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The metal- to-carbon ratio in the eta phase in 2 1/4 Cr-1 Mo steel exposed to sodium at 
566~ for 26,500 h, and probably under a var ie ty  of service conditions, approaches four, 
rather  than six, a fact which may be influenced by the presence of Si, O, and perhaps Cr. 
Silicon is present  in the eta phase, probably on a metal subtattice, while oxygen is prob- 
ably present on the metalloid sublattice. The observation is supported by both structural  
and compositional data from the l i terature.  

Low alloy steels, such as 2 1/4 Cr-1 Mo, are  pro-  
jected for use in the steam generator of the demon- 
stration Liquid-Metal Fast  Breeder Reactor (LMFBR). 
Long-term service,  up to 30 years,  at high tempera-  
ture will have significant effect on the alloy micro-  
structure,  and hence, its mechanical propert ies.  For 
design purposes, the mechanical properties of such 
a steel are important, and, since it is impractical  to 
run tests for significant fractions of the life time of 
such vessels ,  extrapolation procedures are  highly de- 
sirable. 

For such extrapolation procedures,  one important 
quantity is the composition and location of the carbide 
precipitates which normally exist in these steels. A 
quantity of 2 1/4 Cr-1 Mo steel, which had been heated 
26,500 h at 566~ in sodium with some consequent de- 
carburization, recently became available. During the 
course of a cursory  examination of the composition 
of the precipitate and matrix, resul ts  were obtained 
which were in seeming contrast  to some of the ac-  
cepted l i terature.  Specifically, we noted that the p re -  
cipitate phases did not seem to be tending to "'MoC" 
(a face-centered cubic s tructure called eta phase, with 
96 metal atoms per unit cell, a0 ~ ll .08A) as one might 
deduce from the precipitation scheme described by 
Baker and Nutting, 1 but rather  seem established by 
the carbon content between "M~C" and Mz3C6. (Baker 
and Nutting probably did not intend to imply the end- 
point of all carbide phases was "1~C") .  Furthermore,  
from a chemical analysis of the supernate remaining 
after an electrolytic extraction the metal- to-carbon 
ratio, (M:C), of the "M6C" phase was calculated to 
be about four rather than six. Thus, a more extensive 
investigation of the phases seemed advisable. 

The role of carbides in low alloy ferr i t ic  steels has 
been reviewed extensively by Woodhead and Quarrell ,  2 
and a further review seems unwarranted here. The 
carbon content of these phases has been inadequately 
studied, however, an oversight which appears to be a 
strategic e r ro r  if the mechanical propert ies are  to be 
understood at long aging times. Numerous authors 
have shown that the mechanical properties of an alloy 
depend in an important way on the composition of the 
matrix. (See, for example, references  cited by Wood- 
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head and Quarrel.  2) Any deviation from the composi-  
tion M6C will have an important effect on the amount 
of solute elements and, hence, our knowledge of their 
effect in solution on properties of interest. 

For the above reasons,  a more extensive investiga- 
tion of the phases present in 2 1/4 Cr-1 Mo steel 
seemed advisable. The present investigation involved 
anodic extraction of the phases and examination by 
X-ray  diffraction. Where a substantial amount of pre-  
cipitate would be obtained, it was chemically analyzed. 
In other cases the supernate was analyzed. The r e -  
sults were used to determine the carbon content of the 
eta phase. 

EXPERIMENTAL 

The specimens used were from an experiment de- 
signed and operated by MSA Research Corporation. 3 
The test specimens were in the form of 0.06-in.-thick 
sheet tensile specimens, 7 1/4 in. long by 1 1/4 in. 
wide, with a gage length of 1 in. long by 1/2 in. wide. 
Flat plates were spot welded to the shoulder section 
of the specimens to strengthen them, since holes were 
drilled in this region to hold the specimens during ten- 
sile tests.  The specimens, aged for 26,500 h at 566~ 
in sodium, were obtained from MSA. Two different 
analyses performed on the starting material  are  listed 
in Table I. Also given are  analyses on two of the sam-  
ples aged in sodium and partially decarburized. 

Samples of the precipitate particles were anodicalty 
extracted at 1.5 v using a platinum cathode in a 10 pct 
HCI-90 pct CHsOH solution. Successive extractions on 
the same sample (of 1/2 to 2 h duration) were done at 
constant voltage, within 0.1 V. Nearly complete disso-  
lution (of up to 5 h duration) resulted in a gradual in- 
crease  in voltage, up to 2.0 V. Precipitate adhering to 
the sample was removed by ultrasonic vibration in 
ethyl alcohol, and the sample was then dried and 
weighed. The precipitate was separated from the 
supernate by centrifuging it. The precipitate was 
washed with CH3CH2OH , centrifuged again to separate 
it from the alcohol, dried in a vacuum desicator,  and 
weighed. The actual weights are  accurate to 0.1 mg. 
Possible e r ro r s  are (1) loss of precipitate through 
dissolution or inadequate centrifuging and (2) inade- 
quate cleaning of tube or precipitate. Results have 
been very  consistent, indicating reproducibil ty with 
0.2 mg. However, we have never demonstrated that 
ve ry  small precipitates are  not being dissolved. Only 
the independence of the wt pct precipitate with ext rac-  
tion time makes it seem reasonable that any dissolu- 
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t ion of the  p r e c i p i t a t e  i s  within the e x p e r i m e n t a l  e r r o r .  
The X - r a y  p r o c e d u r e  used  has  been  r e c e n t l y  d e -  

