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The influence of boron on the i s o t h e r m a l  decompos i t ion  of Fe-Ni6-C0.12 (wt pct) s t ee l s  
has been  inves t iga ted .  The i s o t h e r m a l  y ~ p ro -eu t ec to id  f e r r i t e  r eac t i on  was studied by 
quant i ta t ive  meta l lography  and d i l a tomet ry .  It was c l e a r l y  shown that boron  slows down 
cons ide rab ly  the nucleat ion r a t e  of f e r r i t e  on y - g r a i n  boundar ies .  End-quench e x p e r i -  
ments  p e r f o r m e d  on Co.18-Cr-Mn indus t r i a l  s t ee l s  emphas i zed  the changes in ha rdena-  
b i l i ty  with t h e r m a l  h i s to ry .  

P a r t i c u l a r  at tention was devoted to the study of the s ta te  and locat ion of boron in the m i -  
c r o s t r u c t u r e  of the s t ee l s  studied.  Ion mic roscopy ,  a lphagraphy and t r a n s m i s s i o n  e l ec t ron  
m i c r o s c o p y  were  used to th is  effect .  It was conf i rmed  that  boron s e g r e g a t e s  eas i ly  to V- 
gra in  boundar ies  dur ing cooling,  which r e s u l t s  in the p rec ip i t a t ion  of i ron b o r o - c a r b i d e s .  
This  p rec ip i t a t ion  was shown to occur  both in s table  and metas tab le  austeni te ,  p r i o r  to the 

~ p r o - e u t e c t o i d  f e r r i t e  reac t ion .  The p rec ip i t a t e s  were  ident i f ied as Fe2a(B , C) 6 (FCC 
s t r u c t u r e  with a ~ 10.6A). The gra in  boundary Fe~3(B , C) 8 were  shown to have a p a r a l l e l  
cube-cube  o r ien ta t ion  re la t ionsh ip  with one of the ne ighbor ing  gra ins .  The ro l e  of the 
Fea3(B , C)o p r ec ip i t a t e s  with r e s p e c t  to the 7 ~ p roeu tec to id  f e r r i t e  r eac t i on  is d i scussed .  

T H E  pecu l i a r  ro le  of boron  with r e s p e c t  to austeni te  
decompos i t ion  in medium and low carbon s tee l s  has 
been a subject  of r e s e a r c h  for  at l ea s t  30 yea r s .  The 
potent e f fec t  I of minute addit ions of boron (a few tenths 
ppm, in wt pct) on hardenabi l i ty  of fe rs  one of the l eas t  
expens ive  ways of i m p r o v e m e n t  of the p r o p e r t i e s  of a 
v a r i e t y  of s t ee l s .  It is t h e r e f o r e  hard ly  s u r p r i s i n g  that 
a s t rong  i n t e r e s t  2'3'4'5 would develop for  this  addition 
at t i m e s  when al loying e l emen t s  a r e  r a r e  and /o r  ex -  
pens ive .  

In spi te  of the obvious advantages  of boron addition, 
u s e r s  have often shown r e luc t ance  for  b o r o n - c o n t a i n -  
ing s t ee l s .  Among v a r i o u s  compla in ts ,  one of the e s -  
sen t ia l  ones was the s e e m i n g l y  nonreproduc ib le  effect  
of boron on hardenabi l i ty .  The lack of p r e c i s e  under -  
s tanding of the ro l e  of boron  throughout  the p r o c e s s e s  
of aus teni te  decompos i t ion  was ce r t a in ly  a ma jo r  s t u m -  
b l ing-b lock .  A cons ide rab le  ef for t  of r e s e a r c h  was 
t h e r e f o r e  devoted to bo ron-con ta in ing  s t ee l s  in the 
1950's,  6'7'8 but the r e s u l t s  were  somewhat  unconclusive.  
The main  r e a s o n s  for  this mus t  ce r t a in ly  be found in 
the inheren t  d i f f icul t ies  of deal ing with pa r t s  per  m i l -  
l ion of an e l emen t  of low a tomic  number  (Z = 5). In r e -  
cent yea r s ,  the r enewed  i n t e r e s t  for  boron  addition 4'5'9 
and the genera l  p r o g r e s s  of methods  of m a t e r i a l s  r e -  
s e a r c h  have o f fe red  a new incent ive  for  bas i c  s tudies  
of the ef fec t  of boron  on hardenabi l i ty .  In this f r a m e -  
work a study of the effect  of boron on aus teni te  d e c o m -  
posi t ion (essen t i a l ly  V ~ p r o - e u t e c t o i d  f e r r i t e  t r a n s -  
format ion)  was c a r r i e d  out in low carbon  al loyed s t ee l s .  
I so the rma l  decompos i t ion  e x p e r i m e n t s  and s tandard  
Jominy  t e s t s  were  conducted to a s s e s s  hardenabi l i ty .  
A p a r t i c u l a r  emphas i s  was p laced on the study of the 

loca t ion  of boron  in the m i c r o s t r u c t u r e  af ter  va r ious  
heat  t r e a t m e n t s ,  which r e q u i r e d  the ex tens ive  use of 
t r a n s m i s s i o n  e l ec t ron  mic roscopy ,  a lphagraphy and 
ion m i c r o s c o p y .  

I -- MATERIALS -- E X PE RIM E N T A L 
PROCEDURE 

1 -- Mate r i a l s  

The study was c a r r i e d  out both on l abo ra to r y  and 
indus t r i a l  heats .  The compos i t ion  of the l a b o r a t o r y  
heats  was se l ec t ed  so that the s t ee l s  (even without 
boron) would have f a i r l y  l a rge  incubation t i m e s  for  the 
V ~ p ro - eu t ec to id  f e r r i t e  r eac t ion .  This  led to se l ec t  
Fe-Ni6-Co.l~ a l loys  (with or  without 50 ppm B - wt pet). 
The choice  of nickel  was brought  about by the fact  that 
this e l emen t  is a known V - s t a b i l i z e r  with no affinity 
for  carbon and full  solubi l i ty  in Fe.  The carbon con- 
cen t ra t ion  was chosen in the " l o w - c a r b o n "  range  s ince  
it  is wel l  documented that the effect  of boron is p a r t i c u -  
l a r l y  in tense  in l ow -ca rbon  s t e e l s .  The full  chemica l  
compos i t ions  of these  l abo ra to ry  heats  ( s tee ls  A and B) 
a r e  given in Table  I (wt. pct). 

These  heats  were  vacuum mel ted  and cas t  into 3 kg 
ingots which were  homogenized  at 1200~ (4 h) and 
ro l l ed  to 17 • 17 mm rods  (finishing t e m p e r a t u r e  

1000~ 
Two indus t r ia l  heats  were  a lso  se l ec t ed  for  this  

study and the i r  c h e m i c a l  compos i t ions  a r e  given in 
Table  II ( s tee ls  IA  and IB).  They a re  Mn-Cr  g rades  
with C ~ 0.18. 
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Table I. Composition of Laboratory Heats A and B, Wt Pct 

Ni C B AI N O Fe 

Steel A 6.30 0, [ 2 0.0 0.006 0,003 0.003 compl 
Steel B 6.25 0.12 0.0050 0.005 0.003 0.002 compl 
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Table II. Composition of Industrial Heats IA and IB, Wt Pct 

C Si Mn Ni Cr Mo AI B 

Steel IA 0.185 0.235 1.24 0.296 0.942 0.027 0.012 <0.0005 
Steel 1B 0.174 0.237 1.25 0.294 0.929 0.028 0.07 0.0100 

These heats  were mel ted  in an e lec t r i c  furnace  and 
cas t  as 2.7 me t r i c  ton ingots.  They were subsequent ly  
forged into 0 32 mm b a r s  (forging t e m p e r a t u r e  in the 
range  1100 and 1200~ and no rma l i zed  30 min.  at 
925~ 

2 -- Heat T r e a t m e n t s  -- Kinet ics  Studies 

The s tee l s  A and B were  used to study the d i s so lu -  
t ion and prec ip i ta t ion  of bor ides  dur ing  aus ten i t i z ing  
t r ea tmen t .  Var ious  aus ten i t iz ing  t e m p e r a t u r e s ,  r a n g -  
ing f rom 900~ to 1250~ were invest igated.  These 
exper imen t s  were  pe r fo rmed  on sma l l  samples  (10 
x 10 • 2 mm) which were  water  quenched after  aus t en -  
i t izing.  Prec ip i ta t ion  s tudies  were pe r fo rmed  by step 
quenching such sma l l  samples  at t e m p e r a t u r e s  in the 
range  950 to 600~ 

The k ine t ics  of the y ~ p ro-eu tec to id  f e r r i t e  were  
carefu l ly  invest igated in s tee ls  A and B. Small  s a m -  
ples (10 • 10 x 2 mm) were  aus teni t ized  for 1 h, then 
i so the rma l ly  held at 600~ for  va r ious  lengths of t ime  
and quenched in water .  Metal lographic polished and 
etched (nital  ~ 2 pot) sec t ions  were subsequent ly  used 
for the de te rmina t ion  of t r a n s f o r m a t i o n  curves  by 
quant i ta t ive meta l lography  (quant imet  B). A l imi ted  
number  of i so the rma l  d i l a tomet r i c  exper imen t s  were 
also pe r fo rmed  to ve r i fy  the r e su l t s  obtained by quan-  
t i ta t ive  meta l lography.  Hand - countings on optical  
mic rographs  of appropr ia te  magnif icat ion were also 
used for the de te rmina t ion  of the average  number  of 
f e r r i t e  pa r t i c l e s  per  unit a r e a  of a meta l lographic  pol -  
ished surface .  

