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INTRODUCTION

Levitation melting techniques have already been used several times
for studying gas-metal reactions. Kinetics of dissolution and equilibrium
constants have been determined with this method. In connection with this
technique the use of gas mixtures may introduce phenomena, for example
thermal diffusion,which can produce misleading results.

Following Richardson, who studiea the system Cu-0 and Ni-0 with
CO—CO2 gas mixtures, the purpose of this investigation was

i) to study the parameters influencing th2 dissolution of oxygen

in liquid iron from CO—CO2 and HZ—HZO gas mixtures
ii) to investigate these effects when an alloying element is present
in the liquid iron.

The allowing element chosen was chromium., Data from several sources
over the range 0 - 10 wt. pct. chrdmium were available for cqmparison. The
'present study was expected to provide data up to 25 wt. pct; chromium,

In the past, the effe;t of chromium on the behaviour of oxygen
has been studied only at temperatures close to 1600°C.  An objective of this
work was to determine the effect of temperature on chromium-oxygen interactions
over the range 1550 - 1750°C,

This information would provide a basis for the construction of a
chromium-oxygen-chromium oxide equilibrium diagram which would be of value

when considering the reactions involved in stainiess steelmaking.

(xii)



CHAPTER 1
Literature Review
1.1 Thermodynamics of Tiquid metallic solutions - Introduction
The thermodynamic description of liquid metallic solutions consists
essentially in obtaining a suitable analytical representation for the activi-
ties of the various components of the mixture.
- This representation has to be:
- thermodynamically consistent;
- in agreement with the limiting laws for the solutes and the solvent
(Henry's and Raoult's laws).
For convenience, it should be as simple as possible and compatible with the
precision of the experimental data.
No representation is actually satisfactory over the whole range of
concentrations. Wagner's formalism for dilute solutions and Lupis' extension

will be briefly reviewed here.

1.2 Interaction formalism )
(1) and Chipman(z)

Wagner represent the excess free energy of component

i in a dilute multi-component solution by a Taylor series expansion. They

develop the formalism of the first order interaction coefficient:

() . vy

ey’ = el . (1.1
1 . :
BXJ

Later Lupis and E]Iiott(4’5) expand this treatment to higher order interaction

parameters, as well as enthalpy and entropy interaction coefficients.

-1-



Although the mo]ar fraction is the more fundamental composition unit,
it is some times more convenient to use other wunits. The notations for these
various interaction coefficients are grouped in Table I, along with the
representative equations of the excess free energy of component i.

The conversion of these parameters from the weight percent coordinates
to the mole fraction éoordinates (Lupis and J. F. Elliott(3’4’5)) is shown
below. Some useful thermodynamic relationships between these quantities are

~also given,

. M. . M, - M.
e(%) = 230,—,;1‘L e(g) DU - (1.2)
(G) _2.3x10% 2.2 (5) (3)
pi-T £10 M rg +r4j(M]-Mj)e~}](1,3)
M, - M,
+5 ()’
@) ) |
R ok (-4
(i) (3)

o) 1] i (1.5)

; 23R 73R

Figure (1) is a graphical representation of the first and second order free

energy interaction coefficients in a ternary 1-i-j system.

1.3  The Fe-0 system

Numerous investigations have been carried out on. the solubility of

oxygen in pure liquid iron at steelmaking temperatures. Gokcen(]z), and

(13)

subsequently Tankihs, Gokcen and Belton reviewed the literature up to 1964,

(14)

J. Chipman gives also references and values from the latest research work



in this area. The partial pressure of oxygen in equilibrium with iron and
iron oxide at 1600°C is extremely low (approximately 10'8 atmospheres(ls)).
Because of the difficulties for controlling such a low pressure, the oxygen
potential is genera]ly fixed by a gas mixture containing H2-H20 or CO-C02,
the first being the most commonly used. The reactions with the molten metal

can be written as:

H, + 0

H20

CO+0 =0,

the underlined symbols referring to elements dissolved in liquid iron. The

law of mass action can be used to write the equilibrium constants

Hy (a,)
f.“CO2 ’ 1
Ky = (—2) —-
co (a,)
with the subsequent notation
iy 1
Ki =
P, (% 0)
22
co
K = 2 1

1, +., ,... are the fugacities of the gases, and a_ is the activity
HZO’ H2 - 0
of oxygen in the melt. The deviation from ideality of the gases used being
extremely small, fugacities and partial pressures are considered to be identical.
From the data on one gas mixture, one can, by means of thermodynamic data

for the water-gas reaction
Hy(g) + CO,(g) = H,y0(g) + CO(g)



calculate the equivalent value for the reaction with the other gas mixtures.

The values of log KP from various investigators (converted, if necessary,
from values of log KZ) are shown in Fig. 2. It is rather difficult, in view
of the difficulties of experimentation at high temperature, to point out
specifically the causes of the discrepancies. However, they can be attributed
to four main saurces:

(1) Oxygen analyses.

(2). Thermal diffusion.

(3) Temperature measurement.

(4) Crucible contamination.

(1) Oxygen analyses have been made. in all investigations listed in the

references (10 to 13, 16 to 23) by vacuum fusion. Gokcen(]z)

pointed out
--the possibilities of low and errati¢ values for samples containing over
0.02 pct 0., due to spatter upon melting, when they are dropped in a

graphite crucible not equipped with a baffle or a lid.

(2) When a mixture of gases encountersa hot surface with a thermal gradient,
the heavier molecules tend to concentrate away from the surface. This
phenomenon is called thermal diffusion, and was adequately described, in

connection with gas-metal reactions by Emmet and Schu1t2(24), Darken and

(27)

Gurry(zs), Dastur and Chipman(zs), Sakao and Sano ‘and by Bdckris,

McKenzie and white(zs).
The thermal gradient above the melt is particularly high in induction

heating furnaces. If thermal diffusion occurs, the ratio PHZO/PH prevailing

2
at the surface will be lower than the inlet ratio, thus giving high values of ﬁ‘.



(3) Errors in optical temperatufe measurements can arise from large
extrapolations of the calibration data. When measurements are taken by
sighting directly onto the melt, emissivity and reflectivity corrections
have to be made. Unexpected ervors can arise in such measurements =~
(d’Entremont(zg)). Furthermore, the variation of emissivity with oxygen

)

content is not known. Since oxygen is tensioactif(30 , this change may
be important.

ratios

- (4) Crucible contamination can easily arise at Tow P, /P

H

2 2 .
(dissolution of oxygen from the refractory crucible) or high PH 0/PH
‘ ' 2 2
(formation of spinels). Whe n induction heating is used, the melt is

continuously stirred thus washing the walls of the crucible and enhancing

the kinetics of the reaction.

1.4 Effect of chromium on the activity of oxygen diséo]ved in liquid iron
The Titerature on Fe-Cr-0 alloys has been reviewed by Shiraishi(31)
up to 1965. Al1 the experimentations have been madevwith crucible techniques.
They were therefore subject to the same possibilities of error as the experi-
ments for the Fe-0 system. To them, one may add the possibility of entraping
oxides when suctiﬁn‘ samples are taken through a layer of slag.

(32)

Since 1966 Pargeter made a somewhat limited investigation of

chromium-oxygen interactions at 1600°C. The apparatus used was similar to
that used by Chipman et al21). His results are included with the results
of other investigators in Table II, summarized in the form of interaction

parameters. |

Shiraishi(31)was the first to use a levitation melting technique for

studying this system. However, it is felt that his data are insufficient to



allow a good interpretation for the effect of chromium on the behaviour of

oxygen dissolved in liquid iron.



CHAPTER 11
Experimental Considerations
2.1 Thermal diffusion

2.1a Introduction

When a mixture of gases of different molecular weight enter a region
with a thermal gradient, segregation of the mixture occurs. The heavier
molecules tend to accumulate in the cooler zone. This phénomenon is called
thermal diffusion. It is probably one of the most significant sources of
error in the studies of gas-metal reactions at high temperatures.

(33) (34,35) .

Predicted by Enskog in 1911 and by Chapman

(36)

in 1916, it was
first observed by Chapman and Dootson in 1917. The errors which can arise
in stafic atmospheres of HZ—H20 in studies of gas-metal equilibria can be as
high as 40%. (Emmet and Schu]z(24));

Séveral methods have since been investigated in order to minimize its
effects.
(37)

i) Darken and Gurry calculate its extent in CO-CO2 mixtures

flowing through a vertical furnace.

(26)

ii) Dastur and Chipman proposed tWo méthods for a gas mixture

flowing down onto the surface of an induction heated melt.

a) Preﬁeating the gases in order to eliminate, as far as possible,
the thermal gradient near the surface.

b) Mixing with a gas of‘high molecular weight. This method is

(18)

based on Gillepsie's theory , which shows that the error

in Idg K' should be proportional to he mean square root of the

-7



molecular weight of the mixture.

(27)

iii) Sakao and Sano investigated the effect of argon additions,
temperature of preheat, distance of preheater to the melt and
rate of gas flow. They conclude that the effect of thermal
diffusion is not as severe as Dastur and Chipman stated.

iv) Richardsoh and A]cock(28) discussed the effect of flow rate; they
note that if an increase of four-fold in flow rate does not

affect the equilibrium value, it can be assumed that thermal

diffusion has no effect on the gas mixture.

2.1b  Levitation melting and thermal diffusion

Richardson and Toop(39) discussed thermal diffusion in connection
with levitation. They found that the steady sfate obtained with CO—602 and
molten nickel droplets was the same as the full equilibrium state in’so~-
far as the partition of oxygen was concerned

Sh1ra1sh1(3]) concluded that the effect was also neg]1g1ble wwth
H20-H2 mixtures and molten iron droplets. However his conclusions were
based on only a few experiments with levitation melting and his results could
easily be misleading. »

In agreement with some recent work by Kershaw(40)

this study has shown’
‘that for molten iron droplets

i) thermal diffusion is negligible with CO-C02 gas mixtures

ii) its effects are important with H2-H20 gas mixtures
No attempt waé made to minimizé the effects of this phenomenon, but the

pseudo-equilibrium constant can be of value in determining the effect of an

alloying addition on oxygen dissolution in molten iron (cf. Chapter V).



2.2 Temperature control

One of the major problems which faced earlier investigators of
levitation melting was the control of temperature of the molten metal
droplet. The hegt is produced in the droplet by FR losses of the current
induced in it. The characteristics of the field and the position of the
droplet in the field are therefore of prime importance for temperature
control. The factors which affect them are, for a given power supply:

(1) coil current

(2) coil geometry

(3) weight of sample

(4) electrical properties of the specimen
Additional important factors are to be found in the gaseous medium surrounding
the droplet (composition and flow rate).

By suitably combininé these factors, levitation melting can be used
over an extended range of-temperatures.

