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ABSTRACT 

Commercial secondary  h a r d e n i n g  s t e e l ,  VASCO MA, h a s  been s u b j  e c t e d  

t o  modi f i ed  h e a t  t r e a t m e n t s  t o  i d t r o d u c e  mixed m i c r o s t r u c t u r e s  o f  

m a r t e n s i t e  and l o v e r  b a i n i t e .  D i l a t o m e t r y ,  t e n s i l e  t e s t i n g ,  h a r d n e s s  

measurements and slow-bend t e s t i n g  have  been  c a r r i e d  o u t  and t h e  

mechan ica l  p r o p e r t i e s  o b t a i n e d  have been  c o r r e l a t e d  t o  m i c r o s t r u c t u r e  

u s i n g  s c a n n i n g  e l e c t r o n  microscopy and m e t a l l o g r a p h y .  Duplex micro- 

s t r u c t u r e s  c o n t a i n i n g  s m a l l  amounts of lower  b a i n i t e  a r e  found t o  show 

a n  i n c r e a s e d  toughness  ( a t  s i m i l a r  s t r e n g t h  l e v e l s )  on tempering i n  t h e  

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

m i c r o s t r u c t u r e s .  As t h e  p e r c e n t a g e  o f  lower  b a i n i t e  i n  t h e  dup lex  

m i c r o s t r u c t u r e s  i s  i n c r e a s e d ,  t h e  s e c o n d a r y  h a r d e n i n g  peak i s  found t o  

a t t e n u a t e .  The e f f e c t  o f  d i f f e r e n t  a u s t e n i t i z a t i o n  t r e a t m e n t s  on t h e  

secondary  l ~ a r d c n  i n g  b ~ l ~ n v i o u r ,  has a l s o  bcen  s t u d i e d .  Thcrnial r y c l  i n g  

( f o r  g r a i n  reLinCment) a t  lower aus  t e n i t i z a t i o n  t empera tu res  i s  found 

t o  r c p r e c i p i t n L e  orlt c;lrbon, which h a s  bcen t a k c n  i n t o  s o l u t i o n .  i n  

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

c a n t  d e p l e t i o n  i n  t h e  s t r e n g t h  o f  t h i s  secondary  harden ing  s t e e l .  Alloy 

c a r b i d e s ,  i n  t h e  secondary  h a r d e n i n g  s t a g e ,  have a l s o  been ana1yzc.d 

u s i n g  energy  d i s p e r s i v e  a n a l y s i s  o f  X-rays. 



I. INTRODUCTION 

The normal r o u t e  t o  h i g h  s t r e n g t h  i n  s t e e l s ,  h a s  been by quenching,  

t o  form m a r t e n s i t e  o r  b a i n i t e ,  fo l lowed  by t emper ing  t o  e l i m i n a t e  b r i t t l e -  

n e s s ,  w h i l e  s t i l l  m a i n t a i n i n g  a h i g h  s t r e n g t h . '  The t h r e e  s t a g e s  of 

t emper ing  f o r  p l a i n - c a r b o n  s t e e l s ,  have b e e n  t o p i c s  w e l l  e x p l o r e d  by a  

number o f  i n v e s t i g a t o r s .  ' 3  I n  p l a i n - c a r b o n  s t e e l s ,  m o d i f i c a t i o n  o f  

m a r t e n s i t e  o c c u r s  by t h e  g r a d u a l  p r e c i p i t a t i o n  o f  i r o n  c a r b i d e ,  i . e .  

i n i t i a l l y  E c a r b i d e  and  t h e n  c e m e n t i t e .  The s i t u a t i o n  i s  r a d i c a l l y  

a l t e r e d  when s t r o n g e r  ca rb ide- fo rming  e l e m e n t s  are p r e s e n t .  Chromium, 

vanadium, t u n g s t e n ,  molybdenum form c a r b i d e s  which a r e  thermodynamically 

more s t a b l e  t h a n  c e m e n t i t e .  Consequent ly ,  i f  t h e  tempering t empera tu re  

is  r a i s e d  s u f f i c i e n t l y ,  a d e q u a t e  o p p o r t u n i t i e s  a r e  p r e s e n t  f o r  t h e  

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

is  formed, which o f f s e t s  t h e  s o f t e n i n g  due t o  c o a r s e  c e m e n t i t e ,  the reby  

l e a d i n g  t o  an i m p o r t a n t  s t r e n g t h e n i n g  mechanism i n  t h e s e  a l l o y  s t e e l s  - 

secondary  h a r d e n i n g .  

Vasco MA i s  a commercial  s t e e l ,  which h a s  e s t a b l i s h e d  i t s e l f  a s  a  

s e c o n d a r y  h a r d e n i n g  s t e e l .  However, t h e  s t r e n g t h  l e v e l s  and a t t e n d a n t  

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

m d  h a r d n e s s  o f  s u c l ~  quc~ncl~etl  a n d  ~ e m p c r e d  r n a r t c n s i t i c  s t c ~ l s  i s  i n c r c ~ a s c d ,  

t l ~ e  d u c t i l i t y  d e c r e a s e s .  

I n  t h e  q u e s t  f o r  o b t a i n i n g  h i g h  s t r e n g t h s  i n  modem-day s t e e l s ,  

w i t h o u t  s a c r i f i c i n g  d u c t i l i t y ,  r e s e a r c h  workers  have e x p l o r e d  t h e  

b n i n i t i c  r o u t e .  investigators have found t h a t  i n  h igh  C s t e e l s ,  a 



lower b a i n i t i c  morphology is  found t o  give s i g n i f i c a n t l y  h igher  f r a c t u r e  

toughness va lues  ( a t  s i m i l a r  s t r e n g t h  l e v e l s ) ,  a s  compared t o  tempered 

twinned-martensi t ic  s t r u c t u r e s .  4'5 Other r e sea rch  workers have a l s o  

i n d i c a t e d  t h a t  i n  b a i n i t i c  s t e e l s ,  t h e  secondary hardening  peak is  

s l i g h t l y  r e t a r d e d ,  a s  compared t o  m a r t e n s i t i c  s t e e ~ s . ~  Ear ly  work i n  

8 
4340 has  shown, t h a t  sma l l  amounts of b a i n i t e  formed c l o s e  t o  M 

S 

temperature,  coupled w i t h  a  h igh  temperature tempering t rea tment ,  

improves h a r d e n a b i l i t y ,  w i thou t  d e t e r i o r a t i n g  s t r e n g t h  o r  d u c t i l i t y .  

I t  was decided t o  e x p l o r e  t h e  realm of  mixed mic ros t ruc tu re s  

(mar t ens i t e  + lower b a i n i t e ) ,  s o  a s  t o  s tudy  t h e  response of such 

m i c r o s t r u c t u r e s  t o  secondary hardening,  w i t h  a  view t o  enhance f r a c t u r e  

p r o p e r t i e s ,  a t  a t t e n d a n t  h i g h  s t r e n g t h  l e v e l s .  With advances i n  t h e  

f i c l d  of f r a c t u r e  mechanics,  i t  i s  now p o s s i b l e  t o  measure parameters 

l i k e  p l ane - s t r a in  f r a c t u r e  toughness ( K  ) us ing  slow-bend t e s t s ,  and 
I c  

t h i s ,  t oge the r  wi th  t e n s i l e  t e s t i n g ,  g ives  one a  good handle  on t h e  

mechanical p r o p e r t i e s  of  complex a l l o y  s t e e l s .  

S p e c i f i c  hea t - t rea tments  have been designed (wi th  t h e  a i d  of 

d i l a tome t ry )  t o  o b t a i n  va ry ing  amounts of lower b a i n i t e  + mar tens i t e ,  

so t h a t  t h e  response of  mixed mic ros t ruc tu re s  t o  secondary hardening 

c a n  be  s t u d i e d ,  :is a l s o  an i n s i g h t  i n t o  the  vari .ous s t rength-toughness  



11. EXF'ERIMENTAL PROCEDURE 

A. Material P r e p a r a t i o n  

The s t e e l  was r e c e i v e d  f rom Contour  Sawblade Co., i n  t h e  form of 

b i l l e t s ,  1 i n .  i n  d i a m e t e r .  These  were  homogenized i n  a vacuum f u r n a c e  

f o r  48  h r s .  and t h e n  fu rnace-coo led .  A chemical  a n a l y s i s  was c a r r i e d  

o u t  from t h r e e  d i f f e r e n t  s e c t i o n s ,  and  t h e  t y p i c a l  a l l o y  compos i t ion  

i s  shown i n  Table  I .  

B . D i l a  tome t r y  

S tandard  d i l a t o m e t r i c  spec imens ,  were used on t h e  The ta  d i l a t o m e t e r  

shown i n  F i g .  1. The M t e m p e r a t u r e  was found t o  b e  220°c,  and by 
S 

c a r r y i n g  o u t  i s o t h e r m a l  t e m p e r a t u r e  r u n s  a t  i n t e r v a l s  o f  20°C, t h e  

t ime- temperature  t r a n s f o r m a t i o n  (TTT) diagram i n  t h e  r e g i o n  o f  i n t e r e s t ,  

w a s  determined.  T h i s  i s  shown i n  F i g .  2.  

C .  H e a t  T rea tments  

The i n i t i a l  set o f  a u s t e n i t i z i n g  t r e a t m e n t s  were c a r r i e d  o u t  i n  

two r e s i s t a n c e - h e a t i n g  f u r n a c e s ,  p l a c e d  s ide-by s i d e ,  u s i n g  an a rgon  

: i tmosp l l e rc .  Spccimcns werc c n c l o s e d  i n  s t a i n 1  css  s tee1 b a g s ,  f i l  l e d  

w i t h  argon g a s ;  t h e s e  b a g s  were  p i e r c e d ,  p r i o r  t o  quenching i n  t h e  

i s o t h e r m a l  b a t h .  I s o t h e r m a l  t r e a t m e n t s  were  c a r r i e d  o u t  i n  s a l  t p o t s ,  

l o c a t e d  benea th  t h e  f u r n a c e s .  The s a l t  was mechanical ly  a g i t a t e d  t o  

e n s u r e  a  c o n s t a n t  t e m p e r a t u r e  th roughout  t h e  s a l  t p o t .  Specimens were 

f i n a l l y  quenched t o  room t e m p e r a t u r e  u s i n g  a g i t a t e d  quenching o i l .  



I n  t h e  l a t e r  s e t  o f  h e a t - t r e a t m e n t s ,  v e r t i c a l  t u b e  f u r n a c e s  w i t h  

an argon a tmosphere ,  were  used f o r  i n i t i a l  a u s t e n i t i z a t i o n  t r e a t m e n t .  