In s tee l s  IA  and IB,  the hardenab i l i ty  was de te rmined  
by the s t andard  Jominy  tes t .  T h e r m a l  t r e a t m e n t s  were 
pe r fo rmed  on 0 32 mm b a r s  and a subsequent  Jominy 
tes t  was then pe r fo rmed  on such samples  (end-quenched 
with 850 ~  30 min.  aus teni t iz ing) .  The ha rdness  mea -  
s u r e m e n t s  on the end-quenched Jominy  samples  were 
pe r fo rmed  at a suff icient  depth to avoid any in t e r f e r ence  
f rom super f ic ia l  deea rbu r i z ing  or deboronizing.  

3 -- Detection and Local izat ion of Boron in 
Steel 

This aspect  of the study is e s sen t i a l  for an i m p r o v e -  
ment  of the unders tand ing  of the effect of boron in steel .  
It was the re fo re  most  ca re fu l ly  cons ide red  in the course  
of this study. Since boron was p re sen t  in the s tee ls  in -  
ves t iga ted  at a concen t ra t ion  level  of the o rder  of a few 
tens ppm (wt pct), i.e., a few hundreds  ppm (atomic pct), 
methods exhibi t ing a specific sens i t iv i ty  for boron,  or 
t r ace  sens i t ive  in genera l ,  were r equ i red .  The loca-  
tion of boron  was there fore  main ly  studied by alphag-  
raphy and secondary  ion spec t roscopy  techniques .  A 
l imi ted  number  of Auger e lec t ron  spec t roscopy  ex-  
pe r imen t s  were also conducted. 

The method of boron autoradiography used is the f i s -  
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sion t rack  etching technique desc r ibed  by Hughes and 
Rogers .  1~ Var ious  authors  have shown that the a p a r -  
t i c les  r e su l t i ng  f rom the nuc lea r  r eac t ion  

1~ B (n th, a)~Li 

(where n th s tands  for t he r ma l  neut rons)  could be e a s -  
i ly detected by the i r  damage t racks  in ce l lu lose  n i -  
t r a t e  n , la  or ce l lu lose  acetobutyra te  '~ (it mus t  be 
ment ioned here  that " n a t u r a l "  boron such as that used 
to al loy the s tee l s  is a mix ture  of 81.2 pct nB and 18.8 
pct I~ The autoradiographic  method used in the 
course  of the p re sen t  work cons is ted  in p lacing a ce l lu -  
lose n i t ra te  f i lm in c lose  contact  with a polished s a m -  
ple sur face  and i r r a d i a t i ng  the whole in a r eac to r  ( in-  
t egra ted  flux ~ 10 la nth/cm~). 

After  exposure ,  the f i lm was s t r ipped f rom the meta l  
and etched in an aqueous 10 pct NaOH solut ion at 60~ 
for 10 to 30 min.  The etched f i lm was then observed  
by means  of optical  mic roscopy  (or scanning  e lec t ron  
microscopy ,  af ter  meta l l iz ing) .  

Secondary ion spec t roscopy  14'1~ is becoming  an in -  
c r ea s ing ly  widespread  technique for the detect ion (with- 
out a tomic number  l imi ta t ion)  of t r ace  e l emen t s .  The 
CAMECA secondary  ion mic roprobe  SMI 300 used d u r -  
ing this study has a mass  sens i t iv i ty  of the o rde r  of 
10 -1~ to 10 -12 g rams .  This  i n s t r u m e n t  eas i ly  pe rmi t s  
the detect ion of boron  in s tee ls ,  16 even at the ppm level.  
The CAMECA i n s t rumen t ,  like va r ious  other  ion m i -  
c roprobes ,  can be used to obtain f i l t e red  ion m i c r o -  
graphs,  which give the locat ion of a se lec ted  e lement  
in the m i c r o s t r u c t u r e ,  with a r eso lu t ion  of 1 to 5/~m. 
Such mic rog raphs  a re  obtained f rom a reas  ~ 250 ~ in 
diam on the pol ished flat su r face  of the s tee l  sample .  

A l imi ted  number  of Auger e l ec t ron  spec t roscopy  
expe r imen t s  were pe r fo rmed  on i n t e r g r a n u l a r  rup ture  
su r faces .  The f r a c t u r e s  were done i / i - s / f~  in a Phys i -  
cal  E lec t ron ics  Auger Spec t romete r  and the Auger 
spec t r a  obtained with a cy l indr i ca l  m i r r o r  e lec t ron  
ana lyzer .  

4 -- M i c r o s t r u c t u r e  Charac te r i za t ion  

This was c a r r i e d  out by s tandard  opt ical  microscopy,  
scanning  e lec t ron  mic roscopy  and t r a n s m i s s i o n  e l ec -  
t r on  mic roscopy  (thin foils - rep l icas ) .  A pa r t i cu l a r  
emphas i s  was put on the ident i f icat ion of prec ip i ta te  
phases  by thin foil e lec t ron  mic roscopy  and se lec ted  
a r ea  diffract ion.  

II -- EXPERIMENTAL RESULTS 

1 -- Isothermal y ~ Pro-eutectoid Ferrite 

React ion Kinet ics  

The l abo ra to ry  heats  A and B have been  used for a 
study of ~ ~ p ro-eu tec to id  f e r r i t e  r eac t ion  k ine t ics  at 
600~ (after l l00~  - 1 h austeni t iz ing) .  The reac t ion  
t e m p e r a t u r e  was selected,  af ter  p r e l i m i n a r y  exper i -  
ments ,  as a t e m p e r a t u r e  well  sui ted for i so the rma l  
s tep-quenching  expe r imen t s  as well  as i so the rma l  
d i l a tomet ry  expe r imen t s .  The aus ten i t i z ing  condit ions 
were  chosen af ter  m e a s u r i n g  the average  y - g r a i n  s ize .  
These m e a s u r e m e n t s  indicated that, af ter  l l00~  - 1 h 
aus teni t iz ing,  the y - g ra in  s ize  was reproduc ib le  and 
s i m i l a r  in both s tee l s  (in fact, the mean  gra in  d i ame te r  
was about 10 pct l a r g e r  in s tee l  B). This  t e m p e r a t u r e  
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was also deemed  n e c e s s a r y  to obtain comple te  d i s s o -  
lut ion of bo ron-con ta in ing  p rec ip i t a t e s  (see below II.2). 

The opt ica l  m i c r o g r a p h s  of Fig.  1 show that  the f e r -  
r i t e  f o r m e d  at 600~ is of the "Widmans t f i t t en"  type 
and is g ra in  boundary nucleated.  The s lowing-down 
effect  of boron  on the nucleat ion of p r o - e u t e c t o i d  f e r -  
r i t e  is a l r eady  apparent  on these  m i c r o g r a p h s .  The 
t r a n s f o r m a t i o n  k ine t ics  w e r e  d e t e r m i n e d  by d i l a tom-  
e t ry  and quant i ta t ive  me ta l log raphy  and the r e s u l t s  a re  
p r e s e n t e d  in Fig.  2. In th is  f igure ,  the e x p e r i m e n t a l  
r e s u l t s  a r e  n o r m a l i z e d  (100 pct t r a n s f o r m a t i o n  at l0  s 
s). One can r ead i ly  see  the s a t i s f ac to ry  a g r e e m e n t  b e -  
tween d i l a t o m e t r y  and quant i ta t ive  me ta l log raphy  data. 
The r e t a r d i n g  ef fec t  of boron  on the V ~ p r o - e u t e c t o i d  
f e r r i t e  r eac t i on  is a lso  quite  obvious.  The t r a n s f o r m a -  
t ion c u r v e s  a re  of the s igmoida l  type, as is expec ted  
for  a phase t r a n s f o r m a t i o n  involving nucleat ion and 
growth. A Johnson-Mehl  ana lys is  of these  c u r v e s  leads  

to the r e s u l t s  p r e s e n t e d  in Fig.  3. These  c u r v e s  p e r m i t  
a c l e a r  d is t inc t ion  of the t i m e - r a n g e  of gra in  boundary  
nucleat ion p r i o r  to s i te  sa tura t ion .  Site sa tu ra t ion  o c -  
c u r s  for  ~ 10 a seconds  in s t ee l  A and 5 �9 103 s in s t ee l  
B. Beyond s i te  sa tura t ion ,  the exponent n of the John-  

Steel A 

Steel B 
Fig. 1--Optical micrographs of samples of steel A and B par-  
tially reacted at 600~ for 103 s, after ll00~ - 1 h austeni- 
tizing. 

son-Mehl  f o r m u l a  is of the o r d e r  of 1 in both s tee l s  A 
and B. 

