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High-pur i ty  F e - C  al loys containing up to 5.8 pct A1 were quenched f rom 730~ then 
aged at t e m p e r a t u r e s  up to 400~ P rec ip i t a t i on  of a carbide  t r ans i t i on  phase (pre-  
sumably  c) and of cement i te  were followed by t r a n s m i s s i o n  e l ec t ron  microscopy,  coer -  
cive force m e a s u r e m e n t s ,  and changes in yie ld  s t rength .  The p r e sence  of a luminum in-  
c r ea se s  the t e m p e r a t u r e  at which cement i te  begins  to prec ip i ta te  du r ing  aging. This  
effect is s i m i l a r  to that produced by s i l icon  in fe r r i t e ,  and opposite to that produced by 
manganese .  It is suggested that the effects of Si, Mn, and A1 on cement i te  p rec ip i ta t ion  
f rom fe r r i t e  a r i s e  f rom the effects of these e lements  on the s tabi l i ty  of cement i te ,  as r e -  
f lected in the equ i l i b r ium par t i t ion  of carbon between cement i te  and f e r r i t e .  

T H E  effect  of subs t i tu t ional  solutes  on the p rec ip i t a -  
t ion of carbon  f rom or-iron has long been a subject  of 
cons iderab le  in t e re s t .  Despi te  a n u m b e r  of p rev ious  
s tudies  1-n on the effects of var ious  a l loying e lements  
we can pred ic t  in only a very  genera l  way how each 
e lement  will  modify the ra te  of prec ip i ta t ion ,  the type 
of prec ip i ta te ,  and the nucleat ion s i tes .  As d i scussed  
previously, 2 an alloying element having a higher solu- 
bility in the carbide than in ferrite is not likely to 
have a large effect on the rate of growth of the car- 
bide, although it may govern the structure of the car- 
bide precipitated, the rate of nucleation and the nu- 
cleation sites. On the other hand, if the alloying ele- 
ment is essentially insoluble in the carbide, it can 
have a very large effect on the rate of growth of the 
carbide. Beyond this, it is still  necessary to determine 
experimentally the effects of each alloying element on 
the morphology, structure, and rate of growth of car- 
bide particles. Herein we describe the results of a 
study of the effect of aluminum on the precipitation 
of carbon from or-iron. 

Although diffusion of carbon and the rate of precipi- 
tation of carbon in Fe-AI-C alloys have been studied 
by in t e rna l  f r ic t ion  techniques ~ ,zz  and by magnet ic  
a f t e r -e f fec t s ,  lz i t  appears  that there  has been no s y s -  
temat ic  study of the effect of a luminum on the p rec ip i -  
ta tes  themse lves .  To r emedy  this lack, we used t r a n s -  
m i s s i o n  e lec t ron  microscopy ,  supplemented  by m e a s -  
u r e m e n t s  of coerc ive  force  and yield s t rength ,  to de- 
t e r m i n e  the type of carb ide  precipi ta ted,  its ra te  of 
growth, and how both type and growth ra te  a re  modi-  
fied by a luminum content.  

EXPERIMENTAL PROCEDURES 

The composi t ions  of the al loys a re  l i s ted  in Tab le  I. 
The impur i ty  content  given for " B a s e "  is that of the 
P l a s t i r o n  A104 e lec t ro ly t ic  i ron  base .  The al loys 
were vacuum mel ted  and cast ,  hot rol led,  cold rol led,  
heated 4 h at 730~ to d issolve  carbides ,  then quenched 
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into iced b r i ne  containing 10 pct NaC1 and 1 pct NaOH. 
Al l  spec imens  had a v i r tua l ly  ident ica l  g ra in  s ize  of 
about ASTM No. 6. The r e  was no evidence  of undis -  
solved ca rb ides  or p rec ip i t a t ion  af ter  the solut ion 
t r e a t m e n t  except in Alloy 5, in which not a l l  the ca r -  
b ides  were dissolved.  Specimens  were  s tored  in liquid 
n i t rogen  af ter  quenching and af ter  aging, which was 
done i so the rma l ly  at 100 to 400~ 

Foi ls  for t r a n s m i s s i o n  e l ec t ron  mic roscopy  were 
made f rom the same spec imens  used for coerc ive  
force  m e a s u r e m e n t s ,  to ensu re  that ident ica l  s t ruc -  
t u re s  were  p r e se n t  in both ins tances .  The coerc ive  
force m e a s u r e m e n t s  were made as before ,  z~ They 
were  used as one m e a s u r e  of the ra te  of aging and to 
r e l a t e  our data to the i n t e r n a l  f r ic t ion  study by 
Jaeniche ,  e t  a l ,  8 in which coerc ive  force  changes were 
m e a s u r e d  only af ter  aging at 250~ The coerc ive  
force  of each spec imen  was m e a s u r e d  before  and af ter  
aging at 100, 150, 200, or 250~ 

