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PREFACE
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on the following topics:-~
(i) The Physical Chemistry of Desulphurisation
(ii) Refractories Technﬁlogy
(iii) Arc Purnace Steelmaking

A visual aid programmed learning course on Gas Liquid
Chromatography organised by the Department of Chemistry was

completed,

The work described in this thesis is, to the best of my
knowledge, original except where reference is made to others, and no
part of it has been submitted for an avard at any other College or

University.



ACKNOWLEDGEMENTS

The author would like to express his gratitude to
Dr. Re Smith and Dr., R. Acheson for their guidance and advice during

the supervision of this work.

Thanks are also given to my industrial supervisor,
Dr, D.J. Price of B.S.C. Scunthorpe Works. The use of the GLC
facilities in the Department of Chemistry, Sheffield City Polytechnic,

under the guidance of Dr, D, Leathard, is gratefully acknowledged.

The author would also like to express his gratitude to the
technical staff of the Metallurgy Department, particularly
D.0. Latimer, J. Bradshaw, R. Grant and G.E. Gregory.. Especial
thanks go to my research colleagues, noteably J. Cawley, G.Ekebuisi,
A. Vassiliou and P, Williams for their enthusiasm and many
stimulating discussions. The author is indebted to Mrs., N. Cooke for

her considerable patience and skill in the typing of this thesis.

Special thanks to my family, particularly Debbie, for their

patience and support throughout the period of this work.

The provision of a Research Assistantship by the LEA is

gratefully acknowledged.



Desulphurisation of Iron-Carbon Melts '

by
Stephen Alan Horne
Abstract

Desulphurisation of iron—-carbon melts By CaO-FeO-SiO2 slags
(Fayalite to 38 mass % CaO-Fayalite) at 1300 C has been inVestigated
unider conditions similar to those encountered in LD steelmaking
practice, Techniques were developed to introduce a single metal
droplet into a liquid slag contained in an iron crucible. Reaction
was terminated by quenching the droplet and slag, the former being
analysed to determine sulphur concentration. Equivalent techniques
were employed to monitor decarburisation.

Results showed an initial efficient desulphurisation followed
by a period of slow sulphur removal rate for droplets, initially
containing 0,120 mass % S and higher, reacted with the 38 mass % Ca0
slag. Droplets of lower initial sulphur content experienced sulphur
reversion for the first two to five minutes of droplet-slag
interaction, Similar trends were established for experiments
employing slags containing up to 28 mass % Ca0 but the reversion
phenomenon was mainly restricted to droplets initially containing
0.030 mass % S. Decarburisation data indicated two dominant
mechanisms, slag phase control followed by dispersed phase control,

The initial desulphurisation period was attributed to
conditions imposed at the droplet-slag interface by slag phase
controlled decarburisation in conjunction with the presence of FeO,

A finite carbon and low oxygen concentration at the droplet surface,
coupled with the availability of oxygen anions, created conditions
conducive to sulphur removal, The FeO prevented formation of an acid
Ca0-5i0,, interfacial slag of low oxygen anion concentration.
Reversion of lower sulphur concentration droplets was related to
gradual depletion of interfacial FeO which moved the slag towards an
acid composition and lowered oxygen anion concentration.
Replenishment of FeO at the reaction interface due to a transition to
mixed or dispersed phase controlled decarburisation enabled
desulphurisation to commence,

An attempt to determine silicate anion constitutions of
synthetic and industrial slags was made using trimethylsilylation -
GLC techniques, Similarity of results for slags of appreciable FeO
concentration irrespective of Si0, content suggested that massive
" anionic redistribution had occurred during trimethylsilylation.
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SYMBOLS
Area
Activity
Molar concentration
Sulphide capacity
Drag coefficient
Diffusivity
Diameter
Interaction parameter
Henrian activity coefficient
Fraction of solute extracted
Detector response factor
Acceleration dvue to gravity
Equilibrium constant

Toop and Samis 'Equilibrium constant! for silicate
polymerisation

Masson 'Equilibrium constant' for silicate
polymerisation

Flood mixed equilibrium quotient
Mass transfer coefficient

Mass

Temkin anionic fraction

Flood electrically equivalent ionic fraction
2(n+1)- |
3n+1 ’

Number of i species in slag

Ionic fraction of SinO Masson Models

Molar rate of transport
Singly bonded oxygen
Double bonded oxygen

Free oxygen anion




Partial pressure
Time
Velocity

Mole fraction

Fraction of droplet surface in contact with slag
phase

Density
Surface tension

Viscosity



SUBSCRIPTS

c Carbon

Ca Calcium

Ca.2+ Calcium cation

con Pertaining to the continuous phase
d Pertaining to droplets

Fe Iron

Fe2+ Iron cation

Fel Ferrous oxide

i At an interface

we Metal dation

Mg Magnesium

Mn Manganese

MO Metal oxide

Na Sodium

Na+ Sodium cation

0 Oxygen

02- Free oxygen anion

S Sulphur

82_ - Sulphur anion

s1 Pertaining to the slag phase



Gr

Re

Sc

Sh

We

SUPERSCRIPTS

Within the bulk of the phase

At an interface

DIMENSIONLESS GROUPS

Grashof Number
Reynolds Number
Schmidt Number
Sherwood Number

Weber Number

Pertaining to metal phase
Pertaining to slag phase

Pertaining to gaseous phase
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1. INTRODUC TION

The deleterious effects of sulphur in steel have
stimulated a great deal of research into desulphurisation.
Present day demands for low sulphur specifications create a need
to investigate sulphur transfer based on oxygen steelmaking

methods such as the ID process,

Many of the previous laboratory investigations into
desulphurisation have employed graphite crucibles to contain
quiescent layers of carbon-saturated iron and slag
compositions omitting FeO. This has been necessary in order to
overcome the problems of cohntaining slags at high temperatures.
Such systems have, however, borne a closer resemblance to iron
blast furnace conditions than those encountered in ID steelmaking,
There is clearly scope for the development of an experimental
technique that cén generate desulphurisation data based on
conditions closer to oxygen steelmaking than previously
employed. Such a technique must incorporate the use of
CaO-FeOfSiO2 slags to represent slag compositions produced in the
LD process, Further, the metal phase composition to be
desulphurised needs to include carbon so that decarburisation is
occurring dwring metal-slag reaction., The ability to allow
interaction between an iron-carbon-sulphur melt, in the form of a
single droplet, and a slag phase is of particular significance as
it provides a simple model of the droplet refining regime

believed to exist in LD steelmaking,

"The presence of SiO2 in ID slags is of special interest as

this component is considered detrimental to desulphurisation due

-1 -



to the strong affinity of silicon for oxygen reducing the "free"
oxygen anions. The slag models of Temkin and Flood have been
reasonably successful in predicting slag-metal sulphur
equilibria but are valid for basic slags only. In addition,
5i0, is assumed to exist solely as the Siotf anion, These models
are obviously restricted in use and do not accommodate the
possibility of silicate polymerisation taking place in slag
compositions in the basic slag region. Silicate polymerisation
is believed to result in the formation of free oxygen anions and
it is likely that such species exist in acid slag compositions,
The involvement of free oxygen anions in silicate polymerisation
ahd sulphur transfer processes suggests that the anionic
constitution of a silicate slag has a major influence on sulphur

equilibria., The Temkin and Flood Models cannot account for the

possibie effects of silicate polymerisation.

Newer silicate slag models have been proposed which
consider silicate polymerisation and can be incorporated into
the prediction of sulphur equilibria. These models are at
present limited to binary metal oxide-silica systems but they

suggest that, for a given SiO, concentration, greater silicafe

2
polymerisation and hence free oxygen anion concentration .exists

in the Fe0O-Si0, system compared with CaO—SiO2 slags. The

2
implication in slags containing silica, therefore, is that FeO
can produce a higher free oxygen anion concentration than Ca0

and may be of greater benefit to sulphur removal,

To elucidate the effects of slag constitution on

desulphurisation the current slag models need to be tested and

-2 -



and developed bgyond binary compositions. A great impediment in
the assessment of silicate slag models is the inability to
directly identify and evaluate the anionic constitution of a slag.
However, novel techniques such as trimethylsilylation coupled with
Gas Liquid Chromatography and Mass Spectrometry have become
available which have allowed silicate species present in minerals
and slags to be identified., The application of such techniques

to simple synthetic slags provides an opportunity to further our

understanding of silicate anion constitution in slags.

In view of the above factors, the present investigation was
initiated with the aim of examining both sulphur transfer under
conditions resembling LD steelmaking and the effect of slag
composition on anionic constitution. These objectives were

pursued by:-

1. Use of high temperature experimental technigues to investi-
gate sulphur transfer during the decarburisation of single

iron—-carbon-sulphur droplets with liquid synthetic slags.

2. InVestigation of trimethylsilylation techniques
previously applied to silicate minerals of known
structure with subsequent development of such techniques
for the determination of the constitution of anions in
steelmaking slags. Initially, such investigations were
employed to study desulphurisation by utilising simple
binary and ternary synthetic slags. It was believed that
the use of similar slags for the droplet experiments and

_ trimethylsilylation investigation would be useful in



explaining the effect of slag constitution on observed sulphur

removal,



2.1 LD STEELMAKING

2.1+1 Introduction

The Linz-Donawitz (ID) steelmaking process was developed
during the early 1950's. In 1983 basic oxygen steelmaking
‘processes accounted for 6% of World steel output 1. General
reviews of LD steeimaking and other oxygen steelmaking processes

2y 3y by 5

are available in the literature and, therefore, it is
proposed to confine the present review to those aspects of the

process pertinent to this investigation.

The process is characterised by the impingement of a jet of
gaseous oxygen onto a bath of molten blast furnace metal and scrap
contained in a converter vessel., Silicon, manganese, carbon and
phosphorus are removed from the bath by an oxidation process, a
basic slag also being a necessary requirement in order to échieve
removal of phosphorus, and also sulphur., The shortness of the
blow makes control of the process difficult and careful control
of the composition of the charge is required. A suggested ideal
hot metal analysis is L.O mass % C, 0.7-0.8 mass % Si, 0.7-0.8

mass % Mn, 0.01 mass % P max and 0.03 mass % S max 6.

Thefmodynamic data for the reactions occurring in the LD
are well documented and indicate that carbon, silicon and
manganese should oxidise in preference to iron. The abundance
of iron in the charge does, however, mean that the oxidation of
these species often proceeds via the initial oxidation of iron 2.

3o, = [o]

Fe + [0] (Fe0)

-5 -



The theorgtical order of removal of impurities as
predicted by consideration of the equilibrium oxygen potentials
at 130000 is silicon, carbon, manganese 7. In ID steelmaking
this sequence is not followed and the oxidation of different

elements appears to be occurring simultaneously (Figure 1).

Silicon oxidises to form silica and is totally removed in
about 6 to 7 minutes 3.
[si] + 2 [o0] = (3102)

[si] + 2(Fe0)

(Sioa) + 2Fe

Similarly for manganese,

(] +  [0] (Mno)

[Mn] + (Fe0)

(Mm0) + Fe
Figure 1 shows that the manganese content of the bath initially
decreases but slight reversion occurs later in the blow. This

has been attributed to two possible causes:

 (a) Melting of the scrap
(b) Reduction of manganese oxide as a result of temperature

changes and variations in slag composition which affect

the activity of (Mn0).

The oxidation of phosphorus in preference to iron requires
that the activity of P20S in the slag be significantly lowered.

This is achieved by using a highly basic slag.
2- 3-
2 [p] + 5 [0] +3(0)=2(P0h)

Sulphur removal is favoured by reducing conditions and the

presence of a highly basic slag.

-6 -



[S]; 0y = (%) + o]

The principal refining reaction is the removal of carbon as

carbon monoxide,

Co

[cl+1o ]

[c] + (Fe0)

CO + PFe

The equilibrium relatioﬁship between the carbon and
oxygen in the metal is well established, In the ID process, the
oxygen concentration in the metal bath during the early stages
of the blow reaches values in excess of that in equilibrium with
the carbon present, As carbon is removed, the oxygen
concentration in the metal approaches that at equilibrium with the

carbon present, becoming close at less than 0.5 mass % C 7.

Figure 2 is a typical decarburisation rate curve for the LD
process showing that carbon removal exhibits three distinct
phases, This is further illustrated in the idealised
decarburisation rate curve shown in Figure 3. In stage one the
decarburisation rate increases until a steady value is reached,
This stage is related to slag formation since the plateau is attained
more rapidly if avpreformed slag is retained from the previous heat 8.
The second stagg, a period of relatively steady decarburisation
rate, although as shown in Figure 2 quite abrupt fluctuations can
occur 8, is believed to be controlied by the rate of introduction
of oxygen into the system, The final stage shows a decrease in
the decarburisation rafe due to carbon transport control in the
metal phase becoming rate controlling. Carbon transport control

becomes dominant at compositions ranging from 1.2 to 0.2 mass % 09.

-7~



The decarburisation path may vary from cast to cast even
for apparently identical conditions and this has also been
observed when blowing onto simple iron-carbon melts 10. The

process is metastable and much controversy surrounds the

decarburisation mechanism,

2.1.2 Decarburisation in the ID Process

Early explanations for the rapid refining rates in the LD
process were based on the presence of a localised high
temperature region where the oxygen jet impinged on the metal

h 11, 12

bat o Criticisms arose due to the difficulty in re-~

conciling the high refining rates with such a localised reaction

8, 13

site. IEvidence by Meyer and Trentini 1h, that the presence
of a slag-metal emulsion in the converter may lead to large
surface areas available for reaction, has provided a widely

accepted explanation for the rapid refining rates,

Meyer working on a 230t LD con&erter and Trentini on an
LDAC plant noted the presence of metal droplets in slag ejected
from the converter. Meyer collected samples of taphole
ejections on a metal tray positioned on the steelplant floor, It
was estimated that 30% of the metallic charge could be dispersed
in the slag. Determination of droplet sizes showed a size range
from 3.4mm to less than 0,15mm diameter with 1.2mm to O.6mm
diameters being the most abundant. For a 230t éonverter the
results suggested a very large specific surface area available

for reaction, approaching 50,000m 2.

The droplets were of lower carbon content and impurity

-8 -



levels compared.with the bulk metal, The absence of very low
carbon content droplets suggested that the supply of oxygen was
rate controlling. Meyer considered that carbon transport control
became effective when the carbon concentration in the bulk bath
dropped to about 0,35 mass %. At the height of refining it was
believed that up to two thirds of tﬁe total carbon present was

removed via the emulsion,

The mechanism proposed by Meyer for decarburisation
involved the unsteady state transfer of oxygen from the slag to
the droplets surrounded by the carbon monoxide-slag foam., If the
droplet was not contacted by a carbon monoxide bubble for some
time then a high degree of supersaturation could be achieved with
respect to the carbon-oxygen equilibria. Later work by Hazeidean
has, however, shown that nucleation of CO bubbles from iron

droplets is not as difficult as once thought 15.

A criticism which has been levelled at Meyer's work is that
ejected samples are not typical of conditions inside the converter
throughout most of the blow 2. Sampling within the converter,
involving the solidification of slag-metal emulsion on a chain
attached to a weighted sample mould, was used by Price 16. For
reasons of safety samples could only be taken during the second
half of the blow which imposes limitations on the conclusions that
can be drawn from the work. It was estimated that the maximum
amount of metallic charge emulsified at any one time during the
later stages of the blow was 15%. One third of the carbon
initially present was considered to be removed in the emulsion

whilst droplét sizes were predominately in the range of 1 to 2mm

-9 -



diameter. The possibility that the technique may have under-

estimated the number of dispersed droplets has been expressed 2.

Results from experiments on a 6 tonne converter covering
the maximum decarburisation rate period and with the bath deslagged
prior to droplet sampling showed that droplets ejected from the
melt by the impinging oxygen jet contained less carbon than that
in the bulk bath 17. It was suggested that 35-40% decarburisation
was due to oxidation of droplets above the bath, thus raising
doubts about the necessity of the emulsion. However, the

necessity of having a fluid, basic slag was acknowledged in order

to provide conditions conducive to sulphur and phosphorus removal.

Despite these reservations, the large surface area created
by the dispersion of metal droplets in the slag and/or gaseous
atmosphere above the bath stili provides us with the most likely
explanation for the fast refining rates encountered in the ID
process, Meyer's work has identified the presence of foams and
emulsions inside the converter with the resultant creation of large

surface areas available for reaction,

2.1.3 Foams, Emulsions and Slag Formation

Extensive reviews of steelmaking foams and emulsions have

1
been presented by Kozakevitch 8, 19.

The regime encountered in ID steelmaking is that of a
continuous SIag phase with dispersed phases comprising CO bubbles,
solid oxide particles and metal droplets, The foam is dynamic in

that its stability is dependent upon the continued evolution of

-10 -



CO from the dispersed droplets and to a lesser extent from the
bulk bath, Any significant reduction in the rate of CO evolution

1
will cause the foam to collapse 8.

The presence of metal droplets in the slag is primarily due
to the action of the oxygen jet on the bulk metal bath 19.
Nucleation of CO bubbles within metal droplets may cause ejection

15

of metal particles thus providing secondary emulsification

Although the slag-metal-gas emulsions in LD steelmaking are
dynamic some stabilisation mechanisms have been proposed 18, 19.
A high viscosity continuous phase will tend to encourage foam/
emulsion stabilisation. The presence of long, complex anions is
known to significantly increase slag viscosity 20. This
mechanism appears unlikely to be important in the LD process where
basic slags are used except possibly during the early stages of
the blow when low slag temperatures and high silica contents
prevail., The apparent viscosity of the slag may be increased by
the presence of a dispersion of fine solid particles, which

further encourage foam stabilisation by sticking to the surface

of bubbles and inhibiting their coalescence,

.Slaghmetal-gas systems have relatively high interfacial
energies and hence, due to their large surface area, foams and
emulsions in steelmaking tend to be unstable, The adsorption of
surface active solutes at interfaces may assist stabilisation by
lowering the interfacial energy. The decay time for foams
created in various Ca.O-SiO2 melts has been shown to be relatively
short 20. The addition of P_,O_, which is surface active, improved

25
stability only when the SiO2 content exceeded 50 mole %, implying

-1 =



that adsorption phenomena do not significantly contribute to foam
stabilisation in LD slags except possibly in the early stages of

the blow,

The evolution of the slag phase throughout the blow will
influence the progress of refining. A complex mixture of oxides,
sulphides and halide fluxes make up the slag, with no single
component present in sufficient quantity to be considered the

16, 210 o

solvent, The early slag is rich in Si02, FeO and MnO
high silica content helps to flux lime introduced at the start of
the blow, although there is a tendenéy to form a shell of
dicalcium silicate around the lime particles which subsequently
inhibits dissolution. Fluorspar additions may be introduced to
aid dissolution., The use of dolomitic lime has become a feature
of slag practice in recent years in an effort to increase lining

life 22,

The principal oxides present in the LD slag are Ca0O, FeO

and 3102 and the 1600°C isotherm of the CaO-FeO-SiO ternary

23

2
diagram has been used to identify the liquid phase fields

(Figure L). Bardenheuer 2L

has argued that the other oxides in the
slag will increase the area of the liquid phase fields and has
suggested the use of a pseudoternary CaO'-FeO'-SiOé' diagram where

Ca0 + FeO + Si0, equals 80%. The pseudoternary diagram has been
used to plot slag composition changes during the course of a blow
(Figure 5) 25. The composition path indicated in Figure 5 shows
the early éiliceous slag initially increasing in iron oxide

content with subsequent lime dissolution moving its composition

towards the Cal0 ' corner. The slag composition eventually enters
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the (2Ca.O.SiO2 f,Liquid) phase field causing precipitation of
20a0.8102 crystals. This may cause slopping due to enhanced foam
stabilisation associated with the resultant increase in the
apparent viscosity of the slag. During the final stages of the
blow an increase in the FeO content occurs as the decarburisation
rate falls., Analysis of the Fe2+ e3+ ratio in slag samples
suggests that the oxygen potential of the slag remains fairly
constant through the middle portion of the blow 13. The final
FeO content of the slag is related to blowing parameters such as
oxygen flow rate and lance height 26. Achieving the optimum slag
composition path and hence control of a foam, may become an
operational problem with the extremes being either siopping or
production of a dry slag with poor sulphur and possibly phosphorus

3

removal ~,

Slag temperature rises rapidly during the first few minutes
of blowing and can be 30000 above the metal temperature
reflecting the extent to which refining is taking place as a
droplet dispersion within the slag phase. The bath temperature

. 2
rises gradually to reduce the difference to about SOOC on tapping h.

