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SUMMARY

A  co m p reh en siv e  r ev ie w  of the lite r a tu r e  con cern in g  the  

v a r io u s  ty p es  o f in c lu s io n s  com m on ly  en cou n tered  in  c o m m e r c ia l  

s t e e l s ,  has been  c a r r ie d  out. The cond itions o f form ation  of both  

su lph ide and oxide in c lu s io n s  have b een  d is c u s se d , and in  p a r ticu la r  

the e ffe c ts  o f th e v a r io u s  o x o - and su lp h o -p h illic  e lem en ts  w hich  

can be em p loyed  to  m od ify  the m o re  u su a l in c lu s io n  p op u lation s.

The e ffe c t  o f w orking on the in c lu s io n  m orp h ology  has a ls o  b een  

rev ie w e d  w ith p a rticu la r  em p h a sis  being g iven  to  the v a r io u s  

fa c to r s  w hich  a ffe c t  in c lu s io n  beh av iou r. The b ehaviou r of the m o re  

com m on typ es of in c lu s io n s , during hot w ork ing, h as a ls o  been  

r ev iew ed .

The e x p er im en ta l w ork  has in v e s tig a te d  the e ffe c ts  of 

d eform ation  tem p era tu re  and the d e g r ee  of m a tr ix  s tr a in  on the  

m orp h ology  of v a r io u s  ty p es  of s i l ic a te  in c lu s io n s , during hot r o llin g .  

The 'R e la tiv e  P la s t ic it ie s*  of p la s t ic  in c lu s io n s  w ere  d eterm in ed  

and the m e c h a n ism s of fra c tu re  and d issem in a tio n  of b r itt le  n on - 

p la s t ic  in c lu s io n s  w as in v estig a ted .

It w as show n that c r y s ta llin e  and g la s s y  s i l ic a te  in c lu s io n s  

behaved  in  a 'brittle* or 'rigid* m anner a t lo w er  ro llin g  te m p e r a tu r e s ,  

depending on the s iz e  of the in c lu s io n s  and the red u ction  a ttem p ted , 

but that a t so m e  c r it ic a l  tem p era tu re  the behaviour stxddenly b eca m e  

'p lastic*  or 'fluid*. T h is  tr a n s it io n  tem p era tu re  w as shown to  be  

r e la te d  to  the so lid u s  tem p era tu re , in  the c a se  of c r y s ta ll in e  s i l ic a te  

in c lu s io n s , but w as dependent on the tem p era tu re  at w hich  the v is c o s i t y  

of g la s s y  s i l ic a te  in c lu s io n s  f e l l  b elow  so m e  c r it ic a l  v a lu e . T h is  

la tter  tem p era tu re  w as often co n s id era b ly  l e s s  than the co rresp o n d in g  

so lid u s  tem p era tu re .

The s ta b ility  o f the v a r io u s  ty p es  of g la s s y  in c lu s io n s  h as a ls o  

b een  in v e stig a te d  and it  has b een  show n that in  th o se  c a s e s  w h ere  

the g la s s y  p h a ses  are  u n sta b le , co m p lex  n o n -eq u ilib r iu m  s tr u c tu r e s  

m a y  d evelop  on extended  soaking at the w orking te m p e r a tu r e s .



The m e c h a n ism s  of form ation  of a lum inous in c lu s io n s ,  

produced  on d eoxid ation  w ith  a lum in iu m , have b een  in v e s tig a te d  

and th e o r ie s  have b een  p rop osed  to  exp la in  the v a r io u s  in c lu s io n  

m o rp h o lo g ie s  o b se rv e d . The e ffe c t  o f hot r o llin g  on the m orp h o logy  

of th e s e  in c lu s io n  c lu s te r s  has b een  in v e stig a te d  and an exp lanation  

fo r  the s tr in g s  of s m a ll  angular a lum ina p a r t ic le s ,  o ften  o b serv ed  

in  c o m m e r c ia l p ro d u cts , h as b een  outlined .



1.1 IN TRO D U CTIO N

M odern c o m m e r c ia l s tee lm a k in g  p r a c tic e s  in v a r ia b ly  produce  

a liq u id  produ ct w hich  contains a fin e su sp en sio n  of n o n -m e ta llic  

p a r t ic le s .  B y the u se  of advanced p o st sm eltin g  tech n iq u es, such  

as vacuum  d e g a ss in g , vacuum  arc  r em elt in g  and e le c tr o  s la g  

r efin in g , it  i s  p o s s ib le  to  e lim in a te  the m ajor fra c tio n s  of th e se  

su sp e n s io n s . H ow ever , such  tech n iq u es a re  c o s t ly  and only  b eco m e  

e co n o m ic a lly  v ia b le  in  the c a se  of high stren gth  and sp e c ia l a llo y  

s t e e l  p rodu ction . F or the m anufacture of the m ajor part of c o m m e r c ia l  

tonnage grade s t e e ls ,  the s tee lm a k er  i s  le f t  w ith the a ltern a tiv e  of 

en su rin g  that h is  stee lm a k in g  p ra c tice  g iv e s  r is e  to  the ty p es  of 

in c lu s io n s  the le a s t  injurious, or the m o st  b e n e fic ia l, to  the p a r ticu la r  

p rop erty  req u irem en ts  o f the s te e l  u s e r .

N o n -m e ta llic  in c lu s io n s  can be c la s s if ie d  into tw o m ajor g ro u p s, 

su lph ides and o x id e s , although s e v e r a l  other m in or ty p e s , su ch  as  

n itr id e s  and s e le n id e s , a lso  occu r but far l e s s  frequ en tly .

Sulphide in c lu s io n s  are  u su a lly  produced  w ithin the s t e e l  ingot 

or ca stin g  during so lid if ica tio n , and co n tro l of th is  type of in c lu s io n  

depends la r g e ly  on the s te e lm a k e r s  co n tro l of the sulphur content of 

the m e lt  p r ior  to c a st in g . M anganese su lphide is  the u su a l fo rm  of 

sulphide found in s t e e l s ,  although other fo rm s m ay be produced  in  

sp e c ia l ly  trea ted  s t e e ls .  The m orph ology  of th is  su lph ide i s  la r g e ly  

dependent on the s ta te  of deoxidation  at the tim e  of so lid if ica t io n , 

the in c lu s io n s  having a g lob u lar , or TY PE I, m orp h ology  at low  

d e g r ee s  of deoxidation . In h ea v ily  d eo x id ized  s te e ls  the in c lu s io n s  

have an id iom orp h ic  m orp h ology , u su a lly  term ed  TY PE IEC, w h ils t  

at in term ed ia te  d e g r ee s  of deoxidation  th ey  have a v e rm ifo r m  

c h a r a c te r , being p rec ip ita ted  in fan lik e  co lo n ie s  along the g ra in  

b ou n d aries; th is  m orph ology  being known as  TYPE II. T h ere  i s  

cu rren tly  som e d ispute about the m ech a n ism  by w hich the la tte r  tw o  

in c lu sio n  typ es a re  fo rm ed , but w h atever th is  m ech a n ism  i s ,  the



v e rm ifo r m  m orph ology  rem a in s  one of the m o st d e le tero u s  w ith  

r e s p e c t  to  the m ech a n ica l p r o p e r tie s .

Oxide in c lu s io n s  can a r is e  from  v a r io u s so u r ce s  during the 

stee lm a k in g  p r o c e s s ,  but of th e se  it  i s  the products of re  oxidation  

during teem in g  and the e r o s io n  products of the lad le  n o z z le  and 

r e fr a c to r ie s  that have been found to be of p r im a ry  im p o rta n ce . In 

addition  to th e s e , secon d ary  products of deoxidation  a r e  form ed  

during so lid if ica t io n  and coo ling  and it  is  th ese  typ es of in c lu s io n s  

w hich are  m o s t  freq u en tly  found in the fin a l product, p a r tic u la r ly  

when the ca stin g  tem p era tu re  is  low  and the in c lu s io n s  have l it t le  

tim e  to  flo a t out of the ingot.

O xidic in c lu s io n s  are  c la s s if ie d  into  th ree  groups depending  

on th e ir  m ode of o c c u r r e n c e -  th e se  a re  the PRIM ARY, SECONDARY  

and EXOGENOUS typ es of in c lu s io n . PRIMARY in c lu s io n s  are  

th o se  produced in  the liqu id  s t e e l  by p rec ip ita tio n  r ea c tio n s  brought 

about by the v a r io u s stee lm ak in g  add itions m ade to the m e lt , and 

are  typ ified  by the p r im a ry  produ cts of deoxidation . SECONDARY  

typ es are  th o se  form ed  w ithin the in got or ca stin g  during so lid if ic a t io n  

and a r is e  from  the changing so lu b ilit ie s  of oxygen and sulphur.

T h ese  a re  typ ified  by the fine in ter  d en d ritic  m an ganow ustite  

p r e c ip ita te s  found in r im m in g  s te e l  in g o ts . M anganese su lph ide  

in c lu s io n s  a lso  belong to  th is group. The EXOGENOUS in c lu s io n s  

are  th o se  produced  by e ro s io n  or c o r r o s io n  of the v a r io u s  r e fr a c to r y  

m a te r ia ls  w ith w hich the s t e e l  co m es in to  con tact during the s t e e l 

m aking p r o c e s s . A lthough th is  sy s te m  p ro v id es  a good g e n e r a l  

b a s is  for the c la s s if ic a t io n  of in c lu s io n s , th ere  are  a r ea s  of broad  

overla p  b etw een  the v a r io u s  c la s s e s .  F or ex a m p le , p r im a ry  

in c lu s io n s  are  often p rec ip ita ted  onto exogen ou s n u c le i, and exogen ou s  

p a r tic le s  m ay  b eco m e so  a lte r ed  by r ea c tio n  w ith the d is so lv e d  

d eoxidan ts that th ey  b ear lit t le  r e se m b la n ce  to the r e fr a c to r y  

m a te r ia l from  w hich th ey  o r ig in a ted . It can be a p p rec ia ted  that the



ch o ice  of deoxidant u su a lly  has a pronounced e ffe c t  on the  

co m p o sitio n  and co n stitu tio n  of the ox id ic  in c lu s io n s  p r e se n t  in the  

fin a l product.

D uring hot w orking the in c lu s io n s  p r e se n t m ay  behave in  a 

r ig id , b r itt le  or p la s t ic  m an n er, depending on the con d ition s of 

w orking and on the r e la t iv e  stren gth s of the in c lu sio n  and m a tr ix  

m a te r ia ls . When th ey  behave in a p la s t ic  or flu id  m anner they  

tend to d eform  in sym pathy w ith the s te e l  m a tr ix , b ecom in g  elon gated  

in  the w orking d irectio n  to form  lon g , th in , in tern a l d isco n tin u it ie s  

w hich act a s  long co -p la n a r  cra ck s  ly ing  in  the ro llin g  p lan e.

S im ila r ly  b r itt le  in c lu s io n s  tend to b reak  up and b eco m e d is sem in a te d  

along the m e ta l flow  l in e s , form in g  lon g , th in  fragm en ted  s tr in g e r s .  

T h ese  can a ls o  a c t as in tern a l c r a c k s , p a r ticu la r ly  if  m a tr ix  w elding  

b etw een  the d is sem in a te d  in c lu sio n  fragm en ts i s  in co m p le te . R ig id  

in c lu s io n s  do not e lon gate  or fra ctu re  and h ence do not produce su ch  

p la te lik e  d isc o n tin u it ie s . T hey can , h o w ev er , p rom ote the fo rm a tio n  

of c o n ic a l vo id s in a s so c ia t io n  with the m a tr ix - in c lu s io n  in te r fa c e .

In such  c a s e s  the m a tr ix  and in c lu sio n  b ecom e d eco h esed  due to  the  

in a b ility  of the d eform in g m a tr ix  to m ain ta in  com p lete  p er ip h era l  

con tact w ith the in c lu s io n  as  it  flow s around it . The vo id s  thus 

produced a ls o  l ie  in the w orking plane and m ay  a ct as s i t e s  for  

p r e fe rr ed  c ra c k  in itia tio n , p a r ticu la r ly  in  fatigue s itu a tio n s . In so m e  

c a s e s  th ese  r ig id  in c lu s io n s  are  a s so c ia te d  w ith  a p er ip h era l s h e l l  

of a m o re  p la s t ic  m a te r ia l, for exam p le m a n gan ese  su lph ide so m e tim e s  

found a s so c ia te d  with the m o re  a lum inou s ca lc iu m  a lu m in a te s . In 

such  c a s e s  the p la s t ic  p h ase  is  str ip p ed  from  the m o re  r ig id  ph ase  

form ing long ta i l - l ik e  d isco n tin u itie s  extending into the surrounding  

m a tr ix .

In g e n e r a l, n o n -m e ta llic  in c lu s io n s  a re  found to be d e tr im en ta l 

to  the m ech a n ica l p ro p er tie s  of the s te e l .  They a re  known to lo w er  

the te n s ile  stren gth , can d r a s t ic a lly  red u ce  the fa tigu e l i f e , a re  

the ch ie f cau se  of m ech a n ica l an iso tro p y  in fla t r o lle d  products  

and a re  the m ain  r ea so n  for the sca tter  band width in  the to u g h n ess



p r o p e r t ie s . H ow ever , c er ta in  su lph ide and low  m eltin g  point 

s i l ic a te  d isp e r s io n s  do enhance the m ach in in g  p ro p er tie s  o f the  

s t e e l  and a r e  u sed  to  advantage in  fr e e  m ach in ing  g r a d e s .

The reco g n itio n  of the h arm fu l e ffe c ts  o f in c lu s io n s  on the  

m ec h a n ic a l p r o p e r tie s  has r e su lte d  in  a con cen trated  r e s e a r c h  

e ffo r t, o v er  the la s t  tw o d e c a d e s , in to  understanding the o r ig in s  o f  

n o n -m e ta llic  in c lu s io n s  and th e ir  m e c h a n ism s o f form ation ; the  

e ffe c ts  of p r o c e s s in g  on th e ir  m orp h ology  and d istr ib u tio n , and the  

e ffe c ts  th ey  u lt im a te ly  have on th e  p r o p e r tie s  of the s t e e ls  contain ing  

th em .

1 .2  THE REASONS FOR AND THE AIMS OF THE INVESTIGATION

A lthough th ere  have b een  n u m erou s in v e stig a tio n s  in to  the  

o r ig in s  o f n o n -m e ta llic  in c lu s io n s , and the e ffe c ts  th ey  u lt im a te ly  

have on the m e ch a n ica l p r o p e r tie s , in v e stig a tio n s  into  the e ffe c ts  

of d eform ation  on the m o rp h o lo g ie s  o f the in c lu s io n s  have b een  l e s s  

n u m ero u s. T h ose  in v e s tig a tio n s  w hich  have b een  rep o rted  have  

m a in ly  b een  co n cern ed  w ith  the b ehaviou r of su lp h id ic  in c lu s io n s ,  

the beh aviou r o f o x id ic  ty p es  being l e s s  w e ll defined .

The pu rp ose of the p r e se n t study w as to  in v e s tig a te  so m e of 

the fa c to r s  in flu en cin g  the behaviour o f the in c lu s io n s  during hot 

w orking and to  obtain fundam ental in form ation  on the behaviou r of 

the m o re  com m on typ es o f ox id ic  in c lu s io n s .

The a im s of the study w ere  to  p rovid e in form ation  on :

1. The tr a n s itio n  betw een  r ig id  and flu id  b ehaviour of 

s i l ic a te  in c lu s io n s  on in c r e a s in g  the tem p era tu re  o f  

d eform ation .

2. The m e c h a n ism s of fra c tu re  and d issem in a tio n  of 

b r itt le  ty p es  o f s i l ic a te  in c lu s io n s .

3. The e ffe c ts  of p ro lon ged  soak ing trea tm en ts  at h igh  

tem p era tu res  on the con stitu tion  of g la s s y  s i l ic a te  

in c lu s io n s  and the e ffe c ts  th is  has on th e ir  beh aviou r  

during su b seq uen t w orking tr e a tm e n ts .



4 . The m e c h a n ism s o f fra c tu re  and d issem in a tio n  o f  

alu m in ou s a g g lo m e r a te s  produced  on deox id ation  by  

a lu m in iu m .

5. T he behaviour of a lum inou s ty p es  m o d ified  by ca lc iu m  

to  produ ce ca lc iu m  alu m in ate type in c lu s io n s .

A lthough it  w as o r ig in a lly  in tended  to  in v e s tig a te  the e ffe c ts  o f  

hot w orking on s e v e r a l  d ifferen t ty p es  o f ca lc iu m  a lum inate in c lu s io n s ,  

th is  o b jec tiv e  w as not a ch iev ed . T h is w as due in  part to  d if f ic u lt ie s  

ex p er ien ced  in  obtaining the r e q u is ite  d eg ree  of ca lc iu m  r e a c tio n  in  

th e  ex p e r im en ta l m e lts  and a ls o  to  the add ition al tim e  sp en t  

in v estig a tin g  the m e c h a n ism s o f fo rm ation  o f the d ifferen t p a r tic le  

m o rp h o lo g ies  in  the in c lu s io n  c lu s te r s  produced  on d eoxid ation  by  

A lum inium ; a study w hich  w as not en v isa g ed  in  the o r ig in a l r e s e a r c h  

p ro g ra m . •
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2. LITERATURE REVIEW

A lthough th is  in v estig a tio n  w as con cern ed  p r im a r ily  w ith  

the behaviour o f o x id ic  in c lu s io n s  on hot w ork ing, it  w as fe lt  that 

the w ork w ould be in co m p lete  i f  it  did not inclu de a r e v ie w  of 

cu rren t v ie w s  con cern in g  the typ es of in c lu s io n s  com m on ly  found  

in  s t e e ls  and th e ir  m o d es of o ccu rr e n c e . A r e v ie w  of the lite r a tu r e  

con cern in g  su lph ide in c lu s io n s  i s  a ls o  included  for the sak e of 

c o m p le te n e ss .

2 .1  INCLUSION TYPES COMMONLY FOUND IN STEELS

2.1.1.  Sulphide In c lu sion s

A lthough the g r e a te s t  v a r ie ty  o f m o r p h o lo g ie s , co m p o sitio n s  

and co n stitu tio n s a re  exh ib ited  by the ox id ic  typ es o f in c lu s io n s , th ey  

do not co n stitu te  the m ajor fra c tio n  of the n o n -m e ta llic  in c lu s io n s  

p r e se n t in  s t e e ls .  W iddowson (1) s ta te s  that a m o d er a te ly  c lea n  bulk  

p r o c e s s e d  s t e e l  ty p ic a lly  con ta in s 0 .10  Wt % of n o n -m e ta llic  

in c lu s io n s . Of th e s e , a ssu m in g  a sulphur content o f 0. 015%, 0. 09% 

a re  p r e se n t in  the fo rm  of su lp h id es . B eca u se  of th e ir  g r e a te r  

nu m bers the su lphide in c lu s io n s  can have a s ig n ifica n tly  g r e a te r  

e ffe c t  on the m e ch a n ica l p r o p e r tie s  than do the o x id e s . C on seq u en tly  

m uch w ork  has b een , and i s  b e in g , conducted into  finding m eth od s of 

e lim in a tin g  the su lphide in c lu s io n s , or o f ren d erin g  th em  le s s  

h arm fu l.

A t 1600°C . sulphur has u n lim ited  so lu b ility  in  liq u id  s t e e l  

but it  is  in so lu b le  in  the so lid  s ta te , and m u st be p rec ip ita ted  fro m  

the m e ta l as it  s o l id if ie s .  In the a b sen ce  of other m o re  sta b le  

sulphide form in g  e lem en ts  F eS  is  the p rec ip ita ted  p h ase  and fo rm s  

as a low  m eltin g  point e u tec tic  in  the in terd en d ritic  sp a c e s  FIG. I.

The p r e se n c e  of th is  low  m eltin g  point con stitu en t g iv e s  r is e  to  the  

fa m ilia r  p rob lem  o f hot sh o r tn e ss , and for th is  r e a so n  the s t e e l



u su a lly  con ta in s m a n g a n ese , in  the ra tio  o f at le a s t  4:1, Mn:S, 

w hich fo rm s a m o re  stab le  su lphide than that o f iron  FIG . 14a, 

and g iv e s  r is e  to the fa m ilia r  dove g r ey  in c lu s io n s  freq u en tly  

o b serv ed  in s t e e l  m ic r o s tr u c tu r e s .

(i) M anganese Su lph ides

The m orp h o logy  o f the m an gan ese  su lp h id es depend on the  

stee lm a k in g  p r a c tic e . S im m s & D ahle (2) have c la s s if ie d  th e se  

m o rp h o lo g ies  a s  ty p es  I, II and III, the ac tu a l ty p es  produced  

depending la r g e ly  on the sta te  o f deoxidation  o f the m e lt  at the tim e  

of c a st in g , and its  a llo y  content.

In s t e e ls  contain ing m o re  than 0. 02 Wt % of d is so lv e d  

oxygen , the s t e e l  u n d ergoes a m o n o tectic  r ea c tio n  during s o lid if i

ca tio n , producing sulphur and oxygen  r ic h  liq u id  g lo b u les  at the  

so lid if ica t io n  fron t, FIG . 2. A ccord in g  to B aker and C h a r les  (3) 

th o se  g lob u les fo rm ed  e a r ly  in  the so lid if ica tio n  seq u en ce , contain  

m o re  d is so lv e d  oxygen  than th o se  g lob u les produced  la te r , and can  

produce duplex o x id e -su lp h id e  s tr u c tu r es  upon th e ir  su b seq u en t 

so lid if ica tio n . B elow  a lim itin g  oxygen  content o f 0. 01% D ahl (4) 

s ta te s  th at only  the v e rm ifo r m  type II su lp h id es a re  fo rm ed , th e r e  

being a grad u al tr a n s it io n  b etw een  ty p es  I and II at oxygen  con ten ts  

betw een  0. 02 and 0. 01%. T ra d itio n a lly  type II su lp h id es have b een  

reg a rd ed  as  a e u te c tic  stru c tu re  being produced  by a eu te c tic  

r ea c tio n  in  the la s t  rem ain in g  liqu id  to  so lid ify , (2) FIG . 2. H o w ev er , 

i t  has r e c e n tly  b een  su g g ested  that th is  su lph ide m orp h o logy  i s ,  in  

fa c t, a c o -o p e r a tiv e  m o n o tectic  fo rm , the g lobu lar typ e I m o rp h o lo g y  

being the d eg en era te  fo rm , (5).  The e ffe c t  of a lu m in iu m , (2) ,  in  

changing the m orp h ology  from  type I to  type II i s  g e n e r a lly  a c ce p ted  

to  be the action  of the a lum iniu m  rem ov in g  oxygen  fro m  so lu tio n . 

H ow ever, F r ie d r ik s so n  (5) has obtained both ty p es  I and 31 a t lo w  

oxygen to  sulphur r a t io s ,  in  ex p er im en ta l m e lt s ,  and has su g g e ste d  

that the a b sen ce  o f type II fro m  the s il ic o n  tr e a ted  s t e e ls  w as due to  

the s i l ic a te  d ro p le ts  being e ff ic ie n t n u c le i for the liq u id  type I 

su lp h id es . D eoxid ation  by a lum in iu m  alone p rod u ces a so lid  ox ide



w hich  i s  p resu m a b ly  not an e ffic ie n t nu clean t for  liq u id  MnS. In 

fa c t  B u zek  (19) has o b serv ed  sm a ll  a lum ina p a r t ic le s  w ith in  type  

III su lp h id es , on w hich  n u clea tion  m ay have o ccu rred . S im ila r  

p a r tic le s  have been  r ep o rted  by D uckw orth and Inneson  (6) and it  

i s  p o s s ib le  th at a lu m in a m a y  p rom ote the form ation  of type III 

su lp h id es , w hich  a r e  probably  so lid  at stee lm a k in g  te m p e r a tu r e s , by  

provid ing s it e s  of n u clea tio n . Type II su lp h id es a re  found in  s t e e ls  

d eo x id ized  by  s i l ic o n , s i l ic o n  and m a n g a n ese , and a lu m in iu m  w h ere  

the a lu m in iu m  co v er  is  low . In s t e e ls  w ith  v e r y  low  oxygen  co n ten ts , 

a s  for ex a m p le  in  c o r r e c t ly  trea ted  a lum inium  k illed  m e lt s ,  an 

id io m o rp h ic  fo rm  of m an gan ese  su lph ide is  fo rm ed . T h ese  su lp h id es  

a re  p rec ip ita ted  in  c r y s ta llin e  form  d ir e c t ly  from  the m e lt , although  

the ex a c t nature o f th e ir  form ation  i s  s t i l l  a m a tter  of so m e  d isp u te . 

S om e w o rk ers  b e lie v e  that other e lem en ts  a re  req u ired  b e fo re  the 

type HI m orp h o logy  w ill  ap p ear, (5) ,  th e ir  a c tion  being to  d e p r e ss  

the fr e e z in g  point o f the m e lt  and to m ove  the M nS-F e e u te c tic  

c lo s e r  to  the iro n  r ic h  co rn er  o f the ph ase d ia g ra m , FIG . 3. The MnS 

i s  then p rec ip ita ted  on coo lin g  as a p ro eu tec tic  co n stitu en t. B aker  

and C h a r les  (3) have argued  that i f  th is  w ere  the c a se  then type III 

su lph ides w ould exh ib it flo ta tion  e ffe c ts  and b eco m e se g r e g a te d  

w ith in  the in got. T hey a ls o  argue th at by in c r ea s in g  the sulphur  

con ten t o f the m e lt  the type 33 m orp h ology  should  be r ep la ce d  by the  

type 331 m orp h o logy . S in ce n e ith er  o f th e se  phenom enon a re  o b se rv e d , 

th ese  w o rk ers  a s s e r t  that type 331 m an g a n ese  su lp h id es a r e  u n lik e ly  

to  be fo rm ed  by p ro eu tec tic  p rec ip ita tio n , and supp ort the v ie w  th at 

th is  m orp h ology  r e s u lt s  from  a e u te c tic  reaction , the su lp liide  

form in g  a s  a d iv o rced  co n stitu en t. M ore r e c e n tly  P ick er in g  (7) h as  

o b serv ed  that the sk e le ta l or anchor shaped form  o f m a n g a n ese  

su lp h id e , found in  c a s t  ir o n s  and a llo y  s t e e l s ,  is  ty p ic a l o f the  

in it ia l s ta g e s  of a p r im a ry  c r y s ta ll isa t io n  and that in  th e se  c a s e s  

the su lph ide m a y  have been  produced  as  a p r im a ry  p r e c ip ita te . 

H ow ever , F r ie d r ik s so n  and H ille r t  (5) inclu de th is  m orp h o lo g y  in  an  

ad d ition a l group th ey  have c a lle d  type IV. T h is type has a fish b o n e



or C hinese s c r ip t  m orp h ology  w hich th ey  b e lie v e  r e s u lt s  fro m  a 

n o rm a l e u tec tic  so lid if ica tio n . T his m orp h ology  has on ly  b een  

o b serv ed  u n am bigu ously  in  ex p er im en ta l m e lts  contain ing high  

le v e ls  of sulphur and so lid if ied  under c a re fu lly  co n tro lled  co n d itio n s . 

The m orph ology  i s  v e r y  s im ila r  to  the type II m orp h ology  and it  

w ould be d ifficu lt to  d istin g u ish  the two ty p es  in  c o m m e r c ia l s t e e ls  

contain ing sm a ll vo lum e fra c tio n s  of su lph ide. H ow ever , th is  

h y p o th esis  can  be u sed  to  exp la in  an anom alous o b serv a tio n  rep o rted  

e a r lie r  by S im m s (8) who found that on d eox id izin g  a m ed iu m  m a n g a n ese  

s t e e l  w ith  a lu m in iu m , type II su lp h id es cou ld  be con verted  to typ e III 

by a m o d era te  e x c e s s  of a lu m in iu m , but that w ith  a 'h igh  A1 e x c e s s  

the m orp h o logy  r e v e r te d  to one resem b lin g  type II. In te r m s  of 

F r ie d r ik s so n  & H ille r ts  h y p o th es is , -this r e v e r s io n  i s  s im p ly  the  

ap p earance of the c o -o p e r a tiv e  e u tec tic  type IV m orp h ology  rep la c in g  

th ey  type III d iv o rced  e u tec tic  m orph ology .

T h ere  i s  now su ffic ien t ev id en ce  to  m ake a g e n e r a lise d  

co n c lu sio n  on the probable m ech a n ism s of form ation  of the d iffe re n t  

sulphide m o r p h o lo g ie s . The type I m orp h o logy  r e s u lt s  from  a n o rm a l 

m o n o tectic  type rea c tio n  during the so lid if ica t io n  seq u en ce . The type  

II m orp h o logy  ap p ears at in term ed ia te  d e g r e e s  of deoxidation  and m a y  

r e s u lt  fro m  a c o -o p e r a tiv e  m o n o tectic  type rea c tio n . A t h igh  d e g r e e s  

of deoxid ation  the type HI m orp h ology  is  form ed  a s  the d iv o rced  

co n stitu en t of a e u tec tic  r ea c tio n  w h ils t  the m o re  u su a l c o -o p e r a t iv e  

eu te c tic  p rod u ces the type IV m orp h ology  w hich  m a y  often  be 

con fu sed  w ith  the type II m orp h ology .

The F eS  content of the m a n gan ese  su lp h id es in it ia lly  

p rec ip ita ted  can be su b sta n tia l, FIG. 4; Salm on -  C ox and C h a r les  (9) 

rep ortin g  as m uch a s  20% F eS  in  fr e sh ly  p rec ip ita ted  m a n g a n ese  

su lp h id es , the eq u ilib r iu m  Fe;M n ra tio  on ly  being approached  during  

su b seq u en t cooUng or heat trea tm en t. The su b stitu tion  o f m a n g a n ese  

by other su lph op h ilic  e lem en ts  is  w e ll known and the e lem en ts  

ch rom iu m , ca lc iu m , z irco n iu m  and the ra re  earth  e lem en ts  a r e  a l l  

known to  behave in  th is  w ay, (10, 11) FIG . 14a. C hrom ium  su b stitu ted



m a n g a n ese  su lp h id es a re  often found in  s ta in le s s  s t e e ls ,  and u su a lly  

appear in  the id io m o rp h ic  type III m orp h ology  (7 , 11, 16) and the  

com p lete  m u tual so lu b ility  o f ch rom iu m  and m an gan ese  su lp h id es  

has been  rep o rted  (17). Su bstitu tion  of m an gan ese  by ca lc iu m  and 

m a g n esiu m  have a ls o  b een  rep o rted  (7 , 16) but although ca lc iu m  and  

m an g a n ese  su lp h id es a r e  iso m o rp h o u s, th e ir  m utual so lu b ility  i s  

in co m p le te , m a n gan ese  su lphide being ab le  to  d is s o lv e  a m axim u m  of  

12% CaS (27).

(ii) Sulphide M odification

D uring hot w ork ing, m a n gan ese  su lph id es b eh ave p la s t ic a lly ,  

form in g  e lon gated  th in  s tr in g e r s  w hich  a r e  v e r y  d e le te ro u s  to  the  

m ec h a n ic a l p r o p e r tie s . Sulphide m o d ifica tio n  trea tm en ts  a r e  d es ig n ed  

t o  r e p la c e  the h igh ly  p la s t ic  m a n gan ese  sulphide w ith a l e s s  p la s t ic  

fo rm  and to  en su re  that the h igh ly  d e le te ro u s  type 31 m orp h o logy  d o es  

not o ccu r . K ie s s lin g  (11) s ta te s  that ch rom iu m  has th e m o s t  e ffe c t iv e  

s o lid  so lu tio n  stren gth en in g  e ffe c t  on m a n gan ese  su lp h id e, FIG . 35b, 

and P ick er in g  (12) h as pointed  out that the su lph ide in c lu s io n s  p r e se n t  

in  low  m a n g a n ese , Jiigh ch rom iu m  s ta in le s s  s te e ls  a re  m u ch  l e s s  

prone to  fo rm  e lon gated  s tr in g e r s  on hot w orking. H ow ev er , so lid  

so lu tio n  stren gth en in g  o f MnS by ch rom iu m  i s  not a p r a c t ic a l  

p ro p o sitio n  due to  the la r g e  am ounts of the e lem en t req u ired  to  

obtain su ffic ie n t p artition in g  b etw een  the su lph ide and m a tr ix . The  

a ltern a tiv e  i s  to  p rom ote  the form ation  o f a h a rd er , l e s s  p la s t ic  and  

m o re  sta b le  type of su lph ide and it  i s  in  th is  d irec tio n  that s ig n if ic a n t  

p r o g r e s s  has b een  m ade in  r e c e n t y e a r s .

A ccord in g  to  P ick er in g  (12) th o se  e lem en ts  u sed  to  m od ify  

the su lph ide population should  s a t is fy  a s  m an y o f the fo llow in g  

con d itions a s  p o s s ib le .

(i) The e lem en t m u st fo rm  a su lph ide m o re  s ta b le  than  

m an gan ese  su lp h id e.

(ii)  The e lem en t should have a g r e a te r  a ffin ity  for su lphur  

than for  oxygen , n itro g en  or carb on .



( iii)  The e lem en t should  have a low  vapour p r e s s u r e  at 

stee lm a k in g  tem p era tu res  and should  be so lu b le  in  

liq u id  s te e l .

(iv) The su lp h id es produced  should not form  low  m e ltin g  

point e u te c t ic s  w ith th e s t e e l  or other p h a ses  p r e se n t  

and although v o la tile  su lph ides would be u se fu l for  

d esu lp h u riz in g  tr e a tm e n ts , th ey  would be of l it t le  

u se  fo r  p reven tin g  th e form ation  o f thin s tr in g e r s  on  

w orking.

(v) The addition  of the e lem en t to  the liq u id  s t e e l  should  

be capable  o f a co n tro lled  n o n -v io len t r e a c tio n  and g iv e  

a p red ic ta b le  r e c o v e r y .

(vi) The su lph ide fo rm ed  should have a high m e ltin g  poin t

and co n seq u en tly  a low  p la s t ic ity  a t w orking te m p e r a tu r e s .

A rro w sm ith  (15) s ta te s  th at the ob jectiv e  of su lph ide m o d ifica tio n  

i s  to  produ ce in c lu s io n s  w hich a re  r e s is ta n t  to  ro llin g  d efo rm a tio n  and, 

s in c e  th ey  m u st not c ra ck , th ey  m u st a ls o  be sm a ll. A  f in a l r e q u ir e 

m en t is  th at th ey  m u st be d istr ib u ted  h om o g en eo u sly , s in c e  c lu s te r s  

of r e fr a c to r y  g lob u lar in c lu s io n s  w ould a ls o  produce d ele terou s  

fra gm en tary  s tr in g e r s  on w orking.

T h ese  co n sid era tio n s  lim it  th e ch o ice  of su lph ide m o d if ie r s  

to  the e lem en ts  of groups II, III and IV of the p er io d ic  ta b le , th e  

e lem en ts  of the other groups form in g  su lp h id es w hich a r e  e ith e r  

v o la t i le , u n sta b le , or l e s s  sta b le  than m an gan ese  su lp h id e. The r a r e  

earth  e lem en ts  of group HE have b een  show n to  have a s tro n g  m od ify in g  

p o ten tia l, as have the e lem en ts  titan iu m  and z irco n iu m  fro m  group IV  

and ca lc iu m  fro m  group IE (11 - 15) FIG . 14a. The e lem en ts  hafn iu m , 

tantalum  and even  uranium  have b een  su g g ested  as p o s s ib le  su lp h id e  

m o d if ie r s , but th e ir  exp en se  a n d /o r  p ro b lem s o f h ygien e l im it  th em  

to  a r e a s  of a ca d em ic  in te r e s t  (19).



(iii)  M od ification  by C alc iu m  A dditions

S im m s and D ahle (2) f ir s t  in v e stig a te d  the p o s s ib il ity  of 

em ploying ca lc iu m  as a d eo x id izer  for  s te e l ,  but concluded  that the  

p r e se n c e  o f c a lc iu m  had no apparent e ffe c t  on the in c lu s io n  m orp h ology  

in  c a lc iu m -s il ic o n  trea ted  s te e ls  com p ared  w ith  con ven tion a l s i l ic o n -  

m an g a n ese  k il le d  s t e e ls .  In d is c u s s io n  of S im m s & D a h le 's  paper  

h o w ev er , G rotts (2) p resen ted  ev id en ce  to  show  that c a lc iu m -s il ic o n  

trea tm en ts  u se d  to  sup p lem en t deoxid ation  by a lum in iu m  could  produce  

co n sid era b le  im p ro v em en ts  in  d u ctility . Subsequent in v e s tig a tio n s  

(18 -  24) p rovid ed  m eta llo g ra p h ic  ev id en ce  to  show  th at ca lc iu m  

add ition s to  a lum in iu m  k illed  s t e e l s ,  m in im ise d  the ten d en cy  to  fo rm  

type II su lp h id es and lim ite d  the form ation  of the v e r y  d e le te ro u s  

a lum ina c lu s te r s ,  by rep la c in g  th em  w ith  th e l e s s  r e fr a c to r y  c a lc iu m  

a lum inate s .

C a lc iu m  is  o ften  u se d  in  m od ern  stee lm a k in g  fo r  the  

m o d ifica tio n  o f both ox ide and su lph ide in c lu s io n s , bein g  m o s t  

freq u en tly  u sed  to  e lim in a te  a lum ina g a la x ie s  and type II su lp h id es  

fro m  alum in iu m  k ille d  gra in  re fin ed  s t e e ls .

C a lc iu m  i s  on ly  sp a r in g ly  so lu b le  in  liquid  s t e e l ,  a so lu b ility  

of 0. 032 Wt % Ca being rep o rted  by S p o n se ller  and F lin n  (25) fo r  

c a lc iu m  in  pure iro n . M iyash ita  and N ish ik aw a rep o rt a m in im u m  

so lu b ility  of 0. 0103 Wt % Ca for ca lc iu m  in  pure iro n  at 1600°C . 

A d d ition a lly , ca lc iu m  v a p o u r ize s  when im m e r se d  in  liq u id  s t e e l ,  a 

vapour p r e s s u r e  of 1. 6 a tm o sp h eres  at 1600°C being r ep o rted  (25) .

T h is  com b in ation  o f high vapour p r e s s u r e  and sp arin g  so lu b ility  

m ake the co n tro l o f ca lc iu m  additions v e r y  d ifficu lt and undoubtedly  

a ccou n ts for  the d isa g r ee m e n t b etw een  e a r ly  in v e s t ig a to r s  in to  th e  

e ffe c ts  of c a lc iu m . The u se  o f the m o re  u su a l ca lc iu m  b earin g  

deoxidan t a llo y s  such  as  ca lc iu m  s i l ic id e ,  in  su lph ide m o d ifica tio n  

tr e a tm e n ts , has g iv en , and s t i l l  g iv e s ,  v e r y  e r r a t ic  r e s u lt s .  In 

o rd er  to  m ake ca lc iu m  trea tm en t m o re  co n tro lla b le  it  i s  n e c e s s a r y  

to  lo w er  it s  vapour p r e ss u r e  at s tee lm a k in g  te m p e r a tu r e s , and to



in c r e a s e  its  so lu b ility  in  the m o lten  s te e l .  T hird  e lem en t in te r 

a c tio n s  have been  rep o rted  to  in c r e a s e  the so lu b ility , s t e e ls  

contain ing 0. 74% C having a ca lc iu m  so lu b ility  of 0. 052% (25).  

A lu m in iu m  i s  a ls o  rep o rted  to  in c r e a s e  the so lu b ility . H ilty , C rafts  

and Solom an (21) have shown that b ariu m  can have a s ig n ifica n t  

in flu en ce  in  lo w erin g  the vapour p r e ssu r e  of the c a lc iu m . In 

addition  b ariu m  is  v e r y  d en se  and b a r iu m -c a lc iu m  a llo y s  have the  

v ir tu e  that th ey  sin k  rap id ly  to  the bottom  of the me It, g iv in g  a 

red u ced  bubble s iz e  and hence in c r e a se d  r e s id e n c e  tim e  o f the ca lc iu m  

vapour. B ariu m  i t s e l f  has an ev en  lo w er  so lu b ility  in  s t e e l  than  

c a lc iu m  and is  on ly  r a r e ly  o b serv ed  in  in c lu s io n s  produced  by the 

addition  of ca lc iu m  b ariu m  a llo y s  (23).  T he advent of th e c a lc iu m  -  

bariu m  a llo y s , for the trea tm en t of a lum inum  d eo x id ized  s t e e l s ,  has 

g iven  a m ark ed  im p ro v em en t in  the co n tro l and p r e d ic ta b ility  o f  

ca lc iu m  trea tm en ts  iri r e c e n t  y e a r s .

The C aS-M nS sy s te m  show s a m ark ed  so lu b ility  gap (27) ,  

m an g a n ese  su lph ide only  being ab le  to  d is so lv e . 12% CaS in  so lid  

so lu tion . T h is r e s u lt s  in  the form ation  of iso la te d  p a r t ic le s  o f v e r y  

stab le  ca lc iu m  sulph ide in  m e lts  g iven  su ffic ie n tly  h ea v y  c a lc iu m  

tr e a tm e n ts . CaS is  a ls o  freq u en tly  o b serv ed  as a p e r ip h era l la y e r  

around ca lc iu m  a lu m in a te  in c lu s io n s , produced by r ea c tio n  o f the  

c a lc iu m  w ith the l e s s  s ta b le  oxide in c lu s io n s  p r e se n t in the m e lt  at 

the tim e  of the add ition . S a lter  and P ick er in g  (16) have p o stu la ted  

that su ch  p er ip h era l ca lc iu m  sulph ide can be fo rm ed  by the r e a c tio n  

o f b a s ic  ad m ixed  s la g  p a r tic le s  w ith a lum in ium  added a s  a d eox id an t. 

W h ilst the ca lc iu m  s i l ic a te  s la g  p a r t ic le s  can d is so lv e  su lp h u r, i t s  

so lu b ility  in  ca lc iu m  a lu m in ate  i s  lim ite d  (28) and on r e a c tio n  i s  

p rec ip ita ted  as CaS around the p er ip h ery  o f the in c lu s io n . H ilty  

and F a r r  e l  (13) sta te  that the c h ie f  advantage o f ca lc iu m  tr e a tm e n t  

i s  the e lim in a tio n  of type II su lp h id es fro m  low  carb on , a lu m in iu m  

k ille d , gra in  re fin ed  s t e e ls .  T h ese  w o rk ers  found th at a c a lc iu m  le v e l  

of only  12. 5 ppm w as su ffic ie n t to  b eg in  the c o n v e rs io n  o f typ e II 

su lp h id es to  type III. A t h igh er  ca lc iu m  le v e ls  the su lp h id es con ta in ed  

a g r ea ter  p roportion  o f CaS and fo rm ed  pred om in an tly  in  a s so c ia t io n



w ith  the ca lc iu m  a lu m in ate  oxide p h a se s . A lthough S a lter  and 

P ic k e r in g 's  exp lanation  for th is  a sso c ia tio n  m igh t accou nt for  a 

few  in s ta n ce s  of a s so c ia t io n  it  w ill  not accou n t for  the p r e fe r e n tia l  

a sso c ia t io n  found by th e se  w o rk ers . No r e a lly  sa t is fa c to r y  

exp lan ation  for th is  phenom enon has y e t  b een  p rop osed . It d o e s , 

h o w ev er , p r e se n t an in ter e st in g  p o s s ib il ity , s in c e  i t  e lim in a te s  the  

sulph ide a s  an in d iv id u a l p a r tic le  from  the m ic r o s tr u c tu r e . F o r  the  

sa m e vo lu m e fra c tio n  of su lp h id e, the la r g e r  l e s s  n u m erou s type I 

in c lu s io n s  a re  l e s s  d e tr im en ta l to  the fra c tu re  tou gh n ess than the  

fin er  m o re  nu m erou s type III su lp h id es . H ence the a s so c ia t io n  of 

sulph ide and oxide in c lu s io n s  could p rovid e a m ethod for obtain ing the  

d u ctility  and tou gh n ess p ro p er tie s  u su a lly  a s so c ia te d  w ith h igh  q u ality  

lo w  sulphur s t e e l s ,  in  the ch eap er g ra d es of s t e e l  contain ing the m o re  

u su a l le v e ls  of su lphur. A d d ition a lly , the red u ction  in  the le v e ls  o f 

the te s s e la te d  s t r e s s e s  in  the m a tr ix  around the in c lu s io n s , a r is in g  

-from  th is  a s so c ia t io n , can  g ive  a m ark ed  im p ro v em en t in  the  

fa tigu e p r o p e r tie s .

(iv ) M od ifica tion  by R are E arth  A dd itions

The r a r e  earth  e lem en ts  (R. E ,)  have v e ry  high a ff in it ie s  for  

both oxygen  and su lph ur, FIG. 14, and a ls o  for carbon and n itro g en , 

th e ir  a ffin ity  for oxygen  being even  g rea ter  than that of a lu m in iu m .

F or  th is  r ea so n  s t e e l  m e lts  to  be trea ted  w ith R. E . a llo y s  m u st  be 

fu lly  d eo x id ized  b efore  the addition is  m a d e, the u su a l ch o ice  of 

deoxidant being a lum iniu m .

The ty p es  of o x id e , su lphide and oxysulph ide p h a ses  fo rm ed  

by the R. E . e lem en ts  is  la rg e  and the p h a ses  p rec ip ita ted  in  tr e a ted  

s t e e ls  depends la r g e ly  on the oxygen  and sulphur contents of the  

m e lt  at the tim e  of the addition (29,  30) and on the RE:S ra tio ; co m p le te  

e lim in a tio n  of a l l  MnS ty p es  Only being a ch iev ed  at R E:S r a tio s  

g rea ter  than 3. 0 (14, 32). W ilson  (14) and W ilson  and W ells  (31) 

have r e c e n tly  su m m a r ised  the ty p es  of p h a ses  m o s t  freq u en tly  found  

in  R . E .  tr e a ted  s t e e ls .  S m a ll add itions of b etw een  0. 008 and 0. 020%



a re  rep o rted  to  produce fu rth er deoxidation  and to  m o d ify  the

rem ain in g  a lum ina in c lu s io n s , form in g  ( R . E . ) A1 0 and ( R . E . ' )
11 lo

AlOg ty p es . M anganese su lp h id es contain ing one or tw o per cen t of

R . E . are  a ls o  produ ced , often  being a s so c ia te d  w ith the a lum inou s

p h a se s . A t R. E . le v e ls  of 0. 02% the (R. E . ) A10^ oxide b eco m es

predom in ant, th ere  being v e r y  few  p u re ly  a lum inous ty p es  p r e se n t

a fter  trea tm en t. The R . E .  su b stitu ted  m an gan ese  su lp h id es produced

at th is  le v e l  o f addition  contain  ty p ic a lly  3-5% R . E .  W ith ad d ition s of

b etw een  0. 02 and 0. 07% the R . E .  oxysu lph ide ph ase ( R . E . )  O S

a p p ea rs , and is  often  found a s so c ia te d  w ith  a p er ip h era l R..E.' su lph ide

p h ase  of the ( R . E .  ) S ty p e . S e v e r a l fo rm s of R .E .' su lph ide a rex  y
known to occu r although ( R . E .  )S i t s e l f  i s  but in freq u en tly  o b se rv e d , 

on ly  appearing at high R.E. '  con ten ts (14). S ch in d lerova  & B u zek  (33)  

rep o rt th e co m p lete  m o d ifica tio n  o f  th e su lp h id es at RE co n cen tra tio n s  

b etw een  0. 01 and 0. 02%, w hich  is  in  fa ir  a g reem en t w ith  W ilso n 's  

o b serv a tio n s . T h ese  w o rk ers  (33) a ls o  found that at the h igh er  RE  

le v e ls  la r g e  c lu s te r s  of r e fr a c to r y  RE su lp h id e and oxysu lp h id e p h a ses  

o ccu r , producing se r io u s  d e fe c ts  akin to th o se  produced  by a lu m in a .

It i s  now  g e n e r a lly  a ccep ted  that i t  i s  the form ation  of su ch  c lu s te r s  

that im p a ir  the m ech a n ica l p r o p e r tie s  of h ea v ily  m o d ified  R . E.' 

tr e a ted  s t e e ls .  T h e se  c lu s te r s  can produce s e v e r e  la m in a tio n  in  

w rought produ cts (12) and D a v ie s  (34) has rep o rted  that s e v e r e  

bottom  cone form ation  can occu r in  R.E. '  tr e a ted  s t e e l s ,  w hich  can  

a ls o  r e s u lt  in  ra th er  la r g e  lo c a l co n cen tra tion s o f R. E . su lph ide and 

oxysu lph ide c lu s te r s .

The R . E . a llo y s  u sed  in  m o d ifica tio n  trea tm en ts  m a y  be 

e ith er  M ISCHM ETAL, contain ing

50% C e, 25% L a, 10% Nd and 5% P r  and o th ers  

or RARE EARTH SILICIDE, contain ing

35% F e , 30% S i, 18% Ce and 9% La.

In g e n e r a l m isc h m e ta l i s  p r e fe r r e d  to  the s i l ic id e  s in c e  r e c o v e r y  of 

the s il ic o n  fro m  the la tte r  is  a lm o st 100%. H ow ever , m is c h m e ta l i s  

m o re  ex p en siv e  and the fin a l ch o ice  r e s t s  on an eco n o m ic  and  

co m p o sitio n a l b a la n ce .



It i s  in te r e st in g  to  note that the su lp h id es and o x y su lp h id es  

produced  fro m  th e se  a llo y s  often  contain  R . E.' r a tio s  quite d ifferen t  

to  the r a tio s  in  the a llo y s  u se d  (31), and W ilson  (30) h a s  p red ic ted  on 

th erm od yn am ic grounds the p artition in g  of the v a r io u s  e lem en ts  

betw een  the su lph ide and oxysu lph ide p h a se s .

The r e c o v e r y  o f the R . E .  in  the m e lt  la r g e ly  depends on the  

m ethod  o f i t s  add ition . In it ia lly  th e se  a llo y s  w ere  added d ir e c t ly  to  

the m ould  during te e m in g , to  m in im ise  l o s s e s  due to  r e fr a c to r y  

rea c tio n s  and s tr ea m  reo x id a tio n . B in g e l and Scott (36) r ep o rted  

r e c o v e r ie s  o f 60-80% u sin g  th is  m eth od  but found that the trea tm en ts  

req u ired  to  g iv e  co m p lete  m o d ifica tio n  o f the su lp h id es gave v e r y  

u n clean  in g o ts  contain ing a la r g e  num ber of the d e le tero u s  su lp h id e-  

oxysu lph ide c lu s te r s .  S im ila r  r e s u lt s  w ere  rep o rted  by B en nett and 

S an d ell (37) who a ls o  rep o rted  r e c o v e r ie s  of 12 -  41% for  add ition s  

m ade during vacuum  d e g a ss in g . B eca u se  of the in fe r io r  c le a n lin e s s  

so m e tim e s  en cou n tered  w ith m ould  ad d ition s, s e v e r a l  a ttem p ts  

in vo lv in g  la d le  add itions have been  rep o rted  (14, 36 , 37).  R e su lts  

in d ica te  that th is  p r a c t ic e , d e sp ite  the low er  r e c o v e r ie s  30%), 

r e s u lt s  in  a c lea n er  product and p ro v id es  the m o st  con ven ien t m eth od  

o f add ition . W ilson  (14) h as a ls o  rep o rted  tr ia ls  in vo lv in g  the plunging  

o f the R. E,' a llo y  into  the m e lt  in  ord er  to  m in im ise  J.osses due to  

oxidation  at the su r fa c e . Lu and M cL ean h ave d er iv ed  equation s to
i t

p r ed ic t the m in im u m  R . E . r eq u irem en ts  for the s u c c e s s fu l  

m o d ifica tio n  of s t e e l  m e lts  of d iffer in g  oxygen  and sulphur con ten ts  

(29).  H ow ever , th e se  equations do not a llo w  for  lo s s e s  due to  

reo x id a tio n  and r ea c tio n  w ith the r e fr a c to r ie s  and m u st be v iew ed  

w ith  cau tion .

W ith the c o r r e c t  le v e ls  of add ition , m a n gan ese  su lp h id es a r e  

co m p le te ly  r ep la ce d  by R. E . su lp h id es or oxysu lph ide s .  M od ifica tion  

m a y , h o w ev er , be quite in h om ogeneous and freq u en tly  r eg io n s  o f the  

in got m ay  s t i l l  contain  m an g a n ese  su lp h id es .

A lthough the R . E .  e lem en ts  are  capab le  o f form in g  ca rb id es  

and n itr id e s  th e se  p h a ses  have n e v e r  been rep o rted  to  occu r  in  s t e e ls



tr e a ted  w ith the R .E 's .  F u rth erm o re , W ilson  (30) has p red ic ted  

from  a th erm od yn am ic  v iew p o in t that th ey  should  not be form ed .

T h is fa c t is  of g r ea t advantage in  the a rea  of HSLA s te e ls  w hich  

depend on the p rec ip ita tio n  of v a r io u s  n itr id e s  for  th e ir  stren g th  

p r o p e r tie s . In th e se  s t e e ls  sulphide m o d ifie r s  w hich a ls o  form  

ca rb id es  and n itr id e s  cannot be u sed .

(v) M odification  by Z ircon iu m  A dditions

The addition  o f z irco n iu m  to  fu lly  k ille d  s t e e l  m e lts  r e s u lt s  

in  the fo rm a tio n  o f z irco n iu m  su b stitu ted  m a n gan ese  su lp h id es , 

w hich P ick er in g  r ep o r ts  to  be ab le to  d is s o lv e  up to  12% by w eigh t  

(7). A t th is  le v e l  of su b stitu tion  the su lph ide co rresp o n d s to  M nZrS .
u

T h ese  su lp h id es show  l e s s  ten d en cy  to  e lon gate  during hot r o llin g ,  

p resu m a b ly  due to  th e ir  in c r e a se d  m eltin g  poin t. W ith ad d ition s in  

e x c e s s  of that req u ired  to  g iv e  sa tu ra tion  o f the su lp h id es , carb id e  and  

ca rb o -su lp h id e  p h a ses  a r e  produced w hich a r e  known to  red u ce  th e  

tou gh n ess p r o p e r t ie s . B uzek  e t a l  (19) in v e stig a te d  th e e ffe c ts  o f  

z irco n iu m  on the m ec h a n ic a l p r o p e r tie s  of s t e e ls  over  the ra n g e  0. 02 -  

0. 26% Z r. T h ese  w o rk ers  found that a s  l i t t le  a s 0. 02% Z r w as  

su ffic ie n t to  p reven t the form ation  of type II su lph ide m orp h o logy , 

w h ils t  at 0. 07% Zr the m orp h ology  w as c o m p le te ly  type III, a t w hich  

sta g e  a m in im u m  w as rea ch ed  in  the a n iso tro p y  ra tio  o f the to u g h n ess  

p r o p e r tie s . In crea sin g  the z irco n iu m  le v e l  to  0.1% le d  to  the  

form ation  of Z r S a s  y e llo w , angular p a r t ic le s ,  a l l  the su lph ide
• J  T t

being in  th is  fo rm  w ith  z irco n iu m  con ten ts g r e a te r  than 0.15%. 

H en d erson  and L ittle  (38) found that z irco n iu m  le v e ls  above th o se  

req u ired  for the sa tu ra tion  o f the MnS led  to  the form a tio n  of th e  

carb osu lp h id e  p h ase  Zr C S w hich  had a la m e lla r  a s  c a s t  m orp h o lo g y . 

P o lla rd  (39) has a ls o  o b serv ed  th is  ph ase in  z irco n iu m  tr e a ted  s t e e ls  

and H en d erson  & L ittle  (38) su g g ested  that the p h ase  m a y  fo rm  g ra in  

boundary f ilm s  and h en ce  d r a s t ic a lly  red u ce the tou gh n ess p r o p e r t ie s .  

The app earance of th is  p h ase  lim its  the am ount of z irco n iu m  w hich



can sa fe ly  be added to  the s t e e l  and con seq u en tly  the co m p le te  -

e lim in a tio n  o f m e c h a n ic a l a n iso tro p y  i s  not p o s s ib le .

The stro n g  a ffin ity  o f z irco n iu m  for n itro g en , w hich  even  

su r p a sse s  th at o f a lu m in iu m , r e s u lt s  in  the form ation  of z irco n iu m  

n itr id e  p a r t ic le s  w hich M ih elich  (40) s ta te s  a c t as n u c le i on w hich tbs 

sulphide i s  p r ec ip ita ted . In co n tra st to  th is , B u zek  (19) o b serv ed  

ZrO^ p a r t ic le s  a t the c en tr e s  of the su lph ide p h a se s , su g g estin g  

n u clea tion  on the oxide p h a se s . T h is author a ls o  found th at the d eg ree  

of su b stitu tion  of m an g a n ese  by z irco n iu m  is  a ffec ted  by the carbon  

content o f the stee l; p o s s ib ly  due to  the partition in g  o f the z irco n iu m  

b etw een  the su lph ide and carb id e p h a se s . P o lla rd  (39) found th at the  

e ff ic ie n c y  o f the m o d ifica tio n  w as a ls o  a ffec ted  by the m a n g a n ese  

content, the degree o f su b stitu tion  being l e s s ,  the h igh er  the m a n g a n ese  

content. T he in c r e a se d  le v e l  of z irco n iu m  req u ired  to  g iv e  fu ll  

m o d ifica tio n  at th e se  h igh er  m an g a n ese  con ten ts led  to  th e ap p earan ce  

of the d e le te ro u s  ca rb o -su lp h id e  ph ase  b e fo re  fu ll m o d ifica tio n  could  be  

rea ch ed . In th e se  c a s e s  it  i s  su g g ested  that a red u ction  in  the m a n g a n ese  

con ten t can  be b e n e fic ia l in  a llow in g a g r ea ter  d eg ree  o f m o d ifica tio n  

at the sa m e  z irco n iu m  le v e l ,  w ithout the ap p earan ce o f the ca rb o -  

sulph ide p h ase . A ny lo s s  o f h a rd en a b ility , due to the red u ctio n  in  

m a n g a n ese , could  then  be sa fe ly  o ffse t  by a sm a ll  in c r e a s e  in  the ch rom iu m  

content.

Z ircon iu m  tr e a ted  s t e e ls ,  in  addition  to  having in c r e a se d  

d u ctility  and tou g h n ess  in  the tr a n s v e r s e  d ir e c t io n s , a r e  c o m p le te ly  

fr e e  fro m  str a in  a g e in g , s tr a in  age em b r ittlem en t and b lu e  b r itt le  

b eh av iou r, due to  the den itrid ing p o ten tia l of the z irco n iu m  (40). The  

additions a re  m ad e to  fu lly  k illed  s t e e l s ,  a s  w ith  the R a re  E a rth  

tr e a tm e n ts , the z irco n iu m  being added in  the fo rm  of z irco n iu m  

s i l ic id e ,  f e r r o -s i l ic o n -z ir c o n iu m  or even  z irco n iu m  m e ta l scr a p .

(vi) M odification  by T itan ium  A dd itions

It has b een  known for som e tim e  that th e  p r e se n c e  of 

titan iu m  in  s ta in le s s  s te e ls  can p rev en t the fo rm a tio n  of m a n g a n ese



su lp h id es . H ow ever i t  i s  on ly  in  the sp a ce  o f the la s t  few  y e a r s  that 

in te r e s t  has b een  shown in  the p o s s ib le  u se  of th is  e lem en t as a 

sulphide m o d ifie r .

T itan ium  can form  a num ber of su lp h id e, ca rb id e , c a rb o -  

sulphide and ca rb o -su lp h o n itr id e  p h a ses  in  s t e e ls .  L ike the other  

sulphide m o d if ie r s , titan iu m  has a h igh  a ffin ity  for oxygen  and can  

only be added to  fu lly  d eo x id ized  m e lt s .  A ll  the com m on p h a ses  a re  

h exagon al in  s tru c tu re  and have b een  su m m a rized  as (18)

TiS 2
Ti(CN)S

T i S 
3 4

J e llin e k  (41) g iv e s  a g e n e r a l form  (Ti)^ w ith  e ith er  m e ta l or sulphur  

v a c a n c ie s  to  fo rm  the v a r io u s  typ es o f su lph ide; in  fa c t Ti^S^ m a y  be  

reg a rd ed  as T iS w ith  sulphur a tom s rem o v ed  fro m  a ltern a te  b a sa l  

p la n es , (18). B ec a u se  of it s  g r ea ter  a ffin ity  for  n itro g en  than for  

sulphur, enough titan iu m  m u st be added to  p rec ip ita te  a l l  the n itro g en  

b efo re  th e su lp h id es can be form ed . A lthough Banks and G ladm an  

obtained sulphide m o d ifica tio n  w ith titan iu m  le v e ls  in e x c e s s  o f 0.15%  

(18), B u zek  r ep o rts  (19) that at le v e ls  g r ea ter  than 0.13% type II 

m an g a n ese  su lp h id es a r e  r ep la ce d  by n e e d le s  o f T i S , w hich  p r e c ip ita te  

e u te c t ic a lly  at the gra in  boundaries and have the sa m e  d e le te ro u s  

e ffe c t  on the m ec h a n ic a l p r o p e r tie s  a s  type IE su lp h id es . W ith  

titan iu m  contents b e lo w  0.13% th e su lp h id es a r e  of type II MnS, and  

accord in g  to  B u zek , contain  no d is so lv e d  titan iu m , although a su r fa c e  

en r ich m en t of up to  15% is  rep o rted . In c o n tra st B anks and G ladm an  

obtained a n a ly s is  of typ e IE MnS contain ing up to  3% T i. It is  r ep o rted  

that the ox id e in c lu s io n s  in  a lum in iu m  k illed  m e lts  w ere  a ls o  

m o d ified  and contained  up to  22% TiO after  th e titan iu m  a d d itio n s,
Cd

w h erea s  add itions m ade to  non- a lum in iu m  tr e a ted  m e lts  p rod u ced  

Ti^O^ in c lu s io n s . The high a ffin ity  o f titan iu m  for  n itro g en  p r e c lu d e s  

it s  u se  fro m  s te e ls  w hich  depend on n itr id e  p rec ip ita tio n  for  th e ir  

stren gth  p r o p e r tie s .



(v ii) M odification  by Other A dditions

B u zek  (19) has in v e stig a te d  th e e ffe c ts  of T antalum  and 

U ranium  on su lph ide m orp h ology .

T antalum  add ition s w e re  in v e stig a te d  w ith in  the ran ge 0. 005 -  

0. 58%. It w as found that the m e ch a n ica l p ro p er tie s  d e te r io ra ted  as
r-'

the tan talum  content in c r e a se d  and th is  w as found to be due to  the 

form ation  of la r g e  n u m b ers of y e llo w  n e e d le s  along the g ra in  

b o u n d a r ies, w hich  w e re  id en tified  a s  tantalum  ca rb id e .

The e ffe c ts  o f uranium  w ere  in v estig a ted  w ithin the range  

z e r o  to  0. 28%, the type IE su lph ide m orp h o logy  being e lim in a ted  at 

uran iu m  con ten ts as low  a s  0. 02%. A t le v e ls  above 0. 04% sp h e r ic a l  

uran iu m  su lp h id es w ere  produced  and gave a co rresp on d in g  in c r e a s e  

in  the m e c h a n ic a l p r o p e r tie s . A lthough su ch  p ro m isin g  in it ia l  

r e s u lt s  have b een  obtained, i t  i s  u n lik e ly  that uranium  can  be o f  

u s e  in  c o m m e r c ia l p r a c tic e  due to  the p ro b lem s of h yg ien e th at w ould  

be encou n tered  and to  the h igh  c o s t  of th e  uranium  a llo y s  r eq u ired .

H afnium  is  b e lie v e d  to  have e ffe c ts  s im ila r  to  th o se  of  

z irco n iu m  (7 , 19) but b eca u se  of its  p roh ib itive  c o s t  i t  i s  u n lik e ly  

to  be o f c o m m e r c ia l ap p lica tion .

2 .1 .2 .  Oxi.de In c lu sio n s

The m u ltip lic ity  o f ox id ic  in c lu s io n  ty p es  found in  c o m m e r c ia l  

s t e e ls  m a k es  th e ir  c la s s if ic a t io n , in  anything but the b ro a d est s e n s e ,  

v e r y  d ifficu lt. It i s  g e n e r a lly  a ccep ted  that th e se  in c lu s io n s  a r e  

fo rm ed  as a r e s u lt  o f deoxidation  r e a c t io n s , or by the r e a c tio n  o f a 

deoxidant w ith p r e -e x is t in g  in c lu s io n s , w hether th e se  la tte r  ty p es  

a re  ex o g en o u s o x id es  a r is in g  from  the r e fr a c to r y  su r fa c e s  or fro m  

the s la g , or the u n elim in ated  produ cts of p rev io u s  d eoxid ation  

r e a c t io n s . The ty p es  of in c lu s io n s  form ed  a s  a r e s u lt  of su ch  

rea c tio n s  have co m p o sitio n s  belonging  to  the s y s te m  -  

CaO - A1 0 -  SiO -  MnO - FeO
Ca 3  Cd

although the o x id es  MgO, TiO and ZrO m a y  a ls o  be in trod u ced  a s  a  

r e s u lt  o f r ea c tio n s  in vo lv in g  in c lu s io n s  o r ig in a tin g  fro m  the  

r e fr a c to r ie s .  In add ition , the ox id es  of ch rom iu m  m ay be p r e se n t



in  the oxide in c lu s io n s  found in  s ta in le s s  s t e e ls ,  and the o x id es  of 

tita n iu m , z irco n iu m  and the r a re  earth s m ay  be in trod u ced  in  

s te e ls  tr e a ted  w ith  th e se  e lem en ts  (SECTION 2 .1 .1 ).

The ch o ice  of a su itab le  deoxidant is  d eterm in ed  by the  

n eed  for a high e ff ic ie n c y  of deoxidation  and by eco n o m ic  c o n s id e r a t io n s .  

The ch o ice  for a p a rticu la r  s te e l  i s  fu rther lim ite d  by the n eed  to  

ch o o se  a deoxidant w hose products w ill  be the le a s t  in ju riou s or the  

m o st b e n e fic ia l to  the s p e c if ic  p rop erty  req u irem en ts  o f the s t e e l .

T h ese  fa c to r s  u su a lly  l im it  the ch o ice  to e ith er  a lum in ium  or s il ic o n  

b a sed  d eox id an ts, although com bin ations of one or both of th e se  w ith  

other e lem en ts  such  as m an g a n ese  and ca lc iu m  a re  a ls o  freq u en tly  

u se d . F e r r o s i l ic o n , fe rro m a n g a n ese , s ilic o m a n g a n e se , f e r r o -  

a lu m in iu m , a lu m in iu m , ca lc iu m  s i l ic id e  and v a r io u s co m b in a tio n s, 

w ith or w ithout m o re  e x o tic  com p on en ts, a re  freq u en tly  u sed  as  

d eox id an ts.

(i) A lum inous In c lu sion s

Of a l l  the d eoxidation  p r a c t ic e s  u se d , deoxid ation  by  

alum in iu m  is  the m o s t  com m on . T h is is  b eca u se  of the e a se  w ith  

w hich  the add itions can be m ad e, the sp eed  w ith w hich d eox id ation  

o ccu rs ,- the sp eed  w ith  w hich  the alum inous in c lu s io n s  produ ced  

can be rem o v ed , but c h ie fly  b eca u se  of the low  r e s id u a l oxygen  

co n cen tra tion  in  the m e lt  and the low  c o s t  and a v a ila b ility  of a lu m in iu m  

i t s e l f .

T h ere have been  a num ber of in v estig a tio n s  into the  

d eoxidation  of ir o n -o x y g e n  m e lts  by a lu m in iu m , m o s t  notab ly  th o se  

of P lo ck in g er  and c o -w o rk er s  (42 - 45 ). S lom an and E van s (46) 

conducted the f ir s t  e x te n s iv e  in v estig a tio n  into the e ffe c ts  of 

d eoxidation  by a lum iniu m  on iro n -o x y g en  m e lts .  T h ese  w o rk ers  

concluded  that a lum iniu m  additions in  s to ic h io m e tr ic  e x c e s s  o f the  

oxygen content produced alum ina in c lu s io n s  w h ils t  ad d ition s o f l e s s  

that s to ic h io m e tr ic  proportion  gave r is e  to  m ixed  oxide p h a ses  

contain ing the sp in e l phase h e r cy n ite , th e ir  con stitu tion  depending



on the a lum in iu m  to  oxygen  r a tio , FIG. 5. A round the sa m e tim e  

H ilty  and C rafts (47) p r e se n ted  ev id en ce  su g g estin g  that iro n  oxygen  

m e lts  contain ing a lu m in iu m  m ay not eq u ilib r ia te  w ith pure a lum ina  

but w ith F eO -A l 0 p h a se s . H ow ever, fu rth er  ev id en ce  to support£* J
th is  v iew  h as not ap p eared  in  the lite r a tu r e .

P lo ck in g er  and h is  c o -w o r k e r s  (42) in v estig a ted  the e ffe c ts  

of a lu m in iu m  d eox id ation  by taking suction  sa m p le s  d ir e c t ly  from  the  

m e lt  a t various in te r v a ls  a fter  m aking the a lum in iu m  addition . T h ese  

w  o rk ers  found that th e p r im a ry  deoxidation  p rodu cts underw ent a 

m ark ed  change in  co m p o sitio n  during the c o u r se  o f th e ir  form ation . 

In itia lly  th e in c lu s io n s  had a v e r y  low  alum in iu m  con ten t, the  

in c lu s io n s  c o n s is t in g  m a in ly  o f w u stite , w h ose  co m p o sitio n  changed  

ra p id ly  during the f ir s t  few  seco n d s a fter  the a lum in iu m  addition , 

the a lum ina content in c r e a s in g  u n til the sp in e l p h ase  w as p r e c ip ita te d , 

FIG. 5. A t n o rm a l stee lm a k in g  te m p e r a tu r e s , the sp in e l p h ase  is  

so lid , although in  the p r e se n c e  o f m an g a n ese  the p h ase  has a lo w er  

m eltin g  poin t, that o f G alax ite  being 1560°C . FIG . 6; in  fa c t W audby 

(48) found that so lid  sp in e l type in c lu s io n s  a re  not produced  on 

d eo x id iz in g  s t e e l  m e lts  contain ing m o re  than 1% Mn. W ith fu rth er  

in c r e a s e  in  tim e  P lo ck in g er  found that the sp in e l in c lu s io n s  d ev e lo p ed  

a tw o p h ase  s tr u c tu r e , the outer la y e r s  o f the in c lu s io n  b ein g  r ic h  in  

alu m in a , the c o re  reta in in g  it s  sp in e l co m p o sitio n .

A cco rd in g  to  P lo ck in g er  et a l (42) a lum ina can on ly  be  

n u clea ted  at h igh d e g r e e s  of super sa tu ra tio n , b eca u se  o f the h igh  

a ctiv a tio n  en erg y  of form ation  of the a lum ina m o le c u le . C on seq u en tly  

liq u id  m ix ed  oxide p h a ses  a re  n u clea ted  w hich  have good coagu la tin g  

p r o p e r tie s  but w hich a r e  rap id ly  rea c te d  by the a lu m in iu m  in  

so lu tion . W h ilst e v e r  the in c lu s io n s  rem a in  liq u id  th e ir  co m p o sitio n  

rem a in s  h o m o g en eo u s, but on reach in g  the sp in e l co m p o sitio n  the  

in c lu s io n s  b eco m e so lid  and fu rther r ea c tio n  d ev e lo p s a r im -c o r e  

str u c tu r e . S m a ll c lu s te r s  of a lm o st pure a lum ina a re  p u rp o rted ly  

fo rm ed  in  the sa m e  w ay, the r im -c o r e  s tru ctu re  b ein g  e lim in a ted  

by the co m p lete  r ea c tio n  of the in c lu s io n s  fa c ilita te d  by th e ir  s m a ll



s iz e .  In fa c t K och (49) o b serv ed  the red u ction  of the su r fa ce  la y e r s  

of h ercy n ite  p a r t ic le s  d e lib er a te ly  in se r te d  into  a su itab le  ir o n -  

alum inium  m e lt , to  a depth of 15j a m  , in d icatin g  that co m p lete  

rea c tio n  of s m a ll  h ercy n ite  p a r tic le s  can occu r .

A ccord in g  to  P lo c k in g e r !s th eo ry  the alum inium  deoxidant 

ta k es  a sh o rt but fin ite  tim e  to d is so lv e  in  the liquid  m e ta l, the  

alum iniu m  content in c r e a s in g  in the v ic in ity  of the deoxidant u n til 

liqu id  m ix ed  iro n -a lu m in iu m  ox id es  a re  p rec ip ita ted . P lo ck in g er  

s ta te s  that th e se  m ix ed  ox id es are  p rec ip ita ted  h o m ogen eou sly .

H ow ever, F roh b erg  and P otsch k e  (50) and F o r s te r  (49) c o n s id e r  that 

n u clea tio n  w ill  occu r h e tero g en eo u sly  on so lid  alum ina p a r t ic le s  

form ed  at the su r fa ce  of the a lum inium  deoxidan t, upon its  addition to  

the m e lt . Waudby (48) a lso  holds th is  opinion and points out that the  

deoxidan ts a lrea d y  have an oxide la y er  on th e ir  su r fa ce  b efo re  th e ir  

addition to  m e lt .

P lo ck in g er  (42) a lso  rep o rted  the form ation  of a lum ina  

in c lu s io n s  having a sp h e r ic a l g la s sy  m orp h ology . T h ese  in c lu s io n s  

a re  a lm o st p e r fe c t ly  sp h e r ic a l in hab it, r e se m b lin g  sm a ll  g la s s y  

s i l ic a te s  ra th er  than c r y s ta llin e  a lum ina in c lu s io n s . A lthough a n a ly s is  

of th is  type of in c lu s io n  r e v e a ls  them  to  be a lm o st pure a lu m in a , it  

has been  a ssu m ed  by m o st  w o rk ers  (4 2 , 48 , 52) that they m u st have  

been  liqu id  when fo rm ed  in ord er to  d evelop  th e ir  sp h e r ica l m orp h o lo g y . 

P lo ck in g er  (42) su g g e sts  that th ey  m ay be p rec ip ita ted  in it ia lly  as  

liquid  m ix ed  o x id e s , th e ir  sm a ll s iz e  fa c ilita tin g  th e ir  rap id  red u ction  

to  form  a lm o st pure alum ina in c lu s io n s  w h ils t  reta in in g  th e ir  g lob u lar  

habit. H ow ever , as pointed out by Waudby and S a lter  (52) any su ch  

rea c tio n  should rap id ly  produce a so lid  r ea c tio n  r im  and fu rth er  

rea c tio n  w ould then p rec ip ita te  iro n  g lo b u les  in tern a lly . S in ce  th e se  

in c lu s io n s  a re  c h a r a c ter iz ed  by th e ir  g la s s y  app earance and co m p le te  

a b sen ce  o f e n c lo se d  m e ta l, it  is  d ifficu lt to  a ccep t P lo c k in g e r ’s p o stu la te . 

Choudhury and W ahlster (53) have su g g ested  an a ltern a tiv e  exp lan ation . 

