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Preface
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Sunmary

A study has been made of the dissolution of lime in iron
silicate melts, The eéxperiments were carried out under an inert
atmosphere of argon at 1300°C in a vertical tube furnace., A small
" cylindrical pellet of lime was preheated to the melt temperature
. before 'being ;i.zmnersed in the melt contained in an iron crucible.
After a preselected period, ranging from 10 seconds to 9 minutes,
the pellet and crucible were withdravn and water quenched for
micro;éopic examination and elec’ci'on probe microanalysis.

The reaction between lime and fayalite produced two reaction
produ'cts » solid dicalcium silicate and a liquid rich in iron oxide.

2
sinteredtogether to form a tenacious layer between the two reactants,

- As dissolution procecded, the precipitated particles of 2Ca0,Si0

The rate of dissolﬁfion was calculated from the volume loss of
partially dissolved pellets. A kinematic‘ model has 'beeﬁ derived to
fit the qualitative observations and the quantitative results. The
rate controlling step was initiaily the transfer of lime to the
liquid - 2(3510..Si02 interface but later the transport of melt became
rate controlling.

The effects of manganese oxide, calcium fluoride and boric
oxide 6n the dissolution process were also examined. The presence
of manganese oxide in the melt was detrimental to the dissolution of
* lime. Even though the 2020.810, particles foarmed a porous layer, the
overall kinetics were retarded by the increased viscosity of the melt,
In contrast calcium fluoride and boric oxide accclerated the rate of
dissolufion by reducing melting points and visoosi’ciés.,

The rate of ‘dissolution was also increased when the pellet was

rotated in the melt.



Vith 1arg§ lime pellets, the dissolution rate was lower than
that of corre@onding'snmller pellets in similar melts.

To ascertain whether these results were characteristic only of
the dissolution of synthetic hard burnt lime, immersion experiments

were carried out using commercially available lime.
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Introduction

With the advent of oxygen steelmaking and the accoupanying
shorter refining times, the ecarly formation of a fluid basic slag is
important in ensuring favourable desulphurisation and dephosphorisation,
For this reason it is desirable that the lime addition is rapidly
fluxed to promote slag formation. However despite the widespread use
of basic oxygen furnaces (B,0,F*) slag formation is unpredictable with
sulphur and phosphorus removal at variance. The reaction mechanisms
accounting for the variations experienced are not fully understood nor
are the singular and collective effects of the number of constituents
(hot metal analysis, blowing practice, lime quality and quantity)
involved. In order to explain the dissolution of lime in multicomponent
systems, a knowledge of the phase relationships in the GaO-FeOSiO"
system is essential since these three couponents form the basis of
steelmaking slags,

A study lias been made of the dissolution behaviour of synthetic
hard burnt lime pellets in an iron silicate (2Fe0,Si0o) melt.
During reaction the lime becomes encapsulated by a precipitated layer
of dicalcium silicate, which retards further dissolution. It is
common practice in the B.O.S. process to add small amounts of fluorspar
to accelerate slag formation. However this addition has become very
expensive, consequently the steel Industry is currently examining
possible substitutes such as manganese ore and borates. To study the
influence of fluxes, the immersion experiments were repeated with
additions of manganese oxide, calcium fluoride and boric oxide made

to the base melt#
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2, Literature Survey

2.1. Oxyegen Steelmalting Processes

Even though Bessemer produced patents covering the use of pure
oxygen for steelmaking, it was not until the 1930's that tonnage
oxygen (Linde Frankl Process) became a reality, Since those early
days pneumatic injection has gone full circle from the oripginal bottom
air blown Bessemer, through the side blown Tropenas (1) and the top
blown L.D. and Kaldo to the bottom blown oxygen converter (Q.B.0.P.).

A nunber of books and artiéles have been published on these steelmaking
processes (2,3,4) whilst others have examined the physico - chemical
reactions taking place during refining (5,6). |

2s1.1 L.D. Process

The initials L,D, stand for ILinz-Donawitz the region in Austria
where the process was developed. The expansion of the jrocess during
the last ‘l:\irenty years can be judged by the increase in converter
capacity from the original 25-30 tonnes to the modern day 200-300 tonne
vesselse |

The refining vessel is pear=shaped with an open top, through which
" a water cooled lance is lowered towards the metal surface. Commercially
_pure (99.5%) oxygen is injected through the lance, leaving at supersonic

speed through a single or multiholed nozzle (7). The use of oxygen
gives a favourable heat balance such that up to 306 scrap can be used
" to make up the charge., (Air injection in the Bessemer process limits
the scrap charge to 7% (L) ).

A materisl flow chart for the L.D. converter is shown (8)

overleaf,



Oxygen Scrap Hot Metal Flux ".‘l\'adition

Coolants
\ Lime '
L.D. Converter
Slag ' Waste Gas
' : ] I |
Liquid Steel Steam Dust Clean Gas

|

Scrap Ingots Slag



The charge varies from plant to plant,the differing
proportions of hot metal, scrap and lime "being dependant upon local
conditions. From the initial successes achieved v/ith Austrian lav/
phosphorus iron, later trials proved that the process could be
adapted for high phosphorus (1-2f) hot metal (9)*

After rotating the vessel into the vertical position, oxygen is
blown at the rate of 500 m3 per minute. A typical blow on a 200
tonne heat lasts 20-25 minutes (10) during which approximately 10
tonnes of oxygen are consumed. The process requires no external
fuel source since the thermal energy requirements are supplied by
the hot metal and the oxidation of the metalloids (silicon, carbon,
manganese and phosphorus)+ Because of the heat generated in the
vessel, coolants have to be added to achieve the correct tapping
temperature. Although scrap is the usual choice, this may be in
short supply so that iron ore (Il) or sponge iron (12) may be used.

New techniques are continually being developed to increase the
potential of the L.D. process. An investigation in America (13) Ims
demonstrated that the L.D. can operate with a 1006 scrap charge
provided that it is preheated and supplemented with additional fuel
(100 kg of coke per tonne of scrap). At the tine (1969) when the
report was published, nitrogen pickup was limiting the possible
applications of the steel.

A recent development of the L.D. refining technique is the
Rotavert process. The converter is similar in shape to an ordinary
basic oxygen furnace (B.O.F.) but it can rotate around its vertical
axis at high speed (85 rprn). Results from heats carried out in a 6
tonne pilot vessel indicated that the speed and change of rotational
direction increase the rate of slag-metal reaotions (l1A)* It

remains to be seen whether these findings are repeated in a full scale



converter. One rotating steel refining technique that has made the
transition from pilot plant to commercial production is the Kaldo
Process.

2.1.2 Kaldo Process

The process (13) was developed in Sweden specifically for
refining local high phosphorus irons. The vessel is rotated up to
30 r.p.m. in an inclined position (20°) so that the melt covers half
of the back wall. Thispractice avoids overheating of the lining when
carbon monoxide (from the oxidation of carbon) is burnt to carbon
dioxide by a secondary oxygen jet above the bath.

Dephosphorisation is mainly dependent upon the oxidising potential
(iron oxide content) of the slag. This can be increased either by (16)

a. Keeping the rotation speed low

or b. Blowing the oxygen jet more vertically onto thebath

In refining basic bessemer iron (l.7phosphorus) at Domnarvet,
it was found desirable to lower the carbon content from 3*5$ to
between 28 before oxidising phosphorus. This was achieved by
rotating the vessel at full speed at the beginning of the blow. The
speed was then reduced to raise the iron oxide content of the slag
far dephosphorisation and finally towards the end of the blow, the
speed was again increased to obtain a low slag iron content. Although
primarily developed for refining high phosphorus irons, the process
will also produce high quality steel from raw materials of variable
composition.

In 1966 Pearson et al (6) conpared the operation of the L.D, and
Kaldo vessels at Consett. They found that the L.D. was faster for the
same size of unit (100-130 tonnes) as a result of the ability to
inject greater volumes of oxygen without spillage. However the heat

evolved by the combustion of carbon monoxide to carbon dioxide allowed
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a higher scrap charge (31-35%) in the Kaldo compared to 25% in the L.D,

2.1e3 Rotor Process
| Ai'bhoug,h originally cohlmisioned for pretreating blast furnace
metal for final refining in the open hearth process, later imvestigations
shoﬁ'ed that the mrocess could refine high and low phosphorus iron in
a similar manner to the Kaldo., The first 60 tonne Rotor (17) had a
- tap to tafp cycle time of 2 hours.

The furnace consists of a long cylindrical vessel, open at one end
for charging and oxygen injection and at the other for tapping and
waste gas removal. Oxygen is blom through 2 lances, primary oxygen
~ is introduced beneath the metal surface for oxidation and stirring
of the bath, The secondary lance blows oxygen or enriched air (L)
above the metal surf‘ace where carbon monoxide is burnt to carbon
dioxide. |

Unlike the Kaldo, rotational speed (0-2 rpm) has no great
influence on the refining process. The progress of a blow is
éontmlled by the oxygen flow (primary and secondary) rates and the
pbsi‘bion of the lances in the furnace.

In the United Kingdom the two rotary processes never gained ’ché
populéri’cy expressed by foreign authors, for both the Rotor and the
Kaldo, rotation proved an expensive engineering innovation. In
comparison, the stréngth of the I.D. process lies in its simplicity
" and its rapid rate of refining of imported low phosphorus irons.

2.1.4 Bottom Oxyzen Blowing Process

i The air blown Bessemer has continually been handicapped by a
. low scrap charge and a high nitrogen content in the i)ot metal. The
replacement of air by oxygen was examined by Brotzmamn (18). He '
found that the nozzles reacted with the oxygen, burning away in a

few minutes., Water cooling was too dangerous and porous nozzles proved
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unsuccessful due to slag penetration.

| Oxygen mixed with steam (1:1) as a cooling agent had been tried
with some success (19) but the scrap consumption was Llimited to only
15 per cent. Renewed interest arose in the 1960's following a
breakthrough in nozzle design. The refractories could be protected
by enveloping the oxygen in a gaseous or liquid shield., In the
converter,each of the tuyeres consists of an inner copper tube for the
oxygen and an outer steel tube forming an annular passage for the
coolant, (propane, natural gas or a liguid fuel oil) (20). Instead
of generating heat (21) the fuel vapourises and cracks endothermically
which creates increased cooling at the tuyere and greatly extends the
‘1ife of the refractory bottom (one bottom per converter lining (22) ).

Scrap chargesAas high as 263 have been quoted for a 30 tonne

- converter (21) with a predicted 33 for a 200 tonne converter with
lower heat losses. Even with a short refining time (tap to tap time
of 30 minutes) the bath and slagwere closer to equilibrium than in the
L.D., whilst the improved sulphur removal was associated with better
gaseous aesulpllurisétion (22). Refractory consunptionwaslow, only
5 kg per ingot tonne even with high phosphorus irons,
- As of 1972 the total capacity of oxygen bottom blovm converters
was 9,75 million tonne, with U.S. Steel commisioning the world's
largest at 200 tonnes (23)s Although there appears to be some
' justification for modifying air blown Bessemers and replacing open
hearth furnaces, there is still insufficient saving for the

scrapping of modern ID plants.
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2,2 . . Oxidation of the Hetalloids

The object of steelmaking is to partially or completely remove
the impurities present in the rew material, ivon. Pig iron, the
product of the blast furnace contains about 4% carbon (dissolved
. from the coke), up to 2% phosphorus (P), 2.5 s;ilicon (si), Q.1%
sulphur (S) and 2.5% manganese () (24). The basic thermodynamic
data for the oxidation reactions seems to be well documented (3, 25)
and the predicted order of removal of the elements in terms of their
oxygen potential has been calculated. The theoretical order of
removal would be Si-C-}Mn-Fe-P, however ‘the actual sequence is
Si-ln-C~P-F'e. The change in concentration of the Vari_ous eleménts
i.é. shovm in Plate 1. The smooth curves shown, whilst generally
true cannot be applied to any specific blow.

"In v’che impingement zone, under the lance, oxygen goes ihto
solution with some oxidation of the bath surface (26)

N | | 1o =slo]
Te + (0] =—(Fe0)
2(Fe0) + 30, -_—-,(m«a203)
2.2.1 - Silicon
This is the first impurity to be oxidised
[ss] « 2 ld ==(ss0)
[si] & 2 (me0) ==(510,) + 2Fe
. with complete. oxidation occurring at about a quarter of the way

through the blow (27).

- 24202 = Manganese
. Like silicon, manganese foms an oxide more stable than iron
oxide
[im] + [0] == (imo)

[1m] +  (Pe0) ==(1MO) + Fe



The oxidation process can he divided into 3 stages. Initially
manganese undergoes rapid oxidation. This is followed by a period

of reversion due to the reduction of the slag during decarburisation,
but as the carbon removal rate decreases towards the end of the blow,
manganese is again transferred to the slag. The final distribution
being dependent upon the temperature (28) and the iron oxide content
of the slag. According to Welbourn and Kulig (106) there is an inverse
relationship between oxygen combined with manganese in the slag and
oxygen combined with iron as FeO and Pe”O".

2.2.3 Carbon

Y/hereas silicon and manganese are transferred as oxides into the

slag, carbon is removed as its gaseous oxide, carbon monoxide.
Yasher and Hamilton (29) showed that at low carbon contents x $60 =
0.0025 at 1600°C. This work was extended by Marshall and Chipman (30)
who found the product was not a constant at any given temperature but
increased slightly with increasing carbon content.

With the low solubility of carbon monoxide in iron, the carbon-
oxygen reaction has to take place at a gas-liquid interface. Although
some carbon removal can and almost certainly does take place directly
from the bath, by transfer to rising heterogeneously nucleated
bubbles, this simple mechanism does not account for the high rate
of transfer.

During plant investigations on a 200 tonne E.O.P., Meyer (31)
found that slag blown out of the converter contained droplets of
metallic iron. This led to the theory that the majority of refining
was carried out in a slag-metal emulsion where the surface area for
reaction could be 106 cm2 per tonne and up to 3Qh of the metal
charge might be emulsified at any one time. Formation of the

emulsion begins almost as soon as refining itself. The oxygen jet



on striking the metal surface causes a depression and eventually if
the moméntum is increased sufficiently, splashing océufs with metal
droplets being thrown up into the gas or slag. Meyer's concept of |
~ decarburisation was that oxygen was pumped into the metal droplets
from the oxidising slag so that a carbon monqxide equilibrium
pressure of up to 100 atmospheres or more can be built up. The
| droplet comes into contact xzith a carpon monoxide bubble into which | ‘
'~ its own carbon monoxide is unloaded,or by explosive nucleation within
the dropie’b (32) or possibly by nucleation at a metal-solid interface.
At the begimning of; réfining, metal droplets containing not only
carbon but also silicon and manganese exist in the slag. Therefore
while éome "new! silicon-gon‘baining droplets are undergoing their
first oxidation cycle, others are already into later cycles and are
begimning to lose éarbon. Thus, for the system as a whole, carbon,
- silicon and manganese are all being oxidised in different places
simultaneously.
Since Meyer's work, Kootz and Altgeld (33) have published an
alternative and conflicting mechanism, They found that in the
oxygen converter and the basic Bessemer, decarburisation -occurxéd.even
- when the slag became so viscous that reactions in the slag-metal
emulsions c ould no longer proceed. Thelr theory proposed that
supersaturated iron is repidly transported in a radial direction
" from below the lance. Bubbles of carbon monoxide are heterogeneously
nucieated at the metal-slag interface, the reaction continuing as
the metal circulates outwards towards the vessel wall. Price (3..)
“has also concluded that the calculation of Meyer as to the amount
of refining in the slag was an overestimation, Price's estirﬁate :
of refining in the foamwas about 355, again 131a6ing more enphasis_

on the removal of carbon in the bath., -His work, however only dealt
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wifh the second half of the blojv, Unlike leyer's technique of
analysing slag overflow samples, Price's samples were obtained from
the condensate on a borb chain attachment. At this stage it is
very difficult to say what proportion the differing mechanisms

. contribute to the overall decarburisation rate.

