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NOTATION

The following symbols recur frequently in Part 1:
Raoultian activity of solute i. )
) Molar scale.
Henrian activity of solute i. )
First order free energy interaction parameter, wt. pct. scale.
Henrian activity coefficient - wt. pct. scale.

Activity coefficient for solute in' 1 - i binary.

Interaction coefficient - effect of solute j on activity coefficient

of i,

Molar free energy.

Molar free energy of pure component i.

Partial molar free energy.

Ideal partial molar free energy.

Expess partial molar fr.ee energy - Raoultian standard state.
Excess partial molar free energy - Henrian mole fraction scale.
Excess partial molar free energy - wt. pct. scale.

Henrian activity - wt. pct. scale.

First order enthalpy interaction parameter - wt. pct. scale.
Molar enthalpy.

Partial molar enthalpy.

Ideal partial molar enthalpy.

Excess partial molar enthalpy - Raoultian standard state.
Excess partial molar enthalpy - wt. pct. scale.

Second order enthalpy parameter - wt. pct. scale.
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Mole weight of component i.

Second order entropy parameter - wt. pct. scale.
Second order free energy parameter - wt. pct. scale.
Gas constant.

First order entropy interaction parameter - wt. pct. scale.
Molar entropy.

Excess partial molar entropy - Raoultian standard state.
Excess partial molar entropy - wt. pct. scale.

Absolute temperature, °K. |

Mole fraction of component i.

Raoultian activity coefficient.

Henry's law coefficient.

Henrian activity coefficient - mole fraction scale.

Henrian activity coefficient of solute i in 1 - i binary.

Interaction coefficient, effect of solute j on activity coe;fficient of 1.
First order free energy interaction parameter - mole fraction scale.
First order enthalpy interaction parameter - mole fraction scale.
Second order enthalpy interaction parameter - mole fraction scale.
Second order entropy interaction parameter - mole fraction scale.

Second order free energy interaction parameter - mole fraction

scale.

First order entropy interaction parameter - mole fraction scale.

The "characteristic temperature''.
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INTRODUCTION

The three projects which were undertaken for this Thesis
involve reactions associated with different stages in the manufacture
of steel, namely ironmaking, steelmaking and deoxidation. The
Theéis is divided into two parts representing equilibrium gas/metal
and kinetic slag/metal studies. Part 1'is an equilibrium study en-
titled '""Vanadium-Oxygen Interactions in Liquid Iron''. Chapters,
Appendices, Tables and Figures have been prefixed with the letter
V for vanadium.

Kinetic studies are described in Part 2 under the heading of
"The Kinetics of Phosphorus Transfer in Slag/Metal Systems'', and
is subdivided into two éections. In Section 2 R, entitled '""The Kinetics
of Phosphorus Transfer in Ironmaking Slag/Metal Systems'', the
results of experiments involving the reduction of phosphate bearing
slags by carbon saturated iron is described. The prefix R relates
to this seétion. Section 2 S is entitled '""The Kinetics of Dephosphori-
sation of Liquid Steel by Synthetic Steelmaking Slags'' and relates to
experiments which were conducted under laboratory conditions in an
induction furnace. The prefix S is used to denote this section.

References in the text are given as the name of the ‘author
and date of publication and may bé referred from any section to the
combined bibliography at the end of the Thesis where they are listed
in alphabe;cical order. Where there are several references to one
author, they are listed chronologically. In order to avoid confusion,
Appendicés, Tables and Figures are located at the end of the Thesis
and are referred to by the appropriate prefix 1etté1_- V, R or S.



PART 1

VANADIUM-OXYGEN INTERACTIONS IN LIQUID IRON



CHAPTER V-1

INTRODUCTION

In steelmaking processes, impurity elements in the unrefined
metal are removed by oxidation. Consequently, the oxygen content
of steel after refining is usually excessive for most purposes and is
generally reduced prior to teeming by the addition of one or more de-
oxidising agents. These are elements which have a greater affinity
for oxygen than iron, an examp%e of which is vanadium. It is found
that vanadium behaves as a moderate deoxidiser when added to certain
grades of rimming steels. Deoxidising agents not only impose a limit
on the amount of oxygen retained by the liquid steel but also reduce the
activity of the amount remaining.

Few results have been pubiished with reference to the iron-
vanadium-oxygen system and those values which have been reported
vary considerably. The present investigation was undertaken with the
intention of determining the effect of vanadium on the activity coefficient
of oxygen in iron over a wide teiﬁperature range by levitating molten iron
and alloy droplets in controlled water vapour/hydrogen atmospheres.
The levitation melting technique is particglarly suitable for such an in-
vestigation since the reaction may be studiéd over a wide range of tem-
peratures without fear of crucible contamination thus enabling tempera-

ture dependent data to be determined with a high degree of accuracy.

2



In this section, the thermodynamic treatment of liquid metal
soh_ltions is reviewed. A literature survey has been made with refer -
ence to inve sti.gations on the solubility of oxygen in liquid iron and
iron-vapadium alloys.

The experimental apparatus and techniques are described and
the results of experiments conducted at temperatures in the range
1450° to 1800°C for iron and 1550° to 1750°q for alloys containing
from 0.1 to 1. 0 wt. pct. vanadium are r’eported. The vsPread of the
experimental data is discussed in terms of experimental errors. The
data for the solution of oxygen in iron has been employed as a basis
for determining the relative effect of vanadium on the  activity of

oxygen in iron-vanadium alloys. The data have been expressed in

terms of the free energy, enthalpy and entropy interaction parameters.



CHAPTER V-2

THE THERMODYNAMIC TREATMENT

OF LIQUID METAL SOLUTIONS

V-2.1 Excess Free Energy and Activity Coefficients

When a solute dissolves in a solvent, a free energy change

occurs. By definition, (Darken and Gurry, 1953), the partial molar

h

free energy of the ith component may be expressed in terms of its

activity in solution by the equation:

dF; = RTdlna; (V.2.1)

If the standard state is taken as the pure component for which the
Raoultian activity is unity, then integration of equation (V. 2.1) gives:

F. - F2 = RTIna,. (V. 2.2)
o 1 b

where Fio is the molar free energy of the pure component i. For ideal

solutions, a; may be replaced by molar fraction, X;, and equation

(V. 2. 2) becomes:
—id

o . :
F; -F; = RTIX, (V. 2.3)

Few solutions exhibit such behaviour and the activityAcoefficient',

a:
Yi = Xl ’ is a measure of the deviation from ideality. The excess
i : .

partial molar free energy associated with non-ideality is defined as:

E - —id .

¥, = F, - F, : (V. 2.4)

. 1 1 i .
\

and may be conventiently expressed in terms of the activity coefficient

by substitution of equations (V. 2. 2) and (V. 2. 3) in (V. 2. 4)



V]

ie. FY = RTInY, (V. 2.5)
This choice of standard state would be appropriate for the sol-
vent component in dilute solutions or the solute component in concen-

trated solutions. However, a solute component in an infinitely dilute

solution obeys Henry's law for which

ai ~ Y°
X; N i

where Y is Henry's law coefficient. The ;ralue of Y‘: corresponds
to the Raoultian activity for the pure component ‘in the hypothetical
standard state based on the behaviour at infinite dilution. For dilute
solutions, a-standard state based on Henry's law is gppropriate and
deviations from Henrian behaviour are meas.ured in terms of the

’
Henrian activity coefficient, Yi’ where

’ ' ’
= &i ;and o’i-)xi}as X;=>0

bOX Yi>!

On this basis the excess partial molar free energy may be expressed

1

in the same form as equation (V2. 5).
i,e. FE = R s V.2.6
i.e. F¥ = RTIn Yi (V.2.6)
A third standard state, which is based on wt. pct. rather than
molar concentration is genefally used in steelmaking studies. The
infinitely dilute solution is chosen for the reference state and the

activity coefficient is defined as:

h. h:. > wt. %i

) 4 . ]
Y i ; as wt. 0
f1 [ —4 :Ii ; where £ 1 as % i—>

hi is taken as unity in the hypothetical standard state of 1 wt. pct. The



excess partial molar free energy '5—113 is then of the form:
E

F, = 2.303RT log f;. (V.2.7)
It should be noted that the excess partial molar free energy
'E E
terms Fi and S‘i . have the same value at high dilution regard-
less of the concentration scale chosen since the activity units alter
accordingly. This does not apply in the general case since the linear
relationship between wt. pct. i and X; is only an approximation for

dilute solutions. Conversion is readily made to the Raoultian standard

state term F]i_; provided that the Henrian coefficient Ylo is known.

V-2.2 Free Energy Interaction Parameters

In practice the type of solutions encountered are no longer in a
state of infinite dilution and generally consist of a solvent 1 containing
several solute components 2, 3, 4, etc. Deviations from ideal behaviour
are reflected in the activity coefficient of fhe solute under investigation
and it is important to determine the effects of the remaining solutes.
From a consideration of experimental data Chipman et al (1950) have

shown that the activity coefficient of a solute in a multi-component

system could be expressed as follows:

’

(2 (3) y (@)
Y2 —YZ YZ ¥ A (V. 2.8)
where (i) the reference state for the activity coefficient le is based
) . HZy . e P . ;
on Henry's law, (ii) Y > ' is the activity coefficient in the binary
solution 1-2 containing the same molar fraction of 2 as the multicom-
ponent system, and (iii) Y g‘q’) and Y(f‘) are interaction coefficients

representing the effect of components 3 and 4 on the behaviour of 2.



Wagner (1952) used a Taylor series expansion to express the
Raoultian activity coefficient of component 2, and hence the excess
partial molar free energy, in terms of the concentrations of the various
solutes present:

.)=1n‘x‘;’ JX 21nY, , x 31n¥2+...]

i.e. In YZ (XZ’ X

2 axz 370X,
1 : 2
1. 2.31nY2 .2 “mYo ]
tlo xSl x xS
2 T2 yy2 2 X3 X, X,
. P - (V.2.9)

The reference state here is taken as the pure component and
the derivatives are expressed as the limiting values at zero concen-
tration of all solutes.

If 2nd and higher order terms are neélected, equation (V. 2.9)

may be expressed in the form:

(o]
D=l ¥, L x @i e 4

In Y, (X,,X
& 2 22 32

3" (V.2.10)

where the free energy interaction parameters are defined as:
(2) (3In¥2\ ., _(3) _(3InYo :
Gz-—ﬁ;‘.éz—a}%,ec.
X, =1 ) il
If the infinitely dilute solution is chosen as the reference state, equation

(V.2.10) expresses the Henrian activity coefficient as:

(2) 3)

InY, (X,, X ) = X, €5 +X,€0 o (V.2.11)

3reee >

If the reference state is taken as the infinitely dilute solution on a weight

percent scale, the following relationships are obtained:

logf2 (wt. %2, wt. %3,...) = (2) [wt "7] +e() E;vt %] +.
(V.2.12)



where the interaction parameters are defined as

-7 logf ' dlogf
(2) 2 3 -2

. . . , etc. iV.2:.13)
2 0 [%2] ), o;1e100 2 3 [% 3] 4ot %1100

V-2.3 Relationships Between Free Energy Interaction Parameters

(J) (3)
1

The interaction parameters € and e’ are a measure of the

effect of solute j on the behaviour of solute i, and there are parameters

G(j) and e( 1 which correspond to the reciprocal effect. Wagner (1952)

showed for an infinitely dilute solution that

(31:;‘(12 _(b In Yj
2 X, L9 X,
7 i A&pl i X1

or e - (V.2.14)
3 J
The parameters E.(;) and e(‘;) are related through the conversion

_from mole fraction to weight percent concentrations and natural to com-

mon logarithms. Thus:

) ML)
eV = 230 =L . Y (V.2.15)
i M1 . B (Xlel)
and for the binary 1 - i solution, the self-interaction parameter,
el = 230. L. Y
i

'Ml' i

However, Lupis and Elliott (Jan., 1965) pointed out that even in the limit

where i and ] —> O, an additional term should be included, i.e.:

(i) M. o MM
eV = 230, =, &V 4 ——1 | (V.2.16)
i M ql IvI_l
1
M M. - M
(i) _ i (i) § "
€)= Bl B A | (V.2.17)

1 1



Consideration of equations (V. 2.14) and (V. 2. 15) gives the relationship:

gt o G ol (V.2.18)

j i Mi (Xl >}
and the corrected form from equations (V. 2.14) and (V. 2.16):
M., - M,
i

M
1) _ () J 1 j
ej _ei'_Mi + 530 ° Mi_ (vVv.2.19)

The correction terms in equations (V.2.16), (V.2.17), and (V.2.19) will
be particularly significant if the difference in molecular weights is con-
siderable.

V-2.4 Enthalpy and Entropy Interaction Parameters

The generalised form of équation (V.2.10) expresses the excess

] ; h
partial molar free energy of the it component as

m
F:E = RTIn Y, = RTIn Y‘; + RT > e,(Ji) X, (V.2.20)
| j=2 _

where: e(j) _[d 1In Yi
i e Xj Xl——> 1 . (V.2.21)

Wagner's (1952) treatment of multicomponent solutions has been ex-
tended by Lupis and Elliott (April, 1965) to include excess enthalpy and
entropy effects. Enthalpy and entropy interaction parameters are defined

by expressions analogous to equation (V. 2. 21):
G . (a__i_ >
| | 7( i o) Xj X1 = 1
E
and - P} S,

Gy _ (&
°Ji 3 BXJ. X, —>1

where the excess properties are related through the equation:
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E» .
F, = H}f = T8 ' (V.2.22)
H

i
and | HE

i

—id _

since H i O

Taylor series expansions for H? and S]? , with second and

higher order terms omitted, yield analogues of equation (V. 2.20):

(o] m -
E _ LB i3) . :
H, = Hi - Z ’li XJ. (V.2.23)
j=2
o m oy =
e s sE].L " sf + - of‘i). X, (V. 2.24)

J:

where the superscript, o, denotes the state of infinite dilution. By sub-
stitution of equations (V. 2.20), (V.2.23) and (V. 2. 24) in (V. 2. 22), it can

be shown that:

S ) I ¢ (3)

! . T oy
IR )
or , e(i) = == - R‘ (V. 2.25)

Over limited temperature ranges, the enthalpy and entropy func-

(3)

tions are practically independent of temperature and € i will then vary

linearly with -,IE, In view of equation (V. 2. 14), it is clear that

(1)
L

G) _
i

gas . oW gt
1 J
It has already been mentioned that for practical applications, it
is often convenient to express concentrations in terms of weight percent,

with the infinitely dilute solution as reference state. Under these con-

ditions, Lupis and Elliott (April, 1965) have expressed the excess partial
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molar free energy in terms of enthalpy and entropy factors:-

. E _ e E '
i.e. % { = 2.303.RTlogf, = H ; ~ T8, (V. 2.26)

The enthalpy and entropy interaction parameters are then defined as:

G _ (L”El
i 3[%3] /) wt. %1100 (Y. 227
e B 29, :
| Ay T (—3[0_70—"7 wt. %1—>100 ' e
| | ) R ¢}
Conseque1-1t1y, : e(‘;) - _E_Elﬁ - _Z_E.I_E (V.2.29)

Relationships between corresponding parameters on a mole fraction and
a weight percent basis may be obtained by comparison of temperature
dependent and independent terms when equations (V. 2.25) and (V. 2. 29)

are substituted in equation (V. 2.16):

TL (J = 100 —L h-? (V.2.30)
i M1 i
d ) M. () M1 - M.
an a i = 100 ——d- s-'i‘ 4 R—TJ— (V.2.31)
1

V-2.5 The Characteristic Temperature, ¥

A considerable amount of data are available for solute interactions
within the iron-nitrogen system. Using this information, Chipman and
Corrigan (1965) found an empirical correlation between enthalpy and free
energy parameters at 1600°C:

(3)

G) _ '
By = 15000 ef’ 10 60°c)

From published data for the effect of alloying elements on the solubility
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of hydrogen in liquid iron, Chipman (1966) has derived a similar re-
lationship: 4
h(Ij{) = 25000 e(g (16000C)

It was noted by Lupis a_nd Elliott (Jan., 1966, Feb., 1967) that
génerally, an increase in temperature-of the system results in Va closer
approach to ideality. They suggest that it is reasonable to assume as
a first approximation, that the excess partial molar free energy is a
linear function of temperature: A

FE: = x(%T -. T)

wherg 7 is the '"characteristic temperature' at which the solution be-

comes ideal if the results at the operating temperature are linearly

extrapolated. Thus:

i i i
At T =%, F}?=Oand HIiE=‘CS£;:

(V.2.32)

o
|
=
I
"y
N
-y
I
Ty
2
]
e

However, this relation is likely to be valid only within a limited tem-"
perature range since at the temperature, T, for which the system be-
. E E
comes ideal, Hi and Si should also become zero because both are
functions of temperature and should decrease with increasing temperature.
Differentiation of equation (V. 2. 32) with respect to.composition

leads to: .
(3)

. L e
€ i_— R (’I' "t:) (V.2.33)
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(3)

and = AL S 3

i (V. 2.34)
At constant temperature it Will be seen that equation (V. 2.33) reduces
to the form:
(3) (3)
€ i C TL .

; (V. 2. 35)
where C is a constant. Equation (V. 2. 35) would account for the corre-
lation between free energy and enthalpy parameters observed by Chipman
and Corrigan for the effect of alloying elements on the solubiiity of
nitrogen and hydrogen in liquid i.ron. Relationships of this type can. be
very useful in that they provide a means of estimating' solubilities at
different temperatures from a knowledge of the free energy interaction
para‘meter at 1600°C. Until the present time there has been insufficient
‘information available for the determination of a similark relationship for

the effect of alloying elements on the behaviour of oxygen in liquid iron.

