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SYNOPSIS -----

Available c~a t s. OE r a.rticul arly viscosities of ti taniferous me lts under 

oxidizing conditions are r eviewed , and and an attempt is made to explain 

the hil;h fluidity of such melts . 

Selected members of the CaO - NgD - Si0
2

- A1
2
0

3
- Ti0

2 
s;ystern were subjected to 

measurements of viscosity, electrical resistivity and liquidus temperature 

i n a neutral atmosphere . A logarithmic re latior; appears t o exis t betv/e2n 

the first two parameters for most of the slags tested . Electronic con­

duction is definitely s i gn ificant. 

The original synthetic s l ags were also r educed by graphi te . The degree · 

of re duc tion with respect to titanDlm oxide, t he me l ting t emperature , the 

viscosity and t he electrical resistivity in selected instances , of the 

reduced derivatives, were subsequer:tly determined . 'rlhe the:c the liquidus 

temperature of a slag is materially altered by r educt ion is a function 

of t he primary crystallization product of the unreduced slag . EspeciaL.y 

acidic slags go through an i nitial period of enhanced fluidity . Basic 

slags t e;) d to "thicken" subsequently . This phenorr,enon, as Hell as the 

prog~essive decrease i n electrical :C9s is t ivity as the reduction per,iod 

is extended , a re expla ined in terms of fundamer: t a l slag stru(;tuTc;.l theory 

f<.;1d the appreciable cor.tribu tior,. of el ectronic conduction . 

The compositional features of ini i i al slags that f avoL:.r pTor,ounceci thick,::'r. ­

ing are mainly a high basicity expressed as (CaO + l'-1g0 )/Si0
2 

8.nd a 1m., 

CaO/NgD ratio . . Si 0
2 

and FeO in the starti;1g slae; ret.'1.1'd t hickening by 

being simultaneously and preferentially r educed re spectively. It W8.S also 

a tt-:;mpted to rela i.e t he degree of reduction of t he slag with respect to 

titanium oxides to its physico-chemical properties. 

SJ:tg thickening ,':Then it i s severe , alters 1;:le re:te determining step of 

th8 heterogeneous r eduction react i on . 

The possi bl e significance of t hese f i ndings or. an ind.us t r i a l scale j.S 

illustrated and discussed . 
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INTRODUCTION 

1.1 The titaniferous magnetite ore from the Bushveld Igneous Complex 

The ore t hat is utilized by the Highveld Steel and VanadiuIl1 Corporation 

for production of stee l and vanadium pentoxide, has the fullowing average 

chemical composition : 

Fe 55,8 57 , 5 % 
Ti02 12,2 13,9 % 
V

2
0

5 
1,4 - 1, 6 % 

Si0
2 

0 , 9 1 , 5 % 
A1

2
0

3 
2,5 3,5 % 

CaO 0,1 % 
MgO 0,24- 1,26 % 
Cr

2
0

3 
0 , 13 0 ,45 1~ 

with lesser quan tities of Cu, Hi, P and S . 

The approximately oval sha.ped B . Le . i s marked out "by LJydenburg , Zeerust , 

Potg i e tersrus and ?retoria . The 1:2.s ic Intr:Jsive Phase is the main SOUTee 

of the mineral wealth associated \d th the Comple x. H l this Phase, the 

Critical zone overl ies the T1arginal l'i orite zone, follO\{ed by t hE: fiIain and 

Upper zones . In t he Upper zone , the maj.n ?Ilagneti t e se2.lTI of maxi.mum thick­

ness about 8 ,5 f ee t, generally outcrops and can be followed for more than 

200 miles along the exp~sed strike .. It sepa rates the ire n-rich Upper zone 

fro rr: the Hain zone . Hagnetite seams also occur i n the Hai n zone as well 

as 10\:l8r c3 own, but t he Main Magneti te seam is pa:t·ticularly important a s 

far as pyrometallurgical extract ion of iron and vanadium is c6ncerned. 

Ilmeni t e as such 5.s present i n t~e ore lI!2. inly as Emall gr3.nules: com;ti-

tuting only a minor percentage of the overall titaniuIll content . Tit,mium 

further occurs as ulvospi ne l (Pe
2
TiC 4) and as i n ter-grm:ths of ilmeni +'e 

Vii th particular ly magnetite , b ll t also \.Ji th other ore constituents . Vana­

dium is present m3.inly t h r ollgh is'::;'l!lorphol1s r e placement of iron in t he 

iron oxid e conta.ining minerals . 
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1.t? Production of vanadi1.lID bearinB:.2~g iron 

1.2.1 Preliminary treatl'1ent and han~ning 

The ore is prereduced in rotary kilns to a degree between 25 a r..d 35 'lo. 
The charge to the kilns consists of ore, coal, dolomite and quartz 1n the 

ratio 1,000 0,415 : 0,205 : 0 ,035. PulveriZed coal is used as a fuel. 

It is aimed at maintaining the kiln temperature at approximately 1000oe. 

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

tric furnace, each with / a capacity of - 30 tons of pre-reduced burden. 

1. 2.2 The submerged arc electric furnace 

The four 33 MVA furnaces have shell diameters of 14 ffi. Current is supplied 

to t he furnace t hrough t hree 1,6 -m diameter Soederberg typ9 electrodes from 

a three-phase transformer which is connected in delta. 

The secondary windings of the re~21ating transformer are provided with motor 

operatod sliding t ap changers . Capacitors for pOYfer factor correction are 

installed between the secondary of t he regulating transformer a nd tne pri-

mary of t he furnace transfonner. 

Tb.e eJectrode position is either current or impedance controlled . Elec­

trode slipping is done by mea .s of wisdom brakes. Under normal of,era ting 

condi tions the electrode to ba th voltage and the furnace C-Qrrent are 

approximately 110 V and 90 KA re~pectively. At a fUl'rlaCe res is tance of 

1 ill ohm, the smelting load i s approximately 24,3 1'1'1-/. 

The kiln discharge m.aterial e:cters t he furnace at ::: 800
0

C. Three bunkers 

charge in f~ont of t he electrodes, while each of the remai ning three de­

livers its charge between two adjacent electrodes. Each electrode is also 

supplied 'tli th hw ports for charging corr'3cUng materials, and two explo­

sion doors are located in t:--.e fm:nace roof. These , as wel l as t he contact 

shoes 8.nd rr.antle'_' , are "..'ate:!.' cealed. Each furne.ce is provided with two 

'lentur i sCI".lbbcrs ani} a contir.uollS gas ar:.aly,~er . 

'I;apping _lS perfor:ned t hrough t -d O t8.p-holes It.'i til i ndependent laul'lder syst,e!lls. 
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It .is normally done after 55 t o 60 M\{ hours and the tap to tap time varies 

between 3-~ and 4 hours. Fift~r to sixty tons of pig iron are produced per 

tap and tne slag to meta.l ra.tio is 0 ,75 to 0,80 / 1,00 . 

Ranges of slag and metal compositions are: 

Mass per cent composition 

CaO !VigO Si Or 11.12°3 
Ti02 v

2
0

5 
Fee 

~ 
Sla,g; 
-~ 

14,4- 10,4- 16,2.., 12,5- 28 , 5- 0 ,8- 2,5-

19,6 15 , 6 20,9 15,4 33,0 1,4 6,5 

Metal c Si S P v 

2,70-3,70 0 ,10-0 ,35 0,06-u ,1l 0,04-0,08 0,90 -1,35 

'rhe hot me tal is oxygen bloHn in a S 1 aking ladle for t he removal of vana­

dium oxide , before being transferred to the B.O. F s t ee l plant . 

1. 3 Difficul tics experienced in the operation of t he submer_ge ~_ arc: furnaces 

More detailed comments on such difficulties and remedial action as per­

formed on the plant, will be listed in chapter 6. Salient f ea ttlres of 

earlier r e search work, both on laboratory and on plant scale, specifically 

connected with Ri ghveld practice , will aiso be summarized in t he same 

chapter ._ 

Difficult operation is often reflected i n low metal temperatures (~1370oC) 

and i nvaTi ably i n poor me tal chemistry . (low C and Si) 

During period's of rough operation, t he furnaces are difficul t to tap a nd 

no-slag taps aI'S not uncommon. These are manifestations of several possible 

troul)le sources in t ne furnace . El ectrode breakages occur relatively fre­

quently and t he effed of piece s of electrode <irifting on the slag is an 

obv iou3 one. 'i'he form2.tir) n of sol i d bridging crusts in the fu~nace giving 

risa, in ext reme cases , to s lag confining craters round t he elec trodes, i s 

another possible caus e for a no-slag tap . Such probl ems are often asso-
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cie.ted with short e l ect:r.:odes and a cold furnace . Even during periods of 

more normal operation the slag in the launder appears to be insufficientl y 

superheated. S'J.ccessive no-slag t aps are only remedied by blanking off 

the fU::'nace and smelting dOvln its contents . 

.A so-called boiling slag represents a very troublesome condition . In the 

extreme case , when the phenome non is accompanied by severe crus ting, vj_olen t 

gas eruptions may occur . Apart from t he obvious consequences, a boj_ling 

slag also cause s rapid electrode erosion . A sudden flare-up may be the 

resul t of consecutive no-slag taps . It seems to be promoted by high pm-ier 

input espe c i a lly when the electrodes are short . 

A t endency for the e l ectrodp. s to ride high, is promoted by such factc::'s 

as short electrodes , a n overca rboned burden and high power input. Many 

of the correcting materials are aimed at increas ing the resj_stivity of ~;he 

bur der.. A lov! res is ti-.ri ty lea.ding to a high electrode position is close ­

ly i n t erwoven with the phenomena of boiling slag and crust fo rmation . It 

seems to be accepted as normal t hat the e l e ctrodes start losing resistivity 

approxinla tely 1 - l~ ho urs before tapping . 

~1he reseaTch work described in the following chapters was und~:daken in 

t he ligh t of the operational complexities underlying the brief cl1tline of 

practical diff iculties t ha t was g i ven in section 1. 3. J\ more complete 

assessme:!.t of t he value of the parameters that were determine d, will be 

given in chapter 6. 

The melting temperature of the slag formed during a metal and sl~g (P~ ­

ducing proces s is i mportant ~a inly due to the reqUiremen~i)iact~y 
me tal s uperheat. Completely mol ten slag that drains away from the r ea ction 

zone at the liquidus t emperatur e of t he alloy to join th8 slag l ayer , ca:1-

not provide the un derlying metal ba th \dth the required deg::2ee of super­

heat.. Operat i onal phenomena such as difficult tapp i n g , c r ust formation 

and even a boiling slag 3.ppear t o be i:1tirn8.tely connected vIi th slag liqui­

dus temperature . 

The h 'ue signii' i cance of s lag vLcosity i s a funct ion of the particul ar 
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process. If the reduction of rr:etal oxides from a slag phase either by 

carbon clissolved in t he metal or by solid reductant is important, then 

viscosi ty may become a rate Ih'li tj.ng {actor fo r such a reduction reaction. 

A similar argwnent applies "'rhen the rate of dissolution of oxides in a 

liquid slag i nfluences the rate of t he overall reaction. 

The rate at which metal droplets tha.t are produced in the reaction zone 

settle through a"slag layer, is also a function of t he slag v iscosity . 

The time consumed by tapping of the furna ce is "dead time" from a pro ­

duction point of view. For consta!1.t production, a more viscous slag 

means a direct i ncrease in tapping ~ ime . 

1,olhile an optimum final slag-metal temperahlre difference can be stipulated 

for a desired me tal temperature, the required final slag temperature is 

not a functio n of its liquidus temperature only. If even the initial slag 

is a very fluid one, a composition of higher l.iquidtiS temperature may be 

better sui ted to effect t he sa.me degr8e of metaJ. superheat . 

Fi nally , a s lag that becomes labelled as a bo iling sla.g does not necessarily 

o ... re its proper ties to l ocally i ntensified gas evolution . It may al terr..a ­

t ively be due to normal or or near-normal gas evolution in a J.CJce.lly 

t hickened slag. 

r1'here is no absolu te guide regarding the relative i mpo r tance of re~is -· 

tance hea t ing in subme r ged arc furnaces. The resistance of the burden as 

a whole does influence t hs . electrode position, but whi l e slag resistivity 

j s be-coming a more prominent factor i n mo re recent approaches to tilG sub­

ject of pover dissipation , its relative contribution to furnace res is tance 

L3 ill -clefiaed . Once again, t he existence of such a contri 'o<ltion cannot 

be discounted, even if it has to De vaguely regarded as t he f1.na1 inte ­

g-.cated manifestation of many step- wise processes . 

Measurements of e l ectrical r e sistiv-i ty cond.uc ted as pci,!·t of t ilis research 

work, 'vlere consequently aiIPed at gainin g some undpr s t anding of the opera­

tiollal phenornenathat can be s 1.:wllnarized in the term " 10'.;' electrode resis­

tivity". 

Literature data indicated that the propert i es of titaniferous slags: 
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melting temperA-wre , vi3cosi t.y and electrical conductivity, \-lere all 

likely to be influenced ,by the degree of reduction of the slags, with 

respect to titanium ox.ide. An exploration of these indications formed 

the core of t hi s work. This approach was fur ther based on the facts that: 

(a) the slags are kno\>/Yl to be very attractive under oxidizing conditions, 

judging mainl y from t heir liquidus temperatures and viscosities and 

(b) reducing conditions appe <'l.l'ed to adversely affeci all these properties . 



2. LITERATURE RSV I El-f 

2.1 J'Vle lting temperatures and phase compos itions of titaniferous s l ags 

under oxidizing conditions . 

Very extensive research work has been done into t he melting and prim!1ry 
. . . 

crystallizat ion properties of the quaternary system CaO - Al 0 - TiC) - S iO 2 3 2 ~ 2 
and the various ternary a nd binal'Y systems const i tuting the quaternary . 

Huch of this .!ork, notably that of l1.gamawi and Vfn i te on thE: systems A1
2
0}} ­

Ti0
2
-Si0

2 
(1), Calcium metas ilicate - sphene - s ilica and Calcium meta-

. 1 . t th . t h . l' ( 2 ) . . d' th d ~ Sl lca e - anor 1 e - sp ene - Sl lca were lnsplre by • e nee lor 

understanding t h e hi6'h tempera ture behaviour of silcrete r efrac t ory com­

ponents . n owever , t he rese.::t.rch of Ohno a nd Ross (3) .. "as directed speci­

fically at gaining a wider knowledge of problems arising whe n titaniferous 

iron ores are sme l ted in the blast furnace . 

Ohno and noss , "hil e also assessing t he effect of alumina addi tion to the 

t ernary CaO -'h0
2

-Si 0
2

, exten.ded the compositi.on range by inclus ioYl of 

highe.c 1 evels of ti t ania than previously reported by eg o })eVrief3 , noy and 
(11\ 17) 

Osborn "t) , working i n the l ess than 10% titania ra!1ge . Ohno ar.d Ross\;) 

found that 10'11., ane; 207~ additions of alumina exte!1de d the range of the lo\>, 

tempe rature trough where the primary phase i13 sphenE:; , o n -;;he eqnj.libri1.L':1 

. diagram for CaO - 'l'i0
2

- Si0
2

. 

The Heed .lOT studies of the five-component CaO- fJlgO - A1203 -· Si02-'Ili02 system 

ari~'\es from the fact that JvigD is norm:t)_l~! present in the vast deposits of 

ti taniferous Hl2,gneti te ores . It assumes greater importance as a varia-

'ole i.t: "he slags fro l7l smeltillg such ores when limes t one is partially OJ:' 

completely r e place rl by dolcrnj.te as a flux. In t he l a t te r case, the CaC/YI&,-D 

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

A v o:cy cornpreh'C'nsi ve study of the liquiclu s tempera t'..lres of slags belonb'i.ng-
( . 

to t11e five - comp01l8nt syst em ivas made by Holmes , Bantl i ng and Br (hltl . . 5) 

m·h . , k' t 1 t - u · t,· f r,,', ° /, 1 ° . f .l .838 aU"[.10 r8 wor,ea a ' s e eo ,ea :11a 8S 70 ra _.os 0 ._.!. r/-'-l~ ? "2 rang.1.!1g r()L'I 
C' -.J 

0 ,35 t o 4 , ·"Hh Lmited v ariation. of ('1oTiO r .• - 'j.;A1
2
0

7
) at each r a tio, t he 

~ .J 

mr.:tin variab les be i ng silica, l i mE and magri8s i.a c onten ts. it tota l of 345 

mixtures were teste d . Liquidus tempe r a ture s varied from 12l7°C t~ l 667°C . 

1- 1 ''-' 1- t l· ., . +- f . . 1 ( J,i~l'" ',-) . of. \ 1 r, \ n genera ~nc GI-WS J.qUlClUS oGmpera .U!.'8 or a par~lc;J. ar IV.l ')<.. -r /;;tl J'
2

" "2 } 
- j 

o ccurred. ~ne t . At 
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;It constan t CaO a.nd MgD contents, substitution of 8i0
2 

for Ti0
2

+A1
2
0

3 
normally lOViered the melting temperature of the slags . Subs titutiol'! of 

ei the r CaO for Si 0
2 

or t·1gO for CaO resul ted in a chang8 of the liquidus 

temperat ure of base slags f rom - 93°C t o +25loC . 

Zhilo and co -'.'lorkors (
6) s t udi_ed the influence of ti t ania addi tions (6 to 

15 %) on the fusibili ty of s:mtheti (; slags of the s ys t em CaO--IVIgO-Si 0
2

-

AJ.
2

0
3

. The slag basicity, ex pressed as mass per cen t rat io s CaO/Si0
2

, 

\-las varied f rom 0,7 to 1, 2 . 'l'hey found the fusibil ity t emperat ure t o 

decrease on a ddition of '1'i02 up t o a certai n c ritical limit, depending on 

the basic i ty . l5eyr.nc1 thi s critical limit of Ti02 content , the f usib ility 

tempera t ure of t he slag Has raised . '1'l1e relevant expf~ri!Jlenta.l values are 

given in table 1 . 

Table 1 Critical titania contents with corres ponding basicities in the 

Critical Ti02 content 

(mas s ?b) 

10 

9, 85 

9, 75 

8 , 9 

(6) 

Basicity 

( 1vCaO/5;~S iO,", ) 

0,91 

0 ,97 
1 ,06 

1,17 

c. 

The i ni tial decrease in f usibil i ty temperat~re was ascribed t o an increase 

i n the 2.I!lOnn t of aueite and a change in the meleli te composition of t he 

base s l ag . The eventual i ncrease vIaS attri buted. to t he format ion of spine l 

and perovskite and t he decreas ing amounts of diopside . 

Ha.ndfield et a l ( 7) also found t hat addi Uons of '1' i 0 2 up to 10 mass yo to 

an i ndustrtal blast furnace E~ ld.g sampl e caused a decrease i n t h e f us ibility 

tempe rature , wh ile tt-e 1a t t er t ended t o r.Lse upon furthe r ti t ani2_ addH.io·.8 . 

ilot p12.nt operahons conducted pri ar to cO!I'JIii8io~'. ing t he Eighveld Steel 

a nd Vanadium CorDorat ion iron plant, s howe d t ha t slags con t a i n i ng abou t 

35 70 Ti 0 2 would -be pro(luced . Cons e quen-Gly , all earl i er l a":loratcry t e st 

\Vork were concerltrB, -~ ecl on sl8.§:s of hii ::-1c r ti.tania c::l n tents than t Lo s e 
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presently e ncDunter ed on the pl ant. (approximate l y 30 %) 

'l'he equilibrium pha s e studi es conduc~ed by Jochens , Somme r and Howat (8 ) 

were aimed at clarifying the influence of both mass ~s ratio CaO/MgO and 

mass ~s total bas i city (CaO -l- MgO) , while k eeping the ('1li0
2 

+ Ai
2
0

3
) con­

tent and the Ti 0
2
/A1

2
0

3 
ratie constant . rl'heir results are shovln i n 

fi gures 1 and 2 . 

Figure 1 ShOHS t he phase equilibrium diagram fo r the system 19, 69 % Si0
2

, 

23,2.2 % A1
2

0
3

, 37,1)1 % '1'i 0
2

, 30'10 (CaO-+ Mg-o) Hi th CaO varying from ° 1; 

tc 30 '7~ ,,,hile MgO vari es from 30 % to 0 %. IncTease of the Mg\.1 content 

from ° % to ::' 2 % by mass , lowered the . liquidus temperature f:rom l5 2C;°C 
o 

to 1340 C. Further r e placement of CaO by MgO caused a gradua.l rise i.n the 

liquidus temperature ! \"hich reached 150S
o

·C at 0 ?~ CaO . Based purely on 

this resul t · of experiments over a limited composition range , condu8ted 

under oxidizing conditions , the use of doJ.omite as a flux resul ting i n a 

slag CaO/flIg() ra tio of 16/14, appears des i r-able . 

Fig'Ure 2 shows t he effect of variation of MgD content at. thre e different 

J. e·"e1s of (%CaO + %HgO) . In general , the liqu idus t empera t u re minimum 

shifted t m,ards 10vler !V!gO contents vIi th a de crease i n overall ba.sici t~r . 

The absolute ·value of t h e mi nimum was reduced a t t~e same time . ~m"e'{e!' 

the rtse in ltquidus temperature Hi th increasin.g· MgO content aft6r paf;s.ing 

t hrough the minimum , 'das more drast ic in t he case of t he lOH~st level of 

(CaO -I- J'vIgO) . It s hould f ur t her be noted that changes of basicity had 

much mOTe pronounced effects on lLlUidus temperature for slags of low 

CaO/NgO ra Uo . 

Th . J h ~. h f k·' (C ° rr. ·0) .L ! ere lS a _so a c .8.Pg') vi. p:rlma TY p ase , Torn pe rovs l"te \ a . .c' l 2' a ~ 

JvlgO contents lc\{er t han that corresponding to t he liquj_dus temperature 

minimu.ln , to magnes i um a11llilinium t.itanate ( Hg4A1 2Ti9025) as the HgO is 

increased further . The repeated occurrence of tile latter phase, which is 

a member of the so lid solut ion seri es with t he two pseudobrookite end 

members liigO . 2Ti 0
2 

and A12U3 . T iO~) , both as a pr j ma.ry phase and in subse ­

quent CTfstall t zat ion , is a. peculiar feature of t he system which will be 

d.isc1.~ ssed moI'(~ f u ll y i n section if . 1 . 2 . 

\.JhHe t:--l e pre sent work 'vias j.n progress , He jja(9) determined the l iqu.idus 
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,-'T I ~ 

lS00 

I.(MgO.2Ti02 I. 
AI20· .Ti02 + L 

1/, 00 

CIlO.T'Oy L 

~ 13(10 

Figure 1 rl'te effect of CaO/HgO r a tio on liquidus 
'8) 

(;onstan t Ti 0
2

, A1
2

0
3

, Si0
2 

and ( CaO + 1'16-0) \ 

UJ 
a: 
~ 
I­« 
a: 
LU 
IL 

MgO, 0;. 

temperature at 

F· ") I 9 U Ft::: ~ The effect of G3.0/Ng0 ratio on liquidus tempe ru.ture at 
" ( 8 1 

vCir i oU8 (, GaO t- l'/l ~{:i ) cor: te!1ts . \ ) 
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temperatu r es of a series of slags whose compositions f el l with i n the 

ra~ge investigated by the a u t hor. This series ha~ the following compo­

sitionaJ features : Ti 02/A120 3 ratio , 2 , 21 , the tctal (%Ti0
2 

+ 7'~A1203) 

content 44 %, thus maj.ntaining the Ti02 constant at 30 ,2 %; the basicity 

being varied f:COfii 1,30 to 1 , 70 as ( '1.;caO + '1dV[gD )/%Si O
Z

' while the Ca.0/Ng{) 

r atio was unity in al l cases to approximately simulate conditions at -the 

Highveld Iron Plant , when dolomite i s use d as a flux. The silica con­

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

The results of this investigation are g iven in figure 3. There exists 

surprisingl y sma ll variation i n liquidus temperature ove r t he basicity 

range 1,35 to 1 , 62 , where the aver'age t empera t ure is l ow (appr oximat ely 

1360
V C) . On ei t~ler side of this t empera ture trough , the liquid.us t emper ­

ature changes dras tica.lly with small change s in basicity . The ex i s tence 

of a basicity r egion , a t CaO/NgO ratio equal to 1, It/here basici t y c~langes 

resul t in small changes in liquj.dus tempe rature, is in agreemen t vii tn 

the r esults of t he Hork of Jochens and co-workers (8) , although t he ten!pe r ­

ature i n t he l atter case is sigrlificd.ntly higher at the higher co r;.-~enh; 

of 'lli0
2 

used (37 ,19 %) and the different (Ti02/A120) ratio of 2 , 83. 

2 . 2 Viscosity of ti taniferou3 oxide systems under oxidizing and 

neutral cO:lditions. 

2 . 2 .1 Bi nary sys t ems 

110 ) 
Handfi91d and Charette \ s t u died t ho v iscosity of typicGl Sor91 s l a gs , 

ranging in composition from 3 , 3 % to 15 % FeO with correspondi~g TiG
2 

contents of 80 % to 67 % by mass . The slags contained mi~or quan tities 

of 10i-Je r titard.1.~m oxides , >::: i0
2

, A1
2
0

3
, HgO and CaO . 1!nile t he melting 

temp8!:'atvres of 101:1 FeO slags v/ere much higher than those h3.v ing h i gh li'eO 

conten t s , al l hOiTlogeneous melts \'iere cha:-:::acte r ized by very h i gb fJ.uio ity, 

v iscos ity being approximately 0 ,0 3 Ns/m
2 

a nd changing ve ry little wi th 

i emperatur e . 

The same authors a lso ir~clud8d a 30 llCl l e % CaO lime - titania Di xtur e i n 

the ir i nves t igaticn . The visco:::ity of the homogeneous mel t i n t his i n ­
') 

s tan r:e was only 0,02 Ns/m'- s t h .lS value also 'oeiric vir~u2.1J.~' indepe nden I-
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of temperature . 

The rise of viscosity upon cooling b.e1011: the freezing tempera tnre ",as 

found to be an extremely rapid one for both systems i nves tigated . 

t ( II ) t d' d th . . t f th .L • t · . d . . , 'rus e ' 3 U le e VlSCOS l yo ' e vl a nlum OXl e - magneslum OXlQe 

system, t hG melts contai n ing 58 to 85 % Ti0
2

, 8 to 33 ~ Ti
2
0, and 3 to 

21 % flIgfJ . The v iscosity of t he f u lly mo l t en slags vlcl. s found to lie in , 

t he :!:'aYlge 0, 05 to 0 ,1 Ns/m2 , with l ittle dependence upon c.) mpo s i tio :']. 

wi thin '~,he rallge eonsidere d , or temperatt.:.re . 

2.2. 2 1'ernary sy,,~ terns 

l"ror.oerg and 1;/eoer(12 ) , investigated the system CaO -,.A1
2
0

3
- Ti0

2
, : Al­

t hough these \oforkers used a rotating inner cylinder visccme t er for ""hich 

toth inner and outer cyl i n ders were made of graphite , so tha t condit j. OY1S 

were in f act r educi ng , the ir work is included here because of the CO!Tl­

prehensi'.[e composi tien ranges covered . The r esearch was limi t e d to mix­

tures having liquidus telliperatures be low 1 600
0

C and the t ested compo­

sitior:s are shown i n fi e,;ure 4. Lines of equal viscos ity a ·t l GOOo C a l'e 

giv en in figuY'e 5. 'rhe results s how that the i s okoms a:ce nearly para.llel 

to t he line s of equal alumina content over a large coc centration r ange . 

rvloreover , the v i scosi ty r e dc:cing effec t of lime uYJQ'2r these concJi tio'1s 

is much more mar ked than t hat of t itania . 

Fliner and co- workers(13) measur ed the vi scos ity of slags fro m the 

all..IT.1inothermic production of f e rroti tanium . :B'or a sample contain i nG' 

60 , 6 % Al ~03 ' 12,8 % CaO and 10 ,1 % 'I'iOr • '::ith ffii~Jor percen tages of HgD , 
~ ~ 

FeO and Si 0
2

, the viscos ity was e ,l 8 Ns/m
2 

at 1760
0 c and 0 , 15 i\'s/rn2 at 

1830
0

C, the activation energy for viscous flm" again being very small . 

'rhe melting temperature of the slag was appro:ximately 1 750
0

C. 

'l'he ternary system Si 0
2

-Ti0
2

- A1
2

0
3 

vIaS a lso examined by Frohberg and 

\-,Te·bc r(12 ) . Due to t he high -terr:perab.lT8S involved , the concentrat i on 

range tes ted , I,Tas small (f i guTe 6) . 'l'he ability of Ti8 , to i ncT'(.;ase the 
2 

Lluidi ty i n. this s ys t em i s clearly s hovTn i n figure 7 . HO':iever ! it is 

lloteworthy that t he difference in effa c t u~on v i scosity existing between 



Figure 6 CcmcentI'at ion range o f 

mel ts i nvest i gated i n the system 
~ , . ' _ (12) 
~1.02-T l.o 2 -Al203 

Mosso;. Ti0 2 
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Figu re 4 Compositi.o:t r ange inves -­

tigate d i n t i18 system CaO-A1 0 -
, .. 2 ) 2 :> 

'I' " \.l ' I .lU
2 

Figure 7 Li nes of equal V.l s C!osi.ty 

a t 1700
0

C for the sys t em 

0 '0 m'o' Al 0 (12) ul - ll .-
2 2 23 

Ho!:;;; % TiO~ 

Figure 5 L i nes of equal viscos i t.f 

( ,-, ,,,i r'e ; l' -n +he ~yst" ln « a O 1 l' _o li O \ !", V~, ':;' I " v" ., <.; • • v . - .'1 ) '3' .. 2 

at 16000 C (12) -
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~iO aL1d Aj ~O ~ becomes s mal ler at lovler titan i a contents . 
.... . c 2 c:. :; 

Schenk a nd. Frohbet·g (14) me as'.lred the fluidity of slags belonging ~() the 

CaO-SiOr-TiCJ ? s ystem , using t he same t echnique as t hat empl oyed by Froh-
2 _ (or) 

berg and Heber , .Li:-: ~ . r,['he composition r ange inv estigat e d , is sho'tm in 

figure 8 and. lines of equal viscosity at 1600
0

C i n figure 9. The gentral 

e f fec t of TiO...., t o r e d llce v iscosity in this sys tem i s clearl y indicated . 
L 

The effect appears to be mo r e marked for 1m.l er Ti02 conten"t s . The au-

t hors also found t hat if v i scosity at a fixed t emper ature above t he 

liquidus t emperature w!::!.s plotted against Ti0
2 

content in any pseudo - binary 

s ect i cm along wh ich % T~O 2 increases , the r esulti ng curve tends to follo w 

the 011e for liqu idus t emperatur e i iself . · (fi gure 10 ) 

Thakur (lS) s howed t hat f or t he series of soMum silicate glasses 

Nal . xR02 . (3- x) Si02 , \Jhere R0 2 + Si0
2 

= 75 mo l % and R = '}'i , the pa rtial 

replacement o f Si 0
2 

by Ti02 causes an i ncrease in the l ow temperab,lre 

vi scos i ty of the glass, as ind .ica i e d i n figure 11 . Solid l i nes Y(?pOcesent 

log ? = 12 and broken lines log ~ = 9 , where viscosity (? ) i s g iven i n poise . 

Visco s ity - t emperature relationships of slags be l onging to t h is sys t em 

"Iere de t e r mined by· many authors , \,,11i l e exploring the po ss ibili t:{ of smelting 

t i t aniferous magnet i te ores in a convent i onal iron blast furnace. 

D d 11 d 1=1- • k .. (16) . 0 t · t 1 t' . f l f I'· rOd ' .. I'Jn e an .:.;rJ.n .ma.nn lnves 1 9i1 ec .ne 1 11 __ uenee 0 . 1') 2 ad 1 "Clons 

on the flu idity of acid synthetic slags and concluded t hat t he fluidi ty 

\-JOu1d rise \-!j. t h i ncreas i ng ti tania con tent at l east up to 17! 3 lfl8.S S "fa 'I'iO? . 

Mikha ilov and Belyakova(17) , using to t h acid and basic slags with tit?.n i a 

lev e ls varying from 0 to approximately 25 mass %, found tha t t he addition 

of TiO...., lowered the v isco s i ty of acid slags , while the viscos i ty of basic 
£0 

s lags was increased . 

Us i ng graph i te viscometer components, Frohbel:g and 

'oas E: s l a g::; fro m t:1e system ('aO - S10
2 
-T~C'~ accor:'c1ing to a scheme similar 

to that used by Schenk and Frohberg .( 1.4 J To these ternary melts , addit i ons 
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Igure 8 Composition range of melt s in 

he syst em CaO - Si 0
2

- 'I1i 0
2 

( 1 600 ° ) ( 14) , 

Figure 10 

u 
c 

Figur~ 9 Isokoms i n t he ~l ys t eIO 

CaO - Si 0
2

-.11i0
2 

at 1600 oC· (14 ) 

. , , -
BOO-

750 -

700 

650 

I 

J 

I 

I 

/ / 

-o:"tl _ .. 0,1..5 -~ 

MOLS R02 

0,60 

Figure 11 I sokoms fo r t rcc; se r i e s o~· 
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of 5, 10, 15 and 20 % A1
2
0

3 
were made. Viscosity was measured at 1600

0
C 

a!1d the resulting lines of equal viscosity a::-e given in figure 12. The 

effect of a lumina addition is generally to raise the viscosity, the effect 

being more pronounced at low levels of alumina (belO'..[ 5 mass %). ' The 

tendency of viscosity to be lowered "by addition of Ti0
2 

is again clearly 

shown by the diagrams of figure 12. Un the basis of these results :'he 

authors concluded that there could be no objection to smelting titani-

ferous magnet ites in a blast furnace. 

/lS' 
Ohno and Ross \ ) limited thej_r i Ylvesti.gatioYl t o slags having a liqu.idus 

o 
temp9rature below 1450 C. Viscome ter co mponents were made of molybdenum 

and measurements carried out in a neutral atmosphere . Equal viscosj_ ty 

lines c:.t 1500
0

C are shown in figure 13. 

'l'he salient features 8ILerging from an i nvestigation of these dia€;Tams 

are the vi scosity raising influence of A1
2
0

3 
and the property of both 

CaO and 'r iO " to reduce the viscosity. 
c. 

The general findings d.iffe r from those of j1'rohberg and iJebe::/ 12 ) mainly 

in the fact tha t the vi scosities reported by the latter in figure 12 

are considerably higher for similar slag compositions, t han those given 

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

viscosity at 1500
0 C. EXHlIlples of these differences are 8ho1;,'Yl in tabJe 2 

and 'dill be discussed further in f>8cticn 2.4. 

Tabl e 2 Comparison of the results obtained 

(fi~lre J?) with those of Ohno and 

b C' hb d ' ! ' (12) y £ro. erg an. ~ecer 

Hoss(18)(figure 13). 

Autl:.ors hass ~~ ratio Hass % Vi scosity rrempera ture 

CaO/SW 2/'fW 2 AI , 03 
~ . 

(Ns/m2) (oc) 
- -----_ .. 

F'roh-berg and Heber 1,5/1,5/1~ O 0 0 ,16 1600 

Ohno and hos s " 0 0,09 1500 

Frohberg and '!,.Jeber " 20 0,99 1600 

Ollno and Eoss " 20 0 ,45 1500 
----- _. 
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Figure 12 
t 16000 C fOT thE' 8 v stem CaO-Al 0 - '1' i O - SiO (vi scosity in poise) (1 2.) 

.SOkOlD8 a' J 2 3 - 2 2 

(u) 

(c) 

20"1. " 1 Q __ IV lL.? :;-

.. ) 
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Fi gure. 13 
. 2 ~18) 

scosity of t he CaO- Ti0
2

- Si 0
2

- A1
2
0

3 
system (lp = 0 ,1 Ns/ m ) 

(0) 



-20-

Earlier i nvestigations we r e all aimed at determining the i nfluence of 

TiO additions on the fluidi ty of blast furnace slags . Behrendt and 

KOO~z(19) found t hat titania 1m/ered tho viscosity of acid s l agB , but 

that this effe ct became l ess pronounced at higher l evels of alumina. . 

• ~ 1 1 ( 20 ) d· b 1 . th 01..,... o)de" ° 1 18 3 ~ 01. Shavrin and. vat<: larov . use a ase s ag 'til /iNa /,ov l 2 == , ,) 10 

CaO , 28 % Si 0
2

, 16 '/0 A1
2

0
3

, 10 5f MgQ and 5 % Ti0
2

, v.Jith satisfactory 

f luidi ty, TiO 2 vTaS added to t his slag, once again lowe!:' i ng t he viscosity, 
A 

t he s lag wi tll 15 ~f) Ti02 being more fluid t han the i n itial one . 

Zhilo and co·-· .... orkers (
6

,21) f ound that aidi tion of '1'i0
2 

caused a. decrease 

in vi scosity i n both acid and bas i c slags, basicity being exp~essed as 

7oCaO/%Si O 2' this decrease being more Inarked a t 10Yier basicity ratios . 

Freidenzon (22 ) studied t he prob l ems associated with the smelting of a 

vanad:i.um bearine- ti taniferous magne tl te·; in a blast furnace to produce 

a vanadi um pig i ron . Both "'ynthetic and i ndustrial slags were sub jected 

to viscosity measurements . The initial synt het ic slag had a basicity 

(CaO/Si0
2

) of 1, 2 and contained 5 % Ti0
2

. Incre3.sing the titania con ­

tent to 10 % reduced the viscosity . ~~r ther increase to 15 % raised t he 

v iscosity to almos t the value for t he i n itia l slag . The industrial ti­

t ania be a Ting slags were cons i derably more f luid thar; sl'3.gs from steel 

making pig iron production, not containing Ti0
2

, The effect of adding 

MgO to sYflthetic s l ags of t he type made c.uring vanadium pig iro n pr o duc ­

tior" viaS one of lowering t he viscosity . r;~oreover, trw fluidity did 

not drop materi al ly even Vlher; the addition of Nf.',O ccmscd the liquidus 

.t emperature of t h e slag to j nc:cease markedly , 

The use of titanife::,ous magnetHe ores from t he Bushveld Igneous Complex 

to produce a vanadium r j.ch pig iron i.n a submerged a rc electric furnace 

ca lled for more visc0sin;e tric data tha:l "i8::'e available at t he time of 

pilot plant i n'/estiga-:;ions c onducted fOT t he Highve ld St ee l and VanadiUIfl 

Corporatio!~. Sl ag Utania contents vlO u J d 'oe hj.eh (apJ;lroxima t ely 35 %) . 
Mo r eover; t he CaO/?1g0 ro, t i o Hould be clos2 to uni ty j.f dolorni te ~ '-ihich 

~as preferred t o lirnAstone for economic r easons , were to be used as a 

flux . 
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The research vfOrk conducted by fvIcRae(23) involved ccmpositions at three 

levels of oasioity, (CaO -+- MgO)/ Si0
2

, of 1 ,1 8 , 1,52 , and 1 , 91. '}'he 

total (~CaO + ;rJ'1gO) had the values 25 , 30 and 35. 'rhe corresponding 

TiO? contents Here 39 ,84 , 37 ,19 a nd 34,52 , wh ile the Ti0
2
/A1

2
0

3 
conten. t ·was mainta ine d at 2,83. At each basicity ratio the CaO/Mg:) 

ra tiD "faS also varied. 

In general, an i ncrease of basicity at approximatel y t he same CaO/NgO 

ratio, caused a decrease in viscosity at consta nt temperature . ProgressivE: 

replacement of CaO by NgO on a ii1as s '/0 bas i s at the s ame overall bas icity 

caus ed a slight de crease i n viscosity a t a particular tempe rature as 

shown in fj_gure 14 . If t he same data a re represen ted as the val ue of vis­

cosity at a fixed temperature above t he liquidus tempe r ature , higher Yis­

cosity is associated with lowe r liquidus temperat ure . Moreover! increas ing 

the IneasuLing tempera ture - liquidus tempe ratur e gap tends to m?"ke this effect 

less pronounced. These t rends a re clearly demonstrated in fi gure 15. 

Valuer:; of t he activation energ:l for viscous flOYl ove r the cOlnposi.tioD. 

range outlined above , vari e d frOll) 102 to l40 KJ /moL 
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2 ~ ; Discuss i on . ~ ./ 

The most :Lmportant fact, evident from the preceding sections , i s iha t 

addi t ion of t itania lowers the viscosi ty of the various melts mentioned , 

when sucb melts are tested und er oxidizing condi tions . In order to at -­

tempt an assessment of the role of Ti0
2

, even qual itatively , in terms of 

para,meters r eI:;;, ting slag struc:tuI'e and viscosity , as proposed i ::1 the 

literature, the most i.mportant rrope:~t ies of the 'I' i - ° bOEd , as CO!!l­

pared with other relevant oxides, are given i n tabl e 3. 

~~ rroperties of the cation - oxygen -bol1G. for some metal oxides 

Oxide i:lectronegativi ty 

of cation 
---_._---' 
CaO 1,0 

MgO 1,2 

A1
2
0

3 
1. ,5· 

TW
2 

1,6 
son ~ l.u

2 
1,8 

Reference (24) 
------,------

% .ionic character 

of 1\1 -0 bond 

61 ' 

.54 

44: 
41 
36 

(25) 

Catio!1~C 

radiu8(~) 

0,99 

0 , 6~ 

0 , 50 
0 ,68, 

0,41 

I ,-.., ,. \ 
\<::b; 

Ion-oxygen 

attraction I 

0 , 70 

0 ,95 

1, 66 

1,85 

2,44 

2 z/ d
2 

vthere z cationic charge 

d distance of c l osest approach of cation 

and oxygen . 

-J(-

'::: il:i.c.eol:s r,1e t3.l oxide n181ts are considered to contai,n polyrnerize cl silicate 

aniom; .,vh -l.8h vary i r; size depending upon t he nature of t he cations and 

the overa ll cClwposi tioD . r1'he ionic chara cte r of these melts ha s been 

confirmed t h rough measul'ement of pl-operties suc}] as electrical conduc-ci·-

vity, viscosity and e l ectrical transport by ma ny i r.vestig::1tors; notably 
(27 28 2° 30) Bockri s a nd co-~",orkeI's . \ , , , - J , I t is also genera:Lly agreed that 

Viscosi t y , when express e d as a temperature i ndepe ndent function, i . e . as 

t' h ~ - t · f· , -<', (n) t b i '-" nctl.-on oJ£'. ~'!'; p e ac Cl.Va ··lon enerS'] or VlS COU S .l. J_O'''' \ .£'.' t) , mus - e a "'- v __ 

size of the a n i ons . 

, 0 ~ \ 

The ,la1u8:3 of :s ~; 0 btaii'ecJ. by Bockris ::: t al (2u , ",9 i fo r binary silicates, 

l ed l;/18 se a.'..:tho:r:s t o (~OnClllde t.i:l::.t, UiJon inc r eas8 of the 8 i0
2 

con cent rat io r: 
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of a bi nary s ilicate beyond that C:CJrre spondi~g to the orthosilicate c,?mpo ­

sition, simple linear polymerizasion occur s f irst to ions sl~ch a s Si
2
0

7
6-

and. to Si
3
0

lO 
8 - Ring ions of t he t"ype Si

3
0

9
6- and Si

4
0

l2
8

- g,ppea r l ater 

at 50 mol '10 ~)i02 ' Upon incre2~sing the Si0
2 

content further, the rings 

are believed to polymerize fa.ce t o face to produce COI.1pact, almost spheri­

cal ions . ROvlever , Ery varies smoothly Hith Si 0
2 

concentration and such 

a re l ationship cloes no t prov ide evi.dence for sUGden change s in the type 

of discre te ion in the melt. 

(7. 1) . 
Richardson') , the refore suggested that liqu id silicates may contain an 

array of ions whose dis t ribut ion i s governed by chemical equilibrimn . 

Such an interpre t atiun is s upport,ed by experimental data on the analogous 

phosphate sys tem . Toop and Samis(32
) employed s i milar concepts in ex-

pressing t he ionic distribution i n terms of t he equilibrium constant for 

the reaction : 20 0
0 2-

-I- 0 , 
') 

whe re 0-, 0 0 and OL - represent singJ.y bonded, doubly bonded and free 

oxygen i on s r espect i vel y . Such an equilibrium constant Hould then be 

dependent upon the nature of t he cation in t he bi nary sil icate. 1-1<1sson(33) 

used a similar approach . 

The pre sent s tate of kr.owledge a ppears to be that ionic distributions 

and average molecular mas ses of t he silicate poly-allions in binary sili­

~ate melts can be evaluated as f unctions of silica content with the aid 

of polymer t heory . - l'1oreover , tbe rrr.o dynamic properties of b inary silic2.te 

melts may be i nterpre t c:1 in terms of ionic constitu tion . ExtensLon of 

thes e i_de ils to ternary silicates aljpears to be on l y quali t.::.tj_ve ly possi -

ble. 

ron·-oxy gen a t t raction I, as listed for some oxides i n table 3, has been 

used to sepa1:ate ox ides into network formers (high r) , network modifi ers 

(lOVI I) a.nrl intermediate oxides . E? for bina ry silicates does not vary 

smoot~ly wLth I , but t he table shows that Ti 0
2

, toge t her wi th A1
2
0

3
, 

mus t be classifi ed as intermediate oxides . For the purpose of cOr.lparillg 

the eff ec t of TiO~ on the viscosity of s iliceous melts Hith t hose of 
L (J k'i 

other oxides , the approach of Marboe and ""eyl .:J I wil l be used. 

Aecording t o "Lhese authors an il'lCreaSe in the oxygen to silicon ca tion 

rati.o, by addi tion 01 uxi c1€;3 '-!1·4+ whose c~t i ons possess lower I than ~~ , 
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0 2- ions 

is due to 
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not onl;{ j ncreas e the number of 0
2

- ions, but a l s o rende rs the 

bette r screene rs of the positive 8i 4+ core . The l at t e r effect 

t he f 8.0t t hat t he polarizaqili ty of 0 2- decreases 1tli t h an i n -

crease in the s trength of adjacent positive fi e lds and that t he screeni ng 

power of an ani.o n i ncreas es "'it t h its pcilari zability . AssuIni ng Ti to be 

prese:1t in t he struc ture only in 6-fold coordina tion sit ",ould on a molar 

basis, produce twice as many "weak po i nts" i n the ne twork as a dival ent 

cation eg o Ca2+, as suggested by Schenk ::tnd Fr ohberg .(14) 

As viscous flmv is bel i ev ed to involve continuous de format ion of 0
2

- iOES 

and a gradual change in I their posi t i ons \·;i ttl respE::ct to t h e centra] cat ­

jon, t he binding forces \vithin t he 'po l:rhedra are a lso i mpor t ant . These 

would bo governe d f irstly , by the charge of t he c entra l cat i on. I n t n.is 
4+ . .. + .. 4+ respect 'j~i would be expected t o behave in a manne r very slmJ.lar "0 Sl • 

Ho·,.[ever, binding forces wi t h i n the po l ybedra are furthE:r i nfluenced 'oy 

the state of pol a r5..za tion of t he 0
2

- i ons, whj ch should be a funct i on 

of t he i on- oxygen at tra ction of t he other oxides pre s ent e g o CaO , Na
2

0 9i:C . 

The state of pola rizat i on of the an ions \'lill a l so be influenced by the 

po l arizabi l i t y of the central caticn itself , polari zability being des ­

cribed as the a b ility of t he cation to adjust its electron cloud in a 

manner to be bes t accommodated i n its enviro:1II1ent . A highl y de formable 

electr on cloud can screen it s c ore even under conditions o f temporari l y 

red uced coordi nation VIi th respec t t o oxygen! s uch as "lOuld arise during 

the pI'oeess of viscous flow. He r e it mu s t be noted that r1' i 4+ is ;?, ~on­
noble gas t ype c2.tion, compared with Si 4+ Vlhich is of t he notl e gas t ypP . 

This would mean t~at the forc e field of Ti 4+ is no t neces sarily spheri ­

cal l y s ymmetrical . Such dis symme tr;y would cause i.nherently dis tort able 

sites i n a nE:twork based on tetrahedral ly coordinated Ti and ~ i, a con-

di tion U'.a t vlOu ld be e nhanced by the presence o f other cations of 10\·! 

fiel d streng th . 

The semi-condu~ ting property of non- stoich i ometric rutile and t he i n -

fluence it JTlllCt necessarily exert on t he elec trical conducting properties 

of oxidp. me l ts cont2.ining tita n i um oxide , will be discussed in a l ater 

section . In tho pr esen t context, it is only i mportant t ha t r ut ile does 

l ose oxygen even when heate d in air , and t hat the effec t is i ntellsjfied 

a s t he part i al p:::'E:8 SUre of ox:'gell i n contact wi th the solid phaseJ is J. ower-

E:d . '1'his departu:;:,c Lcom 3toicDiome tr·y is accompani.ed by a darkening j.n 
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the colour of the i nitially Hhite rutile . The same property , though 

les s pronoun ced! iE' exhibit.ed oy titaniferous oxide melts . If a melt 

contai ning bo t h 8i0
2 

and Ti 0 2 i n addit ion to one or more modi fy ing oxides, 

is assumed to be based on a s':" l icate network, with BODe repl acemen t of 

S14+ by Ti 4+ j oxygen ross must gj.ve rise to vacant ani on s i tes , asso cia­

ted ",ith electrons , \-,hich may cause a permanent loweri ng of t he valency 

of Ti. I n the event of such a n ex t reme e l ectron t.ransf er , Ti may e. ter 

into 6-fold coordi nation . HOvlever , if the el ectrons are assumed to re ­

mc;j.n associated wi th the va cancy , theip position probabil ity spher e being 

extended with increase in the temperature, the vacancy may be pictured 

as a mobil e one , a condi tion dictated by t he requiremen t s of viscous 

flo"" i'loreover , 2+ the polari zing influence of a cation such as Ca on . 

a doubly bonded oxygen in the stati st ical vicinity of a vacancy wil l be 

enhanced by the "reduced" charge of the ~entral cat i on 'I'i 4+ . 

The catLmic rad.ius of Ti4+ i s close to that of IV:g 
2+ 

and consicle r a -ver-j 

tly greater than that of S·4+ If Mg 2+ 
and '1' i4+ pr esent i n sUi-· 1. • were a 

1 t ffi.! ,4+ '-'oul d be f<=01TouI'ed t f .;. t 1 d 11 d' ceous me.. , - ~ 'N ,~ as par 0 a "e ra 18 ra~ y coor lna·· 

ted netvlol'k , due t o i ts higher charge . Ho Y/ever , the comparable acceptsd 

ionic radii , the fact t ha t calculation of t hese radii presupposef3 ~::Jhe:ci-· 

cally symmetrical ions , t he poss ibility that Ti possesses a radius 'i n the 

melt t hat is slightly l arger tDan the one quoted for Ti 4+ ana. that its 

charge may on the average he imagined to be lower than 4, makes the dif­

f erentiation l ess certain . r1oreover, Ti 4+ possesses hiGh polariz3.bili ty . 

If in the l ight of this , the titanium and magnesium ions may be 3.ss1.'.med 

t o l'eq1.!.ire the same ~.ncrease i n coordi nation number due to t beir large:!.' 

size8 , as compared vrith that of 8i 4+ , titani um m1.!.st create at leas t 1 , 5 

tiraes , but probabl y closer to tHice t he number of distortion sites i n. 

t he network t hat could be provided by magnesium , on a molar basis . 

T' +" d ' f Th k ( 15 ) h . f . l' ] t + 1 t ne ~ . J_n . J.ngs 0 a ur as sown :Ln 19ure 1. , re .a e ,, 0 L O\-! empsra-

ture ';isc08i t y of glasses of the system Ka
2
0-Ti 0

2
- Si0

2
, \·!her8 8i 0

2 
i s 1'8·­

placed progressj~ely by Ti 0
2

. The results are reported as t he temperature 

at which a glass of par ticular composition reaches a certain v i s co s ity . 

M~rboe a~d ~eyl expJ~ined this te~dency fo r additions of 1'i02 t o increase 

J h t f . f " " 4+ b [.1.8 te!llpcra ur E; _or a giv~n ViSCOSl ty valne on the bas is 0_ l-J. e i ng a 
1 t · L'" 4+, ) . h . . . t · J.arg.,;r ien [Lan ,J l ana. cOYl::oerluf;n Giy .. av .'Lng grec;;t er cocrcllna ' l011 l'8 -

qui~ements so t hat presarnat lYI Si4+ i s eventually force6 OUT of the 
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6 -
tetrahe dral nehlOrk t o share corners of t he 'l'i06 octahedra. . :'{hi l e such 

a mech~ni sm may be f ea ib l e at low tempera ture , the re exists no evi dence 

in t he li teratul'8 that Gctahedra lly coordinate d Ti may cons ti t tl te thC:' 

"bu5_ l ding un it of a nehJOrk in high ti t.an.ia slag s at slag fo r ming te mper -

&.tures . 

On the basi s of atomis properties as listed i n table 3, alUr:l ina and 

and titania are normal ly classe d together as i ntermediate oxides . The cat-
3+ l' ionic radius C)f Al i s cons i derably smaller t han that of TiLT , tl1e dif -

fere nee in valency giv ing the l atter the greate r fiel d. st r eng th . :B'u.::: -
3+ therIllore the Al i on is of the noble gas type . illuminiulIl oxide does 

not show t he depar t ure from sto i c h iometry tha t is suc h a \-Je l l knuwr! 

property of r1' i 0
2

, s o t hat a mean fi eld strerIgth l arger t 'l3.l1 the one 110:'.' ­

mally accepte (l i s not l i ke l y in t 11e case of A1 3+ • 

i-z4 ) 
From the Hork of Ko zal:evitch' ) , i t is evident that addition of alumina 

to a CaO-S i O;? melt i nitially increases the viseo!C, ity at 0 _ constant CaO/S i 02 

r atio . Th i s effec.t is revers e d upon exceedi ng a molar ratio of Al~O~/CaO c. :; 
of 1 . This behaviour is attr ibuted to Al"0 3 initially 

c. 
e n t e ring t~e liQujd 

struc hlI'e in 4-fold coord j.ll&.tion. As it can only do so wi th t.l-~e sirr:ul -

taneous addition of CaD , due to t he r e quirements of e lec ·L. i 8al DC1J.traJ.i ty , 

the compos i t ion requ i r ement s fo r complete t e t rahedral coordination only 

/ 
~ ~ + , 

becomes f u lfilled at A1
2
0

3 
CaO 1. Beyond t his limit ~l- can eXlst 

in the structure in oc tahedral coordination as -.,e ll. 

'rhe Hork done on t he analogous tit;miumoxi de bearing systems 'j !i0
2

- Si CJ
2

--

~'O , ro ° S 'O T'O (12 ,14) Ith h 1 h t ' ] -+-.::l C'.l2 3 arlG. va - 1 2- l 2 a aug ess ex aus l ve , re'Tea.s no "renl.S 

S:LIDuar t o what Has establ i shed for t h e CaO-,Si0
2

- Al"C
3 

sy-sterrl. l\~om the 

\-lo rk of Frol":berg and Vleber (12) on t he system SiO"-T~O? - Al ,)CJ-z ~ j t a ppear s 
L _ ~.) 

a s t,hough t he thickening eff e ct of alw'1lina i s less pro nounced at high 

T ' O / -\] 0 t-i 1 2 .t'2 3 ra"~os . I n t his respect the effect of Ti 02 is obvious l y not 

SiI~Ji1ar to t hat of lime and it may i n fact indicate 4 - fo l d coordination 
~ , 

of Ti<t-
r 

iJn:le r 1,(',88e con(li tions ! \-:i th a gradual change tm·.rards higher 

coord ilia tion rr'.:.mbers at I m-Io I' 'l' i 0
2
/A1

2
0 :3 ratio . l:lecaus e of t h e dOll.btful 

na iure of these resu l t s du o tel t he use of graphite v iscometer co:npon'=il 'u;~ ~. 

Such a c onc l usion can hav0 little claim an absolute validity . 
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tern CaO-SW2-1i.1~03-'iliO" do not lead to similar effects , judging from the 
~ L ( ) - . ft · " . " .!.' t 18 limited In orma lon aVal.la .ie on ('ne sys em . 

In the discussion of their r esults of v i scosity measurements carried 

out on Sor'el t nlc slags , Handfield and Charette(lO) discard tl"ie sugges­

tion of He wichenko(3S) that oc tahedral anions of the type TiO~-might 
constitute the "flow ur,i ts" in these very high ti tan i a slags . Bezni­

chenko based his hy po t hesis on the fact that the 'i' i 0 6 octahe dron is t he 

structural uni +. of solid ,wo s O'.Ti te and found support for his v ie ltl in t:,~ 

rapid crystallization rate of t he se slags, as r eflected also i n the rapid 

r i se of viscosity upon crystalliza tion . A melt consisting of su~h nOD ­

POlY1IlGf'ized un i t s '",ould be very fluid. HOlf/ever, Handfield and. Ct,a rette 

concluded on t he bas is of t he very high electrica l conductivity of the~e 

melts, t hat such units wer e un likely and that t he structlJ.re of higl:l ti-· 

tan ia slags .,ill not be understood ~ltil a more f;E'Deral theory e:~p13. i ning 

the s ei11 i--(~onducting p2'ope -rties of these melts i.s deve l oped . 

In conclu s i on , it may be said i;': lB.t t he author accepts the possj.oility 

of t he following t wo extreme conditions in oxide melts based on Ti02 

and Si0
2

; under oxidizing conditions: 

(a) An essentially tetrahedral nehlOrk a.t very 1m" t i tania conten ts j 

t he Ti4+ e ~i tering t !1e stru.cture in octahed.ral coordination, possi-· 

bly with rala,ii vel y strong "bridging" eff(~ cts . 

(b) .2':ssentially octahedral a n ions based on 'llj4+, i nterlinke d by 8i4+ 

Cirl.,:l 0 the r C2. tions, at very high ti tan ia con t en is . 

'l'he i nterme dj a te l evels of '1'i02 concentration ""auld be characterized by 

mixed coordinat ion of Ti4+ As Ti02 is onl y believed capable of de creasing 

t he vi s cos ity of such melts , regardl ess of its coordination, and as ·t.here 

can 'o F! no sharp tra!1sition betwe en coordina tion s tates, due mainly to 

Its property of losing oxygen , Ti02 will i ncrease the fluidity at i ncreas­

ing leve ls .Jf concentra tion in a rela tively cont i nuous manner . T:ransit ion 

is vizualized as an equilibrium proc~ss, ~epending upon t he concentratj.ons 

and fie l d streng ths of other cations present, and the tempera t ure . 
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2.3 Reduction producT. i1n.d ra-:;e stud j~e s ----- -_.....-_-------_ .. _---------

The h i.gh fluidity of ti tanife:cous iron-mak ing slags under oxidizing con-­

di tions is lW1N general l y accepted, and t he di fficul ties experienced du­

ring t.he s mel ting of tit.anferous i ron ores are com;non1y attributed to 

the reduction of Ti 02 to e ither 1m-Jer oxides or to high melt ing titaniwn 

compounds eg o TiC o:!:' to both . Consequently, t he data available on re-· 

du c t l on of both pure '1'i0
2 

and (1'i0
2 

in slags are relevan t to th i s stu dy . 

2 . 3 . 1 The sys t em Ti - ° 
I n 1954 DeVri es a nd Ho/ 36 ) published a "not impossible " pb3.se diagram 

fo r this system , based on t he ir selection of data avaUable in t he liter­

a ture 2.t the time . 'I'his diagram is sho",m i n figllre 16 . 

The composit ion range TiO~ 
v - 0,5 

(~7) 
According to Andersson ct a. l \) . the TI13.Ximurfl solubility of oXYGen inTi 

i s general l y a ccep t ed to correspond to TiOO~ ' Uxygen a toms are randomly , ) 
arr;:,.nged i n the o.:::t;:thefiral j~nterst ices of the close packed hexagonal 

l a ttlc s of Ti . \oiith increase d i ncorpo ration of 0 , the a - axis gOes t hrong'l 

a maxi.mum at TiO
O

,35' wh ile t'J.e steady increase of t r:e c - axis i s suddenly 

acce l erated he~e . 

'rhe composi Hon r ange TiO
O 

~ 
,) - 1,4 

Ej.gh temperature sa:llpl es ,,,ith compos itions Ti OO,64 _ 1, 2G give pOHde c 

photographs showing only the patteEl of a single sotlium chloride type 

phas e . 'l' i tanium and oxygen occupancy i n this range vary beh,reen the approx­

i mate limits 96 % to 77% and 61 % to 98 % r espectively . Outside t h is 

composi i~ io n range , adii tional p;lase s .- either 0( Ti or Ti
2

0:( - a ppear . 
.) 

Low tempe rature sampl e s (below approxi mately 990°C) consist of a compl ex 

mi~tu:!:'e of phases including Ti
2
0, &n oxide of approximate composition 

Tj.Or, r-,,-, ' '1' i O (a 10\" ,2mperature mo dific'3.tion of t he stoichi ometri c COl1lP O­
U,,) 

Sitj~~ l') , l' i O (:NaCl type o f v e ry narro,,: r~o;no6enei ty range 8.nd approximate 

c orrroosi ticm 'l' i C
l 

~) and r[' i,..,O.:l, ' 
. L t'. ./ 
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Figure 16 Phase diagram f or the system l' i-.Ti0
2 

based on 

literat ure data . (36) 
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2 . 3. 1 . 3 The c ODpos i tion r ange TiOl ,4 _ 1,7 

f1' i
2
0

3 
pos sesse s . t he corW1ctum struc ture and has a homogeneity range o f 

TiO 9 l ~] a ccording t o Anders s on et al . 1,4 _. , .J. 

