technology was to mcasurc thc oxygen pressurc in
molten Submerged Arc Welding (SAW) fluxes. The oxygen pressurc of SAVW
fluxes is a direct measurement of the potential of the flux to give up
oxygen to the weld metal. A low oxygen pressure flux is required for
producing low oxygen content welds. This improves the mechanical

propertics of the weld, especially the weld metal fracturc toughness.

A necedle type oxygen probe was developed for the rapid determination of
oxygen pressure in molten SAW fluxes. It was constructed by plasma
spraving a solid electrolyte on to a molybdenum wire. Yttria doped zirconia
was used as a solid clectrolyte which conducts only oxygen anions. The
molybdenum wire was oxidized to provide the reference oxygen pressure by

the Mo/MoO2 cquilibrium recaction.

The oxygen pressure was measured in five fluxes of compositions varying
from highly acid to mildly basic. With thc usc of a special vertical tube

furnace and a crucible made from zirconia grain stabilized platinum,



mecasurcments were tahen up to 1600 °C. The voltage recadings from the
probes typically stabilized in 30 to 90 scconds. Stable voltages were
mcasurcd for 30 to 60 sccond when cither the probe was removed or it

deteriorated in the molten (lux.

It was determined from the results of the oxygen probe mcasurements that
the oxygen pressure (p02) increased with temperaturc and the In p()2 varied
linearly with the inverse of the temperature. The slope of this relationship
was generally higher for the fluxes with lower pO, although the two
MnO-SiO2 based fluxes had similar p02 measurcments but very different

slopes.

The pO2 measured in this study correlated with the optical basicity of the
fluxes at steelmaking temperatures (1600 °C). This corrclation did not hold
for higher or lower tempcratures. There was no coirclation between the
Basicity Index rccommended by the International Institute of Welding and

the pO2 of the fluxecs.

Finally, a statistical reclationship bectween the In p()2 and the chemistry of
the flux was determined, as well as the effects of temperaturc. An cxcellent
corrclation was found between the In p()2 and the molar percentages of

Can, CaO, MnC and SiO2 of the flux.
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CHAPTER |

A. INTRODUCTION

The technology of joining metals has been one of the most important and
rapidly developing ficlds in metallurgy. The current state of knowledge in
welding has been deeply rooted in the evolution of the welding processes
themselves. Industrial experience was the leading source of information as
to the capabilitics and limits of the welding process. As a result weclding

has only recently begun to realize the benefits of scientific research.

Semi-automated and automated, high deposition rate welding processes, such
as Submerged Arc Welding (SAW), have been becoming more popular in
order to reduce labor costs and increase productivity. The quality of a weld
depends on the combination of base metal, filler metal, welding flux, and
welding paramec:ers used in producing the weld. In the SAW process the
welding flux protects the weld metal from atmospheric contamination by
burying the welding arc as well as forming a molten slag coating over the

liquid wecld metal.

The contamination of the weld mectal with atmospheric oxygen and nitrogen
greatly affccts its mechanical properties, particularly fracturc toughness.
Onc of the main propertics of a SAW flux is its ability, or lack of, to

produce weld metal with a low oxygen content. Since SAW 4. usits have



low nitrogen levels, atmospheric oxyvgen is an  unlikely source of
contamination. The oxidation potential of a flux is commonly dctermincd
by the Basicity Index of the flux. The Basicity Index is an ecmpirical
formula, based on the chemical composition of the flux, by which the fluxes
arc rated as acidic, basic or necutral. 1n this context, the higher the Basicity
Index the greater the basicity of the flux and the lower the oxygen content
of the weld metal. There 1s, however, littic data on the actual oxygen

availability in a given flux as a function of basicity.

The aim of this work is to determine by measurement the actual partial
pressurc of oxygen in molten SAW fluxcs, which is commonly referred to as
the oxygen pressure of the flux. The oxygen pressurc is a mcasurc of the
attraction for oxygen by the molten flux, which is composecd mainly of
oxides. Any specific combination of oxides will have a uniquc oxygen
potential which will depend only on the temperature and the pressure of the
system. The oxygen pressure is a major factor in determining the extent of

slag-metal reactions which occur during welding.

The development of oxygen concentration cells, cspecially the disposable
oxygen probes, has provided a quick and casy mecthod of determining the
exygen activity in liguid stecl. Reccent success with these probes in
measuring the oxygen pressurc in steelmaking slags (ref. 1,2) has led to the

idca of using them to mcasurc the oxygen pressurc of molicn SAW fluxes.



The oxygen pressure of fluxes and its variance with temperature will give
an insight into thc fluxes potential contribution to the oxygen content of
the weld metal as well as assist scicntists in dctermining the
thermodynamics and kinetics of the chemical reactions occurring during

welding.



THE SUBMERGED ARC WELDING PROCESS

In the SAW process the heat of fusion is supplied by an clectric arc between
a barc metal consumable clectrode and the work piece. The clectrode feed
rate, welding current and the welding voltage are controlied by the welding
machine in order to maintain a stable welding arc. In the constant current
system the clectrode feed rate is varicd in order to maintain a constant
voltage. The constant potential system allows the currcnt to vary in order
to maintain a constant electrode feed rate. The process is made cither
automatic or semi-automatic depending on whether the travel speced s
automatically controlled or controlled by manual movement of the wziding
torch. The SAW process has been successfully used with very high travel
speeds. The ability to use several electrodes in tandem has recsulted in weld
metal deposition rates in c¢xcess of 10 kg/h (ref. 3) as comparcd to
approximately 1 kg/h achicved in shielded mectal arc welding (i.c. stick

welding).

The flux in the SAW process completely buries the welding arc. A typical
setup has the flux deposited just before the arc and then the excess (lux
removed with a vacuum after the weid has becen made, as shown in
Figurc 1. A baiauce must be achicved between the chemical, clectrical and
physical propertics of the flux. The flux must have adequate clectrical
characteristics to be able to support the welding arc. The molten flux

protects the weld pool from the atmospherc physically by forming a slag



layer over it. The physical propertics of the flux, such as viscosity and
density, also affect the appearance of the final weld bead. The {lux creates
slag-mctal and gas-mctal reactions which affect the weld metal’s final
composition. The fluxes often contain decoxidizers, such as aluminum or
silicon, in order to reduce the final wecld metal oxygen content. When
welding alloy steels, ferro-alloys (e.g. FeCr or FeNi) may be added to the
fiux to produce the desired alloy content in the weld metal. This is often

donc instcad of using an alloyed filler metal (ref. 3).

The typical weld metal produced with various types of fluxes is shown in
Figure 2. Fluxes containing high amounts of 5i0, and MnQO, produce high
weld metal oxygen content, restricting their use to when fracture toughness
is not a critical design factor. The superior electrical properties of these
fluxes stabilizes the welding arc, allowing faster welding spceds and higher
hcat inputs. Lower oxygen weclds are typically produced by increasing the
amounts of CaQ, MgO or Can in the flux. In addition, replacing the SiO2
with Al,O, and/or TiO2 aids in reducing the oxygen content but still
maintain desirable physical properties in the flux. Such fluxes are¢ harder
to use in welding, requiring slower welding spceds and tighter control of
welding parameters. Slag removal after welding is often harder, requiring

chipping or grinding to remove all the slag. Thus productivity appecars to



be the trade-off for high quality, high toughness welds. Greater knowledge
of the properties of diffecrent fluxes and the cffects of various constituents
of the fluxes will lead to increased productivity and maintain high guality

welds.



IMPORTANCE OF OXYGEN IN WELD METAL

The oxygen potential of the welding flux influcnces the loss or gain of
alloying elements and the number, type, and size of oxide inclusions in the
weld metal. The cffects of the loss or gain of alloying clements on the
mecchanical properties of the weld mctal will depend on the effects of the
alloying clement and the quantity in which it is present Usually an
optimum quantity of the various clements is desired. The composition of
the flux must be matched with the proper base and filler metwal to achieve
the desired weld metal composition. For ecxample, a high SiO2 flux would
probably be combined with a low Si electrode in order to prevent too high

Si content in the final weld metal.

Oxygen is almost completely insoluble in solidified weid metal, thus it is
present in the weld metal in the form of oxide inclusions. The effects of a
high inclusion level in plain carbon and C-Mn stecls is to provide an casy
fracturc path and many fracture initiation points. The variation of
toughness with oxygen content of the weld mctal was shown ecarlier in
Figurc 2. Supecrior toughness, especially upper shelf toughness, is achieved

by reducing the number and size of inclusions prescat in the weld metal

Reccent work with microalloyed steels has shown that 100 low an oxygen
content in the weld metal can also decrease the weld metal fracture

toughness. It has been found that an acicular ferrite structurc in the weld



mectal is primarily responsible for high toughness (ref. 4). The random
orientation of the fine graincd (3 - 5 pm) structure of acicular ferrite
provides maximum resistance to crack propagation. In order to maximizc
this structurc in the weld metal the oxygen content must fall within a
specific range, which will depend upon the composition ol the weld metal

and its cocling rate.

Acicular ferrite is formed from austcnite grains at intermediate cooling
rates between polygonal ferrite and upper bainite formation (Figurc 3).
Acicular ferrite is nucleated within the austenite grains by oxide inclusions.
Grain boundary ferrite will tend to form along thc austcnitec grain
boundaries. Sideplate ferrite, an upper bainite type structure, grows from
the grain boundary ferrite into the grain. With proper control over cooling
rates and the addition of microalloys which suppress grain boundary fer-ite
formation, a weld metal microstructure of necarly 100% acicular ferrite can

be achicved.

The effect of increasing the oxygen content (¢.g. > 500 ppm) of the weld
metal will shift the cooling curve (Figurce 3) such that higher tcmpcerature
transformation products will form. The precipitation of stable oxides will
minimize grain growth incrcasing the grain boundary area and thus

promoting grain boundary ferrite. The large number of oxide tnclusions



providc cnergetically favorable nuclcation sites for the formation of fecrrite.
Thus the microstructure will consist mainly of polygonal and grain

boundary ferrite.

If the oxygen content is too low (c.g. < 200 ppm) the transformation at the
austenite grain boundaries will be suppressed duc to fewer nucleation sitcs.
Fewer inclusions also suppresses acicular ferrite formation resulting in low
temperaturc transformation products such as bainite or martensite to form
within the austenite grains. This will substantially reduce the weld metal
toughness and possible result in brittle failures. Although the level of
oxygen inclusions required depends on the chemistry and cooling rates, it is
clearly seen that control over the oxygen content is essential to predict the

microstructure and toughness of microalloyed steels.



SOURCES OF OXYGEN

The four possible sources of oxygen in a SAW weld arc the liller metal, basce
metal, atmosphere and the welding flux. The oxygen content in the filler
and basc metal is typically less than 100 ppm and may cven be as low as 10
ppm. Their contribution to the weld metal can casily be determined from

chemical analysis of the stecl.

The extent of atmospheric contamination of the weld mectal is not preciscly
known. For acidic and mildly basic fiuxes the contribution of air to the
oxygen content of the weld is not significant. With very basic fluxes, when
a low oxygen content is desired, the atmospheric contamination may have
greater significance (ref. 5,6). It is known that the nitrogen content of
SAW welds is lower than with most other welding processes as shown in
Figure 4. This suggests that the atmospheric contamination of SAW wecld is

low and thus the oxygen pickup from thc atmospherce is also low.

For most SAW fluxes it is recasonablc to conclude that the flux is the major
contributor of oxygen to the weld metal. The naturce of the methods o
transfer of oxygen to the weld metal is an arca of ongoing rcscarch. It g
theorized the flux partially decomposes into suboxide and vapor in the
clectric arc. SiO, may form the suboxide Si0O which is then dissolved at the

clectrode tip as [Si] and [O). Similarly, highly volatile oxides such as MnO

10



will vaporize and dissolve in the mectal droplets as [Mn] and [O] (ref. 7). It
is known that gas-mectal reactions occur at the clectrode tip resulting in high
oxygen levels in the molten droplets which arc transferred to the weld pool

(ref. 8).