In o r d e r  to study m o r e  p r e c i s e l y  the nuclea t ion  of the 
y ~ p r o - e u t e c t o i d  f e r r i t e  r eac t i on  (which is e s s e n t i a l  
as far  as ha rdenab i l i ty  is concerned) ,  the ave rage  num-  
b e r  of f e r r i t e  p a r t i c l e s  per  unit a r e a  of a pol ished and 
e tched sample ,  was d e t e r m i n e d  by hand-count ing on 
opt ical  m i c r o g r a p h s .  The r e s u l t s  of these  m e a s u r e -  
ments  a r e  shown in Fig.  4. It is diff icul t  to eva lua te  a 
t rue  vo lume nuclea t ion  r a t e  f r o m  the number ,  N, of nu- 
c le i  counted per  unit a r e a  on a plane of polish.  It was 
t h e r e f o r e  decided to d e t e r m i n e  a two-d imens iona l  nu-  
c lea t ion  r a t e  N s such as:  

1 d N  
N s -  1 - X ( [ ~  " dt  

where  X(t )  is the f r ac t ion  of aus teni te  t r a n s f o r m e d .  
The v a r i a t i o n  of N s with t ime  is shown in Fig.  5. For  
al l  obse rvab le  condi t ions,  N s d e c r e a s e s  rap id ly  with 
t i m e  in s tee l  A, whereas  it goes through a m ax imum 
at an i n t e rm ed ia t e  r eac t i on  t i m e  in s tee l  B. It is c l e a r  
that  boron  g rea t ly  d e c r e a s e s  the r a t e  of g ra in  boundary 

100 

8 0  

y ./ 
10 10 ~ 10 10 ~ 

T i m e  (seconds)  

Fig. 2--Isothermal transformation curves of steels A and B 
at 600~ (1100~C - 1 h austenitizing). 
-Quantitative metallography: Steel A (�9 

Steel B ([]) 
-Dilatometry: Steel A (0) 

Steel B (.). 

o /J//" 
�9 o 

10z 103TI m e ( seconds ) 10' 10 s 

Fig .  3 - - I s o t h e r m a l  y ~ p r o - e u t e e t o i d  f e r r i t e  r e a c t i o n  at  
600~ (after 1100~ - 1 h austenitizing): Johnson-Mehl plot. 
(Steel A [Sl - Steel 13 [O]). 
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Fig. 4--Average number of ferrite particles per unit area of 
polished metallographic surface, as a function of reaction 
time at 600~ (ll00~ austenitizing); Steel A (@) - Steel B 
(o). 
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Fig. 5--Nucleation rate at 600~ for Steel A (0) and Steel B 
(o). 

nuclea t ion  of f e r r i t e ,  but  that, for t imes  of the o rder  of 
s i te  sa tura t ion ,  the number  of f e r r i t e  pa r t i c l e s  is not 
subs tan t i a l ly  di f ferent  in both s tee l s ,  tt s eems ,  t h e r e -  
fore,  that boron  does not d ra s t i ca l ly  change the a v e r -  
age number  of nuclea t ion  s i tes  (at l eas t  in the p re sen t  
case).  

A limited number of experiments concerning the iso- 
thermal y ~ pro-eutectoid ferrite reaction were con- 
ducted at 650~ on the industrial steels IA and IB. 
These experiments again confirmed the inhibiting ef- 
fect of boron on the grain boundary nucleation of fer- 
rite. 

The austenitizing temperature was set at 1100~ in 
the experiments just described. However, austenitizing 
temperature is an essential parameter of grain bound- 
cry  nucleated  t r a n s f o r m a t i o n  such as the y ~ p ro -  
eutectoid f e r r i t e  reac t ion .  It was there fore  decided to 
invest igate  the inf luence of this p a r a m e t e r  on the ove r -  
all  decomposi t ion  kinet ics .  In o rde r  to achieve this  
purpose,  the complete  t r a n s f o r m a t i o n  cu rves  at 600~ 
were de te rmined  af ter  va r ious  aus ten i t i z ing  condit ions 
and the average  y - g ra in  s ize  was m e a s u r e d  on optical  
mic rographs  of sui tably etched samples .  F r o m  these  
two-d imens iona l  m e a s u r e m e n t s ,  an average  three  di -  
mens iona l  Y - gra in  s ize,  D, was obtained f rom the 
c l a s s i c a l  formula :  

5 = 1.55~(NAP~2 

(where N A is  the number  of g ra ins  per  uni t  a r ea  on the 
plane of polish). 
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To apprecia te  and compare  the va r ious  aus ten i t i z ing  
t e m p e r a t u r e s ,  the t r a n s f o r m a t i o n  k ine t ics  were c h a r -  
ac te r ized  by an appropr ia te  " incuba t ion  t i m e "  r, 
name ly  the t ime  n e c e s s a r y  to reach  10 pct t r a n s f o r m a -  
t ion at 600~ The complete  set  of r e s u l t s  in p resen ted  
in Fig. 6 where v is plotted v e r s u s  D. These data show 
conclus ive ly  that r is always subs tan t ia l ly  l a r g e r  in the 
bo ron -con ta in ing  s tee l  than in the boron  f ree  steel ,  for 
a given aus teni t ic  g ra in  s ize.  This is t rue  up to the 
l a r ge s t  y - g r a i n  s izes  (cor responding  to aus ten i t iz ing  
1 hour at 1200~ It is worth noting, however,  that the 
effect of boron on hardenab i l i ty  is more  not iceable  for 
sma l l  y - g r a i n  s izes ,  where the r e l a t ive  va r i a t ion  of r 
is l a r g e r  than that observed  for l a r g e r  gra in  s izes .  
This  r e m a r k  emphas izes  a genera l  observa t ion  accord -  
ing to which boron is most  effective for low aus t en i t i z -  
ing t e m p e r a t u r e s .  

2 -- End-quench Exper imen t s  

This par t  of the study concerns  only the indus t r i a l  
s tee l s  I A and IB.  The main  purpose  of these  exper i -  
ments  was to show the effect of a previous  heat t r e a t -  
ment  on the Jominy hardenabi l i ty .  The end-quench 
tes t s  were  all c a r r i e d  out after  aus ten i t i z ing  at 850~ 
for 30 min.  The r e s u l t s  obtained a re  p resen ted  in Figs.  
7 and 8. In all cases ,  the ha rdenab i l i ty  was m e a s u r e d  
by the ha rdness  J20 (Rockwell C) at 20 mm f rom the 
quenched-end.  The influence of a previous  aus t en i t i z -  
ing t r e a t me n t  (followed by water  quenching) is shown 
in Fig.  7. Whereas  the hardenabi l i ty  is hard ly  changed 
in the B- f ree  s teel ,  a dec rease  with i n c r e a s i n g  aus t en -  
i t iz ing  t e m p e r a t u r e  was observed  in the B-con ta in ing  
s teel .  However, the aus ten i t i z ing  t ime  did not appear 
to affect the r e su l t s .  It was found that the loss  of ha rd -  
enabi l i ty  of the B-con ta in ing  s teel  was not e r a sed  by a 
second aus ten i t i z ing  t r e a t m e n t  at low t e m p e r a t u r e  
(925~ - 30 min.) p r io r  to the Jominy test .  

The effect of cooling after austenitizing on the hard- 
enability of steel IB is described in Fig. 8. It is ob- 
served that, whereas the hardenability of the B-free 

i / / +  ; 

; / 

; / / 
/ /  / 

- S  - - - / / +  - 

/ 
/ 

10 , ~ /  , , 

Grain Size (l ,Tnl 

Fig. 6--Variation of incubation time r with average y-grain 
size D: Steel A (O) - Steel B (0). 
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Fig. 7--1nfluence of a previous austenitizing treatment on the 
Jominy hardenability of Steels IA and I B. 
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Fig. 8--1nfluence of cooling after austenitizing on the Jominy 
hardenability of Steel I B. 

