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SYNOPSIS 

This report describes the development of a method in which solid zirconia electrolytes are used in the 
determination of the activities of chromium and chromium oxide in ferrochromium alloys and slags at 
1650 C. Problems related to the cracking of electrolytes as a result of thermal shock, the dissolution of 
electrolytes in slags, and electrical contacts are discussed. Results for the iron-chromium system at 1650°C 
are found to be in good agreement with published findings. A limited number of results are reported for 
slag, but these are inconclusive because there was contamination from container materials. A gas-phase' 
cell is described that overcomes most of the problems encountered. 

SAMEVATTING 

Hierdie verslag beskryf die ontwikkeling van 'n metode waarin vaste sirkoniumdioksiedelektroliete 
gcbruik word in die bepaling van die aktiwiteite van chroom en chroomoKsied in ferrochroomlegerings en 
-slakke by I 650 C. Probleme in verband met die kraking van elektroiiete as gev >lg van termiese skok. die 
oplossing van elektroiiete in slakke. en elektriese kontakte word bespreek. Daar is gevind dat die resultate 
vir die ystcr-chroomstelsel by 1650 C goed ooreenstem met die gepubliset rde bevindings. Daar word 'n 
bcperktc getal resultatc vir die slak aangegee. maar hulle is nie afdoende nie c mdat daar kontaminasie deur 
houermateriale was. Daar word n gasfasesel' beskryf wat die meeste probleme wat teëgekom is, oorkom. 
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1. INTRODUCTION 
In the production of high-carbon ferrochromium in South Africa, the slags are produced from the 

fusion of the gangue and non-reducible oxide content of the ore, the carbonaceous reducing agents, and the 
material fed as fluxes to the furnace. A major problem in production is that up to 20 per cent of the 
chromium fed to the furnace as oxides does not report to the alloy but is lost, partly due to vaporization, and 
partly because of losses to the slag1. Of the chromium lost to the slag, large amounts occur as undissolved 
chromite and prills of entrained metal2. For increased recovery of chromium to the alloy, the amount of 
entrained metal can be decreased by a lowering of the viscosity of the slag, or the chromium can be 
recovered by further treatment of the slag after tapping. The quantity of dissolved and undissolved 
chromium oxides can be decreased only by chemical modification of the slag or longer residence limes in the 
furnace, which will allow the alloy and the slag to approach equilibrium more closely. 

It has been shown that the chromium oxide content of a slag that is in equilibrium with a ferrochromium 
alloy is small-. Nevertheless, it is important for one to know the activity coefficient of chromium oxide in 
these slags to understand more completely the processes involved. Chromium oxide is reduced from the slag 
by the following reactions: 

(i) Cr s Q, l J l g l + 2C - 2Cr ( I I I,„ + 3CO, and 

(») Cr;Q,Hl„ + 3/2 Si, i n <,v ) - 2 C U , y ) + 3/2 SiO,,^, . 

Since it is thought that equilibrium conditions do not exist in the furnace, a high recovery of chromium 
to the alloy will depend on these reactions proceeding as far to the right as possible. The composition of the 
alloy is fixed by market specifications; it is therefore metallurgical!} important for one to know what effect 
changes in the composition of th" vlag (within limits set by viscosity, electrical conductivity, and liquidus 
temperature) will have on the activity of chromium oxide in the slag. 

This investigation was therefore initiated in an attempt to develop a method for the determination of 
activities in such slag-alloy systems. Since little published data could be found on the activity of chromium 
oxide in these slags, it was considered necessary for the reliability of the method to be tested against similar 
well-detemined systems. Data exist on the activities of manganese oxide in slags tnat are typical of 
ferromanganese production'1-', and on those of manganese in Fe-Mn alloys'. It was therefore decided that 
the slag-alloy system of ferromanganese would be used for this purpose. 

After a study of methods suitable for the determination of the activities of components in condensed 
phases at high temperatures, thee.m.f. method, in which commercially available, stabilized zirconia (ZrO.) 
is used as the electrolyte, w :is chosen. The initial aims were the development of the method, calibration, and 
a detailed study of the slag-alloy system for ferrochromium. 

From the outset, the measurements were found to be excessively difficult owing to severe dissolution of 
the electrolytes in the Mn-MnO electrodes. Since similar difficulties had been encountered previously' '. it 
was decided that, instead, the Fe-Cr alloy system, which is almost ideal, would be used for calibration. Even 
though the slag-alloy system for ferrochromium was found to be less corrosive than that for 
ferromanganese. difficulties were encountered in the operation of an electrochemical cell at the 
temperatures involved (i.e.. Ift(K) to 1650 C). Because of these difficulties, the scope of research was 
limited to the development of a configuration fcr the cell th;.t would yield results in the environment 
concerned, rather than to a detailed study of the systems concerned. 

1.1. Solid Oxide Electrolytes 
The use of glass, porcelain, and other refractory materials as solid electrolytes, can be traced to the 

beginning of the century'. It was onlv after the work of Kiukkola and Wagner7, who studied the electrical 
properties and applications of solid electrolytes, that real interest was generated in the subject. Since then. 
solid electrolytes have been used extensively for the determination of the free clergies of formation of 
many geologically and metallurgical!} important oxides, and of the activities of certain components in many 
mixtures of metals and oxides. Certainly the most important industrial development has been the 
disposable sensor for the determination, in situ, of the oxygen content of liquid steel"" or other alloys in the 
basic oxygen furnace (BOF) or ladle. 