T h ese  w o rk ers  p rop ose  that the h eat lib era ted  on the form ation  of 

the alum ina m o le c u le s  could lo c a lly  r a is e  the tem p era tu re  su ff ic ie n t ly  

for the alum ina to be m o m en ta r ily  liq u ified . A ga in , a s im p le  heat 

balan ce (52) show s that the m axim um  p o ss ib le  tem p era tu re  r is e  i s



of the ord er of 50°C . A t p r e se n t th ere  i s  no sa t is fa c to r y  exp lan ation  

for the fo rm ation  o f th is  p a rticu la r  m orp h ology .

A lthough the techn iq ue o f taking su ctio n  sa m p les  d ir e c t ly  

fro m  the m e lt  has been  w id ely  em p loyed  to  fo llo w  the c o u r se  o f  

deoxidation  r e a c t io n s , the technique m u st be v iew ed  w ith  som e  

caution . The m ethod  of m aking the deoxidant add itions u su a lly  

r e s u lt s  in  a v e r y  h e tero g en eo u s d istr ib u tio n  of the deoxidan t e le m e n ts  

w ith in  the m e lt ,  and co n seq u en tly  the d eoxid ation  r ea c tio n s  a re  v e r y  

h etero g en eo u s . Suction  sa m p les  taken at an e a r ly  sta g e  during the  

deoxidation  a r e , th e r e fo r e , l ik e ly  to  g iv e  u n rep resen ta tiv e  r e s u lt s ,  

the sa m p le  having been  taken fro m  a sm a ll  vo lu m e in  an un defined  

reg io n  of the m e lt . The produ cts o f d eoxid ation  obtained w ith in  th e  

su ction  sa m p le s  a r e  thus not n e c e s s a r i ly  r e p re sen ta tiv e  of the  

co m p lete  d istr ib u tio n .

Bogdandy (51) has in v e stig a te d  th e d eoxid ation  o f ir o n  oxygen  

m e lts  u sin g  a sy s te m  w h ereb y u n id irec tio n a l d iffu sion  of the deoxidan t  

in to  the oxygen  r ic h  m e lt  o ccu rred . The deoxidant w as flo a ted  on th e  

su r fa ce  o f the m e lt  contained  w ith in an a lum ina tube held  v e r t ic a lly  

w ith in  a H. F.' fu rn ace  m e lt . D eoxid ation  by pure a lum in iu m  and v a r io u s  

ir o n  a lu m in iu m  a llo y s  w ere  in v estig a ted . In each  c a se  the zon e o f  

the m e lt  im m ed ia te ly  b e low  the m e lt-d e o x id a n t in ter fa c e  d ev e lo p ed  a 

d istr ib u tio n  of a lum ina d en d r ite s . A s the hold ing tim e  in c r e a s e d ,  

the th ick n e ss  o f th is  d en d ritic  zone in c r e a s e d , though s lo w ly , and 

the s iz e  o f the in d iv id u a l d en d rites  in c r e a se d  m a rk ed ly . Im m ed ia te ly  

beneath  th is  d en d ritic  zone w as a reg io n  o f low  oxygen  a c t iv ity , a s  

in d icated  by the a b sen ce  of oxide in c lu s io n s  on so lid if ic a t io n . T he  

rem a in d er  of th e  m e lt  w as su b sta n tia lly  u n affected  by the a lu m in iu m  

and produced  th e u su a l d istr ib u tio n  o f seco n d a ry  w u stite  g lo b u le s  on 

so lid if ica tio n . T h ese  r e s u lt s  c o n flic t  w ith  P lo c k in g e r 's  th eo r y , w h ich  

p red ic ts  the form ation  o f liq u id  m ix ed  o x id e s , n u clea ted  h o m o g en eo u sly , 

b efo re  the T a x ] 2 [ o J 3 super sa tu ra tio n , i s  su ffic ie n t to  n u c lea te  

pure a lu m in a. It w ould appear from  th is  la tter  in v e stig a tio n  that 

the hom ogen eou s n u clea tio n  of oxide d eox id ation  p ro d u cts , in  oxygen



r ic h  m e lts  d eo x id ized  by a lu m in iu m , r e s u lt s  in  the p rec ip ita tio n  

of pure a lu m in a  w ithout the form ation  of in term ed ia te  liq u id  m ix ed  

o x id e s . The a lum ina grow s d e n d r it ica lly  by the d iffu sion  of oxygen , 

fro m  the oxygen  r ich  liq u id  in to  the d en d ritic  zo n e , the co rresp o n d in g  

forw ard  d iffu sion  of a lum in iu m  b eing  at a s lo w er  r a te . The n on 

eq u ilib r iu m  liq u id  m ix ed  oxide p h a ses  o b serv ed  by P lo ck in g er  and 

h is  c o -w o r k e r s , and by su b seq uen t in v e s t ig a to r s  (48 -  50 , 52) a re  

p o ss ib ly  on ly  p rec ip ita ted  h e te r o g en eo u sly  a t d e g r e e s  o f sup er sa tu ra tion  

too  lo w  to  n u clea te  a lum ina i t s e l f .

It i s  w e ll  known that alum ina in  con tact w ith pure iro n  o f low  

oxygen  a c tiv ity  has a v e r y  high su r fa c e  en erg y , TA BLE 1. Waudby 

(48) has su g g ested  that liq u id  m ix ed  ox id es  m a y  be n u clea ted  in  

p r e fe re n c e  to  a lum ina  b eca u se  o f th e ir  lo w er  in te r fa c ia l en erg y .

H ow ever Bogdandy (51) s ta te s  that the c r it ic a l  n u cleu s s iz e  for  the 

n u clea tio n  o f a lu m in a , at the le v e ls  o f su p ersa tu ra tio n  req u ir ed , is  

o f the ord er  of a to m ic  d im en sio n s . T h is would su g g e st th at i t  i s  not 

in te r fa c ia l en erg y  but a c tiv a tio n  en erg y  v/hich co n tro ls  the n u c lea tio n .

In add ition , the fo rm ation  o f pure a lum ina p r e c ip ita te s  in  m e lts  o f  

n o rm a l oxygen  a c tiv ity  w ould not be in h ib ited  in  th is  w ay , the in t e r -  

fa c ia l en erg y  o f a lu m in a w ith iro n  m e lts  contain ing 0. 07%0^ being  

ev en  lo w er  than that of liqu id  s i l ic a te s  (54).

The advent o f scan ning e le c tr o n  m ic r o sc o p y  (S. E .'m . ) h as  

a llow ed  the m o rp h o lo g ies  of a lum inou s in c lu s io n s  to be stu d ied  in  

d e ta il , (55 -  58). R ege  e t a l (55) show ed that sm a ll c lu s te r s  o f  

alum ina in c lu s io n s  w ere  often  of a d en d ritic  fo rm  when se e n  in  th re e  

d im en sio n s . O kohira e t a l (57) u sed  th is  technique (S. E . M .') to  

d eterm in e  the sh ap es of a lum inou s in c lu s io n s  p r e se n t in  the la d le  

and tu ndish  during a continuous c a stin g  p r o c e s s .  T h ese  w o rk ers  

c la s s if ie d  the in c lu s io n s  th ey  o b serv ed  a ccord in g  to  th e ir  

m o r p h o lo g ie s . T h ree  b a s ic  fo rm s w ere  o b serv ed , d en d r itic , g lob u lar  

and id io m o rp h ic , although th ese  ty p es w ere  fu rth er subd iv ided  in to  

other grou p s. T h ese  w o rk ers  concluded  that the d en d ritic  fo r m s  had  

b een  produced  by co m p a ra tiv e ly  ’long t e r m 1 d iffu sio n a l grow th . The 

c lu s te r s  o f sp h e r ic a l p a r t ic le s  w ere  thought to  have fo rm ed  by



‘sh o r t term * d iffu sio n a l grow th and by the red u ction  of r e  oxidation  

p roducts or adm ixed  s la g  p a r t ic le s .  The id iom orp h ic  ty p es  w ere  

thought to  be of exogen ou s o r ig in . A  ’dumpling* lik e  fo rm  w as  

though to be co m p o sed  o f s in te r e d  g lobu lar ty p e s . Ooi (58) stu d ied  

the m o rp h o lo g ie s  of a lum ina in c lu s io n s  produced in  both s t ir r e d  and 

u n stirr e d  m e lts .  In the u n stir r e d  m e lts  the in c lu s io n s  w e re  found  

to  be m a in ly  o f the d en d ritic  ty p e , w h erea s in  the s t ir r e d  m e lt  few  

d en d ritic  ty p es  w ere  o b serv ed , the in c lu s io n s  having m o s t ly  a 

globu lar m orp h ology , in  m an y c a s e s  the sm a ll  g lob u les b ein g  s in te r e d  

to g eth er  in to  a sp h e r ic a l m a s s  contain ing s in te r  p o r o s ity . T h e se  a re  

p resu m a b ly  the ’dum plin g’ ty p es  o b serv ed  by O kohira (57). The few  

d en d ritic  ty p es  that w e re  o b serv ed  often  app eared  to  have th e ir  

d en d rite  a r m s  am putated , and acco rd in g  to th e se  w o rk ers  a r e  the  

s o u rce  o f th e  s m a ll  g lob u lar in c lu s io n s . H ow ev er , th e m ech a n ism  by  

w hich  the a rm s a r e  am putated  is  su g g e ste d  to  be by grad u a l m e ltin g  

off, w hich  i s  d ifficu lt to  a c ce p t in  v ie w  of the h igh  m eltin g  poin t o f  

alum ina . T h ese  w o rk ers  conclude that m o s t  of the in c lu s io n s  produced  

by the deoxid ation  r e a c tio n s  on f ir s t  adding the a lu m in iu m , a re  

e lim in a ted  b e fo re  teem in g  tak es p la c e . The a lum inous in c lu s io n s  

found in  the in got s ta g e , i t  is  su g g e ste d , a r e  produced  by s tr e a m  

reo x id a tio n  during te e m in g .

A lum inous in c lu s io n s  can a r is e  from  so u r c e s  o th er than the  

p rim a ry  produ cts of deoxid ation . In ord er  to  p ro te c t the m e ta l fro m  

reo x id a tio n  on it s  con tact w ith th e a tm o sp h ere  it  is  u su a l to  add  

e x c e s s  a lu m in iu m . T h is e x c e s s  i s  a ls o  a v a ila b le  to  r e a c t  w ith  th e  

l e s s  s ta b le  o x id es  p r e se n t in the r e fr a c to r y  lin in g s , ad m ixed  s la g  

p a r tic le s  and ox id e in c lu s io n s  produced  by e a r lie r  d eox id a tion  tr e a t 

m en ts  .

Waudby e t a l  (59) have r ep o rted  on an e x te n s iv e  in v e s t ig a tio n  

in to  the e ffe c ts  of a lu m in iu m  add ition s on s i l ic a te  in c lu s io n s  p r e se n t  

in  s t e e l  m e lts . T h e se  w o rk ers  show ed that in  the c a se  o f la r g e  

h igh ly  s i l ic e o u s  in c lu s io n s , r ea c tio n  w ith  the d is so lv e d  a lu m in iu m  

p rod u ces an alum inou s r ea c tio n  r im  w hich g r e a t ly  r ed u c es  the ra te



o f fu rth er  r ea c tio n . T h is in h ib ition  w as found to  r e s u lt  in  the  

reten tio n  of n o n -eq u ilib r iu m  products into  the so lid if ie d  sa m p le s .

On r e -h e a t in g , the rea c tio n  w as o b serv ed  to  continue by d iffu sio n  of 

the a lum in iu m  from  the surrounding m e ta l m a tr ix  to the in c lu s io n -  

m e ta l in te r fa c e . R eaction  b etw een  the d is so lv e d  a lum inium  and the  

l e s s  h ig h ly  s il ic e o u s  in c lu s io n s  w as found to  occu r m uch m o r e  ra p id ly , 

r esu lt in g  in  the fo rm ation  o f eq u ilib r iu m  r ea c tio n  products in  v e ry  

sh o rt t im e s . It i s  a ls o  rep o rted  that a fter  the in it ia l sharp  d e c r e a s e  

in  the to ta l oxygen  content of the m e lt , on f ir s t  adding the a lu m in iu m , 

the oxygen  content w as qu ick ly  re fu rb ish ed  in  th o se  c a s e s  w h ere  the  

alum in iu m  addition  w as sm a ll.

P ick er in g  (60) has rep o rted  on the u se  o f a lum inium  in  the  

produ ction  o f b a lan ced  and r im m in g  s t e e l  in gots  and has shown that 

the addition  of a lum in iu m , to  co n tro l the ex ten t o f the r im m in g  

a ctio n , has a d ram atic  e ffe c t  on the ty p es  of in c lu s io n s  p r e se n t  in  

the so lid  in got. The in c lu s io n s  p r e se n t in  the liqu id  m e ta l during th e  

r im m in g  p eriod  a re  ty p ic a lly  iro n  m an g a n ese  s i l ic a t e s ,  so m e  of w hich  

b eco m e entrapped  in  the so lid if ie d  r im  of the ingot. Upon the add ition  

of a lu m in iu m  to  stop  the r im m in g  a c tio n , G alax ite  (M nO .Al 0 ),C* J
H ercy n ite  (FeO.Al^O^) and A lum ina in c lu s io n s  can be p rod u ced , the  

type depending on the le v e l  o f the a lum in iu m  addition . A n y  a lu m in iu m  

e x c e s s  has the e ffe c t  o f red u cin g  the l e s s  s ta b le  oxide p h a ses  in  the  

s il ic e o u s  in c lu s io n s  a lrea d y  p r e se n t in  the m e lt . The ex ten t o f the  

r ea c tio n  depends on the am ount of e x c e s s  a lum in iu m  a v a ila b le  for  

r ea c tio n  and the len gth  o f tim e  b e fo re  the in c lu s io n  b e c o m e s  trap p ed  

in  the so lid ify in g  m e ta l. In itia lly  the sp in e l p h a ses  a re  p rod u ced  by  

r ea c tio n  w ith  the le s s  sta b le  iro n  and m an g a n ese  o x id es  and w ith  

su ffic ie n t am ounts of a lum in iu m  the in c lu s io n  m ay  be fu lly  r e a c te d  to  

fo rm  p u re ly  a lum inou s ty p e s . R ing lik e  c lu s te r s  of a lu m in a  p a r t ic le s  

have often  b een  o b serv ed  in  the c o r e s  of r im m in g  s t e e l  in g o ts  and it  

is  now thought that th e se  r in g s  co n stitu te  the u n d isp ersed  p rod u cts o f  

rea c tio n s  of the type ju s t  outlined .

A lum inous in c lu s io n s  can a ls o  a r is e  from  the r e a c tio n  of



the e x c e s s  a lu m in iu m  w ith the r e fr a c to r ie s  of the v e s s e l s  contain ing  

the s te e l ,  (61). In g e n e r a l, the r e fr a c to r y  e r o s io n  produ cts produ ced  

e a r ly  in  the stee lm a k in g  p r o c e s s  have su ffic ien t tim e  to be e lim in a ted  

from  th e m e lt , and it  i s  the e r o s io n  and c o r r o s io n  produ cts fro m  the  

lad le  r e fr a c to r ie s  and runner a s s e m b lie s  that co n stitu te  the m a jo r  

so u r c e s  o f exogen ou s in c lu s io n s . D uring te e m in g , e r o s io n  of the la d le  

n o z z le  i s  p a r tic u la r ly  s e v e r e  and m od ern  p r a c t ic e s  u se  h igh  grad e  

n o z z le  in s e r t s ,  su ch  as z irco n iu m  s i l ic a te  or m a g n e s ite , in  ord er  to  

m in im ise  th e e ffe c t . The bu ild  up o f la r g e  a lum ina a g g r eg a te s  in  the  

b ore o f the la d le  n o z z le , during the te e m in g  o f a lum inium  k ille d  g ra in  

refin ed  s t e e l s ,  has been  freq u en tly  o b serv ed  (1) and is  a c h a r a c te r is t ic  

of a l l  d e o x id ize r s  p rec ip ita tin g  so lid  deoxid ation  p ro d u cts, (13). A part  

from  the c o n s tr ic t iv e  e ffe c ts  o f su ch  d e p o s its , th ey  a r e  in ter m itte n tly  

d islo d g ed  and can g iv e  r i s e  to  g r o s s  in tern a l d e fec ts  in  w rought 

product. S im ila r  lo c a l accu m u la tion s have b een  o b serv ed  in  u p h ill  

teem in g  h o llo w a re  and the prob lem  is  so  acute  during the continuous  

ca stin g  op era tion  th at v a r io u s  p rev en ta tiv e  tech n iq u es have b een  

d evelop ed .

(ii) C a lc iu m  A lu m in ates

T h erm o d y n a m ica lly  ca lc iu m  is  one of the s tr o n g e s t  ox id e  and  

sulph ide form in g  e lem en ts  a v a ila b le  to  the s te e lm a k e r , and it s  u se  

in  su lph ide m o d ifica tio n  has a lread y  b een  rev ie w e d , SECTION 2 .1 .1 .

( i i i) .  B eca u se  o f i t s  stron g  oxide form in g  p o ten tia l, m o d ifica tio n

of the r e fr a c to r y  oxide in c lu s io n s , fo rm ed  on deoxidation  by a lu m in iu m , 

is  a ls o  a p r a c tic a l r e a lity . FIG. 14b. The d if f ic u lt ie s  o f m aking  

ca lc iu m  a d d itio n s, and the m e a su r e s  taken  to  m in im ise  th e s e  h ave  

a lr ea d y  b een  r ev iew ed .

A cco rd in g  to  P ick er in g  (12) sm a ll  add ition s o f the m o d ern  

ca lc iu m  b ea r in g  a lum in iu m  a llo y s  can produce p u re ly  a lu m in ou s  

in c lu s io n s  due to  lo s s e s  of ca lc iu m  by su r fa ce  ox id ation , but m o d era te  

add ition s can produce ca lc iu m  a lu m in a tes  contain ing up to  30% CaO.

A s can be se e n  from  the CaO-Al^O^ p h ase  d iagram  , FIG. 7 th e s e



in c lu s io n s  a re  liqu id  at stee lm a k in g  tem p era tu res  and c o a le s c e  e a s i ly  

to  fo rm  la r g e r  m o re  e a s i ly  e lim in a ted  in c lu s io n s . B eca u se  th ey  

a re  liq u id  th ey  do not fo rm  the v e r y  la r g e  a g g reg a tes  fo rm ed  by  

alum ina and the su b stitu tion  o f alum ina c lu s te r s  by so fte r  and l e s s  

r e fr a c to r y  ca lc iu m  r ic h  ca lc iu m  a lu m in ates p ro v id es  a m eth od  of 

p reven tin g  th e form ation  of th e in ju riou s fra g m en ta ry  a lum ina  

s tr in g e r s  u su a lly  a s so c ia te d  w ith  a lum in iu m  k illed  s t e e l .  S e v e r a l  

w o rk ers  have a ls o  rep o rted  im p roved  s te e l  c le a n lin e s s  by the u se  of 

the m od ern  ca lc iu m -a lu m in iu m  deoxidants a s  opposed  to  d eox id ation  by  

A l a lon e (62 -  64).

B eca u se  of the d if f ic u lt ie s  a s so c ia te d  w ith  adding c a lc iu m  to  

s t e e l  m e lt s ,  Engh and o th ers  (64) have attem p ted  to  m od ify  the  

e x is t in g  a lum inou s in c lu s io n s  by in jectin g  lim e  b earin g  s la g  pow der  

d ir e c t ly  in to  the m e lt . P r e lim in a r y  w ork in d ica te s  th at v e r y  low  

r e s id u a l oxygen  le v e ls  of 5 - 10 ppm can be obtained u sin g  th is  

techn iq ue and that the n o rm a l in c lu s io n  population is  r ep la ce d  by m ix ed  

oxysu lp h id es w ith high ca lc iu m  co n ten ts . The r em o v a l o f  su lphur by  

th is  techn iq ue i s  o f obvious b en efit , and the a s so c ia t io n  o f ca lc iu m  

sulph ide w ith  th e ca lc iu m  a lu m in a tes  produced  can have a s ig n ifica n t  

e ffe c t  in  im p rov in g  the fa tigu e p r o p e r tie s .

C a lc iu m  a lu m in ates have been  o b se rv e d  in  n o n -c a lc iu m  

tr e a ted  s t e e ls  r e su lt in g  from  the rea c tio n  o f adm ixed  s la g  p a r t ic le s  

w ith d is so lv e d  a lum in iu m  (16). A ll  f iv e  ty p es  of ca lc iu m  a lu m in ate  have  

b een  o b serv ed  during th e  s tee lm a k in g  p r o c e s s  and it  h as been  r ep o rted  

that the m o r e  a lum inou s ty p es a re  e lim in a ted  fro m  the m e lt  m o re  

ra p id ly  than the ca lc iu m  r ich  typ es (16). P ick er in g  (7) s ta te s  that 

the m o st a lum inou s fo rm , CaO. has the X  a lum ina str u c tu r e

and b eca u se  of i t s  high m eltin g  point fo rm s as c lu s te r s  o f ir r e g u la r  

p a r tic le s  akin to  th o se  fo rm ed  by a lu m in a . The l e s s  a lu m in ou s fo r m s  

a re  m o st  freq u en tly  o b serv ed  as  com pon en ts of m u ltip h a se  in c lu s io n s  

in  w hich  ca lc iu m  su lph ide i s  freq u en tly  o b serv ed  as a p e r ip h e r a l  

p h ase .



( iii)  M angano-W ustite  In c lu sion s

W ustite and m an gan osite  form  a continuous s e r ie s  of so lid  

so lu tio n s w hich a r e  p rec ip ita ted  from  oxygen r ic h  m e lts  by m o n o tectic  

rea c tio n , FIG. 8. The g lo b u les  can occu r a s  e ith er  la r g e  p r im a ry  

deoxid ation  products or m o re  u su a lly  a s  a fin e  d isp e r s io n  o f liq u id  

g lob u les fo rm ed  in ter d e n d r itic a lly  during the so lid if ica tio n  of the  

ingot. T hey  a r e  freq u en tly  en cou n tered  in  su ch  a form  in  r im m in g  

s t e e l  in go ts w h ere th e ir  co m p o sitio n  m ay  v a r y  w id e ly , depending on 

the m an g a n ese  content o f the m e lt . B eca u se  o f it s  r e la t iv e ly  h igh  

m eltin g  poin t, 1850°C . (65 ), pure m a n gan osite  and the m o re  

m an gan iferou s ox id es  fo rm  as tra n s lu cen t id iom orp h ic  or d en d ritic  

c r y s ta ls  (66). A lthough th ey  fo rm  a continuous s e r ie s  of so lid  

so lu tio n s , FeO-MnO g lo b u les  are  so m e tim e s  en cou n tered  w hich  con ta in  

a secon d  p h a se . P ick er in g  (7) s ta te s  that in m any c a s e s  th e se  secon d  

p h a ses  a re  r ic h  in m a n g a n ese , the in c lu s io n  in it ia lly  being p rec ip ita ted  

-as a -so lid  m an g a n ese  r ic h  oxide in  the m o lten  s te e l .  D uring su b seq u en t  

so lid if ica tio n  w u stite  p r e c ip ita te s  on the so lid  n u c leu s , the co o lin g  ra te  

h>eing su ch  that eq u ilib r iu m  is  not atta in ed . The r esu lt in g  in c lu s io n s  

a r e  ap p aren tly  tw o p h ased , but a re  in fa c t n o n -eq u ilib r iu m  p rod u cts. 

F isc h e r  and F le is c h e r  (67) found that the in it ia lly  p rec ip ita ted  g lo b u les  

w ere  r ich  in  ir o n , but provided  that coo lin g  w as su ffic ie n tly  s lo w  

d iffu s io n a l eq u ilib r iu m  could be approached . Y a v o isk ii and H aase  (68) 

have shown that s ig n ifica n t changes in  the co m p o sitio n  of m an gan o-  

w u stite  in c lu s io n s  can take p lace  on reh ea tin g , eq u ilib r iu m  often  

taking s e v e r a l  hours at tem p era tu res  b etw een  1000 and 1300 °C . FIG . 9. 

T h is p r o c e s s  i s  analagou s to that rep o rted  by Salm on -  C ox and 

C h a rles  (9) in the c a se  o f m a n gan ese  su lp h id es . S lom an and E van s  

(69) have rep o rted  that so m e duplex m an ganow ustite  in c lu s io n s  

contain  m a n g a n ese  su lph ide as the secon d  p h ase .

The other o x id es  o f iro n , H aem atite  (F e  0 ) and M agnetite
u J

(F e  0 .)  a re  se ld o m , i f  e v e r , found as the co n stitu en ts  of in c lu s io n s ,
«fc ^

and although w u stite  should d eco m p o se  b elow  560 C. FIG. 8 , th is  

rea c tio n  has not b een  o b serv ed  in the c a se  o f n o n -m eta llic  in c lu s io n s ,  

although p rec ip ita tio n  m ay occu r at su b -m ic r o sc o p ic  le v e l s .



(iv ) S il ic a te  In c lu sio n s

C r y sta llin e  ir o n -m a n g a n e se  s i l ic a te s  a re  often  o b serv ed  in  

r im m in g  s t e e l  in gots and a re  produced when sm a ll fra g m en ts  o f  

entrained scu m  b ecom e trapp ed  at the advancing d en d ritic  in ter fa ce  

during the r im m in g  p er io d  (60). T h ese  s i l ic a te s  a re  iro n  and 

m a n gan ese  r ic h , the s m a ll  p rop ortion  of s i l ic a  a r is in g  fro m  the low  

s il ic o n  content n o rm a lly  p r e se n t in  th ese  s t e e ls .  S ilico n  in  the form  

of f e r r o s i l ic o n  and s ilic o m a n g a n e se , i s  often  em p loyed  to  d e o x id ise  

m e lts  w hich  a re  to  be u sed  in  the production  o f s te e ls  req u ir in g  

good su r fa ce  f in ish e s , m a n g a n ese  and s ilic o n  being em p loyed  in  

com bin ation  b eca u se  of th e ir  sy n e r g is t ic  e ffe c t  on the d eoxid ation  

p r o c e s s  (22).

The FeO-MnO-SiO sy s te m  is  shown in  FIG. 10 and con ta in s  

th ree  b in ary com pounds in  addition to  the th re e  com ponent o x id e s .

T h is sy s te m  contain s no tern a ry  com pounds. The o liv in e  p h ases  

F a y a lite , 2FeO.SiO , and T ep h ro ite  2MnO. SiO , a re  is o s tr u c tu r a l,
U  U

belong to  the orthorhom bic s y s te m , and exh ib it co m p lete  m u tual 

so lu b ility  (7). When p r e se n t a s  a p r im a ry  p rec ip ita te  th ey  have a 

c h a r a c te r is t ic  lath  lik e  m orp h ology  (65) but a re  m o re  freq u en tly  

o b serv ed  a s  one o f the con stitu en ts  o f a e u tec tic  m a tr ix  a s s o c ia te d  

w ith p r im a ry  m an ganow ustite  d en d r ites . The m o n o -s i l ic a te  p h ase  

R hodonite, MnO.SiO is  only p a r tia lly  su b stitu ted  by FeO, the  

corresp on d in g  iro n  m o n o s ilic a te , G ru n erite  FeO. SiO , b ein g  rep o rted  

to  be u n stab le  when pure (70) although K ie ss lin g  (65) s ta te s  that the  

ph ase m ay  be s ta b iliz e d  by CaO and MgO. In c lu sio n s contain ing  

R hodonite have se ld o m  b een  rep o rted .

T h ere  have been  a num ber o f in v estig a tio n s  on the deox id ation  

of iro n  w ith s il ic o n , (71 - 78). A t low  s ilic o n  le v e ls  duplex c r y s ta ll in e  

in c lu s io n s  c o n s ist in g  of p r im a ry  m anganow ustite  d en d rites  in  a 

e u te c tic  m a tr ix  a re  produced . A t h igh er  s ilic o n  le v e ls  th e s e  p a ss  

in to  the o liv in e  reg io n  of the ph ase s y s te m , FIG . 10, and o c c a s io n a l  

s in g le  ph ased  in c lu s io n s  o f e ith er  F a y a lite  - T ep h ro ite  or R hodonite  

have been  o b serv ed  (60 , 65). A t h igh er  s i l ic o n  le v e ls  the produ ctsof 

deoxidation  a re  u su a lly  g la s s y  and a re  often  duplex , having  

co m p o sitio n s ly in g  w ith in  the liquid m is c ib il ity  gap w hich  exten d s



r ig h t a c r o s s  the te r n a r y  sy s te m .

U nder cer ta in  c irc u m sta n c es  during s il ic o n  d eox id ation  the  

in c lu s io n s  can d evelop  a 'raspberry* m orp h ology  (71, 76, 78 - 80). 

T h ese  a re  u su a lly  o b serv ed  in  rap id ly  ch illed  sp ec im en s  (79) and  

red u ced  ag ita tion  i s  rep o rted  to favour th e ir  form ation  (78 ). T hey  

a re  rep o rted  to be a form  of v itreo u s  s i l ic a  (79) and a r e  com p o sed  o f  

a cen tr a l in c lu s io n  surrounded  by sm a lle r  s a te ll ite  in c lu s io n s  w hich  

are  often  jo in ed  to  the m ain  body. Zapffe and S im m s (76) exp la in  

th e ir  m orp h ology  as a c o a le sc e n c e  phenom enon, w h erea s T urpin  and 

E llio tt  (79) and T o r s e l l  (78) p ostu la te  a grow th th eo ry . H ille r t  and 

H ille r t  (80) a ccep t the v ie w  that th e se  in c lu s io n s  a re  a fo rm  of 

v itr e o u s  s i l ic a  and argue that the r o se tte  p r e c ip ita te s  freq u en tly  

o b serv ed  in  s il ic e o u s  s la g s  and s il ic e o u s  in c lu s io n s  a re  of the sa m e  

typ e. H ow ever , th e se  p r e c ip ita te s  have been  tra d it io n a lly  reg a rd ed  

a s  C r isto b a lite  r o s e t t e s ,  produced by the c r y s ta lliz a t io n  o f s i l ic a  fro m  

the s la g  or in c lu s io n , (60 , 65, 81). M ore r e c e n tly  S h iraiw a (81) has  

o b serv ed  the p rec ip ita tio n  o f th e se  r o s e t te s  from  g la s s y  s i l ic e o u s  

syn th etic  s la g s ,  on reh ea tin g  to tem p era tu res  in  the range 900 - 

1400°C . A t tem p era tu res  b elow  1470°C C r isto b a lite  i s  u n stab le  w ith  

r e s p e c t  to  the T rid y m ite  m od ifica tio n  and although FeO and MnO a re  

known to s ta b iliz e  the c r is to b a lite  fo rm  (82), it  i s  d ifficu lt to  u n d er 

stand how th is  fo rm  can p rec ip ita te  in p r e fe re n c e  to  T rid y m ite  at 

such  low  te m p er a tu r e s .

S il ic a  can a ls o  occu r in  two other c r y s ta llin e  fo r m s , Q uartz  

and T r id y m ite . The tr id y m ite  m od ifica tio n  has b een  rep o rted  to  

occu r as a lath  or n e e d le - lik e  ph ase in  syn th etic  s la g s  and co m p lex  

in c lu s io n s  o f exogen ou s o r ig in , w h ils t  Q uartz is  u su a lly  rep o rted  as  

a b locky  or angular p h ase  in  s im ila r  in c lu s io n s . It i s ,  h o w ev er , 

u n usual to  find c r y s ta llin e  s i l ic a  as a co n stitu en t o f n o n -m e ta llic  

in c lu s io n s , it  m o re  u su a lly  o ccu rrin g  in  the v itreo u s  fo rm .

The fe r r o s il ic o n , ferro m a n g a n ese  and s ilic o m a n g a n e se  

d eoxidan ts u sed  a re  r a r e ly  pure and often  contain  one or tw o p e r ce n t  

of s tro n g er  deoxidan ts w hich  can p lay  a d isp ro p o rtio n a te  r o le  in  

the deoxidation  r ea c tio n s  (1, 11, 16, 83). M organ e t a l  (56) found 

that th e s il ic e o u s  in c lu s io n s  produced On d eox id iz in g  a co n v en tio n a lly



produ ced  ca rb o n -m a n g a n ese  s t e e l  w ith  c o m m e r c ia l fe r r o s i l ic o n  

and ca lc iu m  s i l ic id e  could contain  as m uch as 40% of a lu m in a , 

due to the p r e se n c e  o f Wt % of a lum in iu m  in the de oxidants u se d .

The app earan ce of m a n gan ese  a lu m in o -s il ic a te s  in  n o m in a lly  

s ilic o n -m a n g a n e se  d eox id ized  s t e e ls  i s  w e ll un derstood  in  th e se  

te r m s .

The M nO-Al 0 -SiO and F eO -A l 0 -SiO s y s te m s  a re  shown.
W  O  M  Ld 3  Cd

in  FIGS. 11 and 12. The s im ila r ity  of the s y s te m s  is  o b v io u s, and is  

to be ex p ected  fro m  the ch e m ic a l s im ila r ity  of the m an gan osite  and 

w u s t ite  p h a se s . The sy s te m s  d iffer  in  the add ition al b in ary  com pound  

R hodonite (MnO-SiC ) p r e se n t in  the MnO-SiO sy s te m s  and the
u  Cd

tern a ry  com pound S p e ssa r tite  (3MnO. A l 0 . 3SiO ) w h ose  iro n  co u n ter-
U  J  Ld

part A lam an dine i s  r ep o rted  not to  occu r in  s la g s  co o led  from  the  

liqu id  ph ase (84). B eca u se  of the in ev ita b le  p r e se n c e  of m a n g a n ese  in  

c o m m e r c ia l s te e ls  the M nO-Al 0 -SiO sy s te m  is  the m o re  r e le v a n t  

when co n sid er in g  in c lu sio n  ph ase eq u ilib r ia . The p h a ses  p r e se n t  

are su m m a r ise d  in  TA BLE 2. The b in ary  p h a ses  T ep h ro ite  and 

R hodonite and the p h a ses  W u stite , M anganosite and S il ic a  have b een  

d is c u s se d  p r e v io u s ly . The b in ary a lu m in o -s il ic a te  ph ase  M u llite  

(3A1 0 . 2SiO ) has been  o b serv ed  in  the in c lu s io n s  in  s t e e ls  w h ere
M  <3 Cd

r ea c tio n s  have o ccu rred  betw een  iro n -m a n g a n ese  s i l ic a te s  and the  

d is so lv e d  A lum in iu m  (59) but is  m o re  u su a lly  o b serv ed  a s  one o f the  

con stitu en ts  o f co m p lex  e ro s io n  s i l ic a te s  of exogen ou s o r ig in . The  

sp in e l ph ase G alaxite  (M nO .Al 0 ) i s  a com m on co n stitu en t in  a lu m in iu mu J
trea ted  s t e e ls  and P ick er in g  (60) r ep o rts  that th is  phase can o ccu r  

as a d en d ritic  p rec ip ita te  in  the s i l ic a te  in c lu s io n s  p r e se n t in r im m in g  

s t e e ls .  The iro n  fo rm  H ercyn ite  (FeO. A l 0 ) i s  not a com m onCs J
co n stitu en t due to  the u su a l p r e se n c e  of m a n g a n ese . The te r n a r y  

garn et ph ase S p e ssa r tite  (3MnO. Al^O^. 3SiO^) i s  only  in freq u en tly  

o b serv ed  although K ies s lin g  (11) s ta te s  that it  m ay be p rec ip ita ted
o_

fro m  g la s s y  m a n g a n ese -a lu m in o  s iiic a te so n  h eat trea tm en t b e lo w  1195 L . 

The te r n a r y  c o r d ie r ite  ph ase (2MnO. 2A1 0 . 5SiO ) i s  not rep o rted  to
u  O  Ld

occu r as a co n stitu en t in  n o n -m e ta llic  in c lu s io n s .



M any s te e ls  a re  d eo x id ized  by m a n gan ese  and s il ic o n ,  

w h ere the form ation  of r e fr a c to r y  oxide c lu s te r s  m u st be avoid ed  

or w here n itro g en  m u st not be rem o v ed  fro m  so lu tion . In m an y  

c a s e s  h o w ev er , the d eox id iz in g  pow er of th e se  e lem en ts  is  in su ffic ie n t  

to  p rev en t the fo rm ation  of seco n d a ry  in c lu s io n s  upon so lid if ic a t io n .

In ord er to  r ea c h  low er oxygen  le v e ls  and p reven t the form a tio n  of 

seco n d a ry  in c lu s io n s , deoxidan ts contain ing ca lc iu m  a re  u sed  to  

su pp lem en t p r e lim in a ry  deoxidation  by s il ic o n  and m a n g a n ese .

H ow ever , b eca u se  th e se  a llo y s  u su a lly  contain  one or tw o p ercen t  

of other stron g  d e o x id iz e r s , su ch  as a lu m in iu m , it  i s  u n u su a l to  find  

s im p le  m an g a n ese  ca lc iu m  s i l ic a t e s ,  ca lc iu m  alum ino s i l ic a te s  being  

the m o re  u su a l form . T h e se  in c lu s io n s  a re  u su a lly  s in g le  p h ased  g la s s y  

s i l ic a t e s ,  on ly  in freq u en tly  contain ing c r y s ta llin e  p h a ses  in  sp ite  of 

the g rea t num ber of com pounds in  the CaO-Al^O^-SiO^ s y s te m  FIG . 13. 

H ow ever, c r y s ta llin e  p h a ses  m a y  be p rec ip ita ted  on extended  h ea t  

tr e a tm e n ts .

(v) Other S ilic a te s

C hrom ium  and s ta in le s s  s t e e ls  often  contain  in c lu s io n s  w h ich  

contain  ch rom iu m  o x id e s , the sp in e l C h rom ite  (F eO .C r 0 ) b ein g  

freq u en tly  o b serv ed  as iso la te d  angular id iom orp h s or a s s k e le ta l  

netw orks (7). P ick er in g  has rep o rted  that ch ro m ite  d en d r ites  can  

p rec ip ita te  from  s i l ic a te s  form ed  at high tem p era tu res  (85 ). S p in e l 

i t s e l f  (MgO. A l 0 ) is  often  o b serv ed  as a co n stitu en t in  s la g  or  

r e fr a c to r y  in c lu s io n s , w hen th ey  r e a c t  w ith d is so lv e d  a lu m in iu m .

It i s  a ls o  freq u en tly  o b serv ed  in a s so c ia t io n  w ith ca lc iu m  a lu m in a tes  

when or ig in a tin g  from  a s la g  so u r c e , due to  rea c tio n  of ad m ixed  s la g  

p a r t ic le s  w ith the d is so lv e d  a lu m in iu m , (11,16). T itan ium  and 

Z ircon iu m  o x id es  a re  a ls o  found, u su a lly  in  sm a ll q u a n tit ie s , in  

erod ed  or corro d ed  exogen ous ty p es . The o x id es  produced by the  

r a r e  earth s have b een  d is c u s se d  in  SECTION 2 .1 .1 .



2 . 2 THE E F F E C T S OF WORKING ON INCLUSION MORPHOLOGY

D uring hot working»zOnes of sh ea r  flow  a re  s e t  up w ithin the  

bulk o f the m a te r ia l being d eform ed . A n y  n o n -m e ta llic  in c lu s io n s  

con ta in ed  w ith in  th e se  zo n es a re  su b jected  to  com b in ations of 

c o m p r e ss iv e  and sh ea r  s t r e s s e s  and tend to  d eform  in  sym pathy w ith  

the surrounding m a tr ix . W hether th e se  in c lu s io n s  a c tu a lly  d efo rm , 

or w hether th ey  m ain ta in  th e ir  as c a s t  m orp h o logy , is  dependant 

on a num ber of fa c to r s , not le a s t  of w hich i s  the stren gth  of the  

in c lu sio n  r e la t iv e  to  that of the surrounding m a tr ix . In c lu s io n s  

w hich behave p la s t ic a lly  at the w orking tem p era tu re  b ecom e  

elongated  in  the d irec tio n  o f w ork ing, n o n -p la s t ic  in c lu s io n s  m ay  

m ain ta in  th e ir  o r ig in a l m orp h ology  o r , i f  the sh ea r  s t r e s s e s  a re  of 

su ffic ien t m agn itu d e, m ay  b ecom e fra c tu red  and d is sem in a te d  along  

the lin e s  of m e ta l flow , form in g  long th in  fra g m en ta ry  s tr in g e r s .

2. 2 .1  The A s s e s s m e n t  o f In clu sion  D eform ation

T h ere  have now been  a num ber o f in v e s tig a tio n s  in to  the  

behaviour of n o n -m e ta llic  in c lu s io n s  during w orking (86 - 114) and 

a m ethod of a s s e s s in g  the o v e r a ll in c lu s io n  d eform ation  has b een  

ev o lv ed . S in ce it  i s  not p o ss ib le  to  d eterm in e  the ab so lu te  p la s t ic ity  

of the in c lu s io n s  in  s itu , at the tem p era tu re  of d eform ation , i t  has  

been  cu sto m a ry  to a s s e s s  th e ir  d eform ation  by co m p a riso n  w ith  

the d eform ation  of the s t e e l ,  the ra tio  of in c lu s io n  to m a tr ix  

d eform ation  being te r m ed  the ’R e la tiv e  p la s t ic ity ’, 'R e la tiv e  

D e fo rm a b ility ’ or 'P la s t ic ity  In d ex’ and is  g iven  the sy m b o l \? .

The f ir s t  e x te n s iv e  in v estig a tio n  in to  the e ffe c ts  of d e fo r m 

ation  on the m orp h ology  o f secon d  ph ase p a r t ic le s  w as rep o rted  

by Unkle (86) a s  e a r ly  a s  1936, although s e v e r a l  e a r lie r  p ap ers had  

m ade r e fe r e n c e  to the behaviour of seco n d  p h ase  p a r t ic le s  during  

deform ation  (87 - 90). Unkle rep o rted  the e ffe c ts  of co ld  ro llin g  

on the m o rp h o lo g ies  of the secon d  ph ase  in  duplex a llo y s  b elon g in g  

to  the sy s te m s  C u -Z n , P b -C u -Z n , F e -C u , C u-Sn and A l-S i .  T he



p a ra m eter  u sed  to a s s e s s  the d eform ation  of the secon d  p h ase  w as  

the ra tio  of the fr a c tio n a l red u ction  of the secon d  phase to  that 

of the m a tr ix , the in it ia l and fin a l d ia m eter s  of the m a tr ix  and 

secon d  p h ase  g ra in s  being d eterm in ed  on a s ta t is t ic a l  b a s is  by lin e a l  

a n a ly s is , in  the sh o rt tr a n s v e r s e  d irectio n

A  h

A  H
H

w here

h = in it ia l d ia m eter  o f the secon d  ph ase gra in s  

A  h = change in  d ia m eter  o f the secon d  phase g ra in s  

H = in it ia l m a tr ix  gra in  s iz e  

A  H = change in  m a tr ix  gra in  d ia m eter

S c h ie l and S ch n ell (91) fu rth er  d evelop ed  th is  con cep t of 

com p arin g  the d eform ation  of the in c lu s io n s  w ith  that o f the s t e e l  

sa m p le . C y lin d r ica l s t e e l  sa m p les  contain ing oxide and su lph ide  

in c lu s io n s  w ere  c o m p r e sse d , at v a r io u s  te m p e r a tu r e s , and the  

a sp e c t  r a tio s  o f the e ll ip t ic a lly  d eform ed  in c lu s io n s  w ere  d eterm in ed . 

The ra tio  of th is  p a ra m eter  w ith the d ia m eter  to  th ick n ess  r a tio  o f  

the d efo rm ed  s t e e l  sa m p le  w as u sed  as the d efo rm a b ility  in d ex  of 

the in c lu s io n s .

(a /b ) .

(a /b )
m

w h ere

a . = M ajor s e m i-a x is  of the d eform ed  in c lu s io n

b. = M inor s e m i-a x is  of the d eform ed  in c lu sio n  
1

a = D ia m eter  o f the c o m p r e sse d  sa m p le  m
b ^  = T h ick n ess  of the c o m p r e sse d  sam ple

P ick er in g  (93) u sed  a s im ila r  m ethod for a s s e s s in g  the  

d efo rm a b ility  o f the in c lu s io n s  in hot r o lle d  s t e e l  b ar. H ow ever in



th is  c a se  the a sp e c t  r a tio s  o f the d eform ed  sa m p les  w ere  ca lcu la ted  

from  the c r o s s  s e c t io n a l a r e a s  of the sp e c im en s  b efo re  and a fter  

d eform ation . In th is  c a se  the in c lu s io n s  w ere  d eform ed  into  r o ta ry  

e llip so id s  and the r e s u lt s  obtained a re  not d ir e c t ly  com p arab le  w ith  

th o se  obtained by S c h ie l and S ch n ell w hich w ere  ob ta in ed  for  the c a se  

of p ro la te  e l l ip s o id s .

The con cep t of u sin g  the ra tio  o f in c lu sio n  to  m a tr ix  

d eform ation  as the in d ex  o f p la s t ic ity  w as fu rth er  d evelop ed  by 

M alk iew icz  and Rudnik (93) who show ed that the tru e s tr a in  o f the  

d eform ed  in c lu s io n s , a ssu m in g  an in it ia l sp h e r ic a l m orp h o logy , 

could  be obtained fro m  th e ir  a sp e c t ra tio  a fter  deform ation . It can  

be shown A PPE N D IX  1 that the tru e s tra in  of the d eform ed  in c lu s io n  

i s  equal to  th e n atu ra l lo g a r ith m  of the a sp e c t  r a tio , m u ltip lied  by 

2 /3  for  th e c a se  o f c y lin d r ic a l s tra in  or  by 1 /2  for  plane s tr a in .

£ i  = l°ge (A)p

the r e la t iv e  p la s t ic ity  of the d eform ed  in c lu sio n  is  then s im p ly

f i  P  lQge A
e m  = l0 *e H 

w here

£  . = In clu sion  tru e  stra inl
£  = M atrix  tru e  stra inm

y8 = F a c to r  of 1/ 2 for plane stra in

or 2 /3  for c y lin d r ic a l s tra in  

\  = In c lu sio n  a sp e c t  ra tio  a fter  d eform ation  

H = M atrix  red u ction  ra tio

T h is m ethod of d eterm in in g  the r e la t iv e  p la s t ic ity  has b een  

u sed  s u c c e s s fu lly  in a num ber of su b seq u en t in v e s tig a tio n s  and 

P ic k e r in g 's  r e s u lt s  (93) can be con v erted  in to  th is  fo rm  by taking



th e ir  lo g a r ith m s. E ven  though the m ethod is  m a th e m a tic a lly  c o r r e c t  

i t  d oes have one or tw o in h eren t w e a k n e sse s . F ir s t ly  the in c lu s io n s  

a re  a ssu m ed  to deform  into a p ro la te  sp h ero id  m orp h ology  w h ose  

a sp e c t  ra tio  i s  con stan t in  any plane p erp en d icu lar  to  the p lane of 

the e ll ip t ic . A lthough th is  is  a p p rox im ate ly  tru e in the in it ia l  s ta g e s  

of d eform ation , it  d oes not adequ ately  d e sc r ib e  the s itu a tion  at high  

s tr a in s , w here the in c lu s io n s  b ecom e ir r e g u la r  in  form  and of 

v a r ia b le  th ic k n e ss . S econ d ly , the m ethod is  o f a h igh ly  su b jec tiv e  

n atu re , the ch o ice  o f in c lu s io n s  w hose a sp e c t  ra tio  w ill  be m e a su r e d  

u su a lly  being e n tir e ly  a rb ita ry , and w ill  n o rm a lly  lea d  to  a b ia s  

tow ards the la r g e r  m o re  e a s ily  m e a su r ed  in c lu s io n s . F in a lly  it  

has b een  found that the re la tiv e , p la s t ic ity  v a r ie s  w ith in c lu s io n  s iz e  

and m ay  be fu rther co m p lica ted  by a v a r ia tio n  in  in c lu s io n  co m p o sitio n  

w ith s iz e  (94). H ow ever, provided  th e se  lim ita tio n s  a r e  borne in  

m in d , th e m ethod p ro v id es  one of the m o re  u se fu l to o ls  for  

in v estig a tin g  the e ffe c ts  of d eform ation  on in c lu s io n  m orp h o lo g y .

M alk iw icz and Rudnik (93) tr ie d  to  m in im iz e  the e ffe c ts  of 

s iz e  v a r ia tio n  by the u se  of a s ta t is t ic a l  approach to th e ir  m e a su r e m e n ts  

but in  ord er  to  e lim in a te  the su b jec tiv e  in flu en ce  of m ic r o s c o p ic a l  

a s s e s s m e n t ,  B aker and C h a r les  (95) u t iliz ed  the advan tages o f  

Q uantitative T e le v is io n  M icro sco p y  (Q. T . M .) in  d eterm in in g  the  

p la s t ic ity  in d ic e s  of sulphide in c lu s io n s . T h ese  w o rk ers  sh ow ed  that  

the tru e  s tra in  o f the in c lu s io n  w as re la ted  to  its  p ro jec ted  len g th , in  

the longitud inal p lan e, by the equation , A PPE N D IX  2

w here

P o  = The p ro jected  length  per unit a rea  b efore  d efo rm a tio n  

PI = The p ro jected  length  per unit a rea  a fter  d efo rm a tio n

The d er iv a tio n  a ssu m e s  a con stan t vo lu m e fra c tio n  of 

in c lu s io n s  and is  a condition  not u su a lly  m et in p r a c t ic e . T h ese  

w o rk ers  su g g ested  that such  e r r o r s  could  be c o r r e c te d  for by



m u ltip ly in g  the P r o je c te d  Length (P . L . ) by the ra tio  of the a v era g e
i *

to  o b serv ed  a rea  fr a c tio n s . T h is i s  eq u iva len t to d iv id ing each  (P . L . ) 

m e a su r em e n t by the m ea su red  a rea  fra c tio n .

P i /A i
i  ” l0 g e P  /A  o o

w h ere

= T he a rea  fra ctio n  in  the und^vform ed sam p le

A  = The a rea  fra ctio n  in  the d eform ed  sam p le
1

H ow ever, th is  co rr e c tio n  i s  only ap p licab le  to  th o se  c a s e s  

w h ere the d ifferen ce  in  a rea  fra c tio n  i s  due e n tir e ly  to  d ifferen cesin  

the num ber of in c lu s io n s . W here the d ifferen ce  i s  due to  a d iffe re n c e  

in  the s iz e  d istr ib u tio n  the su g g ested  c o r r e c tio n  i s  l ik e ly  to  in trod u ce  

e r r o r s  ra th er  than to e lim in a te  th em . T his a r is e s  b eca u se  the a r ea  of

the in c lu s io n s  i s  a function  of the sq u are o f the rad ius w h ils t  the

p ro jected  length  is  in  s im p le  p roportion  to the ra d iu s.

In sp ite  o f th is  lim ita tio n , the con cep t of u sin g  the p ro jec ted  

len g th  has proved  v e r y  r e lia b le  in  p red ictin g  the e ffe c ts  of in c lu s io n s  

on the m ech a n ica l p r o p e r t ie s , p a r ticu la r ly  in  the sh o rt, t r a n s v e r s e  

d ir e c tio n , and a s s e s s m e n ts  of s te e l  c le a n lin e s s  b ased  on p ro jec ted  

length  m e a su r em e n ts  a re  found to  be m o re  u se fu l than the o ld er  m o r e  

e m p ir ic a l m eth od s (96).

In a r e c e n t r e v ie w  by G ladm an (97) a m ethod i s  ou tlin ed  for  

the d eterm in ation  of p ro jec ted  length  w hich  d oes not in v o lv e  th e u se  

of advanced  e le c tr o n ic  in stru m en ts . It i s  shown that the p ro jec ted  

in c lu sio n  length  per unit a rea  is  n u m e r ic a lly  equal to  the num ber o f  

in c lu s io n s  per unit len gth , in te r se c te d  by a lin e  p erp en d icu lar  to  the  

plane of p ro jec tio n . H ow ever , the m ethod i s  b a sed  on the a ssu m p tio n  

o f a random  d istr ib u tion  o f u n ifo rm ly  s iz e d  s p h e r e s , p r io r  to  

d eform ation , and w hether th is  m o d el i s  a r e lia b le  app rox im ation  to  

the tru e  situ ation  is  q u estion ab le . E ven  so , the m ethod m ay p rove  

u se fu l a s  a la b o ra to ry  ch eck  for the c le a n lin e s s  of s t e e l  p ro d u cts, 

posfeibly to su p p lem en t, or even  r e p la c e , the o ld er  m o re  su b jec tiv e  

a s s e s s m e n t s .



2. 2. 2. F a c to r s  A ffectin g  In c lu sion  B ehaviour

(i) The E ffe c ts  of In clu sion  and M atrix  Strength

One o f the m o re  predom in ant fa c to rs  govern ing the beh aviou r  

of an in c lu s io n , in s id e  a d eform in g  m a tr ix , i s  it s  stren gth  r e la t iv e  to  

that of the m a tr ix . The r e la t io n sh ip  betw een  th is  p a ra m eter , J0 , and  

the r e la t iv e  p la s t ic ity  exh ib ited  by the in c lu sio n s  has b een  the su b ject  

of m uch in v e s tig a tio n , both ex p e r im en ta lly  and th e o r e t ic a lly , but its  

p r e c is e  in flu en ce  on in c lu sio n  behaviour is  on ly  now beginn ing to  be 

u n d erstood . R e su lts  rep o rted  by v a r io u s  w o rk ers  show  d ifferen t  

r e la t io n sh ip s  b etw een  th e se  p a r a m e te r s , although the ex p ected  tren d  

tow ard s d e c re a s in g  r e la t iv e  p la s t ic ity  w ith in c r ea s in g  r e la t iv e  

stren gth  is  g e n e r a lly  a g reed .

Unkle (86) p resen ted  h is  r e s u lt s  in gra p h ica l fo rm  re la tin g  

the r e la t iv e  p la s t ic ity  of the seco n d  p h a ses  to  the y ie ld  stren g th  

ra tio  (INCLUSION:MATRIX) FIG. 15. T h ese  r e s u lt s  in d ica te  an 

upper lim itin g  r e la t iv e  p la s t ic ity  o f the ord er of 1. 6 for in c lu s io n s  

of z e r o -r e la t iv e  stren g th . Second p h a ses  of the sam e stren g th  as  

the m a tr ix  w ere  a ssu m ed  to  d eform  as the m a tr ix  d efo rm s ( \? = 1)

w h ils t p h a ses  h ard er than the m a tr ix  w ere  found to  d eform  l e s s ,
!

p h a ses  w ith  r e la t iv e  stren gth s of the ord er o f 6 exh ib iting  a lm o st  z e r o  

r e la t iv e  p la s t ic ity .

Z e is lo f t  and H osford  (98) d eform ed  sa m p les  contain ing  

c y lin d r ic a l syn th etic  in c lu s io n s  of known flow  s t r e s s ,  by both p lan e  

s tra in  and u n ia x ia l c o m p r e ss io n . The m a te r ia ls  u sed  in  the in v e s t i 

gation  w ere  so ft w hite m e ta l a llo y s  of lea d , tin  and antim ony, th e ir  

r e la t iv e  p la s t ic ity  being d eterm in ed  from  th e ir  a sp e c t r a t io s , a fter  

deform ation , in  a cco rd a n ce  w ith the equations defin ed  by M a lk iew icz  

and Rudnik, (93). B y p lotting  in c lu sio n  s tra in  v s m a tr ix  s tr a in

v a lu es  of the r e la t iv e  p la s t ic ity  ( £  . /  £  ) w ere  obtained for  lowl m
m a tr ix  s tr a in s , w hich w ere  then p lotted  a g a in st the flow  s t r e s s  

ra tio  , FIGS. 16 and 17. T h ese  w o rk ers  found that as the flo w  

s t r e s s  ra tio  tended  tow ard s z e r o , the r e la t iv e  p la s t ic ity  tended  

tow ard s 3. 0 , a va lu e of 2. 9 being obtained for  the c a se  o f w a ter



in c lu s io n s  in a W oods m e ta l m a tr ix . A s the r e la t iv e  stren gth s  

in c r e a se d , the r e la t iv e  p la s t ic ity  d e c r e a se d , being unity when the  

r e la t iv e  s tren g th  w as unity. A s  the r e la t iv e  stren gth  app roached  2. 0 

the r e la t iv e  p la s t ic ity  f e l l  tow ards z e r o .

T h ese  r e s u lt s  a re  v e r y  d ifferen t from  th o se  obtained b y  

U nkle, w hich  w ere  a lm o st  o f a p arab olic  form  and show ed m e a su r a b le  

p la s t ic it ie s  at m uch g r e a te r  r e la t iv e  s tren g th s . The s ig n ifica n ce  of 

th is  d ifferen ce  i s  d is c u s se d  la te r .

Sundstrom  (99) h as extended  a m a th em a tica l a n a ly s is  by  

M cC lin tock  (100) on the d eform ation  of h o le s , to  the c a se  o f a p la s t ic  

in c lu sio n  in s id e  a p la s t ic  p la te . The a n a ly s is  ta k es  the c a se  fo r  the  

p la stic  d eform ation  o f an e llip so id a l in c lu sio n  in  an in fin ite  p late  

deform in g  by p lane s tr a in , and is  b a sed  on a s tra in  hardening m o d el 

in  w hich both the in c lu s io n  and the m a tr ix  behave in  a cco rd a n ce  w ith  

an equation of the fo rm , ;

cr = a 0 1

w h ere

CT = The flow  s tr e s s

(T = The in it ia l  flow  s t r e s so
£  = The tru e  stra in

/I  = The w ork  hardening exponent

The a n a ly s is  a s su m e s  that the w ork hardening exponent i s  

the sam e for both the in c lu sio n  and m a tr ix  m a te r ia ls , and co n seq u en tly  

on ly  ap p rox im ates to  the r e a l  s itu a tion . The so lu tion  obtained by  

Sundstrom  is

9  Sinh (1 -  n)
:  — n ) _____

2 + ( p  1/n -  1)

w h ere

= The r e la t iv e  p la s t ic ity  at z e r o  stra in  

£ .  = The in c lu s io n  tru e s tra in

\?  = f- *C. rn



£  = The m a tr ix  tru e stra in
m

n = The w ork hardening exponent of both the in c lu s io n  

and the m a tr ix  

^3 = The r e la t iv e  stren gth  (flow  s t r e s s  ra tio ) of the

in c lu s io n

T h is r e s u lt  is  p lo tted  in FIG. 18 for  v a r io u s  v a lu e s  of n; the  

r e s u lt s  o f Z e is lo f t  and H osford  a re  in clu d ed  for  co m p a riso n . T h is  

so lu tion  p r e d ic ts , for m a te r ia ls  having a low  w ork hardening exponent 

( <  0. 3), that in c lu s io n s  having a flow  s t r e s s  g rea ter  than tw ic e  that o f  

the m a tr ix  w ill  show  lit t le  tend en cy  to d efo rm , w h ils t  in c lu s io n s  w hich  

are flu id  w ill  d eform  lit t le  m o re  than tw ice  a s  m uch as  the m a tr ix .

The a g reem en t betw een  S u n d strom ’s m o d el at low  !n' v a lu e s , and 

Z e is lo f t  and H o sfo rd 1 s ex p er im en ta l r e su lts  is  quite m ark ed ,

Sundstrom  pointing out that the ex p er im en ta l r e su lts  o b ta in ed  at low  

v a lu es  of , w h ere  a g reem en t i s  p o o r e st , m a y  in fa c t be too  h igh  

due to  in c lu sio n  vo lu m e changes occu rrin g  during the d eform ation . 

H ow ever, during n o rm a l hot w orking trea tm en ts  th ere  i s  l i t t le ,  i f  

any, ev id en ce  to  su p p ose  that the in c lu s io n s  w ork harden to  any  

ex ten t, le t  a lone at the sa m e  rate  a s  the m a tr ix , and Su nd strom s  

m o d el w ould be ex p ected  to  f it  m o re  c lo s e ly  th o se  r e s u lt s  obtained  

at low er  tem p era tu res  w h ere w ork hardening e ffe c ts  a re  m o re  

s ig n ifica n t. U n k le’s r e s u lt s ,  w hich w ere  obtained at te m p er a tu r e s  

w here a high d eg ree  of w ork hardening did o ccu r , do in  fa c t f it  

Su ndstrom s r e s u lt  quite c lo s e ly , for v a lu es  of n g r ea ter  than 0. 6 , 

C om pare FIGS. 15 and 18. A lthough th ere  s e e m s  to  be good a g r ee m e n t  

b etw een  the ex p er im en ta l data and S u n d strom 1 s m o d e l, under 

cond itions w h ere  w ork  hardening i s  s ig n ifica n t, the a p p lica b ility  o f  

th is  m o d el to  con d ition s w here w ork  hardening is  l e s s  s ig n ifica n t  

i s  open to  doubt.

K leveb rin g  (101) has obtained th e o r e t ic a l v a lu es  for the  

r e la t iv e  p la s t ic it ie s  o f m a n gan ese  su lp h id es , d ir e c tly  from  

S u n d strom ’s equation , by su b stitu tion  of a hot h a rd n ess  r a tio  in  p la c e



of the flow  s t r e s s  ra tio  f b  . The hot h a rd n ess  of the su lph ide w as 

obtained fro m  the pu blished  data of Mann and Van V lack  (102). The 

v a r ia tio n  o f the th e o r e t ic a l r e la t iv e  p la s t ic ity  w ith tem p era tu re  

obtained by th is  m ethod is  shown in  FIG. 19 w hich  a lso  show s the  

ex p er im en ta lly  d eterm in ed  v a lu es  o f G ove and C h a r les  (103) for  

co m p a riso n . The a g reem en t betw een  the tw o cu rv es  is  r em a rk a b le , 

although so m e sc a tte r  in  the th e o r e t ic a l v a lu e s  should be noted . The 

sa m e author a ls o  show s a s im ila r  a g reem en t for the v a r ia tio n  of 

the r e la t iv e  p la s t ic ity  of m an g a n ese  se le n id e  w ith tem p era tu re .

It should be pointed out that the v a lu es  o f r e la t iv e  p la s t ic ity  

d er iv ed  from  a th e o r e t ic a l standpoint a re  th o se  v a lu es  that would  

be exh ib ited  by an in c lu sio n  as  it  b eg in s to  deform  from  the spheroidal 

s ta te . S in ce  the r e la t iv e  p la s t ic ity  d e c r e a s e s  as the s tra in  in c r e a s e s ,  

(SECTION 2. 2. 2. ( i i i ) ) , ca re  m u st be taken when com paring  

ex p er im en ta lly  d eterm in ed  v a lu es  and th o se  v a lu es  p red ic ted  

th e o r e tic a lly . The v a lu es  a lrea d y  quoted from  Z e is lo f t  and H osford

(98) and G ove and C h a r les  (103) do, in  fa c t, r e la te  to  z e r o  s ta te  of 

deform ation  and can be le g it im a te ly  com p ared  to  th o se  v a lu es  

p red icted  from  S u n d strom 1 s m o d el. T h ose  r e s u lt s  quoted fro m  U nkle  

(86) w ere  ca lcu la ted  on a d ifferen t b a s is  and should  be com p ared  

q u a lita tiv e ly .

W arrick  and Van V lack  (104) have stud ied  the e ffe c ts  o f sa m p le  

and d eform ation  p a r a m e te rs  on the fra c tu re  and d eform ation  o f  

inclu ded  n o n -m e ta llic  p h a se s . The m o d e l sy s te m  u se d , em p loyed  the  

F . C. C. m e ta ls  P b , A l, A g , Cu and b r a ss  a s  the m a tr ix  ph ase  in  

w hich N aC l type io n ic  so lid s  w ere  d isp e r se d  as the in c lu s io n  

m a te r ia ls . S am p les w ere  p rep ared  by pow der m e ta llu r g ic a l  

tech n iq u es, and d eform ation  p erfo rm ed  by ex tru sio n  at both s u b -z e r o  

and e lev a ted  te m p e r a tu r e s . The am ount of d eform ation  of the  

in c lu s io n s  w as a s s e s s e d  in  ra th er  a co m p lex  m an n er, n e c e s s ita te d  

by the change in  the type o f d eform ation  o ccu rr in g  betw een  the su r fa c e  

and cen tre  of the extruded  b ar, the su r fa ce  d eform ation  app rox im atin g



to  con d ition s of plane s tr a in , the cen tre  deform ing under con d ition s  

of c y lin d r ic a l s tra in . The m a tr ix  and in c lu sio n  h a rd n ess  w ere  

d eterm in ed  at the tem p era tu re  of d eform ation  u sin g  a m o d ified  m ic r o 

h a rd n ess  te s t in g  m a ch in e . The d eform ation  of the in c lu s io n s  ly in g  

along the cen tre  lin e s  o f the extruded  sa m p le s  w as a s s e s s e d  by  

m ea su rem en t of th e ir  a sp e c t  r a t io s , FIG. 20 , and rep lo ttin g  th e se  

r e s u lt s  in  te r m s  o f the in c lu s io n  tru e  s tra in , a p lot of in c lu s io n  

r e la t iv e  p la s t ic ity  v s .  r e la t iv e  h a rd n ess  i s  obtained w hich  can be 

com pared  w ith the r e s u lt s  of Z e is lo f t  and H osford  (98) and Sundstrom

(99) FIG.' 21. H ow ever , it  m u st be r em em b ered  that th e se  r e s u lt s  

w ere  obtained at a m a tr ix  tru e  s tra in  of 1. 4 (75% R . A . ) w h ils t  the  

other p lo ts  r e la te  to  a z e r o  sta te  o f s tra in  and are  thus o f h igh er  

p la s t ic it ie s .  The g en era l shape of the graph thus obtained co n fo rm s  

to  the g e n e ra l fo rm  of Z e is lo f t  and H osford s r e s u lt s  and S u n d stro m ’s 

m o d el (n <  0 .4 )  and would probably l ie  even  n e a r er  to  th em  i f  it  w ere  

p o ss ib le  to  c o r r e c t  the r e s u lt s  for z e r o  sta te  o f d eform ation . T he  

only a r ea  show ing s ig n ifica n t d ev ia tion  l ie s  at high v a lu es  of r e la t iv e  

h a rd n ess  w h ere a sm a ll but m ea su ra b le  p la s t ic ity  is  p r e se n t at 

va lu es  of g r ea ter  than 3 .0 .  A s w ith  p rev io u s r e s u lt s ,  the graph  

p a s s e s  c lo s e  to  the 1:1 c o -o r d in a te s .

M ore r e c e n tly  G ove and C h a r les  (103) have rep o rted  a m eth od  

of d eterm in in g  the r e la t iv e  p la s t ic ity  of in c lu s io n s  b a sed  on in  s itu  

m ic r o -h a r d n e ss  d e term in a tio n s , o f the in c lu sio n  and m a tr ix , at the  

tem p era tu re  of d eform ation . V ariou s m o d el s y s te m s  w ere  a ls o  

em p loyed  to s im u la te  the behaviour of in c lu s io n s  o f r e la t iv e  s tr e n g th s ,  

w hich w ere  not e a s i ly  obtained in  r e a l in c lu sio n  s y s te m s . B y p lotting  

the r e la t iv e  p la s t ic it ie s  of th ese  s y s te m s , at z e r o  m a tr ix  s tr a in ,  

v e r s u s  the m e a su r ed  in c lu s io n  r e la t iv e  h a r d n ess , th ey  obtained  an  

e m p ir ic a l re la tio n sh ip  b etw een  the r e la t iv e  p la s t ic ity  and r e la t iv e  

h a rd n ess  of the in c lu s io n s  of the fo rm ,

H.
V = 2 ‘ i 5-  0 4  v  <  2



w here

\? = R e la tiv e  p la s t ic ity  at z e r o  s tra in

H. = In c lu sion  h a rd n essi
H = M atrix  h a rd n ess

m

A s can be see n  fro m  FIG. 22 th e se  r e s u lt s  show  a lin ea r  re la t io n sh ip  

b etw een  the r e la t iv e  p la s t ic ity  and r e la t iv e  h a r d n ess , for a w ide  

v a r ie ty  o f in c lu s io n  s y s te m s . It has b een  su g g ested  that the  

d ifferen ce  b etw een  th e se  r e s u lt s  and S u n d strom ’s m o d el m ay  be due 

to  so m e  d ev ia tion  o f the r e a l  sy s te m  fro m  S u ndstrom s a ssu m p tio n  

of th e eq u a lity  of in c lu s io n  and m a tr ix  w ork hardening r a te s  (105). 

H ow ever , m any of the p la s t ic ity  v a lu es  u sed  in  th is  w ork  w ere  obtained  

at r e la t iv e ly  low  d eform ation  tem p era tu res  w h ere w ork hardening  

e ffe c ts  can  be ex p ected  to be m o re  s ig n ifica n t, and the u se  o f a 

h igh er w ork  hardening exponent in  S u n d strom 's equation d o e s , in  

fa c t, p r e d ic t  a m o re  lin ea r  r e la tio n sh ip , cu rv es  for n = 0. 25 and  

0 .8  being included  in  F ig . 22 for co m p a riso n .

Gay (106) has a n a ly sed  the behaviour o f sp h e r ic a l and 

e lip t ic a l p a r t ic le s ,  d eform ed  by pure and s im p le  sh e a r , in s id e  a 

N ew tonian flu id  m a tr ix . The p a r t ic le s  so  tr e a ted  w ere  a ls o  

v isc o u s  b o d ie s , but th e ir  r e la t iv e  v is c o s i t ie s  (P a r tic le :m a tr ix )  

w ere  a llo w ed  to  va ry  betw een  w ide l im it s .  The a n a ly s is  d e r iv e s  

the re la t io n sh ip

w h ere a
/b  = The a x ia l ra tio  o f the d eform ed  p a r tic le

a . /b .  = The a x ia l ra tio  o f the undeform ed p a r tic le

R 2. = The r e la t iv e  v is c o s ity  of the p a r tic le

= The a x ia l ra tio  o f the stra in  e ll ip s e

C onverting  th e se  p a ra m eters  to the form  u sed  p r e v io u s ly  one obtains



24 i ■ 2<£ . >, + (t / t t ) 2«»

w here

£  . = In c lu sion  tru e  s tra in
1

( S * )Q = In itia l in c lu s io n  stra in  (u su a lly  zero )  

= V is c o s ity  ra tio  

<£m = M atrix  tru e s tra in

R earrang in g

£ i 5

£ m
+ 3m  

w here

= The in c lu sio n  r e la t iv e  p la s t ic ity

The r e s u lt  is  p lotted  in FIG. 23 w h ere it  i s  com pared  w ith  

S u n d strom 's equation for the c a se  o f f l  = 0. 8. B eca u se  G ay's m o d el 

w as b ased  on a n on -hard en in g  N ew tonian flu id  m a tr ix  the r e s u lt  is  

u n lik e ly  to  be c o m p le te ly  v a lid  in the c a se  of n o n -m e ta llic  in c lu s io n s  

in s t e e l ,  p a r ticu la r ly  at lo w er  te m p e r a tu r e s , but the r e s u lt  w ill  

s e r v e  as a u se fu l co m p a riso n . T h is r e s u lt  in d ica te s  that in c lu s io n s  

having a v e ry  low  r e la t iv e  v is c o s ity  should exh ib it r e la t iv e  p la s t ic it ie s  

in the reg io n  of 1. 7, w hich i s  rath er low  when com p ared  w ith m e a su r ed  

v a lu e s . A s w ith p rev io u s a n a ly se s  a r e la t iv e  p la s t ic ity  of un ity  is  

obtained at unit r e la t iv e  v is c o s ity . A t high v a lu es  of r e la t iv e  

v is c o s ity  the r e s u lt  d iffe r s  s ig n ifica n tly  fro m  Z e is lo f t  and H osford , 

and W arrick  and Van V la c k 1 s r e s u lt s ,  r e la t iv e  p la s t ic it ie s  in  the  

reg ion  of 0. 5 being obtained a s  a r e la t iv e  v is c o s ity  of 3 .0 .  The 

s im ila r ity  o f G ay’s r e s u lt  and S u n d strom ’s equation (for f l  = 1) i s  

quite m ark ed .

^  = z p  5+ 3 Gay

2
V? = ~~~Z— 7—:— Sundstrom  { f l  =1)p  + 1



In th e d is c u s s io n  of U n k le's paper (86) Rohn su g g ested  that 

the nature o f the m a tr ix  flow  around a secon d  ph ase p a r tic le  w as  

lik e ly  to be a ffec ted  by the ad h esion  o f the p a r tic le  to  the m a tr ix , and  

w ould o b v io u sly  a ffec t the behaviour o f the in c lu s io n . In th o se  c a s e s  

w here the ad h esion  of the in c lu sio n  to  the surrounding m a tr ix  i s  l e s s  

than the co h esio n  of the m a tr ix  ph ase i t s e l f ,  then the sh earin g  s t r e s s e s  

operating  in  the m a tr ix  w ill  be ab le  to  b reak  the in ter  fa c ia l bonds and  

so m e d eg ree  o f in ter fa c e  s lid in g  w ill  o ccu r . A t low  r e la t iv e  s tr e n g th s ,  

the in c lu s io n  is  a lrea d y  try in g  to  d eform  in  e x c e s s  of the m a tr ix  and  

the in ter fa c e  bonding should  have l it t le  e ffe c t . In fa c t in  r ep ly  to  

R ohn’s o b serv a tio n s  Unkle p resen ted  ev id en ce  to  su g g e st  that th is  w as  

indeed  the c a se . H ow ever, at h igh er  stren gth  r a tio s  the in te r fa c ia l  

bonding can b eco m e o f p r im a ry  im p ortan ce  s in c e  a la ck  o f bonding w ill  

lea d  to  a red u ced  r e la t iv e  p la s t ic ity .

A  r e c e n t  in v estig a tio n  by A sh ok  (107),into  the e ffe c ts  o f in te r fa c e  

a d h esion ,h as shown that th is  p a ra m eter  can a ssu m e  as  g r ea t a  

s ig n ifica n ce  as  the r e la t iv e  stren gth  in  co n tro llin g  the behaviou r o f  

r e la t iv e ly  hard secon d  p h a se s . T h is w ork er found that unbonded  

in c lu s io n s  o f the sa m e  ph ase a s  the m a tr ix  (for exam p le  copper rod s  

in se r te d  into h o le s  d r ille d  in a copper b lock ), could  in  fa c t ex h ib it  

r e la t iv e  p la s t ic it ie s  s ig n ifica n tly  l e s s  than unity. Only when the  

in c lu sio n  w as s tro n g ly  bonded to the m a tr ix  w as a r e la t iv e  p la s t ic ity  

of un ity  obtained for  a r e la t iv e  stren gth  of un ity . In fa c t, M aunder  

and C h a r les  (114) had p r e v io u s ly  com m en ted  on the o b serv a tio n  o f  

sulphide in c lu sio n  r e la t iv e  p la s t ic it ie s  o f l e s s  than unity when Chao  

(133)had shown th e ir  r e la t iv e  h a rd n ess  a ls o  to  be le s s  than u n ity . A t 

even  g r e a te r  r e la t iv e  stren g th s s ig n ifica n t r e la t iv e  p la s t ic it ie s  w e re  

obtained in  the c a se  o f s tro n g ly  bonded secon d  p h a ses  w h ils t  unbonded  

ty p es  exh ib ited  r ig id  beh av iou r. A sh o k 's  r e s u lt s  a re  su m m a r ized  

in FIG. 24 w hich  in d ica tes  the m ark ed  d ifferen ce  in behaviour o f  

unbonded and bonded ty p es .