24 204 Sulphur and Phosphorus

The removal of these two elements presents a problem for the
- steelmaker since their oxides are less stable than iroﬁ oxide at
steé]making tempefatures.

Ward (28) quoted an equation for predicting the sulphur level
in the refined steel in terms of a series of parameters
% [s]l = 0,11 + 23.6 S, = 0,003 V = 0,003 e = 0,00 005T
[s]

S 1 charged sulphur content of the metallic charge

turn dovn sulphur content

n

n o

AV 'ba.sicify ratio
Fe = ¢ iron in slag
T = tum do'mi temperature . -

Desulphurisation, is therefore favoured by a high slag basicity,

. high temperatures and a high slag iron contents However the cost

of controlling the slag iron content to the extent required is far
in excess of that for lime controls ¥ven with a highly basic fluid
slag, svlphur elimination in the ID vessel is relatively inefficient
" (35)s To achieve low sulphur levels, further desulphurisation can
>be carried out after tapping by adding a synthetic basic slag to

the ladle. These s]ags are similar to white electric arc slags,

but differ from them by lower basicity and the ‘a'bsence of fluorspar,

" the iron oxide content being 0.45J - 0.557

Whereas a basic sleg may achieve a degree of desulphurisation of

40, the degree of dephosphorisation may exceed 90 per cent (36).
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The phosphorus reactions have been written as

2[pl + 5 [o0]
“(P205)’ +  3(0%)

(P,0;)

2(13043")

The strength of the attraction between the P01+3 ~ jon and the cation
~ of the basic oxide is reflected in the high negative heats of
formation, such that in basic slags, the activity coefficient of
P,0; can be as low as 10718 (3)e Generally low tempgré.tures have
been quoted as a condition for good dephosphorisation (25, 37)
however laboratory experiments by Kurita et al (38) using a Fe0-Ca0
slag indicated a positive dependance of the dephosphorisation rate
on témperature. Although factors such as temperature are :importan't;;
desulphuris.ation and dephosphorisation depend primarily upon the
formation of a basic slag.

The relative dephosphorising power of the various divalent basic

oxides is show below (25)

Ca2+ Ve 2+ Mn2+ Te 24
30,000 1000 3 ' 1

Of the sbove Ca’’ (lime) contributes the most towards desulphurisation.



12,

2.3 The Lime Addition

Although lime does not occur free in Nature, it can be produced
easily by the calcination of limestone (CaCOB). Above 900°C - |
 Limestone breaksdovn %o give lime and carbon dioxide

Ca(.‘.o3 —— Ca0 + 00,
To‘day lime burning is carried out in rotary kilns, rotary
 hearth kilns and fluidised beds where the yrocess time is 3 hours
| cox@red to 1-2 days with the older shaft kilns (39).
| The required chemical and physical properties have been
srwn-marisedvby Anderson and Vernon (40).

2,3.1 Chemical Provcrties

The purity of the lime should be as high as possible, a typical
specification is given below:-

Ca0 — 95%

810, ——_ 1,03

M0 = 1.5
S < 0.05%
Loss on Ignition = 3,0}

The silica and megnesia impurities arise from the originai
limestone deposit. 4 2% silica content in the limestone becomes
roughly 4% afber calcination, consequently additional lime is

'required to achieve a satisfactory basicity. Although the quobed

© level of 1z0 was << 1. 5?’3,. higher levels have been tolerated where

the magnesia has proved effective in reducing lining wear (41).
[Also discussed in secti;jn 2 5.);.3]

Tait and Lewis (8) found that whilo 455 of the total sulphur load
originated in the blast furnace, 15% came from burnt lime contaminated

by the fuel during calcination. In Germany (42) the sulphur level

“is O. OZ}ZS on lime from rotary kilns fired by natural gas compared
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.' to 0.06% - 0.09% found on lime from coal fjred shaft kilns,

The loss on ignition is the percentage welght loss which occurs on
reheating the calcined lime. Although it cen indicate underburning,
and H_O adsorbed

2 2
from the atmosphere during ’cransportation» (43) and storage.

it is usually associated with the evolution of CO

2,32 Physical Properties

The theoretical density of lime is 3370 ké mm3 but soft burnt
~lime has only a '51111; density of 1600 kg = 605 porosity)s. With
increasing burning time or calcination temperature, the individual
particles begin to coalesce so that the porosity decreases to 25 - 30
per cent, To assess the degree of burning, various reactivity tests
have been developed (4L, 45). |
These ares-

1. The Coarse Grain Test

2. The A.S.T.l. Test

3. . The German Test

Lo The G.D.A.C. Test
The tests follow the kinetvics of the reaction

| Ca0 + H,0

2
by the heat evolvedorbytitrating the hydroxide with acid, The

c'a(on)2

results can be misleading as shown by the work of Eades and

Sandberg (46}. |

reactivity ten;pera‘bure rise after 60 secs. surface area
29°%¢ 5¢lk e gram"1
30% 2,07 1% prem |

False results can occur when there is a thin layer of calcium
hydroxide on the surface of the lime. Generally, whilst reactivity
tests are used by the supplier, the receiver favours bulk density

as a quality control check, Even so quoted porosity figures do not
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differentiate between the different forms of voidage, fissures, pores

and microporosity.

20343 The Quantity of Lime Required

The ar.nountirequired for the formation of a basic slag (2:1 lime
to silica ratio) is dependent upon the chemical analysis (sulphur,
phosphorus . and silicon) of the charge; the finai figure being
determined by melbting shop experience. A basicity ratio in excess of
3(47) is usually aimed for, with the excess amount compensating for
‘ the lime Which remains undissolved (18).

2¢3e4 The Size of the Lime

Welbourn and Kulig (49) suggested that the lump size should have
a marked eiff'ect on lﬁqﬂe dissolution since tlﬁ smaller the size, the
greater the surface area to volume ratio. This reasoning would be
Justified if the lime had theoretical density but the actual surface‘
area depends upon the IVOidage in each lump. Fractical .results have
shovn that the most suitable size range is 12 mm - 40 mm, Above
40 mm, 1ﬁne becomes impractical to calcine and Below 6 mm a large
proportion is lost in the exhaust gases (50) of the refining vessel,

2.3.5 Tlze Timing of the Addition

This varies from plant ‘bo plant, it can be either

| l. at the beginning of the blow
or 2  in batches during the blow
- In comparative trials, Willes et al (5L) .foxmd that lump lime had
to be added progressively through the blowing period for efficient
deéhosphorisa'bion. Investigators at C.A.P.L. have reported that a
four fold increase in the lime addition at the start of refining less
| than doubled the amount dissolved after 5 minutes (52).
The importation of low phosphorﬁs iron ore into Britain means

that only a single slag is necessary to reduce the phosphorus level
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from 0.4% to 0, CL5 percent (28).

In Europe Wwhere the hot metal contains 1% - 1.2% phosphorus,
a double slagging technique has been evolved. Before the phosjnhorus
- pentoxide éontent gets too high, the first siag is removed and a
further addition of lime is made to the vessel. At the end of the

blow, the final slag contains less than 6% P_0. and 20 - 25% TFeO (53).

2%
Because of the high FeO content, the slag is retained to promote

lime dissolution in the next heat.
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2.4 ~ Slag Formation

.Chemical analysis provides an easy technique for studying slag
development during'refining. However even though the main slag
. constituents are lirne, iron oxide and silica, the ternéry Ca0 ~ Ie0 =~
-Si02 phase diagram cannot be used to plot slag compositions, This is
because the oxygen potential and other minor oxides in the slag can
aprreciably extend the liquidus region of the simple three component
system (10). Trom the basic ternary, Tromel and Gorl (54) deveioped
- the Ca0 = Si02 - (Fe0 + 1In0 + 1g0) system for repfesenting slgg equilibria,
later superseded by.the quaternary Ca0 - FeO - 1o - 810, and the quin-
-ternaxy Ca0 - FeO - 10 - }z0 = Si0, (55). |

Some investigators (26) dislike this method of representation

saying that five component systems are toocomplex and difficult to
manipulate. As a compromise Bardenheuer (56) produced a pseudo

ternary (Ca0’ - FeO'

- 81921) for a particular slag composition

where the three main components make up 8045 of the total composition.
The mjor »diff’erence between fhe pseudo diagram and the CaQ - FeO - S:i.O2
disgrem of Allen and Snow (57) is the contracted phase ficld of

dicalcium silicate.

240l The Ohaﬁ:ge in Slag Conmosition During a Blow

| After'charging with scrap end hot metal, the LD vessel is turned
up and further additions (1ime and fluorspar) are made prior to blowing.
Some of the silicon in the hot metal will have oxidised by reacting
with the atmosphere, the halance élong; with manganese and sbme iron
"being oxidised in the first few minutes of blowing with oxygzen.

These three oxides, FeO, 1n0 and 8102, contribute to an initial
rapid solution of lime which moves the bulk slag composition away from

1 1

the SiOé - Fe0' binary (Pig. 1).
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The iron droplets (rich in carbon) throvm up by the jet react with
- oxygen and the iron oxide component of the slage. The evolution of
carbon monoxide causes the bath. to foam (58). To prevent the élag
overflowing the vessel, the lance is lowered which results in a
decreése- in fhe iron oxide content of the slag. If the lance is
lowered too far, the reduction of iron oxide proceeds at a faster
rate then the formation of fresh oxide. The resultant visdous slag
becomes incapable of sustaining a high décar’burisa’cion rateo

With an increasing lime content, the slag composition enters the
dicaleium silicate (2 CaO.SiOZ) phase field which coincides with the
appearance of maximun foaming (56). The precipitation of solid
2 GaO.SiOz, and its effect on the surface tensionamd viscosity of
the liquid slag (59, 60, 61) prevents the decantation or coalescence
(collapse) of the emulsion (62). |

Unlike the bottom blown process (3) carbon removal in the L.D,
rapidly decreases towards the end of the blow, As a consequence,
the foam starts to collapse and the slag composition moves towards

! Yinary (Fige 1) due to the secondary oxidation of

the Ca0' - FeO
the bath and increased fluxing of the remaining lime, 7

The slag temperature clilnbs very rapidly, as shown typically by
the data of Bardenheuer (56). For the last 80% of the blow, the

slag temperature remains between 1550°C - 1650°C,

2:4.2 " Dicalecium Silicate

At the begimning of refining, the concentration path between
dissolving lime and the bulk (Fed - 1O - Sioz) slag intersects the
2 020,810, + liquid phase Ficld, Vhen the saturation concentration is
exceeded, a t hin layer of 2 CaO.Si02 is precipita‘ted around the lime.
The shell does not directly adhere to the lime surface, but is

separated from it by an oxide skin and very oftén a3 CaO.Si(} layer
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: aé well (63, 64). Electron microprobe analysis of slag samples
showed the precipitated layer to 'Be a complex solid solution

[2 CaO.SiO2 -- 3 Cal ZE’205 ] with calcium partly substituted by iron
and manganese, and the silica by phosphorus pentoxide.

' Many experiments in steel plants (64) and laboratories (65)

have showvn that the Vforma’tion of -2 CaO.Si02 retards the dissolution of
lime, and as a consequence can lead to increased refractory wear in
the converter. Even with enhanced slagb resistance (impregnation of
the basic refractories with tar-pitch mixtures) the magnesite and
dolomite bricks are still vulnersble to chemical attack during the
éarly period of refining when the slag is acid in nature. If the
rate of lime dissolution is too slow, the acid slag will be

" neutralised by the lime and magnesia in the refractory lining.
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) 2.5 Possible liethods for Accelerating Slag Tormation

In order o produce a fluid basic slag earlier than occurs in
thé normal order of readctions in the con%rer’cei', various mdif‘icatiohs
can be made to the lime addition and the blowing practice., VWhen
- .comparing these alternatives with flux additions, the improvement
must be Justified in terms of cos’c; rrocess contcolA and most

4important the rembvgl of sulphur and phosphorus.

2.5.1 Sof't Burning of the Lime
One method is to use lime with a large surface area. Behrenms et

al (48) concluded that soft burnt lime produced faster dephosphorisatiﬁn
and better desulphurisation as well as a cleaner blow with less
slopping. However Gregory et al (47) found no advéntage in using
sof't burnt lime, but this inconsistency may be due to the hard

burnt lime being briguetted into pellets while the soft burnt Lime
wes in the form of fragments. Reinders et al (66) come to the
‘ conclusion ihat any advantage from soft burnt lime dissolving faster,
was not reflected in more favourable results at the end of the blow.
They found no correlation between the degree of !desulphurisation

ana the calcination of the lime. v

Investigations by Obst et al (67) gave the explanation for the

conflicting opinions, From laboratory experiments and later plant
trials, they concluded that during the period of slag formation,
- recrystallisation and grain growth of soft burnt lime occurs very
rapidly. The porous lime became dead burnt within 10 minutes at
1600°C. This became very apparent when making certain carbon steels,
the soft burnt Lime became hard burnt at a faster rate than it was
. being dissolved. If dissolution is impaired (2'Ca0.8102 layer)

charging soft burnt lime produces no advantage.
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2.5.2 Blowing Pulverised Lime

The problem of lime burning can be overcome to some extent by
.reducing ‘che‘ size of the lime, In contrast to normal ID practice of
a&ding Tump Llime (10 = holmm) the LnD.A.C., process (68, 69) uses
crushed lime (0,5 - 1.5 mm) which is mrogressively injected into the
refining vessel. The process can utilise lime of very different-
.c'oxrpositions and physical proper'tn‘.es because blowing it in the‘
oxygen stream gives a remaikable reactivity vhatever the nahme of -
the lime (70)s

Lime :'Lnjection has not been restricted to LnD. vesscls s it has
also reduced the refining time in the open hearth (71) and bottom |
' -('blo\m proc;agsses (72). In recent years several steelplents in Britain
" have stopped using the L.D.A,C. process (73). This has coincided
with the i.mporté‘cion of low phosphorus iron ores. . |
2.5.3 Temperature and Iron Oxide Content of the Slag -

Referring 1o the OaO1 - FeOJ‘ - Si021 Phase diagram (Pig. 1),

effective dephosphorisation has been found to oécur only below the

é daO. 510, - FeO' join (56, 74)s To avoid the retarding influence of
encapsulation, the slag composition can either go over or around the
2 Ca0.510, + Liquid phase field, Sohurrman et sl (75) found that in
the open hearth process, lime dissolution was improved by ihcreasing
'bo‘i;h the temperature and iron oxide content of the slag. In the ID
" process, these two parameters can be changed by adjusting the la.nce
heigh“c.‘ As the lance is raised, the oxygen j.e'b becomes softer and
less penetrating with only the surface layers being oxidised (52).
HoWever‘thié method has certain disadvantages, noteably a lower
metal yield and increased refractory wears.

