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I n g o t s  o f  A iS I  310 w prn  p r o d u c e d  b y  c o n v e M lo n a i  and

s u s p e n s io n  c a s t i n g  m e th o d s , M k n x h m t n g  w as c a r r i e d  o u t  by  th e  

a d d  f t  (on  o f  2 ,1  m ass p e r c e n t  o f  p u r e  i r o n  p o w d e r  (5 3 -1 0 5  »m in



s i z e ) .  O th e r  c a s t i n g  c o n d i t i o n s  s u c h  a s  p o u r in g  t im e  and

te m p e r a tu r e  w ere  s i m i l a r  f o r  a11 c a s t i n g s .  I n g o t s  w ere  t h e n  h o t  

r o l l e d  by  2 0 , 4 0 ,  60  and  80  p e r c e n t  r e d u c t i o n  in  a r e a .  

S e c t io n in g  o f  t h e  I n g o t s  w as p la n n e d  in  su c h  a  way a s  t o  e x a m in e  

t h e  p r o p e r t i e s  o f  t h e  m i c r o c h i H e d  c a s t i n g s  and  c o m p are  them  w i th  

t h o s e  o f  c o n v e n t io n a l  e a s t i n g s  tn  b o th  t h e  " S g n g i W i a l *  a n d  

“ t r a n s v e r s e "  d i r e c t i o n s .  A " l a n g i t u o i n & l "  s p e c im e n  i s  d e f i n e d  a s  

o n e  in  w h ic h  t h e  d e n d r i t e s  a r e  p a r a l l e l  t o  t h e  s p e c im e n  a x i s  

w h i l e  i n  a  " t r a n s v e r s e "  s p e c im e n  th e  t i e r i t e s  a r e  p e r p e n d i c u l a r  

t o  t h e  s p e c im e n  a x i s .

I t  w as fo u n d  t h a t  t h e  n o n - r a n d a n  d e n a r * t i e  s t r u c t u r e  s a m a n  m  

c o n v e n t io n a l  c a s t  m g s  w as a l t e r e d  b y  e i i e r o e h i l i m g .  T « e  S c rg  

d e n d r i t e s  w i th  p r e f e r r e d  o r i e n t a t i o n s  *« ( M v e n t i p e # !  c a s t i n g s  

w e re  r e p l a c e d  b y  f i n e  r a n d o m ly  o r i e n t a t e d  d e n d r i t e s .  C h e s ’ic a s  

a n a ly s e s  show ed  t h a t  t h e  e % e@ s* t*cm  i f  c * w # # t* a # % % y  c a s t  a n a  

r a i c r o c h l l l e d  m avxerla i d * d  n o t  d i f f e r  s i g n i f i c a n t l y .

T h e  m e c h a n ic a l  p r o p e r t i e s  o f  t h e  e a s t i n g s  r a d e  b y  c t-n v e iit io m a *  

m e th o d s  and  b y  m i c r o c h i l h n g  w e re  a s s e s s e d  b y  u s e  o f  S h a r p y  

Im p ac t t e s t s ,  t e n s i l e  t e s t s  a n d  V ic k e r s  h a r d n e s s  t e s t s  W r e a t  

t h e  h o t  w o r k a b i l i t y  w as a s s e s s e d  b y  u s e  e f  h o t  c o m p r e s s w  t e s t

T he h a r d n e s s  a n d  t h e r e f o r e  s t r e n g t h  o f  t h e  m i s r a e h t l l e d  m a t e r i a l  

w as found t o  b e  h i g h e r  th a n  t h a t  o f  t h e  -sn v e n tie n ally  c a s t  

m a t e r i a l .  The y i e l d  s t r r i g t h  e f  t h e  80 p e r c e n t  h o t  r o l l e d  

m a t e , i a l  I n c r e a s e d  fro m  4 0 0  f o r  c o n v e n t -  n a l l y  e a s t  'o a t s r i a l  

to  502  MPa f o r  m l e r o c b f H e d  m a t e r i a l .

T h e  c h a n g e  1n to u g h n e s s  o f  th e  m a t e r i a l  w as h o w ev e r  n o t  

c o n c l u s i v e .  Mo d e c r e a s e  In  im p a c t  e n e r g i e s  w as o b s e rv e d  f o r  

m l c r o c h i l l e d  m a t e r i a l  b u t  an  I n c r e a s e  in  t h e  p e r c e n ta g e  r e d u c t i o n  

1n a r e a  fro m  36 p t r c e n t  f o r  c o n v e n t i o n a l l y  c a s t  l o n g i t u d i n a l l y  

o r i e n t a t e d  sp e c im e n s  t o  62  p e r c e n t  f o r  m l c r o c h i l l e d  

l o n g i t u d i n a l l y  o r i e n t a t e d  s p e c im e n s  w as o b ta in e d  u s in g  t e n s i l e

The s u s p e n s io n  c a s t  sp e c im e n s  had  c o n s i s t e n t l y  b e t t e r  h o t  

f o r m a b i l i t y  w h e re a s  t h e  c o n v e n t i o n a l l y  c a s t  s p e c im e n s  show ed 

g r e a t e r  f r e q u e n c y  and s e v e r i t y  o f  c r a c k in g .



<1v)

ACKNOWLEDGEMENTS

The a u th o r  1s I n d e b te d  to  th e  f o l lo w in g  p e o p le  and I n s t i t u t i o n s  

f o r  t h e i r  i n v a lu a b l e  a d v 1c e s u se  o f  e q u ip m e n t a n d , p a r t i c u l a r l y ,  

t h e i r  e n c o u ra g e m e n t .

To Or Andy K o u r s a r i s  who p e r s u a d e o  me to  em bark  on t h i s  p r o j e c t  

and  f o r  h i s  I n t e r e s t  and  e n t h u s i a s t i c  s u p e r v i s io n  d u r in g  th e  

c o u r s e  o f  t h i s  w ork .

To P r o f e s s o r  G e o f f  G a r r e t t  f o r  h i s  r e c r u i tm e n t  and  e n c o u ra g e m e n t .

M id d e lb u rg  S t e e l  a n d  A l lo y s  f o r  s u p p ly i n g  th e  m a t e r i a l  and f o r  

t h e i r  a d v ic e .

Members o f  M tn tek  f o r  t h e i r  a d v ic e  and  p r a c t i c a l  a s s i s t a n c e .

Members o f  t h e  M e ta l lu r g y  D e p a rtm e n t a t  t h e  U n i v e r s i t y  o f  th e  

W itw a te r s r a n d ,  e s p e c i a l l y  Jo h n  M oore , Wayne C o s to p o u lo s ,  Jo h n so n  

N dengeza  and A ubrey  X oseka f o r  t h e i r  a d v ic e  a n d  a s s i s t a n c e .

My f r i e n d s  in  th e  M e ta l lu r g y  D e p a rtm e n t a t  t h e  U n i v e r s i t y  o f  t h e  

W itw a te r s ra n d  f a r  t h e i r  u s e f u l  d i s c u s s i o n s ,  e n c o u r a g e m e n t ,  tim e  

and h e lp .

Yii'cel S e n t a r l i  o f  th e  C S I R  f o r  h i s  tim e  and h e lp .

My f a m i ly ,  p a r t i c u l a r l y  my w i- 'e  R o se m a rie  f o r  a l l  t h e i r  

u n d e r s t a n d in g ,  e n c o u ra g e m e n t ,  tim e  and h e lp .

F i n a l l y ,  t o  M ln te k , t h e  CSIR and th e  U n iv e r s i t y  o f  th e  

W itw a te r s ra n d  f o r  t h e i r  f i n a n c i a l  s u p p o r t  f o r  t h e  d u r a t i o n  o f  

t h i s  w ork .



(v )

CONTENTS P age

DECLARATION i
ABSTRACT i i
ACKNOWLEDGEMENTS iv
CONTENTS
LIST OF FIGURES v i i
LIST OF TABLES x v i

CHAPTER

1 . WRODUCTMN 1

L i B ackg round
1 .2 The S u s p e n s io n  C a s t in g  P r o c e s s  ( M lc r o c h lU I n g ) 5
1 .3 O b je c t iv e s  o f  th e  P r e s e n t  S tu d y 6

2 . LITERATURE SURVEY 7

2 .1 R eview  o f  Some F u n d a m e n ta l A s p e c ts  o f
S o l i d i f i c a t i o n 7

2 . 1 .1 N u i t e a t i o n  and  L a te n t  H e a t o f  F u s io n 7
2 . 1 .2 R e je c t i o n  o f  S o l u t e 11
2 .1 .3 S t r u c t u r a l  E f f e c t s  R e s u l t i n g  fro m  S o l u te

R e je c t i o n 13

2 .2 The C a s t  S t r u c t u r e 16

2 . 2 .1 The Chi 1 i Zone 16
2 . 2 .2 The C olum nar Zone 18
2 .2 .3 The E q u ia x e d  Zone 20
2 .2 .4 T herm al E x p la n a t i o n  o f  M ixed  S t r u c t u r e s  in

C a s t in g s 21

2 . 3 C o n t ro l  and  M o d i f i c a t i o n  o f  t h e  C a s t  S t r u c t u r e 25

2 .3 .1 D ynam ic G ra in  R e f in e m e n t 25
2 .3 .2 The C h i l l  E f f e c t 26
2 .3 .3 The Use o f  I n o c u la n t s 26

2 ,4 M ic ro c h i 11 in g  (T he S u s p e n s io n  C a s t in g  P r o c e s s ) 29

2 .4 .1 The I n t e r n a l  C h i l l 31
2 .4 .2 M ethods o f  M ic r o c h i l l i n q 32
2 .4 .3 E f f e c t  on S t r u c t u r e  and P r o p e r t i e s 37

2 .5 C o m p o sitio n  o f  Some A u s t e n i t i c  S t a i n l e s s  S t e e l s 45

2 .6 H ot W o rk a b i l i t y 48

2 . 6 .1 M a te r ia l  V a r ia b le s  A f f e c t i n g  H ot W o rk a b i l i t y
( F I ) 49

f .

. t r f t r ' l A n i .



2 . 6 .1 . 1  C o m p o s itio n  and S t r u c t u r e
2 . 6 . 1 . 2  R e s t o r a t i o n  C h a r a c t e r i s t i c s
2 . 6 .1 . 3  I n f l u e n c e  o f  S eco n d  P h a se  P a r t i c l e s
2 . 6 . 1 . 4  G ra in  S iz e

2 . 6 . 2  P r o c e s s  V a r i a b l e s  A f f e c t i n g  H ot W o r k a b i l i t y  (F2)

2 . 6 . 2 . 1  The E f f e c t  o f  T e m p e r a tu r e  1n M e ta lw o rk in g
2 . 6 . 2 . 2  S t r a i n  R a te
2 . 6 . 2 . 3  E n v ir o n m e n ta l  C o n d i t io n s

2 .7  H ot W o r k a b i l i t y  T e s ts

2 .7 .1  S c a le d -d o w n  W o rk in g  O p e r a t io n s
2 . 7 . 2  T e n s i l e  T e s t s
2 . 7 . 3  T o r s io n  T e * ts
2 . 7 . 4  Bend T e s ts
2 . 7 . 5  C o m p re s s io n  T e s t s

3 . EXPERIMENTAL PROCEDURES

3 .1  I n t r o d u c t i o n
3 . 2  A l lo y  P r e p a r a t i o n  and  P o u r in g
3 .3  P ow der P r e p a r a t i o n  and C h a r a c t e r i s a t i o n
3 .4  T e c h n iq u e  o f  M i c r o c h i l l i n g

3 . 4 . 1  P r e l i m i n a r y  T im in g  S t u d i e s  f o r  th e  I n t r o d u c t i o n  
o f  Pow der

3 . 4 . 2  T he E x p e r im e n ta l  C a s t in g s
3 . 4 . 3  M ic r o c h i l l e d  and  C o n v e n t io n a l ly  C a s t  I n g o ts

3 .5  M a c r o s t r u c t u r a l  E x a m in a t io n
3 .6  R o l l i n g
3 .7  S p ec im en  P r e p a r a t i o n  and  T e s t in g

3 . 7 . 1  C h a rp y  Im p ac t T e s ts
3 . 7 . 2  T e n s i l e  T e s t s
3 . 7 . 3  H a rd n e s s  T e s t s
3 .7 .4  C o m p re s s io n  T e s t s

3 . 7 . 4 . 1  C o m p re s s io n  S p e c im en s
3 . 7 . 4 . 2  C o m p re s s io n  T e s t  D ie s
3 . 7 . 4 . 3  The T e s t  P r o c e d u r e

3 .8  M ic ro sc o p y

3 . 8 . 1  O p t i c a l  M ic ro sc o p y
3 . 8 . 2  S c a n n in g  E le c t r o n  M ic ro sc o p y  (SEM)

4 . RESULTS

49
56
61
63

69

69
72
76

76

77
78
80
80
51

87

87
87
91
98

98
99

100

103
103
106

106
106
108
109

109
109
111

114

114
114

115

4 .1  The C hem ical C o m p o s itio n  o f  t h e  C a s t in g s  115
4 .2  I n g o t  M a c r o s t r u c t u r e  117



<",.2.1 The As C a s t  M a c r o s t r u c t u r e
4 . 2 . 2  The M a c r o s t r u c t u r e  o f  H ot R o l le d  I n g o ts

4 .3  M i c r o s t r u c t u r a l  A s se s sm e n t

4 . 3 . 1  O p t ic a l  M ic ro sc o p y
4 . 3 . 2  S c a n n in g  E le c t r o n  M ic ro sc o p y

4 .4  Ch Im p a c t  T e s t s
4 .6  Ter < le  P r o p e r t i e s
4 .6  H a rd n e s s  T e s ts
4 .7  C o m p re s s io n  T e s ts
4 .8  F r a c to g r a p h y

5 . DISCUSSION

5 .1  M echan ism  o f  t h e  S u s p e n s io n  C a s t in g  P r o c e s s
5 .2  F e a s i b i l i t y  o f  th e  S u s p e n s io n  C a s t in g  P r o c e s s
5 .3  E f f e c t  o f  t h e  S u s p e n s io n  C a s t in g  P r o c e s s

on th e  M e c h a n ic a l P r o p e r t i e s
5 .4  E f f e c t  o f  S u s p e n s io n  C a s t in g  on t h e  H ot

W o r k a b i l i t y

6 . CONCLUSIONS AND FUTURE WORK

APPENDIX A C o m p re s s io n  S p e c im en s  o f  t h e  S u s p e n s io n
and C o n v e n t io n a l ly  C a s t  I n g o t s  S how ing  5 0 , 
6 0 , 70 and 80  p e r c e n t  d e f o r m a t io n

REFERENCES



( v m )

L IST  OF FIGURES

FIGURE

1 C r a c k in g  o f  A IS I t y p e  310 S t a i n l e s s  S t e e l  S la b

2 Edge C r a c k in g  o f  A IS I t y p e  310 H ot Band (~  3 -5  
mm t h i c k '

3 M a c r o s t r u c t u r e  o f  A IS I t y p e  310 S t a i n l e s s  S t e e l

4 S p h e r i c a l  Cap o f  S o l i d  fo rm ed  on a P l a n a r  
S u b s t r a t e

5 C o n s t i t u t i o n a l  S u p e r c o o l i n g  a h ea d  o f  an 
I n t e r f a c e

6  T y p es  o f  S o l i d - L i q u i d  I n t e r f a c e s

7 T r a n s v e r s e  S e c t io n  o f  an A s - C a s t  S t r u c t u r e
sh o w in g  th e  C h i l l  Z o n e , C olum nar Zone and 
E q u ia x e d  Zone

8  T r a n s v e r s e  S e c t i o n  o f  a M ild  S t e e l  B i l l e t  
show ing  o n ly  a C olum nar Zone

9 V a r i a t i o n  o f  t h e  L e n g th  o f  t h e  C olum nar Zone 
w i th  P o u r in g  T e m p e ra tu re

10 V a r i a t i o n  o f  t h e  L e n g th  o f  t h e  C o lum nar Zone 
w i th  A l lo y  C o n te n t  f o r  C o n s t a n t  P o u r in g  
T e m p e r a tu r e

11 I n f l u e n c e  o f  T e m p e r a tr ? 5. G r a d ie n t  G and
F r e e z in g  R a te  R on So! .■ j l f l c a t i o n
M o rp h o lo g y  o f  a g iv e n  A llo y

12 T herm al E x p la n a t i o n  o f  M v e d  S t r u c t u r e s  i n  
C a s t i n g s ,  ( a )  C o lum nar G row th  S t a g e ,  (b )  
C e n t r a l  E q u ia x e d  R e g io n

13 P l o t  o f  t h e  N umber o f  G ra in s  m nH  a g a i n s t  
Number o f  P a r t i c l e s  mm-3  f o r  th e  S y s tem s  A l - T i ,  
A l - Z r  and A l-C r

14 Some T e c h n iq u e s  f o r  M i c r o c h i l l i n g

15 A p p a r a tu s  f o r  A u to m a tic  S u s p e n s io n  C a s t in g

16 S o l i d i f i c a t i o n  K i n e t i c s  o f  M ic r o c h i l l e d  ( a )  
and C o n v e n t io n a l ly  C a s t  (b )  I n g o ts

P a g e

2

3

4

9

12

15

17

17

19

19

23

24

30

33

35

39



( i x )

17 D ia g ra m a t ic  R e p r e s e n ta t i o n  o f  M a c r o s t r u c t u r a l  
H e t e r o g e n e i ty  o f  M l c r o c h m e d  ( a )  and 
C o n v e n t io n a l ly  C a s t  ( b )  I n g o ts

18 Some C o m p o s it io n a l  M o d i f i c a t i o n s  o f  18C r-8N i 
A u s t e n i t i c  S t a i n l e s s  S t e e l s  t o  Im p ro v e  C e r t a in  
P r o p e r t i e s

19 S c h a e f f l e r  D iag ram  w i th  M o d i f i c a t i o n s  by 
S c h n e id e r

20 L iq u id u s  ( a )  and S o l id u s  ( b )  P r o j e c t i o n s  o f
th e  C r-F e -N i S ys tem

21 I s o th e rm s  o f  th e  C r -F e -N i S y s tem  a t  ( a )  1300  0 C.,
( b )  1200 °  C , ( c )  1100  °  C and (d )  1000 °  C

22  R e l a t i o n s h i p  o f  Mn and N f o r  Good H ot
W o r k a b i l i t y  o f  A ISI t y p e  310 S t a i n l e s s  S t e e l

23 V a r i a t i o n  o f  D u c t ^ '* "  * '  " i  C r -2 0  Ml s t e e l s  
w i th  a s - s o a k e d  G ra in  S i z e ,  d

24 E f f e c t  o f  S t r a i n  R a te  on O u c t i ! i \ . ,  . a  Cr -  
8  N1 S te e l

25 V a r i a t i o n  o f  t h e  Hot D u c t i l i t y  o f  A IS I ty p e  304 
S t e e l  M e asu red  a s  N umber o f  T w is ts  t o  
F r a c t u r e  in  H ot T o r s io n

26 FI n S t r e s s  v .  I n v e r s e  A b s o lu te  T e m p e ra tu re  
f r  V a r io u s  A u s t e n i t i c  S t a i n l e s s  S t e e l s

27 The rio t D u c t i l i t y  o f  T ypes 4 3 0 , 304 and  316 
S t a i n l e s s  S t e e l s

28 I n f l u e n c e  o f  S t r a i n  R a te  on S t r e s s  v . S t r a i n  
C u rv e s  D e r iv e d  fro m  Hot T o r s i .v i  D ata  a t  
1100  ° C  f o r  an Fe-25%  Cr A lio *

29 T y p ic a l  H ot D u c t i l i t y  D iag ram  fro m  t h a  Hot 
T e n s i l e  T e s t

30 I l l u s t r a t i o n  o f  P o s s i b l e  T e u  - T r im e n  
O r i e n t a t i o n  and C r i t i c a l  T e n , ,  i -3 S t r e s s  
D i r e c t i o n  o f  U p se t T e s t s  anri C tnd  T e s ts
f o r  F r a c tu r e  S u r f a c e  A n is o t-  D e te r m in a t io n

31 S u g g e s te d  R a tin g  S ys tem  f o r  N o ie h e d - 8 a r  U p se t 
T e s t  S p e c im en s  t h a t  E x h ib i t  P r o g r e s s i v e l y  
P o o r e r  F o r g e a b i l l t y

40

47

50

52

54

57

65

66

68

70

71

75

79

82

83



(X)

32 F orm ing  L im i t  L in s  D iagram 86

33 B u r n - in  o f  t h e  I n g o t  M ould S u r f a c e 89

34 E n la rg e d  View o f  t h e  I n g o t  M ould B u r n - in 90

35 D is p e rs e d  I n g o t  P o r o s i t y  O b ta in e d  d u r in g  
I n i t i a l  I n g o t  C a s t in g  A tte m p ts 90

36 M ass P e r c e n t - s i z e  F re q u e n c y  D i s t r i b u t i o n  o f  
t h e  I r o n  Pow der 93

37 P l o t  o f  t h e  C u m u la t iv e  M ass P e r c e n t  R e ta in e d  
a g a i n s t  S i z e  f o r  t h e  I r o n  Pow der 94

38 P o l y c r y s t a l  l i n e  N a tu re  o f  t h e  I r o n  Pow der 96

39 T he M o rp h o lo g y  o f  t h e  I r o n  Pow der 96

40 D e t a i l e d  View o f  t h e  I r o n  Pow der P a r t i c l e  
S u r f a c e 97

41 A S c h e m a tic  D ia g ra m  o f  t h e  P o u r in g  B a s in 101

42 The E x p e r im e n ta l  S e t  up f o r  S u s p e n s io n  
C a s t in g 102

43 S c h e m a tic  D ia g ra m  f o r  R o l l i n g  P r o c e d u r e 105

44 S p ec im en  O r i e n t a t i o n 107

45 D im e n s io n s  o f  t h e  H o u n s f ie ld  T e n s i l e  
S p e c im en s 108

46 C o m p re ss io n  S p e c im en  D im e n s io n s 110

47 K n u rle d  S u r f a c e  o f  t h e  C o m p re ss io n  D ie s 111

48 C i r c u i t  D ia g ra m  f o r  t h e  P ro p o s e d  Load C e ll 112

49 D raw ing  o f  t h e  T e s t  R ig  f o r  t h e  C o m p re s s io n  
T e s t s 113

50 L o n g i tu d i n a l  S e c t io n  o f  C o n v e n t io n a l ly  C a s t 
I n g o t  P o u re d  fro m  a T e m p e ra tu re  o f  1650 °C 118

51 L o n g i tu d i n a l  S e c t io n  o f  C o n v e n t io n a l ly  C a s t  
I n g o t  P o u re d  f ro m  a T e m p e ra tu re  o f  1750 ° C 118

52 L o n g i tu d i n a l  S e c t io n  o f  S u s p e n s io n  C a s t 
I n g o t  ( 2 ,1  p e r c e n t  Fe Pow der) P o u re d  fro m  a 
T e m p e ra tu re  o f  1 7 5 0 ° C 119

<■ I I n i l



53

54

55

56

57

58

59

60

61

62

6 3

64

65

66

67

68

69

70

71

72

121

121

125

125

127

127

128

128

130

132

132

133

135

135

136

136

137

137

138

140

ix l )

T r a n s v e r s e  S e c t i o n s  o f  ( a )  CC20 I n g o t ,  (b )
CC40 I n g o t ,  ( c )  CC60 In g o t  and ( d )  CC80 I n g o t

T r a n s v e r s e  S e c t io n s  o f  ( a )  SC20 I n g o t ,  (b )
SC40 I n g o t ,  ( c )  SC60 I n g o t  and  ( d )  SC80 I n g o t

S pec im en  CC80L in  t h e  As P o l i s h e d  C o n d i t io n

The M i c r o s t r u c t u r e  o f  S pec im en  CCOL Show ing  a 
N on-Random D e n d r i t i c  S t r u c t u r e

The M ic r o ^ t r u c t u r e  o f  S p ec im en  SCOL S how ing  a 
Random and R e f in e d  D e n d r i t i c  S t r u c t u r e

The M i c r o s t r u c t u r e  o f  S pec im en  SC20L

The M i c r o s t r u c t u r e  o f  S p ec im en  SC20L

The M i c r o s t r u c t u r e  o f  S p ec im en  SC80L sh o w in g
G ra in  B o u n d a ry  P r e c i p i t a t i o n

G ra in  S i z e s  a f t e r  H ot D e fo rm a t io n

S p ec im en  CC40L in  t h e  As P o l i s h e d  C o n d i t io n

E u t e c t o i d - l i k e  S t r u c t u r e  i n  S p e c im en  CC40L

T he M i c r o s t r u c t u r e  o f  S p e c im en  CC40L S how ing  a 
E u t e c t o i d - l i k e  S t r u c t u r e  and B lo c k y  Non- 
M e ta l !  1c I n c lu s io n s

T y p ic a l  I n t r a g r a n u l a r  I n c l u s i o n  in  Spec im en  
SC 801

T y p ic a l  I n t r a g r a n u l a r  I n c l u s i o n  in  Spec im en  
SC80L

G ra in  B o u n d a ry  I n c l u s i o n s  i n  S p ec im en  SC80L

S p e c tru m  o f  an I n t r a g r a n u l a r  I n c l u s i o n  such  
a s  shown in  F ig u re  6 5 .

S p e c tru m  o f  a  G ra in  B ou n d ary  I n c lu s io n  su c h  
a s  shown in  F i g u r e  67 .

S p e c tru m  o f  an I n t r a g r a n u l a r  I n c lu s io n  such  
a s  shown in  F i g u r e  6 6 .

S p e c tru m  o f  t h e  M a tr ix  o f  S p ec im en  SC80L.

The M i c r o s t r u c t u r e  o f  Spec im en  CC40L in  t h e  
l o c a l i s e d  R e g io n s  t h a t  show ed P h a se s  o th e r  
th a n  A u s t e n i t e .



( x i i )

73 S p e c t r a  o f  t h e  M a tr ix  and o f  an I d io m o r p h ic  
M e t a l l i c  P a r t i c l e  in  Spec im en  CC40L Show ing  
D i f f e r e n c e s  in  C o m p o s itio n

74 M ic r o s t r u c t u r e  o f  t h e  N etw ork  o f  P r e c i p i t a t e  
P a r t i c l e s  w i th  w h ic h  th e  E u t e c t o i d - l i k e

. S t r u c t u r e  fo u n d  in  S p e c im en  CC40L was 
A s s o c ia t e d

75 S p e c tru m  O b ta in e d  f ro m  S p o t A n a l y s i s  o f  a 
S l a g  I n c lu s io n

76 Im p ac t E n e r g ie s  o f  C o n v e n t io n a l ly  C a s t  and 
S u s p e n s io n  C a s t  M a te r i a l  in  t h e  L o n g i tu d i n a l  
and  T r a n s v e r s e  D i r e c t i o n s  a f t e r  H ot 
D e fo rm a t io n

77 T e n s i l e  S t r e s s - T im e  C u rv e s  f o r  C o n v e n t io n a l ly  
C a s t  and S u s p e n s io n  C a s t  M a te r i a l  in  t h e  
L o n g i tu d i n a l  D i r e c t i o n  a f t e r  80 p e r c e n t  Hot 
D e fo rm a t io n

78 N om inal S t r e s s - S t r a i n  C u rv e s  f o r  L o n g i tu d i n a l  
S p e c im en s  o f  C o n v e n t io n a l ly  and S u s p e n s io n  C a s t 
M a t e r i a l s  a f t e r  80  P e r c e n t  H ot D e fo rm a t io n

79 P e r c e n ta g e  R e d u c t io n  in  A re a  O b ta in e d  in  t h e  
T e n s i l e  T e s t s  f o r  C o n v e n t io n a l ly  C a s t  and 
S u s p e n s io n  C a s t  M a t e r i a l s  T e s te d  in  t h e  
L o n g i tu d i n a l  and T r a n s v e r s e  O r i e n t a t i o n s  
a f t e r  H ot D e fo rm a t io n

80 P e r c e n ta g e  E lo n g a t io n  o b ta in e d  in  t h e  T e n s i l e  
T e s t s  f o r  C o n v e n t io n a l ly  C a s t  and S u s p e n s io n  
C a s t  M a te r i a l s  T e s te d  in  t h e  L o n g i tu d i n a l
and  T r a n s v e r s e  O r i e n t a t i o n s  a f t e r  Hot 
D e fo rm a tio n

81 Y ie ld  S t r e s s  O b ta in e d  in  t h e  T e n s i l e  T e s ts  f o r
C o n v e n t io n a l ly  C a s t  and S u s p e n s io n  C a s t  
M a t e r i a l s  T e s te d  in  t h e  L o n g i tu d i n a l  and 
T r a n s v e r s e  O r i e n t a t i o n s  a f t e r  H ot D e fo rm a tio n

82 UTS O b ta in e d  in  t h e  T e n s i l e  T e s t s  f o r  
C o n v e n t io n a l ly  C a s t  and S u s p e n s io n  C a s t  
M a t e r i a l s  T e s te d  in  t h e  L o n g i tu d i n a l  and 
T r a n s v e r s e  O r i e n t a t i o n s  a f t e r  H ot D e fo rm a tio n

83 V ic k e r s  H a rd n e s s  (HVyg) f o r  C o n v e n t io n a l ly  
C a s t  and S u s p e n s io n  C a s t  M a t e r i a l s  T e s te d  in  
th e  L o n g i tu d i n a l  and  T r a n s v e r s e  O r i e n t a t i o n s  
a f t e r  H ot D e fo rm a tio n

140

141

141

143

145

146

148

149

150

151

154



( x i i i )

■ w

N otch  w i th o u t  C ra c k s  A l lo c a t e d  a R a t in g  o f  0

N o tch  w i th  an I s o l a t e d  C rack  A l lo c a t e d  a 
R a t in g  o f  1

N o tch  w i th  E x te n d e d  C ra c k s  A l lo c a t e d  a N otch  
R a t in g  o f  2

N o tch  w i th  S e v e r a l  D eep I n t e r c o n n e c t e d  C ra ck s  
A l lo c a t e d  a  N o tch  R a t in g  o f  3

N o tch  w i th  I n c r e a s e d  I n c id e n c e  o f  C r a c k in g  
and G r e a t e r  C ra ck  D ep th  A l lo c a t e d  a  R a tin g

N o tch  w i th  S e v e re  R u p tu re  A l lo c a t e d  a  R a t in g  
o f  5

The C o m pressed  S p e c im e n s  o f  CC80L

The C o m p re sse d  S p e c im e n s  o f  SC80L

N otch  R a t in g s  f o r  C o n v e n t io n a l ly  C a s t  and 
S u s p e n s io n  C a s t  M a te r i a l  i n  t h e  As C a s t  
C o n d i t io n  a f t e r  V a ry in g  A m ounts o f  
C o m p re s s io n  {%  R .H . ) .  The S p e c im e n s  w ere  
T e s te d  in  t h e  L o n g i tu d i n a l  and  T r a n s v e r s e  
O r i e n t a t i o n s

N o tc h  R a t in g s  f o r  C o n v e n t io n a l ly  C a s t  and 
S u s p e n s io n  C a s t  M a te r i a l  R educed  by  20 
P e r c e n t  in  A re a . T he S p e c im e n s  w ere  
C om pressed  by  V a ry in g  A m ounts (% R .H .)  in  t h e  
L o n g i tu d i n a l  and  T r a n s v e r s e  O r i e n t a t i o n s

N o tch  R a t in g s  f o r  C o n v e n t io n a l ly  C a s t  and 
S u s p e n s io n  C a s t  M a te r i a l  R educed  by  40 
P e r c e n t  i n  A re a . T h e  S p e c im en s  w ere  
C om pressed  by V a ry in g  A m ounts (% R .H .)  in  t h e  
L o n g i tu d i n a l  and  T r a n s v e r s e  O r i e n t a t i o n s

N otch  R a t in g s  f o r  C o n v e n t io n a l ly  C a s t  and 
S u s p e n s io n  C a s t  M a te r i a l  R educed  by 60 
P e r c e n t  in  A re a . The S p e c im en s  w ere  
C o m pressed  by  V a ry in g  A m ounts R .H .)  in  
t h e  L o n g i tu d i n a l  and T r a n s v e r s e  O r i e n t a t i o n s

N o tch  R a t in g s  f o r  C o n v e n t io n a l ly  C a s t  and 
S u s p e n s io n  C a s t  M a te r i a l  R educed  by 80 
P e r c e n t  in  A re a . The S p e c im en s  w ere  
C om pressed  by  V a ry in g  A m ounts (% R .H .)  in  t h e  
L o n g i tu d i n a l  O r i e n t a t i o n

156

156

157

157

158  

158



( x i v

97 The C u p -a n d -C o n e  T e n s i l e  F r a c t u r e  S u r f a c e  
O b ta in e d  w i th  S p e c im en  SC60L

98  A T y p ic a l  F r a c t u r e  S u r f a c e  o f  a C o n v e n t io n a l ly  
C a s t  S pe c im en  a t  Two M a g n i f i c a t i o n s  (S p e c im en  
CCOl)

99  A T y p ic a l  F r a t u r e  S u r f a c e  o f  a S u s p e n s io n  C a s t  
S p ec im en  a t  Two M a g n i f i c a t i o n s  (S p e c im en  
SC80L)

100  S p e c tru m  o f  T y p ic a l  P r e c i p i t a t e  fo u n d  w i th in  
a  D im p le

101 F r a c t u r e  S u r f a c e  o f  S pe c im en  CC40L1 a t  tw o 
M a g n i f i c a t i o n s  S how ing  A re a s  o f  D u c t i l i t y  
and  " P i t s "

102 D u c t i l e  D im p led  A re a s  in  Spi

103 S u r f a c e  o f  One o f  
S p e c im en  CC40L1

th e  " P i t s '

A1 CCOL C o m p re s s io n  S p e c im en s

A2 SCOL C o m p re s s io n  S p e c im en s

A3 CCOT C o m p re s s io n  S p e c im en s

A4 SCOT C o m p re ss io n S p e c im en s

A5 CC20L C o m p re s s io n S p e c im en s

A6 SC20L C o m p re s s io n S p e c im en s

A7 CC20T C o m p re ss io n S p e c im en s

A8 SC20T C o m p re ss io n S p e c im en s

A9 CC40L C o m p re ss io n S p e c im en s

A10 5C40L C o m p re ss io n S p ec im ens

A l l CC40T C o m p re ss io n S p e c im en s

A12 SC40T C o m p re ss io n S p ec im ens

A13 CC60L C o m p re ss io n S p ec im ens

A14 SC60L C o m p re ss io n S pec im ens

A15 CC60T C o m p re ss io n S p e c im en s



( xv )

A16 SC60T C o m p re s s io n  S p e c im en s  184

A17 CC80L C o m p re s s io n  S p e c im en s  185

A18 SC80L C o m p re s s io n  S p e c im en s  185



f x v i )

LIST  OF TABLES P age

TABLE

I R e s u l t s  o f  M e c h a n ic a l T e s t s  on C o n v e n tio n a l
and M i c r o c h in e d  S t e e l  C a s t in g s  41

I I  T y p ic a l  C o m p o s itio n s  o f  Some A u s t e n l t i c
S t a i n l e s s  S t e e l s ,  M ass % 46

I I I  C hem ical A n a ly s e s  o f  th e  A ISI 310 S t»  i l e s s  
S t e e l  in  th e  A s -R e c e iv e d  and R em e lte d
C o n d i t io n s  88

IV C hem ical C o m p o s itio n  o f  t h e  I r o n  Pow der 91

V P e r c e n ta g e  I r o n  Pow der R e ta in e d  on Each
Mesh S i z e  92

YI R o l l i n g  P r o c e d u r e  f o r  t h e  S u s p e n s io n  and
C o n v e n t io n a l ly  C a s t  I n g o t s  104

V II C h e m ic al C o m p o s itio n s  o f  t h e  C a s t in g s  116

V II I  L en g th  o f  t h e  P r im a ry  P ip e  120

IX P e r c e n ta g e  R e c r y s t a l l i s a t i o n  a f t e r  H ot
R o l l i n g  120

X The G ra in  S i z e  in  I n g o t s  R educed  by
D i f f e r e n t  Amounts 129

XI C harpy  Im p ac t T e s t  R e s u l t s  142

X II T e n s i l e  T e s t  R e s u l t s  147

X II I  H a rd n e s s  T e s t  R e s u l t s  153

XIV C o m p re ssio n  T e s t  R e s u l t s  160

* l f  *  . a  j t t r *  v ?



1. INTRODUCTION

1 .1  B ack g ro u n d

In p r o c e s s in g  a u s t e n i t i c  s t a i n l e s s  s t e e l s ,  c e r t a i n  g r a d e s  s ta n d  

o u t  as b e in g  d i f f i c u l t  t o  h o t  w o rk , i n c lu d in g  A IS I ty p e  310 

{ 2 4 -2 6  p e r c e n t  Cr» 1 9 -2 2  p e r c e n t  N1) and t h e r e  a p p e a r  t o  b e  tw o  

d i s t i n c t  w o r k a b i l i t y  p r o b le m s .

F i r s t ,  i n g o t  c r a c k in g  may o c c u r  d u r in g  t h e  i n i t i a l  r o l l i n g  

o p e r a t i o n  w h ic h  c a n n o t  b e  a s c r i b e d  t o  h o t  s h o r t n e s s  ( d e f in e d  a s  

low  d u c t i l i t y  r e s u l t i n g  fro m  l o c a l i s e d  m e l t i n g ) , and  o f t e n  s l a b s  

m u s t b e  r o l l e d  t o  an i n t e r m e d i a t e  s i z e  and c o n d i t i o n e d  t o  rem ove  

s e v e r e  c r a c k s  p r i o r  t o  f i n i s h i n g .  S e c o n d ly ,  h o t  band  (~  3 -5  ran 

t h i c k )  may e d g e  c r a c k  b a d ly  a t  no rm al f i n i s h i n g  t e m p e r a tu r e s .

The two ty p e s  o f  p r o b le m  a r e  i l l u s t r a t e d  in  F i g u r e s  1 and 2 

r e s p e c t i v e l y .

T h e s e  p ro b le m s a r e  e r r a t i c  how ever and  no w id e ly  a p p l i c a b l e  

s o l u t i o n  h a s  b e e n  fo u n d  th r o u g h  c h a n g e s  in  m e l t i n g ,  d e o x i d a t i o n ,  

o r  c a s t i n g  p r a c t i c e s .  E ach p r o d u c e r  e m p lo y s  a  p a r t i c u l a r  f u r n a c e  

p r a c t i s e  d e te r m in e d  by  t r i a l  and e r r o r  t o  m a x im is e  y i e l d  on h o t  

w o rk in g .

A lth o u g h  i t  i s  r e c o g n i s e d  t h a t  m any f a c t o r s  may a f f e c t  t h e  h o t  

w o r k a b i l i t y  o f  s t e e l ,  t h e  p o o r  h o t  w o r k a b i l i t y  o f  s t a i n l e s s  s t e e l  

A IS I ty p e  310 was c o n s id e r e d  to  b e  p r i m a r i l y  a s s o c i a t e d  w i th  two 

c o n d i t i o n s  n a m ely  t h e  h ig h  r e s i s t a n c e  o f  t h e  s t e e l  t o  p l a s t i c  

Mow and th e  low  c o h e s iv e  s t r e n g t h  a lo n g  th e  p e r i p h e r y  o f  th e  

c o lu m n a r  c r y s t a l s .  S t a i n l e s s  s t e e l  A ISI t y p e  310 i s  a  h i g h l y  

a l l o y e d  s t e e l  and t h e  s t r e s s  r e q u i r e d  t o  p ro d u c e  p l a s t i c  f lo w  

d u r in g  h o t  r o l l i n g  i s  h ig h .  F u r th e r m o r e ,  s t e e l s  w hich  a r e  s i n g l e  

p h a s e  w ith  h ig h  a l l o y  c o n te n t  a l s o  te n d  t o  d e v e lo p  lo n g ,  co lu m n ar  

c r y s t a l s  sh o w in g  p ro n o u n c e d  p r e f e r r e d  c r y s t a l l o g r a p h i c  

o r i e n t a t i o n  and A IS I t y p e  310 w h ich  i s  c o m p le t e ly  a u s t e n i t i c  i s  

no e x c e p t io n  ( F ig u r e  3 ) .



FIGURE I  -  C r a c k in g  o f  A IS I T ype 310  S t a i n l e s s  S t e e l  S la b



PISURE 2  -  E dge  O a c k l n g  o f  A IS I Type 310  H ot Band 

(~3-5mm T h ic k )



The c o m b in a t io n  o f  . e s i s t a n c e  t o  p l a s t i c  f lo w  and lo n g ,  co lu m n ar  

c r y s t a l s  c a u s e s  t h e  s t e e l  t o  t e a r  a lo n g  th e  p e r ip h e r y  o f  th e  

co lu m n ar  c r y s t a l s  ( p l a n e s  o f  w e a k n e s s )  and c o n s e q u e n t ly  d e c r e a s e s  

t h e  h o t  w o r k a b i l i t y .

FIGURE 3 -  M a c r o s t r u c t u r e  o f  A IS I T ype 310 S t a i n l e s s  S t e e l

S in c e  t h e  e l im i n a t i o n  o f  t h e  lo n g  c o lu m n a r  c r y s t a l s  i s  e x p e c te d  

t o  im prove  th e  h o t  w o r k a b i l i t y  and  th e  i n t e r n a l  q u a l i t y  o f  t h e

s t e e l  a s  w e l l  a s  th e  m e c h a n ic a l  p r o p e r t i e s ,  t h i s  s tu d y  was

d i r e c t e d  to w a rd s  c o n t r o l  o f  i n g o t  s t r u c t u r e  and th e  e f f e c t  o f  

i n g o t  s t r u c t u r e  on th e  p r o p e r t i e s  o f  t h e  s t e e l .

The c o n t r o l  o f  th e  in g o t  m a c r o s t r u c t u r e  was a c c o m p lis h e d  by th e

l i t t l e  known te c h n iq u e  o f  s u s p e n s io n  c a s t i n g .
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1 .2  The S u s p e n s io n  C a s t in g  P r o c e s s  ( M i c r o c h i n i n q )

S e v e ra l  te c h n iq u e s  h a v e  be en  u se d  to  o b t a i n  im p ro v e d  

m a c r o s t i u c t u r e s  i n  i n g o t s .  T h e s e  i n c l u d e  i n o c u l a t i o n  o f  t h e  m e l t  

and dynam ic  g r a i n  r e f i n i n g  t e c h n iq u e s  su c h  a s  s t i r r i n g  o f  t h e  

m e lt  o r  u l t r a s o n i c  v i b r a t i o n .  M ore r e c e n t l y  m i c r o c h i l U n g  o f  t h e  

m e l t  h a s  be en  i n v e s t i g a t e d  and a p p e a rs  t o  h o ld  a l o t  o f  p ro m is e  

in  t h i s  r e s p e c t .

The s u s p e n s io n  c a s t i n g  p r o c e s s  c o n s i s t s  o f  t h e  i n t r o d u c t i o n  o f  

m e t a l l i c  p a r t i c l e s  i n t o  t h e  m ou ld  c a v i t y  d u r in g  o r  p r i o r  t o  

c a s t i n g .  The m a in  o b j e c t  o f  t h i s  p r o c e s s  i s  t o  o b t a in  an ev en  

d i s t r i b u t i o n  o f  p a r t i c l e s  t h r o u g h o u t  t h e  c a s t i n g  d u r in g  

s o l i d i f i c a t i o n .  The p a r t i c l e s  e x t r a c t  t h e  s u p e r h e a t  and a p a r t  

o f  t h e  l a t e n t  h e a t  o f  t h e  a l l o y  by  a c t i n g  a s  i n t e r n a l  c h i l l s  a s  

w e l l  a s  f o rm in g  e f f e c t i v e  n u c l e a t i o n  s i t e s .  The am ount o f  h e a t  

w h ic h  i s  e x t r a c t e d  by  e a c h  m e t a l l i c  p a r t i c l e  s h o u ld  be 

s u f f i c i e n t  t o  m e l t  down t h e  p a r t i c l e  and  c r e a t e  a  l o c a l  th e rm a l  

g r a d i e n t .  As a r e s u l t  o f  t h i s  f a s t e r  c o o l in g  and  f o r m a t io n  o f  

n u c l e a t i o n  s i t e s ,  t h e  n u c l e a t i o n  o f  e q u ia x e d  g r a in s  i s  p r o m o te d .

The s u s p e n s io n  c a s t i n g  p r o c e s s  h a s  b e e n  a p p l i e d  s a t i s f a c t o r i l y  t o  

sa n d  c a s t i n g s  and s t e e l  i n g o t s  in  t h e  E a s t e r n  B lock  c o u n t r i e s .  

By u s in g  t h i s  p r o c e s s ,  t h e  m e c h a n ic a l  p r o p e r t i e s  o f  s t e e l  

c a s t i n g s  w ere  Im proved  s i g n i f i c a n t l y ,  and b e t t e r  c o n t r o l  o f  

s h r in k a g e  p o r o s i t y  d i s t r i b u t i o n  and  m a c r o - s e g r e g a t io n  a s  w e l l  a s  

m a c r o s t r u c t u r e  w ere  o b t a i n e d .

The p r o p e r t i e s  o f  s t e e l s  made by  c o n v e n t io n a l  m e th o d s  v a ry  

s i g n i f i c a n t l y  in  d i f f e r e n t  o r i e n t a t i o n s  d u e  t o  t h e  c o a r s e  and 

n o n -ra n d o m  m i c r o s t r u c t u r e s  t h a t  fo rm  upon  s o l i d i f i c a t i o n .  

M ic r o c h i l l e d  s t e e l s  may b e  e x p e c te d  t o  h av e  i s o t r o p i c  p r o p e r t i e s  

d u e  t o  t h e  r e f i n i n g  a c t i o n  o f  t h e  m i c r o c h i l l s  and th e  random  

d i s t r i b u t i o n  o f  m i c r o c o n s t i t u e n t s .  T h is  s h o u ld  p ro v e  b e n e f i c i a l  

to  t h e  h o t  w o r k a b i l i t y  o f  t h e  s t e e l .

A



6

1 .3  O b je c t iv e s  o f  t M  P r e s e n t  S tu d y

The p u r p o s e  o f  t h i s  s t u d )  vas t o  I n v e s t i g a t e  t h e  c o n t r o l  o f  in g o t  

m a c r o s t r u c t u r e  by  s u s p e n s io n  c a s t i n g  and  t h e  i n f l u e n c e  o f  c a s t  

s t r u c t u r e  on th e  h o t  w o r k a b i l i t y  and th e  m e c h a n ic a l  p r o p e r t i e s  o f  

A IS I t y p e  310 s t a i n l e s s  s t e e l .

The l i t e r a t u r e  s u r v e y  t h e r e f o r e  c o n c e n t r a t e d  on tw o m a jo r  a r e a s . 

F i r s t l y ,  t h e  c a s t  s t r u c t u r e  o f  i n g o t s  was re v ie w e d  b e g in n in g  w ith  

t h e  f u n d a m e n ta l a s p e c t s  o f  s o l i d i f i c a t i o n  and  p r o g r e s s i n g  t o  a 

d e s c r i p t i o n  o f  t h e  in g o t  m a c r o s t r u c t u r e .  The t h e o r i e s  on th e  

f o r m a t io n  o f  m ixed  s t r u c t u r e s  i n  c a s t i n g s  a s  w e l l  as t h e  c o n t r o l  

and m o d i f i c a t i o n  o f  t h e  c a s t  s t r u c t u r e  w i th  p a r t i c u l a r  r e f e r e n c e  

t o  t h e  s u s p e n s io n  c a s t i n g  p r o c e s s  w ere  c o n s id e r e d .

T he se c o n d  p a r t  o f  t h e  l i t e r a t u r e  s u r v e y  i s  a  d i s c u s s i o n  on th e  

c o m p o s i t io n  o f  some a u s t e n i t i c  s t a i n l e s s  s t e e l s  and  on t h e  way in  

w h ich  A IS I ty p e  310 f i t s  i n t o  t h i s  c a t e g o r y .  The h o t  w o r k a b i l i t y  

o f  s t a i n l e s s  s t e e l s  i s  e v a lu a t e d  w i th  r e f e r e n c e  t o  m a t e r i a l  t y p e  

and p r o c e s s  v a r i a b l e s .