Second-step r e a u s t e n i t i z a t i o n  was c a r r i e d  o u t  by up quenching i n t o  a 

s a l t p o t  c o n t a i n i n g  h igh- tempera tu re  s a l t .  Specimens were h e l d  a t  t h i s  

t empera tu re  f o r  s p e c i f i c  t i m e s , t h e n  quenched t o  room tempera tu re .  The 

e x p e r i m e n t a l  s e t  up i s  shown i n  F i g .  3 .  Subsequent  temper ing was a l s o  

c a r r i e d  o u t  i n  s a l t p o t s  c o n t a i n i n g  h igh- tempera tu re  s a l t .  

Specimens used i n  a l l  t h e  h e a t  t r e a t m e n t s ,  were  o v e r s i z e d  t e n s i l e  

and t h r e e - p o j n t  bend b l a n k s .  A f t e r  h e a t - t r e a t m e n t  , t h e s e  were  machined 

t o  f i n a l  d imens ions ,  u s i n g  f  lood-coo l ing  . 

D. Mechanical  T e s t i n g  

1. 

T e n s i l e  p r o p e r t i e s  were  de te rmined  u s i n g  t h e  1 i n .  gage l e n g t h ,  

1 - i n .  d i a m e t e r  round specimen,  shown i n  F i g .  4 .  Overs ized  specimens 
4 

were h e a t  t r e a t e d  and t h e n  ground t o  f i n a l  d imens ions ,  u s i n g  f l o o d  

c o o l i n g .  T e s t s  were  conducted a t  room t e m p e r a t u r e  u s i n g  a 300 Kip MTS 

t e s t i n g  machine,  a t  a cross-head speed  o f  0.04 in . /min.  

2 .  F r a c t u r e  Toughness T e s t i n g  

F r a c t u r e  toughness  t e s t i n g  was c a r r i e d  o u t  u s i n g  t h r e e - p o i n t  bend 

specimens, shown i n  F i g .  5. T c s t s  wcrc car-ricd ou t  011 t h e  300 Kip MI'S 

t e s t i n g  machine,  w i t h  a modi f i ed  s e t - u p ,  v i s u a l l y  d i s p l a y e d  i n  F i g .  6.  

A cr ,~ck-open  ing d i sp lacement  ( C . O . D . )  gage was used t o  monitor t h e  

c rack  l e n g t h .  The t h r e e - p o i n t  bend t e s t  specimens c o u l d  n o t  b e  

p r e c r a r k e d ,  and f u r t h e r  d e t a i l s  of how a  r e a s o n a b l e  p l a n e - s t r a i n  f r a c t u r e  

toughness  v a l u e ,  
K~ c  ' can be  o b t a i n e d  from r o i ~ n d e d  no tch  t h r e e  p o i n t  



bend  specimens is  g i v e n  i n  Appendix A. 

3 .  Hardness T e s t i n g  

Hardness v a l u e s  on t h e  Rockwell  C s c a l e  were  o b t a i n e d ,  u s i n g  t h e  

Wilson Rockwell Hardness  t e s t e r .  Specimens were  c u t  from broken  bend 

spec imens ,  mounted and p o l i s h e d  b y  s u i t a b l e  m e t a l l o g r a p h i c  t e c h n i q u e s ;  

a n  a v e r a g e  o f  10 r e a d i n g s  p e r  specimen,  was t a k e n .  

E . X-Ray Measurements 

Q u a n t i t a t i v e  measurements o f  r e t a i n e d  a u s t e n i t e  were made u s i n g  

t h e  M i l l e r  method; a P i c k e r  X-ray d i f f r a c t o m e t e r ,  w i t h  a f i x e d  h o r i z o n t a l  

s t a g e ,  and Cu K r a d i a t i o n  was used.  The s c a n  a n g l e  covered was from 
C1 

40' t o  100° ,  t o  i n c l u d e  t h e  (111) (311)y,  (220)y,  and (222) 
Y '  Y 

r e f l e c t i o n s .  Specimens used were  c u t  from fractured t h r e e - p o i n t  bend 

spec imens ,  p o l i s h e d  and e t c h e d  i n  a s o l u t i o n  o f  100 m l .  H 2 0 2  + 4 m l .  HF, 

t o  o b t a i n  a s h i n y  s u r f a c e .  Each sample was r u n  t w i c e ,  r o t a t i n g  through 

90"  f o r  t h e  second r u n  t o  minimize t h e  e f f e c t s  o f  any  p r e f e r r e d  

o r i e n t a t i o n  t h a t  might e x i s t .  

A c a r e f u l  s t u d y  by X-ray measurements,  r e v e a l e d  t h a t  t h e  amount of 

r e t a i n e d  a u s t e n i t e ,  a f t e r  a two hour  temper ing t r e a t m e n t ,  was t o o  small  

t o  b e  i d e n t i f i e d  by d i f f r a c t o m e t e r  measurements,  i .  e .  1.ess than 3 4 % .  

1;. Oplliccll Metal Lography 

Specimens f o r  o p t i c a l  metn l lography  were  c u t  from broken t h r e e  

p o i n t  bend s p e c  i m v n s .  l'hcse werc mounted i n  Koldmount , abraded on 

s i l i c o n  c a r b i d c  pnpcrs  down t o  600 g r i t ,  po l  ishetl  on n 611 and then 1 

diamond wheel.  F i n a l  p o l  i s l l ing  was done I n  a s y n t r o n ,  u s i n g  0 . 0 5 ~  



A 1  0, s o l u t i o n .  I n  o r d e r  t o  r e v e a l  p r i o r  a u s t e n i t i c  g r a i n  boundar ies  2 3 

and undissolved ca rb ides ,  e t c h i n g  was c a r r i e d  o u t  us ing  an e t chan t  

t h a t  cons i s t ed  of 5 gm. p i c r i c  a c i d  i n  100 c c  water  s a t u r a t e d  w i th  

dodecylbenzene s u l f o n a t e .  M a r t e n s i t e l b a i n i t e  m i c r o s t r u c t u r e  was 

revea led  u s ing  a  5% n i t a l  e t c h .  

G .  Fractography 

F r a c t u r e  s u r f a c e s  o f  t h e  t h r e e  p o i n t  bend specimens were examined 

us ing  a  AMR scanning  e l e c t r o n  microscope,  a t  an  o p e r a t i n g  vo l t age  of 

20 kV. During p repa ra t i on  f o r  o b s e r v a t i o n ,  t h e  f r a c t u r e  s u r f a c e s  were 

p r o t e c t e d  w i t h  a c e t a t e  t ape .  The a c e t a t e  t a p e  was l a t e r  s t r i p p e d  o f f  

and the  specimens were c leaned  i n  ace tone .  

H .  Energy D i s p e r s i v e  Ana lys i s  of X-Rays 

Energy Dispers ive  Analys i s  o f  X-Rays (EDAX) t echniques  were used 

t o  ana lyze  t h e  mat r ix  and c a r b i d e s  p r e s e n t  i n  t h e  v a r i o u s  specimens. 

Broken t h r e e  po in t  bend specimens were c u t  and mounted i n  Koldmount 

and pol i shed  s i m i l a r  t o  o p t i c a l  meta l lography  specimens. A p i c r a l  e t ch  

was used t o  r e v e a l  p r i o r  a u s t e n i t e  g r a i n  boundar ies  and a l l o y  c a r b i d e s .  

The EDAX s t a g e  on t h e  AMR scann ing  e l e c t r o n  microscope was used and t h e  

a n a l y s i s  was f a c i l j ~ n t e d  by t h e  use o f  pre-programmed c a s s c t t c s  on n 

mini-computer appended t o  t h e  AMK scann ing  e l e c t r o n  microscope. 

When c a r r y i n g  out  t h e  a n a l y s i s ,  s u f f i c i e n t l y  l a r g e  p r e c i p i t a t e  

p a r t i c l e s  were s e l e c t e d ,  and t h e  a p e r t u r e  of  t h e  beam was narrowed s o  

a s  to e l i m i n a t e  e r r o r s  t h a t  might a r i s e  from t l ~ ?  ma t r ix .  



111. RESULTS AND DISCUSSION 

A. S e l e c t i o n  o f  A u s t e n i t i z a t i o n  Treatment  
and Time-Temperature P a t h s  

Commercial a u s t e n i t i z a t i o n  o f  Vasco MA s e c o n d a r y  harden ing  s t e e l  

i n v o l v e s  p r e h e a t i n g  a t  900°c  (30 m i n s . ) ,  a u s t e n i t i z a t i o n  a t  llOO°C 

and a n  o i l  quench. Although t h i s  s o l u t i o n  t r e a t m e n t  y i e l d s  a s t r u c t u r e  

t h a t  is  a l m o s t  comple te ly  m a r t e n s i t i c ,  a  s i g n i f i c a n t  number o f  c a r b i d e s  

are found, which do n o t  d i s s o l v e  d u r i n g  t h e  s o l u t i o n  t r e a t m e n t .  A  

t y p i c a l  example is shown i n  F i g .  7. A s  h a s  been  w e l l  e s t a b l i s h e d ,  t h e  

p r e s e n c e  o f  u n d i s s o l v e d  c a r b i d e s  i s  d e l e t e r i o u s  t o  f r a c t u r e  toughness .  
9 

Hence, a s y s t e m a t i c  s c h e d u l e  o f  t e s t  t r e a t m e n t s  were  c a r r i e d  o u t ,  

u s i n g  a u s t e n i t i z a t i o n  t e m p e r a t u r e s  p e r i o d i c a l l y  i n c r e a s i n g  from 1100°C 

t o  1350°C, and t imes  v a r y i n g  from 20 minu tes  t o  2  h o u r s .  These h i g h e r  

t e m p e r a t u r e s  do n o t  comple te ly  e l i m i n a t e  t h e  u n d i s s o l v e d  c a r b i d e  

d i s t r i b u t i o n ,  b u t  promote a l a r g e  amount o f  gra in-growth.  Hence, t h i s  

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

t r e a t m e n t  t e m p e r a t u r e s  was n o t  pursued.  

The commercial  a u s t e n i t i z a t i o n  s c h e d u l e  was s l i g h t l y  modif ied t o  

i n c l  u d c  an i s o t h e r m 1  1 p.1 t l ~  . I s o ~ l ~ c r r n a l  t irnc.s  and t clnpcbrnLurcs wcsrc' 

determined w i t h  t h e  a i d  of t h e  TTT diagr,lm, which w a s  d P ~ c r m i n e d  on t h e  

The ta  d i l a t o m e t e r .  P a t h s  were s o  des igned  so a s  t o  have v a r y i n g  

p e r c e n t a g e s  of lower b a i n i t e  and m a r t e n s i t e .  