Te ns i l e  tes t  spec imens  were cut f rom the cold ro l led  
Alloy 1, 2, 3 and 7 s t r ip ,  in the longi tudinal  d i rec t ion .  
The gage sec t ions  m e a s u r e d  0.500 • 0.240 • 0.03 in. 
(12.7 x 6.35 x 0.76 mm).  These  spec imens  were heated, 
two at a t ime,  to 730~ in vacuum, then quenched in 
iced b r ine  and aged at 100 or  150~ 

RESULTS 

Two types of precipitates were observed, one of 
which is shown in Fig. 1. This precipitate, formed at 
150~ has a {100}a habit plane and grows on all three 
of the {I00}~ planes from a common center, thereby 
assuming a dendritic form. Previous work %1%~5 has 
indicated that this is the "low-temperature" E-car- 
bide. 

At higher aging temperatures, or after longer aging, 
cementite precipitates, at least in Fe-C alloys. The 
typical appearance of such cementite particles is 
shown in Fig. 2. Cementite forms on {110}o~ growing 
in ( l l l ) a  directions. Although its appearance in Fig. 
2 is markedly different from that of the metastable 
carbide in Fig. 1, such is not always the case, and 
usually the habit plane must be used to distinguish the 
two. 

At higher  aging t e m p e r a t u r e s ,  or  with lower supe r -  
sa tu ra t ion ,  the ca rb ides  prec ip i ta te  only on d is loca t ions ,  
but at lower aging t e m p e r a t u r e s  and high s u p e r s a t u r a -  
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Table I. Compositions of  Alloys, Wt Pet 

Alloy A1 C N Mn P S Si Cu Ni Cr Mo V Ti B Cb Co Zr 

Base <0.01 0.002 <0.002 0.004 <0.005 0.003 0.002 <0.005 <0.005 <0.005 <0.0005 <0.005 <0.005 <0.002 
1 0.023 0.0008 
2 0.43 0.023 0.0009 
3 2.0 0.022 
4 5.7 0.008 0.0009 
5 5.7 0.046 0.001 
6 5.8 0.15 
7 5.6 0.018 

tion, p r ec ip i t a t e s  f o r m  both on d i s loca t ions  and in the 
ma t r ix ,  as shown in Fig .  3. 

Dur ing  the t r ans i t ion  f r o m  one carb ide  phase to 
another ,  both can coex is t  o v e r  a range  of aging condi-  
t ions,  as  i l l u s t r a t ed  in F ig .  4. In si tu t r a n s f o r m a t i o n  
does not occur ;  that is,  the carbon contained in e - c a r -  
bide goes into solut ion be fo re  p rec ip i t a t ing  as c e m e n -  
t i te .  

F i g u r e s  5, 6 and 7 p r e s e n t  the r e s u l t s  of a number  
of habi t -p lane  de t e rmina t ions  in t h r ee  of the a l loys .  
The  points  appear ing  at the s h o r t e s t  t i m e s  a r e  not in- 
tended to indicate  the beginning of obse rvab le  p r e -  
c ipi ta t ion of the me tas t ab le  ca rb ide .  The data p r e -  
sented  in F ig .  5 a g r e e  qua l i t a t ive ly  with the r e s u l t s  of 
p rev ious  work on b inary  F e - C  a l loys .  4,9 F o r  example ,  
Langer  9 shows that cement i t e  appea r s  in an Fe -0 .02  
pct  C al loy af te r  aging 3.5 • 104 min at 150~ In our  
Fe-0 .023  pct  C al loy cement t t e  appea red  af te r  about 
1.7 • 104 min  at 150~ The p r e c i s e  t i m e - t e m p e r a t u r e  
combinat ion fo r  cement i t e  in i t ia t ion depends p r i m a r i l y  
on the concen t ra t ion  of carbon in sol id  solut ion be fo re  
aging; t h e r e f o r e ,  it was e s s e n t i a l  that the carbon  con- 

tent  of our a l loys  be constant.  Under  these  condit ions,  
cement i t e  begins to f o r m  in the F e - C  al loy af te r  about 
104 min at 150~ and is the only carbide  p r e s e n t  a f t e r  
an hour at 250~ 

F i g u r e  6 shows a s i m i l a r  plot  for the 0.43 pct A1 a l -  
loy, in which t r a c e s  of the metas tab le  carb ide  p e r s i s t  
to much longer  t imes  at 250~ However ,  the gene ra l  
shif t  of cement i t e  fo rma t ion  to longer  t imes  and h igher  
t e m p e r a t u r e  i s  not g rea t .  

F i g u r e  7 shows that 2.0 pct  A1 has a l a r g e r  effect;  
even af te r  11 days at 250~ no cemen t i t e  was detec ted .  
A mix ture  of the two ca rb ides  was seen  a f te r  3 days at 
300~ and cement i t e  alone was found a f te r  3 days at 
375~ The t r ans i t ion  t e m p e r a t u r e  of the carb ide  was 
thus r a i s e d  about 100~ by the p r e s e n c e  of 2 pct  A1. 

