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The effect of chromium on the activity coefficient of sulphur 

in the ternary system Fe-S-Cr has been investigated over an extended 

range of temperature and chromium concentrations. A levitation-

melting technique was used and H -H S gas mixtures were passed
2 2

over levitated droplets of iron and iron-chromium alloys. By 

cornparing the experimental results obtained for both binary and ternary 

system.s the effect of chromium on the activity coefficient of sulphur 

was derived in terms of first order free energy, enthalpy and entropy 

coefficients. Thermal diffusion effects were cancelled out by 

carrying out binary and ternary runs under the same experimental 

conditions. 
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INTRODUCTION 

Levitation-n1elting technique~ have been used several times 

in the past for the study of gas-metal reaction kinetics and metallic 

solution thermodynamics. 

However, the use of a levitation melting technique has not 

yet been reported in studies of the Fe-S system. It is thought that 

this lack of data is due to the difficulties which are likely to arise 

with such a technique, namely: 

1) the strong decrease in surface tension with increasing 

sulphur content; 

2) the large thermal diffusion effect when using H -H S
2 2

mixtures. 

Thermal diffusion leads to uncertainties in the gas composition 

at the gas-metal interface. Hence no accurate thermodynamic data 

for the equilibrium between a gaseous and liquid phase can be expected 

frorn a levitation technique. It follows that self interaction parameters 

cannot be derived accurately, for their determination is based on a 

knowledge of the gas composition at the gas-n1etal interface. 

However, the effect of a second solute can be derived by 

co1nparison of binary and ternary results and uncertainties in the gas 

compo;,;]l;ion can be cancelled out, provided the degree of thermal 

diffusion is kept constant. 

In the present work a levitation-melting technique is used to 

study the effect of chromium on the activity of sulphur in the ternary 

system Fe-S-Cr by comparing binary and ternary results obtained under 

conditions of constant thermal diffusion. Interaction coefficients of 

chromium on the activity of sulphur are obtained for four temperatures, 

1 




2 

1525, 1600, 1690 and 1755
0 

C, and for chromium concentrations 

up to 40 weight percent. 



CHAPTER I 

SOLUTION THERMODYNAMICS 

and' LITERATURE REVIEW 

1. 1 Thermodynamics. of Liquid Metallic Solutions 

The thermodynamic description of liquid metallic solutions 

aims to give an analytical representation of the activities of the various 

elements in a liquid multi-component solution. However, no 

representation is satisfactory over an extended range of concentration. 

Thus, different ways of expressing concentration variables, (Table 1), such 

. h t(1) t f t. (2 ) t. (3 ' 4 ) 1 t. . (5 )as we1g t percen , a om rac ion , atom ra 10 , at ice ratio 
6

have been used. Quadratic representation( ) on an atom fraction 

basis has also been attem~ted. In the following, we shall briefly 

review the formalisms used in this work. 

1. 1.1. Mole Fraction and Weight Percent as Concentration Variables 

Wagner's Formalism and Lupis 1 Extension 

Wagner(Z) has described the thermodynamic behaviour of a 

liquid metallic solution consisting of solutes i, j ••. in solvent 1, in 

terms of the excess partial molar free energy, of say solute i,( R Tlny.), 
l 

or the logarithm of the activity coefficient, (lny.). He expanded lny. by
l 1 

a Taylor series in terms of the mole fractions of the infinitely diluted 

solutes (see Appendix 1). Limiting the expansion to the first order terms, 

Wagner and Chipman(?) defined the first order free energy interaction 

coefficient: 

E ~ = 
l 

1. 1 


3 




4 

Lupis and Elliott(S, 9> expanded this formalism to include higher order 

interaction coefficients (see Appendix 1). They also proposed 

that Wagner's treatment of excess partial molar free energy be extended 

to excess partial molar enthalpy and excess partial molar entropy. 

F~ = H~ - T. S~ 1. 2 
1 1 1 

Expressed in terrn.s of the free energy, enthalpy and entropy 

interaction coefficients, E ~, n ~ and C5" ~ respectively, equation 1. 2 
1 . I 1 1 

becomes: 

1. 3
RT R 

Although expressing concentrations as mole fractions is 

more fundamental, weight percentages are often used for their 

practical convenience. On the latter scale, the free-energy interaction 
j

coefficient, e., becomes: 
1 

. C) log f. 
3 e = ( l 1.4
i () (o/oj) wt. %1-100 

and is related to the enthalpy and entropy interaction coefficients by: 

h~ s~ 
e~ = __1___ 1 

1. 5 
i 2. 3 RT 2. 3R 

A brief derivation of these interaction coefficients together with 

conversions from mole fraction scale to weight percent scale will be 

found in Appendix 1. 

1.1. 2 Lattice Ratio as a Concentration Variable 

For the description of a solid metallic solution containing 

interstitial solutes, the thermodynamic behaviour can be expressed in 
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terms of the lattice ratio, which is the ratio of filled to unfilled 

interstitial sites. Thus, for a binary solution of the interstitial 

solute i in solvent 1, Chipman(S) suggested the use of a concentration 

variable z., proportional to this ratio: 
1 

where b is the number of interstitial sites per lattice atom. The 

proportionality factor k is taken equal to b. Hence 

n. n. 
= b 1 

1 
1. 7z. b = 

1 n -ni1

Extending this definition to a multi-component solid solution of both 

interstitial and substitutional solutes, i, j ... , z. becomes: 
1 

1. 8 

where v. = +l for a substitutional solute andv.:::: -1/b for an inter-
J J 

stitial solute. Note that z. equals x., the mole fraction, in a solution 
1 1 

containing only substitutional solutes. In infinitely dilute solution the 

activity of a solute is taken to be equal to the variable z. The 

departure from this direct relationship occurring in solutions of finite 

solute concentrations is expressed in terms of activity coefficients, 

't' ~, and interaction coefficients, 0~, as for other representations. 
1 1 

This formalism was successfully applied to the description of iron 

solid solutions(S). Chipman checked its adequacy for liquid solutions of 

non-metallic solutes, such as carbon, sulphur, nitrogen, silicon in iron. 

Although the interstitial nature of these components in the liquid state 

may have lost its significance, Chipman found that using z as a concen

tration variable and taking v = -1 and vC = -1, vAl = -1, vSi = -1, vp = -1,
8 
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v Mn = +l, the effects of the latter components on the activity coefficient 

of sulphur in iron solutions could be expressed by a linear relationship 

between log 'f ~ and zi, valid up to high concentrations. 

In the present work mole fraction, weight percent and lattice 

ratio formalisms will be used. 

1. 2 Literature Review 

1. 2.1. Binary System Fe-S 

For 	the last thirty years the binary system Fe-S has been 
(10-20) .

repeatedly investigated by numerous workers who, in general, 

studied the reaction 

H (g) + S = H S (g)
2 2

1. 9 
PH S 

K = 2 
PH .as 

2 

where the activity of sulphur was expressed either on a mole fraction 

scale or on a weight percent scale for the reference state of infinitely 

dilute solution. All studies were carried out using crucible melting 
. . . . ( 12 -14 ' 1 7 ' 2 0) . . (10' 15 ' 16) 

techniques m either resistance 	 or induction furnaces • 

The te1nperature was generally measured by sighting a disappearing
(10, 14-17)

filament type optical pyrometer on to the melt and more 
2

rarely by using thermocouples { 0). 	 All these investigations have been 

critically reviewed by Sherman, Elvander and Chipman(lS>, and more 

recently by Ban-Ya and Chipman(ZO). All investigations but one(l9 ), 

prior to 1967, reported a most uncommon behaviour for the activity 

coefficient of sulphur in the binary system in that the deviation from 

Henry's law increased with increasing temperature. Ban-ya and Chipman 
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thought that errors in data due to thermal diffusion and temperature 

measurement with optical pyrometers were responsible for this 

unusual behaviour. Thermal diffusion, often present in induction 

furnaces is due to insufficient radiation shielding. The emissivity of 

a melt varies with solute concentration and thus temperatures measured 

with disappearing-filament type optical pyrometers are liable to 

error. Because of the reported an01nalous behaviour of S in Fe-Smelts, 
2

Ban- Ya and Chipman( 0) decided to reinvestigate this binary system.. 

In order to eliminate inaccuracies, due to thermal diffusion and 

erroneous temperature measurement, they used a wire-wound 

resistance furnace and measured the temperature by means of 

calibrated thermocouples. Their work was carried out over the 
0 0 

range 1500 C to 1600 C and 	showed that the deviation from Henry's 

law decreased with increasing temperature (see Fig. 23). Moreover, 
(14-19)

they recalculated other authors results using the latest 
(21-22)

thermodynamic data 	 for H S dissociation at high temperatures.
2

All these data are compiled in Fig. 22 and 23. 

1. 2. 2. Ternary System Fe-S-Cr 

At the present time, only three studies report the effect 

of 	chrornium on the activity coefficient of sulphur in Fe-S-Cr n1 elts. 
23

Griffing and Healy( ) investigated the effect of Cr on the 

activity coefficient of S for Cr contents ranging from 0 to 100 weight 

percent. At 1600°C and for chrornium concentrations up to 20 weight 

percent, their results are given by the equation 

Cr 
1.10log f S = -0. 019 (% Cr) 

This relationship is to be considered with sorne reserve since it is 
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derived fro1n a set of only three points, showing a noticeable scattering. 

Their results obtained with higher chromium contents do not follow 

this linear relationship. Furthermore, those runs had to be carried 

out at higher temperatures because of the limiting liquidus surface in 
(24, 25)

the Fe-S-Cr system • The effect of Cr in the ternary system was 

obtained by comparing ternary and binary results. However, Griffing 

and Healy did not re-establish the binary system Fe-S themselves but 

used instead the data given by Chipman et al(lS). This treatment would 

be adequate if all operating conditions were identical in both works. 

This, however, is not the case. Griffing and Healy used an induction 

heated carbon-tube furnace, measured the temperature with a 

standardized therinocouple immersed in the melt, and bubbled 

H -H S gas mixtures into the melt. Because of these experimental
2 2

precautions, thermal diffusion effects were probably eliminated and 

the temperature measurement accurate. However, in the work reported 

by Chipman et al{lS) an induction furnace was used. Although radiation 

shields and "vigorous" gas preheating were used to eliminate thermal 

diffusion, the temperature was measured by a disappearing-fila1nent 

type optical pyrometer. These considerations leave some doubts 

whether or not the operating conditions were identical in both works. 

If any discrepancy in the effect of Cr on the sulphur activity coefficient 

arose from these differences, it would be most evident at low Cr 

concentrations and would be progressively attenuated with increasing 

Cr concentrations. In this respect, it should be noticed that Griffing' s 

plot (Fig. 29) of log\f~r versus zCr shows a systematic error at zero 

Cr concentration. 

Adachi and Morita(Zb) reported a value of the interaction 

coefficient e~r ::: - O. 020, valid at 1650°C for concentrations up to 20% Cr, 

which is in good agreement with the value of - 0. 019 reported by Griffing. 
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Although this result was derived from a set of twenty-five data points, 

it should be noticed that the data were largely scattered. Adachi and 

Morita used a carbon tube resistance furnace with a gas bubbling 

technique and measured the temperature with a disappearing-filament 

type optical pyron1eter. As a binary system reference, they used their 
. (17} 

own results previously obtained by the same experimental procedure • 
. (2 7)

A recent study by Ban- ya and Chipman gave a value of 

Cr o 


e S = - O. 0107, valid at 1550 .for chromiurn concentrations up to 18 wt.%. 

This value was obtained from a set of four points that showed very little 

scattering. Their data disagreed with both Griffing' s and Adachi' s 

results, although Ban- ya and Chipman claimed that they agreed with 

Griffing' s. The reason is that Ban- ya and Chipman reported only 

one data point from Griffing' s work that .happened to fall in the range 

of concentrations they investigated, in (Fig. 29). 

It can be seen from the above review that the effect of Cr on 

the activity of sulphur has not been studied by many workers, and that 

agreement amongst these workers is incomplete. Furthermore, there 

has been no investigation of the temperature dependence of the interaction 
Cr 

cneff· icient e S • These facts, together with a recent trend in industry 

to produce steels of chrmnium content higher than twenty weight percent 

have motivated a rnore extensive study of the combined effect of chron1ium 

and ternperature on the adivity coefficient of sulphur in the ternary 

system Fe-S- Cr. 



CHAPTER II 

EXPERIMENTAL TECHNIQUES 

2. 1 Introduction 

In the present work a levitation-melting technique was used 

because of the following advantages: 

1) Approach to equilibrium is accelerated by the strong 

stirring produced by the high-frequency current 

in the levitated droplet. 

2) The surface to volume ratio is greater than in conven

tional crucible techniques and favours high mass 

transfer rates. 

3) Segregation problems on freezing are avoided because 

the whole sample is analysed for sulphur. 

4) Operations at high temperatures are possible without 

crucible contamination or failure. 

However, thermal diffusion was inevitably present and its 

effect and control are discussed in 5.1. The experimental method 

consisted in passing H -H S mixtures of known composition for the 
2 2 

required length of time past a levitated liquid Fe or Fe-Cr droplet and 

subsequently analysing the quenched droplets for sulphur. 

2. 2 Apparatus 

In Fig. 1 is shown a schematic diagram of the levitation apparatus, 

10 
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the main components of which are: 

1) Reaction chamber 

2) Levitation coil 

3) High -frequency generator 

4) Gas system 

5) Temperature measurement device. 

