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P re fac e

The work d e sc rib e d  in  th i s  th e s i s  i s  subm itted  fo r  th e  Degree 

o f  Doctor o f  P h ilosophy  to  the  Council fo r  N ational Academic Awards„

I t  was c a r r ie d  out a t  S h e ff ie ld  P o ly tech n ic  in  th e  p e rio d  January  1972 

-  December 197A.

During th i s  p e r io d , th e  author has a tte n d ed  th re e  modules o f  the  

IvISc course  in  I n d u s t r ia l  M eta llu rgy , These a r e : -

1, P ro cess  M etallu rgy

2, Numerical Methods and Programming

3, Oxygen Steelm aking

In  a d d itio n , the au th o r a tten d ed  a conference  on ’R e f ra c to r ie s  

fo r  Oxygen SteeLmaking' h e ld  by the  B r i t i s h  Ceramic S o c ie ty  in  

S h e ff ie ld  in  October 197A®

The work d e sc rib ed  h e re in  i s  to  th e  b e s t  o f  ny knowledge 

o r ig in a l ,  except where re fe re n c e  i s  made to  o th e r s , and no p a r t  o f  

i t  has been subm itted  fo r  an award a t  any c o lle g e  o r u n iv e r s i ty .



Summary

A study has been made o f  the d isso lu tio n  o f lim e in  iron  

s i l i c a t e  m elts . The experiments were carr ied  out under an in e r t  

atmosphere o f argon at 1300°0 in  a v e r t ic a l  tube furnace, A sm all 

c y lin d r ic a l p e l l e t  o f  lim e was preheated to  the m elt temperature 

before being immersed in  the m elt contained in  an iron c ru c ib le .

A fter a p r e se le c ted  p eriod , ranging from 10 seconds to 9 m inutes, 

the p e l le t  and cru cib le  were withdrawn and water quenched for  

m icroscopic examination and e lectron  probe micro a n a ly s is .

The reaction  between lime and fa y a lite  produced two rea ctio n  

products, s o l id  dicalcium  s i l i c a t e  and a liq u id  r ic h  in  iron ox id e .

As d is so lu tio n  proceeded, th e p r e c ip ita ted  p a r t ic le s  o f 20a0. S i 02 

sintered together to  form a tenacious la y er  between th e two rea c ta n ts . 

The ra te  o f  d is so lu tio n  was ca lcu la ted  from the volume lo s s  o f  

p a r t ia l ly  d isso lv ed  p e l l e t s ,  A kinem atic model lias been derived to  

f i t  the q u a lita tiv e  observations and the q u an tita tive  r e s u l t s .  The 

ra te  co n tro llin g  step  was i n i t i a l l y  the tran sfer  o f  l in e  to the  

l iq u id  -  2Ca0,SiC>2 in ter fa c e  but la te r  th e  transport o f melt became 

rate  c o n tr o llin g .

The e f f e c t s  o f manganese ox id e , calcium  flu o r id e  and b o r ic  

oxide on th e  d is so lu tio n  process were a lso  examined. The presence  

o f  manganese oxide in  the melt was detrim ental to  the d is so lu t io n  o f  

lim e. Even though the 20a0. S i 02 p a r t ic le s  formed a porous la y e r , the 

o v era ll k in e t ic s  were retarded by the increased  v is c o s ity  o f  the m elt. 

In contrast calcium  flu o rid e  and b oric  oxide accelerated  the ra te  o f  

d isso lu tio n  by reducing m elting p o in ts  and v i s c o s i t i e s .

The ra te  o f  d isso lu tio n  was a lso  increased when th e p e l le t  was 

ro ta ted  in  the melto



With large  lim e p e l l e t s ,  the d is so lu tio n  ra te  was lower than 

th at o f corresponding sm aller p e l le t s  in  s im ila r  m elts.

To ascerta in  whether these r e su lts  were c h a r a c ter is tic  on ly  o f  

th e  d isso lu tio n  o f syn th etic  hard burnt lim e, immersion experiments 

were carried  out using commercially av a ila b le  lim e.
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1.

In tro d u c tio n

W ith the  advent o f  oxygen steelm aking  and th e  accoupanying 

s h o r te r  re f in in g  tim e s , the e a r ly  form ation  of a f l u i d  b a s ic  s la g  i s  

im portan t in  ensuring  favou rab le  d e su lp h u r isa tio n  and dephosphor i s  a t  io n , 

For t h i s  reason  i t  i s  d e s ira b le  th a t  th e  lim e a d d itio n  i s  r a p id ly  

flu x ed  to  promote s la g  fo rm ation . However d e sp ite  the  w idespread  use 

o f  b a s ic  oxygen fu rnaces (B ,0,F*) s la g  form ation  i s  u n p re d ic tab le  w ith  

su lp h u r and phosphorus removal a t v a ria n ce . The re a c tio n  mechanisms 

accounting fo r  the v a r ia t io n s  experienced  a re  n o t f u l l y  understood  nor 

a re  th e  s in g u la r  and c o l le c t iv e  e f f e c t s  o f  the number o f  c o n s t i tu e n ts  

(h o t m etal a n a ly s is ,  blowing p r a c t ic e ,  lim e q u a l i ty  and q u a n tity )  

invo lved . In  o rd e r to  exp la in  th e  d is s o lu t io n  o f lim e in  m ulticom ponent 

system s, a knowledge o f  th e  phase re la t io n s h ip s  in  th e  GaO-FeOSiO^ 

system  is  e s s e n t ia l  s in c e  th e se  th re e  couponents form th e  b a s is  o f  

steelm aking s la g s ,

A study  lias been made o f the  d is s o lu t io n  behav iou r o f s y n th e t ic  

hard  b u rn t lime p e l l e t s  in  an iro n  s i l i c a t e  (2F e0 ,S i0o) m elt.

During re a c t io n  the  lim e becomes en cap su la ted  by a p r e c ip i ta te d  la y e r  

o f  d ica lc iu m  s i l i c a t e ,  which r e ta rd s  f u r th e r  d is s o lu t io n . I t  i s  

common p ra c t ic e  in  th e  B.O.S. p ro cess  to  add sm all amounts o f  fluorspar 

to  a c c e le ra te  s lag  fo rm ation . However t h i s  a d d itio n  has become very  

expensive, consequently  the  s t e e l  In d u s try  i s  c u r re n t ly  examining 

p o s s ib le  s u b s t i tu te s  such as manganese o re  and b o r a te s .  To study  the  

in f lu e n c e  o f f lu x e s , the  immersion experim ents were re p e a te d  w ith  

a d d itio n s  of manganese ox ide , calcium  f lu o r id e  and b o r ic  oxide made 

to  th e  b ase  melt#



2* L iterature Survey

2 ,1 . Oxygen Steelmaking Processes

Even though Bessemer produced paten ts covering the use o f  pure 

oxygen for steelm aking, i t  was not u n t i l  the 1930*s th a t tonnage 

oxygen (Linde Prankl Process) Became a rea lity *  Since th ose early

days pneumatic in je c t io n  lias gone f u l l  c ir c le  from the o r ig in a l Bottom

a ir  Blown Bessemer, through the s id e  Blown Tropenas ( l )  and the top 

Blown L.D, and Kaldo to the Bottom Blown oxygen converter (Q .B .O .P .).

A number o f  Books and a r t ic le s  have Been puBlished on th ese  steelm aking  

processes ( 2 , 3 , 4 ) w h ils t  others have examined the physico -  chemical 

rea ctio n s taking p lace  during refin in g  ( 3 , 6)*

2*1*1 L.D. Process

The i n i t i a l s  L.D, stand for Linz-Donawitz the region  in  A ustria  

where the process was developed. The expansion o f the process during 

the l a s t  twenty years can Be judged By the in crease  in  converter  

cap acity  from the o r ig in a l 25-30 tonnes to  th e modern day 200-300 tonne 

v esse ls*

The refin in g  v e s s e l  i s  pear-shaped w ith  an open top , through which  

a water cooled lance i s  lowered towards the metal surface. Commercially 

pure ( 99. 5/0 oxygen i s  in jec ted  through the la n ce , leav in g  a t supersonic  

speed through a s in g le  or m ultiholed n ozzle  (7)* The use o f  oxygen 

g iv es  a favourable heat Balance such th at up to 30£ scrap can Be used  

to  make up the charge, (Air in je c t io n  in  the Bessemer process l im its  

the scrap charge to %  (4) ) .

A m aterial flow chart fo r  the L.D, converter i s  shown (8) 

overleaf*



Oxygen

Slag

Scrap Hot Metal

Lime

Flux Addition  
Coolants

L.D. Converter

Y/aste Gas
i 1----------- 1

Liquid S te e l  Steam Dust Clean Gas

Scrap Ingots Slag



The charge v a r ie s  from p la n t  to  p la n t , th e  d i f f e r in g  

p ro p o rtio n s  o f ho t m e ta l, scrap  and lime "being dependant upon lo c a l  

co n d itio n s . From th e  i n i t i a l  successes achieved  v /ith  A u strian  lav/ 

phosphorus iro n , l a t e r  t r i a l s  proved th a t  th e  p rocess cou ld  be 

adapted fo r  h igh  phosphorus ( l - 2 f  ) ho t m etal (9)*

A fte r r o ta t in g  the  v e sse l in to  th e  v e r t i c a l  p o s i t io n ,  oxygen i s
3

blown a t  the  r a t e  o f  500 m per m inute. A ty p ic a l  blow on a 200 

tonne h ea t l a s t s  20-25 m inutes (10) during which approxim ately  10 

tonnes o f oxygen are  consumed. The p ro cess  re q u ire s  no e x te rn a l  

fu e l  source s in ce  th e  therm al energy requ irem en ts are su p p lied  by 

th e  hot m eta l and th e  o x id a tio n  o f  th e  m e ta llo id s  ( s i l i c o n ,  carbon , 

manganese and phosphorus) • Because o f th e  h ea t gen era ted  in  the  

v e s s e l ,  c o o lan ts  have to  be added to  achieve th e  c o r re c t  tap p in g  

tem peratu re . Although scrap  i s  th e  u su a l ch o ice , th i s  may be in  

sh o r t  supply so th a t  iro n  ore ( l l )  o r sponge iro n  (12) may be used.

New techn iques a re  c o n tin u a lly  b e in g  developed to  in c re a se  th e  

p o te n t ia l  o f  th e  L.D. p ro c e ss . An in v e s t ig a t io n  in  America (13) 1ms 

dem onstrated th a t  th e  L.D. can o p e ra te  w ith  a 100 6 sc rap  charge 

p ro v id ed  th a t  i t  i s  p reh ea ted  and supplem ented w ith  a d d itio n a l f u e l  

(100 kg o f  coke p e r tonne o f  s c r a p ) .  At the t in e  (1969) when th e  

r e p o r t  was p u b lish ed , n itro g en  pickup was l im it in g  th e  p o s s ib le  

a p p lic a tio n s  o f  the  s t e e l .

A re c e n t development o f  the  L.D. r e f in in g  techn ique i s  th e  

R o tav e rt p ro cess . The co n v erte r i s  s im ila r  in  shape to  an o rd in a ry  

b a s ic  oxygen furnace (B .O .F .) b u t i t  can r o ta te  around i t s  v e r t i c a l  

ax is  a t  h igh  speed (85 rprn). R esu lts  from  heats  c a r r ie d  ou t in  a 6 

tonne p i l o t  v e s se l  in d ic a te d  th a t  the speed and change o f  r o t a t io n a l  

d i r e c t io n  in c rease  th e  r a t e  o f s lag -m e ta l re a o tio n s  (lA)* I t  

rem ains to  be seen w hether th ese  f in d in g s  a re  re p e a te d  in  a f u l l  s c a le



c o n v e r te r . One ro ta t in g  s t e e l  r e f in in g  techn ique th a t  has made the 

t r a n s i t i o n  from p i l o t  p la n t  to  commercial p ro d u c tio n  i s  th e  Kaldo 

P ro c e ss .

2 .1 .2  Kaldo P rocess

The p ro cess  (13) was developed in  Sweden s p e c i f ic a l ly  fo r  

r e f in in g  lo c a l  high phosphorus iro n s .  The v e sse l i s  r o ta te d  up to  

30 r .p .m . in  an in c l in e d  p o s it io n  (20°) so th a t  the  m elt covers h a l f  

o f  th e  back w a ll. T his p r a c t i c e  avoids overheating  o f  th e  l in in g  when 

carbon monoxide (from the  o x id a tio n  o f carbon) i s  b u rn t to  carbon 

d io x id e  by a secondary oxygen j e t  above th e  b a th .

D ephosphorisation  i s  m ainly dependent upon the  o x id is in g  p o te n t ia l  

( iro n  oxide co n ten t)  o f the s la g . T his can be in c re a se d  e i th e r  by (l6 ) 

a. Keeping th e  r o ta t io n  speed low

o r b . Blowing th e  oxygen j e t  more v e r t i c a l l y  onto th e  b a th

In  re f in in g  b a s ic  bessem er iro n  ( l . 7 p h o s p h o r u s )  a t  Domnarvet, 

i t  was found d e s ira b le  to  low er th e  carbon co n ten t from 3*5$ to  

betw een 2$ b e fo re  o x id is in g  phosphorus. This was ach ieved  by 

r o ta t in g  the  v e s s e l  a t  f u l l  speed a t  th e  beg inn ing  o f th e  blow. The 

speed was then reduced  to  r a is e  th e  iro n  oxide co n ten t of the  s lag  

fa r  d ep h o sp h o risa tio n  and f i n a l ly  towards th e  end o f  th e  blow , the

speed was again  in c re a se d  to  o b ta in  a low s lag  iro n  c o n te n t. A lthough

p r im a r i ly  developed fo r  re f in in g  h igh  phosphorus i r o n s ,  th e  p ro c e ss  

w i l l  a lso  produce h igh  q u a l i ty  s t e e l  from raw m a te r ia ls  o f  v a r ia b le  

com position .

In  1966 Pearson e t  a l  (6) conpared th e  o p e ra tio n  o f  th e  L.D, and 

Kaldo v e ss e ls  a t  C onsett. They found th a t  the  L.D. was f a s t e r  fo r  the  

same s iz e  o f u n i t  (100-130 tonnes) as a r e s u l t  o f th e  a b i l i t y  to  

in je c t  g re a te r  volumes o f oxygen w ithou t s p i l la g e .  However th e  h ea t 

evolved by  th e  combustion o f  carbon monoxide to  carbon d io x id e  allow ed



a higher scrap charge (31-39/0  in  the Kaldo compared to 25$ in  the L.D.

2 .1 .3  Rotor I^ ocess

.Although o r ig in a lly  commisioned fo r  p retreatin g  b la s t  furnace 

metal for f in a l  r e f in in g  in  the open hearth p rocess, la te r  in v e s tig a tio n s  

showed th at the process could r e f in e  high and low phosphorus iron  in  

a sim ila r  manner to  the Kaldo. The f i r s t  60 tonne Rotor (17) had a 

tap to  tap cy c le  time o f  2 hours©

The furnace c o n s is ts  o f  a long c y lin d r ic a l v e s s e l ,  open at one end 

for charging and oxygen in je c t io n  and at the other for tapping and 

waste gas removal. Oxygen i s  blown through 2 la n ces, primary oxygen 

i s  introduced beneath the metal surface for  oxidation  and s t ir r in g  

o f the bath. The secondary lance blows oxygen or enriched a ir  (b0 

above the metal surface where carbon monoxide i s  burnt to  carbon 

dioxide.

Unlike the Kaldo, r o ta tio n a l speed (0-2  rpm) has no grea t  

in fluence on th e  refin in g  process. The progress o f  a 1107/“ i s  

con tro lled  by the oxygen flow  (primary and secondary) r a te s  and the 

p o s itio n  o f the lan ces in  the furnace0

In  the United Kingdom the two rotary  processes never gained the 

pop ularity  expressed by foreign  authors, for both the Rotor and the  

Kaldo, ro ta tio n  proved an expensive engineering innovation . In  

comparison, the strength  o f the L.D. process l i e s  in  i t s  s im p lic ity  

and i t s  rapid ra te  o f re fin in g  o f imported low phosphorus iro n s .

2*1*4 Bottom Oxygen Blowing Process

The a ir  blown Bessemer has con tin u a lly  been handicapped by a 

low scrap charge and a high nitrogen content in  the loot m etal. The 

replacement o f a ir  by oxygen was examined by Brotzmann (1 8 ) . He 

found th at the nozzles reacted  w ith the oxygen, burning away in  a 

few m inutes. YTater coo lin g  was too dangerous and porous n o zz les  proved
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un su ccessfu l due to  s la g  penetration .

Oxygen mixed v&th steam (1 :1 ) as a cooling  agent had been tr ie d  

w ith  some su ccess (19) "but tlie scrap consumption was lim ited  to only  

15 per cen t. Renewed in te r e s t  arose in  the 1960*s fo llow ing a 

breakthrough in  nozzle  design. The r e fra c to r ie s  could be protected  

by enveloping th e  oxygen in  a gaseous or l iq u id  sh ie ld . In the 

converter, each o f  th e tuyeres c o n s is ts  o f  an inner copper tube fo r  the 

oxygen and an outer s t e e l  tube fo m in g  an annular passage for the 

coo lan t, (propane, natural gas or a liq u id  fu e l o i l )  (20 ). In stead  

o f  generating heat ( 2l )  the fu e l  vapourises and cracks endo thermic a l ly  

which creates increased  cooling  a t the tuyere and g r ea tly  extends the 

l i f e  o f  the refractory  bottom (one bottom per converter lin in g  ( 22) ) .

Scrap charges as high as 2£>;o have been quoted for a 30 tonne 

converter ( 21) w ith  a pred icted  32& f ° r a 200 tonne converter w ith  

lower heat lo s s e s .  Even w ith a short r e f in in g  time (tap to  tap time 

o f 30 minutes) the bath and s la g  were c lo se r  to  equilibrium  than in  the 

L .D ., w h ils t  the improved sulphur removal was assoc ia ted  w ith  b e tte r  

gaseous desulphurisation  (2 2 ). R efractory consumption was low , only  

5 kg per in go t tonne even w ith high phosphorus iro n s.

As o f 1972 the to ta l capacity  o f oxygen bottom blown converters  

was 9*75 m illio n  tonne, w ith U .S. S tee l commisioning the world*s 

la r g e s t  at 200 tonnes (23)* Although there appears to  be some 

ju s t i f ic a t io n  for modifying a ir  blown Bessemers and rep lacin g  open 

hearth furnaces, there i s  s t i l l  in s u f f ic ie n t  saving for the 

scrapping o f modern ID p la n ts .
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2 .2  Oxidation o f the I le ta llo id s

The ob ject o f steelm aking i s  to  p a r t ia l ly  or com pletely remove 

the im purities present in  the raw m ater ia l, iron* P ig  iro n , the 

product o f  the b la s t  furnace contains about 4/6 carbon (d isso lv ed  

from the coke), up to  2fo phosphorus (p ) , 2.5/6 s i l ic o n  ( S i ) ,  0.1/6 

sulphur (S) and 2.5/6 manganese (ivln) (24)* The b a s ic  thermodynamic 

data fo r  the ox id ation  reaction s seems to be w e ll documented ( 3j 25) 

and the predicted order o f removal o f the elements in  terms o f  th e ir  

oxygen p o ten tia l has been ca lcu la ted . The th e o r e tic a l order o f  

removal would be Si-C-Mn-Pe-P, however the actual sequence i s  

Si-Mn-C-P-E’e. The change in  concentration  o f the various elements 

i s  shown in  P la te  1 . The smooth curves shown, w h ils t  gen era lly

true cannot be ap p lied  to any s p e c if ic  blow.

'In the impingement zone, under the la n c e , oxygen goes in to

so lu tio n  w ith  some ox id ation  o f  the bath surface ( 26)

, h o  =*[o]

Fe + [o ]= :(P e O )

2(PeO) + h02 tjOfegOjj
2 .2 .1  S il ic o n

This i s  the f i r s t  impurity to be ox id ised  

[Sil + 2 [o] = ; ( s i 0 2)

[ Si] d> 2 (jfeO) r=;(S i02) + 2Fe

w ith  complete ox id ation  occurring at about a quarter o f  the way 

through th e blow ( 27)*

2. 2 .2  ' Manganese

Like s i l ic o n ,  manganese forms an oxide more s ta b le  than iron  

oxide

[ Mn] +

[ Mn] +

[ o] (MnO)

(PeO) 2 = ;( lln 0 )  + Pe



The o x id a tio n  p ro cess  can he d iv id ed  in to  3 s ta g e s . I n i t i a l l y  

manganese undergoes ra p id  o x id a tio n . T h is i s  fo llow ed by a p e rio d  

o f  re v e rs io n  due to  th e  re d u c tio n  o f  th e  s la g  during  d e c a rb u r is a tio n , 

b u t as the  carbon rem oval r a te  d ecreases towards th e  end o f  the blow, 

manganese i s  again  t r a n s f e r r e d  to  th e  s la g . The f i n a l  d is t r ib u t io n  

b e ing  dependent upon th e  tem perature (28) and the  iro n  oxide co n ten t 

o f  the  s la g . According to  Welbourn and K ulig (106) th e re  i s  an in v e rse  

r e la t io n s h ip  between oxygen combined w ith  manganese in  th e  s la g  and 

oxygen combined w ith  iro n  as FeO and Pe^O^.

2 .2 .3  Carbon

Y/hereas s i l i c o n  and manganese a re  t r a n s fe r r e d  as oxides in to  the 

s la g ,  carbon i s  removed as i t s  gaseous ox ide , carbon monoxide.

Yasher and Ham ilton ( 29) showed th a t  a t  low carbon co n ten ts  x $60 =

0.0025 a t  l600°C. This work was extended by M arsha ll and Chipman ( 30) 

who found th e  p roduct was no t a co n sta n t a t  any g iv en  tem peratu re  b u t 

in c re ase d  s l i g h t ly  w ith  in c re a s in g  carbon c o n ten t.

W ith th e  low s o lu b i l i ty  o f  carbon monoxide in  i ro n ,  th e  carbon- 

oxygen re a c tio n  has to  ta k e  p lace  a t  a g a s - l iq u id  in te r f a c e .  A lthough 

some carbon removal can and alm ost c e r ta in ly  does tak e  p la ce  d i r e c t ly  

from th e  b a th , by t r a n s f e r  to  r i s in g  heterogeneously n u c lea te d  

b u b b le s , th i s  simple mechanism does n o t account f o r  th e  h igh  r a t e  

o f  t r a n s f e r .

During p la n t  in v e s t ig a t io n s  on a 200 tonne E .O .P ., Meyer ( 31)

found th a t  s lag  blown o u t o f  the  co n v erte r co n ta in ed  d ro p le ts  o f

m e ta ll ic  i ro n . This le d  to  th e  theory  th a t  th e  m ajo rity  o f  r e f in in g

was c a r r ie d  out in  a s lag -m e ta l em ulsion where th e  su rfa ce  a re a  fo r
6 2re a c tio n  cou ld  be 10 cm p e r  tonne and up to  3Qh o f  the m eta l 

charge m ight be em u ls ified  a t  any one tim e . Form ation o f th e  

em ulsion beg ins alm ost as soon as r e f in in g  i t s e l f .  The oxygen j e t



on s tr ik in g  the metal surface causes a depression and even tu ally  i f  

the momentum i s  increased  s u f f ic ie n t ly ,  sp lash in g occurs w ith  metal 

droplets being thrown up in to  the gas or s la g . Meyer's concept o f  

decarburisation was that oxygen was pumped in to  th e  metal drop lets  

from the o x id is in g  slag  so th a t a carbon monoxide equilibrium  

pressure o f  up to  100 atmospheres or more can be b u ilt  up. The 

droplet comes in to  contact yjith a carfaon monoxide bubble in to  which 

i t s  own carbon monoxide i s  unloaded,or by ex p losive  n u cleation  w ith in  

the droplet (32) or p o ss ib ly  by nucleation  a t a m eta l-so lid  in te r fa c e .

At the beginning o f  r e f in in g , m etal droplets contain ing not only  

carbon but a lso  s i l i c o n  and manganese e x is t  in  the s la g . Therefore 

w hile  some 'new* s ilico n -co n ta in in g  droplets are undergoing th e ir  

f i r s t  oxidation  c y c le , others are already in to  la t e r  cy c le s  and are 

beginning to  lo s e  carbon. Thus, for the system as a whole, carbon, 

s i l ic o n  and manganese are a l l  being ox id ised  in  d if fe r e n t  p laces  

s im ult aneously •

Since Meyer's work, Kootz and A ltg e ld  (33) have published an 

a lte r n a tiv e  and c o n f lic t in g  mechanism. They found th at in  the 

oxygen converter and th e b a s ic  Bessemer, decarburisation occurred even 

when the s la g  became so v iscou s •that reaction s in  the slag -m eta l 

emulsions c ould no longer proceed. Their theory proposed th a t  

supersaturated iron  i s  rap id ly  transported in  a ra d ia l d irec tio n  

from below the lan ce . Bubbles o f  carbon monoxide are heterogeneously 

nucleated at the m eta l-slag  in te r fa c e , the reaction  continuing as 

the metal c ir c u la te s  outwards towards the v e s se l w a ll. P r ice  (34) 

has a lso  concluded th at the c a lcu la tio n  o f  Meyer as to  the amount 

o f r e f in in g  in  the s la g  was an overestim ation . P r ic e 's  estim ate  

o f  r e f in in g  in  the foam was about 35/6, again p lacin g  more emphasis 

on the removal o f  carbon in  the bath. His work, however only d ea lt
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w ith  the second h a lf  o f the "blow. Unlike Meyer's technique o f  

analysing s la g  overflow  samples, P r ic e 's  samples were obtained from 

the condensate on a bomb chain attachment. At th is  sta g e  i t  i s  

very d i f f ic u l t  to  say what prop ortion . the d if fe r in g  mechanisms 

con trib u te to the o v e r a ll decarburisation r a te .

2. 2 .4  Sulphur and Phosphorus

The removal o f  these two elements presents a problem for the 

steelmaker s in ce  th e ir  oxides are l e s s  sta b le  than iron oxide at  

steelmaking temperatures.

Ward (28) quoted an equation fo r  pred ictin g  the sulphur le v e l  

in  the refin ed  s t e e l  in  terms o f a s e r ie s  o f  parameters 

Jb [ sl = 0.11 + 23.6  S -  0.003 V -  0.003 Fe -  0 .0 0  005T •

[S ] = turn down sulphur content

= charged sulphur content o f the m e ta llic  charge 

V = b a s ic ity  r a tio  

Fe = fa iron in  s lag  

T = turn down temperature °G. -

D esulphurisation , i s  th erefore favoured by a high s la g  b a s ic ity ,  

high temperatures and a high slag  iron  conten t. However the c o st  

o f co n tro llin g  the slag  iron  content to  the extent required  i s  far  

in  excess o f th at fo r  lim e con tro l. Even w ith  a h igh ly  b a s ic  f lu id  

s la g , sulphur elim in ation  in  the ID v e s s e l i s  r e la t iv e ly  in e f f ic ie n t  

(3 5 ). To achieve low sulphur le v e l s ,  fu rth er desu lph urisation  can 

be carr ied  out a fter  tapping by adding a syn th etic  b a s ic  s la g  to  

the la d le .  These s la g s  are sim ilar to  w hite e le c tr ic  arc s la g s ,  

but d if fe r  from them by lower b a s ic ity  and the absence o f fluorspar, 

the iron  >oxide content being 0. 45/6 -  0 . 55f<>

Whereas a b a s ic  s lag  may achieve a degree o f  desu lp h u risation  o f  

4C$, the degree o f dephosphorisation may exceed 90 per cent ( 36) •



The phosphorus reaction s have been vnritten as

2 [p] + 5 [ o]

(P205) + 3 ( 02 -)

The stren gth  o f  the a ttra c tio n  between th e PO,'
4

3 -PO, ion  and the ca tio n

o f the b a s ic  oxide i s  r e f le c te d  in  th e high negative heats o f  

form ation, such th a t in  b a sic  s la g s , the a c t iv ity  c o e f f ic ie n t  o f

been quoted as a cond ition  for good dephosphorisation ( 25, 37) 

however laboratory experiments by Kurita e t  a l  (38) using a FeO-OaO 

s la g  ind icated  a p o s it iv e  dependance o f  the dephosphorisation ra te  

on temperature, Although facto rs  such as temperature are im portant, 

desulphurisation  and dephosphorisation depend prim arily  upon the  

formation o f  a b a s ic  s la g .

The r e la t iv e  dephosphorising power o f  the various d iv a len t b a sic  

oxides i s  shown below ( 25)

Ca2+ M i s
2+ Mh‘2+

30,000 1000 3 1
2+  /  \Of the above Ga (lim e; contribu tes the most towards desu lph u risation .
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2C 3 The Lime Addition

Although lim e does not occur free  in  Nature, i t  can he produced 

e a s ily  by the ca lc in a tio n  o f lim estone (CaCO^). Above 900°C 

lim estone breaksdown to g ive lim e and carbon dioxide  

CaCO, -----------------* CaO + C0oJ 2
Today lim e burning i s  carried  out in  rotary  k i ln s ,  rotary  

hearth k iln s  and f lu id is e d  beds where the process time i s  3 hours 

compared to 1 -2  days w ith  the o lder  sh a ft k iln s  (39) •

The required chem ical and p h ysica l properties have been  

summarised by Anderson and Vernon (4 0 ).

