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SY N OPS IS 

The phase e qui li bria in the s l ag sy st em (CaO + MgO) = 30.00 per 

ce nt 9 Si0
2 

= 19 . 69 p~r ce nt 9 1i.1
2
o3 = 13.1 2 pe r cent 9 a nd Ti0

2 
= 37.1 9 per 

cent were det ermine d. Liquidus curves for tit ani fo rous s l ags with (CaO + 

MgO ) cont ents of 25. 00 p·e r ce nt a nd 35 . 00 per cent r e spectively we r e a l so 

drawn. These phase equilibria we r e det e nnined on a high t emp e r ature 

microscop e constructe d in a ccor da nc e with th e de sign of Welch. 

The phase equilibria of one of these titaniferous slags with 

increasing contents of Si0
2 

we r e de t e nnine d. Certain Si0
2 

contents had the 

e ffe ct of caus ing th0 Ti0
2 

cont ent of the s l ag to cryst a llize as rutil e 

instead of as part of a much more compl ex oxide . 

u sed to fa cilit a t e extra ction of the Ti 0
2

• 

Thi s procedure could be 

f , new t ype of mi cro di ff erentia l thenna l a nalyse r was constructe d. 

On this instrume nt t he behaviour of t i tanif erous s l ags wa s studie d at high 

r a t e s of t herma l cha nge such as s imulat e d granulati on plant t <0 sts and high­

s peed cooling t ests . 

Sla gs cons i st ing of Ca0 9 Mg0 9 Si029 a nd Al p 3 with various Ti0
2 

addition s we r e subj ect ed to devi t r ifi cation t ests on a conventional 

differ entia l the rma l ana lys er. The critica l cooling r a t es r equir2d to 

a chieve these s l ags i n the gl assy stat e a s we ll as the liqui dus t emper atures 

we r e determine d. It wus fou nd tha t the s l ags had to be in the mass ive fonn 

a s opposed to a groun d powde r to obt a in devitri ficat ion pea ks c ha r a cteristic 

of the a c tua l devitrificat i on process oc curring. 
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CHAPTER I . 

INTROWCTION. 

1.1. The titaniferous magnetites of the Bushvel d Igneous Compl ex. 

Within the last decade an increasing int er est has been shown in the 

exploitation of the Bushveld Igneous Compl ex for the production of ferro-

chrome and more r ecent l y for the l arge sca l e production of st eel and 

vanadium. 

The Bushveld Igneous Compl ex i s the t erm applied to a suite of 

genetically connected volcanic and intrusive rocks which are believed to have 

been derived from a common magma . The complex is r oughly ova l in area and 

i s situated in the centra l Transvaal~ extending some 280 mi l es from 

Lydenburg in the east to Zeerust in the west , and from Pretoria i n the south 

to Potgi et ersrus i n the north, 

The Bushve ld Igneous Compl ex is r egarded as consisting ess entia lly 

of four phases which in sequence of events are : 
j 

( i) an Extrusive Rooibe r g Pha se 

(ii) an Intrusive Sill Phas e 

(iii) a Basic Intrusive Phase 

(iv) an Acid Intrusive Phase 

It is i n the Critica l Zone of the Basic Intrusive Pha se that the 

ec onomic chromit e bands and t he pyroxenit e and peri dotite layers containing 

the platinum are f ound. Apove thi s Critical Zone ther e occurs the Main 

Zone and it i s nea r the upper limit of this zone that t he ext ensive layers 
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of titaniferous magnetite occur as segr egations in the ga bbro body. These 

average 15 feet in thickness and ha ve been t r aced for several hundred mil es . 

The se tita niferou s magnetit es contain about 5 per cent by we ight of 

ilmenite, which usually occurs as fairly l arge segrega t ed particl es . These 

particl es may take the form of exsolution l ame llae parallel to the octa-

hedral planes of the magnetit e , It i s int er esting t o note that the ilmemite 

ac counts for only about 18 per cent of the tota l Ti02 content of the ore , 

The ba l anc e of the titanium oc curs as ulvospinel and a l so ent er s into the 

structure of other const i tuent minera l s. 

The vanadium i s thought t o be present in t he iron oxide phases due 

to i somorphous repl acement of the iron. Furthermore, beca us e an anti-

pathetic r elationship has been found t o exi st betwern the v
2
o5 and Ti0

2 

contents of the ore , it seems likely that the vana dium occurs i n a titanium-

poor iron oxide phase. The ilmenit e- bea ring fraction of the ore certainly 

does not contain any vanadium. 

Microscopic examination has shown that the bulk of the or e cons ists 

of an extreme ly fine- grained exsolution intergrowth of differ ent iron 

compounds with spinel st ructur e (titanium-rich and ti tanium-poor magnetite?). 

The host mater i a l i s magnetit e (Fe
3
o4) or magnetit e a nd gamma Fe

2
o3 -

dependi ng on the st at e of oxi d3.t ion of the ore . Thi s host mat eria l conta ins 

an abundance of minute inclusions of what i s believed to be ulvospincl 

(ulvite), a spinel with t he formula Fe2Ti04• The inter growth of magnetite 

and ulvospine l i s so fine that grinding to a grain si ze of a few microns 
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wou l d not produce monominera lic gra ins . 

The average composition of the titaniferous magnetit e to be mine d 

is given a.s follows : 

Fe 55,0 per ce nt 

V205 l. 6 per caot 

Ti02 13, 1 per cent 

MgJ 1, 0 per cent 

Al
2
o

3 
3, 4 per cent 

1. 2 Proposed s l ag for pig iron production. 

Until wry r ecent ly , it was feared that the high titania content of 

these titaniferous magnetites would militate against their value as use fu l 

ores (l), However, the design of an integrated plant to produce both steel 

and vanadium improves the e conomic fa ctors . Bl a st furnaces a re not suit abl e 

for the production of the pig iron mainly due to t he fact that for the 

economic extr action of the vanadium 7 the vanadium must enter the pig iron. 

This i s onl y possible if t he pig iron has a hi gh cJrbon content, This in 

turn wou l d necessitate an e xc es~ive ly hi gh coke rat e to suppl y the neces sary 

highly r educirg conditions in the bl a st furna ce . A pig iron wi th the 

required carbon content can be produc ed under the highly r educing conditions 

obtaining in a submerged arc el ectric furnac E: , 

For these reasons , the proc es s to be adopted may be somewhat a l ong 

the following lines , The ore together with coa l will be pas se d through a 

rotary ki l n at a t emperature of 900°c - 95o0c. This st ep brings about a 



4 

55 per cent reduction of the iron oxide cont ent of the ore and also serves to 

preheat the charge , The partially r educe d ore together with the flux con-

sisting of limestone , dolomite , and silica are then f ed to submerged arc 

e l ectric furnac es. The products from thi s smelting operation are . a high- · 

carbon pig iron containing the vanadium and a slag containing the gangue 

from the ore . The vanadium- bearing pig iron i s then bl own with oxygen in a 

shaking ladl e and the vanadium e nters the s l ag during the process . This 

s la g i s treated for the r ecovery of v
2
o5 and the pig iron is converted into 

steel. 

Based primari l y on preliminary pilot plant t ests, on the experience 

of attempts to treat somewhat similar ores in other countries, and on the 

available raw mat eria l s as f lux , it wa s found that additions of limestone, 

dolomite, and silica were required to produc e slags of the r equired character-

i stic s as r egards liquidu s t emperatures and viscosities . Little i s however 

known r egarding the liqu i dus t emperatures of these s l ags and variations in 

such temperatures with r espect to changes in th e s l ag compositio n. This 

l ack of knowledge st ems from the fact that at present there is no phase 

diagram re l ating to the slag component s (CaO, MgO, Si02 , Al 203 , and Ti02) in 

the conc entration in which they pccur ( * s ee page 5). During the pilot 

plant tests, th e primary slags which were produced had the following com-

positions: 

cao 
MgO 

Si02 
Alp3 

20 -

8 -

15 -

10 -

22 per cent 

10 per cent 

18 per cent 

12 per cent 

The flux used was a mixture of limestone, 

dolomit e , and silica, These were added 

in amounts of 420 , 400 , and 120 lbs . 

r esp ectively per ton of hot meta 1. 
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Ti02 31 - 34 per cent 

FeO 1 per cent 

V205 0 , 3 per cent 

Cr2o3 0. 25 per cent 

These s l ags had been found t o be suitabl e but the question arose as 

to whether th e limestone/dolomite mixture in the flux could be r eplaced by 

do l omite only, as dolomite is l ess expens ive than limestone under the l oca l 

conditions , With dol omit e r epl a cing the limest one/dol omite mi xture in the 

s l ag , the composition of the sl ag coul d be expect ed to change (apart from 

minor changes in th·e othe r constituents ) from a CaO = 22 per cent and MgO 8 

per cent cont ent t o a CaO = 16 per cent and MgO = 14 per ce nt content . 

These figures a r e based on theoretical mass ba l ances involving the ore, 

dolomite , limestone , s ilica, and coa l, 

* The publ ished phase equi libria whi ch exi st r e l at i ng any three or more of 

the oxide components a r e: 

Al 203 - CaO - MgO 

Al 2o3 - CaO - Si02 
Al

2
o3 _ MgO - Si0

2 
f,1203 - MgO - Ti02 
/\ l p3 - Si02 - Ti02 

Cao - MgO - Si02 

Cao - MgO - Ti02 

Cao - srn2 - no2 
MgO - Si02 - Ti02 
Al 203 - CaO - MgO - Si02 
Al203 - Cao - Si02 - Ti02 

Cao - MgO - Si02 - Ti02 

Fig. 596 

Figs. 630 - 639 

Fig , 71 2 

Figs . 713 - 71 4 

Figs, 768 - 771 

Fi cls . 598 - 610 

Fig. 612 

Figs . 6€:0 - 663 

Fig. 723 

Figs. 880 - 923 

Figs . 954 - 957 

Fi gs . 930 - 934 

"Phase Dia gr ams fo r Ce rami s t s" . 

E, M. Levin , C. R. Robbins, · 

and H. F. McMurdi e. 

The American Ceramic Soci ety 

Inc . 1964. 
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1. 3. Poss ible uses of t he tita niforous s lags . 

When an indu stry develops around a newly- expl oited ore body and very 

l arge tonnages of sl ag are produced then automatically the quest ion arises as 

to whether ther e ar e any product s which could be de rived , or ma de , from this 

s l ag. The spacia l demands of such a l arge volume of s la g can be embarrassing 

and r ecent ly becau se of demands for ma ximum exploitation of natura l r esources 

every product should at l east be investigated for its ma rket pot ential . An 

especial pr obl em in thi s connection i s rai sed due t o the high Ti0
2 

content of 

these s l ags , which content exc ee ds 30 per cent. Thus , th e normal avenues 

for the exploitation of an iron-producing s l.a g ar e added to by the presence 

of thi s high cont ent of Ti 0
2

; and t he question of the; poss ibility of 

ext r acting thi s Ti 0
2 

natura lly ari ses • 

. '\ t prese nt, th8 most common processes for the ga i nful use of iron­

making s l ags arc:: the use of a ir-c oo l ·~ d aggrega t ~J for concret e and roadmaking 

and the use of gr anulat ed s la g in s l ag- cement. Al so, r ecently there ha s been 

i nc r eased activity i n the i nvestigation of thsse sl ags as a possi bl e raw 

materia l for the manufa cture of 1s lag- ceramics. 

For th e produc t i on of a ggr ega t e , the mo l ten s lag is tipped into 

pits in which the rate of cooling i s controlled by the size of the pit and 

the sch edu l e of filli ng . Depending on t he chemical composition, whic h of 

course affects the minera l ogica l constitution, the highly crystalline s l ag 

t hus obtained either has a mechanica l st rength comparable with that of rocks 

normally used for aggrega t e , or it can di s i nt egrate into a powder. Thi s 

unsoundness of a ir-c oo l ed bla st furnac e s l ag i s mainly caused by lime 
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unsoundnes s a nd magnes i a unsoundness with r e l ative ly minor parts played by 

sulphur unsoundness. Lime unsoundne s s is attribute d t o the crystallization 

of dicalcium s ilicate a nd magnes i a uns oundne s s i s a ttributed to the crystal-

lization of periclase 
(2), ( 3), (4) 

When blast furnac e slags are to be u se d for cement manufacture , 

they ar e subj ect ed to a granulation treatment. Her e the molten slag stream 

i s subjecte d to the action of high pre ssure wat er j ets which split the slag 

into small granul es which cool ext r emely r apidly. This is don e to achieve 

as high a glass cont ent a s pos si bl e , exp eri e nc e having shown that by this 

proce dure the best c ement quality is obtained for a given slag. In practic e ? 

the amount of crystalline mate rial in granulat ed slags i s generally between 

2 and Xl pe r cent. As with the a ggr egat e , one of the main probl ems is 

whether any of this crysta lline mat erial is periclase . 

The various hydr aulicity indic es, which are oft e n expr e ss e d in 

mathematica l form are r eally vari ous expre s s i ons indicating th e basicity of 

the s l a g and it has bee n shown tha t th ese formula e ca n have serious limita-

tion s for pr edicting th e hydraulici ty of gr a nulat e d s la gs . Howeve r , it is 

gene rally acc ept e d t ha t the amount of basic oxides must be high for suitable 

hydraulicity. Du e t o the hi gh Ti 0
2 

content, th e s e titanif erous slags would 

probably di sp lay poor hydrauli stic properti es. It ha s been shown that the 

high MgO cont ent is not nece ssarily a di sadva nta ge provided the MgO is not 

prese nt a s pe riclase but is part of the glas sy slag ( S)' ( 6) 
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CHAPTER II . 

PH!\SE EQUI LIBRI A. OF THE TITANIFERG.JS SLAGS. 

2. L Survey of met hods applicabl e to a study of phas e eguilibria. 

The classi ca l method of studying hi gh t emperature phase equilibria 

is well known. Essentially 9 sma ll sp Gcimens in platinum containers are 

equilibr at e d at a part icular t emp er ature in an accurat e ly controll ed furnac e 

and the n the sp ecime n i s r e l eas e d and a llowe d t o drop into wa t er. By this 

mea ns it is hop ed that any non-crystallized mat e rial wi ll be quenched into 

a glass and X-ray or minera l ogi cal examination will permit i dentif i cat ion of 

the phases i n equi librium at thi s t emper atur e . Thi s method is accurate but 

t edi ous , e . g. up to t en specimens are r equir ed t o det e rmine the liquidu s 

t emp erature of a samp l e . Al so certain doubt must exist as to whe t her the 

r emaining melt has been quenched into a gl ass . If the r emain ing melt does 

crystallize during quenching the minera l ogica l examinat ion of thin- s ecti ons 

usually i dentifi es thi s quench product du e to it s differ ent crystal 

morphology, characteristic of crystallization occurring dur i ng ra pid 

que nc hing . 

Dynamic met hods of thermal a naly si s are indirect in t hat t hey r e ly 

upon t he det ection of heat e ff 0cts accompanying phase cha nges . Trans itions 

charact eri s ed by smal l heat eff ects may go unobserved but a more s erious 

disadvantage in these met hods i s that they a r e of a non- equilibrium natur e . 

Thi s i s pa rticularly important i n r ega rd to s luggi sh systems, i. e . systems 

with l arger cont ents of network-forming oxides may exhibit l a r ge degr ees of 

non-equilibrium behaviour when subj ecte d to programm ed cooling or heat i ng 
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rat e s on a differential thennal analyse r. 

A comparatively new t echnique - that of high temperature microscopy -

has be en developed which 9 to a considerabl e e xt ent 9 ov ercomes these diffi-

cul ties. The high tempe rature behaviour of mat e rial s can now be continuously 

observed and de fine d as a function of accurate ly known thermal history. 

The pr inciple of heating a the rmocouple by an a lt ernating current 

filt e r ed in such a way that th e the rmocoupl e e l ectromotive forc e can be 

isolat ed and measure d 9 was describe d in the lit erature (7 ) 9 
( 

8) as long ago as 

1919. 

In 1952 9 the fi e l d of high t empe rature microscopy r eceive d fr esh 

impetus when Ordway ( 9 ) published his paper on t echniqu e s for growing and 

mounting sma ll s ingl e crystal s of r e fractory compounds u sing a thennocoupl e 

as a heating e l ement, tempe rature mea suring devic e 9 and specim en holder - th e 

heating curre nt being obtained from a 50 11v audio amplifier. We lch progr es-

sive l y simplifi ed the circuitry and described hi s experim ental work, u sing the 

simplified circuits in a series of pap ers (lO)' (ll)' (1 2) 9 (13 ) 9 (14)' (15) 9 

(1 6) 9 (17), (1 8 ) 
The s imple and e ff ectiv e circuit described in the pape r 

published in 1961 (l9 ), i s now in ext ensive us e in a number of r esearch estab-

lishments and i s s imilar to the on e present ed be low. 

The introducti on by Me rcer and Mille r ( 20) 9 (
2l) of two-channe l 

heating and osci llos cope monitoring of cooling curve s extended the a pplica ti on 

of the t echnique t o include microscopic the nnal analysis betwe e n any two pr e-

sel ected t emp eratures. It has rec ent ly been shown that a hi gh- spe ed 
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millivolt chart r ecorde r i s a superi or m ans of obta i ning hea ting a nd cooling 

curves . 

An understa nding of the poss i bl e applicat i ons of high t emperatur e 

microscopy i s best gained by e num era ting 9 in h.ppendix i ? some of the r esea rch 

work conduc t ed in the past decade on t hi s type of appar atus. It wa s during 

this work t ha t the va rious modifications in thi s ins t rument a nd t echnique wer e 

developed. 

~. Construction of the high t emper a ture microscope . 

The el ectronic circuit i s pre sent ed in Fi g. 1. 

Stabili se d mai n supply pa sses via a const ant-voltage transformer to 

t wo par a ll e l int erswitched varia cs controlling the input t o a 12 V trans former. 

The out put from t hi s trans former suppli es the var i ab l e low vol t a ge to the 

thermocoupl e throu gh si licon di odes whi ch pa ss only the pos itive ha lf-cycles. 

This still provi des sensibly continuous hea ting a s proved in Appendix ii. 

The synchronous convert er i s phase d t o t ap off the thermoe l ectric e . m.f. during 

part of the chopped negat ive holf-cyclcs. 

The hea ting cur r ent is va ri ed a nd controlled by means of the two 

par a ll el int erswitched variacs. The e . m.f. produc e d by the ther mocoupl e is 

mea sured on a pot 2ntiomet er a nd/or r ecorded continuously on a high speed milli­

volt r ecorder. 

Because of the d. c . natur e of the heating current the Peltier e ff ect 

will produce 9 depending on the direct io n of curr ent flow~ a slight abs orption 



T2 

<;}-0 

A constant voltage supply 

Tl step-down transformer 

T2 upper-limit control transfonner 

T3 lower-limit control trans former 

MR silicon diode 

S .C. synchronous converter 

TC thennocouple 

Supply 

A 

MR MR 

Fig. 1. Electronic circuit for the hi gh temperature microscope. 



11 

or liberat ion of hea t i n the i mme diat e vicinity of the thermojunction. It 

was r ecommende d (lO) that the direction of current flow be ar ranged t o produc e 

local cooling of the junction. 

The heat ed portion of the thermocoupl e consists of two i t ems. 

l engths of Oo 2 mm. diamet er wires , 5 per cent Rh-Pt and 20 per c ent Rh-Pt, 

welded to ea ch other at one end. Th e open ends a r e welde d to supporting 

wir es 3t cmso long and 0 . 5 m.m . diamet er . The support s a r e of the same com-

pos ition as the thin wires making up the thermocoupl e cum hea tin g portion. 

The thick supports a r e connect ed to t ermina l s in the base plate of the cell 

which i s attacred to th e sbge of a po l arising st ereoscopic microscope with 

magnification of SOX and l OOX. Co l d jun ction errors can be negl ected when 

using the 5 per cent Rh-Pt/20 pe r cent Rh-Pt combination since this is very 

0 0 insensitive to col d junction variation bet ween 0 C - 50 C a l though the output 

at higher t emperatures approxim3t es t o that of conventiona l thermocouples. 

The thermocoupl e i s pl a ced upright t o prevent the t endency of th e 

wires to sag , Th e sampl e i s placed in the loop at the apex where the two 

wires meet in the the rmojunction. At t his point the wires must be pa ra lle l 

and a bout 0.15 mm. apa rt. Un de r these conditions th e t emper a ture gra di ent 

throughout the specimen will be l es s tha n s0c . 

The cell in which the thermocoupl e i s hous ed is a small r ectangul ar 

container with a r em ovabl e base pl at e carrying fittings designed to hold the 
I 

the nnocoupl e. This ce ll i s attached to the microsc ope sta ge by means of 

movable a rms so that the ther mocoupl e can be centred in th e optic system of 
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t he mi cr os c ope . On each s i de of the c ell a r e two 7/s i n. di amet er ho l es 

cover ed with microscop e s l i de covers. 

fl ow of gas . 

Fitt i ngs are provide d fo r a controll ed 

i\ vi ow of the high t emp t: ratur e microscope appa r a tu s showing t he 

i ncorpora t ion of the hi gh speed mil l ivolt cha r t r ecorder i s pr esent e d in 

Fi g. 2 . 

The eas e of dut ermi ning the l i quidus t emp er a ture will depend on the 

mobi l i ty of the me l t and the r e l ative ea se of crysta llization . To obt a i n 

t he li qu i dus t emperature for s imp l e syst ems having mobi l e melt s , th e t emp era ­

t ur e i s l owe r ed and r a i s ed aft er mel t i ng until near t he th ennoj uncti on a very 

sma ll c rysta l r ema i ns in t he melt wi thout showi ng s i gns of gr owth or deca y. 

Cr yst a lli za t ion f rom vi scous melt s can be very s lu ggi sh and mor 2 pa tienc e has 

to be exercise d i n det ermi ning the li quidus t emperature . Exper i e nce of 

crys t a l hab i t , c r yst a l gr owth charact erist i cs 9 bi r e fr inge nc e , and genera 1 

behavi our a llow th e obse rver r epea t edl y to r ecogni se in a melt crysta l s whi ch 

he has previous ly s ee n, Thi s evidenc e of crysta l i dent i ty i s not ava ilabl e 

i n other methods empl oyed i n st udying phase equi libr i a. Natu r a 11 y ~ wher e 

i ni t ia l ident i f i ca t i on a nd f i na l confirmat ion i s r equired , th e samp l e must be 

subj ect ed t o X- ray analysis . I n comparison wi t h t he classica l methods of 

studying hi gh t emp eratur e equi l ibr i a t hi s method i s dynami c i n t hat i dentifi­

cation of t he phases pr ese nt depends on obs erving the growth and mel tin g of 

cr ysta l s . 

Cava l i er ( 27) a l l eges that errors a s l a rge as 30°c a r e possibl e du e 



r-

Fi g. 2. Ge neral vi ew of hi gh t emperature microscope . 
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to th erma l gr a di ent s , and in cons oque nc •: a dvoca t e s th e us e of a n M- shape d 

hea ting wirc 9 the sample being p l a c ed in the V- shop cd depre ssion . The 

t empe r a ture i s me.asure d by means of 3n extreme ly thin thermocoupl e inse rt e d 

into the me lt by mea ns of a microma nipula tor. At th e Int erna tional Congress 

a t Brus se l s in 1961 9 Gutt ( 2S), in defenc e of the more usua l high t empe nture 

microscope u s ing the t ripl e func t ion th2rmocoupl e discount ed thes e obj ect i ons. 