If Unkle*s r e s u lt s  a re  rep lo tted  in  te r m s  of in c lu sio n  and m a tr ix  

tru e s tr a in s  FIG. 25, the grad ien t at £  = 0  can be u sed  to obtain



a m o r e  con ven tion a l form  o f the r e la t iv e  p la s t ic ity  v s .  r e la t iv e  

stren gth  re la tio n sh ip  FIG. 26 . If the form  of th is  p lot is  com p ared  

to that obtained by A sh ok  for  the stro n g ly  bonded in c lu s io n s  i t  w ill  

be se e n  that the tw o cu rv es  a re  a lm o st id e n tic a l FIG. 24. T h is is  

not e n tir e ly  un exp ected  s in c e  U n k le’s r e s u lt s  w ere  a lso  obtained for  

the c a se  of stro n g ly  bonded secon d  ph ase p a r t ic le s .  The fo rm  of 

th ese  graphs c lo s e ly  r e se m b le  th o se  obtained by Gay and Sundstrom  

( f l  y  0. 6) and it  i s  l ik e ly  that th e se  m a th em a tica l r e la t io n sh ip s  do 

not apply to  the c a se  o f unbonded or w eak ly  bonded secon d  p h a ses  

w here the sh ea r  s t r e s s e s  a re  not fu lly  tr a n s fe r r e d  a c r o s s  the  

in c lu s io n -m a tr ix  in te r fa c e .

In su m m ary  - the in v e stig a tio n s  rep o rted  to date in d ica te  that 

an upper lim itin g  r e la t iv e  p la s t ic ity  i s  exh ib ited  by in c lu s io n s  of z e r o  

r e la t iv e  stren gth . E s t im a te s  of th is  l im it  v a ry  from  Z e is lo f t  and 

H o sfo rd 1 s ex p er im en ta l va lu e of 2. 9 (98) down to  G ay's th e o r e t ic a l  

lim it  o f 1. 7 (106), a va lu e  in  the reg io n  of 2. 0 - 2. 3 being favou red  

by m o st  in v e s t ig a to r s . It is  in te r e st in g  to  note that in Unkle's o r ig in a l  

w ork (86) a sem i-q u a n tita tiv e  e x p r e ss io n  is  d er iv ed  w hich p r e d ic ts  an  

upper lim itin g  r e la t iv e  p la s t ic ity  o f e , (2. 7) for the c a se  of in c lu s io n s  

of z e r o  r e la t iv e  stren gth .

A t h igh er  r e la t iv e  s tr en g th s , the e ffe c ts  of in ter fa c e  a d h esion  

b ecom e in c r e a s in g ly  im p ortan t, the d ifferen ce  in  beh aviou r o f bonded  

and unbonded in c lu s io n s  b ecom in g  v e r y  s ig n ifica n t. T h is undoubtedly  

accou n ts for the d iffe re n c e  betw een  U n k le ’s r e s u lt s  and Gay (106) 

and Sundstrom  *s (99) m a th em a tica l m o d els  on the One hand and 

Z e is lo f t  and H osford  (98), W arrick  and Van V lack  (104), and G ove  

and C h a r le s 1 (103) r e s u lt s  on the o th er . In the c a se  of stro n g ly  

bonded in c lu s io n s  s ig n ifica n t d eform ation  can occu r  w ith  r e la t iv e  

stren gth s as h igh as 6. 0 , w h ils t  in  the c a se  o f unbonded ty p es  l i t t le  

or no d eform ation  i s  o b serv ed  w ith  r e la t iv e  stren g th s in  e x c e s s  o f  

2. 0. The d isc re p a n cy  b etw een  Z e is lo f t  and H osford*s r e s u lt s  and 

th o se  of G ove and C h a r les  l ie s  m a in ly  in the reg io n  of r e la t iv e  

stren g th s 0 - 1 .0 . T h is m ay be due to  vo id  c lo su r e  cau sin g  v o lu m e



ch a n g es, in  the c a se  of Z e is lo f t  and H o sfo rd ’s r e s u lt s ,  r e su lt in g  

in anom alously high r e la t iv e  p la s t ic it ie s  in  th is  reg io n  o f re la tive  

stren g th s .

S in ce  m o st  n o n -m e ta llic  in c lu s io n s  in  s te e l  a re  e ith er  unbonded  

or on ly  w eak ly  bonded to the m a tr ix  the r e su lts  obtained by Unkle and 

the m a th em a tica l m o d els  d evelop ed  by Gay and Sundstrom  a re  p o ss ib ly  

not r e p r e se n ta tiv e  o f the s itu a tion  regard in g  in c lu sio n s  in  s t e e l ,  and 

behaviour m o re  in  a cco rd a n ce  w ith G ove and C h a r le s , and A sh o k ’s 

r e s u lt s  i s  m o re  lik e ly .

(ii) The E ffec t of the D e g re e  of D eform ation

A lthough the in it ia l p la s t ic ity  exh ib ited  by an in c lu s io n  m igh t  

be quite d ifferen t from  that o f the m a tr ix , a s it  d e fo rm s the in te r fa c ia l  

a r ea , o v er  w hich the m a tr ix  sh ea r  s t r e s s e s  can a c t, in c r e a s e s  and 

the in c lu s io n  should b eco m e in c r e a s in g ly  co n stra in ed  to  d eform  to  the  

sa m e exten t a s the m a tr ix . L o g ica lly , i t  would be ex p ected  that 

in c lu s io n s  w hich  a re  in it ia lly  m o re  p la s t ic  than the m a tr ix  should  exh ib it  

a d e c re a s in g  ra te  of d eform ation  w ith  in c r ea s in g  m a tr ix  s tr a in , w h ils t  

in c lu s io n s  in it ia lly  l e s s  p la s t ic  should show  an in c r e a s in g  ra te  o f 

s tra in , u lt im a te ly  both ty p es  exh ib iting  the sa m e  ra te  o f s tr a in  a s  the  

m a tr ix . T h is situ a tion  is  shown sc h e m a tic a lly  in  FIG. 27 w hich  is  

taken from  the w ork of Sm ith  (108) who s ta te s  that v e r y  e lo n g a te  

in c lu sio n  fo rm s w ill  be co n stra in ed  to  d eform  at the sa m e  ra te  as  

th e ir  surrou ndin gs ir r e s p e c t iv e  o f th e ir  v is c o s ity  r e la t iv e  to  th at o f  

the m a tr ix .

In the r e a l s y s te m , h o w ev er , i t  has been  found that the  

r e la t iv e  p la s t ic ity  of the in c lu s io n s  in v a r ia b ly  d e c r e a s e s  w ith  

in c r e a s in g  s tra in , ir r e s p e c t iv e  o f it s  in it ia l  v a lu e , and that the fin a l 

r e la t iv e  p la s t ic ity , a t h igh  s tr a in s , i s  u su a lly  m uch lo w er  than un ity .

(91, 92, 93, 95, 103). The rea so n  for the d iffe re n c e  in  behaviou r  

betw een  the id e a l and r e a l  situ a tion s l ie s  once m o r e  in  the low  w ork  

of ad h esion  of the in c lu s io n -m a tr ix  in te r fa c e . In ord er  to  c o n str a in



the in c lu s io n  to d eform  as the m a tr ix  d efo rm s the m a tr ix  has to  

tr a n sfe r  a sh ea r  fo r c e , v ia  the in te r fa c e , onto the in c lu s io n . W here  

a stron g  in ter fa c e  e x is t s  th is  can be done quite e a s i ly  and the  

in c lu sio n  w il l  d eform  as d ic ta ted  by the m a tr ix  flow . In the c a se  of 

a w eak ly  bonded in te r fa c e , in ter fa c e  s lid in g  i s  ab le  to  occu r  and the  

in c lu s io n s  d eform  w ith a d e c r e a s in g  ra te  a s  the m a tr ix  s tr a in  in c r e a s e s .  

In fa ct Z e is lo f t  and H osford s r e s u lt s  exh ib it the e ffe c t  o f in c r ea s in g  

m a tr ix  co n stra in t in the c a se  of in c lu s io n s  in it ia lly  m o re  p la s t ic  than  

the m a tr ix , although th o se  in c lu s io n s  in it ia lly  l e s s  p la s t ic  exh ib it  

m o re  lin ea r  b ehaviou r FIG. 16.

A  num ber of th e o r ie s  have b een  p ro p osed  to  exp la in  the o b se rv e d  

d e c r e a se  in  r e la t iv e  p la s t ic ity  w ith  in c r ea s in g  m a tr ix  s tr a in . P ic k e r in g  

(92) p o stu la ted  th at c r y s ta llin e  m an g a n o -w u stite  in c lu s io n s  m a y  w ork  

harden a p p rec ia b ly  m o re  than the m a tr ix , and thus in c r e a s e  th e ir  

r e la t iv e  stren g th , a s  the d eform ation  p r o g r e s s e d . If i t  i s  v a lid  then  

th is  p ro p o sa l w il l  a ls o  exp la in  the o b serv ed  red u ction  in  the r e la t iv e  

p la s t ic ity  of m an g a n ese  su lp h id es w ith  in c r e a s in g  s tr a in  (95 ), s in c e  

th e se  a re  a ls o  c r y s ta llin e  a t hot w orking te m p e r a tu r e s . A lthough  

d is lo c a tio n  s tr u c tu r es  have b een  o b se rv e d  in  m a n gan ese  su lph ide  

in c lu s io n s  (109» 110) th er e  i s  no ev id en ce  to  su g g e s t  that th e se  

m a te r ia ls  w ork  harden  a p p rec ia b ly  at n o rm a l hot w orking te m p e r a tu r e s .  

In fa c t M oore (111) found no d ifferen ce  in  the h a rd n ess  o f su lph ide  

in c lu s io n s  b e fo re  and a fter  d eform a tio n , although i t  m u st be noted  

that th is  w ork er  did e x p e r ie n c e  so m e d ifficu lty  in  obtaining a c cu ra te  

h a rd n ess  m e a su r em e n ts  on the h igh ly  d eform ed  su lp h id es . U ch iyam a  

and Sum ita (112) have how ever rep o rted  th at the room  tem p era tu re  

h a rd n ess  of m a n g a n o -w u stite  in c lu s io n s  i s  in c r e a se d  a fter  hot w ork in g . 

P ick er in g  (92) a ls o  su g g e ste d  that a s  th e in c lu s io n s  b eco m e e lo n g a ted  

t  h ey  o ffer  l e s s  im p ed en ce  to the flow  o f the m a tr ix  around th em  so  th at  

the in te r fa c ia l fo r c e s  cau sin g  th e ir  d eform ation  d e c r e a s e , r e su lt in g  

in  a red u ced  re la tiv e ' p la s t ic ity . T h is m a y , in  fa c t, be a v e r y  

im p ortan t fea tu re  s in c e  the e lon gated  in c lu s io n s  w ill  c e r ta in ly  o ffer  

l e s s  d istu rb an ce  to  th e flow  o f the m a tr ix  during w ork ing. H o w ev er , 

i t  m u st be rem em b er e d  that th is  can on ly  apply to  th o se  c a s e s  w h ere



the in c lu s io n s  a re  w eak ly  bonded so  that in ter fa c e  s lid in g  can take  

p la ce . In the c a se  o f stro n g ly  bonded p h a ses  the fr ic t io n a l c o n stra in t  

at the in ter fa c e  w il l  a c tu a lly  in c r e a s e  and the in c lu s io n s  w il l  behave  

as d icta ted  by the m a tr ix .

B aker and C h a r les  (95) su g g ested  that the ex tra  en e rg y  expended  

in  crea tin g  new  in ter fa c e  cou ld  be r e sp o n s ib le  for the o b serv ed  red u ctio n  

in  p la s t ic ity . T h ese  w o rk ers  show ed that in  the c a se  o f m a n g a n ese  

sulphide in c lu s io n s , in it ia lly  1/z v n  in  d ia m e te r , the w ork  expended  in  

crea tin g  new  in te r fa c e , on r o llin g , am ounted to  l e s s  than 1% of the  

en erg y  of d efo rm ation  for  a x2 red u ction  but a lm o st  10% for  a x32  

red u ction . T h ese  sa m e  w o rk ers  a ls o  p ro p osed  that in  the c a se  of 

in c lu s io n s  in it ia lly  l e s s  deform ab le  than the m a tr ix , r eg io n s  of  

fr ic t io n a l co n stra in t a re  produced  in  th e m a tr ix  above and b e lo w  an  

elon gated  in c lu s io n . The s iz e  of th e se  'dead* z o n e s , by an a logy  w ith  

u p se t fo rg in g , in c r e a s e s  as the a r ea  o f in ter fa c e  in c r e a s e s  and i t  i s  

p rop osed  that th is  accou n ts for  the o b serv ed  red u ction  in  p la s t ic ity .

The m o d e l s y s te m  u sed  to d em o n stra te  th is  e ffe c t  c o n s is te d  o f ’hard* 

in c lu s io n s  o f d ifferen t a sp e c t  r a tio s  em bedded  in  la y e r s  of p la s t ic in e  

w  h ich  w ere  su b seq u en tly  d efo rm ed . A lthough reg io n s  o f c o n str a in t  

w ere  produced  in  the c a se  of the m o re  e lon gate  fo rm , th is  w as  

probab ly due to  the a d h eren ce  o f the p la s t ic in e  to  the su r fa ce  o f the  

syn th etic  in c lu s io n , thus s im u la tin g  a s tro n g ly  bonded in c lu s io n . T h is  

show s that the m ech a n ism  p rop osed  a c tu a lly  in c r e a s e s  the sh ea rin g  

fo r c e s  actin g  on a s tro n g ly  bonded in c lu s io n  and i s  the m ec h a n ism  by  

w hich  the p la s t ic ity  w ould approach  th at o f the m a tr ix . In the c a se  

of w eak ly  bonded in c lu s io n s  i t  i s  u n lik e ly  that su ch  reg io n s  of 

co n stra in t w ould be fo rm ed  and in  fa c t i f  a p la s tic in e  m o d el is  

co n stru cted  in  w hich  the in ter fa c e  b etw een  the in c lu s io n  and m a tr ix  

i s  w e ll  lu b r ica ted , su ch  zon es are  not produced  FIG. 28.

Gove and C h a r les  have p rop osed  a m o d e l w h ereb y  the s t e e l  

m a tr ix  in  the v ic in ity  of the in c lu s io n -m e ta l in ter fa c e  b e c o m e s  w ork



hardened  to  a g r e a te r  ex ten t than the bulk m a tr ix . The in c lu s io n  

thus b e c o m e s  surrou nded  by a s h e ll  o f harder m a tr ix  m a te r ia l  w hich  

d efo rm s l e s s  than the bulk and r ed u ces  the in c lu s io n s  r e la t iv e  

p la s t ic ity . E v id en ce  in  supp ort of th is  m ech a n ism  c o n s is t s  o f a 

s e r ie s  o f m ic r o h a r d n e ss  m e a su r em e n ts  m ade around the in te r fa c e  o f  

an a r it i f ic ia l  copper in c lu s io n  d efo rm ed  in  an iro n  m a tr ix  a t 600°C . 

A lthough in c r e a se d  h a rd n ess  in  the v ic in ity  o f the ‘inclusion* i s  show n, 

the in c r e a s e  is  s lig h t and w ould probab ly  be m in im a l at h igh er  r o llin g  

te m p e r a tu r e s . A gain  the e ffe c ts  o f in c lu s io n -m a tr ix  a d h esion  in  

th is  m o d e l w e re  not known, and g r e a te r  lo c a l  w ork hardening w ould  

be ex p ected  to  occu r around in c lu s io n s  s tro n g ly  bonded to  the m a tr ix .

O v era ll i t  would appear th at the e ffe c t  o f in c lu sio n  w ork  

hardening is  not l ik e ly  to  be a s ig n ifica n t fea tu re  o f the d efo rm a tio n  

behaviou r and lo c a lis e d  m a tr ix  w ork hardening around the in c lu s io n s  

is  probab ly  m in im a l at n o rm a l hot w orking te m p e r a tu r e s . The e ffe c ts  

of fr ic t io n a l co n stra in t at the in c lu s io n -m a tr ix  in ter fa c e  w ould be to  

m ake the in c lu s io n s  behave m o re  in  sym pathy w ith  the m a tr ix , but 

th is  w ould depend on adequate bonding betw een  the in c lu s io n  and the  

m a tr ix . M ore u su a lly  in c lu s io n s  a re  unbonded or on ly  w ea k ly  bonded  

and the e ffe c ts  o f fr ic t io n a l co n stra in t a r e  e lim in a ted  by in te r fa c e  

s lid in g . The red u ctio n  in  p la s t ic ity  w ith  in c r e a s in g  s tr a in  i s  m o s t  

probab ly due to  the d e c re a s in g  d is tu rb a n ce , ca u sed  by the in c lu s io n , 

to  the m e ta l flo w  a s  the in c lu s io n  b e c o m e s  th in n er , although th e  

e ffe c t  of en erg y  a b so rp tio n , due to in te r fa c e  cre a tio n , i s  l ik e ly  to  

have an in c r e a s in g  e f fe c t  a t h igh er  s tr a in s .

( ii i)  O ther F a c to r s

T em p era tu re

The tem p era tu re  of d eform ation  i s  probab ly  the s in g le  m o s t  

im p ortan t p a ra m eter  co n tro llin g  the behaviou r o f in clu d ed  p h a se s .

The flow  s t r e s s  of both the m a tr ix  and the in c lu s io n  m a te r ia ls  a re  

v e r y  dependent on the w orking tem p era tu re  and depending on how



th e se  v a lu e s  change w ith  r e s p e c t  to  each  other w ith changing  

tem p era tu re , the r e la t iv e  p la s t ic ity  w il l  be a ffec ted  a cco rd in g ly . The 

e ffe c t o f w orking tem p era tu re  on the behaviour o f the v a r io u s  in c lu s io n  

p h a ses  i s  d is c u s se d  in  SECTION 2. 4 .

In c lu sio n  S ize

P ick er in g  (92 ), M alk iew ics and Rudnik (93), and U ch iyam a and  

Sum ita (112) h ave a l l  rep o rted  th at la r g e r  in c lu s io n s  tend to  d isp la y  

g r ea ter  p la s t ic it ie s  than do sm a lle r  in c lu s io n s . A lthough lit t le  

sy s te m a tic  w ork  on the e ffe c t  of in c lu sio n  s iz e  has b een  r ep o rted , 

th ere  is  a co n sen su s  of opin ion that sm a ll  in c lu s io n s  exh ib it lo w er  

r e la t iv e  p la s t ic i t ie s  (103, 105, 113). M ore r e c e n t  ev id en ce  (94) in d ic a te s  

that the r e la t io n sh ip  betw een  in c lu s io n  s iz e  and r e la t iv e  p la s t ic ity  m a y  

not be so  s im p le , and m ay  be fu rther co m p lica ted  by a s y s te m a t ic  

v a r ia tio n  in  in c lu s io n  co m p o sitio n  w ith the s iz e .

B aker and C h a r les  have su g g e ste d  th at the g r ea ter  su r fa c e  to  

vo lu m e r a tio  of the sm a lle r  in c lu s io n s  m a y  be the ca u se  o f th e ir  

red u ced  p la s t ic i t ie s .

In c lu sio n  C onstitu tion

In c lu sio n  con stitu tion  can often  be of param ount im p o rta n ce  in  

d eterm in in g  the behaviou r of an in c lu s io n  during hot w ork in g . M u lti

ph ase c r y s ta llin e  s i l ic a te s  often  b eco m e fragm en ted  on w ork ing a t  

low  te m p e r a tu r e s  (9 2 , 113,114) b ecom in g  d issem in a te d  in to  long  

fra g m en ta ry  s tr in g e r s . In such  c a s e s  fra c tu re  often  o ccu rs  by the  

d eco h esio n  o f the in te r fa c e s  o f the com ponen t p h a se s , although t r a n s -  

granular fra c tu re  a lso  freq u en tly  o c c u r s , (92 ). In so m e g la s s y  

s i l ic a te  in c lu s io n s , hard in tern a l p r e c ip ita te s  m a y  be fo rm ed  and a t  

high w orking tem p era tu res  the p la s t ic  s i l ic a te  m a y  be c o m p le te ly  

str ip p ed  fro m  the p r e c ip ita te , producing long ta i l - l ik e  d isc o n tin u it ie s  

extending into  the surrounding m a tr ix  (9 2 , 95 , 114). A lte r n a tiv e ly ,  

w h ere fin er  m o re  nu m erou s p r e c ip ita te s  a re  fo rm ed , th ey  m a y  a c t  

as m ech a n ica l supp orts and lead  to  a red u ced  p la s t ic ity , (92 , 114).

In so m e  c a s e s  a h ig h ly  s il ic e o u s  g la s s y  p h ase  m?ty be fo rm ed , due to



the co m p o sitio n  ly in g  w ith in  a liq u id  m isc iib ility  gap in  th e ph ase  

sy ste m ; w h ere the s i l ic e o u s  ph ase i s  p rec ip ita ted  as  an en v e lo p e  

around th e in c lu s io n -m a tr ix  in te r fa c e , the in c lu s io n  w ill  be ren d ered  

n o n -p la s t ic  to  much h igh er  te m p e r a tu r e s , u n le s s  the r im  shou ld  b eco m e  

fra c tu red , (141, 142). A  s im ila r  situ a tion  a r is e s  when a s i l ic a te  r im  

su rrou n d s a su lph ide in c lu s io n  (95). A t low  te m p e r a tu r e s , w here  the  

sulphide has it s  g r e a te s t  r e la t iv e  p la s t ic ity  SECTION 2 .4 .1 ,  the  

s i l ic a te  r im  a c ts  a s  a m e c h a n ic a l support and p rev en ts  the in c lu s io n  d e 

form in g . A t high tem p er a tu r e s  h o w ev er , the s i l ic a te  so fte n s , SECTION  

2 .4 .  2 , and is  str ip p ed  from  the m o re  r ig id  su lp h id e , form in g  the  

long ta i l - l ik e  d isc o n tin u it ie s  p r e v io u s ly  m en tion ed .

S tra in  R ate

A lthough the flo w  s t r e s s  of s t e e l  i s  known to  be v e r y  s e n s it iv e  

to  the s tr a in  r a te , at hot w orking tem p era tu res  (115) the e ffe c ts  o f 

th is  p a ra m eter  on the b ehaviou r o f n o n -m e ta llic  in c lu s io n s  during  

hot w ork in g , h as la r g e ly  b een  ig n o red . It i s  to  be ex p ected  th at  

in c r e a s in g  the s tra in  r a te , w hich  in c r e a s e s  the flow  s t r e s s  o f the  

m a tr ix , w il l  g iv e  in c r e a se d  v a lu es  of r e la t iv e  p la s t ic ity , due to  a  

red u ction  in  the va lu e  o f the flow  s t r e s s  r a tio  . H o w ev er , shou ld  

the in c lu s io n  ha,ve a g r e a te r  s tra in  ra te  s e n s it iv ity  than the m a tr ix ,  

the r e la t iv e  p la s t ic ity  m ay  in  fa c t be red u ced  a t the h igh er  s tr a in  

r a te s ,  although th is  w ould depend on the ra te  of s tra in  o f the  

in c lu s io n  i t s e l f  ra th er  than th at o f the bulk sa m p le . O v era ll th e e ffe c ts  

of s tr a in  ra te  a re  lik e ly  to be co m p lex  and a r e  at p r e se n t  u n r e se a r c h e d .

H y d ro sta tic  P r e s s u r e

T he im p ortan ce  of h y d ro sta tic  p r e s s u r e  in  ren d erin g  ap p aren tly  

b r itt le  su b sta n ces  p la s t ic  has b een  known for  m any y e a r s . S c h ie l and  

S ch n ell (91) r e fe r r e d  to  the u n exp ected  p la s t ic ity  of m a n g a n ese  su lp h id e  

in c lu s io n s , a su b stan ce  w hich  i s  u su a lly  quite b r itt le  when is o la te d  from  

it s  p la s t ic  m a tr ix . The r ea so n  for th is  p la s t ic ity  is  undoubtedly the  

h y d ro sta tic  c o m p r e ss io n  to w hich the su lphide i s  su b jected  during  

r o llin g . A lthough the e ffe c ts  of h y d ro sta tic  p r e s s u r e  on the b eh av iou r



of in c lu sion s has not b een  e x te n s iv e ly  d is c u s se d  in  the lite r a tu r e ,  

i t  can be ex p ected  to  have an e ffe c t  on in c lu sio n  p la s t ic ity , and 

fa c to r s  su ch  as sp e c im en  th ic k n e ss , ra te  o f d eform ation , r o llin g  load  

and r o l l  d ia m eter , a l l  o f w hich  a ffec t the m agnitude o f the h y d ro sta tic  

p r e s s u r e , can  a ls o  be ex p ected  to  a ffe c t  the r e la t iv e  p la s t ic ity  

exh ib ited  by the in c lu s io n s .

M atr ix  C om p osition

S in ce  th e  flo w  s t r e s s  of a s t e e l  i s  a function  of i t s  c o m p o sitio n , 

in c lu s io n s  o f the sa m e c o m p o s it io n  and s iz e  can be ex p ected  to  b eh ave  

d ifferen tly  when p r e se n t in  s te e ls  of d ifferen t c o m p o sit io n s . A lthough  

th is  fa c t is  quite o b v io u s, i t  is  freq u en tly  o v erlook ed  when the r e s u lt s  

of d ifferen t w o rk ers  a re  being com p ared .

2. 2. 3 R ig id  In c lu sio n s and the F o rm a tio n  of In ter fa ce  D isc o n tin u it ie s

D uring the hot w orking of s t e e l  i t  i s  now  w e ll e s ta b lish e d  that 

m a tr ix  d isc o n tin u it ie s , in  the fo rm  of sm a ll  c o n ic a l v o id s , a re  often  

produced in  a s so c ia t io n  w ith the in ter fa c e  o f the m o re  r ig id  ty p es  of 

n o n -m e ta llic  in c lu s io n s .

R udnik (116) h as in v e stig a te d  the form a tio n  of th e se  d i s 

co n tin u ities  and co n clu d es that th ey  a re  a fea tu re  of the d efo rm a tio n  

of in c lu s io n s  having r e la t iv e  p la s t ic it ie s  of l e s s  than 0 .5 .  A lthough  

th is  w ork er r ep o rts  the p r e se n c e  of oth er d e fe c ts , such  as hot t e a r s  

and c r a c k s , in  a s so c ia t io n  w ith the v o id s , th e se  a r e  not u n am b igu ou sly  

id en tified  and m a y  w e ll  have b een  a fea tu re  of the p o lish in g  tech n iq u e  

u sed  in  p rep arin g  the m ic r o s e c t io n s . A  p o s s ib le  m ech a n ism  fo r  the 

form ation  of th e se  vo id s i s  a ls o  p r e se n ted . It i s  su g g e ste d  th at the  

m agnitude o f  the sh ea rin g  fo r c e s  g en era ted  a t the in c lu s io n -m e ta l  

in ter fa ce  a r e  su ffic ie n t to  b reak  the in c lu s io n -m e ta l  bon d s, ca u sin g  

su r fa ce  flo w  of the in c lu s io n  and g iv in g  r is e  to  a fish ta ilin g  e f fe c t  

w ith an a s so c ia te d  co n ic a l vo id , FIG. 29.

B ec a u se  of it s  s ig n ifica n ce  to  the p r o c e s s  o f d u ctile  rupture, 

the fo rm ation  o f v o id s  at seco n d  ph ase  p a r t ic le s  has r e c e iv e d  m u ch  

atten tion . T he s t r e s s  a t w hich  v o id s  a re  in itia ted  has b een  show n'by



Brow n and E m bury (117) to  be v e r y  dependent on the stren gth  of 

the p a r t ic le -m a tr ix  bond, and F is h m e is te r , E a ster lin g  and N avara  

(118, 119, 120) have shown that m in or q u antities of a lloy in g  e lem en ts  

can a ffec t the in itia tio n  of vo id s  by a ffectin g  the w ork of ad h esion  of 

the secon d  ph ase p a r t ic le s .  Sundstrom  (121) has shown that the  

c r it ic a l  s t r e s s  for vo id  nu cleaticn , at con stan t w ork  o f ad h esio n , 

d e c r e a s e s  a s  the p a r tic le  s iz e  in c r e a s e s  thus favou rin g vo id  in itia tio n  

at the la r g e r  l e s s  w e ll bonded in c lu s io n s . T h is w o rk er 's  r e s u lt s  

in d ica te  that in  the c a se  of v e r y  w eak ly  bonded p a r t ic le s ,  su ch  as  

n o n -m e ta llic  in c lu s io n s , sm a ll ch anges in  the w ork o f a d h esio n , su ch  

as m igh t be obtained by sm a ll changes in  a llo y  content, can s ig n ific a n tly  

a ffec t the vo id  form in g  potential. F o r  the c a se  o f the m o r e  stro n g ly  

bonded p h a se s , s ig n ifica n tly  g r ea ter  changes in  bond stren g th  a re  

req u ired  to ca u se  a s im ila r  change in  the vo id  form in g  p o ten tia l, FIG . 30 .

K leveb rin g  (122) has rep orted  the e x is te n c e  of a c r it ic a l  d e fe c t  

s iz e  b e lo w  w hich v o id s  a re  not n u clea ted , although it  m u st be rem em b er e d  

that th is  s iz e  is  not con stan t and is  lo w ered  by an in c r e a se d  s t r e s s  or  

by d e c re a s in g  the w ork of ad h esion  of the in te r fa c e . The o b serv a tio n  

of a d e c re a s in g  c r it ic a l  s iz e  w ith in c r ea s in g  m a tr ix  s tr a in  m a y  w e ll  

be a co n seq u en ce  of the in c r e a se d  s t r e s s  le v e l  produced in the th inner  

sp e c im en , although th is  th eo ry  d oes in  fa c t p red ic t a depend en cy , of  

the c r it ic a l  in c lu sio n  s iz e ,  on the m a tr ix  s tra in . M ore r ec e n tly  

K leveb rin g  (123) has rep orted  that the c r it ic a l  in c lu sio n  s iz e  r e a c h e s  

a m in im u m  valu e at m a tr ix  s tra in s  in the reg io n  of 0. 5 -  0. 8 , above  

w hich the c r it ic a l  s iz e  again  in c r e a s e s .  It is  a lso  rep o rted  that the  

c r it ic a l  s iz e  for m an ganow ustite  in c lu s io n s  ( ^  4 / U / n  ) is  about tw ice  

that of g la s s y  s i l ic a te  in c lu s io n s  ( r *  2/^n), the d ifferen ce  being  

rep orted  to be due to  the d ifferen ce  in  the w ork  of ad h esion  of the  

tw o ty p es  of in c lu s io n . On the b a s is  o f h is  r e su lts  K leveb rin g  s ta te s  

that the ra tio  o f the w orks of ad h esion  of S i l ic a t e - F e  and (F eM n)O -F e  

i s  2 to  3. The tem p era tu re  of d eform ation  is  rep o rted  to  have on ly  

a sm a ll e ffe c t  on the c r it ic a l  in c lu sio n  s iz e  (122), although a 

s ig n ifica n t d iffe re n c e  b etw een  the behaviour in  the a u sten ite  and



fe r r ite  reg io n s  is  exh ib ited , the c r it ic a l in c lu s io n  s iz e  in  the  

a u sten ite  reg io n  b ein g  som ew h at la r g e r  than in  the fe r r ite  reg io n .

T his m ay w e ll be an e ffe c t  due to  a sm a ll  change in  the w ork  of 

ad h esion  of the in c lu s io n s  a s  p red ic ted  by Su ndstrom  (121).

The form ation  of co n ic a l vo id s during w orking lea d s  to  a 

d e c r e a se  in  the d en sity  of the s t e e l ,  and p ro v id es  an in d ir e c t  m ethod  

of ob serv in g  vo id  form ation . G ove and C h a r les  (103) have rep o rted  

on such a m ethod u sed  to  fo llo w  the co u r se  of vo id  form ation  during  

the hot ro llin g  p r o c e s s . T h ese  w o rk ers  show ed that during the e a r ly  

s ta g e s  of d eform ation  the d en sity  o f the s t e e l  d e c r e a se d  quite m a rk ed ly  

FIG. 31 but ev en tu a lly  rea ch ed  a m in im u m  va lu e  a fter  w hich  the d en sity  

began to in c r e a s e .  The in it ia l d e c r e a se  in  d e n s ity  w as show n to  be 

due to  the form ation  o f c o n ic a l vo id s  w hich , accord in g  to  th e se  w o r k e r s ,  

g rew  to  ap p ro x im a te ly  one s ix th  of the vo lu m e of th e ir  a s so c ia te d  

in c lu s io n s . No exp lanation  for  the in c r e a s e  in d en sity  at the h igh er  

s tr a in s  is  g iven  but i s  p resu m a b ly  due to  the c lo s in g  up o f v o id s  

produced in the e a r ly  s ta g e s  o f d eform ation . A t th e se  h igh er  red u ctio n s  

a g rea ter  h y d ro sta tic  p r e s s u r e  is  produced w ithin the s tr ip  and A u sten  

and A vitzu r  (124) and T hom ason  (125) have shown that th is  can in h ib it  

the form ation  of c o n ic a l v o id s , and w ill  thus tend to  c lo s e  up th o se  

vo id s produced at an e a r lie r  sta g e  in  the d eform ation . The in f le c tio n  

in  the p lot o f d en sity  v s  m a tr ix  s tr a in , at low  s tr a in s  F IG .3 1 ,  i s  

sta ted  to in d ica te  the c lo s in g  o f p r e -e x is t in g  v o id s . H ow ever , s in c e  

K leveb rin g  has a lrea d y  shown that the c r it ic a l  in c lu s io n  s iz e  for  vo id  

form ation  is  la r g e , at th e se  low  m a tr ix  s tra in s  (123), the in f le c tio n  

m ay m o re  s im p ly  be exp la in ed  by the a b sen ce  o f vo id  in itia tio n  due 

to  the a b sen ce  of in c lu s io n s  of the ap p rop riate  s iz e .  V oid  in itia tio n  

only o ccu rs  when a s tr a in  is  rea ch ed  w here the c r it ic a l  s iz e  ap p ro a ch es  

that o f the m ean  in c lu s io n  d ia m eter  p r e se n t in  the s t e e l .  A t h igh er  

s tra in s  the c r it ic a l  s iz e  again  in c r e a s e s ,  v o id s  a re  no lo n g er  p rod u ced , 

and the in c r e a se d  h y d ro sta tic  p r e ssu r e  b eg in s  to  c lo s e  up the v o id s  

a lread y  fo rm ed . It i s  in ter e st in g  to  note that the m a tr ix  s tr a in  a t  

w hich the m in im um  d en s ity  i s  rea ch ed  is  a ls o  the s tr a in  at w hich  

K levebrin g  p red ic ts  the m in im um  c r it ic a l  in c lu s io n  d ia m eter .



A  num ber of in v e s tig a tio n s  have produced  d is lo c a tio n  th e o r ie s  

w hich p red ic t the form ation  of vo id s at secon d  ph ase p a r t ic le s  (126 -  

132) but the m a jo r ity  of th ese  a re  co n cern ed  w ith the b ehaviou r of 

d isp e r s io n  stren gth en ed  a llo y s , d eform ed  at room  tem p er a tu r e , and 

a r e  n o t r e a lly  ap p lica b le  to  the high tem p era tu re  d eform ation  of 

m a te r ia ls  in  w hich  c r o s s  s lip  i s  a s ig n ifica n t fea tu re .

2. 2 . 4 The D eform ation  B eh aviour of the M ore C om m on In clu sion  T yp es

(i) The B eh aviou r of M anganese Sulphides

M anganese su lp h id e , in  com m on w ith MgO and other N a C l-ty p e

s tr u c tu r es  can exh ib it co n s id era b le  p la s t ic  deform ation  when em bedded

w ith in  a d u ctile  m e ta l m a tr ix . The h a rd n ess  of th e su lph ide w ith

r e s p e c t  to  the m a tr ix  is  the m o s t  s ig n ifica n t fea tu re  co n tro llin g  th is

b eh av iou r, and Ghao et a l (133) have rep o rted  the e ffe c t  o f tem p era tu re

on the h a rd n ess  o f p o ly c r y sta llin e  and s in g le  c r y s ta l m a n g a n ese

su lp h id es . T h ese  fo rm s a re  rep o rted  to  exh ib it no s ig n ifica n t

d ifferen ce  in b ehaviou r FIG. 32 , although both exh ib it a s lo w er  ra te  o f

d e c r e a s e  in  h a r d n e ss , w ith  r e s p e c t  to  tem p era tu re , than do v a r io u s

ty p es  of p la in  carbon  s t e e l  FIG . 33. The m a n g a n ese  su lp h id es  p r e se n t

in  s t e e ls  a re  r a r e ly  p u re , SECTION 1 .1 .1 , and th e se  w o rk ers  a ls o

in v estig a ted  the e ffe c t  o f tem p era tu re  on the hot h a rd n ess  o f v a r io u s

FeS-M nS c o m p o sitio n s . The FeS-M nS sy s te m  is  shown in  FIG . 4 fro m

w hich it  can be se e n  that m an g a n ese  su lph ide can contain  up to  72% F eS
o

in so lid  so lu tio n  at 1181 G. T h is so lu b ility  i s  h o w ev er , m u ch  red u ced  

on co o lin g  and p rec ip ita tio n  of F eS  o c c u r s . The h a rd n ess  of the  

FeS-M nS so lid  so lu tio n s w ere  found to  be s lig h tly  g r ea ter  than for  

MnS i t s e l f ,  and i s  not e n tir e ly  u n exp ected  s in c e  the d iffe re n c e  in  io n ic  

s iz e  b etw een  F e  and Mn i s  in  the reg io n  of 9%. H o w ev er , the  

h a rd n ess  of th o se  su lp h id es w hich  contained  p rec ip ita ted  F eS  w e re  

found to be co n s id era b ly  g r ea ter  than that of pure MnS. F eS  has the  

N iA s h exagon al la tt ic e  type and i t  i s  p o ss ib le  that the p r e c ip ita te s  

produced a r e  in it ia lly  co h eren t and produce co h eren cy  harden in g o f



the su lp h id es . R ecen t ev id en ce  would se e m  to  support th is  v ie w , 

co h eren cy  fr in g e s  having been  o b serv ed  on H. V .E .M . exam in ation  

of ex tra cted  type I m a n g a n ese  su lp h id es (109). A lthough p rec ip ita tio n  

hardening m a y  be a r e a lity  a t lo w er  tem p era tu res  it  i s  u n lik e ly  to  

be e ffe c t iv e  at n o rm a l hot w orking tem p era tu res  w here stren gth en in g  

is  m o re  probab ly  due to so lid  so lu tion  e f fe c ts . The e ffe c t  o f MnO on 

the su lph ide h a rd n ess  w as found to be m in im a l at tem p era tu res  b elow  

8 00°C , although its  e f fe c t  m ay  be m o re  s ig n ifica n t at h igh er  

te m p er a tu r e s . The la c k  of stren gth en in g  by MnO w as thought to  be 

due to  it s  low  so lu b ility  in  MnS, r esu lt in g  in  it  form in g  gra in  

boundary p r e c ip ita te s  w ith in  the su lph ide, w hich w ere  rep o rted  to  

ren d er the su lph ide b r it t le . The sa m e authors have a ls o  stu d ied  the 

e ffe c ts  of w orking on the d eform ation  and fra c tu re  of o r ien ted  s in g le  

c r y s ta l m an g a n ese  su lp h id es (134, 135). It w as found th at the m a n g a n ese  

su lp h id es d efo rm ed  p la s t ic a lly  a t n o rm a l hot w orking te m p e r a tu r e s ,  

but on co ld  w orking exh ib ited  co n sid era b le  fractu rin g  w hich  w as  

in flu en ced  m a rk ed ly  by the o r ien ta tio n  of the su lph ide.

S c h ie l and S ch n ell (91) r e fe r r e d  to  the d eform ation  o f m a n g a n ese  

su lp h ides in  th e ir  in v e stig a tio n  of the d eform ation  of s la g  in c lu s io n s .

T hey rep o rted  that the d e fo rm a b ility  of the su lp h id es (prob ably  type I) 

w as p r a c t ic a lly  independent of the forg in g  tem p era tu re  o v er  the  

range -8 0  to  1250°C. D ahl (4) h o w ev er , found that the r e la t iv e  p la s t ic ity  

of the su lp h id es d e c r e a se d  as  the ro llin g  tem p era tu re  in c r e a s e d , and 

a ls o  show ed that th e behaviour of the su lp h id es d iffered  fro m  one type  

to another. He rep o rts  that type I su lp h id es a re  d eform ed  to  a l e s s e r  

d eg ree  than type III su lp h id es , although both ty p es  w ere  rep o rted  to  

exh ib it d e c re a s in g  d eform ation  w ith in c r e a s in g  ro llin g  te m p er a tu r e .

The behaviour of the type II su lph id es w as not so  w e ll d efin ed  due to  

the form ation  o f long in c lu s io n  s tr in g e r s , by the jo in ing  of neigh b ou rin g  

p a r t ic le s ,  a s  a r e s u lt  of th e ir  v e rm ifo r m  m orp h ology .

D a h l’s fin d in gs a re  quite co n s ista n t w ith  C hao's h a rd n ess  

data (133), and su bseq u en t in v estig a tio n s  (9 5 , 114) have co n firm ed  

th e se  fin d in g s. One p o s s ib le  explanation  for S c h ie l & S c h n e ll1 s



erro n eo u s  co n c lu sio n  m ay  have been the lim ite d  d eform ation  to w hich  

th e ir  sp e c im e n s  w ere  su b jected .

M aunder and C h a r les  (114) found that the r e la t iv e  p la s t ic ity  

of the su lp h id es in a c o m m e r c ia l 3-f- ton , 0. 2% C k illed  s t e e l  in g o t, 

d e c r e a se d  w ith  in c r e a s in g  ro llin g  tem p er a tu r e , although th e se  r e s u lt s  

m a y  be co m p lica ted  by the p r e se n c e  o f m o re  than one typ e o f su lph ide  

in  the in got (9). B aker and C h a r les  (95) have rep o rted  an e x te n s iv e  

in v estig a tio n  into  the e ffe c ts  of d eform ation  on typ es I and III m a n g a n ese  

su lp h id es . It i s  shown that type I d eform  to  a le s s e r  ex ten t than the  

m a tr ix  during hot r o llin g , the r e la t iv e  p la s t ic ity  d e c re a s in g  as  the  

ro llin g  tem p era tu re  in c r e a se d . The d e fo rm a b ility  of the type HI 

su lph ides w as found to  be som ew h at g r e a te r , and w as equal to  th at  

of the s t e e l  m a tr ix  at 8 00°C , although th is  again  d e c r e a se d  w ith  

in c r e a s in g  r o llin g  tem p era tu re . G ove and C h a r les  (103) have a ls o  

rep o rted  on the behaviour of type I su lp h id es on r o llin g , although in  

th is  c a se  th e ir  r e la t iv e  p la s t ic it ie s  at lo w er  w orking te m p er a tu r e s  w ere  

rep o rted . ~

The r e s u lt s  rep o rted  by th e se  w o rk ers  a re  su m m a r ise d  in  

FIG. 34 . T he r e s u lt s  of M aunder and C h a r le s , and of B ak er and  

C h a r le s , in  the c a se  o f type I su lp h id es , show  the sa m e o v e r a ll  g e n e ra l  

tren d , although the la t t e r ’s r e s u lt s  l ie  at som ew h at lo w er  v a lu e s . T h is  

is  su r p r is in g  in  v iew  of the fa c t that M aunder’s r e s u lt s  w e re  tak en  a t  

a m a tr ix  s tra in  of 2 .1  (88% red uction) and would be ex p ected  to  have  

low er  v a lu es  than m e a su r em e n ts  ex trap o la ted  to  the c a se  of z e r o  

m a tr ix  s tr a in , a s  in  the c a se  of B a k e r ’s r e s u lt s .  T his m a y , h o w e v e r , 

be due to the u se  of Q uantitative te le v is io n  m ic r o sc o p y  in  d e term in in g  

the r e la t iv e  p la s t ic ity , in  the c a se  of B a k e r ’s r e s u lt s ,  w hich  wiH  

in clu de the b ehaviou r o f v e r y  s m a ll in c lu s io n s  exh ib iting  m u ch  lo w er  

p la s t ic it ie s  than the la r g e r  ty p e s . It m u st be n oted , h o w e v e r , th at 

M aunder and C h a r les  rep o rted  that the o v e r a ll red u ction  of the  

sp e c im en s  did not s ig n ifica n tly  a ffec t  the r e la t iv e  p la s t ic ity  and th at  

the e ffe c t  of in c lu s io n  s iz e  w as n e g lig ib le . G ove and C h a r le s '  

r e s u lt s  l ie  w e ll  above th o se  of B aker and C h a r le s , and ex h ib it v a lu e s  

m o re  in  lin e  w ith  th o se  that would be ex p ec ted , at z e r o  s tr a in , on the



b a s is  o f M aund er's fin d in g s. B a k er 's  r e s u lt s ,  for  the c a se  o f the type  

III su lp h id es have not been  co rro b o ra ted , but it  i s  l ik e ly  th at th e se  too  

a re  lo w er  than w ould be obtained by o p tica l d eterm in a tio n , fo r  the  

sam e rea so n s*  although the sm a lle r  s iz e  of the type HI su lp h id es m ay  

red u ce th e d if fe re n c e .

The e ffe c ts  of d eform ation  on type H su lp h id es has a ls o  b een  

rep o rted  by B aker and C h a r les  (136). B eca u se  of its  m orp h o lo g y , it  

i s  not p o s s ib le  to  d eterm in e  the r e la t iv e  p la s t ic ity  of th is  su lph ide  

ty p e, in  th e m anner u se d  for g lobu lar fo r m s , and the a s s e s s m e n t  is  

la r g e ly  q u a lita tiv e . T h ese  w o rk ers  found that the as c a s t  su lph ide  

rod s w e re  fla tten ed  during d eform ation , but m o re  im p o rta n tly  th at the  

w hole of the su lphide co lon y  b eca m e rota ted  in to  the ro llin g  p la n e , 

and m a rk ed ly  red u ced  the through th ick n e ss  p ro p er tie s  o f  the r o lle d  

m a te r ia l. It w as found, h o w ev er , that a sh o rt reh eatin g  to  a tem p era tu re  

in  the reg io n  of 1200°C would b eg in  to  sp h ero d ise  the d efo rm ed  su lph ide  

rods and could  re fu rb ish  the a s c a s t  m e ch a n ica l p r o p e r tie s . Su bseq uent 

in v e s tig a tio n s  (137 -  139) have shown that such  heat tr e a tm e n ts  n ot on ly  

sp h ero d ise  th e e lon gated  su lp h id es , but a ls o  produce p a r tic le  co a rsen in g  

e f fe c t s ,  both of w hich  s e r v e  to  in c r e a s e  the stren g th  and to u g h n ess  

p r o p e r tie s  and red u ce  the a n iso tro p y  r a tio .

T h ere  i s  now  su ffic ie n t ev id en ce  in  the lite r a tu r e  to  con clud e  

th at the r e la t iv e  p la s t ic ity  of m a n gan ese  su lp h id es in c r e a s e  fro m  typ e I 

to  type III, that of type II being l e s s  w e ll d efin ed  but p o s s ib ly  e ith e r  

in term ed ia te  to  ty p es  I and HE or s im ila r  to  type III. The r e a so n  for  

the d e c r e a s e  in  p la s t ic ity  i s  thought to  be due to  the h igh er  oxygen  

content o f the type I su lp h id es g iv ing in c r e a se d  high tem p era tu re  h a rd n ess  

H ow ever, s in c e  it  is  not p o s s ib le  to  d eterm in e  the oxygen  con ten t of  

the m a n g a n ese  su lp h id es d ir e c t ly  by E le c tr o n  probe m ic r o a n a ly s is ,  due 

to  the m ask in g  of OKcx lin e s  by MnLcx , th is  p ostu la te  i s  c ir c u m sta n tia l,  

being b a sed  on the h igh er  oxygen content o f the s te e ls  in  w hich  typ e  I 

su lp h id es a re  fo rm ed . U n fortu nately , the F eS  content o f the su lp h id es  

on w hich the r e la t iv e  p la s t ic ity  i s  a s s e s s e d ,  i s  on ly  r a r e ly  quoted  

in  the lite r a tu r e , even  though, in  v ie w  of C hao's r e s u lt s  (133), th is  

a ls o  w ill  have an e ffe c t  on th eir  p la s t ic ity . The FeS  con ten t o f type I 

su lp h id es i s  lik e ly  to  be h igh er  than th at o f ty p es  n  or HI, due to



the e ffe c t  of the oxygen  content, although extended heat tr e a tm e n ts  

m ay red u ce  the F eS  le v e l  and m a y  su b seq u en tly  a ffec t th e r e la t iv e  

p la s t ic ity . The e ffe c t  o f F eS  on the so lu b ility  of MnO in  MnS is  not 

w e ll known, but i f  it  should in c r e a s e  the so lu b ility , the com b in ed  

so lid  so lu tio n  hardening e ffe c ts  o f F eS  and MnO m ay exp la in  the  

d e c r e a se d  p la s t ic ity  of type I. The e ffe c ts  of F eS  and MnO on su lph ide  

p la s t ic ity  a r e  cu rren tly  unknown and th e se  e ffe c ts  are  now  under  

sep a ra te  in v e stig a tio n  (140).

(ii) The B eh aviour of O ther Sulphides

The so lid  so lu tion  stren gth en in g  e ffe c ts  of e lem en ts  other

than iro n  in  m a n g a n ese  su lp h id e , at h igh te m p e r a tu r e s , have not b een

in v e s tig a te d . A lthough K ie ss lin g  (11) FIG . 35 g iv e s  data fo r  th e h a rd n ess

of MnS contain ing v a r io u s  am ounts of the tr a n s it io n  e lem en ts  fro m  the

f ir s t  long  p er io d , th e se  r e s u lt s  w ere  o b ta in ed  at room  te m p era tu re  on

quenched sp e c im en s  and m ay  have l i t t le  s ig n ifica n ce  to  th e ir  h igh

tem p era tu re  e f fe c t s .  Chao did r ep o rt hot h a rd n ess  r e s u lt s  for m a n g a n ese

sulphide contain ing 1% CaS in  so lid  so lu tion  (133) FIG. 32 w hich  sh ow ed
o

that the hot h a rd n ess  up to  800 C w as g r e a te r  than that o f pure MnS.

H ow ever , at h igh er  tem p er a tu r e s  the h a rd n ess  appeared  to  d e c r e a s e

rap id ly  and the hardening e ffe c t  b ecam e u n c le a r . It i s  l ik e ly  that

g r ea ter  stren gth en in g , lead in g  to m uch red u ced  p la s t ic ity , can be

a ch iev ed  by la r g e r  am ounts of CaS in  so lu tio n , the so lid  so lu tio n  l im it

being around 12%. C alc iu m  sulph ide i t s e l f ,  having a m e ltin g  p o in t in  
o

e x c e s s  of 2500 C (11) i s  l ik e ly  to  be n o n -p la s t ic  a t w orking te m p e r a tu r e s ,  

as ev id en ced  by the la c k  of m ech a n ica l a n iso tro p y  in  c a lc iu m  m o d ified  

s t e e ls .

T h ere  h as b een  no sy s te m a tic  in v estig a tio n  of the e f fe c ts  o f  

r a re  ea rth  trea tm en ts  on the d e fo rm a b ility  of the su lp h id e s , r ep o r ted  

in the lite r a tu r e . The o ccu rren ce  o f both un deform ed  and e lo n g a ted  

in c lu s io n s , often  in  the sam e m ic r o s tr u c tu r e , in  r a re  ea rth  tr e a te d  

s te e ls  i s  thought to  be due to v a r ia b le  or in co m p le te  m o d ifica tio n  o f  

the su lphide population , but it  has a ls o  been  su g g e ste d  th at th is  m a y  

be due to  the p r e se n c e  o f su lphide and oxysu lph ide p h a ses  o f d ifferen t  

r e la t iv e  p la s t ic it ie s  (35). T h ere i s ,  h o w ev er , ev id en ce  to  sh ow  th at in



such  c a s e s  the m o re  elon gated  ty p es  a re  r ich er  in  m a n g a n ese , and 

that in  g e n e ra l the su lp h id es a r e  m o re  p la s t ic  than the o x y su lp h id es  

(31). M ore r e c e n tly  Banks and G ladm an (18) have obtained ev id en ce  

in d icatin g  that co m p lete  m o d ifica tio n  by R .E . trea tm en t p rod u ces  

su lp h id es and oxysu lp h id es w hich exh ib it l it t le  or no d eform ation  on 

w orking.

The e ffe c ts  of titan iu m  and z irco n iu m  on sulphide p la s t ic ity  

a re  a ls o  i l l  d efin ed , although Banks and G ladm an (18) did r ep o r t that 

the behaviou r of m a n gan ese  su lph ide i t s e l f  i s  r e la t iv e ly  u n affected  

by the sm a ll  am ount of titan iu m  able to  d is s o lv e  and that su ffic ie n t  

titan iu m  m u st be added to en su re  th at the MnS is  co m p le te ly  r ep la ce d  

by the n o n -p la s tic  Y phase (Ti(CN)S) in  ord er  to  obtain th e b en e fits  of 

T itanium  m o d ifica tio n . The e ffe c ts  of z irco n iu m  on the p la s t ic ity  of 

MnS has not b een  quantified , although its  e ffe c t  in  red u cin g  the  

m e c h a n ic a l a n iso tro p y  in  w rought p ro d u cts  i s  w e ll known (19). T he  

ap p earance of the car b o -su lp h id e  p h ase  Zr C S at h igh er  z irco n iu m
L*

le v e l s ,  a s  a eu te c tic  or gra in  boundary p r e c ip ita te , r e s u lt s  in  a m ark ed  

in c r e a s e  in  the a n iso tro p y  ra tio  of the w rought s t e e l .  P o lla rd  (39) 

o b serv ed  that although the ca rb o -su lp h id e  p h ase  i t s e l f  w as n o n -p la s t ic ,  

the e u te c tic  or gra in  boundary p rec ip ita te  co lo n ie s  ro ta te  during  

d eform ation  and b eco m e a lign ed  in  the r o llin g  p la n e , in  m u ch  th e sa m e  

w ay that type II su lph ide co lo n ie s  ro ta te  (136) and g ive  s im ila r ly  

d e le te r io u s  e ffe c ts  On the m ech a n ica l p r o p e r t ie s .

( iii)  The B eh aviour of S ilica te  In c lu sion s

In s t e e ls  s i l ic a te  in c lu s io n s  m a y  occu r  a s  e ith er  sp h e r ic a l  

g la s s y  p a r t ic le s ,  w hich  freq u en tly  contain  p rec ip ita ted  c r y s ta ll in e  

p h a ses  or secon d  g la s s y  p h a se s , or th ey  m a y  be co m p lex  c r y s ta ll in e  

in c lu s io n s  contain ing a num ber o f d ifferen t p h a se s . W hatever th e ir  

form  a ll  s i l ic a te  in c lu s io n s  exh ib it s im ila r  b ehaviour w ith  r e s p e c t  to  

w orking tem p er a tu r e . P ick er in g  (92) found th at s i l ic e o u s  in c lu s io n s  

behave e ith er  r ig id ly , in  the c a se  of sp h e r ic a l g la s s y  s i l i c a t e s ,  or in  

a b r itt le  m anner in  the c a se  of c r y s ta llin e  duplex s i l ic a t e s ,  on w ork ing



at lo w er  hot w orking te m p e r a tu r e s , but that both ty p es  ex h ib ited  a 

rap id  tr a n s it io n  from  r ig id  to  p la s t ic  (fluid) b eh av iou r, o v er  a  

n arrow  tem p era tu re  ran g e , at h ig h er  w orking te m p er a tu r e s .

Subsequent in v e s tig a tio n s  (114, 141, 142) have con firm ed  th e se  f in d in g s , 

although i t  i s  now  r e c o g n ise d  that the tem p era tu re  of tr a n s it io n  fro m  

r ig id  to  flu id  b ehaviou r i s  a c h a r a c te r is t ic  of the in c lu s io n  co m p o sitio n  

(141). K ie s  s lin g  (113) h as attem p ted  to  r e la te  the tr a n s itio n  tem p era tu re  

to  the v a r ia tio n  in  oxide content FIG . 36. Such a s im p le  re la t io n sh ip  

i s ,  h o w ev er , u n lik e ly  in  v ie w  of the v a r ia tio n  in  the e ffe c ts  of 

co m p o sitio n  on so lid u s and liqu idus te m p e r a tu r e s , although the r e la t io n 

sh ip  m ay  be m o re  stra igh tforw ard  in  the c a se  o f g la s s y  in c lu s io n s .

It has been  e s ta b lish e d , h o w ev er , th at the tr a n s it io n  tem p era tu re  d o es  

in c r e a s e  w ith in c r e a s in g  s i l ic a  con ten t, i t s  va lu e  being in  e x c e s s  of 

1300°C , (113, 142), in  the c a se  of h igh ly  s i l ic e o u s  ty p e s , ( ^  95% SiO )

'The p r in c ip a l fa c to r s  on w hich  the tr a n s it io n  te m p era tu re  

depend a r e  not w e ll e s ta b lish e d  although E k ero t, (141), h as d evelop ed  

a th eo ry  to  exp la in  th is  tra n s itio n  in  te r m s  o f the in c lu s io n  v is c o s i t y ,  

in  the c a se  of g la s s y  s il ic e o u s  in c lu s io n s . In such  c a s e s  the in c lu s io n  

s t r e s s - s t r a in  r e la t io n sh ip  is  p ostu la ted  to  obey N ew tonian flo w , and is  

d e scr ib e d  by the equation

a  £

w here

CT = The apparent flow  s t r e s s

/ A  -  The v is c o s i ty  
0

B  -  T he stra in  ra te

A ssu m in g  that the tra n s itio n  fro m  r ig id  or b r itt le  b eh av iou r

o ccu rs  when the m a tr ix  and in c lu s io n  flo w  s t r e s s e s  a re  eq u a l, th en

accord in g  to  th is  author, for  a ty p ica l s tra in  ra te  of 200 s  ̂ and a
- 2  -2m a tr ix  flo w  s t r e s s  of 15 Kp. cm  (1. 5 MN. m  ), the in c lu s io n  and

m a tr ix  flow  stren g th s a re  equal when the v is c o s ity  of the in c lu s io n
7 .5  -2is  10 * p o is e , (3 .16  M N .s .m  ). A lthough the g la s s  so ften in g



tem p era tu re  i s  defin ed  in  th e lite r a tu r e  as the tem p era tu re  at w hich
7 6 — 2the v is c o s i ty  fa lls  to  10 * p o is e , (5 .7 5  MN. s .m  ), and w ould s e e m

to co rresp o n d  to  th e con cep t of a tr a n s it io n  in  b eh av iou r, the

d er iv a tio n  o f the c r i t ic a l  v is c o s ity  i s  in c o r r e c t . Substitu ting the

v a lu e s  g iven  for  the s tr a in  ra te  and s t e e l  flow  s t r e s s  in  the above
4 -2  4. 9equation , y ie ld s  a va lu e  o f 0 .7 5  x  10 N . s .m  ( / v  10 ’ p o is e ) , for

the c r it ic a l  v is c o s i t y ,  and not the va lu e  c la im e d  by the author.

A d d itio n a lly  the fo rm  of the equation u sed  i s  not m a th em a tica lly

c o r r e c t . In the c a se  of N ew tonian flo w , the re la tio n sh ip  b etw een  the

apparent flow  s t r e s s  and th e v is c o s i ty ,  is  o f the form:-*

w h ere

7-  =  The sh ea r  y ie ld  stren gth  
dv“  = The v e lo c ity  grad ien t actin g  a c r o s s  the  

in c lu sio n
#

The equation u sed  in  the ca lcu la tio n  above u s e s  the s tr a in  ra te  ( 6  ) 

in  p la ce  of the v e lo c ity  gra d ien t and the y ie ld  stren gth  ( CX ) in  p la ce  

of the sh ea r  y ie ld  stren g th . The equation  i s  thus not m a th e m a tic a lly  

c o rr e c t:  it  can  be show n for the c a se  o f s im p le  sh e a r , th at the s tr a in  

r a te , ( £  ) i s  r e la ted  to  th e v e lo c ity  gra d ien t by the eq u ation :-

7  ̂ = 2 £  Cosh £ dx

w h ere

£  = The s tra in  ra te  

£  = The tru e  s tra in  

and th is  g iv e s  the s t r e s s - s t r a in  r e la tio n sh ip  of the form  :

^  = 2/d. £  C osh  £
H ow ever , for  z e r o  s tr a in , i . e .  th e in it ia l d efo rm a tio n , C osh  £  = 1 

and th e equation  b e co m es  :

=  2yLC  £

The y ie ld  stren gth  is  r e la ted  to  the sh ea r  stren gth  by the equation  :



and the s t r e s s - s t r a in  r e la tio n sh ip  b eco m es

a  = 4 / ^ e

E ven  u sin g  th is  c o r r e c te d  fo rm  of the equation , su b stitu tion  of E k e r o t’s
♦

v a lu es  fo r  ( C  ) and ( £  ) g iv e s  a v a lu e  for  th e c r it ic a l  v is c o s i t y  o f
4  -2  4  3 -  2on ly  ^  0 . 2 . x .  10 N . s .m  , (10 * p o ise ) . The va lu e o f 15 Kp. cm  ,

-2(1. 5 M N. m  ), quoted a s  th e flow  s t r e s s  o f s t e e l  during hot w ork ing i s
3 - 2  -2o b v io u sly  in c o r r e c t , a v a lu e  o f 10 Kp. cm  , (100 MN. m  ), b ein g

m o re  r e a l i s t ic ,  (115). Su bstitu tion  o f th is  v a lu e , a t a s tr a in  ra te  of
-1 -2200 s , in to  the c o r r e c te d  equation g iv e s  a va lu e  of 0 .5  M N. s .m

6 7(10 * p o is e ) , for the c r it ic a l  v is c o s i t y ,  and co rresp o n d s to  a 

tem p era tu re  som ew h at above the g la s s  soften in g  poin t. It w il l  be  

se e n  in  SECTION 4 .4 .1  that a m o re  r ig o ro u s  d er iv a tio n  o f th is  

r e la t io n sh ip  in  fa c t  le a d s  to  v a lu e s  of c r it ic a l  v is c o s i ty  in  th e r e g io n  

of th e g la s s  so ften in g  poin t.

E k ero t (141, 142) h as rep o rted  the r ig id -p la s t ic  tr a n s it io n  

behaviour of s i l ic a te  in c lu s io n s  over  a w ide co m p o sitio n  r a n g e , and  

Sh ira iw a (81) has rep o rted  the soften in g  tem p era tu res  of both  

c r y s ta llin e  and g la s s y  s i l ic a te s  of s im ila r  co m p o s itio n s , a s  m e a su r e d  

by h igh  tem p era tu re  h a rd n ess  t e s t s  on syn th etic  s la g s .  If th e  o b se rv e d  

tra n s itio n  tem p era tu res  a r e  com p ared  w ith the m e a su r ed  g la s s  so ften in g  

te m p e r a tu r e s , TA BLE 3 , i t  w ill  be se e n  that the in c lu s io n s  a p p aren tly  

tra n sfo rm  from  r ig id  to  p la s t ic  behaviou r at te m p era tu res  100 -  300°C  

above the m e a su r ed  soften in g  tem p era tu re .

In the c a se  of c r y s ta llin e  s i l ic a t e s ,  Sh ira iw a sh ow s th a t th e ir  

soften in g  tem p er a tu r e s  l ie  som e 100 -  200°C  above the co rresp o n d in g  

g la s s  so ften in g  tem p era tu re  FIG . 37 and it  i s  to  be ex p ected  th at th e  

r ig id -p la s t ic  tra n s itio n  for c r y s ta llin e  s i l ic a te  in c lu s io n s  w il l  occu r  

at a co rresp o n d in g ly  in c r e a se d  tem p era tu re . F ro m  th e se  fin d in gs i t  

w ould appear that in the c a se  of c r y s ta llin e  s i l ic a te  in c lu s io n s  the  

c r it ic a l  tem p era tu re  for the r ig id -p la s t ic  tr a n s it io n  w ill  co rresp o n d  

to  the so lid u s  tem p era tu re  of the s i l ic a te  co n cern ed , w h ils t  th e  

c r it ic a l  tem p era tu re  for th e  co rresp on d in g  g la s s y  s i l ic a te  m a y  be 

so m e 100 - 300°C  lo w er .

A t h igh er  tem p era tu res  the behaviour o f the in c lu s io n s  i s  l e s s



w e ll d efin ed . P ick er in g  (92) found the r e la t iv e  p la s t ic ity  to  be 

unchanged a t tem p er a tu r e s  above the tr a n s it io n , w h ils t  E k ero t (141) 

r ep o r ts  th at the r e la t iv e  p la s t ic ity  m a y  in c r e a s e , d e c r e a se  or even  

rem a in  unchanged as the d eform ation  tem p era tu re  is  in c r e a se d  

fu rth er . In v ie w  of th e fa c t that the in c lu s io n  v is c o s ity  and s t e e l  flow  

stren gth  a re  u n lik e ly  to  a lter  in su ch  a w ay that th e ir  r e la t iv e  stren g th  

r em a in s  u n a ltered , so m e change in  r e la t iv e  p la s t ic ity  i s  to  be ex p ected .

B eca u se  of the re la tio n sh ip  b etw een  the apparent flo w  s t r e s s  

and the s tr a in  r a te , for  th e se  flu id  in c lu s io n s , th e ir  b ehaviou r is  

l ik e ly  to  be v e r y  s e n s it iv e  to the e ffe c ts  of the stra in  rate,SE C T IO N  

2. 2. 3 . T h is p a ra m eter  w ill not on ly  a ffec t the va lu e of the r e la t iv e  

p la s t ic ity  exh ib ited , but w ill  a ls o  a ffec t  the tra n s itio n  tem p er a tu r e .

It m u st a lso  be rem em b er e d  that E kerot*s r e s u lt s  (141, 142) w ere  

obtained from  sa m p le s  red u ced  50% by p lane s tra in  and th at v a lu e s  of 

r e la t iv e  p la s t ic ity  at th is  red u ction  w ill  n e c e s s a r i ly  be d ifferen t  

from  v a lu e s  obtained at other red u ctio n s . U nfortunately  it  i s  not 

-p o ss ib le  to  ex tra p o la te  th e se  r e s u lt s  to  the c a se  of z e r o  s tr a in , in  

ord er to  obtain a va lu e  o f m axim um  r e la t iv e  p la s t ic ity , but s in c e  v a lu e s  

as h igh  a s  2. 2 a re  rep o rted  at th is  red u ctio n , i t  i s  not u n lik e ly  th at 

v a lu es  in the reg io n  o f 2 . 5 -  3. 0 w ould be obtained for  the r e la t iv e  

p la s t ic ity  at z e r o  s tra in . T h ese  v a lu es  a re  g r e a te r  than th o se  obtained  

by G ove and C h arles  (103) and th o se  p red ic ted  by Gay (106) and S u n d strom  

(99) and a re  m o re  in  lin e  w ith th o se  p red ic ted  by Unkle (86).

(iv) The B ehaviour o f O ther P h a se s

M anganow ustite In c lu sion s

The behaviour of iro n  m an gan ese  ox id es  on hot w orking is  

not w e ll d efin ed , r ep o r ts  by P ick er in g  (92) and U ch iyam a and Su m ita

(112) b ein g  the only  r e fe r e n c e s  in the lite r a tu r e  contain ing r e s u lt s  

sp e c if ic  to  m an ganow ustite  ty p es .

P ick er in g  rep o rts  that the r e la t iv e  p la s t ic ity  o f w u stite  

in c lu s io n s  d e c r e a s e s  w ith in c r e a s e  in r o llin g  tem p er a tu r e , FIG . 38



ind icating  that the h a rd n ess  of the oxide is  l e s s  tem p era tu re  

s e n s it iv e  than that of the s te e l .  T his condition  is  s im ila r  to  that 

exh ib ited  by m an gan ese  sulphide and m ay be a fea tu re  of c r y s ta llin e  

p h a ses  having the N aCl type la tt ic e . Uchiyama. and Sum ita found that 

the r e la t iv e  p la s t ic ity  of th e se  in c lu s io n s  in c r e a se d  as the m a n g a n ese  

content in c r e a se d  FIG. 3 9, although the e ffe c t  w as sm a ll. K ie s s lin g  (113) 

sta te s  that although the PLASTICITY of(FeM n)0 in c lu s io n s  d e c r e a s e s  

as the MnO con ten t in c r e a s e s ,  the stren gthen in g  e ffe c t of Mn on the  

m a tr ix  at h igh er m an g a n ese  le v e l s ,  is  even  g rea ter  and the r e la t iv e  

p la s t ic ity  exh ib ited  by the in c lu s io n s  m ay  actu a lly  in c r e a s e . T h is is  

c e r ta in ly  in  a g reem en t w ith U chiyam a and S u m ita 's r e s u lt s  FIG . 39 w hich  

show  an in it ia l s lig h t d e c r e a se  in r e la t iv e  p la s t ic ity , co rresp o n d in g  to  

a high d eg ree  of partition in g  of the Mn in to  the in c lu sio n s  g iv in g  an 

in c r e a se d  h a rd n ess  of the (FeMn)O. A t h igh er Mn le v e l s ,  l e s s  

Mn is  p artition ed  into the in c lu s io n s  and so lid  so lu tion  stren gth en in g  

of the m a tr ix  c a u se s  the r e la t iv e  p la s t ic ity  to  in c r e a s e . A m in im um  

r e la t iv e  p la s t ic ity  is  rea ch ed  in s te e ls  contain ing r*/ 0. 2% Mn, 

corresp on d in g  to a 50% MnO content in  the in c lu sio n .

Both th ese  w ork ers found a d ifferen ce  in the behaviour of the 

s m a lle r  and la r g er  in c lu s io n  s p e c ie s ,  the sm a lle r  in c lu s io n s  being  

m o re  r e s is ta n t  to  d eform ation , and the la r g er  ones being prone to  

fra ctu re  at high s tr a in s . The r e la t iv e  p la s t ic it ie s  rep o rted  w ere  in  

the reg io n  of 0 .1  to 0. 2 and w ere  obtained at m a tr ix  s tr a in s  o f  the 

ord er o f 2. 0. T h ese  v a lu e s  in d icated  a lov/ va lu e  for the in it ia l  

r e la t iv e  p la s t ic ity , at S  = 0 ,  and a va lu e in the reg io n  of 1. 0 -  1. 5 

w ould s e e m  lik e ly .

On the b a s is  of th ese  r e s u lt s  it  ap p ears that the r e la t iv e  

p la s t ic ity  of th ese  p h a ses  is  sm a ll , when com pared  to th o se  exh ib ited  

by the g la s s y  s i l ic a te s  and type III su lp h id es , and although th e e ffe c ts  

of d e c re a s in g  p la s t ic ity  w ith in c r ea s in g  w orking tem p era tu re  se e m  

p roven , the e ffe c ts  o f co m p o sitio n , p a r tic u la r ly  MnO con ten t, a re  

l e s s  w e ll e s ta b lish e d .

- •— - — - F
i s  p o ss ib le  that th ese  in c lu s io n s  m ay exh ib it so m e bonding to  the



m a tr ix , w hich  w ould m a rk ed ly  a ffec t th e ir  behaviour (SECTION 2. 2) 

and it  w ould be in te r e st in g  to  com p are the r e la t iv e  p la s t ic it ie s  to  

th e ir  r e la t iv e  h a rd n ess  should the la tter  b eco m e a v a ila b le .

A lu m in a  and R e la ted  T yp es

A lthough the litera tu re  d oes not contain  sp e c if ic  r e fe r e n c e  to  

the behaviou r of a lum ina in c lu s io n s  during hot w ork ing, the e ffe c ts  

of fra g m en ta ry  a lum ina s tr in g e r s  on the m e c h a n ic a l and p h y sic a l  

(su r fa ce  fin ish ) p r o p e r tie s  h a s  b een  w e ll rep o rted . A t n o rm a l hot 

w orking te m p er a tu r e s  alum ina is  n o n -d efo rm a b le  and although  

in d iv idu al s m a ll  p a r t ic le s  m ay  in  th e m se lv e s  behave r ig id ly , the m o re  

u su a l a lum ina a g g r eg a tes  behave in  a b r itt le  m an ner and b eco m e  

fragm en ted  and d issem in a te d  in the ro llin g  d ir e c tio n . The m e c h a n ism s  

of fra c tu re  and p o s s ib le  a s so c ia te d  vo id  form ation  a r e , h o w ev er , 

unknown.

T he m o re  alum inou s fo rm s o f ca lc iu m  a lum inate a re  c o m p a r a tiv e ly  

hard and have h igh  m eltin g  p oin ts FIG. 7, TA BLE 4 , the h a rd n ess  

in c r e a s in g  w ith the a lum ina content (113). A lthough n o n -d efo rm a b le  

th e m s e lv e s , K ie s s lin g  (113) s ta te s  th at th e se  p h a ses  a re  often  

a sso c ia te d  w ith p h a ses  of the sp in e l type w hich m ay  be cru sh ed  and 

appear a s  fragm en ted  s tr in g e r s  in h e a v ily  d eform ed  s a m p le s . The  

m o re  ca lca r e o u s  fo r m s , although not com m on ly  found in  s t e e l s ,  m ay  

be m o re  p la s t ic , the m eltin g  poin ts of C A  and C A b ein g  lo w er
lu I J

than that of s te e l  TA BLE 4 .

S p in el ty p es  a re  u su a lly  n o n -p la s t ic  and behave r ig id ly , although

K ie ss lin g  (113) r ep o rts  th at fra c tu re  m a y  occu r at h eavy  r ed u c tio n s .

A lthough p la s t ic  d eform ation  of cer ta in  sp in e ls  has been  o b se rv e d  at
o

tem p era tu res  a s  lo w  as  1300 C (143) such  d eform ation  has n ot b een  

o b serv ed  in  s t e e ls .



3 .1  EX PER IM EN TA L DETAILS

3 .1 .1 . S e le c t io n  o f a B a se  M a ter ia l and the In c lu sion  T yp es In v estig a ted

B eca u se  th e d e fo rm a b ility  o f n o n -m e ta llic  in c lu s io n s , a t hot 

ro llin g  te m p e r a tu r e s , i s  p r im a r ily  a function  o f the flow  s t r e s s  r a tio  

of the in c lu sio n  and m a tr ix  m a te r ia ls ,  i t  w as im p ortant to  en su re  that 

the s t e e l  m a tr ix  w as of a con stan t and hom ogen eou s co m p o sitio n , so  

that d ifferen t in gots  would exh ib it con stan t m a tr ix  p r o p e r tie s . It w as  

a lso  n e c e s s a r y  to  u se  a m a te r ia l w hich had a high oxygen so lu b ility  a t  

the s tee lm a k in g  te m p er a tu r e , in  ord er  to  obtain an adequate vo lu m e  

fra c tio n  o f ox ide in c lu s io n s . F or  th e se  r e a so n s  Sw ed ish  (low  m e ta llo id )  

iro n  w as ch o sen  for th e b a se  m a te r ia l.