(-'9\ 
The compol..md '1'i 7 0C) however, is l ess well defined . Rusakov a nd Zhdanov ' ) J 

J ~ 

prepared a phase o f t h j.s na·~ure from tte ti tan ifer ou s slags produced o.u-

ring ilmeni t e sIw:;l-t ing . 'l'hey classifie d it as orthorhombic a nd attache d 

the name a nos ov i te to it. Doubt ari s es over t l18 validity of t his result, 

t he TI;e tli od of pre parat i on Tn3.k i ng poss i bl e con tamina tion of the titaniLJ.ffi 

1 J . 1 t n 2+ frg2+ F 3+ d A13+ oxid e ly o ener e cmen-s ego £e , iry , e an . 

o . . d - '1 . (40 ) b tl ' · J. ' • h ' b t ' . '" t Asbr J.nk an J -agne ~ l su seqnen . y a.LS ~ lngulS . ea e \Veei-l a Dl gu. ,emper-

tur e HIodifi(:2. t.ion of t he anosovi te type ( a s lightly defc .'-'med pseudobrooki t e 

strneture) , and a loV! t emper.3.ture monoclin ic form o f F ,-= 91, 50
• 1'he phas e 

t rans forma tion tempe ratu r e ' .. : 2.S stated as 120°C . The hi gh temperat'J.r e 

form i s als o monoclinic with ~ = 91° , the angle de c r ea sing to 90° (or­

t ho:rhowb:Lc ) a s t he tempera t ure rise s . The str ucture o f the 101-1 t empor·­

ature modifica tion wa s des c r i bed i n t er ms o f Ti0 6 octahedra wh ich are 

joined b;)r sharing corners an d. e dges to form a n inf1 n i to three-dimen siorlal 

f r-amevlOrk . 

( '·S ) 
HOHever, Bright U · conclu ded from his work ttat t he truly n;onoclinic 

fo rm :J. s not a 1o ... , t empera t nre form, bu t in fact, a It still h i gher -i;empcr-

ature " mo d j_ficatio l1 , a bove t he form normal l y a ccepte d as ortllorl1crnbic . 

rPhe composj tion r ange TiOl 7 , . - 1 ,9 

AnderDson foui1,i t hat t he line s for '1'i
3
0

5 
were compl e te l y repla ce d by t bose 

of a ne \-I" pha s e a t rr i O
l

, 75 ' Upon i.ncreas i ng t he oxygen content , t hese 

line s r emained ba sica lly t he s ame a lthough closer exa mination revealed 

a contin1lal a l t e ratior, be t ...:een s i ngl e pha s e and h!o -pha s e reg ions. Th e 

s;~ccess i'le phases a ppee.r e d to have t he gener a l fo r mul a Ti 0 ., -1' lVIem-· 
11 l.n -

be r s corresponding to ~alue 8 of n = 4 10 were ide~tified . The su c-

cessi've me '.ubers cunsti LIte a homol oGc-c.s S2 :r j_ 0 ~; oT r -"'lt11e st r uc ture . 
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2,).1. 5 'rile composition range 1'iOl ,9 _ 2,0 

'l'here 8.re ind5.ca tions that the homologous series mentioned above, exists 

beyon ::1 '-riO , 9' but apparently the differe ilce between X-ray patterns _for 
.L , 

Sll.Cc e ss i ve homol ogu8 s decreases as n increases, so that t he tV/o - phase 

regions are not de t e cted , HO\o/ever , it remains un ce r ca.i n Hhether di s -· 

tJ.· ll,ct phases of 'f' ~ 0 exist rip-'h t up to the two-phasE:: rngion with '1': ° ~ ~n 2n-l ~ c; 1 .L 2 ' 

cr whe ther it termj nate s in a phase of variable composition . The first 

t race of yutile appear s at TiOl ,95 ' 

2.3.1. 6 The allotropi c modifications of Ti02 

'l'hes e are a na t a Ge (te t :::'agonal), rutile (letTagonal ) Fi,nd bTookite (orthc ,­

rhombic ) . liJ1atase ha s two modif .:L cations : a low tempe r a ture p -. form , 

t · t t' ex f . 640°C 't 91 ro ". 1 _ . t . . ] conver Lng 0 ne f" - orm at,.tI. ) Iv 0< Cn3.11ge s 0 ru "C 1 . . e . 

Brook.L te chaYlge s to' :::-utile Hi th measuratle veloei ty G,t a11 temperatures 

above 6tjO
o

C . 

2.3. 2 Reduct i on of Ti02 

'l'he equations repT8senting reduction of TiO') by CO a n d Care s amtTla Tized. 
<.. 

in table 4·. 

'l'hermodynamic data for reduction of 

monoxide 

~1eaction bGo =: f( T) 

(caJ.s/mol Ti0
2

) 

','iO 
~ 2 by ca:::-bon and ca rbon 

Minimum redu ct i on 

tempe :::-ature (oC) 
._ -------------------_ ... _ ----

Ti0 2 + -~·CO = 'n 0 + .t~0 223 2 2 

'1'i0
2 

+ C = Ti O + GO 

13 

24 

29 

65 

171 

950 -

390 -

350 -

190 -

JOO 

0 , 30 T 

0 , 28 T 

21,15 T 1115 

• r , 0-
Lj c. L J .J T' 1. 24 :) 

84, 23 T 17 8L\ 

Ti0
0 

+ 3C Ti C + 2CO 126 100 - 81,44 T 1276 
______ 1_. __ • ____ •. _ _ _ _ _ • _ ______ • ___ _ _ _ _ •• _ _ _ ._~ ___ _ ._.L _ _ _ __ .. ___ __ _ __ . _ __ . _ _ _ _ 
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2 . 3 . 2 . 1 Re~uc tion by CO 

Assayag e t a 1( 4
1

) studied the stoichiometric reac tion for reduct ion 

of TiO" e. 
by CO to give 'I'iO 

2 - x 
and C02 ~ Vlhere rrw 

2-x 
is t he overall c ompo -

sition uf t he solid P)~Od,lct , by e quilibration o f the oxide \dth :~rlo·vln 

CO/C02 
r at i o s , bet·,."ecn 840°C and 1 2 50

0
C. For val ues of x>-O , 6, t'tIO soHd 

phases we re i n equilibrium and X-ray studie s of the product with x = 0 ,11 

showed a rutile phas e in a ddition to a phas e t ha t was no t identified , 

but which Has not 'r i
2
0

3
. 

, 2) 0 
Nish i mura e t a l \4 reduced '1'i0

2 
with CO over the temperature range 800 C 

to 1400
0

C fo r periods varying from 1 hour to 24 hours . 'rhe redu ced equi ­

librium product corr e sponded to TiG4 , 203S , S ' 

In a 

tion 

mu ch earlier work, f'Iikhai lov and Be lyakova (43) r eporte d t ha"!:. reduc­

at 1 300
0

C only gave a '1 ,9 % r eduction . ( 'J:'he corre spon ding fi gure 

for reduction by H2 B.t t he s.::.me t emperature Has given as 26,3 %). 'rn e 

produc t a ft e r r ed:lc:tion by CO was a mh:tu re of '1'i0
2 

a nd 'J'i
2

0
3

. 

Ohm and Ross(44) k ept Ti02 i n a CO atmosphere at 1500°C; f or periods 

up to 3 hours . X-ray anal ysis of the final produ ct g,f ter r e ductioll fo r 

3 hours , s ho\o!ed the presenc e of a rut ile phase and another un i dentified 

phase , whj.c h cou ld b e Ti . OS ' 
5 

3 .2 . 2 . 2 Reduc Eon 0 f 'bO 2 by ca!:'bon 

13e1yakova et a1(45) found t he product of reducing Ti0
2 

wi th char coal at 
o 0 

1100 C to 1500 C to be a. solid solution of Ti C a nd Ti O, the TiC (! ontent 

varying from 33 to 60 %. 

'1'he sequen ce of products a ftC) r reduct i on either in va cuum or i n a CO 

atmos l'here , \!as found by Kubo ar:d Sburni.ki ( 46) to be Ti 02 

IJ:'iO
l 

8 _ ]' '7 ,.. Ti 20 ~ - -·- "..(TiC C ) . '1'h e l at t er phase cou ld t hen 
, . , r . ) x y 

f Ul'ther r e a ct vii tb carbc' r~ b eyond 1 400
0

C to yie ld 'l' iC . I n fact , l'hkhailov 

and Lelyakova(43) s t ated that t he r educ tion reac tion started at 9 27° C 

and t hat pl1re TiC could be ob"caj:1ei by 'l~at ing a n:ixture of 'l' i 0
2 

a.n:: C 

p 1.. .L 1 Q c::', 0 
rt ] ()OC 0 C ".o r :0' rlO u r s & ,. ~v~V " t o _~J ) • 
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( ) . 

OrJ1l0 anCl :Eo '3S \44 condL1 cted the reduction in both argon and nitrogen a t oe 
o 

mosphe r e s, the tests lasting for two hO'J.rs at 1450 C. Oxygen was removed 

f a s ter in the latte r case . When the atmosphere for the experin~nt was 

a rgon , the product \tlB.S found to be TiC . Under nitrogen , IJ1i N \Vas i den­

tified, but no TiC was presen t. 

2 . ) . ) Carbonaceous reduction of Ti02 from titanife rous slags . 

2 . 3. 3 . 1 Reduction pr oducts 

The r ange of products formed during carbonaceous r e ductioYl of rri0
2 

con­

t a i ned in titaniferou s burdens includes t he lower oxides of titanium, 

t itanium carbides and oxy-carb ides , in addit i on to n it r ides , oxy-ni t r jdes 

and car11o - n i tridGe" i f n i trogen i.f! pres<.:n t in t he f u rnace atmosphe re . 

E.v idence exists for t he fO I'If:a tion of virtually all these products , in 

t he f orm of bot.h plant obs e r va tion and laboratory investigations . 

( 7 \ 
In 1921 08ann \4 ; relJOrted anal ytical re::.m l ts of the copper co l oured 

crystal s on a piece of mar;nesite mixer lining . 'l'hE product \{B. S found to 

be t i tanium carbo-nitride . J ansson (4
8

) i nvestigated simI_lar erys tals 

recovered from the interstices of the li ning bricks in the hearth of a 

bl ast furna ce. 'l'he composition corresponded to apPJ~oxima -t e ly (6Ti N + 

'l'i C) . The sintere d ore cha rged to the furnace contained 0 j 14 % 1.' i . 

Freid(nlzon at al (22) sepera ted t he ' ''cuckshot slag" produced dur ing -olast 

f urn ace s melting of ti t ano--P.1agne ti te o res into slag and metal frCcctions . 

The slag d.iffered from the r oughing slag in hav i ng a conside rably higtler 

carbon con tent . The DPtallic fraction d i f f ered from the tapped pig iron 

a s shown in tabJc 5. 

1'~~b:_~_2 ~letal analyses (luring vanadium pig iron production 

Si s 

Me t al f rom buckshot 0 , 400 

tapped pig iron 0 ,47 U,U)8 

Composit i on ( mass %) 

0,40 

0 , 41 

Ti 

3, 00 

U, 41 

C 

5,20 

4, 7~) 
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It is significant tha t t he composition of the buck s hot slag metallic frac ­

tion i 8 much closer t c t ;,at o f the me tal in the bosh and bosh parallel 

regi ons , than to the composi t i on of the tapped pi g iron . 

Metallog.caphic exaITiina tior: of bo t h the !iletallic fract ion of the buckshot 

sla g and the vanad.i um pig i ron , r evealed abundant Ti.H inclm, ions . 

. ( t1 ' ) 
Ohno and Ross \ -t4. examined the surface films produced on s lags of tl lE: 

system CaO- Si0
2

- A1
2

0
3

- 'IIi.0
2 

aftel' reduct i on in a graphite c rucib l e both 

i n a r gon and i n n .i trogen a t mospheres . '1'i tanium n i trid.e ""as iden tified 

on s lags red'.lced in an atmosphere o f nitrogen . Conclusive ident ifi cation 

of 'lliC on these slags and on those that were reduced in argon vla S i mpos ­

s ibl e clue t o t he poss i ble pre sence of other s i milarly co lollred maLe:('ials, 

especially gI'apl1i te and l ower -;:,i tanj.um oxides . Em,ever , the a u t hurs 

s trongl y sugg:ested ihat the films mi ght be t he carb i de , because of their 

similari ty t o the product obta t ned when pure '1:'i02 .as redu c ed by carbon , 

c: produ ct whi ch Has i de:1 t ti'ied as 'PiC. 

Al thouf,t~ ~any author.s mention the limited solubility of '1'i i n i ron mel ts 

ard the precipi t at,jon of high mel ting phases such as carbides a nd ni t ridEs , 

} . I - b ' ) ' .L ,. • t . d d \ 22 , 49 , 50) th ' . d ... W le:1 ·,;.18 solu 1 .ll,y .l. lml · 1 8 excee e I e worK car:::-l8 ou G 

( hl) 
by Delve , Meyer a n d Lander .J I is particularly s igni f ican t, as the solu-· 

b i l ity limits were shown t o b e even l owe r t han those · previo~sly accepted . 

'1'h0 8 '') E.uthors measured the so l u b ility of ti t'3.n i uDl in carbon- saturated 

i r on a t. 1500
0

C and 1600
0

C under neutral and ni trogcn atmospheres . 1'he 

pr e cipita t ed pbases ",ere al<> o examine d . The re8ul ts are shm,m in t ab l a 6 : 

'remp. 
(0 .., \ 

'v) 

1 50(' + 10 -
" 

16Q2 + 10 -
II 

Solubil ity of Ti i n carton and carbon-nitrogen saturated 
( r:, l \ 

i ron , ..... --) 

Atmosphere '1" _ 1 solubi.l i t,y Fr ecipitated 

(mass %) phase 
- - -_._ - ---. 

CO and A 0 , 263 + -·0 , 006 'l'iC 

II! 0 , 1 52 + Carbo - nitride 
2 

- 0 , (;10 

CO ar~d A 0 , 299 : (; , 080 Ti C 
-I-

N 
2 

0 ,202 ':'0 ,01l Carbo·-n i tr:i.dc 

c 
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The t abl e shows that. when i ron is saturaten ",ith nitrogen i n add i t i on t o 

carbon , ti t a niUll1 solubi1i t y dr ops even f urthe r . 

':'here a re a lso indi ca tions tha t s ilicon i n t he pres ence of ni t r ogen, de ­

creases t he so l 'Joility of ti tanium . 

The exi s tence of s l ag oxygen l evels cOrJ~espond ing t o· l owe r oxicles of ti ­

tanium in t itani ferous s l ags under r educing conditions , is implied by 

the end produc t s observed i n the a bove i nve s t i gations . 

2. 3 . 3. 2 The effect of s l ag compos i t ion on t he r ate of r educ t ion of Ti 0 2 

in ti taniferous slags . 

Extens ive evi dence exis t s t o the e f fe ct t hat bas i city of t he s l ag , ex­

pre s s ed i n various ways , il l f~uenc e s titani a r eduction . I n 1939 Mikhai­
(t: ?\ 

lov and Be lyakova ~ ~ J repoI te d t hat TiC was f or med mo re r eadi ly in basi c 

81ags thaT! i n ac i~ S 1 2gS of the sys t em Si 0 2- 'J:'i 02 - A1201. -.CaO. '1;he results 
14fi\ ~ 

of Ollno and Ross , \ 'T) obtained f r om r eduction of acidic a nd bas ic slags 

at l5000C i n a nitrogen a t mosphere show -ehe same t r end , 'I'hese rGsul t s 

are. hO\m i n fi gure 17 , t he slag composi tions be i ng gi ven in table 7. 

Table 7 Compo s i tions of slags redllced i n graphi te cr ucibl es at 1500(\:; 
" "t t h (44) In a nl rogen a mos p.ere . 

Slag No . jl'jass % compos i t ion 

"5 

4 

CaO 

27 , 20 

3,( ,63 

Si O 
2 

42 , 80 

32, 57 

TiO 
2 

30 ,00 

30 ,00 
- -------_. 

Chnkuker e a n d. Ho s s ( 53) re duced slags of t he system CaO - SW
2

- FeO-1
2
0

j
-

~.' jO ~. tn g.('dphi te crll ci bl e s , the slag lie i ng i n con t.act \"i t h ca r t on- sa t u ­
c-

rated i r on . 'l' i tani a r educt ion from t he slag w.:.s fo llowed by analys i s 

01 t 1e me7.al p~ase, Fi gu:r:", 18 shows t he eff ec t of bac> i.ci "y , expr8.3scd 

upon the r eduction rate of TI0 0 i n a 81ag of i nitia l TiO" 
'- L 

content 20 mass %. 'rhe slopes of t ne C1H"VeS fllr t her i ndicate t ha t ti -

t aniu ITI satura t ion j.n 'the m8':~D.l i s attained. soonel' '1li th s l. ags of hi gheL' 

c 
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f:EDucnON TlME (mins . ) 

Figure 17 Effect of ba sicity on t he reducb.on of acidic: a nd 

basic s l a 3',=, by carbon in a n i t rogen atmosphere at 1500o C. (44) 

------,.-.~----------
0,5 1.5 

l H..jE (HRS ) 

2.5 

Figure 19 The infl'.le nce of' 

ini tia l 'r i O 2 conten t on t Ile 

ex t ent of r educ t ion after 

2 hrs . at 1500oc, \53 ) 

3 

Figure 18 Ti t a l'l ia redus "cio n rate 
('"3 ) 

as c. functio n of sl a g ba.s ici ty . ,) 

( 
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basicity . The ex peri ments were carri ed out a t 1 500
0

C i n a nitrogen at ­

mo s phere. 'l'he bas i c trend shmm on thi s graph i s nQt alter ed by · r e placing 

ni t r ogen by argon as f u rnace atmos phere . 

An i ncrease i n t he ti tal1i tt con t en t of t he s l ag generally l e ads t o an 

inc r eas e i n tl:.e ra te of raduc: tion of the ox ide . This tendency i s also 

i llu s t r ate d by t he work of Chu kuke r e a n d Ross (53 ) (figta'2 19) 

2 . 3 . 3, 3 'J'he effect of tempera.ture on tl:.c rate of r educ tion o f 1'i0
2 

f ro m titan iferous slags . 

Al t hough very li_t tl e quanti t ative i r:.foHlat ion i s available on the ir:fl uence 

of t empe rature , several , aut~o~3 s tressed t~e possibi l ity that increased 

t ernlle rc~ ture s in i gh t l ead to roughe:c bla s t f urnace o pera t i oH due to more 
("2\ , .... f r" ' n s evere reecuo " l on 0 _.. l' lU 2 ' Aikhai lov and Belyakova\ ~ ) pointed out t ha t 

TiC vloul d f o rm in i n c rease d q uanti ties i n t he bl a st fu:tn3.c l' hea r t h as 

t he temperature i s rais e d . 

Shavrin E: ~ :::.1 ( 50 ) i n f a ct r e ported i n c r eased :,:>roduction , a c coITpc_n i e d by 

a r educ tion in t he coke r :; t e when t he hearth 1;empera ture \"a s I OHered 

<:ond sta t ed that opt i mum t hermal condi t i ons depend on the rI' i 0
2 

content 

of t he burden . 

2. 3 . 3 . 4 'r he e f fe d o f nitr ogen or~ t he r a t e o f r e duc tion of Ti0
2 

f rom ti tanfe~ous s l ags . 

Ohno and ::toss (44) compared the eff ects of n i h'ogen and a.rgon on the r educ -

t ion + f T' 0 f 1 t " 3'7 63 ol "0 'x 2 37 ryr c.: ' ~ 1 l ·a vC 0 . l ? . r om a. s _L a g con a lYlln g I , ~ 10 va , ) . , (0 ...- J.U 2 anc 

'l'i0
2

' The t empera. t ure fo~' both e xperiments \Vas 1 50Uo C, the s lag 

being he l d i n a gr aphi tc' c rucible . The resul ts are shO\-!l1 i n f jgure 20 . 

2. 3. 4 Co-reduct i on of Si 0
2 

and i]li0
2 

[Tom titaniferolls slags 

Al thoug h a ve.s t vo l u' e of infol'mct" i o·. i s a v e, i.Tall l e on the rat e a n d 

me chanism of :ceci ~l. ct ion of SiO ,.. by cerbon <lnd c2.rbo~ : ·-saturated i r on 
c.. 
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REDUCTION TI ME lmins. l 

Fig ure 20 The i nfluence of atmosphere on r eduction of 'l' i 0
2 

f'~ -)m a c l -g ( 44) 
.1..L \. jJ t.J d. • 

F!~r Ire 21 'fol' 18 ( CO 'r CO~) 

c f 1.':(02 .:::..:.'ntent, a t CaO/ Si O.? 

1 d t 1 h '~."O,., 1- ' ;" 0' +'ne eff'c,c+ evo \T2 a, -. J . j ' ..... ' V ',_" S 10\", ..J.. 1':' 0 l' __ ._ ~ v 

( ":1 \ 
J,8 ,)); 
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particul arly f rom blast furna c e t ype s l ags not 60nta i n i ng 1'i 0
2

, very li tt l e 

work has been done i n t he field of t itaniferous olags . 

The r e l evant thermodynam.ic data f or t he r eduction of t he pure oxide a re 

given i n t ab l e 8 . 

Table 8 'l.'hermodynamic data for r eduction of 8i0 0 (li ) b~r carbon 
---- c . 

nea ction .6G
o 

= f(T) 

(cals/mol SW
2

) 
----------------- ---

Si 0
2
(li ) + C = SiO( g) + CO 163 650 - 79 - 96 

8:t0
2

( li) + 3C - SiC + 2CO 148 000 - 81 , 49 

Si0
2

(11 ) ~2C = Si ( li ) + 2CO 173 100 - 89 , t,0 

T 

T 

T 

Minimum reduct ion 
o . 

t ernpera ture ( C) 

1777 

1547 

1664 

On the diagrams of standa.rd free ene r gy of f ormatio. a s a function of 

temperatur e , as g i ven by eg . Darken and Gurry(5 /~)~ t he line s for 'h02 

and. 8i0
2 

are virO;;ually paralle l and. very close to one 8,:1Other . 

The d.ependence of ti.tania reduction unde r b l ast f-t~rl1c.ce s,eel ting con ­

ditions on t he ra ie 0:' sil i.ca redu(;t i on was f irst r eported by Faust (55) . 

110I'i ( 56
)used slags of the s ys tem CaO-Si 0

2
-fJ.'i0

2 
a t Ti02 con t ents up to 

3~ 'fa! r eduction ae ing perfor me d by ca rbon and carbon- sa tu:cated iron :i i': 

graphite crucible s at l SSOoC . A rate p2.rame t er expres s e d as v ·'1' i , Si 
t [ Tj J ( Si)} / [( Ti) [ Si]} \-las measured. 

Ylcrb. r.g on blast furnaco tY'pe slags vii th ti tania contents up :;0 2,pproxi ­
I t- 1 ) 

mately Sib , Delve : Meyer E.nd Land.er\ J.L , u s:Lng reduc tion equip,l1en-t. sirni -

to tha t employed ~y Mori, showed t ha t r eduction of silica and ti tania 

p rOC8eQ8 i n tordepen dently . This ir;terde1xmdence ',{E:,S f'..lrthersllO\m to 

be substant i a lly unaffected by t emperature cha nges i n the raligG J.500 to 

1600
o

C. rtesults \Te r e plotted aG [~liJ/( 'lli02 ) aga.i nst [ 8iJ /(S i 0
2

) and 

the slope of the straight line so obtai ned (k ' ) ;.las f ound to be a f unction 

of s lag composition . The n&ture of th2 latter correJ l ation led the authors . 

to conclude that the best s l aG' for miniIliz,ing ti tan i a reduction v10uld he 

Olle co r~ taining :'ligh Sj.O 2 a nd corresponciingly 1c-'.·1 CaO /8iO 2 ' 
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If the reduction of '1' :; :':';> to J_oVl(' r oxides or ~.'i C if' accep t,ed as the cause 

of t hc dj_.!TicuJ ties 8':.pe .cie!lcecl elur i ng smelti ng of ti tan ifs rous b llrde::J.s: 

t~e presc[lcE': of any s lag COmlJOnent t ta t incre1:l se~ tr~ p. oxygt:;n potential 

of the slag can 18 expec t e d to be beneficial to the pro cess . Mikhailov 
(50) 

a.nd Belj"ako,ra <-I mentic!"lc cl JoIl.nO i n addi tioY! to :2'eO i n 'sh is (:OlT!wct.i.on . 

They ;urt!c8T' pos tulate. C: that J. m,'aring of t he 'blast furnac.e hea:r.tb tem-

pera tU"C8 \-1Ou1d help pTE'se l've s lag Fe'J 3.YJI: prevent fo r!l~a·[· 1.en of :Lol'ler ti-· 
- . .. (2~) , 
t a.r'. :Lum oxide s and TiC . Fr el.oenzon' . acce pc<::a t lte2G s tats;:h"Lts , but 

\'la.rr.ed 8.ga..i.ns t t he d.e l etericH1s effe-.;t of 1'£:;0 on (L:~ 8 l1. l ptUTiz& t i on processes 

and foaming of slags, in con j unction 'vi th th e therl>1::iJ. state of the f1~r-

Chukukere a~1d R08:::/ 53) also 

1'~le to tc::. l (CO + CO 2 ) 

determined. At ccns La~t 

to i n(;reaoc t~e rate of l:educ t i o]1 arid dec r.ease tJ.:.(~ fir~Cil D. TilCi ~1{lt or l~eO 

ret.qiw::d i n the slu.g . rl'hei.r :rp.sul -~3 are sho\Oil1 in f i gGre 21 (p . ll0) . 

'[he "' ~lthor3 GGnc l ucled th3.t the effe ct of Ti02 on thE' a cti vi. ty of }'<-=C 

in the slag , pcl.r l~ jcuL:u:ly in Clcicl slags ~ ',·ms qnaJ.itat iv(~ ly si n:ila-;:' -t. ::> 

sMelt ing of ti ta~ir2rous ore s . 



of products caG be fO Y'med cL.l.ring 8U811 redu c lion of tj tar.il:tl"fl oz id e . The 

nature of t~e effect of t hese p:::'od u cts (;Yl i"ur n2. ce O;le:ca tIeD i.B h()~'IG'/ er 

not yet c l ear and t h e follo wing possibilities lmlst me con8i~ered . 

(a) . e wer 0xid2s of titanium , presulnably r;.ot ~;8parai..ing f rom t he mo J.­

t en slag , may i nfluenc e slag v iscosi t y. 

(b) 'riC and 'riJIT and solid solutions of these cOI:Jp.Ju nds :rl3. y s Cj?arate 

from t he slag i n f in -:' ~L y di s persed form and, una't·le to SCt t 18, l~l-

crease tha sl~g viscosi t y. 

(c) ':(,118 forma U .G:'l of carrji c1..es awl n i tI'ides mc;.y not i.nfl uenc 2 sla.g vj sco ~· 

sity as SUC:1 to a great exte!:~ t , but may gr o'vl in trw furr.~a ce hpax·th 

io form accre tions , l. eadir:.g to r O'cj g l
-; opcratj on . Th( '~8e co:niJoun-.1s 

m.qy fu r thf':I' eoa t metal drop} ets .s" ,d prev en t eoah~ sc ence of sllch 

droplets . The pre senc e of soLd. p;1,rtj. c l es !1l3,;,{ a 1 so con i..rE m t, s to 

the phenomenon of slag foaming . 

In order to illus tra t e the controversy exist i n g with r eS p0ct to th'sO 

pos s i bilities , tb·:" conclusions of several inv8s t i g2.toi.'S ltIi. l l 'r,e :'8'v·ie .... J::·ri . 

2 . ~.2 MikhaiJ ov and (1939) 

The ac j,d slags tested b}" t hese authors con Ta ined 19 ,20 '70 SiO., . (, ,C9 

25,65 ,/0 TiO~ , 18 , 37 - 30 ,28 y, 
~ 

were made up of 6 , 58 - 8, 60 ~ 

L 

Al
2
, 07 ' ana 26 ,7 - 36 ,12 % CaO . B~s ic slugs 
. :) 

Sili~ _, 0 , -76 - 211 2l' j "/ 1·1 ' f'\ 1 "/' 8 "/ A 'j 0 - - <: ' !. , . 70 1. J. 'J 2 ' ., I e t c_ 2 ) 

and ),( , 5 .. 49 , 72 ~; CJ.O . Hhi l c aCidition of flLlid i ty 

of a~i d slags , it ha d the opposite effect on bas i.c s l ags . B0th Ti C ~nrl 

':' i..,07 'tfere IOlnd to I'D-ise t he visccsi t;,/ (I i' bo th acc.d a r: c. basi [, f:: J.ags. 
~ ) . 

TiC I ; la,r~e (lly thic;kenc cl a l l s l ag's. 

J:i'lu:cdi t f was meas1lr 8d as the ratio of t rw lengt h of t.he s13.g strear.l t.o 

the me SS of t he pc~red slaG. so t hat by mo~orn standards , t he validity 

of t he conclusions may be doubted . hllil e th9 8ffec~ of TiC on apiJar~nt 

Vi SCCl Si t canno t b e v i zuuli :.!-c,n t:::J b e a ::-1Y other ChE\!''. one o f }'ed.uL~j.i1g t l;.c; 

fl uidity, t~e poss ibiJity of TiO and Ti ~0 7 a f fc c t i ng also th~ 001t i ng 
~ ,) 

temper a ture cf tbe slag , cannot to neglested . 
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2. 4· 3 
( 5~' Semik Ii (1941 ) 

Res cal'Gh '-'IOT'k \1aS carri ed out on bl ast f ur nace t y pe s le.g's . \{~·l.L~. G ~}le 

effect of Ti02 was conc luc1G d to be qu a lita tive l y "'i.milar tc i.ha t of l i me , 

but quan U tat i ve1y rn.:ch l es s prono1.:nced , holdi ng t;18 :;-,la{:, b a. g:::'ap:"1 .; ~e 

cruci b:Le in a CO atmo sl1eTG was f ound to a l t er t he slav Vi SC0di tv . 
~ - u 

of TiU
2 

: 0 blast furnac e s lag-, ur-de r -:;he8 (: (:ond i.tions i~.1 i t.:i. a·.LJy L'u: d (~red 

the .fl ui.oi ty s lightly h :i.gher . Upon 8xte!.sioc of the hol.::Jj y.g time , the 

"\-r i s:>:..: s i ty in(~reasGd . HOl/,[ 2 v e r , the i n cre a.,se via s sli gh t i n t~-l C: C::-ls e of 

slags contain i nG ~p to 20 % Ti Q2' 1)" -!-.. ; ncrea<.:j ~ I,. tl e T-i n LI. '- ...L .• ' ...... .10 ~ .- - 2 

3G ~~ ca:lJ.sed seve :re t,hick::;n i ng' 2. t c:oI1 s hcnt tempcr3. t 1Jre . '?OT ::o~l ding ti_i.1C' S 

exceeding 6 hours , t he amount of Tic pro d~~ ad was d eSWEd 8~ffic 18nt co 

be TAspons i b l G for the i n c r e a se s of ~ is ca sity rep~rte d . 

] C " _ )r:>.L 

meni. of ' I' iO~ reduction TatGE f r om 10 ,; -l; :i.-i.-ar:. i .a bla s t ! 'urYl"tc(: S l. ::tg·~i , a s 
c. 

de s cribed in section 2. 3. 

(~ 7\ 
HO'd,="',rer , bdsed on t be fj.!ld ~_ ngs of Semi]" ./, / , th~ ~ _i r o'{,rr; cc :-; clu;:; j en t lla L 

l ow CaO/SiO,., :cat j .c,s dic1 not favo liT 'h02 yeduc t.i_Ol: fr~'m 812.g8, ."'."lei the • t::. -

rela tively high oxygen poter:t i2,1 of 8J.a[~S in tr.. e . bOG;;' reg i a: ). of t ;1G '818 [>1-

fur-Dc,oe ~ t hey cor: cl-c.del1 th<~ t -ci t~nia :r:c Q1.:r;tior~ ws. f:' unlik2 l y ~o c rtu :::;e t .rOl.'_-

'bI e a hove t'nr:' t.uy e:r:'o J.in 9 h i a fur:lC! (' !2 o pe _. a tir:g i~r: ~_Trd E: :~;:; (Ii' sad: }O',' 

Tj.O" con ter:. ts a s t hos(: cons i.dered. i l l t;10~.i.:L' pc.pEr (-::; I';.}.O\! a '[) (Y'-t -t 8 %) . 

Fu.r t~18 r , l ed h:r t he slo \-;ness vJi .. t fl "vlhich 8.11 incro a~:s E' i. :'~ t!li2 '.£Ii.Of} c ont ent 
"'-

of the bU.:rden made i ·t s e lf a pPSLreEt 1 t hey' s ugges tscl. tha~; f ootors of S}.2g; 

vi s(;o::; ity we l.· - YlCJt of p.ci r[.,c.cy si i?Jlif i Ga'i.(; e . 

E:o k b.i J l. t y i n iron, t he l OH c ont ent of '1' :LC
2 

j n t he 81::1,$ t ~:i.l ~ ,; ii.l ' aks 

~recipi tation poss ible (1 -
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ou"Cv:ard an(l c1f\'i8l'd j ·n "!;.,:; t he slag l ayer . 'TJ:e const:c j ct ~v' i'o rfneo. in t i'. :"s 

s ympt oms of t r ouble. Further d. , t erioration o ~' t he (!or.c.:ition viOulti i.t) ter-

fere wi th the fl ow o ~ met~ria1 s above the t uyere line. 

Oi'1..no and 
( 1 (3\ 

[{OS S \ / 

818,gs of t he Ca(j ,- Si02-A12U3 -'l.'i 0 ~ ~;Y3 tern were s1.1b j 8 C t(~C~ to '.'is cos:Lty mea ­

surements 'u":'"lder red-uc ing cc,ndi ~ ions .. 

',!hen c3-r bon \<.'as to serve as t he r e ductant , '/ i 8C08 i t.y ,D::dsu:ceJ18nt '"F ,S 

occurred i n Rll lDstanc Es . 

Fib~l:.r:'e 22 illt;strates t h i.s a.s a pJ.ot () f time at t.E' .'nl)(~raturs for J~,;)e :?J.ag 

to r each a v isCus i ty of 5 poise , a ga i nst t e ;npera cure . 'l'h'3 (;O r" pof;j t:;,O[! S 

of t he sJ.ag s are gi VH'l i fl ta oJ,s 9. 

Slag 

CaO S iO ~ ~ i 0 
~ - -~2 

---" --~- .. _-- .---- ------ .- - ~----------,.-----.-.~ - .--~----- .. - - ----- .. - -. --- - _._---------_ . . .. -

A 40 ,0 

F' l' -'0J ' ~''''' 27, ",'1'10\"" t·h .~ '~ P or " 'dId- ]" -" ", " "r ", 1.,. ,· co"' t, l' ~ ~ '" ",r· .:1. "' ; "1 C} ... ~ ..... V ./ .... "I~ J. J. ;: .... v,.l C' ''' ;;.J tJ .. ...... .... . . L"::' .. ·_ , ..... -· t. ,·o ~ l.l i::i.._li-L t;t., j .. J /'-' .· . • i.. .. • 0 ' 
'-

2.;:d lowe r , the viscos ity r i s es ' fery s c;: o de n l y . 

tc':!7·3,rll1 ,a' C.( ) .; " ' " , .-" -"'f'" +h·' n £'J"'<='r'+ (.J' 1· .,,~; (" , .. , ,. ( r. , .. , . . ,(, ... ,r.c.' ,'"J' (;"l :)/fSiO ~ \" -..J J: ~ _ ... . _ _ L ___ ...... l". ..... n., ..... J tJ . (.,. . ,-, .1 . ..... ~ , , .L 1)t;.A..J.L. __ J \ ___ _ _ !. . .• .. ~.;;._ -~ . c .. _ I 

{'_ 

on t he t nl.(;1-\"(;; .'-:l:,:[!; r2..t8 . rp}1e [-) f;J ex" o].' j .rr'2{!';"S ~'/0."[E:· C n~l.di.l c.t(:r.l ;1."'l.~ l C,'~;,~',\oC 

In ano t hs' serle~ 



., 
CJ ., 
·0 
n­

It. 

II:: 
o 
U. 

UJ 

! 
l-

e> 
:z ... z 
UJ 

~ 
I-

Flg:.lre 23 

:; r-~-··~---~ 

J 
4 .. 



··47 -

bo th ac i d and basic sl ags , thE.' d ifi"e ren ce being morc rrcr.mmced i ~ the 

case of'basic s l ags . 

c\n i ncrease i n t he ah,mina content of a. slag i -Jas shoHn t o j.ncToase Uv:. 

I t was al so fo~nd t hat c a r bon mOYloxi(ie did 110 t cause t'cnc:"cning 

5 h ·· . t l l'c'r o ... e ven a f ter .Ouy"b a ,LO)'-I C , \:hen tht'l niG ly [J,l i::ri"'J.m 

of vis c osity i nitial ly. 

Considering the results desc:!.'j b od abovf: . t h i ckeni ng may st j 1:. 'Oe the ::CC: ~iUJ t 

of one or utore of s everal cause;) ; 

(a ) '1'11e poss ibili ty that high meJ. t i ng ti tan iulil (:omp01..lnd8 fficcy ::'e rt:spon-

b2 i ng pJ:esent , a s oppose(~ to CO rerfor;n L"{~' the re:duct:~ o>:'! . 'Ph(:; Si:1Tfit3 

A.utho!.'s x'ep(1rted f as t er reduc -ei.o;l of tj LarD fe:eOU3 312,(:,8 Ll ni t.:·'-' CJ ,~,0'n 

than jn argon in 2. later pape)4{~) , toe presenco of l' il~ j;~ L i.e+: 

);cing confirmccl, as ct esc i: ibed in sectio:l 2 . 3. This \-lou,Jd CljJp-3::.l .t'v:,' 

Ci'oilj, ty of suc~--: c:olJ ,~ouil(3::, to ra.i se v i scosi. ty! az, 'i;hc:'Y +,f;nd:,o fo rill 

surface layers. The val i dity of this 0b j oc tioD ~~peCtrs d6u~tfuJ if 

t he condi tions prcvaiJ.iGg; ct1.lrir,g Vi3GOsi Ly rnep.surerr,ent. a.c·e 'take1" 

in to accoUI:" t . 

of reductio Cl :)f I1iO ,) to ever;tL','3J ly ~.liC Clr~d ~il1, ~tn(] ths -tl'lickc ; irlg 
L ' 

ra t e . 
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a.ccompa.r~ying pr~.ma:cy c:r:yst2.1:t.ization of high ']'].0,) 81o.gs. Ohno i-!.(l,j 
'-

HOGS in La.d. poin Le d out that the cliffe :cnco :Ln ::::hape cf t !lC~ C,-lTVC8 

in figur e 23 mi gh t " e explainc:d by the preS8l"tCe of c-, :', e',1 p~i1.3e "i th 

a f'J.s io:r; temperature beh/een lS)OoC El-11d 1600
c

C; 

On t hG basis 0.1' t his work, i lOt one of t he above Sf.::.'8ctS can he i :::ol2, j~sd, 

as neither the appearance nor the ma.rJ le:c of di2 ·~, :;::· i!-i1..,t :Lon of a ny rf;d.ilced 

produc t \-las reported at allY stag8 of tne redllcti0!1 prC)88;::'1 . A c. hc"nge in 

t~8 fus ion t eillperature i3 merely in~lied. 

2.A. 6 ""'<1 t J( 22) 
1.'1 ] '01 e~~~~ P a ' _ .. _ . , 1~'-'1..... . •. ( .' \ 1 ub::- . 

. " .1 .J) 

'l'r18 slags e Xu.:n i ned by ::"rei'~(:·r..zo. uclonged t o t r,e 

1 1" ' 6 \ 
" :,1 0 ) 

sv~tem n. 0 ~ry~ Pl 0 ""-\,..';) L. 'vc! ·J_· t 5'''''- ·--2 ' 7-
. ) 

S J• 0 IIll' (', F i . ~. J.. t ... n cl , . j , l ' . 
\ - 1. I 'or :'J. "t.. arLLa c.o~ l,e2j " S u p -co 1 ... .: I' ) , ver~\} ..L~ G"t-L8 C[lan o""'e 1.n \.: J_f::-'2 -2· - 0 

cosi t~{ \>Jas recoruGcl. af-Le:c l~oJdil1g tIle ~3J_ag .in a grc-"lJhi te c:r'lJ, 8=:" J ~~"3 .? 't, 

16000C for' 2~ 1!c.\!J_,!:,s ~ rr~ ~ (~ sla.g cO!1taining 1.5 % TiC..., OC C8lYlt:l c:-.:y; ~_~ i . ds~{:;.blJr 
<. 

thicker under these conditions . 

Eins tein equ8,tiorl ~ 

f)= ~o (1 + 2 , 50), 

where .9; = degree of tE't(~rogeEej. ty of the s~rste[a, t he -3.n;}. ly::-;uJ c i' f.; L':1,g Ht:tl 

metal fra.ctions of '~:1~~ Hb l_1Cl::silO t ~~lag·n. t t.e c(u.thor calcu]~:·,t2c. ?"pp::' ::Jx. ir:~2tc. 

viscosity '.fa.J.u~s I..lf O , (j~ ! 81m2 
for t he m~taJ. c.ild 2 ~ 8 ~'S/i} [·0Y.· ·i.>:: ·,;]. ,,,- c· . 

This vel'y v j.SG01).s slag cou ld be ex},(:)cta d to eoa t r'ci·~t~Ll droplei; s VG.r-y 8i'-

of t ne refining o~ ~;he bueksho t ITltotal "me] p:rev~~nt j.r,c; coales-:;sn·:;e of tIlE:' 

metal dro 'pI p l,3 . 

i r ( ' \ 

Shav.h .n et. al \)J / '-'. 1 80 pointed ou~. t he i_iH.:::-eas8'l .ro .r;n=J.l;io ~ of TiC ,WG 'l'D; 

und er the high t emperature conditions uf t~a b last f urnace l ~art~ , a~d the 

fibi J.it~/ of tr:s CEt7:00 -11itrtc1es to coal. ~; .rO!l (~. r ·(lp12tf? .q,nc1 prcvc!:t t.~ ~ ·::- ~~ . I· 
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'I'he ccmposi tiorls c)f some c;lag s teste d wider :cedc:c i nt?, c 0,,(~i tj. ()ns (J,:ce 

gi ven i n tabl e JD : 

'l'Etble 10 Sl ag ~ompos i~ion3 
-. ( :? 3 ; 

i nv2stigai,c o by h cnae' / - -.---

Slag l'~c . Ccmpoc> :i. tion 

CaO SlO .) 
L 

----.------.----.---.---.-----.-------.--~~----- .. --.~---- - - - .--- . .. - - -- -.--.- . 

14,00 1 6~. Ol; 1.9 :69 13 , J.? ~~ ,. , :t~ ./1 14C J 6M 

l 8C 12l'f; I 8 ,OO 12 ,00 J.9~69 l3~12 -:I.. 7 -: 0 
./ i , J... ./ 

he l d in 2. g r apb j t;8 crucible I "las :!.'ais~d ",,0 t h e ::'icpi :lu s t,E:mp::o r2. ·\; l;re of 

the Clxi_cLLze cl s l ag . ('l'he illl~ 8::: (;y1i),0.81.' of t l:e v i scome CE',::::' \';2.8 mao2 of ljja-· 

Th e:; rcsul t.s ai'':; ~; };O'.vrJ i!1 f :i.{:7ure 25 . 'ijj.sC'osi ty va:~L'es measur(;~ a1)0'/(:; t~c­

progre8si-,;ely 5. n .r-easing Li quiius tempera tUI'2 W8Y't~ '£"O \'1iej t o lJe tilightJ,y 

l ower than t hose o f the oxi d ized slag a t t he sa~e t empera~ur~ . 

EXdlT. i.na t 5_on of a s Ewipl c o f s laiS l AC 12]\'1 r e d cLCeu. i nc,a g:r'2!,pi, ::. t".- CoTtle i b ~ Co; 

fOT two hours at 1 440
0

C faile d to reveal the )r2Se:1C(; of e i t.he r ~l i C or 

'liN. ~te primary and 8ubs ecp..len t proo'(, cts of cr-ys ta.lliza t j.clf1 "ure .:':'oc;.",:=:' 
. ( 8) , 

t O t")G same as -[. ·j',):-ier·eported by JOt:;rlerw et a l ' , I,see fi.[;ur2 1 ) fo:c a 

slag of t he 8a~e C0Dpos ition t ested under oxid i zing condltio~s, i . e . 

Con spicuo~s tlnck 

been used. for liJr~.l ·;.du s de termination 'J.udor l'c.duc i ng contil t.ions . Thr.:,se 

cry s tal:::; ' .. IG:ce found to be tbe ::J}(\[,nGs i um--o.lu;Y!inillr;'t ti 1;anat~: !;;e'lt.ion2 Cl abo e . 

HOriever) h8a.tL·lg thE' c1.'ys t 8.1s unue:c ox5.d:Lzing .. ~()ml i tiurs e i tj-l.E.::L· 1,0 8,'00'" e 

th";r nlp 1 t ">1£r .",, ; y, ". or "100", 0 " 1-',l 'OU'·v.C,,, ,1 rU "" l"~A ~.,._ 1 ... _ .. LJ.-t:1 lJ ..... . .. l lJ ~ \.1 v . ~ ....... LJ _ , _ 2\. ~ } an adrJ i t i or .. u 1 phase . 
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the ~Ilass gain recorJed ~ 8, maximum of 1, 28 % be i r,ES reportee) . 

, \ 

Gru zde v at al~58J (1971 ) 

The \vo rk was c a rrt s d out on s l age of the CaO -]V4s-0 -f:;iO ~-'J~ l,,()., . .. 'J: i (),) SystE' lll 
c. L) C. 

j n a. CCHHpos:Ltion. rang'e , at. le:::!.st c...s far as iJ.'i O" is cO~lce r:·!lf. d ~ pI10rrlpted 
"-

by a blas t furnace o~()e ration pr oduci rlg a 3 l a g of 12 - 11 ~h 'I' :i O~ . 
L 

Synthetic slags were r e dueeri. i n g"L'aph 5." ~ e cruc ibles at a t- s lilpel'8tu:t"l:: of 

1600°(: for 5 l""')urs al1d viscosi ~~y .ms measu:recl 3ubse quc;)1 t;] y. Co~':ra.rii.g 

such visco s ity '"alue s \-iith those or t l'18 ori gina l sl a gs , j . t vias y;ob,d oLat 

over , the fu;ion tempe:r:atur e of slr"g :: Gontaini. r:g ".ore t han 3J % SLU
2 

a rtd 

mOTe tha.n 10 % 'f.' i0
2 

incl.-ca.sed during ::'educ ~io n. , }l' or 5,11 otl:e :c s larts ·b .Ls 

valu2 d T OP '.)(> Cl. 

oxides cruIsed a Teduction of viscos i ty, the effect of TiG~ be in~ c8ns ider­
L 

ably t!',ore p.ccmollIlced . Fepl acemert of TiO;:; by '.I::i
2

'0
7

• 8.g .:,dn ccllsed a:l i n. -
- -' 

creaSE in the fusion t~mper~ture of aci~ slags, t he opyosjte e!fect being 

reported f or basic slags . 

Addi tion of TiC ill increas i ng quantities caused a n increas e in viscosity . 

The auti ).) :r·3 con cl l,dsd th2-t t he effects of TiC), . p,nd Ti"O'L u j)oa '[j sco ~~ j. ty 
L (. _, 

of t lJ e slags :i.:w8s--:i €;at.ed i·:ere rather similar , j ndg iliG' fTe l[) tr18 sim.:'lari t y 

of the j:l8.t tel'!'12 for;r.e d by t 118 isokoms . ~loweyer , t he Effect cf T:i.,:p'Z 5.s 
<- -' 

180 8 I na.rl~ed dve to t Ile smaller a.mount of oxygen i n troul:c(j(2 b~r tr;i s oX.i d.:~ 

as compar e d with '1'1°
2

, 

ti~l(~ S as : a:cge as t. l-::.at 

~'he fact th3.~ ~'j, ,,U7 hq t) 
C. ' ./ 

of TiO n is apparently not 
c. 

a inol ecL.lal' ina8 S 
• :"I " 

-C O Yl S ] .I).e: r e n c 



is stc:,tecl t o be due to -:~, c:~ange of primary phase , Hi t h the rcadiJy fusj,ble 

augite disap-pearing clllril} g the process. 'j:l18 fusibiJ.ity t r]rnpeca"'.;l1Te of 

has.i.c s lags was tllO G.g:1·;; to d crear;", du e t o t L.e d i sappear·2,w.;e of per,jv-

skite as the p~j~~ry phase . 

It i s a l so si.a,nific2.n L ·~ha. L 'i~ 1'1e 2,uthors r e po:c-c(O·d a 25 7b decTeOlse in 'Ij, 

(a.s 'I' i (
2

) in t he <lag du ring -:;he reducti..on eXI)f? r j,r.lents . 

2.4·9 
(1:'9 \ 

Ha.ndfi e ld, Charette and Lee'J ) f ]97 ?) I. .. , -

To this E:lag , increas l EG a i"10<!rl ts of ~ i tL8I' 

!TI l' G 0 :1.' TiC) 
.l 2 3 

. " ' ( ' \ ', as appr.opriat E: r atios of il' i a nd ' 1 I 
... .l . -'2/ "'ere added . 

In Vi 8\v of tlle H;sult s of ear! 1. <.:'1" work done by t he ;S ,:'Hfie ElUth.)J:'S , l:.'hj;::h 

showed t hat higr};:; itCi.n h J.m o):ic.o slags 

very f1 u.id (app:r:'ox.l!llately 0 ,03 _ i s / m
2

) 

" t r " • n' ~1- ..j.. ? h, (J '! rni "" , -. r l" - '0 C_ DnlDln6 ~9 ~o JJ P ~-2Y3 ~ ~L~ 

ana. th8. t hig;l'lly l~ &dt~J; t;d. ti. ~~; iiLi.a 

slags vith 1i0_, t he y 
l : 

conclud ed t hat 1' ; 0 could 'ce expected t o have a meTe basi c charact3r --23 
t han TiO? and srlould r e duce the vi scos ity o f t:lfi,s'0 L'.T: l?. C G SlaG;:, . 

no:::;u1 i s a r e sU.lmnarize d in f j.gures 26 and 27 . Fi gLlrf~ 26 "hO'df', t hat , \..fh L;.e 

addit ions of lO\ /9T ox i des initially reduc ed the £\lsi,::>j.J,ity t smpsr:3,~ T':E 

of the 'b8.se sla0' , t he de crease \-!as fo.llo'.ve d. by a T<lpici l 'i s e . ?:Lg,n:~ 2'( 

shCJ'/i8 ·(.1 Ja t ri' i?C
3 

i.:; a be ~ :.8 r r..t::t\'10r~( LlGd.Lf i<.: r ':;ilcti'l '':'' i0
2

, tea.::: i ng ~ . {'l ::J:L;lCl 

the f a.ct L12, t expTs~1si.cn oi' UK: conc";lltra ti o n~, of t 18 tie tani;:u! '.)x i d(~:::, 

on a molar 'oa.sis 'douJ.d rende r t he differen ,-::e ::,ho\-.l)1 here , 2 V (,; D iilore 1'::00--

noun c ed. . 

It l .s a l so s j gn j,fical1t t hat Ti
2

()3 was found ·~O be a Of J 'G-t: e 1.' net"iork j;1:)di-

1'!..8 r t i1a i '_r i O B,nd :.lgail! T!lo l e ~/{, :Ln '] rsad of !J~a~s ;~ co n:';(:i:trB:tioIlS '.':'ouJ d e:rl -
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2 . 4 . 10 SUlllli!Cl r'J 

The fol lowing cont lu~ ion8 D~W app8a~ t o be general l y vali~: 

([l) 'l'he J;recipj- ta tio!') of rp_l e i n a :L\;.rjace STIlE-I +;i~lg ti tanifero;~f::: burdel1s 

can cause :.ooor s Jag - !ee t al seperctt i on , l;:) c:.. i "Lu-:lr: of a ccre t i crw i. eadi.ng 

to plle"(l()rl~E-);1a such as a If .f ull frtJ~flace " 9,nc: no-slag taps , alld general 

rou gh oper a -;-,i,:m . 'I'h8 se c(j n~ i tion s will bo \,-orse i f nitY'ogel~ .is 

case TiN and Ti (C ,N) 

fo rmE- d . 

( b) 'l'hc preSG!-lC e of f.i.nely di s persed s olid. I)C'.rt i c183 i n a SJ.2.5 cal', C3,v_s e 

a cons idera b l e i ~ cY'easc i n it~ v i scos i ty . 

(c:) 'rhe adcl:i.t:LoL or s ub - oxides of '[' i probably (,Gauce s the vis eoD:]_t.)' oT 

b last furnace type s l &gs , but d(~f i I1 itely cannot j_l1c r e ase j t to d, l e-...- c>!. 

t.hat can caus e diffj e lll t f ur na c e opE' r a t5.c. D, provide d the s l ag i s 'l;Ll-

ly 1iq1.1id . 

( d ) Reduct ion of Tj G" to lO I'ier cxides i re ti.-Lc..."ifcI'ous 3l ags ho_s S.:l i .e" 

(e) 

(. 

fllle~ic e ~n t"he ;r:81t. .i ilg tcmpe ra.t1.r:ce o f t~1e sla g . ri.1118 ex.s..c -L na1..1J."{'C e)f 

thi s i nfluence is howe ver not yot clear . 

The rela,tive effec t s o f 'l'iO ~1 'l'.i_"C'7. a il e. 'l' iO D.T:on v _Lscos 5, -~y are sT . .Ll l 
! c. ) 

t he topi c of Gontradicting reports . Hei tl-~ '3]_' the inLiL8ilC"8 of slag 

basici.ty , no r t ho effoc t of r .p l'1.cement of C::..O by J'iTgO 113.;; D'o' H "! agTeed 

upo n , t he latter parameter hav in5 re Cf~, j_v ed v el'\' I i ttl,,, 3.tt.e c!1; i on. .. 

In \ri evI of t{-,8se concl us i ons f t he r estil ts of sever&l invef.d-, igA.t~n ' E.' 

exami n ing t -:1'; e ff e ct of 1'1°
2 

on s l ae r:ro l)e J:-ties such a s Ii i 8 c081 ty , li q-G ~L -­

dus t emperature and desulphuri zation capacity-, a_nd yet ';fo:r.--king tiLde ::.' H,-- ­

ducLlg CO Yl(h tions of Borne k ind , cannot b e v2.j i,d, 

";1 - , , - , - . -n hb j - " ( 12 ) ' (' k d .. ne VlSCC S l 'GY 'fa Lue s l'epo r'cecl by ,;,;,:co. erg a na V,':; D'2 :'" ' a na "'; enen a u _ 

Frohberg~ l4 ) , using g;r.,;:-,j-Ji"t.e vi s('. 0mp.t:~r cOf!'pcnents ~ were 8._~_cc.~":lJ s lh;"'it: 

t o UP h i ghe r t han these r q .'orted by rJ lmo and ~bss (J 8) . (Si~ 0 tal)l <:: 2) 

t he CO::l tou r of trw 1 L;uid ~ ;8 cu:,~ve i ts~ J f, as :reported l'Y Scilf' ~;k and 
' 1' ( ll~ \ 
li:co hbe -rg' T) (figl:rs 10) J.L~t.y not! C "'Jd .. J.id , duE. in a ·IJ(~~".)s:j_ ·b12 .~:J."'~·.: c~-:G r j ~'J -. 
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f ..... 

J 
\ 

Po t hCl s ~ bt 
) lIlea~;uTed t ho s u lp,m:c capacit i. 0 s o f -Gi tar.. i f ~~T·?n.s slag::.: ir;. tl18 

( Q \ I ,): \ 

,j u(':heY1S . """".1 and l l.crlae \, '-.J .' 

Vo.rio'JS CU/CO ') r::t ti(ls • The i nfluen c e of slag CaO/r1~,\) rat io ~ y"1 (,(, I, " (j o . .. ! .. .I\..I/ ~) ... r-

C. '-

rat:Lo Oil 8ulp!!ur capac i '"l0 s of sl:1Cs a :L'S shm·!{, i n f i gure ?l~ (p .55) .. liS 

( " 3 \ 
t he worY.: of HcRae'C. ) b8came ava iJ a .18 a f t e r comp:tc ticn I) f t ho 't.'ork ::))~ 

s ul phu-r capaciU e s , Fothas h f a,ct pCJin t f.cd o'J t ( p. 53), t hat s ome of t n:: 

of t he s b ,g . 

Conccque:ltly , \c. ; liJ.e every rna l;ivc:;;ciOl; exi,:;: "',.f;.:l fOT labo::'atoT j 

El ec t ric fUI'!1.ac e sIDel t,j.ng 0 .1' j. l 1TIe~l i tc C)J',2S 1. s L) ','[(;-J3r an F: ", taol.i. sl"i.e t! 

practice and t he e l ectrica l (;ond1.'.cting pr'J;eJ.'c iss of \ler:y' :'..i .;:;,-L ti. '::'ii."l ia 

o f t he slags . 

2. 5 .1 'l'h e e]2ctric~J. conduc tivity 

( (; I ) 
Wya tt's wcrk \ --

F'eO cor: ten t 4 

sDOI·:e cl 

" / :; \ JJeni <l ov ann r.1ori z \ t"L ) 

titanja slags was 
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L 'l~ - ' l~'n a - F~ 0 ~·n ma~erla 0 b e G ~ ~ 2 3 ' L~v 2 ' 2FeC . Ti O.., , FeO . 'l'i Q') a nd FeC . 2J' iCI" . '~t c 
c. <. ~ 

i nc rease i n corirlu(; t i ,6 ty wh ilG ttle ~; a.Iilp l es \fere ' h;=:a tr.:~\i , '1/ai:' re:tJort, 2U. 

Alt:b,ougn the condu ct i vi ty vIas 81"10\·'11 t e' b,~ J. Olt! 

,--5 ;' \ " l' /" 9 d to 10 S/ :n) , 1 t 1 n cr2ase :.. by 0 - or 8r s as 

to n OOo C. ·.[' ice c o r r e s pcmd i ng liqu i ci s:Lags at 

more cond,lC-tive t han the s c, l i ds at l 300 oC. 

the tr:; !m::c ca,t.1Ts \{as 

170CoC VJeT,,) 1e - 30 

BaJ ikhjn d " ., 1 ( 6") ) ' "- d ., t' . , 't' ~ J' an "eznlcnen"co . cons "~!:ac wE: COD-Q u e · J.VJ. "y lS(. nerms .U)l' L,D£'? 

:<'eO - Ti O,) S •. /"E! te~11 a t 1900
0

C ~ ~Plles~.i Euthf..?rIflS B~: 0vle d irlfl cc t i o d poj.nt s 
L 

cor T~sponding t c ~he ortho snd ~e~a ti t 2na t es , but the Do ~ t iruport& ~~ 

fact ,ilJ ush'ateo. by the l'esul ts \~as a gi-'.in -the v :::ry l (yyJ v::llues , 1'0]" oxid9 
,. ,( oJ ) 

syst.ems, of the res i.stivi t~/ . Ihc ~lan'le autho:.·s . 1 show'eel t r:at ?1:. ~~ffeC', tl'~e 

f 1 ' t ' '1 t ' ' t f l' , , + ' ..L . ...... ·l ..... cr~~ (J.'! ', c Jj' .-,. , ~ (, rr ·:(\ 'J meens 0 . O1.,rc r 'lng . 11.8 CO ri ( G. C . ].'.'1 ':1 0 _ . 1.1,;-:1 ,, 1 " a r..J. a . .. ' ~ nt" o '. ' "" /0 - ,) , ,' j .. - l 'J 2/ 

was t he i ntrodu ction of liB~ or dolomite f l uxes up to a CaO c(m t.('~. : , (iF 

4 - 6 %. r~'!1 i sl:e8ul t e d i n a 2 .. 5 fo l d lO'olering oi' the c:.mJG<:t.L v i. t:.-'iciJ.llf:S . 

1'ld:3 hO h'cvEr fo:;.nd to l Ovler t iw cond.'cl ,.; ti.vi t y. 

20 % CaO o c.' r-,r ' ./ i ] l' , " 1 L ' " ,-v ~IO 1" ... , ) ~ na a c onaue to l V 1 ,;y 
c. -' 

a40 81m respe ctiveJy a n d ap)e~r8d to 18 N- t ypc serni-co~uu ctc~s . 

