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PREFACE

The work reported in this thesis was carried out during the

period for which the candidate was registered for a higher
degree, '

In accordance with the regulations for PhD in Industrial
Metallurgy, a full course in Metallurgical Process Manage-
ment was successfully completed. The details of the courses
are given below, .

' MODULE 1.
. Process Metallurgy
Mechanical Metallurgy
Advanced Thermodynamics
MODULE 2,
' Accountancy
Economics and Financial control
Computational methods and Operation Research

MODULE 3.
‘Arc Furnace Steelmaking
-0OxXygen Steelmaking
High Strength Steels
Réfractories u
- Metals and Competitive Materials
Quality Assurance

MODULE 4,
3 Industrlal Case Studies

One of the case studies is attached at the rear of the
thesis on page 359 and is related to the current research
investigation.

The Candidate's performance during the Fformal coursework
was assessed by means of written examinations and contin-
uous assessment of specific assignments.

The work described in the thesis is, tc'the best of my know-
ledge, original except where reference is made to others,
and no part of it has been submitted for an award at any '

Colleae or Unlver31ty. L ' ewﬂ LJJEMW%

4 _l_



Acknowledgements

The author would like to express his gratitude to
" Dr G.'Briggs and Dr M. Sunderland for their guidaﬁce and
-advice during the supérvision of this work. |

- My thanks are also given to Dr J. Quin and Dr J.
Green of Steetley Minerals for their he1p£u1 advice and
'criticism.’ The use of the SEM facilities at Steetley
Refractories, under the guidance of Mr C. Nutt, is grate-
fully acknowledged.

I am grateful to Mr D. Latimer and Mr G, Gregory
for their co-operation; technical assistance and exper-
tise in the construction‘of various pieces of experi—
mental apparatus; and to members of the Metallurgy
Department Workshop, in particular Mr P. Fletcher.

_ Iwwould also like to express my gratitude to all
my feliow post graduates, noteably Steve Horne, Jess
Cawley and Godwin Ekebuisi for their interest, help and
enthusiasm, . |

 Special thanks to my wife Julie, for her consider-
able patience and skill in the typing of this thesis.

Acknowledgement is made to the Science Research
Council for providing the financial support duiing the

three year period spent at Sheffield City Polytechnic,

e



Interactions of dolomitic lime with iron silicate melts.

by

Paul Williams

Abstract.

An investigation has been made of the dissolution
of dolomitic lime in iron silicate (fayalite) melts at
temperatures corresponding to those obtained during the
early stages of an LD blow (1300°C). The melts were con-
tained in iron crucibles and held in a furnace under an
argon atmosphere, Cylinders of dolomitic lime, prepared
from dolomitic limestone, were preheated to the temper-—
ature of the melt and immersed for times ranging Ffrom 15
to 540 seconds., The reacted cylinders were withdrawn,
and cuvenched under an argon jet for microscopic examin-
ation and scanning electron microscope analysis., Equiv-
alent experiments vere undertaken with calcitic lime
cylinders prepared from limestone. A rotating bob-fixed
crucible viscometer technicue has been established, and
viscosities of synthetic slags within the system CaC -
'Fe0' - Si0Oo - MgO, were measured., Cowne fusion studies
wvere used to determine the melting behaviour of the slag
system,

Dolonmitic lime and iron silicate (fayalite) melt
reacted to Fform magnesiowlistite and dicalcium silicate,
and a globular wlistite and forsterite - fayalite olivine
series was established at the melt - cylinder interface
region, The dissolution of dolomitic lime was conitrolled
by the transport of magnesia into the melt, by diffusicn,
from the forsterite - fayalite zone., Corresponding iron
silicate - .calcitic lime reactions produced a licuid cal-
ciowlistite phase contained within a continuous envelope
of dicalcium silicate, surrounding the lime sample, which
assumed a granular morphology when a 5 mass ¢ MgO addi-
tion was made to the melt. Megnesia levels up to 7.5
mass ¢ MgO raised the viscosity of fayalite by 250 mPa.s
at 1300°C. 1!lagnesia increased the liduidus temperature
and melting range of synthetic Ca0 - 'FeQ' - Si0O2 melts
at all levels of addition. A modified film theory app-
roach has been used to calculate the experimental mass
transfer coefficients for Ca0 and MgOo. :

‘ The relative rates of calcitic and dolomitic lime
solution have been assessed and the results evaluated "in
‘relation to. the industrial situation. It has been shown
that dolomitic lime does not represent a replacement for
calcitic lime, However, it is essential for reducing
refractory wear rates and enhancing the formation of a
basic early formed slag, when used in conjunction with
calcitic lime, provided it is added at the commencement
of the blow.
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1. Introduction.

- The top blown oxydgen or LD steelmaking process has
been developed extensively over the past'decade to pro-
vide the bulk of the United Kingdom's steel requirements.
The viébility of the pfocess is achieved by rapid tép to
tap times (35 to 40 minutes) in vessels capable of con-
taining between 150 and 350 tonnes of stéel. A f£luid,
highly.basic slag must be produced earlyrin the blow to
meet not only the thermodynamic prerecuisites Ffor the
efficient removal of carbon; phosphorus and .sulphur, but
also for reduction of the refractory linihg wear rate,

éalcitic lime is charged to the hot metal and scrap
contenté of the vessel at the commencement df the blow,
and the silica (510,) and ferrous oxide (Fe0), from the
metal bath, produce the major.slagmaking'componénts. The
'rapid oxidation of silicon from the bath into the slag
during.the first 6 to 7 minutes of the blow, results in
the formation of a siliceous slag. The dissolution.of
calcitic lime in the early part of ‘the blow is retarded
in a siliceous slag by the development of & continuous di-
éalcium'silicate barrier on the surface of the lump lime,
The formation of dicalcium silicate exacerbates the ag-
gression of early formed siliceous slags on the lining
(doloma or magnesia), and the rate of MgO loss from the
refractory becomes cOrrespondinQiy high duriné-fhis
period., Over the‘past decade, dolomitic lime additions,
averaging 20kg/tonne steel, have been made with the cal-
citic lime charge as a means of extending lihing-life by
reducing the degree-of refractory Mg0 solution in early

- 14 -



formed, siliceous slags.
Important economic consequences of dolomitic lime
usage have arisen with the reduction in output of LD

steelmaking shops. Dolomitic lime practices, although

. variable, have created increased vessel availability, and

consequently, fewer relines and reduced manning levels.
Tempered-doloma and magnesia enriched linings have beén
utilised successfully with Slag practices involving dolo-
mitic lime in conjuﬁction with vessels operating at low
production levels, The current U.K. trend has been to

line LD vessels with magnesia bricks which involves a

 four to five-fold increase in lining costs. Although the

‘high cost magnesia lining practice has reduced the number

of relines and vessel-downtime periods, dolomitic lime
slag practices are continuing to make these linings more
cost _effective under the current low levels of steel pro-

duction, 'Magnesia_linings are particularly susceptible to

"large temperature fluctuations within the vessel which =

can lead to spalling and, in' extreme cases, slabbing of
the brickwork;

A reviev of the Literature has confirmed that mag-
nesia, derived £romvdolomitic‘lime additions and present
at saturation levels of 6'fd 7 mass % in the turandowvn
slag, has a substantial infiluence in reducing the refrac-
tory wear .rate, without seriously affecting the/féfining
properties of the slag. Physicalkfactors such as the con-
trol of slag viscosity aﬁd fusion temperatures also pitay

an important role in extending the life of the iinirng and

creating optimum conditions for refining. The precise

- 15 =



mechanism(s) by which the lining life is increased in

the presence of magnesia - rich slags is not fully
understood, nor is the‘effect of magnesia on steelmaking
reactions by the changes in slag chemistry. Particularly
lacking is fundamental information on the chemistry and
kinetics of dolomitic lime solution in early formed LD
slags and the manner by which'this may influence the over-
all rate of slag formation.

There is clearly a need to identify the effects of
magnesia and dolomitic lime additions on LD-type slag
forming systems., To establish a basis for a study of the
mechanisms which account for the interactions occurring
during eariy slag formation, both physical and chemical
investigations were envisaged., To accomplish thiSiaim,data
on both viscosity and melting relationships as well as re-
action studies were considered necessary. The programme
of work therefore included:- |
1) The development of a viscometer technicue to study
the effect of magnesia levels on the fluidityrof 1iquid‘
slags.

2) High temperature crucible techniéues wvere to be used
to study the rates of dolomitic lime reactions with.other
slag forming oxides.,

3) Compositional changes and mechanisms of dissolution
wefe.to be established by optical microscopy, scanning
electron microscopy and chemical analysis. '

It was anticipated that these results when considered
as a whole would identify the effects of magnesia and dolo-
mitic lime on LD slagmaking systems, The combined experi-

mental results and their interpretation should allow extra-

polation to the industrial situation.
- 16 -



2., Literature Survey

2.1 Introduction to oxygen steelmaking.

The majority of economically viable iron bearing

- formations are linked to a sedimentary or igneous origin.
High quality imported iron ores contain on average 62%
iron, while local sedimentary ores contain up to 25%

iron (1). After ore dressing and reduction within the
biast furnace, the pfocessed iron will contain unwanted
metailoids such as silicon (Si), phosphorus (P), sulphur
(s).and, perhaps, manganese (Mn). In addition, the pig}
iron becoméé saturated with carbon (approximately 4¢%) from
the coke to produce a low melting point liquid (<1150°C).
The essential features of cohventional steelmaking are the
partial oxidation of the carbon along with Si, P, Mn and
the_accompanying reduction inAsulphur level.

The development of steelm;king processes throughout
 the 19th and 20th Century has recently béen reviewed by
Michaelis (2) and others (3, 4). The air blown Bessemer
and Thomas Converters and externally heated open hearth
Processes of steel production have declined with the advent
of tonnage oxygen which was produced on & commercial scale
by Frankl (1928). Oxygen was used in early steelmaking
trials to initiate and control exothermic oxidation react-
ions of carbon and metalloids within a hot metal bathk. In
1952 the first industrial plants &t Linz and Donawitz in
Austria manufacfured steel from low phosphorus pig iron.
in 35 ton vessels lined with basic (magnesia) refractories.
Oxygen was top blown at high velocity onto the surface of

the hot metal by a water cooled lance. This process has
- 17 -



- been extensively developed and is known as the Linz-
"Donawitz (LD) process in Britain and Europe, and as Basic
Oxygen Steelmaking (BOS) in North America. In the context
of this thesis the term LD will apply to the furnace as
well as the process. 1In its prevailing present form the
LD furnace is‘a pear-shaped, tiltable vessel ranging in
size from 5 to 350 tonnes. The engineering problems of
supporting and manoeuvering large LD vessels hayébeen dis-
cussed by Langmead (5). Oxygen consumption in large (»300

ton) vessels is in the region of 50 Nm3

per ton of blown
metal for the average 20 minute blowing period. The LD
process now accounts for 53% of the World's total steel

production (2);

2,1.1 Alternative oxygen steelmaking processes.

_ Industrial practice with_the LD produced a series o£
offshoot processes‘with respect to oxygen steelmaking
‘"reacto:s“. This was largely dﬁe to European innovators
attempting to overcome problems with high phosphate bear-
ing ores and the need for "clean® stéels. The principal

variants are listed below for comparison with the LD

process,

2.1,2 Rotating vessels,

The Swedish Kaldo (1956) developed by XKalling at
Domnarvet consisted of a rotating vessel with two running
rings mounted on four support wheels which allowed the
vessel to be tilted on trunnions. The furnace had a cap-
acity of 25 to 30 tonnes, an outside diameter of 3.5m and

a length of 5.5m. The vessel cculd be rotated at'30.r.p.m;

- 18 -



- whilst inclined at an angle of 17° to the horizental axis,
during blowing. Oxygen was blown through a lance at a
low velocity and at a flat angle te the bath; the blowing
period lasting for 35 — 40 minutes, The conversion of CO
to CO, within the vessel increased the heat to the bath
during rotation. Due to the heat economy of the Kaldo
process, up to 50% scrap could be melted as opposed to 25
to. 30% in the LD. Kaldo vessels became lafgely inoper-
'ational due to (i) excessive lining costs; (ii) costly
maintainance of rotary equipment; (iii) production per
' furnace was about half that of coexisting LD vessels.
! Pearson et al (6) have made‘a eritical comparison between
slag-metal reactions in the LD and Kaldo processes.

The Germen designed Graef-Rotor (1957) used two
water cooled lances one of which was submerged in the

‘bath and the other used to burn CO to CO The furnace

o
was essentially a 14.6m long cylindrical vessel with an '
ihternal diameter of 2.7m. Rotational speed was limitedv
to about 2 r.p.m. with rotation abouf a horizontal axis.
The blowing time was approximately‘a hours. Although des—
igned to combine advantages of open hearth and pneumatic
steelmaking, similar high eost problems were encountered
as with the Kaldo. A vertical LD-type vessel called a

- Rotovert was developed around the same period which could
operate at a rotation speed of 85 r.p.m. Slag was
retained in a “"well" of metal formed by the spinning
action of the vessel which was claimed to reduce refrac-
tory wear rates. The vessel.size was restricted to 6 ton

capacity.

- 19 -



'2.1.3 Oxygen-Lime Powder (OLP - LD AC) and bottom

blown processes (0BM, Q-BOP, VLN).

With high phosphorus iron ores problems were en-
countered in end point P targets when using the LD process.
The Oxygen - Lime Powder (OLP or LD ‘AC) process was devel-
6ped by IRSID of France to achieve better dephosphorisation.
Powdered lime was'blown simultaneously with oxygen through
the lance system to bring about a controlled foaming of
the slag. On a series of 30 ton heats, high quality steels
low in phosphorus, sulphur and nitrogen were produced (7).
Very high reaction temperatures wére reacked at a so-called
"hot spot® where thevCao—o2 jet impinged upon the metal
bath. | A ’ o o ”§

" Bottom air blown Bessemer and Thomas converter Pro—
cesses often introduced high concentrations of nitrogen
into-the steel which affected its cold workability and
weldability. Since all pneumafic processes for phosphoric
pig»iron are characterised by the fact that carbon eiimin-
ation precedes phosphorus elimination, methods of bringing
about earlier dephozphorisation reaCtions wvere tried. One
such bottom Blowing method was tried at Port Talbot in

Wales by blowing oxygen and steam. This was termed the
Véry'Low Nitrogen (VLN) process (2). However, difficulties
arose through tuyere and bottom wear as well as hyﬂrogen
pick up in the steel. The innovation of the bbffom blown
oxygén converter Wés the Maxheutte tuyere, developéd by
Savard and Lee of L'Air Liquide in Canada in,conjuncfion
witthaximillianshﬁtte' of Vest Gerﬁany. |

The Maxheutte tuyere consists of two concentric

- 20 -



pipes. The inner pipe-delivers oxygen through the base.
of the furnace and the outer delivers a shielding gaseoﬁs
or liquid hydrocarbon. Decomposition of the hydrocarbon
at the mouth of the tuyere brings about an endothermic
reaction which provides a means of cooling the tuyere.