In this study the power was supplied by a high frequency generator,
450 kc/s and 10 kW. A step down transformer (7.5:1) was placed between the
generator and the coil, thus providing a higher current intensity in the coil.
It has the further advantage of suﬁpressing any discharges in the reaction tube.

Several coil designs were used in order to keep the flow of HZ-HZO
constant, and obtain the temperatures desired. Coils No. 1 to 3 (Fig. 3) are
numbered in'order of increased working temperature range. It was observed,

in agreement with Richardson(3g)

, that the temperature of the droplet passes
through a minimum when, at constant power input, the distance between

the levitating and stabilizing part of the coil is increased. This
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corresponds also to maximum mechanical stability.

The sample weight was kept between 0.5 and 1.5g. With a}partiCular
coil geometry and power inptut, the temperature was higher with the heavier
samples. This conclusion is valid in the weight range considered in this
investigation, but may not be va]id on a more extended range.

Gases like hydrogen or helium, with high thermal conductivity can
conveniently be used for obtaining low temperatures, with a reasonable flow
“rate (0.5 to 2 liters per minute). CO, COz,-Ar and N2 have a small effect
on temperature. In order to obtain low temperaturesthe gas should move
upward through the reaction chamber at a high flow rate (up to 20 1. per
minute or more). This can give rise to mechanical fnstabi1ities, due to

the large turbulence around the droplet.

2.3 Temperatufe measurement

In this investigation a Milletron two colour pyrometer was used.
This equipment measures the ratio of energies radiated around two wavelengths
(0.53 and 0.62 microns). This instrument 1ike any other opti;al pyrometer
has to be calibrated for any particular system. The calibration was carried
out with an Fe-C a110y, held in an alumina crucible, and heated by induction
(Fig. 4). The true temperature was obtained with a Platinum-6% Rh, Pt-30% Rh
thermocouple. Above 170000; the evaporation of iron interferes with the pyro-
meter measurements. Therefore, calibration has to be extrapolated to 1800°¢C.
When the temperature of the actual levitated specimen was measured, a close-
up lens was used. This allowed the drop to cover the entire field of the

pyrometer, Tempefatures were measured from the bottom of the reaction chamber,



1

with gas flowing upwards; in this way errors due to fume formation were
eliminated.

' The calibration curve was frequently checked against the melting
point of 'Ferrovac E' iron (composition is shown in Table III) which was

taken as 1539°C.

2.4 Oxygen and carbon analyses

The oxygen analyses were done on a LECO oxygen analyser. The
principle is gaseous reducing fusion. The sample, of about one gram, is
dropped into a graphite crucible, heated by induction (temperatures reached
can be as high as 2600°C). The carbon monoxide is swept by a current of
purified helium into a catalyst furnace. The rare earth and copper oxides
- oxidize CO to COZ’ which is trapped. After'a préset elution time, the
trap is heated, and CO2 is passed through chromatographic colums’, with helium
as carrier gas. The carbon dioxide. peak is integrated, and the result,
converted to Wt.pct. oxygen appearsdirectly on a digital readout.

The reproducibility of the apparatus, in the best working conditions;
is about 2 p.p.m. However, the absolute value depends on the reliability of
the standards (furnished by LECO). It is assumed that the error is of the
order of + 5 p.p.m. Preparation of the furnace and calibration was done by
following the instructions of the manﬁfacturer. Samples were washed in
acetone, dried, and weighed . After introduction to the furnace, through the
sample inlet device, 5 seconds elapsed before the sample was dropped into. the
crucible, so as to e]iminéte.any air which could have been in the chamber.
Frequent checks of electronic balance of the instrument, and recalibration
every 5 to 10 samples provided a useful means of checking the proper behaviour

of the instrument. .
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A few low carbon analyses were performed also on the LECO analyser.

The procedure followed was the procedure recommended by the manufacturer.



CHAPTER III

Experimental Procedure

3.1 Gas train

3.1.1 €0-C0, gas train

The mixtureswith analyées_were obtained from the Matheson company.
A few checks were made with an Orsat apparatus. The results were in good
'agreement. The gas was passed through magnesium perchlorate for removal
of traces of moisture (Fig. 5).

Two stopcocks allowed the introduction of helium or hydrogen to
the reaction chamber, for fusion, cooling or deoxidation. The Helium
purifying train was composed of ascarite (sodium hydroxide on asbestos
support) for CO2 removal and magnesium perch1oraté for water vapor‘removal.
The main impurity was hydrogen (< 20 p.p.m.). Hydrogen was passed over a
palladium catalyst at room temperature, reducing the oxygen level to very low
figures (< 1 p.p.m.), and over magnesium perchlorate for removing traces of

moisture.

3.1.2 H2 - Hzo,high and medium water vapor contents
The hydrogen water vapor mixtures of high and medium HZO/H2 ratios
(greater than 3 x 10‘2) were produced with the aid of a constant temperature
saturator. (Fig. 6). The hydrogen, or hydrogen-helium mixture was passed
through a palladium catalyst at room temperature, and a p%esaturator maintained

at a temperature slightly greater than the contro]led temperature of the

saturator. The saturator was composed of seven glass flasks filled with

-13-
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distilled water, and immersed in a water bath, The tehperature was controlled
by a resistance heater (manufactured by Gebruder Haake-Berlin) which maintained
a constant circulation in the bath. The control was better than 0.1°C in the
bath. The tubes leaving the saturator were heated with nichrome wire, main-
tained at about 809C,‘in order to avoid any condensation.

The slight pféssure drop in the line was measured by a dibuty!
phta]ate manbmeter, placed just after the saturator. The efficiency of
this equipment was checked over a wide range of operating conditions. During
the checks, the temperatures in the last saturator flask and in the water
bath were measured with iron-constantan on thermocouples and continuously
recorded. The water vapor was absorbed by 4 tubes filled with magnes fum
perchlorate and previously weighed. The 4th tube was used as a check to
ensure that all the water vapor was eliminated from the incoming gas. Its
weight did not change during experiments., The amount of water was deduced
by weight of the three other absorbing vessels. The volume of gas passed through
was measured by a laboratory Wet Test Meter, previouSYy calibrated for
hydrogen with the soap bubble method. The only gas passed through the saturator
was hydrogen.

The femperature of the bath was varied from 30 to 47°C. The flow
rates covered the range 1000 - 6000 cc/minute . It was found that 15 to 30
minutes were nécessary to attain thermal equilibrium inside the flasks
(although the temperature of the bath was practically constant). Values of

PH 0/P

g, were within 1% of the theoretical values.
2 2

Appendix I is a calculation of the correction for non ideality at

saturator temperature. This correction is negligible when compared to the
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experimental errors.

_3.1.3_ H2-H20 mixtures of Tow water vapor content

The low HZO/H2 ratios needed for obtaining oxygen potentials below
the oxygen potential of oxide formation for high chromium alloys would have
required water bath temperatures less than 10°C. This is rather awkward
to control. Instead, sclid oxalic acid dihydrate was used, at temperatures
between 30 and 50°C. Baxter and Lansing(ql) point out the possible use
of various solid crystals for obtaining such low vapor pressures. They
investigated the dissociation pressure of various hydrates. Oxalic acid

. . (42,43.,48)
dihydrate has been uszd by several suthers since'" 43.44)

and they all
confirm the validity of Baxter's equation.

The gas train is schcematically shown on Fig. 7. Hydrogen was
passed over a paliadium catalyst, then dried on magnesium perchlorate.
Four U-tubes, 1.5 cm in diameter were filled with the mixture recommended

by Baxter(4])

and immersed in the water bath. A check of the efficiency
was made with the same technique as in 3.1.2 at one temperature (48.9°¢)
and at a flow rate of hydrogen of 1 liter/min. The agreement with the

data of Baxter is excellent and his equation was used subsequently.

3.2 Reaction chamber and quenching mechanism

3.2.1 Copber mold quenching

The reaction chamber with copper mold queinching can be seen in
Fig. 8. Two different types of copper mold were used. The first one (Fig.
was used for oxygen levels below 0.08%. In this case the entire sample was
used for oxygen analysis. A second type (Fig.10, a “éplit mold") was used

for oxygen levels higher than 0.08% The quenched sample obtained has a

9)



deep groove and {s easily cut 1n two with a pair of pliers, without any
loss of metal. The two halves were subsequently analysed for oxygen.

When CO—CO2 was used with pure iron or low chromium Fe-Cr alloys, a little
piece of aluminum wire of high purity (99.9995% A1) was used for avoiding
carbon boil when the sample was quenched. Pieces of aluminum of similar
weight (placed in tin capsules) were analysed for oxygen but no trace was

detected.

3.2.2 Piston and anvil quenching device
The reaction chamber and the piston and anvil device appear in
Fig. 12, and " 13. This fast quenching equipment was previously used by

Gommersa1(45).

A slight modification was made by rep?acingAthe sliding brass

contact with a microswitch. A sliding.valve was attached to the top of

the cylinder block, which provided a gas tight and easily heated base for

the reaction chamber. Condensation was then avoided when HZ-HZO was used.

- A thin plastic film separated the gas in the reaction chamber from the gas

in the quenching system. This film (identical to the one used by Baker(qs))

did not interfere with the free fall of the droplet. Helium was kept flowing

through the cylinder, thus prbviding a slight surpressire to minimize any

oxygen diffusion which might have reacted with the droplet during quenching.
ATlrunswith numbers below 1200 were quenched with this apparatus.

There is no statistical difference between these results and the results

(40)

of Kershaw made under the same conditions, but quenched in a copper mold.

3.3 Sample preparation

Armco iron was used in the form of rods, % inch diameter. After
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removal of the superficial oxide layer, the rod was cut into samples of
about 1g, The rough edges of the sample were removed on a sand grinder,
the samples washed several times in acetone and stored until use in a
dessicator,

Ferrovac E (analyses in Table III) was provided by United States
Steel Corp. in the form of 1 inch bars. They were swaged down to % inch
rods and prepared in the same way as the armco.

The Fe-Cr a110ys were made from ferrovac E and chromium of 99,95%
purity. They were melted in an argon-arc furnace and cast into an elongated
copper mold. The ingot was then swaged down to a rod of % inch diameter.
The procedure was then identical to that described above.

Samples from the ends and from the middle of each rod were analysed
for chromium by the standard oxidation method. Within the precision of analyses
(+ 0.05%) no segregation was detected in the rod. The analyses are in
good agreement with the theoretical composition, which indicates that no

alloying element was lost during melting.

3.4 Experimental procedure

TheAspecimen was first washed in acetone and dried, then introduced
into the reaction chamber on top of a silica rod. The reaction chamber was
flushed with helium. The flow was then reduced to a low value (around 500 cc
min."] or less), the power switched on and increased to its maximum value.
The sample was lowered into the coil, and was levitated as soon as the
Curie point was reached (less than a second). Melting took place very quickly.
In view of the mechanical instability of the specimen around the melting point,

and the possibilities for the sample to stick to the wall of the reaction tube,
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it is important to keep this process rapid.