(b) llB+ 

(c) 12C* 

steel IA isnot noticeably affected, measurable effects 
appear in the case of steel IB. The detrimental influence 
of the austenitizing temperature is more pronounced in 
the case of water quenching than in the case of slow cool- 
ing or step-cooling. 

The end-quench experiments reveal therefore the 
prime importance of the prior thermal (and, certainly, 
thermomechanical) history of the B-containing steel 
to be tested by a standard Jominy experiment. 

(a) 56 Fe § 

Fig. 9--Steel B, austenitized 1 hour at 1000~ and water- 
quenched. Ion micrographs, with secondary 56Fe§ liB+ and 
~2C+ ions (O{ primary). 

3 -- Microstructure -- Boron Location 

This essential part of the study was mainly con- 
cerned with: the dissolution of borides during austen- 
itizing, the precipitation of borides during cooling and 
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the location of boron in the microst ructure  of isother- 
mally decomposed samples. 

a) Dissolution of boron in austenite : This problem 
was studied by ion microscopy on samples rapidly 
quenched from various austenitizing temperatures 
(1 h - 900 to 1250~ Small samples (2 mm thick) of 
all four steels investigated had fully martensitic s t ruc-  
tures after water quenching (the martensite would usu- 

ally contain fine cementite particles indicative of 
quench -tempering). 

The austenitizing and quenching treatments were per-  
formed essentially on steel B. A typical set of ion mi- 
crographs is shown in Fig. 9 (1000 ~ austenitizing tem- 
perature). The 56Fe* ion micrograph has a poor con- 
t ras t  but confirms the fully martensitic structure of 
the as-quenched sample. The 11B+ micrograph reveals 
the presence of both large and small boron-containing 
particles. The leC§ micrograph indicates that carbon 
is present in those large particles.  The 56Fe* image 
also seems to indicate the presence of Fe in the same 
particles.  It is therefore logical to assume that these 

Fig. 10--Steel B, w a t e r - q u e n c h e d  f r o m  t250~ - 1 h a u s t e n i -  
tizing. Secondary 11B+ ion m i c r o g r a p h  (O~ p r i m a r y  ions) r e -  
vea l ing  g r a i n - b o u n d a r y  bor ides .  

- ,  't f "  
lh~ D 

"~ *Ib 

. I P  \ . 
I P  W, lb 

�9 O ~ 
ii ~ tb 

IP '\ 
Q 25 m 

(b) liB+ 

(a) 5GFe + 

Fig. l l - - S t e e l  B: s t ep -quench ing  l l00~ - 1 h ~ 750~ - 1 h 
+ wa te r -quench ing .  Ion m i c r o g r a p h s ,  with s econda ry  5~Fe+, 
ttB§ and 12C+ ions  (O~ p r i m a r y  ions) showing large g r a i n -  
boundary  b o r o - e a r b i d e s .  
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(C) 12C+ 
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l a r g e  b o r o n - c o n t a i n i n g  p a r t i c l e s  were  und i s so lved  at 
1000~ (and below).  The o r ig in  of the s m a l l e r  b o r i d e s  
apparent on the riB+ image will be discussed later in 
this paper. Upon raising the austenitizing temperature 
to 1100~ one no longer observes the large boron-con- 
taining particles. This seems to indicate a complete 
dissolution of those borides above 1000~ However, 
after austenitizing at high temperature (II00~ and 
above) a fine borides precipitation along y-grain 
boundaries was clearly observed after water-quench- 
ing (Fig. i0). 

From these ion microscopy experiments on marten- 
sitic quenched samples of steel B, the following points 
can be emphasized: 

--for low austenitizing temperatures, large boro- 
carbides stay undissolved. 

--with the composition of steel B, complete dissolu- 
tion is obtained between 1000 ~ and II00~ 

--precipitation of borides along y-grain boundaries 
can occur even during water-quenching from high au- 
stenitizing temperatures. 

b) Precipitation of borides on y-grain boundaries: 
Since the dissolution of boron could be considered 
complete at 1100 ~ in steel B, a number of experiments 
were performed to ascertain the temperature range of 
the borides precipitation on ),-grain boundaries during 
cooling, as well as the precise nature of these borides. 

Step-quenching experiments in the stable austenitic 
range, followed by ion microscopy observations, re- 
vealed that the precipitation of borides occurs rapidly 
below ~ 950~ Typ ica l  ion m i c r o g r a p h s  a r e  shown in 
Fig .  11. The p r e c i p i t a t e s  t h e r e  a r e  r a t h e r  c o a r s e ,  b e -  
cause  of the long holding t ime ,  and a r e  e a s i l y  o b s e r v a -  
b le  a l so  by  op t ica l  m i c r o s c o p y .  F o r  s h o r t e r  t i m e s  the 
riB* ion m i c r o g r a p h s  a r e  s i m i l a r  to that  shown in Fig .  
I0. The 5~Fe+, riB+ and 12C+ images shown in Fig. i i  
again suggest that the grain boundary precipitates 
(long known as "Boron-constituent' 'I' 17) are iron 
boro-carbides. 

A complete crystallographic identification of the 
precipitate boride phase was carried out by transmis- 
sion electron microscopy on extraction replicas and 
thin foils, in spite of experimental difficulties (easy 
dissolution of the borides in the usual etching and pol- 
ishing solutions). A typical thin foil electron micro- 
graph is shown in Fig. 12. Selected area diffraction 
patterns indicated that the precipitates had an FCC 
lattice with a ~ 10.6A. This permitted their identifi- 
cation as the iron boro-carbide Fe23(B , C) 6. This boro- 
carbide was originally identified by Carrol, Darken 
et al. 18 in the course of a study of the Fe-B-C phase 
diagram. The "Boron-constituent" was also recently 
identified as Fe2a(B, C) 6 in various low carbon steels. 
19,eo The Fe23(B , C) 6 boro-carbide is isomorphous to 
the well known M23C 6 carbide and its lattice param- 
eter is also approximately three times that of austen- 
ite. 

It is well established that the M23C 6 carbide nucle- 
ate with a parallel (cube-cube) orientation relationship 
with the parent austenite (in Cr-Ni stainless steels for 
instance). 21,22 It was therefore considered particularly 
important to verify whether such an orientation rela- 
tionship existed for Fe23(B , C) 6 precipitating in the au- 
stenite of carbon steels. Unfortunately, for such steels, 
austenite is not directly observable, unless by hot stage 

Fig. 12--Steel B: step-quenching II00~ - 1 h ~ 600~ - 
5000 seconds + water-quenching. Transmission electron 
micrograph showing grain-boundary Fea3(B, C)G borocar- 
bides) in an untransformed (fully martensitic) area. 

m i c r o s c o p y .  An a l t e r n a t e  way is to d e t e r m i n e  the o r i -  
enta t ion r e l a t i o n s h i p  be tween  F%3(B, C)6 and m a r t e n s i t e  
l a t t i c e s .  If one a s s u m e s  that  m a r t e n s i t e  and pa ren t  au-  
s t en i t e  a r e  r e l a t e d  by  a Kurd jumov-Sachs  23 o r i en t a t i on  
r e l a t i onsh ip ,  it  is  then p o s s i b l e  to d e t e r m i n e  the 
Fe23(B, C)6-aus teni te  o r i en ta t ion  r e l a t i o n s h i p .  It is 
wor th  noting he re  that  s ince  one is dea l ing  with g ra in  
bounda ry  p r e c i p i t a t e s ,  the o r i en t a t i on  r e l a t i o n s h i p  (if 
any) should ex i s t  with one of the f o r m e r  y - g r a i n s  and 
not with the ne ighbor ing  g ra in  a c r o s s  the boundary .  