2. 2. 1. Reaction 	Chamber 

The reaction chamber, shown in Fig. 2, consisted of a 

vertical 15 mm 0. D. Vycor tube, surrounded by the levitation coil. 

The upper end of the tube was connected by a ground glass union to a 15 mm 

O. D. three-branched tube. The different branches were used for 

a gas outlet, a temperature reading port and a sample inlet. The lower 

end of the reaction tube was connected by a ground glass union to a 

50 mm 0. D. pyrex chamber, furnished with a gas inlet and sealed 

at the bottom by a rotatable aluminium disc, supporting a quartz 

charging rod, a 45° prism and a copper mould. This latter device had 
. . (28)

been used in a previous study • 

2. 2. 2. Levitation Coil 

The 	coils used in this work were similar in design to those 
8 3used in previous studies (Z - l). They were constructed from 1/8" 0. D. 

copper tubing and wound helically in a conical former in two parts, one for 

levitation and the other for stabilization (Fig. 3). For temperatures 

of 1525°C and 1600°C, the lower part consisted of four turns. For 

temperatures of 1690°C and 1755°C, it consisted of five turns, thus 

increasing the induction field and consequently, the heat generated 

in the sample. In both cases the stabilizing part consisted of two 

reverse turns. 
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2. 2. 3. Power Generator 

The high frequency power for levitation was supplied by a 

Toccotron high frequency generator, rated as 10 kW at 200A and 

450 kHz. The current was conveyed to the water-cooled levitation 

coil via a 7. 5:1 step-down transformer. 

2. 2. 4. Gas System 

The different gases and gas mixtures were supplied from gas 

cylinders and passed over different purifying materials, (Fig. 1). 

Commercial grade hydrogen was deoxidized by a platinum catalyst, 

A, which converted oxygen into water vapour, and was subsequently 

dried by rnagnesium perchlorate, B. The H -H S mixtures were
2 2

also dried by magnesium perchlorate, B. Commercial grade helium 

was used without purification. The H -H S gas mixtures were led
2 2

through a gas sampling device, C which was designed in such a way, 

Fig. 4, that gas analysis could be carried out during levitation runs. 

The flow of the H -H S mixture was controlled by a rotameter-type
2 2

flowrneter, D. Needle valves, E, regulated the flow of all gases 

which were conveyed to the reaction chamber via glass tubing. Leaving 

the reaction tube the gases were bubbled in dibutyl phthalate, F, and 

then passed to waste. 

2. 2. 5. Temperature Measurement 

The temperature was measured using a Millitron two-colour 

radiation pyrometer. Temperature measurements with this pyrometer 

depend upon the ratio of the intensities at two particular wave lengths. 

The measurement is thus independent of any variations in emissivity 

of the surface due to the solute, and of any absorption effects, provided 

that both wave lengths are equally attenuated. Nevertheless, a 
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reliable use of this pyrometer required a calibration of this instrument 

carried out over the range of operating temperatures, (see 2. 6. ). 

2. 3 Materials Used 

2. 3. 1. Iron 

The iron used was Armco Magnetic Ingot Iron, supplied 

by Corey Steel in 1/4 11 cold drawn rods of the following analysis: 

pc Mn s Cu Si 

• 024 • 033 . 005 • 015 . 018 • 001 

Samples weighing about one gram were cut from these rods, ground 

with emery paper and washed in acetone. 

2. 3. 2. Iron-Chromium Alloys 

The Fe- Cr alloys were made from Armco Iron, (as above), 

and 99. 95 weight percent electrolytic chromium supplied by McKay Inc. 

A total iron and chromium weight of about 40 g was melted in an argon-arc 

furnace and cast into an ingot about 2 1/2" long. The cast ingot was 

then swaged down to a rod of 1/4 11 diameter. This rod was checked for 

hornogeneity of chromium content (Table 10) and subsequent saniple 

preparation was identical to the one described for iron. 

2. 3. 3. Gas Supply 

Commercial grade helium and hydrogen were supplied by Liquid 

Air. The H -H S gas mixtures were supplied by the Matheson wmpany
2 2 

of Canada, who used prepurified grade hydrogen and commercial grade 

hydrogen sulphide to make up gas mixtures. Specific hydrogen sulphide 

concentrations were ordered in the range 0. 1 to 1. 5 volume percent. 
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2. 4 Experimental Procedure 

2. 4.1. Description of an Experimental Run 

The clean sample was introduced into the reaction chamber 

through the sample inlet and held on top of a quartz rod above the 

levitation coil. The reaction chamber was flushed with helium for one 

to two minutes. After this time, the power was switched on and raised 

to its maximum value. The sample was lowered into the coil where it 

levitated immediately. The power input was then decreased, allowing 

the sample to approach the lower regions of the coil where the induction 

flux was highest. At the same time, the helium flow rate was reduced 

and under these conditions, the sample melted rapidly. The aluminum 

disc was rotated to permit sighting of the pyrometer at the bottom of 

the levitated droplet. Helium., which was used during melting for 

its relatively low thermal conductivity, was then replaced by hydrogen 

for its efficient deoxidizing ability. The sample was deoxidized at 

about 1550°C for four to five minutes, after which tim.e the oxygen 

level in the quenched droplet was generally found to be less than 
310 ppm( 0). After this deoxidation the hydrogen atmosphere was 

replaced by a stream of H -H S mixture, the flow of which was kept
2 2

at the constant level of 2. 6 l/min. With increasing sulphur content, 
3

the surface tension of the levitated droplet decreased markedly( Z) and 

led to problems of both mechanical and thermal instabilities. The form of 

the levitation coil was then repeatedly adjusted until a stable and 

trouble free operation was achieved. In normal operating conditions, 

the temperature reading could be kept within+ 10°C. 

After the sample had levitated at the desired temperature for 

the required length of time, the aluminium disc was rotated to bring 

the copper mould into alignment with the reaction tube. The mould 

:itself was raised into the reaction tube, the. power was switched off and 

the droplet quenched. The reaction chamber was then purged with 
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helium and the sample subsequently collected for sulphur analysis. 

In a daily series of runs, the pyrometer calibration curve 

was checked against the melting point of pure iron. For this purpose 

the sa1nple was slightly super cooled and upon freezing, the pyrometer 

deflected rapidly back to the melting point. Since supercooling can be 
3

very high in levitation melting techniques( l>, freezing was generally 

induced by tapping the reaction chamber, thus allowing some 

condensed fumes to fall upon the droplet and nucleate solidification. 

2. 4. 2. Ten1perature Control 
2

The heat in a levitated droplet is generated by the I R losses 

of the current induced in it. The amount of heat produced depends 

therefore, on the induction field, the position of the specimen in this 

field, and on the nature of the specimen itself. Heat is lost by the 

specimen through radiation and convective conduction of the gas stream. 

The temperature of the levitated droplet therefore results 

from a heat balance, the elements of which are: 

1) coil current and geometry, 

2) weight, size and electrical properties of the sample, 

and 3) composition, flow rate and conductive properties of the 

gas strea1n. 

In the present work, special effort was inade to keep the flow rate 

of H -H S mixtures constant. For practical purposes, the weight
2 2 

of iron and iron- chromium samples was kept between O. 85 and 1. 25 g 

and it follows that the temperature could be controlled only by the 

coil current and geometry (see 2. 2. 2. ). 

2. 4. 3. Method of Temperature Reading 

As already mentioned, the temperature was measured by sighting 



16 

the pyrometer at the bottom of the levitated droplet. The reason for 

this was that at high temperatures, fumes of iron sulphide and/or 

chromium sulphide interfered with temperature reading made from the 

top. The gas stream was not inverted since its upward flow at high 

rates aided levitation slightly. 

As shown in the following table, no difference in the steady 

state sulphur content of the droplet was observed when sighting the 

pyrometer at the top or at the bottom of the levitated droplet, while using 

the same gas mixture and the same pyrometer reading (1590°C). 

%S Observed in Top %S Observed in Bottom 
Measurement Measurement 

o. 201 0.204 

0.203 0.199 

0.188 0.205 

0.194 0.203 

2. 4. 4. Use of Prepared Gas Mixtures 

In the prepared gas mixtures, the hydrogen sulphide content 

was found to decrease over a period of about one to two weeks. The 

rate of deterioration depended on the initial H S concentration and on the
2

initial state of sulphur absorption of the gas cylinder walls. Hence, it 

was necessary to check the gas composition for each series of runs, 

and the gas sampling device (Fig. 4) was therefore designed. In general, 

the gas analysis showed no noticeable change in H S content over
2

periods of up to four days. 

2. 5 Analysis 

2. 5. 1 Droplet Sulphur Analysis 

The sulphur analyses of the levitated samples were carried out in 
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a Leco 518 titrator according to the combustion iodometric procedure, 

(A. S. T. M. method E 30-47). For each series of runs, the titrator 

was calibrated by means of the NBS standard 133a(
33 >. 

2. 5. 2. Chromiurn Analysis 

Since the prepared samples contained only iron and chromium, 

a simple volumetric method of titration was used(
34 >. Oxidation with 

perchloric acid was followed by reduction with ferrous ammonium 

sulphate, the latter being compared with a standardized potassium 

permanganate solution. 

2. 5. 3. Gas Analysis 

For determining the hydrogen sulphide content, an improved 

volumetric method was used(
35 >. Alkaline sodium hypochlorite was 

used as a combined absorbing and oxidizing reagent of hydrogen 

sulphide. The resulting sulphate was titrated by the usual iodometric 

method. 

Efforts were made to get reproducible analyses from a given 

gas mixture. It was found that maximum reproducibility was achieved 

when passing the H -H S gas mixture through the sampling bulb for
2 2

about thirty Ininutes and by flushing the sampling bulb for forty to 

fifty minutes with a very low helium flow. During bubbling of the 

He-H -H S mixture into the reagent, absorption of hydrogen sulphide
2 2

was enhanced by stirring the reagent with a magnetic stirrer. Boiling 

was found to have no influence on the degree of oxidation of H S to sulphate.
2

2. 6 Pyrometer Calibration 

For the reliable use of the pyrometer, calibration of this 

instrument was necessary. Armco iron, held in an alumina crucible under 
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an atmosphere of hydrogen, was heated by induction. The pyrometer lens 

was sighted on to the melt via a 45° prism and the true temperature 

was obtained with a Pt-5% Rh/Pt-20% Rh thermocouple. In order to 

eliminate any interaction of the induction field with the therm.ocouple 

voltage, the potentiometer was grounded and the alumina crucible 

was surrounded by a graphite susceptor. A more thorough description 

of the calibration apparatus is given in Fig. 5 and the calibration curve 

is shown in Fig. 6. It can be noticed that a slight supercooling was 

observed before freezing. 



CHAPTER Ill 

EXPERIMENTAL RESULTS 

All experimental results obtained from gas, sulphur and 

chromium analysis are given in form of tables and figures. This 

chapter will collect all data and refer to both tables and figures. 

3.1 Binary System Fe-S 

3. 1. l. Gas Analysis Results 

For determining the hydrogen sulphide content of a 

H -H S gas mixture, the following information was used:
2 2

1) volume of the sampling bulb (V=l36. 8 ml at 25°C), 


2) volume A of titration solution (ml of thiosulphate 0. 01 N), 


3) barometric pressure and 


4) room temperature 


The 	H S content of the gas mixture was then derived in terms of the
2

ratios B and R: 

B =	atoms of hydrogen 
atoms of sulphur 

is the ratio of moles of hydrogen sulphide and hydrogen. R is also 

19 
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equal to the ratio of partial pressures and partial volumes. The ratios 

B and R were obtained with a small computer program, which is 

shown in Appendix 2, together with an example of input and output data. 

The analysis results of all gas mixtures used in this work 

are reported in Table 7(b), 8(b) and 9(b) in terms of the following 

quantities: 

l} B - mean value of ratio B 
m 

2) Rm - mean value of the ratio of moles of H S and H
2 2 

3) N - number of analyses of which B and R are the 
m m 

means 

4) s standard deviation of R for this set of analyses, and 
m 

5) RSD - relative standard deviation, which is 100. s/R and 
m 

thus expressed in o/o. 

As seen from these tables, the accuracy of the analysis increased with 

the content of hydrogen sulphide in the gas mixture. The exchange 

of oxygen between the alkaline solution and the atmosphere, occurring 

mainly in the stirred reagent, may account for this phenomenon. Its 

effect is naturally more sensitive when dealing with low H S contents. 
2 

3.1. 2. Kinetic Runs 

Before deriving equilibrium data in a certain experimental 

apparatus, the approach to equilibrium, particularly in a levitation 

melting technique, always needs to be investigated. For a gas-metal 

reaction, this investigation generally involves the study of the effect 

of gas composition and temperature. Since thermal diffusion was 

inevitably present in the levitation apparatus, the effect of gas flow 

rate was also examined. Thus, in the present kinetic study, the amount 
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of dissolved sulphur was experimentally determined as a function 

of levitation tim.e for different values of the following variables: 

1) gas flow rate, 

2) gas composition, 

and 3) temperature. 

In a first series of experiments, the gas flow rate took 

the following three values: 

Flow rate 1 O. 9 l/1nin. 


Flow rate 2 2. 6 l/min. 


Flow rate 3 5.1 l/min. 