2.1.H Desulphurisation in the LD Process

Sulphur exists as sulphide ions in oxide melts where the

5

partial pressure of oxygen is below 10" atmospheres and as

sulphate ions for partial pressures greater than ’10-'3

27

atmospheres ~'. For steelmaking conditions the sulphur in the
5

slag is usually considered to exist as sulphide ions “, The

sulphur transfer equation is
2- 2—-
[s] + (07) = (™) + [0]
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Sulphur removal is favoured by high oxygen anion
concentration in the slag andghigh abtivity coefficient of
sulphur in the metal., Carbon, silicon and phosphorus raise the
activity coefficient of sulphui in iron 7 but as the blow
proceeds and metalloid content is decreased, this effect will
diminish., Sulphur transfer is accompanied by an increase in the
metal oxygen content which inhibits the removal of sulphur., As
the carbon content of the metal decreases the carbon-oxygen
equilibrium will allow greater oxygen contents in the metal and

sulphur reversion may occur Ty 28.

The possibility of a gaseous desulphurisation mechanism
occurring via the slag phase has been considered, It has been
suggested that about 8% of the total sulphur charged is removed

29,30

in this manner, slag-metal reaction playing the dominant role "

Published work on éulphur removal in the LD process is in
general agreement about the beneficial effect of lime and the
need to achieve rapid dissolution 16, 30. Conflicting evidence

exists as to the effect of dolomitic lime on desulphurisation and

more data is clearly required 31, 32.,

Work on a 90t converter showed that the bath sulphur
level during the blow was virtually constant or increased
slightly until the last few minutes of the blow 16. It was
suggested that sulphur removal could occur without an emulsion
provided the slag was sufficiently basic. A possible mechanism

proposed for desulphurisation involved the dispersion of slag

globules in the metal bath (an inverted emulsion) with bulk metal-
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slag interface,desulphurisation also contributing. The
importance of the slag-bath interface as a site for
desulphurisation has been emphasised by Nilles and Dauby 29 who
point out that the high oxygen potential at the metal droplet-

slag interface in the emulsion may inhibit sulphur transfer.

Russian workers 33 found that sulphur removal occurred
during the initial 10 minutes of the blow followed by
reversion to 15 minutes and resumption of desulphurisation until
turndown. The possibility of scrap dissolution causing re-
sulphurisation was mentioned but not discussed. An explanation
based on free energy data and involving simultaneous reaction of
manganese with oxygen and sulphur was proposed. When most of the
manganese had been oxidised then sulphur removal could be
retarded. Resulphurisation was associated with dry slag
formation and as the blow continued, increase in bath temperature

aided lime dissolution and promoted desulphurisation,

30

Yoshii and Ichinohe” have reported that about 50% of the
total sulphur charged to the converter remained in the steel and
in order to produce low sulphur steel a decrease of sulphur

charged to the vessel was required.

Unlike carbon input which to a large extent is dependent
on blast furnace practice, sulphur may be introduced from a
number of sources., Ward has discussed the steelmaker's need for
receiving hot metal of consistent analysis 6. Up to 80% of
sulphur in the blast furnace - LD process route is derived from

coke but the attainment of low sulphur hot metal compositions
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direct from the blast furnace incurs high ironmaking costs as
shown in Figure 6 and Table 1 6 Bh. Sulphur input to the
veésel derived from scrap is difficult to quantify and practical
difficulties in segregating low sulphur scrap can occur Bh. The
production and quality of lime for oxygen steelmaking has been
discussed 35, 36. The use of extremely low sulphur content lime
is not considered to be practically beneficial since it has been

shown that an increase in lime sulphur content from 0,05 to 0.1% S

contributes less than 0,001% increase to the final steel sulphur.

Desulphurisation performance in the LD is adversely affected
by blast furnace slag being carried over into the vessel, 6, 3L
this being a source of both sulphur and acid slag components
(Figure 7). Hot metal is usually delivered from the blast
furnaces to the LD plant in torpedo shape containers and then
transferred to a 'transfer ladle' for charging to the LD vessel.
Reduced slag carry over may be achieved by discharging hot metal
from the 'torpedo' car through a taphole 37 at the side of the
vessel as opposed to the ﬁouth positioned at the vessel top. In
addition, benefits are gained by mechanically scraping slag off
the surface of hot metal when contained in the transfer ladle,
The introduction of nitrogen to the metal via the base of the
ladle causing circulation of the metal can enhance this slag

38

rabbling operation -,

Many steelworks have introduced the practice of hot metal
desulphurisation prior to charging to the converter. The use of
a low flux blast furnace operation followed by external

39

desulphurisation can be technically and economically favourable .
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External desulphurisation agents include magnesium-impregnated

39 L1

. . X 0 . . .
coke , calcium carbide L and lime-magnesium mixtures ~ .

Materials for desulphurisation by hot metal injection have been

L2

reviewed by Koros and Petrushka R

Conditions in the LD process are not favourable for
desulphurisation. Data obtained from LD plants have not
produced a coherent explanation of sulphur transfer mechanisms
in the converter. Clearly, there is scope for a fundamental study
of the deéulphurisation behaviour of iron-carbon melts under
oxidising slags. The investigation of sulphur removal from an
iron-carbon droplet during decarburisation by reaction with a
simple slag provides a logical starting point. Greater under-
standing of desulphurisation under oxidising conditions could
assist in achieving optimum operating practice on LD plants with
respect to sulphur removal and ultimately reduce the need, in some

cases, for external desulphurisation,
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2.2 DESULFPHURISATION AS A METAL TO SLAG REACTION

2.2.,1 Introduction

To evaluate the equilibrium distribution of sulphur
between metal and slag requires knowledge of the reaction
equilibrium constant andAthe relationship between the activity
and the concentration of participating species., Equilibrium
constants and thermodynamic data for iron base solutions are
reasonably well documented., The main problem is lack of
information about the activities of slag components and to over-
come this, slag models have been developed which link slag

composition with component activity.

In this section the experimental observations which have
contributed to our understanding of sulphur transfer will firstly
be described and then the application of ionic slag models to

this problem will be considered,

2.2.2 Experimental Interpretation of Sulphur Transfer

Barly investigations indicated that the transfer of
sulphur from the metal to the slag improved with increase in slag-
metal interfacial area, slag basicity, temperature, sulphur
content of the metal L3, LL, L5 and the presence of certain
solute elements in the metal, such as carbon, silicon and
phosphorus which increased the activity coefficient of sulphur
L5, L6 (Figure 8). Many investigations into the solution
thermodynamics of sulphur in ligquid iron and iron alloys have

L7, L8, L9, 50

been reported
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It is generally considered that the kinetics of slag-metal
reactions at high temperature are controlled by mass transport

51

processes . A number of workers have observed sulphur transfer

L3, Lk, 52, 53, Sh

to obey first order kinetics with rate
control being attributed to limiting diffusion of one of the
reacting species across the boundary layer at the slag-metal

L3, Lk, 56

interface o Desulphurisation of liquid iron initially

containing 1.62 and 0,6 mass % S by a Ca0 crucible has been
described by radial diffusion of sulphur in the melt 55.

Sulphur removal from a 0,088 mass % S melt was achieved by
Cal0-saturated liquid iron oxide and‘gave enhanced reaction rates

relative to diffusion predictions. Interfacial turbulence was

considered as a possible reason,

Chemical reaction rate control was suggested by Ward and
Salmon 5L who studied desulphurisation with a range of CaO-MgO-
Si02—A1203-CaF2 slags. A mechanism for sulphur transfer,
facilitated by silicon transfer from silicate anions to the metal
leaving free oxygen anions at the slag-metal interface, was
envisaged. The transfer of sulphur atoms across the interface
with simultaneous transfer of metal atoms has been observed by

Wk, 52, 53,

other workers Sulphur transfer was considered as a
partial electrochemical reaction with accompanying partial
reactions required to maintain electroneutrality. The partial

electrochemical equation for sulphur transfer becomes:—

S + 2 = s

Reactions to maintain electroneutrality could be:-

- 19 =



Fez+

[Fe] = 2e

]

(02-) - 2e

(0]

The rate of sulphur transfer is increased by the
application of an electrical current (with the anode in the slag)
but process efficiency is low, dismissing the possibility of
industrial application 57. Electrochemical aspects of sulphur
transfer and slag-metal reactions in general have been considered

in the literature 20 27r 60y 61

The above observations have been based on the results of
experiments involving quiescent slag-metal layers, In addition
however, some information is available from the desulphurisation
of dynamic metal droplets 62, 63, 6L, 65. Carbon-saturated iron
reacting with CaO--A1203-SiO2 slags has been studied. Rate
control by the convective mass transfer of sulphur in the slag
was observed by Chon 62 and IshiisB. Other workers reported
first order chemical kinetics and that free fall of the droplets
through the slag precluded good desulphurisation because of
insufficient reaction due to limited slag depth 6h. Floating
of the droplet was observed and provided a period of good
desulphurisation believed to be related to an increase in slag-
metal interfacial area 65. Sinking of the droplet was deemed to
be related to FeO formation around the droplet. The slag

compositions in these experiments are, however, not consistent

with LD slags.

The effect of slag composition on the equilibrium sulphur

distribution between liquid iron and slag has been investigated
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by Rocca and co-workers 66. High slag basicity favoured
sulphur removal, but the sulphur distribution ratio was
decreased by increased FeO contents up to 1 mole %. This was
attributed to the effect of FeO on the oxygen activity in the
metal relative to the lesser and opposing effect it has upon the
slag oxygen ion activity. With increasing FeO contents, at
values greater than 1 mole % the oxygen activity in both the
metal and the slag changed at similar rates and the sulphur
distribution ratio became reasonably constant as shown in
Figure 9. Fluorspar additions to slags have been found to
incr‘ease the rate of sulphur transfer but not alter the slag—

T, 67

metal sulphur distribution ratio

The ability of a slag to hold sulphur has been defined in
27

terms of its sulphide capacity, CS « For the equilibrium:-

3 {82} + (0) = (S) + % {02§

/ %
k = (&) Po2

(8,) Pg?
(0] 32

assuming (ao) = constant,

1
(mass % S) P 2
s 2

p %
S

The sulphide capacity was developed in relation to open hearth
steelmaking conditions where a sulphur containing furnace

atmosphere was present. The application of sulphide capacity to
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sulphur removal in LD steelmaking is inappropriate and the use
of slag models to predict sulphur distribution represents a more

pertinent approach in assessing the effect of slag composition.

2.2.3 Ionic Slag Theories

The ionic nature of slags is now widely accepted. Early

ionic slag models were proposed by Herasymenko 68 and

Herasymenko and Speight 69

70

but the most successful models are

those of Temkin and Flood 71.

(a) The Temkin Model

The principal features of the Temkin Model deVeloped for

basic slags are as follows:-

1. Molten slags were assumed to be ideal ionic solutions
in which all like-charged ions exhibit the same inter-

action with nearest neighbours.

2. Ions existed separately on interpenetrating,
independent cation and anion lattices, on each of
which the ions of appropriate sign were randomly

arranged.

3. Nearest neighbour ions were of opposite charge since
due to repulsive forces between ions of like charge a
~ cation could not replace an anion in a particular

lattice site.
The entropy of mixing of cations or anions was determined
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relative to the total respective amount of cations or anions
assuming no cation-anion interaction. Temkin ionic fractions

were defined for an oxide MO as:-

NM2+ - M2+ N, = 02—
in 0 In
~ cations anions
2+ 2- .
where n op . Do = No., of M~ and O  species respectively.
M ? o0

By Qombining the entropy of mixing terms for the cation
and anion species, and obtaining an expression for the free
energy of mixing, Temkin showed that the activity of, for
example, a basic oxide in the slag could be defined by:-

= N x N
20 w2t 02-

Temkin proposed that species such as Al, P and Si

existed in basic slags as anions. A dissociation scheme was

suggested:-
v5102 + wP20S + xA1203 + yFe203 + zMO
= vsmh“" + ZWPOhB- + 2xA1033‘ + 2yFeOh5-

+ Mot (z = 2v = 3w~ 3x - 5Y)02-

The slag was defined as basic when (z = 2v = 3w - 3x - 5y)

was positive so that free oxygen ions were present in the slag,

Temkin and co-workers 72 went on to consider the

application of the model to the slag-metal sulphur equilibriaz-
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[s] + (o) = (s) + Io]

N oo :
kK = (s )[mass% 0]

(No2-)[mass % s]

Examination of laboratory and works' data gave an

approximately constant value of X = 0,017,

The model was unsuccessful, however, when applied to the
interpretation of the slag-metal phosphorus distribution. This
is because no consideration is made of the effect of different
cations present in the melt and does not take account of the

strong interaction that exists between Ca2+ and POhB_ jons.

The assumptions that Al exists as A1033- and Fe203 as

are reasonable for strongly basic slags 7. However,

Feohs-

the silica level is high in the early 1D slags and this leads to
another shorfcoming of the Temkin Model in that silica is
assumed to exist exclusively as Siohh- in basic slags. It is
cﬁrrently believed that polymerisation of silicate anions may
occur in basic slags, the degree of this increasing as the acid-

73

base transition is approached '~,

(b) The Flood Model

The Temkin model considered cations and anions as being
replaceable by ions of like valency. However, the replacement
of a cation by an anion is opposed by the repulsive forces from
the anions surrounding the cation site and so purely random
mixing is restricted., If a cation or anion is replaced by an

ion of different valency then further restrictions are imposed
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on purely random.mixing. The substitution of a divalent

cation for two monovalent cations (to maintain electro-
neutrality) introduces a vacancy into the cation network. The
entropy of the system increases giving rise to a different ionic

fraction, known as the electrically equivalent ion fraction:-

' 2n
2+ = 32+
n + +2n + 3n + Ln + cescces
K BZ+ C3+ Dh+

71

Flood and co-workers have used this type of ion
fraction in addition to the Temkin anionic fraction in a model
that considers the effect of the different cations present on
slag-metal equilibria. The model permits the calculation of an
equilibrium quotient for a complex slag by consideration of the
equilibrium constants for simpler systems. Ward h has

described the model by consideration of the desulphurisation

reaction taking place via a simple mixed oxide slag (Figure 10):
[s] + ((Fe,Na) 0) = [0] + ((Fe,Na) s)

The equilibrium quotient may be obtained from the free
energy for the conversion of one mole of the mixed oxide to one
mole-of the mixed sulphide., Since the partial molar free
energies of mixing of the sulphides and oxides of a éommon
ion are similar the overall free energy change for the above

reaction is given by:-

AGFe,Na = I\IFe AGFe + NNa AGNa
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By substitution using the van't Hoff Isotherm,

AG® = - RT 1nK, an expression defining the mixed

equilibrium quotient can be obtained:-
! ' 1 N' 1
log k= N Fe g KFe * Na °& KNa.

where KFe and KNa are the equilibrium constants for the reaction

of sulphur with FeO and Na.20 respectively.

Assuming Henrian behaviour in the metal and utilising
Temkin anionic fractions to describe activities in the slag, the

equilibrium constant for the simple reaction,
[s] + (M0) = Ms) + [o]
may be written:=

(NM2+) (st_;) fo[mass % 0] ) (st_) fo[mass % 0]

Ky =

(NM2+) (Noz") fs[mass % S (Noz_) fs[ma.ss.% s]

The expression for the mixed equilibrium quotient may be

described by an additive equation of the form:-
1] i ] i
logK = IN 1log K, + Y (X)

The first summation represents all the possible binaxry
interchange reactions between the anion under consideration and
a system of i species of cations, The term %(X) represents the
activity coefficients in all the binary equilibria to account
‘for the deviation from ideal ionic behaviour in the slag but is

considered to cancel out, leaving only the first term of the

equation 7.
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Ward, using published data has presented the following
expression for the mixed equilibrium quotient for the sulphur
equilibriaz-

! 1 L] 1 !

1g73 = “NeMg, = MG - 2.0M - 3.5N

log K Mg

‘The coefficients in the above expression representing the
log KM terms may be used to compare the desulphurising abilities
of the different cations relative to Ca2+, as shown in Table 2,
A coefficient for the Na® cation was included (+1.63) which
suggested it was a powerful desulphuriser while the effect of

Mg2+ was considered inferior to Ca2+.

The Flood model was successful in the interpretation of
both sulphur and phosphorus distribution. The development of
the model has been the subject of recent debate 75, 16 but the
principles employed have not fundamentally altered. The model
in an adapted form has been used to estimate phosphorus
equilibrium between liquid metal and basic slags at the end of

7

refining hot metal with high and low phosphorus contents " '.

Despite the success of the FPlood model and its ability to

take account of the effect of the cations present in the slag,

h‘, A1033';

POhB- and FeOhB- exist in basic slags. The model is, therefore,

it does assume that only anions of the type 02-, Sioh

not applicable to slag compositions where silicate

polymerisation occurs.,
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2.3 THERMODYNAMICS AND CONSTITUTION OF SILICATE MELTS

2+3.1 The Classical Theory of Silicate Melts

In silica the silicon atom exhibits tetrahedral co-

T, 78

ordination with the oxygen atoms . The small size and high
charge of the silicon cation provides a strong, mainly covalent
bond with oxygen and precludes dissociation into simple ions in
an oxide melt (Figure 11a)., On melting it is supposed that
almost all the oxygens remain shared but some regularity of the

tetrahedral arrangement is lost as illustrated in Figure 11b.

Basic oxides such as Ca0O, FeO, MgO and MnO involve the
respective cation in sixfold co-ordination with the oxygen in the
ion lattice 7. Bonding is primarily electrovalent and

dissociation into simple ionic species can occur in oxide melts,

The Network Theory postulated that the progressive
addition of basic oxide to a silica melt results in oxygen
anions breaking the Si-0-Si bridges between two tetrzhedra.

The added cations‘will, by charge effects, be located near these
sites in holes in the structure as illustrated in Figure 12,
Eventually, silicon is present only as discrete Siohh- groups.
Further basic oxide additions simply introduce more cations and
anions into the melt. Thermal dissociation of silicate groups
can occur and so oxygen anions can be present even in highly

19

siliceous melts -

+ - + + -
2(+Si=-0) = 4+ 8S8i-0-5i+ +0
+ + +
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Viscosity - composition relationships for silicate melts
have been used to provide structural interpretations 80. The
first 10 to 15 mole % of basic oxide addition has the greatest
effect in lowering the activation energy for viscous flow with
subsequent additions having less effect on the viscosity of the
melt as shown in Figure 13. The Network Theory was unable to
explain this behaviour and a model involﬁing the formation of
discrete silicate ring ions was proposed 81, 82. The first 10
to 20 molé % basic oxide coincided with random breakdown of the
silica network whilst retaining the three dimensional bonding
in the melt, Cations were held in silicate cages as illustrated
in Figure 14, Basic oxide additions from 12 to 50 mole $6 broke
down the network to globular and ring ions of the type shown in
Figure 15, The number of cations and ionic bonds associated with
these ions varied little and explained the small change ip the
activation energy for viscous flow over this composition range.
At greater than 50 mole % basic oxide the discrete ring anions
degenerated into linear forms of progressively diminishing

length until eventually only SiOuh— anions were present,

The Discrete Anion Model does not quantitatively accﬁunt
for the observed relative constancy of the partial molar volume
of silica at compositions containing less than 33 mole % basic
oxide. In addition there is no clear explanation for the
immiscibility gap that occurs in some basic oxide-silica systems.
This behaviour was explained in terms of the 'Iceberg! Theory of

83

liquid silicates ©, The formation of silica rich regions,

regarded'as islets or icebergs, was believed to occur, separated

-29 -



by thin films of liquid of M20.2Si02 composition in alkali-
metal oxide-silica melts or MO.2SiO2 composition in alkali
earth metal oxide-silica melts., With increasing basic oxide in
the range 12-33 mole % the size of the silica rich icebergs

diminish until at 33 mole % they become indistinguishable from

the discrete ring anions present at this composition,

The Discrete Anion and Iceberg Theories offer
interpretations on silicate melt structures but the ion types
suggested are based on simple stoichiometry with no account made
of oxygen anions present due to thermal dissociation of silicate
groups. Also, if the dissociation of the orthosilicate

composition is considered to be represented by:-

. 2+ I
CaSio = 2Ca + Si0
it L

Th

then a zero activity for lime would be implied o This
contradicts the observed finite activity of lime in Ca.O—SiO2
melts and so a polymerisation reaction of the following type is
assumed ;-

b= o4 6= 2-
2.8i0)" = 81 0.7 + 0

The inability of the classical theory to recognise
different silicate polymers existing simultaneously in a given
melt with the possibility of a significant oxygen anion
cdncentration restricts the interpretation of the thermodynamics

of silicate melts,.