He show c;d that accuracy of t ho orde r of s0c was obta inab l e with correctly 

shape d the r mocoup le s m2de from 5 pe r ce nt Rh-Pt/20 per cent Rh-Pt wires . 

Appare ntly 9 Cava li er had not , in e f fec t ~ ma nu factured his ther mocoupl e s so a s 

to obta in a para llGl portion i\l it h no ther m.:i. l gr a di e nts . Molloy et a l ( 29 ) 

0 
a l s o r eporte d ac cura cy of t he order of 5 C u s ing tri p l e function ther mocoup l es . 

At th e Building Re s ea rc h Sta tion ~ Engl a nd 9 during t he s e ven yea r s of constant 

use of t ho equi pment, r epea t ed de t 2r mina t ions we r e ma de of me lting points of 

standa r d subst a nc es such as diops i de and p s uu dowo lla s t onit e , 311 t hes e experi-

ments in di ca ting r eproduci bility of the order of 5 °c . 

'• Tes ting of the h igh t emper a ture micros cope . 

Once the hi gh t emperature mi cros cop e ha d bcoe n construct ed and the 

circuit t es t e d for p~r formanc e a nd sta bility 9 it was ne cessa ry to a cquire 

expe ri e nce in tho pr epa ration and mounting of sa mp l e s, ope r ation of the e quip-

me nt and t he int er pr .:: t a t io n o f th 2 visua l phenome na occur ring • 

• 

To ensur e tha t t he small we i ghts of samp l e used ar e r eprese ntative 9 

sampl e homogene ity i s cl ea rly i mporta nt. Rep0at ..., d fu sion 1 qu e nching:1 a nd 

grinding of the c omponents wil l a chi eve thi s unif ormity. 
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Equilibrium diagrams we r e con struct e d for t he following systems : -

(30 ) 
Naf03 - Lif03 

KC l - NaC l (3 l ) 

NaCl - Na 
2
so 

4 
( 32) 

and t he diagra ms so obta i ned were compare d with t he publi she d data. It was 

foun d that t her e was good agre eme nt wi th t he pu bli shed equilibrium data and 

that the ac cura cy of the hi gh t ompe rature mi croscop e was as good as cla ime d 

by other r es ea rch wo rker s~ name ly 

and pr eci s ion. Al so , the error s 

~ s0c - thi s value a pply i ng 

all eged by Ca vali er ( 27 ) of 

bot h t o accuracy 

t he order of 30°c 

were found to be absent when du e:: care wa s take n t o sha pe t he the rmocoupl e as 

descri bed a bove. 

For periodi c ca li br a tion of the hi gh t empera tur e microscope in the 

t empe rature r e gion in whi ch it was t o b e use d, th r ee standa r d samp l es wer e 

empl oyed. Dr . Steyn (
33

) a t t he Sout h African I ron a nd St eel Industria l 

Corporat io n had det ermined the liqu i du s t empe rature s on a high t empe rature 

microsc ope const ru ct ed i n accordanc e with Cava li er' s ( 27 ) de s i gn whil e Dr. 

Seh lke at th e Council for Sci entific and Ino'u st ria l Res earch had c hecke d two 

of t hes e u s ing the cla s s ica l que nch m~thod . Th e r e sult s are pres e nt e d in 

Tabl e I. 

Phase equilibria in the s l a g syst em (CaO + MqO) = 30 , 0J oer c e nt 5 

Si0
2 

= 19.69 pe r cent , Al
2
o3 = 13 .1 2 per c ent, and Ti0

2 
= 37.19 per cent. 

The s l ag samp l e s wer e prepa r e d by weighing and mixing the high 

puri ty constitue nts . These mixture s wer e t h en p l a c ed i n platinum foil 



T1\BLE I. 

Comparison of liquidus t emper atures of t hr ee different materials 

obtained us ing t hr ee differ ent methods. 

Sampl e Dr. Steyn ( i) Dr. Sehlke (ii) Author (iii) 

A 1392°C - 1385°C 

B 1478°C 14 80°G 1473°C 

c l 484°C 14 81°C 1483°C 

' i 

(i) By hi gh t emper ature microscope designed to Cavalier's 

principl e. 

(ii) By cla ssical qu ench method. 

(iii) By high t emper ature microscope as used in thi s work . 
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conta iner s and r epea t e dly fus e d, quenched?and grou nd. To che ck the homo-

geneity of the s ampl es so pro duce d, one sampl e was split into t e n portions 

and th e liquidu s t empe rnture of ea ch portion wa s accura t ely det ermine d in 

duplicat e . The precision was bett er tha n : s0 co wring the s e e xpe riments, 

t est s wer e a l so conduct ed to det e rmine wh ether a ny poisoning of the th ermo­

coupl es took pl ace a nd whether appr ecia bl e vola tilisation of the specimen 

occurred. The s e a spects a r e dis cussed in Appendix iii. As this proce dure 

for the sampl e prepa r ::i ti on had bee n proved to b e complete ly effective in 

producing homogeneou s sampl es , it was a dopt ed for the production of all 

subs e quent slag sampl es . 

Specimens of ea ch s l ag composition we r e the n examined on the high 

t empera ture microscope to d.:: t e rmine the li qui du s t emp er a ture . Th ese de t er-

minations we r e carri ed out in qua druplicat e - a new sampl e being used for 

each det ermina tion a nd only t wo det e rmination s being ca rri ed out on the same 

the rmocoupl e . 

Th e pha se e quilibria were plotte d in th o following manner. Th e 

liquidus t empe rature of a particula r slag wa s de t e rrninedo If this a gre ed to 

within + 5 °c with the va lue previously det e rmined whe n plotting the liquidus 

curve , then the specimen w:;.s a ccept ed as a r epr0se nt ative sampl e . Thi s 

specimen was the n cool e d a t a rate of 10°C pe r minute from so0c a bove the 

liqui dus t emperature to a pr E: de t er mined t emper <:l ture and a llowe d to equilibr a t e 

a t this t emperatur e for 60 minutes . It wa s then e ithe r a ir-or wa t er-qu enched 

using whichever method was found neccss <:i ry t o pr event further transfonnation 

on quenching to ambi e nt t emperature . I n thi s r e spe ct, the high t empe r ature 
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microscope proved particularly usefu l in that every s l ag could be quenched at 

a suffici ent ly high rat e t o prevent any crysta llization during cooling from the 

equilibrating t emp e:ratur e to ambie nt t emperature . Thi s pr events the formation 

of phases occasionally produc ed under conditions of rapid cooling whi ch ma y 

make construction of phase equilibria extremely difficult. 

was found necessa ry on l y for s l ags with hi gh MgO cont ents . 

Wat er-quenching 

Thi s could be 

judge d f rom observation of the s l ag bead wh ile it was being qu enched. The 

c ooling r ate of 10°C per minut e was obta ined by means of a motor-driven variac 

conne cte d int o th e power supply of the high t emp erature microscop e circuit. 

Thi s fully treat ed s l ag sp ecimen at the thermal junction of the 

thermocoupl e was the n separat e d from the thermocoupl e by li ghtly tapping it in 

a small agate mortar. It was t he n ground to a fine powder suitabl e for X-ray 

powder photography. To obtain the sp scim en for the X-ray camera, a bristl e 

mount ed in a coll et was covered with rubber solution at one end and roll ed 

int o th e powder , giving a small pellet. The co ll et holding the bristle and 

sampl e was then mount ed i n a 114 . 83 mm . diamet er Debij e-Scherrer X-ray 

diffraction camera and subj ect ed to copper Ka radiation with nicke l filt er 

for three hours at 40 KV x ~ mA. 

The phas es pres ent wer e identifi ed from the X-ray powder patterns in 

the normal manner. The Num erica l (Hanna wa lt) Index and the Fink Index wer e 

us ed to obtain th e data card numbers of the Powder Diffraction Fil e . Aft e r 

initial identificat ion 1 the phases wer e synthesise d t o facilitat e r epeat ed 

identification of the phases by direct compa rison of the powder patt erns . 

A graph was prepared showing the phases i de nt ifi ed versus the equi librating 
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t emp er atures. This proc ess of pl otting the phase equili bri a was as sist ed 

vi sua lly by f ollowing t he cour s e of c rysta llization through the mi crosc ope. 

P!hen th e am ount of cryst3 lline ma t e ria l a lrea dy pr e sent was sti ll sma ll 

enough t o pe nnit a ccurat e obse rvGt i on of t he app c-a r a nce of a s ubs equent pha se , 

the t empera ture of t his subse que nt a ppea r a nce , det e rmined in thi s manner, 

corre l a t e: d with tha t det e rmined by the X-ra y method . 

The t empi:; r a ture of appea r ne e of a subs equ ent phas e vvas bra cket e d to 

0 within c:i t emperature r a nge of 25 C. Th i s mea ns tha t a t empe r a ture quot e d for 

the a ppea r an ce of a parti cula r pha se i s on an ave r age , correct t o within ! 12t0 c, 

pro vi ded that v ery sma l l quantiti e s of the new phas e a r e J lrea dy det ectabl e on 

the X-ray film . The e s timat ion of the t empe rature of fir s t a ppea ranc e of a 

particula r phas e wa s facilita t e d by pla ci ng a ll the fil ms of a pa rticula r s l a g 

composition obta ine d at the var i ous e quili br a ting t emper a t ures onto a high-

inte nsity viewi ng box. It w3s t hen poss i bl e by c ompari s on, having establi sh e d 

the powder patt ern fo r t h e new phase , t o examine th e film take n of the spe cime n 

trea t e d a t a higher t emper ature t o esta blish vhether t rnc es of the ma jor lines 

of thi s new phase we r e a l r ea dy vi sib l e . Thi s t echnique , togethe r with t he 

vi sua l obse rva t ions , permi t t e d the pre senc e of a subs e qu ent pha se to be not ice d 

a t quit e low conc e nt rations of tha t new pha se . I n t h i s ma nne r the transvers e 

s ection of the phase equ ilibri3 was e s t a bli she d and thi s is depict ed in Fig. 3. 

Tabl e II shows the phas es identifi e d a t the vo r i ou s equilibrat i ng t empe r a tures 

for the di ffer ent s l ag comp ositio ns . 

An e xampl e of a seri es of X-ray films obt a ined a t th e va rious 

equilibrating t empe r a ture s (fo r t h0 sl og with the Ca O = 14 . CXJ% a nd MgO = 16.CXJ% 
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TABLE IL 

Det ennination of liqui dus t emper atures and identification of crystalline 

pha ses pr esent at t he vari ous equilibrating t emperatures. 

Slag system: (CaO + MgO) = 30. 00 per cent, Si02 = 19.69 per cent, 

Al
2
o3 = 13.12 per cent, and Ti0

2 
= 37.19 per cent. 

30 .00}6 Cao' 0. 00% MgO 

Liquidus Temp. = 15LD°C 
I 

Tanp. I oc Pha ses pres ent 

1250 

1225 

1200 

1150 

1125 

llOO 

CT 

CT + T 

CT + T 

CT + T 

CT + T + CAS
2 

CT + T + CAS2 

24.00% Cao, 6.00% MgO 

Liqui dus Temp. = 1425°C 
! 

T~P· 1 Phase s pr es ent 
I 

1350 CT 

1325 CT 

1300 CT 

1275 CT+ M4AT
9 

1150 CT + M4AT 9 
llOO CT + M4AT9 
1075 CT + M4AT9 

I 
I 

28. 00}6 CaO, 2. 00% MgO 1' 26.00% Cao, 4.00% MgO 

Liqui dus Temp. = 1495°C Liquidus Temp. = 1465°C 

Phases t 
i Temp. ,. 

pres en , 't Phases present 

1300 j CT 

1250 I CT 

1350 CT 

1325 CT 

1300 CT 

1275 CT 

1225 CT + T 

lLDO CT + T 

1100 

1050 

j CT+ T 1250 

1225 

lLDO 

1150 

CT + M4AT
9 

CT + M4AT
9 

CT + M4AT9 
CT + M4AT9 

I CT + T + CAS2 

l 
l 

CT = Ca0.Ti02 
T = Ti02 
CAS2 = Ca0.Al

2
03 .2Si02 

M4AT
9 

= Mg4Al
2
Ti

9
o25 

CMS2 = CaO.Mg0.2Si02 
M2S = 2MgO.Si02 

Note that M4At
9 

denotes the solid 

s olution of 4( Mg0.2Ti0
2

) and Al
2
o3.Ti0

2 
a nd in these pha se equilibria it is 

a l ways a cc ompa ni ed by r elatively minor 

quantiti es of Mg0.Al
2
o3• 



TABLE II (CONTINUED) o 

22. 000,,t; Cao j s. 00% MgO 20.0CP,,6 Ca0 9 10. 00% MgO 18. 00% Cao, 12.00% MgO 

Liquidus Temp. = 1395 °c Liquidus T emp . = 1355 °c Liquidus Temp. = 1340°C 

Temp. 
Phases present 

Temp. 
Pha s0s present 

Temp . Phases present oc oc Ge 

11325 CT 136) CT + M
4

AT
9 

I 1330 M4AT 
9 

+ CT 
I 

, l 3JO CT + M
4

AT
9 

1300 CT + M
4

AT
9 

1310 M4AT
9 

+ CT 

1200 CT + M4AT
9 

1200 CT + M
4

AT
9 

1300 M4AT
9 

+ CT 

1175 CT + M
4

AT
9 

1175 CT + M
4

AT
9 

1200 M
4

AT 
9 

+ CT 

j ll:D CT + M
4

AT
9 

+ CMS
2 

1175 M
4

AT
9 

+ CT + CMS
2 ' 

1100 CT + M4AT
9 

+ CMS
2

. 1100 M4AT
9 

+ CT + CMS
2 

lOCO CT + M4AT
9 

+ CMS
2 

900 M4AT
9 

+ CT + CMS
2 

900 CT + M
4

AT
9 

+ CMS
2 

16. ooo,,t; Cao, 14. ro,.6 MgO 140 00% Ca o , 16.00% MgO 

Liquidus 
0 

T emp. = 1375 C Liqui du s 
0 

Temp . = 1390 C 

Temp. 
Phases present 

Temp. I Phases present OC oc 
i 

1325 M
4

AT
9 

1370 I M4AT9 

I 1300 M4AT 9 + CT 1325 I M4AT9 
1200 1A4AT9 + CT 1300 , M4AT9 

I 

! 
1175 M4AT

9 
+ CT + CMS

2 
1275 M4AT

9 
+ CT 

I 

1150 Mi~T 9 + CT + CMS2 
12:0 M

4
AT

9 
+ CT + M

2
S 

1200 M4AT 
9 

+ CT + M
2
S 

1175 M
4

AT 
9 

+ CT + M
2
S + Q1l$2 

llOO M4AT
9 

+ CT + M
2
S + CMS

2 
1000 Mi,T

9 
+ CT + M

2
S + CMS

2 
900 M

4
AT 

9 
+ CT + M

2
S + Qv1S

2 



TABLE II (CCNTINUED). 

12,00% Cao, 18. 00% MgO 10. 00% Cao, 20 . 00% MgO 

Li qui dus Temp. == 1410°C Liquidu s Temp. = 1430°C 

Tanp. 
I 

Temp. ! Phases prese nt 
i 

Phases present I OC ! oc I 
! 

1325 Mi.T9 
I 1400 I ~·~4AT9 

1300 Mi~T9 + M2S 1350 I l M4AT9 + M2S 

1275 M4AT
9 

+ M
2
S + CT 1325 I M4AT9 + M2S 

14)0 M4AT
9 

+ M
2

S + CT l3JO I M4AT9 + M2S 
1175 M4AT

9 
+ M2S + CT + CMS

2 
1275 Mi\T9 + M2S 

1250 M4AT
9 

+ M
2
S + CT 

1225 M4AT
9 

+ M2S + CT 

1200 Mi-.T9 + M2S + CT 

1175 M4AT
9 

+ M
2
S + CT + Qv\S2 

1150 i M4J\T9 + M2S + CT + CMS
2 1 

i I 

8, 00% CaO ~ 22.00% MgO 6.00% Cao, 24 . 00% MgO 

Liquid.u s T emp. = 1445°C Liquidus Temp. = 146o
0 c 

i i 
Temp . 

Phas es present Temp . I Phases present I oc i OC l I 
I 

I 
I 

I 1425 M
4

AT
9 

1430 l Mi•T9 + M2S 

1400 I M4AT9 + M2S 1400 Mi,T9 + M2S I 
13JO 1300 IViiff9 + M2s l M4AT

9 
+ M

2
S I 

1250 I M4AT9 + M2S 12)0 
I 

Mi\T 9 + M2S 
; 

1225 Miff9 + M2S + CT 1175 Mi\T 9 + M2S + CMS2 
1200 I Mi.T9 + M2S + CT 11:0 Mi\T

9 
+ M2S + CMS2 

1175 M4,»T
9 

+ M
2
S + CT + Cl\.iS2 1100 M4AT

9 
+ M2S + CMS

2 
1100 M4/~T9 + M

2
S + CT + CMS

2 950 I Mi•T9 + M2s + a~s2 
900 l Mi 1T 9 + M2S + CT + Cfl\S2 I 

' ! 



TABLE II (ca~TINU ED) • 

4.00% Cao, 26.00% MgO i 2.00% Cao, 28. 00% MgO I 0.00% Ca 0 :1 30.CO% MgO I 
Liquidu s Temp . = 1475°C I Liqui dus Temp . = 1490°C I Liquidu s Temp. = 1505°C 

I . 

T;~P· I Phases prese nt ! Temp . I Temp. I I oc Pha ses pr ese nt oc 1 Pha s es pre sent 

1440 

14CO 

13CO 

1175 

1150 

HOO 

900 

I Ml•T9 + M2S 11450 

M4AT9 + M2S jll50 

M4AT
9 

+ M2s 1

1

1100 

M
4

AT
9 

+ M
2
S 900 

Mi•T9 + M2S + CMS2 

I Mi•T9 + M2S + CMS2 

I M4/\T9 + M2S + CMS2 
! 

M4/\T9 + 

Miff 9 + 

M4/\T9 + 

I M4AT9 + 

I 

1480 

1470 

1400 

1300 

1200 

9CO 

M4AT
9 

M4AT 
9 

+ M2S 

M4AT
9 

+ M2S 

!Mi•T9 + M2~ 
M4AT

9 
+ M2.:i 

Mi\T9 + M2S 
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content) i s shown in Fig. 4. Photomicrographs of the primary pha ses occurr-

ing in the s lags a r e shown in Fig. 5. 

It must be appr eciat ed thE.it a 60 mi nute durat i on for the equilibrat­

ing soakin g peri od subsequ ent t o a cool ing ra te of 10°C per minut e is not 

neces sarily suffici ent to establi sh abs olute equili brium conditions . This 

point becom es of importa nce at t Gmpe ratures bel ow l150°C wher e the pha se 

changes , when they exi st, a r e no l onger abl e ~ o be delinea t fod accurat ely. 

However, when the s l ag specimens we r e r emoved fran the thennocouple and thin-

sections ma de from them9 the foll owi ng conclusion coul d be arrived at. If 

the specimen wa s cool ed at l0°C per minut e t o be low the so lidus (ll90°c) and 

soake d for the nonna l pe riod of 60 mi nutes 9 then no glas s coul d be identifi ed 

unde r the polari sing mi cr oscope. Thi s means that cryst allization ha d at 

l east occurred throughout the specimen a s opposed t o some of the slags 

investigat ed l ate r . 

Th e horizonta l line r epr esenti ng t he appea ranc e of diopside 

(Ca0. Mg0 . 2Si02) i s a l so t he solidu s line . Thi s was as certained by cooling 

the s l a g specimens at l o0c per minut e and obse rvi ng at which t emperature the 

last liqui d soli difie s . This occurred at a t empe ratu re just below this 

straight li ne a nd with lower ra t es of cooling th 2 observed so li dus t emperature 

more close ly app roa ched the soli dus line. Al s o, a ll the other subs equ ent 

phases appc-ar gr adua lly i n t ha t the patt ern of t he new pha se become s pro-

gressively more intens e with decrease i n equilibrating t emperature. But th e 

crysta llization of t he diopside occurs at constant t emperature at the solidus 

since the X-ray films just above the soli dus exhibit no tra ce of diopsi de 



Fig. 4 . S eri es of X- ray fi l ms i llustr ating progres sive order of crystallization of phases in a 
titaniferous slag. 
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Fig. 5. Photomicrographs showing prima r y phases i n titaniferous s l a gs 
( s l ags wer e phot ogra phe d while in position on t he the rmoc oupl e/ eating 
e l ement ) . 
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whereas just below the so lidus 9 diopside lines 3r e clea rly present and do not 

become more intense with decrea s e in equi librating temperature . In the 

compos i tion range of hi gh CaO content, tho so lidus t Ernperature is lower by 

0 about 60 c. 

Wh en this pha se equil i brium diagram i s c onsidered i n r el at ion to 

published work, the following confirmatory points emerge Considering the 

composition CaO = 30. 00 per cent, Si02 = 19. 69 per cent, Al 2o3 = 13. 12 per 

cent , and Ti02 = 37.19 pe r cent, i. e., the L. H.S . end with no MgO pre sent, 

then this composition can be rou ghly expressed a s 40 per c en t CaO . Al 203. 2Si02 

and 60 per cent CaO.Ti0
2 

with r el a tively sma ller pe rc entages of Si02 and Ti02 

r emaining. According to Nisioka (34) such a composition wou l d l ead to the 

pri mary crystallization of Ca O. Ti02 follo we d by Ca0.Al 2o3• 2Si02• I n Fig. 3 

it can be seen that thi s is the ca se a nd tha t the surplus Ti02 ha s cryst~ llize d 

a s rutil e . Considerin g the composition MgO = 30. 00 per cent, Si02 = 19.69 pe r 

cent, Al 2o3 = 13.12 per cent, and Ti02 = 37 .19 per cent, i. e . ~ t he R.H.S. end 

with no CaO present, it is foun d that, if i n c ons i derat ion of the primary 

phase the Si02. is negl ect ed (in Fig. 3. Si02 does not appea r in the primary 

phase) then according to Berezhnoi and Gul 9 ko (35) the prima ry phases a r e 

likely to be a soli d sol ution of Mg0.2Ti0
2 

and Al 2o3.no2 with a smaller 

This is con firmed in Fig . 3 in that the primary 

solution corresponding t o 80 mol. pe r cent MgO. 2Ti02 and 20 mol. per cent 

The identificat ion was m de by compa rison of the powder pa tt erns 

with the publi shed dat a of Sigurdson and Col ( 36) whereby very good correl a-

tion was establishe d with tha t of the 80/ 20 soli d s olution, i . e . , Mg4Al 2Ti9o25 • 



As mentioned above, the Mg4Al
2
Ti

9
o25 pha se i s ac compani ed by some weak lines 

corresponding t o the phase Mg0.Al
2

o3 which wo uld be expected to be present. 

Visually, the Mg0.Al 2o3 cannot be r eso lved from the Mg4Al
2
Ti

9
o25 • 

The perovskite (CaO.T i 0
2

) a l ways crystalliz es in the form of 

dendrit es irrespective of the cooling ra te . Ohno ( 37), while examining the 

physical properties of ti ta ni f er ous sl ags 5 a l so foun d t hat the perovski t e 

crystals grow dendri tica 11 y. No ne of t he other phases ever exhibit dendritic 

growth. The perovskit e structure i n it s i dealized form is cubic with the 

titanium atoms occupyi ng the corner s of the cell, a calcium atom is at its 

cent r e and t he oxygen a t oms lie at the mid-points of its edges . The 

perovskite structure i s inclined to exhibit pseudosymmet ric variations of this 

ideal arrangement as a r e sult of sma 11 disp l acements of the atoms and it is 

possibly thi s fact wh i ch produces the st r a i n, imperf ections or irregularities 

assoc iat ed with the formation of de ndri t es . It i s a lso indicated that the 

initia l rat e of growth of the pe rovskite mu st be high under cwntinuous cooling 

c on di t i1;ns . During the soaking period at the equili brating temperature, the 

ear ly dendr i tic supe rstructure is fill ed i n as growth continu es . 

