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An expe r imen ta l  p r o g r a m  was ca r r i e d  out to c lar i fy  the s t r u c t u r e - p r o p e r t y  re la t ionsh ips  
in  fu l ly -pea r l i t i c  s t ee l s  of modera te ly  high s t rength  levels ,  and to identify the c r i t i ca l  
m i c r o s t r u c t u r a l  f ea tu res  that control  the deformat ion  and f r a c t u r e  p r o c e s s e s .  Specif i-  
cally,  the yield s t r eng th  was shown to be cont ro l led  p r i m a r i l y  by the i n t e r l a m e l l a r  pe a r -  
l i te  spacing,  which i t se l f  was a function of the i so the rma 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  
and to a l imi ted  degree  the p r i o r - a u s t e n i t e  g ra in  s ize .  Charpy t e s t s  on s tandard  and fa- 
t igue p rec racked  samples  revealed  that va r i a t i ons  in the impact  energy and dynamic 
f r ac tu r e  toughness  were  dependent p r i m a r i l y  on the p r i o r - a u s t e n i t e  gra in  s ize,  i n c r e a s -  
ing with dec reas ing  g ra in  s ize,  and to a l e s s e r  extent with d e c r e a s i n g  pear l i t e  colony 
s ize .  These  t r ends  were  subs tant ia ted  by a s t a t i s t i ca l  ana lys i s  of the data, that ident if ied 
the re la t ive  cont r ibu t ion  of each of the dependent  va r i ab le s  on the value of the independ-  
ent va r iab le  of i n t e r e s t .  The r e su l t s  were  examined in t e r m s  of the deformat ion  behavior  
be ing control led by the in te rac t ion  of s l ip d i s loca t ions  with the f e r r i t e - c e m e n t i t e  i n t e r -  
face, and the f r a c t u r e  behavior  being cont ro l led  by a s t r uc tu r a l  subuni t  of constant  f e r -  
r i t e  or ien ta t ion .  P r e l i m i n a r y  data sugges ts  that the s ize  of such uni ts  a re  control led by, 
but a re  not iden t ica l  to, the p r i o r - a u s t e n i t e  g ra in  s ize .  Poss ib le  o r ig ins  of this  f r ac tu re  
unit  a re  cons idered .  

THE r e l a t ion  of m i c r o s t r u c t u r e  to mechanica l  p rop-  
e r t i e s  in carbon  s tee ls  has been  the subject  of con- 
s i de rab l e  r e s e a r c h .  It is well  known for example that  
i n c r e a s i n g  the carbon content  i n c r e a s e s  a s t e e l ' s  
s t rength ,  but usual ly  only at the expense of f r ac tu r e  
toughness .  More specif ical ly ,  however,  there  is  con- 
s i de rab l e  debate as to how m i c r o s t r u c t u r a l  va r i a t i ons  
affect mechan ica l  p rope r t i e s .  We intend to examine  
the o r ig in  of such va r i a t ions  for fully pear l i t i c  eu tec-  
told s t ee l s .  

It is  genera l ly  agreed that in  high carbon n e a r - e u -  
teetoid s tee l s ,  it is  the pea r l i t e  r a the r  than p roeu tec -  
told f e r r i t e  that controls  s t rength ,  and re f in ing  the 
pea r l i t e  i n t e r l a m e l l a r  spac ing  r e su l t s  in an i n c r e a s e  
in yie ld  s t rength .  1-3 However,  the f r ac tu re  p roc e s s  in  
pea r l i t i c  s tee l s  is  less  well  unders tood.  This  is  due, 
in par t ,  to the difficulty in i so la t ing  different  m i c r o -  
s t r u c t u r a l  v a r i a b l e s .  The re  have been confl ict ing r e -  
su i t s  r epor ted  in the l i t e r a t u r e  as to the effects of 
pea r l i t e  i n t e r l a m e l l a r  spacing,  4'5 pear l i t e  colony s ize ,  1 
and p r i o r - a u s t e n i t i c  g ra in  s ize  6 on the toughness  of 
s tee l .  Di f fe rences  in carbon  level ,  al loy content,  and 
p r o c e s s i n g  condit ions among the s tee l s  examined 
make def ini t ive  evaluat ion of the l i t e r a tu r e  r e s u l t s  dif-  
f icul t .  

The p r e s e n t  work was under taken ,  therefore ,  to 
c la r i fy  the s t r u c t u r e - p r o p e r t y  r e l a t ionsh ips  in ful ly-  
pea r l i t i c  s teel ,  and to identify which of the above c r i -  
t i ca l  m i c r o s t r u c t u r a l  f ea tu re s  control  the de format ion  
and f r a c t u r e  p r o c e s s e s .  

EXPERIMENTAL 

M a t e r i a l  

The m a t e r i a l  used for this  inves t iga t ion  was sup-  
pl ied by the Assoc ia t ion  of A m e r i c a n  Ra i l roads  as hot 

J. M. HYZAK is Metallurgist, Air Force Materials Laboratory, (LLN), 
Wright Patterson Air Force Base, Dayton, OH 45433. I. M. BERNSTEIN 
is Associate Professor, Department of Metallurgy and Materials Science, 
Carnegie-Mellon University, Pittsburgh, PA 15213. 

Manuscript submitted September 23, 1975. 

METALLURGICAL TRANSACTIONS A 

ro l led  r a i l  s t ee l  stock.  The chemica l  composi t ion  was 
analyzed to be: C-0.81 wt pct, Mn-0.87 wt pct, P-0.018 
wt pct, S-0.013 wt pct, Si-0.17 wt pct and F e - B a l a n c e .  

Both s tandard  ASTM Charpy and t ens i l e  b lanks  were 
cut f rom the s tock so that the f r a c t u r e  plane of each 
spec imen  would be t r a n s v e r s e  to the ro l l i ng  d i rec t ion .  

Heat T r e a t m e n t  

Specimens  were  heat t r ea ted  over  a r ange  of t em-  
p e r a t u r e s  for va r ious  t imes  to produce a sys t ema t i c  
va r i a t ion  in  m i c r o s t r u c t u r e  (Table I). Ove r s i zed  
blanks  (12 mm sq.),  were aus ten i t ized  for  1 to 3 h in 
the t e m p e r a t u r e  range  from 1073 K (1472~ to 1473 K 
(2192~ The f ines t  g ra in  s t ruc tu re  was developed by 
rapid ly  aus ten i t i z ing  the samples  to a t e m p e r a t u r e  of 
approximate ly  1103 K (1526~ and subsequent ly  

Table I. Heat Treatment Schedule for Eutectoid Steel 

Austenization* Salt Bath 
Heat Temperature Temperature 

Treatment K ~ F K o F 

It 1103 (1526) 838 (1049) 
2t 1103 (1526) 858 (1085) 
3t 1103 (1526) 898 (1157) 
4t 1073 (1472) 823 (1072) 
5 1073 (1472) 838 (1049) 
6 1073 (1472) 858 (1085) 
7 1073 (1472) 898 (1157) 
8 1073 (1472) 948 (1247) 
9 1143 (1598) 823 (1022) 

10 1143 (1598) 838 (1049) 
11 1143 (1598) 858 (1085) 
12 1143 (1598) 898 (1157) 
13 1273 (1832) 823 (1022) 
14 1273 (1832) 858 (1085) 
15 1473 (2192) 858 (1085) 
16~ 1473 (2192) 858 (1085) 
17 As Received Rail Structure 

*Austenization time-1 h. 
tThermal cycle treatment. 
~:Austenization time-3 h. 
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t r a n s f o r m i n g  be low the A~ be fo re  t h e r e  was  t i m e  for  
subs tan t i a l  g r a i n  growth  in the  high t e m p e r a t u r e  
r a n g e .  7 Af t e r  aus t en i t i z ing ,  s p e c i m e n s  w e r e  t r a n s -  
f o r m e d  to p e a r l i t e  in s a l t  po t s  held at  v a r i o u s  t e m -  
p e r a t u r e s  in the  r ange  823 K (1022~ to 948 K (1247~ 
T r a n s f o r m a t i o n  t i m e s  we re  chosen  su f f i c ien t  to ensu re  
comple t e  t r a n s f o r m a t i o n s ,  without  a p p r e c i a b l e  s p h e r -  
o id iza t ion .  S p e c i m e n s  we re  then mach ined  to f inal  
s ize ;  for  the Cha rpy  th i s  was 10 m m  sq, and for  the 
t e n s i l e s  th is  was  to a gage d iam of 6.35 ram.  Although 
the ac tua 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  was  h igher  than 
the sa l t  ba th  t e m p e r a t u r e  (by as  much as  40~ for  the 
lowes t  t e m p e r a t u r e ) ,  the  t r a n s f o r m a t i o n  was  s e n s i b l y  
i s o t h e r m a l  in n a t u r e .  Th is  was c o n f i r m e d  by p e a r l i t e  
spac ing  and h a r d n e s s  m e a s u r e m e n t s  t aken  on c r o s s -  
s ec t i ons  of s p e c i m e n s  mach ined  to f ina l  s i z e .  Inas -  
much as  r e a c t i o n  k i n e t i c s  we re  not of i n t e r e s t  in th i s  
s tudy,  the  t r a n s f o r m a t i o n  wi l l  be d e s c r i b e d  by the ba th  
r a t h e r  than the  r e a c t i o n  t e m p e r a t u r e .  