Most so' ; 's are suitable as electrolytes only at high temperatures, because, as Schmalzricd" found, for a 
stable voltage in the range of 1 V to be maintained, the conductivity must be at least 10 "-ÍI '-cm '. In 
solids, since the mobility of electronic defects (i.e.. excess electrons or positive holes) is 100 to 1000 times 
greater than that of ionic defects, the concentration of the latter must exceed that of the electronic «Meets by 
I0 :1 or more if the solid is to be a predominantly ionic conductor'". For these reasons, the number of 

I 
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compounds suitable as ionic conductors is limited. Because oxygen electrolytes are most commonly used, 
and since they are pertinent to this research, discussion will be limited to electrolytes made of zirco.iia 
(ZrO,) and thoria (ThQ.). 

Pure ZKX is monoclir.ic below IOOO°C and tetragonal between IOO0°C and its melting point. The 
transition from monoclinic to tetragonal crystal forms involves a large change in volume, rendering ZrO. 
unsuitable for high-temperature applications. Sato" points out that pure ZrO. is also an electrical insulator 
'.vith an electrical conductivity of 10 "•!) '-cm ' at 1000'C. When small amounts of metals in the 2' or 3* 
valency states are added to the ZrO. lattice, a solid solution forms that takes on a cubic structure of the 
'fluorite type', which is stable frora room temperature to its melting point (2200 to 2600"C). The effect of 
this stabilizer or doping agent is twofold, since it also increases the electrical conductivity" to about 
10 ' •!i ' -cm ' at 1000° C by the introduction of O- ionic vacancies to the lattice. which provide a path for 
the conduction of O'-' ions. Tnese vacancies are formed because the 2' or 3 * metallic ions, which occupy 
sites initially held by Zr " ions, require fewer O- ions to balance the charge. The concentration of these 
vacancies is determined by the concentration and type of oxide used as the doping agent. CaO (5 mol per 
cent to 15 mol per cent) and Y.O, (7 mol per cent to 10 mol per cent) are most commonly used; ZrO and 
MgO are used occasionally. 

Thoria. unlike zirconia. exists naturally in the cubic lattice of the fluorite type, which is stable up to its 
melting point, but is still doped with 2' or ?' ions (most commonly Y.O,) to increase the concentration of 
ionic defects. 

The conductivity of solid electrolytes genera'ly increases with the concentration of the oxide used as 
the doping agent. However, the effects of vacancies created by additions of Y-..Q, appear to be different 
from those created by additions of CaO. No explanation can be offered for this. 

For a solid oxide to be ideal as an electrolyte, it should possess the following characteristics. 
(a) Conduction must be due entirely to O- ions. Conduction by other species will result in a potential 

that is not rela'cd to the difference between the partial pressure of oxygen (/*,.) of the sample 
electrode and that of the reference electrode. Electronic conduction will result in potentials that are 
lower than those expected from theoretical calculations. 

(b) Hie electrolyte must be impervious to oxygen atoms, since the diffusion of oxygen atoms across the 
electrolyte will result in low potentials. 

(c) The electrolyte must be resistant to thermal shock. 
(d) The electrolyte must be chemically inert with respect to the sample and the reference electrodes. 
Obviously, no material will be able to meet all these requirements. Electronic conduction in zirconia 

(at low/*,, values), in thoria (at highp,,. values), and the cracking of electrolytes due to thermal shock are 
problems that are often encountered. The compensation for any electronic conduction and the effect of the 
other problem have been discussed in great detail elsewhen.'" '-' ". 

1.2. Measurements of Activity with Solid Oxide Electrolytes 
The activity of any component A in an allov (A. B. C. etc.) can be determined from the e.m.f. of the 

cell: 

reference electrode j solid electrolyte | (A. B, C. etc.). 

The activity of a component AO in a slag (AO. BO CO. etc.) can be determined from the cell: 

referent; electrode | solid electrolyte | A. (AO, BO, CO). 

provided that the following conditions are met. 
(1) In any application of solid electrolytes, the equation of Wagnerr' (derived for the transport of ions 

and electrons in a crystalline binary compound. 

^ / \ X' M ) •* satisfied. This equation is as follows: 

rM\' f M M " 

h = - --; I lr,„„) - j — . - I </,,,„; ( 1 ) 
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where E is the e.m.f. developed by the cell, 
F is the Faraday constant. 
/,.,„ is the sum of the cationic and anionic transport numbers. 
MM and M\ are the chemical potentials of the metal and the non-metal components 
respectively, and 
Z M and Z x are the valency states of the metallic and non-metallic ions respectively. 

Satisf action of equation (I) requires that the chemical potential of the conducting species (in this case, 
oxygen) should be constant on both sides of the electrolyte10. For an oxygen electrolyte, where the chemical 
potential of oxygen is fixed by the sample and the reference electrodes, equation (1) becomes 

RT I 
£ = — <',..„) d In p,* (2) 

where R is the universal gas constant, 
T is the absolute temperature, and i is nit mnt'iuic icui[Ki4iuic, uiiu 
/>,„s and/>,„H are the partial pressures of oxygen exerted by the sample and by the reference 
electrodes respectively. (Tne electrode exerting the lowest /nh is the positive electrode of 
the cell.) 

In equation (2), as written,/*,£ is the positive electrode, and 

n is the number of electrons transferred (4 in this case). 

