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Preface

During the past two decades many advances have been made in the
implementation of new technologies in the steel industry. These technical
advances have been reflected also on the courses given on process metal-
lurgy at universities and technical colleges. This text book therefore is
intended for the university graduate students, research scientists and en-
gineers specialising in ferrous pyrometallurgy and for use as a source of
reference in the technical training courses given to the steel plant engin-
eers and plant operators.

During the past three score years the manner of applying the principles
of thermodynamics and physical chemistry has gone through many
phases of development, in the search for a better understanding of the
operation and control of the pyrometallurgical processes. Although essen-
tially nothing was known about the thermodynamic properties of slags in
the early 1930s, it was nevertheless recognised that, because of the com-
plex ionic nature of molten slags, the classical mass action law could not be
used in representing the equilibrium constants of slag-metal reactions.
This problem was somewhat circumvented by adopting an empirical ap-
proach to the representation of the slag composition as though the slags
were made up of a mixture of stoichiometric compounds of various as-
sumed silicates, phosphates and free oxides. This empirical concept is
attributed to the early pioneering work of Schenck in his studies of the
Bessemer and open-hearth steelmaking reactions.

Numerous attempts had been made in the past, following the work of
Herasymenko in the late 1930s, to represent the equilibrium constants of
slag-metal reactions in terms of the concentrations of assumed ionic spe-
cies. Although the derivation of reaction equilibria relations from ionic
structural models are of some theoretical interest, their applications to
pyrometallurgical reactions in multicomponent systems have not been
particularly rewarding.

Studies of thermodynamic properties of metals and slags, initiated pri-
marily by Chipman, Richardson and their co-workers in the late 1940s and
1950s, are still an ongoing subject of research projects. Complementary to
these experimental studies, there have been several compilations of ther-
mochemical data made notably by Kelly, Kubaschewski and Hultgren. We
are also greatly indebted to Wagner and Darken for their valuable the-
oretical contributions to the application of the principles of ther-
modynamics in the study of systems pertinent to various aspects of high
temperature technology.

xiii
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Reflecting upon the many facets of these previous endeavours, I have
now reached the conclusion that the equilibrium states of slag-metal reac-
tions, pertinent to the steelmaking conditions, can be quantified in much
simpler forms in terms of the mass concentrations of elements dissolved in
the steel and of oxides in the slag. In the first two chapters of the book, the
principles of thermochemistry and rate phenomena are given in a con-
densed form (mostly definition of terms and basic equations) that is quite
adequate for a comprehensive description of the fundamentals of steel-
making processes and related subjects. Critically reviewed numerical data
on the physicochemical properties of gases, iron alloys and slags are com-
piled in Chapters 3, 4 and 5 which are needed in the formulation of steel-
making reactions. The second half of the book is devoted to (i) the com-
pilation of reassessed equilibrium data on gas-slag-metal reactions, (ii)
the discussion of oxygen steelmaking processes and evaluation of the state
of reactions in the furnace at tap, (iii) the primary aspects of steel refining
in the ladle and (iv) some aspects of reactions occurring during solidifica-
tion of steel in continuous casting.

May, 1995 E.T. Turkdogan



CHAPTER 1

Thermochemistry and
Thermodynamics

Selected thermochemical and thermodynamic functions are presented in
this chapter in a condensed form without dwelling on their derivations
which are well documented in many textbooks. For an in-depth study of
thermodynamics, references may be made to the original teachings of
Gibbs,! the classic texts of Lewis and Randall,? later rewritten by Pitzer
and Brewer,? and of Guggenheim,# a textbook on the physical chemistry
of metals by Darken and Gurry,® an introduction to metallurgical ther-
modynamics by Gaskell,® and many others.

1.1 IpeaL Gas Laws

Definitions of the ideal gas laws are given below as a preamble to state-
ments on the concepts of thermochemistry and thermodynamics.

A relation between temperature, pressure and composition of the sys-
tem is an equation of state. It was through experimental observations that
the equations of state for gases were formulated in the early days of
scientific discoveries.

Boyle’s law (1662): For a given mass of gas at constant temperature, the
gas pressure is inversely proportional to its volume, or

pressure x volume = PV = constant (1.1)

Charles’s law (1787): At constant volume the pressure exerted on a
given mass of gas is a linear function of temperature.

Gay-Lussac’s law (1802): This is analogous to Charles’ law, but stated in
a different form, thus for a given mass of gas at constant pressure, the
volume is a linear function of temperature.

V,= V(1 +of) (1.2)

where V, is the volume at ¢ = 0°C and o the coefficient of volume expan-
sion. At relatively high temperatures and low pressures, for ideal gases o
=1/273.16(°C). Therefore for an ideal gas,

gy (273161t
27316 273.16

The sum 273.16 + t(°C) = T is the absolute temperature scale K (Kelvin),
which is abbreviated to T(K) = 273 + #(°C) for elevated temperatures.

Vt = Vo (1 + Vo ( (1_3)

1
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Avogadro’s law (1811): At constant temperature and pressure, equal
volumes of all gases contain the same number of molecules. One
g-molecule (abbreviated mol) of an ideal gas, containing 6.025 x 1023 mole-
cules, occupies a volume of 22.414 litre at 1 atmosphere and 0°C.

1.1.1 THE GAS CONSTANT

A gas which obeys the simple gas laws is called an ideal gas satisfying the
following relation derived from equations (1.1) and (1.3).

PV = nRT (1.4)

where n is the number of mols and R the universal molar gas constant.
For one mol of an ideal gas at 273.16 K and I atm pressure, the value of
the molar gas constant is
1x 22414

R= —-273j6— = (0.08205 I atm mol-1K-1 (1.5)

For pressure in Pa (= ] m~3) and volume in m3,

1.01325 x 105 x 22.414 x 10-3
273.16

R= = 8.314 ] mol-IK-1 (1.6)

1.1.2 GAS PARTIAL PRESSURE, DALTON’S LAW (1801)

In a gas mixture containing n;, n,, ny . . . numbeér of mols of gases occupy-
ing a volume V at a total pressure P, the partial pressures of the constitu-
ent gaseous species are as given below.

My

p1=n1+n2+n3+... xP
= o)
Po= g imprmyt. .. xP
P=pi+p,+ps+... 1.7)

Equations for constant pressure, volume and temperature:
The following equations are for a given mass of gas.

Vi _ Vo _ Vs

Constant pressure (isobaric) TS =T (1.8)
1 2 3

Constant volume (isochoric) - = = = ... (L9

Constant temperature (isothermal) P,V; = P,V, = P;V; ... (1.10)
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1.1.3 NONIDEAL GASES

The behaviour of gases becomes nonideal at low temperatures and high
pressures. Since the metallurgical processes are at elevated temperatures
and ordinary pressures, the equation of state for nonideal gases will not be
discussed here.

1.2 THe FirsT LAW OF THERMODYNAMICS

The first law of thermodynamics is based on the concept of conservation of
energy. When there is interaction between systems, the gain of energy of
one of the systems is equal to the loss of the other system. For example, the
quantity of heat required to decompose a compound into its elements is
equal to the heat generated when that compound is formed from its
elements.

1.2.1 ENERGY

In 1851 Lord Kelvin defined the term “energy’ as follows:

The energy of a material system is the sum, expressed in mechanical units of work, of all
the effects which are produced outside the system when the system is made to pass in
any manner from the state in which it happens to be to a certain arbitrarily fixed initial
state.

That is, there is no such thing as absolute energy but only relative energy;
only change in energy with change of state can be measured, with refer-
ence to a standard state.

1.2.2 ENTHALPY (HEAT CONTENT)

The internal energy of a system includes all forms of energy other than the
kinetic energy. Any exchange of energy between a system and its sur-
roundings, resulting from a change of state, is manifested as heat and
work.

When a system expands against a constant external pressure P, resulting
in an increase of volume AV, the work done by the system is

w = PAV = P(Vy - V,,) (1.11)

Since this work is done by the system against the surroundings, the sys-
tem absorbs a quantity of heat q and the energy E of the system increases
in passing from state A to state B.
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AE=Ep-E =q-PAV=g-P(Vg-V,) (1.12)
Upon re-arranging this equation, we have
| (Eg+PVy)—(E4+PVy) =g (1.13)
The quantity E + PV is represented by a single symbol H, thus
| AH =g = (Eg+PVy) — (E4 + PV,) (1.14)
The function H is known as enthalpy or heat content.

1.2.3 HEAT CAPACITY

The heat capacity of a substance is defined as the quantity of heat required
to raise the temperature by one degree. The heat capacity of 1 g of a
substance is called the specific heat. The heat capacity of 1 g-molecule
(abbreviated as mol) is called the molar heat capacity.

For an ideal gas the difference between the molar heat capacities at
constant pressure, Cp, and constant volume, Cy, is equal to the molar gas
constant.

Cp-Cy=R (1.15)

Because of experimental convenience, the heat capacity is determined un-
der conditions of constant pressure (usually atmospheric).

The change in enthalpy of a system with temperature at constant press-
ure is by definition the heat capacity of the system.

_(9H
Cp = (FT‘ ) (1.16)

Integration gives the change in enthalpy with change in temperature at

constant pressure.
AH = Hy - Hy, f C,dT (1.17)
T

Above 298 K, the temperature dependence of C, may be represented by
C,=a+bT - T2 ©(1.18)

where the coefficients, a, b and ¢ are derived from Cp calorimetric measure-
ments at different temperatures.

T
AH i/‘ (@ + bT - cT-2) dT (1.19)
298
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In recent compilations of thermochemical data, the AH values are tabu-
lated at 100 K intervals for the convenience of users.

1.2.4 STANDARD STATE

The enthalpy is an extensive property of the system, and only the change
in heat content with change of state can be measured. A standard refer-
ence state is chosen for each element so that any change in the heat content
of the element is referred to its standard state, and this change is denoted
by AH®.

The natural state of elements at 25°C and 1 atm pressure is by conven-
tion taken to be the reference state. On this definition, the elements in their
standard states have zero heat contents.

The heat of formation of a compound is the heat absorbed or evolved in
the formation of 1 g-mol of the compound from its constituent elements in
their standard states, denoted by AH5,.

1.2.5 ENTHALPY OF REACTION

The change of enthalpy accompanying a reaction is given by the difference
between the enthalpies of the products and those of the reactants.
For an isobaric and isothermal reaction,

A+B=C+D (1.20)
the enthalpy change is given by
AH® = (AH¢ + AHp) — (AH, + AHp) (1.21)

By convention, AH is positive (+) for endothermic reactions, i.e. heat
absorption, and AH is negative (-) for exothermic reactions, i.e. heat
evolution.

Temperature effect:

AHZT = ZAH3qg (products) — ZAH3 4 (reactants)

T
+ f [£C, (products) — ZC,, (reactants)]dT (1.22)
298

i

T
AHS. = AHSpg + [ (AC,)dT (1.23)

298
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1.2.6 HESS'S LAW

In 1840 Hess defined the law of constant heat summation as ‘the heat
change in a chemical reaction is the same whether it takes place in one or

several stages.” This law of Hess is in fact a direct consequence of the law
of conservation of energy.

1.2.7 SPECIAL TERMS OF HEAT OF REACTION

Enthalpy or heat of formation Fe + 120, —  FeO

Heat of combustion C+0, -  CO,

Heat of decomposition 2CO - C+CO,

Heat of calcination CaCO4 —  Ca0 + CO,
Heat of fusion (melting) Solid —  Liquid

Heat of sublimation Solid —  Vapour

Heat of vaporisation Liquid —  Vapour

Heat of solution Si(l) —  [Si] (diss.in Fe)

1.2.8 ADIABATIC REACTIONS

When a reaction occurs in a thermally insulated system, i.e. no heat ex-
change between the system and its surroundings, the temperature of the
system will change in accordance with the heat of reaction.

As an example, let us consider the internal oxidation of unpassivated
direct reduced iron (DRI) in a stockpile, initially at 25°C. The enthalpy of
reaction at 298 K is

Fe + 140, — FeO, AHZgg = ~ 267 kJ mol-1 (1.24)

The heat balance calculation is made for 1000 kg Fe in the stockpile with
150 kg FeO formed in oxidation. The heat absorbed by the stockpile is (150
x 103/72) x 267 k] and the temperature rise is calculated as follows:

Q = [nFe (CP)Fe + Mgeo (CP)FeO](T - 298)
Mo = 17,905 g-mol for 1000 kg Fe

MEeo = 2087.7 g-mol for 150 kg FeO

Cp (Fe) = 0.042 k] mol-1K-1

Cp (FeO) = 0.059 kJ mol-1K-1
~. Q = 557,416 = (752 + 123) (T - 298)

With this adiabatic reaction, the stockpile temperature increases to T = 935
K (662°C).

The moisture in the stockpile will react with iron and generate H, which will
ignite at the elevated stockpile temperature. This has been known to happen
when DRI briquettes were had not adequately passivated against oxidation.
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1.3 TaHe SEcOND LAW OF THERMODYNAMICS

The law of dissipation of energy states that all natural processes occurring
without external interference are spontaneous (irreversible processes). For
example, heat conduction from a hot to a cold part of the system. The
spontaneous processes cannot be reversed without some change in the
system brought about by external interference.

1.3.1 ENTROPY

The degree of degradation of energy accompanying spontaneous, hence
irreversible, processes depends on the magnitude of heat generation at
temperature T and temperatures between which there is heat flow.

The quantity g/T is a measure of degree of irreversibility of the process,
the higher the quantity q/T, the greater the irreversibility of the process.
The quantity g/ T is called the increase in entropy. In a complete cycle of all
reversible processes the sum of the quantities 2q/T is zero.

The thermodynamic quantity, entropy S, is defined such that for any
reversible process taking place isothermally at constant pressure, the
change in entropy is given by

as=4 - Cp ar=Cpa(inT) (1.25)

1.4 THE THIRD LaAw OF THERMODYNAMICS

The heat theorem put forward by Nernst (1906) constitutes the third law of
thermodynamics: ‘the entropy of any homogeneous and ordered crystal-
line substance, which is in complete internal equilibrium, is zero at the
absolute zero temperature.” Therefore, the integral of equation (1.25) given
above has a finite value at temperature T as shown below.

T
Sy = f C,d (In T) (1.26)

The entropy of reaction is
AS = ZS(products) — ZS(reactants) (1.27)

and entropy of fusion at the melting point T,, .

AS, = Blim (1.28)
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1.5 GiBBS FREE ENERGY

From a combined form of the first and second laws of thermodynamics,
Gibbs derived the free energy equation for a reversible process at constant
pressure and temperature.

G=H-TS (1.29)

The Gibbs free energy is also known as the chemical potential.
When a system changes isobarically and isothermally from state A to
state B, the change in the free energy is

Gy - G4 = AG = AH - TAS (1.30)

During any process which proceeds spontaneously at constant pressure
and temperature, the free energy of the system decreases. That is, the
reaction is thermodynamically possible when AG < O. However, the reac-
tion may not proceed at a perceptible rate at lower temperatures, if the
activation energy required to overcome the resistance to reaction is too
high. If AG > O, the reaction will not take place spontaneously.

As in the case of enthalpy, the free energy is a relative thermodynamic
property with respect to the standard state, denoted by AG°.

The variation of the standard free energy change with temperature is
given by

8

T T
AGS. = AHS, t/’ AC,dT — TAS35— :i[ AC,d(InT) (131)
29 298

1.5.1 GENERALISATION OF ENTROPY OF REACTION

1. When there is volume expansion accompanying a reaction, i.e. gas
evolution, at constant pressure and temperature the entropy change is
positive, hence AG decreases with an increasing temperature.

C + CO, = 2CO
AG® = 166,560 — 171.0T

2. When there is volume contraction, i.e. gas consumed in the reaction,
at constant pressure and temperature the entropy change is negative,
hence AG increases with an increasing temperature.

H, + %S, = H,S
AG® = 91,600 + 50.6T ]
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3. When there is little or no volume change the entropy change is close
to zero, hence temperature has little effect on AG.

C + 02 = COZ
AG°® =-395,300 - 0.5T ]

1.5.2 THE STANDARD FREE ENERGIES OF FORMATION OF COMPOUNDS

For many reactions, the temperature dependence of AH® and AS°® are
similar and tend to cancel each other, thus the nonlinearity of the variation
of AG® with temperature is minimised. Using the average values of AH°
and AS°, the free energy equation is simplified to

AG® = AH® - AS°T (1.32)

The standard free energies of reactions encountered in ferrous metallurgi-
cal processes can be computed using the free energy data listed in Table 1.1.

1.6 EMriricaL. CORRELATIONS
1.6.1 HEAT CAPACITIES OF SOLID ELEMENTS AND SIMPLE COMPOUNDS

Over the years attempts have been made in pursuit of rationales for com-
position dependence of the thermochemical properties of substances. A
classical example is that of Dulong and Petit (1819) who noted that for
most solid elements, the atomic heat capacity at room temperature and
atmospheric pressure is essentially constant within the range 255 + 1.7 ]
atom~1K-1, which is very close to 3R = 24.94 ] atom~1K-1. There are a few
exceptions: the elements beryllium, boron, carbon and silicon have lower
atomic heat capacities, and elements cerium, gadolinium, potassium and
rubidium higher atomic heat capacities. .

Dulong & Petit’s rule was subsequently extended to simple compounds
by various investigators, ultimately leading to what is known as Kopp's
rule (1865): ‘the molar heat capacity of a solid compound is approximately
equal to the sum of the atomic heat capacities of its constituent elements.’

The combination of the two rules leads to the following approximation
in terms of the molar gas constant R.

molar Cp,
number of atoms

=Cp~3R (1.33)

It should be emphasised that this approximation applies only to simpTé
compounds, e.g. oxides, sulphides, nitrides, carbides, halides and inter-
metallic compounds containing less than 4 or 5 atoms per mol formula.
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Table 1.1 The standard free energies of formation of selected compounds from
compiled thermochemical data.”8

+Notations: (g) gas, (I) liquid, (s) solid, (d) decomposition, () melting, (v) vaporisation

AG® = AB° - AS°T

-AH° —AS° Temp.Range
kJ mol-1 Jmol-1IK-1 <K °C

2A1(1)+3/2 O,(g) = ALOS(s) 1683.2 325.6 8 659-1700
Al()+1/2 N,(g) = AIN(s) 3283 1155 4 659-1700
4AI(1)+3C(s) = ALCs(5) 266.5 96.2 8 659-1700
2B(s)+3/2 O,(g) = B,O5(I) 1228.8 210.0 4 450-1700
B(5)+1/2 N,(g) = BN(s) 253.6 89.5 2 25-900
4B(5)+C(s) = B,C(s) : 79.5 92 4 25-900
C(s)+2H,(g) = CH,(3) 91.0 1107 2 25-2000
C(s)+1/2 O,(g) = CO(g) 1144 858 2 25-2000
C(s)+0,(8) = CO,(3) - 3953 -05 2 25-2000
Ca(l)+1/2 0,(g) = CaO(s) 900.3 275.1 6 850-1487v
Ca(l)+1/2 S,(3) = CaS(s) 548.1 103.8 4 85014870
3Ca0(s)+AL04(s) = CasALO(s) 163 264 8 25-1535d
12Ca0(s)+7AL04(s) = Ca;,Al; 4055(s) 73.1 ~207.5 8 25-1455m
CaO(s)+Al,05(s) = CaALO,(s) 19.1 -17.2 8 25-1605m
CaO(s)+CO,(g) = CaCO, (5) 1613 1372 4 25-8804
2Ca0(s)+8i0,(s) = Ca,Si0,(s) 1188 -113 10 25-1700
CaO(s)+Si04(s) = CaSiO4(s) 9.5 2.5 12 25-1540m
0.947Fe(s)+1/2 O,(g) = Feg 04,0 (5) 263.7 64.3 4 25-1371m
Fe(l)+1/2 O,(g) = FeO (I) 255 413 4 1537-1700
3Fe(s)+2 O,(g) = Fe;0,(s) 11022 307.4 4 25-1597m
2Fe(s)+3/2 0,(g) = Fe,054(s) 814.1 250.7 4 25-1500
Fe(s)+1/2 S,(g) = FeS(s) 154.9 56.9 4 25-988m
H,(g)+1/2 O,(g) = H,0(g) 2473 55.9 1 25-2000
H,(g)+1/2 S,(3) = H,S(g) 91.6 50.6 1 25-2000
3/2 H,(g)+1/2 Ny(g) = NH,(g) 537 32.8 0.5 25-2000
Mg(g)+1/2 O,(g) = MgO(s) 759.4 202.6 10 1090-2000
Mg(g)+1/2 S5(g) = MgS(s) 539.7 193.0 8 1090-1700
2MgO(s)+5i0,(5) = Mg,SiO,(s) 67.2 43 8 25-1898m
MgO(s)+5i04(s) = MgSiOs(s) 411 6.1 8 25-1577m
MgO(s)+CO,(g) = MgCO,(s) 1163 1734 8 25-402d
Mn(s)+1/2 O,(8) = MnO(s) 384.8 73.1 4 25-1244
Mn())+1/2 O4(g) = MnO(s) 397.0 81.1 4 1244-1700
Mn(s)+1.2 S,(3) = MnS(s) 2779 64.0 4 25-1244
Mn(l)+1/2 S,(g) = MnS(s) 290.1 719 4 1244-1530m
Mn(l)+1/2 S,(g) = MnS()) 262.6 64.4 4 1530-1700
MnO(s)+5i0,(s) = MnSiOs(s) 28.0 2.8 12 25-1291m
1/25,(g)+04(g) = SO4(g) 3617 72.7 0.5 25-1700
Si(l)+1/2 O,() = SiO(g) 1547 _52.5 12 1410-1700
Si(s)+0,(g) = $i04(s) 907.1 175.7 12 400-1410
Si(1)+0,(g) = SiO,(s) 952.7 203.8 12 1410-1723m

1.6.2 HEAT CAPACITIES OF POLYMERIC SUBSTANCES

From a detailed study of the heat capacity data for complex polymeric
compounds, the Author® noted that there was indeed a rationale for



Thermochemistry and Thermodynamics 11

N
[0)]

J g-atom™ K™
n
N

HEAT CAPACITY,
®

14 | ] 1
300 500 700 900 1100

TEMPERATURE, K

Fig. 1.1 Heat capactities of crystalline minerals and aluminosilicate glasses in terms
of ] g-atom-1K-1, using the experimental data of Krupka et 4l.1° From Ref. 9.

composition dependence of the heat capacity. Based on the heat capacity
data of Krupka et al.10 for several aluminosilicates,* it was found that the
heat capacity per atom is a single function of temperature as shown in Fig.
1.1. At temperatures of 300 to 400 K, Cp values are much below 3R, indicat-
ing that Kopp’s rule does not hold for complex compounds. The mythical
3R value happens to be at temperatures of 950 to 1050 K for which no
particular significance can be attached. The curve in Fig. 1.1 may be rep-
resented by the following equation.

Cp (J atom-1K-1) =
49.75 - 0.0127T + 180 x 103T-2 - 555T-1/2 + 5 x 10-6T2 (1.34)

The molar heat capacities of polymeric substances at 1000 K, including
molybdates, titanates, tungstates and so on, are seen from the plot in Fig.
1.2 to be proportional to the number of atoms per mol formula of the
compounds, with a slope of 3R as anticipated from the data in Fig. 1.1.

*Albite: NaAlSi;Og Muscovite: KAL,(AlSi50,4)(OH),
Orthoclase: KAISi;Oq Pyrophillite: AlLS51,0,4(OH),
Anorthite: CaAl,Si,Oq Grossular: CazAl,Si;04,

1.6.3 HEAT CONTENTS AT MELTING POINTS

When there is no allotropic phase transformation, the integration of eqﬁé-
tion (1.34) gives the following expression for the heat content relative to
298 K.
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Fig. 1.2 Molar heat capacities of polymeric substances (network formers) at 1000 K
related to g-atom per mol; the broken line is drawn with a slope of 3R. From Ref. 9.

Ht - H3gg (J atom-1) =
5460 + 49.75T — 6.35 x 10-3T2 — 180 x 103T-1 -111071/2
+1.67 x 10-6T> (1.35)

Using the available thermochemical data compiled by Barin et al.11.12
the values of H} — H3gg per g-atom, minus the enthalpies of phase trans-
formations, are computed for solid polymeric substances at their melting
points; these are plotted in Fig. 1.3. The full-line curve calculated from
equation (1.35) is in general accord with the enthalpy data for a variety of
crystalline substances which have network-type structures, with the
number of atoms per mol formula being in the range 3-26 and melting
points 600 to 2200 K. Within the scatter of the data, the relation in Fig. 1.3
may be simplified to a linear equation for temperatures above 1100 K,
with AH, per g-atom added for the phase transformations in the solid
state.

HS ~ Hog (K] atom-1) = 0.03T - 15.6 + AH, (1.36)
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Fig. 1.3 Heat contents of polymeric substances (network formers) at their melting
points; the upper curve — — — is approximate for the liquid phase. From Ref. 9.

1.6.4 HEAT OF MELTING

Since thermodynamic quantities are functions of similar state properties,
one thermodynamic quantity may be related to another. With this thought
in mind, in Fig. 1.4, AH,, is plotted against H} — H34g at the melting points
of polymeric substances. With the exception of the datum point for silica
(AH,, = 3.19 kJ atom~1), there is a fair correlation which may be repres-
ented by the following approximation.

AH,, (k] atom-1) ~ 0.35(H3,, - H3og) — 2.5 (1.37)

1.7 THERMODYNAMIC ACTIVITY

The combined statement of the first and second laws for a system doing

work only against pressure gives the following thermodynamic relation.
dG = VdP - SdT (1.38)

At constant temperature AG = VAP and for 1 mol of an ideal gas V = RT/P;

with these substituted in equation (1.38) we obtain

dG=RT 4L - RTdInP (1.39)

Similarly, for a gas mixture
dG; =RT d In p; (1.40)
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Fig. 1.4 Enthalpy of fusion related to heat contents of polymeric substances at their
melting points. From Ref. 9.

where p; is the partial pressure of the ith species in the gas mixture, and G;
partial molar free energy.

In a homogeneous liquid or solid solution, the thermodynamic activity
of the dissolved element is defined by the ratio

_ , vapour pressure of component (i) in solution (1.41)
i ( vapour pressure of pure component ) T )
In terms of solute activity, the partial molar free energy equation is
dG;=RTd Ing; (1.42)

Integration at constant temperature gives the relative partial molar free
energy in solution

G,=RT1Ing (1.43)

1.7.1 TEMPERATURE EFFECT ON ACTIVITY

In terms of the relative partial molar enthalpy and entropy of solution

G,=H -3T (1.44)
which gives
H; 5;
. ___H 5;
or 1084 = 53 RT ~ Z303R (1.46)
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1.7.2 soLuTIONS

A solution is a homogeneous gas, liquid or solid mixture, any portion of
which has the same state properties. The composition of gas solution is
usually given in terms of partial pressures of species in equilibrium with
one another under given conditions. For liquid solutions, as liquid metal
and slag, the composition is given in terms of the molar concentrations of
components of the solution.
The atom or mol fraction of the component i in solution is given by the ratio
=
Ni= <
where 7, is the number of g-atoms or mols of component i per unit mass of
solution, and =n the total number of g-atoms or mols. Since the metal and
slag compositions are reported in mass percent, n; per 100 g of the sub-
stance is given by the ratio
%0i
"M

1

where M,; is the atomic or molecular mass of the component i.
Noting that the atomic mass of iron is 55.85g, the atom fraction of solute
i in low alloy steels is given by a simplified equation

- Ji
N; = M 0.5585 (1.47)
In low alloy steelmaking, the composition of slag varies within a rela-
tively narrow range, and the total number of g-mol of oxides per 100 g of
slag is within the range 3n = 1.6 = 0.1. With this simplification, the mol
fraction of the oxide in the slag is given by

%i
1.6 M,

1

N, = (1.48)

1.7.3 MOLAR QUANTITIES OF SOLUTIONS

The molar free energy of mixing (solution), GM, enthalpy of mixing HM,
and entropy of mixing, SM, are given by the following summations:

For binary systems, a graphical method is used to evaluate the parti%i
molar quantities from the molar quantity of solution by drawing tangents
to the curve for the molar quantity G as demonstrated in Fig. 1.5.



16 Fundamentals of Steelmaking

G—

Fig. 1.5 Graphical method of evaluating the partial molar quantities from the molar
quantity of a binary system.

1.7.4 DEAL SOLUTIONS — RAOULT'S LAW (1887)

The solutions are said to be ideal, if the activity is equal to the mol or atom
fraction of the component i in solution,

1

(1.50)

A thermodynamic consequence of Raoult’s law is that the enthalpy of
mixing for an ideal solution, HM#4, is zero. Substituting a4, = N; and HM.#d =
0in the free energy equation gives for the entropy of formation of an ideal
solution.

1.7.5 NONIDEAL SOLUTIONS
Almost all metallic solutions and slags exhibit nonideal behaviour. Depend-
ing on the chemical nature of the elements constituting a solution, the activity

vs composition relation deviates from Raoult’s law to varying degrees, as
demonstrated in Fig. 1.6 for liquid Fe-Si and Fe—Cu systems at 1600°C.

1.7.6 ACTIVITY COEFFICIENT
The activity coefficient of solute i is defined by the ratio

& (1.52)



Thermochemistry and Thermodynamics 17

1.0
X +J ’
‘\ ”, ‘\‘ ’I'
0.8 |- . Ny - ~
“\ \‘b;" \\ ’
=z 0.6 " Q:/Zr', - .
2
'06 LA '1 N
P , A acuy . . are
04 - o . - .
0 2 __ , ’ \“ "1§ \“
d \\ 't %o .~
Pt AN B .
asj 8re . .
0 ] ) } s ] ] l | N
0 0.2 0.4 0.6 0.8 1.0 0 0.2 0.4 0.6 0.8 1.0
Silicon (atom fraction) Copper (atom fraction)

Fig. 1.6  Activities in liquid Fe-Si and Fe—Cu alloys at 1600°C showing strong nega-
tive and positive departures from Raoult’s law.

If the activity is relative to the pure component i, it follows from Raoult’s
law thatas N; = 1, v, — L.

1.7.6a Henry’s law for dilute solutions

In infinitely dilute solutions, the activity is proportional to the
concentration

a;=v;N; (1.53)

The approach to Henry’s law at dilute solutions is demonstrated in Fig. 1.7
for the activity of carbon (relative to graphite) in austenite at 1000°C. The
austenite containing 1.65%C (N = 0.072) is saturated with graphite at
1000°C for which the carbon activity is one relative to graphite.

Since Henry’s law is valid at infinite dilution only, the ratio y;/y°; is used
as a measure of departure from Henry’s law for finite solute contents
in dilute solutions. For solute concentration in terms of mass percent,
Henry’'s activity coefficient is defined by the ratio

fFL

L 1.54
Yi ( )

such that f; — 1 when %i — 0.

1.7.6b Interaction coefficients

Over several mass percentages of the solute, the composition dependence
of activity coefficient f; of solute 7 in binary systems is represented by the
following relation in terms of mass %i.

log f; = ¢/; [%i] (1.55)
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Fig. 1.7 Activity of carbon in austenite (relative to graphite) at 1000°C, demonstrat-
ing deviation from Henry’s law.

where e is called the solute interaction coefficient. For multi-component
solutions, the following summation is used

log f; = e; [%i] + Ze¢/; [%j] (1.56)

where ¢/; is the effect of the alloying element j on the activity coefficient of
solute 1.

1.7.7 CONVERSION FROM ONE STANDARD STATE TO ANOTHER

In steelmaking processes we are concerned with reactions involving dissolved
elements at low concentrations in liquid steel. Therefore, it is convenient to
express the solute activity relative to Henry’'s law. The free energy change
accompanying the isothermal transfer of solute from state A to state B is

AG =RTIn &

aq

Taking a pure component for state A, i.e. a, = 1 and Henry’s law for state
B, ie.ag=v;N;

AG = RT In(y$N,)
For one mass percent solute in iron,

0.558

1
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where M, is the atomic mass (g) of the solute. Assuming that Henry's law
holds at 1 mass %, the standard free energy of solution of pure component
i in iron at 1 mass % is

0.5585 .
M. ¥7)

1

AG, = RT In (

(1.57)

Since Henry’s law is valid at infinite dilution only, appropriate correction
must be made for nonideal behaviour when using the above equation.

1.8 ReacTioN EqQuiLiBRIUM CONSTANT

A reaction at constant temperature and pressure,
mM + nN =ul + vV
is accompanied by a change in the free energy of the system thus,
AG = (uGy; + vGy) - (mG,, + nGy)
As shown earlier, the relative partial molar free energy of solution is
G,=G;+RTIng,
Inserting this equality in the above equation gives
AG = [u(G{; + RT In ay)) + v(Gy, + RT In ay)]
- [m(Gys + RT In apy) + n(Gg; + RT ay)]

At equilibrium AG = 0, therefore, in terms of the activities of reactants and
products, the standard free energy change accompanying the reaction is

AG® = (UG + vGY — mGy—nG) = —RTIn Ll @)’ 5g)

(@r)™(an)"
The equilibrium constant is '
(@ay)“(ay)®
K= 22—~ 1.59
Era" @7 (:5)
which inserted in equation (1.58) gives
AG°=-RTIhK (1.60)

1.8.1 EFFECT OF TEMPERATURE

Since AG® is a function of temperature only, the equilibrium constant is
also a function of temperature only.
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In K=- AG°/RT
In terms of enthalpy and entropy changes

InK=- AH +—&

T+ (1.61)

In exothermic reactions AH is negative, therefore the equilibrium constant
K decreases with an increasing temperature. The temperature effect on K
is the opposite in endothermic reactions.

1.9 PuAse RULE

For the state of equilibrium in the system influenced by temperature,
pressure and composition only, from thermodynamic considerations
Gibbs derived the following relation, known as the phase rule

f=n-p+2 (1.62)

where f is the degrees of freedom (i.e. number of variables which define
the system), n the number of components and p the number of phases.

For a single component system such as H,O, n = 1. For a single phase
water, p = 1 hence f = 2; that is, both temperature and pressure can be
changed arbitrarily. For water-water vapour, water-ice or ice-water
vapour equilibrium p = 2 and f = 1; in this univariant equilibrium either
temperature or pressure is the independent variable. When the three
phases (ice, water and water vapour) are in equilibrium, f = 0; this is an
invariant system at a particular temperature and pressure which defines
the triple point.

The pressure vs temperature relation is shown in Fig. 1.8 for a single
component system. If the triple point is above atmospheric pressure, the
solid sublimes without melting. For example, solid CO, sublimes at
-78.5°C at 1 atm; melting occurs at ~56.4°C at 5.11 atm.

1.10 PHASE EQUILIBRIUM DIAGRAMS

For ordinary pressures of metallurgical interest, mostly at about 1 atm, the
solid-liquid phase equilibrium is not influenced perceptibly by pressure;
the only remaining independent variables of the system are temperature
and composition, consequently for essentially constant pressure the phase
rule is simplified to

f=n-p+1 (1.63)
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Fig. 1.8 Phase relations for single component systems.

1.10.1 BINARY SYSTEMS

When the components A and B of a binary system are mutually soluble in
the liquid and solid state, the phase equilibrium diagram has the simplest
form as shown in Fig. 1.9. In this system, the solidification of a melt of
composition X occurs within the temperature range T; and T, and the
compositions of liquid and solid solutions change along the L,L, liquidus
and 5,5, solidus curves respectively. At an intermediate temperature T,
the ratio L'X'/X'S" gives the amount of solid solution S’ relative to the
residual liquid of composition L'.

® E

5 :

[ I H Solid solution

4 H + liquid

£ :

2 s

Solid solution
A X B i
B (%)

Fig. 1.9 Simple binary phase diagram with complete liquid and solid solutions.
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When there is a greater positive departure from ideal behaviour in the
solid solution than for the liquid, the phase diagrams are of the forms
shown in Figs. 1.10 and 1.11 for the eutectic and peritectic systems with
partial solid solutions.

In the binary eutectic system within the composition range A’ and B,
both o and $ phases are formed at the last stage of solidification. With
three phases present the degree of freedom is zero, hence the eutectic
composition and temperature are constant and the solidus line between A’
and B’ is drawn parallel to the composition abscissa.

In the system shown in Fig. 1.11, there is a peritectic reaction between
the solid solution o of composition C and liquid P forming the solid

1 Liquid
+L
fsj o+L P
[ ' [
5 A B
o
E
2 o o+p B
A . B (%) B

Fig. 1.10 Binary eutectic systems with partial solid solubilities.

a+Liquid
p B+Liquid

Temperature ——

AC D' B
B (%)

Fig. 1.11 Peritectic reaction in a binary system with partial solubilities.
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Fig. 1.12 Liquid miscibility gap in a binary system.

solution B of composition D. Within the field CDC'D’ there are two solid
phases a and B, the compositions of which change with temperature along
the solubility curves CC' and DD’ respectively.

When there is a strong positive departure from ideal behaviour in the
liquid solution, a miscibility gap occurs over some composition and tem-
perature range as drawn in Fig. 1.12. The horizontal line depicting the
three-phase equilibrium between solid B, liquid (1) and liquid (2) is called
the monotectic invariant. With increasing temperature the mutual sol-
ubilities of liquid (1), rich in A, and liquid (2), rich in B, increase and above
a particular critical temperature the two liquids become completely misc-
ible. The activity vs composition relation for a system with a miscibility
gap is shown in Fig. 1.13. Since the liquids L, and L, are in equilibrium, the
activity of A will be the same in both phases as indicated by the horizontal
line L,L,.

1.10.2 TERNARY SYSTEMS

In a ternary system there are two degrees of freedom for the two-phase
region: two solids or one solid and liquid. The alternative arbitrary
changes that can be made are (i) the concentrations of two of the compo-
nents or (ii) temperature and concentration of one of the components. That
is, in a ternary system the two-phase region is depicted by a curved
surface in the three dimensional temperature-composition diagram as il-
lustrated in Fig. 1.14. This simple ternary eutectic system is made up from-
three binary eutectic systems A-B, A~C and B-C. The liquidus surfaces are
DFGE for component A, DHJE for component B and JKGE for component
C. These three liquidus surfaces merge at the eutectic invariant point E; the



24 Fundamentals of Steelmaking

Activity —>

Liqud L 2liquids ___: Liquid
(M ' Li+lo b@)

B

A Atom fraction of B

Fig. 1.13  Activity of component A at temperature T, of the system given in Fig. 1.12;
pure liquid A is the standard state.

Temperature ——~
»

Fig. 1.14 Three dimensional sketch of a ternary eutectic system.

solidus invariant is the surface A'B'C’ that is parallel to the base composi-
tion triangle ABC.

The liquidus surfaces of ternary phase diagrams are depicted in a two-
dimensional drawing by projecting the liquidus isotherms onto the com-
position triangle as shown in Fig. 1.15 for the system Fe;0,-5i0,-Al,0; at
1 atm air.’> The phase equilibrium relations in ternary systems are de-
scribed more easily by drawing isothermal sections as in Fig. 1.16 for
1500°C. The dotted lines in two-phase regions  delineate liquid
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Fig. 1.15 Phase relations at liquidus temperatures in the system Fe;0,-5i0,-A1,04
in air, based mainly on the data of Muan.13

compositions in equilibrium with the solid phase. In the triangular regions
there are three phases: two solid phases in equilibrium with liquid of fixed
composition for a given isotherm.

1.11 SurrACE TENSION (SURFACE ENERGY)

The plane of separation of two phases is known as a surface or interface.
For a given system at constant temperature and pressure, the increase in
free energy per unit increase in the surface area, is the surface tension
(surface energy) or interfacial tension o

G
o= (57 )T,P,n,. (1.64).

where G is energy, A the surface area and n; the number of mols of the ith
component.
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Fig. 1.16 Phase equilibrium relations at 1500°C isotherm.

For a binary system at constant temperature and pressure, the following
thermodynamic relation was derived by Gibbs.

where g; is the solute activity, I'; the excess surface concentration of the

chemisorbed solute and k the Boltzmann constant = 1.38 x 10-23 J K-1. Re-
arranging the above equation gives

_ 1 do
Li== % dhay (1.66)

This thermodynamic relation is known as the Gibbs adsorption equation.

Units of o:

as surface tension Nm-1 Numerical values
as surface energy Jm-2 are identical

Units of I';: Number of atoms per m?2,

In the integrated form, the Gibbs adsorption equation becomes

where o, is the surface energy of the pure substance in an inert
atmosphere.



Thermochemistry and Thermodynamics 27

2200 |~ @ Jimbo and Cramb'4

0 Kasama et al'®

2000 —

Surface tension (mNm™')

pry -y — -

N S [=] ©

o (=] o o

o o o o
|

1000 |~

L L 1 1 1 L !
-8 -7 -6 -5 -4 -3 -2 -1
Inag

800
-9

Fig. 1.17 Effect of oxygen on surface tension of liquid iron at 1550°C.

1.11.1 CHEMISORBED LAYER

The surface concentration of solute in the chemisorbed layer is determined
by drawing tangents to the curve in the plot of o against In 4;, as shown in
Fig. 1.17 for the liquid Fe-O melts at 1550°C. At high solute activities, the
curve approaches linearity asymptotically; this limiting slope gives the
surface concentration at saturation designated by TI';. The fraction of sites
covered by adsorbed species at constant temperature and solute activity is
given by the ratio

0= ( % )T,a,- (1.68)

1.11.2 LANGMUIR ADSORPTION ISOTHERM

Based on the kinetic theory of gases and the reaction kinetics of adsorption
and desorption, Langmuirlé derived the following relation for the mono-
layer chemisorption in a binary system.

0.
a; = @; 1_19' (1.69)

If there is no interaction between the chemisorbed species, the monolayéi‘
is said to be ideal for which the coefficient ¢, is independent of coverage of
the surface sites.
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The heat of adsorption AH, for a given coverage ¢; is obtained from the
temperature dependence of ¢;.

= dIn g,
AH,=R /D (1.70)

According to the surface tension data for the liquid Fe-O system at
1550°C, the monolayer saturation is approached at about a5 = 0.1 (= 0.1
wt.% O) for which T'g ~ 1.1 x 101° O atoms/m?2. The oxygen adsorption
isotherm for liquid iron at 1550°C derived from the surface tension data is
plotted in Fig. 1.18. According to this estimate of the adsorption isotherm,
the coefficient ¢y decreases from 0.014% as 65 — 0 to 0.0013% as 8, — 1,
which indicates strong negative deviation from ideal behaviour in the

monolayer.
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Fig. 1.18 Fraction of surface coverage by chemisorbed oxygen on liquid iron at
1550°C, derived from the surface tension data in Fig. 1.17.

Bernard and Lupis!” suggested an adsorption model which takes into
account interaction forces between adsorbed atoms. On the other hand,
Belton18 assumed the ideal monolayer coverage in deriving adsorption
isotherms for various metal-oxygen and sulphur systems from the surface
tension data. It is interesting to note that the adsorption isotherms derived
on the assumption of an ideal monolayer are similar to those based on the
model proposed by Bernard and Lupis. It appears that, within the ac-
curacy limits of the experimental data, surface tensions are not too sensi-
tive to the choice of the adsorption function.
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For the limiting case of 8; approaching 1, the fraction of sites not oc-
cupied, 1-9;, is inversely proportional to the solute activity

= %
1-0,= - (1.71)

With liquid iron this limiting case is approached at ~ 0.1% O or ~0.01% S.

1.11.3 EFFECT OF SURFACE CURVATURE ON SURFACE TENSION

From thermodynamic considerations, Kelvin derived the following rela-
tion for a curved surface, here given in terms of the vapour pressure of
species i,

In

P, ;2o V;

7 = (5 )(=r) 172
where P; is the vapour pressure over a curved surface and P*; for a plane
surface, r the radius of curvature and V; the relative partial molar volume

of the ith component in solution.
For bubbles in a liquid, the excess pressure in the bubble is given by

aP=p-p= 22 (1.73)

1.12 INTERFACIAL TENSION

Interfacial tension between two solids, two dis-similar liquids, or solid and
liquid, plays a role to a varying degree of importance in the processing of
materials, e.g. ore beneficiation by flotation, sintering, inclusion coales-
cence in liquid metals, emergence of inclusions from liquid steel to over
laying slag and so on.

1.12.1 CONTACT ANGLE

Examples of contact angles are illustrated in Fig. 1.19 for solid-liquid and
liquid-liquid systems.

The contact angle 6 is defined as the angle included within the liquid
phase. When 6 > 90°, the system is non-wetting. Wetting of the solid by the
liquid occurs when 6 < 90°, complete wetting being achieved when 6 = 0°,
Under equilibrium conditions at the triple point A, the surface tension O
is balanced by the horizontal resolution of tensions oy and oy, in the
opposite direction, thus
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Fig. 1.19 Contact angles at solid-liquid and liquid-liquid interfaces.

solid-liquid: Oy = Oy + O, Cos 8 (1.74a)
liquid-liquid: 0y,¢ Cos @ = g; , Cos a + o;; Cos B (1.74b)

1.12.2 WORK OF COHESION, WORK OF ADHESION AND SPREADING
COEFFICIENT

The work required to split a column of liquid or solid into two surfaces of
unit area is called the work of cohesion, W...

W, = 20, (1.75)

Consider a column of liquid [, interfacing with another liquid I, or solid
s. Upon separation at this interface, two new surfaces of unit area are
created (I, and L,g or sg) and one interface of unit area is lost (I;/, or I;s).
The accompanying change of interfacial energy is called the work of adhe-
sion, W,,.

Wa = Gllg + Olzg - 0'1112 (1.76)

The spreading coefficient S, of liquid (/) on liquid (2) or on a solid is
given by the difference between the work of adhesion and work of
cohesion

S,=W,-W,
= O'Izg - Ollg -0 l1lz (1.773)

= Oy = O — Oy, | (1.77b)
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The spreading or wetting occurs when S, is positive. That is, spreading of
liquid (1) on particles of liquid (2) or on a solid particle, will occur when

01112 < 0'12g — 011g (1.78a)
or
Glls < Osg - 01

< (1.78b)

1.13 COMPUTER-BASED PACKAGES

The computer-based packages are routinely used in the chemical, metal-
lurgical and many other industries to calculate the reaction equilibria in
multiphase systems. This subject is outside the scope of this book;
however, a few references are given below on computer-based pro-
grammes in relation to metallurgical processes.

a. MTDATA:

The National Physical Laboratory (UK) computer package MTDATA is a
thermodynamic database which can be used to determine the equilibrium
compositions of multi-component mixtures of gases, liquids and solids.
Application of MTDATA to modelling of slag, matte, metal and gas phase
equilibria is illustrated in a publication by Dinsdale et a1.1°

b. FFA*C*T:

The Facility for the Analysis of Chemical Thermodynamics (F*A*C*T),
developed by Thompson et al.2, is an online database computing system.
The system performs a wide range of computations from simple gas reac-
tions to heterogeneous equilibria involving up to 12 components and 500
species. Graphical output is provided with programmes which generate
Pourbaix diagrams, isothermal predominance diagrams and binary and
ternary potential-composition phase diagrams.

c. SOLGASMIX:

This computer package is based on the concept of the Gibbs free energy
minimisation which determines reaction equilibria in multiphase metal-
lurgical systems.21,22,

d. ChemSage:

The computer programme called ChemSage, based on SOLGASMIX
Gibbs energy minimiser, is designed to perform three types of thermo-
chemical calculations in complex systems which involves phases exhibit-
ing nonideal mixing properties: (i) calculations of thermodynamic func-
tions, (ii) heterogeneous phase equilibria and (iii) steady-state conditions
for the simulation of simple multistage reactors. The module for ther-
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modynamic functions calculates specific heat, enthalpy, entropy and free
energy with respect to a chosen reference state for a given phase; when
the phase is a mixture, the partial quantities of its components are evalu-
ated. Chemical equilibrium calculations can be made for a system which
has been uniquely defined with respect to temperature, pressure (or
volume) and composition. One of these quantities may be replaced by an
extensive property or phase target, as for example the calculation of
adiabatic and liquidus temperatures, respectively. The use of this Chem-
Sage programme is demonstrated in a paper by Eriksson and Hack.?3.
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CHAPTER 2
Rate Phenomena

There are many different facets of rate phenomena involving homoge-
neous or heterogeneous chemical reactions, mass transfer via atomic or
molecular diffusional processes, viscous flow, thermal and electrical con-
duction and so on.

In high temperature processes as in pyrometallurgy, the rates of interfa-
cial chemical reactions are in general much faster than the rates of transfer
of the reactants and reaction products to and from the reaction site. The
formulations of rate equations for transport controlled reactions vary con-
siderably with the physical properties and type of fluid flow over the
surface of the reacting condensed phase. Then, there are formulations of
rate equations for different regimes of gas bubbles in liquid metal and
slag. For a comprehensive discussion of the transport controlled rate
phenomena in metallurgical processes, reference may be made to text-
books by Szekely and Themelis,! and by Geiger.2 In section 2.8 references
are given to a few publications on the use of computer software in the
mathematical and physical modelling of various aspects of the rate
phenomena which are encountered in metallurgical processes.

The rate phenomena discussed in this chapter are on chosen subjects
which are pertinent to various aspects of ferrous—pyrometallurgical pro-
cesses, in addition to oxygen steelmaking, ladle refining and degassing.

Selected examples are given of laboratory experiments on the study of
reaction rates in simple systems to demonstrate how the rate controlling
reaction mechanisms are identified and the rate constants determined.

2.1 KiNETICS OF INTERFACIAL REACTIONS

In steelmaking and related processes we are concerned with heterogenous
reactions involving an interface between two reacting phases, e.g. solid—
liquid, solid—gas, liquid—gas and two immiscible liquids (slag-liquid steel).

For the case of a fast rate of transport of reactants and products to and
from the reaction site, the rate is controlled by a chemical reaction occur-
ring in the adsorbed layer at the interface. The reaction between adsorbed
species L and M on the surface producing product Q occurs via the forma-
tion of an activated complex (LM).*

L+M = (LM)* (2.1)
stage I actlvated stage II }
" | reactants complex products

34



Rate Phenomena 35

Activated complex

Reactants

Energy —»

Reaction path -

Fig. 21 Change in energy profile during the formation and decomposition of the
activated complex involved in the reaction.

The theory of the absolute reaction rates is based on the concept of the
formation of an activated complex as an intermediate transition state, which
has an infinitesimally short life time of the order of 10-15 second. For an in-
depth study of the theory of reaction kinetics, to which outstanding contri-
butions were made by Eyring and co-workers, reference may be made to
the classical text books by Glasstone et al.? and by Hinshelwood.4

As illustrated in Fig. 2.1, there is a change in energy profile accompany-
ing the reaction that involves the formation and decomposition of an
activated complex. While the change in free energy accompanying reac-
tion (2.1) is AG°<0, the activation energy AG*>(0.

The theory of the absolute rates states that the activated complex is in
equilibrium with the reactants for which the equilibrium constant K* for
constant temperature is

a*
Ay

K* =

2.2)

where as are the thermodynarmc activities.
Next to be considered is the specific rate of decomposmon of the acti-
vated complex to the overall reaction product Q, represented by

d" (kT) T 0* 2.3)

where %% = the reaction rate, mol cm—2s-1
k = the Boltzmann constant, 1.380 x 10-23 J K-1
h = the Planck constant, 6.626 x 10-3¢J s
T = temperature, K
I, = total number of adsorption sites on the surface, ~1015 mole cm~2
8* = fractional coverage by the activated complex.
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For single site occupancy by the activated complex in the adsorbed
layer, the activity of the complex is represented by
- g
% _ o
=0 75 (2.4)
where 6 is the total fractional occupancy of the sites by the adsorbed
species and ¢* is the activity coefficient of the complex in the chemisorbed

layer. Combining equations (2.2), (2.3) and (2.4) gives the rate of forward
reaction in terms of the absolute reaction rate theory.

R, = %’% - kTT) T, ( K ) (1-6) {aa,} 2.5)

cp*
The thermodynamics of the chemisorbed layer at the interface, i.e.

values of T',, K* and ¢*, are not known, therefore the isothermal rate
equation is given in a simplified general form thus

Ry = @ (1-6) {am} (2.6)

where ®, is the isothermal rate constant of the forward reaction.

As the reaction progresses, concentrations of the reactants L and M
decrease while the concentration of the product  increases. Because of
these composition changes and the influence of the reverse reaction Q — L
+ M, the rate decreases with an increasing reaction time. The rate of the
reverse reaction is represented by

R, =-®,(1-8) {2} @.7)

where @, is the rate constant of the reverse reaction. Therefore, the net
overall rate of reaction is

dn

When the rates of forward and reverse reactions are the same, i.e. dn/dt
= 0, the reaction is said to be at an equilibrium state. It follows that the ratio
of the rate constants @,/ ®, is the equilibrium constant of the reaction.

D a
= =L = (22— 2.9
K= gt =(%). 2.9)
In terms of a single rate constant, the net reaction rate is formulated as
@ (1-6) fagan - (@yayy) (2.10)
I =% - 6) {aran LMeq} -

where (a;4,/),, is the equilibrium value for the activity a5 in stage Il at any
given reaction time.

For a given surface coverage 0, the temperature dependence of the rate
constant is represented by
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Fig. 2.2 Effect of temperature on rate constant for reaction involving an activated
complex.

® = [, exp (- AH*/RT)], (2.11)

where @, is a pre-exponential constant and AH* is the heat of activation for
the reaction at a given site fillage 6.

Since the activation energy AG* is always positive, the enthalpy of ac-
tivation for the reaction is also positive. As shown in Fig. 2.2, in the plot In
® vs 1/T the slope of the line gives AH*. It should be noted that since the
thermodynamic quantities for the activated complex (K*/¢*) in the chem-
isorbed layer are not known, the AH* derived from the rate measurements
over a sufficiently large temperature range, is the apparent heat of
activation.

Another aspect of the kinetics of interfacial reactions is the rate of chem-
isorption or desorption at the reaction surface as given by the following
theoretical equation for an uncontaminated surface.3

@, = (2nM;RT)-1/2 exp (-AH*/RT) (2.12)

where M, is the molecular mass of the adsorbed species. This equation is
transformed to the following form for the maximum rate of vaporisation,
i.e. free vaporisation, from an uncontaminated surface at low pressures

Rate,, = —Pi (2.13)
V/2TMRT

where p;, is the vapour pressure in atm. for which the equation is reduced-
to the following form. '

Rate,,,, (g-mol cm—2s-1) = 44.3p,(M;T)-1/2 (2.14)
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2.1.1 EXAMPLES OF EXPERIMENTS ON RATES OF INTERFACIAL REACTIONS

2:1.1a Nitrogen transfer across iron surface

The rate of reaction of gaseous nitrogen with liquid and solid iron, in the
presence or absence of surface active alloying elements, has been studied
by many investigators since the late 1950s. It was in the late 1960s that the
rate controlling reaction mechanism was resolved,5” which was further
confirmed in the subsequent experimental work done by Fruehan and
Martonik® and by Byrne and Belton.?