The high oxygen content of the droplets adds morc oxygen to the weld than
there czn be accounted for in the final weld, cven when the base metal
dilution is taken into consideration. Slag-metal reactions must occur ir
order 10 reduce the oxyvgen level to its final state. The high temperatures
canericnced in welding help to offset the short reaction times, thus allowing
some rcactions to occur. Reactions which arc kinetically favored will
approach equilibrium in the short recaction time. Slower reaction will not
recach ecquilibrium and may not occur <«ven though they are
thermodynamically favored. Slag-metal reactions that arc of importance
include the deoxidation reactions of any Al, Ti or Si that may have been
added to the flux as decoxidizers. Ferro-alloys that have been added to the
flux when welding alloy stecls must also travel from the flux to the weld

mectal.

Additional oxvgen may result in the weld metal from slag cntrapment. This
source is likely to bc minimized by thc vigorous stirring in thc weld pool
causcd by Lorentz forces. Lau ct al. (ref. 8) found that flux cntrapment

was not a major source of oxygen. They concluded that the major source of

11



oxygen was from the decomposition of the {lux and the major sites of
oxygen absorption i he clectrode tip and droplet stage. They also
concluded that the linal oxvgen level in the weld metal was determined by

deoxidation and the separation of thesc oxidation products to the slag.

12



CHAPTER 11

A. STRUCTURE OF SILICATE MELTS

The majority of the welding fluxes used for SAW contain & large percentage
of silica. The fundamental structurc of silica is the Si044' tetrahedron
which consists of highly covalent Si-O bonds. The small Si*t cation is
surrounded by four large O? anions, cach of which is shared by the corners
of ncighboring tetrahedra. The crystalline structurc of silica consists of a
hexagonal latticc of Si*t ions, each sharing four tetrahedrally arranged

oxygen atoms, and cxtending symmetrically in threc dimensions.

In the molten state the tetrahedra remain but the three dimensional network
becomes less ordered (Figure 5) and dissociates into smaller complex anions.
In order to minimize the charge, molten silica forms ring structures of large
anions which have only a small ncgative charge. For example the anion,

Sig()zlc', kas been proposed to result from the reaction (ref. 9)

21810, = 28ig0,,% + 3Si*F o (1)

As the temperature of the melt incrcases the degree of dissociation

increases, crcating smaller anions and more cations. This is obscrved
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physically by a decrease in the viscosity of molten sitica as the temperature

is raisced.

Silicates are composced of two types ol oxides. "Nctwork formers” (such as
SiOz, A1203, P,O, and TiOz) arc oxides which can polymerize to form
interconnected three dimensional nctworks. AIPY can replace Si*t in a
silicatc melt at some times as will be discussed later. TiO2 on the other

hand forms a separate threce dimensional structure when in solution with

Si0, (ref. 10).

Most other metal oxides (MQO) form a morc ionic bond with oxygen and

dissociate into simple ions.

When these oxides are mixed with silica they supply cxtra O% ions to the
silica network. This allows the silica nctwork to dissociate without forming
any Si*t cations since the M?*t cations will balance out the charge. These
oxides are referred to as "network modifiers" becausc of their dissociation

effect on the silica nctwork.
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The degree of polymerization of a silicate is indicated by the non-bridging
oxygen per silicon (NBO/Si).: A non-bridging oxygen is one which
terminates the silica nctwork by only joining with one Si atom. Pure SiO2
has a NBO/Si = 0 mcaning that it is fully polvmerized. As more network
modificrs arc added to the silicate the NBO/Si increases and the degree of
polymerization decreases. At the orthosilicate composition, NBO/Si = 4, the
structurc can be thought of containing only discrete SiO*" anions and M?*
cations. This is a simplification of the actual situation as will be discussed

later (ref. 10).
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BASICITY

The addition of a nctwork modilicr to a silicate melt can be represented by

the following cquation.

0% + 0% = 20 oo e eeee e oo e es e s e m ettt eee s s s e e e se e eenaeaeeeseasaeraramen (3)

We can define three distinct types of oxygen in the melt. Bridging oxygens,
0%, are the oxygen connecting two Si044' tetrahedra. The non-bridging or
terminal oxyvgens, O, are located at the ends of the network chains. Free
oxygens, O?, are the extra oxygens from thce network modifiers that arc not

associated with the silica network.

It is easy to imagine that as O? anions are added to thc meclt they arc used
up by the o° oxygens. At the orthosilicate composition (NBO/Si=4) all the
o° oxygens arc uscd up so that all the oxygen is present as O' anions. A
basic slag can be defined as one that has a higher nctwork modifier
composition than the orthosilicate, resulting in the presence of free oxygen.

An acid slag has no free oxygen ions and the morc O° it contains the more

acidic it is.
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It is quite likely that at any composition the silicate will have some of cach

type of oxygen. The cquilibrium constant for Equation 3 is

K = [0oY)? .. (4)
[O71*[0"]

For any valuc of K other than infinity or zcro there will always be some of
cach type of oxygen as shown in Figurc 6. In order to bectter reflect the
silicate structure, basicity is defined as the concentration of O?% anions. A
high concentration of 0% indicates a high concentration of network
modifiers thus making it basic. The lower the 0% concentration the more
acidic the silicate. Part of the confusion surrounding the term basicity
stemns (rom the fact that it is not possible to measure the concentration of
O?% anions. Most basicity determinations are based solely on empirical

formulas relating the basicity to the composition of the melt.

Acid oxides urc defined as "oxygen acceptors" which are the network

formers. "Oxygen donors" are the basic oxide or the network modifiers.

Sonic oxides, such as A1203, can behave cither as an acid or a base. These

amphoteric oxides behave as a basc in an acidic slag and as an acid in a

basic slag. In the casc of Ale3 the network forming capability depends on

the nctwork meodificrs present. /\1203 acts as a nctwork former by Al
13+

replacing some of the Si atoms in the network. Ai™" is not able to rcplace a

Si*t in the nctwork without picking up an cxtra positive charge [rom
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another cation. Thus when therce are not cnough cations prescnt, as in an

acid slag, A1203 will merely dissociate into ions and act as a base. When the
A3t does become part of the nctwork the strength of the A1-O bond will be
greatly inifluenced by the cation from which the AP?Y is receiving its
positive charge. The cffect of Al203 on a slag will not only depend on the

amount of network modifiers but also on the type.
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BASICITY RATIOS

As mentioned carlier, the activity of O?% in a slag cannot be measured. In
practice, the basicity of slags is expressed as ratios of its acid and basic
componecnts. The cffectiveness of any one component in a slag as a base
will depend on what other oxides arc present. Any general empirical
formula will only give an approximation or rough relation to the actual slag

basicity.

Onc of the first basicity ratios was the ratio of the weight percent of the
oxygen from the basic oxides to that of the silica. A list of this and several
other basicity ratios is given in Table 1. Probably the most extensively used
basicity ratio was the "V" ratic which is the ratio of the weight percent of
CaO to SiOz. It was used in the steel industry to estimate the sulphur and
phosphorous capacity of the slag. Other ratios evolved from the "V" ratio in
order to take into account other oxides present in the siag. Although the
equations become quite complex, there is still no theoretical support for any

onc cquation over the other.

The basicity ratios used in the welding ficld are different from those used
in stcelmaking. This is duc to the very different conditions experienced in
welding than in steelmaking. In welding the high temperatures and short

rcaction times mecan that the various slag-mctal reactions approach
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cquilibrium to different degrees. Also, the basicity ratios used in welding
were developed to relate the flux composition to the weld metal oxygen
content. There is no rcason why flux basicity weould affect its ability to

give up oxygen to the weld metal.

The International Institute of Welding (11W) uses the Basicity Index

proposed by Tuliani ct al. (ref. 11) in 1969.

BI (IIW) = CaO + MgO + BaO + SrO + NaZO + K20 + Li20 + Cal“2 + 0.5(MnO + FeO)
SiO2 + 0.5('A1203 + TiO2 + ZrOz)

The most unusual thing about this formula is the inclusion of non-oxidc
component, Can. It has been argucd that the CaF2 has no cffect on the
basicity of a slag and that it should not be included (Ref. 6). Experimental
data has shown that therc is a better rclationship between Bl and the weld

metal oxygen content if the CaF2 term is included (ref. 4) (Figurc 7).
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OPTICAL #ASICITY

The ionic nature of any chemical bond is determined by the affinity for
clectrons of the two species of the bond. Oxygen has a rclatively high
affinity for clectrons. Thus, when bonded toc other clements with a high
electron affinity, such as Si, they will form a highly covalent bond. If the
other element has a low affinity for clectrons then the bond will be strongly
ionic. The oxygen atoms become polarized when they form a covalent bond
with a cation. The greater the covalent nature of the bond the greater the
polarization. In an oxide, the polarization of the oxygen ion determines the
residual negative charge on the oxygen ion and thus its eclectron donor

power.

A recent introduction to the analysis on the chemical properties of
metallurgical slags is the concept of Optical Basicity, which is based on
principles of Lewis basicity (ref. 12,13,14). Basicity is rclated to the
clectron donor power of the oxygen in the slag. This is determined by the
average residual negative charge of thc oxygen after it has satisfied the
bonding requirements of ncighboring cations. An acid slag will have a high

percentage of covalent bonds resulting in a low average negative charge on
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the oxygen ions. A basic slag will be just the reverse. The optical basicity

is thus determined by the effect of the cations on the oxygen ions present in

the slag.

The optical basicity is determined by introducing a trace amount of a probe
ion, such as Pb2+, into the slag. Thec negative charge donated to the probe
cation by the oxygen anion is a mcasure of the clectron donor power of the
oxygen. The clectron donation to the probe ion results in an cxpansion in
the "s" and "p" orbitals of the ion and is related to the nephelauxctic cffect
(ref. 13). This reduces the encrgy in the ultraviolet absorption band of
Pb2*t ions in the slag compared with frec (gascous) Pb*' jons. This can be
observed spectroscopically, hence the term "Optical" basicity, as a "red” shift
in the spectrum of Pb%t ions. A valuc of optical basicity of unity has been
given to pure CaO such that all mcasurements for other oxides and slags

will be related to this base.

Pauling’s Electroncgativity is a measurcment of the affinity of an atom for
its valency electrons. A direct rclationship has been found between the
Optical Basicity as measured with spectroscopic techniques and the Pauling’s
Electroncgativity of thc cations in the slags. The basicity of a siag can be
calculated from the sum of the optical basicitics of the componcnt oxides

multiplicd by thecir cquivalent cation fraction.
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B = BI*X1 + B2¥X2 + B3¥X3 + BA¥X G oiooeeeeeeeeeeeeeeeeees e (6)

The cquivalent cation fraction, X, is the fraction of negative charge which
is balanced by the positive charge (i.c. oxidation number) of the cation.
The  optical basicity of cach oxide can be calculated from Pauling’s

Electroncgativity by the relationship

B = [1.36(X = 0.26)] et sees s seeeeseese s eeeree e es e e s (7)

where x 1s the Pauling’s Electronegativity. Thus basicity can be calculated
dircctly from a chemical analysis of a slag. This makes possible the
determination of basicity of slags which are opaque in the UV region or

where experimental determination would otherwise be difficult.

Although initial success with this mcthod is promising, the relationship is
not cxact and some discrepancics have been found. In particular the above
rclationship does not apply to the transition metals, The measurement of
optical basicity of slags with transition metals may also be affected by the

presence of other ions and metallic bonding (ref. 14).