Quan t i t a t ive  M e t a l l o g r a p h i c  Techn iques  

Quant i ta t ive  a n a l y s e s  of the  m i c r o s t r u c t u r e  de -  
ve loped  f rom each  of the heat  t r e a t m e n t s  inc luded  
m e a s u r e m e n t s  of the  p r i o r - a u s t e n i t e  g r a i n  d i a m e t e r ,  
the  p e a r l i t e  co lony d i a m e t e r ,  and the  p e a r l i t e  i n t e r -  
l a m e l l a r  spac ing .  

The r andom i n t e r c e p t  method  8 was  used  to d e t e r -  
mine  the a u s t e n i t e  g r a i n  s i z e .  M e a s u r e m e n t s  we re  
taken  f rom coupons that  had been  a u s t e n i t i z e d  with the 
t e s t  s p e c i m e n s ,  quenched,  and subsequen t ly  hea t  
t r e a t e d  and e t ched  to  r e v e a l  the g r a i n  s t r u c t u r e .  T e m -  
p e r i n g  t h e s e  coupons  a t  783 K (950~ for  16 h, fol -  
lowed by e tch ing  in bo i l ing  p i c r i c  ac id ,  s u c c e s s f u l l y  
r e v e a l e d  the  p r i o r - a u s t e n i t e  s t r u c t u r e  a s  d a r k  g r a i n  
b o u n d a r i e s  on a white  m a t r i x .  ~ 

In o r d e r  to b e t t e r  r e s o l v e  the p e a r l i t e  s t r u c t u r e ,  
e l e c t r o n  t r a n s m i s s i o n  m i c r o s c o p y  e m p l o y i n g  conven-  
t i ona l  t w o - s t a g e  ca rbon  r e p l i c a  t echn iques  was  used .  
The colony s i z e  was  d e t e r m i n e d  f r o m  the  s a m e  m i c r o -  
g raphs  by the r a n d o m  i n t e r c e p t  method .  

Af t e r  c o n s i d e r a b l e  p r e l i m i n a r y  s tudy,  i t  was de-  
c ided to obta in  the  p e a r l i t e  spac ing  by m e a s u r i n g  the 
i n t e r l a m e l l a r  d i s t a n c e  in those  co lon ies  whe re  the 
p l a t e s  we re  o r i e n t e d  n e a r l y  p e r p e n d i c u l a r  to the  plane 
of o b s e r v a t i o n .  The p e a r l i t e  in t h e s e  co lon i e s  would 
thus be m o s t  l i ke ly  to p r o j e c t  the  t r u e  spac ing .  Th is  
method was  chosen  in o r d e r  to r e d u c e  the  s t a t i s t i c a l  
counts  needed,  e s p e c i a l l y  when us ing  the r andom in-  
t e r c e p t  t echnique .  M e a s u r e m e n t s  w e r e  made  along 
s ecan t s  d rawn  p e r p e n d i c u l a r  to t hese  co lon ies  in s i m i -  
l a r  fash ion  to the  work  of Brown and R i d l e y .  ~ Re su l t s  
of th i s  technique  c o m p a r e d  f avo rab ly  with l i m i t e d  da ta  
obta ined  us ing  the  r andom i n t e r c e p t  method ,  and, a s  
ment ioned,  w e r e  not a funct ion of l oca t i on  in  the  c r o s s -  
sec t ion .  

Mechan i ca l  Tes t i ng  

The t e s t i ng  p r o g r a m  included both t e n s i l e  and in-  
s t r u m e n t e d  i m p a c t  t e s t s .  Room t e m p e r a t u r e  t e n s i l e  
t e s t s  were  p e r f o r m e d  at  a s t r a i n  r a t e  of 0.01 p e r  min .  
Both the y i e l d  s t r e n g t h  (0.2 pc t  offset )  and the r e d u c -  
t ion in a r e a  w e r e  ca l cu l a t ed  and c o r r e l a t e d  with m i -  
c r o s t r u c t u r e  v a r i a t i o n s  due to hea t  t r e a t m e n t .  

Dynamic  i n s t r u m e n t e d  i m p a c t  t e s t s ,  on p r e c r a c k e d  
Charpy  s p e c i m e n s ,  w e r e  chosen  to eva lua t e  the  i m -  
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pac t  f r a c t u r e  toughness  a s  a funct ion of heat  t r e a t -  
meri t .  1~ An i n s t r u m e n t e d  i m p a c t  s y s t e m  u t i l i z e s  s t r a i n  
gages  mounted  in the  s t r i k i n g  tup to s e n s e  and r e c o r d  
the  l o a d - t i m e  h i s t o ry  of the  f r a c t u r e  p r o c e s s .  In  add i -  
t ion,  the  m o r e  convent iona l  m e a s u r e  of toughness ,  
e n e r g y  a b s o r b e d ,  i s  a l so  r e c o r d e d .  F r o m  these  da ta ,  
both  W/A ( abso rbed  ene rgy  p e r  f r a c t u r e d  a r e a )  and dy-  
n a m i c  f r a c t u r e  toughness ,  KID , va lues  we re  d e t e r -  
m i n e d  for  each  t e s t  condi t ion .  

KID i s  the  f r a c t u r e  t oughness  of a m a t e r i a l  a s  
m e a s u r e d  under  dynamic  o r  i m p a c t  condi t ions .  F o r  
t h e s e  e x p e r i m e n t s  the s t r e s s  in tens i ty  r a t e ,  (/~), was  

N Since t h e r e  i s  a s  ye t  no s t a n d -  3.3 to 4.4 • 10 s m3/2 s" 

a r d i z e d  p r o c e d u r e  for  th i s  t ype  of t e s t i ng  and da t a  r e -  
duct ion,  ca lcu la t ion  of KID va lues  f rom t e s t  da t a  i s  
d i s c u s s e d  in Appendix 1, for  both the e l a s t i c  and p l a s -  
t i c  t y p e s  of f r a c t u r e .  Whi le  the  p h y s i c a l  s i gn i f i cance  

of KID va lues  may  be a s o u r c e  of d i s a g r e e m e n t  due to 
n o n s t a n d a r d i z e d  t e s t  me thods ,  they  a r e  none the  l e s s  
i m p o r t a n t  a s  an add i t iona l  m e a n s  of eva lua t ing  r e l a -  
t ive  changes  in impac t  toughness  l e v e l s .  It should be 
noted tha t  changes  in dyna mic  f r a c t u r e  toughness  c o r -  
r e l a t e d  wel l  with v a r i a t i o n s  in impac t  ene rgy  fo r  th is  
s e r i e s  of e x p e r i m e n t s .  