V-2.6 Second Order Interaction Parameters

With the accumulation of more precise experimental data,
_deviations from linearity have become measurably significant, especially
at higher solute concentrations, and Wagner's (1952) first order approxi-
mation of the series expansion of In Yi in equations (V. 2.9) and (V. 2. 20)
is no longer adequate. Lupis and Elliott (April, 1966) have proposed
additional parameters to account for these deviations and have formulated
generalised nth order interaction parameters by the Taylor series ex-
pansion of In Yi to include nﬂ’1 order terms. By this convention In Y(:

G 5,
i

is of zero order and € ;" is a first order interaction parameter.



14

Expanding the series to include second order terms, equation (V. 2.9)

may be expressed as:

_ o (J)
1n‘5i—1nxi+ 2 x +2/o

J
s k
; kZZ P(J ) X X
itk
" 2 :
where P(J) - % 'M%I——
. b § a X
J
2
G,k) . 9 InYi
and . ,O : = bxj an

(3)

P

and measures the second order effects of solute j on the behaviour of

(G, k)
i

is termed the squared second order free energy interaction parameter
solute i whilst the cross product parameter P measures the com-
bined effect of two solutes j, k on solute i.

Likewise, second order enthalpy and entropy parameters have
been defined together with c.orresponding parameters expressed in weight
‘percent concentrations and for a reference state of infinite dilution. The
various parameters are listed in Table V-1 for purposes of comparison.

The relationship between second order free energy, enthalpy and
entropy parameters is similar to equation (V. 2. 25) for first order:

B A(J;k) (J,lk)
Pi ° TRrT R

Other relationships between second order parameters have been

established by Lupis and Elliott (April, 1966) but are not included here
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gince they are beyond the scope of the present study. p

V-2.7 Prediction of Interaction Parametexrs

Interaction parameters have been defiﬁed by means of Taylor
series expansions of the excess free energy, enthalpy and entropy
functions. However, several é.ttempts have been made to predict and
interpret these parameters in terms oi: solution models.

Alcockvand Richardson (1958) approached the problem frorﬁ a
chemical standpoint in their treatment for ternary systems. Their
random solution model assumed that, for a dilute solution of solutes
i, j iﬁ solvent 1:

(i) The distribution of atoms in solution is random.

(ii) The coordination number, Z , for all three types of

atoms 1, i, j is the same.

(iii) The pairwise interaction energies are independent of
concentration.

(iv), At high dilution no i-i or j-j pairs are formed, i.e.
solute atoms have no like atoms in the nearest neighbour
sh'ells.

(v) Regular solution behaviour.

By considerations of energy changes during ruptur.e and forma-
tion of pair interalctions in the ternary and separate binary systems,
the excess partial free enérgy for the ternary may.be expressed as a

function of the binaries. The ternary interaction parameter is then
given in terms of the binary activity coefficients for infinitely dilute

solutions:
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€(i)= In Yf -lnY(; —lnY?‘ ,
(X, 1) (X, - 1) x> 1)
] 1 1
This relationship was applied to sulphur and oxygen ternary data but
was only satisfactory in predicting the sign and not the magnitude of
the interaction parameter, thus implying that these. solutions behaved
in a non-random manner.

This led to the development of a quasi-chemical theory of
ternary solutions by Alcock and Richardson (1960). This was basi-
cally the same as the previous model with a random distribution assumed
for the bulk solution. However, the distribution was assumed to be non-
random around each solute atom. The non-randomness in the coordi-

nation shell of a solute atom, i, is accounted for through the equation:

N, ., .

X
'_‘Ir.l—-l']"‘ = —l . exp (W/ZkT)
3o .
1

where Z is the coordination number, X is the mole fraction and n is the
number of pairwise interactions specified by the subscript between
solute atorﬁ, i, and atoms in its nearest neighbour shell. %’ is the
energy change when a j atom is replaced by a solvent 1 atom in the
coordination shell. When w % O, it is clear that there is a non-random
distribut.ion. Again by considerations of the excess partial enthalpy in

terms of changes in pairwise interaction energies the following rela-

tionship was derived:

*al)) . Z (K-1)
61 = X +Kxj
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NI+

B (Y? ’ Y‘E)};lﬁl
Y?

YO
ix -1 'x.s1

J J

where

The predictions of the theory were found to be an improvement
on the earlier random solution model. However, the discrepancies
beAtvs‘zeen the observed and preédicted values indicated that pairwise inter-
action energies varied with compositioﬁ.

Lupis and Elliott (Sept., 1966) attempted to use the quasi-
chemical .theory to predict first and second order free energy inter-
action parameters. Their model was developed for.a quaternary system

k)

in order to predict the cross product parameter p (j; which involves
three solute components. The assumptions were the samé as those of
the Alcock and Richardson (1960) model. The treatment was based on
the contribution of the configurational partition function to the excess
the>rmody'namic properties, whilst vibrational effects were omitted.

The theory gave satisfactory agreement between observed and
predicted values for relationships between zero and first order param-
eters and qualitative agreement for first and second order parameters.
However, the theory did not take into account the concentration dependence
of pairwise interaction energies and neglected the vibrational effects so
that only the configurational excess entropy was considered. This can
only be negative whereas experimental evidence indicates that the ex-

cess entropy may, on occasions, be positive.

A more recent model has been developed by Lupis and Elliott
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(Feb., 1967) which predicts relationships between zero and first .order
free energy, enthalpy and entropy parameters in fair qualitative agree-
ment with experimental data. The "central atoms'' theory is the basis for
the model and the excess thermodynamic properties of a solution are
expressed in terms of the partition function for the probabilities asso-
ciated with different configurations in t.he coordination shell and its in-.
fluence on the central atom. Account is taken of both configurational
and non-configurational excess entropies. A ''quasi-regular' soiution
is considered for which the configurati'onal excess entropy is rzero and
the excess entropy is accounted fc;)r by the non-.configurational contri-
bution. From this treatment, a theoretical expression is derived for
the value of the characteristic temperature T which was evolved as a
consequence of empirical correlations of the free energy and enthalpy

parameters.



CHAPTER V-3

LITERATURE REVIEW

V-3.1 Solutions of Oxygen in Liquid Iron

"The role of oxygen as an agent in the refining of steel is of
major importance since the quality of the finished product is dependent
on the controlled removal of solute impurities by oxidatio‘n and the
final removal of oxygen by a deoxidising agent. Consequently, many
investigations have been undertaken in order to determine the thermo-
dynamic behaviour of oxygen in liquid iron and liquid iron alloys.

Reference to the iron-oxygen phase diagram (Darken and Gurry,
1953) shows that at high temperatures a measurable amount of oxygen

dissolves in liquid iron. The oxygen content may be increased until
liquid wustite forms. When an iron-oxygen solution is slowly cooled,

a monotectic change occurs at 1528°C and 0. 16 wt. pct. oxygen where-
by solid iron and liquid wustite (22. 5 wt. pct. O) separate out. If, how-
ever, the cooling rate.is increased, it i; possible to retain the high
temperature composition and supp‘ress wustite formatioﬁ. At 16000C,
the solubility limit occurs at an oxygen partial pressure of 10-8 atmos-
phere WiliCh is too small to measure experimentally. The investigation

of dilute iron-oxygen solutions would necessitate the use of even lower
oxygen pressures. The oxygen potential in the gas phase is generally

controlled by the use of CO/CO2 or HZ/HZO mixtures, on the basis of

19
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the reactions:

1
CO+202—CO2
and H+'l'O = H.0

2 2 2 2

Chipman (1933) showed that oxygen dissolves in liquid iron in

the monatomic form:

so that in HZO / H, mixtures, oxygen dissolves in liquid iron according

2
to the reaction:

H + O = H.O - , (V.3.1)

The effect of composition on the equilibrium constant

szo 1
K = . —h— (V.3.2)
pH2 o

is measured experimentally in terms of the apparent equilibrium con-

stant,

/P
H,O

o _ 1
K' = o [ % 0] (V.3.3)
2

and these are related through the activity coefficient
h
(@)
fo - . Ewt. 70 -Q] (V- 3. 4)

where the reference state is taken as the infinitely dilute solution.

Dividing equafion (V.3.3) by (V. 3.2) therefore gives the relationship:

K' . .
= = i (V.3.5)

If the value of the activity coefficient is dependent on the oxygen concen-

" tration, i.e. there.is a deviation from Henry's law, it follows from
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equation (V. 2.12) that: ‘ ‘

log fo = log-f(g) = e(g) ; Ewt %9] (V.3.6)

where the self-interaction parameter is defined as:

©) _ C)Alogfo
o = Jwt. w0]

Eliminating f  from equations (V. 3. 5) and (V. 3. 6) yields:

O .

log K' = log K + e(g) . [wt. % 0] (V.3.7)

The variation of the experimentally measu;'ed apparent equ'.ilibrium
constant with the oxygen content of the metal may, therefore, be used

to calculate the equilibrium constant, K, and the value of the free energy
interaction parameter,' e (8) .

In one of the earliest investigations (Chipman, 1933), induction
heated elect rolytic iron melts contained in alundum or alumina cru-
cibles wefe exposed to controlled water vapour/hydrogen mixtures for
periods of up to two hours. The experiments covered a temperature
range of 1500-1750°C. A disappearing filament pyrometer was used for
temperature measurement. After the power supply had been cut off, the
charge was allowed to solidify and samples were subsequently analysed
for oxygen by vacuum fusion. The results showed that the activity co-

efficient, f , was dependent on the oxygen content of the melt which im-

O

plied that iron-oxygen solutions did not obey Henry's law. The tem-

perature dependence of log K was found to be:

log K = 9—2,1—,0—0- 3.28

This method was refined by Fontana and Chipman (1936) who preheated
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the incoming water vapour/hydrogen mixture to 1600°C by means of
a refractory tube furnished vﬁth a platinum resistance heater. Some
melts were quenched in liquid tin in order to retain the high tempera-
ture equilibrium composition. It was found that K' was independent of
the oxygen content of the melt so that the activity of oxygen could be
taken as equal to the oxygen concentration expressed in terms of weight
percent. Using a similar technique, Chipman and Samarin (1937)
studied fhe temperature dependence of the equilibrium constant, K, and
their results were represented by the following equation:
log K = - -1&2,‘[2- - 5.5 (1600-1770°C)

On the basis of their preliminary studies into the effects of
thermal diffusion on the equilibrium oxygen content of liquid iron (1948),
‘Dastur and Chipman (1949) made further modifications to Chipman's
(1933) technique. A preheated mixture of a.'rgon/hydrogen/water vapour
was directed by means of a preheater tube onto the surface of an induc-
. tioﬁ heated melt contained in an alumina crucible. The authors claimed
that when the gas mixture was preheated to about 1500°C, a ratio of Ar:
H2 of 4:1 completely eliminated any thermal diffusion effects. A dis-
appearing filament pyrometer was used for temperature measurement
and the iron was solidified by holding in a stream of argon in the cold
part of the fu;nacé.

On the basis of the work of Fontana and Chipman (1936), it was

assumed that iron-oxygen solutions obeyed Henry's law. At lower tem-

peratures good agreement was observed with Fontana's value of log K.
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However, the data were not in accord with the work of Chipman and
Samarin (1937) for the temperature dependence of the equilibrium
constént:

log K = 10—.%—0 - 3.17 (1500-1760°C).

A negati'v"e deviation from Henry's law was reported by Averin
et al (1955) who used a melting and equilibration‘technique similar to
that of Dastur and Chipman. Sampling was effected by aspiration into
silica tubes. However, the scatter in their results would not permit
the precise calculation of the activity coefficient. The temperature
dependénce of thg equilibrium constant was found to be:

log K = 2%‘,1—0 - 4.536

Further investigations were carried out by Gokcen (1956) using
‘a different technique in order to eliminate thermal diffusion. A resis-
tance furnace was employed to reduce thermal gradients within the
system and the gas mixture, heated to 100°C in order to prevent conden-
sation, was bubbled through the melt. A mixture of Ar/ H2 / HZO with

an Ar HZ ratio of 4. 5:1 was used to prevent hydrogen-porosity in the
solidified metal which was quenched on a water-cooled plate in the lower
region of the furnace. In additional experiments the melt was quenched
in liquid tin with no néticeable difference in results. Experiments were
carried out at 50C° intervals from 1550° to 1700°C, and temperatures

were measured with an optical pyrometer. The oxygen content of the

iron was determined by vacuum fusion analysis.
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His results for the effect of temperature on log K were re-
producible within T 0. 02 logarithmic units. Errors of this magnitude
could be entirely accounted for by uncertainties in temperature and
analysis. The temperature dependence of the equilibrium constant was

foﬁnd to be:
6670

log K = —=— - 3.05

Floridis and Chipman (1958) studied the effect of oxygen con-
tent on the apparent equilibrium constant, K', at 1500° and 1600°C. A
technique, similar to that of Gokcen and Chipman (1952) was used in
which the melt was que-nched in helium. A preheated Ar/ H2 / HZO
mixture with a 6:1 ratio of Ar: H2 was directed onto the surface of the
induction heated melt contained in an alumina or magnesia crucible.
Additional experiments were performed in an apparatus similar to that
of Gokcen (1956) in which the gas mixture was bubbled through the melt
and samples were obtained By the suction technique. The results ob-
tained from the two types of experiment were in good agreement and
showed no effects of thermal diffusion.

In this work it was again found that iroq-oxygen solutions ex-
hibited negative deviations from Henrian behaviour. This was in quali-
tative agreement with the observations of Chipman (1933) and Averin

et al (1955). The activity coefficient of oxygen between 1550° and 1600°C

was given by:

logf. = -0.20 [wt. %93 (0-0.2 wt. % O)

®)

The effect of temperature on the equilibrium constant was in reasonable
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agreement with the work of Dastur and Chipman (1949) and was, in fact,
represented by Floridis and Chipman as a line drawn through their data
parallel to that of Dastur and Chipman:

log K = —7%(1 - 3.20 (1500-1600°C)

Sakao and Sano (1960) using a similar induction heating tech-

nique also found a negative deviation from Henrian behaviour:

-1750 : '
log fy = (= + 0.76) [wt. %9_]

This equation gives a value of -0.17 for the interaction parameter, e(g),
at 1600°C. The temperature dependence of the equilibrium constant

was found to be:

fog B = Zggg - 3.224  (1550-1650°C).

Negative deviation from Henry's law for iron-oxygen solutions
has been r-eported by Matoba and Gunji (1963). A similar technique to
that of Floridis and Chipman (1958) was used but the water vapour/
hydrogen ratios in many of their experiments were much higher. Many
of their experiments were virtually conducted under a liquid slag layer
and for this reason their results are not considered substantial support
for non-Henrian behaviour of dilute iron-oxygen solutions.

More recently, Matoba and Kuwana (1965) found that the activity

(O)

coefficient was Strongly dependent on oxygen content, the value of e o

being given by:

e(g) = :—1-9—,1??—0—- + 4.94, for oxygen concentrations
(O) of

up to 0.18 wt. % O. At 1600°C this equation gives a value for e o
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-0.47. The temperature dependence of the equilibriumicons'tant was
given as:

log K = —— - 3.421
In this work an induction heating technique was used and preheated
Ar/ H2 / HZO mixtures were bubbled through the melt.

Tankins et al (1964), using equipment similar to that of
Gokcen (1956), bubbled Ar/ H2 F HZO mixtures through resistance
heated melts. Under these conditions equilibrium was attained within
one hour at 1550°C. Melts were quenched in a stream of argon whilst
standing on a water-cooled brass plate so that freezing occurred from
the top within four seconds. The effect of oxygen on the apparent
‘equilibrium constant at 1550°C was determined to be:

log K' = 0.617 - 0.055 [wt. % Q]
The c'alculation of the temperature depende'nce of the equilibrium con-
stant included the data of Gokcen (1956) with which there was good
agfeement and ti’le equation obtained was:

logK = @1—,1—7— - 3.13 (1550-17oo°c;

The difference in the values of log K' for oxygen concentrations
between 0 and 0.18% could be accounted for by T 2. 5C° error in tem-
pgrature measuremer;t. It was therefore concluded that the apparent
equilibrium constant was independent of the oxygen content and that iron-

oxygen solutions obeyed Henry's law.

Tankins et al point out that their conclusions are supported by

the work of Wreidt and Chipman (1955) who found that the activity
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coefficient of oxygen was independent of oxygen content in a “75% iron -
25% nickel solution for which the free energy of solution of o:;ygen is
only slightly more positivé than that for pure iron.

Negative deviations from Henrian behaviour were reported by
Sc:henck and Steinmetz (Nov. 1967). Their experiments were carried
out in a Tammann carbon resistance furnace. Charges of 200 gm. of
high purity iron were melted in alumina crucibles and Ar/ H, / H O

2 2

mixtures with a 5:1 ratio of Ar:HZ were directed onto the surface of the

melt. Samples were obtained by an aépiration technique using quartz
tubing, quenched in a water-cooled copper mould and analysed by the
vacuum fusion method.

They obtained values of e(g) = -0.13 at 1600°C and e(g) =
-0.32 at 1625°C. The more negative value for the free energy inter-
action parameter at the slightly higher temperature is unexpected.
Further experiments were unaertaken in the temperature range 1550°
to 1700°C and with a water vapour/hydrogen ratio of 0.3. The tem-

perature dependence of the apparent equilibrium constant was found to

be:

log K' = SUEZ . 3. 049 (1550°-1700°C)

T
(O)

- Schenck and Steinmetz note that

In view of the negative values of e
the value of the equilibrium constant is over-estimated and give the
value:

S log K om —=— =~ 508 (1550°-1700°C)

which is in close agreement with the finding of Tankins et al (1964).
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Data from several recent investigations for the effect of oxygen on the
apparent equilibrium constant are shown in Figure 1.
A recent study was made by Shiraishi (1966) using a levitation

melting technique. Liquid iron droplets were equilibrated in H O / H

2 2

mixtures at controlled temperatures before quenching in a copper mould.
The author clajmed that thermal diffus'ion effects were negligible and
that equilibrium was attained within five minutes. A two-colour optical
pyrometer was uséd for temperature measurement and oxygen analyses
were ma(ie using an inert gas fusion method.