The r e su l t s  of the c o e r c i v e  fo r ce  m e a s u r e m e n t s  
a r e  p r e sen t ed  in F igs .  8 to 11. The i n c r e a s e  in c o e r -  
c ive  fo rce  is  not grea t  at 100~ (Fig. 8) and the re  is 

Fig. 1--~-carbide in Fe-0.023 pct C, aged 256 rain at 150~ 

Fig. 3--~ -carbide in Fe-0.43 pct A1-0.023 pct C, aged 64 min 
at 100~ 

Fig. 2--Cementite in Fe-0.023 pct C, aged 64 rnin at 250~ 
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Fig. 4--< -carbide and cementtte in Fe-0.43 pct At-0.023 pet 
C, aged 1024 rain at 250~ 
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The inc rease  in coerc ive  force  is marked,  even be-  
fore the appearance  of cement i te .  With one exception, 
Alloys 4 to 7 showed no i n c r e a s e  in coerc ive  force 
dur ing  aging. The exception was Alloy 5 (5.7 pct A1, 
0.046 pct C) which showed a large i nc r ea se  in coer -  
cive force af ter  16,400 min  at 150~ 

At 200~ Fig.  10, wel l -def ined aging peaks appear  
for Alloys 1 and 2. The addit ion of 0.43 pct A1 (Alloy 
2) appears  to acce l e r a t e  aging sl ightly,  but addit ion of 
2 pct or more  A1 s t rongly  inhibi ts  aging. In the high- 

Fig. 5--Time-temperature relations for the transition from 
-carbide to FeaCo Alloy 1 (no A1). 

Fig. 8--Aging at 100~ as measured by change of coercive 
force. 

Fig. 6--Time-temperature relations for the transition from 
-carbide to Fe3C. Alloy 2 (0.43 pct A1). 

Fig. 9--Aging at 150~ as measured by change of coercive 
force. 

Fig. 7--Time-temperature relations for the transition from 
-carbide to Fe3C. Alloy 3 (2.0 pct A1). 

e s sen t i a l ly  no di f ference in the aging of the F e - C  and 
the Fe-0 .43  pct A1-C alloy.  Aging of the 2.0 pct A1 a l -  
loy is delayed in i t ia l ly ,  but a f ter  about 4000 min  the in-  
c r ea se  of coerc ive  force is about the same  as for  the 
other two a l loys .  The f i r s t  s l ight  i n c r e a s e  in coerc ive  
force c o r r e l a t e s  quite well  with appearance  of the 
f i r s t  p rec ip i ta te  r eso lvab le  by e lec t ron  microscopy .  
Alloys 4 through 7, which contain 5.6 to 5.8 pct A1, 
showed no change in coerc ive  force  dur ing  aging at 
100~ 

The course  of aging at 150~ is shown in Fig.  9. 
Again,  the al loys containing 0 and 0.43 pct A1 behave 
s i m i l a r l y ,  whereas  2 pct A1 inhibi ts  p rec ip i ta t ion .  

Fig. 10--Aging at 200~ as measured by change of coercive 
force. 
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A1 al loys  only the one containing the mos t  carbon  
shows any aging at a l l .  

At 250~ the 0 and 0.43 pct A1 a l loys  ove rage  (Fig.  
11) and again,  the peak of aging is r e ached  e a r l i e r  in 
the 0.43 pct  A1 al loy than in the b inary  al loy.  Aging 
is delayed in the 2.0 pct  A1 al loy,  but it appea r s  to 
have r eached  a peak even though no cement i t e  has p re -  
c ipi ta ted.  Within the range  of aging t ime  employed,  
none of the h igher  A1 a l loys  showed any aging. 

We can make a d i r e c t  compa r i son  between aging of 
our  F e - C  and F e - 2 . 0  pct A1-C a l loys  at 250~ and the 
aging of two s i m i l a r  a l loys  at 250~ r e p o r t e d  by 
J aen i che  e t  a l .  8 Both F e - C  a l loys  show a max im um  
in c o e r c i v e  fo rce  a f te r  about 10 min at 250~ but 
our  peak is h igher ,  an i n c r e a s e  of about 2.25 Oe 
(180 A / m )  as compared  to an i n c r e a s e  of about 1.7 Oe 
(140 A / m )  r e p o r t e d  by J aen i che  et  al .  The a g r e e m e n t  
on the aging of the 2 pct  A1 a l loys  is  exce l len t ,  as 
shown by the dashed curve  in F ig .  11, taken f rom 
Jaen i che  e t  a l .  8 

The absolute  va lues  of c o e r c i v e  fo rce  in these  al-  
loys may be of some in te res t ;  t h e r e fo r e ,  the c o e r c i v e  
fo rce  data obtained i m m e d i a t e l y  a f te r  quenching a r e  
l i s ted  in Table  II. At the peaks of aging, the ra t io  
HC(aged) /Hco  had a value of 3 to 4 for  Al loy 1 and 
about 2.5 for  Al loys  2 and 3. 