s c r i b e d  by  Spru ie l l  and Gehlbach.  4 Br ie f ly ,  the p r o -  
c edu re  is  as  fo l lows:  E x t r a c t e d  p r e c i p i t a t e  s a m p l e s  
we re  c o m p l e t e l y  d i s p e r s e d  in ethyl  a lcohol ,  and the 
a lcoho l  r e m o v e d  by d ropp ing  the d i s p e r s i o n  s lowly  
onto a w a r m  p iece  of g l a s s .  The p r e c i p i t a t e  was 
s c r a p e d  f r o m  the g l a s s  onto a s ing le  c r y s t a l  wafer  
of s i l i con ,  and a d rop  o r  two of a lcohol  was used  to 
make  a p a s t e  which was s m e a r e d  out on the s i l i con  
wafe r .  (The wafer  s e r v e s  a s  the s u b s t r a t e  for  the 
p r e c i p i t a t e  in a d i f f r a c t o m e t e r  and is  so  o r i e n t e d  that  
no s i l i con  l ines  a r e  d i f f r a c t ed  to the de t ec to r . )  Copper  
r a d i a t i o n  was used ;  the beam leav ing  the s a m p l e  was 
p a s s e d  through a g r aph i t e  m o n o c h r o m e t e r  to r e m o v e  
any s c a t t e r e d  r ad i a t i on .  This  p r o c e d u r e  r e s u l t e d  in 
a low background  with high s e n s i t i v i t y  for  phases  
present in s m a l l  p e r c e n t a g e s  of the to ta l  p r e c i p i t a t e .  

To c o r r e c t  o b s e r v e d  i n t e n s i t i e s  to r e l a t i v e  concen-  
t r a t i o n s  of the  two c a r b i d e  p h a s e s ,  we used  the f o r -  
mula  

I A V~ (FB) 3 C A 

IB Vb (FA) 2 C D 

w h e r e  the  P s  a r e  the  m e a s u r e d  X - r a y  i n t e n s i t i e s  of 
a g iven peak ,  the V 's  a r e  the unit  ce l l  vo lumes ,  the 
F ' s  a r e  the  unit  ce l l  s t r u c t u r e  f a c t o r s ,  and the C ' s  
are the m o l e c u l a r  concen t r a t i ons .  

To ca l cu la t e  the va lue  f o r  (FM23C6)2 we a s s u m e d  21 
at .  pc t  Fe ,  9 at .  pc t  Mo and 70 at .  pc t  Cr w e r e  r a n -  
domly  d i s t r i b u t e d  on the four  a tomic  s u b l a t t i c e s .  F o r  
( F e t  a )~ we a s s u m e d  10 at .  pc t  Cr r e p l a c e d  a l ike  
amount  of Mo on the Mo sub l a t t i c e .  T h e r e  is  no good 
b a s i s  for  t he se  a s s u m p t i o n s ,  but, fo r tuna te ly ,  the 
s c a t t e r i n g  f ac to r s  of Fe  a n d  Cr a r e  not too d i f fe ren t  
and where  Cr and Mo were  in te rchanged ,  the a tom 
f r ac t i on  was s m a l l .  A v a r i e t y  of d i s t r i b u t i o n s  led  to 
s t r u c t u r e  f a c t o r s  only  s l i gh t ly  d i f fe ren t  than those  
used .  F o r  the (511)--(333) p lanes ,  we ca l cu la t ed  

(Ve t  a )3 ( F M z 3 C  6 )3 
• 

(VM23C e )2 (Fet  a )2 

(11.09) ~ 98.60 
• - 0.671. 

= (10.61) 8 191.66 

Sample  Ana lys i s  

Meta l  s a m p l e s  we re  p r e p a r e d  by d i s so lu t ion  in 1-1 
HC1. HNOa, and fuming in H3SO 4. I ron was d e t e r m i n e d  
by  t i t r a t i o n  with s t a n d a r d  d i c h r o m a t e  a f t e r  r e d u c t i o n  
with s t anous  ch lo r ide .  Chromium was ox id ized  with 
p e r s u l f a t e ,  and e x c e s s  s t a n d a r d  f e r r o u s  i ron  so lu t ion  
added and back  t i t r a t e d  with s t anda rd  pe rmang a na t e .  
Si l icon was s e p a r a t e d  by ac id  h y d r o l y s i s  and v o l a t i l -  
i zed  by  HF. The LECO t h e r m a l  conduct iv i ty  a p p a r a t u s  
was used  for  carbon .  

Solut ions r e s u l t i n g  f rom anodic  ex t r ac t i on  w e r e  a n a -  
l y z e d  by  s p e c t r o p h o t o m e t r i c  me thods .  D i p h e n y l c a r b i -  
z ide  was used  for  c h r o m i u m  af te r  oxida t ion  with s i l v e r  
pe rox ide .  I ron  was r e d u c e d  with hyd roxy l amine  and a 
co lo r  deve loped  with O-phenanthro l ine .  Smal l  amounts  
of  s i l i con  w e r e  m e a s u r e d  us ing  the molybdenum blue 
method .  Molybdenum was d e t e r m i n e d  by  the t h i o c y a -  
na te  method .  

Samples  of the p r e c i p i t a t e  p a r t i c l e s  w e r e  t r e a t e d  
with 1-1 HCI �9 HNOs and fumed in H3SO 4. Any r e s i d u e s  
we re  fused with Na2CO 3. The s p e c t r o p h o t o m e t r i c  
methods  d e s c r i b e d  for  the so lu t ions  we re  used  for 
the  a n a l y s i s  of t he se  m a t e r i a l s .  Carbon was m e a s u r e d  
us ing  the LECO t h e r m a l  conduct iv i ty  a p p a r a t u s .  