The  r e s u l t s  of the i m p a c t  t oughness  t e s t s  w i l l  be 
r e p r e s e n t e d  p r i m a r i l y  a s  Charpy  t r a n s i t i o n  c u r v e s ,  
and only the Charpy  t r a n s i t i o n  wi l l  be c o r r e l a t e d  with  
m i c r o s t r u c t u r e .  The Cha rpy  t r a n s i t i o n  t e m p e r a t u r e  
r e p o r t e d  h e r e i n  wi l l  be the  t e m p e r a t u r e  c o r r e s p o n d i n g  

to a W/A r a t i o  of 13.5 • 104 N (71 ft lb/ in.~) .  Th i s  
m 

va lue  i s  roughly  equal  to  o n e - h a l f  the d i f f e r ence  b e -  
tween  the lower  and upper  she l f  energy ,  a va lue  f r e -  
quent ly  used  in the  pa s t  a s  a m e a s u r e  of t r a n s i t i o n  
t e m p e r a t u r e . ~ l  

S t a t i s t i c a l  A n a l y s i s  

M u l t i p l e - l i n e a r  r e g r e s s i o n  a n a l y s e s  we re  p e r f o r m e d  
to d e t e r m i n e  s t a t i s t i c a l l y  the  dependence  of 'the v a r i -  
a b l e s ,  y i e ld  s t reng th ,  Cha rpy  t r a n s i t i o n  t e m p e r a t u r e ,  
and r educ t ion  in a r ea ,  on the  t h r e e  m i c r o s t r u c t u r a l  
p a r a m e t e r s  of i n t e r e s t ,  viz, aus t en i t e  g ra in  s i ze ,  
p e a r l i t e  colony s ize ,  and p e a r l i t e  i n t e r l a m e l l a r  s p a c -  
ing.  A b a s i c  l i n e a r  m u l t i p l e  r e g r e s s i o n  c o m p u t e r  sub-  
p r o g r a m  was  used .  B e c a u s e  the  p r o g r a m  did not  have 
the  capab i l i t y  of d e t e r m i n i n g  the  funct ional  dependence  
of each  dependent  v a r i a b l e ,  the  funct ional  r e l a t i o n -  
s h i p s  had to be  a s s u m e d .  The  f ina l  a n a l y s i s  was  b a s e d  
on the  r e l a t i o n s h i p s  of d -1/2 (g ra in  s ize- i /2) ,  p-1/2 (col -  
ony size-~/2),  and S -~/2 ( p e a r l i t e  spacing-11~). In p r e -  
l i m i n a r y  a n a l y s e s ,  t he se  r e l a t i o n s h i p s  gave the  b e s t  
c o r r e l a t i o n  with the e x p e r i m e n t a l  da ta .  Func t iona l  r e -  
l a t i onsh ip s  of th is  type  have been  p r e v i o u s l y  d e s c r i b e d  
in the  l i t e r a t u r e  1-3 for  s i m i l a r  types  of s t e e l s .  A com-  
p l e t e  d e s c r i p t i o n  of the a n a l y s e s  i s  conta ined in Ap-  
pend ix  2. The units  for  the  t h r e e  s t r u c t u r a l  p a r a m e -  
t e r s ,  g r a i n  and colony s i z e  and p e a r l i t e  spac ing  a r e  in 
c e n t i m e t e r s .  

EXPERIMENTAL RESULTS 

M i c r o s t r u c t u r e  

R e s u l t s  of the quan t i t a t ive  m i c r o s c o p y  a s p e c t  of the  
s tudy  a r e  p r e s e n t e d  in T a b l e  II .  Examina t ion  of the  
m i c r o s t r u c t u r e  for  each  hea t  t r e a t m e n t  r e v e a l e d  a 
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Table II. The Effect of Heat Treatment on Microstructure of Eutectoid Steel 

Heat Austenitic Grain Pearlite Colony Pearlite Spacing, 
Treatment Size, 10 ̀3 cm Size, 10 -4 cm 10 -6 cm 

1 1.43 4.78 14.10 
2 1.43 4.57 15.35 
3 1.43 5.26 19.50 
4 2.52 5.38 13.00 
5 2.52 4.75 13.75 
6 2.52 6.58 15.16 
7 2.52 6.09 17.50 
8 2.52 6.34 27.00 

9 3.51 6.04 12.10 
10 3.51 5.33 14.00 
11 3.51 4.29 14.10 
12 3.51 5.15 16.35 
13 4.02 5.56 11.93 
14 4.02 5.76 13.75 
15 14.73 5.67 13.62 
16 16.65 5.70 11.57 
17 13.0" 7.12 15.67 

*Estimated. 
(The uncertainty in the values for grain size, colony size and pearlite spacing 

of the order of 10 pct.) 

Table I l l .  Effect of Heat Treatment on Mechanical Properties 
of Eutectoid Steel 

Charpy 
Transition 

Temperature, Yield 

Heat ~ Strength, ksi Reduction in Hardness, 

Treatment K ~ (MN/m 2) ksi Area, Pct R c 

1 397 220 544.0 78.9 47.9 23.7 
2 369 205 509.5 73.9 44.5 22.8 
3 369 205 437.1 63.4 43.5 16.0 
4 395 252 570.2 82.7 32.1 27.7 
5 390 243 568.8 82.5 33.2 27.3 
6 397 255 546.1 79.2 28.8 26.3 
7 405 270 479.9 69.6 22.5 22.1 
8 400 260 422.0 61.2 26.8 17.3 
9 402 265 633.6 91.9 36.1 28.6 

10 405 270 580.5 84.2 30.0 28.3 
11 401 263 559.9 81.2 29.9 26.1 
12 405 270 467.5 67.8 24.5 21.7 
13 406 272 621.2 90.1 32.5 30.8 
14 402 265 610.9 88.6 31.0 29.0 
15 433 320 620.5 90.0 15.2 28.8 
16 433 420 620.5 90.0 9.6 30.6 
17 430 315 505.4 73.3 14.0 24.0 

fully pear l i t i c  s t ruc tu re .  As expected, aus teni te  g ra in  
s ize  i nc r ea sed  with i n c r e a s i n g  ans ten iza t ion  t ime  and 
t e m p e r a t u r e ,  f rom 1.43 x 10 -~ cm to 16.65 x 10 -s cm. 
As noted previous ly ,  the f ines t  aus teni te  gra in  s t r u c -  
tu re  was produced by a rap id  t h e r m a l  cycle t e c h n i q u e ]  

The pea r l i t e  i n t e r l a m e l l a r  spacing was a s t rong  
funct ion of the 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 -  
ture;  the pea r l i t e  spac ing  a lso  i nc rea sed  as the p r i o r  
aus ten i te  gra in  d i ame te r  dec reased .  This  r a t h e r  in -  
t e r e s t i n g  resu l t ,  subs tan t ia ted  by s t a t i s t i ca l  ana ly s i s  
(see Appendix 2.13), has a lso  been observed by Glad-  
man  e t  al 1 in a recent  paper  on cont inuously cooled 
s tee l s ,  and by o thers .  12 The r ea son  for this  behavior  
is not c lear ,  but it does not appear  to be r e l a t ed  to 
va r i a t i ons  in aus ten i t i z ing  t e m p e r a t u r e  and subsequent  
changes in cooling r a t e .  To demons t r a t e  this ,  spec i -  
mens  s tep-quenched f rom a higher  aus ten i t i z ing  t e m -  
p e r a t u r e  (e .g . ,  1273 K) to a lower one (e .g . ,  1073 K) 
had a f ine r  pea r l i t e  spac ing  than spec imens  aus t en i -  
t ized  only at 1073 K. This  is  an in t r igu ing  r e s u l t  which 
c l ea r ly  de se rves  fu r the r  s tudy.  

For  the heat t r e a t m e n t s  per formed ,  the pea r l i t e  
colony d i ame te r  was r e l a t i ve ly  constant ,  in the range  
4.5 to 6.0 x 10 -~ cm. Gladman  1 has repor ted  a much 
l a r g e r  range  of colony s ize than repor ted  here in ,  for 
s t ee l s  cont inuously cooled, but of va r iab le  compos i -  
t ion.  Because  of the s m a l l  va r i a t ion  in colony s ize in  
this  study, it wil l  be diff icult  to de t e rmine  conclus ive ly  
to what extent pea r l i t e  colony s t r uc tu r e  affects me -  
chanica l  p rope r t i e s .  The la rge  va r ia t ions  in p r o p e r -  
t i es  that a re  observed  however,  tends to negate  any 
c r i t i c a l  ro le  of colony s ize  in control l ing r e su l t a n t  
p r o p e r t i e s .  

Strength and Hardness  

As expected, both the room t e m p e r a t u r e  yie ld  s t r e s s  
and ha rdness  were  found to be a s t rong  funct ion of the 
pea r l i t e  i n t e r l a m e l l a r  spacing.  For  a given p r i o r  aus-  
ten i t ic  g ra in  s ize,  the re  is  typical ly  a 20 to 30 pct in-  
c r e a s e  in the 0.2 pct offset yield s t r e s s  going f rom the 
c o a r s e s t  pea r l i t e  spac ing  developed in  this  p r o g r a m  

to the f ines t  (Table III). A l a r g e r  pea r l i t e  range  was 
not s tudied because  of our i n t e r e s t  in this  s t e e l ' s  be- 
havior at high s t rength  levels .  