The r e s u l t s  of the t ens i l e  t e s t s  a r e  p r e s e n t e d  in 
F ig .  12 and 13. Aging peaks ,  as m e a s u r e d  by yie ld  
s t rength ,  a r e  r e ached  much e a r l i e r  than the aging 
peaks m e a s u r e d  by coe rc iv i ty ,  because  the p r e c i p i -  
ta te  s i ze  leading to max imum r e s t r a i n t  of d i s loca t ion  
motion 2 is much s m a l l e r  than that exe r t ing  m a x i m u m  
r e s t r a i n t  of magnet ic  domain  wall  motion.  1~ At 150~ a 

Fig. l l--Aging at 250oC, as measured by change of coercivity. 
The dashed line represents data obtained by Jaeniche et al,8 
for a 2 pct A1 alloy. 

Table II. Range of Coercive Force In As-Quenched Specimens 

Coercive Force 
Alloy Oersteds A/m 

1 0.87 to 1.49 69 to 119 
2 1.16 to 1.60 92 to 127 
3 0.94 to 1.86 75 to 148 
4 1.46 to 2.80 116 to 223 
5 2.35 to 4.78 187 to 380 
6 1.66 to 3.20 132 to 255 
7 I 09 to 1.86 87 to 148 
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Fig. 12--Aging at 100~ as measured by yield stress in ten- 
sion. 

Fig. 13--Aging at 150~ as measured by yield stress in ten- 
sion. 

peak of y ie ld  s t r eng th  is r e a c h e d  for  Al loy 1 a f te r  
about 100 min aging and for  Alloy 3 a f te r  about 30 min 
aging.  When c o e r c i v e  fo rce  was the c r i t e r i on ,  ne i the r  
al loy had r eached  a m ax im um  even a f te r  m o r e  than 
10,000 min at 150~ Al loy 7, containing 5.6 pct  A1 
and 0.018 pct C, showed no aging at e i the r  100 or  
150 ~ 

DISCUSSION 

At leas t  t h ree  d i f ferent  subs t i tu t ional  s o l u t e s - M n ,  
Si, and A l - h a v e  now been shown to have a s igni f icant  
effect  on the t r ans i t ion  f r o m  c - c a r b i d e  to cement i t e  
dur ing quenching and aging of i r o n - b a s e  a l loys .  Man- 
ganese  lowers  the cement i t e  in i t ia t ion t e m p e r a t u r e  for  
a given aging time.4 Si l icon r a i s e s  this t e m p e r a t u r e  
markedly ,  3,4 though it has not been  e s t ab l i shed  that the 
me tas t ab le  carbide  is c - c a r b i d e  in this case .  The 
p r e s e n t  data  show that a luminum a lso  i n c r e a s e s  the 
cement i t e  ini t ia t ion t e m p e r a t u r e  for  a given aging 
t ime ,  and grea t ly  i n c r e a s e s  the t ime  r e q u i r e d  for 
cement i t e  fo rma t ion  at a given t e m p e r a t u r e .  

Although it has not been es tab l i shed  that the p r e -  
c ipi ta t ion p r o c e s s  and sequence  of t r ans i t ion  ca rb ides  
is the s a m e  in a l l  t h ree  s y s t e m s ,  it  is d e s i r a b l e  to 
examine  poss ib le  m e c h a n i s m s  and the ava i lab le  data 
to d e t e r m i n e  whether  the ef fec ts  of Mn, Si and A1 can 
be explained on a common bas i s .  The ways in which 
the solute  can act  to modify carb ide  p rec ip i t a t ion  can 
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be cons idered  in two ca tegor ies ,  those affect ing the 
re la t ive  the rmodynamic  s tab i l i t i e s  of the va r ious  p re -  
cipi tated carb ides ,  and those affect ing k ine t ics .  These  
two a r e a s  a re  not unre la ted ,  s ince the t he rmodynamic  
dr iv ing  force  or f ree  energy change wil l  inf luence the 
c r i t i c a l  nucleus  s ize  for  p rec ip i ta t ion .  