'Nt!'? ei.'fec t 

Ba:i. ikh.l. l1 a.nd 

C, G , cli ci !JO-C ci PPl:e-:,;1.ab J.:i D.C i"' ,,:; c t Gb.e con\iuctivi ' ~J ~{ of tl l~ rr:t; J. "L.; 1~1 1 .:: \,: e~'iG r , 

r"! • ~ '. . ( 6 ~ ) - r '\ J t f ' , , t " .. 1 1 . .f- 0\ - . ,'. c' • ~ . • . 
• 't'C:.'3 l K 1J,n 8 1- cU. ":C~Jl~ (l ',,!,a ' ,_ <' T' l. n.8 SYG . ~J:J: Ga() -:;.gu-J\.L ~:) '7 -.)l.U,...-' .[ l t a.::';.'.-:.r:i 

~'J ::: 

oxiG') , adl..·i -i: io?':. .) f rnet':l 11ic '? _~_ t 'J e. :::la.g' (;on t<l.in i ng 5 ~~ rj'j en ' ti-l~~ _~'~s i~~ ·-
L 

t i \T:Lt~l '~I':"S JO)J0 ~'2d ~1 1J3 J~o t h\.~ dP?a.:rel1 -!~ !l .!JPc-'2r:.L ~-lCe of el r:: (:~. l· G:l j.(' ('(f~,,,!,,:_-,~ tl.; ~ · ()~1 . . 

[~ rr;,::.!rt:eC! irj. fl~l E::-u=: c Gr; ~:~;':~ 

c.~l ( (6) :r:' ~; )Jf' t cd ~-;~:c; t .. t.. ~H~J 

anu 
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0f FeO-TiO~ slaBs d~pended entirely 
L 

present and t hat the r e l a tiollsh i p c:01.:.1d c8used as a cont.r:c l p2.r<l[!1cter . 

In a seri s::; of papers, DenisCJv , D9gt Yare-.r , ReznichErlY.:0 et :~.l (67 l 68) re­

ported quantitativc.>l y the e ffec t of oxidation POiSllti.8.l i r; the f; l ag (as 

PeO) OIl conducti v::. ty . At 1 7ClOoC , 'laI nGs of 25')0 - 3COO S/r;1 ",n rJ. J.5 OO i..1 .-

Cc / • f h' L 'L' ("\ t t ' r 0 2 ,- 0 1.0 \ 1 f 1 "" r 17 000 .. :j If: \ow r e g l 'len or 19n .I' eu C OD ·e!! ~: \;! .. :; IG / a ,'! c _ 0 .£' _. o "v~ i E'\~ 

content. s (4 :;, %) respective l y . 'I'hese s lags had. v v'e:':'all ti 1.a'·' ~ ~c;n ext ~e 

COn 1.el'ts in t he ra.ng8 6) 11: 0 t.o 89 ,85 %. 1'he i:eO 0ontent, \-:\c:ic:o i. ::.c l ltQeQ 

F 0 v~~iec' f r ol' 2 7 90 to 3 177 %, "'hile t ile tot?1. :.(":!8:r oxi.de :'i of ti.ta-e 2 3 ~ -- -'. ~ l . -. l.I . .) , 

niul'!I i ncreased. from 0 to 30 ,0 3 %. 

. ' . (69 \ . 
Rezn~chenKO \ ) pO l~ted out t ha t a charRcteristic fcature of co~n8~cial 

in t he solid 8t~te , as an attempt to e~plaiD the pt0no~una of very ~i~l 

fl u icLity and elec trica l cond1.wtivit.:r 8xhibited b.r ::~ '.lC~: s 1 3.[<5 j n tIle mol tel1 

sta.Jce . ;il o sat i sfa ctory conclu,~ ion cOl.l ld be readK!O . 

2.5.3 El ectrical conduct iv i ty of low titdn ia 21a 6E 

(;~ S i O? and 14 ~;, 

p.nd tili"" ]'(; l a-[,j.O['.-

VOl' titnnium o~i d8 a6di~ions up to approximately 8 m~l % TiC
2

, the viscc ­

s i t y of he base "Jag a~t constan t temperature ·."a s r0d'.lced, bl.1t 1'.; ') 'riS,S 

i n c .:::e<.ts(;o . I~t the same Li lflC t be Cl) [; d l~ct ivi ty i tlcreClsed, acco;r,}"l?i1 i ed ·'.:JY 

a decTf:ase in }~1 
K: 

apl'l'oxiflliite iy 1,76 ill:' corr,pE1.1:PO with 1 , )6 for t he ba:~s s12g . ~ increased 
K 

t he l 'iJ
2 

cOY'ten t rose , givinC a vaLle of 131 KJ/mo~.8 a t. , ,9 
mol '1c.. S~ijJ)r''' T11Q sl aes contaj'!'l ·i.~le. IJlj() ,) '.le r~ aJ;::;o t'our'(~ t.lJ c1~ \, ' ia t. G IL07\l 

~ L 

th E' Lrrhs-nius rc~1..3,t.i0nsr.il s li:::-,'lt ly, 



")9·· 

T',/O (Jus tafl.rl i .r:z properties of s i Ii-cenus slags containing i i taniUl;1 o xi de , 

are: 

(a) Although Ti02 is cla s s ified as an i ~ termeaiate oxide , it lowers botil 

t he v iecosi ty and resist ivi ty of sHc.ll slaf:s . 

(b) T:le slags sholtl semi -conduc ting properties ir: the l]'l,)} t.s n stat0 \iLid. 

e'1:Ldently i nfluences at least the e1.ectrical b ,?rlf;.\~ j.our . 

Fhysico-chemical properti.eiJJ[ other siliceo'L~ s slat's contain Lng OXi:'i2G 

of i nte:::'!IJediat s or acidic no. tLre , vh ,i::~h also irr:par t s8r.: i. -cor.ch~ctir.g 

prcperLi.8s or. t he slag d l ;2 to va.riable v::..l el.c ::: ~:tat(':s , It:ill t heref o r€: be 

oxide a Y'e cot un iQ;J.e ... ;i th respect to the above rlT·opSl"r.Jes . 

2. 6.1 Systems contain i ng iren oxid~8 

('7)) 
Hansen : - rr,easu.red t he conductiv i t:y of phocpha te 3'18.l::f8s vd th 5 - 55 

1 d . . " T' "L -l ' ~ ' 3+/." " . "" -mo , 70 l.ron OXldes. ne mo. a1' ra ClO l'e ,J< e = x , Has va:ciec frOl,i 1) ,1 ) 

to 0 , 68 . The conductivity (k) increased , reacning a 8hal low m~ ximu~ 

at x = 0 , 5, beyon d which k dec:::,easG~ . 

Engell ann Vygen (74) inve stigat8d the sycien, 

rhclar ratio C<:iC/SiO~) =- 0 , 79, wit.h the 'i;otal 

""'0",'0 h'eOhCc- ti <" I". a '-'0. - .) - , ," - .J: '. I I' "'2' 'v' -;{ '-'-
L ) 

ir,;n o).ice contclit I~ 
~ 1'8 

varying from ° to 44 mol %. 'fhe tE:mp l"' ra -Lure wa.f' J 6C)JoC . The r a tio ~ 

C,25t.oQ , 77 . 

The cond:lCtiv i ty (k) '""as found to be ,:::-. lineb.:c funC: T, jOi ~ of x at len: vcf.11U)S 

of In generaJ., conductivity by -t lie equatio ~ : 

k = ko - ax + bx (1 - x) , 

,,[here k , a and, b ?ro constaflt:::: , k b e :'.1' 2' 
o 0 

CaO- Si0
2

- FeO , vlitL plll'e }rn-:i.c Gonduc:tion . 

duci,jvi ty of t ,jA oto0r extr eml ty 

tho co~d ctivity of 

i c rl.i,c r·r r l ,1'll"JI" O'-' ~Y1l; lD "~ ( ; - -<'\, t h ,,·f- 0 '[ P J" c • . ':' "QYl i c' ,, (,~, rl , . ( , l,'l' ''i' oj'"..) . I..~ , J ' _ . l ~ ....... . . . t. "' . __ _. .l ... c;..o,) . _ -" . ........ 'VvJ. 1 ............ _1 ... · ' · •. _ • •• . . , 

of k, 

]S t !1e c.on-
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t~e ~30 - S j,O -FeO and 
2 

Co.~.- Si0 2 .. Fe 20 3 c Olllrl 1e cal c;;;la t ed . The f orTi1G I' ,·as l E..rger at a g i ven 

Value of N Tl , but t ho fig1.1'(,8s fo r un :; f i nd i ca t e d that ev er:. at N, ;; S 
1; 9 fo' e 7. 11;::; 

J r ) c ' .L ' 1 'h i. f ' 1- w'r'l ,',·, ther "'e)+ , . ., ] b t· '- , , .: 10\\' as i , L ) , It.. l G t oa .... : u. _ _ .1 can St l ..L _ e e ~r.'o~ 8Cra.LJ~r coo r -· 

dina t ed . 

Regarding t t8 2 l 2 c ~;rc))1 .Lc con ciuc tio r. over t he r a nge 0 < x <.1 , \.J he:Cl~ ;:;O!lrln c -· 

"' 2+ ,3+ _ tioD t a kes pla ~ e by charge t:r::a.l1sfe r b ~.: h,'een 1'8 ano Fe' , hiG mo d e ls \'iC';r e 

tested : 

S !'ationa r y con ducting c entres ;,li Lh electron excha:r.g\? 1 y tun ,>?l eff sc:t ; 
~ 2 t- - ,;, 3+ Colli s,Lon number d8pencJer t bilno l e cul ar r e 2 0't lo (1 of h! ami.r(; . 

The 2xpe r ime l1tal r esults were be st descri bed ~n t erms of the latter mode l . 

(~ . ) 
Hjggins em el JOYlGs" (J/m.<:.i.de ad.d itions of I~(;O , Fe

2
G

3 
a nd };\~7,O i t o nJas t8r 

_ ./ L: 

slag s of th~ ~: ys te ;1l CaO - Si O') -Al .,U
3

- "F80 ·' , b "ep-Lng t he tot,a l iron oxi. de 
~ "-

con ten t L'1. the r~;g i on of 3D 5t 'by rnas n . Addi Hon 0:' FeCi a,nd F'3
2

0 - bo tt. 
5 

lowere d t he vi scos i ty, witlwu t m~jor effec t o n t he ms lt ing t emperat ure 

of th·~ s l ag , de t ermi ned as t he po i nt of i nfJ e e t i o:; o f i:-:'e 10 E; r; A g'aJ. rl3 t 

l/,r p l ot . ':i:'be c.ddi t i o r: of syn t he tic ma gn o t.i te a l sG lOi'JerEd i;]-:~ Ii ~,~-:. c o si t:r l 

r. , dd ' " f 1 () ro1 ' , 1 ' . 1,.. f'] . d . + ' 1 ~ "() v 'e t " , . and a l f~J. on 0 .... Iv G.onD .... en 'Gue .UJ. l vy a '~ C:' )" (. . L! o" lever , ra::: 2C.O.l -· 

tion rai sed t ne t~mperature of t he i nfl ec t i on po i n L f~G~ 11SOoC to 1?70oC 

In t he c:ompo :3 ition range l 6 l 3 ~'b CaG , 1 2 ~ 8 - 14 , 8 
(. 76 ') 

::::~ C ] 2 r ) 1 6 5 '1'1" t o+" J ;"''' ''' o"l'de TJT r~1"'1 " ... .1. 2 ' . ,L .- ..:. , .. " ' vu. . .1. ~ \., ! ..I'o. , L",., ., ,,,, fou~d bo th t he l.iquidus 

tempeI'2.t ur·e \,'lnch r; c~ver exceede d. 1370 ° (" a,1d tl:.e 

increase f a i r ly rapi dly a s the ~~t i o x \~S ra i s2 d . The v i sc031 t y or 

te.~J1pera t are mi llir.JClIl oc c u.rr ed cd; .' 3.l-1])I'0X i rna t e l y eql.lal t o C' I ~j . 

Quct i v i. ty of t he s l a [;E :::Lni], c::.r l y pas,,:sQ t l-lr ough &. reeic.'!! of v:i .. ctual i n-

c.c:pei'lCl enc e of x for J. m·; ·ra 21.W f3 of x I a ;l(i s uhseqt 1en-tly de crea s ed ,::. t h i gi18r 

va lue s of x . 



the COIld_uc ti vi ty decreased from co I ,-,/,11. 

duS temp8rat~tre:::; correspondi!!g to val~les of x of () ~ 11,1 

20 0 ( , - -, noG, - -I -'l( °c were 12) ~ , l)c.' l, and -5- ~I • 

~ - -'- f~-m t' ,-;;:; J-n f"lu '-' nc e n1'), n')nn Apa:r.u ~ _ o._ -, ____ ---- ---- _c o. ~ "'1 - viSCGSitY t 

tempe:r:a-~nre , the Guts tal-:!d ing fe atures l l hlstratcct bj' Oss i_n ' s ~{Ork , are t he 

very l ov! values of vi scos ity- ai1d l'esist:Lvit.y ass :;;)iated ',:.1 -[- 11 these slags 

of high i rc.n oxide cC'n t.~ rlt . 

2.6.2 Other SySt0ffiS 

or! vanad2. to Gla;.:;scs) fOl.tnd a rnaxi.rnum i n '~(!e k. -- z 
("7\ 

~ 0 , 2 , simi lar t~ what was ~e ported by HaGse~\() ) 

for iror! - phosphate g'lasses . ~r'h is a gEth 1 appear s to j_nd icnte pU:::f~ i e-, n_le 

conduction at extrSJLe vnlue . .> of x , with mixed conc1Lwtion at all C'onu~n t:e<.~.--

tiom; i nbeh'l'eel! . 

Prom t heir invest:i cc:l. tio!18 of t he sys t£n! Si0
2

- FgO -- lI.1
2

0-, --cl lrcruiLl ,fl (·.rid.e ! 

L · , .. d m - \'rq \; l' '" t - . ' - t ) - , I ~ . 1U'V J_kOV a n 'l s yle'J"" / cOnC -,-,-~Qelt -ilet II I ID'?l ·s COrreS)O;'1C1:cng -co i,!18 

cor~ieri te pha::: e fi (-;,lcl on t he 11(;0-,8i0
2

-11.1
2

0
3 

diagre.lil, chrcIT,ilUP occure 

C 2T . . - ,- ' + ' t ' b-] f" ' +1 , ~ ., I d r , 1 T1 wlu c.l1 S-CE v8 1 -- :.s capr-!. _e GJ_ I n creas1ng v lEO' conouc ~J_ Vl "y an 

fluidity of trw melt. BO\'!8 Ver , ire ",10' 1 [;3 whose cOll\lJo ::; ltion GOrr!::sfontl ]-,0 

t he spinel regi(lrl of t he di8.gr.sm , Cr is prese~_~ 88 p:r'e dominarl tJy Cr.)-I-, 

and j nc;~re3,s e s \' 1.8(:0 8 i t~l arla r es i s t i '.-i t:{ t. 

2. 6.3 Conclus ion 

Upon addi tj_on of ea.:::r" of t h c ini. erme .. U a te oxid88 mentioned abov e , -co 
sil iceous me lts , there is a v8l'i 8-ticn of l)hysico-chsn,ic i'.tl pro rerttGs \-!1 th 

Ov~raJ] _ concentration of add e~ oxide . There is al~o va r iation of t he se 

propert ies at a g i ven overa 1.1 o:dtls COEGent , ;,d th t he oxic'cation st2_1. E ~ . 

exhibi t non-stoi(~hj_ o:r~et r:iG l)e t>avir:Jl;r:, 



··· 6:~ · · · 

The general procedure a do pted during ',hi s 1tJcrk ,las red1.;.c tjor, of syntheti c 

slags in graphite c rucibles i !1 an ir..eri at;nosphere, .follO'vled ·oy tile mec.,SUTe ­

ment of physico,-chsmic:al propeT t:;.es of the r educed [ r oduct::: i n inen; 

su:crour..dings , lflolybd8nUJll rejJ l ac i pg carbon as oru.cibla mat(n~iaJ. . 'Ew 

sta t e of reduct ion o f t he slag , a s tested , was consequent ly not ths B ~a~s 

fina:!. l_Y [, tt.ained :i.n t he g r aphi t~ cruci' le . It i-iaS tnt? intentj.on or-:.ly 

t o aSG~3S the e f fect o f t he prS2ence of sub-ox ides of Ti on viscosity 

and conductivity . 

of Ti02 to non- equilibr ium Ti C, WRS satisfa ctorily cOllverted into a de­

gree of r educ tiOD in terms of ~mb ·-cx.:i.de form.-l t:i.on, j) ·~'.LC ::' to t he meG,sure-

liquidus tempera 1.u:ce ~ degree of redl.-'-G~iolJ dna. prim3. ~'Y crys i;Cillh~D, t:Lon 

produ.c t, appl y J~ o t he equ il :i. b ::ca t -::-;d carLiOn--fcf' c sla[" s" 

In this s e l ection the au t hor was gui ded , in the fi rst P J ':t88 , byu;e r~,--

at ltJitbanl:. Average ana l yt i cal figures re porte d bytlJe :;)l3-n "~ ·b(~fo:i:e =~e-

search work was started , were 20 , 0 - 22 , 5 % SiO n 
c: 

1),0 - 14, 0 '1~ Al ,)O:z , 1 6 ~ 0 .- 17 ,0 % C</) ~ 1 4 ,5 - 16,0 '1~ Ivlg'O , i, ~, - ') ,U '/') FE;O 
c ) 

a :1d o . 5 - 2 , 0 % V)J , . . 
L ') 

Th e only SO'clTce of '1'i02 and }\l2C 3 i s t he nr:fluxo d r~targe of (Ire -3Yl G. crXl.l . • 

A constant ratio of rj
l .i.o

2
/AJ ?U-z.. Ions COns2 1L:entl/ vmsidered 2, means ~:cJ 

-- ..-
reduce the number o f sJ.ag (;ompos i tions tob,~ t esVu. _8a~j~d on 0~le ana.LY·-

sea ~eceived from the pl ant, a ratio of 2 , 21 was decided npofi , 

degree of dj l utioD , inc_icated by IIiass ~~ (TiC,.., + A1 r ,0 ., ) cC'I1tent C;.uotpd :;3,O;lV8, 
L L :; 

was t he !:'e:3ul t c.'f pro l onged plant scale c; pLilTJh;a.tion~ :i.t ,, 38 oE:'.' '2cd t~1at 

the m".jori 1:y- of t he s yntheti,-:; s l ~"g;; for research "c'lTk sho :l ld contain Y) ! 2 
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Due to t he eomp:J ,"xi ty of even th€ 5-·component SYSt9111 C8.CJ-:'\"1J - AJ.')O;c-·T iQ') -
1'- ./ . ,_ 

Si0
2

, ,-11'181'1 (; .anges of physico - chemical P-::'09C:d,j eshavs t o be ince J:yI'e 1,ed 

in te r ms of coml)o~;j. t iona.1 vari abl es ; ehe ox ide s of 'J a H'3.ci um aNl. .l Y';.m 'tJere 

omi t t e d frem the 1'!a i n g:roup of syn treet ie slc,gs . 

Cont i.nued usage of clo~;. omi i;E:! as a f 1 LlX . : ::18 preferred to t he mo:ce c ost] y 

limestone . However , t he addj.tion of e i ther lime or s erpen ti ne i~ addition 

to dolomite , made possible tho va riation of t~e r a tic) CaO/HgO at a 

pa r t i cul ar v(3,l ue of basici.ty, '-Jh.i. ch Has to b8 oxp:ces$ed as t he mass '1~ 

ra t i(l ( CaO + IVIgO) /SiO 2 ' 

The fina l variable wou1d b e the basicity index i t s e lf . 

The i08.i r, seri cH of sla~,' CO L1P OfH tio~o j. s Sl":OV;:1 i:1. tab l e 11 . l 1J. COr1Gerc-

t r a.t ions an-:1 parts of conc8ntrat io~ ratios arc G}:pi~eS8!~d. as m,tSS IJer cent . 

Based on t he resu:!.ts (1 f te~t wo rk conducted or; Sl.3.S·G oj:' tab :L e 11 by i}-lc 

aut}) c r "mel a l so on i nves tiGatj.ons o f He j;j:i(9) , R. .furLhcy seri e~:; of slagf::l 

(ts,bJ e 12) vas suggested: a ll these having c.;a.O/NgO = l ar.d possess ing all 

t he f C:'ai;llrs s common to merrb e r s of group ll7 wi t h small changes in ~!i:\:;i. cit:y , 

Other clag r::onJposi l ions used for a.ss essing the effe c l; o f 81;:2.] 1 acldi.tio:1S 

of i ron and v anadium ox id.es upon v iscosi ty and primary c:c.'/s-G2.1Ji z?, tion 

temperatu,=,e , are given in t a,ble 13 . 

The cliemicaJ.ly pure r eagents rfi02 , Si0
2

, I'IgO , CaO a nd Al...,C _ were si nte r(3d 
r. :; 

. .. 1" 0 f l' I n vi t reous s il ica (~ i shes at J. 'JU C or.L Dour in a "g~. () ·- bar!l fur·naco. . :')'e 

powders were allowdd to c oo] in a dessicator . 

'1'1, . " . . , . f' 1 . i ., : 8 appropTlaC8 quan~1~le8 0 tna Sln,elea , 

rO ;l{,), ]~, :'.i xed and ther: J, I'S'ssed iY' t o tahlots ():' 31 :JET'. di.ci,;)I(~tE:Y". 1'bese 

t nblets ,",ere mel ted in bA'O 'r,atc.nes i n 2. i::olybd.ernm cI.'u(;ibl e of hc.i. g':J ~, ) 

in5ide DNl outside di ai'18 ter, 80 );1;11, 38 ,n,ll Cl.:"\d SO ",,11 respecT,.i"c:-l .v · ~ t.~) ~: :i Vf; 



'fa b le 11 Composit iO::1S of i nitial selection of 8yn~hetic slags used i n t h is invest i gat ion 

Ti02/A120 ~. 2,21 

Slag Sl ag (Ti02-~·A1203 ) Ti0 2 111 n . .J~ 2'-' 3 Si0
2 

CnO l"lgO (CaO+r1gD ) /SiO 2 (' "r\ . i'~p") . - .; () 
\. 11:.""\....· .... ·1(.." . 10 .. , . .... 2 

No . ( 

gro Llp \ ill a s s p t I 
/ 

r c e n 
-------'.,..- - ~------------. ._--------_._---_._. __ .----- ----_ .•. _._--------

). 2 36 ,UD 24,80 11, 20 25 , 62 20,19 20 ,J.9 1, 707 o , S ') 2 : u , G 5 2 : 1 

5 36 -/)0 24 , 80 11 ,20 26 , 65 18,675 18,675 1 , 400 Q,70J. :O,-/Ol :1 

8 36 ,00 24 , SO 11,20 35 , 5) 14 922 5 14,225 0,.800 C , LfOO : ° , 400 : :1. 

B 10 44, 00 30 , 20 13, 80 20 , '!5 :?3 , 50 II , 75 1, -(00 1 ,1 32 :0 , )66 :1 

11 44, 00 30 , 20 13,80 20 , 75 17 ,62 5 17 , 625 1 , 700 iJ ,842 : C! ,248 : 1 

l ;} 44 ,00 30 , 20 13, 80 20 . 75 0 ,566 : 1, 13·? ! 1 
I 

}.1 , 75 _ ~?:'; 50 1 , 700 ( f \ 
+'> 

1 7 44,00 30, 20 J.3 , (30 ~:' , 3.3 . l. .,i 
.) ' ', .. ' 
l.. ..!..., fd 10 ,89 1,400 0,953 :0,4 67 :1 

I 

14 44, 0':) 30 ,20 13 ,80 23,33 16, 355 16 ,3 :5] 1,400 0, 701 :0 , 701 : 1 

1.5 44,00 30, .20 13,80 ')- ~"Z 
i.. ),,,) 10 ,(l9 21 ,78 1,lOO o ,467.: CJ ,9 ~4 3: 1 

J. 6 44·00 3°, 20 1),8U 31 , J.. ·J 16 , 60 8 , 30 0, sen O,53 3 :CJ , 267 :1 
2. ~( /+4 ,00 30 ~ ?O J 3,ec )l,HI 12 ,45 12 ,45 Cl ,SO l O ~400 : U ,t100 : 1 

18 44, C;0 30 , 20 13 , 80 7 1 'n ,) J . , -"¥ . ~ . 8 , 30 ' '" (. " ..LD , [AJ O, 80l 0 , 267 :0 , 53 3 :1 

C 23 54 ,00 37 ,18 :;'(;,82 ; a 10 .. / ' ~. / 13 , 40~) 13,4()5 1 , 'foa 0 , 6:99 :0 ,699 :1 
~--'----'--------" ------------ ----.--
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T.:A.tl e 12 JiclditionaJ. gr(mp of s:mt.letic slags --------

44 , OC) 7~ 

SJag ]"] 0 . Cal' MgO 

) 
, 
t maSE per c ent 

---- _._----_ ._--_ . __ ._----
B23 24 ,);0 15,825 P),02j l ~)()O 

1329 23 18 30 16 :085 16 , 08S,' 1, 350 

B3~) 2 ~~, 86C 16 , ";70 lG,57C l j450 

B31 22 , 410 J.6 , ,{95 16 ,79) ] s500 

B32 21,970 17 ,(115 17,015 ., "',,::J"' 
.L, )--,V 

D33 21 , 540 17~ 2jO ' ,-, , 230 1, 600 J...j 

B34 21, 1~50 ·11 'n' ". , ,1+)) 17,435 J. , 6 :jO 

'l'abJ8 13 Mi_s c ellancous synthetie and. pJ.ar:t sL:gs used in the i.n','eSt..i n'j.t~o~"} 

Slag j\fc; , '.li° 2 pl C SiO" 1Vi9J CaO FeO "1 n I1n I,) ':.:1' ° 1;'-2,...,o _, '-'-2' 3 v .,V 1.- .5 ~. ~? ::5 c. t'. . ) ,:: ) 
I .. ) \, m a s :3 p e r ( , e n c 

If! 30 , 94 J3 i.o4 20 , .52 14,64 16,43 ' \ . " "'? 

\ .. , "f } 0 , 72 U , lIJ -, '7" :.; ! 1 0 

HV -HV 32 ,54 13,66 21 , 25 1 ~,,)3 177 22 

HV +FV '3 J., 03 n,05 20 , 32 lL1 ,66 16 ,45 '1 -, -/ ), ' , 
lv , ( :> ;0 

HV -To'\( 60-'1) Sa!:.!? comr ns 5.tion as F if ·-FIT 

HV-FV 

(60H)+FV --.. ,')ame cc.mp()si tion as I-I'J+FV 

1"!1/ 1 26,95 11,54 20,13 1 G,40 16,3') 5,88 ,") rl r::: L, ,) 
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in a car'bon resisi.ance i\J.rnac·.;) i n a spectrographic<~lly pilLe argon a t rno s­

'i'he tem1)era ture vlas mai n tained :;.t 1000 :~ :WoC f or 1 hour . phere . ... 

'1'l1e pr(.' me l t ed. slag \"a3 remoye d frsU1 the molibde" u.m c rclC 5.ble by mean.s of 

a d iamond C01.'C dri l l ) t.h.:? I'esnl tin e- cere diamete:c aeing 35 i!lm. Cores of 

t he 8a.mc compusiticl{] ileH; th :n combined i n to a bulk Banlple :)f a pproximate·­

ly 500 grn 'Nhi.ch ,vaG crushp.d t o be 100 % (-10 mesh) . The fract i ')D ( -lU 1TI2sh 

~ '/0 me sh) 'vias retai ned for subsequent reduction s zperi meni;s, wh j.l e t (i(~ 

(-70 mo~h) f raction was used fo r vis cosi ty mea8ur~ments of the u nreduced 

slags, 

The furnace was yO ':l8r ed by c.n 18 kVA output " Intel'therl'[, " i :;.duc';.i.O! ; c en.e-· 

ratoc, oper ating at a fr~quency of 500 kHz . ~ho co il had an in~~c tance 

o.f' G rrll aild it s d i ameter ane heieh t i\er8 100 ;1lJ ,'1 cmd 90 mlTl rcs pectjve J.y. 

'fhe 8-turn coil vIas made cf G ffilll d.iame t e r al1r,ed~ed CC1)pe r t U') j.11g . 

The c.ctual i'u:::n&ce cons tructed f or t he pur :.:.'03 ;: o f thE: c :;c~0'rLft0::ts ''''hi or:. 

were to he c :)nducted i n a pro tccti v e atmosphere , i ::, s:lOwn sC !l e~iict LcC!.ll ~r 

in fi gure 29 . 

The entire assembly '(laS supported Gn a fi.xed steel~,able . 'l'he lat ter 2.J80 

carrj.e d t he fou;;:, s tee:L suppo :!.:t i ng coh~mw3 bolted to a steel }::J.,~ tk a~;o \T~' 

glov e box on one side and 5. l(~ad count erweight at tc.e back of t ile f ll! '(cdes 

assc~mbly, passed t r,rcugil slotG in the top suppo:!:'ting' pl.:=. te O'J01' hI', p,~:j. f·~ ) 

of gears bol t ed to the pl ata . 

The fI'on t amI top pa.nel s of the ~10ve ow: 1;;;:; re Dk"..d e of pel's:0cX; a l l the 

r er"ai n i ng panel s bein g cOllstrUG -(.e,:: of s to2ol pla. ·~ 8 . ~CIlG fr,=,y;.~· 3.11(1 top 



." .-, 
~·o : 

': :;"r7~' e 2 ~; ---... . --... ... -... ~-. 
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sleeves r ound t hE; front suppo:r'ttng columns, v!hi_ch ~iel' 2 att.ached to thG _ 

base o :~ the box ·'Jia a. sliuare steel fl~am8 . The_ glove tux "Tar' he JJi to t h j.s 

fra.:ne by neans c f three bolt..: vlhi eh c (lu l d be used for J.c~vel liliG thf;- ·[",0:( 

fiAed t he furnace bottom -~o tJ-:2 S\i.Pl)()rti 11g table . '-'-'n e same [-;01t8 &L-,o 

alloW E. d a Limited degree yf' ho ri z ontal rr:ov e ment . 

A Pt-61~h/}'t - 30/~Hh therrr;ocoupi e was used f or a llterr:pera i;U::"G meaSUre1l1e r; -Ss, 

~lh.ethe1:mccouple pr otection s h eatr; COl LId 08 Lnserted into t~je hot zone 

ci t her fru m a bove or f r,)L1 -belo',!, as shol-JD i ll t i18 die,.;- ram. .\ )0') kHz 

filter was include d in t h e thermo~oupl E circuit a t all time s, to prevent 

sured by means o f a po-'cent iC' i!\st. ':;l' 01' recorder . 

s:peci~ ' L:~d by the mamlf"'.cture:r: : 

6 ppm 

\'later 8 ppm . 

'}'O reduc e the leve l s of "Cl,e i3 8 impl~Tities fUl'ther, t..-}C~ e.rgcn fror" t hE: c:r1in ·-

• .J • + ' t t b - . t · d ~ . __ ,.. ...... --l.- ~ I ~r o(, uran :i.um GUrrllngs : "De _, emper a ure e I ng' E'_i-l .ln ,2.ln e <.;ons ' a u 0 a I, ',j-J .' l 3.1, (, 

through a dry i ng tower contai:!.ing stJ.j ca ge l . The ovc}:'2.1J. flo',; TO. te 0:' 
t he gas Has measured . 'Eh e gas suppl y " laS r'pli_~J snbs8q '.wn t l y l OYle :3 b_' 22.ffi 

e!ltcl'i ng t he fuY'nace on t h e s ide end t he o-G!ler a.t i.; :.e Go tto ,I. ~'be fJ.o '., 

ril t e of t h E. l atter could also be mcasure J ar.d eanh'o l10d. "by ffie ilYl~~ of :.', 

rotU:net,!~:.c ~ H~l a. ti·le ' ~ .) t b8 uppe r 3tH.am. 

Dm-'i ng t his p2.r"t of the wo rk, t he graph.l t ?.: Gl'ucj b1e 3.nC!. SUR~e pto:r 3.1.Tange-· 

of hieh g U t :J.e l with a densi ty of 1 '-' c 
J.. 5 0> 

:.; -
gi~:/ (;m~ u. :.'10. 0 jJ0 (l --- o :r"' s L +'1 [-1 c.1. tJ _'J • v,l _ / '" 

wal l thickness was 3 ~ffi . 'r ~·l (:.· (; oJ · .r~~ r~: i.,,::n·i.dt!lg (? .i ;-:-,:="n ::."} U~' •. 2 (i f l ,!le gJ.'ayn .. i t G 

c ruc:i.ol e ::0:' dens i -';;y 1 , 8~) 
, 7

J 

[,'!~/\; l : :" .:It,{: ~"" C'l:':d:;:~ t~~r LO 5,~) ' , :~:::X 8 78 nL1n , 50 mnt 
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over J, distanca of 25 mm . 

'l'hG gl ove oo~~ a s sembly HCtS not us ed duri llg redn ct j,on and. the fur :-lactS top 

was a s s h OIJll in f i gure 

Tht? em pt.y c1'uGible \.;as hea t ed iT, the fUY'nace to a tempera'i'.u l'8 slj ghtl~{ 

wes s t 5nd.2,r,lized as wiIl be 2hmm 1.2ter . An overa1l argon f 'J)'d rCi te o f 

1 , ~' 1/ min . of \.Jh ir::h 0 ) 5 J./m.in , e n te:r' s d t hl'ough i, he fn:r.nf~.ce 'bottom, \\'as 

t el'1perahlre , 70 gJTJ of· p remo ] t '," (L sIas; in 'he size range (-10 mN:h , ,,'/0 

mesh) , 'Jia,; j_ntroduccd ::.n to tr:e graph i t 8 crucib2. e. 1 dditions \-JeT e !"n3.d,"': in 

5 !ninu.t es af t er t he filiUl adc.i tion . 

f.par~~ from Lf18 fae L t.ha t t he ste ady t empera tUTG aft,:,oy slog 2,ddi t io: •. vias 

low er t llal1,:he one meacrt;red o.t "lh'2 same poin:Lbcfore aclditi. ,)n~ it W[i,S 

fuur:d that. c~1e temper ature raea sn :>:eo. at t hE e rc:c ibJ e bott.om 18.ggs Q l1"'. ,,, one 

reco rded by a thermoc.01.lp12 immersed. in t b e s l ae . To take t hes e eLi ff e renr:' G 

i n t o a ccount , ca.li 'Dra 't,io r~ s were c a rri e d out ~t t he three reducti,on tcmp~ra-

t u-,.,r,,, 11 ", .. ('l flt::.nl1v ° r. l ':; ):-OO ( , 
J... '-" 1- ) !oJ ...... '. - - .J _ '-' , J. . ...J ..., 

" 1 1'1'0°,..., 8..Yl Ci J... Ov ~,) • 

e xper:i.ffiE:1 '1 S are s ho wn in fie '...l res 32 , 33 and. 34 . A s l ag of t !l8 sys LSi.l 

e-o' ],''''/\ A' 0 ("'0\ h ' 'h d ' el t 1- b1 1 ~ , ' " . , a - l!:'.v - .1.
2 

3-- k )1. ;~ Jfl . u : J , n.o' ou ,J e or l o ~un ap'precl .~,. Q1J \·las US t:'! (i ,~ iJ r 

t he purpose of ca l ibr~t ion . The upper t hermo couple ( T
1

) ~as prot~ c~ed 

by a pl ati rnm shoath ana pos i tioned 25 J1I:1 f r om tbe: (: j,';,lci-'.ll e bottOlil , \.,rl-, il,c 

t.he lower one' (rl'rJ "JaS Joc.s. t 0eJ. as shown i n figu:ce 30 . 
( , 

r u ... .L 
-J J lo . i:J1 e .. g' c.l..dditior1 \.,:as ~ben startcld (po i 'nt 13) and .J~n d:.r_~OPP2{l CJ~'i S:-J.ovln . 

This ~as f o lIo ed by an increase i n t2" ! .. ' roo 
" " J 

", 
:::I '." If! 
.~ .. ~J ..1 2 St C~lt3y 

t empe r atur e once more ~ rf 1 ,;as pl ac Ad i n pos i t i on {igaLl (P() j,l~t G) ~ ID';: 

i mlnersed L l the sl8.1::' , rm t i n tile- S2!;"ie ~)osj tj,0 11 ;tJi f}1 resp2cL t:) tnr) CI'u.ci,-

b J e 3.S be r o (> , 

~, I. '- ,. L "l' -, - 0 n ' ,~ , . . t ' . , t' 
n . .J.LrlOl1gn. t!iC: Olle 1·,,)£ .»)U v ;:I&2 :r·prea-c~·,~ l}· ·Oii~ l lrr~E to · .' :L rrlC·~ 11.Slr:g C'O·,f~ 
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No signi ficant ch&.nGt:' ::'~ coulc. oe detec ted du r i ng the se control experiments. 

At t JG end of the ~eduction peried , the slag was c oa led by switching off 

the pawe}.' . }I'ar a ~8duction L i " , 60' °c ~e~per~;ure 01 ~ U " 

fell t o belo'", 1 2U~i o G in l sss t han 4 mj.nut88 . 

The graph:L tc vias retiloved fro m the rt~ du~ed ampule B,nd the la,t'cer W:J..S cr'..lGh(~ci, 

to pas s a 70-illesh screen . 

3 . ~ . 1 Descript i on of equipment 

The rota tintS irmer cyli:lder technique Has 8DJployeJ., a corr..rTlc:ci a l " BJ:ook --

fi e l d ~;ynchrolectric Viscome t e r" be j,ng used thru;Jg'ilout. 
( n ( , 

I,. 1. 1 ,- d ' b d 1.) :_, ' V-an \,Tazp ',. "',t-. <", 1 . \ .)U ) u"lS ueel1 2,oequa 'G21.y .escrl e l -' _., __ ,. , ,.~ 

partj,cuJ a1' Visco::nAtel' used in this work could be vari ed fro m 0.5 to 

r.p . Dl . i n eight steps. A spring conr..c c ts the clr i ve s:'laft an(i tr!,<" courlir:g 

on 'which the inner cylinde r shaf t is attach ~d . ]~ring ro ta~i0~ of ~h2 

drive shaft , tl--Je inner cylinder i s r€stra ir. e:1 due tc· t h e, 'l i SGO I ~,j dra,g 

excrt ,,~ ('i 0:1 :L t 'by the l i ql,:!. id j n whi~h i t i E immers ed. At e~~J.ili'h:cium tnis 

Vi S C01..i.8 (hag becomes Cl1.ual to tr,le :cesto:::5_:lg CO 'Jp] E: f rom the ~:l'ril]&: , 'I; ,.:; 

def18c tio. uf the spr ing is i ndicated by a pointer 2ttached to tne dpring , 

which moves over a scale di vided i nto 100 equal divisiuns . Direct r eadinC2 

are cOi.sc:quent J f i n t e r r.ls of a Brookfield \T iscos i t;; N'JJnber (BinT). 

'l'he J1101ybdenuIlJ cr1Joib: f,3 us ed (lu~'ing' viscosity me aSUT'9fI1ent3 had t he f38.lfl0 

dimenRiors as those described 1y J ohnstoll . (81) One such crucibJe i3 

s hm-Jn in 1'"L;;:),IA X5. T}')e lo caUne spigot C:l trv:~ c~'l1 cib l e cot~;om fi ttec. 

i nto the alumLla s'J.ppo:rting t 'ut-e jJ f.i,§,'H'r; 2j . It ser'vei thE. s a rne };)u r-

POse as t ne ident:Lcal c10S igl1 used for t ' w grap:l i te c Y.'iJ.cH)Jes cmi10yed 0'\1.­

ring :r.edu,~~; ion experiments - that of [1.CCl'll'ate and reprc du cible CT1.:.cibl s 

alisnment, f~'b9 ffi-JJ.yhclen1JfO cru01~J leG \'J",re mach i:0.8 (1 flO~r. :') l llm rJ.;.a T;-'~ tGl' 

:rod . Thr-se crucHi).es 1::':: 1:'8 re-us9d. Clea'1. ,~l1 g· Wet S !!8rfo r:f'e d L~: l:emo ,;aJ 

of the bulk of tee sl~g by means of a dir rno~ ~ core dri ll of o·tside d: ~m8ler 

s l ight l y sma L l.er- tLcn~ t : 1G ins:id::: (:iamet01:' 0;' tt12 cLu'.::ible. 'rh e n-~maj_L ~ ,' i [; 
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The !!lolyb~srmm v isccsi -t.,y- s}:.indl o a g'J. in 1,ms i dent i cal to that used by 

t · (81) px"ep'''' t-1 l""- ·",, '0 ~'tlr r ·'· of t 'n'>. Johns ,on , _ " ~ '- .j.~ L .. '.O .'0 . d ._ b \.. •• spjnd l c W3 S P O',; acteQuatcl.y 

prote cted 'by the f urnace ;:~ t IDc'sphere a nd did. n '.Jt Y'e 'jL< i .l'e extr a r ef ractol'ci 

protec t ion . 'The dimens i clls a:r.£ SbOWl i n L .gu:ce 36. 

Tne tase of tbe v i scometer E:tanrJ. !d.s :ce pJ.d.csd by a slol;·\.;ed brass d i sc 

"hi(;1-~ 'das fix e d to Lhe g l ove box floo r 'by m,c:;;,ns 0-:- s cr'e;,rs ~ie l de d t o i;}10 

floor. The use of t hE s l o ts and of spacing washers made possible t orizon ­

tal movem~n t and vert jcal leve l l ~ng r espectivel y. Furt~Hr provi s ion was 

mCl d& fo r aC(;11 "2.-[;e posj tio ning of t he s piwile YI.i..th 'I".?speci; to th~~ cruc].b l e 

The vis(;ometer W2.S mo dified ~;o tha~ both t;) e power s '~l ppl'y i:'v!.l.tGh and 

th ~ locklng dev ice could be 6pe~atei fro m o~Lsidel ma~ing repea~eQ opan-

itlg' "-.:.nd closing of t he box unne ,::essar y. 

3.5.2 Calibration of the vi scometer 

Calj.br a t i o11 ,,,as per.fo rmed. a t a cons t an t spee d of JO r . p . m., l1pirlg' ~ ':!r[;e 

C;J. l i. b:~atiYlg oils : S- 60C , ~~-60 an,Q S ~· 20 t.y pes A.871v1 01 J. standards .. 

(Can'I' G') T·" -' +~ · '-jlP ' ·l ·l. r~o \ _ _ . . ... ..i.- .. .. ::l \,. . ..L LA ! ... J.. lJ '"" . , G . S . A. ) Fay t he low tGreper~tur8 work a br ass 

C) 'ucU) l c: a :n d vi sGoTIl e.l~ er spindle ccmoi:l':ition of trw f'amE dimens::.cms c.s ~Glle 

Thcci ng pre l irr,imn :y 2:{iJ~;}::i..W" ~lt 3 it \vas f~nmcl t~ja t a slag; char.'£?;e o :i..' 5:, g!1l 

-r 
\olcul d f ill t he standElrd mo l ydemuD cTuc ibl", to a l evel of 39 mm a t 

.1 . :I. 
1- (.F ' .'\ 0 ,." . ... ~ . l" t 1,' r r') () / ~ }\ ....., 

... ,'J ... ) v , J nCtic3,Glng d fL . at~ der18 1 ::r 0.1. - . =-- , ) e111/ c m- . -). Sl) l!IQ~le t o .. 

cruc Ll::;l e bot to);! clearc~.!,c;O of 7 mIll 1:'oul d t rwn i.mply tha t th9Lc.' p L' l tl;.e 



_ 7~! .-
I, 

J. ' 3 ,...1 by l es s vflan 1° · Off--centT.8 robt i cm of the s p i Eci ls , .. il t.}) J' C f]peC~ to 

the c rl c.:::ib l e axi_s of up t o 2 ffilfi I p. d t o an iden-c '_cal e:!:'I'or . 

De 'ta il.s o f:' the ca H 'orat i on 2T'.': givs-n t 3.o1e 11 ,-~Yld f i ,,?11re 37 . 

'ra.bl e n -----

Oil 

Calibration o f the v i scometer 

Tempe r atu r8 

{oC l 
\ / 

ViSC0S i ty 

(JI~s/m2xW3 ) 
J3V 1': 

--- --- ------------------ - ----- -.----._-- -_._- ---- _.- -_._--_._ -------_._ ... _------

S- 60 

.,-200 

8-·20 

20, 00 

25 ,00 

37 , 78 

37~7 F) 

3? ,OO 

?7, OO 

25 ,O() 

20 ,00 

~5 , 00 

3.5. ) Proc e dure of v i sco s ity ffiPCLsure,l1en t 

146,4 ..... ,.., "/. 
~ c. ,J 

LJ5 , 9 ~L a , i) 

5l 11~' 13 , 2 

17 ~ , 5 25 ,0 

251j2 33 ,0 

YjO , O 42;5 

393 ,4 45,8 

561 , ) G2 , ': 

~iO , 63 -l.. J 1 () 

'l'he J?roc~dure outline c1 1x?lo Vi , "fas used f o r -po -t.ll r edu:.:;cc;. :.r: (l_ -'JI' re d. ,-,c;c~c· sJ .3.gS : 

-lJo s ition of t he ~l'p in d. l '? WCl<o Li..xed by means of oJ CY&S2. ;:; tvI' O l~ +,l } 0 vi;::coine -

1'he 'c}12rfilcc;ouplf: i n t lLL s case , ent,(,red t h6 bot zon8 frolfl a l )()vp , the pr o·-

t ec t i.ve shf;ai,h being h ,~ld by 2-n acijustdbJ..t: e;lau:p 0!1 t;'lE:: f~_ ' o :L' :).1 ti lt:: glove 

.... .-
J.l(;"!.1.lQ"'.J.::i 
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With the spindl e in the :ca.-i.E'er'!. pos i 'bon and t~l8 t he rIl10'Jouple and cruci b~. e 

in roe?_suring- posj. tion, V 'le f1J.:C,la(~2 'NO,S closed a;"id Gonnccted to the; glove 

boX. 

pCl,SSC l~ for 

a llowed to 
r r <) _. .... 1 • 1 • 5u\) (; , eU ter- 'd,:nC:l the gas r e du ·..!G d 10 

2} l /:Tlin. 'These co ndi"!:; i :-)[]s \ ,'8£'0 maintai.I'8 d To:;:' a f tn'ther 15 mi rrate in­

ten'e J aftcJ: "Ihieh the £"1m-/ ro 1,e vlUS f urt;wr d.ecreased to 2 J./min. and 

t he i;emper2,ture i .Ylcr'2ased. tn apI).rc.' xi. rna c e ly l GOOoC OV2T a per-ioS o:~ 2 hOUl'Z; . 

The spindle was thefl J.oVTe.ceo :cpl; O tas rre l t and t he L.l.tter ;;J.J.0wed to 

before viscosi. ty ffiE:aSG.Y2ment ',las COl1lTl1enced . 

VisC:Gsi t y r ca.diDgs Vlere t aker. a t inte:r-v3,ls of 

the temperature VIas being l owered. Wit' ; the spindle Totat j ~g i n ths malt , 

ai. 1 cast )0 mirmCr:,3 here 5.11cn'lea for e qu i.l i braticn at. !,;o", ch :p="1.~·Li(; uJc.r 

grc\\ t1'1 of cry~; tals c2kl.i.sed non·-r8proclucible and v;;irY::'T:g" --;iscomo LeI' rea,1.i. 1.1 g S. 

fhe tempe rature was then increa sed in large r steps , ta%ing c0ntro! ~ead~l~s 

at sel ected "\", emp(;ra.tures until a.ttai ning the i n i ti.;'2.1 ;na xi.nllli!l te ~ill.;er.c', t '.1l'G , 

to cool dOVIn rapi.dly ,,:1'1i1 e th", ine r ·t atmos phers ;;'!2.S IT!3. i nta. i ll~· d.. 

3. ( .1 DE:scripti0n of eo~u i prn'~D.t 
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stand was fitted with a v ornier scal e whi ch allowed verticel position ing 

of ti18 elect:codE:s to 'yl i thin O,O':i mm . 'J 'h", mOlybden um wires He r e connected , 

throu gh the glove box wa12.) to t he rest of t he meas ur i:Jg circuit 1)] ineSYlS 

of 1 5 amp c()ppe r cabJe , \O!o1.~nd !lon-inductively . 

The }\ . C. bri.dge cireui t us sd for me8.s :lrement ) is s h oHn j 11 i.' i g UTi-j ')8 . 

consis t ed of two equa l standar d res istances (H ) and a nOD-rs8 ctive resis­
s 

tance box (R ). 
m' 

A varia b12 cdpa citance ~as connected in ~aTa]lel to H . 
~ m 

A s i nuso ida l i llput at 10 kHz '·:a s provided. by i.t 'Gran8 :i.~o tor 'iojpc: oscillator . 

An osc i l l o scope was u Red to determine thE: ba l ance poi n t of t he circuit . 

BeC2:lJ.se t rle e xperiments \-le r e conclu c:ted i n 3, h i.gh fI'eq uen cy ind:ll c e i,on 

f u rnac e operatixi g at e,PPI'ox ima '\:e l~T 500 kHz , em osci llc1scspe \,.'2 .'3 USc-Q vIi t~l 

a frqucncy re sponse Oehi8Gn 60 Hz and 60 k it:;:, . n ~us maiDS freque),l<~~ ' i r: t.,;c'J:'-

ferenc e vlou l d Ed .s o be ii1i rl i-mi zed . 

The e ho.i. c E: oi' a J.(; kH z .Lnput i s 9, convenient OEe i n vie;·J 'Jf tr;E' valL~t; s 

rapid i ncI'e .J.2 '? cE t he capc-:cUance of iOll :LC 8 0 :\ uLLons as t!,e -['::'2:';1). 811C .Y is 

low~red . Consequently . the resis t i vi ty or con du~tivity valUES repor t ed 

heu; , ha.v,::: a tsolute value I)r'll;;/ ltEdel' the pa:::,t icu lar s ct of c.ond.·,l tic; n s 9 an('c 

not a. t t he low ope r ating freq uencies o f e J,ectric s me l ti.ng :ar;;F'i,ces " " .5 1,h e 

with thosp of 813 gS ~elonging to o t he r syste~B) me~sured u l ldel' similar con-

tance of sl ags wer~ not exam i ned . 

3. 6 . 2 Calibration of the cooluctivity celJ. 

Standard solut.ions of NaC:; . and KC l a~ 

purposes . 

the work of 
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Th8 r esi" tance 0 1.' t he ionic l .i. qui d i n t n" c e l J. is re lat E. c~. te, i t s '31ectr- i-

conduc tivi t y by R k O~ s. , ,,;here 

P. r es i s t ance: o f th ~ .Llqui d. (OruD ) 

k c on duc t :Lv i t y of t he liq u i d (S/ m) , 
G c e l l con8tan ~ (m' ~) 

r.r'hus l og k ~; l og G log ~ , s o t hat a plot of l og R a ga i n s L l OG k s hou ld 

be :::, 3 traig:l t lin e Hiih a, slope of -·1 , i l l. ters ecting t l:2 l og R a :-: i.s c"t 

a point H!le re G == H. 

Values ob t;:~ :L ncd during 1.he ca li'or at ion meaS'.lrement" a.re g i v'e n ~,n iE~bl e 1 2 , 

Thes e '1&11)'2 8 Viere p lo t ted 5.rl lOoo.r i ti-nnic fo r m in f.L gl" r 8 39 . Freif! 'i; i,e 
~ ~ ; 

straigh t J i r.e g r a. pb, the c 8 .1. 1 cQ,st.anr. G ',J<'L S f ound t o be 51, ? fl 

TCl.ble .11. C,3.1ibrati ~)n 'i f t he cond.~) cti v i t~{ C81.1. 

Sol ution NOY.'rn 3.1 1. ty R (ohm) 

Na.Cl o ,J. 1 ,067 If '! , 320 

0 ,5 4} 681 1 2 I 500 

1 ,0 8,576 ....., r-.IJ ..... 
I , c. ~_ 'j 

2, 0 1£L940 4 ,130 

) , 8 19, 670 ), 225 

KCl 0,1 1,290 4J.~9 ?O 

n ,-
v <) 5 ,86~ 10,240 

1 ,0 H,187 •. )~ 53) 

2 ,0 21 , 060 3,OSf) 

par"Eill e l, i nf i nite , G,',"} i.ncir i c a l vdre s , th;~ cdl C0ns -:'ant 8,:>. ,', be cal c.u18t9u 

fl'cm: 

1 !-' cep .. , , 
, \ 

\.. ~f! .I 

r 0,' (0 S v '1 ( \ - ~ ) fT' :-;. '. . S ./ J \... • •• u , .. ! ; 

~"' ~) n ~ -·1 
.L 5 Y. J. (; ,, ' m i:1.Yld (' .= t,:::. ? 4 In 

ilt~ 
("1 0 - 1 \ 
\ ,)," , ,' w ) • 
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to the i'ae't that t he ce l l i n the present insta.ce does prr :::n.u[l().o l y due 

not cGnform t o the ide&l i zed model . Additional conduction p~ths exist 

in J~b e !land l e l. el ec troGe and cruc .i.o l e s ys t em , via the bottom Fl.?' d Si tle 

walls of t he cruc i bl e . K~\18Ver , tile re lativ(~ ly ema Il differenc e bebJesn 

calca l a t eo and measured va liles , !!lakes ~ he l at t er accc p t.sb l e . 

~.6 . 3 Pro cedure of reSls~a~ce meaSUrEQa nt 

The ez:psrimentCl. l ~~ec:--:(lj. q;les , J:'G ganling t empera t ur e meaSUI'8n~en t, (;e n'se~('j ng 

of t ne eJ.ectrocIe s , conLrol of argo n fl eVi and ·U.:n0:1,11oweo 2~ Ol' thr;rrna l 

e:qu ili1:;:rnticm \~ore €f;s (;n-ci.ally 1,: .9 8<:H11e 1:'8 t n.ose s :nplo: orl ([urine; y5.GCCJ 2i.ty . 

!.TIc&s '.:remen t . 

Iffi1lle !.'sio~ dept}; of t.he e l ect rodes C!ould be aC8urato l y measured , as co!':.tact 

oscl.lloscOPe . 

Approxi mats valu(;;s o f t he liq'.l.idus tempera 'GU!:'es .):' bo :.b J',~dilced a;-'.d un-

r~dvcGd slae s were obtained from Vi~ C08ity measurem~~ts . 

On ~.hG basi s of the Arrh2r,iu3 equC';!;ion : A exp ~.}/H'[I , ] i!lss.r 

rcla tiollshi_ps '.>.'ere in' . .raric.-oly f onnd to (:. i st betHp'f;yj log ~I ane:_ :LirE : 

(l 're:e the tomj.Jera+'llTs rarJce 'tlhere t f1e th(~ f,Jag \'1·3.:4 tn<ly liql::id. 

b J :u.za t ion I'd. ~;eS at t.mpG:CB. tures below '[,he ir liquidus tem:!)e l'a.t ~U.'9S, " 0 

t hat if equiJibrium I Gea8~reDe~ts cf the viscosity of dis pers ions i n this 

r egion WeI '(=, pOG -:i.ble , v.iscosity c::JlJ.ld one 8xpec:tec: .J. . .. , 

"" rise very rapidJ: _ 

F'Ln'tner , 1.1' the disl-,ers ~i_ on CO'J.l d be asSt·"-:·!crl to obey t :l(: Arrileni'.ls ::::'81a-­

Uons~ip RS 1·:e: J 1, t n 8 intE-rsectiO!l of t]j~~ t.wo stTaigi-;c l iL c' :c.yd .ion,:; 
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:JI aCr;Ul'a.CY cc~np,n:able to v.ri :;.at i s obt2.j.l1ed. ir: i)'j8 l iqui .d re ' ioIl , 

possible ~ith n measuring arrangement s ~ch a 8 was used in thi s work . 

~ucleat ion and growt~ of tne primary solid phase on the wall of th~ 

CI-ucible alld on. tile spindle , anc: d.-J.8 to the J a.th-J i~Ke na-Ll1]':e of. t.~le p:!:'i -

JlSr,:; phase fa y' mest of t tl':; slags i l: v·estigar.8rJ, the re l a-Give gear, 8 try of 
_., (00 ) 

~he i nner and ou t er cjlindeTE.> is a l to ·8(l . Accordinz Lo Var. \oJilz8r (-:t Cd 

accurate determinaU_on of "apparent vj_sccsj.ty" ,)1' 3. partially (;Y.'ysta~.lj_ :~ e <3. 

slag T.cq1.1.ires trw ga.p betvJee'0 t i r:. spindJ.e and t he crucible v13.1J t 'J be 

ThifJ ccmdi t.ion cou ld not I)C2:::: :i bly be me i; i n this s:i stc;n ~!he:C2 t:!2 Gap 

was on l y 7, 5 mm . 

If t he ~ . Dlpr-oba1)ility of CJ. t rue {Hsper-s ion is acc(::pted , trw '!i~; c,::sj.ty va,lue 

reported with a Measuring mechanism of a l tered di~ens ionQ, could at 1 es t 

be t hat 6f the li~uiJ whose cOMposition i s dicta ted by t he Bub-l iquid~E 

part of the E:quil ibriu.lfl diagram . 

Furt hermOl'8 , III 'l i e -I'I of the property of I":l,piJ. crystalli_zati,o:l mentioM: c~ 

above , the ,"q-,lilitr'-Lum tempera t ure i nt,.,l'v2.,l betllee!l t he l:Lq-Jid' lS 1,8mpe r c;,--

ture and tbe temper;:J,:,ure · .... here rotation of t he spindle Le80ill(;S _;npos:::jl' le , 

in B, relatively ::'['1':t11 o['e . 

Con3 j_dering- t he [<.1<.;1,0 :'-::'8 out} ined at.Ju'ie , the follo\'iing pro c8ciuT2 \-/as ado p. 

t1;.t'G 'das lO\"ereJ i n steps in the no r mal l!larmer , a:Llmh_.ag equi l i l~rt:;;;; ion 

.ti n!r:~:.:. of approxiriia-r,e ly 30 minutes s u.Y]t il t.hE:- fi rst. sigrl of an clcce18ra~ t ~~d. 

rat() of i :rJcr · ase i n "/i8C0 8i t y vias detected . 'l 'he spj.ndle \'las t h en aIle-dod 

to r 'Jtate in t lll" s1ag cCl, tinuously . At t.he SaLl'C tim',, : smalle:r: -;'e;';:p(-)1.' _t1.11:'e 

decre.ner:t.s were o>do:;::t e d (~~ SoC), while ~2·taining t h:) sa:i1e time 21J oWHl 

fo . equ·~librat .icm . III though marked i11creases i n. '.Ti8c;os i ·~y re<:~:l.i ;lg occnr-:cc;d 

d'..lri! lg the 3CI-mirm -Le interva l l readings o. t 2-minute 1.Y'.t2T" aJ.s 0'.'9 1' i.he 

last 10 ininut~-) " c,t a, given -t-eWpo.T':l. t nT€-', uSl.J.a l ly varied \" i. t h in t he J .1 mi. ts of 

eXperimental erTer- in the S .... l -I)--li qn ic.FG TI:; p icn (::: J i)" ' ;~ 1-1"c/m2 ); The ';aL,es 

lO-m~nute interv&l mentivned, 
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me2J1 i r~glcss • 

i mpC>1:tant t hat v3,J.ue s obta.irced on the hasis (If ITi8E.sll-:::'einents dont:) 

t he temperature vr<'1s t hen .ra i ,-~e d from i. ts fi ual value in tile se1.id'Js -

uidc:.s region , apIlro2,ched trl.::;;:;e report8cl. whi.l e lowering t hE: teinpera tUL'S ) 

with t n the positive J.i l'1 i t of eX:Ile:>:'iment2.1 'E.lTOr, a f ter hol ding t.LT,'2f; 

temper~tere of u~ t o 4 hours . l:Iowever , if t h e t err,p:;rature v.i<1S raj')} d -

hours were normall y s u f i'ic lent i0T a return of t na viscosity val~e 

that reporte d du ring , cooling of tn8 liquid. 

("-1 " ·-2 It h~ f urtber s i g n ifica nt t hat reproctu c ibi.li t:{ of r esd.tr:3 vJ a s goo d \ -.i.'v 

Jis/m2) in t he s ·,;.b - liql.~id.us re g ion , du ri:lC suc ce::::::d.V0 C()oL nf' cy cl p. d e ·-

ter!:linations . 

The appr oxima i;e liqu i(l.u8 ternperat '..~re was COYlS 8cllleiltly detr;rjr!in2c! (3.;: i f, e 

point of i n t e rsecti on e;f' t "]8 J.0 g r'J - 1/1' l ine for t ile :Liquid n:,gio !1 and 

a stra i ght line dr-a';in t h TOU gh the points obtai.n e(l in the sub"-ljCJ. i.~:idu8 

region c11.;r ~ t'C cool ing . 

Conf ldenc8 :Lil the t e chnique of approximate l iqu.idu s t er:rpera tlJre mea;Ju :c~: ,· 

manner , [OI' -1"1 ~' "0' 11 '" ..... (1 <, 18 J::' " ( ~l a P''' p ···· (:. "·,,~ l i· e·d J' n n ·I"Ton·) ">1 i: . _ _ L ." . -1..t: .. _~'-'c I. ... ' , .... . t:)..... 0 ....:. . 0 0 .1. . . . .I.\"... J . - a · ,s J Cl" .. .. . A.. 

tures obtained for t he corresponding oxi d ized slaes (slags prernelted in 

ari-,'on arlQ' C~u'oqeq;:p .. ',Tl t. -l y he'" t e()' it! o:;:,'.",-a(>t". ., + li onoc \ ,,',r J,.",+ "'+ ';' P''' Tn; r, ,, , ,·. <::.~r' ·'-·'I' u _ ....... ;...J ~~ ~ c...:. ..... _ ::''' l ' _ • ., J 1...) .l- . "_V IoJVc·"- .... .... """ _ . _l.. ....... .. _. \." ... . .. ' ~ ... !-' •• ~ 

nil ' .... -, . ,. . r-
111e apprOZJln2. ~e J lqllJ.ClU~~ t;empera "UT'e ell. 

by a quench t (~chl1j, oue , 

l ater section . 