2.5.4  Flux Additions

‘This has been the most widely used technique forpromoting slag.
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formation. The fluxes can enhance 1:’.11%6 solution by several different
mechanisms:- |
1. Aiter the phase equilibria in the slag system such
that dicalcium silicate shell formation is limited
"2 Lower the melting point of 2 Ca0,3i0

2
3+ Change the physical form of the 2 Cal,5i0

2
encapsulating lgyer.
TFluorspar (Can) has been the major flwx addition in the past,
“but future supplies may be insufficient to meet the demand,
Consequell'bly steelplants are carrying out a wide rmlging search for
an alternative, Possible substitubtes are alumina, magnesia, iron
oxide, borates and manganese oxide. |
2¢5.4.1  Tuorspar (Can)
| There are three reasons for the increasing demand for
fluorspar (76) &~ |
l.. The rapid rise in basic oxygen and electric arc steelmaking
capacity. These two processes consumed 2‘million tonnes of
fliorspar in 1972
2. The high growth rate in world aluminium production
3. A further increase in the production of fluorocarbon
products.
The effect of fluorspar is to depress the slag melting point,
" by forming low melting point eutecties (77, 78). Generally +the
amount added does not exceed 8 kg per tomne of steel (36), However
this figure can be reduced by using lime-fluorspar briquettes (79)
Fluorspar briquetted with mill scale and ferromanganese blast furnace
dovncomer dust has been used for a nurber of years by the United

States Steel Corporafion (so).
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Holappa (11) found that fluorspar produced an  instantaneous -
increase in slag fluidity, but its effect was of short duration.
qu the best result's, fluorspar had to be added in small amounts ,

1 kg per tonne of steel at a time, |
| | Thei'e are a nunber of disadvantages associated with ﬂuémpar:-
1. Primarily its use increases refractory wear in
the same way as it improves slag formation
2. Economically, the finishing slag cannot be sold
as fertiliser because calcium fluoride renders
the phosphate insoluble.
205¢4.2  Alumina (A1203) _

During World War II, aluminium dross was reported to be a
satisfac’oofy substitute for fluorspar (8l). In more recent times
.other alumina-bearing materials have been suggested such as bauxite,
i'ed‘nma and elumina grinding residues (82). In comparative trials
carried out by Holoppa (11), the results indicated that bauxite (6
.kg per tonne of steel) was not as effecient as fluorspar but its

influence was more permanent, '

Successful laboratory trials (83) have been reported using
lime pelletised with i‘e& mudIovwal{ composition 42,2% Ca0
21, €5 AJ.203]. Later the pellefs were used in a 6 tonne converter
| replacing one third of the normal lime addition, The addition of
* the pellets éccelera'bed lime solution when compared with a normai
Llime chargé. A

In 1972 Nilkai sa}gyo (84) built a plant to produce a fluorspar
~ substitute based on red md, The product known as "Alblack" contains
40-L5% elumina, 20-25% ivon oxide and 8~107 silica. No figures are

available on its effectiveness as a lime flux.
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2¢5elte 3 I-/Iagnesia 10

Initially magnesia was ,add'ed to the slag in order to increase
the service life o:f’v the lining (4, 45). During a heat, the slag
gbsorbs up to 67 Mg0, but if magnesia is added in the form of
doloma (dolomitic lime), there is a corresponding decrease in
i'ef‘r‘actory. attack, At Jones and Leughlin (85) the policy is to aim
for a concentration éf‘ 7.4% 1g0 in the slag by adding dolomitic lime.
Despite the increase in slag NgO, data analysis revealed no evidence
‘that desulphurisation was adversely affected. Similar results have
been reported by 'R_ﬁssian workers (86) who aimed for ig0 levels of
L=T% in the finishing slag. The effect of magnesia in terms of
accelerating slag formation was such that the fluorspar addition
could be halved, The iron oxide contént of the slag dimished,
" increasing the metal yield and metal desulphurisation.
In contrast,Harhai and Dukelow (87) reported that with a 8.5

level in tﬁe slag, magnesia was detrimental to sulphur removal
because of high slag viscosity and the low desulphuwrising potential
of magnesia relative to lime. lagnesia (50) we:s also a problem
» at the Voest steelplant where the dolomitic lime had a varying ligO
content. Vhen lime (1073 MgO) was used, the wear resistance of the
lining decreased by 5%, this was due to increased fluxes necessary
for lime dissolution. On the basis of their findings (over a 8
- month period) a maximum permissible MgO level of 3.5/% was fixed
for the lime,

2¢Beliel.  Iron Oxide Fer

Iron oxide is one of the most effective fluxes of lime, for in
‘both the FeO - Ca0 and Fe,0, ~ Ca0 systems the initial liquidus
temperature is below 1300°C (77).

One way of adding iron oxide is to recharge the dust from L.D,
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collectors. This practice is used in Finland (11). Because of the
addition, the high lance practice in the initial period of the blow
was found to b’e unnecessary nor were additional fluxes (f']x_JorSpaI‘)
_required,

The agglomeration of L.D. dust with limestone into briqﬁettes
and pellets prior to calcination has been tried in Germany (79).
_ Compared with heats using only lime, the charging of the special
lime pellets resulted in a considerable acceleration of
dephosphorisation. Another advantage of prefluxed pellets is the
blow rate of hydration when compared to soft burnt lime (88, 89).
© Millscale is another iron oxide flux (90), By calcining limestone
in the presence of millscale (c.f. case-carburising) a 10mm thick
layer of dicaleium ferrite (1400°C mpt.) is f&rmed on the surface
of the lime,

Swedish iron ore (86. 3% Te,,0,— 9.8% T'eO) has been proved to

203
be a good lime flux (91). However additions of more than 267 did
not result in a proportional increase in dissolved lime. \When the
ore was added in ‘bhe first quarter, slopping geﬁeral]y occurred
after 507 of the blowing time compared to 75% when the ore was added
in the second quarter. Even so there was no trouble with ‘phosphorus .
or sulphur removal. Iron oxide forms the mjor propertion of
ilmenite (524 FeO,, 33% TiOZ) currently being marketed as a

* replacement for fluospar (92). Although it‘ has a high melting point,
laboratory tests showed it was superior to fluorspar for lime
dissolution, However in trials carried out at Bethlehem Steel,

ilmenite = Was less effective than fluorspar even with a 2:1 replacement

ratio (93).
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203
In the refractory industry, it is well known that low

2¢5¢4.e5 Borates B

concentrétions of boron oxide reduce the hot strength of basic bricks
by forming low melting point compownds. It is this particular
property which now makes boron compounds attractive as fluxes for lime.

Flintkote of America (94) carried out the initial laboratory work
on the fluxing power ‘mf certain boron compounds. Their effectiveness
on the dissolution of lime in a (FeO ~ IO - 5i0,) slag Was reported
in a subsequent pa‘cen‘t._ Some of the results are presented below

dissolution time

standard slag : 16 secs,
+ l\I:—:tzBl,.O7 ' 0.8 secs.,
+ H3BO3 , 0.8 secs.
" 3203 0.7 secs.

Other possible borates are colemanite (2 Ca0.3 B.0,.5 HZO) and

203
hydroboracite (10,020, 3 B203.6 HZO) (95). Usilg 1 kg (per tomne of
steel) of colemanite, Hollappa (11) found that :%.ts influence was
very i'apid and more lasting than fluorspar. It d:.d however have a
tendency to stabilise the emulsion so that foaming persisted after
the blow,

From Germany, Oberhauser et al (96) repori;,ed that there was a
substantial diﬁ'erenge in slag formation during blowing when
. colemanite replaced fluorspar. Shortly after the firs% ‘charge of
colemanite, the slag collapsed in exactly the same way as with |
fluorspar, After the .addition of fluorspar, the slag quickly foamed
again at a conéiderably lower lance position, but when colemanite
was added, a foam could only be maintained by p?%.acin(; the lancs in a -

higher positions ZEven so there was no adverse effect on desulphurisation

- or dephosphorisation. A problem with using boron compounds is the
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- possibility of boron pickup by the steel, In all the trials (vkhere
colemanite was oharged in amounts up to 35 kg ;éer tonne of hot metal)

no boron was reduced from boric oxidé dissolved in the slag.

However if slag is carried over into the teeming ladle, 'borpn reversion
‘can occur when the steel is deoxidised (97).

2.5.4.6 lianganese Oxide 1Oy

Theoretically manganese oxide shouldl rromote slag formatien ,
since increasing amounts contract the 2 CaO.S:i.O2 phase field in the
Ca0 - FeO - IO - Si0, system (98). In the Imese{me of 1m0, however
saturation wath lime is no longer possible. As a saturation phase,

a ternary solid ~solution of Ca0 = FeO = 1in0 nmust occﬁr, the activity
of the lime being dependent upon the relative amounts of the other
two oxides (78).

| In practice, excellent results have been reported in Russia (36)-
while American workers (80) found iron oxﬁ.de to have a greater
influenéepn vlime dissolution. Boichenko (‘99) c\:onsidered manganese
oxide only _par’cicipated in lime dissolution when a sufficient amount
of iron oxide was present in the slag. The con:f‘iicting results may
‘be associated with variations in the manganese content of the hot
metal., XKohler et al (100) carried out a study of the refining of
high phosphorus irons with various mangenese contents. They found
the manganese level influenced the oﬁdation of carbon during the

' eai‘ly stages of refining. High manganese levels (1,0 - 1,5%) inhibited
carbon removal, this resulted in high slag irons and accelerated

slag formation, VWhen low « lIn irons were produced in the blast
furnace, (36) it was claimed productivity improved (in the B,F.)

with reduced raw material and hot metal costé. However in the
corverter, slag formation proceeded more slowly, (than normal ln

irons) delaying desullﬁhurisation and dephosphorisation. Even with
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an addition of fluorspar, the basici‘y remained low. These poor

results were reversed when 31 kg (perr tonne of steel) of manganese ore
was addedat the beginning of the blow, The reduction of manganese oxide
during.“bhe blow reduced the consumption of ferromanganese required

for deoxidation.

At the Highveld steelplant (43) a slag rich in mangenese oxide
(derived from a nearby ferroalléy producer) is used for inducing
repid slag formation with very low manganese hot metal., Without the
~ addition, desulphurisation effeciericy deteriorated particularly with
li.rﬁe of medium or low reactivify.

With 0,8 - 0.9¢ manganese in the hot metal (101l), additions of
manganese ore- and fluorspar ensured progressive lime dissolution, but
withoﬁ’c the fluorspar, slag formation underwent a marked deterioration. .
However if the manganese ore was preroasted, slag forination was
completely sa‘bié:ﬁ‘actory wi;chou’c the fluorspar addition. The only
problem was the high silica content of the ore (203 Si02) which
required additional lime for neu“bralisation.

In Britain, lsboratory ekperiments (102) have shovn manganese
oxide to be superior to-fluospar in its ability to flux lime
(discussed in section 2.6). Following these encowraging results,

a plant trisl (103) comparing 5 kg (per tonne of stecl) additions of

fluorspar and mapganese ore, was carried out in a 10 tomne electric

-+ arc furnace, With manganese ore, the melt out temperature was higher

with some indication that refractory wear had increased, This
result is contrary to the leboratory findings of Beecham and S’ceger
(104). They rep;v_ril:e& manganese oxide to be a less corrosive
addition than fluospar after carrying out evosion-tests on pitch
impregnated 'bw:'n;c magnesite. In further comparative trials carried

- out in an L.D. converter (105) no difference coﬁld be deteéted in

s
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‘slag formation, desulphurisation, dephosphorisation, or refractory
wear., Contrary to the Russian practice of adding the ore at the

start of blowing, the optimum time was found to be after two thirds
of the blowing period. ITarlier additions caused uncontrollable
foaiming, Similar results have been reported by imvestigators at
CeAoP L. (106) where the optimum bime appeared to be after a quarter

- of the blowing time, any later additions caused very sudden slag

i 6011apse.‘ Along with other investig;auars' (1LOL, 103) they found that

- an addition of menganese ore produced a more than equivalent reduction
" in the iron oxide conténi; of the slag.

In. ‘the majority of reported trials, manganese oxide was added as
ore, b'«.lt'éaloined'limestone containilg 11,27 i has beeﬁ successfully
tried in Russia (107). However, due to the hipgh silica content (107
Sio?_) the épecial Lime had to admixed with normal lime to achieve

: ‘che' best results noteably improved slag formation and lining life.
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2.6 Laboratory Techniaues Developed for Studying Lime Dissolution

It is very. difficult to simulate the operating conditions found .
inside a L.D, vessel. As a compromise a number of invoé’cigators have
studied 1:‘un§ disgolution by immersing synthetic pellets in a slag
at steelmaking temperatures (65, 99, 103), The slags were melted
under an inert atmosphere to keep the iron oxide in the divalent |
state which is compatible with liquid iron. The choice of
atmosphere is iiportant because the lower the partial pressure of
pxygen, the lerger the 2 0a0,5i0, phase field (10)e In the L.D.
vessel, considerable differences exist in the oxygen paitial
pressure between parts in contact with the oxygen jet and those
through which pass bubbles of carbon monoxidee _

As an alternative mothod, Limes and Russell (109) devised the
~ crucible tést, in which 3 grams of lime (-5 + 6 mesh) are mixed
with 1 gram of slag (195 Fe203 - 56% Sioz) in a crucible before being
~ placed in a fumace at 1480°C, After a fixed reaction time, the
crucible jis withdravm for microscopic examination and free lime
determination of the slag. For this particularl'besf,, free lime
does not appear to be a satisfactory parameter for measuring the
reaction kinetics, since the analysis cannof ‘distinguish between
unreacted lime and lime precipitated on cooling,e

To avoid the precipitation of lime, investigators at the
British Steel Corp. used equal proportions (by weight) of lime and
slag. Two investigations were carried out specifically to study

the influence of c'_tifferent fluxes on lime dissolution (102, 110).