After  a r e l a t ive ly  pure i ron  containing approxi-  
mate ly  0.02 pct C is solut ion t rea ted  nea r  the eutectoid 
t e m p e r a t u r e  and then quenched to room t empera tu re ,  
the carbon in supe r sa tu r a t ed  solid solut ion is uns table  
with r e spec t  to graphite,  cement i te ,  and E-carbide .  In 
pr inc ip le ,  any of the th ree  could fo rm from the uns ta -  
ble ca rbon  in s u p e r s a t u r a t e d  solut ion.  In fact, e - c a r -  
bide fo rms  f i r s t ,  at low aging t e m p e r a t u r e s  or shor t  
t imes .  Cement i te ,  Fe3C, fo rms  af ter  longer t imes  at a 
given t empe ra tu r e ,  the metas tab le  E-carbide d i s so lv ing  
in the p rocess ;  at higher  aging t e m p e r a t u r e s ,  cemen-  
tire is  the only carbide observed .  Thus,  in r e l a t ive ly  
pure Fe -C ,  cement i t e  p rec ip i t a t ion  is control led by 
kinet ic  fac tors ,  s ince  at suff icient ly long t imes  cemen-  
tire is u l t imate ly  formed over  a range  of aging t em-  
p e r a t u r e s .  (Although graphite  is more  s table  than 
cement i te ,  its fo rma t ion  is also cons t ra ined  by kinet ic  
fac tors . )  

If the rmodynamic  effects a re  to fu rn i sh  an explana-  
t ion of the inf luence of subs t i tu t iona l  so lutes ,  then the 
solute addit ion mus t  modify the re la t ive  s tab i l i t i e s  
of cement i te ,  E-carbide (or other  t r ans i t i on  carbide) ,  
and carbon  in supe r sa tu r a t ed  solid solut ion.  

We will cons ider  c e m e n t i t e  f i r s t .  Nei ther  s i l i con  16,17 
nor  a l u m i n u m  ~6 have s igni f icant  solubi l i ty  in cemen-  
tire. Manganese ,  on the other  hand, subs t i tu tes  f ree ly  
for Fe in (Fe, Mn)3C, ~6'~8'19 and the equ i l i b r ium d i s t r i -  
bution coefficient  of manganese  in cement i te  r e l a t ive  
to that in f e r r i t e  r i s e s  with d e c r e a s i n g  t e m p e r a -  
ture  ~8,19 Because  subs t i tu t iona l  diffusion is ve ry  slow 
at the t e m p e r a t u r e s  employed in quenching and aging 
s tudies ,  the in i t i a l  cement i te  to fo rm even in a l loys  
with Si and A1 probably  has the same  content  of sub-  
s t i tu t iona l  solute as the mat r ix .  However,  Kuo and 
Hul tgren,  ~6 whose data provide the chief support  for 
this content ion for s i l i con  addi t ions,  did not speci f i -  
cal ly identify the cement i te  by X - r a y  diffract ion,  and 
other  carbide  phases  a re  known to p rec ip i ta te  under  
the i r  condit ions.  ~ In any event, the f ree  energy of 
(Fe,M)3C is higher than that of Fe~C when M = Si or 
A1, and is  lower when M = Mn. Neglect ing other  ef- 
fects ,  then, the p r e s e n c e  of Si or  A1 dec r ea se s  the 
r e l a t ive  s tabi l i ty  of cement i te ,  and Mn i n c r e a s e s  it. 

Of course ,  other effects cannot be neglected.  It is 
not known, for example,  how subs t i tu t iona l  solutes  
change the r e l a t ive  s tab i l i ty  of the l o w - t e m p e r a t u r e  E- 
carbide  or other  t r ans i t i on  carbide .  The re  a re ,  how- 
ever ,  addi t ional  data to help a s s e s s  poss ib le  changes of 
the r e l a t ive  s tab i l i ty  of carbon  in f e r r i t e ,  as re f lec ted  
in the ac t iv i ty  coefficient  of carbon  in f e r r i t e .  A 
change in  the act ivi ty  coefficient  of carbon  in f e r r i t e  
can act  in va r ious  ways.  In al loys containing carbon 
in excess  of the solubi l i ty  l imi t  at the solut ion t em-  
pe ra tu re ,  a d e c r e a s e  in the act ivi ty  coefficient  will  
i nc r ea se  the amount  of carbon  dissolved,  un less  there  
is a compensa t ing  change in the carbon  act ivi ty  of the 
p rec ip i ta ted  phase.  After  quenching,  there  will  thus be 
i nc r ea sed  carbon  in s u p e r s a t u r e d  solut ion,  (Whether 
this  i nc r ea sed  ca rbon  r e p r e s e n t s  i nc r ea sed  carbon  
act iv i ty  at the aging t e m p e r a t u r e  depends on the v a r i a -  

t ion of act ivi ty  coefficient  with t empera tu re . )  An in-  
c reased  act ivi ty  coefficient  wil l  have the opposite ef- 
fect, dec r ea s ing  the concen t ra t ion  of carbon  in solu-  
t ion af ter  quenching.  On the other  hand, in al loys con- 
raining less  than the ma x i mum amount  of carbon  solu-  
ble at the solut ion t e m p e r a t u r e ,  as in the p r e s e n t  Fe -  
A1-C al loys,  a change in ac t iv i ty  coeff icient  changes 
the ac t iv i ty  of the carbon presen t ,  Whether  the d r iv ing  
force for p rec ip i ta t ion  is a lso changed depends on 
whether any compensa t ing  changes occur  in the 
act ivi ty  of carbon  in ava i lab le  p rec ip i ta te  phases .  

