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SYNOFSIS
Available data on particularly viscosities of titaniferous melts under
oxidizing conditions are reviewed, and and an attempt is made to explain

the high fluidity of such melts.

o system were subjected to

measurements of viscosity, electrical resistivity and liquidus temperature

Selected members of the CaO—MgO—SiOZ-AIQOB—TiO

in a neutral atmosphere. A logarithmic relation appears to exist betwesn
the first two parameters for most of the slags tested. FElectronic con-

duction is definitely significant.

The original synthetic slags were also reduced by graphite. The degrec
of reduction with respect to titanium oxide, the melting temperature, the
viscosity and the electrical resistivity in selected instances, of the
reduced derivatives, were subsequently determined. Whether the liquidus
temperature of a slag is materially altered by reduction is a function

of the primary crystallization product of the unreduced slag. Especially
acidic slags go through an initial period of enhanced fluidity. Basic
slags tend to "thicken" subsequently. This phenomenon, as well as the
progressive decrease in electrical resistivity as the reduction period

is extended, are explained in terms of fundamerntal slag structursl theory

and the appreciable contribution of electronic conduction.

The compositional features of initial slags that favour proncunced thicken-
. ing are mainly a high basicity expressed és (Cad + MgO)/SiO9 and a low ‘
Ca0/Mg0 ratio. SiO2 and FeO in the starting slag retard thgckeﬁing by
being simultaneously and preferentially reduced respebtively. It was also
attempted to relale the degree of reduction of the slag with respect to

titanium oxide, to its physico-chemical properties.
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lag thickening, when i
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is severe, alters the rate determining step of

the heterogeneous reduction reaction.

The possible significance of these findings on an industrial scale is

3

illustrated and discussed.



CONTENTS

INTRODUCTION

LITERATURE

REVIEW

2.1 Melting temperatures and phase compositions of titaniferous

slags under oxidizing conditions

2.2 Viscosity of titaniferous oxide systems under oxidizing

and neutral conditions

24261
242 ;2
24265
2.2.4
25285

Binary systems
Ternary systems

The quaternary system CaO- A1203 TWO O2

The 5-component system CaO-MgO- A12 B-Tlo blO

Discussion

2.5 Reaction product and rate studies

2:.5.1
25982
2.3.3
2.5.4
2.%.5

The system Ti-0

Reduection of TiO2

Carbonaceous reduction of TiO2 from titaniferous slags

Co-reduction of SiO? and TiO2 from titaniferous slags

Co-rzduction of titania and iron oxide

2.4 The influence of reducing conditions on viscosity and

melting temperatures of titaniferous slags

2341

oLkl
2.4.3
2.4.4
2.4.5
2.4.6
2.4.7
2.4.8
2.4.9

2.4.10

The possible reasons for the difficulties experienced
during the smelting of titaniferous ores
Mikhailov and Belyakova (1939)

Seﬁik (1941)

Delve, .Meyer and Lander (1961)

Ohno and Ross (1963)

Freidenzon (1965) and Shavrin (1966)

McRae (1968)

Gruzdev et al (1971)

Handfield, Charette and Lee (1972)

Summary

2.5 Electrical conductivity of titaniferous slags
2

.

4
&

wn s AN

n

N

.
un

.
AN

The electrical conductivity of slags high in TiO,

£
The effect of reducing conditions on the conductivity
of high titania slags

Electrical conductivity of low titania slags

Pege

s

AR AR
o

n
o

wn
(o)

i
=



Contents (continued)

2.6 The influence of variable oxidation states in analogous systems
2.6.1 Systems containing iron oxide 59
2.6.2 Other systems 61
2.6.3 Conclusion » 51

EXPERIMENTAL WORK

3.1 Selection of slag compositions 62

3.2 Preparation of synthetic slags 251 63

3.3 The furnace assembly for measurements of viscosity and
electrical conductivity and for reduction experiments 66

3.4 Preparation of reduced slags 68

3.5 Measurement of viscosity
3éHel Degeriptioniof equipment' 3 74

. 3.5.2 Calibration of the viscometer 76
3.5.3 Procedure of viscosity measurement 70

3.6 Measurement of electrical conductivity
"3.6.1 Description of equipment 79
3.6.2 Calibration of the conductivity cell v 80
3,6.3 Frocedure of resistance measurement 84
3.7 Measurement of liquidus temperatures ) 84
" 3.8 Determination of primary phases 87

3.9 Determination of degree of reduction of reduced slags 88

B.iO Critical appraisal of§experimenta1 teéhniques : ‘ 92

RESULTS

4.) TUnreduced slags
4.1.1 Liquidus temperatures and primary phases of unreduced

slags . 95
4.1.2 Viscosity of unreduced slags

4.1.2.1 The effect of basicity upon viscosity ; 119

4.1.2.2 The effect of massj% Ca0/lig0 on viscosity 121

4.1.2.3 The effect of mass% (T102+A1203) content

upon viscosity 122

4.1.2.4 Comparison with other results _ 25
4.1.3 Electrical resistivities of unreduced slags

4.1.53.1 Influence of basiciiy upon resistivity 126

4.1.3.2 Influence of Ca0/lig0 on resistivity 126

4.1.3.3 Influence of (Ti()2+p‘.1203) on resistivity 126



4.1.4
4.1.5

4.2 Slags
4323

4.2,2

4.2.5

Contents (continued)

Relation between viscosity and resistivity
Comparison of physico-chemical properties of
oxidized titaniferous slags with those of glags
of selected other processes y
reduced by carbon

The influence of composition on variations in
viscosity and melting temperature

4.2.1.1 Basicity

4.2.1.2 Ca0/Mg0 ratio

4,2.3:% (T102 + A1205) content

4.2.1.4 Oxides of iron and vanadium

Influence of reduction temperature on variations

in viscosity and melting temperature

Resistivity of reduced slags

4.2.3.1 Resistivities of reduced derivativeg of
slag Bl4

4.2.35,

ny

A consideration of the trends shown by
resistivity and viscosity during reduction
X-ray analyses of selected reduced slags

Degree of reduction of reduced slags

4.2.5.1 Preliminary work

4.2.5.2 The effect of composition on the rate of
foet reduciion

4.2.5.3 General treatment of rate results

4.2.5.4 The rate of reduction of slag Bll

4.2.5.5 The rate of reduction of slag Bl4

4.2.5.6 The rate of reduction of slag B1l7

GENERAL DISCUSSION

5.1 Recducing conditions and melting temperature

5.2 Reducing conditions and viscosity -

5.3 Reducing conditions and electrical conductivity

INDUSTRIAL

SIGNIFICANCE

.
Page

b
M
N

141

R O N
= O O
[ 5 5 S

N
o
-



1. INTRODUCTION

1.1 The titaniferous magnetite ore from the Bushveld Igneous Complex

The ore that is utilized by the Highveld Steel and Vanadium Corporation
- for production of steel and vanadium pentoxide, has the following average

chemical composition:

Fe 55,8 ~ 57,5 %
Ti0, 12,2 - 13,9 %

V205 : 134 ~ 1,6'%
N 810, : 0,9 - 1,5 %
h1,05 2,5 - 3,5 % )

Ca0 0,1 %
MgO Uedd - 1
Crzo5 : 0,13 - 0,45 %

with lesser quantities of Cu, Ni, P and 5.

The approximately oval shaped B.I.C. is marked out by Lydenburg, Zeerust,

Potgietersrus and Pretoria. The Basic Intrusive Phase is the main source

of the mineral wealth associated with the Complex. In this Phase, the :

Critical zone overlies the Marginal Norite zone, followed by the Main and

Upper zones. In the Upper zone, the main Magnetite seam of maximum thick-
ness about 8,5 fret, generally outcrops and can be followed for more than

200 miles along the exposed strike. It separates the ircn-rich Upper zcne
from the Main zone. Magnetite seams also occur in the Main zone as well

as lower down, but the Main Magnetite seam is particularly important as

far as pyrometallurgical extraction of iron and vanadium is concerned.

Ilmenite as such is present in the ore mainly as small granules, consti-
tuting only a minor percentage of the overall titanium content. Titanium
further occurs as ulvespinel (FezTiO4) and as intergrowths of ilmenite
with particularly magnetite, but also with other ore constituents. Vana-
dium is present mainly through iscmorphous replacement of iron in the

iron oxide containing minerals.



1.2 Production of vanadium bearing pig iron

1.2.1 Preliminary treatment and handling

The ore is prereduced in rotary kilns to a degree between 25 and 35 %.
The charge to the kilns consists of ore, coal, dolomite and quartz in the
ratio 1,00C : 0,415 : 0,205 : 0,035. Pulverized coal is used as a fuel.

It is aimed at maintaining the kiln temperature at approximately 1000°¢.

The hot kiln discharge material is transferred to bunkers above the elec-

tric furnace, each with a capacity of i 30 tons of prereduced burden.

1.2.2 The submerged arc electriec furnace
The four 33 MVA furnaces have shell diameters of 14 m. Current is supplied
to the furnace through three 1,6 m diameter Soederberg type electrodes from

a three-phase transformer which is connected in delta.

The secondary windings of the regulating transformer are provided with motor
operated sliding tap changers. Capacitors for power factor correction are

installed between the secondary of the regulating itransformer and tne pri-

mary of the furnace transformer.

The electrode position is either current or impedance controlled. ILlec-
trode slipping is done by means of wisdom brakes. Under normal operating
conditions the electrode to bath voltage and the furnace current are
approximateiy 110 V and 90 KA respectively. At a furnace resistance of

1 m ohm, the smelting load is approximately 24,3 IW.

The kiln dischﬁrge raterial enters the furnace at ) BOOOC. Three bunkers
charge in front of the electrodes, while each of the remaining three de-
livers its charge between two adjacent electrodes. Kach electrode is also
supplied with two ports for charging correcting materials, and two explo-
sion doors are located in the furnace roof. These, as well as the contact
shoes and mantles, are water cooled. FXach furnace is provided with two
venturi scrubbers and a continuous gas analyzer.

Tapping is performed through two tapholes with indewvendent launder systems.
4o o oS g N
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It is normally done after 55 to 60 MW hours and the tap to tap time varies
between 2% and 4 hours. Fifty to sixty tons of pig iron are produced per
tap and the slag to metal ratio is 0,75 to 0,80 / 1, 00L

Ranges of slag and metal compositions are:

Mass per cent composition

Slag Ca0 MgO 510, A1,0, Ti0,, Y sey 2%
14a4' 1014" 1692" 12,5_ 28,5" 098' 21;"
19,6 15,6 20,9 15,4 33,0 1,4 6,5
Metal C 8i S F v
2,70-3,70 0,10-0,35 - 0,06-0,11 =~ 0,04-0,08  0,90-1,35

The hot metal is oxygen blown in a sunaking ladle for the removal of vana-

dium oxide, before being transferred to the B.O.F steel plant.

1.3 Difficulties experienced in the operation of the submerged arc furnaces

More detailed comments on such difficulties and remedial acticn as per-
formed on the plant, will be listed in chapter 6. Salient features of
earlier research work, both on laboratory and on plant scale, specifically
connected with Highveld practice, will also be summarized in the same

chapter.

Difficult operation is often reflected in low metal temperatures (t157OOC)

and invariably in poor metal chemistry. (1ow C and Si)

During periods of rough operation, the furnaces are difficult to tap and
no-slag taps are not uncommon. These are manifestations of several possible
trouble sources in tne furnace. Electrode bresakages occur relatively fre-

quently and the effect of pieces of electrode drifting on the slag is an

3

2y
obvious one. The formation of solid bridging crusts in the furnace givin

0g

L

U

rise, in extreme casesg, to slag confining craters round the electrodes, is

another possible cause for a no-slag tap. Such problems are often asso-
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ciated with shert elecirodes and a cold furnace. Hven during periods of
more normal operation the slag in the launder appears to be insufficiently
superheated. Successive no-slag taps are only remedied by blanking off

the furnace and smelting dcwn its contents.

A so-called boiling slag represents a very troublesome condition. In the
extreme case, when the phenomencn is accompanied by severe crusting, vioclent
gas eruptions may occur. Apart from the obvious consequences, a boiling
slag also causes rapid electrode erosion. A sudden flare-up may be the
result of consecutive no-slag taps. It seems to be promoted by high vower
input espzcially when the electrodes are short.

A tendency for the electrodes to ride high, is promoted by such factcrs

as short electrodes, an overcarboned burden and high power input. Many

of the correcting materials are aimed at increasing the resistiviiy of the
burder. A low resistivity leading to a high electrode position is close-
ly interwoven with the phenomena of boiling slag and crust formation. It
seems to be accepted as rnormal that the electrodes start losing resistivity

approximately 1 - 1% hours before tapping.

‘1.4 The motivation for the present work

The research work described in the following chapters was undertaken in
the lignht of the operational complexities underlying the brief ocutline of
practical difficulties that was given in section 1.3. A more complete
assessment of the value of the parameters that were determined, will be

given in chapter 6.

The melting temperature of the slag formed during a metal and slag pro-
ducing process is important mainly due to the requlremeﬂ\\ag\Qatlsfa:\br
metal superheat. Completely molten slag that drains away From the reaction
zone at the liquidus temperature of the alloy to join the slag layer, can-
not provide the underlying metal bath with the required degree of super-
heat. Operational phenomens such as difficult tapping, crust formaticn

and even a boiling slag appear to be intimately connected with slag liqui-

dus tempera+ure.

The true significance of slag viscosity is a function of the particular
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process. If the reduction of metal oxides from a slag phase either by
carbon dissolved in the metal or by solid reductant is important, then
viscosity may become a rate limiting facter for such a reduction reaction.
A similar argument applies when the rate of dissolution of oxides in a

liquid slag influences the rate of the overall reaction.

The rate at which metal droplets that are produced in the reaction zone

gsettle through a slag layer, is also a function of the slag viscosity.

The time consumed by tapping of the furnace is '"dead time" from a pro-
duction point of view. For constant production, a more viscous slag

means a direct increase in tapping time.

While an optimum final slag-metal temperafure difference can be stipulated
for a desired metal temperature, the required final slag temperature is
net a function of its liquidus temperature only. If even the initial slag
is a very fluid one, a composition of higher iiquidus temperature may be

better suited to effect the same degrze of metal superheat.

finally, a slag that becomes labelled as a boiling slag does not necessarily
owe its properties to locally intensified gas evolution. It mey alterna-
tively be due to normal or or near-normal gas evolution in a locally

thickened slag.

There is no absolute guide regarding the relative importance of resis-~
tance heating in submerged arc furnaces. The resistance of the burden as
a whole does infiuence the electirode position, but while slag resistivity
is becoming a more preminent factor in more recent approaches to tne sub-
Jject 6f pover dissipation, its relative contribution to furnace resistance
is ill-defined. Once again, the existence of such a contribution cannot
be discounted, even if it has to be vaguely regarded as the final inte-

grated manifestation of many step-wise processes.

Measurements of electrical resistivity conducted as part of this research
work, were consequently aimed at gaining some understanding of the opera-
tional phenomena that can be summarized in the term "low electrode resis-

tivity"”.

Literature data indicated that the properties of titaniferous slags:

ct



melting temperacure, viscosity
likely to be influenced by the

respect to titanium oxide. An

and electrical conductivity, were all
degree of reduction of the slags, with

exploration of these indications formed

e
the core of this work. This approach was further based on the facts that:

(2) the slags are known to be very attractive under oxidizing conditiouns,

judging mainly from their liquidus temperatures and viscosities and

(b) reducing conditions appeared to adversely affect all these properties.



2, LITERATURE REVIEW

2.1 Melting temperatures and phase compositions of titaniferous slags

under oxidizing conditions.

Very extensive research work has been done into the melting and primary
crystallization properties of the quaternary system CaO- ~x1205 TlO 62
and the various ternary and binary systems constituting the quaternary.

Much of this work, notably that of Agamawi and White on the systems Algo,—
2

TiOZ-SiOZ(l), Calcium metasilicate - sphene - silica and Calcium meta-

(2)

understanding the high temperature behaviour of silcrete refractory com-

(3)

ponents. rowever, the research of Ohno and Ross was directed speci-

gsilicate - anorthite - sphene - silica were inspired by the need for

fically at gaining a wider knowledge of provlems arising when titaniferous

iron ores are smelted in the blast furnace.

Ohno and Hoss, while also assessing the effect of alumina addition to the

ternary CaU—TiO ~5i0 extended the composition range by inclusion of

2!
higher levels of titania than previously reported by eg. DeVries, oy and
b A
Csbornk4), working in the less than 10% titania range. Ohno and Ross())

found that 10% and 20% additions of alumina extended the range of the low
temperature trough where the primary phase is sphene, on the eguilibrium

diagram for CaO—TiOz—SiOQ.

The need for studies of the five-component CaO—MgO—A1A03-SiO2 rr‘102 system
arises from the fact that Mgl is normzily present in the vast deposits of
titaniferous megnetite ores. It assumes greater importance as a varia-
ble in the slags from smelting such ores when limestone is partially or
completely replaced by dolomite as a flux. In the latter case, the CaC/MgC

ratio may further be varied by addition of either limestone or serpentine.

A very comprehensive study of the liquidus temperatures of slags belon ing
v &

to tne five-component system was made by Holmes, Banning and Brown. (5)

D

These authors worked at selected mass % ratios of TiOd/NQO2 ranging frou
= J
0,35 to 4, with limited variation of % O + %A ?“7) at each ratio, the
>,

main variables being silica, lime and mﬁbresla contents. A total of %45

=

mixtures were tested. Liquidus temperatures varied from 1217 °¢ to 1667 C.

2 2 5 v n . . ol A
In general he lowest liguidus temperature for a particular (%I 402 4 JH’QOY}
ceurred when the condition (¥Cal + Agd) - %5iC, < 12% was met. At

2

@)
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At constant Cal0 and MgO contents, substitution of 8102 for TiO +A1203
normally lowered the melting temperature of the slags. Substitution of
either Ca0 for S102 or MgO for CalD resulted in a change of the liquidus

temperature of base slags from -9500 to +25100

(6)

15 %) on the fusibility of synthetic slags of the system Ca0-Mg0-SiO, -

Zhilo and co-workers studied the influence of titania additions (6 te

Al O3 The slag basicity, expressed as mass per cent ratios CgO/SiO?,
was varied from 0,7 to 1,2. 4they found the fusibility temperature to

decrease on addition of TiC, up to a certain critical limit, depending on
the basicity. ZIeyond this cxltl cal 1imit of T102 content, the fusibility
temperature of the slag wae ed. The relevant experimental values are

given in table 1.

Table 1 Critical titania contents with corresponding basicities in the

system CaO—MgO—SiOZ—Al 0,-TiO,. (6)

2 2
Critical 'T’iO2 content Basicity
(mass %) (ﬁbaO/°b10 )
10 0,91
9,85 0,97
9,715 ) 1,06
8,9 X 1,17

The initial decrease in fusibility temperature was ascribed to an ircrease
in the amount of augitie and a change in ihe melelite composition of the
base slag. The eventual increase was attributed to the formation of spinel

and perovskite and the decreasing amounts of diopside.

Handfield et al(7) also found that additions of Ti02 up to 10 mass % to
an industrial blast furnace slag sample caused a decrease in the fusibility

temperature, wnile the latter tended to rise upon further titania additions.

Pilot plant operations conducted prior to commisioning the Highveld Steel
and Vanadium Corporation iron plant, showed thati slags containing about
35 Y WiDQ would be produced. Consequentiy, all earlier laboratory test

" o

work were concentrated on slags of higher titania contents than those



presently encountered on the plant. (approximately 30 %)

The equilibrium phase studies conductedlby Jochens, Sommer and HoWat(B)
were aimed at clarifying the influence of both mass % ratio CaO/NgO and
mass % total basicity (Ca0 + Mg0), while keeping the (-1'102 % A1203) con-
tent and the TiO, /Al2 3 ratic constant. Their results are shown in
figures 1 and 2.

Figure 1 shows the phase equilibrium diagram for the system 19,69 % SiO
15,12 % A1, 71 37519 % Ti0,, 30 % (Ca0 + MgQ) with Ca0 varying from O %
0,

o 3 “vnnlle MgO varies from 30 % to O %. Increase of the MgO content

2’

from O ﬁ to 12 % by mass, lowered the liquidus temperature from lﬁ?o C
to 154000. Further replacement of Cal by MgO caused a gradual rise in the
liquidus temperature, which reached L505 C at O % Ca0. Based purely on
this result of experiments over a limited composition ranges, conducted
under oxidizing conditions, the use of dolomite as a flux resulting in a

slag Ca0/Mg0 ratio of 16/14, appears desirable.

Figure 2 shows the effect of variation of Mg0 content at three different
levels of (%Ca0 + f@ig0). In general, the liquidus temperaturs minimum
shifted towards lower MgO contents with a decrease in overall bvasicity.
The absolute -value of the minimum was reduced at the same time. ZHowever
the rise in liquidus temperature with increasing Mg0 content after passing
through the minimum, was more drastic in the case of the lowest level of
{Ca0 + MgO). It should further be noted that changes of basicity had
much more pronounced effects on liguidus temperature for slags of low

Ca0/MgO ratio.

There is also a change of primary phase, from perovskite (CaO.TiOO) at
MgO contents lower than that corresponding to the liquidus temperéture
minimum, to magnesium aluminium titanate (Mg4A1 ~190P,) as the Mg0 is
increased further. The repeaied occurrence of the latter phase, which is
a2 member of the solid solution series with the two pseudobrookite end
members H10.2”i09 and A12b T10 ,» both as a primary phase and in subse-
quent crystallization, is a peﬂu1lqr feature of the system wnich will be
discussed more fully in section 4.1.2.

%

Wnile the present work was in progress , Hejja‘g) determined the liquidus

=T



TEMPERATURE (°C)

Figure 1

1400F

1300 F

1200

The

constant Ti0_,
<

Figure

various

2

N
ot
e

o
o
T

20

T T e ¥ ¥

4{Mg0.2Ti0, ).
i20 TI02 + L

L.i'%"‘,gov.2 10 )r\l 0
TiO3«Ce0.Ti uzozag
Si0p ¢ L

000, Ti0ye L
(0.Ti0,+
Ano Z1i0.

Uit 1
40490 710!

Al Ca. Tlo’g
240y

A.zo

z.f.-:go.zno;s)
IOZ‘ L

Ti05+ 2Mg0

eg0.71i0) "é:‘;",gf_
".7 O $Ca0. ) oS
{4')42?»‘('0 Si0, '-38\'“'4
{2 g0 %56y o

N

R RV
Mg0,%e
302625242220 1816 % 1210

CaO, V)

‘0 1&20222/.46

effect of Cal/lig0 ratio on
(2
AL0 Mgo) \O

23"

o

510

~

s

and (CalC +

liguidus

temperature at

v T it 3 ¥ ¥ T

~,

& 35%(Ca0«MgO)
A
A
00

0%! « B _ oz
45190):}/;@?? /
B /
f‘~2;°/.-,mqw

“glrp
A+pB

14005

g

A zCa0.TiCy

N

s A!703 Ti 02
X = Not indexed
1200

TEMPERATURE (°C)

»

B =4(Mg0.2T i07).

s
: S



weol Y

Amv\ﬁﬂc,momp e Tm eangeaadwe) sNPINDIT JO UOTRBRIIBA ) v.._jmm..u_
0IS% 7 (OBW %+ 000% 5  ALIOIGYE
‘ ¢ 7- s .\‘a
Ll 91 Gl 21 el
y ; L 00¢€lL
¥ X
% X X
X b 4 X X v
X o
- 00%1
X

2
N

(]
O
el
bt

(Joj3d¥NILVE3d



s S

temperatures of a series of slags whose compositions fell within the
range investigated by the author. This series had the following compo-

sitional features: TiOZ/Al ratic 2,21 , the tctal (%Hioz + %A1203)

203
content 44 %, thus maintaining the TiO2 constant at 30,2 %; the basicity
peing varied from 1,30 to 1,70 as (%Ca0 + %Mg@)/%Sioz, while the CaO/Mg0
ratio was unity in all cases to approximately simulate conditions at the
Highveld Iron Flant, when dolomite is used as a flux. The silica con-

tent varied from 24,35 % (at basicity 1,30) to 20,74 % (at basicity 1,70).

The results of this investigation are given in figure 3. There exists
surprisingly small variation in liquidus temperature over the basicity
range 1,3%5 to 1,62 , where the avefage temperature is low (approximatcly
136000). On either side of this temperature trough, the liquidus temper-
ature changes drastically with small changes in basicity. The existence
of a basicity region, at Ca0/MgO ratio equal to 1, where basicity changes
result in small changes in liquidus temperature, is in agreement with

the results of the work of Jochens and co—workers(s), although the temper-
ature in the latter case is significantly higher at the higher contents

of Ti0, used (37,19 %) and the different (TiO2/A1203) ratio of 2,83.

2.2 Viscosiiy of titianiferous oxide systems under oxidizing and

neutral conditions.
2.2.1 Binary systems

Handfisld and Charette(lo) studied the viscosity of typical Sorel slags,
ranging in composition from 3,3 % to 15 % FeO with corresponding 710,
contents of 80 % to 67 % by mass. The slags contained minor quantities
of lower titanium oxides, LiOE. AlZOB’ MgO and Cal0. VWhile the melting
temperatures of low FeO slags were much higher than these having high FeO
contents, all homogenecus melts were characterized by very high fiuidity,
viscosity being approximately 0,03 Ns/m2 and changing very little with
temperature.

The same authors alsc included a 30 mole % Cal 1lime-titania mixture in
their investigaticn. The viscogity of the homogeneous melt in this in-

stance was only 0,02 Ns/m”, this value also being viriually independent



of temperature.

The rise of viscosity upen cooling below the freezing temperature was

found to be an extremely rapid one for both systems investigated.

Tuset(ll) studied the viscosity of the titanium oxide - magnesium oxide

system, the melts containing 58 to 85 % ) Ti0 to 33 % TiQO5 and 3 to

2’
21 % Mg0. The viscosity of the fully molten slags was found to lie in,
the range 0,05 10.0,1 Ns/hz, with little dependence upon compogition

within the range considered, or temperature.

\ ’
Frohberg and Weber(l2j investigated the systiem CaO--nlLO5 40 5 A1~
though these workers used a rotating inner cylinder viscometer for which
both inner and outer cylinders were made of graphite, so that conditions
were in fact reducing, their work is included here because of the com-
prehensive compositicn ranges covered. The research was limited teo mix-
tures having liquidus temperatures below 160000 and the tested compo-
sitions are shown in figure 4. Lines of equal viscosity av 16OOOC are
given in figure 5. The results show that the isokoms are nearly parallel
to the lines of equal alumina content over a large concentration range.
Moreover, the viscecsity reducing eifect of lime under these coadition
is much more marked than that of titania.

13)

Pliner and co-workers' measured the viscosity of slags from the

aluminothermic production of ferrotitanium. FYor a sample containing

6C,6 % A1,.0
2

Fe0 and SiO

~

,8 % Ca0 and 10,1 % Ti0,, with minor percentages o Mg-,

3’
the viscosity was 0,18 Ls/m2 at 1760°C and 0,15 hs/h

2,
18500C, the aclivation energy for viscous flow again being very small.

l\.‘"")

The melting temperature of the slag was approximately 175000.

The ternary system b102~T*O ~A12‘3 was alsc examined by Frohberg and
(12 . :
Weber® ). Tue to the high temperatures involved, the concentration

tested, was small (flgure 6). The ability of Ti“? to increase the

raage a
fluidity in this system is clearly shown in figure 7. However, it

f=de

noteworthy that the difference in effeect upon viscosity existing between
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5102 and A1°Q3 becomes smaller at lower titania contents.
o

(1

CaO-SiO,-TiO system, using the same technique as that employed by Froh-

(12
berg and WObar‘ '),' The composition range investigated, is shown in

Schenk and Frohberg measured the fluidity of slags belonging to the

figure 8 and lines of egual viscosity at 1600° C in figure 9. The general
effect of TiO2 to reduce viscosity in this system is clearly indicated.
The effect appears to be more marked for lower Ti02 contents. The au-
thors also found that if viscosity at a fixed femperature above the

liquidus temperature was plotted against Ti0_, content in any pseudo-binary

2
section along which % T102 increases, the resulting curve tends to follow

the one for ligquidus temperature itself.. (figure 10)

Thakur(lj> showed that for the series of sodium silicate glasses
NazO. XROZ.(3~X)SiOP, where RO2 + SjOZ = 75 mol % and R = Ti, the partial

replacement of SiO2 by TiO, causes an increase in the low temperature

2
viscosity of the glass, as indicated in figore 11. Sclid lines repre

0
rn

logr;: 12 and brcken lines logq = 9, where viscosity (7) is given in poise.

2.2.3 The quaternary system CaO-Al —TiOZ-SiO

0
23 2

Viscosity ~ temperature relationships of slags belonging to this system

were determined by many authors, while exploring the possibility of smelting
titaniferous magrnetite ores in a conventional iron blast furnace.

: i 4 \ I o Al
Endell and Brirnkmann® investigated the influence of Ti0,_ additions

6)
2
on the fluidity of acid synthetic slags and concluded that the fluidity
would rise with increasing titania content at least up to 17,3 mass % TiC_.
. : . 17 : : : ) 2 a
Mikhailov and belyakova( />, using toth acid and basic slags with titania
levels varying from O to approximately 25 mass %, found that the addition

of TiO, lowered the viscosity of acid slags, while the viscosity of basic
a

slags wag increased.

(12)

, according to a scheme similar

Using graphite viscometer components, }rshberg and Weber selected

base slags from the system Cal-SiC

~Ti

Z (-

. : -  § 3 5 ST
to that used by Schenk and Frohberg. To these ternary melts, additions
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BF 5, 10, 15 and 20 % A1203 were made. Viscosity was measursd at 1600°¢
and the resulting lines of equal viscosity are given in figure 12. The
effect of alumina addition is generally to raise the viscosity, the effect
being more pronounced at low levels of alumina (below 5 mass %). The
tendency of viscosity to be lowered by addition of TiO9 is again clearly
shown by the diagrams of figure 12. Un the basis of these results the
authors concluded that there could be no objection to smelting titani-

ferous magnetites in a blast furnace.

(18)

o cHy
temperaturs below 1450 C. Viscometer components were made of molybdenum

Ohno and Ross limited their investigation to slags having a liquidus
and measurements carried out in a neutral atmosphere. Equal viscosity

lines at 150000 are shown in figure 13.

The salient features emerging from an investigation of these diagrams

are the viscosity raising influence of Al _0O_ and the property of both
z

3

Ca0 and TiO_, to reduce the viscosity.
&

(
12 ;
3 ) mainly

o

The general findings differ from those of ¥Frohberg and Weber
in the fact that the viscosities reported by the latter in figure 12

are considerably higher for similar slag compositicns, than those given

in figure 13 by Ohno and Ross, even though the latter authors reporied

viscosity at 150000. Examples of these differences are shown in table 2
and will be discussed further in secticn 2.4.

Eﬂb;g_g. Comparison of the results obtained by Frohberg and Neber(12)

. ) ;
(figure 12) with those of Ohno and Ross(lg’(figure 134,

Authors Mass % ratio Mass % Viscosity Temperature
; ; 2
Ca0/810,/T10,, A1,0, (Ns/m”) (")
Frohberg and Weber 1,5/1,5/1,0 0 0,16 1600
Ohne and Koss U 0 0,09 1500
Frohberg and Weber M 20 @,99 1600

Ohno and Ross " 20 0,45 1500
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;&Q,4 The 5-component system CaO-MgO-—AlQOi—TiOZ--SiO2

rlier investigations were all aimed at determining the influence of

5 additions on the fluidity of blast furnace slags. Behrendt and

& z(19) found that titania lowered the viscosity of acid slags, but

at this effect became less pronounced at higher levels of alumina.

[ 1)

Shavrin and Sakharov' 20/ used a base slag with %CaO/%SiOZ =1,18 , 33 %
a0, 28 % Si0,, 16 % A1203, 10 % MgO and 5 % 7i0,, with satisfactory

- fluidity. TiO2 was added to this slag, once again lowering the viscosity,
~ the slag with 15 % Ti02 being more fiuid than the initial one.

»fﬁhilo and conworkers(6’21) found that addition of TiO2 caused a decrease
‘in viscosity in both acid and basic slags, basicity being expressed as

- 9Cal %‘102, this decrease being more marked at lower basicity ratios.
4

(22)

vanadium bearing titaniferovs magnetite in a blast furnace to precduce

~ Freidenzon studied the problems asscciated with the smelting of a
a vanadium pig iron. DBoth synthetic and industrial slags were subjected
‘to viscosity measurements. The initial synthetic slag had a basicity

(CaO/SiO?) of 1,2 and contained 5 % TiO Increasing the titania con-

5
tent to 10 % reduced the Viscosity} rurther increase to 15 % raised the
viscosity tec almost the value for the initial slag. The industrial ti-
tania bearing slags were considerably more fluid than slags from stieel
making pig iron production, not containing TiOQ. The effect of adding
MgO to synthetic slags of the type made during vanadium pig iron produc-
tion, was one of lowering the viscosity. DMoreover, tne fluidiiy d4id

not drop materially even when the addition of Mg(Q caused the liquidus

temperature of the slag to increase markedly.

The use of titaniferous magnetite ores from the Bushveld Tgneous Complex
to produce a vanadium rich pig iron in a submerged arc electric furnace
called for more viscosimetric data than were available at the time of
pilot plant investigations conducted for the Highveld Steel and Vanadiwm
Corporation. Slag titania contents would be high (approximately 35 %).
Moreover, the CaO/MgO ratio would be close to unity if dolcomite, which
was preferred to limestone for economic reasons, were to be used as a

flux.



i

;“?gearch work conducted by McRae(23)
1s of basicity, (Ca0 + MgO)/SiOz, of 1,18 5 1,52 , and 1,91, 'The
al (%Ca0 + %d1g0) had the values 25, 30 and 35. The corresponding’
 contents vere 39,84 , 37,19 and 34,52 , while the Ti0,/A1,0

o
nt was maintained at 2,83. At each basicity ratio the CaO/MgO

involved compositions at three

‘was also varied.

n ral, an increase of basicity at approximately the same CaO/MgO

-

, caused a decrease in viscosity at constant temperature. Progressive
@ement of Ca0 by Mg0 on a mass % basis at the same overall basicity

a~a slight decrease in viscosity at a particular temperature as

ﬂ_éh in figure 14. If the same data are represented as the value of vis-
;«i%y at a fixed temperature above the liquidus temperature, higher vis-

ity is associaled with lower liquidus temperature. Moreover, increasing

1e measuring temperature - liguidus temperature gap tends to make this effect

ess pronounced. These trends are clearly demonstrated in figure 15.

Values of the activation energy for viscous flow over the composition

re outlined above, varied from 102 to 140 KJ/mol.
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most important fact, evident from the preceding sections, is that
Av;ition of titania lowers the viscosity of the various melts mentioned,
tested under oxidizing conditions. In order to at-
the role of TiOz, even qualitatively, in terms of
:*xameters relating slag structure and viscosity, as proposed in the
iterature, the most important properties of the Ti - C bord, as com-

ed with other relevant oxides, are given in table 3.
Properties of the cation - oxygen bond for some metal oxides

Llectronegativity % ionic character Cationic  Ion-oxygsn

%
of cation of M-0 bond radius(ﬁ) attraction T
0 6l 0,99 QOO
1,2 54 0,65 0,95
2.5 A4 0,50 1,66
1,6 41 0,68 1,85
148 %6 D4l - 2,44
Reference (24) (25) (26)
L) 2
2z/ a wvhere z = cationic charge
’ ' d = distance of closest approach of cation

and oxygen.

Biliceous metal oxide melts are considered to contain polymerized silicate
anions which vary in size depending upon the nature of the caticrns and

the overall composition. The ionic character of these melts has been
confirmed through measurement of properties such as electrical conducti-
vity, viscosity and electrical transport by meny investigators, notably

(27,28, 295 30)

Bockris and co-workers It is also gererally agreed that
viscesity, wnen evpressed as a ‘lemperature independent function, i.e. as

the activation energy for viscous flow Mn\ must be a function of the
gy

The values of En obtained by Bockris et a for binary silicates,

led these authors to conclude that, upon increase of the SiO2 concentration
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A

=25

" of a binary silicats beyond thati corresponding to the orthosilicate compo-

o 6

" gition, simple linear polymerization occurs first to ions such as Si

2 T
and to Si50108—' Ring ions of the type Jlj 96" and Si401?8- appear later

- at 50 mol % 5102. Upon increasing the SiO2 content further, the rings

. are believed to polymerize face to face to produce compact, almosi spheri-

¢al ions. However, En varies smoothly with SiO2 concentration and such

- a relationship does not provide evidence for sudden changes in the type

of discrete ion in the melt.

(31)
Richardson' "~

therefore suggested that liquid silicates may contain an
array of ions whose distribution is governed by chemical equilibrium.
Such an interpretation is supported by experimental data on the analogous

(32)

phosphate system. Toop and Samis® employed similar concepts in ex-
P P g PLOY P

pressing the ionic distributicn in terms of the equilibrium constant for
the reaction: 207 tisd n0Pie 1pobfing

where O, 0° and 02_ represent singly bonded, doubly bonded and free
:oxygen ions respectively. OSuch an equilibrium constant would then be
dependent upon the nature of the cation in the binary silicate. Masson(Bj)

used a similar approach.

The present state of knowledge appears to be that ionic distributions

and average molecular masses of the silicate poly-anions in binary sili-
cate melts can be evaluated as functions of silica content with the aid
of polymer theory. Moreover, thermodynamic properties of binary silicate
melits may be interpreted in terms of ionic constitution. Extension of
these idezs to ternary silicates appears to be only qualitatively pogsi-
ble.

Ion-oxygen attraction I, as listed for some oxides in table 3, has been

used to separate oxides into network formers (high I), network modifiers

(low I) and intermediate oxides. Iip for binary silicates does not vary

smoothly with I, bul the table shows that 110?, together with A1205,

must be classified as intermediate oxides. For the purpose of comparing

the effect of TiOn on the viscosity of siliceous melts with those of

(15)

a

other oxides, the approach of Marboe and Weyl will be used.

According to these authors an increase in the oxygen to silicon cation

o o i ; ! . fariss
ratio, by addition of oxides whose cations possess lower I than Si' ,
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;58102, not only increase the number of 02_ ions, but also renders the
jons better screeners of the positive a4t core. The latter effect
‘due to the fact that the polarizability of 02— decreases with an in-
sase in the strength of adjacent positive fields and that the screening
wer of an anion increases with its polarizability. Assuming Ti to be
ssent in the structure only in 6—f61d coordination, it would on a molar
. sis, produce twice as many "weak points" in the network as a divalent

tion eg. Ca2+, as suggested by Schenk and Frohberg.(14)

4

As viscous flow is believed to involve continuous deformation of 02_ ions
laﬁd a gradual change in/their positions with respect to the central cat-
jibn, the binding forces within the polyhedra are also important. These
 ﬂould be governed firstly, by the charge of the central cation. In this
respect ‘I’i4+ would be expected to behave in a manner very similar to Si4+.
fﬁowever, binding forces within the polyhedra are further influenced by
the state of polarization of the or" ions, which should be a function

»éf the ion-oxygen attraction of the other oxides present eg. Cal, NagO etc,
- The state of polarization of the anions will also be influenced by the
polarizability of the central cation itself, polarizability being des-
eribed as the ability of the cation to adjust its electron cloud in a
manner to be best accommodated in its environment. A highly deformable
electron cloud can screen its core even under conditions of temporarily
reduced coordination with reépect to oxygen, such as would arise during

4+

the process of viscous flow. Here it must be noted that Ti' ig =2 non-

. noble gas type cation, compared with Si4+ which is of the noble gas type.

4

. This would mesn that the force field of Ti"' is not necessarily spheri-
cally symmetrical. OSuch dissymmetry would cause inherently distortable
sites in a network based on tetrahedrally coordinated Ti and Si, a con-
dition that would be enhanced by the presence of other cations of low

field strength.

