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EFFECT OF COOLING RATE DURING 

CEKTR I FUGAL CASTING ON THE CREEP RUPTURE 

STRENGTH OF 13 % C r  STEEL 

ABSTRACT : 

I t  i s  known t h a t  1 3  k C r  s t e e l  i s  one o f  t h e  most  

economica l  s t - a i n l e s s  s t ee1 . s .  It i s ,  however ,  i n f e r i o r  

t o  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 n  c r e e p  r u p t u r e  s t r e n g t h  

above 600°C. 

T h e r e f o r e ,  a t t e m p t  h a s  been made t o  improve t h e  c r e e p  

r u p t u r e  s t r e n g t h  of 1 3  % C r  s t e e l .  

T h i s  work i s  l l r i n c i p a l l y  concerned  w i t h  t h e  i n v e s t i g a t i o n  

of  t h e  i n f l u e n c e  of  t h e  c o o l i n g  r a t e  d u r i n g  c e n t r i f u g a l  

c a s t i n g  on t h e  c r e e p  r u p t u r e  s t r e n g t h  of 13 % C r  s t e e l .  

The r e s u l t s  o b t a i n e d  a r e  a s  f o l l o w s :  

1. The c r e e p  r u p t u r e  s t r e n g t h  o f  1 3  % C r  s t e e l  i s  

improved by i n c r e a s i n g  c o o l i n g  r a t e  d u r i n g  

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

2 .  The h i g h e r  c o o l i n g  r a t e  p romotes :  l a r g e  s i z e s  o f  

columnar  s t r u c t u r e s ,  f i n e  d i s p e r s i o n  o f  t h e  p r e c i p -  

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

p a r t i c l e s .  These  a r e  shown t o  have a  b e n e f i c i a l  

e f f e c t  on t h e  c r e e p  r u p t u r e  s t r e n g t h .  

INTRODUCTION : 
- 

P r e s s u r e - c o n t a i n i n g  components f o r  power g e n e r a t i n g  

p l a n t  must  o p e r a t e  f o r  c o n s i d e r a b l e  p e r i o d s  a t  c l e v a t c d  
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* L e c t u r e r ,  Dcpt .  of Deslgn and P r o d u c t i o n  E n g i n e e r i n g ,  
F a c u l t y  o f  Eny . , and Tech.  , I l enouf ia  Univers l l -y  . 



temperatures. .  Design approaches 

g e n e r a l l y - i n v o l v e  t h e  a p p l i c a t i o n  

a  which p e r m i t s  c a l c u l a t i o n  of  a  

f o r  t h e s e  components 

of an a l l owab le  s t r e s s  

minimum w a l l  t h i c k n e s s  

( m w t )  a s :  

... ... m w t  = PD / ( 2  oa E + P )  ... ... (11 

Where D i s  t h e  o u t s i d e  d i a m e t e r ,  P i s  t h e  i n t e r n a l  p r e s s u r e ,  

and E i s  an  e f r i c i e n c y  f a c t o r .  

Values  of  t h e  a l l owab le  stress f o r  creep a p p l i c a t i o n s  

a r e  d e t e r m h e d  from e x t r a p o l a t i n g  t h e  a p p r o p r i a t e  m a t e r i a l ' s  

u n i a x i a l  c r e e p  o r  c r eep - rup tu re  d a t a .  However, s a f e t y  

f a c t o r s  a r e  a p p l i e d  due t o  u n c e r t a i n t i e s  involved  wi th  

t h i s  approach.  

Short- term u n i a x i a l  c r e e p  r u p t u r e  d a t a  c a n ,  i n  g e n e r a l ,  

be desc r ibed  by a power-law dependence on s t r e s s .  Simple 

e x t r a p o l a t i o n  of  t h i s  i n fo rma t ion  i s  known t o  ove re s t ima te  

longterm l i f e t i m e s  / I / .  

The use  of  paramet-r ic  t e c h n i q u e s ,  e . g . ,  t h e  Larson--Mil ler  

procedure / 2 /  a l l ows  d a t a  e x t r a p o l a t i o n  of  on ly  approxi -  

mate ly  t h r e e  t i m e s  t h e  l o n g e s t  r u p t u r e  l i f e  / 3 / .  