Complete data on act ivi ty  coefficients  of carbon in 
the s y s t e m s  F e - S i - C ,  F e - M n - C ,  and Fe-A1-C do not 
exist .  Avai lable  data a re ,  however,  quite ins t ruc t ive .  
Smith 2~ de t e rmined  the inf luence of s i l i con  on ac t iv i ty  
coeff icients  of carbon in both f e r r i t e  and aus teni te ,  
in equ i l i b r ium with graphite at 1000~ He found that 
s i l i con  s igni f icant ly  i n c r e a s e s  the act ivi ty  coefficient  
of carbon  in both f e r r i t e  and austeni te ;  the addit ion of 
s i l i con  accordingly  de c r e a se s  the solubi l i ty  of carbon 
in f e r r i t e  with r e spec t  to cement i te  21'22 (although one 
study 6 showed a s l ight ly inc reased  solubi l i ty) .  

The inf luence of manganese  on the act ivi ty  coeffi- 
cient  of carbon  in f e r r i t e  has not been de te rmined ,  but 
Smith 2~ found that manganese  caused a d e c r e a s e  of the 
ac t iv i ty  coefficient  of carbon in aus ten i te  with r e spec t  
to graphite.  The absolute  magnitude of the change in 
act ivi ty  coefficient  was approximate ly  the same for 
addit ions of s i l i con  and of manganese ,  on an a tomic 
bas i s .  It is logical  to a s s u m e  that manganese  s i m i l a r l y  
lowers  the act ivi ty coefficient  of carbon  in fe r r i t e ,  but 
this is not known. If manganese  does lower the act ivi ty  
coefficient  of carbon  in f e r r i t e ,  carbon solubi l i ty  
should be inc reased ;  however,  both Lage rbe rg  ~3 and 
B o t c h e r s  and Koenig 6 r epo r t  a slight dec rease  in solu-  
bi l i ty with r e spec t  to cement i te  in f e r r i t e .  Lage rbe rg  23 
has suggested that a d e c r e a s e  in the carbon act ivi ty  
of cement i t e  may be r e spons ib l e  for the dec reased  
solubil i ty;  Lage rbe rg  sugges ts  that this  mechan i sm is 
r easonab le ,  because  Fe3C and Mn3C are  i somorphous  
and mutual ly  soluble  24 and the carbon act ivi ty  of Mn3C 
is much lower than that of Fe3C. 2~ In this ins tance  r e -  
duced carbon  act ivi ty  coefficient  in f e r r i t e  does not 
r e su l t  in g r e a t e r  carbon solubi l i ty  because  of the modi-  
fied cement i te  composi t ion and r e su l t i ng  dec rease  in 
carbon act ivi ty  in cement i te ,  

The inf luence of a luminum on the act ivi ty  coeffi- 
cient  of carbon  in f e r r i t e  has not been  expl ic i t ly  evalu-  
ated in any previous  work known to the authors .  The re  
is d i s a g r e e m e n t  concern ing  the influence of a luminum 
on the act ivi ty  coefficient  of carbon in austenite,26 but 
the most  r ecen t  work indicates  that a l uminum de-  
c r e a se s  the act ivi ty  coefficient.  27 M e a s u r e m e n t s  of the 
effect of a l u m i n u m  addit ions on solubi l i ty  of carbon  in 
f e r r i t e  re la t ive  to cement i te  should provide an ind ica-  
t ion of the behavior  of the act ivi ty  coefficient,  s ince  
a luminum is e s sen t i a l l y  insoluble  in cement i te  at 
equ i l ib r ium.  16 Such m e a s u r e m e n t s  a re  ava i lab le  f rom 
in t e rna l  f r ic t ion  s tudies .  Borche r s  and Koenig 6 con- 
cluded that a l uminum markedly  inc reased  the so lu-  
bil i ty;  Jaen iche  et  al ~ repor ted  a more  modes t  in-  
c rease  in solubi l i ty .  Laxar  e t  al 5 concluded that a l u m i -  
num dec reased  the solubi l i ty  of carbon; however,  the 
propor t iona l i ty  factor  between damping and carbon  
content was not expl ic i t ly  evaluated as  a function of 
a luminum content  in this study. When the va r i a t ion  of 
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p r o p o r t i o n a l i t y  f a c t o r  w i t h  a l u m i n u m  c o n t e n t  ~ i s  t a k e n  
in to  a c c o u n t ,  t he  d a t a  of  L a x a r  e t  a l  a l s o  i n d i c a t e  i n -  
c r e a s e d  c a r b o n  s o l u b i l i t y  in  t he  p r e s e n c e  of  a l u m i n u m .  
S o l u b i l i t y  d a t a  t h u s  i n d i c a t e  t h a t  a l u m i n u m  d e c r e a s e s  
the  a c t i v i t y  c o e f f i c i e n t  of c a r b o n  in  f e r r i t e .  