The scmi-conducting property of non-stoichiometric rutile and the in-
fluence it mucst necessarily exert on the electrical conducting properties
of oxide melts containing titanium oxide, will be discussed in 2 later
section. In the present context, it is only important that rutile does
lose oxygen even when heated in air, and that the effect is intensified

as the partial pressure of oxygen in contact with the solid phase is lower-

ed. This departure from stoicniometry is accompanied by a darkening in
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.‘the colour of the initially white rutile. The same property, though
jess pronounced, is exhibited oy titaniferous oxide melts. If a melt

containing both Si02 and 1i0_ in addition to one or more modifying oxides,

2
is assumed to be based on a silicate network, with some replacement of

A+

Si4+ by Ti' , oxygen loss must give rise to vacant anion sites, associa-

|

with electrons, which may cause a permanent lowering of the valenc
e ’ & L

—

of Ti. In the event of such an extreme electron transfer, Ti may enter
into 6-fold coordination. dowever, if the electrons are assumed to re-
main associated with the vacancy, their position probability sphere being
extended with increase in the temperature, the vacancy may be pictured

as a mobile one, a condition dictated by the requirements of viscous
i s e A " 2+
. flow. {lloreover, the polarizing influence of a cation such as Ca on
I a doubly bonded oxygen in the statistical vicinity of a vacancy will be

4+

enhanced by the "reduced" charge of the central cation Ti™ .

4+

B Ll . . ) 2+ ;
The cationic radius of Ti is very close to that of Mg  and considera-

- o B+ = 2+ L4+ - g
bly greater than that of 8if"" .ip 16 Me"" end T14 were present in a sili-

ms 4+

ceous melt, Ti" would be favoured as part of a tetrahedrally ccordina-

ted network, due to its higher charge. However, the comparable acceptad

ionic radii, the fact that calculation of these radii presupposes spheri-

cally symmetrical ions, the possibility that Ti possesses a radius in the
¥ s

4+

melt that is slightly larger than the one quoted for Ti and that it

mn

charge may on the average bhe imagined to be lower than 4, makes the dif-
ferentiation less certain. HMoreover, Ti4+ possesses high polarizability.
If in the light of this, the titanium and magnesium ions may be assumed
to require the same increase in coordination number due to their larger
sizes, as compared with that of Si4+, titanium must create at least 44,8

times, but probably closer to twice the number of distortion sites in

the network that could be provided by magnesium, on a molar basis.

(15)

ture viscosity of glasses of the system HazO»TiOZ—SiOQ, where SiC_, is re-
=

placed progressively by Tin. The results are reported as the temperature

The findings of Thakur as shown in figure 11, relate to low tempera-

at which a glass of particular composition reaches a certain viscosity.
farboe and Yeyl explained this tendency for additions of Ti0, to increase

the temperature for a given viscosity value on the basis of
l.4*

larger ion than Si7 and consequently having greater cocrdination re-

giftt

0

quirements so that presumably, is eventually forced out of the
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. tetrahedral network to share corners of tbe-TiOS— octahedra. While such
a mechanism may be feasible at low temperature, there exists no evidence
in the literature that octahedrally coordinated Ti may constitute the
building unit of a network in high titania slags at slag forming temper-

atures.

On the basis of atomic properties as listed in table 3, alumina and

and titania are normally classed together as intermediate oxides. The cat-

5+

4+

jonic radius of Al” is considerably smaller than that of Ti" , the dif-
ference in valency giving the latter the greater field strength. Fur-
thermore the A13+ ion is of the noble gas type. Aluminium oxide does
not show the departure from stoichiometry that is such a well known

& property of Ti0,, so that a mean field sirength larger than the one nor-

| 5 : ol j+

“ mally accepted is not likely in the case of Al

N

| {(34)

- From the work of Kozakevitch , 1t is evident that addition of alumina

i to a Cal blO? melt initially increases the viscosity at a constant Ca“/blo
| ratio. This effect is reversed upon exceeding a molar ratio of AlzCﬁ/ a0
| 4

L of 1. This behaviour is attributed to A}9'5

.~ structure in 4-fold coordination. A4As it can only do so with the simul-

initially entering the liguid

taneous addition of Ca0, due to the requirements of electrical ncutrality,
the composition requirements for complete tetrahedral cooxdination only

A
becomes fulfilled at A1203/Ca0 = 1. Beyond this limit Al"F can exist

in the structure in octahedral coordination as well.

The work done on the analogous titaniumoxide bearing systems fi02~8102~

z _,_[ i
A1,0_, and CaO- 8102 T_\ (1_’ ) although less exhaustive, reveals no trends

2 3
‘similar to what was *abllubed for the Cal- 8102 2C5 system. Yrom the
t work of Frolberg and Weber(lz) on the system SiO? Ti0 -Aloﬁl, it appears
\ < < C )

as though the thickening effect of alumina is less pronounced at high
TiOQ/Alzo3 ratios. In this respect the effect of T102 is obviously not
similar te that of lime and it may in fact indicate 4-fold coordination

A+ ’ o ; -
ef Ti" wunder these conditions, with a gradual change towards higher

o’
b=

o 0

i
.\_c

il U e

e eoordination numbers at lower TiO /.':19 , ratio. Because of the dou
<3
Enature of these results due to the use o

=

grapnite viscometer compon:

M

Sueh a conclusion can have little clezim on absolute validity.

Even replacement of (Cad + A1207) by ETiO? on a molar basis in the sys-
o 5

-
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tem Ca0-Si0 'Alco -Ti0_, do not lead to similar effects, judging from the

e (18)
limited information available on the system.

In the discussion of their results of viscosity measurements carried

out on Soresl type slags, Handfield and Charette(lo) discard the sugges-

tion of Reznichenko 35) that octahedral anions of the type TiOg-might
consbitute the "flow units" in these very high titania slags. Rezni-
chenko based his hypothesis on the fact that the Ti06 octahedron is the
gtructural unit of solid anosovite and found support for his view in the
rapid crystallization rate of these slags, as reflected also in the rapid
rise of viscosity upon crystallization. A melt consisting of such non-
polymerized units would be very fluid. However, Handfield and Charette
concluded on the basis of the very high electrical conductivity of these
melts, that such units were unlikely aand that the structure of high ti-
tania slags will not be understood until a more general theory explaining

the semi--conducting properties of these melts is developed.

In conclusion, it may be said that the author accepts the possibility
of the following two extreme conditions in oxide melts based on T102

and 5i0_, under oxidizing conditions:
[ <%

(a) An essentially tetrahedral network at very low titania contentis,

’ A+ : - : " ; s .
the T14 erntering the structure in octahedral coordination, possi-
bly with relatively strong "bridging" effects.

4+

- s " BE et o
(b) fssentially octahedral anions based on T14 , interlinked by Si

and other cations, at very hign titania contents.

The intermediate levels of T102 concentraticn would be characterized by
mixed coordination of Ti4+. As Tio? is only believed capable of decreasing
the viscesity of such melts, regardiess of its coordination, and as there
can be no sharp transition between coordination states, due mainly to

its property of losing oxygen, T102 will increase the fluidity at increas-

[N

ng levels of concentration in a relatively continuous manner. Transition
is vizualized as an equilibrium process, depending uvpon the concentrations

and field strengths of other cations present, and the temperature.
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w1.%5 The composition range '1‘101’4 - 1,7
possesses the corundum structure and has a homogeneity range of
according to Andersson et al.
/ \
compound Ti_ O_ however, is less well defined. Kusakov and Zhdanov‘39)
Z
pared a phase of this nailure from the titaniferous slags produced du-
:*ng ilmenite smeiting. They classified it as orthorhombic and attached
s name ancsovite to it. Doubt arises over tune validity of this result,
methieod of preparation making possible contamination of the titanium
loxide by other elements eg. Fe2+, Mgd+, Fe5+ and A13+.

(40)

sbrink and Magndli' subsequently distinguished between a high temper-
&l q Y g g P

e modification of the anosovite type (a slightly defcrmed pseudobrookite

orm is also monoclinic with g = 910, the angle decreasing to 900 (or-
“ﬁhorhombic) as the temperature rises. The structure of the low temper-
ature modification was described in terms of 'I‘iO6 octahedra which are
ﬂgpined by sharing corners and edges to form an infinite three-dimensional
- framevork.

B T 1 &

t»gpwever, Bright(js) concluded from his work that the truly monoclinic
;form is not a low temperature form, but in fact, a " still higher %emper-

- ature" modification, above the form normally accepted as ortunorhombic.

. - P = o~ Pz
\?.3.1.4 The composition range P101’7 - 1,9
}

Jfﬁndersson found that the lines for Ti O_ were completely replaced by those

3-5

- of a new phase at TiC Upont increasing lhe oxygen content, these
1 J 6 ’

1,75°

lines remained basically the same although closer examination revealed
a continual alteration between single phase and two-phase regions. The
; ?uccessive phases appeared to have the general formula Tin.2n—l' Mem-
~ bers corresponding to values of n = 4 -~ 10 were identified. The suc-

Cessive members constitute a homologous series of rutile sitructure.



~33-

The compositi ange Ti A
2 9.3,1.5 The composition range I101,9 - 2,0

There are indications that the homologous series mentioned above, exists

beyond TiO1 9 but apparently the difference between X-ray patterns for
3
I successive homologues decreases as n increases, so that the two-phase
| regions are not detected. However, it remains uncertain whether dis-
| inct phases of Ti O
| pesics D n 2n-1
| or whether it terminates in a phase of variable composition. The first

exist right up to the two-phase region with TiOz,

trace of rutile appears at TiO1

ﬁ 95

2.3.1.6 The allotropic modifications of Ti0,

These are anatase (tetragonal), rutile (tetragonal) and brookite (orthc-
" rhombic). 4natase has two modifications: a low temperature £ - form,

; 0 0y \y
converting to the o - form at 640°C. At 915 C o changes to rutile.

R

Brookite changes to rutile with measuratle velocity at all temperatures

o
above 650 C.

2.3.2 Reduclion of TiO2

The equations representing reduction of TiO, by CO and C are summarized

2
in table 4.

Table 4 Thermodynamic data for reduction of T102 by carbon and carbon

monoxide

Reaction Ac® = £(7) Minimwn reduction
(cals/mol TiOg) temperature {°C)

T102 + 300 = TiQOB + —3;002 13 950 - 0,30 T =

TiO2 + CO = Ti0 + C02 24 %90 -~ 0,28 T -

Ti0, + 3C = 3Ti 0, + 3C0 29 350 - 21,15 T 1115

Ti.O2 + € = Ti0 + CO 65 190 - 42,935 T 1245

TiO9 + 2C =-Ti + 20 7L k00 < 84,28 T 1784

TiOQ + 3C = 110 + 200 126 100 -~ 81,44 T 1276
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2,%.2.1 Reduction by CO

(41)

Agsayag et al studied the stoichiomeiric reaction for reduction

of TiO2 by CO to give Tio2-x and CO?, where TiO is the overall compo-

2-X

" gition of the solid product, by equilibration of the oxide with known

00/002 ratios, between 84000 and 125000. For values of x>0,6, two solid
phases were in equilibrium and X-ray studies of the product with x = 0,11
showed a rutile phase in addition to a phase that was not identified,

but which was not Ti?03'
(42)

0 a0t s .
to 1400 C for periods varying from 1 hour to 24 hours. The reduced equi-

2 : - e oo RO
Nishimura et al reduced TiO, with CO over the temperature range 800 C

1ibrium product corresponded to Ti,, O,. ..
3 ¥ t4,2°35,8

(4%)

tion at IBOOOC only gave a 7,9 % reduction. (The corresponding figure

In a much earlier work, Mikhailov and Belyakova reported that reduc-

for reduction by H, at the same temperature was given as 26,3 %). The

)

product after redustion by CO was a mixture of Ti02 and Tioag'

Ohro and Ross(44) kept TiO2 in a CO atmosphere at lSOOOC for periods

up to 3 hours. X-ray analysis of the final product after reduction for

3 hours, showed the presence of a rutile phase and another unidentified

phase, which could be T1705. .
2

35.2.2.2 Reduction of TiO? by carbon

Belyakova et 31(45) found the product of reducing TiO2 with charcoal at
1100°¢ to 15000C to be a solid solution of TiC and Ti0, the TiC content

varying from 33 to 60 %.

The sequence of products after reduction either in vacuum or in a CO

(46)

atmosphere, was found by Kubo ard Shurniki: ’ to be T102 SRt
. o~ T, wame——(TiC C ). The latter phase could then
’ = =y | A X
- 2 o} ] X AR E
further react with carbor beyond 1400°C to yield TiC. In fact, Mikhailov

(43)

e \ 5 - s : : 579
and Belyakova' stated that the reduction reaction started at 927 C

gnd that pure TiC could be obtained by heating a mixture of Ti0O_ and C

: O i
#0r 2 hours at 1850 C to 1900 C.
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Ohno and Hoss conducted the reduction in both argow and nitrogen at-
mospheres, the tests lasting for two hours at 1450 C. Oxygen was removed
faster in the latter case. When the atmosphere for the experiment was
argon, the product was found to be TiC. Under nitregen, TiN was iden-

tified, but no TiC was present.

2.5.5 GCarbonaceous reduction of T102 from titaniferous slags.
2.5.%3.1 Reduction products

The range of products formed during carbonaceous reduction of Ti 02 con-
tained in titaniferous burdens includes the lower oxides of titanium,
titanium carbides and oxy-carbides, in addition to nitrides, oxy-nitrides
and carbo-nitrides, if nitrogen is present in the furnace atmosphere.
Evidence exists for the formation of virtually all these products, in

the form of beth plant observation and laboratory investigatio

7)

In 1921 Osann® (4 reported analytical results of the copper coloured

crystals on a piece of magnesite mixer lining., The product was found to

(48)

recovered from the interstices of the lining bricks in the hearth of a

be titanium carbo-nitride. Jansson investigated similar crystals
blast furnace. The composition corresponded to approximately (6Til +

TiC). The sintered ore charged to the furnace contained G,14 % Ti.

seperated the "buckshot slag" produced during blast

1lting of titano-magnetite ores into slag and metal fractions.
The slag differed from the roughing slag in having a considsrably higher
carbon content. The metallic fraction differed from the tapped pig iron

as shown in table 5.

Table 5 Metal analyses during vanadium pig iron production

% 2l 7
Product Composition (mass %)
S S ¥ Ti C
Metal from buckshot 11,84 Q00T S0 A0 500 Seele)

8
tapped pig iron 0,47 U,038 U441 U,41 4,75




s

1t is significant that the composition of the buckshot slag metallic frac-
‘tion is much closer tc that of the metal in the bosh and bosh parallel

:%fgions, than to the composition of the tapped pig iron.

ﬁxgtallographio examination of both the metallic fraction of the buckshot

;glag and the vanadium pig iron, revealed abundant Till inclusions.

o,
- -
Ohno and Ross

4 0a0-8i0,,-A1 0T} - reduction in a graphite crucible
gystem Gal 5102 &12u3 1102 after reduction in a graphite crucible both

" in argon and in nitrogen atmospheres. Titanium nitride was identified

(A4
(44) examined the surface films produced on slags of the

,;ﬁﬂ slags reduced in an atmosphere of nitrogen. Conclusive identification
V‘qf TiC on these slags and on those that were reduced in argon was impos-
‘gible due to the possible presence of other similarly coloured malerials,
" especially graphite and lower titanium oxides. However, the authors
"strongly suggesied ihat the films might be the carbide, because of their
“%imilarity to the product obtained when pure T102 was reduced by carbon,

L& product which was identified as TiC.
il

- Although many authors mention the limited solubility of Ti in iron melts
‘and the precipitation of high melting phases such as carbides and nitrides,

(22,49,50)

when the solubility limit is exceeded, the work carried out

.:by Delve, Meyer and Lander(sl) is particularly significant, as the solu-
bility limiis were shown to be even lower than those previously accepted.
~ These authors measured the solubility of titanium in carbon-saturated
iron at lEOOOC and 16OOOC under neutral and nitrogen atmospheres. The

precipitated phases were also examined. The resulils are shown in table 6:

% (51)
- Table 6 Solubility of Ti in carbon and carbon-nitrogen saturated iron'’"/
- Temp. Atmosphere Ti solubility Frecipitated

: (°c) (mags %) phase

21500 £ 10 CO and A 0,263 20,006 TiC

" N, 0,152 20,010 Carbo-nitride
- 1602 - 10 €O and A 0,299 0,080 TiC
' " N 0,202 10,011 Carbo-nitride

2

(“\
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The table shows that when iron is saturated with nitrogen in addition to
. earbon, titanium solubility drops even further.

1

¥¥here are also indications that silicon in the presence of nitrogen, de-

{:greases the solubility of titanium.

The existence of slag oxygen levels corresponding to lower oxides of ti-
~ ganium in titaniferous slags under reducing conditions, is implied by

the end prcducts observed in the above investigations.

' 2.3.%5.2 The effect of slag composition on the rate of reduction of TiO?

in titaniferous slags.

. Extensive evidence exists to the effect that basicity of the slag, ex-

pressed in various ways, influences titania reduction. In 1939 Mikhai-

(52)

- slags than in acid sl ags of the system SiO T102~A120 -Cal. The results
v ./

of Ohno and Ross,k44) obtained from reduvtlon of acidic and basic slags

 lov and Belyakova reported that TiC was formed more readily in basic

B at 1500 C in a nitrogen atmosphere show the same trend. These results

are shown in figure 17, the slag compositions being given in table 7.

- Table 7 Compositions of slags reduced in graphite crucibles at lSOOOC

in a nitrogen atmosphere.(44)
. Slag No. Mass % composition
Cal ' 2i0 TiO0
2 2
3 21,20 42,80 30,00
4 37563 32,37 30,00

(53)

Chukukere and Ross reduced slags of the system Ca0-Si0_-FeO-A1_O

2 2
TiG2 in graphite crucibles, the slag being in contact with carbon- bazu—
rated iron. Titania reduction from the slag was followed by analysis
of the metal phase. Figure 18 shows the effect cf basicity, expressed
as CaO/SiOQ, upon the reduction rate of Ti02 in a slag of initial Ti02
content 20 mass %. The slopes of the curves further indicate that ti-

al is attained sooner with slags of higher

o

tanivm saturation in the me
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icity. The experiments were carried out at lSOOOC in a nitrogen at-
phere. The basic trend shown on this graph is not altered by replacing

brogen by argon as furnace aimosphere.

An increase in the titania content of the slag generally leads to an
ierease in the rate of raduction of the oxide. This tendency is also

ﬁflustrated by the work of Chukukere and Ross(si) (figure 19)

3.3.3 The effect of temperature on the rate of reduction of T102

from titaniferous slags.

Although very little quantitative information is available on the influence
of temperature, several authors stiressed ine possibility that increased
temperatures might lead to rougner blast furnace operation due to more

(52)

‘severe reduction of Ti02. Mikhailov and Belyakova pointed out that
.C would form in increased quantities in the blast furnace hearth as
‘the temperature is raised.

(50)

avrin et al in fact reported increased production, accompanied by
a reduction in the coke rate when the hearth iemperature was lowered
‘and stated that optimum thermal conditions depend on the Ti0, content

{ 2
of the burden.

'2.%.3.4 The effect of nitrogen on the rate of reduction of T102

from titanferovs slags.

-4 ( 2

Ttho and Ross\44) compared the effects of nitrogen and argon on the reduc-
‘tion rate of Ti0, from a slag containing 37,63 % Ca0, 32,37 % SiO2 and

20 ms :
E % 1102

being held in a graphite crucible. The results are shown in figure 20.

The temwperature for both experiments was ISOOOC, the slag

2.5.4 Co-reduction of SiO? and TiO? from titaniferous slags

Although a vast volume of information is available on the rate and

‘mechanism of reduction of SiO2 by carbon and carbon-saturated iron
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particularly from blast furnace type slags not containing Ti0,_, very little

2
work has been done in the field of titaniferous slags.

B

‘..e relevant thermodynamic data for the reduction of the pure ox1de are

‘ngen in table 8.

?ﬁble 8 Thermodynamic data for reduction of SiO?(li) by carbon

'égaction AGO = f(T) Minimum redugtion
pf\ {cals/mol SiO?) temperature (OC)
‘EiO (11) + C = Sio(g) + CO 163 650 - 79-96 T Yt

‘5i0 (11) + 3C = 8iC + 2C0 148 0CO - 81,49 T 1547

10 (11/ +2C = Si(1i) + 2CO 173 100 - 89,40 T 1664

the diagrams of standard free energy of formation as a function of

&
temperature, as given by eg. Darken and Gurry(’d), the lines for Ti02

and SiO2 are virtually parallel and very close itc one another.

}*'e dependence of titania reduction under blast furnace sweiting con-
v g
ﬁ tions on the rate of silica reduction was first reported by Faust(SJ).
() )used slags of the system CaO- b’02—T102 at TwO contents up to

Ly %, reduction being pelforned by carbon and carbCﬂ—oatur1+ed iron in

‘graphite crucibles at 1550 C. A rate parameter expressed as K_. .. =
¢ p i
{{Ti] (Si)} /L(Ti) [Dl:)} was measured.

3

erklng on blast furnace type elags w1tn titania contents up to approxi-

(51)

to that employed by Mori, showed that reduction of silica and titania

Metely 8%, Delve, Meyer and Lander , using reduction eguipment simi-
oroceeds interdependently. This interdependence was further shown to
substantially unaffected by temperature changes in the range 1500 teo
1600°C. Resulis were plotted as [Ti]/(TiO?) against [Si}/(SiOZ) and

the slope of the straight line so obiained (k') was found to be a function
slag composition. The nature of the latter correllation led the authors.
to conclude that the best slag for minimizing titania reduction would be

g containing high Si0
I-'

5 and correspondingly leow CaO/SiO2.
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3.5 Co-reduction of titaniz and iron oxide
Bt '
£ the reduction of Tjﬁ? to lower oxides or TiC ise accepted as the cauce
the difficulties experienced during smelting of titaniferous burdens,
presence of any slag component that increases the oxygen pbtential
the slag can he expscted to be beneficial to the process. Mikhailov

(52)

hey further postulated that lowering of the blasi furnace hearth tem-

Belyakova menticned MnQO in addition to ¥e0 in this conuection.

rature would help preserve slag FeC and ovrevent formation of lower ti-
A\
£ 7

ium oxides and TiC. Freidenzon® accepted these statemerts, but
arned against the deleterious effect of Fed on desulphurization processes
ind foaming of slags, in conjunction with the thermal state of the fur-

)

ace favouring high slag ¥e0 conients.
e (&) (=

kere and R S%(53) also determined overall reducticon rates o

onging to ihe Ca0~810,,-10,,-A1 ¢ ﬁ} Fe system. The total (CO + C0,)

=y
n
i
o]
[52]
6]

2 z
B ;
yolume ovolved wupern reducticn at 150C°C was determined. At constant
S"-'
icity, expressed as Ca0/3i0,, an inerease in “itania content was found

2
increase the rate of yeduction and decrease the final amount of Fel

jained in the slag. Their resulis are shown in figure 21 (p.40).
authors concluded that the effect of TiO2 on the activity of ¥el
"the slag, particularly in acid slags, was qualitatively similar to
t of lime.

The influence of reducing conditions on viscosity and meliing

temperature of titaniferous slags

2.4.1 "The possible reascens for the difficulties experienced during the

" smelting of titaniferous ores.

importance of slag viscosity and melting temperature in any »yro-

urgical process producing liquid slag and metal products, ie generally

BNis also agreed that the reduction of titania is responsible for tae

blems experienced when titaniferous burdens are smelled and carbon is

=3

as a reducing zgent.. It was shown in section 2.3 that a wide variety
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£ nroducts can be formed during such reduction of +titanium oxide. The
I pr 5)

Lower oxides of titanium, presumably not separating from the mol-
ten slag, may influence slag viécosity.
TiC and TilN and solid sclutions of these compounds may separate
from the slag in finely dispersed form and, unable to settle; in-
" crease the slag viscosity.
The formaticn of carbides and nitrides may not influence slag visco-
sity as such to a great extent, but may grow in the furrace hearth
to form accretions, leading to rough operation. These compounds
may further cdaf metal droplets and prevent coalescence of such
dropleis. The presence of solid particles may also coniributs to

the phenomenon of slag foaming.

order to illustrate the controversy existing with respect to these

sibilities, thez conclusions of several investigators will he reviewsd.

r
4.2 Mikhailov znd Belyakova()z) (19%¢2)

acid slags tested by these authors contained 19,20 % 31024 0,09 -
25,65 % Ti0,, 18,37 - 30,20 % A1203, and 26,7 - 36,12 % Ca0. FPasic slags
sre made up of 6,58 - 8,60 % SiOz, 0,76 ~ 24,20 % TiOz, 17,8 % A1203

p 37,5 ~ 49,72 % Ca0. While addition of T102 inereased the fluidity

acid slags, it had the opposite effect on basic slags. Boith TiC and

it
bt
@D
16]e]
o]

’-QOB were found to raise the viscosity of both acid and basic

marxedly thickened all slags.

mass of the poured slag, so that by modern standards, the validity
the conclusions may be doubted. While the effect of TiC on apparent

Uidity, the possibility of TiO and Ti 0, affecting also the neliing

2%
mperature cf the slag, cannol be neglected.
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4.3 Semik(57) A(1941}

search work was carried out on blast furnace type slags. Waile the
ufect of 1O was concluded to be qualitatively similar tc that of lime,
out; quantitatlvely much lese prornounced, holding the slag in a graphite
rucibie in a CO atmoshere was found to alter the slag viscosity. Addition
;jvTiOé {o blast furnace slags urder these conditions initially rendered
the fluidify slightly higher. Upon extersion of the holding time, the

iscosity increased. However, the increase was slight in the case of

lags containing up to 20 % TiOQ, but increasing the T102 content up to
30 % caused severe thickening at constant temperature., For holding times

exceeding 6 hours, the amount of TiC produced was deemed sufficient to

responsible for the increases of viscosity reported.

S

4.4 Delve, Meyer and Lander 1G5

work of these investigatlors wag confined to the measurenent of titanium
golubility in carbomn and carbon-nitrogen salurated ircesn and to measure-
t of Ti0_, reduction rates from low tiiaria blast furnace slags, as

T

8cribed in section 2.3.

(57 ),

3
oW CaO/SiO2 ratios did not favour T102 reduction from slegs, and the

relatively high oxygen potential of slags in the bosh region of the blast

owever, based on the findings of Semik their own conclusicu that

ace, they concluded that titania reduction was unlikely to cause trou-

o

above the tuyere line in a furnace operating on burdens of such low

$90, contents as those considered in their paper (below about 8 %).
&

ther, led by the slowness with which an inecrease in the iC, content

2
the burden made itself apparent, they suggested that factors of slag
ascosily were not of primary significarnce.
authors based their statements on their own findings of low titanium
80lubility in iron, the low content of Ti0, in the slag that will make
" - e . - . . - - 74\ i . o 4 - o
precipitation possible (1 -~ % %), ths nature of the precipiteted phases

practical observation of msssive titanium carbo-nitride in the hearth

& blown out blast fornace. ‘They suggested that increase in the titania
y

ntent of the slag could lead very readily to growth of TiC-%'iN solia

b
Plutions in the hearth, the resuliing accretions eventually growing
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1T ard and upward intc the slag layer.. The constricticn formed in thisg
er would cause a higher than normal slag level, leading to the ncrmal
ptoms. of trouble. Furtner deterioration ol the condition would inter-

re with the flow of materials above the tuyere line.

(18)
4.5 Ohnc and foss ' 18/

(1963)

o

gs of the CaO~Si02—A1203—TiQP system were subjected to viscosity mea-
ements under reducing conditions.

-
|

en carbon was to serve as the reductant, viscosity measurement was

eter plunger. The furnace atmosphere was argen. Slag thickening

scurred in alil instances.

increased temperature was found 1o in ase the thickening rate.

ure 22 illustrates this as a plet of time at temperaturs for the slag

LS

.

reach a viscosity of 5 poise, against teumperature. The compositions

the slags are given in table 9.

able 9

Compositiion {mass %)

I T
Cal 510 5 Ti0 5 E
32,25 27,75 40,0
26,25 e F e 40,0

ure 23 shows that, for & particular slag, containing 50 # Ri0, » the
&

3 s ) q o, . A 4 Il o

ckening rate at 1600°C is gradval, while at all temperaiuves of 1

lower, the viscosity rises very suddenly.

was further shown, that an increase in the titania content of a slag

24). The esame

reases the thickening rate very substanii

e PR DSt | N sicity SR R i A e
Ph also illustrates the effect of basieity (eig:cuqu as 'aJ/leO,
e -
— = s " o e UL N Rl ftTw=
Bthe thickening rate. These experimentis were conducted ai 1600 C.

B another series of tests at -16007C, the authors replaced the argon

B
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posphere with one of nitrogen. The thickening rate was increased for
h acid and basic slags, the difference being more prcnounced in the

se of -basic slags.

increase in the alumina content of a slag was shown to increase the

ckening rate slightly.

was also found that carbon monoxide did not cause slag thickening

Q&fn after 5 houzrs at 160000, when the sl

[._

ag was held in a molibdenum

cible.

it may be significant that in most graphs of viscosity against reduction
ime, as presented by the autnors, there appears to te a slight decrease
viscosity initially.

(18

1sidering the results described above, thickening may still be the result

one or more of several causes:

f@j The possibility that high melting titanium compounds may te respon-
gible for the phenomenon is indicated by the requirement of carbon

being present, as opposed to CO performing the reduction. %The same

authors reported faster reduction of titaniferous slags in nitrogen
. N
than in argon in a later paper(44), the presence of TiN in fact

~

being confirmed, as described in section 2.3. This would appesar ito

be in accord with resulis rerorted here, that greater thickening rates
. are associated with nitrogen. However, Ohno and Ross doubted tsc
bility of such compounds to raise viscosity, as they tend o form

., surface layers. The validity of this objection appears doubtful if
the conditions prevailing during viscosily measurement are taken

into account.

) The faster rate of thickening associated with mors acid slags essen-

yy

L tially indicates that there is no simple relation between the nate
B 0f reduction.of Ti02 to eventually TiC and TiN, and ithe thickening
b, rate. It led Ohro and Ross to suggest that thickening might be due
to lower titenium oxide formation.

n

~

B The shape of the curves shown in figure 2% for tempsratures of 1550
:: %, L S
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and lower reminds very strongly of the very rapid rise in viscosity
accompanying primary crystallization of high ¢ LO slags. Ohno and
‘Ross in fact pointed out that the differnce in bhape of the curves
in figure 2% wmight be exp1a1nbd by the preﬁence of a new pnaae with

a fusion temperatvre between 155 C and 1600° G

o

the basis of this work, not one of the above effects can be isolated,
neither the appearance nor the mamner of distirilbuiion of any recuced
duct was reported at any stage of the reduction process. A change in

he fusicn temperature iz merely implied.

(50)

-

. : (22 . T ;
£4.6 Freidenzon et al® ) (190); and Shevrin et al

'slags examined by ¥reidenzon belonged to the system Cal--Mgl-AL OG-
2—TiOZ, For titania conteunts up to 10 %, very little change in v
ity was recorded after holding the slag in a graphite erueibl
0°¢ for 2% nhours. The slag containiﬁg 15 % Tio? became considersbly

cker under these conditions.

ddenzon atiributed the change in viscosity to heterogeneity in the slag

to the presence of TiC and TiN in finely dispersed¢ form. Using tne

(0ls]

nstein egquation:

r)= l') (1+255 ¢)9

re ﬁ = degree of Veterﬁgeneaty of the system, the analyses c¢f slag and
etal fractions of the "buckshot slag". the author calculated =

i 2 oot
discosity values of 0,04 Nq/ﬁ_ for the metal and 2,8 Ne/m for ihe slag.

ot
44
73
173
13
)
ot
I..J
5
s

<T
™

very viscous slag could be expected to coat metal droplets very ef-
ectively, preventing the diffusion processes neceszary for comvletion
tne refining of the buckshot metal and preventing coalescence of tne

etal dropletis.

also pointed out the increased formation of TiC and TilN
ider the high temperature conditions of the blast fuvnace hearth, and the
1ity of the carbo-nitrides to coat iroa droplets and prevent their

&

alescence.
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7 Merae2d) (1968)
.

compositions of some slags tested under reducing conditions are
4

enn in table 10:

e 10 Slag compositions investigated by dMcRae 43
Composition {mags %)
Cal /] S5i0 L1 Jist
a gu 510, A32p5 T302
14,00 16,00 19,69 13,12 57,19
18,00 12,00 19,69 51 37,19

se two slags were treated as follows: The temperzture of the slag
d in 2 graphites ecrucible, was raised to the liguidus temperature of
oxidized slag. (The inner cylinder of the viscometer was mads of nia-
The temperature was raised, viscosity bheing measured during this
, and again lowered until an approximate freezing temperaziture was
ched. The temperature was then raised again and the procedure repeated.
:y@ results are shown in figure 25. Viscosity valves measured above the
ogressively increasing liquidus temperature were found to be slightly

lower than those of the oxidigzed slag at the samms temperature.
: L

ination of a sample of slag 18C 12M reduced inca graphite crucible
“ two hours at “410 > failed to reveal the presence of either TiC or
The primary and subsegquent products of crystallization were found
same as ia03e reported by Jocnens et a1\8> (s
& of the same composition tested under oxidizing conditions, i.e.
f(¥Mg0. 2110, . 41,0, .Ti0, , Ca0.Ti0, acd C20.1g0.251i0,. Conspicuous blsck
ath--like crystulr weré senarated.from 3 sauple of a same slag which had
een used for liquidus detvermination vnder reducing conditions. These
yetals were found to be the magnesium-aluminium titanats mentioned above.
;:wéver, heating the crystals under oxidizing conditions either Lo above
x'éir melting peint or 1000°¢ produced rutile as an additiornal phase.
latter phase does not appear in the crystallization sequen“e of the

izing conditions.

18C 12M and 140 16V were re-oxidized and



. o e S e, SR ¥ SR I S -
(¢z) eangeiedwes =supralIT uoda uwogaen Lg UOTIONGSI O 3987 Gz 24nB14

e
=

anl l

o%@ 007 08¢ . (9181 0G¢ 0C¢ &l 001 08 0
. [ : it

: y i i ! : 1 wommﬁ
¥ .\‘
snpinbi} Bojs uj aspasouy - -~ : \\ >
22DUlN} o "dwel jonloy o0 . \ k o
s £408€1 ™

'3 / =00%!

\
\
f\
&
“‘.
dnLvy,

i
i
i
Y
1
j 1
i
\
7 LY
\
\
\ O
\
\
:
! \
X
a e
e
>
l.’\
~
~
~
~ 4
.04
aw )
.
(30) 3

-

Zm— gL 'ON BDis g s>._:u
74 D,; cuwm rB?

i

ozl




<

mass gain recorded, a maximam of 1,28 % being reported.

.8 Gruzdev et alkss) (1971)

work was carrisd out on slags of the Cal-lMg0- %10 41,0, -T1 C2 system
. a composition range, at least as far as m102 is concerned, prompted
~a blast furnace operation producing a slag of 12 - 14 % "10

nthetic slags were reduced in graphite crucivles at a temperature of
00°C for 5 hours and viscosity was measured subsequently. Comparing
ach viscosity values with those of the original slags, it was notsd that
re was an increase in viscosity for boih acid and basic s

r, the fusion temperature of slags containing more than 31 % SiC,. and
ore than 10 % TiOé increased during redoction. For all other slags this

lue dropped.

~influence of equal mass % additions (20 %) of TiQ, and Ti O) upon
riscosity of both acid and basic slags, was alsc i

oxides caused a reduction of wiscosity, the effect of Til, bheing consider-
¥ more pronounced. Replacement of TLOd by 1T 203
zlags, the ovgosite effect being

again caused an in-
ase in the fusion temperature of acid
portcd for basic slags.

tion of TiC in increasing quantities caused an increase in viscosity.

authors concluded that the effects of‘Tio2 and Ti O, upon viscoszity
the slags investigated were rather sgimilar, judging f;om the similarity
the patterns formed by the isokoms. However, the effect of Ti, 0, is

s marked dve to the smaller amount of oxygen introduced by this oxide
compared with T102 The faet that Ti203 nas a molecular mass 1,4

es as large as that of 10 is apparently not considered. I3 was
brther assumed that the iower oxide exerting an influence on viscosity
luring reduction of titaniferous slags was mainly “120 and tnat TiO

ayed virtually no part. FMineralogical investigation of reduced slags

l_h

€vealed the presence of small quantities of TiC, both on the slag-graphit

a3

ndary surface and in linely dispersed form n the bulk of the slag.

D



increased fusion temperalure of acid slags under reducing conditions

g stated to be due to -a change of primary phase, with the readily fusible
ite disappearing during the process. ‘The fusibility temperature of

sic slags was thought to decrease due to ile disappearance of perov-

kite as the primary phase.

is alsc significant thal the authors reported a 25 % decrease in Ti

TiOz) in the slag during the reductiocn experimentis.

£q)
2,4.9 Handfield, Charette and Lee("9’ (1972)
se slag was prepared, containing mainly Ca0 (35,0 %), 510, (%1.0 %),

0 (18,0 %) and A1,0, (4 0 %). To this slag, increasing amounts of either

'\)

03 or TiO {as apprapriate ratios of Ti and 3102\ were added.

view of the results of earlier work done by the same authors, which

owed that high titanium oxide slagq containing up to 65 % T;ZUB wore

ry fluid (approximately 0,03 Ns/m ) and that highly reduced titania

possessed greater desulphurizing power than siags with TiO_,, they
&

neluded that 710, could be expected to have a mere basic character

»
~
3

TiO? and should reduce the viscosity of tlast furnace slags.
sults are summarized in figures 26 and 27. Figure 26 shows that, while

the bese slag, the decrease was followed by & rapid vice, Figare 27
bws that Ti, 0, is a belter network modifier than Ti0,, bearing in mind
fact that expression of the concentraticns of the titanium oxides

a molar hagis would render the differenne shown here, even more pro-

is also significant that Ti, 0, was found o be a betiter neiwork modi-

273

r than Ti0 and again mole % instead of mass » concentrations wonld en-

uce the difference. Moreover, viscosity was not relaied to temperaturs
@orously through the Arrhenius relationship in tne case of Ti0 i.e. the

bh of log n against inverse absolute temperaturse is curved.
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.4.10 Summary

e following contlucions now appear to be generally valid:

. The precipitation of TiC in a furnace smelting titaniferous burdens

can cause pcor slag-metal seperation, build-up o

iy

accreticng leading
to phenomena such as a "full furnace! and no-slag taps, and gerneral

S

rough operation. These conditions will be wo if nitrogen is
present in the furnace atmosphere in which case TiN and Ti(C,N) awve
formed.

The prescnce of finely dispersed solid particles in a slag can cause
a considerzble increase in its viscosity.

The additior of sub-oxides of Ti probab reduces the viscosity of
blast furnace typs slags, but definitely cannot increase it to a level
that can cause difficult furnace operation, provided the siag is tru-
iy 1 iguid.

Reduction of PJC to lower cxides in titaniferous slage has an in-
fluerice on the 1,lt1u temperature of the slag. The exaci nature of
this influence is however not yet clear.

The relative effects of Ti0

©
4]
s
foe
T
-

it ané TiC upon viscosity ar

the topic of contradicting reports. Neither the influence Df'slag

e
lJ.2\15

vasicity, nor the effect of replacement of Cal by Mgl has been agreed

upon, the latter parameter having received very 1little atiention.

| view of these conclusions; the results of several investigators

mining the effect of TlO on slag properties such as viscosity, liqui-
temperature and iosulpkarlzatlcn capacity, and yvet working under re-

_ing conditions of some kind, cannot bhe valid.

: 12}
viscosity values reported Ly Frohberg and Weoer( * and Schenk and
(14) 1 5
cohberg using graphite viscometer compconents, were alréady shown
o A =z 18 it
be higher than those revorted by Chno and Lass( 5y (see table 2)

= - : s & o e : .
tendency of viscosity at 100°C above liguidus temperature to follow
contour of the 1i411d4u curve itself, as reported by S

(24 ;
hberg‘*‘) (figure 10) may not be valid, due to a possible greater in-

oxice.

f€ase in ligquidus temperature for slags



a_Test temp. 1550°C & C0/CO,~ 13
S r—
liquicus &CO/CO)~ 8
O
\"’*(J
- Test temp. BOCC above liauidus
£C0/C0,~ 5,5
o
\G\\
o
_W—‘-—m. PR . )
Ot tpmn 15 n°r‘ 8.
*\CL\
e .
{ i 1 !
2 1,143 0,666 0,363 Ci54
Cali /Mg0
oi" Cal/Ms0 ratio on sulphur bapac.'ity of slag, vsing
:\;\.)

ratures.



e,

(60)

128 measured the sulphur capacities of ititanifercus slags in the
> ; : . y E (8" (532
composition range as was investigated by Jochens =’ and Merae'“’’.

sulphurizing atmosphere consisted of CO- Cu, 2 ©y gas mixtures at

arious 00/002 ratios. The influence of slag Cal/MgQ ratio and CQ/bO
tio on sulphur capaciiies of slags are shown in figure 28 (p.555. As
 Hywork of McRae(ZB) became available after completion of the work on
mlphur capacities, Pothas in fact pointed out (p.55), that some of the
mlphur capacities mignt have been measursd below the liguidus temperature

the slag

“Electrical conductivity of titanifl

resistivity is considered to be an important parameter in submerged
¢ furnace smelting, but it has no practical importance in hlast furnace

ration. Consequently, while every motivation existed for laboratory

O

yle

oF

m

eterminations of viscosity of low titania slags, such as migit be sul

I

the blast furnace, there exists very little information on electrical

gonductivity of slags of similar conmposition.

