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The p e a r l i t i c  h a r d e n a b i l i t y  of a h i g h - p u r i t y  F e - 0 . 8  pc t  C a l loy  and z o n e - r e f i n e d  i ron  b i n a r y  
a l loys  conta in ing  Mn, Ni, Si, Mo, o r  Co was s tud ied  by  means  of h o t - s t a g e  m i c r o s c o p y .  The 
b i n a r y  a l loys  were  c a r b u r i z e d  in a g r a d i e n t  fu rnace  to p roduce  eu tec to id  c ompos i t i ons ,  thus 
e l imina t ing  p r o e u t e c t o i d  p h a s e s .  A s p e c i a l  technique b a s e d  on h o t - s t a g e  m i c r o s c o p y  was 
used  to s tudy the ef fec t  of cool ing  r a t e  (10~  to 25,000~ on the t r a n s f o r m a t i o n  of 
aus t en i t e  and p r o v i d e d  da ta  for  the cons t ruc t i on  of cont inuous c o o l i n g - t r a n s f o r m a t i o n  d i a -  
g r a m s .  F r o m  these  d i a g r a m s  c r i t i c a l  cool ing  r a t e s  we re  ob ta ined  for  h a r d e n a b i l i t y  c a l c u -  
l a t ions .  It was found that  molybdenum is the mos t  e f fec t ive  e l ement ,  fo l lowed by  Si, Ni. Co, 
and Mn, in s u p p r e s s i n g  the p e a r l i t e  t r a n s f o r m a t i o n ,  i.e., in i n c r e a s i n g  the h a r d e n a b i l i t y  of 
the a l loys  s tudied .  The a l loy ing  add i t ions  we re  g rouped  into two c l a s s e s  a c c o r d i n g  to t he i r  
ef fec t  on h a r d e n a b i l i t y :  a - s t a b i l i z e r s  (Mo and Si) and v - s t a b i l i z e r s  (Ni, Co, Mn), with the 
a - s t a b i l i z e r s  be ing  the m o r e  ef fec t ive  in improv ing  h a r d e n a b i l i t y .  

LONG a w a r e  of the c o m m e r c i a l  i m p o r t a n c e  of h a r d e n -  
ab i l i ty ,  m e t a l l u r g i s t s  have over  the y e a r s  been s tudy-  
ing the c o m p o s i t i o n a l  and m i c r o s t r u c t u r a l  f a c t o r s  a f -  
fec t ing  h a r d e n a b i l i t y  in o r d e r  to develop  a l loy  des ign  
c r i t e r i a ,  p a r t i c u l a r l y  for  m o d e r n  h i g h - s t r e n g t h  a p p l i -  
ca t ions .  Fo r  example ,  p a r t l y  b e c a u s e  of the s t imu lus  
of the p r o p e r t y  r e q u i r e m e n t s  for  new s t e e l s  for  sh ips ,  
a i r c r a f t ,  and o rdnance  in the e a r l y  1940's ,  G r o s s m a n ,  1 
fol lowed by  o the r s ,  2-4 deve loped  s o m e  of the b a s i c  quan-  
t i t a t ive  da ta  for  such a l l oy  des ign  needs .  The i r  work  
a l lowed m e t a l l u r g i s t s  to a p p r o x i m a t e  the " i d e a l  c r i t i -  
ca l  d i a m e t e r "  of a s t e e l  b a r  by us ing mul t ip ly ing  f ac -  
t o r s  for  c h e m i c a l  compos i t i on  and g r a i n  s i ze .  Many 
s t e e l s  we re  subsequen t ly  des igned  us ing th is  b a s i c  da ta  
for  h a r d e n a b t l i t y  ca l cu l a t i ons ,  da ta  which is s t i l l  in 
wide use  today.  

Fundamen ta l  to the p r o b l e m s  of des ign ing  a l loys  for  
op t imum h a r d e n a b i l i t y  for  spec i f i c  app l i c a t i ons  is  a 
sound knowledge of the m e c h a n i s m s  of a l loy ing  behav -  
io r  and the complex  ro l e  of mul t ip le  combina t ions  of 
a l loy ing  e l e m e n t s  in t hese  m e c h a n i s m s .  In c o n t r a d i s -  
t inc t ion  to G r o s s m a n ,  1 who p o s t u l a t e s  m u l t i p l i c a t i v e  
a l loy  e f fec t s  on hardenability,per se, Hollomon and 
Jaffe  c o n s i d e r e d  the effect  of a l loy ing  on " p e a r l i t i c  and 
ba in i t i c  h a r d e n a b i l i t y , "  i.e., the ab i l i ty  to avoid  the 
p e a r l i t e .  