E x p e r im e n ta l  w ork in c lu d e d  th e  e s t a b l i s h m e n t  o f  a  t e c h n iq u e  f o r  

m i c r o c h i l l i n g ,  t h e  p r o d u c t i o n  o f  c o n v e n t io n a l  and m i c r o c h i l l e d  

i n g o t s  o f  A ISI t y p e  310 s t a i n l e s s  s t e e l  and a s tu d y  o f  in g o t  

m a c r o s t r u c t u r e s  and  m i c r o s t r u c t u r e s  p ro d u c e d  by t h e  tw o  r o u t e s .  

The m e c h a n ic a l  p r o p e r t i e s  and  th e  h o t  w o r k a b i l i t i e s  o f  

c o n v e n t io n a l ly  c a s t  and m i c r o c h i l l e d  m a t e r i a l  w ere  d e te r m in e d  in  

th e  a s  c a s t  c o n d i t i o n  and a f t e r  v a r io u s  a m oun ts  o f  d e fo r m a t io n  by 

h o t  r o l l i n g .  F i n a l l y ,  t h e  p r o p e r t i e s  o b t a in e d  in  t h e  two ty p e s  

o f  m a t e r i a l  w ere  com pared  and  t h e  f u t u r e  o f  t h e  s u s p e n s io n  

c a s t i n g  t e c h n iq u e  was a s s e s s e d .



LITERATURE SURVEY

2 .1  R eview  o f  Some F u n d a m e n ta l A s p e c ts  o f  S o l i d i f i c a t i o n

B e fo re  d i s c u s s i n g  th e  o r i g i n  and c o n t r o l  o f  t h e  m i c r o s t r u c t u r e ,  

i t  i s  n e c e s s a r y  t o  r e v ie w  b r i e f l y  some o f  t h e  b a s i c  f e a t u r e s  o f  

t h e  p r o c e s s  o f  s o l i d i f i c a t i o n .

2 .1 .1  M u c le a t io n  a n d  l a t e n t  H e a t o f  F u s io n

C r y s t a l l i n e  s o l i d s ,  su c h  a s  m e t a l s ,  h a v e  a  d e f i n i t e  m e l t i n g  

p o i n t ,  Tm, a b o v e  w h ic h  t h e y  e x i s t  in  t h e  l i q u i d  s t a t e .  H ow ever, 

i t  i s  p o s s i b l e  t o  c o o l  a l i q u i d  b e lo w  t h e  e q u i l i b r i u m  m e l t i n g  

p o i n t  b e f o r e  s o l i d i f i c a t i o n  b e g in s .  A l i q u i d  m e ta l  be low  I t s  

m e l t in g  p o i n t  i s  d e s c r i b e d  a s  " s u p e r c o o l e d "  o r  " u n d e r c o o l e d 'V

S u p e r c o o l in g  a l i q u i d  i s  p o s s i b l e  b e c a u s e  t h e  s p o n ta n e o u s  

a g g r e g a t i o n  o f  a few  h u n d re d  a to m s o f  t h e  l i q u i d  in  t h e  

g e o m e tr ic a l  p a t t e r n  c h a r a c t e r i s t i c  o f  t h e  c r y s t a l  in v o lv e s  t h e  

a p p e a ra n c e  o f  t h e  s o l  i d / l i q u i d  I n t e r f a c e  w h ic h  I s  a s s o c i a t e d  w i th  

a  p o s i t i v e  e n e r g y  c h a n g e .  The em bryo  m u st r e a c h  a  c e r t a i n  s i z e ,  

r * ,  w hich  d e p e n d s  on t h e  t e m p e r a t u r e ,  In  o r d e r  t o  b e  s u f f i c i e n t l y  

s t a b l e  t o  h a v e  a r e a s o n a b l e  c h a n c e  o f  g r o w in g , when I t  I s  c a l l e d  

a  n u c le u s .

The c r i t i c a l  n u c le u s  s i z e 2 ,  r * ,  f o r  hom ogeneous n u c l e a t i o n ,  as 

d e s c r ib e d  a b o v e , I s  g iv e n  by  t h e  e q u a t io n  :

w h ere  y l c  1s  t h e  s p e c i f i c  s u r f a c e  e n e r g y  o f  th e  l i q u i d - c r y s t a l  

i n t e r f a c e ,  Tm i s  t h e  e q u i l i b r i u m  m e l t i n g  p o i n t ,  Lm I s  t h e  

l a t e n t  h e a t  o f  f u s i o n  and AT i s  t h e  am ount o f  s u p e r c o o l in g .



I t  c an  b e  show n2 t h a t  t h e  c r i t i c a l  e n e r g y  c h a n g e ,  &G*hom, 

r e q u i r e d  f o r  t h e  f o r m a t io n  o f  a  n u c le u s  o f  c r i t i c a l  s i z e ,  r * .  i s  

g iv e n  b y :

l & T L C ' . V  

"  3 ( L . - :  I T ) '

M e ta ls  n u c l e a t e  h o m o g e n e o u s ly  when t h e  d e g r e e  o f  u n d e r c o o l in g  i s  

a p p r o x im a te ly  0 ,2  Tm. I r o n ,  f o r  e x a m p le , w hose  e q u i l i b r iu m  

m e l t i n g / s o l i d i f i c a t i o n  t e m p e r a tu r e  i s  1536 ° C  w i l l  n u c l e a t e  

h o m o g e n eo u s ly  a t  a  t e m p e r a tu r e  o f  1245 0  C !

In  p r a c t i s e  i t  i s  a lm o s t  a lw a y s  fo u n d  t h a t  s o l i d i f i c a t i o n  s t a r t s  

a t  much lo w e r  d e g r e e s  o f  s u p e r c o o l in g  b e c a u s e  n u c l e a t i o n  t a k e s  

p l a c e  h e te r o g e n e o u s ly  due  t o  t h e  p r e s e n c e  o f  s o l i d  p a r t i c l e s  in  

t h e  m e l t  and c o n t a i n e r  w a l l s .  S o l i d  p a r t i c l e s  and c o n t a i n e r  

w a l l s ,  c a l l e d  " n u c l e a t i o n  c a t a l y s t s " ,  make n u c l e a t io n  e a s i e r  by 

a c t i n g  a s  s u b s t r a t e s  on w h ich  an em bryo c an  fo rm  and becom e a 

n u c le u s  a t  much l e s s  s u p e r c o o l in g  th a n  w ould  o th e r w i s e  be 

n e c e s s a r y .

I t  c an  be show n2 t h a t  f o r  h e te r o g e n e o u s  n u c l e a t i o n ,  t h e  c r i t i c a l  

n u c le u s  s i z e ,  r * ,  i s  t h e  sam e a s  f o r  hom ogeneous n u c l e a t i o n .  

H ow ever, t h e  vo lum e  o f  t h e  n u c le u s  i s  r e d u c e d  b e c a u s e  t h e  c r y s t a l  

a d o p ts  t h e  " r a d i u s "  o f  t h e  s u b s t r a t e  a s  i t s  own { F ig u r e  4 ) .  

T h u s , th e  w ork o f  n u c l e a t i o n ,  AG*, d e c r e a s e s  s i g i n f i c a n t l y  and 

n u c l e a t io n  i s  f a c i l i t a t e d .  ( I t  s h o u ld  be n o te d  t h a t  in  F i g u r e  4 

th e  f o rm a t io n  o f  a  s p h e r i c a l  c ap  i s  a ssum ed f o r  s i m p l i c i t y  

a l th o u g h  t h i s  may n o t be th e  c a s e  in  a c tu a l  s y s t e m s ) .

Fo r h e te r o g e n e o u s  n u c l e - t i o n ,  AG* i s  g iv e n  a s  

4tt VLC3 Tm2 ( 2 - 3  c o s  6 + COS3 9 )



9

H en c e , t h e  c r i t i c a l  e n e r g y  c h an g e  d i f f e r s  f ro m  t h a t  f o r  

hom ogeneous n u c l e a t i o n  by  a  f a c t o r  o f  1 /4  ( 2 - 3  c os e + c o s 3 e ) .

T he c o n ta c t  a n g le ,  e ,  i s  d e f in e d  by

YLS -  r e s
c o s  e = --------- --------  —  (4 )

ri_C

w h e re  YLC i s  t h e  l i q u i d - c r y s t a l  i n t e r f a c e  e n e r g y ,  y c s  i s  th e  

c r y s t a l - s u b s t r a t e  i n t e r f a c e  e n e r g y  and  - ^ 5  i s  t h e  l i q u i d -  

s u b s t r a t e  i n t e r f a c e  e n e r g y .

F o r  6 =1 8 0 ° ,  c o s  6=1 and t h e  e x p r e s s io n  1 /4  ( 2 -3 c o s  6 +cqs38 )= 0 . 

T h u s , u n d e r  t h e s e  c o n d i t i o n s  AG*he t  = 6 G *bom'

F o r v a lu e s  o f  8 b e tw ee n  0 °  and 1 8 0 ° ,  h e te r o g e n e o u s  n u c l e a t i o n  

i s  m ore  f a v o u r a b l e  th e rm o d y n a m ic a l ly .

L iq u ij

C r y s t a l

S u b s t r a t e

FIGURE 4  -  S p h e r i c a l  Cap o f  S o l id  Form ed on a  P l a n a r  S u b s t r a t e  

( D a v ie s 2 )
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A ll m e ta l s  p r o c e s s e d  u n d e r  i n d u s t r i a l  c o n d i t i o n s  c an  be e x p e c te d  

t o  c o n ta in  p o t e n t  n u c l e a t i o n  s i t e s  su c h  a s  o x id e ,  c a r b id e  and 

c a r b o n i t r i d e  p a r t i c l e s  w h ic h  p ro m o te  n u c l e a t i o n  a t  t e m p e r a tu r e s  

o n ly  a  few  d e g r e e s  b e lo w  Tm. 1

When n u c l e a t i o n  h a s  o c c u r r e d ,  s u b s e .u e n t  g ro w th  o f  t h e  c r y s t a l  

t a k e s  p l a c e  by  t h e  a d d i t i o n  o f  .’tom s f ro m  t h e  l i q u i d . 2 E ach  a tom

t h a t  a t t a c h e s  i t s e l f  t o  t h e  s o l i d  r e l e a s e s  i t s  l a t e n t  h e a t  o f

f u s io n  and t h e  r a t e  o f  g ro w th  i s  d e te r m in e d  by th e  r a t e  a t  w h ich  

t h i s  h e a t  i s  rem o v e d .

I f  t h i s  h e a t  i s  n o t  rem o v e d , i t  v e r y  so o n  r a i s e s  t h e  te m p e r a tu r e  

t o  t h e  p o i n t  a t  w h ic h  no f u r t h e r  s o l i d i f i c a t i o n  c an  o c c u r .

I t  f o l lo w s  t h a t  t h e  o v e r a l l  r a t e  o f  t h e  s o l i d i f i c a t i o n  p r o c e s s  i s  

c o n t r o l l e d  by  t h e  r a t e  a t  w h ic h  h e a t  i s  e x t r a c t e d  fro m  th e

s o l i d i f y i n g  m e ta l .  The l a t e n t  h e a t  m u st b e  c o n d u c te d  o u tw a rd s ,

i n t o  and th r o u g h  t h e  m ould in  w h ich  th e  m e ta l  i s  s o l i d i f y i n g 1 . 

A l t e r n a t i v e l y ,  a s  w i l l  b e  s e e n  l a t e r ,  t h e  a d d i t i o n  o f  

m i c r o c h i l l i n g  p a r t i c l e s  may p r o v id e  l o c a l  h e a t  s i n k s  f o r  t h i s  

h e a t . 3

The q u a n t i t y  o f  h e a t  t h a t  m u st be rem oved  i s  c o n s i d e r a b l e ;  i r o n  

f o r  i n s t a n c e ,  h a s  a l a t e n t  h e a t  o f  f u s io n  o f  a b o u t  1 5 ,2  k J  m o l"1 

a t  1536 ° C  and  a tm o s p h e r ic  p r e s s u r e ,  w h i le  i t s  s p e c i f i c  h e a t  i s  

a b o u t  4 4 ,5  0 m o l"1 ° C “ 1 a t  1536 ° C . 11 The e n e r g y  r e q u i r e d  t o

T2
r a i s e  th e  te m p e r a tu r e  o f  t h e  m e ta l i s  g iv e n  by /  Cp dT w h ere

Cp i s  t h e  s p e c i f i c  h e a t  c a p a c i t y  and  T t h e  a b s o lu t e  

te m p e r a tu r e .  T h is  e x p r e s s io n  r e d u c e s  t o  Cp a T i f  Cp i s  

assum ed  in d e p e n d e n t  o f  t e m p e r a tu r e .  The l a t e n t  h e a t  o f  f u s io n  

AHf i s  th e  e n e r g y  l i b e r a t e d  when a m e ta l s o l i d i f i e s  and i f  t h i s  

e n e r g y  i s  e q u a te d  t o  t h e  te rm  CpAT, t h e  te m p e r a tu r e  r i s e

AHf
c o r r e s p o n d i n g  t o  t h i s  e n e r g y  can  be o b ta in e d  i . e .  AT = ____  I t

CP
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f o l lo w s  t h a t  th e  am ount o f  h e a t  t h a t  m u s t be  e x t r a c t e d  to  

s o l i d i f y  a  g iv e n  q u a n t i t y  o f  i r o n  w ould  b e  s u f f i c i e n t  t o  r a i s e  

i t s  t e m p e r a tu r e  by 342 ° C .

2 . 1 . 2  R e je c t i o n  o f  S o l u te

One o f  t h e  m o s t im p o r t a n t  c o n s i d e r a t i o n s  i n  t h e  s o l i d i f i c a t i o n  o f  

an  a l l o y  i s  t h a t  t h e  s o l i d  w h ic h  fo rm s  a lm o s t  a lw ay s  h a s  a  

c o m p o s i t i o n  t h a t  d i f f e r s  f ro m  t h a t  o f  t h e  l i q u i d  t h a t  i s  in  

c o n ta c t  w i th  i t .

T he r e j e c t i o n  o f  s o l u t e  r e s u l t s  in  s e g r e g a t i o n  and  th e  e n r ic h m e n t  

in  s o l u t e  o f  th e  l i q u i d  a t  t h e  s o l i d - l i q u i d  i n t e r f a c e ,  lo w e rs  th e  

e q u i l i b r iu m  l i q u i d u s  te m p e r a tu r e  and g iv e s  r i s e  t o  t h e  phenom enon 

o f  c o n s t i t u t i o n a l  s u p e r c o o l i n g . 1

O r i g i n a l l y ,  c o n s t i t u t i o n a l  s u p e r c o o l in g  was a n a ly s e d  by  T i l l e r  e t  

a l 5 who d e m o n s t r a te d  t h a t  t h e  e q u i l i b r i u m  l i q u i d u s  t e m p e r a tu r e ,  

T l ,  f o r  s t e a d y - s t a t e  s o l i d i f i c a t i o n  o f *  an a l l o y  o f  i n i t i a l  

c o m p o s i t i o n  C0  i s  g iv e n  by  :

m C0 ( 1 - k o )  Rx
Tl = Ti *   [ 1  -  exp  ( - _ . ) ]  . . . .  (5 )

w h ere  T i I s  t h e  s o l i d - l i q u i d  i n t e r f a c e  t e m p e r a t u r e ,  m i s  t h e  

s l o p e  o f  t h e  l i q u i d u s  l i n e ,  R i s  th e  g ro w th  r a t e  o f  t h e  

i n t e r f a c e ,  D I s  t h e  d i f f u s i v i t y ,  x i s  t h e  d i s t a n c e  a h ea d  o f  t h e  

i n t e r f a c e  and k0  i s  t h e  e q u i l i b r i u m  d i s t r i b u t i o n  c o e f f i c i e n t  

d e f in e d  by th e  r a t i o  :

s o l u t e  c o n c e n t r a t i o n  in  t h e  s o l i d  a t  t e m p e r a tu r e  Tko =--------------------------------------------
s o l u t e  c o n c e n t r a t i o n  in  t h e  l i q u i d  a t  t h e  same te m p e r a tu r e

The a c tu a l  te m p e r a tu r e  T , In  t h e  l i q u i d  i s  g iv e n  by :

T = Ti + G x   ( 6 )

a j a i t  i-
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w here  G i s  t h e  t e m p e r a tu r e  g r a d i e n t  in  th e  l i q u i d  a head  o f  th e  

i n t e r f a c e  and T j  and x a r e  as in  e q u a t io n  5. As G v a r i e s ,  a 

s i t u a t i o n  c an  a r i s e  w h ere  t h e  l i q u i d  a h ea d  o f  t h e  I n t e r f a c e  Is  a t  

a te m p e r a tu re  b e lo w  i t s  e q u i l i b r i u m  H q u id u s  te m p e r a tu r e ,  in  

w hich  c a s e  a  r e g io n  o f  c o n s t i t u t i o n a l l y  s u p e rc o o le d  l i q u i d  e x i s t s  

ahead  o f  t h e  I n t e r f a c e  ( F ig u r e  5 ) .

I t  h as  be en  show n2 t h a t  f o r  no c o n s t i t u t i o n a l  s u p e r c o o l in g ,

R P k0

T h is  i n e q u a l i t y  a l lo w s  th o s e  f a c t o r s  f a v o u r in g  c o n s t i t u t i o n a l  

s u p e r c o o l in g  to  be i d e n t i f i e d  a s  :

I )  low te m p e r a tu r e  g r a d i e n t s  in  t h e  l i q u i d

I I )  f a s t  g ro w th  r a t e s

i i i )  s t e e p  l i q u i d u s  l i n e s

iv )  h ig h  a l l o y  c o n te n t s

v) low d i f f u s i v l t y  in  t h e  l i q u i d

v i )  v e ry  low k0 f o r  k0 < 1 o r  v e ry  h ig h  k0 f o r  k0 >1

The above  t r e a tm e n t  a ssum es t h a t  s o l u t e  m ix in g  in  th e  l i q u i d  i s  

t h e  r e s u l t  o f  d i f f u s i o n  o n ly .  I t  c an  be m o d if ie d 6 to  a l lo w  f o r  

p a r t i a l  o r  c o m p le te  m ix in g  in  th e  l i q u i d .

2 . 1 . 3  S t r u c t u r a l  E f f e c t s  R e s u l t i n g  f ro m  S o l u t e  R e je c t i o n

I t  h a s  be en  fo u n d  1 7 t h a t  t h e r e  a r e  f o u r  r e c o g n i s a b l e

m o rp h o lo g ie s  t h a t  th e  s o l i d - l i q u i d  i n t e r f a c e  can  a ssum e , 

d e p e n d in g  on th e  c o m p o s i t io n  o f  t h e  a l l o y  and on th e rm a l  

c o n d i t i o n s .
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Im posed 
,  t e m p e r a tu r e  
Gg g r a d i e n t s

E a u i l i b r iu m
l iq u i d u s
te m p e r a tu r e

C o n s t i t u t i o n a l l y
s u p e rc o o le d

LIQUID

D is ta n c e  a head  
o f  t h e  i n t e r f a c e

I n t e r f a c e

FIGURE S -  C o n s t i t u t i o n a l  S u p e r c o o lin g  a h ea d  o f  an I n t e r f a c e  

( D a v ie s 2 )

* m s a  r,



T h ese  a r e  : i ) sm ooth  i n t e r f a c e

i i ) c e l l u l a r  I n t e r f a c e

i l l )  c e l l u l a r - d e n d r i t i c  i n t e r f a c e ,  and

i v )  d e n d r i t i c  i n t e r f a c e

T h es e  a r e  show n d i a g r a m m a t i c a l ly  in  F i g u r e  6 t o g e t h e r  w i th  t h e  

c o n d i t i o n s  t h a t  g iv e  r i s e  t o  e a c h  t y p e .

In  t h e  a b s e n c e  o f  s u p e r c o o l i n g ,  p u re  m e ta l s  a s  w e l l  a s  a l l o y s  

w i l l  s o l i d i f y  w i th  a  p l a n a r  s o l i d - l i q u i d  i n t e r f a c e .  T herm al

s u p e r c o o l in g  in  p u re  m e ta l s  and c o n s t i t u t i o n a l  s u p e r c o o l in g  in  

a l l o y s  may b e  e x p e c te d  to  r e s u l t  in  a n o n - p l a n a r  s o l i d - l i q u i d  

i n t e r f a c e .  C o n s t i t u t i o n a l l y  s u p e r c o o le d  l i q u i d  a h ea d  o f  th e

i n t e r f a c e  s t a b i l i s e s  i n t e r f a c e  p e r t u r b a t i o n s  and a s  t h e  d e g re e  o f

s u p e r c o o l in g  i n c r e a s e s ,  th e  p l a n a r  i n t e r f a c e  g o e s  th r o u g h  a  

num ber o f  d i s t i n c t  t r a n s i t i o n s  beco m in g  p o c k -m a rk ed  a t  f i r s t  

f o l lo w e d  by th e  f o r m a t io n  o f  e lo n g a te d  c e l l s  and  c e l l u l a r  

d e n d r i t e s .  U nder e x tre m e  c o n d i t i o n s  f r e e  d e n d r i t i c  g ro w th  t a k e s  

p l a c e .  T h e re  do n o t  a p p e a r  t o  b e  c l e a r  c r i t e r i a  f o r  t h e

t r a n s i t i o n  fro m  one  ty p e  o f  i n t e r f a c e  t o  t h e  n e x t . 7

T he i n t e r c e l l u l a r / i n t e ^ d e n d r i t i c  r e g io n s  a r e  e n r ic h e d  in  s o l u t e  

f o r  s y s te m s  f o r  w h ich  k0 < 1 and  d e p le t e d  in  s o l u t e  f o r  s y s te m s  

f o r  w h ich  k0 > ],. Long r a n g e  s e g r e g a t i o n  e f f e c t s

( m a c r o s e g r e g a t io n )  may a l s o  o c c u r .  A d e n d r i t e  w i l l  show  a 

v a r i a t i o n  in  c o m p o s i t i o n  fro m  i t s  i n t e r i o r  o u tw a r d s ,  th e

phenom enon o f  c o r i n g . 6

D e n d r i te s  grow  p r e f e r e n t i a l l y  a lo n g  s p e c i f i c  c r y s t a l l o g r a p h l c  

d i r e c t i o n s  (< 001 > in  c u b ic  m e ta l s )  and  d e n d r i t i c  s t r u c t u r e s

m ay, t h e r e f o r e ,  be e x p e c te d  t o  e x h i b i t  s t r o n g l y  a n i s o t r o p i c  

p r o p e r t i e s . 7 M ic r o s e g r e g a t io n  may be e l im in a t e d  w ith  r e l a t i v e  

e a s e  by  a h o m o g e n is a t io n  a n n e a l .  M a c r o s e g r e g a t io n  on th e  o th e r  

hand i s  1n m o st p r a c t i c a l  c a s e s  im p o s s ib le  t o  r e d u c e

s i g n i f i c a n t l y .
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CELLULAR-DENDRITIC

P u r e  m e ta l  No s u p e r c o o l in g

Im pure  m e ta l  L o ca l s u p e r c o o l in g

o r  d i l u t e

a l l o y

A l lo y  L o ca l s u p e r c o o l in g

A l lo y E x te n s iv e

s u p e r c o o l in g

FIGURE 6 -  T y p es  o f  S o l i d - L i q u i d  I n t e r f a c e s  (C h a lm e rs 1 )
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2 .2  The C a s t  S t r u c t u r e

The m a c r o s t r u c t u r e  o f  i n g o t s  may c o n ta in  t h e  f o l lo w in g  th r e e  

z o n es  2 6 : ( F ig u r e  7)

1) A p e r i p h e r a l  zo n e  o f  f i n e  e q u ia x e d  g r a i n s ,  commonly

c a l l e d  t h e  c h i  11 z o n e ;

i i )  A zone o f  c o lu m n a r  g r a in s  e x te n d in g  in w a rd s  from  th e

c h i l l  z o n e ,

i i i )  A c e n t r a l  zo n e  o f  e q u ia x e d  g r a i n s ;  t h e s e  a r e  n o rm a l ly

l a r g e r  th a n  th e  c h i l l  g r a i n s .

A ll th e  z o n es  a r e  n o t  n e c e s s a r i l y  p r e s e n t  in  any p a r t i c u l a r  i n g o t  

s in c e  t h e i r  p r e s e n c e  and  e x t e n t  de p en d  upon th e  c a s t i n g

c o n d i t i o n s  and th e  c o m p o s i t i o n  o f  th e  c a s t  m a t e r i a l . F ig u re  8 , 

f o r  e x a m p le , i s  th e  t r a n s v e r s e  s e c t i o n  o f  a m ild  s t e e l  b i l l e t  

a n d , a s  can  be s e e n ,  o n ly  t n e  c o lu m n a r  zone  i s  p r e s e n t .

E x te n s iv e  r e s e a r c h  h a s  be en  done in  o r d e r  t o  e s t a b l i s h  th e  o r i g i n  

and d e v r .v p m e n t o f  th e  t h r e e  z o n e s .

2 .2 .1  The  C h i l l  Zone

The c h i l l  c r y s t a l s  w h ich  a r e  n o r m a l ly  e q u ia x e d  and o f  random  

o r i e n t a t i o n  n u c l e a t e  on o r  n e a r  t h e  m ould w a ll as a r e s u l t  o f  

h e te r o g e n e o u s  n u c l e a t i o n .

An e x t e n s i v e  c h i l l  zone  i s  f a v o u r e d  by 6 :

i )  n u c l e a n t s  w hich  p ro m o te  n u c l e a t io n  a t  v e ry  sm a ll 

s u p e r c o o l in g ,

i i )  low p o u r in g  t e m p e r a tu r e s ,



FIGURE 7 -  T r a n s v e r s e  S e c t io n  o f  an  a s - c a s t  S t r u c t u r e  sh o w in g  

t h e  C h i l l  Z o n e , C o lu m n ar Zone and  E q u ia x e d  Zone 

(W a lk e r8 )

FIGURE 8  -  T r / in s v e r s e  S e c t io n  o f  a  M ild  S t e e l  B i l l e t  sh o w in g  

o n ly  a  C o lu m n ar Zone
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i i i )  low and h ig h  th e rm a l d i f f u s i v i t i e s  o f  th e  m ould and th e

l i q u i d  m e ta l r e s p e c t i v e l y ,  and

iv )  h ig h  a l l o y  c o n te n t

C r y s ta l  m u l t i p l i c a t i o n  by th e  f r a g m e n ta t io n  o f  th e  I n i t i a l  

d e n d r i t e s  was p r o p o s e d  by B ow ers e t  a l 9 and l a t e r  v e r i f i e d  by 

J a c k s o n . 10

T he c h i l l  zo n e  i s  o n ly  a few  g r a in  d ia m e te r s  t h i c k  and h a s  l i t t l e  

e f f e c t  on in g o t  b e h a v io u r  d u r in g  d e f o r m a t io n .  The c h i l l  zone  i s ,  

ho w ev e r, a  d e s i r a b l e  f e a t u r e  o f  in g o ts  a s  i t  r e s u l t s  i n  an 

im proved  s u r f a c e  f i n i s h  a f t e r  r o l l i n g .

2 . 2 . 2  The C o lum nar Zone

C olum nar g r a in s  grow  o r  n u c l e a t e  on c h i l l  c r y s t a l s  and show a 

s t r o n g  p r e f e r r e d  c r y s t a l l o g r a p h i c  o r i e n t a t i o n ,  11 12 a d v a n c in g  

in w a rd s  in  a d i r e c t i o n  p a r a l l e l  to  t h a t  o f  h e a t  e x t r a c t i o n .  A 

few  g r a in s  how ever do n o t  o r i g i n a t e  in  t h e  c h i l l  z o n e .13

The co lu m n ar g r a in s  c an  grow w ith  any  one  o f  th e  g ro w th  

i n t e r f a c e s  a l r e a d y  d i s c u s s e d ,  e . g .  p l a n a r ,  c e l l u l a r ,  c e l l u l a r  

d e n d r i t i c  o r  f r e e  d e n d r i t i c  g r o w t h .13 D u rin g  g r o w th , th e  number 

o f  co lu m n ar c r y s t a l s  d e c r e a s e s ,  t h e  c r o s s - s e c t i o n  o f  t h o s e  

r e m a in in g  i n c r e a s e s ,  and  a p r e f e r r e d  o r i e n t a t i o n  i s  d e v e lo p e d  by 

t h e  s e l e c t i o n  f o r  s u r v i v a l  o f  c r y s t a l s  h a v in g  th e  s t e e p e s t  

th e rm a l g r a d i e n t  p a r a l l e l  t o  t h e  p r e f e r r e d  g ro w th  d i r e c t i o n  ( th e  

d e n d r i t e  arm a x is  d i r e c t i o n ) .

F o r  a g iv e n  a l l o y ,  th e  e x t e n t  o f  th e  co lu m n ar  r e g io n  in c r e a s e s  a s  

t h e  p o u r in g  te m p e r a tu r e  I n c r e a s e s  ( F ig u r e  9) w h e re a s  f o r  g iv e n  

p o u r in g  c o n d i t i o n s ,  th e  e x t e n t  o f  t h e  c o lu m n ar  r e g io n  d e c r e a s e s  

a s  th e  a l l o y  c o n te n t  i n c r e a s e s 6 ( F ig u r e  1 0 ) .



P o u r in g  T e m p e r a tu r e

FIGURE 9 -  V a r i a t i o n  o f  t h e  L e n g th  o f  t h e  C o lum nar Z one w i th  

P o u r in g  T e m p e r a tu r e  ( C h a lm e rs6 ) .

100

A llo y  c o n te n t

FIGURE 10  -  V a r i a t i o n  o f  t h e  L en g th  o f  t h e  C olum nar Zone w i th  

A l lo y  C o n te n t  f o r  C o n s t a n t  P o u r in g  T e m p e ra tu re  

( C h a lm e rs 6 ) .
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Colum nar g r a i n s  may show s e g r e g a t i o n .  I n t e r d e n d r i t i c  s e g r e g a t io n  

w i l l  le a d  to  lo w - m e l t in g  m a t e r i a l  o r  se c o n d  p h a s e s  b e tw ee n  

d e n d r i t e  arm s w h ic h  c an  le a d  t o  h o t  s h o r t n e s s  o r  p o o r  d u c t i l i t y  

d u r in g  r o l l i n g .  B e c a u se  t h e  c o lu m n a r  c r y s t a l s  a r e  e x t r e m e ly  

l a r g e ,  t h e  o v e r a l l  g r a i n  b o u n d a ry  a r e a  i s  and e v en  s m a ll

am oun ts o f  i n t e r d e n d r i t i c  s e g r e g a t i o n  w i l l  h a v e  a s i g n i f i c a n t  

i n f lu e n c e  on h o t  d u c t i l i t y .

D u rin g  h o t  w o rk in g  c r a c k s  a r e  l i k e l y  t o  i n i t i a t e  in  th e  c o lu m n ar  

zo n e  due  t o  i t s  i n f e r i o r  c h a r a c t e r i s t i c s .

S in c e  th e  c o lu m n a r  c r y s t a l s  w i l l  p e r s i s t  p r o v id e d  c o n d i t i o n s  a r e  

n o t  f a v o u r a b l e  f o r  t h e  f o r m a t io n  o f  e q u ia x e d  c r y s t a l s ,  c o n t r o l  

o v e r  t h e  c o lu m n a r  g ro w th  i s  n o r m a l ly  e x e r t e d  by  in d u c in g  th e  

f o r m a t io n  o f  e q u ia x e d  c r y s t a l s .  I t  i s  t h i s  c o n t r o l  w h ich  i s  

f o re m o s t  i n  * h e  c o n t r o l  o f  t h e  o v e r a l l  c a s t  s t r u c t u r e .  

S u s p e n s io n  c a s t i n g  i s  one  p o s s i b l e  m eans o f  a p p ly in g  t h i s  

c o n t r o l .

2 . 2 . 3  T he E q u ia x e d  Zone

The c r y s t a l s  in  th e  e q u ia x e d  z o n e  a r e  u s u a l l y  l a r g e r  th a n  th o s e  

i n  t h e  c h i l l  zo n e  and t h e i r  o r i e n t a t i o n  i s  e f f e c t i v e l y  r a n d o m .% 

As th e  p o u r in g  te m p e r a tu r e  i n c r e a s e s ,  t h e  te n d e n c y  t o  fo rm  

e q u ia x e d  g r a i n s  d e c r e a s e s  and th o s e  t h a t  do fo rm  a r e  c o a r s e r . 6 

I t  i s  h o w e v e r, I m p o r ta n t  t o  r e c o g n i s e  t h a t  t h e r e  i s  a  s i g n i f i c a n t  

i n g o t  s i z e  e f f e c t  i n f l u e n c i n g  th e  d e v e lo p m e n t o f  t h e  e q u ia x e d  

z o n e 11* and th e  a b o v e  r e l a t i o n s h i p  may n o t  h o ld  f o r  l a r g e r  i n g o t s  

w h ere  e f f e c t s  su c h  a s  c r y s t a l  s e t t l i n g  in f lu e n c e  th e  

m a c r o s t r u c t u r e .

E s s e n t i a l l y  s i x  t h e o r i e s  e x i s t  a !,o u t t h e  o r i g i n  o f  th e  e q u ia x e d

i ) H e te ro g e n e o u s  n u c l e a t i o n  in  c o n s t i t u t i o n a l l y  s u p e rc o o le d

l i q u i d  a h ea d  o f  th e  co lu m n ar  g r a i n s .  15 16
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i i )  H e te ro g e n e o u s  n u c l e a t t o n s  in  a  low d e n s i t y ,  s o l u t e  

e n r ic h e d  u p p e r  l i q u i d  l a y e r 17

i l l )  N u c le i fo rm ed  in  th e  c h i l l e d  l i q u i d  a d j a c e n t  t o  m ould 

w a l l s  a r e  c a r r i e d  t o  th e  c e n t r e  o f  th e  in g o t  by

c o n v e c t io n  ( B ig -b a n g  t h e o r y ) 1

iv )  S h o w e rin g  18 19 o f  d e n d r i t e s  g ro w in g  a t  t h e  to p  s u r f a c e

v )  C r y s ta l  m u l t i p l i c a t i o n  ow ing  t o  m e l t in g  o f  d e n d r i t e  

a rm s10

v i )  C r y s t a l s  n u c l e a t i n g  on  th e  mouM  w a l l  grow  w i th  a n e ck e d  

sh a p e  and s e p a r a t e  f ro m  th e  p l a c e  o f  o r i g i n  b e f o r e  t h e  

f o r m a tio n  o f  a s o l i d  s h e l l . 20 22

O f t h e s e  t h e o r i e s ,  t h e  one  p o s t u l a t i n g  th e  d e ta c h m e n t o f  d e n d r i t e  

arm s ow ing to  c o n v e c t iv e  f lo w  o f  t h e  b u lk  l i q u i d  ( p o s t u l a t e  v 

a b o v e) i s  c o n s id e r e d  t o  be t h e  m o st p r o b a b le  and has r e c e n t l y  

been  d e m o n s tr a te d  u s in g  a t r a n s p a r e n t  s u c c i n o n i t r i 1 e - e t h y l  

a lc o h o l  s o l u t i o n  a s  a m odel m a t e r i a l  f o r  s t e e l . 22 I t  i s  how ever 

p r o b a b le  t h a t  tw o o r  m ore m echan ism s may c o n t r i b u t e  t o  t h e

f o rm a t io n  o f  t h e  e q u ia x e d  ro n e .

I n t e r d e n d r i t i c  s e g r e g a t io n  i s  l e s s  in  th e  e q u ia x e d  zo n e  th a n  th e  

co lu m n ar  zo n e  as t h e  g r a in  s i z e  i s  s m a l le r  and h e n c e  th e  g r a i n  

bo u n d a ry  a r e a  i s  l a r g e r  w hich  r e d u c e s  th e  e f f e c t  o f  s e g r e g a t io n .  

B ecause  o f  t h i s  and th e  r a n d a n  c r y s t a l  o r i e n t a t i o n ,  th e  e q u ia x e d  

zo n e  i s  a  d e s i r a b l e  f e a t u r e  i n  i n g o t s .  T he l a r g e r  t h e  e q u ia x e d  

z o n e , t i e  g r e a t e r  th e  d u c t i l i t y  o f  th e  i n g o t .

2 . 2 . 4  T herm al E x p la n a t io n  o f  M ixed S t r u c t u r e s  in  C a s t in g s

B ecausn  ' i c h a n g i n g  th e rm a l c o n d i t i o n s  d u r in g  f r e e z i n g ,  th e

d i f f e r e n t  .  r u c t u r a l  z o n es  e n c o u n te re d  in  c a s t i n g s  may be

e x p la in e d  s o l e l y  on t i e  b a s i s  o f  c r i t i c a l  c h an g e s  in  th e  G/R 

r a t i o , 23 w here  G i s  t h e  te m p e r a tu r e  g r a d i e n t  and R th e  r a t e  o f



P r o g r e s s iv e  c h a n g e  in  t h i s  p a r a m e te r  fro m  a  h ig h  to  a  low  v a lu e  

1s  a c c o m p an ie d  b y  s u c c e s s iv e  t r a n s i t i o n s  in  t h e  mode o f  

c r y s t a l l i s a t i o n  a s  t h e  e f f e c t  o f  u n d e r c o o l in g  becom es m ore 

p ro n o u n c e d . W ith  a  v e r y  h ig h  r a t i o ,  c o lu m n a r  g ro w th  t a k e s  p la c e  

w i th  th e  a d v a n c e  o f  a  p l a n a r  i n t e r f a c e  ( t h i s  c o r r e s p o n d s  t o  no 

c o n s t i t u t i o n a l  s u p e r c o o l i n g ) .  A t v e ry  low v a lu e s  o f  G /R , 

h e te r o g e n e o u s  n u c l e a t i o n  in  t h e  c o n s t i t u t i o n a l l y  s u p e r c o o le d  zone 

b r in g s  a b o u t  t h e  n u c l e a t i o n  and  g ro w th  o f  new g r a i n s  i n  p o s i t i o n s  

re m o te  fro m  th e  e x i s t i n g  i n t e r f a c e .  T h es e  g r a in s  may th e m s e lv e s  

u n d e rg o  d e n d r i t i c  g r o w th ,  a l th o u g h  t h e r e  i s  some e v id e n c e  t h a t  

th e  r a d i a l  g ro w th  o f  in d e p e n d e n t  g r a i n s  b e g in s  w i th  a  s p h e r i c a l  

m o rp h o lo g y  a n a lo g o u s  t o  t h e  p l a n e  i n t e r f a c e  c o n d i t i o n  in  u n i ­

d i r e c t i o n a l  f r e e z i n g .  The s u c c e s s i v e  t r a n s i t i o n s  fro m  p la n a r  t o  

c e l l u l a r ,  t o  d e n d r i t i c  and t h e r e a f t e r  t o  in d e p e n d e n t ly  .H u .le a te d  

c r y s t a l s ,  c an  be r e p r e s e n t e d  q u a n t i t a t i v e l y  a s  shown 1 ,  k i ^ u r e  11 

w h ic h  was d e r iv e d  fro m  e x p e r im e n ta l  o b s e r v a t io n s  u n d e r  c o n t r o l l e d  

th e rm a l  c o n d i t i o n s . 23

B e ca u se  o f  t h e  c h a n g in g  th e rm a l  c o n d i t i o n s  d u r in g  f r e e z i n g ,  

t h e r e f o r e ,  t h e  s e p a r a t e  s t r u c t u r a l  z o n es  e n c o u n te r e d  in  c a s t i n g s  

may be  e x p la in e d  s o l e l y  on th e  b a s i s  o f  c r i t i c a l  c h a n g e s  in  th e  

r a t i o  G /R . F i g u r e  1 2 ( a )  show s how i n i t i a l  s o l i d i f i c a t i o n  o c c u r s  

u n d e r  a m arked  te m p e r a tu r e  g r a d i e n t  ( h ig h  G/R) w h ic h  f r e q u e n t l y  

s u f f i c e s  t o  b r in g  a b o u t  c o lu m n a r  d e n d r i t i c  g ro w th  in  th e  

o u te rm o s t  zo n e  d u e  t o  t h e  la c k  o f  s u p e r c o o l in g .  In  t h e  c e n t r a l  

z o n e , and in  some c a s e s  t h r o u g h o u t  t h e  c a s t i n g ,  t h e  te m p e r a tu r e  

g r a d i e n t  i s  s h a l lo w  (low  G /R ) and l i e s  b e lo w  Tf? t h e  e q u i l i b r iu m  

l iq u i d u s  te m p e r a tu r e  ( F ig u r e  12 ( b ) ) .  H en c e , t h e  zo n e  o f  

c o n s t i t u t i o n a l  s u p e r c o o l in g  i s  e x t e n s i v e  so  t h a t  s o l i d i f i c a t i o n  

p r o c e e d s  by t h e  w id e s p re a d  n u c l e a t i o n  and  g ro w th  o f  e q u ia x e d



P l a n a r

C e l l u l a r

D e n d r i t i c

I n d e p e n d e n t  n u c l e a t i o n

FIGURE 11 -  I n f l u e n c e  o f  T e m p e ra tu re  G r a d ie n t  G arid F r e e z in g  
R a te  R on S o l i d i f i c a t i o n  M o rp h o lo g y  o f  a  g iv e n  
A l lo y  ( B e e le y 2 3 )



T i s  te m p e r a tu r e  
g r a d i e n t ,  and T . 
t h e  e q u i l i b r i u m  
l i q u i d u s  te m p e r a t
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Mould S o l id E q u ia x e d  g ro w th Mould

FIGURE 12  -  T herm al E x p la n a t i o n  o f  M ixed S t r u c t u r e s  i n  C a s t in g s .
( a )  C o lum nar G row th  S t a g e ,  (b )  C e n t r a l  E q u ia x e d  
R e g io n  ( B e e le y 2 3 )



2 .3  C o n t ro l  a n d  M o d i f i c a t i o n  o f  t h e  C a s t  S t r u c t u r e

The im p o r ta n t  c h a r a c t e r i s t i c s  o f  t h e  c a s t  s t r u c t u r e  in c lu d e  th e  

t y p e ,  t h e  s i z e ,  t h e  u n i f o r m i ty  and th e  o r i e n t a t i o n  o f  g r a i n s  in  

th e  d i f f e r e n t  z o n e s .  T h ese  f a c t o r s  h av e  a d i r e c t  e f f e c t  on th e

m e c h a n ic a l b e h a v io u r  o f  c a s t i n g s  a s  w e l l  a s  on  t h e i r  r e s p o n s e  t o

h e a t  t r e a tm e n t  and m e c h a n ic a l  p r o c e s s i n g . 24

f o r  a l l  b u t  a  few  v e r y  s p e c i a l i s e d  a p p l i c a t i o n s  e . g .  m agnet 

a l l o y s  and s i n g l e  c r y s t a l  t u r b i n e  b l a d e s ,  f i n e - g r a i n e d  e q u ia x e d  

s t r u c t u r e s  a r e  d e s i r a b l e  in  c a s t i n g s  and i n g o t s . 2 E q u ia x ed  

s t r u c t u r e s  a r e  i s o t r o p i c  and  e n s u r e  r e p r o d u c i b l e  b e h a v io u r  d u r in g  

s u b s e q u e n t  w o rk in g . In  p a r t i c u l a r  t h e y  p r o d u c e  a u n if o r m  s u r f a c e  

f i n i s h  and r e d u c e  i n t e r n a l  s t r e s s e s  in  a l l o y  c a s t i n g s  w hich  

c o n ta in  b r i t t l e  c o n s t i t u e n t s ,  by  d i s p e r s i n g  t h e  l a t t e r .  T hey  

a l s o  a l lo w  ra p < d  s o l i d i f i c a t i o n  d u r in g  c o n t in u o u s  o r  

s e m i- c o n t in u o u s  c a s t i n g  and p ro m o te  a  u n if o r m  s o l i d i f i c a t i o n  

p a t t e r n  and sound  p r o d u c t  i n  s m a ll  and i n t r i c a t e  c a s t i n g s . 25

To d e v e lo p  e q u ia x e d  s t r u c t u r e s  r e q u i r e s  t h e  s u p p r e s s io n  o f

co lu m n a r  g ro w th  and t h i s  c an  b e  a c h ie v e d  b y  p r o m o tin g  c o n d i t i o n s  

f a v o u r a b l e  f o r  t h e  f o r m a t io n  o f  e q u ia x e d  g r a i n s . 2 A n e c e s s a r y  

p r e r e q u i s i t e  i s  t h e  e s t a b l i s h m e n t  o f  a  c r y s t a l  n e tw o rk  t o  a c t  a s  

an e f f e c t i v e  b a r r i e r  t o  f u r t h e r  c o lu m n a r  g ro w th .

D a v ie s 2 i d e n t i f i e s  two m ain  a p p ro a c h e s  a s  h a v in g  be en  a d o p te d ,  

n am ely  th e  u se  o f  p h y s i c a l  m e th o d s  I n c lu d i n g  dynam ic  r e f i n i n g  

te c h n iq u e s  in  w h ich  th e  a l l o y  i s  sr  'd i f l e d  w h i le  a p p ly in g

m e c h a n ic a l  a c t i o n ,  and  th e  c o n t r o l  o f  n u c l e a t i o n  by c o n t r o l l i n g  

th e  c a s t i n g  c o n d i t i o n s  and by  t h e  u s e  o f  i n o c u l a n t s ,

2 . 3 . 1  D ynam ic G ra in  R e f in e m e n t

V a r io u s  m e th o d s  h a v e  b e e n  u se d  to  p r o d u c e  dynam ic  f r a g m e n ta t i o n  

o f  t h e  g ro w in g  d e n d r i t e s ,  and th u s  t o  p ro m o te  e q u ia x e d  g ro w th . 

A ll  o f  t h e s e  m e th o d s  in v o lv e  some d e g re e  o f  p h y s ic a l  d i s t u r b a n c e
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and d i f f e r  o n ly  in  t h e  way t h i s  d i s t u r b a n c e  i s  p r o d u c e d . M ethods 

such  as u l t r a s o n i c  v i b r a t i o n ,  26 27 m e c h a n ic a l  v i b r a t i o n ,  28 29 

g a s  a g i t a t i o n ,  r o t a t i n g  m a g n e ti c  f i e l d s ,  28 30 m a g n e t i c - e l e c t r i c  

i n t e r a c t i o n 31-31’ and  m ould o s c i l l a t i o n 35 h av e  be en  u se d  by many 

i n v e s t i g a t o r s .  C a m p b e ll36 p r e s e n t s  a c o m p re h e n s iv e  r e v ie w  on  th e  

s u b j e c t .

In  a l l  c a s e s ,  t h e  p r i n c i p a l  m ech a n ism  f o r  p r o d u c in g  th e  n u c l e i  

f o r  t h e  e q u ia x e d  g r a i n s  i s  d e n d r i t e  f r a g m e n ta t i o n .  The e f f e c t  o f  

t h e  p h y s i c a l  d i s t u r b a n c e  i s  t o  p r o d u c e  l o c a l i s e d  th e rm a l 

f l u c t u a t i o n s  a s  t h e  l i q u i d  m e ta l  f lo w s  b a ck w ard s  and f o rw a rd s  

o v e r  t h e  g ro w in g  d e n d r i t e s .  I t  i s  t h e s e  f o r c e d  th e rm a l 

f l u c t u a t i o n s  t h a t  p ro d u c e  t h e  c o n d i t i o n s  c o n d u c iv e  t o  d e n d r i t e  

arm r e m e l t i n g .