When the rate of reaction is not hindered by slow nitrogen transport to
and from the gas-metal interface, the rate of nitrogenation

Ny(g) = N*; = 2[N] (2.15)

is controlled either by the rate of chemisorption or dissociation of N,
molecules on the metal surface. The rate of reverse reaction, ie. de-
nitrogenation, is of course a second order type with respect to nitrogen
dissolved in the metal. The equation below represents the rate of nitrogen
transfer from gas to liquid iron

d[Z)tN] = 120A D (1-0) {Pn, — (Pndeq} (2.16)

where p is the density of liquid iron, A the surface area of the melt on
which the nitrogen stream is impinging and V the volume of the melt. The
rate constant @, in units of g N cm—2min-tatm-IN,, is for the forward
reaction (2.15). The equilibrium partial pressure (py,)., corresponding to
the nitrogen content of the melt at the reaction time {, is that given by the
equilibrium constant K for nitrogen solubility.

(Pr)eq = [2NJ2/K (2.17)
With this substitution the isothermal rate equation is

d[?tN] = lgOA @ (1-6) {pn, — [%N]?/K} (2.18)

For constant N, pressure and temperature, the integration of equation
(2.18) gives for AN =0at ¢t =0,

Kpy, + [%N] 1004 210
N ol [T =2pn, oy B (10 (2.19)

Byrne and Belton® made an accurate determination of the rate constant
@, for reaction of N, with high purity iron and Fe-C alloys at 1550-1700°C,
by measuring the rate of 1N — 14N isotope exchange that occurs on the
iron surface, as represented by

In
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_6&*—:,‘,(2@ +185(x038) - (220)

where the rate constant ®;is in units of g N cm-2min-latm-1. The apparent
heat of activation AH* = 121.4 kJ mol-! is much lower than the value
expected for the rate of dissociation of N,. As pointed out by Byrne and
Belton, the rate of chemisorption of N, is presumably controlling the
reaction mechanism.

The surface active elements dissolved in iron, e.g. O, S, Se, Te, are
known to lower the rate of nitrogen transfer across the iron surface. On the
basis of the experimental rate data with liquid iron containing O and 5, as
given in various publications (Refs. 6-10) and the surface tension data, the
effects of O and S on the fraction of vacant sites, 1-0, in the chemisorbed
layer may be represented by

1
1+ 260 (%0 + %5/2)

1-6-= (2.21)
which is a slightly simplified form of the equation that was derived by
Byrne and Belton.

For the chemical reaction-controlled nitrogen removal from liquid iron
(or steel) in reduced pressures or in an inert gas stream with very low N,
pressure

2IN] - Ny(g) (2.22)

the integrated form of the rate equation is
1 1 100A
N TGN = v @ (1-O (2.23)

where %N, is the initial nitrogen content and ®, the rate constant = ®,/K.
The solubility of N, in liquid iron or low alloy steel is given by

log K (= [%NJ/pyy, (atm) = - 72 _2.48 (2.24)
Combining this with equation (2.20) gives for the rate constant @, in gN
cm—2min-1%N-1
5964

log @, =~ == +433 (2.25)

2.1.1b Rate of decarburisation of liguid Fe-C alloys by CO,

Sain and Belton!! determined the rate of decarburisation of high purity
Fe-C alloys by CO, at temperatures between 1160 and 1600°C, under
conditions where mass transport of reactants was not rate determining.
For the reaction
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CO,(g) + [C] — 2CO(g) (2.26)

the rate of decarburisation was found to be controlled by the rate of
chemisorption of CO, on the melt surface. That is,

APEL - (1 - Opco, (2.27)

for which the following rate constant @5 g C cm~2min-latm-1, was ob-
tained as a function of temperature.
5080
log @, = - —— +2.65 (2.28)
The temperature coefficient corresponds to an apparent heat of activation
AH* = 97.3 kJ mol-1 which, as argued by Sain and Belton, is indicative of
the rate of chemisorption being the controlling reaction mechanism. If the
rate were controlled by the dissociation of CO, in the adsorbed layer, the
apparent heat of activation would have been much higher, e.g. 375 to 425
kJ mol-1.
The sulphur in iron retards the rate of decarburisation, i.e. rate of CO,
chemisorption, in much the same way as it affects the rate of N, chem-
isorption. This is demonstrated by the experimental results of Sain and

1450°C

1350°C

Rate constant. ¢; (mol cm2 s! atm™ x 10%)

] ] ] }
00 0.002 0.004 0.006 0.008 0.010

Sulphur (mass %)

Fig. 2.3 Effect of sulphur on the rate constant for decarburisation of graphite-
saturated liquid iron. From Ref. 11.
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Belton reproduced in Fig. 2.3. The curves were calculated for the values of
(1-8), derived from the surface tension data on the Fe-C-S melts. A similar
result is obtained by using equation (2.21) with due correction for the
effect of carbon on the activity coefficient of sulphur f§, thus for the Fe-C—
S melts

1

(1-8) = 1307 %s]

(2.29)

where log f§ = 0.11[%C].

2.2 Fick’s DI1FrusioN Laws
2.2.1 FIRST LAW-STEADY STATE DIFFUSION

The quantity of diffusing substance which passes per unit time through
unit area of a plane perpendicular to the direction of diffusion, known as
the flux J, is proportional to the concentration gradient of the diffusing
substance
dC
J=-D ¢ (2.30)

The coefficient D is the diffusivity of the substance in the medium; C is the
concentration of the substance per unit volume and x the distance in the
direction of diffusion.

The steady state diffusion is illustrated graphically in Fig. 2.4 for gas
diffusing through a permeable diaphram of thickness Ax.

2.2.2 SECOND LAW—NONSTEADY STATE DIFFUSION

The rate of accumulation of diffusing substance in a given volume element
is the difference between the inward and outward flux. In other words,
what goes in and does not come out, stays there.

The rate of concentration change - dC/dt resulting from flux over a
distance dx is

dcC
J=- Fr &
Hence, the change in flux with distance is
g __dC -7
dx 0 dt

Invoking the first law and re-arranging gives the second law.
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Fig. 2.4 Illustration of steady state diffusion.
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The solution of this equation depends on the geometry and on the
boundary conditions of the medium in which the dissolved substance is
diffusing.

For the boundary conditions,

C, = initial uniform concentration
C, = constant surface concentration
D = constant diffusivity

the solution of Fick’s second law gives the relation in terms of dimension-
less variables shown in Fig. 2.5 for the sphere and infinite cylinder of
radius L, and slab of thickness 2L. The fractional saturation, or desatura-
tion is defined by

Cm_Co
=<

where C,, is the mean concentration of the diffusate.
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Fig. 2.5 Mean concentration or fractional saturation of slab, cylinder, or sphere of
uniform initial concentration C, and constant surface concentration C,, C,, is the
mean concentration at time £.

2.2.3 INTERDIFFUSION IN BINARY METALLIC SOLUTIONS

In a study of diffusion in alpha brass, Smigelskas and Kirkendall!? found
that zinc moves much faster than copper as evidenced by the relative
motion of inert molybdenum wire placed on the sample as markers. This
observation of the difference in the drift velocities of components of a solid
solution, known as the ‘Kirkendall effect,’ led to numerous definitions of
the coefficient of diffusion in binary metallic solutions, e.g. chemical dif-
fusivity, intrinsic diffusivity or volume diffusivity. Subsequently, Stark3
showed that the interdiffusivity D is an invariant of binary diffusion mo-
tion as formulated below
GVoy _ GiVil,

D=- aC,/ox ~ 9C,/ox (2.32)

where Vs are the partial molar volumes. For dilute solutions, i.e. C, — 0
and C,;V; — 1, the above equation reduces to the form of Fick’s first law
dC,
h=-D §
Darkenl4 and Hartley and Crank!® independently derived the
phenomenological equation for diffusion in a binary system 1-2, showing
the thermodynamic effect on the interdiffusivity
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dinay

YA (2.33)

D = (C,VD5 + C,V,D%) Imc
where D*, and D*, are the self-diffusivities of components 1 and 2. For
dilute solutions, C, — 0, D = D¥,.

2.2.4 DIFFUSION IN IONIC MEDIA (SLAGS)

Polymeric melts, i.e. molten slags and glasses, are ionic in nature consist-
ing of positively charged ions, known as cations, and negatively charged
complex silicate, aluminate and phosphate ions, known as anions. Cations
are the primary mobile species in polymeric melts. For the limiting case of
D*, (anion) << D*_ (cation), the chemical diffusivity of the cation is about
the same as the self-diffusivity, D, ~ D*.

2.3 Mass AND HEAT TRANSFER THROUGH REacTION PropuUCT LAYER

2.3.1 PARABOLIC RATE OF OXIDATION OF IRON

The scale forming in the oxidation of iron, or low alloy steels, consists of
three layers of oxides: wustite on the iron surface followed by magnetite
then haematite on the outer surface of the scale. From several experimen-
tal studies it was found that the average wustite/magnetite/haematite
thickness ratios were about 95:4:1. In iron oxides, the diffusivity of iron is
greater than the oxygen diffusivity. The rate of oxidation is controlled
primarily by diffusion of iron through the wustite layer from the iron-
wustite interface to the wustite-gas or wustite—-magnetite interface, then
through the thin layers of magnetite and haematite.
The flux of iron through the wustite layer is by Fick’s first law

dC
Jee=P 3%

where D is the iron diffusivity, C the concentration of Fe in wustite and X
the thickness of the wustite layer. Upon integration

JeeX =D(C' - C) " (234)

where C' and C” are the iron concentrations in the oxide at the iron-
wustite and wustite-gas (or magnetite) interfaces respectively. The rate of
increase in scale thickness with the flux of iron is

Jee=C = (2.35)
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where C is the average iron content of wustite. From equations (2.34) and
(2.35)

~ XdX 7 "
CT =D(C—C)

which upon integration gives the parabolic rate equation,

X2 = Z—CD— (C'-Cnt (2.36)
or ‘ X2=\t (2.37)

where A is the parabolic rate constant, cm? (scale) s—1

If the measurement of the rate of oxidation is made by the thermo-
gravimetric method, then the parabolic rate constant k, would be in units
of (80)2cm—4s-1. From the compositions and densities of the oxides, with
the relative thickness ratios of wustite:magnetitechaematite = 95:4:1, the
values of k, and A are related as follows.

k, (§0)?cm—4s~1 = 1.877M, cm? (scale) s71 (2.38)

Many experimental studies have been made of the rate of oxidation of
iron in air and oxygen at temperatures 600 to 1300°C. The temperature
dependence of the parabolic rate constant is shown in Fig. 2.6; the refer-
ences to previous studies denoted by different symbols are given in a
paper by Sheasby et al.16

From theoretical considerations, Wagner!? derived the following equa-
tion for the parabolic rate constant in terms of the activity of oxygen and
self-diffusivities of the mobile species in the scale. For the case of wustite
with D*g, >> D*, Wagner equation is simplified to

ao N .

A=2 f N2 Died (Inag) (2.39)
a'y €

where a'g and a" are oxygen activities at the iron-wustite and wustite—

magnetite interfaces, respectively.

The values of k, = 1.877A calculated from the measured tracer diffusivity
of iron181? using Wagner’s equation, are consistent with the average ex-
perimental values in Fig. 2.6, which is represented by the following
equation.

log k, =~ 3998 09777 (2.40)

P-T T
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Fig.2.6 Temperature dependence of the parabolic rate constant for oxidation of iron
in air or oxygen with or without H,O. From Ref. 16.

2.3.2 HEAT-TRANSFER CONTROLLED CALCINATION OF LIMESTONE

In the rate measurements made by Turkdogan et al.20 on the calcination of
relatively large spheroidal particles of limestone (3 to 14 cm dia), the
centre and surface temperatures of the samples were measured with the
Pt/Pt-Rh thermocouples during calcination. As noted from an example of
the experimental data in Fig. 2.7, after about 50 percent calcination, with
the formation of an outer casing of CaO, the centre temperature of the
CaCO; core remained constant at 897°C until all the carbonate had
decomposed.

The dissociation pressures of reagent gradient CaCO; measured by
Baker?1 and Hills?2 are represented by the following equation.

8427

log pcoz = - T +7.169 (241)



Rate Phenomena 47

1400 I T T
________ Furnace
Surface
1200} —
5
e 1000} -
[
3
S Center
2 AT(°C)
£ sgool- 500~
}_
Ko—o—c O Q R
AT
600 300
50% 100%
400 1 t 100
(o] 40 80 120 160
Time (min)

Fig. 2.7 Variation of surface and centre temperatures during calcination of 8.3 cm
diameter limestone sphere in argon at 1 atm. From Ref. 20.

In the calcination experiments in argon at 1 atm pressure, the CO, press-
ure will be about 1 atm at the calcination front within the particles, for
which the calculated centre temperature would be 902°C. This dissociation
temperature is very close to the measured centre temperature 897°C, in the
calcination of a high grade natural limestone, containing 2 mol% MgCQO;.

On the basis of these experimental findings, the rate controlling step
was considered to be heat transfer through the porous CaO outer casing
around the limestone core of the spheroidal sample for which the follow-
ing rate equation would apply.

[3—2F — 3 (1 - F)2/3] = 6k, (‘%—;Iz;) e (2.42)

where F is the fraction of CO, removed in calcination time t, x, the effec-
tive thermal conductivity of burnt lime, T the outer surface temperature,
T; that at the centre, p the bulk density of the limestone in units of mol
cm-3, AH the enthalpy of calcination, r, the initial radius of the spheroidal
limestone particle and C is a constant (a negative number) that takes
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account of all early time departures from the assumed boundary condi-
tions for which equation (2.42) applies.

~For the period of calcination when the temperature difference AT = T, —
T; remains essentially unchanged, the effective thermal conductivity of
burnt lime can be determined from the weight loss data using equation
(2.42). Thus, with the notation [3-2F-3(1-F)2/3] = Y,

dY , pAH?
Ke= oF (p

An example of the calcination rate data is given in Fig. 2.8 for a spheroi-
dal 14 cm diameter (3.58 kg) limestone. Beyond 50 percent calcination, the
measurements are in-accord with the rate equation (2.42). The linear varia-
tion of (dY/dt)r2, with the temperature difference AT across the lime
layer, shown in Fig. 2.9, is in accord with the equation (2.43). The slope of
the line with the appropriate values of AH and p*, gives for the effective
thermal conductivity x, = 0.0053 ] cm-1s-1K-1 for burnt lime with a poros-
ity of about 50%.

2.4 REACTION OF GASES WITH POROUS MATERIALS

The rate of a heterogeneous reaction between a fluid and a porous me-
dium is much affected by the counter-diffusive flow of fluid reactants and
products through pores of the medium. Complexities of the rates of reac-
tion of gases with porous materials are highlighted in this section with
examples on the oxidation of carbon and the reduction of iron oxide which
are relevant to some of the pyrometallurgical processes related to iron and
steelmaking.

2.4.1 MATHEMATICAL ANALYSIS OF THIELE (1939)

The first mathematical analysis of a dual reaction rate-diffusion controlled
process on the pore surface is attributed to the work of Thiele.?3 In order to
obtain an analytical expression in a closed form for the rate of reaction on
the pore surface, Thiele considered an ideal simple pore structure with the
following assumptions.

1. The reactant molecules of the fluid are transported into and within
the porous structure of a granule by a diffusive flux through a con-
centration gradient.

2. There is no volume change in the fluid medium resulting from the
reaction on the pore surface, i.e. no pressure buildup in pores.

*For the limestone containing 2 mol % MgCO;,AH is about 159.7 k] mol-! and the carbonate density p
= 0.0248 mol cm-3.
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Fig. 2.8 Calcination rate of 14 cm diameter (3.58 kg) limestone spheroid in air at
1135°C, plotted in accord with equation 2.42. From Ref. 20.
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Fig. 2.9 Variation of the rate of calcination, (dY/d#)r2, with the temperature dif-
ference across the calcinated layer. From Ref. 20.
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3. The surface diffusion in the adsorbed layer on the pore wall is
negligible.
-~4. The pores are interconnected, uniform in cross sections and the pore
surface area remains unchanged.

5. The reverse reaction at the pore wall is negligible and the steady state

conditions prevail.

6. The temperature across the particle remains uniform.

In a detailed study of the reaction rates on catalyst pores, Wheeler?4 and
Weisz and Prater2> made an extensive use of Thiele’s analysis in deriving
rate equations for reactions on pore surfaces. For example, for a first order
type reaction involving a gaseous species i, the rate of reaction per spheri-
cal porous pellet of radius r is given by the following expression.

Rate per pellet (mol s-1) =

1 1
2C. 1/2 - -
4r2C; (®pSD,) { Y EDRRET } (2.44)
where C; = molar concentration per cm? of reactant in the gas stream out-
side the pellet,
® = specific rate constant of chemical reaction per unit area of the
pore wall,

p = molar bulk density of the porous medium,

S = internal pore surface area per unit mass, cm?mol-?,

D,= effective gas diffusivity, characteristic of the porous medium,
cm?2s-1,

1y = Thiele’s dimensionless parameter defined by

y=1 (52 ‘I’PS (2.45)

Three rate limiting cases are given below.
(@) When 1 is small, e.g. ¢<0.2, with (i) decreasing particle size, (ii) de-
creasing temperature, i.e. decreasing ®/D,, and (iii) decreasing pressure,
i.e. increasing D,, the dimensionless parameters in parenthesis in equation
(2.44) approach the value of 1 in equation (2.45) and equation (2.44) is
simplified to

Rate per pellet (mol s71) = % nr3dpSC; (2.46)

This is the limiting case for almost complete pore diffusion, hence internal
burning.

(b) When v is large, e.g. Y>2, with (i) increasing particle size, (ii) increasing
temperature, i.e. increasing ®/D, and (iii) increasing pressure, i.e. decreas-
ing D,, tanh () — 1 and equation (2.44) is simplified to

Rate per pellet (mol s—1) = 4nr2(®pSD,)1/2C; (2.47)
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The diffusion-controlled reaction at this limiting case is confiried to pore

mouths at the outer surface of the pellet, and hence the rate per pellet is
proportional to the external geometrical surface area of the pellet. Further-
more, since D, does not vary much with temperature, the apparent heat of
activation for the reaction at this limiting case is about one-half of that for
the case (a) of almost complete pore diffusion.
(c) With large particles, high temperatures and low velocity gas flows, the
rate is ultimately controlled by mass transfer in the gas-film boundary
layer, for which the rate per pellet would be proportional to the particle
diameter.

2.4.2 OXIDATION OF CARBON IN CO,—CO MIXTURES

Most forms of carbon are porous, therefore the rate of oxidation, i.e. gas-
ification of carbon, is decisively affected by the pore structure, internal
pore surface area, effective gas diffusivity in the pores and particle size as
outlined in the previous section.

In a critical review of the oxidation of carbon, Walker et al.26 gave a
detailed and a comprehensive account of (up to 1959) experimental and
theoretical studies on this subject. In the late 1960s, Turkdogan and co-
workers?7-2° pursued further experimental work on the oxidation of sev-
eral types of carbon in CO,—CO mixtures at temperatures up to 1300°C
and at pressures of 0.01 to 10 atm. A few salient features of their findings
are briefly given here.

The effect of particle size on the rate of oxidation of high purity graphite
spheres in CO, at atmospheric pressure and temperatures 900, 1000 and
1100°C is shown in Fig. 2.10. In accord with Thiele analysis, for smaller
particles the rate per pellet is proportional to the cube of particle diameter,
indicating chemical reaction control in essentially uniform internal burn-
ing. With larger particle size, the rate of oxidation is controlled by limited
gas diffusion into pores, hence the rate is proportional to the square of
particle diameter in accord with equation (2.47). Then, there is the mixed
control for intermediate particle sizes.

In rate measurements with many small granules, the rate is given in
terms of the fraction F of mass oxidised, for which the integrated forms of
the rate equations (2.46) and (2.47) are as follows.

a. For ¢<0.2 complete internal burning:

In(1 - F) = - ®SC;t (2.48)
b. For y>2 external burning: !

1/2
(®pSDYV2 -,

- —Fy1/3 =
1-(1-F) o ;

(2.49)
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Fig. 2.10 - Rate of oxidation of electrode graphite as a function of particle diameter
for 0.96 atm CO,. From Ref. 27.
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Fig.2.11 Effect of particle size on the rate of oxidation of electrode graphite in pure
carbon dioxide at 1000°C. From Ref. 28.

In the integration of equation (2.47) to give the above equation, due ac-
count is taken of the shrinking size of the spherical particle of initial radius
r, during gasification.

As is seen from the rate data in Fig. 2.11, an increase in CO, pressure
increases the particle size effect in lowering the extent of internal oxida-
tion. In the oxidation of various types of carbon in pure CO, at pressures
of 0.01 to 10 atm, the rate was found to be proportional to the square root
of the CO, pressure. In the present re-assessment of these rate data, the
author is now of the opinion that this apparent square root relationship is
purely empirical and not to be attributed to some hypothetical reaction
mechanism.

On the assumption that both CO and CO, are chemisorbed on the pore
walls of the carbon and the rate of oxidation is due to the rate of dissocia-
tion of chemisorbed CO,, for the limiting case of complete internal burn-
ing the rate equation will be in the following form

D'p
Rate = CO2 t 2.50
1+ kypco + kchoz ( )

where @' is the rate constant (min—latm-1CO,) for a given temperature
and a particular type of carbon; the constants k; and k, are associated with
the chemisorption of CO and CO,. It should be noted that in compliance
with the notation in equation (1.69) for the ideal monolayer, the constants
k; and k, are reciprocals of the respective activity coefficients of the ad-
sorbed species, i.e. k; = 1/@co and k; = 1/@cq,; the fraction of vacant sites
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Examples of the experimental data on the initial rate of oxidation of
granular (= 0.5 mm dia.) electrode graphite and metallurgical coke are given
in Figs. 2.12 and 2.13, reproduced from a previous publication.28 Upon re-
assessment of these experimental data, the following equations are obtained
for the temperature dependence of ®',pcc = 1/k; and @co, = 1/k;.
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Fig. 2.12 Effects of temperature and gas composition on the rate of oxidation of
electrode graphite granules (~0.5 mm dia.) in CO,~CO mixtures at 0.96 atm total
pressure. From Ref. 28.
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Fig. 2.13 Effect of temperature and gas composition on the rate of oxidation of
granular metallurgical coke (~0.5 mm dia.) in CO,~CO mixtures at 0.96 atm total
pressure. From Ref. 28.
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For electrode graphite:
log &' (min-latm-1CO,) = — 16'240 +10.75 (2.51)
10g Geg (atm) = — 13%9- + 484 (2.52a)
log 9co, (atm) = — 20— —0.072 (2.52b)

For metallurgical coke:
log ® (min-atm-1CO,) = — 16';40 #1137 (2.53)
log @co (atm) = - LYV +0.27 (2.54a)
log Gco, (atm) = 220 345 (2.54b)

It should be noted that these equations fit the measured initial rates of
oxidation within a factor of about 1.5 for temperatures 800 to 1200°C and
for CO, pressures 0.03 to 3 atm. For easy comparison of the reactivities of
electrode graphite and metallurgical coke, the numerical values are given
below from the above equations for 900 and 1200°C.

Electrode graphite Metallurgical coke
Temperature °C P’ Pco  Pco, P Pco  Pco,
900 45x10+4 0.0025 027 19x102 0.029 0.67
1200 33x10-t 0.083 0.34 1.4x10° 0.068 0.14

After about 3 to 5 percent of initial oxidation, the pore surface area of the
coke samples were found to be four to five times greater than the graphite
samples; this is consistent with the &’ values for coke being greater than
for graphite by a similar factor. The extent of CO adsorption on the pore
walls of electrode graphite or coke is greater than the CO, adsorption.

There are variations in the reported values of the apparent heat of
activation for oxidation of the electrode (or reactor grade) graphite in CO,.
For example, Gulbransen et .30 obtained AH* = 368 k] mol-! while accord-
ing to Blackwood’s work3! AH* = 260 k] mol-1; in the present case AH* =
317 kJ mol-1. Reference should be made also to the papers of Ergun,32
Hedden and Léwe,33 and by Grabke3 for various other interpretations of
the kinetics of oxidation of carbons.

Aderibigbe and Szekely35 also investigated the oxidation of metallurgi--
cal coke in CO,—CO mixtures at 850 to 1000°C. Their rate constants K, (=®')
are similar to those given by equation (2.53); their estimate of the apparent
heat of activation being AH* = 249+47 k] mol-1.
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Fig. 2.14 Effect of temperature on rate of oxidation of coke and graphite (1.9 and 2.2
cm dia. spheres, respectively) in 50:50 CO,~CO at 1 atm. From Ref. 36.

A mathematical analysis was made by Tien and Turkdogan3¢ to formu-
late the pore diffusion effect on partial internal burning of relatively large
carbon particles. The experimentally determined initial rates of oxidation
of coke and graphite spheres (= 2 cm dia.) in 1:1 CO,-CO mixture at 1 atm
are compared in Fig. 2.14 with the values calculated from the mathemati-
cal analysis. The results of such calculations are summarised in Fig. 2.15,
showing critical particle size and temperature for the limiting rate con-
trolling processes at 1 atm for 100% CO, and 1:1 CO,—CO mixture. In each
diagram, the lower curve is for 80 percent internal burning; therefore, in
the region below this curve there is almost complete pore diffusion. The
upper curve is for 20 percent internal burning; therefore, in the region
above this curve, the pore diffusion control predominates.

2.4.2a ELECTRODE CONSUMPTION IN EAF STEELMAKING

The foregoing experimental data on the rate of oxidation of graphite will
give only a partial estimate of the rate of electrode consumption in the
electric arc furnace (EAF).

The net consumption is the result of various modes of wear that the
electrodes are subjected to in the electric furnace environment. It can be
subdivided into longitudinal consumption, consisting of such variables as
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Fig. 2.15 Critical radius and temperature for the limiting rate controlling processes
at 1 atm pressure. (a) Coke, 100 per cent CO,; (b) Coke, 1:1 CO:CO,; (c) Graphite, 100
per cent CO,; (d) Graphite, 1:1 CO:CO,. From Ref. 36.

arc vaporisation, butt losses, mechanical erosion due to interaction with
the steel bath etc., and transverse consumption due to oxidation of the
tapered sidewall of the electrode. It is generally believed that a taper
which results in a tip diameter of about 70 percent of the original electrode
diameter will produce low consumption rates. The net consumption is
about 70 to 90 percent of the total consumption, the remaining 10 to 30
percent consumption being due to breakage.

Reference may be made to a paper by Jung et al.362 for a detailed dis-
course on electrode wear in the EAF steelmaking.

2.4.3 REDUCTION OF IRON OXIDES

In view of its practical importance to the understanding and control of
ironmaking processes, a great deal of research has been done on the gas-
eous reduction of iron oxides and iron ores. Because of the porous nature
of iron oxides and the reduction products, the interpretation of the reduc-
tion rate data is inherently complex. )

The formation of product layers during the gaseous reduction of dense
sintered haematite and magnetite pellets or natural dense iron ore parti-
cles is a well-known phenomenon, as shown in Fig. 2.16. In several studies
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Fig.2.16 Formation of reaction product layers in the gaseous reduction of haematite
pellets.

made in the early 1960s37-39 it was found that the thickness of the reduced
iron layer, encasing the iron oxide core of the pellet, increased linearly
with the reduction time. The measured rates were interpreted in terms of
the rate-conrolling chemical reaction at the iron wustite interface; the di-
ffusive fluxes of gases through the porous layers were assumed to be
relatively fast. On the other hand, Warner4® and Spitzer et al.4! have ex-
pressed the view that the rate of gaseous reduction is much affected by the
gaseous diffusional processes, e.g. the gas—film resistance at the pellet
surface and particularly the resistance to diffusion in the porous product
layers. The rate measurements made by Turkdogan and Vinters42 on the’
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reduction of haematite pellets in H,-H,O and CO-CO, mixtures have
clearly demonstrated that the rate-controlling effects of gas diffusion into
the pores of the oxide granules or pellets and through the porous iron
layer dominate the reaction kinetics.

The sketch in Fig. 2.17 demonstrates three limiting rate controlling pro-
cesses as outlined below.
(a) With fine granules there is internal reduction producing rosettes or plate-
lets of metallic iron within the oxide particle; the rate in terms of mass fraction
reduced, F, is independent of particle size.
(b) With large and dense oxide particles and at high temperatures, the gas dif-
fusion is slow and the reaction is confined essentially to pore mouths on the
outer surface of the particle, bringing about the development of a porous iron
layer around the pellet. Because of the layer formation, this mode of reduc-
tion is often called ‘topochemical reduction.” In the early stages of reduction,
the porous iron layer is sufficiently thin for rapid gas diffusion, therefore the
initial rate of reduction is controlled jointly by (i) gas diffusion into the pore
mouths of the oxide and (ii) reaction on the pore walls of the wustite. That is,
with Thiele parameter 1>2, the initial rate of reduction is represented by the
following proportionality for a given temperature and gas composition

dF _ Vesp
T <5 (2.55)
(c) When the porous iron layer becomes sufficiently thick, the rate of
reduction will be controlled essentially by the counter current gas diffu-

() (c)

Fig. 2.17 Schematic representation of (a) uniform internal reduction of wustite to
iron, and (b), (c) topochemical reduction; (b) limiting mixed control (partial internal
reduction) and (c) diffusion in porous iron as the rate-controlling step.
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sion (H,-H,O or CO-CO,) for which the limiting rate equation, for a given
temperature is as follows.

D pi— (p )
- — —F2/3] = - e i ile
where p; is the H, or CO partial pressure in the gas stream and (p)),, that

for the iron-wustite equilibrium and C a constant (a negative number) that
takes account of all early time departures from the assumed boundary
conditions for this limiting case.
(d) At high reduction temperatures, with large oxide pellets and low ve-
locity gas flows, the rate of reduction is controlled primarily by mass
transfer in the gas-film layer at the pellet surface. In this limiting case the
rate is inversely proportional to the square of the particle diameter.

The experimental data are given in Fig. 2.18 showing the particle size
effect on the initial rate of reduction of haematite granules or pellets in
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Fig. 2.18 | Initial rate in hydrogen at 0.96 atm. as a function of particle radius at

indicated temperatures. From Ref. 42.
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atmospheric pressure of hydrogen. It is seen that for pellets of radius more
than 1 mm, the reduction is confined to the outer surface in accord with
the equation (2.55).

For uniform internal reduction, the particle diameter should be less than
0.1 mm. The effect of particle size on the rate of reduction of haematite
granules, d In (I - F)/dt, is shown in Fig. 2.19. Small extrapolation to the
hypothetical zero particle size gives the rate for uniform internal reduction

In (1-F) =~ ®5 {p; ~ Py}t (2.57)
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Fig. 2.19 Effect of granule size on the rate of internal reduction of haematite ore in
H, and 90% CO + 10% CO, mixture. From Ref. 42.
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As discussed in section 2.4.4, the pore surface areas of reduced iron
oxides have been measured. These S values in conjunction with the ap-
parent rate constants ®S give the specific rate constants for gaseous
reduction of wustite. The temperature dependence of the specific rate
constants ®(H,) and ®(CO), derived from the reduction data, are given
below.

6516

log @ () = - S1° 131 (2.58)
log @ (CO) =— 222 _180 (2.59)

The ratio of the rate constants ®(H,)/®(CO) is about 20 at 1200°C and
increases to 50 at 700°C.

When the thickness of the reduced porous iron layer exceeds 1 mm,
the subsequent rate of reduction is controlled primarily by gas diffu-
sion through the porous iron layer. The reduction data plotted in accord
with equation (2.56) usually give elongated S-shaped curves as in Fig.
2.20 for 15 mm diameter spheroidal haematite ore reduced in H, at 1
atm. From about 50% to 95% or 99% reduction, data are well repres-
ented by straight lines. The effective H,—H,O diffusivities in the pores
of the iron layer are derived from the slopes of the lines; details are
given in the next section.

0.8

o
[}
% reduction

3-2F-3(1-F)/3

o
n

0.2

Time (min)

Fig. 2.20 Diffusion plot of reduction data for 15 mm diameter spheroidal haematite
ore. From Ref. 42.
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2.4.4 EFFECT OF REACTION TEMPERATURE ON PORE STRUCTURE OF -REACTED
MATERIAL

(a) Reduced iron oxide:

The reaction temperature has a pronounced effect on the pore structure of
the reaction product as in calcination and reduction. This is well demon-
strated by the SEM micrographs in Fig. 2.21.

The top left micrograph shows the fracture surface of dense haematite
ore which consists of agglomerates of spheroidal ore grains 2 - 5 pm’
diameter. The other micrographs show the fracture surfaces of the re-
duced porous iron. The higher the reduction temperature, the coarser the
pore structure.

The effect of reaction temperature on the pore surface area of iron and
wustite formed by the reduction of haematite is shown in Fig. 2.22. The
higher the reduction temperature, the smaller the internal pore surface
area, i.e. the coarser the pore structure. The iron oxides reduced at tem-
peratures below 800°C are known to be pyrophoric, which is a conse-
quence of a fine pore structure with a large pore surface area as noted
from the data in Fig. 2.22.

The pore surface area of the iron formed by gaseous reduction depends
on the initial pore surface area of the iron oxide. This is demonstrated in
Fig. 2.23; for a given type of iron oxide, the pore surface area of iron
formed upon reduction increases with increasing initial pore surface area
of the oxide. However, there is a considerable overlap. For example, a
sintered oxide pellet with § = 0.1 m2g-1 and a haematite ore with S = 10
m2g-1, when reduced, both give porous iron with S = 1 m2g-1. That is the
pore surface area of the reduction or calcination product can be larger or
smaller than the pore surface area of the unreacted material. It is for these
reasons that care should be taken in comparing the rates of gaseous reduc-
tion of different types of metal oxides.

It is seen from the data in Fig. 2.24 that the effective diffusivities for H,—
H,O measured directly or calculated from the pore structure consider-
ations,*3 agree well with those derived from the rate measurements within
the regime of pore-diffusion control, i.e. from the slopes of the lines in Fig.
2.20. The temperature has a small effect on gas diffusivities. A marked
effect of temperature on the effective diffusivity seen in Fig. 2.24 is due
mainly to the coarseness of the pore structure of iron when the oxide is
reduced at higher temperatures.

(b) Calcined limestone:

The effects of time and temperature on the pore surface area of burnt lime
are shown in Fig. 2.25; the initial pore surface area of the limestone used in
the calcination experiments was 0.07 m2g-1. The soft burnt lime, i.e. low
calcination temperature, being more reactive than the hard burnt lime, i.e.
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Fig.2.22 Connected internal pore surface area of iron and wustite formed by reduc-
tion of haematite ores A and B; (a) ore A reduced to iron in H, (< ); (b) ore B reduced
to iron in H, (V) and reduced to wustite in an H,~H,0O mixture (A); (c) ore B reduced
to iron in a CO-CO, mixture (O0) and reduced to wustite in another CO-CO, mixture

(©). From Ref. 42.
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Fig. 2.23 Relations between the internal pore surface area of H, - reduced iron at
800°C and the pore surface area of the corresponding haematite ores or sintered

pellets. From Ref. 42.
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Fig. 2.24 H,-H,O effective diffusivity derived from data for rate of reduction of

haematite to iron is compared with that obtained by direct measurements and calcu-
lated from pore structure. From Ref. 43.
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Fig. 2.25 Effect of heat-treatment time and temperature on the pore surface area of
burnt lime. From Ref. 20.
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Table 2.1 Measured CO-CO, effective diffusivities for electrode graphite.,

Temperature °C % oxidised D, (CO-CO,) cm?2s-1
500 0 0.006
500 3.8 0.016
500 7.8 0.020
500 14.6 0.045
700 0 0.009
700 3.8 0.023
700 7.8 0.029
700 14.6 0.067
800 0 0.012
900 0 0.014

high calcination temperature, is self-evident from the time and tempera-
ture effect on the pore surface area.

(c) Partially gasified carbon:

In the case of oxidation of carbons, the pore surface area increases during the
early stages of gasification then remains essentially unchanged. For example,
the pore surface area of electrode graphite with initial S = 1 m2g-1 increases to
about 2.5 m2g-1 after 10% gasification with only a small increase during
further gasification. For the metallurgical coke with initial S = 4 m2g-1, the
area increases to about 20 m2g-1 after 10% gasification then remains essen-
tially unchanged during the subsequent stages of gasification.2?

In the case of internal burning of carbon, the pore structure becomes
coarser as the gasification progresses, resulting in an increase in the effec-
tive gas diffusivity. A few examples of the measured CO-CO, effective
diffusivities for electrode graphite are given in Table 2.1, reproduced from
Ref. 29.

2.5 VAPORISATION IN REACTIVE GASES

There are two types of mechanisms of enhanced vaporisation in reactive
gases: (i) a chemical process involving the formation of volatile species,
e.g. oxides, sulphides, halides, carbonyls and hydroxides, and (ii) a trans-
port process in which the vapour reacts with the gas diffusing toward the
vaporising surface.

The concept of diffusion-limited enhanced vaporisation, introduced by
Turkdogan et al.#4 is illustrated schematically in Fig. 2.26, using as an
example the vaporisation of liquid iron in a stream of an oxygen-inert gas
mixture. In this counter-current transport process, at some short distance
from the surface of the metal, the gaseous oxygen and metal vapour react
to form a metal oxide mist.

2M(g) + O,(g) — 2MO(s,1) (2.60)
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Fig.2.26 Schematic representation of vaporisation of metals (iron as an example) in
oxygen-bearing gas mixture flowing over the surface. From Ref. 44.

The formation of an oxide in the gas phase provides a sink for the metal
vapour and oxygen resulting in a counterflux of these two gaseous spe-
cies. Increasing the oxygen partial pressure in the gas mixture decreases
the distance § through which the metal vapour is diffusing, hence the rate
of vaporisation increases. On further increasing the oxygen partial press-
ure, the flux of oxygen towards the surface of the metal eventually be-
comes greater than the equivalent counter-flux of the metal vapour. This
results in the oxidation of the metal surface and cessation of vaporisation
because the vapour pressure of the metal oxide is much lower than the
vapour pressure of the metal. Just before this cutoff, the rate of vaporisa-
tion will be close to the maximum rate for free vaporisation in vacuo. This
mechanism of enhanced vaporisation in an oxidising gas is the primary
cause of the formation of metal oxide fumes in all pyrometallurgical pro-
cesses. With the elimination of oxygen in air by burning natural gas and
injecting steam in the vicinity of an exposed liquid steel (or hot metal)
stream, the fume emission is drastically curtailed. In fact, it was on the
basis of these findings that the fume suppression techniques have been
implemented for many years in the U.S. Steel plants.

As is seen from some examples of the laboratory experimental results
(Fig. 2.27) the rates of vaporisation of iron and copper increase with in-
creasing partial pressure of oxygen until a maximum rate is obtained,
beyond which vaporisation ceases. The results with various metals
summarised in Fig. 2.28 show that the measured maximum rates of
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Fig. 2.27 Rates of vaporisation of copper at 1200°C and iron at 1600°C in argon—
oxygen mixtures at 1 atm pressure as affected by gas velocity parallel to surface and
partial pressure of oxygen. Gas velocity: (O) 40, (®) 60, and (A) 80 cm secl. From
Ref. 44.

vaporisation agree well with those calculated for free vaporisation using
equation (2.14). A quantitative analysis of these observations in terms of
mass transfer is given in the paper cited. _

White fumes emitted from the blast furnace runner exposed to air, is
another example of vaporisation-induced occurrence. The X-ray scan
spectra of fume samples have revealed that the potassium and sulphur
were the most dominant elements in the white fume samples. This finding
can be accounted for by the following reaction mechanism.

The blast furnace slag contains 1.5 to 2.0% S and about 0.5% K,O. Upon
exposure to air, the potassium and sulphur will be evolved from the slag
surface as potassium sulphate by the reaction

2(K+) + (S + 20, — K,S0,(white fume) 2.61)

In addition, there is SO, evolution from the uncovered slag runner
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Fig. 2.28 Experimentally observed maximum rate of vaporisation of metals in
argon-oxygen mixtures compared with rate of free vaporisation inl vacuo. From Ref.
44.

(5>) + % 0, — (0-2) + SO, (2.62)

In the oxidising atmosphere over the slag, exposed to air, the SO, is partly
oxidised to SOj. In the cooler ambient atmosphere away from the slag
surface, SO; and K,SO, will react with moisture in the air to form a
complex sulphate K,50,.H,50, which appears as a white fume. The X-ray
scan spectra indicated an atom concentration ratio K/S of about one, in
accord with the described reaction mechanism.

2.6 KiNeTIiCcS OF GAS BUBBLES IN OXYGEN STEELMAKING
2.6.1 BUBBLE NUCLEATION AND GROWTH

The theory of homogeneous nucleation predicts a supersaturation of
about 10* atm for nucleation of gas bubbles in liquid metals with.surface
tension in the range 1-1.6 Nm-1. On the other hand, the bubble nucleation
at gas-filled crevices on the container wall, or at the surface of solid inclu-
sions in the liquid metal, occur with very small supersaturation.

As an example, let us consider the growth of CO bubbles in liquid steel
for which the criterion is -

PCO > PO + 270' (2.63)
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where P is the pressure of CO in equilibrium with the concentrations of

C and O in steel, P, the static pressure over the bubble and r is the bubble

radius. For the bubble to grow at the mouth of a cylindrical crevice, the

radius of the crevice must be greater than the critical minimum 7,,,;,,
S 20

min PCO _ Po

There is a maximum crevice radius above which the crevice cannot sustain
the residual gas pocket, which is needed for bubble growth,

r (2.64)

T onax < — 12_)(_; cos 0 (2.65)
o
where 0 is the contact angle between the melt and the refractory surface;
usually 6 > 90°.

2.6.2 GAS HOLDUP IN STEEL BATH

In most practical applications of gas injection into liquids, we are con-
cerned mainly with rates of reactions in the swarm of bubbles. Mass-
transfer phenomena in the swarm of bubbles have been studied exten-
sively with aqueous solutions; accumulated knowledge is well docu-
mented in a review paper by Calderbank.4> Also, several studies have
been made of the bubble size and velocity of rise of single bubbles in
liquid metals. Szekely presented a comprehensive review of these studies
in his book on Fluid Flow Phenomena in Metals Processing.46

An attempt is made here to estimate the size range of dispersed gas
bubbles in liquid steel for the conditions prevailing in BOF and Q-BOP
steelmaking. The bubbles are assumed to be generated from a multitude of
points across the bottom of the vessel, as though the entire vessel bottom
were in fact one big porous plug.

The volume fraction of gas holdup (¢) is given by the following ratio:

My Ye
v, + V, HA

where V), = transitory bubble volume in the bath at any time,
V, = steel volume in the vessel,
H =average bath depth,
A = average bath cross sectional area.
The velocity of bubble rise, U, in a swarm of bubbles is given by the ratio

£ = (2.66)

s _V
H=¢ =@

where U; = superficial gas velocity,
V = gas flow rate.

(2.67)
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Yoshida and Akita*” have measured the volume fraction of gas holdup
in non-foaming aqueous solutions with U, in the range 0.03 to 0.6 m s~1. In
these experiments, the gas was injected through a single nozzle on the
bottom of the liquid column contained in a cylindrical vessel. From their
experimental results for the air-water system, the following equation is
obtained.

log (1 - &) = - 0.146 log(1 + L1,) + 0.06 (2.68)

In the studies of Calderbank and co-workers#> with the air-water sys-
tem, the gas was injected into the column of water through a sieve plate on
the bottom of the column. The fractional holdup of gas was reported as
shown in Fig. 2.29. The units in F factor are:

U, m s~! and p, (the gas density), kg m3.

The experimental results of Crozier*s, not shown in Fig. 2.29, for F>0.3 are
in good agreement with those reported by Calderbank. The dotted curve
is calculated from equation (2.68), and plotted in Fig. 2.29 in terms of the F
factor with p, (air at 25°C and 1 atm) = 1.185 kg m=3. In the present
assessment of gas holdup in the steel bath, the preference is given to the
data reported by Calderbank. The dot-dash curve is taken to represent the
average values. It appears that at F = 1, the gas holdup reaches an essen-
tially constant value of ¢ = 0.6.

In the estimation of fractional gas holdup in the steel bath, during decar-
burisation or argon stirring, the gas flow rates taken are for the melt

1.0
Calderbank?s
—-—+-— Average
0817 e Yoshida and Akita%”

o
o

e
»

g, volume fraction gas holdup

o
o

0 01 02 03 04 05 06 07 08 09 10
F=UgVp, (ms™") (kg m?)*2

Fig. 2.29 Experimental data of Calderbank on gas holdup in sieve plate columns
for the air-water system are compared with those of Yoshida and Akita?.
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temperature and average gas bubble pressure. The values used are for
1600°C and 1.5 atm so that V{(m3s-1) = 4.57 x V_(Nm3s-1); for these condi-
tions the gas densities are 0.27 kg m-3 for N, and CO and 0.39 kg m-3 for
Ar; an average value is used, p, = 0.33 kg m~3.

The average bath cross sectional area A in BOF or Q-BOP vessel in-
creases with an increasing gas flow rate. Keeping in mind the inner dimen-
sions of the BOF or Q-BOP vessel for 200-240 tonne heats, the area values
used are: A = 22 m2 at V. = 60 m3s~! decreasing to A = 16 m2 at V= 1
m3s-1. On this basis, the following equation is obtained for the superficial
gas velocity U as a function of V.

_ Vr
= 1455 + 0.080V,

\

U, (m s71) (2.69)

The volume fraction gas holdup and bubble velocity of rise calculated
using equation (2.69) and Fig. 2.29 are plotted in Fig. 2.30 as a function of
the gas flow rate. The gas holdup in the slag layer is a more complex
phenomenon, because of slag foaming and injection of large amounts of
steel droplets into the slag layer during decarburisation with oxygen
blowing.
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Fig.2.30 Gas holdup and bubble velocity as a function of gas flow rate.
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2.6.3 ESTIMATION OF BUBBLE SIZE FOR UNIFORMLY DISPERSED BUBBLES IN THE
STEEL BATH

Many estimates were made in the past of gas bubble diameters in steel-
making processes; the estimates varying over a wide range from 1 to 8 cm
or more.*

Calderbank and co-workers4> and Leibson et al.4° have found that in
aqueous solutions the bubble size becomes smaller with an increasing gas
flow rate, ultimately reaching a minimum size of about 0.45 cm diameter at
large gas flow rates. Relatively large gas bubbles in motion are subject to
deformation and ultimately to fragmentation into smaller bubbles. The drag
force exerted by the liquid on a moving bubble induces rotational and
probably a turbulent motion of the gas within the bubble. This motion
creates a dynamic pressure on the bubble surface; when this force exceeds
the surface tension, bubble breakup occurs. Because of the large difference
between the densities of the gas and liquid, the energy associated with the
drag force is much greater than the kinetic energy of the gas bubble. There-
fore, the gas velocity in the bubble will be similar to the bubble velocity. On
the basis of this theoretical reasoning, Levich5? derived the following equa-
tion for the critical bubble size as a function of bubble velocity.

3 |13 20
d = 2.70
== (g Pg PT ) @ @70)

where 0o is the surface tension and C, the drag coefficient, which is close to
unity. As the bubble size decreases with increasing bubble velocity, the gas
circulation within the bubble diminishes, thus becoming less effective in bub-
ble fragmentation. Another view to be considered is that, as the gas holdup
increases with increasing gas flow rate, the liquid layer separating the bub-
bles becomes thinner. Consequently, the dynamic gas pressure exerted on the
bubble surface becomes nullified by similar forces exerted in the neighbour-
ing bubbles, hence the cessation of bubble fragmentation at high values of e.

The bubble fragmentation with increasing €, hence increasing U, is
calculated for bubbles in water with o = 0.072 Nm-! and in liquid steel
with (a) o =1.7 Nm-1 in the presence of O <4 ppm and 40 ppm S, and (b) o
= 1.3 Nm-! in the presence of 600 ppm O and 120 ppm S. The results are
shown in Fig. 2.31. As noted eatrlier, the limiting bubble size in air-water
system is d = 0.45 cm which intersects the fragmentation curve at e = 0.41,
depicting the cessation of bubble fragmentation.

In an attempt to estimate the minimum bubble size in the swarm of
bubbles in liquid steel, the author proposes the following hypothesis: ‘the

*The bubbles with diameters > 1 c¢m acquire spherical cap shape as they rise in liquids. The

apparent bubble.diameter is that of a sphere which has a volume equivalent to that of the spherical cap
shape bubble.
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Equation (2.70)

............ Uniform limiting
bubble diameter

Liquid steel

Equivalent bubble diameter (cm)
N
T

] ]
0
0 0.2 0.4 0.6

Fig. 231 Calculated bubble diameter for bubble fragmentation mechanism equa-
tion (2.70), compared with uniform limiting diameter at high & values for water and
liquid steel: (a) for O < 4 ppm and 40 ppm S (b) for 600 ppm O and 120 ppm S.

surface energy of bubbles per unit mass of liquid which the bubbles dis-
place, are equal for all liquids.”* This conjectured statement leads to the
following similarity relation for non-foaming inviscid liquids.

o; _ Oy _ o
o T ol T .J kg1 liquid (2.71)

With o; = 0.072 Jm~2 and d; = 0.45 cm for gas-water system and o, = 1.3
Jm-2 and p, = 6940 kg m~3, we obtain d, = 1.16 cm for the limiting bubble
diameter in liquid steel containing = 600 ppm O and = 120 ppm S. For the
melt containing O < 4 ppm and 40 ppm S, d, = 1.52 cm. These limiting
values intersect the fragmentation curves for liquid steel at about & = 0.40,
similar to that for water.

A uniform constant bubble size and essentially constant € = 0.6 at high
gas flow-rates, means a constant number of bubbles per unit volume of the
emulsion. Noting that for the close-packed (fcc) arrangement of bubbles,
the packing fraction (gas holdup) is € = 0.74, the thickness § of the liquid
film at the nearest approach of the bubbles is derived from the following
equality of the bubble number.

06 _ 074
BT @d+o/2p

Noting that for water the experimental data give d = 0.45 cm and that
estimated for liquid steel d = 1.16 cm, equation (2.72) gives d = 0.65 mm for

*Surface energy E, of dispersed bubbles of uniform size per unit mass of liquid which they displaced
is given by

2.72)

6¢ o c .
Eb = 1T€ (W Jkg_l l]quld
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bubbles in aqueous solutions and 6 = 1.68 mm for bubbles in liquid steel at
the limiting value of € = 0.6 for non-foaming inviscid liquids.

2.6.4 RATE EQUATION FOR TRANSPORT CONTROLLED GAS BUBBLE REACTIONS
IN LIQUID STEEL

For mass-transfer controlled reactions of gas bubbles in liquid steel, the
rate equation has the following form.

%X - %X,
X, - %X,

where X and X, are the initial and gas-metal equilibrium concentrations
of the diffusing reactant in the melt, k,,, the mass-transfer coefficient and S,
the bubble surface area which is in terms of ¢,*

6¢

S, = T m?2/m3 gas-melt emulsion (2.74)

1n =Sk, 2.73)

From many studies of gas bubble reactions in nonfoaming aqueous
solutions, the following formulation has been derived for the liquid-phase
mass-transfer coefficient for the regime of surface-renewal at the gas-
liquid interface.45

ko =128 (%) s

(2.75)
where D is the diffusivity of the reactant in the liquid-film boundary layer.

In the presence of surface active solutes such as oxygen and sulphur in
liquid steel, the bubble surface will be less mobile hence the rate constant
k,, will be somewhat less than that given by equation (2.75) for the mobile
surface, which is a necessary condition for surface-renewal. On the other
hand, the surface active solutes decrease the bubble diameter, hence in-
crease the bubble surface area for a given gas holdup. It appears that the
product S k,, may not be too sensitive to the presence of surface active
solutes in the liquid.

The rate constant Sk, for the transport controlled reaction is obtained
from the combination of equations (2.67), (2.74) and (2.75), as given below
for an average solute diffusivity D = 5 x 10-2 m?s-1.

5.43 x 10-4(ell)1/2
Sk = .

(2.76)

*Bubble surface area with respect to unit mass of liquid is

Sw= 2 (313) , m?/kg liquid
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The rate constant thus calculated is plotted in Fig. 2.32 against the gas flow
rate V1 at 1600°C and for an average gas pressure of 1.5 atm in the steel
bath for 220 + 20 tonne heats.

2.6.5 AN EXAMPLE OF CALCULATED RATE OF NITROGEN REMOVAL

In Q-BOP steelmaking, the melt sometimes is purged (before tapping)
with argon or an argon + oxygen mixture for 1 to 2 minutes at the rate of 2
Nm3min-1t-1, usually for some hydrogen removal. In this example, we
shall consider nitrogen removal controlled by two different mechanisms:
(i) mass-transfer controlled and (ii) chemical reaction controlled.

Converting the gas flow rate to that in the melt at 1600°C and 1.5 atm
pressure, for a 220 t heat, V= 34 m3s-1 for which the rate constant 5ok, =
0.48 s -1 from Fig. 2.32. If the steel initially contains 30 ppm N_ and the gas-
metal equilibrium value N, is negligibly small, in 10 seconds of purging,
the residual content will be 0.25 ppm N. It is all too clear from this example
that, according to the present assessment of the rate phenomena, the trans-
port of reactants to and from the gas bubbles in liquid steel are very fast at
relatively high gas flow rates. It appears that the reaction rates would be
controlled primarily either by an interfacial chemical reaction or by satura-
tion of the gas bubbles with the reactant, or depletion thereof.
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Vi m® s at 1600°C and 1.5atm. -

Fig. 2.32 Calculated rate constant for mass-transfer controlled reaction of gas bub-
bles in 220 x 20 tonne steel bath in the BOF or Q-BOP vessel.
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Now let us consider the chemical-reaction controlled rate of denitrogena-
tion. From equation (2.25) in section 2.1.1a, the rate for 1600°C ®, = 0.233 g
N ecm-25-1%N-1. For liquid steel containing 600 ppm O and 120 ppm S, (1 -
0) = 0.055 from equation (2.21). For the gas flow rate V=34 m3s-1, ¢ = 0.6
and the bubble surface area is S,, = 1.11 cm2g-1 liquid steel. Inserting these
numbers in equation (2.22) for the limiting case of %N, = 0, gives

11
TN T %N,

In 60 seconds time of purging, 0.0030% N, will be reduced only to 0.0024%
N. In actual fact, the argon bubbles traversing the melt will contain some
N,; for example, if the nitrogen partial pressure in gas bubbles were 0.001
atm N,, the equilibrium content in the melt would be 0.0015% N,. There-
fore, with %N, > 0, the nitrogen removal will be much less than that
calculated above for the chemical-reaction controlled rate for the hypo-
thetical limiting case of %N, = 0.

The foregoing prediction from the rate equation is in complete accord
with the practical experience that even at high rates of argon purging of
the melt, as in Q-BOP, there is no perceptible nitrogen removal because of

the presence of surface active solutes, oxygen and sulphur, in the steel
bath.

=100 x 1.11 x 0.233 x 0.055t = 1.42t

2.7 MaxiMmuM RATE oF DEGASSING OF LIQUID STEEL WITH ARGON
PURGING

If the rates of diffusional processes and chemical reactions are sufficiently
fast, the argon bubbles traversing the melt will be saturated with N, or H,
to the corresponding equilibrium values for the concentrations present in
the melt. It is for this limiting case that the following rate equation is
applicable.

