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ABSTRACT

Steel-clad calcium wire was fed into 40 kg heats of AISI
steel with various sulphur and aluminum contents under argon
atmosphere. Samples were taken continnously during and after
calcium injection for chemical and inclusion analysis from
more than twelve heats of injection. Calcium dissolution was
found to be enhanced by instantaneous reactions with oxygen
and sulfur in the boundary layer. The unreacted calcium
diffuses through the gas-liquid film into the melt for oxide
and sulfide inclusion modification. The overall interaction
between oxides and sulfides with the bulk drives towards the
equilibrium of (Ca0) + S = (CaS) + Q0. The system paths from
the initial state to the final state were kinetically studied
with the assistance of a -a, . diagrams, which were calculated
by applying a regular solution model to the solid phase and an
ideal model to the liquid phase of the CaS-MnS phase diagram
at various steelmaking temperatures. A mathematical model for
the multiphase kinetics was developed to interpret the calcium
dissolution, deoxidation, desulphurization, oxide and sulfide
inclusion modification during and after calcium injection.

The implications for full-scale operation were discussed.
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CHAPTER 1

INTRODUCTION

Calcium-based additions are made to steels not only for
deoxidation and/or desulphurization, but also for the control
of inclusion composition and morphology due to its high

affinity for oxygen and sulfur in the melt.

If enough calcium is added, the solid alumina (Al,0;)
inclusions can be transformed into liquid calcium-aluminate
(CA,) inclusions. Aas a result, not only the volume fraction
of remaining inclusions will be decreased, but also the nozzle
clogging due to the precipitation of solid alumina inclusions
during continuous casting will be prevented. If more calcium
is added, the manganese sulphide (MnS) inclusions can also be
modified to calcium-manganese sulphide (Ca,Mn)S. All of the
above efforts result in a cleaner steel, and the improvement
of the machinability and/or the machanical properties of the

final product.

However, excess addition of calcium in the melt with
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high sulfur would result in the formation of solid calcium
sulphide, which also precipitates on and clogs the nozzle
during continuous casting. Therefore, the basic
understandings of the thermodynamics and kinetics behind these
treatments are needed, in order to achieve the optimum

conditions for the reliable industrial performances.

Despite the fact that calcium treatment of steel is wide-
spread, the results obtained are often erratic. While some of
this may be attributed to variation in steelmaking practice,
much of the problem is related to the fact that the mechanisms
by which calcium dissolves, desulphurizes, deoxidizes and

transforms sulphide and oxide inclusions are largely unknown.

There have been a number of studies on the thermodynamics
of calcium treatment %, put the inclusions observed in
practice often differ from that expected from equilibrium.
Therefore there is a need to study the kinetics of treatment
to determine the way in which bulk concentrations change in

the steel and the way inclusion distributions develop.

Few well-controlled injection experiments on calcium
treatment of steel have been carried out. The current
experiments were performed in the 40 kg furnace enclosed in a
vacuum chamber, which was filled with argon following the

pumping down of the air. The experimental conditions and
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results can therefore be continuously and accurately measured
and controlled. The present experiments have focused on the

following three important parameters:

(a) the effect of the calcium injection rate,
(b) the effect of the initial sulphur content, and

(c) the effect of the initial oxygen/aluminum content.

The present results quantitatively demonstrate these and
other important parameters' effects on the calcium absorption,
desulphurization and deoxidation, and inclusion modification
during and after calcium injection. A comprehensive
mathematical model has been developed to study the kinetics
for this multiphase system, and to quantitatively interpret
the experirental results. The implications for full-scale

operations are also discussed.



CHAPTER 2
LITERATURE REVIEW

2.1 CALCIUM METAL, IT8 ALLOYS AND COMPOUNDS

Calcium is the fifth most abundant element in the earth's
crust comprising 3.63% of the earth crust. It exists in
nature mainly as calcium chloride and lime, which serve as the
raw materials for making metallic calecium, calcium alloys and

calcium compounds used for metallurgical purposes [,
2.1.1 The Production of Calcium
There are generally twoe processes to obtain calcium

metal: molten salt electrolysis and the thermal reduction

process 1,

Electrolysis

The industrial production of calcium by electrolysis was

started in France and Germany in 1920 and in the U.S.A. from
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1939. In general, a cathode tip is dipped into the pure
calcium chloride melt which serves as the electrolyte. After
the electrical connection is made, calcium deposits
onto the cathode, which is slowly raised in a way to just
preserve the contact with the melt on salt. Successive layers
of calcium precipitate onto the cathode tip to form a
cylindrical block, which is then remelted and cast into
billets. The purity of calcium made is generally 90-95% with

Fe, Al, Mg, Si and CaCl, as the main impurities.

Thermal Reduction Process

In 1944, the New England Lime Co. of Canada succeeded in
producing relatively pure calcium metal by thermally reducing
lime with aluminum in a vacuum. At present, most calcium is
produced by this method, which is an improved version of the
Pidgen process for making magnesium. Having been loaded into
a horizontal reaction vessel and exposed to temperatures of
1050-1200 % and a vacuum of 103 torr, the mixture of cao0
powder and Al turnings reacts to form Ca vapour and calcium

aluminate according to the following reactions:

6Ca0 + 2Al1 - 3Ca0"Al,0, + 3Ca (2.1)



5Ca0 + 2Al1 - 2Ca0-A1,0, + 3Ca (2.2)

4Ca0 + 241 = Ca0'Al,0, + 3Ca (2.3)

The calcium vapour diffuses to the low temperature part
of reaction vessel and condenses there. By this method, the
purity of calcium reaches 99% with Mg and Al as the main

impurities.

2.1.2 Chemical Properties of Calcium

Calcium is a silver white metal. Exposed to air, its
surface is immediately covered by a grey oxide layer, which
gradually transforms into hydroxide and carbonate !, with
its strong reactivity like the rest of alkali metals, calcium
can easily affiliate with o0, N, H, s, P, Si, and halogen
compounds. Reaction with oxygen starts at room temperature
and with nitrogen at a temperature of 300 ¢, while calcium
chloride formation occurs around 400 °%C. If Ca is heated in
a CO, atmosphere, it changes to CaC,. Reaction with hydrogen
starts at 250 °c, resulting in the formation of calcium

hydride CaH,.

2.1.3 Physical properties of Calcium

The basic properties of calcium are shown in Table 2.1.1



TABLE 2.1

THE BASIC PROPERTIES OF CALCIUM [T

T

atomic number 20
atomic weight 40.08
valency 2

atomic shell configuration

2-8-8-2 coordinated on K,
L, M and N shell

atomic radius

1.97 &

ionic radius

0.99 & (caz2+)

covalent radius

1.74 A

isotopes

40,42,43,44,46,48

atomic volume

25.9 cm®/g.atom

¢lectrochemical equivalent

0.20762 mg/C

density

fcc: 1.55 g/cm® (20°C)

bee: 1.48 g/cm® (450°C)
melting point 850°C
boiling point 1483°C
crystal structure fce: (25-450°C)

bee,hep (450-850°C)

thermal expansion
{| coefficient

22*10"® cm/cm/°C
{0-300°C)

specific heat

0.157 cal/g (~850-20°C)
0.149 cal/g (20-100°C)

heat of melting

2070 cal/mole

heat of evaporation

36 kcal/mole (1483°C)

thermal conductivity

0.3 cal/cm.s.°C (0-100°C)

electric resistivity

_——

3.43 ufifem® (0°C)




Bolling Point and Vapour Pressure

The boiling point and vapour pressure of calcium are of
special importance for the application to steel refining. The
values of the boiling point and the heat of evaporation
measured by various investigators are given in Table 2.2 [,

The average value of calcium's boiling point is 1483 °C.

TABLE 2.2
PUBLISHED VALUES OF THE BCILING POINT

AND HEAT OF EVAPORATION OF CALCIUM ©

Author(s) year of AHgp T
publication kcal/mole ©

H. Hartmann, R. Schneider 1929 40.30 1439
K. K. Kelley 1935 . 1487
J. F. Elliott, M. Gleiser 1960 35.84 1482
R. Hultgren 1963 36.39 1483
|| O. Kubaschewski, E. L. L. Evans 1967 36.00 1483
|| E.Schdrmann,P.Fiinders,H.Litterscheidt 1974 34.57 151

The Ca vapour pressure and its dependence on

temperature can be calculated from the following equation ¥:

log P, (atm) -~ -8082/T + 4.579 (1000-2000 K) (2.4)
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From the equation, the Ca vapour pressures P, at 1550,

1600 and 1650 9% are 1.4, 1.846 and 2.31 atm respectively.
Thus higher pressure systems are required in order to
determine the solubility of calcium in liquid iron and steel

at steelmaking temperatures.

2.1.4 Calcium solubility in Liquid Iron and 8teel

Since early 1890, various researchers %' trjed but
failed to determine the solubility of calcium in the iron and
steel, even though small amounts of calcium were sometimes

found in steel in the form of non-metallic inclusions.

It was Sponseller and Flinn ¥ who succeeded in measuring
the solubility of Ca in iron and variocus iron alloy melts.
They claimed that the reason for the failure of the earlier
investigators was the absence of a liquid layer of calcium in
contact with the liquid steel. So they conducted experiments
using titanium nitride crucibles under 13.4 atm pressure of
argon to prevent the evaporation of Ca. As a result, they
could obtain 2-phase Ca-Fe melts under equilibrium conditions.
All experiments were kept for at least 3 minutes at 1607 °C to
obtain the equilibrium. Solubility measurements were made for
pure iron and Fe-C, Fe-Si, Fe-Al, Fe-Ni and Fe-Au alloys. For
pure iron an apparent solubility of 0.032% Ca was obtained.

It was also observed that additions of C, Si, Al and Ni to the
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iron melt decreased the activity of Ca and therefore lead to
an increase of Ca solubility. More recently their results
were confirmed and expanded by others ™ wunder similar
experimental conditions. Figure 2.1 shows both groups' 0,4
results of calcium solubility in pure iron as a function of
temperature at 10 bar. It is seen that the solubility of

calcium in 1liquid iron increases with temperature. The

agreement between the two groups at 1600 °Cc is fairly good.

The dissolution of calcium vapour into a liguid iron may

be written as:

Ca.“n - .Ca(“ (2-5)

For the dilute solutions, the equilibrium constant for

the above equation is given as:

KC'& - — (2-6)

where
h,, = calcium activity in the steel melt using 1lwt% as
the standard state
P, = calcium vapour pressure using 1 atmosphere as thz
reference state
K., = equilibrium constant
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bar as a function of temperature (1/4]
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By regression through the experimental data in Figure
2.1, one can derive the relationship of K, against the inverse

of the temperature as the following:

log K, = 4307.86/T - 4.0572 (1823-1923°K)  (2.7)

Since K, is only a function of the temperature, it can
be used to calculate the calcium activity from the known
vapour pressure at a certain temperature, or to calculate the

equilibrium pressure from its activity by equation 2.6.

Both groups % found that alloying elements such as
carbon, silicon, aluminum and nickel increase the calcium
solubility, while chromium significantly reduces calcium
solubility. The interaction parameters e%a of the alloying
elements in the iron are given in Table 2.3. The graphic

expression is shown in figure 2.2.

From the data in Table 2.3, one can calculate the
calcium activity for the particular experimental conditions

according to the following equation:

log h,, ~log[%Cal-0.337[%C]+0.014[%Cr]-0.043 [%N1i]-0.096 [$Si.

-0.054 [%A1] -0,007 [$Mn]
(2.8)
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bar pressure [1:4]
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TABLE 2.3

INTERACTION COEFFICIENTSB ex(:a in iron at 1600 °C

e, Sponseller & Flinn Kohler et al.
s - -
s, 0.097 0.096
[11
e, -0.072 -0.054
Hi - -
e '“ 0.044 0.043
M - -
et 0.007
c -
et +0.014
C - -
| e, 0.337

No one has correctly estimated calcium solubility
directly from an experiment conducted under normal conditions
(1 atmosphere of calcium vapour at 1600 °C). Although some
(2,1413) ¢ried to calculate the dissolved calcium content by
subtracting the calcium combined with the inclusions from the
total calcium, that dissolved calcium value could not be
interpreted as the calcium solubility, since under normal
conditions, equilibrium was not reached. Their results could
be explained as the balanced calcium contents between calcium

supply and calcium elimination.



15

In view of the negligible solubility of argon in liquid
metals, variations in the pressure of argon should have a
negligible effect on the calcium concentration in the iron-
rich liquid, as long as the pressure is sufficient to permit
the existence of the calcium-rich liquid M. However, at a
pressure lower than its vapour pressure which is insufficient
to maintain a calcium-rich layer, the calcium sclubility is
the function of the calcium gaseous pressure and the'chemistry
of the melt. For the present experimental conditions (at 1
atmosphere and 1600 °C), calcium solubility in 1045 steel is
calculated according to equations 2.5-2.8. At 1600 °C, K, is
calculated to be 0.017 from equation 2.7. Substituting K
into equation 2.6, the calcium activity h, in equilibrium with
1 atm of calcium pressure is then 0.017. If h  is inserted
in eguation 2.8 with the chemical compositions of AISI 1045

steel, the calcium solubility is calculated to be 0.024%.

2.1.5 Calcium Alloys and Compounds

The addition of calcium to steel melts can be made in its
pure form, or in the form of alloys such as CaSi and CaSiMn or

compounds such as CaC, and CaO.

Calcium can associate with 8i, Al, Fe, Mn, Ni, Ba and the

Rare Earth metals to form various kinds of binary, ternary and
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multicomponent alloys. These alloys have relatively higher
densities than that of molten iron and steel, and provide for
a low vapour pressure of Ca. This is report=d to allow a
very stable Ca addition to steel and other metals. The most

often-used and important ones are listed in Table 2.4 D41,

The most common calcium compounds used for the
metallurgical purposes are CaoO, Caco,, CaF,, CaC,, cacCl,, CaCN,
and cas "', when calcium is added in the form of a compound
that is stable ! and largely insoluble in the steel at the
treatment temperature, the vioclence of the reaction is greatly
reduced. Thus, CaC,, CaCN, and CaCl, may be introduced in the
bath, where they react with sulfur and/or oxygen with a
minimum of volatilization. These compounds are successfully
employed to desulphurize pig iron, but for a number of
reasons, not for steel treatment. CaS addition in the steel
was recently found ¥ useful as a refining agent to improve

the machinability of the free-machining steel.

More recentcly, calcium metal, calcium alloys and
compounds were together as a mixture or used in sequence to
treat steels more effectively for desulphurization,
dephosphorization, inclusion modification and other

metallurgical purposes 19201,
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TABLE 2.4

COMPOSITION OF Ca ALLOYS (wt%) .19

|#-alement type of alloy | Ca Si AI_ Mn I Fe Mg | Ni Ba Raa
Casi 60.64 | 33.66 1.15 0.20 2.83 F
2-alement Ca$l, 4167 | 58.33
CaNiy, 8§9-~25 75~91
CaSiFe >20 35~40 15~30
CaAlFe 19--33 a-~22 56~57
CaSiMn 16~20 | 53~59 14~18
a.alement CaSiAl 18~22 | 60~62 | 10~20 4~5
CaSiBa 15~20 | 45~55 16~20
| CaSiMg | 24~29 | 48~56 Bal® | s5~12
CaSIRe® | 18~24 | 50~55 10~20
CaSiAlFe 18~22 | 43~51 | 19~32 4~5
4-element | CaSiMnFe »20 | 35~40 10~25 | 10~20
CaS|MpFe | 12~16 | 50~57 22~28 2~5
CaSiAlMnFe | 15~20 | 30~45 | 5~10 | 10~25 | 10~25
s-element | CaSiBaAlFe | 10~13 | 38~42 | 19~21 Bal. 9~12
I CaSiMgAIFFe | 20 | 42 | 2 Bal, 12

8 Re: Rare Earth metals

b Bal: Balance

2.2 HIBTORY ON CALCIUM APPLICATIONS IN BTEELMAKING

Since Davy @V discovered calcium in 1808 by isolating
the element in its pure form, it took one century for it to be

used in steelmaking, and it took nearly another century for



is
the process of calcium addition into steel to be fully-
established, and to date our understanding of the process is

still very limited.

Around the turn of the last century, calcium was able to
be produced in the form of CaSi by the following two processes
71: (1) the production of CaSi by Morehead and Chalmot in
1896, using a direct reduction of lime and quartz with coke or

charcoal according to the reaction:

€a0 + 2810, + 5C = Ca + 25i + 5C0 (2.9)

(2) Bozel and Wilson in 1908 used calcium carbide instead of
lime as a starting material and produced CaSi according to the

reaction:

caC, + 2510, + 2C = Ca + 25i + 4CO (2.10)

In 1906 Watts ' added caSi to a steel melt and found an
improvement of the cleanliness of the steel. Thereafter,
Goldschmidt 2 reported that CaSi is an effective agent for
the deoxidation of the steel melts. Geilenkirchen &3
obtained similar results for a mixture of Al and CaSi. In the
following years, the initial observations by Goldschmidt were

confirmed by various experimants [2!- 1n 1931, pure Ca was
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first tested for the deoxidation of steel ¥, Furthermore,
Mantell and Hardy " reported that Ca additions may have
various positive effects also in non-ferrous metals. These
authors found that Ca removes bismuth from lead, reduces the
hydrogen content, generally acts as a degassing agent and
deoxidizer in a number of metals and improves their mechanical
properties. At that time, Chipman ™8 estimated through
thermodynamic calculations that Ca can reduce the oxygen
content in steel to 10 in equilibrium with 1 atm of Ca
vapour. However, several researchers 230 guestioned the
effectiveness of Ca deoxidation, because Ca has a low boiling
point of 1439 % and it is insoluble in steel. In 1940, with
the simultanecus addition of Al and caSi, it was found BV
that Ca can reduce the amount of harmful manganese sulfide and
alumina clusters, change the shape and distribution of
inclusions and improve the ductility, toughness and hot
shortness of the steel products. Around 1950, doubts were
raised again about the effects of Ca in steel due to its poor
reproducibility which varies with operational parameters, and
more importantly, with the methods of addition of Ca in the
melt B3, fThus for about half a century, various divergent
opinions about the usefulness of Ca existed and impeded its
industrial applications in steel. The historic development of

this period is summarized in several papers [13:.33,

However from 1960, stimulated by the explosive world wide
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growth of the steel industry, extensive research on the basic
thermodynamics of Ca deoxidation, desulphurization, and
inclusion modification has been done. Modern and
sophisticated methods of Ca addition into the steel melt have
been developed to increase the efficiency and reproducibility
of the process. Calcium addition has become a routine to
ensure the stable castibility by eliminating the solid
aluminate inclusions which otherwise would cause nozzle
clogging during continuous casting. Finally, calcium
treatment of steel has established itself as a recognized
refining method to ensure cleaner and higher quality steels.
Recent developments are contained in a series of conferences
(33 and the most comprehensive study on the subject is
presented in the first international symposium devoted to

calcium treatment B3,

2.3 METHODS OF CALCIUM ADDITION TO STEEL

In view of the limited solubility of calcium in steel and
the violent reaction taking place, the method of addition of
calcium is very important to its retention in steel and its
effectiveness on the final products. With the advance of the
technology, the methods of calcium addition have improved over
the century. The early forms of addition were simple, but

suffered from lower calcium retention in steel. Modern
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processes are equipped with sophisticated units to achieve

higher calcium yield.

2.3.,1 Early Addition Methods

Over the first half of the century, various methods were

attempted with variable success P8, Listed below are some of

the conventional methods for adding calcium to steel:

1)

2)

3)

4)

5)

6)

7)

Tap the molten steel onto the calcium alloy placed in
the bottom of the ladle.

Add the calcium alloy to the surface of the molten
steel in the ladle,

Add the alloy in lump form attached to the end of a
metal rod plunged deeply into the ladle.

Add the alloy in expanded metal screens attached to
the end of a long weighted bar quickly lowered by a
crane into the melt.

Add the alloy in a large sealed steel pipe with holes
drilled in the side. The pipe is plunged deep into
tihe melt until agitation ceases usually after 15-30
seconds.

Briquette calcium metal with sponge iron or steel
chips.

Shoot slugs of the alloy by air pressure deep into

the melt.
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8) Wrap the alloy in bags and add to ladle stream

The conventional calcium addition methods often result in
short contact time or small contact area between the evolved
calcium gas and the melt, and the calcium yield and reaction

efficiency are also very low.

2.3.2 Powder Injection Method

In the middle of 1960's, Thyssen-Nuederrhein (TN) Company
succeeded in developing an industrial process for calcium-
argon blow B71, It is a pneumatic injection process in which
powdered calcium or other reagents are injected by an carrier
gas, deep into the melt through a lance. The equipment used
for TN injection method is schematically in figure 2.3. It

consists of three main parts:

(1) Main support unit and the lance: This is the frame
work of the unit to support the whole system, and
controls the movement of the lance, which carries
the gas-powder mixture into the melt.

(2) Powder dispenser: It sits directly on top of the
lance, to store and controls the flow of powdered
reagents.

(3) Carrier gas supply unit: which supplies the currier
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gas with adjustable pressure and flow rates. The
carrier gases can be an inert gas such as argon or

nitrogen which has limited reaction with the melt.

However this simple pneumatic dispenser system was
upgraded and improved to a complete ladle metallurgical system
with multi containers and computerized facility by
Scandinavian Lancers System in 1972 8, The injection system
is schematically shown in figure 2.4. By comparison with TN
process, Scandinavian Lancexs System is more flexible and
automatically controlled, and it c¢an also inject several

different types of powder reagents in sequence.

2.3.3 Wire Feeding Method

The technology of adding Al wire to a steel melt is well
known and is widely used for adjustment of the soluble Al
content because of the high and controlled yield of the
addition method B9, 1In recent years, it has been used for
adding calcium in a similar way %49, Extensive research has
been done on the dissolution of both Al and Ca wires during
their additions to steel Y“¥%3, an acceleration transducer was
also used to measure the vibration caused by calcium

evaporation on its addition to the steel melt 4,

Figure 2.5 shows the outline of a feeding process, in
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which iron-clad calcium wire is continuously fed to the iadle
by a wire feeder. Calcium and calcium alloy cored wires are
derived from the welding technology. Such wires were
developed with feeders, generally, for treatment in full
ladle, in bottom pouring and in tundish of casters. The

survey of the technique and the results was made recently %%,

Even though calcium wire is more expensive than calcium
powder, by comparison, the process of calcium powder injection

has the following disadvantages over wire injection process:

l) Larger loss of the temperature.

2) The treatment is made mainly in ladle, at relatively
large flow rates making it difficult to be used in
small ladles and in the tundish of casters.

3) Low calcium recovery compared to calcium wire
injection.

4) More complex and hard to control.

5) Higher capital costs.

Therefore, this simple and easy-control feature of
calcium wire injection has gained its wide applications in
secondary steelmaking, especially for refining in small or

medium size refining vessels.



Figure 2.5

Wire feeder

Calcium wire feeding process [45]
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2.3.4 Wire Lance Injection

In 1983, Pfizer Inc, began field testing a new process,
which combines features of Powder Injection and Wire Injection
methods ®8, and it is called the Wire Lance Method (WL
process). As shown in figure 2.6, a calcium wire is fed into
the steel melt through a ceramic lance, which is submergasd
about 2 meters below the liquid free-surface. Prior to
feeding the wire, the lance is purged with an inert gas and
the gas flow continues during the wire injection period.
Basically a modification over the simple Wire Feeding Method,

the WL process claims the following advantages [“8!:

1) The wire enters the melt at a depth determined by
the 1lance immersion and therefore sufficient
ferrostatic pressure can be provided to avoid
"boiling” of calcium at the location where the wire
dissolves into the steel melt.

2) Protected by the steel sheath, calcium core starts
to react with the liguid steel only about 1 second
after the wire entered the melt. Therefore,
calcium reaction takes place far from the lance and
is not influenced by the gas bubbles rising from
the lance tip to the melt surface.

3) In contrast to the Powder Injection process, the

inert carrier gas has no carrier function, and its
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Wire lance method (46)

Figure 2.6
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flowrate c¢an be adjusted solely for maximum
stirring and purging of the melt.

4) Calcium vapour bubbles created when calcium raises
above the critical vaporization depth will be small
and well dispersed. Emerging bubbles will create
little disturbance and this reaction of the steel

with the atmosphere will be small.

It is claimed that the even dispersion of small liquid
calcium and long contact of calcium with the melt deep below
the steel melt surface, ensures a maximum calcium-steel
interaction. Figure 2.7 compares the calcium yield for the
Wire Feeding and Wire Lance methods “¥, A much better yield
is achieved, if calcium wire is added through the lance deep
into the steel melt. The improvement is especially profound

for small additions.

The three modern addition methods of calcium described
above are all based on the same principle: To introduce
calcium or calcium alloy as deep as possible into the melt to
ensure calcium contact and react effectively with the steel
melt for as long as possible. Since the calcium yield or
recovery is still 1low (<50%) and cost of the process
installation and operation is still relatively high, that same
problem will provide the same incentives for the future

innovation for adding calcium to steel.
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Figure 2.7 Comparison of calcium yield between wire

lance method and wire feeding method [46)
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2.4 DEOXIDATION,DESULPHURIZATION & REMOVAL OF OTHER IMPURITIES

The main feature for calcium application in steel is its
high reactivity with oxygen, sulfur and other impurity
elements such as P and N. The calcium reaction products are

therefore more stable than those of most other metals.

2.4.1 Thermodynamics of Calcium Oxides and Sulfides

The standard free enerqgy of formation for calcium oxide
and for sulfide is shown in figure 2.8 in comparison to those
of Mg and Mn 7, It is recognized that the equilibrium
activities of oxygen and sulfur with calcium are smaller than
those with magnesium and manganese. So that calcium would
have a higher degree of deoxidation and desulphurization when
it is added to molten steel. As the oxides are
thermodynamically more stable than the sulfides, it is
expected that upon a Ca treatment, calcium oxide is formed
initially, and calcium sulfide forms after the free oxygen of
the melt has reached a certain value. The following equations
show the common reactions of Ca with 0 and S, and their
standard free energy of formation corresponding to each
reaction ¥ yhere <> denotes solid phases, {} denotes

liquid phases and () denotes gas phases.
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Figure 2.8 Formation free energy of oxide

and sulfide of Ca, Mg and Mn [47)



2(ca) + (0,) = 2{cao)

AG? - -302,650+47.32T+3kcal (298~1,124K),

2lcal + (0,) = 2{cao)

AG® « -307,100+51.28T+3kcal (1,124~1,760K),

2(ca) + (0,) = 2{ca0)

AG® = -380,200+93.24T+5kcal (1,760~2,500K),

2{ca), + (S,) = 2{cas)

AGY - -258,870+45,62T+2kcal (298~673K),

2{ca), + (S,) - 2{cas)

AG® - -259,100+45.92T+2kcal (673~1,124K),

2{cal + (s;) - 2(cas)

AG? - -263,560+49.88T+3kcal (1,124~1,760K),

2(ca) + (S,) = 2{cas)

AG® - -336,710+91,44T+5kcal (1,760~2,000K).
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However, the validity of the value of the free energy of
Ca0 formation was questioned recently ', Kay and Subramanian
derived the standard free energy change from the data of
Edmunds and Taylor ", who measured the €O partial pressure
equilibrated with cao, CaC, and C. Their data showed a large
discrepancy in the enthalpy term from the previously accepted
JANAF “91 data. The comparison is made in Table 2.5. More
recently Wakasugi and Sano ®" confirmed the uncertainty of AG®

of Ca0 formation. Their data is also included in Table 2.5.

TABLE 2.5

COMPARISON ON FREE ENERGY OF Ca0 FORMATION

AG? () Reference
Ca()) + %0,(g) = CaOfs)

841837 + 107T Kubaschawskl & Alcock [48)

842000 + 11T JANAF [48]

-564000 + 108T Kay & Subramanian’ [® {
-628000 + 1187 Wakasugi & Sano 19 "

calculated based on Edmunds and Taylor's data !5®
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2.4.2 Deoxidation

The deoxidation reaction by calcium in equilibrium with

the melt is given by:

Cal, = Ca + O (2.18)

The equilibrium constant K., for equation 2.18 can be
evaluated based on Henrian activities of Ca and 0, assuming

pure Ca0 is formed, i.e. a,, = 1:

log Kgyp = log by, + log h, (2.19)

There are two ways to determine the value of the calcium
deoxidation equilibrium constant K0! One is through the
thermodynamic calculation and the other is from the

experimental measurement.

Thermodynamic Calculation:

If one combines the reactions of calcium and oxygen
dissolution in steel, and calcium oxide formation, one would
have equation 2.18. An example of the rearrangement of the
equations involved and the calculation of K.,o 15 shown in

Table 2.6 1,
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TABLE 2.6

THERMODYNAMIC CALCULATION OF K., AND K.

Reaction AG? () Reference

Ca(l) + %40, (g} = CaOfs) -564000 + 1087 6,50

|| CaO(s) + S, = CaS(s) + 40, 91383-5.02T 52
" Cafl) = Cayyo 120133-35.537 4
1#0(g) = Qiuro -117876-2.88T 53

' #5(g) = Siwe ~131754+22.03T 53
| CaOf(s) = Ca + Q 566257-146.41T 6
“ CaOfs} = Ca + S 460996-118.487 ]

The results calculated by different authors [6:51:53-56] are
shown in Table 2.7. It can be seen that there is a couple of
order magnitude of difference in K., and K. values. This is
maybe due to the uncertainty in the free energy of Ca0

formation, as suggested by Kay and Subramarian ¢,

Experimental Measurements

If only first order interaction is considered and self
interactions along with all other elements effects are
neglected (which may be justified for all systems with strong
i-j interaction) the two activity coefficients f, and £, for

h, and h,, in equation 2.19 are given by:

log f, = eg" * [%Ca] (2.20)



TABLE 2.7

LITERATURE BURVEY OF BOLUBILITY PRODUCTS OF

a8

Ca OXIDE AND SULFIDE, AND INTERACTION COEFFICIENTS

“ Kepo | e, Keys e | T (°C) |Kgus/Kepo| Ref- "
Thermodynamic Calculati;;s
5,5%10"" - 2.1%10°° - 1600 | 38.18 53
1.5%10™" - 3.8*%10°10 - 1600 | 25.33 54
4.5%10°" | =700 - - 1600 - 55
7.0%107® - 1.96%107 ® - 1600 | 28.00 6
5.5%1077 - - - 1600 - 56
3.94%10°10 - - - 1600 - 51
Experimental Measurements
6*10°° -535 - - 1600 - 2
1.5*10°"% | -535 - - 1550 - 57
2.5%107 -535 7.9%10°8 -100 1600 | 31.60 58
4.5%10°8 -150 3.2%10°7 -110 1600 | 7.11 59
7.0%107 0 1.7%107° 0 1600 | 24.28 54

® These values are used in the present research
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log f, = e * [%0) (2.21)
equations (2.20)-(2.21) then yield:

1og Kge = log([%Cal*[$0)) +ei "« [%Ca]+el+(%0] (2.22)

Introducing K' .o (the apparent solubility product) based

on weight percent concentrations:

Kl = [%Ca)+(%0] (2.23)

and also using the relation:

eS® = (Me,/My) *+ e (2.24)

After rearranging, we have:

log Kéao = log Keyp - e§°*([%ca]+2.505[%o]) (2.25)

If one plots log K',, against ([%¥Ca]+2.505(%0]) and
obtains a linear relationship, the intercept would be log K,
and the slope would be ef'. The results from several works
(2,54,57-39) are plotted in figure 2.9, according to equation
(2.25). They fit together unexpectedly well with each other.

However, they do not exhibit a straight line behaviour. That
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is why there are very unrealistically large negative values of

e’ and e, from most of the experiments.

From Table 2.7, it shows that the activity solubility
products, h.h, and h h., obtained from the experiments are
much higher than that expected from the thermodynamic
calculations. As suggested by Kay and Subramanian !, this
discrepancy might come from some errors in the generally
established free energy of formation of Ca0O, as discussed
-earlier. Their data after some correction on AG?, is much
close to the actual experimental results. So that their
values (K_,=7*10" and K, =1.96*107 at 1600 °%C) ® are used for

the present research.