The r e g r e s s i o n  equation found to bes t  desc r ibe  the 
re la t ionsh ip  between yield s t r e s s  and the th ree  mi-  
c r o s t r u c t u r a l  fea tures  is:  

cry s (Ksi)* = 3.16 x 10 -1 (S -1/2) - 5.79 • 10 -2 (p-i/2) 

- 4 . 1 7  • 10  -I ( d - 1 / 2 ) ,  + 7 . 5 8 ,  

*1 ksi = 6.89 MPa. K = (5/9)(~ + 459.67). 

with s tandard  e r r o r s  of the coeff ic ients  of 4 .61x 10 -2, 
4.19 x 10 -1 and 2.25x 10 -1, r e spec t ive ly .  According  to 
the s t a t i s t i ca l  t r ea tmen t ,  compar i son  of the s tandard  
e r r o r  of the coefficient  to i ts  co r respond ing  r e g r e s -  
s ion coefficient  gives a m e a s u r e  of the co r re l a t ion  be-  
tween v a r i a b l e s .  A re la t ive ly  la rge  e r r o r  would indi-  
cate that the two va r i ab le s  a re  not s igni f icant ly  re la ted .  
The computed T value which is s imply  the r e g r e s s i o n  
coefficient  divided by the s tandard  e r r o r  of the coeffi- 
cient  is p r e se n t e d  in Appendix 2 for  the purpose  of 
compar ison;  the g rea te r  the absolute  value of T the 
be t t e r  the co r r e l a t i on  between v a r i a b l e s .  

Thus,  the p rev ious  equation shows that i n c r e a s e s  
in  yield s t r eng th  cor re la t e  bes t  with d e c r e a s e s  in 
pear l i t e  spacing,  and although the p r i o r  aus teni te  
gra in  s ize  a lso  has an effect on s t rength ,  the c o r r e l a -  
t ion is  not as grea t .  Indeed, fu r the r  ana lyses  (Appen- 
dix 2.8, 2.9~ 9..10) indicate  that pea r l i t e  spacing alone 
can account  for 84 pct of the va r i a t i on  in s t rength,  
while g ra in  s ize  can only account  for 37 pct.  Var ia -  
t ions in pea r l i t e  colony s ize have m i n i m a l  effect on 
s t rength  for  the l imi ted  range  ava i lab le  in  this  study, 
as shown by the s tandard  e r r o r  of the coefficient be-  
ing l a rge r  than the r e g r e s s i o n  coeff icient .  

The ana ly se s  indicate  that y ie ld  s t r e s s  does in-  
c r ea se  somewhat  as p r i o r  aus ten i te  g ra in  size in-  
c r e a s e s .  However,  this  is  probably  not a d i rec t  effect 
of gra in  s ize  on the deformat ion  p r o c e s s ,  but ins tead  
is  a t t r ibu tab le  to the re la t ionsh ip  between g ra in  size 
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and pear l i t e  spacing.  As mentioned above, for  a given 
i so thermal  t rans format ion  tempera ture ,  pea r l i t e  spac- 
ing dec reases  as the grain s ize i nc rea se s .  Therefore ,  
the beneficial  effect of a large  grain s ize  on strength 
is  not a d i rec t  effect, but resu l t s  from a ref inement  
of the pear l i t e  spacing.  

The complete range of data is  summar ized  in Fig.  1. 
The graph bea r s  out the conclusion that s t rength is  
p r i m a r i l y  a function of the pear l i t e  i n t e r l ame l l a r  
spacing, and a lso  that the re la t ionship is  sa t i s fac to r i ly  
r ep resen ted  by an inverse  squared power law. 

Toughness 

Impact toughness, as  measured  by the Charpy 
t rans i t ion  t empera tu re ,  ranged from 205~ (368 K) 
for two f ine-gra ined  mic ros t ruc tu r e s  to 315~ (430 K) 
for  the coarses t  grained s tee l  (Table III). The best  fit  
r eg res s ion  equation, containing t e r m s  for  each of the 
three  m i c r o s t r u c t u r a l  var iab les  was de te rmined  to be: 
T.T. (~ = -8.25 • 10 -~ (S-~/2)- 1.22 (p-~/2)_ 5.55 (d -t/~) 
+ 4.35 • 10~with s tandard  e r r o r s  of the coefficients of 
8.74 • 10 -z, 7.94 • 10 -~ and 4.27 • 10 -x, r espec t ive ly .  

The large  s tandard  e r r o r  of the coefficient for the 
pear l i t e  spacing fac tor  indicates  that there  is  no signi-  
ficant cor re la t ion  between toughness and pea r l i t e  
spacing.  P r i o r - a u s t e n i t e  grain size,  however,  c o r r e -  
lated well with t r ans i t ion  t empera tu re .  In fact in a 
separa te  analys is  (Appendix 2.3), grain s ize  was able 
to account for 94 pct of the var ia t ion  in toughness.  The 
s ta t i s t i ca l  fit is  i nc reased  at the 10 pct s ignif icance 
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Fig.  2 - -Charpy  t r a n s i t i o n  c u r v e s  as  a function of p r i o r  aus -  
teni t ic  g ra in  s ize .  

level  by re ta ining the t e rm for  pea r l i t e  colony s ize,  
suggesting that this  factor can contribute.  

The resul tan t  r eg re s s ion  equation incorporat ing 
only these two t e rms  is: T.T.  (~ - 1.49 (p-~12)_ 5.33 
(d -zj2) + 4.21 • 102 with s tandard  e r r o r s  of the coeffi-  
cients of 7.49 • 10 -~ and 3.57 • 10 -x, respec t ive ly .  
Note that the p r io r  austenite grain t e rm  has a r e -  
g ress ion  coefficient l a rge r  than that for colony s ize  
by a factor  of approximately 4 to 1. This supports  the 
graphica l  resu l t s ,  plotted in F ig .  2, and indicates  that 
grain s ize  is the effective means of influencing the 
toughness of eutectoid s teel .  

Fig .  2 shows that the Charpy t rans i t ion  t empera tu re  
is  shifted down the t empera tu re  sca le  as the grain 
s ize  is  decreased ,  with the pea r l i t e  spacing main- 
tained at a constant value. The conjugate case is  r e -  
p resen ted  in Fig.  3; here the p r io r - aus t en i t i c  gra in  
s ize  i s  kept constant and the pearUte spacing is var ied ,  
with no apparent  effect on the t rans i t ion  t empera tu re .  
The complete range of data is  summar ized  in F ig .  4 
by plot t ing Charpy t rans i t ion  t empera tu re  vs  (d-~12). 
These data support the previous  conclusion that tough- 
ness is  p r i m a r i l y  a function of p r io r - aus t en i t e  gra in  
s ize .  

The corresponding values of dynamic f rac tu re  
toughness,  (KID) , assoc ia ted  with the data of Fig .  2 
a r e  i l l u s t r a t ed  in Fig.  5. At a t empera tu re  of 0~ 
the dynamic f rac tu re  toughness,  KID , inc reased  f rom 
approximate ly  20 ksi  ~ (22 MN/m 3n) to 38 ksi  
(41.7 MN/m 3n) by refining the gra in  s ize  an order  of 
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F i g .  5 - - D y n a m i c  f r a c t u r e  t o u g h n e s s ,  KID, c u r v e s  as  a f u n c -  
t i o n  of p r i o r  aus teni t ic  g ra in  s ize .  

magni tude .  Th i s  c o r r e s p o n d s  to an i n c r e a s e  in c r i t i -  
ca l  f law s i ze  of a l m o s t  a f a c t o r  of four .  The above  i l -  
l u s t r a t i o n  shows that  fo r  dynamic  s e r v i c e  app l i ca t ion ,  
m i c r o s t r u c t u r a l  man ipu l a t i ons  can affect  a l a r g e  
change in the  c r i t i c a l  c r a c k  s i z e ,  put t ing it for  s o m e  
load ing  s i tua t ions  into the d e t e c t a b l e  s i ze  r a n g e  fo r  
n o n d e s t r u c t i v e  t e s t ing .  