Denoting N and H by X, and using molar contents in the gas bubbles,

A = d ppmX 10-6
x- dt M
. %
Ar T 22414 x 103

x 106 gmol X, /min tonne

gmol Ar/min tonne

where M is the molecular mass of X, and V the argon blowing rate in Nm?2
min-1t-1, In the X,-saturated argon bubbles for 71, >> 71y,

_ Ny, 5 _ dppmX 22414 x 1072 5
P= 7o P= g v

where P is the average bubble pressure in the melt.
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Since the gas bubbles are in equilibrium with the melt

2 dppmX 22414x103
_ [PP?ZX] - Pgt M‘i‘/ p 2.77)

sz

where K is the equilibrium constant. The integration of the above rate
equation gives with X being the initial concentration,

1 1 MV

= — |
ppmX ppmX,  22.414 x 10-3K2P

(2.78)

For the average liquid steel temperature of 1650°C at turn down, the
values of the equilibrium constants are as given below.

For N,: K =459

ForH,: K=27.2 } with Px, In atm

For an average gas bubble pressure of P = 1.5 atm in the melt, the
following rate equations are obtained.

1 1
ppm N ~ ppm N,
1

= 0.00395 V't 2.79)

= 0.0804 V't (2.80)

ppmH = ppmH,

As shown in the previous section, the nitrogen removal by argon purg-
ing even at high rates is not possible because of the low rate of chemical
reaction at the melt-bubble surface in steels containing relatively large
concentrations of oxygen and sulphur at tap. If the reaction kinetics are
favourable, some hydrogen removal may be achieved at very high argon
flow rates as in Q-BOP. For example, purging with argon at the rate of 2
Nm?3 min-1 t-1 steel for 2 minutes, at the maximum rate of degassing, the
initial 7 ppm H would be reduced to 2 ppm.

From the observations made at the Gary Q-BOP Shop of U.S. Steel, it
was noted that there was very little hydrogen removal with argon purging
as given in the above example. However, with an argon + oxygen mixture,
there was about 3 to 4 ppm H removal in 2 minutes purging at the rate of 2
Nm3min-1t-1, which is about 75% of the maximum possible rate. These
observations indicate that with Ar + O, purging, the rate of the reaction

2[H] + 5 Ox(g) ~ H,0(g)

is considerably faster than the rates of either of the following reactions
with argon alone.
2[H] — Hy(g)
2[H] + [0] — H;0(g)



80 Fundamentals of Steelmaking
2.8 COMPUTER-BASED PACKAGES

There are numerous computer software packages, as for example
PHOENICS, FLUENT, CFDS-FLOWS3D, GENMIX, TEACH(2D, 3D), 2E/
FIX, SOLA/VOF, METADEX(R) and FID, which are used in the steel
industry in the process and design engineering of plant facilities and in the
control of steelmaking processes. References may also be made to the
publications by Szekely et al.51-53 on the mathematical and physical mod-
elling of metallurgical processes involving fluid flow, heat transfer, mass
transfer and gas—slag-metal reactions.

There are of course many other publications on this subject which can-
not all be cited here as the subject matter is well outside the scope of this
book.
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CHAPTER 3

Thermochemical and Transport
Properties of Gases

Gases play a key role in all phases of pyrometallurgical processes. In assessing
the technical aspects of ironmaking and steelmaking and the new develop-
ments on these processes, some information is always needed on the physical
and chemical properties of gases at elevated temperatures. Therefore, it would
be appropriate to give in this chapter a selected set of data and other relevant
information on the thermochemical and transport properties of gases.

3.1 THERMOCHEMICAL PROPERTIES

3.1.1 MOLAR HEAT CAPACITY

The molar heat capacities of a few simple gases are plotted in Fig. 3.1. With
the exception of SO, and CO.,, for other gases Cj, increases almost linearly

with an increasing temperature. For monatomic gases Cp is essentially
independent of temperature.

60
50
|2
2 40
2
o
O
30
) Monatomic gases
20 1 1 1
300 700 1100 1500 1900

Temperature (K)

Fig. 3.1 Molar heat capacities of simple gases.
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There is an interesting correlation for the heat capacity per atom, i.e. Cp
= molar Cp/number of atoms per mol, as shown below.

number of atoms per mol Cp ] g-atom-1K-1at 298K
1 20.8 = 0.05
2 14.6 = 0.2
36 12.2+ 1.0

The average of these values Cp, = 16 = 4 is approximately similar to that for
complex crystalline minerals and aluminosilicate glasses discussed in sec-
tion 1.6 of Chapter 1.

3.1.2 HEAT CONTENT

The molar heat contents of simple gases are plotted in Fig. 3.2 over the
range 300-1900K.

3.1.3 EQUILIBRIUM STATES IN GAS MIXTURES

When assessing the state of reactions involving gas mixtures, the partial
pressures of the gaseous species should be evaluated from the reaction
equilibrium data for all the pertinent gas reactions. The method of calcula-
tion is demonstrated below by two examples.

80
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AHT - AH298 (kJ m0|'1)

20

0
300 700 1100 1500 1900

Temperature (K)

Fig. 3.2 Heat contents of simple gases.
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A. Gas mixture CO-CO,-50, :

At elevated temperatures the following are the predominant gaseous
species in the equilibrated gas mixture: CO,, CO, COS, S, and SO,: other
species such as O,, S, SO, 50;, CS and CS, are small enough to be neg-
lected in the calculations. With this simplification, the material balance for
carbon (2C), sulphur (£S) and oxygen (ZO) are represented by the follow-
ing ratios for the ingoing gas mixture at (pco); + (Pco,)i + Psoz)i = 1
atmosphere and ambient temperature.

2C _ 1-(so)i _ (Pco,*Pco+Pcos (3.1)
x5 (Psoy)i ( 2ps, + Pso, + Pcos /e '
2C _ 1-(pso,): ( Pco, + Pco * Pcos ) (3.2)
20 2~ (pco); 2Ps0, + Pcos + 2Pco, + Pco /e

where e indicates partial pressures in the equilibrated gas mixture.

For the reaction 2CO + SO, = %45, + 2CO,, (3.3)
2 1/2
K. = Pcos (pSg) 33
° ( Pco ) Pso, (5-32)
For the reaction 3CO + SO, = COS + 2CO,, (34)
(Pcoy)®* _Pcos (3.4a)

€7 (Pco)’®  Pso,

For the sum of all the predominant species,

(Pco, + Pco + Pcos + Ps, + Psoy)e =1 (3.5)

By simultaneous solution of these five equations, for known values of the
equilibrium constants Kg and K and known ingoing gas composition, the
equilibrium partial pressures of the gaseous species are calculated through
a computer programme. Examples of the calculated data are given in Fig.
3.3 showing the equilibrium ratio pco,/pco at the indicated temperatures
as a function of percent (50,); in the ingoing gas.

B. Gas mixture CO-CO,-H,0-CH,:

This example is in relation to reheating a reformed gas in the direct iron
ore reduction processes. If there is complete gas equilibrium at the reheat-
ing temperature and pressure, the activity of carbon in the equilibrated
gas mixture must satisfy the following three basic reaction equilibria:

2CO =C + CO, (3.6)
K= ”cPcoz/ Péo (3.6a)
H,+CO=C+H,0 (3.7)

K; = aCPHzO/ PuPco (3.7a)
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Fig. 3.3 Equilibrium ratios pco,/pco at indicated temperatures as a function of pct
(SO,); for indicated ratios (CO,/CO); in ingoing gas mixtures CO-CO,-SO, at at-
mospheric pressure.

K; = acpin/ Pcry (3.8a)

For the predominant gaseous species the following equalities are derived
from the mass balance for (2C), (£O) and (ZH).

1

ZC ( Pco, + Pco * Pcry ) = (If’c:oL+ Pco * PcHy ) (3.9)
20 2pco, + Pco + Puyo/i 2pco, + Pco + Pyo /e

2C ( Pcos * Pco + Pery ) - ( Pco, + Pco * Pcny ) (3.10)
ZH 2Pe10 + 2081, + Weny /i 2Pr1,0 + 2Py + 4Pcpy /e
where i and e indicate partial pressures in the ingoing and equilibrated gas
mixtures, respectively. The equation below gives the total pressure P of
the equilibrated gas mixture.

(Pco + Pco, + Py + Pr0 * Pcrg)e = P (3.17)

The partial pressures of gaseous species and the activity of carbon in the
equilibrated gas mixture are computed by simultaneous solution of equations
(3.6) to (3.11) with known values of the equilibrium constants K;, K, and Kj.

Examples are given in Fig. 3.4 showing the calculated carbon activities
for 4 atm total pressure and for an initial gas mixture containing 73% H,,
18% CO, 8% CO,, 1% CH, to which 0.2% to 6.0% H,O has been added. The
carbon deposition is imminent when its activity in the equilibrated gas

1]
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1.2

Hy0 (%)
0.2

Activity of carbon

|

0.8
400 500 600 700 800
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Fig. 3.4 Calculated activity of carbon for complete gas equilibrium at 4 atm and
indicated temperatures for reformed natural gas containing 73% H,, 18% CO, 8%
CO, and 1% CH, to which an indicated amount of H,0 is added.

exceeds unity, with respect to graphite. With the addition of 0.2% H,O to
this gas mixture, there should be no carbon deposition in the equilibrated
gas mixture at temperatures below 512°C and above 720°C. In an earlier
study of the reduction of iron oxides in a similar gas mixture, carbon
deposition was observed at all temperatures below 1000°C (see Ref. 1),
indicating lack of complete gas equilibrium even at 1000°C.

3.2 TRANSPORT PROPERTIES

The molecular transfer of mass, momentum and energy are interrelated
transport processes of diffusion under a concentration gradient, viscous
flow in a velocity gradient and heat conduction in a thermal gradient. The
earlier derivation of equations for the transport properties, as given below,
were based on an oversimplified kinetic theory of gases.

D =159l (diffusivity) . (3.12)
n =Ynmol  (viscosity) (3.13)
Kk =Ync, 0l  (thermal conductivity) (3.14)

where m = molecular mass
n = number of molecules per cm3
¥ =mean thermal molecular velocity
[ .= mean free path
¢, = specific heat capacity per g at constant volume.
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The derivation of the transport properties from the rigorous kinetic
theory of gases, described in depth by Chapman and Cowling? and
Hirschfelder et al. is based on the evaluation of the intermolecular energy
of attraction, the collision diameter and the collision integral involving the
dynamics of a molecular encounter, hence the intermolecular force law.

For a brief description of the theoretical equations for the calculation of
the transport properties of gases, reference may be made to the author’s
previous publication.# For the present purpose, it is sufficient to give
selected numerical data on the transport properties of a few gases, relev-

ant to ironmaking and steelmaking processes.

Table 3.1 Diffusivity D at 1 atm pressure: cm2s- = 10-¢m2s-1

Temperature, K

Gas 300 1000 1500 2000
H, 1.46 10.82 21.07 33.90
Ar 0.18 1.46 2.88 4.56
N, 0.20 1.59 3.05 4.98
0, 0.22 1.67 3.27 5.30
CO 0.20 1.63 3.20 519
CO, 0.11 0.93 1.87 3.00
H,0 0.28 2.83 5.79 9.57

Table 3.2 Viscosity n: (poise) = g cm-1s-1 = 0.IN s m-2 = 0.1] m-3s

Temperature, K

Gas 300 1000 1500 2000
H, 0.89 1.95 2.53 3.06
Ar 2.50 5.34 6.98 8.27
N, 1.77 4.07 5.11 6.30
0, 2.07 4.82 6.20 7.64
CcO 1.79 415 5.34 6.53
Co, 1.49 3.85 5.01 6.05
H,0 1.57 477 6.44 7.84
Table 3.3 Thermal conductivity ¥ x 104, J cm-1s-1k-1 = x 102, kg m s3K-1 = x 102,
Wm-1K-1
Temperature, K
Gas 300 1000 1500 2000
H, 1745 39.96 53.87 67.64
Ar 1.97 418 5.44 6.44
N, 2.50 6.18 8.15 10.53
0, 2.57 6.68 9.02 11.62
CcO 2.53 6.35 8.57 10.96
CO, 1.62 5.49 7.71 9.95
H,0 3.84 13.55 20.20 26.93
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3.2.1 INTERRELATIONS BETWEEN TRANSPORT PROPERTIES

8.2.1a Viscosity/thermal conductivity
For monatomic gases,

K = % M (3.15)
where R =8.314 ] mol-1K-1 (molar gas constant)
M = molecular mass, kg mol-1
N = viscosity, N s m—2 = J m—3s
For polyatomic gases,

15R
<= —ar {5 'R_ 5} (3.16)

where Cy, is the molar heat capacity at constant volume and

4

15
tivity of polyatomic gases. For monatomic gases Cy, = 3R/2; with this
substitution, equation (3.16) is reduced to equation (3.15). In terms of the
molar heat capacity at constant pressure, Cy, = Cp — R, equation (3.16) is
transformed to the following form.

-(—:—V— + 5 }is the ‘Bucken correction factor’ for thermal conduc-

k=(Cp+ o)L (3.17)

3.2.1b Thermal diffusivity/thermal conductivity

The thermal diffusivity, D7, is analogous to mass diffusivity and is given
by the ratio

K
pCp
where p is the molar density of the gas.

DT =

(3.18)

3.2.1c Temperature and pressure effects

The diffusivity, viscosity and thermal conductivity increase with an in-
creasing temperature, thus

D « T3/2 (3.19)

1 « T1/2 (3.20)
K o< T1/2 (3.21)

The viscosity and thermal conductivity are independent of pressure;
however, the diffusivity is inversely proportional to pressure.
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3.2.1d Molecular mass effect

D « M-1/2 (3.22)
n o« M1/2 (3.23)
K « M-1 (3.24)

3.3 PorE DiFFUSION

When the pores are small enough such that the mean free path I of the
molecules is comparable to the dimensions of the pore, diffusion occurs
via the collision of molecules with the pore walls. Knudsen® showed that
the flux involving collision of molecules with reflection from the surface of
the capillary wall is represented by the equation

2, dC

J=- 304 (3.25)

where 7 is the mean thermal molecular velocity = (8kT/mm)1/2, r the '
radius of capillary tube and dC/dx the concentration gradient along the
capillary. For r in cm and the Knudsen diffusivity Dy in cm2s-1

Dy =97 x 10°r ( % )” 2 (3.26)

The Knudsen diffusivity being independent of pressure but molecular
diffusivity inversely proportional to pressure, it follows that in any porous
medium, the Knudsen diffusion predominates at low pressures where the
mean free path is larger than the dimensions of the pore.

For the mixed region of molecular and Knudsen diffusion in capillaries,
Bosanquet” derived the following expression based on a random walk
model in which the successive movements of molecules are terminated by
collision with the capillary wall or with other molecules:

1 1 1

D "Dy D, (3.27)

1 i

where D; is the molecular self-diffusivity. For a porous medium of uni-
form pore structure with pores of equal size, the Bosanquet interpretation
formula gives for the effective diffusivity of component i
- & DpDx

Di= 3 D5Da (3.28)
where ¢ is the volume fraction of connected pores, T the tortuosity facto-r,
D, the molecular diffusivity for a binary mixture 1-2 and Dy; the
Knudsen diffusivity of component i for a given uniform pore radius r.
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Fig. 3.5 Pressure dependence of effective diffusivity He—CO, at 20°C in iron re-
duced from haematite ore in hydrogen at indicated temperature.

The experimental data are shown in Fig. 3.5 for effective diffusivity He—
CO, at 20°C in porous iron reduced from haematite ore in hydrogen at 800
and 1000°C.2 As discussed in section 2.4.4, the pore structure of iron
becomes finer at a lower reduction temperature. It is for this reason that
the Knudsen diffusion effect at lower pressures become more pronounced
for porous iron reduced at 800°C as compared to that reduced at 1000°C.
More detailed information is given in the author’s previous publications
on the subject of gas diffusion in porous media.#8
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CHAPTER 4

Physicochemical Properties of
Steel

4.1 SELECTED THERMODYNAMIC ACTIVITIES
4.1.1 ACTIVITY COEFFICIENTS IN FE-X BINARY MELTS

In binary metallic solutions with complete liquid miscibility, there are
positive or negative departures from Raoult’s law and Henry’s law as

shown schematically in Fig. 4.1.
For low solute contents, as in low-alloy steels, the activity is defined
with respect to Henry’s law and mass percent of the solute

a; = fx[%i] (4.1)

such that f; — 1.0 as [%i] — 0.
Up to several percent of the solute content, log f; increases or decreases

linearly with an increasing solute concentration.
log f; = &}[ %] (4.2)

The proportionality factor e; is known as the interaction coefficient.

1.
0 —
&/
dPositive
eviation J,°
2 0/ Negative
2 / / deviation
< /
; , Raoult's law
! /
p /' Henry's law (y°)
R4
(1) A il
0 Atom fraction 1.0

Fig. 4.1 Shematic representation of nonideal behaviour in binary metallic solutions.
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Table 4.1 Values of ¢; for dilute solutions in liquid iron at 1600°C

Element i e; Element i el

Al 0.045 0 - 0.10
C 0.18 P 0.062
Cu 0.023 S - 0.028
Cr 0.0 Si 0.11
Mn 0.0 Ti 0.013
Ni 0.0 A% 0.015

For dilute solutions in liquid iron, the binary interaction coefficients ¢} are
listed in Table 4.1, taken from the data compiled by Sigworth and Elliott.!

Using the experimental data of Smith,!2 the carbon activity is plotted in
Fig. 4.2 with respect to two different standard states. When the standard
state is chosen so that in infinitely dilute solutions the activity coefficient f
approaches unity, the temperature effect on the activity vs composition
relation becomes almost negligible, at least within the range 800°-1200°C.

The activity of carbon in liquid iron was measured in many independent
studies. The data compiled and re-assessed by Elliott f 1.2 are given in Figs.
4.3 and 4.4 as activity coefficients y and f for two different standard states.

1.0
800°C 1000°C

5 0.8
% 1200°C
S 0.6
k]
> »
s 0.4
2 For graphite as the
< o2f standard state

0 i l 1 ]

The standard state
3.0 - is so chosen that
f. 1.0 when %C >0

c
o
2
8 20
S For temperatures within
.-E‘ 800°-1200°C
2
<10

0 ! | 1 l

0 04 0.8 1.2 1.6

Carbon (wt. %)

Fig. 4.2 Activity of carbon in austenite for two different standard states. From Ref.
la.
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Fig. 43 Activity coefficient (yc) of carbon in liquid iron.
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Fig. 44 Activity coefficient (fc) of carbon in liquid iron,
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4.1.2 ACTIVITY COEFFICIENTS IN MULTICOMPONENT MELTS

In multicomponent melts, as in alloy steels, the activity coefficient of solute
i is affected by the alloying elements for which the formulation is

log f; = i [%i] + Zei x [%]] (4.3)

where ¢} is the interaction coefficient of i as affected by the alloying el-
ement j.

el = ddl[‘;)gjf (4.4)

Selected interaction coefficients in dilute solutions of ternary iron base
alloys for C, H, N, O and S at 1600°C are given in Table 4.2.

Table 4.2 Selected interaction coefficients in dilute solutions of ternary iron base alloys for
C, H, N, O and S at 1600°C, from Ref. 1

Element j ek el ely eh el
Al 0.043 0.013 -0.028 -39 0.035
C 0.14 0.06 0.13 -0.13 0.11
Cr -0.024 -0.002 -0.047 -0.04 -0.011
Mn -0.012 -0.001 -0.02 -0.021 -0.026
N 0.13 0 0 0.057 0.007
0] —0.34 -0.19 0.05 -0.20 -0.27
P 0.051 0.011 0.045 0.07 0.29
S 0.046 0.008 0.007 -0.133 -0.028
Si 0.08 0.027 0.047 -0.131 0.063

For the mass concentrations of carbon and silicon abqve 1%, as in the
blast furnace and foundry irons, the following values of f; should be used.

Mass % Cor Si: 2.0 2.5 3.0 3.5 40 4.5 5.0
fcs :1.79 214 253 305 374 456 5.75
f?_.;i :137 150 164 178 195 210 2.32

4.1.3 FREE ENERGIES OF SOLUTION IN LIQUID IRON

For the solution of element X; in liquid iron at 1 mass % X,
X;(pure) = [X;] (1 mass %)
the free energy of solution is

0.5585
M. Yi

1

AG,=RT In

where M, is the atomic mass (g-atom) and ¢ the activity coefficient (with
respect to pure element) at infinite dilution (%X = 0).
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For AG; in ] mol-! and substituting log for In,

0.5585
M.

1

AG, =19.146 T log

it (4.5)

The free energies of solution of various elements in liquid iron are listed
in Table 4.3.

Table 4.3 Free energies of solution in liquid iron for 1 mass %: (g) gas, (I) liquid, (s) solid,

from Ref. 1

Element i ¥ AG,, J mol-!

Al 0.029 -63,178 - 27.91T
C(gn 0.57 22,594 - 42.26T
Co(l) 1.07 1,004 — 38.74T
Cr(s) 1.14 19,246 — 46.86T
Cu(l) 8.60 33,472 -39.37T
Y“H,(%) - 36,377 + 30.19T
Mg(g) - —78,690 + 70.80T
Mn (J) 1.30 4,084 - 38.16T
12NL(g) - 3,599 + 23.74T
Ni(l) 0.66 -20,920 - 31.05T
%20,(8) - 115,750 — 4.63T
¥%P,(g) - -122,173 - 19.25T
145,(8) - -135,060 + 23.43T
Si(l) 0.0013 -131,500 — 17.24T
Ti(s) 0.038 -31,129 — 44.98T
V(s) 0.10 —20,710 - 45.61T
W(s) 1.20 31,380 - 63.60T
Zx(s) 0.043 —34,727 - 50.00T

4.2 GAS SOLUBILITIES IN SOLID AND LiQuiD IRON
4.2.1 SIEVERT'S LAW

Diatomic gases such as O,, S,, N, and H, dissolve in liquid and solid
metals in the atomic form

72X5(8) = [X] (4.6)
for which the isothermal equilibrium constant is
[%X]
K= 22 4.7
()" )

For ideal solutions, the concentration of X is directly proportional to the
square root of the equilibrium gas partial pressure; this is known as the
Sievert’s law.
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4.2.2 SOLUBILITY OF HYDROGEN

14H,(g) - [H] (4.8)
_ [ppm H] |
K= (sz)l bl 4.9)

The temperature dependence of K (with pyy, in atm) is as follows for a,
d(bcc) iron, y(fcc) iron and liquid iron (J); see Fig. 4.5.

40

L
o0 Liquid

Eg1g =
E6f 5
2 4l !
[

2

a
i L | L 1 1
600 800 1000 1200 1400 1600 1800

Temperature (°C)

Fig.4.5 Solubility of hydrogen in pure iron (or low-alloy steels) at 1 atm pressure of
H,.

log Ky = — —ar +1.628 (4.92)
logK, =- 1252 +1628 (4.9b)
log K, =- 1—97(,)—0— +2.423 (4.9¢0)

where the temperature T is in degrees Kelvin.

During rapid cooling of a heavy-section steel casting, e.g. thick slab or
bloom, there will be little diffusion of H out of the casting. Because the
hydrogen solubility decreases with a decreasing temperature, there will be
a build up of H, pressure in the steel matrix during rapid cooling. For the
limiting case of no hydrogen diffusion, the H, pressures will be as shown
below in the steel containing 2, 4 and 8 ppm H.
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Temperature °C H, pressure, atm
2ppmH 4 ppm H 8 ppm H

1400 0.058 0.23 0.9
¥ 1100 0.12 0.48 1.9
900 0.23 0.92 3.7
_ 900 0.58 2.33 9.3
a 700 1.83 7.3 29.2
500 10.4 41.6 166.5

Because of this pressure buildup, internal cracking and flaking could
occur in heavy sections of crack sensitive steels, if the hydrogen content is
too high. If degassing facilities are not available, heavy-section castings for
critical applications are cooled slowly to allow the diffusion of hydrogen
out of the steel casting, e.g. slab, bloom or ingot. Most steel works nowa-
days do have degassers. The HSLA grade steels for critical applications,
e.g. armour plates, pressure vessels, rail steels etc., are degassed to remove
hydrogen to 2 ppm or less before casting.

4.2.3 SOLUBILITY OF NITROGEN

The nitrogen solubility data are summarised by the following equations
and are shown graphically in Fig. 4.6.

600
400

200 -

-y
o
o

80
60

40

Mass (ppm N)

T T T 177

20

~

10 1l ] | | ]
600 800 1000 1200 1400 1600 1800
Temperature (°C)

Fig.4.6 Solubility of nitrogen in pure iron (or low-alloy steels) at 1 atm pressure of N,.

15N, = [N] (4.10)

N
K= [—(F%;-)‘TZ]- (4.11)
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log Kos = — ~220 +2.98 (4.11a)
logK, = 4—;0~ +2.05 (4.11b)
logK, =-— i?,s— +2.76 (4110)

4.2.4 SOLUBILITY OF CARBON MONOXIDE

Carbon monoxide dissolves in liquid iron (steel) by dissociating into
atomic carbon and oxygen

CO(g) = [C] + [O] (4.12)

for which the equilibrium constant (which is not too sensitive to tempera-

ture) is given by the following equation for low alloy steels containing less
than 1% C.

_ [%Cl[ppm O] _
K= o ey =20 (4.13)

At higher carbon contents, a correction should be made to K with the

activity coefficients G (log fG = -0.13[%C]) and f$ (log f$& = 0.18[%C]).
For the reaction

CO, (g) = CO (g) + [O] (4.14)

k=P  [ppm O] = 1.1 x 104 at 1600°C (4.15)
Pco,
For 800 ppm O in low carbon steel at tap, the equilibrium ratio pco/pco, is

13.75. For this state of equilibrium, the gas mixture contains 6.8%CO, and
93.2% CO.

4.2.5 SOLUBILITY OF WATER VAPOUR

From the free energy of formation of water vapour and the solubilities of
hydrogen and oxygen in liquid iron, the following equilibrium constant is
obtained for the reaction of water vapour with liquid iron for 1600°C.

H,0(g) = 2[H] + [O] (4.16)
k= pPmHPIpPm O] _ 4 7 106 4t 1600°C (4.17)
Pryofatm)

The hydrogen and oxygen contents of low alloy liquid steel in equilibrium
with H,-H,O mixtures at 1 atm pressure and 1600°C are shown in Fig. 4.7.
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Fig. 47 Concentrations of hydrogen and oxygen in liquid iron at 1600°C in
equilibrium with indicated compositions of Hy~H,O mixtures.

4.2.6 SOLUBILITY OF SULPHUR DIOXIDE
From the free energy of formation of SO, and the solubilities of gaseous

sulphur and oxygen in liquid iron, the following equilibrium constant is
obtained for the reaction of SO, with liquid iron at 1600°C.

SO,(g) = [S] + 2[0] (4.18)
[%SI%OP _ 1556 4t 1600°C (4.19)
Pso,(atm)

For the concentrations of sulphur and oxygen present in liquid steel, it is
seen that the corresponding equilibrium pressure of SO, is infinitesimally
small. It is for this reason that no sulphur can be oxidised to SO, during
steelmaking with oxygen blowing.

4.2.7 SOLUBILITY OF HYDROGEN SULPHIDE

H,5(g) = [S] + Ha(g)
(4.20)

K= Pm2 [ppms]=43x 106 at 1600°C 4.21)
Prys

For the steel containing 100 ppm S, the equilibrium gas pressure ratio is
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Prs/ Pra, = 24 x 10-5. This example illustrates that liquid steel cannot be
desulphurised by purging with hydrogen, and that sulphur bearing gases
in-the reheating furnace atmosphere will result in sulphur pickup by the
steel.

4.3 SELECTED IRON-BASE PHASE DIAGRAMS

4.3.1 CRYSTALLOGRAPHIC FORMS OF IRON

Iron occurs in two crystalline modifications as shown in Fig. 4.8: body-
centred cubic (b.c.c)-denoted by a and 8 and face-centred cubic (f.c.c)

denoted by y. The phase transformations for pure iron occur at the follow-
ing temperatures.

o-Fe 912:(: y-Fe 139_2;0(: &-Fe 15§Z°C liquid Fe

§ol

Body-centred
cube cube
y-Fe a—Fe, 8—Fe
4.0
< y-Fe
LE/ 3 6 -
o o
[
c
Q
[&]
‘8 32F
®
|
a—Fe 5-Fe
28 ] I 1
0 400 800 1200 1600

Temperature (°C)

Fig. 4.8 Variation of lattice constant of pure iron with temperature.

In the b.c.c structure, the corner atoms of the cube become centre atoms
in the body of the neighbouring cubic lattice, with every atom having
eight nearest neighbours, i.e. coordination number eight. In the f.c.c struc-
ture, the corner atoms of the cube become centre atoms on the faces of the
neighbouring cubic lattice, with coordination number twelve.
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The interatomic distance, i.e. diameter d of hypothetical tangent atom
spheres, is related to the lattice parameter a (length of the unit cube edge)
as derived from the geometry of atom arrangement.

for b.c.c. d= (4.22a)

for f.c.c. d= (4.22b)

§Ilm “l%

The interatomic distances calculated from the lattice parameters at the
phase transformation temperature 910°C (Fig. 4.8), are

Phase g,_é d, Ax
o 2.898 2.510
Y 3.639 2.573

In the non-close-packed structures, the atoms behave as though they were
slightly smaller than those in the close-packed structures.

In metallurgical language, a—Fe is called the ferrite phase and y-Fe, the
austenite phase. The ferrite phase goes through a magnetic transformation
at 769°C, above which iron is not magnetic, however, this is not a true
polymorphic transformation. Since the lattice constant of austenite is
larger than that of ferrite, the elements forming interstitial solid solutions
in iron, i.e. within the iron space lattice, have larger solubilities in the
austenite phase, e.g. H, B, C, N and O. In the substitutional solid solutions,
solute atoms replace the solvent atoms in the space lattice of the latter.
Depending on the nature of the alloying elements in iron, the transforma-
tion temperatures vary over a wide range. The elements with f.c.c struc-
ture dissolved in iron favour the f.c.c. structure and therefore they extend
the temperature stability range of the austenite phase, e.g. Ni, Co.
Similarly a solute element with b.c.c structure extends the stability range
of the ferrite phase, e.g. Si, Cr, V. The existence of these two crystalline
forms of iron is largely responsible for the versatility of iron alloys in
practical applications. The iron can be rendered malleable, ductile, tough
or hard, by alloying with suitable elements and applying appropriate heat
and mechanical treatments.

4.3.2 IRON-CARBON SYSTEM

Since carbon is one of the most important ingredients of steel, the study of
the iron-carbon phase equilibrium diagram has received much attention’
during the past several decades. The phase diagram is given in Fig. 4.9.

*In Sl units 10 A = nm (nanometre) = 10-%m.
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There are three invariants in this system; peritectic at 1499°C, eutectic at
1152°C and eutectoid at 738°C. The phase boundaries shown by broken
lines are for the metastable equilibrium of cementite, Fe,C, with austenite.
It was shown by Wells? that if sufficient time is allowed, iron-carbon alloys
containing austenite and cementite decompose to austenite and graphite.
The solubilities of graphite and of cementite in o-iron below the eutectoid
temperature are given by the following equations using the data of
Swartz4

. 5250
log %C (graphite) = — —— +3.33 (4.23)
. 3200
log %C (cementite) = — — * 1.50 (4.24)
1600
0.10%
Graphite
fi +'d
Liquid qui
1400 113922c
v+ liquid
O 1200
o 1 Eeeeersecmcsrerrcmcmacmarsme TR
5 4 2.04% 1146°  4.27%
N 4
]
£
2 1000~
v + graphite (stable phase)
¥ + cementite (metastable phase)
800 f
0.020% JJ*+Y N/~ 738°C
""" R T
0.021% (o + cementite)
600 i [ 1 1
0 1 2 3 4 5

Carbon (wt. %)

Fig. 49 Iron—carbon phase equilibrium diagram. Dashed lines represent phase
boundary for metastable equilibrium with cementite. )

The solubility of graphite in liquid iron is well established and the
experimental data, reviewed by Neumann and Schenck?, are summarised
by the equation

[%C] = 1.30 + 2.57 x 10-3 T (°C) (4.25)
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If atom fraction N is used, the same set of data can be represented by the

following equation in terms of log N and the reciprocal of the absolute
temperature.

logNg=- 222 —0375 (4.26)

The effect of silicon, phosphorus, sulphur, manganese, cobalt and nickel
on the solubility of graphite in molten iron was determined by Turkdogan
et al.67 and graphite solubility in iron-silicon and iron-manganese melts by
Chipman et al.8°. Similar measurements with iron-chromium melts were
made by Griffing and co-workers.10 The experimental data are given
graphically in Fig. 4.10 for 1500°C; the solubility at other temperatures can
be estimated from this plot by using the temperature coefficient given in
equation (4.25) for binary iron-carbon melts. In the iron-sulphur—carbon
system there is a large miscibility gap. For example, at 1500°C the melt
separates into two liquids containing

phase (I) 1.8% Sand 4.24% C
phase (I) 26.5% S and 0.90% C

Miscibility
gap

0 5 10 15
Alloying element (wt. %)

Fig. 410 Solubility of graphite in alloyed iron melts at 1500°C.
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4.3.2a Peritectic reaction

The peritectic reaction occurring in the early stages of solidification of low-
carbon steels is of particular importance in the continuous casting of steel.
The peritectic region of the Fe-C system is shown on a larger scale in Fig.
4.11. As the temperature decreases within the two-phase region, 8 + liquid,
the carbon contents of §-iron and residual liquid iron increase. At the
peritectic temperature 1499°C, 8-iron containing 0.10% C reacts with liquid
iron containing 0.52% C to form y-iron with 0.16% C

1550
o 8 + liquid
[0
2 1500 ; 0.52
2 0.10 ~
g s |+
) ¥+ liquid
Y
1450 ' '
0 0.2 0.4 0.6

Mass (% C)

Fig. 4.11 Peritectic region of binary iron—carbon system.

The X-ray diffraction data give for the densities of iron-carbon alloys:
7.89 g cm~3 for 8-Fe with 0.10% C and 8.26 g cm~3 for y—Fe with 0.16% C
Hence, the § to y phase transformation is accompanied by 4.7% volume
shrinkage. Because of this shrinkage, the thin solidified shell in the mould
of the caster will contract, producing a gap between the shell surface and
mould wall. This situation leads to an uneven surface which is in partial
contact with the mould wall, hence resulting in reduced heat flux at con-
tracted areas. A reduced solidification growth rate and a nonuniform shell
with thin spots, lowers the resistance of the steel to cracking which may
cause a breakout in the mould. This phenomenon was well demonstrated
experimentally by Singh and Blazek!! using a bench scale caster; this
subject is discussed further in a paper by Wolf and Kurz.12

In low alloy steels containing 0.10 to 0.16% C, the solid/liquid ratio at
the peritectic invariant is higher than for steels containing more than
0.16% C. Therefore, due to the peritectic reaction, low alloy steels with 0.10
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to 0.16% C are more susceptible to the development of surface cracks in
continuous casting than steels with higher carbon contents.

4.3.2b Effect of alloying elements on peritectic invariant

As shown schematically in Fig. 4.12 for the ternary Fe-C—X, or multicom-
ponent alloy steels, the peritectic reaction occurs over a temperature and
composition range. From the experimental data on the liquidus and sol-
idus temperatures of alloy steels, the carbon and temperature equivalents
of alloying elements have been evaluated in three independent
investigations.13-15

Liquid

+ liquid

7+ liquid

Temperature —>

%C—>

Fig. 412 Schematic representation of phase boundaries in low alloy steels as
pseudo binary Fe-C system.

The carbon equivalents of the alloying elements for the peritectic
reaction

C(d-Fe) + C(I-Fe) = C(y-Fe) (4.27)
are usually formulated as follows
Liquid phase: A%C = 0.52 + ZAC%,; - [%X] (4.28)
-Delta phase: A%C = 0.10 + ZAC%; - [%X] (4.29)
The changes in peritectic temperatures are formulated as D
Liquid phase: AT = 1499°C + ZAT%, - [%X] (4.30)

Delta phase: AT = 1499°C + SAT%, - [%X] (4.31)
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The coefficients AC% and AT% can be positive or negative, depending on
the alloying element X.

If the reported values of these peritectic parameters are reliable numer-
ically and by the + or - sign, they should correlate to one another in a
consistent manner either empirically or theoretically. It is on the basis of
such a criterion that a reassessment is now made of the values reported by
Yamada ef ql.14

The slopes of the liquidus and solidus lines at low solute contents in the
Fe-X binary systems are plotted in Fig. 4.13 against the peritectic tempera-
ture coefficients ATy, and ATps (°C/%X) in the Fe-C-X alloys. Of the
elements considered here, Mn and Ni are the only two austenite stabilisers

involving peritectic reactions, hence the peritectic temperature coefficients
are positive.

0
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Fig. 413 Linear decrease in solidus, AT, and liquidus, AT, temperatures at low
solute contents in binary systems Fe-X, related to changes in peritectic temperatures
with respect to the binary Fe-C system.
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As is seen from the plots in Fig. 4.14 the peritectic carbon coefficients
vary in a systematic manner with the peritectic temperature coefficients. It

appears that the reported value of ACps = 0.025 for Mo may be lowered to
0.012.

0.04

oMo

-0.04

ACps (%C/%X)

-0.08

0121 ! 4 ! ! !
¢ T60 0 40 30 20 10 0 10
ATps (°CI%X)
ok
<
S
S 02
o
(@]
2 .04}
06— ! L !

-30 -20 -10 0 10
ATp, (°CI%X)

Fig. 414 Changes in peritectic carbon contents of delta and liquid iron related to
changes in the respective peritectic temperatures with respect to the binary Fe-C
system.

The correlations are shown in Fig. 4.15 between the peritectic tempera-
ture and carbon coefficients. With the anticipation that the parameters for
the delta and liquid phases may have the same sign, i.e. either positive or
negative, the curves in Fig. 4.15 are drawn to pass through the origin of the
coordinates. Suggested corrections in Fig. 4.15 to the values of Si and Mo
are the same as those indicated in Figs. 4.13, 4.14.

There is no peritectic reaction in the Fe-X alloys with the ferrite stabilis-
ing element X. Therefore, the addition of a ferrite stabilising element X to
the Fe-C system should decrease the peritectic temperature coefficients.
Also, the steeper the liquidus and solidus slopes in the Fe-X system, the
greater will be the decrease in the peritectic temperature coefficients; this
is evident from the experimental data in Fig. 4.15. The reported value of
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AT (°C1%X)
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Fig. 415 Interrelations between peritectic temperature and composition changes.

ATp, for Si appears to be low; to be consistent with the other data, we may
take ATps = — 32 °C/ %Si.
The peritectic temperature and carbon coefficients determined by
- Yamada et al. are listed in Table 4.4, with minor numerical adjustments to
some of the parameters in accord with the empirical correlations given in
Fig. 4.15. The composition ranges of the alloys used in the experimental
work of Yamada et al. are indicated in Table 4.4. The peritectic parameters
will have lower numerical values at higher concentrations of alloying
elements. For continuous casting of the HSLA plate grade steels con-
taining 1.0 to 1.3% Mn, the recommended carbon content is in the range
0.06 to 0.08% (max) to avoid the peritectic region, as indicated by
A%C/%Mn = - 0.029 in Table 4.4.
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Table 4.4 Peritectic temperature and composition parameters in accord with the curves in

Fig. 4.15

A°C/ %X A%C/ %X
Alloying Composition ATy, ATps ACp, ACp;
Element range, wt.%
Cr . <1.5 -3 -5 +0.022 +0.006
Mn <15 +3 +7 -0.085 -0.029
Mo <1.5 -10 -18 +0.055 +0.012
Ni <3.5 +4 +9 -0.082 -0.027
P <0.05 -24 -56 ~0.250 -0.080
S <0.03 -28 -64 -0.500 -0.105
Si <0.6 -16 -32 -0.035 -0.010
Vv <1.0 -6 -11 +0.045 +0.010

The phase boundaries in the peritectic region of the Fe-C-X alloys,
projected on the Fe—-C-X composition diagram, are shown schematically in
Fig. 4.16 for alloys where X is: (a) ferrite stabiliser and (b) austenite sta-
biliser. In the Fe-C-Mn (or Ni) system, the peritectic reaction occurs at all
compositions between the peritectic regions of the binaries Fe~C and Fe-
Mn (Ni) systems. In the Fe-C alloys with ferrite stabilisers, the peritectic
reaction will not occur beyond a certain concentration of the alloying
element X as shown in FIg. 4.16a. This limiting case applies only to high
alloy steels.

4.3.2c Liquidus temperatures of low alloy steels

The liquidus temperatures of low alloy steels are derived from the binary
Fe-X systems on the assumption that the coefficients o = A T/ %X are
additive in their effects on the melting point of iron.

Below 0.5% C, where the solidification begins with the formation of
delta (8) iron, the following equation would apply

Liquidus T(°C) = 1537 - 73.1[%C] + Za[%X] (4.32)

For the carbon contents within the range 0.5 to 1.0% C, where the
solidification begins with the formation of gamma (y) iron, the following
equation is recommended.

Liquidus T(°C) = 1531 - 61.5[%C] + Za[%X] (4.33)
The same coefficients o are used in both equations.
Alloying element X Coefficient a, °C/ %X
Al -2.5 -
Cr -15
Mn -4.0

Mo -5.0
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(a) X: Ferrite stabiliser

Liquid

%X —>

8 + liquid

¥ + liquid

0 %C—>

{b) X: Austenite stabiliser

%X —>

¥ + liquid

0 %C—>

Fig.4.16 Phase boundaries in the peritectic region of the Fe~C-X alloys projected on
the composition diagram.

Alloying element X Coefficient a, °C/ %X
Ni -3.5
P -30.0
Si -14.0
S —-45.0
A% -4.0

4.3.3 IRON—OXYGEN SYSTEM

The thermodynamics of the iron-oxygen system was studied in detail by
Darken and Gurry.16 Fig. 4.17 gives the temperature-composition phase
diagram for a total pressure of one atmosphere. There are two characteris-
tic features of this system. Oxygen is soluble in iron to a limited extent
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only; at the eutectic temperature 1527°C, the maximum solubility is 0.16%
O, above which a liquid oxide phase containing 22.6% O is formed. The
second characteristic feature is the formation of wustite which has a vari-
able composition and is not stable below 560°C. The stoichiometric ferrous
oxide does not exist and wustite in equilibrium with iron has the composi-
tion corresponding to about Fey ;O within the temperature range 800-
1371°C (melting temperature). That is, wustite is deficient in iron cations
and electroneutrality is maintained by the presence of some trivalent iron
cations together with the divalent iron cations in wustite. Within the
wustite phase, the ratio Fe3+/Fe2+ increases with an increasing partial
pressure of oxygen. Although magnetite in equilibrium with wustite has
the stoichiometric composition Fe;O,, in the presence of haematite the
magnetite becomes deficient in iron with an increasing temperature.
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Fig. 4.17 Iron-oxygen phase equilibrium diagram between FeO and Fe,O; com-

positions, based mainly on the data of Darken and Gurry?$; broken lines in single
phase regions are oxygen isobars in bar.
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The solubility of oxygen in high-purity zone-refined iron was deter-
mined by Turkdogan et al.17-18; this was later confirmed by the work of
Kuisano et al.19. Iron side of the Fe~O phase diagram is shown in Fig. 4.18.
At about 900°C, iron (o or y) in equilibrium with wustite contains about 2
ppm O. At the peritectic invariant (1390°C) y-iron containing 28 ppm O is
in equilibrium with d-iron and liquid iron oxide. In d-iron equilibrated
with liquid iron oxide, the oxygen content increases from 54 ppm at
1390°C to 82 ppm at the eutectic temperature 1527°C.

1600

1537° Liquid
(82) 1527°
5 54 5 + liquid oxide
[+] (-]
1400 1392 ( ), 1390
& v+ liquid oxide 1370°
e
& 1200
2 ¥ + wustite
£
o
1000
o + wustite
0 40 60 80 100
Oxygen (ppm)

Fig. 4.18 Iron side of the iron—oxygen phase diagram. From Refs. 17,18.

Subsequent to earlier studies by various investigators, Taylor and Chip-
man?0 made the most reliable measurement of the oxygen solubility in
liquid iron in equilibrium with essentially pure liquid iron oxide at tem-
peratures of 1530-1700°C. In a later study, Distin et al.2! extended the
solubility measurements up to 1960°C. These two sets of experimental
data plotted in Fig. 4.19 are represented by the equation

log [%0]s, =~ 2320 + 2765 (434

Numerous other solubility measurements made are in general accord with
the data in Fig. 4.19. The oxygen content of liquid iron oxide in
equilibrium with liquid iron decreases with an increasing temperature as

given below and reaches the stoichiometric composition (22.27%) at about
2000°C.
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Temperature °C %0 in iron %0 in liquid iron oxide
1527 (eutectic) 0.16 22.60
1785 0.46 22.40
1880 0.63 22.37
1960 0.81 22.32
Temperature (°C)
42000 1800 1600

0.6

0.4

-log [%0]

0.2

4.4 4.8 5.2 5.6
104/T (K-1)

Fig. 419 Solubility of oxygen in liquid iron: (8) Taylor and Chipman, (0) Distin et al.
In a recent critical assessment of all the experimental thermochemical

data on the iron-oxygen system, the author derived the following free
energy equations.?2

%05,(g) = [O] ' (435)
K0
K- ([ZOZ)Eg (4.352)

at 1 mass % O, AGg = - 115,750 — 4.63T J (1800-2200K)  (4.35b)
where the activity coefficient log f, = — 0.10{% O] (4.35¢)

Fe(l) + [O] = FeO()) (4.36)
AG® = — 109,710 + 45.89T J (1800-2500K) (4.362)
Fe(l) + 1%0,(g) = FeO(l) (4.37)

AG® = - 225,460 + 41.26T ] (1800-2200K) (4.37a)
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4.3.4 IRON-SULPHUR SYSTEM

The iron-sulphur phase equilibrium diagram is given in Fig. 4.20. The
solubility of sulphur in solid iron was determined by Rosenqvist and
Dunicz?3 and Turkdogan ef al.24; the iron side of the iron-sulphur system
thus evaluated is shown in Fig. 4.21. There is a peritectic invariant at
1365°C where the equilibrium phases are: y-iron with 0.050 percent S,
d-iron with 0.18 percent S and liquid containing 12 percent S. At the
eutectic invariant 988°C, y-iron in equilibrium with the liquid phase con-
tains 0.012 percent S.
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Fig. 420 Iron-sulphur phase equilibrium diagram.
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4.3.5 IRON OXYSULPHIDE

Hot-shortness of steel is an old metallurgical problem that has been a
subject of research for several decades. It has long been recognised that the
presence of oxygen and/or sulphur in steel is the primary cause of hot-
shortness, which usually occurs within the temperature range 900 to
1100°C. The hot-short range of course varies with the type of steel, par-
ticularly with the %Mn/ %S ratio in the steel. From the phase diagram (Fig.
4.21) it is predicted that pure iron-sulphur alloys containing less than 100
ppm S should not be subject to hot-shortness during the entire hot-
working operation because no liquid sulphide can form. On the other
hand, an iron containing 200 ppm S will produce a small quantity of a
liquid phase as its temperature falls below 1100°C. In the presence of
oxygen, a liquid oxysulphide will form in y-iron at lower sulphur contents
and temperatures. As shown in Fig. 4.22, the sulphur content of iron in
equilibrium with wustite and liquid oxysulphide reaches a maximum of
143 ppm at 1200°C; this is about one half of that in purified iron. At the
ternary eutectic invariant (913°C) the sulphur in solution in equilibrium
with wustite and liquid oxysulphide is 70 ppm.
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900 ! 913
0 005 010 0.15 0.20
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Fig. 421 Iron side of the Fe-S phase diagram. From Refs. 23,24.

There is an extensive liquid miscibility gap in the system Fe-5-O, as
shown in Fig. 4.23 based on the work of Hilty and Crafts26 and of Bog and
Rosenqvist.2” The isothermal sections in Fig. 4.24 show the phase
equilibria at 1100 and 1400°C.
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Fig. 4.22 Sulphur content of y-Fe saturated with wustite is superimposed in binary
Fe-S phase diagram. From Ref. 25.
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Fig. 424 1100° and 1400°C isotherms for Fe-S-O system; y, gamma iron; W, wustite;

P, pyrrhotite; I, liquid oxysulphide; I, liquid metal.

4.3.6 IRON—-MANGANESE OXYSULPHIDE

The addition of manganese to steel is a well-known remedy to hot-,
shortness by virtue of forming solid oxides and sulphides. The solubility

of MnS in y-iron determined by Turkdogan et al.?4 is represented by
MnS(s) = [Mn] + [S]
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9020
T

" The univariant equilibria in the Fe-Mn-S-O system in the presence of
y-iron and Mn(Fe)O phases, derived by Turkdogan and Kor? are shown
in Fig. 4.25. For manganese contents in the region above the univariant j,
no liquid phase is present; below this curve, liquid oxysulphide forms.
That is, as long as the steel contains Mn(Fe)O and Mn(Fe)S in equilibrium
with iron, a liquid oxysulphide may form somewhere between 900° and
1225°C, depending on the concentration of manganese in solution in steel
(in the absence of other alloying elements), e.g. for 10 ppm Mn 900°C and
for ~ 10 percent Mn, ~ 1220°C. In the absence of oxygen however, a very
small amount of mariganese (e.g. 20 ppm Mn at 1000°C and 400 ppm at ~
1300°C) is sufficient to suppress the formation of liquid sulphide.

log [%Mn][%S] = — +2.93 (4.38)
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Fig. 4.25 Univariant equilibria in Fe-Mn-5-O system in the presence of y-Fe and
Mn(Fe)O phases. From Ref. 25.
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4.3.7 ELEMENTS OF LOW SOLUBILITY IN LIQUID IRON

A few elements of low solubility in liquid iron play some role in the
steelmaking technology; a brief comment on the chemistry of such el-
ements in liquid iron is considered desirable.

(@) Lead:

The break out of the furnace lining is often blamed on the presence of
lead in the melt. Small amounts of metal trapped in the crevices of the
lining are likely to get oxidised subsequent to tapping. The lead oxide
together with iron oxide will readily flux the furnace lining, hence widen-
ing the cracks which ultimately leads to failure of the lining. The solubility
of lead in liquid iron is sufficiently high that in normal steelmaking prac-
tice there should be no accumulation of lead at the bottom of the melt,
except perhaps in the early stages of the melting of lead-containing scrap.

At steelmaking temperatures the vapour pressure of lead is about 0.5
atm and the solubility?® in liquid iron is about 0.24 percent Pb at 1500°C
increasing to about 0.4 percent Pb at 1700°C. The free-machining leaded
steels contain 0.15 to 0.35 percent Pb. Evidently lead added to such steels is
in solution in the metal prior to casting and precipitates as small lead
spheroids during the early stages of freezing.

(b) Calcium:

The boiling point of calcium is 1500°C and its solubility in liquid iron is
very low. Sponseller and Flinn2?® measured the solubility of calcium in iron
at 1607°C for which the calcium vapour pressure is 1.69 atm. Under these
conditions at 1607°C, 0.032 percent Ca is in solution. That is, the solubility
at 1 atm pressure is 189 ppm Ca. They also investigated the effect of some
alloying elements on the solubility; as seen from the data in Fig. 4.26, C, Si,
Ni and Al increase markedly the calcium solubility in liquid iron. In melts
saturated with CaC, the solubility of calcium of course decreases with an
increasing carbon content.

(c) Magnesium:

The solubility of magnesium in iron-carbon alloys determined by Trojan
and Flinn3¢, is shown in Fig. 4.27 as functions of temperature and carbon
content. Subsequently, Guichelaar et al.31, made similar measurements
with liquid Fe-Si-Mg alloys. Their data have been used in numerous
studies to derive the equilibrium relations for the solubility of magnesium
in liquid iron. However, there are some variations in the interpretation of
the above mentioned experimental data. A reassessment of these experi-
mental data is considered desirable.

The equilibrium relation for the solubility of Mg (in units of mass %
atm-1) is represented by :

Mg(g) = [Mg]
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Fig. 4.26 Effect of alloying elements on the solubility of liquid calcium in liquid iron
at 1607°C, corresponding to 1.69 atm pressure of calcium vapour. From Ref. 29.
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Fig.4.27 Solubility of magnesium in liquid iron—carbon alloys at indicated tempera-
tures and pressures of magnesium vapour. From Ref. 30.

Kagg = 1%Mglfug (4.39)
Mg
where fy, is the activity coefficient affected by the alloying elements. In
the experiments with the Fe~C-Mg melts coexistent with liquid Mg, the
latter contained less than 2 percent Fe, therefore, the Mg vapour pressure
prevailing in the reactor would be essentially the same as that for pure Mg
for which the following is obtained from the data of Guichelaar, et al.
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6730

log P°\g(atm) = ~ —5 t 4.94

(4.40)

In the experiments with the Fe-Si-Mg alloys, the Mg-rich phase con-
tained relatively large concentrations of Fe and Si. In addition to
determining the miscibility gap in this system, Guichelaar et a4l., also mea-
sured the equilibrium vapour pressure of Mg in the system by the ‘boiling

method.’

These experimental data are presented in Fig. 4.28 as a plot of log
(1%Mg]/pmg) versus the concentration of C or Si in the iron-rich phase. For
the Fe-C-Mg system, there is a linear relation; for the Fe-Si-Mg system, a
linear relation holds up to about 18 percent Si. From the slopes of the lines,

the following interaction coefficients are obtained:
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Fig. 428 Solubility of Mg in liquid Fe-C and Fe-Si alloys, derived from data in Refs.

30 and 31.

The intercepts of the lines with the ordinate axis at %C and %5i — 0 gi\;e
the equilibrium constant Ky, for pure liquid iron (undercooled). The tem-
perature dependence of Ky, shown in Fig. 4.29 is represented by
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log Kyig = 10 —3.698 (4.41)

which gives the following free energy equation for the solution of Mg
vapour in liquid iron:

Mg(g) = [Mg] (1%) (4.42)
AGg = 78,690 + 70.80 T J mol-1 (4.42a)
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Fig. 429 Temperature dependence of the quilibrium constant for the solubility of
Mg in liquid iron (undercooled), %Mg atm-1.

For the quaternary melts Fe-C-Si-Mg, the activity coefficient of Mg may
be approximated by the product

fMg = fIE:/Ig X fI?/}g (443)

The solubility of Mg in liquid Fe-C-Si-Mg alloys calculated from the
above equations agrees well with the measured values reported by Trojan
and Flinn.

In the experiments by Engh ef al.32 the Mg solubility in graphite-
saturated liquid iron at 1260°C was measured by equilibrating the liquid
Fe-C-Mg alloys with liquid Pb-Mg alloys. The vapour pressure of Mg in
the two-liquid system was derived from equation (4.40) and the known
activity coefficient of Mg in the Pb-Mg phase. The ratio %Mg/py(atm) =
0.553 they obtained for graphite-saturated iron compares well with 0.525
determined by Trojan and Flinn. Noticeably higher values were reported
by other investigators: 0.80 by Speer and Parlee33 and 0.70 by Irons and
Guthrie.3¢
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4.4 SoLuBILITIES OF CAQO, CAS, MGO AND MGS 1N Liguip IrRON

There are large variations in the experimental data for the solubilities of
oxides and sulphides of calcium and magnesium in liquid iron as evident
from the data listed in Table 4.5 for 1600°C. For low concentrations of Ca,
Mg, O and S in liquid iron, their activity coefficients f; will be essentially
unity, therefore the solubility products for unit activities of oxides and
sulphides are given in terms of mass percentages of the solutes.