2.4.3 Desulphurization

The calcium desulphurization reaction can be written by:

CaSy) - Ca+ 8 (2.26)

Assuming for pure cas formed, i.e. a,, = 1, the
equilibrium constant, K,,, for equation (2.26) can be given

by:

log K5 - log h,, + log hg (2.27)
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Similar to the deoxidation, there are two ways to obtain

K Thermodynamic calculation and experimental measurement.

Cos*

Thermodvnamic Calculation:

The basic process of thermodynamic calculation of K. is
similar to that of calculating K. If one combines the
reactions of calcium deoxidation, calcium and sulfur
dissolution, with the equation of oxide and sulphide in
equilibrium with their gas phases (Equ. 2 in Table 2.6), one
would obtain the calcium desulphurization equation 2.26. the
detailed calculation and results are shown in Tables 2.6 and

2.7.

Experimental Measurements

Similarly, introducing K'(,. as the apparent solubility of

sulfide based on the weight percent concentrations:

Klas = [%Ca] * [%S] (2.28)

The same principle as in deoxidation can be used to
evaluate K.. and e;“ by the following equation, if a linear

relationship exists.

1og Kias = log K,g - €5 ( [$Cal +1.25[%S]) (2.29)
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According to most data, K., is usually one magnitude smaller
than K,, which means at normal experimental conditions (h,
and h, are in the same order of magnitude) deoxidation always
precedes desulphurization by calcium. In other words, it is
quite difficult to study reaction (2.26) alone and to obtain
the K. and esc*l values from equation (2.29). The combination
of equations (2.19)-(2.25) and (2.27)=(2.29) will result in

the following equations after rearranging:

10gKeast2.5€5 % [$0] =10gKg,s-e* ([$Cal +1.25[%81) (3, 30)

10gKcao*1. 2565 [$S] =10gKo,0-04" ( [£Ca) +2.5[%0]) (5, 31)

Ca Ca

Since e; and e, are included in the left side of the
equations, an iteration procedure has to be applied, if two
graphs show the linear relationship. This method was used by

custafsson ®' and his results are given in Table 2.7.

The second way to determine K, is called indirect
determination method. As mentioned in the literature 2
equilibrium between liquid metal and the crucible produces a
desulphurization of the bath by lime refractory. By combining
equations 2.19 and 2.27, one would have:

A, (2.32)

Keas = Keao “}',—
[+]
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At 1600 %C, the equilibrium ratio of h,/h, was found to
be 19, which is also the ratio between K. and K_,. K, fully

depends on the accuracy of K., value and the extent of bath

0
contamination by other elements. Their results are also shown

in Table 2.7.

2.4.4 Dephosphorization and Removal of Other Impurities

Dephosphorization is one of the most important steps in
the pretreatment of hot metal and the production of
ferroalloys and stainless steel, and, in the latter case,
dephosphorization by conventional oxidation refining is
impossible because of the preferred oxidation of the more-
reactive alloying elements present. Investigations conducted
over the last decade have shown that effective
dephosphorization can be achieved by adding metallic calcium
or calcium compounds to the melt P4 to produce Ca,P, as the

main product of dephosphorization.

Besides Phosphorus, Ca and other alkaline earth metals (X
= Ca, Ba, Mg) can also react with other elements of Va group
of periodical classification (Y = N, P, As, Sb, Bi) to form

X;Y, compounds:
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az.as

-~ (2.34)

a PR

Experimental investigations 9 show that calcium
additions in steel remove these elements (see Figure 2.10).
However, the amounts of calcium necessary are about ten times
higher than those used for oxide or sulfide shape control.
Table 2.8 shows the solubility products of calcium phosphorite
and nitride, and Figure 2.11 shows their stabilities relative
to calcium oxide and sulphide. It can be seen that they are

less stable than oxide and sulphide.

TABLE 2.8

S8OLUBILITY PRODUCTS OF Ca PHOBPHORITE AND NITRIDE

C C
Keasra e, Keaomz e, T (°C) Ref.

7.0%107% -3.1 - - 1600 Han %9

1.4%310 M - 1.2%10°1 - 1600 Nadif 4
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Figure 2.10 Evolution of non metallic elements in

Si-killed steel during Ca treatment [54]
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2.5 INCLUSION MODIFICATION BY CALCIUM

Calcium-based additions are made to steels not only for
deoxidation and desulphurization, but also for the control of

inclusion composition and morphology.

Calcium converts the solid alumina inclusions into liguid
calcium-aluminate inclusions B:4%1, aAs a result, not only
will the volume fraction of remaining inclusions be decreased,
but also the nozzle clogging, due to the precipitation of
solid alumina inclusions during continuocus casting, will be
prevented ¥V, calcium can also modify MnS into (Ca,Mn)s [6¢
661 However with the addition of toco much calcium, solid
(Ca,Mn)S may form and contribute to unnecessary nozzle

clogging in the tundish K79,

2.5.1 Oxide Inclusion Modification

Al,0, inclusions will change to various kinds of calcium-
aluminate during calcium addition to steel. The different
phases of calcium-aluminate are shown in the Ca0-Al,0; binary
phase diagram in figure 2.12 Y9, The activities of Ca0 and

Al,0, at each phase are given in Figure 2.13 0¥,

The Al,0; inclusion modification reaction by calcium can

he written by:
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Figure 2.12 The Ca0-Al,0, system [53]
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combining with equation (2.18), we would have:
1 2
Ca + 3(A1203) - {Cao) + SAL (2.36)

where the underlined symbols denote species dissolved in the
steel, and the species within the parentheses are the
components of the calcium aluminate. Then the equilibrium

constant for the above equation is:

2/3
aco Iy

K= ﬁﬁ; (2.37)

The composition of the Ca0'xAl,0; (CA, in short) depends
on the bath chemistry. As the ratic of the activity of
calcium to the activity of aluminum increases, the equilibrium
deoxidation product will shift from alumina to calcia. Figure
2.14 shows the change in the composi_tion of the inner and
outer parts of the inclusions, which formed after a Ca
addition "W, With increasing Ca amount the MnS and Al,0,
clusters are reduced and replaced by calcium aluminates, which
have a core consisting of Ca0-2A1,0,, 3Ca0°'5A1,0; and an outer
layer of (Ca,Mn)S. If the residual Ca in the steel rises
above 30 ppm, the MnS portion is replaced by CaS and the core

consists of the Ca0 rich Ca0°Al,0, compound.

Hilty and Farrell "2 also found that the Ca0 content =f

CA, increases with increases of the total calcium in the melt.
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However, they found that high sulfur retarded the speed of
this transformation. For example, at 50 ppm of Ca, calcium
aluminate consists of Ca0.Al,0, at 0.005% S, and only of
Ca0.2A1,0; at 0.015%8. Recently, Weh et al. ™™ found that
both high 21 and S contents retarded the modification of

aluminatie inclusions by calcium.

The control of the composition of precipitation
inclusions in ladle treatment processes has been the subject
of several thermodynamic investigations B.6331, Kay and
Subramanian ! developed phase stability diagrams to explain
the relative behaviour of calcium in the ladle treatment of
steel, while Faulring and Ramalingam B! construcled the
precipitation diagram for the Fe-0-Al-Ca system using the
thermodynamic calculation results from Table 2.7. Some of the

calculations from both groups B+ are shown in Table 2.8.

TABLE 2.9

BULK CONTENTS IN EQUILIBRIUM WITH DIFFERENT CA, PHASES ©.9,

hy = 0.05, T =1550 °C

f - — — |
CA, phases aca Baeg h, by hea

Koy & Faulring & Kay & Fauliing & Kay & Fauliing & Kay 8 Faulling & Kay & Faulting &

Subramanian | Ramalingam [Subramanian) Aamalingam | Subrarnanian (RamalingamgsubramanianiRamalingamy Subramanian| Ramalingam

ALO,-CAg| ©003 | 0018 | 1000 | 100 3.85 - |28tv0* 1570107 1.77+10°® | 3.83710°
CAyCA, | 0043 | 0048 | 0631 | 083 |209m0"| - |241%10%|1.38*10] 3.27+107 | 1.14110"
CA-CA | 0100 | 0068 | 0414 | 07% |780%10%| - |208%10%[1.24+10%8.72*107 | 1.81*10°®
CAC,A, | 0150 | o007 | o275 | o7o |4s3+102| - |1.83*10%[1.23"10"] 1.50*10°° | 1.85710"
CpACAl 1000 | 100 | 0017 | o002 |269*10°| - {7.21*10%|1.15*10°] 2.53*10" | 2.86*10°

—
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The major difficulty encountered by these authors was

that the thermodynamic predictions made for the systems
involving calcium did not correlate well with actual
industrial practice. For example, from Table 2.8, less than
1 ppm calcium in the melt will modify aluminate to liquid
calcium aluminate, if the system is in equilibrium. However,
solid aluminate inclusions were found in the experiments!.?"
1 even though the calecium content was up to 100 ppm in the
bulk. This discrepancy may come from the uncertainty in
measuring the dissolved calcium in the melt. There is also an
uncertainty as to whether the system is in equilibrium during
continuous calcium addition to the melt. Thus a kinetic study
of the process is very important to determine how far away the

system from the equilibrium.

2.5.2 Bulfide Inclusion Modification

Calcium treatment of steel is widely practised to modify
both oxide and sulphide inclusions. The transformation of
manganese sulphide by calcium to CaS is an important factor
contributing to surface quality, machinability, and nozzle

clogging during continuous casting.

Sulphide inclusions with varying amounts of Mn and Ca in
solid solution have been observed in different grades of

calcium treated steel %! church et al.” were among the
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early ones to find (Ca,Mn)S inclusions in vacuum-degassed,
bearing steel. Salter and Pickering "® reported an extensive
solid solubility range in the ternary system: Mns, casS, and
FeS, containing up to 19% MnS and 4% FeS in CaS. A continuous
series of solid solution was not found, so they concluded that
there is a miscibility gap in the system. Kiessling and
Westman ™ observed the approximate extent of the miscibility
gap. This gap was also observed by Skinner and Luce ®® in
solid solutions of (Ca,Mg,Mn,Fe)S. It was Leung and van Vlack
B who constructed a complete phase diagram for the CaS-MnS
binary system (Figure 2.15), among other chalcogenide systems.
From Figure 2.15, it is seen that sulfide is liquid from pure
MnS up to 70% casS in (Ca,Mn)S, while it becomes solid when Ca$S

is over 70%, at the steelmaking temperature of 1600 °C.

The overall sulfide reaction involving calcium can be

written as follows:

Ca +Mn +S = (Ca,Mn)sS (2.38)

The composition of (Ca,Mn)S 1is a function of the
equilibrium concentrations of S, Ca and Mn in the melt.
(Ca,Mn)sS can form directly in the melt or form during
solidification. The (Ca,Mn)S inclusions may exist =z a
single phase inclusion, however they usually occur surrounding

calcium aluminate inclusions.
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However, the activities of CaS and MnS as the function of
(Ca,Mn)S composivion are still unknown. Without these basic
thermodynamic «ata, the study on CaS-MnS system would be
impossible or incomplete. The mechanism of sulphide
modification or shape control by calcium is still very
unclear. Following are some various proposals for the

(Ca,Mn)S formation (8285,

1) Sulfur is absorbed by the CA compounds, which form
after Ca oxidation and have a strong
desulphurization power. During solidification, the
Ca0O-Al,0, inclusions act as nuclei for the
crystallization of the dissolved Ca and S either on
the particles [#2,

2) - Initially single phase Ca0-Al,0,—CaS compounds with
a homogeneous CaS content exist in the melt. During
solidification the CaS precipitates because of the
reduced solubility in Ca0-Al,0,, whereby the ring
shaped layer is attributed to the effects of the
surface tension I,

3) Agglomeration of Ca0-Al,0; and CaS particles by
diffusion and collision ©4,

4) In the case of a high Ca addition to the steel, the
Ca0 of the core and the CaS content of the outer
layer may increase to such an extent that the

particles transform into single phase Ca0.Al,0,~Ca$
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compounds %1,

Recently there was a confirmation @ of the
precipitation of the complex sulfides on calcium aluminates in
a Ca~doped steel. Reaction between oxides and sulfides, and
recrystallization of oxides were also studied *" during
solidification or heat treatments prior to the hot rolling.
However, the actual mechanism of sulfide modification and

shape control by calcium still needs to be clarified.

2.5.3 Influence of Inclusion Composition on Nozzle clogging

The clogging of the tundish nozzle during continuous
casting is one of the big problems in modern steelmaking. One
method to avoid nozzle clogging is to ensure inclusions with
melting points lower than the steel melt temperature by
changing their composition through a suitable selection of the
deoxidizer materials. For instance if Ca is added to an Al
deoxidized steel, liquid calcium aluminates are formed. It
was reported % that by controlling their composition nozzle

clogging could be prevented effectively.

Figure 2.16 shows the amount of steel, which could be
cast prior to nozzle clogging, as a function of the Ca/Al
ratio ® in pilot-scale tests. Depending on the composition

of the deoxidation, the ingot weights exhibit drastic changes.
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For instance, in the case of Ca/fAl < 0.115, the initial

melt velocity was very high, but due to the accumulation of
Ca0°6A1,0; in the nozzle, the final ingot weight was rather
small. As the solidification temperatures of Al,0, and
Ca0'6A1,0, are 2,050 °C ind 1,850 %c respectively, these solid
particles can attach themselves to the nozzle wall and thereby
cause complete clogging of the nozzle. For Ca/Al between 0.1
and 0.14 the nozzle becomes increasingly less obstructed,
ensuring a freer flow of the steel melt from the tundish. The
inclusions precipitated at the nozzle wall consisted of
complex Ca0'6Al,0, plus Ca0"2Al1,0, compounds and nozzle clogging
diminished with decreasing amounts of Ca0-6Al,0,. When the
Ca/Al ratio was increased above 0.14, the major part of the
inclusions consisted of low melting point Ca0-2Al,0; and
Ca0'Al,0,. As a result, nozzle clogging was prevented and the
casting time decreased correspondingly as more molten steel

went through the nozzle.

However, it was found ® that in iron containing
aluninum, the calcium concentration can be too high, so that
solid sulfide may form. In iron containing silicon without
aluminum, with similar calcium contents, solid calcium
silicates and calcium sulfides may form. As a result, the
castibility of steel may actually decrease by too much calcium

addition.
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Therefore, it is necessary to control the amount of
calcium addition for the specific melt compositions to
completely convert solid Al,0; into ligquid calcium-aluminate,
and to avoid the formation of solid calcium sulfide
inclusions, in order to ensure the steady castibility of

steel.

2.6 FLUID DYNAMICS
2.6,1 Calcium Gas-ligquid Interfacial Area

For aluminum wire injection, Mucciardi et al “ have
obtained an empirical equation to predict the wire penetration

depth in the melt.

145.4 * df,"“ » y0:52 (2.39)

SH0.34

p

where d, is the wire penetration depth in the melt, d,6 is the
diameter of the wire, v is the wire feeding velocity, and SH
is the superheat of the molten steel. It can be seen that the
wire penetration depth is approximately proportionnl to the

square root of the wire feeding rate.

There is no empirical equation available to estimate the

penetration depth for calcium wire injection into molten
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steel. However, an accelerometer was used Y% to "view" the
violent calcium gas-liquid interactions in molten steel. Both
calcium and aluminum wires exhibited similar kind of
oscillation during their injection. This periodic oscillation
was found to be caused by the heat transfer between the wire
and the surrounding hot melt. At 1600 °C, feeding 0.005-m
diameter steel-clad Ca wire at speed of 0.01 m/s, there was
lack of bubbling and deep penetration. However, at the same
injection rate, the calcium wire, whose surface was coated
with a thermal resistance, was found to penetrate the melt
deeper. Ca vapour bubbles were produced at a relatively
constant rate and did not resurface. Since both aluminum and
calcium are exothermal on their reaction with the melt, the
above empirical equation can be used to roughly estimate the

calcium wire penetration depth.

2.6.2 Fluid Dynamics of Inclusions in the Melt

Inclusion movement in the induction furnace and other
metallurgical vessels has been the subject of much research ¥
%1,  Most of the studies show that the concentration of
inclusions (or total oxygen for oxides) decreases
exponentially with time down to a constant plateau value.

This is found for various kinds of agitation: electromagnetic,

(90-921 mechanical ! and gas purging U4,
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The physical significance of the first order removal of
inclusions was suggested ®? as the transpert of inclusions
across the boundary layer at the crucible wall or at the slag-
metal interface. For oxide inclusions, this exponential
expression may be interpreted as the removal rate of total

oxygen content with time 9.

dc,

gE "= J‘crrnzr'm Co (2.40)

or

Co = C) exp(~KeyZent) (2.41)

where C, is the total oxygen (or oxide inclusion volume) at
time, t, Cf is the initial total oxygen, and the inclusion

removal rate constant, k_z_, is a function of inclusion

composition and size, the stirring intensity and the density
of steel. Engh et al ¥® obtained an empirical expression of

K%, fOr the inclusions with a radius, r, in the induction

furnace.

-2 2

KenSem =
2
v-p

where € is the stirring power per unit volume of tne melt, o
is the steel density and v is the kinetic viscosity. Kk 2z

may vary with specific experimental conditions, the

exponential expression for inclusion removal is still wvalid.
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2.7 MAS8 TRANSFER WITH GAS-~LIQUID-SOLID REACTIONS

Mass transfer with gas-liquid-solid reactions has been
well-studied in chemical Engineering “"%Y% |  1n general,
there are +two main distinct types of gas-liquid-solid
reactors, in terms of the gas absorption and reaction in the
heterogenous system. One type of reactors has no or
negligible reaction(s) in the gas-liquid film, and its gas
absorption process is called physical absorption. The other
kind of reactors accompanies by the reaction between the
gaseous, A, and a liquid reagent, B, in the gas-liquid film,
and its absorption process is called chemical absorption. The
concentration profiles for both physical and chemical
absorptions in the three-phase reactors are schematically

shown ¥ in Figure 2.17.

If the reaction involves a gaseous, A, and a liquid

reactant, B, to form the product, C:

For physical absorption, this reaction only occurs at the
solid interfaces as shown in Figure 2.17 (above), while in
chemical absorption case, the reaction can take place in gas-
liquid interface, within the gas-liquid film and on the solid
interfaces as seen in Figure 2.17 (below). The difference is
that chemical absorption results in the enhancement of the

absorption of the gaseous A.
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Gas-liquid, liquid-solid and liquid-liquid mass transfer are

considered separately below.

2.7.1 Gas~Liquid Mass Transfer

2.7.1.1 Physical Absorption

The overall processes of dissolution, adsorption at the
heterogeneous interfaces or evaporation are usually considered
to consist of several consecutive steps in physical absorption

or evaporation:

1. Transport through the gas or liquid boundary
2. Adsorption on the gas-liquid surface

3. Transport through the liquid or gas boundary

Each of these steps is considered separately in the
following review for the case of calcium dissolution and

evaporation.

If we consider first physical absorption, whereby gas
dissolves in the liquid without reacting or dissociating, the
basic representation of the solute gas is based upon the
concept of additivity of a gas-phase resistance and a liquid-
phase resistance, assuming that the interfacial resistance can

be neglected 9%, fThe rate of absorption is then:
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NNz~ X (pop)  Kyz(ci-c) (2.44)

where z is the interfacial area between gas and liquid per
unit volume of the system, N' is the average rate of transfer
of gas per unit area, p and p; are the partial pressures of
soluble gas in the bulk gas and at the interface, C; is the
concentration of dissolved gas corresponding to eguilibrium
with p,, and C, is the average concentration of dissolved gas
in the bulk 1liquid. kK, is the gas side mass transfer
coefficient and k, is the physical liquid side mass transfer
coefficient that applies in the absence of chemical reaction.
When a carrier gas (for example argen gas) is used in calcium
powder injection, the mass transfer resistance of both liguid

phase and gas phase has to be considered.

Ligquid phase control

The mass transfer rate through the liquid boundary is:

N = k,z(Cy-C,) (2.45)

The mass transfer coefficient, k depends on the

L

character of the gas formed including its geometry and

velocity %,
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A} Single Bubbles

For spherical cap bubbles, Higbie's penetration theory
103 can be applied tou obtain the approximate mass transfer

coefficient (104-1051,

2
kL-z( D:.) (2.46)

where D is the diffusivity in the liquid, and the "lifetime"

or the exposure time is suggested '™ as:

0 - Length of the bubble spherical surface
mean velocity over the bubble

(2.47)

- 0.0716 di/?

d; is the equivalent bubble diameter. Thus the mass transfer

coefficient is:

k, = 0.716 g'/¢ p}? 4% (2.48)

By assuming potential flow over the front of or upper
surface of the bubble, the theoretical value of the mass

transfer coefficient for the front of the bubble has been well

established to be [106-1081,

k., - 0.951 g¥/4 p}/? g;'" (2.49)
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Transfer from the rear of the bubble is not as well
understood. Weber "% used penetration theory to relate the

mean mass transfer rate from the rear:

k, - 0.29 g'/¢ p}/* qg/ (2.50)

B) Gas cavity or dimple

Mass transfer at the gas-liquid interface in the cavity
formed by the jet was studied by Wakelin "%, who obtained the
following equation for the local mass transfer coefficient

based on the surface renewal theory:

1/2
koo = |2PoagleT | (L (2.51)
d, loc - I,

where r = radial distance from the jet axis in the liquid
U. = radial liquid velocity at the surface
Dy.py, = diffusivity of oxygen in silver, 9*107° n? sec”
r, = radius of depression

His model applied quite well to the mass transfer between

an impinging oxygen get and the liquid silver at 1000 %c (M0,
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Adsorption

It has been known that sulphur, oxygen, selenium and
tellurium are very surface active elements in liquid iron!'',
The fractional surface coverage, ©,, is described by

Langmuir's Adsorption Isotherm [113;

- 1 »
5 = 7 (2.52)

It has been shown that the surface-active elements hinder
dissolution of nitrogen in proportion to the surface coverage
8;,, at the high surface coverage in inductively-stirred
crucibles M3,

Gas phase control

The mass transfer rate through the gas phase boundary is:

N = kg(Cc - <) (2.53)

where C, and C;° are the bulk in the gas phase and surface

contents.
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Mixed control

For the case of gas and liquid phase mixed control !0

131 the overall transfer rate is given by:

Jet -l

~ Koul (CLG - C'L)

N =k, [1+ K’;{kl
6 (2.54)

where Xk, is the overall or the mixed mass transfer

coefficient.

The concentration in the gas phase is converted to the
equivalent liquid concentration C¢° by:

G

E‘E (2.55)

KH"‘

From the previous survey on the calcium solubility,
0.024% Ca (C,=21.6 mol/m’) in steel is in equilibrium with 1
atm of pure calcium gas. Then the equivalent 1liquid
concentration Cf is 6.5 mol/m®, according to Equation 2.6. So

that K, is calculated to be 3.32.

But there have been no experimental investigations to
determine a gas phase mass transfer coefficient ''*!. However,
the coefficient can be estimated by assuming that the
circulation within the bubble is the same as the liquid-phase

circulation U9,
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g [_’EL]‘”’ (2.56)

Using estimates of 1*10°% m?/s for the diffusivity of
calcium in argon from the Chapman-Enskog Theory "' and 3*107°
m?/s for the diffusivity of calcium in liquid steel (see
Appendix B), the ratio of mass transfer coefficients is

estimated as:

. 547.33 (2.57)
'k-— L] L]

After inputting those values in equation 2.54, the

overall or mixed mass transfer coefficient is then:

-1
Koy = (1 + 35°4372 .33 k,
(2.58)

It can be seen that the overall transfer step is mainly

controlled in the liquid phase.
2.7.1.2 Calcium Vaporization Kinetics

Liquid phase control

In the induction coil, the flow is usually in the shape

of a single toroid, up-welling at the center and going down at
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the sides "7"M9_ fThe vaporation rate of a dissolved element
(e.g. Mg and Ca) through the free-surface of the melt can ke

expressed as:

N' = kep([%Cal - [%Cal”) (2.59)

[$Ca] and [%Ca]” are respectively the bulk and surface
contents. The mass transfer coefficient ke\p depends on the
rate of bath surface renewal. Machlin "2 applied Higbie's
103 penetration theory and assumed the "lifetime" 6 of a
surface element is equal to the average distance from the
center of the melt to the edge of the crucible, divided by the
average velocity <U> of the melt at the surface:
q_]uz

Ko = 2 [w_ﬂ'
(2.60)

2 2 D <> 172
T R

The surface velocity can either be measured directly
or calculated by solving the turbulent electromagnetically

driven fluid flow equations 71191,

Gas phase control

The overall transfer rate expression is similar to

equation (2.54).



74

ky k
! H “evp _ G
N = Keyp [1 + T ] (c-L cL)

(2.61)

= Kol (CL - C'f)

where K., is the calcium mass transfer coefficient in the
argon atmosphere. The calcium concentration in the argon
phase can be regarded as zero, i.e. Cf « 0. Applying the same
expressions for k, and the ratio of k /k;, from equations 2.55

and 2.56 to the above equation, we would have:

N =k c, (2.62)

So that the overall vaporation process for calcium is
controlled in the metal phase. Based on this theory, Joyant
and Gatellier 2" obtained the calcium diffusivities from the
experiment on calcium decrease after injection, and their
results are shown in Table 2.9. From Table 2.9, there is
nearly two orders of magnitude of difference in D, between
pure Fe and Fe-20%Ni system. Although this may be explained
by the different experimental systems, it is rather reasonable
to consider that some errors in measuring the dissoclved
calcium content in the melt account for this difference.
Since some calcium is tied up in the non-metallic inclusions,
using total calcium to estimate the calcium diffusivity, D,

at

from equation (2.62) would create the errors.
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TABLE 2.10
EXPERIMENTAL RESULTE OF DIFFUSION COEFFICIENT OF

CALCIUM IN DIFFERENT IRON ALLOYS AT 1600 °c 1?1

System D, (m¥/s)
Fe 2 * 10710

Fe - 10%Ni 4 * 1077
Fe - 20%Ni g * 1077

2.7.1.3 Chemical Absorption

The theory of gas absorption with chemical reaction,
namely chemical absorption, has been well developed in

chemical engineering U!%21271,

In the metallurgical system,
Turkdogan et al. %8 yere the first ones to discover that the
chemical reaction formation of iron oxide fume at gas-liquid
film contributed to the enhancement of iron vaporization in a
vacuum. Recently, Zong and Yoon ['?” succeeded in applying the
gas-liquid reaction theory to explain the decarburization
phenomena in converter oxygen steelmaking. However the

application of gas-liquid reaction to the metallurgical

processes is still very limited.

The chemical system that has received the most attention
is the one 3! in which the absorption of a gas A undergoes an

irreversible second-order reaction with a reactant B dissolved
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in the liquid (both film and bulk). For the present, the gas
will be taken as consisting of pure A, so that complications
arising from gas film resistance can be avoided. The

stoichiometry of the reaction is represented by:

A(g) + yB{1l) = Products (2.63)

for which the simplest form of the rate equation will be

~-r, = k,C,Cp , Ip = yr, (2.64)

If steady-state conditions are assumed in the film,

material balance for the two reactants yields:

D, (d%C,/dx?) - k,C,Cy = O (2.65)

Dy (d%Cy/dx?) - yk,CiC = O (2.66)

Here x is the distance in the liquid from the interface,

and D, and D; are the diffusivities of A and B in the liquid.

Boundary conditions at the gas-liquid interface at x =0

are

c, - C; (2.67)
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dCp/dx = 0 (2.68)

at the linear edge of the liquid film (x = § ), the boundary

condition for component B is:
CB - CBU ’ X - SL (2-69)

To obtain the boundary condition for component A, it must
be assumed that A reacts within the film while the rest is
transferred across the film and reacts in the bulk of the
liquid. If z is the specific interfacial ar.a per unit volume
of the reactor space and B is the liquid holdup, the volume of
this bulk liquid may be written as B/z - §_. The boundary for

component A thus becomes:

_DA(dCA/dx)X-JL - kchOCBU(‘B/Z - 6[_) (2070’

Typical concentration profiles are shown in Figure 2.18.
For the absorption with reaction, the concentration profile of
A in the liquid boundary is represented by the solid curve and
the effective mass transfer coefficient is represented by
slope ij. Therefore, the overall mass transfer rate of A

through the gas-liquid interface is given as f-llows:

dac, 1

N--r,z=--2.D - - Eae2 (2.71)

X=0,t=¢



Figure 2.18

Concentration profiles of chemical

absorption in-liquid film (123}
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For the absorption without chemical reaction, the
concentration profile of A is linear and represented by the
dashed line ik, and the effective mass transfer coefficient is
represented by slope ik. Therefore, the mass transfer rate of

A through the gas-liquid boundary is:

ko z . .
N, - RG_T (Py-Pp) = k;.2. (Ca-Chp) (2.72)

In figure 2.18, enhancement factor, E, which means increased
ratio of absorption rate by chemical reaction to physical

absorption, is given as:

dc,
g~ N o dX lx-q - slope(.l:j) (2.73)
N Coo-Ci slope(ik)
5L

L=t

Although the general solution of equation (2.71) does not
exist, the chemical absorption rate, N, can be expressed
partially in special cases. Nine reaction regimes (including
physical absorption) are classified by the dimensionless
groups such as Ei and Ha as shown in Table 2.10 '3, 1t
indicates that the thermodynamic and hydrodynamic parameters,
including concentration of reactant B in the bulk of the
ligquid and rate constant for second-order chemical reaction,

determine the kinetic regime.
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TABLE 2.11
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REACTION REGIMES OF GAS ABSORPTION FOR IRREVERSIBLE
SECOND-ORDER REACTION [A(g) + yB() = PRODUCTS) !'®

Reaction Speed Intarface Conc. b
Reaction oac Regln?lgs Two P Thaoryy Rate Equstions
Sita(s)
Chemical Absorption
A: Instantaneous reaction B, —
(Ha > 10 EI) AT ugpid d’ = RiHe + OJDGaly
B: Instantaneous & high Ca{ L
Reaction (Ha > 10 E)
Canfined — b =ka P
to Flim
C: Fast reaction — | o
{Ha > 3) ™ | P,
>(;— 1Ko+ HO/E K,
D: Fast and high € g
(3 < Ha < Elf2) ¢ B
- ]
N 1Ko+ HOVOK G
E: Intermedtate reaction —_—] ) R
(03 < Ha < 3) T~
_ no expression developad
Reaction ><_....
In both
Fllm & Bulk | F:intormediato & high Co | — | _—+—
{03 <Ha<3)
no gxprosslon developed
N
G; Slow reaction & diff,
{0.02 < Ha < 0.3) ¢ P,
S~ 1/ko+ He/k + He z/tk,C,p,
H: Very slow reaction
{Ha < 0.02)
Negligible ¢ = kGG
Reactlon
In Film
Physlcal Absorption
I: Ditfuslonal process only

¢ P.-He Can
1/Ko+ He/k
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2.7.2 Liquid-8olid Mass Transfer

The rate of precipitation on inclusions in liquid steel
should normally be diffusion-controlled, since rates of
chemical reaction are very fast at high temperature.
Consequently, the dimensionless mass transfer to a spherical
inclusion particle should be given by the well-known Ranz-
Marshall relation f30);

k; d;

5— =2+ 0.6Re'/2gc13 (2.74)
L

Sh =

For micro-size inclusions, the terminal settling velocity
is negligible and furthermore, the scale of turbulence in
inductively-stirred melts (with the extra stirring form the Ca
gas bubbling) is 10 to 100 larger than the inclusions 31,
Consequently inclusions must appear as being stagnant to the
adjacent liguid even though they are being carried around the
melt. As an order-of-magnitude approximation, the Sherwood
number will take its limiting value, 2, for radial diffusion.