2.3.2 Thermodynamic Models of Silicate Melts

An early thermodynamic treatment of silicate melts was
made by Toop and Samis 8l“. Later work by Masson et al applied
the principles of polymer chemistry enabling a number of models
to be developed, Statistical thermodynamic approaches have also
85, 86, 87, 88, 89 90

been employed and reviewed by Gaskell ~ ,
These models are complex and do not lead to simple analytical

equations that can be directly applied to practical problems,

The work of Toop and Samis and Masson will be discussed
but references should be consulted for details of the

derivations of the respective models,

§a2 The Toop and Samis Model

Toop and Samis used the concept of oxygen being able to
exist in three different forms in silicate melts; doubly bonded

(Oo), singly bonded (0 ) and free oxygen anions (02-).
The proposed equilibrium reaction was:-
20 = 0 4+ O 2.1

An equilibrium constant_K was defined that was assumed to
be constant at constant temperature, charcteristic of the
cations present in any binary or ternary silicate melt and

independent of compositions-—

¢ = (©) (0*)

()2

where (0) = moles of oxygen species per mole of slag.
- 31 -
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Assuming that basic oxides are completely dissociated, to

give one 02— ion per molecule contributed, and that X510 moles
2
of silica combine with (1 - Xgio ) moles of 02~ anions to form
2
anions in one mole of melt, Toop and Samis showed from a charge

balances

2 (0°) + (07) = Lx.. = No. of silicon
Si0
2 bonds.
The expression was rearranged to give the number of doubly

bonded oxygen atoms in one mole of slag:-

(0°) = thiOZ- ") 2.3

2

To obtain the number of free 02- anions in the slag, a

mass balance was used, X310 moles of silica combined with
2
(1 - xSi02) moles of oxygen to give thiOZ Si-0 bonds, so,
. 2=, 2=y . .. N -
Final (0 ) = No., of (0° ) initially - 4 No. of O formed.
and hence
©0*) = (1 y - 2.4
A - - . - End 3
SJ.O2 >
The terms for (0°) and (02-) given in 2,3 and 2.4
respectively were substituted into equation 2.2 to give:-

(07)?

A knowledge of the value of the equilibrium constant

allows the above equation to be converted into quadratic form:-
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a (0')2 + b(0) + ¢ =0

Toop and Samis plotted the equilibrium concentrations of
the oxygen types against silica composition for K equal to 0,06
and noted that the (O-) curve resembled an integral free energy

of mixing curve for a binary silicate melt.

By considering that 1 mole of oxygen ions (in pure
liquid MO) reacts with 1 mole of doubly bonded oxygen atoms
(in pure liquid 8102) forming 2 moles of singly bonded oxygen

ions (pure liquid M SiOu) then from consideration of equation

2

2.1 and use of the van't Hoff Isotherm, the standard free energy

change (in calories) divided by L.575T was written as:-

o
Ac = = log Lo log X 2.6
L4575 T K

In general, the number of moles of (02-) reacting is equal
to 3 (0°) per mole of liquid silicate formed so Toop and Samis
considered that the free energy change due to equation 2.1 per

mole of liquid silicate formed should be given approximately by:=

M
Ac = (o) log K 2.7
L4575 T 2

A

The above relationship was used to plot L.575 T against
J_cSiOz' Experimentally obtained values of AGM for various
systems were superimposed as shown in Figure 16. Similarity
between calculated and experimental curves led Toop and Samis

to suggest that the free energy of mixing for a binary silicate

melt may arise entirely from the interaction of oxygen ions and
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silica. The activity of the oxygen anions g oy Was
considered to be equal to the activity of the basic metal oxide
in the expression for the binary integral molar free energy of

mixings—

(1 - xSioz) log a02_ + xSi02 log aSiOQ = Ad" binaxy
L.575 T
Thus, the effect of different cations in binary silicate
melts would be to allow greater or less amounts of polymerisation
and hence less or greater interaction between oxygen ions and
silica. Toop and Samis proposed K values for various binary

oxide-silica systems (Table 3).

The model involves the assumption that K is independent
of composition but this is incorrect because if it were, then

for reactions of the type:-

. : 2(n + 2) -
.~ L= ca2n+ 1) - 2w
Sth + San3n 1 = Sln +1 O3n + 1 + 0 ’

K would be the same irrespective of chain length n.

(b) The Models of Masson

Masson N initially considered the coefficient, K, used
by Toop and Samis., From polymer theory the type of equilibrium
ratio used by Toop and Samis would only be constant for cases
where all polymer mdlecules have the same configuration. For the

reactions:
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there are two ways that reaction (i) may occur and three for

reaction (ii); An equilibrium ratio K,  will only be constant,
?

regardless of chain length, for linear configurations,
Masson made three fundamental assumptions:-

1. Self-condensation of chains to yield ring structures

or networks does not occur,

2. All functional groups are of equal reactivity. Thus,
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all 0 groups are of equal reactivity regardless of

the size of the polyion to which they are attached.

3« The activity of a component in the slag may be

defined in terms of Temkin ionic fractions, i.e.

= N x N
Mo M?+ 02-

A model was formulated for linear chains only, in which
Masson considered polycondensationh reactions where SiOhh- could
dimerise andvthen react with higher members of the silicate

species, For a binary basic oxide-silica melt, the following

expression was obtained:-

1

1 1
= 2 + - 2.8
%510 (= ayy) 1+ amo({{“ -1

2

vwhich gives the activity of MO as a function of composition if
K11 is known (Figure 17). The model gave some agreement with
experimentally obtained activities of MO and enabled values of

K,, to be designated to some binary MO-5iO, systems.

11 2

An expression was also derived to define the ionic

fraction of a silicate species;

n -1
1 1
Nn = v 2.9
‘ 1+ __ M0 K, , 1
where N_ is the ionic fraction of Sino2 (n+1)-
3n + 1

and ay,, is given by equation 2.8.
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Figure 18 shows the variation of the calculated ionic fraction
of linear silicate anions of chain length n =1 to n = 6 with

mole fraction of §i0, for FeO - Si0, melts at 1257-1 307%.

2

Models baséd on polymer theory that pertain to branched
92

chain configurations have been developed “ + The three
fundamental assumptions used previously were retained, The

activity of MO was obtained from the following expressions:-

1 = 2 + 9
Xsi0 (1 = ay,)

3
— amo(% =7, 2,10

11

the resultant variation of 2o with X3:0 being presented
2

graphically in Figure 19,

The branched chain model gave good agreement with

experimental data for the systems SnO-SiOz, FeO—SiOz, Pb0-8102

and MnO-SiO2 with recent work further confirming agreement with
the MnO-SiO2 system 93. Figure 20 shows a comparison between

experimental data for the Ca0-Si0, system at 160000 with the

2
theoretical prediction for K equal to 0,0016, Table i records

K., for various systems.

11

For branched chains the ionic fraction of a silicate

species was given as:=

. Int 1 ]n -1 1 ]2n+1
n - (20 + Nial 97 + 33, ] 1+ K11(1—aMO)J (1-ay,5)
Ky (Tay) 3oy

2. 11

For the Fe0-5i0, and Ca0-5i0, systems (Figures 21, 22) the
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Siohh_ anion is the most abundant species at all compositions

up to xSiO2

sole species present below x

= 0.5. For the CaO—SiO2 system the monomer is the

5102 equal to 0.3, but in the
FeO—8102 system longer chains exist at silica compositions

below the orthosilicate composition.

Masson has suggested that the magnitude of the
equilibrium constants K11, K12 etc. provide a quantitative
measure of polymerisation in binary silicate melts and that the
tendency towards polymerisation is determined by the nature of
"the cation. The average chain length of a melt would, therefore,
be governed by the'difference in magnitude between cation-
silicate and cation-oxygen ion attractions. Consequently, the
extent of cation-oxygen attraction influences the degree of
ionic bonding in silicon-oxygen linkages so that changes in bond
strength can be reflected in standard free energies of formation

of the various silicates from their constituent oxides, Masson

showed that for the reaction:-

MOliq + M331207 = 2M2810h liq

that,

(o] (o]
RT 1n K“ = 2 Acortho - Aprro

This equation indicates that a tendency for polymerisation
always exists in silicate melts because K.11 may be small but can
never be zero, unless the rightrhand side of the equation takes

a value of minus infinity. Application of the eguation is
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limited as available thermodynamic data pertains to simple

molecules thus restricting determination of Kﬁ1.

Criticisms of the Masson Models include doubts about the
use of Temkin ionic fractions for a situation where different
size silicate anions are present. Also, the linear chain model
predicts zero MO activity at the metasilicate composition which
is not observed experimentally 80. Since the development of the
models, experimental evidence has indicated the existence of
silicate riﬁgs in binary silicate melts and no provision has

13

been made for this situation o

Application of polymer theory to ternary silicate melts
incurs difficulties due to the competitive interactions between
the anions and various cations. An attempt has been made to

develop a model for a ternary silicate melt where a common

oL
2 ®

assumptions of the previous models and although a new treatment

cation exists, e.g. MO-MFz—SiO This work retained the

was given to this type of melt, it served mainly to demonstrate

the complexities of dealing with ternary systems.

2.3¢3 Constitution of Silicate Melts

(a) Practical Attempts to Determine Silicate Melt Structures

At present, no‘technique has been found to directly
oBserve and quantify the amounts of different silicate species
in a melt. Workers have depended upon measurements of physical
properties to provide structural interpretation of melts but the

presence of immiscibility gaps in some systems can limit the
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information obtainable,

Density measurements of CaO-FeO—SiO2 melts have confirmed
predictions 13 that greater polymerisation occurs in iron
silicate melts compared with calcium silicate melts and relates
to the preferred association of Ca2+ cations with silicate

95

. . 2+ . . . 2- .
anions thus releasing Fe ' cations to associate with O anions 77,

96

a phenomenon which increases the FeO activity in such melts ~ .

High temperature x-ray diffraction techniques, Raman
spectroscopy and Mossbauer spectroscopy have all been used to
examine silicate melts but no quantitative assessments of ionic

97, 98, 99, 100

. distributions have been achieved Mossbauer
spectroscopy examinations of basic electric arc slags sampled
during the oxygen blow has shown that Fe2+ cations can be
present in a silicate phase or a 'mixed oxide' phase, the
proportion taken up in the latter phase increasing with
basicity 101. This tends to concur with Gaskell's comments on
the preferred association of cations with silicate or oxygen

96

anions o

The distribution of silicate ions in a melt has been
inferred from studies of phosphate glasses dissolved in water 80.
The dissolution technigume cannot be applied to silicates as
hydrolysis readily occurs in aqueous media producing indefinite

polymers related to silica gel 102.

A technique has been developed where the blocking of O

sites of the parent silicate structure of a mineral by
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trimethylsilyl'(ﬂﬁS) groups, (CH3)3Si- , has been used to
retain some of the original stfucture. Gas Liquid Chromato-
graphy (GLC) and Mass Spectrometry (MS) were used for
respective separation and identification of the silicate

103

derivatives .

The trimethylsilylation of silicates is not always
amenable to quantitative interpretation and attempts to
improve this method by the formation of methyl and ethyl
silicates has been unsuccessful 102. The trimethylsilylation

of silicates has been developed by a number of workers and will

be discussed in more detail,

(b) The Trimethylsilylation of Silicates

Trimethylsilylation is a pretreatment commonly applied'to
10
organic materials to improve their suitability for GLC analysis h.
Inorgenic anions other than silicates have been trimethylsilylated
105, 106

Lentz trimethylsilylated various silicate minerals using a
reaction mixture of crushed ice, propan-2-ocl, hexamethyldisiloxane
and concentrated hydrochloric acid 103. The process was
completed by use of an ion exchange resin, Amberlyst 15. A
proposed reaction scheme commenced with leaching of the metal

cation portions of the mineral to produce metal chloride and

silicic acids=

M_.Si0 + Cl = H Si0 + 2MC1
o510, + LB 1,330, 2

Interaction of HCl and hexamethyldisiloxane produced
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trimethylchlorosilane (TMCS) and trimethylsilanols
CH,).Si 0+ HC1 = (CH,).siCl + (CH_)_SiOH

Either of the above products could be capable of
reacting with silicic acid but Lentz considered

trimethylchlorosilane and the trimethysilylation reaction:—

H, Si0

510, + h(CHB)BSJtcl = [(CHB)BSi]h SiOh + LHC1

where [(GHB) 3311 hsmh is the ™S derivative of the

Siohh- anion.

Unfortunately, side reactions can occur and have been
attributed to polymerisation and depolymerisation reactions

taking place during trimethylsilylation and by hydrolysis of the
107

derivative itself o« Success of trimethylsilylation is related

to both the type of métal cations 108 and silicate anions

present 109. Leaching of the metal cation is undoubtedly

110, 111

influenced by the cation type present but the subject of

acid attack on silicate minerals is still not fully understood

112 ) X . .
« The presence of certain cations such as iron was

1
believed to aid leaching 12 but increasing leachability by

virtue of decreasing cation-oxygen bond strength for a given

silicate group does not strictly confirm this 111. Complex

silicate structures may render cations inaccessible to acids and

so retard leaching m, 112. For chain structures this appears

to be of minimal importance 111.

Trimethylsilylation of the mineral Natrolite, Na2A12

513010.2520, confirmed the presence of side reactions and

- L2 -



1
workers have published the chromatogram obtained 13, 11k

(Figure 23).

The development of 'direct! and 'unified' techniques based
on reaction mixtures of hexamethyldisiloxane, trimethyl-
chlorosilane, propan~2-o0l and water followed by an Amberlyst

15 treatment have led to a reduction in side reactions 107, 108

The direct technique produced excellent results for Hemimorphite
Znh(OH)281207.6H20, with 97% of the chromatogram peak area due
107

to the desired derivative and has been used to monitor the
conversion of Hemimorphite to Wiilemite @*—ZnSiOh)11S. The
success of this direct technique was attributed to the gradual
leaching of the mineral by HC1l formed from the reaction between

trimethylchlorosilane and water followed by the almost

instantaneous substitution of H groups by TMS groupss:-

(Ch3)385.01 + BO = (053)3310}1 + HC1
M38i207 + HC1 = M2 HSJ'.207 + %MCIZ
2
(033)33101 + M5 1131207 = MiSi(CHB) 331207 + HC1
2 2 -
§CII3)BSiOH + MgSizo7 = M52_Si(033)331207 + HO

The method was not suitable for some anhydrous minerals and
highly soluble silicates where it was found that water was

required in the reaction mixture 108, 116, 117, 118.

The
inclusion of water led to the technique described as the
'unified' method, which was claimed to be capable of

reproducing silicate structures in the TMS derivatives with an
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accuracy of 9%% for the pyrosilicates and 82-88% for the
orthosilicates. Despite some side reactions, the trimethylsily-
lation of mineral mixtures suggested that little anionic
redistribution occurred during the reaction stir and the
results were considered to be representative of the constitution

119

of the original mixtures o

There is evidence that side reactions can result from
Amberlyst 15 treatment particularly in minerals containing

109, 120. Work on Dioptase,

complex silicates
Cu6816018.6H20, produced a chromatogram with the desired
derivative featured as three peaks corresponding to

81601812_ isomers. Lengthy Amberlyst treatment inter-

converted the isomers.

A reaction scheme based on the direct and unified reaction
mixtures has been proposed that also considers side reactions1o9.
For the reaction mixture in the presence of a base,

trimethylchlorosilane may react with propan-2-o0l to produce HC1

which itself may react with propan-2-ol:-

(CH3)3SiCI + 0337011 = Si (CH3)3(003H7) + HC1 2.12
HC1 + 03H7OH = (C3H7Cl) + H0 2.13

The water formed hydrolyses trimethylchlorosilane:-
H,0 + 2(CH,).SiCl = CH )).si] .0 + 2HCL 2.1
0 + 2(cHy), [(cB,) 511 , !

The O groups of the silicate portion of the mineral, say

Cazsioh, may be protonated by HCl in the presence of water to
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give silicic acid groups:-

! - 2 | -
-8 -0 4+ HClL = =-8i-0H + Cl 2.15
1 [

The silicic acid groups may react with trimethylchlorosilane

and Si(CH3)30C3H7 to yield various derivatives:-

i
- Si - OH + (CH

]
iC = - - i (CH C .6
: 3)331 1 si - 0si( 3)3 + HC1 2.1

1 !
- Sf - CH + Sl(CH3)3(003H7) = - ST - 081(053)3 + 03H70H2 N

| |
- St - i(cH.).(ocC = - 8i - ;
ST OH + Si( 3)3( 3H7) ST 00337 + Sl(CHB)BOH o

A subsequent array of mixed trimethysilyl-isopropyl
derivatives of general formula SiO, [(CH CH wher
e gener o a h[( 3)3]x ( 3 7)h-x ’ e

x is 1 to L4 may be formed.

The replacement of isopropyl groups by TMS groups is

catalysed by Amberlyst 15:-

SiOh[Si(CH ).].CH + (CHB)BSiOSi(CH3)3

373337

Amberlyst 15 SiOh[Si(CH

+ Si(CHB)BOC HT7 2.19

330, 3

The formation of higher anion derivatives by side reactions

may be considered as the mutual interaction of silicic acids:-

! ! ! !
- Si-OH+HO -8i- = =-8i-0=-8i-+H0 2.20
[ 1 t !
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Reaction 2,20 could compete with reactions 2.16, 2,17 and
2,18 and it was.suggested that suppression of side reactions
could be achieved by decreasing mineral concentration in 2,20 or
by using excess propan-2-0l to increase the rates of reactions

2,17 and 2,18,

The use of the unified technique to identify silicate

species in materials other than naturally occurring minerals

119, 121 22
2 2

melts. Results for the two melts were qualitatively in line

has included work on Pb0-SiQ and PbO-PbLF —SiO2 1

with polymer theory predictions for the respective systems. For
melt, a small proportion of the Si 8~

2 51)012

anion derivative was detected which is not accounted for by

the simple Pb0-SiO

polymer theory,

For the metallurgist, the most interesting application of
the unified technique must be the studies of open hearth and
blast furnace slags 123 (Figures 2l, 25). The most abundant

silicate derivatives in both slag types were, in decreasing order,

e 6
, 0 510 3%10

a slow cooled blast furnace slag where the Si

due to Si0, ~ , Si -, Si 8- and Sih0128- anions, except for

207 anion
derivative was predominant, although the presence of melilite

type material (Si - structure) was a possible ‘explanation.

6
207
The investigators did not establish whether other derivatives
detected, which included ring structures up to nine silicon
atoms, were representative of the slag structure or were side

reaction products. It was clear, however, that trimethyl-

chlorosilane required purification prior to use to prevent
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interference peaks occurring for blank samples at SiOh and

3

POu ~ derivative positions on the chromatogram.

From the literature reviewed it is clear that techniques
for trimethylsilylation of silicates have been developed that are
capable of suppressing, but not completely eliminating side

reactions,

Application of the unified technique to slags is,
unfortunately, limited. It is, therefore, considered that
further work involving slags is required in order to assess the
ability of the technique in providiﬁg a true representation of

silicate species in slags.
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2.4 SINGLE DROPLET STUDIES OF SLAG-METAL REACTION SYSTEMS

2.4.1 Hydrodynamic Behaviour of Falling Droplets

Liquid drops falling through a less dense, immiscible
liquid deform to a degree dependent on size and interfacial
tension 12k, 125, 126, 127. A drop of one liquid falling through
another will behave as a rigid sphere and obey Stokes' Law only
when the Reynolds Number is less than unity. For steel in slag
this corresponds to a diameter of less than 0.5mm. As the
diameter is increased internal circulation is set up in the drop
due to viscous forces operating at the interface., Further size
increase causes the drop to deform to an oblate spheroid shape
with the velocity falling below the Stokes! Law value., Vortices
produced in the wake may cause oscillation of the drop. Finally,
the drop velocity passes through a maximum and a size is reached

where surface tension forces are insufficient to prevent droplet

break-up.