From Fig. 3 it can be seen that the liqui du s t emp eratures of these 

0 0 slags change fr om 1520 C at 30 per cent CaO and 0 per cent MgO to 1505 C at 

0 per cent CaO and 30 per cent MgO , passi ng t hrou gh a minimum o f 1340°C at 

12 per cent MgO and 18 per cent Cao. It is indicat e d that the s lags must 

have both CaO a nd MgO present t o obtain suffic ient l y low liquidu s t emperatures 

of the order r equired for a rc sme lting of the Bushvel d tita niferous magnetite 

ores . Changing the basic oxide component s of the flux frcm a limestone/ 
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do l omi t e mi xture (CaO = 22 p 0r ce nt 9 MgO = 8 p2r ce nt i n the s l a g) to 

do l omi t e (CaO = 16 pe r co nt 9 MgO = 14 per c en t i n the s l a g) as e nvi sa ged~ 

wou l d r esu l t i n the li qui du s t ...:mp or a ture of the s l ag ch;:rngi ng f r om 1395 °c to 

1375°C . By t he pr ogr e ss ive repbc ement of the l i me s t one in tho limeston e:/ 

do l omit e mi xtur e by dol omite , th o li qui du s t emp er a t u r e ca n b va r i e d bet ween 

1340°C and 1395°C wi t hi n the limit s of composit i on cont empL1t e d. /, l so , by 

thi s r e pl ac ement of th0 l ime stone by dol om i t e 9 th e p ha s e equili br b of the 

s l ags wil l cha ng e . I n th e s l ag as u sod on tho pi l ot p l a nt , the prima ry 

ph.:i se t o crysta lli ze i s pcrovs kit e (CaO. Ti0
2

) fo llowed by (Mgi.1
2
Ti

9
o

25 
p lu s 

Mg0 .1\1
2

03 ) whi l e i n the propos -::d do l omitic s l ag thi s or der of crys t a llization 

is r cvcrs .:;-d . I n addition , fo rst c r it c ( 2MgJ . SiO ) cry s t a lli ze s as t he 

t ertiary pha s e in th o pr opos e;d s l ag . The crystal l ization of di opside occurs 

at the so l i o'u s L :mpc r a ture and i t app1::a rs t ha t t hi s t emperatu r e i s const ant 

ove r t his r a ng c of s l ag compositi on s . 

J . Liqui du s cur ves of s l ags with a (CaO + MqO) c on t e nt of 25 . CO p c:r c ent a nd 
35 , 00 pe r ce nt r es pe c t iv e l y , 

The ph se equili br i a pr esen t ed in Fi g. 3 are fo r s l a gs wi th a 

(Cao + MgO) content = 30, 00 p ;.; r c c nt 9 whi ch it is t hought a pproac h mo s t 

clo se l y to t h o se whi ch a r c l ik e l y to b ~ produc e d on the p l ant . Thu s, the 

effect on the phase equi l i bria of any va.r i at i ons i n t he rd-:it i v o am ou nts of 

lime stone and do l omit e 9 r ovidod th:it t he total (CaO + MgO) = 30 . 00 per c ent, 

ar e d~p i ct e d in t h i s p hase equi l i brium di a gra m. 

Int er e st W3 S 9 howev er , a l so a t ta ched to knowl edge of t h <: b i::: ha vi our 

of t h e l iquidus t emp er atures for sla.gs whe r e: th €· toted (CaO + MgO) cont e nt s 
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are more andl es s tha n 30 p er cent . Conse que ntly9 t wo series of s la gs we r e 

prepa r ed - one ha ving a t ota l of 25 . 00 pe r cent (Cao + MgO), t he other 

having a total of 35 .00 per cent (Ca O + MgO) . The other three c ompone nts ~ 

name ly Si0
2

, Al
2
o3, and Ti0

2 
are increased a nd de creased r espec t ive ly but t he ir 

proporti ons withi n the s l a g r emai n consta nt. These s l ag samp l es were pre-

pared not by the l engt hy fu s i on and que nch met hod but mer e l y by mechanically 

mixing th e oxi de c omp onent s i n an oscilla tory mechani ca l mixe r. It ha d 

previou s ly bee n shown t hat t hi s more r api d method of samp l e p r eparation wa s 

accompanied by the e xp ec t ed lo ss in pre ci s i on (pre ci s ion=~ 15°C) 9 which 

can be attri but ed to incomp l et e mix i ng ma inly d.l e t o the di sparity in density 

of the variou s oxi de c omponent s . 

The li qu i du s t emperatures a nd primary phases wer e det ermined in the 

same ma nne r as detailed in Secti on 2 . 4 . Th e r esult s a r e pr esent ed in Table 

III and gra phically illust r at ed in Fi g. 6. toge the r with the liquidus· curv e 

for the (Ca O + MgO) conte nt = 30 . 00 per cent from Secti on 2. 4 . 

From Fi g. 6 it ca n be se en that the titani f e r ous sla gs with va r ious 

(Ca O + MgO) cont ents exhibit l arge changes in liqui dus t em perature s with com­

parative ly minor changes in (Cao + MgO ) conte nt s . The liquidus t emperatures 

for th e s la gs with 25 pe r cent Cao a nd 0 per cent MgO, 30 per c e nt CaO and 

0 per ce nt Mg0
9 

a nd 35 pe r cent Ca O and 0 per c ent MgO are 1370°C 9 1520°C, and 

165o0c r es pective ly. As the MgO cont e nt r e l a tive to the CaO cont e nt i s 

increa s e d in each of the s e curve s , t h e li qui du s t empe ratures are decrea sed to 

minima of 1295°c, 1340°C9 and 1440°c r e spe ctively. The trough of minimum 

liquidus t emperatures ext e nds from th e lime-rich s i de for the lower (CaO + MgO) 



T,'.\BLE III. 

Det ermination of liquid.u s t emperature s and i dentification of primary 

phase s in titanife rou s s l ags with (Ca O + MgO) co nt e nts of ~ 25.CO per 

cent and 35 . 00 pe r cent respectively. 
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(b) Slag system ~ ( Cao + MgO) = 3 5 • cx:Y';6 ? Si 0 2 = 18 . 29%9 Al
2
o 3 = 12.19%, 

and Ti0
2 

= 34. 52%. 

. ' 
I Li qu i dus 

i 
Cao % fVl gO % I Primary phase 0 I 

Tempo C I 

I 
35 0 1650 

! 
CaO. Ti0

2 I 
31 4 1605 

I 
Cao. Ti0

2 
27 8 1550 CaOo Ti0

2 
23 12 1495 CaOo Ti02 
19 16 1440 CaOo Ti 0

2 
+ not i ndexed 

i n the Powde r Di ffrac t ion 

F il e 

17 18 1470 Not inde xed i n the 
Powder Di ff r act i on File 

15 20 1470 II 

11 24 1475 I I 

7 28 1495 II 

3 32 1545 II 



Fig. 6. Liquidus curves for titaniferous slags with (CaO + MgO) contents of 25.00%, 

30.00%, and 35.c:o% respectively. 
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cont ent t o the magnesi a-rich side fo r the hi gher (CaO + Mg)) content curve. 

As can be seen f r om Ta bl e III, t hi s t r ough i s assoc ia t ed with a change i r. the 

primary phase in ea ch case . As the MgO content r e l at i ve to the Cao content 

is inc r eased t o a compositi on beyon d the mi nimum li qui du s t emperatures 9 it i s 

seen that the differ enc e in li qui dus t emperatures bet ween the three curves is 

decrea sed until at a content of 24 per cent MgO , th e li qu i dus t emperatures are 

1505°C, 146o0c, and 1475°C for the curves with (Cao + MgO) contents of 25 , 30, 

and 35 per cent r es pectively. 

It can thu s be seen t hat with the ori ginal l i mestone/dolomite flux 

(CaO = 22 pe r cent, MgO = 8 per cent in t he s l ag) an increase in the (CaO + 

Mg)) content will incr ease the li qu idu s t em pe rature and vice ver sa . But with 

the propos ed c ompl ete ly do l omit ic flux (CaO = 16 per cent, Mg) = 14 per cent 

in t he s lag) both an increase and a de crease in t he (Cao+ MgO) cont ents will 

increase the liquidus t emperature . Th e ef fect on the li qu i dus t empera tures 

of the slags of cha nges i n the (CaO + MgO) contents i s more pronounc ed for the 

origina l sla g than for th e proposed sl ag. 
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CHAPTER III. 

PHASE EQUI LI BRIA OF A TITANIFEl-KUS SLAG 1'.i ITH INCREASI NG 
CONT:-2NTS OF Si 0

2
• 

Rea sons f or increasing the Si0
2 

cont ent , 

From Fi g. 3 i t ca n be seen tha t th e Ti 0
2 

crys t a lliz e s eithe r as 

pe rovskit e (CaO.Ti0
2

) or as a soli d solution be t ween Mg0.2Ti0
2 

and Al
2
o3 .Ti 0

2 

name l y 9 Mg
4

Al 
2
n

9
o

25 
with minor quantitL~ s of NigO. A1

2
o3 9 depe nding on the 

lime a nd magne s i a c ont e nt s . Only a t ve ry hi gh CaO cont e nt s does Ti0
2 

cryst a llize as a s epara t t:: pha sE and the n only as a compa r a tively sma ll amount 

of secondary phase . The s e pha se e qui libr i a wou l d mak 0 extraction of the 

TiO 
2 

difficult. 

Al so 9 during t h e: est a bli shme nt of th es e phase equ ilibria~ it was 

noti c e d th:lt the crystal lizat ion p ot enti a l of the s e s l ags 9 i. e ., their 

r eadi ne s s t o cr ysta llize e ven at hi gh ru t 1:;s of c ooling , was v ery mJrk ed. 

Thi s i s shown in Fig. 7 wh ich i s a p ic toria l r 1:,pr e s e nt ati on of the de gr ee of 

crystal li zat i on obta i ne d at cooling r a t e s of 400°C pe r se cond from so0c a bove 

the liqui dus . Thi s r ate of cooling i s obt a ined by sw itching off the powe r 

supp ly t o t he thermocoupl e . From t his diagram i t ca n be s ee n tha t minimum 

cryst a llization occurs in th 2 s l a g with a 12 per c e nt MgO and 18 pe r ce nt CaO 

c ont ent. In the gl a ss industry~ the measur e tak e n t o pr0vent crys t a llization 

i s to cha nge th::: c omposition of the me lt so t h:i t it c orr esponds to a phase 

boundary. Henc c 9 i n these t i t aniferous sla gs the mi nimum crystallization 

pot e ntia l ca n be exp ect e d a t the minimum t empcra ture which is as sociat ed with 

a cha nge in pha se con st i tution. Fr om this compositi on of minimum 
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crysta llization, both an increase in the Cao or MgO c ont en t is accompanied 

by an increase in the cry stal liza tion pot ential of the se s la gs as shown by 

th e increase i n the number of homoge ne ous l y nucleat ed crystais .. Slag 

compos itions having an MgO cont e nt of 20 pc" r cent and more? b ecome compl et e ly 

opaque during the quench. That the s l ags with the higher MgO contents have 

the greatest t endency to crysta llize at rapid rat es of cooling was noticed 

during the phas e equilibria det erminations i n Section 2.4. wh ere tt was found 

that only th e s l ags with h i gh MgO cont ents had to be wat e~ quenched to prevent 

cry s t a llizat ion subsequent to equili bration at a particular t emperature . 

The reason that slags with higher MgO contents exhi bit a greater crystalliza-

tion pot e ntial may, in part, be expla i ned as follows. Magnes ium possess e s 

a consi de r ably greater fi e l d st r ength than calcium and henc e magnes ium has a 

greater t e ndency to co-ordinat e it s elf with oxygen. As a r esult the degree 

of network formation of the Si04 t etrah e dra i s comparatively smaller in the 

presenc e of ma gnes ium than in the pre s ence of ca lcium and hence the viscosity 

of a s iliceous me lt conta i ni ng MgO i s e xpected to be lowe r than a melt con­

tai ning Cao, and hence the crystallization potential of such melt s will ~e 

greater than for those containing CaOo Thus , t o obt ain the s e slags in a 

glassy stat e would r e qu ire very high rat e s of cooli ng indeed, which would not 

be attainabl e on a l a r ge sca l e . Henc e , th e use of th es e sla gs for s l ag-

cement manufacture or for the productio n of s l ag- cerami cs may be rul e d out. 

An equati on , gene r a lly applicable to si licate glasses, r e lating 

t he rate of crystal growt h with degr e e of supercooling and mobility of the 

io ns taking part in the cr yst a llization (whic h i s invers e ly proportional to 
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the viscosity of the liquid) is : 

R = k(T . - T) [lj' 
2 

liq. fJ 

(38) 

wher e R = rat e of crystal growth . 

fJ =viscosity, which is a compl ex function of T and composition 

T liq. = liquidus temperature of the system. 

T = t emperature at which rate of growth is measured. 

k = constant. 

Therefore, ther e are two differ ent methods of preve nting crystalliza-

tion. Either the initial cooling rat e or the viscosity must be high. Now, 

it has been shown that the rates of cooling required to prevent crystallization 

in these slags are very high and a s expected the viscosity is low. (The 

viscosity is lower than nonna l blast furnace slags as judged on th e high 

temperature microscope). There fore , t o enable th ese slags to be cooled at 

slower rates a nd yet be in the glassy state , th E: vi s cosity of the slags must 

be increa sed. This increa se in viscosity can be most readily obtained by the 

addition of Si02• With an increa se in the proportion of network-fonnin s 

oxide, the slag will tend progressively t o change from the Frenkel model of a 

11 fissured liquid" of low vi scosity towa r ds the Bernal model of a 11 flawl ess 

liquid" with an accompanying increa se in v:.scosity. 

The addition of Si02 to these titaniferous slags, apart from 

increasing the vi scosity, may have another very desirable effect. According 

to Dietzel (39.) Si and Ti have field strengths of 1.57 and 1.04 r e spectively; 

where field strength= i2? Z = va lency and a = ionic distance with respect to 
a 

j 
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oxygen for the corr ect co-ordina t ion numbe r of t he cat i on . Since t he fi eld 

strengths of both Si a nd Ti are ext r emel y hi gh t her e wi ll be a strong t endency 

for both the Si a nd Ti t o co- ordina t e themse l v ·'S compl et ely. Thi s i s shown 

in t he Ti02 - Si02 syst em which exhibit s comp l et e i mmi scibility in the soli d 

stat e (i. e., eut ectic syst em with t he eut ect i c poi nt close t o the Si02-rich 

si de ) and even very ext ensive i mmis cibility i n t he li qui d st at e (40 ) Thus , 

by i ncreas i ng th e Si02 conte nt of the sl a gs , i t may be possible t o caus e con­

sider ab l e cha nges in t he phase r el at i onshi ps wit h t he possi bility of producing 

the Ti02 i n a more r eadily ext ract ab l e fo rm. 

Pha se eguilibria i n t he s l aq syst em CaO = 18 per ce nt, MqO = 12. 00 per cent 

Si02 = 19.69 per cent, Al 203 = 13.12 per cent, a nd Ti 02 = 37.19 per cent with 

i ncrea si ng cont ent s of Si02• 

Th e Si0
2 

cont ent of the foll owi ng s l ag wa s progr ess ively increase d. 

CaO = 18. 00 per cent 

MgO = 12. 00 per cent 

Si02 = 19. 69 per cent 

Al 2o3 = 13.1 2 per cent 

Ti0 2 = 37.1 9 per cent 

Thi s sl ag has a comp ositi on intermedi at e bet ween t ha t of the present 

slag (l imestone/ do l omite f lux) and the pr oposed s l ag ( do l omi te flux). 

These s l a gs wer e ma de up as before, i . e., by the mel ting , quenchi ng, 

and grindi ng t echni que . They we r e t hen examined on the hi gh t empera ture 

microscope t o det er mi ne t he li qui dus t empera t ur es a nd subsequently t he phase 

equilibria wer e est abl ished in t he ma nner previ ous l y cu t lined i n Section 2. 4. 
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The results are presented i n Tabl e IV and plotted in Fig. 8. A seri es of 

X-ray films obtained at the various equilibrating temperatures for the slag 

with a 38.23 pe r cent Si02 cont ent i s shown in Fig. 9 . In Fi g. 10 photo-

micrographs are shown of the primary pha ses occurring in these slags. 

Be low 1200°Cs phase equi libri a are difficult to determine both 

because of the number of phases pres ent and becau se of the s low rat e of 

establishment of equili brium at these t emperatures. With increa sed cont ents 

of Si0
2

, the phase equili bria even be low the soli ous exhibit no phase contain-

Thi s is suggestive of glass formation and thin-sections made 

frcm specimens cooled at l 0°c per minut e and equili brated for 60 minutes at 

t emperatures below the solidus were examined to dete rmine the pres ence of 

glass. It was found t ha t tra ces of gl ass we r e pr esent when t he Si0
2 

cont ent 

was 38 . 23 per cent or more and that the gla ss cont ent increase d with increase 

in Si0
2 

content. Henc e in the phase diagra m, gl ass i s r ecorded as a phase 

below th e solidus for slags with contents of Si 0
2 

in excess of 38 .23 per cent. 

Al so as expect ed from earl i e r r easoning, th e viscosity increased r apidly with 

increase in Si0
2 

as judged by the thermal mov ement in the melt when viewed 

microscopica lly . 

This gla ss probabl y contains Al 2o3 and Si02 as we ll as CaO and/or 

MgO. The Al ions when in four-fold co-ordina tion give ri se to t etrahedral 

Al 04 groups and t hese can r epl ac e Si04 t etrahedra in s ilicat e latt ices. 

Sinc e each Al ion has a cha rge of 3+ as compared with a charge of 4+ for ea ch 

Si ion, an additional positive charge must be pr es ent to ensure e l ectro-

neutrality. One al ka line ea rt h met a l i on (from Cao and/or MgO) per two Al04 
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TABLE IV , 

Det e nnination of li quidu s t emp era tures a nd i dent ifi ca t i on of cry s t a lline 

phases pres e nt a t t he va ri ou s e quilibra ting t emper a tures, 

Sl ag sy st em: CaO = 18 . 00 pe r c e nt, MgO = 1 2. 00 per c ent,.Si0
2 

= 19 . 69 

pe r cent, Al 20
3 

= 13.1 2 pe r cent, a nd Ti0
2 

= 37 .19 per 

c ent with increas ing c ontents of S i 0
2

• 

Si0
2 

addition = 0. 00'~ I Si0
2 

a ddition = 4 . 00"~ Si0
2 

addition = 8 . Cl0% 
I 

Si0
2 

content = 19 . 69% I Si0 2 c onte nt = 22 . 78% Si0
2 

c ont e nt = 25 . 64% 

Liqui dus Temp. = 1340°C !Liqui dus Temp . = 1355°c Liqui du s T emp. = 1355°C 

I 

i 

I 
I 

Te.np. !T emp . Temp. I 

°C Phas es p r esent 
I °C Pha ses p r ese nt . cc Phases p r ese nt 
i 

1330 I M4AT9 + CT 1300 Mi1.T9 !1300 Mi,T9 

1310 Mi~T9 + CT 1 275 Mi•T9 + CT 1250 Miff 9 
1300 M4AT9 + CT 1 250 ~·\41\T 9 + CT 1225 Mi.T 9 + CT 

1200 M
4

AT
9 

+CT 1200 M4.i\T9 + CT 1200 MJ\T9 + CT 

1175 Mi\T9 + CT + CMS
2 

1175 Mi1.T9 + CT + CMS
2 

1175 M
4

AT
9 

+CT 

llCO CT + CMs 2 111so Mi1.T 9 + CT + Cl\.1S
2 

11 50 M4/\T 9 + CT + CMS
2 

I 

! 

I M4AT9 + 
900 M4;\T 

9 
+ CT 

I 

! 1100 I ML1AT9 
+ CT + CMS 2 I + CMS2 j 

I I ! ' 

Si0
2 

addit ion = 12. CO% ; 

Si02 c ont e nt = 28 . 30% t 

Li quidus Temp. = 1345°C [ 

Temp. 
oC 

I Pha ses pre sent I 
1250 

1200 

1175 

1150 

Mi1.T9 

M
4

AT
9 

M
4

AT
9 

Mi,T9 + CT 

11 25 I ~4~T9 + CT 

1100 I ~'\ 411.T 9 + CT 
I 

I 
I 

! 
J 

l 
+ CMS 2 I 

M4AT 
9 

= Mgi .... 12Ti
9
o25 

CT = Cao . Ti02 

CMS
2 

= CaO. MgO. 2S i 0
2 

S = Alpha-cri s t oba lite 



T/>BLE IV (CON TINUED) , 

Si0
2 

addi t i on = 16. 00% Si0
2 

a ddit ion = 20o OJ% 

Si0
2 

cont ent= 30.76% Si0
2 

conte nt = 33. 08% 

Li quidu s Temp. = 1340°c Li quidus Temp . = 1335 °c 

Temp. Phases pre se nt 
Temp . Pha se s pr e sent OC oc 

1200 I Mi->T9 1250 T + M4AT
9 

1150 M
4

AT
9 

12)0 T + Ml.T9 I 
1125 M4:' T9 1150 

I 
I T + M4AT

9 
llOO M4AT

9 
+ T + CMS2 11 25 T + Mi'T9 

1050 Mi'T9 + T + CMS2 + CT llOO T + Mi'T9 + CMS2 

Si0
2 

addition = 25 . 00% 

Si0
2 

content= 35.75% 

Liquidus Temp. = 1330°c 

Si0
2 

a dd i t ion = 30 . CO% 

Si0
2 

content = 38. 23% 

Liqui du s Temp. = 1350°c 

' Si0
2 

addition = 35. 00% 

Si0
2 

cont e nt = 40.51% 

Li qui dus Temp . = 1360°c 

Temp . I oC , Phases pr esent 
I 

1300 IT 

1275 

1225 

1200 

llOO 

1075 

1050 

I 
T + M4AT

9 
T + Mi.T9 
T + Mi-.T

9 
T + Mi1.T9 

I T + Ml.T9 + C!v\52 

T + M4AT
9 

+ Civ1S
2 

Temp . 
oc Phas es pr e s e nt 

I 

1

1 Temp . 
oc 

1250 I T 

1225 T 

I n oo 
1075 

120J 

1100 

1075 

1050 

1000 

T + M4AT 
9 

1050 

j T + Mi•T9 1000 

I T + Mi->T9 + CViS2 I 
I T + Mi 1T 9 + CMS2 : 

I T + M4/\T9 + CMS2 I 
! ! 