F u r t h e r  e v i d e n c e  t h a t  a l u m i n u m  d e c r e a s e s  t he  
a c t i v i t y  c o e f f i c i e n t  of c a r b o n  i s  p r o v i d e d  by  m e a s u r e -  
m e n t s  of m a g n e t i c  a f t e r - e f f e c t s  r e p o r t e d  by  K o z l o w -  
s k i  e t  a l ,  ~3 who e s t i m a t e d  the  b i n d i n g  e n e r g y  of A1-C  
p a i r s  in  s o l i d  s o l u t i o n  in  f e r r i t e  ( F e - 0 . 1  pc t  A1-C)  to 
b e  a b o u t -  5200 c a l / m o l  ( - 2 2  k J / m o l )  a n d  t h a t  f o r  C - C  
p a i r s  ( a g a i n  in a - F e - 0 . 1  pc t  A I - C )  to b e  a b o u t  - 2 6 0 0  
c a b / m o l  ( - 1 1  k J / / m o l ) .  T h e s e  e n e r g i e s  s h o u l d  b e  c o m -  
p a r e d  w i t h - 1 9 0 0  c a b / m o l e  ( - 8  k J / -mo l )  f o r  C - C  p a i r s  
in  p u r e  F e - C  a l l o y s ,  a n d  w i t h  the  g e n e r a l l y  a c c e p t e d  
v a l u e  of a b o u t  - 0 . 6  e V / a t o m  o r  - 14 ,000  c a l / m o l  ( -  58 
k , I / m o l )  f o r  t he  b i n d i n g  e n e r g y  of c a r b o n  to a d i s l o c a -  
tion.28 

A v a i l a b l e  e v i d e n c e  on  the  i n f l u e n c e  of  s u b s t i t u t i o n a l  
s o l u t e s  on  c a r b o n  a c t i v i t y  t h u s  l e a d s  to  the  t e n t a t i v e  
c o n c l u s i o n s  s u m m a r i z e d  in  T a b l e  III .  A m o r e  c o m -  
p l e t e  d e s c r i p t i o n  would  r e q u i r e  k n o w l e d g e  of t he  i n -  
f l u e n c e  of  s o l u t e  a d d i t i o n s  on t he  s t a b i l i t y  of the  
t r a n s i t i o n  c a r b i d e ,  and  of m o r e  q u a n t i t a t i v e  d a t a  on  
t he  c a r b o n  a c t i v i t i e s  in  c e m e n t i t e .  A r a t i o n a l i z a t i o n  
of the  e f f e c t s  of m a n g a n e s e ,  s i l i c o n ,  and  a l u m i n u m  on  
t he  c a r b i d e  t r a n s i t i o n  i s  p r e s e n t e d  in  t he  f o l l o w i n g ,  
b a s e d  on  T a b l e  III .  

I t  a p p e a r s  t h a t  c h a n g e s  in  t he  a c t i v i t y  c o e f f i c i e n t  of  
c a r b o n  in  f e r r i t e  c a n n o t  a l o n e  e x p l a i n  the  o b s e r v e d  i n -  
f l u e n c e  of s u b s t i t u t i o n a l  s o l u t e s  on  c a r b i d e  t r a n s i t i o n  
t e m p e r a t u r e .  F o r  the  t h r e e  s o l u t e s  s t u d i e d  t h u s  f a r ,  
a b e t t e r  c o r r e l a t i o n  e x i s t s  w i t h  the  c h a r a c t e r i s t i c s  of 
t he  c e m e n t i t e  i t s e l f .  B o t h  a l u m i n u m  a n d  s i l i c o n  h a v e  
n e g l i g i b l e  e q u i l i b r i u m  s o l u b i l i t y  in  c e m e n t i t e ,  and  b o t h  
r e t a r d  C e m e n t i t e  p r e c i p i t a t i o n .  M a n g a n e s e  d i s t r i b u t e s  
p r e f e r e n t i a l l y  to c e m e n t i t e  a n d  l o w e r s  the  t e m p e r a -  
t u r e  a t  w h i c h  c e m e n t i t e  b e g i n s  to  f o r m .  T h e  e f f e c t  of 
s i l i c o n  cou ld  b e  c a u s e d  b y  a n e c e s s i t y  to  d i f f u s e  s i l i -  
con  a w a y  f r o m  g r o w i n g  c e m e n t i t e ,  4,e9 bu t  in  the  F e - A 1 - C  
a l l o y s  c e m e n t i t e  f o r m s  a t  t e m p e r a t u r e s  too  low to p e r -  
m i t  e x t e n s i v e  d i f f u s i o n  of a l u m i n u m .  A n y  c e m e n t i t e  
f o r m e d  wi l l  t h u s  be  l e s s  s t a b l e  t h a n  Fe~C,  and  t h e r e  
w i l l  b e  l e s s  d r i v i n g  f o r c e  f o r  i t s  f o r m a t i o n .  Q u a n t i t a -  
t i v e  m i c r o a n a l y s i s  of  c a r b i d e  c o m p o s i t i o n  a n d  s i m u l -  
t a n e o u s  i d e n t i f i c a t i o n  of c a r b i d e  t y p e  would  be  r e q u i r e d  
to m o r e  fu l l y  c h a r a c t e r i z e  t he  p r e c i p i t a t i o n  s e q u e n c e .  
S i n c e  m a n g a n e s e  is  s o l u b l e  in  b o t h  f e r r i t e  and  c e m e n -  
t i t e ,  t h e r e  i s  no  n e c e s s i t y  f o r  m a n g a n e s e  d i f f u s i o n ;  the  