The a p p l i c a t i o n  of  f i n i t e  e lement  s t r e s s  a n a l y s i s  t echnique  

r e q u i r e s  a  more d e t a i l e d  m a t e r i a l  d e s c r i p t i o n .  

To p rov ide  e n g i n e e r s  w i t h  m a t e r i a l  i n f o r m a t i o n ,  

many methods of  d e s c r i b i n g  s t r a i n / t . i m e  behaviour  have 

been sugges ted  /4/. 

Recentely;  t h e  8 p r o j e c t i o n  concept  h a s  been sugges ted  

which c o n s i d e r s  c r e e p  s t r a i n  E t o  be t h e  sum of two 

competing processes a s  fo l l ows  / 5 / .  

- o t  0: 
c =  B (1  - e  2, + o 3  ( e  - I )  ... ... ... ( 2 )  

1 

Where and e 2  d e f i n e  tlric pr imary or decaying  s t r a i n  r a t e  

._ . 



+ 

corq3onent and 0 and E 4  d e s c r i b e  t h e  t c r t i a r y  o r  acc-  
3 

e l e r a t i n y  s t r a i n  r a t e  component o f  t h e  c r e e p  c u r v e .  

E x t r z p o l a t i o n  o f  ? p a r a m e t e r s  f o r  l o n g  t i m e s  h a s  been 

a p p l i e d  f o r  1 / 2  C r -  1 / 2  K 0 - 1 / 4  V f e r r i t i c  s t e c l  a t  5 6 S U C / 6 / .  

Tlie f a c t o r s  d f  feet-iiig t u b e  l i f e  o t ~ c r a t ~ n q  under  c r e e p  

c o n d i i  i o n s  ha.. r been i l l u s t r - a t c c i  i n  Fig . 1 . 

1 . T h e r c a l  c o n d u c t i v i t y .  

2 .  Ti'hcrinal e x p a n s i o n .  

3 .  121 <-.st i c  mcrlulus. 

4 .  P o i s s o n ' s  r a t i o .  

5 .  S t ress- ru; , t .~!rc  l i f e .  

6 .  Creep  response? . 

Tube S i z n  

I .  D iamete r  

2 .  Wa 11. t h i c k -  

n e s s .  

O p e r a t i n g  C o n d i t i o n s  

1 . T e m p e r z t u r e s .  

2 .  P r e s s u r e s .  

3 .  Type o f  working 

c y c l e s :  

a -  h e a t i n g  r a t e .  

b- d u r a t i o n .  

c- c o o l i n g  r a t e .  

4 .  Number o f  c y c l c s  

F i g .  ( I ) :  F a c t o r s  affecting t u b e  l i f e  under  

c r e e p  c o n d i t i o n s .  

Creep d e f o r m a t i o n  bc l i av iour  c a n  I x  d e s c r i b e d  by some 

s e t s  of  e y u s t j o r ~ s  s o  t h a t  t h e  c r e e p  s t r a m  accumula ted  

d u r i n g  any t i m e  i n t e r v a l  a t  a  s p e c i f i c  s t r e s s  and temper-  

a t u r e  c a n  be  r c a d l l y  calculated. T h i s  i s  one  a s p e c t  o f  

d e v e l o p i n q  const i tu t ive  e q u a t i o n  f o r  c r e e p  a n a l y s i s .  

A number o f  e q u a t i o n s  have t e e n  g i v e n  i n  t h e  l i t e r a t u r e s  

/ 7  & 8/. 

Creep  damage l e a d i n q  t o  f a i l u r e  i n  f e r r i t i c  s t e e l  a t  

s e m i  c i ~  oper,:tincj c o n d i t i o n s  r c s u l t s  i rom / 9 /  : 

i) S t r u c t u r a l  c o a r s e n i n g  l e a d i n g  t o  a  c o n t i n u o u s  r e d u c t i o n  

i n  c r e e p  s t r e n g t h  d u r i n g  c s p o s u r c .  



ii) I n t e r q r a n u l a r  c r c c p  c a v i t a t i o n .  

Both p r o c e s s e s  n o r m a l l y  o c c u r  s i m u l t a n e o u s l y ;  t h e  prevalence 

of  e i t h e r  i s  cletermil~ecl  by t h e  i n i t i a l  s t a t e  and p:~r . i ty  i n  

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

I n  t h i s  work a n  a t t e m p t  was made t o  improvc t h e  c r e c p  

r u p t u r e  s t r e n g t h  o f  13 % C r  s t e e l .  