2 , 3 . 2  The C h i l l  E f f e c t

When m o lte n  m e ta l s  c o n ta c t  t h e  c o ld  w a l l s  o f  t h e  m o u ld , o r  

c h i l l s ,  t h e  m e lt  s u p e r h e a t  i s  rem oved  and th e  l i q u i d  becom es 

l o c a l l y  s u p e r c o o le d .  The num ber o f  n u c l e a t i o n  c e n t r e s  i n c r e a s e s  

w h i le  t h e  s i z e  o f  th e  c e n t r e s  d e c r e a s e s  and  n u c l e a t i o n  o c c u r s  

e x t e n s i v e l y  in  th e  l i q u i d .  T e c h n iq u e s  su c h  a s  s p l a t - c o o l i n g ,  d i e  

c a s t i n g  and  th e  a p p l i c a t i o n  o f  c h i l l s  u t i l i s e  t h i s  a p p ro a c h  in  

o r d e r  t o  p ro m o te  c o p io u s  n u c l e a t i o n  and  a r e s u l t i n g  f i n e  g r a in

In  g e n e r a l , a  ro u g h  m ould s u r f a c e ,  a  v e r y  c o ld  m ould o r  a m ould 

t h a t  c an  a b s o rb  l a r g e  a m oun ts  o f  h e a t ,  a  low p o u r in g  te m p e r a tu r e  

and  c o n v e c t io n  c u r r e n t s  t h a t  s t i r  t h e  m e lt  a l l  f a v o u r  a f i n e ­

g r a in e d  s t r u c t u r e .  2 6 37

2 . 3 . 3  T he U se  o f  I n o c u la n t s

A s im p le  and e f f e c t i v e  way f o r  p r o d u c in g  a f i n e  g r a in e d  s t r u c t u r e  

i n  »n a l l o y  i s  t o  c a s t  w ith  a low d e g re e  o f  s u p e r h e a t  so  a s  t o  

p ro m o te  c o p io u s  h e te r o g e n e o u s  n u c l e a t io n  in  t h e  i n i t i a l l y  c l i i l l e d

    i t  -  . h



l i q u i d . 2 T h i s ,  h o w e v e r, 1s n o t a lw ay s  p o s s i b l e  in  p r a c t i s e  

e s p e c i a l l y  in  th e  c a s e  o f  c a s t i n g s  o f  v a ry in g  s e c t i o n  t h i c k n e s s  

w h ere  th e  r e q u i r e m e n ts  f o r  a d e q u a te  f l u i d i t y  may d i c t a t e  t h e  u se  

o f  l i q u i d  w ith  a h ig h  d e g re e  o f  s u p e r h e a t .  I t  i s  a l s o  a r a t h e r  

h a p h a z a rd  p r o c e s s  s i n c e  w i th o u t  t h e  d e l i b e r a t e  i n t r o d u c t i o n  o f  

n u c l e a t in g  a g e n t s ,  t h e  n u c l e a t i o n  p r o c e s s  d e p e n d s  on th e  c h a n c e  

e x i s t e n c e  o f  s u i t a b l e  h e te r o g e n e o u s  n u c l e a n t s .  F o r  t h i s  r e a s o n  

i t  i s  u s u a l t o  add i n o c u l a n t s .

E m p ir ic a l  m e th o d s  a r e  n e ed e d  in  d e te r m in i n g  th e  n u c l e a t in g  

e f f e c t i v e n e s s  o f  an i n o c u l a n t .  H ow ever, t h e  g e n e r a l  

c h a r a c t e r i s t i c s  o f  a  good r e f i n e r  c an  b e  s t a t e d 37 : low s u r f a c e  

e n e r g y  b e tw ee n  s u b s t r a t e  and m e l t ;  low I n t e r f a c i a l  e n e r g y  b e tw ee n  

s o l i d  and s u b s t r a t e  and a s  a  c o n s e q u e n c e  low  d i s r e g i s t r y  and h ig h  

c h e m ic a l  a f f i n i t y .  In  a d d i t i o n ,  s e t t l i n g  o f  t h e  i n o c u l a n t s  m ust 

be  p r e v e n te d  th r o u g h  a  m in i m is a t io n  o f  d e n s i t y  d i f f e r e n c e s  

be tw ee n  i n o c u la n t  and m e l t .  The p r e c i p i t a t i o n  o f  a  h ig h -  

te m p e r a tu r e  compound w h ich  re m a in s  s t a b l e  a t  th e  t e m p e r a tu r e  o f  

s o l i d i f i c a t i o n  a s s u r i n g  a c le a n  and r e a c t i v e  s u r f a c e  i s  a l s o  

d e s i r a b l e .  H en ce , on t h i s  s im p le  b a s i s ,  th e  p r i n c i p a l  p ro b le m  i s  

s t i l l  t o  know , o r  t o  m e a s u r e ,  t h e  w e t t i n g  a n g le  6 ,  b e tw ee n  th e  

n u c l e a t e d  s o l i d  and th e  a dded  c a t a l y t i c  s u b s t r a t e .  A ls o , t h e r e  

re m a in s  t h e  p ro b le m  o f  e v a l u a t i n g  f a c t o r s  su c h  a s  s u r f a c e  a re a  

and s u r f a c e  c h a r a c t e r  o f  t h e  n u c l e a n t  w h ich  p r e s e n t  t h e o r y  d o e s  

n o t  c o n s id e r  in  d e t a i l . 37

F u r th e r m o r e ,  t h e  g ro w th  o f  t h e  n u c le u s  r e q u i r e s  t h a t  some 

s u p e r c o o l in g  e x i s t s  in  t h e  l i q u i d .  T h is  w i l l  u s u a l l y  be 

c o n s t i t u t i o n a l  s u p e r c o o l in g  a l th o u g h  a t  t h e  b e g in n in g  o f  th e  

s o l i d i f i c a t i o n  p r o c e s s  some th e rm a l  u n d e r c o o l in g  may o c c u r . 2

One a p p ro a c h  to  th e  i n t r o d u c t i o n  o f  h e te r o g e n e o u s  n u c l e a n t s  i s  

t h e  u s e  o f  m ould  c o a t i n g s . 2 I n  t h i s  p r o c e d u r e ,  t h e  m ould w a l l s  

a r e  t r e a t e d  w ith  a w ash c o n ta in i n g  th e  n u c l e a t i n g  a g e n t ;  t h i s  

e n s u r e s  t h a t  a l l  p a r t s  o f  t h e  c a s t i n g  h av e  a c c e s s  t o  t h e  

n u c l e a n t .  N u c le a n t  m ould  c o a t i n g s  a r e  now w e l l e s t a b l i s h e d  f o r



th e  r e f i n i n g  o f  s u p e r a l l o j '  in v e s tm e n t  c a s t i n g s 30 and o f  w h ite  

i r o n  c a s t i n g s  I n te n d e d  f o r  m a l l e a b l i z i n g . 39

In th e  a re a  o f  l a d l e  i n o c u l a t i o n ,  a  t y p i c a l  e xam p le  Is  th e  

a d d i t i o n  o f  T1 and B to  a lu m in iu m . T h ese  e le m e n ts  q u ic k ly  r e a c t  

w ith  t h e  a lu m in iu m  and a p p a r e n t l y  s u i t a b l e  co m p lex es a r e  fo rm ed  

by a p e r l t e c t l c  r e a c t i o n .  H ow ever, t h i s  m echanism  i s  n o t  th e  

o n ly  one  t h a t  h a s  b e e n  p o s t u l a t e d ,  and  G la s s o n  and E m ley40 

d is c u s s e d  in  d e t a i l  th e  d i f f e r e n t  p o s s i b l e  m echan ism s t h a t  a re  

s t i l l  u n d e r  d i s c u s s i o n . D e s p i t e  t h i s  u n c e r t a i n t y  a b o u t 

d e t a i l s  o f  th e  n u c l e a t io n  m e ch a n ism s , im p ro v e m en ts  have  been  made 

in  th e  t h e o r y  in  o r d e r  t o  p r e d i c t  t h e  f i n a l  g r a in  s i z e  a s  a 

f u n c t i o n  o f  th e  d i s p e r s i o n  and d e n s i t y  o f  n u c l e a n t  p a r t i c l e s ,  a t  

l e a s t  in  th e  c a s e  o f  g r a in  r e f in e m e n t  o f  a lu m in iu m  a l l o y s . 25 1,5

In  th e  m odel c o n s id e r e d  by M axwell and H e l l a w e l l , 25 1,5 th e  

a b i l i t y  o f  a s u b s t r a t e  t o  a c t  a s  a s u r f a c e  f o r  h e te r o g e n e o u s  

n u c l e a t io n  was d e f in e d -  by th e  w e t t i n g  a n g le ,  8 ,  and c o m p a r iso n  

was made b e tw een  th e  f i n a l  g r a in  c o u n t p e r  u n i t  volum e (NVG) 

and th e  i n i t i a l  s u b s t r a t e  c o u n t  p e r  u n i t  volum e (Nvp ) .  The 

fo rm  o f  th e  c o o l in g  c u rv e s  f o r  a v a r i e t y  o f  f r e e z i n g  c o n d i t i o n s  

was com puted  anti i t  w as fo u n d  t h a t  f o r  eac h  s e t  o f  f r e e z in g  

c o n d i t i o n s  a c r i t i c a l  v a lu e  o f  Nvp e x i s t s ,  above  w h ich  an

I n c r e a s e  in  th e  I n i t i a l  s u b s t r a t e  c o u n t  p e r  u n i t  vo lum e p ro d u c e s  

n e g l i g i b l e  f u r t h e r  g r a in  r e f in e m e n t .  When th e  Ny1* i s  h ig h ,

th e  a s - c a s t  g r a in  s i z e  w i l l  be a s  f i n e  a s  is  p o s s i b l e  f o r  th e  

p a r t i c u l a r  c a s t i n g  c o n d i t i o n s .  T hey found  t h a t  a h ig h  NVG

I . e .  a sm a ll g r a in  s i z e  c o rr e s p o n d e d  to  a  d e c r e a s e  in  9 ,  an

I n c r e a s e  in  th e  c o o l in g  r a t e  and a d e c r e a s e  in  th e  n u c le a n t  r a d i i  

from  3 ,0  urn t o  0 ,3  urn. P ro b a b ly  th e  m ost I m p o r ta n t  in f o r m a tio n  

o b ta in e d  was th e  I n f l u e n c e  o f  s o l u t e  s u p e r c o o l in g  a s  I t  v a r i e s  

from  sy s te m  to  sy s te m . In e f f e c t ,  th e  g r a i n - r e f i n i n g  a c t i v i t y  o f  

a good p o t e n t i a l  c a t a l y s t  i s  p r e c lu d e d  i f  t h e  g row th  te m p e r a tu r e  

i s  n o t s i g n i f i c a n t l y  d e p re s s e d  below  th e  f r e e z in g  p o in t  o f  th e  

a l l o y .  T h is  d e p r e s s io n  c an  be c o n s id e r e d  to  be p r o p o r t i o n a l  to  a 

p e r  w a t e r  x i  e q u a l  t o  1 /2  C0 . m . (k -  1 ) ,  a  m e asu re  o f
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s o l u t e  r e j e c t i o n  in  a n y  sy s te m , In  o r d e r  to  f a c i l i t a t e  

c o m p a r iso n , F ig u re  13 r e l a t e s  th e  c o n ta c t  a n g le  0 = 4 °  and 

c o o l in g  r a t e  P = 0 ,5  K s"1 to  NvGf o r  th e  sy s te m s  A 1-T 1, A l-Z r  

and A l-C r . The f i g u r e  show s t h a t  th e  v a r i a t i o n  in  t h e  g r a in  

r e f i n i n g  a c t io n  i s  s t r o n g l y  d e p e n d e n t  on th e  s o l u t e  s u p e r c o o l in g  

w hich  v a r i e s  i n v e r s e l y  a s  x 5 . The f i g u r e  a l s o  c o n f ir m s  t h a t  th e  

c r i t i c a l  i n o c u la n t  p a r t i c l e  c o u n t p e r  u n i t  vo lum e  ( c r i t i c a l  

Nvp ) bey o n d  w h ic h  f u r t h e r  g r a i n  r e f in e m e n t  i s  n o t  a c h ie v e d ,  

i n c r e a s e s  as x t d e c r e a s e s .

An a l t e r n a t i v e  m e thod  by  w hich  g r a in  r e f in e m e n t  and c a s t  

s t r u c t u r e  m o d i f i c a t i o n  may be o b ta in e d  i s  s u s p e n s io n  c a s t i n g  

( m i c r o c h i l l i n g ) .  M i c r o c h i l l i n g ,  o r  s u s p e n s io n  c a s t i n g  a s  i t  i s  

a l s o  know n, a l s o  e x e r t s  i t s  e f f e c t s  th r o u g h  th e  p r i n c i p l e  o f  

. l u c l e a t io n  b e h a v io u r  c o n t r o l .

2 .4  M i c r o c h i l l i n g  (T h e  S u s p e n s io n  C a s t in g  P r o c e s s )

Sound c a s t i n g s  p o s s e s s in g  h ig h  s t r e n g t h  and h ig h  d u c t i l i t y  can  be 

p ro d u ce d  by ta k in g  p r e c a u t i o n s  su c h  a s  a v o id in g  o v e r - h e a t in g  o f  

th e  m e ta l ,  c o n t r o l l i n g  g a s  p ic k  up d u r in g  and a f t e r  m e l t i n g ,  

c o n t r o l l i n g  c h e m ic a l c o m p o s i t i o n ,  a d o p t in g  th e  p r o p e r  h e a t  

t r e a tm e n t  c y c le  and so  o n . In  s p i t e  o f  o b s e rv in g  a l l  t h e s e ,  

m ic r o p o r o s i ty  o c c u r s  In  c a s t i n g s  w h ich  s o l i d i f y  in  a  " p a s ty "  

m a n n e r .2 The d i s p e r s e d  m ic r o p o r o s i ty  c a u s e d  by p a s ty  

s o l i d i f i c a t i o n  c an  be  m in im ise d  by  th e  u s e  o f  c h i l l s .  C h i l l s  

e x t r a c t  h e a t  from  th e  c a s t i n g  a t  a  f a s t e r  r a t e  th a n  th e  m o u ld , 

p ro d u c in g  a s t e e p e r  te m p e r a tu r e  g r a d i e n t . 3

E x te rn a l  c h i l l s ,  h o w ev e r, have  a l im i t e d  e f f e c t  in  th e  c a s e  o f  

th i c k  c a s t i n g s .  In  such  i n s t a n c e s ,  t h e  j u d i c i o u s  l o c a t i o n  o f  

c h i l l s  i n s i d e  t h e  c a s t i n g  c o u ld  be th e  o n ly  s o l u t i o n . 3
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FIGURE 13 -  A p l o t  o f  t h e  num ber o f  g r a in s  mm- 3  (Ny®)
a g a i n s t  num ber o f  p a r t i c l e s  mm- 3  (Npy )  f o r  t h e  
sy s te m s  A l-T i (x  = 0 ,0 1 8 ) ,  A l-Z r  (x  » 0 ,1 )  and 
A l-C r  (x  = 1 , 1 ) ,  w here  x = 1 /2  (C0m ( k - 1 ) )  • a 
4 °  and  P , t h e  c o o l in g  r a t e  i s  0 ,5  K .s -1 
( H e l l a w e l lZ j )



2 .4 .1  The I n te r n a l  C h i l l

An i n t e r n a l  c h i l l  d i f f e r s  fro m  th e  c o n v e n t io n a l  c h i l l  in  t h a t  t h e  

i n t e r n a l  c h iV I  i s  s u r ro u n d e d  by  t h e  m o lte n  m e ta l  and becom es a 

p a r t  o f  t h e  c a s t i n g .  I n t e r n a l  c h i l l s  h e lp  in  e x t r a c t i n g  t h e  h e a t  

fro m  th e  s o l , i f y in g  c a s t i n g ,  p r e v e n t  f o r m a t io n  o f  s h r in k a g e  

c a v i t i e s ,  b r in g  a b o u t  r e d u c t io n  in  p o r o s i t y  and g r a in  s i z e ,  and 

p ro m o te  a m ore e x t e n s i v e  e q u ia x e d  z o n e . T h is  s u b s e q u e n t ly  

r e s u l t s  in  an i n r " se  in  c a s t i n g  y i e l d  and d e n s i t y  a s  w e l l  as

Im proved  m e c h a n ic ,. „nd w o r k a b i l i t y  p r o p e r t i e s . 3

I n t e r n a l  c h i l l s  may b e  in  t h e  fo rm  o f  w i r e s ,  r o d s ,  w i r e  mesh and

so  on o r ,  t h e y  n a y  b e  in  t h e  fo rm  o f  p ow ders  lKnown as

m i c r o c h i l l s ) .

F o r t h e  i n t e r n a l  m ic r o c h i  1 i i n g  p r o c e s s  t o  be e f f e c t i v e ,  th e  

m e l t in g  p o in t  o f  t h e  m i c r o c h i l l s  s h o u ld  b e  n e a r l y  e q u a l  t o  t h a t  

o f  th e  p a r e n t  m e ta l  and 1 h e i r  c o m p o s i t i o n  s h o u ld  b e  c o m p a tib le  

w ith  t h a t  o f  t h e  p a r e n t  m e t a l . 3

When m e ta l  p ow ders  ( m i c r o c h i l l s )  a r e  m ade u s e  o f ,  t h e s e  a r e

in t r o d u c e d  a lo n g  w i th  t h e  m o lte n  m e ta l d u r in g  p o u r in g  i n t o  t h e  

m ould c a v i t y .  A u n if o r m  d i s p e r s i o n  o f  th e  pow der i n t o  t h e  m e ta l 

s h o u ld  be a im ed  a t . 1,6 T h es e  m e t a l l i c  p a r t i c l e s  becom e num erous 

c e n t r e s  f o r  th e  e x t r a c t i o n  o f  h e a t  i . e .  t h e y  s e r v e  a s  h e a t  s i n k s  

and th e  a c t i o n  o f  t h e  c h i l l s  i s  th u s  a c c o m p l i s h e d .3 1,7 I ro n  

p o w d er, m olybdenum  pow der o r  f e r ro m a n g a n e s e  pow der c an  b e  u se d  as 

m i c r o c h i l l s  in  c a rb o n  s t e e l s  o r  a l l o y  s t e e l s ,  and  a lu m in iu m  

pow der In  a lu m in iu m -b a s e  a l l o y s .

The m ass o f  i n t e r n a l  c h i l l s  u se d  m u st be 1 t o  5 p e r c e n t  o f  t h e

m ass o f  t h e  s e c t i o n  t o  be c o o le d .  The s i z e  o f  t h e  m e t a l l i c

pow der v a r i e s  from  a few  m ic ro n s  t o  a b o u t 2mm1,5 w h e re a s  in  t h e

c a s e  o f  r o d s  o r  m e sh , t h e  mean d ia m e te r  may v a r y  d e p e n d in g  on th e

s e c t i o n  c i z e  o f  t h e  c a s t i n g .
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The m ass o f  t h e  m i c r o c h i l l  c an  b e  e s t a b l i s h e d  from  t h e  h e a t  

b a la n c e  e q u a t io n  3 1,8 :

"c ( V W  + LA " * t'L (T.-TJ) +

w h ere  t h e  s u f f i x  ‘c 1 r e f e r s  t o  t h e  c h i l l  s i d e  and 'm ' t o  th e

m e ta l s i d e .  M i s  t h e  w e ig h t  o f  m e t a l / c h i l l ,  C i s  th e  a v e r a g e

$P“ c t * - r  h e a t ,  T0 i s  t h e  te m p e r a tu r e  t o  w h ic h  th e  m e ta l m u s t be 

- o d e ? ; ,  Tc  i s  t h e  i n i t i a l  t e m p e r a tu r e  o f  t h e  c h i l l ,  L i s  t h e  

l a t e n t  h a s t ,  Tm i s  t h e  s u p e r h e a t  o f  t h e  m e ta l  and K i s  th e  

p r o p o r t i o n a l i t y  f a c t o r  w h ic h  d e fe n d s  on t h e  m e t a l ,  m ould m a te r i a l  

and s e c t i on b e in g  c h i l l e d .  T h is  e q u a t io n  a ssum es t h a t  th e  c h i l l s  

e x t r a c t  t h e  i .u p e rh t ia t  o f  t h e  l i q u i d  m e ta l  r a p i d l y  p r i o r  t o  th e  

com m encem ent o f  r a t a l  s o l i d i f i c a t i o n ,  and th e n  e x t r a c t  p a r t  o f  

t h e  l a t e n t  h e a t  d u r in g  s o l i d i f i c a t i o n .  I t  a l s o  a ssu m e s  t h a t  h e a t  

is  e x t r a c t e d  s i m u l t a n e o u s ly  f ro m  a l l  p o r t i o n s  a f f e c t e d  b y  th e  

c h i l l  in  t h e  c a s t i - 'n  a t  a  f a i r l y  u n if o r m  r a t e .

F i n a l l y -  ; t  s h o u ld  b e  n o te d  t h a t  i n t e r n a l  c h i l l s  ne ed  m ore 

p r e c a u t i o n s  lo m p ire i i  t o  e x t e r n a l  c h i l l s  i n  t h a t  c h i l l s  s h o u ld  b e  

f r e e  from  m o i s t u r e ,  r u s t ,  o x id e  l a y e r s  and so  o n . 3

2 . ,4 .2  M e th o d s o f  M i c r o c h i l l i n g

The two m ain  a p p ro a c h e s  f o r  t h e  i n t r o d u c t i o n  o f  m ic r o c h i  1 I s  a r e  :

' )  t h e  e n t r a p m e n t  o f  t h e  m i c r o c h i l l  i n t o  t h e  s tr e a m  o f  

m o lte n  m e ta l  d u r in g  p o u r in g  and

i i )  t h e  i n t r o d u c t i o n  o f  t h e  m ic r o c h i  11 t o  t h e  m ould p r i o r  t o  

p o u r in g .

V a r io u s  t e c h n iq u e s  h av e  bey .i u se d  by r e s e a r c h e r s  t o  i n t r o d u c e  

m i c r o c h i l l s  i n t o  a s tr e a m  o f  m o lte n  m e ta l d u r in g  sand  c a s t i n g  

( F ig u r e  1 4 ) .



METHOD -  2METHOD -  1

METHOD -  4METHOD -  3

FIGURE 14  -  Some T e c h n iq u e s  f o r  M i c r o c h i l l i n g  ( r e f s .  4 7 ,4 9 ,5 1 )
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In  t h e  f i r s t  m e thod  49 ( F ig u r e  1 4 a ) , t h e  m e ta l  p a s s e s  down th e

s p ru e  i n to  a  c e n t r i f u g a l  m e ta l  r e c e i v e r  w h ere  i t  p i c k s  up th e

pow der t r i c k l i n g  down a s e p a r a t e  c h a n n e l ;  t h e  s u s p e n s io n  th e n  

f lo w u  t o  th e  i n g a t e  t o  f i l l  t h e  m ould  and th e  f e e d e r .

In th e  se co n d  m e th o d 49 ( F ig u r e  1 4 b ) ,  a s  t h e  m e l t  f lo w s  down th e

s p r u e  t o  t h e  i n g a t e  and th e  m o u ld , i t  e n t r a i n s  t h e  m e ta l  pow der 

t r i c k l i n g  down a g r a p h i t e ,  c h a m o tte  o r  q u a r t z  tu b e  p la c e d  w i th in  

t h e  s p r u e .

In  b o th  c a s e s ,  up t o  10 p e r c e n t  by  m ass o f  m e ta l pow der c an  be 

in t r o d u c e d  i n t o  t h e  m o lte n  m e ta l .

M ethod 3 1,9 50 show s th e  m o s t c o n v e n ie n t  o f  th e  known m e th o d s  o f  

i n t r o d u c in g  m i c r o c h i l l s  d u r in g  th e  p r o d u c t i o n  o f  c a s t i n g s .  The 

m o st im p o r ta n t  f e a t u r e  o f  t h e  g a t in g  sy s te m  i s  t h a t  i t  im p a r ts  

b o th  fo rw a rd  and s p in n i n g  m o tio n  t o  t h e  s t r e a m  o f  m o lte n  m e ta l in  

t h e  v o r t e x  cup and s p r u e .  The s p in  th ro w s  th e  m o lte n  m e ta l  

to w a rd s  t h e  w a l l s  o f  t h e  cup  and fo rm s  an a x i a l  c a v i t y  i n to  w hich  

t h e  m e ta l pow der i s  f e d .

M ethod 4 51 a s  shown in  F i g u r e  14d i s  a v a r i a n t  o f  M ethod 1.

k \  a u to m a t ic  d e v ic e  52 f o r  in t r o d u c in g  th e  m i c r o c h i l l s  i n t o  th e  

m e ta l s t r e a m  ( F ig u r e  15) c o n s i s t s  o f  a  pow der h o p p e r  m ounted  on a 

s to p p e r e d  l a d d ie  and a d i s p e n s in g  s l i d e r  w hich  i s  c o n n e c te d  t o  

t h e  s to p p e r  ro d  by an e l a s t i c  l i n k .  When t h e  s to p p e r  i s  r a i s e d  

f o r  p o u r in g ,  t h e  s l i d e r  o p e n s  and a l lo w s  pow der t o  e n t e r  t h e  

m e ta l s t r e a m  v ia  a g r a p h i t e  s le e v e d  pow der g u id e .  The e l a s t i c  

Unit, c o m p e n sa te s  f o r  any e x c e s s  m ovem ent o f  t h e  s to p p e r  r o d .  A t 

t h e  end o f  p o u r in g ,  t h e  s to p p e r  ro d  i s  lo w e re d  and a r e t u r n  

s p r in g  p u l l s  t h e  s l i d e r  back  o v e r  t h e  a p e r t u r e  in  t h e  h o p p e r .  I t  

i s  p o s s i b l e  w ith  t h i s  d e v ic e  t o  i n t r o d u c e  up t o  6  o r  7 p e r c e n t  by 

; a s s  o f  m i c r o - c h i l l s  w i th o u t  e x te n d in g  th e  p o u r in g  t im e .



s to p p e r e d  la d d ie
e l a s t i c  l i n k

pow der h o p p e r  

/ - " ' d i s p e n s i n g

FIGURE 15 -  A p p a r a tu s  f o r  A u to m a tic  S u s p e n s io n  C a s t in g  ( P a n f e r o v 5 2 )



I n t r o d u c t io n  o f  m i c r o c h l l U n g  p a r t i c l e s  p r i o r  t o  p o u r in g  i s  

a c c o m p lish e d  by  u s e  o f  t h e  'f u l l - m o u l d '  c a s t i n g  t e c h n iq u e  53 

v i z .  t h e  p ow ders  a r e  m ixed  w i th  foam ed p o ly s t y r e n e  w e t te d  w ith  a  

b in d e r  and c o m p ac ted  in  a d i e  t o  fo rm  a p a t t e r n  w ith  pow der 

p a r t i c l e s  d i s t r i b u t e d  u n i f o r m ly  th r o u g h o u t  i t s  v o lu m e . When th e  

m o lte n  m e ta l  c o n t a c t s  t h e  p a t t e r n ,  th e  foam ed p o ly s t y r e n e  i s  

g a s i f i e d  and t h e  pow der p a r t i c l e s  re m a in  a s  s o l i d  n u c le i  

s c a t t e r e d  in  l a r g e  n u m b e rs  t h r o u g h o u t  t h e  c a s t i n g .



2 , 4 . 3  E f f e c t  o n  S t r u c t u r e  and  P r o p e r t i e s

S u s p e n s io n  c a s t i n g  h a s  a t t r a c t e d  much a t t e n t i o n  in  t h e  USSR 

e s p e c i a l l y  in  c o n n e c t io n  w i th  s a n d  c a s t i n g s  and  s t e e l  i n g o t s .  

The m i c r o s t r u c t u r e  o f  an in g o t  t o  w h ich  m i c r o c h i l l s  h av e  been 

a dded  h a s  be en  shown t o  e x h i b i t  a  d e c r e a s e  in  g r a i n  s i z e  o f  1 ,5  

t i m e s ,  a  r e d u c t io n  in  t h e  z o n e  o f  c o lu m n a r  g r a i n s  by an a v e ra g e  

o f  1 5 -2 0  p e r c e n t  and a  b r o a d e n in g  o f  t h e  zo n e  o f  e q u ia x e d  g r a in s  

in  c o m p a r iso n  to  a  s t a n d a r d  i n g o t . 54

R e s e a rc h  a l r e a d y  c a r r i e d  o u t  show s t h a t  t h e  m i c r o s t r u c t u r a l  

im p ro v e m en ts  a s  a  r e s u l t  o f  s u s p e n s io n  c a s t i n g  r e s u l t e d  in  

im p ro v e m en ts  in  t e n s i l e  s t r e n g t h ,  t r a n s v e r s e  r u p t u r e  s t r e n g t h  and 

im p a c t  s t r e n g t h  o f  c e r t a i n  c a s t  s t e e l s .

S u s p e n s io n  p o u r in g  h a s  b e e n  a d o p te d  in  s e v e r a l  USSR s h ip y a r d s  f o r  

t h e  p r o d u c t io n  o f  c a r to n  and  l o w - a l l o y  s t e e l  c a s t i n g s  w ith  a m ass 

o f  100 -  10 000  k g .1,7 P a n f e r o v  e t  a l  52 d e s c r i b e  an a u to m a t ic  

s u s p e n s io n  p o u r in g  t e c h n iq u e  in t r o d u c e d  a t  t h e  " P e t r o v "  W orks in  

V o lg o g rad  (USSR).

T h in w a l le d  and co m p lex  sh a p e d  c a s t i n g s  c a n  b e  made w i th  much 

lo w e r  s c ra p  r a t e s  (2  -  2 , 5  t im e s  l e s s  h o t  t e a r i n g  and 3 -5  tim e s  

l e s s  c h ip p in g  c o s t s ) .  V a r io u s  m a s s iv e  c a s t i n g s  w i th  w a ll 

th : c k n e s s e s  e x c e e d in g  300mm h a v e  b e e n  made w i th  r e d u c e d  p o r o s i t y  

u n d e r  t h e  f e e d e r s  and g r e a t e r  h o m o g e n e ity .47 The m ass o f  th e  

f e e d e r  h e a d s  c an  a l s o  be re d u c e d  b e c a u s e  t h e  d i r e c t i o n a l i t y  o f  

s o l i d i f i c a t i o n  i s  im p ro v e d  by  t h e  a d d i t i o n  o f  m e t a l l i c  

p a r t i c l e s . 46

F u r th e r m o re ,  s u s p e n s io n  c a s t i n g  in c r e a s e s  t h e  r a t e  o f  

s o l i d i f i c a t i o n  50 53 55 56 and h e n c e  d e c r e a s e s  t h e  t im e  a t  h ig h  

te m p e r a tu r e s  d u r in g  w h ich  r a p id  d i f f u s i o n  o c c u r s ,  th e r e b y  

im p ro v in g  th e  d i s t r i b u t i o n  o f  i m p u r i t i e s  t h r o u g h o u t  t h e  c a s t i n g .  

C o m p a ra tiv e  i n v e s t i g a ’ io n s  55 in to  th e  s o l i d i f i c a t i o n  k i n e t i c s ,  

s t r u c t u r e  and  p r o p e r t i e s  o f  c a rb o n  s t e e l  w ere  made on 8



38

t o n  i n g o t s  . p ro d u c e d  by  t h e  c o n v e n t io n a l  p r o c e s s  and w ith  th e  

a d d i t i o n  o f  1 t o  5 p e r c e n t  i r o n  p o w d er . T e m p e ra tu re  m e a su re m e n ts  

in  f o r g i n g  in g o t s  u n d e rg o in g  s o l i d i f i c a t i o n  show ed t h a t  t h e  i r o n  

p a r t i c l e s  s u b s t a n t i a l l y  a c c e l e r a t e  m e l t  s o l i d i f i c a t i o n ,  

p a r t i c u l a r l y  in  t h e  v e r t i c a l  d i r e c t i o n  a s  can  b e  s e e n  in  F ig u re  

16 .

The d i s t r i b u t i o n  o f  s e g r e g a t i o n a l  h e t e r o g e n e i t y  in  e x p e r im e n ta l  

and  r e f e r e n c e  i n g o t s  s tu d i e d  w i th  t h e  a id  o f  s u lp h u r  p r i n t s  o f  

l o n g i t u d i n a l  c o u p o n s o b ta in e d  fro m  th e  8 to n  in g o t s  i s  shown in  

F ig u re  17 .

T he r e s u l t s  o f  t h e s e  .m s55 show  t h a t  t h e  a d d i t i o n  o f

i r o n  pow der d u r in g  p c ^  s t e e l  s u b s t a n t i a l l y  r e d u c e s  th e

s i z e  o f  t h e  c e n t r a l  and  non c e n t r a l  s e g r e g a t io n  z o n e s ,  e l i m i n a t e s  

s h r in k a g e  p o r o s i t y ,  s l i g h t l y  d e c r e a s e s  t h e  s i z e  o f  s h r in k a g e  p ip e  

and p ro m o te s  a m ore  f a v o u r a b l e  d i s t r i b u t i o n  o f  s e g r e g a t in g  

e le m e n ts  o v e r  t h e  in g o t  c r o s s - s e c t i o n .

R yz h ik o v  and  M ik ry u k o v 49 c o n d u c te d  e x p e r im e n ts  on s t e e l  35L 

w i th  a d d i t i o n s  o f  0,1mm i r o n  pow der p a r t i c l e s .  T hey  fo u n d  t h a t  

w i th  2 p e r c e n t  a d d ed  p o w d er , t h e  d e n s i t y  I n c r e a s e d  and th e  

s h r in k a g e  d e f e c t  v o lum es d e c r e a s e d  when com pared  to  s t e e l  c a s t  

w i th o u t  p o w d er . T hey a l s o  fo u n d  t h a t  t h e  h o t  t e a r i n g  te n d e n c y  o f  

s t e e l  was re d u c e d  s i g n i f i c a n t l y  by th e  a d d i t i o n  o f  p o w d er.

T he e f f e c t  o f  m i c r o c h i l l s  on th e  s t r u c t u r e  and p r o p e r t i e s  o f  G13L 

(GOST s t a n d a r d  2 1 7 6 -5 7  f o r  a u s t e n i t i c  s t e e l  c a s t i n g s )  was 

i n v e s t i g a t e d 49 by  c o m p a rin g  an in g o t  c a s t  w i th o u t  m i c r o c h i l l s  and 

an in g o t  c a s t  w ith  a 2 p e r c e n t  a d d i t i o n  o f  f e r ro m a n a g a n e s e  

p o w d er. Thz pow der was in t r o d u c e d  by  m e thod  1 ( F ig u r e  14a ) a t  a 

p o u r in g  te m p e r a tu r e  o f  1480 ° C .  The c a s t i n g s  made w i th  pow der 

e x h i b i t e d  a t r a n s v e r s e  r u p t u r e  s t r e n g t h  o f  10 k g . mm-2  w ith  4,5mm 

d e f l e c t i o n  com pared  to  4 ,5  kg . mm-2  and 1,5mm r e s p e c t i v e l y  in  th e  

a b s e n c e  o f  p o w d er. The f e r ro m a n g a n e s e  pow der was fo u n d  to  

p ro d u c e  a much f i n e r  g r a in  s t r u c t u r e  and to  s u p p r e s s  t h e  e x t e n t  

o f  t h e  c o lu m n a r  z o n e .
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FIGURE 16 -  S o l i d i f i c a t i o n  K i n e t i c s  o f  M ic r o c h i l l e d  l a )  and 
C o n v e n t io n a l ly  C a s t  ( b )  I n g o ts  ( Z a tu lo v s k n  )



FIGURE 17  -  D ia g ra m m a tic  R e p r e s e n ta t i o n  o f  M a c r o s t r u c t u r a l
H e t e r o g e n e i ty  o f  M ic r o c h i l1 e d _ ( a )  anci C o n v e n t io n a l ly  
C a s t  ( b )  I n g o t s  ( Z a t u l o v s k i l 5 5 )
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FIGURE 17  -  D ia g ra m m a tic  R e p r e s e n t a t i o n  o f  M a c r o s t r u c t u r a l
H e t e r o g e n e i ty  o f  M ic r o c h i l l e d  ( a )  and C o n v e n t io n a l ly  
C a s t  ( b )  I n g o ts  ( Z a t u l o v s k i i 5 5 )



C hem ical a n a ly s e s  on s a m p le s  f ro m  d i f f e r s  ' p a r t s  o f  t h e  c a s t i n g  

c r o s s - s e c t i o n  c o n f ir m e d  t h a t  t h e  f e r ro m a n g a n e s e  pow der was 

u n i f o r m ly  d i s t r i b u t e d  and  th e  C and Mn c o n te n t s  r e m a in e d  w i th in  

s p e c i f i c a t i o n .

U sin g  m ethod  2 ( F ig u r e  1 4 b ) ,  t h e  i n t e r n a l  m ic r o c h i l l  t e c h n iq u e  

w as d e v e lo p e d  f u r t h e r  by R y z h lk o v  and M ik ry u k o v 43 a s  a  m eans o f  

l a t e  a l l o y i n g  w ith  p ow ders  i n t r o d u c e d  d i r e c t l y  i n to  t h e  g a t i n g  

s y s te m  a s  t h e  m ould w as p o u r e d . A 0 ,4  p e r c e n t  C s t e e l  d ie b lo c k  

was c a s t  in  w h ich  1 p e r c e n t  by m ass o f  0,1mm Mo pow der was 

i n t r o d u c e d  a s  a  pow der i n  • t h e  m e ta l  s t r e a m ,  w h i le  a n o th e r  

d ie b lo c k  was c a s t  w ith  t h e  Mo in  t h e  c h a r g e .  The c o n v e n t io n a l  

c a s t i n g  was fo u n d  t o  h a v e  a p ro n o u n c e d  c o lu m n a r  d e n d r i t i c  

s t r u c t u r e ,  w hereas, l a t e  a l l o y i n g  w i th  Mo pow der p ro d u c e d  a f i n e r  

e q u ia x e d  d e n d r i t i c  s t r u c t u r e .  The Mo pow der h e n c e  c l e a r l y  

in f lu e n c e d  th e  c r y s t a l l i s a t i o n  b e h a v io u r  a s  w e l l  a s  t h e  p r im a ry  

s t r u c t u r e .  The mean r e s u l t s  o f  t h e  m e c h a n ic a l  t e s t s  a r e  r e c o rd e d  

in  T a b le  I . * 9

TABLE I  -  R e s u l t s  o f  M e c h a n ic a l T e s t s  on  C o n v e n tio n a l  and 

M ic r o c h i n e d  S t e e l  C a s t in g s

C a s t in g s
P ro o f
S t r e s s
(MPa)

T e n s i l e
S t r e n g th

(MPa)

E lo n g a t io n
( P e r c e n t )

Im p ac t
V alue

( J )

C o n v e n tio n a l 333 657 7 7 ,8

W ith Mo Pow der added 588 785 21 2 3 ,5

U sin g  t h e  f u l l - m o u ld  c a s t i n g  t e c h n i q u e ,  Iv an o v  e t  a l  53 

I n v e s t i g a t e d  th e  i n f l u e n c e  o f  m i c r o c h i l l  a d d i t i o n s  on th e  

m e c h a n ic a l  p r o p e r t i e s ,  s o l i d i f i c a t i o n  t im e ,  m a c r o s t r u c t u r e  and 

d e n s i t y  o f  s t e e l  30L in  t h e  fo rm  o f  210mm s q u a re  s l a b s  o f  

t h i c k n e s s  4 0 ,  2 5 ,  15 and 8mm. S o l i d i f i c a t i o n  t im e  d e t e r m in a t io n s
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w ere  made on s l a b s  w i th  1 -4  p e r c e n t  o f  i r o n  pow der in  t h e  p a t t e r n  

and com pared  w i th  t h a t  f o r  a c o n v e n t io n a l  foam ed  p o ly s t y r e n e  

p a t t e r n .  The r e l a t i o n s h i p s  b e tw ee n  th e  s o l i d i f i c a t i o n  t im e  and 

m ic r o c h i l l  c o n te n t  w ere  f o u n d  to  be  n e a r l y  l i n e a r .  The 

m i c r o c h i l l s  w ere  fo u n d  to  b e  m ore  e f f e c t i v e  w ith  t h e  t h i c k e r  

c a s t i n g s  -  t h e  s o l i d i f i c a t i o n  t im e  b e in g  s h o r te n e d  by a b o u t  33 

p e r c e n t  w i th  3 p e r c e n t  o f  i r o n  p o w d er , w h i le  a t  4  p e r c e n t  i r o n  

pow der s o l i d i f i c a t i o n  t im e  was h a l v e d .  M e c h a n ic a l t e s t i n g  show ed 

t h a t  im p a c t v a lu e s  f o r  s l a b s  25 and 40mm t h i c k  in c r e a s e d  w ith

m ic r o c h i l l  a d d i t i o n s  up t o  2 - 2 ,5  p e r c e n t  f o l lo w e d  by a  d e c r e a s e .

The e f f e c t s  on t e n s i l e  s t r e n g t h  w ere  t h e  same f o r  a l l

t h i c k n e s s e s ,  w i th  m a jo r  im p ro v e m en ts  in  m a t e r i a l  c o n ta in i n g  up t o

2 ,5  p e r c e n t  o f  i r o n  pow der and  l i t t l e  f u r t h e r  r e s p o n s e  f o r  

m a t e r i a l  c o n ta in i n g  up t o  5 p e r c e n t ;  h ig h e r  p r o o f  s t r e s s  v a lu e s  

w ere  o b t a in e e  w ith  up t o  3  p e r c e n t  m lc r o c h iU  a d d i t i o n s  f o l lo w e d  

by  a d e c r e a s e  in  p r o o f  s t r e s s  w i th  f u r t h e r  a d d i t i o n s  o f  p o w d er. 

T hus t h e  i n t r o d u c t i o n  o f  2 - 3  p e r c e n t  o f  m i c r o c h i l l s  g av e  th e  

optim um  c o m b in a t io n  o f  to u g h n e s s ,  s t r e n g t h  and d u c t i l i t y .  The 

m ic r o s t r u c t u r e  was e f f e c t i v e l y  g r a in  r e f i n e d  w ith  t h e  s e d i t i o n  

o f  1 p e r c e n t  o f  i r o n  pow der and  c o n t in u e d  t o  im p ro v e  up t o  2 -3  

p e r c e n t  w i th  no v i s i b l e  s i g n s  o f  p o r o s i t y .  The sp e c im e n s

c o n ta in i n g  5 p e r c e n t  a d d i t i o n  o f  i r o n  pow der had  a f i n e  b u t  

p o ro u s  s t r u c t u r e ;  th e  few  s p e c im e n s  s u c c e s s f u l l y  made w i th  7 

p e r c e n t  o f  i r o n  pow der by  p o u r in g  a t  h ig h e r  te m p e r a tu r e s  w ere  

a f f e c t e d  by b lo w h o le s  and  s h r in k a g e  d e f e c t s .

The e x t r a c t i o n  sp e ed  o f  c o n t in u o u s  c a s t  s t r a n d s  h a s  been  show n 55 

to  I n c r e a s e  by  30 to  50 p e r c e n t  com pared  t o  c o n v e n t io n a l  c a s t i n g  

te c h n iq u e s .

The e f f e c t  o f  m i c r o c h i l l  a d d i t i o n s  d e s c r ib e d  above  a r e  p u r e ly  

th e r m o p h y s ic a l .  S u s p e n s io n  t r e a tm e n t s  c an  be made s t i l l  m ore 

e f f e c t i v e  by su p e r im p o s in g  p h y s ic o - c h e m ic a l  r e a c t i o n s  b e tw ee n  th e  

m ic r o c h i i l  and th e  o r i g i n a l  m e l t .  R yz h ik o v  e t  a l  1,7 h av e  shown 

t h a t  n u c l e a t in g  p a r t i c l e s  can  b e  g e n e r a te d  in  t h e  m e l t ,  'n  th e  

fo rm  o f  s t a b l e  c o m p lex e s  c o n ta in i n g  n i t r i d e s ,  c a r b id e s  and 

r e f r a c t o r y  o x id e s .



Com plex m i c r o c h i n s  may c o n ta in  tw o o r  m ore  co m p o n en ts  w h ic h  can  

b e  c l a s s i f i e d  a s  e i t h e r  a c t i v e  o r  s t a b i l i s i n g .  A c t iv e  com p o n en ts  

may h av e  a  v a r i e t y  o f  f u n c t i o n s ,  in c lu d in g  n o t a b l y  th e  f o rm a t io n  

o f  s t a b l e  n u c l e i ,  a l l o y i n g  th e  o r i g i n a l  m e ta l ( w i th  V, T i ,  Mo, 

Mn, Cr» N1) and d e o x id a t i o n  in  t h e  m ould  (Mq, A l ,  T i ,  V, M n). 

Some com p o n en ts  may h a v e  tw o o r  m ore f u n c t i o n s .  S t a b i l i s i n g  

c om ponen ts  have  a  c o m p o s i t i o n  s i m i l a r  t o  t h a t  o f  th e  o r i g i n a l  

m e l t  and s im p ly  lo w e r  t h e  o v e r a l l  s u r p l u s  h e a t  c o n te n t  o f  th e  

m e ta l ,  th e r e b y  r e f i n i n g  th e  f i n a l  s t r u c t u r e  a n d  s t a b i l i s i n g  th e  

e f f e c t s  p ro d u c e d  by  th e  a c t i v e  c o m p o n e n ts .

R yz h ik o v  e t  a l * '’ wer% a b le  t o  m o d ify  t h e  m ic r o s t r u c t u r e  o f  a  0 ,2 5  

-  0 ,3 5  p e r c e n t  C s t e e l  w i th  t h e  a d d i t i o n  o f  Fe pow der a s  a  

s t a b i l i s i n g  a g e n t  and  coctmon f e r r o - a l l o y s  a s  a c t i v e  c o m p o n e n ts . 

I t  was f o u n d  t h a t  a d d i t i o n s  o f  l e s s  th a n  1 ,5  p e r c e n t  i r o n  pow der 

h a d  no s i g n i f i c a n t  e f f e c t  on tf ie  m i c r o s t r u c t u r e  o f  t h e  s t e e l  

w h ic h  c o n s i s t e d  o f  p e a r l i t e  and  f e r r i t e .  M ix tu re s  o f  i r o n  pow der 

and  f e r ro c h ro m iu m  i n c r e a s e  t h e  t e r . - i t c  c o n t e n t .  M ix tu re s  o f  

i r o n  pow der and fe r ro m o ly b d e n u m  a l t e r e d  th e  p e a r l i t e  c o n te n t  and 

d i s t r i b u t i o n  w h i le  m ix t u r e s  o f  f e r ro m a n g a n e s e  and  fe rro m o ly b d en u m  

l o c a l i s e d  th e  p e a r l i t e  and f e r r i t e  d i s t r i b u t i o n s  i n  th e  

n r c r o s t r u c t u r e .  The m o st p ro n o u n c e d  s t r u c t u r a l  e f f e c t s  w ere  

p ro d u c e d  by  m ix tu re s  o f  i r o n  pow der and f e r ro v a n a d iu m ;  t h e  

vanad ium  h a rd e n e d  th e  f e r r i t e  fro m  HV 115 t o  160 and a l s o  

s u p p r e s s e d  a u s t e n i t e  g r a in  g r o w th , t h e r e b y  p r o d u c in g  a much f i n e r  

f e r r i t e - c e m e n t l t e  e u t e c t o i d .

T he above  w ork h a s  m a in ly  be en  c a r r i e d  o u t  in  t h e  USSR. 

R e c e n t ly ,  S e n t a r l i  e t  a l lf6 47 h a v e  s u c c e s s f u l l y  u se d  th e  

s u s p e n s io n  c a s t i n g  p r o c e s s  t o  p r o d u c e  s a n d  c a s t i n g s  in  h ig h  

chrom ium  w h i te  c a s t  i r o n  w ith  a m i c r o s t r u c t u r e  c o n s i s t i n g  o f  

r e f i n e d  and e q u ia x e d  d e n d r i t e s .  T hey  fo u n d  th e  m e c h a n ic a l 

p r o p e r t i e s  o f  t h e  m ic r o c h i l l e d  m a t e r i a l ,  a s  d e te r m in e d  by 

c o m p re s s io n  t e s t s ,  to  be i s o t r o p i c  in  k e e p in g  w ith  t h e  r  mdorn 

o r i e n t a t i o n  o f  m i c r o c o n s t i t u e n t s  in  th e  m a t e r i a l .
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H en ce, t o  su m m arise  : The p r a c t i c a l  e v id e n c e  on s u s p e n s io n  

p o u r in g  d e m o n s t r a te s  t h a t  i t  h a s  a  w id e  s c o p e  and u n iq u e  

p o t e n t i a l  f o r  e f f e c t i v e l y  r e g u l a t i n g  t h e  s o l i d i f i c a t i o n  b e h a v io u r  

o f  t h e  s t e e l  d i r e c t l y  i n s i d e  t h e  m o u ld . I t  i s  p a r t i c u l a r l y  

p ro m is in g  f o r  t h e  p r o d u c t i o n  o f  a l l o y  s t e e l  c a s t i n g s  in  s p e c i a l  

p u rp o se  s t e e l s .
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2.5 Composition o f  Some A ustem 'tic  S ta in less  S teels

As m ost s t a i n l e s s  s t e e l s  w h ich  g iv e  p ro b le m s d u r in g  h o t  w o rk in g  

ha v e  a u s t e n i t e  a s  t h e i r  m a jo r  p h a s e ,  i t  i s  p e r t i n e n t  t o  r e v ie w  

th e  a u s t e n i t i c  s t a i n l e s s  s t e e l s  a s  a  g e n e r a l  c l a s s  w ith  r e s p e c t  

to  t h e i r  d e v e lo p m e n t,  c o m p o s i t i o n  and u s a g e .  A m ore c o m p le te  

d i s c u s s io n  o f  d i f f e r e n t  ty p e s  o f  s t a i n l e s s  s t e e l s  h a s  be en  g iv e n  

by  P i c k e r i n g 58 a n d  P e c k n e r  and  B e r n s t e i n , 59 T he c o r r o s i o n  

r e s i s t a n c e  o f  s t a i n l e s s  s t e e l s  in  v a r io u s  e n v iro n m e n ts  i s  c o v e re d  

•n  r e v ie w s  su c h  a s  t h a t  by  S e d r i k s . 60

T y p ic a l  a n a ly s e s  61 o f  some a u s t e n i t i c  s t a i n l e s s  s t e e l s  a r e  g iv e n  

in  T a b le  I I .  The common A IS I 304 s t e e l  i s  s t i l l  th e  m ost u se d  

s t a i n l e s s  s t e e l  b u t  f o r  a p p l i c a t i o n s  in  m ore  a g g r e s s iv e  

e n v iro n m e n ts  a  num ber o f  o t h e r  s t e e l s  h av e  been  d e v e lo p e d .  In  

A IS I 3 1 6 , an a d d i t i o n  o f  2  p e r c e n t  Mo i s  made t o  im p ro v e  

r e s i s t a n c e  t o  p i t t i n g  and  g e n e r a l  c o r r o s io n  ( s e e  F ig u re  1 8 ) .  