The ty p es  of in c lu s io n  to  be in v e stig a te d  w ere  s e le c te d  on the  

b a s is  of th e ir  freq u en cy  of o ccu rren ce  in  c o m m e r c ia l s t e e l s ,  and a 

num ber o f m e lts  w e re  produced  w hich w ere  d eo x id ized  to  g iv e  

in c lu s io n s  o ccu rr in g  in  the sy s te m s

(i) F  e -M n -0

(“ ) F  eO-MnO-SiO^

(iii) FeO-CaO-SiO^

(iv) F eO -A l 0 -SiO

(v) C a 0 -A l2 03

(vi) A lo0 o 
2 3

3 .1 . 2 M anufacture of S te e ls  and Ingot P rep a ra tio n

The S w edish  ir o n  w as a ir  m e lte d , in  50 kg h e a ts , in  an 

induction  fu rn a ce , and a fter  d eox id ation  w as te e m ed  into 25 kg in g o ts .  

A ll the m e lts  w ere  te e m ed  at 1600°C at w hich  tem p era tu re  the  

so lu b ility  of oxygen  w as known to  be in  the reg io n  of 0 .16  Wt % (113). 

The am ounts of deoxidant req u ired  w ere  ca lcu la ted  on th is  b a s is .  The 

m e lts  w ere  c h ill c a s t  in to  iro n  m o u ld s , in  ord er  to  r e ta in  a s  m an y  

in c lu s io n s  a s  p o s s ib le  and to tr y  to  en su re  th e ir  u n iform  d is tr ib u tio n .

T h ir teen  in gots w ere  m a d e, in  m o s t  c a s e s  tw o sep a ra te  in g o ts ,  

contain ing d ifferen t ty p es  of in c lu s io n s , being produced  from  a s in g le  

50 kg m e lt .



The fu rn ace  had a m a g n es ite  lin in g  but se r io u s  con tam in ation  

of th e in c lu s io n s  by th is  m a te r ia l w as not exp ected .

D e ta ils  o f the m e lts  m an ufactured  w ere

(a) M elt 1
o

50 kg of iro n  w ere  a ir  m e lte d  and on reach in g  1600 C h a lf  

-was c a s t  in to  a sand m ould  (C a st IB). A  p rev io u s t r ia l  had  

show n th at a c h il l  c a s t  of u n d eox id ized  iro n  produced  v e r y  

s m a ll  w u stite  in c lu s io n s  w hich  w ere  un su itab le  for p la s t ic ity  

m e a su r e m e n ts . It w as hoped that the s lo w er  co o lin g  and  

so lid if ic a t io n  r a te s  afford ed  by sand ca stin g  w ould a llo w  the  

form a tio n  of la r g e r  w u stite  in c lu s io n s .

T o the rem a in in g  25 kg of m e ta l, 1% Mn and 0. 075% S i w ere  

added , in  the fo rm  of the pure m e ta ls .  A fter  hold ing fo r  

-  1 m inute th is  w as tapped into  an iro n  m ou ld . (C a st 6). 

F u rth er  m e lts  w e re  produced  in  the sa m e  w ay, but w ith the  

fo llow in g  m o d ific a tio n s , in  o rd er  to  produce the d iffe re n t  

ty p es  o f in c lu s io n s  req u ired .

(b) M elt 2

A fter  m eltin g , 0. 06% Si m e ta l w as added and 25 kg w as tapped

• (C a st 4 ). A  fu rth er  0.1% Si w as added to  the m e lt  and the

rem a in in g  25 kg w as tapped (C ast 5).

(c) M elt 3

0. 36% A1 m e ta l w as added and 25 kg w as tapped im m e d ia te ly  

(C a st 7). A fter  reo x id iz in g  the rem ain in g  m e lt , by ind uction  

s t ir r in g , add ition s of 0.13% A1 and 0.13%Si w ere  m ad e  

s im u lta n e o u s ly , and the m e lt  w as tapped (C ast 8).

(d) M elt 4

1% S i m e ta l w as added and 25 kg w as tapped (C ast 4B ).

0. 2% A1 w as im m ed ia te ly  added to  the rem a in in g  m e lt  and then  

tapped (C a st 8B ).

(e) M elt 5

1% Mn and 0. 3% S i w e re  added and 25 Kg w as tapped (C a st 6B ).



(f) M elt 6

0. 8% S i m e ta l w as u sed  to  p red eo x id ize  th is  m e l t  b e fo re  a 

co m p lex  ca lc iu m  b earin g  deoxidant w as added. A fter  hold ing  

for 5 m in u tes under an argon  b lan ket, to  e lim in a te  the s i l ic a te s  

p rod u ced , a 1% addition of H yp erca l w as m ade and the m e lt  

w as tapped im m ed ia te ly  (C ast 10).

(g) M elt 7

T h is m e lt  w as m ade e x a ctly  a s  m e lt  6 but em p loyin g  a 1%

C a ls ib a r  addition in stea d  of H yp erca l (C a st 11).

(h) . M elt 8

T h is m e lt  w as m ade as for the p rev io u s tw o, but u sin g  a 1% 

addition  of Super see d  (C ast 12).

(i) M elt 9

1. 3% A1 m e ta l u sed  for deoxidation  (C ast 7B ).

The com p o sitio n  of the th ree  c o m m e r c ia l deoxidan ts em p lo y ed  

a r e  g iven  in  TA BLE 5.

In ord er  to p rev en t e x c e s s iv e  lo s s  of the deoxidan ts by p rem a tu re  

oxidation  at the m e lt  su r fa c e , a ll  the deoxidant add ition s w e re  m ad e  

under an argon  b lanket. T his w as a c co m p lised  by flooding th e top  of 

the s tee lm a k in g  cru c ib le  w ith argon , im m ed ia te ly  b e fo re  m ak ing the  

deoxidant ad d ition s. The am ounts of the deoxidan ts u sed  w e re  b a sed  

p r im a r ily  on s to ic h io m e tr ic  ca lcu la tio n s w ith a llo w a n ces  being m ad e  

for  lo s s e s  by vap ou riza tion  and p reox id ation  into the s la g . The c a s t s  

p roduced , and the ty p es  of in c lu s io n s  ex p ected , a re  su m m a r ise d  in  

TABLE 6.

The c a s t  in go ts w ere  of a tap er  sec tio n  a p p rox im ate ly  4 ” sq u are  

at the top and 3^V square at the b a se , th e ir  o v e r a ll len gth  being 16".

The top and bottom  of each  ingot w ere  cut o ff and u sed  for c h e m ic a l  

a n a ly s is . F u rth er  th in  s l ic e s  w ere  taken from  the top , m id d le  and  

bottom  of the in got for o p tica l exam in ation . The top h a lf o f ea ch  in got  

w as sec tio n ed  into e igh t p a r a lle l s id ed  b ars l^ u w id e , 7 j n long and  

5 / 8 n th ick . The th ick n ess  w as m ach in ed  to  a to le r a n c e  of + 0. 010".

T h ese  b ars w ere  u sed  for hot r o llin g , and the th ick n ess  to le r a n c e  w as  

d esig n ed  to en su re  that constant red u ction s w ere  obtained throughout 

the in v estig a tio n .



The sec tio n in g  of the in go t i s  shown in  FIG. 40 . The th ick n e ss  and  

length  d im en sio n s  of the t e s t  b a rs  w ere  ca lcu la ted  so  th at a 

r ea so n a b le  s iz e  o f sp e c im en  could  be cut fro m  th e bar a fter  each  

p a ss  during hot r o llin g , w ithout the bar b ecom in g  unm anageably  

sm a ll.

3 .1 .3 .  H ot R o llin g  P ro g ra m m e

T h is p rogram m e c o n s is te d  of s ix  red u ctio n s at te m p er a tu r e s  

of 925°C , 1000°C , 1150°C and 1275°C . T h is range of tem p er a tu r e s  

e f fe c t iv e ly  c o v er e d  th e u su a l d eform ation  tem p era tu re  ra n g es  em p loyed  

in  c o m m e r c ia l p r a c t ic e s . The red u ctio n s u sed  w ere  ca lcu la ted  on a 

tru e  s tr a in  b a s is ,  a s tr a in  of 0. 3 being p er fo rm ed  at ea ch  p a s s .  The 

hot r o llin g  sch ed u le  i s  show n in  TABLE 7. S am p les w e re  cut fro m  

the en try  end o f the t e s t  bar a fter  each  p a s s , ca re  being tak en  to  

en su re  that th is  w as the sa m e  for  each  p a s s . T h is w as done in  ord er  

to  e lim in a te  any ch illin g  e ffe c ts  that the co ld  tongs produced  when  

the b a rs  w ere  rem o v ed  from  the fu rn a ce . The t e s t  b a rs  w ere  h eated  

to  the r o llin g  tem p era tu re  in  a m u ffle  fu rn a ce , u sin g  a n itro g en  

a tm o sp h ere  to  p reven t e x c e s s iv e  ox idation . The tem p era tu re  of the  

fu rn ace w as m o n ito red  co n sta n tly  w ith a P t -P t .  Rh th erm o co u p le .

It had b een  d eterm in ed  p r e v io u s ly  that a 15 m in u tes soak  at the ro llin g  

tem p era tu re  w ould be su ffic ie n t to  eq u ilib r ia te  the tem p era tu re  o f the  

t e s t  b a r s , a t the req u ired  tem p era tu re . T h is w as done by in se r t in g  a 

s m a ll th erm ocou p le  in to  a 1/16M h o le  d r ille d  in to  the cen tre  o f one of 

the t e s t  b a rs  and m on itorin g  the tem p era tu re  r is e  when th e bar w as  

p laced  w ith  th ree  o th e r s , in  a fu rn ace s e t  a t the h ig h est w orking  

tem p era tu re . The b a rs  w ere  h eated  four at a tim e  to the req u ired  

w orking tem p er a tu r e . A fter  check ing the fu rn ace tem p era tu re  one  

bar w as rem o v ed  and r o lle d , a l \  -  2" sa m p le  bein g  cut fro m  th e  

en try  end b e fo re  the bar w as retu rn ed  to  the fu rn a ce . A  seco n d  bar  

w as then rem o v ed  and su b jected  to the sa m e trea tm en t. T h is  

p r o c e s s  v/as continued u n til a l l  four b a rs  had been  su b jected  to  s ix  

red u c tio n s , s ix  sa m p les  having b een  obtained fro m  ea ch  b ar . T he



continuous rem o v a l and rep la ce m e n t o f b a rs  ca u sed  so m e tem p era tu re  

flu ctu ation s w ith in  the fu rn a ce , p a r tic u la r ly  during the f ir s t  and  

secon d  s e r ie s  o f p a s s e s  w h ere  the b ars w ere  s t i l l  quite m a s s iv e .  

B eca u se  of th is ,  sh o rt soak ing p er io d s w ere  a llow ed  b etw een  s u c c e s s iv e  

p a s s e s ;  the m axim u m  drop in  fu rn ace tem p era tu re  rec o r d e d  during any  

one p a ss  seq u en ce  being 40°C  at the tw o lo w er  ro llin g  te m p er a tu r e s  and 

50°C  at the tw o h igh er  te m p e r a tu r e s . The m axim u m  tem p era tu re  lo s s  

o ccu rred  during the f ir s t  p a ss  seq u en ce , th is  lo s s  being s m a lle r  on 

the seco n d  and n e g lig ib le  by the th ird  seq u en ce .

3 .1 .4  H eat T rea tm en t P ro g ra m m e

P r e lim in a r y  exam in ation  o f the c a s t  sa m p les  show ed th at 

s e v e r a l  c a s t s  contain ed  g la s s y  ty p es  of in c lu s io n s , and in  ord er  to  

d eterm in e  th e e ffe c ts  that soak ing at v a r io u s  tem p era tu res  w ould have  

on th em , a p ro g ra m m e of extended  soak ing trea tm en ts  w as d e v ised .

T h is c o n s is te d  o f sea lin g  sm a ll  sa m p les  o f the a s c a s t  m a te r ia ls  

in s id e  s i l ic a  tu b es in  an argon  a tm o sp h ere , and heating  the tu b es  

for v a r io u s  t im e s  at the four ro llin g  te m p e r a tu r e s . S am p les  fro m  

s ev e n  of the c a s ts  w ere  tr e a ted  in  th is  w ay, trea tm en t t im e s  o f  5 , 50 

and 100 h ou rs being em p lo y ed . T w elve  tu b es w ere  p rep a red  ea ch  

contain ing sev e n  s a m p le s , one fro m  ea ch  of the c a s ts  r eq u ired . The  

in d iv id u a l sa m p le s  w ere  sep a ra ted  fro m  each  other by a s b e s to s  w o o l, 

in  ord er  to  p rev en t w eld in g . The p r e s s u r e  o f the argon  a tm o sp h ere  

in  each  tube w as ca lcu la ted  so  that i t  w ould equal a tm o sp h er ic  p r e s s u r e  

at the tr e a tm en t tem p era tu re .

S in ce  the s i l ic a  tu b es w ould tend  to  flu x  w ith the fu rn ace  

lin in g s  at th e h igh er  trea tm en t te m p e r a tu r e s , th e se  tu b es w ere  

supported  on carbon  b a se  p la tes  during h ea t trea tm en t.

3 .1 .5  O p tica l M icro sco p y

S am p les  from  the a s  c a s t , h ea t tr e a ted  and hot r o lle d  sp e c im e n s  

w ere  m ounted and p rep ared  for  o p tica l exam in ation  by the u su a l  

m eta llo g ra p h ic  m eth o d s. W et grinding through e m e ry  paper g r a d e s  80,



120, 220 , 320 , 400 and 600 w as fo llow ed  by diam ond lapping on 

6/ m  , 1j i / n  and w h e e ls . A ll the sa m p les  w ere  then g iv en  a

lig h t fin a l p o lish  on a S e lv y t c lo th  co v ered  w ith  an aqueous p a ste  of 

l/20/< /w  alu m ina . O ptica l exam in ation  w as p erfo rm ed  in  the  

.unetched con d ition , although a rep ea t p o lish -e tc h  techn iq ue w as  

em p loyed  w ith so m e of the hot r o lle d  sa m p le s  in  ord er  to  d e lin ea te  

m a tr ix  d isc o n tin u it ie s . The hot r o lle d  sa m p le s  w ere  m ounted in  the  

lon gitu d in al se c t io n  so  that the in c lu sio n  elon gation  could  be a s s e s s e d .

No r e fe r e n c e  to  o r ien ta tion  w as m ade w ith  the a s  c a s t  and h ea t tr e a ted  

sa m p le s .

3 .1 .6  E le c tr o n  P ro b e  M icro a n a ly sis

The as c a s t , h eat tr e a ted  and so m e o f the hot r o lle d  sa m p le s  

w ere  exam in ed  on an E le c tr o n  P rob e  M icro a n a ly ser  in  o rd er  to  d e term in e  

the co m p o sitio n s  o f the p h a ses  p r e se n t in  the in c lu s io n s .

T his in stru m en t is  b ased  on a com p arative  p r in c ip le , th e  con ten t 

of any p a rticu la r  e lem en t in  the e x c ited  a r e a , being d e term in ed  by  

d ir e c t  p rop ortion  of the in ten s ity  of c h a r a c te r is t ic  X -r a y s  g en era ted  

fro m  that a r ea  to  the in ten sity  g en era ted  from  a standard of known  

co m p o sitio n . The app arent con cen tra tion  ( K .)  obtained fro m  th is  

ra tio  i s  not the tru e  co n cen tra tio n , due to  the e ffe c ts  of s c a tte r in g ,  

ab sorp tion  and f lu o r e s c e n c e , and c er ta in  c o r r e c tio n s  m u st be app lied .

The in stru m en ts  u sed  in  th is  in v estig a tio n  w ere  C am brid ge  

M icro sca n  Mk. II and V in stru m en ts  and although b in ary  c o r r e c tio n  

data w ere  a v a ila b le  for the Mk. V in stru m en t, th ey  w ere  not a v a ila b le  

for the r e le v a n t oxide sy s te m s  in  the c a se  of the Mk. II in stru m en t.

The c o r r e c tio n  data req u ired  w ere  obtained by su b stitu tio n  of th e  

ap p rop riate  a b sorp tion , f lu o r e sc e n c e  and sca tter in g  fa c to r s  in to  the  

ICL 1905 C om puter P r o g r a m , d e ta ils  of w hich  a re  g iven  in  r e fe r e n c e  

144. C o r re c tio n  data for  the b in ary  oxide s y s te m s  shown in  T A BE E  8 

w ere  obtained in  th is  w ay. The co m p a riso n  standard s for C a, Sr and  

Ba w ere  in the form  of fu sed  f lu o r id e s , and flu o r id e -o x id e  c o r r e c t io n  

fa c to rs  w ere  obtained for th e se  e le m e n ts . S im ila r  c o r r e c tio n  fa c to r s  

w ere  obtained for F e-F eO  and Mn-MnO for u se  w ith  th e se  m e ta l  

stan d ard s. A  ty p ica l b in ary  c o r r e c tio n  ch art is  shown in  FIG .'41.



3 .1 .7 .  E le c tr o n  M icro sco p y

(i) H igh V oltage  E lec tro n  M icro sco p y  (H. V. E . M .)

In one c a s t  the g la s s y  a s  c a s t  in c lu s io n s  s p e a r e d  to  have  

c r y s ta ll is e d  e ith er  during d eform ation  or in ter p a ss  reh ea tin g . In 

order to  con firm  the c r y s ta llin ity , the in c lu sio n  fra g m en ts  w ere  

ex tra cted  from  the m o s t  h ea v ily  deform ed  sa m p le  and w e re  exam in ed  

by H. V. E .M . T wo  m eth od s o f ex tra ctio n  w ere  em p loyed , E le c tr o ly t ic  

ex tra ctio n  and C arbon R ep lica  ex tra ctio n .

In th e  f ir s t  c a se  a 50 grm  sa m p le  of the hot r o lle d  s tr ip  w as  

p ick led  in  hot 50% h y d ro ch lo r ic  a c id  to  rem o v e  the s c a le ,  and then  

c o ile d  in to  a s m a ll  c y lin d er . T h is w as then m ade the anode of a 

K lin g er-K o ch  e le c tr o ly s is  c e l l  and th e m a tr ix  iro n  d is so lv e d . The 

c e l l  contained  an aqueous e le c tr o ly te  contain ing 5% sod ium  c itr a te ,

1. 2% p o ta ss iu m  b ro m id e , 0. 6% p o ta ss iu m  iod id e and co n cen tra ted  

h y d ro ch lo r ic  a c id , 5 m is  o f a c id  being added to  the e le c tr o ly te  in  the  

anode cham ber for e v e r y  a m p ere  hour of the e le c t r o ly s is .  The b a s ic  

fea tu res  of the c e l l  a re  shown in  FIG . 42 . A fter  ex tra ctio n  the in c lu s io n  

fra g m en ts  w ere  sep a ra ted  by cen tr ifu g e , w ash ed  s e v e r a l  t im e s  in  

d is t il le d  w ater and f in a lly  in  a lco h o l. The fra g m en ts  w e re  th en  d is p e r se d  

in  a sm a ll  vo lu m e o f w ater  fr e e  m eth an ol.

C arbon coated  m ic r o sc o p e  g r id s  w ere  p rep ared  u sin g  the  

standard techn ique and a drop of the in c lu s io n  d isp e r s io n  w as p ip eted  . 

onto each  g r id . T h ese  w ere  then exam in ed  in  a 1 MV e le c tr o n  m ic r o 

sco p e .

In the seco n d  m ethod  the hot r o lle d  s tr ip  w as p o lish ed  in  the

ro llin g  p lane to  a f in ish  and then d eep ly  e tch ed  for  6 - 7  m in u tes

in  a 5% so lu tion  of b rom in e in  w ater fr e e  m eth an ol. A fter  w ash ing

in  m eth an ol the sa m p le  w as im m ed ia te ly  vapour coated  w ith carb on
-  6

in a vacuum  of b etter  than 10 to r r . A fter  co a tin g , the carb on  f ilm  

w as scr ib e d  into sm a ll  sq u a res  w hich w ere  detach ed  e le c tr o ly t ic a l ly  

u sin g  a 6% N ita l so lu tio n  and an app lied  v o lta g e  of ^  30v , fo llo w ed  by  

floa tin g  o ff onto the su r fa ce  of d is t i l le d  w a ter . The detach ed  f i lm s  

w ere  captu red  on 100 m e sh  g r id s , d r ied  on f i l te r  paper and then  

exam in ed  in  the 1 MV e le c tr o n  m ic r o sc o p e .



In an attem p t to index the d iffra ctio n  patterns obtained, 

a com puter program  w as w ritten  w hich  would l i s t  a l l  the p o s s ib le  

in terp lan ar  sp a c in g s , togeth er  w ith  th e ir  corresp on d in g  c ry s ta llo g r a p h ic  

in d ic e s , for  the com p lex  m in er a l c r y s ta l s tru c tu res  en cou n tered . The 

p rogram m e d e v ised  w as capable o f ca lcu la tin g  the in terp la n a r  sp acin g  s 

for any type of c r y s ta l la tt ic e , ex cep t hexagon al, for a ll  p lan es betw een  

(7 7 7) and (7 7 7) in c lu s iv e . A ll  sp ac in g s g r ea ter  than a s e le c te d  

m in im u m  va lu e w ere  then l is te d , to g eth er  w ith th e ir  co rresp o n d in g  

(hkl) v a lu e s , in both in c r ea s in g  order of (hkl) value and in c r e a s in g  

*d1 v a lu e . The p rogram m e togeth er  w ith the input in s tru c tio n s  and 

fin a l p r in t-o u t for  the R hodonite (T r ic lin ic )  la tt ic e  are  shown in  

A PPEN D IX  3.

(ii)  Scanning E le c tr o n  M icro sco p y  (S. E . M)

S e le c ted  sa m p les  w ere  exam in ed  by scanning e le c tr o n  

m ic r o sc o p y  in  ord er  to  d eterm in e  the th ree  d im en sio n a l g e o m e tr y  of 

the in c lu s io n s . T h is w as p erform ed  a fter  d eep ly  etch ing the p o lish ed  

sa m p les  in w ater fr e e  -5% B rom in e-M eth an o l and im m ed ia te ly  

coating  the sp ec im en s w ith e ith er  gold  or g o ld -p a lla d iu m  a llo y , in  

ord er  to ren d er the su r fa ce  o f the in c lu sio n s  conducting. The go ld  

coatin gs w ere  app lied  by spu tterin g  w h ils t  the g o ld -p a lla d iu m  co a tin g s  

w ere  vacuum  d ep o sited  and w ere  only u sed  when sputterin g fa c i l i t ie s  

w ere  not a v a ila b le . The coated  sa m p les  w ere  exam in ed  im m e d ia te ly  

u sin g  a P h illip s  P . S. E .M . 500 Scanning E lec tro n  M icr o sco p e . A  

low  a c c e le r a t in g  v o ltage  o f 6 - 12 KV w as n o rm a lly  em p loyed  in  

ord er  to  m in im ise  f lu o r e sc e n c e  e f fe c ts .

3 .1 .8  R e la tiv e  P la s t ic ity  M easu rem en ts

When the s tra in  im p o sed  upon a d eform ab le  in c lu s io n  

contain ed  w ith in  a d eform in g m a tr ix  is  com p ared  w ith the s tr a in  

su ffered  by the m a tr ix , the resu ltin g  ra tio  is  r e fe r r e d  to a s  th e  

RELATIVE PLASTICITY of the in c lu sio n  :-

\P = 6 if £  m

w h ere



V* = R e la tiv e  p la s t ic ity

£  i  = In c lu sion  tru e  stra in

£ m  = M atrix  tru e s tra in

A lthough the tru e s tra in  of the m a tr ix  m a te r ia l is  e a s i ly  

a s s e s s e d ,  m e a su r em e n ts  o f the tru e stra in  su ffered  by the in c lu s io n  

a r e  m o re  d ifficu lt to  m a k e, and often only  a v era g e  or app rox im ate  

v a lu e s  can be obtained.

It has been  show n, A PPEN D IX  I, that the true s tra in  of an

o r ig in a lly  sp h e r ica l e lem en t i s  g iven  by the natural lo garith m  of

i t s  a sp e c t  ra tio , m u ltip lied  by som e con stan t, w hich  is  a function  o f  

the type o f d eform ation . E xtending th is  re la tio n sh ip  to sp h e r ic a l  

in c lu s io n s  y ie ld s  the equations f ir s t  d efin ed  by M a lk iew ics  and 

Rudnik (93)

£ ,  -  \  log  A for plane s tra in
X  0

£ .  = 2 /3  lo g e A  for c y lin d r ic a l s tra in

w h ere

A  = In c lu sion  a sp e c t  ra tio

£ . = In c lu sion  tru e s tra in

It i s  found that when m e a su r ed  va lu es  of in c lu s io n  tru e  s tra in  a r e

p lotted  a g a in st the m a tr ix  tru e s tr a in , the v a lu es  do not con form  to

a lin ea r  re la t io n sh ip , FIG. 43 . A s d efin ed  above, the r e la t iv e

p la s t ic ity  of the in c lu sio n  i s  the grad ien t o f the chord  o f v s  £
. l  m

from  the o r ig in  through ( £ m >̂ £  •**)• ^  can be ap p rec ia ted  that

even  i f  the in c lu sio n  should c e a se  to d eform  at so m e s ta g e , having

a "TRUE" r e la t iv e  p la s t ic ity  of z e r o , the gra d ien t o f the chord w ould

continue to  have a fin ite  va lu e and the in c lu sio n  w ould s t i l l  exh ib it

an "APPARENT" r e la t iv e  p la s t ic ity . A cco rd in g ly  it  is  the g ra d ien t

of the curve £  . v s  £  at the point ( £  A £  .**) w hich d e fin es  the  
i  m  m  l

in c lu s io n  "TRUE" r e la t iv e  p la s t ic ity  and in  th is  w ork  the sy m b o ls  \ ^ ,



and \? A w ill  be u sed  to  denote the "TRUE” and "APPARENT RELATIVE  A
PLA STIC ITY ” r e s p e c t iv e ly , so  that

d £  .
. _ 1

d £ m £  m

£ i

£ m £ m

= TRUE RELATIVE PLASTICITYf t  =

f t  = .
PLASTICITY

It can be seen  that u n le ss  v a lu es  o f r e la t iv e  p la s t ic ity , a s  quoted in  

the l ite r a tu r e , a re  q u alified  by s ta tem en ts  con cern in g  both the  

type o f d eform ation  and the m a tr ix  stra in  a t w hich  the v a lu e s  w ere  

m e a su r e d , the v a lu es  o f r e la t iv e  p la s t ic ity  w ill  be o f l it t le  s ig n if ic a n c e .

\?T  > the in c lu sio n  T rue R e la tiv e  P la s t ic ity , w ill  a lw a y s  

d e c r e a s e  m o re  rap id ly  w ith in c r ea s in g  m a tr ix  stra in  than the

A pparent R e la tiv e  P la s t ic ity . The T rue and A pparent R e la tiv e  

P la s t ic i t ie s  have equal v a lu es  at z er o  m a tr ix  s tra in , th e ir  v a lu e s  

a ls o  being a m axim um  at th is  point. S in ce th is  m axim u m  v a lu e  of 

r e la t iv e  p la s t ic ity  can be em p loyed  to com pare the r e la t iv e  p la s t ic it ie s  

of v a r io u s  typ es o f in c lu s io n s , it  is  u se fu l to  define th is  va lu e  a s  the  

"INITIAL" r e la t iv e  p la s t ic ity , ] P  . w here

V i  =
l ±
£ m £ m  = 0

d £  

d £ m

INITIAL  
= R ELA TIV E  

£ m  = ° PLASTICITY

T h is value ap p ears to  be a p rop erty  o f the in c lu s io n  co n cern ed , 

at the d eform ation  tem p era tu re , and depends only on the r e la t iv e  

stren gth  of the in c lu sio n  and on the w ork of ad h esion  betw een  the  

in c lu sio n  and m atrix ; although the in c lu sio n  s iz e  m ay  a ls o  have an . 

e ffe c t  in  the c a se  of the sm a lle r  in c lu s io n s .

In th is  w ork the tru e  s tra in s  o f  the d eform ed  in c lu s io n s  

w ere  d eterm in ed  fro m  th e ir  a sp e c t r a t io s , in  a cco rd a n ce  w ith  the  

equations defin ed  above. An av era g e  value for  th e  lo g a r ith m  of 

the a sp e c t  ra tio  w as d eterm in ed  from  the m e a su r em e n t of a m in im u m



of 25 ind iv id u al in c lu s io n s  in  each  hot r o lle d  sa m p le . A fter  p lo ttin g  

the r e s u lt s  thus obtained as  a function  of m a tr ix  s tra in , at ea ch  of 

the d eform ation  te m p e r a tu r e s , v a lu es  of the T rue ( ), and

A pp arent, ( \ ? ^ ) ,  r e la t iv e  p la s t ic it ie s  w ere  obtained from  th e s e  

graphs and rep lo tted  as  functions o f both m a tr ix  s tra in  and tem p era tu re  

o f d eform ation , in th ree  d im en sio n a l form .

A n attem p t w as m ad e to  obtain r e la t iv e  p la s t ic ity  m e a s u r e 

m en ts  by the u se  of Q uantitative T e le v is io n  M icro sco p y  u sin g  a 

Q uantim et 720B . U sing  the equations d efin ed  in A PP E N D IX  2 , i t  

w as hoped to  obtain an a ltern a tiv e  a s s e s s m e n t  of in c lu sio n  d efo rm a tio n  

fro m  p ro jec ted  length  m e a su r em e n t, for  com p arison  w ith  the  

a s s e s s m e n t s  m ade by m o re  con vention al m e a n s .

Q uantitative a s s e s s m e n ts  o f the behaviour of the m o re  

r e fr a c to r y  ty p es  o f in c lu s io n s , (A lum ina and the alum inou s C a lc iu m  

A lu m in a te s), w as not fe a s ib le  and q u a lita tive  a s s e s s m e n t s ,  u s in g  

o p tica l and scanning e lec tr o n  m ic r o sc o p y  w ere  m ad e.



3 .2  EX PER IM ENTA L RESULTS

3 .2 .1 .  The E ffe c ts  of D eoxid ation  on the In c lu sio n s P r e s e n t  in
the A s -C a s t  M a ter ia ls

(i) U n d eox id ised  M elts

C a st IB contain ed  an in ter  d en d ritic  d istr ib u tio n  o f w u stite  

g lo b u les  w hich  had been  form ed  during ingot so lid if ica tio n  and 

co o lin g , FIG. 8, PL A T E  I. T h ese  in c lu s io n s  w ere  up to  10f i u n  in  

d ia m eter  and w ere  m a rg in a lly  la r g e r  than th o se  obtained by c h ill  

ca stin g  a s im ila r  m a te r ia l, w hich  contained in c lu s io n s  up to  8j t i t n  
in d ia m eter . E le c tr o n  P rob e  M icro a n a ly s is  (E . P . M  A . ) co n firm ed  

the in c lu s io n s  to  be pure iro n  o x id e , the m an g a n ese  content being  

l e s s  than 0.1%.

(ii) S ilico n  D eo x id ised  M elts

C a st 4 contained  a d isp e r s io n  o f la r g e  duplex s i l i c a t e s ,  

PL A T E  2 , and a fin e background d isp e r s io n  of w u stite  g lo b u le s .
i » t •

E , P . M. A . show ed the p r im ary  phase of the duplex s i l ic a te s  to  be  

pure w u stite  and the m a tr ix  to  be an iro n  s i l ic a te  contain ing 73%

FeO and 27% SiO . The seco n d a ry  in c lu s io n s  w ere  found to  be
u

100% FeO. The p r im a ry  duplex s i l ic a te s  w ere  h yp o eu tectic  b in ary  

iro n  s i l ic a t e s ,  FIG. 44 , w h ose s iz e s  var ied  up to  4 0 /c^  , although a 

few  iso la te d  p a r tic le s  of up to 100/ c / Y )  w ere  o b serv ed .

C ast 5 a ls o  contained a d isp e r s io n  o f duplex s i l ic a te s  but 

th e se  contained  l e s s  p r im a ry  phase than s im ila r  in c lu s io n s  from  

C a st 4 , FIG. 44 . The la r g e r  in c lu s io n s  g e n e ra lly  contain ed  l e s s  

p r im a ry  p h a se , w hich w as a lso  in a fin er  fo rm , PL A T E  3a , than in  

the s m a lle r  in c lu s io n s  w hich  contained la r g e  p r im a ry  ph ase  

d en d r ite s , PL A T E  3b. T h is prim ary ph ase w as again  found to  be 

100% FeO and the m a tr ix  co m p o sitio n  n ear to  the eu te c tic  co m p o sitio n  

at 74% FeO, 26% SiO . T h ese  in c lu s io n s  had s iz e s  ranging fro m  l O x c / n  
to  100/C/7? d ia m eter  although iso la te d  p a r tic le s  of up to 'v/ 150/<vw w ere  

again  o b serv ed . The g e n e ra l s iz e  range w as s lig h t ly  la r g e r  than  

that found in C ast 4 . A  fin e in terd en d ritic  d isp e r s io n  of seco n d a ry  

in c lu s io n s  had once m o re  form ed  on so lid if ica tio n  and w ere  found



to  be com p o sed  of 100% FeO.

C a st 4B contained  a d isp e r s io n  of sp h e r ica l g la s s y  s i l ic a te s  

w hich  in a num ber of c a s e s  had b ecom e so lid if ied  w h ils t  in the  

p r o c e s s  o f c o a le sc in g , P L A T E  4 . E .P .  M. A . show ed the in c lu s io n s  

to  be h igh ly  s il ic e o u s  b in ary  iro n  s i l ic a te s  contain ing 12% FeO and  

88% SiO , FIG. 44 . The in c lu s io n s  exh ib ited  a s iz e  range from
Cd

5-50/W 7 d ia m eter . In th is  c a se  the le v e l  o f deoxidation  had been  

su ffic ien t to  p reven t the form ation  of secon d ary  in terd en d ritic  . 

in c lu s io n s .

(iii)  S ilico n -M a n g a n ese  D eo x id ised  M elts

C a st 6 w as found to  contain  s e v e r a l  d ifferen t ty p es  o f  

in c lu s io n . The m o s t  abundant w ere  la r g e  duplex s i l ic a te s  s im ila r  

to  th o se  o b serv ed  in  c a s ts  4 and 5. H ow ever in th is  c a se  the  

p r im a ry  ph ase app eared  to  be som ew hat tr a n s lu c e n t, PL A T E  5a, 

in  som e c a s e s  the m a tr ix  having a la th  lik e  or fea th ery  ap p ea ra n ce .

E . P . M. A . r ev e a le d  the p r im a ry  phase to  be m an ganow ustite  

contain ing 72% FeO and 19% MnO, the m a tr ix  being  an iro n  m a n g a n ese  

s il ic a te  contain ing 9% FeO, 58% MnO and 32% SiO , FIG. 45.Cd
The second, type o f in c lu sio n  app eared  to have a e u te c tic  

s tr u c tu r e , P la te  5b, exh ib itin g  a m ix ed  la m e lla r -g r a n u la r  m orp h o logy . 

T h ese  in c lu s io n s  w ere  not a s  abundant a s  the fo rm er  type but w ere  

of s im ila r  s iz e ,  both being in  the range 60 - 110̂ / n  d ia m eter .

A n a ly s is  show ed the o v e r a ll com p osition  to lie  in  the reg io n  o f th e  

m an ganow ustite  - (fa y a lite -te p h ro ite )  eu te c tic  v a lle y  or p o s s ib ly  

even  s lig h tly  to the s i l ic a  r ich  s id e . The o v e r a ll co m p o sitio n  

obtained w as 14% FeO, 58% MnO, 27% SiO the in d iv id u al p h a sesCd
being too  sm a ll for a n a ly s is .

A th ird  type of in c lu sio n  w as o b serv ed  Only in freq u en tly  

and w as of a sm a lle r  s iz e  than the p rev io u s tw o fo r m s , the m ax im u m  

o b serv ed  d ia m eter  b e i n g s  5 0 /6 w  . T h ese  in c lu s io n s  con ta in ed  la th  

lik e  in tern a l s tr u c tu r es  and w ere  o c c a s io n a lly  o b serv ed  in  the  

c o a le sc in g  fo rm , PL A T E  5c . A n a ly s is  r ev e a le d  the co m p o sitio n  to  

be n ear to  the tep h ro ite  co m p o sitio n , 10% FeO, 56% MnO, 34%

S i° 2 .



Two fo rm s of background, seco n d a ry , in c lu s io n s  w ere  

o b serv ed , one having a sp h e r ica l g la s s y  m orp h ology , w hich  can be 

see n  in the background of PL A T E  5c. A n a ly s is  r ev e a le d  it s  co m p o sitio n  

to be v e r y  s im ila r  to  the m a tr ix  co m p o sitio n  o f the f ir s t  ty p e , 11% FeO, 

56% MnO, 36% SiO . The secon d  form  had a d en d ritic  m orp h o logyCd
and w ere  found to  be m an ganow ustite  contain ing 30% FeO and 66% MnO, 

PL A T E  5d.

C a st 6B contain ed  only tra n sp a ren t sp h e r ic a l g la s s y  s i l i c a t e s ,  

PL A T E  6, so m e tim e s  o b serv ed  in the c o a le sc in g  fo rm . E . P .M . A . 

show ed a ll  the in clu sion s to be of s im ila r  co m p o sitio n s fa llin g  w ith in  

the range 11 -  15% FeO, 32 -  37% MnO and 50 -  56% SiO , FIG . 45 .Cd
The s iz e  o f the in c lu s io n s  v a r ied  up to  6 0 ^ /n  d ia m eter .

*\
(iv) A lu m in iu m -S ilico n  D eo x id ised  M elts

C a st 8 contained num erous sp h e r ic a l g la s s y  s i l ic a t e s ,  P L A T E  

7a, m o s t  of w hich w ere  s in g le  ph ased . A few  in c lu s io n s  exh ib ited  lath  

lik e  or d en d ritic  in tern a l p r e c ip ita te s , PL A T E  7b. E xam in ation  by  

S. E . M. r ev e a le d  s t i l l  fu rther ty p es  contain ing p r e c ip ita te s  w ith  both  

r o se tte  and cuboid m o r p h o lo g ie s , PL A T E  7 c , but again  th e se  w ere  

in the m in o r ity . S. E .M . a lso  r ev e a le d  num erou s fine d en d r ites  of 

alum ina in te r sp e r se d  betw een  the la r g er  g la s s y  in c lu s io n s , P L A T E  7d. 

The d en d ritic  in tern a l p h a ses  w ere  id en tified  in  so m e c a s e s  a s  a lu m in a , 

and in  oth er c a s e s  a s  a lum ina r ich  h ercy n ite  contain ing 74% A1 0 and 

25% FeO. An a n a ly s is  of the r o se tte  p r e c ip ita te s  w as not ob ta in ed , 

none of the in c lu s io n s  exam ined  o p tica lly  contain ing p r e c ip ita te s  o f 

th is  form . H ow ever , the few  in c lu s io n s  o b serv ed  w hich  con ta in ed  

blocky  p r e c ip ita te s  gave th e ir  co m p o sitio n s near to  h ercy n ite  at 

60% A1 0 , ,  41% FeO. The a n a ly se s  of the g la s s y  in c lu s io n s  w e r e  foundCd ^
to  be ra th er  v a r ia b le , s i l ic a  le v e ls  as low  as  40% and as  h igh  a s  60% 

being obtained, FIG. 46 . H ow ever, m o s t  of the s in g le  p h ase  

in c lu s io n s  had co m p o sitio n s ly ing in  the reg io n  o f 14 -  27% FeO,

45 - 61% SiO , ^  20% A1 0 . The in c lu s io n s  g e n e ra lly  had s iz e s
Cd Cd D

in  the range 10 - 100/ivtf d ia m eter  but an o c c a s io n a l p a r tic le  o f up  

to  1 6 0 /^ ?  d ia m eter  w as o b serv ed .



C a st 8B contained  v e ry  few  in c lu s io n s  and w as not 

in v e stig a te d  fu rth er .

(v) M elts  D eo x id ised  w ith C om plex  C o m m erc ia l D eox id an ts

C ast 10 w as d eo x id ised  w ith  H yp erca l, a c o m m e r c ia l deoxidant

b a sed  on ca lc iu m , a lum iniu m  and s ilic o n  but w hich a ls o  con ta in s

b ariu m  in  ord er to  im p rove  the ca lc iu m  r e c o v e r y , TA BLE 5. The as

c a s t  sa m p les  w ere  found to contain  sm a ll  c lu s te r s  o f ir r e g u la r

p a r t ic le s , c lo s e ly  r ese m b lin g  a lum ina c lu s te r s , P L A T E  8a. M any

of th e p a r tic le s  w ithin th e se  c lu s te r s  w ere  found on a n a ly s is  to  be

pure a lu m in a , but other p a r t ic le s  gave co m p o sitio n s c lo s e  to  that

of ca lc iu m  h exa lu m in ate  (CA ) 92% A1 0 , 7% CaO, FIG. 7. A  few
6 2 3

iso la te d  p a r t ic le s  contained  m o re  than one phase and w ere  found to  

c o n s is t  of corundum  b lock s and la th s , to g eth er  w ith  b lock s of ca lc iu m  

hexa lum in ate  in  a s i l ic a te  m a tr ix , PL A T E  8b, TA BLE 8. The s iz e s  

of the ind iv idu al p a r tic le s  v a r ied  up to  40 f u n  d ia m eter , w h ils t  the  

c lu s te r s  w ere  up to  1 2 0 i n d ia m eter .

C a st 11 w as d eo x id ised  w ith C a ls ib a r , w hich is  a ls o  a 

c o m m e r c ia l deoxidant contain ing ca lc iu m . H ow ever , th is  a llo y  

con ta in s v e r y  l it t le  a lu m in iu m , the ch ie f com ponent being s il ic o n .

L ike the H yp erca l a llo y , C a ls ib a r  a lso  conta in s b arium  in ord er  to  

im p rove  the ca lc iu m  reoDvery. The in c lu s io n s  produced by th is  

deoxidant w ere  sp h e r ic a l g la s s y  s i l ic a t e s ,  PL A T E  9a, w hich  ten d ed  

to  have a v io le t  co lou ra tion . E . P . M. A . show ed the in c lu s io n s  to  be 

ir o n -c a lc iu m  s i l ic a te s  o f ra th er  v a r ia b le  iro n  and ca lc iu m  contents,

FIG. 47; the co m p o sitio n s ly in g  in  the range 10 -  20 FeO, 10 -  20%

CaO and 70 -  80% SiO . It w as in ter e st in g  to  find that the p er ip h ery  ofCd
th e se  in c lu s io n s  w as often  r ich er  in  CaO than the in te r io r , though th is  

w as by no m ean s tru e in  e v e r y  c a s e , PL A T ES 9b and c . The 

d ia m eter s  of the in c lu s io n s  v a r ied  up to  40/6*7 although one is o la te d  

m u ltip h a se  s i l ic a te  had a d ia m eter  of 80 / v n  .

C ast 12 w as d eo x id ised  with S u p erseed  w hich  i s  another  

c o m m e r c ia l deoxidan t, but w hich is  b ased  on stron tiu m  and s i l ic o n .

The in c lu s io n s  produced w ere  again  sp h e r ic a l g la s s y  s i l i c a t e s ,  PL A T E  

10a, w hich w ere  found to  be b in ary  iro n  s i l ic a te s  contain ing 25% FeO



and 75% SiO , FIG. 44 . C o a lesc in g  c lu s te r s  of in c lu s io n s  w ere  

freq u en tly  o b se rv e d , PL A T E  10b, but the s iz e  of the in c lu s io n s  w ere  

g e n e ra lly  s m a lle r  than in  the p rev io u s c a s t s ,  the m axim um  o b serv ed  

d ia m eter  being * * *  30/^^?. S trontium  w as not d etec ted  in  the a n a ly s is  

of any of the in c lu s io n s .

(v i) G en era l O b servation s

Som e v a r ia tio n  In the s iz e  and num ber o f in c lu s io n s  w as  

found b etw een  the top , m id d le  and bottom  sa m p les  from  m o st  o f the  

in g o ts , th ere  g e n e ra lly  being a g r ea ter  num ber o f in c lu s io n s , and of 

a la r g e r  s iz e ,  in  the top h a lf of the in g o ts . T his seg reg a tio n  had  

o ccu rred  in  sp ite  of the rapid  fr e ez in g  w hich  had taken p la ce  during  

th e c h ill  ca st in g . The d ifferen ce  in  vo lu m e fra c tio n  and s iz e  

d istr ib u tio n  of the in c lu s io n s  w as g r ea ter  betw een  the bottom  and 

m id d le  o f the ingot than it  w as betw een  the m id d le  and th e top , and 

the top  h a lv es  o f the in got w ere  g e n e r a lly  found to have v e ry  

hom ogeneous and un iform  d istr ib u tio n s.

The co m p o sitio n s  o f the in c lu s io n s  contained  in  the c a s t  

m a te r ia ls ,  obtained by e le c tr o n  probe m ic r o a n a ly s is , a re  su m m a r ise d  

in  TA BLE 8 , and the ch e m ic a l a n a ly se s  obtained from  the m ach in ed  

' t e s t  b ars a re  shown in  TABLE 9.

3 . 2. 2 D eox id ation  w ith A lum inium

C a st 7 (0 . 36% A1 addition) w as found to contain  v e r y  few  

oxide in c lu s io n s  and a r ep la cem en t c a s t  (7B) w as m ade em p loy in g  a 

m uch h ea v ier  a lum in iu m  addition (1. 3%). T h is c a s t  contained  n u m erou s  

la rg e  a g g lo m e r a te s  of a lum ina in  the top of the in go t, th e ir  s iz e  

d e c re a s in g  tow ards the m id d le . The bottom  sa m p le  contained  v e r y  

few  c lu s te r s ,  th o se  w hich w ere  o b serv ed  being v e r y  s m a ll. H o w ev er , 

th is  sam p le  did contain  la r g e  n u m bers of iso la te d  alum ina p a r t ic le s  

and app eared  to contain  a lm o st a s  m uch in c lu sio n  m a te r ia l a s  the  

m id d le  and top sa m p le s , but not in the fo rm  of c lu s te r s .  The s iz e  of 

the c lu s te r s  v a r ied  w id e ly , the la r g e s t  o b serv ed  being over  8 0 0 i n



d ia m eter , contain ing m any thousands of in d iv id u a l a lum ina p a r t ic le s ,  

PL A T E  11a.

C lo se r  in sp ec tio n  of th e se  c lu s te r s  r ev e a le d  th em  to be 

com p osed  of s e v e r a l  d ifferen t p a r tic le  m o r p h o lo g ie s . The la r g e r  

c lu s te r s  contained  a num ber of la rg e  globu lar p a r tic le s  contain ing  

e n c lo se d  m e ta l and vary in g  in s iz e  up to  40/£/r? or 50 / u n  , PLA TES  

lib  and c. T h ese  w ere  often surrounded by a m ix tu re  of sm a ll  

sp h e r ic a l and rod lik e  p a r t ic le s ,  PL A T E  l ie ,  and sm a lle r  ir r e g u la r  

p a r tic le s  contain ing e n c lo se d  m e ta l, PL A T E  lid ; in  a few  c a s e s  th ese  

exh ib ited  m o re  than one p h a se , PL A T E  l ie .  E xam ination  of th ese  

c lu s te r s  by scan ning e lec tr o n  m ic r o sc o p y , in the sa m p le  d eform ed  

by 0. 3 tru e  s tra in  at 925°C , r ev e a le d  them  to be an in tr ica te  w eave  

of a lum ina d en d r ite s , sm a ll  g lobu lar fo rm s of a lum ina and la r g e r  

g lob u les having a •honeycom b’ or gra in  stru c tu re  on th e ir  su r fa c e ,  

PL A T ES Ilf and g . W here the plane of p o lish  in te r se c te d  one of 

th e se  la r g er  g lo b u le s , the p o lish ed  su r fa ce  w as often  r e v e a le d  to  

contain  p o ro s ity  o f the type o b serv ed  in  s in tered  s tr u c tu r e s , PL A T E  

llh .

B eca u se  of the co m p lex ity  of th e se  deoxidation  p ro d u cts, 

as r ev e a le d  by S. E . M. , i t  w as d ecid ed  to in v e s tig a te  fu rther  the 

m ech a n ism  of form ation  of a lum ina in c lu s io n s  on deoxid ation  by  

alu m in iu m . To th is  end a 10 kg m e lt  of S w ed ish  iro n  w as p rep a red  

by H. F . induction  m eltin g  in  a ir . On reach in g  1650°C a s m a ll  750 g 

ingot w as teem ed  u sin g  a c a s t  iron  m ould  having th ick  (2 . 5 cm ) w a lls .  

T his m ould  contain ed  a sm a ll (7 .5  g) slug  o f a lu m in iu m , (1% by m a s s ) ,  

onto w hich the m e lt  w as poured. The a lum in iu m  d eo x id ised  the  

in got in  the m ou ld , but s in ce  so lid if ica tio n  w as v e r y  rap id , the  

deoxidation  w as v e ry  in h om ogen iou s and d ifferen t reg io n s  w ith in  

the ingot so lid if ied  in  v a r io u s  s ta g es  of deoxidation . The rem a in d er  

of the m e ta l w as then d eo x id ised  by adding 114 g (1. 2%) of pure (99 . 99) 

a lu m in iu m , and su ction  sa m p le s  w ere  taken a fter  5, 30 and 90 

s e c o n d s , by evacu atin g  a |-u d ia m eter  s i l ic a  tube w ith it s  end h eld  

w e ll below  the su r fa ce  of the m e lt . The sa m p les  obtained in  th is  w ay



w ere  -f-M d ia m eter  rod s of a p p rox im ate ly  350 g in  w eigh t. H ow ev er , 

th e  f ir s t  sa m p le  (5 s e c . ) of th is  s e r ie s  w as lo s t  due to  th e fa ilu r e  

of th e  vacuum  s y s te m , r e su lt in g  in  th e  m e ta l running h ack  in to  the  

m e lt .  In ord er  to  d eterm in e  w hether a lum ina w ould s in te r  r ea d ily  

in  th e p r e se n c e  of m o lten  ir o n , a quantity (200 g) of oC  a lu m in a  pow der  

w as poured in to  the m e lt  in  the fu rn ace w h ils t bein g  s t ir r e d . T h is w as  

te e m e d  im m ed ia te ly  (10 -  15 s e c s . ) in to  a 7 kg c a s t  ir o n  m ou ld . 

S u rp r is in g ly  th is  ingot contain ed  v e r y  l i t t le  a lu m in a, m o s t  of th is  

being le f t  in  the fu rn ace as a g la ze  on the r e fr a c to r y  lin in g .

E xam in ation  of the m ould  d eo x id ised  in go t r e v e a le d  a s  m an y  

p a r tic le  m o rp h o lo g ie s  a s  the as c a s t  sp e c im en s  fro m  c a s t  7B . The 

in got a lso  contained  a num ber o f c le a r ly  defin ed  in te r fa c e s  o f th e  

typ e show n in  PL A T E  12a. T h ese  c o n s is te d  of an u n d eox id ised  

reg io n , contain ing FeO type in c lu s io n s , sep a ra ted  fro m  a fu lly  

d eo x id ised  reg io n , contain ing alum inou s in c lu s io n s , by a  band of 

m a te r ia l contain ing a lum ina d en d r ites . A d jacen t to  th is  w as a n a rrow  

r eg io n  contain ing v e r y  few  in c lu s io n s . Scanning e lec tr o n  m ic r o sc o p y  

show ed c le a r ly  the den d ritic  nature of the in c lu s io n s  w ith in  th is  band, 

PL A T E  12b, and r ev e a le d  a num ber of d ifferen t d en d rite  m o r p h o lo g ie s ,  

PL A T E  12c. E xam in ation  o f the app arently  u n d eox id ised  reg io n  show ed  

i t  to  contain  a num ber o f h ercy n ite  + w u stite  p r im a ry  in c lu s io n s , PL A T E  

I2d, in  the reg io n  c lo s e s t  to  the in c lu s io n  fr e e  zo n e , and a ls o  r e v e a le d  

m any s m a ll  alum ina d en d rites  ap p aren tly  n u cleatin g  on the sm a ll  

w u stite  in c lu s io n s; th e se  a ls o  exh ib ited  so m e ev id en ce  o f r ea c tio n  at  

th e ir  su r fa c e s , PLA TES 12e and f. B ehind the band of d e n d r ite s , in  

the fu lly  d eo x id ised  r eg io n , the in c lu s io n s  w ere  w e ll d isp e r se d  and 

exh ib ited  m o rp h o lo g ie s  ranging from  a tr u ly  d en d ritic  m o rp h o lo g y , 

PL A T E  12g, through a p a r tia lly  sp h ero d ized  d en d ritic  m o rp h o lo g y , 

PL A T E  12h, to  a fu lly  sp h ero id a l m orp h ology , P L A T E  12i. The  

r eg io n s  at the e x tr e m it ie s  of the d en d ritic  bands u su a lly  con ta in ed  a 

m ix tu re  o f h e r c y n ite /w u s tite  in c lu s io n s  and p a r tia lly  r ea c te d  fo rm s  

in  w hich  the outer la y e r s  of the in c lu s io n s  w ere  m o re  h ig h ly  a lu m in ou s  

than the in te r io r , w hich freq u en tly  reta in ed  a com p o sitio n  c lo s e  to



that of h e r c y n ite , 74% Al^O^, 26% FeO, PL A T ES 12j,k  and 1. A la r g e  

num ber o f th e se  p a r tia lly  rea c te d  in c lu s io n s  w ere  o b serv ed  d istr ib u ted  

throughout the in g o t, PL A T ES 12m and n , and sm a ll sp h e r ic a l  

in c lu s io n s  having a ’g la s s y 1 app earance w ere  freq u en tly  o b serv ed ,

PL A T E  I2p. The la r g e  s in te r ed  g lobu lar type o f in c lu s io n , so  

p rom in en t in the c lu s te r s  o b serv ed  in  c a s t  7B , w ere  r a r e ly  o b se rv e d  

in  th is  m ould  d eo x id ised  in got, in  fa c t so lid if ica tio n  had been  so  rap id  

as to  su p p ress  the form ation  of a ll  but the s m a lle s t  o f c lu s te r s .

In co n tr a st, the secon d  su ction  sa m p le  taken a fter  fu rn ace  

d eox id ation , (30 sec o n d s), w as found to  contain  a num ber of v e r y  

la r g e  a lum ina c lu s te r s  d istr ib u ted  throughout the su ction  sa m p le . T h ese  

c lu s te r s  contained  p a r tic le s  having a num ber o f d ifferen t m o r p h o lo g ie s ,  

no one m orp h ology  being predom inant. In fa c t the dom inant m o rp h o lo g y  

v a r ied  from  reg io n  to  reg io n  w ithin any one c lu s te r , so m e reg io n s  having  

a p red om in an tly  d en d ritic  c h a r a c ter , PL A T E  13a, o th ers  being m o r e  

globu lar or s in te r ed , PL A T E  13b. The d en d ritic  s tr u c tu res  often  

show ed m ark ed  ev id en ce  of sp h ero d iza tio n , PL A T E  13a. Other 

r eg io n s  show ed an even  g r ea ter  d eg ree  of g lo b u la r iza tio n  and PL A T E S  

13c, d and e show  how the sp h erod iza tion  and c o lla p se  o f th e se  

d en d ritic  s tr u c tu r es  lea d  to  the form ation  o f the s in te r ed  g lob u lar  

s tr u c tu res  seen  in  PLA TE 13b. O ptical exam ination  of the sp e c im e n s  

r e v e a le d  a num ber of the la rg e  g lobu lar s tr u c tu r es  contain ing  

e n c lo se d  m e ta l, PL A T E  13f, o f the type f ir s t  o b serv ed  in  c a s t  7B .

On exam in ation  by S. E . M. th e se  g lo b u les  w ere  again  r e v e a le d  to  

be s in te r ed  s tr u c tu r e s . A cu riou s fea tu re  of th e se  g lo b u le s , w hich  

ranged  in s iz e  fro m  a few  m icro n s  in  d ia m eter  to  w e ll over  50/6-w , 

w as that th ey  n e a r ly  a ll  show ed ev id en ce  of a ca v ity  extending fro m  

the su r fa ce  of th e g lobu le in to  it s  in te r io r , PL A T E  13g. A few  of 

th e se  p a r tic le s  had been  sec tio n ed  d ia m e tr ic a lly  rev ea lin g  the depth  

of the ca v ity , w hich  in  m o s t  c a se s  b eca m e la r g e r  in the in te r io r  

giv in g the g lobu le the appearance o f a h o llow  sp h ere .

The th ird  su ction  sa m p le , taken  a fter  90 se c o n d s , w as  

found to  contain  a few , w e ll d isp e r se d , sm a ll  alum ina c lu s te r s  

exh ib iting  p a r tic le  m o rp h o lo g ies  of the type o b serv ed  in  the p rev io u s  

sa m p le .



The 7 kg ingot to  w hich alum ina pow der had been  added, 

contain ed  a few  iso la te d  w e ll s in tered  c lu s te r s , but th ese  w ere  too  

few  to  exclu d e the p o s s ib il ity  that th ey  had been  reta in ed  from  the  

alu m in iu m  deoxidation  trea tm en t.

3 .2 .3  The E ffe c ts  of H eat T rea tm en t on the In c lu sion s

P r e lim in a r y  exam in ation  show ed that c a s ts  4B (S i),

6B (S i,M n ), 8(A1, S i)* , l l(C a ,S i)  and l2 (S r ,S i)  contained g la s s y  

in c lu s io n s , and sa m p les  from  th e se  c a s ts  w ere  heat tr ea ted  a s  out

lin ed  in  SECTION 3 .4 .1 .  In addition sa m p les  from  c a s ts  6(S i,M n )  

and 10(C a,A l) w hich  contained  c r y s ta llin e  in c lu s io n s , w ere  g iven  

the sa m e  tr e a tm e n ts , in  ord er  to d eterm in e  the e f fe c t s ,  i f  any , on 

th is  type of in c lu sio n .

O ptical exam in ation  of the heat tr e a ted  sa m p les  show ed that 

on ly  in c lu s io n s  from  c a s ts  6, 6B and 8 had b een  a ffec ted  by the h eat  

tr e a tm e n t, th o se  from  c a s ts  4B , 10, 11 and 12 being o p tica lly  unchanged  

even  a fter  the lo n g e s t  p er io d s at tem p era tu re .

(i) C a st 6 (S i,M n  D eo x id ised )

T rea tm en ts  at 925°C  ser v e d  only to  sp h ero d ize  the e u te c tic  

m a tr ix  of the duplex s i l ic a t e s ,  PL A T E  14a. In a few  in c lu s io n s  

m e ta llic  iro n  g lo b u les  w ere  p rec ip ita ted  in  the granular m a tr ix , th e ir  

n u m b ers in c r ea s in g  w ith in c r ea s in g  trea tm en t t im e , PL A T E  14b.

A t 1000°C the m a tr ix  began to  lo o s e  it s  granular c h a r a c te r , 

b ecom in g  tra n s lu cen t in  ap p earan ce. The m e ta llic  g lo b u les  w e re  

again  produ ced , but a fter  even  the sh o r te s t  tr ea tm en t t im e , (5h ), th ey  

w ere  m uch la r g e r  than in  any o f the sa m p le s  trea ted  at 9 2 5 °C , P L A T E  

14c.

On trea tm en t at 1150°C the in c lu s io n s  had tended to lo s e  th e ir  

sp h e r ic a l ou tlin e , p o ss ib ly  ind icating  so m e d eg ree  o f so ften in g  of the  

e u te c tic  m a tr ix , PLA TE 14d, although th is  tem p era tu re  w as s t i l l  w e ll  

b elow  the eu te c tic  tem p era tu re , FIG. 45 .

S im ila r  s tru c tu res  w ere  obtained at 1275°C , and a th ird  

lig h t phase p r e se n t in  a few  of the in c lu s io n s  w as id en tified  a s  

m a n gan ese  su lp h id e, PLA TE 14d.

* Sym bols in  b ra ck ets  a fter  the c a s t  num ber denote the d eox id an t(s) u se d .



(xi) C ast 6B (S i, Mn D eo x id ised )
o

T rea tm en t for 5 hou rs a t both 925 and 1000 C induced the  

p recip ita tio n  of a dark ph ase having a g lobu lar or r o se tte  lik e  

m orp h ology , PL A T E  15a; the p r e c ip ita te s  produced at 925°C  being  

sm a lle r  but m o re  n u m erou s than th o se  produced a t 1000°C . A n a ly s is  

of th is  ph ase w as d ifficu lt due to its  s iz e ,  but m o re  than 90% SiO w as
M

obtained in m o s t  c a s e s  and the ph ase w as probab ly  v itr e o u s  s i l ic a .

T rea tm en ts  for lon ger  p er io d s at th e se  tem p era tu res  produced  co m p lete

d ev itr ifica tio n  of the g la s s y  m a tr ix , giv ing a granular type of s tru c tu re

contain ing a t le a s t  tw o p h a se s , PL A T E  15b. The f in e n e ss  o f the

stru ctu re  p reven ted  a n a ly s is  of the in d iv idu al p h a ses  p r e se n t but an

av era g e  a n a ly s is  of 52-56%  SiO , 29-32%  MnO, and 12-15% FeO w as

obtained w hich cam e c lo s e  to the rhodonite co m p o sitio n , FIG. 45 . T h ese

lon ger  trea tm en t t im e s  had once m o re  produced the m e ta llic  g lo b u les

f ir s t  o b serv ed  in  c a s t  6. T h ese  w ere  aga in  found to  be pure iro n .
o

The 5 hours trea tm en t at 1150 C produced  so m e ap p aren tly  

co m p lex  s tr u c tu r e s . A few  in c lu s io n s  s t i l l  r e ta in ed  th e ir  g la s s y  

str u c tu r e , in  w hich g lobu lar s i l ic a  had p rec ip ita ted , PL A T E  15c. 

H ow ever, the m a jo r ity  of the in c lu s io n s  exh ib ited  a gran u lar  m a tr ix  

in  w hich  both g lobu lar s i l ic a  and a th ird  lig h t ph ase  had p r e c ip ita te d , 

PLA TE 15d. The p rop ortion  of the lig h ter  p h ase  v a r ied , so m e in c lu s io n s  

contain ing v e r y  little, PL A T E  15d, o th ers  contain ing su b sta n tia l am ounts, 

PLA TE -15e. T h is ph ase w as found to have a co m p o sitio n  of 61% MnO,

4% FeO, 38% SiO , w hich is  a ls o  the co m p o sitio n  of the rh o d o n ite -Ct
tep h ro ite  e u te c t ic , FIG . 45 . The granular m a tr ix  had a co m p o sitio n  o f  

4-7% MnO, 4% FeO, 51% SiO . T rea tm en t at 1150°C for lo n g er  p e r io d s ,
Li

(50 and 100 h o u rs), produced  in c lu s io n s  contain ing one or two la r g e  

s i l ic a  g lo b u les  in  a c o a r se  granular m a tr ix  w hich  had a co m p o sitio n  

ly ing w ith in the rhodonite + (rh o d o n ite -tep h ro ite ) eu te c tic  p h ase  f ie ld ,  

PLA TE 15f, FIG. 45 .

T rea tm en t at 1275°C for  50 hou rs produced c r y s ta llin e  

in c lu s io n s  in  w hich  the s i l ic a  had a pronounced r o se tte  m orp h o logy  

and the m a tr ix  had a la th  lik e  ap p earan ce. The m a tr ix  again  had a 

co m p o sitio n  in  the rhodonite + (rh o d o n ite -tep h ro ite ) eu te c tic  r eg io n



of the ph ase d ia g ra m , PL A T ES 15g and h.

( ii i)  C a st 8 (A l~Si D eo x id ised )

Due to  the w ide com p o sitio n  range of the in c lu s io n s  in  th is  

c a s t , heat trea tm en t produced a num ber of d ifferen t s tr u c tu r e s .

T rea tm en ts  at 925°C  r e su lte d  in  the form ation  of th ree  

predom inant ty p es  of stru ctu re

(a) In c lu sio n s contain ing an in tern a l lath  lik e  s tr u c tu r e ,

PL A T E  16a.

(b) In c lu sio n s contain ing a lig h t g r ey  ph ase in  the c o re

w hich  often  contained  c r e s c e n t  shaped r eg io n s  o f a 

d ark er p h a se , PL A T E  16b.

(c) In c lu sio n s having a pronounced r im -c o r e  s tr u c tu r e ,

PL A T E  16c. ’

In c lu sio n s having th is  la tter  stru c tu re  (c) had an app arently  c r y s ta ll in e  

r im  w hich gave an a n a ly s is  c lo se  to  that of ir o n -c o r d ie r ite ;  20 -  22% 

FeO, ^  53% S i0 _ , 24 -  27% A1 0 , ( c . f .  c o r d ie r ite  22% FeO , 46%
u  u

SiO , 32% Al^O ). The r im  and co re  reg io n s  w ere  sep a ra ted  by a
Ca u  J

dark  ph ase having a g la s s y  app earance and an a n a ly s is  c lo s e  to  that 

of the p e r ite c t ic  at 1210°C; 28% FeO, 54% SiO , 16% A1 0 (c . f. 

P e r ite c t ic  34% FeO, 48% SiO , 20% A1 0 , FIG. 46). H ow ev er , in  v ie w
u  w  J

of the s m a ll  d im en sio n s  o f th e se  r e g io n s , th is  a n a ly s is  should  not be  

reg a rd ed  as  a c cu ra te . The co re  reg io n  of th ese  in c lu s io n s  c o n s is te d  

of a ligh t g r e y  p h a se , often  contain ing m any sm a ll m e ta ll ic  g lo b u le s ,  

PL A T E  16c. The c o re  a n a ly se s  w ere  u su a lly  found to b e in  th e r eg io n  

of th e fa y a lite  -  c o r d ie r ite  -  s i l ic a  eu te c tic  trough; 45 -  50% FeO,

35 -  45% SiO , 9 -  12% A1 0 ), ( c . f .  e u te c tic  48% FeO, 41% SiO ,
L* Ld O  La

1 2 %  A1 0 ) and the m e ta l g lob u les w ere  found to  be ir o n , although th e ir  

s m a ll  s iz e  often  ca u sed  m a tr ix  f lu o r e s c e n c e , preven ting  a ccu ra te  

a n a ly s is .

The secon d  type o f in c lu s io n , (b), P L A T E  16b, a ls o  had a 

r im -c o r e  appearance, although th is  w as far l e s s  pronounced than in  

the p rev io u s c a s e , (c) PL A T E  16c. A n a ly se s  obtained from  th e r im  

and c o re  reg io n s  of th e se  in c lu s io n s  (b) w ere  v e r y  s im ila r  to  th o se  

obtained in  the p rev iou s c a s e ,  (com p are the a n a ly se s  g iv en  in  PL A T E S



16b and 16c), but although a n a ly se s  w ere  obtained for the v a r io u s  J

con stitu en t p h a se s , th e se  w ere  u su a lly  found to  be n o n -s to ic h io m e tr ic  

and did l it t le  to exp la in  the co m p lex  s tr u c tu res  o b serv ed .

The lath  lik e  s tr u c tu r es  contained in  the f ir s t  type o f  

in c lu s io n , (a) PL A T ES 16a and d, gave a n a ly se s  c lo s e  to  the eu te c tic  

v a lle y  betw een  the p e r ite c t ic  at 1205°C and the eu te c tic  at 1083°C;

35 - 40% FeO, 45 - 50% SiO , 15 -  20% A1 0 ( c . f .  FIG.'46). The  

gran u lar  ph ase o ccu rr in g  betw een  the la th s in PL A T E  I6d w as found  

to  have a co m p o sitio n  v e r y  c lo s e  to that of the p e r ite c t ic  at 1205°C;

20 - 27% FeO; 48 -  55% SiO , 19 -  25% A1 0 ( c . f .  p e r ite c t ic  34%
Cd u  J

FeO, 48% S i02 , 20% A1 0 ).

The r im -c o r e ,  (c ), ty p es  of in c lu s io n  w ere  o b serv ed  to  be 

the predom inant form  in  the sam p le  heat trea ted  for 5 h o u rs , w h ils t  

the o ther fo r m s , (b and a ), w ere  predom inant in the sa m p le s  h ea t  

trea ted  for 50 to 100 h o u rs.

A fter  5 hou rs at 1000°C the in c lu s io n s  exh ib ited  co m p lex  

s tr u c tu r es  w hich  contained a num ber of p rec ip ita ted  p h a ses  in  a 

e u te c tic  type of m a tr ix , PLA TES I6e and f. A n a ly s is  o f the com pon en t 

p h a ses  r ev e a le d  the stru ctu re  to  be n o n -eq u ilib r iu m  contain ing p h a ses  

ou tsid e  th e ir  n o rm a l s to ic h io m e tr y  r a n g e s , and so m e tim e s  contain ing  

a g r ea ter  num ber o f p h a ses  than can eq u ilib r ia te  in  a th ree  com ponen t 

s y s te m . N e a r ly  a ll  of the in c lu s io n s  contained  la r g e  b locky  

p r e c ip ita te s , id en tified  a s  h ercy n ite  of a lm o s t  s to ic h io m e tr ic  co m p o sitio n ;  

41% FeO, 59% A1 0 . A num ber of in c lu s io n s  contained a lig h t g r e y  

p h ase  having a co m p o sitio n  in term ed ia te  to  that of fa y a lite  and iro n  

c o r d ie r ite , in  the reg io n  of the n o n -eq u ilib r iu m  garn et ph ase  

alam ad ine: 50% FeO, 36% SiO , 11% A1 0 . ( c . f .  a lam an d in e, 43% FeO,

37% SiO , 20% A1 0 ). Som e in c lu s io n s  a ls o  contained  reg io n s  w ith  

co m p o sitio n s c lo se  to  that of fa y a lite . A  la th  lik e  or b lock y  dark  

g r ey  p h a se , p r e se n t in  sm a ll am ou n ts, PL A T E  16e, w as found to  be  

a n o n -s to ic h io m e tr ic  ph ase with a co m p o sitio n  c lo s e s t  to  that o f  

m u llite ; 15% FeO, 15% SiO , 70% A1 0 , ( c . f .  m u llite  30% SiO , 70%
U M J  Cd

A1 0 ). The e u tec tic  a r ea s  a n a lysed  w ere  of v a r io u s  co m p o sitio n s
Li J



but w ere  a lw ays in  the reg io n  o f one of the e u tec tic  trou gh s in  the  

p h ase d ia g ra m .

A fter  50 and 100 hou rs at tem p era tu re , the in c lu s io n s  had

the ap p earance of c o a r se  th ree  ph ase s tr u c tu r e s , PL A T E  I6g, the

com ponent p h a ses  being a n a ly sed  as fa y a lite , h e r cy n ite , and s i l ic a

of a lm o st s to ic h io m e tr ic  c o m p o sitio n s . A lthough a l l  the in c lu s io n s

a n a ly sed  contained  only  th e se  th ree  p h a ses  it  i s  p o s s ib le  that o th er

in c lu s io n s  contain ed  a m u ll i t e -h e r c y n ite - s i l ic a  ph ase  a s se m b la g e .

Two ph ase in c lu s io n s  of the s il ic a -h e r c y n ite  type w ere  a ls o  o b se rv e d ,

PL A T E  16h. The form  of the in c lu s io n s  a fter  50 and 100 h ou rs in d ic a te s

the n o n -eq u ilib r iu m  nature of the in c lu s io n s  a fter  5 hours at tem p er a tu r e .
o

T rea tm en t at 1150 C r e su lte d  in  the p rec ip ita tio n  of h e r c y n ite , 

som e in c lu s io n s  p rec ip ita tin g  v e r y  l i t t le ,  o th ers  p rec ip ita tin g  la r g e  

am ou n ts, PL A T E  16i. No fa y a lite  or m u llite  w ere  o b serv ed  even  

-after the lo n g e s t  p er io d s at tem p era tu re , and it  i s  probable th at the  

in c lu s io n  m a tr ix  w as liq u id  at th is  te m p era tu re , as in d ica ted  by the  

fo rm ation  of eq u ilib r iu m  d ih ed ra l a n g les  w ith the m e ta l m a tr ix  g ra in  

b o u n d a r ies. B lock y  or angular dark p r e c ip ita te s  w ere  so m e tim e s  

o b serv ed  in  a s so c ia t io n  w ith the h e r cy n ite , in  the 100 hour sa m p le ,

PLA TE 16j; th e se  w ere  a n a ly sed  as pure s i l ic a .  The c ra c k s  ap p a ren tly  

a s so c ia te d  w ith th is  ph ase a re  an in te r e st in g  fe a tu r e  and m a y  in d ica te  

d im en sio n a l changes o ccu rr in g  during c r y s ta llisa t io n .

B lo ck y  h ercy n ite  p r e c ip ita te s  w ere  again  produced on tr e a t -
o om en t a t 1275 C, but not in  the qu an tities produced at 1150 C. The

g la s s y  in c lu s io n  m a tr ix  w as reta in ed  on quenching back  to ro o m

tem p era tu re  and w as in  a l l  probab ility  liq u id  at the trea tm en t te m p er a tu r e .

3 .2 .4 .  The E ffe c ts  of Hot R ollin g  on the In c lu sion s

(i) C ast IB (U ndeoxid ised )

In each  of the hot r o lle d  sa m p le s  exam ined , the w u stite  in c lu s io n s  

exh ib ited  a w ide v a r ia b ility  in  d eform ation , som e in c lu s io n s  rem a in in g  

un deform ed  w h ils t o th e r s , of ap p aren tly  id e n tic a l s iz e  and c o m p o sitio n ,  

exh ib ited  m ark ed  d eform ation , PLA TES 17a and b. T h is v a r ia b ility  in



d eform ation  did not fo llo w  any lo g ic a l seq u en ce , sa m p le s  d eform ed
°at both high and low  tem p era tu res  (1275 and 925 C ), and to both  

la r g e  and s m a ll red u ction s (1. 8 and 0 .3 ) ,  contain ing both un d eform ed  

and e lon gated  in c lu s io n s . In c lu sion  s iz e  a lso  app eared  to  have had  

l it t le  e ffe c t  on the d eform ation  exh ib ited , ex cep t that the v e r y  s m a lle s t  

in c lu sion s( <  3 /^ 7  d ia m eter) a lw ays rem ain ed  u n d eform ed , PL A T E  17b. 

C lo se r  in sp ec tio n  of so m e of the la r g er  in c lu s io n s  by S .E .M , r e v e a le d  

a seco n d  phase p r e se n t on th e ir  su r fa c e , PL A T E  17c. H o w ev er , th is  

fea tu re  w as not p ecu lia r  to  e ith er  the h igh ly  d eform ed  or the un d eform ed  

ty p e s , PLA TES 17c and d. T h is ph ase w as id en tified  by E n erg y  

D is p e r s iv e  X -R a y  A n a ly s is  (E .D .A . X . ) a s  iro n  su lp h id e , F eS  (T r io lite ) .