Despite its good thermal conductivity, hydrogen was used in melting
of iron-chromium alloys. Thus formation of oxide (which tended to make the
sample spatter on melting) was avoided.

Helium was preferred to argon because:

i) the hydrogen content makes it reducingwith respect to iron oxide.

ii) there is no steep and rapid rise of temperature after the specimen
is molten.

Some of the samples were deoxidized for 4-5 minutes at 1600°C. The
oxygen left after this treatment is not detectable with the oxygen analyser
(less than 4 or 5 p.p.m.). Then the oxidizing gas was introduced. When
H2-H20 was used, H2 had been flowing through the saturator, at the flow rate
chosen for the experiment. (generally 1 liter/min.) for at least % an hour
prior to the initial experiment.

Oxide generally abpeared on the sampie after 30 seconds to 1 minute
of exposure. The movements of the particles showed the large agitation of
the drop at the surface. This oxide however represented only a rapid surface
concentration of oxygen. (As indicated by the low total oxygen content of
samples quenched after 1 minute of exposure) The particles generally
disappeared after about 2 minutes. This phenomenon is discussed in more

detail in the next paragraph.

3.5 Attainment of steady state
Fig. 14 summarizes the study of the kineticsof dissolution of oxygen
from CO-CO2 gas mixtures at 1550°C.  The steady state is generally reached

within 10 minutes. As a further precaution samples were held 15 minutes in
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the gas. These figures are of the order of magnitude of the figures of
Richardson(3g) for the dissolution of oxygen from CO-CO2 gas mixtures in
nickel.

The kineticsof dissolution of oxygen from H2-H20 gas mixtures
is slightly faster. Runs 1101 to 1125 indicate that the steady state is
reached within 5 minutes at 1600°C.

It was observed that the oxides appearing on Fe-Cr alloys,
when the Hy-Ho0 mixture is introduced, are more difficult to reduce than
iron oxide. Therefore the experiments with these alloys were carried out
over a longer period of time. It is interesting to note that the kinetics

are very much lower at 1550 than at 1600°c.




CHAPTER 1V
The Iron-Oxygen System
4.1 Dissolution of oxygen from H2—H20 mixtures
4,1.1. Introduction
The dissolution of oxygen from H2-H20 gas mixtures can be described

by the reaction

H2 +0 = H20
with the equilibrium constant
< Pyo
2% %
and the pseudo equilibrium constant
*
¢ Ph,0
¢ K! = oo
1 P
‘ H2 x (% 0)

the relation between K] and Ki béing

log K] = log K] - Tog ,fo

The results which were first observed were markedly different from results of
previous investigators (Fig. 15). A series of experiments was conducted in

order to determine the causes of those discrepancies.

4.1.2 Experiments with Armco iron and ferrovac 'E'.

Armco iron contains 99.9 wt.pct. of iron. The mean oxygen level is
about 0.07 pct, but in the present instance this is not considered as an
impurity. Although the effect of the impurities present is small (Appendix II),

experiments after 1122 were performed with ferrovac 'E'.

-20-
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A statistical comparison between the results obtained at 1600°C with
the two materials (runs1023-1030 and 1123-1128) showsno difference. The

(47)

test was a standard ‘student t' test, at 95% confidence (Appendix I1I).

4.1.3 Effect of gas flow rate with Ho-H,0 mixtures

The effect of flow rate can only be compared between runs 1158-1163
and runs 1123-1130. A 'Student t' test does not show any difference between
the two sets of data. This is substantiated by the work of Kershaw(40),

who did not find any effect of flow rate on the steady state values of log Ki.

4.1.4 Effect of droplet size

Droplets of 1.4 to 0.6g were levitated in H2-H20 - He mixture
-at 1690°C. The surface to volume ratio, assuming a spherical shape for the
drop, is given by
s/v = 3
(3 _EL4[/3
T'Tp
m and p being the mass anddensity of the sample respectively. Taking the

3 (48) this ratio varied

value of o for pure iron at 1600°C as 7.16 g cm”
from 1105 to 832 cm'], i.e. a &ffference of about 25%.
Unfortunately it was impossible to maintain the same gas flow rate
in both sets of experiments, because of temperature control,
A test comparing the two sets of data (as in4.12 ad 4.13) show, with
a high degree of confidence (t =0.2)) that there is no difference between them.
A comparison of runs 1158 to 1163 and 1123 to 1130 with flow rates

of respectively 400 to 500 cc min.'], and weight of .6 and 1.1 g. are also

statistically the same. The oxygen level of the first series was slightly
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higher than oxygen Tevel of the second, due to the use of H ~H,0-He mixtures

2
instead of H27H20 mixtures.

4.1.5 Exoerimental results

The results are compiled in Table V to X. A graphical summary
appears in Fig. 15, along with results of previbus investigators.

The effect of oxygen content on the pseudo-equilibrium constant Ki
was investigated but not measurable. No deviation from Henry's law was observed.

The main feature of the results is the discrepancy between the present
data and those of recent investigatcrs. The nature of this discrepancy suggests
that thermal diffusion effects might be significant. In view of the large
thermal gradient around the droplet and the nature of the gas mixture this
would not be unexnected. To check this possibility the system was reinvestigated

with CO-CO2 gas mixtureswhich would not be as susceptible to thermal diffusion

effects as H2—H20 gas mixtures.

4.2 Dissolution of oxygen from CO-CO2 gas mixtures
4.2.1 Experimental results
The dissolution of'oxygen from CO—CO2 mixtures can be described by

the reaction

CO+ 0 = CO2 _ (4.05)
with the equilibrium constant
Peo,
K, = ———ee
2 PCO X a
and the pseudo-equilibrium constant 0
e,
Ky =

Peo x (% 0)
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The variation ovaé with oxygen content wés studied at 1600°C with gas
mixtures ranging from 0.5 to 15% C02. The effect of temperature on the
equilibrium constant was investigated from 1550°C to 175000, using a gas
mixture of 5.34% CO0,.

The results are compiled on Tables X1 to X111 The effect of oxygen
content and the effect of temperaturé are summarized graphically on Fig. 16
and 17,

The effect of oxygen content on log Ké was treated by the least mean
square method. However NCsignificant deviation from Henry's law was observed.

(21)

Using the value of Floridis and Chipman for the self interaction parameter

of oxygen, at 1600°¢C

e0) = _ .20
0

this would give a difference between log K, and log Ké of 0.03 units at the

2
highest oxygen level, and 0.004 at the lowest oxygen level. This is certainly
within the range of errors due to oxygen analysis, particularly for droplets with
high oxygenAcontent vhich have been analyzed with samples cut into 2, 3
or even 4 parts.

The eoxygen levels obta{ned with gas mixtures of 5.34% COZ’ at 1600°C,
are of the order of 0.05 - 0,06 wt. pct. The error involved by assimulating
log Ké and log K2 would be of the order of 0.01. This effect is easily coverad

by errors in oxygen analyses and it is therefore neglected in the interpreta-

tion of the temperature dependant data.

[N

The effect of temperature is shown on Fig. 17. The least mean square
straight line yields the equation

Tog K, = - 4.519 (+ 0.005) + §%31- (+ 939) (4.09)
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The corresponding free energy change for the reaction is

- 86° = - 38530 + 20.67/7 (4.1)
4.2.2 Thermodynamic calculations
The Fe-0 system has been investigated most frequently with H2—H20
mixtures. It is therefore convenient for comparison purposes, to calculate
a ya]ue of log K] from equations (4.09) and (4.1). From the thermodynamic

expression

RT Tn K = - aG° | (4.2)
or | - »
4.575T log K = - aG° (4.3)

and the free energy change for the water gas reaction (ref. 51)

H, (g) + €O, (g) = H,0 (g) + CO (g) (4.4)

AGY = 6355 - 6.24 T

the free energy change for the reaction

+0 = H,0 (4.5)
was found to be -

a6% = - 32270 + 14.45 T
and therefore

log K; = 7054/T - 3.158

From the standard expression

86° = aHC® - Tas®
assuming that aHC and aS° are constant with temperature over the range of
interest, then for the reaction

Co + 0 = €0,
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AHC

- 38530 cal.

As®

]

- 20.67 e.u.

and for the reéction

H2 +0 = H20
aH® = - 32270
As® = - 14.45

Finally, using the reaction:

H,(g) + % 0, (g) = HO (9)
with the free energy change:
AG° = - 60200 + 13.94T (ref.51)

the free energy, enthalpy and entropy change for the disso]ution_of oxygen

in liquid iron

%0, (g) =0 (0 wt. pct.)

are:
AG® = - 27930 - 0.51 T

_ 27930 cal.

>
=
o
"

>
w
o
i

0.51 e.u.

4.2.3 Comparison with previous studies

The‘results of the investigation with CO-CO2 are compared with other
workers who used the same gases in Table X1V and Fig. 1?, and with studies

using H2-H 0 in Tab]e XV and Fig. 15.

2
The results are in good agreement with Dastur and Chipman(zo) and

(21),

Floridis and Chipman ; and in reasonable agreement with Sakao and Saho(]o).
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This is a confirmation that thermal diffusion effects are within the limits
of experimental uncertainties when CO-CO2 gas mixtures are used to control
the oxygen potential of the gas phase during levitation melting experiments
of the type described in this investigation. However it should be noted
that thermal diffusion effects are significant when HZ—HZO gas mixtures are
used under the same cdnditions.

It is worthwhile to point out that values for the free energy change
for the water gas reactioﬁ are not in compiete agreement. This introduces
some uncertainty, when comparing these data with data obtained with HZ-HZO

gas mixtures. (+ 1.5 kcal on AGO).

2.4 Discussion

When CO-CO2 gas mixtures are used, a second reaction can occur:

In other words, the system of interest is now ternary in nature:
Fe-0-C. A few droplets, levitated at 1600°C for 5 minutes, in a mixture
containing 5.34% COZ’ were analysed for carbon. (The method used was

described in Section 2.4). The results are shown below:

Sample N° wt. pcf. C.
1294 0.046
1255 | 0.031
1296 £ 0.031
1297 0.037

The effect of a concentration of 0.04 wt. pct. C on the oxygen content of a

sample can be calculated as foilows:
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Assuming eg is zero, the activity coefficient of oxygen, in the

presence of carbon is
= o (o
log f =e, (% C)
from ref. 51, ec = 0.13. Therefore
log f, = 0.0052

The change introduced in log K' by the presence of carbon is well within the

experimental precision of the data and can therefore be negiected.