F ina l l y ,  i t  i s  of i n t e r e s t  to examine  the ro l e  of m i -  
c r o s t r u c t u r e  on the upper  she l f  ene rgy  (F ig s .  2 and 3). 
A r e f i ned  aus t en i t e  g ra in  s i z e  g r ea t l y  i n c r e a s e s  the  
e n e r g y  a b s o r b e d  dur ing  the p l a s t i c  t e a r i n g  p r o c e s s e s  
n o r m a l l y  a s s o c i a t e d  with the  upper  she l f .  The p e a r l i t e  
s pac ing  has  a n o n s y s t e m a t i c  effect;  if anything,  the  
uppe r  she l f  ene rgy  shows a t endency  to i n c r e a s e  with 
d e c r e a s i n g  p e a r l i t e  spac ing .  It s e e m s  c l e a r  that  for  
eu tec to id  s t e e l s ,  the c r i t i c a l  s t r u c t u r a l  p a r a m e t e r  
con t ro l l i ng  toughness  i s  the  aus t en i t e  g ra in  s i z e .  Th is  
b e h a v i o r  ex tends  to the c a s e  of t en s i l e  duc t i l i ty  a s  d i s -  
c u s s e d  in the next  s ec t i on .  

Duc t i l i t y  

Duc t i l i ty ,  a s  m e a s u r e d  by the reduc t ion  in a r e a ,  
v a r i e d  with m i c r o s t r u c t u r e  f r o m  a p p r o x i m a t e l y  10 
pc t  to 50 pc t .  The r e g r e s s i o n  equat ion c o r r e l a t i n g  r e -  
duct ion  in a r e a  to m i c r o s t r u c t u r e  was :  RA (pct) = 1.24 
x 10 -1 (S -1/2) + 2.66 x 10 -t (p-t/e) + 1.85 (d-1/2) - 4.71 x 10 ~ 

with s t a n d a r d  e r r o r s  of the coef f i c ien t s  of 4.95 ~< 10"% 
4~ • 10 ~ and 2.42 x 10 -I, r e s p e c t i v e l y .  

E x a m i n a t i o n  of the  r e g r e s s i o n  coef f ic ien ts  ind i -  
c a t e s  tha t  the p r i o r  ans t en i t e  g ra in  d i a m e t e r  has  the  
g r e a t e s t  inf luence  on duc t i l i ty ,  with p e a r l i t e  s p a c i n g  
having  a m o r e  modes t  ef fec t  and colony s i ze  (for the  
r a n g e  a v a i l a b l e  in th is  s tudy)  having l i t t l e  e f fec t .  

DISCUSSION 

It  has  been  shown that  the  s t r e n g t h  of ful ly  p e a r l i t i c  
eu tec to id  s t e e l  i s  con t ro l l ed  m i c r o s t r u c t u r a l l y  by the 
p e a r l i t e  i n t e r l a m e l l a r  spac ing ,  while  f r a c t u r e  tough-  
n e s s  and t e n s i l e  duc t i l i ty  v a r y  i n v e r s e l y  with p r i o r  
a u s t e n i t i c  g r a i n  s i ze .  The r e s u l t s  a l so  sugges t ,  b a s e d  
on a l i m i t e d  r a n g e  of data ,  tha t  p e a r l i t e  colony s i z e  
does  not s ign i f i can t ly  af fec t  s t r eng th ,  and has ,  at  mos t ,  
a s e c o n d a r y  inf luence on toughness .  A m a j o r  s i gn i f i -  
cance  of t h e s e  r e s u l t s  i s  that  s t r e n g t h  and toughness  
a r e  con t ro l l ed  by d i f fe ren t  m i c r o s t r u c t u r a l  p a r a m e -  
t e r s ,  and thus,  an i n c r e a s e  in e i t he r  p r o p e r t y  need  
not be c o m p r o m i s e d ,  as  in the  m o r e  common c a s e  
when the two p r o p e r t i e s  a r e  i n v e r s e l y  r e l a t e d .  

METALLURGICAL TRANSACTIONS A 

The dependence  of the  y ie ld  s t r e n g t h  of high carbon  
s t e e l s  on p e a r l i t e  spac ing  has been  p r e v i o u s l y  r e -  
po r t ed  in the  l i t e r a t u r e .  1'3 T h e s e  s t ud i e s  concluded 
that  the flow s t r e s s  of p e a r l i t e  fo l lows  a H a l l - P e t c h  
r e l a t i o n s h i p :  

~y = c, i + ~y ( s )  - ' ~  

which a l so  f i t s  the  da ta  r e p o r t e d  h e r e i n .  K a r l s s o n  et  
a113 have r e c e n t l y  s u m m a r i z e d  e x i s t i n g  da ta  fo r  eu- 
t ec to id  s t e e l s  and have s t a ted  that  a b e s t  mean  value  
of the H a l l - P e t c h  s lope  (ky) for  the y i e l d  s t r e s s  is  
0.25 M N / m  3/2 which is  in exce l l en t  a g r e e m e n t  with the 
va lue  of 0.246 M N / m  3/2 obta ined in th i s  s tudy.  I t  
should be  noted that  the r e g r e s s i o n  a n a l y s i s  fo r  the 
r e s u l t s  of t h i s  s tudy r e s u l t e d  in a nega t ive  i n t e r c e p t  
which a l though c l e a r l y  i ncons i s t en t  wi th  the def in i t ion  
of f r i c t i on  s t r e s s  as  the  s t r e s s  for  d i s l o c a t i o n  move-  
ment  in the  l a t t i ce ,  has  a l so  been  r e p o r t e d  in two of 
the  t h r e e  s t ud i e s  on eu tec to id  s t e e l .  2'3 A s t a t i s t i c a l l y  
s a t i s f a c t o r y  c o r r e l a t i o n  can a l so  be ob ta ined  with  S -t, 
and a pos i t i ve  f r i c t i o n  s t r e s s  i s  ob ta ined .  The lack  
of a r i g o r o u s  m o d e l  for  e i t he r  funct ion m a k e s  fu r the r  
a n a l y s i s  u n n e c e s s a r y .  The Perch  s lope  va lue  obta ined  
f rom the f o r m e r  r e l a t i o n s h i p  i s  in good a g r e e m e n t  
with a v a r i e t y  of i r on  a l loys ,  imp ly ing  tha t  c a r b i d e - f e r -  
r i t e  i n t e r f a c e s  and f e r r i t e - f e r r i t e  i n t e r f a c e s  a r e  
equal ly  e f fec t ive  d i s loca t ion  b a r r i e r s .  

The exp lana t ion  g e n e r a l l y  advanced  a s  to why the 
flow s t r e n g t h  should be con t ro l l ed  by the  p e a r l i t e  
spac ing  i s  tha t  the  ava i l ab l e  s l ip  d i s t ance ,  in th i s  
c a se  the d i s t a n c e  be tween  p e a r l i t e  l a m e l l a e ,  i s  the  
mos t  i m p o r t a n t  v a r i a b l e  in d e t e r m i n i n g  s t r eng th .  
This  exp lana t ion  i s  qui te  r e a s o n a b l e  s i n c e  i t  has  been  
shown that  c a r b i d e  l a m e l l a e  a r e  e f fec t ive  b a r r i e r s  
to d i s l oca t i on  mot ion .  14 In fact ,  th is  a r g u m e n t  i s  e s s e n -  
t i a l  to s e v e r a l  t h e o r i e s  of m i c r o c r a c k  in i t i a t ion  in 
p e a r l i t e  which r e q u i r e  the s t r e s s  bui ldup at the c a r -  
b i d e - f e r r i t e  i n t e r f a c e  to be l a r g e  enough to c l eave  the 
c a rb ide  l a m e l l a .  15 

The f r a c t u r e  p r o c e s s  in eu tec to id  s t e e l s ,  however ,  
is  l e s s  wel l  unde r s tood .  Aus t en i t i c  g r a i n  s i ze ,  6 p e a r -  
l i t e  colony s i z e ,  t and p e a r l i t e  spac ing  4'5 have a l l  p r e -  
v ious ly  been  c o r r e l a t e d  with toughness  in the l i t e r a -  
t u r e .  The p r e s e n t  r e s e a r c h  has  d e m o n s t r a t e d  that  
v a r y i n g  the p r i o r - a u s t e n i t i c  g r a i n  s i z e  has  a much  
g r e a t e r  ef fec t  on the  subsequent  f r a c t u r e  toughness  
than v a r y i n g  the p e a r l i t e  spac ing  o r  colony s i z e .  