(ii) C a sts  4 , 5 and 6 (S ilico n  and S ilico n -M a n g a n ese  D e o x id ise d )

Both c a s ts  4 and 5 w ere  s ilic o n  d eo x id ised  and contain ed  v ery  

s im ila r  duplex s il ic a te  in c lu s io n s , th o se  in  c a s t  5 contain ing s lig h tly  

l e s s  p r im a ry  p h a se , FeO, than th o se  in  c a s t  4; (com p are  P L A T E S 2 

and 3). C onseq uently  both ty p es  o f in c lu s io n s  behaved s im ila r ly  during  

hot r o llin g .

D eform ation  at the low er tem p era tu res  o f 925 and 1000°C , 

r e su lte d  in the form ation  of co n ica l v o id s  at the in c lu s io n -m a tr ix  

in te r fa c e , into w hich  sm a ll fragm en ts o f the in c lu s io n  w ere  often  

ero d ed , PLA TE 18a. E ro s io n  and fragm en tation  of the sm a lle r  duplex  

in c lu s io n s  had ap p aren tly  o ccu rred  by d eco h esio n  of the in te r fa c e  

betw een  the p r im a ry  ph ase and the s i l ic a te  m a tr ix , PL A T E  18a, 

although in  som e c a s e s  fragm en tation  a lso  o ccu rred  by crack in g  

through the s i l ic a te  m a tr ix , PLA TE 18b. In co n tr a st, the la r g e r  

d u p lex  in c lu s io n s , w ith the fin er  su b stru ctu re , often  b eca m e fra g m en ted  

through a m o re  g e n e r a lise d  cru sh in g , PL A T E S 18c and d. It is  app arent  

from  PLA TE 18c that a la r g e  h y d ro sta tic  p r e s s u r e  m u st have b een  

gen era ted  during ro llin g  in  order  to  ca u se  the m e ta llic  m a tr ix  in tru s io n s  

o b serv ed .

A t 1150°C the m a tr ix  of th e se  duplex in c lu s io n s  w as a p p aren tly  

liq u id , and the in c lu s io n s  d eform ed  p la s t ic a lly . W ith in c r e a s in g  

red u ction  the in c lu s io n s  b ecam e p r o g r e s s iv e ly  th inner u n til the th ic k n e ss



approached  the d ia m eter  of the p r im a ry  FeO p a r t ic le s . Subsequent 

red u ction s tend ed  to  s tr ip  the flu id  m a tr ix  from  the p r im a ry  p a r t ic le s  

w hich  u lt im a te ly  b eca m e iso la te d  in  the m e ta l m a tr ix . T h is  seq u en ce  

of ev en ts  can be seen  fro m  PLA TES 19a to  e . S. E . M. r e v e a le d  the  

e u te c tic  nature of the s i l ic a te  m a tr ix  and the ex ten t of i t s  str ip p in g  

fro m  the p r im a ry  p h a se , PL A T E  19f. A lso  r e v e a le d  w ere  la r g e  

n u m bers of sm a ll  ( 3 ^ u n )  seco n d a ry  FeO in c lu s io n s , w hich  had

app arently  rem a in ed  co m p le te ly  undeform ed under th e se  co n d itio n s ,

( £  = 1. 2 , T = 1150°C), PL A T E  19g.

D efo rm a tio n  at 1275°C r e su lted  in  a s im ila r  seq u en ce  of 

ev en ts  ex cep t th at the p r im a ry  FeO had la r g e ly  d is so lv e d  in  th e s i l ic a te  

m a tr ix , at th is  tem p er a tu r e , FIG. 44 . C onseq uently  v e r y  l it t le  str ip p in g  

of th e s i l ic a te  from  the rem ain in g  p r im a ry  ph ase w as o b se rv e d . The  

FeO taken into  so lu tion  w as su b seq uen tly  rep rec ip ita ted  on co o lin g , 

PL A T E S 20a to  e .

The in c lu s io n s  from  c a s t  6 (S i-M n) had a s im ila r  c r y s ta ll in e  

a s  c a s t  s tru c tu re  as  th o se  from  c a s t  4  and 5 ex cep t that the p r im a r y  

p h ase  w as m an ganow ustite  contain ing 72% MnO, a s  com p ared  w ith  

pure w u stite . On hot ro llin g  the in c lu s io n s  a l l  behaved  in  a b r itt le  

m an n er analogou s to  the low  tem p era tu re  behaviou r of the in c lu s io n s  

from  c a s ts  4 and 5. H ow ever , in  th is  c a se  su ch  behaviour w as o b se rv e d  

at even  the h ig h est r o llin g  te m p e r a tu r e s .

( ii i)  C ast 6B (S ilico n -M a n g a n ese  D eo x id ised )

In c lu sio n s p r e se n t in  the sa m p les  hot r o lle d  at 925 , 1000 and  

1150°C exh ib ited  no d eform ation  even  at the h ig h est r ed u c tio n s , 

although at the h igh er  tem p era tu re , (1150°C ), the in c lu s io n s  had begun  

to  lo s e  th eir  g la s s y  n a tu re , b ecom ing s lig h tly  opaline in  a p p ea ra n ce , 

PL A T E  21a. T h is p late  a ls o  show s a co n ica l void  at the in c lu s io n  

m a tr ix  in te r fa c e , w hich  w as a c h a r a c te r is t ic  fea tu re  of the d efo rm a tio n  

of the p la s t ic  m a tr ix  around the m o re  r ig id  in c lu s io n s , at low  s tr a in s .

A t 1275°C the in c lu s io n s  exh ib ited  both p la s t ic  and b r itt le  

b eh av iou r, the behaviou r b ecom in g  m o r e  b r itt le  as the d efo rm a tio n



p r o g r e sse d . A fter  the f ir s t  p a s s , ( £  = 0. 3), a ll  the in c lu s io n s  had 

an oblate m orp h o logy , w ere  opaline in  ap p earan ce , and con ta in ed  

r o se tte  lik e  p r e c ip ita te s , PL A T E  21b. A fter  the secon d  p a s s ,  ( £  = 0. 6), 

the in c lu s io n s  had a s im ila r  but m o re  elon gated  a p p earan ce , P L A T E  21c, 

and a few  o f the in c lu s io n s  had b ecom e fragm en ted , P L A T E  21d, in  

so m e c a s e s  exh ib itin g  a duplex c r y s ta llin e  s tr u c tu r e , P L A T E  21e.

A t h igh er  red u ctio n s , the e lon gated , (p la st ic ) , typ es of in c lu s io n s  

b ecam e p r o g r e s s iv e ly  fe w e r , and the nu m bers of fragm en ted  in c lu s io n s  

in c r e a se d . The fragm en ted  ty p es  w ere  o b serv ed  in d ifferen t s ta g e s  of 

d issem in a tio n , som e o b v iou sly  having on ly  ju st b ecom e fra g m en ted , 

PL A T E S 21f to  i ,  o th ers  having fragm en ted  at som e p rev io u s p a ss  and 

w ere  in  the p r o c e s s  o f b ecom in g  d issem in a te d , PL A T E S 21j to  1. A t 

high red u c tio n s , ( £  = 1. 5 or 1. 8) th o se  in c lu s io n s  fragm en ted  at an 

e a r ly  sta g e  had b ecom e w id e ly  d is sem in a te d  and the in d iv id u a l is o la te d  

fra g m en ts  app eared  to have b ecom e rotated  in to  the d ir e c tio n  o f m e ta l  

flow , often  ap p aren tly  exh ib iting  so m e d eg ree  of d eform ation  by 

su r fa ce  flow’, PL A T ES 21m and n.
/ I  I  I  .

E xam in ation  by (S. E , M .) r ev e a le d  the m o rp h o lo g ie s  o f th e se  

in c lu s io n s  to  be m o re  co m p lex  than had been d isc er n e d  fro m  o p tica l 

exam in ation . T h ose  in c lu s io n s  fragm en ted  at low  s tr a in s  w e re  found  

to  be com p osed  of sm a ll c r y s ta ll i te s  in a e u te c tic  m a tr ix , PL A T E S  

22a and b. The stru ctu re  of th is  m a tr ix  w as found to  be co m p lex ,

PLA TE 22c . U nfortunately  a n a ly s is  fa c il i t ie s  w ere  not a v a ila b le  

and a m o re  com p lete  d e scr ip tio n  of th is  stru c tu re  w as not obta ined .

A t h igh er  s tra in s  th is  type of in c lu s io n  b ecam e d issem in a te d  through  

a p r o c e s s  of hot te a r in g , the p la s t ic  in c lu s io n  m a tr ix  being to rn  and  

stre tch ed  out betw een  the sep aratin g  p r im a ry  c r y s ta l l i t e s ,  P L A T E  

22d. A t high s tr a in s  th e se  c r y s ta ll i te s  w e re  c o m p le te ly  d is s e m in a te d ,  

but reta in ed  a su r fa ce  film  of the eu te c tic  w hich  gave  the in c lu s io n  

fra g m en ts  the app earance of d eform in g by su r fa ce  flo w , PL A T E  2 2 e , 

a phenom enon a lrea d y  o b serv ed  on o p tica l exam in ation . T h o se  

in c lu s io n s  w hich did not fragm en t un til a la te r  sta g e  in the d efo rm a tio n  

p ro g ra m m e, contained su b sta n tia lly  l e s s  p la s t ic  m a tr ix  m a te r ia l,



w h ils t  th o se  in c lu s io n s  w hich did not fragm en t u n til the h ig h est  

d eform ation s w ere  rea ch ed , contained  a lm o st no p la s t ic  m a tr ix  

m a te r ia l. C on seq u en tly  they  b eca m e fragm en ted  into a la r g e  num ber  

of c r y s ta l l i t e s ,  PL A T E  22f.

A lthough o p tica l exam in ation  o f the as c a s t  stru c tu re  r e v e a le d  

no ev id en ce  of a secon d ary  in c lu s io n  population , exam in ation  o f the  

hot r o lle d  sa m p les  show ed a num ber of s m a lle r  in c lu s io n s  havin g a 

lath  lik e  or eu te c tic  type of s tr u c tu r e , PLA TE 22h.

H .'Y .E . M. exam in ation  of the in c lu sio n  fra g m en ts  e x tra c ted  

from  the sa m p le  hot r o lle d  to  a s tra in  of 1. 8 a t 1275°C , co n firm ed  the  

c r y s ta llin e  nature of the in c lu s io n s . H ow ever , even  at th is  h igh  

vo lta g e  the p en etration  o f the beam  w as only  ab le  to  r e v e a l the  

stru c tu re  o f the s m a lle s t  fr a g m e n ts , the m a jo r ity  being too  th ick  to  

p en etra te . M ost of the fra g m en ts  exam ined  had a la th  lik e  or fea th ery  

s tr u c tu r e , PL A T E  23a and b. S e le c ted  a rea  d iffra ctio n  r e v e a le d  m an y  

of the la th s to be tep h ro ite , PL A T E  2 3 c , and so m e  p attern s conta in ed  

ev id en ce  of a seco n d  p r e c ip ita te , having a la r g e r  lattice spacing. N ot 

a l l  of the fra g m en ts  exam in ed  had a c r y s ta llin e  s tr u c tu r e , a few  being  

ap p aren tly  g la s s y , in  so m e c a s e s  contain ing a secon d  p h ase  w h ich  m ay  

a ls o  have been  g la s s y , PL A T E  23d. O ther fra gm en ts ex h ib ited  m ix ed  

ty p es o f s tr u c tu r e , so m e reg io n s  having the lath  or fea th ery  ap p earan ce  

d e sc r ib e d  ab ove, other reg io n s reta in in g  a g la s s y  a p p ea ra n ce , P L A T E  

23e . M any of the fra g m en ts  a ls o  contained  la r g e  nu m bers o f s m a ll  

vo id s strung out along the bou ndaries betw een  adjacent tep h ro ite  

la th s , PL A T ES 23b and c .

In ord er to obtain fu rther p la s t ic ity  m e a su r em e n ts  fro m  th is

c a s t ,  SECTION 3. 2 .5  ( i i ) ,  one bar w as hot r o lle d , to  the sa m e
o

seq u en ce  of red u c tio n s , at 1350 C. O ptical exam in ation  r e v e a le d  the  

in c lu s io n s  to have behaved in a p la s t ic  (fluid) m an n er a t a l l  s t r a in s ,  

the in c lu s io n s  being p r o g r e s s iv e ly  d eform ed  throughout the r o llin g  

seq u en ce . E xam in ation  by S .E .M . and H. V. E .M . r e v e a le d  a r ip p led  

or 'pinch and s w e l l1 stru c tu re  in  the e lon gated  s i l ic a te  r ibbons p rod u ced , 

PL A T E S 24a and b, and a lso  r ev e a le d  the p r e se n c e  of m an y s m a ll  h o le s



in  the ribbons produced at high s tr a in s , PL A T E  24b. Som e d e g r ee  o f  

sp h ero d isa tio n  w as a ls o  apparent around the ed g es  of th e se  h o le s ,  

and around the p er ip h ery  o f the e lon gated  r ib b on s.

(iv) C a st 8 (Aluminium■■Silicon D e o x id ised )

D efo rm a tio n  at both 925 and 1000°C produced l it t le  d eform ation  . 

of the in c lu s io n s , m o s t  of w hich  c r y s ta ll is e d  during heating  to  the  

ro llin g  tem p era tu re , PL A T ES 25a and b . A few  in c lu s io n s  did exh ib it  

so m e ev id en ce  o f d eform ation , p a r ticu la r ly  at 925°C , but th e se  had 

u su a lly  been  p a r tia lly  fragm en ted , PLA TES 25c and d. S. E .M .  

r e v e a le d  m an y of the undeform ed in c lu s io n s  to be cra ck ed , and in  

som e c a s e s  the su r fa ce  of the in c lu sio n  app eared  to  have b een  d e p r e sse d  

in to  the in te r io r , PLA TES 25e and f.

D efo rm a tio n  at 1150, 1275 and 1350°C produced h igh ly  e lon gated  

in c lu s io n s  w hich  w ere  app arently  flu id  at th e se  te m p e r a tu r e s , PL A T E S  

26a , b and c . A s in  the c a se  of the sa m p le s  from  c a s t  6B , hot r o lle d  

at 1350°C , th e se  in c lu s io n s  exh ib ited  a bou din age, (p inch and sw e ll)  

m orp h o lo g y , P L A T E  26c and d, and contained  m any h o les  at the h ig h er  

s tr a in s . A ga in , the p er ip h ery  o f the in c lu s io n s , and the ed g es  of any  

h o le s ,  app eared  to be th ick er  than other r e g io n s , in d ica tin g  so m e  d e g r ee  

of sp h ero d isa tio n . The boudinage m orp h ology  w as r e a d ily  app arent w hen  

the sp e c im en s  w ere  exam in ed  o p tica lly  in  th e  ro llin g  p lane s e c t io n ,  

PL A T E  26f.

In ord er to  d e term in e  the e ffe c t  o f ro llin g  red u ction  on the
o o

behaviour of the in c lu s io n s , two b ars w ere  r o lle d  at 1000 C and 1150 C

u sin g  a true s tr a in  per p a ss  o f 0. 6 (i. e . tw ice  the p rev io u s s tra in ).

A t 1000°C the in c lu s io n s  again  b eca m e c r y s ta llin e  but in  th is  c a se

m o s t  of the in c lu s io n s  su ffered  som e d eg ree  o f fragm en ta tion  and
o

d issem in a tio n , PL A T ES 27a and b. A t 1150 C the in c lu s io n s  b ehaved  

p la s t ic a lly  and d eform ed  into long s tr in g e r s . H ow ever , in  th is  c a se  

m any in s ta n ce s  of jo in ing of adjacent in c lu s io n s  w ere  o b se r v e d , PL A T E  

2 7c .

One sa m p le  from  th is c a st  w as hot r o lle d  to a s tr a in  o f  

£  = 1. 2 at 1150°C and then coo led  to  room  tem p era tu re . The sa m p le  

w as then reh ea ted  to  925°C  and fu rther red u ced  to  a tru e s tr a in  o f 1. 8.



A fter  d eform ation  a ll  the e lon gated  in c lu s io n s  exh ib ited  b r itt le  

tr a n s v e r s e  fr a c tu r e s , p a r tic u la r ly  at the ends of the r ib b on s, PL A T E  

27d. S. E .M . r e v e a le d  the ex ten t of th is  fractu rin g  and a ls o  show ed  

that the la r g e r  b lock s tended to b ecom e rotated  in  the d ir e c tio n  of 

e lon gation , PL A T E  27e .

(v) C ast 11 (C a ls ib a r  (C a-S i) D eo x id ised )

In the sa m p les  hot r o lle d  at 925°C  the in c lu s io n s  exh ib ited  

v e r y  l it t le  ev id en ce  o f d eform ation , the few  w hich did deform  being  

duplex , contain ing p rec ip ita ted  s i l ic a  r o s e t t e s ,  and freq u en tly  show ing  

e x te n s iv e  crack in g  and c o n ic a l vo id  form a tio n , PL A T E  28a. The  

m a jo r ity  o f in c lu s io n s  w ere  s in g le  p h a se , g la s s y  and often  ex h ib ited  the  

form ation  of co n ica l vo id s  at low  s tr a in s , PL A T ES 29a and b . A few  

in c lu s io n s  had a m ark ed  duplex s tr u c tu r e , having a s i l ic a  s h e l l  around  

the p er ip h ery  to g eth er  w ith  g lobu lar s i l ic a  p r e c ip ita te s , in  a duplex  

eu te c tic  m a tr ix , PL A T E  28b.

A t 1000°C the in c lu s io n s  exh ib ited  v a r ia b le  p la stic ity , so m e  

d eform in g  to a la r g e  ex ten t w h ils t  o th ers  show ed no d efo rm a tio n , PL A T E  

2 8c . A n a ly s is  of the e lon gated  in c lu s io n s  show ed th em  to  be s lig h tly  

l e s s  s i l ic e o u s  than the a v era g e  ( ^  70% SiO com p ared  to  75% a v era g e)Cd
and to  have a s lig h tly  h igh er  CaO le v e l ,  ( ^  15 -  20% com p ared  to 15%

a v era g e ). A gain  co n ica l vo id s w ere  form ed  at low  s tr a in s  ( 1. 2 ),

in  the c a se  of the n o n -d eform ab le  in c lu s io n s ,  
o o

A t 1150 and 1275 C the in c lu s io n s  exh ib ited  co n s id era b le  

elon gation , PL A T E  28d, and show ed the rip p lin g  or boudinage e ffe c t  

se e n  in the c a se  o f the oth er flu id  s i l ic a t e s .  The duplex s i l ic a te s  

having a s i l ic a  r im  g e n e ra lly  r e s is te d  d eform ation  at te m p er a tu r e s  

b elow  1275°C , although so m e  did b ecom e fragm en ted . H ow ev er , at 

1275°C the e u tec tic  m a tr ix  w as app arently  liq u id , as ev id en ced  by  

i t s  g la s s y  nature on coo lin g  back  to  room  tem p er a tu r e , and th o se  

in c lu s io n s  having only a thin s i l ic a  en velop e w ere  d efo rm ed , due to  

fra ctu r in g  of th is  en v e lo p e , and w ere  d issem in a te d  into  long s tr in g e r s ,  

PL A T ES i  . ,e and f. T h ose  in c lu s io n s  w ith th ick er  s i l ic a  en v e lo p es  

w ere  ab le to  r e s i s t  d eform ation  to  a la te r  sta g e  in  the d efo rm a tio n ,



but in  th e se  too  the s i l ic a  sheath  u lt im a te ly  fra c tu red , a llow in g  the  

flu id  co re  to d eform .

(vi) C a sts  4B  (Si D eo x id ised ) and 12 (S u p erseed , S r~S i, D eo x id ised )

Both th e s e  c a s ts  contained c le a r , g la s s y , s in g le  p h ased ,

b in ary  FeO-SiO in c lu s io n s  contain ing over  70% SiO . T h ese  in c lu s io n s
Cd Cd

rem a in ed  un deform ed  at a ll  the ro llin g  tem p era tu res  and exh ib ited  

the form ation  of co n ica l vo id s at lo w  s tr a in s . T h ese  vo id s  w e re  

la r g e s t  at the lo w e s t  s tr a in s  and at the lo w e s t  w orking te m p e r a tu r e s ,  

extending into the m a tr ix  by up to one h a lf o f the in c lu s io n  d ia m eter  

on each  s id e , PL A T E  29a. T hey w ere  som ew h at sm a lle r  a t h igh er  

w orking te m p era tu res  u su a lly  d isap p earin g  a lto g e th er  a t s tr a in s  g r e a te r  

than £  = 1. 2 , PL A T E  29b.

(v ii) C a sts  7B (A1 D eox id ised )an d  10 (H yp erca l, C a -A l, D eo x id ised )  

Both c a s ts  7B and 10 contained  r e fr a c to r y  a lum inou s c lu s te r

type in c lu s io n s  w hich  exh ib ited  s im ila r  behaviou r at a ll  r o llin g  

te m p e r a tu r e s .

T he a lum ina a g g r eg a tes  in  c a s t  7B , d e scr ib e d  in  SECTION 3. 2 .2  

b eca m e p r o g r e s s iv e ly  m o re  fragm en ted  and strung out a s  the red u ctio n  

in c r e a s e d , PL A T E  30a. E xam ination  by S. E . M. show ed that low  

red u ction s had r e su lte d  in  fractu r in g  o f the s in ter  n eck s b etw een  

attach ed  p a r t ic le s ,  p a r tic u la r ly  th o se  b etw een  connecting  d en d rite  a r m s ,  

PL A T ES Ilf and 30 b to  d. T h ese  low  red u ction s a lso  tend ed  to  c ra c k  

and fra c tu re  a few  of the s in te r ed  g lobu lar ty p es of p a r t ic le s ,  P L A T E S  

30f and g , and a ls o  produce co n ica l v o id s , PL A T E  30e . A t h igh er  

red u ctio n s the s in te r ed  a g g reg a tes  b eca m e p r o g r e s s iv e ly  m o r e  

fra g m en ted , form in g  e lon gated  fragm en tary  s tr in g e r s  o f g ra in  shaped  

p a r t ic le s ,  produced by s u c c e s s iv e  fra ctu rin g  o f th e s in te r ed  a g g lo m e r a te s  

PL A T ES 30h and i .  A t the h ig h est red u ctio n s th e se  s tr in g s  b eca m e  

w e ll d is sem in a te d  producing the fa m ilia r  a lum ina  s tr in g e r s  o ften  

o b serv ed  in  w rought a lum in iu m  k illed  s t e e l s ,  PL A T ES 30a and j .

The c lu s te r s  in  c a s t  10 a ls o  produced  fra g m en ta ry  s tr in g e r s  

having a s im ila r  app earance to  the in c lu s io n s  in  c a s t  7B , P L A T E  31.

S in ce  th is  c a s t  w as not exam in ed  by S. E . M. it  i s  n ot p o s s ib le  to



rep o rt on the ex a ct m ech a n ism  of the fragm en tation , although it  is  

l ik e ly  to be the sam e as w as found in  the c a se  of c a s t  7B .

3. 2. 5. P la s t ic ity  D eterm in a tio n s

R e la tiv e  p la s t ic ity  v a lu es  w ere  d eterm in ed  on ly  fro m  c a s t s  4 ,

5, 6B , 8 and 11. R e la tiv e  p la s t ic it ie s  w ere  not d eterm in ed  fro m  c a s t  IB 

due to  the v a r ia b ility  in  the d eform ation  of the FeO in c lu s io n s . C a st 6 

contained in c lu s io n s  w hich  w ere  b r itt le  at a l l  te m p e r a tu r e s , w h ils t  

th o se  in c a s ts  4B and 12 w ere  g la s s y  and behaved r ig id ly  at a l l  

tem p era tu res  . The c lu s te r  lik e  in c lu s io n s  p re se n t in  c a s t s  7B and 

10 w ere  not am en ab le  to p la s t ic ity  m e a su r e m e n ts .

(i) C a sts  4 and 5 (S ilico n  D eo x id ised )

Low tem p era tu re  (925 and 1000°C) behaviour w as b r itt le  and

a r e la t iv e  p la s t ic ity  va lu e  o f z e r o  w as reco rd ed  fo r  a ll r ed u c tio n s . The

in c lu s io n  tru e  s tr a in  ( £  .) and in c lu s io n  r e la t iv e  p la s t ic it ie s  obtained

by m e a su r em e n t of the a sp e c t  ra tio s  of the d eform ed  in c lu s io n s  in  the

sa m p les  d eform ed  at 1150 and 1275°C a re  g iven  in  TA BLE 10a and b and

plots of in c lu s io n  s tr a in , ( £  .) , v e r s u s  m a tr ix  s tr a in , ( £  ) a rel  m
shown in  FIGS. 48 , 49 , 52 , 53. The tru e  and apparent r e la t iv e  

p la s t ic ity  v a lu es  obtained from  th ese  a r e  shown in  FIGS. 50 , 51, 54 ,

55.

(ii)  C a st 6B (S ilico n -M a n g a n ese  D eo x id ised )

A t tem p era tu res  b e low  1275°C the in c lu s io n s  beh aved  in  

e ith er  a b r itt le  or r ig id  m an n er, and a r e la t iv e  p la s t ic ity  of z e r o  

w as reco rd ed .

A t 1275°C the in c lu s io n s  in it ia lly  behaved  p la s t ic a lly  but 

b eca m e b r itt le  a s  c r y s ta lliz a t io n  took  p la c e . A sp e c t  r a tio s  o f the  

p la s t ic  in c lu s io n s  w ere  d eterm in ed  at each  red u ction , but at h igh  

red u ction s (1. 5 and 1. 8), the num bers o f p la s t ic  in c lu s io n s  w ere  

r e s tr ic te d  and even  by exam in ing a num ber o f s e c tio n s  it  w as on ly  

p o ss ib le  to  obtain 10 in d iv id u a l m e a su r em e n ts  at a s tr a in  of 1. 5 , and  

8 at a s tra in  o f 1. 8. A cco rd in g ly  th e se  v a lu es  m u st be tr e a ted  c a u tio u s ly , 

although the v a lu es  obtained seem  to fit in  w e ll w ith  v a lu es  obtained



at lo w er  red u c tio n s . A t 1350°C the in c lu s io n s  a ll  behaved p la s t ic a lly  

and r e la t iv e  p la s t ic ity  v a lu es  w ere  obtained w ithout d ifficu lty ,

TA BLE IOC. A s w ith the oth er c a s ts  the in c lu s io n  tru e  s tra in  w as  

p lotted  v s  m a tr ix  tru e  s tr a in , FIGS. 56 and 57 , and v a lu es  of tru e  

and app arent r e la t iv e  p la s t ic ity  w ere  obtained from  th e s e , FIGS. 58 

and 59.

( ii i)  C a st 8 (A lu m in iu m -S ilico n  D eo x id ised )

A t 925°C  and 1000°C the in c lu s io n s  behaved  in e ith er  a 

b r itt le  or  a r ig id  m anner during hot r o llin g , and v a lu es  of r e la t iv e  

p la s t ic ity  w ere  reco rd ed  as z e r o . R e su lts  obtained from  the p la s t ic  

in c lu s io n s  in sa m p les  d eform ed  at 1150, 1275 and 1350°C a re  r ec o r d e d  

in  TA BL E  lOd; again  in c lu s io n  tru e s tra in  w as p lotted  v s  m a tr ix  tru e  

s tr a in , FIGS. 60, 61 and 62, and the tru e  and apparent r e la t iv e  

p la s t ic it ie s  d er iv ed  a re  p lotted  in  FIGS. 63 and 64. TA BLE lOd a ls o  

show s the v a lu es  of in c lu s io n  tru e  s tra in  and r e la t iv e  p la s t ic it ie s  

obtained from  the in c lu s io n s  in  the sa m p le  d eform ed  at a tru e  s tr a in  

per p a ss  of 0. 6, at 1150°C. FIGURES 65 and 66 show  p lo ts  o f in c lu s io n  

tru e  s tra in  v s  m a tr ix  tru e s tr a in , and tru e  r e la t iv e  p la s t ic ity  v s  m a tr ix  

tru e  s tr a in , a t 1150°C, for  sa m p les  d eform ed  at both 0. 3 s tr a in  per  

p a ss  and 0 .6  s tra in  per p a s s .

(iv ) C ast 11 (C a ls ib a r  (C a-S i) D eo x id ised )

A t 925°C  the in c lu s io n s  had rem ain ed  u n deform ed  and a 

r e la t iv e  p la s t ic ity  o f z e r o  w as reco rd ed . A t 1000°C the d efo rm a tio n  

o f the in c lu s io n s  w as v e r y  v a r ia b le , so m e having b een  e lon gated  by a 

la r g e  am ount, o th ers rem ain in g  ap p aren tly  u n deform ed . A  m a x im u m  

va lu e  of r e la t iv e  p la s t ic ity  w as obtained by m ea su r in g  the a sp e c t  

r a tio s  o f the m o s t  e lon gated  in c lu s io n s  and the r e la t iv e  p la s t ic ity  

w as reco rd ed  a s  z e r o  up to  th is  m axim um  v a lu e , TABLE lOe. A t 1150 

and 1275°C , the e lon gation  o f the in c lu s io n s  app eared  to be fa ir ly  

u n ifo rm , the range of r e la t iv e  p la s t ic it ie s  d eterm in ed  being quite  

n arrow . The in c lu sio n  tru e  s tr a in s  and r e la t iv e  p la s t ic it ie s  d e term in ed  

a re  shown in  TA BLE lOe. In clu sion  tru e  s tra in  i s  p lotted  a g a in st  

m a tr ix  tru e  s tra in  in  FIGS. 67, 68 and 69, and the r e la t iv e  p la s t ic it ie s



obtained a re  p lotted  in  FIGS. 70 and 71. S in ce a range of tru e  s tra in s  

w ere  obtained from  the sa m p le s  d eform ed  at 1000°C , the n o n -p la s t ic /  

p la s t ic  tra n sitio n  exh ib ited  by th e se  in c lu s io n s  m u st have o ccu rred  

over an extended  range of tem p era tu re . The upper and lo w er  l im its  

of th is  tem p era tu re  range a re  r ep resen ted  by the dotted and fu ll l in e s  

in  FIGS. 70 and 71.

(v) Som e G en era l O b servation s

In e v e r y  c a se  the behaviour of the s i l ic a te  in c lu s io n s  changed  

from  e ith er  r ig id  or  b r itt le  behaviour to flu id  or p la stic  beh aviou r over  

quite a n arrow  tem p era tu re  ran g e , the in it ia l va lu e  o f r e la t iv e  

p la s t ic ity  in c r ea s in g  from  z e r o  to a va lu e  in  the range 2. 0 to  3 . 0 .

T h is i s  in a g reem en t w ith p rev iou s r e s u lt s  from  the lite r a tu r e , (92,

114, 141, 142). A t tem p era tu res  in e x c e s s  o f the n o n -p la s t ic /p la s t ic  

tr a n s it io n , the r e la t iv e  p la s t ic ity  w as o b serv ed  to d e c r e a s e  a s  the  

tem p era tu re  of d eform ation  w as in crea sed ; th is  w as a g e n e r a l fea tu re  

of the behaviour of a ll  the s i l ic a te s  exam ined .

Both tru e and apparent r e la t iv e  p la s t ic it ie s  d e c r e a se d , from  

a m axim um  in it ia l r e la t iv e  p la s t ic ity  at z ero  m a tr ix  s tr a in , a s  the  

m a tr ix  stra in  in c r e a se d . The m agnitude of th is  in it ia l r e la t iv e  

p la s t ic ity  v a r ied  from  c a s t  to  c a s t , the m axim um  value obtained being  

3. 0 in  the c a se  of c a s t  8.

The m ea su red  a sp e c t ra tio s  w ere  taken from  the la r g e r  m o re  

e a s i ly  m e a su r ed  in c lu s io n s  and thus r e p r e se n t the m axim u m  r e la t iv e  

p la s t ic it ie s  exh ib ited  by the in c lu s io n s , sm a lle r  in c lu s io n s  exh ib iting  

s ig n ifica n tly  low er  r e la tiv e  p la s t ic i t ie s .  C onseq u en tly  the r e s u lt s  

obtained had v e r y  sm a ll standard d e v ia tio n s , TA BLE 10, but th e se  

do not r e f le c t  the g e n e ra l range o f d eform ation  exh ib ited  by the w hole  

of the in c lu s io n  population.

(vi) R e la tiv e  P la s t ic ity  A s s e s s m e n t  by Q uantitative T e le v is io n
M icro sco p y  (Q. T . M. ) .

H ot r o lle d  sa m p les  from  c a s ts  8 and 11 w e re  exam in ed  by 

Q. T. M. in  ord er  to d eterm in e  the p ro jec ted  len gth s of the d efo rm ed  

in c lu s io n s . U nfortunately  th ese  p ro jected  le n g th s , ev en  when c o r r e c te d



for v a r ia tio n s  in  the in c lu sio n  a rea  fra c tio n , gave quite e r r a t ic  

r e s u lt s ,  in d icatin g  that the in c lu sio n  s iz e  d istr ib u tio n  v a r ied  from  

sp ec im en  to  sp e c im en , (s e e  A PPEN D IX  2). C onseq uently  r e la t iv e  

p la s t ic ity  d eterm in a tio n s u sin g  th is  techniq ue w ere  abandoned.



SECTION 4

DISCUSSION OF RESULTS



4 . DISCUSSION OF RESULTS

4 .1  The In c lu sio n s p r e se n t in  the A s -C a s t  M a ter ia ls

G en era lly  the in c lu s io n s  p re se n t in  the a s - c a s t  m a te r ia ls  

w ere  of the ty p es  ex p ected , and in  the few  c a s e s  w hich gave u n exp ected  

r e s u lt s ,  the a b sen ce  of the intended sp e c ie s  or the ap p earan ce of 

ad d ition al s p e c ie s  w as u su a lly  r ea d ily  exp la in ed .

O xygen a n a ly se s  of the c a s t  m a te r ia ls  show ed c le a r ly  the  

e ffe c ts  of the d ifferen t deoxidation  p r a c t ic e s . The u n d eo x id ised  m e lt ,  

c a s t  IB , reta in ed  a ll  the d is so lv e d  oxygen  into  the ingot s ta g e , g iv in g  

r is e  to  an in ter  d en d ritic  d istr ib u tio n  of w u stite  g lob u les on so lid if ic a t io n ,  

PL A T E  1. The oxygen content of 0.18%, TA BLE 9, w as som ew h at  

h igh er than had b een  ex p ected , (113) but w as not far from  the p red ic ted  

value of 0.16%.

S m a ll add itions of s ilic o n  ( ^  0.1%) to  c a s ts  4 and 5, red u ced  

the to ta l oxygen  le v e l  only  s lig h tly , TA BLE 9, m o s t  of the p r im a ry  

produ cts of d eoxidation  p e r s is t in g  into the so lid  in got. T h ese  p r im a ry  

deoxidation  products w ere  b inary iron  s i l ic a te s  having s i l ic a  conten ts  

in  th e-reg io n  of 15 - 20%, FIG. 44 , TA BLE 8, PL A T ES 2 and 3 , and  

w ere  a s so c ia te d  w ith an in terd en d ritic  d istr ib u tio n  of seco n d a ry  

w u stite  g lob u les w hich  had p rec ip ita ted  on so lid if ica tio n . The la r g e  

n u m b ers o f p r im a ry  s i l ic a te s  p e r s is t in g  into the so lid  in g o t is  

in d ica ted  by the d ifferen ce  in the so lu b le  and to ta l s i l ic o n  le v e ls  

obtained On ch e m ic a l a n a ly s is , TA BLE 9.

The sim u ltan eou s addition o f a lum iniu m  and s il ic o n  to  c a s t  

8, fu rther red u ced  the to ta l oxygen content, w ith the le v e ls  of 

deoxidant added, but a la r g e  num ber of the p r im a ry  in c lu s io n s  s t i l l  

p e r s is te d  in to  the in got. A gain  the la r g e  n u m b ers o f s i l ic e o u s  

in c lu s io n s  p r e se n t in  the in go t, PL A T E  7a, is  r e f le c te d  in  the d iffe re n c e  

betw een  the to ta l and so lu b le  s ilic o n  le v e ls .  An in te r e s t in g  fea tu re  

of th is  c a s t  w as the w ide co m p o sitio n  range of the in c lu s io n s , FIG . 46 ,



and the p r e se n c e  of la r g e  nu m bers of sm a ll alum ina d en d rites  

d istr ib u ted  betw een  the s il ic e o u s  g lobu lar in c lu s io n s , PL A T E  7d. 

P ick er in g  (85) h as sta ted  that the p r a c tic e  o f m aking sim u lta n eo u s  

add ition s o f s ilic o n  and alum inium  can lea d  to the form ation  o f  lo c a l  

r eg io n s  o f w id e ly  d ifferin g  deoxidant con cen tra tio n , during the  

deoxidation  p r o c e s s .  T h is can lead  to  the form ation  of co m p lex  

n o n -eq u ilib r iu m  in c lu s io n s  of m ark ed ly  d iffer in g  co m p o s itio n s , as  

th ey  a re  tr a n s fe r r e d  from  one reg io n  to  another by m e lt  tu rb u len ce .

In the c a se  of th is  p a rticu la r  c a s t  the ob serv a tio n  of d en d ritic  p h a ses  

w ith in  so m e of the g la s s y  in c lu s io n s , PL A T E  7b, su g g e sts  that th e se  

s i l ic a te s  had n u clea ted  h e tero g en io u s ly  on the d en d ritic  produ cts of 

deoxidation  fo rm ed  in  reg io n s having a high alum inium  co n cen tra tio n . 

Subsequent tra n sp o rt of th e se  so lid  p r e c ip ita te s  to  reg io n s  o f h igh er  

s il ic o n  con cen tration  then re su lted  in  the h etero g en io u s p r ec ip ita tio n  

o f a liquid  s il ic e o u s  deoxidation  product around the so lid  n u c le i.

A lthough a few  of th e se  in tern a l d en d ritic  p h a ses  w ere  found to  have  

non -s to ic h io m e tr ic  c o m p o sitio n s , contain ing both w u stite  and s i l ic a ,  

th e se  w ere  probably sp u rious a n a ly se s  a r is in g  from  the ex ita tio n  of 

the g la s s y  m a tr ix  by the e lec tr o n  b eam . The d en d rites  w ere  m o s t  

probably pure a lu m in a , a s w as in fa c t found to  be the c a se  in one 

p a rticu la r  in s ta n ce . T h is h yp oth esis  s e e m s  to be supported  by the  

p r e se n c e  o f la r g e  nu m bers of sm a ll a lum ina  d en d rites  d is tr ib u ted  

throughout the in got, w hich w ere  p resu m a b ly  p rec ip ita ted  w ith in  the  

alum inium  r ich  reg io n s  form ed  On f ir s t  adding the d eo x id a n ts .

H ow ev er , in  v iew  o f the m ethod of m aking th is  c a s t  (SECTION 3 .1 . 2) 

i t  could a ls o  be argued that th ese  sm a ll d en d rites  w ere  the r e m n a n t  
produ cts of a p rev iou s deoxidation  trea tm en t in volv in g  an add ition  of 

0. 36% A lu m in iu m , (SECTION 3 .1 . 2). A lthough the m e lt  w as su b seq u en tly  

r e o x id is e d , so m e  alum ina m a y  have rem a in ed  in  the m e lt . H o w ev er , 

th is  w ould see m  im p rob ab le  in  v iew  of the rap id  ra te  of r em o v a l of 

alum ina from  m e lts  d eo x id ised  by a lum iniu m  a lon e (SECTION 3. 2 . 2 . ) .  

A lte r n a tiv e ly , the d en d rites  m ay  have been  produced on a tm o sp h er ic  r e -  

oxidation  during teem in g  through a ir , th e le v e l  o f d is so lv e d  s i l i c o n ,



found by c h e m ic a l a n a ly s is  to  be 0. 003%, TABLE 9, being in su ffic ie n t  

to produce any s i l ic a te  in c lu s io n s . T he-angular p r e c ip ita te s  p r e se n t  

in a few  of the g la s s y  in c lu s io n s , PL A T E  7 c , w ere  found to  be h ercy n ite  

of a lm o st s to ic h io m e tr ic  co m p o sitio n , but although a num ber of 

in c lu s io n s  w ere  o b serv ed  contain ing a ph ase having a r o se tte  m orp h o logy , 

during exam in ation  by S. E . M. , PLA TES 7c and e , no su ch  in c lu s io n s  

could  be found on o p tica l exam in ation . The m a tr ix  c ra ck s  ap p arently  

a sso c ia te d  w ith th is  'p h a se ', PLA TE 7 e , a re  c h a r a c te r is t ic  of 

c r y s ta ll isa t io n  crack in g . In fa c t the r o se tte  m orph ology  i s  quite  

c h a r a c te r is t ic  of p rec ip ita ted  s i l ic a ,  although th ere  is  cu rren tly  so m e  

d ispu te as to  w hether th is  p rec ip ita te  i s ,  in  fa c t, c r y s ta llin e  c r is to b a lite  

or a v itr e o u s  form  of s i l ic a  p rec ip ita ted  w ith in  an extended  m is c ib il i ty  

gap in  the su p erco o led  liq u id  sta te  (80). H ow ever , the m a jo r ity  o f the 

in c lu s io n s  contained no p r e c ip ita te s , even  though th ey  ex h ib ited  ra th er  

v a r ia b le  co m p o s itio n s , TABLE 8.

The sim u ltan eou s addition of 1% m an g a n ese  w ith  the s il ic o n  

(0 .075%  and 0. 3%), c a s ts  6 and 6B , red u ced  the oxygen content s t i l l  

fu rth er , TA BLE 9, the ra th er  high oxygen  content of c a s t  8 (A l-S i)  

undoubtedly being due to the low  r e s id u a l a lum inium  and s il ic o n  

l e v e l s ,  w hich a llow ed  rapid reox id ation  to o ccu r . The. te r n a r y  ir o n -  

m a n gan ese  s i l ic a te s  produced in  c a s ts  6 and 6B w ere  duplex c r y s ta llin e  

ty p e s , in  the c a se  of c a s t  6, PL A T E  5, but w ere  g la s s y  m o re  s i l ic e o u s  

typ es in  the c a se  of the h igh er  s ilic o n  add ition , c a s t  6B , P L A T E  6,

FIG. 45. A lthough the com p o sitio n  range of the in c lu s io n s  p r e se n t  

in  c a s t  6 w as quite n arrow , FIG. 45 , it  f e l l  in the reg io n  of the  

tep h ro ite  com p o sitio n  and extended a c r o s s  the tep h ro ite -m a n g a n o -  

w u stite  eu te c tic  v a lle y  into  the p r im a ry  (F e ,M n )0  ph ase f ie ld .  

C on seq u en tly  in c lu s io n s  exh ib iting  s e v e r a l  d ifferen t co n stitu tio n s  w ere  

o b se rv e d :-

(i) In c lu sion s contain ing p r im a ry  m an ganow ustite  in a te p h r o ite -

m an ganow ustite  m a tr ix , PL A T E  5a, w ere  p r e se n t in s lig h t  

e x c e s s  of in c lu s io n s  contain ing tep h ro ite  as the p r im a ry  

p h a se . L arge nu m bers o f in c lu s io n s  a ls o  had co m p o sitio n s  

in  the reg io n  o f the tep h ro ite -m a n g a n o site  e u te c tic , P L A T E  5b.



( ii)  A  num ber of in c lu s io n s  having an in tern a l lath  lik e  

co n stitu tio n  w ere  found to be of the tep h ro ite  co m p o sitio n , 

P L A T E  5c . H ow ever in c lu s io n s  contain ing a te p h r o ite -  

rhodonite eu te c tic  m a tr ix  w ere  not o b serv ed .

(iii)  A  num ber of sm a ll background globu lar in c lu s io n s  had a 

g la s s y  app earance but w ere  of a s im ila r  co m p o sitio n  to  the  

la r g e r  in c lu s io n s  contain ing tep h ro ite  la th s , PL A T E  5c .

(iv ) T he seco n d a ry  population of m an gan ow u stite  in c lu s io n s , PL A T E

5d, w as to  be exp ected  in  v iew  of the h igh  r e s id u a l m a n g a n ese  

content of the m e lt , TABLE 9.

The h ig h er  s il ic o n  add ition  and low er  m a n gan ese  r e c o v e r y  in  c a s t  6B 

gave r is e  to  a population o f sm a ll seco n d a ry  g la s s y  s i l ic a te s  p rec ip ita ted  

during s o l i  d ica tion  and cooling; th e se  can be see n  in  the background of 

PL A T E  22a .

The m o re  com p lete  deoxidation  produced by the add ition  of 

1% s il ic o n  to c a s t  4B , r e su lted  in  the production  of h igh ly  s i l ic e o u s  

g la s s y  in c lu s io n s , PL A T E  4. T h ese  had r e la t iv e ly  high m e ltin g  p o in ts , 

did not c o a le s c e  so  e a s i ly  to  produce the la r g e r , m o re  e a s i ly  rem o v ed  

typ es and in  con seq u en ce  m an y w ere  reta in ed  into the so lid  in go t.

■ C a st 12 contained  in c lu s io n s  of v e r y  s im ila r  s iz e  and 

co m p o sitio n  to  th o se  o b serv ed  in  c a s t  4B , PL A T E  10, FIG . 4 4 , though  

of s lig h tly  low er  s i l ic a  content. T h is i s  not su rp r is in g  s in c e  the  

d eoxidant em p loyed  contained  ^  70% s il ic o n , TABLE 5 , and it s  

addition at a le v e l  of 1% would be eq u iva len t to  an addition  of 0. 7% 

s il ic o n  m e t a l ; it s  ch ie f  advantage over  the m o re  u su a l s i l ic o n  d eox id an ts  

being i t s  g r ea ter  d en sity . M any o f th e s i l ic a te s  p r esen ted  in  th is  c a s t  

could a lso  have b een  c a rr ie d  over  from  the p red eox id ation  s ta g e  w hich  

em p loyed  an addition  of 0. 8% s ilic o n  m e ta l (SECTION 3 .1 . 2).

D eox id a tion  by the addition  o f 1% C a ls ib a r , c a s t  11, r e su lte d  

m a in ly  in  the production  o f s in g le  phased  g la s s y  s i l i c a t e s ,  PL A T E  9.

A few  duplex ty p es w ere  o b serv ed , PL A T E  28b, as w as a c a lc iu m  

en r ich m en t in  the p er ip h ery  of s e v e r a l  of the g la s s y  in c lu s io n s ,

PL A T ES 9b and c . The p red eoxid ation  tr ea tm en t, em p loy in g  a 0. 8% 

s ilic o n  add ition , would have produced a d istr ib u tion  of s i l ic e o u s ,  

s in g le  p h ased , g la s s y  in c lu s io n s , not a ll  of w hich w ould have b een



rem o v ed  b efo re  the C a ls ib a r  addition w as m ad e. T h ose  rem ain in g  

a fter  the C a ls ib a r  addition  w ould have then rea c ted  w ith the ca lc iu m  

added g iv in g  r is e  to  a p r o g r e s s iv e  su r fa ce  en rich m en t. The duplex  

in c lu s io n s  o b serv ed  w ere  probably le s s  s i l ic e o u s  and d eve lop ed  th e ir  

tw o ph ased  stru c tu re  in  the m is c ib il i ty  gap of the CaO-FeO-SiO  

sy s te m , FIG.'47 . The p r e se n c e  of CaO in  th e se  in c lu s io n s  w ould have  

the e ffe c t  of low ering, th e ir  v is c o s ity ,  by red ucing the s i l ic a  n etw ork  

str u c tu r e , a llow in g  g r ea ter  ion ic  m o b ility  and resu lt in g  in  a m o re  

eq u ilib r iu m  co n stitu tion . The e ffe c t  of CaO on th e netw ork  stru c tu re  

h as an im p ortan t e ffe c t  on the p la s t ic  behaviour of the in c lu s io n s  and 

is  d is c u s se d  in  m o re  d e ta il la ter  in con n ection  w ith th e ir  beh aviou r  

during hot w ork ing. The oxygen  content of th is  c a s t  w as quite low ,

(0. 018%), TA BLE 9, and in d ica tes  the e ffe c t  o f ca lc iu m  in  ren d erin g  

the in c lu s io n s  le s s  v is c o u s , prom oting e a s ie r  c o a le sc e n c e  and h en ce  

e a s ie r  rem o v a l from  the m e lt .

C a st 10 w as d eo x id ized  w ith  a 1% addition of H y p erca l in  

w hich the d eox id izin g  s p e c ie s  w ere  ca lc iu m  and a lu m in iu m , the  

s il ic o n  content being a s  high a s  40%, TABLE 5 , but having l i t t le  

e ffe c t  in  th is  c a se  b eca u se  o f the p red eox id ation  trea tm en t em p loy in g  

a 0. 8% s ilic o n  add ition . T h is trea tm en t r e su lted  in  the produ ction  

of s m a ll  c lu s te r s  of a lum inou s in c lu s io n s  c o n s ist in g  m a in ly  o f  

n u m erou s sm a ll p a r t ic le s  of corundum , PL A T E  8a , .but a ls o  

contain ing o c c a s io n a l p a r t ic le s  of ca lc iu m  h ex a lu m in ate . The sm a ll  

in c lu s io n s  o b serv ed  contain ing corundum  lath s and ca lc iu m  h e x 

a lu m in ate b lock s in  a s i l ic a te  m a tr ix , PL A T E  8b, w ere  probab ly  the  

rem nant s i l ic a te  population , resu ltin g  from  the p red eox id a tion  

trea tm en t w ith s il ic o n , w hich  had rea c ted  w ith the ca lc iu m  and 

a lu m in iu m , producing th ese  m o re  co m p lex  fo r m s . The oxygen  con ten t 

of th is  c a s t  w as v e ry  lo w , TABLE 9, and r e f le c te d  both the e ff ic ie n c y  

of deoxid ation  by ca lc iu m  and a lum in iu m  and the rap id ity  w ith  w hich  

the d eoxid ation  products w ere  rem oved  from  the sm a ll e x p e r im en ta l  

m e lts .  T h is rapid ra te  o f r em o v a l is  a con seq u en ce  of the h igh  

su r fa ce  en erg y  of th e se  in c lu s io n s , resu ltin g  in  the form ation  of la r g e



in c lu s io n  c lu s te r s  w hich a re  r ea d ily  ab sorb ed  onto the fu rn ace  

lin in g  and into the cov er in g  s la g . Only c a s t  7B , w hich w as  

d eox id ized  w ith  a heavy  addition of a lu m in iu m , had a lo w er  fin a l 

oxygen content. The deoxidation  of c a s t  7B w ith alum inium  is  

d is c u s se d  m o re  fu lly  in  SECTION 4 .5 .1 .

4 . 2 The E ffe c ts  of H eat T rea tm en t on the In c lu sio n s P r e s e n t  
in C a sts  6, 6B and 8

4 . 2 .1 . C ast 6 (S i-M n)

The tem p era tu res  em p loyed  in  the heat trea tm en t p ro g ra m m e  
ow ere  a l l  b elow  1317 C, w hich  is  the tem p era tu re  of the m a n g a n o s ite -  

tep h ro ite  e u te c tic  in  the MnO-SiO sy s te m , FIG . 45 . C on seq u en tly  

the p h ase  a s se m b la g e s  in  the in c lu s io n s  a l l  rem a in ed  su b sta n tia lly  

unchanged throughout the trea tm en t p ro g ra m m e. M ost te m p er a tu r e s  

ser v e d  only  to  sp h ero d ise  and c o a r se n  the e u te c tic  m a t r ic e s ,  producing  

the granular s tr u c tu r es  see n  in  PL A T ES 14a and b.

The m e ta llic  iro n  g lob u les w ere  p rec ip ita ted  m o s t  in te n se ly  

at the lo w er  tw o trea tm en t te m p e r a tu r e s , PL A T E S 14b and c , and  

w ere  probab ly form ed  by the oxidation  of iro n  fro m  the fe r r o u s  to  

fe r r ic  s ta te , w ith in  the in c lu s io n , resu lt in g  in  the p rec ip ita tio n  o f the  

e x c e s s  m e ta l.

2+ 3+
3F e ---- ► 2F e + F e

T his m a y  a ls o  o ffer  so m e  explanation  for the apparent p a r tia l

g la s s if ic a t io n  o f the m a tr ix  on trea tm en t at tem p era tu res  a s  low  as

1000°C , PL A T E  14c.

A lthough m an g a n ese  su lphide w as not o b serv ed  as  a

co n stitu en t ph ase in  the in c lu s io n s  in  the a s - c a s t  s ta te , it  i s  u n lik e ly

that th is  ph ase would be p rec ip ita ted  during h eat tr ea tm en t. The

sulphur content of th is  c a s t , 0. 0056%, w as not a p p rec ia b ly  h igh er

than that of the other c a s t s ,  and the few  in c lu s io n s  o b se r v e d , w hich

contain ed  MnS, w ere  probably iso la te d  e x a m p le s .



4. 2. 2 C a st 6B (Si-M n)

A t 925 and 1000°C the g la s s y  in c lu s io n s  p rec ip ita ted  s i l ic a ,  

PL A T ES 15a and b , p o ss ib ly  as a r e su lt  of the liqu id  m is c ib il i ty  gap  

in  the MnO-SiO sy s te m  being extended b elow  the eq u ilib r iu m  so lid u s
Ld

tem p era tu re  into  the su p erco o led  liquid sta te . T rea tm en ts  in e x c e s s  

of 5 hours r e su lted  in  the co m p lete  d ev itr ifica tio n  of the rem ain in g  

g la s s y  p h ase  producing a m a tr ix  having a gran u lar a p p earan ce ,

PLA TE 15b. The p rec ip ita tio n  o f m e ta llic  iro n  g lo b u les  probab ly  

ev id en ced  once aga in , a p a r tia l oxidation  fro m  the ferro u s  to f e r r ic  

s ta te .

A t th e se  tem p era tu res  the in c lu sio n  co m p o sitio n s  la y  w ith in  

the s i l ic a  + rhodonite or rhodonite + tep h ro ite  reg io n s  o f the ph ase  

d ia g ra m , FIG . 45 , and a lso  la y  w e ll b elow  the m in im u m  so lid u s  

tem p era tu re; w hich  in  th is  c a se  w as the rh o d o n ite -tep h ro ite  e u te c tic  

tem p era tu re  at 1251°C. H ow ever , th is  would be d e p r e sse d  s lig h tly  

due to the p r e se n c e  of a sm a ll am ount of FeO in th e se  in c lu s io n s .

A lthough rhodonite w as the eq u ilib r iu m  p h a se , it s  n u clea tion  had  

app arently  been  inh ib ited , and although the a n a ly s is  of the in c lu s io n  

m a tr ix  cam e n ear to  the rhodonite co m p o sitio n , 54% SiO , 30% MnO,
M

14% FeO, (R hodonite 46% SiO , 54% MnO), i t s  gran u lar co n stitu tio n  

in d ica ted  a m ix tu re  o f p h a se s . T h ese  w ere  p o ss ib ly  s i l ic a  and 

tep h ro ite .

The str u c tu r es  o b serv ed  in  the sa m p les  h eat tr e a ted  for  

5 hours at 1150°C, PLA TES 15c, d and e , probably r ep re sen ted  the  

e a r ly  s ta g e s  in  the d eco m p o sitio n  of the g la s s y  in c lu s io n s  and w ere  

at a n o n -eq u ilib r iu m  tra n sitio n  s ta g e . A ga in , th ere  w ere  m any  

globu lar s i l ic a  p r e c ip ita te s , m o s t  probab ly o f a v itr e o u s  ty p e , som etim e s 

o b serv ed  in  a g la s s y  m a tr ix , PLA TE 15c, but m o re  u su a lly  in  a 

gran u lar m a tr ix , PLA TES 15d and e . The lig h ter  a r e a s  having a 

co m p o sitio n  c lo s e  to  that of the rh o d o n ite -tep h ro ite  e u te c tic , P L A T E S  

15d and e , p o ss ib ly  rep re sen ted  e ith er  a n o n -c r y s ta llin e  sta g e  b e fo re  

d ev itr if ica tio n  w as com p lete  or a lte r n a tiv e ly  an u n reso lv a b le  e u te c tic  

s tru c tu re .



L onger trea tm en ts  at 1150 C r e su lte d  in a ll  the in c lu s io n s  

d evelop in g  a granu lar type o f m a tr ix  w ith  an o v e r a ll co m p o sitio n  

ly in g  w ith in  the rhodonite + (rh o d o n ite -tep h ro ite ) e u tec tic  ph ase  

f ie ld , P L A T E  15f.

A fter  h eat trea tm en t at 1275°C the s i l ic a  had p rec ip ita ted  

in  the fo rm  of both la rg e  and sm a ll r o s e t t e s ,  PL A T ES 15g and h , 

w h ils t  the m a tr ix  had d evelop ed  a lath  lik e  or fea th ery  ap p ea ra n ce .

It i s  probab le that th is  m a tr ix  w as liquid  at the trea tm en t tem p era tu re ,

w hich  w as som ew h at above that o f the rh o d o n ite -tep h ro ite  e u te c tic
o oat 1251 C. A fter  the in it ia l p rec ip ita tio n  o f s i l ic a ,  at 1275 C , the

liq u id  m a tr ix  should  have p rec ip ita ted  rhodonite on coo lin g  through a

p e r ite c t ic  r ea c tio n  w ith  the p rec ip ita ted  s i l ic a ,  FIG. 45 . H o w ev er , on

a ir  coo lin g  th is  r ea c tio n  w as e ffe c t iv e ly  su p p ressed  and r e su lte d  in

the c r y s ta ll isa t io n  of the m a tr ix  a s a m ic r o -c r y s ta ll in e  m ix tu re  of

rhodonite and te p h ro ite , PL A T ES 15g and h.

4 . 2. 3 C ast 8 (A l-S i)

T rea tm en ts  at 925°C  produced in c lu s io n s  w hich  exh ib ited  

co m p lex  n o n -eq u ilib r iu m  s tr u c tu r e s , contain ing a num ber of non- 

s to ic h io m e tr ic  p h a se s , PL A T E S 16a to d. T h ese  r e su lte d  from  the  

ra th er  v a r ia b le  co m p o sitio n s of the a s  c a s t  in c lu s io n s , and r e p r e se n t  

the in it ia l s ta g e s  o f p rec ip ita tio n  r e a c tio n s . The form ation  o f  s m a ll  

m e ta llic  g lob u lar  p r e c ip ita te s  w as again  o b serv ed  and once m o r e  

in d ic a te s  the p a r tia l oxidation  from  the fe r ro u s  to  fe r r ic  s ta te ,

PL A T E S 16b and c . The c o r d ie r ite  p h a se , (2 F e 0 .2 A l 0 . 5Si0 ),
u  J  L d

w as app arently  v e r y  s lo w  to form  at th is  tem p era tu re  and w as not 

o b serv ed  in  any of the s tr u c tu res  exam in ed .

The r im -c o r e  in c lu s io n s  o b serv ed  in the sa m p le s  tr e a ted  

for  5 and 50 h o u rs , PL A T E  16c, could have been  produced  in e ith er  

of two w a y s. T hey  m ay have d evelop ed  through a rea c tio n  b etw een  

the a lum in ium  d is so lv e d  in  the m e ta l m a tr ix  around the in c lu s io n , 

and the l e s s  stab le  ox id es in the in c lu s io n , p a r tic u la r ly  the FeO, 

r esu lt in g  in  the gradual d evelop m en t of a c r y s ta llin e  r im . A lte r n a tiv e ly  

they m ay  have been  produced by the p r e fe r e n tia l n u clea tio n  o f  

s p e c if ic  c r y s ta llin e  p h a ses  at the in c lu s io n /m a tr ix  in te r fa c e .



E vid en ce  in  support of the fo rm er  h yp o th esis  w as obtained fro m  

the a n a ly s is  of the in c lu sio n . T h is show ed that the r im  reg io n s  

w ere  r ich er  in  alum ina than the c o r e , w hich  contained an e x c e s s  of 

FeO, PL A T E  16c. H ow ever th is  would se e m  to  be con trad icted  

by the c h e m ic a l a n a ly s is  of the bulk sa m p le , w hich show ed that the  

m eta l m a tr ix  only contained 0. 008% of d is so lv e d  a lu m in iu m , w hich  

is  probably too low  to  support such  an ex te n s iv e  rea c tio n . It i s  

co n ce iv a b le  that both m ech a n ism s p layed  a r o le  in  the d ev e lo p m en t  

of th e se  s tr u c tu r e s .

N o n -eq u ilib r iu m  stru c tu res  w ere  again  produced on h eat  

trea tm en t at 1000°C . A fter  5 hours the in c lu s io n s  contained  as  

m any as four sep a ra te  p h a se s , PLA TE 16e, th ese  being the eq u ilib r iu m  

h ercy n ite  and fa y a lite  p h ases and tra n s itio n  m eta sta b le  p h a se s  of 

n o n -s to ic h io m e tr ic  and alam andine c o m p o sitio n s . In addition  m an y  

reg io n s  had a la m e lla r  or eu tec tic  s tru c tu re , the tern a ry  c o r d ie r ite  

ph ase again  being con sp icu ou s by its  a b se n c e . A fter  50 and 100 h ou rs  

at tem p era tu re  the p seu d o -eq u ilib r iu m  th ree  phased s tr u c tu r es  w ere  

d eve lo p ed , c o n s ist in g  of h e r cy n ite , fa y a lite  and s i l ic a ,  p r e se n t in  

v a r io u s p ro p o rtio n s, PLA TES I6g and h. T h ese  s tr u c tu r es  probab ly  

d evelop ed  through the in it ia l p rec ip ita tio n  of h e r cy n ite , fo llo w ed  by, 

or s im u lta n eo u sly  w ith , that of fa y a lite . The r e s id u a l h igh ly  s i l ic e o u s  

g la s s  could  then have c r y s ta ll is e d  in the rem ain in g  sp a c es  r e su lt in g  

in the sk e le ta l m orp h ology  of the s i l ic a  p h a se . A s w as the c a se  w ith  

the rhodonite phase in c a s t  6B , the c o r d ie r ite  p h a se , though p r e se n t  

in the eq u ilib riu m  d iagram , w as not form ed  during any of the h eat  

trea tm en ts  g iven .

A t 1150°C, h ercy n ite  w as again  the p r im ary  p r e c ip ita te ,

PL A T E  16i. A fter  extended tr e a tm e n ts , of 100 h o u rs, s i l ic a  w as  

p recip ita ted  and exh ib ited  a c h a r a c te r is t ic  b lock  lik e  m o rp h o lo g y , 

w hich freq u en tly  contained  nu m erou s c r y s ta llisa t io n  c r a c k s . A lthough  

tr id y m ite  is  the eq u ilib riu m  m o d ifica tio n  of s i l ic a  at th is  te m p e r a tu r e , 

FIG. 45 , it  m o re  u su a lly  has a lath  lik e  m orp h o logy , (65). The



fa y a lite  ph ase is  apparently  not p rec ip ita ted  at th is  te m p er a tu r e , the 

co m p o sitio n  of the in c lu s io n s  p o ss ib ly  ly in g  w ith in  a m eta sta b le  

s il ic a -h e r c y n ite - liq u id  reg io n  of the ph ase  d iagram . The p r e se n c e  

of a liqu id  ph ase of low er  v is c o s ity  is  ev id en ced  by the form ation  

of eq u ilib r iu m  d ih ed ra l a n g les  a t the in c lu s io n -m a tr ix  gra in  

boundary in te r s e c t io n s .

A t 1275°C the in c lu s io n s  w ere  m o s t ly  liq u id , although a 

few  did contain  one or tw o sm a ll h ercy n ite  p r e c ip ita te s .

4 . 3 The E ffe c t of Hot R ollin g  on the M orphology of the In c lu sio n s

4 .3 .1  C a st IB (U nd eoxid ised )

The m ark ed  v a r ia b ility  of d eform ation , exh ib ited  by the  

w u stite  in c lu s io n s  p r e se n t in th is  c a s t  w as u n exp ected , PL A T E  17, 

other w o rk ers  having p rev io u s ly  obtained sa t is fa c to r y  r e s u lt s  u sin g  

s im ila r  tech n iq u es, (9 , 112). T h is v a r ia b ility  could have b een  due 

to  a su lp h u r -seg r e g a tio n  e ffe c t , m uch of the sulphur being se g r e g a te d  

in to  the la r g e r  p r im a ry  w u stite  p a r t ic le s . A lthough no q u antitative  

a n a ly se s  w ere  obtained, the secon d  ph ase d ep o sit  freq u en tly  o b serv ed  

on the su r fa ce  of th ese  p a r tic le s  w as id en tified  q u a lita tiv e ly , by  

E n erg y  D is p e r s iv e  X -r a y  A n a ly s is , ( E .D .A .X ) ,  a s  F eS , P L A T E S 17c 

and d. T his d ep o s it  m ay have orig in a ted  from  a p seu d o -b in a ry  

eu te c tic  p rec ip ita tio n  betw een  the m e ta llic  iro n  m a tr ix  and F eS  at 

the in c lu s io n  su r fa ce  during so lid if ica tio n . H ow ever , th e se  d e p o s its  

w ere  o b serv ed  on both h igh ly  elon gated  and Only s lig h tly  e lon gated  

in c lu s io n s  and hen ce can offer  only a p a r tia l exp lanation  for the  

o b serv ed  v a r ia tio n  in b ehaviou r. A m ark ed  d ifferen ce  in b ehaviou r  

betw een  the la rg e  p r im a ry  and sm a lle r  seco n d a ry  in c lu s io n s  can  

c le a r ly  be see n  in  PL A T ES 17b, c and d, the sm a ll seco n d a ry  

in c lu s io n s  exh ib itin g  p r a c tic a lly  no d eform ation .

F ro m  the s tr u c tu r es  o b serv ed  during scanning e le c tr o n  

m ic r o sc o p y  it  would appear that th ere  is  a m in im u m  in c lu s io n  s iz e  

b elow  w hich the in c lu s io n s  w ill not d eform . A lthough a v a r ia tio n  in  

in c lu sio n  co m p osition  w ith s iz e  can be invoked to  exp la in  th is  

o b serv a tio n  in the p r e se n t c a s e , it  is  u n lik e ly  that th is  exp lan ation



is  a p p licab le  to s im ila r  o b serv a tio n s  m ade in  the c a se  of the other  

c a s ts  contain ing d eform ed  in c lu s io n s . The e ffe c t o f in c lu s io n  

s iz e  On the r e la t iv e  p la s t ic ity  o f the in c lu s io n s  is  d is c u s se d  in  m o r e  

d e ta il in  SECTION 4.4 . 3

4 . 3 . 2  C a sts  4 . 5 and 6 (Si and S i-M n D eo x id ised )

The b r itt le  behaviour of the in c lu s io n s  contained in  c a s t s
o

4 and 5, on d eform ation  at 925 and 1000 C, and of th ose  in c a s t  6 

at tem p era tu res  up to 1275°C , w as ty p ica l of the low  tem p era tu re  

behaviour of the la r g e r  duplex c r y s ta llin e  s i l ic a t e s .  The la r g e r  

in c lu s io n s , ( ^  7 0 / & n  d ia m eter ), w hich u su a lly  contained a fin er  

d istr ib u tio n  of p r im a ry  ph ase than the sm a lle r  in c lu s io n s , w ere  

g e n e ra lly  fra c tu red  a t low er  s tr a in s , PLA TES 18c and d, often  

producing long fra gm en tary  s tr in g e r s  a t high s tr a in s . T h ese  in c lu s io n s  

w ere  in it ia lly  fra c tu red  into a few  la r g e  fr a g m e n ts , w hich  b eca m e  quite  

w id e ly  d is sem in a te d , b efo re  being fra ctu red  further at h igh er m a tr ix  

s tr a in s . A t th e se  h igh er s tr a in s  the s t r e s s e s  gen era ted  w ith in  the  

s t e e l  m a tr ix  in c r e a s e  m ark ed ly , and th is  undoubtedly a ccou n ts for  

the fra ctu r in g  of the sm a lle r  in c lu s io n s  w hich had r e s is t e d  fra g m en ta tion  

at the lo w er  s tr a in s . The m agnitude of the h y d rosta tic  s t r e s s ,  

d evelop ed  during d eform ation , can be judged from  the depth to  w hich  

the p la s t ic  m e ta l m a tr ix  has been  intruded into the cra ck s  produced  

On the in it ia l fra ctu r in g  o f the in c lu s io n s , PLA TES 18c and d. In 

c o n tra st to  the behaviour of the la rg e  in c lu s io n s , the s m a lle r  on es  

b ecam e d is sem in a te d  through the d eco h esio n  of the in te r fa c e s  betw een  

the p r im a ry  ph ase p a r tic le s  and the s i l ic a te  m a tr ix , r e su lt in g  in  a 

fin er  s c a le  fragm en tation . A t high s tra in s  th is  m ech a n ism  could  

lea d  to  the form ation  of e x tr e m e ly  long thin fra gm en tary  s tr in g e r s ,  

p a r tic u la r ly  i f  the ro llin g  tem p era tu re  w ere  lo w e r , a s  in  co ld  r o llin g ,  

w here the fo r c e s  produced a re  g rea ter  and m a tr ix  w eld ing is  l e s s  

lik e ly  to o ccu r .

The tra n sitio n  from  b r itt le  to  flu id  (p la st ic )  b eh a v io u r, in
o

the c a se  o f c a s ts  4 and 5, o ccu rred  in the reg io n  of 1150 C , FIG S.

48 -  55. In fa c t, a llow in g for h eat lo s s e s  during the tr a n s fe r  of the



t e s t  bar from  the fu rn ace to the ro llin g  m il l ,  and due to the r o ll

ch illin g  e ffe c t , th is  tem p era tu re  m ay have been even  lo w er . T h is
o

tem p era tu re  l ie s  som ew h at below  the accep ted  va lu e of 1178 C for  

the w u stite -fa y a lite  e u tec tic  in  the FeO-SiO^ s y s te m , w hich is  the  

so lid u s tem p era tu re  of th ese  in c lu s io n s  and is  the tem p era tu re  at 

w hich the b r it t le -p la s t ic  tra n sitio n  would lo g ic a lly  have been  .

ex p ected  to  o ccu r . H ow ever the d ifferen ce  betw een  the m e a su r ed  

tra n s itio n  tem p era tu re  and the so lid u s tem p era tu re  can probab ly be 

exp la in ed  by the ad iab atic  heating e ffe c t o ccu rr in g  in the r o ll  th roat  

during d eform ation . It is  a lso  w e ll known that high h y d ro sta tic  

p r e s s u r e s  can ren d er n o rm a lly  b r itt le  su b sta n ces  quite d u c t ile , (147), 

and it  is  p o ss ib le  that som e s im ila r  m ech a n ism  m igh t apply h e r e . 

H ow ever , th is  m ech a n ism  would be ex p ected  to  low er  the n o n -p la s t ic /  

p la s t ic  tr a n s it io n  tem p era tu re  to a g r ea ter  exten t at the h igh er s tr a in s ,  

w h ere the h y d ro sta tic  s t r e s s e s  g en era ted  a re  h ig h est. In fa c t such  

an e ffe c t  w as not o b serv ed , although the ex p er im en ta l m ethod m ay  

not have been  s e n s it iv e  enough to d e te c t sa ch  ch an ges.

The strip p in g  of the liquid  s i l ic a te  m a tr ix  from  the p r im a ry  

FeO p a r t ic le s , on deform ation  at 1150°C , is  d ir e c t ly  a ttr ib u tab le  

to  th e ir  low  r e la t iv e  p la s t ic ity , PL A T E  19. A t 1275°C the p r im a ry  

FeO w as la r g e ly  d is so lv e d  in  the liquid  s i l ic a te  m a tr ix  and co n seq u en tly  

v e ry  lit t le  str ip p in g  could take p lace  during d eform ation , P L A T E  20.

The background population o f seco n d a ry  FeO in c lu s io n s  w e re

again  d eform ed  by varyin g  am ou n ts, a s  w as the c a se  in  c a s t  IB ,
o

the d eform ation  being m o re  apparent at 925 and 1000 C , P L A T E  18, 

than at 1150 and 1275°C , PLA TES 19 and 20. T h is w as p resu m a b ly  

due to  the m o re  rapid soften in g  of the iron  m a tr ix , com p ared  w ith  

that of the w u stite  in c lu s io n s , on in c r ea s in g  the tem p era tu re  of 

d eform ation . The r ig id ity  of the s m a lle r  in c lu s io n s  w as again  

app arent from  exam in ation  of the ex tra cted  in c lu s io n s  by S. E . M . , 

PL A T E  19g.

In c a s t  6, the addition of 1% m a n g a n ese  w ith  the s il ic o n  

deoxidant produced a p r im a ry  in c lu sio n  population of te r n a r y  iron**



m a n gan ese  s i l ic a te s  of a s im ila r  con stitu tion  to  the in c lu s io n s  

p r e se n t in  c a s ts  4 and 5 (com p are PL A T ES 2, 3 and 5), but w hich  

w ere  p red om in an tly  m an gan ese  r ich , the FeO content being l e s s  

than 15%. The so lid u s tem p era tu re  o f th is  type o f in c lu s io n  is  m uch  

high er than that in the corresp on d in g  b in ary ir o n - s i l ic a te  sy s te m ,  

ap p rox im ate ly  1300°C as com pared  w ith 1178°C, FIG . 45; con seq u en tly  

th e se  in c lu s io n s  did not exh ib it the tra n sitio n  from  b r itt le  to  p la s t ic  

behaviour w ith in the d eform ation  tem p era tu re  range em p loyed .

4 .3 .3  C a st 6B (S i-M n D eo x id ised )

A t d eform ation  tem p era tu res  of 925, 1000 and 1150°C the  

g la s s y  iro n -m a n g a n ese  s i l ic a te  in c lu s io n s  behaved in  a r ig id  m a n n er , 

giv in g r is e  to  the u su a l co n ica l v o id s , at low  m a tr ix  s tr a in s , and  

reta in in g  th e ir  g la s s y  app earan ce throughout the deform ation  

seq u en ce , PL A T E  21a. Som e in c lu s io n s  did , h ow ev er, take on an 

opaline app earance a fter  deform ation  at 1150°C , in d icatin g  the  

in itia tio n  of d e v itr if ica tio n . T h ese  o b serv a tio n s  a g ree  quite w e ll  

w ith the o b serv a tio n s  m ade on the heat trea ted  sa m p le s , w hich  

d evelop ed  only s m a ll g lobu lar s i l ic a  p r e c ip ita te s  w ithin p er io d s  at 

tem p era tu re  of l e s s  than 5 h ou rs.

The rapid tr a n s it io n  from  r ig id  to p la s t ic , or flu id , b ehaviour
o o

on in c r e a s in g  the d eform ation  tem p era tu re  from  1150 C to  1275 C,

FIGS 56 -  59 , i s  c h a r a c te r is t ic  of the behaviou r of a l l  g la s s y  

s i l ic a t e s ,  and has b een  e x te n s iv e ly  rep o rted  in  the l i t e r a tu r e , (9 2 ,

93 , 101, 113, 114, 141, 142). The tra n s itio n  tem p era tu re  o f 1150 « 1200°C  

o b serv ed  in  the p r e se n t c a se  l ie s  m o re  than 100°C b elow  the  

corresp on d in g  so lid u s tem p era tu re  of the eq u ilib r iu m  c r y s ta llin e  

fo r m , FIG . 45 , and although the e ffe c ts  of ad iabatic  heating  and  

h y d ro sta tic  p r e ssu r e  m ay be su ffic ien t to  exp la in  the sm a ll  d iffe re n c e  

betw een  the tra n s itio n  tem p eratu re  and the so lid u s  tem p era tu re  

o b serv ed  in  c a s ts  4 and 5, it  is  im p rob able  that th e se  e ffe c ts  can  

accou n t for the m uch g rea ter  d ifferen ce  o b serv ed  in the p r e se n t  c a s e .