It is interesting to note that the values found for the concentration
of carbon are in reasonable agreement with the equilibrium values of Rist(sz).
Using Rist's data, and taking the total gas pressure as 1 atm., the equilibrium
concentration of carbon should be 0.03 wt. pct. It can be assumed therefore,
that the carbon in the melt is in equilibrium with the gaseous phase. The
amount of carbon dissolved for all gas mixtures of higher carbon dioxide
concentration is then lower than 0.04 wt. pct. and the effect is negligible.

The gas mixture of lowest carbon dioxide content has a composition
of 1.99% of COZ' The carbon dissolved at equilibrium with this gas, assuming
a total pressure of 1 atmosphere would be appreoximately 6.8 wt. pct. The
effect on log K is 0.09. In view of the dispersion of the data at this oxygen
level, this effect was not taken into account.

Other errors, which would explain the distribution of the results, can

be attributed to the various sources discussed already in Chapter II and III.



CHAPTER V
Effect of Chromium on the So]ubi]ity of Oxygen in Liquid Iron
5.1 Experiments conducted with CO—CO2 mixtures
5.1.1 Introduction
When oxygen dissolves in liquid iron-chromium alloys exposed to

CO—CO2 gas mixtures, the following reaction occurs:

Co + 0 = €O,

and the ecuilibrium constant'K2 is given by:

Pc02
K =
2

Yo x (f, x % 0)
where fo is the activily coefficient of oxygen in the solution. As shown
in Chapter I, fo can be mathematically represented by an expression of the

form:

log fo = e(g)x (¢ 0) + eéCr) x (% Cr) + réo) x (% 0)2 + réCr) x (% Cr)2

+ réCr,O) x (% Cr) x (20)+ ... (5.1)
In the present work, the oxygen level is considered sufficiently low
that terms involving ego) and réo) can be neglected. rgCr, 0) cannot be

determined directly from the data gathered since no experiments were made

at constant chromium content, and various oxygen potentials. It was thus

(cr, 0) (

assumed that the product rg % Cr) x (% 0) was negligible in comparison

with rgr (% Cr)z. This means that, with an alloy with 25% Cr, and an oxygen

(Cr,0)
0

level of less than 0.02, the term r x 0.5 is negligible in comparison

-28-
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with ro" x 625, i.e. that récr’o) is Tess than 10 to 100 times larger than
réCr). This seems a reasonable assumption in view of the empirical formu]a(5)
p(3,1) - p(J) + p(1)
i i i

which may provide a reasonable estimate of the cross-product interaction
coefficients.

With these simplifications, equations (5.1) becomes

log f, = eéCr) (% Cr) + récr)\(% Cr)2

The two interaction parameters can be determined from a plot of log EPCO /P

5 co

x (% 0)] versus wt. percent chromium,

5.1.2 Experimental results

The results of the investigation with CO—CO2 gas mixtures at 1600°C
and chromium contents up to 10 wt. pct. are contained in Table XV1 and shown
in Fig 19 The data were treated statistically by the least mean square method.

This treatment yields the following equation

-3 (4 cr)?

lTog f, = - 6.058 (% Cr) +1.25 x 10
In view of the relatively low range of concentrations considered
in this series of experiments (0 - 10% Cr), the uncertainty associated
with the second order parameter is greater than that associated with the first
order term. A check on the effect of carbon dissolution on these data was

shown to be negligible (Appendix IV).



5.2 Experiments conducted with H2—H20 mixtures

5.2.1 Introduction

It is experimentally more difficu]t‘to obtain data using gas mixtures
of CO~CO2 rather than HZ"HZO with levitation meiting, due to problems of
temperature control and low oxygen potentials. However, C0~C02‘gas mixtures
are not strongly affected by thermal diffusion. It was therefore planned
to use the interaction coefficients obtained with CO-CO2 as a check on the
validity of the interaction coefficients obtained with H2-H20 at the same
temperature.

The treatment is similar to the one used in Section 1.1. The reaction

under consideration is:

Hy + 0 = H0

and the equilibrium constant is given by:
P
( "ng
Pu. x (f x % 0)
2 0
5.2.2 Experimental results

K] =

The results of experiments with iron-chromium alloys up to 25 wt.pct.
and temperatures in the rangeof 1550°C to 1750°C are collected in Tables XVII
to XXTand figs.20 fo 24 . The statistical treatment used was a least
mean square fitting to a parabola. The first and second order interaétion

coefficients are shown below

Temperature c egCr) rgr X 10¢
1550 -0.068 10.6
1600 -0.059 6.8
1650 -0.051 6.0
1700 -0.037 1.6
1750 -0.041 4.6
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A fitting to a polynomia1‘ of the third degree was tried. The first and second
order terms thus obtained are generally in good agreement with the
previoué]y derived data. This constitutes a check of the relatively low
scatter of the data, the agreement increasing with decreasing dispersion.

A plot of the interaction parameters versus the reciprocal of
the absolute temperature (Fig. 26) shows a decrease of the chromium-oxygen
interaction with increasing temperature. The statistical straight lines

have been calculated as:

egcr)-= - 563.4/T + 0.242

récr) = 12.86/T - 6.10 x 1073

Using the notations of Lupis and E]]iott(s) these equations can be exbressed
in terms of entropy and enthalpy interaction parameters. The following

table gives these values:

Parameter

"Function First order Second order
Enthalpy . hécr)= - 2578 lgcr) = 58.83
Entropy sgcr)= - 1.107 péCr) = 2.79 x 1072

The values for these coefficients on the mole fraction scale are given in.
Table 23 . The logarithm of the activity coefficient of oxygen in liquid
jron-chromium alloys in terms of temperature and chromium concentration’

is given by

.

2

Tog f, = (-563.4/T + 0.242) x (% Cr) + (12.86/T - 6.10 x 1073 (2 cr)? (5.2)

(56)

Chipman and Corrigan found a linear relationship between first
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~order free energy and enthalpy interaction parameters. This has later
been explained, on the basis of a statistical model of solution, by Lupis
(57) |

and E1liott It seems to be of interest for estimating the effects

of different solutes on the same solvent-solute interaction (system 1-2-i).
In order to help in the determination of this constant for the Fe-0-j system,

this parameter has been determined in our case. The relation is given by:

i

€
2.1 (—}_- -}) (ref. 57)
n2
The value obtained for T is:
T = 29250

5.2.3 Comparison with previous investigations

Table IT summarizes the results avéiTab]e on chromium-oxygen
interactions. Only first order free enefgy interaction parameters have
been determined so far. It was generally éssumed that the variation of this
parameter with temperature was small.

At 1600°C,>the agreement is very good with Mclean and Be]l(g), and

(7))

with Turkdogan However, it is significantly lower than the value found

by Chen and Chipman(G’g).

5.2.4 Comparison between CO-CO2 and H2 - HZO data

Good agreement exists between the two sets of data. Because of the
relatively smaller range of chromium used with the CO-C02 gas mixtures, the
comparisen of the first order free energy interaction parameter is more

significant.



33

'Thé similarity between the th sets of data shows clearly that
thermal diffusion does not significantly affect the values obtained for
relative effects such as the effect of an alloying element on oxygen’
activity., Thus levitation melting can be used with H2-H20 gas mixtures for
determining the effects of alloying elements on the behaviour of oxygen.
This technique is particularly suited for obtainihg data at temperatures

above ]7000C vithout interference from crucible material.

5.2.5 Chromium-oxygen relationships in liquid iron in equilibrium
w1th Cr304 |
The equilibrium of dissclved oxygen and chromium in liquid iron with

Cr304 can be described by the equation:

Cr304(s) =3 ££_+ 40
with the equilibrium constant

(ag’® (a)*

3 :
Cr304

Ky

Taking the standard state for Cr304 as pure substance, aCr304 = 1, we can write

log Ky = 3 log ac,. + 4 log a, (5.3)

The Fe-Cr solution is nearly idea1(53) © and eég)(% 0) was considered to be
negligible. Therefore 5.3 can be rewritten as:

Tog Ky = 3 log (% Cr) + 4 log a, (5.4)
A log - log plot of a, versus % Cr should give a straight line. Using the

interaction parameters previously determined, one can show on the same graph
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(Fig. 29 the relation between log (% 0) and log (% Cr).
The value of K3 has not been established;however Chipman's estima-

tion of 26° fof the reaction 5.3 is:

AG% = 250000 - 109.4T

This yields

log K, = 54645

+
3 T 23.91

Cr304 being the oxide present when the amount of chromium is greater than

approximately 10%, (54)

the plot was constructed for the range 10-25%. It
was calculated on the basis of the séme interaction coefficients up to
40 wt. pct. Cr. On the same graph, the dotted lines indicate the amount
-of oxygen presgnt, calculated if only first order effects are taken into
account. The discrepancy increases with increasing chromium concentration
and decreasing temperature. |

In addition, the calculated oxygen level in equilibrium with the
oxide is continuously increasing with chromium content, when first order
parameters only are used. Under certain.circumstances second order effects
can introduce a maximum point in additon to the minimum point generally
observed in curves of this nature. This might éxplain the somewhat strange

results obtained by d'Entremont et a](SS)

when studing aluminum-oxygen
relationship in liquid iron in equilibrium with alumina at high aluminum
concentrations. {cf. appendix 6)

It would be interesting to study the equilibriumof molten iron with
Cr304 at high chromium levels, in order to test the validity of the second

order inleraction parameter determined in this study.
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-5,2.6 Discussion
The accuracy of the measurements of the controlled variables and
their influence on the pfecision of the finél results have been already
discussed in connection with experimental apparatus and techniques. The
estimated errors involved with the various measurements are summarized below:
i) j_]OOC in the measurement and control of the temperature of
the droplet;
ii) i'0.1°C in thé measurement of water bath temperature;
iii) 0.5 to 1% error in saturator efficiency;
iv) + 5 to 10 p.p.m. uncertainty in oxygen analyses;
v) 1 to 2% uncertainty in chromium content of the Fe-Cr alloys;
vi) approximately 1% on the CO2 percentage of CO—CO2 mixture.
The errors involved in pressure measurements have an effect which
is far smaller, 05 log K' values, than the previously cited sources of errors.
Crucible techniques are also susceptible to errors of the same
nature. It seems however, that the scatter of data obtained by levitation
melting is sometimes‘slight1y larger than with data secured with other methods.
This may be accounted for by the sometimes unstable mechanical behaviour
of the droplet. This makes precise temperature control more difficult.
If the reaction kinetics are not slow enough for smoothing out these fluctua-
tions, they can be reflected in the final oxygen content. The easier control
obtained with HZ—H20 mixtures favored its use instead of CO—CO2 as an oxygen
potential controlling mixture. The relative ease with which data are obtained
'with levitation melting techniques also allows the average dispersion to be

statistically reduced.
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The various assumptions made when using levitation melting are:

i)

i1)

There is no significant temperature gradient inside the droplet,
ahd its surface temperature is a good representation of its

mean temperature;

There is a sufficiently good stirring inside the drop, to insure

homogeneity of composition.