,. 
A - T ·?.Y 

c~e r2~uc8d slag was al so cunfinned 

Use of t he hot stage microscope for liqu idus t emperature dets1wination 

was possible on ly i n t h e c a se of fully oxidized slage , d~eto t he opa8ity 

even of slags l)Temelte(~ i .n an argorl a t rnos:)here . 



f o!'mar!ce of th,~ 1.1I1i t ';HG"lsGesped ' by the Game a uthor i ll ' the :::' efeJ.'2':l c 9 

1 '· ., 'L' ,. ' " ~t · (8) quoted as v e _ .l as I n ..i.e. lO J.' p ,~. O.L1.c ,,, lons . 

The thermo coupl,? a rms "Jere rna.de of 6'i0li.1l - Pt and 30%,Rh - Pt v/ ires of 0; 35 

mm diameter and 1 8 rom length . Tho "3ep (~:::'ation be-t't!een ·t;hp arr-;,s ',,'c:. ::: normally 

slightly l ess t han t he drm di aD1€-t(:;;l' . Each a:r.:11 Has Dut G ',:c lded. to a1': 18 

mmlengt;h 0-1' wire of the same corr,pcsit i on, b~.1 t £,T2ate:c di ame ter (0 , 5 rrwl) . 

These SUIJrcri5·l1G '-'lil'es were connected. by screw contact to t he rest. of 

the c ircu). t . 

o j ' + ~. °c An aCCUI·o.CY } i s 

The s}ap; ,::;::ad \Vas heateel to a )Jc ,i.nt \v811 abc:.;e its ('xpecteCi LL quidllS 
, ,". 0 \ 

temperat~re \nsual l y l ouO C) aLd he ld at 

ly 15 mi~1utes . 'l'he slag ... ·Jas t hen cooled t o a -i:.en:pe r :J.ture belo\-! t he Cl'yS­

tall izo/cion t elllpe rCl.i:11..ce, notiT'!g t :, G CI.ppr oxi!T,Ftte t emper a t ur e where c rys ­

tal lization appea~8d to sta rt. It was ye-heatcd t o t he latter ~empola t ure 

and soaked f or 15 minlltes . The tCiTlpera t t,re has 'U:211 i crc2.sed nl oHly 

(2
o

C/mj.!'1.) a nd t h e a pproxi mate Ij, c;,u~ldu. s t3mllCrCl~1.::re t al:e:! as t he )oi',t 

where t.he l as t so lid rna t e :cia l dj ~,*a.9:reared , Tho cycl e was t.hen rc:pc;a ted 

t\-;ice , eEl.e ll t.itTi E' Y;.arro1..,r ing the gap beh,ee~ l i(~uidus t eml)(:' r atnre ancl slJ.b-

liquidus soak j.ng tClli:ge:::at1.lre and lowe rhlg the heating rat e fron tne; soa­

king tempera. tUl't::! to l.iqui du s tempe:rii t u re . 

The 3a.mpl es for }j.qu.idus tempera ture de ·~ermir-'2:.tio :"J \ 8:1.'e taken fro m Lile 

bulk cl'.J.anti ties of unreduced s l a.gs 0(1 'I·,hieh viscod.·cy me a suremen t had 

lieen pE;rfO rTlle d . A 20 gm sarfiple of this ma b.:!J: i a.l j n tilE~ S1.:68 ra[~ge 

(-70 me sh, +] 40 mesh) Has heated j.!l an a;~n\os :oh?H-:? of pure oxygcrt at 1 l on G ,,,,,, 
J _:... ' \..I Iv 

for 1 110U:J.' . Such trca'cme l1 ~ '\J3.S fou. d tu be sufficient 1'0}: complete :re -

oxidation of even the mos t severely eS.I'bon- r -::duced slags . The rE:::,uJ. tj. i ,g 

oxidi ;,;ed sample wa s -then c::-:·'L:.shed in an ace. te m8Ytc.r :md used fo r !Il83.SUre -· 

ment of litllJj.dus t owperaturE: . 

Al l samp18 ::i for X-ray E:r a lysi s .,ere prep:::, r ed 'oy n~ (,2. [. S of t.r..e h.i_gb t F.XP(T2.·­

bJ.l'e !l:jc.rc)scope . 
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OXidize d slags Here ho;nogenizea at 1600°:; for 15 mi fLutEos . The be ad s .'eTe 

tnen 30aked at sooe b e lo " t 1e pr.edetermi n e d liqu i dl's temper aGure for 60 

JD~nutes. 

FOT t he s ma.11 number of de iel"mina.ti o 1S 0 [' primary crystall iza t :Lon products 

of r cdL:ced s lagG s t 1!8 a f ter - v iscosi ty product::;; ' .• ere also generally Hsed . 

The cell of t he hot s t e ge microscope was modif i ed t o be gas tight , by 

ineo rpc rJ.t i oli of 8il i cone rubber seals a t t~8 ;junc 'bon betHeen the two 

Jl\a ill Gell lJart s , and. ;:.;.t 'L> .. e ,)'bserva i;j.cm \od.n dc ,,..s . Spectr ograph ica lly pure 

a'cG'0r; '.,..as passed through the ceLL a t the rate of 1, 0 l /min . 

The slag pOHd e r ~as wetted wi th CCI
A

, i n which form an appropria t e qua n­
"t 

tHy was -c.raJ sferI'ed .tv t :-le t.h ermocoupl e. Ti'vO) bead vias aged n heated t.o 

a teruperatu::-e above t he approxir.1at e li(~uidus t,pmv;ra t lEE , a s de t e rrr,ine 5. 

during viscos ity meaSUrem2rl t and he l d t here for I j mi nutes. '1.'h 18 Has 

!'ol.lO\vPU by soaking a t 50
0

e beloH the 3.ppl 'oxj.rna te crys tall iza tion tempe-ca· 

ture . The s l ag vias quenched , as .i''- trw ca.se o f oxidi~', ecl s l a g s , eii;l18r 

by mere l y sHitch ing off the pm!er o r by simultaneous pO'.;le r cut a nd in ­

jection of a (Jat e r je t .into t he cell . 'rhe slc;.g b .ad \o!ctS Te rr1·:wed froB' tI le 

thermocoupl e , and crushed in an agate n,oI-t ar under H:3. tOT In;e alGo~ol . 

'rl, t' jJr i mary phase 'das t hen identified by lT18anS of a Debye - Sch el':cer X-·reLY 

difi"raction. can-le ra , us i ng' C1.l-Ko<radia tion ;,ri t h a Ni fil te~ at 30 1~V and 

10 mA o 'l'he ti me of e XIJosure vTaS 8 hours in all i lls t.anc es, 

~he p~sBi hle p:coducts of reduct J.on i n t he s l a gs af t er tr2atment i n a 

gTa phite cruc ible include t h e Im-:er ox i des of t,j.tan i um, t.i tani um oxy -

~arbi de dnd titani um ca r bide . Apar t fro m gas eous sil icon ".onoxid€) which 

uould have been remov0d f rom t h e system , silicon co '~ l d a l sa be presen t as 

t ile ca::.'o i de . Moreover , any carbon repo r ti.ng i n the s l at, ! ',:oul d be dis·cr:' .. 

bu. t ed b0. tvie en the carbon contah!. i J}g compounds ,r;er:tioned. above a:ld fre e 

car'tlon entrai ned i n t l'ie sJag . 

Any :l8SeSsm8 r ~ t o.r an oveFtll deg-ree oi' r _dl.1ction i-iculd .i nVolve dj f f 8r811 -

..: .!.. 
L i, 



be clistinguinhed behieC;"1 s.il5_ca and U t~nia. recLlJ.c-t icH1 st2. tcs , k:n.O\of-

of t lH'? 1'81a,t.ive rpanti ties o f carbides ane: oxy - ccu'b5 des (If' ljl j . 

.Although mean s ':Ie:re ir.i tia lly considored t o el i.s t i nguisb br;t.Fe<c'n bound a.nd 

tree ~at'bon! lTirti :1l.y by 10'.': temrJf.·j·'a-r;ure se:l.ec t .:i.v0 sulpi'JuI'.izati.orl cf the 

latter, tr:e vee} 10\1 l8vels of carl;on content ( ne'i~~ _' c xc 'C;eding 0 , 1 ~) 

would ren c!. ~ l' S11C,1 ci. e1; 0rmi na \;ions mear.ingles3 . 

sis for Si , i n con junc tion wi th a ma ss ba l anC8 b ased on ego M~) s O~ a n 

accura t e dct,~ )~r--' .ti1a tir):', o f th~ d.e crs3.sc in mass OCc'.1J:'l:i.ng d.m:inl-: re .J.uct.io~1,. 

In vlevl of t. le iaaccnracy o f' .:tnaj.yt ic.·al re s nl ts lJart.i c ularly, t:l'2an:i.ngfu l 

siliceous o].ogs. 

COif1j.lcsr ed Hi.th th.J.t of the unreducE::d s l ags ~ 8.B i'~ ",as i n t ili :3 si ;J.!]:; " ' ! LL( ' i.(lns 

ter.h r' i q"J~G e . .re available fo r: ~ e terIDin3.tion of oxyge!'J. conte". t~ Ji (~l)t,-(m 

sil:Ge .it 'd .).S attempted t o measure very sma.Ll rlif feren .en in 8. la" g'c :.l'"l,).n .. • 

tit." , Methods involving complete 

j')I.'e 3(~nt ~ BlJ..rfe:red f rum the s arnE~ dn.wback . 

of t he ;.:08 t sever·e ly' r ed.nced dpr:i.vati"f) of a pa rticula r 8:i.ag, reOUCt}G. by 

a1 u li n.a cr'uci )le 1n D .. r1 a trnor.: f'11E:- e cf' pure (). r-:)rgen in t1 theri~iaJ Pba :!.;'l.nce" 

Tl' , . , 1 - , . 0, c', '''lQ' . • 1 ' le u n tia .L -t ~r·liJ3Iatu.ri::: "o.S J.Ull . •• J eno r:12...,S ~:f'.H~ \ '.8 T8i.;or.:. eo. ( vel.' c. 

1)0 . . t' " ~ . J.. -1 1 , . , + 1 ~ , C· () ~ . ~J:J.Od O. 1 :1(;.1:X . '~: l 18 (.E:n,p3ea,t\.C'o ·viH.8 81) )E'e':lu(-;nt!.y :ca lsec, .,V L\,' I ~' 1 lL8.1 n·· 

tained. conn t"l,nt f OJ? 1 [,om: D.D( th<; ~\ :" " 1..881. .'\;~.:rt l' ~r to J.300oc, \·:!1e:. G .1. SfJ -
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88 of l;he same slag t b.a t were reduced for S!lO tel' times ..... erc slf.b~3e-

oxidized under conditions i~enti cal to thoB~ ~eEcribed above r 

t~ (:pa~,'ate furnace. The r.1ass gain "laS obt~.ine<l b~r '..:eighing tr 8 

an(.1 Hs conter~ts befo re and after the oxid.ation period. An 

oxidation t ime of t~o hour2 wa s rissd in all cases. ~he oxidation ternpera-
r, 

'11 J'C· v
( , ture "'las ---_.{ ) .• 

'1'M us e of t h i s t e cim.ique appea rs justified i n vi'::\-l of t he 1'0110 \,;;" ng 

finrlill ~s : 

(a') A.ll.+J.ough th'3 reduction of 8i.0
2 

did not form part of this .i.nvesUga­

tiOil, 11. must be noted t hat the rea ction : Si0
2 

-I- C :;;; 85.0 + CO only 

proceeded t o any significa.nt extent in the c a E8 of ttl2 most acidi.c 

d e.g.::. 'l'he a n a lytic3.1 res ults reporbd in tabJ.e 1 3 were obtained for 

the :, ).Cl0S a.f t e r viscosi t y mec.Eureille!l t ~· had been perfoncG d on them . 

~_;!.:..2 COT:l,rOS it~,ons of seJ.Gcted S12.g:9, before a.:1d .:lfter r educt' on by car';)(;;-. 

Slag 

No. 

Reducti.on 

t i me 

Heduc-Lion 

temp. 

( oC \ 
\ J 

'1.1iO 
2 

( ill a 

A1
2
0

3 

s s 

(' . 0 
01. 2 

p e r 

CaO 

c e n t 
-----,-----,-------- ---- ... ----~ .. -..... -------
B14 

Bll 

B17 

o 
120 

120 

o 
120 

o 
120 

1550 
).600 

155') 

1)50 

50,20 

30 J 85 
30 , 50 

30,20 

30 ,80 

30: 20 

36,29 

13,80 23,3.5 

139 3J. 23r)) 

13,10 23 y l O 

J.3,80 20 ,7S 

13, 11 21,65 

13/30 51 r lO 

13, 26 ;n , 02 

th~y \-ie::'c reporte d as TiC)~ and Si O,.., respectiv(~ ly. 
. c. 

16,3)) 16,355 
16,ns 15,39 

J.G5 37 l ' (' Z .·.0,:;) 

17, 625 17,625 

18, 45 16,14 

12 t 45 J2,45 

11, 55 L L ,61 

(b) Carbon \las f::mnd to b3 present in t he Gla .. 3,s aftl;':!, Y.''?ffiova.l IT'om the 

gr aphi t e Ctl.<.c ' ble 'ind bef-;re determi nation f Vi3C;:) 2 i t ,y or resi8 ti-

vi ty , in v _~r sfJa11 a~ount s 9 ::lS s hown j, n t able lA, 

r~duce(~, slags 11 ' on :r.mnoval f ::Xitl t,,;-::: g r£tphi t e cl'uci bl0 F~if;ht be in 

\ 
I 
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" n' 7 f + ::'I J . ... , - h/ \ O ~, ?,n,,- J),i a ver :r3o.1~C ~J.on at ,l)..J' ; '-- f0r t .: .") h:)l).rs (th'J 

I'edu:~i;ion t ime used :~n 'thtB Vlor ! ). l' () c FLTbide could 'lIe de t e c.: i;f?(L 

, the same t hree slaes Hel.'O t:cc.:i.ted in th::: follo\-line mam i6:C; 

pa~tic le8 were scraped off the Bu_f aces (both f ree 8urfaCG awl 

' '' 0 <, l a r ., . . .. J' " con t "' c ".-, , .. ..; 1-'r' l ~·h.e &,','"."'. ·."hJ',te cr1:· c:, bl~· J\ where ii t"" ""_ . C '.10. ., .H - - ,. ~ " v "n O' o· ~ - ~ 

1 mm diame te:l d5. 3.11Kmd (lrill. 'rhe complex pa.t t. e :::'!l obtaj.Yled from X J?~v· 

analysis of: ·t hS38 IJarti-:.J.es 'Ii'.U 1 be di s cu <-' e d i n a l ater secti or: , but 

no SiC O~~ '1'; C couJ. d be de t ecte d . 

Table 14 ------- ---

Slag 

No. 

CaIhon contents o f r ed.\lCed. Bl a gs 

(C"(: 'i i"igO )/EW 2 Heciuc; tion 

ro . 
ten.p, C) 

he :llj.ct i \.;n 

t · ,. ' \ l illE:: \ )T::!. Ti S ) 

c 

-----.---------.---~-----.. -- -------------~------.----.-. 

Bll 1,7(;0 30,20 1550 
15:;0 

B14 30~20 15;0 

1550 

1':)50 

l U)O 

B17 0,800 30~20 1550 
1550 

C2) 1550 

9CJ 
120 

60 

90 
120 

J.20 

90 
120 

60 

0,,07 

0 ,0 5 

(; t0 8 

() ~05 

(d) It i s r easonable to as~ume thOT all carbon pre sec i i 1 ~he sl~G 

2.ct i.ons of t he ype : 'j'i 0
2 

+ ('; => TiO ~ CO •••• • • ( l ) (iO )~ fre-: c,:;,rbo[] ) 

2"l'iO ~ + 'l llG ~, 3Ti C -I- CO., • • ( 2 ) (fa:::, cOrLbinc:'i c C'l'bon) 
Co 
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l o\-!e r oxid.es i as G.0termi.ned after vic>cos i t:;, mSCl.SUremAnt. 

S3,mplos of slag B14, red.1Jced a t . 15500C f 'tlI:'!re alnci suhjected to reO. 

o:x:ida.t:L.n p.'ior to 'lJ.seos l t y .easurement. 'The gains in n;as::~ Jx~cor-

deli Quring t h i.B ::3 e ~' of experiments l:!ere very clo'8e t ·o those rer or ted 

for the s a me ne:cies of samp18s vlhen oxidat i on \':8.8 pe:Lfo:rnh~d af tel:' 

v.is cosHy de teT..!.i na tion. This is illusLT.ated i n fi g'llre 40. 

( ,. 8) . 
Gruzclev f~t a1 \ :;. , repor' t e d a (i2CTease i.n t he ti t an:i.~.l t'1 c0nte::1t of the 

slag during reduction i n graphi te cru~it:l. (: s . 1'he fi t'l.E'es in t i: .. b .~ e 

13 80.0\·; no such dGc rea,sG for the present \-rork. 

It :l.S concluded t hat <:iY1Y chang,'!:3 i. n IJ)~OP";l· ties of slags during rE:duct ion 

reported h0reaftf! r~ must b e 6u.o so l e l y to t he T!:'!duet i on o f 'r i O,:> to } oHer 
"-

oxides , except r o :.:.:s i 111y in the Gc;,se of very ' .cidic slaes I ·..rherc r e duction 

of 5i0
2 

to SiO :ma y b ':~ :;:'.gnificar;.i; . Fur- t her ~ as reductio!" s"Ca t; ,.:; de tE!rtijj.­

nati.ons and. "ilisc;osity :r.e?:.;:-; ;'.i. l 'en18D.tG "Jere peri'o:'''I!ed {n the earrle pro c!..lJct, 

CO.l'r811a tjOll b,~tween t he s G pa r a-me t e l's rrnlS:, be :c:.L{!;c rously va l. i (1. 

}.lO Gri t i eal <l ,yorai s3.1 of experimental t 0chnj.cmes 
----------~---------~~--.--.. -~---""-.---~ 

The two stages in Vlhich 1'·edllction and measurer'lent, ci" phys2.Go-chem5.c&1 

properties "Jere performC) d hen~ ! are to be preferr ed to a s ingle stog{~ 

meaSUI'ement of e g o viscosity in a g-raphi 1;8 crucialB, as t he effoG t s of 

~i ecosity change and ' 8riation in crystal l ization tempe~~ture are eff ec-

tivoly sepurated . 

\~hen viscosity H i deter~~ i~1ed , u z h'ig a. IT,e t a 11J. c hmer cyl:::nd81' anc1. a 

graphite Oll tel' c y-l inde l' ~ '(he l'E:Sl.11 ts mus t ne cesscu 'i ly DE: doubtful CP " 

aTl 3.b !:301ute bas is. 'J.'he r'e a ro i~1d icati onf' t~lat theSE: Hl a[ s initi:11 1:;r 

do not '"et U1':~ t',-ra.i,b.i c c ]:uei 'ble, bU.t succeed in (b i ng' so cu~t-Ol' fr<) l()nt;~' 

ed cont;;~e t. ,'lo r cover , th <': s peed of x·ota tion o· t he v:i"s c on'e ter "'pinelJ !·) 

Cles of 'l'i C 3r e :i.ndo(?d f!"n.';l t11al l y i'ori'ic d i n t n0 C~:2.~)h :i. t -::- :..; r ucib l e 1 the 

effec t of t ne c; 8 on Vi 3(;Or..j.t y- \'ij l'L unce a ge-d.n b f; j.n': l u e nced b.~ .. · i t:e ~; P(~G '-i 

of ro tation of t t"!.e :J ~ j n c11 G , 
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be practic~\lly mE-:-ln ::.nGless i1 a. fluhi f1'O f,] 1.:hich e-as bubbl es are 

evolved . 

it was the pu.rpose of t his work to as;'8SG onl y the e f fec'(' of rec.u(;tion 

'.riO t o ·'.ovle;: oxides r another t ech:JJ.qne, as used. ·by H[~ndfield , Cba:.' et t.e 
2/ )0 ) 

18'3 \ .' wight ha ve been 'Jlore sui table. These authors x.reduced l ower 

s of Ti Ly suita bl n additio~8 of Ti and Ti02 to slags , follow ed by 

quilibrat:Lon i n a n i nert atmo::"phere , prj.ox' to v iscos i ty n:8a3urerneI:~;. 

However, . carbon i s t~e unive-.;:>sal1yimport an t reducing a gent j.n this S;Yf.t,;m 

and it ::; ef' fsc: t on iJ. t,i me s cale is very i.mportan t. .Al though an.>' at. te Lpt 

to reJ.ate r" tes of reQucti.on and -cime depend ent changes of 'physico~c)Y'm:i. -

cal p::,oj.Je:·C'~ies direc tl~t to condi tions :pre".JaiJ. :'.ng in a sabm8Tged arc fu~­

nace s ma1 ting ti t.a.niLO' TouS or es , must be a fi.~ ,il.2 one ~ c '. DelusiollS regar 

ding t.hese cha:!ges fo"" ;"l;·tgs of d:i. ffe::'er,t COEiPOBi ticns l!!Ur::t be valur. :)le 

to indus t ry. 
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RE3lJJ ,TS ----' . 

•• 1.1 Liquidu s temper a ture3 a.nd pr:ir:;ar y phases of unre LL~ ct? rl nL,;s s 

J.ll I1',el t. j. n [;O t e mp'8ratt::1'8S measured by hot stage rEcro~:0Q'pY (~oul(l he c; ,m· 

par£:d '<Ii t. h the app.:oxiiI,at ~ val.' es obta llied fl.'O:.:l vi sco s i t.y detf: :::-mir,a-;;.icns . 

Althougi.l elect :ci 8a,1 l 'esisti'lity ffi2c.Cu.re;r.0nts ''!ere not carried out on <311 

slags u sed f or ViS C() "l letri c iest~, j poi nLs of i nflectioll i.n -t;he ~ilcts 

of log ( resisti vity ) B.gainst i nverse ::;.bsolute t emlJeraturl? pY.'ovidcd iU t 

in t !;l,tl e 15 . Only t:jor,<~ COfjPO'" itions Go ns ide.r.c d [:0 1)0 of grc~,c:, tRY.' s,i g '­

nificanc.J i.E L~j0 prCGI?nt s tllely c' :;: _ i:1Cluds'1 , a n d.. t :lto} Ciistirrg1), i:.: h'in,f': 

slag compositions 

Slag (Ti0
2

'1 1\l')O I) CaO d'leO : Si0
2 Co ) 

1\0 • (ma.s s ~t) 

CaO -h--l,£Q 
.---~ 
~ . .(" 
u l.V" 

Co 

Ho }, tirlg i;emrera turf~ 

( Ie) 
- - ---------------.-- ------.... --.. -~---"'-... -------.--~--.. - - -------._---_.-_------

A2 

A5 
A8 

:Ole 

1311 

1112 

E13 
B~4 

!3l5 

1117 

B18 

C2 3 

36,00 

Lj l\ rOo 

44,00 
44, 0(1 

44,CO 

44 s00 

44 ,e;,) 

o , 40CJ : 0 t 4CJO : 01 

I t .. j 2:0 vj66:1 

Of 848 : (I , 8!~a : 1 

O,933 :0rLj,67; 1 

0 , 701:0 !701:1 

0 .. 699 : O!- 699: ~L 

1~ 7D 7 

lf400 

U, 200 

] ~ 7() ,,' 

1 , 7CO 

) ,!jOO 

o: w, 

ned . 

n . d . 

1461 

1360 

v 
1586 

13bl, 

132 c: 

] !~ 55 

147U 

13:57 

1535 

1342 

I i . d. 

n.d or 

1475 

1340 
147ti 

1'. .. ( . ~ 

n,d. 

). , • d. • 

(" lU '[ -i c': 
oJ " • " 2 

~b,(J , '1' it) ' ) 
c. 

C·'" ""1Ii) .l C,. ','., ...... . 2 

J<. o/ I \. ... r. • 

I·le- .d. T . 

--...... _ ... --..... ,.,. ........ --... --~ ~-.- .. - -~- ... --- ... -..-. .. __ . __ ....... _---..... --.- .--.... -,- .----~-... - ---.-.-. - , .... ,- - .. .,.. .. ---~---- ........ .. -~ ... ... --



e 16 ~3bo",s a c onrpar j.soll o f liquidlls temperatures ;neas ··lred by Hejja (9) 

with the va lue s obtai ned by the author t brough vi. s co s ity 

.,ea5 urements in most ins t anc es and b.". ho t stage microSCOl)Y in 2. fe v; ca ses. 

The slag compos i ';ions d ifferetl fror~ one anothe r only j 1:b.;lSic1 ty r a tio 

( CaO .,. i'li{y)/S iU? and had the fcl lQ\ving f eatlu'es in camlnon ; 
,-

44~ 00 mass % 
30, 1'0 mass :-;; 

2,2l 

1,00 

The eX:?B!:'imental sources a re deEignatsd in the fcl1(niing marme r 

Determined by hot stage mic _o scope ( Hej ja) H 

Determi ned by hot, s t age micros cope (Aut hor) 118 

Determined th rough vi scosi ty mE: asu~.'emen t (Aut hor) V 

Table Hi Correllat ion betve en melting t omperatures fro m differen t sources 

Slag lio. 5.i° 2 
( illcl.S S 'It; ) 

( n C) lvl '~)/ " O va +J {!;J /, .. 1. 2 

---- -_._----------- ------------
H ES V 
.-----~.------.. ---~-

Bl7 51 ~ lOO 0,001 n .d . 1405 1420 

B28 24, 350 . 1,,300 ] 427 n.d. 1440 
B29 23, 830 19350 1360 n~d. 136r) 

B14 23, 350 1 , 400 1356 1365 1)55 
B30 22 f8£/.l 1, /l50 1372 !l ,:d .. 1;':)8 

B31 22 ~41·8 1, 500 1350 ri., d. ,. 1358 
D32 21,970 It550 '1364 n.d. 1369 
B33 21 r )40 1) 600 1358 n.d . 1;7:5 
B34 21 !130 ], , 6 ~)O 1400 n.d. 1402 

Bll . 20 ,7 50 1~700 14(,0 1460 145) 
------------------------------,--..~--------------..-..----------.-

As is evident from t he t ables , t he a ~reement between liquiduD teD~eratares 

obtai~9j f~om ~easurement of particul arly ¥i8 COS.~tYI and the values ob­

tain'::· f:t:om hiE';h h'lllper~l.tun: m). cr') 8(;O?Y $ is ;,;<:;.c11 t;n-c '7.ean:i.T1eful 0 0iqJ2 ra-



compo:;, itio~l due b x'ednc ti n by cal-bon l ies \,:011 outside .:ha t could. 

as the lini ts of ,nveriwental er:':'or ~ i n t he canes \.·;here 

~s of true indus trial " i gnificanc e. 

borne i.n ni nd tha. t va lues obtaine d from hv t f3ta ge mi-

.... n""upy and t ho s e f :Lom vi ~ (;o s i.ty or resist.ivi ty r.:(,asurernents clc not 

to slags in flt r'ict.ly t !1e sa..lle condj.tion of oxi.da tion ,·t '.th r e spect 

'l'he materia l u s ed for t ll8 forme!.' technique \'las fully ox i d i zed. 

nerived f rom v iscosity mea sure er,t a pply to 1-1. slag i n a J,U1'e a r go!: 

'l'he se "' J.ags exhibit 0, smal l ba t me;:J.sur able degr08 of reduc-· 

tion i n -c erins of a mass ea:Ln (l U:r.· :j ng' com'pl~ te r e -o-,,:ida t icn in an C:l tr:1-JS ):'hf) J" (~ 

of pare oxygen . 'I't-li s f a ct "lUst be 0GUI)J. ed ';li.th t he i nil8l'8nt e ~:' :l:'OJ~ in 

visco s ; i!'e Ld.c ct] J y d.8 , sndn0~~ t IO":T,)f!8T a tu:ces , due "ai.nIy · to a CE: 2' t a .i.n dCt:Z'e e 

of sup~rcooling . '::'h i~ c07,.pl ex i t.y of h ie t vJO eff(-') c~. s v toge the r wi. t h t h8 

inconsistancy of t.he sie n of ti-l~; error ( re le.t.i.vc to t be micros coii j.ca lly 

determine d value) :render eJ.'r or analys is i l'lPO ~ 8i ble . 

The sGl ection ()f the <-:lags S!lO\-ln in b"91e 16 for lic:.uidu s te:ape:;:oa.tur0 

determina.tion i s ·,.,reE motivated by esta blis hed. o pe r ation at t he i r on 

plant of t he Hi e;hv e ld Steel and Van;].dium CorjJorCl.tion. 'T'ne d(~gr~e of 

dilution r e nresented by (Ti0 .~ + A120 ~ ) =: 44 mass '/v , .'as t~ivifl t:; saU.sf ".c-· 
• ' c . ) 

tory I:8sultS . The r?.tio 'rj02/1l1~O "l = 2 , 21 i s mc:dnl;y- a fu.n(.:; tia~i of t he 
L J 

ore, ,bile the C>' O/ I/1.;O rati.o of appr oximat e l y uni t y is l.:ldi.c :3, t ed ch j.,3fly 

by the lJi0St econoHd.ca.l flux ing add i tions < \-v'H hin thes~ yre..c t icQl J.i!}].ita·-

tions ~ t hCTe exist.s a reg ion of' 10"; liqu i dus t empera tur e over ,. rela ti v~~ly 

wJde bas icity l'o,ng · of 1 s 35 t-:> 1 , 60 . 

Cl;) scly Sl.lP!JJ. ,:nenti n,~ o r me ani..nef'lll:r i n t,=r linkine 1.tqu i:u3 t em.;,>e rClt l'.re 

da t :'l. a~~e no t; a ·.ra iJ. ai.11e in t he li t a ratnre. r'io 1'\~ over 1 in t he pr esp.n t \vorl:.: 

('.Oillpo s i t i on var:i.able in te lva ls a.r.8 ge. e:call;)" too lax'ge fo r a;)ceptabl e 

Corrclla tioll ('I f li(;ui.0us 1;f.:!:r.p8 rai:;UY2 "d. t h cueh vaTi c.blGs , !-lov/8ver s 

gE:'nera l t:c~nd,,,, may ~ e c intf! d ou t. 

SOy! a gr2.dm, 1 deereC).s e :: n J:l::lt i.ng tegflcera t1.:.re "J i t~l <iccr ea38 i n b:l.si ci~1 

(.r igu r e 41; r 'l"le t e~npera t U::::'0S on 1,!:"18 ch'1L' 'i- :'ir<.;~ t '10 S :: 0 ;) Ld_!",,~d · ~,in(l uGil 

Vi~CO Ri ty measureme~ t s . The B. ne nu~berB are shown next to t he 8Yve~i- · 
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Li quidus t emperatures of s erie s A slags 
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42 shews tl:e l iquidus tempE.ra.tures of series .13 slaGs as a func tion 

of CaO/HgO r a tio. The p:riruary c r ys t.alli zation product 

sla f'; num'be r are .:;i ve n for eve ,::y experimental po in t« At a par-

CaU/I'!gO x'"" t ic, an i ncrease in bas iei t y gener a l l y caus e s an in i tial 

liqu i dus t e rr.pe.r:a tur e J fo l lowed by 8. s harp r ise . A cha nge of 

phase f rom ;nagn es iu!1! a ' uminiuD titand.te (M. A. 'l'.) to lJe rov s}~i te 

to acco mpany e ither a " u:.?ll ini ti<~l d6Cr ea,SE: o r a l arg0 u l tim& t e 

For a CaO / !'igO l 'a tic of () f 5 s wher e t.e primar,f l)ha se i 12. 

.2TiO ~ ). A1 00 ~. Ti0 0 for al l th~ee slags , an increas e i n ba s icity cau -
L .. ) "-

gn 1ni tial i ns r ea.s e in liquidu G tempera turB r follo;,rs d b:y a decr ease 

almos t t he orig ina l l Aval. 

[ j,g-u r c 2 , f,; hm /cd an i.ni ti.al de -

by a '!:Ore gr a dua l rise t f or .:m y const2,n t basicity. His data o.) ])l i cd t (l 

a Sub-system of highe r ma3 ~; ';~ 'r i O;:> eOi1t ent ar~d sligh tly h:Lgbe :r TiO./Al . .,o;z 
_ L t... j 

ratjo t.han t he o~ .e i ?Jvest i t;.::: tei.l.in t his Hor .'. ),t l eas t fOT t h8 10 .. ,er 

basici ty values : ( (:; a(l +E~) ::. 25 to 30 '}~ , t he liquidl l~ mi n i iTtUm was ass/) -

ciated w: ttl a Chanb'8 ( Jf pri;nary pha s e fr ')ll pe r ovf3ki tc to r·L lt. T. The 

informat i on presented i n fj,f.,ure 42 a p[!€;:lrs to Bbow tre~1d8 :3i.m,U ar to '~'('lose 

reported. in Li mre c. : 

(a) Hi gber bas j.ci ty ex t e nds the CaO/i1sC r -? nge ov e r v/h ic:-t perovski -~ e i s 

tile p:r:iwa l'Y ph a.s() to l ower va lues . 'fhe highl; a r: i d.i.c serie s v : fOh:.g8 

in fi gu l 'e Lj.2 (BHi , Bl7 and B18) doe s :}ot include one 1:e ffi be r , 1,,: ; f~ pd 

mar,Y phas e of 'w;1 ilJh i ;; pe :..:ov ski te • 

(b) I f it i f.; a,S S 'l~m0 d t ha t the liquidus t ei;J.f!er a';;',:re .. L~. rjJ. lliU1. l. l ~ G t ill 

Tl"O 

3,8socia t ,sd with 0, dJ~n;;e i n pri::.~(u'Y pho. :::e ~ t he ninirnuJ:l mus t a ppeo..r 

ce t.Vlee B13 a nd B14 (CaO/ HgO equa l t o 2 , 0 i'lTIC 1 fO r 8s pe c ti ve]_y ) f o :c 

a basic:Lt y of 1,4 .. I n t ;-:. e caZ8 of t i'le seri es 131G-JH7- BJ 8 >l i. th 

basicity O~ O , the m n ~~m , i f it still ex i s ts , a ppeurs to lie a t 

a G80/ Ng\') ratio grcter t l1a n 2 , 0 . 

(Ca'.J-:.j''l t.'O )/Si02 and CaO/ lgD . The mas s pe r cen t con c " n t r,'I tio;, of Ci'i02 

1- ;,1 0 ) i ' '' (; T.p<''' eo f.com 3G ';~ t v ) tr IV" rL'~is se:!:ie s alb" G:~.o w,,,d a sl j.g; .~ 2) ,l . ~ • . 

illi t i i: ~ l de er'ease i n l:i.qui ;' u. ~~ tt~ ' f '(;1"r..· lL'..;.:'e ~ ful l o-,.le Ci by a d l'", ::; ti.c :Lnc:r.-e <.',?30. 

AGCI.:Li1 ther8 j s a (;~<1ngc of ~:)r:i.m?},·c ' " I-'!:' 8.8~ ) e 'lvreen it5 and Plt~ L'" Ii: Ji .:;:'Oy·· 
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teJllper2.t ul'es of A) cmd )31 4 (1383°C and l36S
o
c) may b <3.ica t e a winimun 

betweer: (Ti02 + A1
2

0
3

) ccntents of 56 % ann 44 ,0, assoc' [, ted wi ttl t he 

appear'ance of a. nevI pri mary crys talli~;ation produc t . 

As the r;la 2; COffii;osi tions we!.'6 c liOSei.-lin s1) ch a ma~ml~r t lla t the i nfluEmc8 

of relat ive l y rras t ic 'hRJge s til ~ e pa~a~eters ba sicity , expressed a s 

mass 7~ X'a t io (CaO+r1GO )/~i02 ~ mass % CaO/l'llgO ratio a1d m:.1SS 1'0 (TiO?+Al"O-z ) 
- ~) 

upon v::' s cos i ty coul d be deter'mi ned , t he experimenta.l r esul t s ~'.' :i.: 1 be p::.'e-

sented a c cording to t h8se compos i tion variabl es . 

The refJ\ll is of t he measurements are gi v e n i n g r aphi ca l form. i n fi.gm:·c s 

45 to be . fEte effects of C O~[jljO s:Ltion i n t erms f any of i;he ',rariables 

mentioned above ; ",,:::8 '- hown by means or t.hree s u ccess' VB cl:Lagr8.ms : 

(x) 
(y) 

A :plot o f. v i s(;osic;y ::,t;a. i ns t i..cmper .J.ture j 

A plo t of l ot?; (vis co:, i"ty) age.i ns t t he r ec i. pr oca l of til'-: a'r-;o lnto 
E-~ 

ierr,pera t m'e . '1'he8e d i.agrams were u sed to find t he a ]?pr oxi ma te liqui·. 

du s t erlperatu~e of t he s };.iG , as OUtli1 e d in SE~ ction 3.7. They a lso 

pro Tide d a l1isa<>ure of the a ct.i.v3.tion ener gy for 'riscolls n. o~\! (E1}) . 

r:t'h!~ l a tter i s gi~!en by t he s lope of t he str a i gh t line , ITlv.lt ipl i e d 

by t be gas cons t''l,1.1t B . 

(Z) The data r e lating to every slag series cons i s t i ng of 1~ree compositions , 

\1I,)]:'e summarizerl i n t h8 third diagram to s hm·/ V EG ' i < -L i ons i n ~._ e f oll0 d _'lC 

pa r al.'leteI's. as f 1 n c iion~; 0 " compos i tion: the liqui. 118 t:;mpcr r., ,\-"1'12 , 

o \ t he viscosity B.t a. fi xen t "mpe:ca t Uf.'8 ( 50 c) a bovo thE' :" i'lvid ns iemperi3.-

"tu n =:9 t hrj viscosiiy' :::-.t a ccncta:-.. t temlJel.'2. t ure ( E> i t he:c 1 500 ' r 1550
o

C) 

and t 118 ac t-i vat i on 'nergy f or vis cous 1'1011 . ':rho ,:esn} t s ",e r G 1''''~' 

plotted a s lines of e~ual v i s cos ity, due m~inly to t he r e l a t ivel y 

SIllD..l l val ues of E 0 t hai, a:;"8 char ac tfn· i.st i c o f the sY Gtsru 9 dope du e to 

the C0r.1par H ti ve l y sma l l i.nt,,:rval over \,!hich v i scosi' y '.-las jCeRsure d in 

most .ili s~ances . 

Thi3 ;:;equence .... 1&.· ache' or' to l' ~t.il the L;' ''' ic ViS(:() 8 ~. G;.'-ten'.! .. 1 0:c- ~d,,- ::['0. -"Ita 

of ~ U . sJ ag., ./e r gi'/E':fl ~ <-,1' 1;€ :r: \." icr. (li11~.' t !18 fHJ.nun,::, ::.'.-L ~: j n t~ plo t (/. ) '.1:113 

retCi. .i ned . 
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The effect of asi d t y u. r on vi s cos i ty 

) The serLs AB- A5-,,,·2 

Tl ese s l a.;s :90 s8 e 8 8 80_ const(~nt Vr:LC" + Al,.,O. ) cO:{J ten t U6 fil::iS::; I'; ) 
c.. ... _J 

and eons t an.t CaG/ Hel
") rati.c (1 ~O ), The ba::: ici t y incr eased. i n t he 

ord(~r as ,si v8n a'uovc" T: e di8grams Xs Y and Z a r c g iven i n fj_ gu.r(~:" 

43 9 44 and 45· 

cl'ang8 .a,s not I1t?arly as drast .~ c rlS i n other se:l'.'i 0S re:;lOl.·"te d. ~L 2,tei:: . 

Vi scos ity was reduued as 
, . 

iO nown e'y c ".li:"/ e s 

Band C i n figure [15 -

i s~k0rnf s howi ng t he S8~e .rend as curves B a nd C. T ;.8 points for 

f 1,') d ' 1 E .»,cur-ve .L' 0 not r .v ~;~ any 

'fhe bas J.ci ty r n. tios vtere t he smr.e gn t : o ~>e f o:: t he 8 ) ags of tl1c A 

f::OTi! 

a n ci t he CaO/ JI'lgO :r ati o \-:a c' 2 ,0 

i n basic ity . '-'-'hif; ,<! a..3 aV:OI ponied by a Cha.DgC of p-r :Lmary pt.aGe f H;];, 

d . . . . t '500 ( 1 .. ,. . , rop 10 V~SCO R 1~y a . ~ BJOV8 ~ne ~~~U 1CUS 

t h i s t r enc1. j .. s shO¥!TI, O , '1" 
.. ··~. f over t he relatively l aLGe basioity int~rval 

l'ect i V9 J.:r . However , t r: curve for E '? (E) s rlO' . .J :-; a dL'.".stic deCY2::'tS E. 

1 as i ci t . f..rorn -::.0 1: 7. 



·· 1 20-· 

(c ) r.!'he s eries }317 - B14-1311 and t he effed of 31-:!all changes ir, bas i ci ty 

between 1,3 and -I,? 

'I'he 3cd_es ·.B17- B14-l31l c o.n es pond to Bl 6 .. B13-BI O b ever y r0S.pe ct f 

e):cept th2.t the (::3.0/ ':t:{) ratio of t he former is I ,U. If t he s e th:N~ e 

81:1.::;" at 1 3I'l;i? basi c ' t y i !1 t ervaJ. s a r e cc, n s i dereri lJY t llemt". ~lvcs , 

f i g1)_T(-: <"' 43 ;W G. 50 and the s lllLiliar i 7-inr: di ;;tGr am (ficre ~)2) s110w prae·­

t ica lly ~Ie same t r ends a s t hose outlined for t he mor e lime - rich 

Sel'.18 S in (b) , 'I'he r e i l3 a gai rl c 1iqui6us temperaturG mi n i :nwp af)::jO­

c i a t e d ·d_th the slag of ·nt ?:r:n1(~ diate b;::.. si..~:L t y (B14 ) , a con tin uo-,-lf; 

deerens e j n Vi SC0 ::' i t y (J. i; (l i 1Ld_ d.us tel7l11cra tuTo + 50° ) (1,nd u. re l lJ. t .~H~ -
" d .. . ~ ' + ~1. 5·)· Oo(" ~ ..... 11 · t ·· · · 1y ..Large e(.; :re8.s':' 1n \1.1.8-:: 0 31 \,~' a·v , o r~.L'y lTI1 ,,10. AY , \-: 1 ,ll Oa8 .1.'~.i.tJ'· . 

For t he rsasons oc tlineQ in section 4 .1. 1 , the additiona l s e ri~D of 

B17-B14-21' ~ 1)lit (Uff2rin,~: f rom eme 3.n~ -Lher onlJ' sl iGh Uy in b8, ~3 i c :i.ty 

ratio , '--Je r e incox'.poraLed. in -his 1,Lvest i gation . 13a.r. ie 5_J-y v!',, 1'; var iec. 

wa s CO!1.sG'luently i nclude cl in t .!"i :L s f:;ar i es . 'llh~ i !.· vi s cos i tin s aT,? 

show. :l_S f uncti.ons of. tempend;ure in i 'i gure 51, 

range 1,35 to 1 1 00 '",, 2 .. S alr eady po inted ou t in s e ct i on 4.J .1. J' ~.g-urc 

the rel a t i ve non- val:i.di"t.'l of pos t 1.l1<l t i ng S loo t h varJot i c:1 (") f li~;'.) j_-

fi gu.l'e )2 al sC' SbO\'lS t he con t:~lll1.(jU : j_nc r(~a. se in v i ;..:. C::~ f~ i t~{ a,t (l i q-u..t".· 

Jus ·(; e!.pe ra. t u r e + 5Uo) (c urv e .3 ) , a nd t he sm<~l J. variati.on ). 11 i sr;o s i ty 

a t 15')00c: (Gl1. 7 Ve C) an d ~~ (c'.J.rv e D) ov e r the bas 3.d .ty i'3.nge 1, 3 to . . 
1,7 tha t \~ 01) l d 1')8 in_el i en t e d by a S1.":.f:llJIaL'i.;;; ing rliaz,r ::::.m riealinr ()!L Y 

with Bn l Bl4 ::md. Ell , 

( 6.) The seri es B18 .. BJ.~i- .'J 12 (f i r;uT8s 53; j4, ann 55 ) 

a.£~8.i 

B16-B1 3 B10 and 317 -~14-Bll. 



of vi scos i t y remain s t he SFnne . The liquj.dus t e!ll}Jera tUJ~c ( curv9 A ~ 

f i.guI'e 55) i s gGlwrall:/ h i gh 3.fla ShO'dS ' 1.i ttle v3.ria tion . Tbis pr obi::',bl/ 

IDa,ken the v j.scos ity at 50° above t he liqu idus tellj}:,sra.ture a rf,ore r e­

liable para.inc t er-. 1 t is r emarka ble tha till thi sins t anc €: , tl!e i .ncr:ease 

i n hasici ty f rom 1 ,4 to 1, 7 causes r e l a t ive l y l ar~ereductions i~ 

vi s cosity (curves B and. C) i:t.n .... i n Bry ( curveD) . Vh;cosHy at l)]OOC 

a l so e ives a more r811[1.01e assessmen t of the effect of bti.s i.city . 

~L··."1 the pr.evious t,,{O se:r;'16s ," l fO) r;o O r enr"sentprl '" rtr ;~0 '~e '" rl r~ll'rep of' 
_ .... # ./ - i ... , ... .. .... ~ ~ {""; .., c.t. _,....... UVc. ,...... _ 

r-upsrrleating 3.1: t he c a28 o f the slaG of intermediate basic.i.ty 1 , 4 

( B13 and ?J.4 ) ,'3 :irlc:e I~}wse 018,g8 lie j.n a JO':I li ql.l idus tem1ler o. ture 

reg;i.on . 

The effecv of m.s.ss % 

As the vi scos ity-t8nperature r elationshi ps of s l ags used to i llustrate 

lnl tlle,w slags helon.? tv 80riee l~ 'Ii. til 

:l'he j.nflue ncc of CaOjrl;gu ratio could. i:.hU 2 be aS~e8 Se(l 

at diffe rent besicity rat ios . 

(a ) ~->eI'ies B10 --.BJ.l-B12 (CaO + N{{0 )/;3iO,) '-" 1 f 7 
, "-

CHuses V(;:,), little ChCi.llg0 in liqui dllS t e1111J8 raVure , 

, I ' r' .,,,0 , ., and v i .SGOSl ty a ' ; ~ ) );J H .l1-L 'tar::~r 

of the~e two curve s ~ OCC1.H 'Y.'j nE; a t CaCi/i'i;sv '" 1., i s thrJugh t to he a 

( b ) The sAri es Bl)-E14-Bl j ( ,"" • .< ".) ' f · · 0 " 4 v a L, -{. Iil f, -.j / 1. ? "'" J. > 

1 to i . 
a ppre.·xim.3.tel ):- . 2VCf·.:;(.; d tre nd ., al t hC Llf( .. _ u S ~:l~1J l e I' ·valu.2 \'/0.1:" 0 h0 e)~ · 'F 

i.'.,J."ro'J t .·. il ,r.( ' r ·.I'J. 1 .:)' . C'_l.~ .. 'Vi~ r' i . ;-i <""" '''J.' 1- , . "t· .\ :'1 :.)1'1°(,) r ' ; ''' .. ,~ ;;--" ' '';u,,;11' ' ar; t.he ... 1:;:. .. _ v _ ~ .l r -' \ ' ..4.V ", ... v .) 1,.1./ c~ .... J " .~ .. ,....I .t . .. ..1.. ,~,,-.. .. . ! c'}_ ........ , ,J.. \,. J 



CaO/l"ibt() ra t .lO i:' reduced and the incr ease over the r ane<i-) :L , 0 to (; .5 

at l east , must. be a ttr i buted t u t o t. he shar~ ris e .b l.i ::;'ll idus temlLra-· 

ture over t h is regi on. 

(c) The se r'ies B16-B17-B18 I'. C;._(.,\ -l~ ~r\tI rrotl \ ! C' ; 0 , . ., ' 6 v h ,.) ... 2 

~1 i.{(u:::,e ')7 shO'.·:s a Cr,;,dtE:!.l .r i se in l iquidu s t empel'ature wi th d.2-;~·eo..se 

in CaO/Hg<J (cu:,:-ve A). Cu r ve B (Vi[3COSity at liquich1 S te rn}/8Ta iure + 

)0° ) drops ra.ther a:bI'uIALy over tbe CaO/h{sv :ca{~e:e [1'o .n l,O to \) ~5 

aud curve C ( vis cosity at 1550";C) s hows a (Lcrea s e over this Y'Ggi')n r 

in rU,ea. Le that a t t his higb ·-ilica level, tl10 c0;r] posi ti01"l vad.B.ble 

CaO/HgD is becoming mo re impo ::·1.,.J.nt in t he distortion of t he l:I.;!t 'Jcr.k ~ 

rel ative to temperature. 

1"[, may also be significant tha t at higher 18 a18 of Ca.CJ/lr:gOt ,~n 1. n-

This ~18o a ppl ies t~ the series B1G-Bll-b12 and H13-B14 -Bl ~. 

The singl e series of s l ags to illustrate this effec t i lclude A5 ~3~ ~ ), 

B14 (44 ~) and C23 (54 i ). 
value of 0 , 7/0 ,7 /L The r i?sul ·s 82'''') reprn ·t8". Gra l'hically in fi r;1lT'£> 3 

5fl, 59 Clnd 60 . 

'.rhe las t t v 0 dtagr ams 8hoi a li(FAiduf; t empe:caJ-ure minimum 2 the vic i rl:i \'y 

of the intermediate l ev el of ( Ti02 + Al )0~ ) 9 Te)recented by slag 114 . 
L ) 

en::' rc :s (i'j.gLJ re 60 ) again i l l us tra tes t~1C J.pJ;;::.rent rela ticn behieE':nvi . -

fi gurE! 56 b. 

i e.crea.,e . -" 111 l!., :-; as ~_r.crea:2f:'d • 'i'!'lis e ffe<.;i- C' . (,1.'5.0" 
c. 

+ A ~ ° \ ~e"ernol e ~ that 01 l~gO as er;t2.blis{'.ad for s .?ri i::s .'8 sl:=ws .:'tt . 2 3/ J. ~ • • ..:> 

differen + l eve ls of basicity. 
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The e f fec t (·f s i.Hca. <.1.6d l tions to ir,creasE' t be vis 'oDi t y of 'U t. c;'ll if~J~OLlS 

OJfio.e sJstC)m~, i s 1;:) be (:X p0C t8d:i, t~ tr..e light of til!:; Bt :o:- l1g :}8t~!ork fo:L'­

. ins tend0DC' cxhibi~~d by Ei 0 2 " T~ i8 t r_nd wa~ am)ly illu8t~lted by 

eX"ImrlGs frv!'" ezL;tlLc lJ ters.LH2'O i.n ~ed,ion 2 .2 . 

is Dubsta~tially 
, . 
l. n_CrScL~~ p ~1 • 

'<fork .ing on J • 
v!1.e 

a lJpea:recl to be ?.Gsoc la. teet -...: i th ;Jl.gi'i 1 i.:::uic1u8 1;(:11(';""1'0. ... 'd:'e \f i p;~l::'€ 1) ) . 

Tbi s C(!t:cl. '.wi n '::.s i ll Vene;.'i3.1 9&,l:~! 9 11;0:1 t ',iih the T E!8ul t!', i. l1'.lstl'a t ed 

Kato ar~d 
17(1 j 

Hi (o'·:a \ , ~. founet adili t: ons of j·ig(.1 

CaO, 

11''3..ny· e~{a!nr. 89 (\f thG ~:i.fE:et of r·i'.i O~~ (:5 1.:'11 .; \){ ~L(· L, ~·:::~·~_r~f; t11C -- j8(:( ui L:," of 

o;·;id-:"? lneJ t..:': , '/h?I'(:.: gi\r~-~n L~} ·:?et .. ! t:~. 0.n ~ e2 .. It ·.(r~ ~_j. l)Pt -~J~? :-;/~~t("::··(;~t.(;'.l i;o :~.~,;.v 
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anY cond usior .. s r egarding the effe:::t of ~" ~ U2 f 'ow 1, ;16 2'1:: :-"1 ] ts of t:"is 

work , which jnvolved on l y very limited vari atioG i r. 1' i 02 concenc:catioE . 

• toreover. t!l~ ' .' 3Tia. t ior: 'JaS flc com·pan j.ed by simul taneou3 change i n alL;rr,i -

na cont el!.t . I"l; lllay be s l.gnLf.i cant -t.hc.t i nc r eased (Ti0
2 

-1 Al /)3) conte:"1ts 

caused an l :icr eD.Se in Z ,] . 1 . sir.Ji l ?'l' 0ff ect was r eferted by 1(ato and 

.,',l'nowa ( 70) fo r lO ':i ti tan ':'a a.ddi tions to a ('a (' c;irl Al 0 31a,g . • .... ~ - '-' .\.. 2 - 2 3 ~ 

It waS po i nted o~ t in t he .previous s0ction t hat fo~ v ariatio ~ in (Ti 0
2 

+A l ° ) level , the re appears to be a relationsh ip bet~8 9n liquidus 2 3' . 
te;npera t ure 3.nd the value of viscosi '~y a t 50° a1)ove liquidus , Tbis "t rer:.d 

was f;:,imila r -to \Vhc~. t vIas , c c s€ rved .ro~· TeplacCiLel:t of l i me uy ma€"l'.0 sia. 

It \>,as vir t:.:.ally abs ent on t.r}o .. c dlagr'2 'iis whj c h -s hoi'!sd t he E.fIer.t of 

silica conte l"r -L 1.1'0 :: v i scos ity, If i t 5_G a.ssumed tliat a plot of v iscosj"cJ 

at 500 above Ij quidt.. s temper a ture \-filJ rniJ y r ev2&l tl'.e t.re;"; effect of 

cor. lpos i tio r. 'u.pon ~T i s cosi ty if t l': is e ffect .i.3 a very l"larked 0[";.1;; ~ or :if t N: 

vari a t iml i n ii~uidus tCDporature is small, the f0l10win~ conclus ions 

Dlus t be d.Ta\·.i11. from t.he pre sen t iiork : 

(a) 'J'he varia t ion of bas i c i t y is the most ~_mpo rtan t s i ngle paralT!eV:H' 

i nfl u encing v i scosity ; 

(b ) 'l'he effe ct of a decreasing CaO/I'1gQ :ratio or. ly becomes s i,(~n ific8.lJ t 

a t low basicity , 

Vi s c os i metric data N l slags of apPY.'oYi rnately tt1e S 2.!I'8 co r.';r osit ion as 

t hose investiga t e d hore! could no"~ 'he f oc.:.nd in t h e li -ce r J.ture . Hm.;ev8r' j 

t abl e 11 does prov i de some comp~rison of ab~oluts valu~s ob ta i n ed fo r 

~l :--::r, C23 "r.:l " ·1- ' n " """-rte"l ~ ,- - ''-C 7'~ J 23) "0""" )1; -, "';,, .~'" " 1 n .1, ,".;-'1'1' ::»)>1 ....... (.~<.... c~jlJ. lJI _( ~' QC-; _L:"'}.-'v - \ , uj r Itct.L J_ ...... ~ .J. _ :J ~ _ct.rs...:.> J.. _ v 1 -.... .u. 

l 8C 1 2M . ~he coc~osit jons of the s l ags a~e eive~ i~ t able 18 . 

. ~'.§..bl e 17 Abso lute viseos ~.me t I'ic va lues -Cor s 12,gs Hith 'l' "LO" conter: t s 
<: 

Li u i (lu8 ? ( liquidus r5C 
0

) 

(I>[ 12 ., ,, 3 ) 
\J.~ E/m x .1. \1 

ho . 

C23 1473 03 80 158 

] 1 C :.Li 1:1 Itj 30 70 6u } ()2 

18C12i''; -; :<. ..... ., . ... ~J 10J 65 17,c . .. ~ .. 
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Table 10 Composi t i O'1 2 of slags refe -~·.L'ed to in -Cable 1'1 . 
.. - --

rL' W~) AI,p o CaO ~~g(j S1:::>.) 
- , - ) < 

----.---.~-------- -- ----_ .. _---- - -- ----:----- - ---------- -~--.-- --.-. - - .--- ----- . ------ _._--.- .-

C23 3},18 16 9 02 13 1 ~O5 13 ~· 4 (', 5 lC ·jO 
-/ ' --./ 

llCl~TI[ :,9 , d4 l!~ , 02 1] ,00 14 ,CO ? ~_ ?10 

18C1 211 )'( ,1 9 ., -.1. 1 ' ) 
.L): .. J_ 18 ,U~) l~,CY~~ 19 , C~S 

------- -- - --.-------------- --- - - -- - -------

per ~~riable . All serie s in~0rpora ted ~~: ~ composition BJ4 whi:h ~ao 

de ter~ina~ions revAa1 8d tnat little additional InfoI~ation w.s to be 

ga. .Lned f l'oi!1 as :'3 eSsi:1g· t ile e ffect of ·r)ctGi~~i. t~r 3.1. CaO/NgG ra~2.03 e itiler 

val·i.ation of C'lO/IJi:?,0 1\1 i; l o at com'i-2.nt o£tf.':LciLy Hac; expGc':,ed to b? ilh:s·­

trated adequately by u sj ~ g on]y one basicity ~atj c . (1, 4) 

(x ) Hesist:L'lity ;:'ga.jnst t cmpe :::-;-.:.tn re : 

( " \ 
j ) 

slope of tb ·::: li"0 2liet t he Gas C OYJ S t. :l.l1t 1.\ , It would hlG O p~ov idc an 

fi . 1 iJl. ~ ·id.1j S ttJiT!JP'-['':lL:lll-'' e: 

B .. }; esi.st i vl t~J 8t (J."Lql~ :~C.;=. te~ll \~l'att~re + 5C.<)l!) ~ 

c . 



Infl uence of bctsic i 1;:r on resistivity 

The sel'i.e8 31l - B14- Bl'/ ~!as u ;.:; ed to illn:=:; tra te t hi s effect (figLlres 61 , 

- \ 62 3,nd b ~l ) • ~he main features of compos ition are g i ven on t he diagrams . 

, , 0 0 ' J 5r )oC . b 1 0 
0 ', d The r e Sl.S"Gl.\'TLY a L I. 0 a ove lyUl.C ~1S cemperatu r e ecreases dra stically 

0 , o ' ) ' 0 too + ' 1 " ('Oo ,~ , ' as bas i clT.,y .-cS :LlwreaS8Cl . 1 CB I .S , lVl ,y at ,) ) l, Q088 (lOWeVe r sho':.! t he 

effect of t he hj gh 1 iqi.;.:i,d.u.::.; t.emperature assoc iated '.-li th the slag of high­

est basIcity in tta 80]:' ie8 (BI I ) . 'rhe ,, ·.;tivat i on energy for conJuction 

( ~ ) is r ed u ced b,t'. aGincrease in bas icity . 
" k ' . 

4.1. 3. 2 bfluer:ce of ']aO/lo!gD ratio 011 .res i s tivi ty 

Trw [,lagf3 In) : b14 and B15 (;::l.7(: Cc.''J/f.!fJ rat i 8G 2 , 1 and C , "i r espective l y 

(figur~;,; 6Lf) 65 a nd. 66) . \'ariation in :l.'8s istivity (1.t consta nt temper3. t m o8 

abOV E: liqu i dus i.s not 1[(-':'1.'Y drast ic, b.1 t j.t do es ::3J1GW a dE:croeasc:' a f: t: ~ c 

ratio :Ls l c \vc H.:;" d . ']'~:8 plot. of resisHvj.ty at 15500C (cmove C :i.Co .fi[~\l~.'8 (6) 

a gaii1 st"ows t he effE':ci o f t i:J8 h i.g'b l 5.qnidus temper ature of slag :B l~) ;'/i tl1 

Ce.O /11g{) = 0 ~ 5 . 'l 'he variation i n Sk (.:;urve }), figure 66) i r:: t 00 smal l to 

be t ruly s igni Ecani: . 