F o r  the  d i r e c t  d e t e r m i n a t i o n  of the compos i t i on  of  
e x t r a c t e d  p r e c i p i t a t e ,  the  r e i n f o r c i n g  p la t e s  which had 
been  spo t  welded onto s a m p l e  shou lde r s  we re  mach ined  
off one N a -a ge d  spec imen .  This  s p e c i m e n  was cut into 
s m a l l e r  p i e c e s  and e x t r a c t e d  e l e c t r o l y t i c a l l y .  The p r e -  
c ip i t a t e  was ana lyzed  for  C, Cr,  Mo, and Si. The s u p e r -  
na te  was ana lyzed  for  Cr,  Mo, and Si. Because  a to ta l  
of on ly  0.5 g of p r e c i p i t a t e  was ava i l ab l e ,  the  ca rbon  
was ana lyzed  in a LECO a p p a r a t u s  a s  fo l lows:  a l a b o -  
r a t o r y  con t ro l  s a m p l e  was f i r s t  run  in the a p p a r a t u s ;  
a N B S - c e r t i f i e d  s t e e l  s a m p l e  was run ;  the unknown 
was run ;  and another  con t ro l  s a m p l e  was run .  

RESULTS 

Resu l t s  of the a n a l y s i s  on tile p r e c i p i t a t e  e x t r a c t e d  
f rom a l a r g e  s a m p l e  hea ted  in sodium at  566~ for  
26,500 h a r e  r e p o r t e d  in Table  II. F r o m  (M:C) r a t i o  
found by a n a l y s i s  in the p r e c i p i t a t e  and by c o r r e c t i n g  
for  the  amount  of M33C 6 p r e s e n t  in the  p r e c i p i t a t e ,  one 
can r e a d i l y  ca l cu la t e  (M:C) in the e ta  phase :  4.26, s u b -  
s t a n t i a l l y  r i c h e r  in ca rbon  than MaC. 

While the d i r e c t  a n a l y s i s  is  the be s t  ind ica t ion  of the 
e ta  phase  compos i t ion ,  c o r r o b o r a t i o n  is p rov ided  by  
e x t r a c t i on  on a p i ece  of the gage sec t ion  of a s a m p l e  
which had been  exposed  in sod ium,  a f t e r  the s u r f a c e  
r e g i o n  is  r e m o v e d ,  and r e p o r t e d  as  the f inal  s a m p l e  
in Table  III. A p p r o p r i a t e  ca l cu la t ions  in Table  IV r e -  
vea l  the o v e r a l l  (M:C) i s  3.9, for the  l a s t  ex t r ac t ion .  
Again, a s s u m i n g  (M:C) in M33C 6 is 3.83 and that  a l l  
the ca rbon  is t ied  up in the ca rb ide ,  (M: C) in e ta  phase  
is  ca l cu la t ed  to be  3.92. While  th is  r e s u l t  i nd i ca t e s  a 
lower  (M:C) than the d i r e c t  a n a l y s i s ,  i t  a l so  s u p p o r t s  
a va lue  much lower  than 6. (The d i f f e r e nc e  in the  two 
r e s u l t s  m a y  be r e l a t e d  to the a s s u m e d  so lub i l i t y  of 
carbon  in the f e r r i t e ,  an e r r o r  in ca rbon  ana ly s i s ,  
or  d i s so lu t ion  of some  p r e c i p i t a t e ,  as  d i s c u s s e d  sub-  
sequent ly .  ) 

The e r r o r s  in the d i r e c t  a n a l y s i s  for  m e t a l s  can  be  
e s t i m a t e d  by  o b s e r v i n g  the to ta l  m a t e r i a l  found by  a n a -  
lyz ing  both the p r e c i p i t a t e  and the s u p e r n a t e  and c o m -  

Table h Composition of 2�88 Cr-1 Mo Steel Specimens Used in This Study 

Element (Wt Pct) 

Analyses Cr Mo C Mn P S Si 

MSAR a 2.17 1.01 0.097 0.56 0.007 0.022 
b 2.22 0.99 0.11 0.50 0.009 0.022 
O R N L -  2.28 1.03 0.064 - 

MSA- 138 c 
ORNL 2,19 1.01 0.066 - 

MSA-136 c 
ORNL - - 0.096 - - - 

MSA-He d 

0.33 
0.21 
0.175 

aSupplied by MSA Research Corporation as starting composition. 
bSupplied by Mclnnes Steel Co. to MSA Research Corp. 
cobtained from remainder of a Na-exposed sample after electrolytic extraction 

of  precipitates. Note decarburization which occurred. 
dObtained from He-aged sample. 
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Table 11. Results on Extraction of 28.1174 g of 2�88 Cr, 
1 Mo Steel Aged 26,500 H in Sodium a 

Element 

C Cr Mo Si Fe 

Precipitate (wt pet) b 4,02 13.5 39.6 2.27 c 
Supernate (rag total) d 487 73.7 39.4 
Total found in sample e 1.97 f 0,974 0,181 g 

(wt pct) 
Moles in precipitate 1.692 1,313 2.087 0.409 

(x 10 ~) 

E(Cr+Mo+Fe) 4182 X(Cr+M~ 
C C 

~-,(Cr + Mo + F~ = 3.368. 
~(c + si) 

40.61 

3.676 

aPrecipitate weight was 0.5056 g. Integrated intensity ratio of M6C to Ma~C6by 
X-ray analysis was 6.8;no(eta) = 11.09. 

bCarbon analysis was done by combustion; Cr and No analyses were done by 
volumetric techniques. Fe is obtained by difference. 

eMicroprobe analysis on these samples also indicates the eta phase is enriched 
in St, Relative to the matrix, 

dCr and Mo analyses by speetrophotometric techniques. 
eThe amount of carbon calculated by assuming it is all in the precipitate is 

0.071 wt pct. This is misleading as is discussed in the text. 
fSee text for discussion of this low value. 
gThe silicon analyses for the starting material is uncertain even though the 

total Si found is in good agreement with our analysis. There may reflect a varia- 
tion within the sample or just the difficulty of analysis. 