2.3*1 Chemical P roperties

The p u rity  o f the lim e should be as high as p o s s ib le , a ty p ic a l  

s p e c if ic a t io n  i s  g iven  below: -

CaO ^ 5 -  95%

SiOg —HI 10 Q b

]%0 <  1.5:5

S 0.0 5/o

Loss on Ig n it io n  5*0%

The s i l i c a  and magnesia im purities a r ise  from the o r ig in a l  

lim estone deposit* A 2% s i l i c a  content in  the lim estone becomes 

roughly Itfo a fter  ca lc in a tio n , consequently ad d ition a l lim e is  

required to  achieve a s a t is fa c to r y  b a s ic ity *  Although the quoted  

le v e l  o f  1'igO was <C 1*50, higher le v e ls  have been to lera ted  where 

the magnesia has proved e f fe c t iv e  in  reducing lin in g  wear ( k l ) .

[ Also d iscu ssed  in  sec tio n  2 .5 * 4 .3]

T ait and Lewis (8) found th at w hile  l±5% o f the t o t a l  sulphur load  

orig in a ted  in  the b la s t  furnace, 15% came from burnt lim e contaminated  

by the fu e l during ca lc in a tio n . In  Germany (42) the sulphur le v e l  

i s  0*02/o3 on lim e from rotary k iln s  f ir e d  by natural gas conpared



to  0 .0 6/o -  0 .09/o found on lim e from coal f ir e d  sh a ft k iln s .

The lo s s  on ig n it io n  i s  the percentage weight lo s s  which occurs on 

reheating the ca lc in ed  lim e. Although i t  can in d ica te  under burn, in g , 

i t  i s  u su ally  a sso c ia ted  w ith  the evo lu tion  o f  00  ̂ and Ĥ O adsorbed 

from the atmosphere during transp ortation  (43) and storage#

2.3*2 P h ysica l Properties

-3The th e o r e tic a l d en sity  o f lim e i s  3370 kg m but s o f t  burnt 

lim e lias only a bulk d en sity  o f  1600 kg in p o r o s ity ) . Yfith

in creasin g  burning time or c a lc in a tio n  temperature, the in d iv id u a l 

p a r t ic le s  begin  to  co a lesce  so th a t  the p o ro s ity  decreases to  25 -  30 

per cen t. To a ssess  the degree o f  burning, various r e a c t iv i t y  t e s t s  

have been developed (44* 45)#

These a rej-

lo  The Coarse Grain T est

2. The A .S.T .Iu Test

3. The German Test

4» The G.L.A.C. T est

The t e s t s  fo llow  the k in e t ic s  o f  the reaction

by the heat evolvedor by t it r a t in g  the hydroxide w ith  acid# The 

r e s u lt s  can be m isleading as shown by the work o f  Eades and 

Sandberg (46)*

False r e s u lt s  can occur when there i s  a th in  layer  o f  calcium  

hydroxide on the surface o f  the lim e. G enerally, w h ils t  r e a c t iv i t y

as a q u a lity  con tro l check. Even so quoted p o ro sity  f ig u re s  do not

CaO + H20

surface area 

25 .1 4  ni gram 
2

2.07 m gram

te s t s  are used by the su p p lier , the rece iv er  favours bulk d en sity
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d if fe r e n t ia te  ‘between the d iffe re n t forms o f  voidage, f is s u r e s ,  pores 

and m icroporosity.

2«3.3 The Quantity o f Liihe Required

The amount required for the formation o f  a b a sic  s la g  (2 :1  lim e  

to  s i l i c a  r a t io )  i s  dependent upon the chem ical an a lysis  (sulphur, 

phosphorus. and s i l ic o n )  o f  the charge; the f in a l  fig u re  being  

determined by m elting shop experience. A b a s ic ity  r a t io  in  excess o f  

3(47) i s  u su a lly  aimed fo r , w ith the excess amount conpensating for 

the lime which remains undissolved (48) .

2.3*4 The S ize  o f  the Lime

Welboum and Kulig ( 49) suggested th a t the lump s iz e  should have 

a marked e f f e c t  on lim e d isso lu tio n  s in ce  the sm aller the s i z e ,  the 

greater the surface area to volume r a t io . This reasoning would be 

ju s t i f ie d  i f  the lime had th eo r e tic a l d en sity  but the actu a l surface  

area depends upon the voidage in  each lunp. P r a c tic a l r e s u lt s  have 

shown th at th e most su ita b le  s iz e  range i s  12 mm -  40  mm. Above 

40 ram, lim e becomes inprqctical to  c a lc in e  and below 6 mm a large  

proportion i s  l o s t  in  the exhaust gases ( 50) o f  the r e f in in g  v e s s e l .

2 .3 .5  The Timing o f  the Addition

This v a r ies  from p lant to p la n t, i t  can be e ith e r

1. a t the beginning o f  the blow  

or 2. in  batches during the blow  

In conparative t r i a l s ,  H ille s  e t  a l  (31) found th a t luup lim e had 

to be added p ro g ressiv e ly  through the blowing period  fo r  e f f ic ie n t  

dephosphorisation. In v estig a to rs  a t C.A.P.L, have reported  th a t a 

four fo ld  increase in  the lim e ad d ition  a t the s ta r t  o f  r e f in in g  l e s s  

than doubled the amount d isso lved  a fte r  3 minutes ( 32) .

The im portation o f  low phosphorus iron  ore in t 6 B r ita in  means 

th a t only a s in g le  s la g  i s  necessary to  reduce the phosphorus l e v e l
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fl-om 0. 2$  to  0. C15 percent ( 28) .

In Europe where th e  hot m etal contains l?o -  1 . Z;'o phosphorus, 

a double slagg in g  technique has been evolved. Before th e  phosphorus 

pentoxide content g e ts  too  h igh , the f i r s t  s la g  i s  reiroved and a 

further add ition  o f lim e i s  made to the v e s s e l .  At the end o f  the  

blow, the f in a l  s la g  contains l e s s  than 6/b arid 20 -  25% FeO (53 ). 

Because o f  the high FeO content, the s la g  i s  reta in ed  to  promote 

lim e d is so lu tio n  in  th e next h eat.
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2*4 Slag Formation

. Chemical an a lysis  provides an easy technique fo r  studying slag

development during r e f in in g . However even though the main s la g

co n stitu en ts  are lim e, iron  oxide and s i l i c a ,  the ternary CaO -  FeO -

SiOg phase diagram cannot be used to p lo t  s la g  com positions. This i s

because the oxygen p o ten tia l and other minor oxides in  the s la g  can

appreciably extend the liq u id u s region  o f  the simple three component

system (lO ). From the b a s ic  ternary, Tromel and G-orl (54) developed

the CaO -  SiOg -  (FeO + I.InO + l̂ jgO) system for  representing s la g  e q u ilib r ia ,

la te r  superseded by the quaternary CaO -  FeO -  MnO -  SiO^ an& 9u'n -

-ternary CaO -  FeO -  LlnO -  23gO -  SiOg (55) .

Some in v estig a to rs  ( 26) d is l ik e  th is  method o f  rep resen tation

saying th at f iv e  component systems are too complex and d i f f ic u l t  to

manipulate. As a compromise Bardenheuer ( 56) produced a pseudo 

1 *l *1ternary (CaO -  FeO -  SiO^ ) for a p a rticu lar  s la g  com position  

where the three main conponents make up 8OI0 o f the to ta l com position.

The major d ifferen ce  between the pseudo diagram and the CaO -  FeO -  SiO^ 

diagram o f  A llen  and Snow (57) i s  the contracted phase f i e ld  o f  

dicalcium  s i l i c a t e 0

2.4*1 The Charge in  Slag Composition During a Blow

After charging w ith scrap and hot m etal, the LD v e s s e l i s  turned 

up and fu rther additions (lim e and fluorspar) are made prior to  blov/ing. 

Some o f the s i l ic o n  in  th e hot metal vri.ll hatfe ox id ised  by reactin g  

w ith the atmosphere, the balance along w ith  manganese and some iron  

being o x id ised  in  the f i r s t  few minutes o f blowing w ith  oxygen.

These three o x id es , FeO, HnO and SiO^, contribu te to  an i n i t i a l  

rapid so lu tio n  o f lim e which moves the bull: s la g  com position away from 

the SiOg"' -  FeO  ̂ binary (F ig . l ) »
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The iron  droplets (r ic h  in  carbon) thrown up by the ,jet r ea c t w ith  

oxygen and. th e iron  oxide component o f the s la g . The evo lu tion  o f  

carbon monoxide causes the bath to foam (58)* To prevent the s la g  

overflowing the v e s s e l ,  the lance i s  lowered which r e s u lt s  in  a 

decrease in  th e  iron  oxide content o f  the slag© I f  the lance i s  

lowered too fa r , the reduction o f iron  oxide proceeds a t a fa s te r  

rate  than the formation o f fresh  oxide. The resu lta n t v iscou s s lag  

becomes incapable o f susta in ing  a high decarburisation r a te .

With an increasing lim e content, the s la g  com position enters the  

dicalcium  s i l i c a t e  (2 GaO.SiO^) phase f i e ld  which co in c id es w ith  the 

appearance o f maximum foaming (56 ). The p r e c ip ita tio n  o f  s o l id  

2 CaO.SiOg* and i t s  e f f e c t  on the surface tension  and v is c o s i t y  o f  

the l iq u id  s la g  ( 59, 60, 6l )  prevents the decantation or coalescen ce  

(co lla p se ) o f  the emulsion ( 62) .

Unlike the bottom blown process (3) carbon removal in  the L.D, 

rap id ly  decreases towards the end o f  the blew/. As a consequence, 

the foam s ta r ts  to co lla p se  and the slag  com position moves towards 

the GaO -  FeO binary (F ig . l )  due to  the secondary ox id ation  o f  

the bath and increased  flu xing o f the remaining lim e.

The slag  temperature climbs very rap id ly , as shown ty p ic a lty  by 

the data o f  Bordenheuer (56). For the l a s t  QOfo o f  the blew/, the 

s la g  temperature remains between 1550°0 -  1650°C.

2.2f«2 Dicalcium S i l ic a t e

At the beginning o f r e f in in g , the concentration  path between 

d isso lv in g  lim e and the bulk (FeO -  MhO -  SiOg) s la g  in te r s e c ts  the 

2 GaO.SiO^ + liq u id  phase f i e ld .  When the satu ration  concentration  i s  

exceeded, a t  h in  layer  o f 2 GaO.SiOg i s  p r e c ip ita ted  around th e  lim e. 

The s h e l l  does not d ir e c t ly  adhere to  the lim e su rface, but i s  

separated from i t  by an oxide sk in  and very o ften  a 3 GaO.SiQ layer
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as w e ll ( 63, 64) .  E lectron microprobe an a lysis  o f s la g  samples 

showed the p rec ip ita ted  layer  to be a complex s o l id  so lu tio n

[ 2 GaO.SiOg -  3 OaO ^2^5  ̂ w ith  calcium p a r tly  su b stitu ted  by iron  

and manganese, and the s i l i c a  by phosphorus pentoxide*

Many experiments in  s t e e l  p la n ts  ( 64) and lab o ra to r ies  ( 65) 

have shown th at the formation o f  2 CaO.SiO^ retards the d isso lu tio n  o f  

lim e, and as a consequence can lead  to  increased refra cto ry  wear in  

the converter. Even w ith  enhanced s la g  res is ta n ce  (impregnation o f  

the b a s ic  r e fr a c to r ie s  w ith  ta r -p itc h  m ixtures) the m agnesite and 

dolom ite briclcs are s t i l l  vulnerable to  chemical attack  during the 

early  period o f r e fin in g  when the slag  i s  a c id  in  nature. I f  the 

rate  o f  lime d isso lu tio n  i s  too slow , the acid slag  w i l l  be 

n eu tra lised  by the lim e and magnesia in  the refractory  l in in g .



2 .5  P o ss ib le  Methods fo r  A ccelerating SI a/-; Formation

In order to  produce a f lu id  b a s ic  s lag  e a r lie r  than occurs in  

the normal order o f reaction s in  the converter, various m odifications  

can be made to  the lim e addition and the blowing p r a c tic e . When 

•conparing th ese a ltern a tiv e s  w ith  f lu x  add ition s, the improvement 

must be ju s t i f ie d  in  terms o f c o s t , process con tro l and most 

important the removal o f sulphur and phosphorus,,

2* 5*1 S o ft Burning o f the Lime

One method i s  to use lim e w ith  a la rg e  surface area. Behrens e t  

a l (48) concluded th at s o f t  burnt lime produced fa s te r  aephosphorisation  

and b e tte r  desu lphurisation  as w e ll as a clean er blow 'w ith l e s s  

slopping. However Gregory e t  a l  (47) found no advantage in  using  

s o f t  burnt lim e, but th is  in con sisten cy  may be due to the hard 

burnt lim e bein g  b riq u etted  into  p e l le t s  w hile the s o f t  burnt lim e  

was in  the form o f fragments. Reinders e t  a l (66) came to  the 

conclusion  that any advantage from s o f t  burnt lime d is so lv in g  fa s te r ,

Was not r e f le c te d  in  more favourable r e s u lt s  a t the end of the blow.

They found no c o rre la tio n  between the degree of desulphurisation  

and the ca lc in a tio n  ©f the lim e.

In v estig a tio n s by Obst e t  a l ( 67) gave the explanation for the  

c o n flic t in g  opinions. Prom laboratory experiments and la te r  p lan t  

t r i a l s ,  they concluded th at during the period  o f s la g  form ation, 

r e c r y s ta l l is a t io n  and gra in  growth o f s o f t  burnt lime occurs very  

rap id ly . The porous lim e became dead burnt w ith in  10 minutes at 

1600°C. This became very apparent when making cer ta in  carbon s t e e l s ,  

the s o f t  burnt lime became hard burnt a t a fa s te r  ra te  than i t  'was 

being d isso lv ed . I f  d is so lu t io n  i s  impaired (2 OaO.SiOg la y er )  

charging s o f t  burnt lim e produces no advantage.



20.

2.5*2 Blowing P u lverised  Lime

The problem o f  lim e burning can be overcome to  some extent by 

reducing the s iz e  o f  th e lim e. In  con trast to normal ID p ra ctice  o f  

adding lump lim e (10 -  40  mm) the Jj.D.A.C. process (68 , 69) uses 

crushed lime (0 .5  -  1 .5  mn) which i s  p rogressively  in je c te d  in to  the  

refin in g  v e s s e l .  The process can u t i l i s e  lim e o f very d if fe r e n t  

com positions and p h ysica l prop erties because blowing i t  in  the 

oxygen stream g iv e s  a remarkable r e a c t iv ity  whatever the nature o f  

the lim e (70) .

Lime in je c t io n  has not been r e s tr ic te d  to  L.D. v e s s e ls ,  i t  lias 

also  reduced the refin in g  time in  the open hearth (7 l)  and bottom  

blown processes (72 ). In  recent years sev era l s te e lp la n ts  in  B r ita in  

have stopped using ihe L.D.A.C. process (7 3 ). This has co in cided  

w ith  the im portation o f  low phosphorus iron  ores.

2 .5 .3  Temperature and Iron Oxide Content o f th e  Slag
A A A

R eferring to the OaO -  FeO -  S i0 2 phase diagram (F ig . l ) ,  

e f fe c t iv e  dephosphorisation has been found to  occur only  below the 

2 CaO.SiO^ -  Fe0^ jo in  (56, 74 ). To avoid the retarding in flu en ce  o f  

encapsulation , th e s la g  com position can e ith er  go over or around the
ii

2 CaOoSiO^ + liq u id  phase f ie ld .  Schurrman e t a l  (73) found th a t in  

the open hearth p rocess, lim e d is so lu tio n  was inproved by increasin g  

both the temperature and iron  oxide content o f  the s la g . In  the LD 

p rocess, these two parameters can be changed by adjusting  the lance  

h eigh t. As the lance i s  ra ised , the oxygen j e t  becomes so fte r  and 

l e s s  penetrating w ith only the surface la y ers  being ox id ised  (52 ). 

However' th is  method has cer ta in  disadvantages, noteably a lower 

metal y ie ld  and increased  refractory  wear.

2 .5 .4  : Flux Additions

This lias been the most w idely  used technique fo r  promoting s la g



form ation. The f lu x es  can enhance lim e so lu tio n  by sev era l d if fe re n t  

mechanisms

1 . A lter the phase e q u ilib r ia  in  the s la g  system such 

th at dicalcium  s i l i c a t e  s h e l l  formation i s  lim ited

‘ 2. Lower the m elting p oin t o f  2 OaO.SiOg

3. Change the p h ysica l form o f th e 2 CaO.SiOg 

encapsulating la y e r .

Fluorspar (CaF^) has been the major flu x  addition  in  the p a s t, 

but future su p p lies  may be in s u f f ic ie n t  to  meet the demand. 

Consequently s te e lp la n ts  are carrying out a wide ranging search fo r  

an a ltern a tiv e . P o ss ib le  su b stitu te s  are alumina, magnesia, iron  

oxide, borates and manganese oxide.

2 .5 .4 * 1  Fluorspar (CaFg)

There are three reasons fo r  the increasing demand fo r  

fluorspar (jG) :~

1 .. The rapid r is e  in  b a s ic  oxygen and e le c tr ic  arc steelm aking  

cap acity . These two processes consumed 2 m illio n  tonnes o f  

fluorspar in  1972©

2. The high growth rate in  world aluminium production

3. A fu rther increase in  the production o f fluorocarbon  

products.

The e f f e c t  o f fluorspar i s  to  depress the s lag  m elting p o in t , 

by forming low m elting p o in t e u te c tic s  (779 78) • G enerally the  

amount added does not exceed 8 leg per tonne o f s t e e l  (36) .  However 

th is  figu re  can be reduced by using lime-fluorspar b r iq u ette s  (7 9 ). 

Fluorspar b riq u etted  w ith m ill sca le  and ferromanganese b la s t  furnace 

downcomer dust has been used fo r  a number o f years by the U nited  

S tates S te e l Corporation (80).



22.

Holappa ( l l )  found that fluorspar produced an instantaneous  

increase in  s la g  f lu id i t y ,  but i t s  e f fe c t  was o f short duration.

For the b e s t  r e s u l t s ,  fluorspar had to  be added in  sm all amounts ,

1 kg per tonne o f s t e e l  a t a tim e.

There are a number o f disadvantages associa ted  w ith  fluorspar: -

1 . Prim arily  i t s  use increases re fra c to ry  wear in

the same way as i t  iirproves s la g  formation

2. Econom ically, the f in ish in g  s la g  cannot be so ld

as f e r t i l i s e r  because calcium  flu o r id e  renders 

the phosphate in so lu b le .

2.5.4* 2 Alumina (Al^O^)

During World War I I ,  aluminium dross was reported to be a 

s a t is fa c to r y  su b stitu te  for fluorspar ( 8 l ) .  In more recen t tim es 

other alumina-bearing m aterials have been suggested such as b a u x ite , 

red mud and alumina grinding residu es (82 ). In conparative t r ia l s  

carried  out by Holoppa ( l l ) , the r e s u lt s  ind icated  th a t b au xite  (6 

kg per tonne of s t e e l )  was not as e f fe c ie n t  as fluorspar but i t s
t

in flu en ce  was more permanent.

S u ccessfu l laboratory t r ia l s  (83) have been reported using  

lime p e l le t i s e d  w ith red mud[overalJ. con p osition  42.2£> OaO 

2 1 .$  AlgO^i. Later the p e l le t s  were used in  a 6 tonne converter  

replacing one th ird  o f  the normal lim e ad d ition . The ad d ition  o f  

the p e l le t s  accelerated  lim e so lu tio n  when conpared w ith  a normal 

lim e charge.

In  1972 I'Jikkai Sangyo (84) b u i l t  a p lan t to  produce a fluorspar 

su b stitu te  based on red mud. The product known as "Alblack” contain s  

40-45$ alumina, 20-25$ iron  oxide and 8-10/o s i l i c a .  No f ig u r e s  are 

ava ilab le  on i t s  e ffe c t iv en ess  as a lim e f lu x .



23.

2.5*4-3 Magnesia IfcO

I n i t i a l l y  magnesia was added to the s la g  in  order to  increase  

the serv ice  l i f e  o f  th e  lin in g  (44* 4 5 ). During a h ea t, the slag  

absorbs up to $  MgO, but i f  magnesia i s  a dded in  the form o f  

doloma (dolom itic lim e ), there i s  a corresponding decrease in  

refractory  attack . At Jones and Laughlin (85) the p o lic y  i s  to  aim 

for a concentration o f 7©4/° MgO in  th e  s la g  by adding dolom itic  lim e. 

D esp ite the increase in  s la g  MgO, data a n a lysis  revea led  no evidence 

th at desulphurisation  was adversely a ffe c te d . S im ilar r e s u lt s  have 

been reported by Russian workers (86) who aimed for  MgO le v e ls  o f  

4-7/0 in  the fin ish in g  s la g . The e f f e c t  o f  magnesia in  terms o f  

acce lera tin g  s la g  form ation was such th a t the fluorspar add ition  

could be halved. The. iron  oxide content o f  the s la g  dim ished, 

increasin g the metal y ie ld  and metal desu lphurisation .

In  contrast,H arhai and Dukelow (87) reported th at w ith  a 8 . $  

le v e l  in  the s la g , magnesia v/as detrim ental to sulphur removal 

because o f  high s la g  v is c o s ity  and the low desulphurising p o te n tia l  

o f  magnesia r e la t iv e  to  lim e. Magnesia (50) was a lso  a problem  

at the V oest s te e lp la n t where the .dolom itic lim e had a varying 3-feO 

content© When lim e (lQ$ MgO) v/as used, the wear res is ta n ce  o f the 

l in in g  decreased by 5$, th is  v/as due to increased  flu x es  necessary  

for lim e d is so lu tio n . On the b a s is  o f  th e ir  fin d in gs (over a 8 

month period) a maximum perm issib le  MgO le v e l  o f  3©5$ v/as f ix e d  

for iiie  lim e.

2.5* 4 .4  Iron Oxide FeO„
t- __ T r -  - - I. T r  -r r~ r  £ £

Iron oxide i s  one o f th e  most e f f e c t iv e  flu xes o f  lim e , fo r  in  

both the FeO -  CaO and Fe20  ̂ -  CaO system s the i n i t i a l  liq u id u s  

tenperature i s  below 1300°C (77)®

One way o f adding iron oxide i s  to recharge the dust from L.D.
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c o lle c to r s . This p ra ctice  i s  used in  Finland ( l l ) .  Because o f  the  

add ition , th e high lance p ra c tice  in  the i n i t i a l  period o f  the blow  

v/as found to be unnecessary nor were ad d ition a l flu x es  (fluorspar) 

required.

The agglomeration o f  L.D. dust w ith  lim estone in to  b r iq u ettes  

and p e l le t s  prior to  ca lc in a tio n  has been tr ie d  in  Germany (79) o 

Ooirpared w ith  heats using only lim e, the charging o f the sp e c ia l  

lime p e l le t s  r e su lted  in  a considerable a cce lera tio n  o f  

dephosphor i s  a tio n . Another advantage o f prefluxed p e l le t s  i s  the 

low ra te , o f  hydration when conpared to  s o f t  burnt lim e ( 88, 89) .  

M illsca le  i s  another iron  oxide f lu x  ( 90) .  By ca lc in in g  lim estone  

in  the presence o f m illsc a le  ( c . f .  case-carb u rising) a 10mm th ick  

la y er  o f dicalcium  fe r r i t e  ( l 400°G mpt.) i s  formed on the surface  

o f  the lim e.

Swedish iron ore ( 86 .3$  ^©2 3̂— 9 .8/0 FeO) has been proved to 

be a good, lim e f lu x  ( 9 l ) .  However add ition s o f  more than 26$  did  

not r e s u lt  in  a proportional increase in  d isso lved  lim e. When the 

ore was added in  the f i r s t  quarter, slopping gen era lly  occurred  

a fte r  50$ o f the blowing time conpared to  75$ when the ore v/as added 

in  the second quarter. Even so there was no trouble w ith  phosphorus 

or sulphur removal. Iron oxide forms the major proportion o f  

Hm enite (52$ FeO , 33$ T i0o) cu rrently  being marketed as a
X  cL

replacement for  fluaspar (92 ). Although i t  has a high m elting p o in t, 

laboratory t e s t s  showed i t  v/as superior to  fluorspar for lim e  

d isso lu tio n . However in  t r ia l s  carried  out at Bethlehem S t e e l ,  

ilmenite was l e s s  e f f e c t iv e  than fluorspar even w ith  a 2:1 replacem ent 

r a tio  ( 93) .
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2 .5 .4 .5  Borates B„0,-------------  2 5

In the refractory  industry, i t  i s  w e ll known th a t low 

concentrations o f  boron oxide reduce th e hot stren gth  o f  b a s ic  b r ick s  

by forming low m elting po in t conpounds. I t  i s  th is  p articu lar  

property which now makes boron cor/pounds a ttr a c tiv e  as flu x es  fo r  lim e.

P lin tk o te  o f America (% )  carried  out the i n i t i a l  laboratory work 

on the flu x in g  power o f  c er ta in  boron compounds. Their e ffe c t iv e n e s s  

on the d is so lu tio n  o f  lim e in  a (PeO -  MnO — SiOg) s la g  was reported  

in  a subsequent p aten t. Some o f the r e s u lt s  are presented below

d isso lu tio n  time 

standard slag  16 se c s .

+ Na^B^C  ̂ 0 .8 s e c s .

+ HJ307 0 .8 se c s .

+ 0 .7  sec s .

Other p o ss ib le  borates are colem anite (2 Ga0.3 B^O^.5 HgO) and 

hydroboracite (liIg0.Ga0o3 ^ 0 )  (^5). Using 1 kg (per tonne o f

s t e e l )  of» colem anite, Hollappa ( l l )  found th a t i t s  in flu ence was 

very rapid and more la s t in g  than fluorspar. I t  did however have a 

tendency to  s t a b i l i s e  the emulsion so that foaming p e r s is te d  a fte r  

the blow.

TVom Germany, Oberhauser e t a l ( 96) reported th a t th ere  was a 

su b sta n tia l d ifferen ce  in  slag  form ation during'blowing when 

colem anite rep laced fluorspar. S hortly  a fter  the f i r s t  charge o f  

colem anite, the s lag  co llapsed  in  ex a ctly  the same way as w ith  

fluorspar. A fter the addition  o f  fluorspar, the s la g  qu ick ly  foamed 

again a t a considerably lower lance p o s it io n , but when colem anite

was added, a foam could only be m aintained by p lacin g  the lance in  a
i

higher p o s it io n . Even so there v/as no adverse e f f e c t  on d esu lph u risation  

or dephosphorisation. A problem w ith  using boron compounds i s  the



p o s s ib i l i t y  o f boron pickup by the s t e e l .  In a l l  th e  t r ia l s  (where 

colem anite was charged in  amounts up to 35 kg per tonne of hot m etal) 

no boron was reduced from b o r ic  oxide d isso lv ed  in  the s la g .

However i f  s lag  i s  carr ied  over in to  th e  teeming la d le ,  boron reversion  

can occur when the s t e e l  i s  deoxidised (97 ).

2 .5 .4 .6  Lianganese Oxide LfriQy

T h eo retica lly  manganese oxide should promote slag form ation , 

s in ce  increasing amounts contract the 2 GaO.SiO^ phase f ie ld  in  the 

CaO -  PeO -  LlhO -  SiO^ system (9 8 ). In  the presence o f LinO, however 

sa tu ra tion  wmth lim e i s  no longer p o s s ib le . As a sa tu ra tio n  phase, 

a ternary so lid  so lu tio n  o f  OaO -  PeO -  MnO must occur, the a c t iv i ty  

o f the lim e being dependent upon the r e la t iv e  amounts o f  the other 

two oxides (78) .

In  p r a c tic e , e x c e lle n t  r e s u lt s  have been reported in  R ussia (36) • 

w hile American workers (80) found iron  oxide to  have a greater  

in flu en ce 011 lim e d is so lu tio n , Boichenko f99) considered manganese 

oxide only  p a rtic ip a ted  in  lim e d isso lu tio n  when a s u f f i c ie n t  amount 

o f iron oxide was present in  the s la g . The c o n flic t in g  r e s u lt s  may 

be a sso c ia ted  w ith v a r ia tio n s in  the manganese content o f  th e  hot 

m etal. Kohler e t a l  (100) carried  out a study o f the r e f in in g  o f  

high phosphorus irons w ith  various manganese contents. They found 

the manganese le v e l  in fluenced  the ox id ation  o f carbon during the 

early  stages o f  r e fin in g . High manganese le v e ls  ( l.O  -  1.5^0 in h ib ited  

carbon removal, th is  r e su lted  in  high s la g  irons and a cce lera ted  

s la g  form ation. When low -  Lin irons were produced in  th e b la s t  

furnace, (36) i t  v/as claimed p rod u ctiv ity  improved ( in  the B .P .)  

w ith reduced raw m aterial and hot metal c o s t s .  However in  the 

converter, s la g  formation proceeded more s lo w ly , (than normal 13h 

irons) delaying desu lphurisation  and dephosphorisation. Even w ith
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an addition o f  fluorspar, the b a s ic ity  renained low. These poor 

r e s u lt s  were reversed  when 31 kg (per tonne o f  s t e e l )  o f manganese ore 

was added afc the beginning o f the blow. The reduction o f manganese oxide 

during the blow reduced the consumption o f ferromanganese required  

for deoxidation*

At the Highveld s te e lp la n t  (43) a s la g  r ich  in  manganese oxide 

(derived from a nearby fe r r o a llo y  producer) i s  used for inducing  

rapid s la g  formation w ith  very low manganese hot m etal. Without the 

ad d ition , desu lphurisation  effeciericy  deteriorated  p a r tic u la r ly  w ith  

lim e o f medium or low r e a c t iv ity .