Blectric furnace smelting of ilmenite ores is however an established
tice and the electrical cenducting properties of wery nigh titania
s, containing mainly ircn oxide apart from titanium oxide, nhewve been

pined intensively, particularly by Russian research workers.

¢ furnace emelting of ores producing intermediate titania slags is a
Blatively novel process so that here, as in the casc¢ of -titénifercus

gst furnace slegs, very little ig known about the eleciricel behaviour

5.1 The electrical conductivity of slags high in TiO,

P
61)

tt's wcrkk‘ snowed that tne resistiviiy of high titania glags was

than that ef normal gili

2 =30 % FeC and the resistivity

. {(62) . s ABh ) —
Bnisov and Moriz' =~/ measured the conductivity in the solid state of
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jals such as Fe,03.TiO § 2FeO.T102 ,.FeO.TiOO and Fel.27i0 ..  The

ase in conauquv ity while the samples were heated, was reported.

ough the conductivity was shown to be low at room temperaturs (1G-3
-8

e
]

S/m), it increased by 6 - 9 orders as the itemperatare was raised

e
}

i

imes

0 o . Theleens 0
300 C. The corresponding liquid siags at 1700°C wers 10 - 30

’ e 's)
conductive than the sciids at 1300 C.

(63)

: .0 : ;
TiO, gystem at 1900 C. These isotherms showed inflection points

khin and Reznichenko consiructed conductivily isotherms for the

espondlng te the ortho and meta titanates, but the most important

0]
/\<;

dllustirated by the results was again the - - low values, for oxide

4

(oA )

\_/‘<'

Sstems, of the resistivity. The same authors showed that an effective

s 9 5 o 5 7 et >
ns of lowering the conductivity of high titania slags (80 % - 90 % Ti0
8 the introduction of lime or dolomite fluxes up to a Cal content of
6 %. This resulted in a 2 - 3 fold lowering of the conductivity values.

FeO content of the slag was found to have little effect on slag resis-
y © &
\

| S

ty up to a concentration of 5 % by mass. Increase of Fed up to 15 %

5 however found te lower the conductivity.
"l: o

' . pden e o A G
1 1969, Mu51xhln( 5)

and 20 % Ca0 or 20 % AleK‘had conductivity values of aprroximatzly 1200
"

et al reporited that binary melss cortaining 82 %

'72

S/m respectively and appeared io be N-type semi-conducter

.2 The elffect of reducing conditions on the conductivity of nign
1

titenia slags

(64)
. 4 - 04 ) » .
;khln and Reznichenko' '/, working on clags in the comp

% (Ca0 + MgO)}, A1 Q. = Si0

. . . Y s o . - e

incresse in the degree of reduction, as TanB/lez varying from O to
&

did not appreciably afflect the conductivily of the meli. However,

‘1;

+ D0 ) =

no

et al found that for the system Cal-Mgl-Al D_-85i0, - iitaninw

\

ide, addition of metallic to a slag eontaining 5 %

=)

ity was lowersd due to the apparent zppezrance of eleclronic conduciion.

d e e - A LA » o e ¥ s Ly 3 s - 4 a . PEPR . T e
degrec.of reduction cof titanium oxide is acceptod to be an LWpor-

the iren SXice

25 o 9
BLags ,

t of the slag must necessarily bave a marked influence on the con-
s (ob .
ng properties. Jlandeed, D et al'" ’/ reported %t the
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sigtivity of FeO-TiO2 slags depended entirely on the amcunt of Fel
esent and that the relatibnship could be used as a control parameter.
};; series of papers, Denisov, Desgiyarev, Reznichenko et a1<67’68) re~
orted quantitatively the effect of oxidation potential in the slag-(as
~%) on conductivity. At 170000, values of 2500 - 3000 §/m and 15 000 -
- 000 S/w were given for high FeQ contents (20 - 25 %) and for low Fel
ontents (4 - 5 %) respectively. These slags had overall btitarnium oxide
lents in the range 6%,40 to 89,85 %. The Fel content, viuch included
5 varied from 23,90 to 3,77 %, while tne total lewer oxides of tita-

jum increased from O to 30,03 %.

ichenko : pointed out that a characteristis feature of commercial
titania slegs is the relatively small change in electrical counduc-
dvity as the slag passes from the liguid to the solid siaie, implying
! small changes in short range order during the melting process. This
to a mineralcgical investigation of the phazes present in tanese slags
fi the solid sioie, as an attempt to explain the phenomena of very high
if'dity and electrical conductivity exhibited by such slags in tne molten

e. No satisfactory conclusion could be reache

85.3 Electrical conductivity of low titania slags

- -~ A

and Minows investigated the effecti of addition

]

of several oxides
Lading TiOo, to a base slag containing 43 % Ca0, 4 % 510, and 14 %,
s \ro) (71 5
3

p between these properties

N\

:

electrical conductivity '~/ and itune relation-

(72)

upon viscosity

r titanium oxide additions up to approximately & mol % TiC the visco-

29
ty of the base slag at constant temperature was reduced, but Enwas
nereased. A1 the same time the conductivily iacrecased, accompanied by
erease in hk . Consequently, the ratio of m‘//Ek was increased 1o
A'joximately 1,76 as compared with 1,36 for the base slag. Ek inereased
Bightly as the Ti0, content rose, giving a value of 131 KJ/moie at 7,9

nNo

0l % *10h. The slags containing Ti0, were also found to deviate from
C.

v-Arrhenlus relationship gligntly.
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% The influence of variable oxidation states ir analogous systems

‘pustanding properties of siliceous slags containing titanium oxide,

Al though TiO2 is classified as an irtermediate oxide, it lowers both
the viscesity and resistivity of such slags.

The slags snow semi-conducting properties in the malten state which
_evidently influences at least the elecirical bhehaviour.

o

sico-chemical properties of other siliceous slags containing oxides
f intermediate cr acidie nature, which also impart semi-corductirg
poperties on the slag due to variable valence states, will therefore te

“wtioned, in order to stress the fact tnat eystems containing titaniuvme

6.1 OSystems containing ircn oxides

7% , e "
'f) measured the conductivily of phosphate giasses with 5 - 55

: ] - o g D Wiy i
% iron oxides. The molar ratio Pei /Fe = x, was varieé¢ from C,15
0,88. The conductivity (k) increased, reacning a shallow maximum

t x = 0,5, beyond which k decreased.

(74)

o
 Ral
w

211 and Vygen investigated the system CaO—SiOh eO/Fe O

ratio CaO/SiOg = 0479 , with the total iron oxide cante Jlt
ying from O to 44 mol %. The temperaiure was 1600°C.  The ratio x
't every value of I

2225 to 0,77.

ye Was varied by equilibration with a gas phase, from

. . ' D - . % o %
conductivity (k) was found to be & linear function of x al low values
. In general, conductivity was describved by t

k =k -ax+bx (1 - %),

e eguation

i

re ko, a and b are constaats, ko being the coznductivity of the system

al SiO2-Fe s with pure ionic condugtion. Similarly (ko - &) is the con-

Si0, ~-Fe 0., which shows no electronic

Onduction either. The function (ko - ¥} Geecribes the contribution of

Onic conduction and bx(l x) that of electronic conductiern, to the value
7

» :'k .
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e 7 o Ak AL
mobilities (u) of Fe and Fe’' in the systems Cal-S8i0 o7¥ TeQ and
’;,sioz--FeZO3 could be calculated. The former was larger at a given

1ue of NFA, but the figures for u Q}P indicated that even at N, as

L & s
as 0,25, it is doubtful whether Fe5 can still be teirshedrall Yy coor-
7ted.
‘3
arding the electironic conduction over the range O <x <1, where conduc-

5 5 . 5 i 2% : 2+
takes place by charge iransfer between Fe ' and Fe” , two models were

'f) Stationary conducting centres with electron exchangs vy tnnnol effect;
4 )
. " . : . " 4+
Collision number dependent bimolecular rezction of ¥e“ and Fe’ .

experimental results were best described in terms of the latter model.

S

(75

ins and Jones made additions of FeO, Fe ?'5 and Fe.‘Ol1 to master
7
llags of the system Ca’-SiO -Al 0 #e0", keeping the total iron oxide

3

hptent in the region of 30 % by mass. Addition of FeQ and Fa2O3 bath

1;-red the viscosity, withiout major effect on the melting temperature

f the slag, determined as the point of inflection of the logn against

lot. The additiorn of synthetic magnetite alsc lowered the viscosily,

)
(o7
Qs
e
or
e

on of 10 % % doubled the fluidity at 1250 (0. However, thig addi-

: = g 4 . e
aised tne temperature of the inflection peint feom 1180°¢ o 127050

H

A the composition range 16,3 % Ca0, 12,8 - 14,8 % MgO , 40,1 - 41,9 %
ija found both the liguidus
.fperaturc which nsver exceeded l}?OoC, and the viccosity at two tempera-
res (1400 C and 1450°C), to decrease slightly initially and tuen to
ierease fairly rapidly as the ratio x wss raised. The viscosity or
bemperature minimum occurred at x approximately equal to 0,%5. The con-
etivity of the slags similarly passed through a regicn of virtual in-
endence of x for low values of x, and subseguently decreased at higher

fues of x.

(77)

or oxide content between 30,82 and 59,0% %. TFor glags with constant

sin gstudied slags of the system CaO—ng—BiOQ—iron oxide, with total

s Mgd and S “a (11,5 % 5 & % and 29 % respect 1} an increase in X

g 5 . . g . . e o
4CQ C caused an increase in viscosity from zpproximately C,03% Ns/m
2 2 \ o et ot o - .
'approxlma,ely 0,042 Ns/m , the corresponding values of x being C,114
o 16) respectively. Further increase in x to 0,284 had little effect

vigcosity. Over the eniire interval of x valves from 0,114 %o G,284
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‘gonductivity decreased from s 425 to f360 s/m, The approximate liqui-
. temperatures corresponding to values of x of 0,114 , 0,160 and 0,264
1230°C, 1320°C and 1316°C.

from tne influence of x upon viscocsity, conductivity and liguidus
rature, the outstanding features illustrated by Ossin's work, are the
Jdow values of viscosity and resistivily associated with these slags

iren oxide content.

%

. working on vanadate glasses, found a maximum in the k - x

. * o s - (73)
tionship at V4 /V = 0,2 , ginilar to what was reported by dansen‘IB)

¢ iron-phosphate glasses. This again appears to indicate pure ionic

luction at extreme values oi x, with mixed conducition at all concentra-

5 inbetween.

their 1nveot16a ions of the system S5i0_-MgO-al O “CAIPﬁlUﬂ oride,

2
ikov and TsyleV"9’ concluded that in melts correSQOﬂd*ng to the

ierite phase field on the MgO- ulO ~A diagram, chromium occurs as

1,
, 2.3
sy in which state it is capable of lncrnasing the conductivity and the
dity of the melt. However, in melis whose composition correspond to
5+

spinel region of the diagram, Cr is present as predomirnantly Cx»” ,

increases viscosity and resistivity.

por: addition of each of the intermediate oxides mentioned above, 6
iliceous melts, there is a variation of physico-chemical propertiszs with
all concentration of added oxide. There is alsgo variation of these

i .

Toperties at a given overall oxide content, with the oxidation sta

Bthis sense, titanium oxide appears to be rather unique sinces it possesszs

Brelatively la*gh number of possible lower oxides, the maworlnv of which

<

Aibit non-stoichiometric behaviour.
o1
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BXPERIMENTAL  WORK

general procedure adopted during this work was reduction of synthetic

gs in graphite crucibles in an inert atmosphere, followed by the measure-
t of physico-chemical properties of the reduced products in inert
‘;n:oundings, molybdenum replacing carbon as crucible material. The

. e of reduction of the slag, as tested, was consequently not the svate
ally attained in the graphite crucibvle. It was the intention only

0 assess the effect of the presence of gub-oxides of Ti on viscosity

. seonductivity. It will be shown tutt any possible "over-reductien"
‘."TiO2 to non-egquilibrium TiC, was satisfactorily converted inte a de-~

e of reduction in terms of sub-¢xide formation, prior to the measure-

t of the physico-chemical precperties. -
. other determinations reporiesd for "reduced slags' eg. approximats

nidus temperature, degree of reducticn and primary crystallization

product, apply to the equilibrated carbon-free slags.

Selection of slag compositions

1 this seleciion the author was guided, in the first place, by tne re-
irements of the iron plant of the Highveld Steel and Vanadium Coxporation
, Witbank. Avnragc analytical figures reported by the plani before re-

5 27 = Bl Gy
14,0 % Al o , 16,0 - 17,0 % Ca0, 14,5 ~ 16,0 % Me0, 1,5 = 5,0 % Feb
5 - 2,0 % 7

irch work was started, were 20,0 -22,5 % $i0

t

AV
< D

only source of TiO, and AL0 tne unfluxed Jharge of ore and coal.

f‘.23lS

onstant ratio of TiOg/AJ was consequently considered a means to

G
273
uce the number of slag compositions to be testzd. Based on the analy-
received from the plant, a ratio of 2,21 was decided upon. Ag the

ee of dilution, indicated by mass % (TiD. + Al,.C_) content quoted above,
H o / ) ;
IS the result of prolonged plant scale oplimization, it was sgreed that

majority of the synthetic slags for research work should contain 30,2

and 13,8 % :1933, (TiO2 + AlpOZ> amounting to 44%. A limited num-
& < D
slags having higher oxr lower (TiO? + élzﬂz} contents was included,
i S
ratios of CaO:MgOrGioz as would make them compar‘a]c with selected
of the main series having (TiC; + nlqﬁz} = 44 %.
€ & "



(3 higldy 3 5
i = 2 &
)., when changes of physico-chemical properties have to be interpreted

terma of compositional variables, the oxides of vauadium and iron were

ed from the main group of syntheiic slags.

tinued usage of dolomite as a flux was preferred to the more costly
gestone. However, tne addition of either lime or serpentine in addition
dolomite, made possible the variation of the ratio Ca0/Mg0 at a
pticular value of basicity, which was to be expressed as the-mass %

(Ca0 + MgO)/Si02

s final variable would be the basicity index itself.

3

2 main series of slag compositiocas is shown in table 11. All congcen-

ptions and parts cf concentration ratios are exprecsed as mass per cent.

ged on the results of test work conducted on slags oif table 11 by the

(9) ¥

ithor and also on investigations of Hejja'’’, a further series of slags

: ble 12) was suggested, all these having Ca0/Mg0 = 1 and possessing all

features commor. to members of group B, with small changes in basicity,

1,30 to 1,65.

o9

additions

[
Soud

ner slag compositions used for assessing the effect of sma
“iron and vanadium oxides upen viscosity and primary crystallization

erature, are given in table 13.

Preparation of synthetic slags

€ chemically pure reagents TiOz, SiOQ, MgO, Ca0 and Al?G5 were sintered

s ars % ; = e o 3 s 3 m
@Witreous silica dishes at 1100 C for 1 hour in a "glio-bar" furnace. The

Wders were allowed ic cool in a dessicator.

' appropriate guantities of the sintered, pulverized oxides were tho-

1

red and then pressed into tablets of 31 mm diameter. These

s

St
tt
,_:
4
o)

lets were melted in two baiches in a wmolybderum crucible of heighi,

mm respectively, to give

Bide and outside diameter, 80 mm, %8 mm and 50

X

B0tal sample mass per crucible of 200 gm. Irremelting was carried out



. Irable 1l Compositions of initial selection

g

TiOZ/A12OB = 2,21
Slag Slag (Ti02+A1203) 710, Alzo3 810, CaQ 1e0 (Ca0+Mgo)/Sio2 Cal:Mgd: 510,
group No. ( m a s s p¥ & T e @™y ) ' :
A ”, 36,00 24,80 11,20 23,62 20,19 20,19 1,707 0,852:0,852:1
5 26,00 24,80 11,20 26,65 18,675 18,67 1,400 0,701:0,701:1
8 36,00 24,30 11,20 35,55 14,225 14,225 0,800 C,400:0,400:1
R 10 44,00 30,20 13,80 20,75 23,50 11,75 1,700 1,1%2:0,556:1
11 44,00 30,20 13,80 20,75 175625 17,625 1,700 0,848:0,848:1
12 44,00 30,20 13,80 20,75 11,75 23,50 1,700 0,566:1,132:1 gg
13 44,00 30,20 13,80 2%,3% 24 5 10,89 1,400 ~ 0,93%:0,467:1 '
14 44,00 30,20 13,80 23,33 16,335 . 16,335 1,400 - 0,701:0,701:1
15 44,00 30,20 13,80 23,33 10,89 21,78 1,400 0,467:0,933:1
16 44.00 20,20 13,80 31,10 16,60 8,30 0,801 0,533:0,267:1
17 44,00 30,20 13,80 31,10 12.45 12,45 0,801 0,400:0,400:1
18 44,00 30,20 1%,80 3 3

31,10 8,30 16,60 0,801 0,267:0,533:
c 2% 54,00 37,18 16,82 19,19 13,405 13,405 1,400 0,699:0,699:

et
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Additional group of synthetic slags

Tioz/A1203 : = 2.2

(T102 + A1203) = 44,00 %

740, = 30,20 %

1;1205 = 13,8C %
810, CaQ . Mg0 (Gal + MgO)/8102
( mass per cent . )
24,350 15,825 15,825 1,300
23,8%0 16,085 16,085 1,3%50
22,860 16,570 16,570 1,450
22,410 16,795 16,795 1,500
21,970 17,015 17,015 1,550
21,540 17,250 17,2%0 1,600
21,130 T, 435 17,435 1,650

Miscellaneous synilhetic and plant slags used in the investigation

Same

o
nane

26,95 11,54

composition as HY-FV

compogition as HV+FV

20,13 16,40 16,35 5,88

M ) . MaG : el Vo Mol C e O
l102 AlzG5 8102 MzG  Ca0 Fe JQCL hnj)4 r203 o

( m a 8 8 g e . r B e % %

30,94 13,04 20,32 14,64 16,43 0,73 0,72 0,18 3,76
32,54 13,66 21,25 15,33 17,22

31,03 13,05 20,32 14,86 16,45 0,753 3,76
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' a carbon resisiance furnace in a—specﬁrographlﬂ”l]v pure argon atmos-

o, 'Ihe temperature was maintained at 1600 e 10 > feoxr 1 hours

e premeited slag was removed from the molybdenum crucible by means of
diamond core drill, the resulting core diameter being 35 mm. Cores of

he same composition were then combined into a bulk sample of approximate-
v500 gn which was crushed to be 100 % (-10 mesh). The fraction (-10 mesh
;@ mesh) was retained for subsequent reduction experimente, while ihe

- 70 mesh) fraction was used for viscosity measurements of ithe unreduced

e9 The furnace assembly used for measurements of viscosity and elec-

trical conductivity and for reduction experiments

furnace was vowered by an 18 kVA cutput "Intertherm" induction gene-

tor, operating at a frequency of 500 kHz. The coil had an inductance

6 mh and its diameter and height were 100 mm and S0 mm respectively.
4 .

8-turn coil was made of &6 mm diameter anncaled ccpper tubing.

actual furnace constructed for the purpos:c of the experiments which
re to be conducted in a protective atmosphere, iz shown schematically

figure 29.

entire assembly was supported on a fixed steel table. The latiter also
iéd the four steel supporting columns bolted to a steel plate above
glove box that lioused the viscometer. The two chains carrying the

e box on one side and a lead counterweight at the back of the furnace
assembly, passed through slots in the top supporting plate over two pairs

gears bolted to the plate.

front and top panels of the glove box vere made of perspex, all the
Peflaining panels being constructed of steel plate. The front and top

‘lS were screwed onto the steel flanges of the metal part inrougn.a

8 tlght rubber seal. The transparen* front wall contained the glove
itachment, as well as the brass terminals for the thermocouple leads

d the electrode extensicn leads. One of the steel side walls contained
gas tignt entrance atiachment for the viscometer lead and ithe protec-

by R e 0 N AR L R o o o o od o A
Ve gas exit port. The movement of ithe glove box was guided by brass



i cure 29 Schematic representation of the furnace
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B

eeves round the front supporting columns, which were attached to the

of the box via a square steel frame. The glove box was held to this
e by means ¢f three bolts which could be used for levelling the box

. its contents. FPFurther levelling cculd be done by using the belts that
ixed the furnace bottom to the supporting table. The same bolis zglso

llowed a limited degree of horizontal movement.

7ht 6ﬁm;/}t 30%R0 thermocouple was used for all temperature measuremente.
thermccouple protection sheath could be inserted into the hot zone
ther from above of from below, as shown in the diagram. A 500 kHz

ter was included in the thermocouple cirecuit at all times, to prevent
terference of the generator frequency with the millivelt reading mea-

red by means of a potentiomeier or recorder.

vrotective atmosphere used in all experiments consisted of spectro-
phically pure argoen, the following maximum limits of Impurity being

cified by the manufacturer

Oxygen 6 ppm
Water & ppm.

 reduce the levels of these impurities further, the argon from the cylin-
was passed through a cylindriacal Xanthal wound furnace, packsd with

iraniuvm turnings. the temperature being mainteined constant at 4560C, and
ough a drying tower containing silica gel. The overall {low rate of

gas was measured. The gas supply was split subsegquently, cne slrzam
ntering the furnace on the side and the other at the bottom. The flow

rate of the latter could alsc be measured and controlled by means of

rotame ter, relative to the upper stream.

2

9«4 Preparation of reduced glag

During this part of the work, the graphkite crucible and suscepior arrange-
ent was as illustrated in figure 30. The graphite of the susceptor was

high grade, with a density of 1,85 gn/cm” and open porosity 8
Tts heiélt and internal diameter wers 110mm and 43 wm vespectively. Thae

11 thickness was % mm. The corresponding dimengions of ihe graphite

'1
e / . ! . o o 2 - <7\ P Z0 .
BRucivle {of density 1,80 gn/cw” and perosity 10 %) were 78 ma, 30 mm
respectively. The aluminz protection sheath for the thermo-
surrounded by the graphite of the crucible bottom extension
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r & distance of 25 mm.

s glove box assembly was not used during reduction and the furnace top

s as shown in figure 31.

s empty crucible was heated in the furnace to a temperature slightly

sve the intended reduction temperature. The degree of superhesting
standardized as will be shown later. An overall argon flow rate of

‘1/min. of which 0,5 i/min. entersd through the furnice HOUtom, WAS

aintained.

When thermal equilibrium was established at the predetermined
mperature, 70 gm of premeltzd slag in the size range (~lO mesh, +70

ssh), was introduced intc the graphite crucidle. Additions were made in
b gm batches at l-minute intervals. Zero redustion tvime was taken as

Winutes after the final addition.

part from the fact that the steady temperature after slag addition was

wer than the one measured at the same point before addition, it was

ound that the temperature measured at the crucible boltom lagged the one

pcorded by a thermocouple immersed in the slag. Yo take these differences
nto account, calibrations were carried out at the three reduction tempera-

: o . S ; : !
es used (1500 C, 1550 C and 1600 °C). The results of the calibration

”

periments are shown in figures %2, 33 and 34. A slag of the system

—MgO—Aloo,—SiOD which did not bubble or foam appreciably was used for
purpese of calibration. The upper thermocouple (Tl) viags protected
a platinum sheath and positioned 25 mm from the crucible bottom, while

lower one (m ) wag located as shown in figure 30.

/ y v e =
lhe upper temperature (1. ) was adjusted to value above ihe required one

e was allowed for both readings 1o become sicady. T, was then

-

femoved (point A) and the lower temperature (t ) again given time to level

ag addition was then started (point B) and 4, dropped as shown.
fo

is was llowed by an increase in tz. #3 sopn as T, gave & steady

&

mperaturs once more, Tl was placed in position again (point C), now

dmmersed in the slag, but in the same vosition with respect to the cruci-

ble as before.

lese calibrations were used for all subseguent reduction experiments,

=

Bl though the one for 1550 C wag repeated from time to time, using ototh

s
£
LI

e quiescent slag and two different tif

¢ +

aniferons slags (31l and Bi7 ).

>
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y aignificant changes could pe detected during these control experiments.
s1gn & ¥
. the end of the reduction periocd, ithe slag was cooled by switching off

§ o G
, power. Jor a reduclicn temperature cf 1600 C, the crucible temperature
-ﬂ1 to below 12UJ C in legs than 4 minutes.
graphite was removed from the reduced ampule and the latier was crushed

p pass a 7O-mesh screen.

Measurement of viscosity

.1 Degcription of eguipment

rotating inner cylinder technique was employed, a commercial "Brock-
jeld Eynchrolectric Viscometer" being used throughout. The instrument

(80
been adequately described by Van Wazer et al.' ) The speed of

{5

he
)tlﬂu]ar viscometer used in this work could be varied from 0,5 to 100
f@.m. in eight steps. A spring connects the drive shaft and the coupling
ﬁfwhich the inner cylinder shaft is attached. Inring rotation of
rive shaft, the inner cylinder is restraired due %o the viscous drag
terted on it by the liquid in which it is immersed. A% equilibrium thnis
cous drag beccmes egual to the restoring couple from the spring. The
flection of the spring is indicated by a pointer ettached to the spring,
ich moves over a scale divided into 100 equal divisions. Direct readings

conscquently in terms of a Brookfield Viscosity Number (BVI).

molybdenum crucibles used during viscosity measurements had the same

\
Bl) . D
( Une such crucibie is

mensions as those described by Johnston.
wn in figure 35. The locating spigot on the crucible tottom fitted
ito the alumina supporting tube in figure 29. It served ihe same pur-
0Se as tne identical design used for the graphite crucibles employed du-
Bng reduction experiments - that of accurate and reproducible crucible
lignment. The molyhdenum crucibles were machined from 35 mm diameter
These crucibles were re-used. Cleaning was perforwed by removal
F.the bulk of tne slag by means of a diamond core drill of outside dizmeter
Beghtly smaller than the inside diameter of the crucible. The remaining

" if slag was removed with a tungsten carbide tipped boring iool.



. 1

Molybdenum crucible for viscosity and electrical

conductiviiy measurements

2

25 mm i
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Molybdenum spindle used for viscosity measurement
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o

s molybdenum viscosity spindle again was identical to that used by .

(81)

stected by the furnace atmosphere

ston, except that the shafi of the spindle was now adequately

4}
o
=
jsh
c
-

1id not require extra refractory

ction. The dimensicns are shown in figure 3%6.

C

s base of the viscometer stand was replaced by a slotied brass disc
jich was fixed to ilhe glove box floor by means of screws welded to the
loor. The use of the slots and of spacing washers made possible horizon-
movement and vertical levelling respectively. Further provision was
e for accurate positioning of the sPLnuLn with respect te the erucibvle
ovement of tne viscometer head, horizontsl and levelling movement
\“the glove box and horizontal and levelling movement on the furnace

: elf.

viscometer was modified so that both the power supply switch and

-

locking device could be operated from oubtside, making repeated

&3

@]

o

ok
?

and closing of the box unnecessary.

-

22 Calibration of the viscometer

(iibration was performed at a constant speed of 50 r.p.m., using three
ibrating oils: S-600, 5-60 and 5-20 types ASTM cil standards

non Instrument Co., U.S.A.) For the low temperature work az brass

.

g1

ucible and viscometver spindle combination ¢f the same dimensions as the

¥,

dlybdenum components was used. A constant temperature water bath was

2d to abiain accurately the low temperature iavolved duiing calibraiion.

was found that a slag charge of 55 gm

. * T b
crucible to a level of - 39 mm at
indicating a slag density of - 2,9 gn/em”. A spindle - to -

bottom clearance of 7 mm would then imply that the ftep of the

.

fPinidle cup would be submerged by 7 mm of slag as well.

CoJﬂlrétLon at an 0il level of %9 mm (usin g 5=60 at JQOC), increase
bottom clearsnce 4o 10 mm or decrease to 5 mm, did net alffect the
reading. Moreover, kesping tne clearance constant at 7 mn and varying

depth 35 and up to 45 mm, altered the viscomelter Temdin




s than 3 %. Off-centre rotation of the spindie with respecti to

i
erucible axis of up to 2 mm led toc an identical error.

§1s of the calibration are given iable 11 and figure 37.

e 11 Calibration of the viscometer

Temperature Viscosity _ BVN
°c) (Ns/m°x10°) '

20,00 146,4 22,5
25,00 105,9 18,0
37,78 : 51,13 13,2
37,78 174,5 25,0
32,00 a5k, 2 5550
27,00 350,0 42,5
5,00 393,4 : 45,8
20,00 561,5 62,4
25,00 30,69 L350

5.3 Procedure of viscosity measurement

procedure outlined below, was used for poth redused znd unreduced slags:
spindle was positioned with respect to the centre and toifom of the
cible and tested for ceoncentricity with the 0
position of the spindle was fixed by means of a trzss stop on the viscome-

ter stand. The molybdenum crucible, charged with 55 gm of slag powder

8 located in the furnace as snowna for the graphite crucikle in figure 30.

thernmocouple in this case, entered the hot zone from above, the pro-

sheaih being held by an adjustablb clamp on the floor of the glove

-

00X. The thermoccuple junction was located 2 mm above the crucible wall,

” .

ME€rtically in line with it. This sife of temperature measurement is

+

stween the approximate liquidus tempera-

.:T‘

gustified by the close agreemsnt

e determined viscosimetrically and ihe liguidus temperature as measured

3

()

hot stage microscopy. (section 3.
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indle in the raised position and the thermocouple and crucible
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losed and connected tc the glove

n was then passed through the apparatus at the rate of 3 1/min. for

minutes, before tne generator was switched on. The tewpersture was
wed to reach BOOOC, after which the gas flow rate was reduced to

;{ﬁim. These conditions were maintained for a further 15 minute in-
ieval after which the flow rate was further decreased to 2 1/min. and

cure increased to approwimatel

o

T e ]
7 1600 C over a period of 2 hours

was then lowered into tne melt and the latt allowed 1

> hours, with occasional stirring by means of ihe spindle,
re viscosity measurement was commenced.

“+.

osity readings were taken at intervals of apprroximately ZOOGT while
tempersture was being lowered. With the spindle rcotating in the melt,
:;east 20 minutes were allowed for equilibraticn atl each particular
.q»rature. Measurement was continued until reaching a temperature where

gth of crystals caused non-reproducible and varyi

_temperature was ther increased in larger steps, taking control readings

iselected temperatures until attaining the initial meximum temperature.

he spindle was removed from the melt and the contents of the furnace allows

=

0 cocl down rapidly while the inert atmosphere was maintained.

easurement of electrical conductivity

«6.1 Descripiion of eguipment
erucibles were the same as those used for viscosity measurements.

e elecirodes were 1 mm diametcer molybdenun wirves. The total length of
re used per elecitrode was 840 mm. The wires were inhrsaded throu
o lwo 2-bore recrystallized alumina rods, cemented together at the proper

acing, with alumina cement. The length of electirode protruding from

e alumina rod was 40 mm. Blectrode seperation (centre to centre) was

¥ was held in a brass clamp attached to Brook-

°
(o}
=7
<
fouds
w0
(‘4
%
(.J_
"l
w0
&
@
o

was positionaed




was fitted with a vernier scale which allowed vertical positioning
he electrodes to within 0,05 mm. The molybdenum wires were connected,
mgh the glove box wall, to the rest of the measuring cirecuit by means

5 amp copper cable, wound non-inductively.

58 A

jA.C; bridge circuit used for measurement, is shown in figure
isted of two equal standard resistances (P ) and a non-reactive resis
box (Rm). A varizble capacitance was oonnected in parallel to Rm
fénusoidal input at 10 kHz was provided by a transisior iype osciliator.
foscilloscope was used to determine the
se the experiments were conducted in a high freguercy induction

ace operating at approximately 500 kHz, an oscilloscope was used with
gucncy response between 60 Hz and 60 kHz. Thus mains frequency inter-.

mce would also be minimized.

» choice of a 1C kHz input is a convenient one in view of the values
undesirable irterfering frequencies present, andwith respect Lo ‘the
d increase of the capacitance of ionic solutions as the freguency is
red. Consequently, the resistivity or conductivity values reporteda

, have atsolute value only under the particular set of conditicns, and

at the low operating frequencies of eslectric smelting furnaces. A4s the

aim was comparison of conductivity values of titaniferous slags
fih those of slags belonging to other systems, mezsured under similar con-

ns, the effect of variastions in frequency upon resistance and ¢zpaci-

ice of slags wers nol examined.

3 ok ¢

total lead wire resistance was measured as 0,27 ohm, by shorit circuait-

- the electrodes with mercury.

.2 Calibration of the conductivity cell

idard solutions of NaCl and KCl at 25 C were used for gzalibration

poses. The conductivity values of these solutions were obtained from
oo i T BRE oo \ , (83)
Shedlevsky / 2rid Chambers et al.(‘p)

electrode immersion depth of 15 mm was used bvoth for

he overall liguid level in the erucible
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s resistance of the ionic liquid in the cell ig related tc its electri-
ctivity by R k = G, where

" resistance of the iiguid (onm)

3

k = conductivity of the liguid (S/m)
3
G = cell constant (m 7))

log k = log G - log R, s0 that a plot of log R against log k should
straignt line wilh a siope of -1, intersecting the log R axis at

point where G = R.

ues obiained during the calibration measurements arve given in table 12.

sse values vere plotted in logarithmic form in figure 39. From the

)

ght line graph, the cell constant G was found to be 51,2 m~

.

ible 12 Calibration of the conductivity cell

1ution Normality : k {8/m) R (ohm)
C,1 1,067 47,320
0,5 4,681 12,500
1,0 8,576 1225
2,0 14,940 ;130

ded
5,0 19,670 3,225

0,1 1,290 41,920
05 5,864 10,240
1,0 11,187 55535

2,0 21,060 3,055

. 5 2
¢ @Yy . nlpr + {(o/2r)° - %]
4 kL B
Ere D = electrode seperation (eentre to centre) (m)
r = electrode radius (m)
S = depth of immersion {(m)
the particular cell geometry used in this investigation, D = 10*2 My
(0,5 x Jo"ﬁ)m, 8 = 1% x 1077 m and G = €2,4 w T,

cealculated vaiue of G is larger than {the measured one
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bly due to the fact that the cell in the present instance does

L conform to the ideslized model. Additional conduction paths exist

lls of the crucible. However, the relatively small difference between
et 2

feulated and measured values, makes the latter acceptable.
LCL

f?he electrodes, control of argen fiow and time allowed for thermal
ilibration were essentially ine same as tnose employed during viscosity

urement.
gersion depthi: of the elecirodes could be accurately measured, as contact

een tne electrodes and the slag surface was clearly indicated by the

‘;4iloscope.

Determination of liguidus temperatures

o

roximate values of the liquidus temperatures of both reduced and un-

Gucel slags were cbtained from viscosity measurements.
the basis of the Arrhenius equation: D= A exp By /KT, linear

]
fer the temperature range where the the slag was truly liguid.
educed titaniferous slags are known to possess relatively rapid crys-
ion were possible, viscosity could be expected to rise very rapidiy.
if the dispersion could be assumed to obey the Arrhenius rela-

as well, the intersection of the two straigit line portions

expected to give an indication of the tempersture where the

liguidnus

o < 5 SEEE
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ature, chemical equilibriunm must eventually be established between

However, meaningful "apparent viscosity" measurement, tc te assigned
ioree of accuracy comparable to what is obtained in the liquid region,
ot possible with a measuring arrangement such as was used in this work.
4o nucleation and growth of the primary. solid phase on the wall of the
F;ble and on the spindle, and due to the lath-like nature of the pri-

¢ phase for mest of the slags investigated, the relative geom@try of
nner snd outer cylin nders is altered. According to Van Wazer et alkB”
te determination of "apparent viscosity" of a part ally c*vata¢x' ed
o requires the gap between the spindle and the crucible wall to be

- 100 times greater then the diazmeter of the dispersed particles.
condition could not possibly be met in this system where the gap

'innly ¥ 5 mmi

he improbability of a true dispersion is accepted, the viscosity valu
iported with a measuring mechanism of altered dimensions, could at best
i that of the liguid whose composition is dictated by the sub-liguidus

of the equ111br1um diagram.

ermore, in view of the properiy of rapid crystallization mentioned
e, the equilibrium temperature interval beiween the liguidus tlempera-
ire and the temperature where rotation of the spindle becomes impossible,

88 relatively small one.

the factors outlined above, the following procedurs was adop-

- to determine an approximate liquidus temperature. The tempera-
lowered in steps in the normsl manner, allowiag equilibration

of approximately 30 minutes, until the first sign of an acceleralecd
Bte of increase in viscosity was detected. “he egpindle was then allcwed

' rotate in the slag continuously. At the same time, smaller temperature
crements were adopted (i 500), while rztaining the same time ailowed
equilibration. Although marked increases in viscosity reading occurred
Mring the 30-minute interval, readings at 2-minute intervals over the

8t 10 minutes at a given temperature, usuvally varied within the limits of
erimental crror in the sub-liquidus region (% 1074 Ns/m2); he values
BBported in later sections are weighted averages of readings over the

Eminute interval mentioned.

Do . rey 4 o ey RIP - y et A X7 S evarnle )
Burcment was stopped when excessive jerking of



-85

4
ffting advanced growth of primary cryatals, rendered insirument rea-
meaningless.

important thai values obtained on the basis of measurements done
the‘temperature'was then raized from its final value in the selidus-
jus region, approached tnose reported while lowering the temperature,
hin the positive limit of experimental error, after holding times
emperature of up to 4 hours. However, if the tempera%ure was rapid-

i o, . : Y
increased to a level, 50 C or more above the liquidus temperature,

<

jours were normally sufficient for a return of tne viscosity value

4 reported during cooling of ths liguid.

2

S g G
further significant that reproducibility of results was goed (<10

k
h') in the sub-liquidus region, during successive cooling cycle de-
ninations.

3 gpproximate liquidus temperature was consequently determined as

o+

ne
int of intersection of the log#)— 1/T line for tue liquid region and
5@raight line drawn through the points obtained in the sub-liguidus
;ian durisg cooling.

i

mfidence in the technique of approximate liquidus temperature measurs-

3 .-

instilled by the close agreement between values determined in

er, for unreduced slags (slags premelted in argon) and liquidus tempers-

ires obtained for the correspending oxidized slags (slag
: ol s a 0 ’

PEon and subsequently heated in oxygen at 1100°C) by hot stage microsoopy

e approximate liguidus temperature of one reduced slag was aleo coniirned

T . " o o & " 4 g O
e quench technique, followed by X-ray analysis, as will be described in

@ater section.

N

8e of the hot stage microscope for liquidus temperature determination
@8 possible only in the case of fully oxidized slage, due to the opacity

ven of slags premelted in an argon atmosphere.

! . : 3/ ; )
technique emploved by Cavalier he uss separabe heat-
i J J 8

S and thermocouple circuits.

Mich the thermocouple functions as a generator of thermal e.m.f., sample

lder and heating element. The in this work-@lsd em-
| ey
o R - - . 3 ' " , = \ L 7 %
#OYed half-cycle heating, and wes constructed by Jochens™ . J1he per-
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pance of the unit was assessed by the same author in the reference

)

o w

(¢

as well as in later publications.

y thermocouple arms were made of 6/RL - Pt and 307Rh - Pt wires of 0,55
jjameter and 18 mm length. The seperation between the arms was normally
[ghtly less than the arm diameter. Hach arm was butt welded to an 18

g length of wire of the same compesition, but greater diameter (0,5 mm).

supperting wires were connected by screw ccontact to the rest of

.+ 0. . : L
@ccuracy of - 5°C is claimed for the instrument.