Table 4.5 Experimentally determined solubility products of CaO, MgO, CaS and MgS are
compared with those calculated from the thermochemical data for 1600°C.

Solubility product Experimental Ref. Calculated
Kcao = [%Ca][%0] 9.0 x 10-7 37 6.0 x 10-10
1.0 x 10-%0 38
25x10-° 39
45x10-8 40
5.5 x 10-2 41
Kiigo = [%Mg]1%0] 2.0x10-6 37 2.4 x 10-9
7.5 x 10-6 42
Keas = [%Ca][%S] 1.7 x 10-5 37 2.0 x 10-°
7.9 x 10-8 39
32x 107 40
Kiigs = [ Mg][%S] 5.9 x 10-2 37 1.2 x 104

The solubility products measured by Nadif and Gatellier3” are much
higher than those of other investigators and several orders of magnitude
greater than those calculated from the free energy data and solubilities of
Ca(g) and Mg(g) in liquid iron already discussed.

It should be noted that the free energy data used for CaO and MgO are
those determined recently by Gourishankar et al.35 using the Knudsen
effusion technique. They found that for the reactions

Ca(g) + %0,(g) = CaO(s) (4.44)
Mg(g) + %0,(g) = MgO(s) (4.45)

the standard free energy data given in JANAF Tables,?¢ are in error and
should be corrected as follows:

AG$ = AGS (tabulated) + 33 kJ mol-! CaO (4.44a)
AG% = AG7 (tabulated) - 34 k] mol-1 MgO (4.45a)

The experimental data of Gourishankar et al. for reactions (4.44) and (4.45)
may be represented by the following free energy equations.
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For CaO: AG$ = ~753,880 + 192.5T J (1900-2100K)  (4.46)
For MgO: AGS = -759,380 + 202.6T J (1800-2100K)  (4.47)

These equations are used in the free energy data given in Table 1.1 of
Chapter 1.

For the reaction equilibrium
MgS(s) = [Mg] + [S] (4.48)
K=[%Mgll%s] fS, f¢ (4.482)
log K = — 17'1(.’,26 +5.161 (4.48b)

where the activity coefficients f§;, and f§ — 1 for low concentrations of
Mg, S and C dissolved in iron. For graphite-saturated liquid iron at 1260°C
with 4.4% C, for which f§;, = 0.22 and f§ = 4.4, the calculated solubility
product is [%Mg][%S] = 1.2 x 10-5; this agrees well with the experimental
data of Engh et al.32 plotted in Fig. 4.30. Some of the data points lying
above the calculated line are indicative of the presence of a small quantity
of dispersed particles of MgS in the melt; the same point of view was
expressed by Engh et al. in their paper.
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Fig. 430 Sulphur and magnesium contents of carbon-saturated liquid iron at
1260°C. From Ref. 32. The line is calculated for Mg$ saturation, i.e. [%Mg][%S] = 1.2 x
10-6.
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4.5 SOLUBILITIES OF NITRIDES AND CARBIDES IN SOLID AND Liguip IRON

For steel compositions of practical interest, the nitrides and carbides do
not form in liquid steel. These compounds precipitate during cooling of
the solidified steel along the austenite grain boundaries. These precipitates
markedly influence the mechanical properties of steel both at room tem-
perature and hot working temperatures.

Representing the nitride and carbide by XY,, the reaction to be con-
sidered is

[X] +n[Y] = XY, (4.49)

where Y is rﬁtrogen or carbon, and X the alloying element in steel. The
isothermal state of equilibrium is represented by the solubility product

K= [%X][%Y]" (4.50)

where the temperature dependence of the equilibrium constant K is of the
form
logK=- 4 +B (4.51)
For the elements dissolved in steel, when the product [%X] [%Y]" ex-
ceeds the equilibrium solubility product K, the nitride or carbide will
precipitate, if the reaction kinetics are favourable.

Example:

Calculate the temperature at which AIN and Nb(C,N) begins to precipitate
under equilibrium conditions in steel containing in solution 0.02% Al,
0.04% Nb, 0.08% C and 0.006% N.

For AIN:
log [0.02 x 0.006] = — 6—7TZQ +1.08 =—3.921

R
£ T= 2770~ 1367°K = 1094°C

For NbC, ;N ,:

log [0.04 x 0.0807 x 0.0060%] =~ 2220 4 412 = ~2.61

o 9450 o
2 T= 220 - 1404°K = 1131°C

If there is equilibrium precipitation of AIN and Nb(C,N) in homoge-.
nised austenite, the concentrations of Al, Nb and N in solution will
decrease with a decreasing temperature as shown in Fig. 4.31a. On the
other hand, if Al and Nb are concentrated at the austenite grain
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boundaries as a consequence of solute microsegregation during solidifica-
tion, the nitride and carbonitride precipitation under equilibrium condi-
tions will begin at higher temperatures, as shown in Fig. 4.31b. This
subject will be discussed in more detail in Chapter 10.
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Fig. 431 Equilibrium precipitation of AIN and Nb (C,N) in austenite during cool-
ing: (a) for homogenous solute distribution in steel, (b) for solutes segregated to
austenite grain boundaries.

The reassessed values of the solubility products of carbides and nitrides
in ferrite, austenite and liquid iron are given in Table 4.6, reproduced from
the author’s previous publication.43 The temperature dependence of the
solubility product K, in austenite is shown in Fig. 4.32.

4.6 SURFACE TENSION OF LiQuID IRON ALLOYS

The experimental data for the surface tension of liquid iron and its binary
alloys have been compiled recently by Keene.44 For purified liquid iron,
the average value of the surface tension at temperature T(°C) is repres-
ented by

Ope = (2367 = 500) - 0.34T(°C), mNm-1



K,y = [%X] [%Y]"
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Fig. 4.32 Equlibrium solubility products of carbides and nitrides in austenite.

Keene derived the following weighted average limiting values of o
(mNm-1) for dilute solutions of X in Fe-X binary alloys.
Virtually no effect of C on o,

Fe-C:
Fe—Ce:
Fe-Mn:
Fe-N:
Fe-P:
Fe-5:
Fe-Si:

O = O, — 700[%Ce]
O = Og, — 51[%Mn];
O = Og, — 5585[%N]
O = Op, — 25[%P]
(Discussed later)

d0o/dT =-0.22

O = Og, — 30[%Si]; d0/4T = - 0.25

Gibbs’ exact treatment of surface thermodynamics gives, for fixed unit
surface area and constant temperature and pressure,
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Table 4.6 Reassessed values of the solubility products of carbides and nitrides in iron

Solubility product log K, log K, log K;
[%;Al][%N] - -64?- +1.03 - i?[ﬂ)- +2.05 1-2';—50 +5.58
[%BI[%N] - 1—3'?—70 +5.24 14’#9 +4.61 1—0'2—30 +4.64
(%Nb][%N] RS YE B0 g0

[%Nb][%C]0-67 - —7'(,}—20 +2.81 ﬁ +4.33

[%Nb}[%C]7[%N]02 — 9’—‘;50— +4.12 1—2—%2—0 +5.57

[%Til[%N] - 1—5;—90 +5.40 18—';2-9 +6.40 %’ + 640
[%Til[%C) - ﬂ +2.75 1—(%3—0 +4.45 f"lTﬂ +3.25
[%V[%N] - —7'—;09 +2.86 9'7T7‘0 +3.90

[%V1[%C]o-75 - —6—’?—6(1 +4.45 - Z%ﬂ +4.24

k
do =-RT X T;d(Ina) (4.52)
where T; is the surface excess concentration of the ith component and 4, its
activity. For a ternary system, equation (4.52) is reduced to

do =—-RT ( I,d (Ina,) + I'xd (In a3)) (4.53)

Since carbon dissolved in iron has virtually no effect on the surface tension
of liquid iron, for the ternary system Fe—C-S, equation (4.53) is simplified
to

do = - RT Ted(In ag) (4.54)

As shown, for example by Kozakevitch,45 the addition of carbon to iron-
sulphur alloys lowers the surface tension (Fig. 4.33). In the lower diagram,
the plot of surface tension against the activity of sulphur illustrates that
the apparent effect of carbon on the surface tension results from the effect
of carbon on the activity coefficient of sulphur dissolved in iron.

As is seen from the compiled data in Fig. 4.34,* the surface tension data
of various investigators for the Fe-5 melts are in close agreement. The
points read off from the curves in Figs. 4.33 and 4.34 are plotted in Fig. 4.35
as o versus log ag. It is seen that for ag > 0.01, o is a linear function of log 4,

*References to ddta in Fig. 4.34 are given in a previous publication by the author.4¢
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Fig. 4.33 Surface tension of liquid Fe—C-S alloys at 1450°C. From Ref. 45.

a limiting case for almost complete surface coverage with chemisorbed S.
The shaded area represents the data of Selcuk and Kirkwood*” for 1200°C.

4.7 DENSITY OF LIQUID STEEL
The temperature dependence of the densities of liquid iron, nickel, cobalt,

copper, chromium, manganese, vanadium and titanium are given by the
following equations as a linear function of temperature in °C in gcm-3:

Iron: 8.30 - 8.36 x 10-4T
Nickel: 9.60 - 12.00 x 10-4T
Cobalt: 9.57 - 10.17 x 10-4T
Copper: " 9.11 - 9.44 x 10T
Chromium: 7.83 - 7.23 x 104T
Manganese: 7.17 - 9.30 x 104T
Vanadium: 6.06 - 3.20 x 10-4T

Titanium: 458 — 2.26 x 104T
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Fig. 434 Surface tension of Fe-S alloys at 1550-1600°C.

The specific volume and density of liquid iron-carbon alloys are given in
Fig. 4.36 for various temperatures. It should be noted that the density of
the liquid in equilibrium with austenite does not change much over the
entire liquidus range.

4.8 VISCOSITY

The viscosity is a measure of resistance of the fluid to flow when subjected
to an external force. As conceived by Newton, the shear stress ¢, i.e. force
per unit area, causing a relative motion of two adjacent layers in a fluid is
proportional to the velocity gradient du/dz, normal to the direction of the
applied force

where the proportionality factor n is viscosity of the fluid (liquid or gas).
Viscosity unit: poise (g cm~1s-1) = 0.1N s m~2,
From theoretical considerations and experimental data, Andrade®® de-
rived the following relation for viscosities of liquid metals at their melting
temperatures.
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n = 5.4 x 10-4(MT, )1/2 V-2/3 (4.55)

where M is the atomic mass in g and V = M/p the molar volume.

" The coefficients of viscosity of iron, cobalt, nickel and copper measured
by Cavalier3? are given in Fig. 4.37. In these experiments Cavalier was able
to supercool metals 140°-170°C below their melting points and as seen
from the data, there are no discontinuities in the viscosity coefficient vs
temperature lines extending below the melting temperatures of the metals.
The viscosities of Fe—C alloys determined by Barfield and Kitchener5! are
given in Fig. 4.38. In the iron-carbon melts the coefficient of viscosity is
essentially independent of composition within the range 0.8 to 2.5 percent

C; above 2.5 percent C, the viscosity decreases continuously with an in-
creasing carbon content.
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Fig. 437 Temperature dependence of viscosity coefficient of liquid iron, cobalt,
nickel and copper. From Ref. 50.

4.9 Mass DIFFUSIVITIES IN SOLID AND LiQuiD IRON

The diffusivity is an exponential function of temperature,

D = D, exp(-E/RT) (4.56)

where D, is a constant for a given solute and E the activation energy
(enthalpy) for the diffusion process.
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The general trend in the temperature dependence of solute diffusivity in
solid iron is shown in Fig. 4.39. The interstitial elements, e.g. O, N, C, B, H
have diffusivities much greater than the substitutional elements. Because
of larger interatomic spacing, the diffusivities of interstitials in bce-iron are
greater and the heats of activations (~85k]) are smaller than those in the
fcc-iron with E ~ 170kJ. With the substitutional elements, the heat of ac-
tivation is within 210 to 250 k] for bee-iron and within 250 to 290 k] for fcc-
iron.

In liquid iron alloys, diffusivities of elements are within 10-5 to 104
cm?2s-1 with E within 15 to 50 kJ.

Some solute diffusivity data for liquid iron and iron-carbon alloys are
given in Table 4.7.

4.10 ELecTrRICAL CONDUCTIVITY

The electrical conductivity A in the units of Q~1cm-1is the reciprocal of the
electrical resistivity. The electrical conductivity of liquid low alloy steel is
about A = 7140 Q-1cm-1 at steelmaking temperatures.
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Fig. 4.39 Range of diffusivities of interstitial and substitutional elements in bcc and
fee iron.

4.11 THERMAL CONDUCTIVITY
From Fick's law, the thermal conductivity is defined by

_ Q

K= m (457)
where Q is heat flux, energy per unit area per unit time, dT/0dx the tem-
perature gradient normal to the direction of heat flow and « the thermal
conductivity.
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Table 4.7 Selected solute diffusivities in liquid Fe-C alloys .

Diffusing Concen- Medium Temp. D D, E
element tration range cm2sec! cm2Zsec] kJ
mass % °C
C 0.03 Fe 1550 7.9x10-5 - -
C 2.1 Fe 1550 7.8x10-5 - -
C 3.5 Fe 1550 6.7x10-5 - -
Co Dilute sol. Fe 1568 4.7x10-5 - -
Co Dilute sol. Fe 1638 5.3x10-5 - -
Fe - Fe-4.6%C 1240-1360 - 4.3x10-3 51
Fe - Fe-2.5%C 1340-1400 - 1.0x10-2 66
H Dilute sol. Fe 1565-1679 - 3.2x10-2 14
Mn 2.5 gr.satu.Fe 1300-1600 - 1.93x104 24
N Dilute sol. Fe 1600 1.1x10+4 — -
N Dilute sol. Fe-0.15%C 1600 5.6x10-5 - -
O Dilute sol. Fe 1600 5.0x10-5 - -
P Dilute sol. Fe 1550 4.7x10-5 - -
S <0.64 gr.satu.Fe 1390-1560 - 2.8x10-4 31
S ~1 Fe 1560-1670 - 4.9x104 36
Si <2.5 Fe 1480 2.4x10-5 - -
Si <13 Fe 1540 3.8x10-5 - -
Si 1.5 gr.satu.Fe 1400-1600 - 2.4x104 34

Units of k: ] cm~1s-1K-1 = 10-2kg m s-3K-1 = 10-2Wm-1K-1

The effect of temperature on the thermal conductivities of iron, carbon
steels and high alloy steels are shown in Fig. 4.40.
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Fig. 440 Temperature dependence of thermal conductivity of purified iron and iron
alloys.
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4.12 THERMAL DIFFUSIVITY
Analogous to mass diffusivity, the thermal diffusivity o is defined as

o= cm?s—1 ) (4.59)

(e
where p is density and C, molar heat capacity. In metals, the electrons
migrate at much faster rates than the atoms; therefore the thermal dif-
fusivity is much greater than the mass diffusivity.

For low-alloy steels at 1000°C:

o =~ 0.04 cm2s-1 _
D = 3 x 10-12 cm?2s-1 (substitutional)
D =~ 3 x 107 cm?2s-1 (interstitial)
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CHAPTER 5

Physicochemical Properties of
Molten Slags

5.1 STRUCTURAL ASPECTS

Molten slags are ionic in nature consisting of positively charged ions
known as cations, and negatively charged complex silicate, aluminate and
phosphate ions known as anions.

The fundamental building unit in solid silica and molten silicates is the
silicate tetrahedron SiO,~4. Each silicon atom is tetrahedrally surrounded
by four oxygen atoms and each oxygen atom is bonded to two silicon
atoms. The valency of silicon is +4 and that of oxygen is -2, therefore the
silicate tetrahedron has 4 negative charges.

The three dimensional silicate structure repeats regularly in crystalline
silica. In molten silica the SiO, tetrahedra are irregularly grouped, as
illustrated in Fig. 5.1.

Si-0O tetrahedra

Crystalline silico Molten silica

Fig. 5.1 Schematic representation of the tetrahedral arrangement of silica network
in crystalline and molten silica.

138
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The addition of metal oxides such as FeO, CaO, MgO, . . . to molten
silica brings about a breakdown of the silicate network, represented in a
general form by the reaction

>5i—O—Si<+MO —2 (> Si—O0) + M2+ (5.1)

The cations are dispersed within the broken silicate network. In MO-SiO,
melts the atom ratio O/Si > 2, therefore part of the oxygen atoms are
bonded between two silicon atoms and part to only one silicon atom.
Partial depolymerisation of the silicate network with the addition of a
metal oxide MO is illustrated in Fig. 5.2.

Fig. 52 Schematic representation of depolymerisation of the silicate network with
the dissolution of metal oxides in silicate melts. ’

In highly basic slags with molar ratio MO/SiO, > 2, the silicate network
completely breaks down to individual SiO, tetrahedra intermixed with
cations M?* and some oxygen ions O%-.

At low concentrations, Al,O; behaves like a network-modifying oxide
and forms aluminium cations Al3+. At high concentrations, the aluminium
enters the tetrahedral structure isomorphous with silicon.

This process may be schematically represented by the reaction

|
>8i-0-Si<+MAIO,~>>5i-0-Al-0-Si<+ M+ (52)
0
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The cation M+ is located in the vicinity of Al-O bonding to preserve the
local charge balance. At low concentrations of phosphorus in steelmaking
slags, the phosphate ions PO 3~ are incorporated in the silicate network. In
steelmaking slags, the sulphur exists as a sulphide ion S2-. The sulphate
ions SO,2- exist in slags only under highly oxidising conditions and in the
absence of iron or any other oxidisable metal.

Although molten slags are ionised, the slag composition can be repres-
ented in terms of the constituent oxides, e.g. CaO, FeO, SiO,, P,Os . . . The
thermodynamic activity of an ion in the slag cannot be determined.
However, the activity of an oxide dissolved in molten slag, forming M2+
and O2- ions, can be determined experimentally and the following
equality can be written

MO — M2+ + O2- (5.3)
ano @2+ X 852)

. = s 5.4

rio) ~ Ty X ) 64

where the superscript ° refers to the standard state which is usually pure
solid or liquid oxide.

5.2 SLAG Basicity

For steelmaking slags of low phosphorus content, the slag basicity has
traditionally been represented by the mass concentration ratio

v = 2Ca0

= %50, (5.5)

For slags containing high concentrations of MgO and P,Os, as in some
laboratory experiments, the basicity may be defined by the following mass
concentration ratio, with the assumption that on a molar basis the con-
centrations of CaO and MgO are equivalent. Similarly, on a molar basis %2
P,0; is equivalent to SiO,.

_ %CaO + 1.4 %MgO
= %S0, 7 0.84% D0,

(5.6)
For slags containing MgO < 8% and P,O5 < 5%, the basicity B is essen-

tially directly proportional to V.
B=117V (5.7)

Another measure of slag basicity is the difference between the sum of
the concentrations of basic oxides and acidic oxides.

(%Ca0 + %MgO + %MnO) ~ (%Si0, + %P,05 + %TiO;)  (5.8)
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This formulation of slag basicity is not used very often.
For the calcium aluminate type of slags used in steel refining in the ladle
furnace, the slag basicity used in some German and Japanese publications,
is defined by the ratio
%Ca0
%5i0, x % Al,04

However, such a ratio becomes meaningless at low concentrations of
either.S5iO, or Al,O;. For the ladle furnace slag the basicity may be defined
by the following mass concentration ratio

B - %CaO + 1.4 x %MgO
LF™ %Si0, + 0.6 x %AL0;

The slag basicities as defined above are for the compositions of molten
slags. In practice, the steelmaking slags often contain undissolved CaO
and MgO. The chemical analyses of such slag samples without correction
for undissolved CaO and MgO, will give unrealistic basicities which are
much higher than those in the molten part of the slag.

There has been a trend in recent years to relate some physicochemical
properties of slags, such as sulphide capacity, phosphate capacity, carbide
capacity etc., to the so-called optical slag basicity. Such attempts to gener-
alise the physicochemical properties of silcates, phosphates, aluminates
etc,, into a single rationale invariably lowers the accuracy of representing
the composition dependence of the equilibrium constants of gas—slag—
metal reactions. As is seen from the plot in Fig. 5.3, there is no meaningful

(5.9)

(5.10)

12 I I
®
8 "
°o . .
B :’:g
o e
4 — O gA —
o,
&°° op ¢ xg% AA
° o0
A
0 | i
0.5 0.6 0.7 0.8
A

Fig. 5.3 Compositions of simple and complex slags do not give a meaningful cor-
relation between optical basicity A and concentration-based slag basicity B.



142 Fundamentals of Steelmaking

correlation between the so-called optical basicity A and the concentration-

based slag basicity B for simple and complex slags, to which references
will be given later in this chapter.

5.3 SELECTED PHASE DIAGRAMS OF BINARY AND TERNARY OXIDE SYSTEMS

Pertinent to the steelmaking type of slags, a few phase diagrams of binary
and ternary oxide systems are given here from the data compiled by Levin
et al.l

Iron oxide dissolves in slags in two valency states: divalent iron cations
Fe2+ and trivalent iron cations Fe3+. The ratio Fe3+/Fe2+ depends on tem-
perature, oxygen potential and slag composition; this is discussed later in
this chapter. In the formulation of the equilibrium constants of slag-metal
reactions and the thermodynamic activities of oxides in slags, the total iron
dissolved in the slag as oxides is usually converted to the stoichiometric
formula FeO and denoted by Fe,O, thus

%Fe,O = %FeO (analysed) + 0.9 x %Fe,O5 (analysed) (5.11a)
or %Fe, O = 1.286 x %Fe (total as oxides) (5.11b)

For the sake of simplicity in printing, the subscript ¢ will be omitted in all
the subsequent equations and diagrams.

5.3.1 BINARY OXIDE SYSTEMS

The simplest oxide system is that of FeO-MnO where there is a complete
series of liquid and solid solutions (Fig. 5.4).

1900
51700 |
°
po
g
[0}
o
£
2 1500 |-

Solid solution
<— 1371°C
1300 ! | |
FeO 25 50 75 MnO
MnO (wt. %)

Fig. 5.4 Phase diagram for FeO-MnO system.
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In the CaO-MgO system (Fig. 5.5) there is a small solid solubility at the
terminal regions at the eutectic temperatures ~ 2300°C. Dolomite,
MgCa(CO,),, is an important raw material for use in steelmaking furnaces
as a basic refractory material. The dolomite is calcined at temperatures in
the order of 1700°C to yield a material less subject to deterioration by
moisture during storage.
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Fig. 5.5 Phase diagram for CaO-MgO system.

In considering the silicate binary systems, mention should be made of
the polymorphic forms of silica. The following are the major phase trans-
formations of silica: melting temperature 1723°C; cristobalite — tridymite
transformation 1470°C; tridymite — quartz transformation 867°C.
However, tridymite is not a true polymorphic form of pure silica. It has
been demonstrated># that tridymite is formed within the temperature
range 867-1470°C only when some metal ions dissolve in silica. It is for
this reason that in all the metal oxide-silica systems tridymite appears as a
stable phase over the indicated temperature range. In most of the silicate
systems, except those with alkali oxides and alumina, there is a liquid
miscibility gap as seen from the phase diagrams in Figs. 5.6, 5.7 and 5.8.
Another characteristic feature is that there is a negligible amount of solid-
solution formation in most of the silicate systems.

In the CaO-S5iO, system (Fig. 5.6) there are two phases with congruent
melting points: a-2Ca0-5i0, and Ca0O-5i0,; two with incongruent melt-
ing points: 3Ca0-25i0, and 3CaO-SiO,, the latter being stable only
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Fig. 5.6 Phase diagram for CaO-SiO, system.
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Fig. 5.7 Phase diagram for FeO-5iO, system.

within the temperature range 1250-2070°C. One characteristic feature of
the di-calcium silicate is that on conversion from p to y crystalline modi-
fication at 675°C, there is about a 12 percent volume expansion causing the
solid mass to become powdery. In electric furnace practice, the reducing
slag used has a composition similar to that of di-calcium silicate, and
because of the transformation from f to y form, on cooling the slag be-
comes powdery; in industry this type of slag is often referred to as the
‘white falling slag’. The formation of y-2Ca0O-5i0O, in blast furnace slags is
highly undesirable if the slag is to be used as an aggregate for con-
structional purposes.
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Fig. 5.8 Phase diagram for MgO-5i0,, system.

The phase diagram for the FeO-5i0, system in Fig. 5.7 is that in
equilibrium with solid or liquid iron; this is not a true binary system. The
amount of ferric oxide in the melt along the liquidus curve, in equilibrium
with iron, decreases from about 12 percent at the FeO corner to about 1
percent at silica saturation.

The phase diagram for the MgO-5i0O, system is given in Fig. 5.8. Below
40% SiO, the eutectic melting occurs at 1850°C indicating that magnesia,
even in the presence of appreciable amounts of silica, is a good refractory
material. The refractory oxides and some silicates are often called by their
mineralogical names: MgO (magnesia)-periclase; 2 MgO-5iO,, — forsterite;
MgO-5i0, — protoenstatite.

The phase diagram for the CaO-Al,0; system is given in Fig. 5.9. The
prefused or sintered calcium aluminates made for flux additions to the
steel ladle usually contain 42 to 48% Al,O5, which is Wlthm the region of
low liquidus temperatures.

5.3.2 TERNARY AND QUATERNARY OXIDE SYSTEMS

Most steelmaking slags consist primarily of CaO, MgO, SiO, and FeO. In
low-phosphorus steelmaking practices, the total concentration of these
oxides in liquid slags is in the range 88 to 92%. Therefore, the simplest type
of steelmaking slag to be considered is the quaternary system CaO-MgO-
5i0,-FeO.

First, let us consider the ternary system Ca0-5i0,-FeO; the 11qu1dus
isotherms of this system is shown in Fig. 5.10. The 1sothermal section of
the composition diagram in Fig. 5.11 shows the phase equilibria at 1600°C.
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Fig. 5.9 Phase diagram for CaO-ALO; system.

There are four two-phase regions where, as depicted by dotted lines, the
melt is saturated with 5iO,, 2Ca0-Si0,, 3Ca0-5i0, or CaO; two three-
phase regions (2Ca0-5i0, + 3 Ca0-5i0,, + liquid) and (3Ca0-SiO, + CaO
+ liquid); and one liquid phase region.

Magnesia is another important ingredient of steelmaking slags, which
are invariably saturated with MgO to minimise slag attack on the magne-
sia refractory lining of the furnace.

The effect of MgO on the solubility of calcium silicates and calcium
oxide is shown in Fig. 5.12 for the system (CaO + MgO)-5iO,~FeO, in
equilibrium with liquid iron at 1600°C. The broken-line curve delineates
the region of saturation of molten slag with solid calcium (magnesium)
silicates and solid magnesio-wustite (MgO-FeO solid solution). Effects of
the concentrations of MgO and FeO on the solubility of CaO in
2Ca0-5i0,-saturated slags are shown in Fig. 5.13.

Tromel et al.5 have made a detailed study of the solubility of MgO in
iron—calcium silicate melts. The solubility data are given in Fig. 5.14 as iso-
MgO concentrations for CaO-MgO-5iO,-FeO slags saturated with olivine
(Mg, Fe),5i0,, and magnesio-wustite in equilibrium with liquid iron at
1600°C. Point A is for the ternary system Mg—Fe-O and B for Mg-Ca-O.
Along the composition path AB, molten slag is saturated with both olivine
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Fig. 510 Liquidus isotherms of CaO-SiO,-FeO system.

and Mg(Fe)O. Along the composition path CD, the slag is saturated with
both pyroxene (Ca,Mg) silicates and magnesio-wustite.

Below the dotted curve BACD in Fig. 5.15 for double saturations, the
curves for 10 to 60% FeO are the MgO solubilities in the slag as magnesio-
waustite. The solubility data obtained in other experimental worké-8 are in
general accord with the data of Tromel et al. in Fig. 5.15. In the work of
Leonard and Herron,” it was also found that the addition of CaF, up to
about 10% had no perceptible effect on the solubility of MgO in steelmak-
ing type slags.

The shift in the solubility isotherms at 1600°C with the addition of 9 and
15% MnO to the system CaO-5iO,-FeO, co-existing with liquid iron, is
shown in Fig. 5.16 as determined by Gorl et al.®

Pertinent to the compositions of neutral ladle slags, the phase equilibria
in part of the system CaO-Al,05-SiO, at 1600°C is shown in Fig. 5.17.
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Fig. 5.11 Phase equilibria in the system CaO-SiO,~FeO in equilibrium with liquid
iron at 1600°C.
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Fig. 5.12 . Effect of MgO (wt.%) on the solubility isotherms at 1600°C in the system
(CaO + Mg0)-SiO,—FeO in equilibrium with liquid iron.
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Fig. 5.13 Solubility of CaO in (CaO-MgO-5i0,-FeO) slags saturated with
2Ca0-5i0,, at 1600°C.
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Fig. 514 Iso-MgO concentrations (wt.%) for CaO-MgO-5iO,~FeO slags saturated
with olivine and magnesio-wustite in equilibrium with liquid iron at 1600°C.
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Fig. 515 Solubility of MgO, as magnesio-wustite, in the system CaO-MgO-5i0,-
FeO at 1600°C as a function of slag basicity and FeO concentration, derived from the
data in Fig. 5.14.

5.4 THERMODYNAMIC ACTIVITIES OF OXIDES IN SIMPLE AND COMPLEX
SLAGS

Thermodynamic activities of oxides dissolved in molten slags are relative
to pure liquid or solid oxides as the standard state; that is, for pure oxide
the activity a,,o = 1.

Reference may be made to a previous publication by the author,0 for
compiled experimental data on the thermodynamic activities in binary
and ternary oxide systems. In this chapter the activity data are given for a
few ternary and multicomponent systems which are closely related to
steelmaking slags.

5.4.1 acTiviTIES IN CaO-FeO-S5i0O, sYSTEM

The oxide activities in the CaO-FeO-5iO, melts in equilibrium with liquid
iron at about 1550°C are given in Fig. 5.18. The iso-activity curves in the
top diagram represent the experimentally determined activities of iron
oxide with respect to liquid FeO.1112 The activities of CaO and SiO, with
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Fig. 5.16 Shift in the solubility isotherms at 1600°C with the addition of 9 and 15%
MnO to the system CaO-5i0,~FeO; the total CaO, SiO, and FeO contents are related
to 100%.
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Fig. 5.17 Phase equilibria in the system CaO-Al,0;-SiO, at 1600°C.

respect to solid oxides were calculated from the FeO activities by Gibbs—
Duhem integration.12
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Sio,

Fig. 5.18 Activities of FeO(l) (experimental), CaO(s) and SiO,(s) (by Gibbs-Duhem
integration) in CaO-FeO-5i0, melts in equilibrium with liquid iron at 1550°C. From
Refs. 11, 12.

5.4.2 AcTiviTIES IN CaO-Al,05-5i0, SYSTEM

Rein and Chipman!3 measured the activity of silica in the CaO-AL,O5~
Si0, system; from these experimental data they calculated the activities of
CaO and Al,O; by Gibbs-Duhem integration. The salient features of these
oxide activities at 1600°C, with respect to solid oxides, are shown in Fig.
5.19 for the mass ratios of CaO/Al,O; = 2/3 and 3/2; the compositions of
ladle slags are well within the range given in Fig. 5.19.
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Fig. 5.19 Silica and alumina activities, with respect to solid oxides, in CaO-A1,05—
SiO, melts at 1600°C, derived from experimental data of Rein and Chipman.!3

The ratio of the activities (a,,0,)/3/(ac.0), Within the entire liquid com-
position range up to 30% SiO,, is shown in Fig. 5.20.

5.4.3 AcrtivrTies IN MnO-Al,05-5i0, sysTEM

In the deoxidation of steel with the ladle addition of silicomanganese and
aluminium together, the deoxidation product is molten manganese al-
uminosilicate with the mass ratio MnO/SiO, at about 1:1 and containing
10 to 45% Al,O;. The activities of oxides in the MnO-Al,0,;-Si0O, melts at
1550° and 1650°C were computed by Fujisawa and Sakao!# from the avail-
able thermochemical data on the system. They also determined experi-
mentally the activities of MnO and SiO, by selected slag-metal equilibrium
measurements and found a close agreement with the computed data.

The activities of Al,0O5 and 5iO,, with respect to solid oxides, are plotted
in Fig. 5.21 for melts with mass ratio of MnO/SiO, = 1. For melts contain-
ing up to 30% Al,Oj the activity of MnO remains essentially unchanged at
about 0.1 then decreases to about 0.05 at 40% AL, O;.

5.4.4 ACTIVITY COEFFICIENT OF FeO IN SLAGS

With hypothetical pure liquid FeO as the standard state, the activity of
iron oxide is derived from the concentration of dissolved oxygen in liquid
iron that is in equilibrium with the slag. For the reaction equilibrium

FeO(l) = Fe + [O] (5.12)
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Ko= L%l . (5.12a)
Ageo
where ag = [%O]fo, using log fo = —0.1x[%O]. The temperature depend-
ence of the equilibrium constant K, given below is that derived from the
free energy equation (4.36a).

logKo=- 220 +2397 (5.12b)
In the past, we have generated a wide variety of formulations to repres-
ent the composition dependence of the iron oxide activity or activity
coefficient in complex slags. In the present reassessment of this property of
the slag the author came to the conclusion that, within the limits of uncer-
tainty of the experimental data on slag-metal reaction equilibrium, there is
a decisive correlation between the activity coefficient of FeO and the slag
basicity B as shown in Fig. 5.22; the experimental data used are from
numerous independent studies.1115-20 It is evident that yg.o reaches a
peak at a basicity of about B = 1.8. It should be pointed out once again that
the concentration of iron oxide is for total iron as oxides in the slag repres-

ented by the stoichiometric formula FeO as in equation (5.11b).

4

Fig. 522 Effect of slag basicity on the activity coefficient of iron oxide in simple and
complex slags at 1600°C.

The experimental data cited in Fig. 522 are for simple and complé'x‘
slags which differ considerably in their compositions. Some data are for
silicate melts with no P,O5 and basicities of B = 0 to 3. On the other
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extreme the equilibrium data used are for slags saturated with CaO and
contain P,Oj; in the range 1 to 20%. It should be noted that the correlation
imr Fig. 522 is for slags containing CaO, SiO,, FeO<40%, MnO<15%,
Mg0<20% and P,05<20%.

There are several other experimental data for temperatures of 1530° to
1750°C which give yg.o values that are in general accord with the relation-
ship shown in Fig. 5.22 for 1600°C.

5.4.5 ACTIVITY COEFFICIENT OF MNO IN SLAGS

The slag/metal manganese distribution ratio is governed by two interrelated
reaction equilibria. One reaction is oxidation of Mn with FeO in the slag.

(FeO) + [Mn] = (MnO) + Fe (5.13)
Kfenvm = —apeglt{#ﬂ— (5.13a)

where the oxide activities are with respect to pure liquid oxides.
The second reaction to be considered is

[Mn] + [O] = (MnO) (5.14)
a n
Ky = _[%l\%nﬁ (5.14a)

From a critical reassessment of the experimental data of numerous stud-
ies, the author?! derived the following equations for the temperature
dependence of the equilibrium constants Kgay, and Ky,

l0g Keevn = 30> —3.478 (5.13b)
log Ky = 2022 —5.875 (5.14b)

The ratio of the activity coefficients Yg.o/ Yo in slags is derived from
the equilibrium data cited in Fig. 5.22 for simple and complex slags and
the equilibrium constant Kg, thus

Yreo . 1 Nuno
™Moo Krevmn { Ngeo [%Mn] } G15)
where Ns are mol fractions of the oxides. The results are given in Fig. 5.23.
There is a sharp decrease in the ratio of the activity coefficients as the
basicity B increases from 1.5 to 2.0. At basicities above 2.5, the ratio
Yreo/ Ynmo 1S essentially constant at about 0.63.

The activity coefficient of MnO, with respect to pure liquid MnO as the
standard state, is derived from the data cited above using the relation
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Yreo ! Yrno

Fig. 5.24 Effect of slag basicity on the activity coefficient of manganese oxide in
simple and complex slags at 1600°C.
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Mn][as]
k. p [%Mnliag |
Ymno = Kun { R 2" } (5.16)
The variation of Yy, with slag basicity shown in Fig. 5.24 is similar to that
of Ygeo. It should be noted that to maintain consistency in the interpreta-
tion of the data, the curve drawn in Fig. 5.24 is that derived from the
combination of curves in Figs. 5.22 and 5.23.

5.5 OxXYGEN POTENTIAL DIAGRAM

The reducibility of a metal oxide relative to other oxides, or the ox-
idisability of a metal relative to other metals, can readily be assessed from
the free energy data.

For the oxidation reaction involving pure metals and metal oxides in
their standard states, i.e. a5, =1, ap,0 = 1

2M + O, =2MO (6.17)
the isothermal equilibrium constant is
1
K= — 5.18
Por (5.18)

where p,, is the equilibrium oxygen partial pressure for which the stand-
ard state is 1 atm at the temperature under consideration. The standard
free energy change is

AG°=-RTInK=RTInpg, (6.19)

which is also called the oxygen potential.

In an earlier study, Richardson and Jeffes2?2 compiled the free energy
data on metal oxides which were then available, and presented the data as
an oxygen potential diagram (Fig. 5.25) that is reproduced from their
paper.

The oxides for which the oxygen potential lines are above that of CO can
be reduced by carbon. As the affinity of the metals for oxygen increases,
ie. AG® decreases, the temperature of reduction of the oxides by carbon
increases.

For easy conversion of oxygen potentials to the corresponding values of
Po, or to the equilibrium ratios of H,/H,0 and CO/CO,, appropriate
scales are included in the enclosed oxygen potential diagram for various
oxides of metallurgical interest.

Scale for po,:

Lines drawn from the point O on the ordinate for the absolute zero
temperature through the points marked on the right hand side of the
diagram give the isobars. For example, for the Fe-FeO equilibrium the
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Fig.5.25 Oxygen potential diagram, reproduced from the paper by Richardson and

Jeffes.22

oxygen potential is -82 kcal (~343 k]J) at 1200°C. By drawing a line passing
through this point and the point O, the oxygen partial pressure of about 7

x 10-13 atm is read off the py,, scale.
Scale for CO/CO,;

Draw the line from point C to a point on the oxygen potential; the
extension of this line gives the corresponding equilibrium CO/CO, ratio.

Scale for H,/H,O:
Same as above by using point H.
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5.6 GAS SOLUBILITIES IN SLAGS
5:6.1 soLuBILITY OF H,0O

In acidic melts, H,O vapour reacts with double bonded oxygen and de-
polymerises the melt, thus

(>Si—O-Si<) +H,0 =2 ( Si— OH)

In basic melts, H,O reacts with free oxygen ions

(0%-) + H,0 = 2(OH)- (5.21)
Both for acidic and basic melts the overall reaction is represented by
(O%) + Hy,O = 2(OH*) (5.22)

where O* represents double or single bonded oxygen, or O2-, and OH* is
single bonded to silicon or as a free ion. The equilibrium constant for a
given melt composition is

(5.23)

where py,q is the vapour partial pressure.

The solubilities of H,O (in units of mass ppm H,O) at 1 atm pressure of
H,0 vapour in CaO-FeO-SiO, and CaO-Al,0,-5i0, at 1550°C, measured
by Iguchi et al.23 are given in Fig. 5.26.

5.6.2 SOLUBILITY OF N,
Nitrogen dissolves in molten slags as a nitride ion N3~ only under reduc-
ing conditions

YN,(8) + %2(0%-) = (N3-) + %40,(3) (5.24)
for which the equilibrium constant (known as nitride capacity) is

3/4

C = (%N) L2

5.25
P (5.25)

172

Many studies have been made of the solubility of nitrogen in CaO-
AlL,O; and Ca0-Al,0,~SiO, melts in the 1970s. These were reviewed by
the author in a previous publication.10 Reference should be made also to a
subsequent work done by Ito and Fruehan24 on the nitrogen solubility in
the CaO-Al,05;-5i0, melts. They showed that the nitride capacity of the
aluminosilicate melts increases with a decreasing activity of CaO as shown
in Fig. 5.27.°
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Fig. 5.26 Hydroxyl capacity, Coy ppm H,0 atm-1/2 of CaO-FeO-5i0, and CaO-
ALO5-SiO, melts at 1550°C. From Ref. 23.

5.6.2a Slag/metal distribution ratio (N)/[N]
For Al-killed steels the corresponding equilibrium partial pressure of oxy-
gen is

1.22 x 10-16 .
Po, (atm) = T%—Axﬁyg— at 1600°C
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Fig. 527 The relation between the nitride capacity and the activity of lime for CaO-
5i0,-Al,0; slag at 1550°C. From Ref. 24.

From the solubility data for nitrogen we have
Pn,Y2(atm1/2) = 21.9[%N] at 1600°C

Substituting these in the equation for Cy; gives

- (%N)
Cn= oA X53% 10

In lime-rich aluminate ladle slags of low S5iO, content, the lime activity is
Acao = 0.5 for which Cy = 10-13. These give the following equilibrium
relation

(%N)

N] = 1.9 x [%A]]
Dissolved [% Al] (%N)/[%N]
0.005 0.0095
0.02 0.038
0.06 0.114
0.10 0.190

The equilibrium nitrogen distribution ratio between slag and steel is very
low even at high aluminium contents, well above the practical range. The
slag/steel mass ratio in the ladle is also low, about 1/100. For these rea-
sons, liquid steel in the ladle cannot be de-nitrogenised by the slag that is
usable in industry in steel refining.
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5.6.3 SOLUBILITY OF S,

Sulphur-bearing gases dissolve in molten slags as sulphide ions (S*-) un-
der reducing conditions, and as sulphate ions (SO7) under highly oxidis-
ing conditions. In steelmaking the oxygen potential is not high enough for
the solution of sulphur as sulphate ions, therefore we need to consider
only the sulphide reaction.

Whether the sulphur-bearing species is primarily H,S or SO, there is a
corresponding equilibrium value of pg depending on the temperature and
gas composition. It is convenient to consider the reaction in a general form
as

15,(8) + (0%-) = (52-) + 120,(9) (5.26)
For a given slag composition the equilibrium relation is represented by
p 03 1/2
Cs=(%S) ( === 5.27
5= @5) (52) (5.27)

where ps are equilibrium gas partial pressures. The equilibrium constant
Cg is known as the sulphide capacity of the slag. The value of Cg depends
on slag composition and temperature.

Experimentally determined sulphide capacities of binary oxide melts
are shown in Fig. 5.28. References to experimental data are given in Ref.
10.

For the slag-metal system, the sulphur reaction is formulated in terms
of the activities (= concentrations) of sulphur and oxygen dissolved in the
steel.

[5] +(0%7) = (5%) + [O] (5.28)
For low-alloy steels
_ (BS)
k= 1a@gy [#©] (5.28a)

where the equilibrium constant k5 depends on slag composition and
temperature.

Conversion of po, /ps, to [%0]/[%S]:

The free energies of solution of O, and S, in liquid low alloy steel are given
below; see Table 4.3 in Chapter 4.

%S, =[S]  AGg = -135,060 + 23.43T ]
150, =[0]  AGg =-115,750 - 4.63T ]

For the reaction equilibrium
%S, + [O] = %0, + [S]



164 Fundamentals of Steelmaking

T T T |
107 o 1622°C oy $
- a0-Fe y
[ —--— 1350°C O-AlO3
————— 1500°C
I 1650°C
1072
O\O
&
;-\
L?'|O-3r
1074
}
i Cca0-SiOz .
:
A0S0, N\
L ¢
107° | ] _ L
0 20 20 60 80 100

BASIC OXIDE, mol.-%
Fig. 5.28 Sulphide capacities of binary oxide melts. From Ref. 10.

the standard free energy change is

AG® = AGg - AGg = ~19,310 + 28.06T (5.29)
_ Pog V2 I%S] 1009
K= (52 ) o= T - 466 (5.29a)

For steelmaking temperatures an average value of K is 0.133; with this
conversion factor the following is obtained.

Pop \ 12 1%0]
Psz) = 0.133 [75]

With this substitution the values of Cg are converted to k.

75 x Cg = kg = % [%0] (5.30)

A slag of high kg value and steel deoxidation to low levels of [O] are
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necessary conditions for steel desulphurisation. This subject is- discussed
in more detail later.

5.6.4 SOLUBILITY OF O,

Oxygen dissolves in molten slags by oxidising the divalent iron ions to the
trivalent state.
Gas-slag reaction:

1%0,(8) + 2(Fe2+) = 2(Fe3+) + (0%-) (5.31)

Slag-metal reaction:
Fe® + 4(Fe3+) + (0?-) = 5(Fe2+) + [O] (5.32)
These reactions provide the mechanism for oxygen transfer from gas to
metal through the overlaying slag layer. Partly for this reason, the steel

reoxidation will be minimised by maintaining a low concentration of iron
oxide in the ladle slag, tundish and mould fluxes.

012 T T T T
010k .
0-06
o044k
0_02_5-F$zsoaotggated \

(o] (0] 1 ] )
1 2 3 4 5 6 100 80 60 40 20

_°°
MOLAR RATIO (CaO +MgO)/SiOz FeO, mol.-

03 T T

I
1600°C

Fe3Fe?

Fig. 529 Effect of slag composition on the ratio Fe3+/Fe2+ in melts saturated with-
metallic iron at 1600°C: (a) CaO-MgO-SiO,-FeO melts at indicated molar concentra-
tions of total iron oxide FeO; (b) MgO-SiO,~FeO melts; (c) pseudobinary FeO-M, O,
melts. From Ref. 25.
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Examples are given in Fig. 5.29 of variations of the ratio Fe3+/Fe2+ with
slag composition of melts co-existing with liquid iron: (a) CaO-MgO-
§i0,-FeO, (b) MgO-5i0,-FeO and (c) FeO-M, O, melts, reproduced from
a paper by Ban-ya and Shim.25

5.7 SURFACE TENSION

Surface tensions of liquid oxides and their mixtures are in the range 200 to
600 mN m-~1. In binary silicate melts, the surface tension decreases with an
increasing silica content as shown in Fig. 5.30. Surface tensions measured
by Kozakevitch?” are given in Fig. 5.31 for binary melts with iron oxide,
and in Fig. 5.32 for FeO-MnO-5iO, and FeO-CaO-5iO, melts at 1400°C.
The surface tension of CaO-Al,0,-5i0, melts at 1600°C (with the mass
ratio CaO/ALO; = 1) decreases from 670 to 530 mN m-! as the SiO,
content increases from 0 to 40%.28 The addition of CaS or CaF, to slags
lowers the surface tension only slightly. For additional data on surface
tensions of a wide variety of slags and fluxes, reference may be made to a
review paper by Mills and Keene.2?

5.7.1 SLAG-METAL INTERFACIAL TENSION

The slag-metal interfacial tensions have values between those for the
gas-slag and gas-metal surface tensions. Consequently, the addition of

500
MnO-SiO,

g FeO-8i0,
3
[}
c
>
g
S a00|-
0
c
8
@
8
=
3
w)

300 L L L

0 20 40 60 80

Si0, mol%

Fig. 5.30 , Surface tensions of binary silicate melts: FeO-5i0, at 1420°C, other sili-
cates at 1570°C. From Ref. 26.
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Fig. 5.31 Surface tensions of binary iron oxide melts at 1400°C. From Ref. 27.

surface active elements to liquid iron lowers the slag-metal interfacial
tension.

Effects of sulphur and oxygen dissolved in iron on the interfacial ten-
sion between liquid iron and CaO-Al,0,-SiO, melts at 1600°C, deter-
mined by Gaye et al.39, are shown in Figs. 5.33 and 5.34; compared to the
surface tensions of Fe-S and Fe-O melts. The effect of oxygen on the
interfacial tension is greater than sulphur, e.g. o; = 600 mN m-! with a, =
0.05 (= 0.05%) while at ag = 0.05 (= 0.05%) o; = 1000 mN m-1.

As shown by Ogino et al.31 (Fig. 5.35), a single curve describes adequately
the effect of oxygen in iron on the interfacial tension between liquid iron
and a wide variety of simple and complex slags, including those containing
Na,O and CaF,. In the case of slags containing iron oxide, a decrease in
interfacial tension with an increasing iron oxide content is due entirely to
the corresponding increase in the oxygen content of the iron.

5.7.2 SOLUTE-INDUCED INTERFACIAL TURBULENCE

It has been known since the early studies of Thomson32 and Marangoni33
that the surface layer on an underlying liquid will move under the influ-
ence of a gradient of surface pressure, which is by definition the negative
of the surface tension gradient. A temperature gradient or a solute con-
centration gradient in the plane of the surface (or interface) leading to
unstable gradients of interfacial tension causes convection currents in the
boundary layer, known as the Marangoni effect.
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Fig. 5.32 Isosurface tension curves in FeO-MnO-5i0, and FeO-Ca0-S5i0, melts
saturated with iron at 1400°C.

The phenomenon of interfacial turbulence accompanying mass transfer
has been demonstrated in many investigations using either aqueous-
organic solutions or gas—slag-metal systems. For a brief review of this
subject, reference may be made to a previous publication.1® However, a
particular reference will be made here to the work of Riboud and Lucas®
who measured changes in interfacial tension accompanying the transfer of
alloying elements from liquid iron drops to aluminosilicate melts contain-
ing iron oxide. The interfacial tension was measured using the X-ray fluo-
roscopy technique. As is seen from an example of their experimental
results in Fig. 5.36, the oxidation of aluminium in a liquid iron drop by the
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Ca0-AL,04-5i0, melts, determined by Gaye et al.30 is compared to the surface ten-
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170 Fundamentals of Steelmaking

Mass °f oxygen iniron

8%8010 00032 0.0100 00316 0.1000 0.2512

1 T T T T

14000

1000

Interfacial tension mNm™

600

! I l
-3.0 -25 2.0 -15 -1.0 -06

Log [0/0 O]

200 '

Fig. 5.35 General relation between the oxygen content of iron and the interfacial
tension between the metal and various slag systems at 1580°C. From Ref. 31.

slag is accompanied by an appreciable decrease in the interfacial tension
which reaches values close to zero. As the rate of transfer of aluminium
from metal to slag decreases with the progress of the reaction, there is a
restoring effect, i.e. the interfacial tension increases, ultimately reaching
the equilibrium value of about 1200 mN m-! as -d% Al/dt¢ approaches
Zero.

5.8 DENSITY

Many repetitive measurements of slag densities have been made. Only
selected references are given on the density data cited here for steelmak-
ing type of slags. Since the density of silica (2.15 g cm=3 at 1700°C) is much
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Fig. 536 Changes in metal-slag interfacial tension which occur during the transfer

of aluminium from a liquid Fe-Al alloy drop to molten calcium silicate in an inert
atmosphere. From Ref. 34.

lower than the densities of other metal oxide components of slags, densi-
ties of slags will decrease with an increasing silica content.

The density data for binary silicates are given in Fig. 5.37. The data in
Fig. 5.38 are for CaO-MgO-Al,0,-5i0, melts, relevant to neutral slags for

5
FeO—SiO, 1400°C, (35,36)
T4
£
o
§ Wioz 1475°C, (37,38)
‘B
[
[
D3l
MgO-SiO,
0,
Ca0-Si0; 1700°C, (39)
1700°C, (39)
2 1 | |
0 20 40 60 80

Mass % SiO,

Fig. 5.37 Densities of binary silicate melt. From Refs. 35-39.
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Fig. 538 Densities of CaO-MgO-Al,0,-5i0, melt at 1550°C, using data in Refs. 40—
42. a: 0% MgO, CaO/ALO; = 1; b: 0% MgO, 5% AlL,O3; c: 5% MgO, 5% Al,O;.

steel refining in the ladle. The density data in Fig. 5.39 compiled by Mills
and Keene?? are for simple and complex slags containing FeO, CaO, MgO,
Si0, and P,0;. Since the densities of FeO-SiO, and MnO-5i0O,, are essen-
tially the same, the average of the data in Fig. 5.39 is represented by the
following equation in terms of (%FeO + %MnO).

p, g cn3 = 2.46 + 0.018x(%FeO + %MnO) (5.33)

5.9 ViscosiTy

The size of the silicate and aluminosilicate network in molten slags be-
comes larger with increasing SiO, and Al,O5; contents, hence their mobi-
lity decreases resulting in a higher viscosity. The addition of metal oxides
or an increase in temperature leads to the breakdown of the Si(Al)O,
network, resulting in lower melt viscosity.

Machin and Yee%3 made an extensive study of the viscosity of CaO-
MgO-Al,05-5i0, melts at temperatures of 1350 to 1500°C. The data in Fig.
5.40 is for the ternary system at 1500°C. The isokoms are approximately
parallel to the binary side Al,05-5i0,, indicating that Al,O; and SiO, are
isomorphous in their effect on the slag viscosity. The isokoms in Fig. 5.41
are for the quaternary system with 35% and 50% SiO,. In this case, the
isokoms are approximately parallel to the binary side CaO-MgO, indicat-
ing that Ca2+ and Mg?2+ cations have similar effects on the breakdown of
the aluminosilicate network.
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Fig. 539 Densities of simple and complex slags containing iron oxide at about
1400°C. From Ref. 29.

In an earlier study, Turkdogan and Bills# showed that for a given
temperature the viscosity of CaO-MgO-Al,0,-5i0, melts is a single func-
tion of the mol fractions of 5iO, and silica equivalence of Al,O; as (Nsio, +
N,). In slags containing less than 20% AlL,O;, N, =~ Ny o . As is seen from
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Fig. 540 Isokoms (0.IN s m2) for CaO-Al,0;-5i0, system at 1500°C. From Ref. 43.

the plot in Fig. 542, a single curve represents the viscosities of CaO—
Si0,%5, Ca0-Al,0,-5i0,4346 and CaO-MgO-Al,05;-5i0,43 melts. In a
subsequent experimental work, Bills#” found that this correlation also
holds good for CaO-BaO-FeO-SiO, and CaO-MgO-FeO-Al,05-5iO,
melts.

For the temperature range 1400 to 1800°C, the temperature dependence
of viscosity may be represented as follows for (Ng;o, + N;) = 0.45 and 0.65

(Nsio + Np) = 0.45: log n O.IN s m) = 57 _3727  (5342)
(Nsio, + N,) = 0.65:1ogn (0.1IN s m2) = 10’—?—5 -4.390 (5.34b)

As one would expect, the heat of activation for viscous flow increases with
increasing contents of silica and alumina in the slag.

Viscosities of steelmaking slags are well represented by the experimen-
tal data of Kozakevitch?” given in Fig. 5.43. :

In the study of viscosities of mould fluxes for continuous casting, the
experimental results have been represented as a function of temperature
using the relation

n=ATexp (B/T) (5.35)

where A and B are functions of slag composition. For the composition
range (wt %) 33-56% Si0,, 12-45% CaO, 0-11% Al,03;, 0-20% Na,O and
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Fig. 541 Isokoms (0.IN s m-2) for CaO-MgO-Al,0;~Si0, system at 1500°C for
melts containing 35% and 50% SiO,. From Ref. 43.