A schemat ic  diagram showing t h e  h e a t  t rea tment  schedule  i s  

p re sen t ed  i n  Fig.  8.  The s t e e l  was prehea ted  a t  9 0 0 ' ~  f o r  30 mins. ,  

t hen  a u s t e n i t i z e d  a t  llOO°C f o r  1 5  mins. A r a p i d  quench was c a r r i e d  

ou t  t o  i so thermal  t r ans fo rma t ion  temperature  (250°C/2100C) and specimens 

were h e l d  a t  t h i s  temperature  f o r  pe r iods  ranging  from 60 mins. t o  

180 min. followed by an o i l  quench t o  room temperature .  Tempering 

was c a r r i e d  o u t  a t  550°C f o r  a pe r iod  of  2 hours .  

B .  Mechanical P r o ~ e r t i e s  

I so the rma l  t r ea tmen t s  a t  210°C ( a  l i t t l e  below M ) produce a  mixel 
S 

morphology of m a r t e n s i t e  + lower  b a i n i t e .  The ha rdnes s  v e r s u s  tempering 

tempera ture  curve of t h e  duplex  mic ros t ruc tu re  ( a f t e r  1 hour  i so thermal  

time) is shown i n  F ig .  9 .  T h i s  duplex s t r u c t u r e  i s  found t o  show a  

secondary hardening peak a t  550°C, analogous t o  a  f u l l y  m a r t e n s i t i c  

m i c r o s t r u c t u r e .  Retained a u s t e n i t e  measurements u s ing  t h e  X-ray 

d i f f r n c t o m e t e r  i n d i c a t e  t h a t  a  2 h r .  tempering t rea tment  is s u f f i c i e n t  

t o  t ransform any r e t a i n e d  a u s t e n i t e ,  t h a t  may be  p r e s e n t .  From Fig .  9 

i t  is  ev iden t  t h a t  double and t r i p l e  tempers do not  i n c r e a s e  hardness  

levc 1s s i g n i f i c a n t l y  , and hence ,  2  h r  . tempering t imes  were pursued 

i n  a1 l t h e  t rea tments .  

T e n s i l e  t e s t  and r r a c t u r e  toughness r e s u l t s  a r e  presen ted  in 

T;thlc. T I .  The dlrplcx s t r u c t u r e  ob ta ined  a f t e r  n 1 h r .  i so thermal  

I I $ . . I [  I I I ~ ~ I I I  i:; I ( B I I I I ~ I  I t j  ~ I . I \ I ~ .  y i c ,  l c l  ; I I I I I  111 t l r ~ i ~ l l ( ~  t t 1 n s  i l e  s t r ~ ~ i i g t l r s  C' I O S C  

1 o , I  111  I l y  I I I ~ I - ~  i ( .  i i l i r r o s L r r ~ c t ~ l r i ~ .  'l'l~c rn l cu l a t c t l  planc s t r a i n  

i r n c t u r e  Lougl.mcss ( a s  nlcasl~red by  t l lree po in t  bend t ~ s  t s )  , howcvcr. 



i s  found t o  i n c r e a s e  from 84 ksi-in1I2 f o r  a  f u l l y  m a r t e n s i t i c  micro- 

112 s t r u c t u r e ,  t o  9 3  k s i - i n  f o r  a  duplex s t r u c t u r e .  

Although no d i r e c t  evidence of a  twinned mar t ens i t e  was ob t a ined ,  

i t  would no t  be  ou t  of bounds t o  s p e c u l a t e  t h a t  t h i s  high C ,  h i g h  

a l l o y  s t e e l ,  would e s s e n t i a l l y  b e  twinned m a r t e n s i t i c ,  i f  sub j ec t ed  

t o  an un in t e r rup t ed  quench. Thomas e t  a l .  4 7 5  have shown t h a t  a wide 

range o f  a l l o y s  e x h i b i t  reduced f r a c t u r e  toughness va lues  f o r  twinned 

m a r t e n s i t i c  mic ros t ruc tu re s  a s  compared t o  lower b a i n i t i c  s t r u c t u r e s .  

Thus, a  duplex m i c r o s t r u c t u r e  ( c o n t a i n i n g  sma l l  amounts of lower 

b a i n i t e )  is  l i k e l y  t o  show an  i n c r e a s e  i n  f r a c t u r e  toughness,  as compared 

t o  a  f u l l y  m a r t e n s i t i c  m i c r o s t r u c t u r e ,  because of a  reduc t ion  i n  t h e  

volume f r a c t i o n  of twinned m a r t e n s i t e  formed. Other r ecen t  i n v e s t i -  

g a t i o n s  have a l s o  found duplex m i c r o s t r u c t u r e s  e x h i b i t i n g  very  h igh  

f r a c t u r e  toughness  value^.^ I t  may a l s o  be  suggested t h a t  t h e  i so thermal  

t ransformat ion  c a r r i e d  o u t ,  h e l p s  t o  reduce t h e  t ransformat ion  s t r a i n  

a s s o c i a t e d  w i t h  t h e  formation of m a r t e n s i t e ,  thereby reducing t h e  

tendency towards quench c rack ing .  

On i n c r e a s i n g  t h e  210°C i so the rma l  t r ans fo rma t ion  time, t h e  y i e l d  

and u l t i m a t e  t e n s i l e  s t r e n g t h s  of  t h e  duplex s t r u c t u r e  a r e  found t o  

dec rease ;  t h i s  is  v i sua l1  y shown i n  F ig .  10. From Table I T ,  i t  is seen 

t h a t  a s  the  percentage 01 Lower b a i n i t e  for~ned inc reases ,  the  a t t a i n a b l e  

s t r e n g t h  l e v e l s  a r e  found to  dec rease ,  a l though t h e  ca l cu l a t ed  KIc 

va lues  do n o t  show a d r a s t i c  change. The hardness  p r o f i l e s  (F ig .  11) 

a r e  analogous t o  t h e  s t r e n g t h  l e v e l s ,  dropping from R 60 t o  R r  58, a s  
c! 

t h c  i sothermal  t r : t n s f o ~ - n ~ a t  i o n  t - j m ~  is increnscd lrom 60 m i n s .  t o  180 mins. 



Thus, t h e  r e s u l t s  seem t o  i n d i c a t e  t h a t  a s  t h e  volume f r a c t i o n  of lower 

b a i n i t e  i n  t h e  duplex m i c r o s t r u c t u r e s  i s  inc reased  (by inc reas ing  

i so the rma l  t imes ) ,  t h e  a t t a i n a b l e  s t r e n g t h  l e v e l s  (on tempering i n  t h e  

secondary hardening range)  and consequent ly ,  t h e  hardness  l e v e l s ,  a r e  

found t o  decrease .  Hence, an  i n c r e a s i n g  percentage  of lower b a i n i t e ,  

i s  l i k e l y  t o  a t t e n u a t e  t h e  secondary hardening response  i n  a  duplex 

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

2 5 0 ° C  i so the rma l  t r ans fo ramt ions :  I so thermal  t r ans fo rma t ions  

above M a r e  found t o  produce duplex s t r u c t u r e s  of mar t ens i t e  and s ' 

b a i n i t e ,  whose p r o p e r t i e s  a r e  shown i n  Table I11 and schemat ica l ly  

shown i n  F ig .  1 2 .  A s  t h e  tempering temperature  is inc reased ,  t h e  y i e l d  

and u l t i m a t e  t e n s i l e  s t r e n g t h s  peak a t  a  temperature  of  550°C,  analogous 

t o  t h e  ha rdnes s  v s .  tempering curves  of  F ig .  13. These duplex 

s t r u c t u r e s  e x h i b i t  s i g n i f i c a n t l y  h igh  s t r e n g t h  l e v e l s  (on tempering 

i n  t he  secondary hardening  r m g e ) ;  however, f r a c t u r e  toughness measure- 

ments by th ree-poin t  bend t e s t i n g  show t h a t  t h e  f r a c t u r e  toughness of 

t h e s e  h i g h e r  temperature  i so the rma l  t r ans fo rma t ion  p roduc t s  has  dropped 

1 / 2  d r a s t i c a l l y  t o  a  low va lue  o f  23 k s i - i n  , a s  shown i n  F ig .  14. 

4 
Thomas e t  a l . ,  r e p o r t  s i m i l a r  r e s u l t s  i n  t h e i r  s t e e l s .  They show t h a t  

wi th  i n c r e a s i n g  i so the rma l  t ransformat ion  tempera tures ,  t he re  i s  a  

coarsen ing  oE ca rb ide  p a r t i c l e s ,  which lowers  toughness.  A1 though the  

'YTT dingrmn p l o t t e d  d i d  n o t  i n d i c a t e  two s e p a r a t e  C curves ,  i t  is f e l t  

t h a t  t he  250°C i so the rma l  t ransformat ion  may have in t roduced  some upper 

b a i n i t e  i n t o  the  duplex s t r u c t u r e .  Upper b a i n i t e  i s  known t o  e x h i b i t  

very poor  f r a c t u r e  toughnc>ss, because of the presence of i n t e r  l a t h  



1 0  c a r b i d e s  t h a t  cause  e m b r i t t l e m e n t .  T h i s  may w e l l  account  f o r  t h e  

v e r y  poor  toughness  i n  t h e  250°C t r e a t m e n t s .  

F i g u r e  12 compares t h e  y i e l d  and u l t i m a t e  t e n s i l e  s t r e n g t h s  o b t a i n e d  

i n  t h e  2 5 0 ° ~ / 2 1 0 0 C  i s o t h e r m a l  t r e a t m e n t s ,  a t  d i f f e r e n t  temper ing 

t empera tu res .  Duplex s t r u c t u r e s  o b t a i n e d  by t h e  210°C i s o t h e r m a l  

t r e a t m e n t  show s i g n i f i c a n t l y  h i g h e r  y i e l d  and u l t i m a t e  t e n s i l e  s t r e n g t h s ,  

as compared t o  t h e  250°C t r e a t m e n t s .  T h i s  may b e  e x p l a i n e d  a s  f o l l o w s .  