It i s  u n lik ely  that the so lid u s tem p era tu re  in  the eq u ilib r iu m  situ a tion



has any g rea t b earin g  on the behaviour of g la s s y , n o n -c r y s ta ll in e ,  

n o n -eq u ilib r iu m  in c lu s io n s ,a n d  the co n tro llin g  in flu en ce is  m o re  

l ik e ly  to be the v is c o s ity - te m p e r a tu r e  re la tio n sh ip  of the g la s s y  

p h a se . A  p o ss ib le  re la tio n sh ip  betw een  the r e la t iv e  p la s t ic ity  

exh ib ited  by th is  type of in c lu sio n  and it s  v is c o s ity  at the d efo rm ation  

tem p era tu re  is  d e scr ib e d  in  m o re  d e ta il in  SECTION 4.4.1

The change in  the behaviour o b serv ed  during d eform ation  

at 1275°C w as quite s tr ik in g , and o ccu rred  upon the c ry s ta llisa tio n  

of the g la s s y  in c lu s io n s . T h is o b serv a tio n  co n firm s that the so lid u s  

tem p era tu re  of the c r y s ta llin e  s i l ic a te  i s  not the factor  co n tro llin g  

the behaviour of the g la s sy  s i l ic a te ,  and is  fu rther supported  by 

Shiraiw a*s rep o rt o f a m ark ed  d ifferen ce  in  the soften in g  te m p er a tu r e , 

as m e a su r ed  by h ard n ess  te s t in g , betw een  the c r y s ta llin e  and n on - 

c r y s ta llin e  fo rm s o f syn th etic  s i l ic a te  s la g s ,  (81), FIG. 37. The m o r e  

rapid  p rec ip ita tio n  of s i l ic a  occu rr in g  during heating  to  the w orking  

tem p era tu re  and during su b seq uen t d eform ation  and reh eatin g  

tr e a tm e n ts , com p ared  w ith that o b serv ed  during sta tic  heat tr e a tm e n t, 

PL A T E S 21b and c , su g g e sts  that the ex tra  en erg y  supp lied  by the  

d eform ation  p r o c e s s  m ay have a c c e le r a te d  th is  p rec ip ita tio n . H o w ev er , 

in co n tra st to  the in c lu s io n s  h eat trea ted  at 1275°C , w hich w ere  

co m p osed  of s i l ic a  r o se t te s  in a fea th ery  rh o d o n ite -tep h ro ite  m a tr ix ,  

PL A T ES 15g and h, the in c lu s io n s  p r e se n t in  the sa m p les  hot r o lle d  

at th is  tem p er a tu r e , u lt im a te ly  d eve lop ed  a m o re  eq u ilib r iu m  s tr u c tu r e ,  

contain ing m any rhodonite c r y s ta l l i t e s ,  PLA TES 2le and 22a, b , and 

d -  g . Such str u c tu r es  probably d evelop ed  through a r ea c tio n  b etw een  

the g la s s y  m a tr ix  and the s i l ic a  p r e c ip ita te s  form ed  e a r lie r  in  the  

d eform ation  seq u en ce , FIG. 45. T h is d ifferen ce  betw een  th e s tr u c tu r e s  

d evelop ed  during h eat trea tm en t and on hot r o llin g , m ay  aga in  l ie  in  

the add ition al en erg y  supp lied  to  the v is c o u s  in c lu s io n s  as th ey  

d eform ed . T h is could have helped  in the n u clea tion  o f the co m p lex  

rhodon ite la tt ic e  and w ould c er ta in ly  have a ided the rea c tio n  b etw een  

the p r im a ry  s i l ic a  p r e c ip ita te s  an i the g la s s y  m a tr ix , through the  

red istr ib u tio n  of s i l ic a  te tra h ed ra  and iro n  and m a n g a n ese  io n s .



The m e c h a n ism s by w hich the v a r io u s  in c lu sio n  m o rp h o lo g ie s

w ere  p rodu ced , upon deform ation  at 1275°C , PL A T E S 21b to  n , can

be exp la in ed  by co n sid era tio n  of the d ev itr if ica tio n  rea c tio n s  taking

p la c e . P ro v id ed  that d eform ation  o ccu rred  w h ils t  the in c lu s io n s

w ere  in a n o n -c r y s ta ll in e , g la s s y  s ta te , th ey  behaved in  a p la s t ic

m a n n er, producing the e longate  m o rp h o lo g ies  shown in PL A T E S 21b

and c . In fact a ll  the in c lu s io n s  behaved in  th is  w ay during the f ir s t

hot ro llin g  p a s s . A t th is  s ta g e , a few  of the in c lu s io n s  began to

p rec ip ita te  rhodonite c r y s ta l l i t e s ,  by the rea c tio n  of the g la s s y  m a tr ix

w ith  the p rec ip ita ted  s i l ic a ,  th is  being induced by the p reced in g

d eform ation . T h is r ea c tio n  probably o ccu rred  in it ia lly  in  the l e s s

s i l ic o u s  in c lu s io n s  in  w hich the s i l ic a  p rec ip ita tio n  w as a lm o st  c o m p le te ,

the m o re  s il ic e o u s  in c lu s io n s  reta in in g  enough s i l ic a  in  so lu tio n  to

m ain ta in  th e ir  g la s s y  n a tu re . T h ese  la tter  ty p es  again behaved

p la s t ic a lly  during the su cceed in g  ro llin g  p a s s . H ow ever , th is  p a ss

took  p lace  b efore  the r ea c tio n  betw een  the g la s s y  m a tr ix  and the

s i l ic a  p r e c ip ita te s , in  the le s s  s i l ic e o u s  in c lu s io n s , w as co m p le te  and

the rhodonite c r y s ta ll i te s  a lrea d y  form ed  w ere  pu lled  ap art and the

rem ain in g  g la s sy  m a tr ix  s tre tch ed  out betw een  the sep ara tin g

c r y s ta llin e  fr a g m e n ts , PL A T ES 2 2 a , b and d. T his s tru c tu re  w a s ,

h o w ev er , only  o b serv ed  on exam in ation  by S . E . M . , the am ount of

rem ain in g  g la s s y  m a tr ix  u su a lly  being so  sm a ll that on o p tica l

exam in ation  the in c lu s io n s  app eared  to  be fragm en ted  by w hat w as

o r ig in a lly  b e lie v e d  to  be a b r itt le  fra c tu re  m e c h a n ism , P L A T E S 21d

to g. Subsequent c r y s ta llisa t io n  of th is  m a tr ix  m a te r ia l, on co o lin g ,

in it ia lly  p rec ip ita ted  m o re  rh od on ite , u lt im a te ly  leav in g  a sm a ll

quantity o f liqu id  w hich  so lid if ie d  as a b in ary rh o d o n ite -tep h ro ite
o

e u te c tic , a t tem p era tu res  s lig h tly  b elow  1250 C, FIG. 45 . The  

rhodonite p rec ip ita ted  by th is  m ech a n ism  w as continuous w ith  the  

p rim a ry  rhodonite c r y s ta ll i te s  but form ed  a netw ork  stru c tu re  in  

w hich g lobu lar v o lu m es of the e u te c tic  w ere  con ta in ed , PL A T E  22c . 

T h ose in c lu s io n s  w hich w ere  m o re  s i l ic e o u s ,  had to p r e c ip ita te  a 

g r ea ter  quantity of s i l ic a  b efore  the s i l ic a -m a tr ix  rea c tio n  could



tak e p la c e . T h is r e su lte d  in  the p la s t ic  g la s sy  sta te  being reta in ed  

to  a la te r  sta g e  in  the ro llin g  sch ed u le , s u c c e s s iv e  p a s s e s  enabling  

m o re  s i l ic a  to  p r e c ip ita te . U ltim a te ly  the d riv in g fo r c e  w as  

su ffic ien t for the d eform ation  in trod u ced  to  in itia te  the s i l ic a -m a tr ix  

rea c tio n , w hich  o ccu rred  rap id ly  due to  the g r ea ter  quantity and 

fin er  d istr ib u tio n  o f the p rec ip ita ted  s i l ic a .  The resu lta n t  

c r y s ta llin e  in c lu s io n s  w ere  com p osed  of nu m erou s 'sm a ll rhodon ite  

c r y s ta ll i te s  contain ing l it t le  or no p la s t ic  s i l ic a te  m a tr ix , PL A T E S  

21h, i ,  k and 22f. A t h igh er s tr a in s  the in c lu s io n s  w hich  had  

c r y s ta ll is e d  e a r ly  in  the d eform ation  seq u en ce  b ecam e w id e ly  

d issem in a te d  and the rem ain in g  film  of p la s t ic  in c lu s io n  m a tr ix , 

s t i l l  adhering to  the rhodonite c r y s ta l l i t e s ,  w as grad u ally  s tr ip p ed  

aw ay. T h is gave the c r y s ta ll i te s  the app earance of fra g m en ts  

d eform in g  by a su r fa ce  flow  m e c h a n ism , PL A T ES 21m, n and 22e .

The sm a lle r  secon d ary  in c lu s io n s  p resen t in  th is  c a s t
o

w ere  a ls o  p la s t ic a lly  d eform ed  on ro llin g  at 1275 C, though the ex ten t  

of th e ir  d eform ation  w as som ew h at le s s  than that exh ib ited  by th e  

la r g e r  p r im a ry  in c lu s io n s . T h ese  in c lu s io n s  w ere  probab ly  l e s s  

s il ic e o u s  than the p r im a ry  in c lu s io n s , s in c e  th ey  w ere  found to  

contain  num erous tep h ro ite  la th s , PLA TE 22h. E xam in ation  by H igh  

V oltage E le c tr o n  M icro sco p y , of the in c lu sio n  fra gm en ts ex tr a c te d  

from  th e sa m p le  d eform ed  to  a tru e  s tra in  of 1. 8 at 1275°C , show ed  

la th  lik e  s tr u c tu r es  s im ila r  to th o se  o b serv ed  in the seco n d a ry  

in c lu s io n s , PLA TES 23a , b and c , and i t  i s  m o s t  lik e ly  that th e s e  

fra g m en ts  o r ig in a ted  from  the secon d ary  in c lu s io n  pop ulation , the  

fra g m en ts  orig in atin g  fro m  the p r im a ry  typ es of in c lu sio n  being too  

th ick  for the e lec tr o n  beam  to p en etra te . The d iffra ctio n  p a ttern s  

obtained from  th e se  s tr u c tu r es  w ere  ind exed  as  tep h ro ite , P L A T E  

2 3 c , and although a num ber of pattern s contained  tw o s e t s  of 

d iffraction  sp o ts , one in d icatin g  the p r e se n c e  of another p h ase  

having a m uch la r g e r  ’d* sp acin g , th e se  w ere  u su a lly  co m p lica ted  by  

double d iffra ctio n  e f fe c t s ,  m aking indexing d ifficu lt. A lthough the  

p r e se n c e  of rhodonite w as not con firm ed  by th is  tech n iq u e , th is  d oes



not p reclu d e  it s  e x is te n c e  in  th e se  s tr u c tu r e s . The la rg e  n u m bers  

of sm a ll  vo id s  o b serv ed  along the lath  bou ndaries in th ese  fr a g m e n ts , 

PL A T ES 23b and c , have the appearance o f c re e p  c a v it ie s  and 

in d ica te  that so m e of the deform ation  o ccu rred  by sh earin g  along  

th ese  b ou n d aries. H ow ever , the d eform ation  tem p era tu re  em p lo y ed , 

1275°C , l i e s  w e ll above the rh o d o n ite -tep h ro ite  eu te c tic  te m p er a tu r e , 

1251°C, and it  i s  d ifficu lt to  s e e  how th e se  in c lu s io n s  could have been  

c r y s ta llin e  during the d eform ation; although the h eat lo s s  due to  r o ll  

ch illin g  m ay  have been  su ffic ien t to  ca u se  the in c lu s io n s  to  

c r y s ta l l is e  during the p a s s . The sm a ll vo id s  o b serv ed  in the lo n g i

tu dinal sec tio n s  of so m e  of the d eform ed  p r im a ry  in c lu s io n s , P L A T E  

22g, m ay  a ls o  have been  form ed  by th is  ca v ita tio n  m e c h a n ism .

A t 1350°C the co m p o sitio n s of the in c lu s io n s  la y  w ith in  the  

liq u id  + s i l ic a  reg io n  of the ph ase d ia g ra m , FIG. 45 , and co n seq u en tly  

the in c lu s io n s  behaved p la s t ic a lly  upon d eform ation . A lthough the  

s i l ic a  p r e c ip ita te s  w ere  again  exp ected  to  form  at th is  te m p er a tu r e , 

v e r y  few  w ere  a c tu a lly  o b serv ed , ind icating  e ith er  that the in c lu s io n s  

s t i l l  re ta in ed  a n o n -eq u ilib r iu m  s tr u c tu r e , or that th e ir  c o m p o sitio n s  

w ere  a c tu a lly  l e s s  s i l ic e o u s  than the a n a ly se s  obtained fro m  the  

in c lu s io n s  in  the a s - c a s t  sa m p les  had in d ica ted . A red u ction  in  

the s i l ic a  content of only  5%, from  the 51% obtained on a n a ly s is  of the  

c a s t  s p e c im e n s , would ren d er the in c lu s io n s  c o m p le te ly  liq u id  at 

th is  tem p era tu re , F IG .4 5 . D eform ation  during the f ir s t  and seco n d  

p a s s e s ,  produced  fla t , ob la te , p la te - lik e  in c lu s io n s , w hich  ex h ib ited  

a s lig h t r ip p lin g  e ffe c t  on th e ir  su r fa c e , PL A T E  24a. A t h igh er  

s tr a in s  the in c lu s io n s  w ere  d eform ed  into long th in  r ib b o n s, having a 

r e la t iv e ly  un iform  width but exh ib iting  a m ark ed  pinch and s w e ll  

(B oudinage) stru ctu re; a s  w as rev e a le d  by tr a n s m is s io n  e le c tr o n  

m ic r o sc o p y , PL A T E  24b. N um erous h o le s  w ere  o b serv ed  in  th e s e  

ribbons and the in c r e a se d  th ick n ess  around the p e r ip h e r ie s  of th e s e  

h o le s , and around the ed ges of the in c lu s io n , w as probab ly  due to  a 

su r fa ce  en erg y  e ffe c t . The boudinage stru ctu re  of th e se  in c lu s io n s



w as o b serv ed  in  e v er y  sa m p le , from  s e v e r a l  d ifferen t c a s t s ,  w hich  

contained  h igh ly  e lon gated  liq u id  s i l ic a te s .  A lthough th is  e ffe c t  is  

not e a s i ly  exp la in ed , i t  i s  d is c u s se d  in  m o re  d e ta il in  SECTION 4 .1 . 4 (ii)  

A s w as the c a se  w ith  the p la s t ic  in c lu sio n s  in  c a s ts  4 and 5, the  

r e la t iv e  p la s t ic ity  exh ib ited  by the in c lu s io n s  began to d e c r e a s e  a s  the  

d eform ation  tem p era tu re  w as in c r e a se d  above the n o n -p la s t ic /p la s t ic  

tr a n s it io n . T h is once m o re  in d icated  an in c r e a s e  in the stren g th  of  

the in c lu s io n s , r e la t iv e  to  the m eta l m a tr ix , a t th e se  te m p e r a tu r e s .

4. 3. 4  C ast 8 (A l-S i D eo x id ised )

B ec a u se  of the w ide co m p osition  range exh ib ited  by the  

in c lu s io n s  p r e se n t in  th is  c a s t , it  w as ex p ected  that th ey  w ould ex h ib it  

a range of tem p era tu res  over  w hich the n o n -p la s t ic /p la s t ic  tr a n s it io n  

would o ccu r . T h is w as in fa c t o b serv ed , though to  a lim ite d  ex ten t, 

and a few  in c lu s io n s  exh ib ited  p la stic  behaviou r at tem p er a tu r e s  a s  

low  as 925°C . H ow ever , th e se  app arently  d e v itr if ied  during the e a r ly  

s ta g e s  of d eform ation , or during the f ir s t  in te r p a ss  r eh ea tin g , and  

in  m o s t  c a se s  b eca m e fragm en ted  during su b seq uen t p a s s e s ,  PL A T E S  

25c and d. It w ould s e e m  lo g ic a l to  a ssu m e  that the in c lu s io n s  w hich  

behaved p la s t ic a lly  a t th e se  low er w orking te m p e r a tu r e s , w e re  the  

l e s s  s i l ic e o u s  ty p e s , th e se  being m o re  l ik e ly  to  have a lo w er  

n o n -p la s t ic /p la s t ic  tra n s itio n  tem p era tu re . H ow ever, an a lte r n a tiv e  

exp lanation  can be o ffered  for the op p osite  c a s e ,  i . e .  in c lu s io n s  w ith  

a h igh er s i l ic a  content. H ere  the m o re  s il ic e o u s  in c lu s io n s  v o u ld  

have been  m o re  r e s is ta n t  to  c r y s ta llisa t io n  than th e l e s s  s i l ic e o u s  

ty p e s , and in  con seq u en ce  could have reta in ed  th e ir  g la s s y  s ta te  

in to  the f ir s t ,  or even  seco n d , p a ss  seq u en ce . P ro v id ed  that the  

n o n -p la s t ic /p la s t ic  tra n s itio n  tem p era tu re  of th e se  g la s s y  fo r m s  w as  

b elow  925°C , p la s t ic  behaviour would have o ccu rred  on d e fo rm a tio n .

The le s s  s i l ic e o u s  in c lu s io n s , though in it ia lly  l e s s  v is c o u s , w ould  

have c r y s ta ll i s e d  m o re  rap id ly , probab ly on heating to  the w orking  

te m p era tu re , and would have been  con verted  to  the n o n -p la s t ic  

c r y s ta llin e  form  b efo re  d eform ation  took  p la ce . It w as in te r e s t in g  

to  note that although the m a jo r ity  of the in c lu s io n s  w hich  b eca m e  

c r y s ta llin e  w h ils t  reta in in g  th e ir  sp h ero id a l m orp h o logy  w ere  h ig h ly



r e s is ta n t  to  fra c tu r in g , PLA TES 25a and b, th o se  in c lu s io n s  w hich

b eca m e elon gated  by even  the s m a lle s t  am ount b e fo re  c r y s ta ll isa t io n

took  p la c e , in v a r ia b ly  b eca m e fra ctu red  during sub seq u ent p a s s e s ,

PL A T ES 25c and d.

A t ro llin g  tem p era tu res  o f 1150°C and ab ove, a l l  the in c lu s io n s

show ed p la s t ic  or flu id  b eh av iou r, producing elon gated  m o rp h o lo g ie s  of

the type se e n  in c a s t  6B , PL A T E  26. A t low  m a tr ix  s tr a in s  the

in c lu s io n s  w ere  d eform ed  into e l l ip s o id s , PL A T ES 26a and b , but at

high s tra in s  the boudinage s tr u c tu r es  w ere  again  d evelo p ed , PL A T E S

2 6 c , d and f , often  contain ing h o le s  in  the e lon gated  r ib b on s.

S p h erod isa tion  around the ed g es  of th e se  ribbons and the p e r ip h e r ie s

o f the h o le s  produced w as again  apparent.

A lthough a few  of the d eform ed  in c lu s io n s  contain ed  angular

p r e c ip ita te s , PL A T E  2 6 e , th e se  w ere  uncom m on, the v a s t  m a jo r ity

being s in g le  ph ased  g la s s e s .  T his is  in  co n tra st to  the s tr u c tu r e s

produced during heat trea tm en t, w hich  contained  n u m erou s h ercy n ite
o

and s i l ic a  p r e c ip ita te s , p a r tic u la r ly  a fter  trea tm en ts  a t 1150 C ,

PL A T E  I6i and j . H ow ever , s in c e  the m in im u m  tim e  em p loyed  for

the h ea t trea tm en ts  w as 5 h o u rs , the m uch sh o r ter  p er io d s  at

tem p era tu re  during hot ro llin g  m ay have been  in su ffic ie n t to  produ ce
o

th ese  p r e c ip ita te s . A t tem p era tu res  of 1275 C and above the  

in c lu s io n s  w ere  in the liq u id  sta te  and flu id  behaviour w as to  be 

ex p ected . An in ter e st in g  o b serv a tio n , m ade during the S .E .M .  

exam in ation  of th e se  in c lu s io n s , w as the ex ten t o f the m a tr ix  w e ld in g , 

o ccu rr in g  through the h o le s  fo rm ed  in  the flu id  r ib b o n s, and b etw een  

the sep a ra tin g  in c lu sio n  fra g m en ts  produced  at lo w er  te m p e r a tu r e s .

In e v e r y  c a s e ,  w here the m a tr ix  m e ta l had been  ab le  to  m ak e co n ta ct, 

co m p lete  w eld ing had o c cu rr e d , e lim in a tin g  the m a tr ix  d isc o n tin u it ie s .

The red u ction  in  r e la t iv e  p la s t ic ity  at tem p era tu res  in e x c e s s  o f the  

n o n -p la s t ic /p la s t ic  tra n s itio n  tem p era tu re , o b serv ed  in c a s ts  4 , 5 and 6B , 

w as again  o b serv ed , FIGS. 63 and 64, TA BLE 10, once m o re  in d ica tin g  

an in c r e a s e  in  the r e la t iv e  stren gth  of the in c lu s io n s  at th e se  te m p e r a tu r e s .



The e ffe c t  of in c r ea s in g  the red u ction  p er  p a ss  from  0. 3 to  

0. 6, at 1000°C w as to  m ake the c r y s ta llin e  in c lu s io n s  m o re  b r it t le ,  

n e a r ly  a l l  the in c lu s io n s  being fra ctu red  under the in c r e a se d  ro llin g  

lo a d s . T h is led  to  the form ation  of long fra g m en ta ry  s tr in g e r s  at 

the h igh er  s t r a in s ,  PLA TES 27a and b. A t 1150°C the in c r e a se d  

str a in  ra te  had only a m a rg in a l e ffe c t  on the r e la t iv e  p la s t ic ity  of 

the in c lu s io n s , FIGS. 65 and 66, and l ie s  w ith in  the lim its  of 

ex p er im en ta l e r r o r . H ow ever, although th is  r e s u lt  su g g e s ts  that 

the s tra in  ra te  has lit t le  e ffe c t  on the r e la t iv e  p la s t ic ity  of liq u id  

s i l ic a te  in c lu s io n s , i t s  e ffe c t  on the behaviour of c r y s ta llin e  p la s t ic  

ty p e s , su ch  a s  the m a n gan ese  su lp h id es , m ay be quite d ifferen t.

The e lon gated  flu id  in c lu s io n s  produced  on d eform ation  a t  

1150°C exh ib ited  b r itt le  tr a n s v e r s e  fractu rin g  on fu rther d efo rm a tio n  

at 925°C , PL A T ES 27d and e . T h ese  s tr u c tu r es  su g g e st the  

op eration  of sh ea rin g  fo r c e s  of unequal m agnitude actin g  a long the  

op p osite  fa c e s  of the in c lu s io n . T his m ech a n ism  a ls o  ex p la in s  th e  

gen era tio n  of the couple n e c e s s a r y  to  ca u se  the o b serv ed  ro ta tio n  

of the la r g e r  in c lu s io n  fragm en ts once fra c tu re  had o c cu rr e d , PL A T E S  

27d and e .

The m ech a n ics  o f the d eform ation  m ech a n ism  a re  d is c u s s e d  

m o re  fu lly  in  SECTION 4 .4 . 2

4 .3 . 5  C a st 11 (C a ls ib a r  (C a-S i) D eo x id ised )

On d eform ation  at 925°C  only the l e s s  s i l ic e o u s  in c lu s io n s ,  

w hich  had d evelop ed  a duplex g la s s y  s tr u c tu r e , exh ib ited  any d e g r ee  

of d eform ation . T h ese  in c lu s io n s  w ere  in it ia lly  l e s s  v is c o u s  than  

in c lu s io n s  of h igh er s i l ic a  content, and w ere  ab le  to  d evelop  a 

c o a r se  duplex stru c tu re  w ithin the m is c ib il i ty  gap of the FeO -C aO - 

SiO s y s te m , FIG. 47 . The rem o v a l o f s i l ic a  from  so lu tio n  in  th e s e
u

in c lu s io n s , lo w ered  the v is c o s ity  of the in c lu sio n  m a tr ix  su ff ic ie n t ly  

for the in c lu s io n s  to  behave p la s t ic a lly  upon d eform ation . H ow ever , 

th is  s i l ic a  d ep letion  a lso  m ade the g la s s y  m a tr ix  u n sta b le , w h ich  

then c r y s ta ll is e d  during continued d eform ation  and ren d ered  the  

in c lu s io n  b r it t le , PL A T E  28a. In so m e c a s e s  the s i l ic a  seco n d  p h ase



w as p rec ip ita ted  at the in c lu s io n -m e ta l in ter fa c e  as a continuous  

f i lm , form in g  a h igh ly  r ig id  envelope w hich p reven ted  the in c lu s io n  

from  d efo rm in g , PL A T E  28b. T h is m ech a n ism  a ls o  p reven ted  

th ese  in c lu s io n s  from  deform in g  at the h igh er  te m p e r a tu r e s , a 

num ber of n o n -p la s tic  in c lu s io n s  of th is  type being o b serv ed  in the  

sp e c im e n s  d eform ed  at 1275°C . H ow ever , the s i l ic a  en v e lo p es  often  

b eca m e fra c tu red  under the action  of the h igh er  s t r e s s e s  d evelop ed  

at high s t r a in s ,  and the in c lu s io n s  then d eform ed  into  long s tr in g e r s ,  

PL A T ES 28e and f.

The extended  range of tem p era tu res  o v er  w hich the n on -

p la s t ic /p la s t ic  tr a n s it io n  o ccu rred  in  th is  c a s t , can be a ttrib u ted

to  the v a r ia tio n  in  the CaO content of the in c lu s io n s . T h o se  in c lu s io n s

having h igh er CaO contents had a low er  v is c o s ity ,  at the ro llin g

tem p er a tu r e , than in c lu sio n s  w ith low er  CaO con ten ts; due to  the  
++

-e ffec t o f the Ca ion s in  breaking down the s i l ic a  netw ork  s tr u c tu r e s .  

C on seq u en tly  the m o re  c a lca r e o u s  ty p es  of in c lu s io n s  exh ib ited  

lo w er  tr a n s it io n  te m p e r a tu r e s , and p la s t ic  behaviour o f so m e in c lu s io n s  

w as o b serv ed  at tem p era tu res  as low  as 1000°C , PL A T E  2 8 c . H o w ev er , 

the m a jo r ity  of the in c lu s io n s  exh ib ited  a tr a n s itio n  in  th e reg io n  of 

1100°C, FIGS. 70 and 71. T h ose  in c lu s io n s  w hich had ca lc iu m  en r ich ed  

r im s , PLA TES 9b and c , often  exh ib ited  ta il  lik e  e x te n s io n s , on 

d eform ation  at 1000°C , w h ere the l e s s  v is c o u s  ca lca r e o u s  r im  w as  

str ip p ed  aw ay fro m  the m o re  v is c o u s  c o re .

A t h igh  s tr a in s  the p la s tic  in c lu s io n s  again  d eve lo p ed  a 

boudinage m orp h o logy , and contained n u m erou s h o le s .

4 . 3. 6 C a sts  4B and 12 (Si and S u p erseed  D eo x id ised )

The r ig id  behaviour of the stab le  g la s s y  s i l ic a te s  p r e se n t  

in  th e se  c a s ts  in d icated  that the n o n -p la s t ic /p la s t ic  tr a n s it io n  

tem p era tu re  of th e se  h igh ly  s il ic e o u s  in c lu s io n s  w as above 1275°C .

The vo id s produced at low  m a tr ix  s tr a in s  w ere  form e d on 

d eform ation  at a ll  four w orking te m p e r a tu r e s , PL A T E  29, s im ila r  

ty p es  of vo id s  being produced at each  tem p era tu re . A t m a tr ix  

s tra in s  g rea ter  than 1. 2 the vo id s had m o s t ly  b een  c lo se d  up. T h o se



vo id s p r e se n t at the 1. 2 s tra in  w ere  sm a ll and o ccu rred  only at 

the la r g e r  ty p es  of in c lu s io n , PLA TE 29b. The m axim u m  ex ten t  

of the v o id s  w as o b serv ed  in  the sa m p les  d eform ed  to  a tru e  s tra in  

of 0. 3, su b sequ en t p a s s e s  app arently  red ucing th e ir  ex ten t.

T h ese  o b serv a tio n s  can be fu lly  exp la in ed  by the action  of the  

h y d ro sta tic  s t r e s s  d evelop ed  during r o llin g . T h is s t r e s s  in c r e a s e s  

as the red u ction  in c r e a s e s ,  due to  the in c r e a se d  ro llin g  load  and 

red u ced  arc  o f con tact betw een  the w ork  r o lls  and the s tr ip . T h is  

r e s u lt s  in  the grad u al c lo s in g  up o f the vo id s  produced at lo w er  

s t r a in s .

The m ech a n ism s of form ation  of th e se  v o id s  and the fa c to r s  

in flu en cin g  th e ir  form ation  a re  quite w e ll u n d erstood  and the  

lite r a tu r e  on th is  su b ject has been  rev iew ed  in SECTION 2. 2. 3.

4 . 4  Som e G en era l O b servation s on the F a c to r s  a ffectin g  the
B eh aviou r of N o n -M eta llic  In c lu sion s during Hot W orking

4. 4 .1  The E ffe c ts  of In clu sion  C om position  and C on stitu tion

The r ig id  or b r itt le  behaviour exh ib ited  by the in c lu s io n s ,  

o b se rv e d  on d eform ation  at the low er w orking te m p e r a tu r e s , w as  

found to  depend p r im a r ily  on the con stitu tion  of the in c lu s io n s  and 

a lso  On the m agnitude of the s t r e s s e s  d evelop ed  during the d efo rm a tio n  

of the s t e e l  m a tr ix . G en era lly  the g la s s y  in c lu s io n s  w ere  found to  be  

the m o s t  r e s is ta n t  to  fr a c tu r e , and fractu r in g  of th is  type of in c lu s io n  

w as not o b serv ed  under any of the hot ro llin g  con d ition s em p lo y ed . 

H ow ever , th is  is  not to  sa y  that th ey  would not b eco m e fra c tu red  

under m o r e  s e v e r e  con d ition s of deform ation . The c o a r s e  du plex  

typ es o f s i l ic a te ,  o f lo w er  s i l ic a  conten t, w ere  found to  be the le a s t  

r e s is ta n t  to  fractu rin g  and b ecam e fragm en ted , through cra ck in g  

along the in terp h a se  b o u n d aries, at even  the lo w e st  r ed u c tio n s . The 

m o r e  s il ic e o u s  m ic r o c r y s ta ll in e  ty p es of in c lu s io n  w e re  m o r e  

r e s is ta n t  to  fractu r in g  than the c o a r s e r  duplex ty p e s , but w ere  l e s s  

r e s is ta n t  than the g la s s y  typ es; for although th ey  r e s is te d  fra c tu r in g  

on d eform ation  at in term ed ia te  stra in  r a te s , ( 0 .3 /p a s s ) ,  th ey



b eca m e fra c tu red  under the action  o f the h igh er  s t r e s s e s  g en era ted  

during d eform ation  at h igh er s tra in  r a te s ,  (0 . 6 / p a ss ) .

The tem p era tu re  at w hich the tr a n s it io n  from  r ig id  or 

b r itt le  behaviour to  p la s t ic  behaviour took  p la ce  w as found to v a ry  

fro m  One type of in c lu s io n  to another. In the c a se  o f the c r y s ta llin e  

in c lu s io n s  it  w as found that the tr a n s it io n  tem p era tu re  w as rough ly  

equal to  the so lid u s tem p era tu re  of the oxide sy s te m  in v o lv ed , the  

sm a ll  d is c r e p a n c ie s  o b serv ed  u su a lly  being attributab le  to  the  

e ffe c ts  of ad iab atic  heatin g  and h y d ro sta tic  p r e s s u r e . H ow ev er , in  

the c a se  of the g la s s y  typ es of in c lu s io n s , th is  tr a n s it io n  tem p era tu re  

was found to occu r  at tem p era tu res  m uch lo w er  than the eq u ilib r iu m  

so lid u s tem p era tu re . T h is gave a read y  exp lanation  for the  

tr a n s it io n  fro m  v is c o u s  to  b r itt le  behaviour o b serv ed  on the c r y s t a l l 

isa tio n  of the le s s  sta b le  g la s s y  s i l ic a t e s .  S in ce  the n o n -p la s t ic /p la s t ic  

tr a n s it io n  tem p era tu re  is  d ir e c t ly  r e la ted  to  the eq u ilib r iu m  so lid u s  

tem p er a tu r e , in  the c a se  of the c r y s ta llin e  ty p es  of in c lu s io n s , it  

should  be p o ss ib le  to  p red ic t the e ffe c t  of v a r io u s  e lem en ts  on th is  

tra n s itio n  tem p era tu re  from  a know ledge of the re lev a n t oxide  

eq u ilib r iu m  d ia g ra m s. T hus, the rep la ce m e n t of iron  by m a n g a n ese

in duplex c r y s ta llin e  s i l ic a te s  contain ing p r im a ry  m an gan ow u stite ,
o or a is e s  the tem p era tu re  o f the eu tec tic  m a tr ix  fro m  1178 C to  1317 C , 

FIG. 45 . The e ffe c t  th is  has on the tr a n s it io n  tem p era tu re  h as been  

see n  in c a s ts  4 , 5 and 6, TABLE 12. H ow ev er , in  the c a se  o f g la s s y  

in c lu s io n s  the e ffe c ts  o f the sam e e lem en ts  m ay be quite d ifferen t, 

and w ould depend on th e ir  e ffe c t  on the v is c o s ity - te m p e r a tu r e  

r e la t io n sh ip  of the v itr e o u s  ph ase in vo lved . M a lk iew icz  and R udnik  

(93), found that g la s s y  s i l ic a te s  of h igh er m a n g a n ese  content 

exh ib ited  p la s t ic  behaviour at low er tem p er a tu r e s  than iro n  r ic h  

s i l ic a t e s .  The e ffe c t of m a n gan ese  in th is  c a se  i s  op p osite  to  i t s  

e ffe c t  on the c r y s ta llin e  in c lu s io n s  rep orted  in th is  in v e s tig a tio n .



B ec a u se  of it s  r e le v a n c e  to  the behaviour o f v itr e o u s

in c lu s io n s  during hot w ork in g , i t  w ill  be u se fu l to  d is c u s s  b r ie f ly

the v is c o s ity - te m p e r a tu r e  re la t io n sh ip  o f a ty p ica l v itr e o u s  p h a se .

In the m an ufacture of g la s s  the m e lt  i s  kept at a tem p era tu re  at
- 2  2w hich the v is c o s i ty  is  in  the reg io n  of 10 N . s .m  , (10 p o is e ) .

T h is tem p era tu re  i s  u su a lly  s lig h tly  in  e x c e s s  of the liq u idu s

tem p er a tu r e , w hich  u su a lly  co rresp o n d s to a v is c o s ity  in  the reg io n  
2 - 2  3

of 10 N . s .m  (10 p o ise ) . The m o s t  dangerous tem p era tu re  range

for c r y s ta ll isa t io n  is  s ta ted  to  be the range in  w hich the v is c o s i t y  
3 -2  4i s  10 N . s .m  (10 p o ise ) . A t the g la s s  tra n s itio n  te m p er a tu r e , T g ,

12 -2  13th e v is c o s i t y  is  10 N . s .m  , (10 p o ise ); although the v is c o s i ty

ch an ges rap id ly  in  th is  reg io n  b etw een  10^ and 10"^ N. s .m  (10^
17to 10 p o is e ) , th is  change so m e tim e s  o ccu rr in g  w ith in  a tem p era tu re

orange a s  sm a ll a s  25 -  50 C. The n o rm a l w orking tem p era tu re  ra n g e ,
5

-during g la s s  m an u factu re , co rresp o n d s to a v is c o s i ty  range o f 10 to
7 **2 6 810 N . s .m  , (10 - 1 0  p o ise ) . B y d efin ition  any liq u id , or su p e r -

13co o led  liq u id , w h ose  v is c o s i ty  e x ce e d s  10 p o ise  is  c a lle d  a g la s s ,  

and th is  is  the v is c o s i ty  ch o sen  to  defin e the boundary b etw een  the

liq u id  and g la s s y  s ta te s . A t room  tem p era tu re  a n o rm a l g la s s  w ill
19 -2  20 have a v is c o s i ty  at le a s t  a s  high as  10 N. s .m  , (10 p o is e ) , and

w ill  behave a s  an id e a l e la s t ic  so lid . T h ese  re la t io n sh ip s  a r e

su m m a r ised  in  FIG . 72, w hich show s s c h e m a tic a lly  the v a r ia tio n  in

v is c o s ity  w ith tem p era tu re  for  a ty p ica l s i l ic a te  g la s s .  The e ffe c ts

that v a r io u s  e lem en ts  have on the tra n s itio n  from  r ig id  to  p la s t ic

b eh av iou r, shown by g la s s y  n o n -m e ta llic  in c lu s io n s  in  s t e e l ,  w ill

depend on how th ey  a ffec t the v is c o s ity - te m p e r a tu r e  r e la t io n sh ip s

ju st outlined . Many m e ta l ox id es produce ca tion s w ith in  the g la s s y

ph ase  w hich help  to  b reak  down the s i l ic a  netw orks and h en ce red u ce

th e v is c o s ity .  T h is p u sh es the g la s s  tr a n s it io n  to lo w er  te m p e r a tu r e s .

H o w ev er , although it  w ould s e e m  lo g ic a l to  a ssu m e  that h igh er  v a le n c y

ca tio n s w ould be m o re  e ffe c t iv e  in th is  r e s p e c t ,  th is  i s  often

co m p lica ted  by the tend en cy  of th ese  e lem en ts  to  form  o x y -a n io n s  w hich



help  m ain ta in  or even  in c r e a se  the n etw ork  s tr u c tu r e s . The low er  

v a len cy  e le m e n ts , such  as N a, C a, F e  and M n, u su a lly  a c t as  

g la s s  m o d if ie r s  and b reak -u p  the netw ork  s tr u c tu r e s , w h ils t  the  

h igh er v a le n c y  e lem en ts  such  as  Cr and A l, can behave a s  g la s s  

m o d ifie r s  at low  con cen tra tion s and as g la s s  fo r m e r s  at h igh er  

c o n cen tra tio n s . The probable e ffe c ts  o f F e , Mn and C a, on th e  

n o n -p la s t ic /p la s t ic  tr a n s it io n  of g la s s y  in c lu s io n s , i s  to  red u ce  the  

tra n s itio n  tem p era tu re , w h ils t  the e ffe c ts  o f A l and Cr a re  l ik e ly  to  

be m o re  co m p lex  and m ay  be v a r ia b le . T h is h y p o th esis  d is a g r e e s  

to som e exten t w ith that of K ies s lin g  (113), who su g g ested  that 

although the e ffe c t  o f m an gan ese  w as to  red u ce the tr a n s itio n  

te m p era tu re , the e ffe c ts  of iro n  and ca lc iu m  w ere  to  in c r e a s e  it ,

FIG. 36. H ow ev er , th is  w ork w as b a sed  on r e la t iv e  p la s t ic ity  

d eterm in a tio n s taken from  v a r io u s  s o u r c e s , and it  i s  not known  

w hether a l l  the in c lu s io n s  w ere  of the g la s s y  ty p e . The e ffe c t  that 

d ifferen t s p e c ie s  of cation  have on the v is c o s ity  o f g la s s y  in c lu s io n s  

is  r ea d ily  apparent fro m  a co m p a riso n  o f the behaviour of the 

in c lu s io n s  in c a s ts  11 and 12. The in c lu s io n s  in  th e se  c a s ts  both  

had co m p o sitio n s  in  the range 70 - 80% SiO . Both contained  FeO, the
C i

in c lu s io n s  in  c a s t  12 having an a v era g e  of 25% FeO, th o se  in  c a s t  11

being ra th er  m o re  v a r ia b le  but in  the range 10 -  20% FeO. The

c a s ts  d iffered  m a in ly  in  the CaO content of the in c lu s io n s , th o se  in

c a s t  12 contain ing n one, w h ils t  th o se  in c a s t  11 contain ed  10 -  20%

CaO. The tr a n s it io n  fro m  n o n -p la s tic  to  p la s t ic  behaviour o c cu rr e d

at tem p era tu res  betw een  1000°C and ^  1070°C in  the c a se  o f c a s t  11,

FIGS. 70 and 71, the low er tem p era tu re  corresp on d in g  to  the m o re

c a lc a r e o u s  in c lu s io n s , w h ils t  the in c lu s io n s  in  c a s t  12 rem a in ed

n o n -p la s tic  at a ll  tem p era tu res  up to  and inclu d ing 1275°C . The  
2+e ffe c t  o f Ca ion s in  lo w erin g  the tem p era tu re  of the n o n -p la s t ic /  

p la s t ic  tra n sitio n  i s  a lrea d y  u sed  to advantage in the a rea  of fr e e  

m achin ing s t e e ls .

A t the tem p era tu re  of tra n s itio n  fro m  n o n -p la s t ic  to  p la s t ic  

behaviour the in it ia l r e la t iv e  p la s t ic ity  exh ib ited  by the in c lu s io n s



is  about un ity , FIGS. 48 -  71.

T h ere fo re  at Tc

1.0

w h ere

T c = The tr a n s it io n  T em p eratu re  

. = The In itia l R e la tiv e  P la s t ic ity

A sh ok , (107), has shown th at the R e la tiv e  Strength  of unbonded seco n d  

p h a se s , w hich exh ib it in it ia l r e la t iv e  p la s t ic it ie s  of un ity, a r e  in  the  

reg io n  of 0. 5 , FIG. 24.

H ence at T c

1 .0  and P ~ *  0 .5

w h ere

= The In c lu sion  R e la tiv e  Strength  

N ow  by d efin ition

P  =

w h ere

^  = The In clu sion  Shear Strength

and 7" = The m a tr ix  Shear Strengthr  m

H ence at T c

H i 0 .5T„ 1

The sh ear  stren gth  of a v is c o u s  flu id  is  a function  of the  

stra in  ra te  at w hich d eform ation  o c c u r s , or m o re  s im p ly  the v e lo c ity  

grad ien t under w hich the flu id  is  d efo rm ed ,

l .  e .
dV 
dx

w h ere

j M '  = The c o e ffic ie n t of v is c o s ity
dVand = The v e lo c ity  grad ien t acting  a c r o s s  the in c lu s io n .



H ence at T c

/ /  d v / ^
/d x  . = 0 .5  (1)

r m
It can be shown that the am ount o f s im p le  sh ea r  i s  r e la ted  to  the  

tru e  s tra in  by :

) £ =  2  Sinh 8  (2)

w h ere  i s  the unit of s im p le  sh ea r . T his i s  r e la ted  to  the 

v e lo c ity  grad ien t by

^  = —  -  X (3)dx dt ’ 8 ' '

w h ere  t is  t im e .

B ut s in c e  ^ = 2 Sinh 8

d ifferen tia tin g  (2) w . r . t . tim e

dtf
=  2

d £

= 2 £  C osh  £  (4)

w h ere £  = S tra in  R ate = „dt

Su bstitu ting  (3) in  (1)

and by (4)

= 0 .5
f  m

2 . Cos h £  .

r
= 0 . 5  (5)

m

w here

8  . = The In c lu sion  T rue Stra inl

A t £ .  = 0. 0
i

^  = ' = V7 .
T £ m

w here

wj, = T rue R e la tiv e  P la s t ic ity  

= In itia l R e la tiv e  P la s t ic ity



F  = M atrix  Stra in  R ate  
m

Thus

B i
£ .  =  0 =  £m

and. h en ce , from  (5)
6

2 A  £  C osh  £ ../ i ^  m  i

r»
S in ce  C osh  £ .  = 1 .0 , at £ .  = 0

= 0 .5

em = 0 .5  (6)
m

A t T c , I / .  = 1 .0 , thus :i

2 m£
r m

w h ere

= 0 .5  (7)

= The c r it ic a l  v is c o s i ty  at T c.

H ence

■ T T Z ,  m

T h u s, for  g la s s y  in c lu s io n s  in  s t e e l ,  the tra n s itio n  fro m  rigid, to  

flu id  behaviou r w ill  o ccu r  at a tem p era tu re  w h ere the v is c o s i t y  o f  

the in c lu s io n  fa lls  to  a va lu e  equal to  one quarter of the sh ear  y ie ld  

stren gth  of the s t e e l ,  d iv ided  by the s tra in  ra te  a t w hich  the d e fo rm a tio n  

o c c u r s .

D ata p resen ted  by Cook (115) on the y ie ld  stren gth  of m ild  s t e e l ,  

at s tra in  r a te s  betw een  1 and 100 per seco n d , during d eform ation  at 

tem p er a tu r e s  betw een  900 and 1200°C , g iv e s  a c r it ic a l  v is c o s i t y  ran ge



0.11 to 11. 67 MN. s .m   ̂

or 10^*  ̂ to  10^*  ̂ P o is e

TA BLE 11.

F ro m  the v a lu es  p r e se n ted  in TA BLE 11, it  can be see n  that the

tem p era tu re  of d eform ation  has on ly  a m a rg in a l e ffe c t  on the c r i t ic a l
*■2 6 3v is c o s ity ,  th is  being  in  th e range 0 .19 to  11. 67 MN. s .m  , (10 * to  

10^** p o is e ) , at 900°C  and in the range 0.11 to  4 .17  MN. s .m  

(10^*  ̂ to  107 * 6 p o is e ) , at 1275°C . H ow ever , the e ffe c t  of s tr a in  ra te  

can be se e n  to  be su b sta n tia l, an in c r e a s e  in  stra in  ra te  of one ord er

of m agn itud e producing an eq u iva len t red u ction  in  the c r it ic a l  v is c o s i ty .
o -1

F o r  ex a m p le , at 1000 C , in c r ea s in g  the s tra in  ra te  from  8 to  100 s

d e c r e a s e s  the va lu e  of c r it ic a l  v is c o s i ty ,  at low  s tr a in s , fro m  1. 56 to
2 7 2 6 20 .16  M N .s .m  (10 * to  10 p o ise ) . T his r e su lt  i s  in te r e s t in g

s in c e  it  p r e d ic ts  that the tem p era tu re  at w hich  the tr a n s it io n  fro m

n o n -p la s t ic  to  p la s t ic  behaviour o c c u r s , i s  in c r e a se d  by in c r e a s in g

the ra te  at w hich  the s t e e l  is  d eform ed . T h is m ay  have an im p o rta n t

e ffe c t  on the behaviou r o f g la s s y  s i l ic a te  in c lu s io n s  during o p era tio n s

w hich  in v o lv e  v e r y  high r a te s  of stra in ; e .g .  m achin ing o p e r a tio n s .
7 .5  -2A lthough E k ero t, (141), s ta te s  a va lu e  of 10 * p o is e , ( 3 .2  M n. s .m  ),

a s  the v a lu e  of the c r it ic a l  v is c o s ity ,  i t  has a lrea d y  b een  show n th at

the equation  u sed  in  the ca lcu la tio n  w as in v a lid , and that th is  v a lu e

could  not have n een  obtained u sin g  the s tr a in  ra te  and flow  s t r e s s

data g iv en , SECTION 2 .2 .4  ( ii i) .

It can be se e n  that the v a lu es  o f c r it ic a l  v is c o s ity  obtained

fro m  equation (8), co rresp o n d  to  the n o rm a l w orking tem p era tu re
—2 6 8ran ge u sed  in  g la s s  m an ufacture 0 .1  to  10 M N. s .m  , (10 to  10 p o is e ) ,  

FIG . 72.

A t tem p er a tu r e s  in  e x c e s s  o f the n o n -p la s t ic /p la s t ic  

tr a n s it io n  tem p era tu re  the s il ic a te  in c lu s io n s  a ll  exh ib it a red u ctio n



in  the m e a su r ed  r e la t iv e  p la s t ic it ie s ,  FIGS. 48 -  71. S im ila r  

o b serv a tio n s  have p r e v io u s ly  been  rep o rted  by E k erot,( 141, 142), 

but no exp lanation  for th is  behaviour has so  far  been  p rop o sed . Such  

behaviour can only  be due to  an in c r e a s e  in  the stren gth  of the  

in c lu s io n s  r e la t iv e  to  that of the m a tr ix , and a read y  exp lanation  for  

th is  i s  apparent fro m  the v is c o s ity - te m p e r a tu r e  re la t io n sh ip s  a lrea d y  

d is c u s se d , FIG. 72. S in ce  the s i l ic a te  in c lu s io n s  do not b eg in  to  

d eform  un til a v is c o s ity  w e ll w ith in  the w orking range i s  r ea c h e d , i .  e .  

at the upper end of the g la s s  tra n sfo rm a tio n  tem p era tu re  ra n g e , 

fu rther in c r e a s e s  in  tem p era tu re  have a su b sta n tia lly  red u ced  e ffe c t  

in  low erin g  the v is c o s ity .  S in ce the y ie ld  stren g th  of the s t e e l  m a tr ix  

contin ues to  d e c r e a se  rap id ly , w ith in c r ea s in g  tem p era tu re  in  th is  

ran g e , the n et r e s u lt  i s  a gradual red u ction  in  the tru e r e la t iv e  

p la s t ic ity  exh ib ited  by the in c lu s io n s .

If the b ehaviou r o f the s i l ic a te  in c lu s io n s  rep o rted  in  the  

p r e se n t w ork  i s  com p ared  w ith the behaviour o f m a n g a n ese  su lp h id e  

in c lu s io n s , rep o rted  by B aker and C h a r le s , (95 ), it  w ill be s e e n  that 

the tw o typ es of in c lu s io n s  behave in co m p le te ly  d ifferen t w ays; w ith  

r e s p e c t  to  both tem p era tu re  and d eg ree  of d eform ation . The sudden  

in c r e a s e  in  r e la t iv e  p la s t ic ity  exh ib ited  by the s i l ic a te  in c lu s io n s ,  

on reach in g  so m e  c r it ic a l  tem p era tu re , i s  not exh ib ited  by the  

m an g a n ese  su lp h id es , w hich in stea d  show  a continuous d e c r e a s e  in  

r e la t iv e  p la s t ic ity  a s  the w orking tem p era tu re  is  in c r e a se d .

S im ila r ly , the in it ia l r e la t iv e  p la s t ic ity  exh ib ited  by the su lph ide is  

m uch low er  than that of the s i l ic a te ,  FIG. 73 , but w ith in c r e a s in g  

m a tr ix  stra in  the tru e  r e la t iv e  p la s t ic ity  exh ib ited  by  the s i l ic a te  

d e c r e a s e s  rap id ly , w h ils t  that of the su lphide can rem a in  a lm o s t  

con stan t, p a r ticu la r ly  during d eform ation  at lo w er  te m p e r a tu r e s ,

FIG . 74. T h is r e s u lt s  in the sulphide producing the m o re  e lo n g a ted  

in c lu s io n s  at high m a tr ix  s tr a in s , even  though the s i l ic a te  is  

in it ia lly  m uch m o re  d eform ab le . The data p r e se n ted  in  FIGS. 73 and



74 a re  for  type I m an g a n ese  su lp h id es w hich  in h eren tly  have lo w er  

r e la t iv e  p la s t ic it ie s  than type III m a n gan ese  su lp h id es . The e ffe c ts  

ju st  d e scr ib e d  a re  even  m o re  pronounced when the behaviou r of 

th is  la tter  type o f su lph ide is  co n sid ered . F ro m  the forego in g  

d isc u s s io n , it  can be ap p rec ia ted  that the quotation o f a s in g le  v a lu e  

fo r  the r e la t iv e  p la s t ic ity  of a secon d  p h a se , e ith er  tru e  or ap p arent, 

at .the tem p era tu re  of d eform ation , is  of l it t le  s ig n ifica n ce  in  g iv in g  

in form ation  on the a b ility  of the in c lu s io n s  to produce long planar  

d efec ts  in  w rought p ro d u cts. It can be se e n  that the b ehaviour o f  

the in c lu s io n s , w ith r e s p e c t  to  both the tem p era tu re  and d e g r ee  of 

d eform ation , m u st be fu lly  u n d erstood  b e fo re  any p red ic tio n s  can  

be m ade con cern in g  the u ltim a te  m o rp h o lo g ie s  d evelop ed  by the  

in c lu s io n s .

The d ifferen ce  in  behaviour betw een  liq u id  s i l ic a te s  and  

-m an gan ese su lp h id es on in c r ea s in g  the m a tr ix  s tr a in , p o s s ib ly  l i e s  

in  the nature of the in ter fa c e  v ia  w hich  th e d eform in g  s t r e s s e s  a re  

tr a n s fe r r e d  to  the in c lu s io n s . S in ce the su lph ide is  c r y s ta ll in e , i t  

is  l ik e ly  to  be m o re  stro n g ly  bonded to  the m a tr ix  than the liq u id  

s i l ic a t e s ,  and co n seq u en tly  the d eform ation  s t r e s s e s  a re  tr a n s fe r r e d  

m o re  e ffe c t iv e ly , thus a llow in g the d eform ation  o f the seco n d  p h ase  

to  continue to  h igh er  m a tr ix  s tr a in s . In fa c t the continued d e fo r m 

ation  o f m a n gan ese  su lp h id es at high m a tr ix  s tr a in s , could  be 

co n sid ered  as  ev id en ce  of som e d eg ree  of bonding, even  i f  s lig h t ,  

betw een  the su lph ide and the m e ta l m a tr ix , at n o rm a l hot w orking  

te m p e r a tu r e s . T h ere  i s ,  h o w ev er , a fundam ental d ifferen ce  in  

s tru ctu re  betw een  the seco n d  p h a ses  th e m se lv e s  w hich m a y  a ls o  

accou nt for th e ir .d iffe r e n c e  in behav iou r. In the c a se  o f the m a n g a n e se  

su lp h id e, the c r y s ta llin e  nature e n su r es  that the sh ear s t r e s s e s  a r e  

tr a n s fe r r e d  throughout the bulk of the in c lu s io n , producing sh ea r  

d eform ation . In the c a se  of the liquid  s i l ic a t e s ,  the m uch w ea k er  

in ter m o le c u la r  bonding, m ay  a llow  in tern a l flu id  flo w  m e c h a n ism s  

to  op era te  w ithout ap p rec ia b le  e longation  of th e in c lu s io n  o ccu rr in g ..



4. 4 . 2 R e la tiv e  P la s t ic ity  D eterm in ation s and the M ech a n ism s of
In c lu sion  D eform ation

The m axim um  v a lu es  of in it ia l r e la t iv e  p la s t ic ity  obtained  

in  the p r e se n t in v e stig a tio n , o ccu rred  at tem p era tu res  s lig h tly  above  

the actu a l tr a n s itio n  tem p era tu re , w hich is  in  fa c t the m ed ian  

tem p era tu re  of the tra n sitio n  ran ge . T h ese  v a lu es  w ere  a ll  in  the  

range 2. 5 to  3. 0 , FIGS. 48 - 71, and w ere  som ew h at in e x c e s s  o f 

the v a lu e s  p red ic ted  by th e o r e tic a l and m o d el s tu d ie s , SECTION  

2. 2. 2 ( i) , w hich g iv e  a m axim u m  va lu e in  the reg io n  of 2. 0 -  2. 5 for  

in c lu s io n s  of z er o  r e la t iv e  stren gth . H ow ever , the v a lu es  obtained  

do a g r e e  v e r y  c lo s e ly  w ith th o se  rep o rted  by E k ero t, (141, 142), who 

obtained v a lu es  a s  h igh as 2. 0 for  the apparent r e la t iv e  p la s t ic it ie s  

of s i l ic a te  in c lu s io n s  at m a tr ix  tru e  s tr a in s  of 0. 7 (50% red u ctio n ).

The in it ia l r e la t iv e  p la s t ic it ie s ,  corresp on d in g  to  th ese  app arent 

r e la t iv e  p la s t ic ity  v a lu e s , m u st have b een  in  the reg io n  of 3. 0, 

although th ey  w ere  not a c tu a lly  d eterm in ed . A lthough th is  d isc r e p a n c y  

w ould se e m  to point to  a fundam ental d ifferen ce  betw een  the v a r io u s  

th e o r ie s  and the p r a c tic a l r e su lts  obtained, the d ifferen ce  cou ld  

p o ss ib ly  l ie  in  the ex p er im en ta l m eth ods u sed  in  m aking the r e la t iv e  

p la s t ic ity  m e a su r e m e n ts .

The equations u sed  to define the r e la t iv e  p la s t ic ity  o f  an  

in c lu s io n , A PPEN D IX  I, are  b ased  on the su p p osition  that the  

in c lu s io n  d efo rm s from  a sp h ere  into a p ro la te  e llip so id , of co n sta n t  

a sp e c t  ra tio  in  the longitud inal sec tio n . A lthough it  has b een  found  

that such  a g eo m etry  is  approxim ated  to  in  the e a r ly  s ta g e s  o f  

d eform ation , e .g .  PLA TES 21b and c and 24a, at high s tr a in s  the  

m o rp h o lo g ies  of the in c lu s io n s  b ecom e ir r e g u la r , PL A T E S 19f, 24b 

and 26c and d, and the re la tio n sh ip  betw een  the m e a su r ed  a s p e c t  

ra tio  and the tru e stra in  no lon ger  h o ld s . Thus r e la t iv e  p la s t ic i t ie s  

d eterm in ed  from  in c lu s io n s  deform ed  by m o re  than a s m a ll  am ou n t, 

sa y  0. 6 to  0. 9 tru e s tr a in , m u st be reg a rd ed  w ith caution . T he  

r e la t iv e  p la s t ic ity  obtained by ex trap o la tion  to z e r o  s tra in , th e  

in it ia l r e la t iv e  p la s t ic ity  ( \?  .) should be reg a rd ed  as the on ly



sa t is fa c to r y  m ea n s of a s s e s s in g  the r e la t iv e  p la s t ic ity  of the  

in c lu s io n s .

B efo re  it  i s  p o s s ib le  to  d e sc r ib e  the m e c h a n ism s by w hich  

an in c lu s io n  i s  d efo rm ed , it  is  n e c e s s a r y  to  d is c u s s  b r ie fly  the  

p r o c e s s e s  o ccu rr in g  during the d eform ation  o f the m a tr ix  w hich  

conta in s the in c lu s io n s . W hen such a m a tr ix  u n d ergoes p la s t ic  

d eform ation  it  d oes so  predom in an tly  by a m ech a n ism  of s l ip , the  

y ie ld  c r ite r io n  being the m axim u m  sh ear  s t r e s s  r e so lv e d  in to  the  

plane and d irec tio n  o f s lip . T h ere thus e x is t s  w ithin the d eform in g  

p la s tic  m a tr ix , r eg io n s  of sh ea r  in c lin ed  at 4 5 °  to  the d ir e c t io n s  of 

p r in c ip a l s t r e s s .  A c r o s s  th e se  reg io n s o f sh ea r  th ere  e x is t s  a 

v e lo c ity  gra d ien t, or s tra in  ra te  grad ien t, analagous to  the v e lo c ity  

g rad ien t a c r o s s  the boundary la y e r s  of a flu id  a s it  flo w s through  

a n arrow  p ip e. It i s  w ith in  th e se  zo n es of sh ea r  that the in c lu s io n s  

a re  d efo rm ed .

T h ese  con d itions g ive  r is e  to  a couple acting  on any non - 

m e ta llic  in c lu s io n s  p re se n t in the reg io n s  of sh e a r , and the in c lu s io n s  

m a y  deform  under the action  of the app lied  s t r e s s e s .  When d efo rn m tio n  

ta k es p la c e , it  o ccu rs  by a sh ear  m ech a n ism , the in c lu sio n  b e in g  

d eform ed  into an e ll ip so id a l vo lu m e w h ose longitud inal a x is  l i e s  

at an angle  to  the d irectio n  of sh e a r , w hich is  d eterm in ed  by the  

am ount o f sh ear  taking p la c e , FIG . 75. H ow ever , the cou p le  actin g  

on the d eform in g in c lu sio n  w ill  a ls o  tend to  ro ta te  it  in to  the d ir e c t io n  

of sh ea r  and the resu ltin g  s trea m lin ed  p r o file  w ill  red u ce  the s iz e  o f  

the couple g en era ted . 'T h is  m ay  account fo r  th e  red u ction  in r e la t iv e  

p la s t ic ity  o b serv ed  on in c r ea s in g  the m a tr ix  s tra in . If, h o w ev er , th e  

in c lu s io n s  do not d eform  th ey  a re  lik e ly  to  be ro ta ted  under the  

action  of the app lied  c o u p le . A lthough th is  p r o c e s s  i s  not n o r m a lly  

apparent in the c a se  of sp h e r ic a l a s - c a s t  in c lu s io n s , the e f fe c t  can  

freq u en tly  be se e n  during the d issem in a tio n  of the la r g e r  fr a c tu r ed  

in c lu s io n  fra g m en ts . F o r  exam ple the fra g m en ts  seen  in  P L A T E  18d 

show  som e d eg ree  of ro ta tion  as  do the fra g m en ts  in  PL A T ES 25c  

and 27e .



In ord er to study further the behaviour of flu id  p a r t ic le s  

d eform in g  under the action  o f a v e lo c ity  grad ien t, in a m a tr ix  

undergoing d eform ation  by sh e a r , a m o d el sy ste m  w as co n stru cted  

w hich  c o n s is te d  of tw o co n cen tr ic  c y lin d e r s , the outer of w hich  

w as s ta tic  w h ils t  the in n er one w as ab le to  ro ta te  fr e e ly  about the  

v e r t ic a l  a x is .  The gap betw een  the in n er and outer cy lin d ers  w as  

f i l le d  w ith  a v is c o u s  liq u id , u su a lly  g ly c e r o l or an aqueous so lu tio n  

of sod iu m  s i l ic a te ,  in to  w hich sm a ll g lo b u les  o f another liq u id , w hich  

w as im m isc ib le  w ith  and w h ose d en sity  had been  m atch ed  to  the  

f ir s t  liq u id , w ere  in trod u ced  v ia  a h y p erd erm ic  sy r in g e . R otation  

of the in n er  cy lin d er  then ca u sed  a v e lo c ity  grad ien t to  be s e t  up in  

th e c a r r ie r  (m atrix ) liq u id  w hich , in tu rn , ca u sed  the g lob u lar  

in c lu s io n s  to  d efo rm , FIG . 76. A lthough it  had been  hoped to  obtain  

q u antitative data on the d eform ation  o f in c lu s io n s  of d iffer in g  r e la t iv e  

v is c o s i t ie s  and d iffer in g  s i z e s ,  by th is  m e a n s , th is  w as not 

a cco m p lish ed ; la r g e ly  due to  a la ck  o f tim e  but a lso  due to  e x p e r im en ta l  

d iff ic u lt ie s  in  m ea su r in g  the sta te  o f s tra in  of both in c lu s io n s  and  

m a tr ix . Q u alita tive  data w a s , h o w ev er , obtained.

In itia lly  a l l  the in c lu s io n s  d eform ed  by s im p le  sh e a r , a s  

shown in  FIG. 76 , but a s  d eform ation  in c r e a se d  th e se  e lon gated  fo r m s  

a ls o  ro ta ted  in to  the d irectio n  o f sh e a r . A t th is  sta g e  th e sm a lle r  

in c lu s io n s  appeared  to  c e a s e  e lon gatin g , rem ain in g  unchange^d during  

fu rther  d eform ation . The la r g e r  in c lu s io n s  continued to  d efo rm  and  

produced e x tr e m e ly  long s tr in g e r s . T h ese  long s tr in g s  u lt im a te ly  

b eca m e u n stab le  and broke up into  nu m erou s s m a lle r  g lo b u le s  w hich  

behaved in  the m anner d e scr ib e d  ab ove, show ing no fu rth er  d eforn a  tio n  

w ith in c r ea s in g  m a tr ix  s tra in ..

The behaviour exh ib ited  by in c lu s io n s  of d ifferen t s iz e s  i s  

d is c u s se d  in  m o re  d e ta il in  the fo llow in g  se c t io n , but the b rea k -u p  

of the m o re  e lon gated  ty p es  w ill  be co n s id ered  h e r e . T he d efo rm a tio n  

of long in ter -b ed d ed  la y e r s  o f v is c o u s  flu id  m a te r ia ls  h as b een  

c o n s id ered  in  so m e d e ta il by Sm ith (108) who has shown that th e  

lam in ar  d eform ation  of such  la y e re d  str u c tu r es  i s  u n sta b le , and  

boudinage (P in ch  and S w ell) or fo ld  type s tr u c tu r es  m u st d ev e lo p .



A lthough the equations d er iv ed , w hich  d e sc r ib e  th is  type of b eh a v io u r, 

w ere  co n cern ed  w ith  the d evelop m en t of fo ld , boudinage and m u llio n  . 

s tr u c tu r es  in  the la y e r e d  sed im en ta ry  d ep o sits  of rock  s tr a ta ,  

d efo rm ed  o v er  p er io d s  on a g e o lo g ic a l t im e - s c a le ,  the r esu lt in g  

equations w e re  t im e  independant and hen ce can apply to the beh aviou r  

o f e lon gated  fo rm s of n o n -m e ta llic  in c lu s io n s . The form ation  of 

boudinage str u c tu r es  during th e  d eform ation  o f e lon gated  in c lu s io n  

ribbon s h as a lrea d y  b een  p r e se n ted , for the c a s e s  o f the flu id  

d eform ation  o f the in c lu s io n s  p r e se n t in  c a s ts  6B , 8 and 11, P L A T E S  

24b, 2 6 c , d and f , and 28d. T he b reak -u p  of the e lon gated  fo r m s of 

in c lu s io n  s e e n  in  th e m o d e l sy s te m  p rob ab ly  o ccu rred  for s im ila r  

r e a s o n s .

4 . 4 . 3 S u rface  E n erg y  and the E ffe c t o f In c lu sion  S ize

T he rep o rts  in  th e lite r a tu r e  of a red u ced  r e la t iv e  p la s t ic ity  

exh ib ited  by the s m a lle r  in c lu s io n s  (60 , 93, 112), have b een  co n firm ed  

in  th is  in v e s tig a tio n . N ot only w ere  th e sm a lle r  in c lu s io n s  p r e se n t  

in  th e ex p er im en ta l c a s ts  found to d eform  to  a l e s s e r  ex ten t, but th e  

sm a lle r  g lo b u les  in trod u ced  in to  the m o d e l sy s te m  w ere  a lso  

o b se rv e d  to  exh ib it a red u ced  d efo rm a b ility .

In the c a se  of the w u stite  in c lu s io n s  p r e se n t in  c a s t  IB it  

w as o b serv ed  th at the s m a lle s t  in c lu s io n s  exh ib ited  no d isc e r n a b le  

d eform ation  (P L A T E  17b) and that on ly  th o se  in c lu s io n s  g r e a te r  than  

a m in im u m  c r it ic a l  s iz e  w ere  d eform ed  by any la r g e , though  

v a r ia b le  am ount. In the c a se  of the m o d e l sy s te m , h o w ev er , i t  w as  

o b serv ed  that although the s m a lle s t  g lo b u les  rem a in ed  la r g e ly  

u n d eform ed , the d eform ation  in c r e a se d  rap id ly  a s  the s iz e  o f th e  

g lo b u les  in c r e a se d . H ow ever , the b ehaviou r o f the la r g e r  g lo b u le s  

b eca m e v e r y  s im ila r  and in d icated  that the e ffe c t  of in c lu s io n  s i z e ,  

on the d eform ation  exh ib ited , d e c r e a se d  as th e ir  s iz e  in c r e a s e d .

B ak er and C h a r les  (95) have p ostu la ted  that the en erg y  

req u ired  to  c re a te  new  in terface ., a s  an in c lu sio n  d e fo r m s , m a y  be*



r e sp o n s ib le  for  the o b serv ed  red u ction  in  r e la t iv e  p la s t ic ity  w ith  

in c r ea s in g  s tr a in . A lthough th is  argum ent has been  q u estion ed  in  

th is  con text, it  m ay  o ffer  an explanation  for the o b serv ed  re lu cta n ce  

of s m a ll  in c lu s io n s  to  d eform .

If w e co n sid er  an in it ia lly  cubic in c lu s io n  of s id e  !a' 

w hich  d e fo rm s by p lane s tr a in  in to  a recta n g u la r  volum e o f d im en sio n s  

fa !, *1*, and *b*, r

w here

a = in c lu s io n  w idth

1 •= in c lu s io n  len gth

b = in c lu s io n  th ick n e ss

then  a ssu m in g  co n sta n cy  of v o lu m e:-
3

V olum e = a = a . l . b .  = con st.

T h ere fo re  a^ = lb  and b = a^ /1 (1)

S in ce  ■

£ j  = lo g o 1 /a

1 = ae £  i  (2)

The su r fa ce  a r ea  of the d eform ed  in c lu s io n  is  

A  = 2 (la  + ba + lb)

Substitu ting for b and 1 from  (1) and (2)

A = 2a^ ( e ^ *  + e ^ *  + l) (3)

D ifferen tia tin g  to  g e t the ra te  o f change in  a r ea  w ith tim e

dA _ '  dA d £  i  q  dA 
dt d £  i  dt i  d £  •

Thus from  (3)

A  = 2 a 2 £  . (e £  1 -  e‘ £ i )
1

H en ce A  = 4a^ £  j Sinh (4)

3D iv id ing  by a to  obtain the ra te  of change of su r fa ce  a rea  p er  unit

v o lu m e, . *
* 4  C • -

A  = ----------   Sinh £  .— a iV

and the ra te  of change of su r fa ce  en erg y  per un it vo lu m e i s ,



w h ere
♦
E = The ra te  of change of su r fa ce  en erg y  

= The in te r fa c ia l en erg y  per unit a rea

If w e now co n sid er  th is  in c lu s io n  to  be a m a n gan ese  su lph ide  

exh ib itin g  a r e la t iv e  p la s t ic ity  of 0. 8, w hich  show s lit t le  or no change  

in  va lu e  o v er  the in it ia l  s ta g e s  of d eform ation , FIG. 74; then a ssu m in g  

a ty p ica l m a tr ix  s tr a in  ra te  o f 50 s e c  \  the ra te  of s tra in  exh ib ited  

by the in c lu s io n  w ill  be 40 s e c  \  Taking the su r fa ce  e n erg y  to  be

I. 5 jo u le s  per sq uare m e tr e , then the ra te  of en erg y  a b so rp tio n , 

p er unit v o lu m e , req u ired  for the crea tio n  of new  in ter fa c e  i s ,

|  = ^ S  Sinh £ .V a i

The change in  the ra te  at w hich  en erg y  i s  a b sorb ed , by the cre a tio n

o f new  in te r fa c e , a s  the in c lu s io n  d e fo r m s , is  shown in  FIG . 77 , for

in c lu s io n s  of v a r io u s  in it ia l  d ia m e te r s . A  ty p ica l value for  a 1/- £ *  m

d ia m eter  in c lu s io n , a t a tru e  s tr a in  o f 1. 0 and d eform in g at a ra te  of
- 3 - 140 p er  seco n d , i s  ap p ro x im a te ly  280 M J .m  s .

T he ra te  a t w hich  en erg y  (per un it vo lu m e) i s  expended  in

d eform in g  the s t e e l  m a tr ix , a ssu m in g  the sh ear  y ie ld  stren g th  to  be in
-2the range 40 to  100 MNm at n o rm a l hot ro llin g  te m p e r a tu r e s , TA BL E

II, (115), i s  g iv en  by

■ i  - * t  i  ■V . r  m  m

T h is equation g iv e s  v a lu es  in  the range :-

4000 to  10. 000 M J .m ~ 3s~ 1 

If the r a te s  of en erg y  ab sorp tion  per unit vo lum e for the c re a tio n  of 

n ew  in te r fa c e , for in c lu s io n s  of d ifferen t in it ia l s i z e s ,  a re  com p ared  

w ith  the ra te  at w hich en erg y  per unit vo lu m e is  expended in  d eform in g  

the s t e e l  m a tr ix , i t  can be see n  that although su r fa c e  en erg y  

co n s id era tio n s  a re  lik e ly  to be s ig n ifica n t in  the behaviou r of 

in c lu s io n s  of l e s s  than 1 d ia m eter , FIG. 77, i t s  e f fe c t  on the



behaviou r of the la r g e r  in c lu s io n s , ( >* 5 y £ m ) , i s  probab ly m in im a l. 

A lthough su r fa ce  en erg y  e ffe c ts  can be se e n  to  o ffer  a p a r tia l 

explanation  for the r e s tr ic te d  d e fo rm a b ility  of the sm a lle r  in c lu s io n s ,  

it  d oes not o ffer  a com p lete  exp lanation . T h is e ffe c t  p red ic ts  a 

red u ced  r e la t iv e  p la s t ic ity  for the sm a lle r  in c lu s io n s , but th e s e  a re

a c tu a lly  o b serv ed  to rem a in  a lm o st co m p le te ly  un deform ed during
\

hot w orking.

4 .4 .4 .  The E ffec t of H yd rosta tic  P r e s s u r e

The m agnitude of the h y d ro sta tic  p r e ssu r e  gen era ted  during

d eform ation  in  the ex p er im en ta l c a s ts  exam in ed , is  r ea d ily  app arent

fro m  the depth to  w hich the m a tr ix  has been  fo rced  into the f is s u r e s

produced by the fra ctu re  of b r itt le  in c lu s io n s , PLA TES 18c and d, 21f,

h and k , 25c and 27a. S in ce it  is  known that the m agnitude of the

h y d ro sta tic  s t r e s s  gen era ted  during r o llin g , is  equal to  the r o llin g

load d iv ided  by the a rea  o f con tact b etw een  the r o ll  and the w o rk -
2p ie c e  (148), h y d ro sta tic  s t r e s s e s  in  the reg io n  of 50 - 100 M N /m  

should not be uncom m on in  c o m m e r c ia l ro llin g  p r a c t ic e s .

B rid gem an  (147) has shown that h y d ro sta tic  p r e ssu r e  can  

in c r e a s e  the d u ctility  of m any m a te r ia ls  and can even  ren d er  n o r m a lly  

b r itt le  su b sta n ces  d u ctile ; and the m agnitude o f the h y d ro sta tic  p r e s s u r e  

d evelop ed  during ro llin g  undoubtedly accou n ts for the ex tr em e  p la s t ic ity  

exh ib ited  by m an g a n ese  su lphide in c lu s io n s  during hot w ork in g .

S in ce the h y d ro sta tic  p r e ssu r e  is  the m ain  rea so n  for the p la s t ic  

behaviour of m an gan ese  sulphide in c lu s io n s  it  would not be u n rea so n a b le  

to  a ssu m e  that the r e la t iv e  p la s t ic ity  exh ib ited  is  dependent on the  

m agnitude of the h y d ro sta tic  p r e ssu r e  g en era ted  in the surrounding  

m a tr ix . Thus the r e la t iv e  p la s t ic ity  exh ib ited  under d eform ation  

con d ition s w here s ig n ifica n tly  h igher s t r e s s  le v e ls  a re  d eve lop ed  

a s ,  for ex a m p le , w ith in  the sh ear and flow  zo n es o f  the m e ta l ch ip s  

produced  during m ach in ing o p era tio n s , w ill  probably be quite  

d ifferen t from  that exh ib ited  under m o re  n o rm a l d eform ation  

con d ition s.