-20% CaF,, an interpolation formula has been derived for the parameters
A and B as a function of the mole fractions of the constituents as given
below.48

In A= - 17.51 - 35.76x(Al,05) + 1.73x(Ca0O) (5.36)
+ 5.82x(CaF,) + 7.02x(Na,0) -
B= 31140 + 68833x(AL0;) - 23896x(CaO) (5.37)

— 46351x(CaF,) - 39519x(Na,0)
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Fig. 542 Viscosities of CaO-MgO-Al,0,-5i0, melts at 1500°C as a function of SiO,
and ALO; contents. Points © e B from Ref. 43; Points A from Ref. 45; points O from
Refs. 43 and 46.

where A is in units of 0.1 N s m=2K-? (=poise/deg.) and B is in degrees
Kelvin.

5.10 MAass DIFFUSIVITY

Because of the ionic nature of molten slags, the diffusive mass transfer is
by ions. The ionic diffusivities are measured using the radioactive tracer
elements dissolved in an oxidised form in the melt. Typical examples of
ionic diffusivities in slags at 1600°C are given below.

Ion D% cm?2/s
Si4+, O2- 4x107-1x10°
Al3+ ~1x10-7
Ca?+, Mg2+, Fe2+ 6x106-1x105
S-2 ~4 x 10-6

Since thé electro neutrality has to be maintained, diffusion of a cation is
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Fig. 543 Viscosity (N s m2) of CaO-FeO-5i0, melts at 1400°C. From Ref. 27.

accompanied by diffusion of the oxygen ion. The diffusion that occurs in
the dissolution of a solid oxide in the slag is controlled by the mobility of
the O2?- ion which is smaller than the divalent cations.

5.11 ELEcTRICAL CONDUCTIVITY

The electrical current in molten slags is carried by the cations. However, in
slags containing high concentrations of FeO or MnO (>70%) the electronic
conduction becomes the dominant mechanism. '

The ionic conductivity A; is theoretically related to the self diffusivity of
the ionic species i by the Nernst-Einstein equation

Dj}= _RT_ A (5.38)
FPZC,
where F = Faraday constant, 96,500 C mol-1
Z; = valency of ion i
C; = concentration of ion i, mol cm—3
A; = specific conductivity, Q-lem-1

4
For steelmaking slags: A =0.5-1.5Q-1cm-!
For ladle slags: A=04-0.7 Qlcm1
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The electrical conductivity increases with an increasing slag basicity and
increasing temperature.

5.12 THERMAL CONDUCTIVITY

Because of the presence of iron oxide, the metallurgical slags are opaque to
infrared radiation, therefore the heat conduction is primarily thermal.

Thermal conductivity of slags and mould fluxes are in the range 0.5 to
1.2 Wm-1K-1. From experimental data the following approximate empiri-
cal relation has been found

K(Wm-1K-1) = 1.8 x 10-5V-1 (5.39)

where V is the molar volume = M, m3mol-1.
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CHAPTER 6
Equilibrium Data on Liquid
Steel-Slag Reactions

From the physicochemical properties of liquid iron alloys and slags docu-
mented in Chapters 4 and 5 and the available experimental data on slag—
metal reactions, an assessment will be made of the equilibrium states of
slag-metal reactions and deoxidation reactions pertinent to steelmaking
and steel refining in the ladle.

Understanding the physics and chemistry of ironmaking and steelmak-
ing reactions has been the subject of many repetitive studies since the early
1930s, both in academia and in government and industry sponsored re-
search laboratories. The manner of applying the principles of thermo-
dynamics and physical chemistry has gone through many different phases
of development, searching for a better understanding of the operation and
control of the pyrometallurgical processes. Reflecting upon the many
facets of these previous endeavours, the author has now reached the con-
clusion that the equilibrium states of slag—metal reactions, pertinent to the
steelmaking conditions, can be quantified in simpler forms. It is the au-
thor’s considered opinion that the equilibrium constants of slag-metal
reactions vary with the slag composition in different ways, depending on
the type of reaction. For some reactions the slag basicity is the key param-
eter to be considered; for another reaction the key parameter could be the
mass concentration of either the acidic or basic components of the slag.
The equilibrium relations given are for low alloy steels in which the ac-
tivities of dissolved elements are essentially equivalent to their mass
concentrations.

6.1 OXIDATION OF IRON

In steelmaking slags, the total number of g-mols of oxides per 100 g of slag
is within the range 1.65 = 0.05. Therefore, the analysis of the slag-metal
equilibrium data, in terms of the activity and mol fraction of iron oxide
given in section 5.4.4, can be transposed to a simple relation between the
mass ratio [ppm 0]/ (%FeO) and the sum of the acidic oxides %5i0O, + 0.84
x %P,05 as depicted in Fig. 6.1a for slag basicities of B>2. The experimen-
tal data used in the diagram are those cited in Fig. 5.22. There is of course a
corollary relation between the ratio [ppm O]/(%FeO) and the slag basicity
as shown in Fig. 6.1b.

180
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Fig. 6.1 Equilibrium ratio [ppm O]/(%FeO) related to SiO, and P,O5 contents and
slag basicity; experimental data are those cited in Fig. 5.22.

6.2 OXIDATION OF MANGANESE

For the FeO and MnO exchange reaction involving the oxidation of man-
ganese in steel formulated below

(FeO) + [Mn] = (MnO) + [Fe] (6.1)

the equilibrium relation may be described in terms of the mass concentra-
tions of oxides

. _ __ (%MnO)
K FeMn — (%Feo) [%Mn] (62)

where the equilibrium relation K'g.p s, depends on temperature and slag
composition. The values of K'gopy,, derived from the equilibrium constant
Kgenn in equation (5.13b) and the activity coefficient ratios Yg.o/Yymo in
Fig. 5.23, are plotted in Fig. 6.2 against the slag basicity. In BOF, Q-BOP
and EAF steelmaking, the slag basicities are in the range 2.5 to 4.0 and the
melt temperature in the vessel at the time of furnace tapping in most
practices is between 1600-1650°C, for which the equilibrium K'goy, is
about 1.8 = 0.2.




182 Fundamentals of Steelmaking

8 T I
GA —]
=4
=
- . —
X
1,600°C
2 -
1,650°C
1,700°C
0 [ 1
1.5 2.5 3.5 4.5
B

Fig. 6.2 Equilibrium relation K'g\,, in equation (6.2) related to slag basicity.

6.3 OXIDATION OF CARBON

As noted in section 4.2.4, for the reaction
CO(g) = [C] + [O] (6.3)

the equilibrium constant for low alloy steels containing less than 1% C for
steelmaking temperatures, is

_ 1%Cppm O] _
K= oy =% (6.4)

With respect to the slag-metal reaction, the equilibrium relation for
carbon oxidation would be

(FeO) + [C] = CO + [Fe] (6.5)
_ _Pco (atm)

Kge = [%Ocj]aFeO (6.5a)

log Kp = — 2220 4 5,096 (6.5b)

T
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For 1600°C, yg.o = 1.3 at slag basicity of B = 3.2 and pco = 1.5 atm
(average CO pressure in the vessel), we obtain the following equilibrium
relation between the carbon content of steel and the iron oxide content of
slag.

1.3
m—' (%FeO) = 0.11 x (%FeO)

(%FeO) [%C] = 1.25 (6.6)

fpeo = 1.3Ngeo =

For the reaction
(MnO) + [C] = CO + [Mn] (6.7)

the following equilibrium relations apply
Pco (atm) [%Mn]

Kyc = Tl (6.7a)
log Kyc =~ ~270% + 8574 (6.7b)

Kuic = 344 2t 1600°C, Yygno = 2.05 at B = 3.2 and o = 7wy (5MnO)

= 0.017 (%MnO). For these values and 1.5 atm CO we obtain the following
equilibrium relation.

f%\%\% = 0.4 [%C] (6.8)

6.4 OXIDATION OF SILICON

For low silicon contents we may use mass concentrations of Si and O in the
equilibrium constant for the reaction

[Si] + 2[O] = (SiO,) : (6.9)
_ Asio
Kg; = m (6.9a)

where the silica activity is with respect to solid SiO, as the standard state.
The temperature dependence of Kg; is given by

30,410

lOg KSi = T

-11.59 (6.9b)
For the BOF tap temperatures K = 3 x 104 and for lime-saturated slags aSi;,;
< 0.01; therefore for 800 ppm O in steel at turndown the equilibrium con-
tent of silicon in the steel would be less than 1 ppm Si. In practice the steel
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contains 0.003 to 0.005% Si at turndown. Evidently, at these low concentra-
tions of silicon the reaction kinetics are no longer favourable to reach slag—
metal equilibrium with respect to silicon oxidation.

6.5 OXIDATION OF CHROMIUM

There are two valencies of chromium (Cr2+ and Cr3+) dissolved in the slag.
The ratio Cr2+/Cr3+ increases with an increasing temperature, decreasing
oxygen potential and decreasing slag basicity. Under steelmaking condi-
tions, i.e. in the basic slags and at high oxygen potentials, the trivalent
chromium predominates in the slag. The equilibrium distribution of chro-
mium between slag and metal for basic steelmaking slags, determined by
various investigators,1-3 is shown in Fig. 6.3; slope of the line represents an
average of these data.

10 T I T T T T

(%Cr)
E’o CI‘J

o 4 8 12 16 20 24 28
‘FeO y wt-%

Fig. 6.3 Variation of chromium distribution ratio with the iron oxide content of slag,
in the (A) open hearth! and (0) electric arc furnace?® at tap is compared with the
results of laboratory experiments? ().

(%Cr)
[%Cr]

In the AOD stainless steelmaking with bottom blowing argon-oxygen
mixtures, the chromium and carbon are oxidised independently of each
other. As the chromic oxide particles float out of the melt together with gas
bubbles they react with carbon, resulting in some chromium recovery
back into the steel. The temperature and gas composition have a signifi-
cant effect on the direction of the reaction.

= (0.3 = 0.1) x (%FeO) . (6.10)
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Cr,04(s) + 3[C] = 2[Cr] + 3CO () T (6.11)

The equilibrium relations for the above reaction, determined experimen-
tally by Richardson and Dennis,# are plotted in Fig. 6.4 for Fe—Cr—C melts
saturated with Cr,0;.

06 | T I

CARBON, wt-%%
o
N

©
)

CHROMIUM , wt-%%

Fig.64 Carbon—chromium relation in liquid steel in equilibrium with solid Cr,0; at -
indicated temperatures and CO pressures. From Ref. 4.

By lowering the partial pressure of CO in gas bubbles with an argon
dilution of the oxygen blow, and operating the furnace at high tempera-
tures, the steel can be decarburised to low levels with a minimum oxida-
tion of chromium. As the concentration of carbon decreases, the O,/ Ar
ratio in the blow is decreased to suppress an excessive oxidation of
chromium. A

When steel is decarburised to the desired level, usually < 0.05% C, about
3% Cr in the Steel is oxidised despite close control of the O,/ Ar ratio in the
blow. Chromium is recovered from the slag by reducing its oxide with
silicon. Under this reducing condition the reaction to be considered is as
formulated below.

2(CrO) + [Si] = 2[C1] + (SiO,) (6.12)

The typical compositions of AOD slags after decarburisation and after
silicon reduction are given in Table 6.1. As is seen from the experimental
data in Fig. 6.5, the higher the slag basicity and higher the silicon content
of steel, the lower is the equilibrium slag/metal distribution of chromium,
i.e. the greater the chromium recovery from the slag.
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Table 6.1 Ranges of AOD slag composition after decarburisation
and after silicon reduction

Composition, wt.%

after decarburisation after silicon reduction
FeO 46 12
MnO 4-8 1-3
Sio, 12-18 30-40
AlLO, 18-22 3-8
CaO 8-15 3343
MgO 7-15 10-20
Cr;0,* 20-30 1-3

* Incorrect formulation often reported in plant data.

e SiO2—saturated

1P v

Ca0/siO2

-3 -2 -1 . (o] 1
log [, Sil

Fig. 6.5 Equilibrium slag/metal chromium distribution varying with the concentra-
tion of silicon in iron coexisting with chromium oxide containing CaO-Al,0,-5i0,
slags at temperatures of 1600° to 1690°C. See Ref. 5 for references to experimental data.

6.6 OXIDATION OF PHOSPHORUS

The state of equilibrium of the phosphorus reaction between slag and low
alloy steel has been described and formulated in a variety of ways during
the past six decades. The incorrect earlier formulations are shown below.

3(Ca0) + 5(FeO) + 2[P] = (CasP,05) (6.13)
2[P] + 5[0] = (P,05) (6.14)
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It was in the late 1960s that the correct formulation of the phosphorus
reaction was at last realised, thus

[P] + %4[0] + %(0%-) = (PO3-) (6.15)

At low concentrations of [P] and [O], as in most of the experimental
melts, their activity coefficients are close to unity, therefore mass con-
centrations can be used in formulating the equilibrium relation kpg for the
above reaction.

oo = {Zpy 1%OF2 (6.16)
The equilibrium relation kpg, known as the phosphate capacity of the slag,
depends on temperature and slag composition. The values of kpy are
derived from the experimental data of several independent studies,6-10 as
discussed below.

In the experiments of Nagabayashi et al8 the MgO-saturated FeO-
MgO-P,0; slags were equilibrated with liquid iron containing 1.5 to 3.0%
P and 0.1 to 0.2% O. For these high solute concentrations, the phosphorus
and oxygen interaction coefficients have to be incorporated in the calcula-
tion of kpg using the equations below.

log fp = 0.062[%P] (6.17a)
log fo = 0.07[%P] - 0.1[%O] (6.17b)

As is seen from the experimental data plotted in Fig. 6.6, the slag
basicity B is not a suitable parameter to describe the composition

6 o
10 %b'di‘ol . . I
o° ° '
105)— +  tos & —
+ o 8 ° o >
=]
:!:|_ o go o
104 |~ F o C
€+ Q—>
2 -
g
s| _ + _
10 o ° 1,600°C o>
a
102~ @ g -
a—
101 | l |
0 4 8 12
B

Fig. 6.6 Phosphate capacities of slags do not relate to basicity.
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dependence of the phosophate capacity of slags. Of the basic oxides pres-
ent in the steelmaking type of slags, it is primarily %CaO (+ CaF,) and
secondarily %MgO in the slag which strongly influence the phosphate
capacity of the slag.

By comparing the kpg, values for the system FeO-MgO-P,05 with those
for the lime containing slags, %CaO equivalence of MgO is estimated to be
0.3 x %MgO. The %CaF, is taken to be equivalent to %CaO. On this
premise, the sum of these basic oxides as

BO = %Ca0 + %CaF, + 0.3 x %MgO (6.18)

is considered to be the key parameter in describing the composition de-
pendence of the phosphate capacity of the slag. The kpg values of widely
different slag compositions are plotted in Fig. 6.7.

7 7
10" 600°C Rer, 10 Ref,
©c 6 o 6
O 7 EWith CaF. o 1550°C
109 o g . 1000 & }
e 9 s " | e ©
+ 10 xWith CaF, ®g@ 4 7 x 9 p1700°C
105~ * Fig.6.8 Q 5 105+ 10
* Fig. 6.8
(o] 1 <) .
104 B 1041
108 L 103
102} -.‘ 1025~ ,u
E {O i
D *
101 { | 101 | I
0 20 40 60 O 20 40 60

B O =% CaO + % CaF; + 0.3 x % MgO B O =% Ca0 + % CafF, + 0.3 x % MgO

Fig. 6.7 Equilibrium data showing the decisive effects of CaO, CaF, and MgO on
phosphate capacities of simple and complex slags.

The observed scatter in the kpo, values is random and not related in any
systematic manner to variations in the concentrations of other oxide com-
ponents of the slag. The average kpg, values are represented by the parallel
lines drawn to intersect the ordinate at points * for pure iron phosphate
melts.

Several studies were made in the 1930s'!-'¢ and subsequently by
Tromel and Schwerdtfeger'> of the phosphorus reaction between iron
phosphate slags and liquid iron containing up to about 10% P. About ten
years ago, Ban-ya ef al.16 measured the activity of iron oxide in iron phosp-
hate melts at temperatures of 1200 to 1450°C. In deriving the values of kpg
from these experimental data, due account was taken of the effect of
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phosphorus in iron on the activity coefficients fp and f5. Also in the phosp-
hate melts containing MgO, the kpy values were extrapolated to zero
MgO. The results are given in Fig. 6.8.

1,650 1,550 1,450 1,350 1,250 1,150°C
106 1 1 i 1 lI Il

10% —

104 |-

keo

103

102 -

105.0 5.8 6.6 7.4

Fig. 6.8 Phosphate capacities of iron phosphate melts.

From the foregoing critical reassessment of the slag-metal equilibrium
data of several independent studies, the following equation is derived to
describe the effects of temperature and slag composition on the phosphate
capacities of steelmaking type of slags.

logkpo = 2l —9.87+0.071x BO 6.19)

6.7 REDUCTION OF SULPHUR

The sulphur transfer from metal to slag is a reduction process as repres-
ented by this equation

[S] + (O?) = (5%7) + [O] (6.20)

for which the state of slag-metal equilibrium is represented by

ke = % [%0] (6.202)

As is seen from the plots in Fig. 6.9, the sulphide capacities of slags, kg,
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measured in three independent studies are in general accord. The effect of
temperature on kgg is masked by the scatter in the data. The concentration
of acidic oxides, e.g. %SiO, + 0.84 x%P,0;, rather than the slag basicity
seems to be a better representation of the dependence of kso on the slag
composition.

1.2

1.0
0.8

nln
g2 °°

0.4

0.2

0
0 10 20 30 40 1 2 3 4 5
%Si0, + 0.84 x %P,0;

Fig. 6.9 Sulphide capacities of slags.

In view of the relationship between the ratio [ppm O]/(%FeO) and the
sum of the acidic oxides in Fig. 6.1, the sulphide capacity of the slag may
be represented also by the following expression.

ke = E%S) (%FeO] (621)

As the concentrations of SiO, and P,O5 increase, the value of kg decreases,
as shown in Fig. 6.10 which is reproduced from a previous publication.5

For steel desulphurisation in the ladle with the calcium aluminate-based
slag and aluminium addition to steel, the slag-metal equilibrium data are
for the reaction given below

%[A]] + [S] + (O2) = (ST + Y5(ALO,) (6.22)

for which the equilibrium relation is

Kon= B3 [%A12/2 (6.22a)
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Fig. 6.10 Variation of the equlibrium constants Kg with SiO, and P,O5 contents of
simple and complex slags at temperatures of 1535° to 1700°C. From Ref. 5.

Numerous experimental studies have been made of the sulphide capa-
cities of simple and complex slags by many investigators. The available
gas—slag-metal equilibrium data, compiled by the author!” in a critical
review of the subject, are used to derive the equilibrium relations pertinent
to steel desulphurisation in the ladle. '

The effects of temperature and composition of calcium aluminate melts on
the equilibrium constant K, are shown in Fig. 6.11. As is seen from the reas-
sessed equilibrium data in Fig. 6.12 for 1600°C, Kg, decreases with an increas-
ing 5iO, content but increases with an increasing MgO content of the slag.

The solubilities of CaS in CaO-Al,O; melts have been measured (Fig.
6.13). At 1600°C and lime saturation the solubility is 4.77% CaS = 2.12% S.
If the sulphur content of the steel is high and the slag volume is low, the
ladle slag will become saturated with CaS during desulphurisation. As the
desulphurisation continues the excess CaS formed becomes dispersed in
the slag, resulting in a decrease in the dissolved CaO content of the slag,
hence decreasing the value of Kg4.
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Fig. 6.11 Effects of temperature and

Fig. 6.12 Effects of SiO, and MgO on
composition of calcium aluminate melts

the equilibrium constant Kg, at 1600°C.
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Fig.6.13 Solubility of Ca$ in calcium aluminate melts at indicated temperatures as a
function of mass ratio %CaO/ %Al,0;.
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6.8 DEOXIDATION REACTION EQUILIBRIUM

There are primarily three elements used in steel deoxidation:

Si

Al about 98% purity

6.8.1 DEOXIDATION WITH Fe/Mn

Mn as low and high C ferro alloy
{ or as silicomanganese alloy

193

When the steel is partially deoxidised with Mn, the iron also participates in
the reaction, forming liquid or solid Mn(Fe)O as the deoxidation product.

[Mn] + [0] = MnO
[Fe] + [O] — FeO

The state of equilibrium of steel with the deoxidation product Mn(Fe)O is

shown in Fig. 6.14.

6.8.2 DEOXIDATION WITH Si/Mn

} liquid or solid Mn(Fe)O

(6.23)

Depending on the concentrations of Si and Mn added to steel in the tap

0.25

0.20

Oxygen (wt. %)
°
o

e
—
o

0.05

Fig. 6.14 Manganese and oxygen contents of iron in equilibrium with FeO-MnO

liquid or solid solution.

\Liquid oxide

\Solid oxide

1650°C

1600°C

| 1550°C

0.5 1.0

1.5

Manganese (wt. %)
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ladle, the deoxidation product will be either molten manganese silicate or
solid silica.

[Si] + 2[0] — SiO, molten xMnQO-SiO,, (6.24)
[Mn] + [O] = MnO or solid Si0O, '

One of the early pioneering studies of slag-metal reaction equilibria is
that attributed to Korber and Oelsen?! for their measurement of the
equilibrium distribution of manganese and silicon between liquid iron and
MnO-FeO-5i0, slags saturated with silica. The results of their experiments
at 1600 + 10°C are shown in Fig. 6.15 by way of example; these equilibrium
data have been substantiated in numerous subsequent studies.

Value of the equilibrium constant for Si deoxidation is already given in

equation (6.9). The following equilibrium relation is obtained for the Si/
Mn deoxidation reaction

[Si] + 2(MnO) = 2[Mn] + (5i0,) (6.25)
S0 O 010 Jt0
40~ 10 008—08
3020 00606
0\0.\ o o _8
S 1B &
c ol &
£ B
. 20F30 004—04
10k 40 —002 —02
oLso _

16

Mn,%

Fig. 6.15 Concentrations of Mn, Si and O in liquid iron equilibrated with 5iO,-
saturated ifon-manganese silicate melts at 1600° = 10°C. From Ref. 21.
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_ [[BMn]y 2 ago,

Konsi = IMno [%Si] (6.252)
logkK= 20 4127 (6.25b)

where the oxide activities are relative to pure solid oxides. For high con-
centrations of silicon (>0.4%) the activity coefficient fg; should be used in
the above equation, thus log fs; = 0.11 x [%Si].

The activities of MnO in manganese silicate melts have been measured

24

1500

| si0, saturated 1600

1.6

MnO saturated

Activity coefficient

0.8

0 I I
0.8 16 24 32
. MnO
Molar ratio SiOz
10 [ B I O B
0.3 _
0.6 _
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e go0°c 1500°C
2
0.4 |- .
02} _
o R U TN T A N TN N N SN TN NN 0 AN N N AN
0.01 0.1 1.0 10 100
" “Si0,
“Mn0)?

Fig. 6.16 Activities in MnO-5i0O, melts with respect to solid oxides, derived from
the experimental data in Refs. 22 and 23.
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Fig. 6.17 Equilibrium relations for deoxidation of steel with silicon and manganese
at 1600°C.

by Rao and Gaskell.22 Their results are in substantial agreement with the
results of the earlier work by Abraham et al.23 The activity coefficients of
the oxides (relative to solid oxides) are plotted in Fig. 6.16. For liquid steel
containing Mn>0.4% the deoxidation product is a MnO-rich silicate with
FeO<8%; therefore the activity data in Fig. 6.16 can be used together with
equations (6.9) and (6.25) in computing the equilibrium state of the Si/Mn
deoxidation as given in Fig. 6.17a. The deoxidation product being either
solid silica or molten manganese silicate depends on temperature, 5i and
Mn contents, as shown in Fig. 6.17b.
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6.8.3 DEOXIDATION WITH Si/Mn/ Al

Semi-killed steels with residual dissolved oxygen in the range 40 to 25
ppm are made by deoxidising steel in the tap ladle with the addition of a
small amount of aluminium together with silicomanganese, or a combina-
tion of ferrosilicon and ferromanganese. In this case, the deoxidation prod-
uct is molten manganese aluminosilicate having a composition similar to
3MnO-Al,05-3Si0,. With a small addition of aluminium, e.g. about 35 kg
for a 220 to 240 t heat together with Si/Mn, almost all the aluminium is
consumed in this combined deoxidation with Si and Mn. The residual
dissolved aluminium in the steel will be less than 10 ppm. As is seen from
Fig. 5.21, for the deoxidation product MnO-Al,05-5iO, saturated with
AL O, the silica activities are 0.27 at 1650°C, 0.17 at 1550°C and decreasing
probably to about 0.12 at 1500°C. Using these activity data and equation
(6.9) the deoxidation equilibria are calculated for Al/Si/Mn; these are
compared in Fig. 6.18 with the residual ppm O for the Si/Mn deoxidation
at the same concentrations of Mn and Si.

160

%Mn % Si
04 0.05
-------- 0.50

120

40

0
1500 1525 1550 1575 1600
Temperature (°C)

Fig. 6.18 Deoxidation equilibria with Si/Mn compared with Al/Si/Mn for the de-
oxidation product saturated with Al,O.

6.8.4 DEOXIDATION WITH Al

Numerous laboratory experiments have been made on the aluminium
deoxidation of liquid steel using the EMF technique for measuring the.
oxygen activity in the melt. The equilibrium constants obtained from inde-
pendent experimental studies agree within about a factor of two. An aver-
age value for the quilibrium constant is given below.



198 Fundamentals of Steelmaking

ALOs(s) = 2[A1] + 3[O] (6.26)

. [BAIPppm O x fo]? (6.26a)
AA1LO3

logK=- 280 3185 . (626b)

The alumina activity is with respect to pure solid AL,Oj. The effect of
aluminium on the activity coefficient of oxygen dissolved in liquid steel is
given by log fo = — 3.9 x [% Al]. At low concentrations of aluminium, f,; =
1.0.

It should be noted that in the commercial oxygen sensors the electrolyte
tip is MgO-stabilised zirconia. At low oxygen potentials as with alumin-
ium deoxidation, there is some electronic conduction in the MgO-
stabilised zirconia which gives an emf reading that is somewhat higher
than Y,0; or ThO, stabilised zirconia where the electronic conduction is
negligibly small. In other words, for a given concentration of Alin the steel
the commercial oxygen sensor, without correction for partial electronic
conduction, registers an oxygen activity that is higher than the true
equilibrium value. To be consistent with the commercial oxygen sensor
readings, the following apparent equilibrium constant may be used for
reaction (6.26) for pure Al,Oj; as the reaction product.

62,680
log K, = - ’T + 32.54 (6.27)
16
Deoxidation product
Pure Al,O,
--------- Molten CaO-Al,0,
12 CaO/Al0y=1:1
=
g8l
o
4+
0
0 0.02 0.04 0.06 0.08

Al (%)

Fig. 6.19 .Deoxidation with aluminium in equilibrium with Al,O; or molten calcium
aluminate with CaO/AlL,O; = 1:1.
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When the Al-killed steel is treated with Ca-Si the alumina inclusions are
converted to molten calcium aluminate. For the ratio %Ca0O/Al,O; = 1:1,
the activity of Al,O; is 0.064 with respect to pure Al,O; at temperatures in
the range 1500-1700°C. The apparent equilibrium relations, consistent
with the readings of commercial oxygen sensors, are shown in Fig. 6.19 for
the deoxidation products: pure Al,O; and molten calcium aluminate with

%CaO/ %A1203 = 1:1.
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CHAPTER 7

Pretreatment of Blast Furnace
Iron

The impetus to hot metal refining developed by the Japanese steel indus-
try was, in part, to accomplish the objective of improving cost effective-
ness in steelmaking by reducing the volume of waste product slag to be
disposed of.

The hot metal refining, developed primarily by the steel industry in Japan,
involves two or three processing steps. The first step is desiliconisation to
residual Si < 0.15 percent. After deslagging, the hot metal is desulphurised
and dephosphorised by injecting with nitrogen plus oxygen a mixture of
sinter fines, burnt lime, calcium fluoride and some calcium chloride. In some
practices, sodium carbonate alone is injected. There are many variations in
the method of hot metal refining practices in the Japanese steel industry. As
examples, the flow diagrams of three different refining processes are shown
in Figs. 7.1, 7.2, 7.3. For a comprehensive review of these developments in the
late 1970s, reference may be made to the papers by Fuwal and Ishihara.?

Desiliconisation by addition
of Mn ore or Fe ore onto Soda ash

runner | Sinter plant | recovery plant

A
B.F Desiliconisation by Dephosphorisation
injection of sinter by injection of
powder soda ash
Hot Vacuum Vacuum
metal slag slag 0,
—> cleaner cleaner N

- 02 + C02

Fig. 7.1 Hot metal refining with Na,CO; in torpedo car — Kashima Works of
Sumitomo Metal Industries.

7.1 DESILICONISATION

To improve steelmaking in open hearth furnaces, attempts were made in
the 1940s in the European and North American steel plants to lower the
silicon content of hot metal from more than 1% Si to 0.4-0.6% Si. This was
done simply by adding dried mill scale either onto the blast furnace run-
ner or into the hot metal transfer ladle.

200
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Desiliconising
reagent The desiliconised slag and Dephosphorising
the dephosphorised slag reagent

U are combined
= Combined
= @TD“* > @1 > | “blowing
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The dephosphorised mn

slag held in wait

Fig. 7.2 Hot metal refining with lime—scale—salt in torpedo car — Kimitsu Works of
Nippon Steel Corporation.

Scale [ Scale
Ca0 CaO

CaF2 CaF2

Deslagging Deslagging

Fig. 7.3 Hot metal refining with lime-scale-salt in transfer ladle — Keihin Works of
NKXK Corporation.

Table 7.1 Desiliconisation Processes

Process Reagent usage for ASi = 0.4% Efficiency %
Mill scale and lime added to BF ~ 15-25 kg t-1 mill scale 80-90
runner 8-10 kg t-1 lime

Mill scale added to transfer ladle 32 kg t-! . 60-80
Mill scale injection into torpedo  15-25 kg t-1 for 0.25% ASi 40-60
car

Oxygen blowing into torpedo 0.13 Nm3 min-1t-1 3540
car

Deep oxygen injection into 0.3 Nm2 min-1t-1 45-55
transfer ladle

In more sophisticated present practices, the hot metal is desiliconised
from 0.4-0.6% to less than 0.15%, to facilitate the subsequent stage of
refining for phosphorus and sulphur removal. Various methods of de-
siliconisation are listed in Table 7.1.
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Depending on the operating conditions, there is a temperature gain or loss
of about = 20°C when mill scale or ore sinter fines are used for desiliconisa-
tion. Although the oxidation of silicon with iron oxide is an exothermic
reaction, a temperature loss in hot metal may occur because of slag removal,
using moist reagents, extra fluxes or carrier gases. At low levels of initial
silicon content some decarburisation does occur during desiliconisation
which also contributes to a drop in melt temperature. With oxygen lancing
the hot metal temperature will increase by between 120°C and 150°C.

The slags produced during desiliconisation contain primarily SiO,, FeO,
MnO and CaO. Since the phosphorus and sulphur contents of these slags
are low they can be recycled to the sinter plants.

7.2 DEPHOSPHORISATION & DESULPHURISATION

After desiliconisation and slag removal, the hot metal is dephosphorised
and desulphurised with the injection of an oxidising basic flux mixture
using nitrogen or air as a carrier gas and accompanied with top or bottom
blowing of oxygen in some processes. Examples of processes and fluxes
used are summarised in Table 7.2.

Table 7.2 Dephosphorisation & Desulphurisation Processes

% P %S
Process Vessel  Flux mixture, % kgt! Before After Before After
Injection with N, Torpedo 35 CaO, 55 mill scale 52 010 0015 0025 0.005
car 5 CaF,, 5 CaCl,
Injection with N, Torpedo Na,CO, 15 009 0011 0040 <0.01
0O, top blowing car 20 011 0020 0060 <0.01
Na,CO; top addition Ladle Na,CO, 20 010 <0.010 0.030 <0.005
O, top blowing
N, bubbling
Injection with N, Ladle 30 CaO, 62 sinter fines 45 012 0010 0025 <0.01
4 CaF, 4 CaCl,
Injection with N, Ladle 38 Ca0, 42 sinter fines 40 010 0.010 0040 0.02
O, top blowing 20 CaF,
0, bottom blowing Q-BOP 39 CaO, 55 sinter fines 51 014 0010 0020 001
6 CaF,

As is seen from the experimental and plant data in Fig. 7.4 reported by
Marukawa3, high phosphorus distribution ratios between slag and metal
are obtained at a lower temperature treatment of hot metal with soda ash.
A major drawback to using sodium carbonate-based fluxes is in the evolu-
tion of alkali fumes from the reduction of carbonate by carbon in iron

Na,CO, (I) + 2[C] - 2 Na(g) + 3 CO (g) (7.1)
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Fig. 74 Phosphorus distribution between sodium silico-phosphate slags and
graphite-saturated liquid iron at 1300 to 1350°C: — — - — crucible experiments;
soda ash injection in the ladle (250 t). From Ref. 3.

The higher the ratio Na,O/SiO, in the slag and higher the melt tempera-
ture, the greater would be the generation of alkali fumes.

Because of the pronounced effect of temperature on the dephosphorisa-
tion of iron, the refining of hot metal is done at low melt temperatures. The
plant data in Fig. 7.5 from Keihin Works of NKK Corp. as reported by
Sinde ef al.4, demonstrate to what extent hot metal in the ladle can be
dephosphorised. The melt temperature is controlled by adjusting the ratio
O,(gas)/{O,(gas) + O, (scale)} using the relation in Fig. 7.6 obtained from
plant data. The slag/metal phosphorus distribution ratio at the end of
refining increases with an increasing slag basicity up to about CaO/SiO, =
4.5 as depicted in Fig. 7.7. At slag basicities > 4.5 the slag contains un-
dissolved lime which hinders effective slag-metal mixing, hence lowering
the extent of metal dephosphorisation.

The plant data in Fig. 7.8 from Wakayama Works of Sumitomo Metal
Industries, Ltd.,5 show changes in hot metal composition with the treat-
ment time. For an average refining time of about 30 minutes, the carbon
content of the hot metal decreases by 0.2 to 0.3 percent.

High slag/metal phosphorus distribution ratios obtained in hot metal
refining are much greater than would be predicted from the phosphate
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Fig. 7.6 Relation between the gaseous oxygen ratio and AT during
dephosphorisation.

3.0

Temperature 1300~1320°C

2.0
2 7

Ca0/Si0,
Fig. 7.7 Relation between CaO/Si0O, and phosphorus partition ratio.
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Fig. 7.8 Changes in hot metal composition during dephosphorisation treatment
from data reported by Nashiwa et al.5

capacities of the slags, on the assumption of carbon-oxygen equilibrium in
the melt. An extensive degree of dephosphorisation achieved in hot metal
refining, is brought about by the non equilibrium state of high oxygen
activity in the melt during the flux injection with nitrogen plus oxygen.
Takeuchi et al.6 made oxygen sensor measurements at different positions
in the melt during the flux injection with a 75% O, + 25% N, mixture. They
found that the measured oxygen activity in the melt was about 1000 times
greater near the lance tip and about 100 times greater near the slag layer in
comparison to the C-O equilibrium.

7.3 DESULPHURISATION

In most steel plants outside Japan, hot metal refining is confined to de-
sulphurisation in the transfer ladle with various injected materials such as
lime plus spar, lime plus magnesium, calcium carbide plus magnesium or
calcium carbide plus limestone. _

Plant data from various steel works are plotted in Fig. 7.9 for three types
of reagents injected at the rates of 30 to 40 kg min-1. As shown in Fig. 7.10
the quantity of Mg to be injected together with CaO or CaC, is adjusted in
accord with the initial sulphur content of the hot metal. Desulphurisation
occurs primarily by the following reactions

Mg(g) +[S] — MgS(s)
CaC, — Ca(g) +2[C]
Ca(g) +[S] — CaS(s)

Most of the desulphurisation is done by magnesium. For the removal of
0.04% S in the desulphurisation of hot metal, with about 70% efficiency of
magnesium usage, the amount of the reagent to be injected would be 1.45



206 Fundamentals of Steelmaking

In % S/% S,
o

(a) 30CaCOj;+CaC,

3k (b) 20 Mg + 80 CaO
() 25Mg+75CaC,
(o4
-4 | ]
Y 4 8 12

kg reagent/t HM

Fig. 7.9 Hot metal desulphurisation with lance injection in transfer ladle.
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Fig. 7.10 Plant data within shaded area showing magnesium usage in hot metal
desulphurisation with Mg+CaO and Mg+CaC, injection in the transfer ladle at the
rate of 30 to 40 kg min-1.
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kg t-1 HM for the 30 Mg + 70 CaO mixture. For this quantity of solid
injection with N, flowing at the rate of 35 NI per kg solids, the heat
absorbed from the melt would be about 4310 kJ t-1 HM. On the other
hand, the heat generated by the reaction Mg(g) + [S] — MgS would be
about 5060 kJ t-1 HM for 0.04% AS which compensates for the thermal
energy absorbed in heating the injected material to the bath temperature.

The solubility of MgS in hot metal decreases with a decreasing bath
temperature thus

log [%Mg][%5] = - 022 + 5.15

A lower residual dissolved sulphur will be achieved at a lower refining
temperature. Depending on the operating conditions the residual dis-
solved sulphur in the treated hot metal is in the range 0.002 to 0.005% S.
The sulphur-rich slag in the transfer ladle is skimmed off as much as
operating conditions will permit, prior to charging the hot metal to the
BOF vessel.
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Fig. 711 Selected diagrams from a paper by Itoh ef al.8 on the development of slag
minimum refining process (SMP) by Nippon Steel Corporation.
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During desulphurisation the nitrogen content of hot metal is reduced
from 60-70 ppm to 30-35 ppm which reflects on lower levels of nitrogen in
BOF heats at tap. For example, for 30 to 35 ppm N in desulphurised hot
metal the BOF steel at tap would contain < 20 ppm N, as observed at the
steel works of Thyssen Stahl AG, Duisburg.”

7.4 BENEFITS OF HOT METAL REFINING

It is seen from the plant data of Muroran Works of Nippon Steel Corpora-
tion in Fig. 7.11 reported by Itoh et al.8, that by reducing the silicon content
of hot metal to <0.2%, a substantial saving was realised in lime consump-
tion and the extent of dephosphorisation became more stable. As would
be expected, a decrease in slag volume also lowers the extent of refractory
wear and increases the steel yield. The minimum slag practice decreases
scrap melting in BOF which proves to be an advantage for easier control of
the steelmaking operation.

The overall economics of the minimum slag practice in BOF steelmaking
depends a great deal on the availability and the relative cost of raw mater-
ials, steel scrap and hot metal. At present the minimum slag practice, with
95 percent or more refined hot metal in the BOF charge, is neither practical
nor cost effective in most steel industries outside Japan.
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CHAPTER 8
Oxygen Steelmaking

8.1 INTRODUCTION

The first commercial operation of steelmaking with oxygen top blowing in
the converter was in the early 1950s at Linz and Donawitz (Austria). This
manner of steelmaking became known as Linz-Donawitz or LD process.
For many years now, most of the steel has been made by top oxygen
blowing for which different names are given. For example, in European
steel plants the process is still called LD; in the UK, BOS (basic oxygen
steelmaking); in the Far East and America, BOF (basic oxygen furnace), with
the exception of U.S. Steel where it is called BOP (basic oxygen process).

In the early 1970s, a bottom-blown oxygen steelmaking process was
developed in Canada and Germany. This process, known as OBM in Eu-
rope and Q-BOP elsewhere, was in full size commercial operation by the
mid 1970s in U.S. Steel plants followed by several plants in Europe and
Japan. The tuyeres, mounted in a removable bottom, consist of a central
pipe for blowing oxygen together with burnt lime, and an annular gap
around the central pipe for the passage of gaseous hydrocarbon, e.g. pro-
pane or natural gas (CH,). Upon contact with liquid steel the hydrocarbon
dissociates to C and H, with the absorption of heat. This endothermic
reaction suppresses overheating of the tuyere tip by the exothermic reac-
tion of oxygen with liquid steel.

Further developments in oxygen steelmaking led to the present prac-
tices of various types of top and bottom blowing known as combined
blowing, as illustrated schematically in Fig. 8.1 for BOF and Q-BOP pro-
cesses. There is also post combustion of CO in the upper part of the vessel
to generate additional heat for steelmaking.

The presentation in this chapter is on the fundamentals of steelmaking
reactions and assessment of the state of slag-metal reactions at the end of
oxygen blowing, i.e. at first turndown of the vessel for sample taking. For
a description of steelmaking facilities and plant layout, reference may be
made to the U.S. Steel publication The Making, Shaping and Treating of Steel,
1985 edition.

8.2 FURNACE CHARGE

Depending on the local operating conditions, availability of scrap, blast
furnace iron (hot metal) and the extent of hot metal pretreatment, 75 to 95

209
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Bath level
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Hydrocarbon —»
Oxygen—»

Q-BOP

BOF
Fig. 8.1 BOF and Q-BOP steelmaking with and without combined blowing.

percent of the metallic charge to the BOF and Q-BOP vessel is hot metal
and the remainder steel scrap. Generally speaking the desulphurised hot
metal has the following composition in mass percent:

5C,04-0.7Mn, 04-1.0Sj,
0.05-0.10 P and 0.002 - 0.005 S

Types of scrap used are generally those produced in the steel mill: sheet
scrap, slab ends, bloom ends, cold iron or broken moulds, pit scrap, bi-
metallic cans and hot crop. Then there is the purchased scrap such as
scrapped auto bodies. It is important that scrap composition be considered
when calculating a scrap charge for any particular heat. Residuals in the
scrap such as tin, copper, nickel, molybdenum and tungsten are not ox-
idised in the steelmaking process and could be undesirable in the final
product. Scrap density is also very important. Scrap is classified as ‘light’
or ‘heavy’. Most steelmaking shops use a 1:1 ratio of light to heavy scrap in
the furnace charge. It is advantageous to charge the light scrap into the
vessel first to minimise wear and tear of the furnace refractory lining.

Some alloy additions are also included in the furnace charge to meet
steel specifications: (i) copper, commercial grade or 22% Cu-Fe alloy, (ii)
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nickel as nickel oxide or 48% Ni-Fe alloy, (iii) molybdenum as moly oxide
and (iv) chromium as an iron alloy. When the silicon content of hot metal
is low, some silicon carbide and/ or ferrosilicon are included in the furnace
charge as additional fuel for steelmaking.

Soon after starting oxygen blowing, burnt lime and burnt dolomite are
charged into the vessel as fluxes. In some shops a small addition of fluor-
spar (CaF,) is made when the aimed carbon content of the steel at turndown
is more than 0.10 percent. In some practices, limestone, dolomite and/or
iron ore are used as a coolant when needed. In the Q-BOP steelmaking all
the lime needed for the process is bottom blown together with oxygen.

8.2.1 STATIC CHARGE CONTROL

Computer-aided charge-control calculations are made for every heat.
About 80 percent of the charge-control model is based on the heat and
material balance, the remainder being based on empirical relations which
vary from one melt shop to another. Since every steelmaking shop has its
own formulation of the charge-control model, only general aspects of this
subject will be discussed here in a simplified form.

8.2.1a Material balance

Steelmaking is an oxidation process to remove the oxidisable elements
from hot metal and scrap to the furnace slag as the steel is decarburised
with oxygen blowing.

[C]+%0, — CO (gas)

[Si] + O, = S0 Fluxed with

[P] + %0, - WP,04 lime (CaO) forming
[Mn] + 50, — MnO molten slag

Fe + 120, —  FeO

At the end of oxygen blowing the slag basicity (as V = %Ca0O/ %SiO,) is
in the range 2.5 to 4.0, with iron oxide contents of 10 to 35% FeO depend-
ing on the aimed carbon, sulphur and phosphorus contents of the steel at
tap. From trial and error calculations the following formulation has emer-
ged for the quantities of burnt lime and burnt dolomite to be charged,
depending on the total silicon content of the furnace charge.

kg burnt lime/t metallic charge =
19 x V x %Si (in furnace charge) 8.1y

kg burnt lime
kg burnt dolomite

=2+03xV) (82)
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Calcined (burnt) dolomite, known as ‘doloma’ or ‘dolo’, is always in-
cluded in the furnace charge to minimise slag attack on the MgO-C brick
lining of the vessel. Burnt dolomite contains about 56% CaO and 41%
MgO the remainder being impurities. Burnt lime contains about 96% CaO,
1% MgO, 1% SiO, and other minor impurities with a 1.5% loss of ignition.

In making an approximate calculation of the material balance given here
as an example, certain average values are used with regard to the com-
position of slags at tap as given below.

V = %Ca0/ %SiO,, %FeO(total) %MgO
2.5 1 6.7
3.0 : 5.4
35 (16.6 x V - 30) 47
4.0 4.3

In steelmaking slags the sum of the four primary oxides CaO + MgO + FeO
+ S5i0, is in the range 88 to 92%. In calculating the MgO solubilities for the
indicated V ratios, using the data in Fig. 5.12 for the quaternary system,
the values are adjusted to an average value of 90% for the sum of these
four oxides.

The slag mass per tonne of steel is estimated from the quantities CaO,
MgO, Si (as SiO,) in the furnace charge and X% FeO in the tap slag for the
aimed slag basicity V as given below.

CaO + MgO + SiO,
90 — (16,6 x V — 30)

Slag mass, kg t-! steel = (8.3)

Two examples of calculations of the furnace charge are given using the
foregoing formulations.

Example A for 0.4% Si in the furnace charge with an aimed slag basicity V
=2.5:

Burnt lime : 19x25x04 =19 kg t!
Doloma : 19/2.75 = 6.91 kg t-1
CaO : 19 x 0.96 + 6.91 x 0.57 =22.18 kg t-1
MgO : 6.91 x 0.4 + 0.19 =2.95 kg t-1
SiO, : 4x60/28 +0.19 =8.76 kg t-1
2218 + 295 + 876 '
Slag mass = 90 - 115 =43.17 kg t-1

Estimated slag composition at tap:
51.38% CaO, 6.83% MgO, 11.5% FeO and 20.29% SiO,; V = 2.53.

Example B for 1% Si in the furnace charge with the aimed slag basicity V =
4.0:
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Burnt lime : 19x40x1 =76.0 kg t1

Doloma : 76/3.2 =23.75 kg t-!

CaO : 76 x 0.96 + 23.75 x 0.57  =86.50 kg t-1

MgO : 23.75x 0.4 + 0.76 =10.26 kg t-1

SiO, : 10 x 60/28 + 0.76 =22.19 kg t-1
8650 + 1026 + 2219

Slag mass = 90— 36.4 =221.92 kg t-1

Estimated slag composition at tap:
38.98% CaO, 4.62% MgO, 36.4% FeO and 10% SiO,; V = 3.90

In the detailed formulation of material balance for the furnace charge,
several additional terms are incorporated in the charge control system, as
for example: aimed turndown temperature, carbon, sulphur and
phosphorus contents in the steel, also the slag volume required to achieve
the aimed steel composition at tap. These additional terms for the charge
control model are formulated using reliable equilibrium data on slag-
metal reactions, with plant analytical data logs on slag and metal samples
taken from the vessel at tap.

8.2.1b Heat balance

For a 220 tonne metallic furnace charge containing 4% C, 0.6% Si, 0.5% Mn
and 0.06% P to produce steel containing at tap 0.03% C, <0.005% Si, 0.2%
Mn and 0.01% P, the thermal energy generated by oxidation will be as
follows.

[Cl + %0, - CO - 83.4 x 106 kJ
[ + O, - SiO, - 35.4 x 106 kJ
[P1 + %40, - WP,05 - 22x106K]
[Mn] + %0, —  MnO - 4.0 x 106K]
Fe + %0, — FeO - 17.1 x 106 KJ
Total heat generated = -142.1 x 106 kJ

The heat generation due to the oxidation of iron is for a 22 t furnace slag
containing 20% FeO (total) which corresponds to the oxidation of 3421 kg
of iron.

The approximate quantities of heat requirement to raise the bath tem-
perature to 1650°C are given below.

Amount and Temperature

_of Charge Material Heat Required
175t HM, 1340°C 38.21 x 106 kJ
45t steel scrap, 25°C 60.77 x 106 kJ
73 t lime .
50 t doloma r25°C 14.31 x 106 kJ

Total =  113.29 x 106 kJ
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The difference of about 29 x 106 k] between the quantities of heat gener-
ated and heat absorbed is a measure of the heat losses, primarily by the
furnace off gases (CO) and in part by heat conduction through the vessel
lining and outer shell into the melt shop environment.

Examples of heat balances are given below for reactions of various
furnace charges in the vessel with respect to the furnace charges being at
room temperature and the steel bath at 1600°C.

Reaction AH, k] kg1 furnace charge
Fe,O5 + 3[C] — 2[Fe] + 3CO 4607
NiO + [C] — [Ni] + CO 3362
MoO, + 2[C] — [Mo] + 2CO 4527
CaCO; + [C] — CaO +2CO 5614
Cu — [Cd] 924
Fe-75% Si + O, — [Fe] + SiO, 20,844
SiC + 320, — 5i0, + CO -19,420

To generate additional heat in the vessel for minimising skull buildup at
the converter mouth, some of the carbon monoxide generated in the steel
decarburisation is combusted with oxygen in the upper part of the vessel.
For O, at 25°C, and CO and CO, at 1600°C, the heat generated would be

In the 220 tonne heats, about 160 Nm30O, is used for post combustion
during the oxygen blowing time of about 22 minutes in BOF and 16 to 18
minutes in Q-BOP steelmaking.

8.2.1c Reliability of static charge-control system

The time sequence of charge-control calculations and materials handling is
shown in Fig. 8.2 in a simplified form. The preliminary calculation for heat
B starts at the time of charging the vessel for heat A. How good of an
estimate can be made of the temperature and composition of the steel at
the end of oxygen blowing (on the basis of the static charge control pro-
gramme) depends on (i) accuracy of the charge control model, (ii) ac-
curacy of inputs to the computer system, (iii) consistency of steelmaking
practices and quality of materials used, (iv) reliability of the computer
system and its use, and (v) reliability of measuring and interfacing
devices.

8.3 DynaMIc CONTROL OF OXYGEN BLOWING

It was in the 1970s that the sublance technology was developed in the
Japanese steel industry for dynamic control of oxygen steelmaking. The
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Fig. 8.2 Time sequence of charge-control calculations and materials handling.

dynamic control system involves the use of a sublance for sampling and
analysing waste gas for CO and CO,, together with the computer model for
charge control. A water-cooled sublance is lowered into the steel bath to
measure the bath temperature, the carbon content of steel and to take a metal
sample for chemical analysis. This sampling is done usually 2 or 3 minutes
before the scheduled end of the blow. With the data collected, including the
waste-gas analysis, calculations are made by the process-control computer to
determine the corrections to the blow that are necessary to achieve the de-
sired end point temperature and carbon content of the steel. Use of the
sublance with a good static charge control model and dynamic process con-
trol system will ascertain first turndown hit rates of over 90 percent.

8.3.1 AUTOMATED CONTROL OF OXYGEN BLOWING

Use of the sublance in controlling oxygen blowing varies from one steel
mill to another. A brief description is given here of a fully automatic
oxygen blowing practice that was developed at Kawasaki Steel Corpora-
tion, reported in a paper by lida et al.

As shown in Fig. 8.3, the automatic control system for blowing consists
of four subsystems.

A: Subsystem for static control

The raw material blending and the amounts of oxygen, coolant and fluxes
necessary for blowing, are calculated using static control models based on
the material balance and heat balance.
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[Charging of metal and scrap }|-—————————— Subsystem of static control |

Blow start

[Measuring of lance movement | |« Preset of LH —
Preset of FO,
e—{ Charging of fluxing agent}—

« LD gas recovery (start) |—

— Subsystem of program control
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Fig. 8.3 Schematic representation of the system and function of fully automatic BOF
steelmaking. From Ref. 1.

B: Subsystem for programme control

The lance height and oxygen blowing rate are automatically controlled
and the fluxes automatically charged according to the computer pro-
gramme selected before starting the blow. This subsystem also controls
the operation of the waste gas treatment system, the gas recovery oper-
ation and start of the sublance operation.

C: Subsystem for slag formation

This subsystem continuously monitors slag formation based on the mea-
sured values of acceleration of lance vibration, which controls the lance
height and oxygen flow rate, so that the slag foam height is maintained at
the desired level.

D: Subsystem for dynamic control by sublance

The steel temperature and carbon content are measured by the sublance
during blowing and the required amounts of oxygen and coolant are
calculated using the dynamic control model, whereby charging of the
coolant and terminating oxygen blowing are automatically carried out.

It should be noted that a highly automated oxygen steelmaking is prac-
tical and cost effective, only when more than 90% of the furnace charge is
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pre-treated hot metal with Si<0.2%, P<0.01% and S<0.01%, as accom-
plished in many of the Japanese steel works.

8.4 STEELMAKING SLAGS

8.4.1 sLAG FORMATION IN BOF STEELMAKING

In BOF steelmaking the metal and slag compositions change during oxygen
blowing as shown in Fig. 8.4. These data, reported by van Hoorn et al.2,
were obtained from a series of trial heats made in a 300 t capacity BOF at
Hoogovens IJmuiden BV. In the early stages of the blow most of the silicon
is oxidised forming a slag of low basicity. Humps on the manganese and
phosphorus curves are characteristic of all pneumatic steelmaking pro-
cesses caused by changes in the melt temperature and slag composition.
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Fig. 84 Changes in metal and slag compositions during steelmaking in the BOF for
about a 300 t melt, using data of van Hoorn et al.2.
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Changes in slag composition during oxygen blowing depend on the
BOF practice which varies from one steelworks to another. Changes in
slag composition are shown in Fig. 8.5a for two different practices; in this
graphic representation the slag composition is recalculated to give CaO +
MgO + FeO + 5iO, = 100%. The curve I is that reported by van Hoorn et al.
for the practice at Hoogovens I[Jmuiden BV. This practice is claimed to lead
to low metal dispersion in the slag and minimum slopping of the bath. It is
also considered to be good for a fast rate of decarburisation and most
suitable for low sulphur and phosphorus in the furnace charge. The
overoxidised-slag practice of Mannesmann is represented by curve II as
reported by Bardenheurer et al.3 With this practice a liquid slag of high
basicity is obtained ‘more readily early in the blow, resulting in a low
magnesia pickup by the slag and a faster rate of removal of sulphur and
phosphorus. With this practice however there is a greater tendency to
slopping. Two other practices are shown in Fig. 8.5b. According to Nilles
et al4 a path AA for slag formation gives the best refining conditions,

SiO;

(a)

AV4
CaO+MgO 20 5 FeO

50,

>

S
N

AV2 A N AV4 N
CaO+Mg0 20 30 40 50 FeO
FeO, wt-%

Fig. 8.5 Changes in composition of slag during oxygen blowing for various BOF
practices: (a) I, van Hoorn et al.2 and II, Bardenheurer et al.3 (b) AA, Nilles et al.# and
BB, Baker5.
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particularly for decarburisation. The path BB was considered by Baker5 to
be better for phosphorus and sulphur removal.

In the early stages of the blow the slag basicity is low; therefore the
solubility of MgO is high. As the basicity increases with the progress of
oxygen blowing, the solubility decreases resulting in rejection of MgO
from the molten slag. However, an increase in slag basicity daring the
blow is accompanied by an increase in slag mass which counteracts MgO
rejection; in fact the total amount of MgO taken up by the slag increases
during the later stages of the blow.