If the electrolyte is a purely ionic conductor (i.e., fj„n = 1), the integration of equation (2) yields 

RT p,* 
4F ' p„: E = ^r-?4 (3) 

(2) In an alloy (A. B. C. etc.). if the/*,, of the sample electrode is to be unambiguously related to the 
activity (</) of A in the alloy. A must be less stable with respect to oxygen by 420kJ or more8. 
Similarly. for the activity of AO in the slag (AO. BO. CO. etc.). AO must be less stable with respect 
to reduction than are BO. CO. etc. by 420 kJ or more. 

Solid electrolytes have been used in the determination of the activity of chromium in liquid" and 
solid17 Fe-Cr alloys, and that of manganese in Fe-Mn alloys'. 

However, determinations in slags have been limited to the slags with a lower melting point of 1200° C, 
i.e., PbO-SiO, slags'" and the FeO-SiO. system'''-", because operation at higher temperatures causes 
accelerated attack on the electrolyte by the slag. 

2 EXPERIMENTAL WORK 
During the COÚ. J of this work, the following cells were studied: 

/CaO \ 
Cr: Cr.OjZrQ. or IfFe.Cr),,,,,,, ;Cr.O, (4) 

Y.O/ 

for the determination of the activity of chromium in ferrochromium alloys, and 

/CaO \ 
Cr: Cr.Oj/.rO.| or j|Cr; (Cr.O, + slag) (5) 

for the determination of the activity of Cr (>, in slags containing Cr.,0,. Since the use of each cell presented 
unique problems, each of these will be discussed separately after a description of the factors common to 
both cells. 
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2.1. Apparatus 
2.1.1. Furnace and Temperature Control 

The experiments were conducted in a vertical molybdenum-wound resistance furnace, the 
temperature being initially controlled by a Eurotherm thyristor controller that was replaced by a 
Eurotherm programmable controller. The latter had the advantage that cells could be constructed in the 
cold furnace, and heating could be carried out overnight at a rate lower than 100°C-h ' to avoid any 
possible cracking of the electrolyte by thermal shock. Once the temperature had reached the set point 
(1650° C). the deviation in temperature was less than 5°C. The control thermocouple was placed against the 
windings of the furnace (Figure 1). whereas the temperature inside the work tube was measured by two 
F'-6% Rh/PT-30% Rh thermocouples that were checked frequently against a standard calibrated 
thermocouple. These thermocouples were placed above and below the cell to ensure correct positioning of 
the cell in the constant-temperature zone of the furnace. 

During the experiments, the work tube of the furnace was flushed with argon that had been dried and 
de-oxidized by being passed over copper turnings held at 600°C in an auxiliary furnace. For further 
de-oxidation of the atmosphere in the work tube, a strip of titanium was attached to the crucible support rod 
to act as a 'getter' for oxygen. This strip was positioned in a region of the furnace where the temperature 
would be between 1000 and 1200° C. The work tube was closed at both ends with brass fittings sealed to the 
tube by rubber 'O'-rings. Thermocouples, electrolytes, tubes through which additions were to be made, and 
crucible support rods that were inserted through these ends of the tube were also sealed by means of 
compressed 'O'-rings (Figure 1). 

2.1.2. Measurements of e.m.f. 
Owing to the high resistance of solid electrolytes, a small drain of current will result in a large drop in 

potential across the electrolyte". A flow of current will force oxygen ions to move across the electrolyte, 
thus decreasing the difference between the oxygen concentrations of the two electrodes. For the true 
open-circuit voltage to be measured, the measuring device must have a high input impedance. For this 
reason, a Cary Vibrating Reed electrometer with an input impedance of lO'Ml was used to measure the 
voltage developed by the cell. The electrometer was frequently checked against a Leeds and Northrup 
calibrated potentiometer. 

The electrometer was coupled to a Hewlett Packard Logging Multimeter, which had multiple inputs 
and allowed the temperature and the e.m.f. of the cell to be recorded, or to a chart recorder (Figure 2). 

Because the furnace was wound with a single coil, the cell was originally subjected to an inductive 
pickup of 30 to 40 mV The placing of a 50 Hz filter between the cell and the electrometer would have 
screened out this effect but. at the same time, it would have destroyed the high impedance of the measuring 
device. However, this filter was placed between the electrometer and subsequent recording devices to 
screen out any alternating-current (a.c.) pickup in the recorder and in the electrical leads. To lower the 
inductive pickup, a Faraday cage was constructed round the cell by the winding of 0,5 mm molybdenum 
wire round the work tube in two overlapping spirals of opposite pitch. The earthing of this mesh to the 
furnace shell (Figures l and 2) reduced the pickup by 1 to 3 mV but. once the e.m.f. of the cell had steadied, 
the power to the furnace was cut before the final readings were taken. The cell was screened from any 
electrical noise by having one of its sides wired to the steel shell of the furnace, which, in turn, was earthed to 
the chassis of the electrometer (which was earthed to the cold-water system). 

The resistance of the cell was measured at various times during an experiment that served two 
pu poses. Firstly, if the readings were low or erratic, this would indicate a short circuit across the electrolyte 
as the result of cracking of the electrolyte or its dissolution. Secondly, measurement of the resistance would 
pass a current through the cell that would disturb the equilibrium by forcing O- ions across the electrolyte. 
If, after the current was switched off. the e.m.f. returned to the original value, the cell could be assumed to 
be reversible and the reading satisfactory. 