M olybdenum i s  a  s t r o n g  f e r r i t e  s t a b i l i s e r  and h e n c e ,  in  o r d e r  t o  

ke ep  th e  s t e e l  a u s t e n i t i c ,  t h e  e f f e c t  h a s  t o  be c o m p en sa te d  f o r  

by  an in c r e a s e d  Ni e q u i v a l e n t . 51

In  some ev en  m ore  a g g r e s s i v e  e n v i ro n m e n ts ,  e . g .  in  t h e  c h e m ic a l 

i n d u s t r y ,  a d d i t i o n s  o f  3  t o  4  p e r c e n t  Mo m ig h t be n e c e s s a r y  f o r  

good p e r f o rm a n c e ,  and A IS I 317 h a s  been  d e v e lo p e d  f o r  such  

p u r p o s e s  f o l lo w in g  th e  same t r e n d  a s  A IS I 3 1 6 .61

In A ISI 3 0 4 , 316 and 317 s t e e l s  s u b je c t e d  to  w e ld in g ,  t h e r e  i s  a 

r i s k  o f  c a r b id e  p r e c i p i t a t i o n  a lo n g  g r a in  b o u n d a r ie s  in  t h e  h e a t -  

a f f e c t e d  zone  (HAZ) c a u s in g  i n t e r g r a n u l a r  c o r r o s io n  in  c e r t a i n  

e n v iro n m e n ts .  T h e r e f o r e  t h e  lo w -c a rb o n  v a r i a n t s  304L , 316L , and 

3171 a re  n o r m a l ly  u se d  in  a p p l i c a t i o n s  r e q u i r i n g  w e ld in g .  In  

s t e e l s  A ISI 321 and 3 4 7 , t h e  c a rb o n  I s  t i e d  up by a d d in g  Ti and 

N b-T a, r e s p e c t i v e l y ,  and t h e s e  c o n s t i t u t e  a l t e r n a t i v e  a l l o y s  

e s p e c i a l l y  s u i t a b l e  f o r  s e r v i c e  a t  e l e v a t e d  t e m p e r a t u r e s . 61



2.5 Composition o f  Some f lu s te n it lc  S ta in less  Steels

As m ost s t a i n l e s s  s t e e l s  w h ich  g iv e  p ro b le m s  d u r in g  h o t  w o rk in g  

h a v e  a u s t e n i t e  a s  t h e i r  m a jo r  p h a s e ,  i t  i s  p e r t i n e n t  t o  r e v ie .v  

th e  a u s t e n i t i c  s t a i n l e s s  s t e e l s  a s  a g e n e r a l  c l a s s  w ith  r e s p e c t  

t o  t h e i r  d e v e lo p m e n t,  c o m p o s i t i o n  and u s a g e .  A m ore c o m p le te  

d is c u s s io n  o f  d i f f e r e n t  ty p e s  o f  s t a i n l e s s  s t e e l s  h a s  been  g iv e n  

b y  P i c k e r i n g 58 and  P e c k n e r  and B e r n s t e i n . 59 The c o r r o s io n  

r e s i s t a n c e  o f  s t a i n l e s s  s t e e l s  in  v a r io u s  e n v iro n m e n ts  i s  c o v e re d  

in  r e v ie w s  su c h  a s  t h a t  by  S e d r i k s . 60

T y p ic a l  a n a ly s e s  61 o f  som e a u s t e n i t i c  s t a i n l e s s  s t e e l s  a r e  g iv e n  

in  T a b le  I I .  The common A IS I 304 s t e e l  i s  s t i l l  th e  m ost u se d  

s t a i n l e s s  s t e e l  b u t  f o r  a p p l i c a t i o n s  in  m ore  a g g r e s s iv e  

e n v iro n m e n ts  a num ber o f  o t h e r  s t e e l s  h av e  be en  d e v e lo p e d .  In  

A IS I 3 1 6 , an a d d i t i o n  o f  2 p e r c e n t  Mo i s  made to  im p ro v e  

r e s i s t a n c e  t o  p i t t i n g  and g e n e r a l  c o r r o s i o n  ( s e e  F ig u re  1 8 ) .  

M olybdenum i s  a  s t r o n g  f e r r i t e  s t a b i l i s e r  and h e n c e ,  in  o r d e r  to  

k e e p  th e  s t e e l  a u s t e n i t i c ,  th e  e f f e c t  h a s  t o  be c o m p en sa te d  f o r  

by  an in c r e a s e d  Ni e q u i v a l e n t . 61

In  some ev en  m ore a g g r e s s iv e  e n v i r o n m e n ts ,  e . g .  in  th e  c h e m ic a l

in d u s t r y ,  a d d i t i o n s  o f  3 to  4  p e r c e n t  Mo m ig h t be n e c e s s a r y  f o r  

good p e r f o rm a n c e ,  and A IS I 317 h a s  been  d e v e lo p e d  f o r  su c h  

p u r p o s e s  f o l lo w in g  th e  same t r e n d  a s  A IS I 3 1 6 .61

In  A ISI 3 0 4 , 316 and 317 s t e e l s  s u b je c t e d  to  w e ld in g ,  t h e r e  i s  a 

r i s k  o f  c a r b id e  p r e c i p i t a t i o n  a lo n g  g r a in  b o u n d a r ie s  in  t h e  h e a t -  

a f f e c t e d  zone (HA2) c a u s in g  i n t e r g r a n u l a r  c o r r o s io n  In c e r t a i n

e n v iro n m e n ts .  T h e r e f o r e  t h e  low - c a rb o n  v a r i a n t s  304L , 316L , and

3171 a r e  n o r m a l ly  u se d  in  a p p l i c a t i o n s  r e q u i r i n g  w e ld in g .  In  

s t e e l s  A ISI 321 and 3 4 7 , t h e  c a r b o n  i s  t i e d  up by a d d in g  Ti and 

N b-T a , r e s p e c t i v e l y ,  and t h e s e  c o n s t i t u t e  a l t e r n a t i v e  a l l o y s  

e s p e c i a l l y  s u i t a b l e  f o r  s e r v i c e  a t  e l e v a t e d  t e m p e r a t u r e s . 51



TABLE I I  -  Typ ica l Compositions o f  Some A u s te n itic  S ta in less
S te e ls , Mass -  %

A ISI C max. Si max. Mn max. Cr Mo Ni O th e rs
S te e l

304 0 .0 8 1 2 1 8 -2 0 8 - 1 0 ,5
3041 0,03 1 2 1 8 -2 0 8 -1 2
304N 0 ,0 8 1 2 1 8 -2 0 8 - 1 0 ,5 O .l-C U SK N
310 0 ,2 5 1 ,5 2 4 -2 6 1 9 -2 2
316 0 ,0 8 1 6 -1 8 2 -3 1 0 -1 4
316L 0 ,0 3 1 1 6 -1 8 2 -3 1 0 -1 4
316N 0 ,0 8 1 2 2 -3 1 0 -1 4 o .i-o iie x N
317 0 ,0 8 1 2 3 -4 1 1 -15
3171 0 ,0 3 1 2 1 8 -2 0 3 -4 1 1 -1 5
321 0 ,0 8 1 2 1 7 -1 9 9 -1 2

(1 0 x K * * l» b + T a )347 0 ,0 8 1 2 1 7 -1 9 9 -1 3



a d d  N b+ T a

b e t t e r  o x i d a t i o n

h i g h e r  s t r e n g t h

3 0 4 L

a d d  Mo

.a d d  N

a d d  Mo

3 0 4

3 1 6

3 1 7

304N

3 1 0

H 6N

31 7 L317N

3 4 7

h i g h e r  s t r e n g t h

a d d i t i o n  o f

r e s i s t a n c e  t  
p i t t i n g  a n d  
g e n e r a l

b e t t e r  r e s i s t a n c e  
t o  i n t e r g r a n u l a r  
c o r r o s io n

FIGURE 18  -  Some c o m p o s i t i o n a l  M o d i f i c a t i o n s  o f  18C r-8N i
a u s t e n i t i c  s t a i n l e s s  s t e e l s  t o  im p ro v e  c e r t a i n  
p r o p e r t i e s ,  n o t a t i o n s  r e f e r  t o  A ISI c o d e  sy s te m  
(A h lb lo m 6 1 )
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a d d  N b+ T a
3 4 7

b e t t e r  o x i d a t i o n a d d  T i

3 2 1
h i g h e r  s t r e n g t h

a d d  N

a d d  Mo

a d d  Mo

a d d  N

3 1 6

3 0 4

3 1 7

3 1 0

316N

317N 31 7 L

3 1 6 1

a d d i t i o n  o f  Mo 
f o r  b e t t e r  
r e s i s t a n c e  t o  
p i t t i n g  a n d

c o r r o s i o n

h i g h e r  s t r e n g t h b e t t e r  r e s i s t a n c e  
t o  i n t e r g r a n u l a r  
c o r r o s io n

• Soma c o m p o s i t i o n a l  M o d i f i c a t i o n s  o f  l8C r-8N 1 
a u s t e n i t i c  s t a i n l e s s  s t e e l s  t o  im p ro v e  c e r t a i n  
p r o p e r t i e s ,  n o t a t i o n s  r e f e r  t o  A IS I c o d e  sy s te m  
(A h lb lo m 6 1 )
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S t e e l s  M S I  304N and 316N r e p r e s e n t  a n o th e r  c a t e g o r y  o f  

a u s t e n i t i c  s t a i n l e s s  s t e e l s  t h a t  m eet t h e  r e q u i r e m e n ts  f o r  h ig h e r  

s t r e n g t h  by m eans o f  a l l o y i n g  w i th  N. The s t r o n g  e f f e c t  o f  N in  

s t a b i l i s i n g  th e  a u s t e n l t e  i s  a l s o  u se d  in  some a p p l i c a t i o n s  w h ere  

t h e  p r e s e n c e  o f  v e r y  s m a ll  a m o u n ts  o f  6 - f e r r i t e  m ig h t  be 

d e t r i m e n t a l . 61

A d d i t io n s  o f  Cr and Ni a r e  a l s o  u se d  t o  i n c r e a s e  s t r e n g t h ,  

e s p e c i a l l y  a t  h ig h  te m p e r a tu r e s  a s  in  A IS I 3 1 0 . T h is  s t e e l  a l s o  

show s b e t t e r  o x i d a t i o n  r e s i s t a n c e  th a n  th e  s t e e l s  m e n tio n e d  so 

f a r .  S t e e l  A IS I 310 a s  w e l i  a s  t h e  N c o n ta in i n g  v a r i a n t s ,  a l l  

s o l i d i f y  m ore o r  l e s s  c o m p le t e ly  t o  a u s t e n l t e ,  w hich  c o n t r i b u t e s  

t o  p ro b le m s  d u r in g  h o t  w o r k in g .61

2 .6  H ot W o r k a b i l i t y

H ot w o r k a b i l i t y  r e f e r s  to  t h e  a b i l i t y  o f  a  m a t e r i a l  t o  d e fo rm  a t  

e l e v a t e d  te m p e r a tu r e s  and  u n d e r  s p e c i f i c  c o n d i t i o n s  w i th o u t  

c r a c k i n g .  I t  h a s  be en  d e f in e d  6 I - 63 by  th e  r e l a t i o n s h i p  :

H ot W o r k a b i l i t y  = f ;  ( m a t e r i a l )  x  f 2 ( p r o c e s s )

w h ere  f ,  i s  a  f u n c t i o n  o f  t h e  b a s i c  d u c t i l i t y  o f  th e  m a te r i a l  and 

f 2 i s  a f u n c t i o n  o f  t h e  s t r e s s  and  s t r a i n  s y s te m s  im posed  by th e  

d e fo r m a tio n  p r o c e s s .

The p re d o m in a n t m a te r i a l  p a ra m e te r s  i n f l u e n c i n g  h o t  w o r k a b i l i t y

1 . The c o m p o s i t io n  and m ic r o s t r u c t u r e  o f  th e  m a te r i a l

2 .  R e c o v e ry  and r e c r y s t a l l i s a t i o n  c h a r a c t -  ’- 5

' 3 .  Second  p h a s e  p a r t i c l e s ,  and

G ra in  s i z e
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The f a c t o r  f 2 1s d e p e n d e n t  on t h e  f o l l o w in g  :

1 . T e s t  t e m p e r a tu r e

2 . S t r a i n  r a t e

3 . E n v iro n m e n ta l  f a c t o r s ,  and

4 .  C h o ic e  o f  h o t  w o rk in g  p r o c e s s ,  m a ch in e  and  d e s ig n  o f

w o rk .

2 . 6 . 1  M a te r i a l  V a r i a b l e s  A f f e c t i n g  H ot W o r k a b i l i t y  ( F I )

2 . 6 . 1 . 1  C o m p o s itio n  and  S t r u c t u r e

The e f f e c t  o f  an e le m e n t  on th e  p r o p e r t i e s  o f  an a l l o y  d e p e n d s  on 

i t s  c o n c e n t r a t i o n ,  i t s  a to m ic  r a d i u s ,  t h e  o th e r  e le m e n ts  p r e s e n t  

In  th e  a l l o y  and g e n e r a l l y  i t s  p o s i t i o n  in  t h e  p e r i o d i c  t a b l e  o f  

e le m e n ts .  In  g e n e r a l ,  t h e  h o t  d u c t i l i t y  o f  an a l l o y  w i l l  

d e c r e a s e  a s  th e  e x t e n t  o f  a l l o y i n g  i s  i n c r e a s e d . 611

The in f lu e n c e  o f  c o m p o s i t i o n  on th e  m i c r o - s t r u c t u r e  o f  s t a i n l e s s  

s t e e l 65 may be d e te r m in e d  fro m  t h e  ^ ; n a e f f l e r  d ia g ra m  m o d if ie d  by 

S c h n e id e r  ( F ig u r e  1 9 ) .  T h is  f  ig u r e  t - o w s  th e  s t r u c t u r e s  t h a t  

fo rm  upon r a p id  c o o l in g  fro m  1050  ° C  t o  room t e m p e r a tu r e .  The 

n i c k e l  and chrom ium  e q u i v a l e n t  v a lu e s  a r e  g iv e n  by th e  e q u a t io n s :

% N1 e q u i v a l e n t  = 2N1 + % Co + 30 (%C) + 25 (XN) +

0 ,5  ( % M n )  + 0 , 3  (SCu)

% Cr e q u i v a l e n t  = ?6 Cr + 2 (%S1) + 1 ,5  (XMo) + 5 (XV)

+ 5 ,5  (XA1) + 1 ,7 5  (XCb) + 1 ,5  (%T1)

+ 0 ,7 5  (XH)

„  ' j f c  - v .  6 # *  . . t t o
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FIGURE 19 -  S c h a e f f l e r  D ia g ra m  w i th  M o d i f i c a t i o n s  b y  S c h n e id e r  

( P i c k e r i n g 5 8 )

The ASTM 16 7 -7 5  s p e c i f i c a t i o n  f o r  s t a i n l e s 1: i t e e l  ty p e  A ISI 310 

1 s  a s  f o l lo w s  :

C max. Mn max. S i max. > Ni

0 ,2 5 2 ,0 0 0 ,0 4 5 0 ,0 3 0 1 ,5 2 4 ,0 0 - 2 6 ,0 0 1 9 ,0 0 - 2 2 ,0 0

H en ce, t h e  % Ni e q u i v a l e n t  and % Cr e q u i v a l e n t  a r e  2 8 ,5  and 2 8 ,0  

r e s p e c t i v e l y .  U s in g  th e  S c h a e f f l e r  d ia g ra m  a f u l l y  a u s t e n i t i c  

s t r u c t u r e  i s  p r e d i c t e d  f o r  t y p e  310 a t  room te m p e r a tu r e .
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F u r th e r m o re ,  fro m  s o l i d u s  and l i q u i d u s  d a t a 65 ( F ig u r e  20a  and 

2 0 b ) ,  i s o th e r m a l  s e c t i o n s  o f  th e  F e -N i-C r  d ia g -a m  c an  b e  r e a d i l y  

c o n s t r u c t e d 66  ( F ig u r e  21 a - d )  sh o w in g  t h a t  w h i le  s t e e l  t y p e  310 

s o l i d i f i e s  as a u s t e n i t e ,  t h e  o th e r  300  s e r i e s  s t a i n l e s s  s t e e l s  

su c h  a s  ty p e  304 c a n  b e  f u l l y  f e r i t i c  be low  th e  s o l i d u s .  On th e  

b a s i s  o f  t h i s ,  i t  h a s  be en  s t a t e d 87 t h a t  t h e  h o t w o r k a b i l i t y  o f  

ty p e  310 s h o u ld  r e s e m b le  t h a t  o f  t h e  h ig h e r  n i c k e l  a l l o y s  r a t h e r  

th a n  t h a t  o f  th e  s t e e l s  i n  t h e  300  s e r i e s .

T he i s o t h e r m a l  s e c t i o n s  a l s o  show  t h a t  m ic r o s e g r e g a t io n  o f  

chrom ium  in  t y p e  310 c an  le a d  t o  i n t e r d e n d r i t i c  6 - f e r r i t e . 67

C o m p o s it io n a l  c o n t r o l  t o  e n s u r e  t h e  p r e s e n c e  o f  some 5 - f e r r l t e  i s  

th o u g h t  t o  im prove  in g o t  w o r k a b i l i t y  by  i n c r e a s i n g  t h e  

r e c r y s t a l l i s a t i o n  r a t e  o f  t h e  i n g o t . 67 T h is  r a t e  i s  i n c r e a s e d  

w ith  t h e  p r e s e n c e  o f  5 - f e r r i t e  b e c a u s e  th e  6- y i n t e r f a c e  a c t s  a s  

a  r e c r y s t a l l i s a t i o n  s i t e .  F e r r i t e  a l s o  r e t a r d s  g r a i n  b o u n d a ry  

m ig r a t io n  f o l lo w in g  s o l i d i f i c a t i o n  l e a d in g  to  a  c o r r u g a t e d  y - y 

g r a i n  b o u n d a ry  s t r u c t u r e  w h ic h  I s  r e s i s t a n t  t o  c ra c k  

p r o p a g a t i o n .67

A lum in ium  and t i t a n i u m  may b e  a dded  to  s t e e l  ty p e  3 1 0 . A lum inium  

r e d u c e s  t h e  oxygen  l e v e l  and  p ro m o te s  f o r m a t io n  o f  f e r r i t e . 67 I t  

a l s o  p r o t e c t s  t i t a n i u m  f ro m  o x i d a t i o n .  Amounts o f  a lu m in iu m  in  

e x c e s s  o f  n o rm al d e o x id i s in g  a d d i t i o n s  do n o t  c a u s e  h o t  s h o r tn e s s  

d u e  t o  th e  h ig h  s o l i d  s o l u b i l i t y  o f  t h i s  e le m e n t  1n a u s t e n i t e .  

"Hie e f f e c t  o f  a lu m in iu m  on d u c t i l i t y  1s s t r o n g l y  i n f lu e n c e d  by 

th e  am ount o f  n i t r o g e n . 65 I n  mar a g in g  s t e e l s ,  f o r  e x a m p le , I f  

t h e  n i t r o g e n  c o n te n t  1s 0 ,0 1 2  p e r c e n t  t o  0 ,0 1 8  p e r c e n t  t h e  

d u c t i l i t y  i n c r e a s e s  w ith  t h e  a d d i t i o n  o f  a lu m in iu m . I f  th e  

n i t r o g e n  c o n te n t  i s  b e tw ee n  0 ,0 0 8  p e r c e n t  and 0 ,0 1 0  p e r c e n t  

a d d i t i o n  o f  a lu m in iu m  c a u s e s  a m ild  d e c r e a s e  1n d u c t i l i t y . 65

T ita n iu m  s t a b i l i s e s  f e r r i t e ,  fo rm s a l a r g e  num ber o f  f i n e l y  

d i s p e r s e d  t i t a n i u m  n i t r i d e  p a r t i c l e s  w h ic h  c an  a c t  a s  

r e c r y s t a l l i s a t i o n  s i t e s ,  and  rem oves n i t r o g e n  fro m  s o l i d



FIGURE 2 0 ( a )  -  L ia u id u s  P r o j e c t i o n  o f  C r-F e -N i System  
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FIGURE 2 1 ( a )  -  1300  ° C  I s o th e rm  o f  C r -F e -N i S y s tem  ( R i v l i n 6 6 )
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FIGURE 2 1 ( b )  -  1200 ° C  I s o th e rm  o f  C r-F e -N i S y s tem  ( R i v l i n 6 6 )



° C  I s o th e rm  o f  C r -F e -N i S y s tem  ( R i v l i n 6 6 )
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FIGURE 2 1 ( d )  -  1000 ° C  I s o th e rm  o f  C r-F e -N i S y s tem  (R iv M n 6 6 )
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s o l u t i o n . 67 69 In  o t h e r  s t e e l s  o f  t h e  300 s e r i e s  t i t a n i u m  

a d d i t i o n s  lo w e r  h o t  d u c t i l i t y  s i n c e  th e  p r e s e n c e  o f  6 - f e r r i t e  i s  

d e t r i m e n t a l . 60 70

R e g a rd in g  t h e  e f f e c t  o f  n i t r o g e n  in  s t e e l  ty p e  3 1 0 , i t  h a s  be en  

e s t a b l i s h e d  t h a t  i n c r e a s i n g  n i t r o g e n  c o n t e n t  i n c r e a s e s  t h e  

f r e q u e n c y  o f  i n t e r g r a n u l a r  c r a c k s .  M anganese  a d d i t i o n s  can

im prove  h o t  d u c t i l i t y . 67 The am ount o f  m an g an e se  r e q u i r e d  to

e n s u re  good w o r k a b i l i t y  a t  any  n i t r o g e n  l e v e l  i s  d e p i c t e d  in

F ig u re  2 2 . T h is  a l s o  show s t h a t  t h e  s i z e  o f  I n g o t  I n f l u e n c e s  t h e  

m anganese  r e q u i r e m e n t  -  p r o b a b ly  a s  a r e s u l t  o f  chrom ium  

s e g r e g a t i o n .

The am oun ts o f  m a n g an e se  r e q u i r e d  h o w e v e r, a t  n i t r o g e n  c o n te n t s  

a b o v e  a b o u t 0 ,08%  a r e  l a r g e  -  a b o v e  th e  2% s p e c i f i c a t i o n  l i m i t .  

The c o n t r o l  o f  N c o n te n t  by raw  m a t e r i a l  s e l e c t i o n  -  '* a s  t h e

u s e  o f  low  n i t r o g e n  fe r ro c h ro m iu m  and h i g h e s t  man r.i-  - / e l s

p e r m i s s ib l e  by s p e c i f i c a t i o n  s h o u ld  y i e l d  p r a c t ic .  . in

w o r k a b i l i t y .  N i t r o g e n  i s ,  h o w e v e r, a  s t r o n g  a u s t e n U e  ^ u t i i l i s e r  

and h e n ce  i s  u se d  w h ere  t h e  p r e s e n c e  o f  ev en  s m a ll am oun ts o f  

6 - f e r r i t e  a r e  d e t r i m e n t a l .  61 69 71

W h ile  r a r e  e a r t h s  h a v e  be en  r e p o r t e d 72 t o  Im prove th e  w o r k a b i l i t y  

o f  ty p e  3 1 0 , K ane67 fo u n d  t h a t  t h e s e  had no e f f e c t  on th e  h o t  

w o r k a b i l i t y  o r  t h e  s t r u c t u r e .

F i n a l l y ,  chrom ium  and n i c k e l  i n c r e a s e  s t r e n g t h  a t  h ig h  

te m p e r a tu r e s  and g iv e  v e ry  good o x id a t io n  r e s i s t a n c e  t o  s t e e l .  

No c l e a r  e f f e c t  o f  t h e  C r/N i r a t i o  on th e  h o t  w o r k a b i l i t y  o f  ty p e  

310 s t a i n l e s s  s t e e l  c o u ld  b e  fo u n d  in  t h e  l i t e r a t u r e .

2 . 6 . 1 . 2  R e s t o r a t i o n  C h a r a c t e r i s t i c s

The r e s t o r a t i o n  phenom ena o f  r e c o v e r y  and r e c r y s t a l H s a t i o n  ta k e  

p l a c e  in  w orked  m a t e r i a l s  a t  s u i t a b l e  te m p e r a tu r e s ,  D u rin g  th e  

r e c o v e r y  s t a g e ,  t h e  p h y s i c a l  and m e c h a n ic a l  p r o p e r t i e s  t h a t
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FIGURE 22 -  R e l a t i o n s h i p  o f  Mn and  N f o r  Good H ot W o r k a b i l i t y  
o f  A ISI t y p e  310  S t a i n l e s s  S t e e l  (K ane6 7 )
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un d e rw en t c h a n g e s  a s  a  r e s u l t  o f  d e fo r m a t io n  te n d  to  r e c o v e r  

t h e i r  o r i g i n a l  v a l u e s . 73 In a u s t e n i t i c  s t e e l s  a f t e r  h ig h  am oun ts 

o f  d e f o r m a t io n ,  r e c r y s t a l l i s a t i o n  r e s u l t s  in  t h e  f o rm a t io n  o f  

s m a l l e r ,  s t r a i n - f r e e ,  e q u ia x e d  c r y s t a l s  w h ic h  a r e  in d e p e n d e n t  o f  

th e  o ld  s h a t t e r e d  g r a i n s . 71* L ow er a m oun ts  o f  d e fo r m a t io n  r e s u l t  

in  a s u b s t r u c t u r e  w i th in  th e  d i s t o r t e d  o r i g i n - I  g r a i n s . 71* 

F e r r i t i c  s t e e l s ,  h o w e v e r ,  a r e  known to  d e v e lo p  s u b g r a i n s  when th e  

m a t e r i a l s  a r e  c o o le d  r a p i d l y  a f t e r  e i t h e r  s m a ll  o r  l a r g e  am ounts 

o f  d e f o r m a t io n .71*

R e c r y s t a l l i s a t i o n  c an  b e  d e te r m in e d  m i c r o s c o p i c a l l y  and d u r in g  

d e f o r m a tio n  i t  i s  e v id e n c e d  by  a d e c r e a s e  i n  t h e  y i e l d  s t r e s s  and 

an in c r e a s e  in  d u c t i l i t y . 65 O th e r  e f f e c t s  o f  r e c r y s t a l l i s a t i o n  

a r e  t h e  d e c r e a s e  in  h a r d n e s s  and d i s l o c a t i o n  d e n s i t y .  

R e c r y s t a l l i s a t i o n  i s  s t r o n g l y  i n f lu e n c e d  by t e m p e r a tu r e ,  th e  tim e  

a t  t e m p e r a tu r e ,  t h e  am ount o f  d e f o r m a t io n ,  t h e  i n i t i a l  g r a in  

s i z e ,  t h e  c o m p o s i t i o n  and  t h e  s t r a i n  r a t e . 65

I t  h as  be en  s u g g e s te d 75 t h a t  t h e  o n s e t  o f  r e c r y s t a l l i s a t i o n  may 

b e  r e l a t e d  t o  a c r i t i c a l  s t r u c t u r e ,  Sc , w h ich  in  t u r n  i s  

u n iq u e ly  r e l a t e d  t o  s t r e s s ,  s t r a i n  r a t e  and te m p e r a tu r e .  The 

c r i t i c a l  s t r u c t u r e  i s  d e f in e d  by th e  r e l a t i o n s h i p  :

e exp  (Q/RTd )
Sc “ -------------------------  . . . .  (8 )

Tg s in h  { a  o r )

w h ere  or i s  t h e  s t r e s s  a t  o n s e t  o f  r e c r y s t a l l i s a t i o n ,  

e  i s  t h e  s t r a i n  r a t e ,

Tq i s  t h e  d e fo r m a t io n  te m p e r a tu r e ,

Q i s  t h e  a c t i v a t i o n  e n e r g y  f o r  r e c r y s t a l l i s a t i o n ,

R i s  t h e  g as c o n s t a n t  and 

a  i s  a  c o n s t a n t

I f  Z = Se s i n h  ( «o r ) ,  a  p l o t  o f  lo g  Z v s .  l o g{ s1n h (o oR )}  

sh o u ld  h a v e  a  s l o p e  o f  u n i t y .
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u n d e rw en t c h a n g e s  a s  a r e s u l t  o f  d e f o r m a tio n  te n d  to  r e c o v e r

t h e i r  o r i g i n a l  v a l u e s . 73 In  a u s t e n i t i c  s t e e l s  a f t e r  h ig h  am ounts 

o f  d e f o r m a t io n ,  r e c r y s t a l l i s a t i o n  r e s u l t s  in  t h e  f o rm a t io n  o f  

s m a l l e r ,  s t r a i n - f r e e ,  e q u ia x e d  c r y s t a l s  w h ich  a re  in d e p e n d e n t  o f  

t h e  o ld  s h a t t e r e d  g r a i n s . 74 Low er a m oun ts  o f  d e fo r m a t io n  r e s u l t  

i n  a s u b s t r u c t u r e  w i th in  t h e  d i s t o r t e d  o r i g i n a l  g r a i n s . 74 

F e r r i t i c  s t e e l s ,  h o w e v e r ,  a r e  known to  d e v e lo p  s u b g r a i n s  when th e  

m a t e r i a l s  a r e  c o o le d  r a p i d l y  a f t e r  e i t h e r  s m a ll o r  l a r g e  am ounts 

o f  d e f o r m a t io n .74

R e c r y s t a l l i s a t i o n  c an  be  d e te r m in e d  m i c r o s c o p i c a l l y  and d u r in g

d e fo r m a tio n  i t  i s  e v id e n c e d  by  a d e c r e a s e  in  t h e  y i e l d  s t r e s s  and 

an in c r e a s e  in  d u c t i l i t y . 65 O th e r  e f f e c t s  o f  r e c r y s t a l l i s a t i o n  

a r e  th e  d e c r e a s e  in  h a r d n e s s  and d i s l o c a t i o n  d e n s i t y .  

R e c r y s t a l l i s a t i o n  i s  s t r o n g l y  i n f lu e n c e d  by  t e m p e r a tu r e ,  t h e  tim e  

a t  te m p e r a tu r e ,  t h e  am ount o f  d e f o r m a t io n ,  th e  i n i t i a l  g r a in  

s i z e ,  t h e  c o m p o s i t i o n  and t h e  s t r a i n  r a t e . 65

I t  h a s  been  s u g g e s te d 75 t h a t  t h e  o n s e t  o f  r e c r y s t a l l i s a t i o n  may 

b e  r e l a t e d  t o  a c r i t i c a l  s t r u c t u r e ,  Sc ,  w h ich  in  t u r n  i s  

u n iq u e ly  r e l a t e d  t o  s t r e s s ,  s t r a i n  r a t e  and t e m p e r a tu r e .  The 

c r i t i c a l  s t r u c t u r e  i s  d e f in e d  by th e  r e l a t i o n s h i p  :

e e xp (Q/RTq )
Sc = --------------------  . . . .  (8)

To s in h  (a  o r )

where <jr I s th e  s t r e s s  a t  o n se t o f r e c r y s t a l l i s a t i o n ,

e i s  th e  s t r a i n  r a t e ,

Tq i s  t h e  d e f o r m a t io n  te m p e r a tu r e ,

Q i s  t h e  a c t i v a t i o n  e n e r g y  f o r  r e c r y s t a l l i s a t i o n ,

R i s  th e  g a s  c o n s t a n t  and

a  i s  a c o n s t a n t

i f  Z = Sc s i n h  ( b o r ) ,  a  p l o t  o f  l o g  Z v s .  l o g f s i n h ( a o R ) }  

s h o u ld  ha ve  a s l o p e  o f  u n i t y .
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A t v e ry  h ig h  s t r a i n  r a t e s ,  75 76 t h e r e  i s  i n s u f f i c i e n t  tim e  f o r  

r e c r y s t a l l I s a t i o n  w h e re a s  a t  low s t r a i n  r a t e s ,  s u f f i c i e n t  d r i v i n g  

f o r c e  i s  needbd  t o  s t a r t  r e c r y s t a l l i s a t i o n .  The g r e a t e r  t h e  

d e g re e  o f  w o rk in g , t h e  lo w e r  t h e  r e c r y s t a l l i s a t i o n  t e m p e r a tu r e ,  

and th e  s m a l le r  t h e  r e s u l t a n t  g r a in  s i z e .  A minimum am ount o f  

d e -fo rm a tio n  i s  n e c e s s a r y  t o  c a u s e  r e c r y s t a l l i s a t i o n . 77 78 As th e  

te m p e r a tu r e  o f  a n n e a l in g  i s  lo w e re d , t h e  t im e  n e c e s s a r y  t o  

p ro d u c e  a g iv e n  am ount o f  r e c r y s t a l l i s a t i o n  in c r e a s e s  and n e a r  

t h e  minimum r e c r y s t a l l i s a t i o n  te m p e r a tu r e  tim e  i n c r e a s e s  

g r e a t l y . 77 78 S o l u b le  i m p u r i t i e s  r a i s e  th e  r e c r y s t a l l i s a t i o n  

t e m p e r a t u r e . ^  77 78

S in c e  h o t w o rk in g  i s  g e n e r a l l y  p e rfo rm e d  in  s e v e r a l  s t e p s ,  t h e  

r e s t o r a t i o n  p r o c e s s e s  c an  b e  d iv id e d  i n t o  two m ain g r o u p s 61 74 : 

t h o s e  t h a t  o c c u r  d u r in g  d e f o r m a tio n  and th o s e  t h a t  t a k e  p la c e  

d u r in g  p a u s e  t im e s  a t  th e  w o rk in g  t e m p e r a tu r e .  T h ese  a r e  

r e f e r r e d  t o  a s  dynam ic  and s t a t i c  p r o c e s s e s  r e s p e c t i v e l y .  In  

b o th  c a s e s ,  b o th  r e c o v e r y  and r e c r y s t a l l i s a t i o n  c an  b e  

o p e r a t i n g .  R e c o v e ry  o c c u r s  r a p i d l y  d u r in g  d e f o r m a tio n  b u t ,  when 

s t r a i n i n g  i s  i n t e r r u p t e d ,  t h e  r a t e  o f  r e c o v e r y  d e c r e a s e s  r a p i d l y  

t o  a n e g l i g i b l e  v a lu e .  The tw o ty p e s  a r e  u s u a l l y  c a l l e d  dynam ic  

and s t a t i c  r e c o v e r y  r e s p e c t i v e l y .

I f  th e  m a te r i a l  h a s  b e e n  d e fo rm e d  to  a  c r i t i c a l  s t r a i n 6 1 , e  > 

0 ,0 5 - 0 ,1 ,  and i s  k e p t  a t  t h e  w o rk in g  t e m p e r a tu r e ,  t h e  m a te r i a l  

s t a r t s  t o  r e c r y s t a l l i s e  s t a t i c a l l y .  In  some m a t e r i a l s ,  th e  

dynam ic  r e c o v e r y  i s  n o t  f a s t  enough  a n d ,  a f t e r  s t r a i n i n g  t o  a 

c r i t i c a l  v a lu e ,  t h e  m a te r i a l  c an  s t a r t  t o  r e c r y s t a l l i s e  

d y n a m ic a l ly .

S in c e  r e c r y s t a l l i s a t i o n  c o m p ris e s  a n u c l e a t io n  p h a s e  and a  g ro w th  

p h a s e ,  dyn a m ic  r e c r y s t a l l i s a t i o n  c an  p r o c e e d  a f t e r  th e  

d e fo r m a t io n  by a s t a t i c  g ro w th  p r o c e s s .  T h is  phenom enon i s  

u s u a l l y  c a l l e d  m e tad y n a m ic  r e c r y s t a l l i s a t i o n . 61 The c r i t i c a l  

s t r a i n  f o r  dynam ic  r e c r y s t a l l i s a t i o n  1 s ,  h o w ev e r, so  l a r g e  t h a t  

I t  I s  o n ly  o f  i n t e r e s t  in  a few  fo rm in g  p r o c e s s e s  su c h  as 

e x t r u s i o n  and p i e r c i n g .
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R e c r y s t a l l i s a t i o n ,  p a r t i a l l y  r e c r y s t a l l i s e d  s t r u c t u r e s  in

c a s t  s l a b s  o f  A IS I 3 > :  s t a i n l e s s  s t e e l  h a v e  be en  fo u n d  t o  e x h i b i t

t h e  f o l lo w in g  c h a r a c t e r i s t i c s ^  ;

1 .  The f r a c t i o n  r e c r y s t a l l i s e d  I n c r e a s e d  w i th  d e p th  in  t h e  

sa m p le  a f t e r  r o l l i n g .  T h is  can  b e  e x p e c te d  from  th e  

v a r i a b l e  te m p e r a tu r e  p r o f i l e  w h ich  a r i s e s  d u r in g  

r o l l i n g .

2 . R e c r y s t a l l i s a t i o n  was a lw ay s  a s s o c i a t e d  w i th  an 

i n t e r f a c e ,  tn  o r d e r  o f  d e c r e a s in g  f r e q u e n c y ,  t h e s e  w ere 

y- y g r a i n  b o u n d a r i e s ,  y - 5 i n t e r f a c e s  i n  s t e e l s  

c o n ta in i n g  f e r r i t e ,  Y - c a r b id e  b o u n d a r ie s  f o r  h ig h  c a rb o n  

s t e e l s  o r  y -T IN  I n t e r f a c e s  w h e rs  t i t a n i u m  had  been  

a d d e d , y -Y tw in  b o u n d a r ie s  and l a s t l y ,  a t  s i l i c a t e  -  

c h ro m i te  i n c l u s i o n s .

3 . R e c r y s t a l l i s a t i o n  b egan  by  t h e  f o rm a t io n  o f  a  c o n t in u o u s  

n e c k la c e  o f  new g r a i n s 67 79 80 a t  t h e  p r i o r  i n g o t  g r a in  

b o u n d a r ie s  ( o r  a t  6 - f e r r i t e  o r  T1N i n c l u s i o n s ) .

4 .  R e c r y s t a l U s a t i o n  o c c u r r e d  t o  a  g r e a t e r  e x t e n t  in  th e  

e q u la x e d  z o n e s  o f  a l l  t h e  sa m p le s  e x a m in e d , r a t h e r  th a n  

In  t h e  c o lu m n a r  z o n e s ,  and t h i s  a p p e a re d  t o  be  due  to  

t h e  g r e a t e r  g r a i n  b o u n d a ry  a r e a  p e r  u n i t  vo lum e in  th e  

f o rm e r  l o c a t i o n s .  I t  w ould  a p p e a r  t h e r e f o r e  t h a t  a 

g r e a t e r  p r o p o r t i o n  o f  e q u ia x e d  m a te r i a l  in  i n g o t s  o r  

c o n tin u o u s  c a s t  s l a b s  may be e x p e c te d  t o  e n h a n c e  h o t  

w o r k a b i l i t y .

5 .  S t e e l s  c o n ta in i n g  6 - f e r r i t e  r e c r y s t a l l i s e d  t o  a  l a r g e r  

d e g re e  in  a l l  c a s e s .  The a l l o y s  c o n ta in i n g  f e r r i t e  

a lo n g  w ith  a lu m in iu m  and t i t a n i u m  showed th e  h ig h e s t  

r e c r y s t a l l i s a t i o n  due  to  TIN and f e r r i t e  a c t i n g  a s  s i t e s  

f o r  new g r a i n  n u c l e a t i o n .
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6 .  R e c r y s t a l U s a t i o n  I n h i b i t e d  c ra c k  p r o p a g a t io n .  No 

c r a c k in g  w as o b s e rv e d  1n r e c r y s t a l l i s e d  z o n es  e x c e p t  

th o s e  w h ic h  had fo rm ed  on th e  a s - c a s t  b o u n d a r ie s  o r  a t  

6 - y I n t e r f a c e s .  In  p a r t i a l l y  r e c r y s t a l l i s e d  a r e a s  

c r a c k s  w e re  s to p p e d  by  new g r a i n s .

7 . G ra in  s i z e s  in  r e c r y s t a l l i s e d  r e g io n s  w ere  much s m a l le r  

i n  t h e  a l l o y s  c o n ta in i n g  t i t a n i u m  (d u e  t o  t h e  e f f e c t  o f  

T1N on b o u n d a ry  m i g r a t io n )  o r  c a rb o n  (d u e  t o  t h e  h ig h  

c a r b id e  d e n s i t y ) .

8 .  New g r a in  f o r m a t io n  a p p a r e n t l y  o c c u r r e d  by a b u lg e  

" n u c l e a t i o n "  m echan ism  a t  y - y  b o u n d a r i e s .  T h is  p r o c e s s  

c o u ld  o n ly  be o b s e rv e d  i n  a l l o y s  w h ere  b o u n d a ry  

m ig r a t io n  r a t e s  w ere  r e t a r d e d  by se co n d  p h a s e s .  D e t a i l s  

o f  r e c r y s t a l l i s a t i o n  p r o c e s s e s  a t  y - s  o r  y -T iN  

i n t e r f a c e s ,  h o w e v e r ,  c o u ld  n o t  b e  d e te r m in e d .

T h es e  r e s u l t s  b e a r  o u t ,  a t  l e a s t  p a r t i a l l y ,  th e  p re m is e  t h a t  th e  

g r e a t e r  t h e  d e g r e e  o f  r e c r y s t a l l i s a t i o n ,  t h e  b e t t e r  t h e

w o r k a b i l i t y  o f  t h e  i n g o t  i s  l i k e l y  t o  b e .

2 . 6 . 1 . 3  I n f l u e n c e  o f  S e c o n d  P h a se  P a r t i c l e s

The e f f e c t s  o f  oxygen  and s u lp h u r  on th e  p r o p e r t i e s  o f  s t e e l  a re  

n o r m a l ly  c o u n te r a c t e d  by th e  a d d i t i o n s  o f  A1 and Mn r e s p e c t i v e l y  

t o  fo rm  o x id e  and  s u lp h i d e  i n c l u s i o n s .  The e f f e c t  o f  th e  

i n c lu s io n s  on h o t  w o r k a b i l i t y  d e p e n d s  on t h e i r  n a t u r e ,  

d i s t r i b u t i o n  and s i z e . 61 71 8 I - 83

I n c lu s io n s  fo u n d  in  s t e e l s  may be d iv id e d  in to  f i v e  c a t e g o r i e s  

b a se d  on t h e i r  d e fo r m a t io n  b e h a v io u r .8 ‘'

1 .  A12 0 3 and c a lc iu m  a lu m in a te s  -  t h e s e  a r e  b r i t t l e  s o l i d s ,

w h ich  a r e  u n d e fo rm a b le  a t  a l l  . e m p e r a t u r e s .
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2 . S p in e l  t y p e  o x id e s  AO-B2 O3 w h ich  a r e  u n d e fo rm a b le  in  th e  

r a n g e  room te m p e r a tu r e  t o  1200 ° C ,  b u t may be d e fo rm e d  

a b o v e  t h i s  te m p e 1 r e .

3 .  S i l i c a t e s  o f  c a l c iu m ,  m a n g a n e se , i r o n  and a lu m in iu m

w hich  a r e  b r i t t l e  a i  room t e m p e r a tu r e ,  b u t I n c r e a s i n g l y

d e fo r m a b le  a t  h ig h e r  t e m p e r a tu r e s .  The f o r m a b i l i t y  

in c r e a s e s  w i th  d e c r e a s in g  m e l t in g  p o in t  o f  th e  s i l i c a t e ,  

e . g .  from  a lu m in iu m  s i l i c a t e  t o  i r o n  and m anganese  

s i l i c a t e s .

4 . FeO, MnO and (FeMn)O -  t h e s e  a r e  p l a s t i c  a t  room

t e m p e i a t u r e ,  b u t  a p p e a r  g r a d u a l l y  t o  becom e l e s s  p l a s t i c  

ab o v e  400 ° C .

5 . M anganese  s u lp h i d e  MnS -  t h i s  common i n c lu s io n  ty p e  i s

d e f o r m a b le ,  becom ing  i n c r e a s i n g l y  so  a s  th e  te m p e r a tu r e

A lth o u g h  s u lp h i d e s  do n o t le a d  to  p ro b le m s in  h o t  w o rk in g , t h e  

s jin e  c a n n o t  be s a i d  o f  o x id e  and s i l i c a t e  t y p e  i n c l u s i o n s . 85 In  

an a l l o y  o f  F e -25N 1 , t h e  o c c u r r e n c e  o f  h a rd  u n d e fo rm a b le  o x id e s  

was fo und  t o  r e d u c e  th e  h o t  d u c t i l i t y  s i g n i f i c a n t l y . 66

The d i s t r i b u t i o n  and sh a p e  o f  se co n d  p h a s e s  and com pounds h av e  a 

s t r o n g  in f lu e n c e  on w o r k a b i l i t y .  Com ponents e x i s t i n g  a t  g r a in  

b o u n d a r ie s  a s  d i s t i n c t  g lo b u le s  o r  i s o l a t e d  i n c l u s i o n s  a r e  l e s s  

h a rm fu l th a n  th e y  a r e  when th e y  fo rm  c o n tin u o u s  g r a i n  b o u n d a ry  

f i l m s . 71 81 87 S u l p h id e s  e x e m p li fy  t h i s  p o i n t .  The m ost 

f a v o u r a b l e  l o c a t i o n  f o r  se co n d  p h a s e s  i s  w i th in  t h e  g r a in s  a s  

t h i s  i s  w here  th e y  lo w e r  w o r k a b i l i t y  t o  t h e  l e a s t  e x t e n t . 87



K ^ n e ,67 i n v e s t i g a t i n g  th e  w o r k a b i l i t y  o f  i n g o t s  o f  A ISI 310 found  

t h a t  a l l o y s  c o n ta in i n g  c a r b id e ; ,  (w h ich  may a l s o  be c o n s id e r e d  as 

se co n d  p h a se  p a r t i c l e s )  w ere  s u p r i s l n g l y  r e s i s t a n t  t o  c r a c k in g .  

C a r b id e s  w ere  o f  two ty p e s  -  e u t e c t i c  c a r b id e s  o b s e rv e d  a t  g r a in  

b o u n d a r ie s  and In  i n t r a d e n d r i t l c  s p a c e s  due  t o  C and Cr 

s e g r e g a t io n  to  t h e s e  r e g io n s  d u r in g  s o l i d i f i c a t i o n ,  and s e c o n d a ry  

c a r b id e s  fo u n d  on a n n e a l in g  a s  a r e s u l t  o f  C d i f f u s i o n  o u t  o f  

p r i o r  f e r r i t e  r e g i o n s .  W here c r a c k s  d id  o c c u r  t h e y  w ere  fo u n d  to  

be u s u a l ly  s h o r t  and o f  two t y p e s ;  c r a c k s  o c c u r re d  a t  i n t e r f a c e s  

b e tw ee n  c a r b id e  and y ,  o r  th r o u g h  c a r b id e  p a r t i c l e s  l e a d in g  to  

‘w edge c r a c k i n g ' on t h e  a d j a c e n t  b o u n d a ry  in  t h e  a u s t e n l t e .  

C ra c k s  o f  t h e  l a t t e r  t y p e  w ere  r a r e  and w ere  s to p p e d  by 

n e ig h b o u r in g  p a r t i c l e s  on th e  b o u n d a ry , u s u a l l y  o n ly  a few  

m ic ro n s  aw ay.