The effect  of p e a r l i t e  i n t e r l a m e l l a r  spac ing  on 
toughness  has  been  a m a t t e r  of c o n t r o v e r s y  in the 
l i t e r a t u r e .  We be l i e ve  that  th is  u n c e r t a i n t y  may  be 
due, in p a r t ,  to the  v a r i e d  ca rbon  and a l loy  contents  
of the p r e v i o u s l y  s tud ied  s t e e l s ,  s i nce  the  p r e s e n t  
da t a  i nd i ca t e s  l i t t l e  o r  no effect  of p e a r l i t e  spac ing  on 
impac t  f r a c t u r e  toughness  of p r e c r a c k e d  s p e c i m e n s .  
An explana t ion  p r o p o s e d  by Gladman e t  al, who found 
s i m i l a r  r e s u l t s  us ing  V-notch s p e c i m e n s ,  is  that  the 
effect  of c e m e n t i t e  p la t e  t h i ckness  and f e r r i t e  spac ing  
tend to cance l  one ano ther  out, with the  advan tages  
of a r educ t ion  in cemen t i t e  p la te  t h i c k n e s s  be ing  off- 
se t  by the  h a r m f u l  e f fec ts  of r e f in ing  the i n t e r l a m e l -  
l a r  f e r r i t e  spac ing .  Although th i s  r a t i o n a l i z a t i o n  ac -  
counts  for  the  data ,  we be l i eve  i t  m o r e  l ike ly  that  run-  
ning c leavage  c r a c k s  a r e  for  a l l  p r a c t i c a l  p u r p o s e s  
i n sens i t i ve  to i n t e r p e a r l i t e  s t r u c t u r e ,  so  long as  the 
p e a r l i t i c  f e r r i t e  o r i en t a t i on  i s  cont inuous .  We sha l l  
r e t u r n  to th i s  point .  
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It may a l so  be wor thwhi le  to ment ion  tha t  in p r e -  
l i m i n a r y  t e s t i ng  us ing  u n p r e c r a c k e d  V-no tch  s p e c i -  
mens ,  the  V-notch  t r a n s i t i o n  t e m p e r a t u r e  was  af fec ted  
to a g r e a t e r  ex tent  by  v a r i a t i o n s  in p e a r l i t e  spac ing  
than was the  va lue  ob ta ined  with dynamic  f r a c t u r e  
toughness  s p e c i m e n s .  This  would ind ica te  tha t  the 
in i t ia t ion  p r o c e s s  in t h e s e  s t e e l s  is  m o r e  s e n s i t i v e  to 
p e a r l i t e  s t r u c t u r e  than the p ropaga t ion  phase ,  a r e -  
su l t  cons i s t en t  with c r a c k s  being in i t i a t ed  at s t r e s s  con-  
cen t r a t i ons  at the f e r r i t e - c a r b i d e  i n t e r f a c e .  

The r e m a i n i n g  p a r a m e t e r  that  has not been con-  
s i d e r e d ,  and that  can be con t ro l l ed  by the p r i o r -  
aus ten i t i c  g ra in  s i ze ,  i s  the r e l a t i v e  c r y s t a l l o g r a p h i c  
o r i en ta t ions  of the v a r i o u s  m i c r o s t r u c t u r a i  un i t s .  P r e -  
v ious  r e s e a r c h e r s  6'16 who have s tudied  the f r a c t u r e  
p r o c e s s  in p e a r l i t i c  s t e e l s ,  have noted tha t  the 
c l eavage  c r a c k s  appa ren t l y  follow c e r t a i n  c l eavage  
p lanes  in the f e r r i t e  l a t h s .  Thus, if the p r i o r - a u s t e n i t e  
g ra in  s t r u c t u r e  can con t ro l  the r e s u l t a n t  f e r r i t e  o r i -  
en ta t ions  in p e a r l i t e ,  i t  may expla in  the inf luence  of 
g ra in  s i ze  on toughness .  

To mode l  the  s i tua t ion ,  c o n s i d e r  that  t oughness  i s  
r e l a t e d  to the  n u m b e r  of m i s m a t c h  b o u n d a r i e s  in a 
m i c r o s t r u c t u r e  at  which  a running c r y s t a l l o g r a p h i c  
c l eavage  c r a c k  m u s t  a l t e r  d i r ec t ion ,  p o s s i b l y  by r e -  
nuc lea t ion  o r  by s o m e  o t h e r  energy  a b s o r b i n g  p r o c e s s .  
F o r  p e a r l i t i c  s t e e l s ,  Tu rka lo  6 has  o b s e r v e d  tha t  the 
f r a c t u r e  path  of ten cont inued as  a s ing le  c l eavage  face t  
a c r o s s  a number  of p e a r l i t i c  co lonies ,  ex tend ing  ove r  
p a r t  of, or  in s o m e  c a s e s ,  the whole of one f o r m e r  a u s -  
t en i t e  g ra in .  Th is  would s e e m  to i m p l y  tha t  the  f e r r i t e  
f rom a s ingle  a n s t e n i t e  g ra in  has  a p r e f e r r e d  o r i e n -  
ta t ion ,  such tha t  c l eavage  p l anes  in a d j a c e n t  p e a r l i t e  
co lon ies  a r e  cont inuous o r  c lose ly  a l igned .  In l ine 
with th is  thinking,  a f i ne r  p r i o r  aus t en i t i c  g r a i n  s i ze  
would l ead  to s m a l l e r  uni ts  of p r e f e r r e d  f e r r i t e  o r i e n -  
t a t ion  and, t h e r e f o r e ,  a h igher  f r a c t u r e  toughness .  

An a l t e r n a t i v e  explana t ion ,  b a s e d  on S m i t h ' s  17 r e -  
su l t s  on p e a r l i t e  g rowth  in eu tec to id  s t e e l  i s  tha t  fo r  
a given t r a n s f o r m e d  aus t en i t e  gra in ,  the  f e r r i t e  la ths  
in p e a r l i t e  should b e a r  a spec i f i c  o r i e n t a t i o n  r e l a t i o n -  
ship  to a ne ighbor ing  g r a i n  of aus teni te ;  th i s  ad j acen t  
g r a i n  be ing  the t r u e  p a r e n t  g r a i n  for  the  c r y s t a l  of 
f e r r i t e .  Th is ,  of c o u r s e ,  d i f f e r s  f rom the  exp lana t ion  
p r o p o s e d  above,  which  r e q u i r e d  the p e a r l i t i c  f e r r i t e  
of each  colony be  r e l a t e d  to the  p r i o r - a u s t e n i t e  g r a i n  
in which i t  is  conta ined .  In th is  model ,  the  ef fec t  of 
p r i o r - a u s t e n i t e  g r a i n  s i ze  on toughness  i s  exp la inab le  
by r e l a t i n g  aus t en i t e  g r a i n  d i a m e t e r  to the  number  and 
s i ze  of o r i e n t a t i o n  " u n i t s "  in the  p e a r l i t e .  Each  
" u n i t "  i s  made  up of ad j acen t  p e a r l i t e  co lon ies  of 
common  p a r e n t a g e  and t h e r e f o r e  c o m m o n  f e r r i t e  
o r i en ta t ion .  In a s t r u c t u r e  that  has a l a r g e  p r i o r - a u s -  
t en i t i c  g r a i n  s i z e ,  t h e r e  may  be s e v e r a l  co lon ies  nu- 
c l ea t ed  on a g iven g r a i n  s ide  and t h e r e f o r e  of the  s a m e  
'un i t '  p a r e n t a g e .  In a f ine g ra ined  s t r u c t u r e  f a r  f ewer  
co lon ies  would have common pa ren t age ,  so each  " u n i t "  
m a y  be c o m p r i s e d  of a s  few as  one colony.  F o r  an 
equal  p e a r l i t e  colony s i ze ,  the  f i n e - g r a i n e d  s t r u c t u r e  
would thus have c o n s i d e r a b l y  m o r e  o r i e n t a t i o n  " u n i t s "  
and,  t h e r e f o r e ,  would p r e s e n t  m o r e  r e s i s t a n c e  to 
c r a c k  p ropaga t ion .  In suppor t  of th is  app roach ,  Dip-  
p e n a a r  and Honeycombe  18 r e c e n t l y  found, in a high 
manganese  s t ee l ,  tha t  the  p e a r l i t i c  f e r r i t e  and cemen-  
t i r e  a r e  r e l a t e d  to the  ans t en i t e  g r a i n  into which they  
a r e  not growing.  