Combining this with the number of inclusions per unit volume,

n,, the rate constant of precipitation on inclusions is:

kizi -2 7 DL di n,- (2-75)
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2.7.3 Liquid-Liquid Mass Transfer

The kinetics of sulfur transport between slag and molten
iron has been the subject of many studies ['32'13) 7phe overall
transport process may involve the following three elementary

steps:

1l) Transfer of sulfur from the metal phase to slag/metal

interface.
Ng = k z(Cs-Cq) (2.76)
2) Chemical reaction at the slag/metal interface
N = kezCg - ky2Cg o (2.77)

3) Transfer of sulfur from the slag/metal interface to

the slag phase

Ny = k,z(C,

s,st ~ Cs,st) (2.78)

where C; is the sulfur concentration in the metal phase and
Cs,si 1s the concentration in slag. ¢' is the interfacial
concentration. k, and k,, are the mass transfer rate constants
in the metal and slag, respectively. k; and k, are the forward
and backward reaction rates. 2z is the slag-metal interfacial

area per unit volume of metal.

Rearranging Eguations 2.76 and 2.78 gives
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Ng/kez = Cs - kp/k,Cs, 51 (2.80)
Ng/k.z = Cs,51 = Cs, g (2.81)

Introduce ¢, the partition ratio which is given as:
¢ - kf/kb (2.32)
At steady state, one can combine Equations 2.77 and 2.80,
one would get:

Z(Cg = C5,a1/®)

Ny = (1/K +1/K;+1/ ko)

(2.83)
_ 2(C5 - C5 q1/9)
llkovl

where the term (C; - C . /¢) represents the driving force in
terms of concentration. For the high temperature
metallurgical systems, the chemical reactions are so fast that
equilibrium can be assumed to be attained ""*!, Therefore, the

overall mass transfer rate constant can be simplified as:

1/k0\ll - 1/kl. + 1/¢k5l (2-84)

Whether the overall mass transfer is controlled by the
transport in metal or slag side depends on the values of k,
and k., which are the mass transfer coefricients in the metal

and slag phases respectively, and on the partition ratio, ¢,
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which is a function of slag composition and oxygen potential

in the metal.

2.8 MECHANICAL PROPERTIES OF CALCIUM TREATED BTEEL

The improved cleanness through the deoxidizing and
desulphurizing effect of calcium, and the modification of
oxide and sulfide inclusions, results in an improvement in the
mechanical properties of steel, particularly transverse

ductility and toughness.

The main improvements in mechanical properties by calcium
are higher impact strengths particularly at low temperatures,
a raising of the impact self energy ", and higher
ductility, especially in the transverse direction [©3.13%,
There is some evidence to show that yield strength and tensile
strength are improved slightly 310  put the general finding
is that Cca has 1little effect on tensile properties U1,
additionally, Ca treatment has been observed to improve the
deep drawing performance of low carbon strip and to reduce
strain aging 42, More recently a marked improvement was

found %% in hot workability in high nitrogen stainless steel

with calcium addition.
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2.9 CALCIUM FREE-CUTTING BTEELS

Free-cutting steels are those whose cutting properties

are improved by the presence of S (Se,Te) or Pb inclusions.

calcium free-cutting steels were first developed in

[144-1451 = and were later introduced to Japan and other

Germany
countries 1, Calcium free-cutting steels not only have
excellent machinability at high cutting velocities, but also
show no deterioration of the general materials properties.
This is in contrast to the conventional sulfur and lead free-
cutting steels: in the sulfur free-cutting steels, the
strength of the materials is lowered, while lead free-cutting
steels show a loss in abrasion and fatigue properties and in
high temperature strength. Thus calcium free-cutting steels

quickly gained their wide applications, especially in making

automobile parts.

The unique effect of calcium addition in free-cutting
steels is associated with the modification of the hard alumina
inclusions by calcium to the low-melting calcium aluminate
inclusions which deform more easily and form a protective
layer on tools during chip formation ©¢8, Therefore calcium
free-cutting steels are also called deoxidation-controlled

free-cutting steels.
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CHAPTER 3

OBJECTIVES OF THE RESEARCH

From the previous review, it can be seen that there is a
great deal of literature "2 yhich quaiitatively show the
positive effects of calcium addition in the steel on
deoxidation, desulphurization, desiliconization,
dephosphorization and inclusion modification and on the

quality improvement of the final steel products.

carlsson et al. 2% yere the first ones to report the
negative uses of calcium in steel. They found that the total
oxygen content as well as the number of inclusions increased
during CaSi injection, whereas the opposite was true for CaoO
+ CaF, injection. That means the calcium-treated steel is
"dirtier" than the untreated steel. Large calcium aluminate
inclusions (>100 pm) were sometimes found ¥’ to remain in the
final products after calcium treatment. It was alsoc reported
[28) that excess addition of calcium in the melt would result
in the formation of solid calcium aluminate or sulfide

inclusions which cause nozzle clogging during casting #7281,
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However, there is no generally accepted model which could

be used to explain quantitatively those phenomena, and the
mechanisms by which calcium dissolves, desulphurizes,
deoxidizes and transforms sulphide and oxide inclusions are
still wunknown. There is alsc a large discrepancy and
controversy over the thermodynamic data of calcium deoxidation
and desulphurization with a couple of order of magnitude
differences on K., and K. . (see Table 2.7) among the different
authors, and the inclusions observed in practice often differ
from that expected from equilibrium. Therefore there is a
need to study the kinetics of treatment to determine the way
in which bulk concentrations change in the steel and the way

new inclusion distributions develop.

The kinetics and mechanisms for calcium addition in steel
can only be understood if one continuously monitors what
happens during and after injection. The present experiments
were designed to be able to continuously and accurately
observe and measure the process during and after calcium
injection in a well-controlled system. That made it possible
for the following objectives to be studied in detail in the

present research:

1) The mechanism and kinetics of calcium absorption;
2) Ca evaporation/elimination kinetics;

3) Deoxidation kinetics;
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4) Desulphurization kinetics;
5) The kinetics and mechanism of inclusion
modifications for both oxides and sulfides;

6) The system kinetic path and effect of various

parameters.

The unique feature of calcium treatment of steel is that
calcium is a strong reagent, but only with a very limited
solubility in steel. So that the first most important
question of all needed to be answered is how caleium comes
into the bulk during its continuous injection. Once one knows
where the calcium is, one would know where the deoxidation,
desulphurization, and inclusions modification reactions take
place. The continuous calcium distribution in different
phases can then be monitored, and the kinetic path of the

system can also be traced during and after the process,
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CHAPTER 4

APPARATUS AND PROCEDURE

4.1 APPARATUB

4.1.1 Furnace 8ystem

A general view of the vacuum induction furnace unit is
schematically shown in Figure 4.1. An induction furnace is
enclosed in a vacuum chamber which is equipped with a calcium
wire feeder, an alloy addition chamber, a furnace atmosphere
oxygen analyzer, an argon inlet, a viewing window and a
sampling port. Each of the main components is described

below:

The vacuum chamber measures 1 meter in diameter and 2
meters in length. It is well sealed by high vaZuum grease,

around the door, ports and eguipment connections.

Fifty kg capacity magnesium oxide crucibles were used to
melt the charge materials. The c¢rucibles measured 18

centimetres in diameter and 33 centimetres in height.
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Typically two-third of the crucible was filled with 40 kg of

the melt during the melting operation.

The sampler used was a cone-type dipper, measuring 0.04
metres in diameter and 0.025 metres in height. Tilting the
sampler not only made the samples easier to take out, but also
prevented the formation of cavities in the samples during

cooling.

The alloy addition chaser on the top of the furnace
enables 6 different types of alloys to be added under a vacuum

or argon atmosphere simultaneously or individually.

The pumping system consists of the following pumps:
roughing, booster, holding and diffusion. Under the present
conditions, the first three pumps were powerful enough to meet

the experimental requirements.

The wire feeder was originally a welding machine with a
feeding rate of 0.02 to 0.5 m/s., F¥or the present situation,
the allowed calcium feed rate varies from 0.02 to 0.12 m/s, or

from 0.7 to 4.2 Kg Ca/t min.

The induction power varied from 50 to 60 kW during
melting, from 30 to 40 kW during the calcium wire injection,

and about 20 kW during the holding period after calcium
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addition.

4.1.2 Oxygen Measurement

Oxygen measurement includes the oxygen potential of the
argon atmosphere in the chamber and oxygen activity in the

melt.

The furnace atmosphere was continuously monitored by a
portable oxygen analyzer (model 320P-4) with an integral pump
from Teledyne Analysis Instruments. Oxygen 1is sensed
utilizing a Cell which samples oxygen from the atmosphere
surrounding the measuring probe and generates a proportional
electric current. The generated current is amplified and read
out on a built-in meter. The specifications for the analyzer

are given in Table 4.1,

TABLE 4.1

THE SPECIFICATIONS FOR THE OXYGEN ANALYZER

Ranges 0-5, 0-10, 0-25% O,

Sensitivity | 0-5% of full scale

Accuracy +1% of full scale at constant temperature;
+5% of reading or x1% of full scale

Operating T | 30-125 °F

The Celox oxygen probe (Celox2/Cll) from Electro-Nite,

used in the present study to measure the oxygen activity in
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the melt, is a commercial, single use electrochemical oxygen
cell. The cell consists of a 2r0, solid electrolyte partially
stabilized with Mgo and a Cr/Cr,0; reference electrode. The

galvanic cell can be represented by:

{Mo} Cr, Cr,0; | 12ro, (Mgo) | [Ol,, Fe,

The galvanic cell reaction can be written by:

The theoretical oxygen activity from the pure oxygen

ionic conductivity is given by:

log h: - —{13580-10.085)

+ 4.62 .
T (4.2)

In practice, the electronic conductivity can not be
ignored. Wagner gave the following expression for the oxygen

voltage when the electronic conductivity was considered: 4”1

1/4 I
RT , P * %o

nF

E - n

( 4.3 )
4 /'
Pel'/ + .Porl ‘

2
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where:
Ps,'s P! = the lower and higher oxygen pressure at
cathode and anode.
P., = equivalent oxyden pressure from electron

conductance.

P,, 1is a function of temprature and the chemical

compositions of the solid electrolyte (1481511 For the
composition of the Zr0, electrolyte (2.4%Mgo, 0.2%cCao0,
0.3%si0,, 0.15%A1,0,, and 0.05%Fe,0,) used in the present

experiments, the following relationship is used to calculate

511.
P, M

log p, = -74370/T + 24.42 (4.4)

There are two ways to correct Equation (4.3) depending on

the relative levels of oxygen potential at cathode and anode.

A. When the oxygen pressure of Cr,0, is higher than the
partial oxygen pressure in equilibrium with the melt

P

| - P (Cr+Crz0a)
02 02

» and P! = P, from equation (4.3), one
would have the following expression for the actual oxygen
activity, a:

hy = [(nyy1r2 4+ K4 (1-e7/Rn)
2

. 4.5
e EF/RT ¢ ( !
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where K is the equilibrium constant for the following

eguation:
0, = 2[0] (4.6)

Since (1-ef/*T)<0, the result will show a positive
deviation, if the electron contribution is ignored. This is
shown by the left half diagram of Figure 4.2, where the solid
line represents ionic conductance only and the broken curve

includes both ionic and electronic conductance.

B. When the oxygen pressure of €r,0, is lower than the

partial oxygen pressure in equilibrium with the melt

The expression for the actual oxygen activity in this

case is given as:
ho-[(h;)llz + (e(BF‘/RT)_l)KIMP;-,/‘«‘l]z (4.7)

Since (ef/RT -1)>0, the negative deviation will result
from ignoring the electron conductance. This is shown by the

right half diagram of Figure 4.2.

At high temperatures, due to temperature gradient across
the liquid-solid boundary at the probe, the measured oxygen
activity has to be calibrated, and this was done by a joint
effort of Hoogovens steelworks with C. R. M and Electro-Nite
1521, Their recommended equation is used for the present

experiment:
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log h, -~ 1.36 + 0.0059 [E + 0.54(T - 1550)
(4.8)

+ 0.00021E(T - 1550)]

where T is the temperature in °c,

Figure 4.2 compares the calibration line (the broken
line) with the theoretical calculation (the dashed line from
the electron and ionic conductance). It can be seen that at
lower oxygen activity (h<10 ppm), the two lines deviate.
Since most of the present oxygen levels are around 10 ppm or

above, errors are of the order of 30%.

4.2 MATERIALS

The steel used for the experiments was AISI 1045 steel,
which was kindly provided by Stelco Inc.. Its nominal

composition is shown in Table 4.2.

TABLE 4.2

CHEMICAL COMPOSITIONS OF 1045 STEEL FROM STELCO INC.

X Cc Mn P S Si Cu Ni Cr Mo AsSa®

$]10.45]0.75(0.08|0.017|0.25(0.015(0.011|0.027]/0.003(0.027

2 ASA: Acid Soluble Aluminum
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The calcium wire was provided by Pfizer 1Inc. Pure
calcium powder was wrapped in a thin layer of steel pipe. The
unit calcium w2ight of the wire was 23.1 grams per meter with

the outside diameter of 5 mm.

The cover slag from Foseco was mainly a two component
system made of 70%CaF, and 30%Ca0O, which has a high sulfur

capacity (C, = (%S) * (P, /Pg,) = 0.0316].

4.3 EXPERIMENTAL DESIGN

The experimental design is shown in Table 4.3. The
three important independent variables were considered to be
the sulfur content, the acid soluble aluminum and the calcium
feed rate. The principle of the original design was to study
the effect of the change of the individual wvariable on the
process, while the other two independent variables were fixed.
There were two levels of sulfur: 0.017% and 0.005%, three
levels of acid soluble aluminum: 0.01, 0.05 and 0.10% ASA, and
three Ca wire feed rates: 0.02, 0.06 and 0.10 m/s. Generally
10 m, (0.231 kg Ca), was fed, so that the injection time

varied inversely with the feed rate.
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TABLE 4.3

EXPERIMENTAL DESIGN

Exp. Initial S (%) Initial Al (%} Wire Feed Rate (m/s) Heat
No. No
target value actual value target value actual value target value actual value
1 0.017 0.0280 0.10 0127 0.02 0.020 H3R1
2 0.017 0.0140 0.05 0.046 0.02 0.022 H4R1
3 0.017 0.0140 0.01 0.010 0.02 0.026 H6R1
4 0.107 0.0154 0.01 0.004 0.10 0.103 H9R1
5 0.107 0.0120 0.01 0.002 0.06 0.062 HBR1
6 0.005 0.0004 0.10 0.125 0.02 0.020 HI9R3
7 0.005 0.0106 0.05 0.073 0.02 0.028 H7R2
8 0.005 0.0013 0.01 0.010 0.02 0.023 HOR2
9 0.005 0.0080 0.0 0.031 0.10 0112 H5R1
10 0.0058 0.0089 0.01 0.002 0.06 0.062 HBR2
1" 0.0030 0.078 0.058 H6R2
12 0.0189 0.000 0.067 H7R1

4.4 EXPERIMENTAL PROCEDURE

The flow-chart of the experimental procedure is

summarized in Figure 4.3.

Bar was charged to the crucible for melting, before the
door of the vacuum chamber was closed and sealed with high
vacuum grease. As the steel was heated, the air was pumped
out of the furnace. Close to the melting point of the steel,
the chamber was back-filled with argon. Argon was continually
flushed through the furnace when the sampling port was open.
After melt-down, the power was adjusted to maintain 1600 °C.
Additions (aluminum, sulfur and slag) were made through the

alloy addition chamber. An initial oxygen probe measurement,
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chamber oxygen reading and an ingot dip sample were taken.
The Ca wire feeding time varies between 1.2 to 7 minutes
depending on the feed rate, but samples were also taken for 30
minutes after the injection. The temperature reading from the
oxygen probes were double-checked by single-use thermocouple.
Oxygen measuremencs in th  furnace atmosphere were taken

frequently throughout the experiment.

A second injection usually followed the first one, in
which case the starting sulphur content would be significantly
lower. For the second injection, the melt would be deoxidized
with aluminum. After the injections were finished, the ingot
would be solidified in the crucible. A new crucible was used
for each melt because the splash around the perimeter of the

crucible was hard to dislodge.

The total about half-hour duration of calcium injection
and holding period was recorded in detail via a tape recorder.
The ingot dipper sample taken were sectioned into several
pieces: one solid disk for ICAP analysis for total of 24
elements, two pieces for optical spectrometer or SEM analysis
for inclusions, two dopes of (1 gram each) drilling chips for
N,, O, and sulfur analysis and around 1 gram drilling for ASA

ICP analysis.
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4.5 CHEMICAL ANALYSIS PRINCIPLE AND EQUIPMENT

4.5.1 Nitrogen and total oxygen

The simultaneous determination of nitrogen and total
oxygen 1is performed on a Leco microprocessor controlled
instrument (model Tc-136) 3, The analysis of oxygen is
accomplished by heating a sample of the specimen in a graphite
crucible where oxides are reduced by excess carbon to form CO.
Then, total oxygen in the sample is converted to €O and
subsequently oxidised to CO, by sweeping the CO over copper
oxide using a helium gas stream. The presence of CO, is used
to change the thermal conductivity in a thermal conduction
cell based on a thermistor device. This represents one arm of
a wheatstone bridge. The output of a digital voltmeter can be
calibrated directly as a total oxygen percentage by using
calibration standards. During heating, nitrogen is also
liberated and carried away with €O by helium. After co, is
absorbed by copper, the remaining gas volume is nitrogen. The

specifications of the instrument are shown in Table 4.4.{1%3
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TABLE 4.4

BPECIFICATIONS OF LECO INSTRUMENT FOR N, AND O,

Analysis time 15 seconds for O,
30 seconds for N,
Ranges (1 g sample)
Nitrogen (low) 0.00001% to 0.1 % N,
Nitrogen (high) 0.01% to 0.5% N,
Oxygen 0.00001% to 0.2% O,
Sensitivity 0.1 ppm
Accuracy
N, (low) +0.0001 or +1% N, present
N, (high) +0.0002 or *1% N, present
0, +0.0002 or *1% O, present

The standard used is 460 +

5 ppm O, and 31 * 1 ppm N,.

4.5.2 8Sulfur Analysis

There are several ways to determine Sulfur content in
steel. The most common one is the combustion analysis. This

was done on a Leco 518 titrator 54,

A weak HCl solution is put into a titration vessel
where KI and starch solutions are added. Then a very small
amount of the standard KIO; solution is added, and free I, is

released, which is indicated by the starch turning blue.
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KIO, + 5KI + 6HCl = 6KCl + 3I, + 3H,0 (4.9)

An automatic buret containing the KIO; is then refilled
to the zero or starting point. The sample is next combusted
in oxygen where sulfur in the sample goes to 50, and/or SO,

depending on the combustion conditions:

S+ 0, = SO, (4.10)

S0, is then conducted to the titration vessel where it

reacts with the free iodine and ties it up as a compound, HI:

SO, + I, + 2H,0 = H,80, + 2HI (4.11)

More KIO; is added to form more free iodine and to bring
the solution back to its original colour until all the S0, is
out of the sample and has been titrated. The amount of KIO,
used is then read in the buret directly in percent sulfur,
which is then corrected by a titration factor from the sulfur

standard and the sample weight.

The standard deviation is + 0.0003% for a 0.026%

standard with a titration factor of 1.14.

The alterative method for analyzing the sulfur content
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in steel is by Plasma Spectrometric as mentioned later.
However, its resolution for sulfur analysis is not as high as

that of the icdometric titration method.

4.5.3 Acid sSoluble Aluminum (ASA)

The commonly accepted concept of ASA is considered to be
the disscolved aluminum in the steel. In fact some aluminum
compounds in steel such as aluminum nitride are also acid
soluble. So ASA is not actually equal to, but is related to
the dissolved aluminum. The accuracy of analyzing it depends
on the bath chemistry and the standards available and
technique to measure.

1 .
(55 put in

A variety of techniques are available
general a certain weight (usually 1 gram) of sample is
dissolved in a dilute acid mixture (HCl and HNO; are commonly
used) . This was the procedure used by Stelco, who kindly
performed these analyses. Ideally, the aluminum combined with
the inclusions is supposed to precipitate out from the

solution. After filtration, the solution is ready for

absorption analysis.

There are two commonly used ways to analyze the ASA
content. The first one is the classical Atomic Absorption

Analysis. The basic principle is that, if an element is
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dissociated from its chemical bonds into an un-ionised ground
state 1t can selectively absorb radiation over a narrow
bandwidth. Excitation is usually caused by burning in a flame
and the emission lines are provided by a low pressure rear or
argon lamp with a cathode of the element being sought. The
degree of absorption of resonance lines can be determined by

a photodetector.

The second method uses an Inductively Coupled Argon
Plasma (ICAP). The liquid sample is aspirated into the
induction coil =zone where it is excited by the high
temperature argon plasma, and the concentration is determined
according to the intensity of that element's specific
wavelength after calibration with standards. Most of the ASA
were kindly analyzed on Stelco's ICP. The standard deviation

is + 0.001% for a 0.06% ASA standard U551,

4.5.4 Total Aluminum and Calcium

Both elements can be analyzed by the atomic absorption
analysis method. At the present research, the samples were
dissolved in solutions to analyze the calcium content in steel
on ICAP. The results were not satisfactory due to the lack of

the standards. Alternative methods have to be used.
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One of the unique features of the present ICAP 7000 is

its Solid Sampling ICAP system (1, The main principle is
shown in Figure 4.4. About 2 millimetres diameter area of the
solid sample surface is sparked by a tungsten electrode and
carried to the plasma by argon. The following seqguences would

be same as discussed above (4.5.3}.

The reliability of all the chemical analysis results
are based on the accuracy and ranges of the standards
available. Several solid disks of calcium treated steel
standards were purchased from Brammer Standards whose
concentrations are close to the present experimental ranges.
The calibrations were done for a total of 24 elements
including total aluminum and calcium by using NITS (former
NBS) steel disk standards as well as the Brammer calcium
treated steel standards. Excellent analytical results were
achieved and agreed well with the results obtained from the
same samples by Algoma Steel Inc., using the atomic absorption
method. The ranges and deviation of some related elements are

listed in Table 4.5.
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TABLE 4.5

SPECIFICATIONS OF ICAP FOR SOME ELEMENTS

Element Range Relative standard
wt% deviation
Ca 0 - 0.02 + 5.0 %
Si 0 - 1.28 + 1.2 %
Mn 0 - 1.50 + 9.0 %
Al ° 0 - 0.24 + 3.0 %
Cr 0 - 2.70 + 2.5 %

a Al .: ‘total aluminum

4,6 INCLUSION ANALYSIS

Quantitative inclusion analysis according to size and
composition were performed by Stelco Inc. and CANMET. Both of
their systems consist of a scanning electron microscope and a
Link System (860 Series 2) Analyzer equipped with both DIGIMAP

and DIGISCAN hardware (7,
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4.6.1 LINK System

As schematically illustrated in Figure 4.5, the Link
System combines three analytical tools under computer control:
1) the scanning electron microscope, which is widely used in
materials science because of the ease of sample preparation,
high resolution, large depth of field, and sharp secondary
electron images; 2) energy dispersive x-ray spectroscopy,
which adds to the SEM the extra dimension of x-ray
microanalysis; and 3) computer control of the electron beam
via the digital scan generator, which allows rapid measurement
of the size, shape and chemistry of individual features in the

SEM images (1371381,

Software has been developed to provide guantitative
composition, size, and shape data for a number of
applications, including inclusion metallography !9,  The
present software used, DIGISCAN/FDC allows features in a field
of view in the scanning electron microscope to be detected,
sized and chemically classified. Data may be collected from
more than one field and the area of the total field occupied
by each class is printed. This software may also be used in
conjunction with stage automation (MULTIPOINT) and detected
features may be analyzed gquantitatively when wused in

conjunction with 2AF-4/FLS.
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4.6.2 Principles of Image Analysis by DIGISCAN/FDC

A backscattered electron image is obtained from an area
of interest. Those features of interest may be selected using
an adjustable comparator with upper and lower thresholds are
seen as white areas whilst all parts of the image whose grey
levels are outside this range are set to black. The program
allows these thresholds to be set in a variety of ways. Once
the thresholds have been set the beam is driven from the Link
digital beam control system and a grid of points superimposed
on the thresholded image. As the beam scans, regions seen as
white (by inspection of the comparator output) are stored.
The beam is then driven back and scans over each particle in
turn and x-ray data collected. i.e. Features are detected
during the first scan and the chemical information obtained

whilst the beam scans over each feature.

All the relevant size and chemical information is stored
in a file to which data from subsequent fields may be added.
Once all data have been collected, a statistical summary of
the results is printed and a histogram displayed. This
summary indicates the number of features in each chemical
class and size range specified by the user. The area%
occupied by each chemical class and each size range are also
printed. The criterion used for size determination is also

selected by the user.
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The flow chart of running DIGISCAN on the Link System is
illustrated schematically in Figure 4.6, for the inclusion

detection and classification.

4.6.3 Classification of Inclusions

Before the system can be used to chemically classify
material, two files must be created; the first contains the
'window' information and eV/channel. These windows denote the
regions in the x-ray spectrum to be used for each element of
interest (and its background). The second file lists the
various chemical categories into which features are to be

sorted.

Setting Wiadows

When the electron beam is positioned on an inclusion in
a Fe matrix, a spectrum obtained shows the peaks of each
element present including the background contribution. It is
necessary to know what other elements are present so that
background windows could be selected properly together with
the spectrums windows for all elements in the inclusion.
Correction for background and overlap contributions have to be
made, before the integral for all element windows are summed
and each integral is calculated as a percentage of this total.

The exact composition of the inclusion is then determined by
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a simple ratio technique.

gtandards File

The standard file defines the permissible lower and upper
concentration limits for the elements in each category, or
classification of inclusions. The maximum number of standards
or chemical categories which may be defined in one standards

file is 32.

In the present work, the major elements in the inclusions
detected in concentrations greater than 5% were Fe, Ca, Al, Mn
and S (There were trace amounts of P, N, Si, Ti, Mg and so
on). The inclusions were divided into 8 categories or classes
according to Table 4.6. The 5% threshold was chosen as the
lower limit for classification of the major components. The
right-hand column of Table 4.6 identifies the phases which

fall into each classification.

All of the inclusions found in this study were spherical
and less than 20 um in diameter. Typically the inclusions
were composed of more than one phase, so that the designation
in Table 4.6 apply to the average inclusion composition. The
lower resolution, or the the smallest feature to be detected

for the present conditions is about 0.2 um.
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TABLE 4.6

DESIGNATIONS OF INCLUSION CLASSIFICATIONS

Element| Ca Al Mn S Stolchlometric

Compounds

Deslgnation %

MnS 0-5 0-5 5-100 5-100 MnS

ALLO, 0-5 5-100 0-5 0-5 ALO,

CaS 5-100 05 0-5 5-100 CaS

Ca0 5-100 0-5 0-5 0-5 Ca0

(Ca,Mn)S 5-100 0-5 5-100 5-100 CaS + MnS *

CA, 5-100 5-100 0-5 0-5 CA,;CA,,CA
C.A,&CA"’

CaSCA, 5-100 5-100 03 5-100 CaS + CA,

CaMnSCA, 5-100 5-100 5-100 5-100 (Ca,Mn)S + CA,

' see CaS-MnS phase diagram, Figure 2.15.

# see Ca0-Al,0; phase diagram, Figure 2.12.

4.6.4 Analysis and Inclusion Area

Once a window file and standards file have been created
and thresholds set, the system can be used for detection and
analysis of features in an image. For the present inclusion
size range, the operational parameters including grid
resolution, size limits and analysis time are shown in Table

4.7,
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TABLE 4.7

OPERATIONAL PARAMETERS OF LINK SYSTEM FOR INCLUSION ANALYSIS

Screen width = 117000 gm | Sampling count = 1 Areamax (grid pts) = no limit| Window info. file = Calnel,
10 Scan lag (grid pts) = 0.2 | Field widih = 58,5 um | Protect zone = 2.5 um Callbration standard = Co
No. of grid point/iine = 256 | Thresholds = 0-108 No.of diam, projections = 20| Magnification = 2000

Polnt spacing = 0.229 um Areamin (grid pts} = 2 | EDX:dwell/feature = 100 mS| Rasults file = H7R2

As the beam scans the inclusions which appear as white
(the matrix is black), each inclusions' size, shape and
chemistry are stored in a output file. For each sample, at
least 40 fields were analyzed for all the inclusion features,
and the statistical printout is given including the size
distribution and area% of each class of inclusion as well as

of the total inclusions.

4.6.5 Quantitative Inclusion Composition with ZAF~4/FLS

DIGISCAN can also be used in conjunction with DIGIPOINT
and MULTIPOINT to detect the features, and the centre of the
gravity of the feature will be analyzed and stored in a file.
The information is then passed to ZAF-4/FLS quantization
routines for the detailed quantitative analysis of the

inclusion composition.

The concentration of the element, i, in the sample, is

determined by a ratioc technique !V,
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of I

o

Ciy T

- k; (4.12)

where C; and C,, are the concentration of element i in the
sample and standard, and I; and I,;, are the measured
intensities from the sample and standard, respectively. Once
the k; value is obtained, it must be corrected for several
effects including (1) differences between specimen and
standard for electron scattering and retardation, i.e., the
so-called atomic number effect expressed by the factor z,; (2)
absorption of x-rays within the specimen, A;; (3) fluorescence
effects, F,, and in a few specific cases, continuum

fluorescence. A common form of the correction eguation is:

C; = (ZAF) ; k; (4.13)

This method is often referred as the ZAF method.

This ratio technique is often used to measure the
concentration ratio of the two elements A and B in the same
specimen, i.e., C,/C;:

Ca
Cp

I
- K _.d 4,14
g, ( )
where K, is the Cliff-Lorimer calibration factor from the
standard, and I, and I; are the measured intensities of
elements A and B in the specimen, respectively. If one

measures all the elemental ratios in the feature, and adds

them up to 1, each elemental concentration will be known.
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CHAPTER 5

EXPERIMENTAL RESULTS

More than twelve injections were conducted. The initial
injections produced a great amount of fine calcium oxide
(lime) dust during injection. A dust collector had to be
installed near the sampling port, and protection equipment
(mask with a thermal-insulating suit) was used for extra
safety. There was a large amount of splashed molten steel,
especially at higher injection rates, which stuck to the sides
of the crucible above the melt surface. It made it virtually
impossible to cast the melt after refining. Most of the heats
were therefore cooled inside the crucibles and taken out
afterwards by destroying the crucibles. A new crucible had to
be used for every injection. 1In some heat a second injection
followed after the first injection. However, the amount of
charge had been reduced and the initial chemistry for the

second injection was not that precise on the target.

A tape recorder was used to record the procedures.

Usually a sample was taken for about every half minute during
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injection and for about couple of minutes after injection.
The time interval to take the samples during injection
shortens with the increase of the calcium wire feed rate, so
that at least 5 samples and 3 oxygen activity measurements
were taken to study the kinetics during injection, and at
least 3 samples and 2 oxygen measurements before injection and

during the holding period.

Only one heat has no top slag. The slag of the rest
heats was immediately pushed aside on the touch of calcium
wire on the surface of the melt, due to the vaporization of
calcium. Which resulted in 20% of slag coverage around the
crucible. No slag entrapment was found from the samples
taken, which means there was no intensive mixing between slag

and melton metal.

The calcium wire penetration depth in the melton metal
was also measured. The measurement system consists of a fast
speed camcorder and an electric circuit. The electric circuit
comprises of a Mo wire, which is inserted in the melt, the
calcium wire, a light bulb and several batteries. When the
calcium wire touches the melt surface, the circuit is closed
and light bulb is lighted up and recorded in the camcorder.
When the calcium wire penetrates to a certain depth in the
melt, it vaporizes. The first calcium bubbling occurs at the

melt surface is visually seen from the video recording. The
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time interval between the lighting-up and bubbling is how long
for calcium wire to take to penetrate in the melt. The
testing was successful. The time interval for the first
calcium bubble to erupt after the penetration of the wire in
the melt is about half a second at a feed rate of 0.02 m/s.
The calcium wire penetration depth in the melt at that speed

is about 0.01 m.

A summary of the initial experimental conditions for the
injections and some of the results are shown in Table 5.1.
The results for the bulk chemicai analysis will first be

presented, followed by the micro-analysis of the inclusions.