Phases pr ese nt 

T 

T + M
4

AT
9 

T + M4AT
9 

+ CMS
2 

T + M4AT
9 

+ OAS
2 



Si02 addition = 40.00% 

Si02 content = 42.64% 

Liquidus Temp. = 1360°c 

Temp. Phases present oc 

1200 T 

1175 T 

1150 T + CMS2 
llCD T + CMS 2 
1075 T + CMS2 + M4AT9 
10::0 T + CMS2 + Mi,T9 
1000 T + CMS2 + M4AT9 

Si02 addition = 70. CXYfo 

Si02 content= 52.76% 

Liquidus Temp . = 13S0°c 

Temp. 
oc Phases present 

1360 S + T 

12::0 S + T 

1150 S + T 

1125 

llOJ 

1050 

lCOO 

S + T 

S + T + CMS2 
S + T + CMS2 
S + T + CMS2 

Tf,BLE IV ( CGJTINUED) • 

! 
Si02 addition = 50.0J% 

Si02 conte nt = 46. 46% 

Liquidus Temp. = 1370°c 

' I Temp. · Phases present oc 
' 

1200 T 

1150 T 

1125 IT+ QIAS2 
llCD T + Clv'i.S 2 
1000 T + CMS2 

Si02 addition = 80. 00J' 

Si02 content = 55.39% 

Liquidus Tanp. = 1435°C 

Temp. 
oc 

j 

Pha ses present 

14 00 I s 
13Eo S + T 

1300 S + T 

1125 

llOO 

1075 

1050 

1000 

S + T 

S + T 

S + T + CMS2 
S + T + QvlS

2 
S + T + CMS2 

Si02 addition = Eo.OJ7( 

Si02 cont ent = 49. 80% 

Liquidus Temp. = 1380°c 

Temp. , 
oc Phases present 

1325 Ir 
1300 T + s 
1250 T + s 
1175 T + s 
1100 T + s 
1075 T + s + CMS2 
1050 T + S + CMS2 
1000 T + S + CMS2 

Si02 addition = 90.~ 

Si02 content= 57.73% 

Liquidus Temp. = 1470°c 

Temp. 
oc 

140J 

I 13Eo 
1150 

Phases present 

s 
S + T 

S + T 

llOO S + T 

1075 S + T + CMS2 
1050 S + T + Qv'S2 
1000 S + T + CMS2 



TABLE I V (C CNTI NUED) • 

Si02 addition = 100.00% 1
1 

Si0
2 

conte nt = 59 . 85% 

Liquidu s Temp.= 15C0°C 

Temp . 
Pha s es pre sent C{; 

1400 s 
1360 s + T 

1200 s + T 

1050 s + T 

1025 s + T + CMS
2 

1000 s + T + CMS
2 
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Fig. 8. Phase equilibrium diagram for the slag system CaO = l 8 .CO%, MgO = 12.00%, Si0
2 

= 19.69%, 

Al 203 = 13.12%, and Ti02 = 37.19% with increasing contents of Si0
2

• 

Mg
4

At
2 

Ti
9

o
25

+ Ti02 
+Cao. MgO. 2Si02 

+Liquid 

Ti02+ Mg4 A1 2Ti90 25 

+Co0.Mg0.2Si02 

Liquid 

no2 + Liquid 

Ti02+ Co0.Mg0.2SI02 
+ Gloss 

/ 
/ 
I 
I 
I 
I 

/ 
a- crlstobolite + Ti02 + Liquid 

• 
a- cristobol lte + Ti02 

+CoO.Mg0.2Si02 + Gloss 

• 

PercentSi 0 2 '----1 I ' I I ~ I I I , , , 
addition o 4 8 12 16 20 5 30 35 40 50 60 to 80 9o tdo 

Total per cent Si02 19·69 25·64 33·08 38·23 42·64 46-46 49· 80 52·76 55·39 57·73 59·85 



Fig . 9 . Series of X- ray films illustrating progre s sive 
order of crysta llization of phase s in a titaniferous 
slag with increased Si0

2 
c ontent . · 

1250°C Ti0
2 

1225°C Ti0
2 

1200oC Ti02 + Mg4Al 2Ti9025 

llOOoC Ti02 + Mg4Al2Ti9025 

lOOOoC , Ti02 + Mg4Al2Ti9025 + 

CaO. MgO . 2Si0
2 

Slag composition: CaO = 13. 85%, Mg) = 9. 23%, Si0
2 

= 38 . 23%, A12o3 
= 10 . 09%, and Ti02 = 28 . 60%. 



Fig . 10. Photomi crogr aphs s howing primary phases in t i tani f e rous s lags 
with i ncrea s ing cont ents of Si0

2
• 

( Sla gs were photogr aphed while in posit ion on the t he rmocouple/ hea t i ng 
element) . 

Needle- lik e crystal s of rutile 

Primary alpha- cri stobalite 
and s e con dary rutile 

Alpha- cristobalite 

Primary rut il e and s econdary 

Mg4Al2Ti9025 



tetr3hedra v1ould satisfy thi s requirement - he nce the descri ption of the glass 

as an alumina • silicate containing Cao and/or MgO. It is thought that very 

little Ti02 is present in the glass. Although titanium has a cation field 

strength such as to make Ti02 an intennediate oxide, it can only take part in 

the silicate network if its nonnal co-ordination number of six is decreased 

to four. Titanium can transfer from six-fold to four-fold co-ordination in 

glasses with a high alkalinity but in glassE:s containing MgO the titanium 

preferentially remains in hexenary co-ordination with the result that it does 

not to any large extent take part in the silicate network (4l). 

From the phase diagram it can be seen that with even small increases 

in Si02 content, Cao. Ti02 is the second phase to crystallize after 

This would be expected from the liquidus curves and primary 

phases presented in Fig. 6 and Table III. In these it is s een that the 

trough of minimum liquious temperatures is associated with a change in 

primary pha se s. Thus, the addition of Si0
2 

to the original slag with the 

CaO = 18.00 per cent and MgO = 12.CD per cent, results in a decrease of the 

( CaO + MgO) content to a level at which the primary phase is Mg4Al 2Ti9o25 as 

exhibited in the curve for the (CaO + MgO) = 25.00 per cent. 

Between the compositions corresponding to contents of Si02 of 19. 69 

per cent and 30.76 per cent the primary phase is therefore Mg4Al 2Ti9o25 

followed by the secondary phase Cao. Tio2 while CaO.MgO. 2Si02 crystallizes at 

the solidus temperatures. The Mg0.Al2o3 lines normally accompanying the 

Mg4Al
2
Ti

9
o25 pattern become very weak with an increase in the Si02 content. 

Between Si0
2 

contents of 30.76 per cent and 34.70 per cent the primary phase 
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is still Mgi\1 2n 9o25 but th e s econdary phase i s now the most sta bl e poly-

morphous structure of Ti0
2

, namely, rutile . Si0
2 

c ont ents in excess of 34 . 70 

pe::r c ent l ea d to th e format i on of no
2 

as primary pha se with Mgi d 2n 9
o25 as 

secondary phase and at Si0
2 

additions between 42. 64 per cent and 48. 18 per 

c ent rutil e is the primary phase over a l ong t emp eratur e interval foll owed by 

crysta llizati on of diopside . With cont ents of Si0
2 

in exc ess of 52. 76 p <.::r 

cent the primary phase becomes alpha-cri stobalit e a nd the liquidus t empera-

tures increase rapi dly with incr2ase in Si0
2 

content . 

From a consideration of exi sting pha se diagrams r e l a ting some of the 

compone nt • 1 oxiaes , it was t hought that s pht!ne (CaO.Ti0
2

. Si0
2

) might haw 

crysta llized over <:i certa i n r a nge of S i 0
2 

c ontents, but this did not prove to 

be tho case . 

Therdorc, t o provi de for th-; crystallization of Ti0
2

, cont ents of 

Si0
2 

bet ween 42. 64 per ce nt and 48.18 pe r c e nt are r equired, It was actua lly 

found that if the s l ags in t hi s r egi on wer e cool ed a t 10°C pe r minut e from a bove 

th2 liquidu s to room t emp er atur e , th e secondary cryst2. lline phase ( diopside ) 

woul d not form sinc e the vi scos ity of the r ema i ning s ilica-rich li qu id i s 

suf f iciently high t o ma ke subseque nt crystall ization di f ficult . The diops i de 

r equ ire s t he; equilibrating period of &J minut es to crystullize. 

Thi s i mpli es t hat these s l ags (.Si 0
2 

c ontent s bet ween 42.64 and 48.18 

per c ent) c a n be cool ed at r at es r equired to pr oduc e suita bl e: crystallization 

of the Ti02 ~ a nd :)rovided the cooling r at e i s in exc 2ss of 10°C per minut e 

be low t emp eratures of about 1L00°c down to say 500°C the n th e product will be 
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crystals of rutil e in a gla ssy matrix. Experiments on l a rger quantities, 

i. e . :1 a:l gns. have confirmed thi s for various rat e s of cooling. X-ray 

diffraction pa tterns and thin-s ection work r eveal e d only rutil e in a glassy 

matrix. Ti02 may thu s be made to crystal lize in a form more r eadily extract-

abl e . This is evident in Fig. 11 9 which shows the top of th e slag in a 

platinum crucible. The l arge nee dle-like crystals of rutil e can be readily 

seen. Ho wever , un der the microscope, thes e rutile crystals appear as 

fibrous agglomerations with entra ined glassy material. 

difficult compl et e e xtraction of the rutile. 

This would rende r 

Certainly, a large proportion of the rutil e should be extractable. 

Theoretically, if all the rutile could be extract ed from the slag with an 

original compos ition of CaO = 12.86 per cent, MgO = 8.57 per ce nt 9 Si02 = 

42.64 per cent, Al
2
o3 = 9.37 pe r cent 5 a nd Ti0

2 
= 26.56 per cent (40 per cent 

Si0
2 

addition) then the compositi on of the r e sidual material would be Cao = 

17. 52 per cent, MgO = 11. 67 per cent, Si02 = 58.05 pe r centi and Al 203 = 12. 76 

per cent. This composition appears suitable for t he production of slag-

ceramics and this aspect will be discus sed in Chapte r v. 

These titaniferou s s l ags with the increase d Si0
2 

contents de finitely 

become mor e vi s cous with increas e in Si0
2 

conte nt and this is r e fl e ct e d in a 

decrease in the tendency t o crystallize. This point wil l be dealt with in 

.Section 4.3. 



Fi g. 11 . Ma crophotograph of ruti l e 
cry stal s i n a gl assy matrix. 
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CH, .• PTER I V. 

l\!ON- EQUILI BEIUM PH/.SE RSL!1TIONSHIPS OF THE TIT,",l'! IFEROUS SL,\GS . 

Construction of micro dif f er e ntia l thermJ l a na lyse ro 

The exi s ting high temp c r.:.i t ur ..: mi cro s cop t: incorpora ting an oscillo-

sc op ha d been succ essful l y u s e d i n monitoring therma l ef f ects during a study 

of the r a t e- depe nde nt cryst a llization of beryllium- conta i ning me l ts ( 2l) 9 
(
42). 

These e xperime nts we r e succ ess ful becuu s e the beryl melt s di sp l a y l a rge e xo-

thermic e ff ect s during rapid cooling whi ch ca n be obser ved on a curve of 

t empe r a tur e of the specimen v ersu s time . Tho tita ni fe rous s l a gs cxhibi t ed no 

such e xothermic effe ct s on the cooling cur ve s a lt hou gh they did crysta llize . 

/\n obvious r c fineme; nt th ere for e ~ woul d b0 th e conversion of the high t empera ture 

microsc ope t o dif forenti3 1 t herma l o n:d ysis with correspondingly enha nc ed 

se nsi ti vi ty. 

In order to a chi ev e th i s incorpor J tion of the princip l e of di f f er-

enti u l thermu l ns ly s i s into t he hi gh t empenture microscop e ~ the following 

r equirement s hu d to be met : 

(i) Retentio n of th8 fa cili t y cont i nuously t o obs e rve th e specimen. 

(ii) The a bility to control sep.J rutoly the uppe r ci nd l owe r pre- set 

temperature s of bot h t h ermoc oup l es i n order t o annul t emper a-

ture di fferenc ~s . 

(i i i) Si mult<rn eous temper a tu r e:; programming , me2s ur ement of the samp l e 

t emper a ture a nd m0o s ur ement of th e differentia l t empe rature 

between the samp l e junc tion an d t he inert junction. 
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(iv) Means of r ecordi ng simultaneously t h ~ c ooling or heating curve 

and the dif f e r ent ial curve . 

/1lthough con side r a bl e r es ea rch had been unde rtak en, no circuitry was 

availabl e for such an ins trum2nt until the publications by Somme r and co-worke rs 

in 1964 (43) 9 (44 ) 9 (45) 9 (46) This ~ircu itry vv'aS ba se d on t ha t of th e high 

t emp eratur e microscop e a s described in Section 2.2. During 1966 9 Somme r ( 47) 

describe d a modifi e d circuit for a micro differ ential the rma l analyse r bas e d 

on the silicon controll ed r ectifi e r (S.C. R.) ins t ea d of the conventiona l 

silicon r ectifi er. The S .C. R. diffe r s from t h2 conventional silicon r ectifi er 

in that it is possibl e to control the amount of curre nt that passe s thr ough the 

r ectifi er during th e positive half-cycl e by mea ns o f an ele ct rical gat e tha t 

r equires a trigg er ing pul se to start the conduction. An auxiliary circuit, 

in which t he r esistor-capa ci t or c ombination det enninc s the tim o constant and a 

unijunction transis t or suppli ~s th e tr i ggering puls e t o the S.C .R, 9 makes it 

0 possibl e to control the S.C.fL ove r near ly 180 of ph Jsu . This l a tt e r circuit 

apart f r om obvi ous sophi stication 5 has seve r a l inher ent advant a ge s ~ the 

t empero ture p rogr am control can noiN be ba se d on e l ectronic c i rcuitry sinc e it 

i s now no longer nec e ssi1 ry t o control t he hea ting curre nt but mere ly the 

trigge ring puls e t o the S .C.R . 9 whil e the transi ent switching pul ses associa t ed 

with th e norma l hi gh tempera ture micro s cope circuit a r c e liminat e d. 

A micro differe ntia l the nna l a naly se r (micro- D.T./\. , ) base d on this 

circuitry was construct e d. The circuit for the mic ro- D.T.A. i s presented in 

Fig. 12, Supply voltage ent ers trans fonn e r Tl a nd the output i s controll e d 

by a n s.c.R. The angl e of i gnit io n of t hi s S .C, fl. is c ontroll e d by the 



T. l" step-down trans fonner 

T .2 step-down tra nsformer 

t.3 varia bl e transformer 

MR silic on diode 

S .C.R silicon controll ed 
r ectifier 

U.J.T unijunction transistor 

TC thermocouple 

__r 
MR 

?. 

Fig. 12. Electronic circuit for the micro differential 

thermal analyser. 
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S.C.R 

9 
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____....u , 
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auxiliary r esistance-capacitance circuit and unijunction transistor. The 

gate of the other S .C. R. r eceiv es the same ignition pulses and therefore 
. 

both s.c .R.'s conduct at the same time . Howe ver, s inc e the r ef er enc e and 

sample thermocoupl es together with t heir r espective specimens are unlik ely 

to be thermally identical, provi sion is made to pe rmit balancing of the two 

thennocoupl es by means of a varia bl e transformer T3 which controls the input 

to transformer T2. 

The multivibrator circuit which is used as a temperature program 

unit is pre s ent ed in Fig. 13. Thi s circuit is used to pulsat e the mechanical 

r elay which permits step-wise programming of the motor-driven variable helical 

r esi stor. This r esist or is incorporat ed in the auxiliary resistance-capaci-

tanc e circuit of the micro-0.T.A. circuit. Fig. 14 is a photograph of the 

apparatus. Be fore the t wo- pen high- spee d r ecorder was installed9 it was 

t ested in accordanc e wi th the r eccmme nded procedure a s discuss ed in Appendix 

iv. These t ests wer e consi der ed to be essential sinc e the high rat es of 

thermal change which we r e to be studied woul d r equire maximum performance from 

the r ecorder. 

This t ype of micro- D. T .A. 9 ba se d on the silicon controlled r ectifi er, 

had not pr evi ously been co nstruct ed and only about five micro-D.T.A. 1 s,based 

on the original circuit, had been construct ed duri ng the period 1964-1965. 

It is thus to be expect ed that considerable development work was required in 

the actual assembly of the micro- D.T.A , Some of the points which emerged 

are 

The diamet er of the thermocoupl e wires was increase d to 0. 35 mm. as 
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this facilitated balancing of the sample and reference temperatures. 

The two thermocoupl es were housed in separate cells as shown in 

Fig. 14. This permitted better observation of the sample by reducing 

the thickness of the cell and made it unnecessary to subject the 

reference thermocouple to quenching by wa ter when the sample was 

subjected to water-quenching for subsequent X-ray analysis. 

It was f ou nd necessary to apply water cooling to the thermocouple 

holders as the sensitivity 5 with which the differential temperature was 

recorded through the amplifier, was seriously affected by cold-junction 

errors which, as mentioned previously, could be neglected on the high 

temperature microscope. 

0 For temperatures up to 1000 c, the thermocouple known as 11Pallaplat 11 

(Hereaus) is recommended as t his has a very high e.m.f. output per degree 

Centigrade. For higher temperatures, the 6 per cent Rh-Pt/30 per cent 

Rh-Pt thermocouple is employed. 

Various inert r eference materials were selected; such as borax 

for lower temperatures and albite felspar for elevated temperatures. 

A larger thermojunction on the reference thermocouple was employed for 

high rat es of thermal change . 

From theoretical considerations, it would be expected that this 

apparatus could be more accurately considered as a differ ential calorimeter 

since there is no heat flow between the sample and reference. However, the 

associat ed lack in r esp onse to ther ma l changes occurring over a narrow 

temperature r ange chara cteri stic of a differential calorimet er is nut 

encounter ed in this instrument because the micro-D.T.A. inherently permits 
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r apid decay of the temperature di ff e r enc e and i s he nc e capa b l e of det ecting a 

subsequ ent the rmal e ff ect wi th a high deg r ee of sens itivity . 

Testi nq of th e micro differentia l the rma l ana ly se r. 

Th e mi cro-D.T.A. was t est E:d i n a similar manne r to t ha t emp loye d for 

the h igh t empe r ature microscope and an att empt was made t o ass e ss its 

adva ntages and disadvantag8s sinc e very littl e was known about it s capabil -

ities genera lly. Up to t emperatures of 400°c, the micro- D.T.A. has a 

se ns itivity a nd p r eci s i on compa rabl e wi th that cla ime d by Mazi e r es ( 49 ) for 

his mi cro differentia l therma l ana l yser; thi s was a l so confirmed by Sorrrn er (46) 

when inves t i gating th e s olid- s t ate c ha nges i n the Na
2
so

4 
sys t em. Howeve r, at 

highe r t emperatures ( esp ecia lly above 1C00°c ) th 2r e a ppears t o b e a l oss in 

se ns itivity i n the mi c ro- D.T .A . at the normal rat es of the rmal change (~ 10°C 

per mi nut e ) 9 probab ly ma inly due t o increas i ng radiat ion l osses. Thi s lo ss 

i n sensitivity at hi gh t empe ratures can t o some con s i derab l e extent be 

a lleviat e d by pa ssing t hrough t he t wo the rmocoupl e ce lls a gas of low the rmal 

conductivity such as a rgon, xe non or krypt on an d by placing p l a tinum . ra di:i tion 

shi e l ds a round the t h ermocoup l e junctions. 

Con t rary to a ll e xpecta tions? when the ti tanife rous s l ags were cooled 

a t the convent io na l r ate of l 0°c per minu te ~ th e fir s t t he rmal cha nge r ecor ded 

a t the liqui dus was a st r ong e ndothe rmic devia t ion. This r epre s e nts an 

ancma ly for which a t pre s e nt no e nt ire ly sa ti s fac t ory e xpl a nation can be 

of f er e d. Th e same s l ags , whe n t es t e d a t th e same cooling r a t e on the con-

ve ntiona l Le eds and Nort hrup D.T .A. equipme nt , produc ed t he normal exotherm. 

The te rm devia tion i s u se d in pr efer enc e to peak because a ft er the i nitia l 
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deviation of the diffe r entia l t -~mp crnture a ccompa nying the liquidus, the 

differ e ntia l t emp i::ratu:c'e doe s not r eturn t o the zero base line 5 as sh own in 

Fig. 15 (a ). Howeve r? the start of thi s E: ndoth ermic deviation e xa ctly 

corres ponds with th e obse rve d first app12a r ance of crysta ls 1Nithin the specimen . 

The liquidu s t emp eratures a nd phase s obta ined whe n the ti taniferous slags with 

the increasing Si0
2 

conte nts wer e subj ect ed to a lo 0c per minute cooling rat e 

on the micro-D.T .A. are pre s ent e d in Tabl e V. It c'.l n r eadily be s s-en that 

the degree of undercooling increases and tha t crys t a llization of the various 

phase s depa rts to an increa sing de gree fr om equilibrium conditions with 

increase in th2 Si0
2 

conte nt. This illustra t e s on0 of the ma jor disadva ntages 

of differential therma l a na lysis whe n appli ed to e quilibrium studi 0s of systems 

with sluggish crysta lliza tion cha r act8ri stic s . 

Other s e l ect ed cooling r a t c s we r e a lso investigat ed a nd it wa s found 

that a t cooling rat ;:; s of XJ0°C pe r minut c 9 C'Sp"'cia lly with occasional 

r e l a tive ly high degrees of supe rcooling 9 the endothe rmic devia tion of the 

liquidus was somEt imes prec e ded by a r apid e xothe rr:.ic peak which corre sponds 

to the obs crve: d liqui dus t i::mperaturc . See Fi g. 15 (b). At higher rate s of 

cooling tha n XJ0°c per minut8 9 th e liquidus was a ccompani ed by the usual 

exothe rmic peak 9 as shown i n Fig. 15 (c). This l ea ds to th e conclusionj that 

although hea t i s liber a t e d at the liquidus t empor a tur e 9 this amount of heat i s 

negligible (due to r a diation los ses) in comparison with thermal dif fc:r enc es 

(thermal conductivity or di ffusivity 9 sp ecific hea t or diffe r e nce s in 

radiation) of the slag immc dia t c:ly prior t o a nd a ft er the r ecorded liquidus 

t empe r a ture a t compa r ativoly low rat ~ s of the rma l cha nge . At high rate s of 

the nna l cha nge ~ the amount of h ,;;a t liberat ed per unit time ~ s increase d and 



Fig. 15. Thermograms illustrating differences in morphology of the liquiclus peak at 

various cooling rat es . 

(a) ( b) (c) 

Endothermic - t:. T ----. Exothermic 

Decreas ing Temperature 

(a)= 10°C/min. 

( b) = 200°c/min. 

( c) = 50°C/ sec. 

l 



TABLE V, 

Det erminat ion of liqui dus t emp er a t ure s a nd i dentification of 

crystalline phases pr e s ent whe n the titani fc r ous s la gs with the 

increas ing Si0
2 

cont e nt s we r e subj ect ed t o a cooling rat e of 

10°C per minut e on the micro differ e ntia l t he r ma l ana ly s er. 