'1'11i8 i 8 sho\.j:1 i n inc usual oruJ.:n,' in figures 67 , E8 anJ, 69 fe r Dlags 1\.) , 

B14 and C23 , hav i ne (T i 02 + A120
3

) concentrRtion~ 36 ~ , 44 % and 5~ % 
r es?8ctivcly . Ali.; lOugh the liquid'Js -;,effip~:;"at ure of 823 iE Gons i deraol y 

cU.rve B ( .c-'"1 01' -Y> o. ~ .1 . 0 A. J.... __ . 

che\-Js a con tinuous decrease an] curve C (resiE' tivi iy ,d lSOOoC ) indiGo. tes 

t ha t liquid us t emperature is by ilO mea!1 S t11 8 ollly variable exerting a 

pronou nced effect on the resisti vit~J. l'r-,f) s,e;i.iv3ti::m en8rgy f or c;0J1dtlc-

tion (E \ increases as t he \ k) 
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For every ;:;}eg-for wh i_cl'l both viscos:Lty and. ros istlv ity values are aya:;"lable , 

there i f'> R ;.:e l l define d. dj rect proportionali t y between t hese propertie s 

for various t epperature s . Such e correllation is to be expec t ed if it i s 

accepte d that vis cosity is governed by t he siz e of the ani on , \Olh i1e re ­

sistivi ty depends on t.l-1E: na-Gul'c cf t h e e nrrent earrying cati021s a nd i n ­

directl y on the ani onic s i ze . FaT.' anyone slag , i ncrease jon telllpe :r:ature 

then causes progress ive lO CJs ~J(j tng of the liquid structure , 2. process tha t 

should b e acco ':nl)cmi ed by a ar;crease in both v iseosi ty and resistiv :L ty . 

Figura 70 repr(~8en -t.s a p l ot of log (re sistivity ) agai.nst 
e 

-: "! \J ' (~\l i ~(' OC'" -j. '!''1; ,. ) 
_\. i O ~, .~.u '" u..L '-' J 

t:: 

for the s l ags u s ed i n these invest:i. g2. t i Oll . Res is t ivity ~ Q expressed 

i n ohm em I Vlhi l e v i scosity va lue s are i!~ poi S fe . The 310pes CI t aB l i nes 

obtai:1~3d · i .Yl t tl_i s manner vary consido:rab J_ y i n a random fash jcm . The genel:al 

fo rm of t h ,:;, Li.ne is: 

log 0 
9 ' 

lO bC" I') -;- lot;' C 
( ; J e 

Cq • ,. 
'l'be COHf1ta.nt C i s g iveri i:y the point where t b;::· l ine iHtersect s the log p 
axis L e . where 7 = 1 po i se . 'l'he value s of C vary b et\oleen 0,8 and 0,9 

for the slag s AS, Bl4~ B13~ HI5 and Bll. . ':-10\'leve ~~ ~ the vaJue o f (' for 

H17 and C23 is ap~roximately 0 ,6. 

'1'he overall Gl ec trica l concluc t.::mr;e c f these slac-s can reas()n3.b :~y be ex--

pected to i nco:cporate " ome c l ectronic condllction cille t o the 0:;]::'.11 degree 

of oxyeen dcfid eney at eleva.ted terr.peratu:re. 'l'hi n e l ectrG : i <:: :;:) !l b::Lhu-

tion ',/i11 be COrnrr,OYl to all t he slags , b".1 t vari at ion in e ·:lIil})OfLi.t.:i.on "ri l :L 

al t er its relative n:agn itude . A cUagr2_m such as figuI'e 70 c:an t r-_ercfore 

not i ndicate a change in mechanism for either v i scou s flaw or conduction I 

but i t may serve to i llustra.te the possibility of a cha nge i n 

import ance of e lectronic- as o pposed to ionic conduction . 

the :rl? I n Li ve 

\10 defin i te c cmclns ion c<;,n be drA.w r , from the delta for the SI a ll jlu mbsT of 

slag c Cirnpcsit i ons ShOI.L i n U:.e ct.:Lag:cC'-lE , but the marked de\-iation o f Bll 

and C2 3 El·:l"Y b e 8ig ."li ficaXl-c .. Tr'e l a.tter has 2. h t gh ('1"0 t-- A1
2
0 j) c on.,en -.... _ l r ) 

L 

:ra1.jon (54 %) u.s 80];11):)·r l ~-! i it: AC:. (-')6 f' 0. .d In,; .. A t1 If\ i~n "E' bll(~:r-i!!:-L l J." 11 , ; ) \. " . ,-~ 0 ; > 

lc'w valu€: of r eslsti v i ty cor:('eBponJing to a vir:.:c(;-[~:L G
u

- of -; :)O i':>3 c'-}J j-e 3.l's 

to indicE; __ te re l a tive1; norC' c· lec~-.:r on5. c c;onduc.tion , tHag £}"[ (:!,h'o soom; 

ap~reci&bly lo~ ~ resisti.vity t t OD would be expected r ros i~s high silica 
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This a gain s eeQS to show t hat e l ec t ronic conduct ion tends to become i n-

creas:i.ngl y important , r e laU.ve to j.onic conduction , a s the s i.lica con-

cen~~ation is raj.s ed . 

Comparison of viscosity and recistivity value s of the same s lag at con ­

stant temperature or at cL f i xed interval abo7e t he liQn idus t elIlperat ure , 

is poss ible \-l i th the cd.d ':.:f trle s ummari zing db.grams of sections Ll . 1 . ? 

a nd 4 .1. 3. A similar comparison can 08 made '-l i th :cesp 2ct to the a(;ti -· 

va "cion energi.es f01' vi scous floH and. for condu c tion . For ease of reference 

t he r eJ.ev8,nt :'i i a(3l.'<1rG'l ~re gi.ven h e re , tog-eth . 2:' wi th the composiU on var'iable 

the inf l ue n c e of ~lich i s il lus trated by t hem . 

Var i abJ.8 

~. ~" ('Tl' O 1' 1 C· ) .lass70.1 1. 2+ t 2 '3 
}-)as i c i ty· 

,., 0 1M ,-" va Il·Jts\.) 

Slag series 

A5 -Bl4 - C~ 3 

J311 - b1 4--B17 

1H3-·B14-·Bl 5 

Diagram :for vi r:.cos ity f or resisti\'ity 

60 

52 
56b 66 

----- - --_.-.. __ ._-_.-

:t<::xamj.na tion of the~; e diagrams S~10'.,'S t ha t there i s very good carrella t ion 

between t he infl·t.1ence of a nyone vaJ.'iable on some measure of vj.scos.i.ty 

and i ts influenc e ar: a similar mp.3$.lre of res istivi ty . ':L'h.is appliGs to 

anyone of t he measur es used : 

Cur ve B Viscosity or r es istiv i t ;y Qt 50° above :U.quidus 

CUI've C Viscosity OT resistj.vity a t c')nstant teiHperaf.L:re 

Curve T) 

Combii18. t j.on of t he h iO empirical eQua tio!1s : 

t emper-a t ure i ea,ds to : 

lO D' LO .- "-'e I 

and Y == - E !ii; r"l log An 
k' 'e' 

(T)-l .. ... , .. . ( 1 ) and 

(Trl . . .. . . . .. (~!) o,t ccmsta.nt 

( \ - 1 
log }\ ) 

e 
aL' .:? constants , 2, 

plo t of -; og , p agains t log 1') sho1,;ld be a st:r:3.j ght Jj.ne of sJ..ope x a:1d 
t: C 

i nter-ceDi v on the lo~ /0 - axi s . 
" v -e 

The r clbvant data • ,. ''j'.~ 

.J.. ... ; ..... t he i n tha fjrst five 
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ccl~L'1lns o f 1;3.t.1.e 19 . 

li'abl e J. 2. ViSC08.it:i e:.s an(~. 1.'2SistivjtL"s cf f:l lr:t.g;; a t j 5000C .. ---~' 

.No . 
r; 1 500 
(poisc) 

o I 1 I~O(' _ . ~' J 
I \ 

\.ohm em) 

log P-, c.,r')( ) 
'-"'f .Lj .... oJ 

(") (0 _, \ 
,1-/ l - 'v '\ ' C8._l C) 

>'-' " I , 

\,ohm em) 
- .--.. -.- --- .. ---.--.-----.-------.------------~-----.--.-.- ---.-----.-~-----

A5 0,9J. 0;87 ·-0.,094 --0 , 139 0) 30 

}U4 u ,67 u,6 3 --0,400 --0 , ll-6? o ) 6() 

C23 O ~ [30 0, :;6 --0,223 -0 , 579 0, 7) 

TIl" .1. • .J 0 .67 0 ,66 -0,40C -0,417 0 , 6C-

BJ-5 1,38 0,97 +0 , 322 - O, Gj C) 1,05 
1)"' 1 
.JJ . .1. ..!.. 0 , 77 0,69 - 0. ~/f:.l -,O} .3 7J e , 7?: 

B17 -I ,..'C'" .... 0 ,99 +(j:i 5~·j2 -O ,OlCl 1, ;J ;J ~- ! , ./ 

cor2 of sla.gs') i n tJie l i g'ht of the ObS2I' ·i...-a. ti o!l~ i f:1ac1.e 011 t l10 ba,si~ of i'igc.::L'e 

straigh t 1i:r1e ~\fJaB fi tted ·~o t~.ese f i.vt? potnts, i'l."urn v:b .:Le}l tllf2 "\! E.~l. a n,:..~ of 

x: 

y -0, 16 were obt~ined . 

" 

~alculate res is t~ v ity on t he basis of obseTved v~sco 8i ty ~alues at 1 500~C . 

visc.:osit.ies . 

i n tabl e 19 , ca lcul aticn of tim resistivitie s of s lags A2 , 510 a~d B12 

from ,=,os erved 
, . . 

\T l S':':OS:i.-C.1 C.:: 8 

, ' 
SCO vi~l ()"jT 

C(111pl e el ,,-r i t.)-~ t h e 8m3,l ~ 
. - , 

0 :[' '-/ J sec Sl cy' 
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Relation bet~2en ~iscosity (0) and 2esjstivity (F) 
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by '" c hange i n t i-l€' Ca.o/HgJ ratio at constant bas ici t y; pc::'t;;v8n t e d ca lcul a · .. 

tion based on equation 3. 

TabJ_e 20 aes i e tivit i es calculate d from observed va l ues of viscosity a t 150Co - ----

Slag No . ~ 1 ')0') (0'08) 

(paine ) 

p 1 ')00 (ca1c ) 
I ' , \ 
\,c mn em; 

~, .. 
(. 

( 1,. T 11"01 ~ r ... ... ,. u. . I 

- -------- - --_. 
____ ~ _________ ~ • • ____ _ _______ ___ • _ _ ____ M _____ _ _ _ • _ _ ~ _ _____ _ L ___ _ 

A2 0,63 76 

BJ.O 0, 68 87 
B12 0 , )0 (: , 57 SD 

sl aGS ~ i ~h ~hose of s l ags of selected ather pro cesses . 

ceding ~ections are low. 

l ute values betwe9D . '- . 
lr,:)]~ - fllaKlr .. /?; 

and t h.o se of s lags of other pJ:ocess(;s , a se l e c+.io!1 of s~wh o the r ;;l,~g:s 

was rk.sed simply Orl s a tisfac tory opera t ion , rat her t han Oi i L'!eaC'll~'(::a of 

composition in een9r a ] or ba s i city ratios i n particul ar. 

i n ta(,l e 21 . 

\-i scosjti ~ :G ailei el8c crical conduc t ivi U .es of these slags 2.S fU~l::;t ions :yf 

point of v i ev: of flu.i(~i.t;: . At the same ~jm2 , t he eloct:::-icaJ. c0r J.c)u·.:; t:i.vi"1Y 

be a !l i_mportant f acto :::' i.n the di ssipation cf powf~r i n t he rmb;;]"';.E'2o aT C 



'l'a "b1e 21 CompoRitiGns of slags f r om di f f erent pro cesses 

PTod'.lct F Urll [;.C3 SJa..g B.;.H~erenc~ "v~' a s s 1'; c 0 ill P 

CaO l\T '1"0 ~ - ('\ ( " f' .,0 . 1.1 :2 . .td2v:~ .. )J·J
2 ___ • _ _ . __ . ___ • _ _ . __ ______________ ____ . _______ . ____ ____ . _ ___ . _ _ _ ____ .1. _____ _ _ _ _ . _ _ _ . 

'\7 anadi1..ut, bearin .. :· 

pig iren .b..rc £'llrnc;J::e Bl4 '?h:i_s -"lo::,k 30 , 2 13) 8 23 , 33 16 !34 

, r, Ri gn \. .. }i!e - J"\In li.rc fl..l.rr18.C €· X 88 16 ,75 26 ,()) 23,65 

eu ._[\Ii mat-:e Arc fl~rnp..ce Y 89 '5, } 41,9 j.8 , ::.. 

.-, 90 /.J 'F'i,g iro:n E1a.s t fl,;.rna~e 2(l , 0 35 ,0 35 ,0 
------------ - .-- -- .--_._ - ------_ ..• - - -------- - .--

0 S J .. 

Iltlg0 

16 , 3 ~1 

1 3 , ]1 

J. 4 , 2. 

10 ,0 

t i 

FeO 

1) , 7 

~- -. 

-l"-­
I\) 

I 

c 

' Ih-i ...... ; 

19 , 
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The "~ £; dlicing ae:-;e:'lt vias carco;"l :i n Lhe form o f. gr aphite in all i n st.a n ces . 

Va r i a t ion was confi ned to : 

( a) . J.3.8 compo :3i ti.or" 

lfeJ.tlC tiO!l temp8r2.. t Ul"e . 

The para:I!etsrs o!' COf!lpos.i 1,:Lop wCJ~e ,a'i iGal l~ t he same a s 7." 10S8 nSf- .l lo r 

fOT pUY.';:oses ()f c;O i~lpa!~i 30n of visC'os i t y and 81Ec t Y'i.c,aJ. :ce s i f3V;vi.t y o f 

unreduced slag., h "J)' I C"" - ~ . _,: .r')\ J , '"0 1 \.) 
, t..,. " ..... _. OJ 

.:. 

" 0 Ic'·-, ' t " '( if " O '. I" -j 0 ') cc"" <:>'nt a n . • 'l e; c.um J. nea " L 2 't " ;;? :~ . . ' L,V<:.L, '., Basicity re ce i ved most a t t pp tion 

ve l d St8c l an d Vanadium Corporati on . 

A~J i ron a n e. vanadil1.lD ox:'. d.e s are present. i n sma,11 amoun '\' s i n 'olant 3J. l i'S , 

a lim:!..tei lJumber of Axpe r i mf: L cs 'dE,r e c;omluc t ed j .i nvoJ '1ing a r;C~ · ' ; . i . OI:' ~~ t:', 7-' 8,; 

oxides to a five -compcJU' nt synthe t i c slag to gi v e a.n ov e rcl ll ,:;olnV);:J ~,t2.cr; 

appro .• j ma t i ng 1;0 -that of a ~:J :':l.r-l:; icul2.1.' pl all~ , slag . ~lice vj. ~"co ~:i. ·~y c .: i U5 

In g-:~nera l, r ed'l c t ion timeR were sho r t, !i5 mi nut es be ing t LG ~l. l) [::::: :(' J i ,:·i·T­

i n m0 :3 t co,s'es , aJ.thol..lgh 60 min'J. t es v/0r0 used in s ome i r'l8~,allCes t o iJJ. Ll~~ " 

compari son of t h e de gree of reduc t i on i~ t erms o f t l tanDJm 0xi ~e, of 

r educod synthe ticsJ. CJ.g's a n d t hat c,f a. :pj,::mt s Ine; ' ~oreover , t i . a i m c f 

the re s s a.rch \Jas j::r i mb.r-ily to esta.-bJ. i sh t De ns. tllre of t he i n f l uence of' 
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'i'he reduct.Lon temperat'lre for the ma j o r ity of s i ag compo s i tions \·:as 1 550°:.:; . 

Thi s "emperatuYe is approx i mate1y 100
0 

highey tha n t.he highest initial 

liqu i dus temPf,rature . - As the act i vA.t .ion energT f OT v i scous floY! of most 

of -r,he slags aYE: fa i rly low , 155(/\roulc1 :-:.'epresent adequa t.:: superJ,E:a ting 

to en Sl.;.re tha"':; the l.nj_ tiFtl rate of red".lction would not b e greatly inf luenced 

by di f f erenc9s in ~iscosi ty . If i t I c o_ccepted t}'-lat slag tapping tempe:~.'a-
o 

t u r e shou:!. d be approximn. t e ly 100 higher than than t ;~l e correspcnd:'ng 

IDetal terr.perature, and that Illgh metal temperatures ( 1 400 to l4jOoC) 

a rC! normal ly associ&te d \"i it:. good metal ch2rr.is try during ti t&Ilifercus 

J t 11. 1 c; "00 r ' ., .J.. ... 1 iron a re Sille 'lng , 'e[len .,<) , J a.LSO appE:3 rS ,,0 rep~'esenv a goo~ average 

temperat1Jre fer reduc:t i on . 

HO'v,re·wr; the effects of 10'Ner aui OJ. hi(?"her tempe~:ttures ( 1 500
0 

a;',d 1600° ::;) 

\Wrf~ a l so te~ted fo r a lirr,i ted numbe:c 0: [:laGs . 

4. 2 .1 iJ.'ho j.r;fluence of' composi-:.ion on. varia ti.ons i n viscosity and 

. mel ting temper<:d~.J.re during redu(,t i on by carbon. 

'I'he expe rimental results of ViSC08i ty measu:cen:ents of tho reaucE;c de::::·iv2-

tives o f a par ticul.s.r slag cOl1iposi t i Oll a1:'8 r eported Graphi.cally on sepa··· 

r a,te di~igrams . as p l ots of ttL nc:.t u ral l og,::..ri t hm of viscosity 2.t;'ains t the 

r eCiprocal of th e absolute ·G2Hlpe!:a.Lure . Fcn' comparison , t he v j.sc.:osi·~y-

t emperature re l ationships of t ho original unreduc ed sla gs are g iven on 

t he same graph . 'J'he rele-v'ant iniol'lnatio .... l for every s12.g compos5. t.Lc'n is 

t ime ch13.rts, or as l iB.grams s hcJ"volir!6 U'l e variati() n i n liquidus t el;;pej"a t Tr'''' ' 

vi.scos i ty at 500 
ab:::Jve the liquidu3 t,empe:::'at:~re or 'Ji8COs i ty a.t c.t. cons t.3!1t 

l.cmpc:cc:'.i:,ure (eg . J550 oC) , ".·it.l,. ):e rJv(~tjon t ime . 

4 . 2 . 1 . 1 Basicity 

'l'be eff(~ c t of basicity on cr,e bl:?hcwiour of titoni .fe I'ous sla.gs m Jder re-

cueing c:o):di tions is il lusi..ra ted by means of the f;e r i es ;~ 5 ··j,e , B-JO- Bl3 ·-

B:J.6 , BL -LlLj ··Jll,{ ami .f3 J.2 - b1 5- BIE.<, 

(a) Th8 slag pai r AS-he 
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o f 1~5 undergo28 V8J'Y J it tIe cha,nge OV8r 2. :ceC.u::: ti.on period of 6(. mi (iUt,eS , 

\.;hile t~la t of A8 (tt.s i!]O:!:'8 a.cid. ic sl::t.g ) inCrE~ r.;,88J by 8."?pr oxirr,a t e 1y 130uC 

. ~ ;- . ta t 1)~ ,C,() C, ;' f\ t'1' "" l'('e '7 r, b) 1.n 't .? m:Lnu es - ./v v ~ · -r:) L - ' I v • Fi t,'"Ure 74 a 1:1.180 il l u s i,rcl t es tha 

If Vi S CC3i (;.1 i s l 'Gj)ori: 3d c.t 50° abCJV3 -i~l le 

I) is Te~uced dr~s tjcally 
. L -i- 5iJ 

over tna fi~st 50 rn i yxtes. l~is ~ppcars to ba f0 110we~ by a pe£j.~d of 

time s are illustrate~ in table 22 . 

~ , - I\ _~)' - ,. ' -j- ,C", ",r' C " - ' · ."l- " C- ~t "r-50-o, .. , ~.'·o r '_:om;)':!. I·lson 01' , \ . .1. [, ... ,,::l , 0-, : .. ,_ l_ G(.U C'~,t c., .L ) . , ,:, 30 lfl:ln;)tc s 

---" -- .---------- ------ .. --_._- ----- - ------------- - _._ ---
He d';:::: tion time (w::.ns.J. 
----. ------.----~-- " 

( - \ 

• b) 

h5 
A8 

1, !~ 

v,8 

The 8erjes B10-B13-BJ6 

() 

1361 

1 ?~~2 

The Tel ~)v an t dio.grams aTe : .GI 0 

'" ~ , 
lJ .... ) 

30 () 

13')8 1 -'.') 
.L) ~ 

1410 ~65 

fi gu}"es r i ' , 

i! and. 7'~ , c..\ 

fi.gurEs 84 arld R~ 
'- . .' 

i:S16 f igures 101 e nd lC2 

Al :i th~ slag~ haro , .. CaO/hg') rat i o u.:.' 2)0 

fino+.; :i() mi nLl_ Les of l'e(~UC t.iO:'.l, 

3'~ V c 7.~' ),.J 

1C 5 ]1.:2 19 
16s 10-1 n'J 

." fir] y C'· ') P - --l)"" ,-'+"rL t c ' '''-':CV .; 11 ct :~iT'ii. l al' (" 1. ' . i L':-:5() G.~ ... ~ .. h..J ....... J .... ..... .t .. _OJ ~ , _ . " 

f i e) ~rc~~ 7~3 £1.nd D5 .. l~L .-Ln. ;.tic:l l;ed'~tctj.orl 1rl 
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viscosity i s f ol lowe d by Si@lificant i ncrease , for reductio~ +imes ax-

c eeding 30 minDte s. For BlS, n] Hil l pat uralJ y ir: c l'ease out h t _.. . - .. , / 1+50 
fal ls in much t h2 Scime InEa,ner as 1,0[(; s shown for A8 ,.! lichhas a l o',:er tj--

tania conien: h'-1t -:he same o'lerall basicity . 

!?-ble_ ?} Varia~ 5.G!ls in m-::: l tin€; tempe rature and v i ~COS :L ty ::lu r ing redu(;t :~on 

of sl~gs BIO , B1 3 and BI6 

Slag No . (CaO ·!·HgO )/3i0
2 

(oc) 
-_._-- --------------_._._ - -

neductior. time Gins , ) 0 30 45 0 
- ------------ - _. -

;) 45 0 30 45 

}3" fl .L v l, -( 147 '2 1479 I LI SJ. 62 51 h~ - ..- 71 ~O 83 

1313 I t 4 J. 33'{ 1337 1350 137 94- 96 67 49 72 

B16 0 , 8 1388 1489 1498 236 80 81 162 93 9(1 

It appearfJ that a n inc:r(~ase i n basicj_ t ~1 ca~13es t he i ni-tj.2.1 uec :re a se ill 

vi scosi.ty to be relatively J ess drastic and the su..bsequent i ncr e"w8 J~o f;·I;art 

earli e r . Ano t her outstanding fea~\re is t he fact t : at t he 1a~ge i ncreas e s 

i n fluidity at a part i cular tempe r ature , associate d with mor e a C1Q] C s i ag8 , 

is accorr.pan::'ed by a defini te r educ t ion in the ac-e j va tioll energy for vj_s -

eous now. 'l'hi s is pa.l' 'ci cHl arly noticeable i n t ab: ", 23 H[18re r; 1 r:"n for 
...... )\.I' V 

B16 is IJeasu ::.:ed at only 2
0 

abo e the melting t emperahu'e of t rw s ial:, r e ·-

dUC CQ for 45 mi;rc:ctes . Yet, r; 150C i::; ins j. gTlifica·~ t l j' h .igLc r' at 45 

minutes tha n at shorter time s for B16 , and no t v ery uiffe r cnt f r om t he 

viscosity of tne most bas j.c member BI 0 after redu c 'cion fo:<: 45 minu t es , 

a l though the li<:juidus tempe r a tU!:'8 S cf t he two J' 1S ,iuccd de r'::' -'I a:tl v(os -':J.T8 

rather alike . 

(c) The ~ eries H12- H15-BIB 

B' ,) ..L..: fi gllre s 8~: and 83 

B} 5 fi gure s 99 2..no 1.00 

BI t! f i g c:.res 10 7 a n ti 108 

'rlw i n i t.ial l iquLl.ls ter:ipel'.l, Lll re s of tr18se slags ,,:_,8 a 11 {J i gn clue t o 

-[£19 hi gr: maf~·rJe2,i"l. con t ent (CaC/i<1g0 '" (J, ')) <:tl,d 0.1 :lC·~<:,!l the .i.YlC:CC::S';.' .sen (: , .. 

ni zhble i n aJI c a ses . 
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Again , Is mos t no~i ceable for 

it is poss ible t tat a ~inimum coalJ occur o~ar the 

fj :cst 15 min::o.tcs of l'0Qu c 'sion o f bl~ (f::' g11::::8 8)), ii:~lcn a t basicity 1 , 4-

(sl ag E15), the viscosity is a1 n:a,d.y i n :: reCi.s:Lr.{;' a. :Le:::: 30 rr~ i n.l) t e::-: . ::'\:;.1.;1", 2 t~ 

Taj:ll e 24, Va.::::ia tiOl:. :; n l fle~L t :Lng t<::mperatur8 and. v j,8ccsity dl1Tin,g l:'9dac i.,:;'0rJ 

of sla ,s 312 , E15 an~ nIB . 

81 " (" ~ f \ , 1\' .~) Ic·o r. .. ' " t 
acD~' j'! e . ~·2~! ;'ll[-,V I ' JJ,U

2
, h J G.',U2.:1':;'S ef:1p. ('"».. _,', 

,- ' 1. ·,)U t) 1 500 
, ? '.( 2 .. 

( OC) (£;5 /Jll"xl O-') (!is ITr 'xlCr') --_ .. _--- - -------_ .. ,- -- -- .--.. ,---- ---,--.. --,--,--- -,~,-------,'-.. --- ---~-------. 

'1') "d l.l.C' ,I- ~ or' "l' -118 (-J' ]' 'n. c . \ (, .Y.; ", 'J': ," )7(1 L't' ," 0 3r,~ ,1 '." ~_~ .~.!:._-=--~::--=-. __ \ ! 1 .. .. . .. L J • .. ( -' \,. I j , r .I 

B12 1 , f 1478 ·1 c: ~ ... L ,A 
.L ,' \." + J. 51'( 43 72 116 39 73 

B't.: ~.J 
- J, .L , - f 1492 1;04 1524- 94 1J r) ,- '7') 

. L / ~ S1C) , 1 7.. 
.l..c .J 

m8 o,e 1 A - .' 7. 
.J- "-t ' I ) 1501 1516 129 ' S1 0'7 

.. ,/ f 106 ~ 'I 
;1.-

( rl) 
"'; (i) 'l'he ser i es lUT- BI Ll- BI,! r sdu.cect a.t -r:- 'l°C .L))~) . 

Ell figur':)s 79 .s.nd G1 c;, 

RlL! fi gures 87 and 89 b 

B17 f i gu " E.~8 l O?) a.nd. 104 

not gr eatly i nfl uenced by r educ+ion , whil ~ those of HI? and Bl ~ ~re 

s e-v~:"C'ely i ucreased , the 

liquidu s t mpF.r':ltU2.:' '2 ,i s raised '.rery I'a l'J i tUy , f ro!]! ,Lt:.: i ni tial v(J iLl'," of 

+ J -"'O - , , )!tV 
~- ' 0°., . '-1 ' , r::: t o - . !.:.~q. l, \- J \. llr: If) minutes .. 

J ro , -,.--, 
'- " 
~~ 

.l.GC:: 

->; (~ -

j ,) .L 



,,' '-r i a tion in mel b _ng t e rar0 ra turo and v i scosity duri ng :.rc duc tj, or~ 

of slags Bll , B14 and B17 

Sl a g No • (CaO+ '1gO )/Si0
2 

Liquid11 S temp . 

.t1ed.1J ct iOYL time (rains . ) - -----------' 
(] 30 

BE l , 7 J. 455 1472 1<;83 75 50 208 64 46 'l en 
I " ' .I 

B14 1 ,4 1335 1383 1456 122 74 130 58 40 135 
B17 0 , 8 1420 1481 1520 220 140 100 118 136 lC7 

.-----.--~---- - .--.. - .. -- - ._--_ ._-- - - ---------- -_._- ------ - -,-- --_.-

(ii ) Til smal l change::; j_n b3.3ic i ty a.t CaO/NgCl "" J , C' 

Al i;houg~1 the gener2.1 h lfl uence of },aY.'gE' var iatiollS l Yl bas icity i s snoHn 

by the f",erics B11 - B14-B1.7 , the b~fli c:;' T.y ),'ange 1 , 3 to 1, 7 , being of pa.rti .... 

cular pract ical j_rnporta,nc2 rna:i.nl;; l)ec <:m :::: e o f re.lative1Y,lo "," liquidu s 

t t 1 t t ' rn' .l d .'l -1- ' - C: A 0 
n 'I 'emperc:L U:C88 , 'rlas cLl:>G '28 '8 0. . llJ.e Se S. ags \-181'8 re UCb .. a c, J_)j 1 ..... , 0T1 __ y 

for 45 :nirhlte,,; , a.S sucD a r ed'.1ct.1.011 period ',ras consi.dered s ufficier:t Jco 

reveal "thinnh,g " o r "thickening " t.endencies ::.r1a t m:i ght exj_s t. I·i.ssn::.ts 

a:re SllJIlmari z 2d in table 2G. 

'rable 26 Vari ation j_n mel ting t ellJpera-Lure 6,;H\ vi s cosi ty durirl6' r enuc ti(1(l 

of s l ags having GaO/I gil =- 1,0 

Slag No. i1i clUidus teiflp . n 
/ 1..+50 

}-: i~.:r.:€S 

I Oe\ ____ , ____ jJ'l!2Lrs.~~lO 5 ) ____ , ____ . __ ,_. ___ . \, ) ._,_._------ _._. _ .. _- ,-- - ------
0 45 0 t e' 

', ,) 

b28 J.,:;JO 1440 1)?0 14C 85 92 

:029 1, 35 1366 1465 108 94 93 
13L1 1, 40 1335 .1438 122 95 8'( & ("19 h 

_K 50 1,45 1))8 1418 108 j 2Ll. 914 

1131 J. ,50 1352 1427 104 116 95 

Bj2 1 ,- t:; 
~, J_' 15(;9 1395 1 (\7, 

_ v,/ 113 96 
Tl:>:7-_J .J ) 

1 c:. c\ ...... , vv 137~ 1395 88 10 -( 9'l 

TI 34 1,65 1402 14 ~7 80 96 98 
ij55 1475 

.., ,- 1;3 79 to 8J.a I "' 1'/ [,,11 "1 7(-, 
-- , , ...... 

.. --------. --.---------.-------- _.'-- '-- _._- --_._-----_. 

,, 1 t hough Lhe: vm:jationG l E vis co ;-;j ty :;:'e p::,rte-i ~Jer',:? a.t'() '~00 ("mall tobG 
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agree ',veIl ':Ii tn \·iha. t .wu1d '08 expected iTom a considera.t.i.on of slags 

Bll, B14 and B17. 

quidus -t emp,:;:c-ature , out gene :r:'c.:,lly t~~nd to becoone IJ1O"ce ViSCO"'..lS. The 'G r.a~­

si tior, ~c\" gi(lYl 'oe-G\\reen tho tHo moue ;;, of ()e;ldVLcur appeJ.no 1.0 lle iil ths 

baoi0ity ra~ge 1,45 t o 1,55 . 

4" 2 .1. 2 CaO/NgO ra. tio 

( .., " 'nIB seri es BI O-Bll-1312 ; (8aO -1 IV! 2\)) ,iSiO 1, C7 

\ 0. / b I 'J r 
,'. 

RIO fig-uTes 77 C"1t!'~1 78 
B~.l f~ gil:r-es 79 anCl ~-1. , 

~.J. a 

J312 figc;,res Be' a,r: ci 83 

tual increUFe i~ 1/ T ,', ' HOI·rever , \>/:1il e -i... ~le initial dec:cease i:;: Lil:: ~; 
, ~rt- )U 

value is clearly '·lOticea.l;le feI: CaeJ/l'IgD :C'':;' t.ios 2 C.n·] 1, (s1? !;s ;{LO and '1) " " \ 

_ '-'. 1.. J 

it is absent fo r Bl2 vihere C&O/NgD '" ~. 

Nelting temperat ures aTe relativeJ . .! b :i. g() i'GJ::' a.l1 t h ree slas's in Uw 

trcj'jd being :no s'i:; rec oe;ni zal' l e for slag 31 2" 

of 810.8'[; mo , Bll and 1512. 

Sl ag No . r) L+50 

COe) , ' I-f s/m2xlO) ~ 
-._-.. _-----,----_._ ... _------------- _ . __ ._-- _ .... . -----.---.. - ---,--~------ .... . _._--
Reduc ti'):1 time (rrti:-1S . '} _~ ____ ____ " _______ ________ '1 

BI0 
D " , 
DJ...!.. 

2 

1 

.~. 

0 15 

lA72 1.478 

L~55 1466 

Lj7 i3 J495 

4::; 0 l5 jI;: 

.' 'Tj 

J-481 62 47 I; ~ 
"/ 

1475 7"- 57 1" "-:/ ~ " 

1 r~ ., r7 
45 50 11t. j .J. I 
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(b) erne s erie s B13-B14- EI5 ( CaO+f1g'J )/ Si0
2 1~ 4 

B13 figures 84 and 85 

B14 figures 87 and 8) b 

B15 figures 99 ctYlG 100 

. Tbe overa1.1 pattern of behaviour i nvolving an i nitial drop in n - -0' 
J JJ-;- ) 

follo\ve d by an increase, i s recognizabl e for all t nTee 3lags . Hc ',rever, 

the d_ecrease tends to 'become les s marked and t he increase IT:ore pronounced 

as t he CaO/n gO I'3 tio is l Oivered . 

If it is a sswned tna t a high ini t ial liqu idus ternyera t ure renders i nerea.ses 

occurri ng during reduct i on l ess pI'onounce d, a lower CaO/l'figO ra tio agc~dn 

a ppeaTs to be dssocia ted Hi th generally marke d increases in w-=l ting tern-­

perature due to reduction by ca,rbon . 

Table 28 Variatiolls .in melthlg temperature ar.d viscosity during reduct i on 

Sl ag No. 

Bl3 

B14 

B1 5 

of slags B13 , B14 and BI S. 

GaO/HgO Liquidus temp . 

(oC~ ___ 

2 

1 
1 
'2 

0 

1337 

1335 

1492 

1 5 45 

l 340 1350 

1 347 ::'438 

l492 1524 

(c) 'rhe se r i es B1 6 -·b17-BI8 ( CaO+MgD )/Si02 Ol a 

BIG fi gures 101 and 102 

Bn figures 103 and 10 i: 

li18 figures 107 and 108 

r-; L+ 50 

( Ns/m 
2 
x1( 3 ) 

,--'--

0 15 :1~ 
·~t ..I 

137 91 96 
l22 T5 95 

94 76 162 
.~---------

The i n c rease i n viscosity occurring within re l atively short reduct~on time s 
o 

at 1550 , t hat are cha r acte r istic of s l a g s of l: i gher basicity , is virtual J. y 

absent i n t h is seri e s . The init i al de crease is pre s e n t i n all ca s e s , bu t 

again oecome s les s marked as t he CaO/l'TgO r aUo i s de creas e d . I t mus t 

bo;,rever be bor-n e j. ~l mind t h a i; t be v i scosi t y of t he tLi.gh magn es ia s l ag 

j.n t h i s s e r i .as (SI 8 ) vias cons i dera bl y l o, rer thim t h2.t of t l".G o t her how 

rr,embe r 's , befor e :c?d:u cJ~ ion . 
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TabJ e 29 Va.r.~atiC'ns i n leltj.!"!g' t empe!''1-G1..;.I.'e ar.d v:i.scos i t y d.uri ng r e duction ----
of s l a gs B16 ~ :E17 an :l BI8 

Slag No. I.i qu.:Ldus temp . 
n/ L Sf'. -:. IJ 

( Oc '; 
-_. __ .----_. \ / 

1 t' .L ' JE.1' l Rec ue ,len t-ln::e ffilns. I --_. __ .. _ - -- 0 15 45 ° 15 45 

Rl o 2 1388 1450 1498 236 195 81 

B17 1 1420 1 61 1489 220 190 PL1. / . 

B18 1 1473 1491 1516 "2 129 84 97 
----_._-----_ .. _---------- - ---_._-_. ._--_._------ ---_. 

The 1 illU i d1J.s temperatur e was £2.ised. d.uring r e ductio!l in all cases, the 

effect being least 

t empera t ure (B1B) . 

AS 
B14 

C23 

pronou nced 

f igures 

- fI,g'rres 

- fi g ure 

+' .J..CT the slag of h i ghcs t ini tie.l liquidu3 

the s e ries A5-B14-C23 

with CaO:Mg0 : Si0
2 

0 , 7 :0,7 : 1 

73 8no 74 
87 2.nd 89 b 

109 

As slag C23 was onJ,y rc:c1uced :"OT 60 m:ll!.utes at 1 5'l'oC , thib time interval 
-

\ol8.S used for tLe purpose of Cc.'~Dpar:i.ng the prope:rties of al l the members 

of t his seri es . 

T§bl~_ .JO Variat i ons in IDs l ting temperature and visccs i ty durins re(lL:c tiOYl 

of s::'ags A5 , B14 an '. C23 . 

S:i.ag No . Ma.SB7'~ ('Ii iO')+).~'J07) Liquidu.s temp . n - ' -·0 
~ ~ ) I LT ) 

______ . _____________ ~o QJ ______ .. ___ .. _ (NsL!!?:xl0 3 L 
Rednct:0n L me J.~!J in~..:.) 0 60 0 60 

.. -5 36 1361 1374 132 106 

m··l 44 1~,35 1463 122 1 26 

023 54 1447 1516 83 J.C9 

If it ].8 <". s sumed. t h .;.<,t the gener a l trend follm·Je d 'by vi s cosi +;y c,'.lring 
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r educt i on of ot.her series is continued here , it mus t be concluded that 

.A5 may have passed a viscosi ty ;nininn~m but is 3till raore fluid than the 

original slag . }lli gure 89 b sho;{s that th0 visc0si ty of B14 is i n (! reas ing 

althoueh the dLf'ferenee shown in "the tabl e is ins i gnificant . C23 has 

apparently ?assl?d its viscosi ty f.1inimUu"'l even though the r e duced slag 

r.as a.ppro:d.ma tely the same flui c. i t y as thE< other two members of the series, 

after reductJon for 60 minute s . 

4.1.2.4 Oxides of i rO:'l and vanadi.LUTl 

It vTaS i n gen8:cal no t i n tended to add more compos i t ion ·ia:!.'L:cbl~s in this 

stc;.dy of a:n alreauy complex fivs - co!ilpo~ent s ys t em . HOVlever, t h e viscosity 

of a COIT:posi te plan t slag was r;:eaEdreu and found to oe rema rkably 10\·;. 

'l'he composition of 'Lli s s l ag , d.esi.gnated as HV , i'JaS given in table 13. 
Speci fica t i ons not 3ho·.m ir; the table are: 

1,12 

1,53 
2,37 

43,98 mass '1~ 

As the conrpos i ticn of r,lag HV did not very closely rese:nble ~hat of a::lY 

of the fi v e -com:;Jol1ent mixtu:res alread.y d i scuss e d, i. ts cO:Jlposi tion ',~as :rt~-

calcula ted on the qasL:: of the components CaO s MgO , 

only. (HV- FV, t 3. 'ul e l~) 

SiO~. Al 0 and TiO 
L 2; 2 

. 
The v.iscosi ties o f the two melts (HV and FlV - FV) are shol"lY!. i n figt::;.'e J.lO . 

~ri1 e synthe tic s l a g 'til t hout i:ron and var:adium oxides Has sligfltly more 

v .iscous 3.Ed its l iquidu s tempera t ur e \'13.8 s i gnificantly higher. 

Iron and vanadium ox ides ",-ere t /1en added t o HV--FV to giv~ a COTll ,uo2 itio;1 

veL'Y si:nilar to that of EV . The mi no r quanti ties of manganese a.1.o. ch:ro --

!'lliuffi o~:i. des repo:rted i n HV ,-rere ot t eJ<en into account. The added oxic..es 

,;-,ere in the o;~ida t i <Jn states as r e 90rted i n table 13, al thougb t hese 1 ': :1 
c._~. C. 

n~' t n8cessa:cj. ly :r:-epresent the tr true states . 'llfle eomr:osi tion o f J~l1e Y':'> -

si.rnla.r to that of tbe plc;.nt s lag , ,m:i de.Uni t.elJr hi.gher than t hat of t be 
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quant i ties of particul2:cly iron oxide exert. a noticeable influence upon 

the vi scos ity of slags based on the CaO - MgC - Si0
2

- A1
2
0

3
- 'l'i0

2 
system . 

Complete reoxio.a tion tests carried out on the plant slag HV, showed that 

it ",;as r2du eeci with respect to tita!'lirun oxice , to 2. degree rather simEar 

to th?,~ attained by f;lag B14 (of compositiol'l not vex'y d.Hferent from that 

of IN) 2.f ter reduction by gr2.pt ite at 1550
0

C for 60 min'~t8E in the norn;al 

rranner. Its visco s i Joy and liq1J_idus temperature vias raised - resul ts ~1.re 

shC\m gTal)hi.cally in figure 110 (1J.'r.is refers to slae; fiV -FV I:educed as 

mentioned 20bove and thAn designa t ed as f-rv- liY(6Ql11 ) ) . This reduc5d product 

was . then treated as follows : 

Iron and vanadi urn oxic.e s Here a gain added to it to return the compcsi ti.c'n 

,to apT)T'0xima tely t hat of plant slag HI,' . The res'...11tine mixtu:ce , 
) . .... 

HV-PV( 60i'I)+FV, thus had trw same overall compos j_tion as 81206 HV+FV.- l.;he 

1 1 c:: hOeC' t ' ' + . 1 '" ~ t h ' ., melt was .1cmogercized a t -J~' lD ne lD8r ... atmosp.lere .10-,- \-10 _,o\~l S 

before its yiscos i t y H2.S mea s ured . :!:'i g~re 110 ShoviS tha~ addition 0'::' the 

oxides of iron and vanadium to t he rechlCed s }ag aga,in :nelde i t more flDj,a ~ 

so that its vis(;osi ty was practically t he same as that of t he ol-igina i 

unreduce d synthetic slae mT -F'V and only slightly higner t han t.h;;:,t of t}w 

plant slag HV . 

Al though the scope of these experimants is extremely r,arI'OW, they ap})e<::.r 

to indicate the possibility t~at addition of ~xides more readily red~(; i ­

ble by car bon than rriC) 2 ' to a reduced f i ve-component ti taniferou<~ 812,g , 

tends to Tes tore the or iginal prope rties of viscosity and 1 iquidus te:-!j -­

perature of such a slag. It the:rci'ore seems reasonable to aSSUt1l8 -t.:-,O.t. 

t he presence of these r ?adi 1y r educible oxides in ti t a n iferous slags 

u ndec:' r educing (;ondi tions ':15,11 serve to retard the r e auc: tlan of ti to,nium 

oxide, the process Vlhich is thought to be responsibl e for t he vc.riation 

i n liquidus telflperat ure and viscosity, reported in. -r;~e preceding seGt:~ons . 

4· 2.2 l'h~in:fluen~L of r e s'luction _~~J!l..I:.~~~.!:::..~ce ~_ vari.?tiC2D:!~!2J:?_.2.~.:3c2":!];!i': 

a.nd .,ine 1_ t ing ~eF:Jpera t ure 

'I'he sel ect ioY'. of sl a g cor~T'):.; iti on.s tc illu.s-Lra t e 1): ~ effect of reduc-Li on 

temIJ8J:'fthlT8 Has },a ~' e d 01.1 jd8icity only (Ell, B14 a.nc :817) , \"; :-:L-1.1"" COlli -
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on slag 1314. 

(a) Slag 1311 . (CaO+NgO ) /S i O 2 1,7 

Vi8cosity- temy,erature r e lations of t his slag r educe d at 1550
0

C and at 
() 

1600 C are give!} i!1 f igur e s 79 a.nd 80 respectively. 'l'he re8u1 ts 2.l'8 

summarized in figure 81. 

The immediately apparent effect of an in:;rease in redt:ctior. terrrperatu r e 

is the fact that at the hi.gh8r t (~mlJera t ure, ·t.he viscosi. ty minimum is 

ei ther absent altogether.' or al-';;e':1r8 very soon after reduction is commenced, 

so that i t is not obs ervc;d on the p2.rticu1ar t i me scale used. 

w'hile it is not likely that the s13.g l'edll·ced '::·or 60 mi r'Ut e s will be more 

viscou s afte r r eduction at t he 10\o1er te:nperature , 2.2 might be concl uded 

from the s hapes of t he curve s d rawn through t he ava ilable experimental 

point s , they do seem t o i ndica.te that the rate of " tnic~(enin€s'" at 1600
0 

is not much faster ·than at l550
0

C for reduction t i me s exceedi.ng 30 minnt~:s . 

(b) Slag B14 (CaO~-I'1g0 )/Si 0
2 

l,4 

Three temperature s of reductj.on ,,!ere used -. 1 s(\r ° -rsoO 
..!. vI) , 1. ] 

Resul ts of viscosi t y m,"2asuremcnts are sLlovm i n fi gLlres 87 :;'!ld 88 . 

The effect of r e duction time is shown, for t he variou s t empe r a t u res, i n 

fi gure s 89 and 90 . l" i gux8 91 il~ustrates the effe ct of v a rie,tion i n 

redu c tior! t emp8rature in general. The following curves 'tle~e dr·e.1.vn. : , . 

the v 3.1ue (If r; L+50 afte r reduction for 30 mi nut es a 1~ 

t h.e differen t tempe.;..'atares; 

t he v a r i ation i n tlJe san:e para.meter .s.f t e r reduet ion fo:r 

90 minutes ; 

rrT.; (.;;O~:!\) arl.-:· '.1·'1J( f/1"]I;1) gl' " P' +h8 v ',r'l'atl'Oll 1· .·.". • t l' ., 1 .1. __ .1" C'. \~'- <- v _ ~- _ '.L appr OX1.;na e .l.lqUIQUS ,;emperc.vlires 

a fter r ec..nc tion for 30 minutes <l.nd 90 mi nutes r espect ively . fhe l.Lqui 

dus t o.lilp er:2~ ttlTe ard '] I; 1-50 of the o :;:, jginal unreduced s lag are aJ.so shoHn 0:1 

t he diagram . 

.4. t 30 m.in1Jt es , 

bel ow that of the original s l ag. 

red' esd at [11. t b:!:'e e terTl:p2rct tll.l~eS c::..re 

'.rl~e \'3.1118 f o r _ 6000 i s ':Jnly sJ .Lghtly 
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At 90 l'linut es , only the s lag reci.uc ...: Q at 1500
0

C h a s a viscosity approxi ­

mating to that of the original 31ag . At the two higher temperatures , 

t he melt is relativsly r:J.uc~ m0re viscous . 

The 30 minutes liquidi.1.s cur v e shov!S t he relatively greater effect o! 

a tempe ratu.re i n cl'eas e from 15:)[,0 t o 1600
0 c as compa:':'ed H .1. th t hat of an 

-0 a c::.n 0 m f incre a 3€ from 1) '0 · t.o 15.JV C. 1. he act that thi s uifferen c8 seems to 

di sappear at 90 minutes to some extent , indi cates that there is an ~pper 

limi t to t h e me lt i n g temperat. ~J.re for :::.'eductbn a t l600
0

• Thi s fact is 

o . ~ •. ~ o 6 ° shmm more cl early in fi glXt:e s 09 band 90 for l)U and f o r 1 00 C respec -

tively . The apparent u pp e:c limil,s at the se two reduc t i on tempe ratures are 

approximat eJ.:r 1470° a :,.d Ij30 o C. 

( c ) Slag Bl7 (Ca O+I'1g0 ) I SiO 2 = 0 , 8 

Resul r. s of v i s cos ity dete rminC'.tions are reported graphically in figuI'CS 103 

a nd 105 for reduction temp0ratur es 1550° and 1600
0

C respectively. ResuJ.ts 

are summari zed in figures 104 al1ci 106 . 

Agai .n the liquidus temperature rises faster and furt he:::- during red.u ction 
' ) 

at 1600
L

• 'l'here is a gain a liquid.us temperature difference after red.uction 
/ 

for 90 m::'niltes , o f approximatel y 50° to cOoC . 

It i s importarct that ? 1,+50 i s reduced more or less contiIcuousJ.y \.rherl. 

reduction i s perfo;med at 1550 ° . At 1600° , this measU.re of v iscos ity is 

beginn1ng to increase after reduction for 90 minutes . 

In g'Eneral , t empera t.ure mu st be r egarded 2.S an important fac tor i n t~i.C: 

behaviour of ti t a n i f eram: s lags under r educing canoi tions , its importanc e 

poss ibly becoming greater a s the s l a g become s D:ore acidic . While 114 , 

:i.'edu c e d at 1.. 600° fa 1.' longe r periods 1 may still O~ classifie d a s a slag 

ofguod fl u i dity , its liquidus t emps rature (!1 5300C) can be responsibl e for 

difficul t i es exper ience d dur ing the tapping of a n e l e ctric f ErEac e s me1 t -

ing tl tal1ife :cous iron ores a n d produ cing s lags of composi tiOf, a ppox i-

Ir0. ting t o t h E:- t o f B14 . 
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Because of the existingunc'2rtainty reg2.rd.:i.ng t he usefulness of slag 

conductivi ty (l2.ta in submerged arc electric fur~ace technology , it wa,s 

decided t o licit electrical resistivj_ t~i measuref!Jen ts to the reauced- de -

rivatives of one beese s lag only. The slag composition B14 was chosen for 

this purpose for the practical reasons men t10ned before. This slag alsl) 

provided a. good example o:t' the general behavl,our of tj,taniferou s slags 

under r~dt'.cing ccmd.i. tions fI.'om "the point of vie'd of variation in fluiai ty. 

This tehavic/LlT \,a,s ShO'Ntl in sections 4.2.1 and. 4.2.2 to be one involving 

an ini tial (lecrea~, e in vi scosj ty, :/0:;'.10\>100. by a mO're prono1J.r~ced incrsase . 

4.2.3.1 Resistivities of the reduced derivatives of slag 314. 

The slag samples used for this set of experime nts were the same as those 

used for inves t igat ing the influence of reduction ttme u]Jon viscosity 

of B14, reduced. at 15500 C. '1'h8 effect of the tAmpe:r:ature of redc:ction 

was not examlYlsd . 

The resistivity-temperature relationsl1ips for reductton times 0 to 3 

hours aTe sho\-in in figLlre 111. 

The sanle infoTD1ation is presented 8 .. S plots of the 10g~arj thm cf resist,.l"\Ti.ty 

against tne reciprocal of the absolute temper2,t.ure, h-l fig'J.re 112. 'i'he 

em~irical relationship on which such plots are based, still a ppears to 

describe accurately t he dependence of resistivity upon temper~ture . Also , 

there is still. a well defj.ned poir..t of inflection in every line , such 

points approxiDJ 3.t ing in a general marmer to the corresI'onding-poi nts 

obtained from viscosimetric data. 'llb.e;y ~ust therefore represent approxi--

mate value,::; of the mel till€,' tomperaturcsol' the Tedl<ced slags . TheSE: 

temperatures are sno\m on the diagram, and table 31 gives a compa!:'ison 

between them and the values derived from viscosi ty measurements, which 

were sho\Vn in fi gure 87 . 

Fig~re 113 is a g r a phical ~epres8n~ation o~ the variation o f resist i vity, 

Hec.uction -O~T cB,roon causes a L'l3,::-ked Cecrease in ·!;;1.8 I'E;sis tivi.ty of t to 
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p . ':0 are base d on the points of inflection shown in figure 112 . 
L+) . 

Table 31 Comparison be t we en a pprox imate melting · tel:lper.atures der ived ---
from resisti.vi ·t y :neE.s urements , with those derived from 

viscosi t y measurements , fo:-:::· slag Bl 4 reduced at 15500 C 

Reduction time 

(minutes) 

o 
30 
60 

90 
120 

lbO 

Melting temperature 

(
0 (. \ from resis t ivi ty,, ) 

1340 

1388 

1416 

1~f~4 

1473 
1466 

l'1elting temperature 

from viscos i ty (oC) 

1335 

1383 

1463 
1456 
1463 
1481 

4.2.3. 2 A considiJPa.tion of the t r ends shotm ~y resis-!; i vity and 'lis cof:.ity 

during reduction . 

The trend exhibited by resistivity (figure 113) may De compared \·,i tIl t ha t 

illustrated for v:Lsccsi ty i n figure 89 b. 'v,'hereas a f1uidi ty j:~a :.dmum is 

attained a.fte:::· a compa ratively s hort reduction time (approxim8 tely :;.0 

minutes), cond'-'-8tivi ty t ends to cont inue rising for at leas t 2.nothe r 60 

minut es . l 'he increase in viscosity for reduc tion times e xcee c.i:cg 30 

minutes i s a. v ery pronoun c e d one a1 t bough , a s iEdica ted be f ore , its ul-· 

timate value is by no means "high" from an i lld1J.str-ia.l point of vie\i . Th e 

incl'ca ::>e i n r e sis t ivity is so s ma.ll a s to be \1i thin the 1imi t.s of eXI€ri -

men ta.l e r ro r . 

In the s e c tior. dea ] ing ,vi t h the 1'el a t ions:-llp be h,reer! viscosi t;y and !.'C' si s ­

tivity of tmr e duced s l a gs (4 .1.4), i .t vIas su.ggested t ha t the ma j o:cHy I)f 

t he melts co!'.fo rmed to a model ba.::;e d on a GO'!JbL-la i ion of t he enrp i ric2.1 

relations~ip between ~i scos i ty a.nd t9mpe r a t uTe and t hat hetw2en resistj. -

Figtl.r~ 1.L4 f o r '/iscosi t ~T c1l'l Cl res i s -

tivity A.t l ~O()""C , of J'educeJ slags , C 2.:l ob v.io'.w ly !.~ave no mat":wf:ClLic3.1 

sj.gnificance a.nd it must b e conclud.ed that. any corre] l a tio!1 bf) t. w'.:: e n 'fLs -· 

cosi t;y and resis ti vi ty that mi ght have exi sted. f O:L ll.nrt;._~uced sl ag~; ~ ';:)J~e2',k8 
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down in the case of t he reduced deri va t i ves of .the same base slag . The 

lines dr awn on the diagram s (10u ld merely serve to i r.dica.te that therE' is 

an initial period and a. final period over \·:hich there may b e a dire ct 

logarithmic proportionality between viscositya~d resistivity. These 

two per iods seem to be separated by one over ,·;hich · an inverse relat ion­

ship is i ndicated by tn .:: experimental resui ts. The reduction tiln,:: cor res­

ponding to every experimental point ! i s shown on the diagram. 

It may also b e pointed out tha t the slopes of the suggested lines ( Jill 

where '/1500 ar:d P1 500 are both decreas i n g , a nd CD Hhere t hey 2.re both 

increasing , are bo th approximately equal to 0 ,3 ill magnitude . On a dia-· 

gra.m depieti.:'l.g a " normal l1 viscos.i.tY··I'e;';istivity relation, the slope of 

such a line 'dou ld r em:esen t the ratio E, I 'E n. The value me ntioned .::bove , 
~ K I 

is apP1'0xi ma tely ~2.1ftha t i ndica ted i n fi e;"Ur2 71 f or u nreduced slags . 

4.2.4 X-·ra;! analyses of s e l e cte,i r educed sla~ 

An i nvestiga. Cion i nto the changes i n apparent liquidus te~nperatul'e 

occurring dl;.ring reduc tion, as r elE.ted to the primary pha.se s of t he o rigi-

nal unreduced slags , i ndica. t e d a possible i n t erdcpende:"lce . .;; 1 t~cugh thf~ 

relcvar.t exper i mental finding'S have been re ported in section s 4 . Ll <:.nd 

4.2.1, tab l e 32 is g iven :181'8 t o emphasize t his i nterdependence 

rr'his t able cl ee_:,,:,ly illlls tra t e s t ha t the most pronounced i ncI'cas es .in 

mel.ting t cw.pe.:.'at1.:!.re occurring d1.:!.ring reduc tion , a r e a.s socia t. ec wj t h thosE:' 

start ing slags havirlg magnesium alumi nium titarlate as a primary crystalli­

zation product . Slags of Hhich the primary pha.se was perovski te , never 

sho wod. a decrease i n liquidus temperature , but the increased value \"ras 

a lways wi thin the limits o f experi mental error fror.l the liqu i dus t e~oJy~.rature 

of th8 unred.uc e d s l ag . The same s tatement is applicabl e t o ccmpos.i.. tior.s 

\.jhe:c;~ the prirnary phase Vias r--l . A. T . a nd the i ni tial 1 iquid.us "temi-lera t l]I'e 

Exampl es of t h ese a re B15 a.nd. BI B. 

At +'he same t.:i.me, it. Elust b e noted. that A5 a ::1<!. B13 (primary pha s e s perClv­

ski t e) D';.d 1 0'.<[ i n i t i a 1 1 iqlli.'J.us +' errrpRra.t ures, 'which d id no:' increas e 

mark ed.2.y du:r:-iYlZ re d.ll.·~ti.on by cq.:cboi"l at 1 550
0

C. 
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Tab} e 32 A s1.Umnary of primary pilases of lli'1reduced sJ.ags and of liqui ­

dllS tempera bTes 01 red~lced and tmreduced slags . 

* Slag Ho . Primary phas 2 

\ll.nr2ducs d slag) 

, 0 .** 0 *** Liqu idus temp. \, . C) LiqL~idus te.:np. ( C) . 

(llnreduce d slag) (slag :-:.'educed. at 1550oC) 

A5 
A8 

BI0 

Ell 
B12 

1313 
B14 
B"t.; ... ./ 
B16 
B17 
B18 

C23 

")(-

** 

l'I . A . T . 

Pcrovskite 

n.d. 

Perovskite 

Perovskite 

M. A. l '. 

Peru vsk i te 

IJi . A.T. 

I1 .A .T. 

M.A.T. 

i'1.A .T. 

M.A.T. 

1322 
1472 
1455 
1478 
1337 

133.5 
1492 
1388 

1420 

1473 
1447 

.-------------. 

The magnesium aluminium titanate \'iiO' ii' " 'Il" 0 . '" • L" Q?_ 4 c. ./ _.) 

1374( 60) 
145J.(45) 
1481(45) 

1475(45 ) 
15J.7( 45) 
135Cl( 4S) 
1438(45) 
1524(45) 

1498(45) 
1489(45) 
1516(45) 

The liquidu s teml)era ture i n this column is the approximate value de:r"i ved 

from vi s cosity measurement , s ince t h i s "ra s the only techn.iqt:.e from 

which values were ava ilable for both r educed and unre duced s l a gs . 

The fi gures in brackets give the reduction times i n minutes . 

1'he tentative conclus ion that was dray!l1 from the comme ~1.ts at,ove, 'das that 

oxygen los s frOID ;nixtures having f-LA . T. as the starting primary pha.se , 

cause d. a ci1.ange .in pr ima ry phase to occur . A silll.i.lar mechani sr.:: for t!1.os e 

composit.ions wh<:> re .f; he pri mary cryst.al l.ization procluct 'Nas perovsk .i..t e ~ 

did apparen tly not exi s t . I n or de r to inves"!:,iga~e thes e possibili Ues ~ 

two starting co~pos itions , B14 and Bll, weTe s e l ect ed to represent the 

graul's of slags ha.vj.ng H. A. Cl . a nd pe L'ov sk i t e as primar y phaSE:: respectj.ve -

ly. 

4 . 2 . 4 .1 SJ.2.gS \1.1. th f'I:.;\ . ;l' . a. s primaI':r lhc:..sA B14 

I t was C)"t"!sir'.ei:cd poss ibJ e t ha t t ~:;": pr-2c ipi t c: .. t", i on af a rei'Tactory pha~~ e 
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such as ti t ar.ium carbide du :::in;- r edLwt'::'on , ~ight be I·espo ns ib~'~ for deple­

tion of the ()u.lk of the melt with r espect 1:;0 titanium. If su ch a high 

u;el ting phase "erE: to adhere to the wal l of the graphite 8.c·ucible, the 

overall compo:::'i.tion of t he s l ag used for ei t LJ.er viscosity or re::dstivi ty 

measurement, cou ld bc:; diffe ren t f :r'om t ha t of t he original slag . Tl , 
n erflOVe...L 

of titanium to an a ppreciable ex tent in this marmer could possibly give 

risE' t'J a change of primary phase. However , as sho'1[11 in tabl e 13 (sect. ion 

3.9 ), seve r ely redw; t)d samples of slag B14 were found to be of subs t antially 

the same cO;-;lposi tj.on 2. ;3 t h e u rll 'e du.ce d s l ag. I t 'tTas alGo mentioned in 

section 3.9 that an at t empt '..ras ma de "to·detect titanium carbide on the 

surface of the solid slag tl1a t .... i2S i n co n -::act wi til trw graphite crucible 

during the reduction stage . ';:ir.s t, 2ctnique ea rlie r described in this 

connection, was also a pplied t o the sampl e reduced for 90 minutes at 

1550
0

C. In neither case (120 or 90 minutes) did X-ra.y anc:.lysis of the 

powdered sample scra ped from the su:::: face , reveal the presen ce of the=; 

carbicie . 