OXYGEN POTENTIAL

The oxygen chemical potential is the change in Gibbs free encrgy of oxygen
from its standard state (1 atm pressurc) to its present state. This can be
casily calculated from thec mecasurcment of the oxygen pressure for any

systcm.

LG = RT IN PO giiiriiceiseasseissesi sttt s sans s s e (8)

where R is the molar gas constant, T is absolutec temperature, and pO.z is the

partial pressure of oxygen.

The oxygen potential can be used to mecasurc the stability of an oxidec. The
frece cnergy of formation of an oxidc is the encrgy associated with the
formation of an oxide from its clementis. For example the free cnergy of
formation of MnO is

2Mn + O, = 2MnO AG® = -798500 + 164T J/mol O, 9)

at standard conditions (ref. 135). When the oxide and mectal are in their

purc states the ecquilibrium constant for Equation 9 is
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therefore

AG®° = -RT In(1/pO,) or AG® = RT IN(PO,) ricrmccmssentrnsissnssssssssasseseeesns (i1)

The oxygen potential becomes cqual to the free energy of formation of the
oxide. Stable oxides have high negative free energies of formation, and arc

less likely to be involved in any chemical reactions.

Slags are composed mainly of a mixture of oxides. The equilibrium of any
chemical reaction will depend on the "active mass" of the oxide taking part.
For ideal solutions the active mass is the molar fraction of the oxide. Most
solutions are not ideal; therefore the term "activity" is used to represent the
actual active mass. A pure oxide will have an activity of unity whereas an

oxide in a mixture will have an activity less than unity.

The activity is a measurc of the attraction of the rest of the slag for an
oxide. If therc is a great attraction then the activity will be lower than the
actual molar fraction of that oxide. This means that the effective
concentration is lower than the rcal concentration and thus any chemical
reactions will be inhibited. The activitics of oxides in a slag indicatc the

cxtent to which they will react with a metal. This is used in stecimaking to



determine the amount of sulphur, phosphorous. oxygen, alloving clements,

ctc. which will be in the steel and the slag when cquilibrium is rcached.

The oxvgen potential of the oxides in a slag will depend on thetr activities.
As the activity of an oxide becomes increcasingly lower its oxygen potential
becomes more negative. Take for example Equation 9 where MnO is in a

slag. The oxygen potential becomes

AG = AG°+ RT INQ@AMMNO)/PO,) e (12)

where AG® is the standard frec cnergy of formation given in Equation 9, AG
is the actual frec encrgy of formation and a(MnQ) is the activity of MnQ in
the slag. From this it is seen that if the a(MnQO) is lowered the AG for
Equation 9 becomes more negative. The relative stability of various oxides
will depend to a certain extent on the slag composition by its cffects on the

activities of the oxides.



ESTIMATION OF WELD METAL OXYGEN

It is not practical to attempt to predict thc cxact weld mctal oxygen contcernt
of any onc wecld duc to the large number of variables which affect it.
Factors such as dirt, moisture or segregation within the mctal or flux are
just a few of the things which may have an cffect. Fluxes can be rated
according to which one is more likely to result in higher weld metal oxygen
than another, or to predict in what range the oxygen content of the weld

mctal will be with a particular flux.

The most common property used te rate fluxes according to their potcntial
to give oxygen to the weld metal is basicity. Although basicity has no
direct relationship to the oxygen potential of a flux, the most common basic
oxides tend to be very stable oxides and the most common acid oxides tend

to be relatively weak.

The basicity index most widely used in industry is the II'W basicity index
given carlier as Equation 5 and is the one referred to hereafter as "BI". The
rclationship between oxygen content and the Bl is shown in Figurc 7. The
weld metal oxygen rapidly increcases when the BI drops below 1, which
indicates an acid flux. Necutral fluxes have a Bl between 1 and 1.5 and
basic fluxes have a BI >1.5. It is scen from Figurc 7 that the oxygen

content recaches a minimum of about 200 ppm. Lowcer oxygen content may
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be reached by adding dcoxidizers to the tlux but not by lowcering the
basicity. The large amount of scatter in Figurc 7 shows that the Bl is a not

an accurate indicator of weld metal oxygen.

The oxygen potential of the oxides is used to some cxtent in predicting the
weld mectal oxygen content. Fluxcs claiming to producce low oxygen welds
often contain only fairly stablec oxides (i.c. low oxygen potential) with very
few weak oxides such as MnO and FeG. Low oxygen welds can be produced
with fluxes which contain low amounts of SiOz, MnO and FcO. In their
standard state the most common oxides in SAW fluxes at 1600 °C arc given
the following order of stability: CaO, ALO, MgO, TiO,, SiO,, MnO and
FeO. In a study done by Chia and Eagar (ref. 16) using binary fluxcs
containing CaF2 and a metal oxide, where Can was considered inert, the
stabilities of the above oxides were given the following slightly diffcrent
order: CaO, Ti02, A1203, MgO, SiO2 and MnQO. FeG was omitted from the
study because of its low content in many SAW fluxes. This is probably a
better indicator since it was done at welding temperatures with molten
oxides. This study ignored any possible interactions between Cak, and the
various mctal oxides. In many cases CaF, and an oxide form two
immiscible liquids, such as in the CaFZ-SiO2 phase diagram. This increses
the oxide activity in the binary meclt. CaF2 and Si()2 may also recact

chemically to form SiF (g), CaSiO3 and CaO (ref. 19).



It is claimed by some that the use of basicity ratios to reducc the weld
metal oxygen is incorrect (ref. 17). It is known that a low basicity or high
oxvgen potential results in high oxygen welds. This is partly due to the fact
that SiOz, the most extensively used acid oxide, has a rclatively high oxygen
potential. CaO has been traditionally used in great amounts in basic fluxes
and is also a aighly stable oxide. Thus the corrclation between oxygen
potential, basicity and weld metal oxygen has more 1o do with the historical
development of fluxes than with any real relationship. In fact it is known
that fluxes high in FeO and MnO, weak basic oxides, will produce high
oxygen welds. Recently developed fluxes based on TiO, rather than SiO,
are claimed to produse low oxygen welds with acidic fluxes. This is duc to

the higher thermedynamic stability of TiO,,.

The weid metal oxygen has been estimated from equilibrium data and
concentration of specific oxides present in the slag. In particular Eagar
(ref. 6) has suggested that the activitics of SiO2 and/or FeO should be
correlated with the weld metal oxygen content. Eagar has proposcd the
weld meta! oxygen of acid and slightly basic (Bl < 2) fluxes is depcndent on

the reaction of SiOz.

U0 JRSN (11 IS (o) (SIS (13)
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The calculated equilibrium weld metal oxygen for CaO-Si2, xlags of
varying C::()/SiO2 ratios at 2000 °C is shown in Figurc 8. For basic fluxces

(BI > 2) he proposed that the oxygen content was limited by the FeO

reaction.

Fe + [O] = FeO.... . (14)

This would prevent the weld mectal oxygen from dropping to basec mectal
levels no matter how high the basicity. Although it is unlikely that this
reaction will reach equilibrium during welding, it will provide oxygen to
the weld metal in attempt to reach cquilibrium. Figure 8 also shows the
theoretical equilibrium weld metal oxygen contcnt for basic slags using

CaO-SiOz-FeO slags of varying CaO/SiO2 ratios.



OXYGEN PRESSURE OF SLAGS

The oxygen pressurc of a slag is dependent on the oxygen potential of the
oxides present in the slag. It is a measure of the slag’s overall attraction for
oxygen. A low oxygen pressure indicates that the slag is very stable and
will not readily give up oxygen. A high oxygen pressure indicates that the

slag will readily give up oxygen.

The oxygen pressure of = slag can be brought into equilibrivm with the
atmospherc it is melted in. The rate of this reaction will depend on the
diffusivity of oxygen in the slag and the oxygen gradient between the
atmosphere and the slag. The oxygen pressurc is still a measure of the slag’s
attraction for oxygen. The compositien is changed by the fact there is more
oxygen in the slag. This is more readily seen in slags which contain an
oxide which can change valence states. The extra oxygen promotes the
higher valence state until the equilibrium ratio between the valence siites is

rcached for the oxygen pressurc of the atmosphere.

The oxygen pressure in a slag is extremely important in determining the
thermodynamics of slag-mctal reactions. The oxygen pressure does not
necessarily promote the same rcactions as the basicity of the slag. A good

example is the two processes of desulphurization and dephosphorization of
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steel during steclmaking. The desulphurization recaction is represented as

%S + O = S* + %0

A high basicity and a low oxygen pressure will aid in removing sulphur
from the steel. These conditions arc also conducive to producing low
oxygen welds as mentioned carlier. The dephosphorization rcaction can be

represented as

2P + 5%Q + 307 = 2P0, 3 et (16)

The removal of phosphorus from steel is facilitated by high basicity and

high oxygen pressure (ref. 18).

The oxygen pressure of a slag varies not only with slag composition but also
with temperature. The increase in oxygen pressurc may be important in
determining the extent of reactions at high temperatures. This is cspecially
important in welding where cxtensive thermodynamic data at welding
temperaiurcs is not available. The increase in oxygen pressure of the flux
with temperature will indicate how the oxygen potential of the flux
increases with tempcrature. This extra knowledge can be used with the
increasc in reaction times to predict the extent of the various possible slag-

mctal reactions.
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CHAPTER I11

iONIC CONDUCTION

The oxygen concentration cclls used to measure OXygen pressure in metal,
mattes and slags are based on oxygen ion conductors. Ionic conductors
allow only one ionic speciecs to be transmitted through them, in this case
oxygen anions. They also act as insulators to electrons and eclectrost holes.
Oxygen ionic conductors are oxides which conduct oxygen ions only within
a certain temperature and pressure range, therefore the choice of conductor

will depend on its application.

In any material there are four possible carriers of current: electrons,
electron holes, anions and cations. Electrons are very small thus have a
very high mobility when free. Electron movement is restricted when they
arc tightly bound to an atom, requiring a large amount of energy in order

frce them. An clectron hole has the opposite charge to an elcctron. |t
occurs when an clectron is vacant from an atom, leaving an extra positive
charge. A necighboring clectron fills in the hole, effectively moving the hole
by onc position. This continues such that the hole is moved in the direction

of currcnt {low.
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The mobility of ions is much less than clectrons duc to their larger size. In
an ionic conductor the conduction of clectrons and clectron holes must be

minimized and the conduction of ions greatly facilitated.

lonic conduction is made possible by the presence of point defects in the
crystal lattice. All materials have somc point defects but it is the
concentration and mobility of the particular defccts which will determine
the materials ionic conduction propertics. The several types of defcects
which are possible in an ionic crystal MX arec listed below using the Kroger-
Vink notation (ref. 20). (In the Kroger-Vink notation the superscript "
denotes an effective positive charge and ™" an effective ncgative charge.
The subscripts denote the location of the ions (M and X) or the vacancies
(V).

a) Vacancies: These occur when there is a missing MY or X~ ion. They
create the vacancies V,/’ or Vx° respectively.

k) Interstitial atoms: Either M™ or X~ may occupy an interstitial site in the
crystal lattice. This creates the defects Mi0 and X/’ respectively.

c) Misplaced atoms: Onc specics may occupy the normal sitec of thc other
species giving the possible defects My and XM.

d) Schottky defects: When both a cation and a anion arc vacant from their

lattice site it is referred to as a Schottky defect (V7 Vx").
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¢) Frenkel defect: This occurs when a cation moves to an interstitial site
lcaving a cation vacancy (VM’) and an interstitial cation (Mi°). This may

also happen to anions creating the dcfects Vx° and Xi’.