In metallurgical processes where drops of interest have
diameters of 1 to Smm with Re 100-1000, then a wake is involved
from which vortices are torn off, Well developed intermal
circulation patterns will also be established in the drop. A
number of workers have attempted to relate the drop velocity to
drop size for various types of circulation in the drop. Hu and

127

Kintner studied the terminal velocity of ten organic
liquids falling through a stationary water phase covering the

Reynolds Number range O to 2200. For nine of the ten systems the
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following expression was obtained relating'the drag coefficient

(CD), the Weber number (We), the Reynolds number (Re) and a

physical property group (P):~

2 ‘
P = Ly Reh = 7 con c’)J'.B
3¢, Ve € p cgn % ~/Pcon )

125

This relationship has been confirmed by ofhér workers
and appears to be the best correlation to date. The relationship

has been applied to a drop of mercury in water as shown in Figure 26.
2.1442 Mass Transfer Models

The rate at which the solute in the metal drop will react
124

with the surrounding continuous phase will depend on ]

(a) the rates at which reactants and products move
between the bulk continuous phase and the metal

interface
(b) the rate of chemical reaction at the interface

(c) the rate at which reactants and products move

between the surface and interior of the drop.

It is generally recognised that at steelmeking temperatures
the pertinent chemical reaction will proceed so r@pidly that
reaction rates will be transport controlled 7. Mass transfer

rates within a metal drop and the surrounding continuous phase

will depend on flow conditions and it may be expected that a
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stagnant, rigid drop with no internal circulation will be
associated with low mass transfer rates. A droplet that is
internally circulating and oscillating will produce stirring

within the drop and enhance mass transfer rates,

Various workers have studied mass transfer within droplets
for different fluid dynamic conditions, A rigid sphere treatment

129 have

has been used by Vermulen 128 whilst Kronig and Brink
considered the effect of simple circulation patterns in the
absence of continuous phase resistance. The presence of internal
circulation with oscillation in a drop has been considered in a
model by Handlos and Baron 130. Rose and Kintner 131 and Angelo
et al 132 have produced models for more violently oscillating
dropse. The results by Angelo agree well with experiments for
aqueous-organic systems, but for small drops of metal in aqueous

or molten phases, the model reduces to a form proposed by Rose

and Kintner.

Mass transfer in the continuous phase has also been
studied and Steinberger and Treybal developed a model for a rigid
drop in the presence of mass transfer resistance in the continuous

133

phase o Enhanced mass transfer rates are expected in the case

3k 135

of internally circulating drops and Griffiths 1 and Higbie

have proposed models,

The development of mass transfer models for droplets has
mainly utilised aqueous and organic systems, This involves
droplet surface tensions and densities that are very much

smaller than in liquid metals and slags. To achieve greater
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similarity with metal drop systems, mercury amalgams have been

136

studied. Aeron and Crimes have investigated the reaction of
amalgam droplets with aqueous phases. For the experimentally
obtained dispersed phase mass transfer 'coefficients, the Rose
and Kintner model gave the best agreement. The obtained co-
efficients were about half that of the Handlos and Baron Model.
For the continuous phase mass transfer - coefficients, results

fell between values predicted by the Higbie Model and for a

stagnant sphere,

For metals, which have high surface tensions, it would
appear that internal circulation is not as vigorous as compared
with aqueous-~organic systems on which the Handlos and Baron
Models are successfully based. The inference, therefore, is that
an accurate prediction of mass transfer - coefficients in slag-
metal systems is not possible. A further complication may arise

when interfacial phenomena occur,

2.4¢3 Surface Phenomena

Interfacial phenomena may retard or contribute to mass

137

transfer rates in liquids .

18, 19

Surface active solutés concentrate in fhe surface layer
and so it appearsvfeasible that such surface active agents in a
metal drop may interfere with circulation patterns or block
surface reaction sites. The blocking effect of sulphur has been
used to explain the decarburisation behaviour of certain iron-

carbon alloy droplets 15, 138.
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Transfer of a surface active agent from a droplet to the
continuous phase can cause a change in interfacial tension 139.
It is possible that a variation in concentration, leading to a
variation in interfacial tension, may occur at the droplet
surface causing interfacial turbulence. Aeron 126 has shown
that during the oxidation of indium amalgam droplets by ferric
nitrate solutions, interfacial turbulence significantly

increased the rates of mass transfer both in the continuous and

dispersed phases.

In iron and iron alloys the presence of both sulphﬁr and
oxygen can markedly lower surface tension 1140 and the possibility
exists that during reactions where these solutes are transferred,
interfacial turbulence may be set up 137, 14, 1h2. Recent work
has suggested that CO nucleation during the decarburisation of
high sulphur iron-carbon droplets, may be made easier because of
interfacial turbulence resulting from the transfer of sulphur

from the metal to the slag 1)43.

Little practical work has been reported on the effects of
complex anions such as silicates at metal interfaces,
Mechanisms have been presented for the stabilisation of metal
droplets but are of a speculative nature and only appear

g

feagible in acid slags o

2.4.4 The Refining of Single Droplets

The majority of studies concerning the refining of single

iron and iron alloy droplets has been directed towards the
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decarburisation.reaction. The need to achieve better sulphur

transfer during steelmaking has initiated a number of laboratory

investigations, but much of the work has involved slag-metal
layers. Work reported on desulphurisation of metal droplets is,
in comparison, rather limited. Droplet work investigating
silicon transfer has been reported by Sano L5 whilst Yavoiskii

has studied the refining of high phosphorus pig iron droplets.

Many decarburisation experiments have involved levitated

147, 148, 149, 150 151, 152, 153, 15k,
155

or free falling droplets
in flowing oxidising gases. Two possible mechanisms for
decarburisation have been proposed. At high carbon
concentrations a surface reaction between carbon and oxygen
occurs and at lower carbon concentrations a subsurface reaction
takes place with carbon monoxide bubbles nucleated within the
drop. The latter mechanism was associafed with the ejection of

small metal particles from the drop.

The levitation work generally points to the surface
reaction being controlled by countercurrent diffusion of the
oxidant and product gases in the gaseous boundary layer.
Distin 148 found that an iron oxide film formed on the droplet
surface when the carbon concentration at the surface was
virtually zero., This allowed the bulk oxygen concentration in
the droplet to rise and enabled the internal carbon boil to
commence, The transition from surface to subsurface reaction

behaviour could occur at various carbon concentrations down to

0.3 mass % carbon,
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Results fqr the decarburisation of iron-carbon droplets
during free fall through oxidising gas have shown that sub-
surface nucleation of carbon monoxide occurred at higher carbon
concentrations, compared with levitated droplets, This was
attributed to the higher degree of induced stirring in the
droplet produced by the levitation coil compared with that
encountered during free fall, Baker 151 reported carbon
transport control at almost all carbon levels up to L.5 mass %

154

carbon, whilst See and Warner suggested that internal

nucleation of.carbon monoxide began at about. 3 to L mass %

153

carbon, Roddis considered that gaseous diffusion control

only occurred at carbon contents greater than l4 mass % carbon.

The decarburisation of iron-carbon droplets by oxidising
slags has been investigated 138. The work showed that
decarburisation gave rise to significant foaming of the slag and
that the decarburisation rate of an iron-carbon melt generally
decreased at carbon contents below 0.3 to 0,5 mass % carbon.

The overall removal of carbon was found to decrease with increase
of FeO content of the slag. A mechanism for decarburisation rate

156

control was not clear but Belton considered this work and

suggested that interfacial chemical control was important,

A qualitative study of iron-carbon alloy droplet reactions

with Ca0-Fe, O -FeO-AlZOB-SiO slags has been reported by

23 2

1 .
Hazeldean 5 who used an x~ray technique to observe the evolution
of carbon monoxide from the reacting drop. For reactions
involving slags containing iron oxide as Fe, 0., it was noted that

23
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when droplet surface reaction occurred, gas evolved from the
metal-slag intérface eventually formed a gas halo around the
drop buoying it up. In the later stages of decarburisation the
drop pulsated and increased in size due to the internal
nucleation of carbon monoxide, this being capable of causing the
droplet to fragment., With carbon saturated iron and high FeO
content slags only small gas bubbles were observed and buoying

up of the drop did not occur.

Hazeldean's work has recently been extended to include the
determination of decarburisation rates by measurement of the
pressure increase caused by evolution of gaseous products from

the droplet-slag reaction L3

« To describe the moét complex
decarburisation behaviour five stages of reaction were suggested.
An induction period reflected difficulties in the nucleation of
carbon monoxide, but was fdllowed by a fast decarburisation
period where the droplet was surrounded by a gas halo. Carbon
monoxide generated at the metal-gas interface was considered to
diffuse across the gas halo and draw oxygen from the slag to form
carbon dioxide, that could diffuse back and react with carbon
disgolved in the iron to form carbon monoxide. The counter-
diffusion of CO and 002 was believed to be rate controlling for
this particular stage. An eventual collapse of the ges halo was
associated with depletion of carbon at the droplet surface. A
finite tihe was required to initiate internal CO nucleation thus

producing what was described as a lull period. On release of a

CO btubble from the droplet surface, disruption of the metal-slag

interface could provide slag-metal mixing and was believed to
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assist further CO nucleation. A period of external-internal
decarburisation was envisaged with carbon and oxygen
concentration gradients in the droplet and oxygen concentration
gradient in the slag. The more likely nucleation of CO at

the slag-metal interface would lead to denudation of carbon and
oxygen at the interface and‘allow nucleation within the metal
phase, The final internal nucleation stage was thought to be

controlled by carbon and oxygen mass transfer in the metal phase.

This work confirmed the earlier x-ray observations of only
small CO bubbles evolved from the droplet surface and the absence
of a complete gas halo when slags of high FeO content were
employed. The quantitative work confirmed the overall poor
decarburisation achieved using such slags. The decarburisation
stages taking place were regarded as the induction period
followed by a fast decarburisation period where oxygen transport
through the slag was considered important. The final stage of
slow decarburisation was also related to the ability of oxygen
to diffuse through the slag and achievement of the carbon-
oxygen product for carbon monoxide nucleation at the slag-metal

interface.

These results from the decarburisation of iron alloy droplets
in slags have been used to explain reactions occurring in the LD
converter, The synthetic slags do, however, contain alumina
levels well in excess of those encountered in LD turndown slags.
The reason for this was the difficulty in selection of a suitable

slag container for high temperature laboratory work 157. The
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experiments involved alumina crucibles and the deliberate
inclusion of alumina in the slag reduced slag attack of the

crucible,

Similar problems exist for experimental systems used to
investigate sulphur transfer., The study of sulphur transfer has
frequently employed quiescent slag-metal layers, contained in
graphite crucibles, Carbon-saturated iron and CaO-A1203—SiO2
slags have meant that blast furnace conditions are simulated,
but the results have provided information about sulphur transfer
as discussed in Section 2,2.2. The use of slags representing
steelmaking compositions with an appreciable concentration of

FeO, further narrows the choice of containers as graphite is

rendered unsuitable.

Previous work on desulphurisation of iron-alloy droplets
has also involved graphite crucibles, carbon-saturated iron and
Ca.O-A1203-SiO2 slags but the method of droplet production
provides an additional practical consideration 62, 63, 6L, 65.
The melting of a notched sample rod above the slag has been used

2 whilst Ishii 63 melted a droplet in a graphite nozzle
arrangement and pushed the droplet into the slag by the slight
increase of pressure in the nozzle., The simplest system appears

to be that of Bargeron 6li, 65 who employed a stopper and seat

arrangement,

Clearly the study of sulphur transfer by reaction of single
metal droplets with slags representing steelmaking compositions

poses practical difficulties. The successful development of a

-57 -



technique that overcomes these difficulties, would provide more
information on sulphur transfer and be based on conditions

nearer to steelmaking systems than previous work has achieved.

-8 -



CHAPTER THREE

EXPERIMENTAL PROCEDURE




3.1 PRELIMINARY SINGLE DROPLT WORK

3.1.1 Introduction

The requirements of a vertical tube furnace suitable for
the study of molten iron droplets reacting with a liquid slag

phase include:

1. An extensive stable hot zone with minimal temperature

variation along the hot zone.
2. Adequate access to both the top and bottom of the tube,

3. The provision for a controlled atmosphere in the work

tube .

The selection of a furnace for such work necessitated prior
consideration of the technique for single droplet formation and
subsequent transfer to a liquid slag. It was considered that the .
method of droplet production would be the main influence in the

choice of furnace.

Preliminary work was undertaken to establish a droplet
technique to produce droplets of about 3mm diameter. Such a size
is slightly larger than the majority of droplets in ID steelmaking
8y 13 14

according to Meyer and Trentini but the metal mass of
0.10 to 0.15g used was more convenient with respect to weighing

and handling,

This preliminary work used Wood's metal. The low melting

temperature of 71°C facilitated practical operations., It was
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hoped that experience gained from the low temperature model would
allow a more rapid establishment of the correct practical
conditions for the higher temperature iron-carbon-sulphur

system.

3.1.2 Low Temperature Droplet Model

(a) Components

The droplet production technique studied was a stopper and

seat method similar to that of Bargeron et al 6h.

Components were made of Koss Cement (Purimachos Ltd.) with
a maximum working temperature of 125000. The dimensions are given
in figure 27a. The seat was produced by ramming the cement into a
greased metal ring 30mm I.D. and 15mm high. A tapered orifice
was formed by forcing a wooden cone into the cement when excess
cement was displaced. The resulting orifice was smoothed after

the cement had set. A central hole of 3mm diameter was drilled,

The stopper was produced by ramming cement into a copper
tube., A mild steel rod was inserted into the drying cement to
act as an operating lever, The dry rod was extracted from the

tube and the stopper end linished to a point.

§b2 Droplet Production

A piece of Wood's metal (0,10 to 0.15g) was placed in the
seat of the assembled seat and stopper and heated by an air dryer.
When the metal was liquid the dryer was removed and the stopper

raised to release the metal,
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The metal was photographed during fall in order to
identify the droplet shape and possibility of droplet break-up.
A reference marker (80mm from the seat base) in the field of view

enabled calculation of distance travelled by the drop,.

(¢) Information from the Low Temperature Model

Seven droplets were photographed at different stages of fall

and are shown in plates 1a to 1g.

The photographs indicated that metal break-up during fall
had not occurred. At distances between 58mm to 80mm from the seat
base apparently spherical shapes resulted. No data was obtained
pertaining to droplets close to the seat base but the results
suggested suitability of a stopper and seat method for producing

single metal droplets.

3.1.3 Iron-Carbon-Sulphur Droplet Trial

Development of the work on droplet formation to the higher
temperature system required first the replacement of the Koss

cement used for stopper and seat components at low temperature.

(a) Stopper and Seat Components

Stopper and seat components were manufactured using graphite

or alumina cement.

Graphite seats were prepared from 25mm diameter electrode
material, The seat produced was 10mm high, 20mm diameter with a

central hole of 5mm diameter, The tapered orifice had an included
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angle of 750, figure 27b. To produce the stopper rod graphite
electrode material of 8mm diameter was tapered at one end by
linishing and drilled at the other end to give a hole 1,5mm

diameter and 10mm deep.

Alumina components were manufactured from C60 Alumina

cement (Refractory Mouldings and Castings Ltd.).

Seat dimensions were identical to those described for the

graphite component.

A perspex mould of the type depicted in plate 2a was
constructed so that a slurry of C60 and water could be cast to
shape. The perspex in contact with the slurry was greased prior
to use. The slurry was allowed to dry for 16 hours, removed from
the mould and fired in a muffle furnace at 950°C for 8 hours. A
Smm hole was drilled in the centre of the seat base and the base
then linished flat. Firing at 1300°C for 16 hours in a vertical

tube furnace completed the seat preparation.

Alumina slurry was cast into a greased, split perspex
mould (plate 2a) to produce a rod of 9mm diameter and 50mm length.
After drying for 16 hours the rod was fired at 95000 for 8 hours.,
As before the rod was tapered at one end and drilled (1.5mm
diameter, 10mm deep) at the other. Firing at 1300°C completed

the preparation.

(b) Stopper and Seat Arrangement

To hold the stopper and seat in a furnace hot zone the
seat was attached by Alumina cement to a 1m long, 25mm O.,D. and

20mm I.D. aluminous porcelain tube (Morgan Ltd.). The seat was



positioned in the tube with the base flush with the end of the

tube,

The stopper was attached to a 1100mm length of 1.2mm
diameter Kanthal A1 wire (Hall-Pickles, Sheffield) by Chromix
adhesive (Fortafix Ltd.) and inserted down the tube until
positioned in the seat. An aluminium alloy bung with central
hole to allow the Kanthal A1 wire to protrude was placed in the

top of the tube,

The stopper and seat were positioned in the furnace hot
zone by suspension of the refractory tube with a Wilson seal
fitting. PFigure 28, A flange on the Wilson seal enabled it to

rest on the furnace top fitting.

The stopper system was held at the desired position along
the furnace tube and was introduced in stages to prevent cracking

of the tube by thermal shock,

(¢) PFurnace Used for the Droplet Trial

A vertical tube furnace accommodating a 900mm long, SLmm
0.D. and LSmm I.D. aluminous porcelain work tube (Morgan Ltd.) |
and heated by a helical silicon carbide element was used for
melting metal at 130000. A watercooled Aluminium alloy sieeve
was fitted at the top of the work tube. The bottom of the work

tube was open and situated 5 ft above ground level,

A temperature profile of the furnace hot zone revealed a

short linear hot zone L4Smm long with 5°C variation, The use of a
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sleeve on the work tube top effectively increased the work tube
length by 30mm., The flange to hot zone centre distance was L,85mm

whilst hot zone centre to work tube base distance was LLSmm,

An argon (99.999% purity) atmosphere was provided by
insérting a copper tube carrying argon through a temporary plug
of Kaowool refractory fibre positioned in the base of the work

tube,

(d) Production of Droplets

Argon was passed into the furnace for 30 minutes to allow
for temperature stabilisation., Temperature measurement was by a

suspended Pt - Pt/13)%Rh thermocouple inside the work tube.

The stopper and seat system was assembled with metal sample

in position.

The Wilson seal was positionéd on the refractory tube at a
distance from the stopper seat that corresponded to'the'furnace
top to hot zone centre distance of Ij85mm. The tube was slowly
introduced to the furnace, Once the seat had reached the hot
zone .centre 15 minutes were allowed for uniform heating., The
Kaowool plug and copper pipe were removed from the work tube base.
The metal was released by raising the stopper rod and allowed to

fall onto a metal tray beneath the furnace.

(e) Photography of Droplets

Photography was used to identify the shape of falling metal.
The distance travelled by the metal prior to photographing was at

least LL5Smm, due to metal being released from the hot zone and the
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camera being positioned below the level of the work tube base.
It was impractical to lower the stopper system to the base of the
work tube immediately prior to releasing the metal. Manipulation
difficulties created time delays and subsequent freezing of the
metal in the seat occurred., In addition the possibility of

cracking the aluminous porcelain tube was increased,

The photographic technique involved the use of a black
revolving disc containing eight, equally spaced radial slits.
The disc was placed between the path of falling metal and camera
lens. The camera shutter was held open so that the revolving
slits acted as shutters., Black cloth was placed beneath the four
sides of the furnace housing to enclose the work tube base,
camera and rotating disc, Illumination was provided solely by

falling molten metal, thus being detectable on film,

The disc was rotated by a drill at 1420 r.p.m., the camera
shutter held open and the metal released., The use of revolving
slits meant a multiple image was caught on one frame, This

represented one droplet at different stages of fall,

~ Plate 3a shows a droplet at seven stages of fall, A
reasonable spherical shape has been obtained. Metal break up
has not occurred. Plate 3b does not display as good a contrast
between metal and background compared with 3a»but a desirable

shape of metal is featured.

(£f) Implications of the Preliminary Work

The preliminary work with a melt similar to that to be used
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for the research indicated the applicability of a stopper and
seat technique. The small components used do not demand a
furnace with an extremely large hot zone. The combined droplet
studies suggested no metal break-up at distances over 60mm from

the seat base.

The Fe-C-S droplet trials elucidated the problems inherent
in high temperature work in terms of the stopper and seat
performance. The main problem was failure of metal to fall
through the graphite or alumina seat hole on raising the
stopper rod. It was considered that the furnace atmosphere was
not fully inert as graphite components displayed signs of
oxidation after use. Thus, the trials were performed under rather

severe conditions,

The preliminary work provided justification for developing
a technique for single droplet work based on a stopper and seat
technique. It was envisaged that modification of components to

cope with operating temperatures of 130000 would be necéssary.
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3.2, EXPER$MENTAL APPARATUS AND PROCEDURES FOR DROPLET
EXPERTNENTS

3.2.1 Metal Melt Preparation

(a) Melting Procedure

Iron-Carbon-Sulphur melts were prepared from Armco Iron
(analysis, table 5a) using graphite and Iron Sulphide additions
to attain the required carbon and sulphur levels, The aim mass of

melt was 1.5kg.