Slag sys t em : (Ca O + MgO) = 30 .00 per cent 9 Si 0
2 

= 19.69 per 

I Pe r cent 
SiO? 

addition 

12 

25 

40 

90 

c ent 9 t,1
2

0
3 

= 13 .1 2 pe r c ent~andTi02 = 37.19 

pe r cent with increa s i ng conte nts of Si0
2

• 

I Equilibrium data previ ous ly Non- equilibrium conditions 
I Total obt a ine d (Tab l e IV) (10 °C/min. cooling rate) I pe r 1 

.·. ·sc ~ ont j Li qui dus ! Ph t j Li quidus I; Ph t 
i 2 I Temp. oc : ases pr e s en ! Temp . oc I ases presen 

i I • J 

28.30 

35.75 

I 42.641 

I 57. 73 1 

1345 I N\ 4f\T9 + CT + Q1l$ 2 I 1330 I M4AT9 + CT 

1330 ; T + Mi-'IT
9 

+ CMS2 1320 T + M4AT
9 

+ CMS2 

1360 ! T + CMS
2 

+ M4,\T 
9 

1470 I s + T + 0 152 

M
4
AT

9 
= MgJ ;. l

2
Ti

9
o

25 

CT = CaO. Ti0
2 

CMS
2 

= CaO. MgO. 2Si0
2 

T = Ti0
2 

S = Al pha-cri stoba lit e 

1340 T 

1400 Is + T 
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this p2rmits the norma l e xotherm to be r ecorde do 

The p r ecision of the mi c ro di ff er ent i a l t he nna l a na lyse r a s r ega rds 

r eproducibility of peaks was che cke d by c onducting dovitrification t ests on Cl 

tit a niforous s l ag hav i ng the fo ll owing compos ition Cao = 18 . 00 per c e nt 9 

Ti0
2 

= 37 .19 per cent . This sL.1 g wc;. s wat e r-qu enche d from so0c a bove the 

0 
liqui dus t t:mpera ture and the n hen t ed ot .::i r a t e of 150 C per mi nute . These 

titanife rous s l ags have such a st r ong t ende nc y to devi tr ify (they r e quire a 

wa t e r-qu e nch to obtain thera in th e gl as sy st3t2 initi3lly) that e ven a t r .Jt c s 

of hea ting of 150°C pe r mi nut e t h0y coul d bt.: expected to unde rgo the de vi t rifi-

cation proc e ss r uproduci bly . Beca us e devitrific.::i ti on proc ee ds by a homogene ous 

nuc l eati on step, the surfa c e cha r a cteri stics of the the rmocoup l e a nd specime n 

its elf a r e l es s li ke l y to .::if f cct r ep r oducibility. The r esu l ts a r e presented 

in Tab l e VI ; w ch r esult wo.s obta i nod on a new the rmocoup l e and a new 

sp c:: cim e n. .'1n examp l e of these t hermograms i s pr EJ s cnt ed in Fi g. 16 . Thi s 

s l ag exhibit ed four devitrificJtion p~a k s a nd the tempe r a tur e of the sta rt of 

each p ea k a nd the t empe r ature a t which the peak amp l itude w::is a t a ma ximum are 

r ecorded , as a r e a lso the s oli dus and li qu i dus t emperatures, 

For r eac t i ons occur ring a t hi gh ratos of th~rma l cha nge 9 this micro-

D. T . /1. ha s pr oved c .::ip.::ib l e of achi evi ng r esult s hithe rt o consid2r Gd ext r eme l y 

di f ficu l t , Conv e nti ona 1 dif f <.: r e ntia l t herma l am lys ers incorpora t o a furnac e 

which h~a ts the samp l e a nd r 0f 0r e nc c sp ecime ns . Hc nc e 9 th e ma ximum ra t o of 

heating po s s i bh : i s limited by the r a t e a t which the fu r nac 0 t emp 2ra tur e c o. n 

be incrca s e d a nd by t he r a t c: of h2a t tro.ns f c;r from the f ur nac e: to th e specimens. 
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T/~BLE VI , 

I ndicat ed limit s of preci s ion as shown by th0 thermograms for 

devitrification 9 solidu s and liquidus rea ctions i n a titaniferou s 

s l ag. 

Heat ing ra t e = 150°C per minute . 

Sl ag composi ti on: CaO = 18. 00 per cent, MgO = 12 per cent, Si 02 = 
19. 69 per cent 9 A12o3 = 13. 12 per cent , and 

Ti02 = 37. 19 per cent. 

I . . I 

I 1st j 2nd I 3rd I 4t h ! 
Devitri fica- Devitrifi ca- rDevi tri fica- 1 Devitri fica- 1 Solidus I Liquidus tion peak j tion pea k I tion peak tion pea k Temp . I I Temp. 
St a rt Max oc!st~jMax oc lst~t 

I I ! OC QC 
Max ° C I S ti~t I Ma x 

0
c I QC l I j I 

I I I I I 780 000 840 I BED 890 I 910 

I 
925 950 1195 1345 

780 005 870 885 910 930 950 1200 1350 850 . 

770 8CO 840 855 890 910 920 940 1190 1350 

770 790 840 855 880 900 920 940 

I 

1190 1350 

700 805 840 I 850 890 I 910 930 950 1195 1345 
I 

I 700 

' 

810 I 855 I 865 885 915 930 940 1190 1350 
! I ! ! : 

I 



1370 °c -71 

Endothermic -Ar--- EKOthermic 

lncreasino Te~eroture 

Devitrification 

75o 0 c 

Fig. 16. Th ermogram of a wat er-quenched t itani f erous slag heated at a rate 

of 150°C/minute on the micro differential thermal analyser. 
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The rate of cooling i s similarly limit ed. The micro-D.T.A., due to its small 

size of furnace and specimen, is ca pabl e of rates of thermal change in excess 

Of 50°c d per secon • For exampl e , a ti tanif erous slag was de vitrified at 

various rates of heating. As expected from previous considerations, the 

peak amplitude increases with increa se in heating rate. The ti taniferous 

slags because of their strong tendency t o devi trify ~ wi 11 devi trify irrespect-

ive of the heating rate, albeit th e devitrification peak s occur at higher 

temperatures with increase in heating rate. The results are presented in 

Table VII. 

The micro-D.T.A. has the advantage that visual observation is not 

necessary when determining the liquidus or soli dus temperature of a slag. 

This is of particular i mpor tance in slags which contain FeO, MnO, etc., as 

these oxides confer an emissivity on the s lag at elevated temperature so as 

to make it opaque. The high temperature microscope cannot be used for these 

emissive and/or opaque slags except as a heating source to be used in the 

normal quench method. However, on the micro-D.T.A. a large proportion of the 

slags can be examined to determine the liquidus and solidus temperatures even 

if they are opaque. Provided that the s lags are not too viscous, they can 

be heated (but not cooled) at a rat e suffici ently high to overcome the 

insensitivity due to radiation losses , and the liquidus and solidus 

temperatures can be measured with an accuracy of ± 10°C • 

• 3. Simulation of granulation plant conditions. 

The micro-D.T.A. appears most suitabl e for rapid non-equilibrium 

phase studies, namely to det ermine th e behaviour of these titaniferous slags 



TABLE VII. 

Various rates of hea ting which can be monito r ed on the micro 

differ entia l therma l ana ly ser . 

Devitrification thermograms of a titaniferou s slag having the 

following composition ~ CaO = 14. 00 per cent , MgO = 16.00 per 

cent 9 Si0
2 

= 19.69 per ce nt, Al
2
o3 = 

13 .1 2 per cent, and Ti02 = 37 .1 9 per cent. 

1st 2nd 3rd 

Heating Rate 
Devitri ficat ion Devi tri fication D2vitri f ica ti on 

0c/Min. 
peak peak peak 

Start oc 0 
Ma x C Start oc 0 Ma x C Start oc 0 

Ma x C 

49 740 755 870 875 880 890 

160 760 

I 
780 870 885 900 915 

194 760 700 880 890 910 925 

330 765 785 880 895 910 930 

40)0 820 860 980 985 985 

I 
1020 

I 

30000 920 955 TRACE l 1020 1000 
' I 
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with and without inc r eased Si 0
2 

c ont ent s whe n subj ect0 d to the therma l con­

ditions prevailing on a granu l at i on p l ant. 

Various b l ast furnace s l ags which had bee n success fully wat er-

quenched on gr anulat i on p l a nts to produc e a granulat e of low crys t a lline 

content were examine d to ga in informat ion r e l ating to the qu e nching rates 

whi ch had to be ac hi eve d to obta i n such s l ags in the glassy s t a t e . 

These blast fur nac e slags we r e p l aced on th e thermocoupl e and the 

li qui du s t empera ture was established. 0 They we r e the n hea t e d to 50 C above 

t he liquidus and cooled a t variou s pr e s elect ed rates . The qu enche d slags 

were vi sua lly examin ed to establi sh at what rat e of cooli ng crystallization 

could j u st be pre vented . Repro ducibility i s not good but a consi derable 

improvement can be ach i eved by t r eating each s l ag on a new/smooth t he rmo-

coupl e 9 which t echniqu e was adopt e d f or these exper im ents. 

Tabl e VIII indicat es the range of quenching r a t e s whi ch had to be 

obtaine d on the mi cro- D. T.A. to obtain thes e s l ags in the same gl assy co ndi-

tion as that in whi ch they had pr evious l y be en produ ced on the granulat ion 

plant. 

Crys tallizat i on a l ways occurred hot erogen ~ous ly on th e ther mocoup l e 

limbs and this explains t he difficulty of obt aining r eproducib l e r e su l ts. 

Howe ve r 9 by conducting ea ch t est on a new/smooth thermocoup l e , as mentioned 

ear li er, mor e definit e conclusions coul d be drawn . It is thus s ee n that to 

s i mul a t e the e ff ect of the r ap i d qu ench of the granul a tion p l ant trea tme nt~ 

the s e bl ast furnac e s l ags have to b e subj ect ed to cooling rat es between 40°C 



TABLE VIII. 

Ra t e s of cool i ng r equi r ed t o produc e blast furnac e slags in the same 

gl assy c ondition that they ha d obt a ined on the granu l ation p l ant. 

I Coo l ing Obs e rvation on Cool i ng Obse rvation on 
I Bl ast furna ce s l a g rate degr ee of r at e degr ee of 

°C/ se c. crysta llini t y 0 c/ s e c .• c r ystal l inity 
' I 
I I ! 

' ' i ' j 
I 

I O i 0 I No Sl ag No. 1 I 40 C/ s e c. I Sli ght i 55 C/ sec . 
(S outh Af ri ca ) I ' crys t a lliza t ion c rysta ll i zat i on I I 

Slag No. 2 
0 40 C/ s ec. No 

I o 
I 55 C/ sec. No 

(South Africa ) I c rysta llization c r yst a ll ization 

I 4o
0
c/ s ec. 

I 
Slag No. 3 I Sl ight 

55°C/ se c. Slight (S outh Africa ) I crysta ll izat i on 
I c ry st a ll iza t i on 
I . I 

I Slag No. 4 I 40°C/ sec . I I I 0 
No 55 C/ se c . No I (Switze rl a nd) I cry st a llization , crysta ll ization 

t 
I I I 

I I I ' 
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and 55°C pe r se con d on the mi cro- o .T .A. He nc e 9 by sub j e cting othe r sla gs t o 

this trea tme nt on t he micro- D. T .A. inform:ition can be ga in ud r e l a ting to the 

a mount of cry s t a lliza tion t ha t ca n be expect <:d i f the se s l a gs we r e t o be 

treated on a gr a nul a tion pl an t . 

The ti t a ni fo rous slags we r e subj ected t o cooling r a t e s of 50°C per 

second a nd then e xamine d for their crysta lli ne content. The pseudo liquidus 

t empe r atures a nd t he phases whic h ha ve c rysta llize d are pr e sent ed in Tab l e IX. 

The titani f erou s s l ags with the increas i ng c ont e nts of Si02 were 

e xamined in a simila r ma nn er and th e r esult s a r e pr es e nte d in Ta bl e x. 

From Tab l e IX it can be s ee n tha t considera bl e crysta llization 

occurs in t he titani fc rous s l ags eve n at the se r ap i d que nching rat e s . The 

prima ry pha se a l way s crystalliz e s and so does th e se condary phase if this 

conta ins Ti0
2

• With the ver y high MgO cont e nt, t h e forst erit e crysta llizes 

as s e conda ry phase . The differ e nc e in liqui dus t emperature s for the 

equilibrium condition and t he :D 0c pe r se cond que nch ing r ate 9 decreases with 

increase i n t he MgO co nt ent 9 i. e . 9 from a di ffor c nce of 140°C to 95°c . This 

confirms t he previou s ly mentione d fa ct t ha t t he s l ags with high Mg) contents 

display a gr ea t er t e nde ncy t o c rys t a llize tha n the s l ags with high Cao cont ent s 

when subj ected to high r at es of que nching. 

Althou gh the prima ry a nd ofte n the s econda ry phase s do crystallize, 

no t e rtiary a nd subseque nt phas e s crysta llize . He nce 9 thes e slags must con-

t a i n considerab l e proportions of gl as s . Th i s gl ass cont ent was verified by 

t hin-section work, However, the crysta lline ma t eri a l content is higher tha n 



Det ermination of pseudo li qu i d.l s t emper a tur e s a nd ide ntifi cation 

of cryst a lline pha ses pn)s e nt when th e tita nifcrous sbgs a r e 

c ool e d at a r at e of so 0c per se cond. 

Sl ag syst em ~ (CaO + MgO) == 30 000 per ce nt 9 Si 0
2 

= 19 . 69 pe r c ent 9 

,-. 1
2

0
3 

= 13 .1 2 pe r cent 9 a nd Ti 0
2 

= 37.19 pe r cent. 

( CaO + MgO) II 

= 30/6 
1 

I I 
! Ca 0 % I M gO % I 
I l l 

28 I 2 
I 

22 I 8 
l 

18 12 

12 18 

22 

28 

Equili brium da t a previou s l y 
obt a ined (Tabl e II ) 

I 

Li qu i du s i 
cc l 

1495 

139 5 

I 

Phase s pn:se nt 

CT = cao. Ti o
2 

T = Ti O 
2 

C/\S
2 

= CaO. i11
2
o

3
.2S i 0

2 
M4/\T 9 :: Mg4/\1 2T i 9025 

CMS
2 

= CaO. MgO. 2S i 0
2 

M
2
S = 2v1gO •. Si 0

2 

I Non- e quilibrium condit ions) 
I SO'C/sec. c ooling r at e I 
I Li quidu s Pha s e s pr e s e nt 1· 

I oC I 
I 1365 er ! 

1240 CT + MJ;.T 9 I 
1200 

1270 

1330 

1395 

CT + Mi.T9 
M/ .T9 
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TABLE X. 

Det ermi nat i on of pseudo l i qu i dt.Js t emper at ures and i dentifica t i on 

of cry st al line phases pr esent when the titanifer ous s l ags wi t h 

i ncreasing content s of Si02 ar e cool ed at a r at e of 50°c per se cond. 

Slag syst emg CaO = 18.CD pc: r cent 9 NigO = 12. CD per cent , 

Per cent Per cent 

Si02 I Si 02 
addition cont ent 

I 
12 I 28 . 30 I 
25 35 .75 

40 42. 64 

90 I 57.73 

Si 02 = 19. 69 p~r cent, Al 2o3 = 13 . 12 per cent , 

and Ti0
2 

= 37. 19 per ce nt with increasing 

contents of Si 0
2

• 

i Equilibrium da t a previ ous i y 
I obta i ne d (Tabl e I V) 

! Non- equilibr i um conditions I 50°C/ s ec. cool ing ra t e 

I 
I 
I 
I 

I 
I 

Li qui dus I 
OC ! Phase s Present 

1345 Mi1.T9 + CT + CMS2 
1330 T + f;i~/\T9 + c 52 

I 
1360 1: + CMS2 + M4AT9 
1470 + T + O :lS2 I 

' 

M4AT
9 

= Mg4/\ 1
2
Ti

9
o

25 
CT = Cao. Ti 02 

Q11S
2 

= CaO. MgO. 2S i 0
2 

T = Ti 02 
S = 1', l pha- cri st oba lit e 

I Li qui dus 
! oC Phases pr ese nt 
I 

1180 MJ.i.T9 
1200 T 

1260 T 

1340 T 
1 I 
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the maximum 20 per cent normal! y specified for slag-cement manufacture. 

As in the case of the blast furnac e slags t ested, thes e titaniferous 

slags all crystallize heterogeneously from the thennocouple limbs. A com-

parison between these results and those obtained from the blast furnace slags 

indicat es that the titaniferous slags would not be suitable for granulation 

plant treatment. 

The slags with the increasing Si02 contents exhibit a lower crystal­

line cont~nt after being subjected to this :o0c per second quench. Here, 

only the primary phase crystallizes with one notabl e exception. In that part 

of the phase equilibrium diagram where a lpha-cristoba lite is the primary phase 

with rutil e as the secondary phase , at high quenching rat es rutilc crystallizes 

as the primary and only pha se . But the rutil e again crystallizes het ero-

geneously from the thermocouple limbs. This crystallization of the rutile 

accounts for the fact that the degree of undercooling of these slags does not 

increase with an increase in the Si02 cont ent a s had been expected. The 

slags with the higher Si02 contents produce an amount of crystalline mat erial 

sufficiently small to make them suitabl e for a granulate, at least from a 

consideration of the glassy content. 

High-speed continuous coolinq behaviour. 

The titaniferous slags have nov.r been shown to have a substantial 

crystalline content at cooling rat es of 50°c per second and yet it has also 

been shov.rn that at very much higher rat es of cooling they can be quenched 

into glass (during phase equilibria detenninations). It appears that there 



43 

0 must be some; type of transit iona l bc::haviour at r at e s of cooling above 50 C per 

second which will eventua lly permit th e formation of glass . 

A method was devis ed whereby such an investigation could be con-

duct ed. The slag selected for these experiments ha d the following composition ; 

cao = 12.00 per cent, MgO = 18.00 per cent, Si02 = 19. 69 per cent, Al 203 = 

13.12 per cent, and Ti02 = 37.19 per cent. The equilibrium phase r e lation-

ships of thi s slag were pre sent ed i n Tabl e II• 

From the pr evious exp erim0nts on granulation plant simulation, it 

had bee n shown that when conducting exp a iments at th ese very high r at es of 

quenching, r eproducibility wa s very poor indeed. This i s t o be exp ected and 

the chi ef source of error i s the th2rmocoupl e - NOT as a measuring devic e but 

as the specimen holder, i. e., the conta ining walls for the specimen. Hetero· 

geneous cryst a llization predominates because of the surface condition of the 

the rmocoupl e a nd this domina t es th e actual crysta llization temp eratur e. This 

factor wa s a ll eviated by conduct i ng the various t ests on the same specimen 

mount ed onto the same new/smooth thermocoupl e. 

0 The slag sp ecimen was quenched at various rates from 50 C above the 

liquidus t emperature by switchi ng the heating current from thi s t emperature 

to some presel ected lowe r temperature - the lowe r thi s presel ect ed t emperature, 

the hi gher the r ate of cooling. Reproducibility was fair when the same 

specimen was examine d on the same thermocoup l e at the various r at e s of cooling. 

But even anothe r new thermoco11pl e with the same specimen would produce 

diffe r ent pseudo liquidus t 1.-111p er atures because of s light era ng es in geometry 
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and su rface de f ects on the wire ( e specially at the we ld of the the rm ojunction). 

Howe ve r , the very rapid onset of crysta llization coul d be r ecorded on the 

micro-D.T. A. quit e r eadi l y if extreme care wa s t ak e n t o ba l ance the samp l e 

and r e fer ence s inc e it can be r eadily envi s age d that any the rma l differ e nc e s 

in the t wo would be magnifi ed exce ss ively at th ese hi gh r ate s of cooling. 

Thi s ba l anci ng was aide d by the fac t that t he high r a t e of crystallization 

produc e d re l a tive ly l arge peak amp litudes thu s permitting the use of low 

amplifica tion i n recordi ng the di ffe r entia l t empe r atu re . It should be pointed 

out that the s e s lags did not exhibi t h"''at effects large enough to influ enc e the 

t emperatur e curve of the spe cime n, 

These t ests were r cp eat E:. d with a used/ rough thermocouple:. It was 

during th ese t ests t hat the samp l e s on cooling we r e wat er-quenched immediat e ly 

the crysta lliza t ion peak had bE:e n comp l et ed. The X-ray powde r patt erns of 

the s e sp ecimens wer e the n obta ine d. Th 2 r e su l t s a r e pres ent ed in Tabl e XI 

and graphical l y illu strat e d in Fi g. 17. 

0 For th e spe cimen quenche d a t a ra t e of 250 C per sec ond , the X-ra y 

powde r patt e r n. is no longe r that of exactly Mg
4

A1
2
n

9
o

25 
nor i s i t that of 

Mg0. 2Ti 0
2 

but r ather some int ermediate va lu e . 

solution of 80 rnol. pe r ce nt MgU. 2Ti0
2 

and 20 mol. p er c ent Al
2
o

3
, no

2 
the 

X-ray powder patt ern for 1f. 9
4

A1
2
n

9
o

25 
ha s d spa cing va lu es and int ensities 

ly ing bet we en t he s e t wo component s . The d spaci ng va lu es for Al
2
o

3
. Ti 0

2 
are 

sma ll er than thos e for MgO. 2Ti 0
2 

so that it ma y be inferre d that whe n the 

d spacing value s increas e t o l arge r valu e s than those fo r [vl g4Al 
2
Ti 

9
o

25 
t hen 

t he Al
2
o

3
• Ti 0

2 
c ontent has been dec r ea se d. He nc e t he des cription 



T1\ BLE XI. 

Determinat ion o f pseudo l i quidu s t emper a t u r e s a nd ide nt i f i ca t i on 

of cry sta llin e phase s pr ese nt whe n a tita ni fe rous s l a g is subject ed 

t o va rious hi gh- spee d continu ou s cooling r 3 t e s. 

Sl ag c ompos i t i on: CaO = 12. 0 0 per cent, MgO = 18 . cx:J per ce nt, 

Si0
2 

= 19 , 69 pe r c ent 9 1\1
2
0

3 
= 13.1 2 per cent , 

and Ti 0
2 

= 37. 19 pe r cent. 

I New/ Smoot h Used/Rou gh 
Temperatu r e Thermocoup l e Thermocoupl e Phase s i dent ified aft e r 

t o wh ich 
I St a rt -1 wat er-quenching of s l ag 

.a ir- quenche d St a rt l 
* * 

spe c im ens on u sed/ r ough 
f r om 1460°C of Rate of of Ra t e of th~ rmoc oup l e a t c ompl eti on 

Peak Cool i ng Peak Co oling of e xothermic peak 
cc OC 0

c/se c . 1 oc 0c/ sec . 
I 

1200 1230 - 1340 190 Mgi1 12Ti
9
o25 

1100 ' 1205 165 1310 250 tMg4Al 2T ~9o25 - > MgO. 2T~02 ) 
I 1170 

I 
1000 225 1275 285 (MgJ i. 1

2
Ti

9
o25 - >M gO. 2Ti0 2) + 

MgO . Ti 0
2 

+ 2'v'lg0. Si 0
2 

900 1150 270 1 1240 325 MgO. 2T i0
2 

+ MgO. T i0
2 

+ 

2Mg0. Si 0
2 

800 1140 3 30 1195 355 !Mg0.2Ti0
2 

+ MgO. Ti 02 + 

2MgO. Si 0
2 

700 11 30 360 1175 395 MgO. 2T i 0
2 

+ MgO. Ti 0
2 

+ 

'.Jv\gO. Si0
2 

600 1120 395 1170 430 MgO. 2Ti 0
2 

+ MgO. Ti 0
2 

4CX) 1115 450 1155 455 I MgO. 2T~ 02 + MgO. T~02 
0 1095 I 495 ! 1145 525 

i I 
IMg0.2Ti 02 + MgO. Ti02 

* The r a t e of coo li ng is not constant as ca n be s een on the gr aph . l ... s 

expe ct ed fr om the l a ws of r a di ati on and conduct ion 9 the rate of cooli ng is 

most rapi d initia lly and de crea se s i n r at e as t h e lowe r pr eset t empe r atur e 

i s approache d. 



Fig. 17. High-speed continuous cooling curves for a titaniferous slag. 