In this work it was assumed that Henry's law was obeyed for
iron-oxygen solutions. The experiments were carried out over a tem-
perature range 1470 to 1750°C and the temperature dependence of the
equilibrium constant was found to be:

log K = 7—11,2 - 3,23 (1470-1750°C)
Although this equation is appérently in good agreement with the work of
Dastur and Chipman (1949), it was based on a limited number of experi-
ments and the data exhibited a considerable degree of scatter (about 0.15
logarithmic units at 1500°C).

Although equilibrium in the iron-oxygen system has been the
subject of many inves;tigations, it would appear that the two main points
of disagreement concern the Henrian behaviour of oxygen in liquid iron
and the temperature depender;ce of the equilibrium constant. It is diffi-

cult to establish with certainty the reasons for the disagreement between

the various workers. The discrepancies may be due to errors associated
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with temperature measurement, thermal diffusion effects, Crucible-l
melt interaction, quenching effects or chemical analysis.

Optical temperature measurements may be subject to several
sources of error, for example, excessive extrapolation to high tem-
pératures, fume formation and emissivity effects. D'Entremont (1963)
showed that unexpected errors may arise due to variations in emissivity
with the oxygen content of the melt. The extent of these variations are
u1"1known but may be important since Kozakevitch and Urbain (1961) have
shown tha-t oxygen has a drastic effect on the surface tension of iron.

Thermal diffusion effects are likely to occur in the pfesence
of excessive temperature gradients. Under _such conditions the heavier
of two gases in a mixture will tend to diffuse to the cold region so that
the gas composition is no longer uniform. However, the addition of a
gas of high molecular weight will reduce this effect. Much of the earlier
work was subject to uncertainty of this nature, particularly where an
induction furnace was used without the precautions of preheating the in-
coming gas mixture or introducing argon into the gas stream.

Most of the previous work on the solubility of oxygen in liquid
iron has been conducted using alumina crucibles. Under these conditions,
the following reaction‘ will occur to some extent:

ALO, ()= 2AL+30

When aluminum dissolves in liquid iron, the activity coefficient

of dissolved oxygen is greatly decreased.. In this context, values for

(A1)

& at 1600°C of -12, -1 and -4. 6 have been obtained by Gokcen and
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Chipman (1953), d'Entremont et al (1963) and McLean and Bell (1965)
respecti\.rely. Since the oxygen activity in the melt is fixed by the
oxy‘gen potential of the gas phase, this means th'at the oxygen concen-
tration will be increased and hence the value calculated for the equilib-
rium constant will be less than the true value.

The quenching procedure can have an effect on the final oxygen
content of the metal. On slow solidification, oxygen may be lost from
the metal either by reaction with hydrogen in the gas phase or through
separation of iron oxide.

Many of the vacuum fu“sion analysers used in the earlier inves-
tigations were not equipped with baffles and consequently there was a
possibility of sample loss due to spattering on initial melting. In addi-
tion, the quenched samples were generally cut into sections for anal}.rsis
and thus, if segregation occurred within the ingot, erroneous results
could be obtained.

In the present investigation, an attempt has been made to
eliminate errors of the type discussed ai)ove by the use of:

(1) A two-colour radiation pyrometer

(ii) High gas fllow rates

(iii) Levitation melting
(iv) Rapid quenching

(v) Analysis of complete samples by inert gas fusion.

V-3.2 The Effect of Vanadium on the Activity of Oxygen in Liquid Iron

Equilibrium between oxygen dissolved in liquid iron-vanadium
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alloys and water vapour/hydrogen mixtures may be represented by

equations (V. 3.1) to (V.3.5). The activity coefficient of oxygen, fo,

may be expressed by virtue of equation (V. 2. 8) in terms of the activity

coefficient of oxygen in the binary Fe-O system and the interaction

coefficient for the effect of vanadium on oxygen:

R () Iy

5 o o (V.3.8)

By comparison with equation (V.2.12), f may be expressed in terms

@)

of the free energy interaction parameters:
- .(0) (V)
log fo = €n Ewt. %Qj + e & [Wt. %_ﬂ (V.3.9)

where

log f('g) = e(g) - [wt. % V] . N (V.3.10)

Eliminating f _ between equatibns (V.3.5) and (V.3.9) gives the

o

following expression:

lc?g K' = log K + e(o) . E_:vt. %é:-l + e(g)- E_vt. %_\Z](V. 3 11)

O
(0)

o has been determined, the experimentally measured

If the value of e
value of K' and the equilibrium vanadium and oxygen contents of the

metal may be used to determine the value of the free energy interaction

. (V)
i .
parameter e
The earliest studies on vanadium-oxygen equilibrium in liquid
iron were carried out by Chipman and Dastur (1951). The apparatus
used by these workers was similar to that which they had used previously

for their investigations of the iron-oxygen binary system (Dastur and

Chipman, 1949). In order to minimise thermal diffusion effects, a pre-
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heated mixture of Ar/ H2 / HZO with an Ar:H_ ratio of 4:1 was directed

2
onto the melt surface. Melts were equilibrated at a temperature of
1600°C for about 45 minutes, the power supply switched off and the
melts quenched by lowering into the cooler region of the furnace.

Experimental conditio.ns were varied by gradually increasing
‘the water vapour/hydrogen ratio in suécessive experiments whilst
maintaining a constant vanadium content. This was continued until
the melt had reached oxygen saturation at which point an oxide layer
was formed. Experiments were conducted for a range of vanadium
contents up to 1.3 wt. pct. V.

Using the value of log K which the.y had previously determined
for the liquid iron-oxygen system and again assuming iron-oxygen
solutions obey Henry's law, Chipman and Dastur found that for a par-

ticular oxygen potential in the gas phase, vanadium additions increased

the solubility of oxygen in liquid iron. Their data gave a value for

V)

o of -0.27 at 1600°C.

A similar iﬁvestigation has been carried out by Pargeter (1967)
who used a resistance furnace and a controlled gas mixture of He /HZ/
HZO' An 8 mm. I.D. alumina gas inlet tube terminated in a loosely
fitting 0. 5 mm. I.D. .capillary the end of which was positioned just be-
lo§v the surface of the melt. By this arrangement, the gas mixture was

concurrently directed onto the surface of, and bubbled through, the melt.

Experiments were made at 1600°C for periods extending up to nine hours.
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The liquid alloys were quenched by lowering into a chamber.where they
were sprayed with helium. This gas was chosen because of its high‘
thermal capacity. By this procedure the temperature was lowered to
about 500°C within five seconds. Oxygen analysis was performed by

the vacuum fusion technique.

(V)
O ’

Pargeter obtained a value for.the interaction parameter, e
of -0.29 at 1600°C which is in good agreement with Chipman and
Dastur's (1951) original work. If is worth noting, however, that
Pargeter"s data in comparison with those of Chipman and Dastur ex-
hibit considerable scatter, particularly at low vanadium contents and
for experiments of less than six hours duration.

A more recent investigation was made by Schenck and Steinmetz
{Dec. 196_7) using the same apparatus and techniques which were em-
ployed for their work on the iron-oxygen system (Nov. 1967). Experi-

ments were conducted at 1600°C for alloy compositions within the range

0.2 to 0. 7 wt. pct. vanadium and the water vapour/hydrogen ratio was

(0)

o at 1600°C obtained by

maintained at 0. 04. The values of log K and e

Schenck and Steinmetz (Nov. 1967) were included in the calculation and

(V)

o was found to be -0.11. This value is not

the value of the parameter e
in agreement with the work of Chipman and Dastur (1951) or that of

Pargeter (1967). This may be due to the uncertainty in determining the

(V)

value of e o

from the gradient of the line rep.resenting a plot of their
. experimental data which exhibits a considerable scatter, particularly at

higher vanadium concentrations.
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Data for the effect of vanadium on the activity coefficient
of oxygen havebeen obtained by Fischer and Janke (1966) using an
electrochemical technique. The cell consisted of a 1irne; stabilised
zirconia tube with a closed end through which a confrolled atmdsphere
was circulated. This was immersed in an iron-vanadium melt and
platinum contapts, one in the base of the cell and one immersed in the
melt, completed the circuit. The activity co‘efficient was determined

by e. m.f. measurements and at 1600°C the value obtained for the

V)

o was -0.13, which is considerably different

interaction parameter, e
from the value obtained by Chipman and Dastur (1951) but in good
agreement with that obtained by Schenck and Steinmetz (Dec. 1967).

The effect of temperature on the free energy interaction

(V)
@)

téchnique similar to that of Chipman and Dastur (1951). An A;:-:H2

pariameter» e was investigated by Narita (1958) who employed a

ratio of 4:1 was employed and argon/water vapour/hydrogen mixtures,

preheated to 1200°C, were directed onto the surface of an induction

heated charge of 50 to 80 gm. of iron. It was assumed that the self-

(O)

interaction parameter, e o’ had a zero value, and the values obtained

for the vanadium-oxygen interactions were:

(V)
°o T°C
-0. 365 1600
-0, 287 1650

-0.196 1700



Narita (1958) did not calculate the temperature dependence of e(g);

however, on the basis of the data available, this would be given by:

(V) _ -6230
o " T
(V)
o

+ 2.96 (1600°-1700°C) (V.3.12)

The value of e at 1600°C is considerably larger in magni-

tude than that obtained by Chipman and Dastur (1951). Sawamura

and Sano (1966) reported that Sano and Sakao (1964) recalculated the

(V)
o

values for e from the data of Narita. They included in their cal-

culations the value of the self-interaction parameter:

e(O) _ -1750

o T + 0.76

which they had previously determined (Sakao and Sano, 1960). They
obtained the following temperature dependent expression:

V) o 22300 4 51 (1550°-1700°C)  (V.3.13)

o T
which provides values for the interaction parameter:
e(g) TOC
-0. 36 1550
=0.32 1600
- -0.29 1650
-0. 26 1700

Sawamura and Sano (1964) claim that these values show fairly good

agreement with the work of Chipman and Dastur (1951). However, if

(V)

t ’
hf: value for e o

obtained by the latter workers, were corrected by

0)

inclusion of the value of e(O

, obtained by Sakao and Sano (1960), the
disagreement would be somewhat greater.

The differences in values for the vanadium-oxygen parameter

35
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may be due in part to contamination of the melt by crucible material‘
or to the presence within the solidified samples of entrapped vanadium
oxides. In the present investigatior_l, these sources of uncertainty have
been avoided by the use of levitation melting and by controlling the
ox:ygen potential of the atmosphere at a level sufficiently low to prevent
the formation of oxides. Experiments have been conducted over the
temperature range 1550° to 1750°C and values determined for the first

order free energy, enthalpy and entropy interaction parameters.



CHAPTER V-4

EXPERIMENTAL CONSIDERATIONS

V-4,1 Introduction

The pufpose of this gas-metal equilibrium study is to determine
the effects of composition and temperature on the activityr of oxygen
in iron-vanadium melts. It is therefore necessary to control the oxy-
gen potential of the system in this case l?y the use of hydrogen/water
vapour atmospheres in contact with the liquid iron alloy. Levitation
melting is particularly suitable for such investigations since the re-
action may be studied over a wide range of temperatures thus enabling
temperature dependent data to be established with a greater degree of
accuracy. A further advantage is the complete elimination of crucible
contamination.

V-4.2 Apparatus

A general view. of the apparatus used for the determination of
- oxygen activity in liquid iron and iron-vanadium alloys is shown in
Figure V-2, The high frequencIY generator is seen in the background
and is connected to the levitation coﬂ surrounding the taped reaction
tube in the centre of the picture. On the extreme left, partially hidden
by the gas cylinders, are the water vapour pre—satufator and saturator
units while on the extreme right is the ''wet-test' meter which is used

for measuring hydrogen flow rates. The two-colour optical pyrometer

37
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and temperature indicator are seen in the centre foreground.

V-4.2.1 The Reaction Chamber

A photograph of the reaction chamber is shown in Figure V-3,
The elect_rical heating tape in which the apparatus is wrapped has been
removed for clarity.

The reaction chamber is also shown diagrammatically in
Figure V-4, The design was chosen to reduce the time of purging to a
minimum and to enable an experiment.to be effe.cted under completely
controllec-l atmospheric conditions thus eliminating the possibility of
contamination from the air.

The molten droplet is levitated inside a 15 mm. O.D. Vycor
tube which is located within the levitation coil. The lower end of the
tube is connected by a ground glass union to a 50 mm. O.D. Pyrex
chamber furnished with a gas inlet. The chamber is sealed by an
aluminum disc which is fitted with an O-ring and supports a Vycor
- charging rod, an optical flat aligned with a 45° prism, and a copper
mould on the end of a steel rod. These are located s0 that any one may
be aligned concentrically with the axis of the reaction tube by rotation
of the disc. The mould and charger are supported in the base by
Swagelok connections.with Teflon sealing rings. This gives a gas-
tight seal and enables the charger or mould to be- pushed up into the
reaction zone.

The reaction tube and base are wrapped in heating tape to
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~avoid condensation of water vapour. The design of the gas éxit pre-
vented any water which may have condensed in the unheated exhaust
tube from re-entering the reaction zone.

V-4, 2,2 The Gas Supply

The two separate gas systems which were employed are shown
in Figure V-5.- In the production of wé.ter vapour/hydrogen atmos -
pheres, purified hydrogen was bubbled through a presaturator, C,
which contained distilled water mainta.ined at a témperature some 20C°
higher tha.,n that of the saturator.

The saturator unit consisted of eight 500 ml. flasks, the first
seven of which were partially filled with distilled water in order to
produce a gradual decrease in the pressure head of water, thus en-
hancing equilibration at atmospheric pressure. The final flask served
as a mixer and was packed with glass raschig rings. The saturator
unit was submerged in a constant temperature water bath, D, which was
thermostatically controlled to 1_ 0.05C°. From the saturator unit the
gas mixture passed to the reaction chamber through a tube wound with
heating tape.

The efficiency of the saturator system was checked by inserting
a series of magnesiur;l perchlorate drying tubes between the gas outlet
of the reaction tube and the wet test meter. The .a_ctual moisture content
of the gas mixture can be calculated from a knowledge of the weight of

moisture absorbed from a measured volume of hydrogen, the internal
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pressure and the ambient temperature, which are indicated by the

wet test meter. For ﬂowl rates of approximately 0.3 to 6.0 l.p.m: and
bath temperatures between 28° and 49°C, the measured water vapour
pressures were within T 3% of the theoretical values, (Table V-2).

A secondary gas supply was required for purging the reaction
chamber and for deoxidation of the molt-ten droplet during the initial
stages of an experiment. The appropriate 'gas was introduced through
a three-way stock-cock, H, and dried with ma;gnesium perchlorate, B.

The two three-way stock-cocks, Fand G, were arranged so
as to allow either the dry gas or a hydrogen/water vapour mixture to
enter the reaction chamber. In the former case, the water vapour/
hydrogen mixture was diverted.through the by-pass in order to maintain
steady sta.‘te conditions in the saturator. On changing to the mixture,
the by-pass was closed at 'F''and the dry gas isolated at 'G'.

V-4.3 Experimental Techniques

V-4,3.1 Temperature Control

The characteristics and design of levitation coils along with
the advantages and disadvantages of the technique and its applications
have been discussed in reviews by Peifer (1965) and Rostron (1967). It
is sufficient to note that for a given power supply, the temperature of
the sample depends on the coil design, the size and electrical properties
of the sample, and the gas flow rate and composition.

A 450-kc/s., 10 kw. Tocco generator was coupled to a 7.5:1
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step-down transformer in order to reduce the power input to the coil.

The coil used was constructed from one eighth of an inch O.D. copper
tubing and was similar in design to that developed by Jenkin's et al

(1963), Figure V-6. The lowe_r section of the coil was wound on a

cc:)nical former with a 30° semi-angle. This section consisted of five turns
the last two of which were co-planar with an I.D. of 15 mm. The upper
stabilising ring consisted of a double reverse turn wound helically on a

15 mm. diameter spindle. This coil ciesign gave the high lateral sta-
bility required for levitation within the: confined area of a 13 mm. I.D.
reaction tube.

Harris et al (1959) demonstrated that gas flow rate and com-
position determine the efficiency of heat removal from the levitated
sample. 'I;he cooling efficiency decreases with increasing atomic weight,
i.e. with decreasing thermal conductivity of the gas. Thus the sample
mé,y reach temperatures greater than 2000°C in atmospheres such as
argon or nitrogen at flow rates of 4 1. p.m. This is advantageous for a
rapid melting of samples at the beginning of an experdment. On the other
hand, since hydrogen is the most efficient coolant, temperatures in the
region of 1500°C are readily attained with the hydrogen/water vapour
Vmixtures used for atmospheric control in the present study.

| In general both sample size and gas ﬂo& rate were m;intained
reasonably constant at one gm. and one l.p.m., respectively, and tem-

perature adjustment made solely through the power input control. A
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decrease in the power input produces an increase in the temi)erature'
of the droplet which is now located at a lower position within the coil
where the heating effect is greater. Under these conditions the tem-
perature could be controlled to.within t 5C0 of the desired value in the

range 1450-1750°C,

V-4.3.2 Temperature Measurement

~A Milletron two-colour optical pyrometer and direct reading
indicator were used to measure sample temperatures. This instrumenf
measures the intenéity ratio of two Wax}elengths, greéen and red, of the
light emitted by the specimen. Generally, emissivity is independent of
wavelength, in which case the intensity ratio is independent of emissivity
and dependent only on temperature. This leads to advantages over other
forms of optical pyrometry since temperature measurement is rela-
tively indépendent of the surface properties and size of the radiation
source and the absorption properties of the intervening media.

The pyrometer was initially calibrated against a standardised

Pt/Pt - 13% Rh thermocouple over the temperature range 1400° to
1700°C. A grapﬁite crucible containing approximately 200 gm. of
carbon saturated iron was used for temperatures below the melting
point of iron whereas an alumina crucible containing Armco iron was
used for higher temperatures. The thermocouplé,. which was protected
by an alumina sheath, was immersed in the melt and the pyrometer was

focused on the surface through an optical system identical to that used in
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the levit._ati.on experiments. The couple was positioned centf'ally with-
in the crucible since it was found that the temperature reading could
be affected by as much as 30C° when the couple was moved towards the
wall. A further precaution was taken of grounding the thermocouple to
eliminate induced currents in the g'alvapometer.