Se lec ted  a r e a  d i f f r ac t ion  pa t t e rn s ,  such as  that  
shown in Fig .  13, r e v e a l e d  a def ini te  o r i en t a t i on  r e l a -  
t ionsh ip  be tween  the FCC l a t t i c e  of Fe23(B, C)6 and the 
BCC l a t t i ce  of a se t  of m a r t e n s i t e  p l a t e s  on one s ide  
of the f o r m e r  y - g r a i n  boundary .  This  was c o n f i r m e d  
by  the joint  use  of s e l e c t e d  a r e a  d i f f r ac t ion  p a t t e r n s  
and d a r k  f ie ld  m i c r o g r a p h y .  In the example  d e s c r i b e d  
in F igs .  13 and 14, a g ra in  boundary  Fe23(B, C) 6 p r e -  
c ip i t a t e  f o r m e d  in s t e e l  IB  by  i s o t h e r m a l  holding at  
850~ for  2 h (aus ten i t i z ing  1300~ - 3 0  min.)  is  s h o w n  
to have i ts  (111) plane exac t ly  p a r a l l e l  to the (110) plane 
of a se t  of m a r t e n s i t e  p l a t e s .  Moreove r ,  the r e c i p r o c a l  

- 

l a t t i c e  p lanes  ( l l l ) m a r t e n s i t e  and (l10)~e23(B,C)6 a r e  ap -  
p r o x i m a t e l y  p a r a l l e l  (Fig.  13). The o r i en ta t ion  r e l a t i o n -  
ship  be tween  m a r t e n s i t e  and Fe23(B, C) 6 can then be s u m -  
m a r i z e d  as :  

( l l l )Fe23(B,C) ~ II ( l l0 )mar tens i t e  

[l[0]Fe23(B,C) 6 II [111] martensite 
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(b) 
Fig. 13--Selected area diffraction on a grain-boundary boride 
in Steel IB (step-quenching 1300~ - �89 h -* 850~ - 2 h 
+ water-quenching). 
--(a) -- Experimental diagram. 
--(b) -- Indexation showing the Kurdjumov-Sachs orientation 

relationship. 

(a) 

This is the Kurd jumov-Sachs  (K-S) re la t ionsh ip  between 
FCC and BCC la t t i ces .  If one then a s s u m e s  that a s i m -  
i l a r  r e la t ionsh ip  holds between paren t  aus teni te  and m a r -  
t ens i te ,  it can be safe ly  deduced that the two FCC l a t -  
t i ces  of aus teni te  and Fe23(B, C) 6 a re  pa ra l l e l  (cube- 
cube re la t ionship) .  This  is, of course ,  t rue  only on one 
side of the y gra in  boundary  (Fig. 14). 

c) y - -  p ro-eu tec to id  f e r r i t e  decomposi t ion:  The lo- 
cat ion of boron in the m i c r o s t r u c t u r e  of samples  of 
s tee l  B pa r t i a l ly  reac ted  at 600~ was invest igated.  As 
ment ioned e a r l i e r ,  the p ro-eu tec to id  f e r r i t e  formed in 
s tee l s  A and B af ter  aus ten i t i z ing  as 1100~ cons i s t  e s -  
sen t i a l ly  of Widmanst~/tten " s a w - t e e t h "  and blocky a l -  
lo t r iomorphs ,  according to the Dub~-Aaronson  c l a s s i -  
f icat ion.  ~ '  25 

For  holding t imes  too shor t  for f e r r i t e  nucleat ion,  
ion mic rographs  (Fig. 15) c l e a r l y  r evea l  a g ra in  bound-  
a ry  segrega t ion  of boron in what appears  to be d i s t inc t  
pa r t i c l e s :  the SSFe+ mic rograph  of Fig.  15 shows a fully 
ma r t ens i t i c  s t ruc tu re ,  whereas  the 11B+ image indicates  
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(b) 
Fig. 14--Steel IB (same as Fig. 13); Dark field images with: 
- a -  (ll0)Mand (333)Fe23(B ,C) 6 (common spot). - b -  (011) M. 
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(a) SaFe* 

(a) 56Fe+ 

(b) 11B* 
Fig. 15--Steel B untransformed after 300 seconds holding at 
600~C (ll00~ austenitizing). Ion micrographs with secondary 
56Fe + and 11B* ions (O~ primary ions). 

the p r e sence  of bor ides  on V-grain  boundar ies  and also 
ins ide  the gra ins .  There  appears  to be a b o r o n - f r e e  
zone (a few ~tm thick) on both s ides  of the v - g r a i n  
boundar ies .  

After holding t imes  suff icient  to reach the V ~ 
t r ans fo rma t ion  range ,  ion mic rog raphs  such as those 
shown in Fig. 16 a re  obtained.  The S~Fe+ images  r e -  
veal  c l ea r ly  the two phase m a r t e n s i t e - f e r r i t e  m i c r o -  
s t r uc tu r e  and the riB+ images  are  quite s i m i l a r  to 
those obtained for shor t e r  holding t imes  (compare 
Fig.  16 with Fig.  15). Boron-au to rad iographs ,  such 
as that shown in Fig. 17, conf i rm the gra in  boundary  
" s e g r e g a t i o n "  of boron  in pa r t i a l ly  reac ted  samples  
but do not have a suff ic ient  r e so lu t ion  to r evea l  indi -  
vidual  bor ides .  Thin foil t r a n s m i s s i o n  e lec t ron  m i c r o s -  

(b) 11B~ 
Fig. 16--Steel B partially transformed after 104 s holding at 
600~ (ll00~ austenitizing). Io~ micrographs with secondary 
56Fe* and ltB+ ions (O{ primary ions). 

copy on pa r t i a l l y  reac ted  samples  of s tee l  B showed 
(Fig. 18) the p r e s e n c e  of g ra in  boundary  bor ides  (sug- 
gested by the ion microgvaphs) .  Selected a rea  d i f f rac -  
t ion conf i rmed  that they were  Fe23(B, C)6. It is also 
worth noting here  that the morphology of those gra in  
boundary  Fe23(B, C)6 p rec ip i t a tes  is akin to that of 
M23(B, C) 6 in aus teni t ic  Cr -Ni  s tee l s  and Fe23(B, C) 6 
p rec ip i t a tes  in Fe-Ni36-B aus teni t ic  s tee l s .  26 

In numerous  ins tances  (both in s tee l s  B and IB), it 
was observed  that the gra in  boundary  b o r o - c a r b i d e s  
seemed  to inhibit  the development  of f e r r i t e  on one 
side of the v - g r a i n  boundary  (Figs.  19 and 20). A s i m -  
i l a r  observa t ion  was made by Ohmori .  ~9 The observed  
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(a) (b) 

Fig. 17--Boron a lphagraph (a) and re la ted  optical mic rograph  (b). Steel B par t ia l ly  t r an s fo rmed  at 600~ (ll00~ - aus t en i -  
tizing). 

(a) (b) 
Fig. 18--Thin foil t r a n s m i s s i o n  e lec t ron  microscopy on Steel B, par t ia l ly  t r an s fo rmed  at 600~ Micrographs  showing 
Fe23(B, C)6 along fo rmer  "/-grain boundar ies  in m a r t e n s i t i c - f e r r i t i c  (a) and fully f e r r i t i c  (b) a reas .  

" o c c u l t a t i o n "  i s  a r e s u l t  of i n h i b i t e d  n u c l e a t i o n  and  
g r o w t h  of f e r r i t e .  I t  w a s  h o w e v e r  p o s s i b l e  to  show 
t h a t  t h i s  " o c c u l t a t i o n "  o c c u r s  on  t h e  s i d e  of t h e  y -  
g r a i n  w i th  w h i c h  t he  Fe23(B , C)6 p r e c i p i t a t e  i s  s e m i -  
c o h e r e n t .  T h i s  p o i n t  i s  of p a r t i c u l a r  i m p o r t a n c e  a s  
f a r  a s  t h e  r o l e  of t h o s e  p r e c i p i t a t e s  w i th  r e s p e c t  to  
t h e  y ~ p r o - e u t e c t o i d  f e r r i t e  r e a c t i o n  i s  c o n c e r n e d .  

III  -- DISCUSSION 

1 -- Behavior and Distribution of Boron in 
Austenitic Phase 

A precise knowledge of the state and distribution of 
boron in austenite is the key to the understanding of 
the effect of boron on austenite decomposition. The 
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Fig. 19--Steel I B isothermally reacted at 650~ for 4 rain. 
(1300~ - �89 h austenitizing). Optical micrograph showing oc- 
cultation of ferrite by grain boundary Fe23(B , C)6 precipitates. 