F'Urther ir:vestigations were confined mainly to the slag sampl{; that had 

been reduced for 90 mir;u tes . If an al terna ti ve product of reduction did 

exist, it was most likely to be con cen trated in the vicinity of the slag ­

graphi te interface, or at th,", free sur·fa.ce of the slag: if de l1si ty chffer­

ences Ivere appreciable . A total of four saInples for X-ray a.nalyse s \-le re 

remove d from the s lag ampule after r ernov::l.l from the graphj.t e c:r-n:; i '01 8 , by 

light scraping wi ch a diam.or,d dri Li. two frora the surface that was in 

contact with the graph j. ts crucibl e wall C1\.), one fr01:1 the s u rface t ha t was 

in r~O!lt2.ct with the crucible bottom (B) and on e from t h e fre e slag sc;.rf2ce (C) . 

The X- ray !,la tterns obtain ed from t h e samples A Here complex. r:!.'he l i r. e s 

for N.A.T. a,nd perovskite we r e identifi e d fo:.:' one of the samples . '1'hE: 

remaining lines Here found t o b e best interpreted as b e lon g ing 1;0 a !'lix­

ture of 10\.,e j~ titanium oxi des (higher than TiO, ,. ): ',ri th t h e ox::"de 'I'L .O _ 
L,) ) ) 

(ano80vite) !)r edomi nating . The oth e r A-sampl e gave a similar pa t tern , 

except tha. t t he Ii.nes f o r P8:!'ovs :d t e were a bf'ent . 

Sa.1Jiple B al so con ;-3].sted of ,<l, mixtu :!:'e of J.oHer oxidGs , in. ada. i tion t o 

N. A . 'L a n d p2rcvskite . 

Sample C gave no ps.tte rn a.nd mu s t have been in t oe glas s y sta t e . 
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The fact that no graphite was detected anY',·rhe::'c cOll ld only hav e bee~1 

due to the manner in ;.':hich the .:-amples were taken , uecause it ~i8.s. vis.Lole 

with the ·naked eye . 

The solid Gy l indrical slag sa;nyle ::.s removed fro m t he graphite · cn:.ci ble , 

had the fol lo\-rtng a pproxi.mate c.i i mens ior. s : he::'g:- t = diame t e r 0: 38 il:ffi • . 

A ]2,5 m!il diameter hole v!as dTilled into the 90- mi nu+,e cylinder to 2. depth 

of app:roximai:.ely 20 mm . · 'l'he :resu~ ting po .. der wa.s ground jn a. tungsten 

carbide ball mill (:lg2. t e vessd ) t o be lOo;;~ (-325 mesh) . Two samples of 

t he pov/der 'r!el'e t h'2:'1 tr'eat. ed in t he cell of the high temperature micro~~-· 

cope , as d03cribed in section 3.8. The qnendling temperatu:::'e in beth 

instance:;; ' . .,ras 1440
o

C. (The liquidus tefilperature of the orie;;inal s l ag by 

hot stage mj.croscopy \'la.s 1365° , an d that of the redl ced 31ar; 14560 
and 

14440 
by vi2cosi ty and re sistal~ce measurement r especUvely) . The simple 

set of lines obtained. by X- ray dif fra c; ti.on analysis of both sample s very 

clea:dy belonged to 11gO . A1
2
0

3
. 

It was not attempted to d8Lrmine the liquidus temperc::..tu:ce of the bu l k 

co::::'e sample. It must be pointed out here that , although the comple te 

sequence of crystallization pToducts of the Ulweduced s :Lag "IaS not dete r ­

mined, tn€ secondary phase, follo.ling rv: .A.T., \'/as found to l'e perov3;<:.l t2 . 

rIhe eX2.8t temperature at Hhie;h the latter phase allI:.eared, was not de-tcr!:!i ne d. 

either. 

'l'abl~22. Crys tolliza cion prociucts of ur.reduced B14 , quenched froir! d:i.ffer­

snt tempera ture s . 

Quenching temperature (oC ) 

J.}15 

1290 

1260 
-----------------------

Sol i d phases present 

1"1. 11. . T. ar:.c1 CaO . T iO 2 

N.A.T. and CaO.Ti0
2 

Thus , although the spinel ph-::.s e was no G proved t o be "ibs t:Yit from the 

c08Jll ete c r:rstaJ.J.5.7.at i on scq.-"J..':Jnce o f ttL? U!1Teci:tlced s::'ag , :i. t deli ~·li tely 

does not apl)ear at tc r:;pe ratt [·!:'p.::, abo'18 1 260
o

C. 

l'he s ~ . ag s a lpJ.e s tha.t had b '~en :'..'eduCE:d. fv r 60 mi.r1.utes 2.nd. f o r 120 miln1;.:,S 
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were subse quer..tly 2.lso treated in t~le man~8r described a 0:';','e, to eb t a.i n 

core samples for X-:cay eX2..mi~ation. 'r h e r e spective q'Jenching t emper-atur e s 

were 1400
0 

and l 440
0

C-. 

as Mg{) .A1 20 3' 

In bO:.1 instances the p:'imary phase was identi-

fied 

The approxirr.at e 1 iq11i(1.1.ls temper a t ur e s de rived. fI'om ei ther viscosity or 

resis tance ;neasure!llent of d aS 1314 , r educed for 90 minu t e s (1456° and 

1444°C respect ively ) do not refer to the core s2..111ple s on ",Thich t he ex.: 

per i_!I!en'ts :::'escri.bed above , were conduc ted . } eCl.surements Here carried 

out on reducec:. slag s ir.. mo:!.ybdenum crucibles i n an i n e r t atmo s phere af­

ter hOlT:ogenizatJ.on at t ~!l1perature s nor~llally i n exce ss of 1550
0

C, for l~" 
hours. Any s egregati.o:"l o f solid phases that mig:-:t hav e existed i r!!ffied iate-

ly after reduc tion , must t herefore at least be a ltered in the me}t used 

for viscosity or r esistance mea.~urement. It mu st also be borne in mind 

that more w1cer-tainty a ttaches to the melting t emperatures reported for 

severely reduced s lags ( longer tha n 90 minutes at 1 5~)Oo C) than t o the s ~, 

sugges t ed for slags reduce d fo r s hort er intervals. 'l'h i s is sh o wn to 2.. 

certain extent by the relatively large d i fferences Teported. be tvreen val u e s 

from t he hlO ex'Oerirriental sources , aft~r pro l onged reduction . 

The sample of :314 t hat had be en r e duced for 90 minu t es , on \"hich v:i: sco --

si ty and r e sis ti vi ty measurements were performed , -.ra s us ed for t he i011(" tiir~ g 

series of eXI)eril!lcn ts . The er,t ire 55 gm s2..nrple was clril1e Ci ou t of tn:'? 

molybdenum c r l1cible and reduced i n s i ze as descri_bed f or t h e (;ore sd.r.:.ple 

above . ]i'i ve X-ray diffraction camera s ampl e s wer e prepared in the cell 

of the ~igh t emperature micro s cope a c ' ce f ore. l lhe r esul ts of the ana-

lyses are g iven in tabl e 34. 

Tabl e~?1 8rys t a.lli zation. products o f homogeni zeu B14 reduc'? cl fo:[' 90ElL.ut;'"s 

2.t 155CoC~ ql.18nCfled from dii'fe rrmt tempeI'atur~s 

Quenching t emperature (oC) 

1 390 

l ~,OO 

1410 

1440 

J. 4GO 

Solid phases present 

M.A.T and 

M.A.T and. 

~'I . A . T :::mc. 

j·I •. h • rl1 an d 

No p a t. t eTn 
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The most important fact arisi:-lg I -:"'Qm the TG8ul ts of this 'Nark, i s t;Ht 

the "appr'oximate melting teI1lpe : o.T,ures", derived indirectly for red.clCcd 

slags, t.culy have th8 'significa,ncc sc far .a ttached to t hem . ';'his parti­

cular redu ced de:civative h2.8 an actual liqutdus t.eoperature be:bveen 1440° 

and, 1460oC, There may be a tChlper at-ure interval 1.,ri thin this 20° range, 

over '.vhich ei they cr]::) of t he i;wo .phases ::vI . A . T. or MgO . A1
2
0 3 exists as a 

single t r,1e pri mary phase . HO'.vever , it a.ppears to be . me re important that 

the presence of·a . hase not preB£:nt at h i gh temperature in the unreduced 

slag ~ 'Was . proved f or t he r educed: s:.ag beyond .any doubt. 

4.2. 4 ~ 2 flag s ',.,ri th perov ski t8 as -::1o.e primary phase DE 

The s~mple of slag that had. oGe:1 redLlced f or 90 mi nutes at 1550o
C, \'I3,S 

treated in essentially the same .... ,ay as the correspcnding sample of B14. 

The surfa,ce powders a gain con tained what appec;.:ced to be a mixture of 10v/er 

titanium oxj..des , in addition to perovskite. 

'l'he core powder qU8rlcheti frorc a temperature of 1430° generally shOiveri onl y 

the pattern of perovsk it.e, although on e of the sampJes sho'tled signs of 

the presenee of t he spinel pnase . ;r'tlO late r exp,:;riments employing difforcnt 

samples but the same qlJ.enching temperature, f a.i l ed to ccnfiYHI the existene:9 

The sinb"l e X- ray sa.mple prepared f r om t he bulk on which viscosity aLtd 
o 

resi<rtance measure:nents had.bee:J p-::rformed, and quenched from 11\-30 ~; , 

sho;,er1 th e presence of CaO. S~jO 2 only. 

The secondary phas8 of the ullreduce d slag was JVI . A. '1' . 

From -I;,hese findings it must be concluded that U.i1aer t he par t i.cular set of 

expe:::- i rr18ntal conditions used} the p:cimary phase of slag Ell (taken to 

represent a ll t >'OS8 COI:iposi -U ons~he pri mary phase of Hh ich is pcrovs ki te) 

j .G not 31 :;e::::'t~ (l by r.-eductioYt . HQ1;l8ver , if t he primary I li1ase of tl:e um::educ8 d 

sla g is M.k . T., t hen 10s2 of ~x;ge~ f rom the system cau~e s t he appearance 

of t he ;.;pi neJ. phase NgO . .A.l~07. ' H;1ich can bo expecH:!c1. to g i ve rise to an 
c .) 

increase i n the liqLJ.i dus -Gempe!'a ture of the sla€~ . 
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Al though "tne primaI-Y- phase o{ t:.nr ed.:.:..::ed A8 \'TaS not cieter·mined. , its beha-

viour during reduction stroEgl;{ suggests that the primary phase was N . A. T . 

Also~ the se:::-ies of slags ,o[ith CaGINg{) = 1 and basicity ratios differing 

by 0 ,05 (B28- B29- E1 4-13 30 - B31- 1332- B33- B34-Bll ) may be expected to go t hTough 

a chang'e in the primary crystalli~ation product .from M. A . T . on the Qcidic 

side to perovskite on the bas ic s:;'de , at a (CaO+MgO)/Si 02 value of 1,50 

to 1,55 (reprssented by slagsB31 and B32) •. There can be no clou.bt about 

'a change taking place beh:een Bl4 (N .A. T. ) and Bll (CaO . 'l'iO n ) with bas i ci ty 
L 

ratios 1, 4 ane. 1,7 respectively , ht.:.t the change in behaviour unde r r educing 

conditions as outlined i n s ecticn 4 . 2 .1 .1 appears to indicate the point 

where the change actually oceurs, more c losel y . 

4.2.5 Degree 01 redu(;'~. ion of reduced slags 

The te(;hniqt:.e empl oyed for de t ermining approximate degrees of reduction 

after t he s l ags had teen alloVled to react with gr3.phi te for selected time 

interval s , and for determining the rate of reduction ()f titania to lower 

oxides in some slags, wa.s described. in section 3.9. 

Not all compositions invo l ved during t he determination of properties 

such as viEcosity and e l ec t rical resist ivity that ha.s been described . were. 

tested in this study. St art i ng slags were aga.in selectsd on the -:, asis 

of the parameters (CaOtf'IgD)/Si0
2

, CaO/HgCi and mass ~{, (Ti 0
2 

-+- A1
2
0 .. .,), 

- ./ 

but a single series COmlJrising three slags , was used to demonstra. te t he 

influence of a given co mposition variaole upon t he extent of r eduction 

with respect to titz.nium oxide . Generally , slags of a pal'tic-ular 8eri es 

are compared on the basis of the mass gai n suffered during compl ete r e -

,oxida.tion of the va.r ious Inenibers, aft ~l~ reducti on fO I~ one speci.fied ti~e 

intaX"val at l 550°C . 

Comprehens i ve testing a t i ncreasing reduction time , in order to determine 

a rate of reduGtion , Has performed for slags Bll , B14 and 1317 only . 

These are also t he slags that \18re more 1\: .. 11y reported on in t he section 

dealing wi t ~l variati ons i n v i.sGos i_ ty an.d ::rIel ting t emperature unde r re -

0..1J.Cil"lg conclitioE.:; . ( 4 .1. 1 ) 
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for tr.ese three s lags as well, and. once a gaL'l , t he emphasis '.'las on slag 

BJ.4, ,.;hieh ,,!as sl1.hjected to 1:eductioXl at three different temperatures . 

Miscellaneous reoxidat i on expe riments liere cJ:1.ducted on a plant slag 

and als ') on the red leed derivattvcs a ris ing from slag-me tal-gr2.phi te 

react10n_'rJi'lere the initial s lag ' con tc,i ned ircn and vanadium oxio.es in ad­

dition to the b~s ic five components. 

4.2. 5.1 Prelimi nary work 

(a) The p l 2.nt slng HV 

The cOri(90sitio!1 of this slag vJas givsn i n t able 13. The results of 

viscosity measur ements carried out upon it, were r eport ed in sect i on 

The aim of the experiment described here ',Jas to determine an approximate 

state of oxidatio!: of titanium j, r; a typic.?.l plant .slag . The choice of 

the most emphasized J'eJuction times, derived from a, degree of reduction , 

that 'rlere to bE; Clsed f or synthetic slags dlnning measurement::; of v:.s;::osi ty 

and electrical resistance, was partially based on the !'esul 'c of this i'lCr~~ . 

Apart f rom the DEaly ti cal results reported in table 13, the s l ag frl \>;2.8 

separa ted i nto mag!1.~t.ic and non- magnet ic fractions . The former wa.s fUT-

theI' analysed fo r Fe c:md this figure ¥las a.ss1.uned to represent orlly 

metalli c :Lron. T~c remainder of the figuTe r eporte d as "£2
2
° 3 in the t o.bl ·2 , 

was ass1J.med to '08 in the form of FeO . . The f;lag .... !as a lso s l-loject'?d to 

oxidation at 11000C a nd the mass gain 'recorded. 

It wust further be 'borne ir, mind that the illcU::S gain ill8asureo ~ c 2.nnot be 

ascribe d entire ly to oxidation of 10\.[er titanium oxides . This can reasol'l-

ably be done in the cas e of a refr lced synthetic slag . In the case of the 

pJ.ant s13,g ;> the follovJing oxid.a+ i on reactio.s had t o be taken i n to aceo·r:.nt : 

')-~" o + 3/?0 
L_ ~ - 2 

2li'eO + ¥>.., 
V 0 + ( I" 

~:. 3 c: 
1'11' , 'J L ~') . ' 1.11. -r 2'- 2 

L. 

2 C:r-') + ~D') 
L. 

"':1 ,~ 0 (, ~ Ii e,....,. ._ ••• • iii _ .. • • • •• J_ J 

'L :; 
To' . (' (2) 
Le? J .. ·· ··· · ··· ··· \ _t 

- ) 
'7' r) ( 7. \ 
V 'l\.. 5-· .. ···,,.···· iI \.J 1 

c. 

l~y() f,) 
.1 ;. ~, 2 .. .... .... ... \'+ 
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The Eta t8S of oxi.da tion ShOINll on the l eft !' a{lCl si.de above, weT€: assn:ned 

to exist before :ceox:i det tion oj.' the slag. These on the r i ght represent t l1e 

highest stchte of oxid~t t.ion , bel i ev(~(l t o exist after oxic.ation . I f art 

oxidation s1:o:te ether than tbe lowest \,as reported in ta:'ole13 , it was 

conver ted to the 10\"est form and the l!l2.SS gai.n for its complete oxi­

dation calculated . The total of such results had. to be subtracted from 

the v a l ue obtained from tr..e rl'1o g:riwiI!le !~ric analysis , to find the mass 

ga.in clue o :lly to the oxidation of lower titani um 9xd..des. 'rh€: :reJevant 

resul ts B.re sum:narizec.. i n t.ahle 35. 

Table )2 Results of stoichiometry c8.1culations for slag HV . 

Netallic i ron content of RV 

FeO co[,tent 

~01 Ti per 100 gill sls.g 

Mass gain per 100 gm sls.g during oX.idati cn 

1'101 oxygen gain per 100 gm slag 

Nol o.xygen gain for (1) 

(2) 

(-) ,) 

( /j ) ,-r 

'rota1 (1) to (5) 

Mo 1 a?:' oxygell gain for: Ti 3.1one 

1I101es ex:ygen to satisfy Ti0
2 

Aciusl moles oxygen available for 'l'i 

O/Ti ratio 

0 ,052 

0 ,00 3 

r 0 ,008 

0 ,009 

0 ,002 

---,---_._-_._-_._----- - - ----_._-----

1,922 % 
0 ,3 2 % 
0,3868 

2,2 gm 

0,1375 

o,eG:;; 

0 ,77 4 

0,711 

1,839 

AJ. though ' ttis f i gure was useful incisc iding u pon the redl,-cUon t Imes 

thai; were t o be used for synthe tic slags , di r ec t comparison o et\'!80n 21 

a.nd the sYY'.t!1etic slag B14 as an e::::ampJ.e s regarding vis(';osj t y as a f UllC -

tier. of :re duction time" mus t be clone 1'l i th g1.'e& t C2.::' 2 : 

The }Jl ant slag do es centain other oxi des , :::g . TiInO , 

m:Lght reasonably be expected to increa38 the .:luidity of the ;~b.g· , 'l'he 

v iscos i ty J.cH·,rerhJ.g effect of F;:/.) ':12.8 2.c tu,,:11y 'p::::'ov9d experimentally 

(section 4.2.1 . 4) 
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(ii) The compos:" tiom' of 1314 and HI! (Effer, even wi. th I'espect to the 

five Gompone:ltsCaCi , r1g0 , Si0
2

, TW
2 

and A1
2

07,. eg o the basicity of IN 
./ 

is 1,53 , cO!:lpared: \-fith 1,40 for BILj. . 

(iii ) The anal ytical fi~lres in table 13 s~ffer from uncertain degrees 

of inaccurac.y 

(b) The syntt.etic slag i11/1 

Prillla:rily the aim of the set of experin;ents de scribed belO\", '.ras to f0110\,' 

the rate of reduction of a ti ~(;aniferous slag ,,;i th respect to all reducible 

oxides 1. e . FeO , I nO r:" TiO,... and Si O r)' by us ing a dual system of slag in 
~ J ~ ~ . 

contact vr ,U~ carton s:::'+'llJ1ate d ':"!:'on . Seeond?rily , it would allow the d8 -

te1'mina tien of a r edl.1ction t ime (or. labora to:ry scale under the pe,rtic:'11ar 

set of experimenta.l ccmcli tiorlS and relative to the starting composition 

of the slag ) t'thich vK'uId be necessary for coml1lete reQucticn of FeO and 

V
2
0

5
. The corresp::mdj.ng degree of reduc t ion of 1'i0

2
, when r e lat.ed to 

ear lier experime-~-~al resu1 is, "Jould. give an indication of tLe st3.te of 

fluidi t;y of the slag at t he time of satis.f<.lctory recovery of iron and 

vanadium . It was intended to foll o1r! the course of reduc tion by analysis 

of both slag- and me'cal. 

A comp:r.ehensive study was envisaged, i nvolyj.ng mainly the starti?lg' s la.f~ 

composi tion and rec1uct.ion temperJ.ture as '[ariables. 

Dlle to the hi.gh fluLdi ty of ti tarlife:;_'on s slags and t:--.cir ex trPElely corTO-

8ive 2.~ticr~ 0 ·'1 refrac t ory mat e:=,ials ~ t he ccm:non 1J::.'oblep.l 'Jf f indL(lg ?k 

high t emperature container for a sls,g- metal system , was a r, eV(;;11 ,nore 

acute one , Several u~·i successfill attempts "'ere made to const:cuct a COill-

pound erucible to hold the s y stem. 

The f ir.al procedure \,,'as the folJ o\-ring : a g!'2,phi te crucible wa.s c:largecl 

with a mixture of i ron and sufficien t carbon to saturate the iron at 

Tl:. ~ s "1 .. 1.S l:e .~~ ted i .n t Ile fl..!.Il1aCe fo::" 2 rlours a:t 1550° .-LIt an argo!~ 

at!n'~ s pheI'e. An eouaJ Das s (25 gr!l ) of s la,g cc.Jnta i n i ng: bo th ]:'90 .emd V?05 

1v;).S t hen added i;o t he cruci.1" J ;~ (;on tc!'1is C'.:rl ci aJ, lm·ie ci to l'eac t fc'r- pe:C:l.ods 

of 30 , 60 a.nd 120 mi nu t.es j Ctf t er I hich t he cruci·blc ,·;a8 :~ .ucnche(l to Toam 
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This experimental procedure suffered .£"rom s evs:ral drav/backs , i ncluding 

the fac t that the rea.ction was extreme l y vio l ent . :Llifficul ty '"as ex­

perienced in keeping the slag- metal system inside the cn.:.cible. II-Tore ­

over, tte products "veT.'8 d iffi cul tto s eparate, as they consiste d of the 

parent iron layer at ~he bot tom and g l obul es of metal of vary ing sizes 

not c08.1escing ",Ii ththe b ulk, in addi 1.;2.0n to t l e slag layer. For p'.lr­

poses of a naly s:Lng t he r esults , the r eact ion betl,'leen slag and d.~. ssolved 

ca:£bon and that beb-leen s l ag e.nd fre e carbon wou~.(i be impossible to sepa -

rate . 

For t hese reasons the s ingl e s lag IlL/I was tested a nd all f:::.rther work 

confi:led to s l ags red.uce' by ca:r:-bon a l one, as described before . 

The compos ition of the s t c:.rti,ng slag was g i ven in table 13. hesul ts of 

chemic3.1 analyses performed :::m the reduced slags are Sr.O 'dn in table 36, 

~'abl e 36 Analyses of :reduced derivatives of slag rn/l 

Product 

Original slag 

Slag reduced 30 mins. 

Slag red.uced 60 mins . 

Slag reduced 120 mins . 

Nass 

NgO 

16,40 

17,14 

18,33 

18,57 

pel' Gent concentTation 

reO If r'o,. _____ ._c,_.2. ____ 

5,88 2,75 
0,39 0,57 

0 ,30 0,l8 

0 ,11 0,08 
,------_. 

AtS1.uning t he MgO to be unaffected bY~~1e redu(;tion. pro cess , the per­

centage I'eduction of :ElleO and V
2
0

S 
CQuld be calculateJ. By h:.rther re -· 

oxidizing the slag at 11000C f or two Lours in a n oxygen atrJosphere, an 

approximate mc' l ar O/I'i ratio could be found. 

'1'he Cl.pproxirnate degr28s of red.uction f o r Fe , V and 'Ii a.re g iven j.n tabl e 37 . 

'The S3.l!18 r esults are pres ented. gr.?phica.l1y i n fi gure 115. 

On t he bas is of t hese v e ry 2'.pprC'zima te r esul ts , it a.ppears t!'-,,::: T. ti t a Di L'.m 

oxide i s or.l ~y' a ppre ciably r edllc ecl ?fter the ;,.ore l'c,Ci.d ily re ducible oxides 

hav e been v i rtualJ.y completely :!'ed~cec.. . Sat isf[ .. ctory TE: CO ve:c',{ of iron. 

a.nd. vana:d.iulTl cor~es~onds to 2.n o/rL'~. 2:.'atio re:::,r.~ sentillg: only mild ti t aniwTI 
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to reduction of syntc!etic s18.[o'3 would na tUI'2.11y be di~ferent, as the latter 

grou:p contained no FeO or V
2
0

5 
to screen titanium oxJde. Howeve r , it 

could 1)8 assumed that irlo lar O/Ti. ratios i n the reg ion of 1., 8 would be, 

most impo r.tant fyom an indus~rial point of v i ew. Th is valu e was also 

indica t ed by the resul t de s cribed in ( a ) for the plant slag I.·IV. 

It may 2.180 be no t ed t hat t hs He :U knm.;n lag of vanadium , CiS compared 

wi th iron , WCiS 3.1so i.ndica ted. in trois experiment. · 

Table 37 

Approximate degree s of reduction of Fe , V and Ti in t he red'lce d. d.erivatives 

of slag HI / I 

Product % reduction FeO I recluction r 0 70 ~? .-
- J - -_._._-----

Odgin8.1 slag 0,0 0 ,0 

Slag :::ediJ ced 30 mins . 93 , 7 66 ,0 

Slag red llced. 60 mir!.s. 95,6 94,2 
Slag reduced 120 mins . 98 . 2 97, 5 

4.2.5. 2 The effect of composition upon rate of redu ct- j.on . 

Although mo::::'e comprehensive da.ta (sho:c ter and longe r reduction times , 

and djfferent t empe ratures of redu ction) are ava ilable for some of t he 

slags dea lt ,·,1 it: in this s ection, the resul ts re ported t e r e "iill be 

o '1" j .. l 

2/:0 

1,95 
1 C "7 , vI 

1,72 

mainly "l.5.P.li ted to ShOH the effe cts of compos i tioD vari.2.ble::: a f ter reduc ­

tion for 60 minutes at l550
o

C. The valt.::.es of O/Ti ratios will S[}O \-1 t hat 

such a ch0ice was jus tified by t he data ~resented in the preceding section . 

(a) Bas ici ty 

E:xpJ?riIne11tal resl.1.1 ts for th.e series Bl1-1314-I31 7 are given ir:. table 58 

in tlle f Orril of percentaGe :TIB.SS gains obtaine d unr'ier t h e cord.i ticEs of re-­

oxide.t .to!} as desc ribed before . rhese vaJ.uss ';.;ere also COE'l;; rtr:-: ci to mo l ar 

O/'1'i rat i os on the: b~.j,f.ii8 of n.egLLgibl s titanium :;_oss from t l1e sys terr . 

'rha r eduction parajJ!~: ters -,lere plotted agai>13t basiei ty ra t i c in figure 11.6 . 
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2,00 

60 mins. 

1,75 0..___ 120 mins. 
----~~~~-----~-----

,,50 __________ . ___ LL.... ______ _ _ 

0,5 _ 1,0 1,5 

Fi gure 11 G ~he effect of basicity on degree of reduct i on , after 

reduction for 60 and 120 minut es at 1550
0

C 
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.!?ble 38 The effect of ba.sicity on degree of reduction , after reduction 

for 60 and 120 minutes at 15500 C 

Slag (CaO+MgO )/Si02 % mass gain % mass gain O/,l'i O/Ti 

No. ( 60 mins.) (120 mins . ) (60 mins.) (120 mins . ) 

B17 o,e 0,982 1, 460 
"' 

1,84 1,76 

B14 1,4 11125 1,628 1,81 1,73 

Bll 1,7 1,350 1,610 1,78 1,73 

. At 60 minutes, the difference i n the figures for B14 and ]317 , the hro 

slags diffE~ring grea t1y in b2.sici ty, is sur:prisingly small. This remark 

must be coupl ed with the anal ytical results that were g i ven in tabl e 13 

where it was sho".rn that, after reduction for 120 minutes at 15500C , the 

loss of Si presULlably as SiO from B17, vias appreciable. The figures in 

table 38 appear to indicate that al thov.gh reduction of titanium oxide is 

retarded by hi.gh concentrations of silica during prolonged reaction, the 

two oxides are reduced on an i nterdependent basis and for shorter reduc­

tion times, s ilica is not reduced as severely from highly siliceous melts 

as might be expected. 

The shape of t he line for 120 mi nut es , showing what might be t ermed the 

"ultimat e" extent of reduction , is more readily explained . The silica 

content of B17 is ayproaching those of t he t\oJo more basie slags and its 

reduction i s slowed dovffi . .A t t he same time , ti tani.um oxide is more severe ­

ly reduced . Bll and B14 have t he same O/Ti ratio , thus showing the effect 

of t he re l atively small difference in bas ici ty ratio be t ween these two 813.6 S . 

(b) CaO/MgO ratio 

T'ile series B13-B14- :815 i s used to i llustrate t he effect of t he mass 16 
ra tio CaO/hgO upon the reduction behaviour of titanium oxi.de. Experi ­

mental res1.l1 ts are show:.'1 in table 39 and f i gure 117 . 

.h. J. th::Hl gh ~~e experimentc;,l fi gures aTe sme.ll and must ~ec e s sarily L v·) l vp 

r el ativel y l ar ge errors , h i gher magnesia conte nts do g i ve r ise to slight l)' 

faster rates of red~ction of titani a . It mus t also be pointed out t nat 

the t hree slags B1 3, Bl4 and B15 possess 11101ar (CaO.,.JVI;;D )/SiO r a tio s of 
o I 2 
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l~70 , 1,78 and 1 ?91 respectively, so tha.t the line in figure 117 could 

also approximately be r eferred t o t he upper scale of molar ratio 

(CaO-tMgD)/Si0 2 • This points towards the possibility that :replacement 

of CaO by NgO on a molar basis at constant molar basicity ratio, may in 

fact have very little i nfluence on the ·rate of titania reduction . 

"-
Table 39 The effect of CaO/11gO ratio on degree of reduction after 

r eduction for 60 minutes at 15500 C 

Slag No. CaO/MI!fJ ~~ mass gain O/Ti ratio 

, 
B13 ' 2 0,940 1,84 

B14 1 1,125 1,81 

HIS A. 1, 280 1,79 2 

The relevant reoxidation resul ts for t h e three slags used [o:r determining 

the importa..71ce of t his parameter in the r educt ion of titani a, are prese:l -

ted i n table 40. 

Table 40 The effect. of mass % (Ti02 + 1.12°3) content on degree of red.uc ­

tion, af;;-er r edl.lction for 60 minutes at 1550oC. 

Slag No . 

AS 
B14 

C23 

36,00 

44,00 

54,00 

7~ mas s gain O/'1li ratio 

0 ,919 1,82 

1,125 1 , 81 

1,457 1,64 
_ ___________ . ______ ~.c.. _____ _ 

'llhe fi gures i n t he las t column are presentee. graphically i n f igure 118. 

Thi s shows that , accordi ng to t hese experimental resul t s , an increase in 

ti tania content at constant CaO :11g"O : Si 0 2 and (CaO+NI!fJ )/SiO? on mass :;£ 
basis , f:rom 30 , 2 (B14) to 37, 18 ( C2 3 ) had a more pronounced effect on 

t he O/Ti r at i o tha:l any of the other composition var iahl cs a ~, "'c ~le l evel s 

of vari ati.on t hat they were t ested. I t must be borne i n mind t na t t he 

i ncrease in ti tania content \-las accompaniE:d by 8 . rise in t he alumi na 

l evel i n such a. way tnat the mass I:) 'I' i.0
2
/ A1

2
0

3 
ratio re:rna.ii",ed ':; oYlsta ,l -t 

at 2 , 21. 
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4.2.5.3 Gel:eral treatment of rate res;ll ts 

For the general reaction of the type: 

aX + bY + cZ + ••••.•. • • Products •••••••. (1), 

the rate of the forward reaction is given by: 

Rate a kCX •••••. (2) , 

where the exponents 2. , band c a:::'e the orders of reaction v:i th :J:'espect 

to the relevant reac t ants, and k is a proportionalLty factor ca11ed the 

rate constant. If t he reaction is heterogeneous, as it is in this paTti­

cular study, the rate is also proportional to the i nterfacial area bet'tleen 

the r eacting species. 

It will be assumed for the purpos e of :::alculation that the reaction pro<inct 

is Ti
2
0

3
• The choice is almost entirely artificial, and was decided upon . 

solely on the grounds that titanium oxide was in no instance reduced be­

yond this state. The corresponding rea~tion is: 

aTi0
2 

+ bC dTi
2

0
3 

+ fCO •••••••••••••••••• (:5) • 

It is realized that even though equation (3) may represent the overall 

reac.tion, a step-wise mechanism involving mainly the lov:er oxides of ti­

tanium between 'ri01 ,67 and Ti0
2

,OO D!ay be more feasible. The rate may 

be determined by an i ndividual member of such a series of chemical react ions, 

or by other variables such as diffusion, and. is certain to be dependent 

on the rate of reduction of silica. Horeover , the mechanism may be an 

electrochemica l one, or the rate may be determined by the rate of carbon 

monoxide gas evol1.l.tion, which might render it dependent rm the surface 

condi tion of t he graphi te. Virtually no accolmt "laS taken of ti:ese poss i­

bilities , except that it ';las endeayoured to: 

(1) Keep the surface condition of the graphite a constant, by repro­

ducing the machining operation as closely as possible; 

( .. \ 
11) 

(iii) 

(iv ) 

Using reduc :i.on t emperatures which represented considerabl e de­

grees of sllperh8ating, so that at least initial viscosity differ­

ences '<fere minimized ; 

Limi t s ti:::'ring ac tion or~ly to the'. t induced by gas evolution and 

Usj_ng a constant slag mass of 70 gm in every instance so tnat 

Gfle r elat ive slag- reductant geometry ,.;as ke~t cons tant, if s!!'aLL 

var i a tions i n slag S . G. are i gnored. 
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For the overall reaction represented. by equation (3) the rate is expressed as: 

where 

, jVf 
o. 'ri02 

dt 

d ~i02 
dt 

c c 
A 

k 

i 
S/lOO 

rate of consumption of Ti02 (gm/mir.) 

mass of slag (gm) 

concentration of Ti02 in the slag (mas~ 10 ) 

concentration of carbon 

2 
interfacial area (em ) 

rate constant. 

Since the concentration of carbon is constant (with the reacti.on taking 

place in a graphite crucible), it may be combined with the rate constant: 

. k' 
b 

k (CC) ••••....••••..•.••••.• • (5) 

Moreover, the slag mass and interfacial area Here assUl'led constant and 

equation (4) simplifies to : 

d C
Ti02 

dt 
(

, a 
k if 0. ) 

, '"'TiO 
2 

•••..••.• ( 6 ) 

where k" (100 k ' A)/S 

(a) The crder of reaction 

'I'he value of a can be de t ermined by using the logarithmic form of (6): 

( -
d C . Tl.0

2 
dt 

d 

log I 

" -A plot 0f 

) 

CTi0
2 

dt 
\ 
) 

log k" +" a log (CTiO~) •........ ('7) 
c 

agaist log C
Ti02 

Sh0UJ.d be a straight 

line of s10 pe a , anci ine iYl t ercept of t he s tra i gh t Hne on the lj~ 'riO 2 

urdinate should y i el d t he va lue of k " . Numerical values to be used i n 

such plots may be 6bt2.ined by fi t ting smooth curves to the experin;en t a l 
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points of (%1'i0
2

) against time, and determining the slopes of thE curves 

at selected titania cocent~ations. These slopes give the values of 

at the corresponding values of C
Ti02

' 

(b) Once the order of reaction is established, the value of k" obtained 

above, can be checked with t he aid of a direct plot of experimental points 

without an intermediate graphical step . This is accomplished by substi-
---.. 

tuting the appropriate value of a in equation (6) and integrating between 

the limits of concentration e at t = 0 and e at time t. 
o 

For a first order reaction: 

log e / c 
e 0 

kit t ............ (8) 

and a plot of log e / C against t should give a straight line t hrollgh 
e 0 

the origin and the slope of the line is equal to k" . 

For a second order reaction: 

lie 

Then a plot of (l/e 

l/e k" t .......... (9) 
o 

l/e ) against t should give a straight line passing 
o 

througli the orj_gin, VIi th a slope = k". 

~his procedure also should previde a check on the validity of the value 

of a inserted in eQuation (6). 

From &. Imowledge of the interfacial area between reacting phases (A), 

and of slag mass (S)s_ the va.lue of k' caD t hen be found. 

(c) Activation energy 

In order to determine the ac-tivation energy for t he reduction reaction, 

t he temperature dependence of the constant k ' mus t be ascertained . These 

t,'18 parameters C.T!.) related t hrough the Arrhenius equation: 

k ' A exp ( - EA / R'I') ..... . ........ (10), 

"Ihe:ce A is a frequency factor and EA 5::; t he activation energy. In loga·-

:::-j.t r.:.rnic fOrIT! eq1l2 ... t icr.:. 10 become s : 
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log k ' = log A EA //RT ••••.•.•.. , .• (11) , 
~e e . 

SO t ba i a l.J2..o t of log k ' agains t liT must be a straigh t line , the 

slope of which should give t he val ue o£' Ell. ' 

The treatmerrt ou1ined above , was a pplied t o the slag composit i ons Bll , 

B14 and B17 . Bll and B17 were tested at t wo temper atures each ( 15500 

and 1600
oC), while B14 was reduced. at t hree diffe i'ent temperatures 

(1500°, 1550° and 1600
0 C) , i n order to deter mine t he effect of temperature 

on the rate constant k ' • 

As indicated before, k ' is obtained from kif through the relationship 

k' = (8 k" )/l OO A. An approximate value of the cOEversion factor 8/ 1()OA 
- 2 of 1,83 x 10 wa.s used toroug-hout . This figure is based on the as sumed 

values : 

Density of slag 3 ,0 gm/cm3 

Slag mass ( s ) == 70 gm, 

A (slag- graphite cont2.ct area) 

4.2.5.4 The rate of reduction of slag Bll 

from which 

38 ,2 cm2. 

( CaO+I"lgD )/Si0
2 

1,7 

The relevant experimental results as obtained fro m reoxida t ion of the va­

rious reduced d8rivatives as well as the unreduced slag , are given i n 

table 41. 

Ta'ble 4~ Rate results for slag Bll red').ced at 1550
0

C 

Reduction time )0 mas s gain O/1'i z( Ti30 ~ ) '7: f rp i 0 ) z(TiO) Crtl , O :; ~\ ~ 2 3 
.Ll 2 

(minutes) ( ~~ ) ( o/c,) (en /0 ) (mass%) 

0 0 , 283 1,95 14 ,0 9,1). 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 

9" 1, 500 1,75 74 ,5 49 , 7 ') 1\ 0 - r.:: " 
" c , / .!.. ) , ::. 

120 1 ,00 1 ,(3 79;8 53 , 4 26 , 7 1.1 , 1 
'--'--- . __ ._--------
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'1'he ta.ble also includes he values of the molar O/'l'i ratios of eve r y 

redaced. derivative, calcu .l.ated on t he ba::.:i.s of t h G assUJT!ptions t hat: 

(i) the mass gain during oxida tion is due only to the oxidation cf the 

lower oxides of titanium and that the carbon content of the slag 

is neg ligible, 

(ii) 

(iii) 

no titanium is lost from the system during reduction and 

the decrease in mass du ring reduction is s mall enm::.gh to b e i g ­

nore d i n de t e r mining the atom fract i on of titanium in the r educed 

slag as compared wi th t he unreduced one . 

The value of z r e presents a percentage conversion of Ti02 to the various 

lower oxides 'l' i
3
0

S
' 'l' i

2
0

3 
and TiO. , Tne concentration of Ti02 (C

Ti02
) 

was ca2.cula.ted from t he val ue of z(Ti,,03)' which 'vas assumed to be t he 
c: . 

overall reaction product . Tnis concentration measure is S;lOvTn as a func-

tion of reduc tion time i n figure 119. It \oJill be observed that zero reduc­

tion time does not correspond to 30,2 % TiO') "ihich viaS the original ti ta-
l... 

nia content of the slag as prepared. The difference is due to the loss 

of oxygen from t~e slag i n a.YJ. inert atmosphere during preme1 ting a nd 

determination of viscos ity ani electrical resistance . \fuile every effo:ct 

was IT'.ade to reproduce t he thermal histories of t he t hreE'! unre duce d slags, 

oxygen losse s from t hese are sme.ll and errors can be expected to be' com-· 

paratively large. 

Values of ( ) corresponding to t he various concentrations 

of Ti02 were obtained f rom t h e data pre sented in fi gure 119. 'l'hese are 

given in table 42. Rate s wer e de t e r mined at inte r mediate reduc t i on t ime s 

that Here not cov ere d experimenta lly. . HOviever , the trends s hown by the 

concen tratior..-time curve s \-Jere Gonsidered sufficiently well-defin ed t o 

allow such a proce dure . 

The fi gures i n the l as t two columns of t he table are presented in fi g-c.r e 120 . 
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Table 42 Logarithmic rate data for s l ag Bll reduced at 1550
0

C -
d C

Ti02 
d C

TW2 
Redt;.ction time - C

TiO log Cm · o log -~----

:dt Ll ~ dt 2 tC 

~j.nut~ (mass%) 

10 24,8 0 ,20 1, 395 - 0,699 

20 22 , 7 0,19 1,356 - 0 ,7 27 

30 20,8 0 ,17 1,318 - 0,770 

40 19,3 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 14,5 0,05 1,161 - 1,301 

100 14 , 2 0,04 1,152 - 1,398 

110 13,9 0,03 1,143 - 1,523 

The experimental rest;.lts were treated in exactly the same manner as those 

from the work at lower temperature in (a), and are listed in tables 43 

and 44. Graphs representing the figures in t hese tables are gi.ven i:1. 

fig~res 121 and 122. 

Table 43 Rate r esults for slag Bll reduced at 1600 0 C 

Reduction time % mass gain O/Ti Z(Ti.
3
0

5
) z(Ti ° ) 2 3 

z(rl' i O) Crr · -) 
~JJ 2 

(minutes) (%) (%1 ( 1~) 
> { \ 

\ ) \ IT:as sJo ; 

0 0,283 1,95 14,0 9 , li 4,7 27 , 4 

30 1,139 1 , 81 57 ,0 37,8 18,9 18,8 

60 1,750 1 ,72 87 ,0 58,0 29,0 12,7 

90 2,040 1,66 101,0 67,5 33~8 9,8 

120 2 ,130 1,64 105,5 70, 5 35,3 8 ,9 
--- -- ---.---- -
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1,able 4A Logar i t hmic r ate data f or s l ag 811 reduced at 1600
0

C 

d d Cmoo 
... 1 2 

Cmoo 
1 1 ? 

Reduc tion -I;ime CTi 0
2 

log C
Ti02 

log -----
dt dt 

(minut es } ( " mass~c 2 

10 24,1 0 , 28 1, 382 - 0,553 

20 21,4 0, 26 1, 330 - 0,585 

30 18,8 0,25 1, 274 - 0, 602 

40 I b,5 0, 22 1 ,218 - 0, 658 

50 14, 5 0,19 1,161 - 0,721 

60 12,7 0,15 1,104 - 0,824 

70 ll, 5 0 ,12 1,061 - 0,921 

80 10, 6 0 ,08 1,025 - 1,097 

90 9 ,8 0 ,06 0 , 991 - 1, 222 

100 9,3 0,05 0,969 1,301 

110 9,0 0,03 0 ,954 - 1,523 

Figures 120 and 122 show t ha t t he 10garith.'Ilic plots can be divided i nto 

two distinct seGtions , bo th of wh i ch can be approximat ed to by 

lines. 

s "tra i gi'lt 

Based on t hese results , t he ult imat e ki netic par ame t ers f or r eaction ( 3) 

were ob tained. These are given i n table 45 . 

Tabl e 45 Order of reac t ion and'r a te constant f or slag Ell 

Temperature (oC ) k " k ' a 

z 
x l O-5 1550 4,169 x 10- ) 7 , 65 1 , 2 

1600 1, 698 x 10 - 2 3,11 x 10- 4 0,9 
._--

'-

The values of the or der s of r eaction , a , gi ven i n the table , were 0 bta j.ned 

f rom t he slopes of t he lines drawn for t he i ni tial peri od of r educti on . 

Over t h is peri od an average value of close to 1 ,0 i s indicated . The 

exis t ence of such a. r egi cn appears to verify chemj.ca l reaction rate con­

trol. 'l'he t r ans i t ion t o hi gher order ( 3 t o 4) i s not sharp . It may 11Q1,.[ ­

ever ·be signi ficant t ha t i t occur s , for t he t wo temperatur es 'J f r educ tioYl , 

f . d t d ( + ~ ~ 0 0 d + ~O a t er ra tner s l mi lar re li C ion perio .s - bO mi nutes f or H )u an - ( 
° . mInut es f or 1550 C) . The possibl e i mplications of a h i gher order will 

be pa i nt ed out iii a l ater section . The val ue of ki 600 i s approxi matel y 

f i ve time s as l a rge as t hat of k ]' rr .) 
. . J ) \ 
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4.2.5. 5 The rate of reduction of slag B14 (CaO+Ng0)/Si0
2 1,4 

This temperature represents the lowest. degree of super heating -of the j.ni-

(+ ° tial slag for this par ticul ar composition -150). The same slag reduced 

for 90 mi nutes a t 15000 C would eventually be only! 70°C above its ~el ­

ting temperature. Experi mental results and calculated values bas ed upon 

t hem are given in tables 46 and 47. 

Table 46 
0 ' 

Rate results for slag BJA reduced at 1500 C 

Reduction time C7 
/ 0 mass gain O/Ti z(Ti

3
0

5
) z( 'ri ° ) \ 2 3 z(TiO) CT·O l " L 

(minutes} ( l~ 2 ( ~2 " ) ( Zo (mass;s ) 

° 0,227 1,96 11,3 7,5 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 53 ,2 35,5 17, 8 19 , 5 
----

Tabl e 47 Logaritillnic rate data for slag B14 reduced at 1500
0

C 

d C']I'O d Crn .. o 
Reduction time C~i02 

· l 2 
log CT "O log 

.L.L 2 

dt -
l 2 dt 

(minutes} ~ mas s ~;; 2 

10 26 , 6 0,12 1,427 -° , 921 
20 25,5 0,11 1,407 -. 0 , 959 

30 24 ,3 0 ,11 1, 386 - 0 ,959 

40 23,3 0,10 1,367 - 1,000 

50 22 , 4 0 ,09 1,35D - 1,046 

GO 21 , 5 0 ,08 1 ,332 .. 1,097 

70 20 ,7 0 ,07 1, 316 - 1 ,155 

80 20 ,0 0 ,07 1, 301 - 1,155 

The diagrams r epres t'mting the data i n t ables 46 and 47 are figures 123 

and 124 res pectively. 
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(b) 1550
0

C 

The relevant results are reported i n tables 48 and 49 and figures 123 and 125. 

Tabl e 48 Rate results for slag B14 reduced a t 15500
C 

Reduction time )'~ mass gain O/Ti 

(minu te s ) ___ . 

° 30 
60 

90 

120 

°f 22 7 
0,724 

1 ,125 

1, 385 

1,628 

Table 49 Logarithmic I'a t e 

Reduction time Cen, O 
11 2 

(minutes ) ~ass ?C) 

10 25,9 

20 24,1 

30 22,5 

40 20,9 

50 - 19,5 

60 18,3 

70 17, 3 

80 16 ,6 

90 16,1 

100 15, 8 

no 15,6 

1,96 

1,88 

1 ,81 

1,77 

1, 73 

ciata for 

z(Ti
3
0

5
) Z(Ti

2
0

3
) 

(%) ( ~£ ) 

ll,3 7,5 

35,8 24,6 

55,7 40, 6 

68,6 45,4 

80,8 48 ,0 

slag B14 reduced at 1550
0

C 

d CT, O 
1 2 

log Crr ,o dt 1 2 

0,18 1,413 

0,17 1,382 

0~1 6 1,352 

0,14 1,320 

0 ,13 1,290 

0,11 1,263 

0,09 1,238 

0,06 1,220 

0,05 1,207 

0,03 1,199 

0,02 1,193 

z(TiO) CT,O 
1 ') 

L 

( - 1\ ('0 1 

, J ( mass?,o) 

3,8 27,9 

12,3 22,8 

20,3 18 ,0 

22,7 1 r -
~O,) 

24,0 15,7 

d CTiO 
log 

- 2 
- dt 

- 0,745 

- 0,770 

- 0,796 

- 0,854 

- 0,886 

0,959 

- 1 ,046 

- 1, 222 

- 1,301 

- 1,523 

- 1, 699 
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Tables 50 and 51 tnclude experimental result8 for the reduced slags 

on reoxidation at 1100
0

C (see figures 123 and 126) 

Table 50 Rate r esults for slag B14 reduced at 1600
0 c 

Reduction time % mass gain O/Ti z(Ti 0 ) z ('i'i ° ) z(TiO ) ,., 
v'i' '0 3 5 2 3 1. 2 

(min'.ltes) ( ~b ) (%) (50) (mass%) 

° Ol227 1,96 11,3 7,5 3,8 27 , 9 , 
20 0,880 I s85 43,7 29,2 14,6 21,4 

30 1,000 1, 81 49,6 33 , 2 16,6 20,2 

45 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 Logari thmL; rate data for slag B14 reduced at 16000 c 
d CT,O d C1,.0 

1. 2 1. ..., 

Eeduction t ime CT,O log CT,O log' c:. 

1. 2 <it 1. 2 
- ~--

(minutes ) (mass O/~ ) / , 

10 24.5 0,28 1,389 - 0,553 

20 21,9 0 , 25 1,340 .. 0,602 

30 19,5 0 ,21 ll290 0,678 

40 17,5 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 13,1 0,12 1,117 - 0,921 

80 12 ,1 0,09 1,083 - l l046 

90 11,2 0,08 1,049 - 1,097 

100 10,5 0 ,07 1,021 - 1~l55 

no 10,0 0 ,05 1,000 - 1,301 

The d 9riv c~ r ate parame te rs are swumari zed i n t abl e 52 : 



-222-

~ble 5~ Order of reaction and rate constant for slag B14 

Temperature (oC) a k" k' liT x 103 log k' 
e 

1500 1,4 1,175 x 10-3 2,15 x 10-5 0,5640 - 10,75 

1550 1,3 2,239 x 10-3 4 ,09 x 10- 5 0,5466 - 10,12 
-z 

10 , 53 x 10 .. 5 1600 1,3 5,754 x 10-) 0, 5339 9,16 

The value of the crder of · reaction vias again obtained f:r'om the straight 

line dravTn through the points f or the i nitial period of reduction. Di ­

vision of the data i nto two straight line portions of different slopes 

may be considered somewhat art ificial i n · the case of reduction at 15000 C 

(figure 124) . For reduct ion telI!peratures 15500 
and 16000 c, such a di­

vision appears to be well justified. Again the order of reac t ion over 

t he initial period is close to unity . The trans ition point where t he 

slope of the line changes drastically, occurs aft er a r educ t i on period 

of ! 60 to 70 minut es , as it did i n the case of Bll . 

Also, t abls 52 ShOvlS that a temperature i nc r ement of 50° increases t he 

value of the rate constant k ' by a factor of approximately 5. The same 

observation was made in co:;:nectioil wi t h s l ag Bl l (see table 45) . Although 

three temperatures of reduction cannot be considered sufficient for re­

liable determ.ination of activation energ'J , the val ues in t he last two 

columns of table 52 were plot t ed i n fi guTe 129 . A straight line .ras fitted 

t o the three po ints , from which t he activation energy of r eaction (3) 

was determined as : 

E 
A 

107 Ie cals/mol 

4. 2. 5. 6 The rate of reduction of slag B17 

448 KJ/mol. 

0 ,8 

Results of reoxida tion t ests are given i n tables 53 and 54 . (see also 

fi gure s 127 and 128) . 
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Table 53 Rate results for slag B17 reduced at 1550
0

C 

Reduction t ime % mass gain O/Ti z(Ti
3
0

5
) z(Ti

2
0

3
) z(TiO) CTi02 

(minutes) (%) ( 1 \ '70 ) (%) (mas s%) 

° 0 , 255 1 ,96 12,6 7,1 3 ,5 28 , 2 

30 0, 600 1, 90 29 ,8 19,9 9,9 24,2 

60 0,982 1,84 48 ,7 32 , 5 16,3 20 ,4 

90 1,238 1,79 61 , 4 41,1 20,5 17, 8 

120 1,460 1,76 72,3 48,3 24 , 2 15, 6 

Tabl e 54 Logar.i thrni c rat e data for slag B17 reduced at 1550
0

C 

d CT'o d C
Ti02 

Reduction time C'r~o 
1. 2 

log C'I' i O log - - ---
.1. 2 dt 2 dt 

(mi!lutes) (mas s %) 

10 2" L 0,0 0 ,14 1, 425 - 0 ,854 

20 25,3 0,13 1,403 - 0 , 886 

30 24,0 0 , 12 1, 380 - 0,921 

40 22 , 8 0 ,12 1,358 _. 0 , 921 

50 21,7 0 ,12 1, 337 - 0 ,921 

60 20 , 6 0,11 1,314 .. 0,959 

70 19, 6 0 ,09" 
) 

1, 292 - 1,022 

80 18,7 0,09 1 , 272 - 1,046 

90 1,(,9 0,08 1,253 - 1,097 

100 17 ,1 0 ,075 1 , 233 - 1,125 

no 16 ,4 0 ,07 1 , 215 - 1,155 

Experimental results f or r ec.uc t i on time s up t o 90 minutes are gi Yen _11 
.l. , -
va OJ.8S 

55 and 56 . Thef: 8 a :ce shown graphically i n figu.res 127 and 128 a8 well . 
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Table 55 Rate r esults f or slag B17 ' reduced a t 16000 C ---
Reduc~i on time % mass gain O/Ti z(Ti

3
O

S
) Z(Ti

2
0

3 
) z(TiO ) CTiO 

2 
(minutes) (%) (%) (0/; ) I rd \ \.rnassl' j 

° 0 , 255 1, 96 12 , 6 7,1 3 , ) 28 , J. 

20 0 , 6J.O 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 l ll ,l 

Tabl e 56 Lo g:1rithmic rate data for slag B17 reduced a t 16000 c 

d CT.
O d Cen ' o l 2 ..L l . ,...., 

Reduction time CTi O 
- C l og :::. 
.Log m'O - - - ---

2 
dt I I 2 dt 

(mi nutes) (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 - 0 , 796 

50 19 , 4 v ,14 1 ,288 - 0,854 

60 18 ,0 0 , 13c; 1, 255 - 0,870 
) 

70 16 , 6 0 , 12
5 

1 , 220 - 0 , 903 

80 15,3 0 ,12 1,185 - 0 , 921 
---- --- -

The kinetic par2.r.:!eters derived from t n8s8 , a re pr"~sented i n t 8.ble 57 . 

l'able 57. Order of r ea c tion and rate ccnstant for s12.g B17 

TeJilpera tlAre (°('1 
V) a k If k ' 

1550 1, 4 1 , 413 10- 3 2 1)0 -·5 x , ~ / X 10 

1600 1 ,1 5 , 49 5 x 10 - 3 10 ,05 :x 10 - 5 
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Figures 127 and 128 shOi{ t hat there is. very little evidence of a se--

vere change i n the value of t he orde r of r eaction for this particul ar slag 

cOllnosition, as compared wi t h the more basic members of the series. 

Consequently I a' in te.ble 57 represents the slope of t he single straight 

line drawn ihrough t he points in figure .126 . 

In conclus ion , the effect of basicity (as the lIlass % ratio 
CaO + NgD 

Si0
2 

) 

may be condensed tofue values of k ' for the various slags . At t he same 

time , t he ultimate degree of r eduction. attained by every slag should be 

an important parameter. 

Table 58 Eff ect of basicity upon rate and extent of red~ction of Ti02 

Slag No. (CaO+NgD )/8i 0 2 
Temperature (OC l 

\ J k ' O/'ri 

Bll 1,7 1550 7,65 x 10 - 5 1 TZ 
" J 

1600 3,11 x 10-A 1, 64 

B14 1,4 1550 4,09 x 10- 5 1,73 

1600 1,05 x 10 - 4 1, 66 

B17 0,8 1550 2,59 x 10-5 , 7 /' 
.l_.~ 1 0 

1600 1,01 x 10-4 1,73 

~-

(120) 

(120 ) 

(120 ) 

(120 ) 

(1 "0 -, _ t:. / 

(90 ) 
-------

* The figures i n brackets are the reduction times i n minutes. 

At any given reduction temperature used. , an i ncrease in basicity rai,io 

leads to an i ncrease in the value of k '. The l arge effect of an i ncrcg.se 

fr-om 1, 4 to J. , 7 as compared with t he r elati'lel y small effect of t~1.e in­

crease f rom 0 , 8 t o 1, 4 was a lready po inted out i n section 4. 2 . 5 . 2 (a) . 

It is sib~ificant t hat only one of t he s lags i n the table suffered r educ ­

t ion with r espect t o titani um oxide , beyond that represented by the COffi ­

palmd Ti
3
0

S 
(Bll reduced for 120 minutes at 1600oC) . ~ven here the value 

of O/Ti is 30 slightly beloH 1, 67 , t hat it may be due t o experimental 

error. 
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Figure 129 Ac t i vation energy for Ti 02 reduc -bon . ( s l ag 1314) 
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5.1 Reducing condition s and melting temperatures 

An important observation made during the present study is thatreduc.tion 

by carbon severely increases the melting temperature of slags whose pri­

mary 'phase~ in the unreduced condition, was the magnesium aluminium ti-

tanate 4(NgD . 2TiO) . Al
2

0
3

.Ti0
2

, t hat was denoted as r'i.A .T. 'l'hese changes 

are generally accGmpanied by a tendency for the primary phase to change 

towards the spinel f'lgD . A1
2
0 3' On the other hand, those slags whose primary 

phase is perovski te, to s tart wi ih , do not shovl such ' a trend to any marked 

extent, eV8!'l \-Jhen the melting tempe rature of the i nitial slag is lm·/. 

It was a.lso pointed out that t he thickened s l ags studied, can still be 

classified as very fluid, but that operation should not be based on some 

very lo .. ! liq1.tidus temgera iures measured under oxidizing conditions, for 

slags lying in tr-~e M.A. T . phas9 field. 

The phase 4(r'IgO . 2Ti0
2

) .A1
2

0
3

.'l\02 has a composition lying on the join 

I1gO . 2Ti0
2 

- A1
2
0

3
.Ti0

2
• 'l'hese two end members are both isomorphous with 

pseudobrookite Fe2~ 3.Ti02' T~e phase relationships along this join, as 

re ported by Boden and GlasserC l ) in their very comprehensive study of t h e 

ternary sys t em, are given in figUre 130. A,bove 1262
o

C, tne sub- solidus 

phase distri'oution s haH::> comple te solid solubility between t he two end membeI's . 

The vaiiation of one X-ray d-spacing with composition, as given by the 

authors , i s shOi·Jn in fig'lre 131. '1'he f"Unctional relationship i s a linear 

one: 'tlHh absolut e ly no sign of discontin:lity . In the temperature inter­

val 1 ::'00° to n oooc (see fi,€:)"lll'e 130 ) , the solu·oilitv of .U
2
0 z .TiO r i n t he 

" ) ~ 

pscudobrooki t G Go lid solution falls from 85 to 25 mol ?~ . A thermal in-

t b ·l· ' l' . t f ]V 0 2T ' ° . , ddt 7 ::;OoC . s -a. :!. l ty ~ .lT7ll 0 liiS . l 2 was not oese rve . ovm 0 ,./ 

The t wo spi~lels, 2IvIgD . 'I'i02 (inverse) and i'1gO . A1
2

0
3 

(normal ) , a.re also 

co m.~:) l et 2 1;'( misc ible at h igher tempe:ca ture s . Tile X- ray Ii - spac i ngs of t he 

solj,d solu~j ons are independent of temperature and also a lineal' f1.Eletion 

of c02position , i ncrea sing as t he Mg
0

TiO
I 

content i ncreases . The spi nels 
"- L 

ce8,S~ t o h:: compl e t ely misGH.'le below 1375°C. Futher deer-ease i n t emoer-

a.-hE":O l eads to tbs fG rJE:Ltion of af:lsemhJ.a.ges containing iv·o spiYiel ~Jha:.;es . 



- -229-
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Figure 130 Phase diagram for the 
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solutions - 0 23 reflection~91 ) 

Figure '132 Subsolidus diagram of t he j'IgD- A1
2

0
3

- Ti0
2 

system 

at 1550o C. (91) 
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The sub-solidus phase diagram of the syst8ffi HgO - A1
2
0

3
-Ti0

2 
at l5500C, 

as given by Boden and Glasser, is ShOvffi i n fig',ll'e 132 . The follo'tling no ­

tations were used : 

a 

b 

c 

Psb 

ss 

N. T. 

PGeudobrookite solid solution and JV'IgO .TiO ,) 
'-

pseudobrookHe + spinel solid solution + MgQ .Ti0
2 

pseudobrookite solid solution + A1
2
0

3 
pseudobrookite 

sohd solution 

The region of homogenGo~s spinel solid solutions is also pertinent to 

tbis work . The solubility of AJ.
2

0
3 

in spinel increases with temper2.ture , 

h ' + d O. 66 d )' reac l ng - 80 10 at I J50 C. ~The a l umina content of I\lg0 .Al 03 is 71, 70 • . 2 
The sto ichiometry of Mg

2
Ti 0

4 
varies little at temperatures np to lS50oC , 

and substitution of Ti4+ i nto the a l uminate spinel decrease s t he solubi­

lity of excess A1
2
0

3
. The wedge-like shape of the homogeneous spinel 

field is caused by the changing so l ubility of A1
2
0

3
. 