It has been shown that, within the limits of experimental scatter:

i)

ii)

i11)

iv)

The steady state is attained within 5 to 15 minutes depending

on temperature and the nature of the gas mixture;

Surface effects are too sha]? to interfere with data representative
of the bulk combosition;

Gas flow rates from 400 to 4000 cc/minute, with gas mixtures
subject to thermal diffusion,do not affect the steady state,
insofar as oxygen dissolution is concerned;

Surface stirring is vigorous, as indicated by the movement of

occasional oxide particles..

The evqporation of chromium during experiments has been checked.

Two samples containing 14.6 wt.pct chromium have been levitated in hydrogen,

0 . .
at 1700°C during 15 and 20 minutes. The final chromium content was 14.1 and

14.0 wt. pct.

In conclusion, with the type of levitation melting equipment used

in this investigation:

i)

i)

H24H20 gas mixtures are subject to thermal diffusion effects;

The effects of thermal diffusion on oxygen dissolution from
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CO-CO2 mixtures are negligible.
ii) The values obtained for chromium-oxygen interaction parameters

using both types of gas mixtures are in good agreement.

SUMHARY » |

The so]ubility'of oxygen in liquid iron, has been investigated with
H2-H20 and CO-CO2 gas mixtures, over the temperature range ]5500C to 1750°¢,
HZ—HZO mixtures are subject to thermal diffusion effects and cannot be used
for the determination of equi]ibrium constants. However, CO-CO2 mixtures can

be used for this purpose and the values obtained for the reaction:-

n

O+ 0 =CO

2 s
are given by the expression:-

log K, 8421 /T - 4.519
The effect of chromium on the behaviour of oxygen dissolved in liquid
iron has also been studied. This effect can be represented by the equation

Tog f, = (-563.4/T +0.242) x (% Cr) + (12.86/T - 6.8 x 1073)

x (% cr)?

Although thermal diffusion effects influence fhe dissolution in
liquid iron of oxygen from HZ-HZO‘mixtures, these gases can be used for
‘determinatioﬁ of interaction coefficients. The values are in agreement
with those obtained with CO-CO2 mixtures, in which thermal diffusion effects
do not significantly influence the transfer of oxygen from the gas pnase
into the melt.

The effect of a second order interaction coefficient on the amount
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-of oxygen in equilibrium with chromiun dissolved in liquid iron and solid
Cr304 has been calculated, and compared with the values obtained when using

only a first crder interaction parameter.
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APPENDIX I

Correction of the ratio for non ideality of the gas mixture

Hy

The problem is to calculate the ratio

“1,0
K (T) = (1)
Ha
fH 0 and fH being the fugacities of water vapor and hydrogen respec-
2 2
tively at temperature T, No measured thermodynamic data were found for this
gas mixture. It is therefore necessary to use a model to predict its
behaviour.
If we represent the behaviour of the gas mixture by a power serie

expansion

E; =y * oy * By, (T)p$ * Byq (T) oq 05 + By, (T) pg + .. (2)
P pressure of the mixture

k Boltzman's constanf

T absolute temperature

Py molal density of component 1

Py molal density of component 2

820, B]], 802 virial coefficients

it can be shown (ref. 58)

a) 820 and B

1 and 2

gp @re the second virial coefficients for the pure gases
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b) the fugacity has the expression

f

1 2 . |
=== eyt 2By5 ey FByyeyp eyt ... (3)
KT |
f

2 2
E;-— Py + 2 802 Py + 811 Py P + ... (4)

Replacing this value in (1) we found an expression for K (T)

Pl (1 +2 820p1 + bn py *+ ..)

(- py (14 280y 0p ¥ Byypp +.0)

(5)

which, by dividing the two power series becomes:

°1
K(T) =5~é—[ 1 * 0, (2 820 - B”) *+ 0, (B]1 -2 BOZ) + .. 1 (6)

820 and 802 can be obtained from the Van der Waals equation for the pure gases.

2
(P + 3;% ) (V- nb) =n RT ' (7)

which can be rewritten under the form

P .
—=p +8B 02 + y 03 + ... (8)
kT

with (ref 58)
=h - -4
If we neglect y and higher order terms in (8) and (2) we can write for the

pure components 1 and 2, and the mixture

Py (1) o2 oy
—_—= + B. T) o 10
KT 1 20 1
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P

2 .
P ot 4B (T) 0% + By, (T) o2 (12)
kKT~ P17 P27 P20 "1 02 \'/ P2 -

The comparison of (10), (11) and (12) give:

P =Py +P, | (13)
in other words Dalton's law on partial pressures is applicable. Making the
further assumption that BZOPand By, are almost constant over the temperature
range 25—175000, the ratio El-remain constant with temperature.

This aﬂowsonet>cdcu1§te the partial pressure of H2 and HZO at the
temperature of the molten iron droplet.

No data are available on 811, which is a measure of the interaction
between two molecules of species 1 and 2. We will make an assumption similar
to the assumption of ideal solutions, i.e. B]] = 0. We are now able to

calculate the first order correction on K (T).

The numerical values for the Van der Waals constant are (ref. 59)

for H20
12 tm
- X atm.
a=25,434 —
(moles)
b = 0.0304 1/mole
for H2 ]2 .
a = 0,2444 X3
(moles)
b = 0.02651 1/mole



The calculation at T = 1873°K gives

Py P |
— = 5~ at a very good approximation
P2 "2 |

]

'n!-o
N |

and K(T) =5+ [ 1 -3x 1071

Therefore the correction on 1n'K] is

n K =K [1-3x 10™4

lcorrected

' 1n K] ~3x 107"

his is negligible in comparison with the experimental errors on In K].
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APPENDIX 2

Effect of impurities of Armco iron on oxygen dissolution.

The dissolution of oxygen from HZ'HZO mixture is described by

Hy + 0 = H)0
with
Ph,0
K =
1 p )
Hy % fo x (% 0)

If the iron is not pure, fo can be represented by:

tog £, =3 eli) (1) (1)
1 0

In the case of Armco iron it can be assumed that the solution is dilute.

Neglecting oxygen self interaction, equation (1) becomes:-

tog £, = el (zc) + el™ (zn) + Pz p) (2)

rels) (@ 5) + {51 (2 si) + {0 gy

The values for the interaction parameters are taken from ref. 51.

With the compositon listed in Table 3, this gives

109 f, - _ 0.004
The effect of this value on log K] is well within the limits of uncertainty

discussed in detail in the text.
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APPENDIX 3

Student 't' test

A standard student 't' test, for comparison of data n®1023 - 1030
and no, 1123 - 1128 is described as an example.
| The first population contains N] observations, and the second N2,
with means my and m, and standard deviation S] and 52. The variance of

the total population is given by:-

2 2
R I W -
by + My - 2
m = 0.723 s? = 0.0017
m. = 0.725 s2 = 0.0026
2 . 2 .

The value of t is

t = 1 2
1
r ot 5
N] N2
= 0.21

The value for t, at the 5% level is 2.23. It can be concluded that there is

no difference, at this level, between the populations.
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APPENDIX 4
Effect of carbon dissolution on the Fe-0-Cr equilibrium

When CO—CO2 gas mixtures are used for controlling the oxygen potential of

the gas phase at high temperature, the following two reactions occur:

CO+0= C02 : (1)
P002
I/ =
2
PCO X ao
C+ C02 = 2C0 ' (2)
2
(= eo)
3 Pc02 X aC

The activity coefficients of oxygen and carbon dissolved in Fe-Cr

alloys are represented by:

Tog f, ego) x (30) +el®) (mc)+ egcr) x (% cr) (3)

"y

tog £, = el x (20 + el oy + el (mer) ()

vwhere second order effects are neglected.
If during the study of reaction (1) the effect of carbon is neglected, the
error introduced in log fo is equivalent to egc)x (% C).‘ Taking the value
of K2 obtained in the hresent study togethar with Rist's value(sz) for K3,
(% 0) can be eliminated between (1), (2), (3) and (4) and the final equation
solved for (% C). The final equation is

c "o, - (0)
eé 2 (% C) = log K, - log 555— + log [;T%)] - e,

c

(5)

[¢]
O O|w
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with
gy’ (c) (cr)
a=log K, - log —=— + log (% C) +e x (4 C) +e (% Cr)
3 P o 0
0]
2
This equation was solved for the various gas mixtures and Cr alloys

used. The interaction parameters were taken from ref. 51. A test was
also made on the influence of this parameter on the solution of equation (5).

The results are listed below:

Parameters for every calculation:

elc)= - 0.120 el = 0.0 e{0)= - 0.097
Variable parameters: 1) ego)= 0.0 eﬁc) = 0.22
Cr wt pct Correction on log K2
2.02 - 0.011
3.92 - 0.003
9.99 - 0.001
2) el%) = 0.0 e{®) - 0.400
Cr wt pct Correction on log K2
2.02 - 0.012
3.92 - 0.002

9.99 - 0.001




(0) . (c) .
3) ey = 0.20 ' e, 0.22
Cr wt pct Correction on log K2
2,02 - 0.006
3.92 - - 0.005
9,99 - 0.017

The errors involved by neglecting the presence of carbon is

well within the average dispersion of the data.
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‘ APPENDIX 5
o o ,
Correction of o ratio due to dissociation of H20

Hy

Suppose we start from a mixture‘Hz, H20

n’H s hﬁ 0= number of moles. Temperature T', Pressure P' we
2 2

bring this mixture to Temperature T.

The partial pressures are PH . PH 0° PO

2 2 2

The numbér of moles n, , n n
H2 HZO’ 02

The temperature is T, the pressure P.