The introduction of impurity ions into an ionic crystal lattice creates a
large number of defects. They may enter as interstitial ions or they may
replace ions on the lattice (substitutional). If the ion has the samc valence
as the original ion for which it is substituted, there will be no charge effcct
caused by the defect. If the valency is different, as is often the casc, then
the charge may be balanced with either a vacancy or an interstitial ion.
Many types of defects may coexist in an ionic crystal. Encrgy
considerations usually favor one type of defect unnder a set of conditions of

temperature, pressure, crystal structure and impurity type.

35



OXYGEN CONCENTRATION CELLS

An oxygen concentration cell consists of a solid oxide clectrolyte (oxygen
ion conductor) separating two compartments ol different oxygen partial
pressurc (Figurc 9). The difference in oxygen pressurc creates a potential
for oxygen ion transfer from onc sidc to the othcr through the solid
clectrolyte. If the clectrolyte is a purc ionic conductor then no oxygen can
be transferred without an external electrical connection to complete the

electrical circuit.

The net reaction for transferring oxygen from the high oxygen pressurc side

to the low oxygen pressure side of the clectrolyte is

0, (POL(1)) = Oy (PO (2))cerrerirrososeastosss st (17)

The cnergy change for this reaction is

AG = -RT In (pO,(2) / DO LT e (18)

Since AG = -nFE where E is clectrical potential and "F" is Faraday’s

constant then Equation 18 can be expressed as
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E = (RT/4F) ln(pO2(2)/p02(l)) ........................................................................................ (19)

If the oxygen pressure on onc side of the solid electrolyte is known than the
oxygen pressurc on the other side can be calculated from Equation 19 by

measuring the clectrical potential of the cell (Figurc 9).

The most commonly used solid electrolyte used in high temperature
metallurgy is ZrO, doped with CaO. The Ca?t ion occupies a Zr't site
causing a oxygen vacancy to balance the charge.

(Ca0) = Ca,” 4+ V_% 4 ZIO, ettt snsssssssessrssssssssssssens ..{20)

Zr (o] 2

For cach mole of CaQ dissolved in ZrO, there is one mole of oxygen
vacancics created. Thus the clectrolyte contains a high concentration of
only onc type of ionic defect. O?% ions move from one vacancy to the next
creating a current flow through the electrolyte. If the electronic conduction
is low cnough then the material will be considered a pure ionic conductor.
The ionic conduction increases with increasing dopant content due to
increasing ionic defeccts. At higher concentrations, from 3% to 4%

depending on the clectrolyte, the defects become ordered and the ionic
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conductivity decreases. In many cascs a higher concentration of a dopant
lcads to the formation of a ncw compound. Figure 10 shows the ionic
conductivity for several common clectrolytes with increcasing dopant

content.
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C.

ELECTRONIC CONDUCTION

Most solid electrolytes are pure oxygen ionic conductors only over a certain
tempecrature and pressure range. The total conductivity must be morc than
99% ijonic in order to be considered a pure ionic conductor. Electronic
conduction bccomes substantial at both low and high pOz. At low pO2
oxygen is rcmoved from the lattice of the electrolyte creating free clectrons

(n-typc scmiconduction).

00 = V%% 4 267 4 1/20 cereroerrsssensessenssmsnseessnsssse s s s oo (21)

When the pO2 is high excess oxygen is accommodated into the electrolyte
lattice creating electron holes (p-type semiconduction). The oxygen may

enter as interstitial atoms or create a cation vacancy in the lattice.

o T ¢ R - (22)
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The useful range of pO2 of an electrolyte will depend on the tecmperature,

the clectrolyte and the impurity content of the clectrolyte material.



In order to increasc the usceful range of an clectrolyte an approximation of
the contribution of e¢lectronic conduction to the total conduction ol an
clectrolyte can be calculated for small amounts of clectronic conduction.

The ccll EMF for an oxygen concentration cell used in low PO, is

E = (RT/F) In((pO(2)Y4+p©' %) / (PO DO ). oo (24)

from which an unknown pO2 can be caiculated (ref. 21). In thc above
equation p®© is the oxygen partial pressure at which the ionic conductivity is
equal to the clectronic conductivity. The valuc of p® depends on the
specific electrolyte used. It has been determinced for many commercially
available solid electrolytes (ref. 21,22,23). p@ depends to some extent on the
level of unwanted impuritics in the clectrolyte and on the processing of the

clectrolyte.
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DISPOSABLE OXYGEN CONCENTRATION CELLS

in the metallurgical ficld, the oxygen concentration cells are immersed into
liquid metal, matte or slag to determine the oxygen partial pressurc of the
melt. These ceils are often referred to as oxygen probes or Sensors. The
most common usc is in measuring the oxygen content of liquid stecl. The
attack of liquid stecl and steelmaking slags on the oxygen probes has led to
the development of disposable probes, oxygen concentration cells used for
just onc reading. The attack of the melt on the electrolyte does not

influence its effectiveness but limits its life.

There are three basic designs of disposable oxygen probes, shown in Figure
11, referred to as the plug, tube and needle type probes. The tube types
consist of a thin walled tube of the electrolyte material containing the
reference material and an electrical contact. The tube cells are the most
common duc to the development of high density, doped zirconia tubes that
can withstand the thermal shock of being immersed directly into molten
steel. The response time for the EMF readings of the cell to stabilize is
very fast duc to the thin tube walls. The external electrode is attached
simply by winding it around the outside of the tube. The simplicity of

construction and good results with this probe design make it very popular.
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The plug type oxygen probe consist of a plug of clectrolyte material in the
end of a silica or alumina tube. The reference material is located inside the
tubc in contact with the clectrolyte plug. The electrical leads must be
attached to the plug both on the inside and outside of the tube. The plug
type has the advantage of being more resistant to thermal cracking because
the electrolyte is a flat disc and tends to be thicker. These probes take
longer to stabilize but also last longer before being penctrated by the melt
It is often difficult to maintain a tight secal between the clectrolyte and the
tube during the thermal cycle it is exposed to. Alumina and silica tubes arc
less corrosion resistant to stcelmaking slags than most of thc clectrolyte
materials used. This is of greatest significance in laboratory cxperiments

where the dissolved silica or ailumina may alter the composition of the melt

The needle probe was introduced in 1978 by Janke (ref. 24) as a chcaper
oxygen probe for mcasuring the oxygen pressure of liquid steel. It consisted
of a Mo wire that was thermally sprayed with a reference material (c.g.
Cr/Crzos). This was then coated with a thin layer of the clectrolyte by
thermal spraying. He found thcir performance as good as commercially
available tube tvpec probes with which he compared them. Even at low
oxygen pressure they gave rcadings similar to the tube probes. The fact

that thc clectrolyte was less densc than the tube probes did not affcect their
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operation as long as it prevented the melt and the reference material from
making contact. Ncedle probes have the advantage of being simplc and
cheap to manufacture and their response time is shorter due to the thin

clectrolyte coating.

Oxygen probes consist of « s.:id electrolyte, reference material and
electrical leads. Therefore the two main factors which contribute to the cell
performance are the choice of a solid electrolyte and reference material.
The reference may be cither a gas of fixed oxygen partial pressure or a
solid oxide reference in equilibrium with its metal The use of gas
references allows for the easy adjustment of the oxygen pressure. Air is
often used since it is cheap and does not require accurate mixing devices to
control the oxygen pressure. Pure oxygen is also used in order to produce a
reliable reference. Although gases may be mixed, such as Ar and 02, to
give any dcsirable oxygen pressure the attachment of accurate mixing
devices makes the probes more cumbersome and the reference less reliable.
Diffusion of gascous oxygen through the clectrolyte can occur, especially
with clectrolyte materials which are not fully densec. This crcates an
artificially high oxygen pressurc reading in the melt. It is more substantial

when using high oxygen partial pressurc references such as air or pure O2
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duec to the higher oxygen gradicnt across the clectrolyte. It is also more
difficult to sccurcly attach the clectrical Ieads to the clectrolyte inside the
probc when using a gas rcference. It is suggested by some that gas

references be only used for rigorously stirred steel melts with >150 poim

By

oxygen (ref. 25).

Solid refercnces contain a mixture of a metal and its oxide. The oxygen
partial pressure depends on the equilibrium of the metal-metal oxide
reaction at a specific temperature. The oxygen pressurc is not variable by
the user but will change with temperature. If a different reference oxygen
pressure is desired a differemt refcrence material must be used. It is
important that the relference does not react with the clectrolyte or the melt
or have more than one possibke equilibrium reaction. The most commonly

used reference is Cr203/Cf which is used mainly for liquid stecl. The

cquilibrium oxygen pressurc of the reaction

2C1)0, = ACT + 30 eeriessesmmentosesisssmeseesssos et soesssrsoe s oo (25)

is close to the oxygen pressure for deoxidized steel, making the EMFE
readings more rcliable. The oxygen pressure is also at the limit for ionic

conduction for most ZrO_-based electrolytes, possibly causing some n-type
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clcctronic conduction. The use of MoOz/Mo reference has the advantage of
being wecll within the ionic range of ZrOz-bascd solid electrolytes (ref. 2).
It has a higher oxygen pressure than the Cr,0,/Cr reference, thus is useful

for mecasurine oxygen pressures closer to its range.

The polarization of the melt and the reference will have an effect on the
accuracy of the determined oxygen pressure. If therc is any clectronic
conduction, current will flow in the cell causing a buildup of oxygen anions
on onec side of the cell. This is more severe when the cell EMF is high,
creating a large driving force for current flow. A high oxygen potential
gradient may also cause transport of oxygen through the electrolyte. This is
more significant with the use of O, or air references where the oxygen
pressure is very high compared to the melt. This error can be minimized by
using a rcference with an oxygen pressure close to that of the melt it is

mcasuring and by stirring the melt.



‘ SOME APPLICATIONS OF OXYGEN PROBES

The usc of oxysgen probes in metallurgy is quite varied and expanding.. The
most cxtcensive use of the probes is to smcasurce the oxygen content of a
liquid metal. 1In Japan alonc 185000 oxygen probes were uscd in 1980 in
steelmaking (ref. 26). The probes arec used mainly for control over the
dcoxidation of the steecl. The oxygen activity in the molten steel is related

to the probe EMF by the equation

E = (RT/2F) in(a(O) / (pOz(rcf)llz)) ............................................................................. (20)

Almost instantaneous oxygen contents of liquid stecl arc determined from
the probes rather than having to do a chemical analysis. This allows the
steelmaker to accurately and quickly dctermine the proper amount of
deoxidizers (e.g. Al, Si) which he must add to the stecl to ebtain the desired

oxygen content.

Oxygen probes are used in the glass industry to duzieminine the oxidation
state of molten glass. The oxidation state of the glass is important in the
melting, refining and color determination of the glass. It is determined by
the ratio of the diffcrent valency states of a polyvalent oxide, for example

the Fcz"’/Fc3+ ratio for glasses containing iron. The oxygen pressure and
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basicity of the glass as well as the type and concentration of polyvalent
oxidc present govern its oxidation state. If the basicity and the polyvalent
oxide content arc constant then the oxidation state can be monitored by

monitoring the oxygen pressurce of the glass.

Some research has been done in relating the basicity, oxygen pressure,
temperature and oxidation state of a glass. Tran and Brungs (ref. 27) have
found a good rclationship between oxidation state, temperature and oxygen

pressure for a disodium silicate glass containing less than 2% total Fe.

log(Fe?*/Fe®t) = a + b(1/T) + clogpPO yreecmeceececcn A27)

The cocfficicnts a, b and ¢ for this glass arc given in Table 2. Goldman
(ref. 28) found that the siope of log(Fe2*/Fe®t) vs. log pO, depends on the
temperature and glass comj,csition instead of being constant as suggested by
Equation 27. Hec camec up with a rclationship between oxidation state and
basicity for a constant temperature and oxygen pressure (Figure 12). A new
measurc of slag basicity has been proposed based upon the relationship with

the oxidation state of the melt (ref. 1). The ratio of Fe?*/Fe®* is used as
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the basicity indicator for different slags at the same temperature and
oxygen pressurc. Oxygen pressurcs can be controlled by cquilibrating the

slag with the furnace atmosphere.