2.1.3. Electrolytes 
As mentioned previously, electrolytes should be chosen primarily on their ionic conductivity. Good 

thermal shock resistance and low porosity are also essential. Zirconia and thoria electrolytes, which exhibit 
purely ionic conductivity at the partial pressure of oxygen at which the Cr-Cr,Q, mixture is at equilibrium at 
16S0°C, were therefore considered. Possible configurations for the electrolyte are the 'disc type' (in which 
an electrolyte disc is sealed to the end of a silica tube) or 'sheath' type. The 'disc type' electrolyte is 
advantageous from a cost point of view.' f owever, difficulties were experienced in obtaining a gas-tight seal 

4 



ACTIVITIES OF CHROMIUM OXIDE 

Argon outlet 

Water-cooling 
coils 

Expandable bellows 

Ammonia 
outlet 

Koalwool 
insulation 

Tabular 
alumina 

tube 

Alumina 
bubbles 

Leads 

Water-tooling 
toils 

Argon inlet 

— Typical insertions 

Compressed 'O'-ring 
seals 

Earthing strap for 
Faraday cage 

Molybdenum winding 

Molybdenum Faraday 
cage 

Titanium 
getter 

Ammonia inlet 
•4-

Compressed "O'-ring 
seals 

Removable flange 
for loading 

FIGURE 1. The vertical molybdenum-wound resistance furnace 
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FIGURE 2. Block diagram of measuring circuit 

between the zirconia disc and a silica or alumina tube. Also, silica tubes dissolved very quickly (within 30 
seconds) at the temperatures and conditions investigated. It was therefore decided that commercially 
available sheaths should be used as electrolytes. Since thoria sheaths were unobtainable21, zirconia sheaths 
were used. Degussa ZR23. Haldenwanger 1A 'Zirsint' crucibles (which are of lime-stabilized zirconia). and 
Corning 'Zircoa' yttria-stabilized sheaths were used. Table I gives their compositions and Figure 3 their 
geometries. 

TABLE I 

Compositions of the electrolytes 

Electrolyte Stabilizer 
Stabilizer 
mol. c/r 

Degussa ZR23 
Haldcnwangcr Zirsint 
Corning Zircoa 

CaO 
CaO 

10.4 
10.8 
4.5 

The Degussa sheaths were found to be totally unsuitable because of their thick walls, which developed 
severe cracks on immersion into the melt. The Zirsint crucibles had thinner walls, and hence were not as 
prone to cracking. Difficulties were experienced in the cementing of these crucibles to the end of an alumina 
tube so that they would remain gas tight at the required temperature (I650°C), even though ilaldenwanger 
cement type AB (a gas-tight cement) was used. Leaks in this joint resulted in a higher proportion of low and 
decaying readings. 

The Zircoa sheaths were found to be most suitable because they had the highest resistance to thermal 
shock. This material was very brittle at high temperatures, and the best results were obtained by the 
cementing of these sheaths into an alumina support tube. Initially, twosizes were obtained: 6 mm by 4,8 mm 
by 150 mm and 9.5 mm by 2.0 mm by 300 mm. There was no difference between the performance of sheaths 
of these two sizes but the cost of the 6 mm by 4.8 mm by 150 mm sheaths was one-third that of the larger 
ones. The cheaper sheaths were therefore used in subsequent work. Before use, all electrolytes were filled 
with compressed air while immersed in water as a check on whether they were gas tight. The electrolytes 
were also leached for 2 hours in hydrofluoric acid to dissolve any silicate impurities--'. If these impurities arc 
present in the electrolyte, they drastically affect the degree of electronic conduction-'. 

ft 
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FIGURE 3. Electrolytes used: Degussa, Zirsint, Zircoa, with outer diameter of 6 mm, and Zircoa, with 
outer diameter of 9,5 mm 

2.1.4. The Reference Electrode 
The reference electrode can be a gas, a mixture of gases, or a mixture of metal and metal oxide that 

exerts a known partial pressure of oxygen at the required temperatures. Gas references present three types 
of problem. Firstly, at high temperatures, it is ditticult for electrical contact to be maintained at the interface 
between the gas and the electrolyte. Secondly, the flow of gas can oo\ the inside of the electrolyte, thus 
creating a temperature gradient that can establish potentials of 0,2mV-°C across the electrolyte". 
Thirdly, when a temperature gradient exists, the composition of the gas can be altered by the differential 
diffusion of gases of different molecuhr masses". 

A commonly used reference electrode is a metal-metal oxide mixture of which the oxygen pressure is 
defined by the reaction 

M^Cis) - rM(s) + (v/2) Cfe (g) (6) 

For a mixture to be a good reference electrode, reaction (6) should reach equilibrium quickly and 
reversibly and both oxide and metal should remain solid at the required temperature. Ni-NiO mixtures are 
favoured at temperatures below 1450°C (the melting point of nickel) because of their quick response and 
high buffering capacity". At higher temperatures, Cr-Cr2Q, mixtures or Mo-Mo0 2 mixtures are normally 
used. To minimize the effect of electronic conduction, the/?,,, of the reference electrode should be as close as 
possible to that of the sampie electrode'2. 

For this work, a Cr-Cr2Q, reference electrode was used. (The ratio of chromium to Cr2Q, in th 
reference electrode is unimportant as long as the phases remain present throughout the experiment.) A 
mars ratio of approximately 1 to 1 was used, which was suitable, since both phases were found (o be present 
after an experiment had been conducted (Figure 4). 