Table II I. Analysis of Elements in Supernate of Successive Extractions, 
with X-ray Intensities of Phases, in Na-aged Sample 

Sample Precipitate Analyzed in Supernate 
Sample No. Wt Loss Recovered Cr Mo Si IETA (333) a 
(MSAC-138) (rag) (mg) (rag) (nag) (mg) IM23C6 (333) 

A4678-t 65 83.0 2.4 0.83 0.35 0.11 b 
A4678-166-1 289.3 3,8 5,41 0.92 0.19 - 
A4678-166-2 201.8 2,6 4.00 0.59 0.32 15~2 
A4678-167 257,8 3.4 5.29 0,81 0.4t 13.5 
A6166-t2 18(}4.9 28.0 37.7 4.98 2.60 - 
A6t66-13 533.3 8.4 I0.9 1.40 0.88 7.5 

Original Sample size: 2.85 • 1.25 • 0.57 cm;4.5085 g. 
aThe values given are peak height ratios, rather than integrated intensities; 

since the peaks were quite narrow the difference for this purpose is negligible. 
bBroad peaks and high background. Oxygen analysis on a similar sample indi- 

cated 2000 ppm O. Recognizable peaks were M6C and M:~C6. 

pa r ing  this  with the amount  expected in the total  s a m -  
ple.  The e r r o r  in the molybdenum ana lys i s  should be 
no g r ea t e r  than about 3 pet,  and the de t e rmina t i on  may  
be s l ight ly  low, s ince  l e s s  than 1.01 wt pct Mo was 
found. The e r r o r  in the ch romium ana lys i s  may  be 
somewhat  g r ea t e r  than this ,  but  s ince  the i ron  is  found 
by d i f fe rence  and the mo lecu l a r  weights a r e  s i m i l a r ,  
the e r r o r  in the m e t a l - t o - c a r b o n  r a t i o  can be neglected.  

Note that the total  amount  of ch romium found in  the 
la rge  ex t rac ted  sample  (sum of the ch romium f rom 
the p rec ip i t a te  and f rom the superna te )  r epo r t ed  in  
Table II is only 1.97 wt pct r a the r  than 2.22 wt pct as 
is be l ieved to be in the total  sample .  This  is not a s -  
c r ibab le  to c a r e l e s s  loss  of p rec ip i t a te  or superna te ,  
s ince  the total  amount  of molybdenum found is  the 
s ame  as  in the total  sample ,  within expe r imen ta l  e r -  
r o r .  It is  be l ieved that  the low c h r o m i u m  content  is  
r e l a t ed  to a r eg ion  of the smnple  in which the c h r o -  
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mium content  was a l t e red  by spot welding.  These  r e -  
gions showed much m o r e  rap id  d i sso lu t ion  dur ing  e l ec -  
t r o ly s i s ,  and, in  fact,  a hole would f requent ly  appear  
at  the weld posi t ion.  Two ana lyses  for ch romium on 
p ieces  of s tee l  f rom a spot  welded r eg ion  gave 1.73 
and 1.76 wt pct ch romium.  Thus,  the total  ch romium 
found in  the l a rge  ex t rac ted  sample  is be l i eved  to be 
an average  r e s u l t i n g  f rom reg ions  of low and a s - f a b -  
r i ca ted  (before welding) ch romium contents .  F u r t h e r -  
more ,  the mole f rac t ion  r a t ios ,  C r / M o / F e ,  in  the 
g r o s s  ex t rac t ion  a r e  the s a m e  as  deduced f rom the 
f inal  ex t rac t ions  (Table IV) af ter  su r face  effects a re  
removed ,  well  within any expe r imen ta l  e r r o r .  

B e c a u s e  o f  t h e  impor t ance  of the ca rbon  ana lys i s ,  
the technique de sc r i be d  in the expe r imen ta l  sec t ion  
of ana lyz ing  known samples  before  and af ter  the c a r -  
bon d e t e r m i n a t i o n  was used.  The e r r o r  should be no 
g rea t e r  than 5 pct  of the ca rbon  found. 

The e r r o r s  in  (M:C) in the s u c c e s s i v e  ex t rac t ions  
a r e  of a somewhat  d i f ferent  sor t .  The molydenum 
ana lys i s  is  p robab ly  c o r r e c t  to 1 or 2 pct ;  note the 
smooth change with succes s ive  ex t rac t ions .  The e r -  
r o r  in the ch romium ana lys i s  is much g rea t e r  s ince  
chromium is found by d i f fe rence  of two fa i r ly  sub-  
s t an t i a l  n u m b e r s ,  and the va r i a t ion  of ch romium 
found in the p rec ip i t a t e  through the sample  is  conse -  
quent ly  much l a r g e r .  However, again,  the i ron  is  
found by d i f fe rence  and the cont r ibu t ion  to a ca l cu -  
la ted (M:C) can  be neglected.  

O n e  sou rce  of d i s c r e p a n c y  in the two d i f fe rent  r e -  
su l t s  may  be what is  a s sume d  for the so lubi l i ty  of 
ca rbon  in  f e r r i t e .  In the Appendix the computat ions  
a re  out l ined which lead to the a s sumpt ion  that  sub -  
s t an t i a l ly  al l  the carbon is  p r e se n t  in the carb ide  
phases .  The p r inc ipa l  source  of e r r o r  appears  to be 
the extent  to which ca rbon  obeys H e n r y ' s  law in the 
ac t iv i ty  r ange  under  d i scuss ion .  Back ca lcula t ion  r e -  
vea l s  that if 0.0613 wt pct C were  p r e se n t  in the p r e -  
cipi tate  with 0.0037 wt pct C d isso lved  in the s tee l  the 
a g r e e m e n t  would be exact:  (M:C) would be 4.26 as 
found for the d i r e c t  ana ly s i s  of the prec ip i ta te .  