Armco Iron and graphite powder ( > 10 mesh) were melted in
a graphite crucible by a 15kW high frequency induction furnace,
The furnace atmosphere was controlled by a blast of argon into
the top of the furnace at a flow rate of 0.5 1/min. When the
charge was liquid the furnace power was switched 6ff and the
Iron Sulphide addition made. Heating was resumed for 5 minutes.

Metal melt compositions are given in table 5a.

(b) Pin Sample Preparation for Experiments

Evacuated glass pin sampling tubes (Amalgams Ltd.)
provided a method of collecting metal from the graphite crucible.
The'tubé size 6mm 0.Dsy, 3.5mm I.D. and 150mm long meant that six
lengths of metal (termed pin se¢tions) each with mass greater

than 1g could be cut from each pin.

Samples were collected from the metal bath until the metal
temperature had dropped sufficiently to prevent successful
sampling If further samples were required the furnace was re-

heated for 5 minutes and another batch of pins obtained., Poor
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samples were di§parded leaving only sound pins and were
identified to signify order of sampling. For each melt a large
number of pins was collected (at least 4O sound pins). About
every fifth pin was analysed for carbon and sulphur., Some pins
were cut in two and each half analysed., The large number of pins
obtained enabled samples to be selected from batches within a

melt that displayed minimal variation in analysis.

The sulphur and carbon contents were analysed by combustion
techniques. The respective required sample masses were 1g and
0.2g. In view of this a decision was taken to study droplets of

1.0 to 1,2g mass,

A pin sample was selected to provide metal for five
droplet reactions of varying reaction time, with a given slag
composition., The pin sample was cut into six pin sections by a
Servomet spark erosion machine. The mass of each pin section was
checked to ensure a mass greater than 1g. Linishing was employed
to effect any necessary decrease in mass, The pin section was

then shot blasted, rinsed in acetone and dried,

~ One section was selected for sulphur or carbon analysis
(depending on the reaction to be studied) whilst the other
sections were sealed in an envelope and stored in a dessicator.
Pin section compositions for particular reactions studied are

given in tables 5b to Se.

(c) High Sulphur Melts

Pin sampling to obtain a high sulphur melt (aim Fe-l.O mass
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% C = 0,6 mass % S) was found unsuitable as sulphur was
continually evéived from the bath during sampling. A repeat
melt was made and the metal cast into three # inch diameter
metal moulds, Samples were taken along each bar to obtain

average analyses for each bar,

To produce samples for droplet experiments, a groove was
ground along the length of the bar to aid longitudinal fracture,
The resulting half-round bars were sliced by the spark erosion
machine and each slice identified., Linishing was used to adjust

the slice to the required mass,

3.2.2 Synthetic Slag Preparation

The synthetic slags chosen to model early LD slags were of

compositions corresponding to points near the 2FeO.SiO2 -

5 tie line of the CaO-'FeO'-SiO2 system, figure 29, The

range of compositions were from fayalite (2Fe0.SiOz) to 38 mass %

2Ca0,8i0

Ca0 in fayalite (liquidus temperatures 120500 and 130000

respectively),

Slags were prepared according to the reactions 22:-

0 =
Fe2 3 + Fe 3Fe0
2Fe0 + 5102 = 2Fe0.SiOz
= C
CaCO3 a0 + CO2

Materials used were BDH-grade calcined ferric oxide

(> 95% Fe203), BDH precipitated silica, electrolytic iron
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powder ( = 320 u) and Analar grade calcium carbonate,

The required mass of each material was weighed followed b&
thorough mixing. The mix was transferred to a graphite crucible
for fusion in the Electroheating 15kw induction furnace. A flow
rate of 0.75 1/min argon was maintained to provide a controlled
atmosphere. The fused slag was furnace cooled under argon and
the solid material placed on a 10 mesh B.S. sieve, This was to
separate any carbon fines derived from abrasion of the crucible
whilst breaking up the slag. The slag was then crushed in a
percussion mortar in order to pass through the 10 mesh sieve,
Any metallic iron was then removed by a hand magnet. Subseguent
cruéhing for the slag to pass through 300 and 106 micron sieves

followed. Removal of metallic iron was repeated after each

sieving stage,

A maximum of 100g slag was produced from one melt and for
each required composition a bulk of about 2,7kg was built up.
Each bulk slag was thoroughly mixed and sampled by the cone and

quartering-tedhnique. Slag compositions are givén in table -Ta.

3.2.3 Crucible Preparation

(2) Selection of Crucible

Slags used for réaction with a metal droplet had to be held
in a container for both the melting period and the specified
droplet~slag reaction time. The use of high temperatures (1300°C)
and aggressive 'Fe0Q' rich slags increased the difficulties of

containment. Alumina crucibles have been used in previous studies
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with necessary doping of the slag. For the present work this was
considered unsuitable with respect to envisaged chromatographic
work., The use of zirconia crucibles was prohibitive in view of

the cost of a large number of crucibles. Work in the department

158

by Ojeda had involved the internal coating of iron crucibles

with zirconia, Zr0 Droplet experiments over a range of

2.

Ca0-'Fe0'-5i0, slags had been successful in terms of the coating

2
preventing droplets welding to the crucible. This method of slag

containment was, therefore, adopted.

(b) Preparation and Coating of Crucibles

Iron crucibles (0.06_mass % C) of LOmm diameter mouth,
28mm base diameter and LOmm high, were supplied by A. Brown,

Sheffield,

Thorough degreasing of each crucible with acetone was
performed prior to welding pairs of crucibles together, top to
top. The end of a welded crucible was then sawn off to provide
a mouth of about 30mm diameter. The welded crucible had a
height of 75mm in order to prevent possible slag overflow should
slag foaming occur during droplet-slag reaction. After smoothing
the crucible mouth two diametrically opposed 1.5mm diameter holes
were drilled at the top of the crucible, TOmm from the base.
These holes aécommodated wires for suspension of the crucible
down a vertical tube furnace, The inside of the crucible was

shot blast and the whole crucible degreased with acetone.

For coating the crucible, 53 of fused zirconia (<: 300 p)
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was placed in a prepared crucible and a slurry produced by

3

stirring with 3cm” of acetone, When the mixture was smooth the
crucible was rotated and slightly tilted. As the acetone
evaporated the zirconia formed a coating on the base and inside
wall of the crucible. The coating was kept below the holes
drilled in the crucible. Air drying of the coating was

followed by inspection for cracking which if present required the
coating stage to be repeated. If no cracking had occurred the
crucible was positioned in the work tube of a vertical tube
furnace (sections 3.1.3 (c¢) and 3.2.4) with an argon atmosphere.
The crucible was introduced to the fumace hot zone of 1100°C

over a period of 1 hr and held at 110090 for L4 hrs,  About 1 hr

was taken to gradually remove the crucible from the furnace,

The firing resulted in a tenacious zirconia coating. Any
cracked coatings were discarded. Coated crucibles were stored in

dessicators,

3.2.L4 Furnace Used for Droplet Experiments

The furnace selected for the droplet experiments was a
Carbglite Vertical tube furnace with a 1.5m long, S5limm 0.D, and
L4Smm I.D. recrystallised alumina work tube (Morgan Refractories).
Six silicon carbide rods(Crusilite, Morgan Electroheat Ltd.)
provided the heating source. Temperature control was by a

Carbolite controller and Pt—Pt/13%Rh thermocouple,

Watercooled aluminium alloy sleeves were fitted over the
top and bottom of the work tube with respective outlet and inlet

for argon. Aluminium plates could be attached to each sleeve to
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seal the tube. Plate L presents a view of the furnace rig

whilst figure 30 is a schematic diagram.

A temperature profile was established for the furnace by
suspending a Pt-Pt/13 % Rh thermocouple down the work tube. An
argon flow rate of 11/min through the tube was utilised to
simulate experimental conditions. A typical profile is shown in
figure 31. With the hottest part of the fummace at 1307°C a 5°C
temperature variation existed over a hot zone of 67mm, whilst a

o] s as
107C variation occurred over 90mm,

3+2.5 The Stopper and Seat Technigue

(2) Stopper and Seat Components

A change in the design of the stopper seat by increasing -
the taper of the orifice to an included angle of 60o and the use

of a C60-10 mass % Zr0, mixture improved the stopper and seat

2
performance used under conditions outlined in section-3.1.3 (d).
Perspex moulds similar to those depicted in plate 2a were made
to enable the components to be cast. Figure 27c shows the

dimensions of the stopper and seat. Plate 2b shows the actual

components,

The seat mould was essentially a 60o tapered cone of 19mm
" diameter base and 14mm height., A 20mm diameter ring, fitted

over the cone stub, contained the material cast over the cone.

The stopper rod mould consisted of two LOmm x 75mm x 12mm

pieces of perspex with the broad faces placed together and

- T3 =



secured by four bolts, A.9mm diameter hole was drilled
centrally down the attached perspex to about 50mm depth, This
provided a split mould for casting stopper rods. All mould faces

were cleaned with perspex polish and lightly greased with silicone

high vacuum grease.

60g of alumina cement was thoroughly mixed with water and
an addition of LOg ZrO2 made, More water was carefully added to
obtain a consistency that facilitated pouring into the moulds.
After pouring, the mould contents were compacted with a wire to
displace any trapped air bubbles, The mould contents were left
to dry overnight (16 hours). A decrease in this drying period
(or increased 2r0,, content) led to cracking of the components.
If no cracks were detected the mould was gently warmed on a
furnace housing for a couple of hours. Cooling followed and the

mould contents carefully extracted.

After another inspection for cracks the stopper and seat
were fired in a muffle furnace at 1000°C, On cooling a central
Smm diameter hole was drilled in the seat and the base linished
flat, The rod was tapered by linishing at one end and a 1.5mm
diameter hole, 10mm deep was drilled at the other end, Firing
at 1300°C in a horizontal tube furnace completed the stopper and

seat manufacture.

(b) Stopper and Seat Assembly

The stopper and seat assembly were housed in an aluminous

porcelain tube, the dimensions described in section 3.1.3 (b).
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Two horizontal slits opposite one another were cut by a diamond
cutting wheel 10mm from the tube base, Into each slit a length
of alumina thermocouple sheath was cemented by alumina cement.
The tube exterior was carefully linished to retain a circular
profile, The inserts provided ledges for the seat to rest on and

enabled easy removal of the seat for inspection purposes.

A seat was positioned on the ledges and a stopper rod to
which a 1100mm length of 1.2mm diameter Kanthal A1 wire had been
attached, was inserted in the seat. The Wilson seal was
positioned on the tube and the éluminium alloy bung placed into
the tube top with the stopper connecting wire protruding. Thé
stopper was raised and a prepared pin section placed into the
seat via the seat hole, The stopper rod was carefully lowered

~and repositioned in the seat.

950mm lengths of Kanthal A1 wire were attached to a coated
crucible through the holes drilled in the cruoibie. The
unattached ends of each wire were fed through 1.5mm holes drilled
in the Wilson seal flange. The wires that emerged through the
flange were gripped by bulldog clips. The flange surface to
crucible base distance was 905mm where a heating temperature of
1300 * 2°C was achieved in the furnace tube. 35g of slag was
placed in the suspended crucible prior to insertion in the

furnace work tube,

The Wilson seal was moved along the tube to a flange

surface to tube base distance of 645mm. This corresponded to

a heating temperature for the metal of BOOOC. Pigure 32 shows
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the arrangement of apparatus for droplet experiments using the

stopper and seat technique.

(c) Droplet Production Procedure

The furnace temperature was checked prior to each
experimental run., An argon flow rate of 11/min was maintained

throughout temperature checks and experiments,

The crucible and tube was carefully fed down the work tube
and the Wilson seal flange attached to the furnace sleeve., The
crucible and contents commenced heating to 1300°C and a 10 minute
period was allowed for metal heating to BOOOC. The stopper
system was then lowered further down the work tube for heating to
1000°C, (flange surface to tube base distance of 680mm) for 5
minutes. The final heating period for the metal was 5 minutes
at 130000 which involved careful movement of the stopper unit
into the mouth of the crucible., The flange surface to tube base
distance was 855mm and the estimated distance between slag and
metal about 50mm. Figure 33 shows the relationship between the
furnace hot zone temperature profile and position of slagvand

metal immediately prior to droplet transfer.

The drople% was transferred to the slag by raising the
stopper. Timing of the reaction commenced simultangously. The
stopper system was then removed from the crucible mouth to a
position just above the crucible. To complete a series of
experiments for a given slag composition, reaction times of

2, 5, 10, 15 and 20 minutes were selected.
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(3) Quenching and Droplet Collection

The reaction was stopped by quenching the crucible and
contents, This was originally achieved by removal of the plate
attached to the work tube bottom sleeve and dropping the crucible
by releasing the support wire clamps., The crucible was dropped
into a copper container containing an ice~water mixture. This
was unsatisfactory since reaction between water and sulphur in
élag occurred. An alternative quench into a copper container
lined with ice where the crucible contents could be blasted with

argon was adopted.

The cooled slag within the crucible was fractured to
release the reacted metal droplet. The droplet was cleaned by
shot blasting to remove adhering slag and followed by an acetone
rinse and drying of the metal. Dimensions, appearance and mass

of the reacted droplet were recorded prior td chemical ahalysis.

(e) Examination of Crucibles

The stopper and seat droplet experiments were successful
for reactions between 38,31 mass % Ca0-28.52 mass % Fe0-1,90

mass ‘% Fe.0.,-31.00 mass % Si0,-0.27 mass % S slag and varying

23 2
metal compositions. It was discovered that experiments
involving slags with lower lime contents (and increased
FeO levels) resulted in droplets being welded to the crucible.
A number of experiments were ?erfoimed involving lower

temperatures, smaller droplet sizes, greater slag mass, reduced

droplet fall distance and slag doping with zirconia., Droplet
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welding was a feature of all experiments with slag Ca0 levels
less than 38 mass %, Inspection of crucibles revealed clean,
bright surfaces that suggested the zirconia coating had failed

and washed into the slag.

To confirm this effect the Scanning Electron Microscope
(SEM) was used on a qualitative basis to study the effect of two
slag compositions on the zirconia coating inside iron crucibles,
Two coated iron crucibles were used for melting 35g of 38.31 mass
% Ca0-28,52 mass % Fe0-1.90 mass % Fe,,0_-31,00 mass % 3102-0.27

23

mass % S and 28,00 mass % Ca0-40.20 mass % Fe0O-3,21 mass % Fe203

-28,50 mass % S8i0,-0.15 mass % S slags respectively. The slags

2
were heated at 1300°C for 20 minutes and quenched in>argon. The
end of the heating period represented the starting point of a
droplet reaction, The crucibles with solidified contents were
sectioned longitudinally by a diamond cutting wheel., The
sectioned faces were ground sequentially on 240, 320, LOO and
600 grade silicon carbide papers., Polishing with 6 and 1 micron

diamond paste followed. The polished surfaces were etched with

0.1% Nital and then coated with volatilised silver under vacuum,

. Examination of the specimens was made by a Philips SEM with
EDAX 711 analys;.r system (Sheffield Poly. Met. Dept.). An
acceleration voltage of 25kv Qith spot size of 0,25 um was
employed with the sample inclined at 30o to the incident beam.
For each sample an image of the crucible-slag interface was
obtained, The EDAX facilities were used to obtain X-ray maps

for detection of zirconium over the image. A transverse line

scan across crucible-slag interface was used to indicate any
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zirconium concentration gradient., An x-ray map of all
detectable elements to indicate any topographical effects was
also obtained, Photographs of each were recorded on 35mm Ilford

Pan F,

3.2.6 The Suspended Droplet Technigque

To study droplet reactions with slag less than 38 mass %
Ca0, an alternative technique was employed. This essentially
involved the suspension of a metal drop into a slag by platinum

wire ensuring that contact with the crucible was.avoided.

(2) Suspended Droplet Experiment Equipment

The stopper and seat system was replaced by a 2.Lmm
diameter, 1m long Fe-Ni rod with a hook formed at one end. The
free ends of a length of platinum wire looped around a pin section
were attached to the hook. The pin section was suspended below

the Fe-Ni rod.

A circular plate was used to seal the top of the furnace.
Two holes were drilled to accommodate wires for crucible
suspgnsion. A 3mm diameter central hole was provided for the
Fe-Ni rod, A periscope attachment was also included for viewing
down the work tube, Figure 3l shows the arrangement of apparatus

for droplet experiments using the suspended droplet technique.

Qb! Suspended Droplet Experimental Procedure

The furnace temperature was monitored as described in

sections 3.2Land 3.2,5(c).

- 79 -



Platinum wire O.5mm diameter and 80mm long was looped
three times around a pin section (1.0 to 1.2g). The free ends

were attached to the Fe-Ni rod.

An uncoated iron crucible prepared as in section 3.2.3(b)
was suspended by Kanthal A1 wires from the metal plate. The
plate top to crucible base distance was 871mm in order to heat

the slag to 1300°C. 50g of slag was placed in the crucible.

The Fe-Ni rod was positioned through the central hole of
the plate and gripped by a bulldog clip. The suspended pin
section was located 35mm from the crucible base, above the
powdered slag level. A 120mm length of 0,5mm diameter Kanthal
A1 wire was looped around the Fe-Ni rod and attached to the
suspension wires at the crucible mouth. This was to maintain
central positioning of the rod and pin section in the crucible.
Figure 35 shows the apparatus and a temperature profile alongside

indicates the temperature-position relationship.

The apparatus was carefully fed into the furnace hot zone.
Once the métal plate was resting on the furnace top sleeve a
heating period of 15 minutes was timed. The metal was liquid
and had formed a drop shape within 5 minutes. The slag was
liquid within 10 minutes., The metal droplet was gently
suspended in the slag by lowerirng the Fe-Ni rod. A marker
indicated the required position to achiéve immersion without
touching the crucible base, The metal was never positioned

lower than Smm from the crucible base. Once the metal was

immersed timing of the reaction commenced.
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On completion of the desired reaction time the metal droplet
was carefully raised above the slag level, The apparatus was
lifted out of the furnace and the metal and slag quenched by an
argon blast. Reaction times of 2, 5, 10, 15 and 20 minutes were
used to complete a series of reactions with given metal and slag

compositions,

(¢c) Droplet Analysis

The reacted droplets and connected platinum wire were
removed from the Fe-Ni rod and shot blast. The appearance and

dimensions o the metal were noted,

The mass of metal and platinum was recoided and
uncontaminated platinum subsequently cut off the droplet. The
droplet was re-weighed. Xnowledge of the driginal masses of
metal and platinum enabled the determination of platinum mass

remaining in the metal sent for analysis.

For combustion sulphur analysis, all the metal (with
incorporated Pt) was used for one determination. The results
received were corrected to allow for platinum present in the

sample.,

The carbon analysis involved splitting the metal and Pt
droplet into three samples and combusting each. The three
titres were totalled and carbon content calculated. This
enabled the known amount of Pt to be present during metal
combustion and so carbon analyses could be corrected

accordingly for Pt present.
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(d) Droplet and Platinum Examination

In order to check the behaviour of the platinum within the-
Fe~C~S melt a droplet test at 1300°C was performed in a slag for
a reaction time of 35 minutes., The droplet was sectioned and
mounted. After grinding, polishing and etchiﬁg in 2% Nital, an

optical photomicrograph was obtained.
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3.3 TRIMETHYLSILYLATION-GLC; APPARATUS AND PROCEDURES

3e3e1 Materials

(a) Silicate Materials

Natrolite, Naz(A12813010).2H20 was supplied by R.F.D.
Parkinson Ltd., Somerset, Andradite, CaBFez(SiOh)3 and
Hemimorphite Znh(OH)281207.H20 were purchased from R, Tayler

Minerals, Surrey.

In addition to the synthetic slags prepared for the

droplet work, some Fe0-8i0, slags were made by the procedure

2
outlined in section 3.2.2. A blast furnace slag was supplied
from B.S.C. Scunthorpe Works whilst some LD turndown slags were

obtained through Steetley Minerals Ltd.

Lead Oxide~Silica melts were prepared by heating plumbic
oxide and precipitated silica in an alumina crucible for 30
minutes at 1000°C. The melt was cast into a metal mould and
then crushed to<<106 pym when cool. The powder was re-melted
(1000°C for 30 minutes), quenched in an ice-water mixture and

crushed,

All materials selected for derivatisation were crushed to
<106 um, The analyses of synthetic melts and industrial slags

are given in tables Tb, Tc and T7d.
b) Reagents

Propan-2-0l (May and Baker Ltd.), Hexamethyldisiloxane

(Hopkins and Williams), Trimethylchlorosilane (Hopkins and
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Williams) and BDH Amberlyst 15 were supplied by Beecrofts,
Sheffield. Another source of trimethylchlorosilane ("High Purity

Grade") was Pierce and Warriner (UK), Cheshire.