P slag bead was heated to a peint well abeve its expected Liquidns
erature (usuvally 1600 C\ and held at this temperature for approximate-
15 minutes. The slag was then cooled to a temperature below the crys-
jlization temperature, noting the approximate temperature where crys-
lization appeared to start. It was re-heated to the latter temperature
soaked for 15 minutes. The temperature was ‘then increased slowly
;ﬂ/min.) and the approximate liguidus temperature taken as the point

the last solid material disappeared. The cycle was then repeated
jice, each time narrowing the gap between ligquidus temperature and sub-

idus soaking temnerature and lowering the heating rate from the

i)

s08 -
temperature to liguidus temperature.

samples for liguidus temperature determination were taken from the

ik quantities of unreduced slags on which viscoszity measurement had

en performed. A 20 gm sample of this material in the size rapge

70 mesh, +140 mesh) was heated in an atmosphere of pure oxygen at 1100%¢
1 hour. Such treatment was found to be sufficient for complete re-
idation of even the most severely carbon-reduced slags. The resulting
sample was then crushed in an agate mortsr and used for measure-
ent of liguidus temperature.

Ryt

88 Determination of primary phases

) samples for X-ray snalysis were pr of' the high temgera-

€ microscope.
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y gk g 0 2 . ;
ldized slags were homogenized at 1600 C for 15 minutes. The beads were

n scaked at BOOC below the predetermined liquidus temperature for 60

. the smz2ll number cof determinations of primary crystallization products

8 cell of the hot stage microscope was modified to be gas tight, by
pporation of silicone rubber seals at the junction vetween the two
cell parts, and at the observation windows. OSpectrographically pure
son was passed through the cell at the rate of 1,0 1/min.

i slag powder was wetted with CCl , in which form an appropriate quan-

4

was transferred to lhe thermocouple. Tne bead was again heated to

=
o
o
H
Y
r‘-
=
[
D
o
=
Q
<5
D

the approximate liquidus tempsrature, as determined
'ing viscosity measurement and held there for 15 minutes. This was
owed by soaking at 5000 below the approximate crystallization tempera-
The slag was quenched, as in the case of oxidized slags, either
tion of a water jet into the cell. The slag bead was removed from tne
rmocouple, and crushed in an agate mortar under water free alcohol.
primary pnase was then identified by means of a Debye-Scherrer X-ray
iffraction camera, using Cu-Kxradiation with a Ni filter at 30 kV and

O mA. The time of exposure was 8 hours in all instances.

Determination of a degree of reduction of reduced slags

possible products cof reduction in the slags after treatment in a
aphite crucible include the lower oxides of titanium, titanium oxy-
bide and titanium carbide. Apart from gaseous silicon monoxide which
iould have been removed from the system, silicon conld also be present as
ihe carbide. Moreover, any carbon reporting in the slag, would be distri-
Buted between the carbon containing compounds mentioned above and free

@rbon entrained in the slag.

an overall degree of reduction weuld iuvolve differen-
hetween free carhbon and combined carbon, an accurate measure of
amount of silicon removed from the system during reduction and an

s > 5
1

the oxidation state of Ti.s Jf in &t

facl determination of
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. pe distinguished between silica and titania reduvction states,; know-

of the relative quantities of carbides and oxy-carbides of Ti

. - .

silicon carbide is reguired.

gh means were initially considered 0 distinguish beiveen bound and
carbon, mainly by low temperature selective sulphurization cf the
tne very low levels of carbon content (never excseding 0,1 %)

rendsr such determinations meaningless,

s amount of Ui leaving the welt as £i0 can only be caleoulated by analy-
8 for S5i, in conjunction with a mass balance based on eg. 4g0, oY an
view of the inaccuracy of analytical results particul ﬁrly, meaningful

preacse in silicon content of the slag could only be gquoted for highly

4

wphiaois-is to be on the oxygen content of the reduced slags as

with that of the unreduced slags, as it was in this study, wvarious
igues are available for determination of oxygen content. Neutron
ion methods gave conpletely erratic results as might be expecte
was attempied to measure very simall differences in a lavge gquan-
lethods involving compiete carbonaceous reduction of all oxidas

resegnt, sulfered from the same drawback.

siupie itechnigue adopted in this work was aimed at determining a de-
e of reduction of titanium oxide in terms of lower oxides. The starting
terial was tne reduced slag after viscosity had been determined in a

$R 0 8

’)

Olybderunm crucible. This product was crushed to pass a 70 mesh ceree
ft te be retained by a 14C mesh screen. A 10 gm sample of the powder

the nost severely reduced derxivative of a particular slag, reduced by
graphite at a given temperature, was re-oxidized irn a recrysitallized
lumina crucible ir an atmosphere of pure oxygen in a thermal balance.
initial tenmparaturs was 13100°C and the mas g gain was recorded over &
®riod of 1 hour. The temperature was svbseguently raised to 1206° ¢, main-
Bained constant for 1 hour and then raised furtrer to 130000, where iso-
iBermal conditions were maintained for a further pericd of 1 hour. Oxi-
tion was always complete after 1 hour at 1100CC, although in most in-

30 minutes at this

H

5 % s A oy " S o T -
all mass increase sitopped afie

P

rate of ocxygen was kept censtani at 1,0 1l/min,

b ~ AV AR L
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es of the same

4n a scparate furnace.

L Y.
Peas 1100°C

dings:
P Although the reduction of Si02
tioil,

- proceeded to any

it must be ncted that the reacti
significant extent
glegs. The analytical results

the slags after viscosity measurement

in

{icn time of two hours was unsed in a2ll cases.

on s

Si0

sible and its contents before and after the oxidation pericd.

2

reported in table 13

slag that were reduced for shorter times were subse-
‘} oxidized under conditions 1uen+tcel to those described above,
The mass galn was obiained by weighing the
An

~The oxidation tempera-

P use of this technique appears justified in view of the following

did not form part ¢f this investiga-
+ C = 8i0 + CC only
the case of the most acidic

were obtained for

s had been performed on them.

e 13 Compositions of selected slags before and after reduction by carben

they were reported as TiO?

Carbon was found to be present in the
graphite crucible and befcre determi
ity, in very small amounts,

.

It is theoretically e that s

L.—

PoSE1b]

reduced slags upon removal from the

e gra

slags

and 8102 respectively.

after

as shown in table 14.

wphite crucible

nation of viscosity cor re

Reduction Reduclion 20, A1205 102 Cal g0
time temp.
(mins) “c) ( m a s s p e c n %)
0 30,20 15,80 23435 16,350 16,335
120 1550 30,85 13,31 25,95 16,85 15,39
120 1600 30,50 15,10 23,10 - X6, % 36,.9%
O 30,20 15,80 20,75 17,625 117,625
120 1550 30,80 13424 21,65 18,45 16,14
0 920 13,80 31,10 12,45 12,45
120 1550 36,29 13,26 27,02  _11.55 . 3061
Although Ti and Si might bhave been present in the slags in other forms,

removal from the

.
siegti-

some of the carbon present in the

might be in



.

m of carbide. Thin- and pelished sections were prepared of the
Bil, Bl4 and B17 after reduction at 1550°C for twe hours (the

eat reduction time used in this work). No carbide could be detecied.
over, the same three slags were itreated in the following manner:
particles were scrapad off the surfaces (both free surface and

re the slag was in contact with the graphite crucible) by means of a

v

p diameter diamend drill. The complex pattern obtained from X~ray
gis of ihese particles will be discussed in a later section, but
§iC or TiC could be detected.

t

Carbon contents of reduced slags

{CaC-1ig0 ) /1. 10, Redustion Heduction C
(passih) venp(°C) time(mins) (massh)
1,760 30, 20 1550 90 0,07
1550 120 0,05
1,400 30,20 1550 60 0,05
1550 %0 0,08
1550 120 0,05
1600 120 6,06
¢,800 30,20 1550 90 0,04
1550 120 0507

1,400 37,18 1550 50 0,04

I

after reduction, will disappsar during viscosity measurement by re~

1t is reasonable to assume that all carbon present in the slag

actions of the type: r‘*O 4+ C = 740 4 COuvsses(l) (for free carbon)

2710, + TiC = 3Ti0 + C0..ee(2) {for combined carbon)
o czavon was found pres ni in samples of the three slags mentionea
above, after viscosity measurement. DMNoreover, a sample cf.Bll, re-
duced for 120 mirutes and then given the normal treavivent prior to
vigcosity measurement, and sampled at this siage from the molybdenum
crucibie, contained no carben either. This seems to prove that-iv
whatever form the carbon was present after reduction, the slag on
which viscosity measurement was performed, contained no carbon. It

the carbon origiually present, was even-

mast further bs azsumed

: o R — ‘ 53 A = ol pa (1L TR "o
tually dncorporated dn the degroa of reduction of Ti dn itemes of



ded during tn
for the same

viscosity det

Gruzdev et al
slag during o

1% show no su

'é concluded th
Qerted hereafter
ides, except pos
‘:ﬁio, to 5i0 may
Liono and viscos

1llation between

"samples of slag Bl4, re

oxidation priox

as

determined after viscosity measurement.

duced at 15507C, were alss subjected tc re-
to viscosity measurement. The gains in mass recor-

is set of experimenis were very close to those revoried

geries of samples

Tuis

when oxidation was performed after

ermination. is illustrated in figuxre 40.

s .
(58) eported a decrease in the titanium content of the

eduction in graphite crucibles. The figures in table

ch decrease for the present work.
at any changes in properties of slags during reduction
. must be due to lowver

sibly i

solely to the reduction of TiU2

in the case of very acidic slags, where rsduction

be significani. Xurther, as reductior state determi-

ity measurements were periormed on the same product,

these parameters must be rigorously valid.

praisal of experimental techniguw

two stages in

roperties were pe

urement of eg.
ﬂac051ty change a

rely separated.

nen viscosity is

ter cyl

fraphite ou
M absolute basis.

not wet the gra

which resduction and measuremen?i c¢f physico-chemical
rformed here, are tc be preferred to & single stage

4.

viscogity in a graphite crucible, as the effects of

nd variation in crystallization temperature ave effec-

deternined, using a metallic inner cylinder and a
&
inder, the results must necessarily be doubtful oxn

There are indications that these slags initially

phite erucivle, but succeed in doing so after prolong-

contact. Moreover, the spezed of rotation of the viscometer spindle
ot be varied without altering the rate of reductiocn. If solid parti-
fles of Til are indeed evectnally fom crucible, e
fecl of these on viscosity will once again be influenced by the speed
" rotation of the spindle.
measurement of electrical conductivity in a graphite crucibie
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be practically meaningless in a fluid from which gas bubbles are

o evolved.

b was the purpose of this work to assess only the effect of reduction
to lower oxides, another technique, as used by Hendfield, Charettie

2(59)

of Ti by suitable additions of Ti and T102 to slags, followed by

libration in an inert atmosphere, prior to viscosity measurement.

might have been more sultable; These authors produced lower

swver,. carbon is the universally important reducing agent in this systen
'its effect on 2 time scale is very important. Although any attempt
relate rates of reduction and time dependent changes of physice-chemi-
roperiies directly to conditions prevailing ir a submerged arc fur-
.'smelting-titaniferous ores, must be a futile one, coneclusions regar-

1g these changes for slage of different compositions musi be valuable
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th the ap»ro

“tlona1 approximate value of meltirg ten

ble 15. Only those compos

thue preseni study

O

ielting temperatures

ey

ot
Plots of lo (
(

Flots of log_

slag compositions

(TiD24AlqO,) Ca0:11g0: 810
& oo

Liguidus temperatures and primary phases of unreduvced slaz

ugn electrical resistivity me

used for viscosimetric tests, points

ratallization prnducts, where deiermined
itions considered

omposition are showa.

stage micro

Liguidus temperatures and

’.L

temperatures measnrad by hot stage microscopy could bhe

npsrature. The

are included, and tne distinqaishing

S T
souxrces ior

&
"3
O
8
)
B
s
T
|

are designated as follows:

copy HS

iscosity) against 1/°K v

e : £ 50T
2sistivity) against 1/°K R

primary phases of the more importa

Melting temperature

5. are present

COli-
imate vaiuves obtained from viscosity determinations.
asurements vwere not carried out on all
of inflection in the plets
sistivity) against inverse absolute temperature provided an

ze data, logether
ed

to be of greaier sig-

2
e
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* e "/ i { 0 5
g = 4(Hg0.2fiq2).A12u .10,

3
16 shows a comparison of liguidus lemperatures measured by Hejja(g)
e %) with the values obtained by the author through viscosity

rements in most instances and by hot stage microscopy in a few cases.
lag compositions differed from one ancther only in basicity ratio

0 + MgO)/3102 and had the following features in common:
Fi

(1io,, + 31205) 44,00 mass %

O, = 30,20 mass %
‘.

TiOZ/Al2O5 = 2,21

Ca0/Mg0 = 1,00

f éxperimenta1 sources are designated in tﬁe fcllowiﬁg manner
bermined Ly hot stage microscope'(Hejja) - H

ermined by hot stage microscope (Author) - S

bermined through viscosity measurement (Autnor) - V

,‘ » K

Correllation between meliing temperatures from different scurces

3102 (CaO+MgO)/SiO2 Melting temperature
(mass %) s
H HS v

31,100 0,801 r.d. 1405 1420
24,350 1,300 1427 n.d. 1440
23,830 1,350 1360 n.G. 1366
23,350 1,400 1356 1365 1335
22,860 1,450 1372 n.d. 1358
22,410 1,500 1350 n.d. 1358
21,570 1,550 1364 n.d. 1369
21,540 1,600 1358 n.d. 1373
21,130 1,650 1400 n.d. 1402
20,750 1,700 1460 1460 1455

8 is evident from the tables, the agreement between liguidus temperatures
Btained from nmeasurement of particularly viscosity, and the values ob-
@ined from high temperature microscopy, is suc meaningful compara-

t
bive values could be expacted from measurement of melting temperatures of
J

educed slags by

5 B s o it o ~ 4
8 masnitude of
R

<
1
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compesition due to reduction by carbon lies well oulside what could
nsidered as the limits of experimental error, in the cases where

diation is of true industrial sigrificance.

ﬂst however be borne in mind that values obtained from hot stage mi-
jcopy and those from viscesily or resistivity msasurements do not

to slags in strictly the same condition of oxidation with respect

. +ihe material used for the former technigue was fully oxidized.

es derived from viscosity measuremeni apply to a slag in a pure argon
phere. These siags exhibit a small but measurable degree of reduce

m in terms of a mass gain during complete re-oxidation in an atmospheve
e oxygen., This fact must be ccupled with the inherent exror in

osimetrically deitsrmined temperatures, due mainiy 1o a certain degree

}
)

supercocling. The complexity of the twe effects, together with the
consistancy of the sign of the error (relative to the microscopically

rmined value) render evror analysis impossible,

e selection of the slags shown in table 16 for liguidus temperature
rmination is well motivated by established operaticn at the iron

ant of the Highveld Steel and Vanadiuvm Corporation. The degree of
>”ution represented by (T102 + AL, O ) = 44 mass % was giving satisfac-
results. The ratio TJ’()Q/AJ.ZO3 = 2,21 is mainly a function of the

¥e, while the Ca0/Mg0 ratioc of approximately unity is indicated chiefly
the most economical fluxing additions. Within these practical limita-
ions, therve sts a region of low liguidus temperature over a relatively
ide basicity range of 1,35 to 1,60.

?.

\”D

fﬁosely supplenenting or meaningfully interlinking liquidus temperatur
ta are notv available in the literature. Moreover, in the present work
domposition variable intervals are generally too large for acceptable
orrellation of liguidus teumperature with such variables. However, certain

Bneral trsnds may be pointed out.

of series 4 (A2, A5 and A8), all possessing a Ca0/Mg0 ratio = 1,
Bow & gradual decrease in melting temperature with decrease in hasicity

figure 41). The temperatures on the chari are those obtainsd through
Wiscosity measurements. The slag numbers are shown next o the experi-

Bental points.
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Figure4l Liquidus temperatures of series A slags
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42 shows the liguidus temperatures of series B slags as a function
sasicity and of CaO/NgO ratic. The primary crystallization product
slag number are given for every experimental point. At a par-
dar Ca0/¥gz0 ratio, an increase in basicity generally causes an initial
p in 1iquidus emperature, followed by a sharp rise. A change of

vy phase from magnesium aluminium titanate. (M.A.T.) to perovskite

to accompany either a small initial decrease or a large ultimate
For a CaO/MgO ratic of 0,5 ; where the primary phase is

.,

Al O .Ti0_, for all three slags, an increase in basicity cau-

2” JoacTy
initial *HCEGdSG in liguidus temperature, followed by a decrease

o

most the original level.

%P

v Fie
} disgram determined by Jochenska'

*y figuore 2, showed an initial de-

ase in liquidus temperature with decreasing Ca0/Hg0 ratic, followed

& more gradval rise, for any constant basicity. His data applied to
sub-system of higher mass % T102 content and slightly higher TiQQ/A1205
do than the one investigated in this work. At least for the lower
icity values: (Ca0+lg0) = 25 to %0 %, the liquidus minisum was asso-
ated with a change of primary phase from perovskite to H.A.T. The
\formation presented in fipure 42 appears to show trends similar to taose

iported in figure 2:

Higher basicity extends the Ca0/MsC range over which perovekite is

the primary phase tc lower values. The nhighly acidic series of gl

-

(=

-

4
in figure 42 (Bl16, Bi7 and B18) does not include one member, the pri-
mary phase of which is pexrovskite.
If it is assumed that the liquidus temperature minimam is still
assoclated with & ch

between Bl3 and Bl4

nge in primary phase, ithe minimum must appear

o8
— C)

Ca0/11g0 equal to 2,0 and 1,0 respectively) for
a basicity of 1,4. In tre case of tne series Bl6-BL7-E18 with
basicity 0,8 , the minimum, if it still exisis, appears to lie ai

~

0/Mgh ratio greter than 2,0,

A5-B14~-C23% all have a constant ratio Ca0:Mg0:8i0, ,
/510, and Ca"/ﬂg’. The mass per cent concentration of \Tivq

as ~AviT Qs 9 ; w ~ = $ 4
1018 serles alsg sihowed a Sl-.’.;ﬂlc\l

ased from %6 % Lo 54 Y%.
decrease in liguidus temperature, followed by a drasitic increase.
in there is a change of primary phase between A5 and Bl4 from perov-

.

'k » el eI A Al ek gy T Al YR RS
Kite to magnesium aluniniuve titanate, and the cimi .L_,I'lbv ¢l iliguidus
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,Eatures of A5 and Bl4 (1283°C and 1365°C) may indicate a minimum
(BlO + Al 03} centents of 56 % and 44 %, associated with the

'rance of a new primary crystallization product.

22 Viscosity cf unreduced slags

the slaz compositions were chosen in such a mawner that the influence
relatively drastic changes in the parametlers basicity, exzpressed as
% ratio (CaO+HgO)/biU2, mass % Ca0/Mg0 ratio and mass % (TiO,+A1 0 )

viscosity could be determined, the experimental resulis will be p”e-

ited according to these composition variables.

e resulis of the measurements are given in graphical form in figures
pto 60. The effects of couposition in terms of any of the variables
ntioned above, are shown by means of three successive diag”ams:

A plot of viscosity asgainst temperature;

A plot of 1oge(viscosity) against the reciprocal of the absclute
temperature. These diagrams were used to find the approximate ligui-
dus temperature of the slag, as cutlined in section 5.7. They also
provided a measure of the activation energy for viscous flow (En ).

The latter is given by the slope of the straight line, muliiplied

by the gas constant R.

The data relating to every slag series consisting of three compositions,
were sumparized in the third diagram to show variations in the followiag
paraneters, as functions of composition: the liguidus temperature,

the viscosity et a fixed tewperature (50 C) above the liguidus tempera-
ture, the viscosiiy at a constant temperature (either 1500 or 155000)
and tne activation energy for viscous flow. The vesults were not
" plotted as lines of equal viscosity, due mainly to the relatively

small values of En that are characteristic of the system, and due to
the comparatively small interval over which viscosity was measured in ..

most instances.

18 sequence was adheced to until the basic viscosity-temperaturs da
- all
2tained.

. 0 .' - 1 . . { v
slags were given, aflter which only the summarizing plot (4) was
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Ficiure 56 The effect of Cal/Migd ratio on viscosity for serieg I slags
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at constant basiciiy - Summary
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Liquidus temp.

Viscosityat 1550°C

.
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200+
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The effect of Cal,

: Figure 57
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~ The effect of basicity upon viscosity

series AB-A5-A

nese slags possessed constant (TiOh + Al,O ) content (36 mass %)
nd constant Ca0/Me0 ratic (1,0). The bas: clty increased in the
Asrder as given above. The disgrams X, Y and Z are given in [igures

339 44 and 45.
%

‘While the liquidus temperature increased steadily with basicity, the
i L
change vas not nearly as drastic as in other series reportied later.

T J
' Viscosity was reduced as the basicity was reised as chown by curves

-

.NB and C in figure 45. Curve D in the same figure is the ik ’;Cs/m2
isokem, showing the same trend as curves B and C. The points for
ﬁiy(curve E) do not reveal any recogrizable tendency. This is theught
to be due %o the relative unreliability of the figure for slag A2, the

. femperature range of which was comparatively small.
The seéries 216-B1%-B10 (figures 46, 47 and 48)

The basitity ratios were the same as those for the sla
series. iowever, (TiO + ) was increased from 36 to 44 mass

Al
and the Ca0/Mgd ratio was 2 0

7]

.

Liquidus temperature was at first slightly lowered wiihk:increase

o

in basicity. ‘his was accompanied by a change of primary phase frum

M.A.T. to perovskite. The initial decrease was fclliowed by a rapid
rise., The summarizin ng 511512, {figure 48) again suggesis a contiruous
drop in viscosity at 50 °¢ above the liguidus temperature. At 155000
this trend is shown only over the relatively laige basicity interval
between B16 and B13 (0,8 and 1,4 respectively), but noi over the
smaller interval between Bl3 and B1C ( basicities 1,4 and 1,7 res-
pectively. However, the curve for mly(E) shows a drastic decrease
over the smaller interval, so that this curve resembles curve B in
shape. This tendency may be associated with the sharp rise in 1i

dus temperature as the basicity is increased from 1,4 to 1.,7.

It further appears to be siguificent that the 0,07 Hg/u™ isokom

1 > ot anarat by oo JyEanve) 2 ohnact
(curve D) resembles curve C (for viscosity at 1550°C) in shape.
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The series Bi7-Bl4-Bll and the effect of small changes in basicity
betveen 1,3 and 1,7

The series . B17-B1l4~B1ll correspond to Bl6-B13-Bl0 ia every respect,
except that the (a0/Mgl ratio of the former is 1,0. If these three
glags at large basicity intervals are considered by themselves,
figures 45 and 50 and the sumnarizing diagram (figure 52) show prac-
tically the same trends as those outlined for the more lime-rich
gseries in (b). There is again a liquidus temperature minimum asso-
ciated with the slag of intarmediate basicity (Bl4), a continucus

s . ” ~0 3
decrease in viscosity at {liguidus temperaturs + 507 ) and a velative-

T

ly large decrease in viscosity at 155000 only initially, with basicity.
For the reasons outlined in section.4.1.l, the additicnal series of
slags, possessing the same parameters of composition as the series
B17-B14-E11, but differingz from one another only slightly in basicity
ratio, were incorporated in this investigation. Basicity was varied
from 1,3 (B28) to 1,7 (Bll) in steps of 0,05. Slag Bl4 (basicity 1,4)
was consequently included in this series, Their viscosities are

showr as funciicns of temperature in ligure 51.
>l

The region of low liguidus temperature existing over the basiciiy

range 1,35 to 1,60 was already pointed out in section 4.1.l. iigure

’d.
=
£
B
2\
=
3

52 (curve A) again shows the phenomenon and also seems to

the relative non-validity of postulating smooth variation of ligui-

dus temperature with basiciiy in the series B16-B13-Bl0. However,

s r;, :

figure 52 alsc shows the continucus increase in viscosity at (liqui-

e}

dus taqperature + 50 (curve B), and the small variation in viscosity

at l”‘O C (curve C) and B curve D) over the basicity range 1,3 to
20 7 & s

1,7 that would be indicated by a summarizing diagram dealing only

with B17, Bl4 and Bll.

The series B18-B15-B12 (figures 53, 54, and 55)

18~

This magnesia-rich slag sequence (Cac/l$& = 0,5) again has basicity

5

ticg equal to those of the corresponding

t
B16-B13-B10 and B17-Bl4-Bil.

embers of the geries

s pitl;

eneral effect of an increage in busicity on the various measures
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of viscosity rempains @he same. The liquidus temperaturs (curve B

figure 55) is generally hign and shows little variation. This plObubi"

makes the viscosity at rW above the liyuidus temperature a more re-

liable parameter. It is remarkable that in this instance, the increase

in basicity from 1,4 to 1,7 causes relatively large reductions in

viscosity (curves B and C) and in BErn (curve D). Viscosity at 1550°¢C

also gives a2 more reliable assessment of the effect of basicity.

In the previous two series, 15500 represented a grzater degree of
vsuperheating in the case of the slag of intermediate basieity 1,4

(B13 and ¥i4) since these slags lie in a low liquidus tempercturs

region,

1.2.2 The effect of mass % Ca0/MglU ratio upon viscosity

.

the viscosity-temperaturs relationships of slags used tc illustrate

effect of (al/Ms0 ratio have already been reported, only summarizing
agrams are given here. All these slags belong to series B with

i02 + 1 0 ) - 44 %. The influence of Ca0/Mg0 ratio could thus be assessed
at difze;ent bdulcity ratios.

causes very little change in liquidus tem

'C
”S

ature. It way conse-
quently be expectled that viscosity at 50 above liguidus temperature

g

and viscosgity at lﬁjuowill vary in a similar mammer. Curves B and
C show that this is in fact the case. The apparent maximum in either
of these two curves, occurving at CaG/Mz0 = 1, is thought to be a
Tunction more ¢f the liguidus temperature, even though the variation
in the latter is small, than of composition.

The series B13-Bl4-Bl5 : (Ca0 + Mg0)/8iC, = 1,4

Curve A {figure 56 b) relates ligquidus temperature to Ca0/Mg0O ratio.

A very sharp increase occurs as the Ca@/ﬂ@u ratico is reduced from
4 . O A , L P -
1 to $. #gain viscosity at 507 above liguidus (curve B) follows an

approximately reversed irend, althcugh a smallexr value would be ex-

ot - A : . 4 o O i
pected for Bly. Cuarve C (viscosiiy at 15350 ¢) rises gradually as the
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- Cal/Mg0 ratio is reduced and the increase over the range 1,0 to 0,5
at least, must be attributed to itc the sharp rise in lignidus tempera-

ture over this region.
) The series B16-BL7-B18 : (Cal + Mg0)/Si0, = 0,8

figure 57 ehows a gradusl rise in ligquidus temperature with decrease
in Ca0/lMg0 (curve 4). Curve D (viscosity at liquidns temperature +
b 500) drops rather zbruptly over the Ldo/b' range from 1,0 to 0,5
and curve C {viscosity at 1550 u) shows a decrease over this region,
in spite of the increased ligquidus temperature. This avpears to
indicate that at this high silica level, the composition varisble
Cal0/Mg0 is becoming more imporiani in the distortion of the network,

relative to temperature.

I% may also be significant that at higher levels of Cal/Mgl, an in-
erease in this ratio is always accompanied by an increase in En.

This also applies toe the series BlU-Bll-BlZ and B1l3-Bl4-I

$1.2.3 The effect of mass % (Ti0 5+ A1?05) content upon viscosity
e single series of slags to illustrate this effect include A5 {36 %),
Bl4 (44 #) and C23 (54 %). The D/Mpp/ulo proportion had a constant

lue of 0,7/0,7/1. The results are reported graphically in figures

Phe last two diagrams show a ligquidevs temperature minimum in the vicinity
the intermediate level of (TiO + AL, U ), represented by slag Bl4.
Curve B (figure 60) again 111uotrates tnﬁ ayyarent relation between vis-
j;asity at 500 above liquidus 2nd a liguidus tewmperature profile as re-
‘gresented by the A-curve in figure 6C iu this case, but also by that in

lgure 56 b.

The shape of the C-curve (figure 60) st

1ncreﬂ*e in B n ag (T«m + Al OZ) is increased.
i Fed 2

:*1ffpr nt levels of basicity.
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304 Conmparison with other resulis

iffect of silica additions té ircrease the viscosity of titaniferous

de systems is to be expected in the light of the strong network for-

tendency exhibitasd by £i0,. This trend was amply illusirated by

Bles from existing literature in seciion 2.2.

ears to be generally agreed that replacement of lime by magnesia

molar basis, has no effect on the viscasity. This was illustrated
(87) . .

Turkdogan and Bills in their criti cel vovies of tne vi iscosity

Ca ~MgO;A12O‘—SiUn melts. It may thercefors be reascuably ex)
“: .
easing mass % ratio Ca0/¥el a2t constant basicity will lower the

ected that

#

tudy of the Cal-#Mg0-5i0, uﬁlnﬂ~."q9. system, Freidenzon < Found

€ ’ = 9

addition of Ms0 caused & decrease in viscosity.
)

-

same effect as what would be obtained from a decreasse in the ﬁau/hh~
0 at'constant basicity" - that of effectively making the slag more
¢. The same author d4id mention that such Mgl addition did not cause
i appreciable increase in viscosity even wnen tne liguidus temperature

substantially increased.

(23)

o

; working on ihe same overall system, found thai replaceman

drop in visconsily at consiani

)
e

Ca0 by MgO did iv fact cavse a sligh
perature, if concentrations vere expressed as mass per cent, Jf vis-

POBity was measured ot constant temperature above liquidus, high [fiuidity

ot
(oS
Q
pin |
'.J.
o
Pl-
-
6]
]
po
)
4
a
-
)
%
@
M
B
0
b )
<
o
o
'-,-
:3.
J
Q
;:
b_J
o
b7 (]
§
it
ot
34
C+
";’
¢"
”\
O

(70)

and Minowa'' ‘’ found that additions of Mz0 to a base slag containing

8102 and A1,0,, caused an increase in Brn . This alsc appears to
.
the general tendensy shown in figures 56 and 57.

v

Many examples of the eifect

ag one of lowering

e o T . . e R TPt b oy e g Y
BXxide melts, were given in section 2,2. Ti will not

draw
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conclusions regarding the effect of Ti()2 from tize results of this

k, which involved only very limited variation in Ti02 concentration.
ywwer. the variation was accompanied by simultaneous change in alumi-

gontent. It may be significant that increased (Ti02 + A12 5) contents

lar effect was reported by Kato and

@
(=1}
o
jou
e
2 |
Q
H
(0]
o]
in
[
P
-
—
o
~3
=3
o
i
2]
H
=
o

0 » : 3 i) 45 o
(7 ) for low titania additions to a Ca0~b102-Al207 slag.
2

was poinied out in the .previous section that for variation in (TiO?
) level, there appears to e a relationship beiween 1iquidus —
erature and the value of viscosity at 50 © 2bove liguidus. This trend
gimilar to what was‘obv"rved for replacemeni of lime by magnesia.

':as virtually absent on those diagrans whjch.showed the effect. of
_iica content upon viscosity. If it is assumed that a plot of viscosity
©® ahove liguidus temperature will only reveal the true effect of
SMposition upon viscosity if this effect is a very marked cne, or if the
riation in 1iquidué temperature is small, the following conclusions

be dravm from the present work:

The variation of basicity is the most important single parameler
influencing viscosity;

The effect of a decreasing Ca0/Mg0O ratio only becomes sienificant
at low basicity.

liscosimetric data on slags of approximately the same composition as
nose investigated here, could not be found in the literature. lowever,

iable 17 does provide some comparison of abgolute values obtained for
a7\
25)

3lag C23% and those reported by McRae for his slags 11C 14M and

12M. The compositions of the slags are given in table 18,

fable 17 Absolute viscosimetric values for slegs with Ti0, contents
o

/

37 - 40 %.

quulgus ?(llqunduhrrc ) "7 (1500) n
g) /2 3 ;
temp("C) (Ns/m® x 10° (Ne/m® x 107) (kJ/mo1)
1473 6% ' 80 ' 158
M 1430 70 _ ) 60 108

1340 10 55 139
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18 Compositions of slags referred to in table 17.

.

Mass per cent concentrations

140, 81,0, a0 Me0 SiC

57,18 16,82 15,405 13,405 19,19
79,84 14,02 11,00 14,00 o1 18
37,19 . 1= .12 18,00 . 2,00 19,69

lectrical resistivities of unreduced slags

E. : Je 7 o :
fhough the compogition variables used here, were the came as fos

cosity measurements, the number of sliage was limited to one ssxi

wariasble.  Al1 series incorporaten the composition Bi4 which was

most immediale interesi to the Highveld Steel and Vanaﬂwam Corpo-

Btion at the time when ihe research was undertaken. lMoreover, iiscosity
tions revealed tnat little additional information was to be

assessing the effect of nasicity ot Cad /MeC ratios eitner

gher or lower than 1,0 (for Bll-Bl4-

.17) Similarly, the effect o
iation of Cal/MaC ratio at consiant basicity was expected to be illus-

ated adequately by using only cne basicity ratic. (1,4)

esults for any particuler secries are again presented on thres
Buccessive diagrams: B
} Resistivily against temperatuve:
Loge(resistivity) against the zeciprocal of the duaolhte temperature.

'l n m T 1 2

As 1ogef> = -og (& k’ + :k/R . (;; , this plot would give the

value of activation energy for conducticn ag the product of the

(B, e
slope of the line and the gas constant R. It would also provide an
additional approximate value of the liguidus iemperature. These
values are shown next 1o the points of inflection on the diagiams.
A summarizing plot incorporating the following propsrties as functions

of composition:

o . 30 L5 4 ) g s Bz e ol K A '\f:‘,‘\.
C. Resistivity at a constant temperature (1500 or 1550 C}j;

T Tiass & B e el B
i b e CLC1:1,5’8«|1 Oon
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;;3.1 Influence of basicity on resistivity

 series B11-Bi4-Bl7 was used to illustrate this effect {figures 61,
and 63). The main features of composition are given on the diagrams.
| resistivity at 50 C above liguidus temperature decreases drabt cally
basicity is increased. Resistivity at 1500 C doegs however show the
fect of the high liquidus temperature associated with the slag of high-
 basicity in the series (B1l). The activation energy for conduction

’g) is reduced by an- increase.in basicity.

.2 Influence of CaO/NgO ratio on resistivity

slags Bl?%, Bl4 and Bl5 have udJ/”ﬁu ratios 2, 1 and C,5 respectively
figurcs 64, 65 and 66). Variation in wesistivity a* constant temperature
bove liquidus is not very drastic, but it does show a decresase as the

atio is lowercd., The plot of resistiviiy at 1550°¢C (curve C in figure 66)
in shows the effect of tune high liguidus temperature of slag B1lH with

bé/NgO = 0,5. 'The variation in Eb (curve D, figure 66) is too small to

n

e truly significant.

;J 5.5 Influence of (W 4 A1h03) content on resistivity
&

Phis is shown in the usual order in figures 67, €8 and 69 for slags A5,
£

314 and C2%, having (T102 2 1,) concentrations 36 %, 44 % and 54 %

vectively. Althcugh’ the LlQULGQS lemperature of C23%

s

Fete

s considerably
igher than those of %the other two slags in the series, curve B (figure 69)

shows a continucus decrecase and curve C (resistivity at 1300 C) indicates

that liquidus iemperature is by no means tne only variable exerting a
pronounced effect on the resistivity. The sctivation energy for conduc-

tion (Ek) increases as the (TiOO + A1203) level is raised.

T
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Relation between viscosity and resistivity

or every slag for which both viscosity and resistivity values are available,

re is a well defined direct proportionality between these properties

r various temperatures. BSuch a correllation is to be expected if it is
epted that viscosity is governed by the size of the anlun, while re-~
sistivity depends on the nature of the current carrying cations and in-
irectly on the anionic size. For any one slag, increase in temperature

hen causes progressive looszning of the liquid structure, a process that

C..:

should be accompanied by a decrease in both viscosity and resistivity.

ligure 70 represents a plot of 1oge(resistivity) against iogﬂtvisco:ity)
for the slags used in these investigation. Resistivity is expressed
ohm cm, while viscosity values are in poise. The slopes of the lines
obtained -in this manner vary considerably in a random fashion. The general
form of the line is:

ogef3 = 10g9r} + logeC or g= Cn.
e constant C is given by the point where the line intersects the logp
xis i.e. where 9 = 1 poise. The values of C vary between 0,8 and 0,9
‘for the slags A5, Bl4, Bl3, Bl5 and Bl1. However, the value of C for

Bl7 and C2% is approximately 0,6.

The overall electrical conductance cof these sglags can reasonably be ex- i
ipected to incorporate some electronic conduction due to the small degree
of oxygen deficiency at elevated temperature. This electronic conbribu-
tlon will be common to all the slags, but variation in composition will

alter its relative magnitude. A diagram such as figure 70 can therefore
tnot indicate a change in mechanism for either viscous flow or wduction, ¢

con
but it may serve to illustrate the possibility of a change in the relative

importance of electronic- as opposed to ionic conduction. }
§
il
{
No definite conclusion can be drawn from the data for the small number of i
slag compositions shown in the diagram, but the marked deviation of B17 ;
and C23% may be significant. The latter has a high leO + Al?b5) concen- i

tration (54 72), as compared with 45 (36 %) and B14 (44 ',u). An “abnormally" i

dow value of resistivity corresponding to a viscosity of 1 poise appears

to indicate relatively more elecironic conduction. 8lag B17 also shows

appreciably lower resistivity than would be expected from its high silica

¢ 4
B i Y ol o A axa 4l oY e 05 & Ty vt 7% 22 9 ~nt R
antent of 31,1 %, as compared with 20,75 % of Bil and 23535 % o0& Bi4
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This again seems to show that electronic conduction tends to become in-~
erecasingly important, relative to ionic conduction, as the silica con-

gentration is raised.

Comparison of viscogity and resistivity values of the same slag at cen-
stant temperature or at a fixed interval above the ligquidus temperature,

is possible with the aid of the summarizing diagrams of sections 4.1.2

o’

and 4.1.3. A similar comparison can be made with respect to the acti-
vation energies for viscous flow and for conduction. TFor ease of referenc
the relevant iiagramsrare given here, together with the composition variable
the influence of which is illustrated by them.

Variable Slag series Diagram:for viscosity for resistivity

N
o
Q

69
63
66

8%(Ti0, +A1, O A5-B14-02
Massye( Ti ,HAL, 5) 5 i )
Basicity Bli-B1

4
Ca0/41g0 B13-B14-B15

'
N
ot

-3

N A

o N
o

Bxamination of these diagrams shows that there is very good correllation
between the influence of any one variable on some measure of viscosity
and its influence on a similar measure of resistivity. This applies to

any orne of the measures used:

oc]
i

; : e o o T e
Curve Viscosity or resistivity at 50 above iiguidus

Curve C - Viscosity or resistiviily at constant teumperature

|
i

Curve Er) OF o e Bih o &

k

Combination of the two empirical equations:

y=l 1

lOgef’ = 10€e(ﬁ,, + Ek/h o CBYN,, sFi st o6 Foadd

k
. LPO%, oY X

log 1 = log (am)  + Ep/R . (1)7 .........(2) at constant
temperature leads to:

log - E /En log E /Eni / & 1 (4 ga (3)

*Oé’e p = E /3 7 J‘cﬁer) - -k/u_r] Logen + oge \h}i/ ¥ o i N

: o . : -1

I Ek/;q =x and y = - Ek/dﬁjlogenq 4 ioge(n) are constants, a

plot of log p against log 1 shouvld be a straight line of slope x and
o

B o cicvant dats fav the slacs  inveslisated ave shown in the.dihstosine
g relevanti data lor tne siags 1lnvesiligaied are shown in the Iirst ive
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columns of table 19.