- Besides moderating the témperature, the endothermic'dis—
sociation reduces chemical attack and wear upon the bottom
and the tuyeres. Modification of Thomas converters became
possible by replacinjlthe whole bottom of the converter
aﬁd the process has become known as the Oxygen Blown
‘Maxheutte (0BM) in Europe‘and the Quick or Quiet Blown
process (Q-BOP) in North America, Promoters of this basic

(8-11) claim many advantages over the LD

oxygen procesé
including smoother blowing; a higher metallic yield; an
ability to melt 5 - 8% more scrap; easiervattainment of
lower cafbon levels; shorter blowing times (12 minutes)
and,wferhaps equally important;.the lower cost of installf
ation on “greenfieid“ or "brownfield" sites. Only one LD
- shop at.Gary'in Indiana (U.S. Steel) has been converted to
a Q-BOP, Tabie 1 (p. 231 ) gives an indicaticn of the dev-
elopment of basic oxygen steelmaking processés in Britain
and their standing at the present timé?ﬂ The limited invest-
ment programme of BSC suggests that LD plahts will remain

the major bulk producers of steel in Britain for all the

1980's. | -

2.2 Refining reactions within the ID.

The objective of the LD process is to convert blast
furnace metal (pig iron) into steel by the partial oxida-
tion of carbon (C), silicon (8i), phosphorus (P), and
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’manganese (Mn) and to reduce the sulphur level, Blast
furnace hot metal ideally contains about 4 mass% C; 0.7
to 0.8 mass% Si; 0.7 to 0.8 mass¥ Mn; 0.04 mass¥ S (max);
and 0.15 mass% P (13). These solute elements may be
diluted to some extent by a scrap addition which can
form 20 to 30% of the metallic charge. | |
To facilitate charging, the mouth of the LD is

ti;ted dovmwards towards the charging section, ho£ meta1‘
- being added after the scrap basket charge. The vessel is
rotated back to the vertical and the lance lowéred to the
first blowing position. Slag—making additions4are gener—
ally made at the start of the blow and enter the mouth of
the vessellthrough chutes fed-ffom overhead charging bins.
A hood envelopes the mouth of the converter during the
blowing period and is connected to a fumevextraction
system, }

w~E:amination of oxide stabilities illustrated on the
modified Ellingham‘diagram in Fig. 1 (p.263 ) reveals that
at éteei making temperatures (1300 - 165000), carbon, sili-
con and mangenese will be oxidised in preférence to iron,
but that phosphorus and sulphur caanot be removed by oxi-
dation unless the activities of their oxidesare lowered,
or in the case of sulphur a stable sulphide is Fformed (3>;
The oxidation of silicon and manganese is also enhanced by
fhe presence of a siag because the activities of silica
and manganese oxide in slag are less than unity (13), The
slag phase fulfills a number of roles. It acts as a sink
and fluxing media for the oxidised metalloids and is

- easily discarded at the end of the refining process.
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At the zone of impingemenf below the lance, oxygen
goes into solution in the hot metal charge and iron
oxides form. The excess of iron in the impingement zone
enables iron oxide to transfer to the slag so that both

metal and slag are initially oxidised as follows:-

30, = [0] ﬂ (2.1)
Fe + (0] =—= (Fe0) (2.2)
2Fe0 + %02 = (Fe203) . (glﬁ)

[ ] in hot metal

( ‘) in slag phase.

In actual LD practice the removai of impurity ele-
ments does not proceed in the thermodynamic sequence des-—
cribed above. Instead, oxidation of the metalloids takes
Place simultaneously; This is cleérly illustrated’in the
change of bath composition during an idealized blow in
Fig.'2 (p.264 ) The refining reactions are briefly out-

_(3, 13, 14, 15)

lined as follows:

_2.2.1 »SiliCOH;

Silicon is rapidly oxidised into the slag by the
following reaction mechanism and within 6 tc 7 minutes of
blowing oxygen.‘ The silica formed is acidic and viscous
in nature. | ;

[sil + 20] == (5i0,) (2.4)

[sil + 2Fe0 == (8i0,) + 2Fe (2.5)
2.,2,2 Manganese. -

Manganese is removed in a similar fashion;

[Mn] + [0] = (MnO) | ((2;6)'

(Mn] + [FeOl=== (Mn0) + Fe L (2.7)
| | - 23 -



Initially, the manganese content of the metal phase

drops rapidly as a result of oxidation, but later a slight

reversion occurs followed by & second fall near'the end of

the blow, Fig. 2 (p.264). The increase in manganese during

the middle part of the blow has been attributed to two

causes

(a) the melting of scrap.

(b) the reduction of manganeée oxides from the slag,

as a result of temperature changes and variations in slag

dompositidn which affect the activity of MnoO.

2.2.3 . Phosphorus.

The factors controlling the partition of phosphorus

between slag and metal are known only empirically and both -

the element P and its oxide P,.0. are gaseous at steelmaking

7275

temperatures (Fig. 1 p.2¢3). The very low values of the

e . ) . . -]
equilibrium constant in liquid iron, 4 X 10 10 at 160000,

precludes the possibility of oxidising phosphorus to PQO‘

in the.metal (4, 16).

A 5
-The necessary low activities of the

reactioh product can only be obtained when it is dissolved

in the slag. The phosphorus oxidation reaction takes place

at the slag-metal interface. Phosphorus may exist as phos-

phorus pentoxide (P205) or as the oxy-anion radical PO4

3~

in a basic slag, the activity coefficient (¥P,0g5) being

‘lowered with increasing basicity. The concept of slag bas—

icity has been reviewed by Ward (3) ana may generally be

expressed in two ways;

(a) Basicity

(b) ®veratio

‘ca0  +
S10, +

MgO
2 §)

275

wtZCa0 + wt¥Mgo
wt®°/o 8102

P
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A more convenient general form of (p) which can be
used to follow the course of the blow in practice is:-

(¢) V ratio = wt¥% cao
wt¥% Slo2
By far the most important basic oxide is lime (CaoO)

‘but other basic oxides such as magnesia (MgO) and MnO

used to be believed to exhibit the same basic behaviour
(17)

as' Ca0 towards dephosphorisation reactions
(18)

However,
Bookey in determining the free energy of Fformation

of magnesium phosphate (Mg3P208 Solid) found that magnesia
had a negligiblé effect compared with lime in dephosphor-
' iSation;‘ Calculated activity éoéfficients for P,0g cover—
ing a wide range of slag compositions were found to vary |

18 and were temperature dependent (16).

from 1074 to 107
| The'slag —~ metal reaction is written in ionic form
and is best explained by a modified version of the ionic
theory first proposed by Floodland Grjotheim (19)-(Sect.
2.6 p. 4o ). o
2[p] + 5[0] + 3(0°7) = 2(po,*") (2.8")
Iﬁ the Ca0-5i0, ~ *Fe0% system, the equilibrium
distributioﬁ of phosphorus has been equated to specific

concentration ranges of Cal0 by Healy (20).

%P) 22350 : ‘
log( ) _ - 237 +7Tlog% Ca0 + 2:5 log% Fe (2.9 )
[%P] t |
and
% 2 S
Og(/ P) _ 22350 160 + 0-08 x %Ca0 + 25 log % Fe (2.10)
[%P] T | t
*Fet = % total iron.

Equation (2-9) was found to be applicable to slags
containing over 24% Ca0, whilst equation (2,10)wwas valid

' from zero% Ca0 to saturation. Equation (2;10)‘was found to
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£it tHe experimentél results obtained by Mori et al (21).
In practice, the phospheorus partition ratios (%P)/[%P]

are far from values calculated fof equilibrium with
carbon-free iron, - because the oxygen potential ( RTInpg, ) 
- of the slag/metal is influenced by decarburisation (13).
The main points for successful dephosphorisation are high
élag basicities, high FeO contents and low temperatures
i.e, low compared to the steelmaking range. However, at
'higher slag basicities of 3 to 4, the optimum phosphorus
partition between slag and metal was‘found to occur at

- 15 - 17 wt% FeO, after which the partition ratio decreased

dramatiéally (3).
2.2.4  Sulphur.

The sulphur equilibrium between slag and metal may
be expressed by molecular equafions but arbitary assump-—
. tions have to be made concernihg_the.molecular species
involved. A more general ionic form of reaction betveen
sulphur in the bath and cations in the slag involves no
assuﬁptions concerning the cations coordinating with
oxygen and éulphur in the slag (3). »

[s] + (0°7) == (s*7) + [0] (2.11)

The basic oxides Ca0, Mg0O, MnO are all capable of
influencing désulphurisation by contributing oxygen anions.
if Henrian behaviour for all components is assuméd,

Ward (3) nas indicated that the sulphur partition between

slag and metal is;

(wtes) _ Kfiﬁgf:l | (2.1é)v
[wt¥s] [wt70] | -
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2~ is the

vhere XT is an equiiibrium quotient and NO
‘Temkin ionic fraction (sect. 2.6, P. 42 ). In the mixing
of anions only, the ionic fraction N0~ is equivalent to
the activity of oxygen after the oxygen requirements for
3= ions haﬁe been satisfied.

the Sio 4", P0,3" and Alos

4 4
The value of NOQ" can also be regarded as a measure of
the basicity of the slag, the desulphurising power of
basic oxides following the descending order CaQ,'FeO,
MnO and MgO. Lime has been estimated to be 1000 times
more powerful than Mg0 for holding sulphur in a basic
slag (4). High FeO contents although highly desirable in
facilitatihg rapid lime solution, will effectively increase
the [wt%d] values in the metal and reduce the sulphur par—v'
tition as indicated'ih'equation (2.i2). Ward and Salmon(gg)
found that blast furnace slags favoured an increase in the
rate-of sulphur transfer from ﬁetal to slag through in-
creased temperéture and calcium fluoride additions, sug-
gesting that slag fluidity was an important feature in
the partition of sulphur. Only about half of the sulphur
present‘within the'charge can ﬁe removed during the course
of an LD blov, indicating‘the necessity for careful control
over the materials .charged tb‘the furnace, WVard (23)’has
'suggested that within the blast furnace there should be a
critical low sulphur level that is economically attainable
and that below this level some other method of'éﬁi;hur
control could be more economical. At Appleby-Frodingham,
‘the maximum economical sulphur level was found to be

0.042 mass¥% and to achieve a final LD sulphurrlevel of

below 0.02 mass%, external desulphurisation was required,
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Various methods of external desulphurisation have been
discussed for use-ih'tbf;edo cars and transfer ladles QL@S?
Principally through the use of calcium carbide injection

and magnesium impregnated coke, Externai desulphurisation
has largely removed the probléms of sulphur removal in the

LD process,

2.2.5 Carbon.

~

The principal refining reaction is the removal of
carbon in the form of gaseous carbon monoxide.

[c] + [o] ==coO | (2.13)

[c] + (Fe0) ==CO + Fe | O (2:.14)

The‘thermodynamic equilibrium relationships between !
the carbon and oxygen contents i£ the metal are well |
established. The oxygen conﬁent of the bath increases in
the~ear1y stage of the blow, reaching values in excess of
that in equilibrium with the cérbon present. AS§ the
>oxygen content of the bath decreases, the oxygen content
approaches its equilibrium value,'becoming very close at
<0,5 mass% C (4).

A The vériation in decarburisation rate throughout a

» t&pical blow is illustrated in Fig. 3 (p. 264) for &

(26)  qpe ideaiised form of the

single lance practice
blowing curve is shown.in Fig. 4 (p. 264) and can be
divided into three stages or periods. o
Stage I Decarburisation:

The rate of decarburisation initially increases

until a steady state value is attained, the slow rate of

decarburisation being due to slag formation and oxidation

- 28 -



vy

of 5i and Mn from the bath. Preformed slags have been

(26),

found to increase the rate of decarburisation Oxi-

dation reactions increase the slag temperature from around
1300°C to 1420°C during the first third of the blow (27);
the bath temperature increasing from 1280 to 1380°C.
BardenheﬁerAet al (28) have suggested that slag temper-
atures may in faét reach temperatures in excess of 155060
during the first quarter of the blow, the metal bath temp-
erature being some 250 - 300°C lover.

Stage II Decarburisation:

During stage II a steady state rate of decarburisa-
tion is achieved although abrupt fluctuations may occur.
The platéau decarburigation rate is believed to be control-
led by the maximum rate of introduction of oxygen into the
system. Introduction of more oxygen tlroﬁgh multinozzie
lances or increased blcwing,rafes can reduce the plateau
period of decarburisation and lead to shorter refining
times. |
Stage III Decarburisation:

The carbon concentrations in the bath decrease until
the transpoft of this species in the metal»phase becomes

rate contrplling and the decarburisation rate decreases.
Carbon transpbrt control becomes dominant at compositions
ranging from 1.2 dowan to 0.2 mass% C. Slag tempegéturesby
reach 1630 to 1650°C and the metal bath temper'a"tﬁres of
1610 to 1620°C may be attained at turndown, depending

upon the aim carbon redquired.
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2,3 . Decarburisation mechanisme within the iD.

Early explanations of refining mechanisms in the LD
were based on the existence of a localised high temper-
ature reaction zone under the lance, This gaVe rise to
the “Hot spot theory" and temperatures of 2400 to 2600°¢C
were suggested to be responsible for decarburiSation
through‘gas—metal and slag-metal reactions (27)(29); The
cdhcept of decarburisation .taking place in such a local-
ised areares the oxygen jet impingement zone was difficult
- to reconcile with the very high overall decarburisation
rates observed fo exist during the LD process.

| Evidence that most of the refining in the LD proceSs
was occurring in a slag_metal—gas system was obtained from
sporadic tap hole ejections of converter material collected
on netal élates during various timed parfs of the bloéaaa1{.
After separating the slag and ﬁetal fraetions, the metal
droplets were subjected toAsize‘anaIysis and slag and A
metal droplets chemically analysed. The majority of dro?-
lets collected were in the size range 1 - 2mm diameter.
. The interfaeial area available fof reaction was calculated
to be in excess of,50,000m2 in a 200 tonne vessel and up
 to 30% of the total metallic Charge could be dispersed
within the slag during the blow. Chemical analyses of the
metal dropleté showed that the carbon and phosphorus con-
tente wvere much loyer than that of the bath. The resi-
dence time for droplet retention in the slag was calculated
to be 2 to 3 minutes.,

The existence of slag-metalfgas systems in;steel-
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making has been reﬁiewed-by Kozakevitch (32) and used in
conjunction with Meyer and Trentini's results, it estab-
lished the concept of foams and emulsions in the LD process
as a principal mechanism  of decarburisation. The term
“"emulsion® is applied to a system where two liquid phases
are immiscible or partly miscible, and the droplets of
the dispersed phase within the continuous phase are suf-
fiCientiy far apart to permit independent movement. ‘A
“"foam" is a coarse dispersion of gas in liquid, but since
fhe gas bubbles are separated by thin liquid films, the
bubbles cannot move freely (13). At the height of refin-
ing, up'to'two thirds‘of the total carbon preéent can be
removed within a slag metal emulsion, Decarburisation
involved the unsteady state transfer of oxygenyfrom the
slag to mé%alldropiets, which were completely surrounded
by slag. Since the metal dfopiets could exist surrounded
by slag for some period of timé without contacting a CO ;
'gas bubble, a high degree of supersaturation could be |
achieved withvréspect to the C - 0 reaction. CO may be
discharged by a number of mechanisms (30):—

- (a) By coming into cbntact with CO bubbles rising
through the clag.

(b) Heterogeneous nucleation at the slag metal inter-

face, especially in the presence of solid particles in the

—

slag.

(c) Homogeneéus nucleation -~ the observedv[c] and
[0] concentrations were gufficiently high to suggest the
possibility of this mode. CO bubbles, once nucleated in

this way would grow at an explosiVe rate, leading to the
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destruction of the dfoplet and creating an even finer
dispersion.

Decarburisation studies of single droplets in oxi-
dising slags has indicated that the nucleation of CO
bubbles may not be as difficult as once thought (33),

Gas can be continuously evolved from the surface of a
reacting droplet suggesting'that the transport of oxygen
in slag'and perhaps in metal, the transfer of carbon in
metal, and interface chemical reaction may be all import-
ant in determining the decarburisation rate, Transport
of oxygen through a gas phase halo may also be important.