2.1.5. Electrical Contacts 
The investigator found that making electrical contact between the reference and sample electrodes in 

each ceil vas a problem, since no single solution was suitable in all cases. Most drawn wires are unsuitable, 
because they melt at temperatures below 1650°C or dissolve rapidly in liquid chromium at these 
temperatures. 

Strips of Cr-AljO, cermet (the Union Carbide variety used contains 80 per cent chromium and 20 per 
cent alumina) made good contact with the liquid alloys and were not excessively dissolved by the slags. As 
this material could not be cut into strips longer than 10 cm, the strips were joined to wire to extend the 
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FIGURE 4. Reference electrode after use (the metal and oxide phases can be observed) 

contact to the outside of the furnace. For this purpose, platinum and Pt-Rh wires were found to be 
unsuitable since they melted at the junction between the wir? and the cermet. The use of molybdenum wire 
was more successful, and these contacts were ideal because the composition of the cermet was similar to that 
of the sample and of the reference electrodes. Unfortunately, when it was used with the brittle Zircoa 
sheaths, the cermet strip, making contact with the reference material on the inside of the tube, caused the 
electrolyte to crack owing to its relatively high expansion on heating (Figure 5) In all subsequent work, 
molybdenum wire was used to make contact with the reference electrode, and to avoid any thermo-electric 
effects with the sample. The molybdenum wire was dipped into the samples of FeCr-Cr2Q, or Cr-slag only 
long enough for a stable reading to be taken. This was done so that contamination of the sample would be 
avoided. 

I 
FIGURE 5. The cracking of the electrolyte, which can be clearly seen, is due to expansion of the cermet 

8 
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2.2. Alloy Measurements 
The activity of chromium in liquid Fe-Cr alloys was measured at 1650°C bv the use of the cell 

/CaO\ 
Cr; Cr2OjZrQ, or |(Fe,Cr) l a l l„ v >; Cr2Q, (4) 

V Y. ,0 / 

for which the overall reaction is 

2Cr,n.f, + Cr20,(Siimp|,., -» Cr2Q„r(.f, + 2 Cr,i„ v,., (7) 

The activity of chromium in the alloy is related to the e.m.f. developed by the cell described in equation 
(4) via the Nernst equation: 

£ = g , _ - g L , n <*'<••», ( 8 ) 

**F «»'rj<>:i(M I I Ip|. ) 

Since the alloy should be in equilibrium with pure Cr2Q,, this equation reduces to 
B T 

E = £ « - — I n «?.,„.„, (9) 

2.2.1. The Measurement of E" 
E", the e.m.f. developed by the cell described in equation (4) when all the components are in their 

standard states, should be zero. For verification of this contention, the e.m.f. developed by the cell 

Cr,Cr2Q,|ZrO,(CaO)|Cr2Q„Cr (10) 

was measured at 1650 C, a Zirsint crucible being used as an electrolyte, and strips of Cr-AtQ, cermet as 
contacts. 

2.2.2. The Determination of nin the Alloy 
In equation (9),n, the number of electrons transferred, would be 6 if pure Cr2Q, existed in equilibrium 

with Fe-Cr alloys at these temperatures. However, it is possible that the oxide phase in equilibrium with 
these alloys could be another form of chromium oxide (i.e., CrO), in which case n would be 2. The oxide 
could also contain significant amounts of iron oxide (FeO or FeaQ,), in which case the assumption that 

would be invalid. As a test of whether pure Cr2Q, does exist in equilibrium with the Fe-Cr alloys under 
consideration, an alloy containing 50 per cent chromium and 50 per cent iron was allowed to reach 
equilibrium with Cr2Q, at 1650°C. The sample was then rapidly quenched, and the oxide phase was 
subjected to analysis by X-ray diffraction. 

2.2.3. Alloys 
For purposes of comparison with industrial ferrochromium, a study was made of alloys with a 

chromium content of over 50 per cent by mass. Because it was difficult for temperatures exceeding 1680°C 
to be maintained for extended periods, and the Cr-Cr2Q, reference electrode was unsuitable at 
temperatures above 1650°C (the melting point of chromium in equilibrium with oxide), the range was 
limited to alloys with liquidus temperatures below 1650°C. Alloys with chromium contents of between 50 
and 65 per cent by mass were therefore considered. The alloys were made up by the melting in situ of the 
required amounts of iron and chromium powders in the crucible before each experiment. 
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2.2.4. Design and Operation of the Cell 
Initially, a single sample consisting of approximately 120 g of alloy and small amounts of Cr2Q, (as the 

oxide phase) was *.udied over a temperature range of ! 00°C. At that stage, the simple cell design with 
Degussa or Zirsint electrolytes and cermet contacts was used (Figure 6). During measurement, the 
electrolyte (containing the reference material) and the sample contact wtre dipped into the melt only long 
enough for the e.m.f. to steady and to be recorded. If the reading was successful (i.e., stable, reversible, and 
of the right magnitude) the tempenture was increased by approximately 20° C, and the procedure was 
repeated. However, if the reading .lid not agree with the theoretical considerations (i.e., if there was a 
deCTease in e.m.f. with a rise in temperature), the run was abandoned. This method met with little success 
owing to the nature of the electrolyte jsed (Section 2.1.3). On the arrival of the Zircoa electrolytes, it was 
thought that, if as nvich information as possible was to be obtained from one electrolyte, provision should 
be made for changes to be made in the composition of the sample electrode during each run. An alumina 
tube of 12 mm diameter (through which additions could be made and samples taken) was therefore 
incorporated in the design (Figure 7). As previously discussed, the cermet contacts were found to be 
unsuitable for use with the Zircoa electrolyte, and were replaced with molybdenum wire. 