5.1 BULK CHEMICAL RESULTS

The typical concentration changes of calcium, sulfur,
total oxygen, oxygen activity and aluminum as a function of
time during and after injection are shown in Figure 5.1 (one
heat without top-slag) and Figure 5.2 (with top-slag). More
raw data is given in Appendix A. The change of the individual
element for each case (with or without top slag) is discussed

below in detail:



(4"

U0I33]3p JO [ans] molag /

painsesw 10N , 910N
S09lL 0Sc +000°0 ove 62000 vl S2L0 _ 022l 0 82'E9l ¢6'S FA® N1 oo'ce £HEH
1091 0se €1000 (0,10 6¥000 ov'9e 0L00 | ¥B0OO0 9,05t SLv GEB0 008t ¢HEH
evol osc $S10°0 80°0 L0000 gg'19 v00°0 82000 ge19e €8l 1234 N LH6H
9291 0se §800°0 020 ge00’0 oLl c000 / FA: it eLe T 00'sE ¢HBH
Z2igal 0se rA L) S0°0 20070 8/°S¢ c000 / 0L %91 06°1 Li'e o0y L HeH
GEol 05¢ a01L0’0 0g0 o000 88y el00 49200 0991 {8 4 Qe0’L 00’8 ¢Hi{H
oSl ose 68100 aQo $600°0 60'¢81 / / 0c'Lic £6'e 6622 oo’y [8ZFA
ol 0se £00°0 peo 2e00’0 * 8200 +e00 vrale oLe 68ce 00'se ZH9H
SHS1 0sz 8100 L0°0 82000 g8l oLo00 ZELO0 09'Lie 009 9060 00’0t LH9H
8661 G189 8000 ¢¢’0 000 BEB 1£0°0 8200 20081 al’t 158 ooee LHSH
0091 0se 100 80°0 ge000 074 4 g0 0 €0+0°0 8L vPL SL'Y ev80 0giE LHPH
c8S1 0 8200 05’1 G2000 ive £21°0 6EELD 009L1 Ge9 G620 989t LHEH
{09 (6) (%) (%) (%) (wdd) (%) (%)
dws) | Beg waon | usbAxp | usbAxg | Aumoy ™ (i (oN)
eayy | ooasay | inuyding | sequeyn | el | uebAxp | wsv [0 (6} (ww) | 1/6%) {63) uny
pad aung oley 1B Jo -}
BD Tuy paad | wbem | 1eaH
SuOmPUOD el )

811083 ANV SYIIARNVIVYd TULINIWIYAIXT THOS J0 RAUVYHHAS

T*S dT9NL




0.13r

0.12

O

11

123

DURING INJECTION WITHOUT SLAG
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The changes of total calcium, oxygen activity,
h,, total oxygen, sulfur content, acid soluble

aluminum and total aluminum content for H3R1

(without top slag)
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Without Top 8lag

There is only one heat (H3R1l) with no top slag. At
calcium wire feed rate of 0.8 kg Ca/T min, the total calcium
increases very rapidly at the beginning of the injection,
slows down in the middle of the injection, and then finally

levels off at about 80 ppm at the late stage of injection.

A. though there is no top slag, the sulfur decreases
immediately at the beginning of calcium injection. The
average desulphurization rate by calcium for the period of 6
minutes injection is about 15 ppm/min, when the initial sulfur

is 0.028%.

The acid soluble aluminum (ASA) decreases continuocusly,
and the total oxygen increases. This indicates that
reoxidation occurs during injection, because the interfacial
oxygen activity in equilibrium with the partial pressure of
oxygen in the chamber (about 1*10°* atm) exceeds the oxygen

activity in the bulk.

Usually the oxygen activity increases with the falling
ASA in the melt according to Al-O equilibrium. However, at
the present condition, both ASA and oxygen activity decrease
during injection. Which indicates the deoxidation rate by the

calcium is faster than the reoxidation rate from the free
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surface of the melt.

Total aluminum analysis measures both the dissolved
aluminum and the aluminum tied up in the inclusions. Although
the portion of aluminum in the inclusions increases due to the

reoxidation, the total aluminum remains constant.

With Top Slag

H6R1 is a typical heat, which has 250 grams of top slag
before calcium injection. The raw data of other heats is

given in Appendix A.

A. During calcium injection period

At a slightly higher calcium feed rate (0.036 kg Ca/min)
than that (0.032 kg Ca/min) of the heat (H3R1) without top
slag, the changing pattern during injection for all the
elements, except the total aluminum, is similar to that in
H3R1. The total calcium content increases to approximately
100 ppm, and remains constant. The oxygen activity decreases
slightly to approximately 10 ppm, while the total oxygen
content increases from 20 to 35 ppm. There is a considerable
amount of desulphurization in this heat starting with 0.015%
S. However, the total and acid soluble aluminum contents

decrease indicating that dissolved aluminum is being consumed,
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and that inclusions are being eliminated from the melt to the

slag.

B. During the holding period

After injection (keeping the temperature constant and
holding the liquid for around 30 minutes), calcium decreases
rapidly. After 15 minutes of holding, around 100 ppm of

calcium was almost reduced to zero.

The oxygen activity increases due to the reoxidation,

and the sulfur tends to be constant.

Both total and acid soluble aluminum still decrease,
while the total oxygen increases slightly. This indicates
both reoxidation and inclusion flotation continue to occur

during the holding period right after calcium injection.

5.1.1 Al Predeoxidation

Various amounts of Al were added to predeoxidize the
steel before calcium injection. The Al-0 equilibrium reaction

is given as:

Al,0, - 24l + 30 (5.1)
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the equilibrium constant is then:

2 1
hy ha

dal,0,

ALLO, (5.2)

If assume pure Al,0, is formed, h, and h, should exhibit
a straight linear relationship at certain temperature. The
experimental h, -h, relationships before calcium injection are
shown in Figure 5.3. The linear regression from Figure 5.3

gives the following equation:

log hy = - 1.52 log h, - 5.65 , ré¢ -0.98 (5.3)

where h;, is taken from the oxygen probe readings, and h, is
calculated from the dissolved aluminum and the interactions
from the other elements by the following equation. Where the

values ¢£ interaction coefficients, eli are taken from "3,

A

log h, = log[%ASA] + 0.045[%ASA] + 0.056[%Si] + 0.091[%C]

+ 0.012([%Mn) + 0.025[%Cr) - 6.6[%0] + 0.03[%s] (5.4)

This assumes ASA is the dissolved aluminum content. As
discussed in section 4.3.3, in fact some aluminum compounds in
steel such as aluminum nitride are also acid soluble. But the
common accepted concept ASA is considered to be the dissolved

aluminum.

From these results at 1600 %C, the product of K, =

h, ?*h? from Figures 5.3 equals 5 * 10", which is very close
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10°

10"+
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T = 1600C
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Figure 5.3

107 102

The relationship between aluminum activity and
oxygen activity before calcium injection. The
lines are the thermodynamic equilibrium data

from different authors.
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to work of Kay and Ghosh 63 (g

alzos = 5-15 *10°% at 1600 o).
The consistent relation between h,  and h, suggests that

the results from the oxygen probe are reliable.

5.1.2 Calcium Assimilation Rates

Typically the total calcium content increased rapidly at
the beginning of injection, and reached a steady-state value
as shown in Figures 5.4 and 5.5. One can also see that both
the pick-up rate and steady-state value increase with the
calcium feed rate for the same initial aluminum and sulfur
contents. Higher injection rate generates deeper penetration
of the wire and larger gas-liquid contact area, thus increases

the calcium pick-up rate.

The individual effect of the initial sulfur or oxygen on
calcium assimilation is quite scattering as shown in Figure
5.6. However, It is also found that the calcium pick-up rate
increases with the initial sulfur and dissolved oxygen
contents in the melt as shown in Figures 5.7 and 5.8. Figure
5.7 shows that at the same initial aluminum (oxygen) content
and calcium feed rate, the calcium pick-up rate increases with
the initial sulfur content. Figure 5.7 shows that at the same
injection rate, the calcium assimilation rate increases with

the summation of both sulfur and oxygen contents. Only the
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Figure 5.4 The effect of the calcium wire feed rate on

the rate of total calcium contenht pick-up in
the steel for three different injections with
the same initial sulfur content, 0.017% and

acid soluble aluminum content, 0.01%.
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Figure 5.5 The effect of the calcium wire feed rate on

the rate of total calcium content pick-up in
the steel for three different injections with
the same initial sulfur content, 0.008% and

acid soluble aluminum content, 0.01%.
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The effect of the initial sulfur content on
the rate of total calcium content pick-up in
the steel for two different injections with
the same injection rate, 0.8 kg Ca/t.min, and

initial dissoclved oxygen activity, 2 ppm.



135

0.012

0.010

0.008 -

0.008

Ca wt%

0.004

L]

0.002

Ca Feod Rate
=0.81 Kgt.min +

INITIAL CONDITIONS

S(w%) O(wI%) Co+Cs
mole/m® i
HBR1 0.014 0.0095 39
HgA2 0.001 0.0025 13

Figure 5.8

100 200 300 400
Ca injection time (sec)

The effect of the summation of the both
initial sulfur and dissolved oxygen contents
on the rate of total'calcium content pick-up
in the steel for two different injections with

the same injection rate, 0.91 kg ca/t.min.
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summation of both oxygen and sulfur shows a strong enhancement
to the calcium assimilation rate as shown in Figures 5.7 and

5.8.

The initial tangent of the calcium content - time curve
can be used to represent the initial calcium pick~up rate,
d[3¥Ca]/dt{,,- The unit is in wt% ca/min. It is assumed as
the dependent variable, and the rest of the parameters (Ca
feed rate, oxygen and/or sulfur contents, temperature, bath
weight, chamber oxygen as listed in Table 5.1) are the
independent variables. It is found that calcium feed rate,
and the dissolved oxygen and sulfur are the most significant
independent variables by using the stepwise multiple linear
regression of the MINITAB software. The linear regression

eguation is:

d[%Ca]/dthg = - (4.904%1.17) %103+ (5.539%3.70) +10734 [CFR)]

+ (5.04%2,11) *10_5*[(03"’02)] {5.5)

the regression correlation coefficient r = 0.962, and where
d[%Ca)/dt|,, is the initial calcium assimilation rate in
wt¥Ca/min. CFR is the Ca Feed Rate in Kg Ca/t'min. (c+C)0)

are initial oxygen and sulfur molar concentrations (mole/m’).

Again it is proved that the individual initial oxygen or
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sulfur content was not found to be significant to the initial
calcium assimilation rate, which is in consistent with Figure
5.6. The combined term (cj+cf) used as an independent
variable, and their physical significance is further discussed

in Chapter 6 (section 6.2).

Assume that the total calcium in the melt is the

dissolved calcium, for a simple dissolution process, the rate

of dissolved calcium increase can be expressed as !9

d%Ca

= " Ky (%ca®™ - %ca) - K,(%Ca) (5.6)

where the first term is calcium dissolution and the second
term is its elimination, and K, and X, are the rate constants
for calcium dissolution and elimination, respectively. The
equilibrium solubility of calcium, %Ca**", in AISI 1045 steel

was estimated to be 0.024% [,

The analytical solution for the above equation is:

SAT T
$Ca - M_(]_-e "l”"a) (5.7)
K+K,

At initial condition t=0, K, can be calculated from the

initial slope of Ca-t curve by the following equation.

dsCa

asla - HAT
at rud Klt%C'a (5-3)



138
At steady-state (calcium curve becomes flat) d%Ca/dt=0,

equation 5.6 becomes:

K (3CaT-3ca®™) - K,+3Ca’™® (5.9)

where %Ca’"® is the steady-state calcium content, so that from
the above equation, the apparent value of K, can also be
obtained. The values of both K, and K, are shown in Figure
5.9. This diagram shows that calcium pick-up rate, K,,
increases rapidly with feed rate while the elimination rate,
K,, is relatively independent of the calcium feed rate.
However, the dependence of K, on calcium feed rate is quite
scattering. For example, at same 0.9 kg Ca/T.min calcium
injection rate, K, varies from 0.001 s*' for one injection to
0.0045 s°' for the another injection. This scatter is due to

the effect of the initial sulfur and oxygen on the calcium

pick-up rate.

5.1.3 Calcium Fading Rates

During the holding period, the calcium content decreased
rapidly with time. When the calcium content is plotted in
logarithm scale against time, a straight line with the slope
Ké' is obtained, as shown in Figure 5.10. That means the
calcium content after injection follows the first-order decay.
Its rate of decay can then be expressed by the following

equation:
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The apparent rate constants for calcium
absorption, K,, and calcium elimination, K,,
and desulphurization, K;, as a function of the

calcium feed rate.



140

1000, T ; ! =
AVERAGE T = 1600 °C —— 3
E ¥ | HSAL b
o : H6AY i
g: ° :HBA2
~ 100 4 IHIAY -
¢ :H7R2 .
E K v :HOAL 3
91 - a :HBAZ :
; - e :HIAY N
1) A :HIAZ
© 1ok _
© - 3
Q : .
1 | ! | -
0 5 {0 15 20

RETENTION TIME (MIN)

Figure 5,10 The logarithm of the total calcium content as
' a function of time during the holding period

after calcium injection.
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d¥Ca

!
S " K;(%Ca) (5.10)

The average slope of these lines yields an apparent,

‘1, which agrees

first-order rate constant K,' of 52.5%107° s
well with the elimination rate constants in Figure 5.9
extrapolated to zero feed rate. That indicates the calcium
decay theory for both injection and holding neriods obeys the

same principle.

According to Machlin's Model "7 for the vaporization of
a dissolved element from the inductively stirred melts, the
calcium vaporization rate constant, k“p, can be calculated by

equation 2.60.

Kovp

1
: 2[_2%«;._”’ )3 (5.11)
[ og

on the basis of the similarity of the experimental
conditions (size of crucible and the induction power input) of
Irons' work "  <the mean radial velocity is estimated to be
0.20 m/s. The k, value is then calculated as 4.1%10% s for
the present conditions (R, = 0.09 m and D= 107 m’/s). This
value of K, based on the molecular diffusion is more than one
order of magnitude smaller than the actval rate constant K,'.
This means that the actual decay of the total calcium is other
than the molecuiar diffusion. It may be due to the flotation
of calcium containing inclusions from the melt. This will be

further discussed with regard to the mechanism in the
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following chapter.

5.1.4 Deoxidation and Desulphurization Rates

The dependence of desulphurization and deoxidation on
the calcium feed rate and the initial ASA (or initial oxygen
activity) is shown in Figures 5.11 and 5.12 respectively.
Figure 5.11 shows both deoxidation and desulphurization rates
increase with the calcium feed rate, and Figure 5.12 shows
both rates increase with the increase of the initial ASA
content (or the decrease of the initial oxygen activity), for

the same calcium feed rate.

The sulfur content is plotted in logarithm scale in
Figure 5.13. The rate of desulphurization is close to the

first order expression:

dxs

where K, is the rate constant for desulphurization. This rate
constant increasss rapidly with calcium feed rate as shown in
Figure 5.9, and furthermore is very similar for the observed
K, values. However, the dependence of K, is also quite
scattering, especially at the lower initial ASA content (the
higher a ). The desulphurization also appears to depend on
the oxygen content in the melt. This close relationship will

be discussed with respect to the mechanism in section 6.2.
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Figure 5.11 The effect of calcium feed rate on the
desulphurization (TOP) and changes in oxygen

activity (BOTTOM).
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Figure 5,13 The logarithm of the sulfur content as a

function of time during injection, showing the

first-order kinetics.
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5.2 INCLUSION DISTRIBUTION AND CHEMICAL ANALYSIS

Qualitatively, two heats (H2R1 and H3R1) with relatively
high initial ASA (0.13%) and sulfur (0.028%) contents were
examined under the normal SEM (without LINK System) and the
optical microscope to study the changing patterns of Al,0,
inclusions. Some of those inclusion pictures with the energy
levels of the significant elemental x-ray peaks are shown in
Figures 5.14-15. There is very little change of Al,0; with
calcium addition in the melt, even though the total calcium
reached 60 ppm. In other words, at higher initial ASA and
sulfur contents, aluminum oxide modification by calcium is
very slow or limited. The mechanism is discussed in the next

chapter.

For the cases where both initial ASA and S contents are
modest, about eight samples from each of the four complete
heats (H6R1, H6R2, H7R1 and H7R2) were examined guantitatively
for inclusion distributions and chemical compositions. Six
samples with the same bulk total calcium content, but three
with different ASA contents, and the other three with
different S contents, from three different heats (H6R1, H7R2
and H9R1l) were also analyzed in detail to study the effect of
the different ASA and S contents in the bulk on the inclusion

chemistry and distribution.
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112S53P3 X5000 1 Bar = 10 um

H283P3 Spectrum: Al,0,
Energy Counts X-Ray Lines
1.5 63062 Al KAl, Al KA2, BR LAl, BR La2,

BR LBl, YB MAl1, YB MA2.

6.40 635 Fe KAal, Fe KAZ.

Figure 5.14 The SEM photo and x-ray energy level of Al and
Fe (matrix) spectrums of Al,0; inclusion during
injection in H2R1l. The sample contains 0.13%

ASA, 0.03% S and 0.005% Ca.
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H3S6P3 %2980 1Bar = 10 ym

H256P3 Spactrum: Al,04

Energy Counts X~Ray Lines

1.49 3584 Al KAl, Al KA2, BR LAl, BR LA2.
6.40 55968 Fe KAl, Fe KA2.

7.05 7384 Fe KBl.

Figure 5.15 The SEM photo and x-ray energy level of Al and
Fe (matrix) spectrums of Al,0, clusters during
injection in H3R1l. The sample contains 0.128%

ASA, 0.028% S and 0.006% Ca.
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Under the LINK System, 40 fields for each sample were
examined under the magnification of 2000, in order to obtain
a reasonably accurate statistical analysis. A statistical
summary of the inclusion size distribution and area fraction
for total and each inclusion class, from a typical sample is
shown in Table 5.2. 1In the same sample, several different
types of inclusions were found. For example, there were pure
CaS (Figure 5.16) and Ca0 (Figure 5.17), coexisting with
unmodified MnS (Figure 5.18) and Al,0,. However, complex oxy-
sulfides CaS'CA, (Figure 5.19) and (Ca,Mn)s-CA, (Figure 5,20),

and pure (Ca,Mn)S were also present.

5.2.1 Area and Volume Fractions of Inclusions

Table 5.2 did not show the volume fraction of inclusion,
however it can be calculated using Underwood's method ''63 for
the spherical particle distributions. The basic principle
lies in relating the number of sections observed on the plane
of polish in unit area to the number of spheres in unit
volume: The particles sizes may be broken down into n groups,
and the term 4 is used as the ratio of the maximum diameter
Dnx to n. The intersection of particles of the jth group
(diameters equal to jA) may form sections of the ith group
(diameters ranging between (i-1)A and id). By successive

substitution of integer values of j and i, with the

coefficients provided in reference!™®, the numbers and volume
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STATISTICAL SUMMARY OF INCLUSIONS FROM A TYPICAL SAMPLE

Heat no. = HER1, Sample no. = 11, X-Ray window file = MnSAICa, Standards file = Mac, 20 Fields anatyzed,

—iin

MEAN DIAMETER DISTRIBUTION (um) CHEMICAL CLASSIFICATION:;
BIN RANGE {um) AREA% INCLUSION CLASS AREA %
1 0 to05 0.0221 1: MnS 0.0053
2 05t 1.0 0.0301 2. Cas 0.0234
3 10to 1.5 0.0135 3. CaOD 0.0212
4 1.5t0 20 0.0119 4. Al203 0.0058
5 201025 0.0106 5. (Ca,Mn)S 0.0217
6 2510 3.0 0.0104 6. CAx 0.0014
7 3010 3.5 0.0083 7. CaSCAx 0.0084
8 351040 0.0000 8. (Ca,Mn)S CAx 0.0043
9 401045 0.0000 9. unclassifiad 0.0153
10 greater than 4.5  0.0000
Total 0.1068 Total 0.1068

HISTOGRAM SUMMARY

CLASS BINNO. = 1 2 3 4 5 6 7 8 g9 10
MnS 32 9 2 1 ] 0 0 0 0 0
CaS 18 30 7 1 2 1 0 0 0 4]
Ca0 a7 26 2 b ] 0 1 0 o 0
Al203 a6 12 1 [4] 0 0 0 0 0 0
{Ca,Mn)S 18 22 2 3 1 2 0 0 o] 0
CAx 6 6 0 0 (v} o] 0 0 0 0
CaSCAx 5 4 3 2 1 0 0 0 0 0
{Ca,Mn)5-CAx 1 3 2 o] 1 0 0 0 0 0
unclassified 94 22 1 0 0 0 0 o 0 0
Total 308 134 20 7 s 3 1 0 0 0
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Figure 5.17 An SEM photo of Ca0 inclusion and its

quantitative composition from ZAF analysis.
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Inc3 Spectrum: MnS

ELMT ZAF $ELMT  ATOM.$%
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AlK : 0 0.615 0.21 0.33
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TOTAL 100.0 100.0

Figure 5.18 An SEM photo of MnS inclusion and its

quantitar:ive composition from ZAF analysis.
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Figure 5.19 An SEM photo of cCas'CA, inclusion and its

quantitative composition from ZAF analysis.
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of particles in unit volume for spheres can be calculated, in

relating to the number of sections in unit area.

Total Inclusions

The area and volume fractions of the total inclusions as
a function of time, for heats of H6R1, H6R2, H7R1 and H7R2 are
presented in Figures 5.21 - 5.24. It can been seen that in
all those heats both area and volume fractions start to
increase with the injection time, reach maximum values and
then decrease again. Both those maximum values occur at
shorter times for increased calcium feed rate. This means the
inclusion generating rate is faster than the elimination rate
at the beginning of injection, and the reverse is true at the
later stage of injection. After injection, the area and
volume fractions of the total inclusions decrease as

inclusions flotation becomes the dominating factor.

Each Inclusion Type

The most striking feature of the present inclusion image
is the coexistence of several different types of inclusions
found in the same sample. Figure 5.25-28 show the changes of
area and volume fraction of the various types of inclusions
including Al,0;, MnS, CA,, CaS, CaO, (Ca,Mn)S and (Ca,Mn)SCA,

as a function of time. In all the heats examined, the original
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Al,0; and MnS inclusions decrease as expected with the
injection time. The dominant feature of these diagrams is the
rapid increase and then decrease of (Ca,Mn)S, and pure Ca0 and
CasS inclusions. The peak of (Ca,Mn)S usually occurs at
shorter times. As will be discussed later this is probably
due to the formation of Ca0 and CaS at the injection point,
while (Ca,Mn)S inclusions form on them in the bulk. In H7R1
(Figure 5.27) with a lower initial h /h, ratio, larger amount
of pure Ca0 than CaS were formed, while in H7R2 (Figure 5.28)
with higher initial h./h,, more caS, (Ca,Mn)S and {Ca,Mn)S-CA,
inclusions were generated. The calcium aluminate CA and its
oxy-sulfide (Ca,Mn)S'CA, also increase at initial stage of
injection, reach to a maximum near middle of injection, and
decrease at later stage of injection. After injection, most

inclusion contents decrease with the holding time.

Effect of Total Ca, ASA and 8 Contents

The effect of the total calcium content on the area
fraction of each inclusion type is shown in Figure 5.29. For
H6R1, MnS, Al,0, and (Ca,Mn)S containing inclusions decrease,
while caS, ca0 and CaS5'CA, inclusions increase with +the

increase of the total calcium content in the melt.

For three different injections with similar sulfur and

calcium contents, the effect of acid soluble aluminum is seen
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in Figure 5.30. Increased acid soluble aluminum increases
both aluminum activity and decreases oxygen activity. This

favours the formation of aluminates and sulphides.

For the same bulk ASA, Ca and Mn contents, the effect of
S content on inclusion distributions is shown in Figure 5.31.
CaS, (Ca,Mn)S and CaS'CA, inclusions increase with increasing
S content in the bulk, while Ca0 inclusion decreases and then

increases again.

5.2.2 Inclusion Numbers

The changes of the total inclusion numbers per volume
(no./m*) as a function of time are shown in Figures 5.3z and
5.33. In general, the numbers of total inclusions show the
similar patterns as the inclusions area and volume fractions.
For H6R1l and H7R2, the total numbers of inclusions increase at
the beginning of injection, reach to a maximum value and then
decrease at the later stage of injection. For H6R2 and H7R1,
the number of inclusions increases at the beginning of
injection, decreases during the middle and increases again at
the later stage of injection. However, the number of
inclusions for all the four heats shows the continuous decline

during the holding period after injection.
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The most significant inclusions contributing to this
dramatic change of inclusion numbers are pure Ca0O and CaS.
Their numbers were singled out to be plotted in Figures 5.34-
5.37, together with the changes of the dissolved sulfur and
oxygen in the melt as a function of time. For H7R1 (Figure
5.36) with higher initial oxygen activity than the sulfur
content, more deoxidation than desulphurization occurred and
more <Ca0 than CaS8 formed during the course of calcium
injection. While for H7R2 (Figure 5.37) with higher initial
sulfur content than oxygen, more desulphurization than
deoxidation occurred, and more CaS than Ca0O formed during
injection. The pattern that emerged from those diagrams is
that the numbers of Ca® and CaS formed are directly related to
the reduction of the dissolved oxygen and sulfur in the melt,
respectively. Higher initial h/h results in the formation
of larger numbers of calcium sulfide inclusions than oxide
inclusions. This direct linkage will be addressed later in
the mechanisms of Ca absorption, deoxidation and

desulphurization in section 6.1 and 6.2,

5.2.3 Inclusion 8ize Distribution

All of the inclusions found in this study were spherical
and less than 20 um in diameter. The lower limit of size
detection of the present instruments is about 0.2 pgm. A

typical size distribution of inclusions as a function of time
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during and after injection is shown in Figure 5.38. It is
seen that the inclusion size is relatively small at the
beginning of injection (1.5 min), it increases and reaches to
a maximum value at the middle of injection (2.87 min), then
decreases at the later injection stage (6 min), and continues
to decrease through the holding period (12 min). In general,
the inclusion size also shows a peak during the injection.
That same pattern coincides with the changes of numbers of

inclusions, and area and volume fractions of inclusions.

5.2.4 Inclusion Chemistry

Table 5.3 shows the EDS inclusion analysis results for a
typical sample analyzed for more than 20 fields (94 um * 94
pm, each field). The EDS analysis gives each element's atomic
percentage in the inclusion which needs to be converted to
oxide and sulphide compositions. Typically the inclusions
were composed of more than one phase, so that the inclusion
analysis represents the average inclusion composition. The
general formula for the oxide and sulfide components in the
complex oxy-sulfide inclusions for the particular elemental

constituents can be written as:

(Ca0xAl,0,'ySi0, zMn0) ‘rCas-qMns
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ED8 INCLUSION ANALYSIS RESULTS OF A TYPICAL SAMPLE

HEAT NO. = H6R1, SAMPLE NO. = 11

* CM,:

* CA: CaO'xAl0,

CaS'yMnS or (Ca,Mn)s

Inclusion EDS Element Calculated Oxides and CA, " cM™,
no. Analysis {at %) Sulfides {mole %) Composition | Composition inclusion
Ca = 4440 ALO, = 462 CaS
Al = 467 Ca0 = 465 (traces ol MnS}
Inc1 Mn = 3.41 §i0, = 0.85
S = 45486 MnO = 0.00
St = 0.43 CaS = 83.14
MnS =674
Ca = 95.27 ALO, = 0.42 Ca0
Al = 0.83 Ca0 = 9565
Inc2 Mn = 2.72 §i0, = 1.20
S = 0,00 MnO = 273
Si=1.19 CaS =000
MnS = 0.00
Ca = 0.47 Nzoa = 0-33 MI'IS
Al = 0.329 Ca0 =093
Inc3 Mn = 49.72 S0, =0.00
S =4949 MnO = 0.46
Si = Q.00 CaS = 0.00
MnS = g98.28
Ca = 43.91 A,0, = 12.02 CAy 5 CaS CAx
Al = 1294 CaD =13.77
Inc4 Mn = 2,24 SIOo, = 2.23
S =3874 MnO = 000
St =120 Ca$ = 67.82
MnS = 4.16
Ca = 17.05 ALO, = 4581 CAg, CMy 41 (Ca,Mn)S CAx
Al = 47.82 CaQO =738
Inc5 Mn = 10.68 Si0, = 1.05
$ =2388 MnO = 0.00
Si = 0.55 CaS = 2529
MnS = 20.47
Ca = 0.00 AlLO, = 90.24 ALO,
Al = 85,11 Ca0 =0.00
Ineg Mn = 2.21 §i0, =535
S = 0.00 MnO = 4.41
Si = 268 CaS = 0.00
MnS = 0.00
Ca = 2865 Al,O, = 4.04 CM, .o (Ca,Mn)S
Al = 430 CaD = 1254
Inc7 Mn = 20,30 8i0, = 3.95
S = 4228 MnQO = 0.00
S =210 CaS =413
MnS = 38,15
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Where the term in the parenthesis is the oxide phase and

the underlined term is the calcium-manganese sulfide. During
the calculation process, Mn and Ca have first to be used for
satisfying the stoichiometric requirement by S in the sulfide
phase. The extra Ca and Mn values are used to for calculating
the oxide components in the oxide phase. Based on 1 mole of
ca0, the relative molar coefficients (x, vy, z, r and gq) in the
general formula can be calculated from the EDS analytical
results. Then the mole% of each component in either oxide or
sulfide phase is determined (if the inclusion is an oxy-
sulfide inclusion, the computed value represents the average
molet of each component). The detailed calculation for the
mole¥ of each component of an oxy-sulfide inclusion

(Ca,Mn)S"CA, (inclusion #5 in Table 5.3) is shown in Table 5.4.

5.2.4.1 Pure Ca0 and cCas

This is probably the first time that large amounts of
pure Ca0 and CaS inclusions have been found in the melt. Some
of the typical inclusions photos and SEM x-ray EDS spectrums
are given in Figures 5.39 and 5.40. It can be seen that the
major x-ray peak shown from the inclusion Ca0 is the Ca peak
(Figure 5.39). The oxygen peak is not shown in the x-ray
spectrums, because it is a light element and the present SEM

is incapable of detecting its signal.
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CALCULATION OF MOLE % OF EACH COMPONENT IN INCLUSION #5

Inclusion Formula

CaOxAl,0,ySI0,zMnQrCaS'qMnS

Relative molar ratio of each
component to another:
Ca0/Al,0,/810,/MnO/CaS/MnS

1/2x/y/z/r/q
(Based on 1 mole Ca0)

Molar% of the above ratios from EDS

3.85/47.82/0.55/0/13.2/10.68

the calculated values of x to q
in the formula

X = 47.82/(2*3.85) = 6.21
y = 0.55/3.85 = 0.143
z=0

r=13.2/3.85 = 3.43

q = 10.68/3.85 = 2.77

the salculated mole% of the each
component in the inclusion #5
shown in Table 5.3

Xewo = 1/(14%X+y+24r+qQ) = 7.38 %
Xagos = X/(V+X+y+24r+q) = 45.81 %
Xgoz = Y/(1+x+y+2z4r+q) = 1.05 %
anO =0

Xeas = I/{1+X+y+241+q) = 25.29 %
Xuns = Q/(V+x+y+2+r+q) = 2047 %
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5.2.4.2 calcium Aluminate -~ CA,

The composition of CA, inclusionsg during the course of
injection and the subsequent holding period is shown in Figure
5.41. Alumina inclusions are transformed to CaO-rich CA,
during the injection which is followed by some reversion in
the holding period. The bulk calcium content of the steel is
also super-imposed. It is clear from the this diagram that
for even one injection condition that there is no unique
relation between total calcium in steel and the extent of
transformation of alumina inclusions. For example, 20 ppm Ca
early in the injection corresponds to an average inclusion
composition near CA,, while in the holding period 20 ppm

calcium corresponds to CA.