The lines (a) and (b) indicate the start of crystallization. 
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given, i. e ., a de crease in the Al
2
o

3
.Ti0

2 
cont ent. 

At this rate of cooling? t he vis cosity at the pseud0 liquidus 

temperature i s probably a lready suffic i ently high t o r ender difficult the 

diffusion process for the formation of such a large complex oxide solid solu-

It may be noted however, tha t when the lattice energies 

for Mg4Al
2
n

9
o

25 
and MgO. 2Ti0

2 
were calculated in the manner suggested by 

Huggins and Sun ( 50), the following r esults were obtaine d. The lattice 

energies, based on a 24 9xygen cell were calculated t o be 31,844 K cals. and 

Thi s appears to 

indicate that the lattice e nergy of the intermediate modification is greater 

than that of t he s table phase. At higher rat es of c ooling the Al
2
o3 doe s not 

enter into the constitution of any crystalline phase. 

The r eason for the abse nce of 2MgO.Si0
2 

in the slags air-quenched at 

0 0 
a rate of 190 C per second and 250 C per second is probahly du e to the fact 

that the . temperatur e s from which these s lags were wate r-qu enched at the 

compl etion of the exothermic crystallization peak, were above the t empe rature 

required to allow 2Mg0.Si0
2 

to crystallize. The pattern for 2VlgO.Si0
2 

was 

" ery weak whe n identified, (uncertainly). Actually, at the higher rat es of 

quenching, considerable difficulty is experienced in any de finite identifica-

tion of the powder patterns due to the presence of rather broad, diffuse 

lines and considerable shifts in d spacings . 

As will be e vident from Tabl e XI, the forsterite (2MgO.Si0
2

) 

crystallizes at intermediate rates of cooling but the diopside does not form 
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at any of the rat e s of cooling investigat ed. /.\.pa rt from th e fac t that i n the 

equilibrium orde r of phase generat ion 9 forst eri t e p r ece des diops i de , thi s 

could a l so be at tribut e d to the fac t tha t the for s t e rite i s an orthos ilicat e 

which consist s si mp l y of i sol a t ed Si0
4

4
- gr oups li nk ed only t hrough the 

medium of the Mg ions as oppos ed to diops i de which p oss e sses a more comp l e x 

cmin structure . 

From the curves r epresenting the pseudo li quidus t emp erature s for 

various rat e s of cooling for specim ens mount e d on new/smooth and us ed/ r ou gh 

the rmocoupl e s 9 it can be s een that th e ons et of crys t a llization occurs a t 

hi gher temperatur e s for the us ed/ rough thermocoup l e b8cau s e , as e xpe cted , 

this wi ll more r eadily permit heterogeneous nuc l ea tion. Vi sua l mic r oscopi c 

e xaminat ion r evea l ed th3.t heterogeneously nuc l ea t ed crysta lliza ti on i s 

ac c ompani ed by i ncr ea s ing amount s of homog e neous ly nucl ea t ed crysta lli zation 

within the me lt at cooling r ates of 3oo0c pe r second a nd highe r . Whe n the 

0 r ate of cooling i s increased t o 400 C per se cond a nd higher th e n homoge ne ous l y 

nuc l ea t ed crys ta lli zation i s the pr e dominant me chani sm. Thu s a t thes e 

increased r at es of cool i ng 9 the ef f ect of th e natur e of the sur face of the 

th ermocoupl e pl a y s a n eve r-decreasing r ol e and thi s exp l a ins why t he two 

curves t end to ap proach on e another a t the se hi gher r a t es of coo li ng . The 

point of i nfl e xi on in th es e curves a ppea rs t o be ass ocia t 2d with thi s change 

in crysta llization m0chan i sm. Fig. 18 shows photomic rographs illus tra ti ng 

he t eroge ne ous l y a nd homogeneous l y nuc l oa t c'd ci;-yst a lli za tion. 

This progr e ss ive cha nge f r om het eroge neous l y nuc l ea t e d t o homo-

ge neous l y nucl eat ed crysta lli za tion with increase in the rate of cooling i s 



Fig . 18 . Photomicrographs il l ustrating heterogeneously nucl eated a nd 
homogeneou sl y nucleate d crysta lliza tion in tit anif erous s la gs . 

Heterogeneously nucl eat ed crystallizat ion 

Homogeneously nuc l eated crystallization 
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characteristic of siliceous me! ts. The amount of crystalline phase decreases 

at each successively higher rate of cooling. A stage is eventually r ua ched 

where the nuclei undergo only very limited growth and at still higher rates 

of cooling it is possible to prevent growth and possibly even nucleation. 

Experimentally, higher CONTROLLED rates of cooling than those shown in Fig. 

17 could not be obtained but various degrees of water-quenching showed that 

the crystals which are homogeneously nucleated, decrease in size with increase 

in cooling rate until a point is reached where only isolated small dots can 

be seen at X200 magnification. At even higher cooling rates, visually-clear 

glasses were produced. At these high rat e s of quenching, the viscosity of 

the melt increases so rapidly that the structural units are unable to arrange 

themselves into the appropriate crystalline order before solidification. 

Phase identification was assisted by obtaining X-ray powder patterns 

from prepared samples of all the above phases. During these tests it was 

also established that when the prepared samples of Mg4Al
2
Ti

9
o

25
, MgO. 2Ti02 

and MgO. Ti0
2 

were subjected to very high rat es of qt· r::nching ( 400°C per s2cond) 

the X-ray powder pattern characteristics were the same as those obtained 

under equilibrium conditions. 

It is probable that these titaniferous slags, when in the molten 

state, do not contain a large proportion of network since the content of 

network-former (Si0
2

) is comparatively low al though the content of inter-

This is in agreement with the 

relatively low viscosity va lues. During rapid cooling, the larger 

Mg
4

Al
2
Ti

9
o

25 
solid solution complex oxide has not time to f onn and the simpler 
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structure s of MgO. 2Ti 0
2 

an d fv\ gO. Ti0
2 

c rys t a lli ze . Now, accordi ng t o Os t wa l d 

thi s crys t a llization of a tra ns i ent s t a b l e modific ation is a n e xp r e ssion of 

the t ende ncy of a me lt i n a n un st a b l e stat e t o cha nge not i nt o the most s t abl e 

form, but i nt o th e fo r m t he s t ab i li t y of whi ch most nei1 rly r es embl es its own. 

Thi s indica t es t ha t in t he l iquid, the ma j or pr oportions of Mg) a nd Ti 0
2 

a r e 

not p r e s ent i n compl ex s tructura l unit s a nd can t he r e f or e cry stallize even a t 

hi gh ra t e s of coo li ng . 
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CH\PTER V, 

DEVITRIFICATI ON STUDIES , 

Rcccntl y, th t: p r oduction .::rn d properti e s of s l ag-c er am i cs are be ing 

studi e d as a mea ns of findin g a su i table:. out l e t for i ron-making s l ags. They 

ar e perhaps a na t ura l dev e l opme nt of gl ass- c eramics wh ich ar e a t present be ing 

int ensive l y inv estigat e d. Slag- c eramics ar c po l ycrystal line so li ds pr epa r ed 

from su i tabl e s l ags as fo ll ows g A mcl ting oper a tion ; which , if possibl e 9 

shou l d be i ntcgrat ~ d wi th the original s l ag forming proc ess to sa v e fu el, a 

pouring and f orming st ep to obta i n the de sir ed shape or form and a f i na l t wo-

s t age heat-treatment . The first h~at - treatmcnt s t age i s to pr oduc e the 

nucl e i and the second s t age i s to per mit th es e nuclei to grow i nto mi cro-

crysta l s. I t is known that va ri ou s r e s.__.ar ch organisations such as the 

Briti sh I ron and Stee l Research Assoc i at ion a r e invest i gat ing the production 

of the s e s l ag-c eramic s and the ir possib l e appl i cations, Not much li t eratur e 

i s a va i l abl e on s l ag- c er am i cs but conside rabl e li t e rature i s obt a i nabl e con-

ce rning glass- c e r ami cs which are es s e ntia lly the s.:nnc . The only diff erenc e 

being a compositiom l differ e nce in tha t in g l ass-c erami cs it i s possibl e to 

s el ec t the composition of the gl ass to pr oduc e th e r e quired gl ass-c era mic 

whil e for th e produ cti on of s l ag-c er ami cs 9 a part i cu l ar s l ag has to be 

empl oyed 9 a l bei t th e r e e xists the possibil ity for additions to be ma de to the 

s l ag . 

The properti es and possibl e u s E: s of these s l ag- ceramic s can be 

gauged by the provisional list of properties of s l ag- c e r am i c s r eproduc ed i n 
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Ap pe ndix v . To- dat e i t ha s been poss i b l e to esta bli sh t ha t if s l a gs in the 

c omp os iti on r a nge 45 to 65 p er c e nt S i 02 9 15 to 45 per cent Ca O, 5 t o 30 p er 

cent 1,1
2

0
3

, a nd up t o 10 per c e nt Mg'.) have the i r sili ca cont e nt adju st ed 

( sand a ddit ion) t o a compositi on which y i e l ds wolla s tonit e und/or d i ops i de as 

prima ry phase s, a nd Ti0
2 

i n qua ntit i e s up t o a bout 10 pe r ce nt i s a dded a s a 

nucl eati on age nt t h en v er y a ccept a b l e s l a g- c e r ami cs c a n be produc ed . 

Now, a s discu sse d in Se ct ion 3 . 2. 9 the s l ag t o whi ch 40 p er cent 

Si0
2 

has b ee n a dde d has a fi na l compo sition of g Ca O = 12. 86 per c en t, 

Mg'.)= 8. 57 per c e nt 9 Si0
2 

= 42. 64 per cent 9 Al
2
o

3 
= 9 . 37 p er ce nt 9 a nd 

Ti0
2 

= 26. 56 pe r cent. 

tion of , 

Cao 17. 52 pe r 

MgO = 11. 67 per 

Si 02 = 58. 05 per 

/\ 1203 = 12. 76 per 

100. 00 per 

With a ll t he Ti0
2 

e xt r a ct ed it woul d have a c omposi-

c ent 

cen t 

cent 

ce nt 

cent 

As ca n be s ee n 9 th i s composit i on i s not u nl ike t ra t be ing u se d in 

t h e e xpe rime nts for t h e p r odu ct i on of s l a g- cerami cs . Furth er more , it i s 

most proba b l e t ha t not a ll the Ti 0
2 

c ou l d be extra c t e d a nd si nce t h i s Ti0
2 

i s the most common nucl ea t i on agent u s ed i n the s l a g- cer a mi c p r oc ess , it 

woul d b e a dva nta ge ou s not to l e t the extr .J cti on go t o comp l eti on but t o a llow 

the a mount of Ti0
2 

r e qu i r ed fo r opt~mum nucl ea t i on t o r ema in in t h e s l ag . 

/\ l so, t he composit i on approa che s cl ose l y t o tha t of a d.i opsi dic 
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glass and it ha s been shown by Nikan dr ov ( 5 l) that this type of glass is much 

less likely to crystallize o'uring casting when additions of alumina were made 

to it. This action of the alumina on gl ass fonnation in diopsidic gla sses i s 

appar ently associated with the part played by the transformation of the Al
3
+ 

ion into four-fold co-ordination. 

Since separat ion into t wo liquid or glass phases is the precursor to 

highly disperse and unifonn devitrification, it would be expected that the 

optimum phase separa tion in the gla s s i s micro- s epara tion in which the separa-

tion give s ri s e t o v ery small r egions or drops. Furthermor e, these minute 

r egions shou l d be inca pabl e of furth er growth with fonnation of large regions 

. 1 t d f h th . t. ( 52 ) H th iso a e r orn eac o er , a s occurs in macro-s epara ion • ence , e 

Si 0
2 

content is of prime impor tance in these slag-c e ramics. At intermediate 

Si 0
2 

cont ent s , only rings Si
3

o
9

6- or threadlike gr oupin gs ~ io3 2- of silicon-

oxy gen t etrahedra exi s t in the me lL These are incapab l e of form ing 

suffici ently st able aggregat e s and there for e do not form r egions which can 

undergo subsequent growth . Howe ver, they do form micro-regions in the melt 

r esembling colloi dal pa rtic l e s c ons i sting of a l arge number of atoms with 

negat ive charge, which reta i n the surrounding cations. At higher Si0
2 

6- 2-c on tents, h ~vever, bands Si
4

o
11 

or sheet s Si
2
o

5 
composed of silicon-oxygen 

tetrahe dra can form in the melt, Such anions l ead to union of regions with 

similar compos ition i nt o r egions r eaching the critica l size at which they are 

capa b l e of furth er growth, which is observed as macro-separation. 

Hence the abo ve s l ag c ompos ition appears eminent ly suitabl e f or the 

production of s l ag-c eramic s if t he correct c ont ent of Ti0
2 

can be det ermine d 
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to cau se devi tri fic ation. 

Theory of the me cha ni sm of Ti0
2 

as nucl ea tion ca t a lyst i n dev itrific:i tion 

of gl asses. 

Devitrificati on i s the tra nsformation from t he gl a ssy s t at e (which 

i s the r modynamica lly unsta bl e be cau se it has A highe r int erna l ene rgy tha n the 

crysta lline st at e ) to the c ry st a lli ne s t a t e ( wh ich i s t he ther modyna mica lly 

s t a b l e sta t e ) by t he addition of enc: rgy in thc: fonn of hea t , 

The t echni ca l dev0lopmcnt of gl a ss-ce r amics was st :n t e d in the 

Corning Gl ass '·'lark s i n New York. h l a r ge number of pa t e nt s a nd r eport s , 

e speciQ~ ly t hose of S . D. St ookc·y ( 53 ) demonstrnt cs t he diffe r ent kinds , a nd 

va ri e d pos s i bi lit i es for the applica tion of , s uch products , pa rticula r ly t hose 

nuclea t ed by Ti0
2

• HovJove r 9 sati s fying e xpl a nations of the structura l 

pr ocess e s ha ve for a l ong tim0 not bee n poss ibl e , and ev.:.: n at pre sent 9 s tudie s 

in this fi e l d a r e not c ompl t ed . 

Gl i:1s s-cerami cs have su ch a fin e 1nd r andomly ori ent ed s tructur e tha t 

the p r e- r equ i site fo r the forma tion of these; gl a ss- c e rami c s ca t a lytica lly 

nucl ea t ed by Ti0
2 

is th:i t th e fir st st ep mu st occur homo gene ously, This fi r st 

s t ep i s be li eved t o be associat ed with t he prior s epa r a tion int o two liquid 

phase s , which proc ess i s t hought t o pr oc ee d homogencous l y becau s e onl y sma 11 

int cr fa cia l free e nc r ghs a r c involve d (53), (S4), The sepa r a tion of the drop-

l et micropha se may be 9 a nd f r quer.t ly i s, i nitia t ed during th e cooling of the 

gl a ss a nd i s natura lly r eviv ed a nd more i nt ens ely deve l oped during the 

nucl ea ti on st ep ( 54) 
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It has been shown that when Ti02 is added to various glass systems 

it acts as nucleation catalyst by promoting the formation of droplet micro-

h ( 55)' ( 56) Th d . b d b R ( 57 ) . t . . p a ses • ese are escn. e y oy as iso rop1c regions or 

an emulsion in which the glass is taken into the metastable liquation region. 

This action of the Ti0
2 

in producing imperfect liquid behaviour, such as 

evidenced by an immiscibility gap or by a flattening of the liquidus curves , 

is in accordance with the conclusions advanced by Dietzel. 

The degree of freedom in a liquid suggests that the interfacial 

energy between two liquids is usually small compared to the interfacial energy 

between a crystal and a liquid. Since this comprises the barrier to 

nucleation, assuming the system tends to separate into two phases in bulk, 

droplet formation should nucleate readily. Roy ( 57) pictures the nucleation 

of the second glass phase, which he t erms a short-range order phase, as 

follows ~ In the original liquid 11 nuclein of sub-critical radius exist in 

large numbers - conceivably making up nea rly half the volume. These nuclei 

are simply regions of different compositions, still having only short-range 

order, and in dynamic equilibrium with each other and with no surfaces 

separating the areas. On cooling a nd reheating , such nuclei can grow as a 

result of a very low activation energy process, since the structural demands 

of the glass phase are minimal and since the number of the "nuclei" is so 

large that diffusion only over very short distances is required. Obviously 

the viscosity at the temperature conc erned will influence whether this phase 

separation step occurs at a finite rat e. When separation phenomena occur 5 

it is believed that one phase will be rich in network-modifiers whil e the 

other tends to have a higher proportion of network-formers. According to 
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Dietze l' s postula t es 9 in t he case of convent i ona l s ilicat e gl a sses? a ll those 

ions cata lyzing a cryst a llizat i on process \A/i ll pre f erab ly be found i n a drop-

let phase . This dr opl et pha se , becau se i t conta i ns th e l a rg c: r pr oportion of 

the network-mo difying cations ~ wi ll t end pr e f er ent i a lly t o crystallize ( 55) 

Once thi s phase sepa ration has oc currcd 5 t her e woul d app c:a r to be 

a r easonabl e free energy gr3di ent for f urther r ea ction sinc e the ~wo phas es 

a r e met ast ab l e . Mor eover 9 th e enonnous int erna l surfo ce a r ea and r esulting 

strain a ll t end t o increase the r at e of crystallization (57 ) 

A somewhat differ ent mo r e det ailed mecha nism i s propos ed by s everal 

authors - Bobovi ch ( 5B), Mc 1illan ( 59), and 1'/eyl ( 60). The size of the 

tita nium i on i s such tha t it s norma l co-ordination number with oxygen i s 6. 

However, at the gl a ss melting t emper ature the co-ordi na tion number may decrease 

t o 4 thus a ll owing th e Ti4+ i on t o t a ke part in the si lica net wo rk. wring 

cooling of the mel t the t endency will be for th e tit anium i ons to r eas sume 

the equilibrium co-ordi na t i on number of 6. Thu s t hey wi ll no l onger be abl e 

t o occupy net work- formi ng positions a nd Ti 0
2 

wi ll be di sp l aced fro m the net­

work a nd will appea r as a separa t e phase 9 poss i bly i n combination with a nother 

oxide of t he R 0 type . Bobovich (58) and Ver t sner a nd Degt eva ( 6l) maintain 

t ha t at this st age the specimen i s still in the gl assy sta t e , i. e .~ crystal-

lites , defined as ge omE:trica lly order ed regi ons of defini t e composition, a r e 

not pr esent at th i s stage of the heat-treatment. 

For the subs equent cours e of th.:: proc es s Bo bovich (53) advance d the 

f ollowing hypot hesis : The pr ecryst a llizati on p riod of the proc ess 
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culminat es in the s epa ration of a gl as sy component cons isting of link d Ti06 

octahedra a nd certa in structura l a l t e rations in th e mai n phase . Further 

hea ting may r esult i n th~ r emova l of a l umi nium- oxygen a nd lithium- oxygen 

r a dica l s from the titanium- cont ai ning ne two rk , and as a r esult the Ti06 octa­

hedra become j oin ed par tly by the e dges , i. e . , f onn i ng cryst a llites fully 

a na logous to rutil e , or of a mor e compl ex compos ition. Th es e crysta llit es 

or the libora t 8d a luminium- oxygen and lithiurn- oxygon ra dica l s (most prob:ib ly 

joined int o crysta l s of submic r os copic dimens i ons) ma y become crystallization 

ce nt r 0s . It i s a l so poss ibl e t ha t heat-trea t ment i s ac compani ed by the 

f orma t i on of crystalli tes of the composition mA12o3 . nTi02 a nd that these 

become the crysta llizati on centre s ( 62). 

Ohlber g and co- wo r kers ( 63 ) found tha t once t he gl a ss in gl as s 

separa tion ha d occurred either the dr op l et phase or the matrix pha se, depend-

i ng on c omp os iti on ~ coul d un dergo a gl as s-cryst a l tra nsfonna ti on initiat ed at 

the dropl et-matrix int erface 9 whi ch crystall ine phase th er eby nucl ea t ed the 

bulk of the or igina 1 gl a ss. 

Ther e ar e two s chools of thought when de ci ding whether epita xy 

(orient ed subst a nce segr egation on pr oduc ed nuc l ei) mu st be con sider ed as the 

s t a rting process of controll ed cryst a llization in gl ass- ce r amics. Voge l and 

Gerth ( 54 ) postulate tha t t he st art of any contro ll ed cryst a lliza tion from th e 

inter ior or from gl ass surfaces procee ds vi a epi t 3ctic overgrowt h and prove 

t hi s by citi ng t hat i n ma ny gl ass-cerami c types it is poss ibl e to trace 

cryst alline Ti02 r a diogr aphical ly. Th ey s t a t e t ha t Ti02 ha s a two-fol d 

fun ction, namely 9 on the one hand it a ff ect s the s epara tion proc es s pos itively, 
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and on the other hand Ti02 it se l f separat es in the form of crystal line Ti02• 

( 58) . ( 62) (64) This vi ewpoi nt i s a l so adher ed to by Bobovich and Kind • Weyl 

offers an a lternat ive explanation on t he basi s th3t the Ti4+ ion s, due to 

t heir greater pola rizabi lity, may take the place of Si 4+ ions in the surfa ce 

of the nuc l ei and i t has be en shown tha t the t emporary part i c i pation of a 

polarizabl e i on a ccelerates nuc l eat i on. 

However, Podus hko and Koz l ova ( 65) and Al ekseev and Fedorova ( 66) 

maintain that gl asses cata lyze d by Ti02 conta in neither rutile nor any titanate 

in the crysta lline state. They consider that crystallization centre s arising 

at the liquid-li qui d inter face correspond t o the compos iti on of the main 

crysta lline phase . 

Critical cooling rates, liguidus t emperatures 2 and pr imary phases. 

To establish whether the titaniferous slags with increased Si02 

cont ents , after the extraction of the rutile, could i n fact be used for the 

production of sl ag-ce ramics a nd what the opt imum content of Ti0
2 

is, the 

f ollowing slag sampl es we r e prepa r ed the s l ag compos iti on as stated above 

with the rutile extracted (CaO = 17. 52 per cent , MgO = 11. 67 per cent, Si02 = 

58.05 per cent , and Al 203 = 12. 76 per cent ), and with 4 , 6, 8 , 10, 12, and 14 pe1 

cent Ti02 additions. The oxide component s we re mixed i n t he required propor-

tion s t o give a we i ght of 20 gms ., pl a ce d in a pl atinum crucible and suspended 

for 30 minutes i n a furnac e at 1350 - 140J0c. (It had pr evi ous ly be en 

established that the melting point s we r e we ll be l ow t his t emperature). The 

crucible wa s then withdrawn from the furnace and placed on a metal block to 

cool. Visual examination indicated that all the s l ags were thu s produced in 
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the gl assy s t at e . I t was notic ed t hat with an increase in Ti0
2 

th e s l ags 

bGcame inc r eas i ngl y more ye l l ow in colour , 

The first seri e s of E: xper i ment s conduct ed on these s l ag-c erami cs was 

t o e sta bli sh t he rat e a t whi ch ea c h had to be cool ed to obta in them in the 

glassy state . Knowl e dge of t h i s critica l r a t e of cooli ng i s importa nt on two 

c ount s . Fir st l y~ th e s l ag mu st be cool ed a t a rat e which pr events t h8 forma -

tion of c rysta l s as thos e wou l d ca use undes irabl e e ffec t s due t o th eir 

r el a tive l y l a rge s i ze a s compa r e d with thos e pr oduced during the s ubs equent 

devitrif i cation s t ep. Sec ondly 9 this critica l cooli ng r a t e mu st not be s o 

hi gh a s to make the pouring a nd sha ping process es difficult or imposs i b l e . 