The e ffe c ts  o f h y d ro sta tic  p r e ssu r e  on the behaviour of 

oxide in c lu s io n s  are  lik e ly  to  be even  m o re  co m p lex , s in c e  the  

p h ase  eq u ilib r ia  and tra n sfo rm a tio n  tem p era tu res  of the co n stitu en t  

p h a ses  m a y  be m o d ified . In th ese  c a s e s  la r g e r  h y d ro sta tic  p r e s s u r e s  

m a y  have an e ffe c t  on the n o n -p la s t ic /p la s t ic  tra n s itio n  tem p era tu re  

and th is  could have im p ortan t co n seq u en ces  on the behaviour of th e se  

ty p es  of in c lu s io n s  during m achin ing op era tio n s.

4 . 5 The M ech an ism s of F orm ation  of the A lum inous In c lu sio n s
P rod u ced  during D eoxidation  by A lum inium  and th e ir
Subsequent B eh aviour during Hot W orking

4 . 5 .1  The M ech an ism s of F orm ation  of A lum inous In c lu sio n s

The num ber o f p a r tic le  m o rp h o lo g ies  p r e se n t in  the in c lu sio n  

c lu s te r s  o b serv ed  in  c a s t  7B , PLA TE 11, g iv e s  so m e in d ica tion  of 

the co m p lex ity  of the m ech a n ism s by w hich th e se  c lu s te r s  a re  

produced . The lite r a tu r e  on th is  su b ject, though v o lu m in o u s, i s  

in c o n c lu s iv e  con cern in g  the m ech a n ism s of form ation  of such  c lu s te r s ,  

(42 -  58), SECTION 2 .1 .2  (i). In su m m a ry , it  i s  su g g ested  that 

alum ina i t s e l f  i s  re lu cta n t to  p rec ip ita te  d ir e c t ly  as a d eox id ation  

product, ex cep t at high d e g r ee s  of super sa tu ra tion , due to the high  

a ctiv a tio n  en erg y  for form ation  of the alum ina m o le c u le  (42 , 51).

A t high d e g r e e s  of super satu ration  the alum ina probab ly p r e c ip ita te s  

in a d en d ritic  m orp h ology  by a d iffu sion  co n tro lled  m ech a n ism  (51); 

though O o i’s w ork  (58) show s that s t ir r in g  of the m e lt  ten d s to  

d e str o y  the d en d ritic  ch a ra cter  of the in c lu s io n s  and that th er e  is  

a fundam ental d ifferen ce  in m orp h ology  betw een  the in c lu s io n s  

produced  in s t ir r e d  and u n stirred  m e lts . P lo c k in g e r ’s w ork (42 -  45) 

in d ica te s  that liquid  m ix ed  ox id es a re  often form ed  a s  an in te r 

m ed ia te  sta g e  in the form ation  of m o re  alum inous in c lu s io n s .

H ow ev er , th is  h yp o th esis  m u st be reg a rd ed  w ith  som e caution  in  

v ie w  of the sam p lin g  tech n iq u es em p loyed . E xam in ation  of the  

m orp h o logy  of alum ina in c lu s io n s  by S. E . M. , m o s t  notably by  

J a p an ese  w o r k e r s , (55 - 58), has rev e a le d  the v a r ia b ility  of the  

m o rp h o lo g ie s  produced , but has done l it t le  to  e lu c id a te  the m e c h a n ism s  

through w hich  th ey  a r is e .



The a lum ina c lu s te r s  p r e se n t in  c a s t  7B , PL A T E  11, 

c o n s is te d  o f a m ix tu re  of sm a ll d en d r ite s , and s m a ll ir r e g u la r  

and la r g e  g lobu lar p a r t ic le s , w hich  contained  en c lo sed  m e ta l,

PL A T E S 11c and d. The la tter  w ere  often  p e r fe c tly  sp h e r ica l in  

shape and w ere  quite d is tin c t from  the sm a lle r  ir r e g u la r  p a r t ic le s ,  

in w hich the m e ta l w as in the form  of sm a ll g lob u les sep ara tin g  

the c o re  of the in c lu s io n  from  it s  r im , PL A T E  lid . The v a r io u s  

p a r tic le s  w ere  in terw oven  into la rg e  in c lu sio n  c lu s te r s  by the s in ter in g  

of ad jacen t p a r t ic le s . C onseq uently  the m o rp h o lo g ies  o f the in d iv id u a l 

p a r tic le s  w ere  b e s t  o b serv ed  when the s in tered  stru ctu re  w as p a r tia lly  

broken down a fter  a lig h t deform ation  trea tm en t, PL A T ES Ilf and 30b -  

d. The la r g e  sp h e r ic a l g lo b u les  contain ing en c lo se d  m e ta l w ere  w e ll  

s in tered  s tr u c tu r e s , being com p osed  of m any ind iv idual p a r t ic le s .

The su r fa ce  of one such  p a r tic le  i s  shown in  PL A T E  llg ,  and the  

!grains* w hich co m p o se  it  can c le a r ly  be se e n . The e n c lo se d  m e ta l,  

often  se e n  in  the p o lish ed  se c tio n , PL A T E  11c, i s  contained  in  the  

s in ter  p o r o s ity  w ithin the p a r tic le  w hich i s  c le a r ly  r e v e a le d  by  

deep  etch in g , PLA TE llh . A lthough m an y d en d ritic  p a r t ic le s  w ere  

o b serv ed , th e se  w ere  u su a lly  quite sm a ll, had few  s id e a r m s , and  

w ere  often  p a r tia lly  sp h ero d ized , so m e tim e s  g iv in g the d en d rite  the  

app earan ce of a str in g  of con n ected  g lo b u le s , PLA TES Ilf and 30b and  

c . The a b sen ce  of .large s in tered  globu lar p a r tic le s  fro m  the in go t  

w hich had been  d eo x id ized  w ith a lum iniu m  added to the m ou ld , 

co n firm s that th is  p a rticu la r  m orp h ology  is  not produced in it ia lly  

but fo rm s .at som e la te r  s ta g e . In fa c t the a b sen ce  of a l l  but the 

s m a lle s t  in c lu sio n  c lu s te r s  from  th is  ingot in d ica tes  that c lu s te r  

form ation  tak es co n sid era b ly  lon ger  than the form ation  of the in it ia l  

p rod u cts o f d eoxidation .

The m o st  s ig n ifica n t fea tu re  o b serv ed  in  the m ould  d eo x id ized  

in go t, w ere  the bands of alum ina d e n d r ite s , w hich  sep a ra ted  d eo x id ized  

and u n deoxid ized  r e g io n s , PL A T E  12a. The configu ration  of th e s e  

bands is  e s s e n t ia l ly  the sa m e as  that rep orted  by Bogdandy, (51), 

w h ere the alum inium  deoxidant had been  a llow ed  to  d iffu se  u n i



d ir e c t io n a lly  into an oxygen  r ich  iro n  m e lt . The banded s tru ctu re  

c o n s is te d  of an u n deoxid ized  reg io n  contain ing w u stite  in c lu s io n s ,  

a reg io n  of low  oxygen  a c tiv ity  w hich contained  few  in c lu s io n s  and 

fin a lly  a band contain ing la rg e  alum ina d en d rites  in  the reg io n  n e a r e s t  

to  the so u r ce  o f the d eoxidan t, FIG. 78a. The am ount of a lu m in iu m  

d is so lv e d  in  the m a tr ix , in  the c a se  of the band shown in  P L A T E  12a, 

d e c r e a se d  fro m  0. 8% in the reg ion  behind the dendrite band, to  0. 2% 

in  the cen tre  of the band, to  an un detectab le  le v e l  in  the u n d eox id ized  

reg io n . A p o s s ib le  d istr ib u tion  of the d is so lv e d  a lum in ium  and 

oxygen  le v e ls  p r e se n t in  the m e lt  during r ea c tio n  at th is  in te r fa c e  

i s  show n sc h e m a tic a lly  in  FIG. 78b. C on sid er  tw o liq u id s , One 

oxygen  r ich  and the other a lum inium  r ic h , brought into con tact. A t 

the in ter fa c e  an e x tr e m e ly  high super sa tu ra tion  of both a lu m in iu m  

and oxygen  w ould e x is t  m o m en ta r ily  and alum ina would be p r e c ip ita te d , 

p o ss ib ly  in  a d en d ritic  fo rm . A lum inium  w ould then begin  to  d iffu se  

from  the a lum in iu m  r ich  r eg io n , down the con cen tration  gra d ien t  

produced by the r em o v a l of a lum inium  fro m  so lu tio n , and a c o r r e s p 

onding d iffu sion  of oxygen  would take p la ce  on the op p osite  s id e  of the  

in te r fa c e . The con cen tra tion  g rad ien ts produced m u st be e x tr e m e ly  

s te e p .in  ord er  to  c re a te  a reg io n  of low  oxygen a c tiv ity  in  fron t  

of the d en d ritic  band, as shown by the a b sen ce  of in c lu s io n s  in  th is  

reg io n . A stea d y  sta te  s itu ation  is  ev en tu a lly  rea ch ed  when the  

d iffu sion  o f oxygen  into the d en d ritic  band is  ju st su ffic ien t to  r e a c t  

w ith the a lum in iu m  d iffusing  in the opp osite  d irec tio n . A cu r io u s  

fea tu re  of the in ter fa c e  shown in  PL A T E  12a w as the p r e se n c e  o f a 

num ber o f duplex h e r c y n ite -w u stite  in c lu s io n s  in the u n d eox id ized  

reg io n  ad jacen t tp the d en d ritic  band. T h ese  p a r t ic le s  have a 

c h a r a c te r is t ic  m orp h ology  c o n s ist in g  o f angular c r y s ta ls  o f h e r cy n ite  

bound to g eth er  in a w u stite  m a tr ix , PL A T E  12d. C lo ser  in sp e c tio n  

of the sm a ll w u stite  g lob u les in the u n deoxid ized  reg ion  c lo s e s t  to  

the in c lu s io n  fr e e  zo n e , r ev e a le d  that n e a r ly  a ll  o f th e se  g lo b u les  

had n u clea ted  a num ber o f sm a ll alum ina d e n d r ite s , w hich w e re  

grow ing out fro m  th e ir  s u r fa c e s , PL A T E  12e. The m a jo r ity  of



th e s e  p a r tic le s  a ls o  show ed so m e ev id en ce  of a su rfa ce  rea c tio n  

w ith the d is so lv e d  a lu m in iu m , PL A T E  12f. T h ese  o b serv a tio n s  

su g g e st that a lum in iu m  had d iffu sed  into the oxygen r ich  liq u id  

ahead of the in ter fa c e  w ithout the h om ogen ious n u clea tion  of a lum inou s  

deoxid ation  p rod u cts. The g rea ter  d iffu s iv ity  o f the a lu m in iu m , 

com p ared  w ith  that o f oxygen , i s  to  be ex p ected  in  v iew  o f the  

d ifferen ce  in  s iz e  b etw een  the alum inium  ion  and the oxygen  io n , 

and the high a ctiv a tio n  en erg y  for the form ation  o f the a lu m in a  

m o le c u le , r e a d ily  exp la in s the a b sen ce  of h om ogen ious n u clea tio n .

R eg io n s w h ere tu rb ulent m ix in g , b etw een  h igh ly  o x id ised  

liq u id  and liq u id  r ic h  in  a lu m in iu m , had o ccu rred  could be se e n  at 

th e e x tr e m it ie s  of the d en d ritic  bands, PL A T E  12j . In th e se  r eg io n s  

the sudden sup er sa tu ra tion  cau sed  by the m ix in g  r e su lted  in the  

p recip ita tio n  of m any ty p es  of in c lu sio n . W here the a lum in ium  le v e l  

w as in su ffic ie n t to  p rec ip ita te  a lu m in a, m ix ed  o x id es  o f the h ercy n ite  

+ w u stite  type w ere  in it ia lly  p rec ip ita ted . Subsequent tr a n sp o r t of 

th ese  in c lu s io n s  into  reg io n s  of h igh er a lum in iu m  co n cen tra tio n , or 

a lte r n a tiv e ly  an in c r e a s e  in the a lum iniu m  content o f th e ir  im m ed ia te  

en v iron m en t through d iffu sio n , r e su lted  in  a rap id  rea c tio n  b etw een  

the liq u id  w u stite  and the d is so lv e d  a lu m in iu m , producing h er  cy n ite  - 

alum ina type in c lu s io n s , PLA TES 121, m  and n . In th e s e , the  

h ercy n ite  w as p reven ted  from  m o re  co m p lete  rea c tio n  by the sh ea th  

o f alum ina produced . The red u ction  of the FeO in the outer la y e r s  

of the h ercy n ite  r e su lted  in  the p rec ip ita tio n  o f s m a ll g lo b u les  o f 

m e ta llic  iro n  along the in ter fa c e  sep ara tin g  the h ercy n ite  c o r e  fro m  

the a lum ina r im . A num ber of in c lu s io n  c lu s te r s  contain ing both  

r ea c te d  and u n reacted  p a r tic le s  can be seen  in PL A T E  I2j; the c lu s te r  

in d ica ted  i s  shown at a h igh er  m a g n ifica tio n  in  PL A T E  12k. The 

p a r tic le s  in  the low er  le ft  of th is  p late  have been  p a r tia lly  r e a c te d  

w ith a lum iniu m  w hich w as d iffu sin g  into the reg io n  of the m e lt  

contain ing the c lu s te r . The d irectio n  of d iffu sion  of the a lu m in iu m  

i s  show n by the a lum inium  con cen tration  in the m a tr ix  obtained at 

the p o s itio n s  in d icated  in  PL A T E  12j. The in c r e a se d  le v e l  o f a lu m in iu m



a ls o  led  to fu rther d eoxidation  of the m e lt  and m o re  a lum ina w as 

p rec ip ita ted  h e tero g en eo u sly  onto the su r fa ce  of th e se  r ea c te d  

p a r t ic le s ,  so m e tim e s  grow ing in a d en d ritic  fa sh io n , P L A T E  121.

In m any c a s e s  the ra te  of m ix in g  of alum inium  r ich  and oxygen  r ich  

liq u id s w as so  rapid that h igh le v e ls  of super sa tu ration  w ere  rea ch ed  

v e r y  qu ick ly . A lum ina w as then p rec ip ita ted  d ir e c t ly  from  the m e lt ,  

often onto n u c le i produced at lo w er  d e g r ee s  of super sa tu ra tion  but 

w hich  had had in su ffic ie n t tim e  to grow . The p r e c ip ita te s  produced  

in  th is  way often  c o n s is te d  of e x te n s iv e  a rra y s  of a lum ina d e n d r ite s , 

PL A T E  12g, although v e r y  m any had a le s s  m arked  d en d ritic  s tru c tu re  

and often  had a p a r tia lly  sp h ero d ized  ap p earan ce, PL A T E  12h. In 

a few  ex tr em e  c a s e s  the p r e c ip ita te s  w ere  com p osed  e n tir e ly  of a 

p a r tia lly  s in te r ed  m a ss  o f sm a ll sp h e r ica l g lob u les o f a lu m in a ,

PL A T E  I2i and p. The ingot sec tio n  exam in ed  contained  e x te n s iv e  

r eg io n s  contain ing nu m erou s but w e ll sep a ra ted  d en d ritic  m a s s e s  o f  

alu m in a , to g eth er  w ith  iso la te d  p a r tia lly  rea c ted  p a r t ic le s ,  in d ica tin g  

that the m ajor part of the d eoxidation  had o ccu rred  by rap id  m ix in g .

A lthough in  th is  c a se  the ox id ized  m e ta l w as added to  the  

deoxidant contained  in a sm a ll m e ta l m ould , it  i s  probab le that v e r y  

s im ila r  conditions a re  in it ia lly  se t  up in the im m ed ia te  v ic in ity  of 

d isso lv in g  lum ps of deoxidant during c o m m e r c ia l deoxidation  

p r a c t ic e s . It i s  p o ss ib le  to  en v isa g e  a s itu ation  w h ere sm a ll  

undefined v o lu m es w ith in  the m e lt , w hich  contain  a high co n cen tra tio n  

of the deoxid an t, a re  c a r r ie d  around in  the g e n e ra l tu rb u len ce , 

p o ss ib ly  crea tin g  in ter fa ces  of the type seen  in PLA TE 12a, a s  the  

deoxidant d iffu se s  into  the surrounding oxygen  r ich  m e lt . W here  

m ix in g  is  m o re  v io le n t , la r g e  nu m bers o f a lum ina d en d rites  m a y  

be p rodu ced , and the le s s  alum inous duplex m ix ed  ox id es  produ ced  

in  r eg io n s  of lo w er  a lum in iu m  content, m ay  u lt im a te ly  b eco m e  r e a c te d  

a s  the a lum inium  d istr ib u tio n  b eco m es m o re  h o m o g en eo u s. It i s  

quite l ik e ly  that under th e se  cond itions m an y reg io n s  of a low  . 

alum in iu m  con cen tration  would in it ia lly  be fo rm ed , r e su lt in g  in  the 

p rec ip ita tio n  of la r g e  qu an tities of m ix ed  h ercy n ite  + w u stite , or



even  liqu id  m ix ed  oxide ty p es  of p r e c ip ita te . T h is would exp la in  

P lo c k in g e r 's  ob serv a tio n  of th ese  p r e c ip ita te s  on f ir s t  adding the  

alum iniu m  deoxidant (42). It i s  not the inh ib ition  of n u clea tion  of the  

alum ina w hich g iv e s  r i s e  to  the le s s  a lum inou s in c lu s io n s , but the  

fa c t that the a lum inium  con cen tration  has not rea ch ed  a le v e l  

su ffic ie n t to  ca u se  alum ina p rec ip ita tio n .

The change in  m orp h ology  of the alum ina d en d rites  fro m  the  

sp ik ey  d en d ritic  grow ths shown in  PL A T E  12g to  the c lu s te r s  o f fu lly  

sp h ero id a l p a r tic le s  show n in PLA TE 12i, is  not e a s i ly  exp la in ed . 

H ow ever , the change in  m orp h ology  m a y  be due to  the changing  

oxygen con cen tration  of the liqu id  fro m  w hich  the p a r tic le s  w ere  

p rec ip ita ted . In itia lly  th is  liq u id  w ould be quite r ich  in d is so lv e d  

oxygen and, accord in g  to  K ozakevitch  and O lette (54), the su r fa c e  

en erg y  of the a lu m in a -m e lt  in ter fa ce  is  quite lo w  at th e se  oxygen  

le v e l s ,  TABLE 1. Under such con d ition s th ere  is  l it t le  op p osition  to  

the d en d ritic  grow th o f the d eoxidation  produ cts and e x te n s iv e  a r r a y s  

of la r g e , b ran ch ed , a lum ina d en d rites  a re  ab le to  fo rm , PL A T E  12g. 

H ow ever , as the oxygen  content is  red u ced , the su r fa ce  en erg y  o f the  

a lu m in a -m e lt  in ter fa c e  in c r e a s e s  m a rk ed ly , that of the a lu m in a -p u re  

iron  in ter fa c e  being m o re  than th ree  t im e s  as high as  the in te r fa c e  

w ith a m e lt  contain ing 0. 07% d is so lv e d  oxygen , TA BLE 1. C on seq u en tly  

d en d rites  p rec ip ita ted  at th ese  low  le v e ls  of d is so lv e d  oxygen have a 

strong  ten d en cy  to  sp h e r o d ise , and d en d rites  o f the type show n in  

PL A T E  12h a re  produ ced . A t th e  v e r y  lo w e st  le v e ls  of d is s o lv e d  

oxygen the su r fa ce  en ergy  is  such  th at, in  ord er  to  m in im ise  the  

su r fa ce  en e rg y , a fu lly  sp h ero id a l m orp h ology  r e s u lt s ,  P L A T E  12p, 

and c lu s te r s  o f snaall sp h e r ica l alum ina p a r tic le s  a re  p rod u ced ,

PL A T E  12i. T his red u ction  in  the le v e l  of d is so lv e d  oxygen  n ot on ly  

e ffe c ts  the grow th m orp h ology  of the alum ina but a ls o  c a u se s  ad jacen t  

p a r t ic le s  to  c lu s te r . K nuppel, B rotzm an and F o r s te r , (145), f ir s t  

show ed that adjacent p a r tic le s  of a lum ina would be brought in to  

con tact due to  the re tra c tio n  of the liq u id  m e ta l from  the sp a ce  b etw een  

th em , FIG . 79. The c o m p r e ss iv e  fo r c e s  g en era ted  in  th is  w ay  

in c r e a s e  w ith in c r ea s in g  su r fa ce  en e rg y , and thus at low  r e s id u a l



oxygen  le v e ls  th ere  i s  a m arked  ten d en cy  for the p a r tic le s  to  

s in ter  into  la r g e  c lu s te r s .  H ow ever , in  reg io n s  w here the r e s id u a l  

oxygen  le v e l  i s  h igh , the ten d en cy  to c lu s te r  and s in ter  is  l e s s  

pronounced.

D ir e c t  ev id en ce  for  the operation  of th e m ech a n ism  p ostu la ted  

by Knuppel e t a l. w as obtained from  the su ction  sam p le  taken fro m  

the m e lt  fu lly  d eo x id ised  by a 1. 2% alum iniu m  addition . T h is sa m p le , 

taken ap p ro x im a te ly  30 seco n d s a fter  the d eox id izin g  addition w as  

m a d e, contained  m an y v e ry  la rg e  alum ina c lu s te r s  w hich  th e m se lv e s  

contained m any p a r t ic le s  having a con figu ration  o f the type show n in  

FIG. 79b. A cen tr a l vo id  had been  produced b etw een  the ad jacen t  

p a r t ic le s  due to  r e tra c tio n  of the m a tr ix  m e ta l. T his m ech a n ism  

w ould a ls o  op erate  in  the liq u id  m e ta l sep ara tin g  adjacent a rm s in  

the a rra y s  of a lum ina d en d rites  produced on in it ia l d eox id ation . On 

rea ch in g  the fin a l h om ogen eou s low  le v e l  of d is so lv e d  oxygen , th ere  

w ould be a stron g  ten d en cy  for th e se  d en d rites  to  red u ce  th e ir  in te r -  

fa c ia l a rea  of sp h ero id iz in g , or by the s in ter in g  to g eth er  of ad jacen t  

dend rite  a r m s . A s th e se  arm s sp h ero d ised  and s in ter in g  of the  

c lo s e s t  e lem en ts  took  p la ce , the m a tr ix  m e ta l w ould tend to r e tr a c t  

m o re  and m o re  from  the e v e r -d e c r e a s in g  in ter  den d ritic  s p a c e s , and 

the w hole d en d ritic  a r ra y  would u lt im a te ly  co lla p se  into an ir r e g u la r  

s in te r ed  m a ss  of a lu m in a . T h is seq u en ce of even ts is  c le a r ly  show n  

in  PL A T ES 13c, d and e . U ltim a te ly , as s in ter in g  b ecam e m o re  

co m p lete  the m a ss  w ould take on a sp h ero id a l m orp h ology  of the type  

shown in  PL A T E S 11b, c and f and 13f and g. A ny p r o c e s s  w hich  

r e s u lt s  in  a g rea ter  d eg ree  o f tu rb u len ce w ould enhance both the  

form ation  of s in tered  c lu s te r s  and the sp h erod iza tion  and c o lla p se  

of the d en d r ite s . T h is m u st be borne in  m ind when the r e s u lt s  of 

ex p er im en ts  u sin g  tech n iq u es such  as  su ction  sam plin g  a re  

co n s id ered . The alum ina c lu s te r s  p r e se n t in the su ction  sa m p le  

obtained in  the p r e se n t c a se  w ere  m a in ly  o f the form  shown in  PL A T E  

13b, and can be see n  to  be com p osed  m o stly  of ir r e g u la r  s in te r ed  

m a s s e s  of a lum ina. A few  reg io n s  contain ed  p a r tic le s  w hich had



esc a p e d  su ch  a high d eg ree  of sp h ero id isa tio n  and s in te r in g , -

PL A T E S 13a, c , d and e . The a lm o st p e r fe c t ly  sp h e r ic a l s in te r ed  

g lo b u les  se e n  in  PLA TES 13b, f  and g w ere  probably produced  in  

the m e lt  p r io r  to  sam p lin g  by the c o lla p se  and a lm o st  co m p lete  

s in ter in g  of a ll  the in c lu s io n  m a te r ia l contained  in  sm a ll  iso la te d  

in c lu s io n  c lu s te r s . The iso la te d  g lo b u les  produced  then b eca m e  

entrapped  in  the la r g er  m o re  lo o s e ly  bou>d ir r e g u la r  c lu s te r s ,  

produced  by the tu rb u len ce  induced during su ction  sa m p lin g . S im ila r  

tu rb u len ce  e ffe c ts  during te e m in g , could have led  to  the form a tio n  of 

the c lu s te r s  o b serv ed  in c a s t  7B , w hich a ls o  contained  p a r t ic le s  

having th is  g lobu lar m orp h ology . The cen tra l ca v ity  and e x te r io r  

opening, o b serv ed  in  n e a r ly  a ll  o f th ese  s in tered  g lobu lar fo r m s ,  

m ay be exp la in ed  by the n eed  for an o r if ic e  through w hich the m a tr ix  

m e ta l could  e sc a p e  during the in it ia l c o lla p se  of the in c lu s io n  c lu s te r s .

The e ffe c ts  of tu rb u len ce  on the sp h erod ization  and s in ter in g  p r o c e s s e s  

ju st  d is c u s se d  a ls o  exp la in  O o i’s ob serv a tio n  of the d iffe re n c e  in  the  

m orp h ology  of a lum ina produced in  s t ir r e d  and u n stirr e d  m e lts  (58).

T he ex trem e  rap id ity  w ith w hich  the a lum ina d eox id ation  produ cts  

a r e  rem o v ed  from  the m e lt  is  in d icated  by the la ck  of in c lu s io n  m a te r ia l  

in  the su ction  sam p le  taken a fter  90 sec o n d s. A  s im ila r  lo s s  o f a lum ina  

from  the m e lt  into  w hich alum ina pow der w as added, w as p rob ab ly  

due to  the s t ir r in g  e ffe c t  of the H. F . cu rren t. L ind er (146) has  

r e c e n tly  shown that the in tera c tio n  of the c o il  cu rren t w ith  the  

cu rren t induced  in  the m e lt , s e ts  up a p r e s s u r e  g rad ien t in  the  

reg io n  of the fu rn ace w a lls  w hich , in  the c a se  of H. F . fu r n a c e s , 

can c re a te  a fo r c e  on the in c lu s io n s  a s  g r ea t a s  the g ra v ita tio n a l 

fo r c e . T h is c a u se s  the in c lu s io n s  in  the v ic in ity  of the fu rn ace  w a lls  

to  be a c c e le r a te d  outw ards and thus exp la in s the e x tr e m e ly  rap id  

tr a n s fe r  of a lum ina fro m  the m e lt  to  the fu rn ace w a lls , in  the p r e se n t  

c a s e .  O oi, Sekine and K a sa i (58) have su g g ested  th at m o s t  o f the  

p rim a ry  in c lu s io n s  produced on deoxidation  by a lu m in iu m  a re  

e lim in a ted  b e fo re  teem in g  takes* p la c e . The alum inou s in c lu s io n s



found in the in got sta g e  it  is  su g g e ste d , r e su lt  from  s trea m  

reox id a tion  during teem in g . The r e s u lt s  obtained in th is  in v e stig a tio n  

would s e e m  to  support th is  v iew .

4 . 5. 2 The B ehaviour of A him ina In c lu sio n s during H ot-W orking

The a lum ina c lu s te r s  o b serv ed  in  the sa m p les  fro m  c a s t  

7B , hot r o lle d  at a l l  four w orking te m p e r a tu r e s , w ere  a ll very- 

s im ila r , in d icatin g  that the ro llin g  tem p era tu re  had lit t le  e ffe c t  on 

the b ehaviou r o f  the in c lu sio n  c lu s te r s . A t a ll  four r o llin g  te m p er a tu r e s  

the s in te r ed  c lu s te r s  w ere  p r o g r e s s iv e ly  broken up as the m a tr ix  

s tr a in  in c r e a s e d , th e alum ina p a r t ic le s  th e m se lv e s  being c o m p le te ly  

n o n -p la s tic  at a l l  the tem p era tu res  em p loyed .

A t low  m a tr ix  s tr a in s  the lo o s e ly  s in te r ed  a g g r e g a te s  w e re  

Only p a r tia lly  fragm en ted , the m o re  h igh ly  s in tered  p a r tic le s  being  

able to  w ithstand  the fo r c e s  im p o sed  on th em . A t th ese  s tr a in s  

m any o f the a rm s w ere  broken off the p arent d en d rites  and n u m erou s  

s in ter  n eck s w ere  fra c tu red , PLA TES 30b, c and d. C o n ica l vo id s  

w ere  produced  a t m any of the la r g e r  in c lu sio n  p a r t ic le s ,  P L A T E  3 0 e , 

but at h igh er  s tra in s  th e se  p a r tic le s  th e m se lv e s  w ere  fra c tu red  

under the in c r e a se d  ro llin g  p r e s s u r e , PL A T ES 30f and g . U ltim a te ly  

even  the h igh ly  s in te r ed  g lobu lar fo rm s b ecam e fragm en ted , r e  su itin g  

in  the form ation  of long s tr in g e r s  of angular or gra in  shaped  

fra g m en ts  w hich  Once con stitu ted  the s in tered  m a s s ,  PL A T E S 3 Oh 

and i .

D uring the fragm en tation  and d issem in a tio n  of the in c lu s io n  

fr a g m e n ts , v o id s  would be con tin u ally  fo rm ed , as the p a r tic le s  

fra c tu red  and the fra gm en ts sep a ra ted , and would be c lo se d  up aga in , 

under the action  o f th e h y d ro sta tic  p r e s s u r e , a s  the fra g m en ts  w e re  

p u lled  further apart.

T h ese  ty p es  of in c lu s io n s  a re  p a r tic u la r ly  d e le te r io u s  to  

the fa tigu e p ro p erties  and to  the su r fa ce  fin ish  of p o lish ed  co m p o n en ts. 

T h eir  e ffe c ts  could be m in im ise d  by e ith er  e lim in a tin g  the in c lu s io n s  

a lto g e th er , by ren d erin g  the p a r tic le s  s o fte r , or by en su rin g  that 

th ey  w ere  p re se n t in  the form  of sm a ll w e ll d isp e r se d  p a r t ic le s  

in stea d  of the d iscon tin uou s s tr in g e r s  n o rm a lly  produ ced . T he f ir s t



of th ese  a lte r n a tiv e s  would ob v iou sly  be p r e fe rr ed  and could la r g e ly  

be a c co m p lised  by c o r r e c t  s tr ea m  p ro tection  during te e m in g , th is  

being the m o st  probab le so u rce  of th is  type of in c lu sio n . The secon d  

a ltern a tiv e  i s  a lrea d y  u sed  c o m m e r c ia lly  by trea tin g  the s t e e l s  

con cern ed  w ith ca lc iu m , in  v a r io u s  w a y s, producing la r g e r  but 

few er  and so fter  ca lc iu m  r ich  ca lc iu m  a lu m in ate in c lu s io n s . A lthough  

th is  u su a lly  in te n s if ie s  the e ffe c t  on fa tig u e , (149), i t  a lso  has the  

b en efits  of su lph ide m o d ifica tio n . The la tter  a ltern a tiv e  cou ld  be 

p rom oted  by em ploying a v e r y  heavy red u ction  seq u en ce during hot 

w ork ing , in  ord er  to  begin  the fragm en tation  o f the m o re  h igh ly  

s in te r ed  a lum ina p a r t ic le s  at an e a r ly  a stage  a s  is  p o ss ib le ; th is  

could  be fo llow ed  by a seq u en ce  of heavy red u ction s during co ld  

ro llin g  en su rin g  that the in c lu sio n  fra g m en ts  w ere  a s  w e ll d isp e r se d  

as p o ss ib le ;  the in c r e a se d  h y d rosta tic  p r e ssu r e  en su rin g  that the  

v o id s produced w ere  kept to a m in im u m . H ow ever, such  a p roced u re  

is  o b v io u sly  not ap p licab le  c o m m e r c ia lly  and ca lc iu m  tre a tm e n t, 

w ith s trea m  p ro tectio n  during te e m in g , s e e m s  to be the m ain  p r a c tic a l  

so lu tion .

If c o m m e r c ia l w orking trea tm en ts  a llow  som e of the s in te r ed  

alum ina p a r tic le s  to  rem a in  in ta ct and u n d isp ersed , then  th e se  a re  

l ik e ly  to b ecom e fr a c tu r e d  and d issem in a te d  by the h igh er s t r e s s e s  

gen era ted  during subsequent co ld  d eform ation  tr e a tm e n ts . In th is  

c a se  the in te r -p a r t ic le  vo id s produced v o u ld  be m o re  re lu cta n t to  

c lo se  up and m a tr ix  w eld in g , at the d isco n tin u it ie s  produ ced , w ould  

be le s s  l ik e ly  to  o ccu r . Under th ese  c irc u m sta n c es  the d e fe c ts  

produced a re  lik e ly  to  be m o re  d e tr im e n ta l to  the m e ch a n ica l  

p ro p er tie s  than th o se  produced during hot w orking.

4 . 6 Im p lica tio n s to C o m m erc ia l P r a c t ic e s

M ach in ab ility

The b e n e fic ia l e ffe c t  of m a n gan ese  sulphide in c lu s io n s  on the  

m ach in a b ility  of s t e e l  i s  w e ll known, and it has been shown th at 

s i l ic a te  in c lu s io n s , having low  soften in g te m p e r a tu r e s , can a ls o  be



b e n e f ic ia l, (150 -  152). A t the h igh er cutting tem p era tu res  d evelop ed  

during m achin ing w ith carb id e to o ls ,  th ese  s i l ic a te s  behave  

s im ila r ly  to  m a n gan ese  su lp h id es , b ecom in g  elon gated  in  the sh ea r  

and flo w  zo n es of the ch ip . T hey a lso  form  p ro tec tiv e  co a tin gs on 

the rake fa c e s  of carb id e cutting to o ls , w hich preven t or m in im is e  . 

cra ter in g ; thus in c r e a s in g  to o l l i f e . The s i l ic a te s  w hich  enhance  

m a ch in a b ility  in  th is  w ay, have s p e c if ic  co m p o sitio n s in  the MnO-CaO- 

A1 0 -SiO s y s te m , and u su a lly  l ie  c lo se  to  one of the e u te c tic  trou gh s
U  O  La

in  the reg io n  of the A n o rth ite , (CaO. Al^O^. 2 5 ^ ^ ), or G eh len ite , 

(2 C a 0 .A l 0 . SiO ), co m p o s itio n s , FIG. 13. T h ese  s i l ic a te s  a re
Ca O  La

g la s s y  and con seq u en tly  have n o n -p la s t ic /p la s t ic  tr a n s it io n  tem p era tu re  

w e ll b elow  the eq u ilib r iu m  c r y s ta llin e  so lid u s tem p era tu re . The 

e ffic a c y  of CaO in  red u cin g  the tem p eratu re  of th is  tr a n s it io n  has b een  

d em on stra ted  in  the p r e se n t in v estig a tio n  and it  i s  to  be ex p ected  that 

other a lk a lii and a lk a lin e  earth  ox id es  w ill  have a s im ila r  or even  

g r e a te r  e ffe c t . If i t  w ere  p o s s ib le  to  in trod uce a sm a ll am ount of 

Na 0 or L i 0 into  the s i l ic a t e s ,  the red uced  soften in g  te m p er a tu r e s
La L*

w ould enab le  p ro tec tiv e  d ep o s its  to  be produced a t even  low er  

te m p e r a tu r e s , and h ence at red uced  cutting sp e ed s . A lthough such  

d e p o s its  have not b een  o b serv ed  during m achin ing w ith high sp eed  

s t e e l  to o ls ,  the low er soften in g  tem p era tu res  m a y  be b e n e f ic ia l in  

producing chip  em b r ittlem en t.

The d r a s tic  red u ction  in m a ch in a b ility  a r is in g  fro m  the 

u se  of a lu m in iu m , in  the production of fine gra in ed  s t e e l s ,  is  

u su a lly  thought to  be due to the form ation  o f a lum ina deoxid ation  

p rod u cts. E ven  in the p r e se n c e  of s ilic o n  it  i s  p o ss ib le  to produ ce  

sm a ll a b r a s iv e  alum ina p a r t ic le s ,  a s  w as se e n  in  c a s t  8, (A l-S i  

d eo x id ised ); w hich a re  not n o rm a lly  o b serv ed  on o p tica l exa m in a tio n . 

H ow ever , th is  is  not the only  m ech a n ism  by w hich  the lo s s  of 

m a ch in a b ility  m ay  a r is e .  It w as shown in  c a s t  8 that sp in e l p h a ses  

can be p rec ip ita ted  in  the m o re  a lum inou s g la s s y  s i l ic a t e s .  D uring  

hot w orking the p la s t ic  s i l ic a te  can be str ip p ed  aw ay fro m  th e se  

n o n -p la s tic  p r e c ip ita te s  w hich  are le f t  a s  iso la te d  p a r t ic le s  w ith in



the m e ta l m a tr ix . T h ese  w ould be p a r tic u la r ly  d e tr im en ta l to  the  

m a ch in a b ility . It has been p ostu la ted  that the h igher v a len cy  

e lem en ts  chrom ium  and a lum in iu m  m ay  form  o x y -a n io n s , in  g la s s y  

s i l ic a te  in c lu s io n s , and although th is  v o u ld  tend to  m ake the g la s s y  

p h ase  m o re  s ta b le , it  would a ls o  in c r e a se  the v is c o s ity ,  and h ence  

the n o n -p la s t ic /p la s t ic  tr a n s it io n  tem p era tu re . T h is m ay  ren d er  the  

m o re  a lum inou s c a lc iu m -s il ic a te  s 'n o n -p la s t ic  at the tem p er a tu r e s  

d evelop ed  at n o rm a l cutting sp e ed s . H ence the b en efits  of ch ip  

em b r ittlem en t and la y er  form ation  w ill  Only be co n ferred  at h igh er  

cutting sp e e d s . C r y sta llisa t io n  of the g la s s y  s i l ic a te s  w ould a ls o  

ren d er the in c lu s io n s  n o n -p la s t ic  to  h igh er  tem p era tu res  and would  

thus im p a ir  the m a ch in a b ility .

The v e ry  high h y d ro sta tic  p r e s s u r e s  gen era ted  during  

.m achin ing w ill  undoubtedly have an e ffe c t  on the behaviour of the  

in c lu s io n s , although th is  i s  at p r e se n t u n resea rch ed . It has been  

shown that the n o n -p la s t ic /p la s t ic  tr a n s itio n  tem p era tu re  o f g la s s y  

s i l ic a te  in c lu s io n s  is  a c tu a lly  in c r e a se d  by in c r ea s in g  the s tr a in  r a te ,  

although th is  e ffe c t  m a y  be o ffse t  to  so m e  exten t by the e ffe c t  of 

the h y d ro sta tic  p r e ss u r e . The m o re  re fra c to r y  su lp h id es produ ced  

in  s t e e ls  trea ted  w ith  a llo y s  contain ing the e le m e n ts , C a, T i, Zr 

or the r a r e  e a r th s , a re  thought to  be n o n -p la s tic  during hot w ork ing. 

T hey m a y , h o w ev er , be ren d ered  p la s tic  during m ach in ing o p e r a tio n s , 

by the high p r e s s u r e s  and stra in  r a te s  d eve lop ed . The p o s s ib i l i t ie s  

of im p roved  m a ch in a b ility  through the u se  o f su lph ide m o d if ie r s ,  

w ill  undoubtedly be the su b ject of continued r e s e a r c h .

P o l is  lia b ility

The p o lish a b ility  of b righ t r o lle d  s tr ip  products i s  g r e a t ly  

im p a ired  by the p r e se n c e  of a b ra siv e  in c lu sio n  s tr in g e r s , produced  

by a lum ina and the m o re  alum inium  r ich  ca lc iu m  a lu m in ates during  

w orking. T h ese  in c lu s io n s  a re  pu lled  out of the s tr ip  su r fa c e  during  

the p o lish in g  op era tion , producing su r fa ce  drags and s c r a tc h e s .



T h ese  e ffe c ts  can be e lim in a ted  by em ploying a d eoxidation  p r a c tic e  

w hich g iv e s  r is e  to  h igh ly  s il ic e o u s  sm a ll g la s s y  s i l ic a t e s ,  w hich  

w ill  rem a in  un deform ed  during w orking. H ow ever, it  m u st be borne  

in  m ind that the p r e se n c e  of c r y s ta llin e  s i l ic a te  in c lu s io n s  w ill  g ive  

r is e  to  long fra g m en ta ry  s tr in g e r s , during d eform ation , w hich  a re  

l ik e ly  to  be v e r y  d e tr im en ta l to  the p o lish a b ility . S im ila r ly  s i l ic a te s  

w hich a re  p la s t ic  during hot ro llin g  w ill  produce long fra g m en ta ry  

s tr in g e r s  on w orking at tem p era tu res  b e low  the n o n -p la s t ic /p la s t ic  

tr a n s it io n  tem p era tu re . T h ese  w ill  a ls o  im p a ir  the p o lish a b ility .

C on tro lled  R o llin g

M odern co n tro lled  ro llin g  p r a c tic e s  a re  d esig n ed  to  produce  

fin e gra in ed  s te e ls  w ith in c r e a se d  stren gth  and to u g h n ess . H ow ev er , 

the h igh er d eform ation  s t r e s s e s  and low  fin ish in g  tem p era tu res  

in vo lved  can produce v e ry  long in c lu sio n  r ib b o n s w hich can o ffse t  

the im p ro v em en t in  the m e ch a n ica l p r o p e r t ie s , and lead  to m ark ed  

m e c h a n ic a l an iso tro p y . M anganese su lph ide in c lu s io n s  produ ce lo n g er  

ribbons during co n tro lled  ro llin g  than during con ven tion a l hot r o llin g ,  

due to  th e ir  h igh er  r e la t iv e  p la s t ic it ie s  a t th e  low er d eform ation  

tem p era tu res  in vo lved . T his e ffe c t  in c r e a s e s  the su ccep ta b ility  

of co n tro lled  r o lle d  s te e ls  to  la m e lla r  tea r in g  in  w elded s tr u c tu r e s  

and the prob lem  is  so  s e v e r e  in the production  of s te e l  p ip e lin es  

that sulphide m o d ifica tion  trea tm en ts  a re  com m on ly  em p loyed . 

H ow ever , such  trea tm en ts  can a lso  a ffec t the oxide in c lu s io n s . F o r  

ex a m p le , ca lc iu m  trea tm en ts  m ay ren d er  s i l ic a te  in c lu s io n s  p la s t ic  

at low er  w orking tem p era tu res  and thus produce long s i l ic a te  r ib b o n s. 

It has been  shown h o w ev er , that s i l ic a te  in c lu s io n s  w ill not fo rm  

ribbons as e lon gated  as th o se  produced by m an g a n ese  su lp h id es . 

S ilic e o u s  in c lu s io n s  w hich a re  p la s t ic  on the com m en cem en t o f the  

d eform ation  w ill  u su a lly  be n o n -p la s tic  w e ll b e fo re  the d efo rm a tio n  

i s  c o m p le te , and w ill  produce long fra g m en ta ry  s tr in g e r s . S im ila r ly  

the h igh er d eform ation  s t r e s s e s  in vo lved  w ill  be ab le to  fra c tu re  

in it ia lly  c r y s ta llin e  in c lu s io n s  at an e a r lie r  stage  in the d efo rm a tio n ,



giving r is e  to  s im ila r  long fragm en tary  in c lu sio n  s tr in g e r s .

Rod and W ire P rod u ction

A lum ina c lu s te r s  p r e se n t in  w ire  s te e ls  lead  to  e x c e s s iv e  

die w ear  and to w ire  b reak s during the draw ing op eration . C on seq u en tly  

s te e ls  u sed  in the production  of w ire  a re  r a r e ly , i f  e v e r , d eo x id ised  

with deoxidants contain ing a lum in iu m . S m a ll r ig id  g la s s y  s i l ic a te s  

are  probably the m o st  innocuous in c lu s io n s  in  s t e e l  for th is  ap p lica tion  

and deoxidation  p r a c tic e s  should  be d esig n ed  to  en su re  that su ch  

in c lu s io n s  a re  the on ly  ty p es  produced . The fra g m en ta ry  s i l ic a te  

s tr in g e r s  a r is in g  from  in it ia lly  c r y s ta llin e  in c lu s io n s , and from  

in c lu s io n s  in it ia lly  p la s t ic  but w hich  b eco m e fragm en ted  a t lo w er  

working te m p e r a tu r e s , w ill  be m o re  d e tr im en ta l to  the draw ing  

operation  than sm a ll n o n -d eform ab le  g la s s y  s i l ic a t e s .  H o w ev er , 

m o st la r g e  tonnage c o m m e r c ia l s te e ls  a lso  contain  m any la r g e  

p r im a ry  d eo x id a tio n  products w hich p e r s is t  into  the c a s t  in g o ts . If 

th e se  in c lu s io n s  behave r ig id ly  during hot w ork in g , and m ain ta in  

th e ir  sp h e r ic a l m orp h ology , then the in c lu s io n s  can have a v e r y  

d etr im en ta l a ffec t during the subsequent production  of fin e gauge  

w ir e , e . g .  ty r e  w ir e . In such  c a se s  the d ia m eter  of the in c lu s io n s  

can co n stitu te  an a p p rec ia b le  fraction  of the fin a l w ire  d ia m eter  and  

m ay lead  to  frequent w ire  b reak s during the fin a l draw ing o p era tion .

In th e se  c a se s  it  would be p re fera b le  for the in c lu s io n s  to  have a v e r y  

low  so ften in g  tem p era tu re  so  that th ey  b ecom e elon gated  into v e r y  

fin e ro ta ry  e llip so id s  during the e a r ly  s ta g e s  of rod production . In 

th e se  c irc u m sta n c es  the e ffe c t  of CaO in red ucing the n o n -p la s t ic /  

p la s t ic  tra n s itio n  tem p era tu re  m ay becom e in c r e a s in g ly  im p ortan t.

A s y e t  c o m m e r c ia l p r a c tic e s  se ld o m  u se  ca lc iu m  b earing  deoxidan ts  

s p e c if ic a l ly  for th is  p u rp ose in the production  of w ire  s t e e ls .



SECTION 5

CONCLUSIONS AND SUGGESTIONS FOR FURTHER WORK



5. CONCLUSIONS

S te e l in go ts  contain ing p red eterm in ed  typ es of oxide  

in c lu s io n s  have been  p rep ared  by d eo x id isin g  pure iron  m e lts  w ith  

v a r io u s  com b in ations of the e lem en ts  s i l ic o n , m a n g a n ese , a lu m in iu m  

and ca lc iu m . The ty p es  of in c lu s io n s  produced w ere  exp la in ed  in  

te r m s  of the rea c tio n  k in e tic s  and ph ase eq u ilib r ia  in vo lved .

5 .1 .1  The E ffe c ts  of H eat T rea tm en t

(i) The e ffe c ts  of soaking tr e a tm e n ts , la stin g  up to  100
ohou rs at tem p era tu res  m  the range 925 - 1275 C , on 

the co n stitu tio n s o f the in c lu s io n s , has been  in v e stig a te d  

and it  has been  shown that g la s s y  ir o n -m a n g a n ese  and 

iro n -a lu m in o  s il ic a te  in c lu s io n s , having s i l ic a  con ten ts  

. in  the reg io n  of 50%, can d ev itr ify  during such  

tr e a tm e n ts .

(ii)  It has b een  shown that co m p lex  tra n s itio n  s tr u c tu r es  

contain ing both eq u ilib r iu m  and n o n -eq u ilib r iu m  p h a ses  

can be produced during the in it ia l s ta g e s  o f d e v itr if i

ca tion , and ev id en ce  of a f e r r o u s /f e r r ic  red u ction  

rea c tio n  has been  p resen ted .

( ii i)  The m o re  s il ic e o u s  in c lu s io n s , having s i l ic a  con ten ts in  

e x c e s s  of 70% w ere  shown to be h igh ly  r e s is ta n t  to  

d e v itr ifica tio n .

5 .1 .2  The A s s e s s m e n t  of In clu sion  D eform ation

(i) The te r m  ’R e la tiv e  P la stic ity *  as a s s e s s e d  by co n ven tion a l 

tech n iq u es i s  m is lea d in g  and w ould be m o re  c o r r e c t ly  

term ed  the ’A pparent R e la tiv e  P la s t ic i t y ’ or ’R e la tiv e  

D efo rm a tio n ’ o f the in c lu s io n s .

(ii)  The 'T rue R e la tiv e  P la s t ic ity ’ of the in c lu s io n s  can only  

be obtained from  a m o re  co m p lete  d e scr ip tio n  o f the  

behaviour as the in c lu s io n s  deform  over a range of 

m a tr ix  s tr a in s .



( ii i)  The m o st  con ven ien t p ara m eter  by w hich  to a s s e s s  the

in c lu sio n  d efo rm a b ility  is  the ’In itia l R e la tiv e  P la s t ic i t y ' ,  

obtained by ex trap o la tin g  the apparent r e la t iv e  p la s t ic ity  

to  the sta te  of z e r o  m a tr ix  stra in .

The E ffe c ts  of D eform ation  on the In c lu sion s

(i) The e ffe c ts  of both the tem p eratu re  of d eform ation  and 

the d eg ree  o f m a tr ix  s tra in , on the v a lu es  of r e la t iv e  

p la s t ic ity  exh ib ited  by p la s t ic  s i l ic a te  in c lu s io n s , has  

b een  in v estig a ted  in the range 925 to 1275°C .

( ii)  A ll  the s i l ic a te  in c lu s io n s  d isp la y ed  a rapid  tr a n s it io n  

fro m  n o n -p la s tic  to  p la s t ic  b eh av iou r, on reach in g  so m e  

n arrow  c r it ic a l  d eform ation  tem p era tu re  ran ge.

( ii i)  The in it ia l r e la t iv e  p la s t ic ity  exh ib ited  by the in c lu s io n s  

in c r e a se d  from  a value of z e r o , at tem p er a tu r e s  b elow  

the tr a n s it io n  tem p era tu re , to a m axim um  va lu e o f 2. 0 

to  3. 0 at a tem p era tu re  s lig h tly  above the tr a n s it io n  

tem p era tu re .

(iv ) The r e la t iv e  p la s t ic ity  o f the in c lu s io n s  d e c r e a se d  as  the  

d eform ation  tem p era tu re  w as in c r e a se d  above the  

tra n sfo rm a tio n  tem p era tu re  range.

(v) The tr a n s it io n  tem p eratu re  exh ib ited  by c r y s ta llin e  

s i l ic a te  in c lu s io n s  is  eq u iva len t to  the eq u ilib r iu m  

so lid u s  tem p era tu re  and thus co rresp o n d s to the ap p earan ce  

of a liq u id  p h ase .

(v i) The tr a n s it io n  tem p eratu re  exh ib ited  by g la s s y  s i l ic a te

in c lu s io n s  o ccu rs  on reach in g  a tem p era tu re  w h ere the

v is c o s ity  of the g la s sy  phase fa lls  b e low  a c r it ic a l  v a lu e ,
“2 6 8in the range 0 .1  to 10. 0 MN. s .m  (10 to 10 p o ise )  and 

co rresp o n d s to the w orking tem p era tu re  range u sed  in  

g la s s  m an ufactu re . T h is often  o ccu rs  at te m p er a tu r e s  

su b sta n tia lly  below  the eq u ilib r iu m  so lid u s tem p er a tu r e .



(v ii)  An equation has b een  d er iv ed  w hich r e la te s  the c r it ic a l  

v is c o s i ty  to  the sh ear  y ie ld  stren gth  of the m a tr ix  m e ta l  

and the stra in  ra te  at w hich  d eform ation  ta k es p la c e ,

r
y ^ c 4 £

m

m

w h e r e ^ ^  = The c r it ic a l  v is c o s i ty

£  = The m a tr ix  s tra in  ra tem
^  = The sh ea r  y ie ld  stren g th  of the m e ta l

m a tr ix

(v iii)  The e ffe c t  o f other ox id es  on the n o n -p la s t ic /p la s t ic  

tr a n s it io n  tem p era tu re  i s  dependent on the nature of  

the in c lu s io n s . In the c r y s ta llin e  form  the e ffe c ts  of 

the v a r io u s  ox id es can be p red ic ted  fro m  th e ir  e f fe c t  on 

the so lid u s  tem p era tu re  in  the re lev a n t eq u ilib r iu m  

sy s te m , but in  the c a se  of the g la s s y  s i l ic a te s  th e ir  

e ffe c t  w il l  depend on th e ir  behaviour a s  g la s s  m o d if ie s ,  

in ter m e d ia tes  or a s  g la s s  fo r m e r s . Iron^m anganese and 

ca lc iu m  a re  l ik e ly  to low er  the tra n s itio n  tem p era tu re  

w h ils t  the e ffe c ts  of a lum in iu m  and ch rom iu m  a r e  l ik e ly  

to  be m o re  co m p lex  and m ay  be v a r ia b le .

(ix) The e ffe c t  o f ca lc iu m  in  red ucing the tr a n s it io n  tem p era tu re  

of g la s s y  s i l ic a te  in c lu s io n s , and the e ffe c t  o f m a n g a n ese

in  in c r e a s in g  the tr a n s it io n  tem p era tu re  in  c r y s ta ll in e  

iro n  m an gan ese  s i l ic a t e s ,  has b een  d em o n stra ted . The  

e ffe c t  of s i l ic a  in  in c r ea s in g  the tra n s itio n  tem p era tu re  

has a ls o  been  con firm ed .

(x) A t low  deform ation  tem p era tu res  s i l ic a te  in c lu s io n s  

behave in  e ith er  a b r itt le  or r ig id  m a n n er , depending on 

th e ir  con stitu tion  and m orp h ology , and on the m agn itude  

of the m a tr ix  s t r e s s e s  d evelop ed  during d efo rm a tio n .

(x i) In g e n e ra l s in g le  ph ase g la s s y  in c lu s io n s  a re  th e m o s t  

r e s is ta n t  to  fra ctu r in g , w h ils t  the c o a r s e r  duplex  

c r y s ta llin e  fo rm s a re  p a r tic u la r ly  prone to  fra g m en ta tio n .



(x ii) A lthough som e in c lu s io n s  m a y  r e s i s t  fragm en tation  when  

p r e se n t in  a sp h e r ica l m orp h o lo g y , i f  th e se  b eco m e  

elon gated  during w orking a t h igh er  te m p e r a tu r e s ,  

su bseq uen t deform ation  at low er  tem p era tu res  a lm o st  

in v a r ia b ly  lea d s  to  fragm en tation .

(x iii)  The in c r e a se d  s t r e s s e s  d evelop ed  during d eform ation  at 

high er s tr a in  r a te s  in c r e a s e s  the tend en cy  of the  

in c lu s io n s  to  b ecom e fragm en ted .

(x iv) The form ation  of c o n ic a l vo id s  in a s so c ia tio n  w ith the  

in c lu s io n -m e ta l in te r fa c e s , in the c a se  of the m o r e  r ig id  

in c lu s io n s , has b een  con firm ed  and the gradual 

e lim in a tio n  of th ese  v o id s  a t h igh er s tra in s  has been  

d em on stra ted .

(xv) W ustite in c lu s io n s  behaved p la s t ic a lly  at a l l  te m p er a tu r e s  

in  the range 925 to  1275°C , but exh ib ited  r e la t iv e  p la s t ic it ie  

v e r y  m uch low er than th o se  exh ib ited  by s i l ic a te  in c lu s io n s .

(xvi) The d efo rm a b ility  of w u stite  in c lu s io n s  d e c r e a s e s  w ith  

in c r e a s in g  w orking tem p era tu re .

G en era l F e a tu re s  of In clu sion  D eform ation  and F a c to r s
a ffectin g  th e ir  B ehaviour during W orking

(i) A ll  in c lu s io n s  b ecom e le s s  p la s t ic  a s  the m a tr ix  s tr a in  

in c r e a s e s  and m ay be du e, in  p art, to  the in c r e a s in g  

ra te  at w hich new  in ter fa c e  is  c rea ted .

(ii)  The ra te  at w hich  the d e fo rm a b ility  of the in c lu s io n s  

d e c r e a s e s ,  w ith in c r ea s in g  m a tr ix  s tra in , v a r ie s  fro m  

one type of in c lu sio n  to an oth er, and is  p o s s ib ly  c o n tro lled  

by the w ork  of ad h esion  at the in c lu sio n « m a tr ix  in ter fa c e :  

in c lu s io n s  m o re  s tro n g ly  bound to  the m a tr ix  exh ib itin g  

l e s s  dependency of d efo rm a b ility  On the m a tr ix  s tr a in .

( ii i)  The true r e la t iv e  p la s t ic it ie s  exh ib ited  by s i l ic a te

in c lu s io n s  d e c r e a se  m uch m o re  rap id ly , w ith  in c r e a s in g  

m a tr ix  s tr a in , than th o se  exh ib ited  by m an g a n ese  su lp h id e



in c lu s io n s . C onseq uently  the d e fe c ts  produced  by  

m a n gan ese  su lph ide in c lu s io n s , at h igh m a tr ix  s tr a in s ,  

can be m uch lon g er  than th o se  produced  by eq u iva len t  

s i l ic a te  in c lu s io n s , even  though the d efo rm a b ility  of 

the s i l ic a te  i s  in it ia lly  m uch g r ea ter  than that o f the  

su lph ide.

(iv ) The d e fo r m a b ilit ie s  of n o n -m e ta llic  in c lu s io n s  d e c r e a s e s  

a s  th e ir  s iz e  d e c r e a s e s , and under any g iven  s e t  of 

con d ition s th er e  m ay be a lim itin g  c r it ic a l  s iz e ,  b e low  

w hich d eform ation  d oes not o ccu r . A  c r it ic a l  s iz e  in  

the reg io n  o f  2 tp 3 y U .  m  w as found in  the p r e se n t  

in v estig a tio n .

(v) The e ffe c ts  o f in te r fa c ia l en erg y  on the behaviou r of 

in c lu s io n s  during w orking has b een  shown by ca lcu la tio n  

to  be m in im a l, for in c lu s io n s  of g r ea ter  than 5y £ &  m  

d ia m eter . The in te r fa c ia l en erg y  can  have an a ffe c t  on 

the behaviou r o f in c lu s io n s  of l e s s  than 1 y U -  m  d ia m eter  

although th is  i s  probably not the only  fa c to r  govern in g  

th e ir  beh av iou r.

(v i) The e ffe c t  o f s tra in  ra te  on the behaviour of the in c lu s io n s  

w as found to  be m a rg in a l, although the s tra in  r a te s  

in v estig a ted  w ere  not w id e ly  d ifferen t.

(v ii) The e ffe c ts  of both stra in  ra te  and h y d ro sta tic  p r e s s u r e

a re  lik e ly  to  be of g r ea ter  s ig n ifica n ce  under m o r e  s e v e r e  

cond ition s of d eform ation  and in  p a rticu la r  th e ir  e ffe c ts  

On the in c lu s io n s  during m e ta l cutting op era tio n s a r e  

l ik e ly  to  be of p r im e im p o rta n ce.

The F orm ation  of A lum ina In c lu sion s

(i) S e v e r a l d ifferen t in c lu sio n  m o rp h o lo g ies  can be p rodu ced  

during deoxidation  by a lu m in iu m , the m orp h o logy  depending  

la r g e ly  on the alum inium  and oxygen co n cen tra tio n s in  the  

lo c a l r eg io n s  w here p rec ip ita tio n  o c c u r s .



M ixed oxide in c lu sio n  c lu s te r s  can be form ed  in  reg io n s  

of the m e lt  contain ing low  alum iniu m  co n cen tra tio n s , and 

th e se  m ay  sub seq u ently  r e a c t  w ith  m o re  a lu m in iu m , 

diffu sin g  fro m  reg io n s of h igh er  con cen tra tion , producing  

ir re g u la r  r im -c o r e  p a r t ic le s . The cen tra l cord  of th e se  

p a r tic le s  i s  p reven ted  fro m  fu rth er rea c tio n  by the  

outer r im  of a lum ina.

In reg io n s  of high super sa tu ra tion , alum ina m a y  be  

p rec ip ita ted  d ir e c t ly  and, depending on the lo c a l  oxygen  

co n cen tra tion , m ay  have a fu lly  d en d r itic , p a r tia lly  

sp h ero d ised  or fu lly  sp h ero id a l m orp h ology .

In q u ieter  reg io n s  of the m e lt , d iffu sion  in te r fa c e s  m a y  

be s e t  up betw een  liq u id  r ich  in  alum inium  and liq u id  r ic h  

in  oxygen . Bands of a lum ina d en d rites  a re  produced  along  

th e se  in te r fa c e s . H ow ever, such  in te r fa c e s  a re  probab ly  

sh o rt liv ed  and a re  soon  d estro y ed  in  the g e n e r a l m e lt  

tu rb u len ce . T hey m ay , h o w ev er , provide n u m erou s  

n u c le ii  fo r  su b seq u ent deoxidation  r e a c tio n s .

A t low  r e s id u a l oxygen le v e l s ,  alum ina p a r t ic le s  in  

c lo se  p ro x im ity  a re  brought into  contact by the r e tr a c tio n  

of the liqu id  m e ta l fro m  the sp a ces  sep aratin g  th em . T h is  

r e s u lt s  from  the high en erg y  of the alum ina m e lt  in te r fa c e ,  

and lea d s  to  the form ation  of la r g e  lo o s e ly  s in te r ed  

alum ina c lu s te r s .

Sp herod ization  and s in ter in g  e ffe c ts  d e str o y  m u ch  o f the  

den d ritic  ch a ra cter  of the alum ina p rec ip ita ted  during  

the e a r ly  s ta g e s  of d eform ation , and can u lt im a te ly  

produce sp h e r ica l s in tered  g lo b u les  fro m  sm a ll iso la te d  

in c lu sio n  c lu s te r s .

The high en ergy  of the m e lt-a lu m in a  in ter fa c e  r e s u lt s  in  

the rap id  ab sorb tion  of the in c lu s io n s  onto the fu rn ace  

and lad le  lin in g s and in to  the cov er in g  s la g .



5 . 1. 6 The E ffe c ts  of W orking on A lum ina C lu s te r s

(i) Individual alum ina p a r tic le s  are  n o n -p la s tic  at a l l  

tem p era tu res  up to  1275°C .

(ii) S in tered  c lu s te r s  of alum ina p a r t ic le s  behave s im ila r ly  

at a ll  w orking tem p era tu res  up to  1275°C and produce  

long d issem in a te d  fragm en tary  s tr in g e r s  at high s tr a in s .

(ii i)  A t low  and in term ed ia te  s tr a in s , (£ L ^  1. 2), m an y of

the den d rite  a rm s and s in ter  n eck s b ecom e fra c tu red  and 

vo id s a re  produced at the la r g e r  p a r t ic le s .

(iv ) A t h igh er  s tra in s  the m o re  h igh ly  s in te r ed  g lobu lar  

p a r t ic le s  b eg in  to  fra c tu r e , and the fragm en ta tion  and 

d issem in a tio n  of the in c lu sio n  c lu s te r s  g iv e s  r i s e  to  the  

s tr in g s  of angular gra in  shaped fr a g m e n ts , w h ich  a re  

often  o b serv ed  in  c o m m e rc ia l p ro d u cts.

(v) The m o re  a lum inous fo rm s of ca lc iu m  a lu m in ate  produce  

c lu s te r s  s im ila r  to  th o se  produced  by a lum ina and th e se  

behave in  a s im ila r  m an n er, to  a lum ina c lu s te r s ,  during  

hot w orking.



SUGGESTIONS FOR FURTHER WORK

A sh o k fs o b serv a tio n s  on the e ffe c t  of in te r fa c ia l s tren g th  on 

the b ehaviou r of secon d  p h a ses  o f v a r io u s  r e la t iv e  s tr en g th s , 

during d eform ation , should be con firm ed  by m o d el w ork .

P la s t ic in e  m o d e ls  could be co n stru cted  contain ing g lob u lar  

seco n d  ph ase p a r t ic le s ,  in  the form  of d isp e r s io n  stren gth en ed  

p la s t ic in e  b a lls . T h ese  could be e ith er  bonded to the m a tr ix  

u sin g  carbon  te tra ch lo r id e  as  a so lv en t, or p reven ted  from  

bonding u sin g  v a s e lin e .

The e ffe c t o f in c lu sio n  s iz e  on the R e la tiv e  P la s t ic ity  exh ib ited  

during w ork ing, i s  not w e ll un d erstood  and n eed s to be 

in v e stig a te d  fu rth er . Such an in v estig a tio n  could  be app roached  

in  a num ber of w a y s:-

(a) The e ffe c t  o f in c lu sio n  s iz e  could  be d eterm in ed  o p tica lly  

by m ea su r in g  the len gth s and th ic k n e sse s  of in d iv id u a l 

inclu sions, and com puting the p a ra m eters  A (l e n g t h / s s )

e ffe c t  o f in c lu s io n  s iz e  on d e fo rm a b ility .

(b) An au tom atic  im aging  and com puting m a ch in e , su ch  as

the Q uantim et 720B , could be u sed  to  d eterm in e  the sa m e  

p a ra m eters  from  a m uch la r g e r  num ber of in c lu s io n s .  

The data could then be p resen ted  in  the fo rm  of a v e ra g e  

a sp e c t  r a t io s , for in c lu s io n s  having v a lu es  o f the

Both th e se  m eth ods su ffer  the d isadvan tage that m e a s u r e 

m en ts m u st be r e s tr ic te d  to  low  s tr a in s , s in c e  the 

in c lu s io n  th ick n ess  b eco m es  v a r ia b le  at h igh er s tr a in s  

and the in c lu s io n s  no lon ger  con form  to  an e l l ip s o id a l  

m orp h ology .

and >/ ab x  th ick n e ss ) .

a m e a su r e  o f in c lu sio n  s iz e  and A a m e a su r e  o f in c lu s io n  

d eform ation . A p lot of A  v s  / ab would then show  the

p ara m eter



(c) The p rob lem  w ould be m o re  id e a lly  approached by the 

m e a su r em e n t of the true length  and width p a ra m eters  

of the d eform ed  in c lu s io n s , w hich  could  be d eterm in ed  

by the exam in ation  of d eep ly  etch ed  sp ec im en s  by  

Scaning E le c tr o n  M icro sco p y . T h is technique w ould a lso  

have the advantage that any sy s te m a tic  v a r ia tio n  in  

in c lu s io n  co m p o sitio n  could be d e tec ted , p rovid ed  the  

in stru m en t u sed  had a n a ly s is  f a c i l i t ie s .

T he e ffe c t  of co m p o sitio n  on the d efo rm a b ility  of m an gan ow u stite  

in c lu s io n s  has not been  in v estig a ted  in  d e ta il, and su ch  an 

in v estig a tio n  could  be coupled  w ith that outlined  in  (2) ab ove.

The e ffe c ts  of s tra in  ra te  and h y d ro sta tic  p r e ssu r e  on the  

b ehaviou r of n o n -m e ta llic  in c lu s io n s  has not b een  rep o rted  in  

th e lite r a tu r e . S in ce  th ese  p a ra m eters  are  l ik e ly  to have a 

s ig n ifica n t e ffe c t  on the behaviour of in c lu s io n s  during  

m ach in in g  o p era tio n s , the behaviour of v a r io u s  ty p es  of 

in c lu s io n s  should  be in v estig a ted  at h igh  r a te s  of s tr a in . In 

p a rticu la r  the behaviour of m a n g a n ese  su lp h id es and se le n id e s  

and the low  m eltin g  point g la s s y  s i l ic a te s  should  be in v e s t ig a te d .  

The e ffe c ts  of iro n , m a n g a n ese , m a g n esiu m  and c a lc iu m , and  

alum in ium  and ch rom iu m , on the n o n -p la s t ic /p la s t ic  t r a n s 

itio n  tem p era tu re  o f g la s s y  s i l ic a te s  should a lso  be d e term in ed . 

Such an in v estig a tio n  w ould probably in v o lv e  d efo rm ation  by  

C am m  P la s to m e tr y .

T he d e fo r m a b ilit ie s  of s e v e r a l  ty p es  of in c lu s io n  have s t i l l  not 

b een  a s s e s s e d  and the behaviou r o f the m o re  c a lc a r e o u s  

ca lc iu m  a lu m in ates and the m o d ified  sulphide in c lu s io n s  

during hot w ork ing, rem a in  to  be in v estig a ted .



In v estig a tio n s  in to  the behaviour of in c lu s io n s  during w orking

h a v e , u n til now , con cen tra ted  on th is  behaviour during hot

w ork in g , none of the in v e stig a tio n s  rep o rted  being s o le ly  \
con cern ed  w ith  th e ir  behaviour during d eform ation  a t low  

te m p e r a tu r e s . A lthough it  i s  l ik e ly  that m any ty p es  of 

s i l ic a te  in c lu s io n  w ill  behave in  a b r itt le  m anner during  

co ld  w ork in g , the behaviour of m a n gan ese  su lph ide and 

m a n g a n o -w u stite  in c lu s io n s  is  u n re sea r c h e d . An in v e s tig a tio n  

of th is  type could  a lso  in v e s tig a te  the behaviour o f the c lu s te r  

type in c lu s io n s  produced  on alum inium  d eox id ation . S in ce  

vo id  h ea lin g , through p r e ssu r e  w eld in g , i s  l e s s  lik e ly  to  

occu r  at th e se  lo w er  te m p e r a tu r e s , the d e fec ts  produced  

w ill  be m o re  s e v e r e  than th o se  produced at h igh er  te m p e r a tu r e s ,  

and it  w ould be in te r e st in g  to com p are the e ffe c ts  of h igh  and  

low  tem p era tu re  d eform ation  on the m ech a n ica l p r o p e r tie s ;  

p a r tic u la r ly  w ith reg a rd  to  the d u ctility  in  the sh o rt t r a n s 

v e r s e  d irectio n .

The p r o c e s s  of deoxidation  by a lum iniu m  should be in v e s t ig a te d  

fu rth er , in  p a rticu la r  the form ation  of a lum inou s in c lu s io n s  

during s trea m  reo x id ation  on te e m in g , a t both h igh  and lo w  

r e s id u a l a lum in iu m  co n cen tra tio n s . The form ation  of 

alum ina p r e c ip ita te s  at both high and v e ry  low  oxygen  

con cen tra tio n s should a lso  be in v e s tig a te d  in  ord er to  co n fir m ,  

or d isp r o v e , the su g g ested  e ffe c t  of oxygen  co n cen tra tio n  on 

grow th m orp h ology .



A PPEN D IX  I

The D eterm in a tio n  of In clu sion  R e la tiv e  P la s t ic ity  by the M ea su rem en t  
of In c lu sion  A sp ec t R atios

Two con d ition s of d eform ation  w ill  be c o n sid ered .

1. D eform ation  by U n iax ia l C o m p ress io n
4 3

The vo lu m e o f a sp h e r ica l in c lu s io n  o f d ia m eter  ’a 1 i s  24 a 

and under u n ia x ia l c o m p r e ss io n  is  d eform ed  in to  a p ro la te  e ll ip s o id
4 v 2

of v o l u m e T f  b t w here *b* is  the d ia m eter  and ft ! i s  the th ic k n e ss .

, 4 ^ 3  4 , 2,
V o l = co n st. = £ 4  =  2 A

-Thus

and

f t )  = ( t )  w h e r e A = ( f )

2 /3
^  = l0 g e (f)= l0 g e M  

£ =  f  ioge A

Thus the R e la tiv e  P la s t ic ity  b eco m es

\7  Jk 2_ lQ ge A
Y  f  3 cys  m

2. D efo rm a tio n  by P lan e  S train

In th is  c a se  the w idth of the in c lu s io n  id e a lly  rem a in s  

unchanged and the sp h e r ica l vo lum e i s  d eform ed  into a vo lu m e

V o1 = 2l  ^  = ^  a l t

w h ere  a = the w idth of the in c lu s io n

1 = the length

t  = the th ick n ess

Thus ~  = A  w h ere  \  “



H ence £ .  = lo g e ^  = lo g e( A ) 2

and

\ ; =  i

l o g  A

m

w h ere \7  = R e la tiv e  P la s t ic ity

£ .  = In c lu sion  T rue Strain

P  = M atrix  T rue Strain  m
= A sp e c t  R atio  of the D efo rm ed  In clu sion



A PPEN D IX  2

The D eterm in ation  of In clu sion  R e la tiv e  P la s t ic ity  by the M ea su rem en t  
of In clu sion  P r o je c ted  L ength

B y d efin ition  the tru e  s tra in  of an in c lu sio n  is  g iven  by

8 . = log  -  i  t

w here

a = The in it ia l in c lu s io n  d ia m eter  

t  = In c lu sion  th ick n ess  a fter  d eform ation .

Now for the c a se  of sp h e r ic a l in c lu s io n s  d eform ed  by p lane stra in :

V olum e = " f C  a^ = ^  i f  la t

w here 1 = In c lu sion  length  a fter  d eform ation .

2D ivid ing by a t

a. _ L -
t  ~ a

and thus •

£ .  = log  —i  e a

Now the a v era g e  tru e  s tra in  fo r  the w hole in c lu s io n  population is :

S ,  = < * * .  a = lo ®e 1 /a
N

H ow ever for the c a se  of a random  d istr ib u tio n  of u n ifo rm ly  s iz e d  

sp h eres*

lQg e i  —  l ° g e ( J )  —  l° g e ^  (2)

*N . B . A lthough th e se  re la t io n sh ip s  hold for a unique d is tr ib u tio n  

of uniform  s p h e r e s , th ey  a re  not true for a d istr ib u tion  of s iz e s ;  the  

e r r o r  in  the re la tio n sh ip s  in c r ea s in g  w ith  in c r ea s in g  sp read  of d ia m e te r s  

about the m ean .

C on sid er in g  unit vo lum e of the sp e c im en , the to ta l in c lu s io n  

len gth  of the in c lu s io n s  is

P R = Ny  x T  . (3)



w here

P  = The to ta l in c lu s io n  length  in  the ro llin g  plane  K.
N y  = The num ber of in c lu s io n s  per unit vo lum e  

1 = The tru e m ean  in c lu sio n  length

Now co n sid er in g  a longitud inal c r o s s  se c t io n , the p ro jec ted  length

p er unit a rea  a ctu a lly  m e a su r ed  in  the sec tio n  is

P  = N a x l 1 (4)m  A v 7

w here

P  = The m e a su red  p ro jected  length  in  the lon g itu d in a l 
sec tio n

= The num ber of in c lu s io n s  per unit a rea  in  the lon g itu d in a l 
sec tio n

1* = The m e a su red  m ean  in c lu sio n  length

The num ber of in c lu s io n s  per unit c r o s s  se c t io n a l a rea  in  the lon g itu d in a l 

plane i s  r e la ted  to the num ber per unit vo lu m e by 

Na  =  Nv  x c

w h ere

c = The in c lu s io n  width  

and for  the c a se  of plane stra in : 

c = a

th u s,

NA = Ny  x  a • (5)

The m ea su red  in c lu sio n  len gth s in  the lon gitu d inal s e c t io n  

a r e  r e la ted  to  th e ir  true len gth s by,

( 6 )

Substitu ting (5) and (6) in  (4)

i f  —



F ro m  (3) p

1 = n 7  (9)

H ence P R— oa = ~ -------  for an undeform ed sam p le
V

o

Substitu ting in  (2)

£ i ■ l 0e .  5 * 7 i C  <10)
o o

And w here N^. i s  con stan t th is  b eco m es

l0 g e P
P R

R o

F ro m  (8)

£ i  = lo s e F 21 (U)
m o

T h is equation r e la te s  the true s tra in  of an in it ia lly  random  

d istr ib u tio n  o f u n iform ly  s iz e d  sp h e r e s , d eform ed  under con d itions  

of plane s tr a in , to  th e ir  m ea su red  p ro jec ted  len gth s in  the lon g itu d in a l 

sec tio n  a fter  d eform ation .