F u r th e rm o re *  i t  was fo u n d  t h a t  r e c r y s t a U l s a t t o n  In  A IS I 310 was 

a lw ay s  a s s o c i a t e d  w i th  i n t e r f a c e s  su c h  a s  t h o s e  be tw ee n  a u s t e n l t e  

and c a r b id e  in  th e  h ig h e r  C v e r s i o n  o f  t h e  s t e e l ,  y  and TIN in  

T l - c o n ta in in g  a l l o y s  and o c c a s i o n a l l y  b e tw ee n  s i l i c a t e  and 

c h ro m i te  i n c l u s i o n s .

In  g e n e r a l ,  good h o t  w o rk in g  p r o p e r t i e s  w ere  a s s o c i a t e d  w ith  

a l l o y s  o f  h ig h  h o m o g e n e ity  c o n ta in i n g  a  few  . f i n e ,  e v e n ly  

d i s t r i b u t e d  n o n - m e t a l l i c  i n c l u s i o n s . 88

2 . 6 . 1 . 4  G ra in  S i z e

The g r a in  s i z e  i n f lu e n c e s  t h e  w o r k a b i l i t y  o f  m e ta l s  and a l l o y s  

and i t s  I n f l u e n c e  may d i f f e r  fro m  one  m a te r i a l  t o  a n o t h e r . 89
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G e n e ra l ly ,  a  d e c r e a s e  in  g r a in  s i z e  and a d e c r e a s e  in  th e  p r i o r  

a u s t e n i t e  g r a in  s i z e  i s  b e l i e v e d  to  in c r e a s e  d u c t i l i t y . 61 69 The 

in c r e a s e  in  d u c t i l i t y  i s  due t o  th e  f a c t  t h a t  f i n e  g r a in s  p rom o te  

r a p id  r e c r y s t a l l i s a t i j n  end re d u c e  i n t e r c r y s t a l l i n e  c r a c k i n g .61 

F u r th e rm o re , a s m a ll g r a in  s i z e  im p l ie s  t h a t  t h e  r e l a t i v e  

v e l o c i t y  o f  two a d j a c e n t  g r a in s  w i l l  be low so  th e y  can  s l i d e  

more e a s i l y  h e n c e  i n c r e a s in g  d u c t i l i t y . 90 The o r i e n t a t i o n  o f  th e  

g r a in s  a l s o  h as a s t r o n g  e f f e c t  on d u c t i l i t y . 9 0 -9 ?

B yw ater and G ladm an93 s tu d i e d  th e  i n f lu e n c e  o f  th e  g r a in  s i z e  

o b ta in e d  a f t e r  d i f f e r e n t  so a k in g  p r o c e d u re s  in  25 Cr -  20 Ni 

s t e e l s  and found  t h a t  a d e c r e a s e  in  g r a in  s i z e  in c re a s e d  th e  

d u c t i l i t y  ( F ig u r e  2 3 ) .  GrCi’noaum94 i s  r e p o r t e d  by  A hlblom  e t  a ! 61 

a s  show ing  t h a t  f o r  s t e e l  A ISI 3 1 6 , th e  r e d u c t io n  in  a re a  was 

re d u c e d  by 20 p e r c e n t  ds th e  g r a in  s i z e  was in c r e a s e d  from  50 to  

200 um.

G i t t i n s  e t  a l 85 w o rk in g  on 18 Cr -  8  Ni s t e e l  ( F ig u r e  24) showed 

t h a t  when th e  g r a i n  s i z e  i s  i n c r e a s e d  ( b ro k e n  c u r v e ) ,  th e  

d u c t i l i t y  maximum a t  1100 ° C  c a u se d  by dynam ic  r e c r y s t a l i s a t i o n  

i s  d e c r e a s e d .  A ls o , a t  lo w e r  s t r a i n  r a t e s  and a lo w e r  

te m p e r a tu re  (800  ° C ) ,  when g r a in - b o u n d a ry  s l i d i n g  g o v e rn s  th e  

d u c t i l i t y ,  a  l a r g e  g r a in  s i z e  (b ro k e n  c u rv e )  g iv e s  a low er 

d u c t i l i t y .  A t v e ry  low s t r a i n  r a t e s  and h ig h  te m p e r a tu r e s ,  th e  

e f f e c t  seem s to  be r e v e r s e d .
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S u r p r i s i n g l y  l i t t l e  h a s  be en  p u b l i s h e d  on th e  e f f e c t  o f  g r a in  

s i z e  on th e  h o t  d u c t i l i t y  o f  s t a i n l e s s  s t e e l s .  A p o s s ib l e  r e a s o n  

f o r  t h i s  m ig h t be t h a t  g r a in  g ro w th  o c c u r s  a t  h o t  w o rk in g  

t e m p e r a tu r e s .  I t  i s  a l s o  d i f f i c u l t  t o  d i s t i n g u i s h  b e tw ee n  g r a in  

s i z e  e f f e c t s  and o t h e r  phenom ena . F o r  e x a m p le , A hlh lom  e t  a l 61 

r e p o r t  Mase96 a s  f i n d i n g  t h a t  a l th o u g h  a  h ig h  n ic k e l  c o n te n t  in  

304 s t e e l  can  im p ro v e  t h e  d u c t i l i t y  ow ing  to  a r e d u c t io n  in  th e  

6 - f e r r i t e  c o n t e n t ,  a t  h ig h  t e m p e r a tu r e s  (1250  ° C  -  1300 ° C )  th e  

e f f e c t  o f  Ni was r e v e r s e d  ow ing  t o  g r a i n  o ro w th .

T h e re  a r e  a l s o  some i n v e s t i g a t i o n s  o f  m a t e r i a l s  w orked  to  

d i f f e r e n t  r e d u c t io n s  in  a r e a  a f t e r  c a s t i n g  and p r o b a b ly  h a v in g  

d i f f e r e n t  g r a i n  s i z e s . 9 6 -9 8  T h e s e  r e s u l t s  a r e  a f f e c t e d ,  h o w ev e r, 

by  a d e c r e a s in g  am ount o f  6 - f e r r i t e  w h ich  h a s  a  s t r o n g e r  e f f e c t  

th a n  t h a t  o f  t h e  c h a n g in g  g r a i n  s i z e  ( F ig u r e  2 5 ) .
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2 .6 .2  P r o c e s s  V a r i a b l e s  A f f e c t i n g  H ot W o r k a b i l i t y  (F 2 )

The b e h a v io u r  o f  a  m e t a l l i c  m a t e r i a l  d u r in g  d e fo r m a tio n  i s  

in f lu e n c e d  by  th e  i n h e r e n t  d u c t i l i t y  o f  t h e  m a te r i a l  and th «  

p r o c e s s  v a r i a b l e s .  I m p o r ta n t  p r o c e s s  v a r i a b l e s  i n c lu d e  

te m p e r a tu r e ,  s t r e s s  s y s te m , s t r a i n  r a t e  and e n v iro n m e n ta l  

c o n d i t i o n s .

2 . 6 . 2 . 1  The E f f e c t  o f  T e m p e r a tu r e  i n  M e ta lw o rk in g

The fo rm in g  p r o p e r t i e s  o f  a m a t e r i a l  a r e  d e te r m in e d  by i t s  

s t r e n g t h  and d u c t i l i t y ,  b o th  o f  w h ic h  a r e  d e p e n d e n t  on 

t e m p e r a t u r e . 65

In  g e n e r a l ,  s t r e n g t h  d e c r e a s e s  and d u c t i l i t y  i n c r e a s e s  w ith  

i n c r e a s in g  t e m p e r a tu r e .  The e f f e c t  o f  te m p e r a tu r e  and s t r a i n  

r a t e  on th e  f lo w  s t r e s s  o f  v a r io u s  a u s t e n i t i c  s t a i n l e s s  s t e e l s  i s  

show n in  F ig u re  2 6 .61

The e f f e c t  o f  te m p e r a tu r e  on d u c t i l i t y  was i n v e s t i g a t e d  by 

Keown59 u s in g  th e  h o t  t e n s i l e  t e s t  and a c o n s t a n t  s t r a i n  r a t e  o f  

6 s - 1 . The h o t  d u c t i l i t y  was m e asu re d  a s  a  p e r c e n ta g e  r e d u c t io n  

o f  d ia m e te r  (R o f  D ). The r e s u l t s  f o r  s t a i n l e s s  s t e e l  ty p e s  43 0 , 

304 and 316 a r e  shown in  F ig u re  2 7 . I t  c a n  be s e e n  t h a t  

d u c t i l i t y  i n c r e a s e s  w ith  I n c r e a s in g  te m p e r a tu r e  u n t i l  b u rn in g

T e g a r t "  r e p o r t s  t h a t  t h e  b e h a v io u r  o f  s t r e n g t h  and d u c t i l i t y  

w ith  te m p e r a tu r e  can  v a r y ,  d e p e n d in g  on c r y s t a l  s t r u c t u r e  and on 

s t r u c t u r a l  c h a n g e s  p ro d u c e d  by te m p e r a tu r e  e . g .  p r e c i p i t a t i o n  

e f f e c t s  o r  o r d e r - d i s o r d e r  t r a n s f o r m a t i o n s .  F o r p u r e  m e ta l s ,  th e  

d u c t i l i t y  i s  u s u a l l y  h ig h  o v e r  a w id e  ra n g e  o f  t e m p e r a tu r e s  b u t 

f o r  Im pure  m e ta l s  and a l l o y s ,  th e  te m p e r a tu r e  r a n g e s  f o r  h o t 

w o rk in g  can  b e  r e s t r i c t e d  and k now ledge  o f  t h e  v a r i a t i o n  o f  b o th  

s t r e n g t h  and d u c t i l i t y  w ith  te m p e r a tu r e  i s  n e c e s s a r y  in  o r d e r  to  

e s t a b l i s h  h o t  w o rk in g  c o n d i t i o n s .  T e m p e ra tu re  l i m i t s 61 in  h o t
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w ork ing  a re  s e t  by th e  lo w e s t  te m p e r a tu re  a t  w hich  r e c o v e r y  

p r o c e s s e s  can  ta k e  p la c e  f o r  a g iv e n  h o t w ork ing  p r o c e s s .  The 

maximum te m p e r a tu re  o f  w o rk in g  i s  s e t  by th e  te m p e r a tu re  a t  w hich 

b u rn in g  o c c u r s  ( s e e  F ig u re  2 7 ) o r  a t  w hich o x id a t io n  i s  

e x c e s s iv e .

In m e ta l w o rk in g  p r o c e s s e s ,  much o f  th e  m e c h a n ic a l w ork  o f  

d e fo rm a tio n  i s  c o n v e r te d  i n to  h e a t .  Some o f  t h i s  h e a t  i s  

c o n d u c te d  away by th e  t o o l s  o r  l o s t  t o  th e  a tm o s p h e re , b u t  a 

p o r t i o n  re m a in s  to  in c r e a s e  t h e  te m p e r a tu r e  o f  th e  w o rk p ie c e .62 

I f  th e  sp e e d  o f  p r o c e s s in g  i s  h i g h ,h e a t  l o s s e s  w i l l  be low and 

t h e  te m p e r a tu re  o f  th e  w o rk p ie c e  w i l l  i n c r e a s e  a c c o r d in g l y .  I f  

th e  r a t e  o f  p r o c e s s in g  i s  lo w , h e a t  w i l l  be l o s t  r a p i d l y  and th e  

w o rk p iec e  w i l l  c o o l .  C o o lin g  o f  t h e  w o rk p ie c e  w i l l  i n c r e a s e  th e  

f lo w  s t r e s s  o f  th e  m a te r i a l  m aking  h o t  w o rk in g  more d i f f i c u l t .

2 . 6 . 2 . 2  S t r a i n  R a te

T rue  s t r a i n  r a t e  e i s  g iv e n  by th e  r e l a t i o n s h i p 65

_ dE 

d t

w here  s  i s  th e  s t r a i n  and t  i s  th e  t im e .

For th e  t e n s i l e  t e s t , 100

.  d ( In  ( £ . /% ) )  v

(9 )

w here  i  i s  th e  i n s t a n t a n e o u s  le n g th  

i 0 i s  th e  I n i t i a l  le n g th  and 

v i s  th e  I n s ta n ta n e o u s  v e lo c i t y

( 1 0 )

 lE . . .  _  . i .  . . . . . M i



In  t h e  c a s e  o f  u n i a x i a l  c o m p re s s iv e  t e s t s , 101 t h e  s t r a i n  r a t e  may 

b e  e x p re s s e d  a s  :

d ( In  (H0 /H ) )
'   . . . .  ( 1 1 )

w h ere  H0 and H a r e  t h e  i n i t i a l  and th e  i n s t a n t a n e o u s  h e ig h t s  o f  

th e  sp e c im en  d u r in g  t h e  t e s t .

S a m a n ta ,101 w o rk in g  on t o o l  s t e e l s ,  fo u n d  t h a t  t h e  above  

r e l a t i o n s h i p  ( e q u a t io n  11 ) g iv e s  r e a s o n a b l e  r e s u l t s  f o r  

c o m p re s s io n  t e s t s  a t  s t r a i n  r a t e s  fro m  290 s ' 1 t o  906 s -1  and  a t  

a  te m p e r a tu r e  o f  1 0 0 0 ° C ,

In  r o l l i n g , 102 th e  s t r a i n  r a t e  may be c a l c u l a t e d  f o r  e i t h e r  

s l i p p i n g  o r  s t i c k i n g  f r i c t i o n  c o n d i t i o n s  by  u s e  o f  th e  

r e l a t i o n s h i p s  :

2 (H0  -  H f) \  1 /2
. . . .  ( 1 2 )

-  f o r  s l i p p i n g  f r i c t i o n  c o n d i t i o n s

1 / !  H ,
In  —  • . . i (13 )

D (H0  -  H f ) /  Hf

-  f o r  s t i c k i n g  f r i c t i o n  c o n d i t i o n s

w h ere  v i s  t h e  p e r i p h e r a l  sp e e d  o f  t h e  r o l l s  

D t s  t h e  r o l l  d ia m e te r  and 

H0 and Hf a r e  t h e  I n i t i a l  and f i n a l  t h i c k n e s s e s  

• r e s p e c t i v e l y



74

Ludw ig103 was t h e  f i r s t  t r  f i n d  t h a t  th e  f lo w  s t r e s s  o  o f  a 

m a te r i a l  i s  r e l a t e d  t o  th e  t r u e  s t r a i n  r a t e  by th e  fo rm u la

a  = c 0 + o j  In  — . . . .  (1 4 )

w here  e 0 , <Jj and K a r e  c o n s t a n t s .

L a t e r ,  th e  sam e r e l a t i o n s h i p  was u se d  by many o th e r  

i n v e s t i g a t o r s . 52 74 82 102 104

The in f lu e n c e  o f  s t r a i n  r a t e 74 on th e  s t r e s s  v s  s t r a i n  c u rv e s  f o r  

an Fe-^.5% C r a l l o y  a t  1100  0 C a s  d e r iv e d  fro m  t o r s i o n  d a t a  i s  

shown in  F ig u re  2 8 . As c an  b e  s e e n ,  i n c r e a s in g  r a t e s  o f  s t r a i n  

f o r  a f i x e d  t e m p e r a tu r e  r e s u l t  in  an i n c r e a s e  i n  s t r e n g t h .

L i t t l e  work h a s  be en  c a r r i e d  o u t  on t h e  i n f lu e n c e  o f  s t r a i n  r a t e  

on th e  h o t  d u c t i l i t y  o f  s t a i n l e s s  s t e e l s .  H ot t o r s i o n  t e s t s  on 

an F e -3 6  Hi a l l o y  b y  W h ite  and R o s s a r d 80 show ed a s t r a i g h t  l i n e  

on a  l o g - lo g  p l o t  o f  r e v o l u t i o n s  t o  r u p t u r e  a g a i n s t  r e v .  m i n '1 . 

F o r a 316 and a 25C r-5 N i-lM o  s t e e l  N i k k l l S , 105 u s in g  h o t  t o r s i o n ,  

fo u n d  t h a t  th e  h o t  d u c t i l i t y  in c r e a s e d  w ith  i n c r e a s in g  s t r a i n  

r a t e .  O b s e r v a t io n s  on ty p e  316N106 s t e e l s  a l s o  show t h a t  a  h ig h  

s t r a i n  r a t e  im p ro v e s t h e  w o r k a b i l i t y ,  in  s p i t e  o f  t h e  h ig h  lo a d s  

a p p l i e d .

An i n v e s t i g a t i o n  by  G i t t i n s  e t  a l 85 o f  a 302 s t e e l  a t  1100 °C  by 

m eans o f  h o t  t e n s i l e  t e s t s  show s a maximum r e d u c t io n  in  a re a  

a ro u n d  a e = 1 s ” 1 ( F ig u r e  2 4 ) .  A d e c r e a s in g  s t r a i n  r a t e  im p l ie s  

an  i n c r e a s in g  am ount o f  g r a in  b o u n d a ry  s l i d i n g  and m ore g r a i n -  

b o u n d a ry  c r a c k i n g .  A round e  -  1 s -1 t h e  M a te r ia l  u n d e rg o e s  

dynam ic, r e c r y s t a l l i s a t i o n  b e f o r e  r u p t u r e ,  h e n c e  i n c r e a s in g  th e  

d u c t i l i t y .  At h ig h e r  s t r a i n  r a t e s  dynam ic  r e c r y s t a l l i s a t i o n  i s  

p r o b a b ly  t o o  s lo w  t o  be o f  im p o r ta n c e  and h e n c e , s i n c e  th e  

I n f l u e n c e  o f  g r a in  b o u n d a ry  s l i d i n g  i s  n e g l i g i b l e ,  th e  r e d u c t io n

-  4  I. a M *  * >
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in  a r e a  w i l l  b e  d e te r m in e d  by  c a v i t a t i o n  a t  i n c l u s i o n s .  I t  

sh o u ld  a l s o  b e  n o te d  in  F i g u r e  24 t h a t  a t  800  ° C  no dynam ic  

r e c r y s t a l l i s a t i o n  o c c u r s  and t h e r e f o r e  t h e  d u c t i l i t y  peak i s  

a b s e n t .

2 . 6 . 2 . 3  E n v iro n m e n ta l  C o n d i t io n s

E n v iro n m en t h a s  a  s t r o n g  e f f e c t  on d u c t i l i t y .  O x id a t io n  

p r e d o m in a n tly  t a k e s  p l a c e  on t h e  s u r f a c e  o f  t h e  sp e c im e n . 

O x id a t io n  in s i d e  t h e  sp e c im e n  i s  s t r o n g l y ,  d e p e n d e n t on th e  

p o r o s i t y  o f  t h e  m a t e r i a l .  To p r o t e c t  t h e  s p e c im e n s  from  

o x id a t io n  some r e s e a r c h e r s  107 108 u se d  vacuum and some o th e r s  an 

a r g o n 109 o r  a n i t r o g e n  a tm o s p h e re .

I t  h a s  be en  shown t h a t  d u c t i l i t y  i s  h ig h e r  in  vacuum com pared  

w ith  t h e  d u c t i l i t y  in  a i r .  F o n ta n a  and G re e n 110 show ed t h a t  

s e l e c t i v e  o x id a t io n  o f  chrom ium  o c c u r r e d  in  s t a i n l e s s  s t e e l s  a t  

982 °C  when th e  a l l o y s  w ere  e x p o sed  to  low oxygen  a tm o s p h e re s .  

D u rin g  o x i d a t i o n ,  t h e  e le m e n ts  w i th  h ig h e r  f r e e  e n e rg y  a re  

o x id is e d  to  a g r e a t e r  e x t e n t  t h a n  th e  o th e r  e le m e n t s .

2 .7  H o t W o r k a b i l i t y  T e s ts

W o r k a b i l i t y  t e s t s  a r e  u s u a l l y  aim ed a t  th e  d e t e r m in a t io n  o f  

d e f o r m a tio n  s t r e s s e s  and maximum am ount o f  d e f o r m a tio n  p o s s i b l e .  

The m a jo r  r e q u i r e m e n ts  o f  t e s t s  d e s ig n e d  to  s im u la t e  h o t  w o rk in g  

o p e r a t i o n s  may be su m m arise d  a s  f o l lo w s  :

1 . The t e s t  m ethod  s h o u ld  a l lo w  th e  d e t e r m in a t io n  o f  th e

s t r e s s  r e q u i r e d  f o r  t h e  d e f o r m a t io n .

2 . The te m p e r a tu r e  a t  w hich  t e s t i n g  i s  u n d e r ta k e n  s h o u ld  be

known.

3 .  The s t r a i n  r a t e  s h o u ld  b e  d e t e r m in a b le .



4 . The am ount o f  d e f o r m a t io n  t h a t  t h e  m a te r i a l  h a s

w ith s t o o d  b e f o r e  f r a c t u r e  s h o u ld  b e  d e t e r m in a b le .

5 .  The t e s t  m e thod  s h o u ld  a l lo w  r a p id  c o o l in g  o f  sp e c im e n s

so  t h a t  h ig h  te m p e r a tu r e  s t r u c t u r e s  can  be exam ined  a t

room  te m p e r a tu r e .

S i m u la t iv e  t e s t s  in  t h e  l a b o r a t o r y  can  g iv e  a v e ry  u s e f u l  g u id e  

t o  c o r r e c t  m e t a l l u r g i c a l  p r a c t i s e ,  in  r e h e a t i n g ,  r o l l i n g ,  

e x t r u s io n  and o th e r  p r o c e s s e s .  Some o f  t h e  t e s t s  a r e  :

S ca led -D ow n  W orking  O p e r a t io n s

T e n s i l e  T e s t s

T o r s io n  T e s t s

Bend T e s ts  and

C o m p re ss io n  T e s t s

2 . 7 . 1  S ca led -D ow n  W orking  O p e r a t io n s

M oore111 h a s  p o in te d  o u t  t h a t  t h e  a d v a n ta g e  o f  m e th o d s  o f  t h i s  

n a tu r e  i s  t h a t  t h e  mode o f  d e f o r m a tio n  in  t h e  t e s t  m ethod  and th e  

p r a c t i c a l  w o rk in g  o p e r a t i o n  f o r  w h ic h  th e  d a t a  i s  r e q u i r e d  a r e  

t h e  sam e.

F o r  e x t r u s i o n s ,  s c a l e d  down e x t r u s i o n  e x p e r im e n ts  a r e  t h e  b e s t  

m ethod  o f  d e te r m in in g  e x t r u s io n  p r e s s u r e s  and optim um  e x t r u s i o n  

s p e e d s ,  r e d u c t i o n s  and t a r i p a r a t u r e s .  In  a d d i t i o n ,  v a r i a b l e s  such  

as d ie  f a c e  a n g le  and l u b r i c a t i o n  c o n d i t i o n s  c an  be  s tu d i e d  w i th  

th e  same e q u ip m e n t .

H ow ever, in  l . . .  : ^ 3e  o f  r o l l i n g ,  a  h ig h  sp e ed  m u l t i s t a n d  m il l  

w ould be r e q u i r e d  to  r e p r c d u c e  th e  h ig h  d e fo r m a tio n  r a t e s  and 

i n t e r m i t t e n t  d e f o r m a tio n  c y c l e s  a s s o c i a t e d  w i th  m odern
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c o n t in u o u s  h o t  r o l l i n g .  T h is  w ou ld  be e x t re m e ly  e x p e n s iv e  and 

t h e r e f o r e  i m p r a c t i c a l . Low er r o l l i n g  s p e e d s  and r e l a t i v e l y  

lo n g e r  i n t e r v a l s  b e tw ee n  s u c c e s s iv e  d e fo r m a t io n s  p e r t a i n i n g  to  

t h e  e a r l y  s t a g e s  o f  h o t  r o l l i n g  ( c o g g in g  and s l a b b in g )  c an  b e  

s im u la t e d  on l a b o r a t o r y  s c a l e  s i n g l e  s ta n d  m i l l s .  L a b o r a to r y  

m i l l s  s u f f e r  fro m  th e  l i m i t a t i o n  t h a t  l a r g e  r e d u c t io n s  c a n n o t  b e  

im p o sed . I t  i s  t h e r e f o r e  d i f f i c u l t  t o  a s s e s s  t h e  s e n s i t i v i t y  o f  

a  m a te r i a l  t o  r o l l i n g  c o n d i t i o n s . 111

T h u s , s c a le d  down p r a c t i c a l  w o rk in g  o p e r a t i o n s  can  g iv e  some 

u s e f u l  d a t a ,  su c h  a s  r e c r y s t a l l i s a t i o n  c h a r a c t e r i s t i c s  f o r  a 

g iv e n  am ount o f  d e fo r m a t io n  u n d e r  g iv e n  c o n d i t i o n s  o f  te m p e r a tu r e  

and s t r a i n  r a t e ,  b u t  in  g e n e r a l  s c a le d -d o w n  w o rk in g  t e s t s  a r e  n o t  

v e r s a t i l e  f o r  c o m p re h e n s iv e  s t u d i e s  o f  h o t  w o r k a b i l i t y  and 

t h e r e f o r e ,  t h e  te c h n iq u e s  o f  t e n s i l e ,  t o r s i o n ,  b e n d in g  :-i'd

c o m p re s s io n  t e s t i n g ,  a r e  u t i l i s e d .

2 .7 .2  T e n s i l e  T e s t s

T he d u c t i l i t y  o f  a  m a t e r i a l  may be e v a lu a te d  fro m  th e  u n ifo rm  

e l o n g a t i o n ,  t o t a l  e l o n g a t i o n  and r e d u c t io n  in  a r e a  o b ta in e d  in  a 

t e n s i l e  t e s t .  R e d u c t io n  in  a r e a  i s  t h e  m o st s t r u c t u r e  s e n s i t i v e  

d u c t i l i t y  p a r a m e t e r . 112

A lth o u g h  th e  s i m p l i c i t y  o f  t h e  t e n s i o n  t e s t  m akes i t  u s e f u l  a s  a

m eans o f  e v a lu a t in g  w o r k a b i l i t y ,  i t  i s  l i m i t e d  by n e c k in g ,  s i n c e

th e  s t r a i n  up to  n e c k in g  i s  l e s s  th a n  t h a t  a c h ie v e d  in  m ost

d e fo r m a tio n  p r o c e s s e s . 63

The t e n s io n  t e s t  i s  m a in ly  u se d  t o  d e te r m in e  th e  d u c t i l i t y  o f  a 

m a te r i a l  a s  a  f u n c t i o n  o f  t e m p e r a t u r e . 81 100 101 n 3 - 115 W ith 

i n c r e a s in g  t e m p e r a tu r e ,  t h e  d u c t i l i t y  ( a s  m e asu re d  by th e

r e d u c t io n  in  a r e a )  i n c r e a s e s  t o  a t t a i n  a maximum v a lu e  a t  a

s p e c i f i c  t e m p e r a tu r e 100 ( F ig u r e  2 9 ) .  Beyond th e  c h a r a c t e r i s t i c

te m p e r a tu r e ,  d u c t i l i t y  d ro p s  s u d d e n ly  due  t o  i n c i p i e n t
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FIGURE 29  -  T y p ic a l  H ot D u c t i l i t y  D iagram  fro m  t h e  H ot T e n s i l e  
T e s t  ( D e c r o ix 100 )



f u s i o n . 116 117 The s t r e n g t h  d e c r e a s e s  t o  z e r o  a t  t e m p e r a tu r e s  

w hich c a u s e  th e  f o r m a t io n  o f  enough  l i q u i d  t o  w et t h e  g r a in  

b o u n d a r ie s  e x t e n s i v e l y .  T h ese  te m p e r a tu r e s  a r e  s t r o n g l y  

in f lu e n c e d  by th e  am ount and d i s t r i b u t i o n  o f  se co n d  p h a s e s .

2 . 7 . 3  T o r s io n  T e s t s

T o rs io n  t e s t s  a r e  n o r m a l ly  c a r r i e d  o u t  on c y l i n d r i c a l  sp e c im en s  

e i t h e r  a t  room te m p e r a tu r e  o r  e l e v a t e d  te m p e r a tu r e .  The

f o r m a b l l i t y  o f  t h e  sp e c im en  w h ich  may be s o l i d  o r  t u b u l a r ,  i s  

a s s e s s e d  fro m  th e  num ber o f  r e v o l u t i o n s  s u s t a i n e d  a t  f a i l u r e .  

T e s ts  c an  b e  c a r r i e d  o u t  on m o d if ie d  l a t h e  t y p e  m a c h in e s  in  w hich  

th e  sp e c im en  i s  h e ld  f a s t  a t  one  end  and t w i s t e d  a t  t h e  o t h e r . 79

D e fo rm a t io n  i s  by  p u re  s h e a r  and  l a r g e r  s t r a i n s  a r e  a c h ie v e d  

w ith o u t  t h e  l i m i t a t i o n s  o f  p l a s t i c  i n s t a b i l i t y . 63 L arg e  v a lu e s  

o f  s t r a i n  r a t e  a r e  a l s o  r e a d i l y  o b t a in e d  s i n c e  t h e  s t r a i n  r a t e  i s  

p r o p o r t i o n a l  t o  t h e  r o t a t i o n a l  s p e e d . 118

The te c h n iq u e  i s  l i m i t e d  by th e  f a c t  t h a t  th e  s t r a i n  r a t e  in

s o l i d  sp e c im e n s  v a r i e s  l i n e a r l y  a lo n g  th e  r a d i u s  b e in g  maximum a t  

t h e  s u r f a c e  and z e r o  a t  t h e  a x i s . fS  T h is  d i f f i c u l t y  c an  b e

r e d u c e d  by m ak ing  u se  o f  t u b u l a r  t e s t  p i e c e s . 119 A se co n d  

l i m i t a t i o n  c f  t h e  t o r s i o n  t e s t  i s  t h a t  th e  d e fo r m a t io n  i s  n o t  an 

a c c u r a t e  s m u l a t i o n  o f  a c tu a l  p r o c e s s e s . 119 F u r th e r m o re ,  

d i f f i c u l t i e s  may a r i s e  a t  h ig h  s t r a i n  r a t e s  due  t o  h e a t  

g e n e r a t i o n . 65 T h is  p ro b le m , h o w e v e r, i s  n o t  so p ro n o u n c e d  w ith  

t u b u la r  sp e c im e n s .

2 . 7 . 4  Bend T e s ts

T h ese  t e s t s  in v o lv e  t h e  t h r e e - p o i n t  b e n d in g  o f  r e c t a n g u l a r  

sp e c im e n s . The s t r e s s  and s t r a i n  s t a t e s  on th e  o u t e r  s u r f a c e  o f

t h e  bend t e s t  sp e c im en  may be a l t e r e d  by a d j u s t i n g  th e

w id t h - t o - t h i c k n e s s  r a t i o . 120 The s t r a i n  r a t e  in  bend  t e s t s  i s  

d i f f i c u l t  t o  a s s e s s  as i t  v a r i e s  s i g n i f i c a n t l y  th ro u g h  th e  

t h i c k n e s s  o f  t h e  sp e c im en  and i s  t h e r e f o r e  in f lu e n c e d  by sp e c im en  

d e s i g n . 65
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The bend t e s t ,  in  w h ich  n e c k in g  p ro b le m s do n o t  a r i s e ,  c an  be 

u se d  a s  a m ethod  t o  a s s e s s  f o r m a b l l i t y .  The d e t e r m in a t io n  o f  

l i m i t i n g  t e n s i l e  and c o m p re s s iv e  s t r a i n s  f o r  t h e  bend  t e s t  i s  

i d e n t i c a '  t o  t h a t  u se d  For t h e  c o m p re s s io n  t e s t .  The bend t e s t  

c an  be  u se d  when th e  g e o m e try  o f  t h e  m a te r i a l  a v a i l a b l e  i s  n o t 

c o n v e n ie n t  f o r  t h e  p r e p a r a t i o n  o f  c o m p re s s io n  t e s t  sp e c im en s  in  

t h e  d e s i r e d  o r i e n t a t i o n ,  a s  show n In  F ig u re  3 0 . 115

Bend t e s t s  h av e  be en  u s e d 121 to  s tu d y  th e  e f f e c t  o f  a n i s o t r o p y  

and th e  s u r f a c e  c o n d i t i o n  on fo rm in g  l i m i t s  in  c o ld  and h o t

fo rm in g , t h e  o r i e n t a t i o n  in  s p e c im e n s , th e  e f f e c t  o f  a tm o sp h e re  

on s u r f a c e  c ra c k in g  In  s t e e l s  and th e  d e g re e  o f  h o t  s h o r t n e s s 113 

o f  c a rb o n  s t e e l s .

2 . 7 . 5  C o m p re ss io n  T e s t s

The m o st b a s i c  h o t  d u c t i l i t y  t e s t  c o n s i s t s  o f  c o m p re s s in g  a

s e r i e s  o f  c y l i n d r i c a l  ( o r  s q u a r e )  s p e c im e n s  t o  v a r io u s  

t h i c k n e s s e s ,  o r  t o  t h e  sam e th i c k n e s s  w i th  v a ry in g  sp e c im en

le n g th  : d ia m e te r  r a t i o s . 122 The l i m i t  f o r  c o m p re s s io n  w i th o u t  

f a i l u r e  by r a d i a l  o r  p e r i p h e r a l  c r a c k in g  i s  c o n s id e r e d  to  be a 

m e asu re  o f  w o r k a b i l i t y .

H i s t o r i c a l l y  t h i s  h a s  be en  one o f  t h e  t e s t s  m o st w id e ly  u se d  by 

th e  f o r g i n g  in d u s t r y .  L o n g i tu d in a l  n o tc h e s  a r e  so m etim es 

m ach in ed  I n t o  t h e  s p e c im e n s  p r i o r  t o  c o m p re s s io n  b e c a u s e  i t  i s  

b e l ie v e d  t h a t  t h e  n o tc h e s  c a u s e  m ore  s e v e r e  s t r e s s  

c o n c e n t r a t i o n s ,  p r o v id in g  a m ore r e l i a b l e  in d e x  o f  th e

w o r k a b i l i t y  t o  be e x p e c t e d .122 B e ca u se  o f  th e

s t r e s s - c o n c e n t r a t i o n  e f f e c t ,  f r a c t u r e  in  t h e  fo rm  o f  r u p tu r e s  i s  

m o st l i k e l y  t o  o c c u r  In  t h e  n o tc h e d  a r e a s  and may b e  assum ed to  

h a v e  been  i n i t i a t e d  by h o t  s h o r t n e s s ,  t r i p l e - p o i n t  c r a c k in g  and 

g r a in  b o u n d a ry  c a v i t a t i o n . 123

T hese  r u p tu r e s  may be c l a s s i f i e d 121* 125 a c c o rd in g  t o  th e  r a t i n g  

sy s te m  shown In  F ig u re  3 1 . A r a t i n g  o f  0  i s  a p p l ie d  I f  no

_  iS i .. M ---------
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FIGURE 30  -  I l l u s t r a t i o n  o f  p o s s i b l e  t e s t  sp e c im en  o r i e n t a t i o n  
a n d  c r i t i c a l  t e n s i l e  s t r e s s  d i r e c t i o n  o f  u p s e t  
t e s t s  and  bend  t e s t s  f o r  f r a c t u r e  s u r f a c e  
a n i s o t r o p y  d e t e r m in a t io n  ( E r tu 'r k 1 1 5 )





FIGURE 31 -  S u g g e s te d  r a t i n g  sy s te m  f o r  n o t c h - b a r  u p s e t  t e s t  
s p e c im e n s  t h a t  e x h i b i t  p r o g r e s s i v e l y  p o o r e r  
f o r g e a b i l i t y .  A r a t i n g  o f  0  w ould i n d i c a t e  
f re e d o m  fro m  r u p t u r e s  in  t h e  n o tc h e d  a re a . '* *



r u p tu r e s  a r e  o b s e rv e d .  I f  t h e y  a r e  s m a l l ,  d i s c o n t in u o u s  and 

s c a t t e r e d ,  t h e  r a t i n g  i s  1 . H ig h e r  r a t i n g  num bers i n d i c a t e  

i n c r e a s in g  in c id e n c e  and d e p th  o f  r u p t u r e .

D u rin g  c o m p re s s iv e  d e f o r m a t io n ,  th e  c r o s s - s e c t i o n a l  a re a  o f  t h e  

sp e c im en  in c r e a s e s  and th e  lo a d  r e q u i r e m e n ts  f o r  f u r t h e r  

d e fo r m a tio n  a l s o  I n c r e a s e .  T h is  may p r e s e n t  p ro b lem s due  to  

l i m i t a t i o n s  in  p r e s s  c a p a c i t y .

A n o th e r  im p o r ta n t  f a c t o r  In  r e l a t i o n  t o  c o m p re s s io n  t e s t s ,  i s  t h e  

f a c t  th a t ,  f o r  a  c o n s t a n t  c r o s s - h e a d  sp e e d  th e  s t r a i n  r a t e  

i n c r e a s e s ,  a s  t h e  h e ig h t  o f  t h e  sp e c im e n  d e c r e a s e s  d u r in g  

d e fo r m a t io n .  T h is  d i f f i c u l t y  may b e  o v e rcom e  by u s in g  m a ch in e s 

o f  s p e c i a l  d e s ig n  su c h  a s  th e  cam p l a s t o m e t e r . 111 122 In  a cam 

p l a s t o m e t e r ,  t h e  b o tto m  p l a t e n  c o m p re s s e s  t h e  sp e c im en  th ro u g h  

cam a c t io n  a t  a  c o n s t a n t  t r u e  s t r a i n  r a t e  t o  a  s t r a i n  l i m i t  o f  e 

= 0 , 7 .  A cam p la s to m e te r  I s  a  r a t h e r  r a r e  d e v ic e  : t h e r e  a r e  

p r o b a b ly  no m ore  th a n  te n  in  t h e  w o r l d . 122 I t  s h o u ld  be 

r e c o g n i s e d ,  h o w e v e r, t h a t  a l th o u g h  a  c o n s t a n t  s t r a i n  r a t e  i s  

im p o r ta n t  in  r i g o r o u s  r e s e a r c h  s t u d i e s ,  much u s e f u l  w o r k a b i l i t y  

d a t a  can  be o b ta in e d  by  h o t  c o m p re s s io n  t e s t i n g  u n d e r  c o n d i t i o n s  

w here  t h e  s t r a i n  r a t e  v a r i e s  t h r o u g h o u t  d e f o r m a t io n .  The above 

h o ld s  a s  lo n g  a s  b o th  th e  sp e c im e n  h e ig h t  and th e  ty p e  o f  p r e s s  

a r e  th e  same In  o r d e r  t o  o b t a in  r e p r o d u c i b l e  and c o m p a ra b le

E xam ples o f  t h e  a p p l i c a t i o n  o f  t h e  n o t c h e d - b a r  t e s t  a r e  th o s e  

r e p o r t e d  by S a b r o f f  e t  a l 1211 and by  De R id d e r  and K o c h .126 

H a b e r l in g  e t  a l 127 a p p l ie d  t h e  r a t i n g  s y s te m  t o  u n n o tc h e d  

c y l i n d r i c a l  c o m p re s s io n  sp e c im en s  t o  d e te r m in e  th e  e f f e c t  o f  

in c r e a s e d  s u lp h u r  c o n te n t  on t h e  h o t  w o r k a b i l i t y  o f  h ig h  sp e ed  

s t e e l s .  S a b r o f f  e t  a l  121t fo u n d  t h a t  r o l l e d  r i n g s  o f  ty p e  403 

s t a i n l e s s  s t e e l  w i th  a  n o tc h e d - b a r  r a t i n g  o f  0  w ere  sound  w h erea s  

th o s e  w ith  a r a t i n g  o f  4 r u p tu r e d  e x t e n s i v e l y .  In  a s i m i l a r  

v e in ,  De R id d e r  and K och126 d e m o n s tr a te d  th e  r u p tu r e  s e n s i t i v i t y  

o f  In c o n e l  718 w ith  th e  n o tc h e d - b a r  u p s e t  t e s t .  The a l l o y  was
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shown t o  be much m ore  n o t c h - s e n s i t i v e  a s  th e  t e s t  te m p e r a tu r e  was 

in c r e a s e d .

I t  has  been  r e p o r t e d 123 t h a t  th e  n o tc h e d - b a r  u p s e t  t e s t  i s  m ore 

s e n s i t i v e  th a n  th e  s im p le  u p s e t  t e s t .  In  f a c t ,  a  n o tc h e d - b a r  

r a t i n g  o f  3 h a s  be en  shown to  be p e r f e c t l y  sound  a f t e r  s i m i l a r  

r e d u c t io n s  in  s im p le  u p s e t t i n g .  T h u s , t h e  s im p le  u p s e t  t e s t  may 

in d i c a t e  a d e c e p t i v e l y  h ig h e r  d e g re e  o f  w o r k a b i l i t y  t h a n  c an  b e  

r e a l i s e d  in  an a c t u a l  p r o c e s s in g  o p e r a t i o n ,  and th e  n o tc h e d - b a r  

u p s e t  t e s t  may b e  p a r t i c u l a r l y  u s e f u l  f o r  i d e n t i f y i n g  m a t e r i a l s  

h a v in g  m a rg in a l  w o r k a b i l i t y .

C o m p re ss io n  t e s t s  may a l s o  b e  u se d  t o  e v a lu a t e  th e  l i m i t i n g  

s t r a i n s  a t  f r a c t u r e  f o r  b u lk  fo rm in g  p r o c e s s e s . 119 When, f o r  t h e  

p o in t s  o f  f a i l u r e ,  t e n s i l e  s t r a i n  i s  p l o t t e d  a g a i n s t  c o m p re s s iv e  

s t r a i n  f o r  v a ry in g  h e ig h t  t o  d ia m e te r  r a t i o s  and f r i c t i o n a l  

c o n d i t i o n s ,  a  s o - c a l l e d  " fo rm in g  l i m i t  l i n e "  (FLL) w ith  a 

p o s i t i v e  i n t e r c e p t  on th e  t e n s i l e  a x i s  and a s lo p e  o f  0 ,5  i s  

fo rm ed  ( F ig u r e  3 2 ) . 118 The i n t e r c e p t  i s  known a s  t h e  w o r k a b i l i t y  

in d e x  and i s  a  m e asu re  o f  t h e  in f lu e n c e  o f  t h e  m a te r i a l  v a r i a b l e s  

on w o r k a b i l i t y . 63 F o r f u r t h e r  d e t a i l s  on th e  u t i l i s a t i o n  o f  th e  

fo rm in g  l i m i t  l i n e ,  t h e  r e a d e r  i s  r e f e r r e d  t o  r e f e r e n c e  6 3 .
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3 . EXPERIMENTAL PROCEDURES

3 .1  I n t r o d u c t i o n

The e x p e r im e n ta l  w ork r e f e r s  t o  c o n v e n t io n a l  and m ic r o c h i l l e d  

( s u s p e n s io n )  i n g o t  c a s t i n g s  w ith  s i m i l a r  c h e m ic a l c o m p o s i t i o n s .  

I t  c o v e r s  t h e  o p t im i s a t io n  o f  a  l a b o r a to r y  s u s p e n s io n  c a s t i n g  

p ro c e d u re  and th e  c o m p a r a t iv e  e x a m in a t io n s  o f  m i c r o c h i l l e d  and 

c o n v e n tio n a l  i n g o t s  in  t h e  a s  c a s t  c o n d i t i o n  and a f t e r  m e c h a n ic a l 

d e fo r m a t io n .

3 .2  A l lo y  P r e p a r a t i o n  a n d  P o u r in g

The f o l lo w in g  e q u ip m e n t was u se d  ; an a i r  m e l t in g  in d u c t io n  

f u r n a c e  f i t t e d  w ith  a  g e n e r a to r  c a p a b le  o f  d e l i v e r i n g  50 kW a t  

3000 Hz, f l a k e  g r a p h i t e  c a s t  i r o n  m ou lds (w i th  8 kg c a p a c i t y ) ,  a 

chrom e o x id e  c r u c i b l e  w ith  m a g n e s i te  p o u r in g  s p o u ts  and a  d i g i t a l  

i n f r a r e d  p y r o m e te r .

The c r u c i b l e  was c h a rg e d  w ith  c o m m e r c ia l ly  s u p p l i e d  p l a t e  o f  AISI 

310 s t a i n l e s s  s t e e l  and p r e h e a te d  f o r  30 m in u t e s .  M e l t in g  was 

c a r r i e d  o u t  w i th o u t  t h e  u se  o f  a p r o t e c t i v e  a tm o sp h e re  hood a t  30 

idf f o r  30 m in u t e s .  The pow er was t h e n  b o o s te d  to  40 kW u n t i l  th e  

r:.«"Ctng te m p e r a tu r e  was r e a c h e d .  The m e ta l  was h e ld  a t  

i m p e r a t u r e  f o r  a b o u t  6  m in u t e s .  A f t e r  sk im m ing  th e  s u r f a c e ,  t h e  

m o lten  m e ta l was p o u re d  w i th in  21s i n t o  i n g o t s  ( 6 4 m  s q u a re  and 

250mm lo n g )  and a l lo w e d  t o  a i r  c o o l .

IT a f i r s t  i n g o t  was c a s t  fro m  a te m p e r a tu r e  o f  1600 ° C  in  o r d e r  

to  c o n f irm  t h a t  no s i g n i f i c a n t  c h an g e  in  c h e m ic a l c o m p o s i t io n  

o c c u r re d  d u r in g  a i r  m e l t i n g .  As c an  be s e e n  fro m  T a b le  I I I ,  none 

d id  :



TABLE I I I  -  C h e m ic al A n a ly s e s  o f  t h e  A IS I 310 S t a i n l e s s  S t e e l  

i n  t h e  A s -R e c e iv e d  and  R e m e lte d  C o n d i t io n s

E lem en t Mass P e r c e n t  in  t h e  
A s -R e c e iv e d  C o n d i t io n

Mass P e r c e n t  in  th e  
R e m e lte d  C o n d i t io n

C 0 ,0 5 8 0 ,0 7 9
0,012 0 ,0 1 1

P 0 ,0 2 5 0 ,0 3 1
Mn 1 ,8 3 1 ,5 3
Si 0 ,6 5 0 ,5 3
Cr 2 4 ,4 4 2 4 ,0 4
Ni 1 9 ,4 0 1 9 ,2 9
N 0 ,0 3 7 0 ,0 5 0

The m e l t in g  r a n g e  o f  t h e  m e ta l was g iv e n  a s  1400 t o  1455 ° C 1ZS 

b u t  in  o r d e r  t o  i n c r e a s e  /- , e  e x t e n t  o f  t h e  c o lu m n a r  z o n e , a h ig h  

d e g re e  o f  s u p e r h e a t  w as im p a r te d  t o  t h e  m e l t .  H en c e , su b s e q u e n t  

i n g o ts  w ere  c a s t  from  1750 ° C .  P ro b le m s w ere  e n c o u n te re d  w ith  

b u rn  in  o f  th e  m ould  ( F ig u r e s  33 and 34 ) and  d i s p e r s e d  p o r o s i t y  

( F ig u r e  3 5 ) .  A tte m p ts  t o  d e c r e a s e  t h e  s u p e r h e a t  and t o  p r e h e a t  

t h e  m ould by 200 ° C  a g g ra v a te d  th e  b u r n - i n  p ro b le m .

T h ese  p ro b le m s w ere  e v e n t u a l l y  e l i m i n a t e d ,  w h i le  m a in t a in in g  a 

f u l l y  c o lu m n ar  s t r u c t u r e ,  by th e  u se  o f  a z i r c o n  and s i l i c a  f l o u r  

a lc o h o l  b a se d  m ould c o a t ,  m ore  r a p id  m e l t i n g  and  c a s t i n g  (20  

m in u te s  a t  30 kW and im m ed ia te  r a p id  p o u r in g  f o r  10 t  5 s  o n c e  

t h e  c a s t i n g  te m p e r a tu r e  o f  1750 ° C  was r e a c h e d ) ,  t h e  u s e  o f  an 

a lum in ium  and i r o n  o x id e  b a se d  e x o th e r m ic  pow der p o u red  on to p  o f  

th e  i n g o t  im m e d ia te ly  a f t e r  c a s t i n g  and a m ould p r e h e a t  o f  60 t o  

80 ° C .