Assuming perfect gases-at this temperature, we have the relations:

RT
1) P, ==% n
) RT
2) P, =— n
H2 v HZO
RT
3) P, == n
02 v 02 )
4) p, +P + P, =P

The oxygen and the hydrogen balances give:

5) n, +n =n! +n!
| H2 HZO H2 H20

6) Lny, +n,q=n
02 , H20 H20

Finally, the equilibrium constant for the reaction

Hy(g) + % 0, {g) = H,0 (g)
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is.
P

l;".2 v P02

= a (7)

Eliminating B% between (1) (2) and (3), we obtain the system
¢PH20 nHzo _
'p = (8)
H "y
2 2
PO g v
2 _ 2 _ 9
Pho Mo )
Hy 2
from (5) and (6)
n n n'
n n n
3 02 + HZO sz
which, combined with (8) and (9) gives:
Pu.0 LT Po,  Puo
27 _ 2 L 2 2
]+p——'(]+a‘r‘—)(6p—“+'§—)
H H H H
2 2 2 2
Or )
'
PHz n Hz P02 |
]+P__,_=(]+ T )(]*'lzp ) “0)
H20 H20 H20
from (7) p
1 HO o
Py = (7—)
0 2 P
2 a H2
- and
. Py Ph.0
2 .y (2]
k% P (1)
H20 H2 H2
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P

H
The dissociation being small, if K = ﬁrjl“ ,
, H,0
2
we have
T+K= (1K) (14— )
2 X a PH K
2
but
K ey
K
P ~p!
H2 HZO
Therefore the correction is:
Kl
K<K' + 5
Kx 2xa PH
Z
K 2K+ — 5
2 x a x P‘H
24

Numerical application:

P'H20 = 40 mm Hg

P = 720 mm Hg

1
Ha

a = 7690 (log a = 3.886 at 1900°K, from

JANAF thermochemical data, (ref. 57)

2
T
HZO

o

K'

i

720 _
v Le5=18.0

McMASTER UNIVERSITY LIBRARY,



. 1
Correction: -— 5.91  x 0.947 x 107

This correction is perfectly negligible,
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APPENDIX 6

Second order effect in equilibrium reactions between molten Fe-0-j

alloy and the corresponding oxides.

The equilibrium between an oxide and its components dissolved in molten

jron can be represented by the reaction

MO=mM+0 (1)
a (a,)"
g=-0_ M (2)
a
MmO

If the oxide is pure, the logarithm of equation (2) becomes

In K = 1n a +m In a (3)

A Tog - log plot of the activity of oxygen versus XM gives a straight line
when the Fe-M solution is ideal, a curve when the solution is not ideal. It
is of interest to investigate the shape of the oxygen content versus XM curve
on the same plot, for the case when the second order effect of M on oxygen

is>not negligible. This is represented mathematically by:

_ (o) (M) M 2

Tog foo=e”" Xo +eg” Xyt Xy (4)
_ (M) (o) (o) , 2 '

Tog fy = ey " Xy * ey " X toy ' X, (5)

If the oxide is more stable than iron oxide and X0 is small, then eéo) Xo’
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(0) y2_ . (o)
oM XO and go ‘Xo can be neglected.

~ Expression (4) becomes:

K =1n(X ) +m In(x,) + (EO(M)W’%&“)) Xy + p((,M) XM2 (6)

Using the following notation

x = Tn (X,)

y = Tn (1) | )
©) becones: o

y=inK-mx- (e Mam ) X - 00 o2 (8)

The extreme points of this curve will be investigated as functions
of (eéM)+rneéM)) = a and péM), when x varies from -« to o.
' The derivatives of (8) with respect to x, gives

y'=-m-a e* - 29£M) e2X

Y = -a e - 49£M) 2

S (a+ 4p§M) e X)

Notation:
yi =at+t 4ng) e X

(M)

With the deoxidizers generally used, €y <0 and one would expect ng) to
be positive.nweém) may be positive or negative. Thus yi is positive over
* the interval (-, o) and ¥y is increasing.

The extreme values are

yy (=) = S el
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(1), (1) 4 (1)

‘y](o) " %
(N
Case a egm)+lneém) + 4p6M) <0

In this case y, is always negative, and, because - e* is always
negative, y" is always positive. Then over the range (-= < x <0) y' is
increasing. '

The.extreme values of y' are:

y' (=)= -m

;

y' (0) = -m -(rnei&M) +eh) - 29‘2

1f eMemel™ 44 00 <o, and s 5 0, this impiies

1) E(()M)-Fm ergM) < 0
2) e((JM)+msMM + 2p OM < 0
| (M '
a-1 'm'(eo)"'me’gM)'l'Zp(()w)) <0

y' is always negative. y is always decreasing
) M), (1), , (M)
a-2 -m-((-:Q + mey +Zp°)>0
y' is zero only once.
y is decreasing, passes through a minimum then increases.

Case b

eéM)*'m E&M) + 40((35\1) > 0
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Assuming egM1+nreéM) < 0, y, passes through zero once. Then y"

is positive, then negative; y' is increasing, and decreasing

Qil -m -‘(egM)+nme§M) + 2 SM))> 0

y' is zero only once, negative first, and positive after,
Therefore y is decreasing, passes through a minimum and increases

thereafter

b-2 -m- (e(()M)+ms'S!M) + Zp(()M) ) <0

b-2-a y' is always negative, and y is always decreasing

b-2-b y' is negative, zero, passes through a maximum and is zero and negative

again. ¥ passes through a minimum and a maximum.

This dishussion is summarized in the following table.

\

function u<0 ' us?o0
N <0 <0
v <0
y" 1 - s0 >0
y' / u ) —T u
- ——
) m - e §
o s /
v > 0 y 0 : 0
.Y" >0 <0 >0 <0
; Y i - \ 0 \ >g
~— ﬂ_,,_':;_-——""’\\?~ \\\ = =
y \ 3 T :’
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In order to compare the effects of first and second order interaction
with the effect of first order above, the later was also investigated.

The equations are:

=InK-mx - (e(”1+ e(M)) e _ (8)
y'= -m - (s(M)+n1s(M) ) ¥
y'"= - (e (M)+nleém) )

Case 1 eg )+ m e(M) <0

y" is positive. y' is increasing on the interval (-~, 0)

The extreme values are:

y' (=) = -
y' (0) = -m - (M e
1w Men s

y' passes through zero once. y decreases, passes through a minimum

and increases.

12 -m- (eéM)+ m e&M)) < 0

y' is always negative. y always decreases,

Case 2

(M) M)

+m EM

y" is negative. y' is decreasing and negative.
y is always decreasing

This can be summarized in the following table.



(Mhm ey > O
g <0
y' <0
(M)+m o <0

% m- (eéMl+n{eéM))>0 -m- (e (Ml*m e&M))<O
y" > 0 >0
‘ y L0 — <0

y ~. / T

The main difference is that y cannot have a maximum.

The results have been presented and discussed in the case of chromium in

thg text.

4
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TABLE 1
Definitions of interaction coefficients

(atX]—>'l,or%]->]00)

Order Free Energy Entropy Enthalpy System for
X % X % X % obtaining property

) (¢] (o] 0 0
zero  Inyd  Tog £,=0 S5 F5 =0 H=0 FE=0 1-i  binary

first egi) egi) ,q§i) sgi) ngi) hgi) 1-1i  binary
second pgi) rgi) wgi) ﬁgi) Agi) Tgi) 1-i  binary
pgj) rgj) ngj) pgj)g Agj) lgj) 1-i-j ternary

NCADIRNC ROQI ¢ KO CHO AN C RO

j j 1§j’k)1-i-j-k quaternary

Representative Equations:
m . m m .
- o, _(3) (3.k)

+9 (X3
j=2 ‘ J j=2 k=2

k
T s ot oK @y e o)

109 fi = 3
j=2 j=2 k=2




Chromium-oxygen interaction parameters at 1600°¢C

TABLE 11

*

Author Ref. E(Cr) eéCr) Range of Cr

0 investigation

wt. pct.
Chen and 6, 9 - 8.7 -0.041 0-10
- | Chipman **

Turkdogan 7 - -13.7 -0.064 0-12
fMcLean and Bell 8 -12.4 -0.058 0-10
Sakao and Sano 10 - 9.58 -0.045
fatoba and Kuwana 11 - 7.87 -0.037 <12
Pargeter 32 -1.1 -0.052 0-8
Charlton 61 -12.7 -0.059 0-10

* Computed value from egr , with formula (1.2)

** Temperature =

1595%¢C




TABLE III

Analyses of materials used.

I Iron
Elements C Mn S P Si Cu Ni Cr Al N
Armco .024 ,033 .015 .6n5 .001 .018
Ferrovac E .005 .001 .006 .002 .006 ND ND ND ND .004

IT Chromium: ~ 99.95 wt. pct. Cr

(provided by McKay Inc.)

111 Aluminum 99.9995 wt. pct. Al




TABLE IV

SYSTEM FE-O
TEMPIRATURE 1630 C
KINETIC RUNS

RUN NO ATMe PRES. WATER PH20D/P2HZ

, 0 LOG Kq TIME
PRESe DROP BATH X 102 CONTENT M
MM HG MM HG T 0C PePolla
1101 75642 " le5 3346 5eb452 1390 0e623
1102 75661 le5 3346 54452 12 Ceb606
1103 75547 le5 3346 54456 184 De&s72
1104 75447 "1e8 33,46 5elit? 159 0e5356
1105 75447 le5 3345 56463 15¢ De547
1167 7519 le5 3346 56485 126 0606
1108 7519 1e5 3346 56485 140 593
1110 751e4 le5 3346 56489 153 De541
1111 75856 15 3346 5e434 109 0e608
1112 75842 le5 3346 50437 111 06690
1113 758e2 l1e5 3346 54437 123 0eb645
1114 757 et 1e5 3346 Selits3 121 06653
1115 7564 le5 33,6 5 et 149 0e562
1116 75645 1e5 33.6 56447 128 0629
1117 7568 le5 3346 S el 134 0609
1118 7503 1e5 3345 54497 119 Qeb65
1121 75440 1e5 3346 5669 132 0e517
1122 75440 1e5 3346 5eb69 103 06725
1123 75%e5 le5 T 23,6 Seli72 102 0e730
1124 75248 1e5 32,6 56470 117 0eb70
1125 75347 le5 3346 56471 96 0756
1128 75266 le5 3346 S5el72 101 0e734

Samples 1116 to 1125 deoxidized 2 minutes in hydrogen - all other not

deoxidized.

UT U U AN W0 U1 UT AT AT AT T U A ) L) 1) b b b b o o



RUN Nu

1438
1440
1441

1442
1443
14b4
1445

1447

ATM,

PRESSURE

MM HG

D

AN
MM

TABLE V

SYSTEM FE-O

w

TEMPERATURE 155C¢ C

PRESSURE WATER  PH20/PHZ2
1

ROP BATH X 18
HG T 0C

Oets 327 54160
Oetr 3247 54162
Outs 3247 50164
0.4 3247 50164
Oets 22.7 56164
Out 327 54194
Ot 3247 5.196
O¢t 3247 £.201

C
CONTENT
PePailvie

LCG ﬁ

0838
Ce7782
0.850
Q773

Ce820

Samples exposed to HZ-HZO atmosphere, at 1550°C, for at least 10 minutes.