'.: xp E.:rimontally , ea ch s l ag compos iti on was subj ect ed to vari ou s 

coo li ng r at es on the micro- 0 . T.A. and then optica lly exami ne d to determi ne th e 

degree of crystal liza tio n, if any . In t hi s manner~ th e a ctua l c ooli ng rat e 

r equi r ed t o produc e ea ch s l ag i n t he g l assy s t ate was det ermined . The 

r es ult s we r e a s fo ll ows ; The s l ag conta i ning no Ti0
2 

a nd s l ags with 4 and 

6 per ce nt Ti0
2 

cou l d be cool2d at 12 - 15°C pe r minut e to obta i n them in the 

c omp l e t e l y gl assy state . /,t r a t e s of cooling be l ow 10°C p er minut e? ve ry 

sli ght crystall iza tion occurr ed on the th ermocoup l e: l imbs . H1Ji t h highe r 

a dditions of Ti0
2 
thc r~ i s a sudden change in the crysta llization c ha r a ct e r­

i stics , /~t a coo l ing r a t e of 30°C p2r minut e t h e s l ag with 8 pe r cent Ti 0
2 

still e xhibit s a very smal l amount of cr yst a ll ization on the t he r mocoup l e 

l imbs whil e t h e s l ag wi th 14 per c ent Ti 0
2 

e xhibi ts t h e same sma ll de gree of 

crysta lliza t i o n eve n a t rat es of cooli ng i n exc ess of 100°C p or mi nut e . 
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However, it ha s a l so been found that the slags with 8 pe r cent a nd 

10 per cent Ti0
2

, if coo l ed a t only 10°C per mi nut e still only exhibit very 

limit ed crysta llization . Tiny crystals for m on t he th erm ocoupl e limbs a t 

isol a t ed poi nt s and to a depth of only about 0 .1 rrm . maxi mum. Under the se 

conditi on s the s l ags wou l d sti ll be sui t abl e f or the production of s l ag-

ceramics since a successfu l s l ag- cerami c supplied by an overs ~as l a boratory 

a l so exhibit e d i sol a t ed cryst a lliza tion on th e the rmocoup l e limbs a t a cooling 

r ate of 15 °c pe r mi nut ;~ . From the s e r e sults, it i s evi den t tha t the crysta l-

lizat i on pote ntia l of these s l ags increase s with i ncrease: i n Ti0
2 

addit i on and 

tha t there e xi sts a discontinuity of t hi s e f fect bet wee n a 6 per ce nt and 8 pe r 

cent Ti0
2 

c ont ent . 

Whil e t hese t es t s were be i ng c o nduct e d, it was a lso possib l e to 

determine th e li qui dus t emper ature for each of the s l ags and t o identify the 

prima r y phase crystalli zing on cooling. Th e r esults are shown in Tabl e XII. 

These r esu lts? show t hat the liquidus temp er a ture is lowered with 

Ti0
2 

additions up t o 12 per c ent a nd then i s r a i s ed aga in. Th e prima ry phas e 

for Ti0
2 

additions fr om 0 t o 10 per ce nt i s diopside whe r eas for higher Ti0
2 

additions the prima ry phase i s Ti0
2

• On c oo ling t he slag cont a i ning 10 per 

cent Ti 0
2

, the first crysta l s app e3ri ng a re Ti0
2 

followed by di ops i de but on 

mat i ng , the rutil e me l ts first . 

I n the s l ags with t he hi gh Ti0
2 

additi ons 9 rutile could be r ea dily 

nucl ea t ed on coo l ing but subsequent l y the slags coul d be f urther underco ol ed 

without het er ogc; nc ous nucl ea t i on of t h e di ops i de occurring on the rutil e . 

Thi s demonstrat es tha t t hi s phase is not it s elf a strong nuc l ea ting a gent a nd 



Ti-:.. BLE XII. 

Det erm i nat i on of l iqui dus t empe r atur es a nd i de ntifi ca t i on of 

primary phas e s in s l a gs with progre s sive addi ti ons of Ti0
2

• 

Sl ag compos i t i on: CaO = 17. 52 pe r ce nt~ Mcj) = 11 . 67 per cent, 

Pe rcent I 
Ti0

2 
addition I 

0 
l 
I 

4 I 
6 

8 

10 

12 

14 

j 

Si 0
2 

= 58.05 pe r c ent , a nd Al
2
o

3 
= 12. 76 pe r c ent . 

Liqui dus 
Temp er a tu r e 

oC 

1290 

1260 

1245 

1240 

1220 

1180 

1210 

Pri ma ry Phas e 

CaO. Mg0. 2Si0
2 

Cao . MgO. 2Si 02 

CaO. MgO. 2Si0
2 

CaO.MgO. 2Si0
2 

CaO . Mg0. 2Si0
2 

(Ti0
2 

is s econda ry phase ) 

Ti 0
2 

Ti0
2 
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in fact the rutil e it s 2lf n8ve r nuc l eat ed homogeneously but only on the thermo-

c oupl e limbs . H.:;nc e 9 Hilli g ( 67 ) stat E: s tha t t he me chanism of nucl eati on 

whereby Ti0
2 

i s a precurs or pha se appea rs unlike ly . 

Devitrificat i on tests at a r a te of heat ing of l0°c pe r minute could 

not be conducted on th e micro-D . T .A. sinc e a s e xplai ned ea rli e r, a t the se slow 

r a t es of heatin g, t his instrument is very in s ens itive . However 9 f or the 

det ermination of the critica l cooling r ates , the mi cro- D.T. /i. . wa s simply us e d 

as a high t empera ture microscope whe r e by the vari ab l e spee ds obtainabl e due to 

it s diffe r e nt and modified circuitry ma ke it mor e us e fu l than th e high t emp er a-

ture microscope . 

Differe ntia l thermal ana lysis appli ed t o the study of devi t rificat i on of 
slags in powder fo rm. 

Seve r a l invest i ga t or s ha ve sh own th e usefu lness of D.T.J.1. ( 68), ( 69), 

(70)' (71)' (72)' (73 ) 9 (
74) 9 (

75) fo r devitrifi cation studies . The peak 

morpho l ogy has been very succ essfu lly r e l ated t o su rfa c e and volume devitrifi­

cation by Tudorovskaya a nd Sherstyuk ( 68) a nd these authors have been ab~ e to 

diffe r entiate between the se two devitr i ficati on pr ocesse s with the use of 

D. T . A. Unfortunat e ly , no r ef ere nce is made to samp l e condition or t o the 

method of mea surement of t empe r ature a nd diffe r e ntia l t em pera ture . KrUge r (76) 1 

(
77

) u sed finely divi de d s lags when det ermining th E. devitrification cha r act er-

i st i cs of blast fu r nace s l a gs and a l so for estima ting the sbg cont ent of 

mixtures of unhydr at e d Portland cement a nd gr ound granu l at ed blast furnac e slag. 

Wh en th e s l ags with the Ti0
2 

additions we r e sub j ect e d to differential 
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thermal analysis treatment on a Leeds & Northrup D.T.A. they were placed as a 

-200 mesh powder into the p latinum crucibles. The temperature of the sa mp l e , 

(T), was measured in the slag sample and the differential temperature ( ... .IT), 

was measured between the slag sample and calcined alumina powder of the same 

mesh as the slag. 

The assembly of the D. T . A. sampl e-holder in the shape of a cylindri-

cal block is shown in Fig. 19 . The two platinum crucibles were loaded 'Ni th 

weighed quantities of sample and calcined alumina r es pectively and the lid, 

bearing the thermocoupl es , was lowered so that the thennocouples were located 

along th e axes of the cylinders. Exact positioning of the thermocouples was 

ensured by the mechanical sliding device to which the inner tube, holdin:i the 

thermocouple wi r es and lid, was attached. This pr eve nted any lateral move-

ment, A jig attachment was us ed to e nsure that the depth to which the thermo-

couples wer e irrmer sed in the powders was kept constant. The furnace could be 

mov ed vertically within a fram ework which e nabl ed t he hot zone to be accurately 

positione d around the sa mp l e-holder assembly. During the design and construe-

tion of the furnac e and the sample-holde r, continuous r e fer enc e was made to the 

(78) (79) . 
t extbooks by Garn and ViJe ndlandt and the r efer ences quoted therein 

although the samp le-holder a ssembly i s of rather nove l de sign. 

Apart from the nonnal cali br a tion of the measuring instrume nts on 

the Le e ds & Northrup D.T.A., the compl et e apparatus was t est ed by carrying out 

devitrification experiments on the same s la gs examined by KrUger (76), ( 77) 

Very good agreement was obtained for the devi trification peaks . 



Lid osaembly which mov11 

In vertical direction, 

prevented from rotatlno 

by mechanical clamplno 

device at base 

O.T. A. Sample holder situated In 

hot zone of furnace 

Pt/ Pt 10 °/0 Rh Thermocouple 

-Alumina ceramic 

-+-+- 2 Bore thermocouple Insulator 

Platinum crucible 

-Alumina ceramic 

---- Mulllte tube 

-+--4 Bore thermocouple Insulator 

Fig. 19. Differential thermal analyser sample-holder assembly. 
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The three the nnograms fo r the s lags with no Ti02 and with 6 and 10 

per cent Ti0
2 

additions a r e depi ct ed i n Fi g. 2J . I n Tab l e XIII, the 

cha racteristics of these t hennogr ams a r e pr esent ed a s r ea d of f from the 

original graphs. T. is the t empe r a ture of the start of the heat eff ect, 
J. 

~TM is the maximum t emperature deviation 9 and t M is the time int erval during 

which the t emper ature deviati on atta ins a maximum. 

The se devitrificati on the rmograms ar e an indication of the intrinsic 

kinetic stability of the glass, i. e. t hey r e la t e the devitrification trans forma-

tion of the gla s s t o both t empe rature and time . !1cc ording t o the method of 

interpretation a s appli ed by Tu dor ovska ya a nd Sherstyuk ( 6B) these thennograms 

would appear t o indicat e that volume devitrification occurs in ea ch of the 

slags, i. e., irrespec tive of the prc: se nc e or absenc e of Ti02 a nd independe nt 

of the amount prese nt, devitrification occurs by a volume mechanism. These 

conclusions differ from those e xpecte d from the literature a nd they are 

especially difficult to accept in vi ew of the fact th3.t during the experiments 

to determine the critica l rat es of cooling on the micro-D.T. J' ... it had been 

found that, fo r inst ance , the s l ag wit h no Ti02 never exhibited volume 

crysta llization whe rea s with the higher contents of Ti02, volume crystalliza-

ti on wa s observed. 

Observed devitrification cha racteristic s on the micro differ entia l 
thermal analyser. 

It was thou ght that thes e thermograms might not be capabl e of 

diffe r entiating between surface and volume devitrification due to the use · of 

the sample in the finely di vi ded f orm. On the micro-D.T. /-\ . when the powder 
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TJ,BLE XII I • 

Characte ri stic s of devitrifica tion the rmogr ams obta ine d on s l ags 

with progre s sive additions of Ti0
2

• 

Sla gs subject ed t o devi trification t est s when in powder form , 

Slag composition : Ca O = 17.52 per cent, MgO = 11.67 pe r centj 

Pe r cent 
Ti0

2 
a ddition 

0 

6 

10 

Si0
2 

= 58 . 05 per cmt, and Al
2
o

3 
= 12. 76 pe r 

cent. 

I 
I 
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I 
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W3 s s lowly hca t od? it was fou nd t h:: t soft ening a nd coa l csc e nce occurred a t 

t emp er a tures be l ow the f or mati on of U1c exothermi c devitrifica t i on pea k. 

Thi s mea ns that at the devitriticati on s t ag1... , ever y n3ur f0c e ;; of the coa l t:s c cd 

pa r t iclos i ni tia t cs surfa c e cryst.J ll izati on a nd due to t he smo llncss of t h2 

pa rtic h~s th i s wou l d produc '- th cr mogn1r! s c ;1a r ,:i ctcr i st ic of volurr:e dcvi tri fica -

ti on. Thi s wou l d t o a l a r ge c: xt c. nt LXpl a i n the inabi lity t o dif fo r 2ntiate 

between sur fa c e.: a nd volume· de vitrificat ion in t h e above experim ents. 

;' 'hen the s l a9 sam·-. 12s wcr;::: c om91Gt0 ly r~1 e lt cd onto the thcrr.1ocoup l e 

a nd the n a ll owed to coo l t o give a g l ass b2ad of 0 . 3 rm . i n diamete r by 0 . 6 rrm . 

l ong 9 i t wa s obs er ved tha t volume cry s t a llization cou l d not be produc ed in 

s l <3 gs with O~ 4? a nd 6 pe r c~nt Ti 0
2

• No vol um0 cry s t a llizat ion occurre d 

i ~respcct iv c of the c oo li ng r a t 0 u sed to obtain the g l ass a nd th e subsequ e nt 

hea ting rat e c:i nd equ i li br ating P'T i od during dcvitrifica t. ion - only c r ysta l-

lizati on fr om t h·:: the r mocoup l e limbs occur r ed, i. c . het erogeneous crysta lliza-

tion u 3l ags wi t~ 3 pe r ce nt and higher cont2nt s of Ti02 did 0xhibit volume 

dovi t ri f ica t i on . 

The hi gh t <:m pcra t ur e: micros c op e and s i mila r typ cJ S of a ,:iparntus ( 59 ) , 

( 67 ) ha ve b1... en suc c 0ssfull y u s ,;d for determining opt i mum nuc ka tion t emp er a -

tu r e s . ;, n i mportant point t o not ·, i n c on necti on wi t h tho nuc l eation proc ess 

i s tha t t o ac hh:vs a gl ass-c er amic of optimum str 0ngth ~ the gLiss must be 

coo l 0d be l ow th ._c ma ximum nucl ea tion t emper ature bc: fo :c'O the gbss i s subj ect ed 

. . ( 59 ) t o the nucl c:a t 1on hoa t - t r e:a trn ent • ,, sori i.:S of e):p er i mc.: nts was conduct ed 

on th ·:; slug wi th 10 pe r c ent Ti 0
2

• Socci mcns of t hi s s l ag wer e cool e d a t a 

rate of 150 °c p .:r mi nut e from 2 bove t h o liqui dus t o 400°C a nd t hen hea t e d at 
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the same rate of 150°C per mi nut e to tD0 9 650 9 700, 750, 800 ~ 850j and 950°C 

r e spective l y. The spe cimens we r e a llowed to equilibrat e at these t emperatures 

for 60 mi nutes and t hen hea t ed at the same rate to looo0c and soa ke d for one 

minute to permit the nuclei to grow suffici ently to make them vi s i bl e unde r 

the mi croscope . 

ti ons we r e ma de 

They we r e then a ir--quenched and the fo ll owing optica l obs erva­

o Apart from the fact that the t empe rature of 950 C brought 

about s i mu ltaneou s nuc l eation a nd growth (i. ·e . both the rate of nucl ea tion and 

rate of cryst a l growt h curves deviate from zero) a ll the ot her t emperatures 

produce d roughly the same numbe r of nucl ei. Thi s wou l d appea r to i ndicat e 

that t he number of nuc l e i i s independent of the equilibrating period at any 

nuc l eat i on t emper ature . Thi s was con firm ed by cooling the s l ag at 200°c per 

second a nd heating at 100°C per se cond to l 000°c . Nucleation as shown by 

t he crysta l growth at l 000°C was comparabl e with that produced by cooling at 

so0 c per minut e and heat i ng at 10°C per mi nut e to l 000°c. This a l so shows 

that the r at e of cooling from above t he li quidu s to the l owe r t emperature has 

no s i gnificant e ff ect provided t he coo l ing r at e i s suffici ent to prevent 

primary cryst a llization . Thi s app lies t o a ll s l ags conta i ni ng 10 per cent or 

more of Ti 0
2

• The s lag with 8 per ce nt Ti 0
2 

does undergo volume devitri fica-

tion but the heating rat e and equi librating period at th e optimum nucl eation 

temperature are of importa nce . Thi s fi ndi ng t ha t i n s l ags with hi ghe r cont ents 

of Ti0
2 

nucl eation occurs eve n on direct heati ng t hrough the nucl eation 

t emper ature has a l so been des cribed by Podushko and Koz l ova ( 65) 

Thin- sect i ons made of thes e s l ag-ce ramics r evea l e d t ha t crysta lliza-

t i on occurred in the form of sphe ruli tic crysta l s 9 whe r e each sphe ruli t e was 

ma de up of r adiating nee dl e s . 



64 

Dif fer enti a l therma l ana lys i s appli ed to the s tu dy of devitrifica tion of 
s l ags in massive f or m. 

To be a b l e to di f f er e ntia t e betwee n surfac e and v olume crystall iza­

tion in the ma nner us ed by Tu dor ov ska ya a nd Shers tyuk ( 6B) it was t hou ght tha t 

the slag mu st be p l ac e d i nto a crucibl e ~ melt ed 9 cool ed a nd then subj ec t e d to 

devitrifica tion on the Leeds & Northrup D. T ., 1 . Thi s proc edure wou l d p r oduc e 

a cy linde r of gl ass of ± i n. di amet er wi th a he i ght of 
7
/1 6 i n . It had be en 

obse rved on the mi cro- D. T , /,, t ha t volume devi tri fica ti on occurre d much more 

r api dly tha n he t eroge ne ou s crystal liza tio n f r om the the rmocoupl e limbs , 

Ther do r e 9 using th e s oli d cylinde r of gl ass 9 th er e shou l d now b E:: a dif fer e nc e 

i n the morphology of t h e devitr if i c3 tion pea ks f or the va rious Ti 0
2 

cont e nt s. 

The assembly of the D. T. ,',. samp l e- ho l de r was aga i n as s hown i n Fi g. 18 . The 

proc e dure adopt e d was as follows : h wei ghed amount of sla g wa s me lted in 

the crucibl e . Thi s crucibl e togeth er with that conta ining the inert ma t eria l 

we r e the n pl a ce d i n th e D. T. P .• samp l e- ho l de r ass embly with the lid in the 

upper p os ition and hea t e d t o above t he li qui du s t empe r a ture of th e slag . 

t hi s t emper ature was r ea c hed t he li d with the th ~· rmocoup l e s wa s lowe r ed into 

position a nd the furnac e a ll owed t o coo l a t a ra t e of 4o0 c per minute , Thi s 

ensured t ha t the samp l e was in the form of a soli d gl assy cylinde r with th e 

the nnocoup l e embedde d in i t . Devitri f i ca tion was the n br ought a bout by heating 

a t th e norma l rat e of 10°C per minut e . The t h er mogr ams a r e depict ed in Fi g. 

21 and the ther mogr am characteri s t i cs a r e pr esent ed in Ta b l e XIV. 

From these r esu lt s it can be seen t ha t in thi s manne r it ha s been 

pos s i bl e to disti ngui sh bet wee n surfa ce a nd vol um e cry stallization. The 

t emp eratur e of t he initia tion of th0 p ea k (T .) i s lowe r e d with increas e i n 
l 
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Tt .. BLE XIV. 

Chara cteri stic s of devitrifica t i on thermogra ms obta i ned on s l ags 

with progr ess i ve addi tions of Ti0
2

• 

Slags subjected to devitri fic a ti on t e: sts whe n in mass ive form. 

Slag c omposition : CaO = 17 . 52 pe r cent, MgO = 11 . 67 pe r cent, 
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Ti02, the height of the peak (6TM) is increased with increase in Ti02 while 

the time interval between the initiation of the peak and the maximum tempera­

ture (tM) is decreased with increase in Ti02• An anomaly exists in the case 

of the slag containing no Ti02, in which case tM is 8.4 minutes~ which is a 

much shorter time than would be expected in the light of the other results. 

This is probably due to the fact that this surface devitrification thermo--

gram is acccmpanied by such small quantities of heat that accurate recording 

of the peak is difficult. As the Ti02 content is increased, devitrification 

changes from a surface to a volume process. 

to this change is between 6 and 8 per cent. 

The Ti0
2 

content corresponding 

These results agree with the 

visual observations of devi trification made on the micro-D.T .A. 

On all thermograms, whether obtained when the slag was in the ground 

fonn or in the massive fonn 7 a reversible endotherm occurs before the 

irreversible exothermic peak corresponding to devitrification. This endo-

thenn has been reproduced with high precision. From evidence in the 

literature (ED) j (Sl)' (B2) it appears that this endotherm is associated with 

precrystallizational increase of the heat capacity of the glass due to increase) 

mobility of th e structural elements in the glass and to intensified fluctua-

tions of concentration and structure which precede the formation of crystal 

nuclei of critical size. The endotherm is also due to relaxation processes 

in establishment of the meta-equilibrium "liquid" structure of the slag. As 

mentioned above, if the sample is in powder form, then it sinters at the 

temperature indicated by this endothenn prior to devitrification. 

I:Xlring both series of devi trification tests on the Leeds · &. 
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No rthrup D.T .A . an d on t ests conduct ed on the mi cro-D. T,A . the devi t rification 

product was alway s i dent ified as diopside . I n t he avai l abl e i nformati on on 

s l asr- ceramics it is stated that di opsi de and/ or wolla stonit e are t he crysta l-

li ne speci es which shoul d be obta i ned i n s l ag- ce ramics to pr oduce t he mo st 

suitabl e properti es . I n these thermo gra ms 9 devit r ifica tion i s accompani ed 

by a singl e peak cor r esp ondi ng t o the cryst a llizati on of di ops i de, 

The tita niferous s l ags 9 on devitrification, exhibit ed up t o four 

peaks as i ndi ca t ed i n Ta bl e VI. Often, i n t h e t itani fe r ous s lags , the prima ry 

devitrification peak had no visua l e ff ect on the gl ass a lthough X-ray powder 

patterns confirm ed crystalli ne phase appearanc e . This "invi s i bl e devitri fica ­

tion" has been r eport ed by a number of investi gators ( 66) ( 7l). Th e subse-

quent devitrif ication peak was a ccompani ed by opacity of t he sp ecimen which 

opa city i ncreased with increa se in tempe r ature . X-ray patterns obtained 

fr om specimens heat ed to variou s t empera tures a l ong the devitrification thermo-

grams indicat ed the following . The X-ray powder pa tt er ns associat ed with the 

primary peak we r e diffus e and weak but i t cou l d be occas i onally establi shed 

t hat crysta llizat ion of t he quat er nary or t ertiary phase had occurred, and 

tha t subsequent peak s we r e associat ed with the c ryst a llization of secondary 

and prima ry phases (where the phases have been named accordi ng t o the order 

of c r ysta llization duri ng s l ow coo ling). At lower devit r i fica t ion t emper a-

tures 9 t he la t ti ce constants of t he phases wer e di stort ed but at t emp eratures 

approa chi ng th e so li dus , the X- ray patterns we r e sha r p and consist ed of the 

phases which woul d ha ve cryst all i zed under norma l conditions of slow coo ling. 

Some devi t ri fication peaks we r e associa t ed with the crysta llization of more 

than one phase and occasi onal ly, an i nt erme diat e met as t ab l e pha se such as 
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Mg0.Ti0
2 

woul d crystallize . 