The effect of flow rate on the approach. to equilibrium was examined 

for three combinations of tem.perature and gas composition. 

t° C Reference 

Table Figure 

1600 o. 00156 7 
+ 0.00002 

1755 o. 00148 3 8 
+ o. 00006 

1755 0.00896 4 9 
+ o. 00011 

In the last case, only flow rates 1 and 2 could be used because of 

mechanical instabilities arising from the combination of high flow rate and 

a low surface tension (high S content). 

In a second series of experiments, the gas flow rate was 

kept constant (2. 6 l/min.) and the amount of dissolved sulphur was 
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determined as a function of levitation time for different gas compositions 

at two temperatures. 

• 0 

PH S/PH 
2 2 

Temp. C Table. Figure 

0.00090 
+ o. 00003 

1590 
1755 

5 10 

o. 00184 
+ o. 00008 

1590 
1755 

5 11 

o. 00501 
+ o. 00014 

0.00472 
+ o. 00009 

1590 

1755 
6 12 

0.00894 
+ o. 00003 

1590 
1750 

6 13 

o. 01405 
+ o. 0015 

1590 
1755 

6 14 

It should be noticed that for the very high H S/H ratio of O. 01405, a
2 2 

steady state was not reached even after 60 minutes of levitation. It 

also may be noticed that .samples with a sulphur content as high as 

12 weight percent, could be levitated using an appropriate coil. 

3.1. 3. < Eguilibrium'>Results> 
''( 

The (equilibrium)" sulphur contents at different temperatures 

and gas compositions were taken from the above kinetic runs and 

from other specific equilibration runs, (mainly at 1525°C). The sulphur 

contents for each temperature are reported in the following tables: 

~:( The nature of this (equilibrium) will be discussed in 5.1. 
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1525°C Table 7(a) 

1600°C Table 8(a) 

1755°C Table 9(a) 

The number of a run consists of five digits. The first digit indicates 

the temperature: 

1 for 1525°C 

2 for 
0

1600 C 
0 

or 1590 C 

3 for 1690°C and 

4 for 1755°C 

The next two digits indicate the chronological order in which these 

runs were carried out and the last two digits indicate the number of 

experiments, of which the given run is the mean. 

The analysis results are reported as: 


(%S_)m: mean value of sulphur content, 


N number of experiments of which (o/oS) is the mean,

m 

s standard deviation and 


RSD relative standard deviation i.e. 100 x s/(o/oS)

m 

As shov.rn in these tables, the accuracy of the analysed sulphur content, 

(RSD is generally less than 2%), indicates the good reproducibility of both 

the Leco sulphur titrator and the levitation apparatus. 

3. 2 Ternary System Fe-S-Cr 

3. 2. 1. Gas Analysis 

The analysis of the gas mixture used for ternary Fe-S-Cr runs 

have already been reported in the section concerning the binary 
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system (3. 1.1. ). 

3. 2. 2. Chromium Analyses 

As indicated in 2. 3. 2., the prepared Fe-Cr rods were checked 

for homogeneity in chromium content. For that purpose, samples 

for Cr analysis were taken as shown in the diagram below. 

A 1 Section 1 A 2 Section 2 A 3 Section 3 A 4 Section 4 

Each section provided five 	or six samples for levitation. The results 

of Cr analysis are reported in Table 10 and as seen from this table, 

the relative maximum deviation 

max. deviation
RMD = 	 x 100 

mean Cr content 

only once exceeded 2% and was generally found to be less than 1%. 

This degree of homogeneity was considered satisfactory. The chromium 

content of a levitation sample was taken to be the mean of the analysis 

of both ends of its section. 

3. 2. 3. Kinetic Results 

3. 2. 3. 1. Chromium Content as a Function of Time 

Due 	to the difference in the vapour pressures of iron and 
36

chromium at any given temperature( ), the chromium content of Fe-Cr 

samples was expected to decrease with increasing levitation time and 

temperature. No equilibrium vapour pressure data could be applied 

successfully, since vapour saturation was not achieved with the 

flow rates used and hence the rate of chromium loss needed to be 

determined experimentally. For that purpose, Fe-Cr samples were 
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levitated in a gas stream of hydrogen at the same flow rate of 2. 6 I/min. 

at 1590°C and 1755°C for different periods. The experimental results, 

shown in Fig. 15, are expressed in terms of a relative percent loss in 

ten minutes. 

%Cr. •t• - %Cr(l0 . )1RPL = mi ia - mm. - x 100 
%Cr. ·t· 1in1 ia 

see Table 11 

3. 2. 3. 2. Sulphur Content as a Function of Time 

Previous studies have shown that chromium contents of 

20 wt.% in the ternary system Fe":"S-Cr raised the equilibrium sulphur 

content up to three times its value in the binary system Fe-S, obtained 

at the same temperature and for the same H -H S composition. The
2 2

time required to reach equilibrium was thus expected to increase at 

a similar rate and needed to be determined experimentally. For that 

purpose, before each new series of ternary runs, some Fe-Cr samples 

of the highest chromium content were levitated in the given gas mixture 

and at the desired temperature for increasing periods of time. 

Equilibrium was considered to be reached when the analysed sulphur 

content started to decrease with increasing levitation time. This 

decrease of the sulphur content resulted from a decrease of the chromium 

content owing to its higher evaporation rate as compared to that of iron. 

In Table 12 is shown the analysed sulphur content as a function of 

levitation time, for the temperatures and gas compositions used. 

3. 2. 4. <Eguilibrium)Results 

The experimental results of levitation runs with Fe-Cr samples 

were carried out at four temperatures and are shown in terms of initial 

Cr content, levitation time and analysed sulphur content in the following 

tables: 
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1525°C Table 13 


1600°C Table 14 


1690°C Table 15 


1755°C Table 16 




CHAPTER IV 

METHODS OF CALCULATION 

4. 1 Hydrogen Sulphide Dissociation 

At high temperatures, hydrogen sulphide is unstable and 

partially dissociates into HS, H S, s and S, the relative amounts
2 2 

of which are controlled by the following equilibrium equations, 

corresponding to three significant types of dissociation of H S.
2

1/2
XH • XHS 

K = p 1/2 __2___ 
4.1 

--us t XH S 
2 

x . x 1/2 

K = pl/2~_H_2___s_2___ 
4.2 

S2 t XH S 
2 

K = p 4.3s t 

where P is the total pressure in the reaction tube and ~ , ~ S, XS , 
t 2 2 2 

and x
8 

are the mole fractions of the different gas components. These 

mole fractions are naturally related by: 

4.4 


27 
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Furthermore, the value of the ratio of hydrogen and sulphur atoms 

in the inlet gas is given by chemical analysis B of the H -H S gas
2 2

mixture and can be expressed in terms of the mole fractions as 

follows: 

2~ S + 2XH + ~S 
B =_____._.._____atoms hydrogen 2 2 

= 
a toms sulphur 4.5 

For given values of the equilibrium constants, the chemical gas 

analysis and the total pressure, this set of five equations gives the 

equilibrium values of all five mole fractions at a certain temperature. 

For this purpose, a computer programme was used, which is shown 

in Appendix 2, together with an example of input and output data, 

giving an idea of the degree of dissociation at high temperature. 

The above method of calculation for H S dissociation, as
2

well as the thermodynamic data of the three free energies of H S
2

dissociation were taken from Ref. 20. 

4. 2 Chromium Loss 

In 3. 2. 3.1., the chromium loss was determined experimentally 

for two temperatures 1590°C and 1755°C. These experimental results 

needed to be extrapolated for 1525°C, 1600°C and 1690°C, at which 

temperatures Fe-Cr alloys were levitated. Since the temperature 

dependence of chromium vapour pressure is expressed by 

0
-AH

v 
4.6log p = 4. 576 T + b 

where AH
0 

is the enthalpy of vaporization and b is a constant, the 
v 

chromium loss was considered to be proportional to the chromium 

vapour pressure and subject to the same temperature dependence. 

,r 
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A
log (Cr loss) +B 4.7

T 

A linear relationship with reciprocal temperature gave the following 

chromium losses, expressed in % of the initial chromium percentage 

per 10 minutes: 

t
0 c Cr loss 

1525 

1600 

1690 

1755 

0.41 

0.81 

1. 7 

2.9 (see Fig. 16) 

4. 3 

iron, 

Thermodynamic Derivations 

4. 3. 1. Binary System 

When passing a stream of H
2

-H
2

S gas mixture over liquid 

one investigates the reaction: 

4.8 


with an equilibrium constant 

4.9 


Adopting the infinite dilute solution as reference state and defining 

the Henrian activity as proportional to the concentration, 

4.10a = fS • %S in a Henrian wt.% scale
8 
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as =Ys • XS in a Henrian mole fraction scale 4.11 

a
8 

= 'flS • ZS in a Henrian lattice ratio scale 4. lZ 

where fS, y , \f's• are the activity coefficients in the different scales
8

and measure the deviation from Henry's l.aw at finite concentrations. 

In the reference state of infinite dilute solution, 

when %s-o 

y-1 when XS __., 0 s 

'P.s-1 when zS-o 

For the different scales, apparent equilibrium constants K' may be 

expressed as follows: 

PH S 
2

K'(o/o) = 4. 13 
PH .o/oS 

2 

PH S 
2

K'(X) = 4.14 
PH .XS 

z 

p 
H S

2
K'(Z) = 4.15 

PH .ZS 
z 

Thus, the logaritluns of the true equilibrium constants K can be 

expressed in terms of the apparent equilibrium constants and the 

activity coefficients: 
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log K(o/o) = log K'{%) 4.16 

log K(X) = log K'(X) log Ys 4.17 

log K(Z} =log K'(Z) log 'fl S 4.18 

As the sulphur concentrations tend to 0, the value of the apparent 

equilibriun1 constants K' tend to the true equilibrium constants K. 

At finite sulphur contents, the logaritluns of the activity coefficients can 

be expressed as a function of the sulphur concentrations: 

S S, S Z 
log £

8 
=e

5 
(%S) + r S (%S) + ••• 4.19 

c S S, S Z
2.3 log Ys =c::s. XS+ fs . (XS) + ••. 4.20 

2. 3 log '¥s = e s 
• z + ••••• 4. 21

5 5 

S ~ S S d S,S S, S .
where e , c;.. s' e an r , Ps are the first order and second order

8 8 5
interaction coefficients respectively, sometimes called self interaction 

coefficients. 

The study of the temperature dependence o£ reaction 4. 8 gives 

the free energy, 

AG0 = -RT 1n K =A+ BT 4.22 

C:Ombining equation 4. 22 with the free energy change associated to the 

reaction of H S dissociation:
2

0 
4.23.AG HS 

2 

one obtains the free energy of solution of sulphur in iron, associated to 
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the reaction: 

4.24 

4. 3. 2. Ternary System Fe-S-Cr 

As shown in~. 3 • .1., the experimental study of reaction 

4. 8 in the binary system F.e-S led to the apparent equilibriwn constant K', 

and the true equilibrium constant K, related by the equation 4. 16. 

When equilibrating Fe-S-Cr alloys, an apparent equilibrium constant 

K 11 is used, 

PH S 

K"(%) = __z__ 
 4.25 

PH -%S 
2 

which is related to the true equilibrium constant K(o/o), 

PH S 
2 4.26K(%) =------· 

PH • £ • %S f er rr1 s5 s ~ 10...2 

by the relation: 

Cr
log K(o/o) = log K"(%) log f S 4.27 

Combining equation 4, 27 with equation 4.16 obtained for the binary 

system, the former equation becomes: 

Cr 
log f S = log K"(%) log K'(%) 4.28 

This latter equation expresses the effect of chromium on the activity 

coefficient of Sin Fe-S-Cr alloys in terms of the binary and ternary 
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apparent equilibrium constants K'(%) and K"(o/o), taken for the 

same value of sulphur concentration and at the same temperature. 

Expressed in terms of chromium concentrations 

Cr Cr (Jf Cr, Cr (Jf 2 S, Cr (Jf (Jf
log f S =e (,oCr)+r (toCr) +r ( 1oS)(toCr)+ ••. 4.29

8 8 8 

First order and higher order interaction coefficients of chromium 

upon the sulphur activity are thus derived. 

The study of the temperature dependence upon, say, the fir st 

order free energy interaction coefficient e ~r gives the first order 

enthalpy and entropy interaction coefficients h~ and s~ related by: 

= 4.30
2. 3 RT 2. 3 R 



CHAPTER V 

DISCUSSION 

5. 1 Thermal Diffusion 

5. 1. 1. Effect of Thermal Diffusion 

The methods of calculation described in the preceding 

chapter were used to derive: 

1) <equilibrium constants> and <fir st order free 

energy interaction coefficients)' for the binary system 

Fe-S; 

2) first order free energy, enthalpy and entropy 

interaction coefficients of chromium in the ternary 

system Fe-S-Cr. 

However, the nature of the <equilibrium) established in 

this work needs further discussion since thermal diffusion effects 

are inevitably present in a levitation-melting technique, where 

a cold gas mixture flows past a levitated high temperature droplet. 

In the gas phase surrounding the droplet a temperature gradient is 

created which causes the heavier molecules of the gas mixture, 

i.e. hydrogen sulphide.to concentrate in the cooler regions of the 

gas phase, thus lowering the H S/H ratio at the gas-metal interface
2 2 

to an unknown extent. Hence the (apparent equilibrium constant;> 

<K'>, derived from gas composition and droplet sulphur content 

are not true apparent equilibrium constants but rather steady 

state values, obtained under certain conditions of temperature gradient 

34 
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and gas composition. Assuming that strong stirring due to the 

induction field gives a homogenous sulphur concentration and 

a uniform temperature in the levitated droplet, one may represent 

the droplet sulphur content. the temperature and sulphur activity 

profiles as shown in Fig. 17. 