For the same injection rate, Figures 5.42 and 5.43 show
the effect of the different injection conditions on the ca
composition during the injection and the subsequent holding
period. From Figure 5.42, H6R1 has lower initial ASA content
than H7R2 does, and the CA, formed in H6R1 is richer in Cao
than the CA, formed in H7R2 at the same injection time. In
other words, lower initial ASA content favours oxide
modification by calcium addition. In Figure 5.43, H7R1 has
no Al predeoxidation and higher initial § content compared
with H6R2, so that the oxide formed in the melt during

injection is mainly pure cao.
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Figure 5.41 The calcium oxide percentage of

the calciunm

aluminate inclusions, CA,, during and after
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the steel is also shown for the same samples.
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injection rate, 1 kg/t.min, but with different
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(H7R1 has no Al predeoxidation).



188

For different injections with similar bulk calcium and
sulphur contents the effect of the acid soluble aluminum
content on the calcium content of the calcium aluminates is
shown in Figure 5.44. The increased aluminum activity at
higher ASA increases the aluminum content of the calcium

aluminates.

For the same bulk total calcium and ASA contents, the
effect of the sulfur content on the calcium aluminates is
shown in Figure 5.45. The lower sulfur increases the calcium

content of the calcium aluminates.

In Figure 5.46 the CaO wt% in CA, inclusions is plotted
against the bulk total calcium content for all the four heats
examined in details. In general, increasing bulk total
calcium content increases the calcium content in the calcium
aluminate inclusions. However the effect is not solely from
the bulk total calcium in the diagram, a simple pattern is not
shown here. The mechanism in section 6.3.1 verifies these

findings.

5.2.4.3 Calcium manganese sulfide - (Ca,Mn)S

The composition of (Ca,Mn)S inclusions during the course

of injection and the subsequent holding period is shown in

Figures 5.47 and 5.48 for the similar injection rates, but
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with different initial conditions. Manganese sulphide
inclusions are transformed to calcium sulphide during the
injection which is followed by some reversion in the holding
period. Higher initial ASA (lower dissolved oxygen) and lower
initial S contents need shorter injection time to reach

certain calcium content in (Ca,Mn)S inclusions.

For different injections with similar bulk calcium and
sulphur contents the effect of the acid soluble aluminum
content on the calcium content of (Ca,Mn)S inclusion is shown
in Figure 5.49. The increased aluminum activity at higher asa
increases the calcium content of (Ca,Mn)$ inclusion. Figure
5.50 shows that solid (Ca,Mn)S (CasS at% > 0.75) can form at

much higher aluminum content.

For the same bulk total calcium and ASA contents, the
effect of the sulfur content on (Ca,Mn)S is shown in Figure
5.50. The lower sulfur seems to increase the calcium content
of the (Ca,Mn)S inclusion, but the degree of its effect is not

clear from this diagram.

In Figure 5.51 the CaS at% in (Ca,Mn)S inclusions is
plotted against the bulk total calcium content for all the
four heats examined in detail. 1In general, increasing bulk
total calcium content increases the calcium content in

(Ca,Mn)S inclusions. However, similar to Figure 5.46, a
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simple pattern is not shown, because the effect on (Ca,Mn)S is
not solely from the calcium in the diagram. The kinetics and
mechanism for both oxide and sulphide modification and their

relationship are discussed in section 6.3.
5.3 COMPARISON BETWEEN BULK CHEMICAL AND INCLUSION ANALYSIS

In principle it is possible to calculate the content of
each element contained as inclusions from the number, size and
composition of the inclusions. The contents of each in
inclusions can be subtracted from the total bulk analysis to
obtain the content cf the element dissolved in the steel.
There are a number of difficulties in actually performing this
calculation. First of all, there are uncertainties in the
number, size and composition of the inclusions because it is
only practical to analyze a small fraction of the sample. {(In
the present study, 40 fields each measuring 94 um by 94 um
each were taken from one polished sample). BAnother problem is
that there is a distribution of particle sizes which are
randomly sectioned, but it is more likely that a smaller
cross-section is cut. Therefore a statistical correction
procédure is required to adjust the observed particle
distribution. In the present case, Underwood's procedure is

The results of this calculation are compared with the
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chemical analysis results in Figures 5.52 - 5.54. The calcium
content in inclusions is compared with the bulk total calcium
contents in Figures 5.52. Results from all the four heats
indicate that the agreement between the total calcium content
from bulk chemical analysis and the calcium content calculated
from the inclusion distribution is surprisingly good. This
means most of calcium is tied up in the inclusions, and the
dissolved calcium is almost negligible by comparison. Since
Equations 5.6 and 5.11 are based on the assumption that the
total calcium in the melt is the dissolved calcium, Equations
5.6 and 5.11 are incorrect to be used for explaining the
calcium absorption and its vaporization. An alternative

mechanism is thus presented in section 6.2.

Figure 5.53 shows the comparison between the oxygen
content combined in the inclusions and the oxygen content from
subtracting the dissolved (converted from oxygen activity)
oxygen from the total oxygen. The agreement is fair, even
though there is some scatter due to the uncertainty in
inclusion analysis. For sulfur, there are three components:
one is the total sulfur which can be chemically analyzed, one
is the sulfur combined in the inclusions, and the third is the
dissolved sulfur which is the difference of above two and can
not be directly measured. Figure 5.54 shows the progress of
these three sulfur contents as a function of injection time.

Both the total sulfur and the dissclved sulfur contents
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continue to decrease, while the sulfur in the inclusions
increases at the beginning of injection, reaches to a maximum

and then decreases at the later stage of injection.

5.4 CALCIUM RECOVERY

Calcium recoveries are often quoted for industrial
processes as the calcium retained in the melt compared to the
calcium injected into the steel, it is also called calcium

efficiency:

¥Ca - ¥Cayna

CALCIUM RECOVERY =
FCapppep

(5.13)

In industrial precesses this can only be done by
comparing calcium before and after injection. In the present
experiments the calcium recovery was calculated at each
sampling time based on the total calcium content. The results
for three different injection rates are shown in Figure 5.55.
The peak is due to the fact that the calcium content increases
rapidly at the beginning, but levels off (Figures 5.4 and 5.5)
even though calcium is still being fed. The peak is higher
and occurs at shorter times for increased feed rate because K,
increases with feed rate (Figure 5.9). Therefore both the

feed rate and the sampling time influence the observed values
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for calcium recovery. Furthermore, the extent of inclusion
modification cannot be deduced from calcium recoveries based
on total calcium content as Figure 5.41 demonstrates. In
summary, calcium recoveries must be carefully interpreted, and
comparisons between widely different practices may not yield
a useful measure of the effectiveness of inclusion

modification by the different techniques.
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CHAPTER 6
KINETICS, MECHANISMS AND MODELLING

6.1. INTRODUCTION

During calcium wire injection into the molten steel,
calcium vaporizes at the tip of the wire, and comes in contact
with the steel in the cavity produced by the vapour. As
calcium dissolves into the liquid, it reacts with oxygen and

sulphur to form Ca0 and Cas,

ca + 0 = Cao (6.1)

Ca + S = cas (6.2)

resulting in the reduction of the dissoclved oxygen and sulphur

in the melt.

Dissolved calcium can also react with the primary oxide
Al,0, inclusions in the melt to modify it from Al,0, to CA, to
Cca0 in the following sequence: Alzos—CAﬁ-CAZ-CA-q2A,—CSA-CaO.

These different phases of CA, are indicated in Ca0-Al,0; phase
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diagram (Figure 2.12):

€a + 0 + x(Al,0z) = (Ca0)- x(A1,03) (6.3)

Calcium can also modify MnS into (Ca,Mn)S:

€a + S8 + MnS = (Ca,Mn)s (6.4)

The modified oxide CA, and sulphide (Ca,Mn)S can also
interact with each other to form the complex oxy-sulphide
inclusion (Ca,Mn)S'CA,, which is also in coexistence in the

melt with pure Ca0Q, CasS, CA (Ca,Mn)S, Al,0, and MnS

x '

inclusions (Figures 5.16 to 5.20).

In such a complicated system, it is necessary to know
where and when each of the above reactions (Equations 6.1-6.4)
takes place during and after calcium injection in the steel,
before a comprehensive kinetic model can be developed to

quantitatively interpret the present experimental data.

6.2. THE KINETICS AND MECHAN1S! OF CALCIUM DISSOLUTION

To begin, the most important question is how calcium

comes into the melt.

There are two possible hypotheses to explain the



208
mechanism of calcium dissolution into steel: 1) one hypothesis
is calcium dissolution with no or negligible reactions in the
liquid film, and 2) the other hypothesis is calcium
dissolution with reactions in both the 1liquid film and the
bulk, Both cases were introduced and discussed in the

literature review (see section 2.7.1).

6.2.1 Calcium Dissolution with no or Negligible Reactions

in the Liquid Film

The hypothesis of calcium dissolution with no or
negligible reactions in the liguid film suggests that the
reaction between the gas absorbants, Ca, and the reactants, S
and O, in the liquid film and gas-liquid interface is very
slow or negligible. This hypothesis of calcium dissolution
with no or negligible reactions in the liguid film also
indicates that the calcium dissolution rate is independent of
the chemical components in the melt, and the calcium mass
transfer rate through the gas-liquid boundary is solely a
function of the physical hydrodynamic parameters. However, it
was found from Figures 5.7 and 5.8 that both sulphur and
oxygen enhanced the calcium mass transfer rate in our
experiments. This means that calcium dissolution into the
liquid steel under the present conditions is not a simple

dissolution process.



209

6.2.2 calecium Dissolution with Reactions in the Liquid Film

Irons and Guthrie's  work (119 on  magnesium
desulphurization in molten iron found that there was a strong
reaction between the dissolving magnesium gas and sulphur at
the gas-liquid interface (the concentration profiles are shown
in Figure 6.1). From the thermodynamic analysis in section
2.4.1 and Figure 2.8, it is shown that calcium is a much
stronger desulphurizer and deoxidizer than magnesium.
Therefore, the strong reactions between the dissolving calcium
with sulphur and oxygen in the liquid film are inevitable.
According to this hypothesis of calcium dissolution with
reactions in the liquid film, the concentration profiles of
Ca, S8 and O in the liquid film are schematically shown in
Figure 6.2. The strong calcium deoxidation and
desulphurization reactions in the liquid film will change the
calecium concentration profile from a straight line to a curve,
and push it closer to the gas-liquid interface, thus resulting
in a steeper slope ij, rather than the slope ik for the simple
dissolution. A higher value of the effective mass transfer
coefficient ij is then obtained in comparison with the
coefficient k, for the simple dissolution. As a result, the
calcium mass transfer rate is enhanced by the presence of
sulphur and oxygen in the melt. This is in qualitative

agreement with the results in Figures 5.7 and 5.8.
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However, dquantitatively it is essential to know how
significant it is for the reactions to affect the calcium
concentration profile in the liquid film, and whether it is
possible for most of calcium to be consumed in the 1liquid

film.

A Film Conversion Parameter, M, "8 is adopted to define
the ratio of the rate of calcium reactions at inclusions in

the film to the rate of calcium diffusion through the film:

Maximum possible reaction rate in Film
Maximum Diffusion rate through Film

(6.5)

If M >> 1, the calcium reaction rate, r (reactions

Ca,reac’
at the inclusions in the 1liquid film) is larger than the
calcium diffusion rate, Tea,gittr (diffusion through the film).
Therefore there would be enough sites to explain a high
reaction rate in the film. Consequently, chemical reactions
with sulphur and oxygen could enhance the rate of calcium
dissolution.

The calcium reaction rate, r is the rate at which

Ca,reac’
calcium would diffuse through the boundary layers of
inclusions which are inside the film at the gas liquid

interface. The rate is:
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6‘.
Lca, reac 'j; K2 (Con, 5= Coa, )A,dX (6.6)

where A is the gas-liquid interfacial area, and x is the

distance from the gas liguid interface. (Cea i~ Ccnx) 1s the

Ca,x
driving force for diffusion to the inclusion interface, i.e.
the calcium concentration at any position x minus the
concentration in equilibrium with the inclusion. k.z., is the
mass transfer rate constant for the inclusions in the liquid
phase. For the present conditions, it is calculated according
to Equation (2.75) 120 .
kizgx = 27MDg, dinl

(6.7)
-2.5~25 (s 1)

where d, is the inclusion diameter. For the present
experiments, the average volumetric inclusion diameter is
relatively constant (Figure 5.,38). k,z,, varies from 2.5 to
25 (s’') as the number of inclusions varies from 10% to 10
(/m®) (Figures 5.32-33). The detailed calculation of kiz.,, is
given in Appendix C. For the maximum calcium reaction in the
£film, Cca.i can be assumed to be zero at the inclusion
interface. The calcium concentration profile is also assumed
to be linear across the film, so that Cea,

« 1s given as:

Coa,x = (1"%)CCa,b (6.8)
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The maximum calcium reaction at the inclusions in the

liguid film is then given by:

&, X
Lo resc = f; kizm,(l"TL]Cca.bALdX
{6.9)

_ K;Zcp, o

~—— Cea, A8,

The calcium diffusion rate, Tia,aitfr through the liquid

film is given by:

D
Lca,dire = TC:(CC‘a.b_CCa)AL {(6.10)

To maximize the diffusion rate, the bulk calcium term,

C can be regarded as 2zero, and a linear concentration

Caf
profile is again applied across the film. Then the maximum

calcium diffusion in the film is given as:

D
ca,aiee = 5 Coa,bAL (6.11)
L

From Equations (6.8) and (6.10), the film conversion

parameter is calculated as:

max 2
M = L'¢a, reac - kizmxb L
2D,

(6.12)
max
Lra, diff

where calcium diffusivity D, was estimated as 3*10°° m®/s. The
liquid film thickness is estimated by applying the film model
to the Baird-Davidson "% relationship for the mass transfer
coefficient to bubbles which was found to apply to magnesium

dissolution in iron (1201,
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D -9
8- 2 432120_5 - 6.5%10°° m (6.13)

Note that the gas-liquid film thickness is of the order
of 65 um, whereas the inclusions are of the order of 2 um.
Substituting into Equation 6.12, one obtains:

k izcax‘s 2
2D,

(2.5 ~ 25) % (6.5%10°5)2 (6.14)
2%3%107°

- 1.8~ 18

In the present calculations, M is always greater than
cne, which indicates that there are enocugh inclusions in the
melt and gas liquid film to carry out the chemical reactions
at a faster rate than that of the calcium diffusion through
the film. Therefore, significant enhancement is possible. M
was calculated assuming the maximum rate of reaction (i.e.
Cmﬁ=°)' Even with this assumption, M was not orders of

magnitude greater than one. Consequently, not all of the

calcium is expected to be consumed in the film.

From Figure 6.2, it can be seen that the calcium mass
transfer rate with chemical reactions across the film is given

by:

dc
Leag = DCa'AL'_'Kca' (6.15)

X=0
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“he calcium mass transfer rate without chemical reactions

is:

Ica = KGAL (Poy=Poy,p) = KAy (Coy p=Cep) (6.16)

Therefore, the enhancement factor, E, the increased ratio
of mass transfer rate with chemical reactions to mass transfer

rate without reactions in the film, is then given as:

E- feas . __Tleo _ slope(dy) (6.17)
F Cea=Cea.p slope(ik)
61.

where the slope i) for the case of calcium mass transfer with
reactions in film, and slope ik for the case of mass transfer

without reactions are indicated in Figqure 6.2.

6.2.3 An Instantaneous Reaction Mechanism for cCalcium

Dissolution

Although the general solution of Equation 6.16 for
enhanced dissolution does not exist, the enhanced calcium mass
transfer rate, Tea,er CanN be determined analytically in special
cases. Nine reaction regimes are classified by the
dimensionless groups in Table 2.11 "2, From Table 2.11, if
Ha > 3, the reaction in the liquid film is considered as fast

or instantaneous. Since M and Ha have the similar physical
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significance: the ratio of conversion rate in film to
diffusion rate through film of the dissolving gas, high M
values 1in the present calculation indicate the fast and
instantaneous nature of calcium reactions with sulphur and
oxygen in the liquid. Therefore, the general case of Figure
6.2 can be simplified with an instantaneous reaction two-film
model: during calcium injection, calecium dissolves through the
gas~liquid boundary layer and is met by oxygen and sulphur
diffusing towards the gas=-liquid interface. The concentration
profiles are shown schematically in Figure 6.3. Where these
fluxes meet, reactions between calcium with oxygen and sulphur
occur in the liguid film. These strong calcium deoxidation
and desulphurization reactions in the liquid film result in a
steep slope and faster mass transfer rate. This explains the
enhancement of calcium absorption by higher initial sulphur
and oxygen contents in the melt. The following assumptions
are made to develop a model for the enhanced calcium

dissolution:

1) These reactions are assumed to be so fast that the
dissolving calcium reacts instantaneously with oxygen and
sulphur at a plane § from the interface, controlled by
the rates of diffusion,

2) chemical equilibrium exists at the gas-liquid interface,
and the plane for both calcium deoxidation and

desulphurization reactions, and
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Reactlon Plane
P P Ca,b :
Cr__““f*-~_ CE
Ceab

Co

Cs,b = .,
Ccs>,b : _(:,CECQ Cea
0g © 0, 0L X

Figure 6.3

The two-film model for calcium dissolution
with its instantaneous reactions with oxygen
and sulphur at a reaction plane in the liquid
film. The concentration profiles of calcium,
oxygen and sulphur in the boundary layer are

assumed to be linear.
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3) the concentration profiles of calcium, oxygen and sulphur

in the boundary layer are assumed to be linear.

Using thses assumptions, and Fick's Law, the following

relationships can be developed:

1) the effective thickness, §_ , for the reaction plane is

determined by the balance of the fluxes for calcium
against sulphur and oxygen:

Dy (Co=Co, ;) + Dg(Cs-Cs, () - D
8,5, 5,-6, 5

ca (Ccﬂ.b_C" ) (6.18)

< a, r
I

where C,, ., C; . and C, are the equilibrium cvucentrations

of calcium, sulphur and oxygen at the reaction plane.

2) Equilibrium exists at the reaction plane é§ and at the

gas-liquid interface:

CCa.r' CO.I-KCBO' Cca.r' Cs.r-KCaS
(6.19)
CCa.b' Co.b'KCaO' Cea b+ Cs, b= Keas

3) The remain unreacted calcium diffuses through the outer
portion of the liguid £film into the bulk as dissolved
calcium which contributes to inclusions modification:

dcca ‘DCa AL
de 8,-8, VvV

(Cea,r=Ceca) (6.29)
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where A is the calcium gas-liguid interface area, and V is

the volume of the liquid melt,

Since the equilibrium constants for both deoxidation
(Keo) @and (K.) are very small ©® (in the order of 108 from
Table 2.7), the equilibrium concentrations at the reaction
plane can be ignored in comparison with the other
concentration terms in Equation (6.18). 6, can then be

calculated in terms of boundary layer thickness, 6

5 = ‘DCaCca,b 5 (6-21)
: DoCot*DsCs*DeyCea,p) -

The equilibrium calcium concentration at the

instantaneous reaction plane, ¢ can be obtained by

Ca,r’

substituting Equation (6.21) into Equation (6.18):

C - DOKCEO"-DS‘KCGS c (6.22)
ca,r Doco + DSCS ca,b

For a typical heat condition (%0 = 0.001 and %S = 0.01),
%Ca_ is calculated to be 0.0003 from the above equation, which
is three orders of magnitude smaller than that of the
interfacial calcium concentration at the vapour-liquid
interface (%Ca, = 0.024). The equilibrium concentrations of
oxygen and sulfur at the reaction plane are then obtained from

the equilibrium constants ! in Table 2.7:
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Keas 1.96+1077
S - - h - -4 -
%5, %Ca, 0.0003 6+10 {6.23)

K, 7+10°°
$0, - L2 | - 2. 0-S 6.24
T %Ca, 0.0003 2.3%1 (6.24)

Again by comparison, the equilibrium concentrations of
sulfur and oxygen at the reaction plane in the liguid film are
about 3 orders of magnitude smaller than the bulk
concentrations. Therefore, the assumptions regarding the
equilibrium concentrations at the reaction plane are

reasonable.

It is then convenient to define an enhancement factor,
E.,,» which is the rate of calcium dissolution with chemical
reactions in the liquid film compared to that for the simple

dissolution:

Eg, - kr..s - Dt:'a/lar -1 + M {6.25)
k, Dco/d DeaCean

Inserting the initial concentrations of oxygen and
sulphur into Equation (6.25), the enhancement factor E‘:a'J at
the very beginning of injection is calculated in Table 6.1 for

all the injection heats.
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The total calcium pick-up rate from the instantaneous
reactions with oxygen and sulphur in the liquid boundary is

given by the following equation:

ACca, 7 _ DPea2y, 14+ DoCo+DsCs
dt 8

Cc b
DC'&CCa.b ) 2

(6.26)
= kc‘azLECa (Cr:a.b"CCa. :)

= kCaZLECaCCa,b

where 2z is the calcium gas-liquid interface area per unit

volume of the melt (q_= A /V)

Since most of the total calcium in the melt is combined
in the inclusions, and the inclusion flotation (elimination)
is the major contributor to the decay of total calcium, the

total calcium mass balance is written as:

dCCa , T

de keaZ1EcaCoa,p = KoZ Cea,r (6.27)

At the very beginning of calcium injection, the
elimination term for the above equation can be ignored, i.e.
Cear = 0, so that the tangent of the calcium concentration

curve at t-0, should be the term of the total calcium pick-up

rate, i.e.,
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The Calculation Results of dCe, ;/dt|,., 2,/5, and kz,_ at Ditferent E,°
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MEASURED CALCULATED

Heat # | Case # C? o dCe,/dt] o 2,/8 Kea2y keZ, k.2,

[ *10° [ *10° | *10°

{mol/m?) | (mol/m®) | (mol/m?s) (m) (s") (s} (s")
HER1 31 8 0.009 2.46 33s 1.01 1.45 1.05
HER2 7 2 0.022 1.31 855 1.66 2.38 1.72
H7R1 36 43 0.032 3.75 78.3 2.35 337 2,43
H8R1 1 25 15 0.022 243 | 849 2.55 3.65 2,63
HaR2 20 5 0.021 1.94 | 99.7 2.99 4.29 3.08
HSR1 34 27 0.059 3.13 | 175.8 5,27 7.56 5.45
H3R1 64 1 0.0072 3.58 18.6 0.56 0.80 0.58
H4R1 33 1 0.0047 234 | 1856 0.55 0.79 0.57
H5R1 2 20 3 0.0695 1.88 | 341.8 | 10.25 14.7 10.59
H7R2 22 2 0.0085 1.93 70.5 2.1t 3.03 2.19
H9R2 3 2 11 0.0054 1.30 358 1.07 1.54 1.11
H9R3 4 0.9 1 0.0071 1.06 61.8 1.85 2.66 1.91
where

D, = 3*10° m?/s  (from Appendix B)

b
D
Ceap = 36.0 mole/m®

4.3*10° m?/s (from Appendix B}

= 3.1*10° m?*/s (from Appendix B)

Ec’ = 1 + (D,C;° + D,C,%)/(0c,Ce,)
kea*2z, = De*2,/8,
kl*zl. = Ds*zL/GL
II‘l::*zL = Do*zL/sL
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dCCa. T
dt

0 0
DCaz:.[1+ DpCo+DgCs N
Ca,

DCaCCa.b

t=0 6 L

(6.28)

D..z
- [.& Ega Cea, b

5,

0
= key 2, Eca Coa,p

For the same injection conditions, the product of the
mass transfer coefficient and area, K.,Z, . should be the same.
Consequently, the initial calcium pick-up rate should increase
linearly with the initial enhancement factor, Emo. When the
calcium pick-up rate is plotted against the postulated

enhancement factor according to Equation 6.28, the experiment

results fall into line very well with this model (Figure 6.4).

The hydrodynamic term in Equation 6.28, 2z /6 , which is
independent of the chemical parameters, can be determined by

rearranging Equation 6.28:

dCCa.'I'
2L . e (6.29)
8. D,Ca+DsCO

ca,b

DmCmJ:
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|
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Eca = 1+ (Do + DsCE)/Delca
Figure 6.4 The relationship between the initial calcium

pick-up rate, d[%Ca])p/dt],._, and the initial
enhancement factor, ECao, for three different
calcium injection rates. Lines are from the
instantaneous reaction model for calcium
dissolution (Equation 6.28).

8
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The mass transfer rate constants for dissolution without
reactions, k_.z k.2, and k.z for calcium, oxygen and sulphur

Ca®™Lf

at the gas-liquid boundary are then obtained by:

Ke,2,-0 (‘—') . k,z,=D, ( ) , kSZL-Ds(—:—i) (6.30)

Both the hydrodynamic term, 2, /6, , and mass transfer rate

constants for simple dissolution, kea2,» Koz, and K.,z are

calculated in Table 6.1.

The calcium mass transfer rate constant, k.2, can also

%3] has obtained an

be independently estimated. Mucciardi
empirical equation (Equation 2.39) to estimate aluminum wire
penetration depth in steel. Since both aluminum and calcium
are exothermic in their dissolution in the melt, the abova
empirical equation can be used to estimate the calcium wire
penetration. At a low calcium wire feed rate, 0.02 m/s, the
calcium wire penetration depth was calculated to be 0.045 m,
and at a high feed rate, 0.06 m/s, the penetration depth is
0.065 m. For such a relatively shallow penetration of calcium
wire, there is a great possibility that a gas cavity or dimple
would be formed, since a high volume of calcium vapour has to
escape to the atmosphere. Assuming calcium gas forms a open
cylinder, the volume of the cylinder can be obtained from the
gas flow (escaping) rate, so that the calcium gas-liquid

interfacial area, A, and area per volume of melt, z can be

LI

calculated.
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Mass transfer at the gas-liquid interface in the cavity
formed by the jet was studied by Walkelin ''"”, who obtained
the following equation {Equation 2.51) for local mass transfer

coefficient.

Equation 2.51 is used here to estimate the calcium mass
transfer coefficient, K., at the gas-~liquid interface. The
calculated calcium mass transfer rate constants, Keo2,r are
then compared in Figure 6.5 with the experimentally measured
rate constants which are taken from Table 6.1. Most of the
calculated values are within 35% to 75% of the experimentally
determined. 1In comparison with aluminum wire, calcium wire
generates gas in its contact with the melt, so that there is
an uncertainty in applying Equation (2.39) to estimate the
calcium wire penetration depth in steel, and also Walkelin's
009 Eguation (2.51) was for shallow dimples. These

uncertainties might cause the difference between the

estimation and the experimental data in Figure 6.5.
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Heat and Run number

The comparison between the calculated and the
experimentally determined calcium mass
transfer rate constant at gas-liquid
interface. Note that most of the calculated
values are 35% to 75% of the experimental

results.
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6.3 KINETICS AND MECHANISMS OF INCLUSION MODIFICATION

Before calcium addition to steel, there are mainly two
kinds of non-metallic inclusions: oxide Al,0, and sulfide MnS.
Al,0, is a direct product of aluminum deoxidation and solid in
the liquid steel. MnS inclusion usually forms at the grain

boundaries during solidification of steel.

As calcium injection progresses, both oxide and sulfide
morphologies change towards calcium-rich components (Figures
5.41-51). Al,0; transformation to calcium-rich aluminate is
favoured by increased calcium treatment (Figures 5.41-43), low
acid soluble aluminum content (Figure 5.44), and low sulphur
(Figure 5.45). MnS transformation to calcium~-rich sulphide
inclusions is favoured by increased calcium treatment (Figures
5.47 and 5.48), high acid soluble aluminum (Figure 5.49) and
low sulphur (Figure 5.50). Higher initial h,/h, tends to
favour sulphide modification and lower initial h,/h, tends to

favour oxide inclusion modification (Figures 5.46 and 5.51).

During the continuous morphology change of oxide and
sulphide by calcium injection, large amounts of "primary" Ca0
and CaS were found to come from the gas-liquid film (Figures
5.25-28), as discussed in the previous section. Reactions may
continue at those primary inclusions in the bulk. However, in

the same sample, there also exist unmodified Al,0, and
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unmodified MnS inclusions, as shown in Figure 5.25-28.

There is also a strong relationship between oxide and
sulphide inclusions (Figures 5.46 and 5.51). This reflects
the nature of the simultaneous modification of both oxide and
sulphide inclusions by calcium addition in the melt. However,
the individual modification mechanisms for both oxide and
sulphide inclusions must be studied first, before their
interactions and the system reaction paths can be fully

explored.

6.3.1 Alumina (A1,0;) modification

As the dissolved calcium diffuses towards the solid Al,0,
inclusions, the following overall reaction contributes to the

modification of Al,0, into calcium aluminate CA,.
Ca + 2 (a1,0,) = (Ca0) + 241 (6.31)
3 2¥3 _3- .

where the species within the parentheses are dissolved in the
aluminate phase (CA)). If equilibrium is reached at the
inclusion interfaces, the activity ratio of the Ca0 and Al.0,
components in CA, is a function of the ratio of the calcium

and aluminum activities:
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Qa0 K‘“z‘%( Aoy ] (6.32)

1/3 2/3
dal,o0, Keaa Y

where K, .., and K., are the equilibrium constants for aluminum
and calcium deoxidation in the melt, 8,0, and a., are the
activities of Al,0; and Ca0, using pure solid as the standard
state, and h, and h, are the calcium and aluminum activities,
using 1 wt% as the standard state. For the same aluminum
activity, the activity ratio of cao to Al,0, in Equation (6.32)
or the chemistry of CA,  depends solely on the calcium
activity. With increasing concentration of dissolved calcium
in the melt during injection, the CA, changes from alumina-

rich towards calcia-rich aluminates.

The oxide inclusions formed during calcium treatment will
be richer in CaO than those precipitating during liquid metal
cooling and solidification. However, from the literature
survey ®, the average composition of CA, observed at room
temperature is not very different from that calculated at high
temperature, since the ratio of auo/(anumﬁ“ changes only within
20% with temperature during cooling from 1600 to 1500 Oc (6.5
The solidification of the liquid metal in the small samplers
used in the present experiments is so fast that there is very
little time for the solid state reactions to take place.
Therefore, the oxide CA, composition analyzed in the solid
samples are believed to reflect its composition at high

temperature.
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6.3.2 Manganese sulphide {(Mns) modification

The thermodynamics for MnS formation is [1641:

Mps - Mo + 8§ (6.33)

hya By 8194

+ 4.96 (6.34)

For the present conditions, MnS does not exist in the
liquid steel due to the low sulfur and manganese contents in

the melt; it forms during solidification.

From CasS-MnS phase diagram in Figure 2.15, at 1600 %,
calcium reacts with manganese and sulfur to form the solid
(Xeps > 0.65) or liquid (0 £ X, < 0.65) calcium-manganese
sulfide, (Ca,Mn)S. This solid or liquid calcium-manganese
sulfide may exist as a single phase, (Ca,Mn)S, or in
combination with the oxy-sulphide complex inclusions,
(Ca,Mn)S'CA,. In the present experiments, it was found that
most of calcium-maganese sulphide existed as a single phase,
with only minor amounts of oxy-sulphide complex present
(Figures 5.25-28). The composition of sulfide changed from
MnS-rich towards CaS-rich (Ca,Mn)S (Figures 5.47 and 5.48) as
injection progresses, but it did not change substantially

during the holding period.

The formation of oxy-sulphide complex can be explained as
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the following: as calcium dissolves into steel, it reacts

with Al.,0; and changes it towards lime-rich CA, .

ca +

wlr

(A1,0,) = (Cao) + _g_a_]_ (6.35)

When CA  reaches a certain composition, it reacts with
sulfur and manganese to form complex (Ca,Mn)S.CA_  inclusions,
so that the reactions occurring on CA, inclusions are the

following:
(Ca0) + -g-al + S = (CaS) + %(Alzoa) (6.36)

where the species within the parentheses are part of either

oxide CA,, or sulfide (Ca,Mn)S.

