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INTRODUCTION

Levitation-melting techniques 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
vet 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 HZ—HZS

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
from 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-metal interface.

However, the effect of a second solute can be derived by
comparison of binary and ternary results and uncertainties in the gas
composition 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,



1525, 1600, 1690 and 17550C, and for chromium concentrations

up to 40 weight percent.



CHAPTER 1

SOLUTION THERMODYNAMICS
and LITERATURE REVIEW

1.1 Thermodynamics of Liquid Metallic Solutiong

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

(1) (2) (3, 4) (5)

, atom ratio , lattice ratio

(6)

as weight percent'’, atom fraction

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' Extension

(2)

Wagner 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,(RT]nyi),
or the logarithm of the activity coefficient, (1nyi). He expanded lnyi by

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,

(7)

Wagner and Chipman' ' defined the first order free energy interaction

coefficient:
j alnyi
& ;T ®x ) L1

3 xl—->1



(8,9)

Lupis and Elliott 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.8S, 1.2
Expressed in terms of the free energy, enthalpy and entropy

interaction coefficients, & i, n ‘1 and G"; respectively, equation 1.2

becomes:

1.3

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, €., becomes:
1

Dlog £,

€ = B9 wt. %1100 L.4

and is related to the enthalpy and entropy interaction coefficients by:
h? 57
i

i i .
®i T 2.3RT 2.3R

1.5

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 a2 solid metallic solution containing

inter stitial solutes, the thermodynamic behaviour can be expressed in



terms of the lattice ratio, which is the ratio of filled to unfilled

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

(5

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

variable Z proportional to this ratio:

n, .
z, = kW 1.6

1

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

proportionality factor k is taken equal to b, Hence

ni n,
i

z, = b = 1.7

i bn —ni nl - ni/b

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

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

74
% n f v, n, 1.8
1 Jd
where v, = +1 for a substitutional solute and Vj = -1/b for an inter-

stitial solute. Note that z; equals X, the mole fraction, in a solution
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 gsolutions of finite
solute concentrations is expressed in terms of activity coefficients,

\F g, and interaction coefficients, 6‘2, as for other representations.
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-

=-1, v . =-1, v__= -1,

tration variable and taking v_ = -1 and Ve E -1, VAl si P

S



Yn - +1, the effects of the latter components on the activity coefficient
of sulphur in iron solutions could be expressed by a linear relationship
between log \*"; and Z; 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)
1.9

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, 17, 20) or induction furnaces(lo’ 15, 16).

techniques in either resistance
The temperature was generally measured by sighting a disappearing-

. . (10, 14-17)
filament type optical pyrometer
(20)

on to the melt and more

rarely by using thermocouples All these investigations have been

(15)

critically reviewed by Sherman, Elvander and Chipman

(20)

, and more

recently by Ban-Ya and Chipman (19),

. All investigations but one
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



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 anomalous behaviour of S in Fe-S melts,

(20)

Ban-Ya and Chipman 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
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 HZS‘ dissociation at high temperatures.

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 chromium on the activity coefficient of sulphur in Fe-S-Cr melts.

(23) investigated the effect of Cr on the

Griffing and Healy
activity coefficient of S for Cr contents ranging from 0 to 100 weight
percent. At 1600°C and for chromium concentrations up to 20 weight

percent, their results are given by the equation

Cr

s = -0.019 (% Cr) 1.10

log £

This relationship is to be considered with some reserve since it is



derived from 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
the Fe-S-Cr system(24’ 25). 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 a1(15). 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 thermocouple immersed in the melt, and bubbled

HZ-HZS gas mixtures into the melt. Because of these experimental
precautions, thermal diffusion effects were probably eliminated and

the temperature measurement accurate. However, in the work reported

(15)

by Chipman et al 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-filament
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

C
plot (Fig. 29) of log‘i)sr versus z shows a systematic error at zero

Cr

Cr concentration,

Adachi and Morita(26)

reported a value of the interaction
C
coefficient esr = - 0,020, valid at 16500C for concentrations up to 20% Cr,

which is in good agreement with the value of -0. 019 reported by Griffing.



Although fhis 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 pyrometer. As a binary system reference, they used their

: 17
own results previously obtained by the same experimental procedure( ).
27
A recent study by Ban-ya and Chipman( ) gave a value of
e(;r = -0. 0107, valid at 1550° for chromium 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 ohly
one data point from Griffing's work that happened to fall in the range
of concentrations they investigated in (Fig. 29); k‘

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
coefficient e(;r These facts, together with a recent trend in industry
tb produce steels of chromium content higher than twenty weight percent
have motivated a more extensive study of the combined effect of chromium
and temperature on the activity 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 HZ—HZS mixtures of known composition for the
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. 1is 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 O.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 O.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

(28—31). They were constructed from 1/8" O. D.

used in previous studies
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 15250(3 and 16000C, 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 watef-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 magnesium perchlorate, B. The HZ—HZS mixtures were

also dried by magnesium perchlorate, B. Commercial grade helium
was used without purification. The HZ—HZS gas mixtures were led
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 HZ-HZS mixture was controlled by a rotameter-type
flowmeter, D. Needle valves, E, regulated the flow of all gases

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

the reaction tube the gases were bubbled in dibutyl phthalate, ¥, 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" cold drawn rods of the following analysis:

C Mn P 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. Ilron-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“ diameter. This rod was checked for
homogeneity of chromium content (Table 10) and subsequent sample

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 HZ-HZS gas mixtures were supplied by the Matheson Company
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 intdthe 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. Aftei' 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 regiohvs. 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 melf.ed rapidiy. 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
ite relatively low thermal conductivity, was then vx;ep].aced by hydrogen
for its efficient deoxidizing ability. The sample Wa.s_de.oxidized at
about 1550°C for four tofive minutes, after whic;h time the oxygen
level in the quenched dvroplet was generally found to be less than |
10 ppm(so). 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 1/min., With increasing sulphur content,
the surface tension of the levitated droplet decreased markedly‘32) 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 operatiﬁg_ 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 tobring
the copper mould into alignment with the reaction tube.  The mould
tself was raised into the reaction tube, the power was switched off anti

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 sample was slightly super cooled and upon freezing, the pyrometer
deflected rapidly back to the melting point. Since supercooling can be

(31)

very high in levitation melting techniques , 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. Temperature Control

The heat in a levitated droplet is generated by the IZR 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 stream.

In the present work, special effort was made to keep the flow rate
of HZ—HZS mixtures constant. For practical purposes, the weight
of iron and iron-chromium samples was kept between 0.85 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
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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 (159000).

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

0. 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 HZS concentration and on the
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. Chromium Analysis

Since the prepared samples contained only iron and chromium,
a simple volumetric method of titration was us ed(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 —HZS gas mixture through the sampling bulb for

about thirty Ininuteg and by flushing the sampling bulb for forty to
fifty minutes with a very low helium flow. During bubbling of the
He-HZ—HZS mixture into the reagent, absorption of hydrogen sulphide
was enhanced by stirring the reagent with a magnetic stirrer. Boiling

was found to have no influence on the degree of oxidation of HZS to sulphate.

2.6 Pyrometer Calibration

For the reliable use of the pyrometer, calibration of this

instrument was necessary. Armeco 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 thermocouple
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 II1

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

3.1.1. Gas Analysis Results

For determining the hydi‘ogen sulphide content of a

HZ—HZS gas mixture, the following information was used:

1) volume of the sampling bulb (V=136.8 ml at ZSOC),
2) volume A of titration solution (ml of thiosulphate 0. 01 N);

3) barometric pressure and

4) room temperature

The HZS content of the gas mixture was then derived in terms of the

ratios B and R:

B = atoms of hydrogen
" atoms of sulphur

*u s PH.s VH,s

R =2 _ 2 2
©X - P TV

5 Hz 2

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:
1) Bm - mean value of ratio B
2) Rm - mean value of the ratio of moles of HZS and HZ
3) N - number of analyses of which Bm and Rm are the
means
4) s - standard deviation of R for this set of analyses, and

i

5) RSD - relative standard deviation, which is 100, S/Rm and

thus expressed in %.

As seen from these tables, the accuracy of the analysis increased with
the content of hydrogen sulphide in the gé.s 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 HZS contents.

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 experimentai-ly determined as a function

of levitation time 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 - 0.9 1/min.
Flow rate 2 : 2.6 1/min.

Flow rate 3 5.1 l/min.

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

for three combinations of temperature and gas composition.