The same observation is valid for the < apparent equilibrium 

constant>, <K11>, obtained from ternary results. However, when 

deriving the effect of Cr upon the sulphur activity coefficient, one 

uses the relationship: 

Cr
log f S =log K" (%) - log K'(%) 5.1 

or 
Cr 

log f S =log 5.2 

also 

s. 3 

where % S is the analysed sulphur content in the ternary system,
ter 

and % S . the sulphur content obtained in the binary system with the
bm 

same gas composition. The errors due to thermal diffusion are 

cancelled out provided its effect is kept constant. It follows that 

binary and ternary results do not constitute in themselves true 

thermodynamic data but their comparison gives accurate data for 

interaction coefficients. 

5. 1. 2. Control of Thermal Diffusion 

37 40
 . f f i· - > h d 

of thermal diffusion in a gas mixture depends on 

Ab ne review. o t h e iterature<· s h ows t at t h e egree 
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1) the temperature gradient in the gaseous phase and 

2) the nature of the gas mixture. 

5.1. 2.1. Tem.perature Gradient 

The temperature gradient depends upon the droplet temperature, 

the gas flow dynamics and the physical properties of the gas mixture. 

Thus for a given gas mixture, temperature, droplet size and reaction 

tube dia1neter, the temperature gradient only depends on the gas flow 

rate. Therefore, runs with different flow rates were carried out. 

As seen froin Fig. 7, 8, and 9, the steady state droplet sulphur contents 

generally decreased with increasing flow rate. This effect is caused by 

enhanced thermal diffusion resulting from the increased temperature 

gradient with increasing flow rate. It can also be noticed that the effect 

of flow rate is more pronounced at higher temperatures. This sfudy 

showed that the thermal diffusion effect could be minimized by using 

very low gas flow rates. However, the use of very low flow rates 

· rnarkedly increased the time required to reach a steady state and therefore 

flow rate 2 of 2. 6 I/min. was chosen. This permitted a fast attainment 

of a steady state, and also did not cause i:asurn1ountable problems 

in levitation stability. 

5. 1. 2. 2. Nature of the Gas Mixture 
. (37)

Thermal diffusion in gas mixtures was described by Chapman 

in terms of intermolecular force fields, relative molecular weights, sizes 

38


and concentrations of the gaseous components. Gillepsie' s( ) theory, 


based solely on molecular weight, expressed the thermal diffusion ratio 


kT, of the binary gas mixture of species 1 and Z: 


d ln ~ 
k = = 5.4

T d ln T 
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where x denotes mole fraction and m the square root of the 

molecular weight. Equation ~. 4 expressed in terms of the heavier 

gas 1 can be written: 

5.5 


It follows that kT decreases with increasing content of the heavier 

gas 1 and hence a decrease of the thermal diffusion effect when 

using gas mixtures with increasing H S/H ratio can be expected,
2 2 

see 5. 2. 2. For a multicomponent gas mixture Gillepsie derived 

a thermal diffusion ratio: 

1 - m 
1 5.6= 

2 ~ m. x. 
1 1 

It follows that the use of a heavy inert carrier gas reduces the thermal 

diffusion effect. This has been successfully applied by Dastur and 
(41)

Chipman . However, this method was not used in the present work 

because a heavy inert gas such as argon was found to decrease the 

rate of attainment of a steady state. 

The variation of thermal diffusion with H S/H ratio will be
2 2 

discussed more thoroughly in the section on ternary results, see 

5. 3. 2. 

5. 2 Binary System Fe-S 

5. 2. 1 <Apparent Equilibrium Constant:> and· 

<Self Interaction Par~ter) • 

Using the results of gas and sulphur analyses reported in 
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Tables 7, 8 and 9 the H S/H ratio of the gas mixture was corrected
2 2 

for the hydrogen sulphide dissociation (see 4.1) and the< apparent 

equilibrium constant,>., <.K'> was derived. Table 17 shows the 

following results for 1525°, 1600° and 1755°C: 

PH S 
2

1) the analysed ratio,

PH 


2 


p 
H S

2
2) the corrected ratio for H S dissociation,

2PH 
2 

3) the mean of the analysed sulphur content, 

4) the logarithm of the (apparent equilibrium constant> 

<K'> , using the corrected PH /PH ratio,
52 2 

and 
5) the error in <log K'> due to the standard deviations of 

both gas and sulphur analysis results. 

In Table 18 the same results are expressed using mole fraction and z
8 

as concentration variables. 

No significant curvature is apparent in the plots of <log K'> 

versus S content, given in Fig. 18, 19, 20 and for each temperature 

the experimental points were fitted by a least square line with a 

68% confidence limit, thus giving: (see Fig. 21) 

<log K(%)> = <log K'(%)> - <e
s 
5 

) • (o/oS) 5.7 
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1525°C <log K(%)-,. = -2. 467 + o. 015 

s 
<.es> = -0. 052 + 0.002 

1600°C <log K(%)> = -2.463 .± 0.008 

s 
= -0. 052 	+ 0.002<e S > 

1755°C <.log K(o/o)> = -2.453 + o. 014 

s 
-0. 044 + 0.002<es> = 

The results were also processed in terms of the lattice ratio 

variable z: 

1525°C 	 <log K(Z)> = -0. 715 + o. 014 

<ES 7 = -3.20 + o. 11 s 

1600°C <log K(Z)) = -o. 716 + o. 014 

s 
-3.14 o. 	12<ES> = + 

1755°C <log K(Z)> = -0. 707 + 0.008 

s 
<ES) = -3.28 + o. 10 

s 
5.8<SS) = Z. 303 • (ES)s 

A least square line was used to express the temperature dependence 

of both the <equilibrium constant) , <K) , and the <self interaction 
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coefficients (Fig. 22. and 23). 

5. 2. 2. Discussion 

It should be repeated again that the results obtained for the 

binary system do not give accurate thermodynamic data and have 

been processed for comparison purposes with ternary results only. 

Therefore, no attempt has been made here to give values for the 

free energy, enthalpy and entropy of sulphur solution into liquid 

iron according to the reaction 4. 24 

1/2 	s (g) = s
2 

From Fig. 21, 22, 23, the effect of thermal diffusion can 

be observed as follows: 

1) 	 All values of <log K> or <log K') obtained in this 

work are larger than those found by any other worker. 

This is due to the overestimation of the PH /PH ratio
8

at the gas-metal interface when using the a~alyse~ bulk 

gas ratio. 

s 
2) All values of <. e )' obtained in the present work are

8 
lower than those found by any other worker, thus giving 

steeper slopes in the plots of <log K' (%) > versus %S. 

It follows that the overestimation of the P /p ratio 
H 2S Hz 

and hence of <log K'(%) > decreases when using gas mixtures 

with increasing H S contents. This observation agrees with 
2
 

Gillepsie' s theory reported in 5.1. 2. 
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5. 3 Ternary System Fe-S-Cr 
Cr

5. 3. 1. Temperature Dependence of e _
8 

According to the method described in 4. 3. 2. an 

< apparent equilibrium constant> , < K" >, which was derived 

from the corrected PH /PH ratio and the analysed sulphur content,
8

was compared to the <2appar~nt equilibrium constant), <K' > , 
corresponding to the same sulphur content in the binary system. 

Tables 19-22 show: 

1) the analysed S content 


2) < log K"(o/o) > 

3) < log K'(o/o) > 


Cr 
4) log f S = <log K"(%}> - <log K'(%)> and 

5) the corrected Cr content 

0 0 0 0
for temperatures of 1525 , 1600 , 1690 and 1755 C. These results 

are shown in Fig. 24-28 on a weight percent and mole fraction basis. 

Tables 23-26 and Fig. 29, 30 show the effect of Cr on the sulphur 

activity coefficient on a lattice ratio basis. 

Since no significant curvature was observed in the plots of 

log f~r versus %Cr or log 't'~r versus zCr' the experimental points 

were fitted by a least square line with a 95% confidence limit, passing 

through the origin. For the different temperatures the first order 

free energy interaction coefficients, e ~r, on a weight percent basis are: 

0	 Cr 
t c es 	 9 5% Confidence Correlation 

Interval Coefficient 

1525 -0.0120 + 0.0004 0.997 
1600 -0.0105 + 0.0005 0.996 
1690 -0.0088 + 0.0007 0.985 
1755 -0.0057 + 0.0005 0.983 
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The corresponding· values on a lattice ratio basis are: 

t 
0 

c ecr 95% Confidence Correlations 
Interval Coefficient 

1525 -2.50 0.08 0.998± 
1600 -2. 18 o. 10 0.996+ 

1690 -1. 82 + 0.14 0.985 

1755 -1. 15 + o. 10 0.983 


The relationship between e ~r and reciprocal temperature was fitted 

to a least square line with a 68% confidence limit, 

Cr 
e S = (94. 2/T + O. 040) 5.9 

from which the first order enthalpy and entropy interaction coefficients 

were derived: 

hs
Cr 

= -430 ± 10 5. 10 

Cr 
s = -0. 183 + o. 007 5. 11s 

On a lattice ratio basis the temperature and concentration dependence 

can be expressed by: 

EC~ - 8,365/T + 35. 27 5. 12s 
or 

eCr = - 19,240/T + 81. 11 5. 13s 
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5. 3. 2 Discussion 

As 	shown in Fig. 29 and 31 the results of the present work 
27 

agree very well with the data of Ban-ya and 	Chipman< > 

e ~r = -0. 0107, at 1550°C, and disagree with those of Griffing and 
23 26

Healy< >and Adachi and Morita< >. As shown in the tables of 

5. 3. 1 a least square line fits the data points of the present work 

reasonably well in both the weight percent and lattice ratio scale. 

It should be noticed, that the lattice ratio scale gives no better 

linear relationship. 

It is remarkable that the first order free energy interaction 

coefficients,e ~r or (J ~r, are valid up to Cr concentrations of 40 wt. o/o. 

It can hardly be said that the method used was insensitive to higher 

orders of the activity coefficient, for the data points show little 

scattering. The similar chemical and physical properties of iron 

and chromium may account for the observed constancy of the 

interaction coefficient ~r up to 40 wt.%. The experimental results 

lead one to think that e Sr may stay constant for higher Cr contents 

and even up to pure Cr. In this respect it may be noticed that Griffing 

and Healy( 23 ) found 

Cr 
log fs ::: -0.06 

Cr 	 0 
for %Cr = 100 log fs = - 1. 34 at 1760 C • 

Disregarding the temperature difference a constant first order 

interaction coefficient of O. 0128 can be derived,, which is similar to 

the values of e ~r found in the present work. 

The fact that the interaction coefficients e ~r of Ban-ya and 
27

Chipman( ) and those of the present study are identical, leads to 
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the conclusion that in comparative levitation-melting studies of binary 

and ternary systems the effect of thermal diffusion due to a temperature 

gradient (5.1. 2.1) can be cancelled out to a great extent by keeping 

the gas flow rate constant. However, the therm.al diffusion effect 

due to a variation in gas compositions (5.1. 2. 2) needs further examination. 

In this respect, consider Fig. 32. Let l' be the value of 

< log K' > obtained when levitating a pure iron sample in a given 

gas mixture of PH /PH ratio equal to R • Using the same gas
5 1

mixture R , the po~nts 2 r?, 3", 4 11 represent the values of < log K" )'
1

when levitating Fe-Cr samples of increasing chromium content. 

The corresponding log f S 
Cr 

are derived from < log K" > - <log K' > 

where the values of< log K' > , represented by 2', 3', 4 ', correspond 

to the sulphur contents s2, s3, s4 respectively in the binary system 

Fe-S. Thus the ternary points 2", 3", 4", obtained with a gas 

composition R are compared to the binary points 2', 3', 4' obtained
1 

with gas mixtures R , R , R of increasing H S content for which the
2 3 4 2 

thermal diffusion effect is gradually attenuated according to Gillepsie' s 

theory, see 5. 1. 2. 2. To estimate the effect of thermal diffusion due 

to the variation in gas composition, the ternary values 2", 3", 4" need 

to be compared to the binary values 2 111, 3m, 4"', which have the same 

3 111thermal diffusion error as pointl'. The ratios 2"' - 2' , - 3' etc. 
2 112' - 3' - 3" 

measure the variation in thermal diffusion that results from a change 

in gas composition. 

This effect was examined for the ternary runs carried out at 

1525° and 1755°C, see Fig. 33. At each temperature a line was drawn 

through the point of O. 0% Cr. Its slope was taken to be equal to the 

corresponding value of e~ given by Ban-ya and Chipman<
27 >, as these 

values were determined in the absence of thermal diffusion. For 1755°C 

the value of e~ used was obtained by extrapolation of their data. Thus 

the change in interaction coefficient, due to the variation of thermal .' 

http:therm.al
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diffusion with gas composition, was found to be within the 95% confi

dence limit. 