5
o
—
D
fi—
NO
e
;._\ .
)]
o
o}
w
=
CJ-
o
w
)
2]
u

3
v \ -~
(ohm cm) {ohun cm)

87 0,094 ~0,139 0,80

,63 —0,400
e

0.67 0,66 -0, 400

3
B15 1,38 0,971 +0,322
V)

Bil QT

ainst o L‘ erved

and cannot be

overlooked. However, if C23 and Bl7 are separated from

S
3

)

core of slags, ]

g0, the remainin

o]
ot
o
fod
(6]
o
Pt
(s
[y
c—l
Fo
0]

observavions made on the basis of figuxe

(0]
3
(@)
o
o1
P
w

3 seem to reveal a more recognizable trend. A

straight line was fitted to these five points, from which the values of
x = 0,65 and

y = =0,16 were obtained.
Bhe errors in these wvalues are uncertain and as & test

€alculate resistivity on the basis of observed viscosi

The results

D

f these calculations are given in the last column of table 19.

o
Agreenment with ob

s
ted, for C23 and Bl7. These two compos

vaiues considerably lower than what would be expected on the basis of tneir
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by a change in the Ca0/Mgd ratio at constant basicity, prevented calcula-

|
[tion based on equation 3.
I

i e o s ca]c )
Slag No. n lsog(oos) P 1500(calc, ’
(poise) (chm cm} (kI /mol)

B

76

(o)
AN

B A2 0,62
BIO 0,71

<

0
6]

[2
<o

b
B Bl2 G,50 O 57 a8
|
@.1.5 Comparison of physice-chemical properties of unreduced titaniferous

slage with those of slage of gelected other processes.

ffhe values of viscosity and electrical resistiviiy reporied in the pre-

X7
v

eeding sections are low. In order to cbtain a broad comparison of abso-

lute values betwezn these properties of titaniferous iron-making slags

j¢
and those of slags of other processes, a selection of such other
was based simply on satisfac

ac
compesition in gensral ox basicity ratios in particular.

~

The compositions of the oxide mixtures used for the comparison are given

in tavle 21.

Viscositics and electrical conductivities of these
temperature are shown graphically in figure T72. This diagram clearly
illustrates the attractiveness of unreduced titaniferous slags from in
point of view of fluidity. At the same me, the electrical conductivity
of these slags ave relatively high and if this property is assunmed to

be an important factor in the dissipation of power in the submerged arc

furnace, operations involving the

\L

Resistivities caleulated from observed values of viscesity at 15CC

se slags must be expected to be difficult.




Table 21  Compositicns of slags from different processes

Product Parnace Slag Reference ¥ a B8 8 To C o m p oot E @ -
No. B0 AL O Si0 CaC Ma0 Fel M
& 2) 2
Vanadiuwm bearing
pig iron Arc furnsce Big This work 30,2 15,8 23,53 16,34 1654
High ¢ TFe-in Arec furnace X 88 16,75 26,65 2%,65 13,91 19,
Cu-Ni matte Arc furnace L 89 S 41,9 18,% 148 il
Pig iron Elast fuxrnace Z 20 20,0 35,0 35,0 10,0
.I ‘
Yot
S
.
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Slags rediiced by carbon

reducing agent was carbon in the form of graphite in all instances.
Jariation was confined to

) Slag composition,

p) Reduction time and

e) Reduction temperature.

o
=y

The parameters of composition were basically the same as those used Tor

Bor purposes of comparison of viscosity and electrical resistivity of

mreduced slags i.e. Ca0/Mg0 ratio, basicity as mass % (Cad -+ i)/ Sj‘

& 5
and the combined (“iO? + A1L03> content. Basicity received most attsﬂtlon
the sense that the effecis of variation in reduction tempersture and
Qf'longer reduction times were determined only for -the series #11-Bl4--B17,
Within this group, slag Bl4 was most estensively tested, in view of its

greater inmediate importance in ierms of smelting practice or the High-

veld Steel and Venadium Corporation.

As iron and vanadium oxides are present in small amounis in plant slags

L=

a limited number of experiments were conducted, involving addition 27 these
‘oxides to a five-component synthetic slag to give an overall composition
fapproximating to that of a particular plant slag. The viscozity of the

latter was also measured.

" In general, reduction times were shorl, 45 minutes being the uppsr limit
in most cases, although 60 minutes were used in some instances to illua-
trate individual irends. Such short times were suggested by preliminarvy
comparison of the degree cof reduction in terms of titanium oxide, of

b z
reduced synthetic-slags and that cf a plant slag. Moreover, the aim of
the rescarch vas primarily to establish the nature of the influence ol

reduction upon properties such as viscosity and liguidus temperature,

(6]

without causing excessive experimental difficulty due to feoaming slags

containing large guantities of carbon, either in mechanically entxzined

e d

e

or in combined form.

P Longer reduction times (up to 3 hours) were especially
in the case of glag Bl4, in crder itoc assess the uLt*mutﬂ order of change

n sla

(s

P e TG T T = ; PCRCE B
properties, relative to the initial trends.

0}
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reduction temperature for the majority of siag compositions was 155000.

his temperature is approximately 100° higher than the highest initial
temperature. -As the activation energy for viscous flow of most

lags are fairly low, lSSOOwould represent adequate superheating

ensure that the initial rate of reduction would not be greatly influenced
gifferences in viscosity. If it is accepted that slag tapping tempera-

e should be approximately 1000 higher than than the corresponding

tal temperature, and that high metal temperatures (1400 to 1450°¢)

lgre normally associated with good metal chemistry during titaniferocus

liron ore smelting, then 55000 also appears to represent a good average

temperature for reduction.

b i ‘ : o7 Jues LAy e O
However, the effects of lower and of higher temperatures {1500 and 1600 C)

twere also tested for a limited number of slags.

" 4.2.1 The influence of compesiiion on variations in viscosity and

-melting temperature during reduction by carbon.

The experimental results of viscosily measurenents of the reduced derive-
tives of a particular slag composition are reported graphically on sepa-

rate diagrams, as plots of the natural logavithm of viscosity against the

(=)

A <

- reciprccal of the absolute temperature. For comparison, the viscosity-
| . g ey g gl o5 2 !
- temperature relationsnips of the original unreduced slags are given cn

. the same graph. 'The relevant information for every slag composition is

=

summarized either in the form of curves of equal viscosity on temperature-
time charts, or as diagrams showing the variation in ligquidus temperature,
3

A . oo, o i . =
viscosity al 50 above the liguidus temperature or viscosity at a constant

\

o < 5 ; :
temperaiure (eg. 15507°C), with reduction time.

 4.2.1.1 Basicity

The effect of basicity on the behaviour of titaniferous slags under re-
ducing conditions is illustrated by means of the series A5-A8, BiO-Bl3-

| . o) oY # . A s I 1 =
B16, B11-B14-B17 and Bl2-B15-B18,

e
Qo
L

The slag pair A5-5A8
of A8 in

J ! P, T N S
‘ The behaviour of AH is shown in figures 7% and 74 arnd tha

t
T4 © shows that the melting temperaluce

|
o~ c Uy T
‘ Tignres 75 and 76,
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Bvhile that of A8 (ﬁns more acidic sls

Crre

of A5 undergoes very little change over & reduction period of 60 minutes
N * i
1g ) increases by approximately 5
. P T = ek
in 45 minutes at 1550°¢C (figure 76 b). Figure 74 a also illustrates the

fact that reduction initially lowers the wviscosity of A5 at constant

W

 temperature, slightly. This decrease is followed by a minor increase.
W

If viscesity is revnorted at 50‘ above ?hg liquidus temperature \,L* O)
the changes appear even less significant. Slag A8, at constant tempera~
ture, becomes slightly more viscous, but n Li5 is reduced drastiecally
over the first %C minutes. This appears to be followed by a period of
Wevelling out”, rather than actual thickening.

A

ositions for short reduection

F¥able 22 Comparison of A5 with A8, boih reduced at 1550°C for 30 minutes

Slag No. (CaO+MgO)/BiOO biguidus temp. ] &

X ) i Z a f I+ Q -
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Reduction time {(mins.j C 30 0 30 Q 30
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(b) The series B10-B13-Bl6

Tl and
and

101 and 102

-
(53]

The relevant diagrams are: BIO -

om
S
(€]
\n

Bl3 -
Mg .

A1l the slags have a CaQ/Vig0 ratiec of 2,0

Por B1C and P13 the melting temperature appears to be unafizcred by redu-
tion. Again, the more acidic slag (R]ﬁ) shows corngiderable increase in
ligquidus temperature, this increase being particularly severe over the

first %0 minutes of reduction.

Because of the insignificant variation in

two more basic slags, 7, andn ne

2oy pia.t Eon sy TR e 0E
ig shown in fi SRIet '8 and 85

Haumer.
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yiscosity is follewed by significant iancrease, for reduction times ex-

ceeding %0 minuvtes.  For BlG, n ; Will naturally ircrease, but 9 , 1450

falls in much the same manner as wss shown for A8 which has a 10&01 ti-

T

tania content but the same overall ba3101ty.

.

temperature and viscosity during reduction

Table 23 Variaticaos in meltin

8
of slags B10, Bl3 and Bl6

Slag No. (Ca0+ig0)/5i0 Liquidus temp. 7 Lisu 7 1500

Co Teuh Z % - / ’._\ = 3
(¢) (Ns/m“x10”) (Ne/n"x10°)
0 45 0 "B0unils

%
=
,_I
=
0
4
o
AN
&
5.
o
o

I
’ - -
» Reduction time

. B1O 1,7 1472 1479 1481 62 51 63 71 60 @ 83
| Bl5 1,4 1337 1337 1350 137 94 96 67 49 *72
B16 0,8 1388 1489 1498 236 80 81 162..9% .68

—— -

It appears that an increase in basicity causesgs the initial decrease in
Pr J

viscosity to be relatively less drastic and the subsequent increase to start

earlier. Another outstanding feature is the fact that the large increases

-

in fluidity at a particular temperature, associated with more acidic slags,

is accompanied by a definite reduction in the activation energy for vie-

cous flow. This is particularly noticeable in table 23 where ‘?1r - TP
500

: ; 0
Bl6 is measured at only 2 above the melting temperature of the slag re-

<

duced for 45 minutes. Yet, ig insignificantly higher at 45

.
41500
minutes than at shorter times for Bl6, and not very different from the

viscogity of the most basic member B10 after reduction for 45 minutes

®.

although the liquidus temperatures of the two reduced derivatives ax

rather alike.

(¢c) The series BL2-B15-B13

Bi?2 -~ figures 82 and. 83
Bl - figures 99 and 100
B18 - figures 107 and 108
The initial liquidus temperatures of these slags are all high due to

L P : .
0,5 ). and althe

not very marked,
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g d the initisl reducticn in n
ggaln,. 1€ 1nitls ) 1,450

entirely absent in ithe case of the

is most noticeable for
lag (B18), but
16

most

alth oug =

)

J*

first 15 minutes of reduction of B12 {figure 83 Even at
1 &

o5
£

(slag Bli), the viscosity is already increasin

3

he three slag

i =

gives selecled comparative data for t

Table 24

is possible that a minimum could occur ov

after 30 minutes.

the most
ba

5]

ie
r the

basicity RIEEY S

Table 24

Variation in melting temperature and viecosity during reduciion
of slags Bl2, Bl5 and B18,.
Slag Nc. (CaO;M@O)/FJOZ Diguidus temp. J 1450 ')1500
% e wyfﬂﬁ) myfﬂ&)
Reductior time (mins.) e 50 45 a 50 45 0 30 45
Bl2 1,7 14 783 504 T 5T 435 21,7116 39 pariBe 129
BlS 144 ¥492°1504 1 (1524 Q4aldl2)y 132 g0 113 162
B1E Ut 473 1501 1516 329 rigboed 97 106 91 101
(@) (i) The series Bi1-Bl4-B17 reduced at 1550°C
Bll - figures 79 and 81 a
Bl4 -~ figures 87 and 89 b
B17 -~ figures 103 and 104
The melitin iperature of the most basic slag Bll (basicity = 1,7) is
not greatly influenced by reduction, while those of B1l7 and Bl4 are
severely increased. Especially in the case of Bi4 (basicity = 1,4), the
liquidus temperature is raised very rapidly, from its initial value of
3 5400 el f144OOC within 45 minutes. Bl17 (b agicityls 0,8) has & higher
B initial liquidus temperature iand the increasz is more gradual.
|
. It rmust be pointed out that Bl4, after 3 hours in a graphite crueible at
E 155000, nas a liquidus temperature of 148000 and a viscosity at 15500
E of just over 0,2 Nz/ﬁé. vuch a melting temperature is not abnormally
b high when it is compared with those of the more bvasie slags (Bil in this
f the viscosity high, when ¢ompsred with of =g.
| azs.
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Variation in melting temperature and viscosity during reduction

of slags Bll, Bl4 and B1l7

Slag No. (CaO+MgO}/Si02 Liquidus temp. 7 1450 2 1500
0 : I g e R
{c). (Ns/m”xloj) (Ns/m“x107)
Reduction time (mins.) 0 %0 90 §) 50 90 0 30 o0
Bl1l 1,7 1455 1472 1483 5. 50....208 64 46 197

147
B14 1,4 1335 1%83 1456 122 74 180 58 40
B17 0,8 1420 1481 1520 100 118 136

N
N
(o
—
g
o

(ii) The effect of small changes. in basicity at Cal/Mg0 = 1,C
Although the general influence of large variations in bagicity is shown
by the series Bl1-Bl4-B17, the basicity wange 1,3 to 1,7, being of parti-
cular practical importance mainly because of relatively low liquidus

temperatures, was also tested. These slags were reduced at 1550 °C,only

oz

for 45 minutes, as such a reduction period was considered sufficient to
reveal "thinning" or "thickening" tendencies that might exist. Results

are summarized in table 20€.

Table 26 Variation in melting temperalure end viscosity during reduction

of slags having Ca0/Mg0h = 1,0

Slag No. (Ca0+®@ﬂ)/5102 Ligquidus temp. g 1450 Figures
ik () (s /i °x10°) _

Reduction time (mins.) 0 45 0 45

B28 1,30 1440 1520 140 85 g2

829 1,35 1366 1465 108 94 93

814 1,40 1335 1438 122 95 87 & 89b
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88 107 97
B34 ,65 1402 1427 80 96 98
811 1,70 145 1475 5 103 79 & 8la

Although tlhe variations in viscosity reported here are ioo small to be

3 - 2 b L A0 2 e £ o g R - R E A -
important on industrial scale, the changes in mel temperature are




gignificant.

The trends shown by means cof these variations gererally

agree well with what would be expected from a consideration of slags

B11, Bl4 and P17.

he increacse in melting temperature is more marked for the less  bhasic slag
These slags also generally exhibit a "thinning" tendency over the first
45 minutes of reductior. More basic slags show only Tie
guidus temperature, but generally tend to become more viescous. The tran-
sition region vetween the iwo modes of hehavicur appears to lie in ths

1,55.

4.2.1.2 €a0/Mg0d ratic

(a) The series B10-B11-Bl2 : (Ca0 + ¥g0)/5i0, = 1,7

R0 -~ figures 77 and 78-

Bil -~ figores 79 and 81 a

Bi2 .- figures 82 and 83
All these slags , after reduction at 1550 for 45 minutes show an even-
tual increase in p L+50° However, while iue initial decrease in tnis
value is cleariy noticeable for CaU/ﬁgO ratios 2 and 1, (slegs BIO
it is absent for Bl2 where CaO/HgO = &,
Melting temperatures are relatively high for all three slags in the
unreduced condition, and il seems to increase slightly in all cases, the
trend being most recognizable for slag Bl2.

in melting temperature and viscosity during reduction

B10, Bll and Bl2.
Slag No. Ca0/Mg0 Ligquia

=

Reduction time {m;§§Li 0 15 45 0

B10 2 14712 478 148. 67 AT 53
SN YA75 15 i 103
B12 337 4% 50 116
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The overall pattern c¢f behaviour involving an initial drop in .=
L

-lDS‘

{b) The series B13-Bl4-El5 : ’Ca0+Mgo)/Sio2 =1,4

Bl13 - -~ figures 84 and 85
Bl4 - figures 87 and 89 b
Bl5 - figures 99 and 100

b
50
followed by an increase, is recognizable for all three zlags. However,

the decresase tends to become less marked and the increase more pronounced

as the Ca0/1ig0 ratic is lowered.

If it is assumed that a2 high initial liquidus temperature renders increases

occurring during reduction less proncunced, a lower CaO/MgO ratio again
appears to be associated with generally marked increases in melting tem-

erature due to reduction by carbon.
o

Table 28 Variations in melting temperature and viscesity during reduction

of slags Bl3, Bl4 and B15.

Slag Yo. Cal/MgO Ligquidus temp. 71450
(?C) QNQ/m9y1°3\
Reduction time {mins.) ) 15 45 4] 15 45
Bl5 2 1357 1340 1350 137 91 96
Bi4 1 1355 1347 1438 122 13 95
B15 3 1492 1492 1524 94 76 162

(¢) The series B16-b17-B18 : {CaO+MgO}/SiOZ = 0,8
Bl6 - figures 101 and 102
BEl7 - figures 103 and 104

b18 -~ figures 107 and 108

The increase in viscosity occurring within relatively short reduction time

o . g Lo s o
at 15507, that are characteristic of slags of higher basicity, is virtually

absent in thig series. The initial decrease is present in all cases, but
again vecomes less marked as the CaQ/Mg0 ratio is decreased. It must
however be borne in mind tha' the viscosity of the high magnesia slag

o

in this series (B18) was considerably lower than th

4

t of the other two

19,

members, before rsductiion.
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Variatiens in melting temperailure and viscosity during reduction
of slags Bl6, B17 and B18

Ca0/ gl Liquidus'temp.

7 1450
(Meye (Ns/h2x103)
éﬁéducticn time (mins.) 0 15 45 ; 0 15 45
| 2 1385 1450 1498 236 195 a1
s 1426 1461 1489 220 190 134
% 1473 1491 - 1516 129 84 97

" The liquidus temperature was raised during reduction in all cases, the
effect being least pronounced for the slag of highest initizl liquidus

 temperature (B18).

4.2.1.3 (10, + A1203) ecntent -  the series 45-B14-C23
' with Ca0:Mg0:Si0, = 0,7:0,7:1

A5 - figures 73 and 74
Bl4 -~ figures 27 and 89 b

€23 - (figure 109

s g ! ) e ” :
As slag C23% was only reduced for 60 minutes at 1590 C, this time interval
~ was used for the purpose of comparing the properties of all the members

of this series.

Tablgmég Variations in melting temperature and viscesity during reduction

of slags A5, Bl4 and (23.

Siag No. Mass% (T102+31205) Liquidus temp. n L+56
(OC) (Ns/ﬁ2x103\
Reduction time (mins.) 0 60 0 60
£5 %6 1361 1374 132 106
B4 44 1335 146% 122 126
C23 54 1447 1516 8% ice

If it is assumed that the general trend followed by viscosity during



~157-

reduction of other series is continued nere, it must be concluded that

A5 may have passed a viscosity minimum but is still more fluid than the
original slag. Figure 89 b shows that the viscosity of Bl4 is increasing
although the difference shown in the table is insignificant. €23 has
apparently passed its viscosity minimum even though the reduced slag

has approximately the same fluidily as the other two members of the series,

after reduction for 60 minutes.

4.1.2.4 Oxides of iron and varnadium

It was in general not intended tc add more composgition variables in this
study of an already complex five-component system. However, the viscosity

g

of a composite plant slag was measured and found to be remarkably low.
The composition of this slag, des ated as HV, was given in table 13.
Specifications not shown in the table are:

Ca0d /Mgl = b W

(Cad+Mg0 /55.02 = 1,53

TiO?/Al,O s 237

(Tio2~ + AL0, = 43,96 mass %
As the composition of slag HV did not very closely resemble that of aay
of the five-component mixtures already discussed, its composition was re-
calculated on the basis of the components Cal, MgO, 8102, 1;120z and TiGO
only. (HV-FV, table 13) b

:

4.

The viscosities of the two melts (HV and HV-FV) are shown in figure 110.
Tne synthetic slag without iron and vanadium oxides was slignitly more

viscous and its ligquidus temperature was significantly higher.

Iron and vanadium oxides were then added to HV-FV to give a composition
very similar to that of HV. The minor quantities of manganese and chro-

mium oxides reported in HV were not taken into account. The added oxides

were in the oxidation states as reported in table 13, altl did
not necessarily represent their true states. The composition of the re-
sulting melt, HV+EV, is also given in the table and its wiscosity is

shown as a function of temperature in figure 11C. Its fluidity was wvexry

similar to that of the plant slag, and definitely higher than that of the

hig it must be concluded that even small
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quantities of particularly iron oxide exert a noticeable influence upon

the viscosity of slags based on the CaO—MgO-biOQ—Alz'JB—TiO2 systen

Complete reoxidation tests carried out on the plant slag HV, showed that

it was raduced with respect to titanium oxide, to a degree rather simiiar

to that attained by slag Bl4 (of composition not very different from that
for 60

of LJ) after reduction by grarhite at 1:50 C for 6C mimmtes in the normal

manner. Its viscosiiy and liquidus temperature was raised - results are

shown graphically in figure 110 (This refers to slag HV-FV reduced as

mentioned above and then designated as HV-FV(6CM) ). This reducsd product
was then treated as follows:

Ircn and vanadium oxicdes were again added to it to return the composition

to approximately that of plant slag HV. The resulting mixture,

HV-FV{60M)+FV, thus had the same overall composition as slag HV+FV. The
melt was homogenized at 155000 in the inert atmosphere for two hours
before its viscosity was measured. Figure 110 shows that addition of the
oxides of iron and vanadium to the reduced slag again made it more fluid,
so that its viscosity was practically the same as that of the original
unreduced synthetic slag HV-FV and only slightly higner than that of the
plant slag HV.

Although the scope of these experiments 1is extremely narrow, they appear
to indicate the possibility that addition of oxides more readily reduci-

ble by carbon than Ti0,., to a reduced five-component titaniferocus slag,

tends to restore the original properties of viscosity and liguidus tem-

perature of such a slag. It thewfore seems reasonable to assume that

lea]

the presence of these readily reducible oxides in titaniferous sglags
under reducing conditions will serve to retard the reduction of titanium
oxide, the process which is thought to be responsible for the variation

in liquicdus temperature and viscosity, reported in the preceding sections.

4.2.2 The influence of reduction tempzrature on variations in viscosity

ané melting temperature
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temperature was btased on bagicity

prehensive testing at three different temperatures was carried out only
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cn slag Bl4.
(a) Slag Bll : v(CaO+MgO)/SiO2 = 1,7

! : s h L

Viscosity-temperature relations of this slag reduced at 1550 C and at
o) " 3 L ’ S . :

1600 C are given in figures 79 and 80 respectively. The resultes ar

summarized in figure 81.

The immediately apparasnt effect of an increase in reduction temperaturs
is the fact that at the higher temperature, the viscosity minimum is
either absent altogether or avpears very soon after reduction is commenced,

so that it is not observed on the particular time scale used.

While it is not likely that the slag reduced for 60 minutes will be more
viscous after reductiion at the lower temperature, as mlght be conecluded
from the shapes of the curves drawn through the available experimental
points, they do seem to indicate that the rate of "thickening" at 1600o

is not much faster than at 1550 C for reduction times exceeding 30 minutes

{(b) Slag Bl4 : (CaO+MgO)/8102 = 1,4

, ; - o e
Three temperatures of reduction were used - 1500~ , 1550 amd 1600 C.
Results of viscosity measurements are snown in figures 86, 87 and 88.

The effect of reduction time is shown, for the varicus temperatures, in
figures 89 and 90. Figure 91 illustrates the effect of variation in
reduction temperature in general. The following curves were drawn:
(30M) - the value of n_ _ after reduction for 30 minutes af,
L+50
the different temperatures;
(90M) - +he variation in the same parameter after reduction for

90 minutes:

.

"
i

TT(5OH) and T (QOT) give the variation in approximate ligquidus temperatures

after rCchtlou for %0 minutes and 90 minutes respectively. The liqui-

dus temperature an 7 . of the original unreduced slag are also shown
L*)O 3

the diagram.

At 50 minutes, 1) for sampies reduced at all three temperatures are

/ .LH'r’ }
below that of the original slag. The va

-
L

lue for 1600° is only slightly

below, showing that in this case, the viscesiiy minimum has been passed.
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At 90 minutes, only the slag reduced at 1500°C has a viscosity approxi-
mating to that of the original slag. At the two higher temperatures,

the melt is relatively much more viscous.

The 30 minutes liguidus curve shows the relatively greater effect of

0 L LT
ase from 1550 to 1600 C as compared with that of an

e
- - D < =¢R0 i 4
increaze from 1500 to 1550 C. The fact that this difference seems to

a temperatu iner

disappear at 9C minutes to some extent, indicates that there is an upper
TP : . : s ¥ -
limit to the melting temperature for reduction at 1600 . This fact i

8

S

b and 90 for 1550° and for 1600°C respec-

shown more clearly in fi

3

vy

\D
)
O

0"

tively. The apparent upper limits at these two reduction temperatures are

afl . O ST
approximately 1470 and 1530 (

{c) Slag B17 - (CaO+MgO)/SiOz =0,8

Results of viscosity determinations are reported graphically in figures 103
P . : e} : o 4 <
and 105 for reduction temperatures 1550 and 1600°C respectively. Results

are summarized in figures 104 and 1056.

Again the liquidus temperature rises fastier and further during reduction
e a : T 5 : . ; o
at 1600 . There is again a liquidus temperature difference after reduction

for 90 minutes, of approximately 500 to 60°C.

It is important that 7‘I+RO is reduced more or less continuously when
e B
: z i : o X O . : ; .
reduction is performed at 1550 . At 1600, this measure of viscosity is

beginning to increacse after reduction for SC minutes.

In general, temperature must be regarded es an important factor in the
behaviour of titaniferous slags under reduc con n | im; anc
beh i ferous slag d ducing conditions, its importance
possibly becoming greater as the slag beccmes more acidic. While bl4,
O . ", : e .

reduced at 10600 for longer periods, may still be classified as a slag

. : L s +. o .
of good fluidity, its liquidus temperature (=1532°C) can be responcible for
difficulties experienced during the tapping of an electric {furnace smelt-

ous iron ores and producing slags of composition appoxi-

oy
fe

ing titani

mating to that of Bl4.
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2.3 Resistivity reduced slags

scause of the existing uncertainty regarding the usefulness of siag
nductivity data in submerged arc electric furnace technology, it wes
;écided to limit electrical resistivity measurements to the reauced'de—
 ivatLveS of one base slag only. The slag composition Bl4 was chosen for
.gﬁis purpose for the practical reasons mentioned before. This slag also
@»ovided a good example of the general behaviour of titaniferous slags
under reducing conditions from the point of view of variation in fluidity.

initial decrease in viscosity, soilowed by a more pronounced increase.

Resistivities of the reduced derivatives of slag Bl4.

(]

- The slag samples used for this set of experiments were the same as those
- used for investigating the influence of reduction time upon viscosity
reduced at 1550 C. The effect of the temperature of reduction .

examinesd.

The resistivity-temperature relationships for reduction times 0 to 3

" hours are shown in figure 111.

" The same information is presented as plots of the logarithm cf resistivity
against the reciprocal of the absclute temperature, in figure 112. The
empirical relationship on which sucih plots are based, still appears to
describe accurately the dependence of resistivity upon temperature. Also,
there is still a well defined point of inflection in every line, such
points approximating in a general manner to the corresponding pointé

3 i <

obtained from viscosimetric data. They must therefore represent approxi-
mate values of the melting temperatures of the reduced slags. These
temperaiures are shown cn the diagram, and table 31 gives a comparison

between them and the values derived from viscosity measuremsntis, which

were shown in figure 87.

(6]

Migure 113 is a graphical representation of the variatieon of resistivity,

w0

as well as the variation in meliing *temperature, with time of reductinu.
Reduction by carbon causes

a marked decrease in tne resistivity of the
£

1 8 - - o e . 7 4ln . 3 -y - - Ty T A i~ P | - +
t0 be a slight increase in the resistance of the melt. The values of
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1450 are based on the poinits of inflection shown in figure 112.

Table 31 Comparison between approximate melting temperatures derived
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ﬁeduction time Melting temperature Melting temperature

(minutes) from resistivity (OC) from viscosity (OC)
0 1340 1335
30 | 1388 ' 1383
60 1416 1463
90 1444 : 1456
120 ; 1473 1463
160 1456 1481

4.2.3.2 A consideration of the trends shown by resistiviiy and viscosity

during reduction.

The trend exhibited by resistivity (figure 113) may te compared with that
illustrated for visccosity in figure 89 b. Whereas a fluidity maximum is
attained after a comparatively short reduction time (approximately 30
’minutes), conductivity tends to continue rising for at least another 60

' minutes. The increase in viscosity for reduction times exceeding 30 - :

- minutes is a very pronounced one although, as indicated before, its ul-

~ timate value is byno means "high" from an industrial point of view. The
increase in resistivity is so small as to be within the limits of experi-

mental error.

In the section dealing with the relationship between viscosity and resis-
tivity of unreduced slags (4.1.4), it was suggested that the majoriiy of
the melts conformed to a model hased on a combination of the empirical
' relationship between viscosity and temperature and that hetween resisii-
vity and temperature (figure 71). Figure 114 for viscosity and resis-
P tivity at IBCOCC, of reduced slags, can obviously have no mathematical
. significance and it must be concluded that any correllation between vig-

cosity and resistivity that might have existed for unreduced slzgzs, oresks
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down in the case of the reduced derivatives of the same base slag. The
' jines drawn on the diagram snould merely serve to indicate that there is
ban initial period and a final pericd over which there may be a direct

logarithmic proporticnality between viscosity and resistivity. These

ship is indicated by the cxperlmental resuits. The reduction time corres-

ponding to every experimental point, is shown on the diagram.

It may also be pointed out that the slopes of the suggested lines (4B

v nd b are both decreasi and CD where they e boti
?here )1500 and F71;OO re both decreasing, 1 CD where they are both
increasing, are both approximately equal to 0,3 in magnitude. On a dia-
gram depicting a "normal” viscosity- tivity relation, the slope of
~such a line would represent the ratio . The value mentioned above,

 is approximately half that indicated in figure 71 for unreduced slags.

, 4.2.4 X-ray analyses of selected reduced slazs

.

" An investigation into the changes in apparent liquidus teuperature

.

occurring during reduction, as related to the primary phases of the origi-
'nal unreduced slags, indicated a possible interdependence. aAlthough the
relevart experimental findings have been reported in sections 4.i.1 and
4.2.1, table 32 is given here to emphasize this interdependence

This table clearly illustrates that the most pronounced increases in
melting temperature occurring during reduction, are associated with those

_ starting slags having magnesium aluminium titanate as a primary crystalli-
zation prcduct. Slags of which the primary phase was perovskite, never
showed a decrease in liquidus temperature, but the increased value was
always within the limits of experimental error from the liquidus temperature
of the unreduced slag. The same statement is applicable to compositions
where the primary phase was M.A.T. and the initial ligquidus temperature

was high (higher than & 145000). Bxampies of these are Bl5 and E1S8.

. At the same time, it must be noted that A5 and BlJ (primary phases perov-
gkite) had low initial liquidus temperatures, which did noi increase

= ; : G
markedly during reduction by carbon at 1550 €.
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A summary of primary phases of unreduced'slags-and of liqui-

dus temperatures cf reduced and unreduced slags.

Primary phase* ! Liguidus temp.(PC)** Liquidus temp.(oC)%**
{(unreduced slag) . (unreduced slag) (slag reduced at 155000)
Perosikite 1361 1374(60)

n.d. 1322 1451(45)
Perovskite 1472 1481{45)
Perovskite " 1455 v 1475(45)

M.A.T. 1478 1517(45)
Perovskite 1337 1350(45)
M.A.T, 1375 1438(45)
M.A.T. 1492 1524(45)
M.A.T. 1388 1498(45)
M.A.T. 1420 14835(45)
M.4.T. 1473 1516(45)
M.A.T. 1447 1516(60)
M.A.T. = The magnesium aluminium titanate Mg4A12Ti9025

The liquidus temperature in this column is the approximate value derived
from viscosity measurement, since this was the only technique from

which values were available for both reduced and unreduced slags.

The figures in brackeits give the reduction times in minutes.

The tentative conclusion that was drawn from the comments above, was that
‘.Oxygen loss from mixtures having M.A.T. as the starting primary phsase,
caused a change in primary phase to occur. A similar mechanism for those
compositions where the primary crystallization product was perovskite,
did apparently not exist. In order to investigate these possibilities,
two starting compositions, Bl4 and Bll, were selacted tc represent the

groups of slags having M.A.T. and perovskite as primary phase respective-

4.2.4.1 Slegs with M.A.T. as primary phase - Bl4

it was considercd possible that the precipitation of a refractory phase
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I'such as titanium carbide during reduction, might be responsible for deple-
- tion of the bulk of the melt with respect to titanium. If such a high
"melting phase were to adhere to the wall of the graphite crucibie, the

. overall composition of the slag used for either viscosity or resistivity

measurement, could be different from that of the original slag. Removal
. of titanium to an appreciable extent in this manner could possibly give

.~ rise to a change of primary phase. However, as shown in table 13 (section

. the same couposition as the unreduced slag. It was also mentioned in

% section 3;9 that an attempt was made to-detect titanium carbide on the
- surface of the solid slag that was in contact with tie graphite crucible
.during the reduction stage. Ths tzchnique earlier described in this

* eonnection, was also applied to the sample reduced for 90 minutes at
155000. In neither case (120 or 90 minutes) did X-ray analysis of the
powdered sample scraped from the surface, reveal the presence of the

carbide.

Further irvestigations were confined mainly to the slag sample that had
been reduced for 90 nminutes. If an alternative product of reduction did
exigst, it was most likely to be concentrated in the vicinity cf the slag-
graphite interféce, or at the free surface of the slag if densiity differ-
ences were appreciable. A total of four samples for X-ray analyses were
removed from the slag ampule after removal from the graphite crucible, by
light scraping with a diamonrnd drill -~ two from the surface that was in
contact with the graphite crucible wall (A), one from the surface that was

in contact with the crucible bottom (B) and one from the free slag surface

The X-ray »atierns obtained from the samples 4 were complex. The lines
for M.A.T. and perovskite were identified for one of the samples. The
remaining lines were found to be best interpreted as belonging ic a mix-
), with the oxide Ti O,
kN o
(anosovite) vredominating. The other A-sample gave a sgimilar pattern,

ture of lower titanium oxides (higher than Ti0

except that the lines for percvskite were absent.

o

Sample also consisted of a mixture of lower oxides, in addition to

MoA.T. and perovskite.

ave no patiern and must have been in the glassy state.

5.9), severely reduced samples of slag Bl4 were found to be of substantially

&
i
\

%o
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e fact that no grapnite was detected anywhere could only have been
;me to the manner in which the samples were taken, because it was visible

sith the naled eye.

s0lid eylindrical slag sample as removed from the graphite crucible,
the following approximate dimensions: height = diameter = 30 ﬁﬁ..

2 12,5 mm diameter hole was drilled into the 90-minuie cylinder to a depth
* approximately 20 mm.. The resulting powder was ground in a tungsten

‘earbide ball mill (zzate vessel) to be 100% (-225 mesh). Two samples of

cope, as described in section 3.8. The quenching temperature in both
instances was 1440°C. (The liquidus temperature of the original slag by
‘hot.stage microscopy was 13650, and that of the reduced slag 14560 and
§4440 by viscosity and resistancé measurement respectively). Thie simple
get of lines obtained by X-ray diffraction analysis of both samples very
ialearly belonged to MgO.AlQOE.
It was not attempted to determine the liquidus temperature of the bulk

core sample. It must be pointed out here that, although the complete

- sequence of crystallization products of the unreduced siag was noi deter-
mined, the secondary phase, follcowing M.A.T., was found to be perowvsiits.

- The exact temperature at which the latter phase appeared, was nct deteriined

either.

. Table 3% Crystallization products of unreduced Bl4, quenched from differ-

ent temperatures.

:‘Quenching temperature (OC) . Solid pheses present
13515 i M.A.T,
1290 - Mea.T. and Ca0.Ti0,,
1260 M.A.T. and Ca0.7i0,,

Thus, although the spinel phase was not proved to be absent from the

complete crystallization sequence of the unreduced slag, it definitely
: e

does not appear at temperatures above 1260 C.

1
1

The slag samples that had been reduced for 60 minutes and for 120 minutes
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subsequently also treated in the manner described akove, to cbtain
samples for X-ray examination. The respective quenching temperatures
14000 and 1440001 In both instances the primary phase was identi-

as MgO.A1203.

approximate liquidus temperatures derived from either viscosity or
resistance measurement of slag Bl4, reduced for $0 minutes (14560 and
H'44°C respectively) do not refer to the core samples on which the ex-
iments described above, were conducted. Measurements were carried
put on reduced slags in moiybdenum crucibles in an inert aimosphere af-
%ér homogenizaticn at temperatures normally in excess of 155000, for 1%

Any sesgregation of solid phases that might have existed immediate-

for viscosity or resistance measurement. It must also be borne in mind

" that more uncertainty attaches'to the melting temperatures reporited for
severely reduced siags (longer than 90 minutes at 155000) than to those
suggested for slags reduced for shorter intervals. This is shown to a
gertain extent by the relatively large differences reported between values

from the two experimental sources, afitér prolonged reduction.

A

{Ehe sample of 314 that had been reduced for 90 minuvtes, on which visco-

8ity and resistivity measurements were performed, was used for the following
- series of experiments. The entire 55 gm sample was drilled out of ths
molybdenum crucible and reduced in size as described for the core samplie
above. Five X-ray diffracticn camera samples were prepared in the cell

of the hign temperature microscope as tvefore. The results of the ana-

lyses are given in table 34.

" Table 34 Crystallization products of homogenized Bl4 reduced for 90minutes

at ISSCOC, quenched from different temperatures

Quenching temperature (OC) ©0lidé phases present
1390 M.A.T and MgO.A1203
1400 M.A.T and MgO.A1203
1410 : M.A.T and AgO._ﬂlZO5
1440 M.a.T and MgO.Alzoé

1460 ) No pattern
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s

most important fact arising fvem fthe resulis of this work, is that
"approximate melling tsmperatures", derived indirectly for reduced
gs, truly have the significance sc far attached to them. This parti-
lar reduced derivative has an actual liquidus temperature between 14400
ﬂd/1460003 Thers may be a tewperature interval within this 20° range,
rer. which either cns of the fwo phases M.A.T. or MgO.AlQO3 exists as a
single true primary phase. However, it appears to be more important that
presence of -a phase not present at high temperature in the unreduced

glag, was proved for the rsduced slag beyond any doubt.

A

M.2.4.2 Slags with perovskite as the primary phase - Bll
: > (S 2 J

. ’ et -0
e sample of slag that had been reduced for 9C minutes at 1550°C, was

treated in essentially the same way as the corresponding samplie of Bl4.

e surface powders again contained what appeared to be a mixture of lower

titanium oxides, in addition to perovskite.

.The core powder guenched from a temperature of 14300 generally showed only
fthe patitern of perovskite, although one of the samples showed signs of

the presence of the spinel pnase. Two later experiments employing different
samples but the same quenching temperature, failed to confirm the existence
“of Mg0.41,0 |

!

3

f,The single X-ray sample prepared from the bulk on which viscosity and

la}

" . ~O0
. resistance measurements had beeu performed, and quenched from 14307°C,

']ghowed the presence of CaO.TjO2 only.

The secondary phase of the unreduced slag was M.A.T.

From these {indings it must be concluded that under the particular set of
 experimental conditions used, the primary phase of slag Bl1l (taken to

represent all those compositions the primary phase of which is perovskite)

is not altered by reduction, However, if the primary phase of the unreduced

8lag is M.A.T., then loss of oxygen from the system causes the appearance
e

et

¢ of the spinel phase MgO.Al_O_, which can be expected to give rise to an
] @ 3

inerease in the liquidus temperature of the slag.
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;!,though the primary phase of unreduced A8 was not determined, its beha-
viour during reduction strongly suggestis that the primary phase was M.A.T.
fiso, the series of slags with Ca0/MgQ = 1 and basicity ratios differing
oy 0,05 (B28-B29-B14-B30-B31-B32-B33-B34-B11l) may be ezpected to go through
a change in the primary crystallization product from M.A.T. on the acidic
‘side to perovskite on the basic side, at a (Ca0+Mgo)/sio2 value of 1,50
#0.1,55 (represented by slags B3l and B32).  There can be no doubt about
change taking place between B14 (M.A.T.) and Bll(CaO.TiOz) with basicity
ratios 1,4 and 1,7 respectively, but the change in behaviour under reducing
eonditions as outlined in sescticn 4.2.1.1 appears to indicate the point

- where the change actually occurs, more closely.

L

The technique employed for determining approximate degrees of reduction
ﬁafter the slags had been allowed to react with graphite for selected time
Jintervals, and for determining the rate of reduction of titania to lower

- oxides in some slags, was described in section 3.9.