0 .
t C
: PHZS/PHZ ~ Reference
Table _Figure

1600 10.00156 2 | 7

' ‘ + 0.00002
1755 , 0.00148 o 3 8

-+ 0.00006
1755 0. 00896 4 9
+ 0.00011 '

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 seri-es of experlments, the gés flow rate was

kept constant (2.6 1/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.

p. /P Temp. °C Table .  Figure

H.S"H
2 2

0. 00090 1590 5 10
+ 0.00003 1755

0. 00184 1590 5 1
+ 0.00008 1755

0.00501 1590
+ 0.00014

0.00472 1755 6 12
+ 0,00009

0. 00894 1590 6 13
+ 0,00003 1750

0. 01405 1590 6 14
+ 0.0015 1755

It should be noticed that for the very high HZS/HZ ratio of 0.01405, a
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. <Equilibrium>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 15250C). The sulphur

contents for each temperature are reported in the following tables:

g,

* The nature of this{equilibrium’) will be discussed in 5.1,



23

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:

for 1525°C

1
2 for 1600°C 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 (%S)rn is the mean,
s : standard deviation and

RSD : relative standard deviation i.e. 100 x S/(%S)m

As shown 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

RMD = max. deviation % 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
chromium at any given temperatu.re(36), 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 1/min.
at 159OOC and 17550C for different periods. The experimental results,

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

ten minutes.

%C %

Finitial” °C%(10 min. )

%C

RPL = x 100

Tinitial
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 -I—IZS composition. The

time required to reach equilibrium was thuszexpected 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. ¢EquilibriumdResults

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:



1525°C
1600°C
1690°C
1755°C

Table 13
Table 14
Table 15
Table 16
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CHAPTER IV

ME THODS OF CALCULATION -

4.1 Hydrogen Sulphide Dissociation

At high temperatures, hydrogen sulphide is unstable and

2S, S2 and S, the relative amounts

of which are controlled by the following equilibrium equations,

partially dissociates into HS, H

corresponding to three significant types of dissociation of HZS'

X 1/2. X
1/2 H, HS
H,S = 1/2H2 + HS Ko = P, < 4.1
H_S
2
X..X 1/2
1/2 Hz Sz
H.S=H_+1/28 K, =P 4,2
2 2 2 S t X
2 H_S
2
XHZ.XS
HZS:H2+S KS:Pt % 4.3
st

where Pt is the total pressure in the reaction tube and XHZ, XHZS , XSZ,
and XS are the mole fractions of the different gas components. These

mole fractions are naturally related by:

1:XH2+}\HZS+XHS+XSZ+XS 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 HZ-HZS gas
mixture and can be expressed in terms of the mole fractions as

follows:

2 + 2X +
atoms hydrogen XHZS HZ XHS

atoms sulphur - XH S + XHS + ZXS + X
2 2

B =
S.

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 calgulation for H_S dissociation, as

2

well as the thermodynamic data of the three free energies of HZS

dissociation were taken from Ref. 20.

4,2 Chromium Loss

In 3.2.3.1., the chromium loss was determined experimentally
for two temperatures 159OOC 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

-aH°

v
logp-4.576T +b 4.6

where AHOv is the enthalpy of vaporization and b is a constant, the
chromium loss was considered to be proportienal to the chromium

vapour pressure and subject to the same temperature dependence.
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log (Cr loss) = —‘%— + B 4.7

A linear relationship with reciprocal temperature gave the following
chromium losses, expressed in % of the initial chromium percentage

per 10 minutes:

t°C Cr loss

1525 0.41

1600 0.81

1690 1.7

1755 2.9 (see Fig. 16)

4,3 Thermodynamic Derivations

4.3.1, Binary System

When passing a stream of H —HZS gas mixture over liquid

2
iron, one investigates the reaction:

Hz(g) +S= HZS (g) 4.8

with an equilibrium constant

P_.a 4.9

Adopting the infinite dilute solution as reference state and defining

the Henrian activity as proportional to the concentration,

aS = fs . %S in a Henrian wt.% scale 4.10
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ag = Yg o XS in a Henrian mole fraction scale 4.11

ag = \PS . ZS in a Henrian lattice ratio scale 4,12
where fS’ Yg' \ys, are the activity coefficients in the different scales
and measure the deviation from Henry's law at finite concentrations.

In the reference state of infinite dilute solution,

fs—’ 1 when %S — 0
\Z 1 - when XS ~—0
‘Ps'-*l when ZS —4)

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

expressed as follows:

P
H,S
H o /O
2
P
H,S
K'(X) = 5 2 % 4.14
H,""s
P
H_S
K'(Z) = 3 £ > 4.15
Hz‘ S

Thus, the logarithms 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(%) = log K'(%) - logfy B 4.16
log K(X) = log K{X) -~ log Yg 4.17
log K(Z) = log K'(Z) - log ‘Pq 4,18

As the sulphur concentrations tend to 0, the value of the apparent
equilibrium constants K' tend to the true equilibrium constants K.
At finite sulphur contents, the logarithms of the activity coefficients can

be expressed as a function of the sulphur concentrations:

log fs = eg (%S) + rg’ S (%S)z Fouus : 4.19
S S, 2 '
2.310gys~&S.XS+PS ',(X-s),*"" : , 4,20
2.3l0g V. =05 . Z_+ o ' 4,21
- S S L] 2 S ® o & o . L d
S S _S s$,S S,8
N > and r ! sraf
where QS’ ES, OS g PS are the first order and second order

interaction coefficients respectively, sometimes called self interaction
coefficients. v
The study of the temperature dependénce of reaction 4.8 gives

the free energy,
AG®° = -RTIn K= A + BT - 4.22

Combining equation 4.22 with the free energy change associated to the

reaction of HZS dissociation:

H,S(g) = H,(g) + 1/2 S,(g) AG 4.23

one obtains the free energy of solution of sulphur in iron, associated to
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 the reaction:
- o o
1/2 S,(g) = 8 - AG_ = - (AG + AG ) 4,24

S . HZS

4.3.2. Ternary System Fe-S5-Cr

As shown in 4.3.1., the experimental study of reaction ‘
4.8 in the binary system Fe-S led to the apparent equilibrium constant K',
‘and the trué equilibrium constant K, related by the equation 4, 16.
When equilibrating Fe-S-Cr alloys, an app>arent equilibrium constant

K" is used,

Py s
n¢o . Se—
K (,7q) =B .S 4.25
H
‘which is related to the true equilibrium constant K(%),
Py s | P H,S
oy _ '
K% = Py - i %S T 8. s 4.26
2 "H,CsT s ™
: 2 :
by the relation:
log K(%) = log K"(%) - log fg log fgr ‘ 4,27

- Combining equation 4. 27 with equation 4.16 obtained for the binary

system, the former equation becomes:

Cr_ log K"(%) - log K'(%) 4.28

f
log S

This latter equation expresses the effect of chromium on the activity

coefficient of S in Fe-S-Cr alloys in terms of the binary and ternary
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apparent equilibrium constants K'(%) and K"(%), taken for the
same value of sulphur concentration and at the same temperature.
Expressed in terms of chromium concentrations

Cr

log fS = ezr(%Cr) +r

Cr, Cr
S

(HCr)° + rS’ CT0s) (%Cr) + ... 4.29

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 first
order free energy interaction coefficient e(;r gives the first order

enthalpy and entropy interaction coefficients hg and sg related by:

h
S 2.3RT ~ 2.3R

S
S



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 <first 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 HZS/I—I2 ratbio at the gas-metal interface
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 givés 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 > , <K">, obtained from ternary results. However, when
deriving the effect of Cr upon the sulphur activity coefficient, one
uses the relationship:

(O = log K"(%) - log K'(%) 5.1

log fs =
or Cr £59s
S bin
log f = log 5.2
8 £5qs -
S ter
also '
S
Cr - S 0; - ‘70 bin
log f " = (%o 5, - %S, )+ log ‘%st >3
. er

where 9% S’ce"r is the analysed sulphur content in the ternary system,
.and % Sbin the sulphur content obtained in the binary system with the
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)

A brief review of the literature shows that the degree

of thermal diffusion in a gas mixture depends on
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1) the temperature gradient in the gaseous phase and

2) the nature of the gas mixture,.

5.1.2.1. Temperature 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 mi.xtufe, temperature, droplet size and reaction‘
tube diameter, the temperature gradient only depends on the gas flow
rate. Therefore, runs with diffefent'flo’w rates were carried out.

As seen from 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 inéreased temperature
gradient with increasing flow rate. It can also be noticed that the effect
of flow rate is more pronounced at higher temperatures. This study
showed that the thermal diffusion effect could be minimized by using
very low gas flow rates. However, the use of very low flow rates
‘markedly increased the time required to reach a steady state and therefore
flow rate 2 of 2.6 1/min. was éhosen. This permitted a fast attainment
of a steady state, and also did not cause insurmbuntable_ 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 theory,

based solely on molecular weight, expressed the thermal diffusion ratio

kT’ of the binary gas mixture of species 1 and 2:

d - m.)
. 1nx1 _xz(mz 'ml) 4
T dInT 2 (m x, + m, x,)
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where x denotes mole fraction and m the square root of the

molecular weight. Eguation 5.4 expressed in terms of the heavier

gas 1 can be written:

k’I‘: " 5.5

| 1
2 (my T, m,)

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 HZS/HZ ratio can be expected,
see 5.2.2. For a multicomponent gas mixture Gillepsie derived

a thermal diffusion ratio:

dlnx 1-m
1 1

k_ = = 5.6
T dInT szixi

It follows that the use of a heavy inert carrier gas reduces the thermal
diffusion effect. This has been successfully applied by Dastur and
Chipman(41). 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 HZS/HZ ratio will be

discussed more thoroughly in the section on ternary results, see

5.3.2.