Another source  of d i s c r e pa nc y  ma y  be an i n c o r r e c t  
ana lys i s  for carbon.  Two ana lyses  were  pe r fo rmed  
on the aged s t ee l  for total  ca rbon  with exce l len t  p r e -  
c i s ion  (Table I). Only one ana lys i s  was pe r fo rmed  on 
the l a rge  ex t rac ted  sample .  It s e e m s  poss ib le  that the 
s ingle  ana lys i s  is  low, despi te  the g rea t - ca re  used in 
se t t ing  up the ana lys i s .  

A th i rd  poss ib i l i ty  to explain the d i s c r epancy  be-  
tween the two e xpe r i me n t s  is  the poss ib i l i ty  that s o m e  
prec ip i ta te  was be ing  d isso lved  dur ing  ext rac t ion .  Such 
an effect would r e s u l t  in l e s s  meta l  be ing ca lcula ted  to 
be in the p rec ip i ta te ,  with the s ame  amount  of ca rbon  
be ing  ass igned  to the p rec ip i ta te .  This  would indeed 
r e s u l t  in a lower ca lcu la ted  (M:C). 

Never the less ,  although the re  is  a sma l l  d i s c r e p a n c y  
between the r e s u l t s ,  the source  of which can not be 
a sc e r t a i ne d  at  this  t ime ,  both r e s u l t s  a r e  concordan t  
in that they yie ld  a (M:C) for the eta  phase c o n s i d e r -  
ably l e s s  than 6. 

The data in Tables  III and IV r evea l  addi t ional  in -  
format ion .  The wt pct p rec ip i ta te  in the f i r s t  s ample  
is  much higher  than in the r e m a i n d e r .  Analys i s  for 
oxygen in a l ayer  about 0.003 in. thick machined  f rom 
the su r face  of the Na-exposed m a t e r i a l  r evea l ed  about 
2000 ppm oxygen, while  the r e m a i n d e r  of the m a t e r i a l  
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Table IV. Calculations on Molecular Content of Precipitate (from data of Table III) 

Wt Pet Elemen ts in Precipitate a Moles of Elements in Precipitate per g Steel 

SampieNo. Precipitate CrWtPct MoWtPct SiWt Pet FeWtPct Cr• 104 MoX 104 FeX 10 a M/C 

A4678-t 65 2,89 1.22 0.59 0.060 0.955 2.35 0.6t t.7 t 8.6 
A4678-166-1 1.31 0.35 0.69 0.127 0.078 0.67 0.72 0.14 2.82 
A4678-166-2 1.29 0.24 0.72 0.034 0.231 0.46 0.75 0,41 2.99 
A4678-167 t.32 0.17 0.70 0.034 0.351 0.33 0.73 0.63 3.12 
A6166-12 1,55 0.13 0,73 0.049 0.576 0.25 0.76 1,03 3,8 
A6166-13 1.58 0.18 0.75 0.028 0,557 0.35 0,78 1.00 3.9 

aobtained by subtracting elements found in supemate from total in sample: Cr, 2.22 + 0.02 wt pet; Mo, 1.01 • 0,01 wt pet; C, 0,065 • 0.00l vet pct; and Si, 0.193 -+ 
0.04. Iron is taken as the difference between (Cr, Mo, C, Si) and the total wt pet precipitate, Obviously, this is incorrect in the first sample where oxygen is a significant 
contaminant. 

conta ined about 200 ppm oxygen. The ca lcula ted  (M:C) 
is  c l e a r l y  i n c o r r e c t  for  the su r f ace  reg ion  if one is 
a s c r i b i n g  the r e s u l t  to " c a r b i d e s "  for oxides a re  
c l e a r l y  p resen t .  (The X - r a y  pa t t e rns  were  much l e s s  
sha rp  for this su r f ace  region ,  and examina t ion  of the 
su r face  r eg ion  v ia  e l ec t ron  m i c r o s c o p y  r evea led  such 
heavy prec ip i ta t ion  that  useab le  mic rog raphs  were  not  
poss ib le . )  The wt pet p rec ip i t a t e  r e m a i n s  subs t an t i a l l y  
constant ,  then, with subsequen t  ex t rac t ions  unt i l  the 
las t  two ex t rac t ions  when i t  i n c r e a s e s  markedly .  Note 
that the ch romium content  in  the p rec ip i ta te  for the 
f i r s t  ex t rac t ion  is exceedingly  high, and undoubtedly 
r e f l ec t s  the g r e a t e r  s t ab i l i ty  of the ch romium oxides 
v e r s u s  oxides of the o ther  me ta l s  in the sys tem.  Note 
a lso  that  the ch romium content  of the p rec ip i t a tes  in 
the second ex t rac t ion  is a lso high, r e l a t i ve  to the c h r o -  
mium content  in the r e s t  of the ex t rac t ions .  This qui te  
l ike ly  r e f l ec t s  an inf luence of i nc rea sed  oxygen content  
on the wt pct p rec ip i ta te  in this  r eg ion  of the sample .  
There  is  a hint  of this  effect in the th i rd  sample  as 
well .  The fact that the X - r a y  pa t t e rns  were  exceed-  
ingly sharp  for the second and th i rd  ex t rac t ions  and 
contained only carb ide  phases  for these  s amples  
s t rongly  sugges ts  that  the oxygen p r e s e n t  was d isso lved  
in the " c a r b i d e "  phases .  