The activities of oxides can be determined with the use of oxygen probes in
complex oxide melts. One of the first applications was the determination of
a(PbO) in PbO-SiO2 melts. The oxide was melted in the presence of metallic
Pb in order to estabiish an cquilibrium betwecen (PbO) and pure Pb. The

a(PbQO) was calculated from the cell EMF by the cquation

EMF = E° 4+ (RT/2F) I(RIPDOY) oo eeeeeeeeseeoeeeeeeeseese oo seseessseesesseeesesemne (28)

where E° is the ccll voltage with pure liquid PbO at the same temperature.

The a(FcQ) can be determined in steclmaking slags in a similar manncr.
Artificial and real slags were meited in ARMCO-iron crucibles so that
cquilibrium between the slag and the iron crucible would be ¢stablished
(ref. 29). The activity was determined from the Equation 28 (using FeQ
instcad of PbO). in order to facilitate the Fe-FeO cquilibrium, silver can be
melted with the slag (ref. 2). Equilibrium is quickly cstablished between
the silver and the slag because it is a liquid-liquid reaction. The a(FeQ) 15

determined as mcentioned.
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The oxygen pressure of stecelmaking slags is important in controlling the
dephosphorization and desulphurization of liquid stecl as shown carlicr by
Equations 15 and 16. In situ measurement of the oxygen pressure would
allow control over these processes rather than relying entirely on
equilibrium thermodynamics. The oxygen pressure determined at any one
time will indicate to the stcelmaker what additions need to be added to the
slag in order to optimize its uscfulness. Better control over the reducing
and oxidizing periods of the slag in electric arc furnace practice would also
result from in situ measurements of the oxygen pressure. Oxygen probes

have proven successful in both laboratory and LD converter slags (ref. 1).
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CHAPTER 1V

A,

PROBE DESIGN

The oxygen probe used in this study was bascd on the ncedle prebe
developed by Janke (ref. 24). Thec modified probe design used in this study
is shown schematically in Figurc 13. A [.5 mm diamcter molybdenum wirce
was cut into 40 cm lengths. One end of the wire was clecaned by
sandblasting and then oxidized in an oxygecn-acctylenc torch flame.
Approximately 5 cm of the oxidized Mo wirec was plasma sprayed with
yttria doped zirconia. 1'he parameters used in plasma spraying arc given in
Table 3. A 0.5 mm thick layer of ZrOz(Yzoa) was achicved with 10 to 15

passes of the spray torzi:.

The refcrence material in this probe design is the Mo wire. Oxidizing the
outside of the wire ensures that there is some MoO2 present in order to
maintain an equilibrium bctween the Mo and MoOz, and a stable and
accurate reference oxygen pressure. The probe used in this study is simpler
than that used by Janke because it docs not have a coating ot Cr sprayed
over the Mo wirc. A Cr/Cr203 reference matcerial is desirable for
steclmaking beccause its cquilibrium oxygen pressure is close to the oxygen
pressures cxpericnced in dcoxidized stecl. Oxides have higher oxygen

pressurc and fluxes have a broad range duc to the use of both acidic and



basic lluxes. For this reason, a reference material with a higher oxygen
pressure is desired. The Mo/MoO2 reference was chosen because 1t has been
successfully used by others (ref. 2) at high tempcratures. The Mo wire is
also able to withstand the clevated temperaturcs cxperienced in the

experiment and still provide the mechanical support for the probe.

The other clectrode of the oxygen probe was madec with a 6%Rh-Pt (Pt6Rh)
thermocouple wire. The wire was wrapped around the end of the probe
several times to ensure good cennection. It was cncased in a high purity
alumina tube to prevent contact with the Mo wire, which would short
circuit. The Mo and Pt6Rh wire were connected to a pure copper connector
just outside the furnace. A slight error results from slightly varying
temperaturcs at the Mo/Pt6Rh cannection, but this was only in the order of
0.5 mV. Copper wire was used to conncct the probe electrodes to a strip

chart recorder to record the cell EMF.
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FURNACE DESIGN

The furnace used in this study was built at the University of Alberta in the
Welding Engincering Laboratory. A schematic diagram of the furnace is
shown in Figure 14. The furnace was hecated with MoSi2 heating clements
which surround a vertical 5 cm diameter alumina tube running through the
center of the furnace. The top and bottom of the furntce was water cooled.
The top contained two 5 mm holes directly above the crucible in order to
insert the oxygen probe and a thermocouple directly into the melt. A third
hole in the top was used as a gas inlet in order to control the furnace
atmosphere. The exhaust gas was directed through a tube at the bottom of
the furnace and into a ventilation system. The bottom of the furnace
lowered out to allow the charge of the flux into a crucible. The crucible

platform was lowered and raised by a motor with a variable speed control.

The furnacc tempcerature was monitored with a B-type thermocouple located
just inside the center of the furnace chamber. Temperature was controlled
by a Eurotherm temperaturce controller and thyristor. Current flow to the
elements was controlled manually by a 10 ohm variable resistor.  The
furnace remained on between experiments at 800 °C and could be increased

to 1600 °C within 1 hour.
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EXPERIMENTAL PROCEDURE

In a typical experimental run the furnace was set to the desired temperature
and allowed to stabilizee A 5 cm high zirconia grain stabilized (ZGS)
platinum crucible was charged about 3/4 full with a flux. The crucible
platform was lowered out of thec furnace, thc crucible placed on the
platform and then raised back into the furnace. Only platinum tipped tongs
were used to handle the crucible to prevent contamination. The flux was
left about 30 minutes to reach the furnace tempecrature and to establish
equilibrium between its oxides. Industrial grade argon was purged through
the furnace at a flow rate of 20 cm3/s. This was done to minimize oxygen

pick-up by the fluxes (rom the furnace atmosphere.

The oxygen probe was slowly lswered into the furnace’s hot zonc (i.e. to
approximately 1 cm above the crucible) and held for approximately 5
minutes to reach the same temperature as the furnace. A Pt6Rh/Pt30Rh
thermocouple was inscrted into the molten {lux to determine its actual
temperaturc. The thermocouple EMF was read from a digitai multimeter.
The thermocouple was then removed from the melt to minimize
contamination of the flux with the alumina sheathing of the thermocouple.

The oxygen probe was then inscrted into the melt and the EMF recorded on
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a strip chart recorder. After scveral minutes, when cither the probe
rcadings remaincd stable or the EMF began to deteriorate, the probe was
rcmoved. The furnace temperaturc was then reset and allowed time to

stabilize. The above procedurc was repeated with a new probe at the new

temperature,

When a different flux was used the old flux had to be removed from the
platinum crucible. Most of the flux was removed by pouring it into a
ceramic crucible immediately after rcmoving it from the furnace. The
remaining flux was removed bx melting i1t with lithiurn mctaborate (LiBOB)
at 1200 °C. The molten LiBO3 disselved the remaining (lux and was then
poured out of the crucible. The LiBO, remaining in the crucible was

rcmoved by dissolving it in boiling concentrated nitric acid.



CHAPTER V

A. Zr0,(Ca0) VS. ZrO(Y,0,) SOLID ELECTROLYTE

The initial probes were made with a 5%wt CaO-ZrO2 solid elecctrolyte whose
composition is given in Table 4. This clectrolyte is the most common
electrolyte used in industrial steclmaking for measuring the oxygen pressurc
of liquid stecl. It has also been successfully used in oxygen secnsors for
stcelmaking slags. It has shown good thermal shock and fair corrosion
resistance. Slag attack on the probe does not affect its stability unless it
penetrates more than two thirds of the electrolyte thickness (ref. 1). The
clectrolyte has been found to be an ionic conductor at oxygcn pressures as
low z+ 10720 atm at 1600 °C (ref. 30). Values for p© are available from
tcchnical literature, thus the contribution of electronic conduction at low

oxygen pressure can be reas- b calculated from Equation 24 given carlier.
Initial cxperimentation with this probe was done at 1643K with flux #20,

an acidic flux whose composition is given in Table 5. The attack of the

slag on the clectrolyte was significant and prevented the cell EMF from
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stabilizing for very long before the probe failed. The probe after the run
was blackened and cxtensively cracked. Examination of a cross scction of

the probe (Figure 15) showed that the slag penctrated the probe to contact

the Mg wire.

For comparison a Y203-doped ZrO2 solid clectrolytec was tried (sce
composition in Tablc 4). This clectrolytc matcrial has not been used as
extensively as ZrOz(CaO) and thus there is not as much data on its
performance. CaO- or MgO-doped ZrQ, is usually used whenever possible
because of their cheaper cost and proven reliability. Yz(')a-dopcd
electrolytes are expected to have higher corrosion resistance than CaO- or
MgO-doped ZrOz. A 8%wt Y203-Zr02 oxygen probe was uscd in mcasuring
the oxygen pressure in a sodium disilicate glass (ref. 31). The clectrolyte
showed superior corrosion resistance over a 5%wit CaO-ZrO2 clectrolyte. In
previous work on molten SAW fluxes with ZrOz(MgO) electrolyte (ref. 32)
the author had been unabic 1o obtain a stable EMF. The p© for ZrOZ(Yz()a)
has been published for tempecraturcs up to 1700 °C (ref. 33) allowing the
determination of electronic contribution to the total conduction of the

clectrolyte using Equation 24,
Initial usc of the 8%wt ‘/,,O,;ZrO2 oxygen probe on flux #20 was successiul

Although the EMF was not morc stable than with the Zr()z(Cu()) probes the

probes did not show any signs of attack by the flux. Examination of the
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cross section of the probe (Figurc 16) did not show any penetration of the
clectrolyte by the slag. Most of the cracks in the usced electrolytes (Figure
16) occcurred after they were removed from the slag while they were cooling
down. This is proven by the fact that the cracks extend from the
clectrolyte through the slag coating, thus thcy must have occurred aflter the
slag had solidified. The cracks probably initiated duc to thermal strain in
the thin brittle layer of slag, which coatcd the probe. The cracks then

propagated through the clectrolyte.
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RESULTS

The oxygen pressures of six different fluxes were examined in this study.
The composition of the fluxes is given in Table 5. Fluxes #1, #3 and #4
were specially made from reagent grade oxides to form flux compositions
similar to commercial fluxes. Fluxes #20, #50 and #91 arc commercial
fluxes. The oxygen pressurc of {lux #4 could not be determined because of

its rapid penctration of the probes.

A 2-3 kg sample of cach flux was used. The chemistrics of the commercial
fluxes were determinced from a sample of the 2-3 kg portion of the flux.
The chemistries of Fluxes #1, #3 and #4 wcre determined by incir
components. A single sample was used to dctermince the pO2 of the Iuxces at
various temperatures cxcept for flux #20 where new flux samples were used
cach time. Using a single sample would minimize cerror caused by slightly

varying composition {rom on¢ sample to the next.

The basicity of cach flux was calculated using the 1IW's Basicity Index
given carlicr as Equation 5. The optical basicity was calculated using the
mcthod given in the Optical Basicity scction. A sample calculaticn is given

in Appendix A.



The EMF’s of the oxygen probes werc mecasured on a chart recorder The
rcadings typically stabilized in onc or two minutes and remained relatively
constant for onc to two minutes longer, after which the probe was removed.
The EMF responsc with iime is plotted for each run in Figures 18 to 24.
The oxygen pressure of cach flux was measured at several temperatures
ranging {rom 1650 to 1850 K. The results are summarized in Table 6 and

shown graphically in Figure 17.