8.4.2 SLAG FORMATION IN Q-BOP STEELMAKING

In Q-BOP steelmaking the oxygen and lime powder are blown through a
series of tuyeres located on the bottom of the converter. The mode of slag
formation during the blow in Q-BOP will be somewhat different from the
BOF practices. As would be expected from the differences in the direction
of the oxygen blow in these top and bottom-blowing processes, concentra-
tions of iron and manganese oxides in BOF slags will be higher than those
in Q-BOP slags. For the same reason the slag temperature in BOF is higher
than the metal temperature, the reverse being the case for Q-BOP.

8.4.3 SLLAG COMPOSITION AT TURNDOWN

Composition of slags in low alloy steelmaking by the BOF and Q-BOP
processes varies within the following range, depending on the carbon
content of steel at tap: 40 to 60% CaO, 4 to 8% MgO, 3 to 8% MnO, 5 to 35%
FeO (total), 10 to 28% 5iO,, 1 to 3% P,0s, 1 to 2% Al,O5, 0 to 2% CaF,, 0.1
to 0.2% S and minor amounts of other oxides. As pointed out earlier, the
sum of the oxides CaO + MgO + FeO + 5i0, is in the range 88 to 92 percent.

As noted from the plant data in Fig. 8.6, for the turndown temperatures
of 1625 = 25°C, the total iron oxide content of the finishing slag at tap
decreases with increasing concentrations of SiO, and CaO. The dotted
lines are for the quaternary system CaO-MgO-FeO-SiO, saturated with
dicalcium (magnesium) silicate at 1600°C (Fig. 5.12). The readings from
Fig. 5.12 for the silicate saturated melts are readjusted to CaO + MgO +
FeO + Si0, = 90%; these are depicted by the dotted lines in Fig. 8.6. There
is a pronounced shift in the position of the univariant equilibrium in the
composition diagram for the saturated-steelmaking slags, to higher con-
centrations of CaO and to the corresponding lower concentrations of 5iO,,
as compared to the quaternary system CaO-MgO-FeO-5iO, in
equilibrium with liquid iron. This change in composition of the saturated
slags to higher concentrations of CaO is due, in part, to slag temperatures
being somewhat higher than 1600°C, also to the presence of P,O5, MnO,
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Fig. 8.6 The total iron oxide (as FeO) content of steelmaking slags is related to the
SiO, and CaO contents. The dotted line is for CaO-6%MgO-FeO-5iO, system satu-
rated with dicalcium (magnesium) silicate.

Fe,O; and other minor oxides which increase the lime solubility in the
slag.

The iron oxide content and slag basicity are related as shown in Fig. 8.7.
The lower part of the hatched area is usually for BOF slags and the upper
part for Q-BOP slags.

] 10 20 30

%FeO

Fig. 8.7 Variation of slag basicity with total iron oxide content of steelmaking slags
containing P,O5 < 3%.

8.5 DECARBURISATION

In most oxygen steelmaking processes the rate of oxygen blowing is usu-
ally within the range 2.2 to 3.0 Nm3 min-! t-1, depending on the composi-
tion of the furnace charge. During the first three to four minutes of oxygen
blowing most of the silicon is oxidised, during which time about 0.4 or
0.5%C of the carbon is oxidised with an increasing rate of decarburisation
as shown schematically in Fig. 8.8 for BOF heats. For Q-BOP heats the
decarburisation rate curve has a similar shape, the only difference being in
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the duration of oxygen blowing which is about 16 to 18 minutes. Depen-
ding on the rate of oxygen blowing the plateau of the maximum rate of
decarburisation is in the range 0.20 to 0.28%C per minute, which corres-
ponds to the consumption of about 90 percent or more of the oxygen
blown per minute.
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Rate of decarburisation (%C/min)
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5 10 15 20 25
Oxygen blowing time (min)

Fig. 8.8 Schematic representation of change in the decarburisation rate during oxy-
gen blowing in BOF steelmaking..

Below about 0.4%C, the rate of decarburisation decreases with a de-
creasing carbon content because of an increase in the consumption of
oxygen by the oxidation of phosphorus, manganese, iron and an increas-
ing amount of oxygen dissolution in the steel bath. As an example let us
assume that, starting at 17 minutes of the blowing time with the steel
containing 0.4%C, the rate of decarburisation will decrease linearly with a
decreasing carbon content of the steel bath during the last five minutes of
the blow, for which the rate equation will be

d%C
dt

where %C,, is the aimed equilibrium carbon content according to the
charge-control model. Upon integration

=—(%C-%C,,) (t-17) (8.4)

%C—-%C,, _
Inserting %C, = 0.4 at t = 17 min and %C,, = 0.04
n PC-004 oy (8.5a)

0.036
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For the case considered as an exmaple, the decrease in the carbon content
and increase in the oxygen content of the bath would be as given below.

t, min %C ppm O*
17 0.40 75
18 0.172 174
19 0.089 337
20 0.058 517
21 0.047 638
22 0.042 714

8.6 COMBINED-BLOWING IN BOF STEELMAKING

There are various types of combined-blowing practices in BOF steelmak-
ing; the major ones are listed in Table 8.1.

Table 8.1 Major combined-blowing practices

Bottom Flow rate Bottom wear rate
Process Developed by Gases Nm?3 min-1 mm per heat
injected t-1
LBE ARBED-IRSIDé N,, Ar 0.01-0.10 0.3-0.6
LD-CB Nippon Steel CO, N,, Ar  0.02-0.06 0.3-0.8
Corp.7
LD-KGC Kawasaki Steel CO, N, Ar 0.01-0.20 0.2-0.3
Corp.®
LD-OTB Kobe Steel Corp. CO, N,, Ar 0.01-0.10 0.2-0.3
Ref.210
NK-CB Nippon Kokan CO, Ny, Ar - 0.02-0.10 0.7-0.9
KK1

A brief description is given here only of the LBE system: incidentally,
LBE is an acronym for ‘Lance Bubbling Equilibrium’. In this system there
are 10 to 16 gas injection elements arranged in one or two concentric
circles on the converter bottom as shown in Fig. 8.9a. Nitrogen or argon is
fed to the valve stand at a pressure of 10 atm and injected through the
bottom of the vessel at gas flow rates of up to 0.1 Nm3min-1t-1. The
injection elements used may be of type I or Il shown in Fig. 8.9b. In type I,
the gas is blown through copper channels that are inserted in the grooved
refractory plate encased in a stainless steel shell; in type II, 2 mm inside-
diameter stainless steel tubes are embedded in a one-piece MgO-C refrac-
tory block.

*For the product [%C][ppm O] = 30, average in 200-240 t BOF heats.
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(b) MgO-C refractory matric Stainless steel pipes
Grooved refractory plates e i

Copper channels

Tuyere block

Fig. 8.9 LBE bottom gas injection devices.

Operation of the LBE bottom-stirring system requires that the furnace
bottom be slagged to protect the refractories from excessive erosion. The
thickness of the slag layer should be between 50 and 100 mm, maintained
within the desired range by daily bottom measurements with the AGA
laser.

There are essentially two gas bottom-stirring practices as outlined in
Fig. 8.10 and 8.11 for low carbon (<0.1%) and medium or high carbon
(>0.1%) heats. For low carbon heats the rate of nitrogen flow is low during
the (i) waiting period, (ii) furnace charge and (iii) first ten minutes of the
oxygen blow. Then argon is substituted for nitrogen at a low flow rate.
During the last three minutes of the blow the argon flow rate is increased
and changed back to the low flow rate at turndown for sampling. Post-
bottom stirring is done with a high argon flow rate for less than two
minutes. Finally a high nitrogen flow is used during the slagging oper-
ation. For high carbon heats the gas is maintained at a low flow rate
throughout the blow.

As noted from the LD plant data for 315 t heats in Fig. 8.12 (cited by Deo
and Boom?!2), the product [%C][ppm O] is 33 = 2 for the normal LD
practice. In the combined blowing practice this product is reduced to 21 =
2 because of the dilution of CO in the gas bubbles. A similar behaviour is
seen from the plant data in Fig. 8.13 for BOP and LBE-BOP practices. A
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Fig. 8.12 Average values of the product [%C][%O] at turndown with normal LD
operation and combined-blowing (BAP) operation. From Ref. 12.

1200

1000

800 -

600 -

Oxygen content (ppm)

200 [~

| |
0 0.05 0.10 0.15
Carbon content (%)

Fig. 8.13 Turndown carbon and oxygen contents in BOP_steelmaking with and
without bottom gas injection.

lower level of oxygen in the combined-blowing practice is also reflected on
a slightly higher residual manganese in the steel at turndown and lower
iron oxide content in the slag. Another advantage is that with combined
blowing the heat can be blown to a lower level of carbon, e.g. 0.025 to
0.03%C, without over oxidising the steel bath.

There is also the possibility of removing some carbon and oxygen dur-
ing post-bottom stirring with argon by the reaction

[C] +[0] = CO(g) (8.6)
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If the kinetics of the chemical reaction at the melt-bubble surface is favour-
able and the rate is controlled by the mass transfer of C and O to the
bubble surface, the rate equation would be as given in section 2.6.4

%C - %C,
%Cq— %C,,

where £ is the duration in seconds of post-bottom argon injection, %C, =
0.04 at turndown (f = 0) and %C,, is for the C-O equilibrium for an average
CO partial pressure in the gas bubbles. For the argon injection rate of 0.1
Nm3min-1t-1, the volume flow rate of gas bubbles in the melt (for 1600°C
and 1.5 atm average pressure) would be V = 0.457 m3min-1t-1. For 220 t
heat, VT = 1.68 m3s~1,.for which the previously derived rate constant from
Fig. 2.32is S_k,,, = 0.015 s~1. Inserting these values in equation (8.7) gives

%C = %C,
0.04=%C,,

With the equilibrium constant [% C][ppm O] = 20 x pc¢ (atm), the values
of %C,_ are derived for every incremental time of argon injection from C
and O contents in the melt. Results of the calculations are given below.

In =-S5k, t 8.7)

In =-0.015t (8.8)

t, seconds %C %Ce, ppm O Pco atm*

0 0.0400 800
0.026 0.957

30 0.0353 737
0.025 0.870

60 0.0316 688
0.024 0.765

90 0.0288 651
0.023 0.724

120 0.0263 618

These calculated rates of decarburisation are about twice those observed
in trial heats at Gary BOP Shop of U.S. Steel, reported by Wardrop.13
Evidently the rate of reaction in equation (8.6) is not controlled solely by
mass transfer. Because of the retarding effects of oxygen and sulphur on
the kinetics of the C-O reaction, the rate of decarburisation during the
post-bottom argon injection will be controlled jointly by the interfacial
chemical reaction and the mass transfer of C and O to the bubble surface.

8.7 METAL EMULSION IN FOAMING SLAGS

A foam is a heterogeneous medium consisting of gas bubbles dispersed in
a liquid. Similarly, an emulsion is a dispersion of finely sub-divided

*For an incremental time At with n,, mol Ar injection, nco mol CO generation and for an average
bubble pressure of 1.5 atm, pco = {co/(fco + Na)} 1.5 atm.
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particles of a liquid in an immiscible liquid. The formation of foams and
emulsions and their relative stabilities are strongly influenced by surface
tension and viscosity. The energy required to create foam or emulsion
increases with an increasing surface tension of the liquid. The foam sta-
bility is determined by the rate of drainage of the liquid film between the
bubbles; the lower the viscosity the faster the rate of drainage. Conse-
quently, liquids of high surface tension and low viscosity, such as metals
and mattes, cannot foam. Because molten slags have low surface tensions
and high viscosities, they are susceptible to foaming in processes involv-
ing extensive rapid gas evolution as in oxygen steelmaking.

The foam is unstable; when the gas supply is terminated the foam col-
lapses under the influence of interfacial tension (the Marangoni effect) and
gravity force. The lower the surface tension and higher the viscosity, the
slower would be the rate of collapse of the foam. Cooper and Kitchener4
have studied the foaming characteristics of metallurgical slags. They found
that the relative foam stability increases with a decreasing temperature and
increasing SiO, and P,0O; contents of the slag. Swisher and McCabel5 ob-
served similar effects of the additions of B,O5; and Cr,O; to silicate melts.
When the surface tension/viscosity ratio (o/7) is lowered by changing
temperature and/or slag composition, the relative foam stability increases.

A large volume of CO evolved at a high rate from the steel bath during
decarburisation* causes ejection of steel droplets into the slag layer. The
extent of metal emulsion in slag in pneumatic steelmaking processes was
first brought to light by Kozakevitch and co-workers.16-18 From 200 t BOF
trial heats, Meyer et al.1? and Trentini2? found that about 30 percent of the
metallic charge is dispersed in the slag during the period of a high rate of
decarburisation. The metal droplets are in the range 0.1 to 5 mm diameter,
and the slag-metal interfacial area has been estimated to be 100 to 200 m?
per tonne of steel in the slag layer. According to the studies of Meyer et al.,
the average residence time of metal droplets in the slag is about 1 to 2
minutes, the rate of decarburisation in the metal emulsion is 0.3 to 0.6%C
per minute and in the entire system about 0.25% C per minute. Near the
end of decarburisation, the slag foam subsides and most of the metal
droplets return to the steel bath.

8.8 CoNTROL OF SLAG FoAMING

Excessive slag foaming during high rate of decarburisation causes bath
slopping resulting in an overflow of slag from the vessel mouth. Several

*At the high rate of decarburisation 0.25% C min-?, the volume of CO generated at 1600°C and 1.5
atm average bubble pressure would be 4699 m3 min-1 in a 220 tonne heat; the superficial gas velocity
being about 3.6 m s-1.
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devices are being used to check the slag height in the vessel and to make
necessary changes in the blowing practice to curtail bath slopping. A sound
detecting system has been used as an indicator of the onset of slopping. The
main part of this system is a condenser microphone which is contained in a
water cooled probe and placed in a dust free location in the-hood.

The control system described by Iida et al.1 consists of (i) a device to
measure lance vibration and (ii) a probe attached to the sublance to mea-
sure slag height. These measurements together with lance height and
oxygen flow rate are put into the computer control system using the
following empirical relation.

G-b
Sy = v, + Ly + By (8.9
where G = acceleration of lance vibration, cm s-2
V, = oxygen flow rate, Nm3min-1
Sy = foaming slag height, m

Ly = lance height, m
furnace — bottom height correction, m
= constants.
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S
1

R
<
|

The principle of this slag formation control system is shown in Fig. 8.14.
When the judgment result is ‘good’, the blowing pattern continues as
previously programmed. When the result is “not good’ the blowing pro-
gramme is adjusted for soft or hard blow by changing the oxygen blow
rate and/or lance height. After the judgment result shows ‘good’ the
initial programme is then followed. An example of the automatic blowing
practice to curtail slopping is shown in Fig. 8.15.

Lance height

r C'\gi Calculation of

: . ----| foaming slag height ----
Signal by i:omputer by equation (8.9) i

|

Mouth of vessel

Oxygen

4 BimO . | Slopping | —_— LTake down lance and decrease oxygen.ﬂow rate]
‘ Excessive | — > [Take down lance]

35m— [ Good | — [Maintain LH and FO2 as program|

sem— [insufficient| —» [Take up lance |

Fig. 8.14 i’ﬁnciple of automatic control of slag formation. From Ref. 1.
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Fig. 8.15 Example of automatic blowing control. From Ref. 1.

Variation of the lance height pattern during the blow depends on the
design of the oxygen-lance nozzle. The design features of de Laval nozzles
used at some plants are summarised in Table 8.2, reproduced from the
book by Deo and Boom.!2 Depending on the nozzle design and oxygen
blowing rate, the blowing patterns are as shown schematically in Fig. 8.16
as given in Ref. 12.
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Process time (% of total blow)

Fig.8.16 Blowingregime of various plants; for details of plant names see footnote to
Table 8.2. From Ref. 12.
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Reference may be made also to a review paper by Koria?! on the funda-

mentals of nozzle design for top-blown oxygen steelmaking and empirical
correlations for blowing regimes in relation to the converter capacity.

Table 8.2 Lance head design data of some steel plants. From Ref. 12 )

Plant 1 Plant 1 Plant 1 Plant2 Plant3 Plant4 Plant5 Planté

#31 #37 #02
Foz (m3min-1) 915 915 660 650 750 900 900 330
Po (Pa) 10.2 10.8 6.6 11.1 13.3 116 11.0 7.9
d, (mm) 46.6 452 55.0 37.6 36.9 4844 40.6 410
d, (mm) 58.0 61.3 65.75 55.35 51.95 63.0 57.75 50.5
6, (deg) 12 14 10 14 16 12 14 10
n 5 5 4 5 5 4 6 3
Whath (tons) 315 315 315 245 230 330 300 100
Bottom- BAP BAP BAP tuyres LBE BAP - BAP
stirring $5.5
system mm
Sinot metat (%) 0.400 0.400 0.400 0.330 0.400 0.750 0.600 0.400

Notes: Plant information:
Plant 1: Hoogovens IJmuiden, BOS No. 2,
#31: lance head design 31, converter 23;
#37: lance head design 37, converter 23;
#02: lance head design 02, converter 21 and 22.
Plant 2: BS Lackenby.
Plant 3: Sollac Dunkerque.
Plant 4: BS Port Talbot.
Plant 5: BS Scunthorpe.
Plant 6: Hoogovens [Jmuiden, BOS No. 1.

8.9 STATES OF STEELMAKING REACTIONS AT THE END OF OXYGEN
BLowING*

Over the years various studies have been made of the plant analytical data
on slag and metal samples taken from the vessel at turndown in an at-
tempt to assess the states of slag-metal reactions at the end of oxygen
blowing. Invariably there were variations in the results of these indepen-
dent studies and the conclusions drawn from them with regard to the state
of steelmaking reactions.

The direction of oxygen blowing, either by top lancing as in BOP (LD,
BOP etc.) or bottom injection together with powdered lime through the
bath as in Q-BOP, has a pronounced effect on the states of steelmaking
reactions at the end of the blow. The analysis of both the BOF and Q-BOP
plant data should give a better insight to the understanding of the state of
gas-slag—metal reactions in oxygen steelmaking processes. The analytical

*This subject was discussed by the author in a recent publication.22
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plant data used in this study were on samples taken from the vessel at first
turndown from the BOP and Q-BOP shops of U.S. Steel. These plant data
were acquired through the kind collaboration of the USS research person-
nel at the Technical Center.

8.9.1 OXYGEN—CARBON RELATION

Noting from the plot in Fig. 8.17, there is an interesting correlation be-
tween the product [ppm O] [%C] and the carbon content of the steel. The
square root correlation holds up to about 0.05%C in BOP and up to 0.08%
C in Q-BOP steelmaking. At low carbon contents, the oxygen content of
steel in the BOP practice is higher than that in Q-BOP steelmaking. For
carbon contents above 0.15% the product [ppm O] [%C] is essentially

%C
0.02 0.05 0.1 0.2 0.3
1 1 1

32

24

16

[ppm O][%C]

} 1,610 £ 20°C

| I
0 0.2 0.4 0.6

Y%C

Fig. 8.17 Variation of product [ppm O]{%C] with carbon content of steel at first
turndown.
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constant at about 30 + 2, which is the equilibrium value for an average gas
(CO) bubble pressure of about 1.5 atmosphere in the steel bath.

+ At low carbon levels in the melt near the end of the blow, much of the
oxygen is consumed by the oxidation of iron, manganese and phosphorus,
resulting in a lower volume of CO generation. With the bottom injection of
argon in the BOP combined-blowing practice, and the presence of hydro-
gen in the gas bubbles in Q-BOP, the partial pressure of CO in the gas
bubbles will be lowered in both processes when the rate of CO generation
decreases. A decrease in the CO partial pressure at low carbon contents
will be greater in Q-BOP than in BOP practices, because the hydrogen
content of gas bubbles in Q-BOP is greater than the argon content of gas
bubbles in BOP. It is' presumably for this reason that the concentration
product [O][C] in Q-BOP steelmaking is lower than in the BOP combined-
blowing practice, particularly at low carbon levels.

The non-equilibrium states of the carbon—oxygen reaction at low carbon
contents in BOP and Q-BOP are represented by the following empirical
relations.

BOP with C < 0.05%:
[ppm O]V %C =135+ 5 (8.10)

Q-BOP with C < 0.08%:
[ppm O}V %C =80 =5 (8.11)

8.9.2 IRON OXIDE—CARBON RELATION

There is a striking difference in the iron oxide—carbon relation between
BOP and Q-BOP steelmaking. At all levels of turndown carbon, the iron
oxide content of the BOP slag is about twice that of the Q-BOP slag (Fig.
8.18). The dotted line depicts the slag-metal equilibrium value of (%FeO)
[%C] =~ 1.25 given in equation (6.6).

As depicted in Fig. 8.19, the square root correlation also applies to the
product (%Fe0)[%C] for low carbon contents, with marked departure
from this empirical correlation at higher carbon contents. The slopes of the
lines for low carbon contents are given below.

BOP with C < 0.10%:
(%FeO) v %C = 4.2 = 0.3 (8.12)

Q-BOP with C < 0.10%:
(%FeO) vV %C = 2.6 +0.3 (8.13)
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Fig. 8.19 Variation of product (FeO)[%C] with carbon content of steel at first
turndown.
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8.9.3 MANGANESE OXIDE-CARBON RELATION
Atlow carbon contents the ratio [%Mn}/(%MnO) may also be considered

to be essentially proportional to V%C as shown in Fig. 8.20. The following
are the slopes of the lines for the empirical non-equilibrium relations.

BOP with C < 0.10%:

[ZMn] 1 _g1.00 (8.14)
(%MnO) v %C

Q-BOP with C < 0.10%:

[#Mn] 1 _ 5002 (8.15)

(%MnO) v %C
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L1 1 o1 1L

| 9 [
1,610 £20°C 9

0.12

® BOP
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Fig. 8.20 Metal/slag manganese distribution ratios in BOP and Q-BOP are related
to carbon content of steel at first turndown.

8.9.4 FEO-MNO-MN—O RELATIONS

From the foregoing empirical correlations for the non-equilibrium states of
reactions involving the carbon content of steel, the relations obtained for
the reaction of oxygen with iron and manganese are compared in the table
below with the equilibrium values for temperatures of 1610 + 20°C and
slag basicities of B = 3.2 + 0.6.
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Values for
BOP Q-BOP slag-metal
C <0.05% C <0.08% equilibrium
[ppm O] . . .
(%FeO) 32=+4 325 26+ 9
[%Mn][ppm O] . N .
(%MnO) 13.6 +3.2 16.1 = 2_'6 18+ 6
(%P%;l[%)l\dn] 2610 21+06 22+04

It is seen that the concentration ratios of the reactants in low carbon steel
describing the states of oxidation of iron and manganese, are scattered
about the values for the slag-metal equilibrium. However, as indicated by
the plant data in Fig. 8.21, the oxidation of iron and manganese are in the
non-equilibrium states for high carbon contents in the steel at turndown.
Although the concentration product [O][C] is close to the equilibrium
value for an average CO pressure of about 1.5 atm in the steel bath, the
concentrations of iron oxide and manganese oxide in the slag are above
the equilibrium values for high carbon contents in the melt.

60 T I I
®BOP 11610%20°C
20l o 0Q-BOP!0.1 - 0.3%C —
Ools 1,630 LZ7 Slag ~ metal equilibrium
EI%
&Q20—1,590°C‘ e T
P O [ ]

% o

® e fo)
[o o] ]
I jo- o @

[%Mn] [ppm O]
(%Mno)

2.4 2.8 3.2 3.6 4.0

Fig. 821 Non-equilibrium states of oxidation or iron and manganese at high carbon
contents in steel.

It is concluded from these observations that
(i) at low carbon contents the equilibrium state of iron and manganese
oxidation controls the concentration of dissolved oxygen
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(ii) athigh carbon contents it is the CO-C—-O equilibrium which controls
the oxygen content of the steel.

8.9.5 STATE OF PHOSPHORUS REACTION

The slag/metal phosphorus distribution ratios at first turndown in BOP
and Q-BOP steelmaking are plotted in Fig. 8.22 against the carbon content
of the steel. The plant data are for the turndown temperatures of 1610 =
20°C and slags containing 50 = 2% CaO and 6 = 2% MgO. The shaded area
is for the slag-metal equilibrium for the above stated conditions in Q-BOP,
based on the empirical [O][C] relations, i.e. for C < 0.08%, [ppm O] V%C =
80 and for C > 0.15%, [ppm O}[%C] = 30.

160 T T

© BOP
©Q-BOP

Z2 Equilibrium for
[O] contents in Q-BOP

}1,610 +20°C

120

40—

%C

Fig. 822 Slag/metal phosphorus distribution ratios at first turndown in BOP and
Q-BOP practices; slag-metal equilibrium values are within the hatched area for Q-
BOP.

Noting that the oxygen contents of the steel at low carbon levels are
greater in BOP steelmaking, the equilibrium phosphorus distribution
ratios will likewise be greater in BOP than in Q-BOP steelmaking. For
example, at 0.05% C and about 600 ppm O in BOP at turndown the aver-
age equilibrium value of (%P)/[%P] is about 200 at 1610°C, as compared to
the average value of 60 in Q-BOP at 0.05% C with about 360 ppm O.
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Below 0.04% C the phosphorus distribution ratios in Q-BOP are in
general accord with the values for slag-metal equilibrium. However, at
higher carbon contents the ratios (%P)/[%P] are well above the
equilibrium values. In the case of BOP steelmaking below 0.1% C at turn-
down, the ratios (%P)/[%P] are much lower than the equilibrium values.
On the other hand, at higher carbon contents the phosphorus distribution
ratios are higher than the equilibrium values as in the case of Q-BOP.

The effect of temperature on the phosphorus distribution ratio in Q-BOP
is shown in Fig. 8.23 for melts containing 0.014% to 0.022% C with BO = 52
+ 2% in the slag.

200

Equilibrium for BO = 52% and _|

[O] contents at
0.014%C
0.022%C

160}

(%P)
[%P]

oy

20

80

40 -
1,600 1,640 1,680 1,720

Temperature, °C

Fig. 8.23 Effect of turndown temperature on the slag/metal phosphorus distribu-
tion ratios in Q-BOP for turndown carbon contents of 0.014 to 0.022% C; curves are
for slag—metal equilibrium.

8.9.6 STATE OF SULPHUR REACTION

A highly reducing condition that is required for extensive desulphurisa-
tion of steel is opposite to the oxidising condition necessary for steel
making. However, some desulphurisation is achieved during oxygen
blowing for decarburisation and dephosphorisation. As seen from typical
examples of the BOP and Q-BOP plant data in Fig. 8.24, the state of steel
desulphurisation at turndown, described by the expression [%O0}(%S)/
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[%S], is related to the SiO, and P,0Os contents of the slag. Most of the
points for Q-BOP are within the hatched area for the slag-metal
equilibrium reproduced from Fig. 6.9. However, in the case of BOP (or
BOF) steelmaking the slag/metal sulphur distribution ratios at turndown
are about one-third or one-half of the slag-metal equilibrium values. At
higher carbon contents, e.g. C>0.1%, the sulphur distribution ratios in both
processes are below the slag-metal equilibrium values.

1.2 T T
e BOP 1,590-1,630°C, C<0.05%
© Q-BOP 1,590-1,700°C, C< 01%
0.8 Slag-metal equilibrium _|
o
£

(%S)
[%8]

o
~
]

0 10 20 30
%Si0;, + 0.84 % %P,05

Fig. 8.24 Equilibrium and non-equilibrium states of sulphur reaction in Q-BOP and
BOP (or BOF) steelmaking,

8.9.7 HYDROGEN AND NITROGEN CONTENTS IN BOF AND Q-BOP
STEELMAKING

Hydrogen and nitrogen are removed from the steel bath during oxygen
blowing by CO carrying off H, and N,.

2H (in steel) — H, (g) (8.16)
2N (in steel) — N, (g) (8.17)

There is however continuous entry of both hydrogen and nitrogen into the
bath by various means. In both BOF and Q-BOP there is invariably some
leakage of water from the water cooling system of the hood into the vessel.
In the case of Q-BOP, the natural gas (CH,) used as a tuyere coolant is a
major source of hydrogen.

The hydrogen content of steel in the tap ladle, measured by a probe
called HYDRIS, is less than 5 ppm H in BOF steelmaking and 6 to 10 ppm
H in Q-BOP steelmaking. Because natural gas (CH,) is used as a tuyere
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coolant in the Q-BOP the hydrogen content of steel made in this vessel is
always higher than that in the BOF vessel. In both practices the re-blow
will always increase the hydrogen content of the steel. A relatively small
volume of CO evolved during the re-blow cannot overcome the hydrogen
pickup from various sources.

In the BOF practice the steel in the vessel contains 12 to 18 ppm N at first
turndown. In the Q-BOP practice the nitrogen content of the steel in the
vessel is in the range 15 to 25 ppm at first turndown. When there is a re-
blow the nitrogen contents of the steel in both processes will be higher
than those at the first turndown.

The primary source of nitrogen in Q-BOP steelmaking is the natural gas
which contains about 1% N,. It has long been known that in BOF steel-
making the quantity of oxygen consumed in all the reactions during the
blow is always a little higher than the quantity that is lanced into the melt.
This difference is a positive indication of air entrainment into the oxygen
jet stream in toplancing, hence some nitrogen pickup by the steel.

8.9.8 GENERAL COMMENTS

Since the plant data cited were acquired from the BOP shops of U.S. Steel,
discussion on the oxygen top blowing process has been abbreviated as BOP
steelmaking. Observations made on the states of reactions at turndown
from the BOP plant data apply equally well to all other types of top blowing
practices, known under different names, e.g. LD, BOS, BOF . . . etc.

The analyses of plant data on slag and metal samples taken at first
turndown have revealed that there are indeed equilibrium and non-
equilibrium states of reactions in BOF and Q-BOP steelmaking. In all the
reactions considered, the carbon content of steel is found to have a deci-
sive effect on the state of slag-metal reactions.

Considering the highly dynamic nature of steelmaking with oxygen
blowing and the completion of the process in less than 25 minutes in BOF
and less than 18 minutes in Q-BOP steelmaking, it is not surprising that
the slag—-metal reactions are in the non-equilibrium states in heats with
high carbon contents at turndown. With regard to low carbon heats all the
slag-metal reactions are close to the equilibrium states in Q-BOP. In the
case of BOF steelmaking however, the states of steel dephosphorisation
and desulphurisation are below the expected levels for slag-metal
equilibrium. As we all recognise it is of course the bottom injection of lime,
together with oxygen, that brings about a closer approach to the slag-
metal equilibrium in Q-BOP as compared to the BOF practice, particularly
in low carbon heats.

In the computer-based packages related to steelmaking processes, some
of which were cited in sections 1.13 and 2.8 of Chapters 1 and 2 respec-
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tively, the formulations are invariably based on the assumption that the
gas-slag-metal equilibrium prevails during oxygen blowing. It is all too
clear from the assessment of the plant data presented here that due consid-
eration must be given to the non-equilibrium states of steelmaking reac-
tions, particularly in the BOF practice, in the formulation of the computer
software on steelmaking processes.

8.10 STATES OF SLAG-METAL REACTIONS IN EAF STEELMAKING

Practical aspects of steelmaking and the plant equipment used in the electric
arc furnace (EAF) have been adequately described and documented in detail
in a series of papers compiled in a reference book entitled Electric furnace
steelmaking, edited by Taylor23. Therefore this subject will not be discussed
further. However, the subject barely touched upon in any EAF related papers
is on the assessment of the states of slag—metal reactions at the time of furnace
tapping. This lack of technical information on EAF steelmaking reactions is
due mainly to a traditional reluctance of the EAF steelmaking plants to
release from their heat logs the analytical data on slag and steel compositions
which are encountered in the production of a wide variety of steel grades. It
is hard to comprehend this attitude of the EAF steelmakers; it appears as
though they have highly secretive recipes. After all, in the present practice of
EAF steelmaking supplemented with oxygen lancing throughout the scrap
melting and steel refining operations, the states of slag-metal reactions will
hardly differ from what occurs in BOF or Q-BOP steelmaking, for which
there are many publications based on plant data.

An estimate made in this section of Chapter 8 on the states of slag—metal
reactions at tap is based on the analytical data of about fifty heats, which
were given to the author from one of the EAF steelmaking plants for an
assessment of the states of steelmaking reactions. The data considered
here are for the grades of steel containing 0.05 to 0.20% C, 0.1 to 0.3% Mn,
0.1 to 0.3% Cr and small contents of Cu, Ni and Mo; the tap temperatures
being in the range 1610 to 1640°C.

8.10.1 sSLAG COMPOSITION

The iron oxide, silica and calcium oxide contents of slags are within the
hatched areas shown in Fig,. 8.25. The silica contents are slightly higher than
those in the BOF or Q-BOP slags. On the other hand the CaO contents of
EAF slags are about 10% lower than those in the BOF slags. This difference
is due to the higher concentrations of Al,O;, Cr,0; and TiO, in the EAF
slags; 4 to 12% Al,O3, 1to 4% Cr,0, and 0.2 to 1.0% TiO,. In these slags the
basicity ratio B is about 2.5 at 10% FeO, increasing to about 4 at 40% FeO.
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Fig. 8.25 FeO, SiO, and CaO contents of EAF slags at tap, are compared with the
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Fig. 826 Relation between %FeQ in slag and %C in steel at tap in EAF steelmaking
is compared with the relations in BOF and Q-BOP steelmaking.

8.10.2 IRON OXIDE—~CARBON RELATION

As is seen from the plant data within the hatched area in Fig. 8.26, the iron
oxide contents of EAF slags are much higher than those of the BOF slags
for the same carbon content at tap. However, the product [%C][ppm O] at
tap is about 26 = 2 which is slightly lower than that for BOF or Q-BOP

steelmaking.
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8.10.3 FEO-MNO-MN RELATION

For the slag-metal reaction involving [Mn], (FeO) and (MnO), the
equilibrium relation K'gepgn = (%MnO)/ (FeO)[%Mn] is 1.8 + 0.2 at 1625 =
15°C and the basicity B > 2.5, as shown in Fig. 6.2. The EAF data are
scattered about K'genp, = 1.8 = 0.4, which is near enough to the slag-metal
equilibrium similar to those in BOF and Q-BOP steelmaking. The same
conclusion was drawn from the results of trial heats in another EAF steel-
making plant, as shown later in Fig. 9.17.

8.10.4 STATE OF CHROMIUM OXIDATION

As shown earlier in Fig. 6.3, the slag/metal distribution ratio of chromium
in both the electric arc furnace and open hearth furnace steelmaking, the
latter now being obsolete, are in general accord with the slag-metal
equilibrium values. That is, at tap the ratio (%Cr)/[%Cr] is proportional to
the iron oxide content of the slag, with a proportionality factor of 0.3 = 0.1.

8.10.5 STATE OF PHOSPHORUS REACTION

For steels containing 0.07 to 0.09% C in the furnace at tap, the estimated
dissolved oxygen contents will be about 370 to 290 ppm O. For slags
containing (40 + 2) %CaO and (6 = 1) %MgO, the equilibrium constant kpq
for the phosphorus reaction, given in equations (6.16) and (6.19), is in the
range 2.57 x 10% to 4.94 x 104 at 1625°C. For the tap carbon contents and
slag composition given above, the equilibrium slag/metal phosphorus
distribution ratios will be in the range 4 to 13. The EAF plant data show
ratios (%P)/[%P] from 15 to 30. Similar to the behaviour in BOF steelmak-
ing, the state of phosphorus oxidation to the slag in EAF steelmaking is
greater than would be anticipated from the equilibrium considerations for
carbon, hence oxygen contents of the steel at tap.

8.10.6 STATE OF SULPHUR REACTION

The state of steel desulphurisation, represented by the product {(%S)/
[%S]} (%FeO), decreases with increasing contents of SiO, and P,Os in the
slag, as shown in Fig. 8.27. The EAF plant data within the hatched area are
below the values for the slag-metal equilibrium. This non-equilibrium
state of the sulphur reaction in EAF steelmaking is similar to that observed
in BOF steelmaking.
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Fig. 8.27 Slag/metal sulphur distribution ratios at tap in EAF steelmaking is com-
pared with the slag—metal equilibrium values.

8.10.7 SUMMARY

General indications are that the states of slag—metal reactions at tap in EAF
steelmaking are similar to those noted in BOF and Q-BOP steelmaking at
carbon contents above 0.05% C. That is, the slag/metal distribution ratio of
manganese and chromium are scattered about the equilibrium values; the
phosphorus and sulphur reactions being in non-equilibrium states. Also,
the iron oxide content of the slag is well above the slag-metal equilibrium
values for carbon contents of steel at tap. On the othér hand, the product
[%C][ppm O] = 26 = 2 approximately corresponds to the C-O equilibrium
value for gas bubble pressures of 1.3 = 0.2 atm in the EAF steel bath.
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CHAPTER 9
Steel Refining in the Ladle

The treatment of steel in the ladle has gone through many facets of develop-
ment during the past four decades. The first new major developments in the
1950s were ladle-to-ladle and ladle-to-mould vacuum degassing processes
for hydrogen removal to prevent flake cracking in forgings and heavy-
guage plate steels. In the 1960s more efficient vacuum degassing processes
were developed: Dortmund-Hoerder (DH) and Ruhrstahl-Heraeus (RH),
later modified to RH-OB by Nippon Steel Corporation. The advent of gran-
ulated flux injection into liquid steel and argon stirring for desulphurisation
started in the 1970s, followed by the development of cored-wire feeding of
elements for microalloying steel and inclusion morphology control. These
innovations widened the scope of steel refining in the ladle to meet strin-
gent requirements for high performance in continuous casting. The subjects
to be discussed in this chapter constitute the major technical aspects of ladle
refining processes which involve thermochemistry, gas—slag—steel reaction
equilibria, reaction kinetics and fluid dynamics.

9.1 Tar LADLE

9.1.1 LADLE REFRACTORY LINING

In most steelmaking shops the ladle lining is made of high alumina bricks
(70 to 80% Al,O;), with magnesia bricks for the slag line. The choice of
magnesia bricks depends on the steel treatment in the ladle furnace (LF)
and composition of the ladle slag. Magnesia bricks contain about 10% C
and some metallic additives such as Mg, Al or Si to minimise the oxidation
of carbon. References may be made to a paper by Schrader and Rankovic?
for tests made of the slag attack on various commercial MgO-C bricks.
With calcium aluminate slag containing 10% FeO and 3% SiO,, the extent
of erosion increases with relative brick flux content as shown in Fig. 9.1.

For a given ladle refining practice, the lining erosion, hence the ladle
life, depends on the frequency of the ladle recycle and contact time. With
infrequent ladle recycle, the thermal stresses on the lining increase causing
a higher erosion rate. The erosion rate increases also with an increasing
time of slag contact. The following are average numbers for ladle life,
depending on the frequency of the recycle.

Recycle, heats/ladle/day Life, heats/ladle
1to2 25 to 30
4to 6 50 to 55

245
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Fig. 9.1 Erosion by a'3—percent-SiOZ slag vs. relative flux content. From Ref. 1.

In many electric furnace shops, the resin-bonded (calcined) dolomite
brick lining is used for the ladles. Because the calcined dolomite refracto-
ries are sensitive to thermal cycling, cooling of the ladles is undesirable.
Provided the ladle lining is not allowed to cool, the life of dolomite lined
ladles is about twice that of the alumina brick lined ladles. Once the
dolomite lined ladle is in service on a back-to-back cycle, preheating for
only one hour is sufficient.

Stabilisation of calcined dolomite:

Upon calcination, the mineral dolomite, CaCO;-MgCO;, becomes a
physical mixture of CaO and MgO.

CaCO,;-MgCO; — CaO + MgO + 2CO, ©.1)

Because of the hydration of lime in air, the calcined dolomite is unstable,
known as ‘dusting” or ‘perishing’ in storage; the lower the calcination
temperature, the greater the instability.

In order to stabilise the calcined dolomite, the lime must be converted to
tri-calcium silicate during calcination. This is achieved by calcining a mix-
ture of dolomite and the mineral serpentine so that the following reaction
will occur during calcination.

dolomite serpentine
6(CaCO4;-MgCO;) + 3Mg0-2510,2H,0 —

2(3Ca0-5i0,) + 9MgO + 12CO, + 2H,0 (9.2)

Typical composition of stabilised dolomite brick:
40.0% CaO, 40.3% MgO, 14.4% SiO,, 3.5% Fe,O; and 1.5% Al,Os.

9.1.2 LADLE PREHEATING

The basic refractory and high alumina bricks have high thermal conduc-
tivities (Fig. 9.2), therefore ladles must be preheated to avoid excessive
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Fig. 9.2 Thermal conductivities of refractory bricks for ladle lining.

heat losses during furnace tapping and subsequent time of steel treatment
in the ladle.

Many plant studies have been made of steel temperature losses in the
ladle at various stages of processing and various aspects of ladle preheat-
ing. In a study made by Tomazin et al.2 at LTV Steel Comp., temperature
measurements were made of ladle lining at various positions for several
preheating cycles. In addition, a full teemed heat cycle was monitored to
establish temperatures achieved due to steel contact with the ladle lining.
These data were used to fine-tune a computer model.

The hot surface of the ladle lining and shell temperature as a function of
preheating time is shown in Fig. 9.3 for an initially cold dry ladle. Consid-
erably longer time is required to preheat a newly relined ladle due to the
moisture in the mortar and brick. The rate of rise of hot face temperature
depends on the gap from the ladle top to the burner wall and the preheat
thermal input. A rapid rate of heating should be avoided for the following
reasons. .

i. Rapid heat up results in a non-equilibrium temperature profile, i.e. a
steep temperature gradient below the hot face.
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Fig. 9.3 Lining temperatures during preheating a cold dry ladle. From Ref. 2.

ii. Rapid heat up generates extreme shell stresses.
iii. Thermal shock resistance of the brick may not be high enough to
withstand a fast rate of heat up.

The change in temperature profile of a steel ladle lining is shown in Fig.
9.4 for the duration of preheating, transferring to the melt shop for tap and
steel treatment. The hot face temperature decreases during transfer of the
ladle from preheater to the melt shop. As shown in Fig. 9.5 computed by
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Fig. 9.4 Temperature profile of a steel ladle as a function of time. From Ref. 3.
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Fig. 9.5 The effect of cooling time for two different preheat temperatures for an
uncovered ladle between end of preheat and tap, on the tap temperature adjustment.
From Ref. 2.

Tomazin et al., the tap temperature of the steel should be adjusted in
accordance with the preheat hot face temperature and the time interval
from end of preheat to start of tap.

Decrease in liquid steel temperature with time in the ladle is shown in
Fig. 9.6 for ladle with or without a cover and with a slag layer. At the end
of steel treatment, granular burnt rice hull is thrown onto the slag surface
for additional thermal insulation to minimise heat losses from the steel
during casting.

9.1.3 POROUS PLUG ON THE LADLE BOTTOM

The top lancing method is used for steel refining in the ladle with powder
injection and stirring the melt with high argon flow rates. For gas bubbling
at moderate rates, e.g. <0.6 Nm3min-1, a porous refractory plug is used.
This is fitted usually on the bottom of the ladle as illustrated schematically
in Fig. 9.7.

There are various designs of porous plugs; those in Fig. 9.8 are typical
examples.¢ Reference may be made to a review paper by Anagbo and
Brimacombe5 on porous plugs in liquid metal refining in the ladle.

9.2 STEEL HOMOGENISATION WITH GAS STIRRING

The mixing of liquid steel with gas injection to achieve homogenisation of
melt temperature and composition is due primarily to the dissipation of
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Fig. 9.7 Porous plug assembly in the bottom wall of a ladle. Plug life: 300 to 400 min

stir time.

the buoyancy energy of the injected gas. The effective stirring power of
gas is given by the following thermodynamic relation, which was derived
by Pluschkell.

= ORL 4 B

o o (9.3)
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Fig. 9.8 Typical examples of porous plugs. From Ref. 4.

¢ = stirring power, W t-1
71 = molar gas flow rate
R = gas constant, 8.314 ] mol-1K-1
T = temperature, K
M = mass of steel, t (tonne)
P, = gas pressure at the melt surface, atm
P, = total pressure at injection depth H (m)
= P+ pgH
p = steel density, 6940 kg m-3 at ~ 1600°C
g =98lms-2
With these values the following equation is obtained.
ewen=1423 YT tog 1+ ‘gPo ) 9.4)

where V = gas flow rate, Nm?3 min-1.

9.2.1 MIXING TIME

The gas stirring time to achieve 95% homogenisation is called the mixing
time t. Several experimental and theoretical studies have been made to
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formulate the mixing time in terms of the gas stirring power, ladle diame-
ter and depth of gas injection in the melt. The following relation is from
the work of Mazumdar and Guthrie.”

(s) = 116(¢ )-1/3(D5/3H-1) , (9.5)

where D = average ladle diameter
H = depth of gas injection

Calculated mixing times are given in Fig. 9.9 for the simplified case of D ~
H. In a 200 t heat, the melt homogenisation will be achieved with argon
bubbling for 2.0 to 2.5 minutes at the rate of 0.2 Nm3 min-1.
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Fig. 9.9 Calculated mixing times for 100, 200 and 300 tonne heat sizes.

9.2.2 RATE OF SLAG-METAL REACTION IN GAS STIRRED MELTS

The rates of most slag-metal reactions are controlled primarily by mass
transfer of the reactants and products across the slag-metal interface. In
steel desulphurisation in the ladle, the slag-metal mixing is achieved with
argon stirring, and the mass transfer controlled rate of desulphurisation is
formulated as

%S — %S,
In m =—kt (96)
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where S, = initial content in steel,
Se; = content in equilibrium with the ladle slag,
S = content at the end of argon stirring time,
k = the rate constant, min-1

From the pilot plant tests® with 2.5 t heats on steel desulphurisation, it was
found that at moderate gas bubbling rates, corresponding to the power of
stirring € < 60 W t-1, there was little or no slag-metal mixing, hence the rate
of desulphurisation was slow. The slag-metal mixing was achieved at high
gas flow rates corresponding to ¢ >80 W t-1 for which the rate constant is

k(min-1) = 8 x 10-6(¢ )21 9.7)

Details on the rate of steel desulphurisation in the ladle will be given
later when discussing steel refining in the ladle.

9.3 LADLE SLAGS

The ladle slag used in the treatment of the aluminium-killed steel is usu-
ally the lime (magnesia)-saturated aluminosilicate, preferably low in iron
oxide and manganese oxide contents. Prior to the advent of the ladle
furnace, the ladle slag was formed by adding to the tap stream lime-based
fluxes, as for example (i) 80 percent lime plus 20 percent spar, (ii) prefused
calcium aluminate, or (iii) 50 percent lime plus 50 percent prefused cal-
cium aluminate. The amount of flux added is in the range 5 to 10 kg per
tonne of steel, depending on the steel-refining practice.

It should be emphasised here that these solid fluxes should not be
added into an empty ladle prior to furnace tapping. The reason being that
some of the flux remains on the bottom of the ladle and does not mix with
the liquid steel stream. Any material stuck on the ladle bottom may ul-
timately become unstuck and shoot to the surface of the melt during
subsequent steel processing, either at the ladle furnace or at the caster,
causing melt eruption resulting in molten steel and slag splashing which
can be hazardous to the ladle operators.

It should be noted that the practice of steel desulphurisation developed
by the steel industry in the 1970s was based primarily on the concept of
pouring liquid steel onto a mixture of granular desulphurising fluxes
which were dumped into a preheated ladle shortly before furnace tapping,
as described for example in the papers by Hutnik et al.82, Hawkins® and
Mikulecky®c. However, in this desulphurising practice, attention was paid
to the steel temperature and to the preheated ladle temperature to ensure
they were sufficiently high to avoid any skull formation on the bottom or
side walls of the ladle, hence to prevent the occurrence of a subsequent
melt eruption in the ladle. With this point in view, the tap temperature of
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steel in the furnace was raised to about 1700 to 1750°C, depending on the
practice and steel grade, and the hot face temperature of the ladle lining
raised to a high enough temperature at the preheater so that it would be
about 1125 to 1175°C at the time of furnace tapping.

In most practices using the ladle furnace, the steel is often tapped with little
or no aluminium addition to the ladle. After skimming off the furnace slag
from the ladle, the melt is deoxidised with bar aluminium followed by the ad-
dition of lime-rich fluxes which form the ladle slag during arc reheating. The
so called ‘slag conditioner’ containing about 68% CaC,, 11% SiO,, 9% Al,Os,
3% CaO and 4% CO,, is often added at the rate of about 1 kg per tonne of
steel to maintain a reducing condition in the slag and also to generate a foamy
slag for submerged arc heating in the ladle furnace. The average slag com-
position after arc reheating is in mass percent: 5056 CaO, 7-9 MgO, 6-12 SiO,,
20-25 Al,O4 1-2 (FeO + MnO), 0.3-0.5 TiO, and small amounts of S and P.

In the silicomanganese-killed coarse-grain steel of high drawability, as
for instance the tyre-cord-grade high-carbon steel, there is a narrow crit-
ical range for the total aluminium content. It should be within 15 to 25
ppm to ensure that the deoxidation product is molten aluminosilicate of
about spessartite composition (3MnO-Al,0435i0,), which has a high
ductility required in the cold drawing of steel to a thin wire of about 0.2
mm diameter. For this grade of steel, the ladle slag to be used is calcium
silicate of wollastonite composition (CaO-5i0,).

9.4 CHiLL FACTORS FOR LADLE ADDITIONS

The ladle additions of ferro alloys and fluxes will lower the steel tempera-
ture in the tap ladle. For the quantity of heat extracted from the steel bath,
AH KJt-1 steel, the decrease in the bath temperature will be

AH
790

where 790 kJ#-1°C-1 is the heat capacity of the liquid steel.
The following are the chill factors for 1 kg alloying element addition per
tonne of steel at 1630°C.

Element : C Cr Fe Mn Si Al
AT, °C -5.85 -1.33 -1.79 -1.90 +1.78 - +0.14

For Al-killed steels, the heat of reaction in deoxidation of the steel must
be included in calculating the effect of Al addition to the tap ladle on the
steel temperature.

2AI(RT) + 3[0](1630°C) — Al,03(1630°C)
In the deoxidation of steel containing 600 ppm O, the heat generated is

~ AT (°C) =
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-14,830 kJt-1 which gives a temperature benefit of AT = 19°C. That is, with
Al deoxidation of the steel in the tap ladle, the decrease in the steel tem-
perature during furnace tapping will be less by 19°C.

The chill factors for a few ferro alloys are given below.

Added material for Decrease in steel
1% alloying element  temperature in the tap
at 100% recovery ladle, -A°C

Coke 65

HC - Fe/50% Cr 41

LC - Fe/70% Cr 24

HC - Fe/Mn 30

Fe/50% Si 0

For 1 kg flux addition per tonne of steel at 1630°C, the chill factors are

Flux -AT, °C
Si0, 2.59
CaF, 3.37
CaO 2.16
CaCO, 347
Ca0O-ALO, 2.39

Apart from the chill effects of the ladle additions, there are heat losses to
the ladle refractory lining and heat losses by radiation during furnace
tapping. For the case of aluminium killed steel with the ladle addition of
10 kg (lime + pre-fused calcium aluminate) per tonne of steel, the decrease
in steel temperature during furnace tapping to a pre-heated ladle is in the
range 55 to 75°C. The heat loss due to the flux addition is nearly balanced
by the heat generated in aluminium deoxidation of the steel. Therefore, in
the particular tapping practice considered, the heat losses are almost en-
tirely by radiation and conduction into the ladle lining.

9.5 REAcTIONS OCCURRING DURING FURNACE TAPPING

9.5.1 NITROGEN PICKUP

During furnace tapping, there is a momentary entrainment of air bubbles
at the place of entry of the tap stream to the steel bath in the ladle. This is
demonstrated by the photographs in Fig. 9.10, showing increase in air
bubble entrainment with increasing free fall height of a water stream.
From a theoretical analysis® for the simplified limiting case of an un-
broken steel stream from the furnace to the ladle, the following estimate is
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made of the volume of transitory air entrainment during furnace tapping
at the rate of 30 tonne per minute

V (Nm3) = 5.3¢ — 0.3412 (9.8)

where ¢ is the duration of furnace tapping in minutes. For a 220 ¢ heat, the
transitory air entrainment during furnace tapping is estimated to be about
20 Nma3. With respect to the mass of steel (220 t), this volume of transitory
entrainment of air bubbles corresponds to 92 ppm N and 25 ppm O.

Almost all the oxygen in the entrained air bubbles will be picked up by
the deoxidants added to the ladle. On the other hand, the extent of nitro-
gen pickup by the steel from the momentarily entrained air bubbles will
be controlled by the rate of the chemical reaction

N,(g) = 2[N] (9.9)

As discussed in section 2.1.1, oxygen and sulphur in steel retard the kine-
tics of nitrogen reaction with steel. The higher the concentration of oxygen
and/or sulphur, the smaller the amount of nitrogen pickup. The plant
analytical data within the hatched area in Fig. 9.11 show nitrogen pickup
during tapping of 220 t heats, as affected by the extent of steel deoxidation
in the tap ladle; in these heats the steel contained about 0.01% S. There is
also the possibility of nitrogen pickup from the ladle additions of ferro
alloys which contain some nitrogen.

Fig. 9.10 Photographs showing increase in air bubble entrainment with increasing
free fall height of a water stream.
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Fig. 9.11 Nitrogen pickup during tapping of 220 t heats as affected by the extent of
deoxidation in the tap ladle.

9.5.2 HYDROGEN PICKUP

The moisture contained in the ladle additions, e.g. burnt lime, coke and
ferro alloys, will react with liquid steel resulting in hydrogen pickup by
the steel during furnace tapping.

H,0 — 2[H] + [0] (9.10)

Noting that the solubility of hydrogen in liquid steel increases with de-
creasing oxygen content, the hydrogen pickup in the aluminium-killed
steel is expected to be somewhat higher.

Of the ferro alloys added, the ferromanganese is probably the major
contributor to the hydrogen pickup. Plant studies made on changes in
hydrogen levels at various stages of steelmaking processes indicate that an

average hydrogen pickup due to ferromanganese addition is AH = 2 ppm
H/%Mn.

9.5.3 FURNACE SLAG CARRY OVER

The percentages of utilisation of the ladle additions for low carbon heats
are 85-95% for Mn, 60-70% for Si, and 35-65% for Al. The copious black
fumes emitted at the time of the addition of ferromanganese to the tap
stream, indicate that the vaporisation of manganese is the primary cause
of some loss of manganese during the ladle addition. Losses in the ladle
additions of aluminium and silicon are due to reactions with the furnace
slag that is carried into the tap ladle. There is also the iron oxide rich skull
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accumulating at the converter mouth, some of which falls into the ladle
during furnace tapping and reacts with aluminium and silicon.

Mass of slag carryover and fallen converter skull:

The reaction of aluminium and silicon with the furnace slag and fallen
converter skull is represented in a general form by the following equation

Fe(Mn)O, + Al(Si) — Fe(Mn) + Al(Si)O, (9.11)

Using the average molecular masses and assuming 80% Fe;O, for the
converter skull, the following approximate relation is derived for the loss
of aluminium and silicon to the ladle slag for 220 t steel in the tap ladle.

[%Al + %Si], = A(%FeO + %MnO)Wfs x 106 + W, x 10-¢  (9.12)
where

Wy, = mass of furnace slag carryover, kg
Wy = mass of fallen converter skull, kg
A(%FeO, + %MnO) = decrease in oxide contents of furnace slag during

tapping.