The p r e s e n t  work i n v e s t i g a t e d  t h e  e f f e c t  o f  c o o l i n g  r a t c  

d u r i n g  c e n t r i f u g a l  c a s t i n g  o f  13 % C r  s t e e l  o n  t h e  c r e e p  

r u p t u r e  s t r e n g t h .  V a r i a t i o n s  i n  c o o l i n 9  r a t e s  d u r i n g  

s o l i d i f i c a t i o n  wcrc  o b t a i n e d  by u s i n g  a  s p e c i a l l y  d c s i g n c d  

l a b o r a t o r y  s c a l e  c e n t r i f u c j a l  c a s t i n g  mach ine ,  by chang ing  

t h e  r o t a t i n g  s p e e d ,  and  by u s i n g  d i f f e r e n t  t y p c s  of i n c ~ o t  

moulds.  

EXPEKINENTAL PROCEDURE: 
-- 

Four h e a t s  o f  5 Kg e a c h  were  a i r - m e l t e d  i n  2 0  KVA h i g h  

f r e q u e n c y  i n d u c t i o n  f u r n a c e ;  t h e  c h e m i c a l  c o m p o s i t i o n  of 

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

T a b l e  1 .  

Two t y p e s  of mouLcis were employed ( g r a p h i t e  & c o p p e r ) ;  

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

machine was d e s i g n e d  t o  g i v e  two d i f f e r e n t  r o t a t i n g  s p e e d s ,  

1400 and 1700 r . p . m  c o r r e s p o n d i n y  t o  50 and 100 c j  

r e s p e c t i v e l y ,  wherc g i s  t h e  g r a v i t y  a c c e l e r a t i o n .  

The di .mcnsions o f  t h e  c e n t r i f u g a l l y  c a s t  t u b e s  w c r c  

1 2 0  mm l e n g t h ,  100 mm o u t s i d e  d i a m e t e r  and  60.mm i n s i d e  

d i a m c t c r .  

An a lumel-chromcl  thermocoup1.e was insc2rtecl i n  t h e  

mould w a l l  t o  t o u c h  t h e  o u t e r  s u r f a c e  o f  Clie c a s t  t u b e  and 

t h e  c o o l i ~ l q  r a t e  durilic; c e n t r i f u g a l  c a s t i n g  was measured.  



---- 
C a s t i n g  

Condj t i o n  

i Mould C e n t r -  1 i f u g a l  
Tl"P'i*- 

Table. (1) : 

Chemical  Composit iol :  (,,.:L., % ) 
i 

C 

-- - -- - - 

Chemical  c o m p o s i t i o n  of 1 3  S C r  s t e e l  

C o o l i n  

r a t e  

'C/min 

1 8 0  

3 70 

400 

81 0 

w i t h  t h e  coo lFng  r a t e  a c c o ~ - d i n g  t o  
c a s t i n g  c o n d i t i o n .  

The creep r u p t u r e  t e s t  s p e c i n e n s  v,.cre I - l c h i n e d  long-  

i t u d i n a l l y  from t h e  w a l l  s e c t i o n  o f  e a c h  ct:n: r i f u q a l l y  

c a s t  t u b e .  

Creep  t e s t s  were  conduc ted  on s i m p l e  ILL-2r-arm c r e e p  

machines  a c c u r a t e  t o  L;S Chin 0 . 0 5  % l o a d .  Ti.,(> l o a d i n g  

sys temincocporaCed  a s e r i e s  of universal jcints i n  o r d e r  

t o  r e d u c e  ax ia !  bend ing  I n  t h e  spec imens  c i , ~  t o  non - 
a x l a l l t y  o i  1 n a d i n g .  T e s t s  \:ere c a r r l c - -  - n a i r  and 

t h c  specimens were  h e a t e d  i n  a  r e s i  s t a n c e  i1:rnace c o n t -  

r o l l e d  by p r o p o r t i o n a l  t e m p e r a t u r e  c o n t r o ;  Icr t o  t I 0 C  

a l o n g  t h e  gauge l e n g t h .  Cyl  i n d c r i c a l .  sp. c i  :ens ( 6 . 6  mm 

d i a .  x35 nus Tauqe l e n g t h )  had r i c l s e s  a t  t!: , nds  o f  gauge 

l c n g t h  f o r  a t t a c h i n g  t h e  e x t e n s o m e t r y .  C. c 2 , l s ion  was 

d e t e r m ~ l l e d  by means o f  a n  e l e c t r i c a l  LVilT t l  dl lsducer  

g i v i n g  a  s t r a i n  s e n s l t i v l t y  o f  5 x lo- ' .  