The_possibility of the decarburisation of droplets
as they‘flew through the air, has been eliminated by
éampling within the converter during the blow (34)(35).
Price (34)‘us¢d‘a;ﬁbomb" sampling method to take éamples

every 1% to 2 minutes during the blow but only after the
(35)

first 10 minutes of the blow. 'Chatterjee took spoon-
like samples from a 6_tonne converter during the biow.
Droplet sizes were found to range from 0.1l5 to l.2mm and
many of the droplets contained hollows and blow holes
caused by CO evolution. Residence times of 2 to 2.5 min-
utes were thought likely. Carbon and phosphorus levels
were lower in the droplets than in the bath, although
Price has suggested.that~only about one third of the de-
carburisation occurred in the slag-metal emmlsion. Schoop

and co-workers (36) found that droplets‘of 0.05 to 2mm

diameter had a phosphorus content one-tenth that of the
bath. The importance of droplet residence time in slags

. has been indicated by Russian workers (37)(38) wvho found
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that droplet settling time was dependent upon slag visc-
osity. This allowed decarburisation and dephosphorisation
réactions‘to proceed for longer periods in viscous slag-
metal emulsions, Althbugh Meyer believed that a fluid
slag was a prerequisite for rapid decarburisation,
Chatterjee found that viscous slags produced higher rates
v of decarburisation. The argument was - that a fluid slag
wouid deérease the residence time of the droplet in the
foam-emulsion phases, and impede carbon removal, since
mass transfer rates associated with liquid-liquid reactions
were generally lower than gas-liguid reactions at corres-
ponding temperatures. »

The observations and results on some LD processes
outlined above, indicate that from the start of the biow, y
the refining reactions occur in a heterOgeneous mixture
of metal, slag and gas Which,IWith increasing decarburis-
ation rate, expands rapidly fiiling,the whoie veésel with s
foam and emulsion. This dispersed system may be arbitarily;
divided into three overlapping periods; (i) creation; (ii)
stabilisation; (iii) destruction (13). These periods will
not only be'dependent on the mechanical energy resulting
from jet impingement.on the surface of the bath, but also on
surface tension dh the bath surface and in the fozam; the

viscosity of dissolved slag phases; the amount of solid

o

slag particles within liquid slag and the evolition of CO
gas during decarburisation. Many of these factors affect
the stability of the foaﬁ and therefore successful steel
production will depend on a good blowing technique, a

'+ good slag practice and a consistent source of hot_metal~
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and scrap charge.,

2,4 Reaction Kinetics,

In order that a‘reaction may proceed, reactants and
products must be brought to fhe‘reaction site and removed
from the site so that reactions involving diffusion and
otheritransport mechanisms are iikely to be rate control-
ling. Reactions that involve more than one phase are
heterogeneous reactions and are classified into the fol-
lowing groups: gas;solid; gaé—liquid; liquid-solid; liquid-
liquid (39). The study of a heterogenedus system such"as |
that opérating in the LD process is more complex than the
study of a homogeneous reaction, since it is ﬁecessary to
examine not onlylthe chemical kinetics of the reactions,
but also the mass transfer phenomena which may have a
controlling effect on the overéll rate.

In the vicinity of an inferface,_trangporffof react—
ants and products may occur under laminar or turbulent
flow conditions (39)(40). Under laminar flow conditions
"elements® of liquid which arbitarily have dimensions
larger than molecules, but smaller than the container or
associated parts, move only in the direction of flow in
a streamline manner. In the turbulent case, %elements®
of liquid mayLmove at many angles to the net direction of
flow and produce eddy current effects, In stirféa/systems
the transfer of solutes across a phase boﬁndary is import-~
ant, and gradients of coﬁcentration exist only near the}
interface because the turbulence keeps the bulk concen-

- tration relatively uniform. In the LD process, there is
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transport of réacfants fo a slag-metal-gas interface,
éhemical reaction at the interface and transport of the
Products away from the slag-metal—gaé interface.,

At steélmaking temperatures the [C] - [0] reaction
is believed to proceed rapidly and is therefore unlikely
to control the rate of the overall process (14). In the
decarburisation 6f singlé iron-carbon droplets, Hazeldean
,aﬁd co-wvorkers (33) have shown that the evolution of CO
bubbles proceeds rapidly and this is also unlikely to 5e
importanfvin determining reactioh rates, Mass transport
of the reactants in the slag and metal phases probably
controls the rate of the decarburisation‘reaction. Two
rate cohtrolling conditions exist;

(1) Continudus'phase control. '

For the decarburisation reaction, the rate of trans-
port of the oxidising species through continuous slag
phase may control-the reaction rate., However, some of
thé droplet's sﬁrface will be effectively masked by CO
bubbles (30s 31)

(ii) Dispersed phase control.

The réte of transport of carboh atoms through the
'diSPersed metal phase to the reaction interface may also
control the rate of.the decafburisation reaction.

In foams and emulsions, decarburisation may occur
under oxyden transport control or carbon transpbét
control (30). Acheson and Hills (41) from model cbnverter
studies have suggested that the rate at which CO bubbles
escape from the foaming slag is a major factor controlling

reaction rates in the-process, Mass transfer by natural
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diffusion and turbulence mechanisms have been discussed
under the surface renewal theories of Higbie, Danckwerts
and Machlin (40 42). General forms of dimensionless
equations or groups have been applied to mass trahsfer
mechanisms in rigid metal drops. Aeron et al (43) have
'studied the fall of metal droplets through various

liquids and concluded that with increasing droplet size,
the viscous forces acting at the interface caused circul-
ation to occur within the droplet so that droplets above

a certain size cannot be treated as rigid, non-circulating
drops. Studies (44) on the rate limiting steps in the de-
carburisation of iron droplets in an oxidising slag have
shown a‘conflicting mechanism which is consistent(with'
interface chemical reaction control at the metal-gas
interface of the slag-metal-gas system. The evidence that
a gas-metal contact occurred at the droplet interface in-
an oxidising slag came from xéray fluoroscopy studies;
carried out by Hazeldean and co-workers (33).

There are clearly a number of conflicting theories
with regards to the mechanism or mechanisms of decarbur-
isation within the LD-process., In practice it is likely
‘that most of the mechanisms discussed briefly above make
séme contribution to the overall decarburisation reaction
and as Walker and Anderson (13) conclude, - estimates of

refining rates will necessarily involve some degree of

empiricism.,

2.5. Physical aspects of steelmaking slags.

Prediction of process rates and heat and mass
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transfer coefficiéhfs will be dependent to a large

extent on the physical properties of slag phases. For
example, in LD slags the stability of the foam during
blowing will largely be dependent upon slag viscosity,

(32) ynich

slag density and surface tension properties
in turn would influence thermal conductivity and diffusion
of reacting species within the dynamic system, Before
considering the nature of the slagmaking additives it-is
.necéssary to review briefly the structures and properties

. of slags and slag models,

2.5,1 The structure of liquid slags.

The understanding of 1liquid slag structures has .
partly been derived by extrapolation of solid state
structures determined by x-ray or electron diffraction
and consideration of coordination number (4). In the
molten state, the -regular arrahgement of the ions is
.destroyed. Conductivity measurements have indicated the
ionic nature of slags (40), whilst entropies of fusion
have suggested that the melting of silicates containing
M - 0 and Si - 0 bonds invoives the breaking of ionic
bonds with strongly covalent bonds resisting the melting
Process (3). The melts are eavisaged as being truly ionic
with all entities carrying a charge even though ?%g Si044-
anion itself is held together by predominantly'ébvalent
bonds, Slags or mélts may contain so-called %acid® or :
“"basic® oxides. An acid oxide will absorb oxygen ions
vhen dissolved in a basic melt. ‘A basic oxide will dis-

sociate and release oxygen ions when dissolved in a melt.
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Activation energies of viscous flow in the systems

Cao0-5i0,, Li,0-Si0,, Mg0-SiO, etc., have shown that fund-

27 2 2
amental changes occur in the silicate lattice on the add-
ition'of‘approximately 10 mole% alkali oxide or 20 mole%

(45, 46). The assumption that

alkaline earth oxide'
infinite chains or sheets of silicates existed was not
supported on the low experimental values of activation
eﬁergy.for viscous flov determined by Bockris and Lowe(452
From this and additional work (47), the addition of metal
6xides to silica resulted in the breakdown of the three-
dimensional silicon-oxygen network, Fig. 5.(p.265 ) into
silicaté anions of varying sizes, which can exist as

tetrahedral 31044“

anions depending upon the proportion
of metal oxide added (48);

With increasing silica, simple linear polymerisation
occurs first to ions such as Si2076',_With ring ions form-
ing at 50 mole% Siog. Polymerisation of silicate melts
is an important concept in_the thermodynamic treatment of
slag model theory. Polymerisation may be defined as the
chemical union of two or more molecules of the same com-
pound to fofm'larger moclecules of the same empirical
formula but of greater molecular weight (49). Table 2
(p.232 ) illustrates the structural relationships in basic

oxide-silicate melts.

e

2.5.2 The viscosity of LD-type slags.

From the commencement of the blow, it has been
shown in sections 2.2 and 2.2.1. (pages 21 and 23) that

'Fe0' and silica are readily generated by oxidation
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reactions within'éhe metal bath. The early formed slag
will therefore correspond to that of the pseudo binary
system 'Fe0'-S10, in contact with liquid metallic iron(soz'
The lime éddition forms the ofher major slag component
and allows LD slags to be represented by the pseudo-
ternary CaO—'FeO'—Si02 system in contact Qith liquid met-
allic iron or the.system CaO-FeQOS;SiOQ in air (28, 5O).
'A number of studies (51, 52, 53) have been made on.
the viscosity of the 'FeO'—SiOQ pseudo binary at varying
mole percentages of silica. Fig. 6 (p.255 ) illustrates
the wide range of viScosities exhibited at 1200°C and ﬁhe
notablé viscosity maxima reached at 33 mole?% S$i0, which
correspbndsfto the composition of fayaiite'(QFeo-SiOQ).
Average values of viscosity range from 45 mPa.s (c?) at
22 moley Si0,, to a fayalite maxima of 70 to 200 mPa.s
and in excess of 260 mPa, s atf44 mole%'SiOQ. The visco-
sity increases with increasing silica content. Within
" the system FeQ-Fe203-8i02 (50, 54),.the phase field

covered by fayalite is relatively large, Fig. 7 (p.266 ),

‘and exists over a range of oxygen partial pressures, In-

11 +5 1077

creasing thé oxygen partial pressure from 10
reducéd the viscosity slightly from 105 mPa.s (cP) to
95 mPa.s at 1300° and a ¥/ . ratio of 3.09 (54) | At
1300°% and Fe/si~ratios of 3'88/1 and 4‘99/1, the visc-
osities fell from 70 to 50 mPa.é and 42 to 38.ﬁPa.s
respectively. "

Limited studies on the viscosities of the Ca0-'Fel'-

Si02 system have been repbrted (52, 55). The viscosity
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has been found tdfdecrease steédily towards the 'FeO!
corner of the system as illustrated in Fig. 8 (p. 266 ).
With tﬁe exception of melts of fayalite composition, the
viscosity of»thé slags along lines of fixed silica con-
tent remain relatively constant up to values of 32 mole¥%
lime, The viscosity of slags prepared in a pilot LD
furnace and approximating to the CaO-'FeO'--SiO2 system
has beén measured over a range of basicities in flux
trials (56). In a flux-free master slag with a V-ratio
of 1.4, a viscosity of 200 mPa.s was recorded with
molybdenum components at 1450°C, decreasiﬁg to 100 mPa,s
at 1570°%. Iron components have béen used in the major-
ity of viscosity measuring devices due to the-aggres§ive
nature of_'FeO'—rich melts towards refractory materials
and certain netals. For this reason, viscosity measure-
ments on the CaO--'FeO'-—SiO2 syﬁtem are iestficted by the

melting point of iron to temperatures of 1200 to 145900.

i

2.5.3 The density and surface tension of LD-type melts.

Interpretation of density’measurements (57, 58),

determined by the maximum bubble pressure method, has in-
bdicated that ferrous silicate melts are more highly poly-
merised than corresponding calcium silicate melts. These
results were based on the concept of oxygen dens%;&,
which was taken to be a measure of the efficiéﬁcy with
which oxygen fillQia space in the melt structure, and waé
considered to be a measure of the degree of silicate
anion polymerisation. 1In térnary—type iron-caicium sili-
cates, preferred ionicrassociatioﬁs vere postuléted to
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occur between Ca and the silicate ions and .between Fe
and free oxygenvions which resulted in a microsegregafion
oEAcalﬁium silicate~rich groups and iron oxide-rich groups.
Some confirmation of miérosegregations were discussed by
Shiraishi et al (53) who found that volume changes in
fayalite were much smaller than those of - -ionic crystals
in spite bf the fact that molten fayalite behaves as an
ionic melt., Cluster formation of some type was'thought
Probable and they proposed that the "hump" phenomena,
recorded in viscosity measurements, were attribﬁted to
fayalite clusters made up of 11 to 12 molecules of fayalite,
The dddition of calcium orthosilicate brought about
the noaninear depolymerisation.of iron orthosilicates.ahd'
' the presence of abﬁroximately A2 mole% 20a0-8102 in the
mixed orthosilicate system was sufficient to bring about
complete polymerisation. At mole fractions of 0,67 Fed
and 0.33 8i0,, corresponding to the composition of faya-
lite, a density of 3.65 gcm"3 was recorded at 1315°C. The
addition of lime to the melt to yield a’composifion of
0.369 Ca0, 0.296 Fe0 and 0.335 SiO2 produced a density of
3.06 gcm"3 at 1290°C. Some alternative evidence (59) has
suggested that at constant iron oxide cohtent, replacing
8i0, with Cao réises the density and lowers the molar
volume of the melt.: )

—

The bonds which make a contribution to surface ten-

sion are believed to be ionic bonds of the type M2+0°%~ and

-0"—M2+—O—— (57). Surface tension will be dependent upon
the strength of the bonds ¥2to2- etc., which will be deter—
mined by cation type; the proportion of bonds which is
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dependent on the dégiee of polymerisation; and the numbef

of bond types present per unit area of surface, The large
difference between the surface tensions of calcium and iron
orthosilicates, 375 and 352 dynes cm™L respectively at 1450°¢,

ot ions and oxygen are

indicates that bonds involving Ca
stronger than bonds involving Fe2+ and oxygen. The negative
deviation from the “ideal" line of calculated 2Fe0.510,
activities indicated the occurrence of surface segregations
 0£ an iron oxygen-rich complex, From studies of calcium-
manganese silicafe méits, the lowest energy configuration
and lovest surface tension values occurred in stoichiometric,

vitreous or molten silica (60).

Changes‘that resulted in
destroyihg the symmetry and decfeasing the anion size FE the
silicate network led to increases in surface tension. iThis
effect was explained by the addition of basic oxides such as
Ca0 or Mg0O, or by changes in the atmosphere above the melt.
Vithin the context-of foam formaticn, Cooper et al (6}? found
that foaming only occurred in CaO--SiO2 melts with above 67
mass¥% Si02. Foam formation was enhanced further by the adé-

ition of 1 to 2 mass¥% Pgo at low V-ratics., Surface tension

5
measurements indicated that'Pgo5 was absorbed at the surface,
increasing the surface elasticity of the foam. Although

FeO or Fe20 was not taken into account, their presence ap-

3 _
pParently influenced orly the volume and rate at which gas

was produced.