TARLE VI

SYSTEM FE-O

TEMPERATURE 1600 C

RUN NO - ATM. PRESSURE WATER PHZO/EHZ 0] LOG K]

PRESSURE DROP - BATH X 10 CONTENT

MM HG M HG T oCc P olis
1023 756 ¢4 1.5 3446 5.782 106 04737
1024 75644 1.5 3446 5,782 104 04745
1025 75644 1.5 3446 5.782 132 0642
1026 75649 1.5 34,6 54779 101 0.753
1027 75647 1.5 3446 5,780 122 0.676
1028 15647 1.5 3446 5.780 104 0745
1029 75646 1.5 3446 5.781 112 04709

1030 75646 - 1e5 3446 5.781 98 Ce771



TASLE VII

SYSTEW Fie-0
TEMPERATURE 1600 ¢

CEFFECT OF WEIGHT OF SAMPLE AND FLOWRATE OF GAS
runs 1140 to 1156 weight = 1.4g. flow rate = 4300 cc/min.

runs 1158 to 1163 weight = 0.6g. flow rate = 400 cc/min.

RUN U ATHe  PRESSURE | WATER  PH2U/PHZ O LOG K

PRESSURE DROP BATH x 102 CONTENT

MM HG i HG T 0C PePeMe
1140 76643 2.1 33.7 56457 1024 Cellz
1141 76647 242 3347 56456 1051 0e721
1142 76646 2.1 33.7 56456 965 0768
1143 76645 241 3347 56456 1019 0. 744
1144 76643 Zel 33,7 56456 971 0.765
1151 74847 - 540  33.8 57452 1170 0e691
1152 74847 2.0 3348 57452 1060 0e735
1153 74847 240 3348 57452 1175 04690
1154 74943 240~ 3348 57447 1100 0.718
1155 74943 2.0 3348 5747 1057 06735
1156 7493 2.0 33.8 5747 1007 Ge156
1158 76147 1.2 23,7 56408 1185 06675
1159 76146 1.2 33,7 56409 974 04760
1160 7614 12 3347 56410 1026 0.739
1161 76145 1.2 3347 56409 1116 Oe701
1162 76145 1.2 3347 56,09 937 CoTT7

1163 T6le5 1.2 33e7 56409 G990 Qe753



RUN NO

1301
1302
1303

1304

CATM.
PRESSURE
MY HG

745464
74640
74640

74569

T45 64

PRESSURE WA

L
MM

ROP
HG

TABLE

SYSTEM

TEMPERATURE 1650 C

VITI

FE-O

PH20 /P2

X 10 2

5589

C
CONTENT
PePelMs

149

151



RUN NO  ATM; PRESSURE  WATER PH20/pH2 o LOG K
PRESSURE DROP BATH X 10 COMNTENT
MM HG M HG T 0C PoPaebie
1312 74348 0.5 33.8 5.606 182 0e489
1313 74248 0.5 3348 5.606 181 0e491
1214 743 .8 0.5 33465 54606 182 0e486
1315 Thta7 045 3346 5.595 183 0.486
1316 T44 47 0.5 33.8 54599 201 0e445
1317 76467 05 3348 54583 176 0.518
1318 14647 0.5 3348 54533 176 0e501

1319 14741 Oe5 3343 54580 198 0450

1220 TuTe1 Oe5 3348 5+580 186 Oel77



RUN NO

1420
1421
1422
1423
1424
1426

1427

ATl
PRESSURE
MM HG

T6h ek
7639

763 ¢4

TABLE

SYSTEM

X

[
i

£~0

TEMPERATURE 1750 C

PRESSURC
OROP
MM HG

Qets

AATER
BATH
T oC

EHZO/PHZ 0

X 102 CONTENT

PePeMas
5e144 213
5elb4 216
54099 192
54100 21¢
54100 201
5.104 221
5.107 187



TABLE XI

SYSTEM FE-O

EFFECT OF TEMPERATURE ON LOG K

p2
RUN NO PCO2/RC0O .0 LOG K, TEMP.
x 162 CONTENT e
, PePaMe

1241 5.641 483 0.067 1550
1242 5.641 475 0.075 1550
1243 54641 T 477 04073 1550
1244 54641 471 0.078 1550
1245 54641 476 0.074 1550
121% 54641 560 0.003 1600
1214 5.641 577 ~0.010 1600
1215 54641 542 0.017 1600
1216 54641 579 -0.011 1600
1217 5.641 603 -0.029 1650
1218 5.641 614 ~0.027 1600
1219 54641 539 0.020 1600
1220 5641 545 04012 1600
1221 5e641 698 —-0.092 1650
1222 54641 778 ~0e140 1650
1223 5.641 730 “0.112 1650
1224 5.641 699 0.052 1650
1225 54641 702 04095 1650
1226 5.641 759 04129 1650
1229 5.641 - 883 04195 1700
1230 54641 935 04219 1700
1231 54641 887 ~0e1956 1700
1232 54641 941 04222 1700
1233 5.641 981 ~04220 1700
1265 5,641 1056 De276 1750
1266 54641 1048 ~04269 1750
1267 54641 1223 0,336 1750
1268 54641 13373 04372 1750
1266 54641 1301 04363 1750

1270 5641 1406 ~0e397 . 1750



RUN MO

1246
1247
1248
1249
1250
i251
1212
1213
1214
1215
1216
1217
1218
1219
1220
1252
1253
1255
1256
1257
1277
1278
1279
1280
1366
1367
1348
1371
1372
1272
1259
12693
1261
1262
12632
1281
1284
1285
1286

EFFECT OF OXYGEN CONTCNT ON LOG K

PCO2/DCH
X 10

24030
2030
24030
24030
24030
24030
S5eb4T4
50541
5eH41
5641
Seb41
BeHlLl
- 5.(\[¥1
56641
56641
9.111
Selll
Sel111
G.111
94111
94111
94111
Gelll
94111
144025
144025
14.075
144025
144025
144025
17647
176647
176647
17647
17647
17 eR0T
17647
17.6‘37

176547

TABLE X11

SYSTeM FE=-O

0
CONTENT
PePaesivle

201
228
214
227
216
214
643
560
57
542
579
6073
614
539
549
821
841
83¢&
829
8132
Q36
~ 1086
1006
1016
1537
1459
1497
1504
1518
1556
1791
1839
1744
17906
1666
142]
1902

Pz

GQOOQ
-0.05%0
—-0e022

_00048

-0.027.
~-Ce023
~(Ge 065
G.002
-0.010
Ce017
“0‘,)11
-Ge029
-0.037
0e02C
Ce012
CeC4E
D037

()

-0.012
"00076
-0el43
=047
~Ce054
-0.017
_O.QZO
-00030
-0.034
-0.045
~C.006
-00018
0.002
~0.00C5
Gef225 .
0.0?:4
~0.022
040172
0029

5

1600
1600
1660
16090
16C0
16C0
16G0
1600
1600
16060
1600
16C0
1600
1600
16C0
1600
1600
1600
1635
1600
1400
16060
1600
1600
1600
1600
160G0
1600
16G0
1600
1600
1600
1600
16C0
1600
1600
1600
1400
16C0



TABLE XITII

SYSTEM FE-C
TEMPERATURE 1550 C
OXYGEN POTENTIAL CONTROLLED BY €C/CO2

KINETIC RUNS

~

RUN NO  PCO2/PCO - e LOG K TIME
X 102 CONTENT MINe
PaPaeM, )

1289 5e641 18 1.496 0
1296 Sebl] 433 0e115 2
129¢* 5e641 643 ~0.057 5
1360 Seb41 416 Del22 10
1241 5e641 433 0.067 15
1242 5e641 475 0.0768 15
1243 56641 477 0,072 15
1244 5e641 471 0.078 15
1245 5e641 476 0e0T74 15
17288 5e641 450 0,598 15
1361* 5e641 472 04077 15
1362 5e641 505 04040 30
1363 5e641 504 0e0LS 30
1364 5eb41 465 0.084 30

*Samples not deoxidized - A1l other deoxidized 4 minutes in hydrogen;



TABLE X1V

Comparison of data for log K2

Authors log Kz Temperature range—OC
Gokcen(12) 8088/T - 4.438
(12) 1550 - 1700
Gokcen Serie D 8088/T - 4.468 ’
Vacher(62) 0.003 1580°C
Marshall and 7320/T - 3.960 1550 - 1700
Chipman(®0)

Present work 8421/T - 4.519 1550 - 1750




TABLE XV

Comparison of data for log K,

Authors ' ‘ log K] Temperature range—OC
lnvonin op -1(22) | -

Averin et al 9440/T ~ 4.536 1550 - 1700
Tankins et a1('3) 6817/ - 3.13 1550 - 1700
Sakao and Sano{1%) 7040/T - 3.224 1550 - 1650
Matoba and Kuwana(ll) 7480/T - 3.42 1550 - 1663
Dastur and Chipman(2%) 7050/T - 3.17 1755 - 1760
Floridis and Chipman(2!) 7050/T - 3.20 1550 - 1600
Present work 7054/T7 - 3.16 1550 - 1750




TEMPERATURE 1600 C

i3]

sY

m

T

¢

M FE-0-CR

OXYGEN POTCNTIAL CCNTROLLED 2Y CC/CO2

RUN NO PCO2/PL0 ¢ LOG X9
X 10 CONTENT C
poPoMo

1273 24030 238 -0.069
1274 2030 245 -7s 0389
1275 26020 747 ~CeN35
1276 2.030 300 ~0e170
1380 1.781- 297 ~Ce222
1381 1a781 260 ~Jelb4
1382 1781 295 -04219
1384 17813 294 -Ce218
1385 l1.781 301 -Je228
1375 Ce523 118 ~04354
12372 04522 129 -Ce2072
1377 0e5273 118 ~0e2273
1378 Ue523 200 -0e533
180 -0e537

1376 ' Ge523

O

~ M

=



SYSTEM FE-O-CR

TEMPERATURE 1550 C

RUN ATH . PRESSe HWATER PHZG/PHZ

o LCG 4 CR
NO PRESS. OROP BATH X 102 CONTENT CONTENT
M HG My HG T CC PaPolMe W/0
1386 74943 O3 2247 5207 91 0e758 1.00
1387 74943 Oe2 37247 5e207 37 0e73GC 1400
1388 74769 Oe3 2247 54218 81 0e309 100
13389 746742 Ge? 2247 54223 93 0e727 2402
1390 74568 De3 3247 54235 107 Ge630 260y
1391 T44.9- Oe3 27247 5e240 112 DehTC 207
1392 74441 0e3 3247 56246 128 0e5173 202
1393 74347 o3 2247 5243 128 GubH17 3472
1394 T43 et Oe3 3247 54251 122 Geb00 3.62
1450 74449 C.1l 4849 24002 $9 04306 T7.67
1451 74548 0ol 4869 24000 94 06228 Teb7
1457 74345 Dol 4849 24006 83 0e283 Teb7
1453 74245 el 489 74206 1632 0e?89 5499
1455 74301 OOO 48.9 2.&?7 115 00242 9.9@
1458 74948 00 4849 1.989 188 0ed24 15.00
1460 75041 Oa0 4849 1986 135 Oel68 15400
1523 75441 00 36548 Oe844 . 143 ~0e229 2400
1521 754 ¢3 0.0 3648 Celdst - 133 ~0.198% 24400
1522 156443 De 3648 Ue844 138 ~0e21b 24400

Samples exposed to HZ-HZO atmosphere, at 1550°C, for 30 minutes.