Thc c r c c p  r u p t u r e  t e s t s  v e r e  c o n d u c t L  .: .! 60_0°, 700' , 
and 800°C For  t l m c  p e r l o d s  e x t e n d i n g  up  i :, 20 hl-. 



RESULTS AND D I S C I J S S I O N :  
- 

The c a l . c a l a t e d  r e s u l t s  o f  t h e  measured c o o l i n 4  r a t e s  

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

a r e  shown i n  T a b l e  1 .  The t a b l e  shows a  wide v a r i a t i o n  

i n  t h e  c o o l i n g  r a t e s  depend ing  upon t h e  t y p e  o f  mould 

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

machine.  These  v a r i a t i o n s  a r e  a t t r i b u t e d  m a i n l y  t o  t h e  

h e a t  c o n d u c t i : ~ i t y  o f  t h e  mould m a t e r i a l  a s  w e l l  a s  t o  t h e  

r a t e  o f  c o o l i n g  of t h e  mould s u r f a c e  dul-lr:g r o t a t i o n .  

The r n a c r o s k r u c t u r e  o f  t h e  c r o s s  s e c t i o n  o f  t h e  c a s t  

t u b e s  demonst1:ated the t y p i c a l  s t r u c t u r e  o f  a n  o u t e r  l a y e r  

o f  c h i l l  c r y s t a l s ,  t h e n  t h e  columnar  y r a i n s  v a r y i n g  i n  t h e i r  

l e n g t h  and w i d t h  ( a c c o r d i n g  t o  c o o l i n g  r a t e )  and t h e  equiaxci i  

g r a i n s  a l o n g  t n e  i l m e r  s i d e .  

F i g .  2 .  sho~ . ,~s  t h e  v a r i a t i o n s  o f  t h e  s i z e  o f  ~o!_u?lllar 

g r a . i n s  i n  t e r n s  o f  L  and D (where L i s  t h e  l e n g t h  o f  col~unn 

and D and i s  i t s  w i d t h )  w i t h  t h e  r e s p e c t i v e  c o o l i n g  r a t e .  

C o o l i n g  r a t e  ("C/min)  

F i g .  ( 2 ) :  T i i c  v c : r i a t i o n ' i n  l c n g t h  (1,) and w i d t h  (D) o f  t h e  

c i>lu:  ,;la1 . s t r u c t u r e  w i t h  ~ o o l  i n g  r a t e .  



From which ,  L and D i n c r e a s e  w i t h  i n c r e a s i n g  c o o l i n g  

r a t e .  These  r e s u l t s  seem t o  be  i n c o n s i s t e n t  w i t h  t h e  

w e l l  known s t u d i e s  on:  0 . 6  % C s t e e l  / l o / ,  A l - a l l o y s  

/ 1  2 / , and C u - a l l o y s  / 12/  which s a y  t h a t  t h e  lower  t h e  

c o o l i n g  r a t e ,  t h e  l a r g e r  t h e  g r a i n  s i z e .  

However, t h e  l a t t e r  i s  concerned  w i t h  " s t a t i c "  c a s t i n g  

c o n d i t i o n s  w h i l e  i n  c e n t r i f u g a l  c a s t i n g  many o t h e r  

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

migh t  be d i f f e r e n t .  Q u a n t i f y i n g  t h e  l a t t e r  i n d i c a t o r  

r emains  f o r  f u t u r e  wqrk / 1 3 / .  

The X-ray d i f f r a c t i o n  a n a l y s i s  o f  t h e  e l . e c t r o l . i t i c a l l y  

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

( D )  c o n t a i n e d  ( C r ,  F e ) 2 3  C 6  and C r 2  N ,  w h i l e  t h e  r e s i d u e s  

o f  t h e  s low c o l l . i n g  r a t e  t u b e  ( A )  c o n t a i n e d  a c o n s i d r a b l e  

amount of  ( C r ,  F e )  C3 / I  3 / .  