Another  s o u r c e  of i n fo rma t ion  in th is  a r e a  was p r o -  
v ided  by  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  ( I -T)  d i a g r a m s  
r e s u l t i n g  f r o m  a s e r i e s  of i s o t h e r m a l  hea t  t r e a t m e n t  
s tud ie s .  5 These  d i a g r a m s  a r e  useful  in p r e d i c t i n g  the 
m i c r o s t r u c t u r a l  changes  dur ing  i s o t h e r m a l  t r a n s f o r -  
mat ion .  Other  inves t iga t ions  6-8 r e s u l t e d  in a s e r i e s  of 
cont inuous c o o l i n g - t r a n s f o r m a t i o n  (C-T)  d i a g r a m s  that  
p r ov ide  guidance to the a l loy  d e s i g n e r  by  p r e d i c t i n g  
the p h a s e s  that  r e s u l t  upon cont inuous  cool ing cond i -  
t ions ,  e.g. ,  oi l  quenching.  
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In the p r e s e n t  work  we s tud ied  the effect  of cont inu-  
ous cool ing on the t r a n s f o r m a t i o n  of b i n a r y  i r o n - c a r -  
bon as  wel l  a s  a number  of high pu r i t y  t e r n a r y  a l l oys .  
The da ta  thus ob ta ined  were  then used  to c l a s s i f y  the 
k ine t ic  b e h a v i o r  of a l loy ing  e l e m e n t s  a s  v - f o r m e r s  or  
a - f o r m e r s .  

Two techniques  were  deve loped  for  th is  s tudy:  a) a 
g r a d i e n t  fu rnace  technique for  p roduc ing  a l loys  of eu-  
t ec to id  compos i t i on ,  and b) a p r o c e d u r e  using the hot -  
s tage  m i c r o s c o p e ,  by  which we s tud ied  and r e c o r d e d  
the t h e r m a l  events  and a s s o c i a t e d  m i c r o s t r u c t u r a l  
changes  in a l loys  dur ing  cool ing and t r a n s f o r m a t i o n .  
Throughout  the s tudy,  c i n e p h o t o m i c r o g r a p h y  was used  
to a c c u r a t e l y  r e c o r d  the m i c r o s t r u c t u r a l  changes .  Fo r  
the p r e s e n t  s tudy only the extent  of p e a r l i t i c  t r a n s f o r -  
ma t ion  as  a m e a s u r e  of ha rdenab i l i t y  has  been  cons id -  
e r ed .  The h o t - s t a g e  technique o f fe red  a f a s t  method 
of s tudying  ind iv idua l  a l l oy ing  ef fec ts  on th is  t r a n s f o r -  
ma t ion  p roduc t ,  thus y ie ld ing  s ign i f i can t  in fo rmat ion  
on h a r d e n a b i l i t y .  

EXPERIMENTAL PROCEDURE 

The s t a r t i n g  m a t e r i a l s  for  the h a r d e n a b i l i t y  s tud ies  
were  z o n e - r e f i n e d  i ron  b i n a r y  a l loys  conta ining Mo, 
Ni, Co, Mn, and Si (Table  I). Rods of these  a l loys ,  �88 in. 
in d iam,  were  c o l d - r o l l e d  into 2 0 - m i l  shee t  for  fu r the r  
p r o c e s s i n g .  

To p roduce  h i g h - p u r i t y  b i n a r y  and t e r n a r y  eu tec to id  
a l l oys  we used  a s p e c i a l  g r a d i e n t  fu rnace  technique ~ 
cons i s t i ng  of the dynamic  c a r b u r i z a t i o n  of the shee t  
m a t e r i a l  in a g a s e o u s  mix tu r e  of methane  and hydrogen  
(1:20 r a t io )  at  a t e m p e r a t u r e  of 1800~ Each s p e c i -  
men dur ing  c a r b u r i z a t i o n  was p a s s e d  through a s t eep  
t e m p e r a t u r e  g r a d i e n t  of 3500~ at a r a t e  of 2.8 
• 10 -s i n . / s ,  and the s p e c i m e n  obta ined  was e n t i r e l y  
p e a r l i t i c ,  i.e., f r e e  f r o m  p r o e u t e c t o i d  pha se s .  The c a r -  
bon contents  of the t e r n a r y  a l loys  a f t e r  c a r b u r i z a t i o n  
were  h igher  (about 1 pc t  C) than those  Bain and Paxton 
r e p o r t e d  for  the t e r n a r y  eu tec to ids  where  the addi t ion 
of a t h i r d  a l loy ing  e l e m e n t  l o w e r s  the carbon  level  to 
be low 0.8 pc t  C. I~ The ca rbon  content  for  the F e - C  
b i n a r y  a l loy  was cons i s t en t  with the F e - C  phase  d i a -  
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Table I. Chemical Analysis of Alloys 