The alloy containing the least chromium was melted in ?n alumina crucible and, once it was at 
equilibrium, a measurement was taken by the method outlined earlier. After the e.m.f. had stabilized and 
had been recorded, a small sample was sucked up from the melt into a silica tube. The sample was then 
crushed and ground in a Siebtechnik mill before being analyser* Chromium (approximately 5 per cent by 
mass) was then added to the melt, the new alloy was allowed to equilibrate, and another reading was taken. 

Molybdenum leads 
Silicone rubber seal 

Alumina isolators 

Thermocouple 
Argon inlet 

Cermet contacts 

Cr-Cr2Q, reference electrode 

Alur.iina cermet 

Electrolyte 

Crucible 
Sample 
Thermocouple 

Pedestal 

Titanium getter 

FIGURE 6. Initial cell design with Zirsint electrolytes 
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Molybdenum contacts 

Alumina insulator 

Alumina cermet seal 

Support tube 

Reference 
electrode 

Zirconia sheath 

Thermocouple 

Sampling tube 

Molybdenum crucible 

Thermocouple 

Pedestal 

FIGURE 7. Final cell design for alloys 

If this measurement did not agree with the theoretical considerations (i.e., a decrease in e.m.f. with 
increasing chromium concentration), the run was abandoned. Steady readings were checked for 
reversibility, as mentioned earlier. The electrolytes lasted for approximately four of these readings before 
failing by their cracking or dissolution. The problem of the cracking of the electrolytes due to thermal shock 
was partly solved by construction of the cell in the cold furnace followed by slow heating of the furnace 
(100°-h ') to the required temperature. During this period, the electrolyte was positioned just above the 
level of the melt so that, on immersion, it did not undergo any sudden increases in temperature. 

2.3. Slag Measurements 
The activity of chromium oxide was determined in slags typical of ferrochromium production by the 

cell 

/CaO\ 
Cr; CizQjZrCM or |Cr; (Cr.O, + slag), (5) 

Y 2 Q/ 

for which the overall reaction is 

2 Cr m f l + (CiiO,),*,., - 2 Cr (,„m p k, + (Cr2Q,) ,„„ (11) 

The e.m.f. is related to the activity of Cr,Q, via 

nF (It rail muni 

If a chromium sample = 1, equation (12) becomes 

* - * " + ^ T l n * - « w 03) 

i i 
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2.3.1. The Determination of n in the Slag 
If chromium oxide were present in these slags as CrzQ,, n for equation (13) would be 6. If, as Rankin 

and Biswas"2* found for stainless-steel slags, the chromium oxide existed predominantly as CrO, equation 
(11) would become 

2Cr ( r c f ) + (3CrO) W l | ) -2Cr ( M 1 B p t e ) + (C^Q.) ) l t f ) (14) 

and n in 

E = En-~\n'^:^ (15) 

is again 6, so equation (15) becomes 

RT 
E = p' + -wln *•«**» < 1 6 ) 

Activities quoted as «,>.,>< will differ by a factor of 3 from those quoted as iur«- Because there is 
uncertainty in regard to the form in which chromium oxide exists in these slags, neither of the treatments 
mentioned is thermodynamically incorrect. 

2.3.2. Slags 
Industrially, slags associated with the production of ferrochromium fall within the MgO-Al_.Q,-SiC>. 

andMgO-CaO-Al.Oi-SiG. systems, and have Al.Q,-to-MgO ratios ofbetweenO.7 to I and 1.3 to 1 anda 
silica content of between 25 and 45 per cent. For the experiments, a slag was required that would fall within 
one of the systems mentioned here, and would have an initial liquidus temperature that would permit the 
addition of Cr.0, of up to 10 per cent by mass before freezing at 1650 C. Rcnnie'7 found that the liquidus 
temperature of these slags was raised by 180 to 230 C by an addition of Cr.O, of 7 to 12 per cent by mass if 
their ratio of ALO, to MgO was high. The effect on slags with lower ratios of AI..O, to MgO was found to be 
greater. An initial composition of MgO (29 per cent by mass). AI.O, (25 per cent by mass), and SiO.. (46 per 
cent by mass) was chosen. This slag has an ALO,-to-MgO ratio of 0.83 to 1. which is fairly high. Its initial 
liquidus temperature was measured at 1520" C. The slag was made by melting of the pure oxide components 
in a graphite crucible in an induction furnace. The molten slag was poured, allowed to solidify, crushed, and 
remelted. The final slag was solidified and then crushed to a powder finer than 200 mesh so that it would be 
homogeneous. 

2.3.3. Design and Operation of the Cell 
In the development of a practical design for the cell, the main problems were the dissolution of the 

electrolyte in the slag and the finding of a container that would be inert with respect to both the metal and 
the slag. 

In the initial tests, the design used was similar to that shown in Figure 6. The sample (consisting of 60 g 
of chromium and 60g of slag having a Cr.,0, content of between 2 and 8 per cent by mass) was melted and 
allowed to equilibrate in a zirconia crucible. The Zirsint electrolyte and cermet were dipped through the 
slag into the chromium layer. With this method, it was found that the electrolyte lasted less than 90 seconds 
before being completely dissolved (Figure 8). As a result, the slag then had a CaO content of up to 5 per cent 
by mass and a zirconia content of 7 per cent by mass as a result of the dissolution of the electrolyte and 
crucible. 