SUMMARY 

The effect of chromium on the activity coefficient of 

sulphur in the ternary system Fe-S-Cr has been investigated over 

the temperature range 1525°C to 1755°C for chromium concentrations 

up to 40 weight percent, using a levitation-melting technique in 

H -H S atmosphere. The effect of thermal diffusion in the gas
2 2 

mixtures could be controlled and was cancelled out in the derivation 

of interaction coefficients of the ternary system Fe-S-Cr. On a 

weight percent basis the temperature and composition dependence 

of the chromium interaction is given by the relationship: 

log f~r = (-94. 2/T + 0. 040) (% Cr) 

Cr
where e S = - 94. 2/T + O. 040 

is the first order free energy interaction coefficient. The first 

order enthalpy and entropy interaction coefficients are found to be 

h Cr= -430 + 70 and s 

Cr 
s = -0. 183 + 0. 007 respectivelys 

In terms of concentration variable z: 

log 'fl ~r = (-8365/T + 35. 2 7) zCr 

46 




47 

6~r= -19240/T + 81. 11 



APPENDIX I 

In a non-ideal solution: 

activity of i = activity coefficient of i x concentration of i 

1) On a mole fraction basis 

a = y. X. A. l 
1 1 1 

where X. is the mole fraction. 
1 

The Taylor expansion of lny. in a multicomponent solution of solutes 
1 

2, •.• , i, j, k, ••• , m in solvent 1 gives for the reference state of 

infinitely dilute solution: 

m dlny. mm 
1 

X X O(x3) A. 2lny. = ~ "X X. + ~ ~ j k + 
1 j=2 u j J j=2 k=2 

where the derivations are to be taken for x~l. 


Multiplication by RT gives the Taylor expansion of excess partial molar 


free energy of mixing for component i: 


E
F. =RT lny. A. 3 

1 1 

F::: = H1:1 TS~ A.4 
1 1 1 

where H1:1 is partial molar enthalpy of mixing and s1:1 is excess partial 
1 1 

molar entropy of mixing. When limiting the Taylor expansion of 

the excess partial molar free energy of mixing to the first order 

48 
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terms, one obtains: 

m dlny.
E l 2

F =RT lny. = ~ X. + 0 (X ) • A. 5 
i l . 2 J

J= 

'J lny.
l 

A. 6(o X. 
J 

is the first order free energy interaction coefficient of component j 

on the activity coefficient of component i, y.. €. ~ is sometimes called 
l l 

first order self interaction parameter. 

) x ---.1 A. 7 
1 

is the first order enthalpy interaction coefficient and 

) x -1 A. 8 
1 

j j j
is the first order entropy interaction coefficient. €. . , n. and G'. are 

l '1 l 

related by the relationship: 

G'"~ 
l 

A. 9
RT R 

A similar formalism is derived for higher orders of the Taylor 

expression, 

e.g. A.10 
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where f ]' k is the second order free energy interaction coefficient 


of both components j and k upon the activity coefficient of i. 


~ !' i would also be called second order self interaction parameter of 

component i. 

2) On a weight percent basis 

a. = f. x (o/oi) A.11 
1 1 

lny. becomes log f. 
1 1 

IIF~ ~ 
1 1 

IIH~ Jf_~ 
1 1 

IIs~ ;f ~ 
l 1 

'°Jlog f. 
1

II( .j e~ = ) %1~100 A.12 
l 1 <-o(%j) 

. ~;1:1
J 1 %1___,..100 A.13~i II 

hi = ~(o/oj) ) 

';):/:
1 cr ~ II s~ = ) %1~100 A.14 

l l (() (o/oj) 

II r.F1·k j, k 
1 

Eqn. A. 8 becomes 
j~ s. 

e~ = 
1 l 

A.15 
1 2.303 RT 2.303 

McMASTER UNIVERSITY LIBRAR't 
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3) Using the concentration variable z. 
l 

n.z ____1____ 

A.16'i 
n + ~ v.n.


1 J J 

where n is the number of moles 

v. 	·-- +1 for a substitutional solute 1 

J 


v. 	= - l/b for an interstitial solute 

J 


and 
b is the number of interstitial sites per lattice atom. 

The activity of i is expressed as follows: 

a. = 't'. x z. and 	 A.17 
l l l 

lny. becomes ln "+'. 
l 	 l 

t .j becomes 9j 
l 	 i 

4) Conversion formulas 

M. M - M.
1--1.. 	 JE?= 230 e~ + 	 A.18 

l 	 lMl 	 Ml 

M. M - M. 
_J_ 	 1 JG~ :::: 100 s~ - R 	 A.19 

l 	 lMl 	 Ml 

M. 
1\j = 100 -1.. h~ A. 20i M 1

1 

~ J_· = j'- e. + (1-v.) 	 A. 21 
1 1 J 

see references: 2, 8, 9, 42. 



APPENDIX 2 

Two short computer programmes were applied to the gas analysis 

results to derive: 

. B atoms hydrogen
1) the rat io = of the gas mixture 

atoms sulphur 

2) the ratio R = PH /PH at room temperature
82 2 

3) the corrected PH /PH .·ratio, R CORR., for H S
8 2

2 2 


dissociation at high temperature. 


B and R were derived from calculation 1 and R CORR. from calculation 2. 
21 22

In the latter the following thermodynamic data< • ) were used. 

H
2

S = 1/2 H
2 

+HS; AG
0 

= +40, 090 -· 15. 40T 

log KHS = -8763/T + 3. 367 

0
AG = +21,530 - ll.73T 

log K = -4706/T + 2. 564
8

2 
0 

H2S = H2 + S(g ); AG = +74, 000 - 26. 33T 


log Ks = -16, 175/T + 5. 760 
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1) Calculation of B and R 

PROGRAM TST CINPUT,OUTPUT,TAPE5=INPuT,TAPE6=0UTPUTl 

c A =NUMBER OF ML. THIOSULPHATE O•OlN USED IN THE TITRATION 
c PMB =BAROMETRIC PRESSURE IN 
c PL =PRESSURE IN ATfv10SPHEI~[ 

c TL =ROOM TEMPERATURE 
c VOLUME OF SAMPLING 8ULB = 136.8 ML 
c 1 ML. THIOSULPHATE CORRESPONDS TO 0.00004-G OF SULPHUR 
c 8 =RATIO OF HYDROGEN ATOMS AND SULPHUR ATO~S IN THE GAS 
c R == H25/H2 RATIO 

I NTEGEf~ RUN 

101 FOR~AT (15,3F9.2J 

102 FORMAT (1Hu,J6,6X,f5.2,6X,F6.1'6X,F7.3,El6.3) 


2 	 READ (5,lvlJ RUN,A,PMB,TL 

IF CRUN.EO.U) STOP 

PL=PM!:3/76U.O 


3 	 AS=A*4.E-05/32.U66 

PH2S=AS*0.082U6*TL/0.1368 

PH2=PL-PH2S 

R=PH2S/PH2 

AH2=PH2*0.1368/(U.08206*TLJ 

AH=2. U·* ( AS+/\H2 l 

B=/\H/AS 

WRITE (6,1U2l RLJN,A,B,PL,R 

GO TO 2 

END 


Data Input Data Output 


RUN A PMB TL B PL R 


275 39.2 76U.2 298.0 228.9 i.ooo 8.816E-03 
276 38.6 759.8 298.0 232.3 l.uou B.684E-03 
277 4U.v 759.4 299.0 223.3 0.999 9.J37E-0:-3 
278 39 • L+ 758.6 297.0 228.0 0.996 9.029E-OJ 
279 4u.l 756.9 297.o 223.5 0.995 9.Ul2E-03 
280 40.0 756.4 297.0 	 223.9 0.995 9.0l2E-03 

http:15,3F9.2J
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2) Calculation of RCORR • 

. This has been done for the gas mixture described in calculation 1 

for which B = 226. 7 and R = O. 008905 by solving a system
m m 

. of five equations and the five unknowns XHz' XH S' XHS' X , XS 
522 

PROGRAM TST (lNPUT,OUTPUT,TAPE5=INPUTtTAPE6=0UTPUTl 
C THE DISSOCIATION IS CORRECTED FOR 1525 AND 1755 C 
C PT =MEAN BAROMETRIC PRESSURE IN ATMOSPHERES 

DIMtNSION TTC(30l 
1 0 4 F 0 ftM AT ( 2 F 8 • 1 l .-~, 

66 FORMAT (2F8.ll 
7U FORMAT (1Hl,71HH2S DISSOtIATIUN CORRECTED PH2S/PH2 RATIO AT GIVEN 

1 TEMPERATURES FOR B= tF6.l//l 
208 FOR~AT (lH-,13XtlHTtl8Xt4HRCOk,11Xt3HXH2tllXt4HXH2StlOXt3HXHS,

211Xt3HX52tllXt2HXSt8Xt4HITER l 
209 	 FORMAT (lH ,1ux,F6.0tlOX,6El4.4,I6 


EPS=l.E-07 

MAX=20 

DO 2 5 I= 1, 2 

READ {5,lv4l (TTC(Il,I=lt?l 


1 	 READ (5t66l i:3tPT 

IF (B.EQ.O.U) STOP 

WRITE (6,7Ul B 

WRITE (6,2U8) 

DO 25 I=lt2 

TC=TTC( I l 

T=TC+273.0 

PT2=SQRT(PTl 

TKHS=-8763.u/T+3.367 

AKHS=lO.O**TKHS 

TKS2=-4706·~/T+2.564 

AKS2=10 • 0*-1(-T KS2 
TKs=-16175.U/T+5.760 

AKS=lO.O**TKS 

ITER=l 

XH2S=O.U 

XHS=o.o 

XS2=0.0 

xs=o.o 


10 BIG=U.O 



--

--

55· 


c COMPUTE XH2 
TEMP=l.U-XH2S-XHS-XS2-XS 
IF (ABS(TEMP-XH2}eGTedIGl BIG=ABS(TEMP-XH21 
XH2=TEMP 

c COMPUTE XH2S 
TEMP=(2.0*XH2-(B-l.Ol*XHS-2•0*b*XS2-8*XSl/(B-2·0> 
IF (ABS(TEMP-XH2Sl.GT.BIGI BIG=AB5(TEMP-XH25) 
XH2S=TEMP 

c COMPUTE XHS 
TEMP=AKHS*XH2S/(PT~*SQRT(XH2)) 

IF (ABS(TEMP-XHSl.GT.BIGl 8IG=AdS(TEMP-XHSl 
XHS=TEfV1P 

c COMPUTE ..XS2 
TEMP=(AKS2*XH2S/(PT2*XH2ll**2 
IF (ABS(TEMP-XS2l.GT.BIGl BI~=AbSCTEMP-XS2) 
XS2=TEMP 

c COMPUTE XS 
TEMP=AKS*XH2S/(PT*XH21 
IF <ABS(TEMP-XS>.GT.LiIGl l::H G= /\BS (TEMP-XS) 
XS=TEfl1P 
IF (BJG.LT.EPSl GO TO 20 
IF (ITER.GE.MAXl GO TO 20. 
ITER=ITER+l 
GO TO 10 

20 RCOR=XH25/XH2 
WRITE (6,209) TC,RCOR,XH2•XH25,XHS,xs2,xs,ITER 

25 	 CONTINUE 

GO TO 1 

END 


6400 END OF RECORD 
1525.0 1755.0 
226.7 0.998 

o.o 

Data Output 
-·~ 

1525° c 
--	 '- -"-  -==-- - --  -"

(PH2S/PH2)CORR.8 • 5 l 3E:...03 

! 9.912E-01 
: XH 

. ? 
8.438E-Ol

XH S 
2 

2.639E-04~s 
5.668E-05XS 

2 
4.943E-U6! XS 

AFTER 7 ITERATIONS 

"""'" 

i 

l 755°c 

' 7.633E-03 

9.914E-Ol 

7.568E-03 

8.t,50E-04 

l.788E-04 

4.644E-05 


AFTER 10 ITERATIONS 


i 
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Table 1. Comparison of Systems Used for Expressing Concentrations, Activities and 

Interaction Coefficients 

I II III IV v 
Type Practical Atom Fraction Quadratic Atom Ratio Interstitial 

Binary Solutions 

100 w n2n2 n2n22 y =- z =a. Concentration (%2) = 2 n
x 

2 
= 

n + n 2 n - n /b
x 

2 
= 

n + nwl + w2 1 2 11 2 1 2

b. Activity Coefficient f2 = a2/(%2) Y2=a2/x2 Y2 = a2/x2 'f2 = a2/z2<f2 = a2/y2 

d log f d ln y d ln y d ln'f'd lnf2 '22 2 2E 2 = 2 a c. Deviation Coefficient = l;: =e2 62 = 
2 

2 12 - d(l - x )2dxd(o/o2) dzdy22 2 2 

Multicomponent Solutions 

100w
2

d. Concentration (%2) = 
2Jw. 

1 

. 'dlog f
2eJ --e. Interaction Coefficient 

2 -()(%.) 
J 

n2 

x2 
 2Jn. 

1 

. dln Y
~ J - 2 
\,;;. 2 - Clxj 

n2 

x2 = 2Jni 

n 
_ _f or 

Y2 - nl 

n2 

y'2 = nl + n3 

. dln'f 2
/- J 
'J 2 oy. 

J 

n2 
z =---=--

2 n + 2Jv.n.
1 J J 

. '()ln'P
oJ = 

2 () z 
j 

Derivatives are to be taken at infinite dilution. w. signifies the mass, n. the number of moles of any component 
including 1, the solvent, and 2, j, k, solutes. 

1 1
b is the number of interstitial sites per lattice atom. For a 

substitional solute v. = l, for interstitial v. = -1/b.
J J 

2 



TAbLE 2 

ATTAINMENT OF <EUUILI~RIUM) AT 160o•c 

EFFECT OF FLOW RATE 

1600°( 

= 0.0015& ± o.ooou2 

FLO'~ 1 FLOW 2 

. 0. 9 1/min. 2. 6 1/min• 5.1 1/min. 