On quenching t o  210°C ( i . e .  below Ms), from t h e  s o l u t i o n  t r e a t m e n t  

t e m p e r a t u r e ,  t h e  f i r s t  t r a n s f o r m a t i o n  p r o d u c t  t o  form from t h e  

a u s t e n i t e  i s  h i g h  C m a r t e n s i t e ;  t h i s  p r o b a b l y  a c c o u n t s  f o r  t h e  i n c r e a s e d  

y i e l d  s t r e n g t h s  o f  t h e  210°C t r e a t m e n t s ,  a s  compared t o  t h e  h i g h e r  

t empera tu re  i s o t h e r m a l  t r e a t m e n t s ,  where t h e  f i r s t  t r a n s f o r m a t i o n  p roduc t s  

t o  form from t h e  a u s t e n i t e  decompos i t ion  a r e  l i k e l y  t o  b e  upper and /or  

lower  b a i n i t e .  Hence, t h e  y i e l d  and u l t i m a t e  t e n s i l e  s t r e n g t h s  f o r  t h e  

210°C i s o t h e r m a l s  l i e  above t h e  c o r r e s p o n d i n g  v a l u e s  f o r  t h e  250°C 

t r e a t m e n t s .  A s  mentioned e a r l i e r ,  t h e  c u r v e s  i n  F ig .  1 2  show peaks  on 

tempering a t  550°C, s i m i l a r  t o  t h e  ha rdness / t emper ing  t empera tu re  curves ;  

t h u s ,  t h e  secondary h a r d e n i n g  r e s p o n s e  o f  a mixed m i c r o s t r u c t u r e ,  i s  

e s s e n t i a l l y  u n a l t e r e d  w i t h  r e s p e c t  t o  t empera tu re  range ,  a l though  h i g h e r  

i s o t h e r m a l  t r a n s  fo ramt ion  t e m p e r a t u r e s  tend t o  lower ha rdness  a n d  

s t r e n g t h .  T h i s  i s  v i s u a l l y  d c p i c t e d  i n  F.ir,. 11. 

F i g u r e s  15-16 i l l u s t r a t e  t h e  f r a c t u r e  m o r p h o l o ~ y  o f  t h e  t h r e e  

p o i n t  bend t e s t  specimens,  t e s t e d  a t  room tempcraturc!. F igure  15a, 

c l e a r l y  i l l u s t r a t e s  t h a t  n 210°C i so t l l e rmal  (2  h r s . )  produces a f r a c t u r e  



mode t h a t  i s  p r i m a r i l y  dimpled r u p t u r e  (microvoid coa lescence) .  An 

en l a rged  view o f  t h i s  f r a c t u r e  s u r f a c e  i s  p re sen t ed  i n  Fig.  15b. A s  i s  

e v i d e n t  from t h e  f r ac tog raphs ,  t h e  h igh  v a l u e  o f  f r a c t u r e  toughness 

( K ~ c  
c a l c u l a t e d )  a s s o c i a t e d  w i t h  t h i s  t rea tment  may be accounted f o r  

by t h e  l a r g e  amount o f  dimpled r u p t u r e  p r e s e n t  du r ing  t h e  f a i l u r e  of  

t h i s  specimen. A s  shown i n  F ig .  1 6 a  w i t h  i n c r e a s i n g  i so thermal  

t ransformat ion  t i m e ,  t h e  t r a n s g r a n u l a r  mode o f  f r a c t u r e  appears  t o  be  

e s s e n t i a l l y  quasi-cleavage . 
The f r a c t u r e  s u r f a c e s  of  i so the rma l  t r ea tmen t s  above M a r e  shown 

s ' 
i n  F igs .  17-19. The t r a n s g r a n u l a r  mode o f  f r a c t u r e  e s s e n t i a l l y  

e x h i b i t s  quasi-cleavage f a c e t s .  F igure  17b , shows an app rec i ab l e  volume 

f r a c t i o n  of  coa r se ,  b r i t t l e  ca rb ides  t h a t  a r e  p r e s e n t  i n  t he  matr ix .  

F ig .  18a ,  and b ,  shows t h e  s a m e  2 5 0 " ~  duplex s t r u c t u r e  a f t e r  tempering 

a t  400°C. The m i c r o s t r u c t u r e s ,  from d i f f e r e n t  r eg ions  demonstrate t h a t  

coa r se  ca rb ide  p a r t i c l e s  a r e  p r e s e n t  a l l  throughout  t h e  matr ix .  This  

p a r t i c u l a r  t rea tment  shows a  very  low c a l c u l a t e d  K va lue ,  i .e .  
I c  

4 .23 ksi-in1I2. Th i s  is  l i k e l y  t o  be  a t t r i b u t e d  t o  c rack  nuc l ea t ion  by 

t e a r i n g  a t  t h e  carbide-matr ix  i n t e r f a c e .  F igure  1 9 a  shows the  f r a c t u r e  

s u r f  ace o f  t h e  th ree-poin t  bend specimen. The f r a c t u r e  su r f ace  appears  

t o  show quasi-cleavage f e a t u r e s .  

T h u s .  poor f' r a r  turc  ~ougl1ness ob tn incd  a r  t c  r 250°C .isotllcrmnl 

t r ea tmen t s  i s  l i k e l y  t o  be a t t r i b u t e d  t o :  1 )  some presence of upper 

which may be i n t e r l a t h  c a r b i d e s  rcportet l  i n  upper b a i n i t c ? .  

4 
Das e t  a l . ,  have i n v e s t i g a t e d  mixed m i c r o s t r u c t u r e s  i n  a  s e r i e s  

of Fe-Ni-Co-C s t e e l s .  They r e p o r t  t h a t  on tempering,  mixed 



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

toughness ,  f o r  g r e a t e r  amounts o f  m a r t e n s i t e  p r e s e n t .  The p r e s e n t  

r e s u l t s  on t h e  secondary  h a r d e n i n g  s t e e l ,  d i f f e r  i n  t h e  f r a c t u r e  tough- 

n e s s  a s p e c t .  Das e t  a l .  a l s o  f i n d  t h a t  w i t h  i n c r e a s i n g  t r a n s f o r m a t i o n  

t e m p e r a t u r e s ,  t h e  s t r e n g t h  and toughness  a r e  found t o  d e c r e a s e .  They 

a s s o c i a t e  t h e s e  w i t h  c o a r s e  c a r b i d e  p r e c i p i t a t i o n  a t  h i g h e r  t ransforma-  

t i o n  t e m p e r a t u r e s .  The p r e s e n t  r e s u l t s  a r e  i n  agreement w i t h  t h e s e .  

With an i n c r e a s e  i n  i s o t h e r m a l  t r a n s f o r m a t i o n  t e m p e r a t u r e s ,  c a r b i d e  

p a r t i c l e s  are found t o  coarsen .  Unless  t h e s e  p r e c i p i t a t e  p a r t i c l e s  can 

deform w i t h  t h e  m a t r i x ,  t h e s e  c o a r s e  c a r b i d e s  w i l l  a c t  as s t r e s s  r a i s e r s  

and c r a c k  n u c l e a t o r s .  
11-12 

S i m i l a r  o b s e r v a t i o n s  i n  a  9Ni-4Co-0.4C 

s t e e l  have a l s o  been made by Pascover  and Matas.  
1 3  

On t h e  b a s i s  o f  t h e  d a t a  o b t a i n e d ,  i t  may be  sugges ted  t h a t  optimum 

mechanical  p r o p e r t i e s  o f  a  dup lex  m i c r o s t r u c t u r e  a r e  o b t a i n e d  a t  

t r a n s f o r m a t i o n  t e m p e r a t u r e s  s l i g h t l y  below M . 
S 

D. Two S t e p  A u s t e n i t i z a t i o n  Trea tments  

The s o l u t i o n  t r e a t m e n t  s c h e d u l e  shown i n  F ig .  8 ,  i s  found t o  l e a v e  

some lmdisso lved  c a r b i d e s .  A p e r i o d i c  s e r i e s  o f  t e s t s ,  u s i n g  h igh  

n u s t e n i t i z a t i o n  t e m p e r a t u r e s  o f  upto  1350°C f o r  a  p e r i o d  o f  2  h o u r s  

wor~ltl not  cbornp l e t ( .  l y ell imi n;ll  c> t l l r .  untl i.ssolvc~cl c ; ~  rl) I t l ~ s ;  t11c.t-c w ; l s  :I 

dramat-ic incrcnscl  i n  thc g r a i n  s i z e  of  t h e  p r i o r  a u s t c n i t c  g r a i n s .  

The need f o r  n  f inc -gra ined  m i c r o s t r u c t u r e  cannot be adeq i~n  t e l y  

s t r e s s e d .  A f i n e r  g r a i n  size i m p l i e s  a l a r g e r  g r a i n  bor~ndary a r c n ,  

p r o v i d i n g  f o r  a srnallt.?r coverage of g r a i n  b o ~ ~ n d n r i e s  by t h e  segrcagation 



1 4  
of e n i b r i t t l i n g  c o n s t i t u e n t s .  A f i n e r  g r a i n  s i z e  i s  a l s o  found t o  

lower t h e  d u c t i l e - b r i t t l e  t r a n s i t i o n  tempera ture .  15-16 It is known 

t h a t  t h e  sma l l e r  t h e  g r a i n  s i z e ,  t h e  g r e a t e r  i s  t h e  energy absorbed 

du r ing  f r a c t u r e  and t h e  more d i f f i c u l t  i s  t h e  p roces s  of  crack 

propaga t ion .  
17  

Thus, a  two-step a u s t e n i t i z a t i o n  t r ea tmen t  was planned. Th i s  

involved t h e  use of high s o l u t i o n  t r ea tmen t  tempera tures  t o  take  more 

C i n t o  s o l u t i o n ,  and a  second a u s t e n i t i z a t i o n  a t  a  lower temperature ,  

t o  o b t a i n  a  f i ne -g ra in  m i c r o s t r u c t u r e .  T h i s  i s  schema t i ca l l y  presen ted  

i n  F ig .  20. Schedule 2A r e f e r s  t o  quenched and tempered t r ea tmen t s ,  

schedule  2B is  f o r  i so the rma l  t r ea tmen t s .  

The f i r s t  aus t e n i t i z a t i o n  s t e p  c o n s i s t e d  o f  a u s t e n i t i z i n g  a t  

1200°C. The s o l u t i o n  t rea tment  tempera ture  was r a i s e d  from t h e  e a r l i e r  

1 1 0 0 ' ~  t o  take  more C i n t o  s o l u t i o n .  Specimens were then step-quenched 

t o  room temperature .  I n  t h e  second a u s t e n i t i z a t i o n  c y c l e ,  r e h e a t i n g  

i n  t h e  vert ical  tube fu rnaces  was found to  be s low,  g iv ing  s u f f i c i e n t  

t i m e  f o r  coarse  ca rb ides  t o  come o u t  of  s o l u t i o n .  Hence, an ins tan taneous  

upquench was c a r r i e d  o u t .  Specimens were upquenched t o  a  temperature  

of 897°C us ing  a s a l t p o t  con ta in ing  h i g h  tempera ture  s a l t .  

E .  Mechnnic.;ll P r o p e r t i e s  wi th  Heat Trcatmc>nt Scllcdul e 2A -- --- 

Tile t e n s i l e  p r o p e r t i e s  o f  Vasco MA s t e e l  sub j ec t ed  t o  a  c y c l i c  

trt.atment, Sctl~clule 2A, a r e  l i s t e d  i n  Table  I V  and shown i n  F i g .  21. 