C Mn $1 N1 Co Mo 

Binary Alloy 0.80 <0.01 <0.01 0.02 <0.002 

low-mckel alloy 1.05" T T 0.46 ND T 
high-mckel alloy 0.94* T T 3.35 ND T 

low-cobalt alloy 0.94* ND ND 0.01 0.49 T 
high-cobalt alloy 1.30" ND T 0.02 1.00 T 

low-manganese alloy t .00"  0.43 ND T ND T 
high-manganese alloy 1.00" 0.78 ND T ND T 

low-molybdenum alloy 1.00" ND ND ND ND 0.23 
high-molybdenum alloy 1.06" ND 0.005 0.001 ND 0.45 

low-stilton alloy 1 00"  ND 0.30 T ND T 

*Carbon analysis obtained after carburlzation in gradient furnace. 
T-Trace,  ND None Detected 

gram.  We the re fo re  tes ted  the ca rbu r i zed  spec imens  
by r eaus t en i t i z ing  them in a s t andard  furnace  and a l -  
lowing them to f u r n a c e - c o o l  to find out whether the 
grad ien t  t r e a t m e n t  produced an equ i l ib r ium pear l i t i c  
s t r uc tu r e  under  nongrad ien t  condi t ions;  in no case were  
proeutec to id  phases  p r e s e n t  in the b i n a r y  or t e r n a r y  
al loys under inves t iga t ion .  

Producing an equ i l i b r ium eutectoid composi t ion  by 
means  of the g rad ien t  technique is based on sa tu ra t ion  
of the aus teni te  with carbon .  At the aus ten i t iza t ion  t e m -  
p e r a t u r e  of 1800~ the amount  of carbon  r equ i r ed  for 
complete  sa tu ra t ion  in the b i n a r y  Fe-C  alloy sys t em 
was about 1.5 pct. As each spec imen  passed  through 
the steep t e m p e r a t u r e  gradient ,  it ranged in t e m p e r a -  
tu re  f rom 1800~ at one end to room t e m p e r a t u r e  at 
the other end and the ca rbon  concen t ra t ion  of the au-  
s teni te  dec reased  f rom the sa tu ra ted  amount  down to 
that of the eutectoid concen t ra t ion  at the eutectoid t e m -  
pe r a tu r e .  As a mat te r  of fact, in the i r o n - c a r b o n  b i n a r y  
phase d i ag ram this  concen t ra t ion  of carbon in the au-  
s teni te  follows a path along the Acm l ine.  Consequently,  
by the t ime  the eutectoid t e m p e r a t u r e  has been reached,  
the aus teni te  of eutectoid composi t ion  has t r a n s f o r m e d  
comple te ly  to pea r l i t e .  Of course ,  in t e r n a r y  sys t ems  
the s i tua t ion is more  compl ica ted;  however,  Yue, n us -  
ing a technique s i m i l a r  to our  gradient  furnace  tech-  
nique,  i .e. ,  zone- re f in ing ,  has es tab l i shed  accura te  eu-  
tec t ic  compos i t ions  for complex al loy sys t ems  cons i s t -  
ing of four and six d i f ferent  e l emen t s .  

The ma in  advantage of our gradient  furnace  technique 
is that a eutectoid s t r u c t u r e  is eas i ly  obtained, whereas  
it may take s eve ra l  a l loys and detai led chemica l  and 
meta l lographic  ana lys i s  to obtain the same s t r uc t u r e  
using mel t ing  and cas t ing  techniques ,  where the addi-  
t ional  factor  of segrega t ion  occurs  dur ing sol idif icat ion.  
Carbon segrega t ion  exis t s  in the gradient  furnace  spec-  
imen  but only in the f inal  por t ion  of the spec imen  that 
t r a n s f o r m s  las t .  This  h igh -ca rbon  reg ion  can eas i ly  
be r emoved  and d i scarded .  

The c a r b u r i z e d  spec imens  were  cut into ~ - in .  
squa re s  for the hot -s tage  mic roscope ,  a descr ip t ion  of 
which has been publ ished.  12 The hot -s tage  mic roscope  
was modified for this  inves t iga t ion  to include a capa-  
b i l i ty  for the t h e r m a l  ana lys i s  of phase t r a n s f o r m a t i o n s .  
With this modif icat ion,  the ho t - s tage  mic roscope  be -  
comes  an excel lent  tool for the study of t r a n s f o r m a -  
t ions .  While a given t r a n s f o r m a t i o n  is being observed,  
m i c r o s t r u c t u r a l  changes can be photographical ly  r e -  

corded at the same  t ime as one r e c o r ds  t h e r m a l  h i s -  
to ry  data such as t he r ma l  a r r e s t s ,  cooling r a t e s  and 
heat ing r a t e s .  A p l a t i n u m / p l a t i n u m - 1 0  pct rhodium 
thermocouple  was spot-welded to each spec imen  using 
the spec imen  as the hot ]unction, a the rmocouple  bead 
being undes i r ab le  because  of the inhomogeneous t e m -  
pe ra tu r e  grad ien ts  dur ing  cooling ra te  s tudies .  All 
heat ing and cooling t r e a t m e n t s  were  pe r f o r med  under  
a h igh-pur i ty  argon a tmosphere .  