- The chosen slag was fayalite' (2 Feo, SiOz) vhich was mixed with

the lime before being placed in a furnace at ei;cher 1300°C or
1.00°C, However if the tests were carried out inan identical manner

%o the Limes and Russell method (ise, in air) fayalite would
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oxidise into two separate components,silica and iron oxide, which
require a fusion température above 160000. ~ This may‘account for
fhe abnormal increase in lime solubility obtained with a manganese
oxide addition in the slag which has not been confirmed by other
investigators (99, 108) who melted under argon.

| Instead of using a muffle furnace, Schirrman et al (75) used a
hot stage microscope to study 1:'nme-slag reactions, From the hot V
stage microscope Derge and Shegog (111) developed the hot filément
microscope in which the thermocouple serves as a heating element and
thermometer at the same time, By locating the thermocouple loop on
a m:'.crosqope stage, the investigators could observe the dissolution
of filsea lime V(O.O..25 cm diae.) in a molten slag adheriﬁg to the
filament. |



2.7 Reaction Kinetics

The great majority of metallurgical reactions are heterogeneous

and can be classified into the following groups.

gas - solid
gas - liquid
liquid - liquid
liquid - solid

\

The dissolution of solids in liquids (metallic and non-metallic)

may be controlled by one of three processes

1. The rate of chemical attack at the solid-liquid interface
2. Diffusion of reactants to, or products from the interface
3. A function of (I) and (2) - termed intermediate.

The kinetics of oxygen steelmalcing have been reviewed by a
number of Gorman investigators (112, 113, 114). Oeters (113)
found that generally the rate determining step in refining v/as the
resistance to transfer in the diffusion layer of the metal phase,
however the dissolution of lime could become rate controlling where
silicate slags were involved.

Two analysis (chemical (65) and gravimetric (108) ) techniques
have been used to measure the amount of lime that has dissolved in
a slag or melte The accuracy of both methods must be questioned.
The results from chemical analysis may be in error because the
saccharine solution (used for leaching free lime) does not dissolve
lime vdth iron oxide in solid solution. Measuring the weight loss
of a reacted lump or pellet would be adequate if the lime had
theoretical density. In practice, the weight loss (by dissolution)
is counterbalanced by a weight gain due to the slag infiltrating the
pore system. In complete contrast Russian workers have used a cold

model to study the heat and mass transfer involved in the dissolution
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of lime. Pure water and 2,8 mm, dia, balls of ice were used to -
model the heat transfer process while a 20 agueous solution of

NalNO., end 2,9 mn dia. balls of the same salt modelled the mass

3
fhwansfer process (115).



3. Experimental Work

Commercial lime was considered unsuitable for this investigation
because of the physical and chemical inhomogeneity found in natural
limestone. Instead analytically pure reagents (calcium carbonate
and calcium hydroxide) were used in the preparation of lime pellets
with reproducible properties. To model an early steelmaking slag,
fayalite v/as chosen for the base melt. Fayalite is an iron silicate
(2 FeO.Si0g) with a congruent melting point at 1203°C.

In addition to the immersion experiments, the deformation
behaviour (c.f. Seger Cones) and the initial liquidus temperatures
of mixtures prepared from the oxide components of the different
lime-melt systems were also examined. The results were important for
later work where no ternary or quaternary phase data v/as available.
3.1 Starting M aterials
3.1.1 Lime Pellets

In 1931 Williams (116) successfully sintered lime pellets.

The calcium oxide used was -300 mesh powder calcined at 1700°C.

To obtain a uniform packing density, paraffin (80 by weight) v/as
mixed with the powder before compaction. The pellets were made by
compressing the powder under a pressure of 68.94 M.rn—2 in a
cylindrical die. After firing for 1 hour at 1S00°C., the pellets
had a bulk density of 2820 kg.m ~ (the theoretical density of lime
is 3370 kg.m-3).

Twenty one years later Dickinson (117) tried to produce cylindrical
pellets by compacting lime (from calcined calcium carbonate) in a
20 mn diameter die and sintering at 1300°C. Unfortunately all the
conpacts spalled during firing in a muffle furnace. The author
extended this work by varying the following parameters:-

conpacting pressure 8 *QOOI\/NLI-n2
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withdraw! speed 1----—mm-mmmmemmmev * 5 nun, min~L
heating rate 0,5--— - ¢ 300, min

Like the previous results, every fired compact v/as rejected,
because of splitting around the circumference or a conical defect
in the top surface.

Following these unsuccessful attempts,a new series of experiments
was carried out. Lime was prepared from calcium hydroxide calcined
for 16 hours at 1100°0,, ground in an agate pestle and mortar, and
sieved tlirough a 120 B.S.S. mesh. The results were exactly the same
as before, the specimens spalled before reaching the firing temperature
(X250°C).

Subsequent attempts to calcine and sinter 20 ram diameter pellets
of calcium hydroxide in one operation, failed due to the pellets
exploding on heating. This v/as associated with the evolution of
'water' during calcination

0a(0li)2 -------——-- " 0a0 + HO above 3600G,

However it was found tliat by reducing the die diameter to 10 mm
and thereby doubling the surface area to volume ratio, sintered
pellets could be produced. Even so, the change was not a complete
success, since the fired pellets were distorted ('bananal shaped)
with small surface cracks. These defects were caused by variations
in the packing density and an uneven temperature distribution during
the heating of the pellets. These defects ceased to appear when
shorter pellets were fired. However distortion would still occur if
a specific procedure in relation to the placing of the pellets in
the hot zone were not followed. The furnace used v/as of standard
design, built around a horizontal alumina tube (1 m long 25 mmo.d.

20 mm i.d.) and heated by four silicon carbide heating elements.
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Congpacti.bn of 10mm Pellets

 The celcium hydroxide powder (aprroxz. 3 grems) was compaéted
in a 10 mi. die under a pressure of 76 MV.m 2 transmitted through
the top plunger. Both theload and the withdrawl speed, lmn. min
.were controlled accurately on an Avery hydraulic compression/tensile
machine.

Sintering
rThe compacts {two at a ‘cimé) were‘fired in a platinum boat
charged into a cold tube furnace. The heatingb ‘schedule used wasi=
| 100°C per hour from cold to 600°C
200°G per hour from 600°C to 1250°C
Thé slawer rate prevented spalling dwring calcination. After
holding at 1250°C for 3 hours, the pellets x'rrere furnace cooled,
Coﬁtpacts before and after firing are shown in Plate L.
Properties

During calcination and sintering, the weight of the pellets
decreased. by 24 per cent. The diamcter of the sintered pellets vas
7e4i2 mm, 'The bulk density of the pellets was m’éasured by the
mercury balance. technique (118). The pellets were weighed in air
and in mercury. A stirrup - like holder (Fig. 2) was used to kecp
the 4spec:imens submei;ged in the mercury, .

- Bulk Dénsity = wt_in air, density of mercury

kge m 5 wt in air + wt in mercury

True Porosity % = 1 =ED . 100
' TD

To determine the percentage of closed pores, the evacuation method
prescribed in B.S. 1902:1952 was used with paraffin instead of

- water as the immersion liquid.

1
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The porosities of the pellets, before and after firing, are
given 'below:-‘

Ca(aH), pellet T

* 1% (mercury) |

-

Ca0. . pellet 25 * 1% (paraffin)

Cal0 pellet 25

20 mm dismeter Pellets

Twenty nmiilimetre diameter pellets were successfully produced
for some of the later experiments. To ooﬁg)act the porder using the
"same pressure, as per the 10 mm pellets, a load of 2.4 tonnes would
be required, Compacts (approx. 10 grams) pressed under this load
exploded due to the high internal gas pressure. By trial and error,
the most suitable load was found to be 0.6 tomnes.

| Sintering

The green compacts (two at a time) were fired in a platinum
boat charged into a cold muffle furnace, To prevent excessive
’c,empera’cu:c'é gradients, the charge was 'cocooned! inside an insulating
brick coffine.

The furnace was hested at 50°C per hour to 1450°C, the higher
temperature being required to offset the low compacting pressure
: (19.3 MV %), After sosking for 3 hours, the pellets were cooled
with the furnace, '

Froperties

The sintered pellets ;Vere 13442 mm in diameter with porosities

of 25 ': 2 per cent,

30ls2 Dicalcium Silicate Pellets

Some experiments were carried out using dicalcium silicate

pellets (section Lel). Dicalcium silicate has & enantiotropic forms,
' ‘) '

alpha X Tbeta /)’ and gamna. X . The X— o inversion
/

occurs at 1425°C and the oL~ £ at 675°C (119). Vhen the /3



form changes to @ during cooling;, the volume increases by [Z/o,
causing the so called 'dusting®* of materials in which 2 Ga0O.SiO"
is an ingredient. It has been found that a number of substances

[ Or"Oy Oy Vo0, N 2NS* [In20b N prevent this inversion
by stabilising the P phase down to room temperature (120).
Preparation of Stabilised Dicalcium Silicate
Samples weighing 20 grams were made up from calcium carbonate
and precipitated silica. These components v/ere mechanically tumbled
before being repeatedly fired at 1500°G and ground until no trace
of SiO” or 0aO could be detected by X ray diffraction.

Five gram portions of the prepared material were mixed with
differing weight percentages of B2<X, 070" or "<-Py Each mixture
v/as fired at 1500°G for 6 hours, cooling each half hour for
grinding to -120 B.S.S, mesh.

The results are tabulated below:-

E2°3 Orz"3 V2°5
Quantity Quantity Quantity
Wo Result W o Result Wiy Result
1 dusting 1 no dusting 1 dusting
2 i 2 ti 2 no dusting
5 partial 3 it 3 I
melting 4 i 4 it
5 i 5 i

To reaffirm the results, compacts of Gr?0* and V"O,- stabilised
dicalcium silicate (2 Ca0.SiO?) were heated to 1500°C. A fter
soaking for 3 hours, the Gr*”" stabilised material dusted encoding

in air, however specimens of V*O,- stabilised 2 Ca0.SiOg did
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’n'ot disir'xtegrateo

The structure of the pellets consisted of sintered 2 CaO.SiO2
with an isolated second phase, the latter forming a continuous film
around the grains as the amount of V205 increaséd. Therefore compacts
were prepared with the lovest V,0; (27) eddition Which would
prevent dusting.

Compaction of 10 mm Pellets

During the initial experiments, a nuiber of compacts laminated
. during removal from the die, Therefore to prevent any reoccurence,
the internal bore and plunger were coated With zine stearaté suspended
in acetone. The 2 CaO, S:i.O2 powder (approx_o 3.5 grams) was cqng_aac‘hed .
under the same conditions as the 10 mm Lime specimens viz., a compacting
pressure of 76 Mm% and a withdrawl speed of lmm. min
“ Sintering

In the absence éf a calcination reaction,the compacts were
heated at 300°C per hour to 15oo°é. After soaking for 6 hours,
the pellets were cooled with the furnace,

\ Properties

Sintering reduced the porosities from LOX 2% to 33 £ 2,

’che. new pellet diameter was 9.5 mm,

%01e3 Preparation of the llelt

Payalite was prepared from fused silica flour and ferrous oxalates
- Although successful with the use of the oxalate, the yield of ferrous
oxide was low due to the high weight loss associated with the
evolution of CO, 002 and H20 during heating.

In subsequent preparations calcined G.P.R. ferric oxide was

‘used along with electrolytic iron fillings end silica flours

A mixture calculated to jrield a melt corresponding to fayalite
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?ezo 3 + Fe ———= 3 Te0

' 2 FeO + Si02 2 FeO.Si02

was induction heated to 150000 for complete fusion in a carben
susceptor (prepared from electrode carbon), To minimise oxidation
both heating and cooling were carried out under an argon atmsphefe
.(9'9. 9954 pure)‘o

| When cold,. the fayalite was crushed to =120 B,S.S. mesh in a
Glen C:esion mixer mill. Any partiéles of iron and magne.tité were
removed by a magnet. The chemical analysis was 65% FeO, 5b Fezo3
and 30/ 810,; X ray analysis also confirmed the material as fayalite
(Tabie 1.)

Additions to the Melt

Manganese Qxide

llanganese oxide can be obtained either by reducing a hipher é}:lde
or by heating the metal oxalate ar carbonate out of contact with
oxygen. The latter was the easier technique with manganese carbonate
" being ‘chermosi:‘ economiéal material. This was confirmed when 2 grams
of I\"InGO3 were heated under flowing argon on a Stanton massflow balance.
The resulting weight loss and chemical analysis showed that the
atmosphere wag sufficient to maintain the manganese component in the
deé:i_.red bxida‘bion state.

Follewing this, 15 gram batches of I»‘InCO3 were heated in a -
. controlled atmosphere tube furnace. After holding for 1 hour at
| 850°C, s the charge was furnace cooled, sgain under argon.

To prevent oxidation and hydration, the manganese oxide was

stored in a vacuum dessicator.

Other Additions

Experiments were also carried out using additions of calcium

fluoride and boric oxide. These materials were supplied as G.P.
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reagents by British Drug Houses Litd. Both chemicals were dried at

350°C for 16 hours prior to use.



3.2 Experimental Equipment

3.2,1 Cone Pusion Furnace

The fusion points were determined in a hd;c'iZOntal furnace with
a maximum operating temperature of 1500°C, The furnace consisted of
an alumina work tube heated by eight silicon carbide heating elementsa
Using a Variac controller, the furnace temperaﬁwe was raised at a
steady rate of 5°C per minute from 600°C to the maximum temperature.
While some cones wWere heated in air, the ma,jority were heated .in argon.
The inert gas (0.5 litres per minute) was introduced into the furnace

'thmug;h an inlet in the back seal.

34242 Hot Filament Microscope

- The classicel quench method (122) of measuring liquidus temperatures
is very tedious and time consuming. An alternative technique described
by Welch (123) offers a quick and accurate method which can be applied
to slags. The initial liquidus temperatures were deterinined on the |
hot filament microscope (Teleoomunicati.on Inst;‘wnénts Ltd.) shown

in Plate 5, It comprises a microscope with lié1’c source, a gas tight
cell and a Pt - 5% Rh, Pt - 20% Rh thermocouplei The 'V' shaped
thermocouple acted as a heating element and a crucible. By using a

high speed reley, it was possible to heat the couple (and hence the
sample) and read the temperature at virtually the same instant.

Before studying the lime-fayslite system, experience was gained with

* .potassium sulphate which possesses a sharp melting point at 107200,
undergoes a polymorphic transition at 58000 vith minimum bifringence
at 42000. With practice, 'Ehese temperatures were reproducible to

within + 10°C,
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3¢263 Immersion Furnace
During the design stage, it was estimated that the maximum

. temperature required vould be 155000, accordingly platinum was
chosen for the furnace element. But after only limited operation
to 130000, difficulties were encountered with pronounced thinning
of the windings; requiring the furnace to be dismantled for welding
or rewinding,. | Tinally with the windings failing every other week,
a new furnace was constructed around a tubular Crusilite D.M. type
element (Plate 6). The general arrangement is shown in Plate 7 and
the :f‘urnace section is shown in detail in Fig. 3.

An open eridea alumina tube (Im Llonz 59 mm o/d 50 mm i/d) was
inserted inside “Ehe heating element, protruding above and below the
furnace. Titted to both ends were water cooled aluminum heads sealed
to the tube with '0O' rings. The top.head had a centre bore through

which a refractory tube was inserted and rotated if required. The
bottom head supported an alumina tube (25 mm dia.) with a ceramic plug
on which rested the crucible in the hot zone,

Temerature Control and Measurement

The pd’rer input to the furnace was governed by a Burotherm 070
Mark II thyristor drive controller (0-25 amp with current limit); the
temperaturebeing controlled by means of a ﬂiermocouple(Pfsth—Pt 204
Rh) piaced close to the heating element.