Fig. 20--Steel B, isothermally reacted at 600~ for 5000 sec- 
onds. Transmission electron micrograph showing the occul- 
tation of ferrite (F) by grain-boundary Fez3(B , C)6 precipi- 
tates (M - rnartensite). 

main  r e su l t s  of the p re sen t  study are  re la t ive  to the 
d isso lu t ion  of bo ron -con t a in ing  phases  dur ing  aus t en -  
i t iz ing and to the segrega t ion  and prec ip i ta t ion  of boron  
at aus teni t ic  gra in  boundar ies  dur ing  cooling. Ion m i -  
c rography  expe r imen t s  (such as those p resen ted  in 
Fig.  9) demons t r a t e  that, at low aus ten i t i z ing  t e m p e r -  
a tu res  (T _< 1000~ some la rge  bo ron -con ta in ing  p r e -  
c ipi ta tes  were not d issolved.  The s m a l l e r  bor ides  
p r e s e n t  on the 'IB+ image of Fig.  9 can probably be at-  
t r ibu ted  to prec ip i ta t ion  dur ing  cooling. The na ture  
and amount  of the undissolved pa r t i c l e s  has not been  
p r e c i s e l y  de t e rmined  in the course  of this study. It is, 
however,  c lea r ,  f rom cor re l a t ed  ion mic rographs ,  that 
these pa r t i c l e s  are  i ron  b o r o - c a r b i d e s ,  fo rmed dur ing  
the previous  t h e r m o m e c h a n i c a l  h i s to ry  of the s tee l  
studied. The exis tence  of such undissolved bor ides  has 
been repor ted  by var ious  authors ,  1~,~9 who are  in gen-  
e ra l  ag reemen t  on the i r  na ture  (Fe23(B , C)6 and /o r  
Fe3(B , C)). An appropr ia te  technique of phase ana lys i s  
would be highly des i r ab le  so as to make poss ib le  a 
m e a s u r e  of the amount  of boron  p r e sen t  in these  un-  
d issolved b o r o - c a r b i d e s .  Var ious  expe r imen ta l  p ro -  
cedures  have been  proposed to this effect ~ 'm and de-  
ve lopments  should be for thcoming.  

METALLURGICAL TRANSACTIONS A 

For aus ten i t iz ing  t e m p e r a t u r e s  above 1000~ it was 
noticed that the coa r se  i ron b o r o - c a r b i d e s  were d i s -  
solved. However,  rapid  cooling could not p revent  some 
segrega t ion  of boron to gra in  boundar ies  in what ap-  
pea rs  to be individual ized prec ip i ta tes .  The whole 
quest ion of segregat ion  of boron  to V gra in  boundar ies  
is s t i l l  f a i r ly  unset t led.  The two main  p rob lems  are:  

at whether gra in  boundary  segregat ion  occurs  at high 
aus ten i t i z ing  t e m p e r a t u r e  or dur ing  cooling. 

b) whether the g ra in  boundary  segrega t ion  of boron 
is in a t ru ly  " a t o m i c "  form or in the form of bor ides .  

Concern ing  i tem (a), the in te rp re ta t ion  of exper i -  
ments  is conflict ing.  An e s sen t i a l  aspect  of this  p rob-  
lem lie, s in our  i m p r i c i s e  knowledge about the type of 
so l id - so lu t ion  Fe~/-B and the equ i l ib r ium d iagrams  
Fe -B  3~ and F e - C - B .  It seems ,  however,  l ikely 
that boron exis ts  in some type of i n t e r s t i t i a l  solut ion 
in aus teni te ,  33 probably  in close assoc ia t ion  with va -  
cancies  so as to accommodate  its unusual ly  large 
atomic radius .  Var ious  r ecen t  exper imen ta l  r e su l t s  
34,35 suggest  some type of '%oron a t o m s - v a c a n c i e s "  
in te rac t ion .  Concerning  the segregat ion  of boron to 
aus teni te  g ra in  boundar ies ,  Simcoe e t  a l .  6 bel ieve  that 
an i nc rea sed  gra in  boundary  adsorpt ion  of boron occurs  
with i n c r e a s i n g  t e m p e r a t u r e .  This would, according to 
these authors ,  speed up the p rec ip i ta t ion  of bor ides  
dur ing  subsequent  cooling. This in te rp re ta t ion  is d i s -  
puted by Grange and Mitchell ,  17 and var ious  authors  
36,3~ who notice that the amount  of boron segregated  
(in atomic or prec ip i ta te  form) i n c r e a s e s  with d e c r e a s -  
ing cooling ra te  (from a given aus ten i t i z ing  t e m p e r a -  
ture) .  For  ins tances ,  Ueno and Inoue ~7 using an alphag- 
raphy technique,  showed that boron  segrega t ion  was un-  
detectable  in a low carbon s teel  (containing 5 ppm B) 
quenched in hel ium gas f rom 1350~ but that c lear  
grain  boundary  segrega t ion  was observed  after  a i r -  
cooling f rom the same aus ten i t iz ing  t e m p e r a t u r e .  Sim- 
i lar  exper imen t s  were  pe r fo rmed  by the authors  of the 
p r e se n t  paper ,  both on carbon s tee ls  and an aus teni t ic  
Fe-Ni36-Bo.oo 8 s teel .  In the la t te r  case ,  26 no boron  seg-  
rega t ion  could be observed  (by ion microscopy)  af ter  
water  quenching of sma l l  s amples  f rom 1200~ but 
evidence of g ra in  boundary  bor ides  could be seen in 
a i r  cooled and fu rnace -coo led  samples .  A fur ther  a r -  
gument  towards the segregat ion  of boron dur ing  cool-  
ing has been put forward by Grange and Mitchell  t7 who 
showed that, in a deformed and r e c r y s t a l l i z e d  steel ,  
the new gra in  boundar ies  were the ones to which boron 
segrega ted  dur ing  cooling or holding at an i n t e r m e d i -  
ate t empe ra tu r e .  S imi lar  observa t ions  were made by 
Dulieu and I rani .  3s The exis tence  of a b o r o n - f r e e  zone 
on both s ides of v - g r a i n  boundar ies ,  after  s t ep-quench-  
ing t r e a t m e n t s  (as shown in Fig. 15 for instance) ,  is 
also indicat ive of a rapid  migra t ion  of boron during 
cooling. Such a rapid and complete  migra t ion  is l ikely 
to be due to a vacancy-a ided  diffusion. 

Whatever  be the f inal  answer  to quest ion at, the i m -  
por tan t  fact is s t i l l  that boron is p re sen t  in subs tan t ia l  
amounts  at the aus teni te  gra in  boundar ies ,  in the t e m -  
pe ra tu re  range  of i n t e re s t  for austeni te  decomposi t ion.  
Var ious  a t tempts  have been made to dis t inguish a t rue  
" a t o m i c "  segregat ion  of boron  f rom a fine p rec ip i t a -  
t ion of bor ides .  The diff icul t ies  of that task a re  mul -  
t iple and sa t i s f ac to ry  exper iments  have yet to be de-  
vised.  The shor tcomings  of most  exper iments  have 
been that they r e l i ed  on a s ingle  technique of cha r ac -  
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t e r i za t ion  of boron segrega t ion  (select ive etching, a l -  
phagraphy, optical  metal lography) .  For  ins tance,  it is 
highly quest ionable  whether one can di f ferent ia te  " s e g -  
r ega t ed"  boron f rom " p r e c i p i t a t e d "  boron by alphag- 
raphy, con t r a ry  to recen t  published data. 37 Careful  
e lec t ron  mic roscopy  observa t ions  coupled with alphag- 
raphy and ion mic rography  revea l  indeed the l imi ta t ion  
of low magnif icat ion techniques  such as alphagraphy. 
For  ins tance  the f i s s ion  t r ack -e t ch ing  alphagraph of 
Fig. 17 does not p e r m i t  a d is t inct ion between " s e g r e -  
ga ted"  or " p r e c i p i t a t e d "  boron,  when e lec t ron  m i -  
croscopy observa t ions  (Fig. 18) r evea l  the p re sence  
of individual  bor ides .  On the other hand; C -cu rves  for 
bor ides  prec ip i ta t ion ,  such as those drawn by Gffange 
and Mitchell ,  17 are  too dependent on the l imi ted  scale  
of observa t ion  provided by optical  microscopy.  Con- 
sequently,  the boundar ies  of such prec ip i ta t ion  curves  
a re  at bes t  approximat ive  and do not give any i n fo rma-  
t ion on the p re sence  of a zone of " a t o m i c "  boron seg-  
regat ion,  if it exis ts .  Auger e lec t ron  spec t roscopy on 
i n t e r g r a n u l a r  rup ture  su r faces  should be an a t t rac t ive  
technique as far  as detect ing an eventual  " a t o m i c "  
segregat ion  of boron.  ~ The difficulty is to pe r fo rm 
the Auger ana lys i s  on the re l evan t  sur face  ( i . e . ,  to 
make su re  the sur face  is wholly in t e rg ranu la r ) .  The 
few exper iments  pe r fo rmed  in the course  of the p r e s -  
ent study showed a c lea r  B peak on i n t e r g r a n u l a r  rup -  
tu re  su r faces  of samples  with gra in  boundary  bor ides  
a l ready  observab le  by e lec t ron  microscopy.  