The spec imens  were placed in the furnace  and heated 
to 1850~ for 2 min  and then cooled at a cont ro l led  ra te  
to room t e m p e r a t u r e .  Cooling r a t e s  ranging  f rom 10~ 
min  to 25 ,000~ were used for the expe r imen t s .  
The fast  cooling r a t e s  were obtained by quenching the 
spec imen  with hel ium gas cooled to a t e m p e r a t u r e  of 
- 125~ The s lower cooling r a t e s  were obtained by 
cont ro l l ing  the furnace  c u r r e n t  by means  of a mo to r -  
ized va r i ab le  rheos ta t .  All he a t - t r e a t i ng  cycles  were  
r eco rded  on a ca l ib ra ted  s t r i p - c h a r t  r e c o r d e r ,  and the 
actual  cooling ra te  and t h e r m a l  a r r e s t  t e m p e r a t u r e s  
were taken f rom the cooling curve .  

During the cooling p r oc e s s  the growth of pea r l i t e  
a n d / o r  m a r t e n s i t e  was observed  in the mic roscope  
using p h a s e - c o n t r a s t  objec t ives .  The growth of p e a r l -  
ite f rom aus teni te  was ba re ly  d i s ce rn ib l e  when com-  
pared  with the fo rmat ion  of ma r t e ns i t e ,  which is eas i ly  
observed  due to the sur face  upheaval c rea ted  upon cool-  
ing. After each t he r ma l  cycle,  the spec imen  was r e -  
moved f rom the ho t - s tage  and examined  me ta l log raph-  
ica l ly  to make ce r t a in  that the m i c r o s t r u c t u r e  was con-  
s i s t en t  throughout the spec imen  and not m e r e l y  a s u r -  
face phenomenon.  

The growth ra te  of the t r a n s f o r m i n g  phase can be ac -  
cura te ly  m e a s u r e d  f rom the c inephotomicrographs .  The 
technique allows one to m e a s u r e  the growth ra te  in any 
d i rec t ion  f rom the nucleat ion si te  as well as the growth 
ra te  of s imul taneous  events  in the spec imen .  Accurate  
m e a s u r e m e n t s  can also be made dur ing  the impinge-  
ment  of two or more  t r a n s f o r m a t i o n  products .  

RESULTS AND DISCUSSIONS 

Our r e su l t s  a re  d i scussed  under  th ree  main  headings:  
1) r e su l t s  of our ho t - s tage  mic roscop ic  study of the 
t r a n s f o r m a t i o n  of aus teni te ,  2) the effect of cooling 
ra te  on the Fe -C  b ina ry  alloy, and 3) the effect of cool-  
ing ra te  on Fe-C  t e r n a r y  al loys .  

Hot-Stage Microscopy of the T r a n s f o r m a t i o n  
of Austeni te  

The v isua l  r e su l t s  of any hot -s tage  technique depend 
on surface  re l i e f  of the t r a n s f o r m a t i o n  product  which 
produces  a con t ras t  effect that can be obse rved  dur ing  
t r a n s f o r ma t i on .  There  have been s e ve r a l  p rev ious  hot-  
stage light mic roscopy  s tudies  to observe  the fo rmat ion  
of m a r t e n s i t e  13 and baini te .  14-16 These two t r a n s f o r m a -  
t ions involve a cons iderab le  amount  of sur face  upheaval  
due to a shear  mechan i sm.  The fo rma t ion  of pear l i t e ,  
however,  has rece ived  l i t t le  a t tent ion in the l i t e r a tu re ,  
p robably  because  it is not eas i ly  detected by light op- 
t i cs .  However, when p h a s e - c o n t r a s t  object ives  a re  
used, the growth of pear l i t e  f rom aus teni te  can be seen  
in the hot -s tage  mic roscope .  For example,  Fig. 1 
shows the sequence of growth of a pea r l i t e  nodule 
(arrow) at the junc ture  of th ree  ne ighbor ing aus ten i te  
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0.44 0.86 1,44 1.78 

2.24 2 62 2.88 3.09 sec. 
Fig. 1--Cinephotomicrographic sequence of growth of a pearli te nodule (arrow) at the junction of three austenite grains ; cooling 
rate 4800~ and transformation temperature 1090~ Magnification ~bout 250 times. 

g r a i n s .  The cool ing  r a t e  in th is  p a r t i c u l a r  example  was 
4800~  with the t r a n s f o r m a t i o n  tak ing  p l ace  at  
1090~ If the growth p r o c e s s  we re  i n t e r r u p t e d  by a fas t  
quench with cold  he l ium gas ,  the u n t r a n s f o r m e d  a u s t e n -  
i te  would t r a n s f o r m  to m a r t e n s i t e  at  the M s t e m p e r a -  
t u r e .  An example  of th is  technique is  shown in Fig.  2. 
The ac tua l  s u r f a c e  r e l i e f  (Fig .  2(a)) is  shown along with 
the e tched  p e a r l i t e  r eg ion  (Fig .  2(b)). The p e a r l i t e  nod-  
u les  cons i s t  of many  p e a r l i t e  co lon ies  of d i f fe r ing  o r i -  
enta t ion,  and the nodules  g e n e r a l l y  nuc lea te  at  au s t en -  
i te  g r a i n  b o u n d a r i e s  and grow in a s p h e r i c a l  g e o m e t r y  
until  they  impinge  on o ther  nodules .  In th is  case ,  the 
f o r m a t i o n  of p la te  m a r t e n s i t e  p r e v e n t e d  impingement .  