The power input was increased stepwise and the corresponding
pyrometer and thermocouple readings compared. The samnie technique
was used during cooling only for the A;'mco iron melt since the carbon
saturated iron on cooling precipitates éraphite which interferes with
the optical pyrometer reading. |

It was found that the accuracy of the pyrometer was within
1 5C° of the true temperature from 1400° to 1700°C and it was assumed
that this would apply up to 18000C. The applicability of the calibration
data to levitation experiments was confirmed by observing the melting
and freezing temperatures of levitated iron droplets. For this purpose
the pyrometer was focused on the lower surface of the droplet from a
distance of about two feet by means of the prism a;‘rangement in the
base of the reaction tube. The speed of response of the instrument was
high and the melting point was observed as an arrest in the indicated
temperature. During freezing the sample was invariably supercooled
and, on solidification, the indicator needle was r'apidly deflécted to the
melting point.

This procedure was also used to check the stability of the
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pyrometer at frequent intervals during each series of experiments.
Under normal operating conditions the observed temperatures were
~always within T 10C© of the true melting point of iron. The high fre-
quency current induces vigorous stirring within the droplet and
Jenkins et al (1963) have demonstrated that the temperature at the
surface and centre of a simulatedllevit'ation droplet are esseritially

the same. It is considered that the actual temperatures reported in

the present study are accurate to within ¥ 10C©,

V-4.3.3 lé’reparation of Samples

Specimens weighing approximately 1 gm. were prepared from
Armco and Ferrovac 'E' iron and iron-vanadium alloys the analyses
of which are given in Tables V-3 and V-4. Armco and Ferrovac 'E'
iron samples were cut from 0. 25" diameter rod and cleaned with
acetone to remove grezise prior to levitation.

A series of master alloys ranging in composition from 0.1 to
1 wt. pct. vanadium were prepared Vin the form of alloy rods. A 250
gm. melt of Armco iron was induction heated in an alumina crucible
and, after deoxidising with hydrogen, maintained under an inert atmos-
phere of argon. Calculated amounts of vanadium were added to the melt
at frequent intervals. : Ten minutes after each addit ion, suction samples
we;,re drawn from the melt with five mm. I.D. siiiga tubes. The alloy
rods, weighing approximately 20 grﬁ. were cleaned by filing and then

cut into one gm. specimens suitable for levitation.
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Analysis of samples taken from the ends of each rod showed
no significant difference in vanadium content (Table V-4). This indi-
cated that the vanadium was uniformly distributed throughout each rod.

Several iron-vanadium alloy specimens were levitated in dry
and moist hydrogen for ten minutes at temperatures between 1550°
and 1730°C and quenched. Analysis of-the specimens indicated no
significant change in vanadium content (Table V-5). In all subéequent '
equilibrium experiments the vanadium.content of the droplet was taken
as that of .the master alloy.

V-4.3.4 Vanadium Analysis

Samples were analysed spectrographically for vanadium. The
readings were corrected against calibration curves obtained for chemi-
cal standards analysed at the same time as the samples. The estimated
error in determination was i’ 0. 005 wt. pct. vanadium.

The spectrograph was designed to take samples not less than
0. 5'" diameter and 0. 5" thick, located with flat faces in a horizontal
plane. The lower face was sparked with a tungsten electrode in an argon
atmosphere. The circuit was completed by an electrical contact with the
upper ;c,urface. The dimensions of the alloy specimens were much less
than those required fo.r spectrographic analysis and for this reason the
samples were first compressed, using tension/cérx_lpressiqn machine to
form discs approximately 0. 5'" diameter and one mm. thick. A 0.5"

length of 0.25" diameter copper rod was soldered to the centre of one
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face and the sample was mounted in a 1. 0" diameter bakelité disc, which
was subsequently machined to expose the copper contact. The sample
face was then polished in final preparation for analysis.

V-4.3.5 Oxygen Analysis

A Leco No. 734-100 analyser was used for oxygen determinations:
A one gm. sample contained in a graphite crucible is induction melted in
a stream of helium. The oxygen dissolved in the metal is evolved as
carbon monoxide and flushed through a. catalytic furnace where it is oxi-
dised to ?arbon dioxide and subsequentiy collected in a molecular sieve.
After two minutes the molecular sieve is heated and the carbon dioxide
is carried in the stream of helium through a thermal conductivity cell.
This device measures the change in resistance of the cell due to the
difference in thermal conductivities of helium and carbon dioxide. The
integrated output is indicated on a digital counter.

The actual oxygen content of a metal sample was determined
from a calibration curve which was construct;:d with the aid of standard
samples of known oxygen content. The oxygen values reported in the

+

present work are considered to be accurate to within I 10 p. p. m.

V-4.3.6 Experimental Procedure

The saturator unit was allowed to equilibrate overnight at the
selected water bath temperature and the flow rate was adjusted to
approximately one 1. p. m. as indicated by the wet test meter. Water

vapour /hydrogen ratios of (3to9) x 10-2 were obtained by passing puri-
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fied hydrogen through the saturator unit at controlled water bath tem-

peratures in the range 25° to 430C. A ratio of 25 x 10-2 was obtained
by ;)assing a 19. 6 pct. Hz/Argon mixture tl.lrvough the saturator system
at 31. 7°C.

At the beginning of an experi ment the aluminum base was re-
moved and the sample push'ed up into the reaction tube where it was held
by a magnet until the base had been replaced. The sample was then
supported by the Vycor charging rod well above the coil. After flushing
the chamber for five minutes in nitrogen‘, argon or helium, the power
input was increased to a maximum and the specimen levitated. As soon
as possible after melting, generally about 30 seconds, the atmosphere
was changed to hydrogen for deoxidation purposes and then to the hydro-
gen/water vapour mixture.

The aluminum base was rotated to align the prism with the re-
action tube and the pyrometer focused on the molten droplet. Experi-
ments were conducted at temperatures ip the range 1450° to 1800°C.
Preliminary studies slzlowed that equilibrium was attained within one
minute (Table V-6). In order to ensure the attainment of equilibrium
during an actual experiment the droplet was maintained at constant tem-
perature for five minutes. A gas flow rate of one 1 p- m. was chosen for
operating convenience after preliminary studies (Table V-7) had shown
no effect of flow rate on oxygen content in the range 0.5 - 4.0 1. p. m.

At the end of an experiment the base was again rotated, the
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copper mould (1" long x 7/16" diameter) pushed into the reaction cham-
ber, the power supply cut off, and the specimen quenched. The chamber
was flushed with an inert gas for several minutes and the sample removed
for oxygen analysis. Since the complete sample is used for analysis,

errors due to oxygen segregation effects are eliminated.



CHAPTER V-5

PRESENTATION OF RESULTS

V-5.1 Introduction

The behaviour of oxygen in liquid iron was investigated for the
temperature range 1450° to 1750°C using water vapour/hydrogen atmos-
pheres and for 1700° and 1800°C using argon/water vapour/hydrogen
atmospheres. Water vapour/hydrogen ratios ranging from (3 to 25) x
10" ° were employed. Further data were obtained fdr the activity of
oxygen in iron-vanadium alloys: These studies covered the temperature
range from 1550° to 17500C, concentrations from 0.1 to 1. 0 wt. pct.
vanadium and water vapour/hydrogen ratios from (3 to 9) x 10‘2.

In this chapter, the experime'ntal data are presented in tabu-
lar and graphical form and the temperature and composition dependent
relationships for the solution of oxygen in iron and iron-vanadium

alloys are statistically determined.

V-5.2 Experimental Data

The experimentally determined values of K for iron-oxygen
alloys are given in Tables V-8 t'(-) V-11 and cover, at 50C® intervals
the temperature range 1450°-1800°C. - The number notation for the ex-
periments serves to identify the series by the number pregeeding the
slash, /. The experiment number within .a series preceeds the hyphen
and the type of iron used, either Armco, A, or Ferrovac 'E', F,

follows the hyphen.

49
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vExperimental details of the saturator bath temperature, the gas
flow rate"and melting technique are also listed. Values of szo were
taken from'water vapéur pressure-temperature tables for particular
- saturator temperatures. In computing the water vapour/hydrogen ratio,
a correction was made for the slight head of pressure within the system
as indicated by the wet test meter. K was then calculated directly from
the quotient of this ratio and the oxygen analysis value which is also
tabulated..

In Figl.{res V-7 and V-8, log K'is plotted as a function of oxygen
content for temperatures between .1550° and 1750°C. The data from
Tables V-8 to V-11 are also plotted as log K versus 1 in Figure V-9
where, for the sake of clarity, the mean values of allT'n' points at each
‘temperature are shown with error bars of one standard deviation and
these values are listed in Table V-12. Figﬁre V-9 shows a statistical
line with 95% confidence limits determined by the method of least squares
on all the data. The statistical details are given in Table V-13. A
further correlation is made between log E; %g and 1 in Figure V-10.

Values of the apparent equilibrium constant, K'I", for iron-
vanadium-oxygen alloys are given in Tables V-14 to V-18 for tempéra—
tures 1550° to 1750°C.. The number notation for the experiments is
similar to that used in Tébles V-8 to V-11 except that the number follow-

ing the hyphen identifies the iron-vanadium master alloy. These data

are plotted as log K' versus wt. pct. V in Figures V-11 and V-12 and
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pure iron data from Tables V-8 to V-11 have been included for location
of the intercepts at zero wt. pct. V. Log K' shows a linear dependence
on composition and the equations for these curves, Whiqh were statisti-
cally determined by the method of least squares on é.ll data, are given

in Table V-19.

V-5.3 Exper‘imental Errors

Concerning the data obtained for the iron-oxygen alloys, the
scatter in values of log K'(Figures V-7 and V-8) is associated with the
experimental errors in oxygen analyses, temperature control and
measurement, and control of the water vapour/hydrogen atmosphere.
However, Fiéures V-7 and V-8 represent data at isolated melt tempera-
tures, and, since log K is temperature dependent, it is of more direct
value tov compare experimental errors with the statistical scatter of all
thé data in Figure V-9. Although the mean values of points at any tem-
perature lie very close to the statistical line, the 95% conifidence limits
represent a spread of 0.1 logarithnic units.

The most lucid and convenient method of evaluating the experi-
mental errors is to express them only in terms of their effect on log K
at the desired operating temperatures. Thus, the estimated error in
temperature measure.rnent of 'f 10C©° results in an error in log K which
may be calculated from the statistically determined equation given in
Table V-13. For example, the error at 1600°C was found by difference

between the values of log K at 1590°, 1600° and 1610°C to be T 0. 025
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logarithmic units. This error contribution decreases with increasing
temperature as illustrated in Table V -20.

: A gas flow rate of 1 1. p. m. of hydi‘égen was used for most of
the experiments for which the water vapour/hydrogen ratio was con-
trolled to within -l_' 1 pct. of the theoretical value, (Table V-2). This
corresponds to an error of T 0. 004 logarithmic units in log K and is
independent of melt temperature. Where higher flow rates were used,
the accuracy of atmospheric control was estimated to be within T 3 pct.
which results in an error in log K of only 0.013 logarithmic units.

Finally, errors in oxyéen analysis estimated to be within
1 0.001 wt. pct. are included in the value of log K through the log
Ex/t. % 27 term. This becomes more significant at low oxygen con-
tents in the order of 0.010 wt. pct. oxygen.

These three sources of error are involved in the experimen-
tal determination of log K through their combined effects on the

oxygen content of the sample. The temperature dependence of the equi-

librium constant in the'present study is given by the expression:

T g i (V.5.1)

Since the value of K for the iron—oxygeh data has been measured as:

P
H,0

1
e PH, E’Vt' % 9]

(V.5.2)
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it follows by elimination of K between equations (V. 5.1) and{(V.5. 2)

that:
logEvt. % (_)] = -8670 + log /p + 3.88 (V.5.3)
- T H0

p
HZ

Variations in temperature and water vapour/hydrogen ratio will lead

to additive errors in the value of log [:wt % 9;] and consequently in

log K. The accuracy of oxygen analyses leé.ds to a further.additive

error in the log |wt. %_Q:-l and log K terms. Error limits corbresponding
to the uncertainty in temperature and atmospheric control could be indi-
cated on the temperatufe dependent plot of log K in Figure V-9. How-
ever, the experimental work was undertaken at several water vapour/
hydrogen ratios and, at specific temperatures, superimposed values of
log K are obtained which cover a range of oxygen contents. The individual
error limits due to the uncertainty in oxygen analysis cannot be clearly

. illustrated since the experimental points are too numerous.

However, the data may be classified on the basis of water
vapout /hydrogen ratios and the errors related to log E;vt. %_O___-] rather
than log K. Equation (V. 5.3) shows that a plot of log l:wt. %o 9:' versus
1 should give a series of parallel lines corresponding to specific water
;rapour/hydrogen ratios. These have the negative value of the gradient
given by equation (V. 5. 1) which is graphically represented in Figure V-9.

Data from Tables V-8 to V-11 are plotted as log |wt. % _C_)j_]

versus 1 in Figure V-10 where the points separate along five lines
T
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corresponding to distinct water vapour/hydrogen ratios. The line
through the points represenfed by squares and indicated by the letter C
in Figure V-10 has been omitted for the sake of clarity. The water
vapour /hydrogen ratios are listed in Table V-21 together with the ex-
tent of variation resulting from fluctuations in atmospheric pressure.
The corresponding variations in the log szo term amount to less than
0. 01 logarithmic units for all ratios and are neglected in the calculation
of the parallel lines in Figure V-10. These are derived by substitution
in equation (V. 5. 3) of the appropriate water vapour/hydrogen ratio.

The error bands from ea.ch line in Figure V-10 represent the
combined effects of T 10C° and variations in the water vapour/hydrogen.
‘The error in the water vapour/hydrogen ratio is taken as t 1 pct. for
"lines A and B where flow rates of 1 1. p. m. were used and T 3 pct. for
lines D and E, where several experiments 'were conducted at flow rates
in the range 4 to 7 1. p. m.

Data from Tables V-8 to V-11 and V-14 to V-18 are plotted as
log K' versus wt. pct. .V in Figures V-11 and V-12 with statistical in-
fprmation given in Table V-19.

The experimental errors associated with the pure iron studies
also apply to the iron;vanadium work, with a further consideration of
thé effect of errors in vanadium analysis estimated at 0. 005 wt. pct. V.
The maximum effect would be expected at the lowest melt temperature

where the value of the interaction parameter is largest. The maximum
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effect of T 0.005 wt. pct. V on iog K' is then 0. 0014 logarithimic units
which is negligible compared with other experimental errors and may
be ignored for all temperatures.

Thus, the error bands represent the effect of 1t 10C° and
t 1 pct variation in water vapour/hydrogen ratio. The scatter of points
is seen to be greater at the lower temperatures v;/here oxygen contents
are lower. Error bars, which correspond to an uncertainty in analysis
of 0.001 wt. pct. O, are shown on points which fall outside the error
bands. Thus, the vast majority of points are accoﬁnted for by the three

sources of experimental error mentioned previously.



CHAPTER V-6

DISCUSSION

V-6.1 Introductidn

The effects of variations in experimental conditions on the
behaviour of oxygen in liquid iron are discussed. The experimental
data for iron-oxygen alloys are then considered in terms of the effect
of oxygen on the activity coefficient of oxygen and the effect of tempera-
ture on the equilibrium constant K. The‘ results are compared with
those of previous workers and éhe discrepancies are accounted for by
thermal diffusion in the water vapour/hydrogen atmospheres. However,
this does not invalidate the results of these experiments since the main
purpose in studying iron-oxygen allqys is to establish a set of data
which will serve as a basis for comparing the effects of different
amounts of vanadium on the activity of oxygen in liquid iron.

'I;he effect of vanadium on the activity of oxygen in liquid iron
alloys and the tempera:ture dependence of this effect are evaluated. The
data are represented in terms of free energy, enthalpy and entropy
interaction parameters for molar and wt. pct. concentrations. The
values are compared with data calculated from the results of previous
workers for vanadium, chromium and alu'minum—oxygen interactions in
liquid iron and a correlation is tentatively made between the free energy

and enthalpy interaction parameters at 1600°C. The excess partial

56
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molar enthalpy and entropy of solution of oxygen in iron-vanadium alloys
is calculated for the present.work.

V-6.2 Experimental Considerations

V-6.2.1 Gas Melting Procedure

Levitated samples were melted in argon, helium or nitrogen
as specified in the '"Melt Technique'' column of ’fables V-8 to V-11 and
V-14 to V-18. Particular reference to Tables V-9 and V-10 shows that
the initial melting procedure has no significant effect on the final oxygen
content of samples equilibrated at the same water vapour/hydrogen ratio.

V-6.2.2 Attainment of Equilibrium

Armco iroh samples were used for pure iron investigations.
The ur;treated'material contains 0.07 - 0.08 wt. pct. O and, after melt-
‘ing in an inert gas, the atmosphere was generally changed directly to a
water vapour/hydrogen mixture of controlléd composition. Table V-22
shows the extent of deoxidation during the initial stages of a typical ex-
periment up to the point where equilibration at controlled temperature
begins. By comparing.the data with the equilibrium oxygen contents in
Tables V-8 to V-11, it will be seen that equilibrium is approached from
the excess oxygen side. In some experiments the samples were pre-
reduced in hydrogen gefore equilibration so that equilibrium was approached
from oxygen deficient conditions. The oxygen concentrations shown in
Tables V-9 and V-10 represent the values obtained when equilibrium was

approached from opposite directions and it is evident that there is no
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significant difference in the final oxygen levels. The effect of time at
temperature on the oxygen content of the melt is shown for equilibbration
times of one to 15 minutes at 1685°C in Table V-6. From these data it
was concluded that five minutes at temperature was ample time for
equilibration.