'I'llrcbc3 p o  inL l w n d  I c s t : i n y ,  I1;ls also btwm cnrrit~t l  o u t ,  a n d  a s  d e s c . r i b e c 1  i l l  

Appcr l t l ix  A ,  1 1 1 ~ .  f rnr: l . l~rc~  t ~ o ~ l y , l l n c ~ s s  p ; ~ r a n i c ~ L c ~ r  K~ c. 
I I : I S  l)rbc*n c.n l c111 <I ~ t b t l  

tisi n x  t h e  Heald model. 
1 8  

'l'he hardness  vs  tempering temperature c-urve 



i s  shown i n  F i g .  2 2 .  The h a r d n e s s  v a l u e s  a r e  found t o  b e  r e l a t i v e l y  

low,  a s  compared t o  t h e  same s t e e l  s u b j e c t e d  t o  S c h e d u l e ' l .  A s  t h e  

t emper ing  t e m p e r a t u r e  i s  i n c r e a s e d ,  h a r d n e s s  r i s e s  a t  400°C, and t h e r e  

i s  e s s e n t i a l l y  o n l y  a  v e r y  s l i g h t  change i n  h a r d n e s s  on temper ing a t  

550°C. The unexpected d r o p  i n  h a r d n e s s  f rom R 60 ( i n  Schedule  1 )  , 
C 

t o  R 47 may l e a d  one t o  s u s p e c t  t h a t  C was l o s t  d u r i n g  t h e  h e a t  t r e a t m e n t .  
C 

A C a n a l y s i s  was c a r r i e d  o u t  and t h e  r e s u l t s  i n d i c a t e  t h a t  no C was l o s t  

e i t h e r  d u r i n g  t h e  f i r s t  s t a g e  a u s t e n i t i z a t i o n  i n  t h e  tube  f u r n a c e ,  

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

T h i s  l e a d s  one t o  i n f e r  t h a t  c a r b i d e s  have r e p r e c i p i t a t e d  o u t  of  

a u s t e n i t e ,  d u r i n g  t h e  second s t a g e  upquench. A p i l o t  set of  tests 

were  c a r r i e d  o u t  and e v e n  b r i e f  t i m e s  o f  a  2 min. upquench, were  found 

t o  produce a  s i m i l a r  low h a r d n e s s  o f  R 45-47.  Hence, t h e  r e p r e c i p i t a t i o n  
C 

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

a l l o y  compos i t ion  o f  t h e  s t e e l ,  and t h e  mechan ica l  p r o p e r t i e s  o b t a i n e d  

s h o u l d  b e  d i f f e r e n t  from t h o s e  o b t a i n e d  by t h e  p r e v i o u s  s c h e d u l e .  

D i l a t o m e t r i c  measurements i n d i c a t e  t h a t  t h e  two s t e p  c y c l e  h a s  r a i s e d  

t h e  M by 15"C, t o  235°C.  
S 

The t e n s i l e  and f r a c t u r e  p r o p e r t i e s  l i s t e d  i n  Table  I V  and F i g .  2 1  

i n d l c a t e  t h a t  t h e  y i e l d  and  u l t i m a t e  t e n s i l e  s t r en l ; ths  peak a t  a  

temper ing t e m p e r a t u r e  o f  400°C. Thus,  one d e f i n i t e  e f f e c t  of  thermal  

c y c l i n g  h a s  been t o  s h i f t  t h e  secondary  ha rden ing  peak from t h e  

e a r l i e r  550°C t o  4Q0°C, a s  w e l l  a s  t o  s i g n i f i c a n t l y  a t t e n u a t e  t h e  peak.  

A comparat ive  a n a l y s i s  o f  t h e  a l l o y  c a r b i d e s  p r c s c n t  a t  t h e s e  two 

t e m p e r a t u r e s  h a s  hecn mndr. and w i l l  be  d i s c u s s e d .  



From F i g .  21,  i t  i s  found t h a t  t h e  K v s .  temper ing t e m p e r a t u r e  
I c  

curve is found t o  show an extremum a t  400°C. The peak v a l u e  i s  much 

lower than t h a t  o b t a i n e d  by u s i n g  Schedule  1. A 500°C temper i s  found 

t o  Lower t h e  K I c  v a l u e ,  and t h i s  may b e  a t t r i b u t e d  t o  t h e  c o a r s e n i n g  

o f  a l l o y  c a r b i d e s  which a c t  a s  s t r e s s  r a i s e r s  and  do n o t  deform w i t h  

t h e  m a t r i x .  The KIc  curve i n  F i g .  2 1  a l s o  shows a  l a r g e  d rop  on 

t emper ing  a t  300°C. Spe ich  e t  a l .  2919 have i n d i c a t e d  t h a t  i f  temper ing 

is c a r r i e d  o u t  between 230°C and  370°C, e m b r i t t l e m e n t  o c c u r s  i n  a  

number of d i f f e r e n t  AISI steels. T h i s  phenomenon i s  termed "500°F 

embri  t t l e m e n t "  . I n  t h e  p r e s e n t  i n v e s t i g a t i o n ,  t h e r e  is  i n s u f f i c i e n t  

e v i d e n c e  t o  c o n c l u s i v e l y  a s c e r t a i n  i f  t h e  observed  K d e c r e a s e  on a 
I c  

300°C temper was due t o  a  s i m i l a r  e m b r i t t l e m e n t .  

F. F rac tography  

Frac tography  of  t h e  t h r e e  p o i n t  bend specimens was c a r r i e d  o u t  and 

is p r e s e n t e d  i n  F i g s .  23-25. On temper ing  a t  400°C, a f i n e  d i s p e r s i o n  

o f  a l l o y  c a r b i d e s  i s  seen  i n  t h e  m a t r i x  ( F i g .  24b) and t h e  f r a c t u r e  

s u r f a c e s  show a  mixed mode o f  f r a c t u r e - p a r t l y  i n t e r g r a n u l a r  and p a r t l y  

quasi .-cleavage; d i f f e r e n t  r e g i o n s  o f  t h e  400°C temper specimen a r e  shown. 

F i g u r e  25a,  shows t h e  m i c r o s t r u c t u r e  o b t a i n e d  on tempering a t  550°C. 

Coarse  c a r b i d e s  can d i s t i n c t l y  b e  s e e n  i n  t h e  m a t r i x .  F i g u r e  25b shows 

t l ~ e  f r a c t u r e  s u r f a c e s .  The mode o f  f r a c t u r e  p r i m a r i l y  e x h i b i t s  

quasi-c:lc.avagc.; earl>-ides can a l s o  b e  s e e n  a t  d  and e .  



G. Mechanical  P r o ~ e r t i e s  w i t h  Hea t  Treatment  Schedule  2 5  

I s o t h e r m a l  t r a n s f o r m a t i o n s  a t  two d i f f e r e n t  t e m p e r a t u r e s  have  been 

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

Tab le  V and v i s u a l l y  d e p i c t e d  i n  F i g s .  26 & 2 7 .  From F i g .  2 6 ,  i t  is  

s e e n  t h a t  f o r  t h e  same t emper ing  t r e a t m e n t  ( i e .  550°C) w i t h  i n c r e a s i n g  

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

i s  e s s e n t i a l l y  no change i n  t h e  c a l c u l a t e d  f r a c t u r e  toughness .  

On r a i s i n g  t h e  i s o t h e r m a l  t r a n s f o r m a t i o n  t e m p e r a t u r e ,  (250°C) ,  

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

found t o  l i e  below t h e  c o r r e s p o n d i n g  v a l u e s  i n  t h e  210°C t r e a t m e n t s .  

4 
Dns e t  a l .  have found s i m i l a r  r e s u l t s  i n  a  s e r i e s  o f  Fe-Xi-Co-C s t e e l s .  

F r a c t u r e  toughness  f o r  t h e  2 5 0 " ~  t r e a t m e n t s  i s  found t o  be  s l i g h t l y  

I i igher  than  f o r  t h e  210°C t r e a t m e n t s .  One may s p e c u l a t e  t h a t  t h e  hig1lc.r 

t e m p e r a t u r e  i s o t h e r m a l  t e n d s  t o  r e d u c e  t h e  amount of  twinned m a r t e a s i t e ,  

t h a t  is found t o  o c c u r  i n  such  h i g h l y  a l l o y e d  s t e e l s ,  and t h i s  may p a r t l y  

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

F i g u r e  28 shows t h e  m i c r o s t r u c t u r e  o b t a i n e d  a f t e r  t h e  t h e r m a l l y  

c y c l e d  s t e e l  w a s  s u b j e c t e d  t o  a n  i s o t h e r m a l  t r a n s f o r m a t i o n  a t  250°C 

f o r  a p e r i o d  o f  30 h o u r s ,  i . e .  a f u l l y  b n i n i t i c  s t r u c t u r e .  On temper ing 

,1t  5 5 0 " ~  f o r  2 Ilrs., t h i s  s t r u c t ~ ~ r e  shows n v i c l t l  s trenj;Lh o f  1 4 8 . 2  k s i  

1 / 2  0 I, 

; ind  t h e  f r a c t u r e  toughricss i s  Iound t o  be 52 k s i - i n  . Iic1~ein;~nn cxt n l .  

working on t h e  e f f e c t  of  b n i n i t e  on 4340, s u g g e s t  t h a t  i n  d u p l e x  

m i c r o s t r u c t u r e s  formed c l o s c  t o  M s ,  i f  t emper ing  i s  c n r r i c d  o u t  a t  

c l e v n t e d  t e m p c ~ r n t u r c s ,  tllc y i e l d  s t r e n g t h  l,r.c:on,es v ; r t ~ m l l y  indepr~ndent  

or m i c r o s t r u c L u r r ~ .  'I'hv d . i~ ; i  o b t a i n e d  i n  t l ~ v  prt . , ; r1nt  invc.st i g n t i o n  



( p l o t t e d  i n  F i g .  30)  seems t o  i n d i c a t e  t h a t  beyond a  c e r t a i n  i s o t h e r m a l  

t i m e ,  t h e  y i e l d  s t r e n g t h  remains  t h e  same, independen t  of t h e  amount 

of b a i n i t e  formed. Thus t h e  r e s u l t s  seem t o  be i n  agreement w i t h  t h e  

o b s e r v a t i o n s  o f  Hehemann e t  a l .  
8 

Table  V I  compares t h e  t e n s i l e  p r o p e r t i e s  and f r a c t u r e  toughness  

o f  a f u l l y  m a r t e n s i t i c  v s .  a f u l l y  b a i n i t i c  s t r u c t u r e ;  b o t h  of t h e s e  

h a v e  been tempered a t  550°C f o r  a p e r i o d  of two h o u r s .  The m a r t e n s i t i c  

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

no change i n  t h e  u l t i m a t e  t e n s i l e  s t r e n g t h  and f r a c t u r e  t o ~ i g h n e s s  between 

t h e  two i n i t i a l l y  d i f f e r e n t  morphologies .  