5.2 Binary System Fe-S

5.2.1 <LApparent Equilibrium Constant>. and. .. .

& Self Interaction Paramster)> .

Using the results of gas and sulphur analyses reported in
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Tables 7, 8 and 9 the HZS/HZ ratio of the gas mixture was corrected
for the hydrogen sulphide dissociation (see 4.1) and the  apparent
equilibrium constanty., <K'> was derived., Table 17 shows the

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

PH S
1) the analysed ratio,
o PH
2
P
H.S
2) the corrected ratio for H_S dissociation,
PH 2
2

3) the mean of the analysed sulphur content,

4) the logarithm of the < apparent equilibrium constant>

<K'> , using the corrected P ratio,

/P
H,8' "H,

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

both gas and sulphur analysis results.

In Table 18 the same rest;lts are expressed using mole fraction and Zg
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) | 5.7

il



1525°¢C

1600°C

1755°C

< log K(%)>»

<eg>

<log K(%)>

e€.7?

S

<log K(%)>

S
{e

g?

i

il
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-2.467 + 0.015

-0.052 + 0.002

-2.463 + 0.008

-0.052 + 0.002

-2.453 + 0.014

-0.044 + 0.002

The results were also processed in terms of the lattice ratio

variable z:

1525°C

1600°C

1755°C

<log K(Z)> = -0.715+ 0.014
S

<Eg v =  -3.20 + 0.11

< log K(2)S = -0.716 + 0,014
S

<Eg> = -3.14 + 0.12

¢ log K(Z)> = -0.707 + 0.008

<E§> =  -3.28 + 0.10
S S

<O> = 2.303:(EY 5.8

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

/25, (g) = S_

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 S/PH ratio
at the gas-metal interface when using the analyseé bulk

gas ratio.

2) All values of < e: > obtained in the present work are
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 PH S/PH ratio
and hence of < log K'(%)> decreases Whenzusing 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
S_
According to the method described in 4. 3.2. an

5.3.1. Temperature Dependence of e

< apparent equilibrium constant> , < K">», which was derived
from the corrected PH S/PH ratio and the analysed sulphur content,
was compared to the € apparent 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"(%) >
3) < log KY(%) >
Cr
4) logfy = <logK"(%)> - <log K'(%)> and

5) the corrected Cr content

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

Cr versus %Cr or log \}’gr versus z ., , the experimental points

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

log £

through the origin. For the different temperatures the first order

. . . - r . .
free energy interaction coefficients, e _ , on a weight percent basis are:

S

o Cr ) .
t C es 95% 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°c eCer 95% Confidence Correlation
Interval Coefficient
1525 -2.50 + 0.08 0.998
1600 -2.18 T 0.10 | 0.996
1690 -1.82 T 0.14 0.985
1755 -1.15 + 0.10 0.983

C
The relationship between eSr and reciprocal temperature was fitted

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

C

r
eg = (94.2/T + 0.040) 5.9

from which the first order enthalpy and entropy interaction coefficients

were derived:

Cr
hy= -430 4 70 5.10
s(S;r= -0.183 4+ 0.007 5.11

On a lattice ratio basis the temperature and concentration dependence

can be expressed by:

Egl;. - 8365/T + 35.27 5.12

or

0 =-19240/T + 81.11 5.13
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5.3.2 Discussion
As shown in Fig. 29 and 31 the results of the present work
agree very well with the data of Ban-ya and Chipman(27)
egr = -0.0107, at 1550°C, and disagree with those of Griffing and
Healy(23) and Adachi and Morita(26). 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
coeff:lcients,ecr or 8 <

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

¥ are valid up to Cr concentrations of 40 wt. %.

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 eCr 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

(23)

and Healy found
Cr o
for %Cr = 0 log fS = -0,06 at 1600 C
Cr o
for %Cr = 100 log fs = -1,34 at 1760 C .

Disregarding the temperature difference a constant first order
interaction coefficient of 0.0128 can be derived,,which is similar to

the values of eCr found in the present work.

S
C
The fact that the interaction coefficients e of Ban-ya and

(27) S

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 thermal diffusion effect

due to a variation in gas compositions (5.1.2.2) needs further examination.
In this respect, consider Fig. 32. Letl' be the value of

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

ratio equal to R

gas mixture of P Using the same gas

H S/PH 1
mixture Rl’ the points 2'2, 3", 4" represent the values of < log K" >
when levitating Fe-Cr samples of increasing chromium content.

The corresponding log fgr are derived from < log K"> - <log K'>
where the values of < log K' , represented by 2', 3', 4', correspond
to the sulphur contents SZ’ 83, 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 RZ’ R3, R4

thermal diffusion effect is gradually attenuated according to Gillepsie's

of increasing HZS content for which the

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", 3", 4", which have the same
thermal diffusion error as pointl'. The ratios 2" - 2", 3™ - 3' etc.
21 _ n 31 - 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 17550C, see Fig. 33. At each temperature a line was drawn
through the point of 0.0% Cr. Its slope was taken to be equal to the
(27)

corresponding value of eg given by Ban-ya and Chipman , as these

values were determined in the absence of thermal diffusion. For 17550C

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

the change in interaction coefficient, due to the variation of thermal
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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 Fé—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
HZ—HZS atmosphere., The effect of thermal diffusion in the gas
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:

Cr

s = (-94.2/T + 0.040) (% Cr)

log f

where e(;r = - 94.2/T + 0.040

is the first order free energy interaction coefficient. The first

order enthalpy and entropy interaction coefficients are found to be

h(;r: -430 + 70 and

sgr: -0.183 + 0.007 respectively

In terms of concentration variable z:
log YCT = (-8365/T + 35.27) z
S Cr

46



0

Cr

S

-19240/T + 81.11
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APPENDIX I

In a non-ideal solution:

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

1) On a mole fraction basis

where Xi is the mole fraction.
The Taylor expansion of lnyi in a multicomponent solution of solutes
2,000, 1,j,k,..., min solvent 1 gives for the reference state of

infinitely dilute solution:

m D]_nyi m m 92 lnyi 3
Iny, = T 5% XJ. +3 z‘ 1/2 TES% Xj X, +OX") A2
J:Z ] J:Z k=2 J k

where the derivations are to be taken for X~=21.
Multiplication by RT gives the Taylor expansion of excess partial molar

free energy of mixing for component i:

Fo- RT Iny, A.3
1 1

Fr-aM .o A.4
1 1

where Hl\f is partial molar enthalpy of mixing and SI;/I is excess partial
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 glnyi 2
F.=RTIny, = % (aX ) X.+0(X7) . A.5
j=2 j
j ’aFI;: RT ‘Dlnyi
RT € :(BX )Xl—->l_ (3X )Xl——>1 A6

is the first order free energy interaction coefficient of component j

on the activity coefficient of component i, Y; 6; is sometimes called

first order self interaction parameter.

DHI:[
) A.7

b o_
T T 8% ) x 1
k| 1

is the first order enthalpy interaction coefficient and

; 'Ds]:f

R

i TOx ) x 1 A.8
j 1

is the first order entropy interaction coefficient. € 1’] ) 1}‘1 and G: are

related by the relationship:

o i R
ei‘RT R A9

A similar formalism is derived for higher orders of the Taylor

expression,

2
i k 9 "oy,

Py = S
I)XJka

e.g. A.10
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i k| . . ..
where P J2% is the second order free energy interaction coefficient

1

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

53 ;’ ' would also be called second order self interaction parameter of

component i.

2) On a weight percent basi‘s

ai = fl X (‘701)

inyi becomes log fi

1 1
M | M
) b
M . E
S i j i
) j Dlog fi
J n = () %l—>100
€ GG )"
J j /DXI:I
1 " hi = W %1 ~—~>100
j 1 j= P_:J.:E_i____. 100
Si i = S ) Bl
rj’k ] r-?’k
i i
Egn. A.8 becomes
j j
i hi i 5
€7 2.303 RT 2.303

A1l

A.l2

A.13

A.l4

A.15

McMASTER UNIVERSITY LIBRARY.