It is thought that the number of devitrification peaks i s r e l a t e d 

to the number of phase s which crys t a llize at norma l cooling rat e s. Henc e? 

th -.;se de vitrification t es t s on the s la g-ce r am i cs 9 by virtue of the fact that 

only one de vitrification peak i s r ecorde d 9 indica t e that the devi tri fication 

proc ess is a r e l a tively simpl e on e c ons i sting of the crystallization of 

diop si de . Howe ver, the s l ags with Ti0 2 cont ents of 10 pe r c e nt and mor e , on 

slow cooling , deposit both diopside and rutil e . The rutile either does not 

crystallize during devitrification or it act s a s nucl eation agent for the 

diopside but its pr l': senc e ca nnot be i dentifi ed by X-ray means. 

f,n inter e sting point i n the se dcvitrification studi e s is the inability 

to di ff e r entiat c between surface an volume de vi trif ication wh en the slags we r e 

devitrifi e d in th e fine ly divide d form. F.a.ch blast furnace s lag examine d by 

KrUger (which we r e us ed to cal i brat e t he Leeds & Northrup D.T.A.) exhibited 

it s own cha r acteristic thermogra m. Thu s , differ ent s lags can be i dentifi e d 

and eve n quantit ively e stimated in slag-Port l and ceme nt mixtur e s by t esti ng 

the samples in the powde r form on a differe ntial th ermal analyse r. But it 

appears that a study of devitrifica tion in r e l ation to the amounts of nucl ea­

ti on cat3 lyst , optimum t he r ma l trea t me nt, etc . r equires that t he s la g be in 

the massi ve fonn. 
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CHAPTER VI . 

CCl\JC LUSION, 

Th e phas e equilibria in the slag system (CaO + MgO) = 30.CO pe r 

cent, Si0
2 

= 19.69 pe r cent, Al
2
03 = 13 .12 per ce nt9 and Ti0

2 
= 37.19 per cent 

are pr es e nt e d in Fig. 3. Thi s compos ition range was chose n becau se of its 

industrial significanc e in the proc ess t o be adopt e d by the Highveld Stee l 

and Vanadium Corporation. From this phase diagram it is possibl e to det ermine 

t ho changes in liquidus an d so lidu s t emperature s 9 and in constitution of the 

slags with changes i n th e CaO and MgO conte nts of the flux 9 provided that the 

total (CaO + MgO) content of the sl a g r emains constant at 30 pe r cent. 

Judging from this diagram th er e woul d appear to b e no reason t o suggest that 

the r ep l a cement of lime stone in the limestone/dolomit e flux by dolorni te would 

have de l ete riou s e ff ects. 

Further, no indications of significant differ enc es in viscosity 

between the two s la gs could be obse rved on the high t emper a ture microscope 

ulthough 9 as menti oned in Section 3 .1. 9 it i s indicate d that th e viscosi ties 

of the slags with hi gh MgO contents are s lightly lower. The vi s cosities .'of 

the titaniferous slags appeared to be somewhat lowe r than normal blast furnac e 

slags, It has been r ep orted (83 ) that an increase in viscosity occurs when 

slags with Ti0
2 

cont ents in exc ess of 15 per ce nt are maintaine d for prolonged 

periods a t t empe r ature s above the liquidu s un der st rongly r educing conditions. 

This increase in visco sity is du e to the h et er ogene ity of th e system brought 

about by t he r educt i on of Ti0
2 

to lower oxide s and t he formation of ca r bi des . 

As these new phas e s have ve ry high me lting points they probab ly exist in the 
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molten s l ag as fine ly di spe r sed phases . 

An e ff ect of i mportanc e 9 which cou l d be brought about by the r epl ace-

ment of the limestone by do l omi t e 9 is a change i n the desulphurization 

pote ntia l of the s l ag . Because of the l ow basicity of the titaniferou s slags 9 

the su l phur capacity of the ori gi na l s l ag i s exp ect ed t o be low and by r eplac-

ing the limest onE by dolomit e 9 th e CaO content i s decreased in favour of Mg0 9 

which would probably r esult in a further decr ea se in th e a lready low su lphur 

capa city. 

I n connection with the vi scos ity and su l phur capacity of s l ags 9 it 

has been shown by Ba l dwin ( 22) t ha t s l ags of s i milar ba s icity ma y vary con-

si der ably i n vi scos ity bel ow the liqu idus t empe rature . For instance , th e 

one may not become very vis cous whi l e th e other may exhibit a sharp increase 

i n vi scosity directly the temperature is decreased below the li quidus t emp era-

ture . These dif f e r ences in beha vi our ar e pr oba bly due to differ enc es in the 

t empera ture i nt er va l between the liquidus and sol idus t empera tures . However , 

even if the vi scosi ty of the s l ag does not increase r apidly at t empe ratures 

below the liqui dus 9 crysta l format i on wi ll occur with t he r esul t t hat a 

decrease d quantity of liquid r ema in s to effect the desu l phurizatio n of the 

molt en meta 1. 

The liqui dus curves and primary phases for t itanif erous s la gs with 

combine d (CaO + MgO) cont ents of 25 9 30, and 35 per cent r espectively ar e 

pres ent c: d i n Fig. 6 and Tabl e III. From t hese curves it i s poss i bl e t o 

predict t he chang es in li quidus t emper atur e s with changes in the total 
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(CaO + MgO) content and a l s o with changes i n the r e l a tive CaO and MgO contents 

for each particu l ar (CaO + MgO) co ntent. An i mporta nt f eatur e of these curves 

i s the trough of minimum l iqui dus t emp ratures a nd t he fact t ha t even sma ll 

changes i n the (CaO + MgO) cont ent or in th e proportions of CaO and MgO for a 

particular (CaO + MgO) cont ent of the s l a gs are accompani ed by l a r ge cha nges 

in t he liquidus temp erature . Thi s i s more marked for the s l ag der ived from 

a limestone/do l omit e flux than for the s l ag whi ch i s t o be derived f r om an 

entirely do l omitic f lux. An int er es t ing point i s that to obt a in low liquidus 

t emp eratures , both CaO and MgO ha ve t o be pr e sent i n the s l ag . 

The silica cont e nt of t hese s l ags was incr eas ed in order t o i nc r ease 

the vi scosity an d a l so in the hope of changing t he phase constitution t o 

permit extract i on of the Ti0
2

• Th2 phase equi libria for progr ess ive addit i ons 

of silica to the s l ag having the compos ition CaO = 18. 00 per cent9 M<}) = 12. 00 

per ce nt, Si02 = 19 . 69 per cent , Al 203 = 13.1 2 per ce nt , and Ti02 = 37.19 per 

cent ure present ed in Fig . 8. It ca n be s een t hat rutil e i s the primary pha s e 

t o crysta llize and do es s o over a l ong t emperature int erva l wit h Si0
2 

cont ent s 

bet ween 42. 64 and 48. 18 per cent. La r ger quant i ti es of s l ag of thi s composi­

tion wer e coole d a t suitab l e rat es and crysta l s of rutil e i n a gl assy matrix 

. we r e obta ined. It shou ld be poss i b l e to extract t he l arge r proportion of the 

rutil e either by f l ot ation or by hea vy- medi um sepa r ation. If this suggested 

proc edure pr ove d feasibl e then the si l i ca additions cou l d be made t o the hot 

s l ag in a separat e s l ag- treatment s ection of the pl ant. 

The t est ing of the micro diff er ent ia l the rma l a nalyser sh owed that 

t hi s apparatus i s very us efu l f or the monitoring of ra pi d therma l changes as 
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for example in the simulation of granul3tion plant conditions. Amounts of 

crystalline mat eri a l in exc ess of that specified for the production of slag -

ceme nt wer e exhibit ed by the titaniferous slags a ft er being subj ect€d to 

0 simulat ed granulation plant cooling r at Es of 50 C per second. The slags 

with the Si0
2 

cont ent incr0a se d to 33 per cent and upward would be suitable 

for slag-cement production as l ess than th e maximum permissible crystalline 

material is fonned. If the rutil e was previously extracted, then the slags 

would certainly be produc ed entire ly in the glassy stat e - though even in 

this case the hydraulicity index would be poor. 

The high-speed continuous cooling curves for a titaniferous slag 

emphasize onc e again the importance of het erog eneously nucl eat ed crystalliza-

ti on. The se t ests cl ea rly illustra t e d the characteristic of siliceous melts 

to undergo a change from heterogEme ously nucl ea t ed to homo§neously nucl eated 

crystallization with increas ing cooling r at es. 

A synthetic slag was made up containing all the oxide s in the proper-

tions a lready not ed but conta in i ng no Ti02• Definit e quantiti es of Ti02 were 

then adde d to this slag to enabl e devitrification studi es to be carri ed out 

to det ermine the e ffect of Ti02 as a nucl eation agent. Thes e studi es showed 

that volume devitrification could be obtainc; d when the Ti02 content was in 

exc ess of 6 per cent but below this quantity of no
2 

only surface devitrifica-

tion took place . For dete rmining the correct amount of Ti02 to produce 

volume devitrification 9 it wa s indicat ed that the slag sample had to be in 

the massive form to differentiate between surface and volume devitrification. 
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Ther e fore , the titani ferous s l ags wit h cont ent s of Si 02 of 43 per 

cent and more can be cool ed in such a manner that a l a r ge proportion of the 

rutil e shoul d be extractabl e . Further, the mat eria l r emaining aft er extrac-

tion of the rutil e wou l d be suitab l e either fo r the production of granulat e 

or for t he producti on of s l ag- ceramics . I n t he l a t t er case , the corr ect 

amount of Ti 02 ca n be l e ft i n the s l ag during' th e ext raction of t he rut i l e t o 

act as nucl ea t ion catalyst. 
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APPENDIX (i) . 

Previous applications of the high temperature microscope to phase const i tution 
studies. 

The phase equilibrium relationships along the join anorthi te-spinel 

in the system CaO - MgO - Al 2o3 - Si02 are not r eadily susceptible to investi­

gation by the conventional quenching technique because of the sluggishness of 

crystallization. Welch (ll) found that the liquidus terrperatures could be 

readily determined using t he high te~erature microscope; he also conducted 

research on the behaviour of anorthite at subsolici.ls temperatures (l2). 

Baldwin <22) was successful in determining the liquidus temperatures 

and high temperature properti es of blast furnace slags. 

The application of the technique of high temperature microscopy to 

a study of the Al2o3 - Si02 system appears to have resolved some of the out­

standing questions surrounding the melting behaviour and constitution of 

mullite (l5), (l6). 

Mercer and Miller (2J) conducted work on the spontaneous phas ~ 

changes which occur during rapid cooling of beryl melts. 

High temperature phase equilibria studies were conducted in the 

following systems: dicalcium silicate - tricalcium phosphate (l4), calcium 

oxide - phosphorus pentoxide (l7), 2CaO.Si02 - 3CaO.P2o5 - CaO ( 23), 

2:aO.Si02 - 2MgQ.Si02 - Al2o3 in the quaternary system Cao - Si02 - Al2o3 -

(~) (~) MgO and Gd203 - Al203 and Sm2o3 - Al2o3 • 

A new form of calcium magnesiosilicate ( 26) and a new form of 

tricalcium phosphate (l3) were discovered. 



74 

APPENDIX (ii). 

Temperatur e fluc tuat ions due t o ha lf-cycl e hea ting. 

On e of th e ma jor advant a ge s of the pri nciple used in these high 

t emp erature mi c roscopes , whe the r norma l high t emperature microscope or with 

the modifi e d circui t ry in the micro differ entia l the rma l ana lyser, is the 

high r a t e of cooli ng poss ible me r e ly by switching off the hea ting current. 

At t empe r atures i n th e r egion of 15orPc thi s cooling r a t e can be of the order 

of wo0c p er sec ond initi1 lly. 

Ho1Never, this advant age leads to the following deduction : 

The t emp er ature of the the rmoc ouple mus t be continuously fluctuating by 

wo0c s ec ond o 
50 1 d 

i. e . , 12 C pe r cy cle . The qu.::? stions thus a rising a r e eye es s econ 

wha t t emperature i s a ctua lly being measured, a t what t emperature is the 

specimen be ing visually observed 9 and how does thi s a ffect the a ccuNcy of the 

equipment? Thi s point of the t empe r a ture fluctua tions has appa r e ntly not 

been investigat e d a s t he publica tions on thi s type of equipment make no mention 

of it. In orde r to justify a ny r esults qu ot ed to within a n accura cy of : s0c 

(some authors u s ing thi s equipme nt quote ~ 3°C) it is necessa ry to anu lyse 

this probl em of the t empe r ature fluc t uat ions . 

In the a cc ompa nying sk etch t he usua l di a gra m to represe nt the d. c. 

pos itive ha lf- cycl e hea t i ng and the measureme nt of the e . m.f. gene r a t ed in 

th Eo the rmocouple~ which i s mea sure d ove r 6~ per c e nt of the ne ga tive half-

cycl es, i s shown . Benea th thi s, the the oretica l fluctua tions in the 

t empe r a tur e of the thnmoc oup J. e due t o t hi s ha lf-cycle hea ting a r e drawn. 



Heating current , d. c . 
pos i t ive half-cyc l es or l y . 

Fluctuations in .temperature 
of thennocouple above s ome 
minimum datum l evel . 

The temperature is measured 
over thi s interval . 
After the smoothi~g circuit, 
virtually only the average 
temperature over t hi s 
measuring period is recorded. 

\ 

a c 

1/ 
v 

(a) Increa se in temperature d.le to sta r t of heating cycle . 

\ 
\ 

I -, 

(b) Decrease in tempera ture a s t he heating current is now diminishing. 

(c) Natural cooling of the thermocoupl e as no heat is being supplied. 

I l 

--
i 
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From thi s g r a phi ca 1 pr e s entation it woul d appear tha t the t empera-

tur e r e;c orde d i s lowe r tha n the ;;a ve rage ;; thermocoup l e t empe r atur e by 

( 12 = 6) 
2 

4 1 1 1 oc . - ~ = ~ , i. e., we ll wi t hin the ± 5°C a c curacy quot ed by the 

author. 

Al s o, when a sampl e i s p l ace d in the thcrmoc oupk apex this would 

have the t endency to smooth out the s e fluctuations in t emperature because of 

the additional mass and the nece s s ity for rea t tra ns fer to occur within the 

sample and bet wee n the sampl e and th e thennocoupl e . In the sampl e itself, it 

can b e expect ed that the r e wi ll be a phase shift in the fluctuation curve due 

t o this la g in hea t trans fe r s o t ha t the origina l f luctuation curve is both 

smoothe d a nd shifte d t o t he ri ght. He nce t he t i:omp cr a ture fluctuation is de-

0 crcase d t o a va lue l e s s t han 12 C a nd the t empe ra ture r ecorde d approaches more 

close ly the a ver age t empe r a tur e of the syst em. 

A t empe r a ture gr adi e nt i s a l s o t o be expect e d from the c entre of the 

thermocoupl e wire to its surface . The ma ximum t empe rature differ e nce within 

the wire may be ca lcu l at Gd appr oxima t e ly by the fo rmu l a 

2 
Lff = 9£ 

4k 

whe r e q = r at e of heat gener a tion per unit v olume of wire 

r = r adius of wir e 

k = hea t conduct i vity ofwir e . 

Th ..:; ma ximum dif fo r e nce in t empe r a tur e i s ca lcula t ed a s 2.2°c (9
) 

It would thu s appea r that the experimenta lly proven accuracy and 

pr eci s ion of ± s0c a r e wi t hi n t he a pparatu s limita tions. 
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APPBJDIX (iii). 

Poisoninq of thennocoupl es and volatilisation of spe cimen. 

It ha s been shown tha t some sla gs can poison th ermocoupl es so that 

with increasing time 9 r epea t e d determinat ions of the li quidus t empe rature will 

produc e dec r easing r esults. Th e correct va lue for th e liquidus t emperature 

can the n only be a chi eved by extrapolation to zero tim e on a graph of t emper a­

ture r eading ver sus la pse of tim e (33). However 9 th es e slags we r~ bla st 

furna ce slags and it is t hought t hat the iron oxide and sulphur cont ents we r e 

mainly r esponsibl e for this poisoning eff ect. 

To check the titanif erou s s l ags for th eir eff ect on the thermocoupl Gs , 

one slag as inv estigat ed in Chapter II and one sla g as investigated in Chapter 

III wer e examined. Th e s l ag wa s molt en onto a new th ennocoupl e and the 

liquidus was det ermined every 2 minut es for 50 minut es. No change s in the 

liquidus t emperatur e coul d be observed within the usua l precision of ~ s0c. 

Thi s indicat es that slag atta ck on t he thermocoupl e (unl ess instantaneous) is 

negligibl e. That th er e i s no instanta neous attack was prov ed by det ermining 

the liquidus t emperature of a t est- substanc e on th e same th ermocoupl e before 

and aft er the above t e s t s . 

However 9 if volatili sation of the specimen occurred then the li quidus 

t emperature woul d increa se with time . Seeing that it was prove d that no 

attack occurred on the thennocoupl e a nd that the liqui dus t emperatur e r emain ed 

con stant, it can also be sa id t ha t th e volatili sa tion of these slags is 

negligibl e at the liquidus t emper atur e. 
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APPENDIX (iv). 

Analys is of r ecorder performanc e ( 48) 

The r ecorder built into the micro differ ential thermal analyser is 

a Rika-Denki two-pen r ecorder, mode l B-24SS. The two independent channels 

each have their own attenuator. The channel measuring the temperatur e T of 

the sample ha s voltage dividers of 2.5, 5~ 10, 20, 50, 100, :DO mV, 1, 5, 10 V, 

while the channel mea suring the differ ential temperature ~T has voltage 

dividers of 10, 20, 50? 100 , 500 mV, 1, 5, 10, :D, 100 V. This latter 

channel is fed via a pre-amplifier, Ri ka-Denki model AlO, with input sensiti­

vity between :0 µV - 2000 µV. 

The millivolt r ecorder (potentiometric r ecorder) is of prime 

importance since it is the only measuring device in the micro differential 

thermal analyser. Accurate analysi s is dependent upon the ability of the 

recorder to monitor the det ector output accurat ely, rapidly, and reliably. 

"Full-span response timea is the value which det ermines whether or not the 

instrument is capable of monitoring a given s i gnal a t its original speed. 

The full-span r e sponse time quot ed for the r ecorder is less than 0.5 seconds. 

This quoted value was checked by f eeding both channe ls from an audible 

frequency generator. A square wave extending over lOO°fo span was f ed into 

each channel and the chart drive was set at the maximum speed of 1200 mm. per 

minute. The vertical limbs of the square wave have an infinite speed relative 

to the r ecorder so that a measurement of t he speed of this part of the wave 

on the chart paper will allow a n evaluation of the maximum r esponse time of 

the recorder. This maximum mecha nical speed was det ermined as 0.35 seconds 
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for 100% span. Nhen a sine-wave signal was f ed into either channel it was 

evaluat ed that 0.4 seconds was sufficient time to r ecord 90° of a sine-wave 

over 100% span. At higher sine-wave frequ enci es, the height of the wave 

diminishes; this decrease increas ing with increase in fr equency. This is 

a measure ~f the frequency r esponse of the r e corder, and it thus shows that 

as long as the frequency is such that the full-span travel of the sine-wave 

for one limb is 2:. 0.4 s econds , it can be r ecorde d e fficiently. At higher 

frequenci es j the r ecordings become l e ss than full-span. If a smaller 

amplitude were consider e d then the fall-off wit h increase in frequency would 

be less marke d. 

Recorde r dynamic performanc e is critical at points of maximum trace 

curvature wher e accel erati on demands ar e great est. The dynamic limitation 

can cause distortion in the trace shape, particularly so in smalle r peaks. 

It should be pointed out tha t if the magnitude of deflection is 

decreased to say 10% full-span, the time r equir ed to r ecord thi s signal might 

be expect ed to be 0.04 seconds. Th e actual time when compare d with 0.04 

seconds be comes a finit e measure of the ability of the instrument to approach 

the idea l vel ocity limit ed system. The a ctual tim e will be f rom 0.07 to well 

over 0.1 seconds j depending upon the exact spa n st ep. 

Deadba nd is defin ed by the American Standard Association C39.4 as 

11 the range through which the measured quantity can vary~ without initiating 

r esponse". Deadba nd ca n bE.: measured by adjusting the gain and damping to 

optimum conditions and then e ither shorting tho input t erminals or connecting 

to them a steady d.c. signal input. The servomotor is offset manually by a 
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few i ncreme nt s a nd a llowed to r et urn t o ba l a nce a nd thi s p roc e dure i s the n 

r e peate d in t he opp osite direction. The diffe r e nce betwee n t he r eba l a nci ng 

pos i tions i s a mea sure of the deadba nd. The r ecorder showe d no meusura b l e 

deadband when subject ed to t hi s t est. Wh en the r e corder 1 s dea dband was 

t e s t ed el e ctrica l l y by f eedi ng bot h cha nnel s with t he sa me s i ne- wa ve and the n 

dec r easing the amplitu de of the wa ve on t he one cha nnc l 9 it was found tha t t h e 

amplitude of the sine-wa ve coul d be de c r eas e d t o an ampli t ude a pproa ching pen­

li ne th i c kn ess a nd ye t be a t rue r e fl ection of th e s i ne- wa ve as f e d into the 

oth er cha nne 1. 
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APPENDIX ( v). 

Provisiona l li s t of pr operti es of s l aqce r am . 

Sp ecific gr avity (bulk) 

Spe ci fie hea t 

Coe ffici ent of e xpans ion 

Crushing strength 

Porosity 

.Scratch ha r dness 

Abr as i on r es i st a nce 

The rma l s t ability 

Impact Res i stance (fa l ling 
weigh~s) 

Coe ffici e nt of friction 

Eff ects of conc entrated l oads 

Long-t erm con st ant t emper a ture 
e xpa ns ion 

Te st-floor 

Exposure t es t s 

3 . 0J . 

0 .17 ca l s per gr a m per 0c. 
-6 0 

5 x 10 pe r C at r oom t empe r a ture . 

30,0JO l bs. pe r s qua r e inch 9 for a standarc 
t h r ee-i nch cube . 

4.4% maximum wa t e r absor ption. Sizes of 
pores in the r a nges 0 , 2 microns to 0, 3 
microns~ a nd 50 mi c r ons to 1000 mic rons • 

Mohs sca l e 8-9. 

Much be tter t han goo d ce ramic til es, and 
ba sa 1 t . 

No measurab l e dimensiona l cha nges a fter 
heating up t o 900°C and subsequent cooling 
( B.S, 1902). 

Simi l a r properti e s to good ce ramic floor 
til es . 

Sla gceram til es, a s cast 9 a re rougher than 
polished worn ceramic floor til e s, but 
nea rly as rough as new ce r amic tiles . 

No measurab l e indenta tions aft e r several 
weeks , Dura bi lity much better than 
c e r amic fl oor til es . 

Negli gi b l e . 

A t e st panel ha s been insert e d in a busy 
corridor at BISRA, Bat t e rs ea . No notice-
a bl e wea r, chippi ng or cra cking has 
occurred a ft e r seve ra l months. 

Tiles expos e d on t e st sit es show only 
s light surface discoloration effects after 
periods up t o t wo yea rs. 



Res i stanc e to mould growth 

/~dhesio n to c eme nt s 

,·1c cc l<::r a t e d wcath"'rin g 

Vo l ume r e s i s t ivity 

Modu lu s of ruptur0 

Re s i s t a nc .s to chemica l a ttac k 

82 

No harmfu l e ff ects by common moul ds, 

S l a gc er am ca n be mount ed i n conv0nti ona l 
cement s 9 i3S w2ll a s mor - exp e ns iv '- epoxy 
a dh2s i ves, 

No mL:a sura b l e cha nges a ft er 800 hours, 

8 10 ohm, cm, 

20 ,000 p. s . i. 

Res i s ts sulp ha t ~ s , a lka li s and many aci ds . 

Tho Briti sh Iron and St ee l Res ea rch As socia ti on . 
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