The c r e e p  r u p t u r e  t e s t s  of  e a c h  t u b e  a t  600° ,  700° ,  and 

800°C a r e  shown i n  F i g .  3. Examina t ion  o f  t h e  d a t a  p r e s e n t e d  

i n  t h e  f i g u r e  r e v e a l s  a  number o f  i t e m s  o f  i n t e r e s t  r e g a r d -  

i n g  t h e  e f f e c t  o f  d i f f e r e n t  c o o l i n g  r a t e s .  For  example ,  a t  

600°C, t h e  c r e c p  r u p t u r e  s t r e n g t h  d o e s  n o t  show any rcinark- 

a b l e  change w i t h  i n c r e a s i n g  c o o l i n g  r a t e ,  w h i l e  a t  h i g h e r  

t e m p e r a t u r e ,  700°C, t h e  c r e e p  r u p t u r e  s t r e n g t h  g r a d u a l l y  

i n c r e a s e d  w i t h  t h e  i n c r e a s e  i n  c o o l i n g  r a t e .  

With a  f u r t h e r  i n c r e a s e  i n  t h e  t e s t  t e m p e r a t u r e  t o  800°C, 

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

(3) i s  a p p r o x i m a t e l y  t w i c e  t h e  c r e e p  r u p t u r e  s t r e n g t h  o f  

t h e  low c o o l i n g  r a t e  t u b e  ( A ) .  

The c r e e p  r u p t u r e  d a t a  a r e  p l o t t e d  t o  g i v e  t h e  Larson-  

Mil . ler  p a r a m e t e r  m a s t e r  c u r v e s  f o r  A and D specimens  as  



timi? to  rupture (hr) 

45C 

400- 

m 
m 

350- 
m 

% 
-4 
r-i 

8 300- 

tim2 t o  rupture (hr) 

a )  600 "C - 

(180) 

b I l t t l t  I I 1 1  1 1 1 1  I I r * t 1 1 , l  

F i g .  ( 3 )  : Crccp  r u p t u r e  'tests a t  600°C, a )  700°C , 
b )  and 800°C c ) - ( C o o l i n g  r a t e  d u r i n g  c a s t i n g  

100 1000 3000 
t i m e  t o  r u p t u r e  ( h r )  



F i g .  ( 4 )  : T h c  L a r s o n - M i l l e r  Pa ra lne te r  ( L  .?l .P) m a s t e r  

c u r v e s .  ( C o o l i n g  r a t e  d u r i n g  c a s t i n g  i n  

"C/min) . 
Again t h i s  c o n f i r m s  t h a t  w i t h  h i g h e r  t e m p e r a t u r e s  and 

p ro longcd  t i m e s ,  t h e  c r e e p  r u p t u r e  s t r e n g t h  i n c r e a s e s  

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

c a s t i n g s .  

S e v e r a l  m i c l - o s t r u c t u r a l  v a r i a b l e s  c a n  i n f l ~ z e n c e  t h e  

c r e e p  r u p t u r e  s t r e n g t h  o f  13 % Cr s teel .  The most  imp- 

o r t a n t  o f  t h e s e  which improve t h e  c r e e p  s t r e n g t h  w i t h  

i n c r e a s i n g  c o o l i n g  rate a r e :  

i) S o l i d  s o l u t i o n  s t r e n g t l - ~ e n i n g  , 
ii) D i s p e r t i o n  h a r d e n i n g ,  

iii) D i s l o c a t i o n  d e n s i t y ,  and 

i v )  G r ~ i n  s i z e  G g r a i n  ~ n o r p h o l o . ; ~ .  



Regarding t h e  f i r s t  f a c t o r ,  it was found / 1 4 /  t h a t  s t e e l  

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

i n  i t s  f e r r i t i c  m a t r i x  d i s s o l v e d  c a r b o n  a b o u t  0.06 w t .  % 

h i g h e r  t h a n  t h a t  i n  s teel  w i t h  a  l o w  c o o l i n g  r a t e .  

T h i s  i s  i n  agreement  w i t h  t h a t  c p o t e d  f o r  A1-Fe a l l - o y s  

I n c r e a s i n g  c o o l i n g  r a t e  d u r i n g  c e n t r i f u g a l  c a s t i n g  

l e d  t o  a f i n e  d i s p e r t i o n  o f  ( C r ,  F c ) ~ ~  C 6  and C r  N 
2  

p r e c i p i t a t e s .  S t r o n g  i n t e r a c t i o n s  between d i s l o c a t i o n s  

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

d i s p e r t i o n  h a r d e n i n g  was p rominen t  i n  d e t e r m i n i n g  c r e e p  

s t r e n g t h .  