During calcium injection, there is also a continuous
supply of the primary Ca0O and CaS inclusions from the calcium
gas-liquid boundary. Manganese and sulfur can diffuse to and
react with them to form the single phase (Ca,Mn)S. The
overall thermodynamic relation for (Ca,Mn)S formation in

equilibrium with its components can be written as:

£a + (MnS) = (CasS) + Mn (6.37)

where the species within the parentheses are part of the
sulfide phase (Ca,Mn)S. The equilibrium calcium-manganese
sulfide composition relates to the manganese and calcium
activities. The equilibrium activity ratio of caS and Mn$

components in (Ca,Mn)$ is then:
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qcas . Kns Bea (6.38)

Qpns Kcas Ny
where K, . and K . are the equilibrium constants for reactions
of MnS and CasS formation in the melt, and a_. and a, . are the
activities of CaS and MnS, using pure solid as the standard
state, and hCB and h,, are the calcium and manganese
activities, using 1 wt% as the standard state. For the same
manganese activity, the activity ratio in Egquation (6.38), or
the chemistry of (Ca,Mn)S depends solely on the calcium

activity.

According to CaS-MnS activity diagrams in Figures H2-H4
in Appendix H, the ratio of a,/a,  changes within 25% in the
temperature range of 1600 to 1500 %C. This means that the
composition of (Ca,Mn)S does not change substantially during
cooling from 1600 % to the steel solidification temperature,
1500 Oc, When the sample solidifies, some of the MnS
inclusions might precipitate on the primary inclusions in the
melt, but most MnS were found to form as a single phase at the
grain boundaries from the last solidifying liquid. No obvious
MnS ring was found on either CA, or Cas and CaO inclusions,
and the inclusions observed were uniform and homogenous in
nature. This indicates that in the present experiments that
observable quantities of (Ca,Mn)S do not form during
solidification by precipitation of Mn and S on the primary cas

and Ca0 inclusions. Furthermore, the samples were cooled down
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and solidified in seconds, so that there was not enough time
for significant solid state reactions to take place within the
sulphide inclusions. Therefore, the data analyzed from SEM
are believed to reflect the composition of sulfide in the

liquid steel.

As more sulphur reacted and tied up calcium and manganese
in the (ca,Mn)S inclusions, 1less MnS was available to

precipitate at the grain boundaries during solidification as

shown in Figures 5.25-28.

6.3.3 The relationship between oxide and sulphide inclusions

Calcium changes the compositions of both oxide and
sulfide inclusions simultaneously during its injection. At
any injection time, the compositions of both CA, and (Ca,Mn)S
inclusions are directly related to the initial conditions (see
Figures 5.41-51). There exists a strong relationship between
the oxides, CA,, and the sulphides, (Ca,Mn)S. This
relationship is shown in Figure 6.6, by plotting the CA,
composition (Ca0% in CA) on the x-axis against the (Ca,Mn)Ss
composition (CaS%¥ in (Ca,Mn)S) on the y-axis for the same
samples. The results show that the higher initial h ,/h, ratio
shifts the experimental results towards the left corner; that

means, sulphide modification precedes the oxide modification,

whereas at the lower initial h /h oxide modification precedes
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Figure 6.6 The relationship or interaction between ca,

and (Ca,Mn)S, showing the CaS% in the sulphide
phase against the Ca0% in the oxide phase
during and after injection, for four different

injections.
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the sulphide. However, the pattern diminishes in the later
stages of injection. This relationship between simultaneous
oxide and sulphide modification is studied in detail in the

next section.

6.3.4 8ystem kinetic paths during and after injection

Figure 6.7 shows the relationship and interaction between
deoxidation, desulphurization, and simultaneous oxide and
sulphide modification in the bulk by calcium. The left-hand
side represents the Ca0 component in oxide (either as pure Ca0
or CA,), and the right-hand side represents the CaS component
in sulfide (either as pure Ccas or (Ca,Mn)S). The oxide and
sulfide interact with S and 0 in the bulk. Therefore, this
overall interaction between oxide and sulfide can be

represented as:

(Ca0) + 8 = (CaS) + O (6.39)

The species in the parentheses are either in pure state
or dissolved in the oxide or sulphide inclusions. If the
above equation reaches equilibrium with the bulk, the
relationship between oxide and sulphide, and the related bulk

chemistry is given by:

o [Kt:as] 8cas (6.40)
hO KCBO hS
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(Ca0) + S = (CaS) + O

Iogﬁ—:"- = logK + Iog%

Figure 6.7 The interactions between oxide (Ca0 and CA,)
and sulfide (casS and (Ca,Mn)S) inclusions with
the melt, and their overall reaction as {Cao)

+ 8 = (Cas) + 0.
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During calcium injection, the activities of Ca0 and cas

will increase simultaneously with the modification of both
oxide and sulfide towards calcium-rich inclusions. In order
to apply above eguation to interpret the data in Figures 5.46,
5.51 and 6.6, the activities of Ca0 and CaS must be evaluated
at various inclusion compositions. Ca0 activities in the
calcium aluminate system have been previously evaluated '3,
but CaS activities in the CaS-MnS system have not been
reported to the best of our knowledge. However, the CaS and
MnsS activities can be calculated from CaS-MnS phase diagram
(Figure 2.15). The calculation of CaS and MnS activities is
given in Appendix H by applying a regular solution model to
the solid solution and an ideal model to the liquid phase.
The calculated results for CaS-MnS activities at three
steelmaking temperatures and their applicetions to calcium

treatment of steel have been published recently 164,

It is now possible to trace the thermodynamic behaviour
of the system in terms of variations of activities as a
function of injection of calcium. Instead of plotting
individual activities, it has been found that to show the
deviation from equilibrium of reaction 6.39 is most
informative. This is done by plotting log(a.,/h,) against

log(a,/h,) as shown in Figure 6.8.

This form of presentation has 3 advantages:
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The system reaction paths for calcium
treatment of steel, plotted as log(ag,s/hg)
against log(ag,o/hy) for the same injections as
Figure 6.6. For various initial sulphur and
oxygen activities the results eventually
converge on the equilibrium between (CaS) and

(Ca0) (Eguation 6.41).

\



241

(1) It is based on Equation 6.40, i.e. log (a./h,}) = log
(acp/N,) + log K. Therefore, the equilibrium relation is

represented by the diagonal line in Figure 6.8.

(2) The y-axis relates to the calcium activity in equilibrium
with (Ca,Mn)S, or the extent of sulfide modification.
The x-axis reflects the calcium activity in equilibrium

with CA,, or the extent of oxide modification.

(3) The reaction paths of the system which describe the
evolution of the system from the initial state to the
final equilibrium state under the condition of continuing
calcium injection are shown by the solid lines. The
drifting of the system after the completion of injection
is also shown by the dashed lines and the closed data

points.

The trends in Figures 5.46, 5.51 and 6.6 are difficult to
discern. However, when this set of data is plotted in Figure
6.8, a pattern presents itself. It appears that the initial
conditions determine the paths towards equilibrium. High
initial h,/h  shifts the reaction path towards the upper left
corner of the diagram. On this path the ratio of ac,e/ g
increases faster than apo/h,.  In other words, higher initial
h,/h, favours the modification of sulphide inclusions, while

lower initial h /h, favours oxide modification.
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In all experiments, the inclusion compositions eventually
approached the equilibrium state given by Equation 6.39. The
system did not drift far away from the equilibrium state
prevailing at the point injection was terminated, except in
the case H7R2, in which reoxidation pushed the system away
from the equilibrium state and towards the left of the

diagran.

Since the y-axis is proportional to the equilibrium
calcium activity with (Ca,Mn)S and the x-axis with CA,, the
diagonal equilibrium line indicates that both oxide and
sulfide have the same equilibrium value of calcium activity.
The path shown above and to the left of the diagonal 1line
indicates higher equilibrium calcium aitivity with sulfide
than that with oxide. The path shown below and to the right
of the diagonal line indicates higher equilibrium calcium

activity with oxide than that with sulfide.

In Figure 6.8, the two broken lines represent saturation
with one atmosphere of calcium vapour. For the present
conditions, the maximum, calcium solubility is 0.024% 9,

The broken line parallel to the y-axis is given by:

Sat
(109—a§i9] - logh&® + logK,, (6.41)
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where h %" is the saturation calcium activity and the
equilibrium c astant, K. ,, for calcium deoxidation (Equation

6.1) is given by:

a
Ko = —22 (6.42)

Similar expressions also apply for the broken line
parallel to the x-axis. The saturation lines define the
feasible range of operation for the process. It can be
inferred that the actual dissolved calcium content is
approximately three orders of magnitude lower than its
solubility value, even though equilibrium with respect to
Equation 6.39 is reached near the end of calcium injection.
Thus the effective dissolved calcium content is less than 1
ppm, even though the total calcium is approximately 120 ppm
(Figures 5.46 and 5.51). This very low activity of dissolved
calcium in the bulk implies a major calcium concentration
profile drop from 240 ppm Ca at the gas~liquid interface to
less than 1 ppm. This finding supports the instantaneous two-

film reaction model.

Most of the present heats were "over-treated" with
calcium compared to the amount of calcium addition to steel in
industry (see section 6.5.1). Therefore, for industrial
cases, the dissolved calcium in the bulk near the end of
injection would be expected to be even lower, assuming the

initial conditions are similar.
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6.4 THE MATHEMATICAL MODEL

Having studied and understood the kinetics and mechanisms
of calcium dissolution at the gas-liquid interface, and of the
oxide and sulfide inclusions modification in the melt, one is
then able to construct an overall reaction and mathematical
model for the whole system. The model would trace the sources
and sinks for each dissolved component in the system during
and after injection. Therefore, the rate of deoxidation and
desulphurization and the change of dissolved calcium
concentration in the melt could be calculated. The model
would also monitor the rate of diffusion of components to the
oxide and sulfide inclusions; thus the rate of oxide and

sulfide modification could be calculated.

The basis for the mathematical model is shown
schematically in Figure 6.9. Calcium vaporizes when it is
injected. Most of it escapes to the argon atmosphere, while
the remainder dissolves in the liquid through the gas-liquid
boundary, where it encounters oxygen and sulphur, accounting
for most of the deoxidation and desulphurization. The
reaction products CaO and caS are then mixed into the melt,
while the unreacted calcium dissolves into the melt to react
with existing alumina to transform it to calcium-rich Ca,.
The modified CA, reacts with S and Mn to form complex oxy-

sulphide inclusions, when the bulk S and Mn concentrations
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exceed their equilibrium values with respect to CA,.
Manganese and sulphur also diffuse to the Ca0 and cas
inclusions to form calcium-manganese sulphide inclusions.
Desulphurization also occurs at the slag-melt interface, while
dissolved oxygen originates from the free surface and the

crucible lining.
6.4.1 Reactions involved in the system

According to Figure 6.9, the individual reaction involved
in the system and its reaction site and the reaction

conditions is summarized below:

1) Instantaneous reactions between calcium with sulfur

and oxygen at a reaction plane in the ligquid film:

£a + 8= Cas (6.43)

£a + 9= Ccao {6.44)

2) reoxidation from the atmosphere and lining:

%oz -0 (6.45)

3) slag desulphurization at the slag-metal interface:

8= (S)* + 2e {(6.46)
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4} calcium modification of CA, on CA inclusion in the
melt, and desulphurization by the modified CA, when

the bulk sulfur exceeds its equilibrium value with

CA:
Ca + %wzo,) - (Cao)+-§-a.t (6.47)
(ca0)+2Al + 5 - (Cas) 3 (a1,0) (6.48)
5) diffusion of manganese and sulphur to form (Ca,Mn)Ss

on the primary Ca0O, CaS inclusions in the melt:

L£a + (Mn8) ~ (CaS) + Mn (6.49)

6.4.2 Model assumptions

(a)

(b)

(c)

The following assumptions are made to develop the model:

The inclusions are small enough that diffusion within the
inclusions is fast enough that each inclusion is a single

homogenous phase.

The chemical reactions are fast compared to diffusion in
the melt, so that chemical equilibrium is achieved at all

interfaces.

The inclusion interfacial area is taken from the

guantitative image analysis results.



248

6.4.3 Rate equations for the dissolved elements

A mass balance for the dissolved calcium can be written:

dc,,
dg -kf.‘az

E

L1 Cea,r~Cea) ~Kea, 1Zea, (Cea=Cea, o)

(6.50)
'kCa.izCao ( CCa_CCa.p) _kCa,izCas(CCa"CCa.p)

-k,z,(C.,~0)

where the first term on the right is the dissolution term
including the enhancement factor discussed earlier. The
remaining terms consume dissolved calcium; the second on the
right represents calcium diffusion to CA  inclusions; the
third and fourth represent diffusion to primary cac and cas
inclusions respectively; the final +term accounts for
evaporation of calcium. The evaporation rate constant, k.z,,
was determined in Appendix D, based on previous work M9,

C is the equilibrium concentration with (Ca,Mn)S. The mass

Co,p
transfer coefficient for the inclusions, Ko is calculted in
Appendix C, based on a Sherwood Number of 2, and is relatively
constant in the experiments since the inclusion size does not
change dramatically during treatment. The inclusion
interfacial area per unit volume, 2z, , 2. and z,, for the CA,

cas and CaO inclusions, respectively were taken from the

quantitative image analysis.
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A similar balance can be constructed for the dissolved

sulfur:

dcC, E
“- ? - k
gt SPEDT

(Cs-Cg ) + kslzsl(cs—c;)
+ ¥ (Kg,12c8,) (Cs-Cs, i) (6.51)

+ ks,izCnS(Cs'Cs,p) + ks,iZCao(Cs“Cs,p)

where the first term on the right hand side represents
enhanced diffusion of sulphur to the calcium vapour interface;
the second term is diffusion to the top slag where the rate
constant, k,z,, is estimated in Appendix E from previous work
(120,171, the third term represents desulphurization at calcium
aluminates (y is normally 1, but if there is no sulphur in the
aluminate, and the bulk sulphur content is lower than the
calculated interfacial value, y is set to zero), and the final
two terms account for desulphurization at cas and Cao

inclusions, respectively.

The dissolved oxygen equation is very similar to the

sulphur equation:

E
-d_t‘:rJ = koZL 577 (Ca=Co,r) + (Ko,iZ0a,)} (Go=Co,)
(6.52)

+ ko,iZCao(Co_co,p) + krozro(co,ro-co)
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where the final term is due to reoxidation from the atmosphere
and refractory, and the rate constant k_z__ is estimated in

ro-ro

appendix F from the previous work V.19

The dissolved aluminum equation is given as:

dc
dg: = = Kpp,12ea, (Cay = Cap, 1)

(6.53)

= kro(DAI/Do) zro(CM - CM,:O)

where the first term on the right is diffusion to or from

calcium aluminate inclusions and the second term is aluminum

being consumed due to reoxidation.

Table 6.2 lists the input and output variables for the

model calculations. Some variables are explained below.

TABLE 6.2 INPUT AND OUTPUT VARIABLES FOR MODEL CALCULATIONS

INPUT Can’ c,° c; In]. Time d Narzog.
OUTPUT

Cea C, G, Xca0 Xcas Cear 2Kz,
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6.4.4 cCalculation of CA and (Ca,Mn}8 inclusion compositions

CA _Composition

Assuming the number of the initial oxide inclusions per
uint volume of melt is n, .. and the average inclusion diameter
is d,, the amount of oxygen combined in the initial Al,0,

inclusions is then

7 3\ Palo
Co.Al;O; - 3HA1:OJ(-€di)TA1=_o: (6'54)
2

and the amount of Al,0; inclusions (mole per unit volume) is

then given by:

Cargo, = ‘ico,u,o, (6.55)
The rate of reaction of oxygen at the inclusion is given

To,ca, = ko,izca,(co'co,i) (6.56)

The integration of the oxygen flux toc or from CA, over an

injection time t is then given as:

CO:CA, - Ltkc:.iz‘.a,(co‘co,i)dt (6.57)
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Similar expression would also apply to the dissolved
aluminum in the melt.

Iat,ca, = Xa1,i%ca,(Car=Cas, 1) (6.58)

At any instant time interval, the flux of calcium to the
inclusion is:

Lca,ca, = kCa.ich,,(cc:a'CCa,j) (6.59)

The integration of the total calcium flux to the CA,

inclusion over the injection time t is then:

t
Cea,ca, ™ j; KeaZea, (CpmCoy, 1) At (6.60)

As assumed earlier, the fluxes of both oxygen and calcium
are completely mixed ir the CA to form a single phase; at any

integration time t, the composition of CA, can therefore be

calculated by the following equations:

i
Cato, * 3 (Co,ca,~Cea,ca,) 6 )
Xal0, .61
1
Caso, ¥ 3 (Co,ca,~Cea,ca,) * Cea,cn,

XCaa -1 - XAI:O, (6.62)
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The activities of 21,0, and Ca0 are then calculated

according to the work of Kay et al ¥

3
aAl;O, - XAIZOJ (6.63)

Acio = 1, X31,0,50.268
Qcgo = 2.5485(1-x,,,)°,  0.2685x,,,50.85 (6.64)

deao = 0002, 0.855X,, 551

Assuming the interfacial oxygen activity is in

equilibrium with CA , it is then expressed:

hi,
ho, i = Karo, — 75 (6.65)

21,0,

The equilibrium interfacial calcium concentration is then

given as:

a
Bea s = Kogo =22 (6.66)

(Ca,Mn)s8 composition

As described in section 6.3.2, The mechanism of sulphide

inclusion modification is given as:
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La + {(MnS) - (CaS) + Mn (6.67)

and the equilibrium activity ratio of CaS to MnS in the

sulphide phase (Ca,Mn)S, is given by the following eguation:

Aeas - Kms hm

{6.68)
Ans Keas Byq

Since the ratio of CcaS to MnS is a function of the
composition of calcium manganese sulphide (Ca,Mn)S at a
specific temperature "%, (see Figures H2-H4 in Appendix H),
the sulphide phase composition can then be determined by the
above a../a,, ratio. For example, at 1500%°C the composition

of sulfide phase (Ca,Mn)S is determined from:

{
Qeons _[ 1 _l)e'ﬁ'mx’“’-"'n {6.69)
Qs Xuns
Xegs = 1 = Xys (6.70)

X is then determined by the iteration process at a

MnsS

certain a_./a,, ratio. Then X, and the individual

activities, a,, and a,. can also be determined.
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6.4.5 Calculation of Total Calcium

Having calculated the compositions of CA, and (Ca,Mn)Ss,
the amount of calcium combined in oxides and sulfides
inclusions can then be calculated. The total calcium is then
the sum of all the calcium combined in the inclusions and the

dissolved calcium.

6.4.6 Methods of Model Calculation

The numerical solutions to the first order ordinary
differential equations (6.50 to 6.53) were generated using a
Rurge-Kutta subroutine (DVERK) based on Verner's Fifth and

Sixth Order approximations %% with the initial conditions.

A computer program is written for the calculations and is
shown in Appendix I. The program is alsc used to calculate
the inclusions composition and total calcium content. The
calculation was performed on a 386 PC in Foriran 77. The
average calculation time for a typical heat is about two to

three minutes.



256
6.4.7 Model Results

The results of the model calculations are shown 1in
Figures 6.10 to 6.17 for four injections. In these Figures,
only the heats with the detailed inclusion analysis are used
for the comparison with the model results, because a) the
number of inclusions is needed for the model caléhiation; and
b) the sulfur content for comparison is the dissolved sulfur

which is the total sulfur minus the sulfur in the inclusions.

The dissolved oxygen, sulphur and total calcium contents
of the steel are shown in Figure 6.10 for injection H6R1l, and
the corresponding inclusion compositions are shown in Figure
6.11. Similar results for injections H6R2, H7R1 and H7R2 are
given in Figures 6.12-17. (H7R1 had no experimental data on
CA, for comparison, because it had no pre-deoxidation by
aluminum). It can been seen that the model calculations agree
well with the experimental results. However, the model
predicts a faster sulfide modification rate than observed.
This is maybe due to a complication in thz farmation of the
solid sulfide inclusions late in the injection. The
diffusional resistance within the solid inclusions may also

slow the overall sulphide modification rate.
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4.6.8 Model Predictions

Having established the validity of the model, it is
possible to use the model to predict the behaviour in other
situations. H6R1 was used as the reference heat. Figure 6.18
shows the effect of the initial sulphur content on the
dissolved sulphur, oxygen and total calcium. It can be seen
that higher initial sulphur enhanced the calcium dissolution
rate and desulphurization rate, but reduced the deoxidation
rate. More calcium is used for sulphide modification than for
oxide modification. Figure 6.19 shows the effect of the
initial sulphur content on both oxide and sulphide
modification rate. It can be seen that higher initial sulphur
content reduced the modification rate for both oxide and
sulphide inclusions, particularly for oxide inclusions. This
is because the dissolved calcium term, which is responsible
for inclusion modification, is smaller with more sulphur
present at the liguid film, *hus the inclusion modification

rate is reduced.

The effect of the injection rate (three different rates
0.455, 0.91 and 1.82 Kkg/t.min} on the model calculation
results is shown in Figure 6.20 for oxygen, sulfur and total
calcium contents, and in Figure 6.21 for the compositions of
cA, and (Ca,Mn)S. Both deoxidation and desulphurization,

calcium pick-up rate and its steady-state wvalue, and both
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oxide and sulphide inclusions modification increase
dramatically with the calcium injection rate. However, Figure
£.20 shows that the deoxidation precedes desulphurization at
a lower injection rate. At lower injection rate, the rates of
both deoxidation and desulphurization at the gas-liquid
interface are relatively slow, so that the term of interaction
between oxygen, sulphur and inclusions in the bulk becomes
important in the rate equations (6.53-54). According to
thermodynamics of calcium oxide and sulphide (Table 2.6),
sulphur starts to decrease dramatically only when oxygen has
reached to a certain level, if the bulk is close to the

equilibrium with oxide and sulphide inclusions (Equ. 6.41).

The effect of the initial number of alumina inclusions or
the initial cleanliness of the steel on the dissolved sulphur
and oxygen and total calcium contents is shown in Figure 6.22,
and the effect on the compositions of both oxide CA, and
sulphide (Ca,Mn)S inclusions is shown in Figure 6.23. It can
be seen that with fewer oxide inclusions or cleaner steel in
the steel, deoxidation, desulphurization and inclusions
modification rates are increased. Based on the mass balance,
this is reasonable since fewer inclusions imply that there is
less modification to be done; the effect is more dramatic for

the oxide inclusions.

Figures 6.24 and 6.25 show the effect of the initial
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average alumina inclusion size on the bulk chemistry and the
extent of both oxide and sulphide modification. Figure 6.24
shows that larger initial oxide inclusions reduced the
diffusion of calcium and oxygen to/from CA  inclusions.
Therefore, deoxidation and oxide modification rates are
reduced. More dissolved calcium is available at the primary
inclusions (CaC and CaS) for desulphurization and sulphide
modification. Figure 6.25 shows that the initial alumina size
has little effect on the sulphide modification; CaS and Ca0
inclusion formation at the gas-liguid film 1is relatively
independent of the initial oxide size which explains the
almost -onstant transformation rate at the different initial
alumina size. In industrial practice inclusions are much
larger than observed in the present experiments; it would be

interesting to apply the present model to industrial data.

Figures 6.26 and 6.27 shows the effect of top slag
coverage on the bulk chemistry and inclusions composition
during injection. The slag coverage varies from 70%, 20%
(reference heat H6R1) to 5%. Higher slag coverage increases
the slag desulphurization rate and reduces reoxidation from
the free surface. Therefore, both deoxidation and
desulphurization are increased as shown in Figure 6.26. More
dissolved calcium would be available for modifying the
inclusions, and the modification rates for both oxide and

sulphide are increased as shown in Figure 6.27. However, the
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effect of slag coverage on the extent of inclusions

modification is quite small.

Figures 6.28 and 6.29 show the effect of inclusion
flotation rate on the bulk chemistry and inclusions
composition. The faster the inclusions float out from the
melt, fewer inclusions will remain to be modified by calcium.
Thus deoxidation, desulphurization and inclusion modification
rates are increased. However, the degree of these increases
due to a faster inclusion flotation rate is relatively minor

as shown in the Figures 6.28 and 6.29.

6.5 INDUSTRIAL IMPLICATIONS

6.5.1 Comparison with Full-scale Practices

There are several differences between the present
experiments and full-scale injection processes. Table 6.3
compares the injection rates. While the linear rate of wire
feeding is much slower than full-scale, the specific injection
rate per tonne is higher. This is due to the small melt
volume. Consequently, in the present experiments the amounts
of calcium added are greater than full-scale. This resulted
in "over-treatment" of the steel which would have deleterious

effects in practice. For example, Figure 5.51 shows that for
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The model prediction for the effect of the

slag coverage on the composition of CA, and

(Ca,Mn)S during injection.
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well-deoxidized heats and high sulfur and calcium contents,
solid calcium sulfides were formed. Similarly, Figure 5.46
shows that at high levels of calcium, solid lime rather than

liquid calcium aluminates are formed.

TABLE 6.3

COMPARISON ON CALCIUM FEED RATES WITH FULL-S8CALE PROCESSES

Calcium Feed Rates

Linear Specific

(m/s) (Kg Ca/tonne/min)
Present work 0.02 - 0.10 0.8 - 4.8
Full - scale 1 -5 0.02 - 1.0

In addition, bhecause of the small melt volume the
conditions in the present experiments are more characteristic
of what would be expected near the injection point in a full-
scale process. It is believed that this is reason that this
is the first time that large amounts of primary Ca0 and CaS

have been observed.

The present experiments were more susceptible to
reoxidation than full-scale operations in spite of the argon
atmosphere because the synthetic slag cover was usually
ejected from the melt during injection and because the
proportion of surface area to volume of the melt is

comparatively large.
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6.5.2 Industrial Implications

The present study has several implications for the

industrial practice of calcium treatment of steel:

1) Calcium recovery is a function of calcium injection
rate and sampling time (Figure 5.55). It continues to
decrease over the time during the holding period. Therefore,
calcium recoveries must be carefully interpreted, and
comparisons between widely different practices may not yield
a useful measure of the effectiveness of inclusion

modification using different techniques.

2) The solubility of dissolved calcium with 1 atm of
calcium vapour for the present conditions is about 240 ppm,
whereas the results (Figure 6.8) demonstrate that the actual
dissolved calcium near the end of calcium injection is three
order of magnitude smaller {about 0.2 ppm). It is this very
small concentration of calcium that is responsible for
modification of inclusions, thus there is tremendous potential
for the improvement of reaction rate and efficiency of calcium

utilization in steel.

3) Figure 6.4 shows that the dissolution rate is
considerably enhanced by the presence of sulphur and oxygen;

previous work has demonstrated that solubility can be enhanced
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by aluminum silicon, carbon and nickel which is purely an

equilibrium phenomenon /4,

4) The present work provides a fundamental thermodynamic
and Kkinetic framework to interpret calcium dissolution, and
oxide and sulphide inclusion modification. It was shown to
accurately re—préduce the bulk chemistry and inclusion
composition with given the initial inclusion size and numbers.
The model is now ready for application to full-scale heats;
some experimental work would be required to characterize the
inclusion distributions in such heats, but it is expected that
melt chemistry and inclusion distributions could be better

controlled by using the present model framework.

5) Higher initial h,/h, favours sulfide modification and
lower initial h,/h, favours oxide modification. This
interaction of oxide and sulfide with the melt governs the
final equilibrium state. When calcium is used for oxide
modificaticn, the interaction from the sulfide has to be

considered, and visa versa.

6) Reoxidation should be avoided after calcium injection
in order to prevent the system from drifting away from the

final equilibrium state.
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CHAPTER 7
CONCLUSIONS

Steel-clad calcium wire was fed into 40 kg heats of AISI

steel with various sulphur and aluminum contents under argon

atmosphere. Samples were taken continuously during and after

calcium injection for chemical and inclusion analysis. After

analysis of the experimental results from more than twelve

heats of injection, the following conclusions were drawn.

(1)

(2)

During calcium wire injection there was an initial rapid
rise of total calcium content to a steady-state level.
Both the dissolution rate and the steady-state level
increased with calcium feed rate and the initial sulfur
and oxygen (dissolved) contents in the bulk. After
injection, calcium decreased rapidly and exponentially
with the holding time, apparently following the first-

order kinetics.

Both desulphurization and deoxidation rates decreased



(3)

(4)

(5)

(6)

(7)
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with the initial oxygen activity, but increase with the

calcium feed rate.

Analysis of inclusions obtained during calcium injection
indicated that large amounts of Ca0 and CaS were formed,
and coexisted with both modified oxide (CA)), sulfide
(Ca,Mn)S, oxy-sulfide ((CaS'CA,), (Ca,Mn)S'Ca,, unmodified

oxide (Al,0;), and sulfide (MnS) inclusions.

Alumina inclusions tended to be transformed to calcium=-
rich aluminate CA, by increased calcium treatment,
decreased acid soluble aluminum content and decreased

sulfur content.

Manganese sulphide inclusions tended to be transformed to
calcium-rich (Ca,Mn)S inclusions with increased calcium
treatment, increased acid soluble aluminum and decreased

sulfur content.

Higher initial h/h, ratio favoured the sulfide inclusion
modification, and lower initial h /h, favoured the oxide

inclusion modification.

Most of the bulk total calcium content was found to he
calcium obtained as inclusions. The dissolved calcium
(0.2 ppm) at the end of injection was found to be three-

order of magnitude smaller than the saturation calcium
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content (240 ppm) in equilibrium with 1 atmosphere of

calcium vapour.

(8) The calcium recovery was found to vary with time and the
calcium injection rate. The total calcium recovery and
calcium to aluminum ratio were found to be not good

measures of the extent of inclusion modification.

(9) Calcium dissolution was found to be enhanced by
instantaneous reactions with oxygen and sulfur in the
boundary layer. The unreacted calcium dissolved through

the gas-=liquid into the melt to modify inclusions.

(10) The overall interaction between oxides and sulphides with
the bulk tended to drive towards the equilibrium of (Ca0)

+ S = (Cas) + 0.

(11) The Ca$ ana MnS activities at three steelmaking
temperatures were calculated by applying a regular
solution model to the solid phase and an ideal model to
the liquid phase of the CaS-MnS phase diagram. The
results showed moderately large positive deviations from
ideality which may be attributed to differences in the

lattice parameters for CaS and MnS.

(12) A mathematical model for the multiphase kinetics was

developed to interpret the «calcium dissolution,



287
deoxidation and desulphurization, and inclusion
modification. The implications for full-scale operation

were also discussed.
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CLAIM TO ORIGINALITY

Several aspects of this Thesis constitute, in the Author's

opinion, new and distinct contributions to knowledge. The major

contributions are:

l.

While calcium treatment of steel has gained much
importance for improving the castibility of molten steel
and quality of the final products, this is the first
well-controlled laboratory research conducted to study
and understand the kinetics and mechanism of the process
through continucus monitoring and sampling during and

after calcium injection.

This is the first time that the calcium dissolution in
the steel during injection was found to be enhanced by
the initial sulphur and oxygen contents. An
instantaneous reaction theory has been put forward to
explain this enhancement phenomenon, and it is consistent

with the experimental results.

This is the first time that large amounts of CaS and CaoO

inclusions were found to coexist with both modified and
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unmodified oxide and sulphide inclusions during and after

injection.

This is the first time that the activities of caS and Mns
have been calculated by applying an ideal solution model
for the liquid phase and a regular model to the solid
phase of the CaS-MnS phase diagram at various steelmaking
temperatures. The calculated a,.-a,. diagrams are
believed to provide metallurgists with a more complete
tool for understanding and control of the calcium
injection process, especially for sulphide modificatioen

and interaction between oxide and sulphide inclusions.

The system kinetic paths have been constructed and were
found to drive towards the equilibrium condition of the

following governing equation: (Ca0) + S = (CaS) + Q.