To a s c e r t a i n  which of the  two p r o p o s e d  mode l s  i s  
o p e r a t i v e  r e q u i r e s  be ing  ab le  to d i f f e r en t i a t e  be tween  
p r i o r - a u s t e n i t e  and colony b o u n d a r i e s  in ful ly  eu t ec -  
to id  s t e e l s ,  in o r d e r ,  for  e x a m p l e ,  to show if t h e r e  i s  
a o n e - t o - o n e  c o r r e s p o n d e n c e  be tween  a f r a c t u r e  f ace t  
and a p r i o r - a u s t e n i t e  g r a in .  Such s tud ies  a r e  unde r -  
way, a s  a r e  o r i en ta t ion  d e t e r m i n a t i o n s  of the  f e r r i t e  
wi th in  ad j acen t  co lon ies .  As  p a r t  of th is  m o r e  com-  
p r e h e n s i v e  s tudy,  P a r k  19 has  m e a s u r e d  the face t  s i z e  
in m o r e  than  one hundred f r a c t u r e d  p r e c r a c k e d  Cha rpy  
s p e c i m e n s .  He f inds  that  whi le  the  a v e r a g e  face t  s i z e  
i s  a s t r o n g  function of the p r i o r - a u s t e n i t i c  g ra in  s i ze ,  
i t  i s  a lways  somewhat  l e s s ,  p a r t i c u l a r l y  for  l a r g e r  
g r a i n  s i z e s .  As expec ted  f rom our  r e s u l t s ,  he f inds  
l i t t l e  s y s t e m a t i c  va r i a t i on  be tween  p e a r l i t e  spac ing  
and f ace t  s i z e .  The lack  of d i r e c t  c o r r e s p o n d e n c e  be -  
tween  p r i o r - a u s t e n i t i c  g r a i n  s i z e  and face t  s i ze  t ends  
to suppor t  the app roach  of Smi th  17 and Dippenaa r  and 
Honeycombe ,  18 al though c o n s i d e r a b l y  m o r e  work  i s  
needed  to  e s t a b l i s h  the o r ig in  of t h e s e  p e a r l i t e  colony 
uni t s .  

CONCLUSIONS 

1) The  s t r e n g t h  and toughness  of ful ly p e a r l i t i c  s t e e l  
a r e  c o n t r o l l e d  by d i f fe ren t  m i c r o s t r u c t u r a l  p a r a m e -  
t e r s ,  and can be v a r i e d  independen t ly  of one o the r  to 
o p t i m i z e  s e r v i c e  p e r f o r m a n c e  in such  m a t e r i a l s  a s  
r a i l  s t e e l .  

2) S t reng th  i s  dependent  on the p e a r l i t e  i n t e r l a m e l -  
l a r  spac ing ;  d e c r e a s i n g  the  spac ing  r e s u l t s  in an in-  
c r e a s e  in s t r eng th .  P e a r l i t e  s p a c i n g  can be r e f ined  
by d e c r e a s i n g  the 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  and 
to  a l e s s e r  extent  by i n c r e a s i n g  the  aus t en i t i c  g r a i n  
s i z e .  The  r e a s o n  for  th is  l a t t e r  ef fec t  i s  not known. 

3) F r a c t u r e  toughness  i s  m o r e  s t rong ly  a funct ion 
of the  p r i o r - a u s t e n i t i c  g ra in  s i z e .  The  f ine r  the g r a i n  
s i ze ,  the  g r e a t e r  the toughness .  P e a r l i t e  colony s i z e  
for  the  r ange  s tud ied  has a m i n o r  inf luence  at b e s t  on 
toughness .  The fact  that  l a r g e  v a r i a t i o n s  in tough-  
n e s s  a r e  p o s s i b l e  with l i t t l e  change in colony s i ze ,  
s u g g e s t s  tha t  th is  i s  not a use fu l  m i c r o s t r u c t u r a l  
p a r a m e t e r  to con t ro l  toughness .  

4) The  r e s u l t s  of th is  s tudy sugges t  that  the f r a c -  
t u r e  p r o c e s s  i s  con t ro l l ed  by a s t r u c t u r a l  unit  made  
up of a number  of co lonies ,  wi th in  which the f e r r i t e  
should  have the s a m e  c r y s t a l l o g r a p h i c  o r i en ta t ion .  
The s i ze  of th is  unit is  c o n t r o l l e d  by, but is  not iden-  
t i c a l  to, the p r i o r  aus t en i t i c  g r a i n  s i ze .  

APPENDIX 1 

D yna mic  f r a c t u r e  toughness  va lue s  we re  ca l cu l a t ed  
us ing  i n s t r u m e n t e d  impac t  da t a  for  both the l i n e a r  
e l a s t i c  type  of f r a c t u r e ,  and the ca se  of y ie ld ing  b e f o r e  
f r a c t u r e .  F o r  the  l i n e a r  e l a s t i c  case ,  a " v a l i d "  tough-  
n e s s  va lue  may  be obta ined for  dynamic  t e s t i ng  by ap -  
p ly ing  l i n e a r  e l a s t i c  f r a c t u r e  m e c h a n i c s ,  Ref.  l a :  

1.5 Y L (PF) a 1/2 
KID = BW.~ Eq. [1A] 

where  

Y = funct ion of (a/W) 
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L = support s p a n  w i d t h  
P F  = l o a d  a t  f r a c t u r e  

a = t o t a l  c r a c k  d e p t h  
B = t h i c k n e s s  
W = w i d t h .  

W h e n  t h e  a p p r o p r i a t e  C h a r p y  and  l oad  d i m e n s i o n s  
( in  i n c h e s  a n d  p o u n d s  a r e  c o n s i d e r e d ) ,  E q .  [1] r e d u c e s  
t o :  

KID = 38.7 Y (PF)a  ~12. E q .  [2A] 

T h e r e  i s  c o n s i d e r a b l e  c o n t r o v e r s y  r e g a r d i n g  t h e  
c a l c u l a t i o n  of  a m e a n i n g f u l  f r a c t u r e  t o u g h n e s s  v a l u e  
b a s e d  on  d a t a  d e r i v e d  f r o m  a s p e c i m e n  w h i c h  f r a c -  
t u r e s  a f t e r  g e n e r a l  y i e l d i n g .  S e v e r a l  m e t h o d s  h a v e  
b e e n  d e v e l o p e d ,  h o w e v e r ,  f o r  e s t i m a t i n g  t he  m a t e r i a l ' s  
t o u g h n e s s ,  h a d  t h e  t e s t  s a m p l e  b e e n  l a r g e  e n o u g h  f o r  
l i n e a r  e l a s t i c  f r a c t u r e  to  o c c u r .  T h e  l o w e r - b o u n d  
e q u i v a l e n t - e n e r g y  a p p r o a c h  w a s  u s e d  f o r  t h i s  
s t u d y .  2a '3a T h i s  m e t h o d  a s s u m e s  t h a t  f o r  a v a l i d  s i z e  
s p e c i m e n ,  f r a c t u r e  would  h a v e  o c c u r r e d  a t  a n  e n e r g y  
e q u i v a l e n t  to  t h e  i n i t i a t i o n  e n e r g y  ( e n e r g y  a t  m a x i -  
m u m  load)  m e a s u r e d  f o r  t h e  C h a r p y  s i z e  s p e c i m e n .  
F r o m  t h i s  m e t h o d ,  e x t r a p o l a t e d  v a l u e s  of PF, c o r -  
r e c t e d  f o r  m a c h i n e  c o m p l i a n c e ,  a r e  u s e d  in  E q .  [2A] 
to  o b t a i n  KID .4a 

A P P E N D I X  2 

M u l t i p l e  l i n e a r  r e g r e s s i o n  a n a l y s e s  w e r e  p e r f o r m e d  
i n  o r d e r  to  d e t e r m i n e  w h i c h  m i c r o s t r u c t u r a l  p a r a m e -  
t e r s  a r e  r e l a t e d  to e a c h  m e c h a n i c a l  p r o p e r t y ,  a n d ,  i f  
p o s s i b l e ,  to  r a t e  t he  v a r i a b l e s  in  o r d e r  of t h e i r  i m -  
p o r t a n c e .  A s  p r e v i o u s l y  m e n t i o n e d ,  t h e  C o m p u t e r  S c i -  
e n c e  C o r p o r a t i o n  (CSCX) c o m m e r c i a l  b a s i c  m u l t i p l e  
l i n e a r  r e g r e s s i o n  a n a l y s e s  p r o g r a m  w a s  u s e d .  T h e  
r e s u l t s  of  e a c h  a n a l y s e s  a r e  c o n t a i n e d  in  t h i s  s e c t i o n .  