~ o n e y c o m b e  /15/  h a s  reviewed t h e  d i r e c t  e v i d e n c e  f o r  

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

t h e  y - a i n t e ~ f a c e s  d u r i n g  t r a n s f o r m a t i o n  o f  a u s t e n i t e .  

The particles formed d u r i n g  i n t e r p h a s c  p r e c i p i t a t i o n ,  o r  

i n  f e r r i t e  a f t e r  t h e  phase  t r a n s f o r m a t i o n ,  can  be v e r y  

s m a l l ,  on tt- o r e e r  o f  5 nnl, and a r e  t h e r e f o r e  v e r y  

e f f e c t i v e  a s  s t r e n g t h e n i n g  a g e n t s  / 1 6 / .  The s p a c i n g  

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

i n c r e a s e s  / 1 7 / .  

I n  a d d i t i o n ,  S i d e y  / I  8 1  h a s  shown t h a t  t h c  secondary  

c r e e p  b e h a v i o m  of  1 Cr-Mo-V s teel  w i t h  a  m i c r o s t r u c t u r a l  

c o n s i s t i n g  o f  10 % b a i n i t e  and 90 % f e r r i t e  c a n  be 

e x p l a i n e d  i n  tcrms of  r e c o v e r y  c o n t r o l l e d  c r e e p .  The 

ra te  c o u l d  be c x p r c s s e d  i n  t e r m s  o f  t h e  f o l l o w i n g  e q u a t i o n :  

c o  = A ( ua - ao)  3 . 5  cxp ( - 24OOOO/RT). . . (3) 

Where A i s  a c o n s t a n t ,  u i s  t h e  a p p l i e d  s t r e s s ,  and o 
a  o  

i s  t h e  f r i c t i o n  stress i n t r o d u c e d  by t h e  VC p a r t i c k  

d i s p e r t i o n ,  whlch opposes  d i s l o c a t i o n  m o t i o n ,  and which 

i s  a d d i t i v e  t o  t h e  normal r e s i s t a n c e  o f  t h e  m a t r i x  t o  

d i s l o c a t i o n  f l o w .  



There i s  no r ea son  t o  s u s p e c t  t h a t  t h e  above e q u a t i o n  does  

n o t  apply  t o  t h e  c r e e p  of  13 % C r  s teel  s t u d i e d  i n  t h e  

p r e s e n t  work. Thus,  i n c r e a s i n g  c o o l i n g  r a t e  d u r i n g  

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

s t r e s s ,  c due t o  t h e  f i n e r  d i s p e r t i o n s  of  a l l o y  
0 ' 

c a r b i d e s  and n i t r i d e s .  

I n  t h e  examined range  of  t es t  t e m p e r a t u r e s ,  no 

coa lcscence  of t h e  p r e c i p i t a t e d  p a r t i c l e s  has  been observed.  

Thus, f i n e  d i s p e r t i o n s  o f  t h e  p r e c i p i t a t e s ,  r e s u l t i n g  from 

h ighe r  c o o l i n g  r a t e s  d u r i n g  s o l i d i f i c a t i o n  ( t o g e t h e r  w i t h  

s o l i d  s o l u t i o n  s t r e n g t h e n i n g )  a r e  cons ide red  a s  a f f e c t i v e  

means f o r  improv ing - the  c r e e p  r u p t u r e  s t r e n g t h  of 13 % C r  

s teel .  The r e t a r d a t i o n  of coa l e scence  of p r e c i p i t a t e d  

c a r b i d e s  and n i t r i d e s  can  be an impor t an t  f a c t o r  f o r  

ensu r ing  h igh  t empera tu re  c r e e p  r u p t u r e  s t r e n g t h .  

I n  a d d i t i o n ,  t h e  observed  d i f f e r e n c e  f o r  t h e  h igh  

c r e e p  r u p t u r e  s t r e n g t h  can  be a t t r i b u t e d  t o  t h e  v a r i a t i o n  

i n  t h e  a s - c a s t  s t r u c t u r e  ( g r a i n  s i z e  and g r a i n  morphology) 

a s  a  r e s u l t  of employing d i f f e r e n t  c o o l i n g  r a t e s .  