F i g u r e s  31.-32 shows t h e  f r a c t u r e  s u r f a c e s  o f  t h e  t h r e e  p o i n t  bend 

spec imens .  R iver  p a t t e r n s ,  c h a r a c t e r i s t i c  of quas i -c leavage  a r e  s e e n  i n  

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

The r e s u l t s  seem t o  i n d i c a t e  t h a t  i n  t h e  secondary  harden ing  s t e e l ,  

on thermal  c y c l i n g ,  c o a r s e  c a r b i d e s  p r e c i p i t a t e  o u t  o f  s o l u t i o n .  Thus,  

t h e  s t e e l  is a l t e r e d ,  h a v i n g  a lower  C ,  lower  a l l -oy c o n t e n t .  I s o t h e r m a l  

t r a n s f o r m a t i o n s  a t  two d i f f e r e n t  t empera tu res ,  g i v e  d u p l e x  s t r u c t u r e s .  

I n c r e a s i n g  p e r c e n t a g e s  o f  b a i n i t e  do n o t  d r a s t i c a l l y  a1 t e r  t h e  y i e l d  

and u l t i m a t e  t e n s i l e  s t r e n g t h s ,  and  t h e  c a l c u l a t e d  f r a c t u r e  toughness ,  

r emains  a lmost  t h e  samv . The c o n t r o l  l i n g  Eactor c o n t r i b u t i n g  t o  t h e  

l o w  R I c  v a l u e  o f  52 ksi-in1'2 a s  compared t o  t h e  p r e v i o u s l y  a t t a i n e d  

90 k s i - i n 1 l 2  ( u s i n g  Schedule  I ) ,  p robab ly  is t h e  p r e s e n c e  of 

r e p r e c i p i t a t e d  c a r b i d e s .  These c a r b i d e s  could a c t  a s  a s t r o n g  b a r r i e r  

f o r  t h e  movement o f  d i s l  o c n t o n s  and collld induce big11 s t r e s s  concen t ra -  

5 , 1  2 
c:ions, l e a d i n g  t o  c r a c k  n u c l e a t i o n .  



F i g u r e s  33-34 d e p i c t  t h e  e f f e c t  o f  the rmal  c y c l i n g  on t h e  t e n s i l e  

and f r a c t u r e  toughness  p r o p e r t i e s  o f  t h e  Vasco MA secondary  h a r d e n i n g  

s t e e l .  A s  h a s  been ment ioned,  r e a u s t e n i t i z a t i o n  a t  900°C ( t o  r e f i n e  

t h e  g r a i n  s i z e )  c a u s e s  c a r b i d e s  t o  r e p r e c i p i t a t e  o u t  of s o l u t i o n ,  

t h e r e b y  a l t e r i n g  t h e  morphology and a l l o y  composi t ion.  A s  a  consequence,  

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

toughness ,  a s  have been shown by t h e  r e s u l t s  i n  Tab les  IV and V. The 

secondary  h a r d e n i n g  c h a r a c t e r i s t i c s  a r e  a l s o  a l t e r e d ,  and t h e r e  i s  a  

s t e e p  d rop  i n  h a r d n e s s  on t emper ing ,  from t h e  e a r l i e r  R 60 t o  R 45 .  
C C 

H .  A n a l y s i s  o f  Al loy  Carb ides  

One o f  t h e  most i m p o r t a n t  a s p e c t s  o f  a  secondary h a r d e n i n g  s t e e l ,  

i s  t h e  p r e c i p i t a t i o n  o f  a l l o y  c a r b i d e s ,  on temper ing a t  h i g h e r  

t e m p e r a t u r e s .  The temper ing of  a  secondary  ha rdcn ing  s t e e l  can b e  

d i v i d e d  i n t o  f o u r  s t a g e s .  I n  t h e  f i r s t  t h r e e  s t a g e s ,  m o d i f i c a t i o n s  

o c c u r  s i m i l a r  t o  p l a i n  ca rbon  s t e e l s  - i n i t i a l l y  E c a r b i d e  p r e c i p i t a t e s ,  

and a t  h i g h e r  t e m p e r a t u r e s  t h e r e  i s  a  p r e c i p i t a t i o n  o f  c e m e n t i t e .  I n  

secondary  h a r d e n i n g  s t e e l s ,  however, a t  h i g h e r  temper ing t e m p e r a t u r e s ,  

a  f i n e  d i s p e r s i o n  o f  a l l o y  c a r b i d e s  a r e  formed, which o f f s e t  t h e  

s o f t e n i n g  due t o  c o a r s e  c e m e n t i t e ,  t h e r e b y  l e a d i n g  t o  an a p p r e c i a b l e  

i n c r e a s e  i n  t h e  Ilardnc.ss a n d  s t r e n g t h  o f  s u c h  s t e e l  s . 
1 t h a s  been found t h a t  t h e  rep lacement  of cement i t c  o c c u r s  i n  two 

1,21-22 
ways : 

i )  By i n  s i t u  t r a n s f o r m a t i o n ,  where t h e  c e m e n t i t e  p a r t i c l e s  a r e  

g r a d u a l l y  t r ans fo rmed  t o  t h e  a l l o y  c a r b i d e ,  by inward d i f f u s i o n  o f  t h e  

a l l o y i n g  e l e m e n t ;  



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

when t h e  c e m e n t i t e  p a r t i c l e s  go back i n t o  s o l u t i o n  i n  t h e  f e r r i t e .  

l c a r l i e r  work h a s  shown t h a t  Mo C i s  t h e  e f f e c t i v e  c a r b i d e  i n  
2 

molyhdenum s t e e l s ,  2 4 9 2 5  w h i l e  V C i s  r e s p o n s i b l e  f o r  t h e  s t r e n g t h e n i n g  
4  3 

20 
observed  i n  vanadium s t e e l s .  Baker and working on a  0 .22 C, 

Cr-Mo-V-W s t e e l ,  f i n d  t h a t  vanadium c a r b i d e  i s  t h e  p r i n c i p a l  c a r b i d e  

i n  the  s e c o n d a r y  h a r d e n i n g  r a n g e ,  w h i l s t  a Mo-V s t e e l  shows V C + M C 
4 3  6 

c a r b i d e s .  

I n  t h e  p r e s e n t  i n v e s t i g a t i o n ,  a n  i n t e r e s t i n g  a s p e c t  was t o  

de te rmine  what a l l o y  c a r b i d e s  e x i s t e d  i n  t h e  0.5C + 12% a l l o y i n g  e lements  

s t e e l ,  whose compos i t ion  i s  shown i n  T a b l e  I. C o m p l e x i t i e s  i n  t h e  

s t e e ' l  would n o t  p e r m i t  t h e  making o f  s u i t a b l e  t h i n  f o i : l s ,  and hence ,  

e l . e c ~ r o n  n ~ i c r o s c o p i c  e x a m i n a t i o n s  c o u l d  n o t  b e  s u i t a b l y  c a r r i e d  o u t .  

I t  was d e c i d e d  t o  a n a l y z e  t h e  a l l o y  c a r b i d e s  u s i n g  Energy 

D i s p e r s i v e  A n a l y s i s  o f  X-Rays (EDAX). The r e s u l t s  a r e  shown i n  

F i g s .  35-39. 

F i g u r e  35 shows t h e  EDAX a n a l y s i s  o f  t h e  a l l o y  c a r b i d e s  t h a t  

account  f o r  secondary  h a r d e n i n g  i n  a n  i n i t i a l l y  m a r t e n s i t i c  m a t r i x ,  

ob t a i n c d  by u s i n g  S c h e d ~ i l c  I. The p e r c e n t a g e s  shown a r e  weight  p e r c e n t ,  

and from Ll~c tl;~Ln, i L  is c~vitic.nt t h a t  t11e : l l loy  c;trl)itl(> w,is p r i m ; ~ r i l y  

n W+No car1)itle. 'I'l~e c ;~ r l>  i d c  b e i n g  iina l y z ~ t l  w a s  su f f i  c i e n t l  y 'large 

( F i g .  7 )  t o  p r e v e n t  counts Lrom t h e  m a t r i x  b e i n g  takcw. 

F i g u r e s  36-37 show Lhc EDAX a n a l y s i s  o f  a l l o y  c-arbides  n C t c r  t h e  

s ~ e c l  was s u b j e c t e d  to a the rmal  c y c l e ,  i - e .  Schedule  2 .  A s  h a s  been 

disc, l . ;srd,  a r e p r e c i p i  t a  t i o n  of  c a r b i d e s  i n  t h e  sc3cond a u s t e n i t  i z ing  



c y c l e  h a s  e f f e c t i v e l y  a1 t e r e d  t h e  secondary  h a r d e n i n g  c h a r a c t e r i s t i c s  

and t h e  a l l o y  compos i t ion .  The EDAX a n a l y s i s  f o r  specimen 303 (tempered 

a t  400°C) i n d i c a t e s  t h a t  a W+Mo c a r b i d e  a c c o u n t s  f o r  t h e  i n c r e a s e  i n  

s t r e n g t h ,  a t  t h i s  t e m p e r a t u r e .  On temper ing a t  550°C, t h e  h a r d n e s s  l e v e l  

p r a c t i c a l l y  remains  t h e  same a s  a t  400°C, b u t  t h e r e  i s  a  drop i n  t h e  

c  
v a l u e .  EDAX a n a l y s i s  o f  specimen 302 shows t h a t  t h e  a l l o y  c a r b i d e  

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

P r e v i o u s  work on secondary  h a r d e n i n g  s t e e l s  r e p o r t  Mo C a s  one of  t h e  
2 

l i k e l y  c a r b i d e s  t o  b e  p r e s e n t  i n  t h e  t empera tu re  range  500-600°C. 

Thus ,  Mo C is probab ly  t h e  a t t e n d a n t  a l l o y  c a r b i d e  i n  specimen 302. 
2 

F i g u r e  38 shows t h r e e  a d j a c e n t  c a r b i d e s  t h a t  have  been a n a l y s e d  on 

t h e  EDAX. Carb ides  a  a n d  c  a r e  p r i m a r i l y  Mo C ,  w h i l s t  c a r b i d e  b  a l s o  2 

shows t r a c e s  of  V i n  i t  . ( F i g .  39) 

One o t h e r  i m p o r t a n t  a s p e c t  of t h i s  a n a l y s i s  is t h a t  t h e  EDAX 

a n a l y s i s  o f  t h e  550°C c a r b i d e s ,  shows a  h i g h  p e r c e n t a g e  of  Mn p r e s e n t  

i n  t h e  c a r b i d e s  of specimen 302, whereas  t h e  m a t r i x  h a s  n e g l i g i b l e  

amounts of Mn p r e s e n t .  Though Pln is  u n l i k e l y  t o  form a  c a r b i d e ,  i t  

i s  l i k e l y  t h a t  some PlnS i n c l u s i o n s  may be p r e s e n t ,  w l ~ i c h  t o g e t h e r  

w i t h  c o a r s e  a l l o y  c a r b i d e s ,  may w e l l  be r e s p o n s i b l e  f o r  t h e  obse rved  

d r o p  i n  f r a c t u r e  t o u g h n e s s ,  on temper ing a t  550°C. 