For low carbon Q-BOP heats, A (%FeO, + %MnO) is about 20% for which”
the above equation becomes

[%Al + %Si], = (0.2W,, + W.,) x 10-4 (9.13)

Phosphorus reversion:

Another consequence of slag carryover is phosphorus reversion to the Al-
killed steel in the tap ladle. For a 220 t heat, the phosphorus reversion
A[ppm P] is represented by

Alppm P] = 0.045A(%P)W,, (9.14)

where A(%P) is the decrease in the phosphorus content of the furnace slag
carried into the tap ladle. For low carbon Q-BOP heats, A(%P) is about
0.3% for which the above equation becomes

Alppm P] ~ 0.014W,, (9.15)

Results of the analysis of Q-BOP heat logs, as described above, are
plotted in Fig. 9.12 (the data points are scattered within the hatched area)
which show the expected increase in the extent of phosphorus reversion
with an increase in [%Al + %Si], reacting with the ladle slag. For high
phosphorus reversion of 45 + 10 ppm, the mass of slag carryover is esti-
mated to be Wy, = 3214 x 714 kg, corresponding to a slag thickness (in a 220
t ladle) of about 125 + 28 mm. In most cases of furnace tapping, the
phosophorus reversion is about 20 + 10 ppm for which the estimated slag
carryover is about 1430 = 714 kg. This estimated average slag carryover
during furnace tapping corresponds to a slag thickness (in a 220 t ladle) of
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Fig. 9.12 Phosphorus reversion during tapping of 220 t Q-BOP heats is related to
%Al + %Si reacting with carry-over furnace slag and fallen converter skull.

about 55 + 28 mm, which is in general accord with the plant observations
in the so-called minimum slag carryover practice.

When the heat is tapped open, with only the addition of fer-
romanganese and a small amount of aluminium, the steel is not reduced
enough to cause phosphorus reversion. In fact, in some cases of open heat
tapping with about 0.3-0.6% Mn addition, the phosphorus content of the
steel decreases by about 10 ppm, due to the mixing of the carried over
furnace slag with the steel during tapping.

For the average value of Wy, = 1430 = 714 kg, for which A[ppm P] = 20 =
10, W, is estimated to be 470 = 35 kg.

9.6 LADLE FURNACE

The ever increasing users demand for higher quality steel, particularly for
critical applications, and the advent of sequential continuous casting,
made it necessary for steel plants to install ladle furnaces for steel reheat-
ing that is needed for (i) the extended time of steel refining and (ii) the
adjustment of steel temperature for the caster on a correct timely basis.

There are several types of ladle furnaces for arc reheating of steel, de-
signed by different manufacturers, e.g. Finkl-Mohr, Lectromelt, ASEA-
SKF, MAN-GHH, Daido-NKK etc. The basic features of the Daido-NKK
ladle furnace are shown in Fig. 9.13.

9.6.1 ARC REHEATING IN THE LADLE FURNACE (LF)

The following statements summarise the basic requirements for efficient
arc reheating in the ladle furnace.
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Fig. 9.13 Sketch of Daido-NKK ladle furnace.

A. To shorten reheating time, minimise refractory erosion and increase
the efficiency of energy consumption, apply the following:

(i) wuse a large capacity transformer, e.g. 35 to 40 MW for a 200 to 250
tonne heat

(ii) practice submerged arcing in the slag layer

(iii) apply argon stirring with bottom porous plug at a flow rate of
about 0.5 Nm3 min-1.

B. For submerged arc heating, reduce the arc length by a large current
and low voltage operation at the LF.

C. For high heating efficiency with a stable submerged arc and low refrac-
tory erosion, the thickness of the slag layer should be about 1.3 x arc
length. The calculated arc length and electric power of arc are shown in
Fig. 9.14 as functions of voltage and secondary current.

D. To ensure submerged arc heating, the tap voltage and secondary cur-
rent are set in accordance with the slag thickness, before the start of
arcing. .

E. With the tap voltage of 385 to 435 V and secondary current 40 to 50 kA,
the liquid steel temperature is raised at the rate of 3.5 to 4.5°C min-1.

F. Energy Efficiency and Electrode Consumption:

The energy efficiency E of heating is defined by the ratio

E- Temperature increase, A°C « 0.22
~ Energy consumption, kWh t-1 ’
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Fig.9.14 Calculated arc lengths and electric power of arc.

where 0.22 kWh t-1 °C-1 is the theoretical amount for 100 percent effici-

ency of energy consumption.
The energy efficiency of heating increases with an increasing heat size.

Heat size, t E
50 0.40 to 0.50
100 0.45 to 0.55
250 0.55 to 0.65

G.The electrode consumption increases with an increasing

(i) cross sectional current density, i.e. with a decreasing electrode
diameter;

(ii) heating time.

Electrode consumption Current density Heating time
kg t-1 A cm—2 min
01t00.3 10 15
0.4t0 0.8 40 80

H.The arcing periods are usually limited to less than 15 minutes at one
time of arcing.
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9.6.2 REHEATING WITH OXYGEN INJECTION

Liquid steel can be reheated by oxidising Al and Si with a lance injection of
oxygen deep into the melt. For the reactions

2A1(R.T.) + 3%20,(RT) — Al,0,(1630°C) » (9.16)
Si(R.T.) + O,(RT) — Si0,(1630°C) (9.17)
heats generated are

27,000 kJ/ kg Al
28,500 k] /kg Si in Fe-75% Si alloy

To raise the melt témperature by 35°C with 70% thermal efficiency of
the process, the amounts of reactants used are

1.46 kg Al/t steel and 1 Nm?30,/t steel
1.85 kg Fe-75% Si/t steel and 1.2 Nm30O,/t steel

Reheating with Al oxidation in the melt is being used in RH-OB de-
gassers and in various types of ladle furnaces, including the Bethlehem
plants?2 in Steelton, Sparrows Point and Burns Harbor. With this practice,
the steel temperature can be raised at the rate of 6°C min-1. To ensure
homogenisation of the melt temperature and flotation of oxidation prod-
ucts out of the melt, the oxygen injection must be followed by argon
stirring and rinsing.

During oxygen injection to oxidise Al, there is also some oxidation of 5i,
Mn and C as shown below:

i. In all grades of steel, 0.6 g Si and Mn/N1 O,
ii. In Cranges < 0.4%, a little or no C oxidation
iii. In rail grades (=0.8% C), the loss is about 0.01% C per heat.

9.7 STEEL DEOXIDATION

For liquid steel to be castable, hot workable and the product to have the
desired metallurgical and mechanical properties, the liquid steel must be
deoxidised in the tap ladle for which the deoxidants used are: fer-
romanganese, ferrosilicon, silicomanganese and aluminium.

There are three categories of steel deoxidation:

(i) Resulphurised steel deoxidised with ferromanganese to 100-200 ppm
O.
(iia) Semi-killed steel deoxidised with Si/Mn to residual 50 to 70 ppm O.
b) Semi-killed steel deoxidised with Si/Mn/ Al to residual 40 to 25 ppm
0.
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c) Semi-killed steel deoxidised with Si/Mn/Ca to residual 20 to 15 ppm
0.
(iii) Killed steel deoxidised with Al to residual 4 to 2 ppm O.

The reaction equilibrium data for steel deoxidation were presented in
section 6.8. In this section the practical aspects of deoxidation are pre-
sented with reference to the test results obtained at the U.S. Steel plants.

9.7.1 OPEN HEAT TAPPING

Now that the ladle furnace is available for the final refining of steel, the
steel can be partially deoxidised in the tap ladle with Fe/Mn and Fe/Si,
followed by a final deoxidation with aluminium at the ladle furnace sta-
tion. There are several advantages to this practice, as for example

i. to minimise nitrogen pickup during tapping
ii. to minimise phosphorus reversion from carried over furnace slag
iii. to eliminate aluminium losses in the tap ladle.

9.7.2 SLAG AIDED DEOXIDATION

The dissolution of the deoxidation products Mn(Fe)O or manganese sili-
cates in a neutral ladle slag, such as calcium aluminate, will lower the
thermodynamic activities of the deoxidation products, hence increase the
extent of deoxidation. The concept of slag aided deoxidation is by no
means new. In the Perrin process developed in the early 1930s, the deox-
idation of the open hearth or Bessemer steel with ferromanganese and
ferrosilicon was enhanced by tapping the steel into a molten calcium
(magnesium) aluminosilicate slag placed on the bottom of the tap ladle.

9.7.2a Partial deoxidation with Fe/Mn

The plot in Fig. 9.15 depicts the progress of partial deoxidation of steel during
tapping of a 200 t heat with the addition of 1800 kg lime-saturated calcium
aluminate and ferromanganese to the ladle in the early stage of tapping, e.g.
at 1/8 ladle fillage. At the time of ladle additions, the small quantity of steel in
the ladle is almost completely deoxidised with the residual manganese in the
steel being at a concentration of about 1.6% Mn. As the ladle is filled, the
dissolved manganese is consumed in the deoxidation reaction and diluted to
about 0.32% Mn when the ladle is full and the residual dissolved oxygen is
reduced to about 300 from 650 ppm in the furnace.

The results obtained using this practice in the EAF and Q-BOP shops of
U.S. Steel are plotted in Fig. 9.16 for steels containing in the tap ladle about
0.003% Si and Al each. If no calcium aluminate slag addition were made to
the tap ladle, the deoxidation by Mn and Fe alone with pure Mn(Fe)O as
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Fig. 9.15 Changes in dissolved contents of Mn and O in steel during furnace tap-
ping with calcium aluminate and ferromanganese added to the tap ladle at 1/8 ladle
fillage. From Ref. 10.

the deoxidation product would have resulted in much higher levels of the
residual dissolved oxygen in the steel, as depicted by the dotted curve.

A more detailed analysis of the EAF heats is given in Fig. 9.17. The
slopes of the lines K'g.\i, are in close agreement with the slag-metal
equilibrium relation given in Fig. 6.2. Similarly, the relation between
%MnO in the ladle slag and the product [%Mn][ppm O] in Fig. 9.18 is in
close accord with the equilibrium value.

In these EAF ftrial heats, there was no argon stirring in the ladle during
furnace tapping. Yet, the slag aided partial deoxidation achieved during
furnace tapping was close to the levels governed by the slag-metal
equilibrium. Evidently there is sufficient mixing of slag and metal for the
deoxidation reaction to progress at a relatively fast rate. Because of the off-
centre entry of the steel stream into the ladle, there is always a slow
rotation of the slag layer in the ladle. Thus, most of the slag layer passes
through the area of stream entry where there is localised mixing of slag
and metal, hence a faster reaction rate.

In this practice, the final aluminium deoxidation was done with a wire
feeder, based on the level of the residual dissolved oxygen in the tap ladle.
The efficiency of aluminium recovery was about 85 to 90 percent. Al-
though the ladle slag contained 4 to 7% MnO and 7 to 12% FeO, there was
little reduction of these oxides during the injection of aluminium wire,
accompanied by argon stirring at a moderate rate of about 200 NI min-1.
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In the EAF steelmaking, the nitrogen content of steel in the furnace is 35
to 45 ppm at tap. With partial deoxidation from about 650 to 300 ppm in
the tap ladle, the nitrogen pickup will be less than 10 ppm.

9.7.2b Deoxidation with Si/Mn

In semi-killed steels deoxidised with silicomanganese and a small amount
of aluminium, the deoxidation product is molten manganese aluminosili-
cate and the residual dissolved oxygen is about 50 ppm for steel contain-
ing about 0.8% Mn and 0.2% Si. With the addition of 1000 kg of prefused
calcium aluminate to the ladle for a 200 t heat, the residual dissolved
oxygen in the steel can be lowered to about 20 ppm with the Si/Mn
deoxidation; this is because of the dissolution of the deoxidation products
in the calcium aluminate slag.

It should be noted that with ladle slag containing a high percentage of
alumina and a low concentration of silica, some alumina will be reduced by
silicon. As noted from the equilibrium data in Fig. 9.19, steel containing, for
example, 0.2% Si may pick up an appreciable amount of aluminium by the
reduction of alumina from the slag. The final stage of deoxidation of the steel
bath in the ladle is controlled by the aluminium recovered from the slag.

9.7.2¢ Deoxidation with Al

The oxygen sensor readings and analysis of steel samples from the tap
ladle have indicated that the addition of lime+spar or prefused calcium
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Fig. 9.20 Plant data for deoxidation with Al and calcium aluminate ladle slag dur-
ing furnace tapping compared with equilibrium values for Al,O; and molten calcium
aluminate (50:50 CaO/ Al,O5) inclusions.

aluminate to the ladle extends the deoxidation of steel with aluminium dur-
ing furnace tapping. This is demonstrated by the plant data plotted in Fig.
9.20. The oxygen sensor readings give results which are between those for the
deoxidation product Al,O; and molten calcium aluminate, indicating that the
alumina inclusions in the melt are in fact fluxed by the ladle slag.

In the plant trials with 30 t AOD heats, reported by Riley and Nusselt!],
the oxygen sensor readings were taken after vigorous mixing of steel with the
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Fig.9.21 Oxygen sensor measurements after Al deoxidation and hard argon stirring
in 30 t AOD, reported by Riley and Nusselt.11

lime-rich aluminate slag and hard argon blowing. As can be seen from their plant
data in Fig. 9.21, the residual dissolved oxygen contents for 1650 and 1600°C are
below the equilibrium curves for pure alumina, because of the fluxing of alumina
inclusions with the calcium aluminate furnace slag and argon stirring. In fact, the
oxide inclusions separated from the steel samples were found to have composi-
tions similar to those of the calcium aluminate AOD slag.

9.7.3 DEOXIDATION WITH CA-St

Steel semi-killed with Si/Mn can be deoxidised further by the cored-wire in-
jection of Cal-Sil. In the 60-tonne trial heats made at the Anzin Works in
France, reported by Thomas et 4112 the semi-killed steel (0.1% C, 0.2% Si, 0.5%
Mn) was deoxidised from 75 to about 15 ppm O by the cored-wire injection of
Cal-5il (30% Ca). Their reported plant data are plotted in Fig. 9.22 showing
the fractions of oxygen and calcium reacting as a function of the addition of Ca.

If the content of dissolved oxygen in the ladle is lowered to 20 or 30 ppm
by slag-aided Si/Mn deoxidation during furnace tapping, a subsequent
deoxidation by Cal-Sil injection may lower the residual dissolved oxygen
to about 10 ppm or less.

9.7.4 ARGON RINSING FOR INCLUSION FLOATATION

After arc reheating and trim additions for composition adjustment, the rate
of argon bubbling should be reduced to a low level of 75 to 150- NI min-1,
i.e. argon rinsing, to float out the residual deoxidation products, known as
inclusions. With argon rinsing for 5 to 8 min, the total oxygen content of the
steel as simple or complex oxide inclusions is less than 15 ppm.
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Fig. 9.22 Fractions of oxygen and calcium reacting in deoxidation of semi-killed
steel (~ 75 ppm O) with Cal-5il (30% Ca) cored-wire injection are related to the
amount of Ca added, derived from plant data reported by Thomas et al.12

At argon flow rates above 200 NI min-!, the gas bubbles open up an
‘eye’ of 30 to 60 cm in the slag layer, thus exposing the steel surface to air.
This situation leads to the re-oxidation of the bath, hence generates more
oxide inclusions and lowers the efficiency of inclusion removal.

The total aluminium content of the metal sample taken from the tundish
or the mould is about 0.007% lower than the content in the last sample
taken from the ladle. This fade in aluminium is due primarily to the
reoxidation of steel during casting and to the flotation of alumina out of
the melt in the tundish.

9.8 DESULPHURISATION

In certain grades of clean steel, e.g. armour plates, plates for off-shore oil

installations and line pipes, the sulphur content should be less than 20

ppm. This low level of sulphur in the steel can be achieved only by de-

sulphurisation of the fully killed steel in the ladle. The ladle slag to be used

is the lime-saturated calcium aluminate containing less than 10% SiO, and

less than 0.5% of both FeO and MnO. '
The overall desulphurisation reaction is represented by

(CaO) + [S] + %[Al] — (CaS) + ¥%(ALO,) (9.18)
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For this reaction to proceed rapidly, good slag-metal mixing is necessary;
this is achieved by top lance injection of argon at the rate of 1.0-1.8 Nm3
min-1. It should be noted that with the porous plug on the ladle bottom,
the maximum argon flow attainable is about 0.6 Nm?3 min-1. In some steel
works, three porous plugs are installed on the bottom of the ladle for hard
argon stirring. However, in most plants hard argon stirring for de-
sulphurisation is done by top lancing deep into the melt in the ladle.

To prevent re-oxidation of the steel bath and nitrogen pick-up, the ladle
must be covered with a lid; the free board under the lid being flushed with
argon at the rate of about 0.6 N1 min-1. Furthermore, there should be at
least 75 cm deep free board from the ladle top to the slag surface to
prevent splashing of slag and metal on to the ladle lid. Many ladle fur-
naces do not have high enough free board for extensive steel de-
sulphurisation with heavy argon stirring.

9.8.1 DESULPHURISATION METHODS

1. TN (Thyssen—Niederrheim) process:

The ladle slag is made up by adding to the tap ladle, per tonne of steel,
about 8 kg of the mixture 80% CaO + 20% CaF,. The alumina generated in
the deoxidation of the steel during furnace tapping reacts with the lime and
spar added to the ladle which forms a lime-rich molten aluminate. The
aluminium content of the steel is adjusted to 0.07-0.10% and the steel is
desulphurised by top lance injection of either Cal-Sil (30% Ca) or a powder
mixture of CaO and CaF,, with argon flowing at the rate of about 1 Nm?3
min-1. For grades of steel low in silicon content, the desulphurisation is
done by a lime + spar injection. Depending on the amount injected, 50 to 80
percent desulphurisation is achieved in 12 to 15 minutes time of treatment.

Amount injected Percent desulphurisation
kg t-! Cal-5il CaO-CaF,
1 55 45
2 70 60
3 80 70

With this method, the steel can be desulphurised to a level of 20 or 40 ppm
S, provided the initial sulphur content is less than 110 ppm S,

In a modified version of the TN process, the steel is desulphurised with
a co-injection of Cal-Sil (30% Ca) and a powder mixture of 7% Al'+ 15%
CaF, + 78% CaO deep into the melt. The following quantities are used per
tonne of steel:

(i) 10 to 15 kg calcium aluminate-based ladle slag with CaO/Al,O; =
15t018;

(ii) 0.8 to 1.3 kg Cal-Sil injected at the rate of 35 kg min-%;

(iii) 1 to 2 kg (Al-CaF,—CaO) injected at the rate of 60 kg min-1.
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Using this method, the steel initially containing 0.014 + 0.002% S, is de-
sulphurised to 25 to 45 ppm S in 6 or 7 minutes time of co-injection.

2. Calcium aluminate slag and argon stirring:

If there is sufficient free board over the slag layer in the ladle, = 1 m,
extensive desulphurisation can be achieved with a lime-saturated alumi-
nate slag and hard argon stirring at the rate of 1.5 to 1.8 Nm3 min-1. This
practice is best suited for operating in the tank degasser, where there is a
very good slag-metal mixing at reduced tank pressures. Furthermore,
there is hydrogen and some nitrogen removal during desulphurisation.

The slag/metal sulphur distribution ratios at the end of desulphurisa-
tion are plotted in Fig. 9.23. The plant data from U.S. Steel Works are
within the hatched area for desulphurisation of various grades of steel by
(i) TN process, (ii) with lime-rich aluminate slag and hard argon stirring in
a covered ladle and (iii) in the tank degasser. The sulphur distribution
ratios after desulphurisation are in close agreement with the slag-metal
equilibrium values for 0.006 = 0.002 and 0.03 = 0.01% Al at temperatures of
1600 = 15°C. The lower the silica content of the aluminate slag the greater
the extent of desulphurisation.

As reported by Bannenberg et al.13 of Dillinger Hiittenwerke, high sul-
phur steels can be desulphurised to low residual levels by hard argon
stirring in the tank degasser, using the lime-rich aluminate slag containing
less than 1% SiO,. In this practice with 180 tonne heats, burnt lime and bar
aluminium are added to the tap ladle and the furnace slag carry over is
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Fig. 9.23 Slag/metal sulphur distribution ratios after desulphurisation with lime-
saturated CaO-MgO-Al,05-Si0, slags at 1600 = 15°C with steels containing residual
0.006 = 0.002% Al or 0.03 + 0.01% Al are compared with the equilibrium values.
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kept to about 400 kg. The initial and final sulphur contents and quantities
of slag in the ladle are as shown below.

Ladle slag Sulphur, ppm
kg t1 Initial Final
22 700 60
16 500 40
14 300 20
12 200 15
10 100 10

If the silica content of the slag is high and the silicon content of steel is
low, there will be a reduction of silica from the slag by aluminium in the
steel during hard argon stirring.

SiO, + 4[Al] — [Si] + %(ALO5) (9.19)

It is seen from the plot in Fig. 9.24 that the tank degasser datal® are
consistent with the experimental equilibrium data!4 for lime-saturated
calcium aluminate melts containing less than 5% SiO,.

3. EXOSLAG practice:

The Al-killed steel can be desulphurised, at least partially, during furnace
tapping by pouring steel onto a molten lime-saturated calcium aluminate,
formed prior to tapping by the exothermic alumino-thermic reaction.

Fe,O; + 2Al = AL,O, + 2Fe (9.20a)

An exothermic slag mixture, EXOSLAG, was formulated and tested at
the Research Laboratory of USS in 1984.15 The following preferred mixture
includes the additional lime needed to flux the alumina generated in the
deoxidation reaction to give a lime-saturated aluminate slag with the nom-
inal ratio of %CaO/ % Al,O5 = 60/40.

Mixture 58% burnt lime

must be 30% haematite ore fines (low
Si0,)

keptdry | 12% aluminium powder

The ignition temperature of the exothermic reaction in equation 9.20a
for this mixture was determined in laboratory tests to be in the range 870
to 890°C which is 130 to 110°C lower than the hot-face temperature of the
lining in the preheated ladle.

In a preheated ladle, with the hot-face temperature of about 1000°C,
sufficient self ignition of the EXOSLAG occurs in about 5 minutes to
permit tapping of the steel onto the desired molten calcium aluminate
slag. The self ignited material is only partly molten because of the pres-
ence of excess lime, which is fluxed subsequently with the alumina gener-
ated in the deoxidation of steel with Al
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The extent of desulphurisation achieved with the EXOSLAG practice for
200-tonne EAF, BOF and Q-BOP heats in USS are shown in Fig. 9.25 for
tap steel compositions in the range 0.04 to 0.4% C and 0.006 to 0.045% S,
with the amount of furnace slag carry over < 1500 kg.

There is also the temperature benefit realised in the EXOSLAG practice.
As indicated by the plant data in Fig. 9.26 the tap temperature can be
lowered by about 24°C with the EXOSLAG practice. In this practice there
is 20 to 30 ppm N pickup by the steel.
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Fig. 9.26 Decrease in steel temperature from furnace to ladle. From Ref. 15.

It should be emphasized that the EXOSLAG mixture put on the bot-
tom of the preheated ladle must be dry to prevent violent eruption
when the liquid steel is poured upon it. Also, as soon as the exothermic
reaction has completed forming molten calcium aluminate, with excess
lime floating on top, the steel must be tapped right away. Molten slag
formed on the bottom of the ladle should not be allowed to solidify
before the start of furnace tapping. Pouring liquid steel onto a mass of
solid slag at the bottom of the ladle can have hazardous consequences,
caused by subsequent floatation of the mass of slag to the melt surface
in the ladle.

9.8.2 RATE OF DESULPHURISATION

The relation between the argon flow rate and the density of power of
stirring by injection about three metres below the melt surface is shown in
Fig. 9.27, calculated using equation (9.4). As pointed out earlier, the slag—
metal mixing is achieved at high gas flow rates corresponding to € > 80
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Fig. 9.27 Density of power of stirring by gas injection at 3m below the surface of a
200 t melt.

W/t-1. For an argon flow rate of 1.5 Nm3/min at 3m depth of injection, € =
100 W/t-! for which the rate constant is k = 0.13 min-! for desulphurisa-
tion as given in equation 9.21.

%S — %S,

In %So—%szq

-kt (9.21)

For a slag/metal mass ratio of 1:100 in the ladle, the sulphur content of
steel in equilibrium with the slag is given by

100[%S,]

%Seq = 100 + {(%S)/[%S]}eq

(9.22)

where {(%S5)/[%5]}., is the equilibrium distribution ratio derived from the
equilibrium data in Figs. 6.11 and 6.12 and the anticipated % Al in the steel
at the end of desulphurisation. As is seen from the calculated rate curves
in Fig. 9.28, an increase in the silica content of the slag lowers the extent of
desulphurisation because of an increase in %S,, with an increasing %SiO,.
With 5iO, < 10% and initial S, < 110 ppm, the liquid steel is desulphurised
to 3020 ppm with the lime-rich aluminate slag and hard argon stirring.
Further desulphurisation of steel to levels below 10 ppm is achieved by
flux injection. The plant data in Fig. 9.29, reported by Oguchi et al.1, are
for the powder mixture (80% CaO + 20% CaF,) injected with argon at the
rate of 0.7 kg min-1t-1.
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‘Fig. 9.29 . Desulphurisation of liquid steel to very low levels with injection of (80%
CaO + 20% CaF,). From Ref. 16.
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9.9 VacuuM DEGASSING

Since the 1950s many advances have been made in plant equipment for
vacuum degassing of steel and in the technology of steel refining in vac-
uum degassing facilities. Only brief comments are made here on different
types of degassers.

9.9.1 VACUUM DEGASSER WITH ARC REHEATING

There are various types of ladle furnaces attached to a vacuum system;
only two are briefly mentioned here. In the Finkl-Mohr system, the elec-
trodes for arc reheating are inserted through the top of the vacuum tank
cover and the melt is stirred with gas bubbling through a porous plug. The
ASEA-SKF system consists of a ladle furnace, a mobile induction coil
stand (for induction stirring of the melt), a vacuum cover with an exhaust
duct and a cover fitted with three carbon electrodes.

9.9.2 VACUUM LADLE DEGASSING

Steel is treated in a tank degasser without arc reheating as shown sche-
matically in Fig. 9.30 for two different melt stirring systems. In one case,
the liquid steel is inductively stirred during degassing and alloying addi-
tions. In the other case, the melt is stirred with argon bubbling through a
porous plug on the ladle bottom. As discussed earlier, extensive steel
desulphurisation can be achieved in the tank degasser in addition to hy-
drogen and some nitrogen removal.

Alloy additions Alloy

addition
hopper

Sight port Chamber cover

Heat shield Viewing

port Ladle
L Vacuum
Jets Vacuum
Vacuum —] chamber\" C . Argon
chamber induction S inlet
F— stirring coil Gas
exhaust
— Stainless steel 5
Metal -] ladle
flow - (nonmagnetic)

Slide gate Porous plug
valve

Fig.9.30 Two types of tank degasser: (a) induction coil stirring, (b) porous plug for
argon bubbling.
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9.9.3 RECIRCULATION DEGASSING

In recirculation degassing, the liquid steel in a ladle is forced by at-
mospheric pressure into an evacuated chamber where it is exposed to low
pressure and returned back into the ladle. The steel is recirculated through
the low pressure chamber 40 to 50 times to achieve the desired level of
degassing. There are three types of degassers.

(a) DH (Dortmand-Hoerder) degasser with one snorkel and ladle mov-
ing up and down to force the liquid metal in and out of the vacuum
chamber.

(b) RH (Ruhrstahl-Heraeus) degasser with two snorkels and stationary
ladle (Fig. 9.31a). Argon is injected into one snorkel to force liquid steel
into the vacuum chamber; steel flows back into the ladle through the other
snorkel.

(@) (b)

Alloy Alloy
Steel addition Steel addition
jacket hoppers jacket hoppers
Upper barrel Vi Upper barrel \ ¢
'acuum 1 Vacuum
and dome E=> exhaust and dome exhaust
section fine section . Ine
Lovs;gar barrel Lower barrel va, B Argon
section section 1 !
gl seeten ! ﬁ* il /Oxygen
‘Partl'ts' Té‘Es 7 Argon inlet ‘Pants' 75 204 Argon inlet
section 3 H ! Snorkel section B H_— Snorkel
Sla Sla
Ladle 9 Ladle g

Fig. 9.31 General outline of (a) RH and (b) RH-OB vacuum degassers.

(c) In the RH-OB degasser, developed by Nippon Steel Corp., there is
oxygen injection into the pool of liquid steel in the vacuum chamber (Fig.
9.31b). With this degasser it is possible to (i) reheat the steel by oxidising
aluminium added to the melt and (ii) enhance steel decarburisation.

In the RH and RH-OB, the rate of steel circulation between the ladle and
vacuum chamber is determined by the snorkel diameter and rate of argon
injection into the snorkel as shown in Fig. 9.32a. The extent of temperature
loss during vacuum degassing becomes greater with a decreasing steel
capacity of the unit (Fig. 9.32b). Similar heat losses from the melt will occur
in the tank degasser. In the use of these processes, heats to be degassed are
tapped at a higher temperature depending on the heat size.
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Fig. 9.32 RH and RH-OB plant data for (a) steel circulation rate, (b) temperature
loss during treatment time.

9.9.4 CARBON DEOXIDATION

One of the applications of RH or RH-OB treatment of steel is to lower the
level of oxygen content of steel by carbon deoxidation before adding
aluminium for complete deoxidation. For the light vacuum treatment,
BOF steel is tapped at about 0.08 to 0.10% C when the oxygen content is
400 to 300 ppm. During degassing, the steel is decarburised down to 0.04%
C and deoxidised to about 200 ppm O which is four times less than the
oxygen content of BOF steel with 0.04% C at turndown for tap. With this
carbon-deoxidation practice there is a considerable cost saving in alumin-
ium usage for deoxidation.
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9.9.5 DECARBURISATION

The ultra low-carbon steel is made by vacuum degassing at a pressure
below 1 mbar. The carbon and dissolved oxygen contents of the steel
decrease in the vacuum treatment by the reaction

[C] +[O] — CO(g) (9.23)

The carbon and oxygen contents of steel before and after RH treatment are
shown in Fig. 9.33. Similar results are obtained with the tank degasser.
Although the pressure in the vacuum chamber is at about 0.001 atm, the
final carbon and oxygen contents are closer to the equilibrium values for
CO pressures of 0.06 to 0.08 atm. After about 20 minutes of treatment time,
the final oxygen content of the steel is always high when the initial content
is high, i.e. initial carbon content is low, in both the tank degasser and the
RH degasser (Fig. 9.34).

%C

0.003 0.005 0.01 0.02 0.05
600 T T T T T
Equilibrium relation
L for 0.07atm CO

500 b‘./ /A’%O
€ 400
Q.
o
O 300}
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100 ' . '

-2.8 2.4 -2.0 -1.6 -1.2
log %C

Fig.9.33 Carbon and oxygen contents of steel before (0) and after (®) R H treatment.

A decrease in the dissolved oxygen content of the steel in vacuum
decarburisation is always less than that expected from the stoichiometry of
the reaction in equation (9.23).

It is evident that there is oxygen transfer from the ladle slag to steel
during vacuum decarburisation. Another source of oxygen is the iron
oxide-rich skull buildup on the inner walls of the vacuum chamber from
previous operations. Therefore, the other reaction to be considered is

(FeO) + [C] — Fe + CO(g) (9.24)

From the stoichiometry of the reactions, the material balance gives the
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Fig. 9.34 Oxygen contents of steel before and after vacuum decarburisation. Points
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following relation for the amount of oxygen transferred to the steel from
the ladle slag and oxidised skull in the vacuum chamber,

AO (slag) = 1942[AC] - [AO] (9.25)

where [AC] = [%C]; - [%C];
[AO] = [ppm O]; - [ppm O],

The values of AO (slag) derived from the plant data using the above
relation for vacuum decarburisation are shown in Fig. 9.35. The higher the
initial carbon content, the greater the amount of oxygen transfer from slag
to metal for decarburisation. When the initial carbon content is below 200
ppm, there is no more oxygen pickup from the slag; the oxygen and
carbon contents decrease during degassing in accord with the stoichiome-
try of the reaction [C]+[O] — CO.

9.9.6 RATE OF DECARBURISATION
The rate of decarburisation is formulated as

%C
D o ,
In %C, kot (9.26)

where the rate constant k- for RH degassing is given by the following
relation.1?
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Fig. 9.35 Oxygen pickup from ladle slag during decarburisation in (A) tank de-
gasser and (0) R H degasser.
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where Q = circulation volume rate of molten steel, m3 min-1
V = volume of the steel in the ladle
g = volumetric mass-transfer coefficient of decarburisation m3
min-1,

For the 600 mm snorkel inside diameter and the argon injection rate of 2
Nm?®min-1 the rate constant k- = 0.12 min-1. Kouroki et 4l.20 and many
other investigators have reported that the rate constant for RH decar-
burisation is not affected by the initial dissolved oxygen content of the
steel. However, in most of the publications, no reference is made to the
iron oxide content of the ladle slag. The rate constant k- appearing to be
independent of the oxygen content of the steel may well be due to the use
of aladle slag that is high in iron oxide content. In fact, Ohma et al.2! have
found from the RH trial heats that the rate of decarburisation increases
with an increasing iron oxide activity in the ladle slag. For example, k- is
0.1 min-1 at ag,o = 0.1 and increases to 0.2 min-! at ag,o = 0.4. These
findings support the view that with slag particles carried into the vacuum
chamber, reaction (9.24) does participate in the vacuum decarburisation
process.

The rate constant for decarburisation in the tank degasser1722 is about
0.07 min-1 at the argon flow rate of 0.4 Nm3min-! and increases to about
0.09 min-1 at 1.8 Nm3min-1 for 180 to 200 t heats.

For the average rate constants k- = 0.12 min-? for RH degasser and 0.08
min-! for tank degasser, the extent of decarburisation in 20 minutes time
of degassing would be as shown below.
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Final %C
Initial %C RH degasser Tank degasser
0.08 0.0072 0.016
0.06 0.0054 0.012
0.04 0.0036 0.008

0.02 0.0018 0.004

9.9.7 DEHYDROGENATION

To prevent the formation of hydrogen-induced hairline cracks or flaking in
the bloom casting and thick slabs, the liquid steel is vacuum treated to lower
the hydrogen content to 2 ppm or less. For the initial (H;) and final (H)
hydrogen contents, the rate equation for vacuum degassing is of the form

[ppmH _

In [ppm L, kst (9.28)

The rate of dehydrogenation of 220 t heats at USS Gary—RH was evalu-
ated by measuring the hydrogen content of the steel with the HYDRIS
system during degassing.23 The results obtained from the three heats (me-
dium carbon, Al-killed steels) are shown in Fig. 9.36 for the 600 mm
diameter snorkel and the steel circulation rate of about 140 t/min-1 at USS
Gary-RH; the rate constant k = 0.13 min-! obtained from these tests is in
close agreement with the values given in publications on RH degassing

]
0 2 4

6 8 10 12 14
RH degassing time (min)

Fig. 9.36 Rate of dehydrogenation in RH degassing as measured by the HYDRIS
system at U.S. Steel Gary Works. From Ref. 23.
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from various steel plants. To achieve 2 ppm H in the steel, the RH degass-
ing time is 7 min for H; = 5 ppm and 12.4 min for H; = 10 ppm.
+Bannenberg et al.13 derived a rate equation for dehydrogenation of 180 t
steel in the tank degasser, as a function of tank gas pressure (1 to 100
mbar) and argon bubbling rate. The rate equation is for the mass transfer
of hydrogen to rising argon bubbles in the melt as represented by equation
(9.28). A close agreement was observed between the calculated and mea-
sured hydrogen contents after degassing times of 5 to 25 min; the HYDRIS
system being used for the measurements. At 1 mbar tank pressure, ky =
0.09 min-! for the argon bubbling rate of 0.9 Nm3®min-1, increasing to 0.16
min-1 at the flow rate of 1.8 Nm3min-1; the latter is similar to k5 in RH
degassing with 1.5 to-2.0 Nm?min-! argon injection into the 600 mm diam-
eter snorkel.

9.9.8 DENITROGENATION

Some nitrogen removal from liquid steel during vacuum degassing is
possible, only if the steel is fully deoxidised and contains low concentra-
tions of sulphur.

The rate equation derived by Bannenberg et al.13 for denitrogenation of
steel in the tank degasser is based on a mixed-control model; (i) liquid-
phase mass transfer to argon bubbles and (ii) gas-metal interfacial reac-
tion. The calculated data given in Fig. 9.37 for Al-killed steels, showing the
effect of sulphur over the range 10 to 200 ppm S, were substantiated by the
measured nitrogen contents.132

80
\ Stirring rate 1.8 (Nm®/min)
70 - Pressure 1 (mbar)
O content 2 (ppm)
60 ‘
50 S c:g’gant (ppm)
€
2 40 N 100
= ) . 40
30 ~19_ 200
100
20 10
10
0 ] l ] ! ]
0 5 10 15 20 25 30

Treatment time in tank degasser (min)

Fig. 9.37 .Calculated sulphur effect on denitrogenation in tank degasser with argon
stirring rate of 1.8 Nm3min-1. From Ref. 13.
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The rate of denitrogenation represented by equation (2.23) is-re-written

here in a simplified form

1 1
ppm N ~ ppm N,

=ky(1-0)t

where ky; is the limiting apparent rate constant for O and S contents —
zero. The calculated rate equation of Bannenberg et al. giving the results in
Fig. 9.37 together with equation (2.21) for (1 - 6) give for the apparent rate
constant ky; = 0.0013 (ppm N min)-? for 180 t heats at 1 mbar tank pressure
and argon bubbling at the rate of 1.8 Nm3min-1. For much lower argon
bubbling rates of 0.3 to 0.4 Nm3min-1, the value of ky, will be much lower,
e.g. probably in the range (4 to 5) x 104 (ppm N min)-1.

9.10 CaLciuM TREATMENT

Most grades of steel are treated with calcium using either a Ca-Si alloy or
a Ca-Fe(Ni) mixture, depending on the silicon specification. This treat-
ment is made after trim additions and argon rinsing. In most melt shops,
the cored-wire injection system is used in the calcium treatment of steel.

The melting and boiling points of calcium are 839°C and 1500°C respec-
tively. The cored-wire containing Ca-Si or Ca—Fe(Ni) is injected into the
melt at a certain rate such that the steel casing and contents of the cored-
wire melt deep in the steel bath, e.g. 1.5 to 2.0 m below the melt surface
without hitting the bottom of the ladle or resurfacing without being com-
pletely melted. In 200 to 240 tonne heats the cored-wire of 16 x 7 mm cross
section or 13 mm diameter is injected at the rate of about 180 m min-1.

During calcium treatment, the alumina and silica inclusions are con-
verted to molten calcium aluminate and silicate which are globular in
shape because of the surface tension effect. This change in inclusion com-
position and shape is known as the inclusion morphology control. This is
demonstrated schematically in Fig. 9.38.

The calcium aluminate inclusions retained in hqu1d steel suppress the
formation of MnS stringers during solidification of steel. This change in
the composition and mode of the precipitation of sulphide inclusion dur-
ing solidification of steel is known as sulphide morphology or sulphide
shape control.

9.10.1 OBJECTIVES OF INCLUSION MORPHOLOGY CONTOL

Several metallurgical advantages are brought about with the modification
of composition and morphology of oxide and sulphide inclusions by cal-
cium treatment of steel, as for instance
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Fig. 9.38 Schematic illustration of modification of inclusion morphology with cal-
cium treatment of steel.

(i)

(i1)
(i)
(iv)
)

(vii)

to improve steel castability in continuous casting, i.e. minimise
nozzle blockage,

to minimise inclusion related surface defects in billet, bloom and
slab castings,

to improve steel machinability at high cutting speeds and prolong
the carbide tool life,

to minimise the susceptibility of steel to re-heat cracking, as in the
heat-affected zones (HAZ) of welds,

to prevent lamellar tearing in large restrained welded structures,
to minimise the susceptibility of high-strength low-alloy (HSLA)
linepipe steels to hydrogen — induced cracking (HIC) in sour gas or
sour o0il environments. 7

to increase both axisymmetric tensile ductility and impact energy
in the transverse and through-thickness directions in steels with
tensile strengths below 1400 MPa.

9.10.2 REACTION OF CALCIUM IN LIQUID STEEL

When calcium is injected deep into the melt as an alloy of Ca-Si, Ca-Al or as
pure Ca admixed with nickel or iron powder, the subsequent reactions in

liquid

steel will be the same. The following series of reactions are expected

to occur to varying extents in Al-killed steels containing alumina inclusions.
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Ca() — Ca(y
Ca(g) — [Ca]
[Ca]+[O] — CaO
[Ca]+[S] — CaS
[Ca] + (x+¥5)AL0; — CaO-xAl,O5 + %5[Al] (9.29)

Depending on the steel composition, the manner of calcium injection and
other process variables, there will be variations in the conversion of alumina
inclusions to aluminate inclusions; the smaller inclusions will be converted
to molten calcium aluminate more readily than the larger inclusions.

As is seen from the plant data in Fig. 9.39, the deoxidation of steel with alu-
minium is shifted to lower levels of residual dissolved oxygen upon subse-
quent calcium treatment because of the lower alumina activity in the
modified inclusions. It is a generally accepted view that the calcium retained
in liquid steel is primarily in the form of calcium aluminate inclusions, and to
a lesser extent as calcium sulphide inclusions dispersed in the melt, or as dis-
solved Ca in the steel. The analytical data from various ladle refining shops
are summarised in Fig. 9.40 for Al-killed steels containing S < 50 ppm and S >
100 ppm. In all cases, the calcium treatment was made by the cored-wire
injection of Cal-Sil at the rates of 0.16 to 0.36 kg Ca/tonne steel, with the 16 x
7 mm cross section cored-wire being injected at the rate of about 180 m/min.

I l I P
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Fig. 9.39 Oxygen sensor readings before and after Cal-Sil injection into Al-killed
steel at 1600 = 15°C. From Ref. 24.
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Fig. 9.40 Relation between calcium and total oxygen contents of Al-killed steels
after Cal-Sil treatment. From Ref. 24.

The dotted lines for the indicated compositions of calcium aluminates
(CA,) are calculated from the stoichiometry of the reaction (9.29) and the
phase equilibrium diagram for the system CaO-Al,0O;; the region for mol-
ten calcium aluminate is for 1600°C. The shaded areas marked L are for
the steel samples taken a few minutes after Cal-Sil injection, those marked
T are for the tundish samples. Because of the floatation of inclusions out of
the melt, the total calcium and oxygen contents of the steel in the tundish
samples are always lower than those in the ladle soon after the end of Cal-
Sil injection. For a given total oxygen content of the steel, initially as
alumina inclusions, a greater amount of calcium is retained in the low-5
steels. In liquid steels containing S < 50 ppm, there is almost complete
conversion of alumina inclusions to molten calcium aluminate inclusions.
In high-sulphur steels the conversion is partial, resulting in solid alumi-
nate, presumably coated with a thin layer of molten aluminate, or solid
aluminate with unreacted alumina core. Some calcium sulphide is also
associated with these aluminate inclusions.

9.10.3 EFFICIENCY OF CALCIUM USAGE AND RETENTION IN STEEL

The material balance for calcium consumption is given by the following
summation:
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amount injected W= W, ; + Wog + Wgps + W, + W,

where W_; = amount dissolved in liquid steel

Wos = amount retained as aluminate and sulphide inclusions

W'og = amount reacted with sulphur and alumina and floated
out

W, = amount reacted with the ladle slag

W, = amount burnt at the surface of the melt

v

The study of plant data on calcium treated steels and the author’s the-
oretical considerations indicate that

WSOI << Wos

With this simplification, the efficiency of calcium usage is approximated
by

= Wos + Wos
E, = W (9.30)
The efficiency factor for calcium retention in liquid steel would be
. Wos
E,.= (9.31)

Experience has shown that the efficiency factor for calcium retention
decreases with an increasing amount of calcium injection beyond a certain
amount, depending on the total oxygen content of the steel as oxide inclu-
sions. Because of inclusion floatation out of the melt during the time
interval prior to casting, (E,); in the tundish will be lower than (E,); in the
ladle soon after calcium treatment. As a rule of thumb, we may take (E,); =
YA(E,);-

From many trial heats the following values of calcium retention are
obtained for Al-killed steels initially containing 50 to 80 ppm O) as al-
umina inclusions.

kg Ca/tonne :
injected (E)r (E)r
0.16 024t0 030 0.12t00.15
0.36 0.12t0 0.18  0.06 to 0.09

If the steel is to be degassed for hydrogen removal, the calcium treat-
ment should be made after vacuum degassing,.

9.10.4 SULPHIDE MORPHOLOGY (SHAPE) CONTROL

In steels not treated with calcium, the sulphur precipitates as minute parti-
cles of MnS in the last interdendritic liquid to freeze, which delineate the
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prior austenite grain boundaries in the as cast structure. During hot roll-
ing, the MnS particles are deformed forming stringers in the rolled prod-
uct. The MnS and Al,O; stringers make steel susceptible to, for example (i)
re-heat cracking in the heat-affected zones of welds, (ii) lamellar tearing in
large restrained welded structures and (iii) hydrogen-induced cracking in
sour gas or oil environments.

In the calcium treated low-sulphur steels, the grain boundary precipita-
tion of MnS is suppressed by the precipitation of sulphur as a Ca(Mn)S
complex on the calcium aluminate inclusions during solidification of steel,
by the following reaction.

(Ca0) + 2[S] + [Mn] + %[Al] — (CaS5-MnS5) + ¥5(AL,05) (9.32)

The extent of sulphide-shape control that can be achieved during solid-
ification of the calcium treated steel is governed by the total oxygen,
sulphur and calcium contents of the steel. From the theoretical consider-
ation of reactions occurring in the impurity enriched interdendritic liquid
during solidification, the following criteria are derived for the tundish
compositions of the Al-killed steels, to achieve an acceptable degree of
sulphide-shape control during solidification.

As aluminate

inclusions
ppm O ppm Ca % Mn ppm S
25 20-30 0.4-0.6 <20
25 20-30 1.3-1.5 <30
12 1520 0.4-0.6 <10
12 15-20 1.3-1.5 <15

If an acceptable level of sulphide shape control is not achieved, the
HSLA steels for linepipes and off shore installations will be susceptible to
hydrogen-induced cracking (HIC) in sour gas (containing H,S) and sour
oil environments. The general concensus that emerged from many experi-
mental studies is that a high resistance to HIC in HSLA steels can be
assured, by lowering the sulphur and oxygen (Al,O; inclusions) contents
of the steel and by treating steel with calcium to prevent the formation of
MnS during solidification.

9.11 IncLusioON CONTROL IN BEARING STEELS

The deleterious effects of oxide inclusions on the fatigue resistance of
bearing steels are now well understood through many years of experimen-
tal and theoretical studies. This subject was well documented in a series of
papers by Brooksbank and Andrews.?> The fatigue failure is a conse-
quence of the structural tessellated stresses in and around the inclusions.
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As originally conceived by Laszlo,26 the tessellated stresses -are of the
general form

. Stress = = @ [(a.,,, — a;)AT] (9.33)

where @ is a variable function depending on (i) the elastic moduli of the
inclusions and the steel matrix, (ii) the inclusion size, shape, and distribu-
tion, and (iii) the position and direction of the individual stress con-
sidered. The sign depends on the type of stress, e.g., positive for
circumferential and negative for radial. Laszlo termed (o, — o;)AT the
‘strain potential of structural tessellation,” where a,, is the mean linear
coefficient of thermal expansion of the matrix, o is the mean linear coeffi-
cient of the inclusion, and AT is the temperature change in the system.

Upon cooling, if the contraction of inclusion is less than that of the steel
matrix, ie., o; < o, stresses will develop in and around the inclusions
leading to crack initiation, hence the deterioration of the fatigue life. Inclu-
sions having o; > a,, are not detrimental to fatigue properties because
adverse stresses will not develop. Brooksbank and Andrews have shown
that the variations in fatigue life with the type of inclusion in the steel are in
general accord with those predicted from the term (a,,, — a;)AT, as shown in
Fig. 9.41 for oil-quenched 1 percent C—Cr steels. The most detrimental inclu-
sions to fatigue life are: calcium aluminates, alumina, spinels, silicates and
nitrides in this descending order. In the case of sulphide inclusions, the
coefficient of contraction a; is greater than that of the steel, consequently
they are non-detrimental to fatigue life; MnS inclusions are the most in-
nocuous to fatigue life. It is also known that encapsulating alumina inclu-
sions with a layer of MnS, occurring during solidification of the steel,
reduces the detrimental effect of alumina. According to the theoretical anal-
ysis of Brooksbank and Andrews, the mass ratio O/S in the steel should not
exceed 0.4 to eliminate stresses around Al,O; by the encapsulating MnS.
This theoretical prediction has been substantiated by many fatigue tests on
bearing steels, as cited in references (27) and (28). To attain adequate encap-
sulation of alumina inclusions by MnS, the sulphur content of many bearing
steels is maintained on the high side, e.g. 0.015 to 0.025 percent S.

Although the encapsulation of calcium aluminate particles by Ca(Mn)S
will soften their detrimental effect on fatigue life, it is not as effective as
encapsulation of Al,O; particles by MnS. Therefore, care is taken in the
ladle refining of bearing steels to prevent the entrainment of calcium-
bearing ladle slag in the steel.

In the past, the vacuum-carbon deoxidation (VCD) was mandatory for
the ladle refining of bearing steels. However, with the much improved
ladle refining facilities we have today and with careful implementation of
the ‘clean-steel practlce in aluminium deoxidation of steel (without the
initial VCD), it now is possible to lower the concentration of Al,O,
inclusions in the steel below 15 ppm. At this low level of Al,O; content,
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Fig. 9.41 Stress-raising and void forming properties of inclusions in 1% C-Cr bear-
ing steels. From Ref. 25.

coupled with encapsulation by MnS, the bearing steel will have the de-
sired resistance to fatigue failure.
9.12 OTHER REFERENCES ON INCLUSIONS IN STEEL

It is outside the scope of this book to make a comprehensive presentation
on the subject of inclusions in steel. For indepth background information
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on all metallurgical aspects of inclusions in steel, reference -should be
made to a series of books authored by Kiessling under the heading Non-
metallic inclusions in steel Parts I-IV over a period 1964-1976, which were
subsequently compiled as a single book?® by The Metals Society; Part V of
this series by Kiessling was published in 1989. References may also be
made to a series of papers published in various conference proceedings on
the subject of inclusions in stee]30-32,

The physicochemical aspects of inclusions in steel have been studied in
detail experimentally and theoretically by the research personnel in IRSID
since the early 1980s. Their assessment of morphology modification of
inclusions by the calcium treatment of steel is based on their experimen-
tally determined solubility products of CaO and CaS in liquid steel.33 As
discussed in section 4.4 of Chapter 4, these measured solubility products
are several orders of magnitude greater than those derived from the ther-
mochemical data. However, not being deterred by this dilemma, due ac-
knowledged consideration is given here to the consensus of Gaye et al.34
on the state of CaS—calcium aluminate equilibrium in liquid steel as rep-
resented by the equilibrium diagram for 1600°C in Fig. 9.42. For dilute
solution in liquid steel, the activities of dissolved Ca, S and Al are
equivalent to their mass concentrations in percent as given in this
diagram.

Kcas 1.7x10®

Mass % [Ca]

[ - !
107! 1072 103
Mass % [S] Mass % [ Al]

105

Fig. 942 Computed equilibrium diagram for Fe-Al-Ca~O-S system at 1600°C;
(= —-) curves for aluminate inclusions containing 5% SiO,. From Ref. 34.
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On the basis of these equilibrium data, Gaye et al.3¢ developed a com-
puter programme to evaluate, from a global analysis of a steel sample, the
composition and amounts of inclusions which are formed in liquid steel at
the treatment temperature and during the subsequent cooling until the
onset of solidification. The computed data in Fig. 9.43 show the precipita-
tion path of inclusions formed during the calcium treatment and subse-
quent cooling of the liquid steel containing 0.02% S. The left hand diagram
in Fig 9.43 represents the distribution among liquid steel, oxide and sul-
phide inclusions of the remaining total calcium analysed in the cast prod-
uct. In the case considered with the steel containing 0.02% S, the CaS
precipitates only during cooling. The right hand diagram depicts the CaO
and Al,O; contents of the inclusions formed during calcium treatment and
cooling of the steel (solid-line curves) as well as the average contents in the
inclusion population (dotted curves). The computed average composition
of these oxide inclusions is 51.6% CaO, 38.8% Al,O, 9.5% SiO, and 0.1%
MnO. Additional computed and analytical data are presented in another
paper by Gaye et al.35 on the control of inclusion composition by slag
treatment of steel and inclusion transformations during cooling of the
solidified steel.
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Fig. 9.43 Computed precipitation path of inclusions in Ca-treated medium carbon
steel: 0.38% C, 0.75% Mn, 0.25% Si, 0.015% Al, 35 ppm Ca and 30 ppm O. From Ref.
34.
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CHAPTER 10

Reactions during Steel
Solidification

Problems sometimes encountered in the steel castability, hot workability,
machinability and shortcomings of the mechanical properties of the pro-
duct, are caused by common inpurity elements in the steel such as oxygen,
sulphur, nitrogen and hydrogen. These impurities manifest their effects in
a variety of ways during solidification of the steel, hot working and ma-
chining of the product and in service performance of the product. The
effects of these impurities on various properties of the steel are accentu-
ated by the solidification process involving interdendritic microsegrega-
tion. Some special cases discussed in this chapter are typical examples of
the consequences of microsegregation occurring during solidification of
the steel; namely (i) the formation of subsurface blowholes, (ii) the mode
of formation of oxysulphide inclusions in free-machining steels, (iii) the
critical ratio (Mn/S), to suppress hot shortness of steel, (iv) the sulphide
shape modification and (v) the control of nitride precipitation in contin-
uous casting.

10.1 SoLUTE ENRICHMENT IN INTERDENDRITIC LIQUID STEEL

For background information on the technical aspects of the morphology of
dendritic solidification of metal alloys, reference may be made to the work
of Chalmers,1-3 Flemings*5 and their co-workers. The dendrites and sub-
dendritic branches have a platelike morphology; as they grow in the dir-
ection of heat flow, subdendritic branches are formed such that liquid
becomes trapped between the interdendritic branches of the solidifying
metal.

10.1.1 sCHEIL EQUATION

Microsegregation resulting from solute rejection during dendritic freezing
in binary alloys was formulated by Scheil® for two limiting cases sum-
marised below:

A. Complete solute diffusion in the solid (dendrite arms) and inter-
dendritic liquid, appropriate for the interstitial solutes C, O, N and H.

C

A S G T

(10.1)
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where ¢ = volume fraction remaining liquid, in any given volume el-
ement of the solidifying mass
C, = initial solute concentration at g =1
C; = solute concentration in the enriched liquid
k = solid/liquid equilibrium solute distribution ratio.

B. Negligible diffusion in the solid and complete diffusion in the inter-
dendritic liquid, appropriate for substitutional elements, Mn, Si, Nb, P . . .

C, = C g1 (10.2)

The solute distribution ratios in dilute solutions of X in selected systems
Fe-X are listed below.