- Not all compositions involved during the determination of properties

such as viscosity and electrical resistivity that has been described, were
;tested in this study. 5Starting slags were again selected on the tasis

- of the parameters (CaO+MgO)/SiOZ, Ca0/MglO and mass % (TiO2 + Algoz)’

- but a siungle series comprising three slags, was used to demonstra%e the
influence of a given composition variable upon the extent of reductiocn

- with respect to titanium oxide. Generally, slags of a particular series
are compared on the basis of the mass gain suffered during complete re-
oxidation of the various members, after reduction for one specified time

R . o)
interval at 1550 C.

Comprehensive testing at increasing reduction time, in order to determine
a rate of reduction, was performed for slags Bll, Bl4 and Bl7 only.
These are also the slags that were more fully reported on in the section
: dealing with variations in viscosity and melting temperature under re-

ducing conditions. (4.1.1)

The effect of itemperature on the rate of reductiorn was only determined
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for these three siags as well, and once again, tlie emphasis was on slag
{=) s

Bl4, which was subjected to reduction at three different temperatures.

Miscellaneous veoxidaticn experiments were conducted on a plant slag
d also> on the reduced derivatives arising from slag-metal-graphite
‘reaction wheras the initial slag contained ircn and vanadium oxides in ad-

dition t9 the basic five components.

»4.2;5.1 Preliminary work

The composition of this slag was given in table 13. The results of
viscosity measurcments carried out upon it, were reported in section

‘|2-lc4-

The aim of the experiment described here was to determine an approximate
state of oxidation of titanium in a typical plant slag. The choice of
 the most emphasizzd reduction times, derived from a degree of reduction,
that were to be used for synthetic slags during measurementis of viscosity
and electrical resistance, was partially based on the result of this work.
~ Apart from the analytical results reported in table 13, the slag AV was

- separated into magnetic and non-magnetic fractions. The former was fur-

~ ther analysed for Fe and this figure was assumed to represent only
metallic iron. The remainder of the figure reported as F9203 in the table,
- was assumed to be in the form of FeG. The slag was also subjected to

: . e 1 Al
‘oxidation at 1100 C and the mass gain recorded.

It must further te borne in mind that the mass gain measured, cannot be
‘ascribed entirely io oxidation of lower titanium oxides. This can reason-
ably be done in the case of a reduced synthetic slag. In the case of ithe

plant slag, the following oxidation reactions had to be taken into account:

2¥e + 5/202 = Fe20_5............(1)
210 +%02 = 1?9255............(2)
v205 + 0, ” xr205............./5)
MnO + —5’)2 = f«ino2.............(4)
2000 +' 30, = OBD.......dedvislB)
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ge states of oxidation shown on the left hand side above, were assumed

o exist before reoxidation of the slag. Thcse on the right repressent th
onest state of oxidation, believed to exist after oxidation. If an
<idation state cther than the lowest was reported in table 13, it was
gonverted to the lowest form and the mass gain for its complete oxi-
dation calculated. The totzl of such results had to be subtracted from
the value obtained from thermogravimeiric analysis, to find the mass

rain due only to the oxidation of lower titanium oxides. The relevant

results are summarized in table 35.
35 Results of stoichiometry calculations for slag HV.

etallic iron content of &V = 1,922 %
0 content i j , = 0,32 %
Mol Ti per 100 gm slag : ' = 0,3868

f ags gain per 100 gm slag during oxidation : = 2,2 gn

Mol oxygen gain per 100 gm slag : &l 0053375

i

Mol oxygen gain for (1) = 0,052

i (2) = 0,003
L (3) = 0,008

(4) = 0,009

(5) = 0,002
Total (1) to (5) = 0,074
Molar oxygen gain for Ti alone e = 0,063
I Moles oxygen to satisfy TiO, =, 0,774
iActual moles oxygen availab;e for T4 i e OnTTL
0/Ti ratio ! = 1,839

- Although - this figure was useful in deciding upon the reduction times
- that were to be used for synthetic slags, direct comparison between HV
' and the synthetic slag Bl4 as an example, regarding viscosity as a func-

tion of reduction time, must be done with great cars:

5

whose effects on viscosity in this system are mostly unknown, bub whic

o
B

viscosity lowering effect of Fel was actually proved experimentally

(section 4.2.1.4)
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5(11} The compositions of Bl4 and HV differ, even with respect to the
five components Cal, MgU, SiOz, TiO2 and_A1205 eg. the basicity of HV

" is 1,53 , compared with 1,40 for Bl4.

ﬁ{iii) The analytical figures in tabie 13 suffer from uncertain degrees

]of inaccuracy

(b) The syanthetic slag M1/1 . 1

Primarily the aim of the set of experiments described below, was to follow
the rate of reduction of a titaniferous slag with respect to all reducible
oxides i.c. FeC, | TiOn and SiG,,‘by using a dual system of slag in

5

' contact with carton sa +urated iron. Secondzrily, it would allow the de-

 termination of a reduction time (on laboratory scale under the particular
set of experimental conditvions and relative o the starting composition
of the slag) which would be necessary for complete recucticn of FeO and
V205. The corresponding degree of reducition of TiOZ, when related to
- earlier experimental results, would give an indication of the state of
‘fluidity of the slag at the tims of satisfactory recovery of iron and
vanadium. It was intended to follow the course of reduction by analysis
- of both slag and meval.

1

A comprehensive study was envisaged, invelving mainly the starting

(4]
fd
o
By

composition and reduction temperature as wvariables.

Due to the high fluidity of titeaniferous slags and their extremely corré~b
g8ive action on refractory materials, the common problem of finding a

high temperature container for a slag-metal system, was an even mcre

acute one. Several unsuccessful attempts were made to construect a com-

pound crucible to hold the system.

The final procedure was the following: a graphite crucible was charged
L=
with a mixture of iron and sufficient carbon to saturate the iron at

2 X e g . .
1550 C. This was heated in the furnace for 2 hours at 1550 in an argon

atmospher An egual mass (25 gm) of slag containing both Fed and V035
was then added to the erucible contents znd allowed to react for periods

of 3C, 60 and 120 minutes, after which the crucible was guenched to rcom
D
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{This experimental procedure suffered from several drawbacks, including
‘{the fact that the reaction was extremely viclent. JYifficulty was ex-
perienced in keeping the slagz-metal system inside the crucible. More-
'ovér, the products were difficult to separate, as they consisted of the

- parent iron layer at the bottom and globules of metal of varying sizes
‘not cocalescing with the bulk, in addition to the slag layer. For pur-

. poses of analysing the results, the react tion between slag and dissolved
';carbon and-that between slag and free carbon would be impossible to sepa-

rave.

. For these reasons the single slag M1/1 was tested and all further work

- confined to slags reduced by carbon alone, as described befors.

. The composition of the starting slag was given in table 13. kesults of

. chemical analyses performed on the reduced slags are shown in table 3%6.

~ Table 36 Analyses of reduced derivatives of slag Ml/i

Product Mass per cent concentration

10 TeO V.0,
Original slag 16,40 5,88 2415
Slag reduced 30 mins. 17,14 0,39 QL 57
Slag reduced 60 mins. 18,33 0,30 0,18
Slag reduced 120 mins. 18,57 0,11 0,08

Agsuming the MgO to be unaffected by the reduction process, the per-
.centage reduction of FeQ and V 2 5 could be calculated. By further re-
oxidizing the slag at 11 100°¢ for two Lours in an oxygen atmosphere, an

approximate molar 0/Ti ratic could be found.

The same results are presented graphically in figure 11

N

-

On the basis of these very approximate results, it appears that titanicm
oxide is only appreciably reduced after the more readily reducible oxides

have been virtuaily completely reduced. Satisfactory recovery of iron

and vanadium corresponds ito an O/Ti ratio representi

£

ng only mild titanium
3

5 s 52,78 : G P | PR s sl O |
oxide reduciion. The time scale of these experiments and

The approximate degrees of reduction for Fe, V and Ti are given in table 37.
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 reduction of syntnetic slags would naturally be different, as the latter
up contained no FeC or V205 to screen titanium oxide. However, it
d be assumed that molar.0/Ti ratios in the region of 1,8 would be
?st important from an industrial point of view. This value was also

ndicated by the result described in (a) for the plant slag IV.
J P 2

It may 21so be noted that the well known lag of vanadium, as compared
with iron, was also indicated in this experiment.-

% reduction Fed % reduction V205 0/Ti

: slag . 0,0 » 0,0 2.00
:ag reduced 30 mins. 93,7 66,0 1,9
Jﬁiag reduced 60 mins. 95,6 94,2 1,8
_?ﬁag reduced 120 mins. 98,2 97,5' 1,7

The effect of composition upon rate of reduction.

Although mcore comprehensive data (shorter and ionger reduction times,
and different temperatures of reduction) are available for some of the
slags dealt with in this section, the resultls repcrted here will be
mainly limited to show the effects of composition variables after reduc-
tion for 460 minutes at 155000. The valuesg of O/Ti ratios will show that

such a cnoice was justified by the data presented in the preceding section.

(a) Basicity

Experimental results for the series Bil-Bl4-Bl7 are given in table 38

in the form of percentage mass gains obtained under the conditions of re-
oxidation as described before. These values were also converted to mclar
0/Ti ratios on the basis of negligible titanium loss from the system .

The reduction parameters were plotted against basicity ratic in figure 116.
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(Ca0 +Mg0)/Si0,

Figuré 116 The effect of basicity on degree of reduction, after
reduction for 60 and 120 minutes at 155000
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"Pable 38 The effect of basicity on degree of reduction, after reduction

for 60 and 120 minutes at 1550°C

'Slag (Ca0*Mg0)/5i0, % mass gain % mass gain  O/Ti 0/Ti

Yo. (60 mins.) (120 mins.) (60 mins.) (120 mins.)

B17 0,8 0,982 1,460 « 184 1,76
Bl4 e 1,125 1,628 1,81 1,73
B11 1,7 1,350 1,610 1,78 1,75

. At 60 minutes, the difference in the figures for Bi4 and B17, the two

- slags differing greatly in basicity, is surprisingly small. This remark
must be coupled with the analytical results that were given in table 13

- where it was shown that, after reduction for 120 minutes at 155OOC,_the

- loss of 5i presumably as 810 from B17, was appreciable. The figures in
table 38 appear to indicate that although reduction of titanium oxide is
. retarded by high concentrations of silica during prolonged reaction, the
two oxides are reduced on an interdependent basis and for shorter reduc-
tion times, silica is not reduced as severely from highly siliceoﬁs melts

as might be expected.

The shape of the line for 120 minutes, showing what might be termed the
"ultimate" extent of reduction, is more readily explained. The silica
content of B17 is approaching those of the two more basic slags and its
reduction is slowed down. 4t the same time, titanium oxide is more severe-
ly reduced. Bll and Bl4 have the same O/Ti ratio, thus showing the effect

of the relatively small difference in basicity ratio between these two slags.

(b) Ca0/MgO ratio

The series B1%-B14-Bl5 is used to illustrate the effect of the mass %
ratio CaO/th upon the reduction behaviour of titanium oxide. Experi-

mental resultis are shown in table 39 and figure 117.

Although the experimental figures are small and must necessarily involve
relatively large errors, higner magnesia contents dc give rige to sligntly
faster rates of reduction of titania. It must also be pointed out that

the three slags B13, Bl4 and Bl5 possess molar (Cal+Ms0)/SiO, ratios of
- -
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1,70 , 1,78 and 1,91 respectively, so that the line in figure 117 could
so approximately be referrea to the upper scale of molar ratio
{CaO+MgO)/SiOZ. This points towards'the possibility that replacement
of Ca0 by MgO on a molar basis at constant molar basicity ratio, may in

fact have very little influence on the rate of titania reduction.

X

Mable 39 The effect of CaO/MgO ratio on degree of reducticn after
reduction for 50 minutes at 1550°C
Ca0/Vig0 | % mass gain 0/Ti ratio
2 0,940 1,84
1 1,125 1,81
1 1,280 1,7

}(c) (TlO2 + A1203) content

The relevant reoxidation results for the three slags used for determining
the importance of this parameter in the reduction of titania, are presen-
ted in tavle 40.

Table 40 The effect of mass % (T102 + AlZOB) content on degree of reduc-

tion, after reduction for 60 minutes at 1550°C.

‘Slag Yo. (TiO2 + A1205) % mass gain 0/Ti ratio
A5 36,00 0,919 1,82
Bl4 44,00 1,125 1,81
€23 54,00 1,457 1,64

The figures in the last column are presented graphically in figure 118.
This shows that, according to these experimental results, an increase in
titania content at constant Ca0:Mg0:8i0, and (CaO+MgO)/SiOp on mass %
basis, from 30,2 (Bl4) to 37,18 (C23) had a more pronounceé effect on
the 0/Ti ratio than any of the other composition variables at the levels
of variation that they were tested. It must be borne in mind that the
increase in titania content was accompanied by a rise in the alumina

level in such a way tnat the mass » TiOz/A1 C_ ratio remained constant

.\.23
Bt 2,21, :
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4.2.5.5 General treatment of rate results

. For the general reaction of the type:

aXk + bY + €2 + wessseves = ProductsS cee.seeell)s

the rate of the forward reaction is given by: g
a b e

Rate = kCp . Cy . C; ...... Al 1 A

where the exponents a, b and ¢ are the orders of reaction with respect

to the relevant reactants, and k is a proportionality factor called the
rate constant. If the reaction is heterogeneous, as it is in fhis parti-
cular study, the rate is also propcrtional to the interfacial area between

the reacting species.

It will be assumed for the purpose of calculation that the reaction product

..
is 11203.

solely on the grounds that titanium oxide was in no instance reduced be-

The choice is almost entirely artificial, and was decided upon

yond this state. The corresponding reaction is:
i = T' T e e csensroevs0se0 0820 .
aTi0, + bC da 1205 + £CO (3)
It is realized that even though equation (3) may'represent the overall
reaction, a step-wise mechanism involving mainly the lower oxides of ti-

tanium between TiO and TiC may be more feasible. The rate may

1,67 2,00
be determined by an individual member of such a series of chemical reactions,
or by other variables such as diffusion, and is certain tb be dependent
on the rate of reduction of silica. DMoreover, the mechanism may be an
electrochemical one, or the rate may be determined by the rate of carbon
monoxide gas evolution, which might render it dependent on the surface
condition of the graphite. Virtually nc account was taken of these possi-
" bilities, except that it was endeavoured to:
(i) Keep the surface condition of the graphite a constant, by repro-
ducing the machining operation as closely as possible;
£ii) Using reduction temperatures which represented considerable de-
grees of superheating, so that at least initial viscosity differ-
ences were minimized;
(iii) Limit stirring action only to that induced by gas evoluticn and
(iv) Using a constant slag mass of 70 gm in every instance so that
the relative slag-reductant geometry was kept constant, if small

variations in slag S.G. are ignored.
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for the overall reaction represented by equation (3) the rate is expressed as:
d M. dC

40, ; Ti0,, X .
- = - $/100 aa o et T (CTioz) N (CC) PR -1
4 Mpi0 -
where 2 : ; in)
et = rate of consumption of Ti0, (gm/min)
= mass of slag {gm) -
ri0, = concentration of Ti0, in the slag (mass %)
CC = concentration of carbon
A = interfacial area (cm2)
k = rate constant.

Since the concentration of carbon is constant (with the reaction taking

place in a graphite crucible), it may be combined with the rate constant:

ot thoslope(ely®ng. bive, b vausd. 1. K00 (5)

Moreover, the slag mass and interfacial area were assumed constant and
equation (4) simplifies to:
[s [ 62

TlO2

e £ = k" (C

e ¢
it L G ARETRR. |

TiO2

where k" = (100 k' A)/S

(a) The crder of reaction

The value of a can be determined by using the logarithmic form of (6):

¢ Cns0,
1 5 _ - " ! 2 .
log ( I ) log k" + a log (CTiOZ) FLRYCIPRNINORN &
e CT102
A plot of log ( - —=——= ) agaist log C,.. should be a sitraight
dat T102

line of slope a, and tne intercept of the straight line on the 1y TiO2

ordinate should yield the value of k". HNumerical values to be used in

such plots may be obtained by fitting smooth curves to the experimental
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points of (%Tioz) against time, and determining the slopes of the curves
@t selected titania cocentrations. These siopes give the values of
4 Crio,

R

dt

at the corresponding values of C_._ .
T102

(b) Once the order of reaction is established, the value of k" obtained
#bove, can be checked with the aid of a direct plot of experimental points
without an intermediate'graphical step. This is accomplished by substi-
%uting the appropriate value of a in equation (6) a;d integrating between

the limits of concentration C0 at t =0 and C at time t.

For a first order reaction:
4 o " :
. log, €/ C = k"t RPSH SRR LT, |
"and a plot of loga C0 / C against t should give a straight line through

the origin and the slope of the line is egual to k".

fFor a second order reaction:
BAC red 1/cO  REA e iess L)

" Then a plot of (1/C - l/CO) against t should give a straight line passing

througn the origin, with a slope = k".

- This procedure also should previde a check on the validity of the value

of a inserted in equation (6).

From a knowledge of the interfacial area between reacting phases (4),

and of slag mass (S),.the value of k' can then be found.

(e) Activation energy

- In order to determine the activation energy for the reduction reaction,

),

the temperature dependence of the constant k' must be ascertained. These

two parameters are related through the Arrhenius equation:
k' = Aexp ( - B, P . G I

where A is a freguency factor and El is the activation energy. In loga-
&

rithmic form equatien 10 becomes:
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- log, k'= log A - E /RT ¢ S0iae 434 (),

Ao that a plot of log k' against 1/T must Ee a2 straight line, the

gﬁope of which should give the value of B

The treatment oulined above, was applied to the slag compositians Bl1,
?i4 and B17. Bll and Bl7 were tested at two temperatures each (15500

%Zd 160000), while Bl4 was reduced at three different temperatures

(1500°, 1550° and 1600°C), in order to determine the effect of temperature

on the rate constant k'.

indicated before, k' is obtained from k" through the relationship

(S kx")/100 A . An approximate value of the conversion factor S/1004
_bf .85 x 10-2 was used tnroughout. This figure is based on the assumed
values:
g Density of slag = 3,0 gm/cm3

Slag mass (S) = 70 gm, from which
A (slag-graphite contact area) = 38,2 cm2

4.2.5.4 The rate of reduction of slag Bll : (CaO+MgO)/SiO2 & 3T
(a) 1550°C

' The relevant experimental resulis as obtained from reoxidation of the va-
rious reduced derivatives as well as the unreduced slag, are given in
table 41.

Table 41 Rate results for slag Bll reduced at 155000

Reduction time % mass gain O/Ti z(7i )  =z(Ti0) ¢

3 2”3 Ti0,
(minutes) (%) (%) (%) (mass)
Y 0,283 1,95 14,0 9,4 4,7 27,4
30 0,940 1,84 46,7 31,1 15,6 20,8
60 1,350 1,78 67,0 44,8 22,4 16,7
90 1,500 1,75 74,5 49,7 24,9 15,2

120 1,610 1,73 19,8 53,4 26,7 e
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e table alsc includes the values of the molar O/Ti ratios of every

reduced derivative, calculated on the basis of the assumptions that:

) the mass gain during oxidation is due only to the oxidation of the
lower oxides of titanium and that the carbon content of the slag
is negligible,
no titanium is lost from the system during reduction and

(iii) the decrease in mass during reduction is small enough to be ig-

nored in determining the atom fraction of fitanium in the reduced

slag as compared with the unreduced one.

The value of z represents a percentage conversion of TiO2 to the various

lower oxides Ti 0 and TiO.. The concentration of 710, (CT'O )

%5 Tl .

Iwas calculated from the walue of z(Tl 0 ), which was assumed to be the

overall reaction product. This concentratlor measure. is shown as a func-

' tion of reduction time in figure 119. It will be observed that zero reduc-

‘tion time does not correspond to 30,2 % TiO2 which was the original tita-

nia countent of the slag as prepared. The difference is due to the loss

of oxygen from the slag in an inert atmosphere during premelting and

determination of viscosiity and electrical resistance. While every effort

was made to reproduce the thermal histories of the three unreduced siags,

- oxygen losses from these are small and errors can be expected to be com-

paratively large.

’ CTiO2
dt

of 'I'iO2 were obtained from the data presented in figure 119. These are

given in table 42. Rates were determined at intermediate reduction times

- Values of (oo ) corresponding to the various concentrations

that were not covered experimentally. However, the trends shown by the
concentration-time curves were considered sufficiently well-defined to

allow such a procedure.

- The figures in the last two columns of the table are presented in figure 120.
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;gble 42 Logarithmic rate data for slag Bll reduced at 155000

: . : i CTi02 # CTio9
}wductlon time C CT102 el log CTioz log - _maz__;
';(minutes) (nass%)
10 24,8 0,20 1,395 - 0,699
50 82 7 0,19 1,356 - 0,727
30 20,8 ; 0,17 ' 1,318 - 0,770
40 15,3 0,15 1,286 : - 0,824
50 17,9 0,13 1,253 - 0,886
60 16,8, 0,11 1,225 - 0,959
70 15,9 0,09 1,201 - 1,046
80 15,1 0,07 1,179 - 1,155
90 kD 0,05 1,161 - 1,301
100 14,2 0,04 1,152 - 1,398
110 13,9 0,03 1,143 - 1,523

(b) 1600°C

‘The experimental results were treated in exactly the same manner as those
- from the work at lower temperature in (a), and are listed in tables 43
» ﬁnd 44. Graphs representing the figures in these tables are given in

" figures 121 and 122.

' Table 43 Rate results for slag Bll reduced at 1600°C

; Reduction time % mass gain 0/Ti Z(Ti505) Z(Ti205) z(1i0) CTiO
(minutes) (%) (%) (%) (mass%)

0 0,283 1,95 14,0 9,4 4,7 27,4

30 1,139 1,81 57,0 37,8 18,9 18,8 .

60 1,750 192 87,0 58,0 29,0 12.,%

90 2,040 1,66 101,0 67,5 338 9,8

120 2,130 1,64 105,5 70,5 35,3 8,9
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Pable 44 Logarithmic rate data for slag Bll reduced at 1600°¢

A ? Cas0, | % Coi0,
Reduction time CTio2 e log CTi02 log - —% 1
__7(minutes) (massy)

10 24,1 0,28 1,382 - 0,553
20 2154 0,26 1,550 - 0,585
%0 18,8 0,25 ¥,274 - 0,602
40 16,5 0,22 1,218 - 0,658
50 14,5 0,19 1,161 - 0,721
60 P Q.15 1,104 - 0,824
70 11,5 0,12 1,061 - 0,921
80 10,6 0,08 1,025 - 1,097
%0 9,8 0,06 0,991 - 1,222
100 953 0,05 0,969 - 1,301
110 9,0 0,03 0,954 - 14525

Figures 120 and 122 show that the logarithmic plots can be divided into
two distinct sections, both of which can be approximated to by  straignt

lines.

Based on these results, the ultimate kinetic parameters for reaction (3)

were octained. These are given in table 45.

Table 45 Order of reaction and rate constant for slag Bll

Temperature (OC) k7 k! a
1550 4,169 x 1072 7,65 x 107 1,2
1600 1,098 x 10°2 3,11 2 1074 0,9

The values of the orders of reaction, a, given in the table, were obtained
from the slopes of the lines drawn for the initial period of reducticn.
Over this period an average value of close to 1,0 is indicated. The
existence of such a regicn appears to verify chemical reaction rate con-
trol. The transition to higher order (3 to 4) is not sharp. It may how-
ever be significant that it occurs, for the two temperatures o
after rather similar reduction periods (i 50 minutes for 1600° and 70
1minutes for 155000). The possible implications of a higher order will
be pointed out in a later section. The value of kiéOO is approximately
five times as large as that of k! -
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them are given in tables 46 and 47.

4.2.5.5 The rate of reduction of slag Bl4 -

(CaO+MgO)/Si02 = 1,4

- Table 46 Rate results for slag Bl4 reduced at lSOOOC

- ting temperature. Experimental results and calculated values based upon

This temperature represents the lowest degree of superheating of the ini-
+
~ tial slag for this particular composition (-1500). The same slag reduced

for 90 minutes at 150000 would eventually be only . 70°C above its mel-

. Reduction time % mass gain 0/Ti Z(Ti305) Z(TiZOB) z(Ti0) CTio2
(minutes) (%) (%) {%) (mass%)
0 0,227 1,96 115 T.5 3.8 27,9
30 0,500 1,92 24,8 16,6 8,3 25,2
60 0,880 1,85 43,7 29,2 14,6 21,4
90 1,070 1,82 55 52 s 14,8 1955
~ Table 47 Logarithmic rate data for slag Bl4 reduced at 15OOOC
4 Cpi0 Wirso,
Reduction time CT102 W log CT102 log - T
(minutes) (Qassg%l
10 26,6 0,12 1,427 - 0,921
20 TN 0,11 1,407 - 0,959
30 24755 0,11 1,386 - 0,959
40 2%45 0,10 1,367 - 1,000
50 2244 0,09 Ly550 - 1,046
60 25S 0,08 1,552 - 1,097
76 20,7 0,07 1,316 - 1,155
80 20,0 0,07 1,504 - 1,155

and 124 respectively.

The diagrams representing the data in tables 46 and 47 are figures 123
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(v) 1550°C
;{The relevant results are reported in tables 48 and 49 and figures 12% and 125.

vaable A8 Rate results for slag Bl4 reduced at 155000

Reduction time % mass gain 0/Ti Z(Ti§O5) z(Ti,0.) #(T40) ¢

2”3 710,
(minutes) (%) %) (%) (mass%)
0 0,227 1,96 11,3 5 3,8 27,9

30 0,724 1,88 35.8 4.6 - 18,3 22,8

60 1,125 1,81 55,7 40,6 20,3 18,0

90 1,385 1,77 68,6 45,4 22,7 16,5
120 1,628 1,73 80,8 48,0 24,0 15,7

. Table 49 Logarithmic rate data for slag Bl4 reduced at 155000

! S s, F e,
Reduction time CT102 75 Py log CTiO2 log - i
(minutes) (mass %)

10 25,9 0,18 1,413 - 0,745

20 24,1 0,17 1,382 - 0,770

30 22,5 0,16 1,352 - 0,796

40 20,9 0,14 1,320 - 0,854

50 48,5 0,13 1,290 - 0,886

60 18,3 0,11 1,263 - 0,959

. 70 17,3 0,09 1,238 - 1,046
{ 80 15,6 0,06 1,220 - N 200
§ 90 16,1 0,05 1,207 - 1,301
| 100 15,8 0,03 1,199 - 1,523

110 15,6 0,02 1,193 - 1,699
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(e) 1600°C

;;bles 50 and 51 include experimental results for the reduced slags

on reoxidation at 1100°C (see figures 123 and 126)

50 Rate results for slag Bl4 reduced at 1600°C

Reduction time % mass gain - 0/Ti z(TiBO5) Z(TiZOB) z{Ti0) Cr50
(minutes) ' (%) #) @ (massi)
0 0,227 1,9 17,5 75 3.8 27,9
20 O,Béo 1,85 45,1 29,2 14,6 21,4
30 1,000 1,81 49,6 33,2 16,6 20,2
B i 1,340 1,78 66,5 44,3 22,2 16,8
90 1,900 1,68 94,2 62,8 31,4 11,2
120 2,060 1,66 100,0 68,2 34,1 9,5
Table 51 Logarithmic rate data for slag Bl4 reduced at 1600°¢C
a Cygo, ( @ Cpy
Reduction time CTi02 N T log CTioz . log - - ~f?ﬁ;—i;
(minutes) (mass %)
10 w2y 0,28 1,389 - 0,553
20 21,9 0,25 1,340 - 0,602
30 19,5 0,21 1,290 - 0,678
40 4% 5 0,20 1,243 - 0,699
50 15,8 0,16 1,989 - 0,796
60 14,4 0,13 1,158 - 0,886
70 1550 0512 e - 0,921
80 125 0,09 1,083 - 1,046
90 11,2 0,08 1,049 - 1,097
100 18,5 c,07 1, 02% = 1 A5k
110 10,0 ¢,05 1,000 - 1,301

The derived rate parameters are summarized in table 52:




-222-

'Table 52 Order of reaction and rate constant for slag Bl4

Temperature (°C) a k" k' 3B x 107 log k'

1500 1,4 1,175 = 1072 2,15 x 107 0,5640 .. - 10,75
1550 LA s%:2,239 =10 4,09x 1072 0,5466 - 10,12
1600 1,3 5,754 x 1072 10,53 x 1072 0,5339 - 9,16

The value of the crder of reaction was again obtained from the straight
line drawn through the points for the initial period of reduction. Di-
 vision of the data into two straighi line portions of different slopes
may be considered somewhat artificial in the case of reduction at 150000
(figure 124). For reduction temperatures 15500 and 16OOOC, such a di-
; vision appears to be well justified. Again the order of reaction over
the initial period is close to unity. The transition poini where the
slope of the line changes drastically, occurs after a reduction period

of ¥ 60 to 70 minutes, as it did in the case of Bll.

- Also, table 52 shows that a temperature increment of 500 increases tne

. value of the rate constant k' by a factor of approximately 5. The same

. observation was made in connection with slag Bll (see table 45). Although
: three temperatures of reduction cannot be considered sufficient for re-
liable determination of activation energy, the values in the last two
columns of table 52 were plotted in figure 129. A straight line was fitted
to the three points, from which the activation energy of reacticn (5)

was determined as:

E, = 107K cals/mol

448 KJ/mol.

4.2.5.6 The rate of reduction of siag Bl7 £ (CaO+MgO)/8102 = 0,8
(a) 1550°¢

Results of reoxidation tests are given in tables 5% and 54. (see also

figures 127 and 128).
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‘Table 5% Rate results for slag Bl7 reduced at 155000

Reduction time % mass gain 0/Ti z(TiBOS) z(TiQOB) (i) ¢

Ti02
(minutes) (%) (%) (%)  (mass?)
0 0,255 1,96 12,6 .3 3,5 28,2
30 0,600 1,90 29,8 19,9 9,9 24,2
60 0,982 1,84 48,7 32u.5 36,3 20,4
90 1,238 1,79 61,4 41,1 20,5 17,8
120 1,460 2,76 7235 48,3 28,2 15,6
~ Table Logarithmic rate data for slag Bl7 reduced at ISSOOC
M CTiO2 - CTiOO
Reduction time CT102 e | Secm log CTi02 log - ~—=Fz =
(minutes) (mass %)
10 26,6 0,14 1,425 - 0,854
20 2950 O3 1,403 - 0,886
30 24,0 0,12 1,380 ~05823
40 22,8 0,12 1,358 - 0,921
50 21,7 0,12 1:337 - 0,921
60 20,6 0,11 133514 - 0,959
70 19,6 0,09, 1,292 —
80 18,7 0,09 dg2ia - 1,046
90 17,9 0,08 1,253 - 1,097
100 L5 0,075 L2555 - 1,125
110 16,4 0,07 15215 - 1,155

(b) 1600°C

BExperimental results for reduction times up to 90 minutes are given in tables

55 and 56. These are shown graphically in figures 127 and 128 as well.
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Table ¥, Rate results for slag Bl7 reduced at 160000

;Reduction time % mass gain O/Ti Z(TiBOS) z(T1203) z(Ti0) CTi02
(minutes) (%) (%) (%) (massi)
0 0,255 1,96 12,6 1,1 3,5 28,1
20 0,610 1,90 30,3 20,2 10,1 24,2
40 0,920 1,85 45,7 30,5 15,3 21,0
60 1,218 1,80 60,2 40,3 20,2 18,1
90 1,608 1,73 79,8 53,3 26,7 14,1
Table 56 Logarithmic rate data for slag Bl7 reduced at 1600°C
A CT102 | dCTio9
Reduction time CTi02 - log UTiOz log - ——ag——=
(minutes) (mass %)
10 26,2 0,18 1,418 - 0,745
20 24,4 0,17 1,387 - 0,770
30 22,7 0,17 1,356 - 0,770
40 21,0 0,16 1,322 - 6,796
50 19,4 0,14 1,288 - 0,854
60 18,0 0,135 1,255 - 0,870
70 16,56 0,125 1,220 - 0,903
0 15,3 0,12 1,185 - 0,921

The kinetic parameters derived from these, are presented in table 57.
b s

Table 57 Order of reaction and rate ccnstant for slag Bl7

 Temperature (°C) a k" k!
e -5 =0 5
1550 1,4 1,4153"°X"10 2,59 x 10
1600 I 5,495 x 1072 10,05 x 1077
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iigures 127 and 128 show that there is very little evidence of a se-

vere change in the value of the order of reaction for this particular slag
composition, as compared with the more basic members of the series.
Consequently 'a' in table 57 represehts the slope of the single straight

Jine drawn firough the points in figure 128.

Ca0 + MgO
8102 )
pjay be condensed to the values of k' for the various slags. At‘the same

In conclusion, the effect of basicity (as the mass % ratio

'time, the ultimate degree of reduction attained by every slag should be
important parameter.

Effect of basicity upon rate and extent of reduction of TiO2

(CaO+MgO)/SiO2 Temperaturé (°c) k' 0/Ti i
e 1550 T ety
1600 M x 1072 1,64 (120)
1,4 1550 4,09 x 1077 1,73 (120)
1600 1,05 x 1074 1,66 (120)
0,8 1550 2,59 x 1077 1,76 (120)
1600 1,01 x 1074 1,73 (90)

The figures in brackets are the reduction times in minutes.

At any given reduction temperature used, an increase in basicity ratic
leads to an increase in the value of k'. The large effect of an increase
from 1,4 to 1,7 as compared with the relatively small effect of the in-

crease from 0,8 to 1,4 was already pointed out in section 4.2.5.2 (a).

It is significant that only one of the slags in the table suffered reduc-
tion with respect to titanium oxide, beyond that represented by the com-
pound Ti505 (Bll reduced for 120 minutes at lGOOOC). Hven here the value
of O/Ti is so0 slightly below 1,67 , that it may be due to experimental

Error.
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5. GENERAL DISCUSSTCH

5.1 Reducing conditions and meliing temperatures

An important observation made during the present study is that reduction
by carbon severely increases the melting temperature of slags whose pri-

mary phase, in the unreduced condition, was the magnesium aluminium ti-

tanate 4(11g0.2T 10,,.18120, 0,

are generally acccmpanied by a tendency for the primary phase to change

that was denoted as M.A.T. These changes

towards the spinel I"IgO.Al205 On the other hand, those slags whose primary

phase is perovskite, io start with, do not show such a trend to any marked

extent, even when the melting temperature of the initial slag is low,

iIt was also pointed out that the thickened slags studied, can still be
glassified as very fluid, but that operation should not be based on some
very low liguidus temperatures measured under oxidizing conditions, for

glags lying in the M.A.T. phass field.

5.1.1 The Mg0-A1,0_-Ti0_, system and M.A.T.

285 2
The phase 4(Mgd.2Ti0 ) A120Z TiO2 has a composition lying on the join
7
Mg0.2T102 Al O3 9. These two end members are both isomerphous with
pseudobrooklte FeQOB.TiOQ. The phase relationships along this join, as

(91)

. ternary system, are given in figure 130. Above 1262°C, tne sub-solidus
b

reported by Boden and Glasser in their very comprehensive study of the
phase distrivution shows complete solid solubility between the two end members.
The variation of one X-ray d-spacing with composition, as given by the

éuthors, is shown in figure 131. The functional relationship is a linear

- one. with absolutely no sign of discontinuity. In the temperature inter-

fval lEOO to llOOOC (see figure 130}, the solubility of d1203'Ti02 in the

- pseuvdobrockite solid sojution falls from 85 to 25 mol %. A thermal in-

stability limit of Mg0.2Ti0O_ was not obvserved down to 750 C.

2

The two spinels, WgO.TiJZ (inverse) and MgO.A12O5 (normal), are also
completely miscible at t er temperatures. Tiie X-ray d-spacings of the
(solid solutions are Jnucpandenu of temperature and alsc a linear function
0 composition, increasing as the ngTlO content increases. The spinsls
cezse to be completely miscible below 177HO*. Futher decrease in temper-

b ature leads to the formation of agsemblages containing two spinel phases.
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The sub-solidus phase diagram of the system MgC-A 2 5-T i0..at 155000,
as given by Boden and Glasser, is shown in figure 132. Lhe following no-
tations were used:

= pseudobrookite solid solution and MgO.Ti02

= pseudobrookite + spinel solid solution + MgO.Ti02

¢ = pseudobrookite solid solution + A120w
Psb = pseudobrookite
ss = solid solution
M. 9. = W0 102

The region of homogeneous spinel solid solutions is also pertinent to
this work. The solubility of A1205 in sp%nel increases with temperature,
reaching - 80 % at 1550°C. (The alumina content of Mg0.A1,0, is 71,66 %).
The stoichiometry o TiO4 varies littie at temperatures nE to 155000,
and substitution of Ti into the aluminate spinel decreases the solubi-
lity cf excess al 0 The wedge-like shape of the homogeneous spinel
field is caused by the changing solubility of A1203.
It is very significant that the X-ray d-spacings of the ternary spinel
solid solutions go through the "wedge" almost parallel to the isc-magne-
sia contours. These lines, as determined by Boden and Glasser, show for
example that a spinel containing as mass % concentrations 32 % Mg0, 44 %

Al 03 and 19 /o P3¢

2 20

Regarding figure 132, it should also be observed that at high temperature,
- phases containing oxygen atoms in approximately cubic close packing are
favoured over those with hexagonal packing. The former include pseudo-
brookite and spinel solid solutions, the latter corundum and Mg0.TiC .
At lower temperature the phase field (pseudobrookite + spinel solid

tions) contract.

The proposed melting temperatures of the most important end members in

the system are:

21160 . Ti0 1752%  (92)
€ o. (92)

1g0 . T0,, 1630°%¢
Hg0. 2740, 1652°%¢ (92
o, (93)
MgO . & 35°¢c V2

g 1205 2155

\
41,0, .70 1860% \23)

has the same unit cell size as stoichiometric HgO.Al2O

AN
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5.1.2 Mineralogical composition of some titaniferous slags

(35)

- According to Reznichenko industrial high titania slags (of approxi-

mately Sorel type) are composed of:

(a) minerals of the ancsovite group consisting of a solid solation based
on the Ti305 structure {orthorhombic),

(b) minerals of the tagirovite group based on a solid solution having the
Ti203 structure (rhombohedral) and

(c) a glassy matrix.

The group of minerals actually formed, depends on the composition of the

slag.

The author proposed the following general formula for the anosovite group:
m [(’i‘i,Mg,Mn,Fe)O. 2Tio2} « O [(Ti, Fe,Al,Cr,V)203. T102]
The possitility of complete mutual dissolution is strongly suggested

by the variable valence of Ti in Ti305:
S PRI o W Wi KT
TlO.chO2 11305 —> 11203 1102

The formula proposed for the tagirovite type minerals is:

a [(Ti,Mg,l*’hq,Fe)O.TiOz_] %l B [(Ti,Al,Cr,V,Fe)ZOBJ

The existience of such a solid egolution series appears doubtful in the
light of the work of Boden and Glasser(9l) wnich indicated that MgO.TiO2
and A1203 are incompatible and do rnet form mutual solid solutions, in

spite of their structural similarity.

The available values of ionic radii suffer from varying degrees of uncer-
tainty, depending upon the technique employed to determine them (eg.
calculation from wave functions or determination of lattice spacings of
crystals where the type of compound introduces another variable).

The radii of those ions most pertinent to a consideration of the above

solid solution types, are listed in table 59.

Even when ithe obvious variations are taken into account, it appears that
the ionic radii for di- and trivalent ions are sufficiently similar, as

groups, to allow mutual substitution.
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. Pable 59 Ionic radii of selected metal ions

~ Ion Radius (%) Ton Radius ()
st 0,94 (b 15 B 0,76
ey 0,66 Feot 0,64
L2+ 3+ A

bn 0,80 Al 0,51
re® 0,74 o> 0,63

vt 0,74

-,

Forman, Prince and Bright, as quoted by Handfield and Charette('o), con-
cluded from their work or Sorel type slags, that the main constituents of
these slags nave one of the two basic formulae:

(a) FC.2mi0, (R = Mg2T, P2, 1)

(v) BO5.MH0, (R = Fot, M1, 137

These findings agree well with those of Reznichenko mentioned above.

I

The work on very high titania slags oulined in this section, is important
in this context insofar as the resulis can be expected to represent ex-

treme conditions in the present study.