In the l a rge  ex t rac ted  s ample  the wt pct  C found, by 
back ca lcula t ion  a s s u m i n g  a l l  the ca rbon  was p r e c i p i -  
ta ted in the f o r m  of ca rb ides ,  was 0.071 wt pct (Table 
II). But only 0.065 wt pct C is found by  ana lys i s  in the 
ana lys i s  of the s teel .  A por t ion  of the s tee l  used came  
f rom the protec ted  shoulder  r eg ion  of the sample .  It is  
r e a sonab l e  to suppose that this  por t ion  of the sample  
was not so depleted in  ca rbon  as the gage sect ion,  which 
s t a r t ed  at ~0 .1  wt pct C and was reduced to 0.065 wt 
pct C af ter  the aging t r e a t m e n t .  Thus, the 0.071 wt pct 
total  r e p r e s e n t s  an ave rage  between the gage sec t ion  
and the shoulder  sec t ion.  

The low r e s u l t s  found for  (M:C) in the second,  th i rd  
and fourth ex t rac t ions  (Table  IV) a r e  r e a d i l y  explained 
by a ca rbon  grad ien t  in  the outer  reg ion  of the sample .  
Too high a value for ca rbon  is being used and a low 
(M:C) r e s u l t  is obtained.  

The data for both the ex t rac ted  prec ip i ta te  and the 
succes s ive  ex t rac t ions  r e v e a l  that the carb ide  phases  
a r e  enr iched  in s i l i con .  A quant i ta t ive  m e a s u r e  can 
be placed on this ,  sub jec t  to the e r r o r  in the ana lys i s  
for s i l icon.  (The ana ly s i s  for s i l i con  is  a difficult  one 
and the e r r o r  on the bulk s ample  could poss ib ly  be 20 
pct of the s i l icon ,  but  is  p robab ly  not g rea te r . )  The 

tota l  s i l i con  content  of the s a mp l e s  is  about 0.19 wt 
pct,  of which 0.15 wt pct  r e m a i n s  in the m a t r i x  and 
the r e m a i n i n g  0.04 wt pct (total) co r r e sponds  to 2.3 
wt pct Si in the prec ip i ta te .  The d i s t r ibu t ion  of s i l i con  
can then be expressed  mos t  r e a s o n a b l y  by a pa r t i t i on -  
ing exp res s ion  

Si (matr ix)  -- Si (carbide)  

and 

K = Si (carbide) 2.3 
Si (matr ix)  . . . .  ~ = 15. 

Despite the fact  that  we have no in fo rma t ion  on how 
the d i s t r ibu t ion  coeff ic ient  changes with s i l i con  con-  
tent ,  the fact  that  it  is  g r e a t e r  than one indica tes  that  
s i l i con  i n c r e a s e s  the d r iv ing  force  for fo rmat ion  of 
carb ide  phases .  This r e s u l t  is in a g r e e me n t  with ob-  
se rva t ions  by Gehlbach s e ve r a l  yea rs  ago, who ob-  
se rved  that  s i l i con  " s t a b i l i z e d "  the M6C phase in 
Hastel loy.  5 

DISCUSSION 

It is apparen t  that (M:C) in the eta  carbide ,  where  
M is the sum of Cr, Mo, and Fe,  is l e s s  than 6. Up 
to now, the inf luence of both s i l i con  and oxygen have 
been ignored.  Some d i s c u s s i o n  of the i r  poss ib le  r o l e s  
and the inf luence on the conclus ions  is  appropr ia te .  

The " p u r e "  eta ca rb ides  have been r e c e n t l y  r e -  
viewed by Stadelmaier .  6 The bas ic  fo rmula  of those 
d i scussed  by him can be taken as M6M~C• where  two 
meta l s ,  M and M r, a re  involved with carbon,  C, and X 
is  1 or  2. The d i f ference  in these  two is  the posi t ion 
of the carbon  atom. Vv~nen X = 1 the re  a r e  eight carbon  
a toms per  uni t  cell  located at the cen te r  of a meta l  
oc tahedra  (posit ion a). When • = 2 the re  a r e  16 carbon  
a toms per  uni t  cel l  located between the meta l  oc ta -  
hedra  (posi t ion c). Examples  of eta ca rb ides  have 
been r epo r t ed  where  both a and c pos i t ions  a r e  f i l led;  
e . g . ,  ZrsZn4C 3 and Nb~7_~C 3 by Je i tschko e t  a l .  7 (See  
Stadetmaier  ~ for a p ic to r i a l  de sc r ip t i on  of the l e t t e red  
pos i t ions ,  a,  c, and d, in the eta  phase.)  

For  the inf luence of s i l i con  on the s t ruc tu r e ,  a n o r -  
ma l  a s sumpt ion  might  be that s i l i con  could be on a 
carbon  la t t ice  s i te ,  a a n d / o r  c. However,  there  does 
not appear ,  physical ly ,  to be enough room for a s i l i -  
con atom in e i ther  posi t ion.  Several  s i l i c ides  with the 
eta s t r u c t u r e  have been  inves t iga ted  and the conc lu-  
s ion has been that the s i l i con  r e p l a c e s  some  of the 
meta l  a toms,  on posi t ion  d. (The fo rmu la s  given a re  
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MsM'~Si but do not include an Mo-Fe-Si structure.)  
An oxide, Mo3FesO , which has the eta s t ructure  has 

been reported by ShSnberg. s In view of findings by 
Stadelmaier and Meussner 9 as well as by Parth~, 
e t  a l .  ~~ (in contrast  to the repor t  of Nevittu), it is 
most  reasonable to suppose that the structure is 
identical with the eta carbides. 

With this background in mind, one can assess  the 
possible influence of the silicon and oxygen on the 
metal- to-metalloid ratio, (M:X), by examining the 
various possibilities as in Table V. (The possibility 
that silicon can replace carbon by expanding the metal 
lattice is ignored.) One sees that if silicon is placed 
on the metal lattice (possibly in position d, but the 
location is not demanded for our treatment), (M:C) in 
eta phase is still significantly less than 6. If all the 
oxygen found by analysis in the steel is on the metal-  
loid lattice, the (M:X) in eta is not calculable, for 
(M:X) overall is greater than that for M2sC 6. 