The EMF of the oxygen probes took one to two minutes to stabilize. This is
substantially longer than the response times of the needle probes used by
Janke (ref. 24) in liquid steel. He observed response times of less than 30 s
at 1400 °C and that the response times decreased  with increasing
temperaturc. The responsc time in this study did not show any trends with
tcmperaturc. Tubc type oxygen probes used in steelmaking slags have
shown similar responsc times as obscrved in this study. Somc have (ound
that a longer precheat time of the probe above the slag surfacec reduces the
probe’s responsce time (ref. 1). This would account for a lack of corrclation
with tecmperaturce as the prcheat time in this study was only approximatc
and may have varied from five to tcn minutcs. Response times also
depended on the flux. Fluxes #5350, #91 and #3 all had rclatively short
rcsponse times, while fluxes #1 and #20 gencrally took longer to reach a

stablc EMF.



The life of the probe is defined as the length ol time in which 1t maintains
a stable EMF. The probce life will be different for cach individual probe.
This is especially true for plasma sprayed clectrolytes because they will
have considerable variation in their thickness. The slag may penctrate
quickly in a thin arca or at a defect in the coating. The probe life will also
depend on the aggressivencess of the slag. The probes did not last long
cnough in flux #4 to recach a stable EMF; thercfore a0 OXVECN pressurces
were calculated for this flux. The probe life was gencrally longer at lower
temperatures in all the fluxes used. The EMF remained stable for as short
as 30 seconds in flux #20 while in most other fluxes the probes were

removed before they failed.

Probe failure was observed as either a gradual decrease in the ccil EME or a
suddenly erratic EMF output. In most cases the probes were removed after
a stable EMF was achieved and before the probe deteriorated.  The slow
decrease in the cell EMF may be caused in part by oxygen transter through
the clectrolvte as the slag penetrates it This would polarize the ccll

reducing the oxygen gradient across it and thus reducing the cell’s LML

The oxygen pressure was calculated from the cell EME using bEquation 19,
The cell EMF also includes a contribution from the use of dissimilar metals
(Mo and Pt6Rh) as eclectrodes. This modifics Equation 19 to include the

thermoclectric cffect (Et).
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EMF = (RT/4F) ln(pOz(s)/pOZ(r)) F EU (V) e tcsecesscsccnme et (29)

where EMF is in volts, R is thc idcal gas constant, F is Faraday’s constant,
pOz(s) is the slag’s oxygen pressure aad pOz(r) is the reference oxygen

pressure.

The potential for a Mo/Pt thermocouple has been recorded by others (ref.

21) as

El = 2220 4 0.040 T (VYoo eeeeereeeeesaeesesmsanssesssessssssesecssassassmssssassssessscisscsasaseons (30)

Since thermoelectric potentials are additive the potential for a Mo/Pt6Rh
can be found by adding the potentials for a Mo/Pt and a Pt/P16Rh
thermocouple. The data for a Pt/Pt6Rh thermocouple was estimated from
the tables (ref. 34) for a Pt/Pt1ORh (S-type) thermocouple by interpolation
between pure Pt and PtIORh. The following equation has becn derived
from this data for determining the Mo/Pt6Rh thermociectric corrcction in

the temperature range of 1600-1900 K.

Bt = =187 + 0.033 7T (V) ceinicirceen ot cectnsar sttt se s s as s s st s (31)

where T is in Kelvin,
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The reference oxvgen pressure used in this study was determined by the
MO/MOO2 cquilibrium. There is some conflict in the published values of
this oxygen pressure, creating up to 10% difference between various authors’
results. The value for the Mo/MoO,_, reference oxvgen pressurce usced in this

study is taken from the JANAF thermochemical tables (ref. 35).

In pO,(M0o/M00O,) = (-360369 + 160.037 T) / R it (32)

where R is the ideal gas constant in J/mol K and T the temperature in K

and pO, in atm.

To calculate the oxygen pressurc of the slag Equation 29 can &2 rearranged

to
In pOz(s) = In pOz(r) + (dF/RT) [EMF - Et] (33)
Substituting Equation 31 for Et, Equation 32 for In pO.,(r) and inputting the

values for the constants F and R we can directly calculate In p()z(s) from

the temperature and cell potential.
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In pO,(s) = -68300/T + 20.8 + 46400 EMFE /T oo (34)

where pO2 is in atmospheres, T in Kcivin and EMF in Volts. A sample

calculation is donc in Appendix B.

The oxygen probecs worked satisfactorily for afi the fluxes cxcept flux #4
(sec composition Table 4). This flux was highly cerrosive to the probes and
the alumina sheathing on the Pt6Rh lcad and on the thermocouple. The
ZrOz(YzOs) on the probes after the runs was cracked, very brittle and
turned a dark or black color. With other fluxes the zirconia remaincd the
same color as beforec the cxperiments or turned a slightly darker ycllow
color. The probable cause of the corrosiveness of this flux is the high CaF2
content (over 17%). Although other fluxes had up to 10.0% CaF,, they were
not as corrosive as flux #4. All the other major components of this flux
were present in higher amounts in other fluxes, except for AL,O, which 1s a
very stable oxide, thus is unlikely to be corrosive to the oxygen probes. The
mecasurcment of the oxygen pressure of scveral other fluxes with higher

CaF2 contents was attempted but these fluxes did not melt at 1873 K.

The oxygen pressure was found to increase linearly with the inverse of the
tcmpceraturc (T™YH, as shown in Figurc 17. Although only three data points
were measured for all the fluxes except #20, the corrclations are quite good.

Scven data points were taken on flux #20 and the corrclation factor (r) of



In pO, with T™! is 0.93. Much of the scatter may be duc to experimental
crror in measuring thc oxygen probe EMF and the molten flux temperature.
In addition possible clectronic conduction, cell polarization and chemistry
variations between samples used for chemical analysis and thosc used for

pO2 measurcments may contribute to the total crror.

Each (lux increased in pO2 to a different extent with a given change in
temperature. The In pO, of flux #3 remaincd relatively constant over the
temperaturc range 1660-1850K. Ailthough the scatter ffrom the straight line
relationship is not more than c¢xpected, the low slope leads to a4 very low

corrclation factor. From the results of this study. it is possible to say the

oxygen pressure of flux #3 remains reiatively constant over the temperature

rangc cxamined.

The most significant source of cxperimental error is the EME measurcments
of the oxvgen probes. In some cascs the EMF did not reach a constant value
and therefore an approximate valuc for the EMF had to be taken. In these
cascs the EMF may have been as far off as 10 to 20 mV {rom the actual ccell
EMF. Improvements on the cell design and the uniformity of the plasma
spraved ZrO2 laver will help reduce this crror. In the other cases where the
EMF stabilized for a significant period of time a maximum crror ol 5 mV i3

rcasonable for the cquipment uscd.
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DISCUSSION

The results of this study show that the pO, decrcases lincarly with the
inverse of the temperature (T™Y). The corrclation between T! and In pO, is
very good as can be seen in the plots in Figurc 17. Much of the scatter in
the results may be contributed to expcrimental error. The oxygen pressurc
was cxpected to incrcase with temperaturc since increasing temperature
reduces the stability of all oxides. The unknown was to what extent did
temperature increasc the pO2 of different fluxes. This was found toc be

differcent for cach flux used in this study.

The pO2 is rclated to free cnergy of formation by Equation 8 given carlicr.
We also know that

AG = AH o AS T eeeeeeceesree e st cestr e s ies s se s e s st et ettt e s s e e R e e ettt (35)

In pO, = (AH/R) (1/T) = AS/R sttt s (36)
Thercfore the slopc of the relationship between In pO2 and T ! is equal to

the heat of formation of the flux divided by thc gas constant.

The fluxes used in this study can be divided into thrce groups bascd on the
meceasurcd pOz. Fluxes #91 and #20 had the lowest pO2’s mcasurcd. The

pO, for thesc fluxces also incrcased faster with increasing temperature than



the pO, of the other fluxes. Both of these fluxes were CaO-SiO2 basced

fluxes.

Flux #91 was the most basic of all the fluxes according to the OB and BIl,
thus was expected to give the lowest pOz. From cxamining its composition,
we sce that it contains a large amount of CaQO, which is a very stable oxide,
and low concentrations of weak oxide. Thus, it is ¢xpected to give a low
p02 from point of view of thc relative stability of oxides comprising the
fiux. Although fiux #91 has a substantially higher Bl and OB than f(lux
#20 it has only slightly higher pOz. One rcason for this may be the higher
concentration of CaF, in flux #91, which can recact with oxides in the lNox
and increase the oxide activity (ref. 36). Flux #91 also contains slightly

higher concentration of weak oxides, the main onc being Na,O.

Flux #20 had a higher Si(}2 content than #91, rcsulting in a lower Bl and
OB as well as a higher pOz. The pO2 was not that much higher in {flux #20
than #91. This is most likely duc to the lower Cal, and Na,O content of

flux #20 as discusscd above.

The pO2 of fluxecs #50 and #3 were also very similar to cach other,
aithough the pO2 did not vary with tempcrature to the same cxtent for both
fluxecs. These fluxes werce MnO-SiO2 based lfuxcs which are known to give

a high oxygen content in wceld mctal. MnQ i1s a very weak oxude
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thermodynamically and was expected to give a high pO,. The scatter in
the results of flux #3 suggests that there is little variation of rO, with
temperaturce for this flux. It also indicates that there may be another factor
affccting the pO, of this flux which has a grecater influence than
tempecrature. One factor could be the presence of two immiscible liquid
phases, since this flux contains a significant amount of Can. Whether or
not two liquid phascs were present at these temperatures was not determined
because there were no provisions to rapidly remove samples from the
furnacc at high tempecraiure. Each phase would have a differcnt p02 when
melted but would tend to reach zn equilibrium with time. The pO, actually
measurcd would depend on which phase the probe is immersed in and on

the kinetics for the phases to reach equilibrium.

Flux #1 had an intermediate pO2 between the other two groups of fluxes.
The chemistry of this flux is more complex, containing significant amounts
of ALO, and TiO, as well as Si0, and CaO. Both Al,O,; and TiO, are
considered to be acid oxides and to increase the weld metal oxygen content

as demonstrated by their inclusion in the denominator of the Bl formula.
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This {lux contains considcrably lcss CaO than the fluxes #20 or #9101 but
morce than fluxes #3 or #50. The oxides used instecad of CaO, TiO, and

/\1203 arc less stable than CaO and therefore would give a higher pO.,.

A common concept used in steelmaking is the sulphide capacity ol the slag,

which is usually defined by the following cquation (recf. 37)

Cs = (WEBS)PO /DS ) ) et s e s (37)

This parameter is based on the desulphurization reaction given carlier as
Equation 15. From Equation 15, we sce that the desulphurization of stecel is
assisted by a high slag basicity and a low oxygen pressurc. For slags nol
containing any transition mctal oxides therc is a good corrclation between
basicity and Cs (ref. 37); thus Cs can be uscd as a measurc of the basicity

of the slag.

Sosinsky and Sommerville (ref. 37) have found that the Cs varies lincarly
with TL.  Since Cs is related to the pO, of the slag (by Equation 37), it
implics that the pO2 of the slag may also vary lincarly with T, which is

what the author has found from this study.