With 0 .8  -  0 . 9/o manganese in  the hot metal ( lO l) , additions o f  

manganese ore and fluorspar ensured p rogressive lim e d is so lu t io n , but 

w ithout the fluorspar, s la g  formation underwent a marked d e ter io ra tio n . 

However i f  the manganese ore was preroasted , s la g  form ation was 

com pletely sa t is fa c to r y  without the fluorspar add ition . The only  

problem was the high s i l i c a  content o f th e  ore (2Q'o SiOg) which 

required add itional lim e fo r  n e u tra lisa tio n .

In B r ita in , laboratory  experiments (102) have shown manganese 

oxide to be superior to • fluorspar in  i t s  a b i l i t y  to f lu x  lim e 

(d iscussed  in  sec tio n  2 .6 ) .  Following th ese  encouraging r e s u l t s ,  

a p lan t t r i a l  (103) comparing 5 4s (p®r tonne o f  s t e e l )  ad d ition s o f  

fluorspar and mapganese ore, was carried  out in  a 10 tonne e le c t r ic  

arc furnace. 'With manganese ore, the m elt out temperature was higher 

w ith some in d ica tio n  th at refractory  Wear had increased. This 

r e su lt  i s  contrary to  the laboratory fin d in gs o f Beecham and Steger  

( l0 4 ) . They reported manganese oxide to  be a le s s  corrosive  

addition  than fluoispar a fte r  carrying out erosion  t e s t s  on p itc h  

impregnated burnt m agnesite. In further coiriparative t r ia l s  carr ied  

out in  an L.D. converter (105) no d ifferen ce  could be d e tec ted  in



s la g  form ation, desu lphurisation , dephosphorisation, or refractory  

wear. Contrary to  the Russian p ra ctice  o f  adding the ore a t the  

s ta r t  o f blow ing, the optimum time v/as found to  be a fter  two th irds  

o f  the blowing period. E a r lier  add itions caused un con trollab le  

foaming. Sim ilar r e su lts  have been reported by in v estig a to rs  a t  

C.A.P.L. (106) where the optimum time appeared to  be a fter  a quarter 

o f  the blowing tim e, any la t e r  add itions caused very sudden s la g  

c o lla p se . Along w ith  other in v estig a to rs  ( i d ,  103) they found th at 

an addition  o f manganese ore produced a more than equivalent reduction  

in  the iron  oxide content o f th e  s la g .

In  the m ajority o f reported t r i a l s ,  manganese oxide was added as 

ore, but ca lcined  lim estone containing 11.2$ in  has been su c c e s s fu lly  

t r ie d  in  Russia (107). However, due to  the high s i l i c a  content (lO/o 

SiOg) the sp e c ia l lime had to  admixed w ith  normal lim e to  achieve  

the b e s t  r e su lts  noteably improved s la g  formation and lin in g  l i f e .



2.6  Laboratory Techniques Developed for Studying Lime D isso lu tio n

I t  i s  very d i f f ic u l t  to  sim ulate the operating conditions found. . 

in sid e  a L.D* v e s s e l .  As a compromise a number o f  in v estig a to rs  have 

stud ied  lame d is so lu tio n  by immersing sy n th etic  p e l le t s  in  a s la g  

at steelmalcing temperatures (65, 99, 108). The s la g s  were melted  

under an in e r t atmosphere to  keep the iron  oxide in  the d iv a len t  

s ta te  which i s  compatible w ith  liq u id  iron . The choice o f  

atmosphere i s  iirportant because the lower the p a r t ia l  pressure o f  

pxygen, th e  la rg er  the 2 CaO.SiOg phase f i e ld  (lO ). In  the L.D. 

v e s s e l ,  considerable d ifferen ces  e x is t  in  the oxygen p a r t ia l  

pressure between parts in  contact w ith the oxygen j e t  and those  

through which pass bubbles o f carbon monoxide.

As an a ltern a tiv e  method, Limes and R u sse ll (109) d ev ised  the 

cru cib le  t e s t ,  in  which 3 grams o f  lime (-5  + 6 mesh) are mixed 

■with 1 gram of slag  (19/-* -  56/0 S i0 2) in  a cru cib le  before  being

placed in  a furnace a t 14B0°0. A fter a f ix e d  reaction  tim e, the

cru cib le  jis withdrawn for  m icroscopic examination and fr e e  lim e
I

determ ination of the s la g . For t h is  p a rticu lar  t e s t ,  fr e e  lim e 

does not appear to be a s a t is fa c to r y  parameter for measuring the 

rea ctio n  k in e t ic s ,  s in ce  the a n a lysis  cannot d is tin g u ish  between 

unreacted lim e and lim e p rec ip ita ted  on coo lin g .

To avoid the p r e c ip ita tio n  o f lim e, in v estig a to rs  at the  

B r it is h  S te e l Corp. used equal proportions (by w eight) o f lim e and 

s la g . Two in v estig a tio n s  were carried  out s p e c if ic a l ly  to study  

the in flu en ce  o f d if fe re n t f lu x es  on lame d is so lu tio n  (102, 110 ).

The chosen slag  was fa y a l i t e  (2 FeO.SiOg) which was mixed w ith  

the lime b efore being placed in  a fhrnace a t e ith er  1300°0 or 

1400o0. However i f  the t e s t s  were carried  out inan id e n t ic a l manner 

to  the Limes and R u sse ll method ( i . e .  in  a ir )  fa y a lite  would



o x id ise  in to  two separate com ponents,silica  and iron  oxide, which 

require a fu sion  temperature above 1600°C. This may account fo r  

the abnormal increase  in  lime s o lu b i l i t y  obtained w ith  a manganese 

oxide add ition  in  th e  s la g  which has not been confirmed by other  

in v estig a to rs  (99 , 108) who m elted under argon*

In stead  o f  using a m uffle furnace, Schiirrman e t  a l (75) used a 

hot stage  microscope to study lim e-s la g  rea c tio n s. From the hot 

stage microscope Derge and Shegog ( i l l )  developed the hot filam ent 

microscope in  which the thermocouple serves as a heating element and 

thermometer a t the same tim e. By lo ca tin g  the thermocouple loop on 

a microscope s ta g e , the in v estig a to rs  could observe th e d is so lu tio n  

o f  fu sed  lim e (0 .025 cm d ia .)  in  a molten slag  adhering to  the  

filam en t.



2.7 R eac tion  K in e tic s

The g re a t  m a jo rity  o f  m e ta llu rg ic a l re a c tio n s  a re  heterogeneous 

and can be c la s s i f i e d  in to  th e  follow ing groups.

gas -  s o l id

gas -  l iq u id

l iq u id  -  l iq u id

l iq u id  -  s o l id \
The d is s o lu t io n  o f  s o lid s  in  l iq u id s  (m e ta llic  and n o n -m e ta llic ) 

may be c o n tro lle d  by one o f  th re e  p ro cesses

1. The r a te  o f  chem ical a t ta c k  a t  th e  s o l id - l iq u id  in te r f a c e

2. D iffu s io n  o f re a c ta n ts  to ,  o r p roducts  from the  in te r f a c e

3. A fu n c tio n  o f  ( l )  and ( 2) -  term ed in te rm e d ia te .

The k in e t ic s  o f oxygen steelm alcing have been review ed by a 

number o f Gorman in v e s t ig a to r s  (112, 113, 114). O eters (113) 

found th a t  g e n e ra lly  th e  r a t e  determ ining  s te p  in  r e f in in g  v/as the  

re s is ta n c e  to  t r a n s f e r  in  the  d if fu s io n  la y e r  o f th e  m eta l p h ase , 

however th e  d is s o lu t io n  o f  lim e could become r a te  c o n tro l l in g  where 

s i l i c a t e  s lag s  were involved .

Two a n a ly s is  (chem ical (65) and g ra v im e tric  (108) ) tech n iq u es  

have been used to  measure the  amount o f lim e th a t  has d is so lv e d  in  

a s la g  or m e lt• The accuracy o f b o th  methods must be q u estio n ed .

The r e s u l t s  from chem ical a n a ly s is  may be in  e r ro r  because the  

saccharine s o lu tio n  (used fo r le ac h in g  f re e  lim e) does no t d is so lv e  

lim e vd th  iro n  oxide in  s o l id  s o lu t io n . M easuring the  w eight lo s s  

o f  a re a c te d  lump o r  p e l l e t  would be adequate i f  th e  lim e had 

th e o r e t ic a l  d e n s ity . In  p r a c t ic e ,  th e  w eight lo s s  (by d is s o lu t io n )  

i s  coun terbalanced  by a w eight g a in  due to  the  s la g  i n f i l t r a t i n g  th e  

p o re  system. In  com plete c o n tra s t  R ussian workers have used a c o ld  

model to  study th e  h e a t and mass t r a n s f e r  invo lved  in  th e  d is s o lu t io n
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o f  lime* Pure water and 2 .8  mm* d ia . b a l l s  o f ic e  were used to  

model the heat tra n sfer  process w h ile  a 20fo aqueous so lu tio n  o f  

NaNO-, and 2 .9  ram d ia . b a l l s  o f  the same s a l t  modelled the mass 

ttra n sfer  process (llf?)®



3. E xperim ental Work

Commercial lim e was considered  u n s u ita b le  fo r  th is  in v e s t ig a t io n  

because of th e  p h y s ic a l and chem ical inhom ogeneity found in  n a tu ra l  

lim esto n e . In s te a d  a n a ly t ic a l ly  pure  re a g e n ts  (calcium  carbonate  

and calcium  hydroxide) w ere used in  th e  p re p a ra t io n  o f  lim e p e l l e t s  

w ith  re p ro d u c ib le  p ro p e r t ie s .  To model an e a r ly  steelm aking  s la g , 

f a y a l i t e  v/as chosen fo r  th e  base  m elt. F a y a li te  i s  an iro n  s i l i c a t e  

(2 FeO.SiOg) w ith  a congruent m elting  p o in t  a t  1203°C.

In  a d d itio n  to  the  immersion experim ents, the deform ation 

behaviour ( c . f .  Seger Cones) and th e  i n i t i a l  l iq u id u s  tem pera tu res  

o f  m ixtures p rep a red  from th e  oxide components o f th e  d i f f e r e n t  

lim e-m elt system s were a lso  examined. The r e s u l t s  were im portan t fo r 

l a t e r  work where no te rn a ry  or q u a te rn ary  phase d a ta  v/as a v a i la b le .

3 .1  S ta r t in g  M a te r ia ls

3 .1 .1  Lime P e l le t s

In  1931 W illiam s ( l l 6 )  su c c e ss fu lly  s in te r e d  lim e p e l l e t s .

The calcium  oxide used was -300 mesh powder c a lc in e d  a t  1700°C.

To o b ta in  a uniform  packing  d e n s ity , p a r a f f in  (8,0 by w eigh t) v/as

mixed w ith  th e  powder b e fo re  com paction. The p e l l e t s  w ere made by
_2

compressing the  powder under a p re ssu re  o f  6 8 .94  M .m  in  a 

c y l in d r ic a l  d ie .  A fte r f i r in g  fo r  1 hour a t  1S00°C., the p e l l e t s  

had a bu lk  d e n s ity  of 2820 kg.m ^ (th e  th e o r e t ic a l  d e n s ity  o f lim e 

i s  3370 kg.m- 3 ) .

Twenty one y e a rs  l a t e r  D ickinson (117) t r i e d  to  produce c y l in d r ic a l

p e l l e t s  by compacting lime (from  c a lc in e d  calcium  carbonate) in  a

20 run diam eter d ie  and s in te r in g  a t  1300°C. U n fo rtu n a te ly  a l l  the

conpacts s p a lle d  during  f i r in g  in  a m uffle fu rn ace . The au th o r

extended th i s  work by varying the  fo llow ing  p a ra m e te rs : -

-2conpacting p re s su re  8  *■ 200 MNLm



34*

-1w ithdraw ! speed 1------------------ * 5 nun, min

O “1h ea tin g  r a t e  0 ,5---- -------------- ♦  3 0 , min

Like th e  p rev ious r e s u l t s ,  every f i r e d  compact v/as r e je c te d ,  

because of s p l i t t i n g  around th e  circum ference o r a c o n ic a l d e fe c t 

in  th e  top s u r fa c e .

Following th e se  u n su ccessfu l a t te m p ts ,a  new s e r ie s  o f experim ents 

was c a r r ie d  o u t. Lime was p rep ared  from calcium  hydroxide c a lc in e d  

fo r  16 hours a t  1100° 0 , , ground in  an agate  p e s t le  and m o rta r, and 

s iev ed  tlirough a 120 B .S .S . mesh. The r e s u l t s  were e x ac tly  the  same 

as b e fo re , th e  specimens s p a lle d  b e fo re  reach ing  th e  f i r in g  tem peratu re  

(X250°C).

Subsequent a ttem p ts  to  c a lc in e  and s in te r  20 ram diam eter p e l l e t s  

o f  calc ium  hydroxide in  one o p e ra tio n , f a i l e d  due to  th e  p e l l e t s  

exploding on h e a tin g . T h is v/as a s s o c ia te d  w ith  the ev o lu tio n  o f  

’w a te r ' du ring  c a lc in a t io n

0a ( 0Ii)2  ------------ " OaO + H^O above 360OG,

However i t  was found t l ia t  by reducing  th e  d ie  d iam eter to  10 mm 

and thereby  doubling the su rface  a rea  to  volume r a t i o ,  s in te re d  

p e l l e t s  could  be produced. Even so , the  change was no t a com plete 

su ccess , s in ce  th e  f i r e d  p e l l e t s  were d is to r te d  ( 'b a n a n a 1 shaped) 

w ith  sm all su rfa ce  c ra ck s . These d e fe c ts  were caused by v a r ia t io n s  

in  the packing d e n s ity  and an uneven tem perature d i s t r ib u t io n  d u ring  

th e  hea tin g  o f  th e  p e l l e t s .  These d e fe c ts  ceased  to  appear when 

s h o r te r  p e l l e t s  were f i r e d .  However d i s to r t io n  would s t i l l  occur i f  

a s p e c if ic  p rocedure in  r e la t io n  to  th e  p lac in g  o f  th e  p e l l e t s  in  

the  hot zone were not fo llow ed. The fu rnace used  v/as of s tan d a rd  

d e sig n , b u i l t  around a h o r iz o n ta l alum ina tube ( l  m long 25 mm o .d .

20 mm i . d . )  and h ea ted  by four s i l i c o n  ca rb id e  h e a tin g  elem ents.
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Compaction o f  lQmm P e lle t s

The calcium hydroxide powder (approx. 3 grams) v/as compacted
—2in  a 10 mu, d ie  under a pressure o f 76 UN.m transm itted through

-1the top plunger. Both theload  and the withdraw! speed, 1mm. min , 

were co n tro lled  accurately  on an Avery hydraulic com p ression /ten sile  

machine.

S in tering

The compacts (two a t a time) were f ir e d  in  a platinum  boat 

charged in to  a co ld  tube furnace. The h eatin g  schedule used w as:- 

100°C per hour from co ld  to  6Q0°C

200°C per hour from 600°C to  1250°C

The slower ra te  prevented sp a llin g  during ca lc in a tio n . A fter

holding at 1250°C for  3 hours, the p e l le t s  were furnace cooled .

Compacts before and a fte r  f i l in g  are shown in  P la te

P roperties

During ca lc in a tio n  and s in te r in g , the w eight o f the p e l le t s  

decreased by 2k. per cen t. The diameter o f  the s in tered  p e l l e t s  was
d

7.A2 mm. The bulk density  o f  the p e l le t s  was measured by the

mercury balance technique ( l l 8 ) .  The p e l le t s  were weighed in  a ir

and in  mercury. A stirru p  -  l ik e  holder (P ig . 2) v/as used to keep

the specimens submerged in  the mercuiy.

■ Bulk D ensity = wt in  a ir .d e n s ity  o f  mercury 

-3kg. m wt in  a ir  + wt in  mercury

True P orosity  % = 1 -  ED • 100
TD

To determine the percentage o f  c lo sed  pores, the evacuation method 

prescribed  in  B .S, 1902:1952 was used w ith  p a ra ffin  in stea d  o f  

water as the immersion liq u id .



The p o r o s it ie s  o f th e  p e l l e t s ,  before and a fter  f i r in g ,  are 

given below :-

Ca(QEi)2 p e l le t  45 *

CaO p e l le t  25 * 1$ (mercury)

CaO. p e l le t  25 * 1$ (p ara ffin )

20 ran diameter P e l le t s  

Tvrenty m illim etre diameter p e l le t s  were su c ce ss fu lly  produced 

for some o f  the la te r  experim ents. To compact the powder using the  

same p ressure, as per the 10 mm p e l le t s ,  a lo a d  o f 2.2}- tonnes would 

be required. Compacts (approx. 10 grams) pressed  under t h is  load  

exploded due to  the high in tern a l gas p ressure. l y  t r ia l  and error, 

the most su ita b le  load v/as found to be 0 .6  tonnes.

S in tering

The green compacts (two a t a tim e) were f ir e d  in  a platinum  

boat charged in to  a co ld  muffle furnace. To prevent ex cessiv e  

temperature grad ien ts , the charge was 'cocooned* in s id e  an in su la tin g  

brick  c o ff in .

The furnace was heated a t 50°C per hour to 1450°0, the higher 

temperature being required to o f f s e t  the low compacting pressure  

(19*3 MNT.m )• A fter soaking for 3 hours, the p e l le t s  were cooled  

w ith th e furnace.

Properties

The sin tered  p e l le t s  were 13.2f2 mm in  diameter w ith  p o r o s it ie s  

o f 25 + 2 per cen t.

3 .1 .2  Dicalcium S i l ic a t e  P e l le t s

Some experiments we re carried  out using dicalcium  s i l i c a t e  

p e l le t s  (se c tio n  4*4)* Dicalcium  s i l i c a t e  has 4  en an tio trop ic  forms,
(•) y •

alpha o C  "beta j 3  and gamma * jj . The o (.—► oC in v ersio n  

occurs at 1425°C and th e  oC— ► a t 675°C (119). When the yS



form changes to  Q du ring  cooling;, the  volume in c re a se s  by IZ/o, 

causing  th e  so c a l le d  'd u sting*  o f m a te r ia ls  in  which 2 GaO.SiO^ 

i s  an in g re d ie n t. I t  has been found th a t  a number o f su bstances 

[ Or^Oy O y  V90^, ^ 2^5 * lln20b  ̂ p rev en t th i s  in v e rs io n

by s t a b i l i s in g  the P  phase down to  room tem peratu re  (120) .  

P re p a ra tio n  o f  S ta b i l i s e d  D icalcium  S i l i c a t e  

Samples weighing 20 grams were made up from calcium  carbonate  

and p r e c ip i ta te d  s i l i c a .  These components v/ere m echanically  tum bled 

b e fo re  b e in g  re p e a te d ly  f i r e d  a t  1500°G and ground u n t i l  no tra c e  

o f SiO^ o r OaO could  be d e tec te d  by X ra y  d i f f r a c t io n .

F ive gram p o rtio n s  o f  the  p repared  m a te r ia l  were mixed w ith  

d if f e r in g  w eigh t p e rcen tag es  o f  B2<X, 0 ^ 0 ^  o r ^<-Py Each m ix ture  

v/as f i r e d  a t  1500°G fo r  6 h o u rs , coo ling  each h a lf  hour fo r 

g rin d in g  to  -120  B .S .S , mesh.

The r e s u l t s  a re  ta b u la te d  below :-

E2°3 Or2° 3
V2°5

Q uan tity
W/o R esu lt Q u an tity

W/o R esu lt Q uan tity
Wifo R esu lt

1 d u stin g 1 no dusting 1 d u s tin g

2 ii 2 ti 2 no d u s tin g

5 p a r t i a l 3 it 3 ii

m elting 4 ii 4 it

5 ti 5 ti

To re a f f irm  the  r e s u l t s ,  compacts o f  Gr?0^ and V^O,- s t a b i l i s e d  

d icalc ium  s i l i c a t e  (2 CaO.SiO?) were h ea ted  to  1500°C. A fte r 

soaking fo r  3 h o u rs , th e  G r^ ^  s t a b i l i s e d  m a te r ia l  du sted  e n c o d in g  

in  a i r ,  however specimens o f  V^O,- s t a b i l i s e d  2 CaO.SiOg d id
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not d is in te g r a te .

The structure o f  th e p e l le t s  co n sisted  o f  s in tered  2 C a0.Si02 

w ith  an is o la te d  second phase, the la t t e r  forming a continuous film  

around the grains as the amount o f  ^ 0 ^  increased . Therefore compacts 

were prepared w ith  the low est (2*&) add ition  which would

prevent du stin g .

Compaction o f  10 mm P e l le t s

During the i n i t i a l  experim ents, a number o f  compacts lam inated  

during removal from the d ie . Therefore to prevent any reoccurence, 

the in tern a l bore and plunger were coated w ith  zinc stea ra te  suspended 

in  acetone. The 2 CaO.SiC>2 powder (approx. 3*5 grams) was compacted • 

under the s ame cond itions as the 10 mm lim e specimens v iz .  a compacting 

pressure o f  7& Mff.nT and a withdraw! speed o f  1mm. min .

S in terin g

In  the absence o f a ca lc in a tio n  rea c tio n ,th e  compacts v/ere 

heated a t  30D°C per hour to  1500°C. A fter soaking for 6 hours, 

the p e l le t s  v/ere cooled  with the furnace.

P roperties

S in tering reduced the p o r o s it ie s  from 40^ Z/o to  33 -  2$, 

the new p e l le t  diameter v/as 9 ,5  mm.

3 o l.3  Preparation o f the IJelt

F a y a lite  was prepared from fhsed s i l i c a  flou r and ferrou s o x a la te . 

Although su ccessfu l w ith th e use o f the o x a la te , the y ie ld  o f  ferrous  

oxide was low due to the high weight lo s s  a ssoc ia ted  w ith  the  

evolution  o f 00, 00^ and Ĥ O during heatin g .

In subsequent preparations ca lc in ed  G.P.R. f e r r ic  oxide was 

used along w ith  e le c tr o ly t ic  iron  f i l l i n g s  and s i l i c a  f lo u r .

A mixture ca lcu la ted  to y ie ld  a m elt corresponding to fa y a l i t e



Feo0 _ + Fe --------•» 3 FeO
£ 3

2 FeO + S i0 2    2 FeO.SiOg

was induction  heated to  1300°0 fo r  complete fu sio n  in  a carbon 

susceptor (prepared from e lectrod e  carbon)© To minimise ox id ation  

both heating and cooling were carried  out under an argon atmosphere 

(99.995$ pure)©

When co ld ,, the fa y a li te  was crushed to  -120  B .S .S , mesh in  a 

Glen Oreston mixer m il l .  Any p a r t ic le s  of iron  and m agnetite were 

removed by a magnet© The chemical an a ly sis  was 63$ FeO, 3$ 

and 30$ S i0 2; X ray a n a ly s is  a lso  confirmed the m ateria l as f a y a l i t e  

(Table 1 .)

Additions to  the Melt

Manganese Oxide

Manganese oxide can be obtained e ith e r  by reducing a higher oxide 

or by heating the m etal oxa la te  or carbonate out o f con tact w ith  

oxygen. The la t t e r  was th e  easier  technique w ith manganese carbonate 

being the most economical m aterial. This was confirmed when 2 grams 

o f  MnOÔ  were heated under flowing argon on a Stanton massflow balanoe© 

The r esu lt in g  weight lo s s  and chemical a n a ly s is  showed th a t the  

atmosphere wan s u f f ic ie n t  to  m aintain the manganese coiiponent in  the 

d esired  oxidation  s ta te .

Following t h is ,  13 gram batches o f  MnOÔ  were heated in  a 

co n tro lled  atmosphere tube furnace. A fter holding for 1 hour a t  

850°G,, the charge was furnace cooled , again under argon.

To prevent ox id ation  and ly d ra tio n , the manganese oxide was 

stored  in  a vacuum d essica to r .

Other Additions

Experiments were a lso  carried  out using additions o f  calcium  

flu o r id e  and b o r ic  oxide© These m aterials were supplied as G.F,



reagents b y  B r it ish  Drug Houses Ltd. Both chem icals were dried at 

350°C for  16 hours p rior to use.
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3*2 Experimental Equipment 

3*2,1 Cone Fusion Furnace

The fu sio n  p o in ts  were determined in  a horizontal furnace w ith  

a maximum operating temperature o f  1500°C, The furnace co n sisted  o f  

an alumina work tube heated by e igh t s i l i c o n  carbide heating elements* 

Using a Variac c o n tr o lle r , the furnace temperature was r a ise d  a t a 

steady ra te  o f 5°0 per minute from 600°C to  the maximum temperature*

While some cones were heated in  a ir , the m ajority were heated in  argon* 

The in e r t gas (0*5 l i t r e s  per minute) was introduced in to  th e furnace 

through an in l e t  in  the back seal*

3*2*2 Hot Filament Microscope

The c la s s ic a l  quench method (122) o f  measuring liq u id u s temperatures 

i s  very  tedious and time consuming* An a ltern a tiv e  technique described  

by Welch (123) o ffe r s  a quick and accurate method which can be app lied  

to  s la g s . The i n i t i a l  liq u id u s temperatures were determined on the  

hot filam ent microscope (Telecommunication Instruments Ltd*) shown 

in  P la te  5* I t  comprises a microscope w ith  l ig h t  source, a gas t ig h t  

c e l l  and a P t -  3$ Rh, P t -  Rh thermocouple* The fV! shaped 

thermocouple acted as a heating element and a cru c ib le , Ely using a 

high speed r e la y , i t  was p o ss ib le  to heat the couple (and hence the 

sample) and read th e temperature at v ir tu a l ly  the same in s ta n t.

Before studying the lim e -fa y a lite  system , experience was gained w ith  

potassium  sulpha.te which p ossesses a sharp m elting point a t 1072°0, 

undergoes a polymorphic tr a n s it io n  a t 380°C w ith  minimum b ifr in g en ce  

at 420 0. With p r a c tic e , th ese  temperatures were reproducible to  

w ith in  + 10°0*



3*2*3 Immersion Furnace

During the design s ta g e , i t  was estim ated th at the maximum 

temperature required would he 1550°0, accordingly platinum was 

chosen for  the furnace elem ent. But a f te r  only lim ited  operation  

to  1300°0, d i f f i c u l t i e s  were encountered w ith  pronounced th inning  

of the windings; requiring the furnace to  he dismantled for welding  

or rewinding, F in a lly  w ith  the windings f a i l in g  every other week, 

a new furnace was constructed around a tubular G ru silite  D.M, type 

element (P la te  6 ). The gen era l arrangement i s  shown in  P la te  7 and 

the furnace sec tio n  i s  shown in  d e ta il  in  P ig . 3«

An open ended alumina tube (im long 39 mm o /d  30 mm i /d )  was 

in serted  in s id e  the heating elem ent, protruding above and below the  

furnace. P itte d  to both ends were water cooled aluminum heads sea led  

to  the tube w ith  '0 ! rings* The top. head had a centre bore through 

which a refractory  tube was in ser ted  and rota ted  i f  required . The 

bottom head supported an alumina tube (25 mm dia*) w ith  a ceramic plug  

on which r e sted  the cru cib le  in  the hot zone.

Temperature Control and Measurement 

The power input to the furnace v/as governed by a Euro therm 070 

Hark I I  th y r is to r  drive c o n tr o lle r  (0-25 amp "with current l i m i t ) ; the  

temperaturebeing con tro lled  by means o f  a -thermocouple(pt5^Rh-Pt 2 0 /

Rh) p laced  c lo se  to the heating elem ent,

Tanperatures in  the hot zone (73 mm long) were measured w ith  a 

Pfc -  P t 1 3 / Rh thermocouple in serted  through th e bottom head and 

lo ca ted  in  the ceramic plug. I n i t i a l l y  the thermocouple was connected  

to  a Honeywell m il l iv o lt  recorder (ca lib ra ted  in  °0) but th is  was 

found to be inaccurate a t high temperatures due to an induced e .ra .f. 

Above 1000°0 the thermal emf was measured w ith  a Cambridge P ortab le  

Potentiometer*



Crucibles

The m elts were held  in  iron  (*06 carbon) cru cib les suspended by 

s ta in le s s  s t e e l  w ire from the top head* The cru cib les were 40  mm dia. 

high x  40 mm in  diameter*

Furnace Atmosphere 

To prevent the oxidation  o f  the cru cib le  and m elt, high p u rity  

argon (99*993/) was passed through the furnace a t a flow  ra te  o f  

0*3 l i t r e s  a minute* Every week, the e x it  gas. was sampled and 

checked for oxygen (leak s) using a F ison rs Gas Chromatograph.