Thus, not only is (M:C) less than 6; even when sil i-  
con is on the metal lattice (M:C) is considerably less 
than 6. Further,  if oxygen is on the metalloid sublat- 
rice, (M:X) can be less than that calculated for (M:C) 
with silicon on the metal lattice and perhaps less than 
that calculated for (M:C) with only Mo, Cr, Fe, and C 
considered. 

From data reported here, the composition of the eta 
phase in 2 1/4 Cr - lMo ,  expressed either as (M:C) or 
(M:X) is seen to be significantly less than 6, approach- 
ing 4. This finding appears to disagree with much of 
the published l i terature.  The reasons for the differ- 
ence can only be surmised.  First ,  no analytical data 
are  reported on any samples heated as long as ours 
at 566~ In almost all the instances where eta phase, 
as M6C, is reported X-ray  evidence is used to deduce 
the composition. A notable exception is the work of 
Fraker  and Stadelmaler. ~ Their samples were an- 
nealed at 1000~ for 1000 h. The difference between 
our work and the former  may therefore lie in the ef- 
fect of temperature on composition. 

Alternatively, our samples contain, in addition to 
Mo, Fe, and C, Cr, Si, and O in apparently significant 
quantities. It seems possible that one or more of these 
elements has the observed effect on (M:C). Certainly, 
the presence of both silicon and oxygen will be ex- 
pected to increase the amount of precipitate. 

Data from a paper by Ridal and Quarrel l  on "The 
Molybdenum Carbide Transformation in Ferr i t ic  
Steels ''~3 add support to our conclusions. (These data 

Table V. (M:X) Values Calculated Using Various Assumptions 

M:X M:X 
Assumption (Gross) Eta 

Only Cr, Mo, and Fe am on the metal lattices; only C is on the 4.182 4.26 
metalloid lattice. 

Cr, Mo, Fe, and Si a are on the metal lattices; only C is on the 4.424 4.57 
metalloid lattices. 

Cr, Mo, Fe, and Si are on the metallic lattices;C and the 200 ppm 3.61 
O contained in the sample are on the metalloid lattices. 

aNote that Si is assumed to be distributed on the two carbide phases in propor- 
tion to their molar concentration. This is very liketly not true but no error results 
in the basic conclusions. 

have been largely ignored by those authors interested 
in the eta phase--and were by us until quite recently--  
because neither the title nor abstract  suggest that data 
on the composition of the eta phase are included.) 
These authors reported that the eta carbide in 3.5 wt 
pct Mo steel is best  represented by the formula 
Fe3Mo3CI.2s. That is, their composition is IV14.8C while 
this work indicates M4C. Their temperature, for much 
of the work, was about 700~ while the present work 
was 566~ Their steel contained 3.5 wt pct Mo and 
was quite low in Cr, while our steel contained 2 1/4 
wt pct Cr and had only about 1 wt pct Mo. Both the 
composition and temperature may influence the re- 
sults and explain the difference between their stated 
result and those presented here. 

Ridal and Quarrell's Table Ill contains additionally 
suggestive data.la As their Mo/C ratio decreases 
from 3.02 to 2.15, the metal to carbon ratio in the 
eta phase also appears to decrease. (Their Fig. 8 
shows that an extrapolated value was used for the 
wt pct of carbide in sample M20 which is actually 
higher than the actual experimental result. If the ex- 
perimental result is taken, our deductions are further 
strengthened.) It is more instructive to invert the two 
ratios: as the carbon content increases, more carbon 
is deduced to be in the precipitate per gram atom of 
metal in the precipitate. Such a finding is consistent 
with the view that a range of homogeneity exists be- 
tween compositions of MsC and M4C. 

Further study of Ridal and Quarrell's Table HI 13 
reveals one sample, M16 is apparently "out of line." 
Reference to their Table I reveals this sample is rich 
in Si. Such a finding is consistent with our own obser- 
vations that Si can participate importantly in forma- 
tion of the eta phase. Viewed another way, the "effec- 
tice" M/C is higher than that revealed by the Mo-to- 
C ratio. 

The implications of these observations are of tech- 
nological importance. They indicate that the amount of 
precipitate, which affects the amount of strengthening 
elements left in solution, is a function not only of the 
carbon content, but also a function of the silicon and 
oxygen content of the steel. During operation of an 
LMFBR steam generator for 30 years, one would ex- 
pect simultaneous decarburization via NR transport 
and oxidation via steam. Clearly, extrapolation of 
short term mechanical property measurements must 
be made with some care. Furthermore, mechanical 
properties may be expected to vary (significantly) 
throughout the component thickness. 

One final comment concerning the phase relation- 
ships observed seems in order. The phases MaaC 6 
and eta phase were observed in the samples aged 
26,500 h at 566~ The molecular concentration ratio, 
M23C6-to-eta , increased from the outside to the center 
of the specimen, the same direction in which the carbon 
increased. Considering the system as a quaternary, 
Fe-Mo-Cr-C, the phase rule predicts that, except at 
singular points as many as four phases ca~ be in equi- 
librium at one time. Three are observed in this sam- 
ple: ~-Fe, eta, and M2aC s. Since M23C 6 increases with 
carbon content it seems reasonable to suppose that 
over regions extending a few microns the sample is 
at chemical equilibrium. If the composition remained 
constant, there appears no reason to suppose that 
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MzsC 6 would ever  to ta l ly  d i sappear  to yield a two 
phase sys t em,  ~ - F e  plus eta  phase.  