V-6.2.3 Gas Flow Rate

Experiments conducted at flow rates of 0.5 to 4 1. p. m.
(Table V-7) indicated that the final oxygen content of the sample, after
five minutes at temperature, was independent of gas flow rate within
this range. The. majority of experiments were carried out at a flow rate"
of 1 1. p. m. pf hydrogen.

V-6. 2.4 Purity of Initial Iron Samples

Armco iron was used for most of the pure iron studies. Apart
from its relatively high oxygen content, Armco iron contains other im-
purities listed in Table V-3. Several experiments were undertaken
using high purity "Ferrovac E'" and are referred to in Tables V-9 and
V-10 under "Experimental Modifications''. The equilibrium oxygen con-
tents for identical conditions may be compared both for water vapour/
hydrogen and a mixture with argon. No significant difference was
observed using the tw;) types of iron. This indicates that the minor im-
'puritieé in Armco iron had little effect on the equilibrium values.

V-6.2.5 Casting Techniques

In the present work the sample on casting fell a distance of

approximately 0.5 to 1" into a copper mould where it solidified within
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one second. In order to check the suitability of this quenching techni-
que for the present study, 1évitated Armco iron samples were dropped
thrée inches into the mould which was located at the base level in the
same reaction tube in order to simulate the conditions which existed in
Shiraishi's (1966) experiments. Shiraishi's reaction tube incorporated
separate side-arms for gas input and output, copper mould and optical
system, conditions therefore more susceptible to atmospheric leaks
and entrapped air pockets than the present technique. Both of the.se
effects could give riée to higher oxygen contents in the experimental
melts. These design conditions w'ere simulated and several experi-
ments were undertaken. They are referred to in Tables V-9 and V-10
under "Experimental Modifications' and the results are in good agree-
‘'ment with those obtained by the standard technique. Employing levita-
tion melting in conjunction with the piston ciuench technique (Gomersall,
1967) which yields high quench rates estimated at 106C°/sec. , Larch:a
(1968) has obtained reproducible values of log K at 1600°C (0. 73 t

0. 05)which are in good.agreement with the present work. The resultsi
which have been obtained by these various techniques serve to confirm
the reliability of the quenching procedure used for the present study.

V-6.3 Iron-Oxygen Alloys

0)
O

V-6.3.1 The Effect of Oxygen on the Activity Coefficient f(
The values of K which are given in Tables V-8 to V-11 are cal-

culated on the assumption of Henrian behaviour for dilute solutions of,
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in general, less than 0,035 wt. pct. O in the molten iron. If there is
a deviation from Henry's law, then it would be expected that the be-
haviour would be represented by equation (V. 3. 6) and (V. 3. 7).

A linear plot of log K' versus wt. pct. O would have values

for gradient and intercept of e(g), and log K, respectively. If the
et g O} . . N ¢
activity coeff1q1ent, f o’ is unity, then the slope, e o’ is zero and

log K is independent of oxygen content.

In Figures V-7 and V-8, log K is plotted as a function of oxy-
gen content for temperatures between 1550° and 1750°C. At each tem-
perature the points fall into two groups which correspond to the two
saturator bat.h temperatures employed. Operation of' the Bath at approxi-
mately 30° and 42°C gave a factor of two difference in water vapour/
hydrogen ratios. The scatter in oxygen contents is partly due to slight
v-ariations in the water vapour/hydrogen ratio caused by changes in
saturator temperature and atmospheric pressure. Howev;er, the scatter
can be accounted for in terms of experimental errors, discussed pre-
viously in Section V-5.3, and this is reflected in the values of log K.

An uncertainty of 10 ppm or i‘ 0. 001 wt. pct. in the oxygen determination
is particularly important at lower oxygen contents since log K'involves a
log Evt. %9:-! term. | The limits shown in Figures V-7 and V-8 1;epre-
sent the effect of this t0.001 wt. pct. O on log K. At higher tempera-
tures errors in oxygen determination become insignificant and errors in

temperature control and measurement become important.



61

Although the data extend over only a small range of oxygen
concentrations, it is evident that the effect of oxygen content on log K
is insignificant compared with the spread of the data about the mean

value of log K. Thus, for the oxygen levels involved in the present

(0)

work, the activity coefficient, f o

, can be taken as unity without intro-

ducing appreciable error.
This is supported by the work of Matoba and Kuwana (1965)

who determined the temperature dependence of the interaction parameter:

| log £

o) _ _ﬂ__,o_ _ - 10130

eO = aE’Vt %_Q_.—_I = T + 4,94
(O)
O

In this particulai' study the value of e corresponds to the strongest

deviation from Henry's law yet reported for the iron-oxygen system.

The above equation predicts the values of log f(g) tabulated below:
o (O) . (0)
Temp C Evt. %_(zl e 5" log f o
1550 0.014 -0.62 -0. 009
1700 0. 090 -0.19 -0.017
1750 0. 033 -0. 07 -0. 002

The values of temperature and oxygen concentrations selected above

represent the experimental conditions which would be expected to have

(O)
g

) term at 1550° and 1750°C is less than the contri-

the greatest effect on log f

(O
@)

Hence the largest correction to log K
through the log f
bution from the estimated error in the oxygen analysis whilst at 1700°C
an additional variation in temperature of t 5C° would more than com-

pensate for this correction.
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V-6.3.2 The Effect of Temperature on Oxygen Solution in Liquid Iron

Experimental data for the effect of temperature on oxygen
sol‘ubility in liquid iron were obtained for temperatures between 14500
and 1800°C. Using the conventional crucible technique, it has not been
possible in the past to obtain data within the super-cooled region.

The free energy change for componénts in their standard states

is given by the relationships:

A F°

-RTIn K = -4,575 T log K (V.6.1)
and AF° = AH®° - TAS® (V.6.2)
Eliminating AF® from equations (V. 6.1) and (V. 6. 2)

- AH° A g°
logK = Z=75 1 't 2578 (V.6.3)

If it is assumed that A H® and AS® are constant over the range of tem-

peratures investigated, then a plot of log K versus 2 should be linear

T
. . AHC ) AS°
with a gradient of 4. 575 and an intercept of 4. 575

The data from Tables V-8 to V-11 are plotted as log K versus

T in figure V-9. The statistical considerations associated with this

plot have been discussed previously in Section V-5.2. The equation of

the line is:

8674 (T 263)
T

log K - 3.876 (¥ 0.102) (V. 6. 4)
and the statistical details are given in Table V-13.
The standard free energy change for the reaction is given by:

A FO% = -39680 + 17.73 T cal/mole.

V-6.3.3 Comparison with Previous Work
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The temperature dependence of log K for the reaction

H2 + O = HZO
which 1s given in Figure V-9 is compared with the results of other
workers in Figure V-13 and Table V-23. It will be seen tha;c the
present work covers a more extensive temperature range, é.part from
that of Shiraishi, than any of the previous studies. Values of log K are
consistently hfgher at corresponding temperatures than previous work
would indicate although at the upper temperature limit the extrapolated
curves of some previous workers fall within the scatter band of the
present study.

The previous data were obtained using conventional crucible

techniques with the exception of the levitation studies of Shiraishi (1966),

.the results of which lie closest to the present work. However, a re-

examination of Shiraishi's data indicated that there was considerable
scatter associated with the experimental points. Rationalising these
data in Figure V-14 by the same method of grouping according to water
vapour /hydrogen ratios as in Figure V-10 indicates that approximately
30 pct. of his experimental points are misleading. (See Appendix V-1)
Although the remaining points are in fairly close agreement with the
present work, the actual values of log K cannot be considered too sig-
nificant in view of the lack of data.

Although the experimental errors account for the scatter of the
dat;, they do not account fo; the relatively high values obtained for log

K. At 1600°C the difference in log K amounts to about 0. 2 logarithmic
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units. To account for this difference in terms of the errors discussed
previously, the ‘temperaturev readings would require to be in error by
approximately 70C©°, or the water vapour/hydrogen ratio over-estimated
by 60 pct., or the oxygen déterminations low bir 60 pct. In view of the
preliminary investigations and previous discussion of errors, the possi-
bility of errors of this magnitude from these sources may be justifiably
discounted. |

One factor, which has been the source of error in a number of
gas-metal studies in the past, is worthy of consideration in the present
context. When a gas mixture. is cvontained in a heated chamber where
there is a temperature gradient, the heavier gas tends to vdiffuse to the
cold zone. This phenomenon, termed ''thermal diffusion'', may have a

'serious effect on the composition of controlled gas mixtures.

The degree of separation, which i's a measure of thermal
diffusion, increases with increasing difference in molecular weights
and with increasing temperature difference between the hot and cold
zones. (Chapman, 1916). Alcock (1958) demonstrated that thermal
diffusion also decreases with increasing flow rate and Richardson and
Alcock (1951) concluded that if changing the flow rate by a factor of four
does not affect the res.ults, then thermal diffusion may be negiected. |
Gillespie (1939) has shown that thermal diffusion in a mixture c;f two
gases is inversely proportional to the sc.quare root of the mean mole-

cular weight. Dastur é.nd Chipman (1948) added argon to the mixture

in order to increase the mean molecular weight and thus reduce thermal
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diffusion effects. : ‘

In the case of a molten droplet which is levitated within a
cold reaction tube in a flowing water vapoﬁr/hydrogen gas mixture,
sharp temperature gradients are set up within the gas phase which
ctould give rise to thermal diffusion and consequently an evaluation of
this effect is essential.

If thermal diffusion' effects were present, the gaseous mixture at
the droplet interface would tend to be hydrogen rich in which case the
water vapour /hydrogen ratio would be smaller than that measured. This
would result in gquilibrium oxygen contents lower than those expected and
could account for higher values of log K. On the other hahd, the differ-
-ence in log K values is more marked at lower temperatures whereas the
“effects of thermal diffusion are expected to be most severe at higher
temperatures. However, the comparison .’;\.t higher temperatures (1800°C)
is with data extrapolated from low temperatures and there may be some
error introduced in extrapolation. It should be noted that in the present
work, an eight-fold change in gas flow rate did not change the results
significantly (Table V-7).

The effects of thermal diffusion may be reduced by addition of
a heavy gas to the mi;(ture. In the present work several experiments
Wt‘erev cé.rried out under an atmosphere éf argon/water vapour/hydrogen
using an optimum argon/hydrogen ratio of 4:1 and the results are listed

in Table V-10. Unforfunately, temperatures below 1700°C could not be
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obtained since the heat transfer efficiency of the gas mixture is reduced
considerably by addition of argon, which has a lower thermal conduc-
tivity than hydrogen. (The value for argon is 3. 89 x 10-5 and hydrogen
3.27 x 10“4 cal. /C°/cm. /sec. at OOC.)

Table V-10 shows that the mean value for log K of 0.464 for
experiments carried out at 1700°C in argon mixt.ures at flow rates in
the ;'ange 4 to 7 1.p. m. is less than the mean value of 0. 530 for the
remainder. If the data are plotted as shown in Figure V-15, then the
true value for the equilibrium constant should correspond to the inter-
cept value obtained when the r_nean. molecular weight of the gas mixture
is infinitely great (Dastur and Chipman, 1948). At 1700°C, this pro-
cedure yields a value for log K of 0.430. The value for log K obtained
‘under these conditions, which were chosen to minimise thermal dif-
fusion, lies within the confidence limits of fnuch of the earlier data
when these are extrapolated to higher temperatures. (See footnote.)
This, it may be noted is at the upper temperature limit where the effects
of thermal diffusion should .be most marked.

Toop and Richardson (1967) have recently published data for the
so.lubility of oxygen in liquid nickel. Molten levitated droplets were

equilibrated with CO/CO_ gas mixtures of controlled composition, quenched

2

‘and ana‘lysed. These gas mixtures would not be as susceptible to thermal

(Matoba and Kuwana, 1965; Floridis and Chipman, 1958; and Dastur and
Chipman, 1949.)
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diffusion effects as those used in the présent study and, in fact, good
agreement was observed between the results from levitafion experi-
ments and those from conventional crucible work. Larch'e (1968) has
conducted some similar experiments with molten ifon droplets and
CO/CO2 gas mixtures and again the data are in good agreement with
those obtained from crucible studies.

The effects of thermal diffusion are amply illustrated in
Table V-24 which gives data for levitation and crucible experiments in
CO/COZ, HZ/HZO and HZ/HZS gas mixtures. In the case of solubility
measurements of sulphur in liquid iron droplets where HZ/HZS gas
mixtures were useci to control the sulphur potential of the system,
(Sunderland, 1967) the effects of thermal diffusion were particularly

pronounced. On the basis of these observations and the results ob-

O/Ar mixtures, it is con-

tained during the present study with HZV/H2

sidered that the oxygen content of droplets exposed to HZZHZO mixtureé
alone will be influenced by thermal diffusion effects. For this reason,
the data obtained for the solubility of oxygen in liquid iron should be
regarded, not as absolute values, but rather as a basis for determining
the change in oxygen concentrations of melts containing different amounts
of vanadium.

From the above comments, it will be evident that. where the
determination of thermodynamic functions requires an accurate know-

ledge of the water vapour/hydrogen ratio, the use of a levitation melting

technique could produce misleading results.
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In the present work, the primary aim was the establishment
of a base line which would then serve as a reference state for deter-
mining the relative effects of vanadium additions on the oxygen content

of liquid iron. The use of HZ/HZO rather than CO/CO_ gas mixtures

2
was particularly suitable since temperature control is much easier and
the interaction effects can be studied at lower temperatures where the

atomic associations are more pronounced.

V-6.4 Iron-Vanadium Oxygen Alloys

(V)

V-6.4.1 The Interaction Parameter, e o

Figureg, V-_-11 and V-12 show that, at constant temperature,
v.anadium additions decrease the value of log K' in which (;ase it is clear
from equation (V. 3. 3) that, under a fixed oxygen potential, the equilib-
‘rium oxygen content of the metal is increased. Consequently, the

activity coefficient of oxygen, f_, must decrease with increasing vana-

@)

dium content. From equation (V. 3.11) it will be seen that the slopes of

the lines in Figures V-11 and V-12 correspond to the values of the inter-

Ayl

action parameter, at particular temperatures. Details of the

statistically determined equations are given in Table V-19.

(V)

o at 1600°C obtained in the present work is com-

The value of e

pared with those of previous workers in ths following table:



69

(V) |
O Reference

-0.24 - Present work

-0.27 Chipman and Dastur (1951)

-0.365 Narita (1958)

-0. 32 Sano and Sakao (1964)

-0.13 Fischer and Janke (1966)

-0.290 Pargeter (1967)

-0.11 A Schenck and Steinmetz (1967)

The previous investigators used conventional crucible techniques for
their experiments, except for Fischer and Janke (1966) who employed

an electrochemical technique and Sano and Sakao (1964) who calculated

(V)

a corrected value from the data of Narita (1958). The value of e o

for the present work is in good agreement with that obtained by Chipman
~and Dastur (1951) and Pargeter (1967).

The effect of vanadium on the activity coefficient, fo, is

shown in Figure V-16 where the curves representing equation (V. 3. 10)

are drawn with slopes corresponding to the values of e(g) given in

Table V-19. This indicates that dilute solutions of oxygen in iron-
vanadium alloys do not exhibit Henrian behaviour since a change in log
fo is associated with an excess free energy of solution. The interaction
parameter is negative and this implies that oxygen has a greater affinity

for vanadium than for iron and that there is a tendency for short range

ordering in the solution.

e

V-6.4.2 The Interaction Parameter o.
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Values ofthe interaction parameter, e , are generally ob-

@)

tained experimentally on the wt. percent scale with the reference state

being the infinitely dilute solution. The corresponding value of the

eV

interaction parameter, , which is based on the mole fraction scale,

" may be calculated from:

- _MFe = MFe
(V)

- Calculated values of €

(V)
o

o are given in Table V-25.

The value of € at 1600°C is compared with those of pre-

vious workers, which were also calculated from corresponding values of

e(g), in the following table:

G(Z) Reference

-51 Present work

-57 Chipman and Dastur (1951)
=77 Narita (1958)

-67 Sano and Sakao (1964)

-27 Fischer and Janke (1966)

-61 . Pargeter (1967)

-23 Schenck and Steinmetz (1967)

The correction term in equation (V. 6. 5) has not been included in the
"‘calculation since its value of 0. 09 representing a 0.2 pct. difference

in 6(‘(;) is negligible compared with the statistical error on the ex-
perimental values.

For purposes of comparison, the effect of vanadium, chromium,

silicon and aluminum on the solubility of oxygen in liquid iron at 1600°C



are given below: ' ‘
X e(g) ' €(§) Reference
v - 0.24 - 51 Present work
Cr | - 0.064 - 13.7 | Turkdogan (1954)
si | -0.16 - 18.5 | Chipman and Pillay (1961)
Al -1.07 - 119.0 | d'Entremont et al (1963)
Al -12.0 - 1340 Gokcen and Chipman (1953)
Al - 5.4 - 620 McLean and Bell (1965)

These interaction effects are of particular interest with regard to
deoxidation and reoxidation in steelmaking.

V-6.4.3 The Effect of Oxygen on the Activity Coefficient of Vanadium

From Wagner's reciprocity relationship:

(v) _ (O)
€ o ° .e v (V.6.6)
"and 22 = 350 My . (SO My - M, (V.6.7)
v . y Tt O
M M
Fe Fe

It follows from equations (V. 6. 6) and (V. 6. 7) that values

(O)

may be obtained for the interaction parameter e v

(V) given in Table V-25, and these are listed in the same table.