A metal crucible and protection tube (to ensure that the electrolyte would not come into contact with 
the slag) were then considered. However, molybdenum, the most easily available refractory metal, is highly 
soluble in liquid chromium-'1, and this design was also abandoned. Finally, a composite crucible was made 
that consisted of an outer crucible of molybdenum to contain the slag and an inner crucible of alumina to 
contain the metal (Figure 9). Sufficient metal was placed in the crucible to just fill the alumina liner when 
the metal was molten. The slag was then placed on top of this layer. 

The electrolyte was dipped directly into the metal through the protection tube, on the inside of which 
no slag was present. At first, a molybdenum tube was used for this purpose, but it dissolved in the metal. 
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' • " " & • 

FIGURE 8. Dissolved electrolytes: (a) Zirsint electrolyte, (b) electrolyte after immersion in slag for 90 
seconds at 1600 eC, and (c) electrolyte after immersion in slag for 90 seconds at 1650°C 
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FIGURE 9. Final cell design for slage 
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allow ing the slag to contact the electrolyte. A protection tube consisting of an outer c< rmet tube (which was 
inert in the slag) and an inner alumina tube (which was inert in the metal) was then used, and was more 
successful (Figure 10). Contact with the sample was made via the molybdenum crucible. The use of this 
design increased the life of the electrolytes to three or four readings. 

The addition tube was again included in the design. After each measurement, a steel rod was inserted 
into the slag, onto which a sma!l amount froze. The sample was then withdrawn from the furnace and 
quenched in water. Chromium oxide was added, and the process was repeated. The run was abandoned if 
the results were anomalous. 

FIGURE 10. Slag layer showing the remains of the protection tube after the experiment 

2.4. The Gas-phase Cell 
In all the cells described above, the eventual failure of the electrolytes was due to their dissolution in 

the sample or to their cracking upon repeated immersions in the melt. It was therefore thought that a cell in 
which the electrolyte would not contact the melt would be superior. Cells were therefore designed so that 
the/»,,, could be measured in a small volume of gas. which would be in equilibrium with the sample (Figures 
11 and 12). 

The e.m.f. developed by these cells is related to the/>,>. in equilibrium with the sample by equation (17): 

*= ^ ln^4 (17) 
4F /»,„: 

The reference electrode, in this case Cr-Cr2Ot, fixes the value of p,". 
Hence.p,£ can be determined from the measured e.m.f. and can be related to the activity of Cr̂ O, in 

slags or chromium in alloys by the following reactions respectively: 

(Cr.O :,)N a K,- 2Cr„ a m p k, •- (3/2)G, „, (18) 

and 

(CraQ, W . - 2CrMll„vl + (3/2)Q,(„ (19) 

Originally the cell shown in Figure 11 was made by raising of the electrolyte 3 cm up the support tube. 
A small volume of gas was entrained between the melt and the electrolyte. However, this design was not 
suecessiul because it was difficult for contact to be maintained at the interface between the electrolyte and 
the gas. 

The design shown in Figure 12 was more successful. A hole was drilled through the bottom of an 
alumina crucible, and a porous disc (which was impervious to the liquid metal) was cemented in the bottom 
of the crucible. The electrolyte was inserted into the hole and glued in position by use of the gas-tight 
Haldenwanger cement. The contact at the gas-electrolyte interface was made by a 0,5 mm molybdenum 
wire spiral and a 0.32 mm molybdenum bundle that was compressed firmly between the disc and the 
electrolyte. The gas phase was the small volume entrained in the porous disc. 

14 
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Entrained gas 

Sample 

FIGURE 11. Initial gas-phase cell 
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FIGURE 12. Final gas-phase cell (no contact between gas and electrolyte) 
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With this arrangement, an Fe-Cr alloy was I eated in the crucible from room temperature to 1650°C, 
the e.m.f. developed being monitored during the heating period from 1550 to 1650°Candat 1650°Cfor30 
minutes. 

3. RESULTS 
3.1. Results for the Alloy 
3.1.1. Standard Electrode Potential (E") 

In the measurement of £ \ a good result was obtained. An e.m.f. fluctuating between 0 and + 3 mV was 
obtained for a period of 1 Vi hours, after which it drifted to higher values. 

3.1.2. The Number of Electrons Transferred (a) 
X-ray-diffraction analysis of the oxide that had been equilibrated with Fe-Cr alloys showed this phase 

to consist of pure Cr.O, with a slight trace of FeO. For this cell therefore. 

" O t O , (vunptcl 
= 1, and »i = 6. 

3.1.3. Iron-Chromium Alloys 
Stable results were obtained in the Fe-Cr system at 1650°C, giving activities of chromium that are 

close to ideal (Figure 13). 