TIME wt.o/oS wt.o/oS wt. %S 

0.5 OeU34 0.074 0.10 7 

1 0.078 0.122 o.1so 

2 0.136 u.211 u.241 

3 0.194 0.276 

4 0•239 0.317 

5 o.21s 0.347 0.364 

6 0.301 o.381 o.3s2 

8 0.345 0.409 0.396 

10 0.352 0.422 0.415 

10 u.414 

12.5 u.442 u.408 

15 o.424 0.439 o.4ou 

17.5 0.447 

20 0.438 

25 o.441 

30 o.441 

40 0.439 

SEE ALSO r~:.:. 7 



·.. 

TABLE 3 

ATTAINiviENT OF< EUUlLlr.H<IUM> AT 175::.>° C 

EFFECT OF FLOW RATE 

1 755° c 

= 0.00148 + u.00006 

FLOltJ 1 FLOW 2 FLm'I 3 

0 • 9 1/min. 2 • 6 1/min. 5 • 1 1/min. 
--~;-~~~~~~-1-~~~~~.~~ 

TIME wt. o/oS wt. %S wt. %S 

min. 

0.029 0.079 0.076 
<' 

1 o.066 0.122 

1.5 o.188 

2 0.121 U.216 

3 0. 181+ 0.262 

4 0.222 0.307 o.;HJ6 

5 0.255 u.323 

6 o.293 U.336 0.322 

8 0.328 0.349 

10 0.345 0.353 0.334 

12.5 o.363 0.366 

15 0. 38\J 0.359 

SEE ALSO FIG. 8 




TAbLt. 4 

ATTAIN1•iENT OF <EQLJILlBl-<ILJiv;) AT 1755°C 

EFFECT OF FLOW RATE 

17 5 5° c 


= 0.00895 + 0.00011 

' 

FLOv'i 2
FLOW 1 

2.6 1/minu.9 1/min 

TIME wt.%S wt.%S 
min._ ,

0.422 
l 

u.1670.5 
o.746 


2 

u.440 

1.27 

3 


o.864 
1.63 


4 

1.18 

1.95 

5 


1. 4lJ 
2.191.62 
2.205 


6 
 2.36 

8 


1.89 
2e6U 


lU 

2.18 

2.67 

10 


2.44 
2.10 
2.76 


15 

2.5412.5 

2.83 

15 
 2.852.62 

2.86 

20 


2.7517.5 
2.94 


25 

2.69 
2.1u 


30 
 2. 7CJ 

40 
 2.80 

50 
 2.90 

SEE ALSO FIG. 9 




TABLE 5 


AT TA I N 1"1 EN T 0 F < EU U I L I BR I Uh > 

FOR VERY LOW ANO LO~ VAL0ES OF 

PH S/PH
2 2 

EFFECT OF TEMPERATURE 

PH S/PH = 
2 2 

u.ooo9u p /P = 
H2S H2 

0.00184 

. 
1590°c 17':>5°C 159u 0 c 175':>°C 

TIME 
min. 

wt.%S wt.%5 wt.%S 
<. 

wt. %S 

3 u.413 

5 0.226 o.446 0.449 

7.5 0.245 u.232 0.512 0.460 

lU 0.255 u.235 0.531 u.477 

12.5 0.262 u.243 u.548 0.471 

15 0.263 u.259 0.532 0.471 

17.5 0.265 u.235 u.532 0.473 

20 0.265 u.238 0.540 0.479 

25 0.261 0.237 0.540 Oe486 

30 0.263 u.229 o.528 o. 4 7':> 

4U 0.265 0.243 o.542 0.473 

50 0.264 u.532 

SEE ALSO FIG~ 10 AND 11 



TAbLE 6 

ATTAINMENT OF <EQUILIBRIUM> 

FOR MEDIUM, HIGH AND VERY HIGH VALUES OF 
fH S/PH

2 2 
EFFECT OF TEMPERATURE 

PH S/PH
2 2 

= PH S/PH
2 2 

= PH S/PH
2 2 

= 

0.00501 0.00412 o.o089'+ 0.01405 

159U 0 C. 1755°( 159iJ 0 
( 1755°C 159u 0 c 1755° c 

TI fViE wt.%S wt. %S wt.%S wt.%S wt. %S wt. %S 

min. 

u.5 
.1 
2 
3 
4 
5 
6 
7.5 
8 

lU 
12.5 
15 
15 
17.5 
2v 
25 
3U 
35 
4u 
45 
50 
6U 
75 

1.48 

1.62 

1.66 
1.72 
1.76 

1.77 
1.73 
1.76 
1.67 
1.72 
1.72 

1.78 
1.71 

1.25 

1.38 

1.45 
1. 4 3 
1.43 

1.43 
1.48 
1. '+ 7 
1.48 

1.47 

u.429 
U.825 
1.36 
1.79 
2.12 

2.65 

2.99 
3.26 
3.41 
3.55 

3.61 
3.84 
3.81 
3.76 

3.76 

3.93 
3.79 

2.74 

2.90 

,. 

4.71 

5.64 

5e98 
6.91 
1.ao 

a.20 
a.21 
9.16 
9.53 

10.8 
11.l 

12·4 
12.6 

3.43 

4.06 

4.88 

4.95 
5.47 
5.76 
5.76 
5.99 
6.25 
6.53 
6.72 

6.58 

SEE ALSO FIG. 12,13 ANU 14 




TABLE 7 

~EQUILI~RIUM> RESULTS AT 1525°C 

RUN 

1Ulu6 


1U2U5 


10305 


104U4 


105u5 


1U6U5 


107Ul 


1U8U4 


10904 


11004 


(a) 

DROPLET 

(o/oS)
m 

u.581 

u.646 

u.819 

3.96 

2.63 

0.633 

4.76 

2.52 

2.410 

4.24 

N 

6 


. 	5 


5 


4 


5 


5 


1 


4 


4 


4 


ANALYSIS 


s 

u.023 

u.ul3 

u.ou8 

0.06 

u.04 

o.ou9 

u.us 

u.002 

0.08 

RSD 

3.9 

2.0 

l.o 

1.4 

1.6 

1.4 

2.1 

0.1 

1·8 

b 
m 

1096 


98L~ 

777 


221 


290 


902 


215 


29'6 


314 


226 


(b) 

GA5 ANALYSIS 

R 
m 

xJOOO 

1.83 

2.u4 

2.58 

9.15 

6.95 

2.22 

9.38 

6.81 

6.42 

8.92 

N 

13 


6 


9 


5 


3 


3 


1 


6 


2 


4 


s 

x:lOOO 

0.05 

o.u7 

a.us 

0.17 

o.os 

0.01 

0.13 

0.03 

0.12 

RSD 

2.7 

3.4 

1.9 

1.9 

1.2 

2.9 

1.9 

0.5 

1.3 



TABLE 8 

<EQUILIBRIUM> RESULTS AT 1600°C 

(a) (b) 

DROPLET ANALYSIS GAS ANALYSIS 

RUN (o/oSl N s RSD IJ I~ N s RSD m m m 

xlOOO xlOOO 

20lll.H~· 1.73 1 (J \.I. 03 1.7 41.Jl 5.01 5 0.14 2.8 

20207 0.264 7 u.002 o.a 2237 0.90 7 o.o 3 3.o 

2U3u9* 0.536 9 O.()U6 l·l 1085 le84 5 0 .o 8 4.0 

20406* 3.81 6 u.06 1.7 227 8.94 5 o.o3 o.3 

20507 0.441 7 0.003 0.1 1287 1.56 7 0.02 1.3 

2U6U3 u.633 I 3 o.uu3 0.5 932 2.12 1 () 0.13 6.1 

20708 1.25 8 (). 0 l 0.9 503 3.99 4 0. () 3 a.a 

20809 2.88 9 u.04 1·5 264 7.64 4 o.u 8 l.o 
!· 

* RUNS CARRIED OUT AT 1590 C 




TABLE 9 

<,EQUILIBRIUM:> RESULTS AT 1755°C 

(a) (b) 
DROPLET ANALYSIS GAS ANALYSIS 

RUN (o/oSl.m N s RSD i:3 m R m 

xlOOO 

N s 

xlOOO 

RSD 

40108 u.476 8 u.uu5 l.o 1085 1.84 5 o.us 4.1 

402U8 0.240 8 u.009 3.7 2237 0.90 7 o.o 3 3.0 

40303 1.430 3 0.002 0.1 426 4.72 4 0 .o 9 L.l 

4U4U3 6.61 3 0.10 1.5 144 14.05 9 o.1s lel 

40503 ·0.355 3 0.002 0.6 1549 1.30 10 0.06 4.6 

40602 2.82 2 0.12 4.1 227 8.94 5 o.u 3 0.3 

4U7U4 0.367 4 o.uo9 2.4 1354 1.48 3 0.06 4.1 

40805 2.86 5 u.u7 2.5 224 9.uu 2 Oe26 2.9 

40905 o.908 5 0.001 a.a 59·8 3.36 2 o.o 1 o.3 

41005 2.26 5 u.o4 1.8 271 7.44 3 0 .u 8 l.l 



TABLE 10 


CHROMIUM CONTENT OF IkON-CHROMIUM ALLOYS 


MELT 

' 

1 


2 


3 


4 


5 


6 


7 


8 


9 


lU 

11 


12 


13 


14 


15 


16 


17 


18 


19 


2U 

-

A 1 


1.99 

2. OG 

4.18 

4.93 

9.87 

9.92 

19. 8 


19.8 

24.6 

24.3 

29.2 

29.4 

32.4 

34.8 

39.8 

41.4 

39.2 

ANALYSIS (wt. %Cr) 

A 2 
 A 3 
 A 4 


1.97 2.00 

1.97 1.94 

4.93 4.85 

4.89 4.91 

9.74 

9.59 9.96 
,. 

14.9 

14.9 

19.5 

19.7 19.8 

19.5 

24.3 

24.4 

29.2 29.5 

29.4 29.6 

32.4 32.6 

34.4 34.6 

39.4 39.3 

41.3 41.3 

38.3 39.7 

4.78 


. 5. 05 


9.74 


9.9s 


14.9 

14.8 

19.7 

24.6 


2't. 5 


jv1RD 

0.8 

1.5 

7.5 

1·6 

0.7 

1.9 

(J • 0 

0.4 

u.8 

0.3 

0.6 


u.4 


(.) • 5 


0.4 


o.3 

u.6 

0.1 

0.2 

1.8 



.•. 

TABLE 11 

CHROMIU~ LOSS D0RING LEVITATION 

EFFECT OF TEMPERA~0R~ 

RUN wt. %Cr 
INIT. 

TIME wt;.%Cr 
FIN• 

CH ROM IlJi'i 
LOSS 

1590°C 

734 
733 
732 

34.6 
34.6 
34.6 

15 
30 
45 

34.1 
34.1 
33.7 

0.60 

FLOvJ OF HYD. 

2. 6 1/min. 

-

729 
730 
731 

24.6 
24.6 
24.6 

15 
30 
45 

24.4 
24.2 
23.7 

u. 74 

726 
727 
728 

14.9 
14.9 
14.9 

15 
30 
45 

14.7 
14.6 
14.4 

o.1s 

Cr LOSS IN 3·0F INIT. CONTE.NT PER 10 i-lINJTES: o.74 

1755°C 
720 
721 

34.6 
34.6 

18 
30 

32.5 
32.u 

3.2 

FLOvJ OF HYD. 

2.6 l/min. 

724 
725 

722 
723 

24.6 
24.6 

14.9 
14.9 

15 
30 

15 
30 

23.7 
22.7 

14.3 
13.5 

2.9 

3.4 

Cr LOSS IN% OF !NIT. CONTENT PER 10 MINUTES: 2.9 

SEE ALSO FIG. 15 AND 16 




TAeLE 12 

ATTAINMENT OF~ EQUILIE:IRIUi'vl> 

IN lRON-CHRO~lUM ALLOYS 


1525° c 

PH S/PH = 
2 2 


0.00204 


1600°C 

p S/PH = 
Hz 2 


0.00212 

1690°c 

=PH S/PH 

2 2 


0.00299 

1755°c 

PH S/PH = 
2 . 2 


u.00130 


RUN 


807 


804 


808* 


809 


965 


961 


962 


963 


964 


1006 


1007 


1008 


1010 


1011 


1012 


711 


712 


713 


714 


715 


716 


717 


718 


wt. %Cr 

41.3 

41.3 

41.3 

41.3 

39.3 

39.4 

39.4 

39.3 

39.3 
-
39.3 

39.3 

39.3 

32.4 

32.4 

32.4 

41.3 

41.3 

41.3 

41.3 

34.4 

34.4 

34.4 

34.4 

TifvlE 

45 


50 


60 


75 


3U 


45 

. 

6u 


75 


9..; 


20 


30 


40 


3U 


45 


60 


12.5 


15 


2U 


25 


12.5 


15 


2v 


25 


wt. %S 

2.39 

2.41 

2.5~ 

2.37 

1.86 

1.90 

1.93 

1.89 

1.82 

1.68 

1.76 

1.97 

1.68 

1.56 

1.44 

0.592 

0.586 

0.611 

0.608 

o.5o3 

0.505 

0.519 

o.515 

*RUN AT 1515 C 




TABLE 13 

TERNARY SYSTEM 

IRON - SULPHUR - CHROMIUM 

<EQUILIBRIUM> RESULTS AT 1525°C 

wt.o/oSRUN 

0.783824 
o.788825 
o.583823 
o.644820 
o.659821 
o.665822 
leu2827 
1.01828 

829 l.U3 
o.897816 
0.886817 
o.898818 
1.42833 
1.42834 
1.19814 
1.23815 
2.u3830 
z.u5831 
2. \J8832 
1.7081U 
1.73811 
1.68812 
1.21813 

8\J4 2.19 
2 .17807 

808 2.31 
809 2.16 

wt. %Cr 
INIT. 