O
At 1600°C values of 6(3) =-51.2 and e($)=

, using the values
of €
-0. 788 were.obtained. In
‘this case, the correction factor in equation (V. 6. 7) with a value of 0.7
has been included in the calculation. The values of e(s) at 1600°C

are compared below:
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.(©)

v Reference
- 0.78 Present work :
- 0.88 Chipman and Dastur (1951)
-1.18 Narita (1958)
-1.03 Sano and Sakao (1964)
- 0.42 Fischer and Janke (1966)
-0.94 - Pargeter (1967)
- 0.36 Schenck and Steinmetz (1967)

(V)

V-6.4.4 The Effect of Temperature on the Interaction Parameter e o

The effects of vanadium on the activity coefficient of oxygen
for temperatures between 1‘5500 and 1750°C are shown in Figure V-16.
As the temperat.ure increases, the gradient of the curve becomes less
negative and, consequently, the interaction ;;arameter becomes less
.negative., This implies that the solution is becoming more Henrian in
behaviour at Higher temperatures.

The temperature dependence of the free energy interaction

parameter, e g), is given by:
(V)
e(g) = & @) - B QS) (V.6.8)
4,575 T 4.575
(V) (V) A :
where h o and s o are the enthalpy and entropy interaction parameters,

respectively. These are defined as:

h(V) = b———# =0 s(V) = b———/g .2,
O \Qwt. %V) O Qwt. %V
Fe=100 / %Fe3100
E E .
where o and ,80 are excess partial molar enthalpy and entropy for

(V.6.9)

solution of oxygen in the alloy. For dilute solutions, these parameters
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are considered to be independent of tempei'ature within the range under
consideration,

i Data from Table V-19 are plotted as e(g)

1

versus — in Figure
i

V-17 and show a linear dependence. The equation of this line was cal-

culated by the method of least squares and the statistical details are

given in Table V-26. The line is represented by the relationship:

e(V) __ 1740
o Ly

0. 689 (V. 6.10)
It follows from equations (V. 3, 10) and (V. 6. 10) that the temperature

and concentration dependence of the activity coefficient of oxygen, fo,

may be expressed on one equation:

log £ = (-L{,m— + 0,689 | . [wt. %_\i] (V. 6.11)
For the benefit of the reader, values of the activity cbefficient of
oxygen have been calculated for the temperature range 1550° to 1750°C
and the composition range zero to 1. 0 wt, pct. vanadium., These values
are listed in Table V-27,

The gradient and intercept of equation (V, 6, 10) correspond to

the terms h(g) and s(g) , respectively, in equation (V. 6. 8).

4, 575 4,575

Thus the following values for the enthalpy and entropy parameters have

been obtained:

h(g) = -7.96 Kcal. /gm. atom O/wt. % V (V. 6. 12)
s(g) = - 3,15 cal/gm. atom O/°K/wt. % V (V. 6.13)

The non-zero value of the entropy interaction parameter indicated that
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the iron-vanadium-oxygen solutions do not exhibit regular solution
behaviour.

Since the enthalpy and entropy interaction parameters are
constant for the range of concentrations investigated, it follows from
equation (V. 6. 9) that the excess partial molar enthalpy and entropy of

solution are given by:

#g = h(g) . [wt. % _'\_f:l . (V.6.14)

and ) R g s(g) : Ewt. % _Y] (V.6.15)

for which the calculated values are:

}f'g = - 7960 [(wt. % _\_f] (cal/gm. atom) (V.6.16)
and 3 g = - 3,15 [Wt %_\_f](cal/gm. atom/°K) (V.6.17)

Equations (V. 6. 16) and (-V. 6.17) are illustrated in Figure V-18. As
the vanadium content of the solution increases, the excess entropy
becomes more negative which implies that there is greater ordering in
the alloy. This again suggests that the greater affinity of oxygen for
vanadium rather than iron increases short range ordering in the alloy.

The temperature dependence of the free energy interaction

parameter e(g) calculated from the data of Narita (1958) assuming e

(0)
O =

O, is given by equation (V. 3.12). Sano and Sakao (1964) reported a

(0)

value which was corrected for a non-zero value of.e o

and is given by
'equation (V.3.13). The values calculated for the enthalpy and entropy

interaction parameters are compared below:
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g
cal. /gm. atom _Q/wt. %\_/'_ cal. /gm. atom _O_/OK/Wt. %_\_’ Reference
i - 7960 - 3.15 - ' Present work
-28500 -13.55 Narita (1958)
-11440 - 4.62 Sano & Sakao
(1964)

It will be seen that the values obtained in the present work are in reason-
able agreement with those of Sano and Sakao (1964).

The effect of another deoxidant, chromium, on the activity of
oxygen in liquid iron was investigated by Kojima and Sano (1965). They

reported that the temperature dependence of the interaction paraméter

e(cé) was expressed by the relationship:
glCrl . =369 . g, 2y
O T

An estimate of the temperature dependence of aluminum-oxygen
interactions has also been made from the results of several investigators
and the free energy interaction parameters may be represented by the

following expressions:

Al '
. (O) Range °C Reference
) 98;50 + 40.4 1760-1866 Gokcen and Chipman (1953)
" 41‘:2[‘4 + 1.13 1740_‘191‘0 d'Entremont et al (1963)
_ 583‘20 + 26.0 1723-1823 McLean and Bell (1965)

The enthalpy and entropy interaction parameters for the effect of chro-
mium and aluminum on oxygen dissolved in liquid iron are compared

below with the values obtained for vanadium-oxygen interactions in the
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* present work:

(X) (X)
2o "o
X i cal.’ /gm. atom O/ |cal. /gm. atom O/ Reference
wt, % X °K/wt, % X
A% - 7960 - 3,15 Present work
Cr - 1690 - 0,627 Kojima and Sano (1965)
Al - 18900 - 5,18 d'Entremont et al (1963)
Al - 250, 000 - 185 Gokcen and Chipman (1953)
Al -269, 000 - 119 McLean and Bell (1965)
(V) (V)
V-6,4.5 The Enthalpy and Entropy Parameters, n o and ¢’ o
(V) (V) :
The parameters 'rL o and ¢ o 2are based on the mole fraction

scale, They may be calculated from the corresponding parameters

,h(g) — S(g); equations (V. 2. 30) and (V. 2. 31) give the relationships:
M
(v) _ \J (V)
o = 100. — . by (V. 6.18)
Fe
M M_ -M
V) v (V) Fe v
0 ( = . —t B . = L .~ % ¢
o = 100. = sy R = (V. 6.19)
Fe Fe

Substituting equation (V. 6. 12) in (V. 6, 18) and (V. 6. 13) in (V. 6. 19)

gives values of:

7L (g) = - 726 K cal/gm. atom O/mole fraction V. (V. 6. 20)
o’ (X) = - 287 cal/gm. atom O/°K/mole fraction V (V. 6, 21)

These values are compared with previous work on vanadium,

chromium and aluminum interactions with oxygen in the following table:
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X |Kcal./gm. atom O/ | cal. /gm. atom O/ Reference

mole fraction X °K/mol_e fraction X
\'2N =726 -287 | Present work
A -2600 -1240 Narita (1958)
A% -1045 -506 Sano and Sakao (1964)
Cr -158 -584 Kojima and Sano (1965)
Al -915 | -250 d'Entremont et al (1963)
Al -21800 -8950 | Gokcen and Chipman (1953)
Al -13500 -5950 McLean and Bell (1965)

V-6.4.6 The Characteristic Temperature
The excess free energy of a solution exhibiting Raoultian be-
: 3 . . y (V) .
haviour is zero. Since the interaction parameter £ o is a measure

of the excess free energy, its value would also be zero. Equation (V. 2. 33)

: gives a zero value of €'(g) at a temperature, T, where:
(V)
_ Mo (V. 6. 22)
O

Substituting values from equations (V. 6. 20) and (V. 6. 21) in (V. 6. 22)
" 'a 2500°K (2527°K),
and is thellinea;rly extrapolated temperature at which the solution be-
comes ideal.
The characteristic temperature obtained in the present work
is compared with those calculated from the data of previous workers

for vanadium,, chromium and aluminum interactions with oxygen.
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T

System (°K) Reference
V-0 - 2500 Present work
V-0 2500 Narita (1958)
V-0 2100 ‘Sano and S'akao (1964)
Cr-0 2700 Kojima and Sano (1965)
Al-0 3800 d'Entremont et al (1963)
Al-0 2400 Gokcen and Chipman (1953)
Al-0 2300 McLean and Bell (1965)

These values are in agreement with the value of % for metal-
lic solutions which‘was suggested by Lupis and Elliott (Jan., 1966) to |
be approximately 3000° T 1000°K.

A useful empiricai correlation between enthalpy and entropy
interaction parameters was found by Chipman and Corrigan (1965) for the
.iron;nitrogen-j system and by Chipman (1966) for the iron-hydrogen-j
system. This provided a convenient method for estimating the solu-
bilities at different temperatures from the solubility at 1600°C. A
similar correlation has not yet been made for the iron-oxygen-j system
for which few tempebrature dependent data are available. The values at
1600°C of the free enei‘gy‘ and enthalpy interaction parameters pre-

sented below have been plotted as shown in Figures V-19 and V-20:
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(X) (X)
Ro o
e(X) Kcal. /gm. € (X) Kcal./gm.
0] atom O/ @) atom O/mole

X (1600°C) | wt. % X (1600°C) | fraction X Reference
vV | -0.24 - 7.96 -51 - 726 | Present work
A\ -0. 365 -28. 50 =77 - 2600 Narita (1958)
\" -0.32 -11. 44 -67 - 1045 Sano & Sakao (1964)
Cr -0. 060 - 1.69 -12.9 - 158 Kojima & Sano (1965)
Al -1.08 -18.9 -119.0 - 915 d'Entremont etal (1963)
Al -12.0 -450 -1340 -21800 Gikcen & Chipman (1953)
Al -5.4 -269 -620 -13500 McLean & Bell (1965)

The extremely high values obtained by McLean and Bell (1965)
and Gokcen and Chipman (1953) have been excluded in order to clearly
present the smaller values on a large scale. However, the direction in
which their data are located with respect to the origin is indicated. A
. line has been tentatively arawn in each graph which best represents the
available data and ultimately passes through the value for Gokcen and
Chipmans' work. The values obtained in the present investigation and
by Sano and Sakao (1964) for vanadium-oxygen interactions and also
Kojima and Sanos' dé,ta' for chromium-oxygen interactions lie close to
this line, It will be seen that both lines pass through the origin in agree-
ment with the findings of ChipmaAn and Corrigan (1965) and Chipman (1966)
for solute-nitrogen and solute -hydrogeh interactions, respectively.
However, it would be unwise to place excessive emphasis on the use of
these curves as a means of estimating the value of eﬁthalpy parameters

for other solute-oxygen interactions in liquid iron at the present time.



CHAPTER V -7

CONCLUDING REMARKS

V-7.1 Summary

The behaviour of oxygen dissolved in iron and iron-vanadium
alloys has been investigated by the technique of levitating molten iron
or iron alloy droplets in controlled water vapour/hydrogen atmospheres.

The effect of temperature on the concentration of oxygen in
liquid iron has been evaluated fq_r the temperature range 1450° to
1800°C, the primary aim being the estabiishment of a base line which
would then serve as a reference state for determining the relative
effects of vanadium additions on the activity coefﬁcienf of oxygen in
liquid iron-vanadium alloys.

The absolute values for the iron-oxygen data were found to
differ considerably from the results of previous workers who em-
ployed conventional crucible techniques. This discrepancy has been
accounted for by thermal diffusivon effects in the water vapour/hydrogen
atmospheres under levitation coﬁditions. It must therefore be em-
phasised that caution is required wher.e' levitation melting is employed to
obtain data for equilibrium concentrations ,and heats of reaction which
require an accurate knowledge of the gas c‘:ompositionv. This particularly
appliés when the components in the gas mixture have very different

molecular weights, e.g. H,/H,0 and H,/H,S. The present work shows
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that even at high gas flow rates, thermal diffusion effects are still
present since an eight-fold change in flow rate did not indicate any
significant variation in the results.

The data obtained for the solution of oxygen in liquid ifon
in the present work should, therefore, be regarded not as absolute
values but rathef as a basis for determining the change in oxygen
concentration of melts containing different amounts of vanadium.

The effect of vanadium on the activity of oxygen in liquid
iron-vanadium alloys has been calculated in terms of the free energy
interaction parameters e(g) and e(g) for concentrations in the range
0.1 to 1.0 wt. pct. vanadium and at temperatures 1550° to 1750°C
at 50C° intervals. The value for e(g) of -0.24 at 1600°C is in satis-
factory agreement with that of Chipman and Dastur (1951).

The temperature dependenc;a of the free energy interaction
parameters for the temperature range 1550° to 1750°C has been ex-

préssed in terms of the enthalpy and entropy interaction parameters,

the values of which are given below:

h(g) = -7.96 Kcal. /gm. atom O/wt. % V
(v) _ ' /e
s'g = -3.15 cal /gm. atom O/°K/wt. % V
V) _ 16k ' i
g = = cal. /gm. atom O/mole fraction V
e (V) = -287 cal. /gm. atom O/°K/mole fraction V
@)

There values are compared with those calculated from the data of pre-

vious workers and show satisfactory agreement with the values of Sano
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and Sakao (1964).

A correlation is tentatively made between the free energy and
enthalpy‘ interaction parameters at 1600°C using available temperature
dependent data for solute-oxygen interactions in liquid iron. 'Although
this correlation could provide a means of estimating concentrations of
oxygen at different temperatures in solutions for which data are un-
available, it would be unwise at this stage to place too much emphasis
on such values in view of the lack of data at temperatures other than
1600°C.

For measurement of relative effects, the levitation technique
is excellent since there is neither crucible reaction nor contamination
and, consequently, the temperature range may be extended without risk
of error from this source. Furthermore, equilibrium is rapidly
approached and errors in chemical analysis due to segregation in the
metal do not arise since the entire sample is used for analysis.

V-7.2 Suggestions for Further Work

In the present investigation, thé oxygen potential of the water
vapour/hydrogen atmosphere was controlled at a sufficiently low level
that the formétion of oxidés was prevented. When saturation of the
melt and subsequent formation of oxides occurred, temperature
control was impossible and there wasAa fapid decrea.se in levitation

power resulting in the loss of the levitated sample. Thus the application
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of the levitation technique to an investigation of the deoxidation reactions
in saturated iron-vanadium-oxygen systems would not appear to be
feaisbible.. It is therefore suggested that the éresent work should be ex-
tended to include an investigation of the deoxidation reactions and their
temperature dependence by means of a conventional crucible technique.
Although gas/metal studies employing the levitation technique
may be susceptibie to errors arising from thermal diffusion effects
when certain gas mixtures are used,. the method is ideally suited for the
evaluation of relative effects. It is sugéested that the effect of chromium
on the activity of oxygen in iron-chromium alloys, the temperature
dependence and the behaviour up to relatively high chromium levels
could be determined successfully by this procedure. This work could
also be extended to include oxygen activity studies in multi-component

systems.
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SECTION 2 R
THE KINETICS OF PHOSPHORUS TRANSFER

IN IRONMAKING SLAG/METAL SYSTEMS



‘CHAPTER R-1

INTRODUCTION

In ironmaking, the blast furnace burden essentially consists of
iron ore, coke and limestone. The ore is reduced to metallic iron
by carbon monoxide and coke while the gangue, coke ash and sulphur
are fluxed by the limestone to form low melting point acid slag.
Unfortunately, some iron oxides cont-ain éppreciable amounts of PZOS
which is readily reduced under the conditions existing within the blast
furnace. Consequently, virtually all the phosphorus in the burden is
transferred to the iron and its removal can only be achieved by oxi-
dation during steelmaking.

Since phosphorus is an impurity in hot metal which cannot be
eliminated in the production of iron, the purpose of the present in-
vestigation of the kinetics of phosphorus transfer in ironmaking slag/
metal systems is of a p'urely academic nature. Synthetic blast furnace
slags containing PZOS were reacted with carbon saturated iron under
laboratory conditions. A review of the pertinent literature has been V
made and experimental details of the apparatus and techniques are
described. The results are considered in .te_rms of mass transfer in

the metal phase and chemical reaction at the slag/metal interface and

indicate that chemical reaction controls the rate of phosphorus transfer.
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CHAPTER R-2

LITERATURE REVIEW

There appears to be no published work involving the kinetics
of phosphorus transfer in ironmaking slag/metal systems. This is
in complete contrast with the reactions of sulphur and silicon in iron-
making for which a considerable amount of kinetic data are available.
The reasons for this lack of data are poséibly the purely academic
aspect of the problem and probably the extreme difficulty in developing

satisfactory experimental techniques for phosphorus transfer studies.
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CHAPTER R-3

EXPERIMENTAL CONSIDERATIONS

R-3,1 Introduction

It was originally intended that both iron and steelmaking
experiments wbuld be carried out in a carbon resistance furnace.
However, it was found that oxide crucibles c.ould not withstand the
highly corrosive iron oxide bearing steelmaking slags and an induc-
tion melting technique was used for these investigations (Section S.).
Consequently, the apparatus and techniques which are described
below apply only to ironmaking' systems.

R-3,2 ABEaratus

R-3,2.1 The Carbon Resistance Furnace

The furnace was operated from a three-phase power supply.
The resistance element consisted of six carbon rods, 0.5'" diameter x
9" in length, arranged in a cage construction as shown in Figure R-1.
Two rods were 1ocate<i in each of the three segments of the carbon base
and the power input was supﬁlied through three water-cooled copper con-
ductors which were screwed into the base. "The circuit was completed
in a three-phase ''star'' arrangement by the graphite top ring. This
design was advantageous insofar as return conducting -leads‘ were not

‘required and defective elements were easily replaced.

86



87

The furnace design is shown in Figure R-2. The héating ele-
ment (A) was contained in a f/acuum—tight steel casing (B), 17" dia-
meter x 0. 5" wall thickness x 20" in length. The furnace lining (C),
consisted of refractory insulating brick which was faced with magnesite
cement. Under operating conditions, the heating element was situated
within a graphite cylinder (D), 6" O.D. x 0.5" w‘all thickness x 10, 5"
in length, which was electrically insulated from the carbon base blocks
(E) by a ring, 0.5'" thick, cut from refractory insulating brick. This
arrangement reduced temperature fluctuations due to gas circulation
and, ‘at the same time, acted-as a radiation shield.