Table III. Influence of Substitutional Solutes On Carbon Activity 
and Carbide Precipitation 

Solute Ma Si A] 

Activity coefficient Decreased Increased Decreased 
of carbon in ferrite 

Carbon activity Decreased Increased Increased 
in cementite 

Carbon activity Unknown Unknown Unknown 
in transition carbide 

Carbide transition Decreased Increased Increased 
temperature 

Rate of carbide growth Unchanged  Decreased Decreased 

p r e s e n c e  of m a n g a n e s e  d o e s ,  h o w e v e r ,  m a k e  c e m e n t i t e  
m o r e  s t a b l e ,  a n d  i n c r e a s e s  t he  d r i v i n g  f o r c e  f o r  p r e -  

c i p i t a t i o n .  
In  t h i s  v i e w ,  t he  v a r i a t i o n  of  c a r b o n  a c t i v i t y  c o e f f i -  

c i e n t  in  f e r r i t e  w i t h  a l l o y  a d d i t i o n  w o r k s  in t he  s a m e  
d i r e c t i o n  a s  t he  a l l o y  e f f e c t  on  c a r b o n  a c t i v i t y  in  c e -  
m e n t i t e  on ly  fo r  a l u m i n u m ;  b o t h  d e c r e a s e d  c a r b o n  
a c t i v i t y  c o e f f i c i e n t  in  f e r r i t e  and  i n c r e a s e d  c a r b o n  
a c t i v i t y  in  c e m e n t i t e  c a n  b e  e x p e c t e d  to r e t a r d  ce -  
m e n t i t e  p r e c i p i t a t i o n .  In t h e  m a n g a n e s e  c a s e ,  i t  i s  
p r e s u m e d  t h a t  t he  i n c r e a s e d  s t a b i l i t y  of c e m e n t i t e  
m o r e  t h a n  c o m p e n s a t e s  f o r  the  d e c r e a s e d  c a r b o n  
a c t i v i t y  c o e f f i c i e n t  in  f e r r i t e .  F o r  s i l i c o n ,  t h e  in -  
c r e a s e d  c a r b o n  a c t i v i t y  c o e f f i c i e n t  in  f e r r i t e  s i m i l a r l y  
a p p e a r s  to w o r k  a g a i n s t  t h e  i n f l u e n c e  of s i l i c o n  on  t he  
c e m e n t i t e  s t a b i l i t y ,  bu t  in  t h i s  c a s e  a n  a d d i t i o n a l  m e -  
c h a n i s m  h a s  b e e n  p r o p o s e d .  O w e n  ~9 h a s  s u g g e s t e d  t h a t  
the  i n c r e a s e  of the  c a r b o n  a c t i v i t y  c o e f f i c i e n t  in  f e r r i t e  
i t s e l f  i n h i b i t s  p r e c i p i t a t i o n ,  s i n c e  s i l i c o n  r e j e c t e d  f r o m  
t h e  g r o w i n g  c e m e n t i t e  f o r c e s  c a r b o n  to d i f f u s e  up a n  
a c t i v i t y  g r a d i e n t  to r e a c h  the  c e m e n t i t e .  C e m e n t i t e  
g r o w t h  t h u s  s t o p s  a f t e r  a t i m e  in  s i l i c o n  a l l o y s ,  2 w h i l e  
i t  c o n t i n u e s  in  F e - A 1 - C  a l l o y s .  A l u m i n u m  i s  t h u s  no t  
a s  e f f e c t i v e  a s  s i l i c o n  in  p r e v e n t i n g  m a g n e t i c  ag ing .  

CONCLUSIONS 

I) Aluminum additions to low-carbon iron inhibit the 
precipitation of cementite, increasing the time and 
temperature required for cementite to replace the 
transition carbide. 

2) The effect of substitutional solute additions on 
cementite stability is the predominant influence on 
carbide precipitation during quenching and aging in the 
systems Fe-Mn-C, Fe-Si-C and Fe-AI-C. 
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