3*3 Experimental Procedures 

3»3# 1 Cone Fusion Studies

Cones were prepared from mixtures o f lim e and fa y a l i t e  (-120 +

130 mesh). To ensure homogeneity the two components’were mixed 

together fo r  2 hours in  an a ir t ig h t  contain er. The powder together  

with a hinder ( 1 Yft $  HĤ  CL and a lcohol) was pressed infco a 

tr iangu lar  mould. Each cone was mounted onto an alumina cement hase 

(P late 8) so th a t when in ser ted  in to  the furnace, the v e r t ic a l  face  

was p a r a lle l  to  -the lon g itu d in a l ax is o f the tube.

A fter flu sh in g  w ith  argon, the furnace was heated a t 150°C per hour 

to  600°C, a fte r  which th e temperature was increased by 3°C per minute. 

During heating, the behaviour o f the cones was observed through a 

cross-w ire  cathetometer viewing through a s i l i c a  g la ss  window in  one 

end o f the furnace tube (P la te  9)#

3* 3* 2 Determination o f the I n i t i a l  Liquidus Temperature

To confirm whether the i n i t i a l  deformation o f the cones co incided  

w ith  the s ta r t  o f  m elting, a sm all quantity o f each mixture was heated  

in  the hot filam ent microscope.

To load  the sample onto the thermocouple, the t ip  was m oistened  

'w ith alcohol# A fter making the e le c t r ic a l  connections, th e c e l l  was 

flushed  w ith argon. Yfhilst maintaining an in e r t  atmosphere, the  

temperature was slow ly increased  u n t i l  the c:cystals s ta r ted  to  d is so lv e  

between the arms of the thermocouple.

Since th e  m elts contained. FeO and IinO, i t  was thought th ese might 

contaminate the thermocouple function  and g ive  r is e  to  errors in  the  

temperature measurements. A fter cleaning a number o f thermocouples 

in  b o ilin g  hydrofluoric acid , subsequent redeterm ination o f  the m elting  

p o in t o f  a standard substance (potassium  sulphate) showed no suoh
I

contamination has occurred. However as a precaution the thermocouple



was renewed a fte r  each measurement.

3 .3 .3  Immersion Experiments

A ll th e experiments were carried  out a t 1300°C because th is  

represents th e  average hot m etal temperature a t the beginning o f  

the blow in  a L.D. converter. The cone fu sion  r e su lts  (S ection  4* 2.2) 

confirmed th at a l l  the m elt com positions (except 20 Yft/MnO) would 

be molten at th is  tenperature under an in e r t  atmosphere.

The p e l le t  assembly i s  shown in  P la te  10. The p e l le t  was 

attached by s ta in le s s  s te e l  w ire to  an alumina tube (6 mm o /d  

4  mm i / d ) .  This 30 mm long tube was secu rely  fasten ed  between two 

halves o f a p a r t ia l ly  s p l i t  sp ind le  (alumina tube 12 mm o /d  8 mm i /d )  

supported by a s ta in le s s  s t e e l  s le e v e .

S ix ty  grams o f  the required melt were placed in  the cru c ib le , 

b efore being lowered in to  th e rea c tio n  tube. To prevent sp a llin g  on . 

immersion, the p e l le t  was held ju st  above the cru cib le  (but s t i l l  in  

the hot zone), however a few t e s t s  were carried  out w ith large  p e l le t s  

preheated; to 1000°C and 600°C. [ At 600°G -  10 runs produced only

4  r e su lts  -  in  the others the p e l le t s  sp a lled  ] •

After flu sh in g  out the qystem w ith  argon for 30 m inutes, th e  

furnace tenperature was slow ly increased  over a 6 hour period to 

1300°0. The temperature in  the hot zone was allowed to  eq u a lise  for  

1 hour, before th e p e l le t  was immersed for the required tim e. The 

bulk d e n s it ie s  o f 6 p e l le t s  (2 o f  each s iz e )  increased  by a very  

sm all amount (< 1 $ )  a fter  r e f ir in g  for  1 hour a t 1300°G.

In the i n i t i a l  experim ents, the p a r t ia l ly  d isso lv ed  . p e l le t s  

were withdrawn and a ir cooled , but t  he rea ctio n  zones shattered  

due to the in version  of dicalcium  s i l i c a t e .  The outer layers were 

reta in ed  a fter  quenching in  w ater, but the observation o f m agnetite  

dendrites in d icated  th a t the surface had o x id ised . Both problems



were overcome by fa s te n in g  the c ru c ib le  to  the  top  head so t h a t  the  

whole assenibly (c ru c ib le  + p e l l e t )  could  be withdrawn and quenched.

In  th e  dynamic experim ents, a s t i r r e r  motor (G-allenkamp 

V ariab le  Speed) was u t i l i s e d  to  r o ta te  the p e l l e t  upon immersion in  

the  m e lt. The motor cou ld  not be connected  d i r e c t ly  to  the  top  o f 

th e  sp in d le  because th e  assenibly had to  be withdrawn very  qu ick ly  fo r 

quenching. In s te a d  th e  two were connected by a le n g th  o f po ly thene  

tub ing  which allowed th e  motor to  be p laced  a t  90° to  the sp in d le  

and approxim ately  13 cm. away from the to p  head (P la te  l l ) .  The 

cho ice  o f 141 cm. per m inute fo r  the r o ta t io n a l  speed was p u re ly  

a r b i ta r y ,  th e  number of re v o lu tio n s  (60  rpm fo r  the sm all and 33. 

rpm fo r  th e  la rg e  lim e p e l l e t s )  being measured by a hand tachom eter 

and checked w ith  a s to p  w atch.

3 .3*3 .1  Specimen P re p a ra tio n  fo r  M icroscopic Exam ination

A f t e r  r e m o v in g  t h e  b o t t o m  o f  t h e  c r u c i b l e  b y  s u r f a c e  g r i n d i n g ,

t h e  r e m a in d e r  w a s  m o u n te d  i n  a  c o l d  s e t t i n g  r e s i n ,  ( M e t s e r v  M e t s e t  

FT). To p r e p a r e  a  s e c t i o n  f o r  e x a m i n a t i o n ,  t h e  s p e c im e n  w a s  g r o u n d  

o n  s i l i c o n  c a r b i d e  p a p e r s  ( 1 5 0  a n d  6 0 0  g r a d e s  o n l y )  f o l l o w e d  b y  

p o l i s h i n g  o n  a  d i s c  im p r e g n a t e d  w i t h  l / 4  m ic r o n  d ia m o n d  p a s t e .

Two e tch an ts  were used  fo r  th e  specimens

1. 2$ n i t r i c  a c id  in  a lco h o l (N ita l)

2. %  aqueous copper su lp h a te  so lu tio n

3 .3 .3 * 2  E lec tro n  Probe A nalysis

In  the f i e l d  o f r e f r a c to r i e s ,  m ic ro an aly sis  has been used  to  

s tu d y  th e  d i s t r ib u t io n  o f elem ents in  m agnesite b r ic k s  (124) and the  

com position g ra d ie n ts  formed during  s lag  and g la s s  co rro s io n  (1 2 5 ).

In  th i s  in v e s t ig a t io n ,  th e  m ig ra tio n  of oxides to  and from the 

d is so lv in g  lim e was fo llow ed using  an updated Cambridge Micro a n a ly s e r  

Mark IIA  p o ssess in g  two sp ec tro m ete rs .



A c ro ss-se c tio n  1/4" in  diameter and 1/8" th ick  was trepanned 

from the lim e-m elt rea ctio n  in ter fa ce  o f the mounted specimens.

A fter rep o lish in g  to l / 4  micron f in is h ,  the surface was coated w ith  

evaporated carbon to a llow  the current from the beam to  flow  away to 

earth . A fter fin d in g  a su ita b le  area in  the attached o p tic a l
I

m icroscope, the specimen was ro ta ted  under the e lectron  beam. The 

an a lysis  was made a t an accelerated  p o te n t ia l o f 25 k i lo v o lt s  w ith  

a probe current o f 8 milliraicroamps. P olaro id  photographs were 

taken o f the e lectron  backscatter from the se le c te d  area along w ith

X ray images o f  calcium , iro n , s i l ic o n  and manganese ( i f  p resen t).

Numerous attempts using the ava ilab le  c r y s ta ls ,  S tearate  and 1C.A .P ., 

fa i le d  to d etec t flu o r in e  (atomic number 9) or boron (atom ic number

5).
The concentration  p r o f i le s  were produced by taking a 10 second  

in tegrated  count o f  the elem ent’s rad ia tion  in  a 38 micron square, 

then repeating  the procedure across the in te r fa c e .

The in te n s ity  o f  the rad ia tion  from the specimen was ca lib ra ted

again st a kncwn standard. The ca lcu la tio n  o f the true concentration  

from the measured in te n s ity  r a t io , involved a s e r ie s  o f  correction s  

(dead tim e, bac]iground n o ise , secondary flu orescen ce, adsorption and 

the atomic number e f f e c t )  (126) .

3* 3* 3* 3 Determination o f  Bulk Volume and Surface Area

Bulk Volume

The methods used prev iou sly  to  monitor the d is so lu tio n  o f lime 

are d iscussed  in  sec tio n  2.7# In th is  in v e s tig a tio n  bulk volume was 

considered a su ita b le  rea ctio n  parameter fo r  the fo llow ing  reason s:-

1. The uniform ity ( s iz e  and p o rosity ) o f  the p e l le t s

2. Any 'adhering m elt would be removed by the 2 OaO.SiO^ in v ersio n .



The main disadvantage was th a t a l l  the inrnersion experiments 

had to  he duplicated  for  q u a lita tiv e  and q u an tita tive  examination*

The hulk volume was ca lcu la ted  from th e  weight o f  the p e l le t  + 

holder in  a ir  and in  a d en sity  b o t t le  containing paraffin* HLate 12 

shows the two d en sity  h o t t le s  (o r ig in a lly  large  h o ilin g  tubes) 

mounted on A rald ite MY750 r e s in  "bases* For the stopp ers, s in tered  

g la ss  connectors were f i l l e d  w ith  r e s in , through which a f in e  hole was 

d r il le d  down the centre*

Following immersion, the reacted  specimen was quenched very  

quickly in  a g ita ted  h r in e , th is  fractured the m elt la y e r , thus 

allowing th e 2 GaO.SiOg in version  to occur * A fter removing hoth  

the p e l le t  and holder from the sp in d le , a p la s t ic  f ilm  (-err* 001 grams) 

was sprayed onto the p e l le t  to  prevent p a ra ff in  in f i l t r a t in g  the pores. 

ca lcu la tio n  o f the volume o f p e l le t  + holder

w eight o f  [ "bottle + p a ra ffin  ] + p e l le t  + holder in  a ir

(w eight o f  ( "bottle + p a ra ffin  ] + w eight o f  [ p e l l e t  + holder] 

in  p a r a ff in )

as equivalent weight o f p a ra ffin

volume = equ ivalen t weight o f  p a ra ffin  
density  of p a ra ffin

volume o f p e l le t  l o s t  during rea c tio n  =

volume o f [ p e l le t  + holder ] -  volume o f [ p e l l e t  + holder ] 

before immersion a fte r  immersion

This technique was sa tis fa c to r y  for  the fo llow ing  systems 

OaO -  2 FeO.SiOg 

CaO -  2 Fe0*Si02 + MnO 

OaO -  2 FeO.SiOg + CaFg

2 CaOoSiOg -  2 FeO.SiOg (referred  to  in  sec tio n  4*4<*1*2)

However i t  cou ld  not be used fo r  the CaO-2 FeO.SiCL + B 0 ,2 2 3
system  because the m elt overflowed, the cru cib le  and the s o l id i f i e d



layer  around the lim e did not sh a tter  on quenching (BgO  ̂ i s  a j g  

2 OaO.SiOg s t a b i l i s e r ) .

Surface Area

I f  'h 1 i s  the mean length  o f the p e l le t  attacked and the 

average diameter along th is  length  as determined hy a micrometer i s

d where d = d. + d
2

d̂  and d^ are the mean diameter before and a fter  d is so lu tio n  

then the area o f  p e l le t  surface attacked i s  g iven  by

A = I l d h  + V ^ - l l d 2
\  .

where d i s  the mean diameter o f  the lower face of the p e l le t .

3 .3 .4  P enetration  Experiments

I t  was hoped th a t these experiments would provide an in s ig h t  

in to  the penetration  o f liq u id  oxides in to  porous lim e. A hole  

(5 mm in  diameter and 5 mm in  depth) was d r il le d  in  one end o f  a large  

lime p e l le t .  The c a v ity  was ' f i l le d  w ith  powdered fa y a l i t e ,  a fter  

which the p e l le t  was f ir e d  a t 1300°0 for a p rese lec ted  time (va ry in g - 

from 5 minutes to  1 hour). On coolin g  down, th e lim e-m elt in ter fa c e  

sh attered  due to the dicalcium  s i l i c a t e  in version . This phase 

transform ation could  not be prevented even by quenching in  w ater, 

consequently the experiments were abandoned.

]



4* Experimental R esu lts and Observations

These are reported for the follow ing combinations o f p e l l e t  

and m elt.

1. Lime -  F a y a lite

2. Lime -  F a y a lite  + Manganese Cbd.de

3* Lime -  F a y a lite  + Qther F luxes

4o Dicalcium  S i l ic a t e  -  F a y a lite

For each system the r e su lts  and observations are subdivided in t o : -

1 . Cone Behaviour

2. I n i t ia l  Liquidus Temperatures

3. Immersion Experiments

4 .1  L im e-Fayalit e System

The main con stitu en ts  o f steelm aking s la g s  are lim e, iron  oxide 

and s i l i c a .  ■ The appropriate equilibrium  diagram i s  th at for the 

CaO-FeO-SiOg system (P la te  2) where the oxide phases are in  equilibrium  

w ith m eta llic  iron . The main feature to note i s  the 2 CaO.SiO^ + 

liq u id  phase f ie ld  which forms a high tenperature ridge between lime 

and fa y a l i t e .

4 .1 .1  Cone Behaviour

During heating the cone changes from a porous heterogeneous 

s o l id  in to  a v iscou s l iq u id , never reaching Accept during slow heating) 

chem ical or p h ysica l equilibrium . Deformation begins when s u f f ic ie n t  

• liq u id  has formed fo r  flow  to occur under grav ity  continuing as the 

temperature i s  ra ised  u n t i l  an arb itary  end p oin t i s  reached.

Two temperatures were recorded: -

1. The temperature a t which the cone t ip  s ta r ted  to bend

2. The temperature a t which the specimen had com pletely  

co lla p sed .

In  add ition  to tabulating the i n i t i a l  and f in a l  co lla p se  temperatures



(Table 2 ) , the r e su lts  are superimposed on the OaO -  2 FeO.SiO^ 

iso p le th  (Fig* 4)* The is o p le th  i s  a se c t io n  through the CaO-FeO-SiOg 

ternary showing the liq u id u s and so lid u s temperatures o f  phases  

in ter sec te d  by a l in e  from the CaO corner to  the 2 FeO.SiO^ com position  

on the FeO-SiOg binary (F ig . 5)*

At the 2 FeOoSiOg end o f  th e iso p le th , both temperatures were 

reduced by an ad d ition  o f  10 Wt/o OaO. But as the OaO content 

increased above th is  va lu e , th e i n i t i a l  co lla p se  temperature increased  

sharply. The equilibrium  liq u id u s temperature fo llow s a s im ila r  trend  

across the iso p le th . I n i t ia l l y  there i s  a sm all decrease (from 120i°0  

to  1150°0), but a fte r  8 V/t/o OaO the remaining portion  o f  the liq u id u s  

curve increases sharply as the se c t io n  in te r se c ts  the FeO + l iq u id  . 

and 2 OaO.SiO^ + liq u id  phase f i e ld s .

In the range 0 —*30 Wtyo CaO the deformation o f  th e cones was 

continuous from th e  on set o f  bending to the f in a l  c o lla p se . With 

higher OaO com positions, deformation appeared to cease a fte r  the  

i n i t i a l  bending o f  the t ip  and i t  d id  not resume u n t i l  20°0 before  

the f in a l  co lla p se  temperature.

Although the iso p le th  can g ive  u se fu l inform ation i t  cannot be

used to  ca lcu la te  the amount o f  liq u id  present a t any p a r ticu la r

temperature for any com position along the CaO-2 FeO.SiO^ jo in .

These were ca lcu la ted  from the ternary diagram and are p lo t te d  in

F ig. 6 . The most in te r e s t in g  feature o f  th is  p lo t  i s  th e d iffe re n c e

in  the r a t io  increase in  % l iq u id
u n it increase in  temperature

for various com positions at equilibrium . For com positions up to

30 V/i$ CaO, the r a tio  i s  high ( i . e .  the graph o f  fa l iq u id  aga in st



temperature i s  s te ep )0 This means th at a sm all increase in  temperature 

produced a la rg e  in crease  in  the liq u id  content* For com positions 

r ich er  than 30 OaO, the r a t io  i s  low in d ica tin g  that a large  

increase in  temperature produces only a sm all change in  the amount 

o f liquid*,

Changing the atmospheric con d ition s in s id e  th e furnace (from  

argon to  a ir )  produced a marked increase in  the m elt co lla p se  

temperatures* The r e s u lt s  are tabulated  in  Table 3 and p lo t te d  on 

a sec tio n  from the GaO-SiO^-Fe^O^ phase diagram (F ig . 7)* At low  

concentrations of OaO, both co llap se  temperatures Were reduced but 

th is  trend was reversed as the proportion o f  CaO exceeded 1+0/0 by 

weight* Cones w ith  a high proportion o f  CaO co llap sed  in  a sim ilar  

manner to  those heated in  argon i . e .  a period  o f v e iy  l i t t l e  observed 

movement a fter  the i n i t i a l  bending o f  the t ip .  Again th is  can be 

asso c ia ted  w ith  the percentage liquid-tem perature r e la t io n sh ip  (F ig . 8 ) .  

4*1*2 : I n i t ia l  Liquidus Temperature

The temperature range in  which a liq u id  was formed for each 

composition (4  runs on each) determined by the hot filam ent microscope 

technique i s  shown in  Tables 2 and 3 and p lo tte d  in  F ig s. 4  and 7*

These r e su lts  support the hypothesis th at the i n i t i a l  deformation o f  

the cones coincided w ith  the form ation o f a l iq u id  phase. Continuous 

heating above these temperatures gave some q u a lita t iv e  in d ica tio n  o f  

the m elting range o f the various lim e-m elt m ixtures. Here again , 

melt r ic h  com positions were soon com pletely molten w h ile  those  

enriched in  lim e had a longer m elting range. Sim ilar behaviour was 

observed when th e  mixtures were heated in  a ir .  However i t  was only  

compositions above 4 Ofo lime which had long m elting ranges.

Mi th  the good co rre la tio n  between the experimental r e s u lt s  and 

the liq u id u s and so lid u s  temperatures across the is o p le th , experiments



were carr ied  out w ith  add itions o f  manganese oxide, calcium  flu o r id e  

and b o r ic  oxide to  l im e -fa y a lite  m ixtures.

4 .1 .3  Immersion Experiments 

4 .1 e3 * l Small Lime P e l le t s

M icroscopic examination o f  immersed specimens revea led  f iv e  

d is t in c t  zones

2 F e0 .S i02 

liq u id

2 CaOoSiCL • FeO 'CaO + FeO2 • '
i i

s o l id  | liq u id ! so lid +
| | liq u id

Unreacted CaO 

s o lid

w ith  the products o f  the heterogeneous reaction

2 PeO.SiOg + 2 CaO ---------- 2 Ca0.Si02 + 2 PeO separating  the

p e l le t  from th e melt (P la te  13)* The s o lid  2 CaO.SiO^ etched dark

by rN ital* l i e s  v e r t ic a lly  dovrn the centre o f  th e  p la te . The w hite

phase, r ic h  in  iron ox ide, separating the CaO from 2 C a0.Si02 was

liq u id  a t 1300°C. During in f i l t r a t io n  o f  th e porous s o l id ,  the iron

oxide l iq u id  d isso lved  the sin tered  necks between the lim e grains

(p la te  14) • In sid e  the in f i l t r a t e d  pore system  there were two other

phases, m e ta llic  iron and tr ica lciu m  s i l i c a t e  (3 C a0.Si02) .  The

presence o f  m e ta llic  iron  in  the m icrostructure (revealed  by the

p r e c ip ita t io n  o f  copper from copper sulphate so lu tio n ) (P la te  13)

il lu s tr a te d  the d if f ic u lt y  in  d if fe r e n t ia t in g  between isotherm al

and athermal rea ction  products. Although the 0a0-Pe0-Si02 ternary

system has no m eta llic  iron  phase f i e ld ,  i t  i s  a component o f  the

Ca-Fe-Si-0 system. F le isch er  and F ischer (68) put forward the

follow ing reaction  to  account for i t s  presence, 3 PeO + 2 CaO — *■

2 CaO.Pe^O-. + Pe. (Lime in  contrast to  s i l i c a  s t a b i l i s e s  the fe r r ic  2 3
s t a t e ) .  But iron i s  a lso  a product o f the athermal decom position  

o f  w u stite  4  PeO —* Pe + ^e^0^ (77) ©

Tricalcium  s i l i c a t e  can a lso  be p r e c ip ita te d  isotherm ally  or  

athermallyo The 3 CaO.Si02 c r y s ta ls  formed on coo lin g  from the



l iq u id  s ta te ,  were e a s i ly  recognised  by th e ir  n eed le lik e  shape*

Both types were present in  the m icrostructure o f  a p e l l e t  immersed 

fo r  6 minutes (P la te  1 6 ). The coarse isotherm al c r y s ta ls  were 

red isso lv in g  a t the rea ctio n  tenperature o f  1300°0*

N.B. Under equilibrium  coo lin g  3 GaO.SiO^ decomposes in to  CaO +

2 C a0.Si02*

With only b r ie f  immersion times the iron  oxide r ich  liq u id  

s o l id i f ie d  as a s in g le  phase (P la te  13) o However w ith  longer tim es, 

a e u te c tic  could be reso lved  between the w u stite  dendrites (P la te

1 7 ) .

A fter only  10 seconds immersion, the p r e c ip ita te d  p a r t ic le s  o f  

2 CaO.SiO^ were observed to  be agglomerating in to  sm all groiqps 

(P late  1 8 ). This process continued u n t il  a compact layer was formed 

around th e  p e l le t  (P la te  13) • As th e  immersion time in creased , there  

was a gradual tr a n s it io n  from a planar to  a corrugated 2 CaO.SiO^ 

rim w ith  large  aggregates breaking away in to  the liq u id  phase 

(P late  19) * An average rim width was ca lcu la ted  from readings taken  

around the specim en's circum ference, the r e s u lt s  (Table A P ig . 9) 

show a maximum th ickness a fte r  4  m inutes. Examination o f  a specimen 

immersed for t h is  period o f  time (P late  20) revea led  d isso lv in g  

cry s ta ls  o f  3 CaO.SiCj adjacent to  the 2 CaO.SiO^ rim.

To a ssess  the reaction  mechanism for  the form ation and growth 

‘o f  a s o l id  product, in e r t markers have been used to  estim ate the 

r e la t iv e  d iffu s io n  ra tes  o f  the reactin g  sp ec ies  (l27)o  In  th is  

in v e s tig a tio n , however i t  would have been extremely d i f f i c u l t  to  

d ev ise  an accurate experim ental technique sin ce  the 2 OaO.SiO^ la y er  

was separated from the p e l le t  by a l iq u id  phase. But an in s ig h t  in to  

the reaction  mechanism can be gained from the microexamination o f  a 

specimen immersed fo r  7 minutes (P la te  2 l ) .  The m icrostructure



shows the p rec ip ita ted  la y er  to have moved invards as the p e l le t  

receded during d isso lu tio n .

I n i t ia l ly  th e  melt s o l id i f ie d  as fa y a li te  + e u te c tic  (P la te  1 3 ), 

hut as i t  became enriched in  CaO, primary w u stite  (P la te  22) and 

the e u tec tic  CaO-FeO-SiOg (P late  26) occurred as phases in  the s o l id  

s ta te .  Botating the lim e p e l le t  produced a corrugated melt -

2 Ca0.Si02 in ter fa ce  (P late  23) w ith  a th icker 2 CaO.SiOg layer  on 

the convex part (viewed froimthe p e l le t  s id e ) .  As the immersion 

time increased th e 2 Ca0.Si02 p r e c ip ita te  appeared as a s o lid  mass 

between the p e l le t  and the melt (P la te  24) although some liq u id  had 

penetrated through to  the m elt. The maximum width o f  the p r e c ip ita te d  

la y er  (Table 4 Figo 9) * occurred on a specimen immersed for 4  m inutes. 

On the same specimen (P late  25) a region of melt was observed in  the  

l iq u id  phase. The corrugations and liq u id  extrusions along the  

is o la te d  melt region  -  2 CaO.SiOg in ter fa ce  resembled those along the 

bulk m elt boundary.

A fter 4  minutes, the 2 CaO.SiC>2 layer  had decreased in  th ick ness  

(P late  26 ), hcwever i t  s t i l l  remained corrugated. The te n a c ity  o f  

the 2 CaO.SiOg p a r t ic le s  was c le a r ly  v is ib le  from the specimen 

immersed for 3 m inutes. Besides s in ter in g  in to  sm all groups (P late  

28) the p a r t ic le s  formed a coherent network in sid e  the GaO-FeO -  

liq u id  phase (P late  27).

4 .1 .3 .1 .1  E lectron Probe A nalysis

P la te  29 shows a s e r ie s  o f scanninig images (e lectron  and X ray) 

o f a sec tio n  o f  the rea ction  in ter fa c e  from a specimen immersed for

3 m inutes. As expected, the concentration o f calcium  gradually  

decreased from bottom r ig h t to top l e f t  i .  e. moving from th e reacted  

p e l le t  towards the m elt. In con trast the d is tr ib u tio n  o f  s i l i c o n  was 

high est in  the m elt w ith  a sharp drop occurring a t the 2 GaO.SiQ -



l iq u id  in ter fa c e . Along th is  in ter fa c e , there was a zone depleted  

in  iro n , but th e d is tr ib u tio n  increased in  the regions surrounding 

the lim e g ra in s . Concentration p r o f ile s  (F ig . 10) for calcium , 

iron  and s i l i c o n  (expressed as oxides) were p lo tted  across the 

lim e-m elt rea c tio n  zone. These p r o f ile s  do no g ive  the true com position  

of phases because some overlap in  the area under the e lec tro n  beam 

nearly always occurred.

The important fea tu re  o f F ig . 10 i s  the sudden decrease in  the  

SiOg concentration at the 2 CaO.SiO^ layer  ( <  1 in  th e iron  

oxide -  lime l iq u id ) .  A separate an a lysis  o f  the 2 OaO.SiO^ produced 

the follow ing com position 30 Y/t% SiO^, 68 Yltfo CaO, 2 Y/ty FeO, th is  

agrees w ith  the fin d in gs o f Obst e t  a l (42) who found th at iron  

could su b stitu te  for calcium in  the 2 CaO.SiOg s h e l l s  surrounding 

p a r t ia l ly  reacted  lime extracted  from an ID v e s s e l .

' The concentration  o f  iron  oxide gradually decreased fromihe 

bulk m elt tavards the p e l l e t ,  but there was a sudden increase in  

concentration  in s id e  th e  2 Ca0.Si02 rim. The concentration  o f  lime 

showed a reverse trend  to  iron oxide i . e .  gradually decreasing from 

the 2 CaO.SiO^ rim towards the bulk m elt.

Another way o f  i l lu s t r a t in g  the p r o f i le s  was to p lo t the r e s u lt s  

on the 1300°C isotherm o f  the CaO-FeO-SiOg ternary (F ig . l l ) .  From 

the melt conposition  on the FeO-SiO^ b in ary , the concen tration  path  

moved along the 30 'Y/t/o SiO^ isocon centration  l in e  in to  the 2 CaO.SiOg 

+ liq u id  phase f ie ld .  This was follow ed by a sudden change towards 

the FeO corner before th e  com positions moved f in a l ly  towards the  

CaO-FeO b inary.

4.1o3*2 Large Lime P e l le t s

Although the m icrostructures resembled those observed around 

sm all s t a t ic  p e l l e t s ,  there was one major d ifferen ce . This was the



athermal p r e c ip ita t io n  o f 2 CaO.SiOg dendrites around the 2 CaO.SiO^ 

p a r t ic le s  present at 1300°G (P late  30) • The p a r t ic le s  which were 

present a t the rea c tio n  temperature formed a th in  cohesive la y er  

(Table 5 F ig . 12) between the m elt and the lim e-iron  oxide liq u id  

(P la te  3 l)  • S im ilar m icrostructures were observed when the p e l le t s  

were ro ta ted  (P la tes  33, 34) • Although the 2 Ca0.Si02 layer remained 

very c lo se  to the lim e surface, is o la te d  regions o f  m elt were found 

in  the lim e-iron  oxide liq u id  (P la te  33) a fte r  long immersion tim es.