Temperatures in the hot zone (75 mm long) were measured with a
Pt - Pt 135'3 Rh thermocouple insertécl through the bottom head and
located in the ceramic plug., Initially the thermocouple was connected
~ to a Honeywell millivolt recorder (calibrated in OC) but fhis was
found 1o be Ainac\cura“l:e at high temperatures due ‘to an induced e,m.f,
Above 10@060 the thermal emf was measured with a Cambridge Portable

~ Potentiometer, _



Crucibles
The melts were held in iron (.06 carbon) crucibles suspended by
s*bainiess steel wire from the top head. The crucibles were 40 mm dia.
high x 40 mm in diameter,

Furnace Atmosphere

To prevent the oxidation of the crucible and melt, high purity
argon (99.,9955) was passed through the furnace at a flow rate of
0.3 litres a minute., ILvery weck, the exit gas was sampled and

checked for oxygen (leaks) using a Fison's Gas Chromatograph.



3.3 Experimental Procedures

h 3¢ 3.1 Cone Fusion Studies

Cones Were nrepared from mixbures of lime and fayalite (-120 +
150 mesh). To ensure homogeneity the two components "were mixed
together for 2 howrs in anair tight container. The poﬁrder together
' vrith a binder (1wt NH!;- CL and alcohol) was pressed into a |
triangular mould. Xach cone was mounted onto .an alumina cement base
(Platé 8) so that when inserted into the furnace, the verticel face
was iaarallel to- the longi‘budinal a}:is. of the tube.
After flﬁshing with argon, the furnace was heated at 150°C per hour
to 600°C, after which the temperature was increased by 5°C per minutes
During heating, the behaviour of the cones was observed thrdugh a
cross=wire cathetometer viewing through a silica glass window in one
end. of “bhé furnace tube (Plate 9).

3.342 Determination of the Initial Liguidus Temperature

To confirm whether the initial deformation of the cones coincided
: ‘with the start of melting, a small quantity of each mixture was heated
in the hot filament microscope.

To load the sample onto the thermocouple ,_thev tip was moistened
with alcohols. After moking +the elect.xical c.ohnections s the cellwas
flushed with argon, Whilst meintaining an inert atmosphere, the
temperature Waé slowly increased until the crystals sterted to dissolve
- between the arms of the thérmocouple. ,

Sin'ce the melts contained TFeO and IO, it was thought these might
contaminate the thermocouple Junction and give rise to errors in the
temperature measurements. After cleaning a number of thermocouples
in 'boiling hydrofluoric acid, subsequent rede’ce}rmination of the melting
point of -a standard substance (potassium sulplléte) showed no such

contamination has occurred. However as a precaution the thermocouple



" was renewed after each measurement,

3.3.3 Trmersion Experiments

A1l the experiments were carried out at 15000,0 v'because this
represents the average hot metal temperature at the beginning of“
the blow in a L.D. converter. The cone fusion results (Section l..2.2)
confirmed that all the melt compositions (except 20 Wt} }n0) would
v'be‘ molten at this temperature under an inert atmosphere, A

The pellet assenbly is shovm in Plate 10. The pellet was
aftached by stainless steel wire to an alumina tube (6 m o/d
L 1m j./d). This 50 mm long tube was securcly fastened between two
halves of a partially split spindle (alumina tube 12 mm o/d 8 mm i/d)
supported by a stainless steel sleeve. |

Sixty grams of the required melt were placed in the crucible,
before being lowered into the reaction tube, To prevent spalling on .
immersion, the pellet was held just above the crucible (but still in
the hot zone), however a few tests were carried out with large pelle‘f;s
preheated: to 1000°C and 600°C. [ At 600°C - 10 runs produced only
| 4. results - in the others the pellets -spalled ] .
| After flushing out the system with argon f‘ér 30 minutes, the
furnace I‘bempera‘ture was slowly increased over a 6 hour period to
130000. The tenperature in the hot zone was allowed to equalise for
-1 hour, before the pellet was immersed for the required time. The
. bulk densities of 6 pellets (2 of each size) increased by a very
small amount (=<1%) after refiring for 1 hour at 1300°C.

In the initial experiments, the partially dissolved - pellets
were withdrewn and air cooiec'l, but t he reaction zones shattered
due to the inversion of dicalcium silicate. Thg outer layers were
retained after quenching in water, but the observation of magnetite

dendrites indicated that the surface had oxidised, Both problems



were overcome by fastening the crucible to the top head so that the
whole assenibly (crucible + pellet) could be withdrawn and quenched.

In the dynamic experiments, a stirrer motor (G-allenkamp
Variable Speed) was utilised to rotate the pellet upon immersion in
the melt. The motor could not be connected directly to the top of
the spindle because the assenibly had to be withdrawn very quickly for
quenching. Instead the two were connected by a length of polythene
tubing which allowed the motor to be placed at 90° to the spindle
and approximately 13 cm. away from the top head (Plate 11). The
choice of 141 cm. per minute for the rotational speed was purely
arbitary, the number of revolutions (60 rpm for the small and 33.
rpm for the large lime pellets) being measured by a hand tachometer
and checked with a stop watch.
3.3*%3.1 Specimen Preparation for MicroscopicExamination

A fter removing the bottom of the crucibleby surface grinding,
the remainder was mounted in a cold setting resin, (Metserv Metset
FT). To prepare a section for examination, the specimen was ground
on silicon carbide papers (150 and 600 grades only) followed by
polishing on a disc impregnated with 1/4 micron diamond paste.
Two etchants were used for the specimens

1. 2$ nitric acid in alcohol (Nital)

2. % aqueous copper sulphate solution
3.3.3*%2 Electron Probe Analysis

In the field of refractories, microanalysis has been used to
study the distribution of elements in magnesite bricks (124) and the
composition gradients formed during slag and glass corrosion (125).
In this investigation, the migration of oxides to and from the
dissolving lime was followed using an updated Cambridge Microanalyser

Mark IIA possessing two spectrometers.



A cross-section 1/4" inbdiameter and 1/8" thick was trepanned
from the lﬁe-mlt reaction interface of the mounted spécimens.
After.;'epolishing to' 1/} micron finish, the surface was coated with
evaporated carbon to allow the current from the beam to flow eway to
earth. After f'iz‘lding\‘ a suitable area in 'Ehe attached optical
microscope, the specimen was rota.tted under the electron beams The -
analysis was made at an accelerated potential of 25 kilovolts with
a probe current of 8 millimicroamps. .Polaroid photographs were
taken of the electron backscatter from the seleé‘ted area along with
X ray imeges of caloium, iron, silicon and manganese (if present).
Numerous attempts using the availeble crystals, Stearate and K.A.P.,
failed to detect fluorine (atomic number 9) or boron (atomic number
5. : :

The concentration profileé were produced by taking a 10 second
integratéa count of the element's radiation in a 38 micron square,
then repeating the procedure across the interface.

The intensity of the radiation from the specimen was calibrated
against a knom standerd. The caloulation of the true concentration
from the measured intensity ratio, involved a series of corrections
A(deacl time, background noise, secendary fluorescence, adsorptien and -
the atomic nunber effect) (126).

3..3.3.3 Determination of Bulk Volume and Surface Area

Bulk Volume

The methods used previously to monitor the dissolution of lime
are discussed in section 2.7. In this investigation bulk volume was
considered a suitable reaction parameter for the following reasons:= .
1. The wniformity (size snd parosity) of the pellets

2. Any adhering melt would be remved by the 2 Ca0,3i0, inversion.

2
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. The main disadvantage was that ell the immersion experiments
had to be duplicafed for qualitative and quantitative examination.

The bulk volume Was calculated from the weight of the pellet +
holder in air and in a density bottle containing paraffin., FPlate 12
- shows the 1o density bottles (originally large boiling tubes) |
mounted on Araldite MY750 resin bases. For the stoppers, sintered
glass connectors were filled with resin, through which a fine hole was
drilled dovm the centre.

Pollowing immersion, the reacted specimen was quenched very
quickly in agitated brine, this fractured the melt layer, ‘chus
allowing the 2 Ca0,51i0, inversion to ocour . ~ After removing both
the .pelle'b and holder from the spindle, a plastic film (==, 00l grams)
was sprayed onto the pellet to prevent paraffin infiltrating A’che pores,

calculation of the volume of pellet + holder

wei" " " [ bottle + paraffin | - pellet + holder in air —
Gveigh’c -

Gveight of [ Dottle + paraffin | + weight of [ pellet + holder)

in paraf:f’in)
= equivalént weight of paraffin |

volume = equivalent weipht of ﬁaraf‘fin
density of paraffin

~volume of pellet lost during reaction =
Vinﬁe of [ fpelle‘b + holder ] = volume of [ pellet + holder ]
'béfore fmmersion af'ter :'mmevrsion
This technique was satisfactory for the following systems:=- |
Cal -~ 2 Fe0,510,
Cal - 2 Fe0.810, + 1O
lGaO -2 FeQ.S:].O2 + CaF2
2 020,810, - 2 Fe0, 510, (referred to in section heks1.2)

5
system because the melt overflowed. the crucible and the solidified

However it could not 'beuseri for the Ca0-2 F‘eO.S:LO2 + BZO |



layer around the lime did not shatter on quenching (33203 is a /g
2 0a0.510, stabiliser).

Surf‘ace Area

If 'h' is the mean length of the pellet attacked and the

average diameter along this length as determined by a micremeter is

d where

= d

L

ot

+
2

d, and. '&2 are the mean diameter before and after dissolution

then the area of pellet surface attacked is given 'by

‘A = TTadh+ 1l IIa
where d is ‘the mean diameter of the lower face of the pellet.

3430k Penetration Ixperiments

It was hoped that these experiments would provide an insight
into the penetration of liquid oxideé into porous lime., A hoie
(5 mm in diameter and 5 mm in depth) was drilled in one end of a large
lime pellet. The cavity was filled with powdered fayalite, after
which the pellet was fired at 1300°C for a presélectea time (varying.;:
from 5 minutes to 1 hour). On cooling dovm, the lime-melt interface
shattered due to the dicalcium silicate inversion. This phase
"transforma’cion could not be prevented even by quenching in water,

consequently the experiments were abandoneds
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L. Experimental Results and Observations

These are reported for the follbwing combinations of pellet
and melt. A

1.  Lime - Fayalite

2.  Lime - Fayalite + Manganese Oxide

'3, Time - Fayalite + Other Fluxes

Lo = Dicalcium Silicate -~ Fayalite
For each system the results and cbservations are subdivided into:-

1.  Cone Behaviour

2,  Initial Liquidus Temperatures

30 | Immersion ﬁxperiments

Lel Lime~Fayalite System

The main constituents of steelmaking slags are lime, iron oxide
and silica, - The appropriate equilib;'ium diagram is that for the
' OaO—FeO—Si02 system (Plate 2) where the oxide phases are in eqﬁili'briwn
with metallic iron. The main feature to note is the 2 Ca0.810, +
liguid phase field which forms a hiph temperature ridge between lime
end fayalites |

Lelel Cone Behavinur

During heating; the cone changes from a porous heterogeneous
solid inte a viscous 1:‘Lquid, never reaching é:cccpt during slow heating)
chemical or physical equilibrium, Deformation begins when sufficient
liquid ‘has formed for flow to occur under gravity continuing as the
temperahire is raised until en arbitary end point is reached.

. Two temperatures were recorded:- _
1. The temperature at which the cone tip started to 'b.end
2¢ The temperature at which the specimen had completely
collapsed., |

In addition to tabulating the initial and final collapse temperatures



(Table 2), the results are superimposed on the Ca0 - 2 Fe0,8i0, .
isopleth (Fig. 4). The isopleth is a section through the CaO-Fe0-510,
ternary showing the liquidus and solidus temperatures of phases
intersected 'by‘;a line from _the Ca0 corner to the 2 “.E‘eO.S:'LO2 composition
on the Fe0-5i0, binary (Pige 5)e

At the 2 Fe0,5i0, end of the isopieth, both temperatures were
reduced by an addition of 10 Wi% CaO, But as the CaO content
increased above this value, the initiai collapse temperature ihcreased
sharply. Thé equilibrium liquidus temperature follows a similar trend
across the isopleths VInitially there is a small decrease (from 120,°C
;ho 115000), but after 8 Wt% Cal the remaining portion of the liquidus
curve increases sharply as the section intersects the FeO + liquid . |
and 2 CaO.S:i.O2 + liquid phase fields.

In the range 0= 30 Wig CalO the deformation of the cones was
continuous from the onset of bending to the final collapse. With
higher Ca0 compositions, deformation appeared to cease after the
initial bending of thé tip and it did not resume until 20°C before
'l:l;ze final collapse temperature. |

Although the isopleth can give useful informetion it cannot be
used to calculate the amount of liquid present at any particular
temperature for any composition along the CaO-2 Fe0,5i0, join.

These were calculated from the ternary diagram and are plotted in

- Fig. 6. The most interesting feature of this plot is the difference

in the ratio increase in ¢ liquid
: unit increase in temperature

for various compositions at equilibriume. For compositions up to

30 W% Ca0, the ratio is high (i.e. the graph of % liquid against



temperature is .steep)o This means that a small increaée in temperature
produced a large ipcrease in the‘liquid contents For cc;mposi'bions
“richer than 30 W‘b% 0a0, the ratio is low indicating that a large
"increase in temperature produces only a small change in the amwunt

of liquid,

Changing the atmospheric conditions inside the :f\:rnac;a (from
argon to air) ﬁoduced a marked increase in the melt collapse
temperatures. The results are ’ca’buia‘ced in Table 3 and plotted on
a sectiox; from the CaO—SiOz-fFe203 phase diagram (Fig. 7). At Llow
concentrations of Ca0, both collapse temperatures were reduced but
this trend was reversed as the proportion of Cal exceeded 4O by
weigh‘b. Cones with a high proportion of CaO collspsed in a similar
manner- to those heated in argon i.e. a period of very little observed
movement after the initial bending of the tip. Again this can be
'associated with the percentage liquid-temperature felationship(Fig,. 8).

hels2 . Initial Liguidus Temmerature

- The temperature rahge in which a liquid Wa; formed for each
composition (4 runs on each) determined by the hot filament microscope
techﬁique is shown in Tables 2 and 3 and plotted in IMigs. 4 and 7.
These resulté support the hypothesis that thé initial deformation of -
the cones coincided with the fomation of a liquid phase.' Continuous
heating ebove these temperatures gave some qualitative indication of
* the melbing rénge of the various lime~-melt mixtwres, Here again,
melt rich compositions were soon completely molten while those
“enriched in lime had a longer melting range. Similar behaviour was
observed when the mixtures were heated in air., However it was only
compositions above 40% lime which had long melting ranges.