8)

sliags of auproximate compositions: 20 - 22% Ca0, 8 - 10% g0, 15 - 18%

8iC,, 10 - b Al, 0zs 31 - 34% Ti0, . 1% FeO, 0,3% v, o and 0,25% Cr203,

Jochens( also mentioned that phase studies carried out on pilot plant

5’/

revealed that the primary phase was CaC.TiO,.. This was followed by

2
(M.a.T. + MgO.Al ). This sequence applies to an operation when a mix-

273
ture of limestone and dolouite was used as a flux. The order was reversed
in slags produced when using dolomite as a flux. These slags arose from

pilot plant testing prior to the commissioning of the Highveld iron plant.

(86)

M.A.T. phase was in many cases accompanied by "traces" of MMg0.81,0,. The
NE

2

In fact, Jochens during his work on synthetic slags, showed that the

latter phase could not be resolved microscopically.

5.1.3 The peroveskite and ilmenite structures.

CaC.TiO, is known to be a very stable phase. I

&
3 0] , : : O ny
of apploklmatelw 2000°C, compared with eg. FeO0.TiO, (1470 ), Mgl.Ti 2K153HJ)
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and. g0 41,0, (2100°

The perovskite structure is only ideally cubic, in which case the large
24 OF . : !

Ca~ ions occupy the centres of the cubes in the close packed arrangement
4B o AL . 3 2

with oxygen, while the smaller T14 ions fill the corner interstices.

el te ds : A ’ 2+ : . :
Tl1 is 6b-coordinated, wnile Ca hag a coordination number of 12.

In the ideal structure there is a definite relation between the radii of

A, B and O, if the general structure is represented by ABO3:

T, kP " g Iy + T

A 0 - ( O

Comparatively few compounds have the ideal cubic structure. Many, in-
cluding CaO‘.TiO9 itself, have distorted variants of lewer symmetry, so
that a more representative formula is:

B gl FigReq BUELSDLNS Y

A 0 ( B u)

A1l compounds of perovskite structure have t = 0,8 to 1,0. Lower values
of t lead to the formation of the ilmenite structure. TFor an ideal cubiec
structure, t = 0,89 and in the range t = 0,8 to 0,89 (in which perovskite

\ 5 . s v .
falls ), the tendency is towards monoclinic or orthornombic structures.

Ilmenite, exemplfying the ilmenite structure, is isomorphous withcﬂ—élgO5
and FenOB. MgO.TiO2 has the same hexagonal structure. The metal ions
&

are each surrounded by six oxygen ions.

It is also significant that, while solid state reduction of ilmenite is
=  ;
possible at comparatively high temperature, reduction is facilitated by

:

pre-oxidation to a pscudobrookite type structure.

ol Consideration of the reduced condition of slags in this stud
=S s

It was repeatedly indicated in section 4.2.5 that the oxygen content of
the reduced slags apparently tended to a level corresponding to the stoi-

chiometry of Ti 05, as the reduction time was extended. 1t wag also in-

dicated, although not proved conclusively, that the reduction product a

the slag-graphite interface appeared to contain a high concentration of

ihe same compound.

it was pointed out in section 5.1.2 that the disproportionaticn
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< : o i T
T10.2T¢02-———— i 05————> 11203 T102
in a system reduced tc a level whers the oxygen content is suitable, is

n
i

3
t
a feasible one. The two extremes are isomorphous with the end members

Mg0.2Ti0, and Al .T102 in the Mg0-a1,0,-Ti0, system, so that Ti2+ can re-

203 23

place Mg2+, and Ti 7% can replace Al &) in the magnesium aluminium ti-
te 4(Mg0.2Ti o FHia {5 1
tanate 4(Mg0.2T 02) “203 ri0,

Extreme replacement under severe ncn-equilibrium conditions as do exist
at the reaction phase boundary, must lead to the separation of a lower
titanium oxide. It has been shown that even in the oxidized state, the

spinel phase MgO.A12O accompanies M.A.T. when the latter is the primary

crystallization produzt. Replacement of Mg2+ by Ti2+, and of A15+ by

T13+ nust necessarily lead towards at lezst a change favouring the spinel
phase in the bulk of the slag. The spinel in its pure form, is a stable
high temperature phase. Lower titanium oxides at the molar O/Ti ratios

at which they are present in this system, are not believed to be congruent-
ly melting, but the general temperature where a true liquid is expected

" e s
to exist, is high (+1800°C).

This mechanism appears to be in acceord with the otservations made in this
study when the slag with the original primary phase M.A.T. was investigated
in the as-reduced condition. The primary crystallization product MgO.AlZOz
reported as being present in the core powders of such reduced slags, is d
not expected to conform stoichiometrically io the pure spinel, but rather
to be a member of the solid solution series containing MMgC, A1203 and. TiOZ'
The results of Boden and Glasser appear to confirm such a possibility,

when only X-ray diffraction results are used for the identification of the

crystalline phase.

However, the increased melting temperatures reporied in sections 4.2.1

and 4.2.2 referred to homogenized melts in which lower oxides of titanium
were not identified. The primary crystallization product consisted of
M.A,T. and spinel and the experimental evidence for the latter was very
conclusive. It is suggested that the lcwer oxides of titanium, conteining

.2+ A+ " , " y e . '
L and Ti” , were redistributed, a pseudobrockite solid sclution phase

A S &3 4 = = - sy F. ] =~ N\

of composition similar to the one suggested by Reznichenko (section 5.2.1)
constructed, and because of the mutual substitution the spinel phase
persisted. The effect of the substitutions on the melting behaviour of

the pseudobrookite solid solution is virtually impossible to predict, but
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the appearance of the spinel phase may reasonably be expected to give

rise to an increase in the liquidus temperature of the slag.

Those slags initially having perovskite as the primary phase, showed

little, if any significant rise in melting temperature upon reductiocn.

It was indicated tnat CaO.TiO2 is a very stable phase. Moreover, replace-
ment of CaQ by TiO, although configurationally feasible, would imply a
non-equilibrium oxidation state of titanium under the conditions obtaining
during viscosity measurement. While it is believed that CaO.TiO2 may
eventually be replaced by a spinel phase as the primary crystallization
product, reducing conditions employed during this study were not severe

enough to bring abcut such a change.

In conclusion, it is suggested that changes in liquidus temperature occurring

during reduction by carbon, are not simply related to slag basicity.

Such an explanation seems to be implied by eg. Gruzdev et al(58) (section

2.4.8). Instead, the solution must be sought in the nature of the primary

phase of the initial slag whicn in this study, was not determined by basi-

city only, but also by the Ca0/Mz0 ratio and the titania content of the

slag. It is however significant that the three highly acidic members

of the B series (Bl6, Bl7 and B18) had M.A.T. as a primary phase, regardless
- of the CaC/Mg0 ratio.

5.2 Reducing conditions and viscosity

5.2.1 A possible relationship between the rate of titania reduction and

viscosity

It was illutrated in section 4.2.5 that although first order kinetics,
believed to be associated with chemical reaction rate control, was followed
by the system over the initial reduction period, such a model cculd not

be used to interpret tae rate data over the entire period of reduction.
This statement appeared to be particularly valid for more basic slags.

For more acidic slags (represenied by Bl7) and possibly even for slag Bl4
(basicity ratio 1,4) when reduced at the lowest temperature (150000),

the linear logariihmic relationship between rate of titania reduction

and the apparent concentration of TiO, in the melt, was maintained for

2
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even prolonged reaction.

It was also shown in section 4.1.1 that viscosity is a function of the time
of reduction. During reduction at temperatures up to 155000 the viscosity
of the three slags Bil, Bl4 and B17, with the basicity decreasing in this
order, showed an initial tendency to decrease. This was followed for the
two more basic slags, by "thickening". The viscosity of B17 4id not in-
crease. When the reaction temperature was raised to 160000, the viscosity
minimum disappeared in the case of Bl1l, became less pronounced in the case

of Bl4, wnile Bl7 now became less fluid during prolonged reduction.

If a slag "thickens" appreciably relative to its initial viscosity, it
is reasonable to expect that the apparent rate of titania reduction will
become dependent on transfer of oxygen from the bulk of the slag to the
reaction interface. BSuch a transition may be accompanied by a change in
the order of resaction from unity to higher orders. If diffuvsion is to
become the rate limiting step, a treatment of the rate data as outlined

below, suggests itself.

Still referring to the reaction:

ali0, + bC = dPi 0, + £CO TRyt AL

B2
the rate of reaction is given by:
d Cpi0 Dpio -4
—2 = —2 o (1) - o )] (12)
r at P § 710 Ti0, “tithiiae
2 2
: o - e £ B0y - Ve el
where DTi02 diffusivity of +102 in the slag,
A = interfacial area,
6 = effective boundary layer thickness at the
slag-grapnite interface,
e pa i) = concentration of TiO_, at the interface,
T102 2
Cri0 (b) = bulk concentration of Ti0,.
2
if Cai0 (i) is assumed to be negligible, equation (12) becomes:
Ever gog,t) B, whosh
Ti0, P10, ,
—t s < - R TVFPCINES & 1
at Py - TLOZ/ g

The diffusion boundsry layer will only be of constant thickness (5) #f

there is no gas evolution. In the present system, this condition is not
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fulfilied. On the contrary, the rate of agitation of the melt by bubbles
of carbon monoxide and possibly silicon monoxide will be a function of
both silica and titania reduction rates. If it were possible to assume
that é was a function only of s CTiO2 s Wagner's (94) proposed empiri-
dt

cal relation might have been useful:

[d CTiOQ) =F
713 PSRN,

o~
I

where j and p are constants.

Substitution of equation (14) into (13) leads to:

d Cpio Dpio, * Cpig, | Y/ (2-P)
2 - Al-P 2 2
at g

. L B l.—
3 (15)
An approximate value of the order of reaction might be obtained from the
kinetic data presented before. Substitution into equation. 15 would give
a value of p and the apparent rate constant would be expressed in terms

Bf A, D

750 and j. However, D,

5 1102
lateé to viscosity through the relationship:

A = conet,/n PORRARNTISNCY . 5

T
=
according io Yavoyskiy(9j).

is not a constant either, but is re-

Accordingly, a relationship was sought between the apparent rate of titanium
oxide reduction and the viscosity at the reduction temperature. The rele-
vant results are presented grapﬁically in figures 133 to 137. PFor those
slags showing a well-defined "thickening" period, there exisis a linear
relationship between viscosity and reduction rate - Bll reduced at 15500
(figure 133) and Bl4 reduced at 1550° and 1600°C (figures 135 and 136
respectively). . The illustrations for 814 (150C°) in figure 134 and for
B17 (155OOC) in figure 137 were included merely to show the lack of any
obtvious relationship between the two variables. As was expected, this
.linear correllation existed approximately over the region where a first
order rate law was shown previously nct to apply. Similarly, it was
absent over the time iatervals where first order rate control was sug-

gested by the experimental data.

These results therefore strongly suggest +that the reduction of titanium

oxide from titaniferous slags is initially chemical reaction rate controlled.
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Reduction is accompanied by "thinning" of the slag until a fluidity
maximum is attained. Beyond this point, further reduction gives rise

to an increase in viscosity for highly basic slag compositions. VWhen
such thickening becomes apprecable, the reaction becomes self-inhibiting

due to a change in the rate limiting step.

5.2.2 The effect of composition upon dependence of viscosity on degree

of reduction.

Be2:2+17 (Basicity

It was illustrated by means cof figure 116 and subsequently in sections
4.2.5.3, 4.2.5.4 and 4.2.5.5 and particularly with the aid of table 58,
that an increase in the basicity ratio (CaO + MgO)/Si02 caused an increased
rate of reduction of Ti02 from series B slags. t was also pointed out
that slag Bl7, the most acidic composition in the series, was generally
more severely reduced in terms of a molar 0/Ti ratio, than might be an-

ticipated.
There is a change in the nature of the rate limiting step of the reduction
reaction as more basic slags begin to thicken. This change is absent in

the case of slag Bl7.

If the reduction behaviour of titanium oxide in the slag is to be respon-

sible for the variations in viscosity that were observed, to any appreciable

extent, then a link must exist between the oxidation state of titanium

in the melt and the following outstanding conditions:

(a) the point where the rate of reduction ceases to be chemical reaction
controlled,

(b) the point where diffusion appears to start controlling the kinetics
of the reaction and

(¢c) the voint where the slag begins to thicken appreciably.

N I , o} . ey
For a reduction temperature of 1550 G, the two more basic slags exhibit

very clear experimental evidence for such a link. Ior both compositions,

the 0/Ti ratio corresponding to points (z) and ) has an average value

/.<
>

of 1,80 and the value of 7 1550 at this apparently critical oxidation
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state has s value of approximately two times that of the unreduced slag
" £\ - . .

at the same temperature. Point (c) cannot be expected to coincide with

(2) and (b), as the existence of an initial viscosity minimum was proved

for both slags.

The effect of a rising liquidus temperature was taken into account when
the viscosities of reduced siags were reported_(see_eg. figure 89 b . for
slag Bl4). The possibility does exist that, with a2 diminishing degree
of superheating of slag Bl4, = plot such as that shown in figure 135 and
that in figure 136 may show the trends indicated there, sclely due to
rising ligquidus temperature of slag Bl4. Consideration of the almost
identical benaviour of BEll, wnose liquidus temperature was not greatly
influenced by reduction, rules out effectively the argument that might

be raised in connection with Bl4.

However, comparison of figure 133 (Bll) and figure 135 (Bl4) shows taat

im,

the reaction rate - viscosity line for the latter has a slightly greater
slope. 'Tnis indicates that ¥

ne rate of reduction of T102 from slag Bl4
is influenced to a greater extent by an increase in viscosity than thae
corresponding varameter of 311. This may be due to an increased degree

of ordering for slag Bl4, not fully reflected in its viscosity.

The critical points mentioned above and the O/Ti ratio corresponding o
them, can be expected to be altered by an increase in the temperaiure of
reduction or the temperature where viscosity is measured. For the same
1 and Bl4), it was found that the 0/Ti ratio corresponding

and (b) was reduced to & 1,73 when the reduction temperature
g > .0

was increased to 1600 C, visecosity being reported at the same temperature.
At the same time, the value of N 1600 corresponding to such a degree of

reduction, increased to three times the value of Q of the unreduced

1600
slag. ©Such a temperature dependence is to be expected, as the rate con-
stants of reactions controlled by both chemical reaction and diffusion
should be related to temperature by Arrhenius type equations. The extent
to which temperaturs influences the rate is largely a function of the
particular system. Investigation of figures 135 and 1%6 (blaa Bl14 reduced
at 1550 and 1600°¢ respectively) reveals that the slope of the rate-
viscosity line is decreased by an increase in the temperature. This sig-

nifieg that viscosity becomes relatively less important in the determina-

o R S 1a e o I s et b | 3y e el 3 1- T
ticn of the reaction rate, as tne temperature is raised. On industrial
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scale it means that "thickening" is less likely to retard the reaction
Y

when the temperature is high.

tittle mention has so far been made of the acidic slag B17 with

(Cel + MgO)/SiOO = 0,8, It does not conform to the general rules proposed
above, but the significance of the O/Ti ratios 1,80 and 1,73 does not
entirely disappear. These two values correspond to a reduction time of

90 mimmtes at both temperatures of reduction used (15500 and 160000).
Pigures 104 and 106 show that the viscosity of the slag in such a state

is either levelling out or beginning to increase.

It is suggested that the behaviour of Bl7 invclves an aspect which was
not covered in this work - that of silica reduction to mainly Si0O. In
this connecticn, reference must be made to table 13 where it was shown
that very significant losses of silicen occurred during reduction of Bl7.

This does not apply tc slags Bll and Bl4.

Figure 127 illustrates the fact that titanium oxide is reduced from Bl7
at a2 rate that decreases little as time goes on. This gives rise to the
unexpectedly high degree of ultimate reduction and must in part be attri-
buted to the continuously decreasing viscosity, because although slag be-
haviour was generally divided into regions of chemical reaction and dif-
fusion rate control, neither of these mechanisms can be considered pure.
A reaction of the former type may be influenced by the fluidity of the
liquid medium. The increase in fluidity is partly due to the remcval

of SiO from the system. A decrease in silica content of the magnitude
shown in table 13, for this system, gives rise to marked decreases in
viscosity.. This is borne out by the results reported i ection 4.1.2:%,
At the same time, the concentration of TiO2 is raised, which was also
shown to improve the fluidity of slags at least under oxidizing conditions.
Silica reduction also affects the rate of titania reduction by means cother
than the two consequences above, both causing greater fluidity. DMore se-
vere bubble agitation must necessarily aid the reduction of titania in

a relatively viscous slag. Moreover, the resuitant increase in titania

level should have a similar effect, judging from the curve in figure 118.

# ) . . R :
Slags Bll and Bl4, when reduced at 1550, pass through a fluidity maximum
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at an O/‘i ratio of approximately 1,88. Tables 3 and 59 give the values

of the radii of titanium in its various valency states. During the reduc-
tion sequence Ti4+———+ Tis+-—~+rT12+'there is evidently a marked decrease
in the cationic field strength I. If a high cationic field strength is
accepted to be associated with a low coordination number and a>pro-

nounced network forming tendency, progressive removal of oxygen from these

titaniferous melts must give rise to enhanced fluidity.

In section 2.2.5, an attempt was made to offer an explanation‘for the

high fluidity of titaniferous slags under oxidizing conditions. The
possitle effects of cxygen contents, that in the solid state would corres-
pond to non-stoichicmetric rutile, was also ifdicated. It was further
zuggested that even tetrahedrally coordinated titanium could not possibly
give rise to a viscous slag by a mechanism comparable to that which con-

3+

trols the action of Al” .

As was indicated above, small decreases in silica conitent of these slags
cause measgurable reductions in viscosity. While appreciable silica losses
were reported orly for the most acidic slag, such losses cannot disappear

entirely when more basic slags are reduced by carben.

Furthermore the manner which a metal oxide affects the viscositiy of a
siliceous melt, is a function of itwo very importanti parameters:

(a) the oxygen contribution made and

(b) the nature of the other metal ions present.

On a molar basis, the titanium oxides TiO,, TiO and T4O0 contribute

2 145
oxygen anions as showr by their stoichiometries, if the availability of

oxygen towards network modification is assumed to be the same in all

cases.

Removal of oxygen from the system in this case rot only affects the beha-
viour of titanium ions, but also that of other ions whose coordination

may be much more critically affected by such a change. A good example of

: B 3+ : , —
these in the slags examined, is A1°7, It is now well known that in the

system Ca0-£1.0
=

-

-5i0_, tne Ca0/A1_ 0O, ratio markedly affects the viscosity
J < & D

In the light of these comments, it is suggested the viscosity minimum



-245-

so frequently reported in this work, is associated with:

(a) The disappearance of any trace of tetrahedrally coordinated titanium.
The viscosity lowering effect of this is not great (the trough is
a shallow one), because of the mixed and predominantly higher coor-
dination already existing and because of the mild change brought
about by a change in the coordination number of titanium.

{(b) Small losses of silicon as Si0 from the system.

The overridingly important "thickening" effect is due to the loss of oxy-
gen from the melt. Not only does this lead to more extensive sharing of
oxygen cetween silicate tetrahedra, but also possibly to a change in the
role of alumina. The lowered field strength of titanium ions in the melt
is almost entirely cancelled out by these effects. The role of Tiz+ even-
tually formed to a2 considerable degree, should then be seen as cne of

network distortion with very pronounced "bridging'.

The effect of a high initial silica concentration is:

{(a) to retard the rate of reduction of titanium oxide and

(v) to actually cause a decrease in viscosity during reduction due to
the removal of SiC. The overall effect is to delay the start of the

thickening process down to 0/Ti ratios as low as 1,7.

Finally, while every effort was made to avoid the formation of titanium
carbide during this investigation, it is very logical that it will be formed

eventually, more readily in a basic slag.

5.2.2.2 Ca0/Mg0 ratio

; . ! Nl A ; . : o}
It was illustrated in figure 117 that reduction for 60 minutes at 1550°C
had a more pronounced effect on the O/Ti ratio of the slag as the mass

% Ca0/1g0 ratio was lowered.

Slag Bl3 had an O/Ti ratio of 1,84. Figure 85 shows that the viscosity
60

minimum has been passed, but the fluidity at minutes is very close to

that of the unreduced slag. If in this range of slag compositions, the
viscosity minimum is still taken as corresponding t O/Qi = 1,58, while
"thickening" to the extent where it can begin to influence the rate limiting

the reaction, corresponds to O/Ti = 1,80, then 1,80 <1,84 <188,
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glag Bl4 ie recduced to a level where O/Ti =1,81 i.ee.1,80<«1,81<<1,88

1

and its viscogity after 60 minutes is unmistakably above that of the

unreduced slag. (see figure 89 b)

. In the case of Bl5, O/Ti =1,79. Its viscosity after reduciion for 60

minutes was nct measured, but if the values for 30 and 45 minutes (figure lOO)

are taker into account, the value of 1 1,450 (60 minutes) will be very con-
ot

Si

erably above tue corresponding parameter of the unreduced slag.

o

Reoxidation experiments were not carried out on slags B10U, B12, Bl6 and
B18, so that it is not possible to provide correllations for the series
B12-B11-B10 and B18-B17-Bl6, similar to the one for B15-B14-Bl3 given above.
However, for B12-Bl1-BlO, figures 83, 81 b and 78 a again show the dele-
terious effect of high magnesia contents. As the CaO/MgO ratio is reduced,
(B10 to B12) the fluidity maximum eventually completely disappears, which
probably means that it cccurs at a reduction time shorter than 15 minutes
for Bl2. In general, the trough is very shallow for all three slags, due

to the high basicity.

The general trend fcr the series Bl16-B17-Bl8 is similaf, if the very aci-
dic nature of the slag is taken into account. Again B18 (Ca0/Mg0 = %

is the only slag which shows any sign of an increased viscosity, although
gven here, 1 has not attained, after 45 minutes, the value of 0

/ 1L+50
of the unreduced slag.

L+50

The  comments above are based on metal oxide concentrations expressed as
mass per cent. This is desirable from an industrial viewpoint. However,
it was pointed out in section 4.2.5.2 that the composition variable in the
case of B13-B14-B15 could equally well be altered to a molar basicity ratio
(Ca0 + Mg@)/SiOz, as far as degree of reduction is concerned. The same
argument could be used to explain the effect of Mgl in increasing the
fluidity of unreduced slags. Consequently, the deleterious effect of mag-
nesia in connecticn with thickening may be partially or entirely explained
by the fact that a decrease in Ca0/MMg0 ratio as used in this investigation,
simultaneously meant an actual increase in basicity of the slag, a factor
that is known to increase oxygen activity, rate of reducticn and conseguent-

ly thickening rate.

Another factor that may have to be taken into account is the fact that



D=

Mg2+ has a greater field strength than Ca ZT In the unreduced slag this
would tené to cancel out the effect of the increased basicity which ac-

companies a decrease in the Ca0/Mg0 ratio, and explain the small effect

of such variation on viscosity. In the reduced slag, Mg2+ may be expec-
ted to nave a greater "bridging" effect than Ca2+ and hence to aid the

thickening process in the system of diminished oxygen concentration.

5.2.2.3 Mass per cent (TiO9 + AlEOB) content

Table 40, when compared with the grapnical data in figures 74, 89 b and
109 for sliags A5, Bl4 and C23, again shows that there is good correllation
between degree of reduction and viscosity. iowever, the O/Ti ratioc of

c23% (1,64) appears very low after reduction for 60 minutes at 155000, and

the increase in viscosity illustrated in figure 109 appears particularly

drastic. This apparently magnified version of the expected trends is
thought to be due to two factors:

(a) The increased concentration of Ti0, from 30,2 % to 37,18 % (B1l4 to
C23) is bound to have a pronounced effect on oxygen activity and
consequently rate of reduction.

(b) The change in titania concentration is accompanied by an increase in
alumina content from 13,80 to 16,82. In an oxygen ion deficient liguid
structure, A13+ may be forced to enter into 4-fold cocordination to

a greater extent as the Al,0, concentration is raised.

23

5.2.2.4 Oxides more readily reduced than TiO2
The graphically presented results in figure 110 and the numerical data

reported in section 4.2.5.1 are now readily interpreted.

The C/Ti ratio of the plant slag was calculated as 1,84 (1,80-41,84-<1,88).
Such a slag is not expected to be thickened. This was confirmed by vis-

cosity measurement.

FeO is suggested to act mainly in two ways during the reduction of s

titaniferous slag:

(a) It screens T102 from reduction by carbon, much more effectively than
8102. This is borne out by the results given in table 37.
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(b) Residual ¥eQ provides oxygen ions to the melt which must serve to

lower ihe viscosity. This was shown in figure 110.

5.2.3 Comparison of results with those reported in the literature

Many of the conclusions reached by earlier investigators, that were repor
ted in section 2.4, although generally in agreement with the results of
this investigation, are incomplete. This is due to the failure to dis-
tinguish between true thickening and an increase in the melting temperature
ol the slag. DMoreover, it was not always clear whether or not titanium

carbide was present in the melt.

[
Mikhailov and Belyakova()2) (section 2.4.2) found that addition of TiO
or T12O3 increased the viscosity of voth acidic and basic siags. No

mention was made of the melting temperatures of the slags.

Semik(5 ) (section 2.4. 3) found that reduction by carbon initially lowered
the viscosity of blast furnace type titaniferous slags, but tanat the vis-
cosity was raised subsequently. The thickening effect became pronounced
only when the titania content approached 30 %. TiC was found present in

the reduced melts.

The author agrees with the conclusions reached by Delve, Meyer and Lan-
ar(Sl),section 2.4.4. Blast furnace slags of low Ca0/8102 ratios and
hizh oxygen potentials as do exist in the bosh region of the furnace,

should not cause opsraticnal difficulty. Even the increased viscosity

eventually attained, can cause no such difficulty. Froblems in blast

furnace operation are almost entirely due to formation of TiC and Til.

As pointed out in section 2.4.5, the work of Ohno and Ross(la> did not
clearly show the relative effects of a change in viscosity and of a possi-
ble increase in liquidus temperature or precipitation of such high temper-
ature phases as TiC or Tili. The fact that basic slags were reduced faster
and yet "thickened" at a slower rate, seems to indicate that the "thicken-
ing" that they observed, was mainly due to an increase in tne ligquidus

tempercature or to the precipitation of carbides and nitrides.

Even so, increased temperature, increased titania concentration and a
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higher alumina concentration all served to increase the thickening rate.

McRae(Qj) section 2.4.7) reduced slags at relatively low temperature to
illustrate there was an increase in the melting temperature. The viscosity
was found to be slightly lower than that of the slag under oxidizing con-
ditions. A maximum mass gain of 1,28 % was reported when reduced slags

wre reoxidized. As the author did not detect TiC in his reduced slags
either, a calculation by methods similar to those used in this work, in-
dicates an O/Ti ratio of 1,83 corresponding to the figure above. olight-

ly reduced values of viscosity are therefore not impossible.

The research work carried out by Gruzdev et a1(58) (section 2.4.8) revealed
that both acidic and basic slags were thickened after reduction for 5 hours
at 1600°C. They also reported changes in ligquidus temperature. Such
severe reducing conditions were not used in this work and the formation

of TiC might have been considerable. However, the same authors also repor-

ted that addition of TiC'2 and T1203 to a parent slag both caused increa-

ges in fluidity, the effect of the former being more pronounced. As they

found Ti203 to increase the liquidus temperature of acid slags, but to

reduce the liquidus temperature of basic slags, consideration of parti-
cularly the former in conjunction with the effect of Ti20z on viscosity,
/

appears to indicate a phenomenon similar to what was found during this work.

(59)

Handfield, Charette and Lee (section 2.4.9) added similar quantities

of the various titanium oxides to a base slag. They concluded that the

capacity for network modification was raised when TiO_, was replaced by

2

Ti205 and that T1203 appeared to be a better network modifier than TiO.

Recalculation of the composition of the slag containing 20 % titanium oxide

Q
.

reveals that it would contain approximately 20 % Si02, 28 % CaC, 14,5

MgO with very little Al Taking into account the relative effects of

0. . o]
£ D
these oxides as suggested on the basis of this investigation, the results

obtained by Handfield et al are not surprising.

5.3 Reducing conditions and electrical conductivity

The conclusions derived from earlier experimental data, as summarized in
sections 2.5.1 and 2.5.2, present a confusing picture. Russian research

work was concentrated on high titania slags containing both titanium and
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iron oxides. DMore fundamental data resulting from attempts to separate

the effects of the two semiconductors are seriously lacking.

(64)

glags lowered the conductivity of the melts. This agrees with the results

(67,68) f

of Denisov, Degtyarev and Reznichenko®

Reznichenko and Balikhin reported that FeO additions to high titania
ction 2.5.2). There is
no clear explanation of whether the higher conductivity of low-i'e0 slags
is associated with the greater degree of reduction of titanium oxide
which necessarily follows and whether the two oxides exhibit similar
mechanismg of semiconduction at least in slags. Iron oxide is known to
owe its semiconducting properties to electron exchange between Fe2+ and
Fe§+. A4 similar mechanism seems to be indicated for titanium by the

; el {65)
work of Musikhin et all 5’.

Nikitin et 31(96) however showed that addition of TiO2 to Fel lowered the

éonductivity at 14OOOC. The effect is less marked than those of §SiO

A1203 and CaO0.

27

2
3 ’ . 3 >+ +
As might be expected from the mechanism of semiconduction, Fe“ and Fe3

represent limiting conditions in slags containing iron oxides. At either
x =0 0orx=1werex-= Fe5+/Fe, ionic conduction is the unique mode of
charge transfer. It was shown in section 2.6.1 that the value of x = 0,5
frequently corresponds to a conductivity maximum associated with electronic
conduction. This is to be expected. Other results reported in the same

2 e
section(70’!/ revealed dependence of such properties as viscosity, 1li-
quidus temperature and electrical conductivity upon the ratio x, bui
generally the effects were the reverse of what was found for titaniferous
slags in this work, at least as far as the first two properties are con-

cerned.

Molten oxide systems containing titanium oxides in different stales of re-
duction lack the simplicity of iron oxide containing systems due to the
absence of a well defined boundary condition. This ig best appreciated

if the electrical properties of the solid titanium oxides are considered.

s crgpd by
¢l205 and Ti0

4]

The electronic conductivity of these oxides is closely connected with the
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-

3+

contraction of 3 d metal ions (eg. Sc” ', T13+, V3+ o* 1

L M and Ber )
conjunction with the decreasing feasibility of a 3 d band due to overlap-
apd FeZO

ping. In the above series, Cr O are normally insulators.

2:3 3

(a) Ti0, (configuration dp)

2

&

If a 3 d band exists, one would expeét it to be normally empty. Electrons
may be supplied to the 3 d band by excitation from imperfections or from
the filled 2 p band. The Hall mobility of rutile is approximately 1,0
cm2/V.sec., and it decreases in the normal manner with increasing temper-
ature. There are also indications that the forbidden energy gap is in-

creased beyond 1200 K.

(b) TiO (configuration d )

Apart from T102 the only oxide with very clear evidence of a 3 d band is
TiO. It behaves like a metal, indicating the existence of a parulally
filled 3 @ band. Room temperature conductivity is high (1L 3 500 ohm —cm l).
The mobility is comparable to that of T102 and it increases slowly with
decreasing temperature. Conductivity alsc decreases in the ratiO'7/12

0,7 to Tiol,Z' This is to

be expected if the change in stoichiometry is accepted to cause an egual

as tne oxygen content is increased from TiO
change ir the number of 3 d electrons in the 3 d band.

(c) TiZOB (configuration dl)

The conductivity increases as the temperature rises and mobilities are

considerably lower tnan for the other two oxides.

From this brief review, it is at least clear that the Ti - O system does

s y
not have the relative simplicity of Fe-0, regarding the nature of the cur-
rent carrying mechanism. Observed conduction appears to be the combined

expression of three mechanisms instead of two.
5.%.2 Relation between degree of reduction end resistivity
Electrical resistivity measurements were carried out on the full range of

reduced derivatives of slag Bl4 only. Table 60 gives the values of the

fer s : 5 ’ i) e
molar O/Ti ratios of the slags that were reduced at 155C°C, together with
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resistivities at the same temperature.

Table 60 Electrical resistivity as a function of degree of reduction -

slag Bl4 reduced at 1550 C

Reduction time Molar O/Ti P 1550
(minutes) (ohm cm)

0 1,96 0,535

30 1,88 _ 0,452

60 1,81 L 0,405

90 1,77 0,350

120 1,73 0,360

The same information is presented graphically in flgure 138. The

abscissa was modified to the quantity x = (2 - 0/Ti).

The curve that was fitted to the experimerntal points is well représented
by the quadratic:
P = 2,32x - 1,54z + 0%9

There exists little experimental evidence for a parabolic relationship.
The function is merely one good representation of observed data over the

region tested. The approach is based on that of Engell and Vygen as

outlined in section 2.6.1. They based their assumption that the contri-

bution of elecfronic conductlon in the iron oxide containing slags must

! 5+ ;. ; o b i !

be given by bx (1 - X) where x = Fe5 /Fe, on the fact that the number of
; O 2+ . g : a

nearest neighbours of ﬂe5 to an Fe“  ion is proportional to x(1 - x).

~. 1 ~ . . 5 1 . .
Such a function has a maximum where x = %, which appears correct in the

&

light of the accepted mechanism of electronic conduction for the system
considered. The value of the maximum of the overall conductiviiy -
relation will be unaltered only if the influence of x on ionic ccenductivity

is negligible.

The above equation has a projected minimum at x = 0,33. This is remarkable

as this corresponds to the stoichiometry of Ti 0. or Pi0.Ti, O gr 102010
¥ 3 2.2 2
a result, it would appear
& ’ X Yok . : ) L4+ e I
that an eketronic conductivity optimum is moved to between Ti apd, Ti”
rather than being in the range Ti”% to Ti%t, 4s vas pointed cut before,

o

If any significance is to be attached to such
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this apparent minimam will only be truly important in connection with

electronic conduction if ionic conduction is independent of x. The con-
dition will deteriorate through the stages of linsar to non-linear de-
pendence. Consideration of viscosity data of the same slag appears to
point towards the latter ssibility, unless icnic conduction is more sever

infiuenced by carriers other than titanium ions.

Too little experimental information is available from this work for this
gystem and too few reliable reports are available from the literature on

4 5 -}

the more elementary component titaniferous and non-titaniferous systems,
ow any definite conclusions on the ionic mobilities and elecironic

conduction properties. It can only be concluded that there is a signifi-

cant decrease in the electrical resistivity as reducing conditions are

intensified over the range of 0/Ti ratios of intere:
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Steel and Vanadium Corporation. The results he Russian research

i o o
workers show that addition of iron oxide at least to high titania slags.

raises the resistiviiy of the melt., This may indicate that in the gysten

ot

congisting mainly of iron and titanium oxides, the contributicn of iron

oxide to electronic conduction is small compared with that of lower ti-

taniun oxides, so that the action of FeQ becomes more related to that of
b

Ca0, which has a similar effect on the overall conductivity.

u



6. INDUSTRIAL SIGNIFICANCE

6.1 Operational problems and some corrective measur

ag

The symptoms of difficult

in chapter 1.

operation at the Highveld iron plant were outlined

These could possibly be summarized as high electrode

position, "boiling slsg", gas eruptions and difficult slag tapping.

The addition of corrective materials during smeiting
ture of operation.

(98) .

taken from a report by Hejja

Table €1 List of corrective materials added

is a regular fea-

Standing orders will change, but the following was

Dressing materiel Mode of additicn Purpose

Ore Isually with lime and silica To correct resistivity.

It oxidizes excess C in
burden.

Lime Mostly with iron ore maintaine target basieci-
ty, increases slag tempera-
ture.

oilica Un its own or with fluorspar Increases slag fluidity,

On its own + 1 hr before

tap, or with silica

On its own or with ccke
(under electrode for smelting
dowr: burden). May be added

with scrap

Screp On its own or with Fe-Si
Coke On its own or with Fe-Si

for' eorr

Corrects
inproves

tration.

O

electrode pene-

1}

Controls "boiling"

nigh resisti-

n burden resistivi

hours
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natural in view of the increase in the thickness of the slag layer.
If corrective materials are added in this instance, these are ore and

lime.

Due to btreakage, all electrodes may not be of equal length. The control
system iries to maintain balanced operation and corrective measures rust

be taken according to electrode pecsition.

Vhen 21l elecirodes are high, a condition that may arise when a furnace
is severely "overcarboned", little appears to be achieved by material
additions and in the extreme case the feed would have 10 be stopped, the
furnace blanked off and the contents smelted down. Coke could then be
added at the exposed electrode tips before recharging.

Severe slag "boiling" was thought to call for addition of fluorspar for
greater fluidity, iron tc react with some of the oxygen that is thought

to be evolved in abnormal quantity and ferrosilicon to provide extra heat.

A no-siag tap is not immediately followed by blanking off the furnace.

A combination of silica and fluorspar is added as corrective measure
These materials are alsc used later when & tlank-off proves necesgary.

When the taphole becomes blocked during tapping, oxygen lancing and the

snooting of lead bullets into the taphole are used as remedies.

8.2 bome researcn ventures conducted svecifically in connection with

the iron plant at Highveld

6.2.1 Laboratory investigations

-’

< 8,86 (2% ; .
The work conducted by Jochens( ,86) and by McRae' -’ was described in

chapter 2. The former author determined liquidus temperatures and primary

f slags whose cempositions were based on the ind ns from

Lde
Q
o
cl
=
O

o}

pilot plamt work. Dolomite was shown to be desirable as a flux, judging
from the liquidus temperatures measured under oxidizing conditions.
Mchae devermined ihe visceosities of slags of similar com
under coxidizing conditions and showed that these slags possessed extra-

Il

I ey - B 3 ey TS o * e - il e -~ - 33 ~ 4% - 43 $ 170
ordinarily high fluidity. His test work also indicated that the melting



temperature of the slag might be increased under reducing conditions.

It has already been pointed out that the sulphur capacities of slags of

compositions similar to those used by Jochens and McRae, as determined
(60)
zing atmozphere consisted of CO, 002 and 802. In this respect, changes
in liquidus temperature may be considered the more important modifying

by Pothas, might have been influenced by the fact that the sulphuri-

influence. 4althougn a CO-containing atmosphere is not likely to causse
marked slag thickening, it may well cause thinning. If the sulgphur capa-
city is considered to be a function of basicity in terms of oxygen availa-
bility, bearing in mlnc the desirability of C q+, some of the trends in-

dicated by Pothas may now be more readily explained.

When tests were conducted at SOOO avove the initial slag liquidus, a de-
crease in CaO/M)p ratio caused an initial increase in sulphur solubility,
followed by a substantial decrease. Slags of high CaO/MgC ratic are less
likely to undergo an increase in ligquidus temperature. This may account

tio

,L‘

for the iritial rise in sulphur capacity, as a decreasing CaO/ﬂé
effectively means an increase in mclar basicity ratio. Greater fluidity
over this initial range (up to C"“/uJOﬁvl) may have a similar effect.

The drop in sulphur capacity can only be due to an increase in liquidus
temperature of high-magnesia slags. This could be aided by the fact tnat

-
i

the test temperature would be higher for these slags cf higher initi

25}

liguidus temperature so that reduction of T102 was promoted.

: et A TIPS 2.0 . PR - S
When the tests were carried ocut at 1550 C, the initial rise in sulphur
solubility became less pronounced. This is suggested to be due to a

higher degree of reduction of titania and reduced oxygen activity.

The same author slso found that replacement of TiO2 by Si02 decreased the

sulphur capacity very drastically when the ratio SiOZ/TiOZH'l,E. On either

]

side of this, the changes are more gradval. The tests were conducted at
.0 . : ; 45 ] A :

1550 C. The general trend is understandable. Again, there may be cranges

in primary pnase involved, the slags of higher SiO content being more

likely to undergo an increase in ligquidus ter‘eraTurh during reduction.

o’
(0]

Levelling cut of the curve when approaciing a ratio of 2/1 may also
agsocliatad with Si02 shielding Ti0, to such an extent that the role of
- —

titanium oxide is restored to what it would e in a truly unreduced slag.



The initial virtvally constant sulphur capacity would -then be explained
by exactly the opposite effect operative in low-Si02 slags.
A

The work carried out by ﬁenniek99} is very pertinent to any attempt at
.asgecsing the industrial significance of the results of the present in-
vestigation. The auvthor measured the electrical ressistance of synthetic
prereduced burdens and of burden components used irn the arc furnaces at
Highveld. The measuring cell consisted of a graphite crucible with

central graphite electrode cf 25,4 mm diameter and constant conducting
surface area. A line frequency impressed current - voltage measuring
circuit was used. All measurements were made under argon. The majority
of the tests were done on material in the size range 3" to 3".