4* 1*3* 3 D is so lu tio n  K in e tic s
v

The r e s u lt s  o f the q u a n tita tiv e  experiments are tabulated  in  

Tables 6 and 8 and presented grap h ica lly  in  F ig . 13 and 14 'where 

the volume lo s s  per unit area i s  p lo tte d  aga in st the immersion time. 

The graphs fo r  the sm all p e l le t s  show a change in  d is so lu tio n  ra te  

a fter  a rea c tio n  time o f 3-4  minutes in  both the s t a t ic  and dynamic 

experiments. Yfith short immersion tim es, th e  in flu en ce o f preheat 

temperature can be seen from Table 10 and F ig . 15. The delay in  

d isso lu tio n  was almost c er ta in ly  due to the b u ild  up o f a frozen  

la y er  o f  m elt on the p e l l e t  immediately upon immersion.

I t  was evident th at p e l le t  ro ta tio n  increased  the d is so lu tio n  

o f  lim e, th is  was true for the two s iz e s  o f p e l le t  immersed in  the  

d iffe r e n t m elts. A v isu a l comparison o f the d is so lu tio n  r a te s  in  

the various m elts (2 FeO.SiO^, 2 FeO.SiO^ + MhO, 2 FeO.SiC>2 + CaF^) 

can be made from P la te s  36 to  39. The actu a l d is so lu tio n  r a te s  

obtained from the lin ea r  portions o f the graphs are given in  Table 1 1 .



4*2 Llme-Fa.yalite -h 10 \fi0o Manganese Oxide System

Although very l i t t l e  i s  known about th e Ca0-Fe0-Mn0-Si02 

quaternary system , a number of stu d ies have been made on th e  three  

binary systems (77)

MnO-FeO ) These are not true binary systems because manganese l ik e

' \  /  2+  3+MhO-GaO ) iron can e x is t  in  a number o f oxidation  s ta te s  (Me Me

MhO-SiOg ) e tc )  depending upon the oxygen p o ten tia l

Manganese oxide (MnO) i s  very sim ilar  to w u stite  (FeO) in  i t s  rea ction

w ith s i l i c a ,  forming a s i l i c a t e  2 MnO.SiOg w ith  a congruent m elting

p oin t. However the two oxides react d if fe r e n t ly  w ith  lim e , FeO forms

two s o lid  so lu tio n s w ith  a minimum a t 1108°C., whereas MnO forms a

complete s o l id  so lu tio n  s e r ie s  w ith  the so lid u s never f a l l in g  below

1700°0. In a ir , both MnO and FeO react w ith  oxygen to form

Fe2°3 Fe3°4
Mno0„ Mĥ O,

2 5  5 4

F erric oxide (Fe20~) begins to d is so c ia te  a t 1200°C in  a ir .  The 

d isso c ia t io n  a t f i r s t  in creases regu larly  and at a s te a d ily  increasing  

ra te  w ith  the temperature, corresponding to the formation o f Fe^O  ̂

and a s o l id  so lu tio n  between i t  and the remaining FegO  ̂ (l2 8 )„

In the manganese-oxide system , the tenperature o f  equilibrium  

co -ex isten ce  o f Mn20  ̂ an<I ®70°C In a ir (l29 )»

4*2.1  Gone Behaviour

A 10 Yfitfo addition o f  MnO increased both  th e  i n i t i a l  and 

f in a l  co lla p se  temperatures o f com positions along the GaO-2 F e0 .S i0 2 

iso p le th  (Table 12, F ig . 1 6 ). With a further in crease  to 20 Wt/o MnO 

(Table 13 Fig* 17) both the co lla p se  temperatures hat the m elt r ich  

end were h igher, but for com positions w ith  a CaO to 2 F e0 .S i02 r a t io  

o f 3 :7 , 4 :6  and 5 :5 , the f in a l co llap se  temperature remained constant  

at 1460°G. In a ir , manganese oxide was p a r tic u la r ly  e f f e c t iv e  in



reducing the i n i t i a l  and f in a l  co lla p se  tenperatures of th e  pure m elt 

and lim e r ich  compositions- (Tables 14 and 15, F ig s . 18 and 19) .

4 .2 . 2 I n i t ia l  Liquidus Temperatures

Compared w ith the r e s u lt s  from the CaO- 2 -FeOiSiOg system , 

manganese oxide (Tables 12 and 13, F ig s . 16 and 17) produced an 

increase in  the tenperature at which a l iq u id  phase appeared. But 

in  a ir , the oxide addition reduced the i n i t i a l  liq u id u s tenperatures  

(Tables 14 and 15, F ig s . 18 and 19).

4 .2 .3  Immersion Experiments

4 * 2 .3o l Small Lime P e l le t s

The rea ction  zone around a specimen imnersed for 1 minute (P la te  

40) resembled th at between lim e and fa y a l i t e  (P late  13)* However 

there was l e s s  penetration  o f  the porous p e l l e t  by the l iq u id  ox id es. 

The d ifferen ce  can be c le a r ly  seen by comparing the m icrostructure o f  

reacted  p e l le t s  (H a tes  41 and 14) 'which were immersed for  3 m inutes. 

Even a fter  6 minutes there was s t i l l  a su b sta n tia l amount o f  d ir e c t  

bonding between the lim e grains (P late  42)»

The presence o f  .the two reaction  products ( liq u id  oxides and 

s o lid  2 CaO.SiO^) ind icated  th at the lim e-m elt iso p le th  s t i l l  

in tersec ted  the 2 CaO.SiOg + liq u id  phase f i e l d .  As the immersion 

time increased  the tr a n s it io n  from a planar to  a corrugated rim was 

again ev id en t, however s ig n if ic a n t  d ifferen ces  were observed in  the  

' s p a t ia l  d is tr ib u tio n  o f 2 CaO.SiO^ along the rim (P late 4 3 ). Whereas 

only a th in  layer  had p rec ip ita ted  along the peaks (viewed from th e  

lim e s id e) there was a large number o f 2 CaO.SiOg p a r t ic le s  a t th e  

base o f each trough. With in creasin g  immersion tim e, the troughs 

became V shaped w ith  2 CaO^SiOg p a r t ic le s  breaking away from the  

rea ctio n  in ter fa c e  (P late 44) * Ike peak th ick n ess o f the 2 CaO. SiO^ 

layer  (Table 4  F ig . 9) occurred on a specimen immersed for 4  m inutes.



This was a lso  the timevhen l iq u id  breakouts were observed in  th e m elt 

(P la te  45)* Micro examination (and la te r  E lectron Probe A nalysis) o f  

a la rg e  extrusion  (p la te  46) showed no 2 OaO.SiO^ barrier between the 

breakout and the m elt but there was a large p r e c ip ita tio n  o f 2 CJaO.SiOg 

around the breakout p o in t. Considering the breakout was o r ig in a lly  

l iq u id  from in s id e  the 2 CaO.SiO^ la y e r , the two had d iffe re n t  

stru ctu res on co o lin g . The w hite colour o f  the s in g le  phase breakout 

was sim ilar to  th a t o f  magnetite or w u stite  a fter  etch ing in  N ita l ,  w hile  

the inner l iq u id  had a e u te c tic -ty p e  stru ctu re.

As the number o f  breakouts increased  (P late  4 7 ) , i t  was only a 

short time before two o f  them became connected, thereby is o la t in g  a 

region  o f  melt (P la te  4 8 ) . Whereas 2 CaO.SiO^ had p rec ip ita ted  at 

the new m elt-liq u id  in te r fa c e , only one s id e  o f  the is o la te d  m elt 

region  had a 2 CaO.SiOg la y er . However the micros true ture o f  a 

specimen immersed for  8 m inutes, showeda continuous 2 CaO.SiOg rim  

around iso la te d  regions o f  m elt (P la te  4 9 ).

During m icroscopic examination o f  a l l  the specim ens,only a 

small number o f  3 CaO.SiO^ c ry s ta ls  were observed near the 2 CaO.SiO^ 

layer  (P la te  49) and in  the in f i l t r a te d  pore system o f  the lim e  

p e l le t s  (P la te  4 2 ).

R otating the p e l le t s  produced a corrugated 2 CaO.SiOg la y er  

(P la te  50). As the reaction  time increased , the corrugations became 

more accentuated w ith  a large  number o f 2 CaO.SiO^ p a r t ic le s  forming 

on the convex p ortion  o f  the m e lt- liq u id  oxides in ter fa ce  (P la te  51) •

In some areas, the p r e c ip ita tio n  o f 2 CaO.SiC^ was so large  th a t-sm all 

regions o f  l iq u id  became iso la te d  from the parent phase (P la te  5 2 ). 

A fter reaching a maximum a fte r  4  m inutes,. the th ick ness o f  the  

2 OaOeSiOg layer  sta rted  to d ecrease . (Table 4  F ig . 9 ). With longer  

immersion tim es, liq u id  breakouts and iso la te d  regions o f  m elt

(P la tes 53 and 54)



were observed in  the rea ctio n  zone surrounding p a r t ia l ly  d isso lv ed  

p e l le t s .  I t  was during th e  la te r  stages th a t horseshoe shaped 

cr y s ta ls  o f  3 CaO.SiC^ were observed c lo se  to  the 2 CaO.SiOg -  liq u id  

oxides in ter fa ce  (Pla te  35) •

4 o 2 .3 .1*1  E lectron Probe A nalysis ■

A sec tio n  of the rea ction  in ter fa ce  from a specimen immersed for  

3 minutes i s  shown in  P la te  56, along w ith the X ray images fo r  calcium , 

iro n , manganese and s i l ic o n .  Manganese was detected  on both s id e s  o f  

the 2 CaOoSiOg layer and l ik e  iron i t  could rep lace calcium  in  2 OaO.

S i0 2 ( l .  04 Wt$> MhO). The ca lcu la ted  concentration : p r o f i le  (F ig . 20) 

shows th a t MnO increased in  concentration in  the liq u id  reg ion  between 

the p r e c ip ita te d  layer  and the d isso lv in g  p e l l e t .

To represent the con p osition s on a ternaiy  diagram, the  

concentration o f the oxides o f  calcium , iron and s i l ic o n  were reca lcu la ted  

to  100 percent (Fig® 21). Corrpared to the lim e -fa y a lite  system , the  

concentration paths were very sim ila r  except for a s h if t  towards th e  

FeO corner®

Of p articu lar  in te r e s t  in  the MhO s e r ie s  o f experiments were th e  

breakouts o f liq u id  oxides from in s id e  the 2 GaO.SiO^ la y e r . A 

sec tio n  o f in ter fa ce  containing one breakout (P late  46) was prepared  

for th e  microprobe. P la te  57 shows the e lectron  and X ray images 

for th e  four elem ents calcium , iron , manganese and s i l ic o n .  I t  was 

apparent that the breakout contained a high concentration  o f  iron  and 

manganese w ith  very l i t t l e  s i l ic o n .  M icroanalysis gave the breakout’s 

con p osition  to  be 79 V/t$ FeO, 9 Yftfo MnO, and 14 'wty OaO.

4 .2 .3 .2 .  Large Lime P e l le t s

In  co n trast to  the broken 2 Ca0.Si02 rim observed around sm all 

specimens, the p rec ip ita ted  la y er  was th in  (Table 5 F ig . 12) and 

continuous around large  s t a t ic  p e l le t s  (P la tes  58 and 59). Even



when the p e l le t s  were r o ta te d ,. th e  layer  s t i l l  remained in ta c t

(p la te s  60, 61 and 62). These observations suggested th a t the
\

occurrence o f breakouts was re la ted  to  the radius o f  curvature o f  

the p e l le t s .  I f  breakouts only occur below a cer ta in  s iz e ,  then a 

lo n g itu d in a l groove w ith  a sm all radius o f curvature should promote 

extrusions on a large  p e l le t .

To t e s t  th is  hypothesis a small groove was f i l e d  in  two la rg e  

p e l l e t s ,  one immersed in  the base m elt, the other in  fa y a l i t e  + 10 

Y/t/o manganese oxide. With the base m elt there was no d ifferen ce  

between the m elt -  2 CaO.SiOg in ter fa ce  around the p e l l e t  and th at  

in sid e  the groove (P late  63) .  With, manganese oxide in  the m elt, 

l iq u id  breakouts had occurred,but only along the melt -  2 GaO.SiO^ 

in ter fa ce  in s id e  the groove (P late  64) .

4 .2 .3 .3  D isso lu tio n  K in etics

The r e su lts  from the s t a t ic  and dynamic experiments are tabulated  

in  Tables 6 and 8 and p lo tted  in  F ig s . 13 andl4. There i s  some 

s im ila r ity  ( in f le x io n  p o in ts) between th ese  r e su lts  and those obtained  

from specimens immersed in  fa y a l i t e .  The major e f fe c t  o f the addition  

was to decrease the so lu tio n  rates (Table l l )  o f  lim e. However t li is  

trend was reversed in  one s itu a t io n , the d is so lu tio n  o f sm all p e l le t s  

after. 4  minutes immersion under conditions o f natural convection .



4*3 •'L iras-Fayalite + Cfcher Fluxes

In order to a sse ss  the flu x in g  power o f manganese oxide, 

experiments were carr ied  out using the follow ing m elts  

1. F a y a lite  + 10 Calcium Fluoride

2o F a y a li te  + 10 Wt2i> B oric  Oxide ( a p o s s ib le  Fluorspar s u b s t i t u te ) .  

4 .3*1  L im e-F ayalite  * 10 Wtfo Calcium F lu o rid e  System

The p h y sica l and chem ical properties o f s la g s  contain ing calcium  

flu o rid e  have been reviewed by S o m e r v ille  (130) and Davies ( l 3 l ) .

Both authors agree there i s  very l i t t l e  data on ternary and quaternary 

systems w ith âF̂ , as a component. What inform ation i s  a v a ila b le , 

r e la te s  mainly to  the GaO-SiOp-CaF ternary where 0aFo forms a e u te c t ic  

w ith  OaO (l8/u) and 2 CaO.SiO^ ( 3 ^ )  w ith  a minimum liquidus temperature 

a t 1360°C and 1110°C r e sp e c tiv e ly .

4 .3 .1 .1  Gone Behaviour

The addition  o f calcium  flu o rid e  reduced the so ften in g  range o f  

the lim e -fa y a lite  mixtures (Table 16 F ig . 22). The cones co llap sed  

very rap id ly  a fter  the i n i t i a l  bending o f the t ip . Even w ith  a high  

lim e to  fa y a lite  r a tio  o f 6:4* the f in a l  co lla p se  temperature was only  

1290°0 .

4 .3 .1 * 2  I n i t i a l  L iqu idus Tem peratures

The main e f f e c t  o f calcium flu o r id e  was to lower th e i n i t i a l  

liq u id u s tenperature o f  fa y a lite  (Table 16 P ig . 22). For l im e - fa y a lite  

m ixtures, the add ition  produced only  a sm all change in  the temperatures 

at which a l iq u id  phase appeared.

4 . 3 . l o 3 Immersion Experiments 

4«3 .1 .3 .1  Small Lime P e l le t s

Although the add ition  o f  Gal*12 produced a f lu id  m elt, i t ,d i d  not 

prevent the p r e c ip ita tio n  o f 2 GaO.SiOg in  the lim e-m elt r ea c tio n  

zone (P la te  65). The m icrostructure o f  a specimen immersed fo r  15



seconds (P late  66) showed2 OaOoSiO  ̂ as a number o f  in d iv id u a l 

p a r t ic le s ,  which could not be regarded as a coherent in te r fa c ia l  

la y er . The other reaction  product (an iron oxide r ic h  liq u id ) had 

quickly penetrated the pore system  where i t  became enriched in  lime 

(in creasin g proportion of lim e-iron  oxide e u te c t ic )  towards th e cen tre  

o f the cross sec tio n ) (P late 67) .  The d if fe r e n t ia l  etching o f the lim e 

grains along the same ax is  ind icated  varying amounts o f iron  oxide  

in  s o l id  so lu tio n .

During s o l id if ic a t io n ,  iron  oxide dendrites and la th s  had 

p r e c ip ita te d  around the p a r tic le s  o f  2 CaO.SiOg (P la te  66 ). Y/ith 

longer immersion tim es, ad d ition al 2 GaO.SiO^ had c r y s ta l l i s e d  from 

the liq u id  phase on coo lin g  (P late  6 8 ). This in d icated  a higher 

SiO^ content in  the l iq u id  phase than in  the two previous system s.

The m elt s o l id i f ie d  as a two phase stru ctu re , but w ith  increasing  

reaction  tim e, w u stite  dendrites a lso  appeared in  the s o lid  s ta te .

The w u stite  adjacent to the m elt boundary, was associa ted  w ith  another 

phase (etched lig h te r  than 2 CaO.SiO^) (P la te  69). Using o i l  

immersion to improve phase con trast, th is  other phase (grey in  colour) 

had a honeycombed structure which suggests i t  was undergoing r e so lu tio n  

a fter  p r e c ip ita tio n  at 1300°G.

The d is so lu tio n  process occurred so rap id ly  w ith  rotated  p e l l e t s ,  

th at very l i t t l e  so lid  lim e remained a fter  30 seconds. Y.ri t h  an 

immersion time o f 15 seconds, a large  number o f 2 OaO.SiO^ p a r t ic le s  

were observed along the m elt -  2 GaO.SiO^ in ter fa ce  (P late  7 0 ) . Kven 

so there was no evidence of agglom eration, in  fa c t  a large proportion  

were red isso lv in g  in  the lim e-iro n  oxide l iq u id  phase. Prom the  

lim e-iro n  oxide l iq u id , dendrites o f 2 CaO.SiO^ had p r e c ip ita te d  

during cooling (P la te  7 l)o



4 .3 .1 .3 .1 .1 .  E l e c t r o n  Probe A n a l y s i s

P la te  72 shows a s e c t io n  of lim e-m elt in te r f a c e  from a specimen

immersed f o r  30 seconds. S ince f lu o r in e  co u ld  not be d e te c te d  on the

rnicroprobe, th e  X ra y  images r e f e r  to  iro n  * s i l i c o n  and ca lc ium . The

d i s t r ib u t io n  o f  s i l i c o n  was im portan t because  i t  showed the  elem ent on

b o th  s id e s  o f  th e  2 CaO.SiO ? la y e r  (an a ly sed  4 .3 )  FeO). The

c o n c e n tra tio n  p r o f i l e s  (F ig . 23) c le a r ly  sh o w ed asilica  com postional

g ra d ie n t tow ards th e  lim e .

Tlie c o n c e n tra tio n  p a th s  p lo t te d  on th e  te rn a ry  (F ig . 24) d i f f e r

from th o se  o f th e  two p rev ious system s in  t h a t  th e  co inpositions were

c lo s e r  to  th e  lim e c o rn e r .

4 .3 .1 *  3. 2. Large Lime P e l l e t s

A fte r  a r e a c t io n  tim e o f  30 seconds, th e  a re a  betw een th e  m elt

and the p e l l e t  c o n ta in ed  a la rg e  number o f  2 CaO.SiO 0 and 3 OaO.SiCL2 2

p a r t i c l e s  re d is so lv in g  in  th e  lim e - iro n  ox ide l iq u id  phase (P la te  7 3 ). 

This l iq u id  had a lre a d y  p e n e tra te d  th rough  to  th e  c e n tre  o f  th e  p e l l e t
1

( p la te  74) whereas f r e e  lim e s t i l l  e x is ted  in s id e  a p e l l e t  a f t e r  4  

m inutes immersion in  pu re  f a y a l i t e .

The on ly  m icroscopic d if fe re n c e  betw een succeeding  specim ens 

(P la te s  75 and 76) was th e  in c re a s in g  amount o f w u s ti te  p r e c ip i t a t e d  

from th e  m elt during s o l id i f i c a t i o n .

The r e a c tio n  sone betw een a r o ta te d  p e l l e t  and th e  m e lt i s  shown 

in  P la te  77. The m ic ro s tru c tu re  sh o w ed p artic les  o f  2 OaO.SiO^ and 

3 CaO.SiOg re d is so lv in g  in  th e  lim e - iro n  oxide l iq u id  p h ase .

At h ig h  m a g n ific a tio n  (P la te  73) the  p a r a l l e l  tw inn ing  o f  2 CaO.SiO^

(a s s o c ia te d  w ith  th e  <X to  jS  t r a n s i t io n )  can be  c l e a r ly  seen .

The d is so lv in g  p a r t i c l e s  o f  3 CaO.SiO^ (P la te  79) were th e  s i t e s  f o r  

hetrogeneous n u c le a tio n  and growth p ro cesses  tak in g  p la c e  d u ring  

co o lin g  from 130G°G.



4o3 .l-3 .-3  D isso lu tio n  K in etics

The a d d it io n  o f  calc ium  f lu o r id e  to  f a y a l i t e  in c reased  th e

d is s o lu t io n  o f  lim e (Tables 7 and 9 Fig* 13 and 1 4 ). The r e s u l t s

show th a t  in  the  case o f sm all s t a t i c  p e l l e t s ,  th e  d is s o lu t io n  r a t e

was in c re a se d  by  a fa c to r  o f  te n  (Table l l )  w h ile  w ith  la rg e  p e l l e t s

th e  r a t e  was on ly  in c re a se d  by a f a c to r  of fo u r . Both r a t e s  were

in c reased  s t i l l  fu r th e r  by ro ta tio n ,,

4 .3 .2  Lim e-Fayalite + 10 V.rtt' Boric Chd.de

At p re s e n t th e re  i s  no phase diagram  f o r  the  B^Cy-CaO-FeO-SiO^

system* However in fo rm atio n  i s  a v a ila b le  (77) reg a rd in g  th e  phase

assem blage in  th e  fo llow ing  systems

Bo0„ -  GaO -  SiCL 
2 0 2

CaO -  S i0 2

Bo0x -  GaO 2 $

B 2 °3  ~ S:l02

Both th e  BgO -  GaO and th e  -  S i0 2 £>hase diagrams show th a t

Bo0 i s  a pow erfu l f lu x  fo r  th e  o ther component* The same may be 

t ru e  in  th e  BgO^ -  FeO system , bu t th i s  w i l l  have to  be confirm ed by 

in v e s tig a tio n *

4 .3 .2 .1 Gone Behaviour

B oric  oxide was v e ry  s im ila r  to  calc ium  f lu o r id e  in  reducing  the  

so ften in g  range o f th e  lim e -  f a y a l i t e  cones (Table 17 F ig . 25)o 

The a d d itiv e  a lso  reduced  th e  i n i t i a l  deform ation  tem p era tu re  from 

1100°0 to  800°0 as the  p ro p o rtio n  of l in e  increased*

4 .3 .2 .2  I n i t i a l  Liquidus Temperatures

The i n i t i a l  l iq u id u s  tem peratu re  v a r ie d  betw een 1050°G and 

800°C depending upon the r a t io  o f lim e to  f a y a l i t e  in  th e  m ix tu re  

(Table 17 Fig* 25). As soon as th e  f i r s t  l iq u id  eppeared , i t  r a p id ly  

flu x e d  the  r e s t  o f  th e  sample.



4o3«2.3 Immersion Experiments

4 o 3 .2 .3 .1  Small Lime P e l le t s

The p e l le t s  d isso lved  very  quickly in  the m elt, even though 

2 CaO.SiO^ was p rec ip ita ted  in  the reaction  zone* However there was a 

considerable d ifferen ce  in  the d istribution* jof 2 OaO.SiO^ along the 

m elt-liq u id  in terface* I t  varied  from an almost m onolithic la y er  

(P late  80) to  a th in  broken rim (P late  8 l)  *

A fter only 13 seconds immersion, there was considerable w etting  

o f  the lim e by the l iq u id  phase (P la te  82 ). This l iq u id  had a lso  

penetrated and d isso lv ed  parts o f the 2 CaO.SiO^ m onolithic rim.

A fter a reaction  time o f 30 seconds, i t  was evident th a t the melt 

was a lso  d isso lv in g  the p rec ip ita ted  la y er  (P late  83) .  The d is so lu tio n  

o f  2 CaO.SiO^ could account for the iso la te d  regions o f  melt observed  

in  the lim e-iron  oxide liq u id  phase (P la te  84)*

4o3*2*3.1.1 E lectron Probe A nalysis

P la te  85 shows the lim e-m elt in ter fa ce  o f a specimen immersed 

for 45 seconds. Like f lu o r in e , boron (Atomic Humber 5) could not be 

d etected  on the microprobe, so the accompanying X-ray images r e la te  

only to  the d is tr ib u tio n  o f calcium , iron and s ilic o n *

The p r e c ip ita tio n  o f  2 CaO.SiO^ did  not prove to  be a barrier  

for iron  (oxide) which can be seen around the lim e grq in s.

The d is tr ib u tio n  o f s i l ic o n  was very sim ilar  to th at found w ith  

the f i r s t  two systems i . e .  a sharp drop in  concentration at the 

2 GaO.SiOg-liquid in ter fa ce  (P ig . 26). Consequently the concentration  

paths (P ig . 27) showed a sudden change toward the PeO corner.

4« 3* 2.3* 2 Large Lime P e l le t s

Large eqiuaxed p a r t ic le s  o f  2 Ca0.Si02 were observed along the 

m elt-liq u id  in ter fa ce  (P late  86) o f a specimen immersed for  15 seconds. 

As the reaction  time increased, there was a gradual tr a n s it io n  from



a planar to a corrugated rim (P la te  87)jr Along th e  m elt boundary,

t  lie re was ex ten sive  w etting and r eso lu tio n  by the m elt and the lim e-

iron  oxide l iq u id . In some reg ion s the liq u id  had broken through to

the m elt (P late  8 8 )0

4.3*3 Chemical Loss

Since both ad d itives are v o la t i le  a t high tenperatures, separate

checks were made on samples o f m elt a fter  heating to 1300°C for  1

hour. Instead  of 10 \7t#> Bo0_, the an a lysis  was 8 .7  TCo Bo0 , and ̂ j  5
in stead  o f 10 Wtfo CaP^j the f in a l  an a ly sis  was 7<>4 OaP ô



4*4 Dicalcium S i l ic a t e  -  F a y a lite  System

During probe an a ly sis  o f  the rea ctio n  zones, there was no 

d iscern ib le  concentration gradient o f  s i l ic o n  ( s i l i c a )  from the  

bulk m elt towards the 2 GaO.SiOg la y er . The absence could be 

a sso c ia ted  -with the r ed istr ib u tio n  of oxides during s o l id i f ic a t io n .  

However a sim ilar r e s u lt  could be produced i f  two concentration  

p r o f ile s  (one towards and the other away from the 2 CaO.SiC^ layer)  

were superinposed one upon the other. To c la r i fy  the s itu a t io n ,  

syn th etic  p e l le t s  o f  s ta b il is e d  2 Ca0.Si02 were immersed in  2 PeO.

S i0 2 a-b 1300°Go

4 .4 .1  Immersion Experiments

With no s o l id  rea c tio n  product, the melt rap id ly  in f i l t r a t e d  

the pore system o f  the p e l le t s  (P la te  89)* Y/ithin a short time 

(15 seconds) a large  number o f  twinned grains (horseshoe shaped) 

were e n tir e ly  surrounded" .by the melt (P la te  90). A fter 30 seconds 

(P la te  91) very l i t t l e  s o l id  2 CaO.SiC^ remained.

4.4* 1*1 E le c tro n  Probe A nalysis

Both the scanning images (P la te  92) and the concentration  

p r o f ile s  (P ig . 28) shewed com positional gradients for lim e and iron  

oxide, w hile the s i l i c a  concentration remained constant across the  

reaction  in te r fa c e .

4*4*1*2 D isso lu tio n  K inetics

The r e su lts  are tabulated  in  Table 18 and p lo tte d  g ra p h ica lly  

in  P ig . 29* They in d ica te  a very high d is so lu tio n  ra te  even though 

the p a r t ia l ly  d isso lv ed  p e l le t s  s t i l l  had a th in  la y er  o f  s o l id i f ie d  

m elt adhering to  the su rface.



5e D iscu ssion

The d e ta iled  d iscu ssion  o f  the r e su lts  and observations i s  

given for the purpose o f  convenience under the fo llow in g  headings: -  

1. The D isso lu tio n  o f  Small Lime P e l le t s  in  F a y a lite

2<> The E ffe c t o f  Manganese Oxide .

3 . The E ffe c t o f Other Fluxes 

4 o The E ffec t o f P e l le t  Rotation

5o The E ffe c t  o f  P e l le t  S ize

6. The Rate C ontrolling  Mechanism

5ol The D isso lu tio n  o f  Small Lime P e l le t s  in  F a y a lite

At 1300°C, the s o l id  + l iq u id  phase fie ld , o f 2 CaO.SiO^ extends 

almast to  the FeO corner o f the CaO -  FeO -  SiO^ ternary system.'