FIGURE 33  -  B urn  in  o f  t h e  I n g o t  M ould S u r f a c e



FIGURE 34  -  E n la rg e d  View o f  t h e  I n g o t  M ould B u rn - in

FIGURE 35  -  D is p e r s e d  I n g o t  
P o r o s i t y  O b ta in e d  D u rin g  
I n i t i a l  I n g o t  C a s t in g  
A tte m p ts



3 , 3  Pow der P r e p a r a t i o n  a n d  C h a r a c t e r i s a t i o n

The i r o n  pow der u se d  f o r  t h e  e x p e r im e n ts  was c h a r a c t e r i s e d  w ith  

r e f e r e n c e  t o  i t s  c h e m ic a l c o m p o s i t i o n ,  i t s  p a r t i c l e  s i z e  

d i s t r i b u t i o n ,  i t s  m i c r o s t r u c t u r e ,  m o rp h o lo g y  and H ow  p r o p e r t i e s .

T he c a rb o n  and oxygen  c o n te n t s  o f  th e  pow der w ere  d e te r m in e d  by 

i n f r a r e d  a b s o r p t io n  o f  C02 , n i t r o g e n  by  th e rm a l  c o n d u c t i v i t y  and 

th e  r e m a in in g  e le m e n ts  by X -ra y  f l u o r e s c e n c e .  The - r e s u l t s  o f  th e  

c h em ic a l a n a l y s i s  a r e  shown in  T a b le  IV.

TABLE IV -  C h e m ic a l C o m p o s itio n  o f  t h e  I r o n  Pow der

E lem en t P e r c e n t

0 ,0 2 2
0 ,4 4
0 ,0 0 5

Mn 0 ,0 3
0 ,0 0 5

< 0 ,0 0 5
Si < 0 , 0P
Cr 0 ,0 2
Mo < 0 ,0 1
Mi 0 ,0 3
Cu 0 ,0 2

0 ,0 4
Fe 9 8 ,4

A sa m p le  s p l i t t e r  was u se d  t o  o b t a in  a r e p r e s e n t a t i v e  s a m p le  o f  

th e  pow der f o r  d r y  s c r e e n  a n a l y s i s .  A s a m p le  o f  pow der w e ig h in g  

270g was v i b r a t e d  f o r  15 m in u te s  on a s i e v in g  m a ch in e  u t i l i s i n g  

th e  f o l lo w in g  mesh s i z e s  :  48 (2 9 7  ym ), 70 (210  urn), 100 (149  

pm ), 140 (105  pm ), 200 (7 4  pm ), 300 (53 um ), 350 (45  um) and 400 

(38  um ). The m ass r e t a i n e d  on eac h  s i e v e  was m e asu re d  and 

p r o p o r t io n e d  to  t h e  t o t a l  m ass a s  a p e r c e n ta g e  (T a b le  V ). The 

mass p e r c e n t - s f z e  f r e q u e n c y  d i s t r i b u t i o n  and th e  c u m u la t iv e



m a s s - s i z e  c u rv e  a r e  shown in  F ig u re  36 and F ig u re  37 

r e s p e c t i v e l y .  From th e  c u m u la t iv e  m a s s - s i z e  c u rv e  i t  was d e c 'd e d  

t o  u t i l i s e  t h e  53 m  t o  105 pm p a r t i c l e  s i z e  r a n g e  a s  t h i s  v e r y  

n a rro w  ra n g e  r e p r e s e n te d  4 7 ,6  p e r c e n t  o f  th e  t o t a l  pow der by

A f t e r  s i e v i n g ,  t h e  pow der was d r i e d  a t  200 ClC f o r  2 h o u r s  and 

th e n  s to r e d  in  a d e s s i c a t o r  f o r  f u r t h e r  u s e .

TABLE V -  P e r c e n ta g e  I r o n  Pow der R e ta in e d  on e a c h  Mesh S iz e

Mesh Number S iz e
( \ m )

P e r c e n ta g e  Pow der 
R e ta in e d

48 297 .
70 210

100 149 8 ,7 7
140 105 2 2 ,4 0
200 74 2 5 ,1 6
300 53 1 8 ,7 8
350 45 7 ,0 9
400 38 4 ,1 8
Pan <38 1 3 ,6 2
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The pow der was p r e p a re d  f o r  o p t i c a l  m ic ro sc o p y  by m ou n tin g  In 

l u c i t e  pow der and  g r in d in g  on s u c c e s s iv e  g r a d e s  o f  c a r b id e  p a p e r  

up to  1000 g r i t .  F i n a l  p o l i s h i n g  was a c h ie v e d  by t h e  u se  o f  a 2 

um a lu m in a  p a s t e  and th e  sp e c im en  was e tc h e d  f u r  10 s e c o n d s  in  a 

3 p e r c e n t  s o l u t i o n  o f  HN03 in  e th a n o l .

M e ta n o g r a p h ic  e x a m in a t io n  show ed th e  pow der t o  be 

p o l / c r y s t a l l i n e  ( F ig u r e  3 8 ) .  O x ide  I n c lu s io n s  w ere  p r e s e n t  in  

t h e  g r a i n s .  The p r e s e n c e  o f  sp o n g e  m ic r o p o r o s i ty  was d i f f i c u l t  

to  a s s e s s  due  t o  t h e  i r r e g u l a r  p a r t i c l e  sh a p e  v i z .  any  

m ic r o p o re s  o b s e rv e d  may h a v e  b e e n  due  to  t h e  o r i e n t a t i o n  o f  th e  

s e c t i o n  th ro u g h  t h e  p a r t i c l e .  H en c e , i t  was d e c id e d  t o  d e te r m in e  

t h e  p r e s e n c e  o f  open  m ic r o p o r o s i ty  by s c a n n in g  e l e c t r o n  

m ic ro s c o p y  w h ich  w ould  a l s o  a l lo w  I n v e s t i g a t i o n  o f  th e "  pow der 

p a r t i c l e  m o rp h o lo g y .

T h e  p a r t i c l e s  show ed a  low  a n g u l a r i t y  and a to p o g r a p h y  t y p i c a l  o f  

pow ders p ro d u c e d  by  th e  o x id e  r e d u c t io n  p r o c e s s  ( F ig u r e  3 9 ) .  

F u r th e r m o re ,  th e  p a r t i c l e s  show ed som e, b u t  n o t  e x t e n s i v e ,  open 

p o r o s i t y  as can  b e  s e e n  f ro m  F ig u re  40 .



FIGURE 38  -  P o l y c r y s t a l l i n e  N a tu re  o f  t h e  I r o n  ' j w d e r

N o'.s a l s o  t h e  p r e s e n c e  o f  o x id e  I n c lu s io n s  (A ) . 
E tc h e d ,  3% m t a l ,  500x .



FIGURE 40  -  D e t a i l e d  View o f  I r o n  Pow der P a r t i c l e  S u r f a c e

SEM, 1000X
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3.4 Technique o f M ic roch ilU ng

3 .4 .1  P r e l im i n a r y  T im in g  S t u d ie s  f o r  t h e  I n t r o d u c t i o n  o f

The te c h n iq u e  o f  m ic r o e h i11Ing  was m a in ly  b a se d  on t r i a l  r u n s  to  

o b t a in  an ev en  r a t e  o f  pow der a d d i t i o n .  T h is  w . j  a c h ie v e d  by 

a d ju s t i n g  th e  pow der f lo w  r a t e  to  .h e  p o u r in g  tim e  o f  t h e  i n g o t .
The e x p e r im e n ta l  t im in g  s t u d i e s  w ere  done in  "mock" t r i a l s

i n i t i a l l y .

A r e f r a c t o r y  f u s e d  s i l i c a  tu b e  o f  le n g th  5 0 0 m  and 17mm in  i n n e r  

d ia m e te r  w as h e ld  in  a s t a n d .  The i r o n  pow der was in t r o d u c e d  

f n to  a fu n n e l  lo c a t e d  a t  t h e  t o p  o f  th e  t u b e .  V a r io u s  a n g le s  o f  

t h e  tu b e  w ith  r e s p e c t  t o  t h e  v e r t i c a l  a x is  and v a r io u s  fu n n e l

s i z e s  w ere  t e s t e d  in  o r d e r  t o  o b t a in  t h e  d e s i r e d  f lo w  r a t e .

The id e a l  p o s i t i o n i n g  a n g le  b e tw een  th e  t u b e  a x is  and th e

v e r t i c a l  ax ^s was fo u n d  t o  be 5 d e g r e e s .

T h is  was d e te r m in e d  by :

I )  t h e  l im i t e d  sp a c e  in  t h e  la y o u t  o f  t h e  a p p a r a tu s  a n d ,

I I )  th e  ne ed  to  m a in ta in  a  g e n t l e  c o l l u s i o n  o f  t h e  pow der 

p a r t i c l e s  w ith  th e  s tr e a m  o f  t h e  m o lte n  m e ta l to  o b t a in  

r a p id  w e t t i n g  o f  th e  p a r t i c l e s  by th e  m o lte n  m e t a l .

U sing  200g a l l i q u o t s  o f  i r o n  p o w d er, t h e  f o l lo w in g  a v e ra g e  

flo w  r a t e s  o f  pow der b a sed  on 30 t r i a l  r u n s  e a c h ,  w ere  d e te rm in e d  

f o r  v a r io u s  a p e r tu r e  d ia m e t e r s  o f  f u n n e l s .

A p e r tu r e  D ia m ete r 
o f  F u n n e l (mm) 2 ,5 0 4 ,1 5 j , 3 0 6 ,3 5 9 ,5

A verage  Flow r a t e  o f  
Pow der (g  s -1 fi,91 1 3 ,0 9 2 1 ,0 6 3 1 ,9 0 7 9 ,3 7
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O nce th e  m e ta l f lo w  r a t e  and t h e  tim e  f o r  p o u r in g  had  been  

s t a b i l i s e d  a t  6 s  by th e  i n t r o d u c t i o n  o f  a  p o u r in g  b a s in  ( s e e  

n e x t  s e c t i o n  on 'T h e  E x p e r im e n ta l C a s t i n g s ') ,  i t  was p o s s i b l e  t o  

d e te r m in e  w hat m ass p e r c e n ta g e  o f  pow der w ould be d e l i v e r e d  to  

t h e  6kg in g o t s  by t h e  v a r io u s  a p e r t u r e  d i a m e t e r s .

A p e r tu r e  D ia m ete r  
o f  F unne l (mm) 2 ,5 0 4 ,1 5 5 ,3 0 6 ,3 5 9 ,5

Mass P e r c e n ta g e  
A d d it io n  o f  Powder 

( P e r c e n t )
0 ,8 9 1 ,3 1 2 ,1 0 3 ,1 9 7 ,9 4

A tte m p ts  t o  d e te r m in e  th e  v a r i a t i o n  in  pow der f lo w  r a t e  a s  th e  

pow der h e a d  in  t h e  f u n n a l  d e c r e a s e d  w ere  u n s u c c e s s f u l .

3 . 4 . 2  The E x p e r im e n ta l  C a s t in g s

I n i t i a l l y ,  i t  was c o n je c tu r e d  t h a t  t h e  m i c r o c h i l l i n g  w ould  be 

a cc o m p lish e d  by  s im u lta n e o u s  p o u r in g  o f  t h e  i r o n  pow der and th e  

m o lte n  m e ta l d i r e c t l y  i n t o  t h e  in g o t  m o u ld . H ow ever, p ro b le m s 

w ere  e x p e r ie n c e d  in  o b ta in in g  s u f f i c i e n t  m ix in g  o f  t h e  pow der and 

th e  m e l t .  T h is  was th o u g h t  t o  be due  to  th e  la c k  o f  c h an g e  in  

f lo w  d i r e c t i o n  and th e  a b se n c e  o f  a n y  ch an g e  in  c r o s s - s e c t i o n a l  

a r e a  o f  t h e  f lo w  p a th  a f t e r  t h e  i n i t i a l  im p in g em en t o f  t h e  pow der 

and th e  m e l t .  I t  was a l s o  found  t h a t  t h i s  m e thod  d id  n o t  g iv e  a 

h i g h ly  r e p r o d u c i b l e  m e ta l p o u r in g  r a t e  r e s u l t i n g  in  uneven  pow der 

d i s t r i b u t i o n  in  t h e  i n g o t .  Use o f  t h i s  s im u lta n e o u s  d i r e c t  

p o u r in g  te c h n iq u e  r e s u l t e d  in  p o u r in g  tim e s  o f  b e tw een  5 and 

1 5 s . In  o r d e r  t o  l i m i t  t h e s e  v a r i a t i o n s  t o  a  minimum a  p o u r in g  

b a s in  was u se d  r e s u l t i n g  in  p o u r in g  tim e s  w ith  a c c e p ta b le  

r e p r o d u c i b i l i t y .

—  * 4 t  _  w  J J W  __________



U sing  a  m ild  s t e e l  t e m p l a t e ,  t h e  p o u r in g  b a s in  ( F ig u r e  41) was 

m oulded  w ith  a  m a g n e s i te  b a se d  r e f r a c t o r y  and c o a te d  w ith  a i r  

s e t t i n g  m a g n es iu m -b a se d  m o r ta r .  The p o u r in g  b a s in  was f i l l e d  to  

a  c o n s t a n t  h e i g h t ,  and th e  a n g le  o f  t h e  r u n n e r  v a r i e d  u n t i l  a 

s a t i s f a c t o r y  r e p r o d u c i b l e  p o u r in g  tim e  o f  6  ± I s  was o b t a in e d .  

(T he e x p e r im e n ta l  a s se m b ly  f o r  s u s p e n s io n  c a s t i n g  can  be se en  in  

F ig u re  4 2 ) .

I n  o r d e r  t o  a v o id  c h i l l i n g  o f  t h e  m e ta l by  th e  p o u r in g  b a s in ,  th e  

l a t t e r  was p r e h e a te d  to  1100 6 U,

The r e f r a c t o r y  tu b e  u se d  to  d e l i v e r  th e  pow der f ,a m  m e  fu n n ^ : 

i n t o  t h e  in g o t  m ould was p o s i t i o n e d  so t h a t  c o l l u s i o n  o f  pow der 

p a r t i ' - l e s  w ith  th e  m e ta l  s t r e a m  o c c u r re d  im m e d ia te ly  be low  th e  

r im  o f  t h e  i n g o t  m ould s u r f a c e .  P o s i t i o n i n g  o f  t h e  tu b e  above 

th e  r im  r e s u l t e d  i n  t h e  d e f l e c t i o n  and s c a t t e r i n g  o f  i r o n  

p a r t i c l e s  o u t s i d e  t h e  m o u ld . A tte m p ts  t o  im prove  th e  m ix in g  o f  

t h e  pow der in  t h e  m o lte n  m e ta l by p o s i t i o n i n g  th e  t u b e  in  th e  

p o u r in g  b a s in  r e s u l t e d  in  e x c e s s iv e  c h i l l i n g  and s o l i d i f i c a t i o n  

o f  th e  a l l o y  in  t h e  la u n d e r .

The p o u r in g  p r o c e d u re  f o r  s u s p e n s io n  c a s t i n g  was t h e  same as" f o r  

c o n v e n t io n a l  c a s t i n g  e x c e p t  f o r  t h e  a d d i t i o n  o f  t h e  i r o n  p ow der. 

I t  was found  t h a t  p ro b le m s o c c u r re d  o b ta in in g  s a t i s f a c t o r y  m ix in g  

o f  th e  pow der and th e  m e l t  when a d d i t i o n s  o f  3 ,1 9  p e r c e n t  pow der 

w ere  u s e d .  The a d d i t i o n  o f  2 ,1  p e r c e n t  pow der r e s u l t e d  in  in g o ts  

w ith  t h e  l a r g e s t  e q v : "Pd z o n e . A ll m ic r o c h i  1 le d  i n g o t s  u se d  f o r  

su b se q u e n t e x p e r im e r ,; :  w are  t h e r e f o r e  made w ith  t h i s  p e rc e n ta g e  

a d d i t i o n  o f  i r o n  p ow der.

3 . 4 . 3  H ic r o c h i l l e d  a n d  C o n v e n t io n a l ly  C a s t  I n g o t s

F o l lo w in g  th e  e s t a b l i s h m e n t  o f  th e  c a s t i n g  p r o c e d u r e ,  f i v e  

c o n v e n t io n a l ly  c a s t  and f i v e  s u s p e n s io n  c a s t  i n g o ts  o f  s t e e l  AISI 

310 w ere  p ro d u c e d . T h ese  w ere  coded  as CC and SC r e s p e c t i v e ! ;



101

A jW *  e

FI
GU

RE
 

41 
- 

A 
Sc

he
m

at
ic

 
D

ia
gr

am
 

of 
th

e 
Po

ur
in

g 
B

as
in



-  T he E x p e r im e n ta l  S e t  up f o r  S u s p e n s io n  C a s t in g

in d u c t io n  u n i t
m e l t i n g  p o t  c o n ta in i n g  th e  chrom e o x id e  c r u c i b l e  
i n f r a r e d  p y ro m e te r  s e n s o r y  head  
i n f r a r e d  p y ro m e te r  c o n t r o l  u n i t  
p o u r in g  b a s in  
f l a k e  g r a p h i t e  i n g o t  m ould 

G i s  t h e  s i l i c a  tu b e
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Each s e r i e s  was c oded  f u r t h e r  a s  0 ,  2 0 , 4 0 , 60 and 80 r e f e r r i n g  

r e s p e c t i v e l y  t o  t h e  a s  c a s t  m a te r i a l  and t o  m a te r i a l  r e d u c e d  in  

h o t  r o l l i n g  by 2 0 , 4 0 , 60 and 80 p e r c e n t .

A ll t h e  i n g o t s  w ere  c h e c k e d  f o r  u n so u n d n e ss  by  X -ray  

r a d io g r a p h y .  The m tth o d  a l s o  e n a b le d  th e  le n g th  o f  th e  p r im a ry  

p ip e  in  eac h  o f  th e  i n g o ts  t o  be m e a su re d .

3 .5  H a c r o s t r u c tu r a l  E x a m in a t io n

A ll  c o n v e n t io n a l  and  m i c r o c h i l l e d  i n g o t s  c a s t  d u r in g  th e  

e s ta b l i s h m e n t  o f  th e  c a s t i n g  p r o c e d u re  w ere  s e c t i o n e d  

l o n g i t u d i n a l l y  w h ile  t h e  h o t - r o l l e d  i n g o t s  w ere  s e c t i o n e d  

t r a n s v e r s e l y .

The s u r f a c e s  w ere  th e n  s u r f a c e  g ro u n d  and m a c ro e tc h e d  in  b o i l i n g  

m ixed a c id s  (38  ml HC1, 12 ml H2 S04 and 50 ml H20) f o r  tw o 

h o u r s .  A f t e r  e t c h i n g ,  th e  s u r f a c e s  w ere  exam ined  v i s u a l l y  to  

d e te r m in e  th e  e f f e c t  o f  s u s p e n s io n  c a s t i n g  and h o t  w o rk in g  on th e  

in g o t  m a c r o - s t r u c t u r e .

3 . 6  R o l l i n g

The in g o ts  w ere  r o l l e d  in  a  tw o -h ig h  r e v e r s i n g  m i l l  w ith  a 

c a p a c i t y  o f  50 to n n e s .  D u rin g  r o l l i n g ,  t h e  te m p e r a tu r e  was 

c o n s t a n t l y  m o n ito re d  u s in g  a d i g i t a l  i n f r a r e d  p y r o m e te r .  A ll 

r o l l i n g  was d one  u s in g  f l a t  r o l l s  o f  200mm d ia m e te r  and  a  r o l l  

sp e ed  o f  25 rpm ( e q u iv a l e n t  t o  a l i n e a r  sp e ed  o f  0 ,2 6  ms- 1 ) .

To m a in ta in  a s q u a re  s e c t i o n ,  th e  i n g o ts  w ere  r o t a t e d  th ro u g h  903 

b e tw een  p a s s e s  and s t r a i g h t e n e d  in  a  p r e s s  a s  n e c e s s a r y  b e fo r e  

b e in g  r e tu r n e d  to  t h e  f u r n a c e .



D e t a i l s  o f  th e  r o l l i n g  p ro c e d u re  a r e  g iv e n  in  T ab le  VI below  :

TABLE VI -  R o l l in g  P ro c e d u re  f o r  t h e  S u s p e n s io n  and 

C o n v e n t io n a l ly  C a s t  I n g o ts

R o l l in g  t e n p e t a t u r e 1100 °C

Soak ing  tim e 1 ,5  h o u rs

R o l l in g  te m p e r a tu re  r a n g e 1100 ° C  -  800 0 C

Number o f  i n te r m e d i a te  r e h e a t s 0 f o r  20% r e d u c t io n
1 f o r  40% r e d u c t io n
2 f o r  60% r e d u c t io n
3 f o r  80% r e d u c t io n

R e h e a tin g  tim e s  be tw een  
r e d u c t io n s

30 m in u te s  be tw een  r o l l  
p e r io d s  1 and 2 and 15 
m in u te s  be tw een  r o l l  
p e r io d s  2 and 3 , and 3

A s c h e m a tic  r e p r e s e n t a t i o i i  o f  th e  r o l l i n g  p ro c e d u re  f o llo w e d  i s  

g iv e n  in  F ig u re  43.

A fte r  r o l l i n g ,  th e  in g o ts  w ere  w a te r  quenched  and t h e i r  s u r f a c e s  

exam ined v i s u a l l y  f o r  c r a c k s  and o th e r  d e f e c t s .  A t r a n s v e r s e  

s e c t i o n  was ta k e n  from  eac h  in g o t  and exam ined  .to  e s t a b l i s h  t h e



m o i l in g
ra n g e

quench

15 n rins 15 m ins3 0  m ins1 1 /2  h o u rs

FIGURE 43 -  S c h e m a tic  D iag ram  f o r  R o l l i n g  P ro c e d u re



3.7 Specimen P reparation and Testing

C h a rp y , t e n s i l e  and c o m p re s s io n  sp e c im en s  w ere  p r e p a re d  from  th e  

c o n v e n tio n a l  and s u s p e n s io n  c a s t  i n g o ts  in  t h e  a s - c a s t  and 

a s - r o l l e d  c o n d i t i o n s .  The sp e c im e n s  w ere  c u t  in  th e  l o n g i t u d in a l  

d i r e c t i o n  f o r  a l l  i n q o t s  and w here  in g o t  c r o s s  s e c t i o n  s i z e  

a l lo w e d , in  .* t r a n s v e r s e  d i r e c t i o n  a s  w e ll ( F ig u r e  4 4 ) .

3 .7 .1  C h arp y  Im p ac t T e s t s

S ta n d a rd  C harpy  V -n o tch  im p a c t sp e c im en s  w ere  c u t  and m ach ined  in  

th e  l o n g i t u d i n a l  d i r e c t i o n  f o r  b o th  s u s p e n s io n  and c o n v e n t io n a l ly  

c a s t  i n g o ts  in  t h e  a s  c a s t  and h o t  r o l l e d  c o n d i t i o n s .  T r a n s v e rs e  

s p e c im e n s , h o w e v e r, c o u ld  o n ly  be  o b t a in e d  in  t h e  a s  c a s t  in g o ts  

and th o s e  r e d u c e d  by 20 p e r c e n t .

The sp e c im en s  w ere  m ach in e d  and t e s t e d  In  a c c o rd a n c e  w ith  th e  

r e q u i r e m e n ts  o f  BS S p e c i f i c a t i o n  131 p a r t  2 ,  1972 .

The t e s t s  w ere  p e rfo rm e d  a t  a m b ie n t te m p e r a tu r e  on a T in iu s  O lsen  

m ach ine  c a p a b le  o f  r e g i s t e r i n g  a b so rb e d  im p a c t e n e r g i e s  o f  up t o  

3 5 8 J . The e n e r g i e s  a r e  i n d i c a t e d  to  w i th in  0 ,5  J o u le s  and each  

v a lu e  q u o te d  i s  t h e  a v e r a g e  o f  f o u r  t e s t s .

3 . 7 . 2  T e n s i l e  T e s ts

H o u n s f ie ld  t e n s i l e  sp e c im en s  ( F ig u r e  45 ) w ere  m ach in ed  in  t h e  

l o n g i t u d in a l  and t r a n s v e r s e  d i r e c t i o n s  f o r  a l l  i n g o t s .  

T r a n s v e rs e  sp e c im e n s , h o w ev e r, c o u ld  n o t  be o b ta in e d  f o r  t h e  

i n g o ts  r e d u c e d  by 80 p e r c e n t .  The t e s t s  w ere  c a r r i e d  o u t  

a c c o rd in g  to  BS 18 : P a r t  2 : 1971 . A ll t e s t s  w ere  c a r r i e d  o u t  

a t  a m b ien t t e m p e r a tu r e .

The t e n s i l e  t e s t s  w ere  p e r f o r t  1 - s t r o n  s e r v o - h y d r a u l i c

t e s t i n g  m ach ine  o f  a 50 kN c a p a c u  * ■ - .in s ta n t d is p l a c e m e n t  o f

0 ,1 m  s * : . E n g in e e r in g  s t r e s s  vei .»*.> d is p l a c e m e n t  d a t a  w ere  

s to r e d  w ith  a Commodore m ic ro c o m p u te r  and c o n v e r te d  t o  

e n g in e e r in g  s t r e s s - s t r a i n  c u rv e s .
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The y i e l d  s t r e n g t h ,  u l t i m a t e  t e n s i l e  s t r e n g t h ,  p e rc e n ta g e  

r e d u c t io n  1n a re a  and p e r c e n ta g e  e lo n g a t i o n  o f  a l l  th e  sp e c im en s  

w ere  m e asu re d  and th e  r e s u l t s  q u o te d  a r e  t h e  m eans o f  a t  l e a s t  3

FIGURE 45 -  D im e n s io n s  o f  t h e  H o u rts f ie id  T e n s i l e  S p ec im en s

3 .7 .3 .  H a rd n e s s  T e s t s

The v a r i a t i o n  o f  h a rd n e s s  w ith  i nc , - a mount  o f  d e fo r m a tio n  

f o r  th e  c o n v e n t io n a l  and s u s p e m ’ co c a s t  i n g o ts  was m e asu re d  

u s in g  a  V ic k e r s  h a rd n e s s  t e s t i n g  v .$cn ine  w ith  a lo a d  o f  30kg . 

The sp e c im en  s u r f a c e s  w ere p r e p a re d  b.y g r in d in g  and p o l i s h in g  to  

a  f i n i s h  o f  one m ic r o n . The h a rd n e s s  v a lu e s  g iv e n  a re  th e  means 

o f  a t  l e a s t  f i v e  t e s t s .
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3 .7 .4  Compression Tests

3 . 7 . 4 . 1  C o m p re ss io n  S p e c im en s

C y l in d r i c a l  c o m p re s s io n  sp e c im en s  ( F ig u r e  46) o f  30mm h e ig h t  and 

20mm d ia m e te r  w ere  m ach in e d  fro m  th e  a s  c a s t  i n g o t s  and from  

m a te r i a l  r o l l e d  by b e tw ee n  20 and 80 p e r c e n t .  L o n g itu d in a l  and 

t r a n s v e r s e  sp e c im en s  w ere  o b ta in e d  fro m  b o th  ty p e s  o f  I n g o ts  in  

a l l  c o n d i t i o n s  e x c e p t  in  t h e  c a s e  o f  m a te r i a l  r o l l e d  by 80 

p e r c e n t  fro m  w hich  t r a n s v e r s e  sp e c im e n s  c o u ld  n o t  be o b t a in e d .

The f l a t  sp e c im en  s u r f a c e s  w ere  p a r a l l e l  t o  w i th in  ± 0,01m m , f l a t  

t o  w i th in  0 ,0 0 5 m  and had a s u r f a c e  f i n i s h  o f  0 , 4  yin a r i t h m e t i c  

a v e ra g e  m e asu re d  in  a c c o rd a n c e  w ith  ASTM s p e c i f i c a t i o n  E 9 -7 7 -8 1 .

Two n o tc h e s  w i th  a  r a d i u s  o f  0,25mm and 0,5mm de ep  w ere  c u t  from  

end  t o  end on th e  l a t e r a l  s u r f a c e  o f  th e  c y l i n d r i c a l  sp e c im en s  

and a t  o p p o s i t e  e n d s  o f  a  d ia m e t r a l  p l a n e .  The p u rp o se  o f  t h e s e  

n o tc h e s  was t o  m a g n ify  th e  e f f e c t s  o f  c i r c u m f e r e n t i a l  s e c o n d a ry  

t e n s i l e  s t r e s s e s  c a u se d  by b a r r e l l i n g  o f  th e  sp e c im e n s .

3 . 7 . 4 . 2  C o m p re ss io n  T e s t  D ie s

C y l in d r i c a l  d i e s ,  90mm in  d ia m e te r  w ere  m ach in ed  fro m  AISI 02 

to o l  s t e e l  and h a rd e n e d  and te m p e re d  t o  a h a rd n e s s  o f  50 RC. The 

d i e s  w ere  k n u r le d  ( F ig u r e  47 ) in  o r d e r  t o  in c r e a s e  th e  f r i c t i o n  

be tw een  th e  d i e s  and th e  sp e c im en  th e r e b y  p ro m o tin g  b a r r e l l i n g  o f  

sp e c im en s  and i n c r e a s in g  th e  l i k e l i h o o d  f o r  c ra c k  f o r m a t io n .

A f t e r  m a c h in in g  and h e a t  t r e a tm e n t ,  th e  d i e s  w ere  s h r in k  f i t t e d  

i n t o  m ild  s t e e l  b lo c k s  in  o r d e r  t o  p r o lo n g  d ie  l i f e  by d e c r e a s in g  

th e  t e n s i l e  f o r c e s  a c t i n g  in  th e  s u r f a c e  la y e m  o f  t h e  d ie s  

d u r in g  t e s t i n g .



a )  Top View

I
I

1

30mm

b ) S id e  View

FIGURE 46  -  C o m p re ssio n  S pecim en D im ensions

f

<    l i t  . w  „  ^  . . . . a , --------------- . . . ! * * % .
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FIGURE 47  -  K n u rle d  S u r f a c e  o f  t h e  C o m p re ss io n  D ie s  l , 5 x

3 . 7 . 4 . 3  The T e s t  P r o c e d u r e

A lo a d  c e l l  was b u i l t  and th ro u g h  i t s  u se  a t te m p ts  w ere  made t o  

o b t a in  c u rv e s  o f  lo a d  a g a i n s t  t im e .  The c i r c u i t  d ia g ra m  f o r  t h e  

lo a d  c e l l  i s  shown in  F ig u re  48 . The W h ea ts to n e  b r id g e  shown in  

t h e  c i r c u i t  c o m p ris e d  f o u r  s t r a i n  g a u g es  m ounted  on th e  lo a d  c e l l  

such  t h a t  two w ere  p a r a l l e l  and two w ere  v e r t i c a l  to  th e  a p p l ie d  

lo a d  v e c t o r .  D u rin g  c o m p re s s io n , t h e s e  w ould be in  c o m p re s s io n  

and in  t e n s io n  r e s p e c t i v e l y .

I t  was h o p e d , t h a t  th e  l o a d - t im e  c u rv e  w ould show a d e f l e c t i o n  in  

t h e  f o r c e  a t  th e  tim e  o f  c ra c k  i n i t a t i o n  th u s  a l lo w in g  a c c u r a te  

d e te r m in a t io n  o f  th e  amount o f  d e fo r m a tio n  a t  f r a c t u r e .  H ow ever, 

w h ile  a d e f l e c t i o n  was o b ta in e d  on sp e c im e n s  o f  h e ig h t  12,25mm 

and d ia m e te r  lO.OOnm a t  a m b ie n t te m p e r a tu r e ,  a  d e f l e c t i o n  in  t h e
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lo a d - t im e  c u rv e  c o u ld  n o t  b e  d e t e c t e d  f o r  th e  f u l l  s i z e  

c o m p re s s io n  sp e c im en s  t e s t e d  a t  1100 ° C .  I t  was t h e r e f o r e  

d e c id e d  to  p e rfo rm  u p s e t  t e s t s  on n o tc h e d  sp e c im en s  a s  d e s c r ib e d

FIGURE 48  -  C i r c u i t  D iagram  f o r  t h e  P ro p o se d  Load C e ll

The n o tc h e d  c o m p re s s io n  sp e c im en s  w ere  h e a te d  f o r  15 m in u te s  a t  

1100 ° C  and c o m p re sse d  t o  v a r io u s  h e ig h t s  by u se  o f  a 150 to n  

h y d r a u l i c  p r e s s .  A c o n s t a n t  d is p l a c e m e n t  r a t e  o f  20mm m in * J was 

u se d  f o r  a l l  t e s t s .  E ach in g o t  s e r i e s  e . g .  CCO l o n g i t u d i n a l ,  

CC20 l o n g i t u d i n a l ,  SCO t r a n s v e r s e  e t c  was g iv e n  a  5 0 , 6 0 , 70 and 

80 p e r c e n t  r e d u c t io n  in  h e i g h t .  Im m e d ia te ly  a f t e r  c o m p re s s io n , 

th e  sp e c im en s  w ere  w a te r  q u e n c h e d . (The e x p e r im e n ta l  r i g  i s  

shown in  F ig u re  4 5 ) .

0
Com press

T e n s i '

R e co rd e r



FIGURE 4 9  -  D raw ing  o f  t h e  T e s t  R ig  f o r  t h e  C om press-
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The c ra c k s  o c c u r r i n g  in  t h e  n o tc h e s  w ere  th e n  c l a s s i f i e d

a c c o rd in g  to  t h e  r a t i n g  sy s te m  shown in  F ig u re  31. A r a t i n g  o f  0 

i s  a p p l ie d  i f  no c r a c k s  a r e  o b s e rv e d .  I f  th e y  a re  s m a l l ,

d i s c o n t in u o u s  and s c a t t e r e d ,  th e  r a t i n g  i s  1 . H ig h e r r a t i n g  

num bers i n d i c a t e  i n c r e a s in g  in c id e n c e  and d e p th  o f  r u p tu r e .

3 . 8  M ic ro sc o p y

3 .8 .1  O p t ic a l  M ic ro sc o p y

M e ta l lo g r a p h ic  sp e c im e n s  w ere  p r e p a re d  and exam ined  w ith  a  N ikon 

O p tip h o t  m ic ro s c o p e  a t  m a g n i f i c a t i o n s  o f  up to  lOOOx.

The sp e c im e n s  w ere  p r e p a re d  by  g r in d in g  on s u c c e s s iv e  g r a d e s  o f  

c a r b id e  p a p e r  up t o  1200 g r i t .  F in a l  p o l i s h in g  was a c h ie v e d  by

th e  u s e  o f  3 pm and  1 urn diam ond la p p in g  co -' J s .  An

e l e c t r o l y t i c  e tc h  was used  to  r e v e a l  th e  g r a in  j  . The

sa m p le s  w ere  e tc h e d  in  a s a t u r a t e d  s o l u t i o n  o f  c;. d f o r

a b o u t 15 s e c o n d s .  A v o l t a g e  o f  8V was a p p l i e d .

The g r a in  s i z e  was m e asu re d  by th e  l i n e a r  i n t e r c e p t  m e th o d .

3 .8 .2  S c a n n in g  E le c t r o n  M ic ro sc o p y  (SEM)

T r a n s v e rs e  s e c t i o n s  o f  t h e  C harpy  sp e c im en s  w ere p o l i s h e d  and 

e tc h e d  a s  b e f o r e  f o r  e x a m in a t io n  in  a  C am bridge  S t e r e o s c a n  S4 

s c a n n in g  e l e c t r o n  m ic r o s c o p e . The m a t r ix  and i n c l u s i o n s  w ere  

a n a ly s e d  by u se  o f  an e n e rg y  d i s p e r s i v e  X -ra y  s p e c t r o m e te r  (EDS) 

w hich a llo w e d  d e t e c t i o n  o f  e le m e n ts  h a v in g  an a to m ic  m ass num ber 

(Z ) o f  g r e a t e r  th a n  11.

The SEM was a l s o  u se d  to  s tu d y  th e  f r a c t u r e  s u r f a c e s  o f  th e  

t e n s i l e  sp e c im e n s .



4. RESULTS

4.1 The Chemical Composition o f  the Castings

The C and 0 2 c o n t e n t s  o f  t h e  c a s t i n g s  w ere  d e te rm in e d  by

c o m b u s tio n  and i n f r a r e d  a b s o r p t io n  o f  C02 . O r , N i ,  Mo, T i ,  Co,

Cu, S i ,  Mn, P and S w ere  d e te r m in e d  by  XRF a n a l y s i s  and N2 by th e

th e rm a l c o n d u c t i v i t y  m e th o d . The a n a ly s e s  o f  a l l  t h e  c a s t i n g s

u se d  in  t h i s  s tu d y  a r e  shown in  T a u . f  V I I .  The n om ina l

c o m p o s i t io n  o f  A ISI 310 i s  a l s o  shown in  T a b le  V II f o r

c o m p a r iso n .

From T a b le  V II i t  can  be s e e n  t h a t  t h e  C, Mn, P , S and Si

c o n te n t s  w ere  a l l  m a in ta in e d  w i th in  th e  r e q u i r e d  c o m p o s i t io n

m axim a. The Ni c o n te n t  f o r  SC20 and SC40 and th e  Cr c o n te n t  f o r  

a num ber o f  t h e  c a s t i n g s  w ere  be low  th e  d e s i r e d  minimum. 

H ow ever, th e  d e v i a t i o n s  w ere  sm a ll and a r e  n o t c o n s id e r e d  to  be 

s i g n i f i c a n t .  E x c e p t f o r  t h e  c a s t i n g  SC80, t h e  d e v ia t i o n s  o f  th e  

N2 a n d -0 2 l e v e l s  w ere  n e g l i g i b l e .  The c a s t i n g  SC80 had  a h ig h  N2 

l e v e l  and  t h i s  c o u ld  b e  e x p e c te d  t o  r e s u l t  in  h ig h e r  s t r e n g t h  and 

low er d u c t i l i t y  v a lu e s .
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TABLE VII -  Chemical Compositions of the Castings

C a s tin g
Code

% C % s % P % Mn % Si X Cu X Co X T1 % Mo X Cr X Ni % 0 2 % n2

CCO
CC20
CC40
CC60
CCBO

0 ,0 5 4
0 ,057
0 ,0 5 8
0 ,0 6 0
0 ,0 5 8

0 ,0 1 0
0 ,0 1 0
0 ,0 0 8
0 ,0 0 9
0 ,0 0 9

0 ,0 2 6
0 ,0 1 7
0 ,0 2 0
0 ,0 1 7
0 ,0 2 0

1 ,4 1
1 ,3 8
1 ,4 6
1 ,4 0
1 ,5 2

0 ,4 6
0 ,3 8
0 ,3 6
0 ,3 8
0 ,3 6

0 ,1 1
0 ,0 8
0 ,0 8
0 ,0 8
0 ,0 8

0 ,0 8
0 ,0 2
0 ,0 2
0 ,0 2
0 ,0 2

0 ,0 0 5
0 ,0 0 3
0 ,0 0 3
0 ,0 0 3
0 ,0 0 3

0 ,1 9
0 ,1 1
0 ,1 0
0 ,1 0
0 ,1 0

2 4 ,02
2 3 .9 5
2 3 .9 6  
2 3 ,8 4  
2 3 ,9 9

1 9 ,52
1 9 ,2 0
1 9 ,1 9
1 9 ,23
1 9 ,1 8

0 ,0 3 3 6
0 ,0 3 5 4
0 ,0 3 5 3
0 ,0 4 3 0
0 ,0 4 0 6

0 ,0 4 8 8
0 ,0 5 0 0
0,0389
0 ,0 4 0 6
0 ,0 4 9 2

Mean 0 ,057 0 ,0 0 9 0 ,0 2 0 1 ,4 3 0 ,3 8 0 ,0 8 0 ,0 3 0 ,0 0 3 0 ,1 2 2 3 ,9 5 1 9 ,2 6 0 ,0 3 7 6 0 ,0 4 5 5

S.O . ± 0 ,0 0 2 ± 0 ,0 0 1 ± 0 ,0 0 3 ± 0 ,0 5 ± 0 ,0 4 ± 0 ,0 1 ± 0 ,0 2 ± 0,001 ± 0 ,0 3 ± 0 ,0 6 ± 0 ,1 4 ± 0 ,0040 ± 0 ,0 0 5 3

SCO
SC20
SC40
SC60
SC80

0 ,049
0 ,059
0 ,056
0 ,0 6 2
0 ,0 6 0

0 ,0 0 5
o ,o u
0 ,0 1 0
0 ,0 1 2
0 ,0 0 9

0 ,0 2 3
0 ,0 1 7
0 ,0 1 7
0 ,0 1 6
0 ,0 1 7

0 ,8 0

! : 8

0 ,6 0
0 ,3 5
0 ,3 8
0 ,4 2
O .M

0 ,1 1
0 ,0 8
0 ,0 8
0 ,0 8
0 ,0 8

0 ,0 8
0 ,0 3
0 ,0 2
0 ,0 3
0 ,0 3

0 ,0 0 8
0 ,0 0 3
0 ,0 0 3
0 ,0 0 4
0 ,0 0 3

0 ,1 4
o . u
0 ,1 1
0 ,1 1
0 ,1 0

2 4 ,7 6
2 3 ,8 0
2 3 ,6 3
2 3 ,73
2 4 ,0 4

1 9 ,2 1
1 8 ,9 9
1 8 ,9 4
1 9 ,0 6
1 9 ,0 5

0 ,0 3 4 8
0 ,0 3 4 8
0 ,0 3 6 2
0 ,0 3 1 6
0 ,0 3 7 4

0 ,0 4 6 1
0 ,0 5 0 6
0 ,0 5 6 2
0 ,0 5 0 0
0 ,1 0 9 0

Mean 0 ,0 5 7 0 ,0 0 9 0 ,0 1 8 1 ,1 8 0 ,4 1 0 ,0 8 0 ,0 3 0 ,0 0 4 0 ,1 1 2 3 ,9 9 1 9 ,0 5 0 ,0 3 5 0 0 ,0 6 2 4

S.D . ± 0 ,0 0 5 ± 0 ,0 0 2 ± 0 ,0 0 2 ± 0 ,23 ± 0 ,1 0 ± 0 ,0 1 ± 0 ,02 ± 0 ,0 0 2 ± 0 ,0 1 ± 0 ,4 5 ± 0 ,1 0 ± 0 ,0022 ± 0 ,0263

AISI
310

0 ,0 8 0 ,0 3 0 ,0 4 5 2 ,0 1 ,5 - * ' - 2 4 ,0 -
2 6 ,0

1 9 ,0 -
2 2 ,0

- "
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4.2 Ingot M acrostructure

4.2.1 The fts Cast M acrostructure

The lo n g i t u d in a l  s e c t i o n s  o f  c o n v e n t io n a l  i n g o ts  c a s t  fro m  165CPC 

and  1750 ° C  a r e  shown in  F ig u re s  50  and 51 r e s p e c t i v e l y .  A 

lo n g i t u d in a l  s e c t i o n  o f  an i n g o t  m ic r o c h i l l e d  w ith  2 ,1  p e r c e n t  by 

m ass o f  i r o n  pow der i s  show n in  F ig u re  52.

As can  be s e e n ,  p ro b le m s  w ith  p o r o s i t y  and i n s u f f i c i e n t  m ix in g  

w ere e l im i n a t e d .  The c o n v e n t io n a l ly  c a s t  i n g o t  p o u red  from  a 

te m p e r a tu r e  o f  1750  ° C  i s  t o t a l l y  co lu m n ar  and o n ly  a  few

e q u ia x e d  c r y s t a l s  a r e  d i s c e r n i b l e  in  t h e  c e n t r e  o f  t h e  i n g o t  

p o u red  fro m  1650 ° C .  The s u s p e n s io n  c a s t  i n g o t  w hich  was p o u red  

from  a te m p e r a tu r e  o f  1750 ° C  and t h e r e f o r e  had 100 °C  m ore

s u p e r h e a t  th a n  t h e  1650  ° C  c o n v e n t io n a l ly  c a s t  i n g o t  w ould

o r d i n a r i l y  be e x p e c te d  t o  show a m ore e x t e n s i v e  co lu m n ar  z o n e . 

T h is  how ever was n o t  th e  c a s e .  S u s p e n s io n  c a s t i n g  r e s u l t e d  in  a 

s i g n i f i c a n t l y  g r e a t e r  e q u ia x e d  zo n e  th a n  t h a t  o f  th e  c o n v e n t io n a l  

in g o ts  c a s t  fro m  t h e  same te m p e r a tu r e  and t h e  c o n v e n t io n a l  i n g o ts  

c a s t  w ith  100 °C  l e s s  s u p e r h e a t .  F u r th e r m o re ,  t h e  g r a in  s i z e  in  

th e  e q u ia x e d  zone o f  t h e  s u s p e n s io n  c a s t  i n g o t  i s  s m a l le r  th a n  

t h a t  o f  t h e  c o n v e n t io n a l ly  c a s t  i n g o t .

The le n g th  o f  t h e  p r im a ry  p ip e  was m e asu re d  f ro m  X -ra y

r a d io g r a p h s  and th e  r e s u l t s  a r e  l i s t o d  in  T a b le  V I I I .  I t  w ould 

a p p ea r  t h a t  s u s p e n s io n  c a s t i n g  d e c r e a s e s  th e  le n g th  o f  th e  

p r im a ry  p i p e ,  e x p re s s e d  a s  a p e rc e n ta g e  o f  t h e  in g o t  l e n g t h ,  from  

an a v e ra g e  o f  4 3 ,3 4  p e r c e n t  f o r  c o n v e n t io n a l  c a s t i n g s  t u  an 

a v e ra g e  o f  3 6 ,4 0  p e r c e n t .

The Im proved  g r a in  s t r u c t u r e  s h o u ld  e n h an c e  m e c h a n ic a l and h o t  

w o r k a b i l i t y  p r o p e r t i e s  w h ile  th e  r e d u c t io n  in  th e  le n g th  o f  th e  

c e n t r a l  p ip e  s h o u ld  Im prove m a t e r i a l  u t i l i s a t i o n  and t h e r e f o r e  

econom ic  v i a b i l i t y .





FIGURE 52 -  L o n g i tu d i n a l  S e c t io n  o f  S u s p e n s io n  C a s t I n g o t  ( 2 ,1  
P e r c e n t  Fe Pow der) P o u re d  fro m  a  T e m p e ra tu re  o f  
1750  ° C .  E tc h ed  w i th  B a i l i n g  M ixed A cid s



TABLE V I I I  -  Length o f the Primary Pipe

C a s t in g In g o t L en g th  o f % L eng th  o f
L en g th P r im a r y  P ip e P r im a ry

(mm) (mm) P ip e

CCO Z lf 99 4 6 ,2 6
CC20 228 98 4 2 ,9 8
CC40 218 93 4 2 ,6 6
CC60 212 87 4 1 ,0 4
CC80 198 87 4 3 ,9 4

A verage  : 4 3 ,3 4 *
S .D . : 1 ,9 2

SCO 204 75 3 6 ,7 6
SC20 207 74 3 5 ,7 5
SC40 204 57 2 7 ,9 4
SC60 214 90 4 2 ,0 6
SC80 190 75 3 9 ,4 7

A v erag e  : 36 ,  4056
5 ,3 3

4 .2 .2  The M a c r o s t r u c t u r e  o f  H ot R o l le d  I n g o ts

T r a n s v e rs e  s e c t i o n s  o f  t h e  h o t  w orked  in g o t s  c a s t  w ith  

w ith o u t  i r o n  a d d i t i o n s  a r e  shown in  F i g u r e s  53 a -d  and 54 

r e s p e c t i v e l y .  The p e r c e n ta g e  r e c r y s t a l l i s a t i o n  f o r  e a c h  in g o t  

t a b u l a t e d  in  T a b le  IX.

TABLE IX -  P e r c e n ta g e  R e c r y s t a l l i s a t i o n  a f t e r  H o t R o l l i n g

P e r c e n ta g e  R e d u c tio n P e r c e n ta g e  R e c r y s t a l l i s a t i o n

C o n v e n t io n a l ly  C a s t S u s p e n s io n  C a s t

20 48 50
40 56 62
60 68 83
80 100 100



FIGURE 53a  -  T r a n s v e r s e  S e c t io n  
o f  CC 20 I n g o t

FIGURE 54a  -  T r a n s v e rs e  
S e c t io n  o f  SC20 I n g o t

FIGURE 53b -  T r a n s v e r s e  S e c t io n  
o f  CC40 I n g o t

FIGURE 54b -  T r a n s v e rs e  
S e c t io n  o f  SC40 I n g o t



FIGURE 5 3 c  -  T r a n s v e r s e  S e c t io n  
o f  CC 6 0  I n g o t

FIGURE 54c  -  T r a n s v e rs e  
S e c t io n  o f  SC60 I n g o t

FIGURE 53d -  T r a n s v e r s e  S e c t io n  
o f  CC80 I n g o t

FIGURE 54d -  T r a n s v e rs e  
S e c t io n  o f  SC80 I n g o t



The d i f f e r e n c e  in  t h e  p e r c e n ta g e  r e c r y s t a l l i s a t i o n  o f  th e  

c o n v e n t io n a l ly  c a s t  and s u s p e n s io n  c a s t  i n g o ts  a f t e r  20 p e r c e n t  

r e d u c t io n  in  h o t  r o l l i n g  was n e g l i g i b l e .  B oth ty p e s  o f  in g o ts  

show ed a f u l l y  r e c r y s t a l l i s e d  s t r u c t u r e  a f t e r  80 p e r c e n t  

r e d u c t io n  in  h o t  r o l l i n g .  The r e c r y s t a l l i s e d  g r a in  s i z e  o f  th e  

su s p e n s io n  c a s t  i n g o t  d o e s ,  h o w ev e r, a p p ea r  f i n e r  th a n  t h a t  o f  

t h e  c o n v e n t io n a l ly  c a s t  i n g o t .