3.3.2 Trimethylchlorosilane Purification

Both brands of trimethylchlorosilane had assays of 95%
minimum but a pﬁrification process was required to remove the
possible presence of S:I.Cl}4 known to cause a peak corresponding
to the Siohh’ derivative in the chromatogram of the blank sample.
Thé purification method was suggested by Masson (private

communication) 159.

3

About 170 cm” of trimethylchlorosilane was placed in a

3

separating funnel. 10 cm” of distilled water was carefully
added and a ground glass stopper inserted in the fumnel., The
funnel was gently shaken and the mixture allowed to settle. The
glass stopper was removed to release hydrogen chloride and
trimethylchlorosilane vapours. The lower aqueous layer was
removed via the separating funnel tap. This procedure was
repeated four or five times., The use of safety goggles and

fume cupboard was necessary due to trimethylchlorosilane being

a suspectéd carcinogenic reagent and the possibility of mixing

with water causing an explosive reaction,

’ The trimethylchlorosilane was left to dry overnight over

anhydrous calcium chloride. Fractional distillation using a

20 inch column packed with glass helices followed. The middle

cut was collected, corresponding to a constant temperature of

57°C at the distillation head, Plate 5 shows the distillation
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unit, |

Trimethylchlorosilane was used for trimethylsilylation

immediately after distillation,

3.3.3 Trimethylsilyl Derivative Preparation

Two different methods of derivatisation were employed. The

first, based on work by Wu et al 113

103

is essentially the method
developed by Lentz and will be referred to as the Lentz
technique. The other technique is that of Masson described as

a unified method of trimethylsilylation W25,

(a) The Lentz Technigue

The quantities of materials used were half that quoted by
Wu113.
3

concentrated hydrochloric acid,

3

65g crushed ice, 75 cm
150 cm3 propan-2-o0l and 100 cm” hexamethyldisiloxane were stirred
for i hour at room temperature in a glass beaker. 10g Natrolite
(<106 pm) was added to the reaction mixture and stirred for a
further 16 hours at room temperature. The mixture was filtered
and transferred to a separating funnel. The lower aqueous layei
was removed and the retained organic layer washed with
distilled water, The organic layer was stirred with 2.5g.'
Amberlyst 15 for 1 hour and then distilled using a Dean and
Stark trap. The vapour temperature of liquid in the distillation
flaék was raised to 115°C. The residue in the flask was

retained for Gas Liquid Chromatography.
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(v) The Masson Technique

1,5g . of silicate material was added to 90 cn>

3 3

hexamethyldisiloxane, 10 cm™ propan-2-o0l and 2 cm” distilled

water contained in a Teflon jar equipped with tight-fitting
3

screw cap., 20 cm” of freshly distilled trimethylchlorosilane
was added to the mixture and stirred for 5 hours, The mixture
was filtered and transferred to a separating funnel. The

upper (organic) layer was retained and placed in a small
distillation flask, The liquid was distilled to a distillation
head temperature of 98-9900 in order to remove unreacted
trimethylchlorosilane., The residue was stirred in the capped
Teflon jar with 18 Amberlyst 15 for 16 hours. After

filtering the liquid was concentrated to about 3-6 cm3 by

distillation in a Dean and Stark trap., The residue was

retained for GLC analysis,

Plates 6 and 7 show the distillation equipment employed

for trimethylsilylation.

!c} Internal Standard

" Measured amounts of prepared derivatives were mixed with
" known volumes of an internal standard., The standard selected
was a hydrocarbon Eicosane, C20Hh2’ 15g dissolved in 50 cm3 of

n-heptane,
For derivatives prepared by the Masson technique 0.25 cm3

3

of the internal standard was added to 1 cm” of the derivative,
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3.3.14 Gas Liquid Chromatography

(a) Principles of Chromatography

Chromatography is a separation technique involving some
of the physical properties of molecules. The principal

properties involved are 160:-

1. The tendency of a molecule to dissolve in a liquid

(solubility).

2. The tendency of a molecule to attach itself to a

finely divided solid (adsorption).

3. The tendency for a molecule to enter the vapour state

or evaporate (volatility).

Mixtures of substances to be separated by chromatography
are placed in a dynamic experimental situation where they can
exhibit two of the above properties. In GLC a volatile
substance is distributed between a moving gas phase and a
stationary liquid phase on an inert support. The support and
liquid film is contained in a column and the moving phase

termed carrier gas, passed through the column,

If a single cémponent sémple is considered, then on
introduction to the system it will vaporise and be swept onto
" the column by the carrier gas. On reaching the stationary phase
the major part of the sample will be adsorbed and an equilibrium
established between adsorbed vapour and the amount remaining in

the carrier gas. The carrier gas will move forward and the small
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amount of unadgorbed vapour still in the gas will again

achieve equilibrium with the stationary phase. Simultaneously,
pure carrier gas will come into contact with the portion of
sample originally adsorbed by the liquid. Some adsorbed vapour
will then re-enter the gas to re-establish equilibrium, The
movement of vapour to and from the carrier gas is the

fundamental mechanism of GLC,

Applying the above to a two component sample, the
properties of the liquid film are chosen such that the
components differ in the extent adsorbed by the liquid ahd
gas. This difference results in separation of the two phases
because of different retention times in the column. The use
of a detector and recorder will represent the sample components

as two separate peaks on a graph,.

(b) The Gas Liguid Chromatograph

A Pye 105 Chromatograph was used consisting of three
distinct units - the analyser, programmer controller and

ionisation amplifier.

' The analyser consisted of four sub-units of oven,
electrical control unit, gas connection bulkhead and flame
ionisation detector head. The oven, powered by the electrical
control unit accommodated the chromatographic column suspended
from the flame ionisation detectbr head and injection head, The
injection head was heated in order to instantly vaporise

components injected through a rubber septum contained in the
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injection port, Hydrogen and air were supplied to the flame
ionisation detector and ignited by a removable glow plug
ignitor. Nitrogen carrier gas was supplied to the column via
the injector head. Figure 36 shows a plan view of the

analyser unit whilst plate 8 shows the GLC equipment used.

The analyser oven temperature was controlled by a
programmable controller, Temperature programming facilities
provided a linear temperature increase with time with variable
periods of initial and final isothermal operation., This mode of
operation is employed for samples having components of widely
different boiling points. The aim is to allow the resolution
of low boiling point fractions at low temperature whilst gradual
temperature increase permits resolution of high boiling point

components,

The detector used on the 105 chromatograph was a flame
ionisation detector (FID). The principle of operation relies on
hydrogen being mixed with effluent gases from the column and
burnt in a stream of air., Ions produced in the flame conduct
a current from the flame jet, which serves as one electrode, to
a sééond electrode above or around the flame. The elution of
carrier gas only results in a backéround current. Any organic
compounds eluted burn to form carbon dioxide (and wafer) and
subsequent ionisation produces a greater current, A flame
ionisation amplifier connected to the FID amplified the
current and transmitted it to a chart recorder. The amplifier

allowed correction of any base-line drift and an attenuation

-89 -



control was employed during analysis to ensure all peaks fitted

on the chart.,

An FID is classed as a mass detector whereby the signal
generated is proportional to the mass of component reaching the
detector in unit time 10&. For mass detectors the area under a

peak, A, is proportional to the mass, m, of the component.

A = fm

The proportionality factor, f, is called the detector
response factor., The factor not only depends upon the type of
detector but the chemical character of the component. Thus,
different peak areas will be generated for equal amounts of
different components. For closely related compounds an
approximation may be made in assuming identical response

factors,

(c) Operating Conditions

The Pye 105 Chromatograph was used with a stainless
steel column 5 ft long, % inch I.D., packed with 10% OVl on

acid washed Chromosorb W, 80-100 mesh. (Phase Separations Ltd.)

Nitrogen and hydrogen flow rates were L0 cm3/min. each

whilst the air supply registered a pressure of 10 p.s.i.

The temperature programme used was a temperature increase
from 17090 to 320°C at 800 per minute commencing from time of
injection. The injection port was heated to +50°C of the initial

column temperature.
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A sample size of 1 ul was obtained by a microsyringe

(Terumo Ltd. or Hamilton Ltd.). The time of injection was

marked on the recorder chart which moved at 4O inches per

hour, During analysis the attenuation control was adjusted

accordingly to fit peaks on the chart,
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Lol DROPLET EXPERIMENTS

4e1.1 The Determination of the Initial Composition of the Metal
Droplets

An average composition was obtained from the results of
three samples, for each high sulphur melt (melts 1, 2 and 3),
from which the metal slices to provide the droplets for the
refining experiments were to be obtained, Table 5a. The
average compositions of melts L4 to 7 based on 1l to 15 samples
for each melt are also included in Table 5a and in this case

the metal to provide droplets was in the form of pin samples.,

For desulphurisation experiments involving metal melts
4 to 7, the initial sulphur content of the droplet slug was
assumed to be that of the pin sample from which the slug was
taken. A short section of each pin sample was analysed for
sulphur and each pin sample was used for only one series'of de-
sulphurisation experiments. The corresponding carbon content
at zero reaction time was taken as the average carbon
concentration of the appropriate melt. A similar approach was
used for the decarburisation experiﬁents whereby carbon contents
were-obtained by the analysis of a section from each pin sample
used and the sulphur level taken to be that of the average melt
composition, Results for the analyses of pin sections
corresponding to droplet masses of 1,0 to 1.2 g are included in

Tables 5b to Se.

The single droplet refining studies were initiated by
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performing a number of "blank runs" to determine whether

sulphur loss from the droplet occurred during the heating and
melting of the metal prior to reaction with the liquid slag.

For each "blank run" two adjacent pin sections or metal slices
in the case of melts 1, 2 and 3, were involved, one of which was
analysed in the original condition. The other metal sample was
heated according to the heating cycle used for the stopper and
seat technique (see section 3.2.5 (¢) ) or the suspended droplet
technique (see section 3.2.6 (b) ). The use of the stopper and
seat apparatus involved transfer of the melted pin sample from
the stopper and seat into an empty iron crucible internally
coated with zirconia. The crucible and contents were dropped to
the base of the furnace work tube and allowed to cool in the
argon atmosphere. With the suspended droplet apparatus the metal
was gently raised to the top of the furnace work tube thus
freezing the metal at a time that corresponds to commencement of
the slag-metal reaction, Initial and final sulphur contents from

the "blank runs" are shown in Tables 6a and 6b.

Greatest sulphur loss was encountered with droplets
obta;ned from the high sulphur melts 1, 2 and 3, The variation
of sulphur content for samples from melt 1 showed a decrease of
sulphur content. Melt 2 samples showed sulphur pick-up whilst
loss and gain was described by melt 3 samples. Variations in
sulphur content may be partly attributed to segregation effects
in the metal samples not detected in the original melt analyses.
For melt 1 samples some sulphur may be driven from the metal

during heating and melting. For each high sulphur melt,
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therefore, the average value of the two sulphur analyses

obtained after the "blank runs" was used as an estimate of the
initial sulphur content of the métal droplet at the commencement
of slag-metal reaction for the desulphurisation experiments. The
carbon content at zero reaction %ime was taken as the average

carbon composition of the relevant melt.

The droplets from the lower sulphur content melts, 4 to 7,
used extensively for the suspended droplet technique experiments,
gave only slight changes in sulphur content as indicated in
Table 6b, For these experiments the sulphur content of the
droplet at the start of slag-metal reaction was assumed to be the
same as that of the analysed section of the pin sample from which
it was taken. The same assumption was made when these lower

sulphur melts were used in the stopper and seat experiments.

Droplet masses permitted one sulphur determination only,
but reproducibility of the combustion technique using standard
samples, was checked and found to be ¥ 0.002 mass % S. The
results presented in Table 6b, with one exception, are in this
range., This suggested that the pin samples from which droplet
slﬁgé were taken did not exhibit unacceptable chemical

inhomogeneity.

Slag samples were also subjected to "blank runs" by heating
them at 1300°C for 20 minutes and then cooling by dropping the
crucible containing slag to the base of the furnace work tube.

No change in the sulphur content occurred as the results

coincided with those presented in Table Ta.
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Ls1.2 The Stopper and Seat Technigue

(2) Desulphurisation Results

The experiments performed using the stopper and seat
technique, described in Section 3.2.5, involved the use of only
one slag composition, designated KC1l and which contained 38,31

~31,00 mass % Si0, -

mass % Ca0-28,52 mass % FeO-1,90 mass % Fe 5

203
0.27 mass % S. Desulphurisation results were obtained for
droplets obtained from pin samples or metal slices taken from
each of the melts listed in Table 5a and are presented in
Figures 37 to L43 and Tables 8a to 8e, The initial sulphur
content of the droplets studied essentially fell info seven
groups, these being approximately: 0.51, O.4hL, 0.30, 0.12, 0,08,
0,05 and 0,03 mass % S. Investigations commenced with 0,12 mass
% S iron and proceeded to the 0,08, 0.05 and 0,03 mass % S
levels, since these are reasonably compatible with sulphur
concentrations encountered in U,K, L.D. steelmaking practice,
The results obtained, which will be described in more detail
below, indicated that resulphurisation of the droplet could
occur under certain conditions, and it was thought that this
mighf be attributable to the relatively high sulphur content

of 0,27 mass %, in the initial slag. A second group of
experiments were performed in which the sulphur content of the
droplet was increased so as to maintain an initial bulk metal-

slag sulphur differential closer to that encountered in LD

practice and thereby suppress the reversion phenomena.

For a "0,512 mass % S" droplet sulphur loss was rapid
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during the first 5 minutes of reaction in which time the

sulphur content fell to 0.123 mass % (Figure 37, Table 8a).

. Results for longer reaction timeé exhibited some scatter but a
general levelling off in the rate of sulphur removal occurred
with the final sulphur content achieved after 20 minutes being
0,065 mass % S. The value obtained for the 15th minute of
reaction, 0,028 mass % S, was considered to be anomalous and not
an indication of sulphur reversion at 20 minutes reaction. This
may be justified by the desulphurisation behaviour shown by

droplets of melts 2 and 3 described below.

Desulphurisation of a "0.LLO mass % S" droplet (Figure 38,
Table 8a) gave the lowest final sulphur level of the three high
sulphur melts, achieving 0.020 mass % S after 20 minutes.
Sulphur removal was rapid during the initial 5 minutes of
reaction and became less rapid in the 5 to 10 minute period.
From the slope of the curve obtained, desulphurisation of the
droplet appeared to have virtually ceased by 20 minutes reaction

time,

A more gradual loss of sulphur was observed from a "0,302
masé'% s" droplet (Figure 39, Table 8a) compared with the other
high sulphur droplets. The 0 to 10 minutes reaction périod
brought about a reduction in sulphur content to 0,069 mass % S
followed by a subsequent fall to 0,048 mass % S over the 10 to

20 minutes reaction time,

The first experiments were performed using mefal droplets

initially containing 0.123 mass % S and 0,120 mass % S (Figure L0,
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Table 8b). A single line was used to describe the two sets of
data. The similarity of these results at their respective
reaction times suggested reasonable reproducibility for the
overall technique., Desulphurisation was effective during the
first 10 minutes of reaction, whilst the results for the 10 to
20 minutes period indicated a decrease in sulphur removal rate.
The mean sulphur concentration 6f the droplets from both sets

of data after 20 minutes was 0,022 mass % S.

For a "0,076 mass % S" droplet, sulphur pick-up occurred
during the initial 5 minutes of reaction, Figure 41, Table 8c.
Desulphurisation then commenced and during the 5 to 15 minute.
period the droplet sulphur content fell from 0.100 mass % S to
0.034 mass % S. The 15 to 20 minute period gave a very small
decrease in sulphur content with the final sulphur level given

as 0,033 mass % S.

A further three experiments involved droplets with
sulphur contents of 0,057, 0,054 and 0,057 mass % S as shown
in Figures L42a, b and ¢ respectively and Table 8d.
Reproducibility between these results was not as good as for
the "0.12 mass % S" droplet experiments. However, the form of
the three desulphurisation graphs was similar, Two of the runs
(Figures lj2a, b) showed a pick-up of sulphur by the metal droplet |
during the first 2 minutes of reaction whilst the third run
(Figure L2c) involved sulphur pick-up for the initial 5 minutes,
After this initial period desulphurisation commenced for a

period of 10 to 12 minutes and then levelled off. Final sulphur
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contents of 0,037 mass % S and 0.030 mass % S (Figures l2a, b )
were achieved, The third run (Figure L2c) had a final sulphur

level of 0,038 mass % S (Table 8d).

Desulphurisation of a "0,03L mass % S" droplet commenced
after 2 minutes when sulphur pick up had finished (Figure L3,
Table 8e). The sulphur content at 2 minutes was 0,068 mass % S
and fell to 0.026 mass % S at 20 minutes. This reaction period

was described by a straight line of negative slope. -

If the sulphur content remaining in the droplet after 20
minutes is taken as an indication of refining efficiency we can
define the percentage degree of desulphurisation as:-

~[mass % S] x 100

0,
[mass % s] final

% desulphurisation = Initial

o/
[mass % 8] 150

For the results obtained, the percentage degree of
desulphurisation decreased with decrease of initial droplet
sulphur content. The best results were obtained with the high
initial sulphur droplets with ﬁercentage desulphurisations of
87, 95 and 8L% for the 0.512, 0,440 and 0,302 mass % S droplets
respectively. A high percentage desulphurisation was also
recorded for the 0.12 mass % S droplets at 82%., The "0,076 mass
% S" droplet gave a figure of 57% desulphurisation whilst the
average for the three runs with 0,057, 0,054 and 0,057 mass % S
drdplets was 37%. The poorest percentage desulphurisation of 23%

resulted for the "0,034 mass 9% S" droplet.
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(b) Decarburisation Results

The stopper and seat technique was employed to produce the
droplets for two sets of decarburisation experiments the results

of which are presented in Figures ll; and ;5 and Tables 9a and 9b.

Decarburisation of a l;435 mass % C - 0,111 mass % S
droplet in slag KC1 achieved a final carbon content of 0,66 mass
% C after 20 minutes as shown in Figure Ll, The first 10
minutes of reaction provided'the greatest degree of de-
carburisation down to 1.35 mass % C at an almost constant
decarburisation rate. The rate of decarburisation diminished
after 15 minutes reaction time and from the results obtained
decarburisation had virtually ceased by 20 minutes reaction time,
the respective carbon contents for the 15 and 20 minute droplets

being 0,74 and 0,66 mass %.

The second decarburisation experiment involved the reaction
of a .60 mass % C = 0.050 mass % S droplet, with slag KC1, the
results obtained being shown in Figure L45. The most effective
decéﬁburisation at an almost constant rate was again attained
in the 0 to 10 minute period., The final carbon level after 20

minutes reaction was 0,55 mass % C.

~(c) Condition of Reacted Droplets

The crucible containing the slag and droplet was quenched

into water or rapidly cooled in an argon jet at the end of the
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desired reaction time in order to terminate the slag-metal
droplet reaction. After removal from the slag, the droplet was
examined and its appearance noted, and in some cases it was

photographed, prior to subjecting it to chemical analysis.

Plates 9a to 9e show the appearance of typical droplets
for 2, 5, 10, 15 and 20 minutes reaction respectively. These
droplets were of initial L.20 mass % C - 0,123 mass % S
cohposition reacted with slag KC1l and the desulphurisation
results are féatured in Figure LO and Table 8b. The method of
quench had no effect on appearance, but change in droplet
appearance did result with length of reaction with the slag.
The initial sulphur or carbon contents of the droplets did not

indicate any effect on droplet appearance.

‘Droplets after 2 minutes reaction time had not developed
a spherical shape and possessed an ellipsoidal form (plate 9a).
It is possible that the impaét of the metal on entering the slag
was the cause for this since the shape of the droplets for longerv
reactions were much more regular., A near spherical shape
generally resulted after 5 minutes reaction time as shown in
plate 9b, The droplet often exhibited a flat area on its
surface suggesting that at the time of quenching it had been
lying on the bottom of the crucible, fhis was confirmed in
some cases by carefully removing the slag in order to ascertain
the position of the droplet within the érucible. The droplet
appearance changed markedly for reactions of 10 minutes and

longer., The 10 minutes reacted droplet was reasonably spherical
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but the surface was covered with craters as a consequence of CO
évolution, (Plate 9c). Some droplets showed evidence of metal
ejection having occurred in the form of small metal globules
attached to the main droplet. These ejection sites were also

a feature of 15 minute reacted droplets and caused some
distortion of the essentially:spherical shape, (Plate 9d).
Craters also covered the metal surface but were smaller than

for the droplets which had reacted for 10 minutes. Droplets of
20 minutes reaction time also exhibited surface craters and metal
ejection sites were more predominant than for other samples,

(Plate 9e).