It is very s i gnificant that the X- ray d- spacings of the ternary spinel 

solid soh,tions go through the "wedge" almost parallel to the iso-magne-

sia contours . ;1'hese lines, as determi ned by Boden and Glasser , show for 

exampl e tha.t a spi nel cor.taining as mass % concentr ations 32 7; Il gO , 44 r.;f 

A1
2
0

3 
and 19 ~b Ti0

2
, has the same unit cell size as stoichiometric EgO . Al

2
0

3
. 

Regarding figure 132, it shoul d a l so be observed. that at high tempera.ture, 

phases containing oxygen atoms in approxi mately cubic close packing aTe 

f avoured over those wi'th hexagonal packing . rI'he former include pS81ldo ­

brookite and spinel solid solutions , the l atter corundum and MgO . TiO'). 
<-

At lower temperature the phase field (pseudobrookite + spinel solid solu-

t ions) contract . 

The propo sed melting temperatures of the IllOSt i mportant end members i n 

the system are : 

2IVj gO . Ti02 1732
0

C 
(92) 

N{:SD . Ti0
2 

l 630
0

C (92) 

I1gO . 2'[' i O 2 I t: r,)°C v) <. 
( ~2 ) 

iy' 0 ··· 1 ° . If!) .,d. 2 3 2l 3S
o

C (93) 

AL)C) ~. rei O ') 
'-) . L. 

18 ... ,, 0(; l)\.) .I 
(93) 
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5.1.2 Mineralogical composition of some titaniferous slags 

According to Reznichenko(35) industrial high titania slags (of app:roxi­

mately Sorel type) a r!: composed of: 

(a) minerals of the ancsovite group cons .isting of a. solid solution based 

on the 'lli
3
0

5 
structure (orthorhombic), 

(b) minerals of the tagirovite group based ona solid solution having the 

Ti
2
0

3 
stIucture (rpombohedral) and 

(c) a glassy matrix. 

The group of minerals actually formed, dep8nds on th'::) composition of the 

slag. 

The author proposed t he following general formula for the anosovi te group: 

ill [( rl'i,Mg ,Mn,Fe)O. 2TiO). n [(Ti, Fe,Al ,Cr, V)203' Ti0 2J 
'fhe possitili ty of complete r.mtual dissolution is strongly suggested 

by the variable valence of Ti i n Ti
3
0

5
: 

TiO. 2Ti02--·· 'l'i
3
0S --"" Ti 20

3
• Ti02 

The formula proposed for the ta.girovi te type minerals is: 

a [(Ti, Ng ,Hn,Fe)O.Ti02J. b (Ti,Al,Cr,V,Fe)203J 

The ex.i_s -tence of such a solid 801 u t ion series appears doc:btful in the 

light of the work of :Soden and Glasser(91
) which indicated that MgD . 'j1i0

2 
and A1

2
0

3 
are incompatible and do not fo rm mutual solid solutions, in 

spi te of t heir stru.ctural similarity. 

Tfhe available values of ionic radii suffer from varying degrees of uncer ­

tainty , depend.ing upon the techniq-lle employed to determine them (eg . 

calculation from 1,~ave functions or determination of la.ttice spacings of 

crystals where the type of compound introduces another variable) . 

The radii of those ions most pertinent to a consideratior:. of the above 

solli solution types, are listed i n table 59 . 

Even i·lher: t i12 obvior:s val'iations are t aker} i r: to aCCOl:nt lit appears th3. t 

t he ionic r adi i f or di- arid triva l en t ions are sufficiently s i milar , as 

gr ol:.ps , to alloH lnutual subs ti tution . 
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Table 52. Ionic radii of selected metal ions 

Ion Radit.ls (~L Ion Radius ~}\) 

r- 2+ '~ 0 ,94 Ti 3+ 0,76 
y 2+ 
19 0 !66 Fe 3+ 0 ', 64 

r 2+ 'm 0 ,80 A1 3+ 0 , 51 

Fe 
2+ 

0 , 74 Cr3+ 0 , 63 

V3+ 0 , 74 

Pa r man , Prince and :Bright , as quoted by Handfield and Chare t te (10) , COD. ­

(: luded from their work or. Sorel type slags , that t he mai n constituents of 

these s:i..ag .:: ha've one of the two baaic formulae : 

(a) - r: ')""0 eR 
~. 2+ Fe 

2+ Ti 2+) hv . <... l.l 2 19 , , 

(b ) R
2
C

3
, Ti 0

2 eR F 3+ e , .U3+, Ti 3+) 

These findings agree well wi-:h those of Reznichenko mentioned above . 

'rhe 'dork on very high titania s l ags oulined in thi s section~ j _s i mporta.nt 

i n this context insofar as the results can be expected to represent ex-

tr8lTIe c(mdi t':ons in t he presen t study . 

Jo chens (S) also !fientioned that phase studies carried out on pilot plant 

SH'gS of approxi mate composi tions : 20 - 22'7~ CaO , 8 10'10 HgD , 15 - 187~ 

SiO')L. ' 10 -12?';A1 20
3

, 31 - 34% T:'0L')_ ~ l~~ li'eO , 0 , 3';b vo andO , 25% Cr')0_" 
2 5 ~ ) 

reveal ed that the primary phas e was CaO. 'ri0
2

• This 'das follo"led by 

(M .A. T . + 1'IgO . A1
2
0

3
) . This sequence applies to an operation "lhen "" mix-· 

. tare of l imestone and dolo lf. i te v,as used as a f2.u x. The order Has reversed 

i n slags produced Ylh en using do l ord te as a flux. These slags arose fro m 

pilot plaClt testing prior to the commissioning of the Righveld iron plant . 

I n fact , Jochens(S6) during his Hork on synthetic slags, showed t ha.t the 

M. A .'}' . phase viaS in many case s accompanied by "traces" of i':g0 . A1
2
0

3
. 

l atter phase could not be r esolveu microscopically . 

5 . 1 . 3 'Ph", perovsk i te and ilrneni te s t Tuctures . 

The 

CaC . 1' iO 2 i s kno-wn to be a V CJ:'Y stable pha s e . It ha s a. mel ting t emper,?ture 

of approximdel y 20C:OoC, (;oll'parerl with e g o FeO. Ti0
2 

(1470°) , NgO . l 'i0
2

( 1 6 30o) 
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The perovskite structure is only ideally cu"bic, in which case the large 

Ca2+ ions occupy the cer tres of the cubes in the close packed arrangement 

\-lith oxyge~'1 , while t he smal l er Ti 4+ ions fill the corner interstices. 

Tl",4+ l"~ 6-coo~dl" nate~, L 'l C 2+ h ' d' t" " f 1') ~ 1-" ~ W'rll e a as a coor lna lon number 0 , ~. 

In the ideal structure t Ilere is a definite relation between the radii of 

A , :B and 0, if the geneI'2.1 structure is represented by AB03: 

r
A 

+ rO = [2 (r
E 

+' rO) ' 

Comparatively few compoa.n.ds have the idea.l cubic structure. J'lIany, in­

cluding CaO.Ti0
2 

itself, have distorted variants of lower s~~@etry, so 

that a more representat i ve formula is: 

All compounds of perovsk i te structure have t = 0,8 to 1,0. Lo",er values 

of t lead to the formation of t he ilmeni t e structu:re. For an ideal cubic 

structure, t = 0,89 and in the range t = 0,8 to 0,89 (in '",hich perovskite 

falls), the tendency is towards monoclinic or ortho:rhombic structures . 

Ilmenite, exemplifying t he ilmenite structure, is isomorphous wi t h O<'-~41203 

aIld Fe
2
0

3
, IVJgO . Ti0

2 
has the same hexagonal structure. 

are each surrounded by six oxygen ions. 

The metal ions 

It is also significant t hat, whil e solid state reduction of ilme:;ite is 

possible at comparatively hi gt temperatur e, reduc t ion is facilitated by 

pre-oxidation to a pS Gudobrookit E: type structure. 

5.1.4 Consideration of t ne reduced conditio,n of s12.gs in this study 

It was :::-epeatedly indicated in section 4. 2. 5 that the oxygen content of 

the re d.uced slags a pparently t ended to a l evel cor r esponding to t ne s toi ­

chio!!le try of 'I'i
3
0

S
' a s t he r eduction tiTle was extended . 1 t "lias also in­

dica ted, although not. pr oved conclus ively , tha t t he r eductio" pr oduct a t 

t he slag- gra pl1i -;;8 L 1 t2rface a J peared to conJca i n a h i g~~ cc ncent.:::-a t i on of 

t he same compound. . 

It was point ed mIt i n s ec t i on 5 .1. 2 t hat t he di ~proportionation 
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TiO.2Ti0
2
-- 1'i

3
0

5
--,,, Ti

2
0

3
·Ti0

2 
in a system reduced to a level vlhere t he ~xygen content is sui table, is 

a feasible one. The two extremes are isomorphous with the end members 

fiIgO. 2TiO~ and A1
2

0
3

.'1'i0
2 

in t he T1gD - A1
2
0

3
-Ti0

2 
system , so that Ti 2+ can re-

I W -+ d T· 3+ 1 "1 3+. t' . 1·· t· pace ng , an 1 can rep_ace I". 1n ne magneslUlll a l.UlllnlUIll l -

tanate 4(MgO. 2Ti.0 2 ) . A1
2
0

3
• 'riO 2 ' 

Extreme replacement unde r severe non-eql.:ilibrium conditions as do exist 

at the reaction phase boundary , ml:st lead to the separation of a Im·rer 

titaniUJIl oxide . It has been s hown that even i n t he oxidized state, the 

spinel phasE- lYI~ . Al,,03 accompanies I1 . A. T . Hhen the l atter is the primary 
- ~ L. 

'11·· . ~ R 1 t f W 2+ b m· 2+ d f A13+ b crys"La lza tlon produc u. lep acemen 0 ) Jg Y 1.1 , an 0.. y 

Ti 3+ must necessarily l ead towards at lec.2t a change favouring the spinel 

phase in ti le bul;'~ of th e slag . 'l'he spinel in its pure form, is a stable 

high tempe rature phase. LOVier ti tanjum oxide s at t'le molar O/Ti ra t ios 

at which t hey are prE-S e!lt in this system, are not believed to be congrue;'lt -

ly melting, but t he gener.?l t emperature\vhere a true liquid is expected 

to exist, is h i gh (+1800
0 C) . 

This mech8.nism appears to be in accord with t he observations made hl tbis 

study '-inen the slag wi th t he original prima.ry phase N. A . T . was inves t.iga ted 

in the as-reduced condition . The priIiJary crys tall ization product l"IfO . A120 -;; 
./ 

reported as be ing present in the core powders of such reduced slags , is 

not expected to conform stOichiometrically to the pure spir.el, but rathc :!.' 

to be a member of t he solid solu tion series containing HgO , A1
2
0

3 
an d Ti0

2
, 

The results of Boden and Glasser appe2.r to confirm such a possibility, 

'''hen ')nly X- ray diffra ctioY! results are used for the identification of t he 

crystallil~e phase . 

Hm"ever , t he i:~(;rease.d meJ. ting t em;?eratures r eported in sections 4 , 2 . 1 

and 4. 2 . 2 referred to homogen izeci melt s in \-Ihich lower oxides of titan i:u1li 

were not identified. '1'he primary crysta lliza tj on product consj_sted of 

T1 . A. T . and spinel and t he e xperi mental ev i dence fo r the l atter ·,vas very 

concl usive . It i£ suggested t hat tl18 10v:e1' oxides of ti tan h u1! , con t8.i "ing 
2 ' 7 ..j.. 

rn· T d r.l ' ... ) . 
1.l an II , -,,-ere r e di.s t r ibu"ted , a pseudob:co'.:>ki t e solid solution }loase 

of co mpos i t i on siQilar t o t he one slla'ges tecl by h2zo i chenko ( s e ct i on 5 . 2 .1) 

\·/as reconstructed , and oecc..l::. s e of t he mut u81 2 1.l0 3 c. i tution th", s pi nel phase 

persisted. The effe c t of t he sub s t itutions on t hs melting behavjour of 

the pseudobrookite solid so l uti on is virt~al ly i mpossibJ e t o pTPdic t , but 
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the appearance of the spinel phase may ~easonably be expected to give 

rise to an increase in the liquidus temperature of the slag. 

Those slags initially having perovsk i te as the primary phase, shovred 

little, if any significan t rise i n mel -ting temperature upon r eduction. 

It was indicated t hat CaO.Ti0 2 is a very stable phase. Moreover, replace­

ment of CaO by TiO, although configurationally feasible, \\Toula i mply a 

non-equi~ibrium oxida tion state of titanium "Lmde r t.he candi tions obtaining 

during viscosity measurement. vlhile it is believed t hat CaO. Ti0
2 

may 

eventually be r eplaced by a spinel phas e as t he primary crys t allization 

product, -.::-educing cor,di tions employe d. during t h j.s study were not severe 

enough to bring about such a change. 

In conclusior. , it j.s suggested that changes in liquidus tempera t ure occurring 

during r eduction by carbon, are not simply r elated to slag lJasicity . 

Such an explanation seems to be i mplied by eg o Gruzdev et al( 58 ) (section 

2.4.S). Instead, t he solution must be sought in t he nature of the primar y 

phase of the initial slag whicLl in t his study , was no t de termined by basi­

city only, but a2.so by the CaO/Mg{) r atio and the titani a content of t he 

slag. It is however significant tha t the t hree highly acidic members 

of the B ser ies (B1 6 , B17 and BlS) had H. A.T. a s a primary phase, r egardless 

of the CaO/ TJ[gO ratio. 

5.2 Reducing cond itions and visco s ity 

5.2.1 A possible r elationshi p between the r a te of t i tan i a r eduction and 

viscosity 

It was illutra ted i n section 4.2.5 that although fir s t order kinetics, 

believed to be as soc i a t ed with chemica l r ea ction r a t e control, was followed 

by the system over t he initial r eduction peri od , such a mod.::: l could not 

be us ed t o i nterpre t t i1e r a t e dat a over t he ent i re per i od of r educ t j.on . 

This statement appeared t o be part icul arl y valid fo r mo re bas i c s l ags . 

For more a ci di c slags ( r erresented by B17) and possibl y even for slag Bl4 

(bas i city rat:Lo 1 , 4) ',Ihen r educed a t t he I m'lest temper ature (15000S) , 

t he linear l ogari Puni c: re la t iorJsh.Lp betHeer~_ r ate of ti tani a redu(:; t i c.'n 

and t te appa r ent cor-cent ra t i on of 'r i 0 2 ill t l1e mel t , i,as m;;;_ir,tni ned fer 



even prolonged reaction. 

It was also sho;.m in section 4.1.1 that viscosity is a function of the tirr.e 

of l'eduction. During reduction at t~mp8r.a tures up to l550
0

C the viscosity 

of the three slags Ell, E14 and B17, ~vi tll the basicity decreasing in this 

order, shoved an i n itial tenden cy to decrease. This was follo Hed for tr,e 

two rwre basic slags, by "thickeni!1g" . The viscosity of E17 did not hl­

crease . \vhen the reaction temperature was raised to 1600
0 c, the vis cosity 

minimum disappeared i n t he case of Ell, became less pronounced in the case 

of B14 , while 1n7 now became less fluid. during prolonged reduction . 

! 

If a slag "th ickens" appreciably relat.ive to its ini tial visco~;ity , it 

is reasonabl e to expect that t!':le apparent rate of titania reduction wE] 

be comA dependent on transfer of oxygen fro m the hulk of the slag' to the 

r ea c tion icterface . S·clch a transition may be accompanied by a change in 

the order of 1.'ea(;-;;ion from u nity to higher orders. If diffusior. is to 

become ti:~<:' Tate limiting step , a treatment of the rate data as outlined 

below, suggests itself . 

Still referring to the r eact ion: 

a'I'i0
2 

+ b C dTi
2
0

3 
+ fCO ........••. (3), 

the rate of reaction is give~ by: 

dt. 

where 

Drr -o ,A 
_l 2 

( 
o 

[. Cm - o (i) 
.1.l 2 

diffusivity of Ti 0
2

in the slag , 

interfacial area, 

...... (} 2) 

effective boundary l aye r thickness at the 

slag-graphite interface , 

concentration of Ti02 at the interface, 

bulk concen tration of Ti0
2

. 

If Cm'o (i) i s assu8ed to te negligibl e, 
.Ll 2 . 

eQuation (12) bec0wes: 

d C'l' i 0 .- 2 

dt 

~1}-1 (: cLffuB j.,)Yl bound.a,:cy layer ;·dll only be of constant t h ickne"'s (~) if 

th ',=:~' e is !!u gas L)v 01 tl't:io r. . .::n the ;Jre~;·~:"t. systel'1) thi s cond i. Li un is llOt 
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fulfilled. O!l the contrary, the rate of agitation of the melt by bubbles 

of carbon monoxide and possioly silicon monoxide "fill be a function of 

both sili.ca and titania reduc tion rates. 

that /:. '..ras a f unction only of d CTi02 

If it were possibl e to assume 

Wagner ' s (94) proposed empiri-
---

dt 

cal relation might have been uSeful : 

, [d CTi0 2 J­
J A dt ...••.•• (14) 

where ,j and ~ are constants . 

Substitution of equation (14 ) 

d CrpiO .... ~ 2 

dt 

i nto (13) l eads to: 

A1_{DTi02 ~ CTi02 J 1/(1-f') 
.•.. .. .. (15) 

A..'1. a pproxi mate valu e of the o:t:'der of reacti.on might bo obtained from the 

kinetic data pre sented befo:re . 'Subs ti tut ion into e-:luation. 15 would. give 

a value of Ii'. ar..d the apparent r-ate consta.:1. t .. Jould be expressed i n terms 

of A ~ D'lli 0
2 

and j. RoV/ever, D
Ti02 

is not a constan t e ither, but is re-

lated. to viscosity through t he relationship: 

DTiO" constjr; •..••.•..• . (16) , 
L 

accordJ~g to YavoYSkiy(95) . 

Accordingl y , a relationship was sought beh"een the apparent rate of tita!lium 

oxide reduction and b.e viscos i ty at the reduction temperature . The rel e ­

V:3.nt results are pr esented graphically i n f i gures 133 to 137. For t hose 

slags Sho-~iing a well-defined "thickening" period, t he re exis Ls a linear 
o 

r ela.t :Lonship beh!e en viscosity and. reduction rate - B1 I reduced at 1550 

(figure 133) and B14 r e duced a. t 1550
0 

and 1600
0

C (figures 135 and 136 

respective ly ) . . The illustrations for BJ1 (1500
0

) in figure 134 and for 

B17 (1550
o

C) in fj gure 137 were included. mere l y to show t h e lack of any 

obvious relationship between t he t wo variables. As was expected , this 

linear corrella tion existed approximately over the r egion whe r e a first 

ord.er rate 1a", was s l1ol-m prev ious ly not to apply. Simila r l y, it Has 

a bsen t ove r t he t i me i:,.tervals v hel.'e fi rst or d.e r rate con t ro l ",as sUG-

ge s ted :1Y the e:x:peri n8ntaJ. data . 

Th8se r-esu.l. ts t here fo:!.' e str ongly suggest t hat t he r e d.u c t ion of ti t anium 

0:-:.16.8 f:c0Hl t itarlLl"erClus s l ag's :L S i.n i t i cl.lly chemica.l Teaction r2_ t e corl t rolled . 
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Reduction is accompanied by "thinning" of ;:.he slag until a fluidity 

maximum is attained . Beyond this point, further reduct ion gives rise 

to an increa.3e in viscosity for highly basic slag compositions. Hhen 

such thickening becomes appreciable, the reaction becomes self-inhibiting 

due to a ch3.nge in the rate limiting step. 

5.2.2 The effect of composition upon dependence of viscosity on degree 

of reduction. 

5 . 2.2 . 1 Basicity 

It was ill ustrated by means of figure 116 and subsequently in sections 

4.2.5.3, 4.2.5.4 and 4 . 2 .5.5 and particularly with the a id of table 58, 
that an increase in the basicity ratio (CaO + HgO)/Si0

2 
caused an increased 

ra.te of reduction of 'lli02 from series B slags. It .,laS also poin ted out 

that slag B17 , the most acidi'~ composition i n the series, vlaS generally 

iilo:r'e severely reduced in terms of a molar O/,ll i ratio, than might be an­

ticipa.ted. 

'11he1.'e is Et change in the nature of the rate limiting step of the reduction 

reac tion as more basic s l ags begin to thicken. This change is absent in 

t he case of alag Bl ? 

If the reduction behaviour of titanium oxide in the slag is to be respon­

sible for t he variations lH viscosity that were observed, to any appreciabl~ 

extent, thell :.0. linl-: must exist betvreen tt18 oxidation state of titaniwJ1 

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 cont r olling the kinetics 

of the reaction and 

(c) the }loint where t he slag begins to thicken appreciably . 

For a reduction t2mperature of 1550oC , the two more basic slags exhibit 

very c1 83.1.' experime:ltal ev i dence for 3uc:h a link.. :It'o r both cOf'lpos i tions , 

t he O/ Ti ratio correspond j_ng to points (a) and (b) has 2,D average value 

of 1,80 and th e value of ? 1550 at this apparently cri tj cal oxidation 
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state has a value 0:: approximately two times that of the unreduced slag 

at irle saE·le tempera ture . Poi:nt (c) cannot be expected t o coincide with 

(a) and (b) , 2.S the existence of an initial viscosity minimUIL. Has proved 

for both slags . 

The effect of a rising l iquidus temperature was taken into account when 

the viscosities of reduced s lags Here reported . (s ee . eg. figure 89 b . for 

slag B14 ) . The possibt_ity d oes exist that , w~ th a diminishing degree 

of superheating of slaG 1314, a plot such as that shown i~l figu.re 135 and 

that in fi gu:::-e 136 may s hm-l the trends i ndica ted there, solely due to 

rising liqu idus temperat ure or slag E14 . Consideration of the a lmost 

identical behaviour of Bll, wi ose liquid.us temperature vIaS not greatly 

inf1.uenced by reduction~ r ules out effectively the argument that might 

be raised in COrL.VJ.2ction with B14. 

Hm-leyer, com:parison of figure 133 (Bll) and figLlre 135 (B14) sh ows t ·nat 

the reaction rate - viscosity line for the latter has a slightly gTeater 

slope. 'flh.is indicates that -the rate of reduction of Ti0
2 

from slag Bl ,1 

is i:l.fluenced to a greater ext ent by an increase in viscosity than the 

corresponding parameter of BI I . This may be due to an , increased degree 

of ordering f or slag IH4 , not fully reflected in its viscosity. 

The cri tica,l points wmtioned. above and. the O/Ti ratj_o corresponding' to 

them, can be expected to be altered by an increase in the temperC';tuTl.; of 

reduction or the temp;;rature ~."bere viscosity is Iilea.sl~red . For ille same 

t wo slags ( Bll and Bl4), it was found that the O/Ti re.tio corrcsllonding 

to points (a ) and (b) ~<l2.S r ed.'_lced to ~ 1,73 when t he redl .. ction temperature 

was increased to 16COoC, viscosity being reported at the same temperature. 

At the same ' time , the value of ') 1600 corTespond.ing to such a degTe e of 

reduction, i ncreased to three times the value of r; 1600 of the 1..mreduced 

blag . Such a tem:perature dep€l~dence 1.3 to be expected , as the rate con­

stants of reactions controlled by boUl chemical reaction and diffusion 

snould be r e lated to tempera ~ure by Arrhenius type equations . The extent 

to whichtemperaturs- infl uence s t he rate i s l a r ge l y a fl_illction of t he 

particuJ.a r sJs iem . Inve stigat ion of figure s 135 and 136 (slag B14 r8d.u ce d 

8.t 1550° and 1600
0

C rcspecti rely) reveal s that t ne slope ,:)f the rate ­

viscos5 .. ty line i s G€creased by a:~ increase ill t he temper·ature . This sig­

nifies tha t viSCOS~L t y becomes l'elatively l ess important in t he d eterm~.Yla.-

t i C:1 of t he reacti.on ra (;0 , as tr-le tempera t~:re i s raised . On i nd1..<s t rial 
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scal e it means t hat "thickening" is l ess l ikely to retard t.0.E.' reaction 

when the temperature is high. 

Little mention has so far been made of the acidic slag TI 17 with 

( CaO + Hg0)/S i 0
2 

= 0 , 8 . It does not conform to the genera l rules proposed 

aoove) but thE: significance of t he O/Ti ratios 1, 80 and 1,73 does not 

entirely disappear . These two values correspond to a reduc tion time of 

90 minu t es at both temperatures of reduct i on used (1550° and l 6000c) . 

Figll~es 104 and 106 s ho\., t hat the viscosity of the G~.ag in such a s ta te 

is ei ther levelling out o r beginning to iuc}.'ease. 

It is suggested that the behaviour of B17 i nvolves an aspect which was 

not covered i.n this \"ork - that of silica reduction to mai nly SiQ . I n 

tb.is csnnec t ion , reference must be made to table 13 where it vIas s hovm 

that very signific3.nt losses of s ilicon occurred during reduction of B17. 

This does not ap}ly tc slags Bll and B14 . 

Figure 127 illustrat es t he fact that ti tani '.1..'1l oxide is reduced from B17 

at a rate t hat decreases li ttl e as time goes on . This g i ves ri se t o t he 

unexpec t edl y h i gh degree of ultimat e r eduction a nd must in pal.'t be attri­

b'.1ted to the continuous l y decreas i ng v i scosity , becaus e a l thougi1 slag be-

haviour was generally divided i n to regions of chemical reaction ani': dif ­

f us ion rate control, neither of these me chanisms can be considered pure . 

.A r 8actior, of the fo rmer type iilay be i nfl uenced by the flui dity of the 

liquid medium . l 'h2 increase in fluidity is partly due to the re;ncval 

of Si0
2 

fro Ifl t he system . A decrease in silica content of the rrt3.gni t ude 

shO\.;n in table 13, for t his system ~ gives rise t o ill8.:rked decreases i n 

viscosity . . This is borne out by t he results reported in se c tion 4 .1.2.l. 

At the same time, the con centration of rri0
2 

is r a is ed , which vlaS also 

shown to i mprove t he flu i dity o~ slags at least under ox i dizing condit ions . 

Silica reducti o;:. also affects t he rate of ti tania reduction by means other 

than the t\ 0 conse quences above , both caGsing grea tel.' fluidity . lVIore s e ­

v ere bubbl e agitation must necessart l y aid t he reduction of titania in 

a -rel atively viscous s l ag . Moreover , the r esultant increase i n t i tania 

l evel ShOlll -i ha'/e a simil a r effect , j ud/:ing from t.h e CUr-,' 8 i n f igJ.re 118 . 

Slags ]3] 1 and B14 , when reduced at 1550
0 

s pass through a flu idity maximum 
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o,t. an 0/Ti ratio of a pproximately 1,88. Tables 3 and 59 give the values 

of the radii of titanium in its various valency states .:During the reduc-

t ' T' 4+ rn- 3+ T' 2+ t' , . , tl k ' d lon sequence 1 --joo '1-.3. ~ 1 here lS eVlnen _y a mar ea ecrease 

in the cat.ionic field strength 1. If a high cationic fi e l d strength is 

accepted to be associated with a Imo[ coordination nu..T!lber a.nd a pro­

nounced !l.2t\o!ork forming tendency , progressive reliicval of oxygen from these 

titaniferous melts must g ive r ise to enhanced fluidity . 

In sectiou 2 . 2 . 5, an attempt was made to offer an explanation for the 

high fluidity of tita~iferous slags under oxidizing conditions . The 

possH:le effects of oxygen conter.ts , that i n the solid state l.olQuld corres­

pond t o r.on - sto ichiometri c rutile , ' was also i ndicated . It W2,S further 

sugges ted, t hat even tetrahedrally coordillat ed ti trmiuDl could not poss i 'bly 

giv e rise to a v iscous slag by a mechanism comparable t o t hat which con­

tI~ls t he ac t ion of A13T . 

As was indicated above , .sniall decreases in silica content of t hese slags 

cause measurable reductions in viscosity . While appreciable, silica lo ss e s 

were reported only for t h e !Host acidic slag , S"t-'.c h losses car!not disappear 

entirely when more basic s lags are reduced by carbon . 

FUTthe rmore the ma.nner l.o.-hich a metal oxide affects t he viscosity of a 

siliceous melt , i s a funct i on of two very important parameters : 

(a) t he oxygen contribution made and 

(b) the nature cf t.he othsr metal ions present . 

On a molar basis, th e ti'tar,:. jxIn oxide s Ti0
2

, TiO
l

, 5 and Tiu conh'ibute 

oxygen a,nicns as sho,,'T. by theIr stoich ioL1etries , if the availability of 

oxygen towards network modification is assumed to be the same i n al l 

cas e s . 

Removal of oxygen f rom the system i n this case not only affects t he belca-

viour of tjtanium ions, bu t also that of other ions whose coor di:la t i on 

may be 1!l:'1ch ,ore critically affected by such a change . A good 8xample of 

the s e .in t he slags s xa.mi. e d 1 j,s A13+ . It is nOH \'e 11 k no'rnl that i n t re 

sy s t :::m CaO .. r.1 203- Si 02 , t.[18 cao/u
2
o) r atio ma rkedl y a ff e c t s t he viscos ity 

of t he De l t. 

III J\~he lig;r, t of t hese COH:ID8n t s s it 1('; suggested t.he v iscosity minjmum 
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so f:.cequen tly reported in this ',Iork, is associated with: 

(a) 'l'ne disappearance of any trace of tetrahedrally coordinated ti taniwll . 

I, I 
~ 0 I 

The viscosity IO\olering e ffect of this is not great (the trough is 

a shallmv one) , because of the mixed and predominantly higher coor­

dination already existing and because of the mild change brought 

about by a change in t he coordination number of ti ta:liUJn. 

Small losses of silicon as SiO from the system. 

'1'he overridingl! important "thickening" effect is due to the loss of oxy­

g'en from the melt. Not only does t h is lead to more extens i ve sharing of 

oxygen letween silicate tetrahedra , b~t also possibly to a change in the 

role of alumina. ~'he 10\-lered field streng t h of titanium ions i n the melt 

is almo st en tirely cancelled out by these effects. The role of Ti
2
+ even-

tually forme d to 3. considerable degree, should the:l be seen as one of 

neb-lork distortion \-li th very pronounced "b:::-idg ing" . 

The effect of a high initial silica concentration is: 

(a) to retard t he rate of reduction of titanium oxide and 

(1) to actually cause a decrease in viscosity during reduction due to 

t he removal of Si O. 'l'he overall effect is to delay t he s tart of t he 

thicken ing process dm'Tn to O/'l'i ratios as low as 1,7. 

Finally ~ while every effort was made to avoid t(le formation 0; titanium 

carbide eluring t h is investigation , it is very logical tha.t it will be fo rmed 

eve::'ltually , morE; readily in a. basic slag. 

5.2. 2 . 2 CaOjr1g0 ratic 

It was illustrated in figu.re 117 th3.t reduction for 60 minutes at 15500
C 

had a :nore pronOlm ced effect on the O/,1' i ratio of t he slag as the mass 

% CaO / !V!gO ratio Has lowered. 

Slag £13 had an O/Ti j::'a tio of 1,84 . F.l gure 85 shoHS that t he Yiscosity 

minimum has be n passed , bu t the fluidity at 60 mi nutes is V8:::-y close to 

t hat of the unre~uced slag . If in this range of slag co mpositions , the 

viscosi ty rn i nimLUTI is still t aken as con:e spondir' g to O/Ti = l, 5[" whi l e 

"thickening" tr) the extent vJh 2~'e it can begi n to j ,1 f luence t he rate limiting 

st,ep of the reacti.on ~ corresponds to O/Ti ,-,1, 80 , they, 1, 80< 1 , 84<1 , 88. 
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Slag B14 :Ls I'e cluced to a level where O/Ti = 1,81 Le·.:, 1,80.(1,81«1,88 

and its viGcosi ty after 60 minutes is u n.rni stakably above that of the 

unreduced .31 c:.g . ( see f i gure 89 b) 

In the case of B15, O/Ti = 1, 79. Its viscosity after reduction f or 60 

mi nutes \o/aS ne t measured , but if t he "alues for 30 and 45 minutes (figu::'e 100) 

a re t aken. in to account, the value of '? T ' 5~ (60 minutes) will be very con-· 
lJT U 

sideL'aol;>' a1)ove t He corre sl1onding para.meter of the unreduced slag. 

Reoxidation experiments were not carried out on slags BI O, B12, B16 an.d 

B18, so tha t it is no t possibl e to provide correllations for the series 

B12-Bll - BIO and BI B- B17 - B16 , s i milar to t he one f or B15-B14-B13 giverl above. 

However , for B12- BII-BlO , fi gures 83 , 81 'b and 78 a again show the dele­

terious effect of high magnes ia contents. As the CaO/I1g{) rat i o is reduced, 

( BIO t o :812 ) t he fluidity maxi mum even t ually completely disappear s, which 

probably means that it CCGurs at a r eduction time s horter than 1 5 minutes 

f or B1 2 . I n gene~al, the trough is very shallow for all three slags , due 

to the h1.gh basicity . 

The general trend f or the series B16- B17 - B18 is similar , if t he ve ry aci-· 

d · t f t h 1 . t 1 • t t ~ . Bl 8 f rt 0/1'1- r- ~ ) 1C na ure 0 e s a g 1S 'aKen 1n 0 accoun . l'<gal n _ \ va . 1g'J := 2. 

is t he only slae- Hhich shows any sign of an i ncreased viscosity , a lthough 

8ven he re, Yll L+50 has not attained, after 45 minutes , the val ue of r; 
1 +50 

of t he unreduced s l ag . 

The ' com.ments above a re based on metal oxide concen trations expressed as 

mass per cen t . This is desirabl e f rom an indus tria l vie\·!po i nt . Rov/ever, 

it '.vas po i nted out in section 4. 2 .5.2 that t he composition variable in t he 

case of B13-B14·-Bl5 could equally \-Iell be altered to a. mol a r basicity ratio 

( CaO + IVlg0)/Si 0
2

, as far as degree of reduc-l:. i on i s concerned . 'l'he s ame 

arguB1ent could be used to explain the effect of lVIgO in i ncreasing t he 

fluidity of unreduced slags . Consequently , the deleteri6us effect of mag­

nesia in connection with thi ckeni ng ma.y be partially or entirel y expJ. .J.ined 

by tl:e f ac t tha t a decrease in CaO/HgO ra.h.o as used i n t his i nves tiga.t ion , 

simul taneously meant an actual increase in basicity of the 3lag , a factor 

that is krowl': to increase oxygen activi ty , rate of reduc tion and conseq1.~ent -

l.y t h ic};:eni ng rate . 

Another factor that may have to be taken into account is the f act tha t 
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r.rg2+ has a greater fie ld strength than Ca 2: In the unreduced slag this 

would tend to cance l out the effect of the increased basicity which ac­

companies a decrease ir. the CaO/NgD ratio, and explain the small effect 

f h . t· .. t I t e · d d 1 Mg2+ , o suc varla lon on V1SCOSl y. n 11e re uce s ag, 1"1 may De expec -

ted to nave a greater "bridging " effect than Sa 2+ and hence to aid the 

t hickening process in t he system of diminished oxygen con centration . 

Table 40 , when compa~ed vii th the gra phical <lata in figures 74, 89 band 

109 for sla gs AS, B14 and C23 , a gain ShOHS that there is good correllation 

between degree of reduction and viscosity . HOHever, the O/Ti ratio of 

C23 (1,64) a.ppears very low after reduction for 60 minutes at l550
0

C, and 

the increase in viscosj. ty illustrated in figure 109 appears particularly 

drastic. This apparently magnified version of the expected trends is 

U:ought to be due to two factors : 

(a) The increased concentration of rri0
2 

from 30 ,2 % to 37,18 % ( B14 to 

C23) is bound to have a pronounced effect orl oxygen acti vi ty and 

conse~uently rate of reduction. 

(b) The change in titania concentration is accompanied by an increas~ in 

alumina content from 13, 80 to 1 6 ,82. In an oxygen ion deficient licluid 
z 

structure , Al)+ may be forced to enter into 4-fold coordination to 

a greater extent as t h e A1
2
0

3 
concentration is raised. 

5.2.2.4 Oxides more readily reduced than Ti02 

The graphically presented results in figl.1re 110 and the numerical data 

reported in section 4 .2.5.1 are now r eadily interpreted. 

'I'he C/Ti r.atio of t h e plant slag Has calculated as 1,84 (1,80 <1,84~1, 88) . 

S1.~ch a slag is not expected t o be thickened. This was confirmed by vis-

cosity measurement . 

FcO is suggeste d to act mainly in two ways during t he r educ tion of 8. 

titaniferou s slag : 

(a) It screens Ti02 from redu ction by carbon , mllch Dore effectively than 

f; i C
2

• Th~ .. s i s oorne out by t he re s1.1.J.. t s gi.'ren i n t a-ole 37 . 
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("0) Residu8.1 FsO pnvldes oxygen ions to the mel t which mus t serve t o 

l OVler the viscos i ty . 1'his was 8hO\"11 in fi gure 110. 

5. 2. 3 Compari son of results with t hose reported in the literature 

1'12,ny of t he conclusions r eached by earlier investigators , t hat were repor­

t ed in section 2.4, although generally i n agreement with the r esults of 

this i nvestiga tion , are incomplete . This is due to the failure to dis ­

tingu.i sh be t ween t rue thickening and an i !1c r ease i n the mel ting temperature 

of the slag . Illoreover , i t ,!a3 not a.hfays c l ear whether or not ti taniUlD 

carbide vJaS present i n the me l t. 

}U.khailov and Belyakova (52 ) (section 2.4 . 2 ) foun d t hat a dditi.on of TiO 

or Ti20~ i ncreasee. t he viscos ity of both acidic and basic slags . No 
. ./ 

mention was made of t he melting temperat ures of the s l ags . 

Semik(57) (section 2.4 .3 ) found that reduction by carbon initially lowered 

t he viscosity of blast fu r-nace type ti taniferous slags , but that the vis ·· 

cosi ty \{as raised subsequent ly . The thickerling eff e ct be came pronot:.llc8d 

only ,:hen the ti ta:J.ia con t ent approached 30 %. TiC was found pre s ent b. 

the r e duced melts . 

The author a gree s with 

der(51 ) , section 2 . 4 . 4 . 

the conclusions reached by Delve, Meyer and La.n -

131ast furnace cla gs of low CaO/Si 0
2 

ratios an d 

h i.gh oxygen potentials as do exist in t he bosh region of the furnace , 

s hould not cause oper a tional difficu lty . Even the increased viscosi ty 

eventual ly at tained , can cause no such difficu l ty. Problems in b l ast 

f urnase operat ion are a l mos t entirel y due to fo rmation of TiC and Ti N. 

(18) 
As pointed ou t in section 2.4 . 5, the wor k of Ohno and Ross did no t 

clearl y show t he rel ative effects of a change i n vi s cosity and of a possi ­

bl e i r:.crease in liquicus temperature or p:L'ecipi tation of such high t emper­

a ture phases as TiC or 1'i l~ . The f ac t tha t basic slags Here reduced fas t er 

a nd ye t "thickene d" at a sloHer rate , seems to indicate t hat t he "th i cke~"! -

ing " trlat t 11ey ol)served , 'tlas mai !lly dl1e to an i nc l"lease i l1 t rle J_iquidus 

tempe:catuYG or to the p:cecipi t o. tion of carbides and nitrides . 

Even so , i ncreased tGoperature , hlCrease:i ti tan:~a concentration and a 
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higher alumina concentration all served to increase the thickening rate. 

McRae(23) s e c i ion2.4.7 ) reduced slags at relatively low temperature to 

illustratE.'-; t here was an increase in the melting temperature. The viscosity 

\-las lO lAnd. to be sligh tly lower t ha n that of the slag under oxidizing COIl-
, . + . Qlvlon8 . A maximUJTI mass ga.i n of I, 28 % was reported \'lhen reduced slags 

w:re reoxidh:.ed . As t he author did not detect TiC in his reduced slags 

ei the r , a calcula.tion by methods similar to those used in this ,.vork , in­

dicates an O/Ti ratio o.f 1,83 corresponding to t he figure above. i:i light­

ly r e duced 'falues of vi scosi ty are therefore not i mpossible . 

The research work carried out by Gi'uz.dev et a1 (58) (section 2 .4.8 ) revealed 

that both acidic and basic slags were thickened after redu ction fo r 5 hours 

at16000C. They also reported changes in liquidus temperature. Such 

severe reducing condition s were not used in this work and the fo rmat ion 

of TiC might have been considerable . HO\vever , t he same authors also r epor­

ted t ha t addition of Ti0
2 

and 'l'i
2

0
3 

to a paren t slag both caused increa-

s es in fluidi ty, the e i'fec t of t he former being mor e prononnced . As they 

found Ti
2
0

3 
to increase t he liquidus temperature of acid slags , ou t to 

reduce the liquidus temperature of basic slags , consideration of parti ­

cularly the f ormer in con j unction with the effect of 'I'i
2

0
3 

on ViSCClS -L ty, 

appears to indicate a phenomenon similar to what was found during t h is work . 

Handfield , Char e tte and Lee(S9) (section 2.4.9) added similar quantities 

of t he various t i tanhun oxides to a ba s e slag . They concluded that t he 

capacity for neb-fOrk modi fi cat ion was raised when Ti02 \-ras replaced by 

Ti
2
0

3 
and that Ti

2
0

3 
appear ed to be a better network modifier t ilan TiO. 

Recalc~lation of the composition of the slag con taining 20 % tit~nium oxide 

r e veals that it "lOuld contain approx imate ly 30 7~ Si0
2

, 28 ')~ CaO, 14, 5 7'~ 

MgD with very little _H
2
0

3
. Taking into account t h e relative effecb of 

these oxide s as suggested on the bas is of this i nvestiga tion, the results 

obta ined by ~-1andfie1d et a1 are not surpr~sing . 

5.3 Reduc ing condit i ons and e l ectrica l conduct.ivi~ 

The conclusion s derived f rom earlier experi menta l data , 2.S sUIIuna r i zed i n 

s e ctions 2 . 5. 1 a nd 2 . 5 . 2 , present a confusing p j_ctu r e . Russia n r esearch 

"lork vfas conc eD t:r:'a ted on hi.gh ti t ania s18.gs (;ontaining ho th ti tafli:)JTl and 
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':'ron oxides. Hore furidamental data resulting from attempts to sepa.rate · 

the effects of the tHO semiconductors a:::-e seriously lacking. 

Reznichenko and Balikhin (64) reported that 1"eO addi tions to h i gh ti t.ania 

slags lowered t he conductivity of the melts . This agrees with the results 
. (67 68) 

of Denisov , Degtyarev and Re zn icher.ko" (section 2.5 .2) . There is 

n o clear explana tion of '<Ihether the higher conductivi ty of 10w-t'eO slags 

is associated with t he greater degree of reduction of ti taniLu:; oxide 

which necessarily fo llows and ,,,hether the two oxides exhibit si.milar 

mechanisms of semiconduction at le::ist in slags . Iron oxide is knoo,.rn to 
?+ 

owe its semiconducting pro perties to electron exchange between Fe- and 

Fe3+. 1l. similar mechanisrIi seems to be indica ted for titanium by the 
.'6 '\ 

work of lVIus ikhin et a l\ 5/. 

Niki Un et al (96) ho\ve'rer shoVle d t hat addition of TiO 2 to FeC 10'tlered the 
o 

conductivity at 1400 C. The effect is less marked than those of 8i02, 
A1

2
0

3 
and CaO. 

. ht b ' d f .1.. h' f . d t' T.l 2+ As rrllg e expec(;e rom "he mec arllsm 0 s emlcon uc lon , l' e 3+ a!" .. cl ?e 

represent limiting condi tions in s l ags containing i ron oxides . At either 

x = 0 or x =0 1 \vhere x = Fe 3+ /Fe, ionic conc.'.lc tion is the unique mode of 

charge transfer . It was sho_ill i n section 2.6.1 that the value of x = 0 ,5 

frequently correspor;ds to a conductivity maximum a ssociated ivi t~() e lectronic 

conduction . This i s to be expected . Other results reported i n the same 

section(76,77) r evealsd dependence of such properties as viscosity, 1i-

quidus tempera ture and electrical conductivi ty upon the rat io x , bu t 

generally the effects Vlere t he reverse of Hha t '.:la2 found for ti tanife::'ons 

s l ags in this work, at least as far as the first t 'dO properties are con­

cerned . 

flolte!l oxide systems containing t i tani um oxides in different sta t es of re ­

duction lack the simplic ity of iron oxide contnir.ing systems due to the 

absence of a \-ie 11 def i ned boun d'ry condition. Thi s is best a pprec i ated 

if the electrical properties of t he solid. ti t a!lium oxides are cor..s idere d . 

The e lect~onic cO!lductivity of these oxide s is closel y connected with the 
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contraction of 3 d metal ions (eg . 8c3+, Ti3+, V3+, Cr3+ , Mn3+ , and Fe3+) in 

con j 'J.Ylc tion Hi th the decreas i ng f e2.sibili ty of a 3 d b:md due to overlap­

ping . In the above series , Cr
2
0

3 
and Fe20

3 
are nor.mally insulators . 

(a) TiO - 2 (conf i gurat ion dO ) 

If a .3 d band exists, one \vould expect it t o be normally empty . El ectr.ons 

fLay be supplied to the 3 d band by excitat ion from i mperfections or from 

the filled 2 p band . '1'he Hall mobility (.If rutile is approximately 1,0 

cm2/V . sec ., and it dec reases i n the normal manner ~-ri th i ncreasing temper­

ature. There are also indications that the forbidden energy gap is in­

creased beyond 12000 K. 

(b) TiO (configuration d
2

) 

Apart from Ti02 t he onl y oxide \.Ji th very clear evidence of a 3 d band is 

TiO . It behaves like a metal, indicating the existence of a parti ally 

~ 011 d 3 ~ 1: d R t t d'>- 0 0 to , 0 , (: 3 500 ohm- 1 cm- l /l • II e c Jan . loom empera ·ure con uc "lV1 vy 1S n1gn _ 

'l'he mobili ty is comparabl e to that of Ti0
2 

and it increases slm-rly with 

decreas i ng t2mperature. Conductj_vity also decreases in the ratio 7/12 

as t he oxygen content i s increased f r om 'riOO, 7 to TiOl , 2 This is to 

be expected if t he cha.nge in stoichiometry is acc:epted to cause an equal 

change i n t he number of 3 d electrons in t he 3 d band . 

The conductivity increases as t he temperature rises and mobilities are 

considerably lower t nan for the ot her how oxides . 

From t his brief review, it is a t l east clear. that the Ti - ° system does 

not have t he relat ive s i mplicity of Fe -O, regar ding the nature of t he cur­

rent carrying mechanism. Observed conduction appears to be the combined 

expression of t hr ee mechanisms i nstea.d of two . 

5.3 . 2 Re l a. tion between degree of r educ tion and resistivity 

Elee;t:ri_cal r esis t j_v i ty measur8ments '.Jere carried out on the full Tunge of 

r educed derivatives of slag Bl4 only . Table 60 gi ves t he va.l~es of the 

iIlo l ar O/Ti ratios of th e s lags that were reduced. at l550oC, together vlith 
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resistivities at the same temperature. 

Table E1) Electrical res i stivity as a fU11.c tion of degree of reduction -

slag B14 reduced at 15500 C 

Reduc t ion time 

(minutes) 

o 
30 

60 

90 
120 

Molar O/Ti 

1 ,96 

1,88 

1,81 

1,77 

1,73 

f l550 
(ohm em) 

0,535 
0,452 
0,405 
0,350 
0,360 

The same inforfilat ion 18 presented graphically i n figure 138 . The 

abscissa was modified to the quantity x = (2 - O/Ti ) . 

The curve t hat 'das fitted t o the experimer,t al points is well represented 

~y tho quadratic : 

p 2 
2,32 x 1, 54 x + 0 ,59 

'I'here exis ts little experimental evidence for a parabol ic relatL:mi3h.i.'p. 

The function i s merely one good representat ion of observed datc, over t he 
f 7 ' \ 

region t ested . The approach is based on that of Engell and Vygerc\ , tl) as 

o'-ltlined in section 2 . 6 .1. They based the i r assumption. that t he contri­

but.ion of electronic conduction in the iron oxide containi ng slagc must 

b . b b ( 1 ) h 1<' 3+/·p t ' t·· t th t . , , e glven y x, ~ X vi ore x = ,. e e , onJn8 ~ac 0,·· tne nUIIlDer of 
3+ 2+ neares t neighbours of Fe to an Fe ion is p:copo:!:,tional to x(l - x) . 

3uch a function has a maximum where x = ~ , Hhich appears correct in the 

light o f the accepted mechanism of electronic conduct ion for the system 

cons idered. 'rhe value of the maxi mum of the o-verall conductivity - x 

r e l ation \vill be unal te:ced only if the influence of x on ionic ccnductivi ty 

is negl i gible. 

The abcve equation has a pro j e cted mi Ei mum at x '" 0 ,33 . This is remarkablE: 

as t~is corresponds to the sto ich iometr of Ti 0 _ or TiO . Ti~O_ or Ti O. 2Ti0
2

· 
3 ) .:: 3 

If any significance is to 1)8 a tta.ched to such a resul t, it would appear 

that ari eretronic conductivi ty ~, ' 4+ - '11 ' 3+ optimwn is moved to between '11. a11.(1 .cl , 

I'a ther thaI1 bGi~g' in. the rang"c '.1." 1,3+ t o if' o 2+, , . d "b f' . - AS was pOln t e cue e~ o re , 
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this appa:r.-ent minimum will only be truly i;:)portant in connection \-li til 

el'2ctror~ic cOrHiuct:Lo~ ii' ionic conduction is independent of x . The con­

d.Hio!:. will. deteriora ie through the stages of linear to non-linse.r de ­

pend.ence . C·:msidera tioD of viscosity data o f the S2.!ne slag appears to 

point tm·;a::.'ds the l attec:' possioili ty , llnless ionic cond'J.ction l .s more severely 

i nfluenced by 8arriers ot.her than titanium ions . 

Too little expe:d.mental inforrr)ation is available f.r·om this ,'lork for this 

sys t eu: and too fe\-l reliable reports are a vailablefr:1ffi the literah~re on 

the more elernentarJ' compone:"l.t ti taniferous a nd nOl1-ti tanife::.'ous systems, 

te> allo\<l any definite conclusions on the ionic mohili ties and electronic 

condu ction properties . It can onl y be conchl.ded t na t there is a signifi -

cant decrease in the electrical resj_stivi ty as redacing conditions are 

intensified ove.r the range of O/rr i ratios of j.l,terest to the Highvel(: 

Steel a:1d Vanadium CCTporation . The results of the Russ1an resea:Y'ch 

workers ShCH that addition of i ror, oxide at least tc high titania slags , 

raises thE resisti vi ty of the melt . This <nay inciica.te tha t in t.he 2yS t e l:J. 

consisting mainly of i::::'Ol'l and ti taniu::n oxides, the contribution of iron 

oxide to electrorlic conduGtio~1 is small compa:eed . ;" 
"y.,Tl \.In that of lower ti-

ta?l iu.m oxides , so that the aeti:m I)f 1"eO becomes more related to th2vt of 

CaO, which has a simila:::.' effect on the overa.1J. conductivity . 
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6. HillUSTRIAI, S IG-N IE'IC;A[j C I<~ 

6.1 Qperational problems and 80lle correet i ve [lJ83.SUr2 S 

The symptoms of difficl.:.l t operation at t~e Highveld iron plant ";.'ere o;l.tlined 

in chapte r 1. These could possibly be summari zed as :l i gh electrode 

posi tioD, "boil i ng slo,g", gas eruptions a!1d difficult slag tapping. 

The addi ~;ion of correc t ive materi als daring smel til1t;' i s a regularfea-

tvre of operation . Standing orders ,.;il l change, "but the fo llo'.ving \{as 

t 1 f < , H " (98 ) a_cen rom a repor-c oy "e J Ja ' : 

Table 61 List of corre ctivE ma terials added 

lJeessing mate~'ial 

O:1-'e 

:Gime 

,:,ilica 

Fluo:'.'spar 

FerrosLl icon 

Se:-ca.p 

Coke 

Mode of addi tier! 

Um:.ally '.vi t:-l lime 2.nd silica 

Hos tly wi th iron ore 

0n its own or with f luorspar 

On its mm + 1 hI' before 

tap , or with silica 

On its aim or wi th coke 

(Ui.1Ce :c' e l ectrode fo r smelt i ng 

dOWL bur den ). M~y be adde d 

~!i th sc:c'ap 

On its m-!Y1 o r wi t l1 !!'e- Si 

}urpose 

To correct resistiv i t y . 

It oxid i zes excess C i~ 

burden . 

mail-,taim, t ",yge t basici-

Increases slag fluidi t y , 

for correction of too 

hgh haslci ty. 

Increases flui~ity, 

f acilitate s tapping . 

Corrects r8 si s tj~ity -

im~ro ve s electrode pene -

t r ation. Cont:cols "bo il.l ng" 

Correct::> h i bl1 resis t i-

vi ty. 
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natL1ral in view of the increasE: ir~ the U:ickness of the slag layer.. 

If corrective :naterj,als are added in this instance , these are ore and 

lil!'.e . 

Due to breakage, all electrodes may not be of equal length . 'I'he contI'ol 

sys tem -;-,rie8 to IDa.in tcdn balm: cec. operation and co::.'recti ve meas'J.re s must 

be taken according to e lectrode pcs itior.. 

l'Illen all electrodes are high, a condition that may aris e \ .... hen a furnaCE: 

is seve:!:'e ly "overcarboneo " , little appears to be achieved by mat erial 

additions and in the extreme case the fe ed would havA to be stopped , the 

fUTnace bl€l.nked off arid. the c on tents smelted do\m . Coke could then be 

added at the exposed electrode tips befors recharging . 

Severe sJas; "boiling" '.;as t hough t to call for addition of fluorspar for 

greater fh.<id.i ty , iron to r eac t \d th some of the oxygen that is thought 

to be evolved i.n abnor;r.al quanti t y and ferrosilico n t o :provide extra 1'.8at . 

A cto-s:i.ag tap is YlOt irm..'1edia tl? ly 10110\-;e.1 by blanking off the l'm.'t' ace . 

A. combination of sili ca and l'luorspar i s added as corrective meaSUTe . 

'l;hesc materials are alsc used later when 0 clank- off proves nece ssa:l~y . 

'ihen the taphole 'becomes blocked during tapping , oxygen l B.ncing and. the 

s~looting of lead bullets in to the taphol e are used as r emedies. 

6.2 80[:18 r esearc:.t vent -llres co:nclucted st.}ecificc5.11y i~ COIUlet:tion with 

6 . 2 .1 L'loora tol'Y investiga.tions 

The Ho rk conducted by Jochens(8,86) d ' 1\f. R ( 2'i ) d . , d . an DY lie , ae' - ':.as eSCTJ.,O€ In 

chapter 2 . The former all tho r de te r mined Ij,quidus tempeI'a. tures and prim""ry 

pha s es of slags whose crcpositions were based on ~he indications from 

pilot pl&Jlt \·I01'k . DoloEiite 'I"LS shown -to be desirable as a fl~)x, jucig ing 

;·IcHae deterl~illed -Lh8 vir:.cosities of slags of simil ar corepo;:;; i t i ofl , mainly 

u nder ox~dizin~ conditions and showed t hat t hese slags possessed extra -
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. ten:pf'ora ture of t~Je ::;lag might be increased under r educ ingcondi t'::'ons . 

It he.s already been pointed out thut the sulphu+, capacit i es of s lags o f 

compositi ons similar t o those usee. by Jochens and JilcHae , as de t ermined 

• T) t · ( 60 ) " '- h b 'f" - b ' h ~ t t · Dy Lonas, \ mlgn ~ ave een I n 1 '..lencec. y -c .,e I ac nat the sulphuri-

, , . ... d f' C" '-'O ' ''0 z :.ng 3.tmo3:r:1e r 8 conSls"e 0_ 'u , v 2 ana '-' 2 ' In this respect , changes 

i .n liquidu:~ temperc. t ure ll~ay b9 cons i der ed the more impo r tan t modifying 

i nfluence • .Althoug'Q a. CO - containing atmosph0:!.'8 is not likel y to cause 

marked slag thickening , it may well cause th'::'nning . If the sul phur capa­

ci ty is considered to be a function of bas::'ci t ;y i n terms o f o:>..'ygen avai l a-
?+ 

bili ty , bea;~ing in mind the des i rabil ity o f ea - , sone o f the trends in-

dicated by Pothas may now be IWT8 readily explaine d . 

~rh,~n tests were conducted at sooe a'tove the initial s l ag l iquidus , a de ­

c rea;:;e in CaO/NgO r 2, tio cac; sed an i n i t i al increase in sulphaI' solubj.li ty, 

fo11o\"eo ty a s l1.bstantial decrease . Sl ags of h i gh CaO/Ng) ratio are les s 

l ikely t o uncieL'go an i rlc.:-ease in liquidu3 temperature . Thi s may a.ccount, 

f or t he in.i tial rise i n sulphur capa cl ty , as a decreasing CaO/I'1g0 ratio 

E-ffe ctively iTleans an i ncrease in ,flolar bas i city rat i o . Greater fluidity 

ave:!:' this init i al range (up to CaO/ HgD """'l ) may have a si::n:Llar effec t. 

The drop in sulphur capacj. ty can 0:'11;'/ be due to an i ncrease in J iqu. .i.d'~~ s 

t err,per3.tuTe of high- ma gnesi3. slag s . ';-'hi8 could be aided by the f a ct tila t 

the test terr:pe rature Hould b e higher for thes e slags of ), igher i n i -iJaJ. 

liquidus ternperatu~9 so that r e duction o f Ti02 was promoted . 

'r.'hen the tes t s v:e:re carrie d out at 1550
o

C, the initial rise in sulphur 

801ubi1i ty be car.1e less pr onoun ced . 'r h i s i s 8~lzgEs ted to be dUe to a 

higber deg.:-ee of :ceduction of titan ia a nd recLt,ced oxyge n activity . 

'11he same autll oX' c.J_so foun d. that r eplacement of Ti0
2 

by Si0
2 

decreas ed ihe 

sulphur capaci ty ~f ery G.r:astL;ally wh en the ::.'atio Si02/Ti02'~ 1 , 5 , On either 

side of t~i s , the chanGe s aTe more GJ.'ad' lal . The t e s t. s ",:e re cO;'1.cte cte d at 

1550
0

C. The ge neral trend is understandable . Agai n , t he re rna;).' ce cr:angr..:s 

i:-l prj_mary pDase illvolve d, t b e s lag s of highel: Si0
2 

c(mt(m-c being more 

likely to u nde r go an i ncrea.s e j_n liquid.us te:r.perature (j UT- i Dg r eduction . 

Le7eJ.ling O"..lt of the cu r ve Hhen apPToacr:il1g il. rqti.o of 2/1 ]';lay al s o be 

ass0c iat9d with 8i0
2 

shielding Ti 0
2 

to su ch an exte~ t t hat t he role of 

ti t anium ox j.de is :.:-estoTecl to \"ha tit \·,rolJ ld be in a J::; ruly unr eQu(; od s 12,g . 



· - 258-

The initial v 2.rt.ually constant sulphur capacity wouldihen be expl ained 

by exactly thE- opposi if; effect opE-ra ti ve i n 10\i- Si0
2 

slags. 

f9 n \ 
The \-fOrk car:ried. out by LJnnie\ 'j) is very rertinent to any a:.tewp t at 

,.assess ing t he ind'J:strial sig11if icance of the resul is of the present in-

vestig'at ion . 'I'he author measured the e lect.rical resistance of synthet ic; 

prereduced burdens and. 0 f burden co:nponen ts used i n the arc furn2.ces at 

Eighveld. The measuring cell ' consisted of a gral)hi tE- crucible '!lith 

a central graphi:;E; e l e0trode of 25 ~ 4 fJ1TI diameter and cons t ant conclu(;ting 

S1.H'.face area . A J.ine frequency impressed. current - voltage measuring 

cireui t was u s ed. All measurerr!ents were made unde r argon . The rr.ajori ty 

of the tests were done on ma terial i n the s i ze range ~" to i". 

The composi tic!", of the syn thei:. ic Ciischa::.'ge ma terial was: 

Ore 

Reductant 

Dolomite 

Silica 

4 , 584 Kg 

0,690 Kg 

0,534 Kg 

CJ : 192 Kg 

These proportions are almost identice.l to those given in chapt,.:: r l, 

as r epresenting plant practice . 

'I'he eharac teris tic variation of the resis tance of Sl:CI1 a Gharg(~ , wi th 

terr;perature, is ShOlvYl by thE: solid curve i n figure 139 . ( 'rhe recl J,ct9.nt \.;a.s 

c!larred ccal ) . Th~r8 is a rapi d irij_ tial decrease in resistance , tho'J.g-ht 

to be associated with semiconduction . 

resistance is relatively high . . 'I'his wa3 at tributed to / a ) chc:mi ca l 1.'8 <:I.C-· 

-:i ·)n 'fiith acco!ilp3.nyi:~g breakdm-/I1 of conduct ion lat t ic8'3 2.:1d (b) s i Y'.tf::r ing ~ 

wL.i.ch C2.uses the charge to dra ... , a','lay f r om the e l ec t :rode . 'I'his is followed 

by ion:L c condD,c:tion in a liQuid medium , Wflich is modif.1.ed. by t he :;Jl.'8SC-i:C 9 

of me tal . l lhe curve obtained for prereduce d. ore a lone ;.,ras ve:cy si!TIil:u' 

to the One for the synthetic burde:l , except for t he "hump ': that was 2.aSent, 

so that the general shape fo r the latter type of cha rge l1i;)st be determin,::d 

PLl!TI2.:2ily by the characteri3tic~ of the ore , 

Various reductants ,,'ere USC (1 in conjunc tion "d'Gh th.} r em:'l.ining chD.2'ge 

riepl G. cem2n t of c: ... arred COal coke di d n.'J t "Gri ng about anjl 

1TJ2. jO:C ch;,~nge if! che general shape of t h8 CllJ"ve i n figllre 139 . 'r.b3 "reacticn 

hwr.p" d.isa })pea:::-ed hmvever , i n di catiDg t :1a t coke ma;ic be :'c ess l'e8.G tive. ; c.!l-

'10 1 e:'c iJ.e 
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content . 