~

The composition of the synthezic discharge material was:

Ore - 4,584 Xg
Reductant : 0,690 Kg
Doliomite : 0,534 Kg
Silica : 0,192 Kg
These proportions are almost identical to those given in chapter 1,

as representing plant practice.

The characteristic variation of the resistance of such a charge, with

temperature, is shown by the solid curve in figure 139. (The reductant was
charred coal). There is a rapid initial decrease in resistance, thought
to be associated with semiconduction. In the range 1100~ to 1400°C the

resistance is relatively high. 'This was attributed to la) chemical reac-

[

+ion with accompanying breakdown of conducticn lattices and (b) sintering,
which causes the charge to draw away from the elecirode. This is followed
by iecnic conduction in a liguid medium, wnich is modified by the presence
of metal. The curve obtained for prereduced ore alone was very similar

to the one for the synthetic burden, except for the "hump" that was zbsent,
so that the general shape for the latter type of charge must be determined

primarily by the characteristics of the ore.

Various reductants were used in conjuncticn with the remaining charge
components. Replacement of charred ccal by coke did net bring about any
major change ir. the general shape of n figure 139. The "reaction
hump" disappeared however, indicating ke may be less reactive. An-

thracite gave higher resistance above

L \)“’
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content.
An increase 1in the carbon content of the burden lowered its resistance
over the entire temperature interval investigated. A decrease in bur-

den carbon had the opposite effect.

A change in the size range of the ore has considerable influence on the

i 0 J : < o 3 .
resistance bhelow 600 C, an increase in size giving lowered low-temperature

resistance. This is due to the smaller number oi conduction paths.

Figure 139 also shows that mcre intense prereduction leads to decreased
burden resistance. The author attributed this to greater concentrstions

o
of rel

)

nd metallic iron. The same diagram also includes resistance
values for a plant slag just above its liquidus temperature. It is very
significant that the resistance of the slag differed little from thati

of the smelted charge. This seems to indicate only a small difference

between the resistances of the initial and final siags. The slag resis-

tance also differed little from that of much colder sclid burden materisl
These comments must be seen in the light of the facts that:

{(a) considerable bubbling can be expected to take place in the slag and

(b) the resistance of the smelted burden would be markedly influenced by

the presence of metallic iron.

The composition of the plant slag was: 16,6 % Ca0, 15,7 % Mg0, 21,0 %

$10 0,93 % V,0c, 31,1 % Ti0, and 3,3 % FeO.

o 1443 % 41,0 Ocs

2 -k i

6.2.2 Counclusions derived from plant data

my g - N (10(})
The statistical analysis given by Howat, Jochens and Barcza
covered the period mid-1968 to November 1969. The most important points
emerging from the correllation matrix that was computed, were:

(a) The sulphur distribution coefficient increased with an increase
in basicity and the best correlliation was obtained when basicity was
expressed as the mass % ratio (Cab*PnO\/(glﬂ +AL u +m102>, when the
/
eorrellation coefficient was 0,64.

(b) Slag sulphur content also correllated well with CaOQ/Mg0O ratio:

/~\
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N

vanadiuwn in the metal
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There wag also



~261-

(V] = -0,255 (CaO—’rI'IgO)/SiOZ + 1,50

(d) Finally, it was found

e

;hat there was strong positive correllation

between the F=0 content of the slag and the various basicity reatios.

The authors commented on these findings in the lignt of fundamental re-

. : ' . 8,86
search results that were available at the time on liquidus temperaturesg 86)

b U
visccsities, \23) and sulphur capacities.6o duch comments included the
apparent ancmaly indicated by the behaviour of the titaniwm ion, where
desulphurization and basicity ratios are concerned (possible 4-fold coor-
dination) and that indicated by the low viscosities of the slags. The
authors alzo suggested that higher basicity ratios gave rise to slags

of higher liquidus temperature and that thereby the superheat in the slag
in the vicinity ofthe electrode was decreased. This in turn would

rise to melts of higher viscosity which would hinder direct reductior

of FelO by carbon.

Generalizations of this nature have little value when the results cf the
present work are taken into account. Depending on the degree of reduction
of the titanium oxide in the melt, the anomalous low viscosities may not
exist. Wenending n the primary phase of the slag as predicted from in-
VeSulgathhS conducted under oxidizing conditious, an "acidic" slag may
eventually possess a liquidus temperature above that of a "basic! slag.

~

FeO is known to be reduced faster from basic slags. This means faster
reircval of the shielding effect of this oxide for titanjum oxide in the
melt, which already lacks the retarding effect of 8102. In basic slags
the reduction reaction was shown to become self-inhibiting at least witn
respect to titanium oxide. Final reduction of FeO from the slag phase

and particularly of vanadium oxide, must be expected to fecllow similar
trends. PFinally, the increased reduction rates associated with more basic
slags lead to lower values of electrical resistivity and indeed eventually

to lewer degrees of slag superheat

For the period end-1969 to June 1971, a similar analysis was carried out

A e (101
oy members of the research tean at Highveld )

The most important
conclusions were:

(a) Increased slag basicity resulted in increased carbon and silicon

4 g 3 2 : o f - Ty a Sty 9 iy £ 1 ok as ~.

contents of the pig iron, but the vanadium content of the latter
ot 4 4 £ SN, B PR 3
was not materially influenced.
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(b) an increase in the coal/ore ratio in the kiln feed material in-
creased the carbon and silicon contents of the metal. It appeared
that the slag basicity probably exerted greater influence on the
carbon content of the metal than did the coal content of the feed:

[9¢] = 0,003 Coal + 2,635 B - 3,088, where Coal = lb/ton

of ore and B = (C aOTMgO)/~1“

{(c) It appeared that high carbon and silicon contenis in the metal were
associated with high power consumption.

(d) Skull iron losses depended on carbon and silicon contents of the

hot metal:

% Skull iron losses - 6,9095 [%c] - 3,2965 [%ci] + 49,4807

ton produced

(98)

Further plant tests were also described by Hejja. /A possibility that
was investigated was the addition of hematite instead of magnetite as

: 5 i . . (102) . : v
electrode dressing material. It appeared ° * that vnder good Iurrace

conditions, hematite by itself was sufficient to maintain gcod operation.
Under conditions of difficult operation this did not apply and limestone
had te be added to secure betier metal chemistry even when the electrodes
were snort. The conventional magnetite additiors were later retun=zd to,

ag it was cuggested that hematite would cause fasicr electrode ccnsumption

due to its greater reactivity.

It was also suggested that a portion of the coal added to the kiin should
be replaced by coke added at the discharge end of the kiln. The suggss-
1

tion was based on the possibility that many of the operational probl
might be due to small carbon particles fleoating in the melt. These would
by their mere physical presence, reduce the resistivity of the burden
and cause high electrcde position. It is now known that the elec
preoperties of an overcarboned slag will differ from those of a normzl slag
much more markedly than might be anticipated on the basis of extra carbon

only.

It is obvious that the fixed carbon in the furnace feed should constitute
a major factor determining the process in the furnace. Carboan enters the

kiln both as pulverized coal and as actual charged coal reductant. Hejja
pointed out that the prereduction of the ore at a given coal input to the
4+

kiln depends on the feed rate and quoted an example hased on a statistical

icular kiln:

(..l.

survey for a part



Tons/hour : Prereduction
kiln feed (%)

-

In this connection, the author pecinted cut tnat the process was designed

(0]

for 45 - 50 % prereductior and that the furnace might be overloaded at
times, especially at higrn kiln throughput rates.

Hejja also indicated that pile-up of contaminants in the furnace, parti-
cularly in the form of electirode carbon might be the main trouble source

in furnace operation.

6.3 The importance of slag meliing tempersture

The 1iquidus temperaturs of the slag must necessarily be highly signifi-
cant on its own. .This was pointed out in chapter 1. However, in work of
the present type, its influence on the properties viscosity and electri-
cal resistivity with respect to temperature profiles existing in the fur-

nace, is of equal importance. For this reason, the possible importance

of slag liquidus temperature will frequently recur in sections €.4 and
6.5 dealing with resistivity and viscosity respectively.
s LI08T S : 5
Hejja made an attempt to estimate the radial temperature profil

around an electrode of & rsctangular six-in-line matte smelting eleciric
furnace. Assuming that under the electrode in the slag layer, there

existe a "disc" of material of definite thickness, over which no vertical
tempzrature gradient exists, that steady siate radial heat transfer takes

vlace and that there is no turbulence, he derived the following differen-

m m ma
4 7 OT nll - 1a {1 )
.._.—7). + .]/‘:' — —*——""'_‘—2' - 53 ..11-0\1./,
2 !
dr ar k
where T =  temperature at a distance r from tine centre of the disc

and thus from the axis of the electrode,

-

Ta, = the minimum allowable temperature towards tne periphery

N i S A A e
0L the Gl1s8C,
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h = convective heat transfer coefficient and

k = thermal conductivity of the slag.

Apart from the doubtful validity of such a model even for the system in
connection with which it was derived, it is realized that ite application
i

to a pig iron producing furnace can have even less claim on validity. It

l

will simply be endeavoured tc show the pessible erffect of a varying slag

liguidus temperature on furnace operation, on the basis of one idealized

medel, with little regard for absolute numerical values.

-
=
&

- Ta =y and h/k = 0, equation (1) becomes:
2 .

5 S.¥ - & 2

d + T osr - Ty =, 0 cesserel2d

This repressnts a form of the modified Bessel function:

a0 L ogafy o 1 AEREI. SO, .

the solution of which is:

Fige | S IO {rfs) + Czko 5 e RN R

The first term on the right hand side can be eliminated zs IO increases
with increasing value of the variable, while the temperature should de-
crease nore or less asymptotically with increasing r. The final form of
the solution is then:
T-Ta = 0,k T 5 R .Y

The value of the constant C, was evaluated for every selected vaive of
Ta, assuming the ratio ¢ = 0,67 and

the temperzture at the periphery of the 1,6 m ‘iaﬁeter hot zone

: . X 0
below the elecirode = 1900 C in all caces.

Different values of Ta were chosen on the basis of slag liguidus tempera-
0 o5 , s (o8
ture {(as 50 C below this temperature). The values of slag liquidus.

2 that were selected, were:

\ i = . . - - . ) oy :

(a) 1350°C - the average liguidus temperature of "low melting" slags in
this investigation (m asured under oxidizing conditions);

5N RS 5 I . AW \ 5 |
nj) 1450°C -~ ligquidus. temperature of "high melting
fmeasured 1

1 A 3 TE S S 1 3 ~133 At e
and also the ultimate ligquidus

temperature of slags reduced by carbon at 1550 €, if their melving

=

tenperatures were influenced by reduction and the initial values

sere close to 135G C.
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880,

1550°C - 1ihe melting {temperature of slags reduced ai 1600° for
comparatively long times, even when iheir initial liquidus tempera-
tures were "low". This again presupposes dependence of melting tem-

perature upon degree of reduction.

alues of C, corresponding to these different levels of Ta are

735 and 590 respectively. . Table 62 shows the radial temperature

distribution from the electrode axis for the different values of Ta.

Table

N

52 Radial temperature profile in an imaginary slag "disc"

iy o e 5 o]
T for Ta=13500 T for Ta= 1400 T or 1221506
O .. »
¢) (°c) (°c)

1900 19C0 1900

1,0 X775 1797 1818
1:5 1564 1660 1677
240 1454 1529 1603%
245 1392 1477 1562
550 1548 1444 1535
542 1334 1429 1523
4 30 1524, 1418 1514

The same information is presented in figure 140.
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e radius of the reaction zone is to be determined by the maximum

nece cver which the slag will be above its liquidus temperature,

an 0e seen to decrease through the values 3,0m , 2,9 m and 2,7 m as

&,

1

4 - . 0 ;
value of Te increases from L)O( thro 14“0 to 1500 C. . A} furngees

d be designed according to the lowest melting point slag for satis-

ry lining protection. If a slag of uniformly higher liquidus tem-
ure is used, the reaciicn zone must shrink. Such thinking is base
2 assunption that t uid

£ 3
t be gtated that eg
o)

of = 125070, will

4 o = a
Sorandivr on tha
C. depen C111Z On thne

o

reduce the value of R

ibrium high melting slag from the region between the electrodes on
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g0lid or semi-solid material ai much lower temperature dictated by
the iiguidus temperature of the virtually unreduced slag near the lining,
is a possibility. A crust formed in this manner will not be readily re-
mevable during subsequent taps involving possibly "corrected slags" of

lower melting temperature.

If the region between the electrodes is considered, an even more alarming
situation aris With a centre-to-centre electrode separation of 4 m,

the circle of 2 m radius round each elecirocde becomes important. At this
o

distance, the superheat of the slag varies according to the slag liguidus
. L rl b, Tty <0 . 0
temperature. The slags of liquidus temperatures 1350, 1450 ané 1550 C
.98 5 2 PRI O
would be superheated, according to the model above, by 100, 8¢  and

0 . ; : SR : o
50°C respectively. An increase in liquidus temperature due to reduction
by carvon in this region is a very real possibility. With the high tem-
peratvres obtaining in this area, degrees of reduction may well be attain-

ed locally, that could exceed those corresponding to liquidus temperatures

e o :
of 15507C measursd under severe reducing conditicns. In zn overcarboned
slag such a concition will give rise to the formation of "craters" around
the electrodes. When such craters bridge, the slag will become confined,

leading to uncontrolled reduction of titanium oxide mainly by eliectrods
vi, Fressure build-up telow the crust due to gas esvolution may con-

ceivably iead to an eruption.

uidus tenmperature shown 1o occur during the course of

=y
o
o
o
w
o
3
~
-
=
2]
3
o

observed in fully homogenized slags. Such conditions cannot be expecied
to exist in the severely non-equilibrium state described above.

o~ '

So
pnases must then also include refractory lower titanium oxides and even-

Althougn slag behaviour could, under experimental conditions, be traced
back to the primary phase of the unreduced slag, this will have limited
value in the actual system. Even slags with perovskite as the initial
primary phase must eventually undergo these changes although they possibly

4 e .
.t a2 slower rate.
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6.4 The importance of slag resistivity

In principle of cperation, the submerged arc electric furnace used for
producing pig iron, is very similar to those used for the production of
ferrc-alloys. It was pointed out in chapter 1 that there is no absolute
e as to the relative impurtance of arc- as opposed to resiztance
(104,1C5)

d
heating in these furnaces. Some authors claim that the latter

mechanism predcminates.
On this basis the burden resistance appearz to be a functicn of:
(a) the electrical resistivity of the burden and

(t) the geometry of the ele

£ )

c*‘
O

Qo
D

n
<

(0]

ot
O

=

=21

.

Numercus attempts I

o)

ave been mads to formilate a "cell constant" k, which,

for a homogeneous system, could be used to calculate burden resistance

!

through the fundamental relationship:

R = PK ..ooeu.u(6), vhere P = burden resistivity
The Andreae concepiv: k = E/Iﬁ'D AP W implies linear de-
pendence of resistivity on electrode diameter. Many later approaches to

the problem were bazsed on this idea.

cording tc Schwarz von Bergkampd

where P . = slag resistivity,
fo
L = immersed length of electirode and
D = elecirode diameier.
L e 107) . S S P s
ha]lvara-nllssn( 'Y proposed the following value of k on the basis of single
phase experiments whers the conduction path was from the tip of a brass

electrode %o a brass plate, through a salt solution:

apetant 024
3517 - =
. 0,1517  f— o
LS iy - D ) ...o.<v--\9/
/ Os4§
(»/D)
/
- P) = depth of electrolyte below the electrode tip.

- . e 08 = 3
Downing and brwaﬂ(l o proposed a formula for k for ferro-chromium pro-

: n
ucing furnaces:

oY



R

1~ ( - 2
i > + D/2 {1+ D/25 + (D/28)° + ....
1k (s/o + {(s/p)° - 1 L }.

where H = electrode immersion,

2]
]

centre-to-centre elecirode separation,

=
I

electrode diameter.

In gereral, toc little significance has been attached to
(a) the heterogeneity of the burden material in the furnace and

3

(b) the different conduction paths between the elcctrodes.

(109)

significant. According to this author, the upprer region of the furnace

b ©

In tnis context, the work carried out by Urguhart s particularly

would tend to behave as a delta connection, whiist the lower region weould

conduct electricity as a mixture of star and delta connections.

In order tc define the possible conduction paths, the values of k were

measured for thres phase - three electrode sysiems. In the experimental

5

arrangement, the electrolyte was a standard solution of scdium chloride

of known resistivity, and brazss electrodes vere used. Balaced line fre-
gquency vhree phase power was maintained across the electrodes by thres

single phase variable transformers. The cell resistances were determined

from line vcltages and currents. 4 star point wag provided by a mercury

pool at the bottom of the glass beaker containing the elecirolyte. The

conduction surface could be limited by blanking off either the sides or
the tips of the electrodes. The ratio of pitch circle diameter to slec-

trcde diameter was kept constant at a value of 3,C.

4

When cnly delta conduction was possible, the cell constent was a function
mainly of the sclution depth. When conduction could only take place from
the electrode tips, the cell constant was found to be related to the

electrode diameter (D) through:

k = 2,46 D i+ esiscrmens » st i 1)

~o

into 25 mm sections and

(0]

ctrod

@

By dividing the submerged depth of ele
using the corresponding valuve of k for delta conduction above the electirode
3

tips (imoving the variation of burden resistivity with tempera
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pattern of power dissipation in this region could be calculated. This
wag done by assuming an overall depth of electrode immersion in the

~ ferro-chromium furrnace and evaluating the currents carried by all the
25 mm thick resistors in parallel, assuming a consitant inter-electrode -

vecltage.

For the region below the electrode tips, a cell constant was also known,
burden resistivity here was assumed constant and a similar calculation of
%

he delta/star conduction could be performed.

The author found that Juot over 50 % of tne power was dissipated below
the electrode tips and that about 75 % was dissipated over the lower 300
mn of electrode (overall immersion 1500 mm). The total values of power

and current agreed well with those mesasured for furnaces in cperation.

A

dissipation in a pig iron producing furnace. The burden resistance as
P Pig P &

(99)

determined by Rennie » together with slag resistivity values as deter-

mined in this work could be used for the purpose if the feollowing ob-~

stacles could be overcoma:

~~

)]

The actuval depith of immersion of the electrodes under conditions of
optimum operation must be known.

(b) The temperature profile in the burden along the immersed part of ihe
electrode is another urknown.

{¢) The resistance values of Rennie must be converted to resistivities.

The temperature varlatlon from the burden surface was adapted from the

$5ieh S (10 )

suggestions cf Bezobrazov et al and Urquhart 2 in such a way as

5 % W o A i D 3

to have a burden surface iemperature of TOO C. At the level of the elec-

A 3 ; ks o =
trode tips the temperaiure was assumed to be 1550 °C. This suggested an
immersion depth for stieady near-tap operation of 1250 mm. The proposed

temperature prcfile is shown in figure 141.

¥
e
o3
[
D
a
M
(4
o
2

rmined the resistance of one slag just above its liquidus tem-

1

perature, This is shown in figure 139 ¢ er with the resistance of the
The composition of this particular slag was fairly
use ine

slag Bld of this study. as it was decided to

0

o

n cf slag Bl4 as a datum point in this exercise, a value

A similar approach could Dbe employed tc form an idea of the pattern of power
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of the cell constant of the equipment used by Rennie, was determined by

s

equating R = P k, where R = resistance of the plant slag as measured by

& L@
Rennie at 1370 C and '

P = resistivity of slag Bl4 (unreduced} measured in this work,
so that 0,324 = 0,926 k

0, 330 Cm-

The proposed burden resistance curve (figure 139) was smoothed, not to
show the "reaction hump". This is not entirely Jjustified as scmething
of this nature may also occur in tne actual furnace. Beyond a tempera-

~~2 " : _ o
ture of 1400 C the slag resisitivity was used. Resistivity values for our-

den and slag are shewn in tabkle 63 and figure 142.

(6]

Table €3 Posgible resistivity values of the burden in an electric

furnace producing pig iron

Temperature
o
i) (ohm cm)
600 3,510
1GC 2,340

800

900 1,400
1000 ; 1,180
1100 1,092
1200 1,007
1300 0,920

-
N
(@38
& F1

1400
1500
1550

O .0
o @
NN
O A

(o
-
1
N
wn

The immersed electroac depth was divided up into 25 mm layers, repre-

senting resistances in parallel. For each of these, the cell constant

: ; ! . : (109) . ) :

was assumed to be 0,175 cm = after Urquhart'™ “’. For the region below
the electrode tips where mixed conduction takes place, the cell constant

was calculated from equation (11) with an electrode diameter of 1,6 m,

as k = 0,0067. The temperature below the electrode down to the slag-

=
g
U1
Y
[

-t I 1 s s 3 - N )
ssumed constant at 1550 C, Eleectrical paramelers
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correspcading to the steady operating depth cf immersion was assumed to

be VE/B = 10V

Ve/5 AT

"culations based on the above, resulted in a power dissipation profile
as shown in figure 143. The figures in the last column represent the
percentage power dissipation over the 300 mm burden depth indicated,
except the value 3,1 which is for the last 50 mm of penetration and

45,1 which refers to the region below the electrode.

The total current calculated in this manner, comes remarkably close to the
target value for steady operation corresponding toc the voltages mentioned

above. (90 - 100 kA)

Even so, the suggestion is best intexrpreted as a possible model of

atum steady operation at a particular current, voltage and burden depth.

- Qs

t will be used to give some idea as to the effect of changes of siag

tivity (oy changing the composition of the unreduced slag) as well

H

es

PJ

o

as to show a poscible effect of slag resistivity changes due to reduction
of titanium oxide in the slag. This will be done as a start, by assuming

the same temperature profile and electrode immersion for other slags and

Q\

calculating either an excess or a d=ficit in overall power, compared with
the datum operation represented by unreduced Bl4. If constant current
(and power) corresponding to such operation is to be maintained, the
calculated change in total power or current must cause a change in elec-
trode penciration. The estimated s=xcess or deficit was assumed to be
directly proportional to electirode movement. Such an exercise must be
interpreted in the light of its basic aim. Presentation of the results

in the form of total resistarnce would have the same significance.

Finally, a change in the unreduced composition (with accompanying change
in resistivity) was assumed@ to be effective at all temperatures above
140005, while a change in degree of reduction was assumed to influence
burdern resistivity only in the region below the electrode tips. The
resistivity profile at all temperatures above WAOUO, as suggested in figurve

142 was conseguently assumed to be unaltered by changes in slag resis-
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Figtjre i43 A possible power dissipation profile for a burden

corresponding to unreduced slag Bl4 (steady operation)

t(°c) Immersion{mm) Power dissipated (%)

700 0

1145 - . 2 ' 81
410 4 600 e TR
1512 7% 900 : 15,7
1541 - 120G 18,4
541 i 31
1550 _ 43

Sloglmeial
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Un this basis, figure 144 shows the expected changes in electrode immer-
sion for changes in slag composition, the slags being in the unreduced
‘state. The figures in brackets represent the elecirode penetration in mm.
The arrows show the trends in slag composition. The slags Bll, Bl3, 814,

B1l5 and Bl7 all have (TiO, + Al ) = 44 mass %. The series B11-B14-B17
U

3

ies are 1,7 , 1,4 and C,8 respectively.

ot N

have Ca0/lig0 = 1 and the basiei
The series B13-BlA-Bl5 have constant basicity ratio of 1,4 and the

Ca0/Mg0 ratios are 2, 1 and 4. A5 and (23 have the same basicity as Bl4,

a
but the total (TiO2 + n1205) contents are 36 % and 54 % respec{ively.

The figures imply possibly disproportionate importance of slag liquidus
temperature. The favourable conditions apparently asscciated with Bll
and 515 as compared with Bl4 are mainly due to their high liquidus tempsz-
atures (t 146OOC). The remaining slags show the trends that would be ex-
pected, except C23 which would give smaller penetration in spite of its

higher liquidus temperature.

In the same way, the figures were recalculated for slags after reduction

&
N o] . e 5
for 60 minutes at 1550 C. These are given in figure 145. Only the re-

n Ul

sistivity of Bi4 under such conditicns was actually measured. The degree
of reduction of the other slags after reduction for 60 minutes was however
known in terms of a molar O/Ti ratio. The rather rash assumption was made

that they all conformed to the eguation derived for Bl4:

o 2
‘ 2 e - 1,5% % + C
f 1550 ,5 X ’51 X i ‘*3
where C = P____ for the unreduced slag,
1550
x = (2 - O/7i)
Table 64 Suggested resistivity values of slags after reduction at
lBBOOC for 60 minutes.
Slag Yo. C e f’lSSO(after 60 minutes)
(ohm cm) &ohm_gm)
A5 0,750 0,18 0,578
B13 0,570 0,16 0,413
B1l 0,578 0,20 U,382
B17 0,725 0,16 0,568
Bl 0,800 0,21 0,609

5
C25 U475 0,36 0,253




Figure 145 Poszsible changes in final eliectrode penetration with slag

composition, based on steady operation with Bl4. (all slags reduced by
-0 ‘ :

carbon at 1550 C for A0 minutes)

B11
(1085)

r : \ | =
AS Bl3 < Bi4 . Bi& 0123
1420) {1120) (1074) (1480) (62

S}
~e

~

B17
(1440)

Figure {44 Possible changes in final electrode position wifin

slag composition, based on steady operation with slag 3i4.

B11
(1330)

f

AR B3 Bl B15 c'23
(1530) (1300) (1250) (1535) (1158
£

B17
(1552)
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Fipure 145 appears to indicate that the suggested value for BlS is

$ill largely inflienced by its high liquidus temperature (which in

n

creases with reduction time). The value of such a technique to keep
resistivity high, is very doubtful in the light of the considerations
outlined in section 6.3. Thus it becomes evident that the major composi-
tional variables are:

(a) Ti0, content

(b) Basicity, when drastically reduced.

The immersion depth parameter was also calculated for various degrees

of reduction of Bi4, based on the unreduced slag.

Table 65 Penetration depths for the reduced derivatives of Bl4
Reduction time at 155000 Penetration depth

(minutes) (mm)

0 1250

30 1198

60 . 1074

90 1000

120 1015

To further illustrate the deleterious effect of the drop in electrical

resistivity that accompanies reduction, in spite of the increase in 1li-

quidus temperature, the radial temperature profile suggested in section

6.3 was used. Resistivities were found corresponding to the various

temperatures in the two instances:

(a) When the slag is unifowmly unreduced Bl4;

(p) Wwhen the slag is uniformly Bi4 reduced for 2 hours at 1550 C.
1

The latter condition does not appear very unrealistic at least in <he

1

1 between the electrodes, if the slag should be severely overcar-

Tegio

boned. The values listed in table 66 probably have little significance

beyond r = 2 m, but even at this point, the unreduced slag has a resisi
o ? 3 >

vity almost twice that of the reduced slag in spite of the greatly in-

creased melting temperature of the latter.



i

Table €6 Radial resistivity profile round the electrode

r Bl4 (unreduced) Bl4 (reduced for 2 hrs at 155000)
(m) +(°c) P (chm cm) t(°c) P (ohm cm)
c,8 1900 0,230 1900 05202
1,0 1775 0,301 1797 0,247
1,5 1564 0,538 1660 0,%03
2,0 1454 0,725 1529 0,320
2,5 1392 0,870 1477 0,495
3,0 1348 1,060 1444 0,525

6.5 The importance of viscosity

The manner in which slag viscosity influences furnace operation and

eventually production was briefly cutlined in chapter 1.

Stokes' law gives tne basis for determining the rate of settling of metal

droplets through a slag medium:
i

2 Rpg
29

where v = terminal velocity of the

v =

i i nxs smnshis

settling reculi.

Such a relationship is modified by ithe turbulent conditions thought
&

o exist in the furnace close to the electrodes. Apart from the turbulence

factor, effective viscosity is drastically increaced by the presence of

solid particles. ©Such a possibility is not ruled out in this system

where an increase in the liquidus temperature was shown to take place

even in homogenized reduced slags, apart from the welatively drastic in-

creases in viscosiiy avove the melting temperature, that accompany reduc-

tion. Moreover, the very important aspect that was not covered in this

work, is the formation of finely dispersed particles of titanium carbide

in the slag phase. Qualitatively, it may still be assumed on the basis

~ : ~

of rates of reduction to lower oxides,

start soo ]

ninm oxide content.

St 2.4.6: Bd=am 162 2.5 )
secilion -..4. . )} = T L TS S¥ B 24 ¥

/ 10

tnat the formation of

—t

cartide will

ner in slags of high btasiecity, high 1{g0/Ca0 ratio and high tita-

According to the Einstein equation already given in

/ 5\
seevsseall?), 'Where
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= viscosity of the homoheneous medium,

i

7o A
N effective viscosity of the heterogeneous system and

¢ = degree of heterogeneity.

Such heterogeneity also influences the overall process through visceosity
in a different sense. It was mentioned in section 2.4.6 that Freiden-
zon(22) calculated, from the analyses of the slag and metal fractions of
"buckshot slag" formed during prcducticn of vanadium bearing pig iron in
a blast furnace, the modified viscosities of both the vig iron and the
slag in such particles. He suggested values of 0,4 poise and 28 poise
for the two products respectively. With diffusion being a function of
viscogity, refining of the buckshot metal becomes virtually a physical
impossibility. This does not even take into account the possibility that
coated metal droplets will cozlesce with the metal bzth only with the
greatest difficulty. It was mentioned in section 4.2.5.1 that evidence

of this problem was found during this research programme zas well.

The rate-at which recoverable oxides dissolve in a slag phase can be des-
cribed by the Nernst eguation:

n(oS - co)s

~ \
S = ——é“——' ..........(14),
where § = amount of material dissolved per unit time,
S = surface area,
Cg,CO = concentrations at the surface and in the bulk,

= diffusivity,

O~
It

thickness of the diffusion layer.

(k.

It was suggested by Jommston

6 o ')n, where n = 5 - 1,

It is also known that D is a function of the viscosity.

It must however be pointed out that the viscosity wvalue that Is important

in this sense, is preobably that of the primary slag formed in the reaction

Finally, it was indicated in section 5.2 tnat, under reducing conditions,

the reduction of titanium ox ide eventually became a function of visec osity.

For slag Bl4 reduced at ISEO'C, he relationship might be cxpressed as:



a4 Cpio - :
LA ey = 0,20 - 0,109........{(15), where
dt
d CTiP
i = rate of Ti0, reduction in mass % /win
dz
and N = viscosity (poise).

Such a ecorrellation cannot be expected to be unique to the reductiorn of

£
g

titanivm oxide. Similar considerations must apply to the final reduc-
tion of iron and vanadium oxides from the slag by solid carbon and by
carbon dissolved in the metal. Desulphurization of the metal by the

slag either when the two layers are finally in contact or when metal drop-
lets are settling thrcocugh the slag layer, must also be influenced by the

slag viscosity.

Even though the final viscosities attained after severe reduction in this

0

work are by no means large, such figures musti be evaluated relative to
the viscosities of unreduced slags. This clearly shows the inhibiting
action that slag thickening might have, relative to operation under

"easy" conditions.

Again using slag Bl4 as an example and basing calculations on the radial
temperature profile of section 6.3, viscosities corresponding to the va-

rious conditions were calculated:

Table 67 Radial viscosity profiles around the slectrode

: Bl14 (unroduced) Bl14 (reduced 2 hrs at 355900)
5 PPN | i - n (cp) t(°c) n (cp)

0,8 1900 17 1900 29

10 75 26 1797 47

35 1564 58 1660 a6

2,0 1454 87 1529 204

225 1392 EER 1477 230

3,0 1343 158 1444 -

5,5 1334 183 1429 ¢

4,0 1321 226 1418 =
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6.6 Conclusion

Although the remarks in connection with liquidus temperature, viscosity
and electrical resistivity in this chapter are largely speculative, thney
do serve, through comparison, to stress the effects of major changes in

slag composition.

The melting‘temperatures of these slags are of paramount importance,
particularly as the tapped slag will rarely possess the liquidus temper-
ature predicted by a phase diagram. Moreover, laboraitory determinaticns
of viscosity and resistivity performed for a particular slag composition,
have little indusirial significance if the slag in the furnace iz helow

its liquidus temperature.

The combined effect of the changes in the various properties, under re-
ducing conditions, can certainly assert itself when slag becomes confined
under ccnditions of high temperature in the presence of excess reductant.
Such a possibility, leading to crater formation, has already been discussed
in section 6.3 in conjunction with possible increases in melting temper-
ature. When such a condition arises and titanium oxide is reduced uncon-
trollably, viscosity and electrical conductivity will also increase.
"Boiling" will be promoted locally due to the lower fluidity and the lower
degree of slag superheat and eventually due to =olid particles consisting
of titanium carbide. The condition will deteriorate due to high electirode
position and the consequent ccoling of the slag. The more viclent tur-
bulence near the electrode tip will deposit more and more high melting

material on the "walls of the crater".

An attempt to suggest corrective measures according to bad operat

gymptoms on the basis of laboratory findings, would be futile. DMoreover,

the author believes that little can be added to what has already been es-

tablished at the plant. If the system is known to be cvercarbened and

titanium oxide to be in severely reduced condition, the most logical step

is thz removal of the trouble source - addition of oxygen in its most

readily available form eg. hematite. If the composition of the boiling

slag is known, particularly with respect to basicity, limestone might be

a great aid to lower the melting temperature of the slag by inéraasing the
©

Ca0/Mg0 ratio. However, if the basicity is already high, little will be

gained. In such an instance, gilica in conjunction with limestone mi



-

be more feasible, re

[45]

toring target basicity and holding the possibility

<

of local fluxing in the low temperature sphene composition range

However, troublesome operation is not the rule and it appears far more
logical to avoid operational possibilities calling for "instant correction"
Heat is used in the furnace mainly for reduction reactions and for actually

heating the contents of the furnace. With a constant feed rate, it appears

feasible that the ratio of these reguirements must be disturbed as little
ss possible. This means that the feed must also be a constant with res-

pect to the degree of prereduction and fixed carbon content.

Electrode erosion and continual carben addition from this source is un-
avcidable. More gevere electrode breakages occur. Extra carbon added

in this manner is not a controllable parameter. Scme of it will dissolve
in the metal, but accumulation that also appears unavoidable, not only
‘interferes with tapping, but may eventually contribute substantialily to

the condition of "overcarboning". Periodic cleaning of the furnaces should
be accepted as an absolute necessity in a process where slag properti

are influenced by the presence of excess reductant.
these requirements so brecadly repeated here, are implemented, the autnor
firmly believes that the process will tolerate variation in slag composi-

tion over a very wide region without serious effect on metal chemistry.

The object of this research work was to clarify some of the peculiarities

of titaniferous slags when they are subjected t¢ reducing condi
the amount of care exercised during the experimental werk, it is be

that this goal was achieved.

The aim was not to find an optimum slag composition. The programme did not
involve a search of any nature, but was confined to slag compositions in

or adjacent to the region that is familiar to the plant. It is evident
however, that optimizatiou would have to be based on the degres of re-
duction of titanium oxide in the slag. In this connection one ig confronted

slag is to be considered important.

; o
probably close to some he high-
3 3 | o s 1
, in their unreduced state. The
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the basicity range 1,4 to 1,5 , reduced for the equivalent of 60 minutes
at 155000. Under conditions of severe overcarboning, the state of the
slag is likely to be outside the range tested. For such extreme conditions
the optimizing parameter would be hest defined as the rate of reduction

of titania to lower oxides and eventually to carbide.

Finally, four parameters were determined experimentally - liquidus temper-
ature, viscosity, electrical resistivity and apparent rate of titanium
oxide reduction. The first three are differently affected by the last
Although it was attempted in previous sections to point out the importance
of each of these, it is not possible to assess their relative significance

to furnace operation

The exercise that follows, must be interpreted in the light of the above

comments. Not even all the basic slag compositions investigated, will be

inciuded. The aim is primarily to show that,.if optimization is atiemp-

ted, the following facts must be borne in mind:

(a) The parameters viscosity, liquidus temperature and electrical resis-
tivity are 211 significant in the process.

(b) The slags must be compared under the conditicns that are pertinent

to the problem.

For the paroooe of the exercise, the following parameters were defined:
(a) ¢, = R_./R..,. The values of R represent "radii of reaction zones"
L s1’ "Bl4

calculated by the technigue outlined in section 6.3. qu is the
radius evaluated for any slag composition, as the radial distance

ct

from the electrode centre, where the temperature drops to below the

Bl4

liquidus temperature of the slag. R, which was previously given as
3,0 m, is the corresponding value for the unreduced state of

that is taken as representative of average plant cperation.
(b\l G = £ /0 B 1 the resistivits £ 5 P TG qlac £ +the
) Cp = Jo1/Pais *erejﬁsl is the resistivity of a given slag at the
temperature predicted to exist 2t a radius of 2 m from the electrode
axis. The temperature is found fromr the radial profile used in

t 4

1
; - N
(0,71 ohm cm}j

AFuln,F)D|4 is the same parameter for unreduced Bl4
R ; / m £ S ’
(e) Co =9, /n .. The symbols have the same meanings as in (b} except
s 514'15L E =

for Bl4 is 0,85 poise.
mn

{d) €' = . % Cp + cn

L
ey 5 AN 3 -

The value of C' for unreduced Bl4 would then be 3,0.
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Although egual importance is assigned te the three parameters, they are
dimensionless, take account of liguidus temperature and refer to values
of resistivity and viscosity at comparatively realistic temperatures

which also take into accouant the liquidus temperature of the slag.

For the purpose of the calculation, only the slags used in section 6.4
tes from

were considered to show the main trends when composition devia
Ca0/Mg0 and (Ti0, + 41,0, ).

‘that of Bl4 with respect to (Cad + 14g0)/810,,,
The calculations were performed for the unreduced slags as well as for
the slags reduced by carbon for 60 minutes at 155000. The choice of these
conditicns is again based on the behaviour of Bl4, as it was indicated
previously that such a state of this slag appeared to represent approxi-
mately conditions in the furnace whan operation is rormal. The calculated

values are given in table 68.

The table shows in compact form, the trends that might be expscted from
a detailed examination of the experimental resulis:

(a) For the variables (TiO, + 41 and (Mg0/Cal), the trend shown
i 2

23

by the unreduced slags is enhanced for the reduced slags.

(b) For variation in basicity, the trend is reversed.

/

A rather sweeping conclusion on the basis of these values would be:

(a,

N

If the basicity is to be maintained at 1,4 to 1,5 , improved operation

compared with the present, should be obtained from either grsater

s L o P ~ . { _r ) ot
dilution or from addition of limestone {and silica tc keep the basicity

constant). The first alternative is unattractive for cbvious reasons.

N
o
St

Based purely on this exercise and the sters used in it, a de-

e
jab]
M
5
2
(¢

o

crease in basicity to values closer to 1,0 can only be beneficial.
However, bearing in mind the deleterious effect cf such a change
on desulphurization, it is less advisable than an increase in the

Ca0/iig0 ratio.
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Table 68 Values of C' for major changes in composition
Slag No. Increasing poth T2 €Y AR Ve Cp et gl & g 8 S 1 a g s r.e & W e e
variable for 60 minutes at 1550°C
of + o b Ny + . oy '
Ref.temp. C Cn Cp C Ref.temp. ('L C6 Cp C
('Q and @ ) ‘ (f) and P )

A5 1480 1,005 087 1a30" 3. kT 1460 15005 1,00 &h,00 5% 00
Bl4 (T:i_OzJ.—Al,{zO%) 1460 1:00. 1500 B,00 F,00 1536 0,995 0,49 0,599 2,35
c23 1536 0395" 1,45 0,70 2,80 1580 0,91 0,83 0,33 2,07
Bl3 1460 100 1,02 1,08 3,10 ' 1460 1,005 0,83 0,86 "2,6
B14 (MgO/Ca0 ) 1460 15000 1,00 3,000 %00 1536 * 0,95 0,79 0,5 2,3
Bl5 1560 0392, 1,00 1,08 3,00 1600 0,917 0,83 0,71 2,20
Bil 1536 Us95. 1,15 ©,85 2,35 1548 0,93 0,65 0,55 2,13
B14 $i0,/(Ca0+Mg0) 1460 1,00 1,00 1,00 3,00 1536 0,95 0,79 0,5 2,33
317 1495 0,99 Cet2 1,45 2,84 . 1550 0,92 0,65 “0.86 % .43
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