This is the first time that a comprehensive mathematical
model has been developed to successfully interpret
calchnndissolution,deoxidation,desulphurization,oxide
and sulphide inclusion modification. The model provides
a framework exploring similar reactions in full-scale

systems,
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STATISTICAL SUMMARY OF INCLUSIONS FROM A TYPICAL SAMPLE

Heat no. = HER1, Sample no, = 11, X-Ray window file = MnSAICa, Standards file = Mac, 20 Flalds analyzed,

==

MEAN DIAMETER DISTRIBUTION (um) CHEMICAL CLASSIFICATION:
BIN RANGE (um) AREA% INCLUSION CLASS AREA %
1 0 to0s 0.0221 1: MnS 0.0053
2 05t01.0 0.0301 2. CaS 0.0234
3 1.0t0 1.5 0.0135 3. Ca0 0.0212
4 1.5t0 2.0 0.0119 4, A1203 0.0058
L] 20to 25 0.0108 5. (Ca,Mn)S o.o0217
6 2510 3.0 0.0104 6, CAx 0.0014
7 30t0 35 0.0083 7. CaSCAx 0.0084
8 35t04.0 0.0000 8. (Ca,Mn)S'CAx 0.0043
9 40tc 4.5 0.0000 8. unclassified 0.0153
10 greater than 4.5  0.0000
Total 0.1068 Total 0.1068

HISTOGRAM SUMMARY

CLASS BINNO. = 1 2 3 4 5 6 7 8 9 10
MnS az 9 2 1 (¢ 0 0 0 0 0
CaS 18 30 7 1 2 1 0 0 Q 0
Cad 97 26 2 0 0 0 1 0 0 0
Al203 36 12 1 0 ) 0 1] 0 0 0
(Ca,Mn)S 19 22 2 3 1 2 0 0 0 0
CAx 6 6 0 0 0 0 0 0 0 ]
CaSCAx 5 4 3 2 1 0 o] 0 0 0
{Ca.Mn)SCAx 1 3 2 0 1 0 0 0 0 G
unclasslfied 94 22 1 0 0 0 0 0 0 0
Total 308 134 20 7 S 3 1 0 Q 0




TABLE A,2

TYPICAL EDS ANALYSIS RESULTS OF AN INCLUSION

Inclusion ID: H7R2S4, Inc3 LIVE TIME (

spec.)

100

319

OPERATING PARAMETERS

ENERGY RES AREA
13.0 102.43 77642
TOTAL AREA = 297979

ELMT APP. CONC ERROR (WT%)
S l.446 0.104
Mn 1.791 0.1%96
Ca 0.283 0.053
Al 1.109 0.074
Si 0.334 0.074

25.00 kv TILT = 45.00 ELEV = 0.00 AZIM = 45.00 COSINE=1.00

SPECTRUM
All elements analysed, normali
ELM ZAF 3ELM
E K: 0 0.961 23.748
Mn K: ¢ 0.863 32.756
Ca K: 0 1.045 10.128
Al K: 0O 0.609 28.730
Si K; 0 0.521 4,279
Mg K: 0 0.698 0.000
TOTAL 100.004

sed

ATOM. %
25.75
20.726
12.533
37.017
3.711
0.000

100.00
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APPENDIX B

Estimation of D, D; and D,

Estimation of D,

As discussed in Chapter 2 Literature Review, Joyant and
Gatellier " tried to measure the calcium diffusivity in the
liquid Fe and Fe-Ni alloys, by using Machlin's theory @ for
alloy vaporization. Their results (Table 2.10) show that
there is nearly two order of magnitude of difference in D
between pure Fe and Fe-20%Ni. Although this may be explained
by the different experimental systems, it is rather reasonable
to consider that some errors in measuring the dissolved
calcium in the melt account for this difference. Since most
of calcium is tied up in the non-metallic inclusions, using
total calcium in their experiments to estimate the calcium

diffusivity from Machlin's theory ' might create the errors.

However, there are several "Hydrodynamic" models
available to predict the diffusivities of the solutes in
liquid metals, such as those of Stokes-Einstein ¥, Sutherland
“l, Li and chang !, Eyring !, Walls and Upthegrove '. None
of these theories is capable of accurately predicting the
diffusivities of light elements, such as carbon, oxygen,
nitrogen and hydrogen, in liquid iron ®, However, Irons ¥

used the "hydrodynamic" models to predict the diffusivity of
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magnesium in liquid iron which is a somewhat heavier element.
Since calcium is heavier that magnesium, these models were
therefore used here to predict the calcium diffusivity in
liguid steel for the present experiments. The estimated

results of D, are shown in Table B.1l.

Table B.1

Estimates of Calcium diffusivity in Liquid Iron at 1600%

Theory Form of D, D, * 10° Reference
(m?/s)

Stokes- kT 2,03 3

Einstein 6Mri

Sutherland kT 3.05 4
4mry

Eyring kT 3.19 5
26ru

Li and cChang (a=B) KT 3.19 6

2a(2ru)
Walls and kT 3.46 7
Upthegrove 2nr (2b+1)pu

where D is the diffusivity of the solute, calcium, p the
viscosity of the solvent, k the Boltzmann constant, T the
absolute temperature, and r the radius of the diffusing

molecules. The most likely ionic radius for calcium, r,,,
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wa taken as 0.99 x 100 m "9, 4 and B are the number of
closes” nearest neighbours in all directions and in one plane,
numerically 6 and 4, respectively, for simple cubic liquids
19, 6 is the number of nearest neighbours of the diffusing
species, perpendicular to their plane of motion, six in this
case ", The parameter, b, is the ratio of the solute ionic
radius to the solvent interatomic space. This was estimated
to be 0.38 on the basis of the atomic diameter of pure iron
(6) at 1550°C being 2 56 x 10" m M), The values for the
diffusivity of calcium in liquid iron from Table B.1 are in
the vicinity of 3 x 107 m?/s and this will be used as the

estimate.

Estimation of D,

Kawai &' ysed a diffusion couple technique to measure
the sulfur diffusivity in which two cylindrical specimens, one
containing sulfur and the other with negligible sulfur
concentration, were joined together and held in a refractory
capillary. After an experiment, the sample was guenched and
the concentration distribution of the solute determined, and
the sulfur diffusivity calculated. His experimental results
of Dy for two different liquid iron mediums were shown in

Table B.2.
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Table B.2

Estimates of D, in Liquid iron at 1600%c 1213

Author (s) D, * 10° Medium Reference
(n?/s)
Kawai Y. 3.73 0.08-0.64%S 12
in Fe-C
Kawai Y. 4.86 0.96-1.253%S 13
in Fe
Average 4.340.57

From Table B.2, the sulfur diffusivity in liquid steel

for the present conditions was estimated as 4.3 x 10°° m?/s.

Estimation of D,

Solar and Guthrie " tested several theoretical modele
for predicting the diffusivity of oxygen in ligquid iron. They
found that all models tested were incapable of doing that, and
concluded that the major discrepancies between various
theoretical predictions and experimental values for those
systems may well be due to a lack of knowledge of the physical
state of solutes in liquid metals. However, experimentally,
the oxygen diffusivity has been measured very extensively.
The diffusivity has been obtained in two different ways,
namely, by capillary reservoir method ""'’!, and by measurement
of slag formation rate on rotating silica disk U8, The

typical measured results from different methods are listed in



Table B.3.

329

The results from both methods seem to be in

consistent, and D, is in the vicinity of 3.1 x 107 n’/s.

Table B.3

Estimates of D, in ligquid iron at 1600°%

Author (s) D, * 10° Method Reference
(m?/s)
Belton and 2.50 Capillary 16
McCarron
Suzuki 2.96 Capillary 17
and Mori
Shurygin 4.10 rotating disk 18
and Krjuk
average 3.10
REFERENCES
1. M. Joyant and C. Gatellier: IRSID Report, PCM~-RE, 1108,
Mai, 1984.
2. E.S. Machlin: Trans. AIME, Vol. 218, 1960, pp. 314-26.
3. R.B. Bird, W.E. Stewart and E.N. Lightfoot: Transport
Phenomena, John Wiley and Sons, New York, 1966.
4. J.B. Edwards, E.E. Hucke and J.J. Martin: Metals Mater.,
1968, Met. Rev. 120 (Part I and II).
5. J.C.M. Li and P. Chang: J. Chem. Phs., 23, No. 3, 1955,

pp. 518-520.
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W. Hume-Rothery: The Structure of Alloys in 1lron,
Permagon Press, London, 1966.
Y. Kawai: Sci. Repts. Res. Inst., Tohoku Uni. Ser. A9,
1957, pp. 520.
Y. Kawai: Sci. Repts. Res. Inst., Tohoku Uni. Ser. A9,
1957, pp. 78.
J.F. Elliot, M. Gleiser and V. Ramakrishna:
Thermochemistry for Steelmaking, Vol. II, Addison-Wesley
Publishing Company, New York, 1963.
M.Y. Solar and R.I.L. Guthrie: Met. Trans., 3, 1972, pp.
2007,
G.R. Belton and R.L. McCarron: Trans. Met. Soc. AIME,
245, 1969, pp. 1161.
K. Suzuki and K. Mori: Tetsu-to-Hagane, 57, 1971, pp.
2219.
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APPENDIX C

ESTIMATION OF k,, 2., 2 and z.,

cas

The rate of precipitation on inclusions and the
interfacial area per unit volume are needed to be known in
order to integrate the differential Equations (6.52-72) in the

model calculation.

Estimation of K;

The rate of precipitation on inclusions in liquid steel
should normally be diffusion-controlled, since rates of
chemical reaction are very fast at high temperature.
Consequently, the dimensionless mass transfer to a spherical
inclusion particle should be given by the well-known Ranz-
Marshall relation [:

kyd,;

L

Sh = -2+ 0.6ReV2gc1 /A {C.1)

where k; is the mass transfer rate coefficient, 4, the
inclusion diameter, D, the solute diffusivity in the melt, Re

the Reynolds number and Sc the Schmidt number.

For micro-size inclusions, the terminal settling velocity

2

is negligible ! So that the mass transfer coefficient is

given by:
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k, - 22 (C.2)

The smaller the inclusion size, the larger the mass
transfer coefficient. For a average size of d; = 1.35 um, for
calcium diffusion (D, = 3 x 10"? m/s) to the inclusion, the

mass transfer coefficient k, is 0.0044 m/s.

Estimation of ZopetaZips and 2Zca0

There are mainly three primary inclusions existed during
injection, namely, CA,, CaS and Ca0. Each inclusion surface
area per unit volume of steel is related to the inclusion
size, d;, the nuaber of inclusions per unit volume, n;, and the

inclusion size distribution.

As we can see from our experimertal results, the number
of initial oxide inclusions per unit volume is relatively high

and in the range of:

n, - 10 ~ 10" no/m* (C.3)

From the size distribution of inclusions (Figure 5.38),

most of the inclusions are very small and near 1.35 um range.

The average volumetric diameter of the inclusions is B
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di = 2af (C.4)

where 4,° is the average area diameter of inclusions,

which is from EDS inclusion analysis:

13 -
dft - L (c.5)

d,¥ varies from 1.2 to 1.5 um for the present conditions
(Figure 5.38). For a average of d,, = 1.35 pm, the average

inclusion interfacial area per unit volume would be:

Z, = niﬂ(djv)z
- (10 ~ 10'5) = ((1.35+107)? (C.6)

= 572,5 ~ 5725 {(m*/m?)

Calculation of Zes,

The interfacial area per unit volume of the initial oxide

inclusions can also be calculated by mass balance.

Assuming the amount of CA is C, in mole/m?, the number

of oxide inclusions per unit volume will be:
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(1
nC'A,, - CCA,‘ * 0.7
pc‘!; l -;—ﬂd’ ] ( )

where the average diameter 4, is 1.35 pm and assumed as a
constant, M, and p, are the molar weight and density of Ca,
inclusion. Inputting Egquation C.7 into Equation C.6, the
interfacial oxide inclusion area per unit volume, z,, can

then be calculated:

M
Zep, ™ T {d,, )2+ CA“*Cm 1 (C.8)
* pCAx %ndga

Calculations of 2;,s-20d 2

S Cal

Similar principle can also be used to calculated the

interfacial area per unit volume for Cas (z..) and CaO (z_,)
inclusions:
M, 1
Zeas = T (dgys) 30 —E22 e Cpper| ——— .
a a Pess .%“d“; (C.9)

Zeao ™ u(dCao)z' Log. 3 (Co 10)

M
cao . CCaO' T 1
Pcao =Ry
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where M and p are the molar weight and density of inclusion
cas or CaO, C,, and C., are the amount of CaS and CaO

inclusions formed (in mole/m%), and d.,, and d. . are the average

CaS
diameters for CaO and CaS inclusions. They are considered to

be equal and constant (1.35 um).

REFERENCES

1. W.E. Ranz and W.R. Marshall: Chem. Engng. Prog., 48,
1952, pp. 141-146, 173-180.

2. G.A. Irons and R.I.L. Guthrie: Can. Metall. Quart., Vol.
15, No. 4 ,1976, pp. 325~32.

3. E.E. Underwoed: in Quantitative Microscopy, ed. R.T. de
Hoff and F.N. Rhines, 1¢68, McGraw-~Hill, New York, pp.

149.
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Estimation of k.2,

The magnitude of k.2, is determined by the 1liquid
circulation pattern. In the induction furnace, the flow is in
the shape of a single toroid, up-welling at the centre and

going down at the sides M.

On the basis of the similarity to the experimental
conditions of Irons' work 'V, the mean radical velocity of the

melt surface (U) was estimated as 0.2 m/s.

The mass transfer coefficient from the free-surface, K

was estimated based on Machlin's model of an inductively-

stirred bath @,

1/2
k, = 2 (DCAU) (D.1)

where
D,, = Ca diffusion coefficient (3 x 10 m’/s from
Appendix B)
R = crucibkle radius (0.09 m)
U = mean radial velocity of melt surface (0.2 m/s)

The interfacial area per unit volume, 2, is simply the

e’

inverse of the bath depth (H), thus the rate constant for the
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mass transfer to the free-surface is then:

kt:l
.k'mZ,j - —H'

1/2
D. U
2 ("J—R) /H

(D.2)

3%x107°7%0.2 M
-2 |V
( n*0,09 J /H

0.0000%92/H

For the average H = 0.18 m, k, = 0.000092 m/s, the

calculated average k. z, equals tc 3.05x10°% s°',
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Appendix E

Estimation of k,, and z,,
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APPENDIX E

Estimation of k  and z

For the slag desulphurization, the mass transfer rate of

sulfur to the slag-metal interface, k,, is given as '":

1/2
kg = 2 (DS;) (E.1)
T

where D, is sulfur diffusion coefficiert (4.1x107° n’/s from
Appendix B), R the crucible radius (0.09 m), and U the mean
radical velocity of melt (0.2 m/s). So that k, is then equal

to 0.00011 m/s calculated from the above equation.

Before injection, most of the free-surface was covered by
the slag. However, when injection starts, the slag is
immediately pushed to the side. From the video camera
recording, the slag coverage at the moment of starting
injection is almost same as that after injection, and it is
about 20% coverage of total surface. So that it is assumed
that the slag coverage is constant during and after injection,

and then the slag-metal interfacial area per unit volume is:

- —— (EcZ)
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So that the rate constant for the slag desulphurization

at the slag-metal interface is then:

0.000022

kg zg; = H

(E.3)

REFERENCE

1. E.S. Machlin: Trans. AIME, Vol. 218, 1960, pp. 314-26G.
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Appendix F

Estimation of k,, and z,



APPENDIX F

Estimation of k., and z_

Even though the present experiments were conducted under
the argon atmosphere, there is still considerate reoxidation,
which is seen from the increase of oxygen activity during the
holding period. Reoxidation from the atmosphere and the
refractory wall is a very complicated issue. Here some
assumptions are made in order to estimate the rste of oxygen

input into the melt:

1. The reoxidation 1is controlled by the oxygen
diffusion in the liquid phase.

2. The interfacial equilibrium oxygen, C_, is constant

during and after injection.

Then the reoxidation rate, r_, is given as:

Lo = Kpp2p0(Chp - Co) (F.1)

C, is the bulk oxygen content, k. 2z, is the mass transfer

rate constant, and the mass transfer coefficient, k_, is

calculated as ke:

1/2
D, U
k,, =2 ( n"R) - 0.000094 m/s (F.2)
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The free-surface exposed to the atmosphere, z , is the

total surface minus the surface by the slag (20% of total):

Zen ™ f.'{ (F.3)
So that the rate constant for reoxidation is
k,.z,, - o.oo}?ovs (s1) (F.4)

After injection, the dissolved oxydgen (oxygen activity)
increases with the holding time due to mainly reoxidation.
From Equation F.1, the oxygen activity at holding time t, is
then written as:

Co - Cro
cl-c¢

o

1n - -k z (F.5)

where Cf is the initial oxygen content at the time of stopping

injection, C., is the hypothetical interfacial oxygen

concentration.
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APPENDIX G

Estimation of K W2 m

A number of studies show that the concentration of oxide
inclusions, or the oxygen content combined in the oxide,
decreases with time down to a constant plateau value. This is
found for various kinds of agitation, electromagnetic U3,

mechanical ', and gas purging B¢,

This exponential relationship may be interpreted to mean

that removal rates are proportional to oxygen concentration

(concentration of inclusions) ™M

dc, ;
dtl - kzmz:mci (G.1)
or g
C; = C; exp(-k.,z,t) (G.2)

where Cf and C; are the inclusion concentration at initial
state and time t, respectively. X, 2z is the rate constant

for the inclusion removal.

The same first-order inclusion removal is also applied to
the inclusions during and after calcium injection. Since most
of calcium are in the form of inclusions, and the oxygen in
the inclusions are hard to obtain, the total calcium is used
in above equations to obtain the inclusion removal rate,

K2eme after injection:
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c
In—52 = - k, .zt (G.3)

rm™rm
Cea

where Cuf and C., are the total calcium content at the point at
which injection was terminated and at the holding time, ¢,
respectively. After inserting this equation to the
experimental data (Figure 5.10), K2, 1S evaluated and k_z.,

= K,' as shown in Figure 5.9. Its numerical value ranges from

0.000018+0.000001 to 0.00003+0.000002 s’'.
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Calculation of CaS and MnS activities



350
APPENDIX H

CALCULATION OF CaB8 and Mn8 ACTIVITIES

The following calculation was taken from a recent

publication .

INTRODUCTION

Sulphide inclusions with varying amounts of Mn and Ca in
solid solution have been observed in different grades of
calcium treated steel @8, These (Ca,Mn)S inclusions may
exist as a single phase inclusion, however they usually occur
surrounding calcium aluminate inclusions. Church et al
were among the early ones to find (Ca,Mn)S inclusions in
vacuum-degassed, bearing steel. Salter and Pickering ©
reported an extensive solid solubility range in the ternary
system: MnS, CaS, and FeS, containing up to 19% MnS and 4% FeS
in CaS. A continuous series of solid solution was not found,
so they concluded that there is a miscibility gap in the

) obtained the approximate

system. Kiessling and Westman
extent of the miscibility gap. This gap was also observed by
Skinner and Luce " in solid solutions of (Ca,Mg,Mn,Fe)S. It
was Leung and van Vlack """ who constructed a complete phase

diagram for the CaS-MnS binary system, shown in Figure H.1 (or

Figure 2.15), among other chalcogenide systems.
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During calcium injection, the activities of Ca0O and Cas
will increase simultaneously, as both deoxidation and
desulphurization reactions progress. In order to correctly
interpret the data in Figures 5.51 and 5.46, the activities of
Ca0 and CaS must be evaluated at various compositions. CaO
activities in the calcium aluminate system have been
previously evaluated %3, however CaS activities in the Cas-
MnS system have not been reported to the best of our
knowledge. In fact, most thermodynamic calculations for the
Al,0, modification by calcium have been based on the assumption
that the oxide phase was saturated with cas, i.e. a_g is
unity. This assumption may be partially responsible for the
large discrepancy between thermodynamic predictions and the
experimental results for oxide and sulphide modification 3%,
Furthermore, there has been no adequate explanation for the
conditions under which a solid (Ca,Mn)S phase will form to
clog continuous casting nozzles '8, 1In order to further our
understanding of these important problems, the activities of

caS and MnS at different compositions are required.

CALCULATIONS OF Cca8 AND MnS ACTIVITIES

As a first order approximation, for systems with
miscibility gaps in the solid phase, a regular solution model
for the solid solution and an ideal one for the liquid phase

are usually employed to calculate activities 929,  fThese
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assumptions are proposed for the following calculations for

the CaS-MnS phase diagram in Figure H.1.

Binary Solid Sulphide Solutions

For a binary regular solution, the enthalpy change on

mixing is represented by:
AHmix-nXCaSXHnS (H.1)
where N1 is a constant, given by:

Q=2RT, (H.2)

T, is the critical temperature for the miscibility gap, which

is taken to be 1130°C from Figure H.1l.

The entropy change in a regular solution is assumed to
be the same as that in an ideal solution, thus the Gibbs Free

Energy change on mixing is:

AG ;=X casXuns + FT ( XeasI NXcas* Xyns 1 N ¥yyns) (H.3)

in which the activities of cas and MnS are defined in the

following equations:

1n(a—“£)-%(1-xm)2 (H.4)

XCaS



353

a Q
In(—M8y 2% (1-x, )2 {(H.S5)
Xyns RT hns

Equations H.4 and H.5 are used to calculate the
activities of CaS and MnS in their solid solutions at the

steelmaking temperatures.

Liguid Sulphide Solutions

In the previous section, the stable pure solids were used
as the standard states, consequently, activities in the liquid
solution must be related to the same standard states for
comparison and consistency. The pure scolids are stable at all
temperatures relevant to steelmaking, consequently, the
activities of components in the ideal liguid solution with

respect to hypothetic solid standard states may be expressed

as:
AG, s
adf=xil} expl Alnicen (8. 6)
RT
where AG ..., is the free energy of fusion for pure Cas.

For an ideal solution:

Tm(Cas)-T] (H.7)

AGm(c'as) 'AHm(Casl T
m{cas}
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where AH_ ., is the heat of melting of CaS at its melting
peint, T, ..,- Its value has not been measured, nevertheless,
it may be estimated for the ideal liquid solution using

Kracek's 192 method based on:

log Xeasiiqy =

- AH(cas) Tintcas) ~T1iq (H.8)
2.303R

Th(cas)fuiq

where X is the mole fraction of CaS on the binary

cas(1iq)
liquidus at a temperature T, near the melting point of Cas.
Thus, a plot of the bracketed term against log Xeasclia) should
yield a straight line with a slope of -AH .,/2-303R. As can
be seen in Figure H.2, such an approach appears to be valid

for X less than 0.5. In this range, the estimated value

CaS(liq)
of AH, c.s) is 35500 + 4200 J/mole. 1In Figure H.2, the solid
line and the points are calculated from the measured liquidus
line and points from Figure H.l. The dashed 1line is
calculated from the extension of the measured ligquidus to the

melting point of cCas.

Combining Equations (H.7) and (H.8), one arrives at an
expression for the activity of CaS$ in liquid solutions with
respect to the hypothetic sclid Raoultian standard state:

AHm(CaS) ( Thicas) 'T]] (H.9)
R I'(CBS)I1

m

(§3) Al
Acas=%cas €XP
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An identical expression applies for MnS, but in this case
AHmmm) has been measured at the melting point; it is 26100

J/mole U4,

CALCULATED RESULTS AND DISCUSSION

The calculations for CaS-MnS activities were performed #t
three temperatures relevant to steelmaking: 1500, 1550 and
1600°C, and are summarized in Figures H.3 to H.5,
respectively. At 1500°C, only a solid solution exists, as
shown in Figure H.3. There are moderately large positive
deviations from ideality which may be attributed to
differences in the lattice parameters for Ca$ and MnS: 0.5683

and 0.5226 nm,respectively.

For temperatures at which solid and liquid co-exist, the
results of the calculations are shown in Figures H.4 and H.S5.
The activities of CaS and MnS in the solid solution are shown
by the solid lines which were computed according to the
regular model, while the activities in liquid solution are
represented by the dashed lines, based on the ideal model.
(Here the liguid solution uses the hypothetic solid state as
the standard state). It should be noted that there is
reasonably good agreement between the independently computed
solid and liguid activity curves at the liquidus composition.

This demonstrates that the independent activity calculations
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for the solid and liquid solutions are compatible. It also
provides confidence in the extension of the liquidus to the
melting point of pure solid CaS in Figures H.1 and H.Z2,

required for the estimation of AH ...

These calculated CaS-MnS activities may provide the
guidelines for understanding the interactions between oxide
and sulphide inclusions during their simultaneous
modifications by calcium injection, and thereby provide
metallurgists with a more complete tool for control of the
process of calcium injection into steel. A procedure for
using these activities, in conjunction with existing oxide

activity data %@, is illustrated in Chapter 6.

NOMENCLATURE

a activity in solid solution based on pure solid as
the standard state

at® activity in liquid solution based on pure solid as
the standard state

ASA Acid soluble aluminum

Ca dissolved calcium

£, sulphur activity coefficient

AG, AG of melting of pure compound

AG ., the Gibbs free energy change on mixing (J/mole)

AH Heat of melting at the melting point (J/mole)
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AH ., the internal energy of mixing (J/mole)

h activity based on 1 wt% as the standard state
h, " calcium activity at its solubility

Q dissolved oxygen

R gas constant

s dissolved sulphur

T temperature (K)

T, the critical temperature at the miscibility gap (K)
T, the melting point (K)

Tliq the liquidus temperature (K}

X molar fraction in solid solution

XV molar fraction in liquid solution

{Ca0) Ca0 component in calcium aluminate

(CaSs) CaS component in (Ca,Mn)S inclusion

Xiiq molar fraction on the ligquidus

f1 constant defined by Equation (H.2)

LIST OF FIGURES

H.1 CaS-MnS phase diagram !V

H.2 A plot of log X, against AT/(T'T ., according to
Kracek's method ©,

H.3 Calculated activities of calcium sulphide and manganese
sulphide at 1500°C.

H.4 Calculated activities of calcium sulphide and manganese

sulphide at 1550°C. Solid solutions are indicated with
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solid lines, while ligquid solutions are with dotted
lines. Note that there is good agreement between the

solid and ligquid activities at the liquidus compositions.

Calculated activities of calcium sulphide and manganese
sulphide at 1600°C. Solid solutions are indicated with
solid lines, while 1liguid solutions are with dotted
lines. ©Note that there is good agreement between the

solid and liquid activities at the liquidus compositions.
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Figure H.3 Calculated activities of calcium sulphide and

manganese sulphide at 1500 Oc



Aces. dHns

364

l | 1 T l 1 1 I
T = 1550¢°C
0 L 9 - "f' —
0.8} -
Aces el
0 . 7 — a HnS \\\ —
0.6 |
0.5 \\ -
0.4F
0.3+
Computed based on regular
0.2 model for solid solution
----- Computed based on ideal
0.1}k model for liguid solution
0 L I I | IOVUUURY ERRR DR A
0 0. 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.
CaS XHns MnS
Figure H.4 Calculated activities of calcium sulphide and

manganese sulphide at 1550 9C. Solid solutions
are indicated with so0lid lines, while liquid
solutions are with dotted lines. ©Note that
there is good agreement between the solid and

ligquid activities at the liquidus compositions




9ces, THng

365

1.\
0.9
0.8}

0.6
0.5

0.4

0.2

Suns .

Computed based on regular
model for solid solution

----- Computed based on ideal
model for liquid solution

| L 1 1 | {

Figure H.5

0.2 0.3 0.4 0.5 0.6 0.7
XMns

Calculated activities of calcium sulphide and

manganese sulphide at 1600 9C. Solid solutions

are indicated with solid lines, while liquid

solutions are with dotted lines.

Note that

there is good agreement between the solid and

liquid activities at the liquidus compositions



366

Appendix |

The Computer Program



PROGRAM CAINI
C
C‘**‘***U*"ll‘*".-‘*-*‘i*l‘lﬁ!‘t‘*"*t“‘t.lit‘-“‘t‘ti“!“i““*“".i‘.“.
This program uscs DVERK " subroutine to ealeulate the coneentrations of
dissolved sulfur Y{1), oxygen Y(2), caleium Y(3) and aluminum Y4d), and
the compaositions and amount of oxide and sulphide inclusions in the mell
as a function of Ca injection time (X).

- The calenlation is based on Equations (6.52-72),

€ Copyright Dennis Lu, 1992, All righls reserved.

IR EEE TSRS P LRSS SN R R R PR R RS LR Rl st i R IRl Rl bl Ll

slsloleivisininigiy

INTEGER N, NW,IND, K
DOUBLE PRECISION X, XENI, Y(4), TOL, C(24), Wi4,9)
DOUBLE PRECISION ERROR(2),yy.[1.12,acus, XMnS, XeasaMnsaCaOaAlO
DOUBLE PRECISION Dea,Do,035,DAI,Ceab,Cro,Cakea ks ko kAlLzCaO
DOUBLE PRECISION KCaQ,KCaS,KALIQ, Kro, KslLKrm, Ke,Ceal), Csth,Cob),2Ca§
DOUBLE PRECISION zCAxhALCoi,CeaT,CAl,Ceup,Csp, Cop. XCa O, XAl
DOUBLE PRECISION CAIO,CaS,Ca0,CaSi,Ca0i,CAx, CAxi,Ceni,Csi, Coi CAli
EXTERNAL FCN
INTEGER TM
CHARACTER*4 LU
C
C INITIALIZE THE VARIABLES.
C
N =4
NW =4
IND=1I
X =0.D0
TOL = 1.1>-1]
C
C INPUT OF KCi YALUES AND INITIAL DATA
C
OPEN(UNIT=4,FILE="KCi.DAT' STATUS="OLIY’)
READ(4,*) Dea,Do,1Ds, DAL Ceab,Cro,nidi
READ(4,*) Ccad,Cs0,Co0,A,Ksl,Kro,Krm, K¢, TM
READ(4,*) 2CAx hALCAx,KCaS5,KCaO,KAIO
READ(4,*) LU
CLOSE(UNIT=4)
C
C OUTPUT THE HEADING.
C
Y(i)=Cs0
Y(2) = Col
Y(3) = Ceal
Y(4) = hAl27.#7.2/100,
Ca = Dea*Ceab
Coi =Col
kCa = 2.*IXa/di
ks = 2.*Dsidi
ko =2*Do/di
kAl = 2.*DAlI
CAIO = 3.1415/6.*ni*3.4/102.1D0*di**3.