This means that CaO can never be at equilibrium  w ith a m elt o f  

com position JO Yft/o FeO -  30 WtSo SiOg. The only liq u id s  which can 

c o e x is t  w ith CaO at equilibrium  are those along the l in e  Le -  L f in  

F ig . 30. Although th e  isotherm al sec tio n  can provide u se fu l inform ation  

on phase assemblage, i t  cannot p red ict the sp a tia l arrangement o f  the  

phases. This in a b il i ty  i s  i l lu s t r a t e d  by -'die p o s it io n  o f  dicalcium  

s i l i c a t e  r e la t iv e  to  th a t o f  lim e. YThile the isotherm al sec tio n  

shows th at the phase f i e ld  o f tr ica lc iu m  s i l i c a t e  + liq u id  separates  

the two phase f ie ld s  a t 1300GC; in  p ra ctice  the two phases were 

separated by a liq u id  r ich  in  iron  oxide (P late 1 3 ). -Within th is  

lim ita t io n , th e 1300'C isotherm al s e c t io n  w i l l  be used to i l lu s t r a t e  

how the com position o f the various phases change during the 

d isso lu tio n  o f lim e.

During the i n i t i a l  reaction  between lim e and f a y a l i t e ,  the 

in te r fa c ia l  l iq u id  com position moves from 2 F e0 .S i02 towards L^

(F ig. 30) along the 2 F e0 .S i02 -  CaO is o p le th . When the com position  

o f the rea ctio n  product has a CaO to S i^  molar r a tio  o f  2 :1 , 2 C a0.Si02



i s  p r e c ip ita te d  between the p e l le t  and the melt* I n i t ia l l y  the 

molar r a tio  o f  2:1 occurs very c lo se  to  the GaO -  2 PeO.SiO^ 

in ter fa ce  but as d isso lu tio n  proceeds, the s o l id  reaction  product 

i s  p rec ip ita ted  some d istan ce  away from the receding p e lle t*  The 

p r e c ip ita tio n  o f s o lid  2 CaO.SiO^ causes the composition o f  the  

in te r fa c ia l  l iq u id  to  move towards the FeO corner as i t  becomes 

enriched in  th e remaining components. The heterogeneous rea c tio n  can 

be summarised as

2 CaO + 2 Fe0*Si02 ---------- * 2 Ca0*Si02 + Lq ( f ig .  30)

I t  i s  the iron oxide r ich  r ea c tio n  product which in f i l t r a t e s  and 

rea cts  w ith  the porous p e l l e t .  The f i r s t  iron  oxi.de w i l l  be taken  

in to  so lid  so lu tio n  in  the GaO stru ctu re. But a fte r  10 Xftya FeO, 

the s o lu b il ity  l im it  i s  exceeded and any ad d ition a l amount causes  

the formation o f  a liq u id  phase. In sid e the 2 CaO.SiOg la y e r , the 

liq u id  com position moves towards the GaO com er along I»c -  L^. 

Although the l iq u id  com positions are very c lo se  to the GaO -  FeO 

binary (Fig* 30) there i s  s t i l l  s u f f ic ie n t  s i l i c a  in  so lu tio n  to . 

rea ct w ith  lim e ( in  so lu tio n ) to  p r e c ip ita te  prism atic c r y s ta ls  o f  

3 0aO.Si02 in  the in f i l t r a te d  pore system (P la te  1 6 ). Liquid  

compositions along L -  L ( F i g .  30) cannot c o e x is t  w ith  th ese
C CL

along -  L . This means th at where the two are in  co n ta ct, 2 GaO. 

S i0 2 i s  p r e c ip ita te d  along the in ter fa ce . Because o f th e ir  sm all 

s iz e  ( < 2  microns) the p r e c ip ita ted  p a r t ic le s  have a large surface  

area to volume r a t io .  To reduce th eir  high surface energy (and 

surface area) the p a r tic le s  s in te r  together (P late  18). Necks form 

a t po in ts o f  in te r p a r t ic le  contact and an interconnected  pore 

structure developes as th e  p a r t ic le s  impinge upon one another (P la te



From an examination o f  consecutive specimens (P la tes  13, 19

and 21 ) ,  i t  i s  apparent th at the p r e c ip ita te d  layer gradually

moves ..inwards, keeping pace w ith the receding p e l le t  -  l iq u id  in ter fa c e .

This observation con trad icts  the fin d in gs o f  Scheel and Oeters (132).

A fter studying; the d is so lu tio n  of s in tered  lim e p e l le t s  (trepanned

from lim estone) in  a melt consisting; o f  7 ^  FeO, 12$ CaO and 1 ($  SiOg,

the in v estig a to rs  s ta ted  th at the zone o f  2 GaO.SiOg p r e c ip ita t io n

moves outwards in to  the m elt. I f  th is  was the case, the p r e c ip ita tio n

o f  2 GaO.SiO^ onto the ou tsid e  o f th at already formed, would be

accompanied by a high concentration of FeO at the melt -  2 CaO. SiO^

interface*  E lectron probe a n a lysis  o f the reaction  zone between

GaO and 2 FeO.SiO^ (F ig . 10) shows th a t a com positional gradient for

FeO e x is t s  from the bulk m elt towards the lim e w ith a sudden increase

in  concentration  in s id e  the 2 GaOoSiO  ̂ s h e l l .

Scheel and Oeters sa id  th at the reason for the outward growth

o f  the p r e c ip ita te  was that the d iffu s io n  c o e f f ic ie n t  o f  GaO is

greater than th at o f SiO^. In a l l  d if fu s io n  processes, e le c t r ic a l

n eu tra lity  must be preserved. I f  the d if fu s io n  c o e f f ic ie n ts  o f the

various ions are d if fe r e n t , they w i l l  in flu en ce the ra te  o f d iffu s io n

o f  each other i . e .  slaver ions w i l l  tend to  be acce lera ted  and

fa ster  ion s retarded. At the o th o s il ic a te  com position, the d iffu s in g
2+ A -sp ec ies  in  the m elt are Fe and SiO^ * Therefore the d if fu s io n  r a te

2+o f  th e s i l i c a t e  ion  w i l l  be increased  w hile  th at of the Fe ion  

w i l l  be retarded (cannot consider the ions in  iso la t io n )*  Since the 

2 OaOoSiOg la y er  moves inwards, the components o f the melt have to  

g et to  the rea ctio n  in ter fa ce  i . e .  the in s id e  surface o f the 2 GaO.

SiOg s h e l l .  A schematic rep resen ta tion  o f  the rea c tio n  zone between

GaO and 2 FeO.SiO^ i s  shown 'overlea f:-



Oa' SiO.

2- .2-

Fe

Lime P e l le t Liquid 2 CaO. SiO, Melt

The transport of 2 FeO.SiO^ to  the rea ctio n  in ter fa ce  can be achieved  

by io n ic  d if fu s io n  through 2 CaO.SiO^. This transport p rocess i s  

u n lik e ly  to  be the main transport mechanism considering the d isso lu tio n  

rate  o f the lim e p e l l e t ,  th e s iz e  o f  the SiO^* ion  and the complex 

arrangement o f  atoms in  the orthorhombic 2 CaO.SiO^ la t t i c e .  The 

main transport route appears to  be v ia  the interconnected pore system  

in  the 2 CaO.SiO^ rim.

Although d if fu s io n  p lays a major r o le  in  mass tra n sfer , 

transport by thermal and den sity  gradients must a lso  be considered.

Lee and G askell (133) have published  a large quantity  o f data on the  

d en sity  of liq u id  m elts in  the CaO-PeO-SiO^ system. V/hen CaO 

rep la ces  FeO in  2 (FeO, CaO) SiO^, the liq u id  den sity  decreases so  

th at a density  ■ gradient e x is t s  between the bulk m elt and th a t adjacent 

to  th e  2 CaO.SiO£ la y er . As d is so lu tio n  proceeds, the low d en sity  

l iq u id  w i l l  r i s e ,  to be replaced by m elt of higher den sity  (and iron  

oxide con ten t). This type o f d en sity  gradient g iv es  r is e  to  inverted  

cone shaped specimens as shown in  P la te s  $6 to  39» (Even w ithout 

thermal or density  gra d ien ts , th is  type o f p r o f ile  would be produced 

because d isso lu tio n  occurs on two su rfaces around the bottom edge 

o f th e p e l l e t ) .



B esides th e normal thermodynamic and d en sity  grad ients, the

m elt and liq u id  phases are a lso  under hyd rostatic  and c a p illa r y

su ction  forces* The e f fe c t  o f  these two fo rces i s  to  force and draw-

liq u id  in to  the pore system o f  the p e lle t*  The hydrostatic pressure

occurs whenever a s o l id  i s  immersed in  a liq u id . The body i s  under

a force on a l l  the immersed faces as the l iq u id  (or melt) t r ie s  to

l i f t  the body* The other force , c a p illa iy  su ction  i s  dependant upon

the s iz e  o f the pores and the degree of w ettin g  o f the s o l id  by the

liqu id* I f  the p e l le t  i s  composed of a s e r ie s  o f uniform c y lin d r ic a l

s tra ig h t ca p illa r y  tubes o f radius ' r ’ jthe magnitude o f th e pressure

*P* fo r  a c o n ta c t angle Q f i s  given" by  P  = 2 )( cos (13^, 135)
r

Y  ss surface ten sion  o f  th e liq u id

As cos Q f— * 1  ”0 w etting  tendency in creases.

As the melt i s  drawn through the 2 OaO.SiO^ la y e r , th e  FeO 

component i s  d isp laced  by GaO. The change in  free  energy fo r  the

rea c tio n  2 CaO + 2 FeO.SiO^ -------- — 2 FeO + 2 CaO.SiO^ i s  -  83 kJ

mole  ̂ a t  1300°G (Fig* 3l)* The FeO re lea sed  by reaction  i s  transported  

down a thermodynamic gradient towards the lim e. At th e  GaO -  l iq u id  

in te r fa c e , the FeO d isso lv es  the remaining s o l id .  The d isso lv ed  CaO 

m igrates down a thermodynamic gradient in  the d ir e c tio n  o f the 2 GaO. 

SiOg layer*

The f i r s t  liq u id  rea ctio n  product (Lq) i s  a t equilibrium  w ith  

2 CaO.SiOg. But w ith  an increasing proportion o f GaG, the liq u id  

has the p o ten tia l to d isso lv e  2 CaO.SiOg* However in  the i n i t i a l  

s ta g e s , the lim e r ich  l iq u id  reacts w ith  the m elt being drawn through 

the p rec ip ita ted  layer

Ld + 1^  ► 2 0a0 .S i02 + Lq

ALthough L has no p o ten tia l for d isso lv in g  2 C a0.Si0_, i t  can
C 2



d isso lv e  further GaO.

A fter a period  o f 3 “4  minutes, there i s  in s u f f ic ie n t  m elt a t

the rea ctio n  in ter fa ce . This deficiency i s  caused by com positional

gradients forming in  the bullc m elt and/or the p h ysica l r e s tr a in t  o f

the th ick p rec ip ita ted  la y e r . The r e s u lt  i s  that the lim e r ic h  l iq u id

s ta r ts  to  d isso lv e  2 CaO.SiO^

L ■ + 2 0a 0 .S i0 o ------------ ► Lh
£ 2

Throughout the immersion period, fa y a l i t e  was a lso  d isso lv in g  2 GaO.SiOg

2 FeO.SiO + 2 G a0.Si02  5- 1^ (F ig . 30)

Although there i s  no v is u a l evidence o f  the la t t e r  r ea c tio n , the 

experiments losing syn th etic  p e l le t s  and the base m elt (s e c t io n  4 .4 )  

showed how r ea c tiv e  2 FeO.SiO^ i s  w ith  2 CaO.SiO^. However i t  must 

be remembered that 2 OaO.SiOg was the only s o l id  phase presen t in  the  

experiments whereas in  the CaO -  2 FeO.SiO^ system , a layer  o f  

2 GaO.SiO^ has t o  e x is t  to  separate corp osition s along from

those along L -  L- (F ig. 3 0 ).
C CL

In some r e sp e c ts , th e co ipact 2 CaO.SiOg rim surrounding a lime 

p e l le t  i s  analogous to  the oxide layer  which forms on a metal su b strate  

For in  both cases, one i s  formed by the ^consumption o f the o th er .

During growth of an oxide la y er , s tr e s se s  (due to  volume d iffe r e n c e s ,  

p o in t d efec ts  and r e c r y s ta l l is a t io n  e tc ) may be generated , and i f  

th ese  are o f  s u f f ic ie n t  magnitude, the sca le  would buckle and 

even tually  s p a ll .  In  the GaO -  2 FeO.SiOg system , the layer  o f  

2 CaO.SiOg w i l l  be in  conpression as i t  moves inwards to  rep la ce  the 

consumed CaO. V/lien the la y er  cannot w ithstand the pressure generated, 

i t  buckles in  the hoop d ir e c tio n  (HLate 19 ). I f  the process continued, 

the rim would even tually  rupture. However th is  s itu a t io n  i s  prevented  

by the s in ter in g  of the p rec ip ita ted  p a r t ic le s  in to  a strong coherent 

la y er . Although there i s  some s im ila r ity , i t  must be remembered th a t



unlike an oxide la y er , 2 GaO.SiO^ i s  being d isso lv ed  and rep rec ip ita ted  

during the imnersion period .



5* 2 The E ffe c t o f  Manganese Oxide

During the i n i t i a l  stages (P la te  40) there was no v isu a l evidence

to  suggest that KnO had been added to  the m elt. The presence o f  the

add ition  became apparent only a fte r  the 2 0a0 .S i02 envelopes had 

s ta r ted  to  buckle. Large numbers o f  2 OaO.SiQ, p a r t ic le s  were observed  

at the base o f  each trough along the in ter fa ce  (P late  43) and in

contrast to  the OaO -  2 PeO.SiO^ system  there was no evidence o f

s in te r in g .

These observations suggest th at I'-inO a lte r s  the w etting  

c h a r a c ter is tic s  o f  the m elt and liq u id  phases such th at d e n s if ic a tio n  

o f  2 GaOoSiO  ̂ i s  in h ib ited . Baker e t  a l  (102) reported s im ila r  

q u a lita tiv e  r e s u lt s  from laboratory t e s t s  carried  out in  B .S .C .’s 

Research and Development Department. They found that in  the presence  

of manganese oxide, the 2 CaO.SiOg s h e lls  were n oticeab ly  lo o ser  

around GaO p a r t ic le s .  However they fa i le d  to  g ive any d e ta ils  o f  the 

atmospheric conditions used in  the experim ents.

The increased  w etting  could account for th e  unexpected collajDse 

o f  the cones w ith  a h igh  GaO content (P ig . 17); i t  could a lso  exp la in  

the sudden c o lla p se  o f  the dynamic foam in  a B.O.P. v e s s e l  a fte r  an 

add ition  o f  manganese ore (13&)* I t  i s  w e ll known th at some oxide  

additions can change the w etting o f  a refractory  s o l id  by a liq u id  

phase. Jackson (137) stu d ied  the e f f e c t  o f  a Cr^O  ̂ add ition  on the  

s iz e  o f the d ihedral angle formed between p e r ic la se  grains surrounded 

by a s i l i c a t e  r ic h  liq u id . The e f f e c t  o f  the ad d ition  was to  reduce 

the w etting o f  the p e r ic la se  by the liq u id .

In the GaO -  2 PeO.SiOg + BhO system , the v a r ia tio n  in  the amount 

o f  2 OaO.SiO^ p r e c ip ita te d  along th e  in ter fa ce  cannot be com pletely  

explained by increased  w ettin g . However i f  the m elt and/or the l iq u id  

phase wets the so lid  phase such th a t a th in  f ilm  covers the 2 GaO.SiO^



p a r t ic le s ,  only  a small force i s  necessary to  fractu re  the p r e c ip ita te d  

la y er . E a r lier  i t  was sta ted  th at h yd rostatic  and ca p illa ry  su ction  

forces are a c tin g  upon the m elt and -.liquid phase during immersion.

I t  i s  these forces which break open the p ro tec tiv e  s h e ll  o f  2 CaO.SiOg 

at the base o f  each trough, thereby allowing a continuous rea c tio n  to  

occur between th e  m elt and liq u id  phase* Along the in ter fa ce  peaks, 

th ese  fo rces  help to  con so lid ate  the th in  s o l id  layer*

m elt

h yd rostatic  pressure

liq u id

c a p illa r y  suction

GaO

Although the hydrostatic  pressure w i l l  e x is t  as long as any s o lid  

lim e remains in  the m elt, c a p illa r y  suction  w i l l  decrease as the iron  

oxide r ic h  l iq u id  penetrates the pores and channels o f  the p e lle t*  

A fter complete in terp en etration , the net r e s u lt  i s  that the l iq u id  

phase i s  in  the compression between the lim e and the 2 GaO.SiO^ 

la y er . The compression may a lso  be augmented by an ad d ition a l 

pressure i f  the volume o f the rea ctio n  products in sid e  the 2 GaO.SiOg 

envelope i s  greater  than the sum o f the volumes o f  the reactin g  

sp ecies  (GaO and FeQ -  MnO liq u id ) * This co n stra in t was not 

a problem in  the early  stages when i t  could be r e lie v e d  by the  

l iq u id  in f i l t r a t in g  the porous p e l l e t .  But a fte r  complete 

in terp en etra tion , the pressure i s  such th at breakouts o f  l iq u id  b eg in  

to  occur along the peaks in  the 2 CaOoSiOg la y er  (P late  45)*

The drop lets present in  th e  m elt in  the reg ion s o f liq u id  

breakout (P late  46) could be the r e s u lt  o f in term itten t bu rstin g  o f



l iq u id  through the 2 CaO.SiO^ layer  and/or liq u id -m elt im m iso ib ility . 

The second proposal seems u n lik e ly  as im m iso ib ility  i s  gen era lly  

a sso c ia ted  w ith  liq u id s  contain ing la rg e  q u an tities  o f  s i l i c a .

Without im m iso ib ility , one would expect 2 GaO.SiOp to  be p rec ip ita ted  

by rea c tio n  at the l iq u id  breakout-m elt in ter fa c e . The m icrostructure  

o f a specimen immersed fo r  5 minutes (P la te  46) showed one liq u id  

extrusion  where the structure was d if fe r e n t from th a t o f the parent 

liq u id  in s id e  the 2 CaO.SiO^ la y er . This observation togeth er w ith  

e lec tro n  probe a n a ly sis  (P la te  57) in d ic a te s  th at 2 CaO. SiO^ had 

p rec ip ita ted  from the l iq u id  during breakout* By p r e c ip ita t io n  the 

com position o f  the remaining liq u id  (breakout) moves back along the 

base o f  the 2 OaQoSiOg sa tu ra tion  f i e l d  towards the PeO-MnO-SiO^ 

ternary face o f the OaO-PeO-BhO-SiC^ tetrah edron ., (There i s  no 

inform ation ava ilab le  on the e f f e c t  o f IvinO on the PeO * l iq u id  phase 

f i e ld  in  the quaternary system ).

Although, breakouts do in flu en ce  the lim e d is so lu tio n  ra te  (the  

breakouts help to  maintain a steep  concentration  gradient of PeO 

from th e m elt to  the 2 CaO.SiO^ (P ig . 20) ) the to ta l  airount o f  GaO 

d isso lved  was s t i l l  l e s s  than th at in  th e GaO -  2 PeO.SiO^ system .

The d ifferen ce  i s  a sso c ia ted  w ith  an increase in  m elt v i s c o s i t y .

In 1949 Kozakervitch (l3&) published i s o -v is c o s i ty  l in e s  fo r  the  

system FeO-I/inO-SiOg at 1400°C (P ig . 3} ) .  Prom a h igh ly  f lu id  zone 

‘ iri the PeO corner, the v is c o s i ty  increases w ith  llnO content*

V isco s ity  p lays an important r o le  in  mass transport p rocesses  

as can be seen from the E in ste in  equation

1D = RJT 
N 6-rr

I
^  = v is c o s ity

D = d if fu s io n  c o e f f ic ie n t



where the d iffu s io n  c o e f f ic ie n t  i s  proportional to the rec ip roca l o f  

the v is c o s ity  at constant temperature. I t  i s  very d i f f i c u l t  to  

compare the q u an tita tive  r e su lts  w ith th ose obtained by Baker e t  a l  

(llO ) • B esides p o ssib le  atmospheric d ifferen ces  the in v e stig a to r s  

■used rea c tio n  temperatures o f 1400°C and above. However they did  

report th a t a lCfo manganese oxide add ition  did produce a s l ig h t  

in h ib it in g  e f f e c t  on the d is so lu tio n  o f  lim e by an iron s i l i c a t e  slag  

at 1400°G* But the d is so lu tio n  ra te  constant was increased  by a 

factor  o f  3* 5 when the manganese oxide was prefluxed w ith  th e  base 

s la g  (102). I t  i s  worth noting th at in  add ition  to  manganese oxide, 

the prefluxed  iron s i l i c a t e  s la g s  a lso  contained 2$ -  6% alumina.



5. 3 The E ffe c t  o f Other Fluxes

As expected both  -̂ 2^3 •̂ncrease<  ̂ ‘̂■ie  d is so lu tio n  rate

o f  lim e. The p r in c ip a l e f fe c t  o f  th ese  additions i s  to  lower the 

fu sio n  p o in t o f the 2 FeO.SiO^ melt as ind icated  by th e  cone fu sion  

r e s u lt s .  The r e s u lt  o f  lower m elting p o in ts  and decreased v i s c o s i t i e s  

i s  a reduction in  the th ickness o f  the boundary la y e r , which coupled  

w ith more e f fe c t iv e  mixing produces a higher ra te  o f mass tra n sfer .

Both m elts were very rea c tiv e  w ith  CaO and the 2 CaO.SiO^ 

p r e c ip ita te . An examination o f  immersed specimens showed th at the 

iron  oxide r ic h  liq u id  penetrates very ra p id ly  in to  the pore system  

o f the p e l le t s .  Once in s id e , the liq u id  quickly d is so lv e s  the  

d irec t bonding between the sin tered  p a r t ic le s .

Although liq u id  FeO and s o l id  2 Ca0.Si02 are the rea ctio n  products

o f  2 CaO + 2 FeO.SiO^ --------► 2 CaO.SiO^ + 2 FeO, i t  i s  surprisin g  th at

there was such a la rg e  d ifferen ce  in  the r e la t iv e  amounts. This 

suggests that once 2 CaO.SiO^ i s  p rec ip ita ted , i t  i s  almost immediately 

red isso lv ed  e ith er  by the melt or by the CaO-FeO liq u id . An ex tensive  

d iscu ssion  o f the unknown phase observed between the melt and 

2 CaO.SiOg in  the CaO -  2 FeO.SiO^ + GaFr, system cannot take p lace  

u n til  the CaO-CaF^-FeO-SiO^ quaternary has been fu l ly  in v e s tig a te d .

Besides in flu en cing  v is c o s i ty ,  flu orin e  (as fluorspar) a lso  

increases the d iffu s io n  c o e f f ic ie n ts  o f  ions in  liq u id  s la g s .

Johnson e t  a l (139) has shown th at in  AlgOyCaO-SiOg s la g s , f lu o r in e  

nearly  tr eb le s  the d iffu s io n  c o e f f ic ie n t  o f  the calcium ion . A 

sim ilar  e f fe c t  was observed w ith  the d iffu s io n  o f  iron  when a sm all 

add ition  of w u stite  was added to th e s la g s . Their find ings regarding  

the a cce lera tion  o f  normally 3107/" moving ions could explain  the  

rapid transport o f  s i l ic o n  (SiO^) from the 2 CaO.SiO^ layer  towards 

the d isso lv in g  p e l le t  (F ig . 23 ). For although both add ition s produced



sim ilar  e f f e c t s  (lower m elting p o in ts) i t  was only w ith  calcium  

flu orid e  th a t 2 OaQ.SiO^ p rec ip ita ted  from the liq u id  phase 

during coo lin g .

The two systems a lso  d if fe r  in  the sp a tia l arrangement o f  the 

2 CaO.SiO^ p r e c ip ita te  between the p e l le t  and the m elt. Y/ith an 

add ition  o f  (P la te  65) the p r e c ip ita te  appears as in d iv id u a l

p a r t ic le s  which contrasts w ith  the m onolithic la y er  (P late  80) formed 

in  the CaO -  2 PeO.SiO^ + system . The la t t e r  structure however

became mare 'open* a fte r  an immersion period  o f 30 seconds (P la te  83) 

when the melt was observed to  have penetrated the 2 CaO.SiOg rim.

The a b il ity  to  penetrate the p rec ip ita ted  la y er  i s  almost c e r ta in ly  

asso c ia ted  w ith  the in te r fa c ia l  m elt becoming very f lu id  due to lim e  

enrichment. As the concentration o f  lime in creases in  the m elt, the  

i n i t i a l  m elting temperature gradually decreases to  below 900°0 

(Table 1 7 ).



5*4 The E ffe c t  o f P e l le t  Rotation

A comparison o f the s t a t ic  and dynamic d isso lu tio n  r a te s  (Table 

l l )  c le a r ly  in d ica tes  th at even slow r o ta tio n  i . e .  a r e la t iv e  

v e lo c ity  of 14  cm min has a pronounced e f fe c t  on the so lu tio n  ra tes

in  the systems studied . The e f fe c t  o f  ro ta tio n  i s  -to decrease the 

th ick n ess o f the boundary la y er  and to in crease  the concentration  

gradients across such a la y er  (140). The boundary layer th ickness  

i s  a lso  a function  o f the kinem atic v is c o s i t y  o f  the m elt. I f  the 

melt i s  v isco u s , the in crease  ( in  so lu tio n  ra te ) w i l l  not be as high  

as in  a low v is c o s ity  f lu id .  The e f f e c t  o f v is c o s ity  i s  seen  below  

m elt system increase in  s t a t ic  rate

^eO.SiO^+GaP^ x 2

2]?e0.Si02 x  1 ,5  in creasin g

2Fe0.S i 02+I'.fri0 x  1 .2  ,, v is c o s i t y

I t  i s  worth noting .that w h ile  in v estig a to rs  have sta ted  th a t the

p r e c ip ita tio n  o f 2 CaO.SiOg in h ib its  th e  so lu tio n  of lim e ( 64? 65);

the d is so lu tio n  ra tes increased even though the p rec ip ita ted  la yers

were th ick er  than in  the s t a t ic  experim ents. The in crease  must be

a sso c ia ted  w ith  th e p h ysica l d isruption  o f  the 2 CaO.SiO^ rim by

c en tr ifu g a l fo rces . During ro ta tio n  the liq u id  i s  forced  out through

channels in  the p rec ip ita ted  layer (P la tes  24 and 25)# Like the

breakouts observed w ith  IvihO in  the m elt, the liq u id  extrusion s in  the

GaO -  2 PeO.SiO^ system  appeared as droplets w ith  no s o l id  p r e c ip ita te

at the droplet -  melt in ter fa ce . This means th at the in te r fa c ia l

m elt com position must be enriched in  lim e (the com position having

moved from 2 FeO.SiCk to  beyond L. in  P ig . 30) such th at the rea ctio n
0

path between the droplet and the in te r fa c ia l  melt com position (L -L .)
c 0

does not in te r se c t  the PeO + liq u id  phase field®



B esides a ffe c t in g  the m elt and the 2 CaO.SiOg la y er , ro ta tio n

a lso  accelerated  the rea ctio n  between the p e l le t  and the iron  oxide

r ich  l iq u id . The e f fe c t  was such th at a fter  4 - 5  minutes, there
2+  *

was in s u f f ic ie n t  reactin g  sp ec ie s  (Fe , SiO^ ) at the 2 GaCkSiOg -  

l iq u id  in ter fa ce  to p r e c ip ita te  2 GaO.SiOg w ith  a l l  the lim e in  so lu tio n . 

This resu lted  in  a decrease in  the width of the p rec ip ita ted  la y ers  

(F ig. 9) and in f le x io n s  in  the d isso lu tio n  graphs (F ig . 13)*



5* 5 The E ffec t of P e l le t  S ize

The most s tr ik in g  featu re observed in  the reaction  zone 

surrounding the la rg e  p e l le t s  was the narrow width o f  the 2 CaO.SiOg 

layer (F ig . 1 2 ). Even w ith  an immersion time, o f only 1 minute, the  

p rec ip ita ted  la y er  was being red isso lv ed  by the CaO-FeO l iq u id  phase. 

These observations suggest th a t the transport o f reaction  sp ec ie s  

from the bulk melt to the 2 GaO.SiOg -  GaO.FeO liq u id  in ter fa c e  was 

in s u f f ic ie n t  to  p r e c ip ita te  2 OaO.SiO^ w ith  a l l  the CaO in  so lu tio n .

Another stru ctu ra l d ifferen ce  between the two s iz e s  was th a t the 

2 CaO.SiOg layer  always remained very  c lo se  to  the large  p e l le t s .

This i s  co n sisten t w ith  a slow  ra te  o f  d is so lu tio n  and a reduced ra te  

o f  GaO tran sfer  from the p e l le t  to  the CaO.PeO ■ liq u id  -  2 CaO.SiO^ 

in ter fa ce . The equation for  the rate  o f  mass tra n sfer  o f  GaO from 

the bulk GaO.PeO liq u id  to the 2 GaO.SiOg rim i s  g iven  b y :-

dn = D (G, -G .)  per u n it area o f  in ter fa ce
■at s

C.̂  = bulk concentration  o f  GaO in  the liq u id  phase

Ĉ  = in te r fa c ia l concentration o f GaO a t the 2 CaO.SiOg

D = D iffu sion  c o e f f ic ie n t  )
■ f  J same fo r  both s iz e s  of p e l le t
0 = th ickness o f  the boundary layer )

• ra te  o f  tran sfer  oC  (0, -  G.)
. . v b a/

0^ w i l l  be higher w ith sm all p e l le t s  because o f the fa ster  d is so lu tio n

rate

0 w i l l  be lower for  small p e l le t s  because the GaO is  consumed as
1

soon as i t  reaches the GaO.PeO liq u id  -  2 CaO.SiO in ter fa c e . TheO

net e f f e c t  i s  a lower ra te  o f tran sfer o f  GaO in  th e  l iq u id  surrounding 

the large  p e l le t s .