H ow ever , r e a l  d istr ib u tio n s of in c lu s io n s  a re  n ev er  u n ifo rm ly  

s iz e d  and the a p p lica b ility  of the equation depends on the ex ten t of 

th e ir  d ev ia tion  from  th is  condition .

The a n a ly s is  a ls o  r eq u ires  the d eterm in ation  of p ro jec ted  

len gth s b efo re  and a fter  deform ation  and co n seq u en tly  r e q u ir e s  a 

co m p a riso n  b etw een  tw o sp e c im e n s . The r e la t io n sh ip  i s  on ly  tru e  for  

sp ec im en s  w ith the sa m e s iz e s  and d istr ib u tio n s of in c lu s io n s . H o w ev er , 

i t  i s  p o s s ib le  to  apply a c o rr e c tio n  for  sp e c im en s  having d ifferen t  

vo lu m e fra c tio n s  of in c lu s io n s , PROVIDED THAT THE SIZES OF THE  

INCLUSIONS IN THE TWO SPECIM ENS ARE THE SAM E.

F o r  sp ec im en s  A and B

CNy )  A _ fAi )  A  

K )  B = (A i )  B



w here  

Thus fro m  (10)

A . = The a rea  fra c tio n s  of the in c lu s io n s . 
1

P T3 (N „)  C  R v V 'o
C -  = log e P  (N )R K V J o

and h en ce P  (A )

-  l o * e  p % i r  {12)m  1  o

H ow ever , in  the c a se  of sa m p le s  w hich  not on ly  contain  d ifferen t  

fra c tio n s  o f in c lu s io n s  but a lso  have d ifferen t s iz e  d is tr ib u tio n s , 

applying th is  co rr e c tio n  i s  l ik e ly  to  in c r e a s e  the e rr o r  ra th er  than to  

e lim in a te  it .
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0 0 2 1  S C  1 ,  1 > - C c5 ^ ^ 2 > F C C 0 ^ 2 > 0 C S I N C Z 1  > ) P P 2

0 0 2 2  S C 2 , 2 ) - - C A P P 2 ) ^ C C 0 r 2 )  F C S I N C Z 2 )  > 0 ^ 2

0 0 2 3  S C  3 ,  3  )  “ C A 0 * 2  > 4  C G 4 F 2  > P  C S I M C Z 3 > ) - t * 2
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0 0 2 9  G O T O  1 0 0

0 0 3 0  C C M O N O C L I N I C )
0 0 3  1 2  C O N T I N U E

0 0 3 2  I I S - 1

0 0 3 3  I I F - 1 5

0 0 3 4  I F C N L a T c N E o 2 ) G 0 T 0  3

0 0 3 5  R E A D C  5 ,  3 0 ) a , g , C , Z

0 0 3 6  3 0  F 0 R M a T C 3 F 1 0 o 2 , F 1 0 o 7 )

0 0 3  7  W R I T E C 6 , 2 5 > a , g , C , Z

0 0 3 8  2 5  f o r m a t c / / / / ' c a l c u l a t i o n  o f  t h e  l a t t i c e  s p a c i n g s  o f  a  *

0 0 3 9  C , ' M O N O C L I N I C  L A T T I C E  W I T H  L A T T I C E  P A R A M E T E R S  ' /

0 0 4 0  C l  O X ,  ' A - ' ,  F I  G o  7 / 1  O X ,  * d -  • ,  F I  G o  7 / 1  O X ,  ' C - - '  ,  F l O o  7 /

0 0 4 1  C 1 0 X , * Z - ' , F 1 0 o 7 )

0 0 4 2  G O T O  1 0 0
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0 0 4 4  3  C O N T I N U E

0 0 4 5  I I S - 1

0 0 4 6  I I F - 1 5
0 0 4  7  I F C N L a T o N E o 3 ) G 0 T 0  4

0 0 4 8  R E A D C  5 ,  4 0  > a , G , C

0 0 4 9  4 0  F O R M A T C 3 F 1 0 o 2 >
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TABLE I THE E F F E C T  OF ABSORBED SPECIES ON INTER FA C IAL  
ENERGY (A fter K ozak evitch  and O lette r e f . 54)

ALUMINA: M ELT  
COMPOSITION

CONTACT  
ANGLE (°)

INTERFACIAL  
ENERGY (J /m  )

Al^Os : P u re  F e 140 2 .2 7 9

A1 0 : F e  + 4%C 133 2. 080

A1 0 :Fe + 0. 07%0 80 0 .7 0 9

A1 0 :Fe + 0. 02%S 140 1.965

TABLE 2 STOICHIOMETRIC COMPOSITIONS OF PHASES IN THE  
FeO -M nO -Al 0 -SiO SYSTEM

PHASE FORM ULA COMPOSITION
FeO> MnO SiO2 A12°3

Corj'undum A12°3
.. 100

S ilic a S i0 2 - - 100 -

M anganow ustite (F e ,M n )0 0 to  100 0 to  100 - -

M ullite 3AW 2S i°2 - - 28 72

T ep hroite 2MnO.SiO t* m 71 29 -

R hodonite MnO.SiO^ - 54 46 -

G alax ite M nO.Al 0 - 41 - 59

M n -C o rd ier ite 2 M n 0 .2 A l203 .5 S i0 2 - 22 46 32 •

S p e ssa r tite 3M nO.Al 0 . 3Si0Cd J Cd - 43 37 20

F e -C o r d ie r ite 2FeO. 2A1203 . 5S i02 22 - 46 32

F a y a lite 2FeO. SiO Cd 71 - 29 -

H ercyn ite F e 0 .A l2 03 41 - - 59

A lam andine 3 F e 0 .A l2 03 . 3S i02 43
"

20



TA BLE 3 MEASURED SOFTENING TEM PERATURES AND RIGID -
PLASTIC TRANSFORMATION TEM PERATURES OF SOME 
GLASSY IRON-M ANGANESE ALUMINO SILICATES  
(r e f . 81 and 141)

CRITICAL SOFTENING D IF F E R 

Sx°2 A1 0 
2 3 (FeM n)0 T E M P . Tc 

r e f . 141 
°C

T EM P. T s 
r e f . 81 

°C

ENCE

°C

47 8 45 760 80
41 10 48 680

35 35 30 900 300
27526

32
34
30

40
38

875
600

58 15 27 900 200
57 10 33 700

49 26 23 850 13050 20 30 720

46 28 23 900 200 .44 30 26 700

45 15 40 790 9043 18 37 700



TABLE 4 PHYSICAL PR O PERTIES OF THE CALCIUM ALUM INATES  
(from  r e f . 11)

PHASE MELTING MICROHARDNESS
POINT K P /m m 2

c 3a 1535 -

C12A 7
1455 -

CA 1605 930

CA2
1750 1100

C A ,
6

^  1850 2200

' TA BLE 5 COMPOSITIONS OF THE THREE COMMERCIAL
DEOXIDANTS USED IN THE INVESTIGATION (M ass % )

CAST DE OXIDANT %Ba %Sr %Ca %Si %A1 %Fe

10 H yper c a l 10 - 10 40 20 20

11 C a lsib ar 17 « 15 65 1 2

12 . S u p erseed m 1 .0 - 76 0. 5 23



TA BLE 6 INCLUSION SPEC IES PR ESEN T IN EACH CAST

CAST OXIDES ■. INCLUSION SPECIES

IB FeO W ustite  in c lu s io n s

4 F  eO-SiO Low  s i l ic a
5 it 2 M edium  s i l ic a
4B it High s i l ic a

6 FeO-MnO-SiO Low s i l i c a
6B ii 2 M edium  s i l i c a

8 A1 0 -SiO. . L ow  alum ina
8B 2 3 it 2 High a lum ina

10
11

CaO-Al 0 
Ca0-Si(7

H y p erca l  ) «  . n _ f  / C o m m e r c ia l  C a ls ib a r  > . . , ■_ \ de oxidants
12 S r 0 -S i0 2 S u p erseed  I

7 A1 0 A lu m in a . c lu s te r s
7B A12°3 A lum ina  c lu s te r s

TABLE 7 THE ROLLING SCHEDULE USED IN THIS INVESTIGATION

PASS THICKNESS (ins) %REDUCTION TRUE
ENTRY EXIT THIS PASS TOTAL STRAIN

1 0. 625 0 .4 6 5 25. 6 25. 6 0. 3
2 0 .4 6 5 0 .3 4 4 1 9 .4 45. 0 0. 6
3 0 .3 4 4 0 .2 5 3 14. 6 59. 6 0 .9
6 0 .2 5 3 0.190 1 0 .4 70. 0 1 .2
5 0.190 0.138 8 .5 7 8 .5 1 .5
6 0.138 0.104 5 .5 84. 0 1. 8
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TA BLE 9 RESULTS OF CHEMICAL ANALYSIS

TOTAL a n a ly se s  by U. VAC. g iven  in p a ren th es is  ( )

SOLUBLE a n a ly se s  by c h e m ic a l  m ethods -

SILICON -  F e r r o u s  sulphate reduction
MANGANESE -  P e r io d a te  C o lo u r im etr ic
ALUMINIUM - A to m ic  absorption

OXYGEN a n a ly se s  by G ou lom etr ic  c a r r ie r  gas fu sion

C alc iu m , B ariu m  and Strontium  a n a ly se s  for c a s t s  10, 11 and 12 are  
a l l  b e low  the detection  l im its  of the a n a ly t ica l technique em p loyed  
(a tom ic  absorption) and a re  not quoted.

A L L  ANALYSES ARE GIVEN IN MASS PERCENT

(a) A n a ly s is  of the b a se  m a te r ia l

Min
Max

c Mn Si S P

0 . 0 0 4
0.014 T ra c e

0. 001 
0.010

0. 004 
0. 006

0. 001 
0. 002



A n a ly se s  of the ex p er im en ta l  c a s t s

CAST DEOXIDATION 0 Mn Si A1

IB U ndeoxid ized 0.180 (Tr) (0. 001) (0. 001)
ND 0. 000 ND

4 0. 06%Si M etal 0 .154 (0. 005) (0. 010) (ND)
0. 002 0. 003 ND

5 + 0 .10%Si M eta l 0 .164 (0. 007) (0. 010) (ND)
0. 003 0. 020 ND

4B 1. 0%Si M eta l 0 .0 2 3 (0. 021) (0 .3 8 0 ) (ND)
0. 016 0 .3 5 0 ND

6 1. 0%Mn + 0. 075% 0 .0 2 9 (0. 660) (0 .0 0 5 ) (ND)
S i M eta ls 0. 560 0. 020 ND

6B 1. 0%Mn + 0. 3% 0 .0 3 0 (0 .2 4 0 ) (0 .0 3 5 ) (ND)
S i M eta ls 0 .210 0. 014 ND

7B 1. 3% A1 M etal 0 .0 0 7 (ND) (ND) (0. 26)
ND ND 0. 24

8 0 . 13%Si + 0. 3%A1 0 .0 9 4 (ND) (0. 06) (0 .0 0 9 )
M eta ls ND 0. 003 0. 008

10 1% Hype r e a l 0. 010 (ND) (0 .3 3 0 ) (0. 081)
ND . 0 .3 3 0 0. 042

11 1% C als ib ar 0. 018 (ND) (0. 580) (0 .0 0 3 )
ND 0 .4 7 0 ND

12 1% S u p erseed 0. 030 (ND) (0. 670) (0 .001)
ND (0. 630) ND



TA BLE 10 RESULTS OF PLASTICITY M EASUREM ENTS

lo ge A

& ( ± ° S e X )

V?A
❖

V^A

V t

= M atrix  true  s tra in

= Mean m e a su r e d  logr ith m  of the a sp e c t  ratio  of the d eform ed  
in c lu s io n s ,  a m in im u m  of 25 v a lu e s .

= Standard deviation  of log^X  (60% C onfidence L im its ) .

Inc lusion  true  s tra in  (M easured) = \  log  A
Y i  '

= A pparent r e la t iv e  p la s t ic ity  =
M

c  (M easured)
c m

A pparent r e la t iv e  p la s t ic ity  in terp o la ted  from  a p lot of  

£  i  VS £  M •

= True r e la t iv e  p la s t ic ity  obtained fro m  a plot of £  . v s  £  
d £  i

M

C ast 4

d £ £ m

6  M
io g e A A V?A V T

115 0°C

0 .0
• . 1. 00

0 .3 0 .5 8 9 2 . 05 0 .2 9 5 0. 982 1. 03 1. 00
0. 6 1 .2476 . 06 0. 624 1. 040 1. 03 1. 00
0 .9 1.8927 .0 7 0 .9 4 6 1. 051 1. 03 1. 00
1.2 2.1779 . 06 1. 089 0. 907 1. 00 0 .6 9
1.5 2.7102 . 05 1.355 0. 903 0 .9 0 0. 35
1.8 2 .8 2 7 2 .0 4 1. 414 0 .7 8 5 0. 78 0. 07

1275°C

0. 0 «. — •* 2 .3 5
0 .3 1.1007 .0 9 0. 550 1. 831 1.83 1 .3 4
0. 6 1. 6927 .0 7 0 .8 4 6 1. 411 1. 40 0. 71
0 .9 1 .9820 .0 5 0.991 1.101 1.11 0. 38
1 .2 2.1861 .0 5 1. 093 1. 091 0 .91 0 .31
1. 5 2 .3 7 4 2 . 04 1.187 0 .791 0 .7 9 0. 30
1.8 2 .6 6 7 0 . 03 1 .334 0. 741 0 .71 0. 30



TABLE 10 /C o n t’d.

(b) C ast 5

i ° g e A C?(logA] \ ? T

115 0°C

0. 0 . — — •» 0 .7 4
0. 3 0 .4 8 7 9 . 06 0 .2 4 4 0. 815 0 .8 2 0 .9 3
0. 6 1. 2789 . 03 0. 640 1. 070 1. 06 2.15
0 .9 2.1906 . 03 1. 095 1.200 1.21 0 .7 3
1.2 2 .3 6 8 6 . 02 1.184 0. 991 1. 01 0 .3 3
1. 5 2 .5 4 0 4 .0 2 1.270 0 .8 5 3 0. 85 0.13
1. 8 2. 6153 . 02 1.308 0. 730 0 .7 3 0.12

1275°C

0 .0 .. M 2 .2 5
0. 3 1 .2206 .0 6 0. 610 2. 030 1. 95 1. 64
0 .6 1. 9767 . 03 0. 988 1. 651 1 .68 1 .22
0 .9 2 .6 8 7 5 . 02 1. 344 1. 460 1. 47 0 .8 4
1.2 3 .0 7 7 3 .0 2 1.539 1.282 1. 28 0. 58
1.5 3.1975 . 02 1. 600 1. 071 1.12 0 .41
1.8 3. 6113 . 02 1.806 1. 005 0 .9 9 0. 30

(c ) C a st  6B 

1275°C

0. 0 m m 2. 20
0 .3 1.2000 . 05 0. 600 2. 000 1 .85 1. 58
0 .6 1. 9177 . 04 0 .961 1. 601 1. 61 1. 22
0 .9 2 .5 3 9 4 .0 4 1.273 1. 415 1. 44 0 .9 5
1.2 3 .0 8 2 6 .0 4 1.510 1. 280 1.28 0 .7 3
1.5 3.4196 .0 2 1. 718 1.157 1.15 0 .5 3
1. 8 3 .6791 . 02 1. 841 1. 021 1. 02 0. 34

1350°C

0. 0 «• » a. o 1 .90
0. 3 0. 9601 .0 6 0.481 1. 600 1. 62 1. 30
0. 6 1. 5386 . 04 0 .7 7 3 1.298 1 .36 0. 95
0 .9 2.1413 . 03 1. 071 1.189 1.17 0 .6 9
1.2 2 .3971 . 03 1. 200 1. 001 1. 00 0 .4 6
1.5 2 .5 6 2 3 . 02 1.281 0. 851 0. 86 0 .2 5
1.8 2 .5 6 4 9 . 01 ' 1. 285 0. 200 0. 72 0. 05



T A BLE 10 /C ont*d

(d) C ast  8

£ m ioge X °tiogeA) s.̂ i *V A \?T
1150°C

0. 0 - - _ _ _ 2 .3 8
0 .3 1. 3482 . 04 0 .6 7 3 2. 241 1.87 1.6 0
0. 6 1. 7844 .0 3 0 .8 9 2 1, 490 1. 58 1.17
0 .9 2 .3 9 6 2 . 03 1.198 1. 329 1 .40 1. 01
1.2 3 .0 6 3 0 . 03 1.531 1.281 1. 29 0. 90
1.5 3 .4 6 3 3 . 02 1. 732 1.149 1.19 0. 77
1.8 4 .0 6 6 8 . 02 2. 033 1.130 1.11 0. 63

1275°C

0 .0 .. _ .. *• m. 3. 00
0 .3 1 .2360 .0 4 0. 618 2. 061 2.10 1. 62
0. 6 1. 9850 . 03 0 .9 9 3 1. 648 1. 68 1.16
0 .9 2. 6425 . 03 1.321 1.470 1.47 0. 98
1.2 3.1628 . 02 1. 581 1. 310 1. 33 0. 89
1.5 3. 6630 . 02 1 .832 1. 219 1.23 0. 77.
1.8 4. 0472 . 02 2. 023 1.121 1.14 0. 65

1350°C

0 .0 — - - M. ■» 2. 38
0 .3 1. 0990 .0 3 0 .5 5 0 1. 831 1.83 1 .3 4
0 .6 1. 7352 .0 3 0. 868 1. 449 1. 43 0. 97
0 f 9 1. 2282 . 03 1.105 1. 230 1.23 0. 75
1 .2 2. 6402 . 02 1 .320 1. 098 1.11 0. 60
1.5 3. 0102 . 02 1. 505 1. 001 1. 01 0. 50
1.8 3 .4 9 2 0 . 01 1. 746 0. 975 0 .9 3 0 .4 3

U50°C Hot R o lled  at a true s tra in  per  p a s s  o f  0. 6

0. 0 M Cft 2. 52
0 .6 2 .1242 .0 4 1.062 1.771 1 .80 1 .20
1.2 3. 6243 .0 3 1.812 1.509 1. 45 0. 90
1.8 4. 2121 .01 2.106 1.172 1.18 0. 58



TABLE 10 / C ont’d ...........

(e ) C ast 11

Et-M ioge A <3(i°g A} l?A

' 1000°C" (MAXIMUM VALUES)

0. 0 (M •» 0. 67
0 .3 0 .3 7 9 0 .0 7 0.190 0. 631 0 .6 7 0. 67
0. 6 0.8710 .0 9 0 .4 3 6 0. 730 0 .6 7 0. 67
0 .9 1.1726 .0 5 0 .5 8 6 0. 649 0 .6 7 0. 67
1 .2 1. 6432 .0 9 0. 822 0. 682 0. 66 0. 67
1. 5 1. 9020 . 06 0. 951 0. 630 0 .6 4 0. 50
1.8 2 .2 0 2 0 . 06 1.101 0. 609 0 .61 0 .41

115 0°C

0. 0 — m 2. 76
0 .3 1.4168 .0 9 0 .7 0 8 2. 361 2.17 1. 65
0. 6 1.9001 .0 7 0 .9 5 0 1.580 1 .77 1.17
0 .9 2 .7 7 7 8 .0 2 1.389 1.539 1. 54 1. 00
1.2 3 .5 8 4 9 • .0 2 1.793 1.492 1 .39 0 .8 7
1.5 3 .5 9 6 7 .0 4 1.798 1. 200 1 .27 0. 78
1.8 4 .3231 .0 4 2.162 1. 201 1.19 0. 71

1275°C

0. 0 m m ca 1. 95
0 .3 1.3805 .12 0 .6 9 0 2. 301 1. 70 1 .58
0. 6 1. 6172 .0 9 0 .8 0 9 1. 348 1.58 1.33
0 .9 2.6102 .0 4 1.305 1. 450 1 .46 1.13
1.2 3. 2815 . 03 1. 641 1. 369 1. 37 0. 96
1.5 3. 8323 .0 2 1. 916 1.281 1 .26 0 .7 9
1.8 4 .2 7 0 6 .01 2.135 1.190 1.18 0 .7 0

* A t th is  tem p era tu re  the in c lu s ion  p la s t ic ity  w as v a r ia b le ,  so m e  
in c lu s io n s  rem ain in g  n o n -p la s t ic  w h ils t  o th ers  d e form ed  s l ig h t ly .  
P la s t i c i t y  v a lu es  w ere  d eterm in ed  from  the m o s t  h igh ly  d e form ed  
in c lu s io n s  and the v a lu es  reco rd ed  should read  from  z e r o  to  th is  
m axim u m  value .



TA BLE 11 CRITICAL VISCOSITIES

D eriv a t io n  of the C r it ic a l  V is c o s i ty  for the N o n ^ P la s t i c /P la s t ic  T ran sit ion  
of G la s sy  S i l ica te  In c lu s ion s  in  Steel;  A ccord in g  to  the R elationship:"

r m
4  Â  m

w here  y ^ c .  ~  c r ^ ca l  v i s c o s i t y

r = The m a tr ix  sh ear  y ie ld  strength
m

p  = The m a tr ix  s tra in  rate  m

U sin g  data g iven  by Cook, (115), for the v a lu es  of y ie ld  s tren gth  of m ild  
s t e e l ,  the c r i t ic a l  v i s c o s i t i e s  are

rr,0 _T C L %  at £  = rm  m
0. 05

T  at £  ='"m m  
0 .7 0

y * c (0 .0 5 ) ^ ( 0 . 7 0 )

-L **2\ -2* -2 *» 2 .
(Sec ) . fM N .m  ) MN. m  ) (M N s .m  ) (M N s .m  )

1 .8 45 84 6 .2 5 11. 67
8. 0 53 101 1 .66 3.16

900 40. 0 66 115 0 .4 2 0 .7 2
100.0 76 125 0.19 0 .31

1.8 39 57 5 .4 2 7 .9 2
8. 0 50 81 1 .56 2 .5 3

1000 40. 0 57 95 0 .3 6 0 .5 9
100 .0 64 105 0.16 0 .2 6

1.8 32 43 4 .4 4 5 .9 7
8. 0 35 61 1 .09 1. 91

1100 40. 0 47 .77 0 .2 9 0 .4 8
100.0 52 85 0.13 0 .21

1 .8 23 30 3.19 4 .17
8. 0 30 45 0. 94 1. 41

1200 4 0 .0 40 60 0 .2 5 0 .3 8
100.0 44 66 0.11 0.17

NB: The va lue  of the m a tr ix  y ie ld  s trength  i s  rep o rted  to in c r e a s e  a s  the  
m a tr ix  s tra in  i n c r e a s e s ,  only reach in g  a plateau at s tra in s  g r e a te r  than  
0. 2 to  0. 3. A cco rd in g ly  v a lu es  of c r i t ic a l  v i s c o s i t y  have been  d e te rm in ed  
u sin g  sh ea r  y ie ld  s tren gths  corresp ondin g  to both low , ( £  = 0. 05), and 
high, ( £  = 0 .7 0 ) ,  m a tr ix  s tr a in s .



TABLE 11 /C o n t’d

f j *  ° m
m

w here  Cf* = The m a tr ix  y ie ld  s tren gth
m

-  The m a tr ix  shear  y ie ld  strength

The c r i t ic a l  v i s c o s i t y  range for s i l ic a te  in c lu s io n  in m ild  s t e e l ,  
under n o rm a l hot ro llin g  cond it ions, for low  m a tr ix  s tra in s  i s

•»? A n  7  o
0.11 to 6 .2 5  M N sm  , (or 10 * to 10 * p o ise )

and at h igher m a tr ix  s tra in s  i s

—"? 6 ? 8 1 
0.17 to  11. 67 M N sm  , (or 10 * to 10 p o ise )



TABLE 12 COMPARISON OF THE EQUILIBRIUM CRYSTALLINE
SOLIDUS TEM PERATURES WITH THE MEASURED NON
PL A ST IC /PL A ST IC  TRANSITION TEM PERATURES FOR  
THE VARIOUS TYPES OF INCLUSIONS INVESTIGATED

CAST OXIDE SYSTEM DESCRIPTION SOLIDUS
T EM P .

TRANS
ITION
TEM P.

4
5

FeO-Si()
2

Duplex c ry s ta l l in e  
s i l ic a te s  co m p r is in g  
p r im a ry  w ustite  p a r t
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* FIG. I

THE F e - S  BINARY PHASE DIAGRAM

* FIG. 2

THE Fe-M nO-M nS PSEUDO -TERNARY PHASE DIAGRAM

FIG. 3

THE F e-M n S  PSEUDO-BINARY PHASE DIAGRAM  
(After Baker & C h a r les  r e f .  3).

3
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FIG . 4

THE FeS-M nS PSEUDO-BINARY PHASE DIAGRAM

FIG. 5

THE F eO -A l 0 BINARY PHASE DIAGRAM

FIG.' 6

THE FeO-MnO-Al 0o TERNARY PHASE DIAGRAM  
2 3
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FIG. 7

THE CaO-Al 0 BINARY PHASE DIAGRAM & 5

FIG. 8

THE F e - 0  BINARY PHASE DIAGRAM
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PLOT OF FeO~MnO COMPOSITION OF MANGANO-WUSTITE  
INCLUSIONS IN RIMMING STEEL ON REHEATING TO 1000°C  

(After Yavoiskii&: H aase  re f .  68)

FIG. 10

THE FeO-MnO-SiO PSEUDO -TERNARY PHASE DIAGRAM

FIG .11

THE F e 0 - A l203 -S i0 2 PSEUDO -TERNARY PHASE DIAGRAM
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FIG . 12

THE MnO-Al 0 -SiO PSEUDO -TERNARY PHASE DIAGRAMu J Cd

FIG. 13

• THE C a 0 -A l203- S i0 2 PSEUDO -TERNARY PHASE DIAGRAM
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FIG. 14

(a) ELLINGHAM DIAGRAM FOR (b) ELLINGHAM DIAGRAM FOR
SELECTED  SULPHIDES SELECTED  OXIDES

FIG. 15

PLOT OF RELATIVE STRENGTH ( ~  ) VS RELATIVE  
/  . \  ' '  

DEFORMATION f — J  (After Unkle r e f .  86)
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FIG. 16 FIG. 17

PLO T OF INCLUSION TRUE
STRAIN ( 8  .) VS MATRIX
TRUE STRAIN ( £ . _)  x M
(After Z e is lo f t  Sc H osford  

re f .  98)

PLOT OF INCLUSION RELATIVE  
PLASTICITY ( V7 ) VS RELATIVE
s t r e n g t h  ( p  )
(After Z e is lo f t  Sc H osford  

r e f .  98)

FIG. 18

PLO T OF INCLUSION RELATIVE  
PLASTICITY ( \ P  )  VS RELATIVE  
YIELD STRENGTH ( p  ) FOR  
D IF FE R E N T  VALUES OF THE 
WORK HARDENING EXPONENT  
(n)

FIG. 19

COMPARISON OF THEORETICAL  
AND MEASURED RELATIVE  
PLASTICITY FOR MANGANESE  
SULPHIDE

(After K levebring  re f .  101)

(A fter Sundstrom  r e f .  99)
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FIG , 20 FIG. 21

PLO T OF INCLUSION DEFORM ATION PLO T OF INCLUSION RELATIVE
(L /w )  VS RELATIVE HARDNESS 

/  H m \
'  \  H i /

(A fter W arrick  & Van V lack  
re f .  104)

EICL-22

PLOT OF INCLUSION RELATIVE  
PLASTICITY ( ' \?  ) VS RELATIVE
s t r e n g t h  ( p  )

(A fter Gove & C h arles  re f .  103)

PLASTICITY ( \ p  ) VS RELATIVE  
HARDNESS ( jg  )

(D erived  from  data rep orted  by  
W arrick  & Van V lack  re f .  104)

FIG. 23

PLOT OF INCLUSION RELATIVE  
PLASTICITY ( V  ) VS RELATIVE  
VISCOSITY ( p  )

(After Gay r e f .  106)
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FIG, 24 FIG. 25

PLO T OF INCLUSION RELATIVE  
PLASTICITY ( I? ) VS RELATIVE  
HARDNESS ( )  FOR  
(a) UNBONDED AND (b) BONDED  
PHASES

(A fter A sh ok  r e f .  107)

PLOT OF INCLUSION TRUE STRAIN  
( £ . )  VS MATRIX TRUE STRAIN ( £l  i

(D erived  from  data rep o rted  by  
Unkle re f .  86)

FIG. 26

PL O T  OF INCLUSION RELATIVE  
PLASTICITY ( I? ) VS RELATIVE  
YIELD STRENGTH )

FIG.' 27

s c h e m a t i c  r e p r e s e n t a t i o n  o f
INCLUSION TRUE STRAIN ( £  .) VS
MATRIX TRUE STRAIN ( P ) 1m

(D er iv ed  from  data rep orted  by 
Unkle r e f .  86)

(After Sm ith r e f .  108)
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FIG. 28

PLASTICINE MODELS SHOWING THE MATRIX FLOW AROUND  
ELONGATE INCLUSIONS HAVING A LOW RELATIVE PLASTICITY

(a) UNLUBRICATED STRONGLY BONDED INTERFACE

(b) W ELL LUBRICATED UNBONDED INTERFACE

FIG. 29

s c h e m a t i c  r e p r e s e n t a t i o n
OF THE FORCES OPERATING ON 
A N  INCLUSION OF LOW REALTIVE  
PLASTICITY LEADING TO THE 
FORM ATION OF A CONICAL  
VOID

(A fter Rudnik r e f . 116)

FIG .'30

REPRESENTATIO N OF THE 
CRITICAL STRESSES FOR VOID 
FORMATION AS A FUNCTION OF 
THE WORK OF ADHESION FOR  
INCLUSION OF VARIOUS DIAM ETER

(A fter Sundstrom  r e f . 112)
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FIG. 31

DENSITY CHANGE OF A  0.2%C 
ST E E L  WITH ROLLING  
REDUCTION

(A fter G ove & C h a r les  
r e f . 103)

FIG. 33

PLO T OF HARDNESS VS 
TEM PERATURE FOR VARIOUS 
STEELS AND FOR SINGLE  
CRYSTAL MANGANESE SULPHIDE

FIG .'32

PLO T OF HARDNESS VS 
TEM PERATURE FOR MANGANESE  
SULPHIDE

(A fter Chao et a l r e f . 133)

PLO T OF RELATIVE PLASTICITY  
( \ ?  )  VS WORKING TEM PERATURE  
FOR MANGANESE SULPHIDE  
INCLUSIONS

FIG.’ 34

(A fter Chao r e f . 133) (V ariou s S o u rces)
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FIG . 35

(a) SOLID SOLUBILITY LIMITS FOR THE FIRST PERIOD
TRANSITION ELEM ENTS IN MANGANESE SULPHIDE (AT %)

(A fter K ies slin g  r e f . 11)

(b) MICROHARDNESS VALUES FOR THE D IFFE R E N T  (Mn. Me)S 
SOLID SOLUTIONS.’ ROOM TEM PERATURE VALUES ON 
QUENCHED SPECIM ENS.

(K ie ss lin g  r e f . 11)

FIG. 36

SCHEMATIC REPRESENTATIO N OF THE E F F E C T  OF COMPOSITION  
ON RELATIVE PLASTICITY OF SILICEOUS INCLUSIONS

(A fter K ies  s lin g  r e f . 113)
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v FIG , 37

VICKERS HARDNESS VALUES AT ELEV A TED  TEM PERATURES FOR  
A  SYNTHETIC SLAG COMPOSITION  

49% MnO, 41% SiO , 10% A1 0C* Ld 3
(A fter Sh ira iw a r e f . 81)

FIG . 38

R ELA TIVE PLASTICITY VS ROLLING TEM PERATURE FOR WUSTITE  
INCLUSIONS

(V alu es d er iv ed  from  data p resen ted  by P ick er in g  r e f . 92)

FIG . 39

PLO T OF INCLUSION DEFORM ATION VS MANGANESE CONTENT  
FO R MANGANOWUSTITE INCLUSIONS

(A fter U chiyam a & Sum ita r e f . 112)
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INGOT SECTIONS

FIG. 41

BINARY CORRECTION DATA FOR  
MICROPROBE ANALYSIS 
(A1 0 -SiO SYSTEM )

FIG.' 42

KLINGER-KOCH ELECTROLYTIC
EXTRACTION C E LL . USED TO ,
EXTRACT INCLUSION FRAGM ENTS
FROM  HOT ROLLED SPECIM ENS FIG.' 43

TYPICAL PLOT OF INCLUSION  
TRUE STRAIN VS MATRIX TRUE  
STRAIN FOR PLASTIC INCLUSIONS 
(SCHEMATIC ONLY)
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FIG. 44

COMPOSITION RANGES FOR BINARY FeO-SiO TY PE INCLUSIONS 
PR ESEN T IN CASTS 4 , 4B , 5 AND 12.

FIG.' 45 -

COMPOSITION RANGES FOR BINARY AND TERNARY FeO-MnO«SiO 
TY PE  INCLUSIONS PRESENT IN CASTS 4, 4B , 5 , 6 , 6 B AND 12.
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FIG.' 46

COMPOSITION RANGE OF TERNARY F eO -A l 0 -SiO TYPE INCLUSIONS 
PR ESEN T IN CAST 8 . 2

FIG. 47

COMPOSITION RANGE OF TERNARY CaO-Al 0 -SiO TYPE INCLUSIONS 
PR ESEN T IN CAST 11. 2  2
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FIG.' 48

INCLUSION TRUE STRAIN ( £  .) 
VS MATRIX TRUE STRAIN ( £ 1 )  
FO R CAST 4 DEFORM ED AT  
115 0°C

FIG. 49

INCLUSION TRUE STRAIN ( £ .) 
VS MATRIX TRUE STRAIN ( £  1  ) 
FOR CAST 4 DEFORM ED A T  
1275°C

FIG . 50

INCLUSION TRUE RELATIVE  
PLASTICITY ( V? ) VS MATRIX  
TRUE STRAIN ( £  ) VS ROLLING
TEM PER A TU RE (T°G ) FOR  
CAST 4

FIG. 51

INCLUSION A PPA R E N T  RELATIVE  
PLASTICITY ( V  . )  VS MATRIX  
TRUE STRAIN VS ROLLING  
TEM PERATURE (T °C ) FOR CAST 
4

FIG .'52

INCLUSION TRUE STRAIN ( £  .) 
VS MATRIX TRUE STRAIN ( £  1  ) 
FOR CAST 5 DEFORM ED AT  
1150°C

FIG. 53

INCLUSION TRUE STRAIN ( £  .) 
VS MATRIX TRUE STRAIN ( £  1  ) 
FOR CAST 5 DEFORM ED AT  
1275°C
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INCLUSION TRUE RELATIVE  
PLASTICITY ( \ ?  ) VS MATRIX  
TRUE STRAIN ( 8  ) VS ROLLING
TEM PERATURE (T^ 6 ) FOR  
CAST 5

INCLUSION A PPA R E N T  RELATIVE  
PLASTICITY ( \ ?  ) VS MATRIX
TRUE STRAIN ( £  ) VS ROLLING
TEM PERATURE (T°G ) FOR CAST 
5

FIG. 56

INCLUSION TRUE STRAIN ( £  .) 
VS MATRIX TRUE STRAIN ( £  1  ) 
FO R CAST 6 B DEFORM ED AT  
1275°C

FIG . 57

INCLUSION TRUE STRAIN ( £  .) 
VS MATRIX TRUE STRAIN ( 8  1  )
FOR CAST 6 B DEFORM ED AT  
1350°C

FIG.' 58

INCLUSION TRUE RELATIVE  
PLASTICITY ( V  T ) VS MATRIX  
TRUE STRAIN ( £  .) VS ROLLING
TEM PER A TU RE (T^C) FOR  
CAST 6 B

f i g ; 59

INCLUSION A PPA R E N T  RELATIVE  
PLASTICITY ( V  A ) VS MATRIX  
TRUE STRAIN ( £  M) VS ROLLING  
TEM PERATURE (T ^C ) FOR  
CAST 6 B
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INCLUSION TRUE STRAIN ( £  .) 
VS MATRIX TRUE STRAIN ( £  1  ) 
FOR CAST 8  DEFORM ED AT  
1150°C

INCLUSION TRUE STRAIN ( £  
VS M ATRIX TRUE STRAIN ( £  
FOR CAST 8  DEFORM ED AT  
1275°C

F I G .62 ■ . -

INCLUSION TRUE STRAIN ( £  .) VS MATRIX TRUE STRAIN ( £  )
FO R CAST 8  DEFORM ED AT 13^0°C

FIG.' 63 .

INCLUSION TRUE RELATIVE PLASTICITY ( ) VS MATRIX TRUE
STRAIN ( d  M ) VS ROLLING TEM PERATURE (T °C ) FOR CAST 8
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FIG.' 64

INCLUSION A PPA R E N T  RELATIVE PLASTICITY ( V7  ) VS MATRIX
TRUE STRAIN ( £  x r )  VS ROLLING TEM PERATURE (T °C ) FOR

M
CAST 8

FIG. 65

INCLUSION TRUE STRAIN ( £ . )  V S  MATRIX TRUE STRAIN ( £  )
FOR INCLUSION IN SAM PLES 6 f  CAST 8  DEFORM ED AT M
RATES OF 0. 3 AND 0. 6  TRUE STRAIN PER PA SS, AT 1150°C .

F IG . ' 6 6

INCLUSION TRUE RELATIVE PLASTICITY ( \ 7  ) VS MATRIX TRUE  
STRAIN ( £  ) FOR INCLUSIONS IN SAM PLES OF CAST 8  DEFORME D
A T  RATES O F  0. 3 AND 0. 6  TRUE STRAIN PE R  PASS AT 115 0°C .
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INCLUSION TRUE STRAIN ( £  .) 
VS MATRIX TRUE STRAIN ( d ^ )  
FOR CAST 11 DEFORM ED AT  
1 0 0 0 °C

INCLUSION TRUE STRAIN ( £  .) 
VS MATRIX TRUE STRAIN ( £ 1  ) 
FOR CAST 11 DEFORM ED AT  
115 0 °C

FIG . 69

INCLUSION TRUE STRAIN ( £  .) VS MATRIX TRUE STRAIN ( £  )
FOR CAST 11 DEFORM ED AT 12f5°C . M

FIG. 71FIG. 70

INCLUSION TRUE RELATIVE  
PLASTICITY ( ) VS MATRIX
TRUE STRAIN ( £  M) VS ROLLING  
TEM PERATURE (T °C ) FOR  
CAST 11

INCLUSION A PPA R E N T  RELATIVE  
PLASTICITY ( V? A ) VS MATRIX  
TRUE STRAIN ( £  m ) VS ROLLING  
TEM PERATURE (TOC) FOR  
CAST 11
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s c h e m a t i c  r e p r e s e n t a t i o n  o f  t h e  v a r i a t i o n  i n  v i s c o s i t y
OF A TYPICAL SILICATE GLASS WITH TEM PERATURE

FIG. 73

COMPARISON OF THE BEHAVIOUR OF TYPICAL FLUID SILICATE  
INCLUSIONS WITH THAT OF TY PE I MANGANESE SULPHIDE  
INCLUSIONS, DURING HOT WORKING OF THE ST E E L  M ATRIX.

£  ,  =. MATRIX TRUE STRAIN

• £ .  = INCLUSION TRUE STRAIN

FIG. 74

VARIATION IN THE TRUE RELATIVE PLASTICITY EXHIBITED BY 
SULPHIDE AND SILICATE INCLUSIONS AS A FUNCTION OF MATRIX  
STRAIN.
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FIG , 75

DEFORM ATION OF A CIRCULAR ELEM ENT BY SIM PLE SHEAR

FIG.' 76

M ODEL SYSTEM  USED FOR INVESTIGATING THE BEHAVIOUR OF 
FLUID INCLUSIONS IN A VELOCITY GRADIENT

FIG ’ 77

* GRAPH SHOWING THE RATE OF ENERGY ABSORPTIO N, PE R  
UNIT VOLUM E, FOR INCLUSIONS OF VARIOUS INITIAL DIAM ETERS  
DEFORMING BY PLANE STRAIN AT A STRAIN RATE OF 40SEC , 
ACCORDING TO THE EQUATION

|  = ^  S in h R -
a

e

® IS PLO TTED  AS M J .m " 2 . S _ 1
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FIG .'78

(a) THE CONFIGURATION OF THE REACTION INTERFACE  
PRODUCED WHEN ALUMINIUM DEOXIDANT IS FLO ATED ON. 
THE SURFACE OF M OLTEN IRON IN A HIGHLY DEOXIDIZED  
STATE

( A fter  Bogandy r e f . 51 )

(b) THE POSSIBLE DISTRIBUTION OF DISSOLVED ALUMINIUM  
AND OXYGEN IN THE REGION OF THE INTERFACE

FIG .'79

(a) THE MECHANISM OF INCLUSION AGGLOMERATION A FT E R  
K N U PP E L , BROTZM AN & FO RSTER, R E F .’145

(b) p h o t o m i g r o g r a p h  OBTAINED FROM AN ALUMINIUM  
DEOXIDIZED M ELT EXHIBITING AGGLOMERATION OF THE 
ALUMINA INCLUSIONS BY THE MECHANISM PROPOSED BY  
K N U PP E L  ET A L  (R E F.’ 145) 2000X
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INTERDENDRITIC DISTRIBUTION OF WUSTITE
x  500

COMPOSITION 100% FeO

P L A T E  2. CAST 4

PRIMARY BINARY. IRO N-SILICATE INCLUSION CONTAINING  
FeO IN A EUTECTIC MATRIX

x  500
A  MATRIX COMPOSITION 73% FeO, 27% SiO
B PRIMARY PHASE 100% FeO

AVERAGE ANALYSIS

PL A T E  3. CAST 5

(a) LARGE AND SM ALL INCLUSIONS SHOWING A FINER
% • DISTRIBUTION OF WUSTITE DENDRITES IN THE LARGER

INCLUSION x  400

(b) HIGHER MAGNIFICATION OF A SM ALLER TY PE SHOWING 
THE D U PL E X  NATURE OF THE MATRIX x  1000

A  MATRIX COMPOSITION 72% FeO, 29% SiO
B PRIM ARY PHASE 100% FeO

AVERAGE ANALYSIS

/





(a) GLASSY SINGLE PHASED SILICATES SOLIDIFIED WHILST
COALESCING ■x  800

COMPOSITION 11% FeO, 91% SiO

(b) POLARISED LIGHT

PL A T E  5. CAST 6

(a) D U PL E X  PRIMARY SILICATE CONTAINING MANGANOWUSTITE 
PRIMARY PHASE IN A  EUTECTIC T Y PE  MATRIX

x  500

A MATRIX COMPOSITION 9% Fe0, 58% MnO, 32% SiO
Cd

B PRIMARY PHASE 72% FeO, 19% SiO

AVERAGE ANALYSIS

(b) EUTECTIC TY PE OF INCLUSION' x  800

AVERAGE ANALYSIS 14% FeO, 58% MnO, 27% SiO

(c) COALESCING FORM AND BACKGROUND TY PES' X 500

A  LATH T Y PE  . 10% FeO, 56% MnO, 34%Si0

B GLASSY T Y PE  11% FeO, 56% MnO, 36%Si0

(d) s e c o n d a r y  d e n d r i t i c  t y p e' x  800

COMPOSITION 30% FeO, 6 6 % MnO

\
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PL A T E  6. CAST 6B

(a) COALESCING GLASSY SILICATES
' x  800

COMPOSITION 12% FeO, 36% MnO, 54% SiO

(b) POLARISED LIGHT

PL A T E  7. CAST 8

(a) G ENERAL DISTRIBUTION OF GLASSY SILICATES
x  250

(b) SILICATE CONTAINING AN INTERNAL DENDRITIC PHASE
x  400

A DENDRITE ANALYSIS 74% A1 0 , 25% FeO

B MATRIX ANALYSIS 35% FeO, 43% SiO , 20% A 1 0
Cd M  J

(c) s . e .’m .' i m a g e  o f  a n  i n c l u s i o n  c o n t a i n i n g  b l o c k y  a n d
RO SETTE T Y PE  PHASES

x  650



c



/C o n tfd

P L A T E  7. CAST 8

(d) s .’e . m . IMAGE SHOWING ALUM INA d e n d r i t e s
DISTRIBUTED BETW EEN THE LARGER SILICATE GLOBULES.'

(e ) S.'E .'m .’ IMAGE OF THE POLISHED SURFACE OF A N
INCLUSION CONTAINING RO SETTE AND BLOCKY PHASES 
SHOWING CRACKING OF THE SILICATE MATRIX

x  1680

PL A T E  8 . CAST 10

(a) IRREGULAR CLUSTER CONTAINING ALUM INA AND
CALCIUM HEXALUM INATE PARTICLES

x  770

x  6 0 0

A  ALUM INA

B Ca-H EXALUM INATE

100% a i 2o3

92% A1203 , 7% CaO

(b) M ULTIPHASE INCLUSION CONTAINING ALUMINA AND
CALCIUM HEXALUM INATE BLOCKS AND LATHS IN A
SILICEOUS MATRIX

A  Ca-H EXALUM INATE

C IRON GLOBULES

B ALUM INA

93% A12 03 , 8 % CaO

100% a i 2o3

100% F e
D SILICATE MATRIX -  NO ANALYSIS S i D ETEC TED





PL A T E  9. CAST 11

(a) CLUSTER OF GLASSY SILICATES
v /  x  2 0 0

(b) X -R A Y  LINE TRACES ACROSS A  SILICATE INCLUSION  
SHOWING CALCIUM ENRICHMENT IN THE RIM

FeK<* , S iK *  , C a K ^  .

(c) . CaKc* X -R A Y  IMAGE
X  u • v i \

, PL A T E  10. CAST 12

(a) G ENERAL AREA SHOWING GLASSY SILICATES
x  250

(b) GROUP OF COALESCING INCLUSIONS
x  620
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P L A T E  11. CAST 7B

(a) GENERAL. FORM OF A LARGE ALUM INA CLUSTER
x  8 8

(b) D ETA IL FROM  THE CLUSTER SHOWING SEVERAL
D IF FE R E N T  PARTICLE MORPHOLOGIES

x  2 0 0

(c) LARGE SPHERICAL GLOBULE OF PURE ALUM INA WITH
ENCLOSED M ETAL

x  1000

A  GLOBULE ANALYSIS 100% A 1 0Ci J
B ENCLOSED M ETAL 100% F e

(d) IRREGULAR T Y PE  OF PARTICLE WITH ENCLOSED M ETAL
x  1700

A  CORE ANALYSIS 70% A1 0 3', 31% FeO

B RIM ANALYSIS 90% A l ^

C M ETA L GLOBULES 98% F e

(e) D U PL E X 'T Y P E  CONTAINING ALUM INA BLOCKS IN A
HERCYNITE MATRIX x  400

A  ALUM INA BLOCKS 100% A1 0
u  J

B MATRIX 71% A1 03 , 29% FeO
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P L A T E  11 (C o n fd  )

(f) s . e .'m .' IMAGE SHOWING t h e  d i f f e r e n t  PA R TIC LE
MORPHOLOGIES MAKING U P  A N  ALUM INA CLUSTER

x  1. 8 K

(g) h o n e y c o m b  o r  g r a i n  s t r u c t u r e  o n  t h e  s u r f a c e
OF THE LARGE GLOBULAR FORMS

x  9K

(h) SINTER POROSITY ON THE POLISHED SURFACE OF ONE
OF THE LARGE SINTERED GLOBULES A F T E R  ETCHING
IN b r o m i n e - m e t h a n o l

x  9K





P L A T E  12, MOULD DEOXIDISED WITH A L

(a) DENDRITIC BAND SEPARATING AN UNDEOXIDIZED AND  
FU L L Y  DEOXIDIZED REGION x  40

A = 0. 8 % A1 B = 0 .2% A 1 C = NOT DETEC TED

(b) s ’e ' m .' IMAGE SHOWING THE d e n d r i t i c  NATURE OF 
THE INTERFACE

x  550

(c) D IFFE R E N T  DENDRITE MORPHOLOGIES WITHIN THE
INTERFACE ,

x  1. 5K

(d) HERCYNITE + W USTITE PARTICLE IN THE REGION CLOSEST
TO THE DEOXIDIZED REGION

x  1.1 K

(e) WUSTITE GLOBULES IN THE REGION CLOSEST TO THE
DENDRITIC BAND SHOWING EVIDENCE OF REACTION AND  
NUCLEATION CF ALUMINA DENDRITES

x l . l K

(f) HIGHER MAGNIFICATION SHOWING EVIDENCE OF REACTION
AT THE INCLUSION SURFACE

x  5 K

(g) ALUMINA DENDRITE
x  1.1 K

(h) PA R TIA LLY  SPHERODIZED DENDRITE
x  5 K

(i)  SPHEROIDAL AGGLOMERATE x  2. 2K
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PL A T E  12 (C ont’d  )

(j) REGION OF MIXED HERCYNITE + WUSTITE TYPES TOGETHER
WITH IRREGULAR REACTED TY PES HAVING ALUM INA  
ENRICHED RIMS AND CORES WITH COMPOSITIONS CLOSE 
TO THAT OF HERCYNITE x 80

A  = 0.5%  A1 
B = 0. 6 % A1 
C = 0. 4% A1 
D = 0.1% A1

(k) HIGHER MAGNIFICATION OF ONE OF THE CLUSTERS IN
P L  12J SHOWING HERCYNITE -f WUSTITE TYPES BECOMING
R EACTED IN THE REGION CLOSEST TO THE DENDRITE
BAND.' _x  500

(1) S. E . M. IMAGE OF A PARTIALLY REACTED TYPE SHOWING
ALUM INA SPHERES AND DENDRITES NUCLEATED AT THE 
SURFACE

x  2. 2 K

(m ) O PTICAL IMAGE OF A PARTIALLY REACTED T Y PE  SHOWING 
THE REACTED RIM WITH ENCLOSED M ETAL SURROUNDING 
A N  UNREACTED HERCYNITE CORE

x  1 0 0 0

A . CORE ANALYSIS 61% A1 0 , 40% FeO
B RIM ANALYSIS 95% A ^ 0 3

(n) S.’E.’m J IMAGE OF THE SAME PARTICLE AS IN (m) SHOWING
THE 3-D  MORPHOLOGY ln n .x  1 0 0 0

(p) CLUSTER OF SPHERICAL GLASSY APPEARING  ALUM INA
PA RTICLES x  100()

COMPOSITION A  = 100% A1 0
B = 100% A O  , 1% FeO c  ------   . . 2 . 3= 100% A F 0  , 2% FeO 
D = 98% A1 % ‘, 3% FeO 
E = 98% A1^03 , 4% FeO
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PL A T E  13. SUCTION SAM PLE 2 A L  KILLED M ELT

(a) DENDRITIC REGION _ . __v 7 x  1. 4 K

(b) SPHERODIZED AND SINTERED REGIONx ' x  700

(c) SPHERODIZING DENDRITE ARMS

(d) SPHERODIZING AND COLLAPSING DENDRITE
x  2. 5K

(e) CO LLAPSED AND PARTIALLY SINTERED PARTICLE
x  1. 7K





PL A T E  13 (C ont'd  )

(f) OPTICAL MICROGRAPH OF A LARGE SINTERED GLOBULE
SHOWING E N TR A PPE D  M ETAL

x  400

A  + B COMPOSITION 100% A1 0u O

(g) S.' E.' M.' IMAGE OF A LARGE SINTERED GLOBULE SHOWING
THE OPENING TO THE CENTRAL CAVITY OBSERVED IN 
MOST OF THESE PARTICLES

x  840
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PL A T E  14. HEAT TREATED INCLUSIONS IN CAST 6

(a) A F T E R  100 HOURS AT 925°C  SHOWING SPHERODIZATION
OF THE EUTECTIC MATRIX

x  6 0 0

(b) 100 HOURS AT 925°C  SHOWING THE PRECIPITATIO N CF
NUMEROUS IRON GLOBULES WITHIN THE INCLUSION

x  1 0 0 0

"(c) A F T E R  5 HOURS AT 1000°C SHOWING THE FORMATION CF
FEW ER BUT MUCH LARGER IRON GLOBULES

x  1500

(d) A F T E R  100 HOURS AT 1150°C SILICATE CONTAINING
MANGANESE SULPHIDE

x  6 0 0

A -  MnS w ith 6 % FeS
B ~ PRIM ARY PHASE 5% FeO, 95% MnO
C -  MATRIX TEPHROITE 67% MnO, 2% FeO, 30% SiO

w
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PL A T E  15. HEAT TREATED INCLUSIONS IN CAST 6B

(a) A F T E R  5H AT 1000°C SHOWING THE FORMATION OF
SILICEOUS PR EC IPITA TES -

x  400

A  DARK PR EC IPITA TE 90% Si0_

B GLASSY MATRIX 14% FeO, 40% MnO, 48% SiO
u

(b) .... A F T E R  100H AT 1000°C SHOWING THE PRECIPITATIO N OF
A  NUM BER OF PHASES GIVING A  GRANULAR T Y PE  OF  
STRUCTURE.' AGAIN IRON GLOBULES HAVE FORM ED.’

x  1 0 0 0

A  DARK PR EC IPITA TE 90% SiO

B MATRIX " 54% SiO , 30% MnO, 14% FeO

C M ETAL GLOBULES 95% F e

(c) A F T E R  5H A T 115 0°C x  1 0 0 0

(d) AS (c) BUT SHOWING DEVITRIFICATION OF THE MATRIX
x  1 0 0 0

A  DARK PR E C IPIT A T E  100% SiO

B LIGHT PHASE ' 61% MnO, 4% FeO, 38% SiO
u

C .MATRIX 47% MnO, 4% FeO, 51% SiO
u

(e) AS (d) BUT SHOWING A LARGER AMOUNT OF THE LIGHT 
PH ASE.

x  1 0 0 0

(f) A F T E R  5 OH AT 1150°C
v ' x 1000

(g) A F T E R  50 HOURS AT 1275°C.’ SILICA PR EC IPITA TES IN A
FEA TH ER Y  OR LATH-LIKE MATRIX 1/ww>

x  1 0 0 0

A  DARK PR EC IPITA TE 100% SiO
u

B MATRIX 54% MnO, 3% FeO, 43% SiO

(h) AS IN (g) BUT WITH A FINER DISTRIBUTION OF SILICA
PR EC IPITA TES .x  1 0 0 0
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P L A T E  16. HEAT TREATED INCLUSIONS IN CAST 8

(a) A F T E R  50 HOURS AT 925°C  SHOWING A  LATH LIKE 
STRUCTURE

. - x  600

(b) AS IN (a) BUT SHOWING DARKER. CRESCENT SHAPED AREAS
AND EVIDENCE OF A  RECTION RIM 1AAA, x  1000

A  RIM REGION 20% FeO, 54% S i0 2 , 27% A l ^

B GREY MATRIX 46% 48% 8%

C LIGHT GREY PHASE 36% 35% 38%

D DARKER CRESCENT 31% 46% 27%

(c) AS IN (a and b) BUT SHOWING A  PRONOUNCED RIM -CORE
STRUCTURE 1nnnx  1000

A  RIM REGION 21% FeO, 53% SiO , 26% A1 0
Cd Ld J

B CORE REGION 47% 41% 10%

C DARK BOUNDARY 28% 54% 16%

D M ETA L GLOBULES 100% F e

(d) AS IN (a , b and c) SHOWING THE LATH LIKE STRUCTURES

S E E N I N (a > x.1000

A  LATHS 37% FeO, 47% SiO , 16% A 1 0
Ld Cd 3

B GRANULAR MATRIX 26% 49% 24%
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PL A T E  16 (C ont’d  )

(e) A F T E R  5H AT 1000°C SHOWING A COM PLEX NON
EQUILIBRIUM  ASSEM BLAGE OF PHASES

x  400

% FeO %Si02 %a i 2 0

A BLOCKY STRUCTURES 39 - 61
B LIGHT AREAS 50 36 11
C DARK AREAS 28 70 2
D EUTECTIC AREA 16 • 70 20
E M ID-G REY AREAS 15 70 15

AVERAGE ANALYSIS 23 35 42
M ETRIC)

(f) AS IN (e) BUT SHOWING HERCYNITE BLOCKS HAVING SILICA
ENRICHED EN VELO PES IN A EUTECTIC T Y PE  MATRIX

x  680

A HERCYNITE (STOICHIOMETRIC)
B EUTECTIC MATRIX

(g) A F T E R  100H AT 1000°C SHOWING A THREE PHASE
ASSEM BLAGE .

x  600

A SILICA . 100% SiO^

B FAYALITE 70% F eO / 30% SiO

C HERCYNITE 40% FeO, 60% A1 0

(h) AS IN (g) BUT TW O-PHASE ONLY -  NOT ANALYSED
x  1000

(i) A F T E R  50 H AT 1150°C SHOWING HERCYNITE PR EC IPITA TES
IN A GLASSY MATRIX

x  1000

(j) A FT E R  100H AT 1150°C HERCYNITE AND SILICA PR EC IPITA TES
IN A GLASSY MATRIX x  400

A HERCYNITE 39% FeO, 62% A1 0
C d J

B SILICA 100% SiO

C MATRIX 34% FeO, 50% SiO , 17% A1 0

AVERAGE 31% FeO, 39% S i02> 36% A120 ,
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PL A T E  17. CAST IB -  HOT ROLLED

(a) OPTICAL MICROGRAPH IN THE LONGITUDINAL SECTION
A F T E R  HOT ROLLING TO A TRUE STRAIN CF 1. 8 AT
1150°C x  200

(b) SCANNING ELECTRO N MICROGRAPH A FT E R  D E E P  ETCHING
SHOWING THE VARIABILITY OF DEFORM ATION OF THE 
FeO INCLUSIONS

x  1. 5K

(c) HIGHER MAGNIFICATION SHOWING A SECOND PHASE ON
THE SURFACE OF A HIGHLY DEFORM ED INCLUSION

x  3K

(d) AS IN (c) BUT ON THE SURFACE OF A LESS HIGHLY
DEFORM ED INCLUSION x  3K

* A W USTITE 100% FeO
* B IRON SULPHIDE F eS  w ith FeO

* QUALITATIVE EDAX ANALYSIS





P L A T E  18. CAST 5 HOT ROLLED AT 925°C

(a) CONICAL VOID FORMATION WITH CRUSHING AND E N T R A P 
M ENT OF INCLUSION FRAGM ENTS AT LOW STRAINS 6 =  0 . 6

x  400

(b) . AS IN fa) BUT SHOWING FRACTURING OF THE INCLUSION

x  400

(c) LARGER D U PLEX  INCLUSION EXHIBITING FRACTURING
AT HIGHER STRAINS. NOTE THE INTRUSION OF THE 
M ETALLIC MATRIX INTO THE CRACKS, WHICH LIE AT  
45°C  TO THE ROLLING DIRECTION £  = 1. 5

x  200

(d) AS IN (c) BUT SHOWING FRAGM ENTATION, E N T R A P M E N T
AND ROTATION OF THE INCLUSION FRAGM ENTS £  = 1. 8

x  200
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PL A T E  19. CAST 5 HOT ROLLED AT 1150°C

' (a) PLASTIC DEFORM ATION AT A MATRIX STRAIN OF 0. 6

x  400

(b) PLASTIC DEFORM ATION AT A  MATRIX STRAIN OF 0. 9

x  400

(c )  PLASTIC DEFORM ATION A T A MATRIX STRAIN OF 1. 2

x  400

(d) PLASTIC DEFORM ATION AT A MATRIX STRAIN OF 1. 5

x  400

(e). PLASTIC DEFORM ATION AT A MATRIX STRAIN OF 1. 8

x  400





PL A T E  19 (C ont'd  )

(f) SCANNING ELECTRO N MICROGRAPH OF A  D U PLEX  SILICATE  
SHOWING STRIPPING OF THE MATRIX FROM THE LESS PLASTIC  
PRIMARY WUSTITE £  =  1 . 2

x  2K

(g) SCANNING ELECTRO N MICROGRAPH OF SECONDARY FeO
INCLUSIONS WHICH ARE UNDEFORM ED AT THIS TEM PERATURE  
AND STRAIN

x  2K





PL A T E  20. CAST 5 HOT ROLLED AT 1275°C

(a) PLASTIC DEFORM ATION AT A MATRIX STRAIN OF 0. 6

x  400

(b) PLASTIC DEFORM ATION AT A MATRIX STRAIN OF 0. 9

x  400

(c) PLASTIC DEFORM ATION A T  A  MATRIX STRAIN OF 1. 2

x  400

(d) ‘ PLASTIC DEFORM ATION AT A  MATRIX STRAIN OF 1. 5

x  400

(e ) PLASTIC DEFORM ATION AT A MATRIX STRAIN OF 1. 8

x  400





CONICAL VOID FORMATION AT A MATRIX STRAIN OF 
0. 3 WHEN DEFORM ED AT 1150°C

x  80

PLASTIC DEFORM ATION AND PRECIPITATIO N CF SILICA  
RO SETTES AT A M ATRIX STRAIN OF 0. 3 ON DEFORM ATION  
A T 1275°C x  400

PLASTIC DEFORM ATION AT A MATRIX STRAIN OF 0. 6 ON

x  400
DEFORM ATION AT 1275°C

FRACTURE OF A DEVITRIFIED INCLUSION AT A MATRIX  
STRAIN OF 0. 6 ON DEFORM ATION AT 1275°C

x  400

PL A ST IC /B R IT T L E  BEHAVIOUR OF A  CRYSTALLINE  
INCLUSION SHOWING THE FORMATION OF INTERNAL  
VOIDS AT A MATRIX STRAIN OF 0. 9 ON DEFORM ATION  
A T  1275°C
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PL A T E  21 (C ont’d. . . . )

•(f) f r a g m e n t a t i o n , DISSEMINATION AND ROTATION OF  
INCLUSION FRAGM ENTS AT A MATRIX STRAIN OF 0. 9 
ON DEFORM ATION AT 1275°C . NOTE THE VOIDS 
PRODUCED BETW EEN ADJACENT FRAGM ENTS

x  400

( g ) . FRACTURING AT A  MATRIX STRAIN OF 1. 2 ON DEFORM ATION  
A T 127 5 °C

x  400

j

(h) f r a g m e n t a t i o n  a t  a  m a t r i x  STRAIN OF 1. 2 ON 
DEFORM ATION AT 1275°C

x  400
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PL A T E  21 (C ont'd  )

(i) FRAGM ENTATION AT A MATRIX STRAIN OF 1. 8 ON
DEFORM ATION AT 1275°C

x 100

(j) DISSEM INATED INCLUSION FRAGM ENTS AT A MATRIX
STRAIN OF 1. 8 ON DEFORM ATION AT 1275°C

x  200

.(k) FRAGM ENTATION AND DISSEMINATION AT A M ATRIX
STRAIN OF 1. 5 ON DEFORM ATION A T  1275°C

x  200

(1) DISSEM INATED INCLUSION FRAGM ENTS IN THE SAM PLE
DEFORM ED TO A MATRIX STRAIN OF 1. 8 AT 1275°C

x  200

(m ) DISSEM INATION, ROTATION AND SURFACE DEFORM ATION  
OF INCLUSION FRAGM ENTS IN THE SAM PLE HOT ROLLED  
A T 1275°C TO A  MATRIX STRAIN OF 1. 2

x  400

(n) - SURFACE FLOW OF AN INCLUSION FRAGM ENT AT A  
MATRIX STRAIN OF 1. 8 ON ROLLING A T 1275°C.' THIS 
FRAGM ENT WAS ORIGINALLY PART OF A N  INCLUSION  
FRAGM ENTED AT A LOW MATRIX STRAIN

x  1000
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EXAMINATION BY SCANNING ELECTRO N MICROSCOPY

POLISHED FACE OF A FRAGM ENTARY STRINGER SHOWING 
THE COM PLEX STRUCTURE OF THE CRYSTALLINE INCLUSION

x  400

PA R TIA LLY  DISSEMINATED INCLUSION SHOWING THE 
THIN FILM  OF PLASTIC MATRIX CONNECTING THE 
SEPARATED PRIMARY CRYSTALLITES £  = 1. 5

x  1. 5K

HIGHER MAGNIFICATION SHOWING THE FINE STRUCTURE  
OF THE MATRIX £ =  1. 5

x  12K

DISSEM INATED INCLUSION EXHIBITING HOT-TEARING  
OF THE PLASTIC MATRIX BETW EEN THE PRIMARY  
CRYSTALLITES £ = 1 . 5
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P L A T E  22 (C ontfd  )

(e) DISSEM INATED INCLUSION FRAGM ENT WITH A  PLASTIC
SURFACE FILM  GIVING THE A PPEA R A N C E  OF SURFACE  
DEFORM ATION £ =  1. 5

x  2. 5K

(f) FRAGM ENTED e l o n g a t e d  INCLUSION CONTAINING MANY
PRIM ARY CRYSTALLITES AND LITTLE EUTECTIC TYPE  
MATRIX £ = 1 . 5

x  500

(g) POLISHED SURFACE OF AN INCLUSION SHOWING VOIDS
PRODUCED WITHIN THE STRUCTURE £ -  1. 5

x  1. 2K

,, (h) SM ALL BACKGROUND INCLUSION HAVING A  LA TH -LIK E
A PPEA R A N C E  £ =  1. 5

- • x  2 . 7K





e x a m i n a t i o n  b y  h ig h  v o l t a g e  e l e c t r o n  m i c r o s c o p y

LOW MAGNIFICATION SHOWING THE LATH -LIK E INTERNAL  
STRUCTURE OF THE FRAGM ENTS

x  1. 7K

HIGHER MAGNIFICATION SHOWING THE LARGE NUM BER  
OF MICROVOIDS PR ESEN T ALONG THE LATH BOUNDARIES

x 8. OK

BRIGHT FIELD SHOWING A  FEATH ERY TY PE OF MATRIX  
ASSOCIATED WITH THE LATHS

x 8. OK

S. A . D . P . INDEXED FOR THE TEPHROITE LATTICE

DARK FIELD  OF (c)
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■l . L - i M  1 i i i  ^ o n r a )

(d) D U PL E X  GLASSY OR MICROCRYSTALLINE INTERNAL
STRUCTURE

x  12. OK

(e) PAR TIC LE CONTAINING BOTH LATH -LIK E AND D U PLEX
T Y PE  STRUCTURES

x 8. OK

P L A T E  24. CAST 6B HOT ROLLED AT 1350°C

(a) S 'E.M. '  IMAGE OF A PLASTICALLY DEFORM ED SILICATE  
A F T E R  A MATRIX STRAIN OF 0. 6. NOTE THE IMPRESSIONS 
L E F T  BY THE MATRIX GRAIN BOUNDARIES ON THE SURFACE  
O F THE SILICATE, AND THE R IPPL E D  OR BOUDINAGED  
A PPEA R A N C E  OF THE INCLUSION

x  1000

(b) H. V. E . MICROGRAPH OF A PLASTIC SILICATE, EXTRACTED  
BY CARBON REPLIC A  TECHNIQUE, A FT E R  DEFORM ATION TO 
A  MATRIX STRAIN OF 3. 0. NOTE THE THICKER PERIPH ERY  
TO THE STRINGER AND ITS BOUDINAGE MORPHOLOGY.
THE STRINGER ALSO CONTAINS A NUM BER OF SM ALL HOLES.

x  2. OK





P L A T E  25. CAST 8 HOT ROLLED AT 925°C

(a) DEVITRIFIED INCLUSION A FT E R  A MATRIX STRAIN OF
0 .3

x  400

(b) DEVITRIFIED INCLUSION A FT E R  A  MATRIX STRAIN OF 
1.2

x  400

(c) PA R TIALLY ELO NG ATED, CRACKED AND DISSEMINATED
INCLUSION A F T E R  A MATRIX STRAIN OF 1. 5

x  400

(d) S . E . M. '  IMAGE OF A PARTIALLY ELONGATED AND CRACKED
TY PE £  = 1. 5

x 600

(e) UNDEFORM ED TYPE SHOWING SOME EVIDENCE OF 
SURFACE REACTION £ = 1 . 5

x  2K

(f) CRUSHED AND FRACTURED TY PE OF INCLUSION £ =  1 .5

x  800





Jr"1 ±J-/V1'JtLi £ 0 .  l / A D  I  O n u i  J t X J .  X X D U  / i . l ' J J L '  XL,  I u  v_»

(a) DEFORM ED AT 1150°C TO A MATRIX STRAIN OF 0. 3

x  250

(b) DEFORM ED AT 1150°C TO A  MATRIX STRAIN OF 0. 9

x  250

(c) . DEFORM ED AT 1150°C TO A MATRIX STRAIN OF 1. 8

x  250

(d) S ’e .'m ’ IMAGE OF AN ELONGATED STRINGER, AT A
MATRIX STRAIN OF 1. 8, A FT E R  DEFORM ATION AT 1275°C.' 
NOTE THE BOUDINAGE MORPHOLOGY AND THE PR ESEN C E  
OF HOLES IN THE RIBBONS

x  250

(e) HIGHER MAGNIFICATION SHOWING THE PRESENCE OF
PR EC IPITA TES IN SOME OF THE ELONGATED RIBBONS

x  1. 5K

(f.) O PTICAL MICROGRAPH TAKEN FROM A POLISHED
SECTION LYING IN THE ROLLINE PLANE SHOWING THE 
BOUDINAGE MORPHOLOGY OF THE DEFORM ED  

. INCLUSIONS

x  400





CRUSHED INCLUSION A FT E R  DEFORMING TO A MATRIX  
STRAIN OF 0. 6 AT 1000°C , USING A STRAIN RATE OF
0. 6 PE R  PASS

x  650

CRUSHED INCLUSION A F T E R  DEFORMING TO A  MATRIX  
STRAIN OF 1. 2

x  150

JOINING FLUID STRINGERS ON ROLLING TO A MATRIX  
STRAIN OF 1. 2 AT 1150°C USING A STRAIN RATE OF 0. 6 
PER  PASS. NOTE THE CRYSTALLIZATION IN THE REGION  
OF JOINING

x  250

STRINGERS EXHIBITING M ULTIPLE FRACTURING ON 
REDUCING THE ROLLING TEM PERATURE FROM 1150°C 
TO 925°C

x  450

S.'E .'m .’ IMAGE SHOWING THE FRAGM ENTATION IN (d)





PL A T E  28. CAST 11 HOT ROLLED

(a) ELONGATED D U PL E X  T Y PE  OF INCLUSION SHOWING 
CONICAL VOID FORMATION AND EXTENSIVE CRACKING, 
ON DEFORMING TO A MATRIX STRAIN OF 1. 2 A T 925°C

x  240

(b) D U PL E X  TY PE HAVING A SILICA RICH RIM PREVENTING  
‘ DEFORM ATION. £  = 0. 9 AT 925°C x  400

A  98% SiO

B 54% SiO , 20% CaO, 28% FeO
Li

(c) PLA STIC  INCLUSIONS EXHIBITING VARIABLE PLASTICITY
ON DEFORM ING TO A  MATRIX STRAIN OF 1. 5 AT 1000°C

x  100

(d) HIGHLY ELONGATED INCLUSIONS EXHIBITING A
BOUDINAGE MORPHOLOGY ON DEFORMING TO A MATRIX  
STRAIN OF 1. 8 AT 1275°C

x  200



d



PL A T E  28 (C ont'd  )

(e ) D U PL E X  TY PE OF INCLUSION, PR O BABLY HAYING A
LIQUID MATRIX AT THE DEFORM ATION TEM PERATURE OF 
1275°C , EXHIBITING PLASTIC DEFORM ATION AND CRACKING 
OF THE SILICA RIM AT A MATRIX STRAIN OF 0. 3

x  400

(f) D U PL E X  TY PE OF INCLUSION ELONGATED AND
DISSEM INATED AT A MATRIX STRAIN OF 1. 2 A T 1275°C

x  400

PL A T E  29. CASTS 4B AND 12 HOT ROLLED

(a) CONICAL VOID PRODUCED AT A RIGID SILICEOUS 
INCLUSION ON DEFORMING TO A MATRIX STRAIN OF 0. 3 
A T  1275°C .

x  400

(b) CLOSING OF VOIDS A T HIGHER MATRIX STRAINS ( £  = 1. 2)

x  800



a



PL A T E  30. CAST 7B HOT ROLLED

(a) OPTICAL MICROGRAPH OF A TYPICAL ALUM INA STRINGER
PRODUCED ON HOT ROLLING TO A MATRIX STRAIN OF
1. 8 AT 925°C

x  75

(b) S .E .M . IMAGE SHOWING FRACTURING OF DENDRITE
ARMS AND SINTER NECKS

x  1 .5  K

(c) S .E .M .' HIGHER MAGNIFICATION SHOWING LARGE NUMBERS
OF BROKEN DENDRITE ARMS

x  1. 8K

(d) S.'E .'m .' IMAGE SHOWING FRACTURING OF SINTERED
GLOBULES AND SPHERODIZED PARTICLES

x  3. 9K



a

d



P L A T E  30 (C ont’d  )

(e) OPTICAL MICROGRAPH SHOWING CONICAL VOID
FORMATION OF SPHERICAL ALUM INA PARTICLES  

< £ = 1 .2  T = 115 0°C

x  1. 3K

.(f) CONICAL VOID FORMATION AND CRACKING OF SPH ERICAL
ALUM INA PARTICLES £ =  1. 2 T = 1150°C

x  1000

(g) S .E .M .' IMAGE OF A CRACKED SINTERED ALUM INA
PARTICLE A F T E R  DEFORMING TO A MATRIX STRAIN  
OF 1.2

x  1. 3K
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PL A T E  30 (C ont’d )

(h) FRAGM ENTARY ALUM INA STRINGER COMPOSED OF GRAIN
SHAPED PARTICLES ON DEFORM ATION TO A MATRIX  
STRAIN OF 1. 8 AT 9 2 5 °c

x  800

(i) FRAGM ENTARY ALUM INA STRINGER COMPOSED OF
GRAIN SHAPED PARTICLES AT HIGHER MAGNIFICATION  
SHOWING THE PARTICLE MORPHOLOGY

x  4K

(j) MONTAGE OF A N  EXTENSIVE STRINGER PRODUCED ON
DEFORMING TO A  MATRIX STRAIN OF 1. 8 A T 925°C

x  2. 5K





PL A T E  31. CAST 10 HOT ROLLED

FRAGM ENTARY STRINGER PRODUCED ON DEFORM ATION TO 
A MATRIX STRAIN OF 0. 9 AT. 925°C

x  500
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