The distortion of the droplets arising from surface
craters, ejection sites and subsurface blowholes, all of which
are attributable to CO evolution, made it difficult to measure
their dimensions, For the majority of experiments three
diameters were measured for each clean droplet. Table 10a
summarises the droplet diameters for each reaction time by use
of mean and standard deviation values. The populations used to
calculate these figures involved every droplet diameter recorded
for the particular reaction time irrespective of initial
composition or réaction studied. The measurement of droplet
diameters involved locating a flat area on the droplet. From
this 'base' a 'height' measurement was recorded (designated dl),

then 'width' and 'depth' readings were taken (designated 4, and

2

d, dimensions), A breakdown of these dimensions is included in

3
Tables 10b to 10m and covers nearly all the droplets at

different reaction times for each desulphurisation and
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decarburisationAseries performed with the stopper and seat

technique.,

Referring to Table 10a the standard deviation for the 2
minute reaction specimens indicated a large spread of diameters
as a consequence of their non-spherical shape as illustrated by
Plate 9a., The mean diameter assigned to droplets of 2 minuﬁes
reaction is difficult to reconcile with the usual ellipsoidal
shape of specimen obtained. However, the mean diameter with
associated large standard deviation was employed in order to
provide some notion of a characteristic dimension., The 10, 15
and 20 minutes reaction specimens produced more uniformly sized
droplets with respect to their mean diameters and associated
standard deviations. The mean diameter for the 5 minute reacted
droplets was slightly less than those of longer reaction times,
The presence of surface craters and subsurface blowholes
affected measurement despite efforts made to take dimensions from
the distinguishable mother drop and this in part could explain

the slightly ‘smaller diameter of the 5 minute reacted droplet.

.A comparison of initial and final droplet masses is made
in Tables 11a to 111 and it will be noted that both increases
and decreases of droplet mass were observed illustrating the
difficulty of interpretation of such results. The instances of
increased mass suggested possible slag entrainment despite
careful droplet preparation prior to analysis. Decreaséd droplet
mass could not be related exclusively to carbon and sulphur
removal and in such instances metal ejection was deemed to have

occurred. The reacted slag was examined in order to collect metal
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ejections but the absence of small metal droplets indicated that
no major break up of droplets had occurred. The mean reduction
in droplet mass was 7% whilst the mean value for increased

droplet mass was about L%.

gd) Slag-Crucible Examination

The Z:cO2 coated crucibles performed well in the experiments

carried out with slag containing 38,31 mass % Ca0 - 28,52 mass %

FeO - 1.90 mass %.Fe203 - 31,00 mass % SiO2 ~ 0,27 mass % S; the

Zr0Q, coating being effective in preventing welding of the droplet

2

to the iron crucible, However, in experiments with slags of
lower lime and higher iron oxide contents the droplet welded to
the crucible wall even at reaction times of less than 2 minutes,
(Plate 10). The problem of welding could not be solved by
variation of the experimental conditions, e.g. changing the slag
mass, metal mass, temperature etc, Visual examination of the
welded droplet-crucible interface suggested that failure of the
ZrO2 coating had occurred. Interaction between ZrO2 and iron
silicate melts has been encountered by Williams 22 who found that

iron silicate melts, contained in Zr0O, crucibles, at

2
temperatures similar to the operating temperatures used in the

present work, picked up about 14 mass % Zr0,.

A full investigation of Zr0, dissolution was beyond the

2
scope of the present work but the interaction between the ZrO2

- coating and two slags, one containing 38.31 mass % Ca0 - 28,52
mass % FeO - 1,90 mass %ZFe203 - 31,00 mass % SiO2 ~ 0,27 mass % S
and the other 28,00 mass % Ca0 - 40.20 mass % FeO - 3,21 mass %
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Fe203 - 28,50 Qass % 5102 - 0,15 mass % S, was studied using
scanning electron microscopy augmented by an EDAX analysis
technique, Plates 11a to 12d show the results of such studies,
the samples having been obtained from crucibles which had been
held containing slag at 1300°C for 20 minutes thus representing
the starting point condition of the coating for the slag-droplet

reaction,

Plate 11a is a view of the area in the vicinity of the
crucible-coating-slag interface where the bulk slag composition
was 38.31 mass % Ca0 - 28.52 mass % FeO - 1.90 mass %IFe203 -
31.00 mass % 8102 - 0,27 mass % S. Plate 11b shows‘the
zirconium distribution for the same field of view., The
zirconium is clearly present at the slag-crucible interface. A
zirconium concentration profile (Plate 1llc) obtained from a line
scan perpendicular to the crucible wall confirmed that the ZrO2
coating had remained intact. Plate 11d, a map for all

detectable elements, indicated no major inhomogeneity in the slag

Phasec

Plates 12a to 12d are corresponding results for the much
higher FeO content slag KC2, (28.00 mass % Ca0 - L,0-20 mass % FeO
- 3.21 mass % Fe203 - 28.50(mass % §i0, - 0.15 mass % S). The Zr
map, Plate 12b, showed no localised regions of Zr and the line
scan confirmed this (Plate 12c). Plate 12d showed no major

inhomogeneity in the slag phase, The Zr0O, coating had clearly

2

fully dissolved and been assimilated into the slag., Introduction

of an iron droplet would, therefore, have resulted in direct

-10y -



droplet-crucible contact thus explaining the observed

tendency for welding to occur,

The SEM work offered qualitative evidence that a
significant change in the dissolution rate of Zr02 existed
between the two slags. For droplet experiments that utilised
slags KC2 to KC6 an alternative experimental technique had to

be developed, namely the suspended droplet technique.

(e) Reacted Slag Analyses

A number of slags were analysed for ZrO2 and/or sulphur
after reaction with a metal droplet. The results of ZrO2
analyses for two desulphurisation series are given in Tables
12a and 12b, The details featured in Table 12a show variable
ZrO2 concentrations with low concentrations at longer reaction
times. The higher concentrations at 2 and 5 minutes reaction
could be due to mechanical break up of the coating and inadvertent
mixing into the slag. The concentrations shown in Table 12b

showed a maximum value of 0.137 mass % Zr0 It was considered

2.

that only a small degree of Zr0, dissolution into the liquid slag

2
resulted over the duration of the experiment for this particular

slag.

The sulphur content of the slag for crucibles quenched into
water was determined and found to be virtually zero, This was
attributed to hydrogen sulphide formation, which occurs by
hydrolysis of an alkaline earth metal sulphide, e,g. CaS. The

reactions involved are:

- 105-



.3,2‘ + HO = OH 4+ SH

On boiling, SH + H20

OH 4+ stf

The use of argon quenching caused more sulphur to be retained in

the slag (Table 12b) but erratic results were obtained.

L.1.3 The Suspended Droplet Technigue

(a) Desulphurisation Results

Desulphurisation experiments were performed using five
different slag compositions designated KC2 to KC6 (Table Ta) and
each being reacted with droplets from metal melts h_to 7 (average
compositions of melts in Table 5a) of varying initial sulphur
content (Table 5d). Analytical results are recorded in Tables
132 to 17 whilst the corresponding desulphurisation graphs are

given in Figures Lb6a to 50d.

Slag KC2 (28,00 mass % Ca0 = 10.20 mass % FeQ -

3,21 mass % Fe 0, — 28,50 mass % Si0

203 - 0,15 mass % S )

2

The variation with time of the sulphur content of droplets
of initially different sulphur content, as a result of interaction
with slag KC2 are presented graphically in Figures L6a to 464 and

in a tabular form in Tables 13a and 13b.

The results illustrated in Figures Lba to Lbc exhibit an
initial short period of effective desulphurisation followed by
slow or virtual cessation of sulphur removal, The initial rate

of desulphurisation decreased as the initial sulphur content
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decreased. The behaviour of the 0,03} mass % S droplets
illustrated in Figure 464 differed in that sulphur pick up

occurred during the initial 2 minutes of reaction.

The series of droplets initially containing 0.120 mass % S

displayed very rapid sulphur removal over the initial 5 minutes
of reaction (Figure Lfa). The longer reaction time results
could be considered to exhibit a significant amouﬁt of scatter
and so involve difficulty in the interpretation of such results.
However, the line plotted on this desulphurisation graph high-
lighted the general trend of the analytical results>in that a
slow rate of sulphur removal occurred. A final sulphur content
after 20 minutes reaction was 0,014 mass % S which gave a

percentage degree of desulphurisation of 88%.

A similar form of curve was obtained for the series of
droplets initially containing 0,083 mass % S, (Figure L6b). Most
rapid desulphurisation was observed during the initial 5 minutes
of reaction and slow sulphur removal was indicated to have taken
place for reaction times from about 10 to 20 minutes. The final

result was 0,026 mass % S which represented 69% desulphurisation.

The three series of experiments involving droplets initially
containing sulphur levels of 0,054 mass % S (2 off) and 0,055
mass % S were used to examine the reproducibility of the
experimental technique, Figure L6c, Table 13b, Results for the
experiments of duplicated reaction times were with one exception

in good agreement and had fallen within the standard deviation

for sulphur content of the parent melt (0.005 mass % S). The
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exception was the 20 minute reacted droplet where sulphur

contents of 0.611 and 0,037 mass % S had resulted, Additional
results pertained to reaction times of 1, 7.5, 12.5 and 17.5
minutes and with the exception of the latter contributed to the
general pattern of the desulphurisation curve, Desulphurisation
during the initial period of reaction was not as rapid as for the
0,120 and 0,083 mass % S droplets but occurred over a slightly
longer time of 7.5 minutes. The desulphurisation rate during
this stage appeared to be almost coﬁstant as indicated by the
linearity of this part of the curve in Figure L6c, The line
ascribed to the results indicated the virtual cessation of

sulphur removal from about 10 minutes onwards despite the observed
scatter in results for the longer reaction times, The mean of the
analytical results at 20 minutes was 0,02 mass % S and

represented 56% desulphurisation,

The reaction of slag KC2 with droplets initially containing -
0.030 mass % S commenced with sulphur pick up by the droplet
increasing its sulphur content to 0,042 mass % S, (Figure L6d).
Desulphurisation occurred during the 2 to 20 minute period at an
approximately constant rate reducing the sulphur content of the

droplet to 0,022 mass %.

Slag KC3 (17.01 mass % Ca0 = L6.10 mass % FeO —

- 0,09 mass % S

1.72 mass % Fe O - 29,00 mass % Si0
2=3 2

The results of experiments that involved slag KC3 are
given in Table 14 and presented graphically in Figures L7a to

L47d. For droplets initially containing 0,100 mass % S and
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0,085 mass % S the results show an initial period of rapid
desulphurisation followed by a periodvof slower, more gradual
sulphur loss, Fast initial desulphurisation did not take place
for the 0,046 mass % S droplet which displayed only the gradual
removal of sulphur, The 0,030 mass % S droplet behaved similarly

after an initial period of sulphur pick up.

Desulphurisation of the droplets initially containing
0.100 mass % S was most effective during the initial 2 minutes
of reaction, during which time the sulphur content of the droplets
fell to 0.053 mass % S, (Table 1L, Figure L7a). Removal of
sulphur began to slow down during the 2 to 7.5 minute period with
the 7.5 to 20 minute period showing the slowest rate of de-
sulphurisation. The sulphur levels observed after 15 and 20
minutes was 0.02l; mass % S which represents an overall de=—

sulphurisation of 76%.

The behaviour of the droplets initially containing 0,085
mass % S was very similar to that for the 0,100 mass % S droplet
series, (Table 1L, Figure L47b). The most rapid desulphurisation
was during the initial 2 minutes reducing the sulphur level to
0.051 mass % S The 5 to 20 minutes reaction period (although
represented as a curve was almost a straight line of negative
slope) gave a final sulphur content of 0,018 mass % S, giving a

percentage desulphurisation of 7%%.

The initial rapid desulphurisation period was absent for

the reaction of a 0,046 mass % S droplet, Figure L7c. The O to 15

minute period produced desulphurisation down to 0,024 mass % S
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and the final 5 minutes represented a virtual constant sulphur
level with an endpoint sulphur result of 0.023 mass % S, giving

50% desulphurisation.

The behaviour of the droplets initially containing 0.030
mass % S differed from the others in this group by virtue of
sulphur reversion occurring during the initial 5 minutes of
reaction, (Figure L47d, Table 14). Gradual desulphurisation from
5 to 20 minutes gave a final sulphur content of 0,015 mass % S

(50% desulphurisation).

Slag KCl4 (10.0L mass % Ca0 — 55,20 mass % FeQ —

5.72 mass % Fe20 - 28,20 mass % Si0. = 0,33 mass % S)

3 2

The results obtained with slag KCL were similar to those
obtained with slag KC3 in that they exhibited a rapid initial
rate of desulphurisation with the higher initial sulphur droplets,
longer gradual desulphurisation with the "0,056 mass % S" droplets
and initial sulphur pick up with the "0,027 mass % S"vdroplets,

(Figure L8a to L8d, Table 15).

The rate of desulphurisation of the "0.110 mass % S"
droplets was rapid during the initial 3 minutes, (Fiéure L8a).
The curve describing the general trend was based on
consideration that the result for 5 minutes (0,053 mass % S)
was anomalous and not an iﬁdication of reversion. The sulphur
content implied by the curve at 3 minutes was about 0.052 mass % S.
For the 5 to 20 minutes period a slow rate of sulphur removal was
indicated by an almost horizontal plot with a final sulphur level
of 0,03 mass % S, (69% desulphurisation).
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"Levellipg off" of the desulphurisation curve was not as
marked for the droplets initially containing 0,085 mass % S,
(Figure 18b, Table 15). For these droplets, most of the sulphur
removal occurred in the first 5 minutes and thereafter proceeded
steadily until after 20 minutes 0.032 mass % S remained (62%
desulphurisation). The final sulphur level was close to that

attained for the droplets initially containing 0,110 mass % S.

Results for the droplets initially containing 0,056 mass % S
exhibited some scatter, (Figure L8c, Table 15), but produced an
essentially straight line of negative slope. A very slow rate of
sulphur removal was indicated with no apparent initial fast
sulphur removal stage. The final analytical result was 0,040
mass % S and was a slightly higher level then the final values
obtained from the initially higher sulphur droplets, The degree

of desulphurisation was low at 29%.

The final sulphur content after reaction of the droplets
initially containing 0.027 mass % S showed an increase to 0.039
mass % S, (Figure L48d, Table 15). The increase resulted from an
initial period of sulphur pick up during the first 2 minutes of
reaction resulting in a maximum sulphur content of 0,049 mass % S.
The subsequént period of sulphur removal produced an almost
linear relationship (Figure 148d), the desulphurisation rate being

very similar to that for the "0,056 mass % S" droplets.,

Slag XC5 (0.87 mass % Ca0 - 62,80 mass % FeQ -~

2,23 mass % Fe 0, = 33.80 mass % $i0, = 0.30 mass % S)

3

The desulphurisation data obtained from droplet interaction

- 111-



with slag KC5 are presented graphically in Figures L9a to L9d
and in tabular form in Table 16, The form of the ‘curves

resembled those obtained for the experiments with slag KCL.

Desulphurisation of droplets initially containing 0,102
mass % S and 0.070 mass % S gave similar shaped curves (Figures
1}9a and h9b). The principal difference between the two was that
the higher initial sulphur content droplets exhibited a greater
desulphurisation rate during the initial stages of reaction.
After 5 minutes reaction the sulphur content had fallen to 0.049
mass % and 0,045 mass % for the "0,102 mass.% S" and "0,070 mass %
S" droplets respectively which is remarkably close., Little
further desulphurisation appeared to occﬁr beyond 5 minutes,

For the droplet initially containing 0,102 mass % S the
percentage desulphurisation calculated from the sulphur analysis
result at 20 minutes of 0.026 mass % S was TL% and from the line
plotted (0.038 mass % S) was 63%. The sulphur analysis result of
0,036 mass % S for the droplets initially containing 0.070 mass
% S gives L9% desulphurisation whilst the line of best fit gives
a final sulphur level of 0,041 mass % S equivalent to L1%

desulphurisation,

A straight line of negative slope described the data for
the "0,046 mass % S" droplet reaction with slag KC5, (Figure L9c,
Table 16). The data was scattered around the line and an
initial fast desulphurisation period did not occur., The final
sulphur analysis coincided with the line of the graph and was

0,037 mass % S (20% desulphurisation). The sulphur levels
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encountered are similar to those for the higher initial sulphur

content droplets for reaction times greater than 5 minutes.

The droplets initially containing 0,030 mass % S
exhibited sulphur pick up for a 5 minute period at the end of
which the sulphur content had risen to 0,059 mass %, (Figure 49d,
Table 16). The 5 to 20 minute period showed a steady decrease of

sulphur to 0,043 mass % S.

Slag KC6 (67.63 mass % FeO — 3,50 mass % Fe203 -

28.00 mass 9% §i0, = 0.32 mass % 8)

Desulphurisation results for the slag KC6 are given in

Table 17, and presented graphically in Figures 50a to 50d.

The droplets initially containing 0.110 mass % S were
observed to desuiphurise most rapidly during the first 2 minutes.,
The reaction slowed appreciably during the 2 to 6 minute period
and virtually ceased from 6 to 20 minutes, (Figure 50a, Table 17).
The final sulphur concentration was 0,028 mass % S (7L %

desulphurisation).

A cessation of sulphur removal over the 5 to 20 minute
period was also evident from the reaction of droplets initially
containing 0,080 mass % S, (Figure 50b, Table 17). Most rapid
desulphurisation occurred during the initial 3.5 minutes whilst

the final sulphur level was 0.032 mass % S (60% desulphurisation).

Slight sulphur reversion from 0,056 mass % S to 0,058 mass

% S occurred in the first 2 minutes of reaction with droplets
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initially containing 0,056 mass % S, (Figure S0c, Table 17).
Desulphurisation commenced from the second minute and
continued to 20 minutes. The sulphur level at the end of this

hY

period was 0,027 mass % S, (36% desulphurisation).

Reaction of droplets initially containing 0.030 mass % S
showed sulphur reversion for the first 5 minutes to give a
maximum sulphur content of 0.043 mass % S, (Figure 50d, Table 17).
Subsequent desulphurisation to the 20 minutes reaction time was
described by a straight line plot. The final sulphur level was

0.027 mass % S (10% desulphurisation).

(b) Decarburisation Results

Seven series of decarburisation experiments utilised slags
KC2 to KC6 with droplets of various compositions (Table Se) to
provide information about carbon levels during droplet-slag
reaction, The results are presented in Figures 51 to 55 and

Tables 18 to 22.

All the decarburisation curves were characterised by
relatively good initial carbon removal during the first 2
minutes. The decarburisation rate decreased thereafter and the
5 to 20 minute reaction period exhibited a slow rate of remo&al
of carbon. The variation of carbon content with time during this
period produced almost straight relationships of negative slope.
Of the 5 slags used, slag KC2 was the only slag capable of
achieving droplet carbon concentrations of less than 1 mass % C

after a 20 minutes reaction period,
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The best degree of decarburisation was 79% achieved by the
reaction of slag KC2 with a droplet initially containing L,00 mass
% C - 0,050 mass % S, (Figure 51, Table 18). The carbon content
dropped to 2,20 mass % after 2 minutes and achieved a value of

0,85 mass % C after 20 minutes.

The reaction of slag KC3 with a L.23 mass % C = 0,111 mass
% S droplet produced 55% decarburisation after 20 minutes, (Figure
52, Table 19). The 2 minute carbon level was 3.17 mass % C and

the final value 1.90 mass % C.

Three droplets of different initial composition were
decarburised by slag KCL with results presented graphically in
Figures 53a to 53¢ and in tabular form, Tables 20a to 20c. The
droplets differed only slightly in carbon content (hoeli1, L.T2
and 4,10 mass % C) but the variation of tﬁe nominal sulphur
contents was more significant (0.111, 0,083 and 0.030‘mass"% S
respectively) with the intention of determining the effect on
decarburisation. No differenée was observed between the
decarburisation of L.41 mass % C -~ 0,111 mass % S and
Le72 mass % C = 0,083 mass % S droplets, these producing similar
results, (Figures 53a and 53b respectively). The percentage
decarburisations after 20 minutes reaction were 51 and 52%
respedtively, Decarburisation of the L.10 mass % C = 0.030

mass % S droplet (Figure 53c) was not dissimilar to the other
| two but during the 5 to 20 minute period a near cessation of
carbon removal was observed. L4O% decarburisation resulted after

20 minutes,
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Slag KC5 was reacted with droplets initially containing
L4453 mass % C = 0,083 mass % S and produced a final carbon
content of 2,65 mass % representing 1% decarburisation., The

results are featured in Figure 54 and Table 21.