The s u s p e n s io n  c a s t  i n g o t s  r o l l e d  by 40 and 60 p e r c e n t  show ed a 

s i g n i f i c a n t l y  g r e a t e r  d e g re e  o f  r e c r y s t a l l i s a t i o n  th a n  th e  

c o n v e n t io n a l ly  c a s t  i n g o t s .  F u r th e r m o re , th e  g r a in  s i z e  o f  th e  

s u s p e n s io n  c a s t  i n g o t s  was a g a in  f i n e r  th a n  t h a t  o f  t h e  

c o n v e n t io n a l ly  c a s t  i n g o t s .

The f i n e r  g r a in  s i z e  o f  th e  s u s p e n s io n  c a s t  and h o t  r o l l e d  

m a t e r i a l ,  l i k e  t h a t  o f  t h e  a s  c a s t  m a t e r i a l ,  s h o u ld  r e s u l t  in  

d e c r e a s e d  s e g r e g a t io n  a s  w e ll a s  im proved  m e c h a n ic a l and h o t  

w o r k a b i l i t y  p r o p e r t i e s .  The in c r e a s e d  r e c r y s t a l l i s a t i o n  o f  t h e  

s u s p e n s io n  c a s t  i n g o t s  s h o u ld  r e s u l t  in  d e c r e a s e d  r o l l i n g  lo a d ,  

s h o r t e r  r o l l i n g  s c h e d u l r ;  o r  lo w e r  r o l l i n g  te m p e r a tu r e s  w ith  

c o n c o m ita n t  econom ic  b e n e f i t s .

4.3 M icrostructural Assessment

4.3.1 Optical Microscopy

In  t h i s  s e c t i o n  an o p t i c a l  m ic r o s c o p ic  e x a m in a t io n  o f  t h e  o v e r a l l  

a p p e a ra n c e  o f  sp e c im e n s  fro m  s u s p e n s io n  c a s t  and c o n v e n t io n a l ly  

c a s t  i n g o ts  in  th e  a s  p o l i s h e d  c o n d i t io n  w i l l  be m ade. The a s  

c a s t  m ic r o s t r u c tu r e s  f o r  b o th  ty p e s  o f  i n g o t s  w i l l  th e n  be 

com pared  and th e  m i c r o s t r u c t u r e  o f  h o t  r o l l e d  m a te r ia l  w i l l  be 

ex am in ed . F i n a l l y ,  an u n e x p e c te d  e u t e c to id - 1  Ik e  s t r u c t u r e  w hich 

was o b se rv e d  in  a CC40L sp e c im en  w i l l  be  d is c u s s e d .
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Spec im ens fro m  s u s p e n s io n  and c o n v e n t io n a l ly  c a s t  i n g o ts  showed a 

s im i l a r  a p p e a ra n c e  in  th e  p o l i s h e d  c o n d i t io n  w ith  r e - p e c t  t o  t h e  

num ber, s i z e  and d i s t r i b u t i o n  o f  i n c l u s i o n s .  The l a t t e r  w ere 

sm a ll in  s i z e  Slid e v e n ly  d i s t r i b u t e d  a s  i n d i c a t e d  in  F ig u re  55 

w hich  show s i n c l u s i o n s  in  a sp e c im en  fro m  in g o t  CC80L. Specim ens 

from  in g o t  CC40L show ed some u n iq u e  f e a t u r e s  w hich  a r e  d is c u s s e d  

a t  a  l a t e r  s t a g e .  Some o f  t h e  i n c lu s io n s  w ere  i d e n t i f i e d  as MnS 

b u t  th e  m a jo r i t y  a p p e a re d  t p  be c a r b id e  p a r t i c l e s .

E l e c t r o l y t i c  e t c h in g  in  s a t u r a t e d  o x a l i c  a c id  r e v e a l e d  th e  n a tu r e  

n f  th e  g r a in  b o u n d a r ie s  and t h e  fo rm  and d i s t r i b u t i o n  o f

p r e c i p i t a t e s .  The e t c h in g  a l s o  r e v e a l e d  t h a t  t h e  in g o ts  

c o n s i s t e d  e n t i r e l y  o f  a u s t e n i t e .

In  t h e  a s  c a s t  c o n d i t i o n  th e  c o n v e n t io n a l ly  c a s t  i n g o ts  had a 

t y p i c a l  non -random  d e n d r i t i c  s t r u c t u r e  ( F ig u r e  5 6 } . The

a u s t e n i t i c  d e n d r i t e s  w ere  a l i g n e d  a p p ro x im a te ly  norm al t o  t h e  

s u r f a c e  o f  th e  c a s t i n g .  The e f f e c t  o f  m i c r o c h i l l i n g  on th e

m ic r o s t r u c tu r e  o f  t h i s  a l l o y  can  be se en  c l e a r l y  in  F ig u re  57 

w here  t h e  a u s t e n i t e  d e n d r i t e s  a r e  s m a l l e r  and ran d o m ly  

o r i e n t a t e d .  The num ber o f  i n t e r d e n d r i t i c  p r e c i p i t a t e  p a r t i c l e s  

was a p p r e c i a b ly  lo w e r  in  th e  m ic r o c h i l l e d  m a te r i a l  a s  can  be se en  

from  a c o m p a riso n  b e tw ee n  F ig u re s  56 and 5 7 . T hese

in t e r d e n d r i t i c  p r e c i p i t a t e s  p r o b a b ly  r e s u l t e d  from  s e g r e g a t io n  o f  

a l l o y in g  e le m e n ts  and c a rb o n  t o  i n t e r d e n d r i t i c  s p a c e s  d u r in g  

s o l i d i f i c a t i o n  and h e n ce  th e  low er num ber o f  p r e c i p i t a t e  

p a r t i c l e s  in  t h e  m ic r o c h i l l e d  i n g o t  w ould  s u g g e s t  t h a t  

m ic r o c h i l l i n g  d e c r e a s e d  s e g r e g a t io n .
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FIGURE 55 -  S pec im en  CC80L in  t h e  As P o l i s h e d  C o n d i t io n  -  x  250

FIGURE 56 -  The M ic r o s t r u c tu r e  o f  Spec im en  CCOL Show ing a  Non- 
Random D e n d r i t i c  S t r u c t u r e  -  x l2 5



The m i c r o s t r u c t u r e  o f  t h e  h o t  w orked  m a te r i a l  showed a

r e c r y s t a l l i s e d  e q u la x e d  g r a in  s t r u c t u r e  to g e th e r  w ith  tw in n in g .  

The i n t r a g r a n u l a r  p r e c i p i t a t e s  a p p e a re d  sm a ll and e v e n ly

d i s p e r s e d .  The m i c r o s t r u c t u r e  o f  a  sp e c im en  from  th e  c e n t r e  o f  

t h e  s u s p e n s io n  c a s t  in g o t  r e d u c e d  by 20 p e r c e n t  1s shown in  

F ig u re s  58 and 5 9 . T hese  m ic r o s t r u c t u r e s  a re  t y p i c a l  o f  t h e  h o t 

w orked m a t e r i a l .  N ote  t h a t  a l th o u g h  th e  re m n a n ts  o f  t h e  c a s t  

s t r u c t u r e  w ere  s t i l l  d i s c e r n i b l e  in  t h e  m a te r i a l  r e d u c e d  20 

p e r c e n t ,  th e y  w ere  n o t  o b s e rv e d  in  m a te r i a l  w hich had had l a r g e r  

am ounts o f  r e d u c t io n  ( F ig u r e  6 0 ) .

I n c lu s io n s  in  b o th  th e  s u s p e n s io n  c a s t  and c o n v e n t io n a l ly  c a s t  

m a t e r i a l s  w ere  s m a ll and e v e n ly  d i s t r i b u t e d .  T hey  w ere  a l s o  

m a in ly  i n t r a g r a n u l a r  ( F ig u r e s  58 and 5 9 ) .  G ra in  b o u n d a ry  

p r e c i p i t a t e s  w ere  how ever o b s e rv e d  in  th e  SC80L sp e c im en  ( F ig u r e  

6 0 ) .  T hese  p r e c i p i t a t e s  w ere  i d e n t i f i e d  a s  C r(C ,N ) p r e c i p i t a t e s

fro m  t h e i r  r e f l e c t i v i t y  and m o rp h o lo g y . T h ese  p r e c i p i t a t e

p a r t i c l e s  a r e  e x p e c te d  t o  be d e t r i m e n t a l  t o  th e  m e c h a n ic a l 

p r o p e r t i e s  o f  t h e  SC80L i n g o t .

A c l e a r  t r e n d  o f  d e c r e a s in g  g r a in  s i z e  w ith  i n c r e a s in g  am ount o f  

d e fo r m a tio n  was o b s e r v a b l e .  The g r a in  s i z e  m e asu re m en ts  a re  

t a b u la t e d  in  T a b le  X and p l o t t e d  in  F ig u re  61 .



FIGURE 57 -  The M lc r o s t r u c t r e  o f  Spec im en  SCOL Show ing a  Random 
and  R e f in e d  D e n d r i t i c  S t r u c t u r e  -  x250

FIGURE 58 -  The M i c r o s t r u c tu r e  o f  S pecim en SC20L -  xSOO



FIGURE 59  -  Tlie M ic r o s t r u c t r e  o f  S pecim en SC20L -  x  1000

FIffliRE SO -  Ttie H ic r o s t r o c t u r e  o f  S pecim en SC80L S tow ing  
G ra in  B oundary  P r e c i p i t a t i o n  -  X1000



TABLE X -  The G ra in  S i z e  i n  I n g o ts  Reduced  by  D i f f e r e n t  Amounts

P e r c e n ta g e  R e d u c t io n  
in  A rea

A v erag e  G ra in  S iz e  (urn)

C o n v e n tio n a l C a s t S u s p e n s io n  C a s t

0 411 371
20 196 190
40 100 90
60 57 50
80 57 35

The g r a in  s i z e  o f  s u s p e n s io n  c a s t  in g o ts  was c o n s i s t e n t l y  f i n e r  

th a n  t h a t  o f  th e  c o m p a ra b le  i n g o ts  c a s t  c o n v e n t io n a l ly .  T h is  

d i f f e r e n c e  in  g r a in  s i z e  b e tw ee n  c o n v e n t io n a l ly  c a s t  and 

s u s p e n s io n  c a s t  i n g o t s  i s  m o st c l e a r l y  i l l u s t r a t e d  in  t h e  a s  l a s t  

m a te r i a l  and in  m a te r i a l  r e d u c e d  by 80 p e r c e n t .

A p o l i s h e d  m ic r o s e c t io n  o f  sp e c im en  CC40L i s  shown in  F ig u re  62 

a t  low m a g n i f i c a t i o n .
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The same sp e c im en  i s  shown a t  low and h ig h  m a g n i f ic a t io n s  A f te r  

e t c h in g  1n H g u r e s  63 and 64 r e s p e c t i v e l y .  An e x te n s i v e  n e tw ork  

o f  p r e c i p i t a t e  p a r t i c l e s  was o b s e rv e d  ( F ig u r e  62) c o n s i s t i n g  o f  

i n t e r m e t a l l i c  and n o n - m e t a l l i c  m a t e r i a l .  Upon e t c h i n g ,  th e  a r e a s  

show ing  p r e c i p i t a t i o n  r e v e a l e d  a e u t e c t o i d  -  l i k e  s t r u c t u r e .  

T h is  e u t e c t o i d - l i k e  s t r u c t u r e  has  been  d e s c r ib e d  by K ane67 as 

b e in g  a t r a n s f o r m a t io n  p r o d u c t io n  o f  6 - f e r r i t e .  Norte o f  th e  

o th e r  i n g o ts  I n v e s t ig a t e d  show ed t h i s  ty p e  o f  s t r u c t u r e .  The 

p r o p e r t i e s  o f  t h e  m a t e r i a l  m ig h t b e  e x p e c te d  t o  b e  a f f e c t e d  

a d v e r s e l y  ow ing to  t h e  p r e s e n c e  o f  t h e s e  p h a s e s .





FIGURE 64  -  The M i c r o s t r u c tu r e  o f  S pecim en CC40L Show ing a 
E u t e c t o i d - l i k e  S t r u c t u r e  and B lo ck y  N o n -M e ta l! ic  
I n c lu s io n s  x 1000



4.3.2 Scanning E lectron Microscopy

S c a n n in g  e l e c t r o n  m ic ro sc o p y  s t u d i e s  w ere  u n d e r ta k e n  in  an 

a t te m p t t o  c h a r a c t e r i s e  th e  p r e c i p i t a t e s  found  in  th e

m ic r o s t r u c tu r e  f u r t h e r .

P r e c i p i t a t e s  In  b o th  t h e  s u s p e n s io n  c a s t  and c o n v e n t io n a l ly  c a s t  

m a t e r i a l s  w ere  s m a ll and e v e n ly  d i s t r i b u t e d .  T hey w ere a l s o

m a in ly  t n t r a g r a n u t a r  ( F ig u r e s  65  and  6 6 ) .  G ra in  b o u n d a ry

p r e c i p i t a t e s  w ere  how ever o b s e rv e d  in  t h e  SC80L specim en  ( F ig u r e

6 7 ) .  Q u a l i t a t i v e  a n a ly s e s  o f  t h e s e  p r e c i p i t a t e s  w ere  c a r r i e d  o u t 

u s in g  an e n e rg y  d i s p e r s i v e  sy s te m  (EDS) c o u p le d  to  th e  s c a n n in g  

e l e c t r o n  m ic r o s c o p e . The r e s u l t s  o f  t h e s e  s tu d i e s  a re  p r e s e n te d  

in  F ig u re s  68 t o  7 0 . M ost o f  t h e  i n t r a g r a n u l a r  p r e c i p i t a t e s  

c o n ta in e d  C r ,  F e , PM and r e l a t i v e l y  l a r g e  am ounts o f  Si ( F ig u r e

6 8 ) i n d i c a t i n g  t h a t  t h e  p r e c i p i t a t e s  w ere  p ro b a b ly  m ixed

s i l i c a t e s .

The g r a in  b o u n d a ry  a s  w e ll as some o f  t h e  i n t r a g r a n u l a r  

p r e c i p i t a t e s  had much h ig h e r  Cr c o n te n t s  ( F ig u r e s  69 and 70 

r e s p e c t i v e l y )  th a n  th e  m a t r ix  ( F ig u r e  71) and h ence  w ere  th o u g h t  

to  be  e i t h e r  chrom ium  c a r b o n i t r i d e s  o r  chrom ium  c a r b i d e s .  

H ow ever, in  v iew  o f  t h e i r  r e f l e c t i v i t y  in  th e  o p t i c a l  m ic ro sc o p e  

t h e s e  p r e c i p i t a t e s  w ere  i d e n t i f i e d  a s  C r (C ,N ) p r e c i p i t a t e s .



FIGURE 65  -  T y p ic a l  I n t r a g r a n u l a r  I n c lu s io n  in  S pec im en  SC80L

FIGukK 66 -  T y p ic a l  I n t r a g r a n u l a r  I n c lu s io n  in  Specim en SC80L



FIGURE 67 -  G ra in  B o undary  I n c lu s io n s  i n  Speci«<ea SC80L

FIGURE 68  -  S p e c tru m  o f  an I n t r a g r a n u l a r  I n c lu s io n  su c h  a s  
show n in  F ig u re  65



FIGURE 69 -  S p e c tru n  o f  a G ra in  B oundary  I n c lu s io n  su c h  as 
show n in  F ig u re  67

FIGURE 7 0  -  S p e c tru m  o f  an I n t r a g r a n u l a r  I n c lu s io n  su c h  a s  
show n I n  F ig u re  66



FIGURE 71 -  S p e c tru m  o f  t h e  M a tr ix  o f  S pecim en SC80L
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The e u t e c to id  ty p e  s t r u c t u r e  found  in  sp e c im en  CC40L i s  shown in  

F ig u re  72. A t y p i c a l  e xam p le  o f  th e  id lo m o rp h ic  p r e c i p i t a t e s  

t h a t  w ere  a s s o c i a t e d  w ith  t h e  e u t e c t o i d - t y p e  s t r u c t u r e  can  be 

s e e n .  Q u a l i t a t i v e  a n a ly s e s  o f  t h e s e  p r e c i p i t a t e s  werii c a r r i e d  

" u t  u s in g  th e  EDS and th e  r e s u l t s  o f  t h e s e  s tu d i e s  a r e  p r e s e n te d  

in  F ig u re  73 w hich show s th e  s p e c t r u i i  o f  th e  m a t r ix  and t h a t  o f  a  

p r e c i p i t a t e  p a r t i c l e  s u p e r im p o se d .

C om p ariso n  o f  t h e  tw o s p e c t r a  I n d i c a t e d  t h a t  t h e  a n g u la r  

p r e c i p i t a t e  p a r t i c l e  i s  s u b s t a n t i a l l y  r i c h e r  In  chrom ium . T h is  

i n f e r s  t h a t  th e  p r e c i p i t a t e  i s  a chrom ium  o x id e .  The lo w e r  Ni 

c o n c e n t r a t i o n  in  t h e  p r e c i p i t a t e  i s  a l s o  i n d i c a t i v e  o f  o x id e  a s  

t h e  f r e e  e n e rg y  o f  f o rm a t io n  o f  C ^O g  i s  much more n e g a t iv e  th a n  

t h a t  o f  NiO h e n ce  p r e f e r e n t i a l  o x id a t io n  o f  Cr o c c u r s .  The 

m orp h o lo g y  and r e f l e c t i v i t y  o f  t h e  p a r t i c l e s  ( F ig u r e  64) 

c o n firm e d  t h i s  c o n c lu s i o n .

A s c a n n in g  e l e c t r o n  m ic ro g ra p h  o f  th e  n e tw o rk  o f  p r e c i p i t a t e  

p a r t i c l e s  w ith  w hich  th e  e u t e c t o i d - l i k e  s t r u c t u r e  was a s s o c i a t e d  

i s  shown in  F ig u re  74 . EOS a n a ly s e s  o f  p r e c i p i t a t e  p a r t i c l e s  

showed th e  p r e s e n c e  o f  A1,  S i ,  K, C a , C r ,  Fe and Ni ( F ig u r e  75} 

I n d ic a t in g  t h a t  t h e  ne tw o rk  o f  p r e c i p i t a t e  p a r t i c l e s  was c a u se d  

by  e n tra p m e n t o f  s l a g  d u r in g  p o u r in g .  T h is  w ould be e n t i r e l y  

f e a s i b l e  in  v iew  o f  t h e  f a c t  t h a t  chrom ium  r i c h  s la g s  fo rm  

t e n a c io u s  f i lm s  on m o lte n  a l l o y s .
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FIGURE 72 -  The M ic r o s t r u c tu r e  o f  Spec im en  CC40L in  t h e
L o c a l i s e d  R e g io n s  t h a t  show ed P h a se s  o t h e r  th a n  
A u s t e n i t e

FIGURE 73 -  S p e c t r a  o f  t h e  M a tr ix  ( D o t te d )  and o f  an
Id io m o rp h ic  M e ta l l i c  P a r t i c l e  i n  S pecim en CC40L 
sh o w in g  D i f f e r e n c e s  in  C om p o sitio n



FIGURE 74 -  M ic r o s t r u c tu r e  o f  t h e  N etw ork o f  P r e c i p i t a t e
r a m c i e s  w u n  w m cn  m e  t u t e c t o i a - n i c e  s t r u c t u r e  
f o u n d  in  S pecim en CC40L was a s s o c i a t e d ______________

FIGURE 75 -  S p e c tru m  O b ta in e d  fro m  S p o t A n a ly s is  o f  a S la g  
I n c lu s io n

«6
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4.4 Charpy Impact Tests

The r e s u l t s  o f  th e  C harpy  Im pac t t e s t a  a r e  sum m arised  in  T a b le  XI 

and p r e s e n te d  g r a p h i c a l l y  in  F ig u re  76,

TABLE XI -  Charpy Impact Test Results

P e r c e n ta g e
Im p ac t E nergy*  ( J o u le s )

R e d u c tio n  in C o n v e n tio n a l C a s t S u s p e n s io n  C a s t
A rea

L o n g i tu d in a l T r a n s v e rs e L o n g itu d in a l T r a n s v e rs e

0 (a s  c a s t ) 203 156 217 178
20 196 163 195 172
40 203 202
60 231 267
80 298 248 -

* Mean o f  4  d e t e r m in a t io n s  a t  room te m p e r a tu re

In th e  a s  c a s t  c o n d i t i o n  th e  s u s p e n s io n  c a s t  m a te r i a l  had a 

h ig h e r  lo n g i t u d in a l  and t r a n s v e r s e  Im pac t to u g h n e s s  th a n  th e  

c o n v e n t io n a l ly  c a s t  m a t e r i a l .  The im p a c t e n e r g ie s  o f  t r a n s v e r s e  

sp e c im en s  o f  c o n v e n t io n a l ly  c a s t  m a te r i a l  in  t h e  as c a s t  

c o n d i t io n  and a f t e r  a  r e d u c t io n  o f  20 p e r c e n t  w ere' low er th a n  

th o s e  o f  l o n g i t u d in a l  sp e c im en s  a s  m ig h t have  been  e x p e c te d .

The d is c r e p a n c y  b e tw een  th e  t r a n s v e r s e  and lo n g i t u d in a l  v a lu e s  o f  

th e  s u s p e n s io n  c a s t  m a te r i a l  h o w ev e r, was n o t  a n t i c i p a t e d .  No 

d i f f e r e n c e  in  t h e  im p a c t e n e r g i e s  o f  th e  SC201 and SC40L 

sp e cim en s com pared  to  t h e  CC20L and CC40L sp e c im en s  i s  

d i s c e r n i b l e .  S u s p e n s io n  c a s t  m a te r ia l  r e d u c e d  60 p e r c e n t  had a 

h ig h e r  im p a c t to u g h n e s s  th a n  th e  c o r r e s p o n d in g  c o n v e n t io n a l ly  

c a s t  m a te r i a l  b u t t h i s  t r e n d  was r e v e r s e d  in  th e  c a s e  o f  

m a te r ia l  r e d u c e d  80 p e r c e n t .
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The im p a c t e n e r g i e s  o f  b o th  t h e  c o n v e n tio n a l  c a s t  and

s u s p e n s io n  c a s t  m a t e r i a l s  i n c re a s e d  w ith  i n c r e a s in g  amount o f  

d e fo r m a t io n .  The re d u c e d  im p act e n e rg y  o f  th e  SC80L sp e cim en s 

was p r o b a b ly  due  to  t h e  h ig h  N2 c o n te n t  o f  t h e  in g o t  ( s e e  T ab le

V I I ) ,

A lth o u g h  i t  i s  d i f f i c u l t  t o  d raw  f i r m  c o n c lu s io n s  from  a 

c o m p a riso n  o f  th e  r e s u l t s  o b ta in e d  w ith  th e  two ty p e s  o f

sp e c im en s  i t  i s  c l e a r  t h a t  m ic r o c h i l l i n g  had no d e t r i m e n t a l  

e f f e c t s  on im p a c t p r o p e r t i e s .  On th e  c o n t r a r y ,  t h e r e  a r e

i n d i c a t i o n s  t h a t  t h i s  t r e a tm e n t  im proved  im p act s t r e n g th  (F ig u r e  

7 6 ) .

4.5 Tensile Properties

S pec im ens ta k e n  from  c o n v e n t io n a l ly  and s u s p e n s io n  c a s t  in g o ts  

a f t e r  d i f f e r e n t  am ounts o f  d e fo r m a tio n  w ere  t e s t e d  u n d e r  

c o m p arab le  c o n d i t i o n s .  S pec im ens fro m  su sp e n s io n  c a s t  m a te r ia l  

e x h ib i t e d  a h ig h e r  y i e l d  s t r e s s  and UTS. T y p ic a l c u rv e s  o f

nom inal s t r e s s  a g a in s t  tim e  and n om ina l s t r e s s  a g a in s t  nom ina l 

s t r a i n  f o r  t h e  SC80L and CC80L sp e c im en s  a r e  shown in  F ig u re s  77 

and 78 r e s p e c t i v e l y .  S i m i la r  c u rv e s  w ere o b ta in e d  w ith  m a te r i a l  

in  t h e  a s  c a s t  c o n d i t i o n  and a f t e r  2 0 , 40 and 60 p e r c e n t  

r e d u c t io n .

The r e s u l t s  o f  t h e  t e n s i l e  t e s t s  a r e  sum m arised  in  T ab le  X II and 

p r e s e n te d  g r a p h i c a l l y  in  F ig u re s  7 9 , 8 0 , 81 and 82.

A s i g n i f i c a n t  d i f f e r e n c e  in  th e  d u c t i l i t y ,  as m e asu re d  by 

p e rc e n ta g e  r e d u c t io n  in  a re a  and p e rc e n ta g e  e l o n g a t i o n ,  b e tw een  

t h e  s u s p e n s io n  c a s t  and c o n v e n t io n a l ly  c a s t  sp e c im en s  i s  

a p p a r e n t .  The d i f f e r e n c e  i s  more p ro m in e n t th a n  th e  v l f f e r e n c e s  

in  to u g h n e s s  as m e asu re d  w ith  th e  im p a c t t e s t s .  The d u c t i l i t y  o f  

t h e  s u s p e n s io n  c a s t  sp e c im en s  in  b o th  t h e  l o n g i t u d in a l  and 

t r a n s v e r s e  d i r e c t i o n s  a re  c o n s i s t e n t l y  h ig h e r  th a n  th o s e  o f  th e  

c o n v e n t io n a l ly  c a s t  sp e c im e n s .
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TABLE X II -  Tensile  Test Results

Specim en Red. in  
A rea  (%)

E lo n g a tio n
(% ) (MPa)

UTS
(MPa)

Ci'OL 36 26 225 440
CCOT 58 43 215 426
CC20L <2 30 267 457
CC20T 45 23 284 389
CC40L 49 30 341 495
CC40T 57 28 271 450
CC60L 65 39 360 463
CC60T 65 27 436
CC80L 76 47 400 563

SCOL 62 51 226 468
SCOT 72 47 220 456
SC20L 64 40 420 564
SC20T 68 41 329 497
SC40L 72 43 396 573
SC40T 69 44 358
SC60L 74 46 410 576
SC60T 68 42 395 537
SC80L 76 36 502 655
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The g e n e r a l  t r e n d  f o r  b o th  s u s p e n s io n  and c o n v e n t io n a l ly  c a s t  

sp e cim en s i s  a g a in  one o f  in c r e a s in g  d u c t i l i t y  w ith  in c r e a s in g  

am ounts o f  d e fo r m a t io n .  The d u c t i l i t y  o f  th e  SC80L sp e c im en s  i s  

much low er th a n  th e  g e n e r a l  t r e n d  o f  I n c r e a s in g  d u c t i l i t y  w ould 

te n d  t o  s u g g e s t  ( F ig u r e  7 9 ) ,  T h is  c o u ld  be due  to  th e  h ig h e r  N2 

c o n te n t  o f  t h e  SC80 m a t e r i a l .

The d u c t i l i t i e s  o f  th e  l o n g i t u d in a l  and t r a n s v e r s e  s u s p e n s io n  

c a s t  sp e c im en s  a r e ,  a s  one  w ould e x p e c t  f o r  an e q u ia x e d  

s t r u c t u r e ,  v e ry  s i m i l a r .  The d u c t i l i t y  o f  th e  CC O T s p e c i m e n  was 

u n e x p e c te d ly  h ig h e r  th a n  t h a t  o f  t h e  CCOL sp e c im e n . I f  th e  

d u c t i l i t y  i s  c o n s id e r e d  in  te rm s  o f  p e rc e n ta g e  e l o n g a t i o n ,  a  

d i f f e r e n c e  b e tw een  th e  c o n v e n t io n a l ly  c a s t  l o n g i t u d in a l  and 

t r a n s v e r s e  sp e c im en s  I s  d i s c e r n i b l e ,  b u t n o t i f  th e  d u c t i l i t y  i s  

c o n s id e r e d  in  te rm s  o f  p e r c e n t  r e d u c t io n  in  a r e a .

The y i e l d  s t r e s s  and UTS o f  t h e  s u s p e n s io n  c a s t  sp e c im en s  a re  

h ig h e r  th a n  th o s e  o f  t h e  c o n v e n t io n a l ly  c a s t  s p e c im e n s . E x ce p t 

In  t h e  c a s e  o f  t h e  m a te r i a l  c a s t  c o n v e n t io n a l ly  and r e d u c e d  by  20 

p e r c e n t ,  th e  lo n g i t u d in a l  sp e c im en s  had h ig h e r  s t r e n g th s  th a n  th e  

t r a n s v e r s e  s p e c im e n s . F u r th e r m o re , as t h e  amount o f  d e fo r m a tio n  

in c re a s e d  th e  s t r e n g th  o f  th e  m a te r i a l  in c r e a s e d .

To c o n c lu d e , s u s p e n s io n  c a s t i n g  Im proved b o th  t h e  t e n s i l e  

s t r e n g th  and d u c t i l i t y  o f  t h e  m a t e r i a l . T h ese  p r o p e r t i e s  a re  

a l s o  I n c r e a s e d  by I n c r e a s in g  am ounts o f  d e fo rm a tio n  and a re  

d e p e n d e n t on th e  o r i e n t a t i o n  o f  th e  sp e c im en  w ith  r e s p e c t  t o  th e  

r o l l i n g  d i r e c t i o n .

4.6 Hardness Tests

The h a rd n e s s  o f  th e  s u s p e n s io n  c a s t  in g o ts  was h ig h e r  th a n  t h a t  

o f  th e  c o n v e n t io n a l ly  c a s t  in g o ts  a s  c an  b e  se en  from  th e  r e s u l t s  

o f  th e  h a rd n e s s  t e s t s  w hich  a re  sum m arised  In  T a b le  X II I  and 

p r e s e n te d  in  F ig u re  83.



TABLE X I I I  -  Hardness Test Results

P e r c e n ta g e
A verage  H ard n es s (HV3 0 }

R e d u c t io n  in C o n v e n tio n a l C a s t S u s p e n s io n  C a s t

L o n g itu d in a l T r a n s v e rs e L o n a i tu d in a l T r a n s v e rs e

0  ( a s  c a s t ) 1 3 7 ,5 1 2 1 ,0 1 8 6 ,5 1 4 3 ,4
20 1 6 8 ,5 1 5 4 ,0 2 3 8 ,4 2 0 1 ,0
40 1 7 6 .4 1 6 3 ,7 2 2 4 ,3 2 0 5 ,6
60 2 0 1 ,6 1 6 8 ,5 2 5 8 ,2 2 2 9 ,3
80 2 2 3 ,0 1 8 9 ,8 2 6 5 ,2 2 4 3 ,2

F o r b o th  s u s p e n s io n  c a s t  and c o n v e n t io n a l ly  c a s t  in g o t s ,  th e r e  

was a  d i f f e r e n c e  1n h a rd n e s s  b e tw een  th e  lo n g i t u d in a l  and 

t r a n s v e r s e  sp e c im e n s . A ls o , t h e r e  i s  an in c r e a s e  in  h a rd n e s s  and 

th e r e f o r e  s t r e n g th  w ith  i n c r e a s in g  am ounts o f  d e fo r m a t io n ,

4 .7  C o m pression  T e s ts

T y p ic a l ex am p le s  o f  n o tc h e s  w hich  w ere  r a t e d  a c c o rd in g  to  th e  

e x t e n t  and d e p th  o f  c r a c k in g  a re  shown in  F ig u re s  84 to  8 9 . No 

s i g n i f i c a n t  b u c k lin g  o r  b a r r e l l i n g  o f  sp e c im en s  was o b se rv e d  

d u r in g  t e s t i n g  and th e  c o m p re sse d  CC80L and 5C80L s e r i e s  o f  

sp e c im en s  a re  shown In F ig u re s  90 and 91 r e s p e c t i v e l y .  On th  

w h o le , th e  c o n v e n t io n a l ly  c a s t  sp e c im en s  showed g r e a t e r  f re q u e n c y  

and s e v e r i t y  o f  c r a c k in g .  A v i s u a l  a p p r e c i a t i o n  o f  w hat i s  m eant 

by  th e  c ra c k  r a t i n g s  0  t o  5 can  be  o b ta in e d  from  a s tu d y  o f  

A ppendix  A. The r e s u l t s  o f  th e  c o m p re s s io n  t e s t s  a re  sum m arised  

in  T ab le  XIV and p r e s e n te d  g r a p h i c a l l y  in  F ig u re s  92 , 9 3 , 9 4 , 95 

and 96 .
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E x ce p t f o r  t h e  m a te r i a l  r e d u c e d  by 20 p e r c e n t ,  th e  c o n v e n t io n a l ly  

c a s t  t r a n s v e r s e  sp e c im en s  had t„ e  h ig h e s t  n o tc h  r a t i n g  fo llo w e d  

b y  th e  c o n v e n t io n a l ly  c a s t  l o n g i t u d in a l  sp e c im e n s , t h e  su sp e n s io n  

c a s t  t r a n s v e r s e  sp e c im en s  and th e  s u s p e n s io n  c a s t  lo n g i t u d in a l  

sp e c im en s  in  t h a t  o r d e r .  H ence, th e  f o r m a b i l i t y  o f  t h e  m a te r i a l s  

f o l lo w s  th e  r e v e r s e  o r d e r  w ith  t h e  s u s p e n s io n  c a s t  m a te r ia l  

h a v in g  c o n s i s t e n t l y  b e t t e r  f o r m a b i l i t y .  The o n ly  d e v ia t i o n  in  

t h e  m a te r i a l  r e d u c e d  by  20 p e r c e n t  was t h a t  th e  c o n v e n t io n a l ly  

c a s t  t r a n s v e r s e  sp e c im en s  a p p e a re d  to  h av e  b e t t e r  f o r m a b i l i t y  

th a n  th e  lo n g i t u d in a l  sp e c im e n s . H ow ever, in  g e n e ra l  th e  

s u s p e n s io n  c a s t  m a te r i a l  had h ig h e r  f o r m a b i l i t y .

W ith in c r e a s in g  p e rc e n ta g e  r e d u c t io n  in  h e ig h t  t h e r e  a p p e a re d  to  

be a  t r e n d  to w a rd s  h ig h e r  n o tc h  r a t i n g  as w ould be e x p e c te d  b u t 

t h e r e  w ere  f r e q u e n t  e x c e p t io n s .  No t r e n d  be tw een  th e  n o tc h  

r a t i n g  and in c r e a s e d  d e fo rm a tio n  by r o l l i n g  was d i s c e r n i b l e .



FIGURE 8 4  -  N oted w ith o u t  
C ra ck s  A l lo c a te d  a R a tin g  o f  0

FIGURE 85 -  N otch  w ith  an 
I s o l a t e d C r a c k  A l lo c a te d  « 
R a tin g  o f  1



FIGURE 8 4  -  N oted w ith o u t  
C ra ck s  A T Io c a ted  a R a tin g  o f  0

FIGURE 85 -  N otch  w i th  an 
I s o 1 a t« T C ra c lc  A l lo c a te d  « 
R a tin g  o f  1



FIGURE 86 -  N otch w ith  
E x te n d ed  C ra ck s  A llo c a te d  a  
N otch  R a tin g  o f  2

FIGURE 87 -  t t t . - 'h  w ith  
S e v e ra l  Deep 'U n c o n n e c te d  
C ra ck s  A l lo c a te d  a  N otch 
R a tin g  o f  3



FIGURE 88 -  N otch  w ith  i n c re a s e d  
I n c id e n c e  o f  C ra c k in g  and  G re a t e r  
C ra ck  D epth A llo c a te d  a  R a tin g  o f

FIGURE 89  -  N otch w i th  S e v e re  
R u p tu re  A llo c a te d  a  R a tin g  o f  5



FIGURE 90 -  The C om pressed 
S p ec im en s o f  CC80L

FIGURE 91 -  The C om pressed 
S p ec im en s o f  SC80L
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TABLE XIV -  Compression Test Results

Specim en R ed. in  
H e ig h t (% ) R a tin g

S pecim en
Code H e ig h t (%) R a tin g

CCOL 50 SCOL 50 0
60 60 0
70 70 2
80 80 1

CCOT 50 SCOT 50 1
60 60 1
7 0 70 1
80 80 4

C C 2 0L 5 0 SC20L 50 0
60 60 0
70 70 0
80 80 2

CC20T 50 SC20T 50 0
60 60 3
70 70 3
80 80 4

CC40L 50 SGML 50 0
60 60 1
70 70 3
80 80 4

CC40T 50 SC40T 50 1
60 60 1
70 5 70 5
80 80 5

CC60L 50 SC60L 50 0
60 60 1
70 70 3
80 5 80 3

CC60T 50 0 SC60T 50 1
60 60 2
70 70 4
80 5 80 5

CC80L 50 SC80L 50 0
60 3 60 3
70 5 70 5
80 5 8 0 5
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4.8 Fractography

S c a n n in g  e l e c t r o n  m ic r o s c o p ic  e x a m in a t io n  o f  th e  t e n s i l e  f r a c t u r e  

s u r f a c e s  r e v e a le d  no d i f f e r e n c e s  in  t h e  f r a c t u r e  modes o f  th e  

c o n v e n tio n a l  and s u s p e n s io n  c a s t  s p e c im e n s . A ll sp e cim en s f a i l e d  

in  a t y p i c a l  cup  and cone f r a c t u r e  mode ( F ig u r e  9 7 ) .  The 

f r a c t u r e  s u r f a c e s  o f  b o th  th e  s u s p e n s io n  c a s t  and c o n v e n t io n a l ly  

c a s t  sp e c im e n s , when exam ined  a t  h ig h  m a g n i f i c a t i o n ,  w ere found  

to  c o n s i s t  e n t i r e l y  o f  d im p le s  n u c le a te d  a round  n o n -d e fo rm a b le  

p r e c i p i t a t e s  ( F ig u r e s  98 and 9 9 ) .  T h is  i n d i c a t e s  t h a t  f a i l u r e  

o c c u r re d  by a m echanism  o f  m ic r o -v o id  g ro w th  and c o a le s c e n c e  

c h a r a c t e r i s t i c  o f  d u c t i l e  m a t e r i a l s .  A n a ly ses  o f  th e  

p r e c i p i t a t e s  by th e  EOS sy s te m  showed them  to  have  a h ig h e r  

chrom ium  c o n c e n t r a t i o n  th a n  th e  m a tr ix  (com pare  F ig u re s  100 and 

7 3 ) .

The f i r s t  CC40L sp e c im en  t e s t e d  f a i l e d  in  an abnorm al f a s h io n  as 

can be  s e e n  from  F ig u re  101 . The f r a c t u r e  s u r f a c e  c o n s i s t e d  o f  

r e g io n s  w hich had f a i l e d  by s h e a r  and abno rm al r e g io n s  w here  i t  

a p p e a re d  t h a t  some ty p e  o f  d e c o h e s io n  had o c c u r r e d .  A d e t a i l e d  

view  o f  a d u c t i l e  r e g io n  i s  shown in  F ig u re  102 w h ile  F ig u re  103 

shows a d e t a i l e d  view  o f  a r  a r e a  o f  a p p a r e n t  d e c o h e s io n . I t  is  

e v id e n t  from  F ig u re  103 t h a t  t h i s  f r a c t u r e  i s  p r a c t i c a l l y  

f e a t u r e l e s s  s u g g e s t in g  l i t t l e  r e s p o n s e  t o  t h e  b r e a k in g  s t r e s s e s .  

I t  s h o u ld  b e  b o rn e  in  mind t h a t  sp e cim en s CC40L showed a ne tw o rk  

o f  i n t e r g r a n u l a r  p r e c i p i t a t e s  ( S e c t io n  4 . 3 ) .  T h is  s u p p o r ts  th e  

view  t h a t  f a i l u r e  to o k  p la c e  p a r t l y  by a ty p e  o f  d e c o h e s io n .

— *  _  i— A * #  , f  | ,  -p,„



FIGURE 97 -  The C up-and-C one T e n s i l e  F r a c tu r e  S u r f a c e  O b ta in ed  
w i th  Specim en SC60L

-  -i . w



FIGURE 98 -  A T y p ic a l  F r a c tu r e  S u r f a c e  o f  a  C o n v e n tio n a l ly  C a s t 
S pecim en a t  Two M a g n i f ic a t io n s  (S pecim en CCOL)



SEM x500

SEM x2000

FISJRE 99  -  A T y p ic a l F r a c tu r e  S u r f a c e  o f  a  S u s p e n s io n  C a s t 
Specim en a t  Two M a g n if ic a t io n s  (S pecim en SC80L)



FIGURE 100  -  S p e c tru m  o f  T y p ic a l  P r e c i p i t a t e  found  w i th in  a 
D im ple



FIGURE 101 -  F r a c tu r e  S u r f a c e  o f  Specim en CC40L1 a t  Two
M a g n if ic a t io n s  Show ing A re as  o f  D u c t i l i t y  and 
" P i t s "



FIGURE 102 -  D uctile Dimpled Areas in Specimen CC40L1

FIGURE 103 -  Surface of One of the "P its" Present in Specimen 
CC40L1



5. DISCUSSION

5.1 Mechanism o f the  Suspension Casting Process

For n u c le a t io n  to  o c c u r  ahead  o f  a s o l i d / l i q u i d  i n t e r f a c e ,  a

s p e c i f i c  q u a n t i t y  o f  e n e rg y  m ust be p ro v id e d .  T h is  e n e rg y  may be

d e r iv e d  from  b o th  s u p e r c o o l in g ,  c o n s t i t u t i o n a l  o r  th e r m a l , and a 

r e g io n  o f  h ig h  e n e rg y  i . e .  a  n u c l e a t io n  s i t e  such  as th e  s u r f a c e  

o f  a s o l i d  p a r t i c l e  su sp e n d ed  in  th e  l i q u i d .  T hus, in  o r d e r  t o

p ro d u ce  an e q u ia x e d  zo n e  t h e r e  s h o u ld  be :

1 .  C o n s t i t u t i o n a l  s u p e rc o o lin g

2 . N u c le a t io n  s i t e s  t o  ta k e  a d v a n ta g e  o f  th e  s u p e rc o o l in g

and a l lo w  n u c l e a t io n  t o  o c c u r  ahead  o f  th e  s o l i d / 1 i q u i d

in t e r f a c e

3 . A c o m b in a t io n  o f  1 and 2.

C o n s t i t u t i o n a l  s u p e rc o o l in g  a l lo w s  s t a b l e  n u c le i  t o  fo rm  in  th e  

re m a in in g  l iq u i d  upon f u r t h e r  c o o lin g  o f  th e  c a s t i n g .  The s i z e  

o f  t h e  c r y s t a l s  fo rm ed  w i l l  be  d e p e n d e n t upon th e  d e g re e  o f  

c o n s t i t u t i o n a l  s u p e rc o o lin g  and th e  e f f e c t  o f  s o lu t e  s e g r e g a t io n  

upon th e  a c tu a l  f r e e z in g  p o in t  o f  t h e  l i q u i d .

When pow ders a re  added to  t h e  s t e e l , th e  e f f e c t  i s  to  p r o v id e  an 

i n t e r n a l  c h i l l i n g  m echanism  in  th e  m o lten  m e ta l , th u s  lo w e rin g  

i t s  t e m p e r a tu r e .  The amount o f  pow der r e q u i r e d  i s  d e p e n d e n t upon 

th e  le v e l  o f  th e  s u p e rh e a t  and th e  th e rm a l p r o p e r t i e s  o f  th e  

pow der.

I t  w ould a p p ea r  th e n  t h a t  th e  m echanism  o f  r e f i n i n g  i s  such  t h a t  

c o n s t i t u t i o n a l  s u p e rc o o l in g  on a m a c ro s c a le  can  p r o v id e  s u i t a b l e  

c o n d i t i o n s  f o r  t h e  s t a b i l i t y  o f  n u c le i  a head  o f  t h e  i n i t i a l  

s o l i d i f i c a t i o n  f r o n t .  The n u c le i  fo rm ed w i th in  th e  m e lt 

( in c l u d in g  f a l l i n g  c r y s t a l l i t e s  and th e  t i p s  o f  d e n d r i t e s  

d is lo d g e d  and t r a n s p o r t e d  by c o n v e c t io n  o r  t u r b u le n c e )  w i l l  th e n



be a b le  t o  s u r v iv e .  E x tra n e o u s  p a r t i c l e s  may p r o v id e  th e

s u b s t r a t e s  f o r  s t a b l e  n u c le i  t o  fo rm ; in  a d d i t i o n ,  t h e s e  

e x t ra n e o u s  p a r t i c l e s  c o u ld  be a c t i n g  as m ic r o c h i l l s  w i th in  th e  

m e l t ,  a l lo w in g  an e n v e lo p e  o f  c o n s t i t u t i o n a l l y  su p e rc o o le d  l i q u i d  

t o  be  form ed a ro u n d  them  and h e nce  p r o v id in g  s i t e s  f o r  g row th  o f  

th e  s o l i d .  U nder t h e s e  c o n d i t i o n s ,  show ers  o f  c r y s t a l l i t e s  can 

in h i b i t  th e  a d v an c e  o f  co lu m n ar g r a in s  and r e s u l t  in  a c a s t i n g  

w ith  a s u b s t a n t i a l  e q u iax e d  z o n e .

In  o r d e r  t o  s e e  w hich  o f  t h e s e  two p o s s i b l e  m echanism s i s  th e  

more p r o b a b le ,  a  s im p le  th e rm a l e n e rg y  b a la n c e  { c o n s id e r in g  no 

h e a t  lo s s  t o  th e  s u r ro u n d ln o s )  can be p e rfo rm e d . T h is  w i l l  

a l lo w  th e  amount o f  pow der r e q u i r e d  to  d e c r e a s e  t h e  te m p e r a tu re  

o f  th e  m o lten  m e ta l t o  th e  l i q u i d u s  te m p e r a tu re  o f  th e  s t e e l ,  t o  

be c a l c u l a t e d  to  a f i r s t  a p p ro x im a tio n .

In t h i s  s tu d y  th e  m e ta l was pou red  from  a te m p e r a tu re  o f  1750 °  C 

and th e  l i q u i d u s  te m p e r a tu re  o f  AISI ty p e  310 s t a i n l e s s  s t e e l  has  

been  q u o te d  as 1455 ° C . 128

H ence,

T°
n (H°t  -  H °29a)Fe + n ilHDf  + n % m  + Cp310 dT = 0

. . . .  (15 )

w here  n i s  th e  number o f  m o les  o f  m i c r o c h i l l i n g  powder added t o  m 

m o les  o f  s t e e l  a t  a  p o u r in g  te m p e r a tu re  o f  T °g . T° i s  th e  

f i n a l  t e m p e r a tu re  o f  th e  b a th .  (H ° t -  H029 a ) i s  th e  e n th a lp y  

In c re m e n t 1n r a i s i n g  th e  pow der from  room te m p e r a tu re  to  T ° , 

AH°f i s  th e  e n th a lp y  o f  f u s io n  f o r  t h e  pow der and Hillm th e  

e n th a lp y  o f  m ix in g . The h e a t  c a p a c i t y ,  Cp, o f  AISI ty p e  310 has



be en  r e p o r te d  a s  6 ,6 6  ca 'I /m o l K .128 The e n th a lp y  o f  f u s io n  o f  Fe 

i s  3560 c a l / g  m o l129 and a s  we a r e  c o n s id e r in g  an Id e a l  

s i t u a t i o n ,  t h e  e n th a lp y  o f  m ix in g  may be  a p p ro x im ate d  to  z e r o .