3) Using the concentration variable zi

where n is the number of moles

v, = +1 for 2 substitutional solute 1

v. = - 1/b for an interstitial solute

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

The activity of i is expressed as follows:

a, = . x z, and
Tl PR

lnyi becomes ln\Pi

€} becomes ¢
i i

4) Conversion formulas

. M. . Ml—M.
€l-230 =L & 4+ ————1-
i M M
1 1
M Ml- M
G100 = s - R —_—
M M
1 1
j M, ;
qlzloo—J-Ml h1

_ ol .
6i+(1 vj)

m
e Gy
1

see references: 2,8,9,42,
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A.16

A.17

A.18

A.19

A.20

A, 21



APPENDIX 2

Two short computer programmes were applied to the gas analysis

results to derive:

atoms hydrogen
atoms sulphur

1) the ratio B = of the gas mixture

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

2 2

3) the corrected PHZS/PHZ_, ratio, R CORR., for HZS

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.S=1/2H. +HS; AG®

) +40, 090 - 15.40T

2

log K -8763/T + 3.367

HS

H,S=H, +1/2 8, AaG° = +21,530 - 11, 73T

log Ko = -4706/T + 2.564
2

H,S = H, + S(8); AG® = 474, 000 - 26.33T

log K = -16,175/T + 5. 760
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ANANOAONA

101
102

3 AS=A¥*4.E~-05/32.066
PH25=AS#0408206%TLL/0e1368
PHZ=PL-PH2S
R=PH2S5/PH2
AH2=PH2%041368/(Ua08206%TL)
AH=2 o U% {AS+AH2)

B=AH/AS

WRITE (6s102) RUNsAsBsPLsR

GO TO 2

END

Data Input

RUN A . PMB TL
275 39,2 T76Ue2 298.0
276 3846 75948 29840
277 4UsU 75944 299.0
278 39.4 75846 29740
279 40,1 75649 29740
280 40,0 75644 297.0

1) Calculation of B and R

PMB =BAROMETRIC PRESSURE IN
PL =PRESSURE IN ATMOSPHERE

TL =ROOM

1 ML

TEMPERATURE
VOLUME OF SAMPLING BULB
THIOSULPHATE COR|

13648 :
SPONDS TO 0,00004-G OF SULPHUR

PROGRAM TST (INPUTSsOUTPUTsTAPES=INPUT s TAPE6=0UTPUT)

A =NUMBER OF MlLe THIOSULPHATE 001N USED IN THE TITRATION

B =RATIO OF HYDROGEN ATOMS AND SULPHUR ATOMS IN THE GAS

R = H2S/HZ2 RATIO

INTEGER RUN
FORMAT
FORMAT
READ

{15+43F942)
{(1HU 16 36X3sF5e296X3F6elsb6XsFTe33E1643)
RUNsAsPMB s TL

STOP

(59101}

(RUNSEQeU)

PL=PMB/760e0

22849
23243
22343
22840
22365
223.9

Data Output

PL

14000
leu00O
0e999
0.996
Ce995
0.995

R

B+816E-03
84684E~-03
9.U37E~-03
9.029E-03
9.012E~-03
9.012E~-C3
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2) Calculation of RCORR.

~This has been done for the gas mixture described in calculation 1
for which Bm = 226.7 and Rm = 0. 008905 by solving a system

» Xg s *us %50 %s

of five equations and the five unknowns X
' 2 2 2

H

PROGRAM TST (INPUTsOUTPUTsTAPES=INPUTsTAPE6=0UTPUT)
THE DISSOCIATION IS CORRECTED FOR 1525 AND 1755 C
PT =MEAN BAROMETRIC PRESSURE IN ATMOSPHERES

DIMENSION TTC(30) '

104 FORMAT (2F8e1) : ~

66 FORMAT (2F8.1) S T e

70 FORMAT = (1H1s71HH2S DISSOCIATIUN CORRECTED PH2S/PH2 RATIO AT GIVEN

1 TEMPERATURES FOR B= sF6el//)
208 FORMAT (1H—s13XslHTs18X94hRCuHa11X,3HXH2a11Xs4HXH25910As3HXdSs

' 211X93HXS2911X32HXS»8Xs4HITER ) _

209 FORMAT (1H s1UXsF6e0s10Xs6E1Getsl6 )
EPS=1.E~07 :
MAX=20
DO 25 I=1s2
READ (5s1us) (TTC(I)sI~1’2)

1 READ (5166) B5PT

WRITE (6,70) B
WRITE (6,2u8)
DO 25 I=1s2
TC=TTC(1)
T=TC+273.0
PT2=SGRT(PT) N ; , o
TKHS=-8763eU/T+3e367 .
AKHS=1040%%TKHS
TKS2==4T706e0/T+24564
AKS2=10e0%%¥TKS2
TKS==16175U/T+54760
AKS=10e0%%TKS
ITER=1
XH25=040
XHS=040
XS$2=0e0
XS=040

~ 10 BIG=U.O



C COMPUTE XHZ
TEMP=1e0=-XH25~-XH5-X52-XS
IF (ABS(TEMP=XH2)eGTeBIG)
XH2=TEMP

C COMPUTE XHZS

BIG=ABS{TEMP~-XH2)

55°

TEMP=(2e0%XH2~(B=160) % XHS=2+U¥BXXS2-B*XS)/(B=2.0)

IF (ABS(TEMP-XH2S5).GT4BIG)

XH25=TEMP '
C COMPUTE  XHS

BIG=ABS(TEMP=XH2S)

TEMP=AKHS*XH2S/(PT2%SQRT(XH2))

IF (ABS(TEMP—XHS)+GT«B1G)

 XHS=TEMP :
C COMPUTE X582

BIG=ABS(TEMP~XHS)

TEMP=(AKS2%¥XH2S/ (PT2#XH2) ) *%2

IF  (ABS(TEMP-XS52)eGT«BIG)

XS2=TEMP
C COMPUTE XS
TEMP=AKS*XH2S/ (PT#XH2)
IF  (ABS(TEMP=XS)«+GTeBIG)
XS=TEMP
IF (BIG.LT.EPS)
IF (ITER«GE«MAX)
ITER=ITER+1
6O TO 10
20 RCOR=XH2S/XH2

GO TO 20

GO TO 20

BIG=ABS(TEMP-XS2)

BIG=ABS(TEMP-XS)

WRITE (6+2U9) TCsRCORsXH2 s XH253XHSsXS52sXSs ITER

25 CONTINUE

GO TO 1
END
' 6400 END OF RECORD
152540 175540 ,
226e7 04998 ’
0.0 ) )
Data Output
15259C 17559¢C
.513E-03 f 7e633E-03
(PHZS/PHZ)CORR.B 513£-03
] x 9.912E-01 9¢914E-01
-Hz
X 8e438E-01 7.568E-03
HZS :
X1q 2.639E-04 8e450E~0U4
X 5.668E-05 1.788E-04
S,
XS 40943{_"06 40644E"O5
' AFTER 7 ITERATIONS |AFTER 10 ITERATIONS
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Table 1. Comparison of Systems Used for Expressing Concentrations, Activities and
Interaction Coefficients
I 11 I1I v v
Type Practical Atom Fraction| Quadratic Atom Ratio Interstitial
Binary Solutions
C trati (%2) 2 2 X i x i y, = il-%- = "2
a. oncentration 0l) = == = = = n
W1 + v, 2 n, + n, 2 n, + n, 2 n, 2 n, nz/b
b. Activity Coefficient fz = az/(%Z) yz = aZ/XZ Y, = az/x2 <(JZ = az/yz ‘I’Z = a.z/z2
o o P d log f2 5 d In Y, d1ln Yo 2 d lncfz 9 d ln\y2
c. Deviation Coefficient |e 5 = € , =TT a, =TT 5 = 62 =
d(%2) dx2 d(1 - XZ) dyz d‘zz
Multicomponent Solutions
d. C trati %2) = 100W2 X = "2 x *-r-l-z—- ' —fl-g'or nz
- voncentration (%2) = Zw, 2 Zn, 2 Zn, Y2 7n 2 n + Zvn,
i i i 1 1 j
n
gt = —2
2 n, + n3
.9
?log £ i dln Y, } ;J - lnle 93 _’bln‘f’z
e. Interaction Coefficient e :m;;-— € 2= '*i%—‘" 2 an 2 D Zj

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

substitional solute vj = 1, for interstitial Vj

-1/b.



TABLE 2

ATTAINMENT OF CEQUILIBRIUMYD AT L600°C

EFFECT OF FLOW RATE

1600°C

Py S/EHZ = 000156 + 0400002
FLOW 1 FLOW 2 FLOW 3
049 1/min. 246 1/min. 5¢1 1/min.
TIME wt. %S wt. %S wt. %S
Oeb 0e034 0e074 0107
1. 0.U78 0e122 06150
2 Ue136 0e211 0e241
‘3 0e194 04276 0306
4 0.239 0e317 Ge359 )
5 04278 Oe347 0e364
6 0301 0.381 04382
8 0e345 0409 0396
10 Ge352 Oeti22 0.415
10 Uelll
1245 Velts2 Uetsu 8
15 Oelt24 0439 06405
1745 Oelis 7
20 ‘Ce438
25 Oebtsl
30 Uetity]
40 Oe439

SEE ALSO FIT.