TEMPERATURE 1600 C

RUN ATMa PR

RESSe WATER FHZO/%HZ 0 LOG K CR
NO PRESS. DROP BATH X 10 CONTENT Vo conteEnT
MM HG MM HG T 0C PePatie W/ 0

1331 75243 Ce5 33,48 5e539 121 0e651 0e52
1333 75346 Oe5 3348 54529 118 Oeb71 Ce52
1334 7536 0e5 3348 5¢529 116 0,678 0.52
1335 75346 De5 2348 54329 127 04639 Ce52
1321 76741 05 32,8 5e580 99 0e751 1401
1322 TLbe6 OeS 22,8 5.5864 110 0e755 101
1323 74646 0e5 3348 5584 113 Qe654 1.01
1324 T4le7 0e5 23438 54623 114 0e592 1.C1
1325 76167 0e5 32,3 54627 112 0e697 1.01
1350 75043 Qa5 23,8 5¢478 160 0«5 35 1.95
1351 ° 760.3 0e5 23,45 56478 165 06521 1.95
1353 75947 Oe5 33 & 5632 161 0e522 1495
1462 75040 0e0 4845 1.588 67 Qe&72 Teb67
1463 75040 0e0 489 14988 80 0e295 Te67
1464 75045 0e0 LEeG 16987 102 0e250 599
1465 75044 0e0 4849 1,987 125 0e201 9439
1466 750438 0e0 L8eG 1986 116 Oe224 599
1467 7512 Oe0 4543 14955 195 0e 08 15600
1468 75246 0e0 4869 1961 179 Celbé 15400
1469 75146 QeD 4849 14384 186 00268 15400
1470 75161 0e0 4845 1,585 281 -0e151 19499
1471 7510 Oel 4849 1.585 280 —0e1490 19499
1472 75043 0e0 4849 1.G37 232 ~0el152 15459
1520 756441 0ol 368 Ce8L4 156 ~Ge267 24400
1518 75442 0e0 3648 0eB44 156 ~0e267 24400
1519 754,41 0e0 3548 Oe844 157 -0e270 24400

Samples exposed to H2-H20 atmosphere, at 1600°C, for 15 minutes.



TABLE XIX

M FE-O-CR

m

SYST

TEMPERATURE 1650 C

RUN ATMe. PRESSe WATER = PH2ZG/LHZ 0O LOG K CR
NO PRESS. DROP EATH X 10 CONTENT 1 CONTENT
MM HG MM HG T C - PePeiile W/C

1338 75340 Ceb 3348 5527 157 Oe248 Je52
1339 75248 0«5 3348 56527 165 Ge526 Ce52
1340 75348 0«5 338 H5eS27 165 0.226 Ce52
1326 74545 CebH 33.8 5¢593 160G Oet bl le01
1327 T45 45 Jed 2.8 56097 167 D525 leC1
1328 T4545 Ced 2348 56593 171 0516 1.01
1330 745645 Ce5 3248 54592 157 0+552 1401
1430 759.8 0«5 327 56133 i55 0.520 202
1431 75945 Oeb 3247 56135 1o62 D501 207
1432 75962 0e5 3267 5127 156 Oel&@l 2402
1433 759.C Oeb 3247 54139 151 04532 2402
1424 7585 Oet 3267 50142 202 0e4GH 2,92
1435 15842 Cets 327 S5elll 165 Q&G4 2492
1437 75649 Qets 327 50123 188 Oeé&38 2492
1474 75060 QeC 4869 1.988 124 0205 Te67
1475 75060 CeC 4369 le938 106 Ue273 TebT
1476 7500 0«0 48 69 1988 115 0e228 Teb7
1477 T4949 0«0 48«5 1.983 139 Cel55 .99
1478 = 75C.0 Ol 48 69 le928 136 De1&5 GeG%
1479 74948 Ge0 4269 1e2&0 134 0172 GeIY
1480 74945 Cal 4869 1.G8C 217 ~0e028 15.CO
1481 T4G.] Ce0 LB a2 1990 212 ~0e027 15400
1482 T45a1 Ce0 4869 1¢99C 208 -0.019 15600
1484 74943 Ded 489 1.990 297 ~CelT4 19499
1485 74945 0.0 48609 1.689 221 -0.046 15656
1515 749673 0.0 3648 0e846G 2G5 -Je383 24400
1517 75348 Cad 3645 04844 24400

169 ~0e302

Samples exposed to Hz— H20 atmosphere, at ]6500C, for 15 minutes|




TABLE XX

SYSTEM FL-0-CR

TEMPERATUR: 1700 C

RUN ATMe PRESSe  WATER PHZC/§H2 0 LGG €] CR
NO PRESS LROP 3ATH X 10 CONTENT CONTENT
MM HG MMHG T 0C PePoite - w/0
1395 Thise? Ce? 2247 54245 184 NDel 54 100
1397 Tl o6 0e3 327 56242 178 Oel69 1.00
14G4 T4l ok Oe?3 3247 5.221 204 Ce&08 1.55
1403 T48e6 0e?3 3247 52132 205 Ce405 1495
1401 74845 O0e3 3267 54213 253 04307 1.95
1398 74540 Oe3 3247 54239 236 Oe2it 1495
1405 7474 De3 32,7 56221 253 06316 3492
1406 T4T ot Ce3 327 Se221 224 Ue248 3492
1407 74720 0e2 3247 S5e224 236 0e345 3492
1486 75441 Cel 4842 1.977 116 Ce232 7e57
1487 7543 0e0 4549 1.976 111 Ce250 Teb67
1488 75442 Ge0 4865 14977 122 0e21C Teb67 -
1489 75442 Oel 459 14977 136 0162 5499
1490 754 44 0«0 4845 1.5756 150 0.119 9456
1491 75445 0ol 4849 1576 148 Del26 9495
1492 T54 o b 00 4849 1.976 240 ~Ce 084 15.00
1493 T84 ol Gel 4849 1.976 229 ~0el64 15400
1494 75445 00 4849 14977 220 —0.066 13400
1497 75542 0e0 LE o9 1e974 357 ~0e257 12459
1509 7478 OeD 3645 0.851 183 -0e233% . | 26400
1510 74840 0e0 3643 06851 184 ~0e233 24400
1511 748 ¢4 0eC 3645 06850 184 ~02333 24400

Samples exposed to HZ-HZO atmosphere, at 1700°C, for 15 minutes.




TABLE XXI

SYSTEM FE-0-CR

TEMPERATURE 1750

RUN ATMe PRESSe WATE

C N

R pPH2C/pH2 0 LOG'K1

NO PRESSe DROP BATH X 10 CONTENT
MM HG MM OHG T 0C PePelta

1416 758, 2 De3 3267 Sell2 228 0e353
1417 75843 De3 3247 54142 225 Ge3590
1418 75842 e 2247 S Belt? 247 De227
1415 74342 Oe3 2247 56252 260 Je205
1408 T46el De?2 3247 5.231 275 Ce279
1409 74640 Ce3 3247 54231 262 0300
1412 T42,2 D63 3247 5¢252 315 0e2272
1412 76342 0e? 3247 54252 307 Ce240
1414 74342 Co* 3747 54252 121 0.175
1498 755 e De? 4845 1974 147 Gel28
1499 755t Oe? 484G 1.974 142 Delt3
15C 75541 03 4849 1574 145 Del34
1507 75541 0.0 4849 1.374 169 Ge067
1508 75641 00 4869 1.974 174 06035
1502 75561 03 4849 14974 269 ~0e120
1505 75542 Ce3 L8449 16974 259 ~Ce2672
1506 75542 Oe3 4345 1974 357 ~0e257
1497 756 4G De3 4849 16977 357 ~Ce257
1512 74845 OeD 2¢ 48 0e350 19?2 ~0e2E4
1513 Tu847 Ue0 1648 0.850 200 ~0e372
Samples exposed to H,-H,0 atmosphere, at 1750°C, for 10 minutes.
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TABLE XXII

Chromium-oxygen interaction parameters. Weight percent scale.

v (Cr) (Cr) _(Cr) (Cr)
Temperature €y e, o o
o¢ calculated calculated
from (5.2) from (5.2)
1550 -0.068 - 0.067 10.6 ‘ 9.5
1600 -0.059 - 0.059 6.8 7.6
1650 , -0.051 - 0.051 6.0 £.8
1700 -0.037 - 0.043 1.6 4.1
1750 -0.041 - 0.037 4.6 2.5
h{Cr) - _ 2580
(o] )
(Cr) _
So = - 1.107
ngr) 58.83

pécr) = 2.79 x 107



TABLE XXIII

Chromium-oxygen interaction parameters - mole fraction scale

Temperature EgCr) €§Cr) péCr) pécr)
0C calculated } calculated
from (5.2) from (5.2)
1550 -14.49 - 14.26 21.13 18.94
1600 -12.56 - 12.56 13.56 12.76
1650 -10.85 - 10.85 11.96 11.57
1700 - 7.85 - 9.14 3.19 8.18
1750 - 9.57 - 7.85 9.17 4.99
ngCr) = - 240100
ogcr) = - 103.2
xgcr) = 104600
) o esg



wt. % j

Figure 1. First and second order interaction coefficients in ternary 1-i-j systems.
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Figure 2, Variation of log k] with temperature. Results from various investigators.
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Figure 9. Copper mold and quenched specimen.



Figure 10. Split mold. Lateral view of outside piece and inside piece

- bottom view of quenched specimen.



Figure 11.

Split mold.

Top view of inside piece.
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Figure 15. Variation of log K] with temnerature.
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Figure 17. 1log K, versus temperature.
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Figure 18. 1log K2 versus temperature {comnarison with previous investigations).
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Figure 21. Effect of Cr on log K‘] - temperature 1600°c,
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Figure 23. Effect of Cr on log K'; - temperature 1700°C.
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Figure 24. Effect of Cr on log K'] - temperature 1750°c.



log 7

! ! ] |

1750°C
I700°C

1650°C

1600°¢|91

1550°C

5 1 iS5 20

CHROMIUM (weight percent)

Figure 25. Activity coefficient of oxygen in Fe-Cr alloys.
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Figure 26.
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Figure 27. The effect of chromium on the activity ccefficient of oxygen in liquid iron at 1600°.
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Figure 28. Oxygen levels and act1v1t'=s in Fe-Cr é'ﬁoys in equilibrium with Cr304'.
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Figure 5. CO-CO2 gas train,
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