Throughout  the inves t iga t ion ,  s p e c i m e n s  were  po l -  
i shed  and e tched  in c r o s s  sec t ion  to make  c e r t a i n  that  
the phenomenon o b s e r v e d  on the s u r f a c e  had a l so  taken  
p lace  in the i n t e r i o r  of the s p e c i m e n .  Fig .  3 shows a 
typ ica l  c r o s s - s e c t i o n  view at magn i f i ca t ion  200 and 500 
t i m e s  of two d i f fe ren t  s p e c i m e n s  that  were  r a p i d l y  
quenched at  a s t age  in the t r a n s f o r m a t i o n  to p e a r l i t e  
when nodule growth was o c c u r r i n g .  As can be seen ,  the 
nodules  nuc lea te  and grow throughout  the s p e c i m e n  
t h i cknes s .  It is  impor t an t  to note,  however ,  that  the 
s p h e r i c a l  growth at  the s p e c i m e n  s u r f a c e  seen  in the 
m i c r o s c o p e  is  not n e c e s s a r i l y  tak ing  p l ace  at  the nod-  
ule equa tor .  In o the r  words ,  the s u r f a c e  growth may  
r e p r e s e n t  only  a po r t i on  of the nodule,  the cen t e r  of 
which is  s u b m e r g e d  below the s u r f a c e  p lane .  It is  i m -  

po r t an t  to keep this  in mind when c o n s i d e r i n g  g rowth -  
r a t e  m e a s u r e m e n t s  on the su r f ace .  When, however ,  
the nodule is  s ec t ioned ,  i t s  c e n t e r  can be l oca t ed  and 
c o r r e c t i o n s  in growth  can be made us ing s i m p l e  geo-  
m e t r i c  r e l a t i o n s h i p s .  

Although somewhat  ou ts ide  the scope  of the p r e s e n t  
s tudy,  an example  of the m e a s u r e m e n t  of growth r a t e  
is  given.  A c i n e p h o t o m i c r o g r a p h i c  s e r i e s  of the s t a g e s  
of growth of a p e a r l i t e  nodule is  shown in Fig .  4(a), 
which r e p r e s e n t s  a cool ing r a t e  of 5300~ and a 
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  of 1090~ The growth 
r a t e  of 56 /~m/s shown in Fig.  4(b) was m e a s u r e d  f r o m  
the nodule shown in Fig.  4(a) (a r row) .  The growth r a t e  
for  the o ther  nodule growing at  the junc ture  of the t h r e e  
aus ten i t e  g r a i n s  is  somewhat  lower  at 49 p m / s .  These  
growth r a t e s  a r e  in good a g r e e m e n t  with the da ta  of 
F r y e  e t  a l . ,  17 who r e p o r t e d  an e x p e r i m e n t a l  va lue  of 
52.5 ~ m / s  for  a h i g h - p u r i t y  0.78 pct  C s t ee l  at  a 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  of 1094~ and with the da ta  of 
Hull e t  a l . ,  Is who r e p o r t e d  a m e a s u r e d  va lue  of 65 /~m/s  
for  a h i g h - p u r i t y  0.93 pc t  C s t e e l  at  l l l 0 ~  The i r  
growth r a t e s  were  obta ined  by means  of the ted ious  
s a l t - b a t h  method,  in which the s p e c i m e n s  a r e  a l lowed 
to i s o t h e r m a l l y  t r a n s f o r m  for v a r i o u s  p e r i o d s  of t ime  
and a r e  then quenched to room t e m p e r a t u r e .  The m i -  
c r o s t r u c t u r e s  a r e  then examined  for  the l a r g e s t  d i a m -  
e t e r  nodule.  The advantage  of the h o t - s t a g e  technique 
is  that  the m e a s u r e m e n t s  can be made  on a s ing le  s p e c -  
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Fig. 2--Partially transformed and quenched specimen showing: 
(a) surface relief of specimen in hot-stage (unetehed), and (b) 
polished and etched (pmral) region below surface. Magnifica- 
tion 190 times. 

imen in which the growth r a t e s  of va r ious  nodules can 
be m e a s u r e d  s imul t aneous ly .  An in te res t ing  aspect  of 
the growth ra te  curve  in Fig. 4(b) is  that this  ra te ,  
which apparen t ly  f luc tuates  with t ime,  does not change 
on impingement .  Assuming  that a "sof t  i m p i n g e m e n t "  
should take place,  Cahn and Hage119 had theor ized  that 
the ra te  would dec rea se  at this point.  