S u b s t i t u t i n g  in to  e q u a t io n  15,

—  (H °i728  ~ ^ 2 9 8 )Fe + tiH° f ,F e  + Hm,Fe

g .m o l- l Fe

1 00-x
= ----------------- x Cp31o x (2023  -  1728)

5 5 ,4  . 
g .m o l- 1 310

becomes

x 100-x
—  [13  3 7 8 ,4  + 3560 + 01 "  [ 6 ,6 6  x 295j
56 5 5 ,4

and x , t h e  amount o f  pow der r e q u i r e d  t o  d e c r e a s e  th e  te m p e r a tu re  

from  1750 ° C  to  1455 ° C  i s  found  to  be 1 0 ,4 9 #  by m ass o f  th e  

s t e e l  c a s t i n g .

I f  o n ly  1 0 ,4 9 #  by m ass Fe pow der was r e q u i r e d  to  d e c r e a s e  th e  

t e m p e r a tu re  o f  th e  s t e e l  from  th e  c a s t i n g  te m p e r a tu re  o f  1750 °C  

t o  th e  l i q u i d u s  te m p e r a tu re  and o n ly  2,5% by m ass Fe pow der was 

u s e d ,  i t  can  be c o n c lu d e d  t h a t  by th e  tim e  th e  s o l i d i f i c a t i o n  

te m p e r a tu re  was r e a c h e d ,  a l l  o f  th e  Fe pow der w ould have  m e lte d  

and become an i n t e g r a l  p a r t  o f  th e  c a s t i n g .  H ence , th e  r o l e  o f  

th e  pow der i s  p r im a r i l y  t o  a c t  a s  a m ic r o c h i l l  and in c r e a s e  th e  

amount o f  s u p e r c o o l in g .  Very few , i f  a n y , Fe powder p a r t i c l e s  

w i l l  be  p r e s e n t  d u r in g  s o l i d i f i c a t i o n  to  a c t  as s i t e s  a t  w hich 

h e te r o g e n e o u s  n u c l e a t io n  can  commence.



5,2 iaas ib i l f t y  o f  the Suspension Casting Process

In  o r d e r  to  o b t a i n  a  u n i f o r m  d i s t r i b u t i o n  o f  p a r t i c l e s  in  th e  

c a s t i n g  i t  i s  n e c e s s a r y  t o  m a in ta in  a  c o n s t a n t  r a t e  o f  m e ta l flow  

and to  m a t c h  t h e  p o u r in g  r a t e  w ith  t h e  r a t e  o f  pow der f lo w . T h is  

was a c h ie v e d  In t h i s  s tu d y  by th e  u se  o f  a p o u r in g  b a s in  and a 

f ix e d  d ia m e te r  o r i f i c e  to  c o n t r o l  t h e  pow der f lo w  r a t e .  The 

f l o w r a t e  o f  t h e  pow der was to  a l l  i n t e n t s  c o n s ta n t  a t  any  g iv e n  

tim e  d u r in g  p o u r in g  b u t s h o u ld  la r g e r  am ounts o f  pow der be u se d , 

th e  e f f e c t  o f  pow der head  in  th e  fu n n e l s h o u ld  be c o n t r o l l e d .  

T h is  c o u ld  he a c c o m p lish e d  by u t i l i s i n g  a v ib r a t o r y  f e e d e r  o r  a 

worm sc rew  f o r  t h e  f e e d in g  o f  t h e  pow der.

V ig o ro u s  t u r b u le n c e  a t  th e  e n t r y  o f  th e  m ould c a v i t y  w ould a ls o  

Im prove m ix in g  and any f u r t h e r  s tu d i e s  sh o u ld  u t i l i s e  an in g o t  

m ould w ith  a m u l t i - s t a g e  c r o s s  s e c t i o n a l  ch an g e  in  t h e  r u n n e r  to  

Im prove th e  t u r b u le n c e  and h ence  th e  e f f i c i e n c y  o f  m ix in g . 

A l t e r n a t i v e l y ,  th e  pow der c o u ld  be i n j e c t e d  in to  th e  m eU  u nder 

p r e s s u r e .  A more e f f e c t i v e  means o f  im p ro v in g  m ix in g  w ould a llo w  

more pow der t o  be  a dded  (o n ly  2 ,5 %  pow der was added and i t  h as  

been  shown t h a t  up to  10,5% c o u ld  t h e o r e t i c a l l y  be a d d e d ) .  T h is  

in  t u r n  s h o u ld  p ro m o te  a n  ev en  g r e a t e r  e q u ia x e d  zo n e.

In  t h i s  s tu d y  th e  c o n d i t i o n s  o f  a f e a s i b l e  a p p l i c a t i o n  o f  th e  

s u s p e n s io n  c a s t i n g  p r o c e s s  w ere  d e te rm in e d  e m p i r i c a l ly  w ith  a 

num ber o f  t r i a l  c a s t i n g s .  The in g o t  m a c r o s t r u c t u r e  was 

s u c c e s s f u l l y  changed  from  a  f u l l y  co lum nar s t r u c t u r e  t o  one w ith  

a la r g e  e q u la x e d  z o n e . The e q u ia x e d  g r a in  s i z e  was r e f in e d  and a 

s m a l le r  p r im a ry  p ip e  o b ta in e d .  H ence, th e  c o n t r o l  o f  th e  m acro ­

s t r u c t u r e  v ia  th e  s u s p e n s io n  c a s t i n g  p r o c e s s  was s u c c e s s f u l ly  

d e m o n s tra te d .

A th e rm a l b a la n c e  f o r  th e  p r o c e s s  has  been p e rfo rm e d . H ow ever, a 

t h e o r e t i c a l  h e a t  t r a n s f e r  m o d e l, c o n s id e r in g  fo rc e d  and n a tu r a l  

c o n v e c t io n ,  r a d i a t i o n  and c o n d u c tio n  in  su sp e n s io n  c a s t i n g s  w ith



r e g a r d  t o  s i z e ,  p e rc e n ta g e  a d d i t i o n s  and th e rm a l p r o p e r t i e s  o f  

d i f f e r e n t  pow ders s h o u ld  be d e te r m in e d .

No d e t r i m e n t a l  e f f e c t s  o f  s u s p e n s io n  c a s t i n g  w ere o b se rv e d  d u r in g  

h o t  w ork ing  and th e  m i c r o s t r u c tu r e  o f  th e  h o t  w orked s u s p e n s io n  

c a s t  i n g o ts  showed a  s i g n i f i c a n t l y  f i n e r  g r a in  s i z e  and a  s m a lle r  

num ber o f  i n t e r d e n d r i t i c  p r e c i p i t a t e s  th a n  th e  c o n v e n t io n a l ly  

c a s t  m a t e r i a l .  T h is  s u g g e s ts  t h a t  s e g r e g a t io n  in  th e  s u s p e n s io n  

c a s t  m a te r ia l  was m in im a l .

The im proved  m a c r o s t r u c t u r e  and r e f i n e d  g r a in  s i z e  o f  th e  

s u s p e n s io n  c a s t  in g o ts  can  be e x p e c te d  to  im prove  b o th  th e  

m e c h a n ic a l p r o p e r t i e s  and th e  h o t  w o r k a b i l i t y  o f  t h e  m a t e r i a l .

5.3 Effect o f the Suspension Casting Process on the 
M e c h a n ic a l Properties

The s i z e  and o r i e n t a t i o n  o f  th e  g r a in s  c l e a r l y  had a  p ro fo u n d  

in f lu e n c e  on th e  m e c h a n ic a l p r o p e r t i e s  o f  AISI ty p e  310 

s t r a i n l e s s  s t e e l .

The h a rd n e s s  and th e  s t r e n g t h  o f  t h e  s u s p e n s io n  c a s t  m a te r ia l  

w ere  s i g n i f i c a n t l y  h ig h e r  th a n  th o s e  o f  th e  c o n v e n t io n a l ly  c a s t  

m a t e r i a l .  The a v e ra g e  h a rd n e s s  (M V ^) o f  th e  a s  c a s t  m a te r ia l  in  

t h e  l o n g i t u d in a l  d i r e c t i o n  in c re a s e d  from  1 3 7 ,5  f o r  

c o n v e n t io n a l ly  c a s t  m a te r i a l  t o  186 .,5 f o r  s u s p e n s io n  c a s t  

m a t e r i a l .  The y i e l d  s t r e n g th  in  th e  lo n g i t u d in a l  d i r e c t i o n  

in c re a s e d  from  400 MPa f o r  c o n v e n t io n a l ly  c a s t  m a te r ia l  r e d u c e d  

by 80 p e r c e n t  in  a re a  t o  502 MPa f o r  s u s p e n s io n  c a s t  m a te r ia l  

r e d u c e d  by 80 p e r c e n t  in  a r e a .  For th e  same sp e cim en s th e  UTS 

in c re a s e d  from  563 MPa t o  655 MPa.
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T h is  in c r e a s e  1n th e  h a rd n e s s  and y i e l d  s t r e s s ;  o f  t h e  m a te r ia l  

i s  due p r im a r lV  • th e  d e c r e a s e  in  g r a in  s i z e  o f  th e  m a te r ia l  

o b ta in e d  w ith  s u s p e n s io n  c a s t i n g  and h o t  d e fo r m a tio n .  The 

d e c r e a s e  In g r a in  s i z e  r e s u l t s  in  an e f f e c t i v e  i n c r e a s e  in  th e  

am ount o f  g r a in  b o u n d a r ie s  w hich  can  a c t  as b a r r i e r s  to  

d i s l o c a t i o n  m o tio n . A ls o , i t  h as  been o b se rv e d  e x p e r im e n ta l ly 62 

t h a t  th e  d i s l o c a t i o n  d e n s i ty  i s  an in v e r s e  f u n c t i o n  o f  g r a in  s i z e  

i . e .  th e  s m a l le r  t h e  g r a in  s i z e ,  th e  h ig h e r  th e  d i s l o c a t i o n  

d e n s i ty  and h e n c e  th e  h ig h e r  th e  y i e ld  s t r e s s  and h a rd n e s s  o f  th e  

m a t e r i a l .

The I n c r e a s e  in  to u g h n e s s  o f  th e  m a te r ia l  was n o t c o n c lu s i v e .  

The d i f f e r e n c e s  in  c h a rp y  im p a c t v a lu e s  w ere  m in im al ( H J  fo , as 

c a s t  m a te r ia l  and o n ly  I J  f o r  m a te r i a l  r e d u c e d  b y  2 0  and 40 

p e r c e n t ) .  The r e s u l t s ,  h o w ev e r, i n d i r a t e  c l e a r l y  t h a t  su sp e n s io n  

c a s t i n g  had no d e t r i m e n t a l  e f f e c t s  on th e  im p a c t v a lu e s .  A 

s i g n i f i c a n t  d i f f e r e n c e  in  t h e  d u c t i l i t y  o f  th e  two m a t e r i a l s ,  as 

m e asu re d  by p e rc e n ta g e  r e d u c t io n  In  a re a  anc p e rc e n ta g e  

e lo n g a t i o n  was how ever a p p a r e n t .  The p e rc e n ta g e  r e d u c t io n  In  

a re a  in  t h e  l o n g i t u d in a l  d i r e c t i o n  f o r  th e  a s  c a s t  m a te r ia l  

in c r e a s e d  from  36 p e r c e n t  f o r  c o n v e n t io n a l ly  c a s t  sp e c im en s  t o  62 

p e r c e n t  f o r  s u s p e n s io n  c a s t  sp e c im e n s . F o r t h e  same sp e c im en s  

th e  p e rc e n ta g e  e lo n g a t i o n  in c re a s e d  from  26 p e r c e n t  t o  51 

p e r c e n t .  The r e a s o n  f o r  t h i s  anom alous b e h a v io u r  o f  t h e  two 

t e s t s  i s  t o  b e  found  In  t h e i r  d i f f e r i n g  s t r a i n  r a t e s .  The c h a rp y  

t e s t  I s  done u s in g  im p act lo a d in g  w h ereas in  th e  t e n s i l e  t e s t  a 

much low er c r o s s  head  sp e ed  o f  0 ,1  mm.s-1  was u s e d . H ence, th e  

t e n s i l e  t e s t  1s f a r  more s t r u c t u r e  s e n s i t i v e .

The a n i s o t r o p ic  b e h a v io u r  o f  c o n v e n t io n a l ly  c a s t  m a te r ia l  has  

b e en  c o n firm e d  by  th e  p r e s e n t  w ork . H ow ever, t h e  a n t i c i p a t e d  

i s o t r o p i c  b e h a v io u r  o f  s u s p e n s io n  c a s t  m a te r ia l  was n o t o b se rv e d  

and th e  m a te r i a l  a p p e a re d  to  be h av e  a n l s o t r o p i c a l l y .  No 

e x p la n a t io n  f o r  t h i s  u n e x p ec ted  b e h a v io u r  h a s  been p ro p o se d .

l .  aA J*  e



T h is  i n c r e a s e  in  th e  h a rd n e s s  and y i e ld  s t r e s s s  o f  th e  m a te r ia l  

i s  due p r im a r i l y  to  ';he d e c r e a s e  in  g r a in  s i z e  o f  th e  m a te r i a l  

o b ta in e d  w ith  s u s p e n s io n  c a s t i n g  and h o t d e fo r m a tio n .  The 

d e c r e a s e  in  g r a in  s i z e  r e s u l t s  in  an e f f e c t i v e  I n c r e a s e  in  th e  

am ount o f  g r a in  b o u n d a r ie s  w hich  can a c t  as b a r r i e r s  to  

d i s l o c a t i o n  m o tio n . A ls o , i t  h as  been  o b se rv e d  e x p e r im e n ta l ly 62 

t h a t  th e  d i s l o c a t i o n  d e n s i ty  i s  an in v e r s e  f u n c t i o n  o f  g r a in  s i z e  

i . e .  th e  s m a l le r  t h e  g r a in  s i z e ,  t h e  h ig h e r  th e  d i s l o c a t i o n  

d e n s i ty  and h e n ce  th e  h ig h e r  t h e  y i e l d  s t r e s s  and h a rd n e s s  o f  th e  

m a t e r i a l .

The in c r e a s e  in  to u g h n e s s  o f  th e  m a te r ia l  was n o t c o n c lu s i v e .  

The d i f f e r e n c e s  in  c h a rp y  im pact v a lu e s  w ere  m in im al ( I 4 J  f o r  as 

c a s t  m a te r i a l  and o n ly  1J f o r  m a te r ia l  r e d u c e d  by 20 and 40 

p e r c e n t ) .  The r e s u l t s ,  ho w ev e r, i n d i c a t e  c l e a r l y  t h a t  su sp e n s io n  

c a s t i n g  had no d e t r i m e n t a l  e f f e c t s  on th e  im pact v a lu e s .  A 

s i g n i f i c a n t  d i f f e r e n c e  in  th e  d u c t i l i t y  o f  th e  two m a t e r i a l s ,  as 

m easu red  by p e rc e n ta g e  r e d u c t io n  in  a re a  and p e rc e n ta g e  

e lo n g a t i o n  was how ever a p p a r e n t .  The p e rc e n ta g e  r e d u c t io n  in  

a re a  in  th e  l o n g i t u d in a l  d i r e c t i o n  f o r  th e  as c a s t  m a te r ia l  

in c re a s e d  from  36 p e r c e n t  f o r  c o n v e n t io n a l ly  c a s t  sp e cim en s to  62 

p e rc e n t  f o r  s u s p e n s io n  c a s t  sp e c im e n s . F o r th e  same sp e cim en s 

t h e  p e rc e n ta g e  e lo n g a t i o n  in c re a s e d  from  26 p e r c e n t  t o  51 

p e r c e n t .  The r e a s o n  f o r  t h i s  anom alous b e h a v io u r  o f  th e  two 

t e s t s  i s  t o  be  fo und  in  t h e i r  d i f f e r i n g  s t r a i n  r a t e s .  The c h a rp y  

t e s t  i s  done u s in g  im pact lo a d in g  w h ereas in  th e  t e n s i l e  t e s t  a 

much low er c r o s s  head  sp e ed  o f  0 ,1  m m .s-1 was u s e d . H ence, th e  

t e n s i l e  t e s t  i s  f a r  more s t r u c t u r e  s e n s i t i v e .

The a n i s o t r o p ic  b e h a v io u r  o f  c o n v e n t io n a l ly  c a s t  m a te r ia l  h as 

been  c o n firm e d  by th e  p r e s e n t  w ork . H ow ever, t h e  a n t i c i p a t e d  

i s o t r o p i c  b e h a v io u r  o f  su sp e n s io n  c a s t  m a te r ia l  was n o t o b se rv e d  

and t h e  m a te r i a l  a p p e a re d  to  behave  a n i s o t r o p i c a l l y .  No 

e x p la n a t io n  f o r  t h i s  u n e x p e c te d  b e h a v io u r  has  been p ro p o se d .





5.4 E ffe c t o f  Suspension Casting on Hot W orkab ility

Hot c o m p re s s io n  t e s t s  w ere  u se d  t o  e v a lu a t e  t h e  e f f e c t  o f  

s u s p e n s io n  c a s t i n g  on th e  h o t w o r k a b i l i t y  o f  A ISI ty p e  310 

s t a i n l e s s  s t e e l . In o r d e r  t o  m in im ise  th e  s u b je c t iv e  n a tu re  o f  

t h e  t e s t  a  c ra c k  r a t i n g  sy s te m  was u t i l i s e d .  T h is  a llo w ed  a more 

o b je c t i v e  a s se s s m e n t o f  th e  c o m p re ss io n  t e s t  r e s u l t s  to  be m ade.

The s u s p e n s io n  c a s t  sp e cim en s had c o n s i s t e n t l y  b e t t e r  

f o r m a b i l i t y .  Both s u s p e n s io n  c a s t  and c o n v e n t io n a l ly  c a s t  

sp e c im en s  a p p e a re d  t o  be h av e  a n i s o t r o p i c a l l y  b u t  t h e  t e s t  

p ro c e d u re  used  was n o t s u f f i c i e n t l y  s e n s i t i v e  t o  a l lo w  any  

d e f i n i t e  c o n c lu s io n s  t o  be draw n in  t h i s  r e s p e c t .

I t  i s  n o t p o s s ib l e  t o  draw  a f i n a l  c o n c lu s io n  on th e  e f f e c t  o f  

s u s p e n s io n  c a s t i n g  on th e  h o t  w o r k a b i l i t y  by c o n s id e r in g  o n ly  th e  

r e s u l t s  o f  th e  h o t c o m p re ss io n  t e s t s .  F u r th e r  i n v e s t i g a t i o n s  

su c h  as t h e  h o t w o r k a b i l i t y  in  t e n s io n  and in  t o r s i o n  sh o u ld  a l s o  

be p e rfo rm e d . H ow ever, i t  can c l e a r l y  be se en  t h a t  s u s p e n s io n  

c a s t i n g  h a s  a  b e n e f i c i a l  e f f e c t  on th e  h o t  w o r k a b i l i t y  o f  th e  

m a te r ia l  as m easu red  by c o m p re s s io n  t e s t s .
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6 .  CONCLUSIONS AND FUTURE WORK

i ) The su sp e n s io n  c a s t i n g  p r o c e s s  was used s u c c e s s f u l ly  to

p ro d u c e  in g o ts  o f  A ISI ty p e  310 s t a i n l e s s  s t e e l .

i 1 )  M ic r o c h i l l i n g  has a p ro fo u n d  r e f i n i n g  e f f e c t  on th e

m a c r o s t r u c t u r e  o f  th e  m a te r ia l  and on th e

m i c r o s t r u c t u r a l  l e v e l  s e g r e g a t io n  a p p e a rs  t o  be

d e c r e a s e d .

i i i )  Both th e  c o n v e n t io n a l ly  c a s t  and m ic r o c h i l le d  m a te r ia l  

c o u ld  be s u c c e s s f u l l y  h o t w orked to  80 p e r c e n t  r e d u c t io n

i v )  The h a rd n e s s  and s t r e n g th  (o y  and UTS) w ere im proved 

by  m ic r o c h i l l i n g .

v )  The to u g h n e s s  o f  t h e  m a te r ia l  as d e te rm in e d  by th e

C harpy  im p act t e s t  was u n a f f e c te d  by m i c r o c h i l l i n g  b u t 

t h e  d u c t i l i t y  in  t e n s io n  in c re a s e d  s i g n i f i c a n t l y  w ith  

m i c r o c h i l l i n g .

v i ) The f r a c t u r e  s u r f a c e s  o f  b o th  c o n v e n tio n a l  ly  c a s t  and

m ic r o c h i l l e d  m a te r i a l s  in d i c a t e d  t h a t  f a i l u r e  o c c u r re d  

by a m echanism  o f  m ic r o -v o id  c o a le s c e n c e  and grow th  

c h a r a c t e r i s t i c  o f  d u c t i l e  m a t e r i a l s .

v i i ) The c o m p re s s iv e  h o t w o r k a b i l i t y  o f  th e  m a te r ia l  was

im proved  by m i c r o c h i l l i n g .

v i i i )  Both th e  c o n v e n t io n a l ly  c a s t  and m ic r o c h i l le d  m a te r ia l  

b e haved  in  an a n i s o t r o p ic  f a s h i o n .

ix )  The r e s u l t s  o f  t h i s  i n v e s t i g a t i o n  show t h a t  su sp e n s io n  

c a s t i n g  i s  a p ro m is in g  te c h n iq u e .  H ow ever, more 

d e t a i l e d  i n v e s t i g a t i o n s  such  a s  a t h e o r e t i c a l  h e a t  

t r a n s f e r  model sh o u ld  be d e te rm in e d .

a  Jtt*. s jer.* v *



APPENDIX A -  Compression Specimens of th e  Suspension and 
Conventionally Cast Ingots Showing 50, 60, 70 and 80 Percent 

Deformation

FIGURE A1 : CCOL Compression FIGURE A2 : SCOL Compression 
Specimens Specimens

FIGURE A3 -  CCOT Compression FIGURE A4 -  SCOT Compression 
Specimens Specimens

6
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FIGURE A8 -  SC20T Compression 
Specimens

FIGURE A7 -  CC7.0T Compression 
Specimens



f

Specimens v

FIGURE A l l  -  CC40T C o m p re s s io n  H G U R IA IZ  -  ^ J ^ r B  
S p e o m e n s  *



FIGURE A15 -  ^ ^ C o m p r e s s io n  ™ R E _A 16 -  ^O T ^o m p re s s io n



Compression



186

REFERENCES

1 . C h a lm e rs , 8 .  The S t r u c t u r e  o f  I n g o t s ,  J o u rn a l  o f  
A u s t r a l a s i a n  I n s t i t u t e  o f  M e ta l s ,  v o l .  8 ,  1963 , p p 7

2 . D a v ie s ,  G .J .  S o l i d i f i c a t i o n  and C a s t in g ,  B a rk in g  : A p p lie d  
S c ie n c e  P u b l i s h e r s  L t d . ,  1 9 /3 .

3 .  R a d h a k r is h n a , K and  S e sb a n , S . I n t e r n a l  C h i l l s  -  A no the r 
Tool t o  Im prove C a s t in g  P r o p e r t i e s ,  C a s t in g s , J a n . 1980 . 
pp . 2 3 -2 6 .

4 . S m i th e l l s ,  C .J .  e d . .  M e ta ls  R e fe re n c e  S ook ,  5 th  e d . B oston  
: B u t te r w o r t h s ,  1976 .

5 . T i l l e r ,  W .A., J a c k s o n , K .A ., R u t t e r ,  J.W , and C h a lm e rs , 8 . 
The R e d i s t r i b u t io n  o f  S o lu te  Atoms D uring  th e  
S o l i d i f i c a t i o n  o f  M e ta l s ,  A cta  M e ta l lu r g i c a , v o l .  1 ,  J u ly  
1953 , pp . 428 -  437 .

6 .  C h a lm e rs , B. P r i n c i p l e s  o f  S o l i d i f i c a t i o n ,  New York : John 
W ile y , 1964 .

7 .  F le m in g s , M.C. So l i d i f i c a t i o n  P r o c e s s i n g , New York : 
M cG raw -H ill, 1974 . ~

8 .  W a lk e r, J .L .  L iq u id  M e ta ' and S o l i d i f i c a t i o n ,  C le v e la n d  : 
A m erican S o c ie ty  f o r  "M etalsT  15M .

9 .  B ow er, T .F . and F le m in g s , M.C. f o rm a tio n  o f  th e  C h i l l  Zone 
in  I n g o t S o l i d i f i c a t i o n ,  T r a n s a c t io n s  o f  t h e  M e ta l lu r g i c a l  
S o c ie ty  o f  A1ME, v o l .  23 9 , F e b . 1967 , p p . 2 1 6 -2 1 9 .

1 0 . J a c k s o n , K .A ., H u n t, J .D . ,  U hlm ann, D .R. and S ew ard , T . P .  
On th e  O rig in  o f  t h e  E qu laxed  Zone in  C a s t in g s ,  
T r a n s a c t io n s  o f  t h e  M e ta l lu r g i c a l  S o c i e ty  o f  AIME, v o l .  
2 ^ 6 ,T e b . “ 19667 ppT 1 4 9 ^ 1 5 5 7 '

11. W alto n , 0 .  and C h a lm e rs , B. The O rig in  o f  th e  P r e f e r r e d  
O r i e n t a t i o n  in  t h e  C olum nar Zone o f  I n g o t s ,  T r a n s a c t io n s  o f  
t h e  M e ta l lu r g i c a l  S o c ie ty  of  AIME, v o l .  2 l5 ,  Ju n e  19697 
p p . 4 47 -456 .



H e l la w e l l ,  f t. and H e r b e r t ,  P.M . The D evelopm ent o f  
P r e f e r r e d  O r i e n t a t i o n s  d u r in g  th e  F r e e z in g  o f  M e ta ls  and 
A l lo y s ,  Pro c e e d in g s  o f  th e  Royal S o c i e ty , v o l .  A269, 1962 , 
p p . 560-573 !

B i l o n i ,  H. R e la t io n s h ip  B etw een S e g r e g a t io n  S u b s t r u c tu r e s  
and C a s t in g  S t r u c t u r e s ,  In  : The S o l i d i f i c a t i o n  o f  M e ta l s , 
I S I  P110 , London : Iro n  and S t e e l  I n s t i t u t e ,  1968 , pp. 
7 4 -8 2 .

M orando , R . ,  B i l o n i ,  H . , C o le , G .5 . and B o l l in g ,  G .F . The 
D evelopm ent o f  M a c r o s tr u c tu re  in  I n g o ts  o f  I n c r e a s in g  S i z e ,  
M e ta l lu r g i c a l  T r a n s a c t i o n s ,  v o l .  1 , May 1970 , p p . 1407-

W in eg a rd , W.C. and C h a lm e rs , B. S u p e rc o o lin g  and D e n d r i t i c  
F r e e z in g  in  A l lo y s ,  T r a n s a c t io n s  o f  t h e  A m erican  S o c ie ty  
f o r  M e ta l s , v o l .  4 6 , 1954 , pp .

C a m p b e ll, J .  and B a n n i s t e r ,  J.W . G ra in  R e fin em e n t o f  
E l e c t r o s i a g  R em elted  I ro n  A l lo y s ,  M e ta ls  T ec h n o lo g y ,  v o l .  
2 ,  S e p t .  1 975 , p p . 4 0 9 -4 1 5 .

Thom as,  P.M . and S p i t t l e ,  J .A . The I n f lu e n c e  o f  
C o n s t i t u t i o n a l  C o n v e c t io n  d u r in g  S o l i d i f i c a t i o n  on E qu iaxed  
G ra in  F o rm a tio n  in  L arge  I n g o t s ,  J o u rn a l  o f  th e  I n s t i t u t e  
o f  M e tro s ,  v o l .  9 9 , 1971 , p p . 167-1351

S o u th in ,  R .T . N u c le a t io n  o f  th e  E q u ia x ed  Zone In  C a s t 
M e ta l s ,  T r a n s a c t io n s  o f  t h e  M e ta l lu r g i c a l  S o c ie ty  o f  AIME, 
v o l .  23 9 7 T e U 7 ~ m 7 7 p p n Z t t Z r .

E n g le r ,  S . and E l l e r b r o k ,  R. On th e  F o rm a tio n  o f  th e  
E q u i-a x e d  Zone in  C a s t in g s ,  In  : N iesw aag , H. and S h u t ,  
J.W . E d s. Pro c e e d in g s  o f  S y m p o s i u m  on 'Q u a l i t y  C o n t ro l o f  
E n g in e e r in g 's !  loys" a n i r t n e - ™ !e~~ofr_f l e t a i s  s c i e n c e ' ,  u e i r t ,Tmrwrm^w.-----------------------
Ohno, A . ,  M o te g l, T. and Soda, H. O r ig in  o f  t h e  E qu iaxed  
C r y s ta ls  in  C a s t in g s ,  T r a n s a c t io n s  o f  th e  I ro n  and S t e e l  
I n s t i t u t e  o f  J a p a n ,  v o l .  117  1 9 7 1 , pp". ld -% 3.

Ohno, A. and M o te g i, T. F o rm a tio n  M echanism  o f  E q u ia x ed
Z ones in  C a s t M e ta l s ,  AFS I n t e r n a t i o n a l  C a s t M e ta ls  
Jo u r n a ? ,  v o l .  2 ,  M arch 1977 , pp . 2 8 -3 6 .



188

2 2 . M urakam i, K. and O kam oto, T . F o rm a tio n  o f  E qu iaxed  Zone in  
C a s t in g s ,  M etal S c ie n c e ,  v o l .  18 , F eb . 1984 , pp . 1 03 -111 .

2 3 . B e e le y , P .R . F o und ry  T e c h n o lo g y , London : S u t te r w o r th  
G roup , 1972 .

2 4 . E l-M ah a lla w y , N.A, and T ah a , M.A. C a s t in g  P ro c e s s  
D evelopm ents f o r  Im p ro v in g  Q u a l i t y ,  J o u r n a l  o f  M e ta l s , 
v o l .  3 7 , No. 9 ,  S e p t .  1985 , pp . 4 2 -4 6 .

26 . H e l l a w e l l ,  A. H ete ro g en e o u s  N u c le a t lo n  and G ra in  R e fin em e n t 
in  A lum inium  C a s t in g s ,  In  : S o l i d i f i c a t i o n  and C a s t in g  o f  
M e ta l s , P ro c e e d in g s  o f  an i n t e r n a t i o n a l  c o n fe re n c e  on 
S o l i d i f i c a t i o n ,  London : The M e ta ls  S o c ie ty ,  1 979 , pp . 
1 6 1 -1 6 8 .

2 6 . L an e , D .H ., C unningham , J.W . and T i l l e r ,  W.A. The 
A p p l ic a t i o n  o f  U l s t r a s o n ic  E nergy  to  I n g o t S o l i d i f i c a t i o n ,  
T r a n s a c t i o n s  o f  th e  M e ta l lu r g i c a l  S o c ie ty  o f  AIME. v o l .  
2 1 8 , Dec. 1560 . pp .' 9 8 5 -9 9 4 .----------------------------------------------

2 7 . A bram ov, O .V ., I z o to v ,  A .N ., A s ta s h k in ,  Yu. S . ,  K ryuchkova, 
G .A .,  M anokhin , A . I . ,  M arkov, A.V. and T a ra n , V .P . 
U l t r a s o n ic  T re a tm e n t o f  S tre am  o f  M o lten  M e ta ] ,  S t e e l  in  
t h e  USSR, v o l .  15 , A p ri l 1985 , pp . 1 68 -170 .

2 8 . C r o s s le y ,  F .A . ,  F i s h e r ,  R.O . and M e tc a l f e ,  A .G . V isco u s 
S h e a r  a s  an A gent f o r  G ra in  R e fin em e n t in  C a s t M e ta l ,  
T r a n s a c t i o n s  o f  t h e  M e ta l lu r g i c a l  S o c ie ty  o f  AIME. v o l .  
M l ,  A p ri l " i g g i r p p .  41 9 -4 2 6 .

2 9 . t io j c ie c h o w s k i ,  S . and C h a lm e rs , B. The I n f lu e n c e  o f  
M e ch a n ica l S t i r r i n g  on th e  C olum nar to  E qu iaxed  T r a n s i t i o n  
In  A lum in ium -C opper A llo y s ,  T r a n s a c t io n s  o f  th e  
M e ta l lu r g i c a l  S o c ie ty  o f  AIME, v o l .  Z4Z, A p ri l 19&8T PP. 
6 5 0 -6 9 3 .

3 0 . U hlm ann, D .R .,  S ew ard , T .P . and C h a lm e rs , B. The E f f e c t  o f  
M a g n etic  F i e ld s  on th e  S t r u c tu r e  o f  M etal A llo y  C a s t in g ,  
T r a n s a c t io n s  o f  t h e  M e ta l lu r g i c a l  S o c ie ty  o f  AIME, vo 1. 
2 3 6 , A p ri l 1966 , pp . 5 27 -531 .

3 1 . T z a v a r a s ,  A.A. and B rody , H.D. E le c tr o m a g n e ti c  S t i r r i n g  and 
C o n tin u o u s  C a s t in g  -  A ch iev e m en ts , P ro b le m s , and G o a ls , 
J o u r n a l  o f  M e ta ls ,  v o l .  36 , no . 3 , March 1984 , pp . 3 1 -3 7 .

w A * ? *



3 2 . L an g e n b erg , F .C . ,  P e s t e l ,  G. and H o n e y c u tt,  C .R . G ra in  
R e f in em e n t o f  S t e e l  In g o ts  by S o l i d i f i c a t i o n  in  a Moving 
E le c tr o m a g n e ti c  F i e l d ,  T r a n s a c t io n s  o f  t h e  M e ta l lu r g i c a l  
S o c i e ty  o f  UM E, v o l .  22 1 , O c t . 1961 , p p . 993 -1 0 0 1 .

3 3 . J o h n s to n ,  W .C .,  K o t l e r ,  G .R ., O 'H a ra , S . ,  Ashcom, H.V. and 
T i l l e r ,  W.A. G ra in  R e fin em e n t v i a  E le c tr o m a g n e tic  S t i r r i n g  
D uring  S o l i d i f i c a t i o n .  T r a n s a c t io n s  o f  t h e  M e t a l l u r g i c a l  
S o c ie ty  o f  AIME,  v o l .  2 3 3 , "O ct. ly b b ,  p p . itiS fr-lbbU .

3 4 . B i r a t ,  J . P .  and C h o n i , J .  E le c tr o m a g n e ti c  S t i r r i n g  on 
B i l l e t ,  Bloom , and S la b  C o n tin u o u s  C a s te r s  : S t a t e  o f  th e  
A rt in  1982 , Iro n m ak in a  and S t e e lm a k ln o , v o l .  1 0 . n o . 6 , 
1983 , p p . 269 -2B H

3 5 . O re h o s k i ,  M.A. Im proved C r y s ta l  S t r u c tu r e  in  C a s t S t e e l  
I n g o t s ,  J o u r n a l  o f  M e ta l s ,  v o l .  2 1 , no . 5 , May 1969 , pp .

36 . C a m p b e ll, J .  E f f e c t s  o f  V ib r a t i o n  d u r in g  S o l i d i f i c a t i o n ,  
I n t e r n a t i o n a l  M e ta ls  R ev iew , v o l .  26 , no . 2 , 1981 , dd. 

' / I ' - I W .

3 7 . B i l o n l ,  H. S o l i d i f i c a t i o n ,  In  : Cahn, R.W. and H assen , P. 
e d . P h y s ic a l  M eta l l u r g y ,  3 rd  e d . Am sterdam  : N o rth -H o lla n d  
P h y s ic s  P u b U sh in g 7 "T 9 B 3 , pp . 4 7 8 -5 7 9 .

38. R a p o p o r t,  D.B. A e r o f o i l  In v e s tm e n t C a s t in g s  f o r  t h e  M ach-3 
E n g in e , Found ry  T rad e  J o u r n a l , F e b . 1 964 , p p . 1 69 -183 .

39 . B r y a n t ,  M.D. and M oore, A. Mould C o a tin g s  o f  Z in c /G ro u n d
Coke o r  C o b a lt to  P re v e n t Hot C heck ing  in  M a lle a b le  Iro n
C a s t in g s ,  The B r i t i s h  Foundrym an, v o l .  64 , Ju n e  1971 , p p .
21 5 -2 2 9 .

40 . G la s s o n , E .L . and E tnley, E .F . H ete ro g en e o u s  N u c le a t io n  in  
t h e  S o l i d i f i c a t i o n  o f  Alum inium  and M agnesium A l lo y s ,  In  : 
The S o l i d i f i c a t i o n  o f  M e ta ls ,  IS I  P110 , London : I ro n  and 
S t e e l  / n s F i t u t e ,  1965 , op . 1 -9 ,

41 . De R o ss , A.B. and M ondo lfo , L .E . M e ta l lu r g i c a l  A sp e c ts  o f  
C a s t in g  Alum inium  A l lo y s ,  In  : R a m p il lo , C .A .,  B i l o n l ,  H, 
and Emburg, D .E . e d . A luminium T ra n s fo rm a tio n  T ec h n o lo g y  
and A p p lic at i o n s ,  P ro c . u o n t . ,  Ohio : A m erican S o c ie ty  roi- 
R e t a l s ,  1 9 8 0 .

-  i u. ajA T* » d &A*



42 . P e re p e z k o , J .H .  and LeB eau, S .E , N u c le a t io n  o f  Aluminiuun 
d u r in g  S o l i d i f i c a t i o n ,  In  : P a m p il lo ,  C .A . B i lo n i ,  H ., 
M ondo lfo , L. and S a c c h i ,  F . e d . Alum in ium  T ra n s fo rm a tio n  
T ec h n o lo g y  and A p p l ic a t i o n s  -  195T] P ro c . C o n f . O hio : 
A m erican  S o c ie ty  t o r  M e ta l s ,  19ti2.

4 3 . A rn b e rg , L . ,  B a ck e ru d , I .  and K la n g , H. G ra in  R efinem en t o f  
A lum in ium , M e ta ls  T e c h n o lo g y , v o l. 3 , J a n . 1982 , pp . 1 -1 7 .

4 4 . B a ck e ru d , L . How Does a Food G ra in  R e f in e r  Work ? ,  L ig h t  
M etal A ge,  v o l .  4 1 , O c t . 1983 , p p . 6 -1 2 .

4 5 . M axw ell, I .  and H a l la w e l l ,  A. An A n a ly s is  o f  t h e  P e r i t e c t i c  
R e a c t io n  w ith  P a r t i c u l a r  R e fe re n c e  to  A l-T i A llo y s ,  A cta  
M e ta l lu r g l c a ,  v o l .  2 3 , Aug. 1975 , p p . 9 01 -909 .

4 6 . S e n t a r l i ,  Y. S u s p e n s io n  C a s t in g  o f  a High Chromium W hite  
I r o n ,  M .Sc. D i s s e r t a t i o n ,  U n iv e r s i t y  o f  th e  w itw a te r s r a n d ,  
J o h a n n e sb u rg , 1985.

47 . R y z h ik o v , A .A ., C h u d n e r , R .V ., G a v r i l i n ,  I .V . and
S t a r n s e V s k i i , M.A. Im provem ents in  th e  S u s p e n s io n  C a s t in g  
P r o c e s s ,  R u ss ia n  C a s t in g s  P r o d u c t io n ,  Nov. 1975 , pp . 
45 7 -4 5 8 .

4 8 . Zubov, L .A .,  M a n d rik , E .A . and T u p ch ien k o , V . I .  S u sp en s io n  
P o u r in g  o f  H igh -S peed  S t e e l ,  R u s s ia n  C a s t in g s  P r o d u c t io n ,  
1974 , pp . 4 95 -496 .

4 9 . R y z h ik o v , A.A. and M ik ryukov , R .A . Shaped C a s t in g s  in  
S u s p e n s io n  S t e e l ,  R u ss ia n  C a s t in g s  P r o d u c tio n ,  1968, pp . 
2 4 1 -2 4 2 .

50 . E t e l i s ,  L .S . ,  B lo k h in , I . E . ,  P lo tn ik o v ,  V.A. and Babenko , 
V.G. S u s p e n s io n  P o u r in g  o f  I r o n ,  R u ss ia n  C a s t in g s  
P r o d u c t io n ,  Aug. 1975 , p . 340.

51 . K o s t in ,  A .W ., S c h ig o l ,  V.B.M, and B a s t ,  J .  I n f lu e n c e  o f  
th e  S u s p e n s io n  C a s t in g  P r o c e s s  on th e  P r o p e r t i e s  o f  H igh-P  
P ig  I r o n ,  G ie s s e r e i t e c h n ik ,  O c t .  1977 , pp . 3 17 -318 .

52 . P a n fe ro v ^ - .V .N .,  P i s a r e v ,  I . E . ,  Kim, G .P . ,  T o k a re v , V .M ., 
L u s in , Yu. A. and T y u l 'p in ,  A.V. E x p e r ie n c e  in  th e  
A u tom ation  o f  S u s p e n s io n  P o u r in g , R u ss ia n  C a s t in g s  
P r o d u c t io n ,  Nov. 1975 . pp . 4 5 8 -4 5 9 .

- »  A  - J  k  .. t  M,



191

5 3 . Iv a n o v , V .T . ,  Zubov, L .A .,  G rozov , D .P . and K ovshov, V.M. 
I n f lu e n c e  o f  M ic ro -C M Ils  on th e  P r o p e r t i e s  o f  C arbon S te e l  
C a s t in g s ,  R u ss ia n  C a s t in g s  P r o d u c t io n , 1974 , pp . 2 9 -3 0 .

5 4 . B u la v in a , L .S . ,  M ilo v an o v , I .F .  and A geeva, N.A. I n f lu e n c e  
o f  M ic r o c h i l l s  on th e  S t r u c tu r e  o f  C a s t khN56VMTYu 
H e a t- R e s is ta n c e  A l lo y ,  M etal S c ie n c e  and H ea t T r e a tm e n t , 
v o l .  2 6 , n o s . 5 - 6 ,  M ay-June 1984 , pp . 3 65 -371 .

5 5 . Z a t u lo v s k i i ,  S . S . ,  A bram ova, V .P . and K u ts ,  G.A. 
E f f e c t i v e n e s s  arid P o t e n t i a l i t i e s  o f  th e  Use o f  I ro n  Powder 
f o r  Im prov ing  t h e  Q u a l i ty  o f  S t e e l ,  P o roshkovaya  
M e ta l lu r g i e s ,  v o l .  8 9 , no. 5 , May 1 970 , p p . l '5 - l9 7  
T r a n s la te d  "by C o n s u l ta n t s  B u re au , a  d iv i s io n  o f  Plenum  
P u b l i s h in g  C o .,  227 W est 1 7 th  S t r e e t ,  New Y ork , N.Y. 
10011.

5 6 . B o r is o v , E .S . and L a r io n o v , A. Ya. S o l i d i f i c a t i o n  K in e t ic s  
and F l u i d i t y  o f  S u s p e n s io n -P o u re d  S t e e l ,  R u s s ia n  C a s t in g s  
P r o d u c t io n , 1 974 , p .  71.

57 . S e n t a r l i ,  Y ., Com ins, N.R. and K o u r s a r i s ,  A. S u sp en s io n  
C a s t in g  o f  a High Chromium W hite I r o n ,  The B r i t i s h  
Foundrym an,  Nov. 1 985 , p p . 4 5 9 -4 6 4 .

5 8 . P i c k e r i n g ,  F .8 .  P h y s ic a l  M e ta l lu rg y  o f  S t a i n l e s s  S te e l  
D ev e lo p m en ts , I n t e r n a t i o n a l  M e ta ls  R ev iew s, v o l .  2 1 , Dec. 
1976 , p p . 227-Z 5F:

59 . P e c k n e r ,  D. and B e r s t e i n ,  I .M . Handbook o f  S t a i n l e s s  
S t e e l s , New York : McGraw H i l l ,  19771

60 . S e d r ik s ,  A .J .  C o r ro s io n  o f  S t a i n l e s s  S t e e l s , New Y ork : John 
W iley  & S o n s , 1979.

6 1 . A hlb lom , B. and S a n d s trd m , R. Hot W o rk a b il i t y  o f  S t a i n l e s s  
S t e e l s  : I n f lu e n c e  o f  D efo rm atio n  P a r a m e te rs ,
M ic r o s t r u c tu r a l  C om ponents, and R e s to r a t io n  P r o c e s s e s ,  
I n t e r n a t io n a l  M e ta ls  R e v ie w s , v o l .  27 , no . 1 , 1982 , pp . 

T = ? T .

62 . D ie t e r ,  G .E . M ech an ica l M e ta l lu r g y , 2nd e d . K ogakushu : 
M cG raw -H ill, 19ST1

V _  1.



U lv a n , E . and K o u r s a r i s ,  A. M etal F o r m a b i l i ty  1n Bulk 
D efo rm atio n  P r o c e s s e s ,  J o u r n a l  o f  M e ta l s ,  v o l.  3 5 , n o .  1 2 ,  
D ec. 1983 , p p . 2 0 -26 .

R yan , N.D. and McQueen, H .J .  E f f e c t s  o f  A llo y in g  Upon th e  
Hot W o rk a b il i t y  o f  C a rb o n , M ic r o a l lo y e d , T o o l, and 
A u s t e n i t i c  S t a i n l e s s  S t e e l s ,  J o u r n a l  o f  M e ch a n ica l W orking 
T e c h n o lo g y , v o l .  12 , n o . 3 ,  Fetx  1 986 , p p . Z /9 -2 9 b .

6 5 . S a v v id e s ,  J .  and K o u r s a r i s ,  A. The H ot W o rk a b il i t y  o f  Some 
S t a i n l e s s  S t e e l s , P r o g r e s s  R eport: NoT 1% D ep artm en t o f  
M e ta l lu rg y ,  U n iv e r s i t y  o f  t h e  W itw a te r s ra n d , Jo h a n n e sb u rg , 
N ov. 1982 .

6 6 . R i v l i n ,  V.G. and R a y n o r , G.V. C r i t i c a l  E v a lu a t io n  o f  
C o n s t i t u t i o n  o f  C h ro m iu m -Iro n -N ic k e l S ys tem , I n t e r n a t io n a l  
M e ta ls  R ev iew s , v o l .  2 5 , n o . 1 , 1 980 , p p . 21-351

6 7 . K ane, R.H. S t r u c tu r e  and Hot W o rk a b il i t y  o f  A ISI Type 310 
S t a i n l e s s  S t e e l ,  In  : B a l la n c e ,  J .B .  f f .  The Hot 
D efo rm a tio n  o f  A u s t e n i t e ,  New York : A m erican . I n s t i t u t e  o f  
M in in g , M e ta l lu r g i c a l  and P e tro le u m  E n g in e e r s ,  1 977 , pp . 
45 7 -4 9 8 .

6 8 . S to k o w ie c , Z . ,  H o lla n d , C .G .,  D ean, A.H. and E v e r i l l ,  A .C. 
E f f e c t  o f  C o m p o s itio n  B a la n ce  and Tr a c e  E lem en ts on th e  Hot 
W o rk a b i l i t y  o f  A u s t e n i t i c  S t a i n l e s s  S t e e l s ,  In : S t a i n l e s s  
S t e e l s , IS1 P117 , London : The I ro n  and S t e e l  I n s t i t u t e ,  
1 968 , pp . 1 7 -2 3 .

6 9 . Keown, S .R . H ot D u c t i l i t y  o f  W rought A u s t e n i t i c  S t a in l e s s  
S t e e l s  -  P a r t  1 : E f f e c t  o f  A llo y in g  A d d i t io n s ,  In  : 
S e l l a r s ,  C.M. and D a v ie s ,  G .J .  E d s. Hot W orking and Form ing 
P r o c e s s e s , London : The M e ta ls  S o c i e ty ,  l t i / 9 ,  p p . 1411- 14 / .

7 0 . N ic h o ls o n , A. and M oore, T.W. S e le c t i o n  o f  Optimum 
C o n d i t io n s  f o r  Hot R o l l in g  S t a i n l e s s  and Carbon S t e e l s ,  In 
: R e h e a tin g  f o r  H ot W orking , IS I P i l l ,  London : I ro n  and 
S t e e l  I n s t i t u t e ,  "1968, pp . 4 6 -5 5 .

7 1 . H a r r i s ,  R. and B a rn a rd , L. E x p e r ie n c e s  o f  Hot S h o r tn e s s  in  
th e  F o rg in g  o f  C e r ta in  Low -A lloy  S t e e l s ,  In : D efo rm atio n  
Undor Hot W orking C o n d i t io n s , IS I  P108 , London : I ro n  and 
S t e e l  I n s t i t u t e ,  1568 , pp . "157-177 .

! 4  

4
— I5& J * *4* f ,T"-Ŷ4̂bf ■ a._____
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