With the good correlation between the expe‘r:hn'ental results and

the liquidus and selidus temperatures acress the isopleth, experiments



were carried out with additions of manganese oxdde, calcium fluoride
and boric oxide to lime-fayalite mixtures.

Lele3 Tmnersion Espariments

Lhelo3.1l Small Lime Pellets
lHcroscopic examination of immersed specimens revealed five
distinct zones

2 Fe0,810, 2 0a0.810, | TFeO ECaO + Fe0 Unrecacted Cal
1

'
]
. ]
liquid ‘solid ! liquid:  solid+ solid
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with the products of the he“cerogeﬁeous reaction

2 FeO.S:i.O2 + 2 a0 ——m— 2 CaO.Si02 + 2 FeO se_paratir-lg"bhe
pellet ﬁ'om the melt (Plate 13). The solid 2 C}aO.S:'LO2 etched dark
by 'Nital' lies vertically down the centre of the plate. The white
phase, rich in iron oxide, separating the Cal from 2 CaO.Si02 was
liquid at 1300°C, During infiltration of the porous solid, the iron
oxide liquid dissolved the sintered necks between the lime grains
(Plate 1) Inside the infiltrated pore system there wrere two other
phases, metallic iron and tricslcium silicate (3 CaO.SiOz). The
presence of metallic iron in the microstructure (revealed by the
precipitation of copper from copper sulphate solution) (Plate 15)
illustrated the difficulty in differentiating between isothermal

and athermal reaction products. though the Cal0=-Fe0-Si0, ternary

2
system has no metallic iron phase ficld, it is a component of the
Ca~Fe-Si-0 system, Tleischer and Fischer (68) put forward the
following reaction to account for its presence, 3 el + 2 CaQ —

2 GaO..'E‘e‘,ZO3 + e, | (Lime in contrast Lo silica stabilises the ferric
state). But iron is also a product of the athermal decomposition
of wustite 4 FeO ——= TFe + Fe;0 (77

Tricalcium silicate can also be precipitated isothermally ox

athermally. The 3 Ca().SiO2 crystals formed on coolingz from the



Liquid state,'were easily recognised by their needlelike shape,
Both types were present in the microstructure of a pellet immersed
for 6 minutes (Plate 16). The coarse isothermal crystals were
redissolving é‘c the reaction temperature of 1300°C.

N.B. Undef equilibrium cooling 3 CaO.8102 decomposes into Cal +
2 CaO.SiOQ.

Vith only brief immersion times the iron oxide rich liquid
solidified as a single phase (Plate 13). However with longer times,
a eutectic could be resolved between the wustite dendrites (Plate
17).

After only 10 seconds immersion, the precipitated particles of
2 CeaO.SiO2 were observed to be agglomerating into small groups
(Plate 18). This process continued until a compact layer was formed
around the pellet (Plate 13). As the immersion time increased, there
was a gradual transition from a planar to a corrugated 2 CaO, S:i.O2
rim with large aggregates breaking away into the liquid phase
(Pla‘.:e 19). An average rim width was calculated from readings taken
around the specimen's circumference, the results (Table 4 TFige 9)
show a maximum thickness after 4 minutes. Examination of a specimen
immersed for this period of time (Plate 20) revealed dissolving
crystals of 3 CaOoSi(} adjacent to the 2 CaO.S:i.O2 rim,

To assess the reaction mechanism for the formation and growth
‘of a s0lid product, inert markers have been used to estimate the
relative diffusion rates of the reacting species (127), In this
investigation, however it would have been extremely difficult to
devise an accurate experimental technique since the 2 CaO, S:‘LO2 layer
was separated from the pellet by a liquid phase, But an insight into
the reaction mechanism can be gained from the microexamination of a

specimen immersed for 7 minutes (Plate 21). The microstructure



shows ‘the precipitated layer to have moved 111Wards as the pellet .
receded during dissolution,

Initially the melt solidified as fayalite + eutectic (Plate 13),
but as it became enriched in Ca0, primary wustite (Plate 22) and
the eutectic Cal-Fe0-510, (Plate 26) occurred as phases in the solid
state. Rotating the lime pellet produced a coi'rugated melt - )

2 CaO.SiO2 interface (Plate 23) with a thicker 2 CaO.Si02 layer on

the comvex part (viewed from the pellet side). As the immersion

time increased the 2 GaO.SiO2 precipitate appeared as a solid mass

between the pellet and the melt (Plate 2.) although some liquid had

penetrated through to the melt. The maximum width of the precipitated
layer (Téble 4 TMg, 9).occu‘c'red on a specimen immersed for 4 minutes.

- On the same specimen (l?latc 25) aregion of melt was observed in the

‘J.iquid‘ phase. The corrugations and liquid extrusions along the
isolaj;ed melt region - 2 GaO.S:'LO2 interface resembled those along the
bulk melt boundary.

After 4 minutes, the 2 Cal, 8102 layer had decreased in thickness
(Plate 26), however it still remained corrugated. The tenacity of
the 2 CaO.Si02 particles was clearly visible from the specimen
imersed for 5 nﬁmites. Besides sintering into small groups (Plate
28) the particles Ffoimed a coherent network inside the CaO-FeO -
liquid phase (Plate 27).

“Lelo3.lel Electron Probe Analysis

Plate 29 shows a scries of scanning images (electron and X ray)
of a section of the reaction interface from a specimen immersed for
5 minutes, As expected, the concentration of calcium gradually
decreased from bottom right to top left i.e. moving from the reacted
pellet towards the melt., In contrast the distribution of silicon was

highest in the melt with a sharp drop occurring at the 2 CaO. Si% -



liquid interface. Along' this interface, there was a zone depleted
in iron, but the distribution increased in the regions surrounding
the lime grains. Concentration profiles (Fig. 10) for calcium,
iron and silicon (e}qpressed as oxides) were plotted across the
lime-melt reaction zone, Yhese profiles do no give the true composition
of phases because some overlap in the area under the electron beam
"nearly always occurred.
The important feature of Fig. 10 is the sudden decrease in the
S8i0, concentration at the 2 Ca0,Si0

2 2

oxide - lime liquid). A sevarate analysis of the 2 Ca0,8iO

layer (= 1 W% in the iron
5 produced
the following composition 30 Wt 810,, 68 Wt Ca0, 2 W6 FeO, this
agrees with the findings of Obst et al (42) who found that iron

could substitute for caloium in the 2 Ca0.810, shells surrounding
partially reacted lime extracted from an ID vessel.

i The concentration of iron oxide gradually decreased f‘zjémﬁle
bulk melt towards the pellet, but there was a sudden increase in
concentration inside the 2 OaO.33'.02 rim, The concentration of lime
‘.showed a reverse trend to iron oxide l.e. gradually.decreasing from
the 2 CaO.SiOz- rim towards the bulk melt,

Another way of illustrating the jrofileswas to plot the results
on the 130000 isotherm of the GaO—FeO—Si02 ternary (Fig. 11). Irom
the melt composition on the FeO—Si02 binary, the concentration path
. moved along the 30 Vit S:i.O2 isoconcentration line into the 2 CaO.SiO2
+ liquid phase fields Thiswas followed by a sudden change towards

the I'e0 corner before the compositions movedfinally towards the

CaO-Fed 'binarye

Lelo3e2 Larpge Lime Pellets
Al'hhbugh the microsiructures resembled those observed around

small static pellets, there was one major difference. This was the



athermal precipitation of 2 CzaO.S:’z.O2 dendrites around the 2 CaO.Si02
particles present at 1300°C (Plate 30). The particles which were
~present at the reaction temperature formed a thin cohesive layer
(Table 5 Tig. 12) between the melt and the lime-iron oxide liquid

(Plate 31). Similar microstructures were observed when the pellets

were rotated (Plates 33, 34). Although the 2 (a0,8i0, layer remained

2
very close to the lime surface, isolated regions of melt were found

in the lime-iron oxide liquid (Plate 35) after long immersion times.

Lele3.3 Dissolution Kinetics

The results of the quantitative expe,riments: are tabulated in

. Tables 6 and 8 and rresented graphically in Fig, 13 and 14 where
the volume loss per unit area is plotted against the immersion time.
The graphs for the small pellets show a change in dissolution rate
after a reaction time of 3-4 minutes in both the static and dynamic
experiments, With short immersion tﬁ.m'esi, the influence of preheat
temperature can be seen from Table 10 and Fig. 15, The delay in
dissolution was almost certainly due to the build up of a frozen
layer of melt on the pellet imuediately upon immersion.

It was evident that pellet rotation increased the dissolution
of lime, this was true for the two sizes of pellet immersed in the
different melts., A Visual comparison of the dissolution rates in
the various melts (2 Fe0,8i0

» 2 Fe0.810, + 10, 2 Fe0.Si0, + Can)

2 2
" can be made from Plates 36 to 39, The actual dissolution rates

cbtained from the linear portions of the praphs are given in Table 1l.



4?2 Lime-Fayalite -+ 10 Wt lManganese Oxide System

Although very little is known about the CaO—FeO—Iu’nO—SiO2
quaternary system, a number of studies have been made on the three
binary systems (77)
1n0=-FeO These are ﬁot true binary systems because manganese like
n0-Ca0 =) iron can exist in a m.unber of oxdation states (He2” Meo*
}in0-510, e.tc) depending upon the oxygen pobential
langanese oxide (Mn0) is very similar to wustite (FeO) in its reaction
with silica, feorming a silicate 2 MnO.SiO2 with a congruent melting
point., However the two oxides react differently with lime, FeO forms
two solid solutions vith a minimum at 1108°C, s Whereas InO farms a
complete solid solution series with the solidus never falling below
1700°0. In air, both 10 and FeO veact with oxygen to ferm

Fe203 Fe301+

ZMnZO3 Iin 301{~
Ferric oxide (Fe203) begins 1o dissociate at 1200°C in air, The
dissociation at first increases regularly and at a steadily increasing
rate with the tenperature, corresponding to the foriation of Fe,O

3%

and a solid solution between it and the remaining Fe203 (128).
In the manganese-oxide system, the temperature of equilibrium

co-existence of Mn,0; and 1,0 is 870°C in air (129).

Le2,1 Cone Behaviour

A 10 W4l addition of IO increased both the initial and

2
isopleth (Table 12, Fig. 16). Vith a further increase to 20 Wt nO

- final collapse temperatures of compositions along the Ca0-2 Fe0.35i0

(Table 13 Fige. 17) both the collapse temperaturesat the melt rich
end were higher, but for compositions with a CalO to 2 FeO.SiO2 ratio
of 3:7, L4:6 and 5:5, the final collapse temperature remained constant

' (o) . . . . .
at 1460Ce In air, manganese oxide was particularly effective in



reducing the initial and final collepse temperatures of the pure melt
and lime rich compositions (Tables 1k and 15, Figs. 18 and 19) .

4e2,2 Initial Liguidus Temperatures

Compared with the results from the Cal~ 2 FeOﬁ;_SiOz' system,
manganese oxide (Tables 12 and 13, Iigs. 16 and 17) produced an
increase in the temperature at which a liquid phase appeared. But
in air, the oxide addi’cion reduced the initial liquidus temperatures
(Tables 14 and 15, Figs. 18 and 19). |

L.2.3 TInmersion Experiments

1

:1+. 2¢3.1 Small Lime Pellets

The reaction zone around a specimen immersed for 1 minute (Flate
40) resenbled that between lime and fayalite (Plate 13). However
there was less penetration of the porous pell;et by the liquid oxides.
The difference can be clearly seen by comparing the microstructure of
reacted pellets (Plates 41 and 14) which were immersed for 3 minutes.
Lven after 6 minuﬁes theré was. stlll a substantial amount of direct
bonding between the lime grains (Plate 42)e

‘The presence of the two reaction products (Liquid oxides and
solid 2 CaO.SiOZ) indicated that the lime-melt isopleth still
intersected the 2‘CaO.S:LO2 + liquid phase field., As the immersion
time increased the transition from a planar to a corrugated rim was
again evident, however significant differences were observed in the
' spatial distribution of 2 Ca0.Si0, along the rim (Plate 43). Whereas
only a thin.layer had pracipitated along the peaks (viewed from the

lime side) there was a large number of 2 Ca0,5i0, particles at the

2
base of each troughe With increasing immersion time, the troughs

became V shaped with 2 Ca0sSi0, particles breaking avay from tho

reaction interface (Plate 4L). The peak thickness of the 2 CaO, S:i.O2

layer (Table 4 Fige 9) occurred on a specimen immersed for 4 minutes.



This:'was also the timevhen liquid breakouts were observed in the melt
(Plate 45). MMicroexamination (and later Electron Probe Analysis) of

a large extrusion (Plate 46) showed no 2 Ca0.8i0, barrier between the

2

breakout and the melt but -there was a large precipitation of 2 CaO. Si02
around the breakout point. Considering the breakout was originally

liquid from inside the 2 Ca0.Si0, layer, the two had different

2
structures on cooling., The white colour of the single phase breakout
was similar to that of. magnetite or wustite after etching in Nital, while
the inner liquid had a eﬁtectic-type structure.

As the number of breakouts increased (Plate 47), it was only a
short time ‘before two of them became connected, thereby isolating a
region of melt (Pia'te 43). Whereas 2 Ca0.510, had precipitated at
the new melt-liquid interface, only one side of the isolated melt
region had a 2 CaO.,S:LO2 layer. However the microstructure of a
specimen immersed for 8 minutes, showeda continuous 2 CaO, S:'LO2 rim
around isolated regions of melt (Plate L|.9)°

During micros‘copic examination of all the specimens,only a
small number of 3 CaO‘,SiO2 ‘crystals were observed near the 2 GaO.Si02
layer (Plate 2»9) and in the infilitrated pore system of the lime
pellets (Plate 42).

Rotating the pellets produced a corrugated 2 CaO.SiO2 layer
(Plate 50). As the reaction time increased, the corrugations became

"more accentuated with a large number of 2 GaO.SiO2 particles forming
on the convex portion of the melt-liquid oxides interface (Plate 51).
In some areas, the precipitation of 2 CaO, Si02 was so large that small
regions of liquid became isolated from the parent phase (Plate 52).,
After reaching a maximum after 4 minubes ,. the thickness of the
‘2 CaO‘.SiO2 layer started to decrease. (Table 4 Tig. 9). With longer

immersion times, liquid breakouts and isolated repgions of melt

(Pla'l:es .53 and 54)



were observed in the reaction zZone surrounding partially dissolved
pellets, It was during the later stages that horseshoe shaped

~crystals of 3 CaO.SiO/2 were observed close to the 2 Ca0,Si0, - liquid'

2
oxides interface (Flate 55).

Lo2e3.1el Ylectron Probe Analysis -

A section of the reaction interface from a SPecimén immersed for
- 5 minutes is shown in Plate 56, along with the X ray images for calcium,
iron, manganese and silicon. llanganese was detected on both sides of
the 2 CaO‘,S:i.O2 layer and like iron it ceuld replace calcium in 2 CaO.
SHON (1.Q4 Wl 1n0)s The calculated concentration : profile (Fig. 20)
shows that 3nO increased in concentration in 'bhe liquid'region between
the precipitated layer and the dissolving pellet.’