1.96 
1.96 
1.98 
4.90 
4 ~9 iJ 

4.9(J 
9.74 
9.74 
9.74 

14.9 
14.9 
14.9 
19.5 
19.5 
24.6 
24.6 
29.5 
29.5 
29.5 
34.6 
34.6 
34.6 
34.6 
41.3 
41.3 
41.3 
41.3 

T li'"1 t: 
min• 

. 45 
35 
40. 
45 
45 
45 
50 
60 
50 
50 
50 
50 
50 
50 
50 
50 
60 
60 
50 
55 
55 
60 
50 
50 
45 
60 
75 

wt. %Cr 
FU~. 

1.92 
1.93 
1.90 
4.81 
4.81 
4.81 
9.54 
9.5U 
9.54 

14.6 
14.6 
-14. 6 
19 .1 
19.1 
24.1 
24.1 
28.8 
28.8 
Zb.9 
33~8 
33.8 
33.7 
24.1 
40.5 
40.5 
40.3 
40.0 



TABLE 14 

TERNARY SYS T Efvi 


IRON - SULPHUR - CHROMIUM 


<EQUILI8RIUM) RESULTS AT 1600°C 

RUN wt. %S wt. %Cr 
INIT. 

Tlr"'1E 
min. 

wt. %Cr 
FIN. 

975 
976 

0.595 
o.582 

le96 
1.96 

3 () 
L~O 

.. 1.91 
1.90 

977 o.589 le96 40 1.90 
973 0.651 4e9U 45 4. TL 
974 0.647 4.9u 45 4.72 
978 0.739 9.75 50 9.36 
980 0.121 9.75 50 9.36 
981 0.132 9.75 50 9.36 
971 o.838 14.9 50 14.3 
972 0.845 14.9 50 14.3 
982 0.920 19.7 60 18.8 
983 0.888 19.7 60 18.8 
968 leU3 24.4 60 23.2 
969 1.05 24.4 60 23.2 
966 1.25 32.5 60 30.9 
967 1 .. 27 32.5 60 30.9 
963 1.72 39.3 7';; 36.9 
964 1.66 39.3 90 36. 5. 
961 1.73 39.4 45 37.9 
962 1.75 39.4 60 37.5 



TAl3LE 15 

TERNARY SYSTEM 


IRON - SULPH0R - CHROMIUM 


<EQUILIBRIUM) RESULTS AT 1690°C 

RUN wt.o/oS wt. %Cr T li"1t wt. %Cr 
I f'l IT. · min. F l 1'-1 • 

1024 0•785 1.96 25 1.87 
lU25 0.791 1.96 25 1.87 
1033 o.784 1.94 20 < 1.87 
1022 
1023 

0.864 
0.870 

4.92
'+. 9 2 

30 
30 

4.66 
4.66 

1U32 o.874 4.92 25 4.71 
1020 o.984 9.75 30 9.24 
1021 o.928 9.75 30 9.24· 
1U31 o.983 9.78 25 9.34 
1Ul8 lell 14.9 30 14.l 
1019 1.10 14.9 30 14.1 
lu30 1. li6 14.9 40 i·3. 8 
lul6 1.22 19.7 30 18.7 
1Ul7 1.20 19.7 30 18.7 
1029 1.20 19.7 40 18.4 
1013 le34 24.4 30 23.1 
1014 1.29 24.4 40 22.1 
1028 1.28 24.4 40 22.1 
lulu 1.53 32.5 30 30.8 
1011 1.42 32.5 45 30.0 
1012 1.31 32.5 60 ~9.1 

1008 1.79 39.3 40 36.6 



TABLE 16 

TERNARY SYSTEfv'1 

IRON - SULPHUR - CHROMIUM 

<EQUILldRIUM) RESULTS AT 1755°C 

RUN wt.o/oS wt. %Cr TIME wt. %Cr 
INIT. min. FIN. 

680 0.333 1.98 12.5 1.91 
684 0.333 1.98 12~5 1.91 
685 0.346 1.98 17.5 1.88 
686 -0.321 1.98 20.5 1.86 
687 u.352 4.82 12.5 4.65 
688 o.353 4.82 15 4.61 
689 0.356 4.82 17. '.) 4.58 
690 0. 3 6'+ 4e82 20 4.54 
693 0.39U 9.74 17.5 9.25 
694 o.38U 9.74 20 9.18 
697 0.388 1Lt•9 17.5 14.2 
698 0.396 14.9 20 14.l 
7Ul 0.425 19.6 17.5 18.6 
7U2 0.415 19.6 20 1Cl. 5 
705 o.441 24.5 17.5 23.::> 
7u6 0.440 24.5 20 23.1 
709 0. '+ 81 29.2 17.5 27.7 
710 0.'+75 29.2 20 27.5 
717 0.472 34.5 20 32e5 
718 0.468 34.5 25 32.0 
713 0.555 ·41. 3 20 38.9 
714 o.553 41.3 25 38.3 



TABLE 17 

8INARY SYSTEili 

TEMPERATURE DEP~~UENCE OF 

LOG KI<%) 


RUN PH S/PH
2 

ANAL. 
2 

PH S/P
2 

COl-<R. 

H 
2 

wt.%S ('LOG K• (o/ol) .6LOG K' 

in% 

--------------------- 1525 c -------------------
1Ul06 le83 1.77 .581 -2.517 2.9 

10205 2.u4 1.97 .646 -2.516 2.4 

lU305 2.58 2.49 .819 -2.517 1.3 

104U4 9.15 8.75 3.96 -2.656 1.5 

10505 6.95 6.67 2.63 -2.595 i.2 

10605 2.22 2.15 .634 -2.470 1.9 

10701 9.38 8.97 4.76 -2·725 

10804 6e8l 6.53 2.52 ,-2. 586 le7 

10904 6.42 6.16 2.41 -2.592 0.2 

11U04 a.92 a.53 '+. 24 -2·697 1·4 


-

--------------------- 1600 c -------------------
2011U 5.01 4.73 le73 -2.564 2.0 

20207 0.90 .85 .264 -2.491 1.6 

20309 1~84 1.76 .537 -2.485 2.3 

2u406 8.94 8.33 3.81 -2.660 1.4 

20507 1.56 1.47 .441 -2.476 o.9 

20603 2.12 2.04 .632 -2·492 2.9 

20708 3.99 3.76 1·25 -2·522 0.7 

20809 7.64 7.13 2.88 -2.606 1.1 


--------------------- 1755 c -------------------
40108 1.84 l e6L1 • 4 75 -2·462 2.2 
40208 0.90 .so • 2lf0 -2·478 2.9 
40303 4.72 4.13 1.43 -2.540 o.s 
404U3 14.U5 11.8 6.61 -2.74 
40503 1.30 1.15 .354 -2.489 2.2 
40602 8.94 7.63 2.82 -2.568 2.5 
40704 1.48 1.31 .367 -2.446 2.8 
40805 9.00 7.72 2.86 -2.569 2.3 
40905 3.36 2.95 .909 -2.488 o.5 
41U05 7.44 6.42 2.26 -2.546 1.2 

-



TABLE 18 

BINARY SYSTE1'"i 

TEMPERATUR~ DEPENDENC~ OF 
('LOG K'!X}) AND <LOG K'CZl) 

<LOG K
1
!Zl>zRUN <LOG K'I X l>PH S/PH s2 2 

<.or-rn. 

1525 c 

10106 1.77 .0101 -.756 .01u3 -. 765 . 
1 U2U5 1.97 .0112 -.755 .oil4 -.765 
10305 2.49 .0142 -.755 .0146 -.768 
104U4 8.75 e067U -.884 .0774 -.947 
10505 6.67 e0449 -·828 .0493 -.869 
10605 2.15 .0110 -.709 .o 112 -.719 
1U701 a.91 .oao1 -.951 .0953 -1.021 
10804 6.53 .0431 -.819 .0472 -.858 
10904 6.16 • Qi~ 12 -.825 .0449 -.863 
llOCJ4 8.53 .0717 -.924 .0836 -.991 

1600 c 

20110 4.73 ·0298 -.799 .0317 -·826 
20207 ·85 ·0046 -·731 .0046 -·735 
20309 1.76 .ou93 -.724 .0095 ~.732 

20406 8.33 .0646 -.889 .0742 -.949 
20507 1.47 .0077 -.716 .0078 -.122 
20603 2.04 .0110 -.731 .0112 -.740 
20708 3.76 .0216 -.758 .0226 -·778 
20809 7.13 .0491 -.838 .0545 -.883 

1755·( 

4UlU8 1.64 .OU82 -.7u2 .uo84 -.7U9 
40208 .so .ou42 -.718 • 00 '~2 -.72.!. 
40303 4.13 .02"47 -.777 .0259 -.799 
40403 11.77 .1098 -.970 .1406 -1. 0 77 
40503 1.15 .0062 -·728 .0062 -·734 
40602 7·63 ·0481 -·800 .0533 -·844 
40704 1.31 .0064 -.686 .0065 -.692 
40805 7·72 ·0488 -.801 .0540 -·845 
40905 2.95 • 015 -, -.726 .• 0162 -.740 
41005 6·42 .0387 -·780 .0420 -·815 



TABLE 19 

TERNARY ~YS TEf"'1 

IRON - SULPHUR - CHROMIU~ 


EFFECT OF CHROMIUM ON THE 

ACTIVITY COEFFICIENT OF SULPHUR AT 


1525° c 

(P /P ) = 0.00204 OR 
H2S H2 CORR. o.00253 

WEIGHT PERCENT SCALE 

RUN 
- ~ 

wt.o/oS <LOG KI'> <LOG K'> LOG fer 
s wt. %Cr 

CORR. 

824 * 
825 * 
823 
820 
821 
822 
827 * 
828 * 
829 * 
816 
817 
818 
833 * 
834 * 
814 
815 
830 * 
831* 
832 * 
810 
811 
812 
813 
804 
807 
808 
809 

.861 

.867 

.641 

.708 

.725 
.• 731 
1.12 
1 .11 
1.14 

.987 

.975 

.988 
le57 
1.57 
1.31 
1.36 
2.23 
2.25 
2.29 
1.87 
1.90 
1.84 
1.33 
2.41 
2.39 
2.55 
2.37 

-2.532 
-2.535 
-2.498 
-2.541 
-2 e5 5 l 
-2.555 
-2.646 
-2.643 
-2.652 
-2.685 
-2.680 
-2.686 
-2.791 
-2.792 
-2. 81 i.) 
-2.824 
-2.946 
-2.95U 
-2.956 
-2.963 
-2.970 
-2.957 
-2.816 
-3.073 
-3.069 
-3.u97 
-3.066 

-2.513 
-2.513 
-2.501 
-2.505 
-2.506 
-2.506 
-2.526 
-2.526 
-2.527 
-2.519 
-2.519 
-2.519 
-2.550 
-2.550 
-2.537 
-2.539 
-2.585 
-2.586 
-2.588 
-2.566 
-2.567 
-2.565 
-2.538 
-2.594 
-2.593 
-2.602 
-2.592 

-.u19 
-.ui:'.2 

• U03' 
-.U37 
-.v46 
-.U49 
-.120 
-.117 
-.125 
-.166 
-.161 
-.166 
-.241 
- • 2Li 2 
-.273 
-.285 
-.361 
-.364 
-.368 
-.397 
-.402 
-.392 
-.278 
-.478 
-.476 
-.495 
-.474 

1·92 
le93 
le 9(.) 
4·81 
4.81 
4.s1 
9.54 
9.50 
9.54 

14.6 
14·6 
14.6 
19.l 
19.1 
24.l 
24·1 
28·8 
.28. b 
28·9 
33.s 
33.s 
33.7 
24.l 
40.5 
40.5 
4Ue3 
40.0 

SEE ALSO FIG. 24 

* Runs carried out with (PH 5/PH ) CORR.·= 0.00253 
2 2 



TAoLE 20 

TEkNARY SYS Tb•1 

IRON - SULPHUR - CHROMIUM 


.EFFECT OF CHROMIUM ON THE 
ACTIVITY COEFFICIE~T OF SULPHUR AT 

1600° c 
-

(PH2S/PH2) CORR. = o. U0203 

WEIGHT PERCENT SCALE 

RUN wt.%S <.LOG KI'> <LOG r( '> 
Cr 

LOG f S wt. %Cr 
CUk1:;:. 