4 # # # & 4 & =

367
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C PARAMETER OUTPUT

C

C OUT.DAT conlains the headings and the bulk concentrations in the mell

C INT.DAT conlains the interfacial concentrations at inclusions

C COM.DAT contains the compositions and activities of oxide and sulphide inclusions
C QUA.DAT contains the quantity of difTerent inclusions and total Ca content

OPEN({UNIT=S,FILE="OUT.DAT STATUS="unknown’)
OPEN(UNIT=7,FILE="INT.DAT’ STATUS="unknown’)

OPEN(UNIT=8,FILE="COM.DAT’ STATUS="unknown’)
OPEN(UNIT=9,FILE="QUA.DAT’ STATUS="unknown’)

C
C INITIAL OUTPUT OF INPUT VARIABLES
C

WRITE (5,*)° Hu#R# = ', LU
WRITE (5,%) YT T T T LY
WRITE(5.*)" '
WRITE (5,77)
77  FORMAT(X,I )L‘il='.3x.'DO:',3}(,‘])s=',3x.'|)Al=',3X,'l]i='.
+ 3X,'di=")

WRITE (5,79) Peat, Do, 135, DAL ni, di
79  FORMAT(Ix, 6138.3)
WRITE (5,78)
78 FORMAT( X, A=sdelta’, 1 Ksl =",2X, Kro =" 2X,'"Krm =,
+ 2x,'ken=",2x,’ks=",2x,’ko=",2x,'’kAl=")
WRITE (5,74) A, Ksl, Kro, Krm, kea, ks, ko, kAl
74  FORMAT(2X, 8D48.3)

WRITE (5,76)
76 FORMAT(1x, Cs0 =",2%,'Co0=",2x,'Cecab=",1X,'Cro=', | x,'2CAx=",
+ 1%,'INJ. Time="}

WRITE (5,73) Cs0, Col, Ceab, Cro, 2zCAx, TM
73 FORMAT(Ix, 5128.3, 3x, 15)
C
WRITE (5,1)
| FORMAT(/ 20x," OUTPUT RESULTS FROM CAINJ.FOR"’

42X, Usee), 1XY(D)=Cy', 3X, 'Y (2)=Co',

+ IX,Y(3)=Cen'3x, 'Yi(4)=CAY

+ 22X, e , AIX, Teemenee )

WRITE (7,98)
98 FORMATU2x, "(see), 4X,"Ceai=",3x,"Coi="3x,'Csi=’,
+ 3x,'Ceap=".3x,'Cop=",3x,'Csp='
+ /2K, e *, 63X, T 'Y)
C
WRITE(S,67)
67 FORMAT/2x.'t =",5%, Xeno =',6x,"Xeas =7,
+ Ox.aCa0 =" 5%, MAR03 =,
+ Sx,uCaS ="6x,"aMnS =’

C
WRITE(Y.88)
88 FORMAT(/2x, tsee), 3%, CAxi=",3x,'CaSi=",3x,’Ca0=",
+ ax,'CeaT='
T B R ) )



369

C INITIAL YALUES
C

WRITE (5,2) %, Y(1).Y(2),Y(3),Y(4)

WRITE (7,99) x,Ccai,Coi,Csi,Ceap,Cop,Csp

WRITE (8,68) &, Xc¢ao,Xceas,aCaoaAl0aCas,aMnS

WRITE (9.89) x,CAxi,CaSi,Ca01,CeaT
C
C CALCULATE AND OUTPUT THE SOLUTION AT EACH SECOND OFF INJECTICHN
Ct=1,2,3,..InjT™M (sec).
C

DOIOK=1,TM

XEND = DFLOAT(K)
C
C CALL THE SUBROUTINE DVERK
C

CALL DVERK(N,FCN, XY, XEND,TOL,INDD,CNW, W)

IF{IND .EQ. 3) THEN

C
C INTEGRATION SUCCESSFUL - COMPUTE ERRORS AND PRINT RESULTS
C
C CALCULATE THE CONCENTRATIONS AT THE REACTION PLANE IN THE
C GAS-LIQUID FILM

C
Cear = SQRT{Do*KCaO+Ds*KCuS)(Do*Y(2)+Ds*Y(1))*Ceah)
Csr = KCaS/Cear
Cor = KCaO/Ccar

C

C AMOUNT OF CALCIUM AND OXYGEN DIFFUSE TO CAx INCLUSIONS
C AT TIME INTERVAL, 1+dt, [d1 = | {sec))
C
AA = kea*zCAx*(Y(3)-Ceai)* .10
AB=AB+ AA
00 = ko*2CAX™(Y(2)-Coi)*1.1D0
AO=A0+0Q0
C
C CALCULATE THE COMPOSITION OF CAx
C
xAl = (CAIO+(AO-ABY3MCAIO+(AD-AB)/3.+AD)
xCa0O =1, -xAl

C
C CALCULATE THE ACTIVITIES OF CAx AND ITS INTERFACIAL CONCENTRATIONS
C
aAlD = L.DO*(xAl)**3.
Coi = Col*(aAl0)**0.1333D0
hoi = Coi*16./7.2*100.1D0
hAlL = SQRT(a AIO/KAIO/hoi)**3)
CAli = hAli*27./7.2*100.
if(xALLT.0.268) then
aCa0 = 1.1
ELSE
aCa0 = 2.54851D0%(1.-xAl)**3.
Endifl
hicai = aCaO/oi*7.D-09
Ccai = heai/40.#7.2/100,
hsi = aCaS/hcai*].69D-07
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Csioo= hsif3a2.«7.21000.00
¢
CTO CHECK IF Cs > Csi at CAX, [F YES, r ISSETTO |
C
=1,
iNY{H.GT.Csiyr= 1.

“THE ACITVITY OF CALCIUM IN THE BULK USING I1WT% AS STANDARD STATE

oo

hCa = Y{3)*40./7.2* 10010
*CALCULATE THE SULPHIDE COMPOSITION
hMn = 075100

YY =aCuS/aMnS

L S SEEE SR ol o

YY = 1.02D7*hCa/hiMn
120 221 = 40, 10, -1
V = -(DREAL(1)-50.D0)/10.130
XMnS = 1.DO/LIDAO+ 10.**V)
1 = 1.49810%(2.*XMnS - 1.)-Dlog(yy)
2=-DLOG(I/XMnS - 1.)
=0M2/f
IF (FGT.1.08) poto 22
1F (F.GT.(.95) goto 23

2 continue

23 XMnS = XMnS
XCaS = 1.D0 - XMnS

C
C CALCULATE THE ACTIVITIES OF THE SULPHIDE
C
aCaS = Xeus*DEXP(1.498D0*XMnS**2))
aMnS = XMnS*DEXP(1.498D0*XCuS**2.)
¢
C CALCULATE THE INTFACIAL CONCENTRATIONS ON (Ca,Mn)S INCLUSIONS
C
hop = 1thea*7.0-09
hsp = aCaS/Mhen* 1.691)-07
Ceap= hea/d *7.2/100.10
Cop = hop/16,*7.2/100.100
Csp = hsp/f32.*7.2/100.130
C
C CALCULATE AMOUNT OF CaS and CaO INCLUSIONS
C
CaS =CaS
+ + Ds* A1 +Ca/1s*Y(1 F+DO*Y(2)*(Y(1)-Csr)
a0 =Ca0
+ + Da* AL ACAADs*Y (1) +Do*Y(2))*(Y(2)-Cor)
CaSi = CaS*DEXP{-Krm*X)
CaQi = CaQ*DEXP(-Krm*X)

¢
C CALCULATE VOLUMETRIC AREA OF CaS AND CaO INCLUSIONS
¢

2CaS = o865 CaSi



zCa0 = 7.4495D5*CaQi
C
C CALCULATE VOLUMETRIC AREA AND NUMBER OF CAx ONIDE INCLUSIONS
¢ .

CAx = CAx+ko*zCAx*(Y(2)-Coi)/3.

CAxi= CAX*DEXP-Km*X)

2CAx-= 8.60D5*CAxi

ni = 6/ 1415/(di**3.)* CAXI*(56.*XCaO+ 102, *XANA. |
C
C CALCULATE TOTAL CALCIUM CONTENT
C

CenT = Y(3) + (CaSi+kca*2CaS*(Y(3)-Ceap))

+ + (CaQi+kea*zCaO*(Y(3)-Ceap)) + ADB

C
C CALCULATE THE REACTION PATH
C

s = Y(1)*32./7.2*100.10

ho = Y(2)*16./7.2*100.1D0

gas = 0.0 + DLOGI0(Cas/ls)

gao = 0.0 + DLOGI0(aCao/ho)
C
CPRINT THE RESULTS AT EACH INTEGRATION TIME, X, ON SCREEN
C AND WRITE TO THE ASSIGNED FILES
C

Print*, x.Y(1),Y(2),Y(3), Y(4)

WRITE(5,2) x.Y(1),Y(2),Y(3).Y{4)
2 FORMATI(2X, F5.1, 4(3x, D8.3))

WRITE(7,99) x,Ceai,Coi,Csi,Ceap,Cop,Csp
99 FORMATI(2x, F5.1, 6(3x, I28.3))

WRITE(8,68) %, Xcao,Xeas,aCa0,aA10,aCas,aMnS
68 FORMAT(2x, F5.1, 6{3x, [D8.3))

WRITE(9,89) x,CAxi,CaSi,Ca0i,CeaT

89 FORMAT(2x, F5.1, 4(3x, 1D8.3))
C
ELSE
C INTEGRATION UNSUCCESSFUL - PRINT MESSAGE ANI) STOP
C
WRITE (5,3) X, IND
3 FORMAT(//* INTEGRATION STOPPED) AT X =", K7.3,
+ "WITH IND =%, 15)

Close(UNIT=9)
Close{UNIT=8)
Close{UNIT=7)
CLOSE(UNIT=35)
STOP
ENDIF

10 CONTINUE
STOP

END
C



C

SUBROUTINE FCN { N, X, Y, YPRIME )

INTEGER N, T™M

NOUBLE PRECISION X, Y(N), YPRIME(N), A, ABAQ,AA 0D

DOUBLE PRECISION yy,[1,12,acas, XMnS, Xeas,aMns, XCaO,XALaCaOuAIO
DOUBLE PRECISION Dea, Do,Ds, DAL Ceab,Cro,Ca ke ks ko kALzCaO
DOUBLE PRECISION KCaO,KCaS, KAIO, Kro, Ksl,Krm, Ke,Ceat),Cs0,Col),2CaS
DOUBLE PRECISION 2CAx hAlLCoi,CeaT,CAli,Ceap,Csp,Cop

DOUBLE PRECISION CAIOQ,CaS,Ca,CaSi,Ca0i,CAx, CAxi,Ceal Csi,Coi, CAli
CHARACTER*4 LU

OPEN({UNIT=4,FILE="KCi.DAT STATUS="0LIY")
READ{4,*) Dea,[Yo,13s,DALCeab,Cronidi
REAIX4,*) Ceal),Cs0),Co0,A K5l Kro, Krm,Ke, TM
REAI14,*) xCAx.hALCAX,KCaS,KCaO,KAIO
READ{4,*) LU

CLOSE{UNIT=4)

Co = Dea*Cenb

kCa = 2.*Deatdi

ks = 2.*Ds/di

ko = 2.*Doldi

kAl = 2. *DAIA

CAIO = 3.1415/6.*ni*3.4/102,1D0*di**1.

AA = kea*zCAx®(Y(3)-Ceai)* 11X
AB=AB+ AA

00 = ko*2CAX*(Y(2)-Coi)*1.120
AO=A0+ 00

xAl = (CAIO+AQ-ABYAWCAIOHAO-ABY3.+ADB)
JAIO = 1.D0*(xAD**3.1D0

Coi = Col) * (aA10)**0.33333331)0
haoi = Coi®16./7.2*100.10

hAl = SQRT{aAIOK AIO/(Lioi)**3)
CAll = hAL*27./7.2*100.
iMxALLT.0.268) then

aCao =113

ELSE

#Cno =2.548510%(1.-xAl)**3,
END 1F

hCai = aCaOMoi*7.D-09

Ceni = hWCui/d).*7.2/100,

r=0,
HY(M.GT.Csiyr= 1,

hCa = Yi3)*40.0/7.2*100.130
hMn = 0.7500
vy = 1.02D27*hCa/hMn

vy = aCaS/aMnS
DO 331 =140, 10, -1
V = ((DREAL()-50.130)/10.120
XMnS = 1L.DOALDO+10.**V)
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1 = 1L.489D0*(2,*XMnS - 1.)-Dlog(yy)
2 = -DLOG(L.IXVXMnS -1.130)
f=12/1l
iF.GT.1.05) goto 33
ILGT.0.95) goto 34
33 continue
34 XMnX = XMnS
XCas = 1. - XMnS
aCaS = Xcas *DEXP(1.48910*XMnS**2.)
hsp = aCaS/MhCa*1.6912-07
hop = 1./hCa*7.D-09
Csp = hsp/32.*7.2/100.120
Cop = hop/16.*7.2/100.120
Ceap = hCa/40.*7.2/100.120

C
Ceur = SQRTU10*KCaO+Ds*KCaSH(I130* Y{2)+ 1s* Y(1))* Ceub)
Csr = KCaS/Cear
Cor = KCaO/Ceur
C
CrAl = KAIO/Cro
C
C THE MASS BALANCE EQUATION FOR SULPHUR
C
YPRIME(]) = - (Ds*A*(1.+Ca/(Do*Y{(2)+Ds*Y {1 ))*(Y(1}-Csr)
+ + KsI*(Y(l)-0)
+ + r*ks*2CAx*(Y(1)-Csi)
+ + ks*2CaS*(Y(1)-Csp)
+ + ks*2CaO*(Y(1)-Csp) )
C
C THE MASS BALANCE EQUATION FOR OXYGEN
C
YPRIME(2) = - (Do*A*(1.+Ca/{Do*Y(2)+Ds* Y1) Y(2)-Cor)
+ + ko*2CAXx*(Y(2)-Coi)
+ + ko*2Ca0*(Y(2)-Cop)
+ + Kro*(Y(2)-Cro) )
C
C THE MASS BALANCE EQUATION FOR DISSOLVED CALCIUM
C
YPRIME(3) = - (Dea*A*(I+CaADo*Y(2)+1)s*Y(1)))*(Y{(3)-Cear)
+ + kea*2CAx*(Y(3)-Ceal)
+ + kea*zCaS*(Y(3)-Ceap)
+ + kea*2CaQ*(Y(3)-Ceap)
+ + Ke®(Y(3)0))

C
C THE MASS BALANCE EQUATION FOR SOLUBLE ALUMINUM
C
YPRIME(4) = - (kAI*2CAx*(Y{4)-CAli)
+ + DAIDo*Kro*(Y(4)-CrAl})
C
C THE MASS BALANCE OF CaS, CaO AND CAx INCLUSIONS
C
DO333K=1,T™
IF(X.NE.DFLOAT(K)) GOTO 333
CaS =(CaS
+  + Ds*A*(1.+Ca/Do*Y(2)+Ds* Y (I ))*(Y(])-Csr)
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CuSi = CaS*DEXP(-Krm* X)
CaO = CaO
+ + DAL ACaA DoY)+ Ds=Y (1) *Y(2)-Cor}

CaQi = CaO*DEXP{-Km*X)

CAx = CAx+ko*zCAx*(Y(2)-Coi)3.

CAxi = CAx*DEXP(-Krm*X)

= 6./3.1415/di**3.)* CAxi*(56.*XCaO+02.* XAlD/3.1

2008 = R.O4R61I5*CaSi

2Cq0 = 7.44951)5*CaOi

2CAx% = B.6O1S*CAxi
A3} conlinue

RETURN

END
C
C The following subroutine DVERK was supplied by Department of Computer
C Scienee ol McMaster University, and the program wits written by:
C T.E. Hull, W.H. Enright and K.R, Jackson; "DVERK, a R-K Procedure
C for Nonstillm ODEs," 1990, Department of Computer Scienee,
C University of Toronto, Canadi.

C
SUBROUTINE DVERK (N, FCN, X, Y, XEND, TOL, IND, C, NW, W)
INTEGER N, INI), NW, K
DOUBLE PRECISION X, Y{N}), XEND, TOL, C(32), W(3,9), TEMP

C

o ABORT IF IND QUT OF RANGE 1 TO 6
IF(IND.LT.1 .OR. IND.GT.6) GO TO 500

GO TO(5,5,45, 1111, 2222, 2222), IND)
CASE 1 - INITIAL ENTRY (INDD .EQ. 1 OR 2)
C o ABORT IF N.GT.NW OR TOL.LE.0
5 IF(N.GT.NW.OR, TOL.LE.0.D0O) GO TO 500
[F(IND.EQ.2)GOTO {5
INITIAL ENTRY WITHOUT OPTIONS (IND .EQ. 1)
SET C(1) TO C(9) EQUAL TOU
NDOIWK =19
CiK) =00
0 CONTINUE
GO TO 35
15 CONTINUE
¢ INITIAL ENTRY WITH OPTIONS (INI} .EQ. 2)
C MAKE C(1) TO C(9) NON-NEGATIVE
NDOWK=19
C(K) = DABS(C(K))
0 CONTINUE
¢ MAKE FLOOR VALUES NON-NEGATIVE IF THEY ARE TO BE USED
1IF(CUH.NE4.DO AN, CH1.NES.DO) GO TO 30
NOXBK=1.N
CIK+30) = DABSIC(K +30))
25 CONTINUE
k1§ CONTINUE
33 CONTINUE
¢ INITIALIZE RREB, DWARF, PREY XEND, FLAG, COUNTS
CrI0) = 2.d0**(-56)
Ceil) = 1.1)-35

C
¢ CASES - INITIAL ENTRY, NORMAL RE-ENTRY, INTERRUPT RE-ENTRIES
C

o



C SET PREVIOUS ¥XEND INITIALLY TO INITIAL VALUE OF N
Ciy = X
DO 40K =21, 24
C(K)=0.1%
40  CONTINUE
GO TO 50
C CASE 2 - NORMAL RE-ENTRY (IND .EQ. })
C .. ABORTIF XEND REACHED, AND EITHER X CHANGED OR XEND NOT
45 [F(C(21).NE.0.DO AND.
+ (X.NE.C(20) .OR, XENDN.EQ.C(20)) GO TO 500
C RE-INITIALIZE FLAG
C21) ~ 0.100
GO TO 50
CASE 3 - RE-ENTRY FOLLOWING AN INTERRUPT {IND . EQ.4TO )
ENI) CASES
50 CONTINUE

C
C
C
C ENDINITIALIZATION, ETC.
C

C L P T T Rt L i Y L f R E SR ITE RS R AL SRR SR RSS2 S22 2 E Rt llds

C
99999 CONTINUE
C
C
Cr*reexvnnnsERROR RETURN (WITH IND=-1) IF NO OF FCN EVALS TOO GREAT
IF (C(7).EQ.0.1D0 .OR, C{24).LT.C{(7)) GO TO 100
IND = -1
RETURN
00 CONTINUE
C CALCULATE SLOPE (ADDING 1 TO NO OF FUN EVALS) IF IND NE. 6
IF (IND .EQ. 6) GO TO 105
CALL FCN(N, X, Y, W(l1,1)
C(24) = C(24) + 1.DO
CI{)S CONTINUE

C CALCULATE HMIN - USE DEFAULT UNLESS YALUE PRESCRIBED
C(13)H=C(3
IF (C(3) .NE. 0.D0) GO TO 165
CALCULATE DEFAULT VALUE OF HMIN
FIRST CALCULATE WEIGHTED NORM Y - C(12) - AS SPECIFIED
BY THE ERROR CONTROL INDICATOR C(1)
TEMP =0.D0
IF (C(l) .NE. 1.D0) GO TO 115
C ABSOLUTE ERROR CONTROL - WEIGHTS ARE |
DOIIOK=I,N
TEMP = DMAXHTEMP, DABS(Y(K))
110 CONTINUE
C(12) = TEMP
GO TO 160
115 IF(C(l) NE. 2.D0) GO TO 120
RELATIVE ERROR CONTROL - WEIGHTS ARE I/DABS{Y(K)) SO
WEIGHTED NORM Y IS |
Cil2) = 1.D04
GO TO 160

ana

an



120 il (C(1).NE. 3. GO TO 130
C WEIGHTS ARE I/MAX(C(2),ABS(Y(K)})
PDOI2SK=1I,N
TEMP = DMAXHTEMP, DABS(Y(K)C(2)
125 CONTINUE
Ct12) = DMINYTEMP, 1.DO)
GO TO 160
130 IF (C(1) .NE. 4.1)0) GO TO 140
: WEIGHTS ARE I/MAX(C(K+30),ABS(Y(K})))
DOI13sK=I,N
TEMP = DMAXI(TEMP, DABS(Y(K))C(K+3())
135 CONTINUE
C(12) = DMINTEMP, 1.D0))
GO TO 160
140 IF (Ctl) .NE. 5.D0) GOTO 150
C WEIGHTS ARE [/C{K+30)
DOI4SK=1I,N
TEMP = DMAXI(TEMP, DABS(Y(K))/C(K+30})
145 CONTINUE
C(12) = TEMP
GO TO L60
150 CONTINUE
C DEFAULT CASE - WEIGHTS ARE I/MAX(1,ABS(Y(K)))
DOISSK=I,N
TEMP = DMAXI(TEMP, DABS(Y(K)))
155 CONTINUE
C(12) = DMIN KTEMP, 1.D0)
L6 CONTINUE
C(13) = 10.DU*DMAXHC),CO0DMAXI(C(12)TOL, DABS(X)))
165 CONTINUE

C

C CALCULATE SCALE - USE DEFAULT UNLESS VALUE PRESCRIBED
C(15) = C(5)
[F (C(5) .EQ. 0.120) C(15) = 1.1D0

C

C CALLCULATE HMAX - CONSIDER 4 CASES

¢ CASE | BOTH HMAX ANI) SCALE PRESCRIBED

1F (Cie).NE.O.DO .AND. C(5).NE.O.DO)
+ Ct16) = DMINI{C(6), 2.DW/C(5))
C CASE 2 - HMAX PRESCRIBED, BUT SCALE NOT
IF (CIo)LNE.0.DO AND. C(5).EQ..1X0) C(16) = C(6)
C CASE 3 - HMAX NOT PRESCRIBED, BUT SCALE IS
1F (Ct6).EQ.0.D0 LAND. C(5).NE.0.1DY) C(16) = 2.1D0C(5)
C CASE 4 - NEITHER HMAX NOR SCALE IS PROVIDED
IF (C(6).EQ.U.1DG AND. C(51LEQ.U.1D0) Ci6) = 2.D0

C
CereermrraesERROR RETURN (WITH IND=-2) IF HMIN .GT. HMAX
IF (C(13) .LE. Ci6)) GOTO 170
IND =-2
RETURN
170 CONTINUE
C
C CALCULATE PRELIMINARY HMAG - CONSIDER 3 CASES
IF(IND).GT.2) GO TO |75
C CASE [ - INITIAL ENTRY - USE PRESCRIBED VALUE OF HSTART, IF

376



C ANY, ELSE DEFAULT
C(14) = C(4)
IF (C(4) .EQ. 0.D0) C(1dy = C16)*TOL**(1./6.)
GO TO 185
75 IF (C23) .GT. LDO)yGO TO 184

C CASE 2 - AFTER A SUCCESSFUL STEP, OR AT MOST ONE FAILURE,

C USE MIN(2, .9%(TOL/EST)**(l/6)*HMAG, BUT AVOILD POSSIBLE
C OVERFLOW. THEN AVOID REDUCTION BY MORE THAN HALLF.
TEMP = 2.D0*C(14)
IF (TOL .LT, (2.D0/.9D0y**6*C(19))
+ TEMP = 9DOXTOL/COM)**(1./6.)*Ci14)
C(14) = DMAXI(TEMP, .5D0*C(14))
GO TO 185
180 CONTINUE
C CASE 3 - AFTER TWO OR MORE SUCCESSIVE FAILURES
C(14) = .5D0*C(14)
185  CONTINUE

CHECK AGAINST HMAX
C(14) = DMINI(C(14), C(16))

CHECK AGAINST HMIN
C(14) = DMAXI(C(14), C(13))

QN 0o oo

*ersenrexxx[INTERRUPT NO | (WITH IND=4) IFF REQUESTED
IF(C(8).EQ.0.D0O)GOTO I111
IND=4
RETURN
C RESUME HERE ON RE-ENTRY WITH IND .EQ. 4 ....... RE-ENTRY..
111 CONTINUE

IF (C(14) .GE. DABS(XEN1D - X)) GO TO 190

377

C
C CALCULATE HMAG, XTRIAL - DEPENDING ON PRELIMINARY HMAG, XENI)
C

DO NOT STEP MORE THAN HALF WAY TO XEND
C(14) = DMINL(C(14), .SDO*DABS(XEND - X))
C(17) = X + DSIGN(C(14), XEND - X)
GOTO 193
190  CONTINUE
HIT XEND EXACTLY
C(14) = DABS(XEND - X)
C(17)= XEND
195 CONTINUE

0

CALCULATE HTRIAL
Cug)=C(17) - X

ENDSTAGE |

N T T PP T P TR L P TR S R TR TE LT R LY LR Y

* W(*,2), ... W(*,8) HOLD INTERMEDIATE RESULTS NEEDEID IN*
* YTRIAL. *

#*t*'*‘**‘i*‘tll#**t‘*‘**t"“**#‘*‘#ltt'tttttilt.tt!##"#t##lt

oo na oo

* STAGE 2 - CALCULATE YTRIAL (ADDING 7TO NO OF FCN EVALS) *
* STAGE 3. W(*,9) IS TEMPORARY STORAGE UNTIL FINALLY iT HOLDS *
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TEMP = C(18)/1398 169080000130

PO2WK=1,N
WK 9) = Y(K) + TEMP*W(K,1)*233028180000.130
CONTINUE

CALL FCN(N, X + C(18)/6.100, W(1.,9), W(1,2)}

PDO22WSK=I,N
WI(K.9) = Y(K) + TEMP*( W(K,1)*74569017600.120
+ W(K,2)*298276070400.120 )
CONTINUE
CALL FCN(N, X + C{18)*(4.D0/15.130), W(1,9), W(1,3))

PDO2IK=1,N
W(K,9) = Y(K) + TEMP*( W(K,])*1165140900000.120
- W(K,2)* 3728450880000, 1D0
+ W(K,3)*3495422700000.1D0 )
CONTINUE
CALL FCN(N, X + C(18)*(2.D0/3.D0), W(1,9), W(1,4))

NDOZISK=1,N
W(K,9) = Y(K) + TEMP*( - W(K,1)*3604654659375.100
+ W(K,2)*12816549900000.1D0
- W(K,3)*9284716546875.120
+ W(K,4)*1237962206250.120 )
CONTINUE
CALL FCN(N, X + C(18)*(5.D0/6.1D0), W(1,9), W(1,5))

NDO2W2WK=1,N
WI(K.9) = Y(K) + TEMP* W(K,1)*3355605792000.130
- W(K,2)*11185352640000.1D0
+ W(K,3)*9172628850000.100
- W(K,4)*427218330000.130
+ W(K,5)*482505408000,1D0 )
CONTINUE
CALL FCN(N, X + C(18), W(1.9), W(1,6))

NO22SK=1I,N
WK 9) = Y(K) + TEMP*( - W(K,1)*770204740536.10
+ W(K,2)*2311639545600.120
- W(K,3)*1322092233000.10
- W(K ,4)*453006781920,1D0
+ W(K,5)*32687548 1856.1D0 )
CONTINUE
CALL FCN(N, X + C(18)/15.120, W(1,9), W(1,7))

NOWBK=1,N
W(K.9) = Y(K) + TEMP*( W(K,!)*2845924389000.D0
- W(K,2)*9754668000000.120
+ W(K,3)*7897110375000.120
- WK, 4)* 192082660000, 130
+ W(K,5)*400298976000. 120
+ W(K,7)*201 586000000120 )
CONTINUE
CALL FCN(N, X + C(18), W(1.9), W(1,8))
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C
C CALCULATE YTRIAL, THE EXTRAPOLATED APPROXIMATION AND STORE
C IN W(*.9)

DO235K=1,N

WK,9) = Y(K) + TEMP*( W(K,1)* 10486268 1000,130

+ + W(K,3)*545186250000.130
+ + W(K,4)*446637345000.1D0
+ + W(K,5)* [ 8880:6464000.100
+ + W(K,7)*15076875000.1D0
+ + W(K 8)*97599465000.120 )
35 CONTINUE

ADDD 7 TO THE NO OF FCN EVALS
C(24) =C(24) + 7.I20

C ENID STAGE 2
C

CALCULATE THE UNWEIGHTED ABSOLUTE ERROR ESTIMATE VECTOR
DO300K=1,N
WI(K,2) = ( W(K,1)*8738556750.1)0
+ W(K,3)*9735468750.150
- W(K,4)*9709507500.120
+ WK, 5)*85821 12000.120
+ W(K,6)*95329710000.120
- W(K,7)*15076875000.100
- W(IK,8)*97599465000.120)/1398 169080000 1D
CONTINUE

S+ + ++ + +

CALCULATE THE WEIGHTED MAX NORM OF W(*2) AS SPECIFIED BY

THE ERROR CONTROL INDICATOR Ctl)
TEMP = 0.D0
IF (C(1) .NE. [.D0) GO TO 310
C ABSOLUTE ERROR CONTROL

DO3SK=1,N
TEMP = DMAX|(TEMP,DABS(W(K ,2)))
305 CONTINUE

QOO0

GO TO 360
310 1F(C(1) .NE. 2.120) GO TO 320
C RELATIVE ERROR CONTROL
DO3ISK=I,N

TEMP = DMAXI(TEMP, DABS(W(K,2)/Y{K)))
315 CONTINUE

GO TO 360
320 IF(C{l) .NE. 3.D0) GO TOQ 330
C WEIGHTS ARE I/MAX(C(2),ABS(Y(K)))
DO325K=1,N
TEMP = DMAXI(TEMP, DABS(W(K.,2))
+ { DMAX1(C(2), DABS(Y(K))))
325 CONTINUE
GO TO 360
330 1F (C(]) .NE. 4.D0) GO TO 340
C WEIGHTS ARE I/MAX(C(K+30),ABS(Y(K})))
PO3ISK=I1,N

TEMP = DMAXI|(TEMP, DABS(W(K,2))
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+  DMAXHCK+30), DABS(Y(K) )
kX CONTINUE

GO TO 300
340 1K (C(1) .NE. 5.D0) GO TO 350
C WEIGHTS ARE I/C(K+30)
NDO34sK=1|,N

TEMP = DMAX(TEMP, DABS(W(K 2)C(K+30)})
345 CONTINUE

GO TO s
350 CONTINUE
C DEFAULT CASE - WEIGHTS ARE I/MAX(1,ABS(Y(K)}
DO35K=1,N
TEMP = DMAXI{TEMP, DABS(W(K,2))
+ FDMAXILIDO, DABS(Y(K) )

355 CONTINUE
ot CONTINUE

CALCULATE EST - (THE WEIGHTED MAX NORM OF W(*2))*HMAG*SCALE
- EST IS INTENDEI) TO BE A MEASURE OF THE ERROR PER UNIT
STEP IN YTRIAL
C(19) = TEMP*C(14)*C(15)

END STAGE 3
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* STAGE 4 - MAKE DECISIONS. *
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SET IND=5 [ STEP ACCEPTABLE, ELSE SET IND=6
IND=35
IF(C(19) .GT. TOL) IND =6

C
CorrvrerraenINTERRUPT NO 2 IF REQUESTED
IF (C(Y) .EQ. 0.120) GO TO 2222
RETURN
RESUME HERE ON RE-ENTRY WITH IND .EQ. SOR 6 ..RE-ENTRY..
222 CONTINUE

C
2
C
IF (IND).EQ. 6) GO TO 410
¢ STEP ACCEPTED (IND).EQ. 5), SO UPDATE X, Y FROM XTRIAL,
C YTRIAL, ADDID | TO THE NO OF SUCCESSFUL STEPS, AND SET
C THE NO OF SUCCESSIVE FAILURES TO ZERO
X=Can
DO4K=1,N
Y(K)=W(K.9)
400 CONTINUE
C(22y=C(22) + 1.DO
ey =01
CrevssrresnrnneRETURN(WITH IND=3, XEND SAVED, FLAG SET) IF X .EQ. XEND
IFF (X .NE. XEND) GO TQ 405
IND=3
Ct20) = XEND
Cahy = Lo
RETURN
405 CONTINUE



GO TO 420
410  CONTINUE
C STEP NOT ACCEPTED (INID.EQ. 6). SO ADID | TO THE NO OF
C SUCCESSIVE FAILURES

C23)=C2y) + 1.
CrorxssrxsnsxrsERROR RETURN (WITH IND=-3) IF HMAG .LE. HMIN
IF (C(14) .GT. C(13)) GOTO 415
IND=-3
RETURN
415 CONTINUE
420 CONTINUE

C
C END STAGE 4
C
GO TO 99999
C ENDLOOP
C
C BEGIN ABORT ACTION
500 CONTINUE
C

WRITE(6,505) IND, TOL, X, N, C(13}, XEND, NW, C(l6), C(20),
+  C(22), C(23), C(24), (Y(K), K = |, N)

505 FORMAT( #/ |HO, SSHCOMPUTATION STOPPED IN DVERK WITH THE FOLLOWIN
+G VALUES -

+ [ 1HO, SHIND =, 14, 5X, 6HTOL =, |PDI13.6, 5X, 11HX =,
+ {PD22.15
+ /1H,SHN =14, 5X, 6HHMIN =, |PDI3.6, 5X, I IHXEND =,
+ IPD22.15
+ /1H,S5HNW =, 14, 5X, 6HHMAX =, IPDI13.6, 5X, I IHPREV XEND =,
+ IPD22,15
+ /1HO, 14X, 27THNOQ OF SUCCESSFUL STEPS =, 0PF8.0
+ /1H, 14X, 2THNO OF SUCCESSIVE FAILURES =, OPF8.0
+ [1H, 14X, 27THNO OF FUNCTION EVALS =, 0PFR.0
+ /1HU, 23HTHE COMPONENTS OF Y ARE
+ /I (IH, IP5DD24.15) )
C
STOP
C
C END ABORT ACTION
C

END
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