The Effect of Cooling Rate on the Fe -C  
Binary  Alloy 

Specimens of the h igh-pur i ty ,  i r o n - c a r b o n  b i n a r y  a l -  
loy were  subjected to cooling r a t e s  ranging  f rom 12 to 
25 ,000~ The effect of cooling ra te  on the p e a r l -  
ite 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  is shown in Fig. 5. A 
l imi t ing  cooling ra te ,  i.e., the c r i t i c a l  cooling ra te  for 
this  alloy, was reached  at 25 ,000~ at which point 
a mix ture  of both m a r t e n s i t e  and pea r l i t e  formed.  The 
c r i t i ca l  cooling ra te  for this  study is defined as the 
cooling ra te  at which a subs tan t i a l  amount  of m a r t e n -  
s i te  becomes  obse rvab le  in the light microscope .  The 
supp re s s ion  of 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  is gen-  

Surface 150X 

Fig. 3--Cross-section views of the microstructure of pearlite 
nodules in partially transformed hot-stage specimens, show- 
ing nodule forming both at specimen surface and interior. 
Picral. 

e r a l l y  expressed  in t e r m s  of the "undercooling," AT, 
which is s imply  the difference between the equ i l i b r ium 
and actual  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 .  The undercoo l -  
ing i n c r e a s e s  with i n c r e a s i n g  cooling ra te  unti l  the 
c r i t i ca l  cooling ra te  is reached.  

A compar i son  of our continuous cooling data with the 
i so the rma l  data of Brown and Ridley 2~ on an al loy of 
a lmos t  ident ical  composi t ion is shown in Fig. 6. As 
can be seen  f rom Fig. 6, i nc r ea s ing  the cooling ra te  
s igni f icant ly  de p r e s se s  the pea r l i t e  t r a n s f o r m a t i o n  
s ta r t .  Although this effect is a lso seen in the case of 
Brown and Ridley ' s  data. the difference is even more  
magnif ied in the i r  case by the e lapsed t ime n e c e s s a r y  
for t r a n s f e r  of spec imens  to an i so the rma l  bath. Al- 
though they do not d i scuss  the i r  t r a n s f e r  t ime f rom the 
aus ten i t i z ing  t e m p e r a t u r e  to the i s o t h e r m a l  bath,  we 
encountered  t r a n s f e r  t imes  of up to two seconds in 
some of our own i so the rma l  s tudies ;  thus,  if t r a n s f e r  
t ime  were taken into account,  the i r  i so the rma l  t r a n s -  
fo rmat ion  s t a r t  curve  for pea r l i t e  would be moved to 
the r ight .  Hence, on the bas i s  of both types of data r e p -  
r e sen ted  in Fig. 6, continuous cooling s igni f icant ly  low- 
e r s  the pea r l i t e  s t a r t  t e m p e r a t u r e s  and moves the 
t r a n s f o r m a t i o n  to longer t ime,  thus i n c r e a s i n g  ha rden -  
abi l i ty .  An example of the pea r l i t i c  s t r u c t u r e s  found 
at var ious  cooling r a t e s  is shown in Fig. 7. The l e t t e r s  
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Fig .  4- - (a)  C i n e p h o t o m i c r o g r a p h i c  s e q u e n c e  of a g r o w i n g  p e a r l i t e  nodule  (a r row) ,  coo l ing  r a t e  5300~ p e r  m i n  and 
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  1090~ (b) The  g r o w t h  r a t e  c u r v e  for  the  nodu le  m (a). M a g n i f i c a t i o n  about  350 t i m e s .  
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Fig. 6--A comparison of continuous cooling transformation 
data for the Fe-0.8 pct C alloy with the isothermal transfor- 
mation data of Brown and R1dley for a similar alloy. 
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C D 

Fig. 7--A series of photomicrographs representing the structures produced at eight different cooling rates for the Fe-0.8 pct 
alloy. The letters correspond to the lettered data points in Fig. 6. Picral. Magnification 200 times~ 

c o r r e s p o n d  to the l e t t e r e d  data points  in Fig. 6. It is 
seen  that  as  the cool ing  r a t e  i n c r e a s e s  or  t ime  for  
t r a n s f o r m a t i o n  d e c r e a s e s ,  the p e a r l i t e  s t r u c t u r e  r e p -  
r e s e n t e d  by the nodules  b e c o m e s  s m a l l e r .  At G and H 

m a r t e n s i t e  f o r m s  and su r rounds  the a l r eady  growing 
p e a r l i t e  nodules.  

The deve lopment  and growth of nodules in the c r i t i c a l  
cool ing range  can be seen  in Fig.  8, where  s e v e r a l  

2296-VOLUME 4, OCTOBER 1973 METALLURGICAL TRANSACTIONS 



Fig. 7 - - C o n t i n u e d  
G H 

smal l  pea r l i t e  nodules grew to the l imit ing s ize  dictated 
by the res idence  t ime at the nose of the C - T  diagram.  
This example has a cooling ra te  between the cooling 
ra tes  of G and H in Fig .  6. The c inephotomicrographs 

in Fig.  8 r ep resen t  the l imi t  of growth of the pear l i t e  
nodules (arrows)  at 0.91 s, the s t a r t  of mar tens i te  for-  
mation at 3.51 s,  continuing formation of mar tens i te  at 
3.84 s,  and finally the end of t ransformat ion  at 5.71 s. 
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Fig. 8--Cinephotomicrographs representing the critical cooling rate for the Fe-0.8 pct C alloy (near data points G and H in 
Fig. 7). Thin series shows the limit of growth of the pearlite nodules (arrow) followed by the formation of martensite. 
Magnification about 440 times. 
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The de lay  t ime  f rom the f in ish  nodule growth to the 
beginning  of m a r t e n s i t i c  growth was 2.60 s .  Table II. Comparison of HardenabUity Data 