7




TABLE 3
ATTAINMENT OF < EQUILIBRIUM> AT 1755°C

EFFECT OF FLOW RATE

| 1755° ¢
PHZS/PHZ = 0e00148 + 0e00006
FLOW 1 FLOW 2 FLOW 3
Ue9 1/min, 2e6 1/min. 5¢1 1/min.
TIME - wt. %S wt. %S ~ wt. %S
min, ‘
0e5 06029 0079 04076
1 0.066 0.122 |
145 . 1 | 0.188
2 . 0el21 Ge216
3 0e184 04262
4 0e222 | 04307 Ue306
5 0.255 T 0.323
6 Ge293 | 0e336 0e322
8 0e328 0349
10 Ce345 04353 04334
12.5 04363 1 0.366
15 0.380 0e359

SEE ALSO FIGe 8




TABLE 4

ATTAINMENT OF < EQUILIBRIUMD» AT 1755°C

EFFECT OF FLOW RATE

1755°C
P S/PH = 0400895 + 0.00011
2 2
FLOW 1 FLaw 2
0e9 1/min 2.6 1/min

TIME wt. %S - wt. %S
min,

Oeb Vel67 Oel22

1 Uelt0 Qe 746

2 0eB64 1627

3 1.18 ‘ 163
4 le40 195
5. 2420

6 1.89 236

8 2.18 246U
10 2eb44 2467
10 ' 270
1205 2054 ’ 2.7(‘)
15 2483
15 2.62 2485
175 2475 286
20 ‘ 2469 294
25 2470

30 261U
40 2480

50 2490

SEE ALSO FIG. 9




TABLE 5

- ATTAINMENT OF ¢ EQGUILIBRIUM >

FOR VERY LOW

-
HZS

/P
H,

AND LOw

VALUES OF

EFFECT OF TEMPERATURE

Pst/PHz Ue 00090 PHZS/PH2= 0.00184
1590°C 1755°C 1590°C 1755°C

TIME wt. %S wt. %S wt. %S wt. %S
min. :

3 Usts13
5 04226 Oe bbb Oett9
745 0e245 Ve232 0e512 0e 460
1u 0e255 V235 0e531 Vet T7
1245 0e262 Ue243 Ue548 Oets71
15 0.263 Ue259 0e532 Oets71
1745 U265 Ue235 Ue532 UetsT3
20 04265 Ue238 Ue540 Ge4T9
25 0e261 o.é37 0e540 Ue 486
30 0e263 Ue229 0e528 0e&s75
40 04265 Ue243 Oe542 0ets73
5U Oe 264 Ue532

SEE ALSO FIGe 10 AND 11




TAblLE 6

ATTAINMENT OF KEQUILIBRIUM>

FOR MEDIUMs HIGH AND VERY HIGH VALUES OF

Ph

2

P
SH2

EFFECT OF TEMPERATURE

p_ /P = P, /P, . = P, /P =
HZS H HZS H2 st H2
0000501 0400472 0,00894 0601405
1590°C 1755°C 1590°C 1755°C 15909C 1755°C
TIME wt. %S wt. %S wt. %S wt. %S wt. %S wt. %S
min, o
Ueb Ve&29
1 Ue825
2 l1.36 4eTl
3 1,79 3e43
4 2.12
5 1.48 1e25 4406
6 2465 _
745 1462 138 5e64 4488
8 2499
10 1.66 1e45 3426 2e¢74 5498 4495
1245 le72 le43 3e41 691 Selt7
15 le76 143 3455 780 5¢76
15 576
175 1.77 let3 3,61 2490 8420 5¢99
2U 173 le48 3484 8e27 . 6e25
25 1676 lets7 3.81 9.16 6e53
30 1667 1e48 3,76 9453 6e72
35 1,72 10.8
4u le72 lett7 . l1l.1 658
50 1.78 124
6y 1.71 3693 12.6
75 36479

SEE ALSO FIGe

12513 AND 14




TABLE 7

<EQUILIBRIUMS RESULTS AT 1525°C

(a) (b)
DROPLET ANALYSIS GAS ANALYSIS
RUN By | N s RSD s | R_ | N s | RsD
%1000 %1000

10106 Ue581 6 | U023 | 349 1096 | 1a83 |13 | 0e05 | 247
10205 0ab64b6 |. 5 | Veul3 | 240 984 | 2404 6 | 0aU7 | 3ab
10305 0e819 5 | ve0u8 | 1.0 777 | 2.58 9 | 0405 | 149
10404 3496 4 | 0.06 1o 221 | 9415 5 | 0617 | 1.9
10505 2463 5 | veos le6 290 | 6495 3 | 0,08 | 1.2
10605 04633 5 | 04609 | 1es 902 | 2.22 3 | 0407 | 249
10701 4476 1 215 | 9.38 1

10804 2452 4 | Va5 241 296 | 6481 6 | 0e13 | 1.9
10904 24410 4 | 0e002 | Osl 314 | 6442 2 | 0403 | 0e5
11004 b4o2b 4 | 0.08 1.8 226 | 8492 4 | 0412 | 1.3




TABLE 8

<EQUILIBRIUM> RESULTS AT 1600°C

(a) (b)
DROPLET ANALYSIS GAS ANALYSIS
RUN (hS) N S RSD 5, R N S RSD
%1000 %1000

20110% | 1473 10 | Ue03 le7 401 | 5.01 5 | el | 248
20207 0e264 7 | 0.002 | 0.8 2237 | 0490 7 | 0,03 | 3.0
203U9% | 04536 9 | VelUB | 1lel 1085 | lesé 5 o.Qs 4ol
20406% 3481 6 GeCH le7 227 Be94 | 5 | 0403 .0.3
20507 | O.441 7 | 0a003 | 047 1287 | 1456 7 | 0.02 1,3‘
20603 0e633 3 ] 0eUU3 | 045 932 | 2.12 |10 | 0413 | 6a1
20708 1e25 8 | 0e01 | 0e9 503 | 3499 4 | 0e03 | 08
20809 2.88 9 | Ue04 l1e5 . 264 | Teb64 4 | QeUB | 1la0U

* RUNS CARRIED QUT AT 1590 C




TABLE 9

<EQUILIBRIUMS RESULTS AT 1755%9C

(2) (b)
DROPLET ANALYSIS GAS ANALYSIS
RUN (%) | N S RSD B, R N s RSD
%1000 %1000

40108 Ue&T6 8 VeUUS le0 1085 l.84 5 QeS8 4o
40208 0240 8 04009 | 347 2237 | 0490 7 | 0403 | 340
40303 14430 3 | Ue0U2 | Osl 426 | 4472 4 | 0e09 | Zel
40403 6461 3 | 0410 1e5 144 [14405 9 | 0el5 | lel
40503 04355 3 0e0U2 0e6 1549 1430 10 006 Leb
40602 2482 2 | 0e12 4al 227 | 8.94 5 | 0e03 | 043
40704 0367 4 | 04009 | 2e4 1354 | le48 3 | 0406 4}1
40805 2486 5 | Veu7 245 224 | 9400 2 | 0e26 | 249
40905 0e908 5 | Ue0UT | 0e8 598 | 3436 2 | 0s01 | 043
41005 | 2.26 5 | 0e06 | 1.8 271 | 7ets | 3 | 0408 | 1le1




TABLE 10

CHROMIUM CONTENT OF IRON-CHRGMIUM ALLOYS

MELT

10
11
12
13
14
15
16
17
18
19

2V

ANALYSIS (wt.%Cr)

A1 A 2 A 3 A 4 MRD
1.99 1.97 2.00 Oe8
2.00 1.97 1.94 1.5
4418 4493 4,85 4e78 7e5
4493 4489 4e91 5605 1e6
9.87 9e74 9e T4 Ce7
9492 9459 9.96 9498 1.9
1449 1449 00
1449 1448 Vet
19.8 1945 1947 Ue8
19.8 1947 19.8 Ge3

1945
2446 2443 24e6 Ceb
2443 2664 2445 Uets
29.2 2942 29.5 Ueb
2944 29¢4 2946 Gett
324 3244 3246 Ue3
3448 bt 3446 Ueb
39.8 39,4 39.3 Os7
4leb 4143 4143 Ge2
3942 3843 3947 1.8