The p resen t  study has dwelt on identifying the gra in  
boundary  bor ides  which prec ip i ta te  for t e m p e r a t u r e s  
below approximate ly  950~ These p rec ip i ta tes  have 
long been known as " b o r o n - c o n s t i t u e n t "  and the p r e s -  
ent study, as well as r ecen t  published r e su l t s ,  shows 
that they a re  i ron  b o r o - c a r b i d e s  Fe23(B , C)6, with an 
FCC la t t ice  and a ~ 10.6~,. The exis tence  of this com-  
pound was f i r s t  ment ioned by Darken e t  a l .  TM as one of 
the va r ious  phases  in the F e - B - C  phase d iagrams .  
More r ecen t  inves t iga t ions  4~ indicate that the i r  l a t -  
t ice p a r a m e t e r  can va ry  f rom 10.58 to 10.62A when the 
ra t io  B/B + C i n c r e a s e s .  The p rec i s ion  of the e lec t ron  
diffract ion pa t t e rns  obtained in the course  of our study 
was not adequate to de te rmine  the value of this  ra t io .  
It is l ikely,  however,  that the fo rmula  is  c lose r  to 
Fea~B 6 than Fe23C6 in the case of the s tee ls  studied. 

The or ien ta t ion  re la t ionsh ip  between the FCC la t -  
t ices  of Fe23(B, C)6 and the paren t  aus teni te  gra in  was 
shown to be of the pa ra l l e l  (cube-cube) type. Ohmori  TM 

has r ecen t ly  reached a somewhat  different  conclusion,  
namely  that there  existed a tw in - re l a t ionsh ip  between 
Fe23(B, C)6 and austeni te .  All the r e su l t s  of the p r e s -  
ent inves t igat ion indicate  however the pa ra l l e l  r e l a -  
t ionship only. Such a re la t ionsh ip  is well documented 
for the M23C6 carbide  in Cr -Ni  aus teni t ic  s t a in less  
s tee ls .  Singhal and Mart in ,  22 for ins tance ,  have shown 
that gra in  boundary  nucleated M23C 6 prec ip i ta tes  bea r  
a cube-cube  re la t ionsh ip  with one or other of the two 
gra ins  bo rde r ing  the gra in  boundary.  Kegg and Silcox 42 
have r ecen t ly  shown that the ra t io  r of co r respond ing  
atomic posi t ions in aus teni te  and M23C 6 is high. It was 
shown to be highest  for {111} planes  (r = 0.78) and s t i l l  
l a rge  for {110} and {100} planes .  The in ter face  be -  
t w e e n p r e c i p i t a t e  and paren t  aus teni te  is therefore  
often {111} and recent  e lec t ron  mic roscopy  o b s e r v a -  
t ions  a3 have shown that such s e m i - c o h e r e n t  in te r faces  

contain in te r fac ia l  d is loca t ions .  Since Fee3(B, C)6 is 
i somorphous  to M~3C 6 and has also a la t t ice  p a r a m e t e r  
v e r y  close to three  t imes  that of austeni te ,  it is hard ly  
s u r p r i s i n g  that it would nucleate  with the pa ra l l e l  cube-  
cube re la t ionship .  No extensive  t r ace  ana lys i s  was c a r -  
r ied  out in the low carbon  s tee ls  to de t e rmine  the c r y s -  
ta l lographic  na tu re  of the in ter face  with the matr ix .  It 
is however l ikely  that the na tu re  of the in ter face  is of 
the same type as that of M23C 6 in aus teni t ic  s tee ls .  
Another evidence of this  is the " p u c k e r i n g "  of the 
gra in  boundary  due to the prec ip i ta t ion  of M23C6 and 
Fe~(B,  C) 6. This is indicat ive of a low energy  i n t e r -  
face between the gra in  boundary  p rec ip i t a tes  and a 
ne ighbor ing gra in .  44' 45 

It is worthwhile to ment ion here  that the p rec ip i t a -  
t ion of M23(B, C) 6 (with M = Fe, Cr) is a genera l  fea-  
tu re  of bo ron -con ta in ing  aus ten i tes .  Besides  Cr -Ni  
s t a in l e s s  s tee l s  and carbon s tee ls ,  this  p rec ip i ta t ion  
was also observed  in aus ten i t ic  Fe-Ni36-B al loys.  26 

2 -- y ~ Pro-eutectoid Ferrite Trans- 
formation -- Hardenability 

The experiments conducted in the course of this study 
confirm the large effect of boron on austenite decom- 
position kinetics. 

The isothermal kinetics study of y ~ pro-eutectoid 
ferrite decomposition in steel A and B (base Fe-Ni 6- 
Co.lz) shows clearly that boron diminishes considerably 
the nucleation rate of ferrite on y grain boundaries 
(Figs. 4 and 5). This observation is in a~reement with 
the conclusions reached by Simcoe et al. and is essen- 
tial to explain the effect of boron on hardenability. A 
careful examination of the data presented in Figs. 2 
and 4 shows that the number of nucleation sites is not 
noticeably affected by the presence of boron. This can 
be further demonstrated by plotting the number of fer- 
rite particles measured on a polished section versus 
the amount of transformation (Fig. 21). It is therefore 
the activation of ferrite nucleati3n which is affected by 
boron. The formula generally put forward for the fer- 
rite grain boundary nucleation rate NT can be written 
as: 25 

where: 

--a 7 and are the interfacial energies for y/y 

and y?~  a~/c~ in te r faces .  
- -  A F  v is the volume f ree  energy  change accom-  

panying the fo rmat ion  of f e r r i t e .  
- -  A F  s is the volume s t r a i n  energy  at tending the ap-  

pearance  of embryos  of f e r r i t e .  
- -  A F  D is the f ree  energy  of act ivat ion for the diffu- 

s ion of carbon.  

Most theor ies  proposed so far  to explain the inf lu-  
ence of boron on f e r r i t e  nuclea t ion  on y - g r a i n  bounda-  
r i e s  have tended to look for a change in the surface  
energy  t e r m  or  in the diffusion t e r m  A F  D to explain 
the effect of boron.  It is indeed quite unl ikely that such 
minute  concent ra t ions  of boron would grea t ly  affect 
A F v ,  as pointed out by Sharma and Purdy in a recen t  
paper.4S 

Var ious  authors  6'33'37 have proposed a mechan i sm 
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Fig. 21--Average number of ferrite particles per unit area of 
polished metallographic surface as a function of transforma- 
tion (pet) at 600~ Steel A (0) - Steel B (�9 (data are correc- 
ted to take into account the small y-grain size differences be- 
tween both steels, after 1100~ austenitizing). 

which a s sumes  that boron segregat ion  (in an " a t o m i c "  
form) lowers  the energy  of y - g r a i n s  boundar ies  enough 
to account for the inhibi t ion of f e r r i t e  nucleat ion.  It has 
fu r the r  been genera l ly  a s sumed  and stated that, when 
bo ron-con ta in ing  p rec ip i t a tes  form consecut ive ly  to the 
" a t o m i c "  segregat ion,  the inhibi t ing effect should de-  
c r ease .  ~'z%37 This  idea proceeded f rom the ra t iona le  
that any gra in  boundary  phase would n e c e s s a r i l y  p ro -  
vide ext ra  nucleat ion s i tes .  The se r ious  l imi ta t ions  
re la t ive  to the mechan i sm involving an " a t o m i c "  deg- 
regat ion of boron  r e s ide  in the lack of definite expe r i -  
menta l  evidence.  Even the recen t  extensive  study (us-  
ing alphagraphy) of Ueno and Inoue 3~ fa l ls  shor t  of p r o -  
viding a c lea r  d is t inc t ion  between "e f f ec t ive"  boron 
" s e g r e g a t e d "  or " p r e c i p i t a t e d "  as fine prec ip i ta tes .  
On another  hand, va r ious  s tudies  which a t t r ibuted a 
loss  of effect iveness  of boron to the prec ip i ta t ion  of 
gra in  boundary  bor ides  a re  notor ious ly  l imi ted  by the 
reso lu t ion  of the methods used (mainly  optical  m i c r o s -  
copy). 