Yfith a lower ra te  o f d is so lu tio n  (conpared to  the small p e l le t s )  

i t  i s  curious th a t 2 GaO.SiOg p rec ip ita ted  from the melt adjacent to



the 2 CaOoSiO  ̂ layer on co o lin g . This i s  probably due to  the higher 

heat capacity  o f  the large  p e l l e t s .  Because the in te r fa c ia l  melt 

co o ls  more slow ly , s u f f ic ie n t  time i s  ava ilab le  fo r  the p r e c ip ita tio n  

o f  2 CaO.SiOg. '

No liq u id  breakouts were observed around large specimens immersed 

in  2 PeO.SiO^ w ith  a i.IhO ad d ition . Y/hereas the liq u id  phase had 

penetrated to the centre o f  sm all p e l le t s  a fter  A m inutes, there  

was s t i l l  unreacted GaO present in  la rg e  specimens a fter  an immersion 

time o f 7* minutes. Consequently the l iq u id  was s t i l l  under c a p illa r y  

su ctio n .

The reason for  no breakouts around rota ted  specines i s  a lower 

cen tr ifu g a l fo rce  (the magnitude being dependant upon the rec ip ro ca l 

o f  th e p e l le t  rad iu s).

An in ter e st in g  fea tu re  seen in  one large specimen i s  the stru ctu re  

in s id e  ah in f i l t r a t e d  crack (P la te  32 ). The entrapped liq u id  load 

come to  p a r t ia l  equilibrium  w ith  CaO because the narrow opening o f  

the crack prevented melt renewal. [ Penetration  Experiments (se c tio n  

3.3«A) were always u n su ccessfu l.]



£• 6 Rate -  C ontrolling  -mechanism

The d isso lu tio n  o f  lim e p e l le t s  in  2 FeO.SiO^ is  envisaged to  

take p lace in  the fallow ing manner. PeO and S i0 9 d iffu se  from the 

bulk m elt to  the 2 CaO.SiOg “ liq u id  in ter fa ce  where they rea c t w ith  

OaO (in  so lu tio n ) to p r e c ip ita te  2 CaO.SiOg* The 2 CaO.SiOg in  turn 

d isso lv es  in  the m elt, allowing CaO and SiO^ to  d iffu se  from the 

in ter fa ce  in to  the bulk mdLt. In th is  mechanism there are severa l 

p o ss ib le  ra te  -  co n tro llin g  s ta g e s : -

1 . The transport o f  m elt to  the 2 GaO.SiO^-liquid in ter fa ce

2. The transport of PeO from the 2 OaO.SiO^-liquid in ter fa c e

to  the p e l le t

3* R eaction between GaO and PeO

4o The transport o f  OaO to the liq u id  -  2 OaO. SiO^ in ter fa ce

3* R eaction between GaO and th e m elt to form 2 OaO.SiO^

6. D isso lu tio n  o f 2 GaO.SiO^ by th e  melt

7* ' Transport o f GaO from 2 CaO.SiO^ in to  th e bulk m elt.

3 .6 .1  Small Lime P e l le t s

The increase in  the d isso lu tio n  ra te  under cond itions o f  forced  

convection in d ica tes  th a t t  he r a te - lim it in g  stage  i s  a transport 

process. An e s se n tia l fea tu re  o f  d iffu s io n  con tro lled  d is so lu tio n  

i s  the formation o f concentration grad ien ts . The concentration  

p r o f i le s  for GaO in to  the melt and PeO in to  the p e l le t  were very s te ep . 

These two transport processes are not thought to be rate  co n tro llin g  

sin ce  the GaO -  2 PeO.SiO^ system can never come to equilibrium  

[ the r a t io  o f 2 PeO.SiO^ to GaO was 60:1 by weight ] • This leaves

two p o ss ib le  stages namely 1 and A*, in  P ig . 13 there i s  an in f le x io n  

in  the graphs which co in cid es w ith  the peal: th ickness o f  th e  2 CaO, 

SiOg layer  (P ig . 9 ). These r esu lts  and observations in d ic a te  th at  

in  the early  stages GaO transport i s  ra te  co n tro llin g  but la t e r  m elt



transport to  the rea c tio n  in ter fa ce  becomes ra te  controlling,*

Support fo r  th is  mechanism i s  provided by the observation  o f  

3 CaO.SiO^ c r y s ta ls  p rec ip ita ted  on the 2 GaOoSiO  ̂ layer  surrounding 

a specimen immersed fo r  4  minutes (P la te  20).

Although an add ition  o f  manganese oxide to  the melt reduced the  

d is so lu tio n  r a te s , i t  did not a f fe c t  the p o s it io n  o f  the in f le x io n  in  

the d is so lu t io n  graphs (P ig . 13) nor the tim ing o f  the peak thiclcness 

o f th e 2 OaO.SiO^ la y ers  (P ig . 9)© These two observations suggest 

th at the same ra te  co n tro llin g  stages were operating in  the CaO -  

2 PeO.SiOg + MnO system.

With calcium  flu o r id e  in  the m elt, the most l ik e ly  ra te  c o n tro llin g  

stage i s  m elt transport. V isu a l confirm ation o f  th is  mechanism i s  

provided by the observation o f horseshoe shaped p a r t ic le s  o f  2 GaO.SiO^ 

d isso lv in g  in  the lim e-iron  oxide liq u id  phase.

Without q u an tita tive  measurements, i t  i s  d i f f i c u l t  to  p red ic t  

the ra te  co n tro llin g  s ta g e (s) fo r  d isso lu tio n  in  m elts contain ing  

b o r ic  oxide. However the q u a lita t iv e  evidence suggests melt transport  

i s  probably ra te  co n tro llin g .

3* 60 2 Large Lime P e l le t s

With la rg e  lim e p e l le t s ,  there was no in f le x io n  in  q u a n tita tiv e  

r e s u lt s  from the s t a t ic  and r o ta tio n a l experim ents. This fa c t  

coupled w ith  the photomicrographs showing 2 CaO.SiO^ d isso lv in g  in  

the lim e-iron  oxide liq u id  phase, suggests th at in  the four melt 

system s, the ra te  co n tro llin g  stage  i s  melt transport to  the 

rea ctio n  in ter fa c e .



6. Conclusions

The in v e stig a tio n  o f  the d is so lu tio n  o f  sm all lim e p e l le t s  in  

s t a t ic  and dynamic contact w ith an iron s i l i c a t e  melt at 1300°C 

under an argon,atmosphere leads to th e  follow ing con clu sions.

1. The rea ction  ‘between lime and fa y a l i t e  produced two reaction  

products, so lid  2 CaC.SiO^ and a l iq u id  r ic h  in  iron ox id e . As 

d isso lu tio n  proceeded, the p rec ip ita ted  p a r t ic le s  o f 2 OaO.SiO^ sintered  

togeth er to form a tenacious layer  between the two rea c ta n ts ,

2o I n i t i a l l y  the d is so lu tio n  o f lim e was co n tro lled  by the transport 

o f  lim e to th e  liq u id  -  2 CaO.SiOg in ter fa ce  but a t a la te r  time the 

rate  co n tro llin g  stage was the transport o f the reacting sp e c ie s  o f  

the m elt (iron  oxide and s i l i c a )  from the bull: m elt to  th e  2 CaO.SiO^

-  liq u id  in ter fa ce .

3o The presence o f manganese oxide in  the m elt was detrim ental to 

the d is so lu tio n  o f  lim e. Even though the 2 GaO.SiO^ p a r t ic le s  formed 

a 'porous1 layer, the o v era ll k in e t ic s  were retarded by the increased  

v is c o s ity  o f  the m elt and l iq u id  phases,,

4o In co n tra st, ad d ition s o f calcium flu orid e  and b o r ic  oxide 

acce lerated  the d is so lu tio n  of lim e. The increase being a ssoc ia ted  

w ith a decrease in  m elting poin ts and v i s c o s i t i e s .

3. In the systems examined Accept fa y a l i t e  + boric oxide) the ra te  

o f  d is so lu tio n  increased s ig n if ic a n t ly  when a r e la t iv e  v e lo c i ty  was 

applied between the lime and the m elt. The actual increase being  

dependent upon the v is c o s i t y  o f the m elt.

6. ITith la rg e  lim e p e l l e t s ,  the s ta t ic  and dynamic d is so lu t io n  ra tes  

were lower than those o f  the corresponding sm aller p e l le t s  d isso lv in g  

in  sim ilar  m elts . V isual evidence suggested th at the rea c tio n  was 

under m elt transport co n tro l.

7* No comparison can be made between the d is so lu tio n  ra tes  for the



two s iz e s  o f  p e l le t .  The reason being th at in  the i n i t i a l  stages  

d isso lu tio n  i s  co n tro lled  by d iffe re n t transport p rocesses. By 

the time d isso lu tio n  was co n tro lled  by m elt transport, large  

concentration grad ients would have formed around the sm all p e l le t s .



7* Suggestions for Puture Tfork

B esides s la g  com position, the in flu en ce o f s la g  temperature and 

oxygen p o te n tia l on lim e d isso lu tio n  cannot be ignored. The s la g  

temperature increases from approximately 1300°0 to above l600°0  

during the oxygen blow. In the LD v e s s e l considerable d ifferen ces  

e x is t  in  the p a r t ia l  pressure o f  oxygen between p arts in  contact w ith  

the oxygen je t  and th ose  through which pass bubbles o f carbon monoxide. 

In the GaO -  PeO “ S i0 9 system, the 2 C a0,Si0o + liq u id  phase f i e l d
2C Cm

moves towards the GaO -  SiO^ binary w ith  in creasin g  temperature and 

oxygen p o ten tia l (1 0 ), In  ad d ition  to  studying the e f fe c t  on lim e 

d is so lu tio n , the in flu en ce o f  each parameter on v is c o s i ty  can be  

determined using a Iiaake Viscom eter (recen tly  acquired by the  

M etallurgy Department), In  the l a s t  few years a number o f m inerals 

such as ilm onite have been promoted as lime flu x e s . In d u str ia l -  sca le  

t r ia l s  o f  each f lu x  would be expensive in  terms o f time and manpower. 

Laboratory sca le  experiments using the immersion apparatus would 

provide a quick method for screening the large number o f  suggested  

fijorspar. su b s t itu te s .

An ob stacle  to the understanding o f the e f fe c t  o f d if fe r e n t  

flu x es  has been a la ck  o f  knowledge o f the phase r e la t io n sh ip s  

involved . To study phase assemblages using the v e r t ic a l  tube 

furnace (P late  7) the bottom head would have to  be rep laced w ith  

an o i l  quenching bath. By quenching eq u ilib ra ted  samples, the high  

temperature micro stru ctu re can be reta in ed  fo r  examination a t  

room temperature.



8, Appendix 1

Immersion Experiments using  Commercially A vailab le Lime

Throughout the in v e s t ig a tio n , only pure conrponents were used.

For the lim e p e l le t s  in  p a r ticu la r  the s ta r tin g  m aterial was Analar 

calcium hydroxide. A fter ca lc in a tio n , the lim e analysed 99+/S GaO, 

which i s  higher than th at quoted for commercial s o f t  burnt lim e 

(96+?o CaO).

To ascerta in  whether the r e s u lt s  and observations ( in  p a rticu lar  

th e l iq u id  extrusions w ith  I.ihO in  the m elt) were c h a r a c te r is tic  only  

o f  th e d isso lu tio n  o f  syn th etic  hard burnt lim e, immersion experiments 

were carried  out using commercially ava ilab le  lim e. The s o f t  burnt 

lim e (k indly supplied  by GAPL), was in  the form of lunps (25 -  75 mm) 

w ith a p orosity  of 60 per cen t. Because o f  the d ifferen ce  in  

p o ro sity  and s iz e  (compared to  the sy n th etic  p e l le t s )  the as rece ived  

lim e was f ir e d  for 2 hours at 1550°C (reducing th e p o ro sity  to  39/') 

and then machined in to  cy lin d ers approximately 10 ram in  diameter and 

20 mm long.

The immersion experiments and subsequent specimen preparation  

were carr ied  out using the same procedures as per the sy n th etic  

p e l le t s .

Photomicrographs o f  the rea ction  zone between GaO and

1. 2 FeO.SiOg are shown in

P la te  93 ~ 2 minutes immersion

P la te  94 -  4  minutes immersion

P la te  95 -  4  minutes immersion

P la te  9& *- 6 minutes immersion

20 2 FeO^SiOg + 10 I.ihO are shown in

P la te  9 7 - 2  minutes immersion 

P la te  9 8 - 4  minutes immersion



Plat© 9 9 - 6  minutes immersion 

Except for the athermal p r e c ip ita tio n  o f  2 GaO.Si0^ the 

structures o f  the lim e -  m elt reaction  zones were very s im ilar  to  

those surrounding sm all sy n th etic  p e l l e t s .

In the GaO -  2 PeO.SiO^ system , the 2 CaO.SiO^ layer  had. buckled, 

however no d isc o n tin u it ie s  were observed along the melt boundary.

An in ter e st in g  feature seen in  th e micro structu re o f a specimen immersed 

for  4  minutes,was the corrugated surface o f the lim e p a r t ic le s  in s id e  

the reacted p e l l e t .  This suggests th at the in d iv id u a l p a r t ic le s  were 

inhomogeneous in  com position.

In both system s, the liq u id  phase quick ly penetrated  to the  

centre o f the lim e p e l le t s .  With an add ition  o f IhO in  the m elt, 

l iq u id  breakouts were observed a fter  an immersion period of 4  minutes 

(P la tes  98 and 99)* However i t  i s  p o ss ib le  that the breakouts were 

beginning to  occur a fte r  2 minutes, as in d icated  by the white phase 

at th e  malt -  2 CaOoSiOg in ter fa ce  (P la te  97)» • But being so sm all 

i t  i s  d i f f ic u l t  to  say whether th is  phase had formed is o  therm ally or 

a therm ally.



Appendix 2

Errors in  t ie  Immersion Sscperirnents 

Temperature

At 1300°c, the th y r isto r  'd rive' co n tro lled  the furnace
^5 Q

tenperature to  _ 10 C. The actu al temperature in sid e  the furnace 

was measured by a Cambridge Potentiom eter w ith an accuracy o f 0 ,5  

per cen t.

2. Time

The immersion time was measured by a stop  watch. The unknown 

time error i s  the time taken to  withdraw the assembly from the 

furnace and quench i t  to  below the minimum reaction  temperature,

3. R otational Speed

The speed o f  the ro ta tin g  p e l le t  dropped s l ig h t ly  w ith  the

add ition al drag at the s ta r t  o f  the experiment. An immediate

correction  to the vo ltage  o f  the drive motor increased the speed to 
-1141 cm min •

4* P e l le t  Volume

The volumes o f irregu lar  shaped bod ies determined by the 

immersion technique were w ith in  14 o f the volume derived from the 

r a t io  o f  mass to  d en sity .

5* P e l le t  Diameter

Each micrometer measurement was in  error by l e s s  than 0 .03  mm, 

' th is  was reduced to n e g lig ib le  proportions by averaging.
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Table 1 

Xray data fo r  2 FeQ.SiCU 

Ho• R adiation Zr. F i lt e r

Author!s Sample 2Fe0.S i02 (jftSTM Card 20-1139)

'&' spacing
o
A

Gonparative
In te n s ity

*A *

!df spacing
0
A

Comparative
In te n s ity

5 .25 w 5.23 40

Uh> 00 M 3.98 50

3 .50 VS 3*55 80

2.80 s 2.828 90

2C 6k. w 2.630 50

2.56 s 2.365 70

2c 50 vs 2.5CR 100

2.40 W 2*410 50

2.30 s 2.307 60

1 .84 s 1.838 60

1 .78 vs 1.777 90

VS -  very strong  

S -  strong  

M -  medium 

W -  weak



Table 2

GaO-2 FeO.SiOr, in  argon 

ResifLts from hot filam ent microscope and cone fu sion  t e s t s

R atio o f  
Lime to  
F a y a lite

Hot Filament 
Microscope Cone Fusion Tests

RemarksI n i t i a l
Liguidus

Temperature
oO

I n i t ia l
Bending

Temperature
oC

F in al
C ollapse
Temperature

oC

0-10 1170-1200 1150 1220 ) Gradual c o lla p se
1-9 1100-1120 1100 1170 ) a fter  i n i t i a l
2-8 1100-1125 1140 1200 ) deformation o f
3-7 1090-1120 1090 1240 ) the t ip

4-6 1070-1100 1080 3425 ) Collapse ceased a fte r
3-5 1070-1100 1080 > 1 5 0 0 ) i n i t i a l  deformation -
6-4 1150-1150 1140 >1500 ) resumed 20°C before

f in a l  co lla p se

Table 3

CaO-2  FeO.SiO  ̂ heated in  a ir  

R esu lts from hot filam en t micro scone and cone fu sion  t e s t s

Ratio o f  
Lime to  
F a y a lite

Hot Filament 
Microscope Cone Fusion T ests

RemarksI n i t ia l
Liquidus

Temperature
oC

I n i t ia l
Bending

Temperature
oC

F in a l
Collapse
Teirperature

oC

0-10 1550-1570 > 1 5 0 0 >1500 )C ollapse
1-9 1200-1240 1190 >1500 Jtenperature
2-8 1190-1220 1180 1340 )decreased w ith
3-7 1170-1200 1170 I 270 Jadditions o f
4-6 1170-1200 1150 1250 )lim e
5-5 1230-1250 1240 1330
6-4 1300-1520 1270 1500



Table 4

The average th ic la iess  o f  the dicalcium. s i l i c a t e  la y er  
p r e c ip ita ted  around sm all lime p e l le t s  during immersion 
in  fa y a l i t e  and fa y a l i t e  + 10 Yrtd manganese oxide

Immersion 
Time min*

2 F e0 .S i02 2 F e0 .S i02+10 vltfb IfoO

Thickness o f  
20a0,Si02 rim

Thickness o f  
20a0. S i0 2 rinyum .

s t a t ic rotated s t a t ic ro ta ted
1 5 27 10 17
2 10 47 12 35
3 17 .7 0 15 50
4 40 90 .27 62
5 28 10 5 20
6 14 5 7 5
7 10 5 5 5
8 5 5
9 5 5

Table 5

The average th ick ness o f  the dicalcium  s i l i c a t e  la y e r  
p rec ip ita ted  around large  l in e  p e l le t s  oiirhig immersion 
in  fa y a l i t e  and fa y a l i t e  4- 10 V/t$> manganese oxide

Immersion 
Time min>

2 FeO.SiOg 2 FeOo S i02+10wt/o IvInO

Thickness of 
2Ga0, S i0 2 rim jura

Tliickness o f  
20a0.S i02 rimyUm

s t a t ic rota ted s ta t ic ro ta ted

1 5 7 6 3
2 5 5 6 3
3 7 10 5 4
4 5 7 4 4
5 5 5 4 4
6 5 5 4 4
7 5 ■5 5 5



Table 6

D isso lu tio n  o f  sm all lime p e l le t s  in  fa y a lite  and 
fa y a l i t e  + 10 Yft;j manganese oxide

Immersion 
Time 
m in.

2 FeO 
vole lo s s ' S l§2 -2  cm cm

2 FeO. SiOg+lO.Yt/lIiiO 
v o l. lo s s  cm  ̂ cm"^

s ta t ic . rotated s t a t ic rotated

0 .5 O.OL55 0.021 0.009 0.012

1 0*026 0.034 0.017 0 .020

2 0.C43 0.058 0.029 0 .034

3 0.058 0.081 0.043 0. C49

4 0.062 0.105 0.051 0.065

5 0.067 0.129 0.057 0.074.
6 0.070 0.140 0.062 0.082

7 0.074 0.068 0.091
8 0.079 0.075
9 0.084 0.081

Table 7

D isso lu tio n  o f  sm all lim e p e l le t s  in  
fa y a l i t e  + 10 Xttfo calcium  flu orid e

Immersion 
Time 
sec .

2 F e0 .S i0 2 + 10 CaFg 

v o l.  lo s s  cm̂  cm ^

s t a t ic ro ta ted

7o5 0.022 0.054
13 0 .04 0.079
22.5 0.060 0.105
30 0.074
45 0.11



Tabid 8

D isso lu tio n  o f lar^e lim e p e l le t s  in  fa y a lite  
and fa y a lite  + 10 V/t/o manganese oxide

Immersion
Time
min-.

2 F e0 .S i0 2 

v o l. lo s s  cm  ̂ cm ^

2 Pe0.SiO2+10 mf/o IJhO 

v o l.  lo s s  cm  ̂ cm ^

s t a t ic rotated s ta t ic rota ted

0 .5 0o 008 0.017 0.006 0.012
1 0.015 0.028 0. 0L2 0.020

1 .5 0.020 0.037 0.015 0.025
2 0.02 6 O0C4.9 0.021 0.031
3 0.055 0o073 0.027 0.C45 .

4 0.C44- 0.086 (V-035 0.059
5 0.053 0.044 0.075
6 0. 064- O.C4-9
7 0.073 0.055

Table 9

D isso lu tio n  o f  lar^e lim e p e l le t s  in  
fa y a l i t e  + 1 0  Y/t% calcium  flu orid e

Immersion
Time
Bee-

2 P e0 .S i0 2 + 10 T/t$ CaP2 

v o l.  lo s s  cm  ̂ cm"* ̂

s t a t ic ro ta ted

7 .5 o. 009 0.029
15 0.015 0 .052

22.5 0.021 0 .070
30 0.025 0,085
60 0.039

0cr% 0.061
120 0.079
150 0.099



Table 10

D isso lu tio n  o f  large lim e p e l le t s  w ith  
d iffe re n t preheat temperatures in  fa y a l i t e

Immersion
Time
min.

P e l le t  Preheat Temperature

1300°C 
v o l. loss: 

cnr cm“2

1000°C 
v o l.  lo s s  

cm3 cm~2

6 o o ° c

v o l.  lo s s  
cm  ̂ cm“^

1 0. OL3 0.010 0.001

2 0.023 • 0.0193 0.009

3 0.033 0.030 0.0193

4 O.Of4 0.0375 0.0282

Table 11

^ D issolu tion  ra tes  o f  sm all and la rg e  
lime p e l le t s  in  d iffe re n t m elts

P e l le t

2 FeO.SiOg
cnP cm”* ̂  min"'

2 FeO.SiO^+iinO 
cm3 cm”* ̂  min“1

2Fe0.Si02+0aF„ 
cm  ̂ cm“*2 min"*T

s ta t ic rota ted s t a t ic ro ta ted s t a t ic ro ta ted

Small Lime 

Large Lime

0.0183^

0.010

0 .0 2 7 3 ^

X

0.0210

0. 0123^

^5Too6
X

0.0075

0.0159^-

^oT o 09
X

0.0140

0 .150

0.037

0.30

0.188

x Figures represent the ra tes  before and a fter  the in f le x io n  

in  the graphs (F ig . 13) o f  volume lo s s  p lo tte d  against tim e.



Table 12

GaO -  2 Fe&SiCU + 10 ViTt$> MhO in  argon 

R esu lts from hot filam ent microscope and cone' fu sio n  t e s t s

Ratio o f

Hot Filament 
Microscope Gone Fusion T ests

Lime to  
F a y a lite

I n i t i a l
Liquidus

Temperature
oO

I n i t ia l
Bending

Temperature
oC

F in a l 
C ollapse  

Temperature 
oO •

Remarks

0-10 1190-1220 1160 ■ 1240 )
)
) Manganese oxide1-9 1110-1130 1090 1170

2-8 1130-1170 1180 1230 )increased the to t a l

3-7 1130-1130 1140 1300 ) co llap se  temperatures 
)o f  a l l  th e  lim e-m elt

4.-6 1100-1130 1110 .>1500 ) mixtures

5-5
6-4

1120-1140 • 
1170-1200

1100
1170

> 1 5 0 0
> 1 3 0 0 S '

Table 13

OaO -  2 FeO.SiO^ + 20 Xlt/o MhO in  argon 

R esu lts from hot filam en t microscope and cone fu sion  t e s t s

Ratio o f  
Lime to  
F a y a lite

Hot Filament 
Microscope Gone Fusion Tests

RemarksI n i t ia l
Liquidus

Temperature
oO

I n i t ia l
Bending

Temperature
oO

F in al
C ollapse

Temperature
oO

0-10

1-9
2-8

3-7
4 -6

5-5

6-4

1220-1250 

1170-1200 

13J+ 0-1170 

1150-1170 
1130-1150 
1130-1150 

1230-1250

1230

1170
1150
1140
1110
1110
1220

1300
1200
1310
1460
1460
1460

> 1 5 0 0

) Manganese oxide  
) increased  the 
) co lla p se  temperature 
 ̂ o f  the melt -  but 
) decreased the f in a l  
) co lla p se  teiiperature  
) o f  lim e r ic h  mixtures



Table 14

GaO -  2 FeO.SiO^ + 10 Vft'.o MhO heated in  a ir     —  d — • - ‘  - ■     —

R esu lts  from filam ent microscope and cone fu sion  t e s t s

Ratio o f  
Litne to  
F aya lite

Hot Filament 
. l.Iicroscope Gone Fusion T ests

RemarksI n i t ia l
Liquidus

Temperature
oO

I n i t ia l
Bending

Temperature
oG

F in a l
Collapse

Temperature
oO

0-10

1-9
2-8

3-7
4-6  

3-3  
6-4

1390-1420
1290-1310
1270-1290

12601270
12801300
12301240

12201240

1400
1180
1180

1160
1190
1220
1220

1430
> 1 5 0 0

1300

1240
11270

1340
1430

Gradual co lla p se  o f  
cones except 1-9  
cone which d id  not 
co lla p se  com pletely  
below 1500°0 •

Table 15

GaO -  2 F e0 .S i0o + 20 V/t% MhO heated in  a ir

R esu lts from hot filam ent microscope and cone fu sion  t e s t s

R atio o f  
Lime to  
F a y a lite

Hot Filament 
Microscope Gone Fusion T ests

RemarksI n i t ia l  
Liquidus 

Tenperature 
• oG

I n i t ia l
Bending

Temperature
oO

F inal
C ollapse

Temperature
oG

O 10

1*9
2-8

3-7
4 -6

5-3
6-4

13501370
11901210
H 7O 1190
11801200

11801200

12201240
12301270

1340
1170
1180
1180

1180
1250
1250

1390 

>  1300 
1320 
1280  

1230 

1270 
1350

Gradual c o lla p se  o f  
cones except 1:9  
cone which did not 
c o lla p se  co u p le te ly  
below 1300°C



Table 16

CaO -  2 Fe0oSiOrt + 10 VTi#5 CaF„ in  argon ...................■ - - ■ .̂ n......... —̂ ---

R esu lts from hot filam ent microscope and cone fu sio n  t e s t s

Ratio o f
Hot Filament 

Microscope. Gone Fusion T ests

Lime to  
F a y a lite I n i t ia l

Liquidus
Temperature

oG

I n i t ia l
Bending

Temperature
oG

Final
Collapse

Temperature
oG

Remarks

0-10 1080-1110 1120 1150 V

1-9
2-8  

3-7

1C40-1070
1090-1120
1090-1120

1050
1030
1090

1100
1140
1180

\ Very rapid co lla p se  
< a fter  i n i t i a l  
\ deformation o f  
\ the t ip

4-6 1080-1110 1080 1230 )

5-5 1080-1110 1080 1200 <
6-4 1150-1170 1100 1290

Table 17

OaO -  2 FeQ.SiOp + 10 Vft/p in  argon

R esults from hot filam ent microscope and cone fu sion  t e s t s

Ratio o f

Hot Filament 
Microscope Gone Fusion T ests

Lime to  
F a y a lite I n i t ia l

Liquidus
Temperature

oO

I n i t ia l
Bending

Temperature
oC

F in a l 
C ollapse  

Temperature 
0 0

Remarks

0-10 1040-1070 . 1000 1070 )
)
) Very rapid1-9 900-  930 920 970

2-8 800- 830 860 920 ) co lla p se  a fter
3-7 800-  830 820 880 ) i n i t i a l  deformation 

j o f th e t ip  -
4-6 800-830 800 830

5-5 800-  830 820 860 I

6—4 870- 900 830 900 )



Table 18

D isso lu tio n  o f  dicalcium  s i l i c a t e  p e l le t s  in  fa y a lite

Lamersion 
Time sec .