68



Sosinsky and Sommerville also found the Cs to change to a greater cxtent
with a2 change in temperature for higher basicity slags. The fact that the
present author has found that the fluxes with the lowest pO2 changed pO2
to the greatest cxtent with temperaturc scems to be indicative of the
similar bechavior of the Cs of slags. One difference is that in the present
study there have been fluxes with similar pO2 but which vary with
temperature to different extents, such as flux #3 and #50. The Cs has a
constant change with increasing T-! for a specific basicity (ref. 37). This
may be duc to the fact that the Cs data was from simple slags containing no
transition metal oxides whereas we used complex oxide mixtures. Since the
determination of the cffects of transition metal oxides on basicity is
questionable, the effects of temperature on a slag containing transition
clements may be different for different fluxes with the same basicity. The
other difference between Cs and pO2 is that the Cs was found to depend on
temperature and basicity (ref. 37). The pO2 of the flux depends on the

strength of the oxides in the flux rather than the basicity.
The practical aspect of measuring the pO, of SAW fluxes is to be able to

determine whether onc flux will give up more oxygen to the weld meial

than another flux. By cxamining the fluxes at steclmaking tecmperaturcs
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(1600 °C), we can rate the fluxes from the most stable to the least stable: 91,
20, i, 3, and 50. This order scems rcasonable in view of the examination of

the rclative stability of the oxides in cach lux.

If we cxtrapolate our data to generally accepted cffective weld pool
reaction temperatures (2200 °C), the order of the fluxes changes to: I, 3, 91,
20, and 50 (scc Figurc 25). Although therec is some uncertainty in
extrapolating the data from this study to such a high tcmperature, there is
aiso somec question as to the weld pool reaction tcmperaiurce. The
temperatures have been derived by applying cquilibrium thermodynamics to
the welding rcactions, disrcgarding the kinctics involved in the shor
thermal cycle. Depending on the method used and the reaction studied,
effective weld pool reaction temperatures of 1520 °C to 2500 °C have been
deduced (ref. 17). It is clear that reactions arc actually occurring in the
weld pool at temperatures from the melting point to the highest temperature
experienced at the clectric arc. The final oxygen content might depend on
the low temperature propertics of the flux rather than the cquilibrium
temperaturcs of the weld pool rcactions. In cither casc, it is certain that

temperaturc has a great effect on the pO2 of fluxcs.
The pO2 of the fluxes studied did not show any corrclation with cither OB

or Bl as can be scen in Figurcs 26 and 27. At steelmaking temperatures

(1600 °C), there appears to be a good rclationship between In pO, and the
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OB of the fluxes. This corrclation only occurs for a very limited
temperaturc range and is lost at higher or lower tempceratures. Since the OB
paramecter was deveioped mainly for a morc accuratc basicity deteimination
of steelmaking slag, this rclationship may show that the GR is. a good
indicator of basicity and pOz. When the data is extrapolated to wclding
temperatures (2200 °C) there is no correlation betwcen In pO, and OB.
Thus, it appears that the- OB is only good in predicting the relative
reactivity of fluxes or slags at steclmaking temperaturcs, This may be onc
reason why rescarchers have had trouble in applying steelmaking knowicdge

of slag behavior tc welding fluxes.

We car compare the data from this study to the p02 measurements dore on
steclmaking slags (ref. 1,2). The pO,_, tends to be much higher in this study
than those referenced above which use steelmaking fluxes in cquilibrium
with irea. The pO2 of these filuxes is determined by the Fe/FeO
cquilibrium reactiosi. Pure FeO has a freec ecnergy of formation of
approximately -300 kJ/mole O2 at 1800 K, which gives us a In p02 = -20.
The pO, for any slag containing FeQ in equilibrium with Fe wiil have to be
less than that for pure FeO, that is less than -19.3. If there arc no mctallic
components present then the pO2 will depend on the interaction of the
oxides and halides within the slag. The pO, will be higher than the
cquilibrium p()2 for individual oxides, otherwise some of the oxides in the

flux would be reduced to 2 mctal.
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To obtain an approximation of how much oxygen is actuai., saaable 1o be
dissolved by the weld metal from the flux we can convert the pL)2
measurcments ta a weight percent oxvgen in iron.  Assumc that an cqual
volume of flux is meclted as iron. Also assume that the pO2 is cqual to,
rather than proportional to, the mass fraction of oxygen in the slag which 1s
available to bc dissolved by the iron. The calculated %O in the iron at
various temperatures is given in Table 7 and a sample calculation is given
in Appendix C. Although this is a very crude calcuiation, it does give an
idea of the diffcrence in the oxyvgen available from the diffcrent fluxes in
terms of possible weld metal oxygen content. Table 7 also shows that the
temperature of the flux plays a grecat role in determining the weld mctal
oxygen content. It is important to netc that the final weld metal oxygen
content of any one weld will depend on many other factors than just the
pO2 of the flux. Some of these factors are the base metal and clectrode
chemistry, the presence of deoxidizers such as Al or Si, welding parametess,

and many others.

Extensive thermodynamic calculations, for comparison with the mceasurced
pOz, cannot be done on the fluxes usced in this study. The recason is the lack
of activity data on complex fluxcs. We can repeat Fagar’s (el 6)
calculations of the theorctical weld metal oxygen content at 2000 “C ftor
Ca0-Si10, fiurcs. Hec based the weld metal oxygen content on  the

cquilibrium of the following rcaction:
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SiO2 AR A 11 © USRI P R SRR B R L (38)

The cquilibrium constant derived from thermodynamic data is (ref. 06):

log K = -28360/T + 10.61 and. e

PR U )1 10 SVARYE:TTo 7 NN —— (40)

There is r avail~ble data on the activity of Si()2 in these particular fluxes
therefore the weight percent of SiO2 in each flux was used instead. The
calculated %0 is plotted in Figurc 28 against In pO, There is no trend
between the calculated %O and the mecasured In p02. The question of
whether 2000 °C is the proper temperature to usc also sheds doubt on this
comparison. A morc extensive study on the pO2 of fluxes is nccded to
determir.  if it a better predictor of weld metal oxygen content than that

proposcd by Lugar.

From a detailed statistical analysis of the data in this study we have {found
an excellent corrclation between the pO2 of the fluxes and the molar
percents of CaQ, SiOz, Can and MnQ. Since we only have pO2 data from
five fluxes we can only perform a rcgression analysis on three variables at

once. For this reason CaO and CaF2 were grouped together. This gave a
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slightly higher corrciation factor than using cither component alone.  In
fact, the correlation factor (r) at 1600 °C was 1.000. #vep at 2200 °C, based
on thce cxtrapolated In pO2 data, the corrciation factor was 0.99%6. The
calculations arc shown in Appendix ID. The cffcect that cach of these oxides
has on the pO2 depends significantly on the temperature.  Each oxide’s

cf{fect changes to a different extent with temperature. From our analysis

given in Appendix D we can write the formula:

in pO2 = A (CaO+CaF2) + B Si()2 + CMNO 4+ Do (11)

The cocfficients decpend on temperature according to the [ollowing

formulas:

A = T 0005 = 22608, 7 T et ceeeeteeeererusssesssnn s staseasaassmssns asaasaaebes s stesaassanttaetr e e reeeanns (412)
B = L 07 07 v 21 208 T et eee et eee e s ntes e e e st s e as s aeeessanssssn e ess s aaenssasmseeaseseannnne (13)
C = 0.3057 = AO8.00/ T aeeeeeeeeeeeeeeeeeeeeeeeeeree e vves e avve e e e aan e e essese s beaaetetaasassasssetentesnreneee (4.1
D = c00.219 F 112806/ T oot eeeeeeeeereetereeesesss e et e eesasse et es e sanasseensasssaaseeensesmesenes (15)

From this formula we can calculate the In pO, of any of the fluxes at any
temperature range. Future pO, measurements on other fluxes will prove if
this relationship will hold for a widc range of flux types, or only for the

types of fluxcs used i1n this study.
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The cxcellent correlation found in the above formula raises the question as
te why only CaO, CaF,, SiO2 and MnO have an cffect on the pO2 of the
fluxes. Additional pO2 data, on a wide varicty of fluxes, may indecd show
that certain other oxides must be taken into account, but thc high
correlation factor indicates that these oxides arc the most significant in

dctermining the p02 of the fluxces used in this study.

The measurement of the pO2 of fluxes may provide a very useful tool in
devclopment of future fluxes for SAW. This approach provides a method of
directly analysing, by measurement, the oxygen potential of fluxes and
reduces our reliance on empirical formuiae and room temperature
propertics. It also provides an alternative approach than the vaguc concept
of basicity and its questionable relationship to the weld mctal oxygen
content. The trends of pO2 with temperature and the rclationship between
pO2 and weld metal oxygen content will allow fluxes to be developed with
low pO2 at welding temperatures. It would be desirable to have fluxes with
relatively iow pO2 which does not change significantly with temperaturce.
The cffects of different oxides on both the pO, and its dependence on
temperature will 2uow flux developers which oxides to use for the desired
effect. with less emphasis on the trial and error method which we now rely

upon.



CONCLUSIONS

Disposable oxygen probes were constructed by plasma spraving a stabilized
zirconia coating over a molybdenum wire. ‘These probes were successtully
used to measure the oxygen pressurce of submerged arc welding fluxes over
the temperature range of 1400 °C to 1600 °C. The Y,O,-stabilized zirconia
was found to withstand attack from the slag better than CaO-stabilized

probes.

The measured pO, of the fluxes were found to corrclate well with the
stability of the component oxides and to the optical basicity of the fluxes at
steelmaking temperatures. Howecver, a poor corrclation was found with the

basicity index recommended by the International Institute of Welding.

Extrapolating the data to higher temperatures (2200 °C) changes th rclative
stability of the fluxes and contradicts the corrclations found w: lower
tecmperatures Lotween oxygen pressdsc and  oxide stability  or optical
basicity. Oxides which tend to causc the pOz of & flux to remain constant

with increasing tempcerature may be more usclul in developing low oxypen

potential {luxes than the traditiona’ ..able oxides such as CaO.
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Statistical analysis shows a closc rclationship bctwecen the oxygen pressurc
and the molar concentrations of Can, CaO, SiO, and MnO in thc fluxes.
An cquation to describe the rclationship bcetween these concentrations and

the temperature has been developed which is:

in pO2 = A (CaO+CaF2) + B SiO2 + C MnO + Do, (39}

wherec,

A = L O0S o 22608.7/ T eeeceeeeerecrraeimaeessersesnsn s cis st e a e b ens e e b a s sotana s st a e s g s e st st e e a s senee (40)

T Y B W AR B 1K 7 A0 Lo SO S O PSOP PRSP PRI SOPRT ISP SR LTIOS (41)
= 0.3657 = B68.06/ T et rterectarat s rss e st sas s s s e st s e e e e st s e e (42)

D = m60.219 4 LI 2806/ T e eeeeerecececerrciececerrties stsseesssnssesssnissasoninesttissorenssrasassnsasessnin (43)
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2: %McO
%Si0, + %ALC,
3: %CaO
%Sio,
4: MeO - 3 P,O,
Sio,
S: %CaO - 1.86 %Si0, - 1.19 %P,0Og
6: CaO - 4 P,O,
Sio,
7: MeC - 2 810, - 4 P,O, - 2 A1, 0, - Fe,O4
R McO
Si0, + 2 P,O. + 0.5 AlLLO, + 0.5 Fe,O,
9: %CaO
%Si0, + %P,0,
10: CaO + 2/ MgO - SiO, - A1203
11: ' %CaO + %MgO
%S10, + .6 %A1203 (%CaO + %MgO - 1.19)
%Si0,
12: %Ca0 + 0.7 %MgO
0.4 %S:0, + 0.18 %AL,0,
13: %00 + ¢ %MgO + 2.0 %MnO
%Si0, + 0.6 *%A1,0, (%Ca0 + o %MgO - 1.19)
%Si0,
where o = 1.84 %SiO,_, - 0.9 %Ca0
%510, + 0.9 %MgO
Tablc 1: Examplcs of some Basicity Ratios af sinas

BASICITY RATIOS

%O (from McO)
%0 (from SiOz)

YEAR

1896

t8o2

1901

1922/1923

14344

1942

1946

1946

1947

1949

1956

1960

1962

ased i steelmaking, (MG

Frohberg and M.L. Kapoor, "The Applicaunn of a New Basicity

Indcex to Mctallurgical Reactions.”

pp. 183))

Stahl und Eisen, 91 No. 4, (1971),




2+

log Fc = a
Fe ¥t
Workers
Johnston
Tran&Brungs

Combined Data

Table 2:

b(1) + clog pO,

(T)
Cocfficicnts
a b
1.927 -5332.5
-0.5514 -1974.2
1.791 -5131.3

27).