MulUplymg Factor 

Element Ref. 22, 1967 Ref 21, 1946 Ref. 1, 1942 Ref. 2, 1944 

Mo 2.9 2.9 2.4 2.4 
Mn 1.3 1.2 2.5 2.9 
Si 1.2 1.3 1.4 1.5 
Ni 1.1 1.4 1.2 1.1 
Co - - - 1 . 0  

Table III. Hardenability Comparison of Alloying Additions 

Alloying Wt Pct Alloy/Pct 
Element Increase M.F. Ref. 

The Effect  of Cooling Rate on F e - C  
T e r n a r y  Al loys  

The effect  of cool ing  r a t e  on the p e a r l i t e  t r a n s f o r -  
ma t ion  t e m p e r a t u r e s  of the f ive t e r n a r y  a l loys  con ta in -  
ing Ni, Mn, Co, Mo, o r  Si is  shown in F igs .  9(a) through 
(e), r e s p e c t i v e l y .  Two compos i t i on  l eve l s  a r e  shown for  
each  a l loy ,  excep t ing  the s i l i con  one.  The cool ing  r a t e s  
v a r i e d  f rom 71~  to the c r i t i c a l  cool ing  r a t e ,  
which is  ind ica ted  in each g raph .  To c o m p a r e  the r e l a -  
t ive  e f fec t s  of a l loy  on the C - T  d i a g r a m  behav io r ,  we 
inc luded  Fig .  10, which shows the c o m p o s i t e  C - T  d ia -  
g r a m s  for  a cons tan t  a l loy  l eve l  of 0.45 wt pc t  (except  
for  Si at  a l eve l  of 0.3 wt pct) .  In g e n e r a l ,  it  can be 
seen  tha t  molybdenum has  the g r e a t e s t  ef fec t  in sup -  
p r e s 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 ,  s i l i con ,  
n icke l ,  cobal t ,  and manganese  fol lowing in descend ing  
o r d e r .  This  t r e n d  is  shown in Fig.  11, where  the sup-  
p r e s s i o n  of the t r a n s i t i o n  t e m p e r a t u r e  is  e x p r e s s e d  in 
t e r m s  of p e r c e n t  a l loy  at  a cons tan t  cool ing  r a t e  (10~ 
p e r  min) .  The t r e n d  for  molybdenum and s i l i con  is d i f -  
f e r en t  f rom that  for  n ickel ,  cobal t ,  and mangane se .  
This  d i f f e r ence  in the two t r e n d s  is  c o n s i s t e n t  for  the 
en t i r e  r ange  of cool ing  r a t e s  and ind i ca t e s  that  m o l y b -  
denum is  the mos t  e~fective a l loy ing  add i t ion  for  i m -  
p rov ing  ha rdenab i l i t y .  The dependency  of c r i t i c a l  coo l -  
ing t ime  and c r i t i c a l  cool ing r a t e  on a l l oy  content  is  
shown in F igs .  12 and 13. Again, the b e h a v i o r  of m o -  
lybdenum and s i l i con  d i f f e r s  f rom that  of the o ther  e l e -  
men t s ,  a r e s u l t  which is c o n s i s t e n t  with the f indings  
above.  The a l l oys  a p p e a r  to s e p a r a t e  out a c c o r d i n g  to 
whether  they  a r e  subs t i t u t iona l  aus t en i t e  s t a b i l i z e r s ,  
r e p r e s e n t e d  by  Ni, Mn, Co, o r  f e r r i t e  s t a b i l i z e r s ,  i . e . ,  
the y -  loop f o r m e r s ,  Mo and Si. When the b a s i s  of c o m -  
p a r i s o n  is  c r i t i c a l  cool ing  r a t e  to f o r m  m a r t e n s i t e  p e r  
wt pc t  a l loy  (s lope of the two s t r a i g h t  l ines  in Fig.  13), 
it  i s  s een  that  the y - s t a b i l i z e r s  have a s lope  of 6000~ 
p e r  min p e r  wt pct  a l loy  w h e r e a s  the a - s t a b i l i z e r s  have 
a s lope of 25,000~ p e r  min p e r  wt pc t  a l loy .  That  i s ,  i t  
i s  e a s i e r  to fo rm m a r t e n s i t e  o r  i n c r e a s e  h a r d e n a b i l i t y  
with the a - s t a b i l i z e r s .  