Volume Loss 
cm3 car 2

15 0,066

22.5 0.108
30 0.135



Fjgp 1

Bardenheuer1 s (56) pseudo ternary diagram showing the 
change in  s la g  composition during a blow



SiO

I
CaO FeO



Apparatus used in  the determ ination o f  bulk d en sity  o f  
compacts and p e l le t s

a -  t e s t  p iece

b -  mercury

c -  w eight





Fig» 3

O ross-section  through the immersion furnace

a -  water cooled  copper tubing
b -  alumina work tube
c -Pt/5/Rh~Pt/2Q j Rh control thermocouple
d -  ceramic plug
e -  sp ir a l heating element
f  -  alumina support tube
K -  aluminium head
h _ p t -  p t/l3 /o  Rh thermocouple
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Fin;. 6

The equilibrium  percentage l iq u id  o f  com positions along 
the GaO-2 FeO.SiO^ iso p le th  present at various temperatures
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Fip;. 8

The equilibrium  percentage l iq u id  o f  conpositions  
alor\r/ the OaO -  l^CL.SiO ^ iso p le th  present at 
various tenperatures
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F ig . 9

The width o f  th e  2 CaO.SiC>2 rim around sm all lim e 
p e l le t s  p lo t te d  against immersion time
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Figo 12

The width o f  the 2 Ca0oS i0 2 rim around large  lim e 
p e l le t s  p lo tte d  aga in st 'iirmersion time
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The volume lo s s  o f  sm all lim e p e l le t s  in  d if fe r e n t  
m elts p lo tte d  again st immersion time

m elt

1 - 2  FeO.SiOp ( s t a t ic )
2 - 2  P e0 .S i02 (rotated)

3 - 2  FeO.SiO? + MnO ( s ta t ic )
4  -  2 FeO.SiOg + MnO (rotated)

5 - 2  PeO*SiO + CaPp ( s ta t ic )
6 - 2  PeO.SiOp + CaP2 (rotated)
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F ig . 14

The volume lo s s  o f large  lim e p e l le t s  in  d if fe r e n t  
m elts p lo t te d  aga in st hnmersion time

m elt

1 - 2  FeO.SiO^ ( s ta t ic )
2 - 2  FeO.SiO^ (rotated)

3 - 2  F e0 .S i0 9 + MnO ( s t a t ic )
4 - 2  FeO.SiOg + MnO (rotated)

5 - 2  FeO.SiO + CaFp ( s t a t ic )
6 - 2  FeOoSi^ + Gâ 2 (rotated)
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Figo 15

The volume lo s s  o f  large  lim e p e l le t s  w ith various 
preheat tanperatures in  fa y a lite  p lo t te d  against 
immersion time
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F ig . 29

The volume lo s s  o f  s t a t ic  dicalcium  s i l i c a t e  p e l le t s  ( l )  
and s t a t ic  sm all lim e p e l le t s  ( 2) in  fa y a l i t e  p lo tte d  
against immersion time
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General Inform ation on the Following  
Micrographs

The negatives were printed  d ir e c t ly  onto photographic 

paper w ith  no enlarging o f the image*

A ll the micrographs are of specimens etched in  N ita l w ith  

th e m elt always on the L .Ii.S .

The large, pores and voids found on a l l  specimens are almost 

c e r ta in ly  the r e s u lt  o f mechanical damage, during preparation  

for  m icroscopic examination.

The d if fe r e n t  combinations o f  p e l l e t ,  m elt and immersion tim e 

which were stud ied  are l i s t e d  o v er lea f.



M elt-P e ll e t-Iimnersion Time. Combinations

Melt P e l le t Immersion
Time

S ta tic r
Rotated

P la te
Number Remarks

2Pe0.Si02 Small 10sec. s t a t ic 18

Lime Imin. 13
2 " 2Ca0.Si02 la y er

sta r tin g  to buckle

3 " 14,17
*■ 4 20

5 " . 13 ,19 ,29 ,36
6 " 16

7 " 21,22
8 » . ) very th in

9 n ) p r e c ip ita te d  layer

1 " ro ta ted 23

2 "
3 " 24
4  " 25
5 " 2 6 ,3 7
6 «■ 27,28

7 " very th in  2Ca0.Si02
layer

Large Imin, s t a t ic 30
Lime 2 « buckled 2Ca0.Si02

layer
3 " 31
4  " entrapment o f  m elt

3 " 63
6 " 32

7 " 20a0 .S i02 p recip 
ita te d  on coo lin g

1 " rotated 33
2 " 34

3 " very th in  20a0,
S i0 2 -layer

4  " 35
3 " very th in  2Ca0.

S i0 2 la y er



Melt P e l le t Immersion
Time

S ta t ic -
Rotated

P la te
Humber Remarks

2Fe0.Si02 Small Imin, s t a t ic 40 -

+MnO Lime 2 " 43
3 " 41 ,44
4  " 45

5 46 ,57
6 " 42 ,47 ,56

7 " 48
8 " 49

9  " long liq u id
breakouts in  the

■** t m elt
Imin, rotated 50

2 " liq u id  breakouts

3 " 51,52

4  " 2Ca0.Si02 s ta r tin g
to  d isso lv e  on the
in s id e  surface

5 " 38,53,57
6 " 54
7 " 55

Large Imin. static 58
Lime 2 " ) very th in  20 a 0.

3 ” j SiOg la y er

4  M 59

■5 " 63
6 " ' ) vexy th in  20a0.

7 "
 ̂ S i0 2 layer

Imin. rotated 60
2 " th in  20a0 .S i02

la y er

3 " 61

4  " corrugated 20a0.
S i0 2 la y er

3 " 62,64



Melt P e l le t Immersion
Time

S t a t ic -
Rotated

P la te
Number Remarks

2Fe0.Si02 

+ CaP2

Small
Lime

15sec. 
30 " 

45 11

15 " 
30 "

s t a t ic

rotated

39 ,65 ,66 ,67
68,69,72

70

71

in d iv id u a l 20a0.
S i0 ? p a r t ic le s

<

Large

Lime
30s ec. 

Imin,-

1* 5min
15sec
30sec

s t a t ic

rotated

73
75

76

77 
78,79

PeO dendrites in ( 
the melt

2Fe0.Si02 

+ B2°3

Small

Lime

15sec. 
30 " 

45 u

s t a t ic 80 ,81 ,82

83,84
85

liq u id  "breakouts

Large
Lime

15 " 
30 "

s t a t ic 86
87,88 20a0 .S i02 dissolving'; 

on both  in ter fa ces

2 ? e 0 ,S i0 2 2CaO.
S i0 2

15sec. 

30 "

s t a t ic 89 ,90 ,92

91 horseshoe grains

2Fe0,S i02 Jommercial

Lime
2min.

4 "
6 "

s t a t ic 93

94,95
96

2Ca0.Si02 
precixoitated on 
co o lin g

2Pe0.Si02
+MnO

Commercial!

Lime

. 2min.

4  "
6 «

s t a t ic 97
98

99

liq u id  breakouts



P la te  1

The change in  concentration o f  
various elements during a L.D. blow

P la te  2

The OaO-PeO-SiO^ ternary phase diagram



4

3

2

Phosphorus
1 Sulphur Manganese

0
0 5 10 15 20

Time in minutes

CaO  FeO  S i0 2

C rystalline

N ototion

Cristobolite
Tridymite
Pseudow ollostonite

W ollastom te

Rankin ite
Olivine

Lim e
Wustite

Cristobolite

P h a s e s
Oxide Form ula

S i0 2  

cx-CoO S i0 2  
( 3 - ( C a ,F e ) 0 S i0 2 

3CoO 2 S '0 2 
2 (F e ,C a )0  S i0 2 

(Co.Fe)O 
" (F e ,C a )0 “

Temperatixes up to approximately I5bcfc  
are on the Geophysical Laboratory 
Scale, those above 1550° C ore on the 
1948 Internationa! Scale



P la te  3

The standard fr e e  energy o f  form ation o f  a number 
o f  s i l i c a t e s  a t temper attires in  the range 0°0 to  
1700°C



S i l i c a t e s

Free energy

kj/mol

- 1 0 0

Alj03 -*AI2Si05  Cyanit

Andah..!
-200

-3 0 0

-4 0 0

1500 °C10005000



P la te  4

20 ranu diameter Ca(0H)p compactsbefore and 
a fte r  s in ter in g  at 1450°0 for  3 hours

10 mm0 diameter Ca(QH)p compacts "before and 
a fte r  s in ter in g  at 125DD0 for 3 hours

10 mm. diameter 2 OaO.SiOg compact

P la te  3 

Hot filam en t microscope



H P t O e s iq n  1 IV V*. ^  W M l
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P la te  6

Tubular O r u s ilite  D*M« type heating element

P la te  7 

Immersion furnace





P la te  8

Cone mounted on an alumina cement base

P la te  9

Cone fu sion  furnace w ith s i l i c a  &Lass viewing window





P la te  10

P e l le t  attached to  a hollow  alumina sp in d le





P la te  11

S tir r e r  motor connected "by l f le x id r iv e t 
to  the top  o f  the alumina spind le

P la te  12

D ensity  b o t t le s  used in  the 
q u a n tita tiv e  experiments





P la te  13

S ta tio  sm all lim e p e l l e t  2 FeOoSiOg melt
1 minute immersion x  400

The lim e p e l le t  was separated from the m elt by s o lid  2 CaO.SiOg
(etohed darlc) and an iron oxide (etched w hite) r ic h  phase 
which was liq u id  a t the reaction  temperature

P la te  14

S ta t ic  sm all lim e p e l l e t  2 FeO.SiOg m elt
3 minutes immersion x  400

Penetration  o f  the lim e p e l l e t  by the iron  oxide r ic h  liq u id  
phase





P la te  15

S ta t ic  sm all lim e p e l l e t  2 Fe0oS i0 p m elt
3 minutes immersion x  400

P a r t ic le s  o f  iron  (etched w hite in  N ita l)  adjacent 
to  the lim e grains

P la te  16

S ta t ic  small lim e p e l le t  2 F e0 .S i0p m elt
6 minutes immersion x  400

Needles o f 3 0 a 0 .S i0 p p rec ip ita ted  on cooling  w ith  
is o  therm ally p r e c ip ita te d  3 0a0oS i0 p appearing as 
large  angular c r y s ta ls . The la rg e  rounded grains  
are lim e w ith  iron  oxide in  s o l id  so lu tio n





P la te  17

S t a t ic  small lim e p e l l e t  2 PeO.SiO^ m elt
3 minutes immersion x  4®0

The structure o f  the w hite phase i s  w u stite  dendrites  
surrounded b y  a e u te c tic  matrix

P la te  18

S ta t ic  sm all lim e p e l l e t  2 PeO.SiO^ melt
10 seconds immersion x  1000

P a r t ic le s  o f  2 OaO.SiOp (etched  dark) agglomerating 
in  the iron  oxide r ich  jLiquid





P la te  19

S ta t ic  small lim e p e l l e t  2 FeO.SiOg m elt
5 minutes immersion x  400

Large aggregates o f  2 CaO.SiOg breaking away in to  the  
iron  oxide r ic h  l iq u id  phase

P la te  20 .

S ta t ic  small lim e p e l l e t  2 FeO^SiOg m elt
4  minutes immersion x  400

D isso lv in g  3 Ca0*Si02 c r y s ta ls  (angular) adjacent to  
the 2 CaO-SiOg rim





P la te  21

S ta tic  sm all lim e p e l le t
7 minutes immersion

The 2 CaOoSiOg — m elt in ter fa c e  has ’moved 
lime p e l l e t  receded

P la te  22

S ta t ic  sm all lim e p e l le t  
7 minutes immersion

2 PeO,SiOp melt
x 40 f;

inwards as the

2 PeOoSiOp melt 
x  1000 ^

W ustite dendrites (etched  w hite) p r e c ip ita te d  from the 
m elt during freez in g





P la te  23

Rotated sm all lim e p e l l e t  2 PeO.SiOp m elt
1 minute immersion x  4 0 0

Corrugated layer  o f  2 CaO^SiO^

P la te  24

Rotated sm all lim e p e l le t  2 PeO.SiOg melt
3 minutes immersion x  400

Liquid breakouts (etched w hite) in  the m elt





P la te  25

Rotated small lim e p e l l e t  2 FeOoSiOp m elt
4  minutes immersion x  400

A region  o f  melt p a r t ia l ly  iso la te d  in  the liq u id  phase

P la te  26

Rotated sm all lim e p e l l e t  2 FeOpSiOg m elt
5 minutes immersion x  400

R e la tiv e ly  th in  layer  o f  2 CaO.SiOg along the melt 
boundary



1



P la te  27

R otated sm all lim e p e l le t
6 minutes immersion

P a r t ic le s  o f  2 CaO.SiOg forming a network

P la te  28

R otated sm all lime p e l l e t  
6 minutes immersion

Sintered groups o f  2 CaO.SiOg p a r t ic le s

2 PeO#SiOp m elt
x  400

l the l iq u id  phase

2 Fe0*Si0p m elt 
x  800





P la te  29

5 minutes imnersion  

S ection  from the reaction  zone ‘between CaO and 2 PeOoSiO, 

a. E lectron Image

bo

Co X ray image for  

cU

rCalcium. 

S ilic o n  

LIron





P la te  30

S ta t ic  la rg e  lim e p e l le t  2 FeO.SiOp m elt
1 minute immersion - x  400

Thin layer  o f  2 CaO.SiOp w ith  ad d ition a l 2 CaO.SiO ' 
(p rec ip ita ted  as dendrites) in  th e  m elt.

P la te  31

S ta t ic  la rg e  lim e p e l l e t  2 FeO.SiO? m elt
3 minutes immersion x  400

A continuous layer  o f 2 OaO.SiOg along the m elt ‘boundary





P la te  32

S ta tic  large lim e p e l l e t  2 FeO.SiO melt
6 minutes immersion x 400

A crack in  the p e l l e t  in f i l t r a te d  by the m elt. The 
stru ctu re i s  2 OaO.SiOg surrounded by la rg e  angular 
c iy s ta ls  o f  3 CaO.SiOL. These two phases being  
separated from th e  p e l l e t  by an iron  oxide liq u id  
phase.

P la te  33

Rotated la rg e  lim e p e l le t  2 Pe0o.Si0_ melt
1 minute immersion x  400

Corrugated layer  o f  2 CaO.SiO^ along the m elt boundary





P la te  34

R otated large  lim e p e l l e t  2 FeO*SiCL m elt
2 minutes immersion x  400

D endrites o f  2 CaO.SiOg in  the m elt adjacent to  the isotherm ally  
p r e c ip ita te d  layer .

P la te  35

Rotated la rg e  lim e p e l le t  2 FeO.SiO m elt
4  minutes immersion x  400 ^

Iso la te d  region  o f  m elt w ith 2 OaO.SiOg on the lime p e l le t  
s id e  only





X 3

P la te  36 P la te  37

5 minutes s t a t ic  5 minutes ro ta ted
in  2 P e0 .S i02 in  2 FeO.SiOg

P la te  38 P la te  39

5 minutes ro ta ted  15 seconds s t a t i c
in  2 P e0 ,S i02 + 10fo MnO in  2 PeOoSiO^ + 1C$ CaPg





P la te  40

S ta t ic  sm all lim e p e l l e t  2 FeO.SiOg + MnO melt
1 minute immersion x 4 00'

A la y er  o f  2 CaO.SiO^ separating the m elt and liq u id  phases

P la te  41

S ta t ic  sm all lim e p e l l e t  2 FeO.SiO^ + MnO m elt
3 minutes immersion x  4@0

I n f i l t r a t io n  o f  the porous p e l l e t  by the liq u id  phase





P la te  42 :

S ta tic  sm all lim e p e l le t  2 PeO.SiO? + MhO m elt
6, minutes immersion x  400

D irect bonding s t i l l  presen t between some o f  the lim e grains

P la te  43

S ta t ic  sm all lime p e l l e t  2 FeO.SiOg + MhO m elt
2 minutes immersion . x  400

V ariation  in  the d is tr ib u tio n  o f  2 CaO.SiOg p a r t ic le s  
along the m elt boundary





P la te  kb.

S ta t ic  small lim e p e l le t  2 FeO.SiO + MnO melt
3 minutes immersion x  400 ^

The corrugations in  the 2 OaOoSiO^ rim "becoming V shaped

P la te  45

S ta t ic  sm all lim e p e l le t  2 FeO.SiO + MhO melt
4  minutes immersion x  400

Breakout o f  l iq u id  in  the melt





P la te  46

S ta t ic  small lime p e l l e t  2 FeO.SiOg + IfoO m elt
5 minutes immersion x  400

Large breakout o f  l iq u id  in  the m elt. The breakout appeared 
s in g le  phased w h ils t  th e parent has a duplex structure on 
coo lin g

P la te  47

S ta t ic  sm all lim e p e l le t  2 FeO^SiOg + MhO melt
6 minutes immersion x  400

Two breakouts o f  l iq u id





P la te  bJo

S ta tic  sm all lime p e l l e t  2 FeO.SiOg + WnO m elt
5 minutes immersion x  400

Large breakout o f  l iq u id  in  the m elt. The breakout appeared 
s in g le  phased w h ils t  th e parent has a duplex structure on 
coo ling

P la te  47

S ta t ic  sm all lim e p e l le t  2 Fe0„Si0g + MnO melt
6 minutes immersion x  400

Two breakouts o f  liq u id



P late 48

S ta t ic  small lim e p e l l e t  2 FeO.SiOp + MnO melt.
7 minutes immersion. x  400

An elongated region  o f  m elt iso la te d  in  the l iq u id  phase

P la te  49

S ta tic  sm all lim e p e l l e t  2 FeO.SiOg + MhO m elt
8 minutes immersion x  400

Spherical regions o f  melt surrounded by a 2 CaQ,SiOg rim





P la te  50

Rotated small lim e p e l l e t  2 FeO.SiOg + }Jh0 melt
1 minute immersion x  400

Corrugated. 2 CaO.SiOg la y er

P la te  51

Rotated sm all lim e p e l l e t  2 FeO.SiOg + Mn0 m elt
3 minutes immersion x  400

D isproportional d is tr ib u tio n  o f  2 Ca0oSi0g p a r t ic le s  
along the m elt boundary





P la te  52
■ /

Rotated sm all lim e p e l le t  2 FeO.SiCL + Mn.0 melt
3 minutes immersion x  400

A region  o f  liq u id  is o la te d  by a large  mass o f 2 CaO.SiOg

P la te  33

Rotated sm all lim e p e l le t  2 FeO.SiOg + MnO melt
5 minutes immersion x  400

Large breakout o f  l iq u id  in  the melt* Note there was no 
2 CaO.SiOg p r e c ip ita te  along the m elt-breakout in ter fa ce





P la te  54

Rotated small lim e p e l le t  2 FeO* SiOg MhO melt
6 minutes immersion x  400 ’

I so la ted  reg ion  o f  m elt

P la te  35

Rotated sm all lim e p e l l e t  2 FeO.SiOg + IvfnO melt
7 minutes immersion x  400

D isso lv in g  c ry s ta ls  o f  3 CaO.SiOg (etched dark)





P la te  56

5 minutes immersion

S ection  from the rea ctio n  zone between CaO and 
? + MnO

E lectron  Image

2 FeO.SiOg + MnO

a.

b. 

o. 

d.

e 0

X ray image fo r

Calcium 

- S il ic o n  

Iron

Manganese





P la te  57 

5 minutes immersion

Breakout o f  liq u id  in  the CaO -  2 FeO.SiOr

a. E lectron  Image 

ho

Co v X ray image fbr 

d*

r Calcium 

S il ic o n  

- Iron  

*■ Manganese

+ MnO system





P la te  58

S ta t ic  larg e 'lim e  p e l l e t  2 FeO.SiO? + MnO m elt
1 minute immersion x  4 0 0

Corrugated 2 CaO^SiO  ̂ layer along the m elt boundary

P la te  59

S ta t ic  large  lim e p e l le t  2 FeO.SiO + MnO melt
4  minutes immersion x  400

P r e c ip ita tio n  o f  2 OaOoSiOp dendrites in  th e melt adjacent 
to  the 2 OaO.SiOp layer





P la te  60

Rotated large  lim e p e l le t  2 FeO.SiOp + MnO m elt
1 minute immersion x  400

Corrugated layer  o f 2 CaO^SiOg

P la te  61

Rotated large lim e p e l l e t  2 PeO.SiOp + MnO melt
3 minutes immersion x  400

A continuous 2 CaO. SiOp rim w ith  no l iq u id  breakouts





P la te  62

Rotated la rg e  lim e p e l le t  2 FeO.SiO^ + MhO melt
5 minutes immersion x  400

Thin layer  o f 2 CaO*.SiOp along the melt boundary

P la te  63

S ta tic  la rg e  lim e p e l le t  2 FeO.SiOg melt
5 minutes immersion x  400

The photomicrograph shows the rea c tio n  in ter fa ce  in s id e  
a lo n g itu d in a l groove* .Although the 2 CaOoSiO  ̂ layer  
had corrugated, therewere no breakouts





P la te  6k

S ta t ic  la rg e  lim e p e l l e t  2 FeO.SiO +► MhO m elt
5 minutes imnersion x 4@0

The photomicrograph shows the rea c tio n  in ter fa ce  in s id e  
a lo n g itu d in a l groove. . Therewere numerous breakouts 
o f liq u id  through a discontinuous 2 CaO.SiO^ layer

H a te  65

S ta t ic  sm all lim e p e l le t  2 PeO.SiOg + OaP  ̂ melt
15 seconds im nersion x  160

2 OaO^SiOg (etched dark) appeared, as in d iv idu al horseshoe 
shaped p a r t ic le s  in  the l iq u id  phase





P la te  66

S ta tio  sm all lim e p e l l e t  2 FeO.SiOp + OaFp melt
15 seconds imnersion x 400

Higher m agnification o f area in  P la te  65

H a t e  67

S ta t ic  sm all lim e p e l le t  2 FeO.SiOg + CaF  ̂ m elt
15 seconds immersion x  400

i '

Increasing proportion o f  lim e-iro n ccd.de e u te c tic  towards 
the cen tre o f  the specimen





P la te  68

S ta t ic  sm all lim e p e l le t  2 PeO.SiO^ + OaPg m elt
30  seconds immersion x  400

P r e c ip ita tio n  o f  2 OaOoSiO  ̂ dendrites during coo lin g

P la te  69 '

S ta tic  sm all lim e p e l le t  2 PeO.SiOg + OaP  ̂ melt
30 seconds immersion x  800

Dendrites o f  w u stite  in  the m elt. There was a lso  horseshoe 
shaped c iy s t a ls  o f  an another phase (marked X )0. 2 OaOpSiOg
i s  etched "black on the R,H.S. o f  the photomicrograph



X



P la te  70

Rotated sm all lime p e l le t  2 FeO.SiOp + OaPp melt
15 seconds immersion x  150

Large number o f  2 GaCLSiOg p a r t ic le s  p rec ip ita ted  iso th e r -  
mally and atherm ally

P la te  71

Rotated sm all lim e p e l le t  2 PeO.SiO^ + OaP  ̂ melt
30 seconds immersion x  150

2 CaO.SiOg dendrites p r e c ip ita ted  during cooling





P la te  72

30 seconds immersion

Section  o f  the reaction  zone "between CaO and 
2 P e0 .S i02 + OaP2

a* E lectron Image

b *

c* X ray image for  

do

‘Calcium 

■ S il ic o n  

- Iron





P la te  73

S ta t ic  la rg e  lim e p e l l e t  2 FeO.SICL + CaPp m elt
30  seconds immersion x  400

Rounded p a r t ic le s  o f  2 Ca0*Si02 and angular c r y s ta ls  o f  
3 CaO. SiOg undergoing reso lu tio n

P la te  74

Gross -  se c t io n  o f . s t a t i c  large  lim e p e l le t s  x  3

a , immersed for  30 seconds in  2 PeO.SiO^ + OaPg m elt

!>• immersed fo r  4  minutes in  2 FeO.SiOg -  showing
unreacted core o f  free  lim e





P la te  75

S ta tic  la rg e  lim e p e l le t  2 FeO.SiOg + CaF_ melt
1 minute immersion x  400

W ustite dendrites in  the m elt

P la te  76

S ta t ic  large  liine p e l l e t  2 FeO.SiOg + OaF  ̂ m elt
1 .5  minutes immersion x  400

Increasing proportion o f  w u stite  dendrites in  the melt





P la te  77

Rotated large  lime p e l le t  2 PeO.SiOg + CaPg melt
15 seconds immersion x  100

Horseshoe shaped p a r t io le s  o f  2 CaO.SiOg and 3 OaO.SiOp 
d isso lv in g  in  the l iq u id  phase





P la te  78

Rotated large  lim e p e l l e t  2 FeO.SiOg + CaF_ m elt
30 seconds immersion x  1000

The c h a r a c te r is t ic  twinning o f  2 OaO.SiOg asso c ia ted  w ith  
the cxi ___   transform ation

P la te  79

Rotated la rg e  lim e p e l l e t  2 FeO.SiOg + melt
30 seconds immersion x 1000

Angular c r y s ta ls  o f  3 0a0*Si0? d isso lv in g  in  the liq u id  
phase* The s o l id  surfaces actin g  as s i t e s  for  nucleation  
and growth processes during coo lin g





HLate 80

S ta tic  sm all lim e p e l le t  2 FeO.SiOp + Bp0_ melt
15 seconds immersion x  40 0  ^

Thiele la y er  o f 2 CaO.SiOp along the m elt boundary

P la te  81

S ta tic  sm all lime p e l le t  ’ 2 FeO.SiO + B^O- m elt
15 seconds immersion x  4 CO

Liquid breakout in  the melt





E la te  82

S ta tic  sm all lim e p e l le t  2 PeO. SiOg + nj0H;
15 seconds immersion x  400

Rapid in f i l t r a t io n  and d is so lu tio n  o f  the p e l le t  by the  
iron  oxide r ic h  liq u id

P la te  83

S ta t ic  sm all lim e p e l le t  2 PeO.SiO^ + B O melt
30 seconds immersion x  400 ^

D isso lu tio n  o f  2 OaO.SiO^ by the m elt and the liq u id  phase





P la te  84

S ta t ic  sm all lim e p e l le t  
30 seconds immersion

Encapsulated region o f  m elt





P la te  85

45 seconds immersion

Section  from the reaction  zone between OaO and 2 FeO.SiOr 

+ B2°3

a. E lectron  Image

b.

c . X ray image for

a#

Calcium 

- S il ic o n  

Iron





P la te  86'

S ta t ic  la rg e  lim e p e l le t  2 FeO.SiOg + B^O* melt
15 seconds immersion x  4 0 0

Large equiaxed p a r t ic le s  o f  2 CaO.SiOg along the m elt 
boundary

P la te  87

S ta t ic  large  lim e p e l le t  2 PeO.SiO^ + B^O- melt
30 seconds immersion x  400

Corrugated la y er  o f  2 CaO.SiOg p a r t ic le s





P la te  88

S ta t ic  large  lime p e l l e t  
30 seconds immersion

Liquid ‘breakouts in  the melt





P la te  89

S ta t ic  p e l le t  o f  2 CaO,SiOp 2 FeO.SiCL melt
15 seconds immersion x  4@0

Rapid in f i l t r a t io n  o f  the p e l le t  by the melt

P la te  90

S ta t ic  p e l le t  o f  2 CaO.SiOg 2 FeO.SiOg melt
15 seconds immersion x  400

Grains showing the c h a r a c ter is tic  twinning o f  
2 Ca0.Si02





P la te  91

S ta tic  p e l l e t  o f  2 OaO.SiO^ 2 FeO.SiO m elt
30 seconds immersion x '400

Large quantity o f  melt in s id e  the p e l l e t .  The grains 
etched lig h te r  than the melt





' H a te  92

15 seconds immersion

Section  o f  rea ction  zone between 2 CaOpSOg and. 2 FeOoSiO^ 

a* E lectron  Image

bP rCalcium

c, X ray image for -S il ic o n

d* ^Irou





P la te  93-

S ta t ic  commercial lime 2 FeO.SiO. m elt
2 minutes immersion x 400

Dendrites o f  2 CaO.SiOg along the melt boundary

P la te  94

S ta t ic  commercial lime 2 PeO,SiO. m elt
4  minutes immersion x  400

Corrugated 2 CaO.SiO^ layer w ith  no d isc o n tin u it ie s  
The th ick  hand running down the centre o f  the  
photomicrograph i s  mounting compound .





P la te  95

S ta t ic  commercial lime 2 FeO.SiOp melt
4  minutes immersion xlOOO

The in d iv idu al lim e p a rtic lesw cre  not d isso lv in g  
uniform ily

P la te  96

S ta t ic  commercial lim e 2 FeO.SiO^ m elt
6 minutes immersion x  400

Corrugated 2 CaO.SiO^ layer  along the m elt boundary





E la te -97

S ta t ic  commercial lim e 2 FeO.SiOg + MnO m elt
2 minutes immersion x  4©0

There were a la rg e  number o f  l ig h t  coloured p a r t ic le s  along 
the m elt "boundary. The w hite colour suggested they were 
iron  oxide r ich .

E la te  98

S ta t ic  commercial lim e 2 FeO.SiO^ + MnO melt
4  minutes immersion x  400

A number o f  liq u id  "breakouts in  the m elt





HLate 99

S ta t ic  commercial lim e 2 Fe0.S i02 + MnO melt
6 minutes immersion x  400

Corrugated 2 CaO.SiOg la y er  w ith  l iq u id  "breakouts



A