Solute X k = [%X1s/[%X],

Al 0.60
C 0.20
H 0.27
Mn 0.74
N 0.27
Nb 0.27
O ~0

P 0.08
Si 0.60
S 0.04
Ti 0.60

An example is shown in Fig. 10.1 of solute enrichment in the interdendritic
liquid for steel containing Mn, Si, C and O. It should be remembered that
the term “percent local solidification’ refers to the progress of solidification
in any given volume element of the solidifying casting.

10.1.2 REACTIONS IN THE INTERDENDRITIC LIQUID

When solute concentrations in the interdendritic liquid steel become suffi-
ciently high, reactions may occur between the solutes resulting in the
formation of oxide, silicate, oxysulphide inclusions, and in some cases, gas
bubbles. When interdendritic reactions occur, the solute enrichment is
computed by incorporating the Scheil equation with equations for reaction
equilibria, on the assumption that no supersaturation is needed for the
formation of the reaction products. Methods of computations are given in
the author’s previous publications.6-8

An example of the calculations is given in Fig. 10.2 showing the con-
centration of dissolved oxygen in the interdendritic liquid steel controlled
by the local deoxidation reaction for steel containing 0.50% Mn, 0.004% O
and zero to 0.030% Si. If there were no deoxidation reaction occurring at
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%Mn

04 - 0 ' 1 L
0 25 50 75 100

Local solidification percent

Fig. 10.1 Interdendritic solute enrichment, if no reaction occurs between them dur-
ing solidification of the steel.

90% local solidification, the concentration of dissolved oxygen would have
been enriched to 0.04% O. In steel containing as little as 0.01% Si, the Si/
Mn deoxidation in the interdendritic liquid suppresses oxygen enrich-
ment. The equilibrium oxygen contents of the interdendritic liquid steel
are shown in Fig. 10.3 for the C—O reaction at 1 atm CO at various stages of
solidification for several initial carbon concentrations. From the com-
parison of the oxygen concentration curves in Figs..10.2 and 10.3, we see
that for steel containing 0.5% Mn, 0.03% Si and 0.004% O (dissolved), the
C-O reaction generating CO bubbles will not occur at any stage of the
solidification in steels containing less than 0.08% C and no H or N.

Another important reaction in the impurity enriched interdendritic lig-
uid is the precipitation of MnS inclusions. At the liquidus temperatures of
1525 to 1500°C, the solid MnS solubility product [%Mn][%S] is 1.07 to 0.92
respectively. In steel with 1.0% Mn, the product [%Mn][%5S] in the inter-
dendritic liquid increases during solidification as shown in Fig. 10.4 for
steels containing 0.01 and 0.03% S. For an average liquidus temperature of
1510°C and under equilibrium conditions, the MnS precipitation begins
when the concentration product [%Mn][%S5] reaches the equilibrium sol-
ubility product of about 1.0.
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Fig. 10.2 Oxygen content of enriched liquid controlled by Si-Mn deoxidation dur-
ing solidification. From Ref. 6.
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Fig. 10.3 Equilibrium oxygen content of steel, for carbon—oxygen reaction at 1 atm. CO
at various stages of solidification for several initial carbon concentrations. From Ref. 6.

The interdendritic precipitation of MnS in the later stages of local solid-
ification is in evidence, as shown in Fig. 10.5, from the photomicrogaph of
the etched section of an Al-killed steel casting containing 1.5% Mn, 0.25% C
and 0.05% S. In this as-cast structure, the circular or oblong shaped white
regions are the cross sections of the dendrite arms; the darker regions
correspond to the higher manganese contents, hence the pearlitic structure
upon the austenite to ferrite phase transformation on cooling. The MnS
inclusions are lined up along the middle of the interdendritic region.
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1.2

Onset of MnS precipitation

/ at 1510°C \
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Fig. 10.4 Estimation of the onset of MnS precipitation in the impurity enriched
interdendritic liquid steel initially containing 1.0% Mn and 0.01 or 0.03% S.

Fig. 10.5 Manganese sulphide inclusions in the interdentritic regions in the as-cast
conditions (0.25% C, 1.5% Mn and 0.05% S). From Ref. 7.
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10.1.3 LIQUIDUS TEMPERATURE AND SOLUTE ACTIVITY COEFFICIENTS IN THE
INTERDENDRITIC LIQUID
As the interdendritic liquid steel becomes enriched with alloying el-
ements, the liquidus temperature decreases with the progress of local
solidification. Because the equilibrium constants of reactions are tempera-
ture dependent, in calculating the state of reactions in the enriched inter-
dendritic liquid, due account should be taken of the liquidus temperature
of the steel using the formulation given in section 4.3.2b. Also due account
should be taken of the activity coefficients of solutes in the alloy enriched
interdendritic liquid using the interaction coefficients given in Table 4.2.
As an example, let us consider a steel containing 1.0% Mn, 0.2% Si. 0.5%
C,0.02% S and 0.01% P. At 90% local solidification, i.e. g = 0.1, the enriched
liquid will contain: 1.82% Mn, 0.63% Si, 1.78% C, 0.182% S and 0.083% P.
For the initial steel composition, the liquidus temperature is about 1492°C;
in the enriched liquid at g = 0.1, the liquidus temperature is 1404°C.
Changes in the solute activity coefficients from the initial (g = 1) to g =0.1
are as follows.

Solidification fvn fsi fc fs I fa
stage, g
1.0 0.92 1.29 1.19 1.11 1.15 1.07
0.1 0.74 2.56 1.94 1.58 1.69 1.34

10.2 SuBSURFACE BLOWHOLE FORMATION

In continuous casting the subsurface blowholes may form if the concentra-
tions of C, O, N and H are high. The photograph of a bloom section in Fig.
10.6 shows a severe case of subsurface blowholes that occurred in contin-
uous casting. During reheating to the hot-rolling temperatures, the oxidis-
ing furnace gases penetrate below the surface through the blowholes. The
subsurface scale thus formed cannot be removed by the scale breaker;
consequently during hot rolling, defects are developed on the surface of
the slab. In the case of rephosphorised and resulphurised steel, the forma-
tion of subsurface scale is accelerated by the oxidation of phosphorus in
the steel to iron phosphate, or by the formation of liquid iron-manganese
oxysulphide inclusions, thus increasing the extent of surface defects on the
hot-rolled product.

In the early 1960s, the author developed a simple theoretical model to
estimate steel compositions that will insure a non-porous surface in the
continuous casting of billets, blooms or slabsé. The practical validity of this
simple theoretical model was subsequently substantiated experimentally
for wide ranges of steel compositions.”%-11,
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Fig. 10.6 Section of a continuous cast 260 mm bloom showing subsurface
blowholes.

The solutes dissolved in liquid steel that contribute to the formation of
blowholes are H, N and CO. When the sum of the equilibrium partial
pressures of these solutes in the enriched interdendritic liquid exceeds the
local external pressure, gas bubbles will be generated, resulting in expul-
sion of the interdendpritic liquid into the neighbouring regions, hence the
formation of blowholes or pinholes. This statement is summarised by the
following equation depicting the onset of subsurface blowholes.

20
Pu, + PN, * Pco > Py + P+ - (10.3)
where P, = atmospheric pressure on the surface of liquid steel in the
mould
P; = ferrostatic pressure at the location of the blowholes
o = surface tension of liquid steel in contact with the gas bubble

of radius r.

For a gas bubble of 1-mm radius, the excess pressure due to the surface
tension effect is only about 0.02 to 0.03 atm. For the size of pinholes or
blowholes observed in castings, the surface tension effect becomes insig-
nificant. The subsurface blowhole formation in continuous casting will
occur in the early stages of the solidification, a short distance below the
meniscus where the total pressure is only slightly above atmospheric. We



304 Fundamentals of Steelmaking

may take an average of 1.05 atm as the critical total gas pressure for the
onset of the subsurface blowhole formation in continuous casting. The gas
partial pressures are calculated for the solute enriched concentrations
using the solubility data given in Chapter 4. The total gas pressure buildup
at 90 percent local solidification is used in estimating steel compositions
which are susceptible to the formation of blowholes.

Two examples are given in Fig. 10.7 showing the effective gas partial
pressure buildup in the interdendritic liquid at about 90% of solidification.
Fig. 10.7a is for Al-killed steels containing C < 0.1% and 0, 50 and 100 ppm
N. Hydrogen in the steel is a major contributor to the formation of subsur-
face blowholes. With the Al-killed steel containing 50 ppm N, the critical
hydrogen content is 8 ppm for the onset of blowholes. In fact, if the steel in
the tundish contains about 9 ppm H, which sometimes can be the case in
Q-BOP steelmaking, a breakout in the caster becomes imminent. Gas bub-
bles forming in the early stages of solidification enter the mould gap and
become intermixed with mould flux, thus lowering the thermal conduc-
tivity at the gap; this situation can be the cause of a break-out in the

2.0
@

1.6

]

T

+ 12 Blowholes
Z B————
No blowholes

08

0.4
2.0

(b)

Total pressure (atm)

1.6

1.2 " Blowholes

No blowholes

{CO + Ny + Hy)

0.8

0.4

0 2 4 6 8 10
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Fig. 10.7 Total gas pressure at 90% local solidification. (a) Al-killed steel containing
<0.1% C (b) Semi-skilled steel containing: (i) 1.5% Mn, 0.2% Si, 0.08% C, 10 ppm O (ii)
0.5% Mn, 0.03% Si, 0.02% C, 40 ppm O.



Reactions during Steel Solidification 305

mould. Fig. 10.7b is for semi-killed steels containing (i) 1.5% Mn, 0.2% Si,
0.08% C and 10 ppm O and (ii) 0.5% Mn, 0.03% Si, 0.02% C and 40 ppm O.
The critical hydrogen content for the onset of blowhole formation is 4 ppm
H for 100 ppm N and 6 ppm H for 50 ppm N in the steel.

10.3 CASTABILITY OF RESULPHURISED STEEL

Steel compositions best suited for free machinability must also satisfy the
requirements for castings free of blowholes. Unfortunately, the metallurgical
requirements for good machinability are often contrary to other metallurgical
requirements for good castability. For instance, steel compositions for a high
machinability rating, e.g. AISI Grade 1215 —resulphurised and Grade 12114 —
resulphurised and leaded steel, developed originally for ingot mould casting,
are not suitable for continuous casting because of the low silicon (<0.01% Si)
and high oxygen contents (250 to 350 ppm O) of the steel.

In the resulphurised steel (~ 0.3% S), to which no Si or Al has been
added, the primary reaction in the interdendritic liquid is the formation of
liquid manganese oxysulphide particles.

[Mn] + [O] = (MnO)
[Mn] + [S] = (MnS)

From the known thermodynamic data on the MnO-MnS system?® and the
solute enrichment formulations, the formation of oxysulphides during
steel solidification are computed for an average liquidus temperature of
1500°C. Calculations are made for resulphurised steel (0.30% S, 200 ppm

liquid oxysulphide (10.4)

1.4

0.9% Mn % C
------- 1.2% Mn 0.10

Total gas pressure (atm)
[=)

0.6
2

H (ppm)

Fig. 10.8 Computed gas pressure in interdendritic liquid steel at 90% local solid-
ification for steels containing 0.3% S, 50 ppm N and indicated concentrations of Mn,
C and H.
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Fig. 10.9 Estimated C and Mn contents of free-machining steels (containing 0.3% S,
200 ppm O, 50 ppm N and 4 or 6 ppm H) for continuous casting, free of subsurface
blowholes.

O) containing 0.9 to 1.2% Mn, 0.06 to 0.10% C, 50 ppm N and 3 to 8 ppm H.
The computed total gas pressure in the interdendritic liquid at 90% local
solidification is shown in Fig. 10.8. Taking 1.05 atm as the critical pressure
for the onset of blowhole formation, the critical carbon and manganese
contents are estimated as given in Fig. 10.9. With carbon contents above
the line, the subsurface blowholes are expected to form in continuous
casting.

It should be noted that the fast rate of cooling inherent to continuous
casting, results in the formation of oxysulphide particles that are smaller in
size and have Mn/Fe ratios lower than those formed in the ingot mould
casting. Consequently, for the same steel composition the machinability
rating of continuously cast steel will be lower than that which is cast in a
large ingot mould. This is demonstrated by the machinability ratings
given below.

Screw test
Cross section Average size of MnS Machinability,
of casting, mm inclusions, pm?2 parts per hour*
152x152 billet 39 90
254x254 bloom 62 145
380x508 bloom 80 170
810x810 ingot 150 300

*Tests were made at the U.S. Steel Technical Center
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10.4 CriTicaL RaTio (MN/S). TO SuPPRESS HOT SHORTNESS OF STEEL

The hot shortness of steel at hot working temperatures and crack suscep-
tibility of steel in continuous casting, have long been known to be due, in
part, to the presence of liquid oxysulphide and iron sulphide at the grain
boundaries. The unanimous consensus of many plant investigations and
laboratory studies, is that the hot ductility decreases with a decreasing
ratio of Mn/S below some critical ratio. There are wide variations in the
technical literature on the value of the critical ratio (Mn/S), for the sup-
pression of hot shortness of steel. These reported variations are due to the
method of testing and to the criterion chosen for the definition of the
ductile/brittle transition.

The results of three separate studies®12.13 are given in Fig. 10.10 for Al-
killed steels, showing the relationship between the critical ratio (Mn/S),
and sulphur content of the steel. For compositions above the line only Mn$S
forms; below the line some liquid FeS forms with the FeS/MnS ratio
increasing with a decrease in the Mn/S ratio below the critical value. The
points in Fig. 10.10 are based on the experimental work of Schmidtmann
and Rakoskil* as interpreted ty Toledo et al.1? The formulation derived by
the author® for the estimation of (Mn/S), becomes less accurate at low
sulphur contents. In the author’s formulation, (Mn/S), = 2.7 is for the free-
machining steel with 0.3% S and 200 ppm O; this compares well with the
ratio 3.5 estimated from practical observations of the ductile/brittle transi-
tion in the hot rolling of free-machining steels.15 An average value of (Mn/
S). = 3.0 is used in marking the region of hot shortness in Fig. 10.9.

It should be emphasised that the foregoing evaluation of (Mn/S), is for
steel (i) in the as-cast condition and (ii) in which the precipitation of MnS
occurs under the conditions of local equilibrium in the solidifying inter-
dendritic liquid. In the case of rapid rates of solidification, as in continuous
casting, the local reaction equilibrium may not prevail and some liquid
‘FeS’” may precipitate in the last liquid to freeze, resulting in low hot
ductility even though the ratio Mn/S in the steel > (Mn/S).. However,
upon annealing at a high enough temperature, the nonequilibrium ‘FeS’
will be converted to MnS, resulting in the recovery of hot ductility, as
demonstrated by several examples in the work reported by Lankford.16

10.5 CAS FORMATION DURING SOLIDIFICATION

The sulphide shape control by the calcium treatment of steel discussed in
section 9.10.4 is another consequence of microsegregation and reactions:
occurring in the interdendritic liquid.

During the calcium treatment of Al-killed low-sulphur steels, the prim-
ary reaction is the conversion of alumina inclusions to molten calcium
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Fig. 10.10 The critical ratio (%Mn/%8S), as a function of sulphur content of steel.
Calculated lines: a Ref. 8, b Ref. 12, ¢ Ref. 13; Experimental points: O, O Ref. 14.

aluminates containing a small amount of sulphur. As is seen from the
reaction equilibrium data in Fig. 6.11, the equilibrium sulphur distribution
ratio (S)/[S] for the reaction with calcium aluminate, increases with a
decreasing temperature. As the steel temperature is decreasing from the
end of calcium treatment to the start of casting, the aluminate inclusions in
the melt will pick up sulphur as demonstrated in Fig. 10.11 for steels
containing 0.01 and 0.06% Al, 10 and 40 pm S, 20 and 40 ppm O (total). The
reaction with the aluminate inclusions shown below

(CaOo) + 2[S] + [Mn] + %5[Al] — (CaS-MnS) + ¥5(Al,05)

will continue in the interdendritic liquid during the progress of solidifica-
tion, as depicted in Fig. 10.11. The lower the sulphur content and higher
the aluminium, oxygen (as Al,O;) and calcium contents (as aluminate
inclusions), the more extensive will be the sulphide shape modification,
i.e. suppression of MnS precipitation. As shown in Fig. 10.12, the sulphide
morphology modification is enhanced by manganese in the steel, par-
ticularly at lower levels of Ca and higher levels of S.

Steel in the tundish usually contains less than 25 ppm of Ca and O as
calcium aluminate inclusions. Therefore, to achieve an acceptable level of
sulphide shape modification, i.e. little or no MnS precipitation, the sulphur
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Fig.10.11 Calculated conversion of dissolved sulphur to CaS on dispersed particles
of calcium aluminate during cooling and solidification of steel.
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Fig. 10.12 Calculated conversion of sulphur in steel to Ca (Mn)S during solidifica-
tion of the steel containing indicated amount of Ca, S and Mn.
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content of the steel should be less than 30 ppm with Ca/S ratio of at least
1:1, or preferably somewhat higher.

10.6 CAauses AND EFrecTs oF NITRIDE PRECIPITATION IN CONTINUOUS
CASTING

The microalloyed HSLA steels are susceptible to the formation of trans-
verse cracks on the surfaces of continuously cast slabs. This serious prob-
lem in the manufacture of HSLA plate steels (for line pipes, pressure
vessels, and offshore oil constructions) has been investigated extensively
since the late 1970s. For background information, reference may be made
to a series of papers published in conference proceedings, HSLA Steels
Technology and Applications” and Vanadium in High-Strength Steel8.

In continuous slab casting of crack-sensitive steels, the transverse cracks
are seen mostly on the loose surface (top surface) of the slab because the
top surface of the slab is under tension during unbending at the straight-
ener. The transverse cracks initiate at the valleys of deep oscillation marks
and propagate below the surface along the austenite grain boundaries. As
would be expected, the surface cracks are always filled with scale and
show internal oxidation. The subsurface intergranular cracks, caused by
the sulphide, nitride, and carbonitride precipitates at the prior austenite
grain boundaries, are neither oxidised nor related to oscillation marks.

10.6.1 HOT DUCTILITY

The initiation of transverse cracks at oscillation marks and their propaga-
tion below the surface of the slab is a manifestation of low-hot ductility of
the steel at a temperature when the slab is being straightened. For a better
understanding of the mechanism of formation of surface cracks in the
continuous casting of slabs, numerous studies have been made of the
effects of temperature and steel composition on the hot ductility of HSLA
steels using the Gleeble hot-tensile test machine. In most tests, the steel
sample is given a homogenising treatment at a temperature of 1300 to
1350°C, cooled to the test temperature in the range 600 to 1200°C and
subjected to tensile test at the strain rate of about 3 x 10-3s-1, which
approximates that experienced by the slab during bending and straighten-
ing in the strand.

As typical examples, some of the test results of Mintz and Arrowsmith!®
are shown in Fig. 10.13; similar results were obtained by many other
investigators. The low ductility trough associated with the austenite —
ferrite transformation at temperatures of 850 to 700°C, as noted in plain
iron-carbon alloys,20 extends to higher temperatures with the addition of
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Al and/or Nb, even though the microstructure is fully austenitic. This
effect of Al and Nb is, of course, due to the precipitation of AIN and
Nb(C,N) at the austenite grain boundaries, as substantiated by numerous
studies using electron microscopy and electron diffraction techniques. The
papers cited in References 19 through 26 are typical examples of such
studies. Even in a much earlier study by Lorig and Elsea,?” in the
mid-1940s, it was noted that the precipitation of AIN at the primary aus-
tenite grain boundaries was one of the principal causes of intergranular
fracture in carbon and low-alloy steel castings.
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Fig. 10.13 Effects of Nb and Al on hot ductility of HSLA steels after solution treat-
ment for 5 min. at 1330°C. From Ref. 19.

Both precipitates of AIN and Nb(C,N) at the austenite grain boundaries
have similar deleterious effects on hot ductility. In fact, any fine precipitate
at the austenite grain boundaries will lower the hot ductility of the steel. A
rationale for the effect of precipitates on hot ductility may well be at-
tributed to Hasebe,28 who concluded from his earlier studies that the hot
ductility derived from hot tensile tests is dependent on the effectiveness
by which precipitates reduce the mobility of austenite grain boundaries.

It is now a well established fact that the low hot ductility trough in the
C-Mn-Si steels, low in Al content, is associated with the austenite —
ferrite transformation. The low hot ductility, resulting in intergranular
fracture, is caused by strain concentration at the austenite grain bound-
aries accompanying the precipitation of the thin films of the softer ferrite
phase at the grain boundaries.
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In the case of the HSLA steels, the low hot ductility associated with
intergranular fracture is caused by the grain-boundary precipitation of
nitrides and carbonitrides which reduces grain-boundary mobility, lead-
ing to growth of voids around the precipitates, thus facilitating inter-
granular crack propagation, even when the microstructure is fully
austenitic. As the concentrations of Al, Nb, C and N increase, the pre-
cipitation of nitrides and carbonitrides begin at higher temperatures,
resulting in low hot ductility at temperatures well above the A, transfor-
mation temperature, hence widening the temperature range of low hot
ductility.

There is always an impurity enrichment at the valleys of oscillation
marks where the nitrides and carbonitrides will precipitate, causing local
low hot ductility. When the oscillation marks are deep, the local rate of
heat transfer will be reduced, resulting in blown grains below the depres-
sion, thus causing further local weakening of the surface layer. Noting that
a deep oscillation mark increases the stress concentration due to the notch
effect of the depression during straightening of the slab, the surface cracks
initiate at the valleys of deep oscillation marks. Nevertheless, the primary
cause of crack initiation and propagation is the precipitation of nitrides
and carbonitrides concentrated at surface depressions and along the aus-
tenite grain boundaries. Without precipitation of nitrides and car-
bonitrides, surface ripples alone cannot cause transverse cracks.

The process variables, such as rate of cooling and/or rate of straining,
affect the particle size and rate of precipitation of nitrides and car-
bonitrides which, in turn, govern the temperature range of the low hot
ductility trough. For example, Mintz and Arrowsmith found that cooling
the steel at a faster rate to the Gleeble test temperature, gave significantly
less precipitation of Nb(C,N) in the matrix and a much finer precipitation
of Nb(C,N) at the austenite grain boundaries, resulting in a lower hot
ductility. They also showed that in the Gleeble tension tests, a slower
strain rate widened the temperature range of low hot ductility.

In their study of the influence of prior precipitation on hot ductility,
Wilcox and Honeycombe?4 found that the temperature range of low hot
ductility in the HSLA steels increased when the steel sample was given
an intermediate heat treatment of 15 minutes at 850°C, near the A; tem-
perature; their experimental results are reproduced in Fig. 10.14. This
effect of intermediate heat treatment at a lower temperature is due to an
increase in the volume fraction of the precipitates of AIN and Nb(C,N)
on reheating, resulting in the extension of the low hot ductility trough to
higher temperatures. It follows from these observations that a tempera-
ture cycle near the slab surface in the secondary cooling zone below the
mould will enhance the precipitation of nitrides and carbonitrides, con-
sequently increasing the chances of formation of surface cracks at the
slab straightener.
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Fig. 10.14 Hot ductility (&, O) and hot strength (v, v) of HSLA steel after solution
treatment for 30 min. at 1300°C, the steel composition: 0.24 C, 1.20 Mn, 0.07 Nb, 0.06
Al, 0.01 N. From Ref. 24.

It should be noted that the intergranular precipitates are not readily
seen under electron microscopy on replicas taken from transverse sec-
tions across the intergranular cracks because of the two-dimensional
nature of the intergranular precipitate. With the technique developed by
Wilcox and Honeycombe, direct carbon extraction replicas taken from
the intergranular fractures were used to study grain-boundary
precipitation.

In accord with the temperature range of low hot ductility caused by
precipitation and y — a transformation, the depth of transverse cracks will
depend on the temperature gradient below the surface of the slab. That is,
the cracks will propagate to a certain depth where the temperature is high
enough for the steel to be in the ductile range and/or where the tensile
stress field becomes too low. It should also be noted that the transverse
cracks may propagate deeper below the surface during cold scarfing to
remove surface ripples because of the steep temperature gradient generated
during scarfing, resulting in thermal stresses below the slab surface.

Tramp elements, such as Cu, Sn, Sb and iron-rich Fe(Mn)S accumulating
at the austenite grain boundaries because of microsegregation during so-
lidification, are also responsible for low hot ductility of austenite, par-
ticularly in the as-cast condition.
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Then there is the effect of grain size on the hot ductility of austenite. As
demonstrated by Ohmori and Kunitake??, for a given mode of matrix
strengthening mechanism, the elongation in tensile testing is determined
by the prior austenite grain size and is linearly proportional to the inverse
of the prior austenite grain size. In a recent study, Maehara et al.30 found
that the austenite grain size in the as-cast structure depends largely on the
carbon content of the steel, the maximum grain size being in the 0.10 to
0.15% C region where the hot ductility is low. This effect of carbon on the
hot ductility of austenite in the as-cast condition is in addition to the well-
known carbon dependency of surface-cracking susceptibility in continu-
ously cast slabs,31-33 which is due to the 8-ferrite — austenite phase trans-
formation in low-alloy steels containing 0.09 to 0.16% C.

Mintz and Arrowsmith® noted that slabs from casts (low Al content)
which gave no plate rejections had a course distribution of Nb(C,N) at the
austenite grain boundaries (Fig. 10.15a); interparticle spacing and mean
particle size of ~140 and 40 nm, respectively. Slabs from casts (high Al
content) which had high plate rejections were found to have a fine dense
boundary precipitation of Nb(C,N) (Fig. 10.15b); interparticle spacing and
mean particle size of ~60 and 14 nm, respectively. Similar observations
were made by Funnell?3 with the precipitation of AIN in low-alloy steels;
smaller AIN particles at the austenite grain boundaries, causing poorer hot
ductility than coarser particles. The observed particle-size effect on hot
ductility is in general accord with the expected particle-size effect on the
grain-boundary mobility: the coarser the particle size and greater the in-
terparticle spacing the lesser is the reduction in the grain-boundary mobi-
lity, i.e., the higher the hot ductility.

The practical significance of these findings is that the HSLA steels may
be rendered less susceptible to cracking during hot deformation by con-
trolling the precipitation of nitrides and carbonitrides so that coarse pre-
cipitates are formed at the austenite grain boundaries.

(a) ~ X 18,000

Fig. 10.15 Precipitation of Nb(C, N) at the austenite grain boundaries in HSLA
steels: (a) coarse precipitate in the cast (0.021% Al) having no plate rejections; (b) fine
precipitate in the cast (0.036% Al) with high rejection level. From Ref. 19.
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10.6.2 MODES OF NITRIDE AND CARBONITRIDE PRECIPITATION

The precipitation of nitrides and carbonitrides plays a key role in the grain
refinement of HSLA steels through controlled hot-rolling and ther-
momechanical treatment. As part of the development work on HSLA steels,
numerous studies have been made of the solubilities of nitrides and carbides
in low-alloy steels. A detailed information is given in a previous publication
by the author3# on the reassessed values of the equilibrium solubility prod-
ucts of nitrides and carbides; these are summarised in Table 4.6.

In section 4.5, two examples were given of the equilibrium precipitation
of AIN and Nb(C,N) in Fig. 4.31: (a) precipitation in homogeneous aus-
tenite and (b) precipitation in the solute enriched regions which would be
the case for the as-cast structure. However, the nitrides and carbonitrides
do not precipitate readily during cooling of the steel casting or during
cooling of the steel after the solution treatment. Gladman and Pickering?35
for example, have shown that the steel containing 0.08% Al and 0.012% N,
after the solution treatment at 1350°C, had to be cooled at a rate of 1 to 2
°Cmin-! before any appreciable precipitation of AIN occurred below
900°C at which the supersaturation ratio, as defined below, is about 53.

[%X] [%Y]
{%X] [%Y]},

where the subscript e indicates the equilibrium solubility product at a
given temperature.

In hot ductility tests, steel samples are cooled to the test temperature at
relatively high rates, e.g., >50°C/min, yet there is a grain-boundary pre-
cipitation of nitrides and carbonitrides which results in low hot ductility. It
has long been concluded from these observations that precipitation from
the supersaturated solution is strain induced and occurs during the me-
chanical test to measure ductility at a particular temperature.

The strain-induced precipitation from the supersaturated solution is
shown schematically in Fig. 10.16 with respect to the equilibrium pre-
cipitation. The equilibrium precipitation occurs only in the isothermal
treatment of steel for which the treatment time is longer at lower tempera-
tures, e.g. about 30 minutes at 1100°C and 72 hours at 850°C. As men-
tioned earlier, Mintz and Arrowsmith found that a strain-induced
precipitation occurs at higher temperatures, i.e. lower supersaturation
ratios as the strain rate decreases. In continuous casting, the strain exerted
on the slab surface during bending in the strand would be adequate for
the onset of a precipitation of nitrides and carbonitrides, leading to crack
formation at the straightener. The temperature cycle at and near the slab
surface caused by nonuniform water-spray cooling in the strand, will also
increase the extent of strain-induced precipitation, enhancing the crack
susceptibility of the steel.

Supersaturation ratio =
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Fig. 10.16 Nitride and carbonitride precipitation from supersaturated solution in
austenite.

The supersaturation of nitrides and carbonitrides in austenite during
cooling of the casting can be prevented, by having in the solidified steel a
certain volume fraction of appropriate inclusions, upon which the nitrides
and carbonitrides grow with little or no supersaturation. A small amount
of Ti addition to the steel is expected to bring about coarsening of the
grain-boundary precipitation of AIN and Nb(C,N).

10.6.3 INTERDENDRITIC PRECIPITATION OF TIN

The solubility product of TiN in low-alloy liquid steel is [%Ti][%N] = 6.15
x 10-% at 1500°C, which is taken to be the average liquidus temperature of
low-alloy steels. The calculated TiN precipitation in the interdendritic lig-
uid is shown in Fig. 10.17 for steel containing 0.02% Ti and 60 ppm N.

About 55 percent of the nitrogen is converted to TiN precipitate at 99
percent local solidification. Upon complete solidification, most of the re-
maining N in solution will precipitate as TiN, provided %Ti/ %N = 3.42.
The volume percent of TiN precipitated in the interdendritic liquid, which
subsequently becomes the austenite grain boundary, is shown in the lower
diagram in Fig. 10.17.

The particles of TiN seated at the austenite grain boundaries will be the
sites upon which NbC, 5, will precipitate during cooling of the steel, in
accord with the equilibrium precipitation as shown in Fig. 4.31b for
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Fig. 10.17 Calculated TiN precipitation in the interdendritic liquid during solidifica-
tion of steel containing 0.02% Ti and 60 ppm N.

Nb(C,N). Although NbC, 4, is soluble in TiN, because of the low inter-
diffusivities in the carbonitrides and relatively fast rate of cooling of the
steel, the NbC, 4, will precipitate epitaxially on the TiN particles. By this
means of enforcing the equilibrium precipitation of NbC g, at higher
temperatures, resulting in coarser precipitates at the austenite grain
boundaries, the low hot ductility trough will be shifted to the lower tem-
perature range where y — o transformation occurs, i.e. about 850 to 700°C.
Now if the surface temperature of the slab at the straightener is main-
tained at a temperature of either above 900°C or below 700°C, the trans-
verse surface or subsurface cracks should not develop during
straightening of the slab.

Similar to TiN, the solubility for ZrN in liquid steel is low: [%Zr][%N] =
1.9 x 10-3 at 1500°C. Therefore, the precipitation coarsening can be
achieved also with the addition of Zr. However, the required minimum
mass ratio %Zr/ %N = 6.52 is about twice that with Ti. Furthermore, the
nozzle blockage becomes a serious problem in continuous casting of steel
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containing Zr. For these reasons Ti would be the preferred addition to
achieve precipitate coarsening.

+If the Al and N contents of steel are sufficiently high, there will be AIN
precipitation in the interdendritic liquid, providing sites for the growth of
other nitrides and carbonitrides during cooling of the steel, as noted in
previous studies.’®-36 Because of other adverse effects however, high lev-
els of Al and N in the steel cannot be tolerated.

With the titanium fixation of nitrogen as TiN, most of the aluminium
will remain in solution in the steel, and the grain refinement during con-
trolled rolling will be primarily via the solution and reprecipitation of
niobium-vanadium carbides containing some TiN. The primary role of Al
in such steels is in the deoxidation of liquid steel, for which 0.02 to 0.03%
Al (dissolved) would be adequate.

10.6.4 CRITICAL MICROALLOYING ELEMENTS IN HSLA STEEL

There are many publications on the recent developments of HSLA plate
steels for continuous casting, reporting similar results and recommenda-
tions for improved practices. In addition to the papers cited so far, refer-
ence may be made also to the papers by McPherson et al.3738 and by
Coleman and Wilcox.3?

Concensus is that the slab-rejection rate due to transverse cracks is
reduced by decreasing the contents of Al, Nb and N in steel containing
<0.09% C. The addition of Ti up to about 0.02% has been noted to reduce
the crack sensitivity of steel. Microalloying of HSLA steels are usually in
the ranges shown below.

0.06 to 0.08% C
0.02 to 0.03% Al
0.015 to 0.025% Nb (if the steel is normalised)
0.008 to 0.015% Nb (if the steel is quenched and tempered)
0.06 to 0.08% V
0.01 to 0.02% Ti
<50 ppm N
< 5ppmB

As for the casting practice, there should be uniform cooling of the slab
surface in the spray zone, also the slab surface temperature at the strand
straightener should be either above 900°C or below 700°C, to ensure that
no surface and subsurface transverse cracks are formed in the continuous
casting of high-strength, low-alloy steels.
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cost effectiveness 200, 216-217, 279
crack susceptibility 97, 105, 307, 315
cracking

hydrogen-induced (HIC) 286, 290

transverse 310, 312, 313, 317, 318
cristobalite 143

D
Daido-NKK 259
Dalton’s law 2
de Laval nozzles 229
decarburisation
carbon monoxide production 227
and desulphurisation 237
effect of sulphur 4041
rate 39-41, 218-219, 220-222, 226,
281-283
vacuum degassing 280-281
degassing 78-79, 97, 245, 277-285
see also RH degassing; RH-OB degassing;
vacuum degassing
dehydrogenation 283-284
denitrogenation 77-78, 162, 284-285
density, temperature dependence 129-130
deoxidation
aluminium 197-199, 262-263, 266-268,
287
calcium-silicon 268
ferromanganese 193
in the ladle 262-268
products 264
reaction equilibrium 193-199
silicomanganese 193, 196, 266
silicomanganese/aluminium 197
slag aided 263-268
dephosphorisation 200, 202-205, 2367
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desiliconisation 200, 200-202
desulphurisation
,argon stirring 245, 270-271
" basic oxygen steelmaking (BOS) 207, 208,
239
electrode arc furnace 242
in hot metal refining 200
Japanese methods 200, 202-205
in the ladle 190, 191, 205-208, 269-276
rate 252, 274-276
reducing conditions 100, 237
and sulphur pickup 100
Thyssen-Niederrheim (TN) 270
DH degassing 245, 278
diffusion 41-44, 89-90
Scheil equation 297-298
diffusion-limited enhanced vaporisation
67-70
diffusivity
data 86-87, 135
definition 43-44
electrode graphite 67
pressure effect 90
temperature effect 132-133
Dillinger Huttenwerke 271
ductility 286
Dulong and Petit’s law 9

E
2E/FIX 80
electric arc furnace steelmaking
chromium oxidation 184, 242
desulphurisation 242
electrode consumption 56-57
equilibrium and non-equilibrium states
242, 243
iron oxide~carbon relation 241
iron oxide-manganese oxide—-manganese
relation 242
melt temperature 181
nitrogen content 264
phosphorus reaction 242
slag composition 144, 181, 240-241
slag-metal reactions 240-243, 264
sulphur reaction 242
electrical conductivity
of slags 177-178
of steel 133
electrode, see also carbon
electrode consumption 56-57
electrode graphite, diffusivity 67
emulsion 226-227

energy

definition 3

of reaction 35
enthalpy (heat content) 34, 6

of activation 37

at melting point 11-13

of gases 83

of mixing (solution) 15, 16

of reaction 5, 6
entropy 7

of mixing (solution) 15

of reaction 8-9
equilibrium constant 19

temperature dependence 19-20, 122
equilibrium and non-equilibrium reactions

in EAF steelmaking 242, 243

in oxygen steelmaking 239
equilibrium states of gas mixtures 83-86
Eucken correction factor 88
eutectic systems 22, 23, 102
EXOSLAG practice 272-274

F
F*A*C*T 31
face centred cubic iron 100, 133, 134
fatigue resistance 290-292
Fe/Mn see ferromanganese
ferric/ ferrous iron ratio 165-166
ferrite phase 101
ferrite stabilisers 107
ferromanganese 193, 197, 257, 259, 262
ferrosilicon 197, 262, 263
Fick’s diffusion laws 4144, 134
FID 80
Finkl-Mohr system 277
first law of thermodynamics 3-6
flaking 283
FLUENT 80
fluorspar (calcium fluoride) 211
fluxes 174, 178, 202, 211, 245, 253, 254
foaming of slags 226-230, 254
forsterite 145
fractional saturation 4243
free energy

change 18-19

of formation 9, 10

Gibbs 8

metal oxides 158-159

of mixing (solution) 15, 94-95
fume suppression techniques 68
furnace bottom, slagging 223
furnace charge 209-214



control 211-214, 215
furnace lining 212
breakout 119
furnace tapping 255-256

G
gas bubbles
close-packing arrangement 75
kinetics 70-73, 76-77
nucleation and growth 70-71
in oxygen steelmaking 70-73
size 74-76
gas constant 2
gas holdup 71-73
gas laws 1-3
gas mixtures, equilibrium states 8386
gas stirring 223, 224, 249-253
gases
heat content 83
kinetic theory 86-87
molar heat capacity 82-83
reaction with porous materials 48
reactive 67-70
solubility 95, 160-166
thermochemical properties 81-85
transport properties 86-89
Gay-Lussac’s law 1
GENMIX 80
Gibbs adsorption equation 26
Gibbs free energy see free energy
Gibbs~Duhem integration 151, 152
Gleeble test 310, 312
grain boundary precipitation 307, 310-317
graphite
diffusivity 67
solubility 102, 103

H
haematite 44, 45, 57-67, 90, 111
hairline cracks 283
heat

of adsorption 28

balance 213-214

capacity 4, 9-11

content see enthalpy

of melting 13

of reaction 6

transfer 4448
heat-affected zones of welds 286, 290
Henry's law 17, 18, 19, 91
Hess’s law 6
HIC see cracking
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high carbon steel, tyre cord grade 254
high strength low alloy (HSLA) steel
continuous casting 318
cracking 286, 290, 314
degassing 97
grain refinement 315
hot ductility 310, 312
microalloyed 245, 310, 318
plate grade 108
high sulphur steel 271
high temperature processes 34
Hoogovens I[Jmuiden BV 217, 218, 230
hot ductility 307, 310-314
hot metal refining, Japanese steel industry
200
hot rolling 307, 315
hot shortness 115, 117-118
and oxysulphide 115, 117-118
suppression 117-118, 297, 307
hot workability 297
HYDRIS 238, 284
hydrocarbon gas 209, 238-239
hydrogen
diffusivity 133, 135
dissolved 302-303, 304
in oxygen steelmaking 238-239
pickup 257
solubility 96-97
hydrogen sulphide, solubility 99100
hydroxyl capacity, calcium oxide-iron
oxide-silica 161

I
ideal gas 1
ideal solutions 16
impact energy 286
inclusions
detrimental 291,292
flotation 268-269
morphology control 245, 285-286,
289-292, 297
physicochemical aspects 293, 294
interaction coefficients 17-18, 91-92, 94
interdendritic liquid steel 297-302
interdiffusion, binary systems 4344
interfacial reactions, kinetics 3441
interfacial tension see surface tension
interfacial turbulence (Marangoni effect)
167-170
iron
crystallographic forms 100-101
density 129
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iron (cont.)
diffusivity 135
manganese content 193, 194
oxidation 4445, 180
oxygen content 193, 194
phase transitions 100
silicon content 194
vaporisation rate 68, 69
viscosity 132
iron alloys, surface tension 126-129,
131
iron ores, reduction rate 57-62
iron oxide
activity 153-156, 180
pore structure 63
reduction 57-62, 90
iron oxide—calcium oxide-silica, surface
tension 166, 168
iron oxide—carbon relation
in EAF steelmaking 241
in oxygen steelmaking 232-233
iron oxide-manganese oxide, phase
diagram 142
iron oxide-manganese oxide-manganese
relations 242
iron oxide-manganese oxide-manganese—
oxygen relations 234-236
iron oxide-~manganese oxide-silica, surface
tension 166, 168
iron oxide-silica
phase diagram 143, 144, 145
surface tension 166
iron oxysulphide 115-117, 297, 306, 307
see also iron-sulphur-oxygen
iron—carbon
decarburisation 3941
density 130, 131
phase equilibrium 101-110
viscosity 132
iron-carbon-magnesium 120-122
iron—carbon-silicon-magnesium 122
iron-manganese oxysulphide 117-118
iron-manganese silicate melts 194
iron—oxygen, thermodynamics 110-113
iron-silicon-magnesium 119-122
iron-sulphur 114
carbon addition 128
iron-sulphur—carbon 103
iron-sulphur-oxygen 115, 116, 117

] :
Japanese steel industry 200, 208, 214-217

K
Kawasaki Steel Corporation 215, 222
killed steel 263, 269

see also aluminium killed steel
kinetic theory, gases 86-87
Kirkendall effect 43 i
Knudsen diffusivity 89, 123
Kobe Steel Corporation 222
Kopp's rule 9, 11

L
Lackenby 230
ladle furnace steel refining 141, 245-296
addition chill factors 254-255
conditions 193-194
degassing 277
dephosphorisation 203
desulphurisation 206
ladle lining 245
preheating 246-249
slags 152, 162, 253-254
lance bubbling equilibrium (LBE) 222, 223
lance injection 229-230, 262
Langmuir adsorption isotherm 27-29
lattice constant, temperature effects 100
LD process see basic oxygen steelmaking
(BOS)
lead, solubility in liquid iron 119
lead—magnesium alloys 122
lime see calcium oxide
limestone
calcination 4649
see also calcined limestone
Linz-Donawitz (LD) process 209
liquidus temperatures, low alloy steels
109-110
low alloy steel
carbon oxidation 182
electrical conductivity 133, 133-134
liquidus temperatures 109-110
oxidation rate 4445
peritectic reaction 104-105
phase boundaries 105
phosphorus reaction 186
slag composition 15, 219
sulphur reaction 163
thermal diffusivity 136
thermodynamic activities 91
low carbon steel 104, 280

M
machinability 286, 297, 305, 306, 307



magnesia
ladle lining 245
refractory properties 145, 146
in slag 140, 141, 149
solubility 123-124, 146, 147, 150, 219
magnesia—carbon, refractory properties
212,222
magnesia-silica, phase diagram 145
magnesio—wustite 146, 147, 149
magnesium
desulphurisation 205
solubility in iron—carbon alloys 119-122
magnesium sulphide, solubility in liquid
iron 123-124
magnetite 44, 45, 57
manganese
austenite stabiliser 106
density 129
in deoxidation 193, 194, 196
diffusivity 135
in EAF steelmaking 265
and hot shortness 115, 117
oxidation 181, 235, 262
and peritectic temperature 109
vaporisation 257
manganese aluminosilicate 153
manganese oxide
activity 156-158, 195
addition to calcium oxide-silica-iron
oxide 151
manganese oxide-alumina-silica, oxide
activities 153, 154
manganese oxide—carbon relation, in
oxygen steelmaking 234
manganese oxide—-manganese sulphide,
thermodynamics 305
manganese sulphide 289-290, 299, 300-301
manganese/sulphur ratio 115, 307
Marangoni effect 167-170, 227
mass diffusivity, slags 176-177
mass transfer 4448
material balance 211, 288-289
mathematical modelling 48-51, 56, 80, 302
melt temperature 181
melting points of polymeric substances 13
METADEX 80
metallurgical requirements 305
MgO see magnesia
microalloyed HSLA steel 245, 310, 318
microsegregation 297, 307
mill scale in hot metal refining 200, 201
minimum slag process 208, 259
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miscibility gap 23, 103, 115, 116, 143

mixing time 251-252

molar heat capacity of gases 82-83

molar quantities of solutions 15

molecular mass effect in transport
phenomena 89

molecular self-diffusivity 89

molybdenum 109, 211

MTDATA 31

multicomponent systems 94

N
Nernst-Einstein equation 177
network see silcate network structure
nickel 106, 109, 110, 119, 129, 132, 211
niobium 125, 126
niobium carbide 316-317
niobium-vanadium carbides 318
Nippon Kokan 222
Nippon Steel Corporation 201, 207, 208,
222, 245, 278
nitride capacity 160, 162
nitride inclusions, detrimental 291
nitrides
precipitation 297, 310-318
solubility 125-126, 127, 128
nitrogen
diffusivity 133, 135
dissolved 302-303
in EAF steelmaking 266
injection 222
in oxygen steelmaking 238-239
pickup 256, 263, 266, 270, 274
removal see denitrogenation
solubility 97-98, 160, 162
titanium fixation 318
nitrogenation 38-39
NKK Corporation 201
non-ideality 3, 16, 19, 91
non-steady state diffusion 41-42

O
OBM process see Q-BOP process
offshore installations 269, 290, 310
oil-quenched steel 291
olivine 146, 149
open hearth process 184, 190, 200
open heat tapping 262-263
optical slag basicity 141-142
oxidation
carbon 51-57, 182-183
chromium 184-186



328 Fundamentals of Steelmaking

oxidation (cont.)
iron 4445, 180
.manganese 181
* phosphorus 186-189
silicon 183-184
oxidation rate, low alloy steels 44-45
oxide content, slags 145, 212, 218, 219, 240
oxide inclusions, morphology control
285-286
oxides
activities 150, 150-158, 196
free energy 158-159
and silicate network 139
solubility 123-124
surface tension 166170
oxygen
acitivity coefficients 189
blowing rate 220-221
diffusivity 133, 135
effect on surface tension 27, 28, 167, 169,
170
injection, in reheating 261-262
in iron 193, 194
and nitrogen 256
potential diagram 158-159
and silicon-manganese deoxidation 300
solubility 110-113, 165, 221-222, 235
in steel 279, 288
oxygen steelmaking
blowing processes 209-244
blowing rate 229
dynamic blowing control 214-217
dynamic nature 239
gas bubble kinetics 70-73
gas evolution 227
see also basic oxygen steelmaking: Q-BOP
steelmaking
oxygen—carbon relation, in oxygen
steelmaking 231-232
oxysulphides 297, 306, 307

P
parabolic rate equation 44-45
partial pressures 2
passivation 6
periclase 145
see also magnesia
peritectic systems 22, 102, 104, 110
peritectic temperatures 104, 106, 107, 109
Perrin process 190
phase boundaries 105, 110
phase diagrams 20, 21-23, 25, 26

binary systems 142-145
calcium aluminate 288
iron-base 100-124
phase rule 20
phase transformations 1112, 100, 101, 104,
143
PHOENICS 80
phosphate capacity
and basicity 187
of slag 141, 187-189
phosphorus 109, 110
activity coefficients 189
diffusivity 135
low 218
oxidation 186-189
reactions
EAF steelmaking 242
oxygen steelmaking 236-237
removal 219
reversion 258, 263
in slags 140
in steel 211, 218
pipeline steels 286, 290, 310
polymeric materials 10-11, 44, 83
pore diffusion 89-90
pore structure 6367
porous materials, reaction with gases 48
porous plugs 249, 250, 251, 270
potassium 69
potential diagram, oxygen 158-159
pressure effects, transport phenomena 88,
90
pretreatment of blast furnace iron 200-208
protoenstatite 145
pyrometallurgy 34, 68, 82
pyroxene 147
pyrrhotite 117

Q

Q-BOP steelmaking
degassing 79
denitrogenation 77-78
gas bubbles 71
hydrogen content 238-239, 304
iron oxide—carbon relation 232233
iron oxide-manganese oxide—

manganese—oxygen relations 234-236

manganese oxide—carbon relation 234
melt temperature 181
nitrogen content 238-239
oxygen blowing 220-221, 230
oxygen—carbon relation 231-232



phosphorus reaction 236-237

process 209, 210

slag basicity 181

slag carryover 258

slag steelmaking 219

sulphur reaction 237-238
quartz 143
quaternary systems 122, 145-150

R
radioactive tracers 176
Raoult’'s law 16, 17, 91
rate constant, temperature dependence
36-37
rate controlling reactions see reaction rates
rate equations, gas bubble reactions 76-77
rate phenomena 34-81
reaction rates 58
recirculation degassing 278
reducing slag, electric furnace 144
reduction
of iron oxides 57-62
of sulphur 189-192
reduction products, pore structure 63-67
refractories 145, 146
dolomite 143
magnesia—carbon 212, 222
thermal conductivity 246-247
thermal cycling 245-246
reheat cracking 286, 290
reoxidation of steel 165
resulphurised steel, castability 305-306
RH degassing 245, 278, 279, 281-283
RH-OB degassing 245, 262, 278, 279

S
Scheil equation 297-298
scrap, composition 119, 209-210
second law of thermodynamics 7
semi-killed steel 197, 262, 268, 269, 305
Sievert’s law 95
silica, phase transformations 143
silicate inclusions, detrimental 291
silicate network structure 11, 12, 138, 139,
172
silicomanganese, in deoxidation 153, 193,
197, 262, 264-266, 300
silicon
addition 211
and calcium solubility 119
in deoxidation 196
diffusivity 135
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in iron 109, 110, 194
oxidation 183-184, 262
in steel 267
similarity relation 75
slag
basicity 140-142, 180, 181, 212, 219, 220
calcium aluminate 190
carryover 257-259, 263
chromium recovery 184-186
composition
and activities 153, 154
AOD 186
basic oxygen steelmaking 217-219
blast furnace 69
electrode arc furnace 240-241
estimation 212-213
ladle slag 253-254
low alloy steelmaking 15
oxide content 212-213
and steel reoxidation 165
turndown 219-220
conditioner 253
density 170-172
desiliconisation 202
electrical conductivity 177-178
foaming 73, 226-230, 254
ionic nature 44, 138, 140, 176-178
ladle 253-254
lime-saturated 183
mass diffusivity 176-177
molten, physicochemical properties
138-179
oxide activities 150-158
oxide content 140, 145, 212, 218, 219, 240
phosphate capacity 187-189
recycling 202
solubility of gases 160-166
sulphide capacity 141, 189-192, 191
thermal conductivity 178
thickness 258-269
use for constructional purposes 144
viscosity 172-176
waste product disposal 200
slag minimum refining process, Nippon
Steel Corporation 207
slag steelmaking, Q-BOP 219
slag—metal distribution 161-162
slag-metal interfacial tension 166-167 |
slag-metal reactions 240-243, 252-253, 263
slag—steel reactions 180-199
sodium carbonate flux 202
sodium oxide 167
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SOLA/VOF 80
SOLGASMIX 31
Sollac Dunkerque 230
solute enrichment 297-302, 299
solution 15, 43
sour gas.and oil 286, 290
spessartite 254
spinel inclusions, detrimental 291
spreading coefficient 31
stainless steelmaking, AOD 184
standard state 5
steady state diffusion 41
steel
aluminium content 267
aluminium-killed 199
aluminium content 270
carbon content 108, 211, 280
castability 286
degassing 78-79
deoxidation 153, 196, 262—269
desulphurisation in the ladle 190, 191
high sulphur 271
homogenisation by gas stirring 249-253
impurities 297
liquid, gas holdup 71-73
liquid
density 129-130
reactions with slag 180-199
mechanical properties 297
oxgyen content 288
phosphorus content 211
physicochemical properties 91-137
quality 259
reheating 259, 260261
oxygen injection 261-262
reoxidation 165, 270
silicon content 267
solidification reactions 297-314
sulphur content 211, 269
thermodynamic properties 91-95
steel castings, cooling 9697
steel refining, in the ladle 172, 180, 245-296
steelmaking
heterogeneous reactions 34
open hearth process 200
oxygen blowing process 99, 209-244
see also basic oxygen steelmaking (BOS);
electric furnace steelmaking
strain potential of structural tessellation
291
sublance technology 214-217
subsurface blowholes 297, 302-305, 306

sulphate ions, in slag 140
sulphide -
capacity 141, 163, 164, 189—192
inclusions, morphology control 285, 287,
289-290, 297, 308
solubility in hquld iron 123-124
sulphur
in blast furnace slag 69
and decarburisation 4041
diffusivity 135
effect on denitrogenation 284-285
effect on interfacial ten510n 167, 169
low 218
and nitrogen 256
pickup, and desulphurisation 100
reactions
in EAF steelmaking 242
in oxygen steelmaking 237-238
reduction 189-192
removal 219
solubility 114, 163
in steel 110, 211, 218, 269
sulphur dioxide, solubility 99
Sumitomo Metal Industries 200, 203
supercooling 132
supersaturation 315, 316
surface active substances 39, 76, 78
surface curvature, and surface tension 29
surface defects 286, 302
surface energy see surface tension
surface tension 25-26
effect of surface curvature 29
and foam formation 227
liquid iron 27, 28
liquid iron alloys 126~129, 131
liquid oxides 166-170
practical importance 29

T

tank degassing 277

tap ladle 197, 245-249

tap temperatures, basic oxygen
steelmaking (BOS) 183

TEACH(2D, 3D) 80

tearing, lamellar 286, 290

temperature effect
activity coefficients 302
carbon oxidation 56
density 129-130
dephosphorisation 203, 204
diffusivity 132-133
equilibrium constant 19-20, 122



lattice constant 100
pore structure 63-67
rate constant 36-37
thermal conductivity 135
thermodynamic activity 14
transport phenomema 88
viscosity 133 .
ternary systems 23-25, 145-150
thermal conductivity 86-87, 134-35
refractories 246247
slag 178
temperature dependence 135
and thermal diffusivity 88
and viscosity 88
thermal cycling 245-246, 315
thermal diffusivity 88, 136
thermochemical properties, gases 81-90
thermodynamic activity see activity
thermodynamics 1-32, 110-113
thermomechanical treatment 315
Thiele, mathematical analysis 48-51
third law of thermodynamics 7
Thyssen Stahl AG 208
Thyssen-Niederrheim (TN),
desulphurisation 270
titanium 129, 318
titanium nitride, interdendritic
precipitation 316-318
top lancing 230, 249
topochemical reduction 59
tramp elements 313
transfer ladle 200
transport phenomena 34, 81-90, 86-89
tridymite 143
triple point of water 20

Index 331

turndown 182-183, 219-220, 225, 226, 230,
237
tyre cord grade, high carbon steel 254

U
USS. Steel 68, 79, 209, 226, 231, 239, 263, 271,
272, 283, 306

\'%

vacuum degassing 245, 277-285
decarburisation 280-281

vacuum-carbon deoxidation 291

vanadium 109, 110, 129

vaporisation of metals 67-70

vaporisation rate 37, 70

viscosity 86-87, 130-132, 172-176
temperature dependence 133
and thermal conductivity 88

W

Wagner's equation 45

water, solubility 98-99, 160

white falling slag 144

white fumes (blast furnace) 69, 70
wollastonite 254

work of adhesion and cohesion 30
wustite 44, 45, 58, 59, 111, 115, 116

X
X-ray fluoroscopy 168

VA

zirconia, stabilised 198
zirconium 318
zone-refined iron 112
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