The furnace body was- surmounted by an '"air-lock' in order
that charging and sampling could be effected without admitting air into
‘the furnace. The "air-lock' consisted of a valve chamber (F) and a
charging chamber (G). The valve chamberl was of rectangular steel
construction inside which a sliding toggle valve could be screw-tightened
into position in order to isolate the main furnace body from the charging
chamber. The latter consisted of a steel cylinder, 3" O.D. x 3/8"
wall thickness x 14" in length.

| The ft._u'nace was designed for easy dismantling. The base
and top plates, (H) an;'l (J), were bolted to ﬂ;anges welded onto the fur-
nace casing and '""O" rings were employed to provide gas-tight seals.
The top plate of the valve chamber (K) which was welded to the charging
chamber (G) was also bolted and made gas -tight by means of a rubber

gasket. The upper face of the toggle valve (L) was fﬁrnished with an
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o ring seal for the same reason.

i ‘A series of 0. 25" diameter copper tubes, connected by
"Tygon'' tubing, were _soldered to the equipment as close as poséible
to the rubber seals in order to prevent over-heating. Two separate
supplies of cooling water were provided for the top and bottom furnace
plates. The exit ends were attached to water pressure micro-switches
which were connected in series with the temperature controller so that,
in case of water supply failure, the power was automatically switched
off,

The furnace was equipped with two horizontal tubes (M) which
had been drilled through the steel casing and refractory lining. These
were aligned between the resistance elements at the height of the con-
stant temperature zone and at an anéle of approximately 120° to each
other. The tubes were fitted with closed-ended recrystallised alumina
sheaths of 5/16'" and 7/8" O.D. for thermocouple protection and optical
pyrometer sighting, .réspectively. The sheaths e;ctended into the centre
of the furnace and were situated in contact with the crucible. Gas tight
connections were made with the furnace casing by means of a Swagelok
fitting with a Teflon ferrule for the thz;,rmocouple sheath and an "O"
ring.seal for the sighting tube.

R-3. 2.2 The Power Supply

The furnace elements and associated electrical equipment were

designed for an operating capacity of 10 KVA. The power supply was
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connected through a mercury-relay switch to a 13. 3 KVA Variac
variable transformer and mé.tching 20:1 step-down transformer, all

of which were designed for three-phase operation. For a 10 KVA load,
a minimum voltage input on the transformer primary of 230 v., phase
to phase, drew a current of roughly 30 amps. with an output on the
secondary of 600 amps. at 11.6 v. phase to pha;e. The low voltage,
high amperage current gave a greater heating efficiency for the furnace
elements.

The three output power leads from the transformer were made
froml heavy flexible copper braid in order to carry the heavy current
without significant heat losses and for the convenience of furnace
assembly. The ends were permanently soldered to copper connecting
.lugs, 3" in length x 2" in width x 1/4" in thickness{ which were bolted
at one end to the transformer output termir.lals.

The water -cooled, threaded copper leads projecting down from
the furnace bottom plate were supported on flanges (Figure R-1) which
were provided with gas-tight '""O'" ring seals. A Micarta ring and
knurled nut electrically insuiated and firmly positioned each lead in the
bottom plate (Figure R-3). The connecting lug for the flexible braid was
then placed in positior; and held by a second hand-tightened knurled nut.

R-3. 2.3 The Gas Supply

The furnace was equipped with a series of tubes (T), shown in

Figure R-2, which were intéer-connected by five Edwards 0. 5" "Speedivac"



90

yalves (V). Separate connections were made with a gas supply, gas
exhaust and vacuum pump. bThe arrangement permitted the evacuation
or gas flushing of the furnace and isolated charging chamber.

The carbon heating elements were maintained in an inert at-
mosphere of nitrogen to prevent oxidation. The nitrogen was first
passed through an auxiliary resistance furnace ;:ontaining heated copper
turnings at 600°C in order to remove any oxygen. It was then circu-
lated through the carbon resistance furnace after which it was bubbled
through a flask containing dibutyl pthalate and finally exhausted into the
atmc;sphere. This eliminated back-diffusion of air into the furnace,
minimised back-diffusion of vapour since dibutyl pthalate has a lo/w
‘vapour pressure at room temperature, and provided an instant check on
the circulation of gas through the furnace.

A general view of the furnace and auxiliary equipment is shown
in Figure R-4.

R-3.3 Experimental Techniques

R-3.3.1 Temperature Control and Measurement

Initially, temperatﬁre measurement was effected by the use of
a Type R Pt/Pt - 13 pct. Rh thermocouple, the hot junction of which was
pfotected by the alumina thermocouple sheath located in the hot zone of
the furnace. The thermocouple was connected by means of Type SX
copper-alloy 11 compensating leads to a Honeywell '"Pyro-O-Vane"

millivoltmeter indicator and proportional controller, which was adjusted
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to operate on a three-second cycle. The output signal from’the con-
troller actuates the three-phase mercury relay switch thus controlling
the input to the furnace. The accuracy of temperature control was
found to be within ¥ 5C° at 1600°C. The controller was equipped with
a safety device which drives the indicator above the controlled set point
in case of a break in the thermocouplé circuit and automatically switches
off the power supply. Sustained use of the thermocouple at steelmaking
temperatures lead to its rapid deterioration resulting in frequent break-
downs of the power supply.

| It was therefore found expedient to use an optical pyrometer
for temperature control. A Honeywell ""Radiamatic' pyrometer was
used in conjunction with a matched '"Pyro-O-Vane' proportional con-
“troller and temperature indicator and the control output signal operated
the mercury relay switch. The ”Radiamat'ic” contains a lens which is
sighted on the heat source in order to focus the radiant energy on a
thermopile and the resulting e. m. f. output is measured by the milli-
voltmeter indicator. The pyrometer was sighted on the closed end of
the 7/8'" O.D. alumina tube situated in the hot zone of the furnace.
The arrangement at the thermocouple and optical pyrometer ports is
seen in Figure R-5,

Temperature control was found to be as accurate as was attained

using the thermocouple technique. However, the pyrometer indicator

could not be directly calibrated over a ranée of temperature since the
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sighting geometry used in these experiments did not meet with the opti-
mum specifications, which fequired a tube of 1argér diameter than the
5/8'" 1. D. tube actually used. CAontrol at a specific temperature was
effected by gradual adjustment of the control setting until the required
temperature was measured by the thermocouple located in the other
port.

Temperature measurement was always carried out with a
thermocouple which had been previously checked against a standardised
couple. Normally the thermocouple was withdrawn from the furnace
hot zone in order to increase-its working life and temperature checks
were made only when necessary.

‘R-3. 3.2 Temperature Profile of the Furnace

The temperature profile was obtained in the following manner.
The optical pyrometer was used for temperature control and a "dummy"
crucible, consisting of a graphite block was positioned so as to simu-
late experimental conditions. An 18'' alumina thermocouple sheath,
which was supported by a gas-tight Swagelok fitting in the furnace bottom
plate, extended up the centre of the furnace to the heating element top
ring. The thermocouple was moved along the sheath at 0. 5" intervals
and the corresponding temperature was measured after sufficient time
had been allowed for temperature equilibration.

The results, which are plotted in Figure R-6, show a 3.5" hot

zone at 1600°C which is uniform within T 1.0C°. At 1400°C the 3'" hot



zone is uniform within T 5C°. The reacting phases lie within this
region.

The steep temperature gradient below the zone is due to heat
losses from the water-cooled carbon base blocks whilst the tempera-~
ture gradient above is caused by radiation losses.

R -3. 3.3 Materials Preparation

(i) Metal

Preliminary experiments showed that a charge of solid iron,
saturated with carbon at the operating temperature, would discharge
graphite on heating beyond the eut;actic temperature. This was unde-~
sirable since graphite would interfere with the reaction between slag
and metal phases. To eliminate this effect i'ron—carbon alioys of
‘approximately eutectic composition were prepared.

An induction furnace was used to rﬁelt Armco iron in a gra-
phite crucible loosely packgd with graphite powd.er. After melting the
iron, the temperature was gradually decreased and a discharge of
graphite from solution was observed. This was continuously removed .
from the surface of the melt by skimming with a mild steel rod until
the temperature was slightly above the eutectic temperature. The fur-
nace was then turned ﬁp to full power for half a minute in order to
super heat the melt and minimiée carbon solution. The melt was
immediately cast into a split steel mold to produce rods of white cast

iron 5/16'" diameter x 7", After cleaning by surface grinding, the
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brittle material was easily broken by tapping with a hammer into 1"
lengths which were of a suitéble form for use in the present experi-
ments.,
(1) Blags

Synthetic blast furnace slags having low liquidus temperatures
(1200° to 1300°C) were chosen in orde;r that experiments could be
undertaken at a relatively low temperature of 1400°C. The composi-
tions were based on the studies of Osborne et al (1954) in CaO-SiO; -
Al03-MgO melts and were modified by the addition of 5 wt. pct. P,0g.
These phosphate bearing slags were prepared from reagent grade CaO,
5i0,, Al;03, MgO and 3CaO. P,0g powder components. The Si0O, pow-
der was prepared from meta-silicic acid which had been heated in a
.Pyrex dish for 20 hours at 500°C. The remaining components were
dried as a precautionary measure since it was found that the moisture
content of these reagents could be as much as 6 pct.

The components were weighed out to give 200 gm. lots which
were mixed for one hour in a bottle by slow rotation on a lathe. The
powder mix was then compressed into 10 gm. pellets by means 6f a
standard metallographic mounting press and dies. The pellets were
then placed on a mound of the same powder mix and flame fused with
an oxygen/gas torch to give a cylindrical pellet, roughly 1. 25" diameter
x 0. 75", weighing 60 gm. This method of preparation avoided crucible

contamination and produced a compact fused pellet suitable for experi-

mental use,.
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R-3.3.4 Crucible Materials and Design ‘

Preliminary investigations were carried out for the purpose
of finding suitable crucible materials with which to contain the re-
active phosphate bearing slags and carbon saturated iron. Graphite,
silica, zircon and zirconia were tested and, for reasons given in de-
tail in Appendix R -1, difficulties were always er;countered which were
associated with the containment of phosphorus within the reaction
vessel. Further tests which are also discussed in Appendix R-1 showed
that MgO crucibles were unsuitable for steelmaking studies in the car-
bon fesista.nce fgrnace.

However, zircon and zirconia were found to be the most suit-
able refractory materials and were successfully used for phosphorus
‘transfer studies. The use of zircon was restricted because of surface
tension effects which caused the slag to cli;rnb over the refractory wall.
The disadvantage in using zirconia was its absorption of slag although
there was apparently little slag/crucible reaction as can be seen in
Figure R-7.

In designing the crucible, it was taken into consideration that
carbon saturation should be maintained in the iron phase and the slag
should be protected fr.om reaction with the cru'cible. For these reasons,
a graphite crucible, 2" O.D. x 4.5", was used (Figure R-8) and was
lined with a refractory sleeve of either zircon or zirconia. Both types

of sleeves were approximately 3. 5" in length, 1.5" I.D. x 1. 75" O.D.,
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but the I. D. Waé measured for each experiment in order to calculate

the cross-sectional area. Since stirred metal systems were to be used,
the graphite crucible was long enough to be firmly supported by graphite
pegs projecting from the top ring of tﬁe heating element.

R-3,3.5 Stirring in Slag/Metal Systems

Stirring the melt from above and below were both considered.
The disadvantages of stirring the melt ffom above were threefold:
sampling would be restricted because of the confined space; the metal
phase alone could noi.: be stirred; the slag would be contaminated by the‘
stirrér. Bottom stirring was advantageous since these problems could
be eliminated, and in fact it was found to be a highly successful tech-
hique.

A graphite impeller, situated in the metal phase, was driven
at 100 r. p. m. by a graphite drive shaft Whi.ch was located in the 0.5"
thick base of the crucible (Figure R-8). The high surface tension of
the carbon saturated iron prevented leakage through the connection. In
the cooler, lower region of the furnace the shaft was screwed into an
electrically insulating Transite rod, 1'" in length, which acted as a radi-
ation shield and was connected through a fléxible spring coupling to a
steel drive shaft (Figure R-1). This projected through a Swagelok
fitting in the bottom plate of the furnace, and it was sealed with a Teflon
ferrule which also acted as a bearing. The end of the steel shaft was

supported on bearings and transmission from the variable speed electric
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motor was effected by means of the rubber belt and pulley wheels shown
in Figure R-3.

R-3. 3.6 Materials Charging

The metal charge and crucible were placed inside the furnace
prior to heating and the slag phase was charged whilst the furnace was
at temperature. -The slag charging assembly (F;igure R-9) consisted of
a shaft to the end of which was attached a graphite tube for holding the
slag. The tube, 1. 7" O.D. x 3" in length, was slighﬂy smé.ller in
diameter than the crucible into which it was lowered in order to facili-
tate its location. Iron wire was threaded through perforations in the
lower rim in order to support the slag pellet. This design enabled the
‘preheating of the slag to a sufficiently high temperature during charging
" before it finally dropped into the melt. This occurred when the iron
wire was soft enough to break or when sufficient carbon had dissolved
in it to form a liquid.

The shaft consisted of a 0. 25" diameter, 20' long steel rod
which was screwed into a 0. 5" diameter, 6' long graphite rod. The
end of this shaft was screwed into a graphite disc which fitted snugly
in the top of the charging tube and was pinned with graphite screws.

The steel shaft was s;lpported and designed to slide through a gas -tigﬁt
Swagelok fitting in a Plexiglass disc which sealed the charging chamber.
Graphite was used for the lower portion of the shaft to withstand the high

temperatures in the furnace reaction zone.
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R-3. 3.7 Sampling Techniques

(i) Radio-Tracer Technique

It was originally intended that a radio-tracer technique would
be employed to continuously monitor the transfer of the P-32 isotope
from slag to metal. However, experimental difficulties associated
with the complete containment of phésphorus within the crucible pre-
vented the use of this technique. The principles involved are discussed
in Appendix R -2,

(ii) Conventional Sampling Techniques

Slag samples were obtained with difficulty. The techniqﬁe of
dipping a cold steel rod into the slag phase was unsatisfactory since it
resulted in either too much or too little slag removal from such a small
charge. Another method which involved the use of a graphite spoon
could not be used with phosphate bearing siags since the graphite re-
acted with the slag.

Consequently, interest was directed towards obtgining metal
samples which could b‘e analysed for phosphorus. The phosphorus con-
tent of the slag could then be calculated by mass balance considerations.
The most satisfactory method for metal sampling was found to be an
aspiration technique. This apparatus consisted of a 2 mm. I.D. silica
tube attached to an aspirator bulb. A Plexiglass disc enclosing the top
of the charging chamber was equipped with a Swagelok fitting through

which the sampling tube could be pushed into the furnace and at the same

time maintain a gas-tight seal. After flushing the charging chamber
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with nitrogen, the air-lock was opened and the sampling tube was lowered
into the melt. The aspira.tovr bulb was squeezed at the same time as the
tip of the tube was pushed through the slag phase into the metal, thereby
avoiding pick-up of slag. A suction sample was taken immediately and
the tube was withdrawn and allowed to cool in the air-lock before removal
for chemical analysis. In order to retain a che.ck on mass balance in the
slag/metal system, the. slagged length of silica tubing was weighed along
with the metal sample. A prior knowledge of the unit 1enétfx weight of the

tubing enabled the calculation of the amount of slag removed.

R-3..3. 8 Analysis of Samples-

The iron carbon alloy samples were pulverised using a steel
‘pestle and mortar in preparation for chemical analysis.

The phosphorus contents of metal and slag samples were de-~
termined by the photometric technique of Adelt and Gruendler (1948)
which involved the development of the molybdenum blue complex.
(Appendix S-1)

A Leco unit was used for carbon determinations. The induc-
tion melted sample was burnt in oxygen and the resulting volume of
carbon dioxide was measured to give the equivalent carbon content.

R-3. 3.9 Experimental Procedure

The procedure which was finally adopted applies to the success-
ful experiments where zircon and zirconia sleeves were used. The

sleeved crucible was pegged inside the hea..ting elements and the drive
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shafts were placed in position so that the impellér could be 'screwed'on
to the shaft thread which prdtruded through the base of the crucible.

The free rotation of the drive shaft was then checked and a weighed
charge of 200 gm. of metal was packed inside the sleevé. The graphite
cylinder was placed around the elements and the whole assembly was
replaced within the furnace body. After connecting the power leads from
the furnace to the transformer, the electric motor and drive belt were
set in place, and the water-cooling tubes were connected. The alumina
tubes were pushed into the ports so as to touch the crucible and all seals
were. tightened ready for operation of the furnace.

After evacuating and flushing the furnace with nitrogen the
power was switched on with the Variac at zero setting. The furnace
.was heated to operating temperatures by step-wise increases in the
Variac output over a period of approximate.ly six hours in order to avoid
shattering the refractory sleeve and tubes. In the proximity of the re-
quired temperature the set point of the pyrometer indicator was adjusted
to provide temperature control and further adjustments were made until
the thermocouple indicated the required operating temperature. At this
time the impeller was set in motion in experiments where stirring was
employed. The furnace was allowed to sit at this temperature for one
hour in order to attain carbon saturation.

The charger, containing a prefused slag sample weighing 60 gm.,

was placed inside the charging chamber which was then evacuated and
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flushed with nitrogen. The charger was slowly lowered into the top of
the crucible in order to preheat the slag which was observed to reach
orange-yellow heat before it finally dropped into the crucible. At this
time the indicator registered a drop in temperature and after a lapse of
some 15 to 30 seconds temperature control recommenced. This was
taken as the zero time for the reaction.

Metal samples were taken after two minutes and at increasing
intervals until the end of the first hour when samples were taken at
30-minute intervals., Experiments were carried out for periods of up
to six hours after which the furnace was dismantled. The crucible was
then cut open and the contents were weighed for a mass balance deter -

mination.