An i ncrease in the carbon content of the burden l(wer e d its resistance 

over ths ent ire -temperatu::"8 i nterval invest ig2.t ed. A decrease in bur­

den carbon had the opposi te effect. 

A change in t he size range of the are has cons iderab l e i nfluence on the 

resistance be low 6CO
oc, a n increase in size giving lowered low- iempecature 

resistance . 'rhis i s du.e to the smaller number of conduction pa tlls. 

Fj.gure 139 also SbOHS that more i ntense prereduction l eads to decreased 

burden resistance . The a u t hor attributed th5_s to greater con.centratiol~S 

of ?eO ami metalli.c iron . 'l'!le saDe diagram a lso includes resis tance 

values f or a plant slag just abOVE: its liquidus t er:lpera ture . It is very 

signi ficant t hat the resistance of t he slag d.iffere d li ttle from tta t 

(if the smelted charge . Thi s seems to i ndica te only a small diffej~ence 

between the res i s tances of the i nit ial and fina l s l agf3 . The s l ag resis ­

tance also differ-ed little from t hat of much colder s olid b1.irden materi a] . 

These comments mn.st be S8en in the light. of t he facts tha.t ! 

(a) considera.ble bubbling can be expected to take place in the slag :.::.r .. d 

(b) the resjstance of h:e smelted burden 1,;ould be n~arkedly i n.flllenced ':Jy 

t he presence of metallic iron . 

'l'he cO!:!lposition of _t he plant slag ',."as: 1 6 , 6 % GaO, 15(( J~ IvIgfJ , 21,0 Ie 

6 .2.2 Con c l usions derived from IJlant data 

The statistical an!1.1ys i s g iven by Em·/at , J och(ms and Barcza(lOO) 

covered t he pe:::-io d mid--1968 to November 1969. The most important poi.nts 

eme:cging from the correllation matrix that ",as c o:nput ec , were : 

(a) The sul phu:c d i s t :cibu tion co effic i ent increased VIi th an increase 

i!l (>a8ic i ty and the best co::oreLLati on \"2.8 obtained when ~asi ci ty -lias 

expre ssed as t he mass ;b rat i o (CaO+NgD)/( S iO?+;\.l ?07.T'!' iO~) ~ when Lh9 
_ _ / L 

ccrreJlation coefficient was 0 , 64 . 
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and b8.3icity; 

[ ,;~v] -0, 255 (CaO+HgD)/Si02 + 1, 50 

(d ) Finally , it vias f01l...YJd 'chat there VIas strong PQsitive correllaUon 

behleen the PeO content of the slag and the various basicj_ty rat i os . 

The a.uthors commented on tllsse find ings in thE: ligi1t of fu~daJlleri~al r e -

h 1 ... th t ·1 l' t" .L. 1 . . l' t (0 , 86 ) s e2.rc resu vS "a "tere aval~aD.!..e a -r-neul.me on _lqLUl us 'tempera ,ures , 
. . . . (23) d - h . t· \ 60) . 1 ' . 1'-1 VlSCC S:L !;.l CS , an SlU.p. ur capacl "leS . ::'ucn COllunenc; s lnc UC'.eLc the 

a ppal en t ar,om3.1y indies t.ed by the behaviour of the ti t. an iW:l ion , -",here 

desulphuri:n tion and basicity ratios are cQr1Cerrieo. (poGsi ble 4-fo.ld coor­

dination) and t hat indicated by the low viscosi t ies of t he slags . The 

a'.lthors 3.1so 8 1_lggested t}->.at higheT ' basl.e;i ty redios gave ris e to slags 

of hi€'hGT liquidus temperat'lr e and that thereby the superheat ir t he slag 

in the vicinity of'];hc el"?etrocte was decreased . Tnis i n tUl'nwould. gi7e 

r i se to r:J.cl t~~ of higher v iscosity ... [nich Hould hinder direc: reduction 

of FeO by carbon . 

GelleraJ.izations of this nature ha.ve little value vrhen the ::esult8 of the 

prespnt \-/ork are taken into account . Dep8nding on the degree of reduc'tion 

of the ti taniuJTI oxide in the !i~el t, the anomalous low viscositie s !Jl[lY not 

exist. Depending on t he pri mary phase of tl~ slag as predicted from i n -

v est igations conducted under oxidizing cO!1cli t i c!i.s, an f' c.c idic" slag l~ay 

8ventua2.1y posses2 a liqilidus tem:perat.ure a bove that 01 2. "bas .ie n slag . 

Ji'eO is known t o be reduce d fe.ster f r om basic slags . This means faster 

rel[~Gval of the shielding effect of this oxide for ti taniuG xide in tte 

mDl t) Vihich alree.dy lacks t he r etarding eff ect of SiO 2 ' In basiC' 8120gS 

t~c r\:~ duction reaction .:as sLOim ·';0 become self--inhibi ti De; at lccJ.st ',-Ii tli 

res-pect to ti tar. iU!Il Clxi ciA . F i nal r e ci ...... etion of F'eO from the ~lag pha,80 

and part icularly o1~ vanadilull oxide, must oe expected to fol low s5_,61a1:' 

tre!'lds . Finally~ the i Y';.creased r educt ion rates associated. tiith more bas ic 

",J.a.gs le3.d to lOVler val ues of' elec'b:ical resistivity and. indeed. eV8iL t ually 

to lC',';8 1:' de &:rees of sl3.g supe rheat . 

}'or the pe:::-iod :;nd-1969 to JUY't8 1971, a simil ar analysis l,.A.S ca:r.'::jei~. out 

by members of the research tear:1 at rfi_giveld . (101) ~he raost :i_mport ::mt 

conclusions we re : 

(a) Inc:::-eased slag basicity resul ted i n increased carbo~ and s ilicon 

con.te~c.t s of tLe pig i. TO~1, In.lt the \Tar~a :l iu.l !~ cont ent of tl'1e 1e:~· t er· 
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(b) _om i{~~reas8 in the coal/ore rat io in the kiln feed ma teri 0.1 in­

c~easGd the ca~bon and silicon contents of the metal . It appea~~d 

that t he slag bas ici ty probably exerted greater inf11.18nce on the 

carbon conten t of the metal tLan did the coal content of t he feed : 

1'1:>cl -= 0 ,003 Coal + 2 , 635 E 
... -.I 

3 ,088 , . he' "It were oaL = ~ Ol on 

of o ::.'e and B 0: (CaO+r1gD)/S i G
2

• 

(c) It a ppeared that h i gh cal'bon and s ilicon cOIlterlts in the meta J. were 

~ssociated wi th high power consumptio~1. 

'd\ \ ) Sk'J.ll iron losses dependea on carbon a nd silicon con t ents of tbe 

ho t rnc-tal : 

~ S'K'l"l l'~Oll 10sCQC /fJ ':>.. .L_. ..L... .:; .... .. ,,1 '--- ---------- - 6,9095 [%c] 
ton p:!.'oduced 

1 ' . b d " H ., (g8) a 80 a eserl e by .eJJa . '- A possibility that 

was invesU.gated was the addit ion of hematite irls '!; e ad of !l;a gn e tite as 

electrode dr essing materi a l. I t appeared (102'; that u.ncle r good fUIT.ace 

condi ticmc ~ hema'L i t E: by itself was sufficien t to maintain good opera tiO!l . 

Unde?: coy!d:i. ti()!~ s of di.fficuJ. t ope ra tiol! t!1is did Eat apply and limestoEe 

rla.;l to be adcled to s e cu r e bet ·~er :netal chemis try even when the electr:)Qes 

'were short . The con\Tf:n tional Jnagn·eti tc additions were la t8!:' re tun.~d to, 

as it was 8uggest2d t hat h ema ti.te would cause Ias t eo ::, e lectrode consumptioE 

c:.ue to its greater reactivity . 

It Has also sugge s t ed that a portion of the coal ad.ded to the kEn s:"ou:::'d 

be re:o} a ced by cok,:; added. a t the dis(~haTge 8l".O of the k iln . 'I'h8 2 '~g-g.2S -

tion vas based on the possibility the. t mi3.i1j of t he oper-atior.al problems 

migrlt be cl ue to small carbon part.tcles flo a t.:'ng' i .n t118 m.el t.. '!in.8sls \IJouJ.d 

by tneir mel'e physica::' preson.c e , reduce t he resisti vi t y of' the b1..~rQc r. 

and c ause high electrcd.e position . It j.s no'.'! kno'-'l11 t r.at the electri ca :' 

prcp8rti.es of an oV8l'carhor..e d s l ag v:ill differ from t hose of a noY·r,1.s.1 sla.g 

much more Jl12.r~:,~dly t han mi ght b e antici pated on the bas is of extra CarbO!l 

on ly. 

It is (lb·-r io'J S t hat the fi xe d (;[l:::·bon i n t.he £'l.lrna(~e f eed should. co~s titu.t e 

a ma j or f 2.ctor determining the '.::>:::'0 c e88 .i.n t ns fUI'ni3.ce . Carb::m en te r s the 

roi.n t e d. ::Jl1t that t !w pl'er€;d1,ct i on o f t h e o~-:'c 2.t 2. glv en (;oal i nput to t he 

k.:i.l?1 (1c~ pen.ds 011 the fe e d rate ancl q!lo~~d Ul1 exalnple 'bas e d on a s ·'tatis ti-:;al 
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Tons/hour -Prereduction 

kiln fed (%) 
- -- ---------- ------------------

40 

45 
50 -----' 

31 
28 

25 

In this connection, the author feinted ou t trlEl.t the process \'las desig;'led 

for 45 - 50 7'~ prer-eductior" and that -l.;he furnace might be overl oaded at 

times, especially at higi! ki l n throaghput rates. 

Hejja a l so indica.ted that pile-up of contaminants i n the furnace , parti­

cularl y in the form of elec t rode carbon might be t he main trouble so~rce 

in furnace operation . 

rrhe I i quidu8 temperature of the slag must neces sarily be hj.ghly s i gnH':', ­

cant on j . ts :)wlJ . 'rhi s was pO i !lte d out in cha.pter 1. Hm-Iever , in 'Nor"r: or 
t he present type , i ts influence on the pro:pert.ies viscosi t:i and ele0t:r-i ·· 

c a l resistivity '<li th respect to tGmperature profiles existing irt t h e fUT--

nace , is of equal importance . ror thi s reason, t he possible impol' tE .. nc;e 

o f s l ag liq'..li_dus t2mperat:'lre 'tli.n fl.'equent l y recur i n soctior~::; 6 . <1- ani 

6. 5 dealjYl[, ',d t~} resistivity and v i scosity :cespectic,'21y . 

Hejja,(103) maio an attempt to estimate the radial temperature profile 

3rOUno. S.Y! electrode of a r~ctangular slx- in-ltn:: P.'12..tte slfJel ting ele0 J~:cic 

fu:;~nacG . AS8L:milig t:1at under t he eleetrode i n the s lag layer , ther(~ 

exist::c a " d ifJt:: t1 of materia.l of defini to t h id::ness , over which no ve::::·t.i.ciJ.l 

plZ1.ce ar.d -i:1~~ t there is no turbulence , he derived. the follo',.l ing dJffeTen-

tial equat i cn : 

r~ 
/ . 

-1- l/I' 
dT h('I' - Ta \ ----.----~ I] 

elr k 

a.nd thus fI'Ol!! :he a.xis of the e J_8c trode , 



h 

k 
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convect ive heat transfer coefficient and 

t hermal cono.l.lc t i vi t :{ of . the slag . 

l~ :oa:::·t fro a t he dO',.lbtful validi ty of sl.;.ch a model even f or the sy,;tsm i n 

connectiorl w7~th 1,..Jl:licl1 it was deri ved , it is r eal ized. t hat i .ts applicat i o:l 

t o E. p i g i:r.-on producing furnace can have even l ess cla~rn en va1.idi ty . It 

will i3::'mpl y be encieavoured to show tl"le possibl e effect of do va:::ying slag' 

liqll j.dus temperature on furnace op~ra tion, on the bas i s of one i dealized 

rnollel , with Ji ttle reg'1rd for abs olute num~l'ical vc.l ues . 

If m 
J.. 

Thi s 

the 

- T'3. Y and h/k = 0- equatio n (1) becomes : 
,2 §X . 

2 Cl Y .c. 
r 2 + ~ o~ r y 

ar '"'- ar 

l:'eprSs8nts a form of t he modified Bessel function : 

2 
\ ,' '' z 

sclution of 

y 

+ Z\-I ' 

which is: 

C
l 

I ( r .r;;.}) o . . 

2 
0 . ( 3) , rnz \V ........ .. 

C · (",. k' 'r' rr ' 2-' 0 •. v / . ....... (4 ) 

0 . . ..... (2) 

'11[18 first t erm on tho right ha.:'lc. side can be e limi nated as I inc r-2ases 
o 

vlitt. i n creasing value of the variabl' , while the JeemperatuI'o Sh01.ild. de--

c:!"easo [,lOre or less asymptotically w.l th increasing r . T!J.8 fina l fO f.'Dl of 

the solution is ~hen : 

T - Ta C') k ( r [0-') . . . . .•..•• . . (5 ) 
~. 0 

1;0.9 va-:ue of the CC) Y1s ta.n t C
2 

\'las eval uated f or every selected V2. J.1J.E.: of 

~' a , assum.i:l{',' the ra-tiv ()' = 0 , 67 and 

L.he temper,~ ('-"ere at; the I ,eriphE'ry of the 1, 6 In diameter ho t zone 

b e lCH"; t he elecb:-ocie = 1900
0

C i!i all cases. 

this temperatul'e ) . The values of s l ag liquid~s 

tempe~:2.t1.~rr:: t ha t \{ere sel ected , vlere : 

(a ) t ~1!=, a verage liqu idus teff!pera t-L~re of " 10\-1 me l ting" slE,e;s Hi 

t.hL:; iEvest i gatio:1 (measured under oxidizing cQ:1ditionsJ; 

t he average l iquidus temperature of "high ine ~ tjrcg " slags 

~,.rilE! a;:::.1r·ecl lA..: ~ c. e:?r oxid izil~g condi tiu:ris) a.nd (l.ls() t r.L8 ~_l ~ irlatc l i quidas 

t(;lc' lls'ca ~ur8 of olags redu,;ed b~r carb:)ll at 1 55CoC , j.f tr-_oir mel ~_ i ng 

-t er;I IJe:r.'E;.t1J:::~s vJere infl"t.1.enc e(~ by reduction Clild -j~ho irJiU.al valu£:s 

1 1 --CO .. , were c_ose to _) ) : ~ . 



C"h;::! TIl"'J. t i.ng tempera. curE of slags reduced a,"G 16000 fo r 

COillIJa.rc:. ti.vely long t j.me s , even whe:1 thei. r i nitia l li.quidus t emp0r2.­

turGS Here "101-' ''. This a gain presuppo sf:!S de pendence of mel t l .ng t e m-

pera tu.re upon dcg-.cee 'of reduction . 

The values of C
2 

corresponding to these diff 2r ent levels of Ta are 

880 , 735 and 590 respec tively . 'J:ab1e 62 shm-ls the radial temperature 

djstrib~tion from t he el ectrode axis fo r the different vab18s of Ta . 

'I'abl'~ 02 

(m ) 

0 , 8 

1 ,0 

1,5 
2 ,Cl 
.") r-
c. , ) 

) :U 
~ '; 
.. .1 ~ .... 

4,0 

Radial tc::npera~ure pr0f.i Je in an j.magi nary slag r: disc " 

below t he el ectro~e . 

1900 

1T15 

1J64 

1~ 54 

1392 

131:8 

1334 
1321 

'1' f o r Ta= 140Q(; 

(oC) 

19CO 

1797 
1660 

:t529 

~~ 47'7 

~44!~ 

H :::9 
H I S 

'1' f or '1'a=15000 

(DC) 

190() 

1818 

1677 

1603 

1535 
1523 

1514 

'I'he saae inf'0 I.'f.1ation is p:L'eser,ted iL fi gure 1/:.0 . 

H CEo,:'} 'oe s een i.e db~Te3.S e throi.;gh t.he valDes 3, 0 m : 2 .: 9 IT! and. 2 , 7 H! a n 
r 

--,:!1~~':,:" l'J. e of 'J'a tnGrease s fJ:.':);ll 1300
0 

t \!rough 1400° to 15000 C. ;.. f urnace 

:·; ~nul cJ be 08S ~ g)h;'d. accorr3 b ig to the l O'lles t mel tine; point slag fo r ,38 t i s ·­

f ac:,ory lining proteotion . If a slag of ur.i formly high~r liqu:idllS t er.: -

pera tu!"'f:' is 1,;.sed , t ;1P Teactin.rl zone rnus-t. s h:cink . SllCh tlli:nk in g> is base d 

O:'! tr_0 assuE:pt::.Oi: th2.t t:'l8 sl :::.gs have '..miferm l i c"uidus t e rr:pera. ;.ar::s . It 

n 

J./4 :'C"·' (, ~ d{.; -~2~ld.ll ~~; on. t.ht."? eq"..l5_vaJ.er_t :~· E':c~ · ~...: r,..L0 teT :p(;rat~:rc~ , c ... nd tL.:1t tilis 

vi i.11 :::'ecluc e tllO val ue of However , 



1_ - 266-

I ----- - --------------------~--- -~--~--- --

.P o 
S ,-
II 

~ 

-gl 
31 

$21 1/ 

{ll 
r~ 
J , 

-:-~ 



-267-

solid or semi-so l id IDa terial c. t T'luch 1 o 'tIC X· t8 rnrera ture dictated by 

the liquidus temperature of the virtually u nreduced slas neal' the lin irlg , 

is a possibili ty . A crust formed i n t his mann.er will not be readily re ­

move,c}.? during subsequent taps i nvolv i n.g poss i.bly " correc ted slag;,;;" of 

lo~er melting temperature . 

If t he region betwee n the e lec trodes is cons i de re d , an even more alarI!Ji~;.g 

situa t j_on arises . v!ith a centre-to-cent re electrode sepal;ation of 4 m, 

t he ~ircle of 2 m radi us round snch e lec t rode becomes i~portant . At this 

distance, the superheat of the sJ.2.g varieS acc0rdlng to the slag liqu i dus 

t emperature . 'j1he s13.gs o f liquidus temperatures 13500
, 1450

0 
a ne 1550

0
C 

'rIo·J.ld be slJ.perheated , 9,8co l'cii ng to U~/~ model aoo'fe, by 100
0

, 80° and 

"looe -~c.~pe '~t·;ve l - -• L~~ ~ ~ _yo An i n c reas e in 1iqui:ius t emperatUY8 due to I'eduction 

'oJ carbon i n this region i s a very real possibil ity . \'>i i th the high te~ --

eo lo cally! that cou1:i exceed t hos e Gorresponding to liqui dus t 8mpers,'bres 

r , - - 0 ° ~ -, d' d' . . OJ. -,.))' I" ~ Dleasured. UnCleI' severe re u Cln g con ].1; 10115 . In an over carboned 

sla.g snch 8" conc.i tion will give rise to the forma t ion of II cra tel'S" around 

the el.ectrodcs . ifnen such crR-t·ers bri dg8 7 tho.? s lag " l. l l become confine Q! 

l'23:.iiYlg to uncontroJled reductior. of t i tanium oxide ma i nly by el.e ct~ot.i8 

c:a:r"bo;L F:!.'essure bui1d- -tlp beloi>! the crust due to gas 2vol,) tion :1!ay (C11-

c2ivabJ .. y l ead to ail er1.1pt io!1. 

li'ir:::tlJ:;, it must b e st:r:es:sed in thL~ connection , that the i ncrC::2.G8~;ir~ 

Ij.C1Ui lLU3 tlJr-:1P2T3.tt:re sr.ov:n te, OC8ur duri.!!g the course of this \Oiork , ',,<;;1:'8 

ObS8L'/ec. j.1) f '.1.11y hO:llogenj,z'3d slags . Such cond i.tions cannot be exnec-Gul 

1;0 exist in the severel y non-equi.lj.brium state (u)sc r ibecc above . Solin 

pn.a se'; :'iust tl:.en also include I'f)fractoI'Y 2. ov!e.c titanium oxides and even-

bac:k to the pri.:r:,,:.C'y phase (1f the un:ceduceci sl3.g , t his Viill have lim~.ted 

value j_:l th8 actudl system . Even sJ ags ivi t t! pc royski te a.3 the initial 

t.k~ ploc2 ~t a 3~ower :cate . 
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6.4 The i mportance of s lag resistivity 

In p~incip18 of cperation , the submerged arc elec tric furnace used for 

producing pig iron ~ is very similar to those '~sed for the production of 

f erro- al loys . It wC.s .pointed out i n chapter 1 t hat there i s no . absolute 

gui.de as to the r<;;12.tiv8 i mport a.nce '::If arc- as opposed to res:'stance 

heating i n these furnaces . Some authors( 104 , lO S) claim t hat the l a tter 

r.1eChaYiisfil rredowina t es . 

On this bas18 the burden :c-esist.ance app0ars to be a f nncticn of : 

(a) the electrical res istivi t y of the burden and 

(b) the geor!let1.Y of the e l ec t rode , system . 

NumeI'ous attempts have been made to formul ate a !lcel l. constant" k , 'tl:-lich: 

fl)r a homogeEeou3 sys tem, conIC!. be used to calculat.e burd.en resistance 

t hrough t he fundamerctal relationship : 

R p k •••• ••• • (6) , l;lheI'e j == burden resistivit~{. 

The Andreae concept : k - 11-- D 1':./ II ........ (7) implies linear de -

psndence of resisti '/i ty on el ectrode di ameter. r'lany later aplJJ::'oaclle s to 

the p:!:o blem .. :ere b 2.3ed on t h is idea . 

According to Schwarz 
( 106 ) 

von Ber gk&mpf ' 

Wl1ere p 
L 

D 

s l 

P 81' L 
') 

1//4 
...... . ... (8) , 

slag r esis tivi ty , 

i f:1Ifle r:-sed l ength of 

e l ectrode dia~ter . 

H 'J "'J ' , ( 10 { ) d t ' J:' 1- ' 1 .' . t '-" "' ' , .·a.J ,V En'Q-.l 2. n3e.:l ' propose he..:o lCHVlng V2. __ ue 0 _ k: on !,18 03,S},S 0.;. [ ; l!l t;'.!.8 

phase experilr:ents Vlhei'c t:1G conductio n patl) \las f ron; '~he t ip of 8. b:r"ws 

elec trode -i,o E:. bl'ass pla, t e, t h:r:ough a. salt solutior- : 

k 

. (-1-\ -- '.p) \v t1ST2 .l. _ 

.::; , 24 ,H - ]? , 
~--D) 

--------_ .. , 
(P/D)O,45 

.... ..... (9) 

depth of eJ.ectro lytc below ~h8 electrode tip . 
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1 ) 
1 Ai !-~ _-v ---=H 

tIn ( S/1) +j(S/D? 
r 2 \.1 .!- D/28 + (D/28) + .... JJ + D/2 

- I 

where H 

s 
]) 

electrode immer sion, 

centre-to -centre e l ectiode separation, 

electrode d i.ameter . 

In general , toe little significan ce h3.8 been 2vttached to 

(a) the heterogf?:1e i ty of the '::J1.e.'den material in t he furnace and 

(b) the diffe rent conductio l paths between the eLch'odes. 

In tais context, the Hork carried out by Urquhart(109) is pa:cticuL'!,Lly 

sigl'lif i can t . According to t h is author , the up:fer region of the furnace 

..... (10) 

would tend to behave as a delta connection , whilst the lower region wculd 

:Jonduct elec t ricity as a mixtur e of star and del ta com}8ctions. 

In order tc c~8:-:i. ne the possible conduction paths, the 'lalD.s s of k 'del'S 

measured for ·~ ~1.re2 phase - thr e e electrode systems . In the) experi mentaJ. 

arre.!1g emsnt , the el€c trolyte was a. sta11da:~cd. so l ut.ion of 30 diu.El cnloride 

of kno\-Tn resisti.vity , a:1d or:='tS S e lectrodes \'iej:-8 use d . Ralaced Ii.::,€: f re -

q1l ency thI'8e phas e pChler viaS maiEtained .3.cr08S the elec trocles by t :1::'P2 

sin&l~ nhase 'rariable transformers . 'lihe cell red.:d;ances we r e determined 

frcJffi lhle vel tage s and currents . "-. sta:r. po~nt \<iE:.S provid8d 1::; a inerC1Jry 

POO:. a t the bo i;torn of the Glass beaker :~ontaiDing t he eleGtro ly te . '1'1-1e 

cor~Quction ::::u1'fac0 could be limited by blanlc!.ng off ei th 8J:' the s ides 0 ::-: 

th~ tips o f the electrodes . The ratio of pitch ci:.:'cle dL;.me te:;: to elec-

·trcde di.ar:!eter ',;a.s kept COllstant at 2. val ue of 3 fO. 

v.ihen cIlly delta conduct io;" wa:3 poss ible the c c· ll const2.nt '.'Ias 3. functj on 

mainly of tj18 s olution depth . ,.,Then csnduction cou ld only t3.ke plae;8 from 

thc electrode tips, the cell constant was fOU1 !d t o be related to the 

e1 8chode diameter (D) t hrough: 
_~ 2,46 D-C,8 ("1 ' ~~ •• II ct • • • • • • • ... .1 . ) 

By di\:i.dinf' the su"bmerged depth of e l ec t :::'Gd.e iLto 25 l:uJ. s·,:: c-t.ions 2.Y d 

us ing tlJe :.;orresponding v:l.lue of k foy uelta c ondnc-:;ioE 2.bove the elect:COcle 

Lp~. ·, C·~rlO\-ring th8 va:riation of bU.cden !.".s istivi t:y ',Ii 1.11. t.e::njJercd: 1;;'L:) , tbe 
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pattern of powElr dis cipation in this :':'egion could be calculated . This 

was done by assur.ning an o verall depth of electrode i mI!lers ioE i n the 

f erro-chromi um f'E.'Lac e a d evaluatj.ng the currents carri ed by all the 

25 mm thick :r esistor s in 1larallel , assLllTIing a constan t inter- e l ectrod.e · 

vcltag e . 

}<' o:::, the region be lcw t he e l ect r ode tips, a cell cons t ant was a.lso kllown, 

bu rcie r.. resisLivi ty h ere as assill"le d cOD3 t a.n t and. a s i mi l ar ca lcu lation of 

the de lta/ s t a r condu c tion cou ld be perfo ::..'me d . 

The [l.uthoT fo und that jus t over 50 '(0 of t n.e pm'ler wa s dissipate ri below 

t he electro<ie Ups and t:r~c. t abod 75 ?""h ",!as diss i.pa ted over t he lower 300 

mra of electr ode (overal l i ITliT!ersio ':1 1500 I!l:T: ) . The to tal vall~es of power 

and C'lITent a greed "'!i~ll "!tl i th t hose fJl-2asured for furnac e s in cpera tioD . 

A s i milar c.ppro8,ch could o e employed to form an idea of t h e pattern of p r;;'if}T 

dissipation i n a pig iron producing fm:·nace . The "burd.en r es i stance as 
190 ) 

determined by Renni e \ ~ , together with s l ag r esistivi ty values as de t er-

min8d in this '.-Io r k could be '.lsed for the purpose i f t t.e f ollm'l ir'b ob-

ctacles coul d be overc r ; e : 

(5.) 'l'he a.ctual dep '~h of inrr;:ersion of the e l ectrodes under condit ions (l ~' 

optimum oPera.t ion must be ~0i"J [1 . 

(b ) The t empera t 'll'e profile i ii t.he burden alonG the in1J:ner:sed pa.:r.'t of the: 

e l ectrode is another unknown . 

(c } Th e r e sistanc e value s of Rennie mu s t be converted to res is U. 'Ii ~ie8 . 

The temper ature variation from the bu.r den surf'ac e wa s adapted f rom t he 
. . , ~, 110) d U . t(109 ) 

s~J6ge s tHms cf ha zo Ol:azov a t a 1 an rquhar· i n ::m8h a ·\>JeW a s 

° to have a bur den s u r f a ce "':;0.llJperature of 70(; C. At the level of t he elec-

tr0 0.8 tips t he temper a h r e \Vas a ssumed to be 1550
0

C. :rhi s sugges t e d a1:. 

i ;llrrie r sion de.;: t l:. for stea dy nea.r - t a p o perat ion of 1250 ITlm . 'I'he P)'oposed 

r~er:n ie de ·~ ermined t he Te ~; istance o f one sla g j us t above its l iqu i du s t E.m-

.f'cr a t').TG. 'l'h i s i3 sho\O;.'1 _i n figur e 139 t oge t her wi. t h t he r e s i s-;;anc8 o f t he 

7'F..: St of t~ e -Durden . 1'11 10; c o m1 os i tion of t h i s par U .cc:. l.a:c s lag ' .. :as fa.i. r l y 

U ;'.1:' c~duced condi tion c f s lag 3 14 3$ a dht'jiT poin t i ~ i ',,~ i s exercis e , Ei. va I n>.:: 
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of the cell cons tant of the equipment 1 .. 1.8ed by Eennie , Vias aetermined by 

equa.ting R = P k , whe<:'e R = resi s taneeof t he plal!t slag as measured by 

D • t ~ ' 7 7 0°" d ~enn]_ e a 1.) I I.J an 

P resisti v i ty of slag B14 (unreduced) measured in this ,..:ork, 
-' 

so that 0 , 324 

k 

0 , 926 k 
-1 

em 

The proposed burden r es istance curv e ( fi gure 139) wa s s moothed, no t to 

sho\v t he "reaction hlimp". This is no t entirel y j ustifi e d as somethi ng 

of this nature may also oecc:..r tr. t{le actual furrlaee . Beyond a t en'pera­

ture of 1400
0

C t he slr .. g resis 't i v i ty was used . Res i.!3tivi ty v a l ues for bur­

den E.~'l C. slag are S h Cv-T, i n table 6 3 and figure 142. 

~lempera t u r e 
{o(, \ 
\ '-' ) 

---------. - - -

6uo 
700 

800 

900 

1000 

n oo 
1200 

1300 

1<1-00 

1500 

1550 

(ohm em) 
---- ---_._-------------

3,510 

2,340 

1, 665 

1, 400 

1,180 

1,092 

1,007 

0~920 

0 ,855 

0 , 635 

0 , 535 
--- - ----------------

'llhe in'.me rsed e l e ctro ll C: depth .... IElS div i d.e d ul) in t o 25 mm l a.yeJ_'s) rel)re -· 

s ::-,n tiYlg resi2. ta ~!e e s i n parall e l. For each of the se , the cell con s t an t 

d t . r l7~ - 1 f ' (lOQ J • ' " Has as sume . .0 t)8 0 I ! J em a ' 'Ce r UrQuhar t ' ... . For' the r- '0[;lOn 08.1. 0 '.-[ 

th!;:: l~ 1 9c trode tiLlS \'iher'2 m.L cd cc·ndee t iGn '_8lees plz,.ce ! th(= ce l l con s ta.l,t 

',{as cal cul a t ed f l" ::>]:! equa.t i on (ll ) yd th 8.n el ectr.::lde di ame t e r o :..~ 1 , 6 m, 

E. S k == (i ,OC67 . The t e mpe r ature oelow the eJ.ectrude (town -to the sJ a g-
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correspcIldlne to the steady operating depUe. of immersion I'ias a.ssumed _to 

be 110 V 

190 V 

Calculations based on the above , resulted in a power dissipation profile 

as sho1tm in fj_gure 143 . 'rhe figure s in the last column represent the 

percentage pe1t,er dissipation over the 300 rnrn bUl'den depth indicated , 

except the val u e 3,1 ",hich is for the last 50 mm of penetra. tier. and 

45 ,1 ... !hieh refers to the region belOl" the electrode . 

~he total current calcu!..a ted in this ma.nner , comes remarkab l y close to the 

target value for steady operation corresponding to the voltages mentioned 

above. (90 - 100 kA) 

Even sr), the suggestion is best i nter'preted as a possible model of 

datum st.ead.y operat ion at a parti cular current, vol tag~~ and burc.en depth. 

It will be used to give s orne idea as to t he effec t o f changes of slag 

re s istivi ty C-oy changing the camposi tien of the unreduced slag) as ';Je J ] 

as to shov' a p.)s:::lble ef'.fect of slag resistivity changes due to red.uct i on 

of titanilllI! oxide in the slag. This will he done as a start, by as suming 

the same temperature profile and electrode immersion for ot:-.er slags and 

calculating e ither an excess or a deficit in overal l power , compared with 

the datu.TJl operation ::.-epresented by um~educed B14 . If constant current 

(and power) eorresponding to ::o uch. opeJ~ation is to be mai rrta ilied , the 

calculated change in total po \{er 02:.' current must cause a change i n E"i lec-

trode penetrat50n . The estimate d ,=,xcess 02:.' deficit was assumed to be 

directly proportional to e2.e~ trode movement. Such an exercise must be 

interpr eted in the light of its basic aim . Presentation of t he r esu lt::> 

i n the form of total ~'esisi;ance woul d have the same significance. 

Final ly, a c hange in the -.m reduc '2 d composi tion (with accompanyi(lf,' change 

in :;:-es j stivi. ty) vras £l,:,,s-;;t,.7Je El ·to be 2ffective at. a ll teITl.peratuTe s above 
( I 

1400 - C, Itihile a chal:go i n degree o~' reduction was assumed to j.nf1uence 

bun:le i". l:es:Lsti vi ty only in the region bela :." tile elect~'ode The 

re fl istivi.ty profile at alJ. t emperatures ab)ve 14000 , as suggested j.n fi gl,E'8 

J_42 was conseq' . .l-ently as s Qed to be utlal t eJ:'ed by changes i n s lag resis -· 
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Figure 1L~ 3 1~ PQssitle p0i-ler dissipatio:1. profile for a burden 

0or:::-esponding t o unreduce d slag B14 .( steauy operation) 

1145 

i410 

1512 J 

1541 

15~1 

1550 

Immersion( mm) 

o 

~QQ_--, 

IQO 
--~~,'-----

Power dissipated (Il/O) 

8.' 

.u 11,6 

, "S 7 _____ ~._' I ~ , 

. _____ ~~ 18,1, 
_______ 3:1 

43.1 
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Un this basis, figure 144 shows t hci expected. changes in e lectrode immer­

sion for changeS in s12.g composi tioD, the slags being in tne unreduced 

. state . The figures in brackets represent the elec~,rode penetra.tion In mm . 

The arro\-,s sho',; the trends in slag composi ti.O'.1 . ;rhe s l a(,;s 1311, 1313 , b14 , 

B15 and Bl'( all have (Ti0
2 

+ Al?03) = 44 I!I3.S S %. The s'~ries 1311 - 1314- 1317 

have CaO/N;{) = 1 and the basicities are 1,7 , 1 , 4 and 0,8 respecU vely . 

The series E13- Bl4-B15 have a cons-:;ant basicity ratio of 1 , 4 and the 

CaO/J'lIgD ratios Bre 2, 1 and~. A5 and C23 ha.ve t he same basicity as 1314 , 

but the to tal (Ti0
2 

+ A1
2

0
3

) con t ents are 36 ~ and 54 % r8spec~ively . 

Tr.e figures imply possibly disproportionate importance of slag liquidus 

t emperature . The favourabl e conditions apparently associated with 511 

and 315 as compared wi th B14 are mainly due to their high liquidus tem~r)e:::, ­

ature s c: 1460
0

C). The rerr.ai n ing slags show the trends that '\oiould be ex ­

pected, except C23 which would give smal1 2I' penetration i n spite of its 

higher 1 i .quidus tel!lpera ture . 

In the same way, the figures were recalculated for slags after r 8Q'J.ction 

for 60 minutes at 1550
o

C. These are given i n figure 145 . Only the J.' t'·­

sistivity of B14 under such conditions was actually meRsured. The dpgree 

of reductior. of the other slags after reduction for 60 minutes ',ms ho\-ieve r 

knO\'rr~ in terms of a molar O/Ti ratio. The r2.the :c l.'ash aS8VI:1pti.on was TI!aO.8 

that they all conformed to the equation derived for B14 : 

x 

Slag r·Tc. 

f 1550 ' = 2,32 x2 1 , 54 x + C, 

P 1550 for the unreduced slag, 

e r . I)/"'l' \ ~ - '- I .!. J 

Suggested res istivity values of slags after reduction a t 

1550
0

C for 60 minutes . 

,., 
x p 1550 (aftsr 60 minutes) \.-

_____ . _________ J ohm em} (ohm _~!!!J ___ .. 
Ie ) 0,750 0,18 0,572 

T" ..,. 
"::J.) '0,570 0,16 0,413 

Bll 0 , 578 0 1 22 0, 382 

'217 U,72 5 0 ,16 O, 56F\ 

DIS 0)800 0,21 (),609 

(; 2 3 0 ,·rI5 0 ,36 0,253 
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I­
Figure 1/+5 Poss i ble changes i n final elect::-ode penetr ation ',."i th slag 

composj -t.ion , based. on steady operat ion vli t h 1314. (all slags ::::ed.ncecl by 

carbon at l 550
0

C for 60 minutes) 

'811 

(1085 ) 

r----->--· 
AS 813 

t ~ 
< __ . ___ ·_~1r<-_____ 81 5 

:lll20 ) (1120) (1074) (1 480) 

1 
817 

( '4L~O) 

Fi gure 1l t4 Possibl. e cha!1ges in Hnal electrode ;JOSl tlon ~,.i ~ i,,­

slag compos ition, based on steady operati.on wi til slag B14 . 

Ar.;----.... S 13 

(1 G30 ) (1300) 

811 
(1330 ) 

l' 
'----, r--~' '---~------I 

<: ___ _ _ ___ 1:314 <E:--- -. _ 815 C 23 

(1250 ) (1 595 ) (11 5t'.) 

• 
S 'i7 

(1 552 ) 



Figu"Ce 145 appecU'3 to i ndi.cate that the suggested value for B15 is 

stH1 large ly inflienced by its high liquidus temperr3.r.ure ( .. Thieh in 

creases with reduction time) . The value of such a techr.. ique to keep 

resistivity high , is very doubtful in the light of the considerations 

outlj_ned in section 6.3. 'rhus i t become s eviderd that the major composi­

tiona l va:ciables are : 

TiO content 
2 

Ca. ) 

(b) Basici ty, when drastic2.1J.y reduced. 

The i rmaersion depth parameter \'las al so cal culated for yarj_ous degrees 

of reduct i on of :8l4, ba.sed on the unreduced slag . 

Penotration depths f or the r educ ed derivatives of B14 

o 
Reduction time at 1550 C 

(minut '3s) 

o 
30 
60 

90 
120 

Penetr ation depth 

(ITun ) 

1250 

1198 

1074 

1000 

1016 
----.-------- --------

To fw~ the.c illus trate the deleterious effect of the d.rop in elect.rieal 

r(')sisU.v:i.ty t hat accompa n i es red'_lCtion , in spite of t hG i.ncrease in li­

quj_ du~; ter111)era t ure , t i,s rad.ial tempera ture profile s uggested i~1 sect i on 

6.3 Vias use d. Hesi s ti'Titie s '","ere found corre spond.ing t o the various 

temperatures in the tHO ins tances : 

(a) "\[hen the slag i s un ifonnl y unreduced B14; 

(b) when the slag i s uni formly B14 reduc ed f or 2 hOlE'S at 1550° ' . 

ThE lat ter conditior. does not appear ver:-l t:.nrealistic a t 188st j .ll t he 

regjon between t he electrodes , if the slag s hould be sever e ly overcar ­

boned . Tile .,'alues 1 i sted in tabl e 66 proba'bly have Ii ttle sig11if i canc e 

beyo::ld. r = 2 m~ (ll.lt even a.t t his poil1.t , t he unreduce d s l a.g has a res i s tl ­

vi ty a,lmos t t 1tl i ce '~hat of the r du ced slag i n spite of the greatly i n. -

creased mel t i ng temperature of the l atter . 
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Table 66 Radial :resistivity profile round the electrode 

B14 
I ' \ B14 (reduced for 15500 

C) r \ lillreduced) 2 hI'S a t 

(m'! 
, J 

t( oC) p (orull cm) t (oC) f (ohin cm) 
----------------, 

0,8 1900 0 , 230 1900 0,202 

1 ,0 1775 0 , 301 1797 0,247 
1, 5 1564 0 , 538 1660 0 , 303 

2 ,0 1454 0,725 1529 0 , 390 

2,5 1392 0 ,870 1477 0 ,495 
3,0 1348 1,060 1444 0,525 

The IT;anner i n \·Jhich s lag vi8cosi ty j.nfluences furna ce opera·tior, a,ld 

eventual ly production wa.s briefly outlined in chapter 1 . 

Stokes' law gives the ba.sis for dete rminir.g the ra.te of settEl,€; 0'::' !l!etal 

droplets through a slag illedium : 

v 
2 

.- 2 
---=~U 

...... .. .. (12 ) 

terminal veloci,ty of the settling rEo SU1L 

Such a relat ionship i s modifi ed by t he turbulent conditions thOU~lT 

to exist in the furnace close to t he electrodes . Apart from the t-urbl..\ 1c.~ nce 

facto r , effective viscosity is drastically inareRced by the pre s enc e of 

solid. particle s . Such a poss i bility i s not rul ed o d in thi s system 

\·,11.er8 a n increase i n the }.iquidus temperature \vas sho\-rn to take place 

even in homogenize d redu.ced sla8"s , a part from the :r-elative1y c rasti c h!­

creases in viscosi t y above the me l ting temperatu:ce, t hat accompany reduc -
+. "J_on . 

;.,-ork, 

jvloreover ! the very important aspect that 'lia s not cove:coc. in thi s 

is the fo rmation of fj .nely di spersed particles of ti tanLIl!' caro ide 

in tho slag pha.se . Q,uali t atively , i t may still be aSf;'~med 0 11 t r.e bJ.3is 

of rc:.tes of :!:'cduction t o l O1-le:!:' oxides , t md t he f uTmatjon of ca . .rcicl.e ~i ill 

t J • -, ~ - • " • • -' , . , I .., r I . " , . I L' t s ar c 300ner l?'"l s.lags oJ. lagn oa!J.!Cl';Y: {l.lg ... 1'.~, / CaJ ra 'LlO Cl.n G. LUg!! ' J_,a-· 

lli1.i.h: oxide cor~tent . Acco r'ding to the Einsteii-~ equation a l reEtdy g i ven i '1 

sect i OYi 2.4 .6: "; '" r· ( 1 ._ 2 Cj (tl I \ ~1.. • , .; / " j 
10 

(13\ h • •• • • • • • \ -'- I ' W ,ere 
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vi.scosity of the homoheneous medium , 

effective viscosity of t he heterogeneous system aEd 

degree of heterogeneity . 

Such heterogeneity also i.nfluenees the overall process through viscosi "sy 

i n a different sense . It 'd2.S mentioned in s ection 2 .4. 6 that Freiclen ­
(2 ') ) 

zon ~ calculated, from the analyses of the slag an e. metal fractions o~ 

"bu.ckshot slag" formed during production of vanadium bearing pig iron i rJ. 

· s blast furnace, the modified viscosities of both the pig iron and the 

slag in such particles. He suggested. va,lues of 0,4 poisea!1d 28 poise 

for th3 two products res pecti.v81y . Hi th diffusion be ing a functio!l of 

visco sj_ ty, refining of the bucksho t metal becomes virtuaLLy a physical 

impossibili ty . This does not even take into accoli..'1t the possibil ity tilat 

coated metal droplets '.vill coalesce vIi th the me tal bath only wi th the 

greate st Clifficulty . It \vas mentioned in scction 4 . 2 .5.1 J,;nat cvide~~ce 

of this problem Has found during this research prograiThlle as v'el1. 

The rate ·at \vhich recoverable oxides dissolve in a slag pnas(:: can oe .]82;-

cribed by the Nernst equation: 

C ,0 
S 0 

s 

D 

DCC - C )s 
S 0 .......•.. (14) , 

amOlmt of ma t el:ial dissolved per .. mit time, 

. sl~rface area , 

concentratjons at the surface and in the bt<.lk, 

diffusivi ty, 

thickness of the d.iffasion l ayer . 

'oy JO·I" ! ll~~' t.OI1( 6~2 .L, . : T t WR :3 sugges ted _ ~ _ t l."~ _ 

b o~ i) n , '",here n = -~ -- l. 

It is also knC\·m t hat D is a f unct ion of the visco.=;i ty . 

It must ho\vever be po inted out that the viscos:~ t y ··:;-3 1112 tr:at I s i mportan I; 

in thi s sense l is probably t ha t of the pl'imary slag fOY'ILE-:d in the react ·l.on 

zone. 

Fj.nal J.y , it was i nd ica ted i n sec~io~ 5 . 2 t nat, unde~ reduc i ng conditions , 

·she r e:: fi.u ct ior. of titanium ox:;'de eV8ntualJ.y became ~ f un c tion of v j_scos i i.:y . 

For <::l e.g B14 :d::cl'Jced &t 1.550'9 C:. t he rel a t.:i.or:s l1.l 1) wigh t be c;xpr8SSCQ :.ts : 



0 , 20 o , 10 9 . ....... ( 15) , where 

dt 
rate of 'I'i0

2 
reduction in illass % /min 

anc viscosi~y (poise) . 

Such a co :c:r:'ella"tion c.:a nnot 09 expected to be unique to the reductior: of 

titanil1JIl oxid.e. Similal' considerat.i.o"~s must apply t~ the fin3.1 reduc-

t ion of iron and vanadium oxides from the slag by solid carbon and cy 

carbon dissolved i n the metal . Desulphurization of the meta.l by the 

slag either '.o/hen the two layers are final l y i n contact or '.-!~"1en meta:;' d:cop-

le t s are settling through the s l a G l ayer , must also be influence d by the 

slag v i sco s ity . 

Even though the final viscositie s attained after severe :cedu c tion i n t :-ds 

... ork are by no means la.rge, 8uch figures must be evaluatec. re l ative to 

the viscosities of unredu ced s l ags . This clearly showE the inhibiting 

action that sl",.g thickeni ng might have , re l at.i.'re to operation lm der 

II easy" ccr:di t i ons . 

Again using slag £14 as an example and basint; calcu lations on the radial 

tel'lpe:::'a turc profi le of section 6. 3, viscos i ties corresponding to "the -" [c-­

riou3 conditi ons were calculated : 

Radi.al viscClsi ty profiles around t he electl:ode 

r B14 (unre duced) B14 (reduced 2 h,' co __ 0 c:' t ] ,-.r::.OoC) 
-' -' 

(HI) t(oC) ? (cp) t ( oC) r) (cp) 
--- --- ------- .. _-------- -----

0,8 1900 ' '7 .l. , 1900 23 

l~O 1775 26 1797 47 
1 , 5 1564 58 1660 96 
2,0 1454 87 1529 20 4 

2,5 1392 117 1477 230 

. 3,0 134r3 1 58 1444 
3, 5 l33'4 183 1429 
4,0 1321 r)'"") (, 

'- ~_ :J 1418 
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6.6 Conclusion 

Al though the remarks in connection VIi th liquidus tempera tU:::'e , viscosity 

and e lectrical :.>'es i s ti yi ty in this chapter are la:r:-gely specula t i ve, t lJ.8y 

do serve, through comparison , to s tress the effects of major changes. i r~ 

slag composition. 

The mel ting t e~npera t ur e s of t hese s13.g s are 'of paramount i mportance , 

:particula:cly as the tapped slag wi ll rarely possess t he liquidus tempe:c­

ature predicted by a phase cliagx'am. Horeover , laborato:r.'y determina t i ons 

of viscosity and resistivity performe d for a particular slag composition , 

hav e li tUe i.ndus trial significance if the slag i n the furnace i s celov[ 

its liqu idus ... . vempera t u re • 

The combined effect of the change s in the various properties , u nde r ['e ­

ducirtg cond.i tions, carl certainly ass ert itse lf vrh011 sla g becomes cor:fine d 

under cO ~·ldi.tions of high temp::::rature in the presence of exces s reductan t . 

Such a possibility , leading to crater formation, h8.s already 1)een di s cus 3ed. 

i n section 6 .3 i n con juI'.ction with possible i nc reases i .n me l t.ing tc:-cpe r ­

a.ture. \vnen SLwh a condi ti~r. aris e s and ti taniuri\ oxide is r e G.uc c: d uncor~·-

trollatly, viscosity and electrical conduGti vi ty \-!::":L1. a lso increas'J. 

i'Boilingl! will be promoted l ocally due to the l ower: fh;j.di ty and the l e v!er 

deg.ree of slag s uperheat. and eventually due to solid pa rticles cor:sist5_r..b 

of ti tanium carb:id~ . The Gond i tion \-Jill de t eriora t e d'..A.e to high e l edrode 

po s ii..j on and tho consequent c 801.in6 of the slag . The mo r e violent ·sur -· 

bu1 811(;e near the e l ec trode tip will deposit more and more high weI ti. nr.~ 

rcateri al o n the "', ... a lls of the crater '!. 

An at t emp t to sugge st corrective measu res accoTding to bad operation 

sylnpt.oms on the basis of l a bo:ca tory findirlgs , ""ould b e f ut ile . r](n'e rY.;e r , 

-the author bel i eves t hat lit -'Gl e ca.nbe a clcJ.ed to what r..as alr8a dy been es -

tdbl i she d at t h e pl ant. If t h e systeJT i s k n0 1,,'E t o be o'.'e rcarbon e ci. fmC. 

tit cor' i um oxid.e to be in seve:r'cl y reduced condit i orL, t he most log j c.?l step 

i s t hs r e:lloval o f t he t r oublt: source - a dcli tion of oxygen i n its mos i.. 

readi l y available f o rn; e g . hema ti t e, I f t he compos.i ticTl of t he Doil ing 

"~ln.t:> l s k no'dn j part.lcularly wi ttl respec t t o ba sj.ci ty , l imestone mj.ght 't.e 

a grea t aid to 1 01';8::.:' t he mol t i l:g t omperatClre of t be sla€,' l)y incT22.s i nr..:; the 

CaO/fTgO rau.o . lTov.l ever , j r the; bas j.c.ity i s a l ready high ) little \·[ 'i.E ·C'2 

53. i ne rt . Til s'.J. ~h s;n j. :lstan-:;~ , sil ic<:1 in con j un ct i on 1,·,ith lime s toll":' rn:i·t·;}-1 t 
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be more fe3s ible , restoring target basicity 0.nd holc.ing the possihility 

of local fluxing i n t he low tempe ra.tClre sphene compos ition range . 

However, troublesome operation is not the rule and it apl'ears f a r more 

l:.>gical to 3.void o perational p:)ssibilities calling for ".instan t correc tion". 

Rea t is used in the furnace mai n ly for :ceduction reactions and for actual l y 

heating the contents of the furnao -3 . 1flith a constant feed rate, it appears 

::s3,sible t:'lat the ratio of t hese requirements IYhSt be disturbed as li ttle 

as possible . This means t hat the f eed. must also be a cons t ant with res­

pect to the degree of prereduction and fixed carbon content. 

Electrocle erosion and contLlUal carbon -3.ddi tion from this SOll~'ce is un ­

Civo idable . More severe electrode brea kageS occur. Extra c a rbon added 

in this LIanneI' is r..ot 3 controllable parameter . SCr.18 of it. ,.,ill di::Jso1ve 

in the metal , but accumulation tha t a lso appears unavoid.able, not only 

·interferes with tapping, but may eventually contribute substant.ially to 

tne cond.ition of "overcarboningl!. Periodic cleanil}g of the fUI""l3e:eE: should 

rJe E:.ccc;Jted as an 2.bsolute neeessi ty in a proces s where s l ag prope!:'ties 

are influenced by the presence of excess reductant. 

If these requirements so broadly repeated here, are implemented , th~: 6.uthor 

firmly believes t hat the process Kill tolerate v2,riation in slag corr:po~n­

tion over a very wide region witLout ser:2.ous effect on metal che::listry . 

The object of this research work .. ,:as to clarify some of the pe culiari tie3 

of ti taniferous s lags when the:! are subjected. to reducing concH t,.i ons. ~li th 

the 3.moU-Ylt of care exercised duriYJg the 8xperimentc;1 .. fori:<:, it L: oelj.eved 

tha.t this goal 'tf8 .S ach~Leved_ 

'rhe a.i.m Vias not to fird 8.n optimum slag composition . The p r ogramme did not 

i rr/olve a search of any nahl::::e , but VIas confined to slag c.ompos it. ions in 

or B.djacent to t he rE:8'ion that is 12.milia:;: to the plant. It lS E~viden t 

hm·rever· , that optimi za tion would h,tve to b(~ na[Oed on t.he eeg-res of x·c·· 

dn c tion of t.i taniu:a oxide in the slag . If' thL3 cor:nection one i:: con.front e,i 

-"i in the ole prob1em _. that of' ::!h:i¢.Q slag is to be consj.de reciiiy,.po:;:,tant . 

1'or p~'im2:r:':l 81<.':,.g formatio n. tl" e s l2.g i s ,~o-Da~J.y clo F: G t o:) some ,J:" t r:e ~igll-

fiJlal SJ. 2.g j.s probably relrr. r-::se:lt~d fairly \·,'e11 by the syntiletic sJa~; f; in 
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the basicity range 1,4 to 1,5 , r educed for thE: equival en t of GO minutes 
o 

at 1)50 C. Under C011di tions of severe overcaroonj_ng, the state of the 

slag is likely to be outside the ra.nge tested. FoT. such extren;e conditions 

the optirntz.i:'lg parameter vlOu1d be best d.efi!ied as the r3.t;e of redliction 

of ti t aniato 1m.er oxid9s and even t"\).C!.lly t o carbide. 

Finally , four parar:HO)ters vlere determined experime:ltally - liquidus temper-· 

a ture, vj.scos i ty , electrical resis tivity and apparent rat e of titanium 

ozid8 reduc t i on . The fiYst three are differently affeds1 by t he l ast . 

1<_1 t hough it was attempted in previous sections to po int out t he i mport ance 

of each of these , i t is/ riot possible to assess t heiT. relative significance 

to furnace operation. 

The exercise that follO\·[s , must be i nterpre ted in the light of the above 

comnents . f at even all the basic slag compositions i nvestigated.: will be 

inc1.ucled . The aim:ls primarily to ShO\'l th~. Jc, i f optil1dzation is attemp­

ted, the follo wing facts must be borne in mind: 

(a) The parameters vis(;osi ty) liquidus tempercdlire and electl'ical resis-

tivityare ell signifi<.::ant in tlle process . 

(b) '1'he sla.gs must be compared under the conai tions that are p Grt5Jlerli; 

to the problem . 

}l'or the purpo 3e of the exercise , the folloHing parameters "18I'e definf:d : 

(a) 

(b) 

(c) 

c' 
"1 'l 'he values of R represent " radii of reaction zone s" 

c a lctilated by the technique uutJ.ined i n section 6.3. H. 1 iE~ the s 
radius evalua.ted for any s lag composition , as the rc,cU.al distance 

from t i1e e l ec-cx'ode c entre , -,.here the temperature drops to beloh' the 

liquidus te!ilperature of the slag. ~14 whieh Has P:;"9vi,ously gi',leti ae 

3 ,0 m, is the corresponding value for t he unreduced state of slag ;;l!~ 

tha.t is tal(en a.s rerr8sentative of aV8::age pJ.ar~t cperation . 

C~ p /10\ • Her s jOs
l 

is the resistivity of a given s18 oa' at the r -' sl . B14 
temperature predicted to exi 81., at a ::adius of 2 ill f loom t De electrode 

axi s . The temperature i s foand f~02 the ~adial profil e used i n (a) . 

Agai n , p .014 is the same parame ter 

C y} '-= 1') , l4/r) -. The ST£bols ha v8 
/ l ~ . / S.L 

for 

t he 

unl'ed'tl ced Blf; 

s ame TI1Ea.n i ngs 

(0 ~ 71 anD 
\ 

(;,11 ) 

h~; :i n (b i 
• I e ~.( c.~ pt 

til2.t \' i sco:=>j_t.y r;) r epl aces resistivity (p) . i'l!".: refc ~ence val : ~e 

for B14 i s 0 , 85 poise . 

C + Cf -+- C ,-) 
L ' 

The value of C! for UllY'eaucf'd m.L vlon2.d_ t l1en (: 5,0 . 
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A. l though equal impoTtanc e is ass2.gned to the three parameters, they are 

dimensionless, tak8 account of liquidl:s tempe:cature and refer to vahl.e:::: 

of resistivi ty and viscosity at comparativel y realistic temperatures 

which also take i nto accou:t1.-t; the liquidus temperature of th':.' :,:,lag . 

For the purpose of th<:- calcuJ_a tion. only the slags u sed in sectiO.;--l 6 .4 

.,rere consid~n.'ed. to show the ma i n trends vrhen. composition -leviates from 

that of B14 with l·espect -:0 (CaO + IVlgO)/Si0
2

, CaO;lvlgO a.nd (Ti0
2 

+ A1
2

0
3

). 

'rho calculations ';rere pe:!:'f ormed for the ui1reduced slags as \o!ell as f o r 

the slags reduced by carbon for 60 minutes a-t l550
o

C. The choice of these 

condi tions is a gai n based on the behaviour of B14, as it was indica.te.i 

previous l y that such a state of this slag appeared to represent approxi -

rna tely candi tions in the furnaGe \.,rhcm operation is FOrln31. The calcula t8d 

va.lues are given in table 68 . 

The table shows in. COIyrpact form, the trends thc.t; might be expected from 

a detaile~ examination of t he experimental re s~l ts: 

(a) FOT the variabl es (Ti0
2 

+. 1
2
(

3
) a;ld (MgO/CaO) , the trend. st.m.-rl 

by the unreduced slags is enhanced. for the reduced sJ.3.€;s . 

For vari ation in. basicity, the tr~ld is reversed . 

A ratheT sweeping c.:onclusion on the basis of t hese v<'ilues Hculd. be : 

(a) If the basicity is to be rnaintai!1ed at 1, 4 to 1, 5 , impr oved opsrahon 

comp3.rec~ wi th the p:c'es en t , ShOlll d be 0 ttained from ej_ theT g :L'2atel' 

dilut ion or from a ddition of limestone (and si.lica to keep the basicity 

. +) constan ... . l'b, first alternative is uJ1attracti re f-::;r ob"iou3 reasm:s. 

. (b) Based pure ly on this exercise and the pa:cam8ters usscl in it, a de--

crease i n basicity to values c10ssr to 1,0 can ;:)111:y- be be!"Ceficia l . 

HOv,'ever , be2.ring in mind the de l eterious eff ect of :,:u8h a c h""ngE:! 

on desulphu:eiza tion , i t is less advi.sa::;le tI1<ln an i!lcrease :i.n the 

CaO/Hg{) .ratio . 



Table 6s Values of C' for major changes i.n composition 

Slag No . Increasing U n r e d u c e d s 1 a g s 

variable 

Ref . temp . CL C? Cf C' 

(1) a.n cl p ) 
-----

AS 1480 1,00 0,87 1,30 3,17 

B14 ( 'riO "'1.1 ° \ -- 2' - 2 3) 1460 1,00 1,00 1,00 3,00 

C25 1 ~36 0 ,95 1,15 0 , 70 2 , 80 
--- -- ,------

£13 1460 1,00 1,02 1,OS 3,10 

B14 (I'1gQ/CaO ) 1460 1 ,00 1 ,00 1,00 3 ,00 

1315 1560 0 , 92 1 ,00 1,OS 3,00 

1311 1536 Cl ,95 1 ,15 0 , 85 2 ,95 

3 1 4 . C" ° F ('''0' M 0) ,,) l 21 \. .... · .::10 1 1 J.6 , 1460 1,00 1,00 1,00 ),00 

m? 1495 0 ,99 0 , !~2 1, 43 2 , 8/l 
-_._ ---- ------

S 1 a g s r e d u c e d 

rv 
CX> 
CJ'\ 
I 

for 60 minutes a.t 15500 C 

- Ref . temp . C
L Cr; Cf C' 

(r") and P ) 

1460 1,00 1 ,00 1,00 3,00 

1536 0 ,95 0 .79 0 ,59 2 , 33 

. 15S0 0,91 . 0 ,S3 0,33 2. ,07 

1460 1 ,00 0,S3 0 ,S6 2, 69 

1536 0,95 0 ,79 0,59 2, 33 
1600 0 , 91 0 ,53 0,77 2 , 21 

1548 0 ,93 0 ,65 0 ,55 2 .13 

1536 0 ,95 0 ,79 0 ,59 2 ,33 

1560 o on ,/L 0 , 65 0 ,S6 2,13 
._-_ .. _--------
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