2,6 Constitutional and Structural slag models.

The interpretation and prediction of slag-metal dis- -

tribution equilibria requires detailed knowledge of
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activities and chéﬁical compositions of slags to determine
equilibrium constants. In multicomponent slags, activity
data_is often sparse or non-existent so that numerous

slag models have been proposed to calculate activities

of slag components from chemical anaiysis. A number of
slag model theories have been reviewed by Ward (3) who
discussés»early molecular theories and the.later ionic

slég models of Temkin and Flood. - The Temkin model is an
example of the constitutional theory'where structural
éspects of the molten slag are ignored. Temkin;s model
Proposed that‘slags consist only of ions exhibiting ideal
behaviour, existing as separately charged entities and

that 1ike-charged ions were of equivalent interaction withg
their nearest neiéhﬁours.< The activity of an oxide could .

be represented as follows;

-~ aFe0 = N, 2+ N2~ | (2.15)
wvhere N represented the ionic fraction derived from; _ G
. 2+ 2~ S R
N, 2+ = _nFe » Nj2- = _no (2.16)
% n cations . ¥n anions

The Temkin model takes no account of the polymerised
species which are kunown to occur Prom evidence in sections
2.5.2 and 2.5,.,3 (pages‘38 and 40 ) and assumes silicon
exists only as Si044f iohs. At compositions above the
orthosilicate (>30%,Si02), activities deviated from the
ideal line. The slag model proposed by Flood et a1 (1°)
used the concept of electrically equivalent ion fractions
which, unlike the Temkin approach, takes into account
variation of interaction between different ions. In basic

slags all silicon (Si), phosphorus (P) and aluminium (Al)
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were present only as Si0, , PO43' and A1033" whilst all

cations existed as Ca®t, Mn2+, ug°t and re°T,

Ligquid silicates are now widely accepted as being
polyionic melts with caticns, free oxygen ions (02“), and
varying sized silicate ions. Toop and Samis (62) have
used a general form of equilibrium reaction proposed by
Richardson (63) by which equilibrium polymerisation takes
place instead of a specific form of silicate anion re-
action. Three formsg of oxygen were considered to exist
~in silicate melts;

Singly bonded Si atoms doubly bonded 28i atoms free ions

—8i — 0~ — 81 — 0 — 8i— 0~
| ] |
€. .

. G . 6 o ; \
2310'4 = 81,0, + 0 | (2.17)
207 = 0° + 02" B g (2.18)

’ o | |
k = SOO)(O ’ ’ ) (2.19)

(07) S |

A high value of k indicated a high degree of poly-
merisation. The values of OO,'O_ and 02_ refer to moles
per mole of slag. k is not a true equilibrium constant
but assumptions are made that; |

(i) It is constant at constant temperature.

(ii) It is a characteristic of cations present in
any binary or ternary silicate melt, -

(iii) It is independent of composition.
From charge and material balances the foldowing ecuation
was derived: .
[4x3102 - (07)] [2 - sziOQ — (07)]
(07)2 ,
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For various values of k obtained by curve fitting,

values of x0 were derived as a function of xSio where

2
X represents the mole fraction of the particular species.

Curves were produced which résembled free energy of mixing
curves for binary silicates(AGM). On this basis the model
was extended to an ionic ternary Gibbs-Duhem relationship
which correlated qualitatively "ionic activities® aFe2+,

ac

From reviews'of slag models (64, 65, 66) it is suggested

a2t and ao“-W1th knqwn activity data for Ane0 and asa0°

that the drawbacks suffered in the Toop and Samis model
were as follows. The contribution to the entropy of mix-
ing of the three reaction parameters was not considered
in the expressibn forvfgeé energy- of mixing; there were
difficulties in assigning physical significance to act-
ivitiés of electrically charged particles'i.e. Temkin
fracfions} an uwnusual standard %ﬁate for'the ternary,

= 1 along the Cal0-'Fe0' pseudo binary which canlonly,ﬁé

0“
be true |if Ca2+, re®t and 0°" form ideal solutions.

68)

a
Masson (65) and Masson et al (67, have proposed
two models for the calculations of the activities of basic
oxide in a binary silicate meit using a predominantly
constitutional slag mode; approach based on polymer theory.
Three main assumptions are made: | '
(a) The approach is limited to consideratiqg!of
linear and branched chains of the forh Sinogéﬁi;)— which

from stoichiometric reasons restricts the treatment to

melts more basic than the metasilicate composition

(€045 a5 )o
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(p) A1l O™ éioups'are chemically equivalent regard-
less of the size of the polyanion to which they are
attached. |

(c) The observed activities may be related to cal-
culated ion fractions by the Temkin equation. For example
for MO '

2o = NM2+. X Ny2- (N = ionic fractibn) "1(5.21)
With these assumptions, the following expressions have

been derived for the activity of MO as a function of com-

position in binary melts MO-SiOz. For linear chains;

1 = 2 + 1 - — l T U
Nsio, -y 1 oaly -1 o (2.22)
kll is the equilibrium ratio when n = 1 i.e. )

. e R R 2- - s oays
3104 + 8i0, = 51207 + 0 (223)
For all chain configurations (linear or branched):

1 = 24 —=_ - 3 . | o
Vsio, S s Ve (Izll-l) L 2:24)

N A
From the results, 8104' was by far the most abun-
. dant species in-CaO-—SiO4 melts at all compositions and

almost the only one present when Xsi0 <0.3. At silica
2
- contents higher than the orthosilicate, Si2076' and

Si30108‘ ions etc, appeared, especially towards the meta-

silicate composition. -VWith 'Fe0'-Si0, melts, the distri-

bution was broader and although SiO 4= yas still the most

4
: . . 66— . 8-~
abundant species, 81207 and 8130lo

even below the orthosilicate composition.

became significant
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2.7 LD Steelmaking slags.

2,7.1. The lime charge,

In the LD process, lime is generallY'the only exter-
nally added élagmaking component, the other slag forming
phases being generated by oxidation reactions within the
bath., The consumption of lime in LD steelmaking has been
estimated to be seven times greater than that of the open -
héarth furnace, while the corresponding ratio of cycle
"~ times is sbme eight times quicker (13). The production
and quality requirements of steelmaking lime have been
reviewed (69+ 70) 4 1limestone ﬁith a high and uniform
‘calcium carbonate (CaCOB) content is desirable with in-
herent impurities such as Si02, Fe0 and A1203 kepf as low
as possible., Sulphur may be derived from calcium sulphate
or from the éoal or Eﬁel oils used}in the calcination
process. Specifigations of 0.C5 mass%S are quoted (70)
but an increase in lime sulphur from 0.05 to 0.1 mass%
contributes less than 0,001% increase in final steel
sulphur, The rate of lime solution in steelmaking is
related to the available surface areé of individual lumps,
~38 “+12mm in size,'ahd apparent density of the material,
rather than to a specific reactivity test. Relating vater
or acid‘lime reaCtiVity tests to slag-lime reactivities
has been the subject of much discussion (71, 72,:73),

Once reactive lime has become hydrated, which apparently
can occur over a few hours, the various types of reactivity
tesf become suspect (71). However, Limes (73) believes

that high temperature crucible reactivity tests can be
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related to reactivity tests measured by normél ASTHM
methods. As a consequence of reactivity tests and trials
relating temperature and duration of calcination to avail-
able sﬁrface area,'highly porous lime is supplied to the |
steel industry with a bulk density of 1500 to 1600kgm—3.
Under normal steelmaking practice, lime is added at the

commencement of the blow and may comprise between 8 and

10 mass% of the total vessel content.

2,7.2., The Ca0-Iron Oxide-85i0o system.

LD slags form a highly complex multicomponent system

(50)

and as a first approximation Muan and Osborn consider

the system CaO-iron oxide-8i0, under two different 1evels:{
of oxygen pressuré. -Isotherma1 sections at 1600°C thréugﬁ
the systems in contact with metaliic iron or air, Figs. 9a,
9b (p. 267 ) indicated that the area of the all liquid field
was approximately -the same undér'the two extremes of oxy—%
gen pressure prevailing i.e.llo"8 to 1 atms. The "nose®" |
formed by the dicalcium silicate (cgs) plus liquid phase
field in Figs. 92 and 9b indicates that up to 10 mass%
more of lime can be dissolved under conditions of high
oxygen ﬁreésure (1 atms.)Aand decreasing iron oxide con-
tent, The 1iquid must also be simultaneously low in
silica and saturated with lime so that ideally slag coni-
positions at the end of the blow fall around the“dark
circles in Figs. 9é and 9b.

With magnesia as a possible exception, it has been
suggested (50) that the other oxide constituents will de-

crease the liquidus temperature further and increase the
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area comprising miétures wvhich are all liquid at a choseh
temperature. Of particular importance are regions of the
phase diagrams separating the all liquid area from those
areas where licuids coexist in equilibrium with either
Ca0 or calcium silicates so that thermodynamic and basi-
city requirements are mef. ,
In;blow‘LD conveftér sampling presents many probleéghx
but van‘Hoorn et al (74) have developed a sampling pPro-
cedure which allowed the evolution of slag composition to
be determined without interruption throughout most of the
blowing period. The converter was sampled in an upright
positioﬁ by lowering two Saucer-shaped dishes 150mmrin
diameter attached to a chain, down the side of the lance.
Sample masses of between 200 and 500g were collected from
31 heats during three converter campaigrns. The develop-
ment of slag composition is iliustrated by reference to
'Figs., 10 and 11 (p. 268 ) (74). In addition, the slag
‘analyses ih Tables 3 and 4 (p.233) allow comparison bet-
wveen sdme of the results ofﬁvanAHborn”ﬁ)and Price (4). A
number of features become apparent:

a. The initial slags are siliceous.

b: Lime dissélves only relatively slowly.

c. Thepe is a high concentration of Fe0 during the
early part of the blow.

d. There is an initial high concentratioﬁ'éf magnesia,
presumably as a reéult qf refractory erosion.

2.7.3 . The system CaO-'FeD'-Si0o in contact with metallic
1Y0n.

The general difficulties associated with obtaining
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steelmaking slag éampleé, particularly in the LD-process,
have led to the widespread use of laboratory or pilot
plant studies. Simple synthétic slag systems have been
used and for studies on the dissolution of lime, the
system Ca0-'Fe0'-Si0,, illustrated in Fig. 12 (p. 269 )
has been used, or one of its pseudo-binary edges.

In the dissolution of lump lime in CaO-'Fe0' slags,
it has been suggested that the pore radius and not the
density of lime is the most important factcr, the dis-
soclution rate increasing with strongly unsaturatedvslaégs)
When silica additions were made to the slags, the lump
lime was ihfiltrated by the silicate slags relatively
Quickly; At slag basicities of i.8 to 2, lime dissolution
became inhibited by the formation of a dicalcium silicate
layer., 1In low 'Fe0' slags, the dicalcium silicate layer
became very stable'and hindered dissolution. The degree
of lime dissolution with time of blowing has been studied
in a 200 ton and 3 ton pilot furnace by Iyengar and
Petrilli (7%) and the result is shown in Fig. 13 (p.270 ).
The retardatioﬁ in'limé:diSSOIﬁfidhVbétﬁéenQQO éhé‘éd%:of
the blow is due to the formation of calcium silicate
phases around the‘particles of lime., The effect of slag
basicity on the.erosion of LD refractory bricks was aiso
studied and is shown for comparison in Fig. 14 (p. 270).
Maximum lining erosion occurred at a CaO/SiOQ'réfgé of

0.7 corresponding'to 20% of the blow.

2.7+4. The dissolution kinetics of lime.

In a laboratory study of the kinetics of the solution
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of lime in LD—typé slags, Biochenko et al (77) showved
that slag temperature and degree of oxidation were impor-
tant in the assimilation of lime by slag. Increased FeO
and MnO contents exerted a favourable influence oﬁ the
solution of lime by reducing the viscosity of the slag.
These observations tended to supporf those of Yershov
and co-workers (78) wvho inferred that the dissolution of
the dicalcium silicate inhibiting layer was affected by
- the amount of FeO and MnO present within the slag. Lime
samples rotated in slags of high FeO contents bfought
about the direct solution of Ca0 through the formation of
dicalcium ferrite (CQF) whichgformed a eutectic with lime
at 1120°%. o | , P

Matsushima ‘and co-workers (79) studied the decregse
in diameter Qf a rotating lime specimen in FeO and A1203
rich- slags. The rate of dissolution increased with temp—
erature and rotational speed, supporting the assumptiql
that the diffusion of calcium through a slag phase boﬁ@d—
ary layer would be a rate determining step. The dissolu~
tion rate into slag containing Féobwas several timés
larger than that into slag without FeO due to differences
in physical properties of the slags and the morphology of
dicalcium silicate formation. Mass transfer coefficient
values of 9.7 x 10~% and 17.1 % 1077 cms"l were measured
at stirring speeds of 200 and 400 rpm respectiﬁéi;.in a
slag of compositicn 20Fe0 - 40Ca0 - 4OSiO2 by mass,

From studies on iron silicate melts, Green(so) hes
suggested that a kinematic model for the dissolution of

lime involved the following rate controlling steps.

LI
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Initially, the dissolution of lime was controlled
by the transport of lime to the liquid—dicalcium silicate
interface but at a:later time, the rate controlling stage
was the transport of the reacting species of the melt
 (iron oxide and silica) from the bulk melt to the di-
calcium silicatefliquid interface. Whilst these reactions
were progressing, the fluidity of the slég was decreased
through suspensions of dicalcium silicate within the molten
slag. | |

A recent fe&iew and study of 1imé dissolution by
‘Natalie and Evans (81) has suggested that dicalcium sili-
cate dissolves as the 1imé/me1t interface boundary layer,
approximately 200 Um thick, moves past the dicalcium ;
silicate layer so that individual fragments are s&ept into‘i
the bulk slag by the motion of the slag during pellet |
rotation., ,Ffesh dicalcium silicate precipitates within
‘fhe boundary layer. to maintain a steady state quantity.
The quantity of dicalcium silicate within the boundary
iayér, and the resistance it presents to lime dissolution;“
depends on the nucleation, growth and dissolution of di-
calcium silicate; in addition to the velocity of movement
of the lime/slag interface. Higher,intefface velocities
océurred with more porous limes and resulfed in less di-

calcium silicate formation and therefore less resistance

to dissolution.

2,7.5 Flux practices.

Apart from vessel availability, cne of the most

important factors in the economic production of steel
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within the LD is éime.' Therefore, the acceleration of
lump lime solution becomes a paramount parameter in
achieving the correct slag basicity for dephosphorisation
and deéulphurisation and the reduction of refractory wear
rate, This action may be achieved by using a lime flux
which can enhance slag formation by several different
mechanisms (82);
(i) Solid dicalcium silicate-(cgs) precipitatioh may

be suppressed thereby limiting shell formation.

~ (ii) The structure of the C,S cortex may be ﬁodified
rendering it more permeable to slag. '

(iidi) The slag fluidity may be increased to aid dif-.
fusion..v |

(iv) A stable‘cémpound with lime may be formed which
maintains a good activity gradieht for diffusion.

— The generally accepted and most Widely used flux is
fluorspar (CaFé) wvhich lowers the melting point of steel-
making slags and decreases slag viscosities, High grade
metallurgical spar containing between 70 - 80% CaFQAis
becoming difficult to obtain and correspondingly more
expensive, Stricter pollution controls have also made
the use.of'fluorspar sociallyAundesirable. Alternative
fluxes to fluorspar have been widely'studied (82, 83, 84)
and have ranged in composition from ilmenite, baugite,
manganese ore and boric oxides, Obst (85) has“éescribed
how crushed reactive lime and LD-fume or bauxite red mud
has resulted in an earlier slag formation and a reduction
in the blowing time. At Koverhar LD plant, Finland,‘LD—
fume collected by electrostatic precipitators aﬁdbcontain—
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ing primarily iron oxides, was added after the pig iron

and séfap charge (86).