The p re sen t  study has shown that a c lear  inhibi t ing 
effect of boron on the nuc lea t ion  of f e r r i t e  existed du r -  
ing the 600~ i so the rma l  decomposi t ion  of austeni te  of 
the Fe-Ni6-C0.~2 s tee ls ,  after  aus ten i t i z ing  at l l00~ 
It was also shown that,  in the same condit ions,  
Fezs(B , C) 6 prec ip i ta ted  as fine pa r t i c l e s  on ~ gra in  
boundar ies  before  the onset  of the ~ ~ a r eac t ion  
(Figs.  15 and 16). It was therefore  felt that an e s s e n -  
t ia l  par t  of the problem l ies  within the ro le  such gra in  
boundary  pa r t i c l e s  might play with r e spec t  to the nu-  
cleat ion of f e r r i t e ,  at a l a te r  t ime.  The prec ip i ta tes  
be ing  Fe23(B, C)6 and having nucleated in pa ra l l e l  o r i -  
entat ion with the paren t  v - g r a i n ,  the in te r face  between 
the prec ip i ta te  and that gra in  is the re fore  of subs t an -  
t ia l ly  reduced energy  when compared  to the energy  of 
the ~, gra in  boundary.  It is therefore  expected that the 
nuclea t ion  of f e r r i t e  could be inhibited on that side of 
the grain  boundary.  This is indeed exper imen ta l ly  ob- 
se rved  (Figs .  19 and 20). The other  in te r face  of the 
prec ip i ta te  (with the ne ighbor ing  v -g ra in )  is fully in -  
coherent  and can be cons idered  as having an energy  of 
the o rder  of the gra in  boundary  energy  i tself  ( severa l  
hundred ergs /cm2) .  Therefore ,  if the p rec ip i ta tes  a re  
smal l  enough so that they do not provide large  ex t ra  
a r eas  of incoherent  boundar i e s ,  the net r e su l t  can be 
an inhibi t ion of the f e r r i t e  nucleat ion (when compared  

to a b o r o n - f r e e  steel) .  This s i tua t ion should p r o g r e s -  
s ive ly  be a l te red  by thecoarsen ing  of the gra in  bound-  
a ry  Fe23(B , C) 6 p rec ip i ta tes .  

The case of mult iple  nucleat ion on gra in  boundar ies  
has been d i scussed  by Nicholson 47 who emphas ized  the 
impor tance  of the na ture  of the in ter face  between the 
f i r s t  nucleated phase and the pa ren t  mat r ix .  Very  r e -  
cently,  in a review a r t i c l e  on f e r r i t e  nucleat ion,  Sharma 
and Purdy 46 have put forward a mechan i sm of inhibi t ion 
of f e r r i t e  nucleat ion by gra in  boundary  Fe23B3C 3 bo ro -  
carb ides  which is e s sen t i a l ly  that proposed by the au-  
thors  of the p re sen t  a r t ic le .  Sharma and Purdy  also 
emphas ized  that the gra in  boundary  b o r o - c a r b i d e s  
could act as nuc lea t ion- inh ib i t ing  agents at ea r ly  r e -  
act ion t imes  and favor f e r r i t e  nuclea t ion  when they 
have coarsened .  This la t te r  point was also supported 
by the r e su l t s  of the p re sen t  study. In o rder  to empha-  
size the impor tance  of the size and d i s t r ibu t ion  of g ra in  
boundary  Fe23(B, C) 6 p rec ip i ta tes ,  a s e r i e s  of i so the r -  
mal  decomposi t ion exper imen t s  was pe r fo rmed  on s teel  
B, with or without in t e rmed ia te  holding at 800~ for 20 h 
(this in te rmedia te  t r e a t me n t  provoked a coa r sen ing  of 
gra in  boundary  prec ip i ta tes  as shown in Fig. 22). A 
compar i son  of r eac t ion  ra tes  at 600~ (Fig. 23) r evea l s  
a c lea r  effect of the holding at 800~ which leads to an 
i n c r e a s e  in t r a n s f o r m a t i o n  ra te  (a loss  in hardenabi l i ty) .  
It appears ,  therefore ,  that la rge  coalesced bor ides  have 
less  of an inhibi t ing effect than f iner  ones.  A s i m i l a r  ob-  
se rva t ion  was made by Ueno and Inoue. 37 

The influence of aus teni te  gra in  s ize  on the y ~ p ro -  
eutectoid f e r r i t e  reac t ion  kinet ics  (at 600~ was b r i e f ly  
d i scussed  in the p resen ta t ion  of the r e su l t s  s u m m a r i z e d  
in Fig. 6. These r e su l t s  show c l ea r ly  that, in s teel  B, 
the inhibi t ing effect of boron existed for all  aus teni te  
gra in  s izes ,  i .e. ,  for all  aus ten i t i z ing  t e m p e r a t u r e s  in -  
ves t iga ted  (up to 1250~ The apparent ly  s m a l l e r  slope 
of the T vs b l ine observed  in s teel  B seems  to be a 
genera l  fea ture  of bo ron -con ta in ing  s tee ls .  48 An ex- 
planat ion for this behavior  mus t  be looked for in v a r i -  
at ions in size and d is t r ibu t ion  of grain  boundary  bo-  
r ides  according  to aus ten i t iz ing  t empe ra tu r e .  

The end-quench expe r imen t s  conducted on s tee ls  IA 

Fig. 22--Grain-boundary Fe23(B, C) 6 precipitates formed by 
isothermal holding 20 h at 800~ Scanning electron micro- 
graph (secondary electrons) on a polished and lightly etched 
(Nital 1 pet) sample of steel B. 
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Fig. 23--Steel B: Isothermal reaction curves at 600~ (austen- 
itizing 1050~ No intermediate holding: (O). Intermediate 
holding (20 h - 850~ (�9 

and IB under l ine  the p r ime  impor tance  of the t h e r m a l  
(and the rmomechan ica l )  h i s to ry  of the b o r o n - c o n t a i n -  
ing s teel ,  as far  as hardenabi l i ty  is concerned.  When 
the hardenabi l i ty  is m e a s u r e d  af ter  l ow- t empera tu re  
aus ten i t i z ing  (such as 850~ in the p re sen t  case) it is 
now c lear  that p rec ip i ta ted  bor ides  will not be d i s -  
solved. The avai lable  boron concent ra t ion  in solid so-  
lution is therefore  quite dependent on the previous  heat 
t r ea tmen t .  Moreover ,  the amount  and d is t r ibu t ion  of 
undissolved bor ides  is also highly dependent  on that 
h is tory .  One expects that this would have a d i rec t  in-  
f luence on the ra te  of aus teni te  decomposi t ion dur ing  
a subsequent  t r e a tmen t  (such as an end-quench tes t  
f rom 850~ For  ins tance ,  it is l ikely  that undissolved 
fine bor ides  would then be more  de t r imen ta l  for ha rd-  
enabi l i ty  (i.e., catalyt ic  of f e r r i t e  nucleat ion) than large  
coalesced bor ides .  The va r i a t ions  of ha rdenab i l i ty  ap- 
pa ren t  in Figs .  7 and 8 could be explained by such a 
ra t iona le .  

IV -- CONCLUSIONS 

The study of the isothermal reaction 7 ~ pro-eutec- 
toid ferrite in Fe-Ni6Co.1~ steels has confirmed the 
strong inhibiting effect of boron on the grain boundary 
nucleation of ferrite. 

The precipitation of borides at y-grain boundaries 
was extensively investigated and the results can be 
summarized as follow: 

-- The precipitates are Fe~3(B , C) 6 with an FCC lat- 
tice and a parameter a ~ 10.6A. 

-- The precipitates nucleate in austenite with a paral- 
lel (cube-cube) orientation relationship with one of the 
neighboring grains. 

-- The range of precipitation of Fe23(B, C) 6 during 
cooling covers both stable austenite (T < 950~ and 
metastable austenite. 

The role of the grain boundary Fe23(B , C) 6 precipita- 
tion with respect to the y ~ pro-eutectoid ferrite re-  
action was discussed and it was suggested that, con- 
trary to a general acceptance, these precipitates could 
have an inhibiting effect on ferrite nucleation. It is 
however clear that the whole question of the effect of 
grain boundary borocarbides on hardenability will not 
be settled definitely until critical particle size and dis- 
tribution are determined and related to optimum boron 
concentrations. 
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Final ly ,  the grea t  inf luence of the t h e r m a l  and t h e r -  
momechan ica l  h i s to ry  of bo ron -con ta in ing  s tee l s  on 
the i r  ha rdenab i l i ty  was emphasized.  

F u r t he r  work is however needed to reach  a c o m -  
ple te ly  sa t i s f ac to ry  unders tand ing  of the m e c h a n i s m s  
n e c e s s a r y  to explain the effects of boron.  P r o g r e s s  is 
l ikely  to depend on the developments  of new methods of 
cha rac t e r i za t ion  and m i c r o a n a l y s i s  of m a t e r i a l s .  Re-  
sea rch  in this  field should s tay l ively  in the yea rs  to 
come due to the development  of bo ron -con t a in ing  s tee l s ,  
which a re  made i nc r ea s ing ly  a t t rac t ive  by the genera l  
p r ice  i nc r ea se  of al loying e lements .  
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