TABLE 11

CHROMIUM LOSS DURING LEVITATION

EFFECT OF TEMPERATURC

RUN- | wt.%Cr | TIME | wt.%Cr {CHROMIU
INIT. FINe LOSS
734 3446 15 3441
733 3446 30 3441
1590°C 732 3446 45 3347
, Ue 60
FLOW OF HYC. 729 2446 15 24t
730 2446 30 2442
2.6 1/min. 731 2446 45 2347
726 1449 15 1447
727 1449 30 1446
728 149 45 lbek
Ue78
Cr LOSS IN % OF INIT. CONTENT PER 10 MINUTES: Qe T4
720 3446 18 3245
1755°C _ 721 3446 30 324U
342
7124 2446 15 237
FLOW OF HYD. 725 2446 30 2247 -
2.9
2.6 l/minn
722 | 1449 15 1443
723 1449 30 1345
3e4
Cr LOSS IN % OF INITe CONTENT PER 10 MINUTESS 249

SEE ALSO FIlGe. 15 AND 16




TABLE 12

ATTAINMENT OF KEQUILIBRIUM>
IN IRON-CHROMIUM ALLOYS

TIME

RUN wt. %Cr wt. %S
807 4143 45 2e39
1525°C ,
b /p - 804 4143 50 2.41
H.S "H_~ ,
2 2 808% 41e3 60 2455
000204 )
809 4143 75 237
965 3943 30 1.86
1600°C
p /P = 961 3944 45 190
H.S H
2 2 962 39 44 60 1.93
000212 :
963 3943 75 1.89
964 3943 9u 1482
1006 39,3 20 1.68
16909C
P p = | 1007 39,3 30 1.76
H S/ H2
1008 39,3 40 197
0.00299
1010 3244 30 1.68
1011 3244 45 1456
1012 3244 60 1ot
711 4143 1245 06592
1755°C
P _/p | 712 4143 15 9,586
H. S " H
2 2 713 4143 2u 0e611
0e 00130
714 4143 25 0.608
. 715 34,4 1245 0503
716 3444 15 0e505
717 34t 2V 0e519
718 3444 25 0.515

*¥RUN AT 1515 C




TABLE 13

TERNARY SYSTEM

IRON - SULPHUR - CHROMIUM

<EQUILIBRIUM» RESULTS AT 1525°C

RUN wt. %S wt. %Cr TIME wt. %Cr
: INITe min, FINe
824 0e783 1.96 " 45 1.92
825 - 0.788 1.96 35 193
823 06583 1498 | 40 . 190
820 Qe 644 4490 45 4481
821 0e659 445U 45 4481
822 0665 4490 45 4481
827 1‘U2 Qe 74 50 9.54
828 1.01 SeTlh 60 9450
829 1.03 e T4 50 9454
8le 0897 1449 50 1446
817 . Ue886 1449 50 1446
818 0e898 1449 50 1446
833 lets2 19.5 50 19.1
834 le&42 19«5 50 , 19.1
814 1.19 2446 50 2441
815 1623 2446 50 2441
830 2.03 2945 60 2848
831 2.U5 2945 60 2848
832 2eU8 2945 50 2849
81U L 1470 3446 55 33.8
811 1e73 3446 55 3348
812 | 1l.68 ' 34,6 60 3347
813 1621 3446 50 2441
8U4L 2419 41.3 50 4045
807 2017 4143 45 4045
808 2431 4143 60 4043
809 216 4143 75 4040




TABLE 14

TERNARY SYSTEM

IRON - SULPHUR - CHROMIUM

QEQUILIBRIUMYD RESULTS AT 1600°C

RUN wt. %S wt., %Cr TIME wt. %Cr
INIT. min. FINe
975 0e595 1e96 30 1691
976 0582 1496 - 40 190
977 0«589- 1e96 40 1,90
973 0e651 4490 45 LeTlc
974 06647 449U 45 LeT2
978 0e739 9475 50 9636
980 Oe721 975 50 936
981 Q6132 975 - 50 9436
971 0.838 1449 50 . 14,3
972 0845 14,9 50 14,3
982 0e92C 1947 60 18.8
983 0«888 197 60 1848
968 16403 24e b 60 2342
969 1.05 2444 60 2362
966 1425 325 60 3049
967 1627 325 60 3049
963 le72 3943 75 3649
964 1«66 3943 S0 3665
961 le73 3944 45 379
962 1.75 3944 60 3745




 TABLE 15

TERNARY SYSTEM

IRON —VSULPHQR - CHROMIUM

<EQUILIBRIUM> RESULTS AT 1690°C

RUN wt. %S wt. %Cr TIME wt. %Cr
: INIT - min. FINe .

1024 04785 1.96 25 1.87
1025 04791 1le96 25 1.87
1033 - OeT784 le94 20 - - 1ae87
1G22 QeB64 - b e92 30 ) 4466
1023 06870 4692 30 4466
1032 OeB874 4,92 25 4ea11
1020 0.984 975 30 Gell
luzl 0928 Se75 - 30 9e24 -
1u3l Ue983 9478 25 9e34
1vulg le11 o 1449 30 14,1
10619 . 1410 1449 30 1441
1u30 le06 14.9 40 13.8
1016 le2?2 197 30 1847
1017 l1e20 1967 30 1847
1013 - le34 2hets 30 231
luls 1le29 2haels 40 221
1028 les28 244 40 227
1ulvy 1e53 3245 30 3048
1011 le42 3245 45 3040
1012 1.31 3245 60 2941
1008 179 3943 40 3646




TABLE 16

TERNARY SYSTEM

IRON - SULPHUR = CHROMIUM

<EQUILIBRIUM> RESULTS AT 1755°C

RUN wt. %S wt, %Cr TIME wt. %Cr
INIT. min. FINe
680 0e333 1.98 1245 191
684 0e333 1.98 12%5 1.91
685 06346 1.98 1745 1.88
686 -0e321 1.98 2065 186
687 Ue352 4482 1245 4465
688 0e353 4482 15 4461
689 0e356 4482 175 4458
690 0e364 4482 20 4454
693 06390 9474 1745 9e25
694 0e380U e Tk 20 9.18
697 00388 1449 1745 1442
698 0e396 1449 20 1441
7ul 0eti25 19.6 175 1846
702 Oe415 1946 20 1845
705 Oetttsl 2445 175 2343
706 Oeltt0 2445 20 2341
709 0e481 2942 175 2747
71(/ Ool+75 2902 20 27.5
717 Oe&72 3445 20 325
718 0e468 3445 25 320
713 0e555 ‘41e3 20 3849
714 0e553 4143 25 3843




TABLE 17
BINARY SYSTEM

TEMPERATURE DEPENDENCE OF

LOG K!' (@)
RUN PHZS/PHZ PHZS/PH2 wt. %S| ¢LOG K' (%)) ALOG K!
ANAL CORR. | in %
————————————————————— 1525 C e
10106 183 1e77 «581 -2e517 249
10205 2.U4 1697 ° 646 ~24516 2eb
10305 2458 2049 «819 -24517 13
10404 9415 8e75 3496 ~2e656 1e5
10605 222 . 2e15 0634 -2¢470 1e9
10701 9.38 8697 4e76 ~2e725
10804 6e81 6¢53 252 ~2e586 1e7
10904 LY 6416 2e41 ~24592 el
11064 892 8453 4o2b ~2e697 1et
——————————— e ——————— 1600 C = —m—mmemmmemm e —
20110 5401 4473 1.73 -2e564 240
20207 Ve9U e85 e 264 -2e491 1e6
20309 l.84 1.76 537 © =2e485 2e3
20406 8e94 8e33 3681 ~2e660 let
20507 le56 let7 A ~2e476 Oe9
. 20603 2012 2604 0632 ~2e492 2+9
20708 3¢99 3676 125 ~2e522 Oe7
20809 7664 7¢13 2.88 -2.606 l1e1
————————————————————— 1755 C e
40108 1e84 le64 475 ~2e462 262
40208 0e9C . «80 e 24V ~2e478 249
40303 4472 4413 le43 -24540 0«8
406403 14405 11.8 6061 ~2e74
40503 130 le15 ¢354 -2e489 2e2
40602 8e94 7663 282 -24568 2e5
40704 1e48 1,31 «367 ~2e446 248
40805 9.0C - Te72 286 ~24569 2e3
40905 3436 2.95 « 909 —2e488 Oe5
41005 7o bt 6els2 226 ~2e546 le2

SEE ALSO FIGe 18351952Us AND 21




TABLE 18

BINARY SYSTEM

TEMPERATURE DEPENDENCE OF
<LOG K'(X)> AND <LOG K'YZ)>

RUN PHZS/PHZ Xg  |<LOG K'(X)> zg feroo iz
CORR.