Our r e s u l t s  we re  c o m p a r e d  with the e a r l y  h a r d e n -  
ab i l i t y  da ta  of G r o s s m a n  1 and K r a m e r  et  a l . ,  2 as  wel l  
a s  with the l a t e r  da ta  of K r a m e r  et  al .  21 and Manning 
et  a l .  22 The mul t ip ly ing  f a c t o r s  f rom these  i n v e s t i g a -  
t ions  taken  at  0.45 wt pc t  a r e  l i s t e d  in Table  H. The 
t r e n d s  shown by  these  r e s u l t s ,  p a r t i c u l a r l y  those  of 
Manning et  al .  z2 a r e  in a g r e e m e n t  with our  f indings ,  
except  for  s i l i con ,  which we found has  a g r e a t e r  effect  
on h a r d e n a b i l i t y  b a s e d  on i ts  C - T  d i a g r a m  b e h a v i o r .  

The b reakdown  of the a l loys  into a - s t a b i l i z e r s  and 
y - s t a b i l i z e r s  is  in qua l i t a t ive  a g r e e m e n t  with the con-  
cept  of the two a l loy  c l a s s e s  f i r s t  p r o p o s e d  by Zener .  24 
He s t a t ed  that  one c l a s s  r e t a r d e d  the f o r m a t i o n  of both 
p e a r l i t e  and ba in i t e ,  with manganese  and n icke l  be ing  
among the mos t  p r o m i n e n t  in th is  c l a s s .  Zener  noted 
that  the second  c l a s s  which inc ludes  molybdenum,  r e -  
t a r d s  the f o r m a t i o n  of only p e a r l i t e ,  a phenomenon 
which he b e l i e v e d  is  ~tssociated with the c a r b i d e - f o r m -  
ing t endenc ie s  of th is  c l a s s .  

The d e g r e e  of po tency  of the a - s t a b i l i z e r s  and y -  
s t a b i l i z e r s  is  shown in Table  III where  h a r d e n a b i l i t y  
is  c o m p a r e d  us ing a method  p r o p o s e d  by  Grossman ,1  

a-stabilizers 

3'-stabilizers 

Ti 0.014 to 0.080 3, 25 
V 0 04 to 0.30 1, 3 
Mo 0.16 to 0.20 1, 3 
Zn 0 20 3 
Cr 0.22 to 0.36 3, 22 
Al 0.55 3 
$1 0.55 to 0.75 1, 25 

Mn 0.60 to 0.80 21 ,25  
Ni 1.15 to 1.30 1, 25 
Cu >1.5 25 

i . e . ,  amount  of a l loy  p e r  50 pc t  i n c r e a s e  in the m u l t i -  
p ly ing  f a c to r .  As can be seen ,  the a - s t a b i l i z e r s  r e -  
qu i re  much l e s s  a l loy ing  addi t ion  than the y - s t a b i l i z e r s  
for  an equiva len t  i n c r e a s e  in ha rdenab i l i t y .  

Although this  p r o p o s a l  sugges t s  that  c e r t a i n  a - s t a -  
b i l i z i n g  e l e m e n t s ,  i . e . ,  Ti, V, Zr ,  Cr ,  W, and Nb, i m -  
p rove  the h a r d e n a b i l i t y  of s t e e l ,  the compet ing  p r o c e s s  
of c a r b i d e  p r e c i p i t a t i o n  in the aus t en i t e  r obs  it of both 
ca rbon  and a l loy  addi t ion,  thus lower ing  h a r d e n a b i l i t y .  
Ha rdenab i l i t y  mul t ip ly ing  f ac to r  r e s u l t s  show that  v a -  
nadium I and t i t an ium 25 have f a c t o r s  app roach ing  2 at  
0.03 pc t  a l loy  add i t ions  which a r e  g r e a t e r  than that  of 
molybdenum,  the mos t  ef fec t ive  a l loy .  Unfor tunate ly ,  
beyond 0.03 pct ,  t i t an ium or  vanad ium c a r b i d e  p r e c i p i -  
ta t ion  o c c u r s  and the mul t ip ly ing  f ac to r  beg ins  to d rop .  

SUMMARY 

The effect of cooling rate (10~ per min to 25,000~ 
per min) on the transformation of austenite to pearlite 
and martensite in a eutectoid binary Fe-0.8 pct C alloy 
and ternary Fe-C eutectoid alloys with Mo, Mn, Ni, Co, 
and Si was studied by means of hot-stage cinephotomi- 
crography. Continuous cooling transformation diagrams 
were constructed, and critical cooling rates, i.e., the 
cooling rates necessary to form martensite, were used 
to determine the effect of the alloys in improving hard- 
enability. These determinations provided the basis for 
dividing the alloys into two groups: 

1) The a-stabilizers, Mo and Si. 
2) The y-stabilizers, Mn, Ni, and Co. 

The a-stabilizers showed the strongest effect in im- 
proving hardenability. 

The hot-stage technique is ideally suited for harden- 
ability studies since thermal, kinetic, and morphologi- 
cal data can be obtained simultaneously for the trans- 
formation of austenite into one or more of its trans- 
formation products. 
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