
























































































































































































































































































































































































































































































































































































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 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

ter111)era t ure , t i,s rad.ial tempera ture profile s uggested 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 (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 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 



-282-

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 



- 284-

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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