However, t h e  r ea son  why t h e  l a r g e r  s i z e  of  columnar g r a i n s  

d i s p l a y s  much b e t t e r  c r e e p  r u p t u r e  s t r e n g t h  (specimen D) 

can be i n t e r p r e t e d  t o  t h e  i n t e r p a r t i c l e  spac ing  of t h e  

p r e c i p i t a t e s .  The l a t t e r  wzs found t o  be smaller f o r  

t h e  t u b e s  w i t h  a  l a r g e  columnar s i z e ,  which would p reven t  

deformat ion  and f r a c t u r e  by c r e e p  more e f f e c t i v e l y  t h a n  

t h o s e  i n  t h e  s m a l l e r  columnar s i z e  s t r u c t u r e  (specimen A ) .  

CONCLUSIONS : 
- 

Attempt has  been made t o  improve t h e  c r e e p  r u p t u r e  

s t p n g t h  of  13 O C r  s teel .  Four h e a t s  of 13  % Cr- s t e e l ,  

5 kg each ,  were c e n t r i f u g a l l y  c a s t  under d i f f e r e n t  c o o l i n g  

r a t e s .  



The r e s u l t s  ob t a ined  a r e  summarised a s  fo l l ows :  

The c r e e p  r u p t u r e  s t r e n g t h  i s  g e n e r a l l y  improved by 

a c c e l e r a t i n g  t!le r a t e  of  c o o l i n g  du r ing  c a s t i n g .  

V a r i a t i o n  i n  t h e  c o o l i n g  r a t e  d u r i n g  c e n t r i f u g a l  

c a s t i n g ,  by en!ploying two d i f f e r e n t  t y p e s  of moulds 

and d i f f e r e n t  c e n t r i f u g a l  f o r c e s ,  r e s u l t e d  i n  a  cons- 

i d r a b l e  change of  t h e  s i z e  of  p r e c i p i t a t e d  p a r t i c l e s  

and of t h e  a s - c a s t  s t r u c t u r e .  

I n  t h e  exanined  range  of t es t  te inpera tures  (600° ,  700 O ,  

and 800°C) no coa l e scence  of  t h e  p r e c i p i t a t e d  c a r b i d e s  

and n i t r i d e s  h a s  been observed .  T h e  f i n e  d i s p e r t i o n  

o f  p r e c i p i t a t e d  p a r t i c l e s  a s  w e l l  a s  s o l i d  s o l u t i o n  

s t r e n g t h e n i n g ,  r e s u l t i n g  from h i g h e r  r i i t e s  of c o o l i n g ,  

can  be an impor t an t  f a c t o r  f o r  e n s u r i n g  h igh  c r e e p  

r u p t u r e  s t r e n g t h .  

The h ighe r  c o o l i n g  r a t e  promotes a  l a r g e  s i z e  of 

columnar s t r u c t u r e  which has  a  b e n e f i c i a l  e f f e c t  on 

t h e  c r e e p  r u p t u r e  s t r e n g t h .  T h i s  e f f e c t  can  be 

a t t r i b u t e d  t o  t h e  s m a l l e r  i n t e r p a r t i c l e  spac ing  of t h e  

p r e c i p i t a t e s  formed a t  t h e  boundar ies  of  t h e  l a r g e  

g r a i n s  and v i l l  be e f f e c t i v e  i n  p r e v e n t i n g  deformat ion  

and f r a c t u r c  by c r e e p .  I n  a d d i t i o n ,  c a v i t i e s  w i l l  

have less chance t o  be condensed a t  g r a i n  bounda r i e s .  

Consequent ly ,  microcracks  fo rma t ion  and t h e i r  l i n k i n g  

up t o  form macrocracks w i l l  be h i g h l y  reduced .  

I t  i s  proposed t o  s tudy  t h e  e f f e c t  of Mo and V 

a d d i t i o n s  or! l ong - t e rn  c r e e p  r u p t u r e  s t r e n g t h  o f  

13  % C r  sC-el under r a p i d  r a t e s  of  s o l i d i f i c a t i o n .  

The work d e s c r i b e d  i n  t h i s  paper  was sponsored by 

Maintenance Corps,  b l i n i s t ry  of Defc i~ce  and PIviaLion, 
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Workshop, T a i f .  
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