To represent the compositions on a ternary diagram, the
- concentration of the oxides of calcium, iron and silicon were recalculated
to 100 percent (Fig. 21). Compared to the lime~fayalite system, the
~concentration paths were very similar except for a shift towards the
FeO corners

Of particular interest in the 1inO series of experiments were the
breakouts of liquid oxides from inside the 2 Ca0,8i0, layers &
section of interface containing one breakout (Plate 46) was prepared
for the microprobe. Flate 57 shows the electron and X ray images
::Cor the four elements calciun, .LI‘QH, manganese and silicon, It was
: apparent that the breakout oon'ba.:.nea a high concentration of iron and
manganese with very little silicon. Ilicroanalysis gave the breakout's
composition to be 79 Vi FeO, 9 Wi 1m0, and 1 V4% CaO.

L4e2.3.2  TLarge Lime Pcllets

In contrast to the broken 2 GaO.S:i.O2 rim observed around small
specimens, the precipitated layer was thin (Table 5 Fig. 12) and

continuous around large static pellets (Plates 58 and 59). ILven



when'vthe pellets were rotated, the layer still remained intact
(Plates 60, 61 énd §2). These observations suggested that the
occurrence of breakouts was reiated to the radius of curvature of
the pellets. If breakouts ohly occur below a certain size, then a
iongitudinal g;r'oove with a small radius of curvature should promote
extrusions 6':1 a large pellet.
— To test this hypothesis a small (;;roove was filed in two large
pellets, one mxepsed in the base melt, the other in fayalite + 10
Vi manganese oxide. Vith the base melt there was no dif'ference
between the melt - 2 Ca0.810, interface around the pellet and that
inside the groove (Plate 63). With manganese oxide in the melt,
liquid 'bx;eakouts had occurred,but only along the melt - 2 CaO.SiOz'

interface inside the groove (Plate 6l).

Le2.3.3 Dissolution Kinetics

The results from the static and dynamic experiments are tabulated
in Tables 6 and 8 and plotted in Figs. 13 andlh. There is some
similarity (inflexion points) between these results and those obtained
from specimens immersed in fayslite, The major effect of the addition -
was to decrease the solution rates (Table 11) of lime., However this
trend was reversed in one situation, the dissolution of small pelle‘gs

‘after 4 minutes immersion under conditions of natural convection.



Le3 -Lime-Fayalite + Obher Fluxes

In order to assess the fluxing power of manganeée oxide,
experiments were carried out using the following melts:~
vl. © Tayalite + 10 W% Calcium Fluoride
2. Fayéli"ce + 10 ¥t Boric Oxide ( a possible fluorspar substitute).

L,3.1 Lime-Fayalite + 10 W4 Calcium Fluoride System

The physical and chemical properties of slags conbaining caleium
fluoride have been reviewed by Sommerville (130) and Davies (131).
Both authors agree. there is very little data on ternary and quaternary
systems with CaF2 as a component. \hat informaﬁon is available,
relates mainly to the CaO—SiOZ-Gan terlnary where CaF2 forms a eutectic
with Ga0 (18%) and 2 Ca0.510, (36%) with a minimun liquidus temperature
at 1360°C and 1110°C respectively.

Le3.1.1 Cone Behaviour

The addition of calcium fluoride reduced the sof’cenirﬁ; range of
the lime-fayalite mixtures (Table 16 Fig. 22). The cones collapsed
very repidly after the initial bending of the tip. Even with a high
lime to fayalite ratio of 6:k, the final collapse temperature was only
1290°C.,

be3.1e2 Initial Liguidus Temperatures

The main effect of calcium fluoride was to lower the initial
liquidus temperature of fayalite (Table 16 Fige 22). For lime-fayalite
" mixtures, the addition vproduced only a small change in the temperatures
at which a liquid phase appeared,

Le3ele3 Irmersion Ixveriments

Lo3ede3el Sinall Lime Pellets

Although the addition of Call‘2 produced a fluid melt, 4t .did not

prevent the precipitation of 2 Ca0.,Si0, in the lime-melt reaction

2

zone (Plate 65). The microstructure of a sSpecimen immersed for 15



seconds (Plate 66) showed? Ca0,8i0, as & number of individual
particles;, which could not be regarded as a coherent interfacial
layer. The other reaction product (an iron oxide rich liquid) had
quickly penetrated the pore system where it became enriched in lime
(increasing proportion of lime-iron oxide eutectic) towards the centre
of ’che cross section)(Flate 67)° The differential etching of the lime
grains along the same axis indicated varying amounts of iron oxide

in éo‘lid solution.

During..?,olidifica’cioﬁ, iron oxide dendrites and laths had
"_precipi{:a‘ted around the particles of 2 CaO.S:i.O2 (Plate 66). With
longer immersion times, additional 2 OaO.S:‘n.O2 had crystallised from
the liquid phase on cooling (Plate 68), This indicated a higher
S:'u.O2 content in the liquid phase than in the two previous systems,

The melt solidified as a two phase structure, but with in01~eééinq
reacti‘on time, vustite dendrites also appeared in the solid state.

The wustite adjacent to the melt boundary, was associated with another
phase (etched 1i{4hﬁér than 2 CaO.SiOz) (Plate 69). Using oil

immersion to improve phase contrast, this other phase (grey in colour)
had a honeyconbed étructure which suggests it was undergoing resolution
after precipitation at 1300°C,

Thé-di5sélution process occurred so rapidly with rotz;ted pellets,
tha’b very little solid lime remained after 30 seconds, With an
- dmmersion time of 15 seconds, a large nunber of 2 CaO.SiO2 1;artioles
were observed along the melt - 2 CaO.SiO2.interI"ace (Plate 70). Xven
se there was no evidence of agglomeration, in fact a large proportion
were redissolving in the lime-iron oxide liquid phase, Xrom the
_ lime-iron oxide liquid, dendrites of 2 CaO(,SiO2 had precipitated

| during cooling (Plate 71).



4.3.1.3.1.1. Electron Probe Analysis

Plate 72 shows a section of lime-melt interface from a specimen
immersed for 30 seconds. Since fluorine could not be detected on the
rnicroprobe, the X ray images refer to iron *silicon and calcium. The
distribution of silicon was important because it showedthe element on
both sides of the 2 CaO.SiO ? layer (analysed 4.3) FeO). The
concentration profiles (Fig. 23) clearly showedasilica compostional
gradient towards the lime.

Tlie concentration paths plotted on the ternary (Fig. 24) differ

from those of the two previous systems in that the coinpositions were
closer to the lime corner.
4.3.1*% 3.2, Large Lime Pellets

A fter a reaction time of 30 seconds, the area between the melt
and the pellet contained a large number of 2 CaO.SiO? and 3 OaO.SiCI2
particles redissolving in the lime-iron oxide liquid phase (Plate 73).
1This liquid had already penetrated through to the centre of the pellet
(plate 74) whereas free lime still existed inside a pellet after 4
minutes immersion in pure fayalite.

The only microscopic difference between succeeding specimens
(Plates 75 and 76) was the increasing amount of wustite precipitated
from the melt during solidification.

The reaction sone between a rotated pellet and the melt is shown
in Plate 77. The microstructure showedparticles of 2 0a0.SiO" and
3 Ca0.Si0Og redissolving in the lime-iron oxide liquid phase.

At high magnification (Plate 73) the parallel twinning of 2 Ca0O.SiO"
(associated with the <X to jS transition) can be clearly seen.
The dissolving particles of 3 CaO.SiO* (Plate 79) were the sites for

hetrogeneous nucleation and growth processes taking place during

cooling from 130G°G.



Lo3ele3.3 Dissolution Kinetics

The adéition of calcium fluoride to fayalife increased the
dissolution of lime (Tables 7 and 9 Fige 13 ana;lzk).. The resulbs
show that in Lhc case of small static pellets, the dissolution rate
was increaseé. by a factor of ten (Table 11) while with large pellets
the rate was only increased by a factor of four. Both rates were
increased still further by rotation,

Le3.2 Time-Fayalite + 10 V5 Boric Oxide

At present there is no phase dilagram for the B,0;-Ca0-Pe0-510,
systems However information is available (77) regarding the phase
assexﬂalage in the following systems:-

2820_, - Gal - S8i0
J

: 2
Cal - 810,
}3203 - Cal
]3203 - SiO2
Both the ]3203 - Ca0 and the ]3203 - 810, phase diagrams show fhat

}3203 is a powerful flux for the other component. The same may be
true in the 13203 - I'e0 system, but this will have 1o be confirmed by

investigation.

4.3.2.1  Cone Behaviour

Boric oxide was very similar to calcium fluoride in reducing the
softening range of the lime - fayalite cones (Table 17 Tig. 25).
" The additive elso reduced the initial deformaation temperature from
1100°C té 800°C as the proportion of lime increased.

Le3.2.2 Initial Liquidus Temperatures

The initial liquidus temperature varied between 105000 and
800°C depending upon the ratio of lime %o fayalite in the mixtwre
(Table 17 Fige 25). Ahs soon as the first liquid appeared, it rapidly

- fluxed the rest of the sample.



bo3e2s3 Immersion Ixperiments

Lo3e2,3.1 Small Time Pellets

The pellebs dissolved very quickly in the melt, | even though
2 Ca0, S:i.O2 was precipitated in the reaction zZone, However there was a
cbnsidera'ble difference in the &istri’butions;of 2 Cal, 810 5 along the
melt-liquid interface. Tt varied from an almost monolithic layer |
' (Plate 80) to a thin broken rim (Flate GL).
| After only 15 seconds immersion, there was considerable wetting
of the lime by the liquid phase (Plate 82). This liquid had also
penetrated and dissolved parts of the 2 Ca0.510, monolithic rim.
After a reaction time of 30 seconds, it was evident that the melt
was also dissolving the precipitated layer (Plate 83). The dissolution
of 2 GaO.S:'LO2 could account for the isolated regions of melt observed
‘in the Lime-iron oxide liquid phase (Flate 84).

bo3e2.3.1.1 Electron Probe Analvysis

Plate 85 shows the lime-melt interface of a specimen immersed
for 45 seconds. Like fluorine, boron (Atomic Iumber 5) could not be
detected on the microprobe, so the accompanying X-ray images relate
only to the distribution of calcium, iron and silicon.

The precipitation of 2 Ca0,8i0, did not prove to be a barrier

2
for iron (oxide) which can be seen around the lime grains.

The diswibution of silicon was very sfi.m:flar to that found with
* the first two systems i.e. a sharp drop in concentration at the
2 CaO.SiOzfliquid interface (Fig. 26). Consequently the concentration
paths (Fig. 27) showedasudden change toward the FeO corner.

Uo3e2e 3.2 Larre Lime Pellets

- Targe eqiuaxed particles of 2 CaO.S;LOz were observed along the
_ melt-liquid interface (Plate 86) of a specimen immersed forlb seconds.

As the reaction time increased, there was a gradual transition frem



a planar to a corrugated rim (Plate 87)y Along the melt boundary,
_'there was extensive wetting and resolution by the melt and the lime-
iron oxide liquid. In some regions the liguid had broken through to
the melt (Plate 88), |

Le3e3 Chemical Loss

Since both additives are volatile at high temperatures, separate
checks were made on samples of melt after heating to 130000 for 1
hour. Instead of 10 Wt%_BZOB, the analysis was 8,7 W&5 B.0, and

273
instead of 10 V% Can, the final analysis was Te4 W% Cal,o



Lol Dicalcium Silicate = Fayalite Sysﬁem

During probe analysis of the reaction zones, there was no

discernible concentration gradient of silicon (silica) from the
bk melt towards the 2 020,510, layer, The sbsence could be
associated with the redistribution of oxides during solidification.
However a similar result could -be produced if twoe concentration
profiles (one towérds and the other away from the 2 CaO.S:i.O2 layer)
“were superimposed one upon the other. To clarify the situation,
synthetic pellets of stabilised 2 CaO.S:LO2 were immersed in 2 FeO. .
810, at 1300°C,

Leolol Tmmersion Experiments

Vith n» sélid reaction product, the melt rapidly infiltrated
the pore system of the pellets (Plate 89). Within a short time
(15 seconds) a large number of twinned grains (horseshoe Shépeél)
were entirely swrrounded by the melt (Plate 90). After 30 seconds
(Plate 91) very little solid 2 Ca0.810, remaineds

Lebol,l  Electron Probe Analysis

Both the scanning images (Plate 92) and the concentration
profiles (Fig. 28) showed compositional gradients for lime and iron
oxide, while the silica concentration remained constantv across the
réeaction interface. |

Lelele2 Dissolution Kinetics

The results are tabulated in Table 18 and plotted graphically
in Fige 29. They indicate a very high dissolution rate even though
the partially disselved pellets still had a thin layer of solidified

melt adhering to the surface.



5. Discussion

.The detailed discussion of the results and observabtions is
given for the purpose of convenience under the following headings:—

1. = The Dissolution of Small Lime Pellets in Fayalite

20 The Effect of lanzanese Oxide.

3. The Effect of Other Fluxes

L.  The Effect of Pellet Rotation

5.  The Effect of Pellet Size

é. The Rate Controlling Iechanism

5.1 The Dissolution of Small Lime Pellets in Fayalite

At 130000, the solid + liquid phase field of 2 CaO.SJ'.O2 extends
alnost to the FeO corner of the Cad - Pe0 = §i0, ternary system..
This means that Ca0 can never be at equilibrium with a melt of
composition 70 Wt FeO - 30 Vit 8i0,. The only liquids which can
coexist with CalO at equilibrium are those along the line Le - Lf in
Fig. 30, Although the isothemal section can previde useful information
on phase assenblage, it cannot predict the spatial arrangement of the
phases. 'l‘hié inability is illustrated by the position of dicalcium
silicate relative to that of lime. Vhile the isothermal section
shows that the phase field of tricalcium silicate + liquid separates
the two phase fields at 1300°C; in practice the two phases were
separated by a liquid rich in iron oxide (Pla_’ce 13). Within this
- limitation, the 1300°C iscthermal section will be used to illustrate .
how the éomposition of the various phases change during the
dissolution of lime,

During the initial reaction between lime and fayalite, the
interfacial liguid oomposi’cioﬁ moves from 2 FeO, S:’x.O2 towards Lb
(Fig. 30) along the 2 I?eO.,SiO2 - Ca0 isopleth. Yhen the composition

of the reaction product has a Cal to 51Q molar ratio of 2:1, 2 Ca0.510,



is precipi‘té'ted between the pellef and the melt, Initially the
molar ratio of 2:1 occurs very close to the Ca0 - 2 FeO.S:‘LO2
interface but as dissolution proceeds, the solid reaction product
is precipitated some distance a.{way from the receding Pellet. The
precipitation of soiid‘ 2 CaO.SiO2 causes the composition of the
.’interfaoiai liquid to move towards the FeO corner as it becomes
enriched in the remaining mrnponén’cs. The heteroseneous reaction can
be swmnariéed as
2 Ca0 + 2 Fe0.810, —— 2 Ca0.8i0, + L (fig. 30)

It is the iron oxide rich reaction product vihich infiltrates and
_ reacts with the porous pellet. The first iron oxide will be taken
into solid solution in the CaO structure., But after 10 Wt feO,

the solubility limit is exceeded and any additional amhrunt causes
the formation of a liguid phase. Inside the 2 CaO.Si02 layer, the
liquid composition moves towards the Cal corner along Lc - Ld.v
Although the liquid coné)ositions are very close to the CaQ - FeO
binary (Fige 30) there is still sufficient silica in solution to.
. react with lime (in solution) to precipitate prismatic crystals of

3 0a0.510, in the infiltrated pore system (Plate 16). Liquid
| compositions along Lcl - Iy (Fig. 30) cannot coexist with these
along Lb - Lc. This means that where the two are in canfac’c, 2 CaO,
S:'LO2 is precipitated along the interface, Because of their small
. size (=2 microns) the precipitated particles have a large surface
area to volume ratio. To reduce their high surface energy (and
surface area) the particles sinter together (Flate 18). Necks form
at pbints of interparticle contact and an intercomnected pore
structure developes as the ﬁarticles impinge upon one another (Plate

13).