1 

A Reese et al.19 

•- —7 
/ 
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0,9 © This research / 

El Gas-phi isc cell / 
/ 

0.8 * / 
/ 

0,7 / 
/ 

0.6 v 
0.5 -

/ 
0.4 &/ rf 

1 
1 
1 

0,3 / 
/ 1 
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L 1 . . . 
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FIGURE 13. The activity of chromium in (Fe.Cr) alloys at 1650'C 

3.2. Results for the Slag 
Stable results were obtained for the slag system studied, with activities of chromium oxide showing 

large positive deviations from the ideal (Table 2). Unfortunately, the results were marred by the partial 
dissolution of the container in the slag in runs El to E3 and in the metal in runs AI to A3, as well as the 
reduction of silica from the slag into the metal in all cases. 
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The activities of chromium oxide were calculated in terms of CrjQ, and of CrO, since it was possible 
that both these species were present in the slag. From Table 2 it can be seen that large quantities of 
molybdenum dissolved in the chromium layer. The activity of chromium in the sample would therefore be 
less than 1, and hence equations (2) to (10) could not be used for calculation of the activity of chromium 
oxide. The equation 

£ = - - g - In * ' " (20) 

was used where 

a 

was obtained from the data of Muanw for (Cr.Mo) alloys (Figure 14). 

FIGURE 14. Activities of chromium in (Cr.Mo) alloys (after Muarï'") 

3.3. Results Obtained with the Gas-phase Cell 
The e.m.f. was monitored from 1550 to 1650°C, and gave an activity for chromium of 0,438 at 

1550"C. dropping to 0,337 at 1663 °C. The furnace was held at 1650°C for 30 minutes, the results obtained 
are given in Table 3. 

The results given in Table 3 and Figure 14 show a slight positive deviation from the ideal. 
Unfortunately, after this reading had been taken, the run was abandoned because 3 blockage had occurred 
in the addition tube. The cell was cooled slowly and then dismantled. It was seen that the alloy had not 
seeped through the porous plug, and the condition of the electrolyte and the contact were excellent. 

IH 
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TABLE 3 

Results for the gas-phase cell 

Temperature 
°C 

Alloy composition 
mole fraction Cr 

e.m.f. 
mV 

s 
mV 

Calc. 
« I T 

I653(±5) 0,329 69.84 1.70 0.339 

t = Standard deviation 

4. DISCUSSION 
4.1. Activities in the Alloy 
4.1.1. Standard Electrode Potential (E°) 

The result of 0 to 3 mV obtained for this blank run is felt to be acceptable, especially in view of 
corrections of up to 30 mV reported by Ulmer- for blank runs. 

4.1.2. The Iron-Chromium System 
The Fe-Cr system has been extensively studied '*•»-'" and, generally, the activities of chromium in this 

system are close to ideal. The results obtained in this work are in good agreement with this trend, those in 
Figure 13 being in fair agreement with those of Reese et al." obtained by methods involving the 
measurement of vapour pressure. The negative deviation obtained is in agreement with the results 
Fruehan,K obtained with solid electrolytes. Generally, the activities obtained with e.m.f. methods appear to 
be lower than those obtained with methods involving the measurement of vapour pressure. 

The scatter of activities at a mole fraction (X,r) of 0,55 can be explained, since measurements were 
taken after an addition of chromium and before the alloy reached equilibrium. The upper point was taken 5 
minutes after an addition, the intermediate point 10 minutes after an addition, and the lowest point 20 
minutes after an addition. In subsequent measurements, 25 minutes were allowed to elapse between 
readings. 

Although these results differ slightly from those obtained by other workers, the discrepancy is within 
experimental error. The results obtained in this investigation were too few for the error to be determined by 
statistical analysis, but it is felt that the method is suitable for measurements in this system. 

4.2. Activities in Slags 
Stable e.m.f. readings were obtained from these cells. However, the activities calculated were marred 

because of the partial dissolution of the container material. In early runs, when zirconia crucibles were used 
for the sample, significant amounts of CaO and zirconia dissolved in the slag. In later runs, even with the use 
of a molybdenum crucible with an alumina liner and the careful addition of metal to just fill the liner, molten 
chromium still contacted the molybdenum crucible, and significant amounts of molybdenum (up to 16 mol 
per cent) dissolved (Figure 15). Compensations can be made for this effect by the use of existing data for the 
Mo-Cr system30. However, it is doubtful whether the system ever was in equilibrium. 

It is therefore evident that the method requires more development, especially in the choice of 
container, before the activity of chromium oxide can be accurately determined in slags. 

4.3. The Gas-phase Cell 
One measurement obtained with this cell in the Fe-Cr system showed a slight positive deviation from 

the ideal and was in excellent agreement with those of Reese eial.19. This cell has the following advantages. 
a. The electrolyte remains permanently in position; hence it does not undergo any rapid changes in 

temperature. 
b. The electrolyte does not contact the melt. 
c. The volume of gas contained in the pores of the disc is small, and will therefore equilibrate rapidly 

with the sample. 
d. The e.m.f. can be measured continually over long periods, thus making it possible for changes in 

activity with composition and temperature and disturbances resulting from equilibrium to be 
studied. 

This method is therefore felt to be ideally suited to measurement in the ferrochromium alloy system. 
Modifications to the alumina crucible (e.g., lining of the area in contact with the slag with molybdenum or 
tungsten foil) might make the cell suitable for determinations in the slag system. 

i«; 
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FIGURE 15. Molybdenum crucible after use, showing areas that were attacked by the alloy 

5. CONCLUSIONS AND RECOMMENDATIONS 
1. The dip method is suitable for measurement in the Fe-C'r alloy system. 
2. Because of the partial dissolution of containers in the slag or the metal, the method is not entirely 

suitable for measurements in the slag system. 
3. The gas-phase cell appears to have great potential, since it has been found suitable in the alloy 

system, ami could be modified for determinations to be carried out in slags. 
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