Lime additions were made at a rate
of 15kg/ton steel with the start of the blow (average
total lime quantity 40kg/TS), and lime solution proceeded
rapidly without the need of a high lance position to pro-
vide "“soft" blowing conditions associated with the gener-
ation of FeO on the bath surface. The limiting factor in
the use of returhed fume or LD dust was its fairly high
sulphur content which delayed désulphurisation during the
blow, An ali—in—one flﬁx material was successfully used

- at'Republic Steel, which utilised a briquetting route in-
volving mixtures of free-lime, dolomitic lime,:fluorspar
and iron oxide (87)- Good slag development always occurred
but when rotary lime kilns were changed from gas to ccal-
fired, an unacceptably high sulphur content resulted in
the*briquetté practice beingnabandoned;

The effect of temperature and slag FeO content has
been studied by Schuman et al (88) in the basic open
hearth process, High temperatures resulted in a lowver
slag FeO coantent necessary to avoid dicalcium‘silicate
(C,8) cortex formation. The transition range for Cj,S
shell/no shell formation crossed the 140000 isotherm
between Fe0/Si0, ratios of 2.5 and 3. Iron oxide in both
the 'Fe0'~Ca0 and Fe203—CaO systems may be:seen from pub-
lished diagrams (50) to be an effective flux fOfﬂiime,
producing an initial liquidus temperature below 1300°C.
However, the presence of FeO in LD slags is to primarily
ensure that refining reactiohs readily occur through 02"
transfer., High slag FeO concentrations can lead to slop-
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ping of the vessei contents during decarburisation,
Baker (89) has proposed a series of slag paths that can
occur in an LD blow, Fig. 15 (p.271 ). Dry slag arose
through excessive CpS formation by entering part of the

nose of the C,S stability field. The slags were silic-

2
eous, lovw in iron oxide, low in volume and had poor refin-
ing pfoperties. Slags entering region A of Fig. 15 (p.271)
wvere higher in iron oxide and led to increased lime dis;
solution but also‘increased the slopping tendency. This
was partiaily alleviated by iron ore additions of up to

259% of the lime weight., Manganese ore additions tended

to move. the slag path towards {he 'RO' corner of the dia~-
gram. ﬁp to 5% ofnmanganese.ore-addition was found to
improve lime dissoiution, but the dissolution effect wés
less noticeable than with iron ore addition. Split lime
additions were also found to be beneficial,

White (90) has considered how.far the effective
range over which saturated slag coéxisting with lime could
be extended by use of a suitable oxide addition at steel-
making temperatures, for the system Ca0-Fe,0,-5i0,. It
was found that Mg0 could be used to suppress the formation
of dicalcium silicate at relatively high silica contents
by effectively moving the slag composition a&ay from the‘
lime corner df the phase diagram. This would enable
fluorspar flux additions to be feduced.v Howevéf;RMgo add-
itions to iron»silicafe slags within the fayalite compo-
sition field reduced the rate of lime solution compared to

(82).' This was explained as being

other oxide additions
due to the ability of Mgo to form»stable silicates thereby
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reducing the activity gradient'in (iv), §.53 . After
reactioﬁ of lime in the magnesia doped slags, incomplete
shells of dicalcium silicate were formed. ‘

| The'Literature has indicated that flux practices
;and possible‘methods of accelerating lime dissolution can
‘ vary widely from plant to plant., The decisiog to uee
alternative fluxes to fluorspar may rest with-the reletive
costs of raw materials and furnace operation. However,
the direct costs involved in slagmaking materials pur-
chases are not a ?articularly good method of selecting
suitable fluxing agents. Indirect benefits through in-
‘creased furnace availability brought about by increased
refractory life may outweigh slagmaking materials cosfs,
as indicated in the'ceet.‘exerciee presented*in tﬁeeCase

_Study (p.359).

2.8;fLD refractory linings.

A slag is not only required to be highly basic and
fluid at the operating temperature of the furnace but it
must also be compatible with the refractory lining. The
performance of the initial lining in an LD vessel is limi-
ted by four properties (91);

(i) Resistance to impact in the charge pad area.

(ii) Thermal stress resistance.

(iii) Resistance to early silicate slags.

(iv) Resistance to ferruginous slags.

The vast majority of LD linings are constructed
from_high temperature sintered natural dolomite (doloma),

synthetic magnesia -~ doloma - coclinker (magnesia enriched

- 56 —



doloma), natural mégnesia and seawater magﬂesia (92). Tar
or pitch may be used as a binding agent at amounts varying
between 4 to 6 massyC in pressed bricks (93). It has been
found that carbon is not "wetted" by metals and slags and
so minimises penetration of slag iﬁto the refractory (945952
Herron and co-workers in America (94, 96) have carried
out intensive studies on tar-impregnated magnesia refrac-
tories and established that the presence of 3 massy% or more
of carbon prevented siég penetration into the briék pores.
The fact that carbon prevented slag migration was attrib-
uted to the léck of wetting between the carbon and slag.
The bulk df the Mg0 was removed by solution in the slag,
with erosion playing a minor role, Ir addition, it was
found that carbon and -the refractory oxide constituents
reacted via the vapour phase., The mechanism of reaction
vas believed to involve the pfoduction of a’metél or sub-
oxide vapour in a region of low oxydgen partial pressure
due to the formation of co;' Reoxidation and cbndenSation
of the metal (Mg) then occurred in & region of hiéh oxygen
partial pressure. A dense 1ayer»of Mgo_formed'at this
reaction interface which slowved down the rate of the inter-
nal brick reactions. Subsequent slag reaction appeared to
be limited by diffusion across the dense MgO layer. The
dense Mg0 layer tended to dissolve quickly in slags of low
basicity but remained quite impervious to highly basic
slags readily saturated with Mg0O, Howe et al (97) obser—
ved that the dense MJg0 layer was about 200um wide with a
porous region existing behind thé interface on the carbon
§ide of the magnesia zone. Metallic iron globules were
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discovered withiﬁ/the dense magnesia layer., The presence
of metallic iron suggested that Fe0 in the inwvard diffus-
ing slag provided the oxygen necessary.to react with the
outward diffusing'Mg vapour to precipitate Mg0 and iron.
The compositioh of the slag found entering the brick was
also very different to that of the bulk exterior slag
wvith a Ca to Si-ratio much lower than the . 2:1 expected.
xim et a1 (98) giscovered that although the dense MgO
layer was impermeable to slags it did absorb some Fe0 and
MnO. They concluded that there was a self-healing and
impermeable MgO layer which could not form without the

presence of carbon within the brick under steelmaking

conditions, and this was the major factor in extending
i .

lining life. ' o | o
Examination of the sléérchemistry results in Tables
3 and 4 (p.233 ) has indicated that siliceous slags are
formed early in fhe course of the blow and are under-
saturated with respect to lime and magresia, 'Thésrate of
lime solution in siliceous slags is‘retardéd by the devel-
opment of dicalcium silicate ﬁhich has a melting point of
2130% (50) | nis reaction is of advantage in preventing
slag peﬁetfation into lime containing refractories such
as those based on doloma,lwhich are widely used in.the
United Kingdom. An account of the refractory practices
used currently and those projected for the‘1986's in U.X.
steelmaking are diécussed in the Case Study (p.359 ).
Reactions between doloma bricks and steelworks élags have
' (100)

been studied by Oeters (99) ‘and abratis Laboratory
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tests were carried out‘using rotating discs of doloma
brick., Wear cf the brick cylinder occurred through dis-
solution from the surface or as infiltration followed by
mechanical spélling. Dissolution from the surface took
Place when dicalcium silicate formed between slag and
lime and when the Mg0 crystallites picked ﬁp 'feO' from
the slag to form magnesiowustite., The magnesiowustite
formatibns expanded tc provide a continuous pro%ective
layer oh the surface of the brick, The growth of magnésio—
vistite was diffusion controlléd and only formeé when the
dissolution rate was slower than growth, Infiltration
and mechanical spalling occurred when the slag path no
longer intersected the heterogeneous zone of dicalcium
silicate (CQS) precipitation such that solid C,S coﬁld"
not form. The dissolution rate waé found to be probor~
tioﬂal to the square root of-fhe revolving_speed. Tarred
specimens showed retarded slag attack similar to t@at cb-
served with tar or pitch containing magnesia bricks.
Where the slag turndown temperature»aﬁd iron’oxide
content are both highk, it has been demonstrated in the
Case Study, Figs. 12 and 13 (p. 402) that magnesiz . 1 -
linings are less prone to attack than doloma ones. How-
ever, earlier studies by Fetters and Chipman (101) on
open hearth steelmaking slags indicated that magnesia may
be progressively dissolved at increasing slag‘aéiéities.
In Fig. 16 (p. 271), saturation levels of 5 to 7 mass% |
MgO can occur up to the orthosilicate composition with
the potential for magnesia dissolution increasing to

twice this value with silica-rich slags., With reference
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to magnesia and to some extent doloma refractories, sol-
ution at the slag-refractory intérface and diffusion from
the interface through a boundary layer into the slag is
the majoxr rate controlling process in slag corrosion (1022
| Recent work by Park and Barrett (103) has indicated that
corrosion was transport controlled when a magnesia crystal
was rotated in melts of metavanadate and sodium disilicate
compositions. The rate of dissoilution was found to be
dependent on the square root of the stirring speed. Logi-
cally, one may predict that the dissélution rate at mag-
nesia refractory-slag interfaces will be reduced if the
slag is alieady saturated to some degree with magnesia,
Over the past decade, dolomitic lime has been used as an .
economical means of adding magnesia to early formed slags|
in LD vessels. Slag practices have been modified so that
dolomitic lime replaces part éf the normal lime charge.

I
life of magnesia and doloma LD refrectory linings and suﬁ~

This practice has brought about a marked extension in the

sequent increases in vessel availability.

2.9 Dolomitic lime and LD steelmaking slags.,

Dolomitic lime practice was pioneered in 1963 at
the Alquippa Works in the U.S.A. Initially, 680kg of
dolomitic lime was charged in the bottom of a 60 tonne
vessel before the normal £lux charge and scrap é&éﬁtions.,
The quantity of dolomitic lime was raised to 1363kg and
fesulted in severe bottom build-up. This build—ﬁp was
found to be beneficial in protecting the refractories Qf

the charge pad as well as increasing the life of the
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vessel refractories during a campaign. The proportion
of dolomitic lime used in American LD vessels has ranged
from 10 to 35% of the flux charge until 1970 (104). From
1970 the amounts of dolomitic lime have been reduced to
approximately 25kg/tonne»o£ steel, to give 7.5 mass% MgO
in the finishing slag. |

In the United Xingdom, dolomitic lime practices
began in 1967 and consump%ion rates of 1ékg/tonne of steel
vere maintained until 1975. Depending upon steel speci-
fication,_current Practice has been to use up to SOkg‘of

dolomitic lime per tonne of steel to achieve around 8 mass¥%

Mg0o in the finishing slag (12). LDb-~tapping slag analyses

taken from Ravenscraig, Scotland (A.W.D. Hills, private
commﬁnicatioh), illustrate the desired end peint MgO
values recuired from a typical dolomitic lime slag prac-
tice. Averaged slag compositions on a massy% basis were

as follows; 18.0 Si02, 2.0 AIQO 1.0.Ti02, 47.0 Ca0l,

39

7.5 Mg0, 0.9 P,0-, 4.5 MnO and 13.0 Fe (oxides converted

59
to total iron). The Ca0/Si0, ratio gave a value of 2.6;
this basicity value becomés 3.0 vhen calculated upon the
. CaO+MgO/SiO2 ratio. If it is assumed that all the SiO,
comes from the oxidation of hot metal siiicon and that
~blast furnace slag carry-over contains enough }¥Mg0 to com-
pensate for the additional Siog, then an approach des~
cribed by Lednard and Herron (105) and Balla and'ééechanﬁoﬁ
may be used to calculate the mass of dolomitic lime charge
required to give 6 to 7‘mass% MgO (saturation) in the turn-

dovn slag. An example of this type of charge calculation

is discussed in the Case Study end illustrated through

- . . ral
g e -
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Tables 1 to 3 (p.391 ).

o2

2.9.1. The system Ca0-NgO-FeO-Fe,0,-5i0
)

The addition of dolomitic lime to steelmaking slags
yields a slag-making system with more than four components.
Muan and Osborn (50) have shown that.it is possible to
show phase relationships in five component, systems such

as the Ca0-Mg0-FeO-Fe,0,-810, one, by using geometrical

3 2
methods similar to those applied to four component systems.
This is done by holding one of the independent variables

(50) of equilibria in contact

constant, Investigations
with metallic iron have indicated that iron present in the
oxide phases is almost exclusively in the ferrous'statei
The slagmaking and refractory relationships can 1argely5be
studied in the tetrahedra representing the system CaO—MéO—
iron oxide-8i0, illustrated in Fig. 17 (p.pg2 ). Data on
the faces CaO—'FeO'—SiOQ, MgO-‘FéO'—SiOQ and CaO—MgO~SjJO2
are well documented, Figs,., 12 (50)(p.259 ); 18 (107)Qf¢72)
and 19 (50’108)(p. 273 ). Phasé relationships on the front
face of the composition tetrahédron in Fig. 17 (p.272 )
represented by the system Ca0O-'Fe0'-Mg0 are known only at
1500°C (503100’109). Clearly, this diagram is not only of
importance to the behaviour of doloma refractories with
ferruginous slags, but also to dolomitic lime reactions

e —

with such slags.

2.9.2 Dolomitic lime quality,

Material selection for dolomitic lime production is

as important as the specifications required for burnt lime
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(sect, 2.7.1. P. 47 ). 1In the United Kingdom, the
}Steetley Minéral Co. Ltd., produce a dolomitic lime pro-
duct called "“Dolomet®, A typical Dolomet specificétion
is shown on Table 6 (p.o235). Rawv dolomite (dolomitic
'-limestone) is calcined in rotating kilns at a temperature
“of 1400°%, A small percentage of ferric oxide is added
to aid sintering and to stabilise the Dolomet during ﬁand—
ling and storage. Bulk densities in the regioh of 1500
to 1700kgm‘3 are obtained. |

The consequences of adding magnesia to LD slags
through dolomitic lime additions may be reviewed under
three major headings;
’l. Factors that lead to‘incréased lining 1i£é.
2, Factors that affect the refining character of'LD slags.

3. Factors that lead to savings on lime fluxes.

2.9.2,1. Factors that lead to increased lining life.

(a) The addition of dolomitic lime reduces the
chemical gradient between the refractory lining and the-
slag.

Iyengar et al (76) méasured the relative aggressive-
ness of "early formed siliceou§ slags and found they were
dependent upon the initial hot metal silicon and titanium
contents. The oxides MgO and.MnO reduced the degree of
. aggression, MnO enhancing the beneficial effect”éE—MgO.
It.was concluded by van Hoorn et al (74)Tthat the specific
aggressiveness of the siag towards tﬁe lining was very
high in the Eirst 12% of the blow Fig. 20 (p. 273 ).

During the main decarburisation period the specific aggres;
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siveness is almost zero but increases towards the end of
the blow due to increasing MgO0 solubility of the slag. A
number of possibilities were suggested to reduce the slag
aggressiveness fowards the lining; (i)  control of
scrap and charging technique; (ii) timing the end of the
blow; (iii) replacement of part of the lime by dblomitic
line, w

(b) The magnesia content of the slag alters the
iron-oxygen equilibrium such that the iron oxide content
is réduced (194).