CHAPTER R -4

EXPERIMENTAL RESULTS

The conditions under which phosphorus reduction experiments
were conducted are given in Table R-1. Carbon. saturated iron, gra-
phite supporting crucibles and Slag A were common to all experiments.
The composition of Slag A, operating temperatures, type of protective
sleeve, stirring c‘onditions and the internal cross-sectional area of
each sleeve are listed for all experiments.

Details of sampling tifmes, the corresponding phosphorus anal-
yses and the weight of~meta1 and slag removed during sampling are
given in Tables R-2 to R-6. Data for experiments R-38 and R-39,

.taken from Tables R-2 and R-3, are plotted in Figure R-10 to illustrate
the variation of the phosphorus content of the metal with time. These
curves represent the typical behaviour in all experiments. The rate of
change of phosphorus cor'lcentration in the metal is measured by the
slope of the curves and, after the initial rapid increase in phosphorus,
the rate falls almost to a value of zero. This corresponds to almost
complete reduction of P,0g from the slag. It will be noted that these
experiments appear to indicate a higher rate of phosphorus transfer
under conditions of stirring in the metal phase. However, the curves
represent only the raw data and the differences are not necessarily

significant since the quantities of slag and metal removed during sampling
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were not the same for each experiment. The initial conditions were
approximately the same in these experiments. Reference to Tables
R-2 aﬁd R-3 ipdicates that, although the proportion of slag to metal
removed during experiment R-38 (stirred) was s-lightly greater thap
during experiment R—39 (unstirred), considerably larger quantities of
slag and nﬁetall were removed during the latter e;xperiment. The pro-
portipns of slag to metal remaining at the end of experiments R-38
and R-39 were 0. 28 and 0. 24, respectively. Thus, the over-all effect
of sampling was tb reduce the slag/metal ratio more rapidly under
non-étirring cor':tditions and, hence, to decrease the supply of phos-
phorus from the slag. Similar behaviour is exhibited in experiment
‘R-36 (stirred) and R-41 (unstirred) and is explained by the same
‘reasoning. After taking into consideration the amount of slag absorbed
by the Zirconia sleeves as well as the weig.hts of metal and slag re-
moved during sampling, the final proportions of slag to metal were
0.31 and 0. 18 for experiments R-36 and R-37, respectively. Thus,
the rate of phosphorus.transfer would appear to be higher in the stirred
experiment.

Mass balance data for experiments R-38 and R-39 are given in
Tables R-7 and R-8, 'respectively. In each case, 200 gm. of iron of
average carbon content 4.3 wt. pct. were charged. No samples were
taken for carbon analysis prior to -slag charging. It was estimated that

the carbon content of the saturated iron at 1400°C is approximately 4. 95
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wt. pct. which corresponds to an increase of 1.4 gm. in the weight of
the metal phase. In calculating the slag mass balance, the weight of
PZOS equivaleht to the weight of phosphorus transferred was calculated
from the metal data.

Similar mass ba,l-ance data are given in Tables R-9 to R-11 for
experiments R;-36, R-41 and R-37, respectively. Further data is in-
cluded giving details of-the amount of slag a:bsorbed by zirconia sleeves
in these experiments. For the purpose of subsequent calculations,
estimates of the amount of slag absorbed during time periods between
samples, taken in the initial 6;0 to 120 minutes of each experiment, are
given. The estimates are based on the resul.ts of an iﬁvestigation of
the rate of slag absorption by zirconia sleeves, the details of which are
given in Af)pendix R-3.

Using the experimental date from Tables R-1 to R-11, the
average rate of phosphorus transfer (moles/cmz/sec) and the mole
fraction of P05 in the‘slag phase (X,pzos) were calculated for corre-
sponding sample times for each experiment. The mass balance.cal-
culations were complicated and extensive and, for these reasons, the
method of computation and an example calculation are dealt with in
Appendix R-4, Tables R-12 to R-16 give the calculated rates, mole
fractions and corresponding logarithmic values for the five experiments.

The data for experiments R-38 and R-39 are plotted as log (moles P/cm?2/

sec) versus log (mole fraction of P,0Og) in Figure R-11. Similar graphs
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are given in Figure R-12 for experiments R-36 and R-41 and Figure
R-13 for experiment R-37. The curves are superimposed in Figure
R-14,

In Figure R-l.l, the first point for each experiment at the top
right of the graph corresponds to the time of the first sample. Both
variables decrease in value with time and consequently the path pro-
ceeds diagonally to the left during reduction. The curves exhibit
linear behaviour in the initial reaction periods of up to 90 minutes in
experiment R-39 énd 60 minutes in R-38, Further, it will be seen
that the curves, which represent non-stirred and stirred conditions
in similar zircon-sleeved crucibles, are superimposed with approxi-
‘mately the same gradient. The linear equation representing both sets
of data has been determined by the method of least squares from the
experimental data in the linear fegion, the values of which are denoted
by an asterisk in Tables R-12 and R-13. The value for the gradient
which is approximately 3 and the intercept are given in Table R-17.
The scatter of data which results in deviations from linearity in the
later stages of these experiments is probably due to the sensitivity of
the calculated values to changes in rate values at low rates of transfer.

The rate behaviour for experiments R-36 and R-41 is shown in
Figure R-12. There is an initial region for each curve, up to 60 min-
utes for experiment R-36 and 180 minutes for R-41, where the curves

are superimposed with approximately the same slope. These observations
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indicate that conditions of stirring in zirconia-sleeved crucibles have no
effect on the rate of transfer in the initial stages of the reaction up to
60 minutes. The linear equation representing the combined experiments
in the linear region was calculated by the method of least squares from
the data in Tables R-14 and R-15. The values for the gradient which is
approximately the same as that obtained in zircon-sieeved crucible ex-
periments and the intercept are given in Table R-17.

The behaviour appears to be similar for zircon and zirconia-
sleeved experiments at 1400°C under conditions of stirring and non-
stirring. However, experiments R-36 and R-41 display a much smaller
linear region. In these experiments, side effects are involved due to
‘the absorption of slag by the zirconia sleeves. It is assumed that the
slag is absorbed linearly with time during the initial period of 60 min-
utes and at a different rate over the subseéuent 60-minute period. This
assumption may lead to errors in the calculated values of rate and mole
fraction of P05 in the slag. However, greater importance is assigned
to the assumption that phosphorus transfer occurs only across the slag/
metal interface. In the initial stages of the reaction up to 60 minutes,
phosphorus transfer across the slag/metal interface would be expected
to be dominant. However, after a period of 60 to 90 minutes, the rate
of phosphorus transfer across the slag/metal interface has decreased
considerably and the sleeve is almost saturated with slag. Reduction of

phosphorus from the absorbed slag proba}:;ly occurs at the sleeve/metal
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interface and may even dominate the rate of phosphorus transfer at '
this stage. The calculated fate of phosphorus transfer is based on the
amount of phosphorus transferred to the metal and would therefore in-
clude the contribution from the sleeve/metal reaction. Thus, during
this period of the experiment, the calculated rate would be higher than
the actual rate of transfer across the slag/metal interface. This would
account for the deviation of the curves in Figure R-12 away from
linearity and to the left of the _extraprolated line., The calculation of
the concentration of POg in the s'lag phase was based on the same
assumption and, consequently, XP205 is underestimated. This would
also account for the deviétion of the curves in Figure R-12 jn the same
direction.
' The calculated data for experiment R-37 are given in Figure

R-13, Linear behaviour is observed for the complete 180-minute
period of the experiment at 1500°C and the gradient and intercept, cal-
culated by the method of least squares, are given in Table R-17. The
extended region of linearity is accounted for by the fact that the rate of
reduction of phosphorus is higher at 1500°C than at 1400°C., Conse-
quently, sleeve/metal reaction probably does not result in a significant
contribution to the phosphorus content of the metal during this period of
study.

The linear portions of the curves in Figures R-11 to R-13 are

superimposed in Figure R-14, It will be seen that the curves for
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experiments conducted at 1400°C in zircon and zirconia-sleeved

crucibles coincide and have ‘approximately the same gradient. Thus,

the nature of the sleeve material and the conditions of stirring have

no marked effect on the rate versus mole fraction of pZOS relationship.
The curve for experiment R-37 under conditions of stirring at

1500°C is displaced in Figure R-14 with respect. to the curves at 1400°C.

However, the gradient of the line appears to be temperature independent.



CHAPTER R-5

DISCUSSION

R-5.1 Introduction

In the present investigation the rate of phosphorus transfer
from slag to metal was studied during the reduction of synthetic
phosphate -bearing blast furnace slags by carbon saturated iron. The
rate of transfer under these conditions may be controlled by one or
more of four possible steps.

1) Mass transfer of-P,0¢ in the slag phase to the slag/

metal reaction interface.

2) Chemical reaction at the slag/metal interface.

3) Mass transfer of reactants or products in the metal

phase to or from the interface.

4) Nucleation and evolution of carbon monoxide.

The slowest of these factors will dominate the over-all rate of
reduction. However, some of these factors may be justifiably elimi-
nated in the light of experimental conditions and observations. Thus,
it was observed that there was consideréble agitation of the slag phase
due to evolution of carbon monoxide, particularly in the initial reaction
period of 60 minutes. This would be expected to result in effective
stirring of the slag phase and consequently mass transfer of PZOS in
the slag phase to the slag/metal interface fnay be eliminated. Mass

transfer of carbon in the metal to the reaction interface is unlikely to
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be a rate controlling factor since the metal is maintained at the carbon
saturation level throughout each experiment. Further, Figures R-11
and R-12 show that mechanical stirring in the metal phase did not change
the kinetic behaviour of the system which indicates that the over-all rate
is not controlled by the mass transfer process in the metal phase.

The rate of evolution of carbon monoxide is generally con-
sidered to be controlled by the nucleation process. The possible ,sites
of carbon monoxide nucleation in this system are pores on the surface
of refractory sleeves and graphite. In comparison with the dense zircon
sleev.es, the zirconia sleeves are quite porous and consequently more
sites are available for nucleation. There were also much larger areas
- of metal/graphite interface in the experiments during which the metal
-phase was stirred by a graphite impeller.r If the nucleation of carbon
monoxide is important in determining the ox;'er-all rate, it would be
expected that the stirred experiment with a zirconia sleeve would have
a higher rate. Figure R-14 shows that the influence of nucleation of
carbon monoxide on the over-all rate is not noticeable.

Thus, by a process of elimination, based on the observations
mentioned above, the rate controlling step would appear to be chemi-
cal reaction at the slag/metal interface.

R-5,2 Theoretical Considerations

R-5.2.1 Stoichiometric Relation and Reaction Mechanism

The reduction of phosphorus from -phosphate -bearing blast
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furnace slags may be represented by the relation:

(P205)glag + 5 C= 2P+ 5 {co} (R
However, this gives no indication of the reaction mechanism which is
unknown. It would be unwise to consider phosphorus reduction in terms
of a heterogeneous reaction between molecular species which might be
inferred from the stoichiometric relation (R. 1). Such a mechanism for
a single step reaction would be highly unlikely since it requires the simul-
taneous rearrangement of six reacting entities in the same locality and,
further, the P,Og is present in the slag phase in the form of complex
ions.. The most likely reduction mechanism would appear to be the for-
mation of '"local cells' where electrical charging and discharging of
particles would be effected as proposed by Wagner (1956).

R-5.2.2 Reversibility of the Interfacial Chemical Reaction

The final slag phosphorus analyses for experiments R-36 and
R-38 were below the lower limit of detection by the photometric tech-
nique. The reaction represented by relation (R. 1) is therefore irre-
versible since carbon m‘onoxide is continuously removed and the phos-
phate is completely reduced.

If the phosphorus reduction reaction were inherently slow com;
pared with the mass tl;ansport processes, the rate would be controlled
by chemical reaction at the slag/metal interface. Since the reaction is
irreversible the back-reaction may be neglected and the rate of transfer

of phosphorus (moles/sec) may be written as:


http:phosphor.us
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R, = A. k. (X = o . R. 2
t (Xp,05), [2¢] ¢ s
~where A = area of slag/metal interface (cm?2)

k = rate constant (mole/cm2/sec.)
XP205 = mole fraction of P,0; in slag phase
ac = activity of carbon in metal phase
n and m are constants and represent the ordérs of the reaction
with respect to P,0Og in the slag andica.rbon in the metal phase. It must
be emphasised that n and m are not necessarily of integer value or re-
lated to the coefficients in the stoichiometric relation (R.1). The in-
clusién of the activity term for the metal phase is quite valid. The con-
centration of .P205 is used instead of activity in equat.ion (R. 2) since, at.
the present time, there is no information in the literature which gives
the activity of P,Og as a function of composition for acid slags.
- Carbon saturationwas maintained in the iron phase throughout
each gxperiment and, therefore, the value of ag is unity. Thus equation
(R. 2) reduced to:

R;: = k. XI;205 (moles/cm. 2/sec. ) (R. 3)

or

log R} = log k +n log Xp,0, (R. 4)

If the rate were controlled by chemical reaction, a logarithmic plot of

R; versus XP would be expected to provide a linear relationship

205

with slope of value n and intercept log k. Under these tonditions,

stirring in the metal phase would not change the reaction mechanism or
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the reaction rate and consequently the values of k and n would be un-
affected. The order ofAreacfion, n, would also be independent of
temperature since the reaction mechanism would not be expected to
vary in the narrow temperature range studied. However, the rate
constant would be temperature dependent and the value of k would in-
crease with temperature. The above mentioned requirements for the
case of chemical reaction control are all confirmed in Figure R-14,

The experimental observations, therefore, provide convincing
evidence to suggest that the rate of phosphorus reduction is controlled
by cﬁemical reaction at the slag/metal interface. The activation energy
for the reduction reaction is approximately 100 Kcal/mole and the order

with respect to the concentration of P,Og in the slag is approximately 3.



CHAPTER R-6

CONCLUDING REMARKS

R-6.1 Summary

Experiments were conducted at 1400°C in zircon and zirconia
sleeved crucibles under conditions of stirring aﬁd without stirring in
the metal phase. A further experiment at 15000C was conducted in a
zirconia sleeved crucible with metal stirring. Calculated data were
plotted logarithmically as rate of transfer of phosphorus versus the
mole fraction of PZOS in the slag phase. A linear relationship was ob-
tained for each experiment in‘ the initial period up to 60 minutes.

Neither sleeve material nor stirring conditions had any significant

effect on the rate of transfer at 14000C or the order of the reaction.

The rate constant was found to be temperature dependent whilst the
order of the reaction was independent of temperature. These observa-

tions were interpreted in terms of chemical reaction control at the slag/

metal interface. The activation energy was found to be approximately
100 Kcal/mole over the temperature range 1400° to 1500°C and the
order of the reaction approximately 3 with respect to the concentration

in th )
of PZOS in the slag

R-6-2 Suggestions for Further Work

The present work covers one slag composition with the same ini-

tial PZO5 content and a narrow temperature range. Further investigations
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could be carried out with varying initial concentrations of P05 in the
slag to provide further information on the controlling steps. In the
case of chemical control the log-log plot would be expected to show

the same behaviour. Information is also required over a larger tem-
perature range to obtain more precise values for the activation energy.
This may prove experimentally difficult where zircon sleeves are used
due to slag surface tension effects. However, zirconia sleeves may be
quite suitable provided that the rate of slag absorption at the operating
temperatures is ascertained. The effect of varying the slag compo-

sition on the rate of phosphorus transfer could also be investigated.



SECTION 2 S
THE KINETICS OF DEPHOSPHORISATION OF LIQUID

STEEL BY SYNTHETIC STEELMAKING SLAGS



CHAPTER S-1

INTRODUCTION

In basic steelmaking processes, phosphorus v;/hich is initially
present in the unreﬁned>meta1 is removed by reaction with an oxi-
dising basic slag. Close coﬁtrol over the phosphdrus level is main-
tained’since its presence may adversely affect the properties of the
finished product insofar as it produces brittleness.

The aim of this project was to evaluate the factors controlling
the rate of dephosphorisation in steelmaking slag/metal systems
under laborai:ory conditions.

In this section a brief literature review of relevance to dephos-
phorisation kinetics is made. The laboratory equipment and experi-
rﬁental techniques are described and the results are discussed in
terms of rate control by chemical reaction at the slag/.metal interface
and diffusion in the slag phase. It is concluded that, under the labora-
tory experimental conditions, the rate of dephosphorisation is domi-j
nated by mass transfer in the slag Phase except for a very short initial

period.
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CHAPTER S-2

LITERATURE REVIEW

Several investigations involving phosphorus equilibrium studies
in steelmaking slag/mefal systems hé.ve been reported. (See foot-
note*). The equilibrium studies of Winkler and ‘Chipman (1946) em-
ployed inductic;n heating of the metal phase_and radiant heating of the
slag phase by means of a suspended carbon arc. These workers
reported that under their laboratory conditions equilibrium was
estabiished within 15 minutes.

A literature survey indicates that, at the present time, no
published work is available pertaining to the kinetics of phosphorus
“transfer in steelmakipg slag/metal systems. It is indeed surprising
that no such information is available when phosphorus control in
steel refining is so important. In the author's opinion this is, no
doubt, a manifestation of the technical difficulties associated with
the containment of phosphate-bearing slags under laboratory con-

ditions rather than a lack of interest in the subject.

*Balajiva, et al (1946)
Winkler and Chipman (1946)
Turkdogan and Pearson (1953)
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CHAPTER S-3

EXPERIMENTAL CONSIDERATIONS

S-3.1. Introduction

A preliminary investigation of the kinetics of phosphorus
transfer in steelmaking slag/metal systems was carried out in a
graphite resisténce furpace. The majorb problem was to find a suit-
able container which would be inert and impervious to the extremely
reactive iron oxide slags. Unfortunately, allvattempts to overcome
this di.fﬁculty failed and consequeritly kinetic studies by this method
were abandoned.. |

To overcome this problem of conta<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>