Decarburisation of a L.26 mass % C - 0,111 mass % S droplet
by an Fe0-5i0, slag (KC6) gave the poorest carbon removal (36%
with a final carbon content after 20 minutes of 2,74 mass % G,
(Figure 55, Table 22), Compared with decarburisation of a
droplet of initially similar composition in slag KC3 (Figure 52,
Table 19), reaction with slag KC6 exhibited a more gradual initial
decarburisation period (3.42 mass % C at 2 minutes cf 3.1 mass

% C) and a slower carbon removal over the 5 to 20 minute period

(2.74 mass % C at 20 minutes cf. 1.90 mass % C).

(c) Condition of Reacted Droplets

After a droplet had been allowed to react with the slag
for the desired length of time, the experiment was terminated by
removing the droplet suspended on the Pt Qire from the slag,
lifting the crucible and suspended droplet from the furnace tube
and guenching the droplet in an argon blast. Plates 13a to 13e
show droplet appearances for 2, 5, 10, 15 and 20 minutes reaction
respectively, whilst Plates 1Lha and 14b show general views of
reacted droplets, These droplets were of initial composition
L4.01 mass % C = 0,027 mass % S and were reacted with slag KCL,
the desulphurisation results being shown in Table 15, Figures
L8a to 4,84, Plates 13a to 13e highlight the typical surface

appearances of the droplets at the various reaction times, Initial
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sulphur or carbon composition of the droplet did not exhibit

any influence on surface character of the droplets. The

surface of the 2, 5 and 10 minute reacted droplets did not
display any significant differences (Plates 13a, 13b and 13c).
The 15 minute reacted droplet was similar but some potential
metal ejection sites are apparent in Plate 13d. The appearance
of the 20 minute reacted droplet was quite different from that

of the other droplets, Plate 13e. Potential metal ejection sites

were observed in addition to surface cratering and blowholes,

The plates also iliustrate that some metal had migrated up
the platinum wire but it is not clear whether this‘is due to
me tal being buoyed up during reaction possibly as a result of
CO evolution or that on removal of the droplet from the slag,
surface tension and inertial forces had partially allowed the
wire to be pulled out of the droplet. If the removal of the
droplet from the slag does contribute to metal migration and
hence a change in droplet shape, it is possible that surface
character of the droplets are also affected. In addition, a
time delay from removing the droplet from the slag to argon
bla;ting of about 10 seconds was usually incurred which could
also influence the final droplet appearance. However, each
reacted droplet was examined visually and it was judged that
Plates 132 to 13e show a good representation of droplet surface
appearance, It was also clear that the presence of surface
blowholes was generally associated with droplets reacted for

periods of 10 minutes and longer,
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‘The droplets obtained using the suspended droplet
technique often assumed an approximate spherical shape or, in
most cases an ellipsoidal shape. This latter form was adopted
due to the presence of the platinum wire, In order to assign
some characteristic dimension to these droplets a mean diameter
was calculated for each droplet of a particular reaction time,
based on three measurements taken from each droplet., The three
measurements taken off every droplet were as near as possible
perpendicular to each other to balance out the effects of droplet
distortion. The results, used as a summary, are shown in Table
23. Included in Table 23 are the corresponding standard deviation
values and are very large, reflecting the distortion encountered.
The dimensions recorded for each droplet included in the

populations to calculate mean and standard deviation values are

given in Tables 2Lha to 32.

The initial and final masses of reacted droplets are
recorded in Tables 33a to 42, The initial mass of the droplet
was simply the mass of the section of pin sample used to produce
the droplet. The final mass was calculated as the difference
between the mass of both the metal droplet with the incorporated
Pt wire after reaction and the mass of Pt wire used for the
particular experiment. The results show that some droplets had
increased in mass while others had decreased. Slag entrainment
and metal ejection, respectively, are the most likely explanations
for these observations. The mean change in mass of the droplets

ranged from +2% to —63% of the droplet mass. The break up of

droplets during reaction in the slag never occurred and
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subsequent slag examination did not reveal the presence of any

small droplets.

(d) Droplet Metal — Pt Wire Examination

Throughout the course of experiments no failure of the
platinum wire occurred, A droplet was suspended in liquid . .
slag for 35 minutes and after removal from the slag and
quenching in argon the Fe-Pt region of the sectioned droplet was

examined, Plate 15 shows the Fe-Pt interface.

The photomicrograph allowed a distinction to be made between
the Fe-C-S droplet and the Pt wire, There is an indication of a
slight interaction between the iron and platinum, possibly due
t6 dissolution., This is in the form of a small "bands" appear-—
ing on the Fe-C-S surface and also at Fe-C-S droplet - Pt inter-
faces. This band was about 6 ym wide, The ability of the
droplet to be suspended for a period in excess of the reaction

times of interest suggests minimal Fe-Pt interaction.

ge[ Reacted Slag Analyses

Twenty reacted slags (comprising four series of de-
sulphurisation experiments) were analysed to obtain sulphur
contents (Tables L4.3 to L6). The results were erratic. High
sulphur levels could not be accounted for by sulphur transferred
from the droplet. The reason for such “excessive" sulphur
contents is not clear, Low sulphur values could have possibly
resultea from the delay incurred in quenching the slag in argon,

so that sulphur may have escaped to the atmosphere. Analysis of
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furnace cooled slags, in an argon atmosphere, had produced
consistent sulphur levels. Only the sulphur analysis data for
the metal droplets were, therefore, used in studying the de-

sulphurisation behaviour of the various slag-droplet systems,
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be2 TRIMETHYLSILYLATION - GLC EXPERIMENTS

L.2.,1 Treatment of Results

Data from the trimethylsilylation = GLC work were in the
form of chromatograms (Figures 56 to 86). The chromatograms
featured a number of peaks each representing a compénent present
in the injected sample, Trimethylsilylated silicates of the
76 3096 h012§- and 31310108‘
are labelled 1 to 5 respectively in Figures 56 to 86, The

parent ions SiOhh-, 51,0 -, 8i.0. , Si
solvent is labelled 'Sol! and 'IS' signifies the internal
standard peak. In order that each peak could fit on the
chromatogram the attenuation level had to be adjusﬁed
appropriately, the value being indicated opposite each

chromatogram,

The retention times (RT) of each silicate derivative peak
and the internal standard peaks were determined from a knowledge
of the point of injection and chart speed. The retention times
obtained from the chromatograms are presented in Tables h?a’to
53b. To allow for possible changes in operating conditions
during GLC analysis a relative retention time (RRT) defined as
the ratio of silicate derivative retention time to internal
standard retention time, has been calculated for each silicate
derivative and these too are presented in Tables LT7a to 53b.

The values quoted are to 2 decimal places although such accuracy
is not claimed, but the purpose of this is to highlight that
slight differences exist between the RRT values of the 812076-

8-

and Si.0 6~ derivatives and also the Si,0 8- and Si 010

39 412 3
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derivatives,

A quantitative analysis of the silicate derivatives
produced from a mineral or slag requires knowledge of the
detector response factor for each silicate derivative and that
of the internal standard., To determine the response factor of
a trimethylsilylated silicate involves producing a chromatogram
showing only one peak which is due solely tothe trimethylsilylated
silicate, Given the mass of silicate used in the
trimethylsilylation reaction and the peak area obtained, the
detector response factor can be calculated (see Section 3.3.4
(b) )¢ In the present work it is seen that the
trimethylsilylation process produces a liquor containing a
mixture of silicate derivatives., GLC facilities capable of
collecting separated derivatives after elution from the
chromatographic golumn were not available and so individual
silicate derivative samples could not be obtained. Consequently,
detector response factors are not known. The response factors
of the silicate derivatives will, however, be related to the
combustible (CH3—) portion of the MMS groups attached to each
siliqate. The ratio of the molecular mass of CHB- groups
incorporated in the TMS groups attached to the silicate to the
total molecular mass of the silicate derivative provide a
measure of the amount of combustible portion in each derivative.
For the 5 derivatives of interest, the ratio does not vaiy
significantly (0.41 to 0.47) and infers that the response

factors may not exhibit large differences, However, in the

absence of known values of response factors, the analysis of the
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GLC results can, at best, only be considered semi-quantitative.

A semi-quantitative assessment of the relative proportions
of silicate derivatives present in a sample was obtained from

peak area measurement. Peak area was calculated from:-
Peak Area = DPeak height x Peak width at half Peak height.

Silicate derivative peak areas were expressed as relative peak
areas, i.e. relative to the internal standard peak area. The
product of the relative peak area and the derivative liquor
volume (i.e. the liquid obtained after the final distillation
stage of trimethylsilylation) provides a measure of the
proportion of a particular silicate anion present, thus
permitting a comparison to be made between different sample
materials, Knowing the relative peak area - derivative liquor
volume product vélueé for all the silicate anions in a particular
sample, the proportion of each respective silicate derivative
may be calculated as a percentage of the total of the silicate
derivatives detected and could be compared directly with similax
terms of other samples., The derivative liquor volume could be

3 and so the values for:

measured to an accuracy of 0,05 cm
percentage of total silicate derivatives detected were quoted to
the nearest 0.,05%., The peak area, relative peak area and the
relative peak area - derivative liquor volume product for each

silicate derivative peak in each chromatogram are presented in

Tables 47a to 53b,

L4,2.2 The Lentz Technique

The Lentz technique was employed primarily for silicate
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derivative peak identification. Results are quoted in Figures

56 and 57 and Tables j7a and L7b .

Results of a "blank sample" (Figure 56, Table L7a), where
the trimethylsilylation procedure is followed but no slag or
mineral is added to the reaction mixture, showed that the
material injected into the chromatograph was essentially solvent,
hexamethyldisiloxane. Some material was designated as SJ‘.O,4 B
derivative (peak 1) but the peak was small despite the most
sensitive attentuation level that avoided 'noise' problems
‘being used (i.e. 20 x 102 attenuation). The volume of
derivative liquor (3.25 cm3) that resulted from this "blank
sample" was small compared to the volume obtained after
tj:imethylsilylation of the mineral, Natrolite (20.30 cm3 )e
This further suggests that the liquor remaining after

trimethylsilylation was solvent as the smali volume was a result

of the distillation stage removing much of the solvent,
Results for the mineral Natrolite, NaZ(Al Si 0 ).2H20,

2°1310
(Figure 57, Table L7b), provided peak retention time and peak

area data., Five types of silicate anion derivative were

detected by comparing the positions of peaks featured in a
published chromatogram of Natrolite 13 with those in the obtained
chromatogram., The most abundant anion derivative was

attributed to 8130108-, which in the case of Natrolite is the

103, 114

desired result , and accounted for L45.50% of the total

detected anion derivatives present., Side reactions had

occurred resulting with the formation of Siohh-, Si20 6-,

7



— 8-
Si3096 and Sih012 derivatives to the extent, 23.95, 18.75,
8.30 and 3,50% respectively, of the total anion derivatives

present,

L4.2.3 The Masson Technique

The Masson technique of trimethylsilylation was applied
to a range of silicate-containing materials., Chromatograms
from subsequent GLC analysis of derivatives are presented in
Figures 58 to 86. Retention and peak area data are given in

Tables L8a to 53b.

{a) "Blank Samples"

The term "blank sample" refers to a liquor produced by
the trimethylsilylation process but no mineral or slag was
added to the reaction mixture. Figure 58 and Table LBa give
details of a "blank sample" result where untreated THCS was
employed in the trimethylsilylation reaction mixture. A
dominant peak was detected that corresponded to the position
of the SiOhFP anion derivative (relative retention time 0.23).
The peak was labelled 'peak 1' and was recorded at an
attenuation level of 2 x 10h. The component had a relative
peak area — derivative liquor volume product value of 0,56

and was considered to be of significant proportion of the .

material produced by the trimethylsilylation technique. In

L-
L

derivative peak, a fourth peak appeared on the chromatogram

addition to the solvent, internal standard and the SiO

prior to peak 1. The source of this peak could not be
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identified but did not interfere with the peaks of interest.

For a "blank sample" where trimethylsilylation was
performed using pretreated TMCS, different results emerged
(Figure 59, Table 4Bb). The peak that corresponded to the
Siohh— derivative position was barely distinguishable at the
lowest attenuation level of 20 x 102. The relative retention
time was 0,20 and the relative peak area - derivative liquor
volume product was 0,0003. The designated peak 1 was considered
as insignificant and no other peaks appeared that could

interfere with silicate derivative peaks,

The results for the "blank samples" prepared by the
Masson technique clearly show that TMCS must be purified
prior to use in the trimethylsilylation reaction mixture to
ensure that an interference peak corresponding to the Siohh-
derivative in the chromatogram does not appear. The problem
occurs due to SiClh impurity in the TMCS which under the
experimental conditions hydrolyses to form orthosilicic acid

and eventually, trimethylsilylated SiOLh- anions 1101 159,

fb!rMinerals

Three types of mineral were trimethylsilylated by the
Masson technique. The trimethylsilylation of Natrolite was
performed to determine whether similar chromatograms to those
from Natrolite trimethylsilylated by the Lentz technique were
produced. Thé peak area information permitted a direct

comparison of the accuracy of the two trimethylsilylation
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techniques to be made, i.e. to identify the technique which

produces the largest percentage of the Si b- derivative,

3010
The trimethylsilylation of Hemimorphite Znh(OH)2.81207.H20

and Andradite CaBFe2(Si0h)3 should provide chromatograms with
L~

the main peaks being due to the 31207 ~ derivative »and 510,
derivative respectively., The peak retention time data confirms
the peak identifications made initially (section L.2.1). Peak
area information allows an assessment of the accuracy of the
trimethylsilylation technique in producing trimethylsilylated
silicates that should retain the respective 812076- and

SiOhPF structures of the minerals,

The results for Natrolite show relative retention times
similar to those obtained using the Lentz technique (Figures
60 and 61, Tables }9a and L9b). Peak area results however
(Tablesl9a and 49b ) differed from the results obtained using the
Lentz technique, The two sets of results for Natrolite involved
two separate trimethylsilylation (Maséon technique) - GLC
exercises performed at different times. The similarity of the
results are indicative of the reproducibility of the Masson
trigethylsilylation technique. The dominant derivative peak
was due to the 3130108- anion that accounted for 67.70% and
69.10% of the fully trimethylsilylated silicate anion
derivatives detected for the two respective experiments (Tables
149z and |,9p )e The presence of peaks 1 to L4 in the two
chromatograms (Figures 60 and 61) indicate that side reactions
must have taken place during the trimethylsilylation process to

produce silicate anions not present in Natrolite which should
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only contain Si ~. The trimeric ring derivative was the

.3010
main side reaction product and accounted for about 12.50% of

L=

the silicate anion derivatives detected. The amount of SiOh
derivative present was about 10% and for the SihO10 -
derivative about L%. The results for Natrolite showed that
the Masséon trimethylsilylation technique was more accurate than

the Lentz technique.

Duplicate trimethylsilylation - GLC experiments

performed at different times for the Hemimorphite mineral,

. . o 6-
207.320, showed the desired peak, for the 51207

derivative, to be the most prominent (Figures 62 and 63,

Znh(OH) St

Tables L9c and 49d). Reasonable reproducibility of the
trimethylsilylation technique was achieved between the two

experiments, the respective amounts of the Si derivative

207
being 76.40% and 83,00%. The difference of about T% appeared

to be largely accounted for by the amount of the tetrameric

derivative, Sih0128-, formed by side reaction, the corresponding
values being 15.30% and 9.45%. The proportions for the Siohh-,

813096- and Sih0128- derivatives were low at L.15 and 3.75%,

1,40 and 1.,90% and 2,80 and 1.90% respectively.

GIC analysis of the trimethylsilylated mineral Andradite,

Ca.BFeZ(SiOh)3 (Figure 6l;, Table L9e) produced a chromatogram
L

with the main silicate derivative being of the SiOh " anion
L~

which is the expected result with this mineral. The SJ'.O,4

derivative accounted for 66.65% of the total silicate

derivatives present. Very sensitive attenuation levels had to
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be employed in order to produce reasonably high peaks which
suggested a poor yield of trimethylsilyl derivatives. The
6- 8- 8-
O r3 O . O £ >
amounts of the Si3 9 Slh 12 and 313 10 derivatives

were barely detectable but the amount of the Si ~ derivative

0
27
present was 33.35%. A number of unidentified peaks were
present on the chromatogram (Figure 6l) and these probably
only appeared by virtue of the sensitive attenuation level

employed. These peaks did not in any case interfere with the

silicate derivative peaks.

Mixtures of Hemimorphite and Natrolite were
trimethylsilylated and analysed by GLC in order to determine
whether the trimethylsilylation of a silicate mixture could
accurately reproduce silicate derivative proportions based on
those obtained from the individual minerals. Results for a
0.75g Hemimorphite + 0,75g Natrolite mixture are presented
in Figure 65, Table [j9f. Included in Table L9f is the
predicted percentage silicate derivative proportions based on
the results for Hemimorphite (Table 49d) and Natrolite (Table
h9b). The most abundant silicate derivative was due to the
812076f anion accounting for 61.95% of total derivative
detecteds This figure exceeds the predicted value by a
difference of approximately 19%. The 8130108- anion derivative
accounted for 19.70% of total derivative detected which is,
approximately, a difference of 16% lower than that predicted.

A mixture of 0.5g Hemimorphite + 1.0g Natrolite indicated
2076— and 8130108' derivatives to be
39.30% and L41.05% respectively (Figure 66, Table L9g). In this

the proportions of the Si
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6~
instance the Si207 anion derivative proportion exceeded the
predicted value by approximately 10% whilst the amount of
.
Si3010 derivative was about 6% lower than predicted. Results

for both mixtures indicated that SiOhh—, 513096' and Sih0128-
derivatives were the products of side reactions occurring
during the trimethylsilylation treatmen;. Each of these species
accounted for about 5 to 7% of the total silicate derivative
detected., The trimethylsilylation of mineral mixtures will be
discussed in more detail in Section 5.1.1. However, the

results for Natrolite only did prove that the Masson technique
involved less side reactions than the Lentz technique. On this

basis, the Masson technique was adopted to study a range of

industrial and synthetic slags.

(c¢) Industrial Slags

Results obtained for a trimethylsilylated iron blast
furnace slag are presented in Figure 67, Table 50a. Figure 68

and Table SOb present data obtained for an LD slag.

h—,

For both slags the chain anion derivatives of SiOh

. A 6- .~ 8= .
81207 and 813010 were the most abundant species.

The blast furnace slag (3L.02 mass % 510, = 0.78 mass % FeO
- 41,00 mass % Ca0 ~ 7.95 mass % Mg0 -~ 0,95 mass % MnO - 13.90

mass % A1,0; - 1.29 mass % S) showed the derivative of the

3

Si2076- chain to be the main component (41.20%) and the
Siohh- anion derivative to be the second most abundant (29.40%).

The trimer chain derivative accounted for 17.65% of the total



derivative detected whilst the two ring species were present in

similar amounts of 5,90% each.

The main anion derivative of the ID slag (13.00 mass %

SiO2 - 30,90 mass % FeO - 42.70 mass % Ca0 - L. 70 mass % Mg0

L~

- 0.45 mass % 21,0, - 1,87 mass % PZOS)’ was that of the SiOh

3

anion (61.55%) with the dimeric derivative present at 23.10%.

The 5130108- chain derivative and Sih0128- ring derivative were

both detected and present at 7.70% each. The Si 0.  ring

6
39

derivative was detected but was considered insignificant with

respect to the other species,

(d) synthetic Slags

Results pertaining to binary Fe0-Si0, synthetic slags

2
are presented in Figures 69 to 76, Tables 51a to 51h, whilst
Figures 77 to 81, Tables 51i to 51m refer to CaO--FeO-SiO2

synthetic slags,

Relative retention times (Tables 51a to 51m) for the peaks
labelled 1 to 5 (Figures 69 to 81) compared well with those for
the mineral results and industrial slags and provided the basis

for silicate derivative peak identification.

Despite the wide range of slag compositions studied the
percentage proportions of each particular silicate anion
derivative were found to be similar (Tables 51a to 51m). For
the binary slags the prdportion of the Siohh- derivative fell

into the 66 to 76% range whilst the proportions in the ternary
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