(110) considered that

Linmes (95) and Yarashenko
iron oxide‘acts in a corrosive way during slag attack on
refractories. The main contribution of iron oxide beinq
the oxidation potential it imparted to siag and how~thi%
could effect the carbon within the refractofy through 03i-
dation of the carbon to CO. Reducing the oxidation poten-
tial of the slag would result in a decrease in carbon,
oxidation ané refractory wear. ;f.

(c) The addition of dolomitic lime increases slag
viscosity, giving rise to less “washing®™ of the refractory
lining by slag thereby reducing slag pernetration into the
refractories.

‘This was believed by Iyengar et al (111) to occur
at low basicities. .Zarvin and co-workers (112) have in-
vestigated the properties. of cohvertér slégs takég_dﬁring
the beginning, middle and end of the blow during the con-
version of low manganesé iron. When the Mg0 content was

increased to 14.5 mass$%, the viscosity of the slags from

the beginning of the blow (3 to 6 mins) increased at any
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temﬁerature 1eve1’within the range 1350 - 1600°C, When
the MgO content of intermediate and finishing slags was
increased to 4.5 mass%, there was reduction, followed by -
a sharp increase in the melting point and viscosity. When
the Mgo content did not exceed 7 to 8 mass¥% (butAabove
4,5%), the viscosity of intermediate slags remained below
gomPas at 1400 - 1450°C, Fig. 21 (p.274 ). At the vakay-
ama Wofks, Japan (113), dolomite is used with returned LD
slag to prevent slopping and reduce the fiuidity of the
slag. Endothermic decomposition of raw dolomite caused
the slag to cool whilst magnesia reached supersafurated
1evels‘and'decreased the_élag,fluidity.- Kaufman and
Aguire (114) found that dolomitic lime significantly in-
creased AOD lining life when Mg0 saturation was achieved
at a V—ratio'of 1.3 (reducing stage). The Eormation‘of
highly viscous siags helped reduce refractory wear rate
due to the Formation of calciﬁm‘and,magnesium silicates
and oxides., The system CaO-MgO—SiOQ; shown in Fig. 19
(p. 273 ) was used to discuss the behaviour cf AOD slags
during decarburisation and reduction at 2900°F (137000). |
(d) Dolomitic lime'écts as a lime flux, increasin |
the rate of lime Solutionrand reducing the acid slag/ref-
ractory contact time (12).
' (110)

In trial heats reported by Yarashenko , slag

formation was more rapid with dolomitic lime additions and
- slopping teﬁded to‘occur. This latter problem was over-
come by reducing the améunt of fluorspar charge and lower-
ing the lance 100mm below the level used for normal lime.

When dolomitic 1ime,was'dissolved, the formatioﬁ_of a
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dense dicalcium silicate shell was not observed around

- lime particles, enabling FeO to flux.the lime more
readily. Overall MgO dissoiution in the 1igquid phase of
the slag has been related to the apparent density of the
dolomitic 1ime (115), In slags containing 20 mass¥ P,0ss
the slag—dolomitic lime interface showed a zone depleted
in lime crystals whilst containing coafsé Mg0 crystallites
reflecting the lower dissolution rate of the magnesia
component'of dolomitic lime additions, |

(e) Dolomitic lime or magnesia retards dicalcium
silicate (C,5) formation on lime particles'(go). The
solid or impermeablé structure of the C,S layer on lime
particles may be altered to a more open Structure‘when
5 massy Mgo is added to acid slags (82).

(£) The presence of MgO in the LD slag system within
the .5 to 7 massy% range will lower the fusion temperature
of the slag and probably decrease its viscosity,'aCCeler—
ating slag development rate (104)

Using a flow-length technidue and synthetic slags
in air, Green and Quin (12) found that siags with Cao/
Sio2 ratios of 1l:1 were very fluid at 1460°C, and Mgo
additions did not greatly reduce slag fluidity until the
magnesia content exceeded 10 mass% MgO. An increase of
basicity to 1.8 showed a decreased fluidity which became
- reduced fufther by the addition of up to 4.0 maéé% Mgo;

Fluidity increased again with a magnesia content up to

9.2 mass¥ MgO. Complex variations in fluidity were

observed in industrial slags with a V-ratio of 3. The
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effects of magnesia upon the viscosities of slags within

the system Ca0-A1,0,-510, has been reviewed and the

3 2 .
results are shown in Table 5 (p.234 ). Comparison has
been made with viscosities determined by Bockris et al“sAé)

and Bills (47) in simpler systeﬁs. The blast furnace

slag system CaO—A1203-SiO2 has much higher viscosity

values than those slags containing Feon(sect. 2,5.2, P38 ).
The hiéh silica values are largely responsible for this
éffect. Yakushev et al (116) has explained the reduced
‘viscosities of slags with increased Mgo contents of 4 to

- 12 ma&s% as being due to an increase of relatively small

ot cations producing small units of viscous flow. As

Mg
the Mg0 content rose, the liquidus temperature cofrespond—
»ingly decreased, For magnesia contents bf 10 mass% MgO,
there is éood agreement between Machin (117), Majercak (118)
and Hofmann (113) in slags of similar compositions at

1500°%c (Table 5, p.234 ). Below 1500°C, the results vary
quife markedly in the few cases where values have been
~recorded.

(g) Improved foamihg of the slag févours steelnaking
reactions as well as filling a larger wolume of the vessel
leading to more even refractory wear (Dr. J. Quin, private
communication).

(h) Dué'to quicker slag formation with dolomitic
‘lime additions, the final FeO cdntents of the’éiég tend
to be lower so that metal yield is increased and lining
wvear redﬁced. | .

This effect has been observed by Yarasﬁenko (llO),

and Snyder (104) has commented on.the fact that high Mgo
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slags are not as oxidising as lower Mg0 slags with the
same Fe0 levels., Magnesia is, therefore, presumed to act
as a neutraliser of some portion (eXcess)’of the Fe0 in

the slag.

2.9.2,2 Factors that affect the refining character of

LD slags,

v(a) Difficulties in meeting sulphur specifications
have beénrreported when dolomitic lime was added to LD
slags (120). |
| With the dolomitic lime practice, averaged Mg0 con-
tents verev8.5 massy% as opposed to 2.8 mass% Mgo for slagé
using a straight calcitic lime practice._ A regression |
analysis of 19 variables was compared with the sulphur j
removal ratio for both types of slag practice. The resulfs
indicated that dolomitic lime charges used in place of lime
showed a lower frequengy of good desul?hurisation perforg—
.ance. High mégnesia slags were apparently detrimentalbté
sulphur removal because of high slag viscosity and the
lower désulphurising potential of MQO relative to CaO.
- However, several plants (111, 112, 113, 121) have reported
fhat despite an increase inlslag Mg0O, analysis of data
revealed no evidence that desulphurisation was adversely
affected within the particular slag practices. Replace-
ment of part of the lime charge by dolomitic lime and sub-
sequent decrease in Ca0 content of slags improved de-
sulphurisation between 5 and 12% (112).

(b) LD-AC shops with high phosphorus hot metal (1.8

to 2.0 mass¥%) have reported loss of efficiency in phos-
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phorus removal (104)._
- Plant trials at Nippon Steels Kimitsu Works in

Japan (122)

involved three steps according to dolomitic
lime consumption,

(i) 1st step 5 to 7kg/tonne steel 3 mass¥% Mgo in

_ slag.
(ii) 2nd step 13 to 15kg/ * n 5 to 6 mass% Mgo
: ’ ~ in slag.

(iii) 3rd step 20 to 40kg/ ® 7 - 8 mass% (Mgo
y _ saturation).

With stepé (i) and (ii) no change was recorded with de-
Phosphorisation levels but with step (iii), end point
phosphorus had a tendency to rise. This effect again con-
firms the thermodynamic relationship that MgO is less basic
than Ca0, At South Works, Chicago, Illinois, dolomitic -%l
lime schedules ranginé from 14 to 36kg/tonne steel produ~i
‘ced no change in end point dephosphorisation (122). How-
ever, slag handling became more criticai with increased

amounts of dolomitic lime, Slag within slag pots set iff

they were not dumped promptly into the receiving slag !

0 (113) were found to

yard. Slags supersaturated in Mg
have a decreased dephosphorising effect partly due to the
dedreése in fluid{%y of the slag. High carbon heats have
 'a1so reported problems with phosphorué targets when using

(104). Reducing or modifying

high dolomitic lime charges
ihe amount of dolomitic lime charged overcame many of the
dephosphorisation problems, whilst stilil achiéving high

refractory life and good slag control. The dolomitic lime

(12%)

trials carried out by Obinata at the Ximitsu plant

in conjunction with a sub-lance system and programmed—gun—
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ning maintainance produced a lining life of 5035 heats in
an LD vessel lined with magnesia refractories. The ref-
ractory consumption was calculated to be 1,25kg/tonne

steel,

2.9.2.3 Factors that lead to savings in lime fluxes.

The appafent ability of magnesia to .flux lime, mod-
ify, or even depress the formation of dicalciuﬁ silicates
ground lime particles, has meant that the amouhts of
fluorspar and other fluxes can be substantially‘reduced.
Under identical metallurgical conditions it has been est-
ablished that fhe addition of dolomitic lime or "Dolomet"
to slagé reduced the consumption of fluorspar by 30 to
60%v(12’ 110). In Japan, fluorspar additions have been

totally replaced by dolomite or dolomitic lime additions

2,10 Conclusion.

The major benefit of dbiomitic lime additions to
LD steélmaking slags has been to radically improve the
lining performance of magnesia or doloma vessel refract-
ories by reducing the chemical gradient.of Mgo betweeﬂ
the refractory and early formed slags'in particular.
Lining performances have been improved by at least 30%
using the modified slag practice, In the United Xingdom,
.current levels of dolomitic lime usage are betwéen 18 and
20kg/tonne of steei. The aim of the dolomitic lime prac-
tice is to attain a saturation level of between 6.5 and
8.0 mass% Mg0O in the turndown slag, and additions are made

at the beginning of the blow. A large number of factors
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are reported to bé reéponsible.for extending lining
lives and in some cases the reasons given are contra-
dictory. As a consequence of the hot metal chemistry
and lining practiée,‘there 1is no universally applied
dolomitic lime charge practice throughout Europe, North
America and Japan. g

The inhibiting effect of dicalciwm silicate form-
ation on lime dissolution in the LD has been widely
studied and the mechanism and dissolution kinetics well
documented. In contrast, dolomitic lime studies'are
based upon works‘practice experience and no fundamental
studies of the mechanism and kinetics of dissolution are
reported. There is a lack of understanding of how dolo-
mitic lime behavés as é lime flux and how magnesia in‘
early-formed LD slags affects the viscosity and fusion
temperature of the slag. It is within this Fundamental
context that the dissolution of dolomitic lime in iron

silicate melts should be studied, and then related to

the industrial situation.

e —
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3. Experimental Work,

3.1 . Starting Materials,

A major part of the study involved in this work was
‘to simulate the effect of dolomitic lime additions on
melts of compositions similar to those formed during the
earlyrpart of an LD blow. To allow comparison to be made
with commercially available slag additives, samples were
taken directly from the raw materials sources described

below and prepared in the laboratory.

3.1.1 Dolomitic Limestone,

Raw material samples'were taken from an occurrence
of high purity, massively bedded dolomite currently mined
by opencast methods at Whitwell near Worksop, Nottingham-
shire, by the Steetley Group of Companies, Outcrops of
Lower Magnesian Limestone were represented by Thuringiaii
Series lithologies of Permian age (123). The succession
has been regarded as a secondary diagenetic deposit after
(123)

calcite, permeated by magnesian solutions From

the nomenclature proposed by Pettijohn (124), the dolomite
formation may be classified as a dolomitic limestone com-
prised of 10 to 50% magnesium carbonate (MgCOB) and 50 to
90% calcium carbonate (CaCOs). The crushed and screened
maferial may be calcined in rotary kiins at tempefétures

~ ranging from 1400 to 1700°%. oOne particular end product
is currently sold to the steel indﬁstry as a slag additive

or conditioner under the brand name “"Dolomet",



3.1.2 Limestone..A

Limestone samples were taken from a deposit of very
pure Carboniferous Limestone mined at Dowlow near Buxton,
Derbyshire, by the Steetley Company. Calcitic lime is
produced for the steelmaking industry on this site by
calcination of the crushed limestone in oil-fired rotary

hearth kilns, at temperatures of 1200 - 1220°%.

3.1.3 Sample collection.

Approximately 100kg of dolomitic limestone was
takenlfrom the primary crusher dump at the Whitwell mine
and 50kg of limestorne from the secondary crushing con-
veyor at Dowlow, Pieces within the size range 100mm by
80mm‘by 80mm were selécfed. Fragments which had obvious
Jjoint planes ox solution~cavities wvere disregarded; apart
fromwthis element of seiectivity, the samples collected

were representative of normal production.

3.1.4 Sample preparation.

Chip samples were taken from each rock piece and
combined to'give approximately 10kg of dolomitic lime-
- stone sample and 5kg c¢f limestone sample., The pieces
wvere washed to remove mu&, and air dried for two days. A
clean, dry, iron mortar and pestle were used to crush the
rock samples to produce a minus 20mm fraction. A series
of passes were made.through a sample riffler to yield
sufficient material for 600g of powdered dolomitic limee

stone and limestone. The retained fractions were care-
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fully impacted and ground to produce two -300um fractions.
A hand magnef failed to detect ahy‘iron contamination. .
From each of the two fractions, approximately 150g of mat-
erial was retained for chemical analysis by coning and
quartering. The remaining fractions were retained for
' powder density tests. The smaller 150g samples of dolo-
mitic limestone and limestone were recrushgd to pass a
106um sieve, and the portions analysed. Results of dolo-
mitic limestone and limestone analyses are indicated in
Tables 6 and 7 (pages235 and?236 )., A typical “"Dolomet"
épecification has been included in Table 6 Ffor comparison.
In the presént work, cylindrical samples were cut
from natural dolomitic limestone and limestone, prior to
calcination, using a diamond crown, single tube core bar-
rel manufactured by Diagrit Tools, Stapleford, Kent, Vater
wvas used as fhe lubricant/coolant and recycled by a reser-
voir-pump system located at the base of the drilling unit.
A wvater swivel and the attached core barrel were located
into and driven by a “Pacera% drill head. The dimensions
of the drilling table restricted the sample size to approx-
imately 100mm by 100mm. The cored cylindérs were checked
visually for solution cavities or joint planes then cut
- to length on a “Mottacutta" horizontal diamond sawv (Cutrock
Ltd). The final length dimension was achieved by facing
the ends on 240 grade silicon carbide paper. The f£inished
cylinder size was 32mm in length and 15mm in diameter. The
cylinders were washed in distilled water and stored in a
drying oven at 110°C until required. Pill-test Samples
wvere cored with a 30mm diameter core barrel and were 40mm
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high,

3.2 Synthetic slag preparation.

To model the slags formed during the early part of
an LD blow, slag compositions corresponding to those
intersected by the fayalite (2Fe0.8102) - dicalcium sili-

cate (20a0.si02) tie line of the Ca0-'Fe0'-Si0, system

o
were prepared, Fig. 22 (p. 275 ). Compositions ranged
from an iron silicate base melt (fayalite) to a 32 mass¥%
lime - fayalite.' Advantagé was taken of the low liquidus
temperatures existing up to the composition of 38 mass¥%
lime in fajalite (1205-1300°).