79

-0.232
-0.254
-0.236

Multiple
Correlation Cocfficient
0.998
0.985
0.965

Reclationship between Fe?t/Fe3t and oxygen pressure of sodium
disilicate glass (ret.



Arc Current (amps) 17 900
Arc Gas (psi) "0
Aux Gas (psi) 100
Powder Gas (psi) 40
Powder Feed Rate 3.2
Spray Distance (in) 3
Preheat Temp. (C) 23
# of Passes 11
Table 3: Plasma spray parameters for application of '/,r(),z(Yz()s).
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Tablc -1:

ZrO2(Ca0) | Zr02(Y203)
Zr02 92.99 88.994
Cao 5.37 0.064
MgO 0.59 0.180
Y203 — 7.660
HfO2 _— <2.5
Tio2 0.15 0.150
AI203 0.17 0.098
Sio2 0.54 0.220
Fe203 0.19 0.091
U+Th — 0.043

Composition of solid clcctrolytcs.
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1 3 20 50| 91
Na20 1.73 1.86 0.20 0.40|  5.25
MgO 0.00 17.28 9.16 0.54 2.04
Al203 12.23 1.72 4.66 4.40 4.59
Sio2 31.69 48.68 58.50 43.27 37.45
K20 0.78 0.10 0.11 0.52 0.14
CaO 15.57 n72 22.90 8.96 33.92
Tio2 25.23 0.00 0.18 0.69 3.72
MnO 0.00 22.12 0.00 35.95 0.23
FeO 0.76 0.96 0.24 2.19 0.19
Zro2 0.51 0.00 0.00 0.00 0.00
CaF2 10.00 6.15 3.80 2.79 9.85 |
OB 0.616 0.568 0.594 0559 | 0.675 |
BI(IIW) 0.56 0.76 0.6 0.71 1.24 |
Composition of the Submerged Arc Welding fluxes.

Tablc 5:




T Flux # | Temp (K) | _ In pO2 ]
T 1850 |  -13.5
1750 -12.7

” 1830 |  -11.6
- 3 1660 | 75
1710 -8.1

B 1850 -7.2
20 1640 7.7

1660 -17.6

1700 -15.2

1760 -14.1

1760 -14.0

1800 -14.6

1850 -13.0

50 1680 ~8.0

1750 -7.9

1860 -6.2

91 1680 ~18.1

1750 -17.1

L 1840 -14.2

Table 6: Calculated In pO2 values from EMF rcading of the oxygen probes.
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Temp (K) Flux #1 Flu>
1800 | 1.86E-04 | 1.84E '
2000 | 1.08E-03 | 2797 <7
2200 { 4.33E-03 | 3.90 .~
2400 | 1.41E-02 | 5.28%-02
Tablc 7:

Theoretical percent oxygen in iron if it 1s mclted with an cqual

volumc of f{lux.

" Fiux #20 |

3.24E-05
1.41E~03
3.09E-02

Flux #50 | Flux #91
" 3.17E-02 | G6.50E-06
1.79E-01 | 3.94E-04
7.36E-01 | 1.13E~02
2.36E+00 | 1.86E~01

4.04E~01
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| 1
Al, O, = Alumina-based fluxes
MgO = Magnesia-alumina-lime fluxes
Ca0-Si0; = Lime-silica fluxes
Si0, = Silica-manganese oxide fluxes
CafF, = Flyorspar-lime-silica fluxes
60
=
g_.
‘.'_.’ 40
®
& |
S CaF;
<
o
20
SN
o | ]
o 0.02 0.04 0.06 0.08 0.10
Weld-metal oxygen, %
Figurc 2: Typical Charpy V-notch toughncss and wcld mctal oxygen content

for different flux types (ref. 3).
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Figuve 3:

TEMPERATURE
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Hordenability

Cooling curve for a lo
of oxygen content.

tog (1)

w carbon, low alloy stecl showing the cffects

M=Martecnsite, AC=Aligned ferrite with carbide

(uppcr bainite), AF=Acicular ferritc and BF=Blocky fcrrite (ref. 4;.
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Figurc 4: Typical oxygen and nitrogen contcnt of wcld metal for diffcrent

welding processes (ref. 16).
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Figure 5: Structurc of a) crystallinc and b) molten silica (rcf. 9).
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Figurc 9: Schematic of an oxygen concentration cell.
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Figurc 13: Schematic of ncedle probe used in this study.
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Figurc l4: Schematic of furnace used in this study.
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Cross scction of used ZrO,(Ca0) probe.

Figure 15:



Cross scction of used ZrOz(Y203) probe.

Figurc 16
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Oxygen probe’s EMF response for flux #20 using the ZrOz(CaO)
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Oxygen probe’s EMF responsce for flux #20 using the ZrO2(Y203)
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Oxygen probe’s EMF responsc for flux #3 using thc ZrOz(YQOS)
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APPENDIX A
SAMPLE CALCULATION OF OPTICAL BASICITY

The optical basicities of the fluxes were calculated using the following
formula.

OB = X, OB, + X, OB, +X, OB, + ...
where OB is the optical basicity with OBg o = 1 and X is the equivalent
cation fraction based on the fraction of negative charge neutralized by the

charge of the cation concerned.

The values of OB for the components of the flux used to calculate the flux
OB arc based on the Pauling’s Electronegativity and are as follows:

OXIDE OB MOLE %
(Flux #1)

Na,O 115 1.97
MZO 0.78 0.00
ALO, 0.605 8.45
sio 0.48 37.15
cad 1.00 19.55
TiO 0.61 22.25
MnG 0.59 0.00
FeO 0.51 0.75
zr0, 0.69 0.29
CaF, 0.80 9.02

For an ecxample we take flux #1 whose composition based on mole percent is
given above. The most convenient relation for X for each component is:

X = (mole fraction of component)(total positive charge per molecule)
¥ (mole fraction of component)(number of oxygen atoms pcr molecule)(2)

Thus X o = 2%19.55 / (1.97 + 0 + 6*8.45 + 4%37.15 + 2*19.55 + 4%¥22.25 + 0 +
2%0.75 + 4%¥0.29 + 0)

X gag = 0.118

This calculation is repeated for cach cempounent of the flux and plugged
into the optical basicity formula given above. The final optical basicity for
this flux is:

OB (flux #1) = 0.616
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APPENDIX B

SAMPLE CALCULATION OF In pO,

For a Pt-Mo thermocouplc the EMF is (ref. 21):

Ep=-221+0040 T . (1)

where T is the temperature in Kelvin and Eg is the thermo-clectromotive
force in millivolts.

For a Pt-10Rh thermocouple the EMF is (ref. 34):

Ep = -5.374 + 0.0120i2 T

A Pt-6Rn thcrmdcouplc EMF can be found by multipling the Pt-10Rh EMF
by 0.6 to get:

E. =-3.441 + (301017720 Ul OSSOV UV D RSP DI SO (3)
A Pt6Rh-Mo thermocouple is found by combining equations 1 and 3.
Ep=-18.7 + 0,033 T aoeeeeeeeeteseeessnsomsssessansensasnsssassrasiseesasestsssessinnnesesstasesntassasssssnasessssanmnnsasas (4)

The oxygen probe EMF is related to the oxygen pressure by the following
formula.

E = (RT/4F) (In pO(flux) - In pO,(ref)) + E V oeeeeeermreemeeesermassete st easan s neaes (35)
The In pOz(ref) for a Mo/MoO2 reference is (ref. 35):
RT In pO2 = -560369 + 160.037 T J/molc O2 ....................................................... {6)

The In pO, for the flux can be calculated by substituting cquations 4 5ind 6
into equation 5 and solving for In pOz(flux).

In pO(flux) = -68300/T + 20.8 4+ 46400 E/T crenerineiensst e snanese (7)

For cxamplc at 1600 K an oxygen probe giving an EMF rcading of 0.400 V
would mean the flux has a In pO, = -10.3.
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APPENDIX C
SAMP!.F CALCULATION OF PERCENT OXYGEN

For flux #1 the oxygen pressure was found from the data of this study to
fit the following cquation.

in pO, = 5.259 = 31150/ T coeerrereecesacrensirennasessscesascasnssmsamasssaasatarsetosasasasmsaasacasasssssassarasissiscanss (1)

The density of iron is 7 87 g/cm and the density of the slag is
approximated to be 2.5 g/cm For a 1000 g sample of iron in which a equal
volume of slag is melted the weight of slag meclted would be:

1000 * 2.5 =317.7 8
7.87

At 1800 K the In pO2 for flux #1 as calculated by equation 1 is -12.05,
which is equal to a pO, of 5.845 X 10°% atm. Asuming that pO, cquals the
mass fraction of oxygcn in the flux which is available to the iron, the
theoretical percent oxygen in the iron would be:

percent oxygen = weight of oxygen available ¥ 100
Total weight

%0 = 317.7 * 5.845X10°® * 100 = 1.857 X 10™* %
1000 + (317.7 * 5.845 X 10°°)
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RELATIONSHIP BETWEEN In pO, AND FLUX CHEMISTRY

APPENDIX D

The weight percentages of the flux components were given in Table 5.
Converting thesz over to mole percentages we get the following valuces.

Nazo
MgO
Al.O
sfo;
cao
Ti(')2
MnO
FeO
ZrO2
CaF2

1n po,(1600)
1n po,(2600)

#9091
5.33
3.19
2.83

39.24
38.07
2.93
0.20
0.17
0.00
7.94

-20.53

-2.77

MOLE PERCENTAGES

#20
0.19
13.27
2.67
56.82
23.83
0.13
0.00
0.20
0.00
2.84

~18.51
-2.19

#50
0.42
0.88
2.82

47.05
10.44
0.56
33.14
1.99
0.00
2.33

-9.10
-1.53

#1
1.97
0.00
8.45
37.15
19.55
22.25
0.00
0.75
0.29
9.02

-14.21
~-6.73

#3
1.76
25.17
0.99
47 .55
0.75
0.00
18.31
0.79
0.00
4.62

-7.98
-6.17

The oxygen pressures were calculated from the least squares fit of In pO
versus the inverse of temperature (1/T) using the data from this study. We
can run a regression analysis with multiple variables using the calculated In
pO. as the dependent variable and the mole percentages as the independent
variables. With five fluxes, a maximum of threec indepcndent variables can

be used in a maultiple regression analysis.

Using the molc percentages of

MnO, SiO2 and (CaO + Can) as the independent variables we get the
following cquation.

lr21 p0O,(1600) = -0.327 (CaF, + CaO) - 0.249 SiO, + 0.073 MnO + 4.322
= 1.000

Repecating the analysis at 2600 K gives us the cquation,

lg p0,(2600) = 0.218 (CaF, + CaO) + 0.259 SiO, + 0.186 MnO - 22.809
r“ = 0.992
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By rcpecating this calculation at scveral temperatures we find that the
coefficients vary lincarly with 1/T. In fact the cocfficicnts must vary
lincarly with 1/T becausc the in p02 for cach flux varics linecarly with 1/T.
The values of these coefficients at any tempcraturc can be found by
interpolating between the values at 1600 K and 2600 K. They also can be
represented by the following equations where

in pO, = A (CaF, + CaO) + B Si0, + C MnO + D.

1.0905 - 2268.7/T
1.0717 - 2112.4/T
0.3657 - 468.06/T
-66.219 + 112870/T

TOw»
wonono
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