<" 

975 .654 -2.509 -2.495 -.013 1.91 
976 ·640 -2.499 -2.494 -.uo5 1.90 
977 • 6'+8 -2.504 -2.495 -.u09 1.90 
973 .716 -2.548 -2.498 -.U49 4.72 
974 .112 -2.545 . -2.498 -. 04 7 4.72 
978 ·813 -2..603 -2.503 -.100 9e36 
980 .793 -2.592 -2.502 -.u90 9.36 
981 .80.5 -2.599 -2.503 -.U96 9.36 
971 .922 -2.657 -2.508 -.149 14.3 
972 .929 -2.661 -2.509 -.152 14.3 
982 1. () 1 -2.698 -2.513 -.185 18.(:) 
983 .977 -2.682 -2. 511 -.171 18.8 
968 1.14 -2.74d -2.519 -.229 23.2 
969 1.15 -2.754 -2.520 -.234 23.2 
966 1.38 -2.832 -2.531 -.3()1 3v.9 
967 1.40 -2.837 -2.532 -.3o5 3().9 
963 1. 8 '::' -2.968 -2.556 -.412 36.9 
964 1.82 -2.~)~·:~ -2.553 -.400 36.5 
961 1.90 -2.972 --:.:57 -.415 37.9 
962 1.93 -2.978 -2.558 -.419 37.5 

SEt ALSO FIG. 25 



TABLE 21 


TERNARY SYSTE,'vl 

IRON - SULPHUR - CHRO~IUM 

EFFECT OF CHROiiiIUM ON THE 

ACTIVITY COEFFICIENT OF SULPH0R AT 


(P /P ) -= o.uo267 
H S H CORR.

2 2

WEIGHT PERCENT SCALE 

LOG ferwt.o/oS <LUG Kt'> wt. %CrRUN .(LOG i<. '> s COh'.R • 

,. 

le87-.vl3.-2.5liJ -2.4971024 
 .863 

1.87-.lil6.87U -2.513 -2.4971025 

1.87-.013-2.4971U33 .862 
 -2.510 
4.66-.u51-2.552 -2.'.::>01.95U1U22 
4.66-2.5011023 
 .957 
 -2.555 -. 054 

-.u55 4.71-2.557 -2.5021032 
 .961 

-.l(Jl 9.241020 
 -2.608 -2.5071.08 

9.24-.U79-2.583 -2.5041021 
 l • 02· 
-2.60(j 9.34-.1011031 
 1.08 -2.507 

-.150 14.11018 
 -2.664 -2.5141.23 
14.1-.143-2.5131019 
 -2.6561·21 

-.129-2. 511
-2.64U l~·bl03U 1.16 
18.7-.1831. 3:) -2.5191Ul6 -2.703 

-.177 18.7-2.5181017 
 1.32 -2.695 
1a.41029 
 -2.693 -2.518 -.1751.31 

-.218le48 -2.743 -2.526 23·11013 

22.6-.202-2.523-2.7251014 
 1.42 
22.1-.200-2.522-2.7231028 
 le4l 
30.1-.265-2.sou -2.535le68lUlO 
29.9-.238-2.530-2.76d1.561011 

29.l-.2CJ9-2.524-2.7331.441Li12 
36.6-.320-2.549-2.8691008 
 1.97 

SEE ALSO FIG. 26 




TABLE 22 


TERNARY SYSTH"i 

I RON - SULPHUR - CHl-<Oi,1IlJ1•i 

EFFECT OF CHROMIUM ON THE 

ACTIVITY COEFFICIENT OF SULPf-IUf~ AT 


l 755°C 

{PH2S/PH2) CORR.= 0.00120 

WEIGHT PERCLNT SCALL 

Cr 
RUN wt. o/oS <LOG KI'> <LOG K'"> LOG f s wt. %Cr 

CORR • 

.. 
680 .366 -2.484 -2.469 -.014 le9l 
684 .366 -2 • '+84 -2.469 -.014 1.91 
685 .381 -2.500 -2.470 -.030 1. t\8 
686 .353 -2.461-J -2.469 • uo 1 le86 
687 .387 -2.508 -2.470 -.037 4.65 
688 .388 -2.509 -2.470 -.U39 4.61 
689 .392 -2.513 -2.471 -.U42 4.58 
690 .4Gli -2.s22 -2.471 -.u51 4.54 
693 .429 -2.552 -2.472 -.uso 9.25 
694 .418 -2.541 -2.472 -. li69 9.18 
697 .427 -2.55U -2.472 -.u78 lL; • 2 
698 e436 -2.559 -2.473 -.086 14·1 
701 .467 -2.590 -2.474 -.116 18.6 
702 .456 -2.579 -2.474 -.106 18.5 
7v5 .485 -2.606 -2.475 -.131 23.3 
706 .484 -2.605 -2.475 -.130 zj.1 
7CJ9 .529 -2.643 -2.477 -.167 27e7 
7lu .522 -2.638 -2.476 -.162 27.5 
717 .519 -2.635 -2.476 -.159 32.5 
718 .515 -2.632 -2.476 -.155 32.0 
713 .610 -2.706 -2.480 -.225 38.9 
714 .608 -2.704 -2.480 -.224 38.3 

SEE ALSO FIG. 27 




TABLE 23 

TERNARY SYSTEM 
IRON - SULPHUR - CHROMIUM 

EFFECT OF CHROMIUM ON ThE 
ACTIVITY COEFFICIENT OF SULPHUR AT 

l525°c 

(P /P )
H2S H2 CORR.= 

0.00204 
0.00253 

OR 

LATTICE RATIO SCALE 

LOG f Crz zRUN <LOG K'><LOG KI'> wt. %Cr 
s ',wt.o/oS Crs 

CORR. 
_) 

le92.861 .0154 -.783 -.764 -.019 .021824 * 
.021 1.93-.u22-.786 -.764.867 .0155825 * 

823 -.747 -.751 .021 1.90.641 .0114 .004 
820 .708 .0126 -.791 4.81-.755 • 052-.036 

• 05 3 4.81821 .725 .0129 -.801 -.756 -.045 
4.81.05 3.0130 -.805 -.756 -.049822 .731 
9.54.0201 -.90u -.7801.12 -.121 .105827 * 

.104 9.50-.898 -.7791. 11 .0200 -. 119828 * 
9.54.10 5-.781 -.126.0204 -.9071.14829 * 

14.6816 .0111 -.938 -.772 .160.987 -.167 
.160 14.6817 .975 .0174 -.933 -.771 -.162 
• 16 (; 14.6-.939 -.112818 .988 .0177 -.167 

19.l.0285 -1.051 -.807 -.244 .2111.57833 * 
19.l.2111.57 .0285 -1.052 -.807 -.245834 * 
24.l.264.0237 -1.066 -.792 -.275814 1.31 
24.l.264.0245 -1.081 -.794 -.287815 1.36 
28.8.322.0415 -.3642.23 -1.214 -.850830 * 
28.8.322.0418 -1.218 -.852 -.3672.25831 * 
28.9.324-.854 -.371.0425 -1.2252.29832 * 
33.8.37381 (J -.400.0343 -1.226 -.8271.87 
33.8.374-1.234811 1.90 .0349 -.829 -.405 
33.7.372812 .0338 -1.221 -.825 -.3961.84 
24.1-1.073 -.793 .264813 1.33 .0241 -.280 

.;... 4828U4 -1.343 .452 40.52.41 • 0L~49 -.862 
40.5807 .0445 -1.340 -.860 .4532.39 -.479 

-1. 369'8U8 .0477 -.871 .452 40.32.55 -.498 
8 09 .0442 .447 40.u2.37 -1.336 -.859 -. L~ 77 

SEE ALSO FIG. 30 

* Runs carried out with (PH 5/PH ) CORR. = 0.00253 
2 2 



TABLE 24 


TEf-<NARY SYSTEM 

IRON - SULPHUR - CHROMIUM 


EFFECT OF CHROMIUM ON THE 

ACTIVITY COEFFICIENT OF SULPHUR AT 

1600°C 

= 0.00203 

LATTICE RATIO SCALE 

LOG'fCr l wt. %Cr<L0G K'><LOG KI'>lwt.%SRUN Crss CORR. 


.021 1 • )I 1
-.013 
<" 

-.744-.757.0116.654
975 
 1.90.021-.004-.1L;8 - •.744
.0113.640
976 
 1.90.021-.009-.744-.753.0115.648
977 
 4.72.,052-.049-.748-.797.0121.716
973 
 4.72.o52-.047-.748- • 79'-i·.0126.712
974 
 9.36.102
-.100-.753-.853.0145.813
978 
 9 • .16
.1u2-.090-.752-.842.0141.793
98U 9.36.102
-.096-.753-.849.0143.805
981 
 14.3.156
-.150-.76U-.909.0165.922
971 
 14.3.156
-.153-.760-.913.0166.929
972 
 lH.8.205
-.186-.7765-.951.01811.01982 
 1 b .. 8
-.172 I .204
-.763-.935.0175.977
983 
 LJ.i• 2:) 2
-.231-.772-1.002• 02 0'+1.14968 
 2 3 .. 2
.253
-.236-·773-1.009.02u71.15969 
 30.9.337
-.304-.786-1.090.02491.38966 
 30.9.337
-.308-.787-1.095.02531.40967 
 36.9.40 7
-.416-.816-1.232.03461.89963 
 36.5.401
-.404-.812-1.216.03341.82964 
 37.9.418
-.419-.817-1.237.03501.90961 
 37.5.413
-.423-.819-1.242.03541.93962 


SEE ALSO FIG. 29 A~D 3U 



TABLE 25 


TERNARY SYSTEM 

IRON - SULPHUR - CHROMIUM 


EFFECT OF CHROMIUM ON THE 

ACTIVITY COEFFICIENT OF SULPHUR AT 

1690°c 

( p /P ) = 0.00267
H S H CORR.

2 2. 
LATTICE RATIO SCALE 

RUN wt. %S L s 

1U24 .863 .0154 
lv25 .870 .0155 
1U33 .862 .0154 
1U22 .950 .011u 
1\.)2 3 .957 .0171 
1032 .961 .0172 
1U2U l.os .0194 
1U21 1.02 .0183 
103l 1.08 .0194 
1Ul8 1.23 .0222 
1Vl9 1.21 .0217 
liJ3u 1.16 .0209 
1Ul6 1.35 e02Ld 
lU17 1.32 .0239 
1U29 1.31 .0238 
1013 1.48 .0266 
1014 1.42 .0257 
1U28 1.41 .0255 
1010 1.68 .0308 
1\.)11 1.56 .G284 
1Ul2 1.44 .0262 
1008 1.97 .0363 

<LOG K' '> <LOG t<.'> LOG 'f'Cr 
s 

-.762 -.748 -.014 
-.765 -.748 -.017 
-.761 -~748 -.013 
-.804 -·752 -.052 
-.807 -.753 -. O'.:I'? 
-.809 -.753 -.0'?7 
-.862 -.759 -.103 
-.836 -.756 -.080 
-.862 -·759 -.103 
-.920 -.767 -.153 
-.911 -._766 -.145 
-.895 -.764 -.131 
-. 960 -.774 -.186 
-.952 -. r12 -.180 
-.950 -.772 -.178 

-1.002 -.781 -.222 
-.983 -.rn -.206 
-.981 -.777 - • 2 OLt 

-1.062 -.792 -.270 
-1.028 -.785 -.242 
-.991 -.779 -.213 

-l.13Lt -.sos -.326 

z wt. %Cr 
Cr CORR. 

.021 1.87 

.021 1.87 

.021 1.87 

.051 4.66 

.051 4.66 

.052 4.71 
• 10 2 9.i.4 
.101 9.24 
.1u 3 9.34 
.155 14.1 
.155 14.1 
.152 13.o 
.206 18.7 
.206 18.7 
.202 18.4 
.254 23.l 
• 2'+9 22.6 
.249 22.1 
.339 3o.7 
.328 29.9 
•.:Ht; 2 '-.:1. l 
.405 36.6 

SEE ALSO FIG.30 




TABLE 26 

TEl~NARY SYSTEM 
IRON - SULPHUR - CHROMIUM 

EFFECT OF CHROMIUM ON THE 
ACTIVITY COEFFICIENT OF SULPHUR AT 

1755° c 

(PH2S/PH2)CORR~ u.00120 

LATTICE RATIO SCALE 

. 
Cr 

wt. %Crz zRUN (LOG K' '> <LOG K'> LOG~ Swt. %S s Cr CORR • 

68CJ 1.91.366 .0064 -.729 -.718 • 021- • 0 l'l 
684 .0064.366 -.729 -.718 -.011 l.'71• O.!:'. l 
685 .381 .0067 -.746 -.718 1.88-.028 .020 
686 .353 .0062 -.713 -.717 .004 .020 1.86 
687 .387 .0068 -.753 • 050 4.65-.719 -.035 
688 .388 .0068 -.755 4.61-.719 -.036 .o5 o 
689 .392 .0069 -.758 4.58.o5 o-·719 - • 0'+0 

. 690 4.54.4UO .0011 -.768 .049-.719 -.049 
693 .0076 -.798 9.25.429 -.121 .100-.078 

9.18694 .0074 -.787 -.120 -.067 .099.418 
.1~3697 .427 .ou75 -.796 -.721 -.076 l '+. 2 

14.1.1 :.ii.698 .436 .0011 -.805 -.721 -.084 
7ul ,467 .0082 18.6-.836 -.723 .zuu-.114 
702 18.5.456 .0081 -.826 -.722 -.104 .198 

• 21+9 23.3705 .0086 -.853 -.723.485 -.129 
.0085 .247 23.l706 -.852.484 -.128-·723 

-.891 27.7709 .529 .0094 .296.-.16?-·726 
-.885 .293 27.571U .0092 -.725 -.160.522 

32.5.346-.882 -.725 -.157.519 .0092717 
32.0.0091 -.879 -.154 .340718 .515 ·-. 725 

.413 38.9.0108 -.954 -.730 -.224713 .610 
38.3714 .608 .0108 -.952 -.730 .40 7-.223 

SEE ALSO FIG.30 
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