Iron silicate base melts (fayalite) were prepared
from BDH - grade calcined ferric oxide (>97 maés‘% Feé03),
electrolytic iron powder (-~320um) and precipitated silica
(Sidz) according to the reactiﬁns;

Fe203 + Fe = 3Fe0 (3.71)

oFe0 + SiO0 ——*21:'eo.s:io'2 {3:2)

2
For synthetic slags containing lime (Ca0), Analar-
grade éalcium carbonate (>99 mass % Cagos)'was used on a
gfam equivalent basis and the gram molecular weights of
reactants in (8i1) and (3.2 ) were adjusted to yield the
required lime content. Analar grade “heavy" magnesia
(Mg0) was added directly to the base iron silicate and
lime~iron silicate melts and the mixed powders re-melted.
Bulk synthetic slags were initially melted in an
Electrbheating, 15kW high frequency induction furnace and

contained within a carbon crucible which acted as the

-
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susceptor, Since iron oxide may also be considered as a
part of the Fe - O system~(50), the furnace atmosphere
was controlled by 99.99% ﬁure argon at a flow rate of
0.54/min to maintain a low oxygen partial pressure. The
argon-rich atmosphere was maintained throughout the heat-
ing and cooling period.

-The cooled melt was removed from the.carbon crucible
| and allowed to fall onto & 10 mesh B.S. sieve, This pre-
vented possible carbon contamination which could be brought
about by the abrasive action of the chilled broken melt on
the crucible wall, Only 100g of fused melt could be pro-
duced at any one time, The 100g batches were later com-
bined to produce a bulk sample. The magnetic fractions off
the melt were removed vith a hand magnet at various Stéges ?
of crushing., The final fracticn was crushed to pass a
106ym sieve, any oversigze material being ground in a
“Morrice"'mechanical mortar with-agate components. Any
femaining.magnetic material within . the -106um fraction
wvas removed with a hand magnet., The processed sample
batch was thoroughly mixed‘on & W.B.A. (Glen Creston)
Turbola mixer., A repreéentative sample was derived by
fhe cone and quarter technique and sent for analysis. The

analyses of all melts used in the experimental work are

given in Table 8 (p. 237) and also plotted on Fig, 22
(p. 275).

3.3 Experimental equipment.

The requirements of a high temperature experimental

furnace were regarded as follows:
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(i) The furnéce should have an extensive stable hot
zone with minimal temperature variation within the hot
zone,

(ii) It should be capable of being driven to high
temperatures rapidly (160600) for extensive periods of
time. |

(iii) The vertical working tube should be of suffi-
cient iength to facilitate sample access from either
above or below,

(iv). The furnace atmosphere should be readily con-

trollable.

(80) (125)

The furnace used by Green and Edwards
wvas seiected for viscosity and rotary dissolution exper-
iments because it fulfilled the above criteria° The fur-—

_
(126) yas chosen for static immersion

nace used'by Ojeda
experiments because it possessed the above characteristics
and also a 1l.5m long working tube that enabled melts to

be quénched rapidly under an inert atmosphere,. A Carbolite;
muffle furnace, capable of reaching temperatures of 1600°C |
was used for calcining cylinders of dolomitic limestone

and limestone. A purpose built furnace (Carbolite, Shef-
field) was also used to determine the dissociation char-

acteristics of dolomitic limestone and limestone by

differential thermal analysis,

3.3.1 The furnace used in viscosity and rotaryv

dissolution experiments.

The working tube was made from a 1.0m long and 47mm

internal diameter aluminous porcelain cylinder supplied
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by Morgan Refractofies. The working tube was heated by

a helical Crusilité element sheath, Temperature control
was operated by a thyristor drive Amalgams Eurotherm con-
troller and temperature recorded by a Pt - Pt/13%Rh thermo-
couple. Water cooled aluminium sheaths supported the
upper and lower ends of thé wvorking tube and each end was
sealed by compreésing an inset rubber #O% fing between an

aluminium disc or gas seal bolted to the support sleeve.

3.3.2 The furnace used in the static immersion

experiments,

The working tube was 1.5m in length with an internal
diameter of 44mm and was made in recrystallised alumina
(Morgan Refractories). The furnace, (Carbolite Limited)
had provision fer vacuum conditions. The‘heating elementé
consisted of four equi-spaced vertical “Super—Glo“ bars
and fhe temperature was controlled by a Carbolite control-
ler and a Pt - Pt/13%Rh thermocouple. The lower gas seal
could be swung rapidly out of the way to faéilitate ex-—

ternal quenching operations.

3.3.3 The cone fusion furnace.

A furnace was constructed in a similar manner to the
viscometer furnace described in section 3.3.1, except that
the furnace was arranged with a horizontal akis. A 900mm
long aluminous poréelain tube (Morgan Refractories:Ltd).
of 54mm outer and 46mm inner diameter, waé used as the
working tube'which was supported at either end by stacked

insulation bricks. -A helical&Crusilité’silicon carbide’
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element (Morgan Eiéctroheat Ltd) was used as the heating
source., Water-cooled aluminium end sleeves were fitted

to either end of the working tube and arranged to allow
entry and exit of an argon atmosphére (99.999% ﬁurity).

One of the two end gas seal plates was modified to take

a tinted green glass observation window. The wihdow used
wvas a lens obtaihed from a pair of foundry goggles. The
other end plate was drilled to provide access for a Pt -
Pt/13%Rh thermocouple which was fixed into position inter-

nally at the centre of the hot zone of the working tube.

3.3.4 The Viscometer.

3¢344.1 Outline of viscometer theory.

Langhammer and co-workers (127) have reviewed a
selection of methods for measuring siag.viscosities. The
majority of measuring devices described, operated on a
rotation principlé and enabled Shear stress and shear rate
measurements to be compared at some fixed position such
as the boundary formed by a container wall, The following
assumptions have to be made in order to arrive at the fund-
amental equations used in the theory of rotational visco-

" metry (128):
a) The liquid is incompressible.
b) The motioh of the liquid is laminar.
c) The streamlines of flow are circles on the hori-
 2ontal plane, perpendicular to the axis of
rotation.

d) There is no slippage between the contents and

the cylinder. 8 . - -
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e) The system is isothermal (within experimental
1imits). |
f£f) The motion is two dimensional.

For a coaxial configuration (128)

Un = M ( 1 12)

4wnOR| R - R

c (3.3)

vhere;

My is the viscosity for Newtonian flow

M is the torque

0 is the angular velocity

Rb is the radius of the measuring bob

Rc _is the internal radius of the crucible
h  is the height of the bob

Ji is the distance between the base of the

crucible and the base of the bob.
True or Newtonian fluids obey the relationship that shear
stress is directly proportional to the rate of shear.
Newtonian viscosity is independént of shear rate and only
one viscosity~value is required to fully characterise a
Newtonian fluid., If a fluid is chosen of knqwn Newtonian
behaviour and viscosity at defined temperatures; then for

a given viscometer dimension;

47<hTL;_ _ _g;>

i
~

(3.4)
Rp?  Re |

—

can be applied, where K is an instrument constant such

that
Uy =
a0 (3.5)
This calibration technique has the advantage of including
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all the end and edge effects, slippage and turbulent
interferences etc, and allows calculation of apparent

viscosity directly from the raw data,

3.3.4.2 Units of Viscosity.

A fluid, theoretically divided into endless thin
layers will tend to move against adjacent layers under

(39). The proportion

" the infiuence of an external force
of the force and size of the contact surfaces of the two
adjacent layers, would give rise to a shear stress,’
expressed in Newtons per metre squared (Nm"2) units or
pascals‘(Pa). The difference in velocity of both layers,
divided by their distance will represent the shear rate.
The shear rate may be expressed as a velocity (Ls"l)
divided by a distance (L) to yield units of the'reciérocal
second (s"l).

)

. - - )
The ratio: shear stress (Nm - viscosity (Nsm~2 or Pa.s)

shear rate (s"l),

The centipoise (cP) is the most common unit tabuvl-
ated fbr viscosity values in the general literature, and
is taken to represent the viscosity of water at 17.7°%C 029[
The viscosity quoted in cP for any particular substance is,
therefore, an indication of that substance's viscosity
relative to that o£ water. The cP is equivalent to a
milli-Newton second per metre square unit (mNsm"Q)'which

can be represented as a milli pascal second (mPa.s) unit

in the current S.I. system of units.
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3e¢3e4.3 The comﬁercial Viscometer,

There are two variations of rotating viscometers
currently available commercially. In one type, the inner
cylinder is stationary and the outer cylinder or crucible
is rotated. In the second type, the outer cylinder
(crucible) remains stationary and the inner cylinder is
caused to rotate. The Haake Rotovisko RVL was.used in
conjunction with the second component configuration to
determine the melt viscosities described in this'work.

The Rotévisko is manufactured by Gebrlider Haake X.G.,

West Germany, and franchised by Baird and Tatlock, Chad-
well Heath; Essex., The apparatus comprised of a motorised
drive unit and recorder cabinet, an attached drive cable
and a detachable measuring head.

The system was driven by a synchronous motor with
intééral gear box and stabilised'power supply. The speed
of rotation could be instantly varied by means of a 10-
speed gear box, making possible checks on the consistency
of shear and hence Newtonian or non;Newtonian behaviour
(section 3.3.4.1, pPo79 ). Red-coloured numerals on the
- gear positions indicated the reciprocal of the true speed
at 50 cycles A.C. €.d.

Speed (r p m) Reciprocal Speed factor (U)

27 | 18 —

54

81
162

243
486

= N W (o) N o 25
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Measurement of viscosity was taken from the resistance to
rotation caused by the sample material. The measuring
head converted the torque into an electrical wvalue which
was proportional to the angle of displacemenf. Conversion
was accomplished through torsion dynamometers which con-
sisted of two coaxial shafts, coupled mechanically by a
-creep resistant torsion épring. The angle of displace—
ment of the spring yielded a measure of the transmitted
torque. Conversion of the torque angle into an electrical
resistance was acccemplished by'a potentiometer mounted on
the upper shaft of the dynamometer. A wvide range of
torque forces could be measured using the dual measﬁring
head, A simple toggle switch on the measuring head altered
the torsion system from 50gcem to 500gem.  Scale readings
derived from the latter switch positior fequired a multi--
plication factor of 10. ‘ |

| The flexible Bowden cable faeilitated mechanical and
. electrical connections between the measuring head and the
control cabinet., The electrical signals produced through
torque measurement were indicated by the deflection of a
knife edge needle across the face of a mirror scale on the
control cabinet, graduated from 1 to 100 units. Scale
readings were recorded as S-values., Viscosity measure-
‘ments were iﬁterpolated by recording the rotational speed
(U-value) and the scale (s-value). A constant, X (equ.3.4
P. 86 ) was determined for the crucible and measuring bob
assembly such that

visaosity (M) = U x S x X (3.6)
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The viscometer furnace was incorporated within a
dexion framework and bolted to the viscometer support
housing, to form a large, stable, unit. Provision was
also made for an external meaéuring head support stand
to allow calibration determinations to be made without
dismantling the furnace head assembly., The assembled

‘viscometer and furnace are shown in Plate 1 (p..307 ).
303-5_ CI‘uCibleS.

3¢3¢5.1 Crucibles used in immersion tests.

The melts used in the static and rotary immersion
tests were contained in iron crucibles (0.06% Carbon by
mass), 40mm in diameter and 40mm high; supplied by Alfred

A. Brown, Sheffield.

3.3.5.2 Crucibles used in viscosity determinations.

Ingots of “Swedish Iron" were purchased from BSC
Swinden Laboratories and rolled iﬂto 40 ahd 28mm diameter
bar stock by BISRA. A full analysis of the stock iron is
given in Table 9 (p.237). The bar stock was machined to
‘produce 100mm high crucibles with an internal depth of
65mm and internal diameter of 32mm. The narrower stock
was used to make measuring bobs.

Zirconia crucibles were purchased from Zirconal Ltd.,
Cosmos House, Bromley Common, Bromley, Kent and vere manu-
factured from fine grain, slip cast, calcia-stabilised
zirconia. The crucibles were 78mm high and had an interior
depth of 74mm and internal diameter of 32,5mm.
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3.4 Expefimental Procedures.,

3.4.1. Temperature Profiles,

Experimental conditions were established for teﬁp-
. j

erature profile measurements on both vertica% tubekfur—
naces, The viscometer furnace was allowed t6\stabii;se‘
for 3 hours at 1400°C under an argon floﬁ rate'of 1.5/
min, A sheathed Pt - Pt/13%Rh thermocouple was<marked

off in 20mm divisions to correlate the temperature profile
with the working tube length. Working tube temperatures
vere recorded by a Cambridge Instruments potentiometer

and the ambient temPérature noted., The thermocouple was
Lowered through the hot zone and the temperature recorded
at each 20mm divisibn. A reverse profile was obtaihed to
confirm the previous measurements and the temperature

found to vary by approximatelyIQ.BOC. A similar procedure
was adopted for the Carbolite fufnace. The recorded values
differed by approximately 40°c from those recorded by the
furnace controller thermocouple.

The visceosity-rotary immersion furnace was féund to
vhave a'short linear hot zone 45mm long with a 5°C vari-
ation. A 10 and 20°C variation existed over 60 and 100mm
respectively. The hot zone profile for the viscometer \
furnace is illustrated in Fig. 23 (p. 276 ), where the
distances below the top gas seal are given in ﬁillimetres.
The results of the temperature profile influenced the

choice of dimensions for the crucible and measuring bob

assembly, which are shown Eiguratively in relation to the
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profile., The Carﬁolite furnace, shown diagrammatically
in Fig. 24 (p. 277 ) had a linear hot zone 60mm long Withk
2.5% variation and 105mm long with a 10°C variation.

The temperature profile of the cone fusion furnace was
measured under an argon flow rate of 0.8%/min in a manher
similar to that described for the Carbolite and viscometer
- furnaces, The centre of the hot zone was 455mm.from the
viewing window and with the gas seal plate in position;
and 420mm vith it removed, The temperature variation of
the hot zone was 5°C over 40mm and 10°C over 55mm. A
‘photograph of the cone fusion furnace is illﬁstrated in

Plate 2 (p.'gog) and the hot zone profile in Fig. 25 (p.278).

3.4.2 Viscometer component materials,

The primary limitation for the measurement of visco-
Sity"was found to be the unavailability.of suitable mater-
ials for parts of the viscometer.in contact with the molten
slag or melt, Any component had to be choseﬁ on the foll-
owing criteria (130);.

(a) It must be machinable or reproducible to exact
'dimensions.

(b) It must remain inert to chemical attack from the
slag. |

(c) It should be a readily available material,

(d) The cost of the components should nof be pro-
nibitive to thei: ﬁse.

The highly reactive nature of FeO-rich melts pre-
vented'the use of alumina which even when present in low
concentrations can form a low melting point compound of
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wliistite plus spinel at 1330°C (50), 1n the presence of
FeO, platinum may form platinum-iron alloys and this
relationship has been successfully utilised on a small
3+

scale to prohibit the interchange of re’t and Fe” ions

(131). How-

between the melt and the alloyed container
ever, the high cost of platinﬁm and possible use of molyb-
‘denum components could not be reconciled with the
relatively low temperatures under consideration'(lloo -
1450%%),

Iron had been successfully used by Kozakevitch (51)

(132) and vas selected as the component material

and Clixby
since it not only fulfilled the manufacturing and resis-
tance to slag attack prerequisites, but was readily avail—
able and economic to use, - The temperature ranges measured
during the viscosity experiments were well below the melt-
ing point of iron (1553°C)g

Zirconia crucibles were used on a trial basis since

they could overcome the temperature limitations imposed

by the iron crucibles.