———————————————————— 1525 C e b e
10106 1477 «0101  -.756 (0103 -4765
10205 1.97 (0112 =.755 LO0Il4  =a765
10404 8475 c067U  -.884 C0TT4 =a947
10505 6467 $0449  -.828 <0493 -.869
10605 2415 L0110 =.709 L0112 =a719
10701 8.97 0801  =+951 0953 =1.027
10804 6453 <0431 -.819 W04T2  —e855
10904 6416 <0412 =825 C0449  ~.863
11004 8453 L0717 =.924 0836  -.991

———————————————————— 1600 C e
20110 4473 $0298  ~e799 (0317 -.826
20207 .85 <0046  =a731 .0046  ~+735
20369 1.76 S0U93  =.724 (0095 =e732
20406 8433 «0646 =889 C0T42 =949
20507 147 <0UTT =716 c0078  =e722
20603 2.04 L0110 =.731 (0112 =e740
206708 3476 0216 =758 (0226 =.778
20809 7413 .0491  -,838 L0545  ~.883

———————————————————— 1755-C T B
401U8  1.64 S0UB2  =aTU2 SUCBA  =eTU9
40208 .80 L0U42 =718 C0042  =eT22
40363 4413 S024T  =u777 <0259 =a799
40403 11.77 .1098  -.970 c1406  ~1.077
40503 1415 <0062  -e728 c0062  —e734
40602 Te63 0481  =.800 0533 -.844
40704 1.31 (0064 =.686 (0065  —e692
40805 7472 <0488  -4801 (0540  —e845
40905 2495 (0157 =.726 0162 =eT40
41605 6442 0387  -.780 L0420 =815




-IRON = SULPHUR - CHROMIUM

EFFECT OF CHROMIUM ON THE

TABLE 19

TERNARY OSYSTEM

ACTIVITY COEFFICIENT OF SULPHUR AT

15259
(P S/PH ) = 0.00204
2 2 CORR. 000253
WEIGHT PERCENT SCALE
RUN wt. %S <LOG K'1> | <LOG K> LOG fgr wt. %Cr
CCRRe
824 * 861 ~2¢532 -24513 —eU19 - 192
g25* «867 ~24535 ~24513 -eu22 1493
823 641 ~24498 ~24501 e U03 " 190
82U - 708 ~24541 ~24505 —eU37 4eB1
821 «725 -24551 ~24506 — e Ub6 4481
822 T e731 ~24555 -24506 —eU49 4e81
g27* lel2 ~24646 -24526 -e120 54
828 %* lell ~2e643 -2e¢526 -e117 9450
829 % lelé -24652 -24527 -e125 9454
816 987 ~24685 -2e4519 ~e 166 14e6
817 975 ~24680 ~2e4519 ~el61 1466
818 «988 ~2¢686 -24519 -e166 l4e6
833 % 1e57 -24791 ~24550 —e241 1961
834 * 1e57 -2¢792 ~2¢550 —e242 1941
814 131 -24810 ~2e4537 ~e273 2441
815 1036 “2.824 "2-539 "‘.285 2401
830 % 2623 ~26946 -2e585 ~e 361 288
831 % 2¢25 ~2e950 ~24586 —e 364 2848
832 % 229 —24956 ~24588 ~¢368 2849
810 1.87 1 ~24963 -2+566 -¢397 3348
811 190 ~2e97U —24567 -e 402 3348
812 le84 ~24957 ~24565 ~e392 3347
813 133 ~24816 -2.538 -e278 244e1
804 241 -3,073 —24594 ~e 478 4045
807 239 ~34069 -24593 —e 476 40e5
808 2.55 "30\)97 —20602 -‘0495 4U03
809 2437 ~34066 ~2¢592 A 4040

* . s o
* Runs carried out with (PHZS/PHZ) CORR. 0.00253

SEE ALSO FIG.




TABLE 20

TERNARY SYSTEM

IRON = SULPHUR - CHRO4IUM

EFFECT OF CHROMIUM ON THE

ACTIVITY COEFFICIENT OF SULPHUR AT

(PH S/PH )

2

1600°¢C

2 CORR.

WEIGHT PERCENT SCALE

= 0400203

RUN wt. %S | <LOG K't> | <LOG K'> Losfzr' wt. %Cr
’ CORR e
975 « 654 -24509 —2¢495 -eUl3 1,91
976 « 640 -2e499 ~2494 -+ 005 1.90
971 « 648 ~2e504 —2¢495 -e V(9 1e94
973 « 716 -2e548 2498 —e U49 bel2
974 « 712 ~2¢545 - ~2e498 —~e U4 LeT2
978 «813 —-2e603 —2¢503 -+ 100 936
980 « 793 ~2e592 —2502 ~sU90 9436
981 « 805 ~24599 —-24503 -sU96 9636
971 0922 —2e¢657 ~24508 -e 149 1443
972 2929 ~2e661 —24509 -el152 1443
982 leul ~26698 —2¢513 -+ 185 1848
983 « 977 —24682 —2e511 ~e 171 18e8
968 leld ~2e743 —-2+519 ~e229 23e2
969 1015 "20754 “2.520 "02:34 2303
966 le38 —-Z24832 —-24531 —-e301 3Ue9
967 le40 —-24837 —-24532 ~e 305 309
963 le87 ~24968 —-2e556 ~e412 3649
964 le82 =270 ~2¢553 -e 400 3645
961 1.90 —24972 —2«57 ~e 415 379
962 1.93 ~24978 —2e558 -e419 3745

SEE ALSO FIGe




IRON -~ SULPHUR - CHROMIUM

EFFECT OF CHROMIUM ON THE

TABLE 21

TERNARY SYSTEM

ACTIVITY COEFFICIENT OF SULPHUR AT

1690°C
= JeU
(PHZS/PHZ)CORR. Oev026r
WEIGHT PERCENT SCALE
= ) Cr
RUN wt. %S <LOG K'ts | «LOG K% LOG f wt. %Cr

‘ S CORR o
1024 863 . =2e510 ~2e497 —-euUl3 187
1025 «87U ~2e513 ~24497 . —eUl6 1.87
1033 862 ~24510 ~24497 -eU13 le87
1022 e 395U —2e552 -24501 —elbl Lab6
10623 «957 ~2e555 ~2e501 - U554 Labb
1032 «961 —2e557 -24502 —eU55 4471
1020 1.08 ~24608 -2e507 -« 101 Ye24
1021 1e02 -Z2e583 ~24504 -eU79 Sell
1031 108 -2.608 —24507 - 101 9e34
1018 123 ~2.664 —-2.514 -e150 l4el
1019 1621 ~24656 —24513 —e1l43 l4e1
1030 le16 ~2eb64U ~2e511 ~el29 138
1ule6 le35 —2.703 -24519 -e183 1867
1617 1e32 ~24695 -2e4518 -e177 1867
1029 1.31 —24693 ~2518 -e175 184
1013 1e48 ~2e743 -24526 ~-e218 231
lUlL} 1042 “20725 -20523 "‘0202 2206
1028 lell ~2e7253 —2e522 -¢200 2247
1U10 1068 "2080U —20535 -0265 3007
1011 1e56 ~24768 ~2e530 ~e238 299
1012 letsls —-24733 ~2.524 -e209 29.1
1008 197 ~24869 —-2¢549 -e320 3646

SEE ALSO FIGe 26




IRON = SULPHUR - CHROMIUM

EFFECT OF CHROMIUM ON THE

TABLE 22

TERNARY SYSTEM

ACTIVITY COEFFICIENT OF SULPHUR AT

(P

2

1755°C

}IS/PH )CORRf

2

WEIGHT PERCENT SCALE

0600120

RUN wt. %S | <LOG KVt» | <LOG K'> LOG fif wt. %Cr
68U e 366 ~2e484 —-2e469 —eUll 191
684 «366 —24484 -24469 —eUl4 le91l
685 «381 -24500 -24470 ~e 030 le88
686 353 ~2e468 -2e469 $U01 1486
687 ¢ 387 ~24508 -24470 ~eU37 4465
688 «388 ~24509 ~2e470 -eU39 4eb1
689 ¢392 ~24513 —2e471 - U2 4458
690 «4GU . ~24522 . ~24471 —eUb1 bLe54
693 429 -2¢552 ~2e472 -e U8B0 925
694 418 ~2e541 -2e472 - U69 9418
697 427 ~2e55u -2e472 -eUT8 14e2
698 0436 "'2.559 "20473 “.\)86 14-1
7Ul 0467 "2059U "20474 "0116 1806
702 456 ~2e¢579 ~2e474 -+ 106 1845
705 e 485 -24606 ~24475 ~.131 2343
706 « 484 ~24605 ~2e475 -e 130 231
709 0529 -24643 -2e477 -e 167 27e7
71v «522 -24638 24476 -e162 2745
717 e519 -2¢635 ~2e476 ~-e159 3245
718 515 ~246632 ~2e476 ~¢155 3240
713 e 610 ~2.706 -24480 ~e225 3849
714 «608 -24704 ~2e480 —e224 3843

SEE ALSO FIG.