F o r  e a c h  a n a l y s i s ,  t h e  i n d e p e n d e n t  a n d  d e p e n d e n t  
v a r i a b l e s  a r e  i d e n t i f i e d  a s  n u m b e r s .  T h e  d a t a  m a t r i x  
c o n t a i n e d  t h e  f o l l o w i n g  p a r a m e t e r s :  

1 p e a r l i t e  s p a c i n g  S-1/2 
2 p e a r l i t e  c o l o n y  s i z e  p-1/2 
3 a u s t e n i t e  g r a i n  s i z e  d -~/~ 
4 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  (~ 
5 a u s t e n i t e  g r a i n  s i z e  d 
6 C h a r p y  t r a n s i t i o n  t e m p e r a t u r e  (~ 
7 y i e l d  s t r e n g t h  (Ksi )  
8 r e d u c t i o n  i n  a r e a  (pct)  
9 h a r d n e s s  (Rc) 

T h e  u n i t s  f o r  1 to  3 h a v e  b e e n  g i v e n  in  t h e  t e x t .  

2.1) Dependent Var iable- -6  
Independent V a r i a b l e s - - l ,  2, 3 

Standard 
Regress ion  E r r o r  

Var iab le  Coefficient Coefficient Computed T 

1 - -  8.25 E--02 8.74 E-02 -- 9.44 E--01 
2 --  1.22 E+00 7.94 E-01 -- 1.54 E+00 
3 - -  5.55 E+00 4.27 E-01 -- 1.29 E+01 

R- squa red  = 0.957 (gives the confidence to which the de-  
pendent  var iab le  can be accounted for  in t e r m s  of the inde- 
pendent  var iables) .  

2.2) Dependent Var iable- -6  
Independent Var iab les - -2 ,  3 

Standard 
Regress  ion E r r o r  

Var iab le  Coefficient Coefficient  Computed T 

2 - 1 . 4 9  E+00 7.43 E-01 - 2 . 0 0  E+00 
3 - 5 . 3 3  E+00 3.57 E--0I - 1 . 4 9  E+01 

R - s q u a r e d  = 0.954. 

2.3) Dependent Var iab le - -6  
Independent Variable--3 

Standard 
Regress ion  E r r o r  

Var iable  Coefficient Coefficient  Computed T 

3 - 5 . 5 5  E+00 3.75 E-01 - 1 . 4 8  E+01 

R - s q u a r e d  = 0.939. 

2.4) Dependent Var iab le - -6  
Independent Variable--2 

Standard 
Regress ion  E r r o r  

Var iable  Coefficient Coefficient  Computed T 

2 - 4 . 8 5  E+00 2.90 E+00 - 1 . 6 7  E+00 

R-squa red  = 0.166. 

2.5) Dependent Variable--6 
Independent Variable--1 

Regress ion  
Var iable  Coefficient 

1 4.49 E-01 

R- squa red  = 0.136. 

2.6) Dependent Var iab le - -7  
Independent V a r i a b l e s - - I ,  2, 3 

Regress ion  
Var iable  Coefficient 

1 3.16 E-01 
2 -5 .79  E-02 
3 -4 .17  E-01 

R- squa red  = 0.883. 

2.7) Dependent Var iab le - -7  
Independent V a r i a b l e s - - l ,  3 

Regress ion  
Var iable  Coefficient 

1 3.14 E-01 
3 -4 .31  E-01 

R-squa red  = 0.883. 

2.8) Dependent Variable--7 
Independent Variable--1 

Standard 
E r r o r  

Coefficient  Computed T 

3.02 E--01 1.49 E+00 

Standard 
E r r o r  

Coefficient Computed T 

4.61 E-02  6.85 E+00 
4.19 E-01 -1 .38  E-01 
2.25 E-01 -1 .85 E+00 

Standard 
E r r o r  

Coefficient Computed T 

4.16 E-02 7.54 E+00 
1.96 E-01 -2 .19 E+00 

Standard 
Regres s ion  E r r o r  

Variable  Coefficient Coefficient Computed T 

1 3.57 E-01 4.16 E-02  8.58 E+00 

R- squa red  = 0. 840. 

2.9) Dependent Variable--7 
Independent Variable-- 3 

Standard 
Regress ion  E r r o r  

Var iable  Coefficient  Coefficient Computed T 

3 -1 .12  E+00 3.88 E-01 --2.89 E+00 

R-squa red  = 0.373. 
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2.10) Dependent Variable--7 
Independen t  V a r i a b l e - - 2  

S t anda rd  
R e g r e s s i o n  E r r o r  

V a r i a b l e  C oe f f i c i en t  Coef f i c i en t  

2 1 .37 E-01  1.02 E+00 

R - s q u a r e d  = 0.001.  

2.11) Dependen t  V a r i a b l e - -  8 
Independen t  V a r i a b l e s - - I ,  2, 3 

Standard 
Regression Error 

V a r i a b l e  C oe f f i c i en t  Coef f i c i en t  

1 1 .24  E-01  4.95 E - 0 2  
2 2.66 E-01  4.50 E-01  
3 1 .85  E+00 2.42 E--01 

R - s q u a r e d  = 0.866.  

2.12) Dependen t  V a r i a b l e - - 9  
Independen t  V a r i a b l e s - - I ,  2, 3 

Regression 
Variable Coefficient 

1 1.39 E-01 
2 -9.72 E-02 
3 -2.15 E--01 

R-squared = 0.902. 

2o13) Dependent Variable--I 
Independen t  V a r i a b l e s - - 4 ,  5 

Computed T 

I. 34 E-01 

C o m p u t e d  T 

2.50 E+00 
5.92 E-01  
7.62 E+00 

S t anda rd  
E r r o r  

Coef f i c i en t  C o m p u t e d  T 

1.89 E--02 7.36 E+00 
1.71 E -01  - 5 . 6 7  E-01  
9.22 E - 0 2  - 2 . 3 3  E - 0 0  

S t anda rd  
R e g r e s s i o n  E r r o r  

V a r i a b l e  Coe f f i c i en t  Coef f i c i en t  C o m p u t e d  T 

4 - 6 . 3 3  E - 0 4  6.42 E - 0 5  - 9 . 8 5  E+00 
5 - 2 . 0 8  E+00 4.95 E-01  - 4 . 2 0  E+00 

R - s q u a r e d  = 0.901.  

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

i m p a c t  t e s t i n g ,  a n d  P r o f e s s o r  J .  R .  L o w ,  J r .  f o r  v a l u -  
a b l e  a n d  f r u i t f u l  d i s c u s s i o n s  o n  t h e  f r a c t u r e  o f  p e a r -  
l i t e .  S p e c i a l  t h a n k s  a r e  d u e  t o  Y .  J .  P a r k  a n d  G .  K .  

B o u s e ,  g r a d u a t e  s t u d e n t s  i n  t h e  D e p a r t m e n t  o f  M e t a l -  

l u r g y  a n d  M a t e r i a l s  S c i e n c e  a t  C a r n e g i e - M e l l o n  
U n i v e r s i t y ,  f o r  e x p e r i m e n t a l  a s s i s t a n c e ,  v a l u a b l e  d i s -  
c u s s i o n s ,  a n d  f o r  p e r m i t t i n g  u s  t o  u s e  s o m e  o f  t h e i r  
p r e l i m i n a r y  r e s u l t s .  T h e  f i n d i n g s  p r e s e n t e d  h e r e i n  

w e r e  p a r t  o f  a f i n a l  r e p o r t  s u b m i t t e d  b y  J .  M .  H y z a k  
i n  p a r t i a l  f u l f i l l m e n t  o f  t h e  r e q u i r e m e n t s  f o r  t h e  d e -  
g r e e  o f  M a s t e r  o f  E n g i n e e r i n g  a t  C a r n e g i e - M e l l o n  
U n i v e r s i t y .  
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