3.4.3 Choice of crucible dimensions,

The initial crucible and measuring bob dimensions
wvere bésed upon those arrived at by Pratt (133). The
oﬁiginal iron crucible and bob sizes are illustrated, with
the modified forms in Fig. 26 (p. 279 ) and Plate/é (p.309).
The long shank of the earlier measuring bob version was
found to distort at high temperatures and was consequently

made as short as possible, The crucible height was redu-

ced to ensure that all of the liquid melt, the crucible
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base and the measﬁring area of the immersed bob remained
wvithin the demarcated 10°Cc variation in Fig. 23 (p.276 ).
Zirconia crucibles were selected with internal dimensions
similar to those of the iron crucible (32mm)., A 22mm and
25mm diameter measuring bob was manufactured for experi-
mental trials. The length of the bob measuring surface
~was set at 35mm and the bob was recessed to rémove end
effects during viscosity measurements, The hoilow end
'also alloved rapid temperature equilibration to be achie-
ved between the bob and 'meltf. Both crucible éypes were
loaded with 65g of powdered fused synthetic slag which
provided a 10mm clearance between the bob end and crucible
base whén the bob was immersed to the full 35mm depth.
The annular clearance betveen the 25mm and 22mm bob was

3.5 and 5mm respectively.

3¢4.4. The viscometer shaft and air bearing.

lEdwards (125) and Pratt (133) had attempted to use
an 8mm stainless steel rod as a support shaft for the
earlier types of measuring bob. A universal coupling was
‘ placed towards one end of the rod, efféctively breaking it
into two unequal lengths, The rofating assembly coupled
to the rod was complicated by an oil filled-gas seal cup
system, which produced high inherent friction anq/drag,
and gave rise to largeAscale readings duvuring réfation.
These problems Wefe overcome by using a solid 1llmm dia;
meter, centre ground stainless steel shaft attached to an

air driven bearing which was located 100mm from one end
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of the shaft and éftached by grub screws. The air bear-—
ing was fabricated from aluminium and was based upon a

(134) and

modified design which was used by Baker
Clixby (132), Plate 4 (p.309 ). A universal coupling

was attached to a machined stub at the upper end of the
shaft and to the measuring head stub., This helped to
_overcome ény mis;alignment along a.vertical axis between .
the gas seél entry port and the measuring head, The

outer case of the bearing was clamped by four adjustable
screws tapped into a cast aluﬁinium block and supportea
from the rack down measuring head carrier, by S5mm thick
angle iron supports and a stable coaxial configuration

| resulted, Plate 5 (p.310 ). Lateral adjustment of the
bearing within the clamp allowed the vertical attitude of
the shaft toibe altered when required. The upper gas seal
entry port was reamed to a diameter s}ightly larger than
that 5£ the shaft, to facilitate access and prevent rub-
bing. A periscope attachment enabled alignment and correct
immersion depth of the bob to be made visually during op-
eration. Detail of the viscometer shaft and method of
attachment to the measuring bob are illustrated in Figs.
'23 and 26 (pages 276 and 279). Argon was introduced
through the base of the furnace to provide a positive
pPressure inside the working tube and prevent oxidation of

—

the slag and iron components. An argon flow rate of 1.5%/
min was found to be more than adequate in preventing the
Possibility of oxidation without affecting the thermal

profile,
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3.4.5 Crucible support stand.

Two lengths of aluminous porcelain tubing were used
to supéort the iron and zirconia crucibles, At high temp- _
eratures, the iron crucible reacted with the aluminous
porcelain tubing causing incipient mélting of the crucible
base, Graphite holders were fabricated from electrode
~carbon (Acheson Electrodes) to suppért the stub-like base.
of the iron crucible and to contain-the flat base 6f the
zirconia crucible. Details of the two types of holders,
their dimensions and assemblies are shown in Fig. 27 (p.280)
and Plate 6 (p. 311 ). The datum line for the crucible
base was set at 495mnm from'the top of the gas seal (Fig.23

|
P. 276 ). The aluminous porcelain support was 450mm long

:
and 30mm diameter, for the iron crucible, and 490mm long
for the zirconia crucible support assembly. Prior to the
intréduction of either crucible support assembly through
the base of the.fﬁrnace, the lower end of the suprrt tube
was slot-cut on a diamond saw and located onto a protrud-
ing boss which formed a part of the lower gas seal. Two
locating pins set into the boss prevented the slotted sup-
port tube from rotating., Air dried C60 cement was used

- as a fixative. The crucible base datum line was consist-
ently within a & 2mm limit when the crucible support
stands Were fully aéseﬁbled. A suspension of zirconia
(Analar grade) in alcohol, was liberally smeared over. all
contact points to prevent the diffusion of carbon into

the base of the iron crucible, at high temperature., Air

dried C60 cement was used to cement the crucibles into

sition. ' .
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3.4.6 ‘'Melt' temperature measurement.

A hole was drilled to within Smm of the interior of
the base of the iron crucible and a Pt - Pt/13%Rh thermo-
couple positioned torpermix measurement of 'melt' temper-~
atures. Access to the crucible base was made via a hole
in the gas seal base and through the support tube énd car-
bon holder, Fig. 23 (p. 276 ). The support'tube.waé'isola—
ted Ffrom the atmosphere at the lower gas Seal by Apiezon
sealing compound, which also sérved to hold the,thermou
couple in place. A zirconia film prevented direct contact
between the thermocouple and iron crucible. When using
the zirconia crucible, the thermocouple was allowed to
touch the base and was only 3mm from the molten melt-
crucible base interface. The thermocouple, support tube
and crucible, plus sample were assembled together before

positicning them within the furnace,

3:4.7 Cémpressed air supply.

The air bearing was operated from a mains compressed
air subply of C.SMPa (751b/in2). The normal air bearing
-operating pressure wvas 0.,15MPa (221b/in2) which was dep-
endent upon the clearance between the main body of the
bearing and the two fixed “pads"® ﬁhich enabled the mass
of the viscometer shaft and bob to be supported in friction-
less conditions, The air was exhausted through three radi-

al arréys of holes drilled into the main body of the bear-
ing from above and below, Plate 5 (p. 310). Two Norgren

filters placed in series between the air on/off valve and

__9_!_ —



pressure gauge prevented particles of solid material and
moisture from affecting the running efficiency of the
bearing, Plate 7 (p. 311 ). A flexible high pressure hose
attached to the air bearing enabled a large degree of
manouverability to be achieved whilst positioning the

viscometer shaft assembly.

3.5 Determination of the Calibration constant (X).

The calibration constant (X), for any crucible and
measuring bob geometry, may be calculated utilising ex-
pression 3.6 (p.83 ), and an oil of known viscosity from

the relationship;

R ()

Vhere X is the calibration-constant,}lthe viscosity
at a-particular temperature and S and U, scale and speed
values respectively. | |

Glycerol was initially used as the calibration oil
and Newtonian behaviour was aesumed, A sample of glycerol
was sent for analysis to determine the weight percent
water content and was found to have 0,912% water (99.08%
}glycerol). Using data for glycerol viscosities (129), a
series of temperature-viscosity curves were constructed
over the teméerature range 20 to 30°C, Fig. 28 (p.281 ).
These enabled an estimate of gljcerol viscositjrée be
made at temperatures which deviated from those point tem-
(129)

peratures specified in the data The viscometer

shaft and measuring head were assembled in the external

head support and'the,crucible partially immersed within

-
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a constant temperéture bath., A 10mm clearance was main-
tained between the bottom of the measuring bob and the
basé of the crucible, and glycerol carefully added until
the meniscus stabilised at the top of the bob. Results
were reéorded at aVerage temperatures of 20, 25‘and 30%
using a mercury thermometer. The water bath temperature
wvas controlled by a Gallenkamp Thermo Stirrer TM860. A
second series of runs vas carried out with the crucible
and bob assembled within the furnace, under simulated
operating conditions. The values of measurements taken
‘under both experimental conditions are tabuvlated in Tables
10 and 11 (pages 238 and 239). Stricf temperature control
of the glycerol contained within the furnace was problemf
atic, but essential. Temperaturesvwere, therefore, re- |
corded immediately before and after measurement and the
averaged temperature value used to obtain the viscosity.
of glycerol, Fig..28 (p. 281 ). .It was found that when
immersing the bob to within 2mm of its overall length of
35mm, or submerging the total iength of the bob by an
extra 2mm, a variation in viscosity of 3.5% was recorded
over that determined for the correétly immersed depth.
Rotational speed, multiplied by the scale value
gave very similar totals at each specific temperature and
confirmed thé Newtonian behaviour, Tables 10 and 11 (pages
238 and 239). The crucible constant (X) would dhiy be
valid for Newtonian behaviour in other fluids. The results
of viscosity values recérded on other £luids, such as
liquid melts, would therefore be apparent viscosity meas-

urements only.,. : .
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An averaged arithmetical mean calibration constant
was calculated from the results in Tables 10 and 11 (pages
238 and 239 ). The results were 8.692 for the 22mm dia-
mefer bob and 4.808 for the 25mm diameter bob. Initial
high temperature work indicated that the 22mm bob was too
insensitive with regards to the viscosity measurement on
the melts studied. Consequently, the 25mm diameter bob
was uséd in all subsequent viscosity experiments. The
calibration constant, K = 4,808 was used for the iron cru-
cibles until the value was checked against a known New-
tonian fluid. The standard deviation of the constant was

calculated to be f,o.454 or 9%.

3.5.1 Re-determination of the calibration constant.

The.viscosity of‘glycerol was found to be approx-—
imately ten times as great as'§iscosity values recorded
for some of the melts. A Newtonian oil (purchased from
Haake) was used to confirm the célibration constant. The
Haake E200 o0il had a viscosity of 156.3 mPa.s at 20.,00°C
and was equivalent to some of the melt viscosity ranges
recorded during the étudies.

During melt viscosity determinatibns, the scale
reading was initially zeroed using a rotation speed of
U = 3 just prior tc immersion of the measuring bob.
Adjustment was facilitated by ah electrical zefo control
screw on the motof console. In general, scale readings
were ignored during actual measurement if their values

fell below 10 units on the mirror scale, because there

-..94.- : . v '



was little equivalence of U x S values with varying
rotational speed. Equivalence values were restored at
low scale readings using the E200 oil and by adjustment
of the electrical zero control screw, Scale sensitivity
was found to have increased slightly overall. Re-
determined values of the calibration constant for iron
crucibles are illustrated in Table 12 (p. 240). All
viscosity determinations were recorded with the head
swvitch in the 50gcm position. 'Equivalence of vélues
taken at both head switch positions are illustrated ‘.
below Table 12.

Compared to the original constant, the new constant
of 4,589 differed by only 4.8%. Since most of the visco-
sity readings at high temperature were achieved when
U =.l in iron crucibles, the old constant of 4.808 was
retained for the preViously determined ﬁelt viscosities.
The original, lower sensitivity Scale values wvere compen-

sated for‘by the slightly higher constant.

3.5.2 . Determination of the zirconia crucible constant.

The zirconia crucible constant was determined with
the Haake B200 oil under the same conditions used for the
iron‘crucibles in thé external head assembly. The values
of the constant at a particular rotational speed are
shown in Table 13 (p. 240). The discrete constant value
for a particular rﬁtational speed was used in the plotting
of melt viscosity-temperature curves rather than an aver-
aged valuve, The variation between the constant (x) iecor—
ded at U = 1 and U= 3 was 3.8%.

- 95 -



3.6 Viscosity measurement procedure,

The crucible supporf stand assembly was introduced
through the base of the furnace and centred within the
- working tube'by viewing from the.tdp, with the upper gas
seal removed. A pliable "QO"-ring allowed a smail degree
of centering adjﬁstment to be made through differential
tightening of the lower gas seal retaining'bolts. The
thermocouple leads were attached-to the potentiometer and

the instrument checked for correct operation,

3.6.1 Introduction of the viscometer shaft.

The rack-down head support clamp and -air bearing
carrief vere screwed back intolthe vpper position. The
air bearing shéft was passed through the air bearing sup-
port block and negotiated into the upper furnace gas seal
which remained unfastened. The measuring bob was located
onto the shaft ané secured by pﬁshing'the iron pin through
the alignment holes. The assembly was lowered back into
the furnace and the main body of the air bearing clamped
by the four retaining screws. The ﬁniversal coupling was
attached to the stub on the air bearing shaft with a smail
bolt. The detachable measuring head was seated into the
head support bracket and into a female section of the uni-
versal joint., A small bolt was used to secure the joint

to the stub.

3.6.2 Furnace heating sequence,

Argon was allowed to flow through the furnace over-

”
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night, after the upper gas seal had been bolted into
position. The flow rate used was in the order of 300ml/
min, The inert gas was péssed through magnesium per--
chlorate crystals, contained within a U-tube, before
entering the furnace at the lower gas seal support sleeve,
Plate 7 (p.311 ). The drive or Bowden cable was not
attacheq to the viscometer measuring headvat this stage.

- The cooling coil water was switched on and all conpections
éhecked. The Eurotherms controller was adjusted at a rate
of SOC/minute for tne first 50000, to allow the working
tube to.warm up steadily. The rate was increased to 1500/
minute until the required temperature was cobtained. This
nbrmally_took between 2.5 and 3 hours, as opposed to 6 to

8 hours at the lower heating rate,

3.6.3 Alignment of the viscometer measuring bob.

Compressed air was fed to the ‘air bearing at a pres-
sure of 0;15MPa and the shaft centred with respect to the
crucible by viewing through the periscope set into the
upper gas seal, The shaft assembly was lowered using the
rack-down mechanism until the bob was judged to be just
above the liquid melt surface., Approximate liquidus temp-
eratures were obtained from phase diagram data (501 105)
and temperatures of 50 to 100°C above these vere used, to
allow the bob to be immersed. Melts which ccntained mag-
nesia were re-melted at_lsoOOC in an argon atmosphere,
cooled and re-crushed to -350um before being used. Melts
containing 7.5"/0 Mg0 were liquid at 1300°C and no evi-
dence of undissolved melt or magnesia was found in poiished
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samples, The bob'was left above the melt surface for 1
hour, to equilibrate with the crucible and melt temper-
ature, The drive cable was attached to the measuring
head and the bob rotated at low rotation speed., Exper-
ience showed that at such low speeds, drag effects on the
gas seal resulted in the scale needle oscillating. The
whole working tube was carefully manoeuvred until the
scale reading became zero. The bob was then imﬁersed to
the full 35mm depth., The 10mm clearance betwveen the com-
Pletely immersed bob and the crucible was workeé out in

a cold furnace under simulated operating conditions. A
scale marked on the rack-down mechanism could be con-
structed for every run and the bob wound dowvn to the par-,
ticular level indiéated. The bob was allowed to equili—;i
brate with the melt for a further 30 minutes., The Bowden
cable was disconnected and the air bearing shaft turned

by hand to check that the bob was not hitting the side ofg

B
L

the crucible., The drive cable was re-attached and the
first reading taken and the time recorded. Temperatures
were checked with the potentiometer at regulaf timed
intervals prior to and after a viscosity reading., Visco-
sity measurements were taken every twenty to thirty min-
utes, depending upon the selected temperature increment
from the previous level. Results were recorded on‘sheets
in a manner similar to the temperature-viscosity vaiues
reported in Section 4¢1, (Pe1i16 )e Decreasing and in-
creasing temperature runs vere made to check the consist-
ency of viscosity values with time, The measurement oper-

ations took between seven and eight hours to complete,

-
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