27




EFFECT OF CHROMIUM
ACTIVITY COEFFICIENT OF SULPHUR AT

TABLE 23

TERNARY SYSTEM
'IRON - SULPHUR =~ CHROMIUM

ON THE

; 1525°¢C
(P.. /P._) = U,00204 OR
HZS H2 CORR. (.(0253
LATTICE RATIO SCALE
RUN wt. %S z <LOG K'1>| <lLOG K 'y Loe\vcs:rr zcr wt. %Cr
S CORR.

824* «861 « 0154 7“.783 ~e 764 “'07019 0021 1e92
825* .867 «0155 - 786 ~e 764 ~4022 eU21 | 1493
823 661 0114 - 747 ~e751 « 004 021 1.90
820 708 0126 -e791 ~e755 -+036 e 052 4481
821 0725 «0129 -+801 ~e756 -6 045 «053 4481
822 731 00130  —e805 -e756 ~e 049 «053 4481
827 % 1412 0201 ~e90uU ~e 780 -e121 c1UB 9e54
828 *| 1,11 « 0200 -¢898 -e779 -e119 104 9450
829 *| le14 00204 -e907 -.781 -e126 0105 9e54
816 «987 0177 -¢938 -e772 ~e167 160 1446
817 «975 0174 -e933 -e771 -e162 e160 1446
818 «988 0177 -e939 —e772 -0 167 0160 1446
833 *| 1.57 «0285 -1.051 -e807 - o 244 0211 19.1
834 * 1,57 «0285 | =1,052 ~e807 —-e245 211 19.1
814 1031 00237 "10066 —0792 "0275 0264 2401
815 1036 00245 “10081 "0794 “|Z87 0264 ZQ/..L
830* 2.23 00415 _10214 ""0850 ".364 QBZZ 48.8
831* 2.25 00418 "10218 "0852 “0367 0322 2808
832 *l 2.29 e 0425 -1.225 -e854 -e371 0324 | 2849
810 1487 00343 -1.226 -e827 -« 400 e373 | 33.8
811 1090 00349 “1.234 —~e829 “0405 .374 33.8
812 le84 0338 -1.221 -+825 -+396 0372 3347
813 le33 e 0241 -1.073 -e793 -+ 280 0264 2641
I 2441 0449 -1.343 ~e862 ~e482 452 4045
807 2439 e 0445 -1e340 -e 860 -e479 o453 4045
8U8 2455 0477 ~14369 ~e871 -e498 0452 4043
809 | 2437 e 0442 -14326 -e859 - iT7 LT 4040

* . L -
Puns carried out with (PHZS/PHZ) CORR. 0.00253

SEE ALSO FIGe. 30



EFFECT OF

TABLE 24

TERNARY SYSTEM
IRON - SULPHUR - CHROMIUM

CHROMIUM ON THE

ACTIVITY COEFFICIENT OF SULPHUR AT

LATTICE RATIO SCALE

RUN wt. %S Zg <LUG K'1y| <LUG K> Loeqigr zCr wt. %Cr
CORR.
975 654 0116 —e757 —e 744 -.013 .021 le91
976 « 640 .0113 - 748 - 744 -6 004 $021 190
977 648 C0115 ~e753 A -+ G09 021 190
973 .716 0127 - 797 ~e 748 - e 049 0052 Lal2
974 712 «0126 ~e 194 ~e 748 -e 047 $ 052 4el2
978 .813 .Cl45 ~+853 -+753 -+ 100 102 9436
98U . 793 COl4l ~e842 ~e752 -+ 09U slU2 9436
981 .805 0143 - o849 ~e753 -+ 096 0102 9e36
971 0922 0165 ~-e909 —e 760 -e150 156 1443
972 $929 «0166 ~eG13 ~e 760 -.153 0156 143
982 1.01 0181 ~e951 —-e 765 -+186 $ 205 1848
983 977 0175 -e935 ~e763 ~el72 0204 18¢8
968 lelt 0204 -1.002 -e772 ~e231 0252 2342
969 1-15 002\)7 -10009 "‘.773 "023() 0253 2302
966 1638 0249 ~1.090 ~e 786 —e 304 «337 3069
967 le40 .0253 -1,095 ~e 787 -+308 0337 3049
963 1.89 « 0346 ~14232 -¢816 —e 16 407 | 3649
964 1482 . 0334 ~14216 -e812 ~o 404 o401 3665
961 1,90 « 0350 ~14237 -e817 -e419 o418 3749
962 1,93 <0354 —le242 ~¢819 —el23 o4l3 375
SEE ALSO FIGe 29 AND 30U



"TABLE 25

TERNARY SYSTEM
IRON = SULPHUR - CHROMIUM

EFFECT OF CHROMIUM ON THE
ACTIVITY COEFFICIENT OF SULPHUR AT

1690°C
(PHZS/PHZ) CORR, = 0+00267
LATTICE RATIO SCALE
RUN | wt. %S z <LOG K113l <los k15| LocyCT| 2z wt. %Cr
S | S Cr CORR.

luzsa «B863 « 0154 ~-e 762 - 748 -e014 «021 187
1U25 0870 00155 "'0765 "'748 "0017 0021 1057
1u33 «862 «0154 —e761 —-e 748 ~-«.013 021 le87
1U22 0950 e U170 "'0804 "0752 “0052 0051 4066
1023 0957 00171 "-807 "‘0753 "0055 0051 4.()6
1032 «961 «0172 ~e¢809 - 753 - 057 « 052 4671
1620 1,08 «U194 —e862 ~e 159 ~+ 103 «102 Gell
1021 1.02 «0183 —«836 -e756 -+ 080 e101 Sel&
1031 1.08 « 0194 ~e862 ~e759 -¢103 «103 Fe34
1U18 1023 00222 "'.92U “0767 "0153 0155 1401
luiQg le21 e0217 -e911 —e 166 -e 145 e155 1441
103v le16 e 0209 -e895 ~e 764 -+ 131 «152 13.0
lule 1435 e 0243 —~e960U - 774 —~¢ 186 e 206 18¢7
1017 le32 « 0239 ~e95¢ ~e 172 -+ 180 « 206 1867
1U29 1031 00238 "0950 —0772 "0178 0202 15.4
1013 1.48 0026(5 ‘1.UOZ "078]. "“0222 0254 2301
1014 le42 e G257 —e983 -~ 177 —-e 206 e 249 2246
lu28 le41 « 0255 ~e981 ~e 777 -e 204 249 227
1010 1.68 «0308 -1.062 ~e792 - 270 «339 3067
1ull 1456 « U284 ~1,028 —-e785 —-el42 «348 2949
1012 letity U262 -e991 —-e 179 —-e213 «318 Yl
1008 1,97 « 0363 14134 -«808 —-e326 « 405 3666

SEE ALSO FIG.30




TABLE 26

TERNARY SYSTEM
IRON - SULPHUR - CHRGMIUM

EFFECT OF CHROMIUM ON THE
ACTIVITY COEFFICIENT OF SULPHUR AT

1755°C
(PHZS/PHZ)CORR." 0400120
LATTICE RATIO SCALE
A Cr
RUN wt. %S z <LOG K'1>{<LOG K>l LOGY g z wt. %Cn
: S Cr CORR.
680 e 366 « 0064 —-e 729 ~e718 -+011 o021 l1e91
684 «366 s0LG4L —~e (29 "0718 —-e011 QOZI 1091
685 «381 « 0067 ~e 746 ~-«718 -.028 020 l1.88
686 «353 « 0062 ~-e713 -e717 « 004 «020 1.86
687 «387 « 0068 —-e 753 ~e 719 -+ 035 «050 4665
688 388 « 00638 ~e 7155 ~e719 -¢036 «0590 4461
689 ¢392 « 0069 ~-a758 ~-e719 -« 040 « 050 4e58
690 « 400 « 0071 —~e 768 -e719 -+ 049 « 049 4a54
693 o429 « 0076 —e 798 —e721 -e 078 «100 9e25
694 «418 « 0074 - 787 ~e 720 ~e 067 «099 9418
697 o427 «CUT5 —~e 196 ~e721 -+076 «153 1442
698 0436 00077 ‘_.803 "07Zl "006‘4 0151 1401
7U1 .467 .OUSZ -0836 —0723 _0114 QZUU 1806
702 « 456 00081 —«826 -e 22 "0104 0198 1805
705 «485 « 0086 ~+853 ~e 723 -e129 « 249 2343
7\)6 484 00U85 "0852 —~e 123 “e 128 0247 23.1
709 «529 2 0094 —¢891 ~e726 ~e 165 296 . | 2767
710 0522 00092 —~e885 “n725 “0160 0293 27.5
117 «e519 « 0092 ~e882 - 725 —-elb7 e 346 3265
718 «515 « 0091 —~e879 ~a 125 —e 154 340 3240
713 «610 «0108 ~e954 -e 730 | —el24 o413 3869
714 0608 00108 "0952 "‘0730 “0223 0407 38.3

StE ALSO FIGe30
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