I V .  CONCLUSIONS 

Based on  t h e  r e s u l t s  and  d i s c u s s i o n ,  t h e  f o l l o w i n g  c o n c l u s i o n s  have  
-- 

been made: 

1. D i l a t o m e t r i c  t e c h n i q u e s  h a v e  b e e n  u s e d  t o  d e t e r m i n e  t h e  TTT 

d iag ram o f  t h e  Vasco MA s e c o n d a r y  h a r d e n i n g  s t ee l .  T h i s  d i ag ram h a s  

been  used  t o  d e s i g n  s p e c i f i c  t i m e - t e m p e r a t u r e  i s o t h e r m a l  p a t h s ,  t o  

g i v e  d u p l e x  m i c r o s t r u c t u r e s  o f  l o w e r  b a i n i t e  and m a r t e n s i t e .  

2 .  Duplex m i c r o s t r u c t u r e s  e x h i b i t  a s e c o n d a r y  h a r d e n i n g  peak  i n  

t h e  same t e m p e r a t u r e  r a n g e  as f u l l y  m a r t e n s i t i c  m i c r o s t r u c t u r e s .  The 

s e c o n d a r y  h a r d e n i n g  peak  is a t t e n u a t e d ,  as t h e  p e r c e n t n q e  o f  b a i n i t e  

i n c r e a s e s .  X-Ray measurements  show t h a t  no  r e t a i n e d  a u s ~ e n i t e  is 

p r e s e n t  s u b s e q u e n t  t o  a 2 h r .  t emper .  EDAX a n a l y s i s  shows t h a t  a  W+Mo 

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

3 .  Duplex m i c r o s t r u c t u r e s  c o n t a i n i n g  s m a l l  amounts  of l o w e r  

b a i n i t e  show a n  i n c r e a s e  i n  f r a c t u r e  t o u g h n e s s  a t  s i m i l a r  s t r e n g t h  l e v e l s ,  

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

d e c r e a s e  i n  volume f r a c t i o n  o f  tw inned  m a r t e n s i t e .  

4 .  With increasing i s o t l i e r m a l  t r a n s f o r m a t  ion t e m p c b r a t u r e s ,  t h e r e  

i s  a  d c c r c a s e  i n  s t r c ~ n ~ t h  l e v e l s  and f r a c t u r e  toughness i s  f o r ~ n d  t o  d r o p  

s h a r p l y .  T h i s  is r t3ported t o  b e  due  t o  i n c r e a s c ~ d  c , l r l ~ i t l ( ~  c o a r s e n  i n c  

a t  h i g h e r  i s o t h e r m a l  t c b m p c r a t u r e s ,  a n d / o r  t h e  p r e s c n r c  o F some upper  

b a i n i t e  . 
5.  F r a c t u r e  s u r f a c e s  o f  h i g h  s t r e n g t h - h i g h  toughness  a1 l o y s  

p r i r n a r i l  y  i n d i r a t e  n d impled  mode o f  f r a c t u r e .  O the r  t r e a t m e n t s  show 



a t r a n s g r a n u l a r  mode o f  c l e a v a g e  f r a c t u r e ,  w i t h  quas i -c leavage  f a c e t s .  

6.  Commercial a u s t e n i t i z a t i o n  s c h e d u l e s  l e a v e  und isso lved  c a r b i d e s  

i n  p a r e n t  a u s t e n i t e .  Higher  a u s t e n i t i z a t i o n  t e m p e r a t u r e s  do n o t  

comple te ly  e l i m i n a t e  u n d i s s o l v e d  c a r b i d e s ;  a l a r g e  i n c r e a s e  i n  g r a i n  

s i z e  o c c u r s .  . 

7 .  Thermal c y c l i n g  u s i n g  h i g h  s o l u t i o n  t empera tu res  and a  second 

low tempera tu re  a u s t e n i t i z a t i o n ,  i s  found t o  r e p r e c i p i t a t e  c a r b i d e s ;  

tllus t h e  a l l o y  morphology and  composi t ion a r e  a l t e r e d .  A s  a  consequence,  

secondary  h a r d e n i n g  is c o n s i d e r a b l y  a t t e n u a t e d ,  and occurs  i n  a lower 

t empera tu re  range .  

8. Quenched and tempered s t r u c t u r e s  a f t e r  a thermal  c y c l e  e x h i b i t  

lower  s t r e n g t h - t o u g h n e s s  combinatZons. EDAX a n a l y s i s  r e v e a l s  t h a t  a  

Izl+Mo c a r b i d e  i s  r e s p o n s i h  1 e f o r  secondary h a r d e n i n g  observed a t  400°C. 

'I'empering a t  550°C promotes t h e  fo rmat ion  o f  Mo C ,  w i t h  t r a c e s  o f  
2 

vanadium c a r b i d e .  A d r o p  i n  f r a c t u r e  toughness  a t  t h i s  t empera tu re  i s  

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

9 .  I s o t h e r m a l  t r a n s f o r m a t i o n s  ( a f t e r  the rmal  c y c l i n g )  i n d i c a t e  

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

dup lex  m i c r o s t r u c t u r e s  v i r t u a l l y  becomes independen t  o f  t h e  p r o p o r t i o n  

10.  Optimum s trength-tougImc:ss combinat ions  a r e  ohtainctl  b y  

c-arry i n g  ou t  i so thermnl  t r a n s f o r m a t i o n s  f o r  s h o r t  p c r i o d s  of t i r n r ,  n t  

11-mpcr.2t1~rc.s very close, t o  M . The r e d u c t i o n  in volume f r a c t i o n  of 
S 

LW inncr l  m a r t e n s i t e  enl iancrs  toup,hnc.ss. 



1 1 .  The Heald model  f o r  o b t a i n i n g  reasonable  e s t ima te s  of plane 

s t r a i n  f r a c t u r e  toughness, from rounded notch t h r e e  p o i n t  bend t e s t i n g  

has bcvn  successfu.lly used.  



APPENDIX 

F r a c t u r e  Toughn- 

F r a c t u r e  toughness  t e s t i n g  was c a r r i e d  o u t  u s i n g  t h r e e  p o i n t  bend 

t e s t i n g .  The t h r e e  p o i n t  bend t e s t  specimens  were  des igned a s  p e r  ASTM 

 specification^,^^ and a t y p i c a l  specimen i s  shown i n  F ig .  4 .  I t  w a s  n o t  

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

b r i t ~ l e  specimens  was d i f f i c u l t  t o  c o n t r o l  and hence rounded n o t c h  

specimens  were  used ,  w i t h  a  0.004 i n .  r o o t  r a d i u s .  The MTS t e s t i n g  

machine,  w i t h  a modi f i ed  se t -up  ( F i g .  6) was used.  S t a t i c  Charpy t e s t s  

a r e  n o t  v e r y  s e n s i t i v e  t o  s m a l l  changes  i n  f r a c t u r e  toughness  i n  such 

h igh  s t r e n g t h ,  b r i t t  Le m a t e r i a l s ,  and hence were  n o t  used.  

The a p p a r e n t  f r a c t u r e  toughness  is  c a l c u l a t e d  from t h e  l o a d  d i s -  

p lacement  c u r v e  o b t a i n e d ,  a s  p e r  ASTEl s p e c i f i c a t i o n s  : 

wliere 

P = l o a d  
(1 

s = s p a n  lcnp,th 

b = t h i c k n e s s  o f  specimen 

3 = crack l e n g t h  

\J = d e p t h  o f  specimen.  



A r e a s o n a b l e  e s t i m a t e  o f  p l a n e  s t r a i n  f r a c t u r e  toughness  K is 
I c  

o b t a i n e d  from non-valid ASTM t e s t s ,  u s i n g  a model developed by Heald ,  

Uor th ing ton  and  pink." T h i s  model can b e  a p p l i e d  t o  t e s t s  t h a t  a r e  

non-val id  w . r . t .  t h e  n o t c h  b e i n g  s e m i - e l l i p t i c a l  o r  c i r c u l a r  r a t h e r  

than a s h a r p  c r a c k .  

K i s  r e l a t e d  t o  K by: 
I' I. c  

where p = r o o t  r a d i u s  

OU = u l t i m a t e  t e n s i l e  s t r e n g t h  

c = c r a c k  l e n g t h  

For three-poin  t bend specimens,  t h i s  r educes  t o  

80' 0.19 
n 

1 . 1 4 5 K a  2 
n 

- Rn s e c  n 117 - 2 (0.145) 
( n )  'I2 (0 .19)  I r2 
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FIGURE CAPTIONS 

Fig .  1 .  Theta  d i l a tomcbte r  used f o r  o b t a i n i n g  TTT diagram d a t a .  

F i g .  2 .  Time-temperature- t ransformat ion diagram o f  Vasco NA ( i n  t h e  

lower b a i n i t c  range)  showing s t a r t  o f  t r a n s f o r m a t i o n  (1%) 

and f i n i s h  ( 9 9 4 )  t r a n s f o r m a t i o n .  

F i g .  3 .  Set-up used f o r  h e a t - t r e a t m e n t s .  

F i g .  4 .  Round t e n s i l e  specimen.  

F i g .  5. Three  p o i n t  bend t e s t  specimen. 

F i g .  6.  Set-up used f o r  t h r e e - p o i n t  bend t e s t i n g  showing MTS, test- 

specimen and crack-opening d i s p l a c e m e n t  gage. 

F i g .  7 .  Photomicrograph showing u n d i s s o l v e d  c a r b i d e s  p r e s e n t  n e a r  

p r i o r  a u s t e n i t e  g r a i n  b o u n d a r i e s ,  a f t e r  llOO°C a u s t e n i t i z a t i o n  

t r e a t m e n t  (Specimen H-8). 

F i g .  8. Hea t  t r e a t m e n t  s c h e d u l e  I. 

F i g .  9 .  M,~rdness  w r s u s  tempering t e m p e r a t u r e  curve  o f  dup lcx  micro- 

structure ( m a r t e n s i t e  + lower  b a i n i t e )  produced a f t e r  1 hour  

i s o t h e r m a l  t r e a t m e n t  a t  210°C. 