From an examination of' consecutive specimens (Plates 13, 19
and 2L ), it is apparent that the precipitated layer gradually
moves..inwards, keeping pace with the receding pellet - liguid interface.
This observation contradicts the findings of Scheel and Oeters (132).
After studying the dissolution of sin’cereci Lime pellets (trepanned.
from limestone) in a melt consisting of 765 FeO, 14 Ca0 and 107 810,
the investigators stated that the zone of 2 CaO.,Si02 precipitation
moves 6uhva_rds dinto the melt. If this was the case, the precipitation
of 2 (}aO.S:‘LO2 onto the outside of that already fqrmed, would be .
accompanied by a high concentration of FeO at the melt - 2 CaO.SiO2
interface. Ilectron probe analysis of the reaction zone between
Ca0 and 2 Fe0.510, (Fig. 10) shows that a compositional gracﬁent for
FeQ exists from @e bulk melt towards the lime with a sudden increase
in concenﬁ‘ation inside the 2 CaO‘,Sj.O2 shell,

Scheel and Ostvers said that the reaéon for the outward growth
of the precip:i;tate.was that the diffusion coefficient of Cal is
. greater than that of Si02. In all diffusion processes, celectrical
neutrality must be preserved. If the diffusion coefficients of the
various ions are different, they will influence the rate of dif fusion
of each other i.e. slover ions will tend to be accelerated and

- faster lons retarded. At the othosilicate composition, the diffusing

species in the melt are Fe2+ and SiOZ:"-o Therefore the diffusion rate
" of the silicate ion will be increased while that of the Fez+ ion

will be retarded (cannot consider the ions in isolation). Since the
2 CaO.,Sj.O2 layer moves imvards s the components of the melt have to
get to the reaction interface i.e. the inside surface of the 2 CaOl.
Sj_02 shell, A schematic representation of the reaction zone between

Ca0 and 2 Fe0.510, is shovm everleaf:-

!
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The transport of 2 FeO.S:LO2 to the reactilon interface can be achieved
by ionic diffusion through 2 Cal, SiOz. This transport process is
unlikely to be the main transport mechanism considering the ciissolution
rate of the lime pellet, the size of the SiOI:"- ion and .“the coiplex
affanganent of atoms in the orthorhombic 2 GaO.Sj.O2 lattice, The
maiﬁ-transport route appears to be via the intercomnected pore system
- in the 2 0a0,8i0, rim, »

~ Although diffusion plays a major role ih mass transfer,
trans?or’c by thermal and density gr‘adients mist also be considered.
Lee and Gaskell (133) have published a large quantity of data on the
density of liqulid melts in the CezaLO—FeO-,S':i.O2 system., Vhen CaQ
repiaces F'e0 in 2 (FeO, Cal) 83‘.02, the liquid density decreases so
that a density gradient exists between the bulk melt and that adjacent
to the 2 CaO.S:i.O2 layer. As dissolution proceeds, the low density
. 1iquid will rise, t» be replaced by melt of higher density (and iron
oxide content). This type of density gradient gives rise to inverted
cone shaped specimens as shovm in f’lates 36 to 39. (Even vithout
thermal or density gradients, this type of mrofile would be preduced

because dissolution occurs on two surfaces around the bottom edge

of the pellet).



Besj.des the normal ‘cherinodynamic and density gradients, the
melt and liquid phases are also under hyﬁrostétic and capillary
suction forcess The effect of these two forces is to.force and draw
liquid into the pore system of the pellet. The hydrostabic mresswre
occurs Whenever a solid is immersed in a liquid. The body is under
- a forcé on all the dimmersed f‘a‘ces as the liquid (or melt) tries to
1ift the body. The other force, capillary suction is dependant upon
the size of the pores and the degree of wetving of the solid by _the
liquid. If the pellet is composed of a series of uniform cylindrical

straighf capillary tubes of radius 'r',the magnitude of the pressure

'P' for a contact angle (§7is given by P = 2 X cos G~ (134, 135)
) : r

X = surface tension of the liquid
As cos (9’ — 1 6 ——O0wetting tendency increases.

As the melt is dravm through the 2 Ca0.S5i0, layer, the FeO

2
component is displaced by Cal. The clﬁange in free energy for the
reaction 2 Cal +'2 Feo.sio2 —_— 2 1e0 + 2 CaO.Si02 is - 83 kJ
: mole'"1 at lBOOOC (Fj.gv° 31)., The FeO released by reaction is transporited
dovm & thermodynamic gradient towards the lime. At the Ca0 - liquid
interface, the FeO dissolves the remaining solid. The dissolved CaO
migrates dovm a thermodynamic gradient in the direction of the 2 Cal,
S:‘.O2 layer,

The first liquid reaction product (Lc) is at equilibrium with
2 CaO.'SiOz. But with an increasing proportion of Ca@, the liquid
has the potential to disgolve 2 CaO.SiOz. However in the initial
- 8tages, the lime rich liquid reacts with the melt being dravm through
the precipitated layer

I.'(1 + Lb

Although Lc has no potential for dissolving 2 CaO.SiOz, it can

2 Ca0,51i0,, + L
2 c



_ dissolve further Cal.
Afber a period of 3 =4 minutes, there is insufficient melt at
the reaction interface. This deficiency is caused by compositional
gradients forming in the bulk melt and/or the physical restraint of
the thidk precipitated layer. The result is that the lime rich liquid
starts to dissolve 2 Ca0.8i0, |
Lg- + 2 Ca0,510, -——— Lh

2
Throughout the ilmmersion period,fayalite was also dissolving 2 GaO.SiOz-

2

Although there is no visual evidence of the latter reaction, the

2 Fe0.810, + 2 Ca0.810, —> L (Fig. 30)

e@er:i.ments using synthetic pellets and the base meit (section L.l.)
showed how reécTLive 2 cO, SiO2 is with 2 CaO, SiOZ. However it must
be remcmbered that 2 CaO.Si02 was the only solid phase mresent in the
experiments whereas in the Cal - 2 FeO.Si02 system, a layer of

2 CaO.S:i.O2 has to exist to separate compositions along L'b - Lc from
those along L, - Ly (Fige. 30).

In some respects, the compact 2 GaO.S:‘LO2 rim surrounding a lime
pellet is analogous to the oxide layer which forms on a metal substrate.
For iﬁ both caées, one is farmed by the :consumption of the other.
During growth of an oxide layer, stresses (due to volume differences,
point defects anl recrystallisation etc) may be generated, and if
these are of sufficient magnitude, the scale would buckle and
“ eventually spall. In the Cal - 2 ]:"eO.SiO2 sysAtem, the layer of
2 CaO, S:i.O2 will be in compression as it moves inwards to replace the
consumed CaO, Vhen the layer cannot withstand the pressure generated,
it buckles in the hoop direction (Flate 19). If the mrocess continued,
the rim would eventually rupture. Havever this situation is prevented
by the sintering of +the precipitated particles into a strony coherent

léyer. Although there is some similarity, it must be remembered that



unlike an oxide layer, 2 cao.'Sio2 is being dissolved and reprecipitated

during the immersion period.



5.2 The Effect of llansanese Oxide

During the initial stages (Plate 40) there was no visual evidence
to suggest that }nO had been added to the melt. The presence of the
 addition became apparent only after the 2 OaO.SiO2 envelopes had
started to buckle. ILarge nuibers of 2 CaO.Si% particles were observed
at the base of each trough along the interface (Plate L3) and in
contrast to the Cal - 2 I«‘eO.S:i.O2 system there was no evidence of
sintering.
) These observations suggest that IO alfers the wetting
characteristics of the melt and liquid phases such that densification
of 2 Ca0,8i0, is inhibited. Baker et al (102) reported similar
gualitative results from lalaoratofy tests carried out in B.S.C.'s
Research and Development Department. They found that in the presence

of’ manganese‘ oxide, the 2 Ca0,8i0, shells were noticeably looser

2
around CaQ particles, However they failed to give any details of the
atmospheric conditions used in the experiments.

The increased wetting could account for the unexpected collapse
of the cones with a high Cal content (Fig. 17); it could also explain
the sudden collapse of the dynamic foam in a B.,O0.F, vessel after an
addition of manganese ore (136). It is well lmown that some oxide
additions can change the Wetting. of a refractory solid by a liquid

273
" size of the dihedral angle formed between periclase grains surrounded

phase. Jackson (137) studied the effect of a Cr,0, addition on the

by a silicate rich-liquide. The 'effec‘c of the addition was to reduce
the Wétting of the periclase by the liquid.

In the Cal - 2 FeC).S:i.O2 + 1n0 system, the variation in the amount
of 2 GaO.S:'LO2 precipitated along the interface cannot be completely
explained by increased wetting, However if the melt and/or the liquid

phase wets the solid phase such that a thin film covers the 2 CaO‘,S:i.O;2



 particles, only a small force is necessary to fracture the precipitated
: layer. Barlier it was stated that hydrostatic and capillary suction
forces are acting upon the melt and:liguid phase during immersion,
It is these forces which break open the protective shell of 2 GaO.SiO.2
ét the base of each trough, thereby allowing a continuous reaction to
occur between the melt and liquid phase. Along the interface peaks,

these forces help to consolidate the thin solid layer.

melt - ‘ l l l
' ‘ . hydrostatic pressure

liquid ,

I
l capillary suction

| |

Cal

Although the hydrostvatic pressure will exist as long as any solid
lime remains in the melt, capillary suction will decrease as the iron
oxide rich liquid penctrates the pores and channels of the pellet.
After complete in’ce:cpenetratio:n, the net result is that the liquid.-
phase is in the conpression between ’;he lime and the 2 CaO.Si02
layer. The compression may also be augmented by an additional
pressure if the volume of the reaction products inside the 2 ():3-.0.8:3_02
| envelope is greater than the sum of the volumes of the reacting
s’pécies (Ca0 and Fe® - 1m0 liquid). This constraint was not |
- a problem in the early stages when it could be relieved by the
‘liquid infiltrating the porous pellet. But af'ter complete
interpenetration, the pressure is such that 'brealcoﬁ’cs of liquid begin
%o occur along the peeks in the 2 Ca0.8i0, layer (Plate 45).

The droplets present in the melt in the regions of liquid

 breakout (Plate 46) could be the result of intermittent bursting of



liquid through flle 2 Cal. S:‘.O2 layer and/or liquid-melt immiscibilitye
The second proposal seems unlikely as immiscibility is generally
associated with liquids containing large quantities of silica.

-

Without immiscibility, one vould expect 2 C20.8i0, to be precipitated

2
by reaction at the liquid breakout-melt interface. The microstructure
of a specimen immersed for 5 minutes (Plate 46) showedone liquid
extrusion where the stiructurewas different from that of the parent

liquid inside fhe 2 Ca0,8i0, layer. This observation together with

2
electron probe analysis (Plate 57) indicates that 2 Cal, S:‘LO2 had
precipitated from the liquid during breakout. By precipitation the
conposition of the remaining liquid ('breakou’c) moves back along the
- base of the 2_Ca0°Si02 saturation field towards the Fe()--MnO—--SiO2
 ternary face of the Ca0-Pe0-In0-5i0, tetrahedron. . (There is no
information available on the effect of IO on the FeO 4 liquid phase
field in +the quaternary systén1).

Although breakouts do influence the lime dissolution rate (the
breakouts help to maintain a steep concentration gradient of FeO
from the melt to the 2 Ga0.5i0, (Fig. 20) ) $he total ;munt of Cal
dissolved was still less than that in the Cal0 - 2 FeO.Si02 system.
The difference is associsted with an increase in melt viscosity.

In 1949 Kozakervitch (138) published iso-viscosity lines for the
system FeO-n0-810, &t 1,00°C (Fige 31). From a highly fluid zone
* in the FeO corner, the viscosity increases with 1m0 conten‘blo
Viscosity plays an important role in mass 'brénsport processes

-as can be seen from the Linstein equation

D=RT 1
N [ 61T rz :l

diffusion coefficient

viscosity

P
il

|}
]



where the diffusion coefficient is prmporfional to the reciprocal of
the ‘visc':osi’cy at constent temperature, It is very difficult to
| compare the quantitative results with those cbtained by Baker et al
(110). Besides possible atmospheric differcences the investigators
used rveac‘cion tenperatures of 1400°C éncl above, However they’did
report that é} 10¢ manganese oxide addition did produce a slight
inhibiting effect on the dissolubtion of iime by an iron silicate slag
at 1,00°C. But the; dissolution rate constant was increased by a
I"aci:or of‘ 3+ 5 when the manganese oxide was prefluxed with the base
slag (102), If is _xvofth noting that in addition to manganese oxide,

the prefluxed iron silicate slags also contained 455 - 6% alumina.



5e3 The Lffect of Other Iluxes

As expected both Ca.'E’2 and 13203 increased the dissolution rate
of lime., The principal effect of these additions is to lower the
fusion point of the 2 ’FeO.SiOz melt as indicated by the cone fusion
results. The result of laver melting points and deci‘eased viscoéities
is a reduetion in the thickness of the boundary layer, which coupled
with more effective mixing produces a higher rate of mass transfer.
Both melts were very reactive with Cal0 and the 2 CaO.SiO2

' precipitate. An examination of :'umlers.ed specimens showed that the
‘ iron oxide'rich liquid penetrates very rapidly into the pore system

of the pellets. Once inside, the liquid quidkly dissolves the
"direct bonding between the sin’«;er;ed particles.

| Although ligquid FeO and solid 2 CaO‘,S:i.O2 are the reaction products
of 2 Cal + 2 Fed.8102 — 2 Ca0.810, + 2 Fe0, it is surprising that
there was such a large difference in the relative amounts. This
suggeststhat once 2 CaO.SiO2 is precipi“ba{:ed, it is almost immediately
‘redissolved ecither by the melt or by the CaO-FeO liquid. An ex<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>