CONCLUSIONS 

1) The phase widely cal led M6C approaches M4C 
in 2 1/4 Cr-1 Mo s tee l  at 566~ P r e s e n t l y  ava i lab le  
s t r u c t u r a l  in fo rmat ion  suggests  that eight addi t ional  
ca rbon  a toms can be accommodated  per  unit  cel l  in 
the s t r u c t u r e  for a total  of 24 carbon atoms and 96 
me ta l  a toms.  The phase should probably  be r e f e r r e d  
to as the eta  phase to avoid specifying a gener ic  c a r -  
bon content,  s ince  a r ange  of composi t ions  is p roba -  
bly poss ib le .  

2) Silicon in the s tee l  is concent ra ted  in the p r e -  
cipi tate.  S t ruc tura l  data  on s i l i c ides  in the l i t e r a t u r e  
suggests  the Si is  on the me ta l  subla t t ice ,  an o b s e r v a -  
t ion which is cons i s t en t  with these  data.  

3) Oxygen and c h r o m i u m  may  inf luence the va lue  
of M/C observed .  Oxygen can probably  r ep lace  C in 
the s t r u c t u r e  of the eta  phase.  The Cr is quite l ike ly  
on the Mo subla t t ice  of the eta phase.  The p r e sence  
of both oxygen and s i l i con  will  be expected to i n c r e a s e  
the amount  of p rec ip i ta te .  

APPENDIX 

To in t e rp r e t  a por t ion  of these  data  an e s t ima te  of 
the so lubi l i ty  of carbon  in 2 1/4 Cr-1 Mo after  ~0.75 
wt pct of the molybdenum and about 0.25 wt pct Cr 
have r eac ted  with carbon  (to form eta phase) is nec -  
e s s a ry .  This appendix de sc r i be s  the aux i l i a ry  data  
n e c e s s a r y  to make that e s t ima te .  

The so lubi l i ty  of carbon  in a - F e  in equ i l ib r ium with 
Fe3C in  the t e m p e r a t u r e  r ange  of i n t e r e s t  has been 
m e a s u r e d  mos t  r e c e n t l y  by Linds t rand ,  z4 Pet rova,  
e t  a l . ,  16 Bruk, ~6 and Smith. z7 All the m e a s u r e m e n t s  
were  plotted and a smooth curve  was drawn through 
the points .  The data  of L inds t rand  was mos t  c lose ly  
matched in the t e m p e r a t u r e  range  of in te res t ,  near  
566~ the curve  being about 0.0005 wt pct C below 
the data of L inds t rom.  At 566~ the solubi l i ty  of c a r -  
bon used is  0.0062 wt pct or  2.88 x 10 -4 at. pct. 

The sys t em ~ - F e - F e s C  is uns tab le ;  thus,  the so lu -  
b i l i ty  m u s t  be reduced  by  an appropr ia te  amount .  The 
ca lcu la t ion  involved for d e t e r m i n i n g  this amount  is as 
follows: For  the r eac t ion  

3 ~ - F e  + C = FezC [A- l ]  

f rom NBS data  TM 

AG ~ -- 6000 - T (4.07) [A-2] 

at 839 K 

AG O = 2585 [A-3] 

The ac t iv i ty  of carbon  in this  sys t em can be obtained 
f rom the equation 

A G  O = - R T  In K, [A-4] 

AG o 
= l n A  C = 1.551, [A-5] 

R T  

or  

A C = 4.715 [A-6] 

Hence, the ac t iv i ty  of carbon is  a factor  of 4.72 
higher  in the equ i l ib r ium a F e - F e a C  than in  the equi-  
l i b r i um ~ F e - g r a p h i t e .  

Even at the concent ra t ion  level  of 0.0062 wt pct c a r -  
bon, one cannot safe ly  a s s u m e  the val id i ty  of Henry ' s  
law, s ince  the ac t iv i ty  of carbon  re la t ive  to graphi te  
is  so high. Dividing the concent ra t ion  by a factor  of 
two may be a r ea sonab l e  approximat ion  to the so lub i l -  
i ty of graphi te  in ~ - F e .  

The so lubi l i ty  of carbon wil l  be fur ther  reduced  by 
the fo rmat ion  of M2sC 6 in the 2 1/4 Cr -1  Mo s tee l .  To 
ca lcula te  the fur ther  reduct ion  in so lubi l i ty  by the fo r -  
mat ion the equation 

23 Cr (s) + 6 C (graphite) = Cr2zC 6 (s) [A-7] 

is  used.  
The ac t iv i ty  of ch romium at 566~ may  be calcula ted 

f rom m e a s u r e m e n t s  in the body cen te red  cubic phase 
at higher  t e m p e r a t u r e s  by Mayandarany  and Pehlke .  z9 
The logar i thm of the ac t iv i t i es  were  plotted u s  1 I T  

and extrapola ted to 566~ Plot t ing for the s e v e r a l  
composi t ions  In ?Or / (XFe  )2 vs XCr yielded a slowly 
changing function which was used to calcula te  at 566~ 
(839 K) and 0.0212 a tomic  f rac t ion Cr ,  In A C = - 2 . 0 9 7  
for Eq. [A-7], f rom NBS data za AG o = - 93,023 cal.  

Choosing the ac t iv i ty  of Cr~3C 6 as 0.7, one can ca l -  
culate  the ac t iv i ty  of ca rbon  as 0.267 at 839 K. The 
sys t em probably  s t i l l  does not obey Henry ' s  law, but  
r educ ing  the carbon so lubi l i ty  (from that calcula ted 
to be in equ i l ib r ium with graphite)  by a factor of 
3 is not un r e a sona b l e .  Thus,  the amount of ca rbon  
d isso lved  in 2 1/4 Cr-1  Mo when about 0.75 wt pct Mo 
has r eac t ed  with the carbon and about 2 wt pct Cr r e -  
ma ins  in the s tee l  is  

0.006__2 _ 0.001 wt pct .  [A-8] 
2 x 3  
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