F i g .  10. Y i e l d  and u l t i m a t e  t e n s i l e  s t r e n a t h s  v e r s u s  i s o t h e r m a l  

t r e a t m e n t  t ime (at 210°C) f o r  d u p l e x  s t ruc tu rc . s .  Specimens 

tc>nq)erc.tl ; I L  5 5 0 ° C  ( 2  h r s . ) .  

F i g .  1 1 .  1lardnr.s~ v s .  i s o t h e r m a l  t r e a t m e n t  t ime ( 2 1 0 ° / 2 5 0 0 ~ ) .  

I I .  S t r c n g t h  vc.rslls tc.mpcring ten1pcr;lturc curves  f o r  d i ~ p l c x  
8 

n l i c r o s t r ~ ~ c . t u r c ~ s  produc.c'd n i t e r  1 hr . i sol hcrmal Lrnns Formcltion 

a t  (210°/2500C).  



F i g .  1 3 .  Hardness  v s .  temper ing t e m p e r a t u r e  curve  o f  t h e  dup lex  micro- 

s t r u c t u r e  ( m a r t e n s i t e  + b a i n i t e )  produced a f t e r  1 hour  

i s o t h e r m a l  t r e a t m e n t  a t  250°C. 

P ig .  1 4 .  C a l c u l a t e d  p l a n e  s t r a i n  f r a c t u r e  toughness  (1< ) v e r s u s  
I c  

i s o t h e r m a l  t r a n s f o r m a t i o n  t ime  f o r  d u p l e x  m i c r o s t r u c t u r e s  

produced a f t e r  i s o t h e r m a l  t r e a t m e n t  a t  (210°/2500C).  

F i g .  1 5 .  ( a )  Scann ing  e l e c t r o n  f r a c t o g r a p h  o f  t h r e e - p o i n t  bend specimen,  

s u b j e c t e d  t o  i s o t h e r m a l  t r a n s f o r m a t i o n  a t  21O0C (2  l i r s . )  

p l u s  t emper ing  a t  5 5 0 ' ~  ( 2  h r s . ) .  1%e f r a c t u r e  mode i s  

p r i m a r i l y  dimpled r u p t u r e .  

(b )  En la rged  view o f  f r a c t u r e  s u r f a c e  of  specimen i n  15 (a) . 
( c )  O p t i c a l  micrograph o f  specimen 32 ,  s u b j e c t e d  t o  i sot l ier rnal  

t r a n s f o r m a t i o n  a t  210°C ( 2  h r s . )  . 

F i g .  16 .  ( a )  F r a c t u r e  s u r f a c e  o f  t h r e e  point -bend specimen,  subjected 

t o  isot l iermnl  t r a n s f o r m a t i o n  a t  21 0°C ( 3  h r s  .) , p l u s  tempering 

a t  550°C (2 h r s . )  . The mode of f r a c t u r e  a p p e a r s  t o  b e  

q u a s i - c l e a v a g e  . 
(b )  O p t i c a l  micrograph o f  t h r e e  point -bend specimen i n  l 6 ( a )  . 

F i g .  17.  ( a )  F r a c t u r e  s u r f a c e  o f  th ree -po  i n t  hend specimt~n s u b j e c t e d  

t o  isothcrinnl  ~ r n n s f o r m n t i o n  a t  250°C ( 1  h r )  pl11.; Lc~nqwrinj; 

a t  550°C (2  h r s )  - Quasi-c leavage.  

(b )  & ( c )  O p t i c a l  micrographs  showing c a r b i d e s  p r e s c n t  i n  t h e  

m a t r i x  of  specimpns t ransformt*d i s o t h e r m a l l y  a t  2 5 0 ° C  (1  1 1 r ) .  

I:i g .  18.  ( 3 )  b (1,) 1)upl c .z  rnic.rost ruc.t~lrc.s protluc-c~~l a r t  c.r 1 Ilr. i so- 

t1icrm;il t r a n s f o r m a t j o n  a t  250°C, p l u s  t emper ing  a t  4 0 0 ° ~  ( 2  h r s ) .  

Coarscx c a r b i d e s  a r e  p r e s e n t  i n  t h e  m a t r i x .  



F i g .  19.  ( a )  F r a c t u r e  s u r f a c e  o f  t h r e e - p o i n t  bend specimen t r ans fo rmed  

i s o t h e r m a l l y  a t  250°C (2  h r s . )  p l u s  t emper ing  a t  5 5 0 ' ~  

(2 h r s . ) .  The f r a c t u r e  s u r f a c e  a p p e a r s  t o  show q u a s i - c l e a v a g e  

f a c e t s .  

(b )  O p t i c a l  mic rograph  from d i l a t o m e t e r  specimen,  i s o t h e r m a l l y  

t r ans fo rmed  a t  250°c  (2 h r s . )  and quenched t o  room tempera tu re  

(Duplex m i c r o s t r u c t u r e )  . 
Fig. 20. Heat t r e a t m e n t  s c h e d u l e s  2A and 2B. Schedu le  2A r e f e r s  t o  

n the rmal  c y c l i n g  a u s t e n i t i z a t i o n  t r e a t m e n t  p l u s  quench & 

tempcr.  Schedu le  2 B  r e f e r s  t o  a  the rmal  c y c l i n g  a u s t e n i t i z a -  

t i o n  t r e a t m e n t  p l u s  i s o t h e r m a l  t r a n s f o r m a t i o n s  fol1owc.d by 

temper ing.  

F i e .  21. S t r e n g t h  and c a l c u l a t e d  p l a n e  s t r a i n  f r a c t u r e  toughness  v e r s u s  

t emper ing  t e m p e r a t u r e  c u r v e s  f o r  specimens  s u b j e c t e d  t o  

Schedule  2A.  

F i g .  22. Hardness  v e r s u s  t e m p e r i n g  t e m p e r a t u r e  c u r v e s  f o r  s p e c i n e n s  

s u b j e c t e d  t o  S c h e d u l e  2A. 

F i g .  23. F r a c t u r e  s u r f a c e  o f  t h r e e  p o i n t  bend t e s t  specimen 302 

s u b j e c t e d  t o  S c h e d u l e  2A p l u s  temper ing a t  550°C ( 2  h r s )  

essentially q ~ ~ a s i - c l ~ ; l v n j i e .  

l;I j;. 2 4 .  '1'11 ril( ,  p i )  i 11 L I ) ( ~ I ~ ( I  :;l)lt(. ~ I ~ I I * I I  S I I I )  i ( ~ ( . L I S ( I  1 0  ! i i ~ I ~ i ~ ( l ~ ~  I I ,  2 A  I - ( ~ I I I ~ I C ~ I - ( ~ ( ~  

; I (  400°(; (;? l ~ r - $ ;  .) . ' l ' l ~ i s  r r : ~ c l  I I ~ , .  S I I ~  l ~ : i r i ~ : i  ( a )  & ( i . )  :11-i* 

e s s e n  t i ; i l l y  quas i -c l  eavage .  The o p t i c a l  micrograph i n  (b) 

sliows n  f i n e  d ispc . rs ion o f  c a r b i d e s .  



Fig .  25.  Three  p o i n t  bend specimen s u b j e c t e d  t o  s c h e d u l e  2A  - 

tempered a t  550°C (2 h r s . ) .  ( a )  r e p r e s e n t s  t h e  m i c r o s t r u c t u r e  

o b t a i n e d  and  ( b )  shows t h e  f r a c t u r e  s u r f a c e  q u a s i - c l e a v a g e .  

F i g .  26 .  Curves slmwing s t r c n g t l l  and c a l c u l a t e d  p l a n e  s t r a i n  f r ~ c t u r c  

toughness  v e r s u s  i s o t h e r m a l  t r e a t m e n t  t ime  a t  210°C u s i n g  

s c h e d u l e  2E . 
1 

F i g .  27.  Curves showing s strength and c a l . c u l a t e d  p l a n e  s t r a i n  f r a c t u r e  

touj:hness v e r s u s  i s o t h e r m a l  t r e a t m e n t  t i m e  a t  250°C u s i n g  

s c h e d u l e  2B 
2  ' 

Fig .  28. O p t i c a l  micrograph showing m i c r o s t r u c t u r e s  o b t a i n e d  a f t e r  

i s o t h e r m a l  t r a n s f o r m a t i o n  a t  250°C f o r  30 h r s .  ( f u l l y  

b a i n i t i c ) .  (a) shows t h e  p r i o r  a u s t e n i t e  g r a i n  s i z e  and 

(b)  , ( c )  r e p r e s e n t  t h e  m i c r o s t r u c t u r e .  

F ig .  29. Curves showing h a r d n e s s  v s .  i s o t h e r m a l  t r a n s f o r m a t i o n  t i m e ,  

f o r  s c h e d u l e s  2Bl, (210°C i s o t h e r m a l )  b 2B2 ( 2 5 0 " ~  i so the rmal . ) .  

F i g .  30. Curves showing s t r e n g t h  and c a l c u l a t e d  K v e r s u s  i s o t h e r m a l  I c 

t r e a t m e n t  t i m e  a t  250°C u s i n g  s c h e d u l e  2B 2 ' 

F i g .  33. ( a )  & (b)  F r a c t u r e  s u r f a c e s  o f  specimens  a s  i n  30. Tllc 

f r a c t u r e  mode i s  e s s e n t i a l l y  q u a s i - c l e a v a g e .  

; l u s t t n i t i z n t i o n ;  s c h e d u l e  21: t h e r m a l  c y c l i n g .  
1  



Fig .  34. E f f e c t  o f  thermal  c y c l i n g  on y i e l d  s t r e n g t h  - c a l c u l a t e d  K 
I c  

o f  t h e  secondary h a r d e n i n g  Vasco PIA s t e e l .  Schedule  1 E 

commercial a u s t e n i t i z a t i o n ;  Schedule  2 r thermal  c y c l i n g .  

F ig .  35. EDAX a n a l y s i s  o f  m a t r i x  and c a r b i d e  o f  specimen M-8, s u b j e c t e d  

t o  commercial a u s t e n i t i z a t i o n  + quench and temper a t  550°C 

(2 h r s  .) . 
Pig .  36. EDAX a n a l y s i s  o f  m a t r i y  and c a r b i d e  o f  specimen s u b j e c t e d  t o  

thermal  c y c l i n g  + temper a t  400°C (specimen 303) & temper 

a t  550°C (specimen 302) .  

F ig .  37. V i s u a l  d i s p l a y  on t h e  Edax showing t h e  peaks  f o r  t h e  

v a r i o u s  e lements  p r e s e n t .  

Vig. 3 8 .  Three c a r b i d e s  011 a specimen tempered a t  5 5 0 " ~  (2  h r s . )  

which were a n a l y z e d  on t h e  EDAX. 

F i g .  39. EDAX a n a l y s i s  of c a r b i d e s  i n  38. 
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Fig. 32. 
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Fig.  37.  
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